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proP of Escherichia coli encodes an active transport system for proline and glycine betaine which is activated
by both hyperosmolarity and amino acid-limited growth. proP DNA sequences far upstream from the trans-
lational start site are strongly homologous to the promoter of proU, an operon that specifies another osmo-
regulated glycine betaine transport system. Mutation and deletion analysis of proP and primer extension
experiments established that this promoter, P1, was responsible for proP’s strong expression in minimal
medium and its response to osmotic signals. When cells were grown in complex medium, expression from a
proP-lacZ fusion was induced three- to fourfold as growth slowed and cells entered stationary phase. Station-
ary-phase induction was dependent on rpoS, which encodes a stationary-phase sigma factor. Deletion of 158 bp
of the untranslated leader sequence between P1 and the proP structural gene abolished rpoS-dependent
stationary-phase regulation. Transcription initiation detected by primer extension within this region was
absent in an rpoS mutant. proP is therefore a member of the growing class of o5-dependent genes which
respond to both stationary-phase and hyperosmolarity signals.

The growth rate of Escherichia coli in hyperosmotic media is
enhanced by the accumulation of a limited number of organic
solutes. The preferred solute is glycine betaine (10, 38), which
is accumulated by two transport systems, proP and proU. proP
encodes an integral membrane protein (7) which transports
glycine betaine and proline with low affinity (2, 4, 28). ProP
regulation occurs at the level of transcription and through
control of transport activity. proP-lacZ transcriptional fusions
show a two- to fivefold increase in activity when cells are
osmotically stressed (11, 31). Transport of glycine betaine and
proline by ProP is also increased by osmotic upshock (14, 28)
and amino acid limitation (14, 37).

proU encodes a high-affinity glycine betaine uptake system
(5, 8, 28). Like ProP, ProU is regulated at the level of tran-
scription and through control of transport activity. Under hy-
perosmotic conditions, the activity of proU-lacZ operon fusions
increases 60- to 100-fold (3, 5, 29), and transport of glycine
betaine by the proU system increases (28). Unlike proP, proU
transcription is not induced in stationary phase, although sev-
eral other osmotically responsive genes, e.g., osmY, osmB, otsB,
and otsA4, respond to growth phase signals (15, 18, 40).

Certain observations have suggested that proP and proU may
be regulated in a similar manner. First, induction from proP-
lacZ and proU-lacZ operon fusions is rapid upon osmotic
shock (16). Second, the proP gene sequence was recently re-
ported (7), and a region 190 bp upstream of the translation
initiation site is strongly homologous to the promoter of proU.
In this investigation, we studied the regulation of proP, asking
whether that putative promoter functions in transcription ini-
tiation. We found that this promoter was responsible for strong
basal expression and response to osmotic signals, while a sec-
ond downstream transcription initiation site was involved in
rpoS-dependent stationary-phase induction. Finally, we have
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studied in vitro proP expression to further understand osmotic
regulation of both proP and proU.

MATERIALS AND METHODS

Bacterial strains. The Escherichia coli strains used are listed in Table 1. All
strains containing lacZ fusions were derivatives of MC4100. DH5a was used for
all cloning purposes. TE2680 was used to transfer promoter-lacZ fusions to the
E. coli chromosome.

Media and growth conditions. M9 minimal medium was supplemented with
0.2% glucose and 1 pg of thiamine per ml. For growth of strains containing lacZ
fusions inserted into the #rp locus, 30 pg of tryptophan per ml was added. All
strains were grown aerobically at 37°C.

Osmotic regulation was studied in defined minimal medium because it lacks
osmoprotectants. To analyze the effect of osmotic shock on proP transcription,
strains with single-copy proP-lacZ fusions were prepared for B-galactosidase
assays and RNA isolation by 1:50 dilution of an overnight culture in M9 glucose
medium into fresh medium. After reaching exponential phase, selected cultures
were shocked by addition of NaCl to 0.3 M. Samples were taken 1 h after salt
shock, unless otherwise indicated.

