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To examine the roles of active hypusinated eIF5A (eukaryotic
translation initiation factor SA) and polyamines in cell prolifer-
ation, mouse mammary carcinoma FM3A cells were treated
with an inhibitor of deoxyhypusine synthase, GC; (N'-guanyl-1,
7-diaminoheptane), or with an inhibitor of ornithine decarboxyl-
ase, DFMO («-difluoromethylornithine), or with DFMO plus an
inhibitor of spermine synthase, APCHA [N’-(3-aminopropyl)-
cyclohexylamine]. Treatment with GC; decreased the level of act-
ive eIF5A on day 1 without affecting cellular polyamine content,
and inhibition of cell growth occurred from day 2. This delay re-
flects the fact that eIFSA was present in excess and was very stable
in these cells. Treatment with DFMO or with DFMO plus APCHA
inhibited cell growth on day 1. DFMO considerably decreased the
levels of putrescine and spermidine, and the formation of active

elFSA began to decrease when the level of spermidine fell
below 8 nmol/mg of protein after 12 h of incubation with DFMO.
The combination of DFMO and APCHA markedly decreased the
levels of putrescine and spermine and significantly decreased
the level of spermidine, but did not affect the level of active eIFSA
until day 3 when spermidine level decreased to 7 nmol/mg of
protein. The results show that a decrease in either active eIF5A or
polyamines inhibits cell growth, indicating that e[F5A and poly-
amines are independently involved in cell growth.

Key words: biosynthetic inhibitor, cell proliferation, deoxyhypu-
sine synthase, eukaryotic translation initiation factor 5A (eIF5A),
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INTRODUCTION

Polyamines (putrescine, spermidine and spermine) are necessary
for cell growth [1,2]. Since polyamines exist mainly as poly-
amine-RNA complexes in both Escherichia coli and animal cells
[3.4], their proliferative effects are presumed to be primarily due
to the stimulation of protein synthesis [2]. Indeed, we have found
that protein synthesis in general is increased in the presence of
polyamines through the stimulation of the maturation of 30 S ribo-
somal subunits [5,6], and that synthesis of several proteins, impor-
tant for cell growth and viability, is stimulated by polyamines at
the translation level in E. coli [7-9]. Regarding the proliferative
effects of polyamines in mammalian cells, it is supposed that
both the stimulation of protein synthesis by polyamines [10,11]
and the function of active eIF5A (eukaryotic translation initiation
factor 5A) [12—15] are involved in the cell proliferation; eIFSA
contains hypusine [N®-(4-amino-2-hydroxybutyl)lysine] derived
from spermidine. The essential nature of spermidine for hypusine
modification of eIF5A and thus for cell proliferation is well estab-
lished [16]. Synthesis of hypusine in this protein occurs by con-
jugation of the aminobutyl moiety of spermidine to a specific
lysine residue by deoxyhypusine synthase, followed by deoxy-
hypusine hydoroxylase-mediated hydroxylation. This post-
translational modification converts an inactive eIlF5A precursor
into an active eIFSA (hypusine-containing form).

Extensive studies to clarify the role of eIF5A and polyamines
in cell proliferation have been undertaken using inhibitors of the
polyamine biosynthetic enzymes. Inhibitors of S-adenosylmeth-
ionine decarboxylase, e.g. 5'-([(Z)-4-amino-2-butenyl]methyl-
amino)-5'-deoxyadenosine (AbeAdo), caused the depletion of
spermidine and spermine with a compensatory increase in putre-
scine, leading to a delayed cytostasis in L1210 cells [17]. This

growth arrest of L1210 cells by AbeAdo was supposed to be attrib-
uted mainly to the deprivation of hypusine in eIF5A. Inhibition of
ornithine decarboxylase by DFMO («-difluoromethylornithine)
caused an effective depletion of putrescine and spermidine, and
this was accompanied by the inhibition of cell proliferation in rat
HTC (hepatoma tissue culture) cells [18] and other mammalian
cells [19-21]. Since only a very small portion of cellular sperm-
idine was used for hypusine synthesis, it was not clear whether
the growth inhibition, in the case of DFMO treatment, was due
to the depletion of hypusine-containing eIF5A or a decrease in
total polyamines. We had reported previously that an inhibitor
of spermine synthase, APCHA [N’-(3-aminopropyl)cyclohexyl-
amine], inhibited growth of FM3A cells without a significant
reduction of cellular spermidine [22]. It had been also reported that
GC, (N'-guanyl-1,7-diaminoheptane), a potent inhibitor of de-
oxyhypusine synthase, selectively inhibits the formation of active
elF5A [13].

