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ABSTRACT: RNase H degradation of two 15 nt RNA target sites was examined in the presence of hairpin
DNAs with a 5 ntloop and a 10 bp stem or single-stranded 15 nt DNAs. One target site was a segment
of a 79 nt RNA, and the other was part of a 53 nt RNA. Secondary structure predictions indicate that the
53 nt RNA target site is entirely single stranded, while a portion of the 79 nt RNA target site forms an
intramolecular duplex. Less RNase H and DNA were needed to cleave the 53 nt RNA target site than the
less accessible 79 nt RNA site. The hairpin DNAs had their 5 nt loop arsid8 of the stem fully
complementary to the target sites or had sequence changes that produced one to nine mismatched pairs.
Tm values ranged from 57 to 8CC. The stability of the hairpin DNAs relative to the stability of their
corresponding RNADNA hybrids influenced the extent of RNase H degradation at@7Under the

assay conditions employed, the amount of degradation directed by the hairpin DNAs was correlated with
their predicted\G°37 of binding to the RNA targets. A DNA hairpin with one mismatch to the target site

of the 79 nt RNA did not induce degradation under conditions where fully complementary DNA hairpins
produced 56-80% degradation. The in vitro results indicate that DNA hairpins can enhance the stringency
of RNase H targeted degradation of the RNA sites.

Antisense technology aims to inhibit expression of a to be resistant to degradative enzynids) @nd to be effective
specific gene by using short oligodeoxynucleotides (ODNSs) as antisense agents in cell translation systehés Other
that bind by WatsorCrick base pairing to a complementary modifications of the backbone have been explored with
sequence in a target RNA. The DNA/RNA hybrid may alter varying success in their ability to bind a target site and
the processing or translation of a transcribed RNA and support antisense activityl(17).
prevent expression of the encoded protein. Evidence indicates The problem of insufficient target specificity encountered
that the ubiquitous enzyme RNase H can play an importantwith phosphodiester and phosphorothioate ODNs appears to
role in antisense inhibition of gene expression presumably be due to the partial base pairing of an ODN to nontargeted
by degrading the RNA strand of the RNA/DNA hybrid RNA sequences that still permit RNase H degradati). (
formed by the antisense ODN1—-3). A recent strategy used to reduce nonspecific RNase H

Antisense ODNs have been used to help determine orcleavage is to utilize mixed-backbone ODN$+{-24) with
validate a gene’s function in vival(. They have also been one or two segments that do not support RNase H activity
investigated as possible therapeutic agents for many humardue to modifications such as methylphosphonate dnd 2
diseases. In principle, effective antisense ODNs can mitigatemethoxyribose linkages. A different antisense approach
diseases that are caused by the expression of an abnormatmploys ODNs with a phosphoroamidate linked morpholino
gene product or the overexpression of a normal gene.backbone. These oligomers do not support RNase H activity
Antisense ODNs are being tested for the treatment of viral but exhibit high binding affinity to complementary RNA
infections 6, 6), cancer {—11), and other disease$Z, 13). sequences and can directly block translatibr).(Although

Among the technical problems encountered in applying target specific_ity ?s improved, nonspecific antisense effects
antisense ODN's in vivo are their intracellular degradation due to hybridization to nontargeted RNAs may also occur
by nucleases and insufficient target specificity. Modifications in these approaches.
to the backbone of ODNs have been developed that increase Previous studies have shown that a hairpin DNA can direct
their stability against nuclease degradation. Phosphorothioate¢he degradation of a complementary RNA sequence by
ODNSs were found to be resistant to nuclease hydrolysis in RNase H 25). DNA hairpins may also offer an advantage
biological fluids @4) and can direct RNase H to cleave the because their structure is less susceptible to nuclease
hybridized RNA. Morpholino ODNs have also been shown degradation than a single-stranded molecR&.(Antisense

hairpin DNAs have been shown to have high stability in fetal
. _ ) . calf serum and human plasny/j. In this study, we explored
Regg'éﬁv %rlefnvtv(ff supported by the Emory Georgia Tech Biomedical o ability of DNA hairpins and single-stranded ODNs to
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W%rtgg(gibggl?r?é-i?lif%?-%ghnolo and 53 nt RNA molecules. The hairpin DNAs were com-
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Thermodynamic calculations were used to estimate the free(100xL of 100 mM DTT); 500uM each of ATP, CTP, GTP,
energy of formation of RNA/DNA duplexes formed by the and UTP (20Q:L of a mix with 2.5 mM of each NTP); 1X
DNA hairpins and their RNA targets. The correlation transcription buffer or 50 mM Tris-HCI, pH 7.5, 10 mM
between the free energies of formation and the ability of the NaCk, 6 mM MgCkL, and 2 mM spermidine; 56L of Prime
hairpin DNAs to direct degradation of the RNA in an RNase RNA inhibitor (0.5 unit/L) (Eppendorf Inc., Boulder, CO);

