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The transcription of nhad, encoding the main Na*/H™ antiporter of Escherichia coli, is induced by Na™,
regulated by NhaR, and affected by H-NS. In this work the roles of the two nhaA promoters (P1 and P2) were
studied by analysis of transcription both in vivo and in vitro and promoter mutations. We found that P1 is an
NhaR-dependent, Na*-induced, and H-NS-affected promoter both in the exponential and stationary phases. An
in vitro transcription assay demonstrated that P1 is activated by ¢’°-RNA polymerase and both NhaR and
H-NS increase the specificity of P1. Remarkably, in marked contrast to P1, P2 exhibits very low activity during
the exponential phase but is induced in the stationary phase to become the major promoter. Furthermore, P2
is activated by ¢ and is neither induced by Na* nor dependent on NhaR or affected by H-NS. Hence, this work
establishes that nha4 has a dual mode of regulation, each involving a different promoter, and reveals that P2
and o together are responsible for the survival of stationary-phase cells in the presence of high Na*, alkaline
pH, and the combination of high Na* and alkaline pH, the most stressful condition.

Sodium proton antiporters are ubiquitous membrane pro-
teins found in the cytoplasmic and organelle membranes of
cells of many different origins, including plants, animals, and
microorganisms. They are involved in cell energetics, playing
primary roles in signal transduction and in regulation of intra-
cellular pH, cell Na™ content, and cell volume (24, 26).

Escherichia coli has two antiporters, NhaA (11, 17) and
NhaB (27), which specifically exchange Na* or Li* for H*
(25). nhaA is indispensable for adaptation to high salinity, for
resistance to Li™ toxicity, and for growth at alkaline pH (in the
presence of Na™ [23]). nhaB by itself confers a limited sodium
tolerance to the cells but becomes essential when the lack of
NhaA activity limits growth (28).

The pattern of regulation of nhaA during exponential
growth, studied in a strain carrying an nhaA’'-'lacZ fusion (16)
and in the wild-type strain (10), reflects the importance of
nhaA in salt adaptation. This system is specifically induced by
intracellular Na™, and neither osmolarity nor ionic strength
affect nhaA transcription (10). Only one additional regulatory
system that is induced specifically by Na* is known but has not
been studied intensively yet (20).

The transcription of nhaA, which is positively regulated by
NhaR (29), a member of the LysR-OxyR family (7, 14, 30, 34),
is specifically induced by intracellular Na™. The regulation of
nhaA is also affected by H-NS (10), a major DNA binding
protein and a global regulator involved in salt stress in bacteria
(8,9, 15, 22, 35). An interplay between NhaR and H-NS in the
regulation of nhaA has been suggested. Deleting /ns causes
derepression of nhaA, and both repression and Na™ inducibil-
ity are restored upon transformation with plasmidic nhaR (10).
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Two promoters, P1 and P2, were previously identified for
nhaA. They were located 30 and 172 bp upstream of the initi-
ation codon, respectively (16). DNA gel retardation assay and
DNase I footprinting analysis showed that NhaR binds a re-
gion of 92 bp located 18 to 119 bp upstream of the nhaA
initiation codon (6). Dimethylsulfate methylation protection
footprinting both in vivo and in vitro identified four bases in
this region which form direct contact with NhaR. Furthermore,
two of these bases were located around P1, and their binding
to NhaR was found to be affected specifically by Na™.

These results suggest that P1 but not P2 is the Na*-specific
promoter of nhaA and raises the question as to what the role
of P2 is. We therefore studied the roles of P1 and P2 in nhaA
transcription and found the following. (i) P1 but not P2 is the
Na™- and NhaR-responsive promoter of nhaA. It is activated
by ¢7° and affected by H-NS. It is the major nhaA4 promoter in
the exponential phase of growth but a minor promoter in the
stationary phase. (ii) P2 has a very low constitutive activity in
exponentially growing bacteria and is not affected by factors
which affect P1 (Na*, NhaR, and H-NS). (iii) When the bac-
teria enter the stationary phase, P2 becomes the main pro-
moter for nhaA and is activated by ¢® in an Na*-independent
fashion. (iv) In the stationary phase, P2 is responsible for
survival of the cells under the stressful conditions of high Na™,
alkaline pH, and alkaline pH in the presence of Na™, the most
stressful combination.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in this
study are the E. coli K-12 derivatives described in Table 1. Cells were grown at
37°C in modified L broth (LBK) in which NaCl was replaced by KCI (87 mM [pH
7.5]). This medium was supplemented with 60 mM BTP {1,3-bis[tris(hydroxy-
methyl)-methylamino]propane}, and the pH was titrated to 7.5 with HCI. For
plates, 1.6% agar was used. Antibiotic concentrations were 100 pg of ampicillin/
ml, 50 ug of kanamycin/ml, and 12.5 ug of tetracycline/ml.
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TABLE 1. Characteristics of bacterial strains used in this study

Strain Relevant genotype Source or reference

TA15 MelBLid nhaA* nhaB™ lacZY 11
RK33Z TA15 nhaA3:: kan (nhaA:lacZ)1 (hyb) thr-1 16
W3313-2S TA15 nhaR1 (NhaA"P) 5

RK20 (AnhaA) TA15 nhaA2:: kan thr-1 16
OR100 (AnhaR) TAI1S5 nhaR1:: kan thr-1 29
OR200 (AnhaA AnhaR) TA15 nhaA4 nhaR2:: kan thr-1 29
GM230 (hns) MC4100 hns-205::Tn10 15
PD32 (hns)“ MC4100 hns-206::amp 8

GSO15 (rpoS)” rpoS::Tnl0 1

NDZ1 (AnhaR) RK33Z nhaR1::kan thr-1 10

TA15D2 TAI1S5 hns-206::amp
OR100D2 OR100 hns-206::amp
OR200D1 OR200 hns-205::Tnl0
TAI1S rpoS TA1S rpoS::Tnl0
OR200 rpoS OR200 rpoS::Tn10
TA15D2 mpoS TA15D2 rpoS::Tnl0

P1 transduction, PD32—TA15

P1 transduction, PD32—0R100
P1 transduction, GM230—OR200
P1 transduction, GSO15—TA15
P1 transduction, GSO15—0OR200
P1 transduction, GSO15—TA15D2

“ Kindly provided by E. Bremer (Marburg, Germany).
® Kindly provided by S. Altuvia (Jerusalem, Israel).

