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ABSTRACT: UV melting, CD and NMR studies indicate rGCGAGCG and rGCAGGCG from unusually
stable duplexes of type a and b. The observed AG®;;’s in 1 M NaCl are —6.7 and —6.3 kcal/mol, respectively.
For the related duplex, ¢, AG®3; is —4.2 kcal/mol. The predicted AG®,; from nearest-neighbor parameters

5¢  GcGhgeg  3Y 5+ GcRSgce  3f 5+ GcAAgeg 3
37 GCGpgCG 5’ 3" GCGgpCG 57 3" GCGRaCG 5’
a b c

for all three duplexes is —4.7 kcal/mol (Freier, S. M., Kierzek, R., Jaeger, J. A., Sugimoto, N., Caruthers,
M. H,, Neilson, T., & Turner, D. H. (1986) Proc. Natl. Acad. Sci. U.S.A. 83, 9373-9377). The results
suggest a special interaction in the duplexes containing GA mismatches. Presumably, this is hydrogen bonding
between G and A. While the thermodynamics for (rGCGAGCG), and (rGCAGGCG), are similar, CD
and the imino region of the proton NMR spectra indicate their structures are different. In particular,
(rGCAGGCQG), exhibits a CD spectrum typical of A-form geometry with a weak negative band at 280 nm.

In contrast, the CD spectrum for (rGCGAGCG), has an intense positive band at 285 nm. The NMR
spectrum of (rGCAGGCG), has a resonance corresponding to a hydrogen-bonded GA mismatch, while
for (rGCGAGCG), no hydrogen-bonded imino proton is observed for the mismatch. The glycosidic torsion
angles of the bases in the GA mismatches of (rGCAGGCG), and (rCGCAGGCG), are anti. Duplexes
of type d, where X is A, G, or U, are more stable than e, and the stability differences are similar to those

s+ GcGhgex 37 57

GcGRgc 37 5/  GCGCX 3’ 57 GCGC 3f
3" XCGpgCG 57 37 CGpgCG 5’ 3’ XCGCG 5’ 3 CGCG 5’
d € f g

observed for f versus g. Thus, 3’-dangling ends in this system make contributions to duplex stability that
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are similar to contributions observed with fully paired duplexes.

In the past, only interactions between Watson—Crick and GU
base pairs had been considered as contributing to the stability
of RNA folding (Salser, 1977). Recent work has indicated
non-Watson—-Crick interactions are also important (Freier et
al., 1986a,b; Turner et al., 1988; Tuerk et al., 1988). We
present two examples of RNA molecules where stability is
enhanced by non-Watson—Crick interactions:

GchAGges 37
GCGGaCG 5’

5+ GcBhgee 37 g
3" GCGpgCG  5¢ @Y 3¢

Both contain an internal loop; i.e., the helix is interrupted by
unpaired nucleotides on both strands. Henceforth, internal
loop nucleotides are underlined. Preliminary measurements
indicated rGCGAGCG self-associates to form a complex with
a melting temperature near 45 °C and an unusual CD!
spectrum (Longfellow et al., 1990). We show that both
rGCGAGCG and rtGCAGGCG form duplexes that are sta-
bilized by stacking of unpaired terminal nucleotides and by
interactions in the internal loops. Moreover, the structure of
the duplex depends on the sequence in the internal loop.

*This work was supported by National Institutes of Health Grant
GM22939 to D.H.T. and by NIH Grant RR 03317 and NSF Grant
DBM 8611927 for purchase of the NMR spectrometer.

* Author to whom correspondence should be addressed.

1University of Rochester.

#Polish Academy of Sciences.

A structure very similar to rGCGAGCG is found in the

conserved region of Escherichia coli 23S rRNA between nu-
cleotides 2348 and 2369 (Gutell & Fox, 1988):

5’  uccGAgece  3f
3/  BACGpgCGC 5°

Moreover, G-A internal loops are often found in rRNAs,
whereas A-G internal loops are not. Our results suggest the
reason for this preference is structural rather than thermo-
dynamic.

