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Loops Are More Stable Than Asymmetric Loops'
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ABSTRACT: Thermodynamic parameters for internal loops of unpaired adenosines in oligoribonucleotides
have been measured by optical melting studies. Comparisons are made between helices containing symmetric
and asymmetric loops. Asymmetric loops destabilize a helix more than symmetric loops. The differences
in free energy between symmetric and asymmetric loops are roughly half the magnitude suggested from
a study of parameters required to give accurate predictions of RNA secondary structure [Papanicolaou,
C., Gouy, M., & Ninio, J. (1984) Nucleic Acids Res. 12, 31-44]. Circular dichroism spectra indicate no
major structural difference between helices containing symmetric and asymmetric loops. The measured
sequence dependence of internal loop stability is not consistent with approximations used in current algorithms

for predicting RNA secondary structure.

Secondary structures of RNA contain motifs other than
double helices. Single-stranded regions such as hairpin, bulge,
internal, and bifurcated loops are prominent features. Despite
their importance, little data exists on how single-strand motifs
contribute to the overall stability of RNA. Incorporation of
improved nearest-neighbor parameters (Freier et al., 1986a;
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Turner et al., 1988) into computer algorithms for structure
prediction have recently increased the accuracy of RNA
secondary structure predictions (Turner et al., 1987; Jaeger
et al., 1989). Additional knowledge of thermodynamic pa-
rameters for single-strand motifs should further improve such
predictions.

Internal loops form in double-helical RNA when the helix
is interrupted by nucleotides on both strands that are not
Watson—Crick paired. Symmetric or asymmetric loops can
form depending on whether an equal or an unequal number
of nucleotides are on opposing strands, respectively. Internal
loops are thought to play important roles in biological functions

0006-2960/91/0430-6428802.50/0 © 1991 American Chemical Society
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including protein recognition (Gregory et al., 1988), assembly
of ribosomal subunits (Stern et al., 1988), and splicing (Rodel
et al., 1983).

Despite the importance of internal loops, there is little data
describing their thermodynamic consequences for RNA
folding. The length dependence of stability for symmetric,
internal loops of two, four, and six cytidines was measured by
Gralla and Crothers (1973). Varani et al. (1989) measured
thermodynamic parameters for a duplex containing a sym-
metric internal loop of six unpaired nucleotides. SantaLucia
et al. (1990) reported parameters for internal loops with two
GA or AA mismatches. It has been shown, however, that
predictions of RNA secondary structure from sequence are
sensitive to parameters for internal loops (Papanicolaou et al.,
1984; Turner et al., 1987, 1988). For example, inclusion of
penalties for asymmetric loops and for closing internal loops
by AU pairs increases the percentage of helixes predicted
correctly for a set of RNAs from 55 to 70% (Turner et al.,
1987). About half of this improvement is due to the asym-
metry penalty (J. A. Jaeger and D.H.T., unpublished obser-
vations). In this paper, we report thermodynamic parameters
for internal loop formation in 20 oligoribonucleotide duplexes.
The internal loops are composed of adenosines since most
naturally occurring internal loops are rich in purines. It is
found that asymmetric loops are more destabilizing than
symmetric loops with the same number of nucleotides. This
provides the first experimental evidence for the asymmetric
loop penalty inferred from comparisons of known and predicted
RNA secondary structures (Papanicolaou et al., 1984; Turner
et al., 1987).

MATERIALS AND METHODS

Synthesis and Purification of RNA. Most oligomers were
synthesized on solid support with the use of previously de-
scribed phosphoramidite chemistry (Kierzek et al., 1986).
UGACACUCA and UGAGA;GUCA were synthesized from
purified phosphoramidites, using bis(diisopropylamino)meth-
oxyphosphine as the phosphitylating agent.

