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Transcriptional control of the osmotically regulated proU operon of Salmonella typhimurium is mediated in
part by a transcriptional silencer downstream from the promoter (D. G. Overdier and L. N. Csonka, Proc. Natl.
Acad. Sci. USA 89:3140-3144, 1992). We carried out a fine-structure deletion analysis to determine the
structure and the position of the silencer, which demonstrated that this regulatory element is located between
nucleotide positions +73 to +274 downstream from the transcription start site. The silencer appears to be
made up of a number of components which have cumulative negative regulatory effects. Deletions or insertions
of short nucleotide sequences (<40 bp) between the proU promoter and the silencer do not disrupt repression
exerted by the silencer, but long insertions (=0.8 kbp) result in a high level of expression from the proU
promoter, similar to that imparted by deletion of the entire silencer. The general DNA-binding protein H-NS
is required for the full range of repression of the proU operon in media of low osmolality. Although in the
presence of the silencer kns mutations increased basal expression from the proU promoter three- to sixfold, in
the absence of the silencer they did not result in a substantial increase in basal expression from the proU
promoter. Furthermore, deletion of the silencer in hns™ background was up to 10-fold more effective in
increasing basal expression from the proU promoter than the hns mutations. These results indicate that
osmotic control of the proU operon is dependent of some factor besides H-NS. We propose that the transcrip-
tional regulation of this operon is effected in media of low osmolality by a protein which makes the promoter
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inaccessible to RNA polymerase by forming a complex containing the proU promoter and silencer.

The proU operon, which specifies the three constituent pro-
teins of a transport system for osmoprotectants such as gly-
cinebetaine and proline (5), is induced >100-fold by high os-
molality in Salmonella typhimurium and Escherichia coli.
Transcriptional control of the proU operon is mediated at least
in part by a cis-acting negative element, or silencer, that is
located ~100 to 200 bp downstream of the promoter (7, 18). In
S. typhimurium, deletion of this element resulted in up to a
40-fold increase in expression from the proU promoter in me-
dia of low osmolality (18).

Thus far, attempts to isolate mutations in regulatory genes
that are unique to the proU operon have not been successful.
This impasse has led to the formulation of two models which
propose that the transcriptional control mechanism of the
proU operon is unusual in that it does not involve any specific
regulatory proteins. Both models are based on the assumption
that the proU promoter, which does not have a good match to
the consensus optimal promoter (Fig. 1), is inherently weak
and needs some activating factor for high-level expression in
media of high osmolality. According to one model, potassium
glutamate, which accumulates to high concentrations in media
of high osmolality (10), modulates the affinity of RNA poly-
merase for the proU promoter such that RNA polymerase can
bind efficiently to the otherwise weak proU promoter in the
presence of high concentrations of this solute (22). In the other
model, osmotic stress, which is known to result in increased
negative supercoiling of DNA, brings about a change in the
conformation of the proU promoter which enables RNA poly-
merase to bind to it (11).

Mutations in the hns (osmZ) gene, which encodes a pleio-
tropic DNA-binding protein, confer a partially constitutive ex-
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pression on the proU operon in media of low osmolality (7, 11,
14). Upstream and downstream of the proU promoter, there
are several AT-rich runs of nucleotides (Fig. 1). DNA frag-
ments containing these AT-rich sequences were found to ex-
hibit aberrant mobilities in electrophoretic gels (7, 14, 20, 30).
This result led to the suggestion that DNA in these regions is
bent. The H-NS protein, which has a relatively high binding
affinity for bent DNA (30), has been shown to bind the AT-rich
DNA fragments flanking the proU promoter. It was proposed
that the regulatory function of the silencer is imparted by the
bending in the DNA rather than any specific nucleotide se-
quence (20).