Predictions of RNA structure from sequence are sensitive
to parameters for internal loops (Turner et al., 1987a).
Moreover, internal loops with terminal GA mismatches are
particularly common (Traub & Sussman, 1982; Noller, 1984;
Woese, 1983). Nevertheless, few model systems containing
internal loops have been studied (Gralla & Crothers, 1973;
Varani et al., 1989). Current models for internal loops consider
only the number of residues on each side of the internal loop
(Jaeger et al., 1989; Papanicolaou et al., 1984), the base pairs
closing the loop (Gralla & Crothers, 1973; Turner et al.,
1987a), and/or stacking of bases on the closing base pairs
(Jaeger et al., 1989). Potential hydrogen bonding interactions
within internal loops are not included. Our results suggest

! Abbreviations: CD, circular dichroism; Na,EDTA, disodium eth-
ylenediaminetetraacetate; HPLC, high-performance liquid chromatog-
raphy; NOE, nuclear Overhauser enhancement; rRNA, ribosomal ribo-
nucleic acid.
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these models are oversimplified.

MATERIALS AND METHODS

RNA Synthesis and Purification. Oligoribonucleotides were
synthesized on solid support by using a phosphoramidite ap-
proach with the 2’-hydroxyl protected as the tetrahydropyranyl
acetal (Markiewicz et al., 1984; Kierzek et al., 1986). After
deblocking with ammonia, the crude mixture was purified by
HPLC on a PRP-1 semipreparative column (Hamilton) with
a gradient of 0~50% acetonitrile buffered with 10 mM am-
monium acetate, pH 7 (Ikuta et al., 1984; Longfellow et al.,
1989). After removal of the acid-labile protecting groups, the
RNA was desalted and further purified with a Sep-pak C-18
cartridge (Waters). Purities were checked by analytical C-8
HPLC (Beckman) and were greater than 95%.

Melting Curves. The buffer for thermodynamic studies was
1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM Na,-
EDTA, pH 7. Single-strand extinction coefficients were
calculated from extinction coefficients for dinucleoside mon-
ophosphates and nucleotides, as described previously (Borer,
1975; Richards, 1975). In units of 10* M™! ¢cm™), the calculated
extinction coefficients at 280 nm are as follows:
rCGCAGGCG, 4.16; rtGCAAGCG, 3.36; rtGCAGGCG, 3.73;
rGCGAGC, 3.05; rGCGAGCA, 3.21; rtGCGAGCQG, 3.61;
rGCGAGCU, 3.34; rGGCGAGCC, 4.29. Strand concen-
trations were determined from high-temperature absorbance
at 280 nm. Absorbance versus temperature melting curves
were measured at 280 nm with a heating rate of 1.0 °C min™!
on a Gilford 250 spectrophotometer as described previously
(Freier et al., 1983; Petersheim & Turner, 1983). Oligomer
concentration was varied over an 80-140-fold range.

Data Analysis. Absorbance versus temperature profiles
were fit to a two-state model with sloping baselines by using
a nonlinear least-squares program (Petersheim & Turner,
1983; Freier et al., 1983). Thermodynamic parameters for
duplex formation were obtained by two methods: (1) enthalpy
and entropy changes from fits of individual melting curves were
averaged and (2) plots of reciprocal melting temperature
(Ty™") versus the logarithm of the strand concentration (log
Cr) were fit to eq 1 (Borer et al., 1974):

Tu™ = (L3R/AH°) log Cp + AS° /AH® (1)

CD Spectroscopy. CD spectra were measured with a Jasco
J-40 spectropolarimeter. The buffer was the same as for the
UV melting studies. The measured CD was converted to Ae
as described by Cantor & Schimmel (1980).

