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Evidence that Folding of an RNA Tetraloop Hairpin Is Less Cooperative than Its
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ABSTRACT: Hairpin secondary structural elements play important roles in the folding and function of RNA
and DNA molecules. Previous work from our lab on small DNA hairpin loop motifs, d(cGNAg) and
d(cGNABg) (where B is C, G, or T), showed that folding is highly cooperative and obeys indirect coupling,
consistent with a concerted transition. Herein, we investigate folding of the related, exceptionally stable
RNA hairpin motif, r(cCGNRAQ) (where R is A or G). Previous NMR characterization identified a complex
network of seven hydrogen bonds in this loop. We inserted three carbon (C3) spacers throughout the loop
and found coupling between G1 of the loop and the CG closing base pair, similar to that found in DNA.
These data support a GNRA motif being expandable at any position but before the G. Thermodynamic
measurements of nucleotide-analogue-substituted oligonucleotides revealed pairwise-coupling free energies
ranging from weak to strong. When coupling free energies were remeasured in the background of changes
at a third site, they remained essentially unchanged even though all of the sites were coupled to each
other. This type of coupling, referred to as “direct”, is peculiar to the RNA loop. The data suggest that,
for small stable loops, folding of RNA obeys a model with nearest-neighbor interactions, while folding

of DNA follows a more concerted process in which the stabilizing interactions are linked through a
conformational change. The lesser cooperativity in RNA loops may provide a more robust loop that can
withstand mutations without a severe loss in stability. These differences may enhance the ability of RNA
to evolve.

Hairpins or stem-loops are common secondary structuraland nucleotide analogue substitutions and found to be
elements in RNA and DNA and have important biological stabilized by three interactions: two losfop hydrogen
functions including regulating gene expression, initiating bonds in a sheared GA pair and a loop-closing base-pair
RNA folding, and forming tertiary structure4<{4). Ther- interaction @, 17—20). In addition, the d(cGNAg) and
mally stable RNA and DNA tri- and tetraloop hairpin d(cGNABg) loops were found to be expandable at any
sequences have been identified by sequence compaBison ( position, except at the' ®nd of the loop Z1). Indeed, in
6) and temperature-gradient gel electrophoresis (TGGE) both DNA and RNA, certain hairpin loop sequences have
selection experimentd{9). A number of structures of such  much greater thermodynamic stability with a CG cbp than
loops have been solved@-13) and reveal an array of expected from WatsonCrick base pairing aloneAAGs,
hydrogen-bonding and stacking interactions. The stability of = 2—3 kcal/mol) 6—9, 22). A stabilizing stacking interaction
the RNA and DNA hairpins has been found to depend on is therefore presumed to exist between position 1 of these
both the base composition of the loop and its closing baseloops and the CG cbp.

pair (cbp) 6, 14-16). Recently, the cooperativity for folding of d(cGNAg) and
TGGE experiments led to the identification of 4 classes d(cGNABQ) loops was investigated by single, double, and
of stable DNA tetraloops: d(cGNABg), d(cGNNAQ), d(c- higher order functional group mutagenesis cyctes 0).
CNNGg), and d(gCNNGc)9). The stable d(cGNAQ) and  cooperativity is an important concept in molecular recogni-
d(cGNABg) loops have been extensively studied by NMR  tjon and enzymology that links function and structu2é-
25). Deletion of single functional groups resulted in unusually
T This work was supported by NSF CAREER Grant MCB-9984129 large thermodynamic penalties, ranging from 1.35 to 1.65
f‘onga(‘: CBa”;ir']'g grggfuulsBTeeraCRfvifg‘ft’gaEA'\‘zV?; d and Sloan Fellowship  kcal/mol. Double mutant cycles revealed significant nonad-
* To whom correspond(gnce should be addressed. Phone: (814) 863-d't'v'ty’ with coupling free-energy term.SSI ranging from
3812. Fax: (814) 863-8403. E-mail: pcb@chem.psu.edu. —0.9 to—1.3 kcal/mol. Moreover, repeating of double mutant
! Abbreviations: B, C, G, or T; C3, 3 carbon spacer; cbp, closing cycles in the absence of the third interaction revealed sharply

base pair; EDTA, ethylenediaminetetraacetic acid; I, inosine; N, A, C, Hiini ; _
G. or U(T): RoEs., 10 mM sodium phosphate and 0.1 mMAEBTA diminished or even zero coupling free-energy tertr®s 20).