The existence of the silencer in the proU operon was origi-
nally demonstrated by the analysis of the effects of deletions
which removed long blocks of sequences 3’ to the proU pro-
moter (7, 18, 20). However, these studies did not pinpoint the
exact location or structure of this regulatory element. In par-
ticular, they did not resolve the 5’ boundary of the silencer or
determine whether there are any constraints on its distance
from the promoter for its ability to exert osmotic control of
transcription. In this work, we present results of a deletion and
insertion analysis that was carried out to define the structure of
the silencer more precisely.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Bacterial strains used are
listed in Table 1. The compositions of LB medium and of low-osmolal K medium
have been described previously (9). Strains were grown aerobically at 37°C.
Antibiotics were used at the following concentrations: sodium ampicillin, 25
mg/liter for E. coli and 100 mg/liter for S. typhimurium; kanamycin sulfate, 75
mg/liter; tetracycline, 15 mg/liter; and spectinomycin hydrochloride, 50 mg/liter
for E. coli and 1 g/liter for S. typhimurium.

Plasmids. Plasmids pRS415 (bla™) and pRS551 (bla* kan™), which are useful
for transferring lacZ transcriptional fusions to derivatives of phage A (28), were
obtained from R. W. Simons. These two closely related pBR322-based plasmids
contain a promoterless lac operon and unique EcoRI, Smal, and BamHI sites
upstream of the lacZ gene. Plasmid pA2 (bla*) was obtained from T. Silhavy; it
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320 -310 -300 290 -280 270 260 -250
CGAAACCGAA GACGAAGACT GGAATTTTTA ACTTACGGGC ATGGGAAATA ACGTTACATT TCCCATGCCT TTATTTCAAG

240 230 220 210 200 -190 -180 -170
CAATAGGGAG TCAAATCGCG CAAATATTAC AACATGTCCT ACACTCAATA CGAGTGACAT TATTCACCTG GATTCCCCCA

-160 -150 -140 -130 -120 -110 -100 50
ATTCAGGTGG ATTTTTGCTG GTTGTTCCAA AAAATATCTC TTCCTCCCCA TTCGCGTTCA GCCCTTATAT CATGGGAAAT

-70

-10

-80 -60 .50 40 230 2
CACAGCCGAT AGCACCTCGC AATATTCATG CCAGAAGCAA ATTCAGGGIIT GTCIICAGATT CTGAGTATGT [TAGGGTAGAA
\TT

+1 +11 +21 31 41 51 61 71
AAAGGTAACT ATTTCTATCA GGTAACATAT +CGACATAAGT r‘\AATAACAGG +AATCATTCTA ’}TGCATGGCA KTTAAATTAG
- — ¢ = — —  — T —

+81 +91 +101 +111 +121 +131 +141 +151
AAGTGAAGAA TCTGTATAAA ATATTTGGAG AGCATCCGCA GCGTGCCTTC AAATATATTG AAAAGGGACT ATCGAAAGAG

+161 +171 +181 +191 +201 +211 +221 +231
CAAATACTGG AAAAAACGGG GCTATCGCTT GGCGTTAAAG ACGCCAGTCT GGCCATTGAA GAAGGCGAGA TATTTGTCAT

+241 4251 +261 +271
CATGGGATTA TCCGGCTCGG GTAAATCCAC AATG

FIG. 1. Sequence of the promoter region of the proU operon of S. typhimurium (19, 29). The transcription start site is designated +1 (18); the translation start site
of the first gene of the proU operon is at +65. The —10 and —35 elements of the promoter are highlighted by the rectangles. Palindromic sequences are indicated by

arrows.

