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ABSTRACT. The enzymatic cleavage of double-stranded (ds) RNA is an obligatory step in the maturation
and decay of many cellular and viral RNAs. The primary agents of dsRNA processing are members of
the ribonuclease 11l (RNase lll) superfamily, which are highly conserved in eukaryotic and bacterial cells.
Escherichia coliRNase Il participates in the maturation of the ribosomal RNAs and in the maturation
and decay of cellular and phage mRNAS.coli RNase llI-dependent cleavage events can regulate gene
expression by controlling mMRNA stability and translational activity. RNase Il recognizes its substrates
and selects the scissile phosphodiester(s) by recognizing specific RNA sequence and structural elements,
termed reactivity epitopes. Sorie coli RNase Ill substrates contain an internal loop, in which is located

the single scissile phosphodiester. The specific features of the internal loop that establish the pattern of
single-strand cleavage are not known. A mutational analysis of the asymmetric [4 nt/5 nt] internal loop
of the phage T7 R1.1 substrate reveals that cleavage reactivity is largely independent of internal loop
sequence. Instead, the [4/5] asymmetry per se is the primary determinant of cleavage of a single bond
within the 5 nt strand of the internal loop. The T7 R1.1 internal loop lacks elements of local tertiary
structure, as revealed by sensitivity to cleavage by terbium ion and by the ability of the internal loop to
destabilize a small model duplex. The internal loop functions as a discrete structural element in that the
pattern of cleavage can be controlled by the specific type of asymmetry. The implications of these findings
are discussed in light of RNase Il substrate function as a gene regulatory element.

Ribonucleases are essential participants in the formation RNase Il is highly conserved in the bacteria, wikch-
and decay of cellular and viral RNAs and provide the en- erichia coliRNase Il the most studied orthologukl{-13).
zymatic basis of diverse posttranscriptional regulatory mech- E. coli RNase Il cleaves ribosomal RNA precursors and
anisms. Endonucleolytic or exonucleolytic cleavage reactions participates in the maturation and decay of other specific
can establish mRNA half-lives and translational efficiencies, cellular and phage mRNA4{, 12). E. coli RNase Il sub-
as well as provide mononucleotides for new RNA synthesis strates typically contain a dsRNA element-e20 bp, with
(1-5). The activities of cellular ribonucleases are regulated cleavage occurring on both strands of the target site to pro-
at a variety of levels, which is in part necessitated by the vide products with 2 nt'3overhangsi1, 12, 14, 15). RNase
need to avoid inadvertent, potentially deleterious cleavage Il primarily recognizes its substrates at two specific regions,
events. termed the proximal box and distal box. The presence of
specific Watsor-Crick (W—C) bp sequences within either

Specific RNA structural and sequence elements provide A
signals for substrate recognition and cleavage site selectiomOf the two boxes can inhibit binding of RNase 11ig). These

Double-stranded RNA (dsRNAJstructures are targets for |nh|b|to'ry W—=C bp sequences are proposeq to act as anti-
cleavage by members of the ribonuclease |11 superfargly ( determinants, which participate in cleavage site selection and

Eukaryotic RNase 1l orthologues are involved in rRNA, also protect other RNAs from unwanted cleavagi2 (6).

snoRNA, and snRNA maturatios,(7), and the structurally The sgnsitivity to positiqr_l-specific WC bp also is compat-
and functionally distinct orthologue Dicer is an integral IdbSIeRKIVXZ g;ebFon;gvgeagg'%gffdrgo:;zg;ff 4“|1£t3;) cleave
component of the RNA interference (RNAI) pathway. Dicer . q ) P - T .
cleaves dsRNAs to create small €243 bp) duplexes, termed RNA internal loops provide an additional type of reactivity
small interfering (si) RNAs, which in turn direct the enzy- €Pitope forE. coliRNase Il substrates and function to con-
matic destruction of homologous RNA sequend@sDicer strain cleavage to a single phosphodiester within the internal
also cleaves precursors to microRNAs, directly providing '00P- Bacteriophage T7 expresses a number of transcripts

the mature species that exert cistron-specific translational €Ont@ining RNase lll substrates with internal loops. The sub-
control ©, 10). strates occupy intercistronic positions within the T7 early

and late genetic regions (Figure 1), and site-specific single-
strand cleavage directly provides the mature, fully functional
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Ficure 1: Bacteriophage T7 RNase Il processing substrates. (A) Structures and cleavage reactivities of RNase Il substrates in the T7
genetic early region. Shown are the sequences and secondary structures of the RNAs used in this study (see Results). The structures are
essentially the same as presented previoukdy 4nd are also consistent with an Mfold analysis (I. Calin-Jageman and A. W. Nicholson,
unpublished). The primary RNase Il cleavage sites are indicated by the arrows. The secondary cleavage sites in the R1.1 and R1.3 substrates
are indicated by the small dashed arrows. The non-T7-encoded nucleotides'arteafe underlined. Cleavage assays involved incubation

of internally32P-labeled substrate with RNase IlI for the indicated times, followed by electrophoresis in a 15% polyacrylamide gel containing