Oligomers were removed from support, and base labile
protecting groups were deblocked with concentrated ammonia.
Oligomers synthesized with methoxyphosphoramidites were
treated with thiophenol prior to cleavage from support. Ol-
igomers were purified by reverse-phase chromatography on
a Hamilton PRP-1 150 mm X 4.1 mm column. Buffer A
consisted of 0.01 M ammonium acetate, pH 6.8 (Mallinkrodt,
analytical reagent). Buffer B consisted of 1:1 v/v acetonitrile
(JT Baker, HPLC grade) and 0.01 M ammonium acetate, pH
6.8. Oligomers were eluted with a gradient from 0 to 70%
buffer B in 35 min with a flow rate of 2 mL/min. Oligomers
usually eluted at 50-60% buffer B. The partially blocked
oligomers were then treated with 0.01 M hydrochloric acid,
pH 2, for 24 h to remove acid-labile protecting groups. A
Sep-Pak C-18 cartridge was used to further purify and desalt
the molecules. Oligomer purity was checked on a Beckman
Ultrasphere C-8, 150 mm X 4.6 mm column with a gradient
from 100% buffer A (0.01 M aqueous sodium phosphate, pH
7.0) to 30% buffer B [1:1 v/v = 0.01 M aqueous sodium
phosphate, pH 7.0; methanol (JT Baker, HPLC grade)] in 30
min with a flow rate of 1 mL/min. Oligomers typically eluted
between 15 and 20% buffer B.

Melting Curves. Samples were dissolved in 1 M NaCl/10
mM sodium phosphate/0.1 mM Na,EDTA,! pH 7.0. Sin-

! Abbreviations: CD, circular dichroism; Na,EDTA, disodium ethy-
lenediaminetetraacetate.
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gle-strand extinction coefficients were calculated from a
nearest-neighbor model (Borer, 1975; Richards, 1975). They
are listed in Table I. Single-strand concentrations were de-
termined by measuring the absorbance at 280 nm at 80 °C.
Oligomers were mixed in 1:1 concentration ratios for studies
of non-self-complementary duplexes. All melting curves were
measured at 280 nm with a Gilford 250 spectrophotometer
connected to a Gilford 2527 thermoprogrammer. Data were
collected and fit with a Digital PDP 11/34 or a Zenith Z-248
computer. Thermodynamic parameters were obtained from
two methods. (1) Melting curves were fit with the Marquardt
non-linear least-squares method. Either the self-complemen-
tary (Petersheim & Turner, 1983) or non-self-complementary
(Longfellow et al., 1990) algorithm was used, as appropriate.
(2) For self-complementary sequences, plots of reciprocal
melting temperature, T, vs the logarithm of total strand
concentration, log Cr, were fit to (Borer et al., 1974) eq 1. For

Ty! = (2.3 R/AH®) log Cr + AS® /AH® (1)

non-self-complementary sequences, Cr was replaced by Cr/4.

The nearest-neighbor approximation for extinction coeffi-
cients of the single strands could lead to mixing of strands in
ratios that are not exactly 1:1. To test the effect of this on
the derived thermodynamic parameters, simulations were
performed for mixing UGAGAAGUCA and UGACAAAA-
CUCA in 1.2:1 and 1.5:1 ratios. In these simulations, the
measured absorbance vs temperature for the excess single-
stranded UGAGAAGUCA was added to the duplex melts and
the resulting curves were refit. 7y,! vs log Cr plots were also
generated. For the 1.2:1 ratio, the AG®’s from fits and the
Ty plot changed by 0.6 and 2%, respectively. For the 1.5:1
ratio, the AG®’s changed by 3 and 5%, respectively.

CD Spectra. CD spectra were collected on a JASCO J-40
spectrophotometer interfaced to a Digital PDP 11/23 com-
puter. Temperature was controlled by using jacketed cylin-
drical cells.

