Spermidine in Regenerating Liver: Relation to Rapid

Synthesis of Ribonucleic Acid

Abstract. The spermidine in rat liver increases after partial hepatectomy, and
the rate of polyamine accumulation closely approximates the increased rate of
synthesis of RNA in regenerating liver. The uptake by the liver of intravenously
injected putrescine and the biosynthesis of spermidine are accelerated within
2 hours after the operation. The uptake of spermidine also increases during early

regeneration.

Polyamines are growth factors for
several microorganisms and for a Chi-
nese hamster cell line in culture (7).
The mechanism by which these com-
pounds influence growth is not defi-
nitely established. Studies with purified
enzymes or enzyme systems suggest
that spermine and spermidine increase
(i) RNA synthesis by RNA polymer-
ase (2) and (ii) amino acid incorpora-
tion into protein (3). The latter effect
is possibly due to the stabilization of
708 ribosomes by polyamines (4) in
the presence of suboptimum concen-
trations of magnesium ion.

Table 1. RNA and polyamines in regenerat-
ing liver. Data in parentheses are analyses of
normal liver excised by partial hepatectomy
(control). Results (umoles per gram of liver
protein) are means with standard deviations;
there were four to six animals in each group.

Regen- pna-p

N Spermidine  Spermine
er(z;t;())n (umole) (pmole) (pmole)
24 130 +=10.0 7.6+=09 32403
(775 +4.0) (42+03) (3.4=0.5)
48 137492 84+22 3.7+0.5
(74.0+40) (3.9+09) (3.7%+0.8)
72 146 +:9.0 9.5+ 1.6 3.7+0.8
(711.5%5.5) (42=%0.6) (3.5+03)
96 97.0 +5.0 59+13 2.9+0.8
(80.5+175) (43+=0.3) (42=*0.1)

Table 2. Uptake of putrescine-H®* and con-
version to spermidine-H?® by liver of unoper-
ated and partially hepatectomized rats. Re-
sults are means with standard deviations (dis-
integrations per minute per gram of protein).

. Putres- Sperm-

Regen- AN Cine-H? idine-H?
(hr) (No.) uptake synthesis
(10° dpm) (10* dpm)
0 8 3.0+0.7 122+53
2 4 15.0+6.9 20.7 +6.7
4 4 12.0 =39 20.1+7.6
6 4 12.5+0.5 293+175
8 4 11.2+32 20.0 6.8
12 4 147443 20.2+5.7
16 4 114 +1.1 23.1£28
18 2 8.1 +0.1 20.6 +=3.2
20 7 9.8 +1.8 27.8+6.7
22 2 9.7+28 28.0+5.0
24 4 9.0+1.5 239+45

#* Unoperated control.
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Regenerating rat liver was selected
as a means of studying the possible
changes in polyamine metabolism in a
growth system in which the rate of
nucleic acid and protein synthesis is
increased (5). Young male rats (80
to 120 g) were subjected to partial
hepatectomy (6). Polyamine (7) and
RNA (8) analyses were performed on
the liver removed in the surgical proce-
dure and on regenerating liver after the
appropriate postoperative periods (Ta-
ble 1). The increase in the spermidine
concentration in regenerating liver as
compared with the control tissue re-
moved is most pronounced 48 to 72
hours after the operation. The pattern
of spermidine accumulation in regener-
ating liver is very much like the RNA
increments at 24-hour intervals during
the 4-day experimental period. In con-
trast to the elevated spermidine in
regenerating liver, the concentration of
spermine is unchanged or slightly less
than that of the normal liver.

The results, which suggest a func-
tional relationship between spermidine
and RNA synthesis in regenerating
liver, seem to support the data on poly-
amine stimulation of RNA synthesis by
purified preparations of RNA polymer-
ase (2). Fujioka et al. (9) have shown
an increase in the rate of incorporation
of C'*-orotate into RNA within 2 hours
after partial hepatectomy, with a dou-
bling of the rate 6 hours after the oper-
ation. We have investigated the time
course of spermidine biosynthesis in
comparable postoperative periods and
find that the rate of formation of the
polyamine increases sharply during the
very early regeneration process.