7 M urea (see Experimental Procedures). The left side of the panel indicates the position of uncleaved substrate and the two products of
cleavage at the primary site. Indicated on the right side of the panel is the main product of cleavage at the primary and secondary sites of
R1.1 RNA and R1.3 RNA. (B) Structures and cleavage reactivities of proposed RNase Il substrates in the T7 middle and late genetic
regions. Cleavage assays were carried out as described above and in Experimental Procedures.

MRNAs (@7, 18). In particular, cleavage within the'3  of cleavage are not known. We present here a mutational
segment of the internal loops provideshairpins, which analysis of an internal loop present in T7 RNase Ill substrates
contribute to the prolonged physical half-lives of the T7 and describe the important features that define the pattern
mMRNAs (18, 19). Other 3-end hairpin structures are known of cleavage.

to stabilize bacterial RNAs2Q, 21). While there is an

established function for single-strand cleavage within an EXPERIMENTAL PROCEDURES
internal loop, the sequence and/or structural features of the Materials. Water was deionized and distilled. Chemicals
T7 internal loops that are responsible for the particular patternwere of molecular biology grade and were purchased from
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Fisher Scientific or SigméE. coli bulk stripped tRNA was The T7 late RNase Il substrates (Figure 1B) have not
purchased from Sigma and was further purified by repeatedbeen biochemically characterized, and the reactivities of two
phenol extraction and ethanol precipitation. Radiolabeled of them (R3.8 and R13) are in questidiB). To gain more
nucleotides §-32PJATP (3000 Ci/mmol), §->2P]CTP (3000 information on internal loop function as a reactivity epitope,
Ci/mmol), and §-*?P]JUTP (3000 Ci/mmol) were obtained small RNAs were enzymatically synthesized to contain the
from Perkin-Elmer. Standardidel M MgCl, and ThC} were sequences of the five T7 early RNase Il substrates and the
obtained from Sigma. Oligodeoxynucleotide transcription five proposed T7 late substrates. Interndfy-labeled tran-
templates were synthesized by the Wayne State Macromo-scripts were assessed for their cleavage reactivities in vitro
lecular Core Facility or by Invitrogen and were purified by using purified RNase Il and physiologically relevant salt
denaturing gel electrophoresis as descril23). Chemically and Mg™* concentrations. Consistent with previous studies,
synthesized RNA oligonucleotides were provided by Dhar- all five early substrates undergo cleavage at a single site
macon and were further purified by gel electrophoresis. Calf (Figure 1A). Additional assays (data not shown) indicate that
intestinal alkaline phosphatase was purchased from Rochehe eight substrates are cleaved at comparable rates. A small
Molecular Biochemicals, and T4 polynucleotide kinase was amount of cleavage was observed at the secondary cleavage
obtained from New England Biolabs. T7 RNA polymerase sites in R1.1 RNA and R1.3 RNA (Figure 1A, lanes 12 and
was purified from an overexpressing bacterial strain as 15; indicated by the small dashed arrows in the diagrams).
described 23, 24). RNase Il was purified as an N-terminal Three of the late substrates (R4.7, R6.5, and R18 RNA)
(His)e-tagged protein from an overproducing bacterial strain also undergo cleavage. However, the proposed substrates
(22). R3.8 RNA and R13 RNA are not detectably cleaved, even
Substrate Synthesi®&Nase Il substrates were prepared at extended reaction times (Figure 1B, laneghnd 16-12)
by transcription of oligodeoxynucleotide templates as de- or at high enzyme concentrations (data not shown). The
scribed 22). RNA was internally®*?P-labeled by including  cleavage resistance is consistent with the negligible in vivo
[0-32P]CTP or p-*?P]JUTP (3—-15 uCi) along with the four reactivities of plasmid-encoded transcripts containing these
unlabeled nucleotides in the transcription reactions. RNA was sequencesl@). We conclude that R3.8 RNA and R13 RNA
5'-32P-labeled by incubating calf alkaline phosphatase-treated,are not RNase Il substrates. The cleavage sites in R4.7, R6.5,
unlabeled transcript with T4 polynucleotide kinase ard.G and R18 RNA were mapped by sequencing gel analysis of
uCi of [y-32P]ATP (3000 Ci/mmol) 22). Radiolabeled RNAs  RNase Ill-treated 532P-labeled RNA, using a base-specific
were purified by denaturing gel electrophoresis as describedP1 nuclease digestion ladder as reference (data not shown
(22) and stored at-20 °C in Tris—EDTA buffer (pH 7). but see legend to Figure 2). For each substrate the cleavage
Substrate Clesage AssayCleavage assays were carried site is 3 to the G residue in the'@nd proximal segment of
out as describe®@) using internally or 53?P-labeled RNA. the internal loop (indicated by the solid arrows in Figure
To remove intermolecular aggregates formed during storagel1B). The cleavage sites of the T7 late substrates agree with
at —20 °C, substrate was heated at 100 for 30 s in TE the predictions based on secondary structure compari§n (
buffer and then snap-cooled on ice. The reaction buffer The R4.7, R6.5, and R18 RNase Il substrates formally
contained 250 mM potassium glutamate (or 160 mM NacCl), possess a [4/5] internal loop which is structurally identical
10 mM MgCh, 30 mM Tris-HCI (pH 8), 0.1 mM EDTA, to the R0.3, RO.5, and R1.1 internal loops. We conclude that
0.1 mM DTT, 0.01 mg/mL tRNA, and 5% (v/v) glycerol. T7 RNase Il substrates with a [4/5] internal loop exhibit a
Reactions were initiated by addition of Mg@nd quenched  conserved pattern of single-strand cleavage.