For B-galactosidase analysis of stationary-phase regulation of proP transcrip-
tion, strains containing single-copy proP-lacZ fusions were grown overnight in
Luria-Bertani medium (henceforth referred to as complex medium) and diluted
1:1,000 into fresh medium. The 1,000-fold dilution into fresh medium was nec-
essary to dilute out B-galactosidase activity carried over from stationary phase,
prior to harvest at exponential phase. Samples were harvested at exponential
phase (approximately 50 Klett units) and 3 h after the beginning of stationary
phase, unless otherwise indicated.

Plasmid constructions. Construction of the 2,000-bp proP and 1,700-bp proU
fragments fused to lacZ and integrated into the chromosome of JM2000 and
JM1700, respectively, was described previously (29). Additional proP promoter
fragments were created by PCR and also used to construct single-copy lacZ
fusions in MC4100. Fragments containing base substitutions and the 3’ deletion
constructs were created by using primers which incorporated an EcoRI or
BamHI restriction site at the 5" end to allow directed cloning into the pRS551
expression vector (36).

PCR amplification was performed with 0.5 ng of pDC15 (7) template DNA,
0.25 M each primer, 200 uM deoxynucleoside triphosphates, and 1 U of Taq
polymerase (Promega). Solutions were heated to 95°C for 5 min and passed
through 25 cycles as follows: denaturation for 40 s at 94°C, primer annealing for
40 s at 45°C, and extension at 72°C for 1 min. The proP fragment in JM520 was
created by using primers 5’ proP#1 (5'-CTCGAATTCGTTTGCTGGTCAGT
GAC-3') and 3'proP#1 (5'-CTCGGATCCACCTAATGCGTAAGCAAC-3).
The 520-bp fragment with base substitution at the putative —12 position was
created by two initial reactions using the primer pairs 5'proP#1 with 3'proP#2
(5'-GACCTTTTTACCCTCCCAGT-3') and 3'proP#1 with 5'proP#2 (5'-ACT
GGGAGGGTAAAAAGGTC-3'). A third PCR used the two initial products as
self-priming templates together with primers 5'proP#1 and 3'proP#1 to create
the 520-bp fragment with a base substitution at the —12 position. The 520-bp
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TABLE 1. E. coli strains used

Strain Relevant genotype or description Reference
MC4100 F~ A(argF-lac)U169 thiA 6
RH90 MC4100 rpoS359::Tnl10 21
TE2680 F~ N7 IN(rrnD-rmE)1 A(lac)X74 rpsL galK2 recD1903::Tnl0d-Tet trpDC700::putPA1303::[Kan®*-Cam'-lacZ] 12
JM1700 F~ MC4100 trpDC700::[Kan" 1,700-bp proU-lacZ] 29
JM2000 F~ MC4100 trpDC700::[Kan" 2,000-bp proP-lacZ] 29
JM520 F~ MC4100 trpDC700::[Kan" 520-bp proP-lacZ)] This study
JM363 F~ MC4100 trpDC700::[Kan" 382-bp proP-lacZ] This study
JM210 F~ MC4100 trppDC700::[Kan" 210-bp proP-lacZ)] This study
JM68 F~ MC4100 trpDC700::[Kan" 68-bp proP-lacZ)] This study
IM520-12 F~ MC4100 trpDC700::[Kan" 520-bp proP-lacZ)] This study
JM520-14 F~ MC4100 trpDC700::[Kan" 520-bp proP-lacZ] This study
JM200S JM2000 rpoS359::Tn10 This study
JM520S JM520 rpoS359::Tnl0 This study
IM520-128 IM520-12 rpoS§359::Tnl0 This study

proP fragment with a substitution at the —14 position was created by the identical
procedure with primer pairs 5'proP#1 with 3'proP#3 (5'-GACCTTTTTAC
CCTACAAGTG-3') and 3'proP#1 with 5'proP#3 (5'-CACTTGTAGGGTA
AAAAGGTC-3"). For the deletion analysis, proP fragments in JM363, JM210,
and JM68 were created by using the 5’ primer 5'proP#4 (5'-CTCGAATTCTG
TGTGAAGTTGATCACAA-3") and 3’ primers 3'proP#1, 3'proP#5 (5'-CTC
GGATCCTTGGCCCATTTCCGCAA-3'), and 3'proP#6 (5'-CTCGGATCC
CGCCTGAATTGGGCAGT-3'), respectively. Sequences of the cloned frag-
ments were confirmed by DNA sequencing.

