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Zusammenfassung

Das bgl-Operon von Escherichia coli wird auf mehreren Ebenen reguliert. Das
'Silencing’ wird zusétzlich zur bekannten Repression/Aktivierung des Promotors
durch die Limitierung von BgIG bei niedrigen Expressionsraten und die Regulation
der bglG-mRNA-Stabilitat durch H-NS und andere pleiotrope Faktoren gesteuert.

Sequenzen, die 'Upstream' und 'Downstream’ des Promotors kartieren, sind fur
das Silencing essentiell. Die Funktion des Downstream Silencer war bisher ungeklart.
Ein neuer post-transkriptioneller Mechanismus der Regulation des bgl Operons wurde
aufgedeckt. Entscheidend dabel ist die Regulation der bglG-mRNA-Stabilitéat. So
reprimiert das HNS Protein die Expression Uber den 'downstream silencer' 14-fach,
in dem es die bglG-mRNA Stabilitét vermindert. Diese Repression ist hoher as die
Repression des bgl-Promotors (und damit des Operons) durch Bindung von HNS an
die Upstream-Silencer-DNA-Sequenz. Die Stabilitét der 'Leader'-RNA wird nicht
durch H-NS verandert.

Die von den drel Genen pgi, lon und hfg kodierten Proteine, wurden as
Faktoren identifiziert, die fur die Expression des (durch De-Repression des
Promotors) aktivierten bgl-Operons notwendig sind. Weitere Analysen zeigten, dass
Hfg unabhangig vom Promotor und der Termination/Antitermination im Leader wirkt.
Fir den postiven Effekt von Hfg ist die fir bglG kodierende Region notwendig.
Wahrscheinlich wird die bglG-mRNA Stabilitét durch Hfg, Pgi und trandatierende
Ribosomen erhoht.

Das Protein BglG bewirkt die transkriptionelle Antitermination im Leader des
Operon. Es wurde gezeigt, dass die zelluldre Konzentration von BglG bei niedrigen
Transkriptionsraten limitierend ist. Dies hat zur Folge, dass die Antitermination (und
damit Expression des Operons) erst ab einer Schwellenwert-Konzentration von BglG
erfolgt, wodurch der Grad des Silencings und der Aktivierung des Operons signifikant
verstarkt wird.

Fruheren Arbeiten lief3en vermuten, dass zusétzlich zu HNS andere Faktoren
far die Ausbildung eines Nukleoproteinkomplexes notwendig sind, durch den der
Promotor reprimiert wird. In in-vitro-Bindestudien wurde H-NS als einziges Protein
identifiziert, das an den Upstream Silencer und/oder die Promotorregion bindet. Mit
dem hier charakterisierten Mechanismus des bgl-Silencings durch die Downstream-
Silencer-Sequenz, lassen sich die friheren Ergebnisse und deren Widerspriiche

erklaren.



Summary

The Escherichia coli bgl operon was shown, in the present work, to be
regulated a multiple levels viz. repression/activation of the bgl promoter,
amplification of bgl silencing/activation by limitation of antiterminator BglG at low
expression levels and regulation of the bglG mRNA stability by H-NS and other
pleiotropic factors.

Silencer sequences upstream and downstream of the bgl promoter were
previously shown to be essential for silencing, but the role of the downstream silencer
was not understood. A new post-transcriptional mechanism of the bgl operon
regulation via the downstream silencer was discovered. Regulation of the bglG
mMRNA stability emerged as a prominent theme. The H-NS protein was found to
downregulate the bgl expression at the downstream silencer sequence by reducing the
bglG mRNA stability. This downregulation was up to 14 fold and was found to be
more than the H-NS mediated downregulation of the bgl promoter, and thus the
operon, via the upstream silencer. HNS was found to decrease the half life of the
bglG mMRNA whereas it did not affect the stability of the bgl leader mRNA.

Proteins encoded by three genes, namely pgi, lon and hfq were found to be
required for expression of the bgl operon when the promoter was de-repressed.
Further analysis showed that the role of Hfq protein is independent of the bgl
promoter regulation and termination/antitermination. The bglG sequence, which is
part of the downstream silencer, was found to be essential for the positive regulatory
effect of Hfg. The bgl mRNA stability is presumably positively regulated by Hfg, Pgi
and the trandating ribosomes.

In the promoter downstream region, transcriptional termination is prevented
by the antiterminator protein BglG. It was found that cellular levels of BglG are
limiting and the requirement for a BglG threshold could amplify the silencing or
activation of the bgl operon.

Unknown Cellular factors in addition to H-NS were previously postulated to
be essential to form a nucleoprotein complex at the silencers flanking the bgl
promoter. Only H-NS was found to bind, in vitro, to the upstream silencer and
promoter region of the bgl operon. The mechanism by which the downstream
seguences contribute to bgl silencing discovered in the present work could explain the

previously proposed requirement of additional cellular factors for bgl silencing.
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. I ntroduction

The paradigm of gene regulation in prokaryotes is specific regulators like the
Lac repressor regulating expression of the lac operon at the transcriptional level.
However, increasing evidence points to regulation of a large numbers of prokaryotic
genes by pleiotropic gene regulators at various levels of the gene expression including
transcription, RNA modification/stability, translation and protein stability. In
Escherichia coli, nucleoid-associated proteins like the histone-like nucleoid
structuring protein (H-NS) have been shown to affect the expression of approximately
5% of the total number of proteins (Hommais et al., 2001). The mechanisms by which
H-NS and other pleiotropic proteins regul ate gene expression may well be diverse and
are not completely understood. One of the operons which is directly and indirectly
regulated by a multitude of pleiotropic regulators, including HNS and others, is the

bgl operon.

1. Thecryptic bgl operon of Escherichia coli.

InE. coli, the utilization of b-glucosidic sugars like salicin, arbutin and esculin
requires expression of the cryptic bgl (b-glucoside utilization) operon (figure 1a, b).
Cryptic or silent genes have been defined as genes that are not expressed during the
normal life cycle of an organism (Hall et al., 1983). However, their expression can be
caused by mutations that abolish the silent state. The bgl operon was first discovered
by isolating spontaneous mutants of E. coli K12 which were capable of metabolizing
b-glucosides (Schaefler and Maas, 1967). The bgl operon (schematically shown in
figure 1a) contains six genes (bglG, F, B, H, | and K ) which are expressed from a
single promoter. Of these genes, the first three genes are sufficient for utilization of
the b-glucosides (Prasad and Schaefler, 1974; Mahadevan et al., 1987; Schnetz et al.,
1987). Two rho-independent transcriptional terminators, bgltl and t2, flank the first
gene bglG encoding the antiterminator BglG (Mahadevan and Wright, 1987; Schnetz
et a., 1987; Schnetz and Rak, 1988). The BglG activity is regulated by the catabolic
state of the cell as well as presence of b-glucosides and other sugars as discussed
below. When active, the BglG protein causes antitermination at the terminators t1 and
t2 and alows transcriptional readthrough (Houman et a., 1990; Aymerich and

Steinmetz, 1992). The second gene bglF codes for a membrane transport protein

Enzymel 1Y and specifically transports b-glucosides across the cell membrane and
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Figure 1. The E. coli bgl operon. a) The operon contains six genes of which the first three are sufficient

for b-glucoside utilization (Prasad and Schaefler, 1974; Mahadevan et al., 1987; Schnetz et al., 1987).
Two rho-independent transcriptional terminators, bgltl and t2 are also shown. b) Chemical structures of
b-glucosides arbutin, salicin and esculin (Rimpler, 1990).

negatively regulates the BglG activity (Schnetz et al., 1987; Saier et al., 1988). The
third gene bgl B codes for the enzyme phospho-b-glucosidase which catalyzes the first
hydrolysis step of b-glucoside utilization (Prasad and Schaefler, 1974; Mahadevan et
al., 1987; Schnetz et al., 1987).

2. Silencing and activation of the bgl operon.

The bgl promoter consists of the —10 and —35 conserved motifs and a
catabolite regulator protein (CRP) binding site upstream of the —35 box (Reynolds et
al., 1981; Reynolds et a., 1986). The wt bgl promoter is slent i.e. there is no
significant transcription and the cells are phenotypically Bgl™. After further incubation
on indicator plates containing salicin, spontaneous mutants (papillae) arise which are
phenotypically Bgl*. These spontaneous mutants are integrations of insertion elements
(eg I1S1 and 1S5) in the AT-rich region upstream of the promoter, integrations in the
region downstream of the promoter, deletions of promoter upstream regions, point
mutations like mutation C234 (a single bp change from C to T at position —66 relative
to transcription start) which improves the CRP binding site and causes CRP binding
with higher affinity (figure 2) (Reynolds et al., 1986; Schnetz and Rak, 1988; Lopilato
and Wright, 1990; Schnetz and Rak, 1992; Schnetz, 1995; Singh et al., 1995).
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There are also trans activating mutations eg in the hns gene (Defez and de
Felice, 1981; Higgins et a., 1988), which encodes the histone like nucleoid
structuring protein HNS (see below), in the gyrase genes gyrA and gyrB (minor
effect) (DiNardo et al., 1982), mutations causing overexpression of the bglJ gene
which codes for a protein with homology to the UhpA-LuxR family of transcriptional
activators (Giel et al., 1996) and mutations causing overexpression of the leuO gene
which encodes a putative LysR-like DNA-binding protein (Ueguchi et al., 1998).

Flanking the bgl promoter are two silencer sequences. The AT-rich upstream
silencer is located 5 to the CRP binding site and the downstream silencer
encompasses the bgl leader and the bglG sequence. It has been shown that both the
upstream and the downstream silencer sequences are required for bgl silencing
(Schnetz, 1995). The operon is active in the absence of either of the silencers.
Similarly other active promoters, eg the lac promoter, are silenced when placed in
context of the two silencers (Schnetz, 1995). Thus, it is the presence of the bgl
promoter in context of these two silencer sequences which makes it cryptic. It was
proposed that a silencing nucleoprotein complex forms at these silencers (Schnetz,
1995; Caramel and Schnetz, 1998). H-NS is an essential component of the complex.
Formation of the repressing nucleoprotein complex presumably prevents access to the

promoter by CRP and RNA polymerase (figure 2). Protein FIS (factor for inversion

I|:l

AT-rich [C F’[ = :llr — — bgiG a

-160 S0 35 1041 L +965
-« 5 »
151, 155 155
wild-type sacTGCGAgcatgyTCATALLL
mutation C234 T
CONSensus aaaTGTGAtctagaTCGCALEL

Figure 2. Silencing and activation of the bgl promoter. c) The wt bgl promoter Pyy) is silenced in
context of the upstream and downstream silencer sequences (gray bars). The CRP binding site (CRP),
terminator t1 and the first gene bgl G are shown. According to the nucleoprotein repressor complex model
(Schnetz, 1995; Caramel and Schnetz, 1998), H-NS (black ovals) binds the upstream AT-rich sequence
and presumably promotes the formation of a silencing nucleoprotein complex (white ovals) involving Fis
(black quadrangles) and possibly other unknown cellular factors. Spontaneous mutations in cis which can
relieve silencing include insertions (IS1 and 1S5) in the silencers, deletions of the silencers (D), or point
mutations like CRP binding site mutation C234 which improves the CRP binding site. Numbers indicate
nucleotide position relative to transcription start (Reynolds et al., 1986; Lopilato and Wright, 1990;
Schnetz and Rak, 1992; Schnetz, 1995; Singh et al., 1995).
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stimulation, see below) may form a part of this complex (Caramel and Schnetz, 2000).
Furthermore, it was reported that in vitro, the wt bgl promoter is active (Schnetz and
Wang, 1996). It could be, like its activated alleles (the improved CRP binding site
mutant and the allele activated by partial deletion of the upstream silencer),
transcribed in single round transcription assays by RNA polymerase from negatively
supercoiled templates. In this case the transcription was CRP independent. When
relaxed DNA templates were used, in vitro transcription became CRP-cAMP
dependent but the levels of transcription from the wt and the active promoters were
similar. H-NS rendered both the wt and the activated promoters CRP-dependent.
Further addition of crude cell extracts was necessary for specific repression of the wt
bgl promoter in the presence of CRP-cCAMP. The repression of the improved CRP
binding site promoter allele by crude cell extracts was reversible by addition of
CRP-cAMP. Thus, it was postul ated that H-NS forms a essential part of the repressing
nucleoprotein complex but cellular factors in addition to H-NS are required for

formation of the complex.

3. Regulation of the BglG activity.

The key element in the substrate-specific regulation is the antiterminator
protein BglG encoded by the first gene of the operon (Prasad and Schaefler, 1974;
Mahadevan and Wright, 1987; Mahadevan et al., 1987; Schnetz et al., 1987; Schnetz
and Rak, 1988). BglG mediates specific antitermination at two rho-independent
terminators, located in the leader of the operon and in the inter-cistronic region
between the bglG and the bglF genes, respectively (Mahadevan and Wright, 1987;
Schnetz et al., 1987; Schnetz and Rak, 1988). Active BglG dimer binds to the mRNA
a a BglG-binding motif which forms aternatively to and overlapping with the
transcriptional terminator t1 loop and prevents formation of the latter (Houman et al.,
1990; Aymerich and Steinmetz, 1992; Amster-Choder and Wright, 1992). Thus, BglG
binding mediated prevention of the terminator loop formation allows transcriptional
readthrough or antitermination (Houman et al., 1990; Aymerich and Steinmetz, 1992)
(figure 3). BglG aso binds to asimilar target sequence in the second terminator bgl t2
region (Amster-Choder and Wright, 1993). BglG activity is controlled by reversible
phosphorylation both negatively and positively in response to the availability of the
specific substrate and the catabolic state of the cell, respectively. In the absence of

b-glucosides, the sugar-specific permease enzymell®¥, which is encoded by the
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Figure 3. b-glucoside specific regulation of the bgl operon. Left, in the absence of b- glucosides, the
transport protein | 1B js phosphorylated (~P) by Hpr, a component of the PTS system. This phosphateis
transferred to cause phosphorylation of the BglG protein (gray semicircles) and thus inactivating the
latter. Hpr also phosphorylates BglG directly. Center, in the presence of b-glucosides, the transport
protein 1189 transfers the phosphate to the incoming b-glucosides and not to BglG. This form of BglG,
phosphorylated only by Hpr is active, it dimerizes and binds to the BglG binding mRNA motif
overlapping with the t1 loop and causes antitermination. Right, in the presence of excess of
b-glucosides or other PTS sugars, al the phosphate is drained away from Hpr, aad BglG becomes
totally unphosphorylated and inactive (Mahadevan and Wright, 1987; Schnetz et al., 1987; Schnetz and
Rak, 1988; Amster-Choder et al., 1989; Schnetz and Rak, 1990; Amster-Choder and Wright, 1992;
Gorke and Rak, 1999). Figure outline modified according to (Gérke and Rak, 1999)

second gene bglF of the operon, catalyzes phosphorylation of BglG which
presumably prevents its dimerization to the active form (Schnetz and Rak, 1988;
Amster-Choder et al., 1989; Amster-Choder and Wright, 1990; Schnetz and Rak,
1990; Amster-Choder and Wright, 1992). In the presence of b-glucosides and absence
of other PTS-carbohydrates, BglG is phosphorylated at a second site and thereby
activated by HPr (Gérke and Rak, 1999). HPr is a man component of the
phospho-enol-pyruvate-dependent phosphotransfer system (PTS) that mediates and
controls the uptake and fermentation of carbohydrates (figure 3) (Postma et al., 1993;
Saier and Reizer, 1994).
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4, Factorsinvolved in regulation of the bgl operon.

Besides the positive regulator BglG, no specific regulators of the bgl operon
are known. Proteins involved in regulation of the bgl operon which were known
previousy or were discovered during the course of this work are briefly described
below. All these proteins are nonspecific or pleiotropic regulators of E. coli gene

expression.

H-NS: Thisis a small (15.4kDa) histone like protein involved in structuring of the E.
coli chromsome’s higher order structure called the nucleoid (Drlica and Rouviére-
Yaniv, 1987; Tupper et d., 1994; Williams and Rimsky, 1997; Dorman et al., 1999).
H-NS can bind non-specifically to DNA with a preference to AT-rich and curved
sequences (Bracco et a., 1989; Yamada et a., 1991; Owen-Hughes et al., 1992;
Tupper et a., 1994; Zuber et a., 1994). HNS binding has been shown to compact
DNA (Spassky et a., 1984; Spurio et al., 1992), change DNA topology (Higgins et
al., 1988; Owen-Hughes et al., 1992; Mojica and Higgins, 1997) and to constrain
negative DNA supercoilsin vitro (Tupper et al., 1994). Besides its structural function,
it is known to be involved in regulation of various genes and operons besides the bgl
operon, eg CFA/I fimbrial operon (Jordi et a., 1992), proU which encodes an
osmo-protective glycine-betaine system (Higgins et al., 1988; Lucht et a., 1994;
Fletcher and Csonka, 1995) and the rRNA operon rrnB (Tippner et al., 1994;
Afflerbach et a., 1998). H-NS regulates the hns gene itself (Dersch et al., 1993;
Ueguchi et al., 1993; Falconi et a., 1993). In most cases, H-NS inhibits the
transcription of its target genes by either changes in the DNA topology and/or by
preventing RNA polymerase or transcriptional activators from accessing the DNA
(Higgins et al., 1988). H-NS regulated genes eg those encoding virulence factors,
pathogenic determinants, etc. often respond to environmental signals such as
temperature, pH, osmolarity and Oxygen availability (Atlung and Ingmer, 1997).
H-NS mediated regulation of the bgl operon may aso be subject to environmental
perturbations. It was shown (Khan and Isaacson, 1998) that the bgl operon may be
activated in pathogenic E. coli in vivo (inside the host) where specifically activating

environmental conditions may exist.

Fis: Factor for inversion stimulation (Fis) was discovered as a protein that stimulates
site specific DNA inversion (Johnson and Simon, 1985; Kahmann et al., 1985; Huber
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et a., 1985). It is a homodimer of 11.2 kDa subunits. It can bind to and bend DNA
(Finkel and Johnson, 1992). Fis expression is growth rate regulated and dramatically
increases for a short period in the early exponential growth phase in a rich medium
(Ball et a., 1992; Nilsson et al., 1992; Ninnemann et a., 1992). Fis was shown to
bind in vitro to the bgl upstream silencer and promoter regions, it could compete in
vitro with CRP for binding to the wt bgl promoter but not with RNA polymerase. It
was also shown that Fis can prevent in vitro transcription from a wt bgl promoter
(Caramel and Schnetz, 2000). Fis is known to be involved in various other processes
like regulation of DNA replication at oriC (Gille et a., 1991; Filutowicz et a., 1992),
phage | excison (Bal and Johnson, 1991), and modulation of DNA topology
(Schneider et al., 1997). Fis stimulates transcription of stable RNA promoters
(Nilsson et a., 1990; Ross et al., 1990) and regulates a set of RpoS dependent genes
including aldB, proP, glnQ, mglA, xylF and sdhA (Xu and Johnson, 1995a; Xu and
Johnson, 1995b). Transcription of the fis gene itself is subject to auto-regulation
(Ninnemann et al., 1992). Fis regulates the crp gene encoding the catabolite regulator
protein (Gonzadlez-Gil et a., 1998), hns gene (Falconi et al., 1996) and the hupA and
hupB genes encoding HU (Claret and Rouviere-Y aniv, 1996).

StpA: It is 67% similar to the HNS protein (Johansson and Uhlin, 1999) and can
functionally substitute H-NS in several cases, although it displays unique properties of
itsown (Zhang and Belfort, 1992; Zhang et a., 1996; Sonden and Uhlin, 1996). StpA
has RNA chaperone activity (Zhang et a., 1995) and it can also bind DNA
(Sonnenfield et al., 2001). Expression of StpA is negatively regulated by HNS but
stimulated by the leucine-responsive protein Lrp (Sonden and Uhlin, 1996). The StpA
and HNS proteins can form heteromers (Williams et al., 1996). In one study where
the H-NS protein was truncated for its C-termina DNA binding domain, it was found
that StpA is required for bgl repression and was proposed to act as an adapter for
binding of the truncated HNS to DNA (Free et a., 1998), while in another analysis
RpoS has been identified to be required for silencing by the truncated HNS protein
and the involvement of StpA was not confirmed (Ohta et al., 1999). StpA has aso
been reported to have a negative effect on bgl expression in a wt hns background

(Free et dl., 1998). It was shown that StpA is susceptible to proteolysis by the Lon
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protease in the absence of HNS but was stable in the presence of HNS. (Johansson
and Uhlin, 1999; Johansson et a ., 2001).

Lon: It is a ATP-dependent protease and Lon monomer consists of an ATPase
domain and a proteolytic domain. It forms ring-like multiple layered polymers which
are the active forms of the protein (Gottesman, 1996; Wickner et al., 1999). Lon
expression is upregulated on heat shock and starvation stress where it is involved in
the proteolysis of inactivated or misfolded proteins (Baker et a., 1984; Goff et d.,
1984; Phillips et a., 1984; Kuroda et al., 2001). Lon specifically degrades proteins
like cel division inhibitor SulA (Goff et al., 1984), the F-plasmid dependent
protective protein CcdA (Van Melderen et al., 1994), thel phage life cycle regulatory
proteins N and Xis (Maurizi, 1987; Leffers and Gottesman, 1998), the DNA damage
checkpoint effector, UmuD protein (Diez-Gonzalez et a., 1998) and RcsA which
regulates capsular polysaccharide synthesis (Stout et al., 1991). As described above,
Lon degrades StpA protein in the absence of HNS (Johansson and Uhlin, 1999). Lon
has been reported to bind DNA specifically (Fu et a., 1997).

Hfq: Host factor for Qb phage replication is a abundant 15kDa protein and is required

for replication of the RNA genome of the Qb (August and Shapiro, 1968; Franze de
Fernandez et a., 1968; Franze de Fernandez et al., 1972). Hfg functions by
destabilizing an RNA secondary structure on the 3' end of the positive strand of Qb
RNA. In addition Hfg binds poly(A) RNA (Carmichael, 1975; Senear and Steitz,
1976) and oxySRNA (Zhang et al., 1998). Severad mRNAs in E. coli are targeted for
degradation by Hfq, possibly by increasing polyadenylation (Hajnsdorf and Regnier,
2000) or by interfering with the ribosome binding (Vytvytska et al., 2000). Efficient
trandation of RpoS in E. coli (Muffler et a., 1996) and Salmonella typhimurium
(Brown and Elliott, 1996) requires Hfg. The mRNAs of E. coli genes ompA, miaA,
mutSand hfg are destabilized by Hfq (Tsui et al., 1997; Vytvytska et al., 1998). The
Hfq protein can be copurified with HNS and overexpression or mutation of Hfg can
mask some hns phenotypes (Shi and Bennett, 1994).

