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Cellular RNA in Schizosaccharomyces pombe cells drastically decreases in amount dur-
ing nitrogen starvation. Previously, we found and purified a soluble RNA-degrading en-
zyme whose activity drastically increased in the cells of S. pombe undergoing nitrogen
starvation. The enzyme was a nuclease encoded by pnul*. In this study, the increase in
the RNA-degrading activity and the decrease in cellular RNA level are examined in a
null-mutant of pnul* (pnul A). During nitrogen starvation, wild-type cells show an ap-
parent increase in RNA-degrading activity, whereas the pnul A cells do not. The wild-
type cells show a drastic decrease in cellular RNA amount, whereas the pnul A cells
show only a slight decrease. These results suggest that Pnul nuclease is implicated in
the decrease in cellular RNA amount during nitrogen starvation, probably via the RNA-
degrading activity. The increase in the RNA-degrading activity is independent of both
the Wisl stress-activated MAP kinase cascade and Tori signaling pathway, but it is
strongly dependent on isp6*, a gene for a possible protease, whose expression is induced
during nitrogen starvation. A disruption mutant for isp6* dsp6A) is deficient in both the
increase in the RNA-degrading activity and the drastic decrease in the cellular RNA
amount during nitrogen starvation, which suggests that isp6* is involved in the RNA de-
gradation via regulating the RNA-degrading activity of Pnul.

Key words: degradation of RNA, mitochondrial nuclease, nitrogen starvation, protease,
Schizosaccharomyces pombe.

During nitrogen starvation, a drastic decrease occurs in the In this study, we found that a null-mutant of pnul* is
amount of cellular RNA in the cells of Schizosaccharomyces deficient in both the increase in RNA-degrading activity
pombe (1, 2) and Saccharomyces cereuisiae (3-7). The RNA and the drastic decrease in cellular RNA amount during
degradation is believed to be achieved by certain RNA- nitrogen starvation. The isp6*, a gene for a possible pro-
degrading activities that specifically appear in the cells tease, was involved in the decrease in cellular RNA amount
during nitrogen starvation. Several studies reported the de- via regulating the RNA-degrading activity of Pnul nu-
tection and partial purification of such RNA-degrading en- clease.
zymes (5, 8-12), but the RNA-degrading enzyme in S.
pombe has yet to be either purified or identified. EXPERIMENTAL PROCEDURES

Previously, we found that S. pombe cells undergoing
nitrogen starvation showed a drastic increased in a soluble Reagents—Reagents were obtained from Wako Pure
RNA-degrading activity (Uritani, unpublished data). The Chemical Industries (Osaka) unless specially noted,
purified enzyme showed both RNA-degrading and DNA- Cell Culture—The S. pombe strains used in this study
degrading activities, suggesting that it was a nuclease. Its are listed in Table I. Cells were cultured in EMM3 medium
gene,- referred to as pnul* (S. pombe -nuelease -1-), was also as previously described- (25) except for 2% glucose and 50
cloned; it encoded a possible mitochondrial nuclease, homo- mg/liter of each supplement (adenine, uracil, and leucine)
logous to the mitochondrial nucleases in S. cerevisiae and when necessary. Culture was carried out at 30°C with
bovine (13, 14). The Pnul-GFP fusion protein is actually shaking (90 rpm), and the cell number was counted in a
transported to the mitochondria. hematocytometer under a microscope. For the nitrogen

starvation treatment, cells at the mid-log phase were col-
1 This study was supported in part by the Sasakawa Scientific Re- lected by centrifugation, washed twice with distilled water,
search Grant from the Japan Science Society. transferred into EMM3-N, which consisted of EMM3 with-
2 To whom correspondence should be addressed. Tel: +81-54-238- o u t ammonium chloride, and then cultured. At intervals,
4761, Fax: +81-54-237-3384, E-mail: scmurit@ipc.shizuoka.acjp ,- , , , , ,, -,, A J ~,n ^w^ « l̂. . . ,• „ , „„ „ ' ,. . j „ , , „ „ aliquots of the culture were withdrawn, and cells were col-Abbreviations: FACS, fluorescence-activated cell sorter; MCS, M , , . '
multi-cloning site; PMSF, phenylmethylsulfonyl fluoride. l e c t e d and analyzed as described below.