NMR Spectroscopy. NMR spectra were measured with
a 500-MHz Varian VXR-5008S spectrometer. Oligomers were
dissolved in 0.1 M NaCl, 10 mM sodium phosphate, and 0.5
mM Na,EDTA, at pH 7 or 6.4. Higher NaCl concentrations
were not used due to limited solubility of oligomers at higher
salt. The solvent for imino proton studies was 10% D,O and
90% H,0. Spectra were collected with 16 000 points over a
sweep width of 10 kHz, multiplied by a 4.0-Hz line-broadening
exponential function, and transformed by a Sun 3/160 com-
puter running Varian VNMR software. Exchangeable proton
spectra were recorded by using the solvent suppression 1:3:3:1
pulse sequence (Hore, 1983). The frequency offset was set
to maximize the signal to noise ratio at 12.5 ppm. One-di-
mensional NOE difference spectroscopy of the imino protons
was performed by using the 1:3:3:1 pulse sequence as the read
pulse. Experiments with irradiation on and off resonance were
collected in blocks of 16 scans and interleaved to correct for
long-term instrumental drift. A presaturation period of 3 s
was used to achieve a steady state. For each NOE experiment,
the off-resonance frequency was set to minimize spillover
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FIGURE 1: Reciprocal melting temperature versus log concentration
plots for (A) rGCAAGCG (O), —tGCAGGCG (@), rCGCAGGCG
(m), and rGGCGAGCC (0) and for (B) rGCGAGC (e),
rGCGAGCA (a), —GCGAGCG (D), and rtGCGAGCU (m). Solu-
tions are 1.0 M NaCl, 0.01 M sodium cacodylate, and 0.5 mM
Na,EDTA, pH 7.

artifacts. Three experiments with different decoupler powers
were used to distinguish true NOE’s from spillover artifacts
(Varani et al., 1989).

RESULTS

Plots of T\ versus log Cp are shown in Figure 1. All
sequences show concentration-dependent T)’s, indicating
complexes with molecularity greater than 1. Thermodynamic
parameters derived from fits of melting curves and from Ty’
versus log Cr plots are listed in Table I. In all cases, the
parameters derived from the two methods agree within 10%.
This suggests the bimolecular, two-state model is a reasonable
approximation for these transitions (Freier et al., 1983; Pet-
ersheim & Turner, 1983). For example, if triplexes were
forming in a two-state transition, the fitted AH® would be
expected to be about 50% larger than the AH® obtained from
eq 1 (Marky & Breslauer, 1987). If significant concentrations
of intermediates were present, then the AH® from fits is ex-
pected to be smaller than the AH® obtained from eq 1 (Hickey
& Turner, 1985). Thus, the thermodynamic data are con-
sistent with all the sequences studied forming duplexes in a
two-state manner.

CD spectra for the duplexes in 1 M Na* at 0 °C are shown
in Figure 2. Two classes of spectra are observed. Oligomers
with an A-G sequence have a small negative band near 280
nm and spectra that are similar to those expected for A-form
RNA (Tunis-Schneider & Maestre, 1970). Oligomers with
a G-A sequence have positive ellipticity in the 285-nm region
that is not observed for fully paired A-form RNA. Thus a
single inversion of sequence appears to have a large effect on
conformation. The CD spectrum for rGCGAGCG is quan-
titatively independent of pH between 5.8 and 8.0 (data not
shown). This rules out the pH-dependent structure observed
for GA mismatches by Gao and Patel (1988).
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FIGURE 2: CD spectra at 0 °C for (A) 5.7 X 10 M rGCGAGC (D),
5.3 X 10 M rGCGAGCA (+), 6.1 X 10 M rGCGAGCG (@),
and 7.5 X 10 M rGCGAGCU (»), for (B) 2.7 X 107° M
rGCAAGCG (@) and 6.1 X 10~ M rGCGAGCG (®), and for (C)
6.1 X 10 M rGCGAGCG (@), 6.1 X 10~ M rGGCGAGCC (0),
9.3 X 107 M rGCAGGCG (a), and 4.9 X 10° M rCGCAGGCG
(4). Solutions are 1.0 M NaCl, 0.01 M sodium cacodylate, and 0.5
mM Na,EDTA, pH 7.