by the addition of a stop mix containing 20 mM EDT23). The T7 R1.1 Internal Loop Lacks Elements of Local
Samples were electrophoresed in a denaturing 15% poly-Tertiary Structure An imino proton NMR analysis of R1.1
acrylamide gel containgn7 M urea and TBE buffer2Q). RNA did not reveal stable hydrogen bonds localized to the

Visualization of the reactions was carried out by phospho- internal loop £8), indicating the lack of stable local folding.
rimaging (Molecular Dynamics Storm 860 system), and However, the R1.1 internal loop may possess a defined
reactions were quantitated using ImageQuant software.  structure stabilized by interactions not involving hydrogen
bonds. To examine this possibility, we used terbium ion
RESULTS (Tb®t) as a structural probe. It has been shown that RNA
Comparison of in Vitro Cleeage Reactiities of T7 Early phosphodiesters in unstructured regions are cleaved by Th
and Late RNase Il SubstrateBhe T7 chromosome encodes in a sequence-independent manr®, 31). 5-3P-labeled
a set of RNase Il substrates that occupy intercistronic R1.1 RNA was incubated with Pt, and the products were
positions within the early and late genetic regions (Figure analyzed by sequencing gel electrophoresis. A representative
1) (18). The T7 RNase lll substrate structures are hairpin assay is shown in Figure 2A. Thsensitive sites are
stem-loops, most of which contain an asymmetric internal observed in the internal loop’ 3egment (IL-3 and 3
loop in which is located the single site of cleavage (Figure segment (IL-5, as well as in the hairpin tetraloop (Figure
1). The primary transcription products undergo cleavage at 2A, lanes 3 and 4; summarized in Figure 2B). For compari-
these sites to provide the mature, fully functional mRNAs. son we also examined the Tbreactivity of R1.1[WC-R]
The five T7 early processing signals (R0.3, R0.5, R1.0, R1.1, RNA (Figure 2B), which is a fully W-C base-paired variant
and R1.3) (Figure 1A) are present within the/000 nt of R1.1 RNA @7). For this RNA, the phosphodiesters
polycistronic early mRNA precursor which is synthesized corresponding to the internal loop region are uniformly
by the host RNA polymerase and is cleaved during transcrip- unreactive (Figure 2A, compare lanes 6 and 7 with lanes 3
tion (18). The T7 R1.1 genetic element has provided a and 4; summarized in Figure 2B). In summary, the’'Tb
relevant model with which to determine structtireactivity reactivity pattern of R1.1 RNA is consistent with the
correlates of. coli RNase Il substrateslg, 25—28, 29). occurrence of an unstructured internal loop.
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Ficure 2: The R1.1 internal loop lacks stable tertiary structure as revealed by terbium ion reactivity (Apiizieavage patterns. R1.1

RNA and R1.1][WC-R] RNA were '5*?P-labeled as described in Experimental Procedures and were incubatetiCatrBthe presence of