RpoS: It isthe dternative sigmafactor of E. coli RNA polymerase and is required for
transcription of many genes expressed during the onset of stationary growth phase
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(Loewen and Hengge-Aronis, 1994). RpoS is aso required for expression of genes
involved in adaptation to stresses like starvation, high osmolarity, heat shock,
peroxide stress, and UV exposure (Hengge-Aronis, 1993). RpoS expression is
regulated at multiple levels and Hfq is required for trandation of the rpoS mRNA. As
described before, RpoS was reported to be necessary for silencing of the bgl operon
by truncated H-NS.

5. Open questions and possible approaches.

What additional factors besides H-NS are required for formation of the

proposed silencing nucleoprotein complex?
They could presumably bind to the silencer/ogl DNA sequences and thus could be
purified based on this presumed bgl DNA binding property and identified. Another
possible approach to identify factors involved in bgl silencing was a genetic one.
Random mutagenesis screens could be performed and mutants defective in bgl
slencing i.e. those in which the wt bgl operon is expressed could be identified using a
suitable selection strategy. Also a reverse screen could be carried out in which
mutations causing downregulation of an active bgl operon could be identified.

It has been shown that HNS can specifically bind to the upstream bgl silencer

DNA (Wahle and Schnetz, unpublished results). This supports the role of the
upstream silencer in formation of the repressor complex. However, H-NS can not
specifically bind to the downstream silencer (Wahle and Schnetz, unpublished
results). What is then the mechanism of silencing by the downstream silencer?
It is possible that HNS binds specifically to the upstream silencer along with other
unknown factors and this repressor complex may "spread over" on to the downstream
regions. However other mechanisms of downstream silencer mediated silencing are
possible.

Regulation of the bgl operon expression was usually studied using plasmidic
reporter gene constructs for quantitative analysis. It is possible that the bgl operon
regulation on multicopy plasmids is different than that on the chromosome (natural
dituation) eg due to limiting levels of positive or negative regulators.

In order to assess this possibility expression on plasmidic and chromosomal systems

could be compared.
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6. Aim of thethesis
The aim of this thesis was to study following aspects of the Escherichia coli

bgl operon regulation
Identification of cellular factors involved in the bgl operon regulation in

addition to H-NS and to study their role.
Anaysis of the role of the silencer sequence downstream of the bgl

promoter.
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[1l.  Results
1. Biochemical characterisation of proteins binding to the upstream silencer
region of thebgl operon.

According to the silencing nucleoprotein complex model (Schnetz, 1995;
Schnetz and Wang, 1996; Caramel and Schnetz, 1998) the H-NS protein is an
essential component of the repressing complex. However in vitro data indicated that
H-NS is not sufficient to repress the wt bgl promoter (Schnetz and Wang, 1996).
Additional cellular components were required to specifically prevent transcription
from the wt bgl promoter in vitro (Schnetz, 1995). To characterize E. coli proteins
which in addition to H-NS may bind to the upstream bgl silencer a biochemical
approach was taken.

The principle of the method based on DNA affinity chromatography is shown in
figure 4. Biotinylated DNA fragment including the upstream silencer region

Biotinylated PCR pnmers Binding (target) Seguance
(bl upstream silencer)

Attachment to Streplavidin coated
rmagneatic particles

' Magnetic SeparationVashing

E. colf cell Lysate

A KRN

DA binding protein o ather proteins

I WashingMagnetic Separation/Elution

C’CJ

Purified DA bimding
Profein

Figure 4: Principle of DNA affinity chromatography
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corresponding to the bgl operon nucleotide positions —191 to +79 (with the
transcriptional start site as +1) was used as a "bait" for protein binding. As a negative
control a similarly sized biotinylated DNA fragment corresponding to the lacZ gene
was used (figure 5). These fragments were then alowed to bind to Streptavidin coated

i 2

: P} & Figure 5: Schematic representation of the bgl
.ﬁi&[}tkbgﬂﬁ[ ngF‘.rlbger':- an% lacZ DNA fragmfr?ts used in the affinitgy
: chromatography as " baits". Numbers indicate

= nucleotide position with +1 indicating
-181 +70 transcription start site for bgl (a) and first

nucleotide of the structural genefor lacZ (b).

b)
P'h. lacZ lacY lacA
—

magnetic beads. After washing off unbound DNA, cell extracts made from wt (S541 =
Dbgl-AC11 @pt-lac)* ) or hns cells (S102 = hns::ApY) were added. In another
experiment the cell extracts used were pre-purified and concentrated for DNA-binding
proteins, by binding to phosphocellulose and washing off the nonbinding proteins.
After alowing the cellular proteins to bind to the DNA attached to the magnetic
beads, unbound and nonspecifically bound proteins were washed off. The specifically
bound proteins were subsequently eluted using a high salt (700mM KCI) containing
buffer (see Materials and Methods for details). These eluted proteins were then
precipitated with trichloroacetic acid, resuspended and separated on SDS-PAGE gels.
The gels were silver stained. Specific bands (proteins) which bound only the bgl DNA
but not the control lacZ DNA were cut out, in gel digested with Trypsin and the
resulting peptides were analysed using MALDI-TOF mass spectroscopy in
cooperation with the service laboratory at Cologne molecular medicine center. The
resulting peptide mass data was then analysed using the Profound tool at the Prowl

server (http://prowl.rockefeller.edu/) to identify the corresponding E. coli protein.

A specific protein band of approximate molecular weight 16 kDa (figure 6, lane 2,
black arrow) that could bind only the bgl DNA was identified as HNS protein of E.
coli. Additional minor differential bands (arrowheads in figure 6) were not
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Figure 6: HNS binds to bgl DNA. Proteins purified by the DNA affinity chromatography were
separated by SDS-PAGE and the gel was silver stained. Cell extracts used were made either from wt
(S541) or hns (S102) strains and either used directly (total protein) or were prepurified over
phosphocellulose as described in the text. The DNA "baits" used were bgl (lanes 2, 4, 6 and 8) or
negative control lacZ (lanes 3, 5, 7 and 9). Position of the H-NS band is indicated (black arrow, lane
2) which is missing in lane 6 (white arrow). Pure H-NS protein was loaded in lane 1. Positions of the
molecular weight markers are indicated.

reproducible. The 16 KDa HNS band was observed to be binding the bgl fragment
both from total and phosphocellulose prepurified wt cell extracts. On SDS-PAGE gels
this band was found to run at exactly the same position as that of pure H-NS (figure 6,
lane 1). The H-NS band was absent in the negative control with lacZ DNA fragment
(figure 6, lanes 3 and 5). Additionally, the 16 kDa HNS band was also absent when
cell extracts made from a hns E. coli strain were allowed to bind the bgl DNA (eg
figure 6, lane 6, white arrow). Thus, it was confirmed that H-NS specifially binds to
the bgl region used in this experiment. However, no additional proteins could be
reproducibly identified that bind specifically to this bgl region. Possible reasons for
this result are that
- the additional proteins binding to the bgl DNA may bind outside of the fragment
used in this experiment. Downstream sequences contribute to bgl silencing in
Vivo.
- thein vitro conditions of protein concentration, salt concentration, temperature
and pH used in this experiment may not reflect those found in vivo and therefore

some proteins did not bind the DNA in vitro.
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the unknown proteins may bind the bgl DNA with a weaker affinity or may form a
stoicheometrically minor part of the repressing nucleoprotein complex and thus
could not be purified in concentrations sufficient for detection.

some proteins involved in bgl regulation, eg FIS are growth phase regulated and
may be present in insignificant amounts in the cell extracts used.

only HNS protein binds to the bgl DNA fragment tested and the requirement of
additional cellular factors for in vitro represson of the bgl promoter has

aternative reasons. This possibility is further substantiated in following sections.
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2. Silencing and activation of the Escherichia coli bgl operon are amplified
by the limitation of BglG-mediated antitermination at low transcription rates.
(This section, in part, isin revision for publication to Molecular Microbiology.

Some of the experimentsin figures 7 and 11 were carried out by Sandra Kihn.)

Regulation of the bgl operon has been studied quantitatively, mostly using
plasmidic constructs. It is possible that regulation of the bgl operon on multicopy
plasmids is different compared to that on the chromosome (natural situation) eg due to
limiting levels of regulatory factors. To asses this possibility, the bgl operon
expression was studied using a chromosomal system and compared with regulation of
the same constructs on the plasmids. The chromosomal system consisted of either the
natural bgl operon constructs or strains in which the relevant constructs were
integrated in to the chromosomal phage| attachment site attB mediated by the | attP
sequence as described in materials and methods (Diederich et al., 1992).

2.1 Low activation of the chromosomal bgl operon .

Expression levels of the wt bgl operon and of a set of activated derivatives
were determined when encoded on the chromosome or on plasmids (figure 7). The
activated bgl  operon

derivatives included p-glucosidase activity

wt pos
aleles that carries a point Hoow plas. chr. ﬂ;[c plas. chr.
mutation improving the 4y oS C_R_Pprfq'bgfﬁi bgiF bglB
) == =l pal ] Y1 =1 8 1 1
CRP-binding site (figure cret ) C
b) ==l '-|I ‘]r A » 200 2| 280 | 320 80

7b, exchange C-66T), an

[151] L] _|_f

integration of I1S1 (figure ¢) 22z T=e jali | 390 2290 | 370 100
' i oss1 O 9

7c¢), an integration of 1S5 d) == E_]_E b v dsn o0 [P 3
(figure 7d), and a deletion 0 ®)

e) A —==Hil -k 270 2| 45| 350 3

Figure 7. The expression of chromosomally encoded, activated bgl operon derivatives is down-
regulated by limitation of BglG and by RpoS. Phospho-b-glucosidase activities (encoded by bglB)
directed by (a) the wild-type bgl operon and (b to €) activated derivatives were determined when encoded
on plasmids (p15A origin of replication, (Chang and Cohen, 1978)) (plas.) or on the chromosome (chr.).
Cultures were grown in minimal glycerol medium containing the b-glucoside salicin. To provide anti-
terminator BgIG in trans (+BglG) transformants of plasmid pK ESK 10 were grown in medium containing
in addition IPTG. Strains S541 (Dbgl) and S887 (Dbgl, rpoS) were transformed with plasmids (a) pFDX733
(Schnetz et al., 1987), and its Bgl™ derivatives (b) pFDX733-C234 (Schnetz and Rak, 1992), (c) pK ESD62
(bgl::1S1-R1243), (d) pFDX733-H3 (Schnetz and Rak, 1992), and (e) pFDY 446 (bgl-D2). Chromosomal
strains used were (a) S524 (b) Sb44, (c) S1245 (d) S1365, (e) S1367, as well as the respective rpoS mutants
(a) S1071, (b) S1079, (c) S1250, (d) S1384, and (e) S1286.



Results 16

of the upstream silencer (figure 7€), respectively. The chromosomal wt bgl operon and
two of the activated derivatives (improved CRP-binding site and integration of 1S1,
figure 7 b and c) map at the natural locus. The alleles that are activated by integration
of IS5 (figure 7d) and by deletion of the upstream silencer (figure 7€) were integrated
in to the chromosomal phage lambda attachment site attB of strain S541 (relevant
genotype is Dbgl, DlacZ) (figure 7, chr.). Expression levels of plasmid encoded bgl
operon alleles were determined of transformants of strain S541 (figure 7, plas.).

The wt bgl operon expressed low to undetectable levels of phospho-b-
glucosidase activity both when plasmid or chromosomally encoded (figure 7a, 1 unit
and <1unit). Activation of the bgl promoter caused a strong increase (>100 fold) in
the expression level when plasmid encoded (150 to 390 units, Figure 7 plas.), as
reported previously (Reynolds et al., 1981; Schnetz et al., 1987; Schnetz and Rak,
1988; Lopilato and Wright, 1990; Schnetz and Rak, 1992; Schnetz, 1995).
Unexpectedly, in the chromosomal system the expression levels of the activated bgl

operon derivatives were low (2 units) (figure 7 b to e, chr.).

2.2  Construction of a bgl-lacZ reporter system

To be independent of the b-glucoside specific negative regulation of the anti-
terminator BglG by enzymelI®9, bgl-lacZ reporter gene constructs were constructed
(figure 8). The lacZ gene was fused 3' to the bglG gene of the wt bgl operon and of

activated derivatives. Again expression levels were determined when encoded on

Figure 8: bgl-lacZ reporter constructs are
expressed at low levels when encoded on the
[-galactosidase activity chromosome due to limitation of BglG-

glycerol mediated antitermination. The b-galactosidase
plas. chr chr. activity directed by bgl-lacZ reporter constructs
= t1 . oo = - +BglG carrying the (a) silent wild-type bgl promoter, (b
aCRPT 57 bgl ac. i ivati
a) L3|_|C Ll bgis 120 ; 14 to d) activated bgl promoter derivatives, or the

constitutive  lacUV5  promoter (e), were
determined when encoded on plasmids (plas.) or

4250 16 @ 230 when integrated in to the attB—site (chr.). BgIG
(+BglG) was provided in trans by transformation
with plasmid pK ESK 10 and induction of bglG by

BADD-y 181 310 IPTG. Cultures were grown in minima M9
glycerol  medium. Tested were (plas)

2050 9 105 transformants of S541 with (a) pKESDS, (b)
pKESDY9, (c) pKESD12, (d) pKESD11, and (€)

2700 18 102 pKESD20 and (chr.) strains carrying integrations

of the identical reporter constructs in to attB (a)
S940, (b) S1052, (c) S1054, (d) S942, and (e)
S10095.
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plasmids (figure 8, plas.) and after integration in to the chromosomal attB-site (figure
8, chr.).

In the plasmidic system, the expression of the bgl-lacZ derivatives directed by
activated bgl promoter alleles was significantly increased (17 to 57 fold, 2050 to 6800
units) in comparison to the wt bgl promoter (120 units) (figure 8, compare a to b-d,
plas.). However, when these bgl-lacZ reporter constructs were integrated in to the
chromosome the expression levels directed by the activated promoter alleles were
again unexpectedly low (9 to 16 units) as compared to the wt bgl promoter (7 units)
(figure 8, chr.).

2.3  Low chromosomal expression isnot bgl promoter-specific

To test whether low chromosoma expression may be caused by a down-
regulation of the de-repressed bgl promoter aleles in the chromosomal environment, a
lacUV5 promoter lacking the lac operator was introduced. This constitutive lacUV5
promoter (from position -40 to +1) was fused to the transcription start of the bgl
operon (position +1). In the plasmidic system, the lacUV5 promoter directed about
2700 units of b-galactosidase activity (figure 8e, plas.). However, when this lacUV5-
bglt1l-bglG-lacZ construct was integrated in to the chromosome the b-galactosidase
activity was again very low (18 units) (figure 8e, chr.). Thus, low chromosomal

expression was found to be not promoter-specific.

2.4  Antiterminator BglG is limiting to expresson when encoded on the
chromosome.

The possible reason for high levels of activation on plasmids but not on the
chromosome may be that in the plasmidic system a negative regulator of bgl
expression becomes limiting. Alternatively, in the chromosomal system a positive
regulator, encoded by the bgl operon itself may become limiting due a reduction in
gene dosage. The obvious candidate for the latter possibility was the antiterminator
protein, BglG. Eg BgIG is required for antitermination at terminator bgl-t1 in the
lacUV5-bgltl-bglG-lacZ construct (figure 8e). To test whether BgIG is limiting to
expression of the activated bgl operon derivatives and bgl-lacZ reporter constructs
when encoded on the chromosome, a low copy plasmid pKESK10 (a pSC101

derivative) was introduced. This plasmid encodes the bglG gene under control of the
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lacUV5-lac operator promoter. In addition, plasmid pKESK 10 carries the lacl gene to
allow regulation of plasmid encoded bglG expression which can be induced by IPTG
addition.

The introduction of pKESK10 and induction by IPTG of bglG expression in
trans had little effect on the expression level of the chromosomally encoded bgl-lacZ
construct carrying the wt bgl promoter (figure 8a, +BglG). Interestingly, the
expression of thewt bgl operon (figure 7a, +BglG) increased to 8 units, i.e. to a value
that is higher than the activity of the de-repressed bgl derivatives in the absence of
extra BglG protein (figure 7b to e, chr.). Furthermore, providing BglG in trans led to
a strong increase (20 to 140 fold) in the expression levels of activated bgl operon
derivatives (figure 7b to e, +BglG). In contrast, the expression levels of the plasmid
encoded activated bgl operon derivatives increased less than 1.5 fold when BglG was
provided in trans (unpublished lab results). Likewise, the expression levels of the
chromosomally encoded bgl-lacZ reporter constructs carrying de-repressed bgl
promoter alleles or the constitutive lacUV5 promoter increased significantly (5 to 20
fold) when pK ESK 10 encoded bglG expression was induced (figure 8b to e, +BglG).
Similar results were obtained when BglG was expressed at higher levels in trans
using a high copy plasmid, demonstrating that BglG levels provided by plasmid
pPKESK10 are saturating (unpublished lab results). These data show that the amounts
of BglG synthesized by the de-repressed bgl operon and bgl-lacZ reporter constructs

islimiting for expression when these are encoded on the chromosome.

25  Mutation of the bgl terminator t1 to render expression BglG independent
resultsin high chromosomal expression levels.

To provide further evidence that BglG-mediated antitermination is limiting to
expression, the terminator t1 was mutated in the bgl-lacZ reporter constructs (figure 9
and 10). Antitermination by BglG is mediated by specific binding of BglG to a
secondary RNA structure that overlaps and forms aternatively to the terminator stem-
loop structure, thus preventing termination (figure 9) (Houman et al., 1990; Aymerich
and Steinmetz, 1992). Four site-specific mutants of terminator t1 were constructed.
Mutation DG100 was described previoudy to render bgl operon expression
constitutive and was used as a control (Mahadevan and Wright, 1987). In addition, a

terminator mutant with three base exchanges in the left stem of the terminator hairpin
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Figure 9: Terminator bgl-t1 and
mechanism of antitermination by
BglG. Shown are the secondary
structures and schemes of the rho-
independent terminator t1 (A) and
the mode of antitermination by BglG
(B) (Mahadevan and Wright, 1987;
Schnetz et al., 1987). A: Mutation
DG100 confers a constitutive
phenotype and is likely to disrupt the
terminator (Mahadevan and Wright,
1987). Mutations tl-L and t1-R
disrupt terminator t1 (see Figure 10).
These mutations complement each
other and in the double mutant ¢1-
LR) the termination is restored (see
Figure 10). B: Antiterminator protein
BglG binds to an alternative
secondary  structure that forms
aternatively to and the terminator
loop and thus prevents termination
(Houman et al., 1990).
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(mutation t1-L), a mutant with three base exchanges in the right stem (t1-R), and the

double mutant €1-LR) in which the mutations in the left and right stem of the

terminator compensate each other, were constructed. None of these mutations is

expected to disrupt the BglG-binding motif (figure 9 b).

The effect of the mutation of terminator t1 on chromosomal expression levels

was tested using the bgl-lacZ reporter construct that carries the constitutive lacUV5

promoter (figure 10). Terminator mutations t1-L (figure 10 b), t1-R (figure 10 c), and

DG100 (figure 10 €), resulted in high chromosoma expression levels (100 to 150

units). In these mutants providing BglG in trans did not lead to a significant further

increase of in the b-galactosidase activity (figure 10 b, ¢, and e, +BglG). Expression

[-galactosidase activity

(chromosomal)

WD) balG  acZ - *BolG

- ad,

2) e 18 102
t1-L

b) ::-F_E’ﬁ:_ 145 152
t1-R

c) -:It%ﬂ -— 52 112

d) -—”'ﬁ._ —-— 22 98
I1F- 4100

e) -—”':I_,- 90 110

Figure 10: Mutation of terminator t1 resultsin
high expression levels of chromosomal lacUV5-
bgl-lacZ reporter constructs. The effect of
terminator mutations t1-L, t1-R, the double
mutant t1-LR, and DG100 was determined in b-
galactosidase assays after the constructs were
integrated in to the attB-site of strain S541 Dbgl,
Dlacz). Cultures were grown in minimal glycerol
medium. To test whether expression of bglG in
trans increases expression, the strains were
transformed with pKESK10 and grown in the
presence of IPTG (+BgIG). Tested were strains
(8) S1095, (b) S1097, (c) S1099, (d) S1101, and
(e) S1103.
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of the double mutant (t1-LR was low in the absence of additiona BglG protein and
induction of bglG expression in trans caused an increase of the expression level
similar to the wt terminator construct (compare Figure 10 a and d). In case of
terminator mutation t1-L (figure 10b) the b-gaactosidase activity (150 units) was
~1.5 fold higher than in case of the other constructs (figure 10). This small effect may
relate to eg a changed RNA-stability and was not followed further.