H assay was examined. The objective was to determine if 100 uL of 1 mg/mL BSA; 60uL of 2 unitsuL T7 RNA
thermodynamic considerations can guide the selection of apolymerase; 10@g of the digested plasmid DNA; and 180
hairpin DNA that directs RNase H cleavage at a fully uL of RNase-free HO. Transcription reactions were carried
complementary RNA site but does not direct degradation of out in a 37°C water bath for 3 h. After the reaction, the
RNA sequences with one or a few mismatches. Resultsplasmid template was separated from the remaining reaction
indicate that under appropriate conditions, RNaseH degrada-components with a Centricon-100 concentrator (Millipore
tion of RNA sites directed by hairpin DNAs is correlated Co., Bedford, MA). The filtrate was collected and transferred
with the free energy of DNA/RNA binding and can enhance to a Centricon-10 concentrator and centrifuged at 00
the stringency of RNA site cleavage. concentrate the RNA and to remove smaller molecules from
the reaction mixture. The last step was repeated two more
MATERIALS AND METHODS times. The RNA concentration was estimated by assuming

Preparation of the OligonucleotideOligonucleotides 1.0 OD of RNA measured at 260 nm at 26 corresponds
were obtained from Qiagen Operon Technologies, Inc., to approximately 4Q:g/mL (29).

Alameda, CA, or from the Emory University Microchemical Melting Cure Characterization of Oligodeoxyribonucle-
Facility, Atlanta, GA. The ODNs were purified by reverse- otides.UV absorbance melting transitions were employed
phase HPLC and characterized by PAGE. Concentrationsto characterize the oligodeoxynucleotides. A DMS 300 or
were determined from UV absorbance measurements ofCary 1E spectrophotometer (Varian Inc., Palo Alto, CA) was
ODN solutions at 260 nm and the Oligosol progra28)( used to obtain melting curves at 268 nm. Samples were
For hairpin DNAs, absorbance was determined at tempera-heated at a rate of 0% /min in the 1X RNase H buffer (20
tures (85-95 °C) where the DNAs were single stranded and mM KCI, 10 mM MgCkL, 20 mM Tris-HCI (pH 7.5), 0.1
linearly extrapolated back to 2%. mM NaEDTA). Absorbance and temperature measurements

Plasmid ConstructiornThe two plasmids employed forin ~ were collected from 15 to 98C using DNA concentrations
vitro transcription of the RNA target molecules were of 1.5 uM. Eight-fold higher concentrations were used for
constructed by inserting either a sequence from the HIV-1 several samplesT, values were determined from the

genome or a sequence from tHeeBd of the chloramphenicol

normalized melting curves as described previousl§).(

acetyltransferase (CAT) gene into the multiple cloning site Average values listed are reproducible withil.0 °C.

of the pGEM7Zft+ plasmid (Promega Corp.). The plasmid
designated pN1 was described earli2)( It has a 30 nt

sequence from the HIV-1 MN strain containing 10 consecu-

tive pyrimidines inserted between thg@al and theEcoRI
restriction sites of the pGEM7Z#) plasmid. The second

Thermodynamic Analysis of ODNRNA InteractionsThe
amount of hybrid formed between a DNA oligomer and its
RNA target site was estimated based on the free energies of
the RNA/DNA, RNA, and DNA secondary structures. The
nearest neighbor model of nucleic acid stability was em-

plasmid, pCAT16, was constructed by inserting a 16 nt ployed @0, 31) using the empirically determined free
sequence from the chloramphenicol acetyltransferase (CAT)energies of nucleic acid structural elemer82-35). Free
gene translation initiation site between tApal and the energies of structural elements that have not yet been
EcoRI restriction sites of the pGEM7Z#) plasmid. Two determined were estimated as described next.
partially complementary oligomers '(6CGCGGGCCC- The free energy of formation of a RNA/DNA duplex from
TAAGATGGAGAAAAAAA -3, and 3-GTCGGAATTC - its constituent single strands was calculated using the free
TGATTTTTTTCTCCATC-3) were hybridized and filled in  energies for helix initiation and base pair stacking (35) as
by Tag DNA polymerase. The CAT sequence is underlined, well as dangling ends or mismatched base pairs when
and theApal and EcoRl sites are shown in bold. Ddel appropriate. Free energy values are not yet available for
site (3-CTAAG-3') occurs in this sequence. terminal mismatches or dangling bases at the ends of an
The DNA oligomer duplex and pGEM72f) plasmid RNA/DNA duplex. Table 1 shows the free energy contribu-
were digested witthpa and EcoR. The linearized pGem7f tion of some terminal mismatches and single base dangling
plasmid was treated with calf intestinal alkaline phosphatase ends evaluated for RNA and DNA duplex&9(36). Since
(Promega Inc.), and the restriction enzyme-cut DNA oligo- many of the sequence-related ends (e.g., dCC/dG and rCC/
mers were ligated downstream of the T7 promoter sequencerG) contributed similarAG values to RNA and DNA
in pPGEM7Zf(+) using T4 ligase. The modified plasmid was duplexes, we assumed that th& contribution of a terminal
then transformed int&scherichia coliJM109 cells (Prome-  mismatch or dangling end to an RNA/DNA duplex was the
ga, Inc.). Modified plasmids were initially identified by same as the analogous element ending an RNA duB@x (
digesting withDdd, which produces five fragments instead For example, the '5dangling end rCC/dG and terminal
of the four fragments produced from pGEM7Zf), DNA mismatch rAA/dAT expected to occur in hybrids produced
sequencing verified the correct insert. by DNA hairpin oligomers and the 79 nt RNA were assigned
In Vitro Transcription Reaction and RNA Purification. AG values of—0.3 and—0.8 kcal/mol, respectively (Table
RNA transcripts 79 and 53 nt long were produced using the 1). Recently, Ohmichi et al3{) showed that dangling ends
Hind Il digested pN1 plasmid or th&€sp451 digested of two to four adenines enhance the stability of RNA and
pCAT16 plasmid as templates for T7 RNA polymerase. The DNA duplexes beyond that of a single dangling adenine by
1 mL transcription reactions contained 10 mM dithiothreitol 0.1—1.0 kcal/mol. We assumed that extended RNA and DNA
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Table 1: List of Free Energy Values (kcal/mol) for Terminal Mismatches and Dangling Ends Used in the Calculation of RNA/DNA Formation
and the Corresponding Values for RNAQ] and DNA Duplexes 36)?