Genetic procedures. proP promoter fragments fused to the lacZ reporter gene
of pRS551 (36) were transferred to the chromosome of E. coli TE2680 chromo-
some by homologous recombination (12). P1vir was used to transfer these fusions
to the #rp locus of the MC4100 chromosome. P1vir was also used to transduce the
1p0S8359::Tnl10 mutation from RH90 into strains JM2000, JM520, and JM520-12.

Primer extension analysis. Preparation of whole-cell RNA from E. coli was
described previously (1). RNA was isolated from MC4100 cultures which were
grown in M9, or M9 supplemented to 0.3 M with NaCl, in the same manner as
cells used in the assay of proP-lacZ fusions. For primer extension analysis of
stationary-phase cells, RNA was isolated 3 h after the initiation of stationary
phase from strains grown in complex medium. The primer extension procedure
used was that of Yim et al. (40), with the following modifications. Ten picomoles
of a synthetic oligonucleotide which anneals to proP transcripts at positions 503
to 487 was end labeled by using 16 pmol of [y->’P]JATP (6,000 Ci/mmol, 10
mCi/ml; Amersham) and 6 U of T4 polynucleotide kinase (U. S. Biochemical
[USB]) as instructed by the manufacturer. Unincorporated nucleotides were
removed by a G-25 spin column (26) equilibrated with RNase-free hybridization
buffer. Approximately 0.4 pmol of end-labeled primer was combined with either
25 or 35 pg of ethanol-precipitated total-cell RNA which had been resuspended
in 8 pl of hybridization buffer. The mixture was heated to 95°C for 1 min and
then allowed to hybridize for approximately 3 to 10 min at 44°C. Six hundred
units of reverse transcriptase was added, and incubation continued at 44°C for an
additional 45 min. After RNase treatment, phenol-chloroform extraction, and
ethanol precipitation, extended DNA products were resuspended in an appro-
priate amount of loading buffer (USB). The primer extension products were
separated on a 6% polyacrylamide—urea sequencing gel adjacent to a DNA
sequence generated with the same primer used in the extension reactions. Se-
quencing was also performed with the dITP analogs as instructed by the manu-
facturer (USB) to resolve compressions in the sequence.

Recombinant DNA techniques. Electrophoresis of DNA in agarose, ethanol
precipitation of DNA, transformations, and phenol extractions were done by
standard procedures (26). The Sephaglas BandPrep kit (Pharmacia) was used for
isolation of proP promoter fragments created by PCR. Double-stranded DNA
sequencing was performed with the Sequenase version 2.0 sequencing kit (USB)
as instructed by the manufacturer. DNA for sequencing was isolated with a
Plasmid Midi kit (Qiagen).

B-Galactosidase assays. Resuspended cell pellets were diluted in Z buffer and
assayed for B-galactosidase activity as previously described (30). Protein quan-
tities were determined by the Lowry assay (23). Specific activity values are
expressed in nanomoles per minute per milligram of protein.

In vitro coupled transcription-translation. Cell-free, coupled transcription-
translation was performed with a commercially available kit (Promega) accord-
ing to the instructions provided. Proteins synthesized in vitro were labeled with
5 wCi of Trans *S label (1,055 Ci/mmol; ICN) for 60 min at 37°C. Samples were
acetone precipitated, denatured, and separated by SDS-PAGE (10% polyacryl-
amide). The samples in lanes 5 through 9 in Fig. 6 were not denatured prior to
electrophoresis to promote tighter banding of ProP. Coomassie blue-stained gels
were dried under vacuum on Whatman paper and placed on Amersham Hyper-
film-MP for autoradiography. For quantifying expression, ProV’ and ProP pro-

tein bands were excised and placed in vials containing 4 ml of Amersham
biodegradable scintillant and counted.