NMR spectra for the imino protons of the duplexes in 0.1
M NaCl are shown in Figures 3 and 4. Again, two classes
of spectra are observed. In the 11-14 ppm range, heptamers
with a G-A sequence have two resonances with equal areas.
[Note that the two resonances for tGCGAGCU are overlap-
ped (Figure 3B), but in the presence of 10 mM MgCl, they
are resolved and a third resonance appears at 11.0 ppm (Figure
3A).] In contrast, rtGCAGGCG has three resonances with
equal areas. Similarly, tGGCGAGCC and rCGCAGGCG
have three and four resonances, respectively. These molecules
are self-complementary and thus have two-fold symmetry.
Therefore, each resonance arises from two protons. Since only
hydrogen-bonded imino protons are normally observed in the
11-14 ppm region, this suggests sequences with A-G form
duplexes with two more hydrogen bonds than sequences with
G-A. Alternatively, exchange for the G-A sequence may be
catalyzed unusually efficiently by an intrinsic catalyst (Guéron
et al., 1987).
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FIGURE 3: 500-MHz proton NMR spectra (10.5-14 ppm) in 0.1 M
NaCl, 10 mM sodium phosphate, and 0.5 mM Na,EDTA for (A)
0.8 mM rGCGAGCU at 9 °C, pH 6.4, with addition of 10 mM
MgCl,, (B) 1.3 mM rGCGAGCU at 5 °C, pH 6.4, without mag-
nesium, (C) 0.2 mM rGCGAGC at 10 °C, pH 7, (D) 0.5 mM
rGCGAGCA at 10 °C, pH 7, (E) 0.7 mM rGCGAGCG at 10 °C,
pH 7, (F) 0.7 mM rGCAGGCG at 10 °C, pH 7, and (G) 2.0 mM
rGGCGAGCC at 23 °C, pH 6.4. For all sequences, spectra were
also measured at 1 °C or lower. For some cases, resonances broaden
at lower temperatures, but no new resonances are observed for any
of the sequences.

T T T

.5 ppm

The missing imino proton resonance for sequences con-
taining G-A internal loops could be rationalized if these du-
plexes were much less stable in the 0.1 M NaCl used for NMR
studies relative to in the 1 M NaCl used for thermodynamic
and CD studies. To test this possibility, thermodynamic pa-
rameters were measured for duplex formation by
rGCGAGCG, rGCGAGCU, and rGGCGAGCC in 0.1 M
NaCl. These results are listed in Table I. For each case, the
melting temperatures are about 10 °C lower in 0.1 M NaCl
relative to in 1.0 M NaCl. Nevertheless, at the strand con-
centrations used for the NMR experiments, the Ty's for
rGCGAGCG, rGCGAGCU, and rtGGCGAGCC are 39, 42,
and 57 °C, respectively. These are about 30 °C higher than
the temperatures of the NMR experiments shown in Figure
1. Spectra for all sequences were also measured at 1 °C or
lower, and no new resonances were observed. Thus the missing
imino proton resonance is not exchanging due to a rapid he-
lix—coil equilibrium. CD spectra were also measured for
rGCGAGCG, rGCGAGCU, and rIGGCGAGCC in 0.1 M
NaCl at 0 °C (data not shown) and were not significantly
different than those in 1.0 M NaCl. Evidently, the structures
of these molecules also do not change significantly between
0.1 and 1.0 M NaCl.

Assignments of the imino protons of rCGCAGGCG were
made from 1-D NOE experiments (Figure 4). The resonance
at 12.92 ppm was assigned to the end base pair (G8) because
it is the first resonance to broaden when the temperature is
raised above 5 °C. Irradiation of this resonance gives a weak
NOE at 13.17 ppm. The resonance at 13.17 ppm is therefore
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Table I: Thermodynamic Parameters of Duplex Formation?