26 A moderate (3-fold) effect of RpoS on the transcription rate can result in
an up to 50 fold increased expression levels of activated bgl operon derivatives
Silencing of the bgl operon requires HNS, as an essentia component, and
may involve StpA, Hfg, RpoS, and Fis (see introduction). The effect of RpoS (using a
rpoS359::Tn10 mutant) was tested on expression of the bgl operon (figure 7) and of
the BglG-independent bgl-lacZ reporter constructs carrying the mutated terminator
t1-L (figure 11). The expression levels of the chromosomal bgl operon derivatives
activated by an improved CRP-binding site and by integration of 1S1, respectively,
increased 40 to 50 fold in the rpoS mutant (figure 7b and c). The wt operon (as
observed previously (Ohtaet a., 1999) and derivatives activated by integration of 1S5

or deletion of the upstream silencer

i i f-galactosidase activit
remained low in the rpoS mutant s g Shyearol Y
(figure 7a, d and €). Interestingly, u ..$ji§RF?i‘ﬁ|”-9’G, lac7? 1:;; rp;&
these two activated aleles were S —
aso expressed at significantly 0) == 265 660
lower levels when BglG protein &) e 170 1050
was provided in trans (figure 7d

_ d) 150 470
and €). RpoS had a minor effect
(less than 1.5 fold) on the plasmid €) 145 290

encoded bgl operon (figure 7). In
Figure 11: BglG-independent bgl-lacZ reporter

contrast, the expression level of all constructs are down-regulated 3 fold by RpoS. The
terminator mutation t1-L was introduced in to bgl-lacZ
reporter constructs carrying the wild-type bgl promoter
and activated promoter derivatives. b-galactosidase
activities were determined in the wild-type strain

BglG-independent  chromosomal

bgl-lacZ  reporter  constructs

carying the wt or activated background and a rpoS359::Tn10 mutant from cultures
grown in minimal M9 glycerol medium. (a) S1142 and
promoters increased 2.5 to 3 fold S1155 (= S1142 rpoS359::Tn10), (b) S1144 and

. . S1157, (c) S1148 and S1161 and (d) S1146 and S1159.
(figure 11). RpoS had a similar
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effect on these bgl-lacZ reporter constructs when plasmid encoded (unpublished lab
results). Thus, an approximately 3 fold contribution of RpoS to regulation of the bgl
operon could be either amplified in to a strong (~50 fold) increase in the expression
level of the bgl operon or remained undetectable if the initial transcriptional level was
low. The lacUV5 promoter bgl-lacZ construct was regulated two-fold by RpoS (figure
11e) indicating that RpoS affects the bgl operon indirectly and moderately at the bgl
promoter.

In Glucose minimal medium, catabolite regulation of the CRP mediated bgl
promoter was seen. Also, the catabolite control of BglG mediated antitermination was
found to be significant in glucose medium as previously known (unpublished lab
results) (Goérke and Rak, 1999; Gulati and Mahadevan, 2000).



Results 22

3. A mutagenesis screen to identify factors involved in regulation of the bgl

operon.

Regulation of the bgl operon is known to occur via at least two phenomena,

namely, silencing of the bgl

promoter and substrate specific transcriptional

termination/antitermination. According to the nucleoprotein repressor complex model,
(Schnetz, 1995; Schnetz and Wang, 1996; Caramel and Schnetz, 1998). H-NS and

possibly more unknown proteins are required for silencing of the bgl promoter. In

order to identify these unknown additional proteins a genetic screening strategy based

on random transposon (miniTn10) mediated mutagenesis was carried out as follows.

The mutagenesis screen was done in two ways. First mutagenesis was

performed and mutants
causing de-repression of
the wt bgl operon were
screened.  Secondly, a
reverse  screen was
performed for mutations
which downregulated
active bal operon
expresson. To avoid
mutations in cis, a double
phenotype screen strategy
was used. This strategy
yielded mutants with
double phenotypic change
that have a in trans
mutation.

For  introducing
mutations, a | phage
vehicle carrying a
miniTn10 transposon
with a teracycline

resstance marker was

(a)

E. coli chromosaome

P i) 2

®) B alele Starting strain Mutant
' (phenotype) phenotype
P pv  p —— Byl Lac
p o miniTn10
= P. :- PR P
. .-.%.,._5?594 (Bgl'y (Lac’) ——=Bagl,Lac
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Figure 12: Mutagenesis screen strategy (a) The starting tester
strain of E. coli has the natural bgl operon. It also has the lac
promoter-operator region replaced by a cassette consisting of the
upstream bgl silencer, the bgl promoter and the downstream
silencer. In this reporter the bgl leader sequence is deleted for
terminator t1 (spanning the nucleotides +55 to +120 relative to the
transcription start) and the bglG gene is mutated to orfG. (b) In
one experiment a tester strain (S581) carrying the silent wt bgl
promoter at both the positions (phenotype Bgl, Lac) was
mutagenised and screened for a double phenotypic conversion to
(Bgl*, Lac™). All such Tn10 insertion mutations mapped in the hns
locus. In a reverse screen, a tester strain (S594) carrying an
activated bgl promoter alele (alele C234) at both positions was
mutated and screened for a phenotypic conversion from Bgl",
Lac* to Bgl, Lac. This strategy yielded mutants carrying
transposon insertions in the pgi, lon and hfq and cyaA loci.
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used (Kleckner et a., 1991). The| phage vehicle contains nonsense mutation in the |
repressor gene and a deletion of the phage integration system. Thus, it can only
introduce the miniTn10 in to the E. coli chromosome but can not enter the lytic cycle
of growth nor can it become a prophage. The gene coding for the transposase enzyme
required for TnlO insertion in to the chromosome is encoded on sequences outside the
miniTnl0 itself and thus lost along with other | sequences. Therefore the miniTn10
transposon can transpose in to the chromosome only once.

A starting tester strain of E. coli (S581) was constructed. This strain (figure
12) has the natural wt bgl operon (Bgl"). It also has the lac promoter-operator region
of the lac operon replaced by a cassette consisting of the upstream bgl silencer, the
bgl promoter with the bgl leader sequence and the bglG gene. This bgl leader
sequence has a deletion spanning the nucleotides +55 to +120 relative to the
transcription start. Thus, the terminator t1 is deleted. In addition, the start codon and
two additional ATG (codon 3 and 27) of bglG are mutated (ATG to GCG). Therefore
the bglG gene (orfG) can be transcribed but not trandated. The fusion of the wt
(silenced) bgl promoter renders the lac operon silent. Thus, the tester strain has a
starting phenotype of Bgl , Lac. After transposition, the tester strain mutants
(Tetracycline resistant) were plated on to MacConkey Lactose Tetracycline plates and
those mutants with a change in phenotype from Lac” (white colonies) to Lac’ (red
colonies) were purified and restreaked on BTB Sdlicin plates to score for the Bgl
phenotype change from Bgl™ (white colonies) to Bgl* (orange colonies). From a total
of more than 50,000 mutants scored, 6 mutants showed a double phenotypic change
from Bgl', Lac to Bgl", Lac’. The insertion position of miniTn10 transposon on the
chromosome was determined by direct genomic sequencing using a miniTn10 specific
primer (S156) or by sequencing of the PCR amplified mutated region. All the 6
mutants above were found to map in the hns locus. The insertion of miniTn10 in the
hns locus presumably causes a disruption of the hns gene and absence of active HNS
in these cells leads to activation of the bgl promoter as known before (Higgins et al.,
1988).

A reverse strategy was adopted to identify those genes required for the
expression of the bgl operon when the promoter has been activated by a mutation in
the bgl silencer region. For this experiment a double reporter tester strain (S594) was
constructed. It was similar to the tester strain described above except that an activated



Results 24

alele of the bgl promoter was used both at the bgl operon and the lac operon loci.
This bgl promoter alele has mutation C234 (see introduction), which improves the
CRP binding site and thus derepresses the bgl promoter (figure 12). The starting
phenotype of this strain was Bgl®*, Lac’. It was mutagenised by random miniTn10
insertion and mutants with double phenotypic conversion to Bgl, Lac were
identified. A total of 16 such mutants were identified from more than 1,00,000
mutants screened. The insertion position of miniTn10 transposon on the chromosome
was determined by direct genomic sequencing using a miniTnl0 specific primer
(S156) or by sequencing of the PCR amplified mutated region. The mutated/disrupted

genes were (strain number)

- cyaA (1 mutant) : mutation number 152 (S756)

- pgi (5 mutants) : mutation numbers 111 (S751), 112 (S752), 123
(S753), 132 (S755), 194 (S765)

- lon (7 mutants) : mutation numbers 108 (S749), 124 (S754), 166
(S759), 172 (S760), 183 (S762), 187 (S764), 204
(S766)

- miaA/hfq (3 mutants) : mutation numbers 110 (S750), 155 (S757), 184
(S763)

The miniTn10 insertion positions in the lon and miaA/hfq loci are shown in figure 13.

a) 166/204 108/183 172
(1380) (1537)  (1980)

S A A
A L

187

{430) (1%]
Figure 13. The miniTn10 insertion positions in b)
the lon and miaA/hfq loci. Mutation numbers are 110
indicated. Numbers in brackets indicate the (T018) o o2
miniTnl0 insertion position relative to the lon
structural gene nucleotide position, (a) and e Y L 4 ;"“
according to nucleotide numbering in Genebank | misd [ 1 hig |
entry Primary acc No.: gbJAE000489|ECAE000489 ‘
(b). Previously described hfq mutations, W1 and W2

are also shown (b).
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From the 16 mutants, one mapped in the cyaA gene which codes for the adenylate
cyclase enzyme catalyzing production of cyclic AMP (cCAMP). Due to a lack of
CAMP in this strain the active CRP-cCAMP complex can not form and bind the CRP
binding site of the bgl promoter thereby causing low or no expression. This mutation
was not further analyzed. Mutations obtained in the other three loci (pgi, lon and hfq)
were further analyzed to determine the specificity of their effect on the expression of
the bgl operon.

The tester strain (S594) was used to quantitate the effect of these mutations on
the expression of the Pbglc234-D(55-120)-orfG-lacZYA construct by measuring the b-
Galactosidase activity. For comparison the effect of the mutations on the expression
of the wt lac operon (strain S539) was also measured (figure 14).

[-Galactosidase activity (Miller units)
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Figure 14: Mutations in lon, pgi and hfg genes specifically downregulate the bgl expression.
Expression levels of a) the C234-R,q D(55-120) orfG lacZ construct (S594) and b) the wt lac operon

(S539) were measured in various mutantion backgrounds obtained during the screen.
3.1  Thepg mutation specifically downregulates bgl expression.

The pgi gene codes for the enzyme Phosphoglucoisomerase of the glycolysis
pathway. This mutation results in a decreased expression of the bgl operon construct
as shown in figure 14. However, expression levels of the wt lac operon were not
ggnificantly atered by the pgi mutation. Thus, pgi mutation specifically
downregulates the bgl operon expression. It was recently shown that in a pgi mutant,
glycolysis is blocked and this accelerates RNaseE mediated degradation of the ptsG

gene transcript. The ptsG gene codes for a transport protein for Glucose uptake and is
apart of the PTS transport system (Kimata et al., 2001).
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3.2  Thelon mutation specifically downregulatesbgl expression.

Lon is a ATP dependent protease and it has been shown that Lon can
specifically degrade StpA protein of E. coli which is 67% similar to the HNS protein
(Johansson and Uhlin, 1999) (see introduction).

As seen in figure 14, different lon mutations obtained during the screen
resulted in approximately 3 fold lower expression of the bgl-lacZ construct. These
mutations did not significantly alter expression of the wt lac operon. Thus, lon
specifically downregulates bgl expression. One of the lon mutations, 1on187 which
maps closest to 5°end of the lon gene was selected for further analysis (figure 13). The
lon mutation can affect expression of the bgl operon in following way. Lon protein
presumably degrades a protein which has a negative effect on expression of the bgl
operon. Thus, in a lon mutant this negative regulator protein is stabilized and can
accumulate to higher levels causing low bgl expression. As mentioned above protein
StpA is a possible candidate for this negative regulator. Although the role of StpA in
bgl regulation is not clear, it is possible that StpA can exert its negative role only
when present in high levels as may be found in lon mutant cells. In order to determine
whether the effect of Lon protease is due to accumulation of StpA in the cells,
attempts were made to construct a lon, stpA double mutant strain by T4 phage
mediated transduction. However, all such attempts failed. The probable reason may be
that in the double mutant cells, levels of the cell division negative regulator protein
SulA are high resulting in complete inhibition of cell divison and thus causing a
lethal phenotype. Experiments using a sulA mutant strain to combine the lon and stpA
mutations indicated that the positive effect of Lon on bgl expression is independent of
StpA (Klingen and Schnetz, unpublished results).

3.3  Thehfqg mutations specifically downregulate bgl expression.

Gene hfq codes for Host Factor for replication of RNA phage Qb (Hfq). It isa
15KDa protein with ~30000 molecules/cell (Ali et a., 1999). Hfg has a RNA
binding/chaperone activity. It has been shown to bind to and decrease the stability of
ompA mMRNA (Vytvytska et al., 1998; Vytvytska et al., 2000). Hfg aso binds to the
rpoS mMRNA and is essentia for the trandation of this mMRNA (Muffler et al., 1996;
Zhang et al., 1998). All the mutations mapping in the hfg region had a specific
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negative effect on expression of the bgl-lacZ construct of strain S594 (figure 14).
There was no significant effect on the expression of the wt lac operon.

34  Thehfql55isatruehfq mutation.

The hfq gene is a part of the complex amiB-mutL-miaA-hfg-hflX operon.
Regulation of this operon is not completely understood. It has been shown to have
multiple promoters which cause expression of different genes of the operon to various
degrees (Tsui et a., 1994). Out of the three mutations in this operon isolated during
the screen, two mapped in the miaA gene and one (fql55) mapped in the hfq gene
(figure 13). Thus, it was necessary to determine whether these mutations affected bgl
expression due to a defect in expression of the hfq gene or other genes of this operon.
Effect of mutation hfgl55 on bgl expression was compared to that caused by two
previoudy described mutations hfgl::W and hfg2::W. Both these mutations are

insertions of a W cassette containing kanamycin resistance marker and strong

f-Galactosidase activity (Miller units)
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Figure 15: Mutation hfql55 affectsthe bgl expression similar to hfqWl. The effect of mutations
hfq155, hfqwW1 and hfqW2 was determined in b-Gal actosidase assays on the constructs integrated in to
the chromosomal attB site. All the constructs have a deletion spanning +55 to +120 relative to
transcription start. In constructs a and ¢ the wt bgl promoter is present while constructs b and d
contain a bgl promoter alele activated by deletion of the upstream silencer D2). Furthermore, in
constructs a and b the start codon and two additional ATG (codon 3 and 27) of bglG (orfG) are
mutated (ATG to GCG). In constructs ¢ and d, the bglG gene is absent and is replaced by lacZ. Strains
used were in the order wt, hfg2:: W, hfql55, hfql::W a) S397, S841, S891, S833 b) S403, S843, S893,
S835 ¢) S387, S837, S790, S829 d) S393, S839, S792, S831.
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rho-independent transcriptional terminators. In hfgl::W, the W cassette is inserted
towards the 5™-end of the hfq gene thus causing a Hfq™ phenotype. In hfg2::W the W
cassette is inserted towards the 3-end of hfg gene resulting in a active Hfq
expression. However, both mutations have the same polar effects on expression of the
downstream genes (Tsui et a., 1994) (figure 13). As shown in figure 15, mutation
hfg2:: W had no significant effect on bgl expression. Whereas, mutation hfgl::W had a
negative effect on bgl expresson very similar to that of hfgl55. Thus, it was
concluded that hfql55 mutation and presumably other mutations obtained during the
screen in the same region are indeed phenotypically Hfq". Although they may still
differentially affect expression of other genes in this locus, it is their effect on hfq
expression that results in lower bgl expression. Thus, hfg mutation causes specific
downregulation of bgl expression. One of the hfq mutations, hfgl55 which maps in
the hfq gene was selected for further analysis.

3.5 Theeffect of hfgon bgl expression is independent of the bgl promoter,
termination/antitermination and RpoS.

Hfq is required for trandation of the rpoSMRNA (Muffler et al., 1996). RpoS
is the aternative stationary phase specific sigma factor of E. coli RNA polymerase
and its expression is upregulated during starvation and upon transition in to the
stationary phase of E. coli growth. RpoS-RNA polymerase holoenzyme causes
transcription and expression of certain starvation stress induced and stationary phase
specific genes involved in adaptation of the cell to changes in the environmenta
conditions (Hengge-Aronis, 1996).

Hfg possibly binds to rpoS mRNA and changes its tertiary structure to
facilitate ribosome binding and tranglation. In the absence of Hfq, 5-end of the rpoS
MRNA forms a closed loop structure preventing ribosomal access to the ribosome
binding sequence (RBS) on the mRNA. Presumably, Hfq binding prevents formation
of this loop structure and opens up the 5 mMRNA end of the mRNA making the RBS
accessible (Muffler et al., 1996; Zhang et al., 1998).

Mutation of the rpoS gene can positively affect bgl expression (Ohta et al.,
1999). In the hfqg mutants, the RpoS expression is low. To substantiate that the effect
of Hfq on bgl expression is independent of RpoS, bgl expression was measured in hfq,

rpoS and hfq,rpoS double mutant strains (figure 16). In this experiment wt (@) and



Results 29

wi hifg rpoS  hfg, mos

chromosomal construct

tH-L
il CRPE -}/ bQIG _lacZ

a) —-_— 10 10 30 10
b) .4 f —_— 150 50 470 80
851
¢} === S— a70 160 1050 290
t1
UV5 1)
d} o] E 20 10 40 10
e) — - 145 60 290 90
F.. lacZYA
) — I 7940 5710 6920 4675

Figure 16: Hfq effect isindependent of the promoter, termination/antitermination and RpoS. The
b-Galactosidase expression levels of various chromosomally integrated (attB:) constructs (a to €) and
the wt lac operon (f) were measured inwt, hfg, rpoS and hfg, rpoS mutation backgrounds. Strains used
were in the order wt, hfqg, rpoS and hfq,rpoS a) S1142, S1402, S1155, S1404 b) S1146, S1406, S1159,
S1408 c) S1148, S1410, S1161, S1412 d) S1095, S960, S1130, S1414 €) S1097, S1311, S1132, S1416
f) S539, $S1418, S1107, S1420.

activated (D2 and 1S5-insertion) bgl promoter alleles were used (figure 16, constructs
b and c, respectively). Additionaly, a heterologous constitutive promoter (acUV5)
was used instead of the bgl promoter (construct d). In construct e, the terminator t1-L
mutation (described in results section 2) was used to render the expression
independent of BglG mediated antitermination. In all the cases, rpoS mutation
positively affected bgl-lacZ expression (compare columns wt and rpoS). A significant
negative effect of hfq mutation was seen only in b, ¢, d, and e (compare columns wt
and hfq). It should be noted that in hfq mutant cells, low level RpoS expression is
possible. Thus, to determine the effect of absence of only Hfq in a constant RpoS
background, expression levels in rpoS and hfg, rpoS double mutant strain should be
compared (columns rpoSand hfg, rpoS). Such an analysis showed that when Hfgq was
absent with no possible change in RpoS activity (nil), the bgl expression was
downregulated upto 3 fold for the wt bgl promoter construct (a) and for the other
constructs carrying an active promoter (b and ¢). Thus, it can be concluded that the
negative effect of hfg mutation on bgl expression is independent of RpoS.

The analysis in figure 16 aso shows that the Hfq effect is independent of the
bgl promoter. Even when a heterologous lacUV5 promoter was used (d) instead of the
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bgl promoter (a, b and c), a similar hfq effect was observed. Also the disruption or

deletion of the upstream bgl silencer sequence in b, ¢ and d did not change the hfq

effect. In congtruct d the wt terminator t1 is present while in construct e, the

terminator t1-L mutation prevents the transcriptional terminator loop formation. Both

these constructs show a similar fold hfqg effect. It is possible that in construct c, the

expression increases if extra BglG is provided in trans. However, it can be concluded

that the effect of hfq mutation on bgl expression is independent of the upstream bgl

slencer, the bgl promoter and termination/antitermination at t1. There was no

significant Hfq effect on expression of the control lac operon (construct f).

3.6  Effect of hfg depends on the presence of bglG sequence.

The effect of hfg on the
expresson of various bgl constructs
was studied as in figure 17. All the
constructs had a heterologous lacUV5
promoter and t1-L mutation since hfq
effect was shown to be independent of
the promoter and antitermination.

The lacZ reporter gene was
fused downstream of the bglG gene as a
transcriptional fusion (constructs a to e)
in which trandation of the lacZ mRNA
is facilitated by its own ribosome
binding site (RBS lacZ). In construct b,
the start codon and two additional ATG
(codon 3 and 27) of bglG are mutated
(ATG to GCG). Therefore, the bglG
gene (rfG) can be transcribed but not
trandated. The constructs ¢, d and e had
15, 5 or none of the 5 codons of the
bglG gene, respectively. In ¢ and d, a
stop codon was added at the ends of the
truncated bglG genes.
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Figure 17: The Hfq effect is bglG seguence
dependent. The b-Galactosidase expression
levels from various plasmidic constructs were
measured inwt and hfqg strains. The plasmids used
were @) pKESD28, b) pKESD47, c¢) pKESD44,
d) pKESD42, e) pKESD36, f) pKESD39, )
pKESD45, h) pK ESD43 and i) pKESD24.
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The mRNA structures of the (bglG-lacZ) trandational fusion constructs.
Computer analysis of the mRNA structures of (bglG-lacZ) trandation fusions was
performed using the mfold software (http://bioinfo.math.rpi.edu/~mfold/rna/)
(Zucker et al., 1999) The mRNAs of trandational fusion constructs carrying all or
the first 15 amino acids of BglG had a structure (left) with three stem loops, the
first loop is the BgIG bhinding domain, the second loop is the remnant of the
terminator t1 loop prevented from forming completely and the third loop
containing the ribosome binding site (RBS) and the start codon (AUG) of bglG.
This closed structure can possibly downregulate trandation of BglG. In contrast,
the mRNA of atrandationa fusion construct carrying only the first 5 amino acids
of BglG had a open structure (right) with the first two stem loops smilar to the
closed structure and the third loop shifted upstream such that the RBS and start
codon of bglG are accessible.

o RBS(E-” ; VY
. ek j K
& — 17| - K
ok

closed structure open structure

In congtructs f to i, the lacZ gene was fused to the bglG gene as a trandational
fusion so that LacZ is trandated as a fusion protein along with BglG. In f, the entire
bglG gene without the last stop codon is fused to the 5-end of lacZ gene. In
constructs g, h and i only 15, 5 or none of the 5 codons of the bglG gene are present
and are trandationally fused to the lacZ gene. In i, lacZ gene is trandated using the
RBS of bglG gene.

The expression levels of these constructs were measured in wt and hfq cells.
Absence of the entire bglG gene sequence caused a upregulation of expression in wt
cells (figure 17, compare wt expression of ¢, d, eto aand h, i to f). Thus, the bglG
gene was shown to cause a polar effect on expression of the downstream (lacZ) gene.
This negative polar effect was higher in construct b, when orfG was not trand ated.

The negative effect of hfgon bgl expression was seen only when the entire
bglG sequence was present (constructs a and f). The effect was also seen when only
orfG was present but not trandated (b). However, in al other cases when complete
bglG sequence was absent the hfq effect was lost (c, d and €) or reversed (g, h, i).
Thus, it was concluded that hfqg effect depends on the presence of complete bglG
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sequence. It should be noted that in construct b, when orfG is not trandated hfq still
downregulated the expression. Thus, the effect of hfg on bgl expression is
independent of bglG trandation.

