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We have recently proposed an idea to explain how polyamines enhance cell growth in
Escherichia coli. Since most polyamines exist as polyamine-RNA complexes, our idea is
that polyamines stimulate several kinds of protein synthesis which are important for cell
growth atthelevel of translation. We found that synthesis of oligopeptide binding protein
(OppA), whichisimportant for nutrient supply, adenylate cyclase (Cya), RNA polymerase
¢>8 subunit (RpoS), transcription factor of iron transport operon (Fecl), and transcrip-
tion factor of growth-related genes including rRNA and some kinds of tRNA synthesis
(Fis) was enhanced by polyamines at the level of translation. We proposed that a group of
genes whose expression is enhanced by polyamines at the level of translation be referred
to as a "polyamine modulon." By DNA microarray, we found that 309 of 2,742 mRNA
species were up-regulated by polyamines. Among the 309 up-regulated genes, trans-
criptional enhancement of at least 58 genes might be attributable to increased levels
of the transcription factors Cya, RpoS, Fecl, and Fis. This unifying molecular
mechanism is proposed to underlie the physiological role of polyamines in controlling

the growth of Escherichia coli.
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protein synthesis.

Polyamines (putrescine, spermidine and spermine) are
present at millimolar concentration in both prokaryotic
and eukaryotic cells and play important roles in cells
(1, 2). This review focuses on the effect of polyamines on
cell growth in Escherichia coli. Since decrease or increase
in polyamine content greatly diminishes cell growth (3, 4),
the intracellular levels of polyamines are closely regulated
at various steps including synthesis, degradation, uptake
and excretion (5, 6). To study the effect of polyamines on
cell growth, we first estimated the cellular distribution in
cells (7, 8). In E. coli, about 50% of putrescine and 90% of
spermidine exist as polyamine-RNA complexes (Table 1).
Accordingly, the effect of polyamines on cell growth was
mainly studied at the level of translation.

Polyamine stimulation of general protein synthesis

To study the effect of polyamines on protein synthesis,
we used a polyamine-requiring mutant MA261, which
cannot synthesize putrescine. Cell growth in this mutant
was very slow when putrescine was absent in the medium.
When 100 pg/ml putrescine was added to the medium,
cell growth recovered, and polyamine (putrescine and
spermidine) content in cells became close to that in normal
cells (Fig. 1A). To compare ribosome activity, cells were
collected at the logarithmic phase (As40 = 0.2). The activity
of ribosomes obtained from cells cultured with putrescine
was about double that of ribosomes obtained from cells
cultured without putrescine. The mechanism of polyamine
enhancement of ribosome activity was studied in detail.
It was found that association of certain 30S ribosomal
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Table 1. Polyamine distribution in Escherichia coli.

Putrescine Spermidine
(mM) (%) (mM) (%)

Total 32.2 100 6.88 100

Free 12.5 38.8 0.26 3.8
DNA 3.0 9.3 0.35 5.1
RNA 15.4 47.8 6.17 89.7
Phospholipids 0.46 14 0.05 0.7
ATP 0.84 2.6 0.05 0.7

Dissociation constants were determined in the presence of Tris-
HCI, pH 7.5, 10 mM magnesium acetate, and 150 mM KCIL.
Polyamine distribution was calculated using dissociation constants
and concentration of macromolecules, ATP and polyamines.

proteins with 23S core particles (precursor particles of
30S ribosomal subunits) was enhanced by polyamines.
This enhancement occurred through stimulation by poly-
amines of the methylation of two adjacent molecules of
adenine located close to the 3'-end of 16S ribosomal RNA
in 23S core particles (9, 10). However, the effect of poly-
amines on cell growth was not completely explained by the
enhancement of ribosome activity, because cell growth of a
polyamine-requiring mutant was enhanced about 3- to
5-fold by polyamines (Fig. 1A).

Polyamine stimulation of OppA synthesis at the
level of translation

We next studied whether polyamines can enhance the
synthesis of specific kinds of proteins which are important
for cell growth. For this purpose, proteins were labeled
with [*®SImethionine and analyzed by fluorography. We

