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Abstract-When bovine small lymphocytes stimulated by concanavalin A were treated with inhibitors 
[Lu-difluoromethylornithine (5 mM) and ethylglyoxal bis(guanylhydrazone) (100 PM)] of polyamine 
biosynthesis, swelling of the Golgi apparatus was observed. This was accompanied by decreases in the 
amount of the Golgi apparatus and of the specific activity of galactosyltransferase. Both spermidine and 
spermine, at physiological concentrations, stimulated galactosyltransferase activity 2-3-fold. When mice 
were treated with these inhibitors, the following changes were observed in the epithelial cells of small 
intestine: swelling of the Golgi apparatus; decrease in the amount of the Golgi apparatus; and decrease 
of galactosyltraniferase activity.- _ 

It is well known that polyamines are important for 
cell growth [l]. In animal cells, the physiological 
functions of polyamines usually have been studied 
with cells made deficient by inhibitors of polyamine 
biosynthesis. Recently it has been reported that the 
combination of DFM0,8 an inhibitor of ornithine 
decarboxylase, and EGBG, an inhibitor of S- 
adenosylmethionine decarboxylase, is useful for 
studying the physiological function of polyamines 
[2,3]. Through the use of these inhibitors, we intro- 
duced the possibility that polyamines may regulate 
the synthesis of specific proteins through polyamine 
interaction with ribonucleic acids [4]. Since poly- 
amines bind to not only nucleic acids but also 
phospholipids [5], we carefully investigated how the 
membrane structure of animal cells is changed under 
polyamine-deficient conditions. In this communi- 
cation, we report that swelling of the Golgi apparatus 
is induced by polyamine deficiency in bovine lympho- 
cytes stimulated by Con A. This swelling is 
accompanied by a decrease of galactosyltransferase 
activity. Similar results were obtained with epithelial 
cells of mouse small intestine when mice were treated 
with DFMO and EGBG. 

MATERIALS AND METHODS 

Culture of lymphocytes. Bovine suprapharyngeal 
lymphocytes were prepared, purified and cultured at 

$ To whom correspondence should be addressed. 
5 Abbreviations used: EGBG, ethylglyoxal bis(guanyl- 

hydrazone); MGBG, methylglyoxal bis(guanylhydrazone); 
DFMO, cu-difluoromethylomithine; Con A, concanavalin 
A; PBS, phosphate-buffered saline (0.8% NaCl: 0.02% 
KH2P04: 0.216% Na2HP04*7H20: 0.02% KCI: 0.01% 
MgClr.6HrO: 0.01% CaClr, pH7.5); PUT, putrescine; 
SPD, spermidine; SP, spermine. 

37” in a humid incubator in RPM1 1640 medium 
(Nissui Pharmaceutical Co., Tokyo, Japan) with 
10% new-born calf serum (Nacalai Tesque, Inc., 
Kyoto, Japan) [6]. The lymphocytes (3 x lo6 cells/ 
ml) were activated by addition of Con A (Type 
III, Sigma Chemical Co., St Louis, MO) at a final 
concentration of lOpg/ml. The pH of the medium 
was adjusted to 7.4 with 24mM NaHC03 at an 
atmosphere of 5% COz. The inhibitors of polyamine 
biosynthesis were added to the medium simul- 
taneously with Con A. The concentrations of EGBG 
and DFMO used were 100 PM and 5 mM, respect- 
ively [2]. EGBG and DFMO were kindly supplied by 
Nippon Carbide Industries, Inc. (Tokyo, Japan) and 
Merrell DOW Pharmaceutical, Inc. (Cincinnati, OH), 
respectively. The cells were harvested 36 hr after 
addition of Con A. 

Treatment of mice with the inhibitors of polyamine 
biosynthesis. Male BALB/c mice (7 weeks old) were 
maintained on polyamine-deficient chow (B, Orien- 
tal Yeast Co., Tokyo, Japan) [7] and tap water. The 
inhibitors were suspended in saline and given daily 
(i.p.) in two divided doses at 9 a.m. and 4 p.m. for 
4 days at the following doses: DFMO, 2g/kg/day 
and EGBG, 100 mg/kg/day. Mice were sacrificed 
3 hr after the last injection of the inhibitors. 

