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Proteins whose synthesis is enhanced by polyamines at the level of translation were identified with a polyamine-
requiring mutant cultured in the presence of 0.1% glucose and 0.02% glutamate at 42°C. Polyamines had a greater
effect on cell growth at 42°C than at 37°C. At 42°C, the synthesis of RpoE (�24) and StpA, which are involved in the
transcription of a number of heat shock response genes, was stimulated by polyamines at the level of translation.
In the rpoE and stpA mRNAs, a Shine-Dalgarno (SD) sequence is located at 13 and 12 nucleotides, respectively,
upstream of the initiation codon AUG. When the SD sequences were moved to the more common position 7
nucleotides upstream of the initiation codon AUG, the degree of polyamine stimulation was reduced, although the
level of RpoE and StpA synthesis was markedly increased. The mechanism underlying polyamine stimulation of
RpoE synthesis was then studied. Polyamine stimulation of RpoE synthesis was reduced by changing the bulged-out
structure in the initiation site of rpoE mRNA, although the level of RpoE synthesis increased. A selective structural
change of this bulged-out region induced by spermidine at 42°C was observed by circular dichroism. Polyamine
stimulation of fMet-tRNA binding to ribosomes at 42°C also disappeared by changing the bulged-out structure in
the initiation site of rpoE mRNA. The results suggest that polyamines enhance the synthesis of RpoE by changing
the bulged-out structure in the initiation site of rpoE mRNA.

Polyamines (putrescine, spermidine, and spermine), ali-
phatic cations present in almost all living organisms, are nec-
essary for normal cell growth (6, 16, 18). Because polyamines
interact with nucleic acids and exist mostly as polyamine-RNA
complexes in cells (29, 41), their proliferative effects are pre-
sumed to be caused by changes in RNA function. In this
context, it has been reported that polyamines stimulate the
synthesis of some proteins in vitro (3, 22), increase the fidelity
of protein synthesis (19, 24), and induce in vivo assembly of
30S ribosomal subunits (10, 21), suggesting that polyamines
regulate protein synthesis at several different steps.

Previously we found that translation of a defined set of
proteins in polyamine-requiring mutant Escherichia coli
MA261 is enhanced by polyamines (16). We proposed that a
set of genes whose expression is enhanced by polyamines at the
level of translation can be classified as a “polyamine modulon”
(16). There are three different mechanisms underlying poly-
amine stimulation of the translation of various members of the
polyamine modulon. First, polyamine stimulation of protein
synthesis takes place when a Shine-Dalgarno (SD) sequence in
the mRNA is obscure or is distant from the initiation codon
AUG. Polyamines cause structural changes in a region of the
SD sequence and the initiation codon AUG of the mRNA,
facilitating formation of the initiation complex. This is the case
for OppA, a periplasmic substrate binding protein of the oligo-

peptide uptake system (46); FecI � factor (�18), a � factor for
the iron transport operon (45); Fis, a global regulator of tran-
scription of some growth-related genes, including genes for
rRNA and some tRNAs (45); RpoN (�54), a � factor for the
nitrogen metabolism genes (38); and H-NS, a positive regula-
tor of expression of genes involved in flagellin synthesis and
ribosomal protein synthesis (38). Second, polyamines enhance
translation initiation from the inefficient initiation codon UUG
or GUG, such as in cya mRNA encoding adenylate cyclase (43)
or cra mRNA encoding a global transcription factor for a large
number of genes involved in glycolysis and glyconeogenesis
(38). Third, polyamines stimulate read-through of amber
codon UAG-dependent Gln-tRNASupE on ribosome-associ-
ated rpoS mRNA encoding �38, a � factor for genes expressed
at the stationary phase (44), or stimulate a �1 frameshift at the
26th UGA codon of prfB mRNA encoding a polypeptide re-
lease factor 2 (12).

In this study, we looked for additional genes that belong to
the polyamine modulon under heat shock stress conditions
by culturing E. coli MA261 cells at 42°C. We found that the
rpoE and stpA genes are new members of the polyamine
modulon and studied the mechanism of polyamine stimula-
tion of RpoE and StpA synthesis.

MATERIALS AND METHODS

Bacterial strains and culture conditions. A polyamine-requiring mutant of
Escherichia coli, MA261 (speB speC gly leu thr thi) (7), and E. coli MA261
lacZ::Em (27) were cultured in medium A [0.1% glucose (5.6 mM) and 0.02%
glutamic acid (1.4 mM), 40.2 mM K2HPO4, 22.1 mM KH2PO4, 1.7 mM sodium
citrate, 7.6 mM (NH4)2SO4, 6 �M thiamine, 40 �M biotin, 0.8 mM leucine, 0.8
mM threonine, 0.7 mM methionine, 1 mM serine, 1 mM glycine, 0.6 mM
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ornithine (pH 6.8)] in the presence and absence of 100 �g/ml (0.6 mM) pu-
trescine dihydrochloride. Where indicated, 0.4% (22.2 mM) glucose was added
instead of 0.1% glucose and 0.02% glutamic acid as an energy source. Cell
growth was monitored by measuring the absorbance at 540 nm.

