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Substrate structure requirements of the Paci
ribonuclease from Schizosaccharomyces pombe

GIUSEPPE ROTONDO,' JIMMY Y. HUANG,? and DAVID FRENDEWEY
Department of Microbiology, New York University School of Medicine, New York, New York 10016, USA

ABSTRACT

The Pac1 ribanuclease of Schizosaccharomyces pombe is a member of the RNase Il family of double-strand-specific
ribonucleases. To examine RNA structural features required for efficient cleavage by the Pac1 RNase, we tested a
variety of double-stranded and hairpin RNAs as substrates for the enzyme. The Pac1 RNase required substrates that
have a minimal helix length of about 20 base pairs. The enzyme cut both strands of the helix at sites separated by two
base pairs. However, Pac1 was also able to make a single-stranded cleavage within an internal bulge of an authentic
Escherichia cofi substrate at the same site chosen by RNase IIl. Pac1 efficiently degraded the structurally complex
adenovirus VA RNA,, but was inactive against the short HIV-1 TAR RNA hairpin. These results indicate that the Pac1
RNase prefers straight, perfect helices, but it can tolerate internal bulges that do not distort the helix severely. Like
its homologue from Saccharomyces cerevisiae, the Pac1 RNase cleaved at two in vivo RNA processing sites in a
hairpin structure in the 3’ external transcribed spacer of the 5. pombe pre-rRNA, suggesting a role for the enzyme in

rRNA maturation.
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INTRODUCTION

The Pacl RNase of the fission yeast Schizosaccharomy-
ces pombe belongs to the RNase 1II family of double-
strand-specific ribonucleases (dsRNases) (Dunn, 1982;
Xu et al., 1990; lino et al., 1991; Court, 1993; Rotondo
et al,, 1995; Rotondo & Frendewey, 1996). The mem-
bers of the RNase IlI family share several conserved
primary structure elements that include regions re-
quired for catalysis and a dsRNA binding domain al-
ways found at their carboxyl termini (Court, 1993;
Kharrat et al,, 1995; Rotondo et al,, 1995; Nicholson,
1996; Rotondo & Frendewey, 1996). The RNase 1] fam-
ily takes its name from the founding member, which
was first purified from Escherichia coli as an activity
that degraded synthetic dsRNAs to small oligonucle-
otides (Robertson et al,, 19868, Schweitz & Ebel, 1971;
Crouch, 1974; Robertson & Dunn, 1975). RNase I was
found subsequently to be an important RNA process-
ing enzyme for rRNA and mRNA precursors (Dunn &
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Studier, 1973; Young & Steitz, 1978) and to participate
in mRNA turnover (Court, 1993), conjugative DNA
transfer (Koraimann et al., 1993), and antisense RINA-
mediated regulation (Blomberg et al., 1990; Gerdes
et al., 1992). E. coli RNase III usually makes staggered
cuts in both strands of a double-helical RNA, but, in
some cases, it cleaves once in a single-stranded bulge
in the helix (Robertson, 1982; Chelladurai et al., 1993).
The enzyme functions as a dimer that binds symmet-
rically on either side of its cleavage sites (Li & Nich-
olson, 1996). This arrangement requires approximately
two turns of the A form helix, or about 20 base pairs
{bp}, which is consistent with the binding properties of
dsRNA-binding domains {Manche et al., 1992; Bycroft
et al., 1995; Bevilacqua & Cech, 1996).

Although there have been many reports of RNase III-
like dsRNase activities in eukaryotic cells (Ohtsuki
et al., 1977; Grummt et al., 1979), and there are at least
four RNase Ill-like orfs that can be deduced from
known eukaryotic DNA sequences (Rotondo & Fren-
dewey, 1996), only two true eukaryotic RNase III ho-
mologues have been characterized in detail: the Pacl
RNase of 5. pombe and the Rnt1 RNase of Saccharomy-
ces cerevisiae. The budding yeast enzyme is essential
for viability and, like its bacterial counterpart, it is
responsible for the initial cleavages in the pre-rRNA
processing pathway (Abou Elela et al., 1996). The Rntl
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RNase cleaves in the helical stems of two extended
hairpin structures found in the 5’ and 3’ external tran-
scribed spacer (ETS) regions of the rRNA precursor
(pre-rRNA). The S. pombe Pac1 RNase is also essential
for viability (Iino et al., 1991). The pacl ™ gene was first
identified by virtue of its ability to induce sterility
when overexpressed (Xu et al., 1990; lino et al., 1991)
and was later shown to be an extragenic, multi-copy
suppressor of a mutant that maintains reduced steady-
state levels of several small nuclear RNAs (Rotondo
et al., 1995). These effects of overexpression suggested
roles for the Pacl RNase in sexual development and
snRINA synthesis, but its actual biological function re-
mains to be established.

We have purified the Pacl RNase and determined its
general biochemical properties (Rotondo & Frendewey,
1996). To better understand the biological role and en-
zymatic characteristics of the Pacl RNase, we tested a
variety of natural and synthetic RN As as substrates for
the Pacl RNase. These experiments established the
range of dsRNA structure that the enzyme will toler-
ate. They also identified a native substrate for the Pacl
RNase —a hairpin structure in the S. pombe pre-rRNA
3'ETS that is the site of RNA processing events in vivo.