contains the lamB* gene of E. coli (designated Eco lamB™ in genotypes) ex-
pressed from the pBR322 tet promoter. Plasmid pCMKM4, obtained from C. I.
Kado, carries the kan gene of Tn5 between the Sall sites on pUC4; the kan gene
can be excised from pCMKM4 as a ~0.7-kbp BgllI-BamHI fragment (12). Plas-
mid pTAT-13 Xba, obtained from N. Franklin, is similar to pTAT13 (8) except
that downstream of the phoA gene there is a polylinker consisting of Xbal, Nsil,
SnaBI, Bcll, Bglll, Stul, Sacl, Ndel, Nsil, SnaBl, Nsil, and Xbal sites; the phoA
gene can be excised from this vector on a 1.5-kbp BamHI-BglII fragment. Plas-
mid pDO182 is a low-copy-number lac expression vector derived from the
pSC101-based plasmid pHIS21 (26); it confers resistance to spectinomycin and
streptomycin and contains EcoRI, Hindlll, and BamHI sites upstream of a
promoterless lac operon (18). Plasmid pSF002 was constructed by cleaving
pDO182 with BamHI, filling in the ends to blunt by the Klenow reaction, and
religating. The analysis of the transcriptional control of the proU operon was
carried out with plasmid pSF002 as the lac expression vector, with the proU
promoter fragments cloned between the EcoRI and HindIII sites. In this plas-
mid, there are nonsense codons in all three reading frames between the HindIII
site and the lacZ gene. The lacZ gene on this plasmid has its own translation start
site (28), and consequently each promoter-lacZ fusion directs the synthesis of an
identical B-galactosidase product. Plasmid pSF003 carries proU nucleotides
—320 to +32 joined by a 17-bp BamHI linker to proU sequences +33 to +274;
it is identical to pDO244 (18) except that the vector backbone of pSF003 is
pSF002. Plasmid pSF044 carries the EcoRI-BamHI fragment (proU positions
—320 to +32) of pSF003 followed by the 9-bp linker GGGGATCTG, cloned
between the EcoRI and HindlIII sites of pSF002.

Recombinant DNA constructions involved standard procedures (3). Deletion

derivatives carrying portions of the transcriptional control region of the proU
operon of S. typhimurium were generated by exonuclease III digestion or PCR
amplification. The endpoints of the exonuclease III- and PCR-generated dele-
tions were determined by DNA sequence analysis of double-stranded templates
by the method of Sanger et al. (24). The structures of the proU promoter
fragments that we generated are shown in schematic form in Fig. 2 and 3. E. coli
DH5a was the host for plasmids during their construction; plasmids were intro-
duced into this strain by CaCl,-heat shock transformation (3). Analysis of the
transcriptional control of the proU promoter was carried out in S. typhimurium
TL1463 (proU™ recAl); the plasmids were brought into this strain by electropo-
ration (21) and selection for spectinomycin-resistant derivatives.

Introduction of proU-lacZ fusions into the chrc of S. typh
Two proU-lacZ fusions were crossed by in vivo recombination into phage NRS45
(imm?!' nin5) by the technique of Simons et al. (28). Phage ARS45 has two
regions of homology to plasmids derived from pRS551: within the 5’ end of the
bla gene and throughout the lacZYA genes. It is possible to transfer desired
promoter-lacZ fusions from pRS551-based plasmids to phage ARS45 by growing
the phage on rec™ strains harboring the plasmids and selecting progeny phage
that acquired the kan™ gene together with flanking regions from the plasmids by
homologous recombination (28).

Plasmids pDO101 and pDO109 carry inserts of proU nucleotides from —508 to
+308 and from —508 to +48, respectively, cloned between the EcoRI and
BamHI sites of plasmid pRS415 (6, 17). The PstI-EcoRI fragment of plasmid
pRS551, which contains the kan gene, was used to replace the PstI-EcoRI
fragments of plasmids pDO101 and pDO109. The resultant plasmids, pSF063
and pSF064, which carry proU sequences —508 to +308 and —508 to +48,

wum.

