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Abstract: Long terminal unpaired nucleotides known as dangling ends play interesting roles in biological
systems. Previous studies, however, only dealt with the energy contributions of single dangling bases.
The energy contributions of long dangling ends on the stability of duplexes have not been systematically
studied. We now report a quantitative increase in stability of RNA—RNA and DNA—DNA duplexes containing
a long dangling end. We found a larger enhancement of the stability by the long RNA dangling end of the
RNA—RNA duplex than has been observed for the DNA duplexes. Itis also found that structural stabilizations
by long dangling ends seem to originate from the single-stranded stacking interactions of nucleotides. These
results indicate that RNA stability can be achieved by increasing the length of the dangling end. The
thermodynamic parameters of the long dangling ends are useful for designing ribozymes and antisense
oligonucleotides, and for the prediction of the RNA secondary structure like the pseudoknot.

Introduction

Non-Watson-Crick base pairs in RNA and DNA play
important roles as catalytic and tertiary contact domaifiseir

stem structuré! Moreover, recent studies of RNAi (RNA
interference) have shown that-3 nt dangling ends are
important for the RNAI functionality213In the case of RNAI,

structures and thermodynamic properties have been investigatenrt double-stranded RNAs (dsRNA) are formed with th&2

in an effort to understand the biological function associated wit
these unpaired regiods’ Terminal unpaired nucleotides also

h Nt RNA dangling ends after cleavage with RNasé4Although

the 2-3 nt RNA dangling end results after treatment with RNase

known as dangling ends may play interesting roles in biological !ll; @ short dsRNA not possessing &2 nt RNA dangling end
systems. Dangling nucleotides on RNA and DNA duplexes can diSplays no gene silencing ?Ct'V';@’-l_s These observanon_s_
stabilize a helical structure through stacking of adjacent base cl€arly ShOV\{ thf’nlt long dangling re_s_ldues ha\_/e the requisite
pairs. For example, the dangling nucleotides represented by€nergy contributions needed to stabilize the helix, thus resulting

5'ACCAZ3 at the 3 terminus of tRNA stabilize the cloverleaf

structure of tRNAZ and the interaction between mRNA and
tRNA is stabilized by the dangling ends adjacent to the cedon
anticodon paif:1° It has also been reported that a dangling
nucleotide at the '3end of a pseudoknot RNA stabilizes the
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in the observed biological activities. However, previous studies
only dealt with the energy contributions of single dangling
based5 18 The systematic energy contributions of long dangling
ends, which consist of many dangling bases, have hitherto not
been reported (Scheme 1). Here, we report a quantitative
increase in the stability of an RNARNA duplex containing a
long RNA dangling end. We found that the stabilizing effect
of dangling ends on RNA duplexes is much larger than that on
DNA duplexes.
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Scheme 1
dangling
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dangling
dangling residue residues
Duplex without Duplex with a single Duplex with four
dangling resudues dangling residue dangling residues
Materials and Methods rate was 0.5 or 1.8C min~*. Water condensation on the cuvette exterior

at the low-temperature range was avoided by flushing with a constant
stream of dry N gas. Prior to the experiment, the buffer was degassed
by heating to 90°C for 10 min.

Determination of Thermodynamic Parameters for Duplex For-
mations. All melting curves were fitted with a curve fitting procedure
to obtain three thermodynamic parameters, the enthalply), entropy
(AS), and free-energy changeA®s3,) at 37°C, for the formation of
the nucleic acid duplex as described elsewRéfé:22 This method
provides an estimation of the thermodynamic values from the shape of
each melting curve. To increase the accuracy of these parameters, we
also evaluated them from plots @f,~* versus InCy), whereTy, is the
melting temperature, an@; is the total strand concentration, respec-
tively. Using the slope and vertical axis intercept, we analyzed the
thermodynamic parameters according to eqs 1 and 2