terminal
mismatches/ AGin AGin AG value used for
dangling ends RNA duplex DNA duplex RNA/DNA duplex occurred in the following ODNs:
5CC3 —-0.3 —0.52 —-0.3 HOA, HOB, H1A, H2A, H4A, S15-0A,
3G5 S15-1A, S15-2A, S15-3A, S15-4A
5 AA 3 -0.8 —0.63 -0.8 HOA, HOB, H1A, H2A, H2b, h4b, H5A
3ITAY
5 AA 3’ -0.8 -0.12 -0.8 S15-0A, S15-1A, S15-2A, S15-3A, S15-4A, S15-4B
3ITH
5GA3 —-1.5 —-1.4 -15 S19
3CCS8B
5 AG3 -0.8 -0.51 -0.8 H4A
3 TAY
5GC3 —-0.7 —0.75 —-0.7 H2B, H3A, H4B, S153A
3 CC8B
5 AU 3 -0.8 0.03 -0.8 H3A, H5A, S15-5A
3ITTY
5 AA 3’ -0.8 -0.51 -0.8 S15-5A
3ITH
5 UA3Z -0.3 -0.71 -0.3 Hcat0OA
3ITH
5CA3 —-1.5 —-14 —-1.5 HcatOA
3 GAY
5 CA3 -1.7 —0.82 -1.7 Scat15-6A, Scatl5-7A, Scatl5-9A, Scatl15-10A
3G5
5TG3 —-1.2 —-1.12 —-1.2 Hcat6A, Scatl5-6A
3AGYH
5 TA3 -1.0 —0.99 -1.0 Scatl5-7A, S15-9A, S15-10A
3 AAS'
5CU3 -1.2 -0.5 -1.2 S19
3G5

a|n the sequences of dangling-end and terminal mismatches, the T should be reglacddrbthe RNAduplex, while in the DNA duplex, the
U should be replaced by a T.

dangling ends contributed to the stability of RNA/DNA pyrimidine mismatch, r&@T, in the context rCCG/dGTC
hybrids in the same way they affected their respective (41). Similarly, the free energy for the FAA mismatch in
duplexes. the context rUAG/dAAC was estimated to be 1.5 kcal/mol
The free energy of an RNA secondary structure was based on the average free energy for theddAmismatch
estimated using thenfold version 3.0 algorithm32). The in rCAG/dGAC and rGAG/dCAC.
free energies of DNA secondary structures were estimated RNase H AssayRNA and DNA were mixed in a 1x
using themfold algorithm with DNA parameters3@). The RNase H buffer containing 20 mM KCI, 10 mM Mg&£ 0.1
DNA hairpin HOA contains adjacent-@& mismatchesanda mM EDTA, 0.1 mM DTT, 20 mM Tris-HCI, pH 7.5, and
G-G mismatch in the stem (Table 2). DNA nearest neighbor 0.1 units of prime RNase inhibitor. The solution was
stacking energies involving these mismatches were estimatedreincubated for 15 min at 3T to allow for the formation
from the literature. For the dCGAC/dGGAG duplex segment of the RNA/DNA hybrid. RNase H was then added to the
in HOA, the total free energy for the three stacking interac- mixture and incubated at 37C for an additional 30 min.
tions encompassing the two-& mismatches at 37C was Heating the sample at SC for 3 min and quickly cooling
estimated to be-3.2 kcal/mol based on the work of Li and in ice water stopped the reactions. Aliquots were then mixed
Agrawal 38). (Sequences on both sidesa/ (slash) are  with ficoll loading buffer and run on a 12% native PAGE
listed in the 5to 3 direction.) The influence of the G for the 79 nt RNA or a 12% 8 M urea PAGE for the 53 nt
mismatch in the sequence dCGT/dAGG was estimated usingRNA. The running buffer was 89 mM Tris-borate and 2 mM
data obtained by Peyret et aB9). A value of —0.24 kcal/ EDTA (pH 8.3). Gels were stained with ethidium bromide,
mol was employed for the two stacking interactions contain- and the relative intensity of the RNA bands was determined
ing the GG mismatch. The nearest neighbor stacking using the public domain NIH Image Analysis program for a
energies involving the @ mismatch in the DNA hairpin Macintosh computer (available at http://rsb.info.nih.gov/nih-
H5A was obtained from Allawi and Santaluciddj. image/). Percentage degradation values were based on three
Free energy values of several single mismatches within repeated experiments and were reproducible withi%b.
RNA/DNA duplexes were estimated based on data from
Sugimoto et al. 41). When data were not available for a RESULTS
mismatch and context of interest, data on similar sequences Characteristics of the Two RNA Transcripts and the DNA
were employed. For example, the-dC mismatch in the  Oligomers.Two RNA transcripts were utilized to provide
context rCCC/dGCG occurred for the hybrid formed between two different 15 nt long target sequences and contexts for
several hairpin DNAs (H1A, H2A, and H3A) and the 79 nt the RNase H digestion assay. The sequence and predicted
RNA. Since data on this mismatch was unavailable, it was lowest energy secondary structure of the 79 nt RNA is shown
assigned a value of 1.3 kcal/mol based on another pyrimidine in Figure 1A. The 15 nt target segment of this molecule is
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Table 2: Sequence and Characteristics of the Oligodeoxynucleotides (ODNs) Targeting to the 79 nt RNA Used in the Study