Disruption of pnul*—pnul* (C17C9.08) was disrupted
© 2002 by The Japanese Biochemical Society. using a one-step disruption (16). The upstream and down-
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stream regions of pnul* were amplified by PCR using two
sets of primers: for the upstream region, 5'-TCTGCAGCG-
TTTTGGCTATGCAC-3' and 5'-TGGAATATTCACTGCGT-
GTGAG-3'; for the downstream region, 5'-AAGCTTrGCC-
GTCACTTCACAACT-3' and 5'-GAATTCTAAACTCACCA-
AAAGGACC-3' (underlined sequences were added for Pstl,
HindUL, and EcoBl sites, respectively). The amplified frag-
ments were digested with restriction enzymes (the up-
stream fragment with HindUI and Pstl, and the down-
stream fragment with HindUI and EcoRI), and then
ligated to the pUC18 vector that had been double-digested
with Pstl and EcoBI. The resultant plasmid (pYMl) was
digested with HindUI to which ura4+ was ligated at the
Hinc\ TTT site. The resultant plasmid (pYM2) was digested
with Ndel, and the fragment (upstream-ura4+-down-
stream) was introduced into S. pombe cells (JY800) using
the lithium acetate method (17). The ura4+-containing cells
were isolated, and the disruption of pnul* was confirmed
by PCR and Southern hybridization (Fig. IB). The mutant
strain obtained from JY800 was referred to as YM31.

Expression Plasmid of pnul*—The cDNA of pnul+ was
amplified from the S. pombe cDNA library (Clontech). The
fragment amplified was inserted into pT7 Blue vector to
generate pNAl, which was then double-digested with Ndel
and Smal (Smal site located on the MCS of the vector),
and the insert was ligated to the pREPl vector (18) that
had been double-digested with Ndel and Smal. The result-
ant plasmid (pREPl-pnw2+) was used for the over-expres-
sion of pnul*. The pREPl contains a thiamine-repressible
nmtl* promoter.

Western Blotting—Cells (2 x 107 cells) were collected by
centrifugation and suspended in 20 \J\ of 20% (w/v) trichlo-
roacetic acid, then glass beads (0.35-0.50 mm) were added
to the meniscus, and the mixture was vigorously shaken
using a microtube shaker (TOMY MT-300, Tokyo) for 30
min at 4°C. After centrifugation, the supernatant was re-
moved, and the precipitate was washed with ethanol sev-
eral times thoroughly to remove the trichloroacetic acid.
The washed precipitate was dried under vacuum, resolved
in 50 uJ of a sample buffer [50 mM Tris-HCl (pH 6.8), 2%
(w/v) SDS, 5% (v/v) 2-mercaptoethanol, 10% (w/v) glycerol,
and 0.002% (w/v) bromophenol blue], and boiled. Samples
were subjected to SDS-PAGE (29), and protein was trans-
ferred onto a nitrocellulose membrane. Protein was de-
tected with an antiserum against Pnul that was raised
using an ImmunoStar kit for rabbit according to the manu-
facturer's protocol.

Assay for RNA-Degrading Activity and DNA-Degrading
Activity—Cells of a 20-ml culture were collected by centrif-