TABLE 1. Bacterial strains used”

Strain Genotype

Source or construction

S. typhimurium

CH1816 hns-101 (osmZ1)::1S10 zde-1710::Tnl0 N. P. Higgins
NH685 hns-1::kan N. P. Higgins
TL549 hsdL6 hsdSA29 galE496 metA22 metESS proB9 ilv zah::'Tnl0 xyl-404 This laboratory
rpsL120 HI-b nml H2-enx (Fels2)™/pA2 (Eco lamB™)

TL1463 recAl srl-2::Tnl0 This laboratory (18)
TL1491 proUI1872::Mu d1-8 This laboratory (18)
TL1911 hns-1::kan proU1872 Mu d1-8 P22 NH685—TL1491
TL2643 galE2712/pA2 (Eco lamB™) This laboratory
TL2647 hns-1::kan galE2712/pA2 (Eco lamB™) P22 TL1911—TL2643 = Km' [Ap]
TL2703 NproU p*s™) galE2712/pA2 NproU p*s*)—TL2643 = Km"
TL2705 MproU p*As) galE2712/pA2 N(proU p*As)—TL2643 = Km*
TL2714 hns-101::1S10 galE2712 zde-1710::Tnl0/pA2 (Eco lamB™) P22 CHI1816—TL2647 = Tc" [Km®]
TL2718 NproU p*s™) hns-101::1S10 galE2712 zde-1710::Tnl0/pA2 (Eco lamB™) NMproU p*s*)—TL2714 = Km"
TL2720 NproU p™As) hns-101::1S10 galE2712 zde-1710::Tni10/pA2 (Eco lamB™) NMproU p*As)—TL2714 = Km"
TL2825 NproU p*s™) hns-1::kan galE2712/pA2 (Eco lamB™) NproU p*s*)—TL2647 = Lac*
TL2828 NproU p™*As) hns-1:kan galE2712/pA2 (Eco lamB™) NMproU p* As)—TL2647 = Lac*

E. coli
DH5a A(lac-argF)-169 hsdR17 thi-1 recAl gyrA96 relAl supE44/F" $80dlacAM15 From J. Hamer
MC4100 A(lac-argF)-205 thi araD139 flbB5301 ptsF25 deoCl relAl rpsL150 From B. Wanner

“ Genetic nomenclature is according to reference 23. The notation P22 or N(M)—N = A4 [B] denotes P22 or \ lysates, respectively, of strain M transduced into strain
N, selecting phenotype A and scoring phenotype(s) B. Km', kanamycin resistant; Ap", ampicillin resistant.
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respectively, are identical to pRS551 in the vector backbone, including the kan™
gene that is between the bla* gene and the EcoRI site. Plasmids pSF063 and
pSF064 were transformed into strain MC4100, and the resultant strains were
infected with phage NRS45 (obtained from R. W. Simons). Phage lysates were
used to infect MC4100 again, and kanamycin-resistant, \ lysogenic transductants
were selected. Phage obtained from these lysogens by spontaneous induction
were plaque purified on MC4100. One phage line obtained from the strain
carrying pSF063 (proU sequences —508 to +308) was called N(proU p*s™), and
one obtained from the strain carrying pSF064 (proU sequences —508 to +48) was
designated N(proU p™ As).

Wild-type phage A\ cannot infect and replicate in S. typhimurium. However,
because phage NRS45 carries the immunity region of phage 21, it can both grow
and form lysogens in galE strains provided that the hosts express the A receptor
(lamB™) gene of E. coli (23). Phage from single plaques of A(proU p*s™) and
NproU p* As) obtained from MC4100 were used to infect S. typhimurium TL549
(galE hsdL hsdSA/pA2 [Eco lamB™]), generating lysates with titers of 1 X 10° to
5 X 10° PFU/ml on the latter host. These lysates were used to infect S. typhi-
murium TL2643 (hns™ galE/pA2 [Eco lamB™]), TL2717 (hns-101::1S10 galE/pA2
[Eco lamB™]), and TL2647 (hns-1::kan galE[pA2 [Eco lamB™]). Stable lysogens
were obtained with strains TL2643 and TL2714 by selecting kanamycin-resistant
transductants and with strain TL2647 by screening for Lac™ transductants on LB
plates containing 40 pg of 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-Gal)
per ml.