Moreover, Hfq positively affects bgl expression both when transcriptional (a)
and trandational fusion (f) reporter constructs are used. Thus, Hfq protein plays its
regulatory role before the translation process. Since, the Hfq effect is independent of
the promoter, it probably does not affect transcription initiation. Hfq is a known RNA

binding protein and has RNA chaperone activity and it is conceivable that it affects
either the stability or the structure of bgl mRNA.
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4, H-NSregulatesexpression of thebgl operon at multiple levels.

The histone-like protein HNS is essential for silencing of the bgl operon
(Defez and de Felice, 1981; Higgins et al., 1988). HNS represses the CRP/CAMP
dependent bgl promoter, where it is likely to bind to a AT-rich silencer sequence
located upstream of the CRP-binding site (Schnetz, 1995; Schnetz and Wang, 1996;
Mukerji and Mahadevan, 1997) and putatively forms an extended repressing
nucleoprotein complex (Caramel and Schnetz, 1998). The wt bgl operon is activated
in ahns mutant strain presumably due to de-repression of the wt bgl promoter. Indeed,
in vitro DNA binding studies using mobility shift and DNasel protection
(footprinting) experiments indicated that HNS specifically binds to the bgl upstream
silencer DNA (Wahle and Schnetz, unpublished results).

It has been shown that sequences downstream of the bgl promoter contribute
significantly to silencing of the bgl operon (Schnetz, 1995). The mechanism of this
observation is not clear. As shown in results section 2, requirement of threshold BglG
levels contributes towards regulation of the bgl operon. However, additional
mechanisms of regulation acting at the promoter downstream sequences are possible.

Expression of different chromosomally integrated @ttB) bgl constructs was
upregulated by hns mutation. As shown in figure 18, hns mutation increased
expression by 26 and 7 folds, respectively when wt and an a de-repressed allele of the
bgl promoter directed the expression of a lacZ reporter construct. (figure 18,
constructs a and b, respectively). The effect of H-NS on the bgl promoter and the
upstream silencer element is shown in figure 18, constructs g - j. The expression of
these constructs was measured in NB medium unlike constructs a - f which were
measured in LB2Y medium. This was to avoid trace amounts of glucose which may
be present in LB2Y medium and which can cause catabolite repression of the bgl
promoter. In constructs g - j, the bgl sequence only upto +25 (relative to transcription
start) is present. In construct g, the upstream silencer element is present and hns
mutation upregulates expression of this construct 4 fold. When the upstream silencer
is deleted (figure 18, construct h) or when the CRP binding site is improved (construct
i), bgl expression in the wt strain is 4 to 5 fold high as compared to the wt promoter
construct (construct g). However, hns mutation does not change the expression levels
of constructs h and i significantly. In construct j, the upstream silencer is deleted as
well as the CRP site is improved. It was seen that these two independent mutations
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known to de-repress the bgl promoter have an additive de-repressive effect on the bgl
promoter since the expression levels of construct j in the wt strain is higher than
constructs h and i which have the individual mutations. Expression of construct j is
also not significantly altered in the hns strain. Thus, it can be concluded that HNS
mediated repression of the bgl promoter operates via the upstream silencer. When the
upstream silencer is deleted (construct h) or when binding of HNS to the upstream
silencer is presumably counteracted by improved binding of CRP (construct i), HNS
has no effect on the bgl promoter.

When the bgl promoter was replaced by a constitutive lacUV5 promoter and
the upstream silencer was absent (figure 18, construct c), hns mutation caused a
upregulation by 14 fold. This construct has the wt terminator t1, therefore it is
possible that in the presence of extra BglG in trans the expression levels are higher
both in the wt and the hns cells. Still, this indicates that H-NS has a negative effect on
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bgl expression in addition to that on the bgl promoter. When the terminator t1 was
mutated to t1-L (figure 18, construct d), hns mutation caused upregulation of
expression by 4 fold showing that HNS mediated downregulation is independent of
the termination/antitermination. In figure 18, construct e, the start codon and two
additional ATG (codon 3 and 27) of bglG are mutated (ATG to GCG) such that the
bglG gene (orfG) can be transcribed but not trandated. Expression of this construct is
upregulated 10 fold in the hns mutant. Thus, the negative regulation by H-NS is
enhanced in the absence of trandation of bglG. However, when the bglG gene is
deleted (construct f), the hns mutation has no effect on the lacZ expression. Thus, the
H-NS protein possibly exerts its negative regulatory effect on expression of the bgl
operon at multiple levels: In addition to its known role in repression of the bgl
promoter it acts on the sequences downstream of the promoter. The bglG gene
sequence is essential for this downstream role of H-NS. Possible mechanisms of
H-NS mediated downregulation at the downstream sequences are
- prevention of transcription initiation by DNA binding. However, it has
been shown that H-NS does not specifically bind DNA sequences
downstream of the bgl promoter (Wahle and Schnetz, unpublished results).
- inhibition of transcription elongation through the leader and bglG
sequence
- RNA destabilization
The effect of H-NS is stronger when bglG is not trandated (orfG) (figure 18,
construct €). To test the possibility whether H-NS effects bgl mRNA stability, S1
nuclease protection studies were carried out as described below. The HNS mediated
repression via the upstream silencer is maximum 4 fold (construct g). Interestingly,
H-NS mediated downregulation of the bgl operon via the downstream silencer can be
upto 14 fold (construct c). Thus, it can be concluded that the majority of the HNS
mediated downregulation of the bgl operon is via the downstream silencer. It should
be noted that when the terminator t1 is mutated thus rendering the bgl expression
independent of BglG mediated antitermination (construct d), effect of H-NS is 4 fold.
Thus, HNS mediated downregulation of bgl expression via the downstream silencer

is presumably enhanced due to limiting BglG levels.
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4.1 HNS mediated regulation on plasmids.

The negative

. . i-Galactosidase activit
regulation by H-NS via the l (Miller units) .
downstream silencer was plasmidic construct wt hns

- t"l £
possibly due to bgl RNA ave O bolG lacZ
destabilization. It was  ° =2l SRS | AmR “s008
ti-L  (lacZ)

necessary to use plasmidic :
b) sl SN | 4320 20440

constructs for RNA analysis

in order to obtan RNA < orfG

— - SN | 1930 16700
yidds  suffient  for O

detection. Regulation of
d) el 25400 32360

plasmid encoded bgl

constructs by H-NS  was Figure 19: H-NS mediated regulation of plasmid

found to be similar to that of encoded bgl constructs. The wt (S541) and hns (S614)
strains were transformed with plasmids with the shown

chromosomally encoded bgl-lacZ reporter constructs. Cultures were grown in
. LB2Y medium and theb-Galactosidase activities

constructs  (figure  19). measured. Plasmids used were pK ESD20 (a), pK ESD28

Expression of the plasmidic (b), pKESD47 (c) and pKESD36 (d).

bgl construct with the

constitutive lacUV5 promoter and the wt terminator t1 was upregulated 6 fold in hns
strain (construct a). A similar effect was seen when terminator t1 was mutated to t1-L
(construct b). In construct c, the start codon and two additional ATG (codon 3 and 27)
of bglG are mutated (ATG to GCG) such that the bglG gene (orfG) can be transcribed
but not trandated. Expression of this construct was upregulated 10 fold in the hns
mutant. However when the bglG gene was deleted (construct d), the hns mutation had
no effect on bgl expression. Thus, plasmids like pKESD28 (figure 19, construct b)

could be used for further analysis.

4.2  H-NS causes destabilization of thebglG mRNA.

S1 nuclease protection assay was used to quantitate bgl mRNA levels. The
amounts of bgl mRNA from plasmidic construct pKESD28 (figure 19, b) were
quantitated in wt and hns strains. The outline of S1 nuclease protection assay
experiment is shown in figure 20. S1 nuclease is a single strand specific endonuclease
and it can not act on double stranded RNA, DNA or RNA-DNA hybrids. The bgl
MRNA was probed at four different regions namely, in the leader and at three
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Figure 20: Principle of S1 nuclease protection assay. & Experimental and control RNAs are
hybridized together with the single stranded radiolabeled DNA probe. The non hybridized RNAs and
probe regions are digested using S1 nuclease. The protected probe fragments are run on a sequencing
gel. b) The bgl mMRNA was probed at four regions, in the leader and at three positions along the bglG
gene. The bgl sequences present in the control RNASs are shown by the nulcleotide positions relative
to transcription start.

positions along the bglG gene (figure 20, b). For accurate quantitation of mMRNA,
internal recovery control RNAs were used (figure 20, @). The control RNAs normalize
differences in RNA vyields, differences in labeling efficiencies, variations in
hybridization efficiencies and other experimental and autoradiography variations.
These control RNASs correspond to the indicated sequences of the bgl operon with
additional non-bgl lac operator sequences at their 5' ends (gray regions in figure 20).
The DNA fragments corresponding to the control RNAs were cloned in a high copy
plasmid (pKESD65, pKESD53, pKESD54 and pKESD55, see figure 20, b) such that
alPTG inducible tac promoter directed their transcription. The non-bgl sequences at
the 5-ends correspond to the lac operon leader sequence. For control RNA
preparations total RNAs were prepared using the hot phenol method from wt strain
(S541) transformed individually with the above four plasmids and induced with 1mM
IPTG. Fixed amounts of each control total RNA (100mg each) were added during the
preparation of pKESD28 RNA from wt (S541= Dbgl DlacZ) and hns (S614= Dhbgl
DlacZ hns::Ap?) strains as described in materials and methods. Briefly, wt or hns
strain transformed with pKESD28 was grown in LB2Y medium till ODgpo ~ 0.5.



Results 38

Rifampicin was added (time 0) to 100my/ml stopping new transcription initiation and
20ml samples were taken at different time points. These were quickly added to a
pre-heated phenol, SDS mix containing 100y each of the four control RNAs. The
RNAs were then further extracted and purified as described in materials and methods.
The DNA in these preparations was digested using RNase free DNasel. Finally,
200mg total RNA from each sample was used for S1 anaysis. The plasmids
pPKESDG65, pKESD53, pKESD54 and pKESD55 were also used to synthesize single
stranded internally radiolabeled (P**) DNA probes using suitable primers and
T7-DNA polymerase. Thus, each probe could hybridize to the entire control RNA
from that plasmid and also to a corresponding shorter sequence on the bgl mRNA.
After hybridization, S1 nuclease digestion was performed such that the nonhybridized
single stranded regions of the DNA probe as well as any unhybridized RNA are
digested away. When run on ureaacrylamide sequencing gels two bands
corresponding to the radioactive probe protected by the control RNA (larger band)
and probe protected by the bgl mRNA (smaler band) were seen (for details see
materials and methods).

The band intensities were then quantitated using a Fuji BAS1000
phosphorimager and the gels were also auto-radiographed. The experimental band
intensities were normalized with the control band intensity from the same lane. After
correcting for background in each lane and for the ODggp Of the culture, the intensities
were expressed as percentage of the normalized intensity of experimental band for
that gel from hns cells at time O of rifampicin addition (100%). Figure 21 shows
results of such an experiment. Averages of the normalized band intensity values from
two independent experiments were plotted against time after rifampicin addition and
these plots were used to calculate the haf life values of the bgl mRNA (figure 21).

It was observed that the half life of the leader part of the bgl mMRNA was not
significantly different in wt (3.3minutes) and hns (2.8minutes) strains. However, the
MRNA haf life of the three bglG regions were approximately half in wt cells as
compared to that in the hns cells. Thus, it can be concluded that in wt cells presence of
H-NS causes a 2-fold reduction in the stability of bglG mRNA. However, there is no
effect of H-NS on the stability of the bgl leader RNA.

H-NS can differentially affect the stabilities of different parts of the same

RNA due to various reasons. It is possible that HNS can directly interact with only
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part of the mRNA making it unstable. It is also possible that there are
endonulease sites between the leader and bglG parts of the mRNA and after
endonucleolytic cleavage the leader mRNA is stable whereas the bglG part which
may interact with HNS is destabilized. Results obtained using the probe hybridizing
with the 3-end of bglG mMRNA were not accurate and should be reconfirmed using a
different primer.

The differential effect of HNS on the leader mMRNA and bglG mRNA is in
agreement with the in vivo results in figure 18. The hns mutation had an effect on bgl
expression only when the bglG sequence was present (figure 18, constructs a, b, c, d
and e) but not when the bglG sequence is deleted (construct f) although the bgl leader

sequence is present.
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V. Discussion
1 Multiple levels of thebgl operon regulation.

In the present work the bgl operon of E. coli was shown to be regulated at
multiple levels as shown schematically in figure 22. The bgl promoter is repressed by
formation of a nucleoprotein complex of which H-NS forms an essential and
dominant component. Formation of the repressor complex involves the upstream
silencer and the promoter regions. In the promoter downstream region two additional
levels of regulation operate. The BglG protein causes antitermination at the terminator
t1 and threshold cellular levels of BglG are required for efficient antitermination. This
threshold can amplify silencing and activation of the operon at low expression levels.
A new dominant theme of bgl regulation is regulation of MRNA stability. H-NS
causes destabilization of the bglG mRNA and other factors like Hfg, Pgi and
trandating ribosomes also play a part in regulating the bgl mRNA level. Evidences for
each level of regulation are discussed below.

H-NS t‘I bglG H-NS g RNAF t1 bglG
DNA 2 ININHAEREE . —— LID gl £ Pt —
CRF‘ P +1 {:RP +1
mRNa —==dllyuy mRRA =5 uuuy
) H-NS&# Hfq . H-NS$ Hfg
. ol @ F_ﬁEl‘P ol
d S L, s B ol
1 __ bglG
| @F
i I B P~ | =P | | BglG
j:] HPr~P 9

Figure 22. A new model showing multiple levels of the bgl operon regulation. Left, the wt bgl operon
is silenced. HNS, possibly alongwith other proteins like FIS binds the upstream silencer and the
promoter regions causing transcriptional repression. Basal levels of transcription initiation events mostly
result in transcriptional termination at tl. A leakthrough may result in low transcription of the
downstream sequences. HNS causes destabilization of such bglG mRNA and eclipses a presumed
positive Hfq effect on the mMRNA stability and further reduces the expression. Background levels of BglG
protein which may result are not sufficient for efficient antitermination. Right, in the case of an activated
bgl promoter alele (eg improved CRP site allele) CRP binding with higher affinity destabilizes the H-NS
containing repressor complex. RNA polymerase (RNAP) can gain access to the promoter and
transcription initiates. The resulting higher BglG expression causes efficient antitermination resulting in
still higher BglG amounts thus starting an expression amplification loop. HNS and Hfqg still act
negatively and positively on the mRNA stability, respectively. The translating ribosomes and Pgi
presumably also cause mRNA stabilization.
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2. Repression of the promoter.

It has been proposed (Caramel and Schnetz, 1998), that H-NS binds the
upstream AT-rich sequence and presumably promotes the formation of a silencing
nucleoprotein complex involving Fis and possibly other unknown cellular factors
(Schnetz, 1995). In the present work an attempt was made to identify the additional
cellular factors required for silencing of the bgl promoter using DNA affinity
chromatography (results section 1). Proteins specifically binding to the bgl upstream
silencer and promoter region, as found from this experiment, included only H-NS.
This confirmed the role of HNS in bgl promoter silencing via direct binding to the
bgl DNA fragment used. However, no other proteins could be identified which played
asmilar role. As discussed in the results section 1, this may have been alimitation of
the biochemical approach used. Alternatively, as substantiated from further results,
only H-NS may bind to the upstream bgl silencer and the bgl promoter DNA, causing
transcriptional repression. The requirement of additional factors for bgl silencing
proposed earlier (Schnetz, 1995) might have to do with regulation of the bgl operon at
other physical locations like the downstream silencer and at different levels eg at post-

transcriptional level.

3. Amplification of bgl silencing and activation by BglG cellular threshold at
low expression levels.

The downstream bgl silencer region consists of the non-coding, bgl leader
sequence and the bglG gene sequence. The most prominent feature of the leader
sequence is the transcriptional terminator t1. As described in results section 2, unlike
on plasmids, the bgl operon could not be highly activated when present on the
chromosome, by the promoter de-repressing mutations. On a high copy plasmid, such
mutations resulted in upto 200-fold activation whereas when the same bgl constructs
were present on the chromosome the activation was only upto two folds. This
observation implied that a reduction in the copy number from the plasmidic to the
chromosomal system was responsible for this phenomenon. It was possible that this
maybe due to a titration effect on a negative regulatory factor, which became limiting
when the bgl operon was plasmid encoded. Alternatively, a positive regulatory factor,
which has to be encoded by the bgl operon itself, could become limiting due to low
expression levels when encoded on the chromosome. The obvious candidate for the
latter possibility was the positive regulator and antiterminator protein BglG. To test
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this possibility, extra BglG was provided in trans to a chromosomal de-repressed bgl
promoter construct causing increased activation upto 60 fold (results section 2.4).
Thus, high cellular levels of BglG protein, which could be achieved in the plasmidic
system but not from a chromosomal construct, were required for high expression of an
activated bgl operon. Thus BgIG is limiting to bgl operon expression when the
transcription rate remains below a threshold, but not when the operon is transcribed at
higher levels. High expression levels are obtained (a) when additional BglG protein is
provided intrans, (b) when the expression is rendered BglG-independent by mutation
of the terminator, or (c) when the copy number is increased (from a chromosomal to a
plasmidic system). Interestingly, this threshold level of BglG required for high
expression could be reached even in a chromosomal system by a small further
activation of the promoter.

A model is shown in figure 22. Basal level of transcription that is initiated at
the repressed bgl promoter mostly terminates in the leader at terminator bgl-t1 (Fig.
22, left) (Mahadevan and Wright, 1987; Schnetz and Rak, 1988). If basal amounts of
bglG-mRNA that are transcribed due to the inherent leakiness of terminator bgl-t1 are
insufficient to allow synthesis of enough BglG protein for antitermination then the
expression remains low (Fig. 22, |eft). If the transcription rate is higher the basal BglG
amounts may exceed a threshold that alows antitermination (Fig. 22, right). Once
antitermination occurs, BglG amounts increase and the remainder of the operon can
be expressed at high levels by antitermination at terminator t2. Possible mechanisms
leading to limitation of BglG may involve (a) inefficient activation of BglG by HPr
mediated phosphorylation (Gorke and Rak, 1999) and dimerization (Amster-Choder
and Wright, 1992) at low cellular concentrations and/or (b) low efficiency of BglG
synthesis possibly due to instability of the bglG mRNA and the low trandation
efficiency. Expresson of BglG in trans or an increase in the copy number would
overcome these limitations and lead to full expression. In a rpoS mutation, the three
fold upregulation of the bgl promoter was sufficient to result in a sufficiently high
BglG expression, which in turn caused efficient antitermination resulting again in
higher BgIG levels and so on (results section 2.6). The threshold of BglG required for
starting the expression amplification loop shown in figure 22 can amplify silencing or
activation of the operon. The leader (terminator t1) part of the downstream silencer,

thus contributes to the bgl operon regulation.
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4, Positive regulatory factors of thebgl operon expression.

A genetic mutation screen (results section 3) for genes required for high bgl
expression yielded three new candidate genes hfq, pgi and lon. Hfqg is a known RNA
binding protein and has RNA chaperone activity. Although Hfq is essential for
trandation of the rpoS mMRNA, the positive effect of Hfg on bgl expression was
independent of RpoS. It was shown that the positive effect exerted by Hfq is at the
bglG gene sequence. It is conceivable that Hfq specifically binds to the bglG mRNA
and stabilizes it. Direct binding of Hfq to the bglG mMRNA needs to be confirmed
experimentally. Recently it has been suggested that pgi mutation leads to a block in
the glycolytic pathway and catabolic utilization of glucose. This was aso shown to
accelerate the RNaseE mediated degradation of ptsG mRNA. It was proposed that pgi
mutation could lead to a genera response in which activities of various RNases are
upregulated resulting in specific downregulation of the genes whose mRNAS are
susceptible to the respective RNases (Kimata et al., 2001). The bgl operon could be
specifically downregulated by such a response caused by the pgi mutation. It would
be interesting to further characterize this response and to determine if the genes
downregulated by it belong to a particular functional category.

The lon gene mutation also caused downregulation of an activated bgl operon.
It is possible that Lon, which is a protease, specifically downregulates a bgl repressor
protein and thus in the absence of Lon, the repressor protein activity is higher causing
bgl downregulation. One possible candidate for such a repressor was StpA and Lon
could regulate bgl expression via StpA (Johansson and Uhlin, 1999). This possibility
could not be tested since the lon and stpA mutations could not be combined using
phage mediated transductions. In such double mutants, the levels of cell division
inhibitor SulA, which is degraded by Lon, are perhaps too high and cause a lethal
phenotype. It was possible to combine the lon and stpA mutations in a sulA
background showing that the positive effect of Lon on bgl expression is independent
of StpA (Klingen and Schnetz, unpublished results). Thus, precise mechanism of the
Lon effect remains to be determined.

The genetic mutation screen for genes required for silencing of the bgl operon
yielded only hns mutants (results section 3) thus supporting the hypothesis that HNS
is the dominant negative regulator of the bgl operon. Other possible negative
regulators may not exist or these factors are non-redundant and mutation of the
respective gene may cause a lethal phenotype. It is also possible that the effects of
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some of the negative regulatory factors, direct or indirect, are smaller compared to
that of HNS and may escape detection in the mutagenesis screen eg the negative
effect of RpoS on bgl expression can remain unobserved until the antiterminator BglG
level threshold is crossed.

5. Regulation of thebgl mRNA stability.

It was shown that H-NS downregulates the bgl expression via the downstream
silencer even in the absence of the upstream silencer sequences (results section 4).
This downstream effect of HNS was upto 14 fold and was more than the known role
of H-NS i.e. binding to the upstream silencer sequences and repression of te bgl
promoter (upto 4 fold, in the absence of the downstream silencer). The downstream
effect of HNS was dependent on the bglG sequence and it was shown that in a hns
mutant the mRNA half life of the bglG part of the bgl mMRNA (measured at three
different locations along the bglG sequence) was approximately 2 fold higher
compared to that in a wt strain. However, hns mutation did not affect the stability of
the bgl leader MRNA (results section 4.2). It remains to be determined whether H-NS
can directly bind to the bgl mRNA and decrease its stability or whether it is an
indirect effect.