11 © 2006 The Japanese Biochemical Society.
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B Fluorography of [*5S]Met-labeled OppA protein
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Fig. 1. Polyamine stimulation of cell growth and OppA
synthesis. A: Escherichia coli MA261 was cultured in the presence
or absence of 100 pg/ml putrescine. Cell growth was monitored at
As40, and polyamine content was measured using HPLC. B: OppA
protein synthesized was measured by an immunoprecipitation

found that synthesis of a protein with molecular mass of 62
kDa was strongly enhanced by polyamines. The protein
was purified and identified by amino acid sequencing as
an oligopeptide-binding protein (OppA), which is a compo-
nent of oligopeptide transporter (11). The mechanism of
polyamine stimulation of OppA synthesis was studied by
measuring the levels of OppA mRNA and OppA protein. It
was found that polyamine stimulation of OppA synthesis
occurred at the level of translation (Fig. 1B). One feature of
the nucleotide sequence of OppA mRNA is that the Shine-
Dalgarno (SD) sequence, important for the initiation of
protein synthesis (12), is more distant (12 nucleotides)
from the initiation codon AUG than that in other
mRNAs, in which the SD sequence is typically located 7
nucleotides upstream from the AUG. Thus, a new SD
sequence was inserted 7 nucleotide upstream from the
AUG. When OppA was synthesized from the mRNA with
the new SD sequence, a lower degree of polyamine stimu-
lation was observed (2.3-fold) (Fig. 1C). In the absence of
putrescine, however, OppA synthesis from the mRNA with
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method. C: Effect of SD sequence on polyamine stimulation of
OppA synthesis. D: Possible secondary structure of OppA-130
mRNA and the hydrolyzed points by RNase T; and RNase V.
PUT, putrescine; SPD, spermidine.

the new SD sequence was greater than that from the nor-
mal OppA mRNA. These results suggest that the position
of the SD sequence may influence polyamine stimulation of
OppA synthesis (13).

We have shown that the SD sequence of OppA mRNA is
absolutely necessary for OppA synthesis (Fig. 1C). We next
determined the size of OppA mRNA necessary for efficient
recognition of the SD sequence. When the OppA mRNA
was a 30-mer, the optimal Mg®* concentration for fMet-
tRNA binding to ribosomes was 9 mM, and maximal bind-
ing of fMet-tRNA was obtained at a molar ratio of mRNA
to ribosomes of 30 to 1. Furthermore, 1 mM spermidine
did not stimulate fMet-tRNA binding to ribosomes. When
the OppA mRNA was a 130-mer, the optimal Mg®" concen-
tration for fMet-tRNA binding to ribosomes was 3 mM, and
maximal binding of fMet-tRNA was obtained at a molar
ratio of mRNA to ribosomes of 3 to 1. Under these condi-
tions, 1 mM spermidine strongly enhanced fMet-tRNA
binding to ribosomes in the presence of 1 to 3 mM Mg?",
suggesting that relatively long nucleotides are required for
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efficient recognition of the OppA SD sequence during
initiation complex formation (14).

The structural change of OppA mRNA induced by
spermidine was examined by limited digestion of the
mRNA with a single-stranded G-specific RNase T;. Hydro-
lysis of the five Gs in the SD sequence and the G in the
initiation codon AUG was stimulated greatly by spermi-
dine (Fig. 1D). The optimal concentration of spermidine
was 0.4-0.8 mM. Hydrolysis of Gs positioned at 18, 20,
and 23 was not influenced by spermidine. The results sug-
gest that spermidine relaxes the structure of both the
SD sequence and the initiation codon AUG. As stated
above, OppA mRNA is unusual in that the SD sequence
is 12 nucleotides upstream from the initiation codon AUG.
Thus, in the presence of spermidine, the SD sequence and
the initiation codon may become closer during formation of
the initiation complex, and this may be important for
initiation. This possibility was studied using RNase Vjy,
which recognizes double-stranded RNA or stacked RNA
(15). The region between the SD sequence and the initia-
tion codon AUG became sensitive to RNase V; in the
presence of spermidine (Fig. 1D). This result suggests
that the distance between the SD sequence and the initia-
tion codon AUG of OppA mRNA contracts in the presence
of spermidine (14).

Mechanism of polyamine stimulation of the synthesis
of adenylate cyclase and RNA polymerase 58

We next looked for another protein whose synthesis is
enhanced by polyamines at the level of translation and
found that adenylate cyclase (Cya) is one such protein
(16). After addition of putrescine, cell growth was stimu-
lated and interacellular cAMP increased. The SD sequence
of Cya mRNA was positioned normally and relatively
exposed, but the initiation codon was UUG instead of
AUG. Although the amount of fMet-tRNA binding to
ribosomes was much greater with AUG than with UUG,
spermidine stimulated only UUG-dependent fMet-tRNA
binding significantly. If the UUG codon is replaced by
the initiation codon AUG, the cells are nonviable (17).
Given that an increase in Cya causes cell death, poly-
amines may contribute to maintenance of an optimal
cAMP level by facilitating the UUG codon-dependent
initiation (Fig. 2A). UUG is the initiation codon for 34 iden-
tified genes in E. coli (18). If polyamines stimulate the
interaction between the initiation codon UUG and the
anticodon of fMet-tRNA, CAU, protein synthesis from all
mRNAs having UUG as the initiation codon would be sti-
mulated by polyamines. However, this was not the case.
The secondary structure of the initiation region of mRNA is
probably important for the stimulation of the UUG codon—
dependent initiation by polyamines. Analysis of RNA sec-
ondary structure suggests that exposure of the SD
sequence is a prerequisite for polyamine stimulation of
UUG codon—dependent initiation.