1/ Ty vs log Ct parameters

curve fit parameters

RNA -AG®y, ~AH° -AS°® Ty -AG®y -AH® -AS° T
duplex (kcal/mol) (kcal/mol) (eu) (°C)¢ (kcal/mol) (kcal/mol) (eu) (°C)?
1 M NaClb
GCOAGC
CGgCG 4.01 30.37 85.00 20.1 4.17 28.57 78.68 215
GCOAGCA
ACG,cCG 6.79 51.51 144.22 43.8 6.87 54.79 154.50 43.9
GCCAGCG
GCG,6CG 6.68 55.08 156.05 42.8 6.73 55.91 158.56 43.0
GCCAGCU
UCG,cCG 5.85 48.48 137.47 38.1 5.85 52.76 151.25 38.0
GCAAGCG
GCGACG 4.20 42.83 124.55 26.7 4.28 41.38 119.61 26.9
GCACGCG
GCGgACG 6.33 61.27 177.13 40.3 6.34 60.43 174,40 40.4
GGCeAGCC
CCG,cCGG 9.68 66.08 181.83 57.0 10.16 73.93 205.64 57.0
CGCAAGCG?
GCGAACGC 5.44 48.02 137.30 35.5 5.59 40.11 111.30 364
CGCASGCG
GCGgaCGC 7.75 60.36 169.61 48.1 7.90 65.45 185.57 47.9
Reference Duplexes in 1 M NaCl
GCGCf
CGCG 4.63 30.5 83.4 26.5 4.8 34.1 94.6 28.3
GCGCAp/
pACGCG 7.92 50.6 137.6 51.8 7.90 49.4 133.8 520
GCGCGp/
pGCGCG 7.67 46.9 126.5 50.7 7.8 48.9 132.6 50.7
GCGCUp/
pUCGCG 6.93 46.6 127.9 454 6.78 44.4 121.3 45.6
GGCGCCp
pCCGCGG 11.35 67.8 182.0 65.2 11.0 63.4 169.0 65.4
CGCGCGp/
pGCGCGC 9.09 54.5 146.4 57.9 9.1 53.1 142.0 58.1
0.1 M NaCl*
GCOAGCG
GCGAcCG 4.85 56.94 167.97 325 493 54.05 158.37 328
GCPAGCU
UCGgCG 4.76 48.26 140.25 31.2 4.63 53.79 158.51 311
GGCBAGCC
CCG,cCGG 7.70 62.48 176.61 47.4 7.91 69.38 198.21 47.3

7 Although estimated errors in AG®, AH®, and AS® are +2%, £10%, and £10%, respectively, additional significant figures are given to allow
accurate calculation of Ty and other parameters. ®Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM Na,EDTA, pH 7. ¢Solutions
are 0.1 M NaCl, 10 mM sodium phosphate, and 0.5 mM Na,EDTA, pH 7. ¢Calculated for 10 M oligomer concentration. ¢N. Sugimoto, R.

Kierzek, and D. H. Turner, unpublished experiments. /Freier et al., 1986b.

assigned to G2 (Figure 4D). Irradiation of G2 (Figure 4E)
gives rise to an NOE at 12.77 ppm, which is assigned to G6.
Note that an NOE from G2 to G8 is not observed, probably
because of chemical exchange with water, Irradiation of G6
(Figure 4C) shows an NOE to G2 and an NOE to a resonance
at 11,98 ppm, which is assigned to GS. This assignment is
confirmed by the NOE observed to G6 when GS5 is irradiated
(Figure 4B). Thus, the resonance at 11.98 ppm arises from
the AG mismatches in the internal loop. Interestingly, when
the GS imino proton is irradiated, a strong NOE is observed
to the non-exchangeable A4-H2 proton (see supplementary
material). This confirms the assignments given above and
indicates that the glycosidic torsion angles of both A4 and G5
are anti. The assignments for rtGCAGGCG have also been
determined by NOE difference spectroscopy (data not shown)
and are shown in Figure 3F.

Resonances were not assigned for the G-A sequences. For
the heptamers, both imino resonances broaden similarly as

temperature is raised. For rtGGCGAGCC, the resonance at
12.6 ppm broadens first as temperature is raised, suggesting
it corresponds to G1. Unfortunately, there is no temperature
where this resonance is sharp and the other two resonances
are not overlapped.

DiscussioN

Formation of Watson—Crick and GU base pairs is consid-
ered to provide the dominant driving force for double-helix
formation in RNA. Nearest-neighbor interactions between
Watson~Crick base pairs, however, do not completely account
for the observed stabilities of (rGCGAGCG), and
(rGCAGGCG),. With the two most commonly used sets of
parameters for secondary structure prediction, (rGCGAGCG),
is predicted to form with a free energy change of —2.0 (Salser,
1977) or ~4.7 kcal/mol (Freier et al., 1986a). The observed
AG®4, is —6.7 kcal/mol. A similar disparity is observed for
(rGCAGGCG),. Within 5 kcal/mol, secondary structures
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FIGURE 4: (A) 500-MHz proton NMR spectrum (11-14 ppm) of 1.5
mM rCGCAGGCG at 0.5 °C in 0.1 M NaCl, 10 mM sodium
phosphate, and 0.5 mM Na,EDTA in 90% H,0, pH 6.4. Difference
spectra following 3-s saturation of (B) the resonance at 11.98 ppm,
(C) the resonance at 12.77 ppm, (D) the resonance at 12.92 ppm,
and (E) the resonance at 13.17 ppm. Saturation power levels resulted
in ~70% saturation of the desired resonance, except spectrum D, which
resulted in only a ~30% saturation. The saturated resonance is
designated by an arrow while the observed NOE’s are designated by
asterisks. Assignments are shown above spectrum A.

predicted for sequences of about 400 nucleotides often improve
from 70 to 90% homology with known structures (Jaeger et
al., 1989). Thus it is important to understand the origin of
the stabilities of (rGCGAGCG), and (rGCAGGCG),.