Material Preparations. All DNA and RNA oligonucleotides were
synthesized on solid supports using stangiayanoethyl phosphora-
midite methods on an Applied Biosystems (ABI) model 391 DNA/
RNA synthesizer. The synthesized DNA oligonucleotides containing
5'-end dimethoxytrityl (DMT) groups were removed from the solid
support, and base blocking groups were removed by treatment with
concentrated 25% ammonia at 36 for 3 h. After being dried in a
vacuum, the DNA oligonucleotides were passed through a Poly-Pak
cartridge (Glen Research Co., Ltd.) with 2% trifluoroacetic acid (TFA)
to remove 5end DMT groups. The synthesized RNA oligonucleotides
without 5-end DMT groups were removed from the solid support, and
base blocking groups were removed by treatment with concentrated
25% ammonia in ethanol (3:1, v/v) at 88 for 3 h. After being dried
in a vacuum, the '2silyl protective groups were removed by resuspend-
ing the pellet in 50 equiv of tetrabutylammonium fluoride (TBAF) per
silyl, and the mixtures were incubated overnight in the dark at room
temperaturé? After deblocking operations, the DNA and RNA
oligonucleotides were desalted through a C-18 Sep-Pak cartridge
column (Waters). The DNA and RNA oligonucleotides were purified
by reverse-phase high performance liquid chromatography (HPLC) on WhereR is the gas constant.

a TSKgel Oligo DNA RP column (Tosoh) with a linear gradient of Estimated errors for the thermodynamic valueg, oas, andoac:s,)
0—50% MeOH/HO containing triethylammonium acetate (TEAA, pH derived from a curve fitting procedure were calculated from the standard
7.0). The final purities of the DNA and RNA oligonucleotides were deviations among data points of each melting curve measured at
confirmed to be>99% by HPLC. The purified DNA and RNA  differentCis. Those forAH® andAS® (oat, 0as) from T~ versus
oligonucleotides were desalted again with a C-18 Sep-Pak cartridge IN(Co) plots were estimated from the linearity of the plots, and those
before use. for AGS; (0aces;) Were calculated using eq 3

Single-strand concentrations of the DNA and RNA oligonucleotide
were determined by measuring the absorbance at 260 or 280 nm at(oAGuﬂ)2 = (UAHe)Z + (310.153(%5,)2 — 2 x 310.15x%
high temperature. Slngle-strgnd extlnctlon coeffl_(:lents were calcglated (Rapeias) X Oppe X Ops (3)
from mononucleotide and dinucleotide data using a nearest-neighbor

i i 0
approximatiort whereRawe,as is the correlation coefficient betweeXH® and AS°.34

UV Melting Measurements. Absorbance measurements in the UV : .
- ; ; The final thermodynamic parameters were evaluated from the average
region were made on Hitachi U-3200 and U-3210 spectrophotometers. : - 1
Yalues obtained from curve fitting arih~* versus InC;) plots.

Melting curves (absorbance vs temperature curves) were measured al
260 nm with these spectrophotometers connected to a Hitachi SPR-7Results and Discussion
or SPR-10 thermoprogrammer. The conditions of the samples and buffer

were the same as those used for the CD measurements. The heatin%i

T, '=Rx In(C)/AH® + AS’/AH° )

AG3; = AH°® — 310.15x AS 2)