Plasmids. Total chromosomal DNA from E. coli W3110 was prepared accord-
ing to the method of Wilson et al. (42). To make the rpoE-lacZ fusion gene, PCR
was performed using total chromosomal DNA as template and 5�-TCTACCC-
GGGTAATGCGATGTTCAGATTCT-3� (P1) and 5�-CCAGCCCGGGATAG-
GCTTTAATAAAAGCTT-3� (P2) as primers. The amplified rpoE gene (a 203-
nucleotide 5�-upstream region and a 184-nucleotide open reading frame) was
digested with XmaI and inserted into the same restriction site of the medium-copy-
number vector pMC1871 (36) to make the pMCrpoE-lacZ fusion plasmid. For
construction of pMWrpoE-lacZ, the SalI fragment containing the rpoE-lacZ gene
of pMCrpoE-lacZ was inserted into the same restriction site of the low-copy-
number vector pMW119 (Nippon Gene). Site-directed mutagenesis for the con-
struction of a mutated fusion gene with modified SD sequences was performed
by overlap extension using PCR (15). To make the rpoE(SD)-lacZ fusion gene,
the initial PCR was performed using total chromosomal DNA from E. coli
W3110 as template and P1, 5�-CCGAGGCTCCATCTAACCAAACCAAATT-
TC-3� (P3), 5�-GTTTGGTTAGATGGAGCCTCGGATGAGCGA-3� (P4), and
P2 as primers. Then the second PCR was performed using the initial PCR
products as template and P1 and P2 as primers. Plasmid pMWrpoE(SD)-lacZ
was prepared using the same method used for the construction of pMWrpoE-
lacZ.

The plasmids pMWrpoE[-8(U3A)]-lacZ, pMWrpoE[-20(�U)]-lacZ, pMW
rpoE[-20(U3A)]-lacZ, pMWrpoE[-42(�U)]-lacZ, and pMWrpoE[-46(�G)]-lacZ
were prepared, as described above, with site-directed mutagenesis by overlap
extension using PCR (15). A list of oligonucleotide primers used for mutagenesis
is available from the authors upon request.

To make the stpA-lacZ fusion gene, PCR was performed using total chromo-
somal DNA as template and 5�-GAGCCCCGGGCTGTTCACCAATAATCT-
AAA-3� (P5) and 5�-CAACCCCGGGTTTTTCGAGCATTTCTTCAA-3� (P6)
as primers. The amplified stpA gene (a 220-nucleotide 5�-upstream region and a
106-nucleotide open reading frame) was digested with XmaI and inserted into
the same restriction site of pMC1871 to make the pMCstpA-lacZ fusion plasmid.
For construction of pMWstpA-lacZ, the SalI fragment containing the stpA-lacZ
gene of the pMCstpA-lacZ fusion plasmid was inserted into the same restriction
site of pMW119. Plasmid pMWstpA(SD)-lacZ was prepared as described above.
The initial PCR was performed using P5, P5(SD) (5�-CATAATAAACTCCAG-
GTTTTAACGCCAAAA-3�), P6(SD) (5�-CGTTAAAACCTGGAGTTTAT-
TATGTCCGTA-3�), and P6 as primers. The nucleotide sequence of the plas-
mids was confirmed by the 3130 genetic analyzer (Applied Biosystems).

Dot blot and Northern blot analyses. E. coli MA261 cells were cultured at an
A540 of 0.05 in the presence and absence of putrescine and harvested at an A540

of 0.15. E. coli rpoE-deficient mutant CAG22216 (34), which was kindly supplied
by C. A. Gross, University of California–San Francisco, was grown in modified
Luria-Bertani medium (10 g of tryptone, 5 g of yeast extract, and 5 g NaCl per
liter) and harvested at an A540 of 0.15. Total RNA was prepared from these cells
by the method of Emory and Belasco (11). Dot blot and Northern blot analyses
were performed according to the method of Sambrook et al. (35) using the ECL
direct nucleic acid labeling and detection systems (GE Healthcare Bio-Sciences).
Total RNA used for dot blotting and Northern blotting was 0.2 to 3 �g and 7.5
�g, respectively. Probes were made by PCR, and the sizes of the probes used for
rpoE, rpoH, and stpA mRNAs were 598, 870, and 380 nucleotides, respectively.
Chemical luminescence was detected by a LAS-3000 luminescent image analyzer
(Fuji Film).