We also found that synthesis of the RNA polymerase >®
subunit (RpoS) was stimulated by polyamines at the level
of translation (19). Polyamine stimulation was observed
only in strains in which the 33rd codon of RpoS mRNA
is a UAG amber termination codon instead of the CAG
codon for glutamine in wild-type E. coli. We found that a
mutation at the 33rd position of the ORF of RpoS mRNA
occurs frequently. Readthrough of the termination codon
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Fig. 2. Polyamine modulon. A: Three mechanisms of polyamine
stimulation of five kinds of protein syntheses. B: Proposed role of
the polyamine modulon in cell proliferation.

by Gln-tRNAS"PE wags stimulated by polyamines (Fig. 2A).
The stimulation was found to be caused by an increase in
both the level of suppressor tRNAS"PE and the binding
affinity of Gln-tRNAS'PE for ribosomes. The stimulatory
effect was observed with a UAG termination codon but
not with UGA or UAA codons. One of the W3110 strains
carries a UAG termination codon at the 270th position of
the RpoS mRNA. Readthrough of the UAG termination
codon at the 270th amino acid position was also stimulated
by polyamines. The frequency of the use of UAG, UGA, and
UAA as the termination codon in E. coli is 7.6, 29.3, and
63.1%, respectively (18). Because relatively few genes use
UAG as the real termination codon at the end of full-length
reading frames, the gene expression as a whole may not be
influenced strongly by polyamines even if polyamines sti-
mulate the readthrough of UAG at the natural termination
sites. Examination of cell viability of E. coli MA261 having
a termination codon in the 33rd position of RpoS mRNA
revealed that it was higher in cells cultured with putres-
cine than in those cultured without putrescine. The results
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confirm that elevated expression of the rpoS gene is impor-
tant for cell viability at the late stationary phase. The
increase in readthrough of the amber codon by polyamines
was also found for translation of the mutant gene 1 protein
mRNA from T7 phage (20).

Up to now, three different mechanisms by which poly-
amines stimulate protein synthesis have been identified: a
structural change of OppA mRNA, leading to enhanced
template activity for translation, stimulation of initiation
codon UUG—-dependent fMet-tRNA binding to Cya mRNA-
ribosome complex; and stimulation of readthrough of the
amber codon UAG-dependent Gln-tRNAS"PE on ribosome-
associated RpoS mRNA (Fig. 2A). Thus, polyamines mod-
ulate protein synthesis not only at the level of initiation but
also at the level of elongation of translation.

Polyamine modulon

We propose that genes whose expression is modulated by
polyamines at the level of translation be referred to as a
“polyamine modulon.” Among three proteins whose synth-
eses are enhanced by polyamines, Cya and RpoS are tran-
scription factors. We also thought that synthesis from
mRNAs having a weak SD sequence may be enhanced
by polyamines. About 150 transcription factors have been
identified in E. coli to date (21). Accordingly, we looked for
new members of the polyamine modulon among the genes
encoding transcription factors and having weak SD
sequence in the mRNAs.

Fecl (61®) is involved in the expression of the iron uptake
operon (fecABCDE) (22). The level of Fecl protein was
significantly higher in cells cultured in the presence of
putrescine than its absence. The level of Fecl mRNA in
cells cultured in the presence of putrescine was, however,
~70% of the level in the absence of putrescine. This appar-
ent disparity between mRNA and protein levels suggests
that the efficiency of Fecl mRNA translation is high in the
presence of polyamines. One characteristic of Fecl mRNA
was the lack of the consensus SD sequence (GGAGG) in the
expected position relative to the initiation codon AUG.
In fact, Fecl mRNA has no obvious SD sequence, but a
candidate is the GA located 10 nucleotides upstream
from the initiation codon AUG. To determine whether
this weak SD-like sequence is related to polyamine stimu-
lation of Fecl synthesis, it was replaced by the typical SD
sequence (GGAGG), and translational efficiency of Fecl-
LacZ-fusion mRNA was measured. Synthesis of the Fecl-
LacZ fusion protein from the original weak SD-like
sequence-containing mRNA was stimulated 5.1-fold by
polyamines, whereas the polyamine stimulation was
reduced to only 1.3-fold after introduction of the consensus
SD sequence, even though the basal level of protein synth-
esis in the absence of polyamines was strongly enhanced
(71-fold). These results indicate that the synthesis of
Fecl was enhanced by polyamines at the translational
level due to a weak SD-like sequence in the FecI mRNA
(Fig. 2A) (23).