Plasmids. All plasmids were derived from pBR322. pKRZ2 is a plasmid
bearing an nhaA'-'lacZ fusion containing the upstream regulatory sequence of
nhaA (16). pKRZ1 is a derivative of pPKRZ2 which contains only P1, the proximal
nhaA promoter (16). pGM42 is a derivative of pBR322 bearing nhaA and nhaR
(17). pGM42T is a derivative of pGM42 with nhaA inactivated (29). pGM36 is a
derivative of pBR322 bearing nhaA (17). To construct pKRZ3, an NgoMI-Kpn21
fragment (2,138 bp) containing nhaR was obtained from pGM42 and ligated with
Kpn2I-digested pKRZ2 (7,572-bp fragment). To construct pKRZ3tac, a BamHI-
BamHI fragment (280 bp) containing the fac promoter was obtained from
pKK223-3 (Pharmacia) and ligated with Bg/II-digested pKRZ3 (9,954 bp). To
construct pPKRZ4 and pKRZ1tac, the Aat1l-Aat1l fragment (2,076 bp) of pKRZ3
and pKRZ3tac, respectively, was replaced with the AatII-AarIl fragment (1,270
bp) of PKRZ1, containing P1 only. To construct pKRZ2*, a plasmid carrying
nhaA with a mutation in the —10 box of P1 (Fig. 1C, —10 P1) was mutated by
PCR site-directed mutagenesis with the following mutagenic primers: Nir946—
973, 5'-TGATTCGTGCGGGGCCCAAGAGTAAAAACGATCT-3"; Nir973-
946, 5'-AGATCGTTTTTACTCTTGGGCCCCGCACGAATCA-3'. The mu-
tated bases are underlined. The downstream end primer was P27 (5'-GGGAA
TAAGGGCGACACGGAAATGTTG-3'), and the upstream end primer was
ARP1342 (5'-GCCAGTACACCAAGTGCAAAAGCAATGTCAGTAGCCG-
3"). The PCR 1,558-bp fragment carrying the mutation was digested with Nhel
and BsmlI, and the 1,052-bp fragment was ligated with pKRZ2 digested with the
same enzymes (6,520-bp fragment).

To construct pKRZ3* and pKRZ3tac*, the AatII-Aat1l fragment (2,076 bp)
from pKRZ3 and pKRZ3tac, respectively, was replaced with the same fragment
from pKRZ2* carrying the mutation. To construct pKRZ1*, pKRZ4*, and
pKRZIltac*, the same procedures as those described above for pKRZ2*,
pKRZ3*, and pKRZ3tac*, respectively, were used. To construct pKRZ33, the
—10 box of the putative third promoter (Fig. 1C, —10?) was mutated by PCR
site-directed mutagenesis with the following mutagenic primers: PETI1, 5'-GC
GGGGTAAAATAGGACCAACGATCTATTCACC-3'; PETI2, 5'-GGTGAA
TAGATCGTTGGTCCTATTTTACCCCGC-3'. The mutated bases are under-
lined. The downstream end primer was P27 and the upstream end primer was
ARP1342 (see sequences above). The PCR 1,558-bp fragment carrying the
mutation was digested with Nhel and Bsml, and the 1,052-bp fragment was
ligated with pKRZ3 digested with the same enzymes (8,902-bp fragment).

To construct pGM433, the Nhel-Bsml fragment (7,757 bp) obtained from
pGM42 was ligated with the Nhel-Bsml (1,052 bp) fragment obtained from
pKRZ33. To construct pROB, fragment PAAMI-PIMI (1,970 bp) obtained from
pGM42, containing the upstream region of nhaAd, was ligated with EcoRV-
digested pBluescript KS+ (Stratagene) in the direction allowing transcription of
a cRNA of nhaA from the T3 promoter. To construct pPGM36*, the Nhel-Bsml
fragment (1,052 bp) obtained from pKRZ2*, containing the P1 mutation, was
ligated with the Nhel-Bsml fragment (4,696 bp) obtained from pGM36.

RNA isolation. Total RNA was isolated by using the PUREscript RNA Iso-
lation Kit of Gentra Systems, Inc., according to the manufacturer’s instructions.

Primer extension. An antisense primer, complementary to the region of DNA
138 to 161 bp downstream of the P1 start site (TCTCCAGAAAGTCGTGAT

ACCATC) was 3?P end labeled with T4 polynucleotide kinase (Amersham Phar-
macia). Primer extension was conducted as described in reference 33. The RNA
(15 pg of total cell RNA or 7 ul of in vitro-transcribed RNA) was mixed with the
radioactively labeled primer (15,000 to 30,000 cpm) in water in a total volume of
9 wl. This mixture was heated at 75°C for 5 min and then cooled on ice for 10 min
for annealing. Then, 3 ul of 5X buffer (0.25 M Tris-Cl [pH 8.3], 0.375 M KCl, 15
mM MgCl,), 1.5 pl of 0.1 M dithiothreitol, 0.5 pl of 25 mM deoxynucleoside
triphosphates, and 0.5 ul of water were added and the mixture was warmed to
48°C for 5 min. Reverse transcriptase (0.5 wl of Superscript II [200 U/ml; Gibco])
was added, and the reaction mixture was incubated at 48°C for 60 min, dried,
resuspended in 4 pl of formamide dye-1.5 wl of 0.1 M NaOH, heated at 90°C for
3 min, and loaded on an 8% DNA sequencing gel.

RPA. For the RNase protection assay (RPA), the Ambion RPA II kit was used
according to the instructions of the manufacturer. The cRNA probe was tran-
scribed in vitro with the Riboprobe System kit (Promega). In order to create the
template DNA, pROB was cut with Bsu36I and Pvull and the 596-bp fragment
was purified. In vitro transcription from this fragment using T3 RNA polymerase
(Promega) yielded, as expected, 394-base radiolabeled cRNA probe.