Effects of the Dangling Length on RNA Duplex Stability.
gure 1 shows the CD spectrum of r(AUGCAU), r(AUG-
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Figure 1. rAUGCAU, rAUGCAUAAA, and rAAAAUGCAUAAA at (b) 36
about a 1M total strand concentration. All spectra were measured in 1 8 AUGCAU
M NacCl buffer (pH 7.0) at 5°C. - 35 A AUGCAUA.
. o AUGCAU:\L
CAUAAA), and r(AAAAUGCAU) in 1 M NacCl buffer (pH Mo osap A AUGCAUAAA ]
7.0) at 5°C (underline indicates dangling nucleotides). It is 0 .
known that a CD spectrum of an RN/RNA duplex has a g 7
positive peak around 270 nm and a relatively weak and negative s 32
peak around 235 nm, indicating a normal A-form strucfiire. -
All CD spectra of the RNA-RNA helixes with and without 31
dangling nucleotides have a positive peak around 270 nm and o L
an intense negative peak around 240 nm (Figure 1). Our result " 60 5.0 4.0 3.0
indicates that the structure of an RNA duplex with a long log (V)
dangling end is the A-form conformation. Thus, the insertion Figure 2. (a) Normalized melting curves and (B)~1 versus logCy) plots
of long dangling end nucleotides into the core helix'adrid 3 of rAUGCAU, rAUGCAUA, rAUGCAUAA, and rAUGCAUAAA. All
does not alter the A-form conformation. melting curves were measured at about a:MDtotal strand concentration

. ._in' 1 M NacCl buffer (pH 7.0).
UV melting curves are used to measure the thermodynamic ® )

stability of the RNA-RNA helix with long dangling nucleotides
(Figure 2a). We measured melting transitidi)as a function ~ due to the dangling end was calculated usifdG3; =
of duplex concentration and calculated thermodynamic param- { AG3z(aupiex with dangling ends) = AG37(core auple/2-  The AAGg,
eters by plottingTm~! versus logCy) (Figure 2b). All experi- values for a single dangling adenine at tHete8minus were
ments were donetd M NaCl, although the condition is nota —1.5 (8G/CA3) and—0.6 kcal mof™ (5 A/UA3') per dangling
typical physiological condition, because previous thermody- end. These values are similar to those previously reported for
namic studies for single dangling nucleotides were done at 1 5G/CA3 and BA/UA3' (~1.7 and—0.7 kcal mof, respec-
M NaCl so that the same salt condition is useful for comparison tively).'>?> Moreover, theAAG3values for a single adenine
of our new thermodynamic data for the long dangling end with dangling end at the' $erminus were-0.3 (SAG/C3) and—0.3
the previous folding. Also, although the low NaCl condition is (5AA/U3") kcal mol™* per dangling end, which are similar to
physiological, the concentration of MgG$ on the micromolar ~ the reported values o0f0.2 (SAG/C3) and —0.3 (SAA/U3’)
order. It is known that the predicted RNA folding 1 M NaCl kcal mol 1.152>The results also show that 8angling ends are
is similar to the ones predicted in 6 mM MgCF Thus, the 1 energetically favored over’Sdangling ends, as previously
M NaCl condition is not so different of a condition from the reported. These results confirm our choice of nucleic acid
real physiological condition to predict RNA folding. The Sequences as being suitable for the investigation of the effects
thermodynamic effects of one to four dangling adenines on Of dangling length on duplex stability.
r(GCAUAUGC) and r(AUGCAU) were measured. All RNA Interestingly, the results indicate that the RNA duplex was
RNA helixes with dangling nucleotides showed a two-state considerably stabilized by increasing the number of the dangling
transition h 1 M NaCl. Differences of less than 10% were adenines. Although the calculated free-energy changes were
observed between parameters as determindghbyversus log- largest with the addition of the first dangling adenine, duplexes
(C) plots and curve fittings. Final thermodynamic parameters containing four adenines showed much higher stability than
were determined from average values obtained from curve those containing a single adenine. TR\GS; values for
fittings and T~! versus logCy) plots. The results of the single, two, three, and four dangling adenines at thergninus
thermodynamic measurements for RNRNA duplexes con-  0f (GCAUAUGC) were—1.5 (A1), —1.9 (Ag), —2.4 (Ag), and
taining from one to four dangling nucleotides (pH 7.0 and 1 M —2.5 (As) kcal mol™™. Also, even if the 3terminal base pair is
NaCl) are presented in Table 1. AU, the stabilization increased with dangling end. Th&kG3,