ugation, washed twice with distilled water, and then sus-
pended in 100 |xl of buffer A [50 mM Tris-HCl (pH 7.6), 30
mM potassium chloride, 10 mM magnesium chloride, 10
mM 2-mercaptoethanol, and 10% (v/v) glycerol] containing
1 mM PMSF (Sigma) and 50 mg/liter pepstatin A (The Pep-
tide Institute). Glass beads were added to the meniscus of
the suspension, and the mixture was vigorously shaken in
the microtube shaker for 80 min at 4°C. To the homogenate,
150 u,l of the same buffer was added. After centrifugation
for 10 min at 14,000 xg at 4'C, the supernatant was pooled,
which was further centrifuged for 1 h at 100,000 xg at 4°C.
The supernatant was used as the enzyme fraction. Protein
concentrations were measured using a dotMETRIC 1 n-1
Protein Assay Kit (Geno Technology). For the RNA-de-grad-
ing activity, the total RNA from S. pombe was used as the
substrate; for the DNA-degrading activity, pUC18 or pSPl
(20) was used as the substrate. A standard reaction mix-
ture (30 u,l) contained 30 mM Tris-HCl (pH 7.6), 30 mM
potassium chloride, 5 mM magnesium chloride, 4 (xl (2.5 jig
of protein) of enzyme fraction and 1 |xl of substrate (5 \ig of
RNA or 1 (xg of DNA). The mixture was incubated at 30°C
for the time indicated in the figures, and the reaction was
terminated with 1 JJLI of 0.5 M EDTA. A half volume of the
mixture (15 \xl) was subjected to agarose gel electrophoresis
to analyze the nucleic acids.

RNA Analysis—Cells were collected from the culture,
washed twice with distilled water, and stored at -80°C until
use. RNA was extracted from the cells as previously
described (21) with modifications, hi brief, the frozen cells
were suspended in the ice-cooled LETS buffer [10 mM Tris-
HCl (pH 7.6), 0.1 M lithium chloride, 10 mM EDTA, and
0.2% (w/v) SDS]. To the mixture, the Ice-cooled LETS-satu-
rated phenol and glass beads were added immediately,

2Jkbp

probe

5.7 kbp

TABLE I. The fission yeast strains used in this study. B
Strain

JY800
JY476
JZ858
SS006
KM30
NS4
NS13
NS11
CN803
YM31
AN1181

Genotype

h°° ade6-M210 leul ura4-D18
h"° ade6-M210 leul
hK ade6-M216 leul ura4-D18 cgsl::ura4*
h™ ade6-M210 leul ura4-D18 isp6::ura<t
h°° ade6-M210 leul ura4-D18 torl::ura4*
h"> UW.4-B18 rcdl::ura4*
h*> hisl-102 wisl::ura4*
hm ura4-D18 pkal::ura4*
hr ade6-M216 leul ura4-D18 atfl::ura4*
h™ ade6-M210 leul ura4-D18 pnul::ura4*
hr ade6-M216 leul ura4-D18 pnul::ura4*

isp6::ura4

Refs.

23
29
29
23
30
27
29
27
32
This study
This study

l- piuilA

5.7 kbp

2Jkbp

Fig. 1. Gene disruption otpnul*. A; Schematic representation of
the disruption of pnul*. The entire ORF of pnul* was replaced with
the ura4* gene. B: Southern hybridization of pnul* inpnulA. Total
DNA from JY800 {pnul*) or YM31 {pnul A) was subjected to South-
ern hybridization after digestion with HincU. The HindHI-Ndel
fragment of the downstream region of pnul* was used as a probe.
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RNA Degradation in Fission Yeast during Nitrogen Starvation 393

then the mixture was shaken vigorously using the micro-
tube shaker for 30 min at 4°C. RNA was purified from the
extract by two times of acid phenol-extraction and ethanol-
precipitation. RNA was dissolved in the TE buffer [10 mM
Tris-HCl (pH 7.6) and 1 mM EDTA] and analyzed as fol-
lows. The buffers contained EDTA, a strong inhibitor of the
Pnul nuclease (Fig. 2B). The amount of RNA was deter-
mined by UV absorption at 260 nm. For analysis of the
rRNA, an aliquot of each RNA sample was subjected to
agarose gel electrophoresis; rRNA was visualized by ethid-
ium bromide staining. For northern blotting, the RNA (25
ixg) was subjected to the electrophoresis in agarose gel with
formaldehyde; the RNA was transferred to a nylon mem-
brane (Hybond N+) and hybridized with a labeled probe
using the AlkPhos Direct system (Amersham-Phannacia
Biotech). For probes, the entire ORFs of rps6* (22), isp6*
(23), and cox2* (24) were used.