Na*induction of nhaAd transcription and nhad’-'lacZ expression. An over-
night culture was grown in LBK-BTP broth (pH 7.5) for 16 to 20 h. For station-
ary-phase induction, the overnight culture was divided in two and incubation was
continued for 2 h in the presence (induced) or absence (control) of 300 mM
NaCl. For exponential-phase induction the overnight culture was diluted 1:300
and grown up to an optical density at 300 nm of 0.1 to 0.2. The culture was
divided in two, and incubation was continued for 2 h in the presence (induced)
or absence (control) of 300 mM NaCl. These conditions were found to cause
maximal induction of nhaA transcription in the wild-type strain (10). At the end
of each experiment total RNA was isolated. For nhaA'-'lacZ expression the
procedure was done as above but the cells, containing the chromosomal nhaA’-
'lacZ or transformed with various plasmids harboring nhaA’-'lacZ, were induced
with 100 mM NaCl for 1 h. These conditions were found to cause maximal
induction in the chromosomal fusion strain (RK33Z, NhaA™ phenotype). B-Ga-
lactosidase activity was determined as previously described (16).

In vitro transcription. For the protein-DNA binding reaction, 100 ng of
supercoiled pGM42 plasmid and the indicated proteins were mixed in 50 ml of
reaction buffer (40 mM Tris [pH 7.9], 100 mM KCI, 10 mM MgCl,, 1 mM
dithiothreitol, 5% [vol/vol] glycerol, 0.1% [vol/vol] Nonidet P-40) and incubated
for 20 min at room temperature. Then, 1 U of E. coli ¢’°-RNA polymerase
holoenzyme (Boehringer) was added and the reaction mixture was incubated for
10 min at 37°C. For the transcription reaction, 3.5 pl of a mixture of the four
nucleoside triphosphates (2.5 mM each) and 40 U of RNase inhibitor (RNasin;
Promega) were added and the reaction mixture was incubated for 30 min at 37°C.
The reaction was terminated by incubation with 5 U of RQ1 DNase (Promega)
for 10 min, the mixture was extracted twice with phenol-chloroform-isoamylal-
cohol (25:24:1) and once with chloroform and ethanol precipitated, and the
precipitate was resuspended in 15 pl of double-distilled water (DDW). Purified
H-NS was kindly provided by C. F. Higgins (Oxford, United Kingdom), and
His-tagged NhaR was purified as previously described (6).
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GGAGGCATTA TTCTTATCAT TGCCGCTATC CTGGCGATGA TTATGGCCAA CAGCGGCGCA
CCTCCGTAAT AAGAATAGTA ACGGCGATAG GACC?CTACT AATACCGGTT GTCGCCGCGT

70

FIG. 1. P1 is the Na*-sensitive promoter of nhaA. (A) Primer extension assay of nhaA transcription was conducted, as described in Materials
and Methods, with total RNA (15 pg) isolated from cells grown exponentially for 2 h in LBK-BTP broth at pH 7.5, either in the presence or absence
of 300 mM NaCl for induction. The same primer was used for the sequencing ladder, and the reaction mixtures were run on an 8% DNA
sequencing gel. The cells used were TA15 (wild type) grown without addition of sodium (lane 1); TA15, sodium induced (lane 2); W3313-2S
(nhaR1) cells grown without sodium (lane 3); RK20 (AnhaA), sodium added (lane 4); and OR100 (ArhaR), sodium added (lane 5). (B) Primer
extension assay conducted as for panel A with RNA isolated from OR200 (AnhaA AnhaR) transformed with plasmid pGM42 (lanel) or pGM433
(lane 2). (C) Promoter elements of nhaA. Start sites (arrows), —10 and —35 sequences (underlined) are marked on the DNA sequence of nhaA.
The putative third promoter elements of nhaA are indicated with question marks. Boxed area, binding site of NhaR (6). Shaded areas, nhaA

sequences protected by NhaR from DNase I digestion (6).

Nucleotide sequence accession numbers. The nhaA and nhaR sequence data
have been submitted to the GenBank database under accession numbers J03879
and L.24072, respectively.

RESULTS

Analysis of nhaA transcripts by primer extension. Primer
extension was used to analyze transcription from each pro-
moter (P1 or P2) of nhaA. The reaction was conducted with
total RNA isolated from wild-type (TA15) cells grown expo-
nentially for 2 h at pH 7.5 in the absence (Fig. 1A, lane 1) or
presence (Fig. 1A, lane 2) of 300 mM NaCl. For a negative
control both a AnhaA strain (RK20, Fig. 1A, lane 4) and a
AnhaR strain (OR100, Fig. 1A, lane 5) were used, and for a
positive control a strain overexpressing nhaA (W3313-2S [29],
Fig. 1A, lane 3) was used. In samples derived from all reaction
mixtures expressing nhaA, two major bands representing Na™ -
induced transcripts were observed (Fig. 1A, lanes 1 to 3 and
Fig. 6A, lanes a and b). The most prominent band corresponds
to a previously observed transcript (16; Fig. 1C) of a size
expected for a start site of P1. A second band, less intense than

that of P1 and not observed before, appeared 8 bases below P1.
This short band still appeared when another primer was used
for primer extension (data not shown).

Figure 1A hardly shows a long transcript of a size expected
for the start site of P2 (16; Fig. 1C). This transcript could easily
be observed either after very long exposure of the primer
extension products (Fig. 6A, lanes a and b) or by using a more
sensitive method, the RPA (data not shown). In this assay, in
which the hybridization probe is synthesized in the presence of
radioactively labeled nucleotides, the larger the transcript, the
stronger is its radioactivity.

P1 is the Na*-sensitive promoter. While the activity of P1
was increased at least three- to fivefold after Na™ induction
(compare lanes 1 and 2 of Fig. 1A), P2 activity was not in-
creased by the ion (compare lanes a and b of Fig. 6). These
results strongly suggest that P1 is the Na™-inducible promoter
of nhaA.

To further study the role of nhaA promoters in the Na™
induction of nhaA, it was important to mutagenize each of the
promoters and study the effects of the mutations on Na*-
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FIG. 2. Na* induction of plasmidic nhaA’-'lacZ fusion. (A) AnhaA
AnhaR cells (OR200) transformed with the indicated plasmids were
used. All plasmids carried an nhaA’-'lacZ tusion but differ in either the
level of the encoded NhaR (—, none; +, moderate expression; + +,
strong expression) and/or the nhaA promoters as indicated. Cells were
grown exponentially for 1 h in LBK-BTP broth at pH 7.5 in the
presence or absence of 100 mM NaCl. Expression was monitored as
B-galactosidase activity in Miller units as described previously (16). (B)
The plasmids and experimental procedure were as for panel A, but the
host was OR200D1, a AnhaA AnhaR hns strain. The data from one
representative experiment of five very similar independent repetitions
are shown.