The free-energy changes at 3T upon addition of the values for single, two, three, and four dangling adenines at the

dangling ends was also calculated (Table 1). The stabilization 3 terminus of r(AUGCAU) were-0.6 (A1), —0.9 (Ag), —1.2
(A3), and —1.1 (A4) kcal molL. Moreover, when the long

(23) Saenger, WPrinciples of Nucleic Acid Structur&Springer-Verlag: New
York, 1984. (25) Burkard, E. M.; Kierzek, R.; Turner, D. H. Mol. Biol. 1999 290, 967—
(24) Sugimoto, N.; Sasaki, M.; Tanaka, 8upramol. Chenml993 2, 99—102. 982.
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Table 1. Thermodynamic Parameters for Self-Complementary
RNA Duplex Formation Measured in 1 M NaCl@

Table 2. Thermodynamic Parameters for Self-Complementary
DNA Duplex Formation Measured in 1 M NaCl2

AH° AS® AGS, Ta®  AAGYS AH° AS® AG% T®  AAGYS
sequence kcalmol=* calmol~*K™* kcalmol*  °C  kcal mol~! sequence kcalmol=*  calmol~tK~! kcalmol~*  °C  kcal mol~*
Core | Core lll
rGCAUAUGC —70.6 —-197 -9.3 540 dGCATATGC —55.8 —155 —-7.8 49.0
3 dangling ends 3 dangling ends
rGCAUAUGCA —=72.7 —195 —-122 674 -15 dGCATATGCA —58.8 —162 —-8.7 537 -05
rGCAUAUGCAA —84.1 —229 —-132 675 -1.9 dGCATATGCAA —60.1 —166 —-8.7 535 -05
rGCAUAUGCAAA —-91.5 —250 —-141 683 -—-24 dGCATATGCAAA —62.4 —172 —-9.0 543 -0.6
rGCAUAUGCAAAA —945 —259 —143 683 -25 dGCATATGCAAAA —65.5 —182 —9.0 534 -06
5' dangling ends 5 dangling ends
rAGCAUAUGC —71.4 —198 -99 563 -03 dAGCATATGC —56.1 —154 -84 528 -0.3
rAAGCAUAUGC —81.0 —238 —-10.3 55.7 -05 dAAGCATATGC —56.3 —154 -85 533 -04
rAAAGCAUAUGC —87.1 —246 —-10.8 56.4 -0.38 dAAAGCATATGC —56.1 —152 -89 559 -06
rAAAAGCAUAUGC —96.8 —276 —-11.1 55.6 -0.9 dAAAAGCATATGC —57.3 —156 -89 553 -0.6
Core Il Core IV

rAUGCAU —47.4 —138 -4.8 311 dATGCGCAT —62.0 -171 —-9.3 544
3 dangling ends 3 dangling ends
rAUGCAUA —49.3 —140 —6.0 389 -06 dATGCGCATA —63.1 —-171 —10.0 60.2 -04
rAUGCAUAA —53.8 —152 —-6.6 427 -0.9 dATGCGCATAA —64.0 —173 -10.3 611 -05
rAUGCAUAAA —55.8 —157 —-71 452 -1.2 dATGCGCATAAA —65.9 —180 —-10.1 593 -04
rAUGCAUAAAA —57.9 —164 —6.9 438 -1.1 dATGCGCATAAAA —66.7 —183 —98 574 -04
5' dangling ends 5 dangling ends
rAAUGCAU —49.6 —143 —53 347 -03 dAATGCGCAT —64.6 —175 —-10.2 61.0 -05
rAAAUGCAU —54.1 —156 -57 373 -05 dAAATGCGCAT —65.0 —176 -10.3 61.0 -05
rAAAAUGCAU —55.0 —158 —6.0 38.7 -0.6 dAAAATGCGCAT —65.5 —178 —-104 613 -0.6
rAAAAAUGCAU —55.1 —156 —-6.8 434 -1.0 dAAAAATGCGCAT —69.9 —192 —-104 594 -0.6

a All experiments were done in a buffer contaigia M NaCl, 10 mM
NaHPOs, and 1 mM NaEDTA (pH 7.0). Thermodynamic parameters are
evaluated from the average values obtained from curve fittingTand
versus logCt) plots. Estimated errors are4% in AH®, £4% in AS’, and
+8% in AGS,. P Melting temperatures are calculated at a total strand
concentration of 100uM. °AAG3; = {AG§7(dupIex with dangling ends)