ODNs | Sequence Tm ODNs Sequence
5'-CCCGACGTTATT
HOA [11**]*]]| ¢ |60°C S15-0A 5' -TTCACTAAGGGAGGG-3 '

3' -GGGAGGGAATCA
51 -CCCTCCCTTATT
HOB [T e | 715 S19 5/ -GGGAGAAATTCCATTTTC-3’
3' -GGGAGGGAATCA

51 -CCCTCgCTTATT
HIA [T e | 75.5°C | S15-1A 5' -TTCACTAAGCGAGGG-3'
3' -GGGAGCGAATCA
5'-CCCTCgCTTtTT
H2A [T e |76 S15-2A 5' -TTCACaAAGCGAGGG-3'
3' -GGGAGCGAAACA
51 -GGCTCCCTTATT
H2B [T e | 74°C S15-2B 5' -TTCACTAAGGGAGCC-3'
3'-ccGAGGGAATCA
5'-CGCTCGCTTTTIT | 77°C
H3A [LEEEE e S15-3A 5' -TTCACaAAGCGAGCG-3 '
3'-GCGAGCGAAACA
51 -CCCTCCGTTAaa
H4A [T a | 69°C S15-4A 5'-aaaAaTAAGGGAGGG-3'
3' -GGGAGGGAATaA
5'-GGCTGGCTTATT
H4B [T e | 76°C S15-4B 5! -TTCACTAAGCCAGCC-3'!
3'-ccGACCGAATCA
5'-CGCACGCATATT | 59°C
H5A [T1I*1 ] ¢ S15-5A 5'-TTCACTAttCcGtGcG-3'
3'-GeGtGCttATCA
5-
GGCGAAUUGGGCCCGUUGUCAAUACCCCUCCCUUAGUGAAAUUAGAA
UUCGGUACCCCGGGUUCGAAAUCGAUAAGCU -3

aThe targeted sequence in the RNA is underlined, and the target complementary bases in the ODNs are in bold. The HIV sequence in the RNA
is in bold. Base changes in the target complementary region in an ODN are shown as lowercase letters. The segments in the hairpin ODNs that are
not complementary to the target are shown as italicized leffersalues were measured in 1X RNase H buffer, pH 7.5.

79 nt-
RNA:

shown in bold. Part of it is single stranded, while the 3A, S15-4A, S15-4B, S15-4C, and S15-5A are 15 nt long
remainder forms a duplex in the predicted structure. The nextand contain the target binding sequences of their related
three lowest energy secondary structures also indicate thehairpin DNAs (Table 2).
target segment to be partially single stranded and partially  Fiye DNAs that can form hairpins and five single-stranded
duplex. Previous work has shown that this 79 nt RNA can qjigomers were used in the RNase H digestion studies of
exist as a monomer or dimer depending on the sample’siye 53 nt RNA. The DNAs, HcatOA, Hcat6A, Hcat7A,
temperature history and environmem@b). The monomer  cat9A, and Heat10A, are 25 nt long with 10 bp stems and
form of the molecule was employed in the experiments g pase |oops and are shown in Table 3. The sequence of the
described next. 3 side of the stem and the loop of HcatOA is fully
The predicted secondary structure of the 53 nt RNA ¢mplementary to the 15 n long target segment within the
transcript is shown in Figure 1B. The 15 nt target segment g3 t RNA. Hairpin DNAs Hcat6A, Hcat7A, Heat9A, and
of this molecule contains the translation initiation site of the 4-5t10A differ from HcatoA by six, seven, nine, and 10 base
CAT gene and is single stranded in this lowest energy nqi ransversions, respectively. Single-stranded DNAs Scat15-
structure. This was the only structure predicted within 35% 0A, Scat15-6A, Scat15-7A, Scat15-9A, and Scat15-10A are

of the free energy of this structure. Nondenaturing and 15yt |ong and correspond to the target binding segments of
denaturing gel electrophoresis indicated that this transcript ,qir related hairpin DNAs (Table 3).

forms one monomer species under the conditions of the ) ) , ) .
experiment. Cooperative and reversible single-step melting transitions