The similarities of AH®’s derived from fitting melting curves
and from T, versus log Cr plots indicate rtGCGAGCG and
the other sequences in Table I form duplexes. rGCGAGCG
can form 2 possible duplexes:

GeehGee 37
GCGpaGCG 57

5  GcGhgee 3 5/
31 GCGpgcG  5¢ 9% 3¢

From nearest-neighbor thermodynamic parameters (Freier et
al., 1986a), the former is predicted to be 5.2 kcal/mol more
stable than the latter at 37 °C. Thus the concentration of

s ccChAgecs 3’
3" GCGpgCG 57

is expected to be almost 5000 times that of

5' GeehSce  ar
3'  GCgpGCG 57

at 37 °C. Observations on sequence variants are consistent
with the predicted dominance of

5  GcGRgcg 3¢
3" GCGpgCG 5’

For example, rtGCGAGCA and rGCGAGCU can both form
similar duplexes with 3’-dangling ends but cannot form al-
ternate duplexes with 5’-dangling ends. CD and NMR spectra
of the imino protons indicate these sequences form duplexes
similar to rtGCGAGCG. The CD spectra all have positive
bands around 285 nm. The NMR spectra all have two imino
proton resonances. The sequence rGGCGAGCC also has the
characteristic CD spectrum (Figure 2C). Its NMR spectrum
has one additional imino proton resonance, as expected from
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Table II: Thermodynamic Parameters of Loop and End Formation?

loop parameters end parameters
AG®y, AR° AG®;; ARH°
RNA (kcal/ (kcal/ AS® (kcal/ (kcal/ AS®
duplex mol) mol) (eu) mol) mol) (eu)

GCPAGC
CGAcCG -14  -79 =210

GCCAGCA
ACG,cCG -0.9 -89 -260 -14 -106 -29.6

GCGCAp®
pACGCG -1.7  -101 =271

GCOAGCG
GCG,cCG -1.0 -162 -49.0 -13 -124 -355

GCGCGp*
pGCGCG -1.5 82 -21.6

GCOAGCU
UCG,cCG -0.9 -99 -290 -09 -9.1 -26.2

GCGCUp*
pUCGCG -12 81 -223

GGCOAGCC
CCGrsCGG 03 -63 -192 -28 -179 -48.4

GGCGCcCt
CCGCGG -34 -18.7 -493

GCAMGCG
GCG,,CG 1.5 -39 -175

GCASGCG
GCGgaCG 07 -224 =700

CGCAAGCGe
GCG,,CGC 17 -1.5 -100

CGCASGCG
GCGgaCGC 0.7 -139 -426

4Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM
Na,EDTA, pH 7. Parameters are based on results from T~! versus
log Cr plots (see Table I). ®Freier et al., 1986b. °N. Sugimoto, R.
Kierzek, & D. H. Turner, unpublished experiments.

the additional GC pairs. Thus rGCGAGCG appears to form
a duplex with two 3’-dangling end G’s.

The contribution of 3’-dangling end nucleotides to duplex
stability in the presence of the G-A internal loop can be derived
by comparing the stabilities of rGCGAGCX duplexes with
(rGCGAGC),: AG®37enq = 0.5[AG°(rGCGAGCX) -
AG°3,(tGCGAGC)]. These stability increments are listed in
Table II along with those previously measured for corre-
sponding rGCGCX duplexes (Freier et al.,, 1986b). For
(rGCGAGCX), where X = A, G, or U, the stability incre-
ments, AG® 37 g, are —1.4, -1.3, and —0.9 kcal/mol of dangling
end, respectively. These are similar to the values of -1.7, -1.5,
and —1.2 kcal/mol, respectively, measured for the rtGCGCX
series (Freier et al., 1986b). Enthalpy and entropy increments
for 3’-dangling ends can be calculated in a similar way and
are also similar for duplexes with and without the G-A internal
loop (see Table II). Thus, an internal loop with two GA
mismatches does not have a strong effect on the interactions
of the dangling ends. An opposite conclusion was recently
reached for bulge loops (Longfellow et al., 1990). For exam-
ple, a bulge loop of three nucleotides can reduce the free energy
increment for 3’-dangling ends by 85%.