RESULTS

Disruption of pnul*—We obtained a null-mutant for
pnul* by one-step disruption (Fig. 1, A and B). Haploid

cells of the null-mutant for pnul* (pnul A) grew as well as
the cells of pnul* in the synthetic medium containing glu-
cose~(data not shown), suggesting that pnul* is not essen-
tial for cell growth. Also, the pnul A cells grew well on the
medium where the carbon source is glycerol, a non-fer-
mentable sugar, suggesting that pnul* is dispensable for
the mitochondrial function. Similar results were obtained
for a null-mutant for NUCl in S. cerevisiae (25), which
encodes the mitochondrial nuclease homologous to Pnul
nuclease.

RNA-Degrading Activity in pnul A during Nitrogen Star-
vation—We examined whether pnul* is responsible for the
increase in the RNA-degrading activity level during nitro-
gen starvation. The soluble fraction (S-100 fraction) from
either pnul* or pnul A was incubated with the S. pombe
total RNA fraction, which was then analyzed by agarose gel
electrophoresis. The RNA fraction mainly contained the
26S and 17S rRNAs, which were relatively stable during
the incubation with the S-100 fraction from the pnul* cells
that were not nitrogen-starved, while they were drastically
degraded with the fraction from the cells that were starved
for nitrogen (Fig. 2A). The RNA-degrading activity was

WT
pnul A pnul A

pnulA +oltpnul' +emp B

Cnt Stri

pnulA pnu/A
pnul A +o/epnul' +emp

WT(-N) WT(log)

Incubation time (h)

nicked circular
linear
supercoiled

Fig. 2. The RNA-degrading and DNA-
degrading activities in pnulA cells
during nitrogen starvation. The RNA-
degrading activity (A and B) and the DNA-
degrading activity (C, D, and E) in the S-
100 fractions were measured from the cells
of mid-log phase (log) or with nitrogen star-
vation for 4 h (-N). A The RNA-degrading
activity in JY800 (WT), YM31 (pnulA),
YM31 with over-expression of pnul* in
pREPl plasmid (pnulA+a/epnul*), and
YM31 with the vacant pREPl plasmid
(pnulA+emp). The activity was measured
after incubation for 80 min. The substrate
RNA incubated without the soluble fraction
is shown as the control (Cnt). An asterisk
shows the 26 S rRNA and 17 S rRNA. B:
The RNA-degrading activity in the S-100
fraction from the nitrogen-starved JY800
cells. The RNA-degrading activity was mea-
sured under the standard conditions (lane
1, Std), with 15 mM EDTA (lane 2), lane 2
plus 20 mM magnesium chloride (lane 3),
or lane 2 plus 20 mM calcium chloride (lane
4). The incubation time was 60 min. C: The
same as A, except that the DNA substrate
(pUCl8) was used instead of the RNA sub-
strate. The activity was measured after in-
cubation for 18 h. The substrate DNA in-
cubated without the soluble fraction is
shown as the control (Cnt). The arrowhead
shows the supercoiled DNA M, Size mark-
ers. D: The same as B, except that the DNA
substrate (pUC18) was used. Incubation
time was 12 h. E: Time course for the DNA-
degrading activity. The S-100 fractions
were obtained from the cells of JY800 cul-
tured without (WT, [log]) or with nitrogen
starvation for 4 h (WT, [-N]).
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EDTA-sensitive and was recovered by either magnesium
chloride or calcium chloride (Fig. 2B). In case of pnul A, the
RNA-degrading activity was not seen in either nitrogen
starved or not starved.