NMR Spectra. NMR spectra were measured with a 500-
MHz Varian VXR-5008S spectrometer. Oligomers were dis-
solved in 1 M NaCl/10 mM sodium phosphate/0.5 mM
EDTA at pH 7. The solvent was 10% D,0O and 90% H,0.
Spectra were collected with 24 000 points over a sweep width
of 12 kHz, multiplied by a 2.0-Hz line-broadening exponential
function, and transformed by a SUN 3/160 computer running
Varian VNMR software. 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.

RESULTS

Figure 1 shows normalized absorbance vs temperature
melting curves for UGACA,;CUCA, UGAGA,GUCA, a 1:1
mixture of the two strands, and a 1:1 mixture of UGACA-
CUCA with UGAGA;GUCA. The individual strands have
broad transitions. All the individual, non-self-complementary
strands used in this work were melted at two or more con-
centrations differing by at least a factor of 10. In general,
the melts were concentration independent and broad, as ex-
pected for single-strand melting. These data were fit to a
one-dimensionsl Ising model with a cooperativity parameter,
o,0f 1 or 0.5 (Zimm & Bragg, 1959; Applequist, 1963; Dewey
& Turner, 1979). The values derived for AH® and AS® are
listed in the supplementary material (see paragraph at end of
paper regarding supplementary material). When ¢ = 1, values
for AH® range from -8 to —13 kcal/mol, which is typical for
single-strand stacking (Leng & Felsenfeld, 1966; Brahms et
al.,, 1967; Porschke, 1976; Dewey & Turner, 1979; Freier et
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FIGURE 1: Normalized absorbance vs temperature curves for 1.6 X
10~ M each strand UGAGAAAGUCA + UGACAAACUCA (@),
1.7 X 1075 M each strand UGACACUCA + UGAGAAAAAGUCA
(+), 2.0 X 107 M UGACAAACUCA (X), 2.1 X 10 M UGA-
GAAAGUCA (0), and linear approximation of single-strand ex-
tinction coefficient vs temperature derived from fitting curve for 1.6
X 10 M UGAGAAAGUCA + UGACAAACUCA. Curves are
normalized at 64 °C. Solutions are 1 M NaCl/10 mM sodium
phosphate/0.1 mM Na,EDTA, pH 7.

al., 1981). The melts for the individual strands were also fit
to a two-state hairpin model with sloping lower and upper base
lines. The AG®’s for these fits ranged from —5 to —17 kcal/mol
with an average of ~12.5 kcal/mol for the CA,C series and
from ~11 to —16 kcal/mol with an average of —13.5 kcal/mol
for the GA,G series. These apparent AH®’s are considerably
less than the predicted values of —24 and -18 kcal/mol from
the base pairs in the CA,C and GA,G series, respectively
(Freier et al., 1986a).

The melting curves for UGACCUCA, UGAGGUCA, and
UGAGAGUCA differed from those of the other strands. Both
UGACCUCA and UGAGGUCA melted with sharper tran-
sitions than the other sequences, and the T\ for UGAGGUCA
was concentration dependent. Even at the highest concen-
tration melted (>1 X 10™* M), however, the T)’s for both
sequences were less than 20 °C. This is more than 40 °C lower
than for the non-self-complementary duplex, UGACCUCA
+ UGAGGUCA (see below). Thus, the self-associated species
are much less stable than the UGACCUCA + UGAGGUCA
duplex, and this competition can be neglected (Longfellow et
al., 1990). UGAGAGUCA melted with a sharp transition
above 1.6 X 104 M with T,’s less than 22 °C. Below 3 X
10~ M, it melted with a broad transition. Thus, the self-as-
sociated species of UGAGAGUCA is also too unstable to
compete with the non-self-complementary duplexes studied
(Longfellow et al., 1990).