5 mM Tb** (lanes 3, 4, 6, and 7) or in the absence ofTflanes 2 and 5). Aliquots were electrophoresed (14000\§ 2 mmthick 10%
polyacrylamide gel containgn7 M urea and the reactions visualized by phosphorimaging. Cleavage sites were assigned by a separate gel
electrophoretic analysis (data not shown), involving comparison of cleavage products with those from a nuclease P1 digestion (G-specific)
(54). An alkaline ladder (lane 1) was generated by heatirtfP-labeled R1.1 RNA in 0.5 mM sodium carbonate (pH 9.2) at®dor 10

min. The regions of the cleavage pattern corresponding to the tetraloop and the interndldegmant and'Segment are indicated. (B)
Mfold-based structures of R1.1 RNA and R1.1[WC-R] RNA. The shaded regions in R1.1 RNA indicate3theehiitive nucleotides

specific to that substrate. Nucleotide A13 is specifically identified to allow correlation with the data in panel A.

It is expected that an unstructured internal loop would complex designed to contain full WC base pairing was
destabilize a double helix. To test this, we analyzed the insensitive to RNase, whereas the complex containing the
formation and stability of a small duplex containing the R1.1 R1.1 internal loop sequence was cleaved (data not shown).
internal loop sequence. A 16 nt RNA containing the sequence The ribonuclease sensitivity of the latter complex is consis-
of the internal loop 5segment and flanking nucleotides tent with the presence of an unstructured internal loop
(R1.1[IL5] RNA) was combined with a 17 nt RNA contain-  containing several pancreatic ribonuclease-sensitive pyrim-
ing the sequence of the internal loopsgégment and flanking  idines?

nucleotides (R1.1[IL3 RNA) (Figure 3A). A second duplex RNA titration experiments were performed to obtain the
was prepared that instead exhibited full@ base pairing,  apparent dissociation constaltg) for each complex (Figure
which was obtained by combining R1.1[I1RNA with the 3). TheK'p of the R1.1 internal loop-containing complex is
fully complementary sequence, R1.1[WEBNA (Figure 76 nM, while theK';, of the fully W—C base-paired complex
3B). In each experiment, 5°P-labeled R1.1[IL§RNAwas  js 0.9 nM. TheK', values show that the complex with the
incubated with the specified amounts of unlabeled R1.1JIL3  R1.1 internal loop sequence is significantly less stable than
RNA or R1.1[WC3] RNA, and complex formation was  the fully base-paired complex, with the 84-fold difference
monitored by electrophoresis in a nondenaturing polyacryl- corresponding to a free energy differendeAG) of ~2.6
amide gel. In each experiment a species of reduced electrokcal/mol (see Discussion).
phoretic mobility was observed (panels A and B of Figure  r11 RNA Cleaage Reactiity Does Not Strictly Depend
3, lanes 2-6), indicative of comp_lex formation. The amount 5 the Consensus Internal Loop Sequefite [4/5] internal
of complex formed was a function of the amount of added |50 of six of the eight T7 RNase Ill substrates (R0.3, R0.5,
complementary RNA.

To assess the general structural features of the two 2The RNase Il cleavage reactivities of the two complexes were

complexes, aliquots of the annealing reactions were treatedsot examined since they were of insufficient size for enzyme recogni-
with pancreatic ribonuclease prior to electrophoresis. The tion.
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Ficure 3: The R1.1 internal loop destabilizes a small model duplex. (A) Analysis of the R1.1 internal loop-containing complex. The
left-hand side of the panel shows the proposed structure of the intermolecular complex of RILRNRSand R1.1[IL3] RNA. The two

RNAs were chemically synthesized, then deprotected, and gel purified. R1/1[RN& was 5-32P-labeled as described in Experimental
Procedures. RNAs were incubated at®&for 5 min in buffer consisting of 160 mM NaCl and 10 mM Tris-HCI (pH 8), then incubated

at room temperature for 10 min, and placed on ice. Prior to electrophoresis, glycerol was added (final concentration 1%), and the samples
were electrophoresed (120 Vrf8 h at 4-5 °C) in a 6% polyacrylamide gel [80:1 acrylamide:bis(acrylamide)] containing TBE buffer.
Reactions were visualized by phosphorimaging. The top right-hand panel shows a representative analysis. F and B indicate the positions
of free and bound R1.1[ILBRNA, respectively. The graph in the lower right-hand side is a double-reciprocal an&gsisf the binding

isotherm, providing th&'p of the complex. (B) Analysis of the fully WC base-paired complex. The proposed structure of the intermolecular
complex of R1.1[IL5] RNA and R1.1[WC3 RNA is shown on the left-hand side. The gel shift analysis &hsl determination were

carried out using '5*2P-labeled R1.1[IL§ RNA and unlabeled R1.1[WCBRNA as described above.