Electron microscopy. Bovine lymphocytes 
(9 x lo8 cells) and small pieces of epithelium of 
mouse small intestine were fixed in 2.5% glutar- 
aldehyde solution in 0.1 M sodium cacodylate buffer 
(pH 7.4) for 12 hr at 4” and then postlixed in 1% 
OsOI for 2 hr at room temperature. After dehy- 
dration with a graded series of ethanol solutions, 
the pieces were embedded in Epon 812. Ultra-thin 
sections were stained with uranyl acetate and lead 
citrate solutions. The stained specimens were exam- 
ined with a Hitachi H700H electron microscope. 

Purification of the Golgi apparatus by sucrose 
gradient centrifugation. The Golgi apparatus was 
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Electron micrographs of untreated Con A-stimulated lymphocytes (A), Iymphocytes treate 
DFMO and 100 .uM EGBG (B) and lymphocytes treated with 5 mM DFMO, 100 !cM EGE 
spermidine (C). Spermidine was added at 18 hr after Con A. N, nucleus; G, Go&i appara 

polysome; L, lysosome; C, centrosome; x26,000. 
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purified from bovine lymphocytes or epithelium of performed as described previously [5] through the 
mouse small intestine according to the method of use of a column (0.5 x 11 cm) of Bio-Gel P-10, equi- 
Balch et al. [8] with some modifications. A crude librated with a buffer containing 10 mM Tris-HCl 
homogenate (30 mg protein) was fractionated (pH7.5), 0.5 mM magnesium acetate, 30mM KC1 
through the use of discontinuous sucrose density and 1OpM [14C]spermine. Where indicated, 10 or 
gradient centrifugation. All sucrose solutions were 3OpM EGBG or MGBG was added to the buffer. 
prepared with 10 mM Tris-HCl, pH 7.4. The gradi- Submitochondrial particles (500 ,ug protein) [16] in 
ent consisted of layers of 2 M sucrose (2 ml), 1.6 M 0.3 ml of the above buffer were applied to the 
sucrose (2 ml), the homogenate adjusted to 1.4 M column. The column was eluted at 4” with the same 
sucrose (4.5 ml), 1.2 M sucrose (12 ml), and 0.8 M buffer at a flow rate of 1 ml/10 min, and 5-drop 
sucrose (8 ml). After the gradient was centrifuged in fractions were collected. A 0.2ml sample of each 
a Hitachi RPS 25 rotor for 2.5 hr at 25,000 rpm, 35 fraction was counted with a liquid scintillation 
drop fractions were collected from the top of the spectrometer. Since the area of the radioactive peak 
tube. Then 100 ~1 of each fraction was assayed for should be equal to that of the radioactive trough, the 
galactosyltransferase activity. Protein was measured average of the two independent measurements was 
by the method of Bradford [9]. used to estimate the amount of spermine bound. 

Assay for galactosyltransferase. The assay was per- 
formed with some modifications of the method of 
MorrC [lo]. The reaction mixture (0.2 ml) contained 
50 mM Tris-HCl, pH 7.5,0.2 mM MnC12, 0.5% Tri- 
ton X-100, 2.5 mM N-acetylglucosamine, 0.35 mM 
UDP-[14C]galactose (0.9 Ci/mol), enzyme, and 
polyamine or MgC12 at the specified concentrations. 
After incubation at 37”for 30 min, the reactions were 
terminated by cooling in ice and adding 100 ~1 of 
0.25 M EDTA. The solutions were transferred 
quantitatively to columns of Dowex-1 anionic resin 
(1 ml, Cl- form) in cut-off Pasteur pipettes and the 
neutral sugars were eluted into vials with water, the 
total volume being 0.8ml. The radioactivity was 
measured with a liquid scintillation counter after 
addition of 10ml of Triton X-lOO-containing scin- 
tillation fluid. Purified bovine milk galactosyl- 
transferase was obtained from Sigma Chemical Co. 