Melting curves were cooperative for mixtures designed to
give duplexes with internal loops (see Figure 1). Melting
temperatures for these mixtures were concentration dependent,
and Figure 2 shows typical Ty ! vs log Cr plots. Thermo-
dynamic parameters derived from fits of melting curves and
from Ty vs log Cr plots are listed in Table I. The measured

AG®5; for the fully paired duplex, UGACCUCA + UGAG-

GUCA, is —12.3 kecal/mol, close to the value of —11.5 kcal/mol
predicted by the nearest-neighbor model (Freier et al., 1986a;
Kierzek et al., 1986). This is a further indication that the
self-associated species do not affect the duplex equilibrium.

Figure 3 shows normalized absorbance vs temperature
melting curves for the series CGCA,GCG where n =1, 2, and
3. When n = 2, an unusual transition is observed at low

Peritz et al.
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FIGURE 2: Reciprocal melting temperature vs log concentration plots
for UGACACUCA + UGAGAGUCA (@), UGACAACUCA +
UGAGAAGUCA (a), UGACAAACUCA + UGAGAAAGUCA
(0), UGACCAACUCA + UGAGAAAGUCA (O), UGACAA-
CUCA + UGAGAAAAGUCA (A), and UGACACUCA + UGA-
GAAAGUCA (m). Solutions are 1 M NaCl/10 mM sodium
phosphate/0.1 mM Na,EDTA, pH 7.
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FIGURE 3: Normalized absorbance vs temperature curves for 3.2 X
104 M CGCGCG (@), 3.4 X 10* M CGCAGCG (+), 2.9 x 107
M CGCAAGCG (—), and 3.2 X 10* M CGCAAAGCG (0).
Curves are normalized at 90 °C. Solutions are 1 M NaCl/10 mM
sodium phosphate/0.1 mM Na,EDTA, pH 7.

temperature for strand concentrations above 1 X 107 M.
Gralla and Crothers (1973) also observed unusual behavior
for A,GCCU,. The equilibria associated with these unusual
transitions are not known. For CGCA,GCG, only data above
the low-temperature transition were fit to the two-state model
for duplex formation. This assumes that only a duplex to single
strand transition occurs at the higher temperatures. The Ty
vs log Cy plots for the CGCA,GCG series are shown in sup-
plementary material, and the thermodynamic parameters
derived are listed in Table 1.

The thermodynamic parameters listed in Table I are derived
from a two-state model for the transition with the assumption
that extinction coefficients for single strands depend linearly
on temperature (Petersheim & Turner, 1983). As shown in
Figure 1, this assumption is not exact. If the model was exact,
then the AH® and AS® values derived from fits of melting
curves and from Ty vs log Cy plots should be equal. In
practice, agreement within 15% is usually considered a nec-
essary condition to indicate approximate two-state behavior
(Freier et al., 1986; Turner et al., 1988). This is based on
comparisons of AH®’s measured by optical melting and ca-
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Table I: Thermodynamic Parameters of Duplex Formation?

1Ty vs log Cy CURVE FITS
€ -AGY%oc  -AH? -ASO Tm -AG%7%¢  -AHP -AS? Tm

em M) (keabmole) (keabmole)  (ew) c0 (kcalmole) (kcalimole)  (ew) c0)