Nine hairpin ODNs were used to direct RNase H digestion Were observed for all hairpin DNA3,, values are given in
at the 15 nt region in the 79 nt RNA. The DNAs were Tables 2 and 3. Th&, values and transition profiles were

designated HOA, HOB, H1A, H2A, H2B, H3A, H4A, H4B, consistent with data on similar hairpin DNA structurdg)(
and H5A and are shown in Table 2. Each is 25 nt long, and The 15 nt si_ngle-str_anded olig(_)nucleotides showed small (8
each can form a hairpin structure with a 10 bp stem and 5 10%) quasi-linear increases in absorbance over thed05
base loop. HOA and HOB have the same sequence in their 5°C temperature range with no indication of self structures.
base loop and the’ Bide of their stem. This stretch of Thermodynamic Analysis of DNA/RNA Interactiohke
nucleotides, shown in bold in Table 2, is complementary to equilibrium binding of the hairpin DNAs to the RNA target
the 15 nt long target segment of the 79 nt RNA (Figure 1A). sites was analyzed using currently available thermodynamic
HOA and HOB differ in the 5side of their stems. The other parameters. Although a number of kinetic factors will
eight hairpin DNAs, H1A, H2A, H2B, H3A, H4A, H4B, influence the formation of and RNase H degradation of a
and H5A, differ from HOB by one, two, three, four, or five DNA/RNA hybrid, this study focused on the influence of
base pair transversions or base substitutions in the stem oDNA hairpin stability on DNA/RNA hybrid formation and
loop portion of the target binding sequence. The single- the correlation of DNA/RNA stability on RNase H degrada-
stranded DNAs, S15-0A, S15-1A, S15-2A, S15-2B, S15- tion.
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Ficure 1: (A) Predicted secondary structure of the 79nt RNA af@7using themfold algorithm. The targeted RNA site is in bold and
underlined. Schematic illustrates RNANA formation with hairpin DNA, HOA. (B) Predicted secondary structure of the 53 nt RNA.
Target site is underlined and in bold.

Table 3: Sequence and Characteristics of the Oligodeoxynucleotides (ODNs) Targeting the 53 nt RNA Used in the Study

ODNs Sequence Tm ODNs | Sequence
HcatOA 5’ -ATGGAGAAAAGA | 66.7C Scatl5-
[T T 0A 5’ -GATTTTTTTCTCCAT-3"’
3/ -TACCTCTTTTTT
Hcat6A 5’ -TACCTCAAAAGA | 66.8C Scatl5- | 5/ -GATTTTTTTGAGGTA-3’
[LTEEEETT 6A

3’ -atggagTTTTTT
Hcat7A 5’ -TACCTCTAAAGA |649C Scatl5- | 5’ -GATTTTTTAGAGGTA-3’

[T 7A
3’ -atggagaTTTTT
Hcat9A 5’ -TACCTCTTTAGA | 64.4C Scatl5- | 5’ -GATTTTAAAGAGGTA-3’

AR 9A
3’ -atggagaaaTTT
Hcat10A 5’ -TACCTCTTTTGA | 65.8C Scatl5- | 5’ -GATTTAAAAGAGGTA-3’

[T 10A
3’ -atggagaaaaTT
53 nt- 5-GGGCGAGUUGGGCCCUAUGGAGAAAAAAAUCAGAAUUCGGUA
RNA: CCCCGGGUUCG-3'

The binding reaction of a hairpin DNA {pwith its target and the free energy corresponding to the equilibrium transi-

site on a native RNA (R can be written as tion of the hairpin DNA to its single-stranded formg,[and
the equilibrium of R with R.,.
D, + R,=R,D, AG°’; (2)
D,== Dy, AG®, (3a)
The standard state free energy chan&;r, for eq 1 can
be related to the free energy of forming the R complex R,= R, AG’, (3b)
from an already open RNA conformationdjRand the single-
stranded form of the hairpin DNA {p Relating the equilibrium constants of egs 1 to 3 yields

R, + D =R D, AG®, ) AG°; = AG®, — (AG®, + AG®,) (4)
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Table 4: Calculated Free Energix@) Values (kcal/mol) for the 79
nt RNA/DNA Reaction at 37C and the RNase H Degradation
Results at 37C?

% RNA
degradation
37°C 37°C

DNA AG°*P AG°® AG° AG’® AGs°t' (0.5U) (5U)
HOA —-138 —-149 57 —-27 —65 79 83
HOB —-13.8 —-149 -98 -27 24 52 78
S15-0A —13.8 —14.9 0 -—27 -—-122 91 95
H1A -95 -106 -105 -27 2.6 0 0
S15-1A —-9.5 -10.6 0 —-27 -79 83 95
H2A -6.25 —7.35 -109 -2.7 6.25 0 0
S15-2A —6.25 -7.35 0 —-27 —465 2 38
H2B -10.8 —-12.3 -10.2 -2.7 0.6 38 46
S15-2B —10.8 —12.3 0 —-27 -96 89 96
H3A —-325 —4.75 -11.7 -2.7 9.7 0 5
S15-3A 325 —4.75 0 -—-27 -—205 0 10
H4A -81 —-92 -102 -27 3.7 30 31
S15-4A -81 9.2 0 —-27 -65 35 38
H4B -55 —-7.0 -108 -27 6.5 7 17
S15-4B —5.5 —-7.0 0 -—-27 —43 67 90
H5A -50 —-66 -6.6 —27 2.7 0 12
S15-5A -50 —-66 —-1.0 —27 -29 0 18
S19 -37 —64 0 -—-27 =37 5 28