Western blot analysis. Western blot analysis was performed using ECL West-
ern blotting reagents (GE Healthcare Bio-Sciences). Antibodies to RpoD (�70),
RpoN (�54), RpoS (�38), RpoH (�32), RpoF (�28), RpoE (�24), FecI (�18),
OppA, Cra, Fis, Cya, and StpA were prepared as described previously (2, 25, 26,
38, 46). Antibodies to RF2 (23) and H-NS (40) were kindly supplied by Y.
Nakamura, University of Tokyo, and T. Mizuno, Nagoya University, respectively.
Antibody to �-galactosidase (�-Gal) was obtained from Sigma-Aldrich. The level
of protein was quantified with a LAS-3000 luminescent image analyzer (Fuji
Film).

Measurement of RpoE–�-Gal and StpA–�-Gal synthesis in E. coli MA261 by
immunoprecipitation of proteins labeled with [35S]methionine. E. coli MA261
lacZ::Em cells containing pMWrpoE-lacZ or pMWstpA-lacZ were cultured in
medium A containing 0.03 mM methionine instead of 0.7 mM, in the absence of
putrescine at 42°C. At an A540 of 0.15, the culture was divided into 5-ml aliquots
and continued to grow in the presence (100 �g/ml) and absence of putrescine for
10 min. Then, [35S]methionine (1 MBq) was added to each 5-ml aliquot, and the
cells were allowed to grow for an additional 20 min. After the addition of

unlabeled methionine at a final concentration of 20 mM, the cells were har-
vested, resuspended in 1 ml of buffer A (10 mM sodium phosphate, at pH 7.4;
100 mM NaCl; 1% Triton X-100; and 0.1% sodium dodecyl sulfate), and dis-
rupted by grinding for 30 s at 2,500 rpm six times with a Multi-Beads Shocker
(Yasui Kikai). Immunoprecipitation of [35S]methionine-labeled RpoE–�-Gal
and StpA–�-Gal fusion proteins was carried out using whole-cell lysate contain-
ing 1,000,000 cpm of [35S]methionine-labeled proteins and antiserum against
�-Gal, as described previously (43). After SDS-polyacrylamide gel electrophore-
sis, the radioactivity associated with fusion proteins was quantified using a BAS-
1800II imaging analyzer (Fuji Film).

Measurement of polyamines in whole cells. Polyamines in whole cells were
extracted by treatment of the cells with 10% trichloroacetic acid at 70°C for 15
min, with occasional shaking. Polyamine content was determined by high-pres-
sure liquid chromatography, as described previously (20). Protein content was
determined by the method of Bradford (4).

Prediction of the secondary structure of RNA. Optimal computer folding of
mRNAs was performed by the method of Zuker (49). Free energy (�G) for the
formation of the secondary structure was calculated on the basis of the data of
Turner et al. (39).

Circular dichroism (CD) measurement of RNA. Purified RpoE wild-type
(WT) RNA (5�-UUUGGUUUGGGGAGACUUUACCUCG-3�), correspond-
ing to the �26th to �2nd nucleotides upstream from the initiation codon AUG
of rpoE mRNA, and RpoE �20(�U) RNA (5�-UUUGGU�UGGGGAGACU
UUACCUCG-3�), which lacks one uridine nucleotide at the �20th position of
RpoE WT RNA, were obtained from Hokkaido System Science. CD spectra
were recorded over 200 to 320 nm on a Jasco J-820 spectropolarimeter (Jasco
International Co.) using a 0.1-cm-path-length cuvette at 37°C and 42°C (31).
Scan speed was 100 nm/min, and CD samples contained 10 mM Tris-HCl (pH
7.5), 50 mM KCl, and 50 �M RNA. Where indicated, magnesium acetate and/or
spermidine were added to the CD samples. Typical spectra at 42°C corresponded
to the average of three scans.

Preparation of ribosomes, [3H]fMet-tRNA, and mRNAs. E. coli Q13 (rna pnp)
ribosomes and [3H]fMet-tRNA were prepared as described previously (46). For
preparation of RpoE WT (166-mer) RNA and RpoE �20(�U) (165-mer) RNA,
including the initiation region of 130- and 129-mer of RpoE mRNA and RpoE
�20(�U) mRNA, respectively, PCR was performed using pMWrpoE-lacZ and
pMWrpoE[-20(�U)]-lacZ as templates and 5�-GCTAAAAGCTTGGCGTTTC-
GATAGCGCGTG-3� and 5�-CCAGTAGGATCCAGGCTTTCTGATCTCCC-
T-3� as primers. The PCR products were digested with HindIII and BamHI and
inserted into the same restriction site of the pBluescript II SK� (Toyobo, Japan).
The plasmid DNA was linearized by BamHI, and RNA was synthesized by a
ScriptMAX Thermo T7 transcription kit (TOYOBO, Japan), according to the
manufacturer’s protocol. RpoE mRNAs were purified by MicroSpin G-25 col-
umns (GE Healthcare).