In the present study, we compared the effects of GC, (inhibition
of hypusine synthesis without decrease in polyamines), DFMO
(decrease in both total polyamines and hypusine synthesis) and
DFMO plus APCHA (reduction of total polyamines with little
or no reduction of hypusine synthesis) on the growth of FM3A
cells. Our results demonstrate that both eIF5A and polyamines
influence cell growth, but in an independent manner.

MATERIALS AND METHODS
Materials

Antibodies against human recombinant eI[FSA precursor and rat
deoxyhypusine synthase were prepared as described previously
[15,23]. GC,, an inhibitor of deoxyhypusine synthase was

Abbreviations used: APCHA, N-(3-aminopropyl)cyclohexylamine; DFMO, a-difluoromethylornithine; elF5A, eukaryotic translation initiation factor 5A;
FUT-175, 6-amino-2-naphthyl-4-guanidinobenzoate dihydrochloride; GC7, N'-guanyl-1,7-diaminoheptane.
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prepared by the method of Jakus et al. [13]. APCHA, an inhibitor
of spermine synthase, was synthesized as described previously
[24]. DEMO, an irreversible inhibitor of ornithine decarboxylase,
was donated by Aventis Pharma (Tokyo, Japan). FUT-175 (6-
amino-2-naphthyl-4-guanidinobenzoate dihydrochloride), an in-
hibitor of serine protease [25], was a gift from Torii Pharma-
ceutical (Tokyo, Japan).

Cell culture and preparation of cell lysate

Mouse mammary carcinoma FM3A cells (Japan Health Science
Foundation) were cultured in ES medium (Nissui Pharmaceutical,
Tokyo, Japan), supplemented with 50 units/ml streptomycin,
100 units/ml penicillin G and 2 % heat-inactivated fetal calf serum
at 37°C in an atmosphere of 5% CQO,, according to the method
described previously [26]. FM3A cells (2 x 10° cells) were sus-
pended in 0.1 ml of a buffer containing 25 mM Hepes/KOH,
pH 7.8,0.1 mM EDTA, 6 mM 2-mercaptoethanol, 5 % (v/v) glyc-
erol and 20 uM FUT-175. The cells were lysed by repeated (three
times) freezing and thawing with intermittent mechanical mixing.
Cell lysate was obtained by centrifugation at 17000 g for 15 min.
Protein content was determined by the method of Lowry et al.
[27].

Measurement of polyamines

Polyamine contents in FM3A cells were determined according to
the method described previously [28]. Cells were treated with 5 %
(w/v) trichloroacetic acid and centrifuged at 12000 g for 10 min.
Polyamines in the supernatant were measured by using a TOSOH
HPLC system (Tosoh, Tokyo, Japan) [28]. The precipitate was
used to determine the protein content [27].

Measurement of hypusine formation and the half-life of elF5A

To measure the hypusine formation in eIFSA, FM3A cells (10 ml)
were cultured with 925 kBq [*H]spermidine (832.5 GBq/mmol;
PerkinElmer Japan, Yokohama, Japan) in the presence of 1 mM
aminoguanidine, an inhibitor of serum amine oxidase [29], for
12 or 24 h, and cell lysate was prepared as described above. Cell
lysate (15 pg of protein) was separated by SDS/PAGE ona 13.5 %
gel as described by Laemmli [30], and fluorography was per-
formed by the methods of Laskey and Mills [31]. Radioactivity
was quantified using a Fujix Bas 20001l imaging analyser. Newly
synthesized hypusine in active eIF5A was estimated based on the
specific activity of [*H]spermidine in the cells, which was calcu-
lated from the radioactivity of incorporated [*H]spermidine for
either 12 or 24 h and the spermidine content of the harvested cells.
Cellular distribution of [*H]spermidine in cells should be same as
that of non-labelled spermidine because cells were labelled with
[*H]spermidine for 12 or 24 h.

