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ABSTRACT. Cleavage of a RNA target site by RNase H1 frestherichia colivas examined in the presence

of complementary DNA sequences in the form of single-stranded, duplex, and hairpin structures. The
target site was a 15 nt sequence in the middle of a 79 nt RNA transcript. DNA molecules employed
included seven single-stranded oligodeoxynucleotides 10 or 15 nt long, and five hairpin DNAs each with
a 10 bp stem and 5 nt loop. The loop aridsRle of the stem of two of the hairpin DNAs were fully
complementary to the target site, while the other hairpin DNAs had sequence changes. A 10 bp duplex
DNA with one strand complementary to the target site was also employed. A gel electrophoresis mobility
shift assay examined hybrid formation between the RNA and the single-stranded 15 nt DNA and two
hairpin DNAs that contained 15 complementary bases. RNA titration o’fhéabeled single-stranded

DNA produced a shifted band indicative of RNA/DNA complex formation. No RNA/DNA complex
was detected when the more stablg, & 71 °C) hairpin DNA was combined with excess RNA. The

less stable hairpin DNAT, = 62 °C) showed a small amount-8%) of hybrid formation. Thermodynamic
analysis of RNA binding to the DNAs was in qualitative agreement with the results. Although no RNA/
DNA hybrid was expected from thermodynamic calculations, a RNase H assay°& 2bowed that
hairpin or duplex DNAs with a 10 nt complementary sequence catalyzed RNA degradation. A
complementary loop sequence in the hairpin DNA was not required. Cleavage of the RNA did not occur
with hairpin DNAs containing three or four noncomplementary bases in the stem. The results show that
RNase H can promote the formation and cleavage of a RNA/DNA hybrid between an RNA site and a
base paired strand of a stable hairpin or duplex DNA at temperatures belowl their

Many cellular processes involve the formation of RNA/ in the inhibition of gene expression induced by antisense
DNA hybrids. Examples occur in DNA replication initiation  oligonucleotides 25, 26). The minimum size of a RNA
(1—3), DNA lagging strand synthesid,(5), RNA transcrip- DNA hybrid for cleavage by the enzyme is four base pairs
tion (6), reverse transcription of RNA by retroviruseg,( (27). Although RNase H cleavage of RNA/DNA hybrids
recombination in immunoglobulin class switchir@) 9), and does not show sequence specificity, its effectiveness at
the maintenance of the eukaryotic chromosome telomerescleaving a specific hybrid is expected to be influenced by
by telomerasel(0, 11). RNA/DNA hybrid formationis also  the stability of competing RNA and DNA self-structures.

the basis for the development of short antisense oligode- Thermodynamic studies have shown that the stability of

oxynucleotides for antiviral and antitumor therag?) a RNA/DNA hybrid vs homologous RNA and DNA du-
RNase H is a ubiquitous enzyme found in both prokary- plexes depends on the identity of the bases in the RNA and
otic and eukaryotic cellsl3—16), as well as in virusesly— DNA strands 28—33). In general, the order of thermal

19). The enzyme binds to RNA/DNA duplexes and catalyzes stability of nucleic acid base pairing is: RNA/RNA
the hydrolysis of the phosphodiester bond linkages in the r(purine)/d(pyrimidine) > DNA/DNA > r(pyrimidine)/
RNA strand. The digestion of the RNA produces 5 d(purine). An exception occurs for duplexes with (&)/
phosphate and'dydroxy termini @0, 21). The three-  U), stretches which have the following order of thermal
dimensional structure d&. coliRNase H122) has aregion  stability: dA/dT > rA/dT > rA/rU > dA/rU (34, 35).
that appears to be the binding site for a RNA/DNA hybrid. | this study, we examined the ability of RNase H to cleave
The widespread existence of RNase H implies it has an g target site within a RNA when the complementary DNA
important role in biological processes. lItis involved in DNA  sequence was presented as a single strand, a hairpin, or a
replication @3, 24) and in the reverse transcription of the duplex. The targeted 15 nt RNA segment is in the middle
retroviral RNA (19). RNase H was identified as a key factor of a 79 nt RNA transcript. It is within a 30 nt sequence
from the HIV-1 isolate MN that contains 10 consecutive
t This work was supported by the Emory Georgia Tech Biomedical pyrimidines 66) The sequence is in the reverse transcriptase
Research Center and' a graduate fellowship from the Georgia Techgene of many different strains of HIV-1 by NCBI Blast
M?JeTC“'ar Design Institute. Search. Results from gel shift experiments and thermody-
o whom correspondence should be addressed. . L
1 Abbreviations: nt, nucleotide(s); bp, base pair(s); RNase H, namic analysis indicated that the RNA and a target-
ribonuclease H. complementary hairpin DNA do not form a RNA/DNA
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Table 1: Characteristics of Oligodeoxynucleotides (ODNs) Used in mM MgCl,, 5 mM dithiothreitol, 0.1 mM spermidine