(pH 7.0); R, A or G; TGGE, temperature-gradient gel electrophoresis; 1NiS behaVior_: refe”?d to as indirect COUP"@X:_SUQQeStS
Tw, melting temperature; UV, ultraviolet spectroscopy. that all three interactions need to be present simultaneously
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to have significant stability. These studies supported the single mutant, and double mutant sequences, respectively.

notion that simple, minimally stable DNA hairpin loops fold A negative value fo g reflects deletion of the first (set

in a concerted fashion, in which the interactions are linked of) interaction(s) weakening the second (set of) interaction-

through a conformational change. We offered an analogy (s) and signifies positive coupling between the functional

for indirect coupling of a three-legged stool, wherein removal groups 23). A positive value ofdag, on the other hand,

of any one leg results in the collapse of the stdd)( reflects deletion of the first (set of) interaction(s) strengthen-
Because hairpins are more common in RNA than DNA ing the second (set of) interaction(s) and signifies negative

and because RNA motifs tend to have more hydrogen bonds,coupling. These ideas are expressed well in eq 1b, wherein

we thought it would be interesting to investigate the origin nonzero values abag reflect effects of double mutants not

of coupling in RNA hairpin loops. The model RNA hairpin  being the sum of the effects of single mutantsé & value

chosen for this study is a member of the phylogenetically of 0 supports no coupling. A double mutant is considered

conservedf) and unusually stablesf r(GNRA) family, for “completely nonadditive” id xg equals the smaller 6f AGx

which a number of structures have been determit&o26— or —AGg, which causes eithétAG, or AAGg to approach

30). As seen in d(cGNA(B)g) loops, this loop contains a zero @0).

sheared GA pair and a loop-closing base-pair interaction, as Certain double mutant cycles were repeated in the

well as five additional looploop hydrogen bonds (Figure background of a change elsewhere in the loop to test whether

1). Together, these eight interactions and the surroundingthe coupling was direct or indirect. The equations for these

2'-hydroxyls provide a much different context in which to cases are

assess cooperativity and the origin of coupling.

CCSAB = AG3/(Mgoy) + AG3/(My;y) —
[AG3/(Myqy) + AG5/(Mgy9)] (23)

MATERIALS AND METHODS

Preparation of RNARNA was prepared by solid-phase
synthesis and deprotected as per thg suggest[ons of the CéAB — CAGAB — [CAGA + CAGB] (2b)
manufacturer (Dharmacon). Select oligonucleotides were
purified on a C18 HPLC column using an ammonium acetate
and acetonitrile gradient. The major peak was collected and
desalted by dialysis or elution on a disposable C-18 column
(Waters), and the molecular weight was confirmed by
electrospray ionization mass spectrometry. OligonucleotideSResyLTS
were stored in BEo1 [=10 mM sodium phosphate and 0.1 ) ) ) o
mM N&EDTA (pH 7.0)]. All RNA had the general sequence Probing Loop-Closing Base-Pair Interactions in r(GAAA).
5'-r(ggaXLiL,LsL4X'ucc), where X and Xare complemen- ~ We recently tested d(cGCAg) and d(cGCACg) hairpins for
tary nucleotides forming the cbp and “L” indicates a loop Fhe presence of loop-closing base-pair mtgractlons by msgrt—
nucleotide. All oligonucleotides have the same three begin- iNg C3 spacers throughout the loop to interrupt potential
ning (8-gga) and ending (uccBnucleotides; therefore, only  interactions 21). Spacers were tol_erated at all positions
the loop and cbp are provided in the text. except between the qk_)p gnd the first position of the loop,