B-Galactosidase assays. Bacteria were grown from a single colony in LB,
inoculated at a 1:100 dilution into K medium and K medium containing 0.3 M
NaCl, and grown overnight. The cells were subcultured again at 1:40 dilution into
K medium containing the same NaCl concentrations as used during the previous
growth, and after two doublings, B-galactosidase was assayed as described pre-
viously (9). For strains carrying proU-lacZ fusions on plasmids derived from
pSF002, spectinomycin was included at 1 g/liter throughout all cycles of growth.

RESULTS AND DISCUSSION

Deletion analysis of the proU silencer. The proU promoter
on a fragment which contains the entire proU sequences from
—320 to +274 (pSF068) exhibited a 70-fold osmotic induction
(Fig. 2A). Upon the introduction of a 17-bp BamHI linker
between positions +32 and +33 (pSF003), there was a slight
(2.4-fold) increase in the basal level of expression from the
proU promoter, but the promoter still responded with a 42-fold
osmotic induction. Deletion of nucleotides from positions +33
to +46 (pSF010), +33 to +48 (pSF012), and +33 to +73
(pSF009) did not have any substantial effects on the range of
osmotic control. However, when longer stretches of nucleoti-
des were deleted, from positions +33 to +106 (pSF013), from
positions +33 to +162 (pSF014), and the entire block of se-
quences downstream of position +32 (pSF044), there was a
progressive increase in expression from the proU promoter in
the medium of low osmolality.

These results indicate that the silencer is located down-
stream of proU position +48. Short changes in the distance
between the promoter and silencer or in the phasing angle that
are associated with the changes in the distance can be tolerated
without disrupting the functioning of the silencer, as indicated
by the observation that the insertion of 17 bp (pSF003) or
subsequent deletion of a total of 25 bp (pSF010) or 27 bp
(pSFO012) of linker and proU sequences between the promoter
and silencer did not have substantial effects on the expression
of the proU promoter. The result that the basal level of tran-
scription from the proU promoter increased gradually upon the
progressive deletion of sequences downstream of position +32
suggests that the silencer may not consist of a single discrete
sequence but rather could be made up of a number of com-
ponents that have cumulative effects. Owing to the composite
structure of the silencer, it may not be possible to determine its
boundaries precisely, but its main components appear to be
between positions +73 and +274. We constructed two other
families of nested deletions which removed sequences from
proU position +48 or from position +90 to points downstream;
the results obtained with these deletions were completely con-
sistent with those in Fig. 2A (data not shown).

To test whether sequences upstream of nucleotide +33 con-
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tribute to the functioning of the silencer, we constructed two
deletions which removed sequences between this position and
the promoter (Fig. 2B; pSF023 [deleted from +1 to +32] and
pSF024 [deleted from —4 to +32]). Although these deletions
altered slightly both the basal and induced levels of expression
from the proU promoter, they had only minor effects on the
induction ratio, indicating that the region between positions
—4 and +32, which includes a run of five A T base pairs and
a portion of an inverted repeat sequence (Fig. 1), is not im-
portant for osmotic control (at least in the presence of other
components of the silencer downstream of position +32).

There is a particularly AT-rich sequence between positions
+95 and +107 (Fig. 1). Because of the suggestion that AT-rich
sequences or the bending of DNA imparted by them may be
important for the negative regulatory function of the silencer
(20), we targeted two mutations to this region. One was the
replacement of the TAAAA (positions +97 to +101) with
CGCGT (Fig. 2C, pSF086), and the other was the deletion of
the entire block of nucleotides from positions +96 to +106
(Fig. 2C, pSF085). Although both the 5-bp replacement
(pSFO086) and the 11-bp deletion (pSF085) increased expres-
sion from the proU promoter in the medium of low osmolality
compared with that seen with the most closely related control
plasmid pSF009 (Fig. 2A), their effects were only slight (<4-
fold). This analysis does not bear out any unique significance
for the AT-rich sequences between positions +95 and +107.