Assay for fMet-tRNA binding to ribosomes. The reaction mixture (0.1 ml)
containing 50 mM Tris-HCl (pH 7.5), 100 mM KCl, 1 mM dithiothreitol, 1 mM
GTP, 200 �g (74 pmol) of ribosomes, 75 pmol of [3H]fMet-tRNA, 90 pmol of
RpoE WT (166-mer), or RpoE �20(�U) (165-mer) RNA, and either various
concentrations of Mg2� in the presence and absence of 1 mM spermidine or
various concentrations of spermidine in the presence of 3 mM Mg2� was incu-
bated at 37°C or 42°C for 2 min. The reaction mixture was passed through a
cellulose nitrate filter (pore size, 0.45 �m) (Advantec), and radioactivity on the
filter was measured as described previously (46).

RESULTS

Stimulation of cell growth by polyamines under heat shock
conditions. The MA261 strain of E. coli is unable to synthesize
putrescine, and its growth slows down in the absence of exog-
enous putrescine (7). When putrescine is added to the culture
medium, it is taken up into cells (17) and spermidine is syn-
thesized from putrescine, leading to recovery of cell growth. To
study the effects of polyamines under heat shock conditions,
growth of E. coli MA261 was compared at 37°C and 42°C in the
presence of 0.1% glucose and 0.02% glutamate. As shown in
Fig. 1A, the rate of cell growth of E. coli MA261 in the pres-
ence of putrescine was much higher than that in its absence at
both 37°C and 42°C. However, growth of E. coli MA261 in the
absence of putrescine at 42°C was slower than that at 37°C.
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Putrescine was efficiently transported into cells at both 42°C
and 37°C (Fig. 1B). Similar results were obtained when cells
were cultured in the presence of 0.4% glucose instead of 0.1%
glucose and 0.02% glutamate (data not shown). These results
indicate that the polyamine requirement for cell growth is
more evident at elevated temperatures.

Stimulation of synthesis of RpoE by polyamines at the level
of translation at 42°C. To clarify the mechanisms underlying
the more pronounced effects of polyamines at 42°C than at
37°C, the effects of polyamines on synthesis of specific kinds of
proteins were examined. RpoE is one of the sigma factors for
transcription of a set of heat shock response genes (14). Since
the predicted SD sequence of rpoE mRNA is distant from the
initiation codon AUG (33), we determined whether synthesis
of RpoE is influenced by polyamines at 42°C. When E. coli
MA261 cells were cultured at 37°C, the addition of putrescine
slightly stimulated the synthesis of RpoE (Fig. 2A). However,
synthesis of the RpoE protein was enhanced 2.3-fold by poly-
amines (i.e., by addition of putrescine) at 42°C (Fig. 2A),
whereas the level of rpoE mRNA was slightly enhanced (1.1- to
1.2-fold) by polyamines (Fig. 2B) probably because of the en-
hancement of transcription of its own gene by RpoE (32). No
distinct band for rpoE mRNA was observed in rpoE-deficient
mutant CAG22216 by Northern blotting (data not shown). The

results indicate that RpoE is one of the target proteins that are
stimulated by polyamines at the level of translation at 42°C. To
determine whether the distance of the SD sequence from the
initiation codon AUG of rpoE mRNA is important for poly-
amine stimulation of RpoE synthesis, the original SD sequence
was replaced by a typical SD sequence seven nucleotides up-
stream of the initiation codon AUG in an rpoE-lacZ fusion
mRNA (Fig. 2C). The synthesis of the RpoE–�-Gal fusion
protein produced from this construct was measured by West-
ern blotting and measurement of the [35S]methionine-labeled
RpoE–�-Gal fusion protein. Essentially the same results were
obtained by measuring the protein level and synthetic activity
of the RpoE–�-Gal fusion protein. Synthesis of an RpoE–�-
Gal fusion protein from mRNA containing the original SD
sequence was stimulated by polyamines by 2.0- to 2.3-fold,
whereas the polyamine stimulation was reduced 1.2- to 1.3-fold
after replacement with the typical SD sequence, even though
the basal level of protein synthesis in the absence of poly-
amines was enhanced 8.7- to 9.3-fold (Fig. 2D and E). The
results indicate that the synthesis of RpoE was enhanced by
polyamines at the level of translation due to the existence of a
unique SD sequence in the rpoE mRNA.