At this point an interesting picture of the bgl regulation via the downstream
silencer sequence emerges. First of al, the terminator t1 prevents transcriptional
readthrough unless the cellular levels of antiterminator BglG are sufficiently high.
Even when there is efficient antitermination, the bglG mRNA is destabilized in the
presence of HNS. Indeed, this post-transcriptional role of HNS is more prominent
than its previously known role, namely, transcriptional silencing of the bgl promoter
via the upstream silencer. Two more genes pgi and hfq possibly play a role in
regulation of the bgl mRNA stability. Thus, post-transcriptional regulation of the bgl
expression by alteration of the mRNA stability emerges as a prominent level of bgl
regulation. The roles of H-NS, Hfg and Pgi in such a system need to be further
analyzed. It is necessary to determine whether some of these proteins can directly
bind to the bgl mMRNA thus possibly changing its structure and/or susceptibility to the
RNA degrading machinery. It will also be interesting to determine exactly which
components of the RNA degradosome are specificaly involved in bgl mRNA
degradation. It is possible that H-NS, a negative regulator of the bgl mRNA stability
and Hfg which presumably regulates it positively, act as antagonists. The RNA
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protective role played by the trandating ribosomes is also important. It is the changes
in relative levels of these, which may decide the bgl mRNA stability and the operon
activity. The pgi mutation may also feed in to this system indirectly by influencing
activities of the various RNA degradosome components.

What kind of environmental or other conditions may change the relative levels
of these factors leading to activation of the wt bgl operon? Activation of the wt bgl
operon in a pathogenic E. coli strain in vivo (in the host) may be caused by such a
change in the relative levels of various pleiotropic regulators (Khan and Isaacson,
1998).

Furthermore, it is possible that there are factors/proteins binding directly to the
downstream silencer DNA causing transcriptional downregulation. It has been shown
that H-NS does not specifically bind to the leader or bglG DNA (Wahle and Schnetz,
unpublished results). However downregulation of transcription elongation via
secondary structure formation can not be ruled out.

One of the important questions that remains to be answered is the significance
and mechanism of evolutionary maintenance of the silent bgl operon. It has been
suggested that the bgl operon is kept silent in order to avoid the effects of certain toxic
b-glucosides present in nature (Reynolds et al., 1981). It is possible that the wt bgl
operon is expressed under certain environmental conditions eg those found inside a
host (Khan and Isaacson, 1998). However this possibility needs further examination.
Otherwise, there are no known in vitro (outside the host) conditions which result in
activation of the bgl operon. In the current work no specific regulators of the bgl
operon expression were found. Proteins like H-NS, StpA, Hfg, RpoS and Lon are non-
specific or pleiotropic regulators of E. coli gene regulation. It is possible that under
certain environmental conditions, yet unknown, the relative levels of these regulators
change in such a way as to allow expression of the bgl operon considering the
amplification in the bgl operon activity by the requirement of cellular threshold of the

antiterminator BglG.
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V. Materials and methods

1. Chemicals, enzymes and other materials

Chemicals and enzymes were purchased unless otherwise specified from commercial
sources. Oligonucleotides were purchased from Eurogentec or Invitrogen life
technologies.

2. Media and agar plates

LB2Y medium (1l) 10g Bacto Tryptone (Difco)
10g Yeast Extract (Difco)
59 NaCl
(for plates 15g Bacto Agar, Difco)

NB medium (1) 89 Bacto NB broth, dehydrated (Difco)
(39 Bacto Beef extract, 5g Bacto peptone)

MacConkey lactose 40g MacConkey Agar (Difco)
indicator plates (1) 10g Lactose

BTB sdicin 15g Bacto Agar (Difco)
indicator plates 1g Yeast-Extract (Difco)
(Schaefler, 1967) 1g Tryptone (Difco)
59 NaCl
add 900ml H,O, autoclave
add sterile:
Iml 1M MgSOy4

1ml 0.1M CaCh

Iml Vitamin B1 (stock solution Img/ml, filter
sterilized)

0.5ml FeClz 1mM

20ml 10% (w/v) Casaminoacids

50ml sugar ( 10% Salicin)

10ml bromthymol blue stock solution (2% BTB in
50% Ethanol, 0.1N NaOH)

M9 Medium 20 x M9:140g NayHPO,4 x 2 H,O
(Miller, 1972) 60g KH2PO4
20g NH4Cl
H,Oto 1l
M9 Medium (prepare from sterile solutions):
20x M9 50ml
0.1M CaCl, Iml
1M MgSO, Iml
1ImM FeCk 0.5ml
carbon source 1% final concentration:
20% Glucose 50ml

or 80% Glycerin 12.5ml
if required:
Img/ml Vitamin B1 1ml
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10% casamino acids 66ml
H,O fina volume 1l

Antibiotics were added to the final concentrations as shown below

ampicillin stock 50mg/ml in 50% ethanol final conc. 50ngy/ml
chloramphenicol stock 30mg/ml in ethanol fina conc. 15 ng/mli
kanamycin stock 10mg/ml in H,O final conc. 25 nmg/ml
rifampicin stock 100mg/ml in methanol final conc. 100 ng/ml

spectinomycin stock 50mg/ml in 30% ethanol final conc. 50pg/mi
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Table 1: Synthetic oligonucleotides used in the present work
name® _sequence” description®
%6 AACCCGACTTCACCAGTATTC bgl: +554 to +534
S83 CCGCTCGA GGATCCTCTGTTACAGGTCACTAATACCATCTAA lambda attP
S84 CCGGTCGACAGATCTGAAATCAAATAATGATTTTATTTTGACTG lambda attP
S92 CAAGAGGAATATGACTTAAGAGTTCG bgl: +792to +757
S100 CATCGTAACCGTGCATCTGCCA lac: +330to +309
S107 GGATCTTCACCTAGATCCTTTTGGTCGA pFDX733: 8632 to
8651
S123 TGTGGAATTGTGAGCGGATA sequencing primer -
tacOP
S125 P-GGATAAACTGCTGGCGGG bgl: +260to +277
S127 P-CATGATTACGGATTCACTGGCCGT lac: +67 to +44
S140 P-GTTAUGTCAGGTTTTGCCTGCGAA bgl: +9to +56
S141  P-CATCUGCCAGTTTGAGGGGACGACGA lac: +317 to +292
S156 GATGATAAAAGGCACCTTTGGTCA MiniTn10 primer
S172 CCGAAGCTTGAATTCGCATATAAGGAAAAGAGAGAATGGCTA miaA/hfq
S174 GCGCGTCGACAGGCTTTACACTTTATGCTT PlacUV5:-41to -21
S175 TCCAGGTTCGTCCACACATTATACGAGCCGGAA PlacUV5: +1 to —22
S176 AATGTGTGGA CGAACCTGGATGTTCGTTATAA PlacUV5:-10 region
bgl: +1to +22
S184 ATAACCAGAGAATACTGGTGAACAGGGGTTTTTTTGTTTATAAAA  bgl: +75t0 +119
S185 TTCACCAGTATTCTCTGGTTATCAGAGGTTTTGCCTGCGAATGCA  bgl: +96 to +51
S186 ATAACCAGAGAATACTGGTGAAGTCGGGT bgl: +75 to +103
S187 TTCACCAGTATTCTCTGGTTATGTCAGGTT bgl: +96 to +67
S188 CCTGACATAACCAGAGAATACTGGTGAAGTCGGTTTTTTTGTTTA bgl: +69 to +113
S189 P-GCAAAGAACACATGACCATGATTACGGATTCACTGGCCGT bgl: +955 to +965
lac: +39 to +67
S190 AATCTAGA GCAAGGACCTTTTTTATAAACAA bgl: +131to +108
S204 AATCTAGA TTAGATTTGCATGTTCATAGCAAGGA bgl: +146 to +124
S205  ATGAACATGCAAATCATGACCATGATTACGGATTCA bgl: +132to +146
lac: +39 to +59
S206 GATTTGCATGTTCATAGCAAGGACCTT bgl: +146 to +120
S207 AATCTAGA TTACACCACAACATTATTGTTGAGAA bgl: +176 to +154
S208 CACCACAACATTATTGTTGAGAA bgl: +176to +154
S209 CTCAACAATAATGTTGTGGTGATGACCATGATTACGGATTCA bgl: +156 to +176
lac: +39 to +59
S215 TTCCGGCTCGTATAATGTGTGGAAGTCGGGTTTTTTTGTTTATAAAAA  bgl: +95to +124
AGGT
S220 GCGGATCCATGAACATGCAAATCACCAAAATTCTCA bgl: +132to +159
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Table 1. Synthetic oligonucleotides used in the present work

name’ __segquence’ description®
S221 AAGCTAGCCAATTCCGCGCCCCATGACGA bgl: +226 to +205
S222 GGGGATCCTGGGATATCCAGCGGCTTTACCCGA bgl: +492 to +516
S223 TTGCTAGCTGGCAATAAAGCCCACTTCATCTTTCGGTA bgl: +606 to +577
S224  GGGGATCCACCCGCAAGCATGGCAATGT bgl: +841 to +860
225 TTGCTAGCGTGTTCTTTGCGCACGCGCTCTA bgl: +965 to +943
S251  AAGCTAGCAGCAAGGACCTTTTTTATAAACAAAAAAACCCGA bgl: +131 to +98

a Name of the oligo in lab collection

b: Sequence is shown from 5' to 3' end. P indicates 5' phosphate, U indicates biotinylated Uridine,
restriction enzyme sites are underlined, bgl sequencesareinitalics.

c: Wherever relevant bgl and lac operon homologies are indicated. Numbering relative to transcription
start of the respective operon. Additional descriptions and strategies when used for cloning are
documented in lab records.
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Table2: E. coli K-12 strains used in the present work

strain relevant genotype or structure® construction® / r efer ence
W3110 I~ F bgl® IN(rrnD-rrnE) (=CGSC#4474) (=548) (Bachmann, 1996)
CSH50 bgl° D(lac-pro) ara thi (=$49) (Miller, 1972)
PD32 MC4100 hns-206:: A p" st (=5102) (Dersch et al., 1993)
R1243 CSH50 bgl::1S1-R1243 (Bgl™) (=S157) (Schnetz and Rak, 1992)
S162 CSH50 Dbgl-AC11 (Caramel and Schnetz, 1998)
S228 CSH50 Dbgl GFBHIK-AC11 Dlacz-Y217 pro* lab collection
278 S162 Dbgl-AC11 D(argF-lac)U169 Pro* X T4GT7(MC4100), lab collection
S387 S228 attB::[SpecR WtPyy +54-bglG-lacZ] X pKES15, lab collection
S393 S228 attB::[SpecR D2Pyg +54-bgl G-lacZ] x pKES18, lab collection
S397 S228 attB::[SpecR wtPyg +54-0rfG-lacZ] X pKES20, lab collection
$403 S228 attB::[SpecR D2Pyq +54-0rfG-lacZ] x pKES23, lab collection
484 CSH50 bgl° D(argF-lac)U169 Pro* X T4GT7(MC4100) , lab
collection
486 S484 bgl° (gpt-lac)” Lac” x TAGT7(W3110) , lab collection
Sh24 $486 DlaczZ-Y 217 lab collection
S539 S278 Dbgl-AC11 (gpt-lac)” Lac X T4GT7(W3110)
S541 S539 Dbgl-AC11 DiacZ-Y 217 lab collection
S544 bgl-CRP DlacZ-Y 217 Bgl" mutant of S524
S572 CSH50 (pro-lac)’ bglR::C234 (CAP-site mutant) X TAGT7(S48)
581 $486 bgl° DlacOP:: (spec” WtPyg +55-0rfG) x pK ES44 (Dabert and Smith,
1997)
S594 S572 bgl-CAP*-C234 DlacOP::(spec® CAP+-C234 Pog X PKES51 (Dabert and Smith,
+55-0rfG) 1997)
S614 S541 hns:: Ap® x TAGT7(PD32)
S749 S594 1on108 results section 3, figure 13
S750 S594 hfq110 results section 3, figure 13
S751 S594 pgilll resultssection 3
S752 S594 pgill2 resultssection 3
S753 S594 pgil23 resultssection 3
S754 S594 |on124 results section 3, figure 13
S755 S594 pgil132 resultssection 3
S756 S594 cyaAl52 resultssection 3
S757 S594 hfql55 results section 3, figure 13
S759 S594 |on166 results section 3, figure 13
S760 S594 |onl172 results section 3, figure 13
S762 S594 10n183 results section 3, figure 13
S763 S594 hfq184 results section 3, figure 13
S764 S594 on187 results section 3, figure 13
S765 S594 pgi194 resultssection 3
S766 S594 |on204 results section 3, figure 13
S770 S541 pgilll x T4GT7(S751)
S772 S541 hfg155 x T4GT7(S757)
S776 S541 lon187 x TAGT7(S764)
S777 S541 pgi194 x T4GT7(S765)
S778 S539 hfq155 x TAGT7(S772)
S790 S387 hfgl55 X TAGT7(S772)
S792 S393 hfgl55 X TAGT7(S772)
S794 S53910n187 X TAGT7(S776)
RH90 MC4100 rpoS359::Tn10 (=S810) (Lange and Hengge-Aronis, 1991)
MC4100 F bgl° D(argF-lac)U169 araD139 deoC1 (Casadaban, 1976)
flb5301 rel Al rpsL150 ptsF25 rbsR (=S101)
AM111 MC4100 hfgl::W (=S812) (Muffler et al. 1996)
AM112 MC4100 hfg2::W (=S813) (Muffler et a. 1996)
$829 $387 hfgl::W (Kan®) x TAGT7(AM111)
831 $393 hfgl::W (Kan®) x TAGT7(AM111)
$833 $397 hfgl::W (KanF) x TAGT7(AM111)
S835 $403 hfgl::W (Kan®) x TAGT7(AM111)



Materials and Methods

52

Table2: E. coli K-12 strains used in the present work

strain relevant genotype or structure® construction® / r efer ence
837 S387 hfg2::W (Kan®) x TAGT7(AM112)
839 S393 hfg2::W (Kan®) x TAGT7(AM112)
841 S397 hfg2::W (Kan®) x TAGT7(AM112)
843 $403 hfg2::W (Kan®) x TAGT7(AM112)
885 S541 hfgl::W (Kan®) x TAGT7(AM111)
887 S541 rpoS359::Tn10 X T4GT7(RH90)
891 S397 hfg155 x TAGT7(S772)
S893 $403 hfgl55 X TAGT7(S772)
S940 S541 attB::[SpecR wtPyg t1 bglGlacZ] x pKESD8
S942 S541 attB::[SpecR bgl-D2 Py t1 bgl G lacZ] x pKESD11
S944 S541 attB::[ SpecR lacUV5 t1 bgl G lacZ] X pPKESD20
S960 S944 hfgl::W (Kan®) x TAGT7(AM111)
S1052 S541 attB::[SpecR bgl-CRP Pyg t1 bglGlacZ] X pKESD9
S1054 S541 attB::[SpecR bgl::1S5-H3 Pyg t1 bglGlacZ] X pKESD12
S1071 S524 rpoS359::Tn10 X T4GT7(RH90)
S1079 S544 rpoS359::Tn10 X TAGT7(RH90)
S1095 S541 attB::[SpecR lacUV5 t1 bgl G lacZ] X pKESD20
S1097 S541 attB::[SpecR lacUV5 t1-L bglGlacZ] x pKESD28
S1099 S541 attB::[SpecR lacUV5 t1-R bgl G lacZ] X pKESD29
$1101 S541 attB::[SpecR lacUV5 t1-LR bgl G lacZ] x pKESD30
S1103 S541 attB::[SpecR lacUV5 t1-DG100 bgl G lacZ] x pK ESD31
S1107 S539 rpoS359::Tnl0 X TAGT7(RH90)
S1112 S614 hfgl::W (KanF) x TAGT7(AM111)
S1130 S1095 rpoS359:: Tn10 X TAGT7(RH90)
S1132 S1097 rpoS359::Tn10 X T4GT7(RH90)
S1142 S541 attB::[SpecR wtPpg t1-L bgl G lacZ] X pKESK11
S1144 S541 attB::[SpecR bgl-CRPPyg t1-L bglGlacZ] X pKESK12
S1146 S541 attB::[SpecR bgl-D2Pyg t1-L bglGlacZ] x pKESK13
S1148 S541 attB::[SpecR bgl::1S5-H3Pyg t1-L bglGlacZ] X pKESK 14
S1155 S1142 rpoS359::Tn10 X T4GT7(RH90)
S1157 S1144 rpoS359::Tn10 X T4GT7(RH90)
S1159 S1146 rpoS359::Tn10 X TAGT7(RH90)
S1161 S1148 rpoS359::Tn10 X TAGT7(RH90)
S1189 S541 attB::[SpecR lacUV5 t1-L orfG lacZ] x pKESD47
S1191 S541 attB::[ SpecR lacUV5 t1-L RBS-bglG-RBS-lacZ X pPKESD36

lacZ]
S1211 S541 attB::[SpecR Pyg(-76 to +25) lacZ] x pKEKB25
S1213 S541 attB::[SpecR wtPpg+ 25 lacZ] X pKEKB30
S1215 S541 attB::[SpecR bgl-CRPPyg+ 25 lacZ] x pKEY K01
S1217 S541 attB::[SpecR bgl-CRPPyg(-76 to +25) lacZ] X pKEYKO02
S1245 S541 bgl::1S1-R1243 [Bgl*] x T4GT7(R1243)
S1250 S887 bgl::1S1-R1243 [Bgl] rpoS359:Tn10 X TAGT7(R1243)
S1252 $1189 hns:: amp”® X T4GT7(PD32)
S1254 S1191 hns:: amp® X T4AGT7(PD32)
S1307 S944 hns:: amp" X T4AGT7(PD32)
S1309 $1097 hns:: amp® x TAGT7(PD32)
S1311 $1097 hfgl::W (Kan®) x TAGT7(AM111)
S1365 S541 attB::[SpecR bgl::1S5-H3 bglGFB] X pKESD63
S1367 S541 attB::[SpecR bgl-D2 bgl GFB] x pKESD64
S1384 S1365 rpoS359::Tn10 X TAGT7(RH90)
S1386 S1367 rpoS359::Tn10 X TAGT7(RH90)
$1402 S1142 hfql:: W (Kan®) x TAGT7(AM111)
S1404  S1155hfgl::W (Kan®) x TAGT7(AM111)
S1406 $1146 hfgl::W (Kan®) x TAGT7(AM111)
S1408 S1159 hfgl::W (Kan®) x TAGT7(AM111)
S1410  S1148hfgl::W (Kan®) x TAGT7(AM111)
S1412  S1161 higl::W (Kan®) x T4GT7(AM111)
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Table2: E. coli K-12 strains used in the present work

strain relevant genotype or structure® construction® / r efer ence
S1414 S964 hfgl::W (Kan®) x TAGT7(AM111)
S1416 S1132 hfql::W (Kan®) x TAGT7(AM111)
S1418 $539 hfgl::W (Kan®) x TAGT7(AM111)
S1420 S1107 hfgl::W (Kan®) x TAGT7(AM111)
S1422 S539 pgilll x T4GT7(S770)
S1424 S539 pgi194 x TAGT7(S777)
S1467 S1142 hns:: Apt x T4GT7(PD32)
S1469 S1146 hns:: ApR X T4GT7(PD32)
S1471 S1213 hns:: ApR X T4GT7(PD32)
S1473 $1211 hns:: ApR X TAGT7(PD32)
$1475 $1215 hns:: Apt x TAGT7(PD32)
$1477 $1217 hns:: ApR x TAGT7(PD32)

a The relevant genotype of the constructed CSH50 derivatives refers to the bgl, lac, hfq, lon, pgi,
cyaA, hnsand rpoSloci. Mutations causing activation of the silent bgl operon include bgl-CRP (a C to
T exchange in the CRP binding site at position —66, relative to the transcription start), bgl::1S1-R1243
(integration of IS1 in orientation |1 generating atarget site duplication from -88 to-80), bgl::1S5-H3 (an
integration of IS5 in orientation |1 generating a target site duplication from position —-92 to —89), and
bgl-D2 (a deletion of the upstream silencer, extending from position —77). For terminator mutations t1-
L, t1-R, t1-LR, and DG100 see figure 9. (Strain numbers in brackets refer to lab-stocks.)

b: Transductants (using T4GT7) of Bgl" alleles were selected on minimal Salicin B1 plates, of
rpoS359::Tn10 on LB tetracycline plates, on minimal glucose B1 plates (Pro*), or on minimal lactose
plates (Lac’). Integrations in to attB were performed as described(see material and methods).
(Diederich et a., 1992)
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Table 3: Plasmids used in the present work

name relevant structure/description® and sour ce/construction® reference
replicon/r esistance®
pLDR8 lambda repressor, temperature sensitive  (Diederich et al., 1992)
alelecl-857; int under control of | Pg,
pSC101 rep-ts, kan
pFDX733  wt bgl operon, kan (Schnetz et al., 1987)
pFDX733- bgl-C234 allele of bgl operon, kan Lab collection
C234
pFDX733- 1S5-H3 allele of bgl operon, kan Lab collection
H3
pPFDY167  wt-Ppg t1 bglG lacZ, kan Lab collection
pPFDY167-  1S5-H3-Pyg t1 bglG lacZ, kan Lab collection
H3
pFDY 217 lacl lacOP lacY, pSC101 rep-ts, tet Lab collection
pFDY 241 lacUV5 t1 bglGFB, kan Lab collection
pFDY446  bgl-D2 alele of bgl operon, kan Lab collection
pFDY 558 C234-Pyg t1 bglG lacz, kan Lab collection
PFDY560  D2-Pyg t1 bglG lacZ, kan Lab collection
pHP45 aadA bla T4-t32aterminator, pBR (Prentki and Krisch, 1984)
omegon
pKEKB25  attP Py (bgl: =76 to +25) lacZ Lab collection
pKEKB30  attP wt-Ppg+ 25 lacZ Lab collection
pKES15 attP wt-Ppg + 54 lacZ Lab collection
pKES18 attP D2-Pypg +54 lacZ Lab collection
pKES20 attP wt-Ppg + 54 orfG lacZ Lab collection
pKES23 attP D2-Pyy +54 orfG lacZ Lab collection
pKES44 chi lacl-q wt-Pypg +54 lacZ chi Lab collection
pKES51 chi lacl-q C234-Pyy+54 orfG lacZ chi Lab collection
pKESD7 attP wt-Pyg bgl G lacZ, kan V: pFDY 167-Sall, phosphatase
F: Lambda attP PCR S83/S84, Xhol/Sal |
pKESD8 attP wt-Ppg bglG lacZ V: pKESDO7 Bglll, phosphatase
F: pHP450megon BamHI (2056bp fragment
containing spc/str res gene aadA)
pKESD9 attP C234-Pyg bglG lacZ V: pKESDO08 Sall/Xhol
F: pFDY 558 Sall/Xhol
PKESD11  attP D2-Ppg bglG lacZ V: pKESDO08 Sall/Xhol
F: pFDY 560 Sall/Xhol
pKESD12  attP IS5-H3-Pyg bglG lacZ V: pKESDO08 Sall/Xhol
F: pFDY 167-H3 Sall/Xhol
pKESD20  attP lacUV51t1 bglG lacZ V: pKESDO8 sall/Afll1,phosphatase
F: PCR template pFDY 241 S174/S175, PCR
template pK ESD8 S176/S92, PCR template
products 1+2 S174/S92, Sall/Afll|
pKESD24  attPlacUV5 t1-L lacZ (translational V: pKESD23 Sall/Eco81l, phosphatase
fusion into bgl G-ATG) F: PCR template pFDX 733 S174/S185, PCR
template pFDX 733 S186/S100, PCR template
productsl+2 S174/S100, Sall/Eco81l
pKESD28  attPlacUV5 t1-L bglG lacz V: pKESD20 Sall/Afll11, phosphatase
F: PCR template pFDX 733 S174/S185, PCR
template pFDX 733 S186/S100, PCR template
products 1+2 S174/S92, Sall/AflI|
pKESD29  attPlacUV5 t1-R bglG lacZz V: pKESD20 Sall/Afll11, phosphatase

