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Adjustment of polyamine contents in Escherichia coli was studied with strains of Escherichia coli producing
normal (DR112) and excessive amounts of ornithine decarboxylase [DR112(pODC)] or S-adenosylmethionine
decarboxylase [DR112(pSAMDC)]. Although DR112(pODC) produced approximately 70 times more ornithine
decarboxylase than DR112 did, the amounts of polyamines in the cells of both strains did not change
significantly. The amounts of polyamines in DR112(pODC) were adjusted by excretion of excessive amounts of
putrescine to the medium. When ornithine was deficient in cells, polyamine contents in DR112(pODC) were
much higher than those in DR112, although polyamine contents were low in both strains. This indicates that
large amounts of ornithine decarboxylase increased the utilization of ornithine for putrescine synthesis. During
ornithine deficiency, strain DR112 produced 3.4 times more ornithine decarboxylase. Strain DR112(pSAMDC)
produced seven times more S-adenosylmethionine decarboxylase than DR112 did. In DR112(pSAMDC) an
increase (40%) in spermidine content, a decrease (35%) in putrescine content, and no significant excretion of
putrescine and spermidine were observed. The amount of ornithine decarboxylase in DR112(pSAMDC) was
approximately 30% less than that in DR112. In addition, S-adenosylmethionine decarboxylase activity was
strongly inhibited by spermidine. A possible regulatory mechanism to maintain polyamine contents in
Escherichia coli is discussed based on the results.

Polyamines, polycationic compounds, present in all living
organisms, have been implicated in a wide variety of biolog-
ical reactions, including nucleic acid and protein synthesis
(20, 21). It is believed that the regulation of ornithine
decarboxylase activity is important in the regulation of
polyamine biosynthesis in Escherichia coli. Ornithine decar-
boxylase of E. coli is stimulated by GTP (1, 6) and inhibited
by ppGpp (7, 19), polyamines (1, 23), and antizymes (13, 18).
It has been reported that two basic E. coli antizyme proteins
are ribosomal proteins S20/L26 and L34 (18), but other major
ribosomal proteins also show antizyme activity (11). Fur-
thermore, when E. coli extracts were separated into ribo-
somes and supematant fraction (100,000 x g), no significant
antizyme activity was observed either in ribosomes or the
supernatant fraction. These results suggest that antizymes
may not function as inhibitors of ornithine decarboxylase in
vivo (11). By using E. coli strains producing normal (DR112)
and excessive amounts of ornithine decarboxylase
[DR112(pODC)] or S-adenosylmethionine decarboxylase
[DR112(pSAMDC)], we have studied how the amounts of
polyamines in E. coli are regulated.

MATERIALS AND METHODS
Bacterial strains and culture conditions. E. coli DR112

(speA speB thi), which lacks the putrescine biosynthetic
pathway from agmatine, was kindly provided by D. R.
Morris. Plasmids containing the ornithine decarboxylase
gene (3) and the S-adenosylmethionine decarboxylase gene
(22) were kindly supplied by S. M. Boyle and C. W. Tabor,
respectively, and transferred into E. coli DR112. These
strains were cultured in medium containing 4 g of glucose; 6
g of Na2HPO4; 3 g of KH2PO4; 500 mg of NACI; 1 g of
NH4Cl; 250 mg of MgSO4. 7H20; 13 mg of CaC12 2H20; 2
mg of thiamine; 100 mg each of alanine, asparagine, aspartic
acid, glutamic acid, glycine, methionine, proline, serine, and
threonine; 50 mg each of cysteine, histidine, isoleucine,
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leucine, phenylalanine, tyrosine, and valine; and 5 mg of
tryptophan per liter of water. When growth was sufficient to
give an A6. of 0.3 (three generations; 6 x 108 cells per ml),
the cells were harvested by centrifugation at 15,000 x g for
15 min; when indicated, the cells were harvested at an A600
of 1.2 (five generations; 2.4 x 109 cells per ml). The cells
were washed once with a buffer containing 10 mM Tris
hydrochloride (pH 7.5), 10 mM magnesium acetate, 60 mM
NH4Cl, and 6 mM 2-mercaptoethanol, centrifuged as de-
scribed above, and stored at -80°C until used.
Measurement of polyamine contents. Polyamine levels in E.