B-Galactosidase activity (Miller Units)

dependent transcription. For this purpose, we have con-
structed two multicopy isogenic plasmids each carrying both
nhaA'’-'lacZ and nhaR, either with its native promoter (pKRZ3)
or fused to the strong fac promoter (pKRZ3tac). Western blot
analysis indicated that NhaR is expressed from pKRZ3 and
overexpressed from pKRZ3tac (data not shown). The plasmids
were transformed into OR200, a AnhaA AnhaR double mu-
tant, and the B-galactosidase activity of the exponentially grow-
ing cultures was monitored under various growth conditions
(Fig. 2A). As shown previously with a single-copy chromo-
somal nhaR (TA15/pKRZ2 [16]), Na* did not induce the plas-
midic nhaA'-'lacZ when no nhaR was present on the plasmid
(Fig. 2A, pKRZ2). In marked contrast, plasmidic fusion in the
presence of plasmidic nhaR (multicopy or both multicopy and
strongly overexpressed) showed Na* induction of the fusion
(Fig. 2A, pKRZ3 and pKRZ3tac, respectively). The plasmidic
induction ratio (the level of B-galactosidase activity observed
in the presence of Na™ divided by that obtained in the absence
of the ion) of 3 to 10 was very similar to the chromosomal
induction ratio (16). These results confirmed the previous sug-
gestion that the lack of Na* induction of nhad’-'lacZ on
pKRZ2 was due to the very low concentration of NhaR in cells
that contain a single chromosomal copy of nhaR (5); the low
level of NhaR was readily titrated by binding to the regulatory
sequences of nhaA when introduced into the cells on a multi-
copy plasmid like pKRZ2. Hence the new plasmidic system has
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become suitable to apply a genetic approach to study Na™-
dependent expression of nhaA.

We first used these plasmids to inactivate P2 and obtained
pKRZ1, pKRZ4, and pKRZ1tac plasmids, isogenic to pKRZ2,
pKRZ3, and pKRZ3tac, respectively, but each containing only
P1 of the two nhaA promoters (Fig. 2). Induction obtained
with P1 alone was similar to that obtained in the presence of
both promoters (Fig. 2A, compare pKRZ4 to pKRZ3 and
pKRZtac to pKRZ3zac). In addition, this P1-mediated Na*
induction of nhaA was completely abolished in the absence of
nhaR (pKRZ1).

A mutation replacing bases T~ '3, A7'2, A™!!_ and T~ % with
C 3, C 2, C ", and G ® at the —10 sequence of P1 (Fig.
1C) was then introduced into pKRZ3 to obtain pKRZ3*. Na™
inducibility and most of the B-galactosidase activity were lost
by this mutation in P1 (Fig. 2A). Similar results were obtained
when the mutation was introduced into pKRZ2 and pKRZ3tac
(data not shown). Taken together these results indicate that in
exponentially growing cells, P1 is the only NhaR-dependent
and Na " -specific promoter of nhaA and P2 is responsible for a
very low constitutive level of nhaA expression (Fig. 2A,
pKRZ3*). Indeed, when both P1 and P2 promoters were in-
activated, the level of B-galactosidase activity was further de-
creased (twofold) to the background level (data not shown).

In line with this conclusion, only the P1 activity was in-
creased in W3313-2S, a strain that was shown to overexpress
nhaA because of a point mutation in nhaR causing a change in
the Na* affinity of NhaR (5) (Fig. 1A, lane 3).

It is possible that the short transcript accompanying Na*
induction of P1 represents a second Na " -dependent promoter
of nhaA. In line with this suggestion, at the —10 and —35
positions of the putative start site of the short transcript, a
sequence resembling a promoter can be found (Fig. 1C, —35?
and —10?). We therefore introduced a mutation at this —10
sequence of pGM42 or pKRZ3 and obtained plasmid pGM433
or pKRZ33, respectively. The mutation had no effect on the
expression of nhaA whether tested by primer extension analysis
with RNA isolated from OR200/pGM433 (compare lanes 1
and 2 of Fig. 1B) or by the Na™-induced expression of the
reporter gene in OR200/pKRZ33, which showed Na™ induc-
tion very similar to that of pKRZ3 (data not shown).

hns derepression is mediated by P1. We have previously
reported that the expression of an nhaA’-'lacZ chromosomal
fusion is derepressed in strains bearing Ans mutations and that
the degree of hns derepression is a function of the level of
NhaR (10). NhaR in an hns* strain is an Na*-dependent
positive regulator, but in an Ans mutant strain it (in multicopy)
acts as a repressor which restores Na™ induction.

Since we now have a series of plasmids carrying nhaA'-'lacZ
with different levels of expression of nhaR (pKRZ2, no nhaR,
pKRZ3, multicopy nhaR; pKRZ3tac, overexpressed multicopy
nhaR), we tested the expression of the plasmidic nhaA’-'lacZ
fusion in an sns mutant strain with different amounts of NhaR.
Figure 2B shows that, as shown before for the chromosomal
fusion (10), the expression of the plasmidic nhaA’-'lacZ fusion
is derepressed in an Na™-independent fashion in the Ans mu-
tant strain when no NhaR is present in the cells (pKRZ2).
While the addition of nhaR to the plasmid (pKRZ3) increases
the expression and the Na™ induction in the Ans™ strain, it
results in a decrease in the overall expression from the hns
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FIG. 3. P1, the Na"-sensitive promoter of nhaA is NhaR depen-
dent and affected by H-NS. Cell growth and primer extension assays
were conducted as described in the legend to Fig. 1. The relevant
genotype and the NaCl concentrations are indicated.

mutant strain but also restores part of the induction. This effect
was more pronounced when nhaR was placed under the strong
tac promoter (pKRZ3tac). The repressing capacity of NhaR
can be seen, even in the hns™ strain, by manipulating its ex-
pression level (Fig. 2A); while increasing nhaR expression in a
moderate way increases nhad expression and Na™ induction
(pKRZ3), a strong overexpression of nhaR results in a de-
crease in the extent of nhaA expression accompanied by a
further increase in the induction ratio (pKRZ3zac).