RESULTS

Minimum length dsRNA substrate
for the Pac1 RNase

We previously described the characterization of a re-
combinant form of the S. pombe Pacl RNase that is a
highly active, double-strand-specific endoribonuclease
(Rotondo & Frendewey, 1996). The enzyme converted
long dsRNA substrates into short oligonucleotides and
efficiently cleaved a hairpin RNA having a 25-bp stem.
To define better the minimal helical length required
for efficient cleavage by the Pacl RNase, we tested a
series of dsRNAs of varying lengths as substrates. These
RNAs were prepared by annealing complementary **P-
labeled single-stranded RNAs, removing the unpaired
portions by ribonuclease digestion, and purifying the
dsRNAs by gel electrophoresis (see Materials and Meth-
ods). Figure 1 shows the Pacl RNase cleavage of the
dsRNAs compared with a hairpin substrate, R1.1 RNA
(see Fig. 2, described below). The Pacl RNase effi-
ciently degraded the longer dsRNAs (63-132 bp) to
smaller fragments of approximately 10-30 nt. Pacl
cleavage of the 30-bp RNA resulted in two major prod-
ucts, one of which co-migrated with the 17-bp test
substrate. Because the RNAs shown in Figure 1 were
electrophoresed under conditions that did not dena-
ture the dsRNAs (Saccomanno & Bass, 1994), the cleav-
age pattern of the 30-bp substrate implies that the
enzyme made one double-strand break near the mid-
dle of the RNA. The 17-bp test dSRNA was completely
refractory to cleavage by the Pacl RNase despite the
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FIGURE 1. Minimal length Pac1 RNase substrate. High specific ac-
tivity ““P-labeled dsRNAs of varying lengths (indicated in bp above
lanes 4-15) were incubated at 30°C for 10 min in 20-uL reactions
containing 30 mM Tris-HCl, pH 7.6, 25 mM KCl, 1 mM dithiothre
itol, and 5 mM MgCl; either without (—) or with (+) Pacl RNase
(tPacl) at 2 nM. For comparison, low specific activity ““P-labeled
R1.1 RNA (see Fig. 2) was incubated without (lane 2) or with (lane 3)
Pacl RNase in identical reactions. In each reaction, 15,000 cpm of
RNA was used; therefore, concentrations varied from 45 pM for the
132-bp RNA to 250 pM for the 17-bp RNA. The concentration of R1.1
RNA was 27 nM. Reactions were stopped and one fourth of each
was analyzed directly by electrophoresis on a 10% polyacrylamide,
7 M urea gel run under nondenaturing conditions (see Materials and
Methods) followed by autoradiography. ““P-labeled dsDNA frag
ments from an Msp I digestion of pBR322 were co-electrophoresed
as size markers (lane 1, sizes of selected fragments in bp indicated

to the left of the lane)

approximately eightfold molar excess of enzyme over
RNA used in this reaction. These results indicate that
the minimum length perfect helix that is able to be
cleaved by the Pacl RNase lies between 17 and 30 bp.
Efficient cleavage by Pacl of a hairpin RNA having a
25-bp stem (Rotondo & Frendewey, 1996) further nar-
rows the range of the minimal substrate to between 25
and 17-bp, which is very similar to that obtained for
E. coli RNase III (Dunn, 1982; Robertson, 1982).

Cleavage of an E. coli RNase lll substrate

The shared structural features and biochemical prop-
erties of E. coli RNase III and the 5. pombe Pacl RNase
indicate clearly that they are homologous proteins (Xu
et al., 1990; lino et al.,, 1991; Rotondo et al.,, 1995; Ro-
tondo & Frendewey, 1996). To examine whether the
bacterial and yeast enzymes recognize similar sub-
strates, we compared the cleavage of an authentic
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E. coli substrate by RNase III and Pacl. The substrate,
R1.1 RNA (Fig. 2), was derived from a T7 phage poly-
cistronic transcript (Dunn & Studier, 1973) and con-
sists of two 10-bp helices separated by an asymmetric
bulge that maintains some helical character (Schweis-
guth et al, 1994). Earlier work demonstrated that
RNase III cleaves R1.1 RNA at the site indicated by the
arrow in Figure 2 (Dunn, 1976; Chelladurai et al., 1993).
The single cut produces a larger 5 product and a shorter
3’ product (Fig. 3, lane 2). The mobilities of these prod-
ucts relative to the xylene cyanol and bromophenol
blue dye markers and the heterogeneity of the 3’ prod-
uct were as reported previously (Chelladurai et al,
1993). The Pacl RNase produces the identical cleav-
age pattern with R1.1 RNA (Fig. 3, compare lane 2
and 3). Thus, Pacl recognizes the same cleavage site as
RNase III on an authentic E. coli substrate.

Test of VA and TAR RNAs as substrates
for the Pac1 RNase

To further examine the structural requirements for Pacl
substrate recognition, we tested the adenovirus VA
RNA; and HIV-1 TAR RNA as substrates. These RNAs
are essentially hairpins, but they carry extensions and
asymmetric bulges that are likely to perturb their he-
lical backbones (Fig. 2). VA RNA; is a 160-nt RNA
polymerase IIlI transcript that inhibits the double-
stranded-RNA-activated protein kinase and is neces-
sary for viral replication (Mathews & Shenk, 1991).
The most recently refined model for VA RNA; sug-
gests that the short stem in the central domain folds
back on the unpaired bulges, causing a bend in the
RNA (Ma & Mathews, 1996). TAR is a short (59 nt)
hairpin found at the 5" end of all HIV-1 transcripts. It
is the target of the transcriptional transactivator Tat
(Kessler et al., 1991; Cullen, 1993), a small basic protein
that binds to the trinucleotide bulge (labeled TBB for
Tat-binding bulge in Fig. 2) near the apical end of the
helix. TAR RNA also has two single nucleotide bulges
at C5 and A17.