RESULTS 

Morphological change of the Golgi apparatus in 
polyamine-deficient cells 

Measurement ofpolyamines, EGBG andphospho- 
lipids. Polyamine content was determined by high- 
performance liquid chromatography as described 
previously [ll]. The EGBG content was determined 
by the inhibition of S-adenosylmethionine 
decarboxylase according to the method of S&ppanen 
et al. [12]. Phospholipids were extracted with chloro- 
form-methanol (2 : 1, v/v) from the Golgi apparatus 
and their concentration was calculated by the method 
of Morrison [13]. 

Bovine lymphocytes stimulated by Con A were 
made polyamine-deficient by DFMO and EGBG. 
The polyamine and EGBG contents were almost the 
same as those found in previous experiments [17]. 
The cellular contents of putrescine, spermidine and 
spermine in the polyamine-deficient cells were 
decreased by 80, 65 and SO%, respectively, from 
levels in control cultures, when determined 36 hr 
after Con A addition (Table 1). The cellular level of 
EGBG was approximately 25OpM, on the basis of 
3 ~1 cell volume per mg protein [18]. Under these 
experimental conditions, the Golgi apparatus in 
polyamine-deficient lymphocytes was swollen as 
shown in Fig. 1. In addition, a breakdown of poly- 
somes was observed, although no significant mor- 
phological change in mitochondria was observed in 
polyamine-deficient cells. Addition of spermidine to 
the deficient cells restored normal Golgi structure 
(Fig. 1C). When the cells were treated with DFMO 
only, putrescine and spermidine levels were defi- 
nitely decreased and some portions of the Golgi 
apparatus were swollen (data not shown). 

Assays for globin mRNA-directed protein synthesis 
and the binding of [14C]spermine to submitochondrial 
particles. Reticulocyte nuclease-treated lysate was 
prepared from the blood of rabbits made anemic 
by acetylphenylhydrazone injection according to the 
method of Jackson and Hunt [14]. Globin mRNA- 
directed protein synthesis was determined as 
described previously [ 151. 

Gel filtration of rat liver submitochondrial par- 
ticles in the presence of 10 PM [ 14C]spermine was 

To investigate whether similar phenomena occur 
in uivo or not, mice were treated with DFMO and 
EGBG. As shown in Fig. 2, the Golgi apparatus 
in the epithelial cells of small intestine was clearly 
swollen. The cellular contents of putrescine, sper- 
midine, and spermine in the epithelial cells of small 
intestine treated with DFMO and EGBG were 
decreased by 45, 66 and 60%) respectively, from 
levels in normal epithelial cells of small intestine 
(Table 2). The cellular level of EGBG was approxi- 

Table 1. Contents of polyamines and EGBG in Con A-activated bovine lymphocytes 

Inhibitor 
added PUT 

Cellular levels (nmol/mg protein) 

SPD SP EGBG 

None 2.14 + 0.18 4.73 * 0.21 5.12 k 0.25 - 
DFMO + EGBG 0.14 k 0.05 1.64 2 0.16 2.53 2 0.19 0.86 2 0.19 

Values are expressed as means ? SD of three experiments. 
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Fig. 2. Electron micrographs of the epithehal cells of small intestine from normal mice (A) and from 
mice treated with DFMO and EGBG (B). G, Golgi apparatus; x 10,000. 

mately 130 PM. When mice were treated with DFMO 
only, the cellular contents of putrescine, spermidine 
and spermine in the epithelial cells of small intestine 
were decreased by 87,119 and 7%, respectively, and 
the Golgi apparatus was partiaily swollen. 

Decrease of galactosyltra~sfer~e in polyamine-defi- 
cient cells 

To learn how the swelling of the Golgi apparatus 
might influence its enzymatic activities, the Golgi 
apparatus in bovine lymphocytes was purified by 
fractionation of cell homogenates through sucrose 

density gradient centrifugation. Since galactosyl- 
transferase is recognized as an enzymatic marker of 
the Golgi apparatus [19], this enzyme was used as an 
enzymic monitor. As shown in Fig. 3, galac- 
tosyltransferase activity of the Golgi apparatus in 
DFMO and EGBG treated lymphocytes stimulated 
by Con A was approximately 55% of that in normal 
stimulated lymphocytes when the assay was per- 
formed in the presence of optimal Mn2+ con- 
centration (2.5 mM). These calculations are based 
on the 30% decrease in the amount of Golgi appar- 
atus (Fig. 3) and the 25% decrease of specific activity 