Figure 2B also clearly shows that both the ins derepression
(pKRZ1) and the nhaR repression and Na* induction (pKRZ4
and pKRZI1tac) of nhaA in an hns mutant strain are mediated
by P1. When P1 is destroyed (pKRZ3*) there is no effect of
H-NS on nhaA expression.

We also used primer extension to confirm that P1 is the
promoter involved in hns derepression of nhaA during expo-
nential growth (Fig. 3). Thus, whereas nhaA transcription from
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P2 remains very low, transcription from P1 is derepressed in an
hns mutant strain (compare lanes a and b of Fig. 3). While in
hns™ strains P1 transcription is dependent on nhaR (compare
lanes a and f of Fig. 3) and Na™ (compare lanes a and c of Fig.
3), in an hns mutant strain it is nkhaR independent (Fig. 3, lane
g) and Na™ is not required (compare lanes a and b of Fig. 3).
The hns derepression is increased in the AnhaR background
(compare lanes b and g of Fig. 3). Taken together these results
confirm that an interplay exists between NhaR and H-NS in
the regulation of nhaA expression mediated by the P1 pro-
moter.

Analysis of nhaA transcription in vitro. In vitro transcription
was conducted with a supercoiled plasmid (pGM42) carrying
nhaA and its regulatory sequences and the purified transcripts
were analyzed by primer extension (Fig. 4). In a system con-
taining both ¢’°-RNA polymerase holoenzyme and purified
NhaR two prominent transcripts were formed. As in the in vivo

A B

Proteins added:
H:'_NS
NhaR H-NS NhaR

in vivo in vitro

%l

P2—

a ‘ b

FIG. 4. In vitro transcription of nhaA. The reactions were pre-
formed using pGM42 (0.1 pg) as a template and E. coli 0’>-RNA
polymerase holoenzyme (1 U) alone or in the presence of either
purified NhaR (6), H-NS, or both. Equal aliquots were removed and
used as templates for a primer extension assay as for Fig. 1. (A)
Comparison between in vivo (wild-type) and in vitro transcription. (B)
In vitro transcription in the absence or presence of His-tagged NhaR
(400 ng), H-NS (40 ng), or both as indicated.



VoL. 183, 2001

350

] 0mM NaCl exponential growth
[l 100 mM NaCl exponential growth
0 mM NaCl stationary phase

2504| [[] 100 mM NaCl stationary phase

300+

200+

150+

100+

B-Galactosidase activity (Miller Units)

504

0

RK33Z : NDZ1

nhaA'-'lacZ >
AnhaR

Chromosome:

FIG. 5. Expression of nhaA is dependent on growth phase. The
cells, harboring the nhaA’-'lacZ fusion on the chromosome in a wild-
type (RK33Z) or AnhaR (NDZ1) background, were grown and Na*
induced for 1 h as described in Materials and Methods. The nhaA’-
'lacZ expression of the exponential and stationary-phase cultures was
monitored as B-galactosidase activity in Miller units as described in the
legend to Fig. 2. The data from one representative experiment of five
very similar independent repetitions are shown.

primer extension study, a major transcript corresponding to
the P1 promoter identified in vivo (Fig. 1A, lanes 1 to 3; Fig.
6A, lanes a and b) was observed (Fig. 4A, compare lanes a and
b). However, note that the shorter transcript, which accompa-
nies the P1 transcript in the in vivo primer extension studies
(Fig. 1A, lanes 1 to 3; Fig. 6A, lanes a and b), did not form in
the in vitro transcription system (Fig. 4A, lane b). The other
transcript, which corresponds to P2, although less pronounced,
was also identified in the in vitro system. When only RNA
polymerase was added without NhaR the two transcripts were
still detected but the transcription was much less specific and
many additional bands appeared (Fig. 4B, lane a). As indicated
above and in reference 10 we have previously shown that in
vivo in an H-NS™ background NhaR acts as a positive regula-
tor but in an H-NS™ background it acts as a repressor. In the
in vitro system only positive regulation by NhaR was detected.
Thus, when only H-NS was added in addition to RNA poly-
merase the overall transcription was reduced (Fig. 4B, lane c).
Remarkably, the combination of H-NS, NhaR, and RNA poly-
merase gave the most specific transcription, with only one
major band corresponding to P1 (Fig. 4B, lane d). These re-
sults indicate that transcription from P1 occurs via ¢’ and is
positively regulated by NhaR in a fashion that is modulated by
the level of H-NS. Addition of Na* (up to 100 mM) did not
have any consistent effect on the in vitro transcription (data not
shown).

P2 is induced in stationary phase. It is well established that
while entering stationary phase, bacteria become more resis-
tant to various stress conditions (18) including high levels of
Na™ (13). We therefore studied the pattern of nhaA transcrip-
tion in stationary phase. A comparison of the B-galactosidase
activities of the nhaA’-'lacZ chromosomal fusion strain
(RK33Z) and its AnhaR derivative (NDZ1) during exponential
and stationary phases is shown in Fig. 5. As shown before (10),
during exponential growth the (-galactosidase activity of
RK33Z was low in the absence of added Na* and was induced
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by the addition of the ion and no Na™ induction was observed
in the AnhaR strain NDZI1. In the stationary phase, RK33Z
bacteria showed an increase in the basal level (without addition
of Na™) relative to the exponentially growing bacteria but this
increased activity was not Na™* induced (Fig. 5). Surprisingly, in
contrast to the very low basal level of B-galactosidase activity in
the AnhaR strain observed during exponential growth, a dra-
matic increase was observed in the stationary phase. The max-
imal level of activity reached by the AnhaR strain in stationary
phase was even higher than the maximal Na*-induced level
reached by RK33Z in the exponential culture (Fig. 5). These
results demonstrate that the pattern of regulation of nhaA
expression in stationary phase differs from that in exponential
phase; this pattern is dependent neither on Na™ nor on nhaR.