UV Melting ExperimentdJV absorbance melting profiles ~ Where a large destabilization penaltyAGz; = 1.61 kcal/
were obtained in BEo1 at 260 and 280 nm and analyzed mo.I) was incurred. This effect was absent with a GC cbp,
described e|sewhere9,( 31) Melts were found to be I’eSl.J|_tS Supported a stable StaCkIng interaction between
independent of strand concentration, consistent with the POSition 1 of the loop and a CG cbp.
hairpin conformation. A low ionic strength buffer was chosen ~ For r(CGAAAg), we likewise inserted C3 spacers through-
for three reasons: to favor the hairpin conformation over out the loop and determined the thermodynamic conse-
the duplex 81), to prevent theTy from being so high that quences.(Fllgure 2 Table 1). The pattern of energetic effects
an upper baseline was hard to define, and to facilitate the Was qualitatively similar to that found for DNA. A very large
comparison to earlier studies on DNA done in this buffer destabilization 4G3; = 1.89 kcal/mol in RNA versus 1.61

where a superscript C denotes a mutational configuration at
site C. Ifdap equalstdap, then coupling is direct, otherwise
it is indirect 23). Errors were propagated as describ&8) (

(9, 19-21). kcal/mol in DNA) was incurred for C3 spacer insertion
Analysis of Double Mutant Cyclesthe additivity of between the CG cbp and position 1 of the loop, witr_] smaller
AG§7 Values was analyzed Slmllarly as descrlbeg, (23, effeCtS (from +018 to _044 kca|/m0|) fOf SUbStItUtIOI’]

24, 32). The free-energy change associated with mutation A €lsewhere in the loop. _

is denotedAGa, while the change associated with mutation ~ Next, we looked at the importance of having a CG cbp
A in the presence of mutation B is denotBAGa. The for a ((GNRA) loop; surprisingly, to our knowledge, this
magnitude of the nonadditive effect between mutations A effect has not yet been reported. A destabilizing effect
and B is the coupling free energys, which was calculated ~ (AG3; = 1.27 kcal/mol) was found for the CG to GC swap

according to the equations (Table 1), consistent with a free-energy bonus for a CG cbp.
Nevertheless, the magnitude of this effect, although signifi-
Oap = AG3/(Myp) + AGS,(M,,) — cant, was not as large as that found for a r(UNCG) loop

° o (2.3 kcal/mol) 6) or for d(cGNAg) (3.06 kcal/mol) and
[AG5Ma + ACHMo] (12)  § S 5NABG) (1.88 kealimol) loopsd.

Oap = AGpg — [AG, + AGg] (1b) The smaller energetic penalty for a CG to GC switch for
a r(GNRA) loop suggests that a GC cbp might also be able
where My, Mo, M1o, and M signify the unmodified, two  to interact stably with this loop. To test this idea, we
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Table 1: Free-Energy Parameters for C3 Spacer Insertion in the r(GAAA) Loop

AHob Asob AG§7b’C TMb AGAb,c
sequence (kcal mol) (cal molFt K1) (kcal molt) (°C) (kcal mol™)
cGAAAg —-41.7+0.8 —122.6+2.4 —3.65+ 0.09 66.8+ 0.5
C3GAAA —359+1.4 —110.0+ 4.4 —-1.76+0.14 53.0+ 1.0 1.89+ 0.17
GC3AAA —46.5+ 4.0 —136.8+ 11.9 —4.094+ 0.29 67.0£1.1 —0.44+0.30
GAAC3A —44.1+3.1 —-131.1+9.4 —-3.47+0.17 63.5+ 0.7 0.18+0.19
GAAAC3 —44.0+ 2.0 —129.4+ 5.8 —3.90+0.16 67.1+ 0.6 —0.25+0.18
gGAAAC —39.6+ 3.3 —119.9+10.4 —2.38+ 0.07 56.9+ 1.4
C3GAAA —33.6+ 8.6 —105.1+ 26.9 —1.03+0.29 46.8+ 1.5 1.35+ 0.30

a Sequences in bold type are the reference for the sequences below.