AG;ﬂ(core duplex}i /2.

a All experiments were done in a buffer contaigit M NaCl, 10 mM
NaHPO;, and 1 mM NaEDTA (pH 7.0). Thermodynamic parameters are
evaluated from the average values obtained from curve fitting Tand
versus logCt) plots. Estimated errors ate4% in AH®, £4% in AS’, and
+8% in AGY, P Melting temperatures are calculated at a total strand
concentration of 100uM. ©°AAGS; = {AG§7(dupIexwith dangling ends) ~

AG§7(core duple>})/2'

dangling end was at the’ Berminal of the RNA duplex, the  a single dangling end have been repof&@ur results are not
influence of the fourth nucleotide was observed. Th&G3, so different from those previously reported foG3CA3 and
values for single, two, three, and four dangling adenines at the 5’A/TA3’ (0.8 and —0.5 kcal mof?, respectively} The
5 AU terminus were—0.3 (A7), —0.5 (Ay), —0.6 (Ag), and AAGZ, values for a single adenine dangling end at the 5
—1.0 (A4) kcal mol2. The contribution of the single-stranded terminus were—0.3 (BAG/C3) and —0.5 (3AA/U3’) kcal
ACCA to the stability of the aminoacyl stem of tRNA was mol~! per dangling end, which are also similar to the reported
previously investigated in 0.1 M Na@lA 7-bp RNA duplex values of—0.6 (BAG/C3) and—0.5 (BAA/U3') kcal mol .16
with the single-strand ACCA'3erminus (rf(UAGCUCCACCA)/ Thus, our DNA sequences are suitable for the investigation of
r(GGGGCUA): underline notes dangling nucleotides) derived the effects of dangling length on duplex stability as well as the
from the aminoacyl stem dt. coli tRNA(Ala) was stabilized RNA—RNA duplex. The results also show that the effect of
by the ACCA dangling end. ThAAGS, values for single, two, dangling ends on the stability for the DNA duplexes are not
three, and four dangling adenines at théeBminus were-0.8 the same as those observed for RNA duplexes. Previous studies
(A), —0.9 (AC),—1.2 (ACC), and—1.3 (ACCA) kcal mot™, for a single dangling nucleotide indicate that DNA with 5
Although the largest contribution to the stability gain due to dangling ends are more or equally as stable as their RNA
the ACCA end is provided by the first dangling rducleotide, counterparts, while RNA motifs with' 8langling ends are more
the influence of even the fourth nucleotide is measurable suchor equally as stable as their DNA counterpaft® Our data
as seen in our result at low salt concentration. The agreementare in agreement with the previously observed tendency and
between our results and previous results would indicate thatalso support the relationship between the geometric difference
RNA stability can be achieved by increasing the length of the and the difference in stability of 3rersus 5 RNA dangling
dangling end. ends. For A-form RNA structures,” 3wucleotides are well
Effects of the Dangling Length on DNA Duplex Stability. stacked on top of the adjacent base pair, wheréamagling
The effects of the length of dangling adenine tracts on DNA ends are more poorly displayed. For B-form DNA, however,
duplex stability were investigated to compare a RNRNA dangling ends show efficient geometric intrastrand stacking. The
duplex with a DNA-DNA duplex. The thermodynamic effects  thermodynamic differences between the DNBNA duplex and
of one to four dangling adenines on d(GCATATGC) and RNA—RNA duplex are due to the structural properties described
d(ATGCGCAT) were measured. The free-energy changes at 37above.
°C upon addition of the dangling ends were also calculated using The comparison with the effect of a long dangling end in a
the same method as for the RNARNA duplex. TheAAGE, RNA helix interestingly shows that the effect of dangling
values for a single dangling adenine at tHete8minus were adenine tracts on DNA duplex stability is not as marked (Table
—0.5 (8G/CA3) and—0.4 kcal mot® (5A/TA3') per dangling 2). Although the presence of a single adenine;jdAcreased
end. All thermodynamic measurements of DNA sequences with the stability of the DNA duplex, the presence of longer adenine
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tracts did not significantly alter the calculated free energies. 3.0
Lengthening the dangling adenines from one to four enhanced
the RNA duplex stability by 1.60.5 kcal mot™; however, those
in DNA less affected the duplex stabilitAAG3, = —0.2 kcal
mol~1). The thermodynamic effect of four dangling nucleotides
at the 5end on DNA hairpins has been studied, and the dangling
sequence-dependent stability has been repéttedur dangling
adenines next to an adjacerG8C3 base pair stabilized the
hairpin by~1 kcal mol! at 37°C; that is not so different from
ogr result that d!ﬁ‘llA'AA(\jGEAToAg?(C)| m four iangling 0 05 10 15
adenines was stabilized by 0.6 kca more than on o
d(GCATATGC). Thus, the data show that the length of the ) .-AAG 37 (A1) (kcallm.ol) )
danging adenine appeared (o have ess effect on DNA duplex S0 % 2esiorsip bebveen e T encigy betsment o 2 shoe
stability. Previous studies have shown that single-strand stackingnumber of dangling adenines on the RNA duplexes. The free-energy
of ApA is similar to that of dApA2” The AH° values of ApA increments for one adeninBAGZ/(A,), are plotted versus those for two
and dApA are—7.2 and—7.3 kcal/mol, respectively. Table 2 (W), three @), and four &) as represented bYAG3(A,), wheren is the
. . .. number of dangling adenines. These plots are fitted WXG5/(A,) =