The activities of the nhaA promoters in the exponential
growth phase were then compared to that in stationary phase,
using the primer extension assay. Total RNA was isolated from
the wild-type strain (TA15) during the exponential and station-
ary phases and analyzed by primer extension (Fig. 6A, lanes a,
b, e, and f). In both cases, Na*-induced and uninduced cul-
tures were used. Figure 6A (lanes a and b) shows that, as
reported above, during the exponential phase, P1 is the main
and Na™-responsive nhaA promoter while P2 can hardly be
detected. On the other hand, in the stationary phase (Fig. 6A,
lanes e and f) transcription from P2 is dramatically increased.
Note that also in the stationary phase P2 was not induced by
Na™. On the other hand, P1 was still Na* induced in the
stationary phase albeit to a much lower level compared to the
exponential-phase induction (Fig. 6, compare lanes e and f to
a and b). Hence, in contrast to the exponential phase, after
entering the stationary phase, P2 becomes the main nhaA
promoter while much less active P1 is still the only Na*-
responsive promoter.

P2 stationary-phase induction is dependent on RpoS (o).
Since it is now well established that the ¢° subunit of RNA
polymerase is a global regulator of many stationary-phase-
inducible genes in E. coli (13), the possible involvement of o5
in the transcription of nhaA was tested. A TA15 rpoS mutant
strain was constructed (Table 1), total RNA was isolated from
exponential and stationary phases of Na*-induced and unin-
duced cultures, and primer extension analysis was conducted
(Fig. 6A, lanes c, d, g, and h). rpoS had no effect on Na™-
dependent transcription from P1 either in the exponential-
phase (Fig. 6A, compare lanes ¢ and d to a and b) or in the
stationary-phase 7poS mutant cultures (Fig. 6A, compare lanes
e and f to g and h). These results indicate that ¢° does not
seem to have any significant effect on the P1 promoter. rpoS
also had no effect on the very low Na™-independent P2 tran-
scription in the exponential phase (Fig. 6A, compare lanes ¢
and d to a and b). On the other hand, in the stationary culture
the strong P2-dependent transcription completely disappeared
in the 7poS mutant strain (Fig. 6A, compare lanes e and fto g
and h). These results show that ¢° is involved in the transcrip-
tion from the P2 promoter of nhaA only in the stationary
phase.

Using the plasmidic system expressing nhaA'-'lacZ from ei-
ther P1 or P2 or both promoters, the stationary-phase induc-
tion of P2 was confirmed and further characterized (Fig. 7).
When both promoters were present (pKRZ3) the stationary-
phase induction was high, was Na™ independent, and was abol-
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FIG. 6. P2 is a stationary phase-induced RpoS-dependent promoter of nhaA, as evidenced by primer extension study. Cells were grown and Na™
induced in the exponential phase (expo) or stationary phase (stat) as described in Materials and Methods. RNA was isolated after 2 h of induction.
Primer extension assay was conducted as described for Fig. 1. The relevant genotypes and NaCl concentrations are indicated. For the upper portion

in panel A the gel was exposed 10-fold longer than the lower panel.

ished in the 7poS mutant strain. When P2 was the only pro-
moter (pKRZ3*) the entire stationary-phase induction was
observed and this induction completely disappeared in the
rpoS mutant strain (Fig. 7, pKRZ3*). When only the P1 pro-
moter was present (pKRZ4) Na™ induction was observed in
both growth phases, but the stationary-phase induction was
absent (data not shown).

NhaR is not involved in oS-dependent transcription of
nhaAd. To study the involvement of NhaR in the stationary-
phase transcription of nhaA, total RNA was isolated from
exponential and stationary phases of Na*-induced and unin-
duced cultures of OR100, a AnhaR strain, and of the OR100
rpoS strain and primer extension was conducted. Figure 6B
shows that while AnhaR totally eliminated P1 Na™ induction in
both growth phases (compare lanes a, b, e, and f in Fig. 6A to
those of Fig. 6B), it did not affect exponential-phase P2 tran-
scription (compare lanes a and b in Fig. 6A to those in Fig. 6B)
or the stationary-phase P2 transcription in the absence of Na™
addition (compare lane e in Fig. 5A to lane e Fig. 6B). In the
presence of Na™, albeit somewhat reduced, there was still

significant stationary-phase induction in the AnhaR strain
(compare lane f in Fig. 6A to lane f in Fig. 6B). Taken together
these results show that, in contrast to Na* induction of P1,
which is mediated by NhaR, stationary-phase induction of P2 is
not dependent on NhaR.

Surprisingly, another band of a size intermediate between
that of P1 and P2 and not reported before appeared only in the
AnhaR bacteria grown to the stationary phase (Fig. 6B, lanes e
and f). This extra band, reflecting P2 activity, is 0° dependent
(compare lanes e and f to g and h in Fig. 6B). This transcript
could have been produced by cleavage of the P2 transcript.
However, we cannot exclude the possibility that it represents
another start site of transcription which appears only in the
AnhaR strain in stationary phase.

H-NS is not involved in o-5-dependent transcription of nhaA.
Since it was demonstrated that H-NS is an inhibitory compo-
nent of the o° stationary-phase induction network and also
inhibits the expression of o® itself (3) and since we now know
that ¢ also takes part in nhaA regulation, we examined the
possible involvement of H-NS in rpoS-dependent stationary-
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FIG. 7. P2 is an RpoS-dependent promoter of nhaA, as evidenced
by plasmidic nhaA'-'lacZ fusion. Cells were grown to the stationary
phase and treated as in Fig. 2. The plasmids, bearing the nhaA'-'lacZ
fusion, differ in nhaA promoters as indicated. The host was OR200
(AnhaA AnhaR) or OR200 rpoS as indicated. Expression was moni-
tored as B-galactosidase activity in Miller units. The data from one
representative experiment of five very similar independent repetitions
are shown.

phase induction of nhaA. Transcription from the nhaA pro-
moters in various Ans mutant strains (hns [TA15D2], hns rpoS
[TA15D2 rpoS], and hns AnhaR [OR100D2]) in the presence
or absence of Na™* induction and either during the exponential
or stationary phase of growth was determined. Ans had no
effect on the pattern of expression from P2 either in the expo-
nential or stationary phase of growth (data not shown).