2The RNase H assays were done af@7or 30 min with 0.5 U or
5 U RNase H, 15 pmol of RNA, and 90 pmol of DNA in a total volume
of 10 uL. P AG°," is the free energy change for forming the-Rs
complex from an already open RNA conformation)Bnd the single-
stranded form of a DNA (B), which does not consider the dangling-
end/terminal mismatch effectsAG®; is the estimated free energy
change for forming the RDs complex from an already open RNA
conformation (R) and the single-stranded form of a DNAJPwhich
includes the free energy contributions from terminal mismatches/
dangling endsYAG®; is the free energy changes of forming the
structured DNA () from the single-strand DNA (§). ¢ AG°; the free
energy changes of forming the native RNA structurg) (lRom the
partially unfolded RNA structure () R, is the lowest free energy

Table 5: RNase H Degradation Results at°87and the Estimated
AG Value (kcal/mol) for Each 53 nt RNA/DNA Reactidn

% RNA
degradation
DNA AG°*  AG°; AG°, AGz°r 0.5D/R 4.5DIR
Hcat0A -10.2 -12.0 —-82 -—-338 82 100
Scatl5>-0A —-10.2 —-122 0.0 -12.2 100 100
Hcat6A -32 -6.1 —-80 1.9 33 100
Scatl5-6A -32 -61 00 -61 100 100
Hcat7A —-28 53 74 21 20 40
Scatl5-7A -28 -55 0.0 -55 95 100
Hcat9A -20 —-45 -81 3.6 0 4
Scatl5-9A -20 —-47 00 -47 35 95
Hcat10A —-26 —-51 -85 3.4 0 0
Scatl5-10A —-16 —-43 00 —43 0 50

2The RNase H assays were done at’@7for 30 min with 0.25 U
of RNase H in a volume of 8 or 10L. Data are shown for ratios of
10 pmol of DNA to 20 pmol of RNA (0.5 D/R) and for 90 pmol of
DNA to 20 pmol of RNA (4.5 D/R). Free energy terms in this table
are the same as in Table AG°; is zero for all cases, and this column
is not shown.

of RNA/DNA hybrid formed between several DNAs listed

in Table 4 and the 79 nt RNA were in qualitative accord
with gel mobility shift binding dataZ5). This outcome is
unchanged using the updated parameters of the current study.

RNase H Degradation of the 79 nt RNRNase H
degradation of the 79 nt RNA was examined in the presence
of hairpin and single-stranded DNA oligomers with se-
guences fully or partially complimentary to the 15 nt target
site. Figure 2 shows results of incubating 0.5 units of RNase
H for 30 min with 9uM various DNAs and 1.5M 79 nt
RNA. Using these assay conditions, the fully complimentary
hairpin HOA induced approximately 80% degradation of the

structure with the target sequence constrained to be single strandedRNA (Table 4). The 6:1 ratio of DNA to RNA was used for
f AGs;°1 is the standard state free energy for the overall reaction betweenall DNAs in the assay. Lane 1 of panels-& of Figure 2

DNA and RNA.

AG°; was calculated for the 79 nt RNA using the Zuker
algorithm assuming Ro be the predicted lowest free energy

shows controls of the RNA alone with the RNase H enzyme.
The single band in each case corresponds to the undigested
79 nt RNA. Lanes 29 in panels A and B and lanes-3 in

panel C of Figure 2 show the results of the RNase H

structure and Rto be the lowest free energy structure with degradation assay directed by the DNAs listed in Table 2.
the 15 nt target sequence constrained to be single strandedSimilar reactions were also performed using 5 units of RNase

AG°; = 0 for the 53 nt RNA since the target site of this

H using the same amounts of RNA and DNA (not shown).

molecule is single stranded in its predicted lowest energy Table 4 lists the extent of RNA degradation in the 37
structure. Thermodynamic parameters described in theassay using 0.5 and 5 units of RNase H.
Materials and Methods were used for the free energy HOA degraded 79% of the RNA using 0.5 units of RNase

calculations. Similar calculations carried out previously for
the 79 nt RNA 25) ignored dangling ends and terminal
mismatches and employed an earlier set of parameters.

The standard state free energy chany&r) for binding
hairpin and single-stranded DNAs to the 79 and 53 nt RNA

H at 37 °C, while HOB produced 50% degradation under
the same conditions (Table 4, Figure 2A). Both DNAs have
the same fully complementary target binding sequence but
the less stable hairpin, HOA, produced greater degradation.
The single-stranded control for these two hairpins, S15-0A,

at 37°C are listed in Tables 4 and 5, respectively, using the has the same 15 nt complementary sequence and produced
above model and assumptions. For example, the predicted®1% degradation. When the assay was performed with 5 units

free energy for the interaction of HOA with the 79 nt RNA
is AG°t = —6.5 kcal/mol. This value is based &G°; =
—14.9 kcal/mol AG®°, = —5.7 kcal/mol, andAG°; = —2.7

of RNase H, the percentage of degradation was similar for
HOA (83%) and HOB (78%), and degradation directed by
S15-0A was essentially complete (Table 4).

kcal/mol. Terminal mismatches/dangling-ends contributed The hairpin DNA H1A has a one base pair change relative

—1.1 kcal/mol to the free energy of interaction of HOA with
the 79 nt RNA,AG°;. The free energy contributions of the

to HOB creating 5 and 9 nt long target complementary
segments separated by a mismatched base. Although the

different reaction steps to the overall free energy change for single-stranded DNA control for this hairpin, S15-1A,

binding the DNA oligomers to the two RNAs are listed in

directed 83% degradation, H1A produced no degradation.