To determine the half-life of eIF5A, cells were cultured in the
presence of 2 pug/ml of cycloheximide (Sigma), an inhibitor of
protein synthesis, at the designated time, and cell lysate was pre-
pared as described above. Under these conditions, no significant
cell growth was observed during the 36 h incubation. For Western
blotting, cell lysate (15 ug of protein) was separated by SDS/
PAGE, transferred on to Immobilon transfer membrane
(Millipore), and eIF5SA was detected by using an antibody against
elF5A [15], followed by ECL™ Western blotting detection re-
agents (Amersham Biosciences). The level of eIF5A was quanti-
fied by a LAS-1000 plus luminescent image analyser (Fuji Film).
The half-life of active eIF5A was also estimated from the decay
rate of *H-labelled eIF5A. After cells were incubated with [*H]-
spermidine for 24 h as described above, cells were washed with
medium containing 1 mM spermidine and 1 mM aminoguan-
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idine. Then, cells were incubated in the presence of 2 pg/ml cyclo-
heximide and at the designated time the radioactivity remaining
in the active eIF5A was estimated by fluorography.

Two-dimensional gel electrophoresis of proteins for detection
of elF5A precursors and the active protein

Cell lysate (200 pg of protein) for two-dimensional gel electro-
phoresis was prepared by ReadyPrep™ Sequential Extraction kit
(Bio-Rad Laboratories) according to the recommended method.
The first dimensional isoelectric focusing was performed in the
PROTEAN® IEF Cell using 11 cm (pH range 4-7) ReadyStrip™
IPG Strip gel (Bio-Rad Laboratories). The proteins on the first di-
mensional Strip gel were further separated, in the second dimen-
sion, by SDS/PAGE on a 13.5 % polyacrylamide gel, and trans-
ferred on to Immobilon transfer membrane (Millipore) for detection
of the various forms of eIF5A. Western blotting was performed
as described above using antibody raised against the recombinant
elF5A precursor. The position of active eI[F5A was confirmed by
fluorography using eIF5A labelled with [*H]spermidine.

Measurement of the level and the activity of deoxyhypusine
synthase in FM3A cells

Cell lysate was prepared as described above. To determine the
level of deoxyhypusine synthase, Western blotting was performed
as described above using 30 ug protein of cell lysate and anti-
body against deoxyhypusine synthase [23]. The activity of deoxy-
hypusine synthase was measured as described previously [15].
The reaction mixture (50 ul) contained 250 mM glycine/NaOH,
pH 9.3, 2mM dithiothreitol, 10% glycerol, 0.5 mM NAD™,
150 mM KCI, 2 mM MgCl,, 10 uM FUT-175, 20 uM human
elF5SA precursor prepared in E. coli, 30 g protein of cell lysate
and 15 uM [*H]spermidine (98.7 GBg/mmol). Cell lysate was
dialysed before use against a buffer containing 50 mM Tris/HCI,
pH 7.0, 1 mM dithiothreitol, 10 % glycerol and 10 uM FUT-175.
The reaction mixture, except [*H]spermidine, was preincubated
at 37 °C for 10 min, and further incubation of the reaction mixture
with [*H]spermidine was performed at 37 °C for 1 h. After incub-
ation, 5 % trichloroacetic acid-insoluble radioactivity of the re-
action mixture (40 ul) was measured in a liquid-scintillation
counter. The amino acid sequence of human eIF5A is exactly
the same as that of mouse eIlF5A [32].