Figure 4 shows that the Pacl RNase efficiently cleaved
VA RNA, at multiple sites (lanes 1-5) —nearly all of the
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FIGURE 3. Cleavage of the R1.1 RNAby E. coli RNase ITl and the S.
pombe Pacl RNase. [@-**P]UTP-labeled R1.1 RNA at 80 nM was
incubated for 10 min at 30 °C without enzyme (lane 1) or with either
E. coli RNase III (lane 2) or Pacl RNase (lanes 3) at a concentration
of 8 nM, with respect to enzyme monomer, in 10-xL reactions. Buffer
and salt conditions for RNase III (lane 2) were those described by Li
et al. (1993). Pacl (lane 3) and control (lane 1) reactions contained
30 mM CHES, pH 8.5, 25 mM KCl, 1 mM dithiothreitol, and 5 mM
MgCl,. The reactions were stopped, heat-denatured, and one half of
each was analyzed directly by electrophoresis on a 15% polyacryl-
amide/7 M urea gel followed by autoradiography. The positions of
the R1.1 substrate, the 5’ and 3’ cleavage products, and the xylene
cyanol (XC) dye are given to the left.

RNA was converted to products in 10 min at a sub-
strate to enzyme ratio of 5:1 (lane 2). The extent of
cleavage did not increase when the Pac1 concentration
was raised eightfold, indicating that the reactions were
complete and the products were resistant to further
degradation. In contrast, TAR RNA was completely
resistant to cleavage by the Pacl RNase, even at en-
zyme concentrations that were in excess of substrate
(Fig. 4, lanes 6 to 10). Longer incubations at higher
Pacl concentrations under a variety of ionic condi-
tions failed to produce significant cleavage of TAR RNA
(data not shown). To examine the effects of the un-

FIGURE 2. Test substrate RNAs. Secondary structure models are depicted for four RNAs tested as substrates for the
5. pombe Pacl RNase. R1.1 RNA (upper left) is part of an authentic E. coli RNase III processing signal in a T7 phage
transcript. Arrows mark the sites of in vitro cleavages by E. coli RNase III (black) and the S. pombe Pacl RNase (purple).
HIV-1 RNA (upper right) is the hairpin formed by the first 59 nt of the transactivation response region at the 5 end of all
HIV-1 transcripts. Curved red arrows circumscribe nucleotides deleted in variant forms of TAR RNA (designated as A
followed by the deleted nucleotide) tested as substrates for the Pac1 RNase; TBB stands for Tat-binding bulge. Adenovirus
VA RNA| (lower left) is modeled according to Ma and Mathews (1996). S. pombe 3'ETS RNA is derived from the potential
hairpin structure in the 3’ETS region of the 5. pombe pre-rRNA. Nucleotide numbering is from the 5’ end of the RNA.
Nucleotides shown in blue are complementary to parts of the transcription template not derived from S. pombe sequence.
The second G in the RNA represents a position that lies 9 nt downstream of the 3’ end of the mature 255 rRNA. Green
arrows (A, B, and C) show the positions of in vivo processing sites mapped by Melekhovets et al. (1994); the sizes of
expected products for cleavages at these sites are given in the box on the right. Purple arrows identify the sites of in vitro
cleavage by the Pacl RNase. Red arrows lie adjacent to sequences complementary to oligodeoxynucleotide primers used
for product identification and primer extension mapping of the cleavage sites.
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FIGURE 4. Test of adenovirus VA RNA; and HIV-1 TAR RNA as
substrates for the Pacl RNase. [a-**P]JGTP-labeled VA (lanes 1-5)
and TAR (lanes 6-10) RNAs at 35 nM were incubated for 10 min
under standard conditions either without (lanes 1 and 6) or with
Pacl RNase (lanes 2-5 and 7-10). Triangles represent twofold in-
creases in Pacl concentration between 7 and 56 nM. Reactions were
stopped, and one half of each was heat-denatured and analyzed
directly by electrophoresis on a 12% polyacrylamlde/ 7 M urea gel.
DNA markers (lane M, sizes on left) are as in Figure 1.

paired nucleotides in TAR RNA, we synthesized vari-
ants in which C5, Al17, and the TBB were deleted
{(indicated by the curved red arrows in the Fig. 2) either
singly or in combination. None of these alterations
converted the TAR RNA into an efficient substrate for
the Pacl RNase. Removal of the TBB did allow Pacl to
make a double-strand break in the modified TAR RNAs,
but the rate of cleavage was extremely slow compared
with that for the similarly sized R1.1 RNA and other
dsRNAs {data no shown). Thus, for reasons that are
not obvious, HIV-1 TAR RNA is inherently resistant to
cleavage by both the Pacl RNase and E. coli RNase III
{Gunnery et al,, 1990),

Pac1 RNase cleaves a hairpin structure
in the S. pombe pre-rRNA 3'ETS

E. coli RNase III makes double-strand cuts in helices
that sequester the large and small subunit RNAs in the
pre-TRNA (Young & Steitz, 1978). Likewise, the S. ce-
revisize Rntl RNase cleaves hairpin structures in the 5
and 3" ETS sequences of the pre-rRNA at or near
mapped processing sites (Abou Elela et al., 1996). To
test the hypothesis that the Pacl RNase has a homol-
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ogous function in fission yeast, we synthesized a 130-nt
RNA derived from a part of the 5. pombe 3'ETS that
can be modeled as a large, imperfect hairpin {Fig. 2).
The method of synthesis resulted in the incorporation
of 1 nt at the 5" end and 19 nt at the 3" end that are not
found in the S. pombe 3'ETS (see Materials and Meth-
ods}). The 3’ end of the mature 255 RNA lies 9 nt
upstream of the second G of the 3'ETS substrate. Me-
lekhovets et al. (1994) mapped three putative in vivo
processing sites within the hairpin (labeled A, B, and C
in Fig. 2). If Pacl cleaved our 3'ETS substrate at these
sites, we would expect four products of 14, 20, 44, and
55 nt (see box at right of RNA in Fig. 2).