Fifty microcuries of putrescine-2,3-
H® (New England Nuclear) were in-
jected into the tail vein of rats, and the
animals were held for 45 minutes before
being killed by decapitation. The liver
was extracted with 5 percent trichloro-
acetic acid, and a sample (0.1 ml) was
analyzed by the liquid scintillation
method to determine total uptake of
labeled putrescine. The remainder of

the liver extract was placed upon a
chromatography column containing
Dowex-50W-X2, and the spermidine
fraction was eluted with hydrochloric
acid (/0). After concentration, at re-
duced pressure, of the HCI eluate, a
sample (0.1 ml) was counted by the
liquid scintillation procedure (Table 2).
The uptake of labeled putrescine by re-
generating liver is 3 to 5 times the rate
of uptake in normal liver. The rate of
conversion of putrescine to spermidine
is approximately doubled. The rate of
metabolism of the amines is already
increased 2 hours after the operation,
and both putrescine uptake and sperm-
idine biosynthesis remain elevated
throughout the 24-hour experimental
period. There is no evidence that the
accelerated polyamine utilization by re-
generating liver is specifically linked
to either DNA synthesis which is maxi-
mum at 20 to 24 hours or mitotic ac-
tivity which is maximum at 22 to 26
hours (5). There is, however, a defi-
nite similarity in the time course of the
increased rate of putrescine uptake and
spermidine synthesis and the sharply
elevated rate of RNA synthesis in this
tissue (5, 9).

The time course of spermidine-H?
uptake by normal and regenerating liver
has also been studied, and the pattern
is similar to that for putrescine-H?
shown in Table 2. The rate of spermi-
dine-H® uptake by the liver 2 hours
after partial hepatectomy is twice that
of unoperated controls. The uptake in
the regenerating livers of all animals
studied is maintained at 2 to 2.5 times
the rate of controls during the experi-
mental period of 2 to 24 hours after
partial hepatectomy.
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EDpWARD J. HERBST
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Pseudouridine Formation: Evidence for

RNA as an Intermediate

Abstract. Experiments with intact or lysed spheroplasts from Escherichia coli
indicate that conditions which impair the DN A-directed synthesis of RNA, also
prevent formation of pseudouridine. Studies with uridine-labeled RNA support
the concept that RNA may be a direct intermediate for pseudouridine synthesis.

Since the description of 5-ribosylura-
cil (pseudouridine) as a component of
cellular RNA’s (1), several investiga-
tors have attempted to elucidate the
mechanism by which this nucleoside is
formed (2). Robbins and co-workers,
using doubly labeled uridine and 5-
fluorouridine, concluded that both the
ribose and pyrimidine moieties of uri-
dine are direct precursors for y-uridine
formation in yeast (3). On the basis
of these findings, the same authors
suggested an intramolecular rearrange-
ment of the uridine base and sugar;
however, the data was insufficient to
decide whether this rearrangement oc-
curred before or after uridine incorpo-
ration into RNA.

On the other hand, several investi-
gators have suggested that y-uridine
might be formed by a 3,5-diribosylura-
cil intermediate (4) or by a direct
condensation of uracil with ribose-5-
phosphate to form y-UMP (5). The
enzyme y-UMP synthetase which cata-
lyzes this condensation reaction has
been partially purified from extracts of
Tetrahymena pyriformis (5). Although
these findings indicate that y-uridine
may be formed before nucleotide poly-
merization, the possibility still exists
that y-uridine, found in the frame-
work of cytoplasmic RNA’s, is formed
after polynucleotide assembly. We now
report evidence that, in Escherichia coli,
J-uridine formation requires the prior
synthesis of RNA. Agents which in-
hibit ribonucleotide polymerization also
prevent y-uridine formation.