Changes from the reference sequence are italicized and list8d from 5

positions in the loop? Errors are the standard deviations from three or more measurements and were propagated by standard Arethdds.
significant figure is provided to avoid round-off error in subsequent calculations.

-0.44 0.18
A A~

G A
1.89«7 C-G ™=-0.25
A-U
G-C
5IG-C3'
FiGURE 2: Energetic effects of C3 spacers. Values akGs,
(kcal/mol) relative to those of unsubstituted loops. Positions of
substitution are numbered from ® 3. NegativeAAG3, values
indicate stabilization, and positive values indicate destabilization.

The first set of mutants was designed to probe the sheared
GA pair. Substituting G1 with | eliminates hydrogen bonds
0 2 and 3 and destabilized the {AAg) mutant, with a
AGZ; of 0.75 £ 0.11 kcal/mol (Table 2). Substituting A4
with | replaces the 6-amino group with a carbonyl and
eliminates hydrogen bonds 1 and 4. As expected, r(c@BM\A
was also significantly destablized, with/&G3; of 1.02 +
0.19 kcal/mol. Simultaneously, mutating G1 and A4 to
inosines, r(tAAlg), was destabilizing by 1.62 0.11 kcal/

Ficure 1. Hydrogen-bonding network proposed in GNRA tetral- mr?l, W.hICh '.S close to th%sum OT the :F‘lngle mutanLeﬁltlacts.

oops by Jucker and Pardig). Bases are numbered by loop position 1 NiS gives rise to a smab4;3 value of —0.2 + 0.2 kca

from 5 to 3. Hydrogen bonds are numbered as follows: 1, GN3  mol.

AHG; 2, %Hzf_AhNg& G'l"z_%o,PéAﬂG(?gﬁ_AHr?? 5’\]76 ZfOE tOR The effect of the G1 to | change in RNA (0.75 kcal/mol)

position © of the R nucleotide; 6, to the of the is much smaller than in DNA (1.451.70 kcal/mol) 9).

nucleotide; 7, GH+AOP. L
Moreover, ad value close to 0 for the sheared GA pair in

measured the effect of C3 spacer insertion before tlead RNA contrasts sharply with the resul_ts in DNA, whgre
of a r(gGAAAC) loop. In contrast to results for related DNA interactions 1 and 2 were found to be highly coupled with a
loops @1), a significant thermodynamic penalty still resulted, 012 0f —0.9 = 0.2 kcal/mol for d(éClg) and —1.1 £ 0.2
with a AGS, of 1.35 kcal/mol as compared to 1.89 kcal/mol kcal/mol for d(¢CICg).
for a CG cbp (Table 1). This finding further supports a GC  Loop-Closing Base-Pair Pairwise-Coupling Terms in
cbp having an appreciable and therefore interruptible stabi- [(GAAA).Next, we examined coupling between the loop and
lizing interaction with a r(GAAA) loop. the cbp using a C3 spacer before G1 to interrupt loop-closing
Significant stability of r(gGAAAC) is also consistent with ~ base-pair interactions and inosines to interrupt tolmop
the common occurrence of GC cbp’s for r(GNRA) loops interactions. The single mutants @8GAAAQ) and r(c-
phylogenetically. For example, in a survey of prokaryotic GAAIlg) were destabilizing by 1.8¢ 0.17 and 1.02: 0.19
16S rRNAs, GNRA loops were found to contain both GC Kkcal/mol, respectively (Table 2). The double mutant,
and CG cbp’s with high frequency, whereas UNCG loops (CC3GAAIQ), on the other hand, was destabilized by only
were almost a|WayS associated with a CG Cﬁp36) 1.59 4+ 0.20 kcal/mol. This gives rise to @14/cbp value of
Loop—Loop Pairwise-Coupling Terms in r(GAAAJhe —1.3+ 0.3 kcal/mol. This large, negativevalue indicates
r(GNRA) loop contains a complex network of seven thatloop-loop and loop-closing base-pair interactions are
hydrogen bondS, all of which emanate from G1: the two hlghly COUp|Ed. This is similar to what was found for DNA
hydrogen bonds of the sheared GA pair, the imino and amino |00ps, where d(€3GClg) gave & value of—0.9+ 0.2 kcal/
protons of G1 to the RpA phosphate, and a set of three Mol.
bifurcated hydrogen bonds from the@QH of G1 to the N7 The single mutant r{&AAg) was destabilizing by 0.75
and N6/06 of R and the H6 of A (Figure 111, 26—30). + 0.11 kcal/mol, while the double mutant, &€8IAAAQ),
We carried out a series of functional group changes, both was destabilizing by 2.0 0.19 kcal/mol, which gives a
alone and in pairwise combinations, and measured the effects),z/cnp 0f —0.6 £ 0.3 kcal/mol. This significant, negative
on stability. value indicates that these interactions are nonadditive and