Upeon incubation with the Pacl RNase, the internally
labeled 3'ETS RNA was converted to three predom-
inant products, indicating two cleavages (Fig. 5A,
lanes 2-4}. The approximate sizes of the products rel-
ative to DNA markers—55 nt for the upper band, 45 nt
for the middle band, and 35 nt for the lower band —
were consistent with cuts near processing sites B and
C. The largest band appeared to correspond to the
expected 3' product, the middle band to the upper
hairpin (UHP) fragment, and the smallest band to the
5' portion of the 3'ETS RNA (see Fig. 2). We confirmed
these assignments by demonstrating that the cleavage
products could serve as primer extension templates
with the 3', UHF, and 5 primers shown in Figure 2.
The sizes of the cDNAs obtained matched the sizes of
the RNA products (data not shown). The cleavage pat-
tern implied that the Pacl RNase did not cut at pro-
cessing site A (Fig. 2), which would have produced a
fourth product of 14 nt. We confirmed this conclusion
by Pacl cleavage of a 5'-labeled substrate, which pro-
duced a ~35 nt product that co-migrated with the
smallest fragment from cleavage of the internally la-
beled RNA (Fig. 5B).

Thus, the Pacl RNase makes two specific cleavages
in the 5. pombe pre-TRINA 3'ETS substrate at or near
two of the presumptive in vivo processing sites. In
marked contrast, the Pacl RNase did not recognize
and accurately cleave the homologous S. cerevisiae sub-
strate (Abou Elela et al., 1994), but instead degraded it
into a heterogeneous collection of fragments (Fig. 5A,
lanes 5-8). A reciprocal experiment in which the 5.
pomnbe 3'ETS was tested as a substrate for the Rntl
RNase produced an analogous result {S. Abou Elela &
M. Ares, pers. comm.). In addition, the 5. pombe pacl™
gene and the S. cerevisize RNT1 gene do not function
in the heterclogous yeast cells (5. Abou Elela, D.
Frendewey, & M. Ares, unpubl. results). Therefore, de-
spite their clearly homologous structures and the sim-
ilarities of their 3'ETS substrates, the two yeast enzymes
have different substrate recognition determinants.

To map precisely the Pacl cleavage sites in the 3'ETS,
we performed primer extension reactions with the 3'
and UHP primers (Fig. 2) on the purified 3' and UHP
products. The cDNAs produced by these reactions were
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co-electrophoresed with DNA sequencing ladders gen-
erated with the same 5'-end-labeled primers on the
PCR product used as the template for transcription of
the 3"ETS RNA. Both primer extension reactions pro-
duced two products that differed by one nucleotide in
length (Fig. 6, lanes 5 and 12). The lengths of the cDNAs
extended from the UHP primer indicated two 5 ends
at U35 and U34 for the UHP cleavage product. Simi-
larly, extension of the 3" primer mapped two 5' ends
for the 3' cleavage product at A78 and G77. The dou-
ble 5 ends for the 3' and UHP products were incon-
sistent with the apparent homogeneity of the sizes of
the cleavage products when analyzed directly (Fig. 5).
Because we observed that primer extensions on the
3'ETS substrate RNA with either the UHP primer
(Fig. 6, lane 6) or a primer complementary to the last
39 nt of the 3'ETS (data not shown) mapped the 5" end
one nucleotide beyond the transcription initiation site,
the upper bands of the doublets may have been the
result of addition of an extra, nontemplated nucleotide.

To resolve whether the double 5" ends mapped by
the primer extensions reflected true heterogeneity in
the cleavage sites or were the result of a peculiarity in
the reverse transcription reactions, we determined the
5" ends of the 3' and UHP products by direct nucleo-
tide analysis of the RNAs. Digestion with RNases A,
T1, and T2 of the Pacl 3’ cleavage product of an
[a-**P]GTP-labeled 3'ETS RNA released a labeled
nucleotide that co-chromatographed with an adeno-
sine-3',5'-bisphosphate (pAp} standard by 2D-TLC
{Fig. 7A). We did not detect pGp, which runs below
and slightly to the right of Gp in the 2D-TLC systemn

- YETS

Comparison of the S. pombe and S. cerevisiae 3'ETS substrates.
The 133-nt S. pombe 3'ETS RNA (lanes 1-4) and a 217-nt tran-
script containing the Rntl cleavage sites in the S. cerevisiae
3'ETS (lanes 5-8) were incubated with the Pacl RINase under
standard conditions plus polycytidylic acid for the times in-
dicated above each lane. The [a-?P]GTP-labeled RNAs were
present at the following concentrations: S.p. 3'ETS, 100 nM;
S.c. 3'ETS, 70 nM. One fourth of each reaction was heat-
denatured and analyzed directly by electrophoresis on a 10%
polyacrylamide/7 M urea gel. The positions of Msp I frag-
ments of pBR322 co-electrophoresed as size markers are given
on the left with their corresponding sizes in nucleotides. Ar-
rows in the left panel indicate the positions of the 3', upper
hairpin (UHP), and 5’ cleavage products. B: Identification of
the 5' cleavage product. 3'ETS RNA labeled at its 5" end with
[y-32P]GTP was incubated at 16 nM without (lane 1) or with
Pacl RNase (lane 2) under standard conditions plus polycyti-
dylic acid for 60 min and then analyzed by co-electrophoresis
with the cleavage products of a Pacl reaction with an
[@-32P]CTP-labeled 5. pombe 3'ETS (at 100 nM, lane 3).
Lanes 1 and 3 were not immediately adjacent in the original
gel. Substrate and cleavage products are indicated in the right
panel. Size markers as in Figure 1 with sizes given in nucle-
otides were run in lane M.