We also found that synthesis of Fis protein, a transcrip-
tion factor of rRNA, some tRNAs, and some genes involved
in energy production (24), was enhanced by polyamines
about 3- to 4-fold at the level of translation. A weak SD
sequence, GAG, is present 11 nucleotides upstream of the
initiation codon AUG of Fis mRNA. Using the method
described above, it was shown that the synthesis of Fis
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was enhanced by polyamines due to the existence of a
weak SD sequence in the Fis mRNA (Fig. 2A) (23).

Since four of the five proteins (OppA, Cya, RpoS, Fecl
and Fis) encoded by the polyamine modulon are transcrip-
tion factors, we compared mRNA levels in E. coli MA261
cells cultured with or without putrescine. The transcrip-
tion profiles of the exponential-phase culture of MA261
with or without putrescine were determined by a two-
color (Cy3 and Cy5) cDNA microarray analysis (25).
Expression of 2,742 genes was detected in cells cultured
with or without putrescine. Among these, 309 genes were
up-regulated (>2-fold increase), and 319 genes were down-
regulated (>2-fold decrease) by polyamines. Among the 309
up-regulated genes, 28, 23, 4 and 3 genes were under the
control of RpoS, Cya, Fecl and Fis, respectively. The results
suggest that transcriptional enhancement of at least these
58 genes might be attributable to increased level of the
transcription factors RpoS, Cya, Fecl and Fis. We are
also looking for new members of the polyamine modulon.
Accordingly, the expression of a number of E. coli genes is
activated indirectly by the transcription factors belonging
to the polyamine modulon (Fig. 2B). Our experimental data
together support a unifying molecular mechanism defined
by the polyamine modulon underlying the role of poly-
amines in cell growth.

Our hypothesis about the effect of polyamines on cell
growth in E. coli is as follows. Polyamines probably do
not function as an on/off switch of gene expression of spe-
cific proteins but, rather, “modulate” the level of many
kinds of proteins, by 10-fold at most, to maintain optimal
conditions for cell growth. In this way, polyamines function
as an important factor for cell growth. When a polyamine-
requiring mutant was cultured in the absence of putres-
cine, polyamine content became very low (Fig. 1A). Thus,
modulation by polyamines would be weakened, causing
cells to grow slowly. Upon further activation in the absence
of putrescine, polyamine content in cells would become
negligible, and cell growth would stop as a result of the
decreased levels of many proteins that are involved in cell
growth.

Effect of polyamines on cell growth at acidic pH

Having examined the effect of polyamines on cell growth
at neutral pH, we next examined the effect at acidic pH
(4.5 to 5.5). At acidic pH, the functions of two operons
(speF-potE and cadBA) are important. These genes encode
acid-inducible ornithine decarboxylase, putrescine-
ornithine antiporter, cadaverine-lysine antiporter and acid
inducible lysine decarboxylase (26-28). If lysine and
ornithine are present in the acidic medium, expression
of these genes is greatly enhanced. As the result, proton
motive force is formed due to the consumption of H'
through the production of putrescine and cadaverine by
the two decarboxylases and the electrogenic antiport of
putrescine with ornithine or cadaverine with lysine by
the two antiporters, and the medium is neutralized
through the excretion of putrescine and cadaverine by the
two antiporters. Furthermore, CO5, one of the substrates
for the formation of ATP, is produced during the production
of putrescine and cadaverine. Thus, the function of two
operons (speF-potE and cadBA) regulated by amino acids
at the level of transcription is important for cell growth at
acidic pH, together with the polyamine modulon.
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Further perspectives

Polyamines are also essential for cell growth in eukar-
yotes. We succeeded in identifying several proteins whose
syntheses are enhanced by polyamines at the level of trans-
lation in eukaryotes. However, we have not yet succeeded
in clarifying the detailed mechanism, because protein
synthesis is initiated by different mechanisms in prokar-
yotes and eukaryotes. Furthermore, eIF5A, which contains
the butylamine moiety of spermidine, is present in eukar-
yotes (29, 30). eIF5A is essential for cell growth, but its
function is still unclear. Polyamines, especially spermine,
also modulate the function of inward rectification of
K'-channel and NMDA receptors in mammalian cells
(31-34). Further studies are necessary to clarify the func-
tion of polyamines in eukaryotes at the molecular level.

We thank Dr. A. J. Michael for his help in preparing the
manuscript.
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