Accelerated Publications Biochemistry, Vol. 43, No. 25, 2004995

Table 2: Thermodynamic Parameters for Folding of Single, Double, and Triple Mutants in the r(cGAAAg) Hairpin

AH°b AS® AGZpe Tw AGpbe
sequence (kcal mol?) (cal molFt K™% (kcal mol?) (°C) (kcal mol)
GAAA —41.7+0.8 —122.6+2.4 —3.65+ 0.09 66.8+ 0.5
C3GAAA —35.9+1.4 —110.0+ 4.4 —-1.76+0.14 53.0+ 1.0 1.89+ 0.17
GAAI —-37.7+1.2 —112.9+ 3.6 —2.63+0.17 60.3£ 1.2 1.02+0.19
dGAAA —36.8+ 2.6 —110.0+ 8.1 —2.67+0.18 61.3+1.5 0.98+ 0.20
I1AAA —39.1+ 0.6 —116.8+ 2.0 —2.90+ 0.06 61.5£ 04 0.75+ 0.11
C3IAAA —349+ 2.7 —107.1+ 8.2 —1.63+0.17 53.0+ 0.7 2.02+0.19
1AAI —34.3+1.4 —104.2+ 4.5 —2.03+ 0.06 56.5+ 0.5 1.62+0.11
C3GAAI —39.8+ 3.8 —121.6+ 11.7 —2.064+0.18 54.0+1.2 1.59+ 0.20
dIAAA —36.3+ 1.2 —110.0+ 3.9 —2.204+0.08 57.0+£1.2 1.45+0.12
dGAAI —37.3+23 —111.6+£ 6.7 —2.66+0.19 60.8+- 0.5 0.99+ 0.21
C3IAAI —37.5+15 —114.1+ 4.6 —2.05+0.08 55.0+£ 0.8 1.60+ 0.12
dIAAI —37.3+24 —112.5+ 7.3 —2.40+0.I13 58.4+ 0.9 1.25+ 0.16

a Sequences in bold type is the reference for the sequences below. Changes from reference sequence are italicized. Sequences are listed in ordel
of most penalizing change and grouped by single, double, and triple mutatiénsrs are the standard deviations from three or more measurements
and were propagated by standard methéds extra significant figure is provided to avoid round-off error.

C3GAAI 021 C3IAAI

are interacting, although not to the same extent, as 14 and A (.2.06) (:2.05)

the cbp. For comparison, in DNA di8ICAQg) gave achp
of —1.3+ 0.2 kcal/mol, which is somewhat larger than that &
for Cszslcbp