The dangling end effect explains -2.7 kcal/mol of the
difference between the measured stability of (rGCGAGCG),
and that predicted from the parameters collected by Salser
(1977). Salser’s parameters include no favorable interactions
from non-base-paired regions. On the other hand, the mea-
sured dangling end effect for the duplex is about 0.6 kcal/mol
less favorable than that suggested by Freier et al. (1986a).
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Thus the unusual stability of (rGCGAGCG), relative to
predictions based on these parameters must be due to the G-A
internal loop.

Existing parameters for internal loops in RNA (Freier et
al., 1986a; Turner et al., 1988) are based on measurements
of oligomers containing internal loops with all CC (Gralla &
Crothers, 1973) or all AA mismatches (A. Peritz, N. Sugi-
moto, R. Kierzek, and D. H. Turner, unpublished experi-
ments). To determine if the poor predictions for
(rGCGAGCG), were a result of this limited data set, the
sequence rGCAAGCG was studied. The measured AG® 5, for
(rGCAAGCG), is =4.2 kcal/mol. This is close to the pre-
dicted value of —4.7 kcal/mol but is much less than the AG®;
of —6.7 kcal/mol measured for (rGCGAGCG),. Thus, it
appears the sequence in the internal loop can have a major
effect on stability. The CD spectra of rGCAAGCG and
rGCGAGCG, however, are similar (Figure 2B), indicating
the stacking is similar in both sequences. GA mismatches have
many possibilities for formation of hydrogen bonds, whereas
AA mismatches do not. This suggests hydrogen bonding may
account for the greater stability of (rGCGAGCG), compared
with that of (rGCAAGCG), (Turner et al., 1987b).

The stability increment attributed to the internal loop of
(rGCGAGCQG), can be calculated from (Gralla & Crothers,
1973) AG® 37)00p = AG°3(rGCGAGCG) - AG®3;(rGCGCG)
+ AG°3,(§2). AG°(5R) is the free energy increment for the
nearest-neighbor interaction (Freier et al., 1986a) interrupted
by the internal loop. Other thermodynamic increments for
the internal loop of rtGCGAGCG and of other sequences can
be calculated in an analogous fashion. These values are listed
in Table I1. The average free energy increments for G-A and
A-A internal loops are ~0.9 and +1.6 kcal /mol, respectively.
Previous data for a symmetric internal loop with four C res-
idues (Gralla & Crothers, 1973) gives a AG®;394,, Of +1.6
kcal/mol.

The large differences between stabilities of G-A and A-A
internal loops is surprising. It is considerably larger than
observed for single mismatches, XY, in the deoxy series

5t CAAAXAARG 3!
3' GITTyTTTC 5'

where an AA mismatch is only 0.5 and 0.2 kcal/mol less stable
than the corresponding GA mismatches (Aboul-ela et al.,
1985). The difference is also larger than observed for single
mismatches at the ends of short RNA duplexes. For that case,
AA is at most 0.5 kcal/mol less stable than GA for the se-
quences that have been measured (Turner et al., 1988). One
DNA duplex with two consecutive GA mismatches, however,
was observed to be unexpectedly stable (Wilson et al., 1988).
Interestingly, in the secondary structures for E. coli 165 rRNA
(Gutell et al., 1985) and 23S rRNA (Gutell & Fox, 1988),
internal loops are closed by GA, AA, and CC mismatches 54,
25, and 5 times, respectively. Traub and Sussman (1982)
noticed similar trends when all helix ends were counted.
Evidently, the bias for GA mismatches may have a thermo-
dynamic basis that is not mimicked by current approximations
for internal loops (Freier et al., 1986a; Turner et al., 1988;
Jaeger et al., 1989).