Osmotic control is disrupted by long insertions between the
proU promoter and silencer. The results presented above dem-
onstrated that the regulatory mechanism acting at the silencer
can tolerate short changes in the distance or in the phasing
angle between the proU promoter and silencer. We tested the
effects of longer insertions by placing a 0.8-kbp fragment that
specifies the kan gene or a 1.5-kbp fragment that specifies the
phoA gene between the proU promoter and silencer. The in-
troduction of these longer insertions resulted in almost the
same high level of constitutive expression from the proU pro-
moter in medium of low osmolality as did the deletion of the
silencer (Fig. 3). These results demonstrate that the interaction
between the silencer and the proU promoter, which is respon-
sible for repression of transcription in media of low osmolality,
is almost completely destroyed when the silencer and promoter
are moved far apart.

Effects of hns mutations. Two conflicting mechanisms have
been advanced for the role of the H-NS protein in the regu-
lation of the proU operon. It was suggested (31) that the H-NS
protein binds to the proU promoter and acts as a transcrip-
tional repressor by interfering with the binding of RNA poly-
merase. In contradiction to this model, Ans mutations were
almost without effect on expression from the proU promoter on
constructs that carried partial deletions of the silencer (15, 16,
20); this observation led to the suggestion that the H-NS pro-
tein acts at the silencer rather than the promoter. However,
interpretation of the latter experiments is complicated by the
fact that they were carried out with deletion derivatives that
retained the intact proU sequences for at least 100 bp down-
stream of the promoter, which on the basis of our results (Fig.
2) are likely to contain remnants of the silencer. Therefore, we
tested the effects of Ans mutations on proU expression with a
deletion derivative that lacks the entire silencer. Because Ans
mutations affect plasmid supercoiling (11), it is possible that
they can alter expression from plasmid-borne copies of the
proU promoter by indirect effects through plasmid topology, in
addition to effects that they might exert directly at the pro-
moter. To avoid this complication, we introduced the proU-
lacZ fusions into phage Nimm?! and analyzed the effects of hns
mutations with strains carrying these phage integrated into the
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FIG. 2. Deletion analysis of the proU promoter region. Fragments carrying the indicated sequences from the proU promoter region of S. typhimurium were placed
upstream of the lacZ gene on the pSC101-based lac expression vector pSF002 (Materials and Methods). Linkers inserted into proU sequences downstream of position
+32 have the following sequences: in pSF003, GGGGATCCGGCGCCCCG (17 bp); in pSF009, pSF010, and pSF085, GGGGATCCG (9 bp); and in pSF012, pSF013,
pSF014, and pSF086, GGGGATCC (8 bp). The linker downstream of positions —1 and —5 in pSF023 and pSF024, respectively, is GGATCCGGCGCCCC (14 bp).
For all plasmids except pSF044, the indicated proU sequences were cloned between the EcoRI and HindIII sites of the vector; in pSF044, the HindIII site (AAGCTT)
had been converted to AGCTT. Expression from the proU promoter was analyzed as B-galactosidase specific activity in S. typhimurium TL1463 (proU* recA) in

exponential growth in the indicated media as described in Materials and Methods.

chromosome in single copy (Materials and Methods). We gen-
erated two Nimm?' phage harboring proU-lacZ transcriptional
fusions: N(proU p*s™), which carries proU positions —508 to
+308, and A(proU p™ As), which carries proU positions —508 to
+48.