coli were determined by high-performance liquid chromatog-
raphy as described previously (9), with some modifications.
E. coli cells (5 mg) were homogenized with 1 ml of 5%
trichloroacetic acid, and the supernatant was obtained by
centrifugation at 10,000 x g for 10 min. Under these condi-
tions, more than 99% of [14C]spermidine was recovered in
the supernatant. The polyamines in 10 ,LI of 5% trichloro-
acetic acid supernatant was separated on a Toyo Soda
high-performance liquid chromatography system on which a
TSK gel IEX column (4 by 80 mm) heated to 50°C was
mounted. The flow rate of the buffer (0.084 M citric acid
buffer [pH 5.15], 2 M NaCl, 20% methanol, 0.01% N-caproic
acid, 0.1% Brij 35) was 0.65 ml/min. Detection of the
polyamines was by fluorescence intensity after reaction of
the column effluent at 50°C with an o-phthalaldehyde solu-
tion containing 0.06% o-phthalaldehyde, 0.4 M boric buffer
(pH 10.4), 0.1% Brij 35, and 37 mM 2-mercaptoethanol. The
flow rate of the o-phthalaldehyde solution was 0.5 ml/min,
and fluorescence was measured at an excitation wavelength
of 388 nm and an emission wavelength of 410 nm. The
retention times for putrescine, cadaverine, spermidine, ami-
nopropylcadaverine, and spermine were 7, 10, 14, 20, and 30
min, respectively. Aminopropylcadaverine was a kind gift of
D. R. Morris.

Purification of ornithine decarboxylase and S-adenosylme-
thionine decarboxylase. Ornithine decarboxylase was puri-
fied from a cell extract of E. coli CL510, transformed with a
plasmid containing the ornithine decarboxylase gene
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TABLE 1. Polyamine contents in E. coli producing normal and excessive amounts of omithine decarboxylase
or S-adenosylmethionine decarboxylase

Amt of polyamine (nmol/mg of protein)"
Strain A6. at Amino acidharvest added (mg/ml) Putrescine Cadaverine Spermidine Aminopropyl-

cadaverine

DR112 0.3 95.7 2.31 14.0 NDb
0.3 Orn (0.1) 104 1.63 11.0 ND
0.3 Arg (1.0) 0.61 5.12 5.06 0.12
1.2 66.6 1.56 4.55 ND

DR112(pODC) 0.3 117 2.10 12.3 ND
0.3 Orn (0.1) 122 0.93 10.3 ND
0.3 Arg (1.0) 36.5 22.8 14.2 0.24
1.2 78.4 1.34 5.54 ND

DR112(pSAMDC) 0.3 63.1 2.71 19.6 1.12
1.2 42.5 1.57 11.3 0.54

aEach value is the average of duplicate determinations.
b ND, Not detectable.

[CL510(pODC)]. Purification was performed by the method
of Applebaum et al. (1), except that Sephadex G-200 column
chromatography was omitted and the buffer contained 10
,uM FUT-175 (6-amidino-2-naphthyl-4-guanidobenzoate di-
hydrochloride), a strong proteinase inhibitor (4). The puri-
fied enzyme showed about 95% homogeneity, as judged by
sodium dodecyl sulfate (SDS)-polyacrylamide slab gel elec-
trophoresis.
S-Adenosylmethionine decarboxylase was purified from a

cell extract of E. coli CL510(pSAMDC). Purification was
performed by the method of Markham et al. (17), except that
DEAE-cellulose column chromatography was omitted and
the buffer contained 10 ,uM FUT-175. The purified enzyme
showed about 80% homogeneity, as judged by SDS-poly-
acrylamide slab gel electrophoresis.