RESULTS

Effects of decreasing active elF5A

It has been reported that GC; selectively inhibits the formation
of active e[F5A (i.e. eIF5A containing hypusine) by inhibiting
deoxyhypusine synthase [13]. We developed a paradigm in which
cells were cultured for 72 h and 1 uM GC; was added to the me-
dium every 24 h. As shown in Figures 1(A) and 1(C), cell growth
was not inhibited significantly on day 1 but it decreased by 30—
60 % on days 2-3, although formation of active eIF5A, measured
by labelling of eIF5A with [*H]spermidine, was strongly inhibited
even within the first 24 h. The degree of inhibition of active eI[FSA
formation was approx. 90 % when the band detected by fluoro-
graphy was quantified (Figure 1C). Under these conditions, there
were no noticeable changes in the polyamine levels (Figure 1B).
The level of total (active and inactive) eI[F5A was then measured
by Western-blot analysis using an antibody that recognizes both
the active eIFSA and the inactive precursor proteins. In normal
FM3A cells, the level of eIF5A was nearly equal during the 72 h
cell culture (Figure 1D). However, in GC, treated cells, there was
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Figure1 Effectof1 «M GC; added every 24 h on cell growth (A), polyamine
content (B), active elF5A formation (C), total (active and inactive) level of
elF5A (D) and level of active elF5A (E)

Cells were cultured for 72 h by adding 1 M GC7 to the medium every 24 h. (A) The number
of cells was counted in the presence of 0.05 % Trypan Blue. Each value is the mean for triplicate
determinations. S.D. was within +10% for each point. (B) Polyamine contents in cells on
days 1, 2 and 3 were measured by HPLC as described in the Materials and methods section.
Each value is the mean for triplicate determinations. S.D. was within +10% for each point.
PUT, putrescine; SPD, spermidine; SPM, spermine. (C) Active elF5A formation (hypusination of
elF5A) was measured as described in the Materials and methods section by labelling of elF5A
with [H]spermidine for 24 h. For example, for 0-24 h data, cells were cultured in the presence
of [*Hspermidine from 0 to 24 h. (D) Total (active and inactive) level of elF5A was measured
by Western blotting. (E) Acetylated elF5A precursor, elF5A precursor and active hypusinated
elF5A were separated by two-dimensional gel electrophoresis using 200 wg of protein from
cell lysate. Intensity of each band for acetylated elF5A precursor, elF5A precursor and active
elF5A was measured using a LAS-1000 plus luminescent image analyser, and it was shown as
percentage in total elF5A.

actually an increase in the level of eIF5A (Figure 1D). It has been
reported that there are three kinds of eIF5A: active eIF5A (hypusi-
nated at Lys™), eIF5A precursor and acetylated eIF5A precursor
(acetylated at Lys*’) [33,34]. We measured active eIF5A, elF5A
precursor and acetylated eIF5A precursor by two-dimensional
gel electrophoresis followed by Western blotting. As shown in
Figure 1(E), approx. 80 % was the active form when cells grew
normally. The percentage of active eIF5A did not change signifi-
cantly during the 72 h cell culture. By treating cells with GC;, the
synthesis of active eIFSA was strongly inhibited. Thus the per-
centage of active eIF5A was decreased to 31 % in cells cultured
for 24 h, whereas the levels of both e[F5 A precursor and acetylated
elF5A precursor increased. There was only a small further
decrease in the percentage of active eIFSA between 24 and 72 h
(Figure 1E).
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Figure 2 Determination of half-life of elF5A

Cells (4 x 10%/ml) were treated with 2 reg/ml cycloheximide (CCHX). Method I: at the designated
time (0-36 h), the level of elF5A was determined by Western blotting (A) and intensity of the
band was estimated with a LAS-1000 plus luminescent image analyser (B). Method II: the level of
active elF5A prelabelled with [*H]spermidine was followed for 36 h by fluorography after treating
cells with 2 eg/ml cycloheximide (A) and the intensity of the band was estimated with a Fujix
Bas 20001l imaging analyser (B). Essentially the same results were obtained after treating cells
with 10 w.g/ml cycloheximide. (B) @, elF5A measured by Western blotting; O, measurement
of [*H]spermidine-labelled elF5A. Each value is the mean for duplicate determinations.