When expression of the Pnul protein was examined by
Western blotting, a 38-kDa band was missing in pnul A
(Fig. 3). We note that the molecular mass of the purified
nuclease was also 38 kDa (Uritani, unpublished data). We
then examined whether the lack of the RNA-degrading
activity could be restored by the introduction of a functional
pnul* gene in pnulA. The pnulA cells harboring a thia-
mine-repressible plasmid, pREPl-pnu2+, were cultured
without thiamine to over-produce Pnul. The S-100 fraction
from the cells exhibited a very strong RNA-degrading activ-
ity (Fig. 2A). Since the pREPl contains a potent nmtl* pro-
moter (18), Pnul was produced in a large amount (Fig. 3),
which could explain such a high level RNA-degrading activ-
ity in the cells with pKEPl-pnul*.

The pnul* encodes a nuclease, so that we examined the
DNA-degrading activity in pnulA. The pUC18 plasmid
DNA was incubated with the S-100 fraction, which was
then analyzed by gel electrophoresis. Since the plasmid was
circular, it separated into three discrete bands according to
its topology, the supercoiled form, nicked circular form and
linear form. In the pnul* cells, the plasmid DNA was stable
during the incubation with the S-100 fraction from the cells
before starvation, and it was degraded with that from
nitrogen-starved cells (Fig. 2C). The DNA-degrading activ-
ity was inhibited by EDTA, and recovered by the addition
of either magnesium chloride or calcium chloride (Fig. 2D).
In contrast, pnul A did not show the DNA-degrading activ-
ity even when the cells were nitrogen-starved. Introduction
of the pREPl-pnu2+ into the cells of pnul A resulted in the
appearance of a very strong DNA-degrading activity. The S-
100 fraction from pnul* undergoing nitrogen starvation
also showed the DNA-nicking activity (Fig. 2E).

Decrease in RNA Amount in pnulA during Nitrogen
Starvation—We next examined whether pnul* is involved

in the decrease of cellular RNA level during nitrogen star-
vation. Cells at the mid-log phase (5 x 106 cells/ml) were
transferred into a nitrogen-free medium, and aliquots of
the culture were withdrawn at intervals. RNA was care-
fully isolated from the cells and the amount of RNA was
measured by UV absorption. It should be noted that we
took special care to keep the RNA from degradation during
extraction and isolation (see "EXPERIMENTAL PROCE-
DURES"). Figure 4A presents the results of the changes in
the RNA amounts. In pnul*, the RNA level began to de-

£
120

100

i 0 2 4 6 8 10 12
Time of Nitrogen Starvation (h)

WT pnulA

0 1 2 4 Time of Nitrogen
^Starvation (h)

WT pnul A

WT pnu/A
pnulS
+ o/epunf

log -N log -N log

Pnul-

Fig. 3. Detection of Pnul by Western blotting. The cells were
harvested either at the mid-log phase (log) or after being starved of
nitrogen for 4 h (—N), and whole protein was analyzed by the West-
ern blotting using the antibody against Pnul. The cells of wild-type
JY800 (WT), YM31 (pnul A), and YM31 with over-expression of
pnul* in pREPl plasmid (pnulA+o/epnul*) were used. The upper
panel shows the results of the Western blotting, and the lower panel
shows the Coomassie Brilliant Blue staining of the gel for control of
the protein amounts loaded. The arrow indicates the position of (38
kDa). A non-specific protein band was marked with an asterisk.

0 1 2 4 6 10 0 1 2 4 6 10 I?™ °« V^pStarvation (h)

rps6'