This Study hydrochloride, and 0.1 mM NEBDTA (pH 8.0). The
T. % RNA reaction was incubated for 45 min at 32, and then stopped
ODN3s Sequence CC)| degradation by heating the sample at 6& for 10 min. The labeled
25°C  37°C ODNs were purified using the Nucleotide Removal Kit
HOA | 5’'-CCCGACGTTATT (QIAGEN Inc.).
L= 1=11] € 60| 71 | 794 Plasmid Used for Transcription The pGEM7Zf¢)

3’ -GGGAGGGAATCA . T .
08 = CCOTCCOTTATT plasmid from Promega Inc. was modified to provide a

T e 715! 49 522 template for RNA tran_scription. A 30 nt sequence from the
3’ _GGGACGGAATCA HIV-1 reverse transcriptase gene containing 10 consecutive
S15-0A |5’ -TTCACTAAGGGAGGG-3' | - | 88.1 | 90.6 pyrimidines was inserted into the plasmid multiple cloning
site. We refer to this new plasmid as pN1 (K. H. Nam,
H3A | 57 —TIGTTIGTTTTTTTC 0 0 unpublished). Two partially complementary DNA oligomers
L ACCARACA 73 (5-GCGCGGGCCCGTTGTCAATACCCCTCCCTT-and
S153A |5’ —TTCACaAAGCGAGSG-3 ' | - 0 0 5-GTCGGAATTCTAATTTCACTAAGGGAGGGG-3 were
hybridized and filled in by Tag DNA polymerase.The
H4A | 57-CCCTCCCTTAaa underlined bases are from HIV-1. After digestion withal
3 _ééélééé&.lrﬂa 69| 296 | 313 andEcaRl, the duplex oligomer was ligated into pGEM7Zf-
S154A |5 -2aaRaTAAGGGAGGG-3 ' | - | 35 8 (+) between thé\pa andEcaRl restriction sites downstream
of a T7 promoter. The plasmid was treated with calf
intestinal alkaline phosphatase prior to ligation. The ligated

H4B 5’ -GGCTGGCTTATT

3 T e 6|0 0 plasmid was transformed int&. coli JIM109 cells, and
-ccGACCGAATCA loni | df icilli . The desired
S1548 |5 —TroacTanGecacec3 | - | 456 | 50 colonies were selected for ampicillin resistance. The desire
construct was identified bipdd digestion. pN1 generates
$15-5 |[5'-TTCACTAttcGtGcG-3' | - 0 0 five fragments, while the parent plasmid produces Dde
Duplex | 5’ -TAAGGGAGGG-3 bands.
DNA NREREARY 46 | 289 | 419 In Vitro Transcription Reaction and RNA Purification

(DD) | 3'-ATTCCCTCCC-5" RNA transcripts were produced usingindlll-cut pN1

S10-0B |5’ -TAAGGGAGGG-3' - | 341 384 plasmid as the template for T7 RNA polymerase. A 1 mL
C10-0A |5’ -CCCTCCCTTA-3" - 5 5 transcription reaction contained 10 mM dithiothreitol, 500
- M each of ATP, CTP, GTP, and UTP x1transcription