RESULTS AND DISCUSSION

Osmotic induction. A proP-lacZ transcriptional fusion was
constructed and transferred to the chromosome of strain
MC4100 in single copy to facilitate study of proP transcrip-
tional regulation. The proP fragment in strain JM2000 contains
approximately 650 bp of DNA upstream of a putative tran-
scriptional start site at position 251 and downstream DNA to
position 1614, located near the 3’ end of the proP structural
gene (Fig. 1) (7). To compare proP and proU transcriptional
regulation, an analogous proU-lacZ fusion was constructed in
IM1700.

Figure 1A demonstrates that there was a high basal level of
expression (2,000 to 3,000 U) from the 2,000-bp proP-lacZ
fusion during exponential growth of cells in M9 minimal me-
dium. While proU expression is induced 60- to 100-fold upon
osmotic shock with 0.3 M NaCl (Fig. 1B) (3), the increase in
B-galactosidase activity from the proP fusion was modest, be-
tween 2- and 3-fold after addition of NaCl. As with proU, proP
expression was reduced as a consequence of intracellular ac-
cumulation of its substrate, glycine betaine.

Stationary-phase induction. We monitored the specific ac-
tivity of the proP-lacZ fusion in JM2000 during growth in
complex medium to determine whether proP transcription was
induced during stationary phase. A number of other osmoti-
cally regulated genes, osmY, osmB, otsB, and otsA, are also
induced during stationary phase, independent of medium os-
molarity (15, 18, 40). Induction of these genes is dependent on
the rpoS gene, which encodes the stress-responsive sigma fac-
tor ¢°. In contrast, our proU fusion is dependent on ¢’® for
expression (17, 40) and shows no stationary-phase induction
(our unpublished observation).

B-Galactosidase activity directed from the proP-lacZ fusion
in JM2000 increased approximately fourfold as growth slowed
and cells entered stationary phase (Fig. 2). Stationary-phase
induction of the proP-lacZ fusion was dependent on a func-
tional 7poS gene because an insertional mutation at this locus
eliminated induction (Fig. 2). Thus, stationary-phase regula-
tion of proP is similar to that of osmY, osmB, otsB, and otsA in
its dependence on a functional o° protein.

Promoter identification. Primer extension analysis was per-
formed to determine whether the putative proP promoter,
identified by sequence homology with the promoter of proU
(7), functions in transcription initiation. A **P-end-labeled
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FIG. 1. Osmotic induction of proP and proU. (A) JM2000 (2,000-bp proP promoter fragment); (B) JM1700 (1,700-bp proU promoter fragment). Strains were grown
in M9 minimal medium to exponential phase and split in three: control with no addition (O), NaCl added to 0.3 M (@), and 0.3 M NaCl and 1 mM glycine betaine
added simultaneously (A). Samples were taken after osmotic upshock at the indicated times. B-Galactosidase specific activity values from the proP- and proU-lacZ

fusions (nanomoles per minute per milligram) are shown.

DNA primer directed to proP mRNA was extended by using
reverse transcriptase. Termination of DNA synthesis occurred
when 5’ ends of mRNA were reached or where transcriptase
pausing facilitated termination.

Primer extension analysis identified two main transcription
initiation sites, responsive to different signals. A band was
visualized at position 251 (P1), using mRNA isolated from
MC4100 cells grown in M9 minimal medium (Fig. 3A). The G
residue at position 251 corresponds to promoter sequences
homologous to those of the proU promoter (Fig. 4). This band
intensified when cells were stressed by the addition of 0.3 M
NaCl (Fig. 3A, lane 2).

In minimal medium, prominent bands were also seen at
positions 283, 324, and sometimes 333. However, a large, ther-
modynamically favored RNA hairpin structure from positions
279 to 324 is predicted by software of the Genetics Computer
Group. Such a loop might cause reverse transcriptase pausing
in this region. Thus, we supposed that bands in this region
might represent primer extension termination but not actual
sites of transcription initiation.