(280 nr) (1x 104 M) (1x10%M)
S'yGAccuCA?Y 32,340 1234 76.09  205.55 62.6 1190  69.13 18452  63.1
YACUGGAGUS' 36,500
S'ygacAcucad 35,040 794  67.15 19091 43.7 774 5377 14840  44.1
YACUGAGAGU™ 39,600 (7.73) (62.98) (178.15) (43.0) (7.59) (55.37) (154.07) (43.0)
5'UGAC A cucad 642 5798 16622  36.4 6.61 46.11 12734 37.6
YACUG L AGAGUS' 43,120 (6.10) (50.26) (142.37) (34.4) (5.73) (60.10) (175.29) (329)
S'UGACAACUCAY 38,560 6.59 5576  158.51 37.4 6.71 4507  123.66 383
I'ACUG 5 GAGU® (6.44) (54.36) (154.50) (36.5) (6.51) (47.02) (130.64) (36.8)
S'uUGACAACUCAY 7.04 69.09 200.06 393 7.06 5189 14454 40.2
YACUGpAGAGUS' (6.53) (56.51) (161.15) (37.0) 6.49) (60.68) (174.71) (36.8)
S'UGAC A cuca?Y 6.55 56.77 161.92 37.1 6.64 4585 12644 37.7
YACUG3GAGUS' 46,640 (6.33) (59.64) (171.89) (35.9) (6.39) (51.85) (146.60) (36.1)
S'uGacA3cuca? 42,080 6.16 49.77  140.60 34.7 6.44 4096 11131 36.3
YACUG 4 GAGUS' (5.98) (46.19) (129.65) (33.3) (6.13) (42.50) (117.25) (34.1)
S'ygacAdcuca? 6.59 60.45 173.65 373 6.69 4970 138.69 38.0
YACUGAAGAGU® (6.31) (56.77) (162.68) (35.8) (6.36) (52.68) (149.36) (36.0)
S'UGAC A cuca?® 6.11 5140 146.00 34,5 6.28 4743  132.68 354
ACUG 44GAGUS' 50,160 (5.83) (52.64) (150.92) (32.9) (5.85) (52.31) (149.78) (33.0)
s'ygacAdcuca® 45,600 556 4739 13486 308 585 3991 10336 315
3'ACUG 5 GAGUY (5.28) (51.40) (148.71) (29.6) (5.55) (40.73) (113.41) (29.7)
S'yGACAAAcUCAY 6.67 5943 170.12 377 674 5763 164.09 38.1
YACUGAAAGAGUS (6.53) (55.01) (156.31) (37.0) 6.45) (63.49) (183.90) (36.6)
S'yGACAACUCAY 6.07 51.61 146.84 343 6.18 48.52  136.51 34.8
YACUG,4GAGUS' (5.80) (59.30) (172.48) (33.3) (5.84) (55.61) (160.46) (33.2)
S'uGacA4cuca?® 6.00 56.12 161.59 34.1 6.21 46.58 130.15 349
YACUGA AGAGUY (5.68) (54.20) (156.45) (32.2) (5.60) (56.59) (164.43) (32.0)
S'yGaC A cucaY 571 5197 149.16 322 6.18 39.63 107.84 34.3
3ACUG,sGAGU®' 53,680 (5.51) (43.64) (122.92) (29.9) (5.60) (40.80) (113.51) (30.1)
S'uGACAScuCAY 49,120 5.30 49.04 141,02 29.4 5.80 3793 103.60 31.2
YACUG , GAGU®' (4.83) (52.55) (153.85) (27.3) (5.25) (43.71) (124.00) (28.1)
S'yGacCAAcucaY 43,590 7.14 67.49 194.59 398 7.22 55.11 154.42 40.9
¥ACUGAAAGAGUS' (6.78) (68.99) (200.57) (38.1) 6.72) (72.76) (212.95) (37.8)
S'UGACAAACUCAY 7.17 6290 179.68 40.2 7.24 61.57 175.17 40.6
YACUGAACGAGUS 46,030 (6.92) (56.86) (161.01) (39.2) (6.90) (70.30) (204.44) (38.6)
S'cGCGeG? 29,590 9.21 54.74 146.77 58.4 938 5693  153.29 58.6
y¥gecgeges
S'cGCAGCGY 34,320 6.09 4998 141,53 39.6 6.16 47.69  133.39 40.1
¥GCG,CGCY
S'cGCcAAGCGY 37,840 5.44 48.02 137.30 35.5 5.59 40.11 111.30 36.4
GCG A CGCH
ScGCAAAGCGY 41,360 4.88 4592 13233 31.7 5.19 30.09 80.26 321
¥GCGopAACGCS
8 cGGCCGpt 33,340 9.90 54.12 142,57 63.3 10.10 56.63 150.01 63.3
¥pGCCGGC '
S'cGGAAACCGY 45,200 4.64 38.41 108.87 28.9 4.79 36.88 103.48 29.7