5’ -aaaAaTARGGGAGGG-3 ' H ' ! ’
bt | T Vs | 522 | 8 buffer (50 mM Tris-HCI, pH 7.5, 10 mM NagGl 6 mM
(PD) 3" -ATTCCCTCCC-5"' MgCl,, and 2 mM spermidine), 25 units of Prime RNA

aBases in the ODNs complementary to RNA target are in boldface inhibitor (5 Prime~3 Prime, Inc.), 0.1 mg of BSA (1 mg/

type. Base changes in the target complementary segment within an ODNm.L)a 12(_) units of T7 RNA _polymerase, anq 1DQ of th?
are shown as lower case letters. The nontarget complementary strandHindlll-digested pN1 plasmid DNA. Transcription reactions

sequence in the hairpin, duplex, and partial duplex DNA is shown in were carried out in a 37C water bath for 3 h. Afterward,
italicized letters. the pN1 plasmid template was separated from the remaining
reaction components with a Centricon-100 concentrator
hybrid under RNase H buffer conditions. Nonetheless, (Amicon). The filtrate was collected and transferred to a
RNase H was able to cleave the RNA in the presence of Centricon-10 concentrator and centrifuged at 1DQ6
this hairpin DNA as well as other hairpin and duplex DNAs concentrate the RNA and to remove smaller molecules. The
that contained a complementary sequence at least 10 nt longlast step was repeated several times. RNA concentration was
The results indicate that a stable base paired strand can servestimated from its molecular weight and UV absorbance at
as a template for RNase H cleavage of a RNA site. These260 nm. It was assumed that 1.0 OD at 5 equals 40
findings present a new perspective of this enzyme’s activity ug/mL (38). RNA was also characterized by PAGE (Figure
that may be pertinent to understanding its in vivo behavior, 1).

and in the development of new antisense therapeutics. Melting Curve Characterization of DNAsUV absorbance
was employed to monitor the melting transition of the hairpin

MATERIALS AND METHODS and duplex oligodeoxynucleotides at 268 nm with a DMS

OligodeoxynucleotidesOligodeoxynucleotides were ob- 300 spectrophotometer (Varian Inc.). Samples were heated
tained from Operon Technologies, Inc., Alameda, CA, or at a rate of 0.4°C/min using a circulating water bath.
from the Emory University Microchemical Facility, Atlanta, Temperature was measured with a platinum resistant probe
GA, and purified by reverse-phase HPLC. The sequence ofinserted in a solvent cell adjacent to the sample. Absorbance
the ODNs is described in Table 1. ODN concentrations were and temperature signals were digitized and collected at 30 s
estimated from absorbance values at 260 8@).( The 3 time intervals. A temperature range from 15 to @ was
termini of some oligomers were radioactively labeled with used. The buffer employed for the transition studies was
32p using T4 polynucleotide kinase. Ten picomoles of either 100 mM NaCl, 10 mM sodium phosphate (pH 7.4),
oligomer was incubated with 5.6L of [32P]JATP (sp act. and 0.5 mM NaEDTA, or the Ix RNase H buffer [20 mM
6000 Ci/mmol; 10 mCi/mL), 6 units of T4 polynucleotide KCI, 10 mM MgCkL, 20 mM Tris-HCI (pH 7.5), and 0.1
kinase in buffer containing 50 mM Tris-HCI (pH 7.6), 10 mM Na&EDTA].
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the known base pair stacking energies yielded a value of
—4.7 kcal/mol for the sum of the three stacking free energies
encompassing the two GA mismatches at’€5 The free
energy for the GG mismatch in (CGTYAGG) was estimated
from an analogous sequence examined by Aboul-ela et al.
(44). Their study evaluated thermodynamic parameters from
the melting curve ba 9 bp DNA containing the sequence
(TGT)-(AGA). By comparing the free energy of this DNA
with homologous WatsonCrick base paired DNAs, a value
of +0.4 kcal/mol was estimated for the two stacking terms
containing the GG mismatch.

Gel Mobility Shift Assay RNA was added f3P-labeled
oligomer in a x TBE buffer (89 mM Tris-borate+ 1 mM
EDTA) containing 5 mM MgCJ. Zero to fifteen picomoles
of RNA was mixed with 0.5 pmol of DNA in1@L volumes.