Table 2. Effect of DFMO and EGBG on polyamine and EGBG contents in the epithelial cells 
of mouse small intestine 

Cellular levels (nmol/mg protein t SD) 

Mouse PUT SPD SP EGBG 

Normal 0.70 rt 0.09 1.96 t: 0.27 1.62 +- 0.16 - 
DFMO + EGBG 0.28 z!? 0.11* 0.70 t 0.10* 0.67 tt: 0.13’ 0.42 t 0.11 

Five mice were used in each group. 
* P < 0.01, calculated according to Student’s t-test. 



Poiyamines and the Golgi apparatus 1087 

0 10 20 0 IO 20 
Bottom 

Fraetlon numbor 

Fig. 3. Decrease of galactosyltransferase activity in polyamine-deficient lymphocytes. The Golgi appar- 
atus was fractionated as described in Materials and Methods, and galactosyltransferase activity (0) was 
measured with 0.1 ml aliquots in the presence of 2.5 mM MnCI,. (A) unstimulated lymphocytes; (B) 
Con A stimulated lymphocytes; (C) Con A stimulated lymphocytes treated with 5 mM DFMO and 
1~~ EGBG. Protein (0) was measured as described in Materials and Methods. Arrow, Golgi 
apparatus. Standard error is within the range of 10% for each point. When Con A stimulated lymphocytes 
were homogenized with sucrose solution containing 5 mM DFMO And 100 PM EGBG, the behavior of 

the Golgi apparatus on sucrose density gradient centrifugation did not change significantly. 

of galactosyltransferase (Table 3). Since the ratio of 
phospholipid and protein in the Golgi apparatus of 
polyamine-deficient cells was nearly equal to that of 
normal cells (Table 3), the relative amount of the 
Golgi apparatus in DFMO and EGBG treated cells 
was calculated from the protein content of Fig. 3. 
The polyamine contents were much less in DFMO 
and EGBG treated cells, although some portion of 
polyamines of the Golgi apparatus were probably 
removed during fractionation (Table 3). When 
lymphocytes were treated with DFMO only, a slight 
decrease of galactosyltransferase activity was 
observed consistently (data not shown). Similar 
results were obtained with the Golgi apparatus in 
the epithelial cells of mouse small intestine when 
mice were treated with DFMO and EGBG. 

P~~ya~ine activation of gala~tosy~tra~fer~e ~ctivi~ 

The effect of polyamines on galactosyltransferase 
activity in the Golgi apparatus from polyamine-defi- 
cient lymphocytes was examined next in the presence 
of a limiting amount of Mn2+ (0.2 mM). As shown 
in Fig. 4, either spermine or spermidine, at physio- 
logical concenirations, stimulated galactosyltransfer- 
ase 2-3-fold. Similar results were obtained with the 
Golgi apparatus from normal lymphocytes (data not 
shown). When purified galactosyltransferase from 
bovine milk was used, the degree of polyamine stimu- 
lation was 4-S-fold (Fig. 4). Mg*+ (0.1-10 mM) did 
not stimulate the enzymatic activity. Polyamine 
stimulation of this enzyme from rat mamm~y Golgi 
membranes has been reported recently f20j. The 
degree of polyamine stimulation decreased gradually 

Table 3. Effect of DFMO and EGBG on galactosyltransferase activity and polyamine and phospholipid 
contents in the Golgi apparatus of bovine lymphocytes 

N-Acetyl- Polyamine 
lactosamine (nmol/mg protein) 

formed Phospholipid 
Golgi (cpm/ (clgl 

apparatus pg protein) PUT SPD SP mg protein) 

Con A activated 114 ?I 13 <O.Ol 0.22 f 0.05 0.38 c 0.07 518 f 34 
Con A activated 
and DFMO, EGBG 
treated 84.2 k 8.7 co.01 0.04 * 0.02 0.13 k 0.04 485 C 29 

For analysis of polyamine and phospholipid, 3 X 109cells were used. The specific activity of galac- 
tosyltransferase was calculated from the data of Fig. 3 and of other two independent experiments. 
Values are expressed as means 2 SD of three experiments. 
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Fig. 4. Activation of galactosyltransferase by polyamines. 
In the presence of various concentrations of polyamines, 
galactosyltransferase assays were performed with Go&i 
membrane from polyamine-deficient lymphocytes (5 &g 
protein, l and 0) or with purified bovine milk gafac- 
tosyltransferase (#.4pg, A and a). 0 and A, spermine; 
a and A> spermidine. Standard error is within the range 

of 10% for each point. 

as the concentration of Mn2+ in the reaction mixture 
was increased (data not shown). 