In the phylogenetically determined secondary structures of
21 16S rRNAs (Gutell et al.,, 1985) and 38 23S rRNAs
(Gutell & Fox, 1988), the internal loop 3 §4 3 is observed 45
times, 5 24 ¥ is observed S times, and 3 8% § is never observed.
Similarly, 3 $A ¥ is observed 39 times, but 3 45 ¥ is never
observed. To determine if the order of the GA mismatches
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affects duplex stability, the sequences rGCAGGCG and
rCGCAGGCG were studied. As shown in Table II, the AG®5,
increments for the A-G internal loops (AG® ;) are about
0.4 kcal/mol less stable than those for the G-A internal loops
but about 2 kcal/mol more stable than A-A internal loops.
Evidently, the main thermodynamic difference between AA
and GA mismatches is not dependent on the order of the GA
mismatches. It would be surprising if the small thermody-
namic difference between G-A and A-G was responsible for
the disparity of occurrence in known secondary structures of
RNA.

While the thermodynamic differences between G-A and
A-G sequences are small, the structural differences are large.
The CD spectra shown in Figure 2 suggest G-A and A-G
sequences are structurally different. While CD spectra for
duplexes with A-G internal loops are similar to those for
A-form RNA (Tunis-Schneider & Maestre, 1970), CD spectra
for duplexes with G-A internal loops are different from those
previously measured for RNA. NMR spectra for duplexes
with A-G internal loops have the number of resonances ex-
pected if each base pair and GA mismatch contained a slowly
exchanging, hydrogen-bonded imino proton. This pattern is
expected from previous NMR studies of GA mismatches in
deoxyoligonucleotides (Gao & Patel, 1988; Kan et al., 1983;
Orbons et al., 1987). For duplexes with G-A internal loops,
however, only the number of resonances expected for the GC
base pairs are observed in the 11-14 ppm region. Li et al.
(1990) have recently observed a similar result for 2 G-A in-
ternal loop in DNA, This suggests the imino proton in the
GA mismatch is exchanging rapidly on the NMR time scale.
This implies either that the imino proton is not hydrogen
bonded or that it is hydrogen bonded but with exchange
catalyzed unusually efficiently by an intrinsic catalyst (Guéron
et al., 1987). Either way, the results suggest evolution selected
the G-A internal loop for structural reasons.

The effects reported here for internal loops containing two
mismatches may also be present in larger internal and mul-
tibranch loops. For example, Longfellow et al. (1990) recently
reported preliminary observations showing the sequence
rGCGAAGCG associates to give an unexpectedly stable
complex with only two imino proton resonances and with a
CD spectrum resembling that of rtGCGAGCG. Varani et al.
(1989) did not observe imino proton resonances for GA
mismatches in the internal loop

5t GGAAy 3¢
5' CaugAd 3°

Traub and Sussman (1982) pointed out that helices in RNA
secondary structures are often capped by a GA mismatch with
A on the 5-end and G on the 3’-end. The conserved sequences
of the “hammerhead” ribozyme include a G-A sequence double
GA mismatch capping a helix (Forster & Symons, 1987a,b).
The available results suggest the structural features leading
to selection of this motif may be found in the G-A internal
loops studied here.

CONCLUSIONS
The results indicate rtGCGAGCG forms a duplex

57 GCGAGCG 37
3/ GCGpgCG 5’

that is stabilized by dangling-end stacking and unusually strong
interactions within the G-A internal loop. Surprisingly,
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however, hydrogen bonding of the imino proton in the GA
mismatch cannot be detected by NMR. An A-G internal loop
has similar stability and the expected hydrogen bonding of the
imino proton is observed by NMR. CD spectra suggest the
G-A internal loop induces an unusual structure in the duplex,
whereas A-G does not. The results indicate the sequence of
an internal loop is important for determining both stability
and structure. Thus, parameters reflecting such effects must
be added to algorithms for predicting RNA structure from
sequence.
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SUPPLEMENTARY MATERIAL AVAILABLE

One figure showing (A) the 500-MHz proton NMR spec-
trum (7-14 ppm) of rCGCAGGCG and (B) the NOE dif-
ference spectrum following irradiation of the resonance at
11.98 ppm (1 page). Ordering information is given on any
current masthead page.
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