Predicting the Relatie Stability of RNA/DNA, RNA/RNA,  After incubating at 25°C for 30 min, samples were mixed
and DNA/DNA StructuresTo estimate the amount of hybrid ~ With 2 uL loading buffer (30% Ficol and bromophenol blue)
formed between a DNA oligomer and its target site in a and loaded onto a 10% native polyacrylamide gel. The gel
RNA, a thermodynamic analysis was made based on the frebuffer was TBE and 5 mM MgGJ pH 8.0-8.3. The gel
energies of formation for RNA/DNA, RNA, and DNA  Wwas run at room temperature at 100 V using a BRL vertical
secondary structures. The analysis employed publishedgel system. After electrophoresis, the gel was dried for 1 h

Ficure 1: 79 nt RNA band pattern in denaturing and nondenaturing
gels. (A) 12% gel wih 8 M urea in TBE buffer. Lane 1: 15 pmol
of RNA incubated at 65C for 3 min. Lane 2: RNA heated at 90
°C for 3 min. (B) 12% gel with TBE buffer. Lane 1: RNA without
preheating. Lane 2: RNA preheated at@for 3 min. (C) 12%
gel with TBE buffer and 5 mM Mg". Lane 1: RNA without
preheating. Lane 2: RNA preheated at°@for 3 min and quickly
cooled.

thermodynamic parametersrfa 1 M Na" solvent @1, 39,
40) and the nearest-neighbor moddi0) of nucleic acid
stability. The free energy difference between two RNA

and then scanned using the AMBIS radioisotope imaging
system.

RNase H AssaysA ‘master mixture’ (6QuL) containing

secondary structures was estimated using the MFOLD the RNA andE. coli RNase H1 (USB) was preincubated

algorithm, version 2.234(1, 42). The free energy of a RNA/
DNA duplex relative to its constituent single strands includes
stacking interaction terms and a helix initiation factor. Thus,
for the example of (CCCUCCCUUA)/d(GGGAGGGAAT),
the predicted free energy for forming this duplex at’25is

AG®,(RID)= AG°,{fCC/dGG)+ AG®,(rCC/AGG)+
AG®,(rCUIdAG) + AG®,((rUC/dGA)

+ AG®,(ICCIAGG)+ AG®,(rCC/GG)+
AG®,{(rCU/dAG)

+ AG°,5(rUU/dAA) + AG°,(rtUA/dTA) +
3.1 kcal/mol

The last term is the helix initiation factor.

The free energy change at 25 of forming a hairpin DNA
from its single-stranded form was calculated using the
formula: AG°;s = AG°ss + AG°.(N). AG°zssis the free
energy of the hairpin stem, amiG° (n) is the free energy
of the hairpin loop withn bases 40). AG°.(n) is the sum
of the free energy for initiating a loop of size L, and the

for 15 min at 25°C in RNase H buffer with 0.15 unit of
prime RNase inhibitor; %L from this mixture was added

to each reaction tube with 8L of a given DNA. Each
reaction was incubated at 25 or 3T for 15 or 30 min.
Samples were heated at 90 for 2—3 min and then quickly
put on ice. They were mixed with ficol loading buffer, and
run immediately into a 12% native PAGE. In some
experiments, reactions were stopped by mixing the samples
directly with the loading buffer and immediately run into
the gel. The heatingcooling step produced a more rapid
guenching of the reaction, but did not otherwise affect the
results. In most experiments, 0.5 unit of RNase H was used
per reaction, and the RNA and DNA concentrations were
1.5 and 9uM, respectively. Nucleic acid bands were
visualized by staining the gel with ethidium bromide solution
followed by UV-induced fluorescence. Gel images were
captured with a video gel documentation system. Exposure
times were adjusted to produce images of the uncut RNA
band in a linear intensity range. The relative intensities of
the RNA bands were determined using the NIH Gel Image
Analysis program, version 1.67. Percentage degradation
values were reproducible withitt5%.

stacking free energy of the base pair closing the loop and ResyLTS
the adjacent mismatched bases of the loop. Parameters for

DNA hairpin loops were obtained from J. SantalLucia (Web
page, personal communicationAG°,sswas calculated using

Characteristics of DNA and RNA MoleculeShe five
DNAs, HOA, HOB, H3A, H4A, and H4B, are each 25 nt

stacking parameters for a DNA duplex extrapolated to 25 long and can form hairpin structures with 10 bp stems and

°C (39).
One hairpin DNA, HOA, contained adjacent-A& mis-
matches and a @ mismatch in the stem (Table 1). Nearest-