F: PCR template pFDX 733 S174/S187, PCR
template pFDX 733 S184/S100,

PCR template products 1+2 S174/S92,
Sall/Aflll
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Table 3: Plasmids used in the present work

name

relevant structure/description® and
replicon/r%istanceb

sour ce/construction® reference

pKESD30

pKESD31

pK ESD36

pK ESD39

pKESD42

pKESD43

pKESD44

pKESD45

pKESD47

pKESD48

pK ESD49

pKESD53

pKESD54

pKESD55

pKESD62

pK ESD63

pKESD64

attP lacUV5 t1-LR bglG lacz

attP lacUV5 t1-DG100 bglG lacZ

attP lacUV5 t1-L +130 lacZ

attP lacUV5 t1-L F (bglG 278aa-lacz)

attP lacUV5 t1-L bglG (5aa) lacZ

attP lacUV5 t1-L F (bgl G 5aa-lacZz)

attP lacUV5 t1-L bglG (15aa) lacZ

attP lacUV5 t1-L F (bglG 15aa-lacz)

attP lacUV5 t1-L orfG lacZ

attP lacUV5 +95 bglG lacZz

attP lacUV5 +95 orfG lacZ

lacl Piac bgl G gene fragment ( bglG nt 1-
95) rrnB-T1,T2, pBR, amp

lacl Ptac bglG gene fragment (bglG
nt361-475) rrnB-T1,T2, pBR, amp

lacl Ptac bglG gene fragment(bgl G
nt709-834) rrnBTL/T2, pBR, amp

IS1-Pyg t1bglGFB, kan

attP 1S5-H3-Pyg t1bglGFB

attP D2-Pyy t1 bglGFB

V: pKESD20 Sall/Afll11, phosphatase

F: PCR template pFDX 733 S174/S185, PCR
template pFDX 733 S184/S100, PCR template
products 1+2 S174/S92 Sall/Afll|

V: pKESD20 Sall/Aflll, phosphatase

F: PCR template pFDX 733 S174/S187, PCR
template pFDX 733 S188/S100, PCR template
products 1+2 S174/S92 Sall/Eco81l

V: pKES15 Xbal/Sall, phosphatase

F: PCR template pK ESD28 S94/S190
Sall/Xbal

V: pKESD28 Eco81I/Fspl, phosphatase

F: PCR template pFDX 232 S189/S100 Eco81lI
V: pKES15 Sall/Xbal, phosphatase

F: PCR template pK ESD28 S94/S204
Sall/Xbal

V: pKESD28 Sall/Eco81l, phosphatase

F: PCR template pKESD28 S94/S206, PCR
template pK ESD28 S205/S100, PCR template
products 1+2 S94/S100 Sall/Eco8ll

V: pKES15 with Sall/Xbal, phosphatase

F: PCR template pK ESD28 S94/S207,
Sall/Xbal

V: pKESD28 Sall/Eco81l, phosphatase

F: PCR template pK ESD28 S94/S208, PCR
template pK ESD28 S209/S100, PCR template
products 1+2 S94/S100, Sall/Eco8L1lI

V: pKESD28 sall/Aflll phosphatase,

F: PCR template pK ESD28 S92/S185,

PCR template pFDY 487S186/S92, PCR
template products 1+2 S92/S94, Sall/AflI|

V: pKESD28 Sall/Aflll, phosphatase

F: PCR template pK ESD28 S94/S214,

PCR template pK ESD28 S215/S92,

PCR template products 1+2 S94/S92,
Sall/Afll

V: pKESD28 Sall/Aflll, phosphatase

F: PCR template pK ESD28 S94/S214,

PCR template pKESD47 S215/S92, PCR
template products 1+2 S94/S92, Sall/AflI|

V: pFDY 157 BamHI/Nhel, phosphatase

F: PCR template pFDX 733 S220/S221,
BamHI/Nhel

V: pFDY 157 BamHI/Nhel, phosphatase

F: PCR template pFDX 733 S222/S223,
BamHI/Nhel

V: pFDY 157 BamHI/Nhel, phosphatase

F: PCR template pFDX 733 S224/S225,
BamHI/Nhel

V: pFDX 733 Sall/Aflll, phosphatase

F: PCR template genomic DNA strain S157
S107/S92, Sall/AfllI

V: pKESDO08 Sall/Xhol, phosphatase

F: pFDX733-H3 Sall/Xhol

V: pKESDO08 Sall/Xhol, phosphatase F:
pFDY 446 Sall/Xhol
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Table 3: Plasmids used in the present work

name relevant structure/description® and sour ce/construction® reference
replicon/r%istanceb

pKESD65 lacl PtaclacO bgl:+1-131t1-L, pBR, V: pFDY 157 BamHI/Nhel, phosphatase
amp F: PCR template pK ESD46 S123/S251,

BamHI/Nhel

pKESK10 lacl lacUV5lacO bglG, pSC101,cm Lab collection

PKESK1l  wt-Ppg tl1-L bglG lacZ Lab collection

pPKESK12  C234-Pyy tl1-L bglG lacZ Lab collection

PKESK13  D2-Pypg t1-L bglGlacz Lab collection

pKESK14  1S5-H3-Pyg t1-L bglG lacZ Lab collection

pPKEYKO1  attP C234-Ppy+25 lacZ Lab collection

pPKEYKO02  attP C234-Pyy (-76 to +25) lacZ Lab collection

a The relevant genotype is shown. Mutations causing activation of the silent bgl operon include bgl-
C234 (aC to T exchange in the CRP binding site at position —66, relative to the transcription start),
bgl::IS1-R1243 (integration of IS in orientation || generating atarget site duplication from -88 to -80),
bgl::1S5-H3-H3 (an integration of 1S5 in orientation |1 generating atarget site duplication from position
—92 to —89), and bgl-D2 (a deletion of the upstream silencer, extending from position —77). For
terminator mutationstl-L, t1-R, t1-LR, and DG100 seefigure 9.

b: Plasmids when not stated carried pACY C (pA15) replication origin (Chang and Cohen, 1978) and
kanamycin (kan), spectinomycin resistance markers. Those carrying pSC101 replication origin
(Hashimotoh-Gotoh et al., 1981) or pBR replication origin (Bolivar, 1978) and chloramphenicol (cm)
or tetracyclin (tet) resistance markers are indicated.

c: This table gives a short description of the plasmid construction. The first line (V:) indicates the
vector fragment. The second line (F:) indicates the insert fragment preparation. PCR reactions are
indicated in the order; PCR, template DNA and primers used. For further details see methods. Detailed
plasmid construction descriptions are documented in lab records and all sequences are compiled in
Vector NTi. All the PCR fragments cloned were verified for absence of PCR introduced errors by

sequencing.
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3. General Methods

The molecular biology methods like restriction and other enzyme reactions, PCR,
plasmid DNA purification, SDS-PAGE chromatography, sequencing gels and
auto-radiography were performed as described (Sambrook et al., 1989) or according
to the manufacturer's instructions, unless otherwise stated. Large scale preparation of
plasmid DNA were performed using the plasmid maxi kit (Qiagen) according to
manufacturers instructions.

4. TNE-method (Serghini et a., 1989)
Isolation of plasmid DNA for analytical purposes was performed according to the
TNE method
TNE buffer:  10mM Tris-HCI, pH 8.0
1mM EDTA, pH 8.0
100mM NaCl

- centrifuge 1.5ml of an overnight culture for 2 minutes 13000 rpm
- decant the supernatant, re-suspend the pellet in 100m TNE buffer
- add 1 volume of Phenol-Chloroform-isoamyl alcohol, vortex very briefly (1-2

seconds)
- centrifuge for 5 minutes at 13000 rpm
- transfer the upper agueous phase in to a new tube
- precipitate DNA with 2.5 volumes 100% ethanol, mix by inverting the tube
- centrifuge for 10 minutes at 13000 rpm
- wash the pellet with 80% ethanol
- centrifuge for 5 minutes at 13000 rpm
- decant the supernatant and dry the pellet under vacuum
- dissolve DNA péllet in 50m H,O
- for restriction enzyme analysis use 8ul (low copy plasmids) and 2ul (high

copy plasmids), add RNase before loading DNA on to agarose gel
- store plasmid DNA at 4°C or -20°C

5. Plasmid isolation using CsCl, gradient method (for pure supercoiled plasmid

DNA preparation)

buffer P1: 50mM Tris-HCI, pH 8.0

10mM EDTA pH 8.0

buffer P2: 0.2N NaOH

1% SDS (w/v)

buffer P3: 3M potassium-acetate, pH 5.5

CsCl/TE/Ethidium-bromide stock:  1:1:1/20 (eg 50g CsCl, 50ml TE, 2.5ml

Ethidium-bromide 10mg/ml)

Butanol (H,O/CsCl saturated)

- grow 800ml over night culture

- centrifuge the overnight culture: eg J6-Beckman-centrifuge at 4200 rpm for 20
minutes, 4°C

- resuspend bacterial pellet in buffer P1, use 10ml per 100ml culture

- incubate for 5 minutes at room temperature

- add buffer P2 (10ml/100ml culture volume), mix gently, incubate for 5
minutes on ice

- add buffer P3 (10mlI/100ml culture volume), mix thoroughly with a pipette,
incubate for at least 5 minutes



Materials and Methods 58

- centrifuge for 15-20 minutes at 10000rpm, 4°C, eg GSA/Sorvall

- filter the supernatant to remove particles

- precipitate DNA by adding 0.7 volume isopropanol

- centrifuge for 15 minutes at 10000 rpm and 4°C

- air-dry the pellet

- re-dissolve the pellet in 3-4ml TE-buffer, pH8.0

- add CsCl to DNA / TE solution (1.1g CsCl per ml DNA solution), dissolve
CsCl carefully, clear turbid solutions by centrifugation

- add Ethidium-bromide (10mg/ml stock, 50ul per Iml DNA solution)

- ultra centrifuge, eg 4h using Beckman TLNZ100 rotor, 100,000rpm

- recover supercoiled plasmid band with a syringe

- run a second gradient (fill up centrifuge tube with CsCI/TE/Ethidium-bromide
stock

- recover supercoiled plasmid DNA band with a syringe

- extract several times with Butanol (HoO/CsCl saturated) to remove Ethidium-
bromide (till solution is colorless and one additional time)

- precipitate DNA by adding 4 volumes 50% iso-propanol

- wash DNA pellet with 80% ethanol, dry pellet

- re-suspend DNA in 400ul TE (pH 8.0)

- measure ODgo (dilute the DNA, for example 1:50 or 1:100).
1 OD2g = 50ug/mi

6. Preparation of competent cells and transformation (CaCl, method)

TEN buffer: 20mM Tris-Hcl pH 7.5, ImM EDTA, 50mM NaCl

- grow cellsin 50ml LB2Y medium till ODgpp=0.3

- centrifuge and resuspend the cell pellet in 25ml ice cold 0.1M CaCb

- incubate on ice for 20 minutes

- centrifuge again and resuspend pellet in 2ml ice cold 0.1M CaCb

- use 100m of these cells for transformation

- add 10-50ng of the plasmid to be transformed in to 50m of TEN buffer and
cool onice.

- add 1001 of competent cells and incubate on ice for 20 minutes

- heat-shock at 42°C for exactly 2 minutes

- incubate on ice for 10 minutes

- add to Iml LB2Y medium and shake at 37°C for 1 hour

- plate 100m on suitable selective plates

7. Plasmids and DNA fragments

A brief description of plasmid constructions can be found in table 2. Details of
plasmid constructions are documented in the lab records and sequences compiled in
Vector NTi.

A series of plasmids starting with pKESD7 were constructed which have a pACYC
(p15A) replication origin (figure 23). They have the | phage attachment site, attP,
cloned in to them to alow for | integrase mediated recombinational insertion in to the
attB gite of the E. coli chromosome (Diederich et a., 1992). These plasmids also have
a W cassette which contains the spectinomycin resistance gene, aadA and strong
transcriptional terminators at its 3' end. As seen in figure 23, plasmid pKESD8 has
convenient restriction enzyme sites which could be used to replace the bgl construct
with a different construct. For integration into the chromosomal attB site, all these
plasmids were then cut with BamHI and the originless fragment containing the
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spectinomycin resistance gene and the bgl construct was used for insertion in to the
attB site as described below.

CRP

aadi

RES-bgh3

atiP AAE | 774)

fand | 1 (72398 1 ()L}

pKESDOS

\ (9552 bp)
P84 ORI facZ
\ }

HoH | (4580

neo

Figure 23: Schematic representation of plasmid pKESD8. This plasmid and later plasmids based
on the same principle carry a | phage attachment site attP for integration in to the E. coli genome.
Resistance markers for spectinomycin (aadA) and kanamycin (neo) are shown. Plasmid pKESDS8 has
awtPpg-bglG-lacZ construct. This contruct can be conveniently replaced with a different construct to
generate a series of plasmids used in this study. Some of the restriction sites which could be used for
this purpose are shown.

8. Integration of plasmidsin theattB site of E. coli chromosome (Diederich et al.,
1992)

- transform the recipient strain with helper plasmid pLDR8 and select on LB2Y
kanamycin plates at 28°C

- inoculate 3-4ml LB2Y kanamycin medium in glass tubes from a fresh single
colony of the strain/pLDR8-plates

- shake culture over night at 28°C

- inoculate 25ml LB2Y kanamycin medium in 100ml Erlenmeyer flask with
1.25ml (1:20 dilution) of the fresh over night culture

- shake culture at 37°C for 90minutes

- prepare competent cells using the CaCh method

- cut 5ug of the plasmid containing the construct to be integrated with BamHI
(10U) per 100ul over night at 37°C

- run on agarose gel and extract the originless fragment using Qiagen gel
extraction kit

- use 10ng BamHI-fragment for re-ligation in 20ul total volume

- transform the competent cells prepared as above using 10ul (=1/2) of BamHI
religation reaction

- plate: 2x 0.2ml on LB2Y spectinomycin plates and 1x 0.2ml on MacConkey
lactose spectinomycin plates
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incubate plates at 42°C over night

testing of clonesvia PCR:

pick a colony and resuspend the cellsin 100ul H,O

use the PCR-primer: S93/S164: to test the attB/P -side
SO5/S96: to test the attP/B -side
S95/S164: to see integrations of dimers
suitable primers to test the fragment

9. Biochemical purification of bgl DNA binding proteins

Preparation of E. coli cell extracts(modified from Schnetz, 1995)
CE medium: 100mM potassium phosphate, pH 6.2, 109/l yeast extract,

1mg/ml thiamine

extraction buffer: 12% Glycerol, 20mM Tris-HCI, pH 7.9, 2mM EDTA, 1mM

DTT

high salt lysis buffer: 12% Glycerol, 20mM Tris-HCI, pH 7.9, ImM DTT, 1mM

PMSF, 700mM KCI
prepare ovenight cultures in CE medium using a fresh colony
inoculate 500ml CE medium using the overnight culture to a starting ODgoo Of
0.1
grow cultures with shaking at 37°C till ODgoo of 0.8
put on ice and add 125ml pre-chilled 20mM Tris-Cl, pH 7.9
centrifuge at 5000rpm, 20 minutes, 4°C
wash with 50ml extraction buffer and centrifuge the cells again
resuspend cellsin 4.5ml high salt lysis buffer containing Img/ml Lysozyme
incubate on ice with occassional swirling
sonicate the cellsonice ( 2 x 10 second pulses)
ultracentrifuge at 20000rpm for 30 minutes, 4°C (Beckman TLS 55 rotor)
collect supernatant and add 10mM CaCl, (final concentration)
add Micrococcal nuclease (Roche) to 1000U/ml final concentration
incubate at room temperature for 30 minutes
add 50mM EGTA pH 8.0 solution to 2mM final concentration
purify the protein solution over a PD10 column (Amersham Pharmacia
Biotech) using extraction buffer containing 2mM EDTA and 1mM PMSF for
equilibration of the column and for elution
measure protein concentration using Bio-Rad protein assay kit, according to
manufacturer’s instructions
aliquot protein solution, quick freeze in liquid N2 and store at —-80°C

Phosphocellulose purification of cell extract

dilute the cell extract prepared as above to 30mM KCI by adding extraction
buffer and 2.5M KCl

wash activated phosphocellulose thrice with 3 volumes each of extraction
buffer containing 1M KCI. (Iml of phosphocellulose binds approximately 10-
60mg protein)

equilibrate phosphocellulose thrice in 3 volumes of extraction buffer
containing 30mM KCI

add cell lysate to phosphocellulose, allow binding for 30 minutes at 4°C, with
slow shaking
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- wash thrice in 3 volumes of extraction buffer containing 30mM KCl

- elute with 1 volume extraction buffer containing 800mM KCl

- repeat elution if necessary

- desalt eluted proteins with Nap5 column (Amersham Pharmacia Biotech)

- determine protein concentration using Bio-Rad protein assay kit, according to
manufacturer's instructions

DNA Affinity chromatography

B&W buffer: 5mM Tris-HCI, pH 7.5, 0.5mM EDTA, 1M NaCl

protein binding buffer:12% glycerol, 20mM Tris-HCI, pH7.9, 2mM EDTA,
1mM DTT, 100mM KClI

elution buffer: 12% glycerol, 20mM Tris-HCI, pH7.9, 2mM EDTA, 1mM
DTT, 700mM KCI

- prepare DNA fragments by PCR using Pwo polymerase (Roche Molecular
Biochemicals), plasmid pKESDO8 as template, primer pairs S125/S140 (bgl)
and S127/S141(lacZ)

- purify the resulting PCR fragments using the PCR purification kit (Qiagen)
and concentrate if required by vaccum drying (Speedvac, Savant). Determine
final DNA concentration by measuring OD2g

- use 100m Streptavidin coated magnetic beads (10mg/ml) (Dynabeads M-280,
Dynal) per reaction. DNA binding capacity of the beadsis 1pmol/mg

- at each of the following steps magnetically separate beads from the washing
buffer using the magnetic separator (Roche Molecular Biochemicals)

- remove supernatant and wash thrice with 100m 1x B&W buffer

- add 25pmoles of respective DNA fragment in 1x B&W buffer (100m) to the
beads and allow DNA binding by slowly rotating overnight at room
temperature.

- remove supernatant and wash thrice with 100m 1x B&W buffer

- wash thrice with 100m 1x protein binding buffer

- wash thrice with 100m elution buffer

- wash thrice with 100m 1x protein binding buffer

- add 100n1 (50ng/100m) protein solution in 1x protein binding buffer (for this
dilute the original cell extract with 5x protein binding buffer and distilled
water)

- incubate for 10 minutes at room temperature with slow rotation

- remove supernatant and wash thrice with 100m 1x protein binding buffer

- perform the last washing in a fresh tube to avoid proteins bound to the tube
walls

- elute twice by incubating in 10 elution buffer for 10 minutes each

- wash thrice with 100m elution buffer

- wash thrice with 1001 1x protein binding buffer

- beads with attached DNA fragments can now be reused for fresh protein
binding

- to the elutes (20m) add equal volume of 12% trichloroacetic acid and incubate
on ice for 30 minutes

- centrifuge at 13000rpm, 4°C for 30 minutes

- wash with cold acetone (20m) and re-centrifuge for 10 minutes
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resuspend in SDS-PAGE loading dye and load on to 15% SDS-PAGE gel
(Sambrook et al., 1989)

Silver staining and protein identification

fix gel in 50% methanol, 5% acetic acid for 20 minutes

wash for 10 minutes in 50% methanol

wash for 10 minutes in distilled water

incubate in 0.02% Sodium thio-sulfate for Iminute

rinse twice with distilled water

put in chilled 0.1% silver nitrate, incubate for 20 minutes at 4°C

rinse twice with distilled water

add devel oper solution (0.04% formaldehyde, 2% N&COs), keep gently
shaking till bands develope sufficiently. If required replace the colored
developer solution with fresh solution

stop the reaction with 5% acetic acid

store in 1% acetic acid solution at 4°C

cut the desired bands with scalpel and use them for in-gel Trypsin digestion
and mass spectroscopic analysis

10. b-galactosidase assay (Miller, 1972)

Z buffer: 100mM Na-phosphate pH 7.0, 10mM KCI, ImM MgSOs,
100ug/ml chloramphenicol

1 M N&COs3

ONPG: 4Amg/ml in 0.1M phosphate buffer pH 7.0

SDS: 0.1% (w/iv)

chloroform

day 1:

day 2:

prepare overnight cultures (3-4 ml) in minimal media M9 with necessary
supplements as required eg glycerol or other carbon source, casamino acids,
thiamine, antibiotics etc.

measure the ODggg of the overnight cultures diluted 1:5 or 1:10

inoculate 10ml culturesin M9 media (containing 1mM IPTG; 0.5% (w/v)
salicin if required) to an ODggp of 0.15 and let them grow at 37°C till ODgoo =
0.5

when ODgno reaches 0.5 stop cultures on ice

to perform enzyme assay prepare dilutions from the cooled culturesin ice cold
Z buffer

add one drop of 0.1% (w/v) SDS and two drops of chloroform to the probes
on ice. Vortex the probes for at least 15 seconds and then immediately
pre-incubate them for 5 minutes at 28°C

start the reaction by adding 0.2ml ONPG with a multipette and mix

stop the reaction after 30 minutes by adding 0.5ml 1M NaCOs (or later, when
the color turns to a strong yellow, note exact time)

centrifuge the probes for 5-10 minutes and then measure the ODy20

calculate the enzyme activity in Miller units as

Miller units = OD4y9 X dilution factor x 1000
ODgxo X time (minutes)
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11. 3-Glucosidase-assay (modified from (Schnetz and Rak, 1988)
Z buffer: 60 MM NgHPO,4, 40 mM NaH,PO,4, 10 mM KCl, 1 mM
MgSQOy4, 100ug/ml chloramphenicol

1 M N&COs3

PNPG: 8mg/ml in 0.1M phosphate buffer pH7.0

day 1

- prepare overnight cultures (3-4 ml) in minimal media M9 with necessary
supplements as required eg glycerol or other carbon source, casamino acids,
thiamine, antibiotics etc.

day 2:

- measure the ODggo of the overnight cultures diluted 1:5 or 1:10

- inoculate 10ml culturesin M9 media (containing 1ImM IPTG; 0.5% (w/v)
Sdlicin if required) to an ODgp of 0.15 and let them grow at 37°C till ODsgp =
05

- when ODgo reach 0.5 stop cultures on ice

- to perform enzyme assay prepare dilutions from the cooled culturesin ice cold
Z buffer.