Effec$ of EGBG on protein synthes~ and sperrnine 
binding to membrane 

As shown in Fig. 5, EGBG did not inhibit protein 
synthesis although MGBG, another inhibitor of S- 
adenosyimethionine decarboxylase, inhibited pro- 
tein synthesis markedly. The latter finding confirms 
previous results, which showed that MGBG inhibits 
the binding of poIyamines to ribosomal RNA [Zl], 
but EGBG does not influence this binding sig- 
nificantly (data not shown). The effect of EGBG on 
spermine binding to membrane was examined next. 
Since the amount of Golgi membrane was small, 
submitochond~al particles of rat liver were used as 
the membrane fraction. As shown in Table 4, EGBG 
inhibited {14C]spermine binding to the membrane 
slightly, but MGBG inhibited the binding 
significantly. Thus, the swelling of the Golgi appar- 
atus is likely to be due to polyamine deficiency rather 
than a side effect of EGBG. 
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Fig. 5. Effect of EGBG and MGBG on globin mRNA- 
directed protein synthesis in a rabbit reticulocyte cell-free 
system. -, without spermidine, ---, with 0.3 mM sper- 
midine; 0, no inhibitor; A, with 0.3 mM EGBG; 0, with 
0.3 mM MGBG. Standard error is within the range of 10% 

for each point. 

DISCUSSION 

Since polyamines bind not only to nucleic acids but 
also to phospholipids [5], it might be that membrane 
structure is changed by polyamine deficiency. The 
first report of membrane alteration related to poly- 
amine content was that of Mikles-Robertson et al. 
[22], who observed swelling of mitochondria in cells 
treated with MGBG. It was suggested that swelling 
of the mitochondria might occur through the binding 
of MGBG to membrane phospholipids normally 
occupied by polyamines since the cellular con- 
centration of MGBG was high (1-2 mM). A later 
paper showed that DFMO causes ultrastructural 
damage of mitochondria in 9L rat brain tumor cells 
[23]. These findings were interpreted to result from 
~olyamine deficiency since DFMO cannot bind to 
membranes. 

Recently, we have demonstrated that the com- 
bined use of DFMO and EGBG is useful for studying 
the physiological functions of polyamines, as EGBG 
and DFMO exhibit no direct effects on macro- 
molecular synthesis and mitochondrial function 

Table 4. Effect of EGBG and MCBG on spermine binding to rat liver 
submitochondrial particles 

[“‘C]SP bound 
Addition fnmolfmg phospholipid) 

10 PM [W]SP 9.42 
10 ,uM [14CJSP + 10 FM EGBG 9.51 
10 /IM [W]SP f 30 PM EGBG 8.03 
10 PM [“‘CISP + 10 pM MGBG 9.34 
10 PM [14C]SP + 30 PM MGBG 6.12 

Each value was the average of duplicate determinations. 
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[2,3]. This is supported by the findings that the 
cellular concentration of EGBG is low and the bind- 
ing of EGBG to nucleic acids and phospholipids is 
weak. Under these conditions, the Golgi apparatus 
definitely was swollen but swelling of mitochondria 
was not observed. Swelling of the Golgi apparatus 
was observed also in cells treated with DFMO only. 
Our results suggest that the Golgi apparatus is the 
most susceptible of various membrane structures to 
polyamine deficiency. 
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by polyamine levels. 
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Previously, we have reported that polyamines, 
through their interaction with phospholipids, in%- 
ence lipid peroxidation and prostaglandin synthesis 
on the endoplasmic reticulum [24,25]. The inter- 
action of polyamines with membranes, together with 
their interaction with nucleic acids, may play impor- 
tant regulatory roles in cell proliferation. 
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