¥GCCAAAGGCY

2 Although estimated errors in AG®, AH®, and AS® are £3%, £10%, and £10%, respectively, additional significant figures are given to allow
accurate calculation of Ty and other parameters. Solutions are in | M NaCl/10 mM sodium phosphate/0.1 mM Na,EDTA, pH 7. Parameters in
parentheses are corrected for single-strand extinction coefficients. bFrom Freier et al. (1986).

lorimetry (Breslauer et al., 1975; Albergo et al., 1981; Hickey
& Turner, 1985). Only eight of the duplexes listed in Table
I fit this 15% criterion. Thus, most of the AH® and AS® values
in Table I must be treated cautiously.

For non-self-complementary duplexes other than UGAC-
CUCA + UGAGGUCA, the linear approximation for sin-
gle-strand extinction coefficients can be replaced with the
measured temperature dependence of single-strand extinction
coefficients. (For single-stranded UGAGAGUCA, this re-

quires using data for concentrations less than 3 X 1075 M.)
Results from this analysis are listed in parentheses in Table
I. Nine sequences that do not appear two-state with the linear
approximation do appear two-state when measured extinctions
are used. Only one sequence appears two-state with the linear
approximation but not two-state when measured extinctions
are used. This suggests that much of the apparent non-two-
state behavior is due to the linear approximation for single-
strand extinctions.
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FIGURE 4: CD spectra at 0 °C for (A) 4.1 X 10> M UGACAAA-
CUCA + UGAGAAAGUCA (---), 1.7 X 10 M UGACACUCA
+ UGAGAAAAAGUCA (), and 1.2 X 10~ M UGACAACUCA
+ UGAGAAAAGUCA (—); (B) 1.0 X 10 M UGACAACUCA
+ UGAGAAGUCA (—) and 1.4 x 10°° M UGACACUCA +
UGAGAAAGUCA (---);and (C) 1.1 X 10 M UGACCUCA +
UGAGGUCA (---), 6.3 X 10 M UGACAAAACUCA + UG-
AGAGUCA (-), and 1.4 X 10°* M UGACAACUCA + UG-
AGAGUCA (—). Solutions are ] M NaCl/10 mM sodium phos-
phate/0.1 mM Na,EDTA, pH 7. Oligomer concentrations are
concentrations of each strand.

The most important parameter for prediction of RNA
structure is AG®3;. For all sequences in Table I, the AG®;,
values derived from fits and T plots agree within 10%, with
an average difference of 3%. The difference between AG®4;
values derived with and without the measured temperature
dependence of single-strand extinctions is at most 13% and
on average 5%. This partially reflects compensating errors
in AH® and AS® (Petersheim & Turner, 1983). In addition,
the most certain thermodynamic parameter derived from op-
tical melting is AG® at T (Freier et al., 1984). The sequences
with internal loops were designed to melt near 37 °C so that
only short extrapolations from Ty, are required.

CD spectra for eight duplexes in the UGACA,,CUCA +
UGAGA,GUCA series are shown in Figure 4. Spectra for
both symmetric and asymmetric loops are similar to those
found for A-form RNA helixes (Tunis-Schneider & Maestre,
1970), though no definitive structural conclusion can be derived
from CD spectra in this wavelength range (Sutherland et al.,
1983, 1986).