The effect of H-NS was also tested by monitoring expression
of nhaA'-'lacZ from P2 of plasmid pKRZ3* in either OR200
or OR200D1 (OR200 hns) at various optical density (OD)
values during both the logarithmic and stationary phases of
growth. Up to an OD of 3.5 there was no significant difference
in expression between the two strains (data not shown).

Physiological role of P2. Stationary-phase, o°-dependent
transcription via P2 revealed in this study raised the question
as to the physiological significance of P2. To answer this ques-
tion, we constructed a plasmid, pGM36*, which carries nhaA
mutated in P1 but containing P2. As shown above, the same
mutation in plasmid pKRZ3* totally inhibited induction of
nhaA’-'lacZ in the logarithmic phase (Fig. 2) but did not affect
the stationary-phase induction (Fig. 7). pGM36* was trans-
formed into OR200, a strain devoid of nhaA and nhaR.
OR200/pBR322 and OR200/pGM42 (wild-type nhaA) served
as negative and positive controls, respectively. These strains
were grown overnight to stationary phase in LBK, at which
time they attained an OD at 600 nm of 3 to 4 and the medium
pH was 8. Then the cells were exposed to various stress con-
ditions with respect to salt and pH and the survival of the cells
was determined (Table 2). It is apparent that an alkaline shift
to pH 9.5 for 3 h reduced the survival of the cells lacking nhaA
(OR200/pBR322) to 0.13%. The pH stress was drastically in-
creased in the presence of increasing Na™ concentration. The
survival was 0.014, 5 X 107, or 0% when the shift to pH 9.5
was conducted in the presence of 200, 400, or 600 mM NaCl,
respectively. To assess whether the effect is specific to Na™, the
pH shift was conducted in the presence of 400 mM KCl rather
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than NaCl. Table 2 shows that the stress effect of 400 mM Na™
was 1,300-fold stronger than that of 400 mM KCI.

Table 2 also shows that for each concentration of NaCl the
stress caused without the alkaline pH shift was much less than
that of the combination of pH 9.5 with NaCl. Remarkably,
plasmidic nhaA with only the P2 promoter (pGM36*) was as
good as wild-type plasmidic nhaA (pGM42) in maintaining the
survival of OR200 in the presence of high Na™ levels (compare
rows 5 and 6 of Table 2) or upon a pH shift to alkaline pH in
the absence of Na™ (lane 1 of Table 2). Protection from pH
shift in the presence of Na™ was slightly higher when both P1
and P2 were present (compare rows 2 and 3 of Table 2).

DISCUSSION

Using a chromosomal nhaA'-'lacZ fusion, we have previ-
ously shown that Na™ induction of nhad is dependent on
NhaR (29). Study of the NhaR-nhaA interaction with purified
components identified the long binding site for NhaR on nhaA
and showed that Na™ modifies the binding site (6). Hence,
most puzzling were the findings that only P1 of the two pro-
moters (P1 and P2) of nhaA (16) maps within the binding site
for NhaR on nhaA (6). Therefore, in the present work two
complementary approaches were undertaken to establish
which is the Na*-dependent promoter of nhaA: (i) a study of
the effect of Na* on in vivo transcription of nhad both by
primer extension and RPA; (ii) mutagenic inactivation of each
of the nhaA promoters to identify the role of each promoter in
Na™ induction. The results show that in exponentially growing
cells P1 is both the dominant promoter and the one which is
NhaR dependent and Na™ induced.

The appearance of a third nhaA transcript 8 bp downstream
of P1 (Fig. 1A) was a surprise, since for unknown reasons it was
not detected before (16). We first considered it to reflect a
secondary structure in the P1 transcript causing an interruption
of the primer extension reaction. This was based on the obser-
vations that similar to the P1 transcript the short transcript is
sodium induced (Fig. 1A), NhaR dependent (Fig. 1A), and
derepressed in the sns mutant strain (Fig. 3). In addition, when
the mutation deleting the —10 box of P1 was introduced, nei-
ther transcript could observed (data not shown). However,

TABLE 2. Survival after alkaline and salt shock at stationary phase

Survival (%)

Row  Plasmid” NaCl (mM) KCl
0 200 400 600 (400 mM)
1 pBR322 0.13 0.014 5x107° 0 0.065
2 pGM42 100 61 44 14 100
3 pGM36* 100 56 35 8 56
4 pBR322 100 43.6 29.3 11.1 100
5 pGM42 100 90 80 69.5 83
6 pGM36* 100 100 100 100 100

“ OR200 (AnhaA AnhaB) bacteria carrying the indicated plasmid were grown
overnight (ODgyo = 3 to 4) in LBK medium at 37°C and attained a pH value of
8. Rows 1 to 3, the cultures were shifted to pH 9.5 by titration with KOH with or
without addition of the indicated salts and incubated for 3 h at 37°C. Rows 4 to
6, the same procedure as for rows 1 to 3 but without the pH shift.

® The number of CFU was determined, and survival is expressed as a percent-
age of that for the control.
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conducting the primer extension reaction at a high tempera-
ture (51°C) that is supposed to melt secondary structures of
RNA had no effect on the results (data not shown). Further-
more, 8 bp downstream of the —10 box (TAAAAT) of the P1
promoter exists a DNA sequence which can be a —10 box
(TAAAAA) of another promoter (Fig. 1C). These observa-
tions suggested that nhaA may have a second Na'-induced
promoter. However, mutagenesis of this putative promoter
within its putative —10 box eliminated the short transcript but
caused only a slight shortening of the P1 transcript, an effect
easily ascribed to the location of the mutation relative to P1
(Fig. 1B and C). Accordingly, this mutation only slightly re-
duced the Na*-induced level of the plasmidic nhaAd’'-'lacZ
(data not shown).

The in vitro transcription study with the o’°-RNA polymer-
ase holoenzyme (Fig. 4) clearly shows that the P1 promoter of
nhaA operates with ¢’°. Most interestingly, the shortest tran-
script accompanying P1 transcription did not appear in the in
vitro assay (Fig. 4A). These results suggest that a factor(s)
and/or process occurring in vivo, such as RNA processing, may
be responsible for the production of the short transcript. A
factor(s) missing in the in vitro assay most probably also ac-
counts for the lack of Na™ inducibility in the in vitro system.