- pre-incubate them for 5 minutes at 37°C

- start the reaction by adding 0.2 ml PNPG to the probes with a multipette and
mix

- stop the reaction after 30 minutes by adding 0.5ml 1M N&CO;s (or earlier,
when the color turns to a strong yellow, note exact time). Centrifuge the
probes for 5-10 minutes and then measure the OD419

- calculate the enzyme activity in as

units = ODg419 X dilution factor x 1000
ODgxo X time (minutes)

12. Transposition using the mini Tn10 (Tet) (I 1323) (Kleckner et al., 1991)

- inoculate 4ml LB2Y with a colony of the strain to be mutagenised

- incubate overnight at 37°C -stationary (without shaking)

- next day-inoculate 9.5ml LB2Y with 0.5ml of the overnight culture and keep
stationary at 37°C for 2 hours

- shift it to 37°C shaker-1hour

- centrifuge at 3000rpm, 15 minutes. Resuspend in 1ml LB2Y containing 1mM
IPTG + 10m 1M MgSO4

- make 1:10 dilution of the phage | 1323 (5 x 10*° PFU/mI) using LB2Y
containing 1mM IPTG + MgSO,

- mix 200m of phage dilution + 200 of resuspended culture — keep at 37°C,
stationary for 15 minutes

- add 2ml LB2Y with ImM IPTG —37°C shake for 90 minutes

- make 1:10 dilution (1:2 dilution if high colony count required) of thisand

- plate 100m each on indicator tetracyclin plates.

- incubate at 41°C.

13. Transduction with Phage T4GT7 (Wilson et al., 1979; Plakidou et a., 1984)
T4-Topagar
69 Bacto-Agar (Difco)
10g Bacto-Tryptone (Difco)
8g NaCl
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29 Tri-Natriumcitrate-Dihydrate
30 Glucose
adll HyO

TAGT7-plate lysate

incubate 100p! overnight culture with TAGT7-lysate (102, 10, 10°, 107, 108
ml) for 20 minutes at room temperature

transfer bacteria-phage mixture in to 10ml reaction tubes containing 1ml LB2Y
add 3ml T4-topagar, mix carefully by rolling the tube

pore on to LB-plates, incubate plates at 37°C for 8-14h only

take a plate which shows an amost confluent lysis

pipette Iml LB2Y on to plate, scratch top-agar off and transfer to 10ml glass
tubes

extract at least twice with chloroform, use glass pistils to carefully mix top-agar
with chloroform

determine phage titer, expected multiplicity of infection = 10'* phages/ml

TAGT7-Transduction

mix 100-200ul of afresh overnight culture with TAGT7 lysate (eg 2ul, 0.5ul ,
0.1pl), incubate for 20 minutes at room temperature

plate 1 x 100 pl, and 1 x 10 pl on to the respective plates for selection of the
transductants

re-streak colonies several timesto get rid of contaminating TAGT7 phages

14. RNA preparation by hot phenol method modified from (Schnetz, 1995)
solution [: 50mM glucose

TM™:

25mM Tris-HCl pH8.0
10mM ETDA

2mg/ml lysozyme (add fresh)
10mM Tris-HCI pH7.5
10mM M@SO4

Mg-Sdine:  0.85% NaCl

10 mM MgSOq4
grow 20ml culture to ODgoo of 0.5 to 0.8, harvest inice
pellet cells by centrifugation (5000 rpm, 10 minutes)
wash with Mg-Saline
resuspend cell pellet in 200m solution | with lysozyme and incubate for 5 to
10 minutes on ice
transfer cell suspension to 2ml screw cap tube
add 500n1 phenol, 250m 0.5 M Na-acetate pH5.2, and 20m 6% SDS, make
sure tubes are tightly closed, vortex vigorously and incubate for 6 minutes at
80°C, mix every minute
centrifuge (3-5 minutes, 12000rpm), transfer agueous phase to fresh tube
extract 2 to 3 times with chloroform/isoamylalcohol (24:1), transfer aqueous
phase to a new tube each time
precipitate nucleic acids by the addition of 1/20 volume 3M NH.-Acetate
pH5.2 (or 3M Na-acetate) and 2 volumes ethanol (incubate for 5 minutes or
overnight at -20°C or on ice)
centrifuge for 10 minutes, 12000 rpm
wash with 80% ethanol and centrifuge for another 5 minutes, 12000rpm
dry under vacuum
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re-suspend nucleic acids in 200 TM-buffer

add 10U DNase (RNase free) and incubate for 1hour at 37°C

extract once with phenol, followed by two chloroform:isoamylalcohol (24:1)
extractions

precipitate RNA by adding 1/10 volume 3M NHy-acetate pH5.2 and 2.5
volume ethanol

repeat DNase treatment once

resuspend RNA pelletsin 200m DEPC treated H,O

measure OD-go of an appropriate dilution

the quality of the RNA preparation can be checked by loading 5ng of RNA (in
50% formamid, heated 65°C) on to a 4% acrylamide:bis (19:1), 7M Urea, 1x
TBE gd

stain the gel with Ethidium-bromide 0.5my/ml

15. RNA preparation for half life determination. modified from (Appleman et al.,

1998)
TM™:

10 mM TrissHCI pH 7.5
10 MM M@SO4

Rifampicin stock: 50mg/ml in methanol (store in dark at -20°C)
(Control RNA for S1 experiment-start with 200ml LB2Y culture, OD~0.5, centrifuge
and proceed according to Hot Phenol method)

grow LB2Y culture to ODgoo of 0.5 (100ml culture for RNA half-life
determination experiment)

optional: add rifampicin to final concentration of 100mg/ml

transfer 5ml culture (optional: use different time points after Rifampicin
addition starting 2 minutes before Rifampicin addition = -2 minute sample) to
50ml tubes containing 750 non buffered, water saturated phenol, 250m 6%
SDS (and optional 200y each of the control RNAS) preheated to 70°C.- mix
vigorously and keep at 70°C for at least 5 minutes

centrifuge (3-5 minutes, 12000 rpm), transfer aqueous phase to an new tube
extract 2 times more with chloroform/isoamylalcohol (24:1), transfer aqueous
phase to a new tube each time

precipitate nucleic acids by the addition of 1/20 volume 3M NH;-Acetate, pH
5.2 (or 3M Na-acetate) and 2 volumes of ethanol (incubate for 5 minutes or
overnight at -20°C or on ice)

centrifuge for 10 minutes, approx. 12000rpm

wash with 80% ethanol and centrifuge for another 5 minutes, 12000rpm

dry the pellet under vacuum

re-suspend nucleic acids in 50m TM-buffer

add 2.5 units DNase (RNase free) and incubate for 1 hour at 37°C

extract once with phenol, followed by two chloroform:isoamylacohol (24:1)
extractions

precipitate RNA by adding 1/10 volume 3M NHy-acetate pH 5.2 and 2.5
volumes of ethanol

repeat DNase treatment once

resuspend RNA pelletsin 50m DEPC treated H,O

measure OD-go Of an appropriate dilution
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- the quality of the RNA preparation can be checked by loading 5ng of RNA (in
50% formamid, heated 65°C) on to a 4% acrylamide:bis (19:1), 7M Urea, 1x
TBE gd

- stain the gel with Ethidium-bromide 0.5my/ml

16. S1 nuclease assay

DNA Probe labeling (modified from T7 DNA polymerase sequencing kit protocol,

Amersham Pharmacia Biotech)

annealing buffer: IM Tris-HCI (pH 7.5), 100mM MgCl2, 160mM DTT

labeling mix-dATP: 1.375mM each dCTP, dGTP and dTTP, 333.5mM NaCl

chase mix: 840mM each dATP, dCTP, dGTP and dTTP, 40mM Tris-HCI

(pH 7.5), 50mM NaCl

- denature 2ng plasmidic DNA (CsCh purified supercoiled DNA) by mixing
with 8 2M NaOH (total volume 40m)

- vortex gently and incubate at room temperature for 10 minutes

- add 4 3M Sodium acetate pH 4.8, and 50m 100% Ethanol

- quick freeze in liquid nitrogen and allow to sowly thaw at —20°C

- centrifuge, remove supernatant and air dry pellet

- add 10m distilled water, 2m primer (5pmol/ml), 2m annealing buffer

- mix and incubate at 37°C for 30 minutes

- add 3n1 labeling mix-dATP, 1m a*p dATP(Amersham, specific activity
3000Ci/mMoal ), 2m diluted T7 DNA polymerase (1.6U/m)

- mix and incubate at room temperature for 5 minutes

- add 19m of this solution to 10.6m of prewarmed chase mix

- incubate at 37°C for 1 hour

- stop reaction by extracting with phenol/chloroform/isoamyl alcohol (25:24:1)

- extract twice with chloroform/isoamyl acohol (24:1)

- remove unincorporated radioactivity by loading on to a NAP-5 column
(Pharmacia) and elute in 1ml distilled water

- measure radioactive incorporation by measuring Cerenkov counts of 1

S1 reaction: modified from (Schnetz, 1995)

Na-TCA buffer: 3M Natrichloroacetate, 50mM PIPES pH 7.0, 5mM EDTA

S1 digestion buffer:  250mM NaCl, 40mM Na-acetate pH 5.5, 1mM ZnCh, 20mg/ml

denatured herring sperm DNA

- mix 200my RNA with radiolabeled probe corresponding to half the labeling
reaction (approx. 300,000 cpm)

- quick freeze in liquid nitrogen and vacuum dry

- resuspend in 40m Na-TCA buffer

- incubate at 65°C for 5 minutes and transfer to 45°C for at least 4 hours

- to 20m of this reaction add 190m digestion buffer containing 500U/ml S1
nuclease

- incubate at 37°C for 30 minutes

- stop by extracting with phenol/chloroform/isoamyl alcohol (25:24:1)

- extract twice with chloroform/isoamyl alcohol (24:1)

- precipitate with 0.1 volume 3M NH;y-acetate and 2.5 volume 100% ethanol

- wash with 80% ethanol

- resuspend in 9m sequencing gel loading dye and load 3n1 on the gel after
pre-heating at 80°C for 2 minutes
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- on the same gel, as molecular weight marker, run sequencing ladder prepared
according to T7 DNA polymerase sequencing kit protocol, Amersham
Pharmacia Biotech

17. DNA sequencing

Sequence analysis was done using the Big Dye terminator cycle sequencing kit (ABI
Prism) according to manufacturer's instructions and using an automated DNA
sequencer.

18. Genomic DNA sequencing

- prepare genomic DNA using the Qiazamp DNA mini kit (Qiagen)

- perform sequencing PCR using 16m Terminator ready dye mix (ABI Prism),
3nyg genomic DNA, 10pmoles primer S156, distilled water to 40m. (genomic
sequencing protocol from Big Dye protocol, ABI prism)

- purify the PCR reaction using centri-sep column (Princeton separations, Inc.)

- determine sequence using an automated DNA sequencer



Bibliography 68

VI Bibliography

Afflerbach,H., Schroder,O., and Wagner,R. (1998). Effects of the Escherichia coli
DNA-binding protein H-NS on rRNA synthesis in vivo. Molecular Microbiol. 28,
641-653.

AliLA.T., lwataA., Nishimura,A., Ueda,S., and Ishihama,A. (1999). Growth Phase-
Dependent Variation in Protein Composition of the Escherichia coli Nucleoid. J.
Bacteriol. 181, 6361-6370.

Amster-Choder,O., Houman,F., and Wright,A. (1989). Protein phosphorylation
regulates transcription of the b-glucoside utilization operon in E.coli. Cell 58 , 847-
855.

Amster-Choder,O. and Wright,A. (1990). Regulation of activity of a transcriptional
antiterminator in E. coli by phosphorylation in vivo. Science 249, 540-542.

Amster-Choder,O. and Wright,A. (1992). Modulation of the dimerization of a
transcriptional antiterminator protein by phosphorylation. Science 257, 1395-1398.

Amster-Choder,O. and Wright,A. (1993). Transcriptional regulation of the bgl operon
of Escherichia coli involves phosphotransferase system-mediated phosphorylation of
atranscriptional antiterminator. J. Cell. Biochem. 51, 83-90.

Appleman,J.A., Ross,W., Salomon,J., and Gourse,R.L. (1998). Activation of
Escherichia coli rRNA transcription by FIS during a growth cycle. J. Bacteriol. 180,
1525-1532.

Atlung,T. and Ingmer,H. (1997). H-NS: a modulator of environmentally regul ated
gene expression. Molecular Microbiol. 24, 7-17.

August,J.T. and Shapiro,L. (1968). Ribonucleic acid virus replication. Res. Publ.
Assoc. Res. Nerv. Ment. Dis. 44, 71-86.

Aymerich,S. and Steinmetz,M. (1992). Specificity determinants and structural
features in the RNA target of the bacteria antiterminator protein of the BglG/SacY
family. Proc. Natl. Acad. Sci. U. S. A. 89, 10410-10414.

Bachmann,B.J. (1996). Derivations and Genotypes of some mutant derivatives of
Escherichia coli K12. In Escherichia coli and Salmonella. Cellular and molecular
Biology., F.C.Neidhardt, R.Curtiss, Ill, J.L.Ingraham, E.C.C.Lin, K.B.Low,
B.Magasanik, W.S.Reznikoff, M.Riley, M.Schaechter, and H.E.Umbarger, eds.
(Washington D.C.: ASM Press), pp. 2460-2488.

Baker,T.A., Grossman,A.D., and Gross,C.A. (1984). A gene regulating the heat shock
response in Escherichia coli also affects proteolysis. Proc. Natl. Acad. Sci. U. S. A 81,
6779-6783.

Ball,C.A. and Johnson,R.C. (1991). Efficient excision of phage lambda from the
Escherichia coli chromosome requires the Fis protein. J. Bacteriol. 173, 4027-4031.



Bibliography 69

Ball,C.A., Osuna,R., Ferguson,K.C., and Johnson,R.C. (1992). Dramatic changesin
Fis level upon nutrient upshift in Escherichia coli. J. Bacteriol. 174, 8043-8056.

Bolivar,F. (1978). Construction and characterization of new cloning vehicles, Il1.
Derivatives of plasmid pBR322 caryying unique EcoRl sites for selection of EcoRl
generated recombinant molecules. Gene 4, 121-136.

Bracco,L ., Kotlarz,D., Kolb,A., Diekmann,S., and Buc,H. (1989). Synthetic curved
DNA sequences can act as transcriptional activators in Escherichia coli. EMBO J. 8,
4289-4296.

Brown,L. and Elliott,T. (1996). Efficient trandlation of the RpoS sigma factor in
Salmonella typhimurium requires host factor I, an RNA-binding protein encoded by
the hfg gene. J. Bacteriol. 178, 3763-3770.

Caramel,A. and Schnetz,K. (1998). Lac and Lambda repressor relieve silencing of the
Escherichia coli bgl promoter. Activation by ateration of a repressing nucleoprotein
complex. J. Mol. Biol. 284, 875-883.

Caramel,A. and Schnetz,K. (2000). Antagonistic control of the E. coli bgl promoter
by FISand CAP invitro. Mol. Microbiol. 36, 85-92.

Carmichael,G.G. (1975). Isolation of bacterial and phage proteins by homopolymer
RNA-cellulose chromatography. J. Biol. Chem. 250, 6160-6167.

Casadaban,M.J. (1976). Transposition and fusion of the lac genes to selected
promoters in Escherichia coli using bacteriophage lambda and mu. J. Mol. Biol. 104,
541-555.

Chang,A.C.Y. and Cohen,S.N. (1978). Construction and charcterization of
amplifiable multicopy DNA cloning vehicles derived from the P15A cryptic
miniplasmid. J. Bacteriol. 134, 1141-1156.

Claret,L. and Rouviere-Y aniv,J. (1996). Regulation of HU a and HUb by CRP and
FISin Escherichia coli. J. Mol. Biol. 263, 126-139.

Dabert,P. and Smith,G.R. (1997). Gene replacement with linear DNA fragmentsin
wild-type Escherichia coli: enhancement by Chi sites. Genetics 145, 877-8809.

Defez,R. and de Felice,M. (1981). Cryptic operon for b-glucoside metabolism in
Escherichia coli K12: Genetic evidence for aregulatory protein. Genetics 97, 11-25.

Dersch,P., Schmidt,K., and Bremer,E. (1993). Synthesis of the Escherichia coli K-12
nucleoid-associated DNA-binding protein H-NS is subjected to growth-phase control
and autoregulation. Molecular Microbiol. 8, 875-889.

Diederich,L., Rasmussen,L.J., and Messer,W. (1992). New cloning vectors for
integration into the lambda attachment site attB of the Escherichia coli chromosome.
Plasmid 28, 14-24.



Bibliography 70

Diez-Gonzalez,F., Calaway,T.R., KizoulisM.G., and Russell,J.B. (1998). Grain
feeding and the dissemination of acis-resistant Escherichia coli from cattle. Science
281, 1666-1668.

DiNardo,S., Voekel ,K.A., Sternglanz,R., Reynolds,A.E., and Wright,A. (1982).
Escherichia coli DNA topoisomerase | mutants have compensatory mutations in DNA
gyrase genes. Cedll 31, 43-51.

Dorman,C.J., Hinton,J.C.D., and Free, A. (1999). Domain organization and
oligomerization among H-NS-like nucloid-associated proteins in bacteria Trends.
Microbiol. 7, 124-128.

Drlica,K. and Rouviére-Yaniv,J. (1987). Histonlike proteins of bacteria. Microbiol.
Rev. 51, 301-319.

Faconi,M., Brandi,A., LaTeana,A., Gualerzi,C.O., and Pon,C.L. (1996).
Antagonistic involvement of FIS and H-NS proteins in the transcriptional control of
hns expression. Molecular Microbiol. 19, 965-975.

Falconi,M., Higgins,N.P., Spurio,R., Pon,C.L., and Gualerzi,C.O. (1993). Expression
of the gene encoding the major bacterial nucleoid protein H-NS is subject to
transcriptional autorepression. Molecular Microbiol. 10, 273-282.

Filutowicz,M., Ross,W., Wild,J., and Gourse,R.L. (1992). Involvement of Fis protein
in replication of the Escherichia coli chromosome. J. Bacteriol. 174, 398-407.

Finkel,S.E. and Johnson,R.C. (1992). The Fis protein: it's not just for DNA inversion
anymore. Molecular Microbiol. 6, 3257-3265. [Published erratum appearsin Mal.
Microbiol. (1993) 7,1023.].

Fletcher,S.A. and Csonka,L.N. (1995). Fine-structure deletion analysis of the
transcriptional silencer of the proU operon of Salmonella typhimurium. J. Bacteriol.
177, 4508-4513.

Franze de Fernandez,M.T., Eoyang,L., and August,J.T. (1968). Factor fraction
required for the synthesis of bacteriophage Qbeta-RNA. Nature 219, 588-590.

Franze de Fernandez,M.T., Hayward,W.S., and August,J.T. (1972). Bacteria proteins
required for replication of phage Q ribonucleic acid. Pruification and properties of
host factor I, aribonucleic acid- binding protein. J. Biol. Chem. 247, 824-831.

Free A., WilliamsR.M., and Dorman,C.J. (1998). The StpA protein functions as a
molecular adapter to mediate repression of the bgl operon by truncated H-NSin
Escherichia coli . J. Bacteriol. 180, 994-997.

Fu,G.K., Smith,M.J., and Markovitz,D.M. (1997). Bacteria protease Lon is a site-
specific DNA-binding protein. J. Biol. Chem. 272, 534-538.

Giel,M., Desnoyer,M., and Lopilato,J. (1996). A mutation in a new gene, bglJ,
activates the bgl operon in Escherichia coli K-12. Genetics 143, 627-635.



Bibliography 71

GilleH., Egan,J.B., Roth,A., and Messer,W. (1991). The FIS protein binds and bends
the origin of chromosomal DNA replication, oriC, of Escherichia coli. Nucleic.
Acids. Res. 19, 4167-4172.

Goff,S.A., Casson,L.P., and Goldberg,A.L. (1984). Heat shock regulatory gene htpR
influences rates of protein degradation and expression of the lon gene in Escherichia
coli. Proc. Natl. Acad. Sci. U. S. A 81, 6647-6651.

Gonzalez-Gil,G., Kahmann,R., and Muskhelishvili,G. (1998). Regulation of crp
transcription by oscillation between distinct nucleoprotein complexes. EMBO J. 17,
2877-2885.

Gottesman,S. (1996). Proteases and their targets in Escherichia coli. Annu. Rev.
Genet. 30, 465-506.