shows that as the length of the dangling residues on DNA helix L25AAGE(A,) — 0.13,12 = 1.00, AAGS(As) = LATAAGS(A,) —
increased, the enthalpy change became negatively larger. It wasp.27,r2 = 0.99, andAAGS,(A,) = 1.33AAGE(A,) — 0.50,r2 = 0.95.
however, completely compensated by entropy changes to give
a smaller free-energy increment. Thus, the difference in the Figure 3, it is possible to speculate free-energy increments for
effect of the long dangling between duplexes of varying dangling long dangling ends on RNAs.
adenine length on RNA and DNA might be due to differences  Finally, the long dangling ends are observed in some
in the translational entropy contributed by the binding or release biological systems. The studies detailing the effect of dangling
of water molecules and ions, and in the conformational entropy. ends on the efficiency of RNAI clearly show that gene silencing

Relationship between Free-Energy Increments and  e€fficiency is affected by the length of the dangling éhd.
the Length of the Dang”ng End. The |arges’[ free- Basically, the double-stranded RNA (dSRNA) with Ionger
energy changes induced by the presence of a singledangling nucleotides more than 3 nts has less activities for gene
dangling adenine were observed for r(GCAUAUGC) regulatior?® Even if dsRNA with dangling ends representing

-AAG’ 37 (An) (kcal/mol)