R1.1, R4.7, R6.5, and R18) contain similar sequences. Fiverandomized internal loop. R1.1[Rd4/5] RNA (Rd, random-
of the nine positions are identical, while two positions contain ized) represents a pool of 262144)(different sequences.
a pyrimidine and one position a purine (Figure 4A). The Anin vitro cleavage assay reveals that intern&B-labeled
conservation suggests a functional importance, perhaps inR1.1[Rd4/5] RNA is reactive and is cleaved in a site-
conferring cleavage reactivity. To assess this, we examinedspecific manner (Figure 4B, lanes-B). On the basis of
the reactivity of an R1.1 RNA variant containing a sequence- the similar denaturing gel electrophoretic mobilities of the
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Ficure 4: Lack of internal loop sequence requirement for substrate
reactivity. (A) Consensus sequence of the [4/5] internal loop in T7
RNase Il substrates. The arrow indicates the canonical RNase ||
cleavage site. Abbreviations: Y, pyrimidine; R, purine; N, any
nucleotide. (B) Time course for RNase Il cleavage of R1.1 RNA
and R1.1[Rd4/5] RNA. Internall§?P-labeled RNA was incubated
with RNase Il (9 nM) for the times given below. Samples were

analyzed by polyacrylamide gel electrophoresis and phosphorim-
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bond (Figure 4B, compare lanes 2 with lanes 6-8).2 There
also is a minor amount of cleavage at the internal loop
secondary site, similar to that seen with R1.1 RNA (Figure
4B, lanes 7 and 8).

The initial rates of cleavage of R1.1 RNA and R1.1-
[Rd4/5] RNA were compared (Figure 4C). R1.1[Rd4/5] RNA
is cleaved 6-fold more slowly than R1.1 RNA. The 6-fold
rate difference indicates that a significant fraction of the
substrate pool retains a comparable level of reactivity. If all
of the conserved nucleotides were required for reactivity,
then only a minor fraction~0.01%) of the substrate pool
would be reactive. Additional assays measured the amount
of substrate cleaved at elevated RNase IIl concentrations.
The results (data not shown) revealed that at high (200 nM)
RNase Il concentrationsy90% of R1.1[Rd4/5] RNA is
cleaved. On the basis of these experiments we conclude that
the consensus internal loop sequence is not absolutely
required for processing reactivity or cleavage site selectivity.

The [4/5] Asymmetry of the Internal Loop Is Primarily
Responsible for the Specific Pattern of Single-Site Glga.
To determine whether the specific type of asymmetry can
influence the pattern of cleavage, an R1.1 RNA variant was
prepared in which the internal loop was formally “rotated”
by 180 about an axis normal to the helical stems. The
internal loop of R1.1[IL-180] RNA exhibits [5/4] asymmetry,
while retaining the parental internal loop sequence (Figure
5). A cleavage assay of internaff§P-labeled R1.1[IL-180]
RNA reveals that the variant is reactive, but with the single
site of cleavage shifted to a new position (Figure 5, lane 2).
Sequencing gel analysis of the product of RNase lll cleavage
of 5'-%2P-labeled R1.1[IL-180] RNA (data not shown) reveals
that the cleavage site is located between nucleotides G20
and A21 in the 5 nt, Sproximal segment of the internal loop
(indicated by the arrow in Figure 5). We also examined the
reactivity of R1.1[Rd5/4] RNA, a sequence-randomized
variant of R1.1[IL-180] RNA. The cleavage pattern of R1.1-
[Rd5/4] RNA is similar to that of R1.1[IL-180] RNA, with
the predominant site of cleavage occurring within the 5 nt
5'-proximal segment (Figure 5). Some cleavage also occurs
at the secondary site in the 4 nt segment (indicated by the
dashed arrow in Figure 5). These experiments show that the
[4/5] internal loop asymmetry is the primary factor in

| directing cleavage of a specific phosphodiester within the 5

nt segment of the internal loop.