The following experiments were con-
ducted with either intact or lysed
spheroplasts from FE. coli. The sphero-
plasts were prepared as previously re-
ported (6). Lysed cells were prepared
by sedimenting the spheroplasts and
suspending the cells in a hypotonic
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medium containing 0.02M tris, pH 7.5,
0.002M MgCl, and 0.014M 2-mercap-
toethanol. The labeled precursors used
were uracil-2-1*C  (Schwarz BioRe-
search), UTP-*C, or uridine-labeled
cRNA-#C. The UTP-14C was prepared
by deamination of uniformly labeled
CMP (New England Nuclear) accord-
ing to the procedure of Lohman (7),
purification of the UMP product by
chromatography on Dowex-1 (for-
mate), and conversion to UTP by a
yeast extract containing uridylate kinase
activity (8). The labeled UTP was not
purified from the kinase mixture but
used as such after it was heated at
90°C for 3 minutes. Paper electro-
phoresis of this mixture indicated that
more than 95 percent of the radio-
activity migrated as UTP, the remainder
being distributed between UMP and
UDP. The above procedure was used to
avoid the presence of labeled y-uridine
nucleotides found in commercial prep-
arations of uridine-1*C nucleotides. This
difficulty was only partially overcome,
since our preparation of UTP-14C still
contained some contaminant (approxi-
mately 0.05 percent) which behaved
like y-uridine in the assay procedure
and contributed to the high base lines
found. The contaminant did not appear
to be y-UTP-1*C since synthetic
cRNA-14C, prepared with the same
labeled UTP, contained little radio-
active y-uridine. Radioactive cRNA
was prepared with the highly purified
RNA polymerase from Micrococcus
lysodeikticus, Escherichia coli DNA be-
ing used as template and UTP-1*C as
the only labeled substrate (8). The syn-
thetic cRNA was freed from UTP-14C
of the polymerase reaction mixture by
repeated precipitation with ethanol and
exhaustive dialysis against 0.1M NaCl
and then against water. Pseudouridine

used as carrier was isolated from hu-
man urine by the procedure of Adler
and Gutman (9) as modified by Gold-
berg and Rabinowitz (10).

The procedure routinely used for iso-
lating y-uridine was as follows: (i) The
entire reaction mixture was hydrolyzed
with alkali and treated with alkaline
phosphatase; the total labeled nucleo-
sides were isolated by adsorption onto
Dowex-1 (acetate) and eluted with
acetic acid (Table 1); (ii) car-
rier uridine and y-uridine were add-
ed to the isolated nucleoside fraction
which was then concentrated and sub-
jected to descending paper chroma-
tography in a mixture of butanol and
water (86:14); (iii) pseudouridine was
eluted and passed over a column (1 by
7 cm) of Dowex-50 (H+) in 0.05N
HCI; the acid-eluate was neutralized
and the labeled nucleoside was concen-
trated by treatment with Dowex-1 (ace-
tate) as described above; (iv) the con-
centrate was subjected to paper chro-
matography in the butanol-water sys-
tem a second time; (v) the y-uridine
band was eluted and subjected to paper
chromatography in a system containing
isopropanol, acetic acid, and water

Table 1. Effect of actinomycin D on uracil-*C
incorporation into pseudouridine with Esch-
erichia coli spheroplasts. The incubation
mixture, final volume 10.9 ml, contained 10
ml of spheroplasts in a modified nutrient
broth (6) (approximately 1 X 10° cells/ml)
and, as labeled precursor, 0.532 wumole of
uracil-2-#C  (64.9 X 10° count/ymole). In
addition, one incubation mixture contained
250 ug of actinomycin D. After 2 hours at
37°C, the cells were sedimented by centrifuga-
tion, suspended in 2 ml of 0.4N KOH and
held at 37°C for 18 hours. The hydrolyzate
was acidified with 70 percent HCIO,, iced
for 1 hour and centrifuged; the supernatant
was exposed to the action of intestinal
alkaline phosphatase (1 mg/ml) overnight at
37°C after adjustment to pH 9 in a final
volume of 10 ml. The reaction was stopped
by heat (10 minutes in a boiling-water bath,
cooled, and filtered; the filtrate was made up
to a volume of 100 ml and adjusted to
pH 10.5 with NH,OH. The ™C-nucleosides
were concentrated by adsorption onto a
6-cm® column of Dowex-1 (acetate), elution
with 0.1N acetic acid and evaporation to
dryness under vacuum. The labeled residue
was dissolved in a minimum volume of
water; carrier uridine and y-uridine were
added, and the y-uridine was reisolated by
chromatographic and Dowex-50 (H*) treat-
ment.

Radioactivity (count/min)

Expt.  Actino- -
No. mycin D Acid- In -
insoluble uridine
+ 0.18 x 10° 7175
2 — 1.54 x 108 4160
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