Examining the Origin of Coupling: The r(cC3IAAIQ) GAAS
Triple Mutant. Next, the three pairwisé values between (-2.63)
C3 and inosine at the first and fourth positions were
calculated in the presence of the other site being modified
(Figure 3A, Table 3). A term representing the nonadditive NG
effect under these conditiorf&ag, was calculated according
to egs 2a and 2b. First, I&AAQ), in which interactions 2 R
and 3 are absent, was used as a reference sequence. The [ _
238 1410npValue for this case is-1.3 + 0.2 kcal/mol, which is C3GAMA 1o ---p-
equal to thediaenp value of —1.3 + 0.3 kcal/mol. Next,
(cC3GAAAQ), in which the cbp interaction is absent, was "‘,
used as a reference sequence. PhR 43 value is—0.1 4+ ”
0.3 kcal/mol, which is close te:0.2 £ 0.2 kcal/mol ford14/3 ‘ x’
Last, r(cGAAQg), in which interactions 1 and 4 are absent, (-3.65) >
was used as a reference sequence. ihgpvalue is—0.6 0.7
+ 0.3 kcal/mol, which is the same as thescy, value of
—0.6 + 0.3 kcal/mol. Overall, these comparisons indicate
thatdag values are, within error, equal td g values. This
supports direct coupling of the interactions.

Examining the Origin of Coupling: The r(cdlAAlg) Triple
Mutant.Next, we measured several otlépg values to see
if they also couple directly (Figure 3B, Table 3). These
mutants involve a change of thé@H of G1 to 2-H. First,
we consider single and double mutants involving changes
at the 2-OH of G1. The single mutants {GAAAgQ) and
r(cGAAIg) were destabilized by 0.98 0.20 and 1.02+
0.19 kcal/mol, respectively, while the double mutantd¥(c
GAAIg), was destabilized by only 0.98 0.21 kcal/mol.
This gives rise to a large, negativessss value of —1.0 £
0.3 kcal/mol, consistent with complete nonadditivity. These
changes are redundant in that they both interrupt interaction
4, providing a possible molecular basis for complete non-

>
-0.42

14/23

additivity. GAAA > Y JAAA
The single mutant r(@&AAg) was destabilizing by 0.75 (-3.65) 0.75 (-2:90)
+ 0.11 kcal/mol, while the double mutant, di&AAQg), was Ficure 3: Thermodynamic cubes for triple mutant cycles. (A) Cube

destabilizing by 1.45t 0.12 kcal/mol. This gives rise to a  for r(cC3IAAIQg). (B) Cube for r(dIAAlg). Experimentally mea-
small 923456 of —0.3 + 0.2 kcal/mol, indicating that these = suredAGs; values are at the vertices of the cube, and the free-
interactions are largely additive energy change associated with a mutation is given along an edge.
. ’ ’ . . 0 values are provided on each of the six faces. Pai§ ehlues
Next, we consider triple mutant cycles involving changes on two opposite faces of the cube are approximately the same,
at the 2-OH of G1. First, r(dGAAAg), in which interactions consistent with direct coupling} values are provided in Table 3.
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Table 3: Free-Energy Parameters @nWalues for Double Mutant Cycles in the r(cGAAAQg) Hairpin

interaction AGp® AGg® AGpg!? AGpg€ (if additive) Oap'

probed (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) Ons (kcal/mol)
C3IAAA 23/cbp 0.75+0.11 1.89+0.17 2.02£0.19 2.64+ 0.18 O23/cbp —0.6+0.3
1AAL 14/23 1.02+0.19 0.75+ 0.11 1.62+0.11 1.77+0.20 014123 -0.2+0.2
C3GAAI 14/cbp 1.02+ 0.19 1.89+0.17 1.59+ 0.20 291+ 0.24 O14/chp —-13+0.3
dIAAA 23/456 0.75+0.11 0.98+ 0.20 1.45+0.12 1.73+0.21 0231456 —-0.3+0.2
dGAAI 14/456 1.02£ 0.19 0.98+ 0.20 0.99+ 0.21 2.00+ 0.26 0141456 —1.0£0.3