A possible reason for the weak inhibitory effect of GC; on cell
growth, in spite of the almost complete inhibition of new syn-
thesis of active eI[FSA, may be due to the stability of preformed
elF5A. We thus attempted to determine the stability of the eIF5A
protein by measuring eIF5SA by Western blotting or the decay of
the labelled active eIF5A in the presence of cycloheximide. As
shown in Figure 2, eIF5A was very stable, with a very long half-
life (probably > 7 days). A long half-life of eI[FSA was reported
in CHO and JURKAT T-cells [35,36]. Furthermore, the number
of cells increased approx. 4-fold on day 1, but no significant effect
of GC; on cell growth was observed on day 1 although de novo
formation of active eIF5A was strongly inhibited by GC; at this
time. These results suggest that active eI[F5A is present in excess in
FM3A cells. The correlation between the inhibition of cell growth
and formation of active eIFSA by GC; is summarized in Table 1.
Inhibition of active eIF5A formation was calculated from the cell
number (Figure 1A), total (active and inactive) eIF5A (Figure 1D)
and the percentage of active eIF5A (Figure 1E). The percentage of
the inhibition of active eIF5A formation on day 1, 2 and 3 was 82,
81 and 86 % respectively, which is in good accordance with the
value calculated from the labelling of e[F5A with [*H]spermidine
(Figure 1C). The degree of inhibition of active eIF5SA formation
was always greater than the degree of inhibition of cell growth,
supporting the idea that active eIF5SA exists in excess in FM3A
cells. The relative amount of active eIFSA in GC; treated cells on
day 1 was approx. 40 % compared with that in normal cells, sug-
gesting that the level of active eIF5A existing in untreated FM3A
cells is at least 2.5 times more than the minimal level necessary
for the cell growth.

Effects of simultaneously decreasing elF5A and polyamines

The effects of changing the levels of active eI[F5A and polyamines
together were examined. In these experiments, cells were treated
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Table 1

Correlation between inhibition of cell growth and of active elF5A formation by GC,

Level of elF5A (arbitrary units)

Cell growth —GG; +6Cr Relative level of
Number of cells/mi Total Active elF5A/  Increased Total Active elF5A/  Increased Inhibition w
Day —GGC; +GC; Inhibition (%)  elF5A/cell*  total cellst active elF5A%  elF5A/cell”  total cellst active elF5AF by GC; (%)§ —GC;  +GGC||
0 1 % 104 1% 104 0 1.00 79 - 1.00 79 - - 100 100
1 426 x10* 412 x 10 33 0.99 334 255 0.99 126 47 82 99 39
2 207 x10*  139x10* 329 0.95 1550 1470 1.10 367 288 81 95 36
3 80.0x10* 337x10* 579 1.09 6890 6810 1.38 1070 991 86 109 45
*Value from Figure 1(D).

+ Percentage of active elF5A (Figure 1E) x cell number x column* = 10°.
1 Value of columni on each day — the value of column+ on day 0 (79).

§ Percentage inhibition of active elF5A formation by GC was calculated by [columni (— GC;) — columni (+GC7)] < columni: (— GC7) x 100.

|| column* x percentage of active elF5A (Figure 1E) divided by 79.
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Figure 3 Effect of DFMO on cell growth (A), polyamine content (B), active
elF5A formation (C), total (active and inactive) level of elF5A (D) and level
of active elF5A (E)

Cells were cultured in the presence of 50 M DFMO for 72 h. Essentially, the same results
were obtained in the presence of 150 ..M DFMO. Experiments were performed as described in
the legend of Figure 1, except that the labelling time of elF5A with [*H]spermidine in control
and DFMO-treated cells was for 12h in (C). (A, B) Each value is the mean for triplicate
determinations. S.D. was within +10% for each point. (C) The values are expressed as
means + S.D. for triplicate determinations.

with DFMO (an inhibitor of ornithine decarboxylase), which

greatly decreases the levels of putrescine and spermidine. Under
these conditions, there was inhibition of cell growth (Figure 3A),
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and a decrease in polyamine content and formation of active
elF5A (Figures 3B and 3C). Levels of putrescine and spermidine
decreased significantly, but the decrease in spermine content was
small (Figure 3B). The formation of active eIF5A started to de-
crease from 12 h after the onset of incubation (Figure 3C). At
12 h, spermidine content decreased from 18 to 8§ nmol/mg of
protein (Figure 3B). The percentage of active eIF5A on days 1, 2
and 3 decreased to 58, 40 and 23 % respectively (Figure 3E). The
level of total (active and inactive) eIF5SA was nearly equal after
DFMO treatment for 72 h (Figure 3D). The results indicate that
the inhibition of cell growth by DFMO on day 1 was mainly due to
a decrease in polyamine content, since inhibition of active eI[F5A
formation starts after 12 h of incubation and excess amounts of
active e[F5A are present at the onset of incubation. On days 2
and 3, a decrease in both eIF5A and polyamines was probably
involved in the inhibition of cell growth although the degree of
contribution of each factor was not clear.