W • - * ' -

coxT

rRNA

Fig. 4. Decrease in the RNA amount in pnul A cells during ni-
trogen starvation. A: Total RNA from the cells with various nitro-
gen starvation times was measured. RNA amounts were repre-
sented as a ratio to the initial level (0 h of nitrogen starvation) of
RNA. Square, WT (JY476); circle, pnulA (YM31); triangle, isp6A
(SS006); diamond, pnulAisp6A (AN1181). The data represent the
average values of three independent experiments. In each spot, the
standard error was within 10%. B: Total RNA was analyzed by aga-
rose gel electrophoresis and stained with ethidium chloride. C:
Northern blotting of the mRNA for rsp6*, isp6*, and cox2*.
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crease upon nitrogen starvation and the decrease pro-
gressed with starvation. Finally, the RNA level was
reduced to 60% of the initial amount by 10 h. The results
are in good agreement with the previous results (1-7).
Notably, in pnulA, the RNA-decreasing rate was less than
half that in pnul* (Fig. 4A), suggesting that pnul* may
function to promote the degradation of RNA during nitro-
gen starvation. It is also noted that the RNA-degrading
activity in pnul* began to increase after 2 h and it in-
creased with nitrogen starvation (Fig. 5A). Thus, the time
course of the RNA degradation was parallel to that of the
RNA-degrading activity. Interestingly, such an aberrant
decrease in the cellular RNA amount was also observed in
isp6A mutant (Fig. 4A). As will be described below, isp6+

was responsible for the expression of the RNA-degrading
activity during nitrogen starvation (Fig. 6A). A double
mutant with pnul and isp6 (pnulAisp6A) also gave the
same RNA-decreasing pattern as single mutants (pnulA
and ispGA), suggesting that pnul* and isp6* may function
in the same pathway.

The total RNA fraction was analyzed by agarose gel elec-
trophoresis to obtain information about the RNA species
that are degraded during the starvation. Both 26S and 17S
rRNAs decreased with starvation in pnul* and pnul A, sug-
gesting that pnul* is not necessary for the degradation of
these rRNAs. The cytoplasmic mRNAs for rps6* and isp6*
were analyzed by Northern blotting (Fig. 4C). The rps6*
encodes a ribosomal protein, which is expressed during
growth but is repressed during nitrogen starvation (22).
The mRNA for rps6* drastically decreased in amount
within 1 h in either pnul* or pnul A. The isp6* encodes a
protease, whose expression is repressed in exponentially
growing cells but is induced by nitrogen starvation (23). In
pnul*, the mRNA for ispG* was present only in a small
amount before starvation and it drastically increased in
amount within 1 h; after that its amount was relatively
constant during the starvation. The same results were
obtained in pnul A. A mitochondrial gene cox2* encodes a
cytochrome oxidase and its mRNA is present in the mito-
chondria (24). The Northern blotting of cox2* revealed that
the amount of the mRNA was constant during nitrogen
starvation in either pnul* or pnul A.

The implication of Pnul in the metabolism of DNA dur-
ing nitrogen starvation was also investigated. The FACS
analysis demonstrated that the patterns were essentially
the same in pnul* and in pnulA (data not shown). By
Southern blotting using cox2* ORF as a probe, the amount
of mitochondrial DNA was monitored. These results indi-
cated that the amount of the mitochondrial DNA was con-
stant during nitrogen starvation in the cells of both pnul*
and pnul A (data not shown).

Increase in RNA-Degrading Activity and Decrease in Cel-
lular RNA Level in Various Mutants—As described above,
pnulA cells showed no apparent increase in both RNA-
degrading and DNA-degrading activities, suggesting that
Pnul specifically exhibits the activities during nitrogen
starvation. We then examined whether the activities of
Pnul are enhanced in mutants that are defective in adap-
tation to nitrogen starvation. Pnul was normally activated
in the cells of wislA (26, 27), cgslA (28, 29), torlA (30),
rcdlA (27), and atflA (31, 32). In isp6A, however, either
RNA-degrading activity or DNA-degrading activity was
absent (Fig. 6, A and B). The isp6* was repressed in the

pnul A

Cnt 4 o

WT

Ulllll
Time of Nitrogen
"Starvation (h)

Time of Nitrogen
Starvation (h)

WT

0 0.5

Pnul-*

Time of Nitrogen
Starvation (h)