interaction CAGY CAGgY CAGpg? CAGpg9 (if additive) CoanY
probed? (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) RN (kcal/mol)
C3IAAI 1423/chp 0.60+ 0.18 0.57+ 0.25 0.58+ 0.19 1.17+0.25 140231cbp -0.6+0.3
2314/cbp 0.87+ 0.08 1.27+0.18 0.85+£ 0.1 2.14+0.19 20 141chp —-1.3+0.2
cbp14/23 —0.30+0.23 0.13+0.22 —0.29+ 0.16 —-0.17+0.28 OP14123 -0.1+0.3
dIAAI 45614/23 0.01+0.26 0.47+0.20 0.27+ 0.22 0.48+ 0.27 456014123 -0.2+0.3
2314/456 0.8 0.08 0.70+ 0.10 0.50+ 0.14 1.57+0.12 230141456 —-1.1+0.2
1423/456 0.60+ 0.18 —0.03+0.25 0.23+0.21 0.57+ 0.26 140231456 -0.3+0.3

a“Interaction probed” refers to Figure 1. Cbp represents a C3 spadés, values are for breaking the first of the interactions probed listed.
¢ AGg values are for breaking the second of the interactions probed I’ste@xs values are for both modifications in a single oligonucleotide.
e Values are the sum afG, andAGg. f 6 values were calculated as the differences between columns 5 and 6, and errors were propagated from eq
la.9 Superscript refers to quantities measured in the background of a third change.

4—6 are absent, was used as a reference sequence. The valas somewhat of a surprise because deletion of a single
for 458914523 is —0.2 + 0.3 kcal/mol, which is equal to the functional group in RNA eliminates more interactions than
014123 value of —0.2 + 0.2. Next, r(cGAAg), in which in DNA. For example, deletion of the amino group of G1
interactions 1 and 4 are absent, was used as a referencéeletes interactions 2 and 3 in RNA but only interaction 2
sequence. Th¥d,zs6value is—0.3 4 0.3 kcal/mol, which in DNA, yet the penalty in RNA is only 0.75 kcal/mol versus

is equal to thed,suse value of —0.3 + 0.2 kcal/mol. Last, a 1.45-1.70 kcal/mol penalty in DNAX9, 20).

r(clAAAQ), in which interactions 2 and 3 are absent, was  Single mutant effects have also been reported on a different
used as a reference sequence. Phgysssvalue is—1.1+ r(cGNRAg) loop, r(cGCAAg), by SantalLucia and co-
0.2 keal/mol, which is the same as theussvalue of—1.0  orkers, although at an ionic strength of 100 mM Na@f)(
+ 0.3 kecal/mol. Overall, these three comparisons, like the They found thaa G to Isubstitution was destabilizing by a
three above, support direct coupling in thiag values are,  AGs, of 0.54 kcal/mol, similar to our value of 0.75 0.11
within error, equal td"0as values. kcal/mol. A purine substitution at the last position of the
loop, which eliminates hydrogen bonds 1 and 4, was
DISCUSSION destabilizing by 0.28 kcal/mol, whereas in our study an
There have been extensive structural and energetic studiednosine substitution at the last position, which also eliminates
on unusually stable RNA and DNA hairpin loop sequences hydrogen bonds 1 and 4, was destabilizing by 10@.19
(6—9, 22, 34, 35). The goal of the present study was to Kcal/mol. The differences in these two values may be due
delineate similarities and differences in the cooperativity of t© the addition of the carbonyl group upon substituting A
RNA and DNA hairpin loop folding. We chose to study a With |. Substitution of a deoxy G at position 1 of the loop
r(GNRA) loop sequence because it shares extensive similari-Nad aAGg; of 0 in their studies but was found herein to be
ties with the DNA loop sequences, d(cGNAg) and d(cGNA- destabilizing by 0.98+ 0.20 kcal/mol. TheAAGg; differ-
Bg), including unusual thermodynamic stability, a sheared €nces may be due to the higher ionic strength in their system
GA pair, and a stable loop-closing base-pair interactidp ( leading to a higheify (68.1 versus 61.3C) and therefore
17, 18, 26—30). In addition, both r(GNRA) and d(cGNAg) @ longer extrapolation back to 3T or perhaps to an indirect
loops have structures solved. influence of nucleotide 2 on the loop. Overall, the single
On one hand, we did find many qualitative similarities mutant results are in qualitative agreement between the two
between the behaviors of the two loops. Both systems wereStudies.
significantly destabilized by modifying interactions 1 and 2 In general, coupling free-energy terms for double mutant
in the sheared GA pairing. In addition, introduction of a GC cycles were also significantly larger in DNA than RNA. For
cbp significantly destabilized both systems, as did introduc- example, the free-energy coupling term between interactions
tion of a C3 spacer before position 1 of the loop but not 1 and 2 in the loop was near 0 in RNA but approximately
elsewhere in the loop. The latter result supports expandability —1.0 kcal/mol in d(cGNAg) and d(cGNABg) loopsg, 20).
of r((GNRA) loops at all positions except before the G. As Likewise, the coupling term between the cbp and interaction
illustrated and summarized by Abramovitz and Pyle, numer- 23 was only—0.6 kcal/mol in RNA but—1.3 kcal/mol in
ous experiments in the literature also support this ma®@l (  DNA.
However, a large number of differences were found between Last, triple mutant cycles showed markedly different
the two systems. behavior in RNA than in DNA. In particular, for the six sets
Differences can be divided into effects of single changes, of d’s in r((GAAA), das values were, within error, equal to
double mutant cycles, and triple mutant cycles. Thermody- ©d,s values (Table 3). For DNA, on the other hanig
namic effects associated with single functional group changesvalues were considerably larger (by—0.6 kcal/mol) than
were in general much larger in DNA than in RNA. This came Cdag values. Thus, in RNA, the interactions are directly
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coupled, whereas in DNA they are indirectly coupled. The changes in its loops with less catastrophic results than DNA
direct coupling effect in RNA is especially noticeable because might enhance the ability of RNA to evolve, supporting RNA
most of the pairwise interactions are coupled, yet the coupling as a potentially important prebiotic polymer.