To assess whether asymmetric internal loop size influences
the cleavage pattern, R1.1 RNA variants were prepared to
contain a sequence-randomized [3/4] or [5/6] internal loop.

aging (see Experimental Procedures). Incubation times: lanes 2The products of RNase Il treatment of internaft-labeled
and 6, 5 min; lanes 3 and 7, 40 min; lanes 4 and 8, 60 min. LanesR1.1[Rd3/4] RNA and R1.1[Rd5/6] RNA were compared

1 and 5 display RNAs incubated for 40 min with RNase Il but in
the absence of Md. The positions of the uncut substrate and the

with those of R1.1[Rd4/5] RNA and R1.1 RNA. The results
(Figure 6) show that R1.1[Rd3/4] RNA and R1.1[Rd5/6]

products of cleavage at the primary site or cleavage at the primary
and secondary sites are indicated on the left. The primary and
secondary cleavage sites are indicated in the two diagrams by the 3pye to the heterogeneous nature of the sequence-randomized
solid and dashed arrows, respectively. (C) Relative initial rate of substrates, the precise site of cleavage could not be determined by
cleavage of internall{?P-labeled R1.1 RNA and R1.1[Rd4/5] RNA.  sequencing gel analysis. However, cleavage sites could be localized to
Substrate and RNase 11l (10 nM) were incubated for 0, 30, or 60 the internal loop 5proximal segment or the'proximal segment.

s and then stopped with excess EDTA. Aliquots were subjected to 4 The complexity of the R1.1[Rd4/5] substrate did not allow a
denaturing gel electrophoresis, and percent cleavage was determinedetermination of whether a small number1—2) of the conserved

by phosphorimaging (see Experimental Procedures). The pointsresidues control cleavage reactivity. It is likely that the substrate pool
represent the average of three experiments. exhibits a broad range of reactivities. It is shown elsewhere (I. Calin-
Jageman and A. W. Nicholson, submitted for publication) that the
residual fraction, which is cleavage-resistant, lacks detectable affinity
small products, the cleavage of R1.1[Rd4/5] RNA occurs for RNase I1l. However, one variant retains an affinity comparable to

primarily at a site corresponding to the canonical scissile that of R1.1 RNA.
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[IL-180] RNA and R1.1[Rd5/4] RNA. Internall§2P-labeled RNA Wlith Rifase |||d(_10 qu/ f°r|2-5 fI“i“ a s7C a“% al"?tuo_tg .
was incubated with RNase 11l (10 nM) for 5 min at 3. Samples ~ clectrophoresed in a 15% polyacrylamide gel. On the left side o

: 0 : : .4 the phosphorimage are indicated the positions of the substrate and
were electrophoresed in a 15% polxacrylamlde gel and visualized the products of cleavage at the primary site of R1.1 RNA and R1.1-
by phosphorimaging. Lanes 1 and 2: R1.1[IL-180] RNA. Lanes 3 Rd4/5] RNA (see also Figure 4). On the right side are indicated
and 4: R1.1[Rd5/4] RNA. Indicated on the left are the positions [ ] ( g ): 9

: the positions of the products of cleavage at the primary and
of the uncut substrate and the products of cleavage at the primary -
site (indicated by the solid arrow). On the right are indicated the secondary sites of R1.1[Rd4/5] RNA, R1.1[Rd3/4] RNA, and R1.1-

products of cleavage of R1.1[IL 180] RNA at the secondary site [RdS5/6] RNA.
(indicated by the dashed arrow) as well as the primary site (see