Assays for ornithine decarboxylase, lysine decarboxylase,
and S-adenosylmethionine decarboxylase. E. coli wet cells
were suspended in 10 volumes of a buffer containing 50 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid)-KOH (pH 7.5), 5 mM magnesium sulfate, 2 mM
dithiothreitol, and 40 ,uM pyridoxal phosphate and then
sonicated twice for 1 min each time. After the cell extract
was centrifuged at 30,000 x g for 15 min, the supernatant
was used for enzyme assays. Assays for ornithine decar-
boxylase, lysine decarboxylase, and S-adenosylmethionine
decarboxylase in crude extracts or purified preparations
were performed as described previously (9).
Measurement of amino acid contents. Amino acid levels in

E. coli were determined by a Hitachi 835-10 amino acid
analyzer after extraction of amino acids from the bacteria
with 5% trichloroacetic acid and centrifugation at 30,000 x g
for 15 min at 4°C. Trichloroacetic acid in the samples was
removed by ether extraction before amino acid analysis. The
amino acid concentration in E. coli was calculated by
assuming a 3-,I cell volume per mg of protein (2).
Other procedures and chemicals. Protein was determined

by the method of Lowry et al. (15). MGBG-Sepharose, used
for the purification of S-adenosylmethionine decarboxylase,
was prepared by the method of Markham et al. (17). Prepa-
ration of E. coli Q13 unwashed ribosomes and assay of
antizyme activity were performed as described previously
(11). The ribosomal proteins from E. coli DR112 and
DR112(pODC) were prepared as described previously (11).
The two-dimensional electrophoresis of ribosomal proteins
was performed by the previously described method I (11).
Gel electrophoresis and Western blot (immunoblot) analysis
were performed by the methods of Laemmli (14) and Towbin

et al. (24), respectively, except that 4-chloro-1-naphthol was
used as a substrate for the peroxidase (5). The amount of
plasmids in E. coli was measured after extraction of plasmids
by alkaline lysis methods and separation by agarose gel
electrophoresis (16). Rabbit anti-ornithine decarboxylase
serum was prepared by a method previously described (10).
Peroxidase-conjugated AffiniPure goat anti-rabbit immuno-
globulin G was obtained from Jackson Immunoresearch
Laboratories, Inc. [1-14C]ornithine (49.1 mCi/mmol), [car-
boxyl-14C]S-adenosylmethionine (59.8 mCi/mmol), and
[14C]lysine (459 mCi/mmol) were purchased from New En-
gland Nuclear Corp. FUT-175 was a kind gift of Torii & Co.
Ltd. Other reagents used were of analytical grade.

RESULTS

Adjustment of polyamine contents in E. coli producing
excessive amounts of ornithine decarboxylase. The polyamine
contents in E. coli DR112(pODC), which produces excessive
ornithine decarboxylase activity, were nearly equal to those
in E. coli DR112, which produces normal amounts of orni-
thine decarboxylase, when cells were harvested at the
logarithmic phase of growth (Table 1). Only a slight increase
in putrescine content was observed in DR112(pODC). When
ornithine, a substrate of ornithine decarboxylase, was added
to the medium, the polyamine contents in these two E. coli
cells did not change significantly. The amount of omithine
decarboxylase activity produced in DR112(pODC) was ap-
proximately 70 times more than that in DR112 (Table 2).
Overproduction of ornithine decarboxylase in DR112
(pODC) was confirmed by Coomassie brilliant blue staining
after SDS-polyacrylamide gel electrophoresis and Western
blot analysis (data not shown). The amounts of polyamines
in the medium were then measured (Table 3). When E. coli
cells were harvested at an A6. of 0.30, cells corresponding
to approximately 10 mg of protein were obtained from a
100-ml culture. In DR112, it was calculated that approxi-
mately 25% (0.35 ,umol/100 ml of medium) or 75% (3.34
,umol/100 ml of medium) of putrescine produced was ex-
creted to the medium by cells grown in the absence or
presence, respectively, of ornithine. When DR112(pODC)
was grown in the absence or presence of ornithine, 96% (25.1
,umol/100 ml of medium) or 97% (36.1 ,mol/100 ml medium),
respectively, of putrescine produced in cells was excreted to
the medium. These results show that putrescine content in
cells was maintained by the excretion of excessive amounts
of putrescine to the medium.
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TABLE 2. Activities of ornithine decarboxylase, lysine decarboxylase, and S-adenosylmethionine decarboxylase in E. coli producing
normal and excessive amounts of ornithine decarboxylase or S-adenosylmethionine decarboxylase