5 base loops (Table 1). HOA and HOB share the same target
binding sequence in their five base loop and thsi@e of
their stems. This stretch of nucleotides is complementary

neighbor stacking energies involving these mismatches wereto a 15 nt long target within the 79 nt RNA sequence (Figure

estimated from the literature. Li and AgrawdBj evaluated
thermodynamic parameters for megiin 6 bpduplex DNA
with the same (CGACJGGAG) sequence used in HOA, and
two other DNAs with related WatserCrick base pair

2). HOA and HOB differ in stability due to differences in
their stems. HOA has three mismatches in the stem, whereas
HOB has all WatsonCrick base pairs. The other three
hairpin DNAs, H3A, H4A, and H4B, shown in Table 1 differ

sequences. Using the free energies of these molecules anétom HOB by three or four base pair transversions or base
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FiGure 2: (A) Most stable secondary structure predicted for the
79 nt RNA by Zuker's algorithm. The targeted sequence is
highlighted. (B) Schematic of RNA/DNA formation with hairpin
DNA, HOA.

Biochemistry, Vol. 37, No. 15, 199%157

1.05
095

1.06
O

0.95
0.85 0.88

075 0.75

0865 0.65
0.55 1 0.55
e 045 I 045
035 0.35
025 0.25
015 0.15
005 | 0.05

-0.05 -0.05
1 00

40 50
Temperature (°C)

60 70 80 90 1

Ficure 3: Normalized UV absorbaneenelting curves of the four
hairpin DNAs listed and the 10 bp duplex, DD, in the RNase H
assay buffer.

DNAs and one duplex DNA in the RNase H buffem,
values are listed in Table 1. The hairpin DNA transitions
are single-step curves withy, values consistent with similar
hairpin DNA structures45). The transitions were reversible
and independent of a 15-fold change in DNA concentration.
Melting transitions were also obtained in 0.1 M NaCl (not
shown). They gave similar profiles afig values. Single-
stranded oligonucleotides did not exhibit melting transitions,
indicating the absence of self-structures. No significant
difference was observed between the transition of the duplex
DD formed by S10-0B and C10-0A, and the partial duplex
with the five base tail PD (not shown).

Predicting Equilibrium Hybridization of DNA to RNA

substitutions in the stem or loop portion of the target binding The probability that a DNA oligomer binds to a comple-
sequence. The single-stranded DNAs, S15-0A, S15-3A, mentary target site within a folded RNA molecule depends
S15-4A, and S15-4B, correspond to the 15 nt long target on the stability of the RNA/DNA hybrid vs competing DNA

binding segment of the hairpin DNAs HOA, H3A, H4A, and
H4B, respectively. Two duplex DNAs were employed; a
10 bp duplex (DD) formed with the single strands S10-0B
and C10-0A, and a 10 bp duplex tvia 5 nucleotide dangling
end formed with strands C10-0A and Si%A.

The 79 nt RNA was characterized by its electrophoretic

mobility under different conditions. When it was preheated
to 90°C for 2—3 min and quickly cooled, the RNA produced

only one band in a 12% denaturing polyacrylamide gel
(Figure 1A). If the RNA was not preheated prior to loading,

and RNA self-structures. Kinetic factors may also influence
binding. As a first step toward assessing the interaction of
the DNAs in this study with the target site in the 79 nt RNA,
the equilibrium binding of a DNA oligomer to the RNA
target was analyzed. Although two RNA conformers are
indicated under the reaction conditions, we assume both
present the target structure in a similar way, and treat them
as one molecule. The gel assay data are consistent with this
assumption. The reaction between a hairpin DNA and a
native RNA (R,) to form a RNA/DNA hybrid can be written

two bands were observed in a 12% nondenaturing polyacryl- as

amide gel with TBE as the gel buffer (Figure 1B). The faster
moving band was dominant. When the RNA was run in a

12% polyacrylamide gel using the Tridorate buffer with
5 mM MgCl, replacing the N&EDTA, the two bands had

D, + R, = R, D, AG’, (1)

The standard state free energy chary&°r , for eq 1

essentially equal intensity (Figure 1C). These results indicate &N Pe related to the free energy change of forming bR
that one major RNA species was transcribed, but that it can €0Mplex from an already ‘open’ RNA conformationgjRnd

form two conformations or monomer and dimer with distinct

the single-stranded form of the hairpin DNA {D

gel mobilities. The relative amount of each species was
dependent on the sample’s temperature history and solvent.
Figure 2A shows the lowest energy RNA secondary structure
predicted by Zuker's MFOLD algorithm version 2.281(