(AAG3, = —1.5 kcal mot! per dangling end). Using the same region of the target mRNA are used, the gene silencing
AAAGS = {AAGS _ S efficiency of the dsRNA containing four dangling residues was
37(2) 37(duplex with two dangling residues) . ..
AAGE guplexwith s naresiadey @nd  AAAGS = lower than the corresponding dsRNA containing two or three
plex with single dangling residde) 37(3) . . . .y
{ AAGS:(gupiex with three dangling residues) — dangling residues (unpublished data). Our results indicate that
AAGS: qupiex with two dangiing resiqudsy 1O Calculate the free-energy four dangling residues are much more effective at stabilizing

change induced by the addition of the second and third danglingthe helix than two or three dangling residues. The dsRNA
adenines, respectively, we obtain@AAGS;, andAAAGS;, containing dangling residues may \_Nork as a gqlde sequence to
values of—0.4 and—0.5 kcal mot?, respectively. Moreover, ~ Pind the complementary mRNA in the RNAi pathway. A
the 3 long dangling ends are energetically favored over 5 dSRNA containing long dangling ends may bind less to its
dangling long ends, such as is seen in the case of a singlecognate MRNA because of the |ntr|n3|c_h|gh stability of the
dangling end. Figure 3 indicates the relationship between the 101 dangling ends. Also, the stable dangling end was structured
free-energy increment by a single dangling adenine and _bythe stacking |_nteract|on.The stable Iong_danglmg end mlght
enhanced stability by increasing the number of the dangling I"duceé an unsuitable structure for recognition by the protein
adenines on RNA duplexes. The concomitant change in free that works in the RNAi pathway. This consideration would be

energy induced by a single dangling adenine, and the enhancedeasonable because it is known that if molecular binding depends

stability of RNA duplexes induced by increasing the number pn many weak co_n_ta_lcts, the small diffg_rence in the structure
duces the specificity for the recognitiéh.Moreover, the

of dangling adenines, suggests that the changes in free energ)'p

associated with the presence of long dangling ends are IDrOIOOr_determina'[ion of the thermodynamic properties of long dangling

tional to the strength of the stacking interactions between the ends m|ght prove useful in t.he de3|gp of hybrldlzatlon F’“?bes
first dangling residue and an adjacent base pair. Structuralsuch as ribozymes and antisense oligonucleotides, and in the

- 0
stabilizations by long dangling ends are thought to originate preg!cilon dOf Rt_l\lAtsetchonda:y _tstruc:ju?é.t F?r _?_xam;:Ie, tof
from single-stranded stacking interactions of nucleotides. When predict and estimate the activity and rate-imiting steps or a
the first dangling residue stacks favorably on an adjacent baser!bozyme reaction, mformatlon_concernlng the stability of the
pair, the second dangling nucleotide would then prefer to stack g?oszyg:;urgf”gti f;;;g lex 'se ?ﬁeciis:(‘;’li;y t? t: alr(i:g Izitemthe
on the first dangling nucleotide. Because the stacking interac- Ss0C € cons ecaus . g otne nbozyme

to the substrate produces long dangling ends, our parameters

tions between single-stranded residues are not very stable, it is

reasonable to suppose that free-energy changes become smallgPeermning long dangling ends are helpful in estimating and

for distal dangling residues. With the relationship illustrated in predicting ribozyme activity. The stability of the pseudoknot
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in gene 32 mRNA encoded by the 28-nucleotide core sequencealso indicate that RNA stability may be achieved by increasing
is significantly influenced by the number and nature of the the length of the dangling end.

immediately adjacent “single-stranded a@nd/or 3 nucleotides

appended to the core structure. This suggests that the Iongfo r’o‘r?lérpc;mlﬁgmgn;hgvfotnrlﬂgnﬂ' 'iﬁ'i(sa\r/]v%ﬁ(n\?vg/ls. ;Jopnpegr?ergain
dangling ends stabilize the pseudoknot RNAhus, our results part by Grants-in-Aid from the Ministry of Education, Science,

(32) Qiu, H.; Kaluarachchi, K.; Du, Z.; Hoffman, D. W.; Giedroc, D. P. Sports, and Culture, Japan, to N.S.
Biochemistry1996 35, 4176-4186. JA0255406

10372 J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002