Fig. 5. Increase in the RNA-degrading and DNA-degrading ac-
tivity levels during nitrogen starvation. The RNA-degrading
activity (A) and the DNA-degrading activity (B) in the S-100 fraction
from the cells of JY476 (WT) were monitored during nitrogen starva-
tion. For controls, the substrate RNA or DNA was incubated without
the S-100 fraction (Con) or incubated with the fraction from YM31
(pnulA) after 4 h of nitrogen starvation. The asterisk indicates the
26 S rRNA and 17 S rRNA M, size markers. Incubation time was 80
min for the RNA-degrading activity and 16 h for the DNA-degrading
activity. The Pnul protein in the S-100 fraction was detected by
Western blotting using antd-Pnul antibody (C).

growing cells and was induced within 1 h upon nitrogen
starvation (Fig. 4C in this study, and Ref 23). Thus, the
time course of the expression ofisp6* was parallel with that
of the activation of both RNA-degrading and DNA-degrad-
ing activities (Fig. 5, A and B). Notably, the decreasing
curve for the RNA amount was the same in pnul A, isp6A,
and pnultesp6£± (Fig. 4A). The Western blotting of Pnul
protein in isp6A revealed that the amount of Pnul protein
was not affected by isp6* although Pnul migrated faster in
isp6A (Fig. 6C).

The pkal* encodes the catalytic subunit of the cAMP-
dependent protein kinase (27, 33). In pkalA, the DNA-
degrading activity was activated prominently and the
RNA-degrading was also activated, although less promi-
nently, even without nitrogen starvation (Fig. 6, A and B).
The degradation of RNA became more marked with pro-
longed incubation (3 h, data not shown). We obtained the
results that isp6* was expressed in the cells ofpkalA even
in a nitrogen source-rich medium (Nakashima and Uritani
unpublished data), suggesting that the cAMP-dependent
protein kinase cascade activates the RNA-degrading and
DNA-degrading activities of Pnul via induction of isp6*.
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B

WT pnulA isp6A wislA pkalA cgslA torlA rcdlA atflA
Cnt log -N log -N log -N log -N log -N log -N log -N log -N log -N

"I I ! | 1,8 I
WT pnulA isp6A wislA pkalA cgslA torlA rcdlA atflA

M Cnt loe -N lew -N loe -N log -N log -N log -N log -N Jog -N Jog -N

WT isp6A

log -N log -N

Pnul -

Fig. 6. RNA-degrading and DNA-degrading ac-
tivities in the mutants defective in the re-
sponse to nitrogen starvation. The RNA-de-
grading activity (A) and DNA-degrading activity (B)
were measured in the S-100 fraction from the cells at
a mid-log phase Gog) or under nitrogen starvation for
4 h (-N). For controls, the RNA or DNA substrate
was incubated without the S-100 fraction (Cnt). For
DNA-degrading assay, pSPl plasmid was used as the
substrate. Incubation time was 80 min for the RNA-
degrading activity and 13 h for the DNA-degrading
activity. The following strains were used in this ex-
periment: JY800 (WT), YM31 (pnulA), SS006
(isp6A), NS13 (wislA), NS11 (pkalA), JZ858 (cgslA),
KM30 (toriA), NS4 (rcdlA), and CN803 (atflA). The
Pnul protein in the S-100 fractions was detected
from JY476 (WT) and isp6A (SS006) (C). The upper
panel shows the results of Western blotting using the
anti-Pnul antibody, and the lower panel shows the
Coomassie Brilliant Blue staining of proteins.

DISCUSSION

During nitrogen starvation, a drastic decrease occurs in the
amount of cellular RNA in the cells of S. pombe by an
unknown mechanism (1, 2). Previously, we purified the
RNA-degrading enzyme whose activity specifically appears
during nitrogen starvation and cloned its gene (pnul*). In
this study, we obtained results indicating that pnul* is in-
volved in the apparent increase in RNA-degrading activity
(Figs. 2A and 5A) and the drastic decrease in cellular RNA
amount during nitrogen starvation (Fig. 4A). These find-
ings suggest that Pnul may be implicated in degradation of
RNA due to its RNA-degrading activity.