Effects of reducing polyamine levels

We then examined the effects of reducing polyamine levels under
conditions where the formation of eIFSA was unaltered. For this
purpose, cells were treated with DFMO and APCHA, an inhibitor
of spermine synthase [24]. As shown in Figures 4(A) and 4(C),
cell growth was inhibited at 24—72 h, and the formation of active
elF5A started to decrease on day 3. However, the level of total and
active e[F5A was nearly equal for 72 h (Figures 4D and 4E). The
percentage of active eIF5SA on days 1,2 and 3 was 76, 77 and 74 %
respectively. Under these conditions, the levels of putrescine,
spermidine and spermine decreased, and spermidine content on
day 3 was approx. 7 nmol/mg of protein compared with 18 nmol/
mg of protein in untreated cells (Figure 4B). The results indicate
that cell growth was strongly inhibited by decrease in polyamines
without influencing the active eIFSA formation. During 48 to
72 h incubation, active eIFSA formation was inhibited by approx.
30 %, and the level of spermidine decreased from 9 to 7 nmol/mg
of protein. These results are in accordance with the previous
results obtained with DFMO only: active eIF5A formation started
to decrease when spermidine content decreased to 8 nmol/mg of
protein. The results, taken together, indicate that both eIF5A and
polyamines independently influence cell growth.

Effect of decreasing active elF5A and polyamines
on deoxyhypusine synthase

Since deoxyhypusine synthase appears to be a limiting factor for
the formation of active elF5A in FM3A cells, the level and the
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Figure 4 Effect of DFMO and APCHA on cell growth (A), polyamine content
(B), active elF5A formation (C), total (active and inactive) level of elF5A (D)
and level of active elF5A (E)

Cells were cultured in the presence of 50 M DFMO and 150 M APCHA for 72h as
described previously [22]. Experiments were performed as described in the legend of Figure 1.
(A, B) Each value is the mean for triplicate determinations. S.D. was within +10% for each
point. (C) Labelling time of elF5A with [*Hlspermidine in control and both DFMO- and
APCHA-treated cells was for 24 h. The values are expressed as mean+ S.D. for triplicate
determinations.

activity of deoxyhypusine synthase were measured under various
conditions. As shown in Figure 5, both the level and the activity of
deoxyhypusine synthase were slightly increased by the treatment
with GC;, DFMO and the combination of DFMO plus APCHA.
Thus the activity of deoxyhypusine synthase does not seem to
be regulated by the cellular level of active eIF5A or polyamines.
The results indicate that the inhibition of hypusine formation in
DFMO-treated cells is due to the depletion of the substrate, sperm-
idine, rather than due to a decrease in the level and the activity of
deoxyhypusine synthase.

DISCUSSION

We have studied the properties of active eIF5A, its relationship
with levels of polyamines and its role in cell proliferation. We con-
firmed that eIFSA is a very stable protein (T, > 7 days). During
the first 24 h exposure to GC,, the number of FM3A cells increased
4-fold and the formation of active eIFSA was inhibited by approx.
90 % but the cell growth was not affected. Our results suggest that
there is at least a 2.5-fold excess of active eIFSA normally present

A DFMO
None  GC, DFMO +APCHA
[ —— = |
% of control: 100 132 143 158
B 250
< 200 F
£ 150
= [
S 100
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0

None

GC, DFMO DFMO
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Figure 5 Effect of GC;, DFMO and DFMO plus APCHA on deoxyhypusine
synthase