(Nishimura, 1979). PEI cellulose TLC confirmed that
pAp was the only labeled bisphosphate nucleotide re-
leased from the 3’ product (data not shown). Second-
ary digestion of the purified pAp product with nuclease
P1 (Willis et al.,, 1986; Rotondo & Frendewey, 1996)
released radioactive orthophosphate (P;, Fig. 7C), in-
dicating that the pAp was labeled at its 3" position by
nearest neighbor transfer from G. These results indi-
cate that Pacl makes a single cut between G77 and
A78, one nucleotide 5’ of site C mapped by Mele-
khovets et al. (1994) (Fig. 2). Because the primer ex-
tension results predict two products with pG77p and
pA78p 5' termini (Fig. 6, lane 12), the larger primer
extension product appears to be an artifact.

An identical analysis was performed to map the other
cleavage site. Complete digestion of the UHP product
from Pacl cleavage of an [a-**P]CTP-labeled substrate
produced a labeled pUp nucleotide (Fig. 7B). This es-
tablished the 5’ end of the UHP’ product at U35, in
agreement with the shorter primer extension product
(Fig. 6). To test for a second UHP product witha 5" end
at U34, as indicated by the primer extension mapping
(Fig. 6, lane 5), we performed a 5'-end-group analysis
on an [a-**P]JUTP-labeled UHP product. If Pacl cleav-
age of the 3'ETS RNA produced a UHP product with
a 5’ end at U34, then total digestion should release a
pUp in which both phosphates are labeled. 2D-TLC
analysis of the digestion products revealed a labeled
pUp spot, which, upon purification and secondary di-
gestion with nuclease P1, was partially converted to
uridine-5'-monophosphate; labeled P; was not released
(Fig. 7C). These results establish a single 5’ cleavage at
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FIGURE 6. Primer extension mapping of the Pacl RNase cleavage
sites on the 3'ETS RNA. Reverse transcription reactions were per-
formed with the purified UHP (lane 5) and 3° products (lane 12)
shown in Figure 5A as templates. The UHP and 3’ primers (see
Fig. 2) were used with their complementary products. Letters above
lanes 5-7, 12, and 13 refer to the templates: either a cleavage product
{p. lanes 5 and 12}, the 3°ETS substrate (s, lane 6), or E. coli tRINA as
a control (c, lanes 7 and 13). (The 3’ primer was not able to extend
from the 3’ETS substrate RNA.) Primer extension reactions were
electrophoresed alongside DNA sequerncing ladders generated with
the same end-labeled primers used in the primer extension reac-
tions: UHP primer, lanes 1-4; 3’ primer, lanes 8-11. Complementary
sequences surrounding the ends of the extension products are given
orn the left of each panel, with the mapped 5’ ends of the UHP and
3’ cleavage products identified by numbered upper-case nucleotides
(refer to Fig. 2).

the in vivo processing site B (Melekhovets et al., 1994)
between U34 and U35. In summary, the Pacl RNase
cleaves the 3'ETS RNA between U34 and U35 and
between G77 and (G78, as indicated by the purple ar-
rows in Figure 2.

G. Rotondo et al,

DISCUSSION

The 5. pombe Pacl KNase and E. coli RNase Il share a
number of structural features and biochemical prop-
erties that support the conclusion that the two proteins
are homologous. Their primary sequences are 25% iden-
tical over the regions of similarity {Xu et al., 1990; lino
et al., 1991), and mutations in two aming acids that are
absolutely conserved in all RNage IIl-like proteins abol-
ish the activity of both enzymes {Court, 1993; Rotondo
et al., 1995). Rase Il and the Pacl ENase are endo-
nucleases that require Mg?' for activity and optimal
cleavage specificity, and both execute double-strand
cleavages that leave 5' phosphates and 3’ hydroxyls
on the cleavage products (Dunn, 1982; Court, 1993
Li et al., 1993; Rotondo & Frendewey, 1996). These
similarities extend to substrate recognition. Pacl and
RMNase IIl are double-strand-specific RINases that re-
quire a similar minimal length of helix. The Facl RNase
efficiently cleaved simple dsRNAs, as short as 30 bp
but failed to cut a 17-bp dsRMNA. Because we showed
previously that a hairpin RWNA with a 25-bp stem is a
very efficient substrate for the Pacl RNase (Rotondo &
Frendewey, 1996), Pacl’s minimal substrate length is
in the range of 17-25 bp, which is essentially the same
as E. cofi RiNase I {Dunn, 1982; Robertson, 1982). This
size restriction could reflect the binding properties of
the dsRNA-binding domain found at the C-terminus
of all members of the RNase I family. Double-stranded
RNA-binding domains bind one tum of A-form RNA
helix, approximately 11 bp {(Manche et al., 1992; By-
croft et al, 1995; Bevilacqua & Cech, 1996). E. cofi
RMase III binds its substrate as a symmetrical dimer
on either side of the cleavage sites {Li & Nicholson,
1996), an arrangement that rationalizes the require-
ment for a helix whose size is approximately two he-
lical turns.