Effect of polyamines on the synthesis of other sigma factors
and proteins encoded by polyamine modulon genes at 42°C.
We next determined whether the synthesis of other sigma
factors is stimulated by polyamines at 42°C. As shown in Fig.
3A, synthesis of RpoN, RpoS, RpoH, and FecI was enhanced
by polyamines together with RpoE. However, synthesis of
RpoD and RpoF was not stimulated by polyamines. Synthesis
of RpoF was enhanced at 37°C at the level of transcription due
to an increase in the level of cAMP caused by the translational
stimulation of Cya synthesis (43) or stimulation of H-NS syn-
thesis (38). Thus, we tested the effects of polyamines at 42°C on
the synthesis of proteins encoded by previously identified
members of the polyamine modulon. As shown in Fig. 3B, the
synthesis of OppA, Cra, RF2, and Fis was enhanced by poly-
amines, but the synthesis of Cya and H-NS was not enhanced
by polyamines. Polyamine stimulation of Cya synthesis was not
seen when cells were cultured in the presence of 0.1% glucose
and 0.02% glutamate instead of 0.4% glucose as an energy
source (38), but the polyamine effect of H-NS synthesis disap-
peared when cells were cultured at 42°C, regardless of the
energy source. As RpoF is involved in the transcription of
genes for flagellin synthesis, the results are in accordance with
the finding that flagellin is not synthesized effectively at 42°C
(1). Stimulation of RpoH synthesis by polyamines was ob-
served at the level of transcription (Fig. 3C and D), because
transcription of the rpoH gene is controlled by RpoE (8).

Stimulation of synthesis of StpA by polyamines at 42°C. Two
nucleoid-associated DNA binding proteins, H-NS and StpA,
function similarly (37, 48), but the levels of these two proteins
change differentially, depending on the culture temperature.
The level of H-NS was reported to be decreased but that of
StpA to be increased at 42°C compared to levels at 37°C (30,
37). Since the predicted SD sequence of stpA mRNA is located
distantly from the initiation codon AUG (47), we determined
whether the synthesis of StpA is altered by polyamines. The
level of StpA was significantly enhanced by polyamines at 42°C
but not at 37°C (Fig. 4A). However, polyamines did not affect
the stpA mRNA level (Fig. 4B), suggesting that, at 42°C, poly-

FIG. 1. Growth and polyamine content of E. coli MA261 at 37°C
and 42°C. (A) Culture of E. coli MA261 cells with or without 100 �g/ml
putrescine. (B) Polyamine content in cells harvested at an A540 of 0.15
was measured as described in Materials and Methods. Data are shown
as means � standard errors. PUT, putrescine; SPD, spermidine.
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amines stimulate the synthesis of StpA at the level of transla-
tion. The effects of polyamines on the synthesis of an StpA–
�-Gal fusion protein were compared with those of stpA-lacZ
fusion mRNAs having the original SD sequence and the typical
SD sequence seven nucleotides upstream from the initiation
codon AUG (Fig. 4C). Essentially the same results were ob-
tained by Western blotting and measurement of the [35S]me-
thionine-labeled StpA–�-Gal protein (Fig. 4D and E). The
synthesis of the StpA–�-Gal fusion protein from mRNA con-
taining the original SD sequence was stimulated 2.2- to 2.4-fold

by polyamines, whereas the polyamine stimulation was re-
duced to 1.1-fold after replacement with the typical SD se-
quence, even though the basal level of protein synthesis was
enhanced 6.4- to 7.1-fold (Fig. 4D and E). The results indicate
that the synthesis of StpA was enhanced by polyamines at the
level of translation due to the existence of a unique SD se-
quence in the stpA mRNA.

Mechanism of polyamine stimulation of the synthesis of
RpoE at 42°C. We have previously reported that polyamine
stimulation of OppA synthesis and rat liver Ile-tRNA forma-