42). The predicted structure indicates that part of the target

R, + D = R,-D, AG®, )

and the free energy changes of forming the hairpin DNA
from the single-strand Dand of forming R from Ry

sequence is single stranded while the other part forms a D, =D,, AG°, (3a)
duplex segment. A similar situation occurs with the four S
similar secondary structures that are within a kilocalorie of R, =R, AG°, (3b)

the minimum energy structure.

Figure 3 shows the denaturation transitions of four hairpin  Relating the equilibrium constants of reactions 1 to 3 yields
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AG°; = AG°; — (AG®, + AG®)) 4)

AG°3 was calculated using the Zuker algorithm by assuming
R, to be the predicted lowest free energy structure for the

79 nt RNA, and R to be the lowest free energy structure

with the 15 nt target sequence constrained to be single

stranded. Formation of a RNA/DNA hybrid described by
eq 1 will produce an unpaired tail at theénd of the hairpin
DNA.

Li and Wartell
(A) (B)
12 3 4 5 1 2 3 45

iy = bound
r <4 DNA *»
N %
- " B B free
epeee ..

assumptions described under Materials and Methods, the”

predictedAG°t at 25°C for the interaction of HOB with the
RNA was—4.0 kcal/mol. This value was determined from
calculations that yielded G°; = —20.1 kcal/mol for the 15
bp RNA/DNA hybrid, AG®, = —12.3 kcal/mol for the
hairpin DNA, andAG°; = —3.8 kcal/mol for the RNA
conformational change. For the hairpin DNA HOAG
= — 8.0 kcal/mol based on AG°, value of— 8.3 kcal/mol.
The free energy change for binding other hairpin DNAs to
the RNA were determined in a similar way. They depend
on the hairpin stability AG®°,), and the number of base pairs
in the RNA/DNA hybrid AG°;). The free energy for
binding a single-stranded DNA to the RNA, for example,
S15-0A, was determined by ignorilyG°; in eq 4. The
value of AG°y for S15-0A was—16.3 kcal/mol.

Since the above calculations assume a solvehivd Na*,
it is uncertain if they are appropriate for predicting RNA/
DNA formation under the experimental conditions used.
Arguments justifying the applicatiorf @ M Na* parameters
to solvents similar to ours (i.e., containing 50 mM Mg?*)
have been made by Yager and Von Hipp&)( Although

anel B, lanes 45 containing 0, 1, 5, 10, and 15 pmol of the 79
nt RNA, respectively, were mixed with (A) 0.5 pmol &P-labeled
single-strand S15-0A or (B) 0.5 pmol of the HOA hairpin DNA.

Table 2: Calculated\G° Values for RNA/DNA Hybrid Formation
at 25°C, and Predicted Fraction of DNA Hybridized to RNA
Assuming 1.5«M RNA and a 30:1 RNA to DNA Ratid

predicted

AG®; AG®, AG°3 AGys°t fraction

DNA  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) bound
HOA —20.1 -8.3 -3.8 —8.0 0.5
HOB —20.1 -12.3 -3.8 -4.0 ~10°

S15-0A -—20.1 0 -3.8 —16.3 1.0
H4A —-12.0 -12.2 -1.4 1.6 0

S15-4A —12.0 0 —-1.4 —10.6 1.0
DD —-12.0 —13.6 -1.4 3.0 0
PD —12.0 —13.6 —-1.4 3.0 0

S10-0B  —12.0 0 -1.4 —10.6 1.0

aAG®%;, AG®;, AG®; and AG°t are defined by eqs-14. AG®; is
also used here to represent the free energy of forming a duplex DNA
from single strands.

interactions, and the concentrations employed. For the
binding of HOB to RNA,AG°t is —4.0 kcal/mol, and the

exact agreement with experiment is not expected, thefraction of DNA hybridized to RNA is predicted to be
equilibrium calculations should provide an estimate of the negligible (~107%) at the 30:1 RNA to DNA ratio. This is

relative amounts of RNA/DNA hybrid occurring for the
different DNAs.