Tables 4 and 5. Previous work using the above approachThe predicted free energy of forming the HLA/RNA hybrid
with different parameters showed that the predicted amountwas+2.6 kcal/mol as compared to the free energies 615
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Ficure 2: RNase H degradation assay of 79 nt RNA. A total of
15 pmol of RNA were incubated with 90 pmol of DNA and 0.5
unit of RNase H for 30 min. Reaction products were run on a 12%
native PAG. Lane 1 in panels-AC contained RNA alone with the
RNase H enzyme. (A) Lanes-®: RNA with RNase H and S19,
HOA, HOB, S15-0A, H2B, S15-2B, H4A, and S15-4A, respectively.
(B) Lanes 2-7: 79 nt RNA with RNase H and H5A, S15-5A, H3A,
S15-3A, H4B, and S15-4B, respectively. (C) Lanes52 79 nt
RNA with S15-2A, H2A, S15-1A, and H1A, respectively.

and —2.4 kcal/mol for HOA and HOB, respectively (Table
4). Hairpins H2A and H2B have two base pair changes as
compared to HOB. The base changes in H2A result in

segments 5, 3, and 5 nt long that are complementary to the

RNA target, while the changes in H2B result in a 13 nt
complementary segment. The predict®@°r of the H2B/
RNA hybrid was 0.6 kcal/mol, and it directed 38% RNA
degradation (Figure 2A, Table 3). TGt of forming a
H2A/RNA hybrid was+6.25 kcal/mol, and neither H2A nor

its single-stranded control S15-2A produced measurable
degradation of the 79 nt RNA (Figure 2C). The inability of
S15-2A to direct RNase H degradation may be due to the
short lengths of its complementary segments. A&+ of

the S15-2A/RNA hybrid,—4.65 kcal/mol, is similar to the
hybrid formed by S15-4B that directed significantly more
degradation. However, the latter ODNsha 9 ntlong
complementary segment. S19, a single-stranded ODN with
a 5 nt segment complementary to the RNA, produced no

Biochemistry, Vol. 42, No. 37, 20030951
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Ficure 3: (A) Percent degradation of 79 nt RNA in assay with
0.5 U RNase H and 6:1 DNA/RNA vs free energy of formation
for an RNA/DNA duplex for hairpin DNAs HOA, HOB, H1A, H2B,
H4A, and H4B. (B) Percent degradation of 53 nt RNA in assay
with 0.25 U RNase H and 0.5:1 DNA/RNA vs free energy of
formation of DNA/RNA for hairpin DNAs HcatOA, Hcat6A,
Hcat7A, and Hcat9A.

complimentary segment. H4A caused 30% degradation (lane
8, Figure 2A). This indicates that complementary base pairing
in the loop is not essential for degradation. Surprisingly, the
corresponding single-stranded DNA, S15-4A, caused a
similar amount of degradation (35%). A possible explanation
for the relatively low percentage of degradation directed by
S15-4Ais an intramolecular self-structure due to the AGGG
repeat 44). Although this cannot be ruled out, absorbance
versus temperature analysis did not show characteristics of
a cooperative transition. H4B with four base changes
distributed in the target binding region did not direct
significant RNase H degradatiors {%), while S15-4B, its
single-stranded control, produced 67% degradation.

Figure 3A plots the percentage of RNA degraded versus
the AG°r of formation of DNA/RNA hybrids for hairpin
DNAs in Table 4. Data on H2A, H3A, and H5A were
excluded from the plot since their single-stranded controls
did not direct RNase H degradation. The linear regression
has a correlation coefficient & = 0.84. While the extent

of degradation in this assay is expected to depend on a
number of factors (e.g., the length of the complementary
segments, rate of RNA/DNA formation), Figure 3A indicates
that to the first approximation, hairpin DNA induced
degradation is linearly correlated to the free energy required
to form the RNA/DNA hybrid. Data on all 15 nt single-
stranded ODNs in Table 4 give a similar linear regression
with a correlation coefficient of 0.73 (not shown).

RNase H Degradation of the 53 nt RNAgure 1B shows

more than 5% degradation. Previous studies have shown thathe second RNA target site examined, a 15 nt purine rich
a minimum size of four RNA/DNA base pairs is required translation initiation sequence of the CAT gene imbedded
for E. coli RNase H degradatiort8). When excess RNase 1N @53 nt RNA. Since the target site is predicted to be single
H was emp|0yed in the assay (5 units), increased degradatiorﬁtranded, itis eXpeCtEd to be more accessible than the 79 nt
was observed for both S15-2A and S19 (Table 3). RNA target site. In addition, the DNA/RNA hybrid of the
H3A and H5A and their single-stranded controls S15-3A second target site will be predominantly rR/dY. This hybrid
and S15-5A did not direct degradation under the 0.5 U RNaseiS generally more stable than the homologous DNA duplex,
H assay conditions (Figure 2B, Table 4). The effect of dR/dY, in the hairpin DNA @5).
changing the hairpin loop sequence of HOB on RNase H RNase H assays showed that the 53 nt RNA required less
cleavage was examined using H4A. Four of the five enzyme and less DNA then the 79 nt RNA to achieve
nucleotides in the loop were changed leaving a 10 nt targetcomparable levels of degradation. Figure 4 displays results
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12 3 45 6 7 829 RNA sequences. In instances where RNase H plays a major
role in an application of an antisense ODN, the enzyme may
degrade RNA/DNA hybrids with partial complementarity.
The minimum size of an RNA/DNA hybrid cleaved by an
RNase H is reported to be 4 bp for the calf thymus RNase
H at 32°C (46), 4 bp for theE. coliRNase H at 37C (43),