Although the proU promoter was expressed at an ~7-fold-
lower level from the single-copy constructs than on the corre-
sponding pSC101-based plasmids, on the single-copy vector
NproU p*s™), the proU promoter exhibited >120-fold induc-
tion by osmotic stress in the ins™ background (Table 2). De-
letion of the silencer on the single-copy vector led to a 29-fold
increase in the basal expression of the proU-lacZ fusion [Table
2; compare \(proU p*s™) and N(proU p* As) in the hns™ back-
ground]. These results demonstrate that the proU promoter is

regulated very similarly on the single-copy vector and on plas-
mids (compare Table 2 with Fig. 2 and 3).

The hns mutations resulted in a three- to sixfold increase in
the basal level of expression from the proU promoter in the
presence of the intact silencer [Table 2, AN(proU p*s™)]. This
slight increase in proU expression was similar to that reported
by other groups (7, 11, 15). The Ans mutations had an even less
pronounced effect in the absence of the silencer: expression
from the proU promoter on N(proU p™* As) was increased only
~1.3-fold by the hns-1::kan allele, and it was actually decreased
3-fold by the hns-101::1S10 allele, compared with the level seen
in the Ans™ background (Table 2). These data do not support
the proposal that the H-NS protein acts directly at the proU
promoter (31), but they are consistent with the suggestion that



4512 FLETCHER AND CSONKA

J. BACTERIOL.

B-galactosidase

oSt Indue-
(nmol min-! mg'1) tion
Ratio
. 0.0M 0.3M
Plasmid proU Insert NaCl NaCl
. +32  +33 +
pSF003 - e ez 4 710 50
17bp
-320 32 33 +274
pSF004 'ML_ 110 1200 11
" 1.5 kbp phoat
-320 + +,
pSF007 l::ézzmé;—zu IlaL 160 880 5
'0.8 kbp kan*
-320
pSF044 szgz lﬂ— 146 857 6

FIG. 3. Effects of long insertions between the proU silencer and promoter on transcriptional control of the proU operon. For details, see the legend to Fig. 2.

the H-NS protein acts at the silencer (7, 11, 15). The location
of the strong H-NS binding site between positions +60 and
+110, which was demonstrated by DNase I protection studies
of the E. coli proU transcriptional control region (15), is in
good agreement with the position of the silencer that we de-
duced by the in vivo deletion analysis in S. typhimurium.

In previous analyses, partial deletions of the silencer in the
hns™ background were found to have effects similar to those of
hns mutations in increasing the basal level of expression from
the proU promoter (7, 11, 15). In contrast, we found that in the
hns™* background, the increase in the basal level of expression
from the proU promoter conferred by deletion of the entire
silencer was 5- to 10-fold higher than that caused by the Ans
mutations when the silencer was present (Table 2). While our
results are consistent with the possibility that the H-NS protein
acts at the silencer, they indicate that the H-NS protein does
not account for the entire range of osmotic control that is
exerted through the silencer. Thus, these observations suggest
that the H-NS protein plays a role secondary to that of a
hitherto unidentified osmoregulatory protein that also acts at
the silencer. This conclusion is corroborated by the observation
that in the presence of the silencer, the proU promoter exhib-
ited >20-fold residual osmotic induction even in Ans mutants
(Table 2 and references 7, 11, and 15). One possibility worth
investigating is that the partial repression of the proU operon
in media of low osmolality in Ans mutants is mediated by the
StpA protein, which has 60% amino acid sequence similarity to
H-NS (27).

Model for the mechanism of action of the silencer. The
negative regulatory element downstream of the proU promoter
is unlike classical operators, such as those in the lac, gal, and trp
operons, because it appears to be made up of a number of
components which have a less rigidly defined nucleotide se-
quence than the typical operators. Furthermore, classical op-
erator sites are almost invariably located very close to the
promoters, and thus they affect transcriptional repression by
bringing their respective repressor proteins in tight proximity
to the promoters so that the repressor proteins interfere with
the binding of RNA polymerase (4). Not only is the distance
between the promoter and the downstream regulatory element
of the proU operon considerably greater than seen typically in
other negatively regulated operons, but also there is much
greater flexibility in the distance from the promoter over which
this element can exert transcriptional repression than seen in
other negatively regulated operons. For these reasons, the
downstream regulatory element is similar to eukaryotic tran-
scriptional silencers, and we refer to it by that designation (18).