Because of the multiple bands on the primer extension gel,
it was important to assess the contribution of transcription
initiating at position 251 by a completely independent method.
Furthermore, we wished to verify the presence of an rpoS-
dependent promoter suggested by B-galactosidase assays (Fig.
2). Therefore, we constructed wild-type and mutant versions of
a 520-bp proP fragment containing DNA from positions 50 to
570 of the proP sequence. This construction contains 201 bp of
DNA upstream from the transcriptional start site at 251 and
319 bp of downstream DNA. The region includes the 182-bp
untranslated leader sequence containing all other putative pro-
moter sites as well as 137 bp of the proP structural gene.

Site-directed mutagenesis was used to modify two bases in
the proposed P1 promoter region. The base first selected for
mutagenesis was position —12 (Fig. 4). The T-to-G mutation at
position —12 alters the proposed —10 hexamer of P1 away
from the consensus o’° —10 recognition sequence (TATAAT).
The corresponding mutation in the proU promoter abolishes
expression of a proU-lacZ fusion (29).

Transcription initiation in the —12 mutant and rpoS depen-
dence of proP transcription initiation were analyzed in strains
containing the 520-bp wild-type and —12 mutant promoters
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FIG. 2. Induction of proP at stationary phase is rpoS dependent. Strains
IM2000 (proP:lacZ rpoS*) (closed symbols) and JM2004 (proP:lacZ
rpoS:'Tnl0) (open symbols) were grown in Luria-Bertani medium. (A) Cell
growth, Klett units; (B) B-galactosidase specific activity values from the proP-
lacZ fusion, expressed in nanomoles per minute per milligram.
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FIG. 3. Primer extension analysis of proP transcription initiation sites. The proP DNA sequencing ladders generated with dGTP and dITP reagents are shown.
Positions of significant bands are noted and correspond to the proP sequence reported in reference 7. The two transcriptional start sites at positions 251 and 338 are
indicated. (A) For RNA isolation, strain MC4100 was grown in M9 minimal medium to exponential phase. The culture was then split in two: no addition (lane 1) and
NaCl added to 0.3 M (lane 2). RNA was harvested 1 h after salt addition. (B) Primer extension products were generated from plasmid-containing cells grown in complex
medium and harvested 3 h after the beginning of stationary phase. Lanes: 1, MC4100//pJM520; 2, RH90//pJM520; 3, MC4100//pJM520-12; 4, RH90//pJM520-12.

fused to lacZ of multicopy plasmids. Cells containing plasmids
were used in primer extension analysis to give a clearer picture
of the low level of transcription initiation at the proP —12
mutant promoter. Additionally, use of strains with chromo-
somal versions of the —12 mutant promoter-lacZ fusions at the
trp locus contain a second wild-type promoter at the proP locus,
which might obscure results obtained with the mutant pro-
moter. B-Galactosidase assays of the plasmid-containing cells
confirmed that activity from these cells (data not shown) re-
flected the same regulatory patterns as single-copy chromo-
somal constructs (Fig. 4).

Figure 3B shows the results of primer extension analysis of
cells grown to stationary phase in complex medium. Lane 1
(MC4100//pJM520) represents wild-type promoter usage. The
intensity of the bands at P2 relative to the band at P1 suggested
that an A at position 338 was an important initiation site
during stationary phase in complex medium. A less intense
band at position 339 (G) may represent a secondary initiation
site. Analysis in the rpoS::Tnl0 strain RH90 (lane 2) showed a
complete absence of RNA initiation at P2. The increased in-
tensity of bands at 251, 283, and 324 in lane 2 reflects the fact
that 40% more RNA was used for reactions loaded in lanes 2
and 4 than in lanes 1 and 3. The absence of transcription
initiation at P2 in the RH90 background indicates that this
promoter is rpoS dependent.

In lane 3 (MC4100//pJM520-12), the T-to-G transversion at

—12 prevented transcription initiation at P1. The —12 muta-
tion also eliminated bands at 283 and 324, indicating that they
did not represent transcription initiation sites but represented
either degradation products derived from RNA initiating at
251 or sites of reverse transcriptase pausing. In lane 4 (RH90/
/pIM520-12), only very light bands were visible near 283 and at
324. Presumably, these bands are derived from position 251 of
the wild-type chromosomal copy of proP.