The RNA-degrading activity of Pnul was highly specific
to nitrogen starvation. However, the increase in RNA-de-
grading activity was independent of the Wisl stress-acti-
vated MAP kinase cascade (26), the Tori-dependent path-
way (30, 34), and the Rcdl-dependent pathway (27) al-
though they play pivotal roles in the signaling of nitrogen
starvation. Interestingly, activation of the RNA-degrading
activity was dependent on isp6*, a gene for a possible pro-
tease (23). The isp6A cells showed neither RNA-degrading
activity nor DNA-degrading activity and were also defec-
tive in decrease in the cellular RNA amount during nitro-
gen starvation (Fig. 5, A and B). Thus, isp6* is responsible
for the increase in the RNA-degrading activity of Pnul,
thereby regulating the cellular RNA level. The isp6A cells
are deficient in the response to nitrogen starvation (23).
The isp6* is homologous to the PRB1 in S. cerevisiae (35,

36). Interestingly, a mutant for PRB1 is also deficient in the
response to nitrogen starvation and is defective in the
RNA-degrading activity during nitrogen starvation al-
though the mechanism is unknown (12, 35, 36).

The RNA-degrading activity and DNA-degrading activity
of Pnul was activated during nitrogen starvation in an
isp6+-dependent manner (Fig. 6, A and B). Ikeda and
Kawasaki recently reported that a full-length of Pnul
(SpNucl) showed a low nuclease activity, while the trun-
cated form of Pnul without the N-terminal 40 amino acids
showed a high activity (37), suggesting that Pnul may be
activated through processing. Since isp6* is suggested to
play a role in the processing of a protein (38), it is possible
that a precursor form of Pnul is directly processed by Isp6
to produce a mature form of Pnul. This assumption pre-
dicts that a fast migrating mature form of Pnul is observed
in SDS-PAGE in a manner that is dependent on both nitro-
gen starvation and isp6*. However, the mobility of the Pnul
protein in SDS-PAGE was not obviously changed during
nitrogen starvation (Figs. 3 and 6C). It is possible that Isp6
cleaves only a small peptide from the precursor form of
Pnul, which results in a mature form of Pnul with a simi-
lar molecular mass to the precursor form of Pnul. Alterna-
tively, Pnul might be activated in a manner other than
processing, such as the degradation of a protein that inhib-
its Pnul, although such an inhibitory protein has not been
found yet.

It is also noted that PRB1 is necessary for autophagy,
which occurs during nitrogen starvation (39, 40). Since
PRBlp is the homolog of Isp6, Isp6 could also play such a
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pivotal role in the autophagy in S. pombe, which may be
required in the activation of the nuclease activity of Pnul.
In this model, Pnul should be transported to the vacuole
during nitrogen starvation. We examined the localization of
a fusion protein of Pnul and a green fluorescence protein
during nitrogen starvation, but the fusion protein was not
accumulated in vacuolar space (data not shown). Further
study is necessary to resolve the mechanism for the activa-
tion of Pnul by Isp6.

In this study, rRNA and a few mRNAs decreased in a
Pnul-independent manner during nitrogen starvation (Fig.
4, B and C). It is possible that Pnul non-specifically de-
grades a number of RNA molecules only slightly, which
results in a significant amount of RNA being degraded in
total. It is also possible that other RNA molecules specifi-
cally targeted by Pnul are yet to be found. The NUC1 in S.
cerevisiae is homologous to Pnul. Interestingly, NUC1 is
reported to be involved in the catabolism of the cytoplasmic
double-stranded RNA, which is the RNA genome of a virus-
like particle (41); recessive mutations in the NUC1 resulted
in a 10-fold accumulation of the double-stranded RNA (4.5
kbp) that encodes a coat protein of the particle (86 kDa).
Other mutations in the mitochondrial outer membrane also
showed the same results. In S. pombe, it is not known,
whether such a viral genome RNA is present in the cells.
Further study to specify the RNA molecules targeted by
Pnul would clarify the function and the biological meaning
of Pnul in nitrogen starvation.

The authors thank Pro£ M. Yamamoto (the University of Tokyo),
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