E. coif RMase III usually makes two staggered cuts
in both strands of its dsRNA substrates, buli, in rare
instances, the enzyme will deave once in a single-
stranded bulge within a helix {Robertson, 1982). An
example of such a cleavage occurs in the R1.1 process-
ing site between mRNAs of the polycistronic T7 phage
early transcript (Dunn & Studier, 1973). RNase III
cleaves a single phosphodiester bond in the 3’ half of
the asymmetric bulge of the R1.1 processing signal
{Micholson et al., 1988}, Remarkably, we found that the
Pacl ENase cuts the E1.1 RNA at the same site. Thus,
the 5. pombe enzyme has conserved the ability to rec-
ognize the structural signature in R1.1 that directs a
single-strand cleavage at a defined site. If the bulge in
the R1.1 ENA is closed with Watson-Crick base pairs,
Pacl is no lenger able to recognize the R1.1 site, but
instead makes a double-strand cut closer to the base of
the stem (Rotondo & Frendewey, 1996, and unpubl.
results). E. coli RNase III, on the other hand, retains the
ability to cleave at the in vivo processing site in the
closed-helix form of the R1.1 RINA {Chelladurai et al.,
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FIGURE 7. 5 End group analysis of Pacl RNase cleavage products. Gel-purified products were digested to completion
with RNases A, T1, and T2; nucleotides were separated by cellulose 2D-TLC (A,B) and visualized by autoradiography.
Radioactive spots are identified as nucleoside-3'-monophosphates (e.g., Cp) or nucleoside-3',5'-bisphosphates (e.g., pAp).
A: 3' Cleavage product of an [a-**P]GTP-labeled 3'ETS RNA. The position of an unlabeled Cp standard is shown to
indicate its separation from the radioactive pAp spot. B: UHP cleavage product from an [a-32P]CTP-labeled 3'ETS RNA.
C: Secondary analysis. The pAE spot (panel A) from the [a-*P]GTP-labeled 3'ETS 3’ cleavage product (lane 2) and the pUp
spot (not shown) from an [a-**P]UTP labeled 3'ETS UHP product (lane 3) were purified, digested with nuclease P1, and
the digestion products separated by cellulose TLC in the second dimension solvent. Unlabeled AMP and UMP standards
were run in lanes 1 and 4, respectively. Radioactive products and unlabeled standards are identified on the right: pU and

pA, nucleoside-5'-monophosphates; P;, orthophosphate. Dashed line at top indicates the solvent front.

1993). These results illustrate the somewhat different
mechanisms for substrate recognition or cleavage po-
sitioning employed by the yeast and bacterial en-
Zymes.

This difference is also seen in the action of the two
enzymes on adenovirus VARNA; and HIV-1 TAR RNA.
Both of these modified hairpin RNAs are recognized
by proteins that possess dsRNA-binding domains
(Mathews & Shenk, 1991; Gatignol et al., 1993), but
neither is a substrate for E. coli RNase III (Gunnery
et al., 1990; Mellits et al., 1990). In contrast, VA RNA,,
despite its complex tertiary structure (Ma & Mathews,
1996), was cut efficiently at multiple sites by the Pacl
RNase. The terminal and apical stems of VA RNA;
each contain at least 20 bp of uninterrupted helix that
are likely to offer sites for Pacl cleavage. HIV-1 TAR
RNA, on the other hand, was completely refractory to

cleavage by the Pacl RNase. The inability of Pacl to
cut TAR RNA persisted over a range of monovalent
and divalent cation concentrations and pH (data not
shown). Unlike E. coli RNase III (Dunn, 1976), we have
found that the cleavage site preference of the Pacl
RNase for any substrate we have tested is not affected
by changes in ionic conditions (with the exception of
replacing Mg?* with Mn?"). Rather, the enzyme is
most active at low ionic strength and inhibited grad-
ually at higher salt concentrations (Rotondo & Fren-
dewey, 1996). The inability of Pacl to cleave TAR RNA
is not explained entirely by the three asymmetrical
bulges that interrupt its hairpin structure and permit
at the most only 11 bp of uninterrupted helix. Removal
of the bulged nucleotides, which was expected to re-
sult in a perfectly helical hairpin RNA with a 24-bp
stem, allowed only a very inefficient cleavage by the
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Pacl RNase (data not shown). This result is perplexing
given that a very similar hairpin RNA, the closed-helix
form of R1.1 RNA, is an excellent Pacl substrate (Ro-
tondo & Frendewey, 1996). The bulge-less TAR RNA
appears to assume a shape that prevents efficient rec-
ognition by the Pacl RNase. The peculiar structure of
the HIV-1 TAR RNA may have evolved as a protection
against destruction by RNase IlI-like dsRNases.

E. coli RNase III and its 5. cerevisize homologue, the
Rntl RNase, catalyze the initial cleavages in the pre-
rRNA processing pathway (Robertson, 1982; Abou Elela
et al,, 1996). The Rntl RNase makes double-strand
breaks in two hairpin elements in the 5' and 3’ ETS
regions of the pre-rRNA. In a similar manner, the Pacl
RNase cleaved a synthetic RNA derived from the S.
pombe 3'ETS at or near two of the three in vivo pro-
cessing sites in the hairpin structure (Melekhovets
et al,, 1994). One of the in vitro cleavages occurs at the
exact position assigned for one of the processing sites,
whereas the other Pacl cut lies one nucleotide to the 5
side of a second processing site. Our sequencing of
3'ETS DNA amplified by PCR from a cloned rDNA
repeat revealed an additional A, in the long stretch of
A’s in the apical loop, relative to the sequence reported
by Melekhovets et al. {1994). Since these authors
mapped the in vivo processing sites by S1 nuclease
protection against a sequencing ladder, the extra A
could account for the one-nucleotide disparity with
our results. Because the Pacl RNase, like RNase 111,
makes double-stranded cuts that are staggered by 2 bp
{D. Frendewey, unpubl. results), we believe the in vitro
cleavages reflect the true in vivo processing sites, rather
than the 3-bp stagger of the B and C sites of Mele-
khovets et al. (1994). The close correspondence be-
tween the in vitro cleavages and the in vivo processing
sites strongly implies that the Pacl RNase is the en-
zyme responsible for these cleavages in 5. pombe cells.
Given its homology with the Rntl RNase, we also ex-
pect that Pacl will cleave at sites within the 5'ETS,
although these processing sites have not yet been
mapped in fission yeast.