NMR spectra at 15 °C for the imino protons of
UGAGA;GUCA and its duplex with UGACACUCA are
shown in Figure 5. Spectra were also taken for 2.4 X 107
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M UGACACUCA, but no resonances were observed between
9 and 14 ppm. The spectrum for the duplex has six resonances.
Four have chemical shifts less than 13.5 ppm, where GC pairs
typically resonate. Two have chemical shifts above 13.5 ppm,
where AU pairs typically resonate (Hilbers, 1979; Robillard
& Reid, 1979; Pardi et al., 1981; Weiss et al., 1984; Ulrich
et al., 1983; Chou et al., 1983). No new resonances are seen
at 0 °C, although the lines broaden considerably. If all eight
base pairs had a slowly exchanging imino proton, then eight
resonances would be observed. The results suggest that the
imino protons of the terminal AU base pairs exchange rapidly
with water. This is commonly observed and attributed to
fraying of the terminal base pair (Patel & Hilbers, 1975; Kan
et al., 1975; Hilbers, 1979; Pardi et al., 1981; Chou et al., 1983;
Weiss et al., 1984).

The rapid exchange of the terminal imino protons even at
0 °C is consistent with expectations based on thermodynamic
parameters measured for terminal base pairs and unpaired
terminal nucleotides (Freier et al., 1986b; Turner et al., 1988).
In particular, the AG®’s of duplex formation at 0 °C for
GCGCA and UGCGCA are —13.0 and -13.3 kcal/mol, re-
spectively (Freier et al., 1986b). Thus, providing a terminal
5 U to hydrogen bond to the terminal 3’ A adds little to duplex
stability. This suggests that an equilibrium will exist between
hydrogen- and non-hydrogen-bonded conformations of the
terminal base pairs. Presumably, the imino proton in the
non-hydrogen-bonded conformation can exchange rapidly with
water. For example, in 0.1 M Na*, imino protons are not
observed for the unpaired terminal nucleotides in

GCGAGCU GCGAGCG
UCGAGCG GCGAGCG

(SantaLucia et al., 1990). Thus, it is not surprising that no
imino resonance is observed for the terminal pair of the
UGUAGA;GUCA + UGACACUCA duplex.
Surprisingly, the NMR spectrum for UGAGA,GUCA
alone has a single resonance at 13.8 ppm, where AU pairs are
known to resonate. The resonance is weak, however, and
disappears entirely by 22.5 °C. Comparison of its area with
the area of the strongest duplex resonance, after normalization
for strand concentration and acquisition parameters, suggests
that it is at least 10 times weaker. Nevertheless, its presence
suggests that single-stranded UGAGA,GUCA can have a
structure involving a slowly exchanging, presumably hydro-
gen-bonded imino proton, at least some of the time.

DIScussION

The main goal of this work is to test the suggestion by
Papanicolaou et al. (1984) that asymmetric internal loops are
less stable than symmetric internal loops. The free energy
change for internal loop formation at 37 °C can be calculated
from (Gralla & Crothers, 1973): AG®;;(loop formation) =
AG®y;(duplex with loop) — AG®;,(duplex without loop) +
AG®y(interrupted nearest neighbor interaction. For example,

. (CAC . UGAChicuca
205 ne) = 2iee, Gact)
3

AG (UGACCUCA) AG (CC) —6.67 - (-12.34)
° LR AN ) + © L] = X - (=12. +
7\ ACUGGAGU "NGG

(-2.93) = 2.7 keal/mol

The AH® and AS® values for internal loop formation can be
calculated in analogous ways. The values derived are listed
in Table II. Parameters from Ty vs log Cr plots and from
fits are listed. The T~ vs log Cr results are considered the



Loops in Oligoribonucleotides

Biochemistry, Vol. 30, No. 26, 1991 6433

LIRS R R B S AN B S BN I SR B IR B I

14.5 14.0 13.5

LA N S B S | LA A R B EE R I B M|

13.8 12.5 12.e ppR

FIGURE 3. 500-MHz proton NMR spectra (11.5-15 ppm) at 15 °C in 1 M NaCl/10 mM sodium phosphate/0.5 mM Na,EDTA, pH 7 for
(top) 0.35 mM UGAGAAAGUCA and (bottom) 0.14 mM each strand UGACACUCA + UCAGAAAGUCA. For both sequences, spectra
were also measured at 0.5 °C. Resonances broaden at lower temperatures, but no new resonances are observed for either of the sequences.