FIG. 2. Effect of polyamines on synthesis of RpoE in E. coli MA261 cells at 42°C. (A) Cells were harvested at an A540 of 0.15. Western blotting of
RpoE was performed using 20 �g of protein of cell lysate. (B) Dot blot and Northern blot analyses of rpoE mRNA were performed as described in
Materials and Methods. (C) Schematic of the rpoE-lacZ fusion genes. The rpoE gene containing a 203-nucleotide 5�-upstream region with an unmodified
or modified SD sequence and a 184-nucleotide open reading frame was fused to the lacZ gene. (D) Western blotting of RpoE–�-Gal fusion protein was
performed using 10 �g of protein of cell lysate. (E) Immunoprecipitation of [35S]methionine-labeled protein by antibody against �-Gal was performed
as described in Materials and Methods. Values are means � standard errors of triplicate determinations. Student’s t test was performed for the value
obtained in the presence of putrescine versus that in the absence of putrescine. ns, P 	 0.05; *, P � 0.05; **, P � 0.01. PUT, putrescine.
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tion likely involves a structural change of the bulged-out region
of double-stranded RNA (28, 46) and have recently shown that
a selective structural change of the bulged-out region of oppA
mRNA and rat liver tRNA is important for polyamine stimu-
lation (13). Thus, to study the mechanism of polyamine stim-
ulation of the synthesis of RpoE at 42°C, a possible secondary
structure of the initiation region of rpoE mRNA (�65 to �65)
was constructed by the method of Zuker (49), and it was found
that the bulged-out region existed (Fig. 5A). The nucleotide
sequence of the bulged-out region of double-stranded RNA,
near the initiation codon AUG and the SD sequence of rpoE
mRNA, was modified to make three different forms of the

double-stranded RNA. Those mRNAs are rpoE[-8(U3A)]
mRNA, rpoE[-20(�U)] mRNA, and rpoE[-20(U3A)] mRNA.
As controls, two other alternative forms, rpoE[-42(�U)]
mRNA and rpoE[-46(�G)] mRNA, were constructed to re-
move the bulged-out region of another double-stranded region
that is located distantly from the initiation site of rpoE mRNA.
The predicted secondary structure of the initiation region (po-
sitions �65 to �65) of five mutants of rpoE mRNA was essen-
tially the same as that of wild-type rpoE mRNA (data not
shown).

The effects of polyamines on the synthesis of an RpoE–�-
Gal fusion protein were studied using these various rpoE-lacZ

FIG. 3. Levels of seven sigma factors and proteins encoded by polyamine modulons in E. coli MA261 cells at 42°C. Cells were harvested at an
A540 of 0.15. (A) Western blotting was performed using 10 �g protein of cell lysate for RpoD; 20 �g protein of cell lysate for RpoN, RpoS, RpoH,
RpoF, and RpoE; and 50 �g protein of cell lysate for FecI. (B) Western blotting was performed using 1 �g of protein of cell lysate for OppA and
20 �g of protein of cell lysate for Cra, RF2, Fis, H-NS, and Cya. (C) Schematic of control of transcription of rpoH by RpoD and RpoE. (D) Dot
blot and Northern blot analyses of rpoH mRNA were performed as described in Materials and Methods. Values are means � standard errors of
triplicate determinations. ns, P 	 0.05; **, P � 0.01. PUT, putrescine.
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fusion mRNAs. As shown in Fig. 5B and C, polyamine stimu-
lation of the synthesis of RpoE–�-Gal fusion protein from
rpoE[-8(U3A)]-lacZ, rpoE[-20(�U)]-lacZ, and rpoE[-20(U3
A)]-lacZ mRNAs was reduced to 1.1- to 1.4-fold from 2.3- to
2.5-fold seen with wild-type rpoE-lacZ mRNA, even though
the basal level of protein synthesis in the absence of poly-
amines was enhanced. In the case of rpoE[-8(U3A)]-lacZ
mRNA, the basal level of protein synthesis in the absence of
polyamines was enhanced 3.8- to 5.1-fold, suggesting that an

SD-like sequence may be created since two adenine residues
are located at the position of a typical SD sequence. When
polyamine stimulation of the synthesis of the RpoE–�-Gal
fusion protein from rpoE[-42(�U)]-lacZ mRNA and rpoE
[-46(�G)]-lacZ mRNA was examined as controls, the degree
of polyamine stimulation was nearly equal to that of synthesis
from wild-type rpoE-lacZ mRNA. The results support the idea
that a structural change of the bulged-out region of double-
stranded RNA close to the initiation codon AUG and the SD

FIG. 4. Effect of polyamines on synthesis of StpA in E. coli MA261 cells at 42°C. (A) Cells were harvested at an A540 of 0.15. Western blotting
of StpA was performed using 20 �g of protein of cell lysate. (B) Dot blot and Northern blot analyses of stpA mRNA were performed as described
in Materials and Methods. (C) Schematic of the stpA-lacZ fusion genes. The stpA gene containing a 220-nucleotide 5�-upstream region with an
unmodified or modified SD sequence and a 106-nucleotide open reading frame was fused to the lacZ gene. (D) Western blotting of StpA–�-Gal
fusion protein was performed using 10 �g of protein of cell lysate. (E) Immunoprecipitation of [35S]methionine-labeled protein by antibody against
�-Gal was performed as described in Materials and Methods. Values are means � standard errors of triplicate determinations. ns, P 	 0.05; *,
P � 0.05; **, P � 0.01. PUT, putrescine.
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sequence of rpoE mRNA is involved in polyamine stimulation
of RpoE synthesis.