constant for each pair does not depend on the configuration
of the third site 23). For example, the cbp is coupled to
interactions 14 and 23}14/cp = —1.3 kcal/mol anddzs/chp
= —0.6 kcal/mol, yeB14/chp~ 23CS}14/cbpandézs/cbp% 140 231c0p
What might be the molecular origins of the different
cooperative behavior of these two systems? For the DNA
loops, deletion of a given functional group was found to be
progressively less penalizing as other interactions were
removed 19). Given this scenario, one might have expected

CONCLUSIONS

In summary, small RNA hairpins were found to exhibit
less cooperativity than their DNA counterparts. This conclu-
sion is based on three properties of the DNA loops: larger
energetic effects of single functional group substitutions,
greater nonadditivity of double mutant cycles, and indirect
coupling, as revealed through triple mutant cycles. All three
of these observations support a concerted folding of DNA

in RNA, where there are more stabilizing interactions than loops as opposed to a modular, stepwise folding of RNA

in DNA, that deletion of a given functional group would
have been the most penalizing. Clearly, this is not the case.
For DNA, the system, having only three interactions, was

loops. Importantly, this finding does not disagree with the
importance of cooperativity in Mg binding to RNA tertiary
structures, which is driven by electrostatic forces rather than

minimally stable to begin with. Thus, loss of any of the hydrogen bonding and stacking of the nucleoba38s The

interactions simply could not be tolerated and led to

molecular basis for the differences in cooperativity between

significant weakening of the others. This molecular scenario pnaA and DNA loops is likely due to the extra hydrogen

is consistent with a concerted change in which the three bonding afforded by the'shydroxyls and seven waters of
interactions are linked through a conformational change. The hydration, as well as the extra stacking afforded by the purine

observation that no loeploop interactions could be detected
in a GC cbp background supports a high degree of cooper-
ativity from the DNA loops 20).

at position 3 of the RNA loops. The lesser cooperativity in
RNA loops may lead to a more robust loop that can withstand
mutations without a severe loss in stability. These differences

In RNA, the smaller effects of single, double, and triple may enhance the ability of RNA to evolve.

mutants suggest that a given mutant is simply not as
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