Gorke,B. and Rak,B. (1999). Catabolite control of Escherichia coli regulatory protein
BglG activity by antagonistically acting phosphorylations. EMBO J. 18, 3370-3379.

Gulati,A. and Mahadevan,S. (2000). Mechanism of catabolite repression in the bgl
operon of Escherichia coli: involvement of the anti-terminator BglG, CRP-cAMP and
ElIIAGIc in mediating glucose effect downstream of transcription initiation. Genes to
Cells 5, 239-250.

Hajnsdorf,E. and Regnier,P. (2000). Host factor Hfq of Escherichia coli stimulates
elongation of poly(A) tails by poly(A) polymerase I. Proc. Natl. Acad. Sci. U. S. A
97, 1501-1505.

Hall,B.G., Yokoyama,S., and Calhoun,D.H. (1983). Role of cryptic genesin
microbia evolution. Mol. Biol. Eval. 1, 109-124.

Hashimotoh-Gotoh,T., Franklin,F.C.H., Nordheim,A., and Timmis,K.N. (1981).
Specific-purpose plasmid cloning vectors. |. Low copy number, temperature-sensitive,
mobilization-defective pSC101-derived containment vectors. Gene 16, 227-235.

Hengge-Aronis,R. (1993). Survival of hunger and stress: the role of rpoSin early
stationary phase gene regulation in E.coli. Cell 72, 165-168.

Hengge-Aronis,R. (1996). Back to the log phase: sigma® as a global regulator in the
osmotic control of gene expression in Escherichia coli. Molecular Microbiol. 21, 887-
893.

Higgins,C.F., Dorman,C.J., Stirling,D.A., Waddell,L., Booth,l.R., May,G., and
Bremer,E. (1988). A physiological role for DNA supercoiling in the osmotic
regulation of gene expression in Sityphimurium and E.coli. Cell 52, 569-584.

HommaisF., Krin,E., Laurent-Winter,C., Soutourina,O., Ma pertuy,A., Le Caer,J.P.,
Danchin,A., and Bertin,P. (2001). Large-scale monitoring of pleiotropic regulation of
gene expression by the prokaryotic nucleoid-associated protein, H-NS. Mol.
Microbiol. 40, 20-36.



Bibliography 72

Houman,F., Diaz-TorresM.R., and Wright,A. (1990). Transcriptional antitermination
in the bgl operon of E.coli is modulated by a specific RNA binding protein. Cell 62,
1153-1163.

Huber,H.E., lida,S., Arber,W., and Bickle T.A. (1985). Site-specific DNA inversion is
enhanced by a DNA sequence element in cis. Proc. Natl. Acad. Sci. U. S. A. 82,
3776-3780.

Johansson,J., Eriksson,S., Sonden,B., Wai,S.N., and Uhlin,B.E. (2001). Heteromeric
interactions among nucleoid-associated bacteria proteins: localization of StpA-
stabilizing regions in H-NS of Escherichia coli. J. Bacteriol. 183, 2343-2347.

Johansson,J. and Uhlin,B.E. (1999). Differential protease-mediated turnover of H-NS
and StpA reveaed by a mutation altering protein stability and stationary-phase
survival of Escherichiacoli. Proc. Natl. Acad. Sci. U. S. A 96, 10776-10781.

Johnson,R.C. and Simon,M.S. (1985). Hin-mediated site-specific recombination
requires two 26 bp recombination sites and a 60 bp recombinational enhancer. Cell
41, 781-791.

Jordi,B.J.A.M., Dagberg,B., de Haan,L.A.M., Hamers,A.M., van der Zeijst,B.A.M.,
Gaastra,W., and Uhlin,B.E. (1992). The positive regulator CfaD overcomes the
repression mediated by histone-like protein H-NS (H1) in the CFA/I fimbrial operon
of Escherichia coli. EMBO J. 11, 2627-2632.

Kahmann,R., Rudt,F., Koch,C., and Mertens,G. (1985). G inversion in bacteriophage
Mu DNA is stimulated by a site within the invertase gene and a host factor. Cell 41,
771-780.

Khan,M.A. and Isaacson,R.E. (1998). In vivo expression of the b-glucoside (bgl)
operon of Escherichia coli occurs in mouse liver. J. Bacteriol. 180, 4746-4749.

KimataK., Tanaka,Y ., Inada,T., and Aiba,H. (2001). Expression of the glucose
transporter gene, ptsG, is regulated at the mRNA degradation step in response to
glycolytic flux in Escherichia coli. EMBO J. 20, 3587-3595.

Kleckner,N., Bender,J., and Gottesman,S. (1991). Uses of transposons with emphasis
on Tn10. Methods Enzymol. 204, 139-180.

Kuroda,A., Nomura,K., Ohtomo,R., Kato,J., Ikeda, T., Takiguchi,N., Ohtake,H., and
Kornberg,A. (2001). Role of inorganic polyphosphate in promoting ribosomal protein
degradation by the Lon protease in E. coli. Science 293, 705-708.

Lange,R. and Hengge-Aronis,R. (1991). Identification of a central regulator of
stationary-phase gene expression in Escherichia coli. Mol. Microbiol. 5, 49-59.

Leffers,G.G., Jr. and Gottesman,S. (1998). Lambda Xis degradation in vivo by Lon
and FtsH. J. Bacteriol. 180, 1573-1577.

Loewen,P.C. and Hengge-Aronis,R. (1994). The role of the sigma factor sgma S
(KatF) in bacterial global regulation. Annu. Rev. Microbiol. 48, 53-80.



Bibliography 73

Lopilato,J. and Wright,A. (1990). Mechanisms of activation of the cryptic bgl operon
of Escherichia coli K-12. In The bacterial chromosome, K.Drlicaand M.Riley, eds.
(Washington, D.C.: American Society for Microbiology), pp. 435-444.

Lucht,J.M., Dersch,P., Kempf,B., and Bremer,E. (1994). Interactions of the Nucloid-
associated DNA-binding protein H-NS with the regulatory region of the osmotically
controlled proU operon of Escherichia coli. J. Biol. Chem. 269, 6578-6586.

Mahadevan,S., Reynolds,A.E., and Wright,A. (1987). Positive and negative regulation
of the bgl operon in Escherichia coli. J. Bacteriol. 169, 2570-2578.

Mahadevan,S. and Wright,A. (1987). A bacteria gene involved in transcription
antitermination: regulation at a Rho-independent terminator in the bgl operon of E.
coli. Cell 50, 485-494.

Maurizi,M.R. (1987). Degradation in vitro of bacteriophage lambda N protein by Lon
protease from Escherichia coli. J. Biol. Chem. 262, 2696-2703.

Miller,J.H. (1972). Experimentsin Molecular Genetics. (Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory).

Mojica,F.JM. and Higgins,C.F. (1997). In vivo supercoiling of plasmid and
chromosoma DNA in an Escherichia coli hns mutant. J. Biol. Chem. 179, 3528-3533.

Muffler,A., Fischer,D., and Hengge-Aronis,R. (1996). The RNA-binding protein HF-
1, known as a host factor for phage Qb RNA replication, is essentia for rpoS
trandation in Escherichia coli. Genes Dev. 10, 1143-1151.

Mukerji,M. and Mahadevan,S. (1997). Characterization of the negative elements
involved in silencing the bgl operon of Escherichia coli: possible roles for DNA
gyrase, H-NS, and CRP-cCAMP in regulation. Molecular Microbiol. 24, 617-627.

Nilsson,L., Vanet,A., Vijgenboom,E., and Bosch,L. (1990). Therole of FISin trans
activation of stable RNA operonsin E. coli. EMBO J. 9, 727-734.

Nilsson,L., Verbeek,H., Vijgenboom,E., Van Drunen,C., Vanet,A., and Bosch,L.
(1992). FIS-dependent trans activation of stable RNA operons of Escherichia coli
under various growth conditions. J. Bacteriol. 174, 921-929.

Ninnemann,O., Koch,C., and Kahmann,R. (1992). The E.coli fis promoter is subject
to stringent control and autoregulation. EMBO J. 11, 1075-1083.

Ohta,T., Ueguchi,C., and Mizuno,T. (1999). rpoS function is essentia for bgl
silencing caused by C-terminally truncated H-NS in Escherichia coli. J. Bacteriol.
181, 6278-6283.

Owen-Hughes, T.A., Pavitt,G.D., Santos,D.S., Sidebotham,J.M., Hulton,C.S.J,,
Hinton,J.C.D., and Higgins,C.F. (1992). The chromatin-associated protein H-NS
interacts with curved DNA to influence DNA topology and gene expression. Cell 71,
255-265.



Bibliography 74

Phillips, T.A., VanBogelen,R.A., and Neidhardt,F.C. (1984). lon gene product of
Escherichia coli is a heat-shock protein. J. Bacteriol. 159, 283-287.

Plakidou,S., Moffat,K.G., Salmond,G.P.C., and Mackinnon,G. (1984). Convenient
transduction of recA with bacteriophage TAGT7. J. Bacteriol. 159, 1072-1073.

Postma,P.W., Lengeler,JW., and Jacobson,G.R. (1993).
Phosphoenol pyruvate:carbohydrate phosphotransferase system of bacteria. Microbiol.
Rev. 57, 543-594.

Prasad,l. and Schaefler,S. (1974). Regulation of the b-glucoside system in
Escherichia coli K12. J. Bacteriol. 120, 638-650.

Prentki,P. and Krisch,H.M. (1984). In vitro insertional mutagenesis with a selectable
DNA fragment. Gene 29, 303-313.

Reynolds,A.E., Felton,J., and Wright,A. (1981). Insertion of DNA activates the
cryptic bgl operon of E. coli K12. Nature 293, 625-629.

Reynolds,A.E., Mahadevan,S., LeGrice,S.F.J., and Wright,A. (1986). Enhancement of
bacterial gene expression by insertion elements or by mutation in a CAP-cAMP
binding site. J. Mol. Biol. 191, 85-95.

Rimpler,H. (1990). Pharmazeutische Biologie |1: Biogene Arzneistoffe. Georg
Thieme Verlag Stuttgart, Stuttgart.

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.

Saier,M.H., Jr. and Reizer,J. (1994). The bacterial phosphotransferase system: new
frontiers 30 years later. Molecular Microbiol. 13, 755-764.

Saier,M.H., J., Yamada,M., Erni,B., SudaK., Lengeler,J., Ebner,R., Argos,P.,
Rak,B., Schnetz,K., Lee,C.A., Stewart,G.C., Breidt,F., J., Waygood,E.B., Peri K.G.,
and Dooalittle,R.F. (1988). Sugar permeases of the bacterial phosphoenol pyruvate-
dependent phosphotransferase system: sequence comparisons. FASEB J. 2, 199-208.

Sambrook,J., Fritsch,E.F., and Maniatis, T. (1989). Molecular cloning: a laboratory
manual. (Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press).

Schaefler,S. (1967). Inducible System for the Utilization of b-Glucosides in
Escherichia cali. I. Active Transport and Utilization of b- Glucosides. J. Bacteriol. 93,
254-263.

Schaefler,S. and Maas,W.K. (1967). Inducible System for the Utilization of b-
Glucosides in Escherichiacoli I1. Description of mutant types and genetic analysis. J.
Bacteriol. 93, 264-272.

Schneider,R., Travers,A., and Muskhelishvili,G. (1997). FIS modulates growth phase-
dependent topological transitions of DNA in E.coli. Molecular Microbiol. 26, 519-
530.



Bibliography 75

Schnetz,K. (1995). Silencing of Escherichia coli bgl promoter by flanking sequence
elements. EMBO J. 14, 2545-2550.

Schnetz,K. and Rak,B. (1988). Regulation of the bgl operon of Escherichia coli by
transcriptional antitermination. EMBO J. 7, 3271-3277.

Schnetz K. and Rak,B. (1990). b-glucoside permease represses the bgl operon of
E.coli by phosphorylation of the antiterminator protein and also interacts with
enzymel 119, the key element in catabolite control. Proc. Natl. Acad. Sci. U. S. A. 87,
5074-5078.

Schnetz,K. and Rak,B. (1992). 1S5: a mobile enhancer of transcription in Escherichia
coli. Proc. Natl. Acad. Sci. U. S. A. 89, 1244-1248.

Schnetz,K., Toloczyki,C., and Rak,B. (1987). b-Glucoside (bgl) operon of
Escherichia coli K-12: nucleotide sequence, genetic organization, and possible

evolutionary relationship to regulatory components of two Bacillus subtilis genes. J.
Bacteriol. 169, 2579-2590.

Schnetz,K. and Wang,J.C. (1996). Silencing of Escherichia coli bgl promoter: Effects
of template supercoiling and cell extracts on promoter activity in vitro. Nucleic.
Acids. Res. 24, 2422-2429.

Senear,A.W. and Steitz,J.A. (1976). Site-specific interaction of Qbeta host factor and
ribosomal protein S1 with Qbeta and R17 bacteriophage RNAS. J. Biol. Chem. 251,
1902-1912.

Serghini,M.A., Ritzenthaler,C., and Pinck,L. (1989). A rapid and efficient ‘'miniprep’
for isolation of plasmid DNA. Nucleic. Acids. Res. 17, 3604.

Shi,X. and Bennett,G.N. (1994). Plasmids bearing hfg and the hns-like gene stpA
complement hns mutants in modulating arginine decarboxylase gene expression in
Escherichia coli. J. Bacteriol. 176, 6769-6775.

Singh,J., Mukerji,M., and Mahadevan,S. (1995). Transcriptional activation of the bgl
operon of E.coli: Negative regulation by DNA structural elements near the promoter.
Molecular Microbiol. 17, 1085-1092.

Sonden,B. and Uhlin,B.E. (1996). Coordinated and differential expression of histone-
like proteins in Escherichia coli: regulation and function of the H-NS analog StpA.
EMBO J. 15, 4970-4980.

Sonnenfield,J.M., Burns,C.M., Higgins,C.F., and Hinton,J.C. (2001). The nucleoid-
associated protein StpA binds curved DNA, has a greater DNA-binding affinity than
H-NS and is present in significant levels in hns mutants. Biochimie 83, 243-249.

Spassky,A., Rimsky,S., Garreau,H., and Buc,H. (1984). H1a, an E.coli DNA-binding
protein which accumulates in stationary phase, strongly compacts DNA in vitro.
Nucleic. Acids. Res. 12, 5321-5340.



Bibliography 76

Spurio,R., Durrenberger,M., Falconi,M., La Teana,A., Pon,C.L., and Gualerzi,C.O.
(1992). Lethal overproduction of the Escherichia coli nucleoid protein H-NS:
Ultramicroscopic and molecular autopsy. Mol. Gen. Genet. 231, 201-211.

Stout,V., Torres-Cabassa,A., Maurizi,M.R., Gutnick,D., and Gottesman,S. (1991).
RcsA, an unstable positive regulator of capsular polysaccharide synthesis. J.
Bacteriol. 173, 1738-1747.

Tippner,D., Afflerbach,H., Bradaczek,C., and Wagner,R. (1994). Evidence for a
regulatory function of the histone-like Escherichia coli protein H-NS in ribosomal
RNA synthesis. Molecular Microbiol. 11, 589-604.

Tsui,H.-C.T., Leung,H.-C.E., and Winkler,M.E. (1994). Characterization of broadly
pleiotropic phenotypes caused by an hfq insertion mutation in Escherichia coli K-12.
Molecular Microbiol. 13, 35-49.

Tsui,H.C., Feng,G., and Winkler,M.E. (1997). Negative regulation of mutS and mutH
repair gene expression by the Hfg and RpoS global regulators of Escherichia coli K-
12. J. Bacteriol. 179, 7476-7487.

Tupper,A.E., Owen-Hughes, T.A., Ussery,D.W., Santos,D.S., Ferguson,D.J.P.,
Sidebotham,J.M., Hinton,J.C.D., and Higgins,C.F. (1994). The chromatin-associated
protein H-NS aters DNA topology in vitro. EMBO J. 13, 258-268.

Ueguchi,C., Kakeda,M., and Mizuno,T. (1993). Autoregulatory expression of the
Escherichia coli hns gene encoding a nucleoid protein: H-NS functions as a repressor
of its own transcription. Mol. Gen. Genet. 236, 171-178.

Ueguchi,C., Ohta,T., Seto,C., Suzuki,T., and Mizuno,T. (1998). The leuO gene-
product has a latent ability to relieve the bgl silencing in Escherichia coli. J. Bacteriol.
180, 190-193.

Van Melderen,L ., Bernard,P., and Couturier,M. (1994). L on-dependent proteolysis of
CcdA isthe key control for activation of CcdB in plasmid-free segregant bacteria.
Mol. Microbiol. 11, 1151-1157.

Vytvytska,O., Jakobsen,J.S., Balcunaite,G., Andersen,J.S., Baccarini,M., and von
Gabain,A. (1998). Host factor I, Hfq, binds to Escherichia coli ompA mRNA in a
growth rate-dependent fashion and regulates its stability. Proc. Natl. Acad. Sci. U. S.
A 95, 14118-14123.

Vytvytska,O., Mall,I., Kaberdin,V.R., von Gabain,A., and Blas,U. (2000). Hfq (HF1)
stimulates ompA MRNA decay by interfering with ribosome binding. Genes Dev. 14,
1109-1118.

Wickner,S., Maurizi,M.R., and Gottesman,S. (1999). Posttranslational quality control:
folding, refolding, and degrading proteins. Science 286, 1888-1893.

Williams,R.M. and Rimsky,S. (1997). Molecular aspects of the E. coli nucleoid
protein, H-NS: a central controller of gene regulatory networks. FEMS Microbiol.
Lett. 156, 175-185.



Bibliography 77

Williams,R.M., Rimsky,S., and Buc,H. (1996). Probing the structure, function, and
interactions of the Escherichia coli H-NS and StpA proteins by using dominant
negative derivatives. J. Bacteriol. 178, 4335-4343.

Wilson,G.G., Young,K.Y .K., Edlin,G.J., and Konigsberg,W. (1979). High-frequency
generalised transduction by bacteriophage T4. Nature 280, 80-82.

Xu,J. and Johnson,R.C. (1995a). Identification of genes negatively regulated by Fis:
Fis and RpoS comodul ate growth-phase-dependent gene expression in Escherichia
coli. J. Bacteriol. 177, 938-947.

Xu,J. and Johnson,R.C. (1995b). aldB, an RpoS-dependent gene in Escherichia coli
encoding an aldehyde dehydrogenase that is repressed by Fis and activated by Crp. J.
Bacteriol. 177, 3166-3175.

Yamada,H., Yoshida,T., TanakaK., Sasakawa,C., and Mizuno,T. (1991). Molecular
analysis of the Escherichia coli hns gene encoding a DNA-binding protein, which
preferentially recognizes curved DNA sequences. Mol. Gen. Genet. 230, 332-336.

Zhang,A., Altuvia,S., Tiwari,A., Argaman,L., Hengge-Aronis,R., and Storz,G. (1998).
The OxyS regulatory RNA represses rpoS trandation and binds the Hfq (HF-1)
protein. EMBO J. 17, 6061-6068.

Zhang,A. and Belfort,M. (1992). Nucleotide sequence of a newly-identified
Escherichia coli gene, stpA, encoding an H-NS-like protein. Nucleic. Acids. Res. 20,
6735-6735.

Zhang,A., DerbyshireV., Salvo,J.L.G., and Belfort,M. (1995). Escherichia coli
protein StpA stimulates self-splicing by promotong RNA assembly in vitro. RNA 1,
783-793.

Zhang,A., Rimsky,S., Reaban,M.E., Buc,H., and Belfort,M. (1996). Escherichia coali
protein analogs StpA and H-NS: regulatory loops, similar and disparate effects on
nucleic acis dynamics. EMBO J. 15, 1340-1349.

Zuber,F., Kotlarz,D., Rimsky,S., and Buc,H. (1994). Modulated expression of
promoters containing upstream curved DNA sequences by the Escherichia coli
nucleoid protein H-NS. Molecular Microbiol. 12, 231-240.

Zuker,M., Mathews,D.H., and Turner,D.H. (1999). Algorithms and Thermodynamics
for RNA Secondary Structure Prediction: A Practical Guide. In RNA Biochemistry
and Biotechnology, J.Barciszewski & B.F.C.Clark, ed. Kluwer Academic Publishers,
pp. 11-43.



Erklarung

Ich versichere, dal3 ich die von mir vorgelegte Dissertation selbsténdig angefertigt, die benutzten
Quellen und Hilfsmittel vollstandig angegeben und die Stellen der Arbeit - einschliefdlich
Tabellen, Karten und Abbildungen -, die anderen Werken im Wortlaut oder dem Sinn nach
entnommen sind, in jedem Einzelfal as Entlehnung kenntlich gemacht habe; dald diese
Dissertation noch keiner anderen Fakultdt oder Universitdt zur Prifung vorgelegen hat; dal3 sie -
abgesehen von unten angegebenen Teilpublikationen - noch nicht verdffentlicht worden ist
sowie, dal3 ich eine solche Verdffentlichung vor Abschlul3 des Promotionsverfahrens nicht
vornehmen werde. Die Bestimmungen dieser Promotionsordnung sind mir bekannt. Die von mir
vorgelegte Dissertation ist von Prof. Dr. Karin Schnetz betreut worden.

Teilpublikationen:

Sudhanshu Dole, Sandra Kiihn, and Karin Schnetz (2001). Post-transcriptional enhancement of
Escherichia coli bgl operon silencing by limitation of BglG-mediated antitermination at low
transcription rates. In revision for submission to Mol. Microbiol.

Datum: Unterschrift:



Sudhanshu Dole

Bernkasteler Str. 52,

50931 Kéln

23.07.1972

1976-1986

1986-1989

1989-1992

1992-1994

1994-1997

1997-2001

Ort Datum

L ebensl auf

geboren in Mumbai, Indien

Gymnasium (Ten year school), Mumbai, Indien

Abitur (Junior college), Mumbai, Indien

Bachelor of Science (B.Sc.), University of Bombay, Indien

(Diplom) Master of Science (M.Sc.), M. S. University of
Baroda, Indien

Scientific officer, Radiation Medicine Center, Bhabha Atomic
Research Center, Mumbai, Indien.

Doktorarbeit bei Frau Prof. Karin Schnetz am Institut fir
Genetik der Universitdt zu Kaln.
Titel: Multiple level regulation of the Escherichia coli bgl

operon.

Unterschrift