Selective structural change of the bulged-out region of rpoE
RNA by spermidine at 42°C. Structural changes of the bulged-
out region induced by spermidine were then studied using
synthetic RNAs containing the wild type or a mutated initia-
tion region of the rpoE mRNA. Structural changes induced by
spermidine of RpoE WT RNA (corresponding to the �26th to
�2nd nucleotides upstream from the initiation codon AUG)

(Fig. 6A) and of RpoE �20(�U) RNA, which lacks one uri-
dine nucleotide at the �20 position (Fig. 6E), were analyzed in
the presence of 10 mM Tris-HCl (pH 7.5) and 50 mM KCl at
42°C. A substantial increase in the relative intensity of the
negative band at 208 nm in CD reflects stabilization (or an
increase) of A-form double-stranded RNA (31). There was a
marked increase in the relative intensity of the negative band
at 208 nm induced by 1.6 mM spermidine in RpoE WT RNA,
including the bulged-out region in double-stranded RNA, and

FIG. 5. Effect of polyamines on the synthesis of RpoE–�-Gal fusion protein derived from mutated rpoE-lacZ mRNA in the 5� untranslated
region. (A) Possible secondary structure of the initiation region of rpoE mRNA was constructed by the method of Zuker (49). The positions in
which the sequence was mutated are shown. (B) Effect of polyamines on RpoE–�-Gal fusion protein synthesis was tested by Western blot analysis
using 10 �g of protein of cell lysate. The levels of rpoE-lacZ mRNA in cells cultured with or without 100 �g/ml putrescine were nearly equal,
judging from dot blot analysis. (C) Immunoprecipitation of [35S]methionine-labeled protein by antibody against �-Gal was performed as described
in Materials and Methods. Values are means � standard errors of triplicate determinations. �, removal of the nucleotide; �, addition of the
nucleotide; 3, the replacement of the nucleotide; ns, P 	 0.05; *, P � 0.05; **, P � 0.01; PUT, putrescine.
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this was greater than the increase in RpoE �20(�U) RNA
with or without Mg2� (Fig. 6B and F). In contrast, 1.6 mM
Mg2� had a much smaller effect than spermidine on RpoE WT
RNA and RpoE �20(�U) RNA. Concentration-dependent
shifts of RpoE WT RNA and RpoE �20(�U) RNA induced
by spermidine or Mg2� at 208 nm were then measured at 37°C
and 42°C (Fig. 6C and G). With RpoE WT RNA, the increase
induced by spermidine in the shift at 208 nm was greater at
42°C than at 37°C, but in RpoE �20(�U) RNA the increases
were nearly equal at 37°C and 42°C. The apparent dissociation
constant (Kdapp) values for spermidine of RpoE WT RNA
were 0.28 mM and 0.24 mM at 37°C and 42°C, respectively, and
those for spermidine of RpoE �20(�U) RNA were 0.17 mM
and 0.16 mM at 37°C and 42°C, respectively (Fig. 6D and H).
These values indicate that spermidine binds to double-stranded
RNA with greater affinity than double-stranded RNA contain-
ing bulged-out nucleotides. We next studied the effect of sper-
midine on RpoE WT (166-mer) RNA- and RpoE �20(�U)
(165-mer) RNA-dependent [3H]fMet-tRNA binding to ribo-
somes. As shown in Fig. 7, RpoE WT RNA-dependent

[3H]fMet-tRNA binding to ribosomes at 42°C was significantly
stimulated by 1 mM spermidine, but RpoE �20(�U) RNA-
dependent [3H]fMet-tRNA binding was not. These results sug-
gest that the bulged-out region located at the initiation site of
rpoE mRNA is stabilized and that initiation complex formation
is then enhanced if a suitable amount of spermidine is present.