As for many environment-responsive genes (2), nhaA tran-
scription is derepressed in a Ans mutant strain (10). In the case
of nhaA this derepression is a function of the level of NhaR
(105 this study). Most importantly, the present work shows that
transcription from P1 but not P2 is affected by H-NS in an
NhaR- and Na™-independent fashion (Fig. 3). The interplay
between H-NS and NhaR in P1 transcription was further dem-
onstrated in the in vitro transcription conducted with the pu-
rified components nhaAd o’>-RNA polymerase, H-NS, and
NhaR (Fig. 4B). In the assay containing only the RNA poly-
merase, the major transcript was from P1 but many other
transcripts including one corresponding to that of P2 ap-
peared. Addition of NhaR increased transcription from P1 and
reduced that from P2 and nonspecific transcription. H-NS fur-
ther increased the specificity to P1, but the most pronounced
specific transcription from P1 was obtained by adding both
H-NS and NhaR.

It is now well established that many genes that confer resis-
tance to various stresses are induced at the stationary phase of
E. coli (18). This stationary-phase induction involves a complex
regulatory network controlled by the product of rpoS, the o°
subunit of RNA polymerase (13, 19). ¢ also acts as a global
regulator in various stress responses in the exponential phase.
This includes the osmotic control of gene expression (13). Na™
stress cannot be separated from osmotic stress, yet our results
show that in the exponential phase nhaA does not belong to
the o° osmotically regulated genes. In the exponential phase of
growth, P2-mediated transcription was very low and constitu-
tive (Fig. 1A and Fig. 2A, pKRZ3*) but was twofold above the
background level observed when both P1 and P2 were inacti-
vated by mutations (data not shown). However, 300 mM Na*
had no effect on the activity of P2. Furthermore, the activity of
P2 remains very low in the exponential phase even in an Ans
mutant background, which is supposed to increase the level of
RpoS (13). Therefore, the present work shows that the re-
sponse of nhaA to Na™ stress in the exponential phase involves
only the Na™-specific NhaR-dependent response via P1.
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Interestingly, markedly reduced transcription of nhaA from
the P1 promoter, which is dependent on NhaR and Na* but
not on rpoS, occurs in the stationary phase (Fig. 6A). The
reduction in P1 transcription can be ascribed to a general
reduction in transcription and mRNA content characteristic of
the stationary phase (21).

We have previously shown that the level of expression of
nhaA’-'lacZ is maintained in an Na*-independent fashion in
stationary phase (10). However, for unknown reasons we could
not show an effect of 7poS on this expression. The present work
revealed that the P2 promoter of nhaA is a stationary phase-
induced promoter which is activated by o° and neither NhaR
nor Na™ or H-NS is involved in this induction; in the stationary
phase, transcription from P2 increased dramatically, and this
increase was eliminated in an rpoS mutant strain (Fig. 6A) but
not in a AnhaR strain (Fig. 6B). Mutation inactivation of P1
had no effect on the stationary-phase induction of the plas-
midic nhaA'-'lacZ, and this induction was totally abolished in
an rpoS mutant strain (Fig. 7). hns had an insignificant effect on
the stationary-phase induction of P2.

Note that the P2 transcript in stationary phase is weaker
than that of P1 in the presence of Na™ in the logarithmic phase
(Fig. 6A, lanes b, e, and f); however, the B-galactosidase ac-
tivity originating from P2 is equal to the activity of the P1
promoter when it is fully induced by Na™ (Fig. 7). This suggests
that there might be posttranslational control; the two RNAs
may differ in their secondary structure, lifetime, or processing
mechanism and may have different translation abilities.

It should also be pointed out that in the stationary phase in
the absence of NhaR, a new rpoS-dependent transcript (short-
er than that observed in the presence of NhaR) appeared (Fig.
6, lanes e and f). A perfect Pribnow box located 46 bp upstream
of P1 and within the binding site of NhaR might be responsible
for this new start site (Fig. 1C).

Bimodal control mechanisms, similar to the one described
above for nhaA, were found in other environment-responsive
genes. For example, the proU operon is transcribed from two
promoters. As for nhaA, one promoter is stationary phase
induced and o°-dependent while the other is ¢’° dependent. In
contrast to nhaA, both proU promoters are induced by the
operon’s specific inducer (osmotic shock) and no specific trans-
acting regulator was found (12). Like proU, the osmC gene is
transcribed from two promoters (osmC,; and osmC,,), but
only osmC,,, is stationary phase induced and o® dependent (4).
A control mechanism, even more similar to that for nhaA, was
described for the ftsQAZ gene cluster (31). In this system, one
promoter is controlled by the specific activator SdiA, while the
other promoter is stationary phase induced and ¢ dependent
but not SdiA dependent.

The dps gene, which is transcribed from a single promoter, is
controlled by OxyR, which similar to NhaR, is a member of the
LysR-OxyR family of positive activators. Interestingly, dps is
controlled by OxyR and is o’® dependent only during the
exponential phase, while it becomes ¢° dependent and OxyR
independent in the stationary phase (1). These findings show
that the same promoter can be recognized by more than one
sigma factor. Indeed, according to our results the nhaAd P2
promoter is transcribed by ¢’>-RNA polymerase during the
exponential phase but it becomes totally dependent on ¢ in
the stationary phase (Fig. 6A).
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Studying the effect of pH and Na* on logarithmic-phase
cells, we have previously shown that in addition to osmotic
stress Na™ exerts a specific toxic effect on cells that is markedly
increased with pH (24). This stressful combination of Na™ and
alkaline pH was also documented with stationary-phase cells
(32). We have also shown that the NhaA-Na*/H" antiporter is
essential for the adaptation of logarithmic-phase cells to the
specific stress of Na™ and alkaline pH in the presence of Na™
(23). Most importantly, we show here that in the stationary
phase nhaA via its P2 promoter becomes rpoS dependent and
increases dramatically the survival of stationary cells in the
presence of Na*, alkaline pH, and alkaline pH in the presence
of Na™ (Table 2). It is suggested that this property of NhaA is
of paramount importance for the survival of E. coli in its
natural habitats such as the sea or the pylorus, where the
combination of alkaline pH and sodium prevails.
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