text). and 8) and yield products resulting from cleavage of both

strands of the internal loop. The product sizes are also
RNA are reactive. Thus, reactivity per se is not necessarily consistent with the formation of 2 nt-Bverhangs (see also
constrained to the [4/5] or [5/4] internal loop motif. However, below). The approximately equal amounts of the products
there are qualitative differences in the cleavage pattern. Onof single cleavage for the three symmetric internal loop
the basis of gel electrophoretic mobilities and using the substrates indicate that neither strand is preferentially
known cleavage sites of R1.1 RNA and R1.1[5/4] RNA as recognized.
references (see above), the gel patterns indicate that the We also examined the effect of converting the R1.1 [4/5]
primary site of RNase Il cleavage of R1.1[Rd3/4] RNA and internal loop to a [4/4] symmetric internal loop, through
R1.1[Rd5/6] RNA is shifted to the'froximal segment  deletion of a single nucleotide from the 5 nt strand. R1.1-
(indicated by the solid arrows in Figure 6). Thus, for both [AU47] RNA and R1.1AG48] RNA (Figure 8) carry a
substrates there is an absence of the large product of singleleletion of either of the two nucleotides that flank the
cleavage within the'3proximal segment of the internal loop  canonical site. A cleavage assay reveals that deletion of either
(indicated on the left side of Figure 6). nucleotide promotes cleavage, similar to that seen with R1.1-
The presence of the product of double cleavage (i.e., the[Rd4/4] RNA (Figure 8, compare lanes 4 and 6 with lanes
upper stermmloop structure, indicated on the right side of 2 and 8). Thus, double-strand cleavage can occur even though
Figure 6) indicates that a portion of the primary cleavage a fully W—C base-paired structure is not possible for either
product undergoes a second cleavage event at the indicatedariant (see top of Figure 8). Cleavage sites were mapped
secondary site. We conclude that, in contrast to the [3/4] by sequencing gel analysis (data not shown), which reveal
and [5/6] internal loop motifs, the [4/5] internal loop directs that when U47 is deleted, cleavage of thes@&ment occurs
a single cleavage event within th&@&oximal segment. between G48 and A49 (R1.1 RNA numbering), and that
Effect of Symmetric Internal Loops on R1.1 RNA Reacti when G48 is deleted, cleavage occurs between U47 and A49
ity. Fully W—C base-paired RNase Il substrates undergo (R1.1 RNA numbering). The cleavage site on the opposite
cleavage on both strands, providing product ends with 2 nt strand is the same for both variants, which corresponds to
3'-overhangs 14, 15, 27). A question is whether substrates the R1.1 RNA secondary site (see top of Figure 8). Finally,
with symmetric internal loops are cleaved in a similar for both R1.1 RNA variants the product ends exhibit 2 nt
manner. R1.1 RNA variants containing sequence-randomized3'-overhangs. We conclude that full YAC base pairing at
[3/3], [4/4], and [5/5] internal loops were tested for their the target site is not strictly required for double-strand
cleavage reactivities. R1.1[Rd4/4] RNA, R1.1[Rd3/3] RNA, cleavage and that the conserved pattern of product ends is
and R1.1[Rd5/5] RNA are all reactive (Figure 7, lanes 4, 6, also maintained for the symmetric internal loop substrates.
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FicurRe 7: RNase Il cleavage reactivities of R1.1 RNA variants
containing sequence-randomized symmetric internal loops. ShownFicure 8: RNase Il cleavage reactivities of the symmetric internal
at the top of the figure are the sequences and general structures ofoop variants R1.14U47] RNA and R1.1AG48] RNA. The internal
the internal loops of R1.1[WC-R] RNA, R1.1[Rd4/4] RNA, R1.1-  |oop sequences of R1.1 RNA, RIAlJ47] RNA, R1.1AG48]
[Rd3/3] RNA, and R1.1[Rd5/5] RNA. RNAs were synthesized in - RNA, and R1.1[Rd4/4] RNA are shown at the top of the diagram.
internally32P-labeled form as described in Experimental Procedures. RNAs were synthesized in internafi§P-labeled form and incubated
The RNAs were incubated with RNase Ill (10 nM) for 2.5 min at with RNase Il (10 nM) for 5 min at 37°C. Aliquots were

37°C. Aliquots were electrophoresed in a 15% polyacrylamide gel, electrophoresed in a 15% polyacrylamide gel as described in
and the pattern was visualized by phosphorimaging. The positions Experimental Procedures and the reaction products visualized by
of the substrate and the products of primary site cleavage within phosphorimaging. The left-hand side of the phosphorimage indicates
the 3 segment of the internal loop are shown on the left. The the positions of uncut substrate and the products of cleavage at the
products of cleavage at the primary site in the internal lobp 5 primary site (indicated by the solid arrow). The right-hand side
segment or cleavage at both sites are indicated on the right. Thejndicates the positions of the products of cleavage within the internal
limited amount of substrate cleavage allowed assessment of singleloop 5 segment or the products of cleavage at both sites.
cleavage events rather than the products of exhaustive digestion.

The RNA intercalating agent ethidium bromide binds to a
DISCUSSION site in the R1.1 internal loop and blocks cleavage without
This study has characterized an RNA internal loop that inhibiting RNase Ill recognition34). It has been proposed
functions as a reactivity epitope in specific substrateg.of that intercalation of the ethidium cation may stabilize an

coli RNase Ill. The [4/5] internal loop in T7 RNase Ill unreactive conformatior3f).

substrates directs the enzymatic cleavage of a single phos- The mechanism by which the [4/5] internal loop directs
phodiester within the internal loog 83egment. The pattern the cleavage of a single phosphodiester in thpraximal

of cleavage is determined primarily by the [4/5] asymmetry segment is not known. The extra, formally unpaired nucle-
rather than a stable local structure or specific nucleotide otide in the 3-proximal segment is involved, since a [4/5]
sequence. Thus, [3/4] or [5/6] internal loops confer quali- — [4/4] conversion of the internal loop is sufficient to
tatively different cleavage patterns, and R1.1 RNA variants promote a ss— ds shift in cleavage pattern. It has been
containing symmetric internal loops undergo cleavage of both proposed 15) that T7 RNase Ill substrates exhibit “dsRNA
strands. In the latter case, cleavage provides product endsnimicry," wherein the internal loop possesses a quasi-double-
with 2 nt 3-overhangs, which is characteristic of the action helical structure that is recognized by RNase Il but subverts