In vivo assays of strains which contain chromosomal copies
of wild-type and mutant promoter-lacZ fusions (Fig. 4) con-
firmed and extended the results of the primer extension exper-
iments shown in Fig. 3. We compared induction of the 2,000-bp
proP-lacZ fusion in JM2000 (wild type) with induction in
IM2000S (rpoS::Tnl10). Osmotic shock increased specific activ-
ity directed by the 2,000-bp fragment from approximately 2,000
to 4,000 U. Specific activity at stationary phase in complex
medium was approximately 3.5 times higher than activity dur-
ing exponential growth. The rpoS::Tnl0 mutation did not pre-
vent salt induction of the 2,000-bp fusion. Slightly lower basal
activity from the fusion in the 7poS mutant may be due to loss
of o5-dependent transcription from the P2 promoter in M9
medium without salt. Stationary-phase induction was not ob-
served in the mutant background. Therefore, stationary-phase
induction on the 2,000-bp promoter fragment was ¢° depen-
dent, but osmotic induction was not. Regulation of the 520-bp
fragment was similar to that of the 2,000-bp wild-type frag-
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1,809 4,130 341 1164
1,069 4,259 394 295
2,102 4,000 388 995
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FIG. 4. Homologous promoters of proP and proU. The base substitutions on the 520-bp proP fragment in strains JM520-12 and JM520-14 at the putative —12 and
—14 positions, respectively, are indicated. The putative transcriptional start site at position 251 (7) is noted by an asterisk. The proU —10 and —35 regions and the start
of transcription (+1) were previously identified (13, 27, 29). B-Galactosidase specific activity values from the proP-lacZ fusions are expressed in nanomoles per minute
per milligram. Values are from an assay typical of four separate experiments in which the same regulatory trends were observed. wt, wild type.

ment, indicating that all necessary regulatory information is
contained in the 520-bp construct.

The T-to-G substitution at the —12 position, which appar-
ently prevents transcription initiation from P1 (Fig. 3B), sig-
nificantly reduced both basal and salt-stressed expression of
the 520-bp fusion when cells were grown in M9 (Fig. 4). The
decrease in overall expression directed by the mutated proP
promoter indicates that P1 was responsible for the majority of
proP transcription in minimal medium. The remaining activity
(6 to 7% that from the wild-type promoter) was rpoS depen-
dent. This result implies a low level of a5-dependent transcrip-
tion from P2 in minimal medium.

Expression from the JM520-12 mutant promoter during ex-
ponential phase in complex medium was also severely reduced
but still strongly inducible in response to stationary-phase sig-
nals. The —12 mutation reduced expression during exponential
growth in complex medium by 98%, and expression during
stationary phase was rpoS dependent (compare JM520-12 and
JM520-12S). This finding indicates that P1 is also used during
exponential phase in complex media but is not required for
stationary-phase induction.

The absence of transcription initiation at P2 in the RH90
background (Fig. 3B) and the absence of stationary-phase in-
duction in JMS520-12S clearly show that stationary-phase in-
duction of proP in complex media depends on a functional ¢
protein and that this sigma factor is required for transcription
from P2. These data, however, do not indicate whether 7poS
acts directly or indirectly at P2. No obvious ¢’® promoter
sequence corresponding to an initiation site at position 338 was
found. Perhaps this indicates a direct action by ¢°. RpoS in-

creases four- to sixfold as cells reach stationary phase (22),
close to the magnitude of proP stationary-phase induction.
Nonetheless, an additional factor, dependent on Ec® for ex-
pression, may mediate proP stationary-phase induction.

Because of the sequence similarity between P1 of proP and
the proU promoter (Fig. 4 and reference 7), we explored the
effect of a second mutation at P1. A mutation at the —14
position of the proU promoter effectively abolishes transcrip-
tion (29). Position —14 in the proU spacer is part of an ex-
tended —10 sequence important for maximal gene expression
(19). The same G-to-T substitution at position —14 of the
520-bp proP fragment was constructed in JM520-14. In this
case, basal expression of the proP-lacZ fusion expression was
reduced by 70% and salt-induced expression was reduced by
60%. The substitution at —14 reduced stationary-phase expres-
sion by only 15%. Therefore, although the mutation at —14
reduces proP expression, an extended —10 sequence is a less
important factor in transcription initiation at P1 of proP than at
the proU promoter.