Gel Mobility Shift Assay of DNA/RNA Hybridizatioif he
interaction of the 79 nt RNA molecule with the hairpin DNAs
HOA and HOB and the single-stranded DNA S15-0A was
examined using a mobility shift assay. TR&-labeled
DNAs were mixed with varying amounts of unlabeled 79 nt
RNA and incubated for 30 min at 25C prior to electro-
phoresis in a 10% polyacrylamide gel. Titration of 0:08
of the hairpin DNA HOB with up to a 30-fold higher amount
of the RNA yielded only the free DNA band (not shown).
Figure 4A shows a similar gel shift experiment usitig-
labeled HOA and the RNA. A small amount of HOA is
observed in two shifted bands when the ratio of RNA to

consistent with the experimental result. For the hairpin DNA
HOA, the fraction of DNA hybridized to RNA is predicted
to be 25% at the 10:1 RNA:DNA ratio, and 32% for a 15:1
ratio. These values are about 4-fold higher than the observed
values. For S15-0A, the calculations predict 100% of the
DNA is bound at a 2:1 ratio of RNA to DNA. This is again
higher than the observed value of 11%. The calculations
are in qualitative accord with the relative affinity of the three
DNAs with the RNA, but predict higher amounts of RNA/
DNA hybrid than was measured. This is consistent with
the notion that slow dissociation rates of RNA and DNA
self-structures inhibit intermolecular hybridization. Table 2
lists the free energy values used to determi@&+ and the
estimated fraction of DNA bound to RNA at a 30:1 RNA:

HOA was above 10:1. These bands correspond to complexe<DNA ratio.

formed with the RNA species observed in the g

RNase H Can Cle#& a Target RNA in the Presence of a

polyacrylamide gel (Figure 1C). The equal intensities of the Stable Hairpin DNA A RNase H assay was carried out to
shifted bands imply that HOA binds equally to both RNA test for RNA digestion in the presence of the hairpin DNAs
conformers. The total percentage of HOA hybridized to the HOA and HOB as well as the other DNA oligomers. Figure
RNA was 6%, 8%, and 9% for molar ratios of RNA:DNA 5A shows the results of incubating 0.5 unit of RNase H at
of 10:1, 15:1, and 30:1, respectively. The binding of S15- 25 °C for 30 min with 1.54M RNA and 9 uM various
0A to the RNA was more substantial (Figure 4B). The DNAs. Lane 1 shows a control in which RNase H was
percentage of S15-0A bound was 11%, 38%, 55%, and 63%incubated with RNA alone. A single band corresponding
when the RNA:DNA molar ratio was 2:1, 10:1, 15:1, and to the undigested RNA is observed. Lanes42show the
30:1, respectively. The inability of saturating levels of RNA results with the DNAs HOB, HOA, and S15-0A. The
to bind all S15-0A may be due to kinetic factors relating to percentage of RNA degraded was 49%, 71%, and 88% for
the slow dissociation rate of RNA self-structures. HOB, HOA, and S15-0A, respectively. The hairpin DNAs
The above results were compared to predictions based orHOA and HOB have melting temperatures well above the
the calculated free energy changes for the three BRANA reaction conditions in the RNase H buffer (Table 1).
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A.

overcome the inhibitory effect of the hairpin stability. The
single strand S15-4B, which has the same complementary
sequence as H4B, induces 48% degradation of the RNA.

The RNase H assay was also conducted with the same
molecules and concentrations at 3Z. The results were
similar to that shown at 2%5C (not shown). The percentage
of RNA degraded at this temperature was 52%, 79%, and
91% for the DNAs HOB, HOA, and S15-0A, respectively.
H4A produced 31% RNA degradation. As observed at 25
°C, no degradation of the RNA occurred with hairpin DNAs
H3A or H4B, or with single strands S15-3A or S15-5.
Degradation of the RNA with HOA, HOB, and H4A was also
observed at a lower DNA:RNA ratio of @M DNA to 1.5
uM RNA at 37 °C (not shown). The percentage of RNA
degraded was 55%, 51%, and 21%, respectively. No
significant RNA degradation was seen with H4B or S15-5
at 10-fold higher amounts of RNase H.