of RNase Il orthologues on dsRNAG). A [2/2] internal the normal pattern of double-strand cleavage. Two mecha-
loop within the precursor of the small cytoplasmic (sc) RNA nisms may be proposed for internal loop function on the basis
of Bacillus subtilisis cleaved on both strands by tlBe of the observations that (i) cleavage of the two strands of a

subtilis enzyme 82), and the yeast U5 snRNA precursor dsRNA substrate is a nonconcerted procd2s16) and (ii)
contains a symmetric internal loop that is also cleaved on a conformational change occurs in the RNaseRL.1 RNA
both strands by the yeast RNase Il orthologue, Rn83). ( complex during catalysis3g). In one mechanism, the 5 nt,
These data provide additional support for the notion that 3'-proximal strand of the internal loop is preferentially
W-—C base pairing at the target site is not strictly required positioned in the active site, such that it is the only strand to
for double-strand cleavage. undergo cleavage. Alternatively, if the proposed dual catalytic
The absence of a local tertiary structure for the R1.1 mechanism for RNase 11Bg) applies, both strands may be
internal loop is consistent with the destabilizing effect of positioned in the active site, but only one of the two catalytic
the motif on a 16 bp duplex. The internal loop-containing chemistries would occur, preferentially cleaving the 5 nt
duplex is~2.6 kcal/mol less stable than the fully¥C base- strand. In either mechanism a conformational change would
paired duplex, which formally reflects a difference of two follow the hydrolysis step, causing product release instead
hydrogen bonds. The absence of stable folding would enableof a second catalytic event. Whatever the precise mechanism,
the internal loop to adopt different conformations, which may it should be noted that the [4/5] motif is not unique in its
be a key feature in constraining cleavage to a single strand.ability to limit cleavage to the'oroximal segment of hairpin
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substrates, as the reactivity patterns of the T7 R1.0 substrate The R1.1 internal loop can function as a discrete modular
(which contains a [2/3] internal loop; see Figure 1) and the unit. For example, changing the internal loop to a [5/4]
R1.3 substrate (which contains a mismatch) exhibit the samestructure through a formal 18@otation equivalently trans-
pattern of cleavage. poses the cleavage site. This behavior could be used to
RNase Il cleavage sites are determined by the position advantage in the design of RNAs with defined behaviors.
of the enzyme binding site, which in turn is established by For example, trans-acting antisense RNAs may be designed
double-helical sequence elemertt6, 27, 29). In this regard, to bind to a target RNA sequence, forming an internal loop
RNase Il recognition of substrate shares a degree of which would direct cleavage of only the target strand, thereby
similarity to other double-strand-specific endonucleases, suchallowing the antisense strand to recycle. Second, highly
as the type Il restriction enzyme87 38). Converting the stable mMRNAs may be expressed in vivo which carry a
R1.1 internal loop to fully W-C base-paired form does not  3'-stabilizing hairpin as well as &-5tabilizing hairpin 49,
alter the target site but merely allows the second strand to50), with each structure provided by cleavage of RNase I
be cleaved Z7). The internal loop can be regarded as a substrates containing [4/5] and [5/4] internal loops, respec-
“second-order” reactivity epitope in its ability to control the tively. The sequence flexibility of the internal loop and
pattern of cleavage rather than establishing reactivity per se.flanking helical elements would allow the placement of an
RNase Il substrates occur in transcripts of other members RNase Il cleavage site within a coding sequence, such that
of the T7 phage group, including T3%), which suggests a  cleavage would directly inactivate the mRNA and down-
conserved function(s) for RNase Il in the strategy of regulate protein production. An example of such negative
infection characteristic of this phage group. The T7 mRNAs regulation has been describéxd); As the directed engineer-
are significantly more stable than a typical host mRM&)( ing of cellular metabolic pathways is now taking into account
which serves to maximize phage protein synthesis and mRNA stability as well as translational efficiency (e.g., see
reproductive efficiency. As mentioned, RNase Ill cleavage refs 52 and53), specifically designed RNase Il substrates
of the [4/5] internal loop-containing substrates in the poly- should provide useful structures for controlling RNA stability
cistronic precursors provides-Bairpins that protect the  and function.
upstream sequences, as well as allowing independent transla-
tion of the mature mRNAs. Although T7 mRNAs can ACKNOWLEDGMENT
undergo 3end polyadenylation4), which is known to The authors thank Nils Walter (University of Michigan)
potentiate efficient degradation of bacterial mRNAs, the fo aqvice on RNA structure probing with terbium ion and
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