Although deletion of sequences downstream of the proU
promoter could result in greatly elevated transcription from
the proU promoter in the absence of osmotic stress, there was
a residual osmotic induction with each deletion derivative. For
example, the greatest increase in the basal level of transcrip-
tion was generated by deletion of the entire region downstream
of position +32, but nevertheless the promoter on this deletion
derivative could still be induced five- to sixfold by osmotic
stress (Fig. 2 and 3, pSF044). There are two possible explana-

TABLE 2. Effects of hns mutations on expression from the proU promoter in the presence and absence of the silencer”

hns™ hns-101::1S10 hns-1::kan
Phage [proU - -
nucleotides] B-Galactosidase sp B-Galactoildase Sp B-Galactosidase sp act
act Induction ac Induction Induction
03 M ratio 03 M ratio ratio
No NaCl NaCl No NaCl NacCl No NaCl 0.3 M NaCl
NproU p™s™) 0.3 37 122 1.8 39 22 0.9 69 76
[—320 to +308]
NproU p™As) 8.6 87 10 32 28 9 12 54 45

[~320 to +48]

¢ Fragments carrying the indicated proU sequences were placed upstream of a promoterless lacZ gene on phage ARS45 and then introduced into the chromosome
of S. typhimurium TL2643 (hns™*), TL2714 (hns-101::1S10), and TL2647 (hns-1::kan) as described in Materials and Methods. Resultant strains were grown in K medium
containing the indicated NaCl concentrations, and their B-galactosidase specific activities were determined in early-exponential-phase cells as described in the legend
to Fig. 2. The B-galactosidase specific activities are expressed as nanomoles of o-nitrophenol formed per minute per milligram of protein.
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tions for this result. It could be that the silencer has vestigial
components upstream of position +32 that are responsible for
the residual osmotic regulation. Alternatively, it is possible that
the proU operon is regulated by two independent mechanisms
(16): one which acts at the silencer that is downstream of the
promoter, and a second one which acts at the promoter or at
sites further upstream.

Our data do not support the models which proposed that the
increase in the affinity of RNA polymerase for the proU pro-
moter is brought about by the effect of high concentrations of
K" (or potassium glutamate) on RNA polymerase (22) or by
changes in the topology of the proU promoter as a result of
increased negative supercoiling (11). Both models are based on
the assumption that the proU promoter is inherently a weak
promoter, and they predict that all information necessary for
osmotic regulation is specified by the promoter itself. Our data
demonstrate that there is an important regulatory element
outside the promoter. The finding that deletion of this element
results in greatly elevated transcription in the absence of os-
motic stress indicates that the proU promoter itself is a strong
promoter and that it is regulated by a negatively acting mech-
anism that turns it off in media of low osmolality.

Despite the fact that the proU silencer is located at some
distance downstream of the promoter, it nevertheless can reg-
ulate transcription initiation. It was proposed (18) that the
silencer is the recognition target for some protein which in
media of low osmolality folds nearby DNA into some higher-
order structure in which the proU promoter is inaccessible to
RNA polymerase. This complex might entail a DNA loop,
similar to that proposed for the deo (2), gal (1), and ara (25)
operons, or a more convoluted structure, as in eukaryotic nu-
cleosomes (13). The protein which forms the silencer complex
is sensitive to an osmotic signal such that it disengages from the
proU promoter in media of high osmolality. Because the si-
lencer complex entails a higher-order DNA structure, it could
be sensitive to the level of DNA supercoiling, which could
explain the effect of changes in DNA supercoiling on proU
expression (11).
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