Cells were cultured for 72 h in the absence and presence of 1 M GC; added every 24 h, 50 uM
DFMO or 50 «M DFMO plus 150 M APCHA. The level (A) of deoxyhypusine synthase (DHS)
was measured by Western-blot analysis and the activity (B) was measured at pH 9.3 using
dialysed cell lysate. The 100 % activity of deoxyhypusine synthase corresponds to 4.26 +
0.53 pmol - min=" - (mg of protein)~". The values are means + S.D. for triplicate determinations.

in FM3A cells. The synthesis of eIF5A precursor and the activity
of deoxyhypusine synthase were not influenced significantly by
the level of polyamines. Thus the level of active eIF5A in cells is
strongly dependent on the level of spermidine. We measured the
K., value of spermidine for human deoxyhypusine synthase in
the presence of 150 mM KCl and 2 mM Mg”" at pH 9.3, and it was
estimated to be 21 uM. The K, value was higher than the value
(7.2 uM) measured in the absence of KCI and MgCl, [37], and it
increased significantly when the assay was performed at neutral
pH (results not shown). The formation of active eIF5A started to
decrease when spermidine concentration in cells decreases from
18 to 8 nmol/mg of protein. The cellular distribution of spermidine
was determined by the method of Watanabe et al. [3], and it was
estimated that 8 nmol spermidine/mg of protein corresponds to
63 uM free spermidine. If the K,, value were <10 uM, a de-
crease in the formation of active eIFSA would start when sperm-
idine content decreased to 4 nmol/mg of protein, which corres-
ponds to approx. 30 uM free spermidine. Thus we expect the K,
value of spermidine for deoxyhypusine synthase in FM3A cells to
be approx. 20-30 uM. The spermidine content in mammary car-
cinoma FM3A cells is high compared with normal cells that make
up various organs and tissues (7—10 nmol/mg of protein; [3]). So,
the level of eIF5A is more closely related to spermidine content
in normal cells. If polyamine levels begin to decrease, the level of
elF5A would decrease in parallel.

We confirmed that the inhibition of hypusine synthesis, either
by inhibition of deoxyhypusine synthase with GC, or by deple-
tion of the substrate spermidine in DFMO-treated cells, leads to
arrest in cell proliferation. Our results indicate that in addition
to the indispensable role of spermidine for hypusine modification
in elF5A, polyamines are also required for optimal growth of
mammalian cells. This is the first report that clearly shows the
critical requirement of polyamines, independent of hypusine syn-
thesis, in mammalian cell proliferation. We previously reported
that the role of polyamines in cell proliferation is mainly at the

© 2005 Biochemical Society
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translation level, analogous to their role in E. coli [10,11]. Since
elF5A is a protein with a long half-life and active eIF5A exists
approximately at a 2.5-fold excess in FM3A cells, the growth
inhibition observed in DFMO-treated FM3A cells during the 48 h
(Figure 3) may be largely due to a decrease in total polyamines
rather than reduction of active e[F5A. However, the sensitivity
or response to inhibitors of polyamine biosynthesis may vary in
different mammalian cells, since the levels of polyamines and
elFSA are different in each cell type. Thus the participation
of active eIF5A and polyamines in cell proliferation has to be
analysed carefully in each cell type.

Our results indicate that polyamines and eIF5A can indepen-
dently affect cell growth. However, the physiological functions
of eIF5A are still not well understood. It was first identified as
a stimulator of the synthesis of methionylpuromycin by Kemper
etal. [38]. In addition, eIF5A directly influences the nuclear export
of Rev, a nucleolar protein, which shuttles constantly between
the nucleus and cytoplasm [39]. Then, Zuk and Jacobson [40]
reported that decapped mRNA accumulates at the non-permissive
temperature using yeast eIF5A temperature-sensitive mutant. We
confirmed that decapped mRNA accumulates in mouse FM3A
cells in which the formation of active eIF5A is inhibited by deoxy-
spergualin [15]. We also observed that decapped mRNA was ac-
cumulated in the cells treated with GC; (K. Nishimura and
K. Igarashi, unpublished work). Thus we think that one important
function of eIF5A is at the level of mRNA turnover, probably act-
ing downstream of decapping. If specific kinds of mRNAs are
decapped and accumulated after the treatment of cells with GC;,
the identification of these mRNAs would help to clarify the
physiological functions of eIF5A.
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