Activity (nmol/min per mg of protein)'

Strain A6. at Amino acid S-adenosyl-harvest added (mg/ml) Ornithine Lysine methionine
decarboxylase decarboxylase decarboxylase

DR112 0.3 34.0 0.30 1.15
0.3 Orn (0.1) 32.4 0.28 1.02
0.3 Arg (1.0) 116 1.15 1.06
1.2 31.4 0.27 0.69

DR112(pODC) 0.3 2313 18.7 0.98
0.3 Om (0.1) 2519 19.3 0.99
0.3 Arg (1.0) 2725 21.5 1.02
1.2 2192 18.2 0.64

DR112(pSAMDC) 0.3 24.1 0.21 7.03
1.2 21.5 0.19 4.48

a Each value is the average of duplicate determinations.

Total putrescine (intracellular plus extracellular) produc-
tion in DR112 and DR112(pODC) was compared (Tables 1
and 3). Although the amount of ornithine decarboxylase
activity was about 70 times more in DR112(pODC) than in
DR112, putrescine produced in DR112(pODC) in the pres-
ence of ornithine (37.3 ,umol/100 ml of medium) was only 8.5
times more than that in DR112 (4.38 ,umol/100 ml of me-
dium). Thus, omithine content in cells was measured by an
amino acid analyzer (Table 4). When ornithine deficiency
was induced in DR112 by the addition of 1 mg of arginine per
ml of medium, ornithine concentration in cells was 4 ,uM.
When DR112(pODC) was grown in the presence of orni-
thine, ornithine concentration in cells was only 6 p.M. These
results suggest that low efficiency of putrescine production
by overproduction of ornithine decarboxylase may be due to
the shortage of ornithine.
When ornithine was deficient in cells, putrescine content

in DR112(pODC) was much higher than in DR112, although
putrescine content was low in both strains (Table 1). This
indicates that large amounts of ornithine decarboxylase
increased the utilization of ornithine for putrescine synthe-
sis. In DR112, the amount of ornithine decarboxylase activ-
ity increased by 3.4-fold when the strain was made ornithine
deficient by arginine supplementation (Table 2). No signifi-
cant excretion of putrescine to the medium was observed in
DR112 and DR112(pODC) under these conditions (Table 3).

TABLE 3. Polyamine contents excreted to the medium by E. coli
producing normal and excessive amounts of ornithine
decarboxylase or S-adenosylmethionine decarboxylase

Amino Amt of polyamine (pLmol/
Strain A60 at acid added 100 ml of medium)aharvest (mg/mi) Putrescine Cadaverine

DR112 0.3 0.35 0.031
Orn (0.1) 3.34 0.011
Arg (1.0) NDb ND

1.2 0.51 0.032
DR112(pODC) 0.3 25.1 0.035

Orn (0.1) 36.1 0.028
Arg (1.0) 0.075 0.003

1.2 28.2 0.033
DR112(pSAMDC) 0.3 0.052 0.001

1.2 0.085 0.002

a Each value is the average of duplicate determinations. No spermidine was
detectable.

b ND, Not detectable.

The polyamine contents during ornithine deficiency were
compensated by the increase in the ratio of spermidine to
putrescine or by the increased synthesis of cadaverine and
aminopropylcadaverine as compensatory polyamines (Table
1).
Adjustment of polyamine contents in E. coli producing

excessive amounts of S-adenosylmethionine decarboxylase.
The polyamine contents in DR112(pSAMDC) were mea-
sured. Strain DR112(pSAMDC) produced seven times more
S-adenosylmethionine decarboxylase activity than did
DR112 (Table 2). Overproduction of S-adenosylmethionine
decarboxylase in DR112(pSAMDC) was confirmed by Coo-
massie brilliant blue staining after SDS-polyacrylamide gel
electrophoresis (data not shown). In this strain, the amount
of spermidine increased by 40% but that of putrescine
decreased by 35% in comparison with DR112 (Table 1). No
significant amount of putrescine or spermidine was excreted
from the cells (Table 3). The results suggest that the in-
creased amount of spermidine may inhibit the activity of
S-adenosylmethionine decarboxylase.
The activity of S-adenosylmethionine decarboxylase was