The Pacl RNase did not cut at in vivo processing
site A (Fig. 2), which lies 21-nt downstream of the
mature end of the 255 RNA. This region of the 3'ETS
hairpin contains three asymmetric bulges that might
prevent Pacl cleavage. This cleavage specificity may
reflect Pacl’s true in vivo behavior, or it could be a
consequence of improper folding of our artificial sub-
strate, which might also explain the poor cleavage
efficiency of the 3'ETS substrate compared with the
R1.1 RNA. Alternatively, because U8 RNA has been
shown to be required for 3'ETS cleavage in Xenopus
oocytes (Peculis & Steitz, 1993), the Pacl RNase might
require a small nucleolar ribonucleoprotein cofactor
for optimal activity, substrate recognition, or cleav-
age specificity, perhaps by promoting proper folding
of the 3'ETS.

G. Rotondo et al.

The 5. cerevisine and S. pombe RNase I1I homologues
have conserved the bacterial enzyme’s function in pre-
rRNA processing, but the eukaryotic RNase III en-
zymes are likely to have other functions. Inactivation
of Rntlp in 5. cerevisiae causes growth arrest long be-
fore mature rRNA is depleted (Abou Elela et al, 1996),
which suggests at least one other essential function for
the enzyme. Qur isolation of the pacl™ gene as an
extragenic, multi-copy suppressor of the snml mutant,
which maintains reduced levels of several snRNAs,
suggested a role for the Pacl RINase in snRNA synthe-
sis (Potashkin & Frendewey, 1990; Rotondo et al., 1995).
This prediction has been supported recently by the
observation that the Rntl RNase is required for US
snRNA processing in 8. cerevisine (Chanfreau et al.,
1997). The ability of pacI ™ to cause sterility when over-
expressed in 5. pombe suggests a role in sexual devel-
opment (Xu et al., 1990; lino et al., 1991; Rotondo et al.,
1995). In an intriguing parallel, RNase III cleavage of
the R1 plasmid gene 19 mRNA controls the conjugal
transfer of DINA in E. coli (Koraimann et al., 1933),
Thus, ENage ITl-like enzymes may play a role in sexual
processes in both prokaryotic and eukaryotic organ-
isms. We found a second RNase Ill-like open reading
frame in 5. pombe that maps near the sf1 locus on
chromoszome 1 (Hoheisel et al.,, 1993; Rotondo &
Frendewey, 1996). This urwsual orf has the potential to
encode a 1,374-amino acid protein having an RNase ITT-
like sequence at its carboxyl terminus and a sequence
similar to RINA helicases in its large amino-terminal
domain. A homologous orf exists in the Caenorhabditis
elegans genome (Rotondo et al, 1995; Rotondo &
Frendewey, 1996). The characterization of these en-
zymes and the identification of their substrates should
reveal novel and important functions for RNase III
family members in cellular growth and differentiation.

MATERIALS AND METHODS

Materials

The Pacl RNase used for all experiments carried polyhisti-
dine and epitope tags at its N-terminus and was purified as
described previously (Rotondo & Frendewey, 1996). Purified
E. coli RNase III (Li et al., 1993) and an oligodeoxynucleotide
template for the in vitro transcription of R1.1 RNA {Chella-
durai et al.,, 1993) were the generous gifts of A. Nicholson
{Wayne State, Detroit). The pT7VA and pEM-7 plasmids for
the synthesis of adenovirus VA RNA| and HIV-1 TAR RNA,
respectively, were kindly provided by M. Mathews (UMDNJ—
New Jersey Medical School, Newark), A clone of the 10.4-kb
Hind Tl fragment containing an entire S. pombe rDNA repeat
{Schaack et al., 1982) was the generous gift of M. Yanagida
{Kyoto, Japan). Oligodeoxynucleotides were synthesized by
the NYU Pathology oligo service and Oligos Etc. (Wilsonville,
Oregon). The following materials are listed with their suppli-
ers: pBluescript-SK(—), Stratagene; 3*P-labeled nucleotides,
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New England Nuclear; mono- and diphosphate nucleotide
markers, Sigma; nucleoside triphosphates, Pharmacia; RNases
A and T2 and nuclease P1, Calbiochem; RNase T1 and bac-
teriophage T3 and T7 RNA polymerases, Ambion; DNase I,
Promega; shrimp alkaline phosphatase, United States Bio-
chemical; AmpliTaq DNA polymerase, Perkin-Elmer Cetus;
DNA restriction endonucleases, T4 polynucleotide kinase, Cir-
cumVent thermal cycle sequencing kit, and DNA size mark-
ers (pBR322 digested with Msp I), New England Biolabs;
SuperScript IRNase H™ reverse transcriptase, Gibco BRL; cel-
lulose TLC plates, Kodak; PEl-cellulose TLC plates, Selecto Sci-
entific (Norcross, Georgia); autoradiographic film, Kodak and
Fuji.