and 6 bp for human RNase H1 at 3C (47). Our results

Ficure 4: RNase H degradation assay of 53 nt RNA. A total of Show that theE. coli RNase HI can efficiently d'g¢St RNA
0.25 units of RNase H were incubated with 20 pmol of RNA and With single-stranded DNAs that have only five bases
90 pmol of DNA for 30 min. Reaction products were run on a Ccomplementary to a target sequence (Scatl5-10A). RNase
12% 8 M urea PAG. Lanes-19: 53 nt RNA only, 53 nt RNA H-competent single-stranded antisense ODNs have the
with Heat10A, Scatl5-10A, Heat9A, ScatlS-9A, Heat7A, Scatls- potential to cause cleavage at many nontargeted cellular RNA
7A, HeatbA, and Scatl5-6A, respectively. sequences. Poor sequence specificity has been observed with

for a 30 min RNase H assay at 3€ conducted with the 53 ~ PS-DNAs in cell-free translation systenm#s(49).
nt RNA and hairpin DNAs Hcat6A, Hcat7A, Hcat9A, and The results from this study show that the effectiveness
Hcat10A and single-stranded DNAs Scat15-6A, Scat15-7A, and stringency of RNase H degradation can be influenced
Scatl5-9A, and Scatl5-10A. Table 5 lists the extent of by the stability of the RNA/DNA hybrid and competing DNA
degradation of the 53 nt RNA for the DNAs employed using secondary structure. All of the single-stranded DNAs that
the conditions described in Figure 4. Although the DNA to produced substantive degradation generated less degradation
RNA ratio was 4.5:1 and only 0.25 units of RNase H were when they were part of a hairpin structure. Under appropriate
employed, Hcat6A with ogla 9 ntcomplementary segment ~ conditions, both the 79 and 53 nt RNA showed a linear
caused complete RNA degradation (Figure 4, lane 8). By correlation between the extent of degradation directed by a
comparison, H4B, which also Ba 9 ntsegment comple-  hairpin DNA and the free energy needed to form the RNA/
mentary to its target site in the 79 nt RNA, caused only 7% DNA hybrid (Figure 3). A one base pair change in the hairpin
degradation with twice as much RNase H and a 6:1 ratio of DNA HOA (HOB to H1A) resulted in a large attenuation of
DNA to RNA (Table 4). Hcat9A and Hcat10A did not cause RNase H degradation of the 79 nt RNA. The same base pair
RNA degradation, but Scat15-9A and Scat15-10A with 6 change in the single-stranded S15 OA did not produce a
and 5 nt long complementary segments caused 96 and 49%¢orresponding level of response. Modulating the stability of
degradation, respectively (Figure 4, Table 5). The single a hairpin DNA and/or the RNA/DNA hybrid can affect the
strands S19 and S15-5A have 5 and 7 nt long segmentsstringency of RNase H degradation.
directed at the 79 nt RNA target site but produced 5% or The results also point out that a stringency effect is
less degradation with twice as much RNase H and a 6:1 ratiominimized when RNA/DNA formation is sufficiently favor-
of DNA to RNA (Table 4). able to overcome the influence of a competing DNA
To compare the effect of DNA/RNA stability on RNase secondary structure. This was observed for the 53 nt RNA
H degradation of the 53 nt RNA with results from the 79 nt at the 4.5:1 ratio of DNA to RNA. The hairpin DNA Hcat6A
RNA, conditions were sought that produce80% degrada-  was as effective as HcatOA in the RNase H assay.
tion with the fully complementary HcatOA. The 80% As noted in our previous work2g), degradation produced
degradation level was observed for the 79 nt RNA with its by DNA hairpins with unfavorable free energies for RNA/
fully complementary hairpin HOA. A DNA/RNA ratio of ~ DNA formation can only be understood if RNase H promotes
0.5:1 with 0.25 U RNase H was found to achieve 80% hybrid formation. Under the reaction conditions employed,
degradation of the 53 nt RNA in the 30 min assay. Table 5 the equilibrium reaction of the RNA and DNA alone predicts
lists the results using these conditions. The single-strandeda negligible amount of hybrid formation. A detailed analysis
ODNs Scatl5-6A and Scatl5-7A degrade the RNA com- of DNA directed cleavage of an RNA target site must include
pletely (95-100%), while their hairpin DNA counterparts, kinetic analysis of DNA/RNA substrate formation, the
Hcat 6A and Hcat7A, produced 33 and 20% degradation. influence of RNase H on hybrid formation, and the rate of
This illustrates the impact of the hairpin secondary structure RNase H cleavage. In this study, we focused only on the
on reducing the free energy for DNA/RNA hybrid formation  correlation between the free energy of formation of the RNA/
and on RNase H degradation. Figure 3B plots the correlationDNA complex and the extent of RNase H degradation. The
between the percent degradation of the 53 nt RNA and theresults indicate that the stability of the RNA/DNA complex
AG°t of hybrid formation for the Hcat DNA hairpins. The  is an important component of the reaction and that competing
linear regression has a correlation coefficient of 0.96. This DNA secondary structures can enhance the specificity of
result, like the result in Figure 3A, supports the notion that DNA directed RNase H cleavage.
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