inhibited slightly by putrescine and strongly by spermidine
(Fig. 1). The enzymatic activity was inhibited almost com-
pletely by 0.75 mM spermidine, which corresponded to 2.25
nmol/mg of protein. In addition, restoration of the activity of
S-adenosylmethionine decarboxylase by ribosomes in the
presence of spermidine was observed (data not shown). This
supports our contention that excessive amounts of spermi-
dine, probably free spermidine, inhibit the activity of S-
adenosylmethionine decarboxylase.

TABLE 4. Amino acid contents of E. coli producing normal and
excessive amounts of ornithine decarboxylase or

S-adenosylmethionine decarboxylase

Amino Amino acid (mM)a
Strain acid

added
(mg/ml) Orn Arg Lys Glu Pro Met

DR112 0.065 0.31 6.97 2.87 0.27 0.035
Orn (0.1) 0.095 0.28 8.52 2.19 0.25 0.037
Arg (1.0) 0.004 0.42 6.80 2.98 0.31 0.044

DR112(pODC) <0.001 0.28 8.13 4.32 0.33 0.028
Orn (0.1) 0.006 0.27 7.35 3.20 0.30 0.043
Arg (1.0) <0.001 0.43 6.83 2.00 0.32 0.043

DR112(pSAMDC) 0.069 0.32 7.82 2.54 0.29 0.027

a Each value is the average of duplicate determinations.
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FIG. 1. Effect of polyamines on the activities of ornithine decar-

boxylase and S-adenosylmethionine decarboxylase. The sonicated
extract from E. coli DR112 was used as the enzyme source.
Ornithine decarboxylase (--- ; 100% = 70.4 nmol/min per mg of
protein) and S-adenosylmethionine decarboxylase ( ; 100% =

1.28 nmol/min per mg of protein) were assayed in the presence of
various concentrations of putrescine (0) and spermidine (0) added
to the reaction mixture. The same results were obtained with
purified enzymes.

The amounts of putrescine and ornithine decarboxylase
activity in DR112(pSAMDC) were 35 and 30% less, respec-
tively, than those in DR112 (Tables 1 and 2). No significant
amount of putrescine was excreted from DR112(pSAMDC)
as mentioned above (Table 3). In addition, the in vitro
activity of ornithine decarboxylase was inhibited signifi-
cantly by spermidine (Fig. 1). These results suggest that both
synthesis and activity of ornithine decarboxylase may be
inhibited by excessive amounts of spermidine.

Analysis of factors which influence polyamine levels in E.
coli. The concentrations of ornithine and some other amino
acids in E. coli were measured (Table 4). Although the
amount of omithine in cells increased slightly by the addition
of ornithine, enough ornithine to synthesize putrescine
seems to exist under normal conditions. However, cells
became ornithine deficient when ornithine decarboxylase
was overproduced. The amounts of other amino acids which
are concerned with ornithine and polyamine metabolism did
not change significantly by the addition of either ornithine or
arginine to the medium.
We examined whether DR112(pODC) produced more S20/

L26 and L34 proteins than did DR112 by use of two-
dimensional electrophoresis. The pattern of ribosomal pro-
teins produced in DR112(pODC) was almost the same as that
produced in DR112. No antizyme activity was observed in
the supernatant and ribosome fractions (data not shown).
The results confirmed our previous results (11) that basic
antizymes do not function as inhibitors of ornithine decar-
boxylase.

It is,critical to measure the amount of acetyl polyamines
for correct interpretation of the results with the overproduc-
ing mutants. When polyamine contents in DR112,
DR112(pODC), and DR112(pSAMDC) were measured after
hydrolysis with 6 N HCl at 110°C for 20 h, the amounts of
polyamines were almost the same as the amounts without
hydrolysis. This suggests that no significant amount of acetyl
polyamines was synthesized in these cells.