Deletion analysis. A deletion analysis was undertaken to
assess the contribution of flanking DNA sequences to overall
expression (Fig. 5; Table 2). Promoter fragments constructed
by PCR were fused to lacZ and transferred to the chromosome
of strain MC4100 for assay.

The minimal P1 promoter could be studied in isolation on a
68-bp fragment in JM68. Expression from P1 was strong and
salt inducible in minimal medium, but this construct showed
little activity during exponential growth in complex medium
and no induction at stationary phase. Therefore, sequences
outside the minimal P1 promoter region are required for nor-
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FIG. 5. Deletion analysis of the proP regulatory region. Constructions of proP-lacZ fusion strains are described in Materials and Methods. Position 433 is the start
of translation of the proP structural gene (7). The positions of P1 and P2 are indicated relative to positions 433 and 50. Positions corresponding to termini of proP

fragments are also noted.

mal expression during exponential growth and for stationary-
phase induction.

The fusion in JM210, which contains both P1 and P2,
showed a sevenfold induction of B-galactosidase activity in
stationary phase. Therefore, stationary-phase induction was
dependent on DNA sequences between positions 275 and 417
(Table 2; Fig. 5).

Maximum expression of proU requires an upstream activat-
ing sequence. Although not necessary for osmotic inducibility,
it contributes approximately threefold to expression (24). If
proP contained a similar element, it would be present in JM520
and deleted in JM363, which contains no upstream DNA be-
yond position —44 of P1. Comparison of the (-galactosidase
activities from these two fusions showed that removal of the
upstream sequences caused an approximate twofold reduction
in specific activity in minimal medium, with or without the
addition of salt. Activity was also reduced two to threefold
during exponential phase in complex medium. However, os-
motic and stationary-phase induction still occurred. Since
primer extension analysis did not detect a promoter in this
region, we conclude that the region between positions 50 and
207 contains an upstream activating sequence which contrib-
utes approximately twofold to proP expression.

TABLE 2. Deletion analyses of the proP regulatory region

B-Galactosidase sp act”

Minimal medium Complex medium

Relevant genotype

No +0.3 M  Exponential  Stationary
addition NaCl phase phase
2,000-bp P (proP-lacZ) 1,809 4,130 341 1,164
68-bp ®(proP-lacZ) 1,067 1,594 57 49
210-bp ®(proP-lacZ) 867 2,184 98 729
363-bp ®(proP-lacZ) 983 2,193 159 886
520-bp ®(proP-lacZ) 2,102 4,000 388 995

¢ Values from the proP-lacZ fusions (nanomoles per minute per milligram) are
from an assay typical of four separate experiments in which the same regulatory
trends were observed.

The deletion analysis also searched for a downstream regu-
latory element in proP analogous to the negative regulatory
sequences located within proV, the first structural gene of the
proU operon (9, 32). Removal of this element causes an ap-
proximate 10-fold increase in basal proU expression. Removing
sequences encoding the proP structural gene did not signifi-
cantly alter expression. B-Galactosidase activity from the fu-
sion in JM210, which contains none of the proP structural gene,
was very similar to that from the fusion in JM363. Both of these
proP-lacZ fusions exhibited osmotic and stationary-phase in-
duction. Therefore, proP differs from proU in that there ap-
peared to be no negative regulatory element in the proP struc-
tural gene.

In vitro proP expression. The increase in intracellular potas-
sium concentration resulting from osmotic stress is thought to
signal proU expression (38). In vitro studies consistent with this
conclusion demonstrated that proU expression was stimulated
by elevated potassium glutamate concentration both in cou-
pled transcription-translation systems (34) and in purified tran-
scription systems containing only RNA polymerase and nucle-
otides (33, 39). To determine whether proP expression
responds to similar signals, we compared proP and proU ex-
pression in an S-30 coupled transcription-translation system.
Plasmids pDC15 and pBP1, which contain proP and proU’
(proV") genes, respectively, and a functional bla gene were
used to program *>S-labeled protein synthesis.