Synthesis of RNA substrates

Double-stranded ENAs of various lengths were prepared
according to Manche et al. {199Z). Briefly, the Pou 11 fragment
of pBS-5E({—) containing the opposing T3 and T7 promoters
separated by the polylinker region was digested in separate
reactions with Ape I, Xho L EcoR [, BemH I, and Not T, and the
teonplate DINAs were purified by the Gene Clean procedure
{Bio 101). High specific radioactivity {approximately 125 Ci/
mmol) [w-"?PIUTP-labeled RMNAs were transcribed {Rotondo
& Frendewey, 1998} from both the T3 and T7 promoters of
the Pou I ternplate and from the T7 promoters of the smaller
templates, The T3 transcript from the Pouw 11 template was
annealed to each of the TF transcripts and the unpaired ands
removed by digeston with BENases A and T1. The hybrids
were gel-purtfied (Saccomanno & Bass, 1994} and stored in
diethy] pyrocarbonate-treated distilled water at —20°C.
R1.1 RNA was synthesized from partially double-stranded
oligodeoxvnucleotide templates {Milligan & Uhlenbeck, 19893
in low specific radioactivity {approximately 1-2 Ci/mmol}
reactions. VA RNA; was transctibed from pTrvA digested
with Dra T {Mellits et al., 1990). TAR RMNA was anscribed
from pEM-7 digested with Afl I (Gunnery et al., 194} or
fram aligedeoxynuclectide templates consisting of a T7 pro-
maoter fused to sequences complementary to TAR RNA cr
the deletion derivatives described in Results. The comple-
mentary T7 promoter strand for these templates was
5 -TAATACGACTCACTATAG-3, The template for the tran-
scription of the 8. pontbe 3'ETS RNA was produced by PCR
amplification of a portion of the 3'ETS genomic region (Me-
lekhovets et al., 1994) with the following primers: T7-3'ETS,
¥-taatacgactcactata- g GGAACCATCATCTTATTTOTT-3; and
T3-3'ET5, 5 -aattaaccctcactaaa  ggCTTCATCTCTTCTTTCT
TTC-3'. Lower-case letters indicate the T7 or T3 promoters
with the transcription initiation sites preceded by dots; upper-
case letters are rDMNA sequences. The PCR product was gel-
purified (Frendewey et al, 1990). The template for the
synthesis of the 5. cerevisize 3'ETS RENA (generous gift of S.
Abou Elela and M, Ares) was a plasmid linearized by cleav-
age with EcoR I This template produced a run-off transcript
of 217 nt that contains the 2" end of the 255 IRNA and part
of the 3'ETS {Abou Elela et al., 1996). Internally labeled ra-
dicactive 5. potnbe or 5. cerepdsize 3'ETS RN As were transcribed
from the T7 promoter in the presence of [a-*Pl-nucleotide tri-
phosphates. 5'-End-labeled 5. pombe ¥ETS RNA was produced
in a transcription reaction that incorporated [y-"2P-GTP as the
only labeled nuclectide. All radicactive RMNA substrates were
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purified and quantified as described previously (Rotondo &
Frendewey, 19596).

dsRNase Assays

Pacl RNase reactions were performed as described previ-
ously (Rotondo & Frendewey, 1996). Unless otherwise indi-
cated, standard conditions were 30 mM CHES, pH 8.5, 5 mM
MgCly, 1 mM DTT, and 8 nM Pacl at 30°C in a volume of
10 pL. Polycytidylic acid, which stimulates the activity of the
Pacl RNase (Rotondo & Frendewey, 1996), was included at
1 uM in some reactions as indicated in the figure legends.
Reactions were stopped by dilution with an equal volume of
80% formamide, 0.1% xylene cyanol, (.1% bromophenol blue,
12 mM EDTA, and analyzed directly by electrophoresis on
polyacrylamide (19:1, acrylamide: bisacrylamide)/7 M urea
gels run in 1xX Tris-borate-EDTA buffer (Sambrook et al,,
1989) at the gel percentages indicated in the figure legends.
The products were detected by autoradiography at —70°C
with an intensifying screen. Double-stranded substrates
{Fig. 1) were applied directly to the gels (no heat-denaturation)
and electrophoresed at low voltage to maintain the temper-
ature near ambient. This procedure did not disrupt the dsRNA
hybrids despite the urea in the gel (Saccomanno & Bass,
1994; Rotondo & Frendewey, 1996). DNA markers were run
in the same manner so that dsRNA sizes were compared to
dsDNA standards. Single-stranded RNAs and their accom-
panying DNA markers were heat-denatured at 75 or 95°C
immediately prior to electrophoresis. **P-labeled DNA size
markers (Msp I-digested pBR322) were prepared by dephos-
phorylation with shrimp alkaline phosphatase, according to
the manufacturer’s instructions, followed by re-phosphory-
lation with T4 polynuclectide kinase and [y-**P]ATP (Sam-
brook et al., 1989).

Cleavage site mapping

The 5 ends of Pacl cleavage products were analyzed as
previously described (Rotondo & Frendewey, 1996). Ra-
dioactive nmucleotides were separated by two-dimensional
cellulose TLC {Nishimura, 1972} or by one-dimensional PEI-
cellulose TLC in 1.75 M ammonium formate, pH 3.5 (Rand-
erath et al., 1980}, or 1 M LiCl (Greer, 1994). 3'- or 5'-
Monophosphate and 3',5'-bisphosphate nucleotides were
identified by co-chromatography with unlabeled markers (vi-
sualized by ultraviclet absorbance) or by comparison with
published TLC maps (Nishimura, 1979). To map the Pacl
cleavage sites on the 3'ETS RNA by primer extension, we
performed reverse transcription reactions on gel-purified
cleavage products at 45 °C with SuperScript II reverse tran-
scriptase according to the manufacturers instructions for first-
strand cDNA synthesis. Five micrograms of E. coli tRNA
were included in all reactions. Primers were labeled at their
5’ ends with [y-¥2P]-ATP and T4 polynucleotide kinase (Sam-
brook et al, 1989). The 3 cleavage site was mapped by
extension of a primer (5-ATTAACCCTCACTAAAGG-3")
complementary to the 3’ end of the 3’ cleavage product,
whereas the 5 cleavage site was mapped by extension of a
primer (3'-CTTCCAATTAGCAAGTC-3') complementary to
the 3’ end of the upper hairpin cleavage product {see Fig. 2).
The 3 ends of the primer extension products were deter-
mined by co-electrophoresis alongside DNA sequencing lad-



1192

ders of the 3’'ETS PCR product generated by thermal cycle
sequencing with Vent {exo™) DNA polymerase according to
the manufacturer’s instructions and with the same labeled
primers used in the primer extension reactions. To avoid
mapping errors, an effort was made to match the ionic con-
ditions of the primer extension samples to those of the DNA
sequencing reactions prior to electrophoresis. A primer (5'-
AGAGAAAAATGAAAG-3) complementary to the 3’ end
of the 5' cleavage product (see Fig. 2} was used to confirm
the identity and size of the product by primer extension.
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