DISCUSSION

To study the role of polyamines on cell growth at 42°C, a
polyamine-requiring mutant, MA261, was used (7). The dou-
bling time of the mutant cultured in the synthetic medium A in
the presence of 0.6 mM putrescine was 120 min, while that of
the wild-type strain W3110 cultured in the absence of pu-
trescine was 90 min. Polyamine content in E. coli W3110 (33.5
and 12.4 nmol/mg protein of putrescine and spermidine, re-
spectively) was higher than that in E. coli MA261 cultured in
the presence of 0.6 mM putrescine (Fig. 1). Thus, it is thought
that polyamine content in cells is correlated with the rate of
cell growth. In the present study, changes in polyamine levels

FIG. 6. CD spectra of RpoE WT RNA and RpoE �20(�U) RNA. (A and E) Structure of RpoE WT RNA and RpoE �20(�U) RNA. (B and
F) CD spectra were recorded as described in Materials and Methods. Green line, no addition; blue line, 1.6 mM Mg2�; red line, 1.6 mM
spermidine; black line, 1.6 mM Mg2� and 1.6 mM spermidine. (C and G) Concentration-dependent shifts induced by Mg2� at 37°C, Mg2� at 42°C,
spermidine at 37°C, or spermidine at 42°C in magnitude at 208 nm are shown. Values are means � standard deviations for three determinations.
(D and H) The Kdapp values of spermidine for RpoE WT RNA and RpoE �20(�U) RNA at 37°C and 42°C were determined according to the
double-reciprocal equation plot. SPD, spermidine.
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in polyamine-requiring mutant MA261 at least partially mimic
the polyamine effects in normal cells. Actually, the level of
RpoE protein per rpoE mRNA in E. coli W3110, i.e., an indi-
cator of stimulation of RpoE synthesis at the level of transla-
tion, was nearly equal to that in E. coli MA261 cultured in the
presence of putrescine. Furthermore, the rate of cell growth of
E. coli W3110 cultured in the synthetic medium A did not
change significantly at 37°C and 42°C, which was similar to that
of E. coli MA261 cultured in the presence of putrescine. How-
ever, cell growth of E. coli MA261 in the absence of putrescine
was slower at 42°C than at 37°C. The results suggest that
polyamines function more effectively at high temperature.

It is known that polyamines exist mostly as polyamine-RNA
complexes in E. coli (29). Thus, we looked for proteins whose
synthesis is enhanced by polyamines at the level of translation
at 42°C, as we have previously seen with cells grown at 37°C
(16, 45), in order to clarify the role of polyamines under heat
shock conditions. We found that synthesis of RpoE, one of the
sigma factors involved in the heat shock response (14), and of
StpA, a nucleoid-associated DNA binding protein (37, 48), is
enhanced by polyamines at the level of translation at 42°C.
These two proteins are important proteins for E. coli to grow
at 42°C, so a greater effect of polyamines on cell growth at 42°C
than at 37°C is at least partially explained by polyamine stim-
ulation of the synthesis of RpoE and StpA. It has been re-
ported that polyamines decrease E. coli outer membrane per-
meability (9). However, this change in membrane permeability
occurs at very high concentrations of polyamines (9), so it is
unlikely that changes in membrane permeability are involved
in the enhanced effects of polyamines on cell growth at 42°C. It
has also been reported that growth of mammalian cells is
inhibited by an increase in decarboxylated S-adenosylmethi-
onine, the aminopropyl donor for spermidine and spermine
synthesis produced by S-adenosylmethionine decarboxylase
(5). The activity of S-adenosylmethionine decarboxylase in E.
coli MA261 cultured in the absence of putrescine was lower
than that cultured in the presence of putrescine, suggesting
that toxicity caused by decarboxylated S-adenosylmethionine is
negligible in E. coli MA261 cultured in the absence of pu-
trescine.

Data on polyamine stimulation of the synthesis of RpoE and
StpA were obtained with cells harvested at an A540 of 0.15. In

this case, cells cultured in the presence of putrescine were
harvested at an earlier time than cells cultured in the absence
of putrescine. Polyamine stimulation of the synthesis of these
proteins was also observed when cells were cultured in the
presence and absence of putrescine at 8 h (data not shown).
The results indicate that polyamines stimulate the synthesis of
RpoE and StpA regardless of growth phase and incubation
time.

It is shown that a selective structural change by polyamines of
the bulged-out region in the initiation site of rpoE mRNA is
involved in polyamine stimulation of RpoE synthesis. A predicted
secondary structure of the initiation region of rpoE mRNA was
constructed using the initiation region of rpoE mRNA by the
method of Zuker (49). The predicted secondary structure of the
initiation region of intact rpoE mRNA was exactly the same as
that of rpoE mRNA consisting of 130 nucleotides (data not
shown). The results support the idea that the bulged-out structure
actually exists in the initiation site of rpoE mRNA.

The results, taken together, support our previous hypothesis
concerning polyamine stimulation of cell growth (16). That is,
polyamines enhance the synthesis of some key regulators of
gene expression at the level of translation through interactions
with specific regions of their cognate mRNAs. These regula-
tory proteins in turn enhance the expression of approximately
300 kinds of mRNAs, rRNA, and some kinds of tRNAs which
are important for cell growth.
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