The proposed amino acid sequence of ProP predicts a highly
hydrophobic protein with molecular mass of 54.8 kDa (7).
Typical of hydrophobic membrane proteins, ProP migrated as
a diffuse band with greater mobility than would be predicted by
its molecular mass (Fig. 6). Migration of the ProV’ protein
corresponded to a molecular mass of 42 kDa, as previously
observed (34). To quantify expression, ProU’ and ProP *>S-
labeled protein bands were excised and counted (Table 3).
ProP expression was maximal with the addition of 0.1 M po-
tassium glutamate but showed reduced expression, from 2,738
to 1,693 cpm, with the addition of this salt to 0.3 M. ProU’
expression increased approximately fivefold in the presence of
0.3 M potassium glutamate, in a manner consistent with pre-
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Lane

K+ Glutamate (M)
46 kDa—

ProU'—»

<4— ProP
Bla—» <4+—Bla

30 kba—

FIG. 6. In vitro proP expression. Plasmid DNA containing either proP or
prolU’, in vectors also containing a functional bla gene, was added to a purified in
vitro transcription-translation system extract. Samples were incubated at 37°C for
1 h with the concentration of potassium glutamate indicated above each lane.
Lanes 1 to 3 contain ProU’ (ProV’) samples, denatured. Lane 4 contains a
denatured ProP sample, and lanes 5 to 9 contain ProP samples which were not
denatured prior to electrophoresis.

vious reports (17, 33, 34, 39). The inhibition of ProP expression
by potassium glutamate was similar to the inhibition of bla
(Fig. 6), which is known to be inhibited in vivo and in vitro by
hyperosmolarity (29, 33).

These in vitro experiments were useful in understanding the
regulatory differences between proP and proU. Current evi-
dence suggests that osmotic induction of proU occurs partly
through the potassium-mediated relief of repression by the
DNA-binding protein H-NS (25, 29, 39). H-NS interacts
largely within the first structural gene of the proU operon,
proV, to strongly repress operon expression. Deletion of sites
within proV” derepresses proU about 10-fold. Our deletion ex-
periments with proP demonstrated that this gene lacked a
negative regulatory element in its structural gene. Further-
more, proP basal expression is higher than that of proU, and
mutations at the Ans locus do not affect proP expression in vivo
(29). If the model describing proU induction as due to the
potassium-induced relief of H-NS repression is correct, then
the absence of potassium glutamate induction of proP is not
surprising. Rather, it correlates with the absence of HN-S
repression and the lack of a downstream regulatory element in
the proP system.

Concluding remarks. proP utilizes two different promoter
sites to respond to hyperosmotic and stationary-phase signals.
This differs from genes whose induction in response to both
stationary-phase and hyperosmosis requires o° (15, 18, 40). We
have determined that the P1 promoter contributes significantly
to overall expression in minimal medium and is central to the
osmotic response. However, osmotic induction of proP did not
rely on o°. Moreover, the P1 initiation site was not required for
stationary-phase induction in complex medium. Rather, proP
stationary-phase induction occurred at a second downstream
promoter (P2), and transcription from P2 was ¢° dependent.

TABLE 3. Quantification of ProP and ProU’ in vitro expression

. Added K*
Plasmid glutamate (M) cpm
pDCI15 (proP) 0.0 2,738
0.1 4,325
0.2 2,747
0.3 1,693
0.4 1,659
pBP1 (proU’) 0.0 5,784
0.1 22,222
0.3 32,426

J. BACTERIOL.

proP can now be added to the growing list of dual-signal genes
responsive to both osmotic and stationary-phase signals.

proP and proU perform a common function during osmotic
stress, the transport and accumulation of glycine betaine.
These multiple systems are comparable to the inducible kdp
(20, 35) and constitutive #rk (35) systems for the transport of
potassium, an ion important in the initial response to osmotic
stress (10). P1 of proP is similar to the proU promoter both in
sequence and in the presence of upstream activating sites.
However, downstream sequences which repress proU under
nonactivating conditions are absent in proP. Therefore, while
proU provides an inducible system for the uptake of glycine
betaine, proP mediates a partly constitutive system.
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