DISCUSSION

By using E. coli producing excessive amounts of ornithine
decarboxylase or S-adenosylmethionine decarboxylase, we
studied how polyamine contents in E. coli are regulated. The
following results have been obtained. (i) Putrescine content
in cells was maintained by the excretion of excessive
amounts of putrescine to the medium. (ii) When ornithine
was deficient in cells, the synthesis of ornithine decarboxy-
lase was stimulated. Thus, the efficiency of utilization of
ornithine for putrescine synthesis increased. (iii) Spermidine
could not be excreted from cells. Spermidine content in cells
was maintained through spermidine inhibition of S-adenosyl-
methionine decarboxylase activity. Although the enzyme
activity produced in DR112(pSAMDC) was 7 times more
than in DR112, DR112(pSAMDC) produced only 1.4 times
more spermidine. (iv) Spermidine also inhibited both the
synthesis and the activity of ornithine decarboxylase. Inhi-
bition of S-adenosylmethionine decarboxylase by spermi-
dine and weak inhibition of ornithine decarboxylase by
spermidine were confirmed by in vitro experiments (Fig. 1).
The following findings also suggest that the synthesis of

S-adenosylmethionine decarboxylase may be regulated by
spermidine. (i) The plasmid content of DR112(pSAMDC)
was nearly equal to that of DR112(pODC) (data not shown).
(ii) Although the amount of ornithine decarboxylase activity
produced in DR112(pODC) was 70 times more than that in
DR112, DR112(pSAMDC) produced only 7 times more S-
adenosylmethionine decarboxylase activity. The differences
in the two enzyme activities may be associated with a
regulatory effect of spermidine at the translational level
rather than with their respective promoter strengths.

It is of interest that the amounts of putrescine and sper-
midine in E. coli during the late logarithmic phase of growth
were lower than those in E. coli during the early logarithmic
phase of growth (Table 1). The decrease of S-adenosylme-
thionine decarboxylase paralleled closely the decrease of
polyamines in cells with the progress of cell growth (Table
2). This may be explained as follows. Ribosomes are thought
to be a major binding site of polyamines. The ribosome
content during the late logarithmic phase of growth is much
lower than that in the early logarithmic phase of growth (8).
The amount of free spermidine may increase as a result of
the decrease of ribosomes. The free spermidine inhibits both
the synthesis and the activity of S-adenosylmethionine de-
carboxylase and ornithine decarboxylase. Thus, the
amounts of polyamines in cells decrease with the progress of
cell growth.
We propose that the production of polyamines in E. coli is

regulated by the S-adenosylmethionine decarboxylase activ-
ity rather than by ornithine decarboxylase for the following
reasons. (i) Putrescine is normally synthesized in excess
amounts, and the excess amount of putrescine is excreted
from cells. (ii) Antizymes of ODC do not function under our
experimental conditions. (iii) The S-adenosylmethionine de-
carboxylase activity paralleled the polyamine contents in
cells with the progress of cell growth. (iv) The activity of
S-adenosylmethionine decarboxylase was more strongly in-
hibited by spermidine than was that of ornithine decarboxy-
lase. Since spermidine usually is bound to nucleic acids and
phospholipids and essentially no free spermidine exists in
cells (12), it is rational to conclude that polyamine biosyn-
thesis is inhibited by free spermidine when excess amounts
of spermidine are synthesized.
We are very much interested in the mechanism by which

putrescine is excreted from E. coli cells. It has been reported
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that putrescine uptake is dependent on proton motive force
(12). It is thus difficult to reconcile that the excretion of
putrescine is catalyzed by the same carrier protein. Re-
cently, we have isolated a mutant which lacks a carrier
protein for putrescine uptake (unpublished results). In the
mutant, transformed with a plasmid containing the ornithine
decarboxylase gene, excretion of putrescine has been ob-
served. By using this mutant, we are now studying the
characteristics of a carrier protein for putrescine excretion.
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