The results of the RNase H assay with duplex DNA,
duplex DNA with a dangling end, and corresponding single-
stranded DNAs are shown in Figure 5B and listed in Table
1. RNA degradation occurred with the duplex DD, and the
partial duplex PD. These DNAs present the same comple-
mentary 10 base sequence as S10-0B and S15-4A, and they
produced a similar digestion pattern. The percentage of RNA
degradation at 28C was about 30% for both the duplexes
as well as the single strands (Table 1). At 3Z, the
Ficure 5: RNase H assay of RNA degradation. The 79 nt RNA per_centage of RNA degraded was approximgtely 40%. An
(15 pmol) was incubated with 90 pmol of DNA and 0.5 unit of estimate of the RNA/DNA hybrid concentration expected
RNase H at 23C for 30 min. Reactions were stopped and run on from the initial concentrations of DD (or PD) and the RNA
g Igl-i(ﬁlgr?gv(eAg)]eLgnL;snggl igﬁzth .?r?ueo'AA Sgg psafseloi Cﬁgfined was made using an equilibrium analysis similar to that given

. . Wi , y -UA, , H i
S15-4A, HAB, S15-4B. and S15-5A, respectively, (B) Laness " €4S 4. The length of the hybrid was 10 bp, and eq 3a
RNA with DD, S10-0B, CO, PD, and S15-4A, respectively. descrlbes the duplex to strand dissociatiahG°t for thl_s
reaction was calculated to Be3.2 kcal/mol, and the fraction

The effect of changing the hairpin loop sequence of HOB of RNA/DNA hybrid was zero. .Yet, as with .the cases of
on RNase H cleavage was examined. Four of the five loop HOB and H4A, RNase H digestion occurs with DD or PD
nucleotides in HOB were changed such that they are no longerduPlexes, even though equilibrium analysis does not predict
complementary to the RNA target. This molecule is referred Nybrid formation.
to as H4A. The 3 strand of the H4A stem has 10
consecutive complementary bases to the RNA target. TheDISCUSSlOI\I
Tm of the DNA is 69.5°C. Lane 5 of Figure 5A shows that The results show that a base paired strand of a hairpin
this hairpin DNA serves as a template to degrad®% of  pNA can serve as a template for RNase H cleavage of a
the RNA,_but with RNA fragments different from HOB or target RNA at a temperature well below thig of the DNA.

HOA. This cleavage pattern was also observed when theThe extent of degradation was sensitive to the length and
single strand S15-4A was used as a template (lane 6, Figur§qcation of the complementary target binding segment in the
5A). The latter DNA has the same 10 complementary baseshairpin DNA. Altering four complementary bases in the
as H4A (Table 1) and results in 35% RNA degradation.  pajrpin loop of HOB to give H4A reduced RNA degradation

For the concentrations employed, equilibrium calculations 1.6-fold, but did not eliminate it. Thus, a complementary
using the standard state free energies estimated earlier predidbop sequence in a hairpin DNA is not absolutely required
that 100% of the RNA forms a RNA/DNA hybrid with S15-  for the formation and cleavage of the RNA/DNA hybrid.
0A, 80% of the RNA is hybridized by HOA, but essentially Changing three or four base pairs in the stem of HOB to
no RNA forms a hybrid with HOB {0.7%) or H4A (0%). produce H3A and H4B, respectively, completely eliminated
The degradation of 49% of the RNA with HOB or 30% with RNA cleavage by RNase H. Both target complementary and
H4A is thus unexpected, particularly since the predicted hairpin DNA stability appear to be important factors in these
amounts of hybrid are likely to be upper limits. outcomes.

No detectable RNA degradation was found with the single-  The need for a minimum stretch of complementary bases,
stranded DNAs S15-5 and S15-3A, which have five and three independent of the DNA structure, is indicated by the results
base changes interspersed in thel5 nt sequence, or wittwith S15-3A and S15-5. S15-3A has the same target binding
hairpin DNAs H3A and H4B. The latter two DNAs differ region as H3A a 5 base stretch and two 3 base stretches
from HOB by three or four base pair transversions in the interrupted by single mismatches. Although single stranded,
stem. Although H4B has a nine base segment that is S15-3A is unable to template RNA degradation. S15-5,
complementary to the target RNA, this was insufficient to which has 7 contiguous complementary bases, is also unable
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