Table 1I: Thermodynamic Parameters of Internal Loops?

1Ty vslog Cp CURVE FITS
AGO,,, (37 *C) AHY, ASO, AGY,,, (37 *C) AHO AS?,

aelimele)  (kcalim) i (ilmole)  (reamerty i
S'UGACACUCAY 1.5 -32 -15.1 1.2 3.2 6.4
YACUG,GAGUS' (1.7 (1.0) (-2.4) .4 (1.6) ©.7
5'UGAC A cucad 3.0 6.0 9.6 2.4 10.9 274
FACUG4 A GAGUS' (3.3) 13.7) (33.4) 3.2) 3.1 (-20.5)
S'UGACAACUCAY 2.8 8.2 17.3 2.3 119 31.1
YACUG 4 GAGUS' (3.0) 9.6) (21.3) 2.5 (10.0) 4.1)
S'uGacAAcucaY 2.4 -5.2 -24.3 1.9 5.1 10.2
FACUG, 4, GACUS @9 1.4 (14.7) .5 -3.1 (-19.9)
S'UGAC A cuca¥ 2.9 7.2 13.9 2.3 111 283
YACUG,3GAGUS' @ “.3) (4.0 (2.6) [CR)) (8.2)
SUGAcA3cucaY 3.3 142 35.2 2.5 16.0 43.5
TACUG 4 GAGUS' (3.4) 7.7 (46.2) 2.8 (14.5) (37.5)
S'UGACA3cUCAY 2.8 3.5 2.2 2.3 73 16.1
YACUG,AGAGUS' 3.1 7.2 (13.1) 2.6) 4.3 5.4
S'uGAc A cuca? 33 12.5 29.8 2.7 9.5 22.1
PACUGL4GAGUS 3.6) (11.3) (249 @an [C3)) (5.0
S'yGacAdcuca? 3.9 16.5 40.9 3.1 17.1 51.4
FACUG 4 GAGU®' “.0 (12.5) 7.1 3.4) (16.2) (414)
S'UGACAAACUCAY 2.7 4.5 57 22 -0.7 -9.3
FACUG, 44 GAGUY 2.9 (8.9 (19.5) 2.5 (-6.5) -29.1)
S'uGgacAAcucaY 33 12.3 29.0 2.8 8.5 183
YACUG4GAGUS' (3.6) 4.6) (3.3) [EBY] (1.4) 57
S'yGacAdcuca? 34 7.8 14.2 2.8 10.4 24.6
YACUG,AGAGU®' amn .7 (19.4) 3.4 0.4) 9.7
$'uGAC A cuca¥ 3.7 12.0 26.6 2.8 17.3 46.9
YACUGA5GAGUS' .9) 20.3) (52,9 (3.4) 16.2) 413
S'ugacAScuca® 4.1 149 34.8 3.2 19.0 51.2
YACUG 4 GAGUY 4.6) (11.4) 22.0) an (13.3) (30.8)
S'uGAcCAACuCAY 23 -3.6 -18.8 1.8 1.9 0.4
YACUG 4 AGAGUY 2.6) -5.1) (-24.8) @3 (-15.8) (-58.2)
S'UGACAAACUCAY 2.2 1.0 -39 17 -4.6 -20.4
FACUGH AcGAGUY @5 .1 (14.8) @1 (-13.3) (-49.7)
$'cgcAGeGY 1.1 33 -14.1 12 1.2 0.5
¥Ggegcaed
$'cGCAAGCGY 1.8 -13 -9.9 1.8 8.8 226
FGCG,CGCH
S'cGCAAAGCGY! 23 0.8 -4.9 22 18.8 53.7
3GCGAAACGCY
$'cGGAAACCGY 1.9 1.5 -1.2 1.9 55 11.6

¥GCCAAAGGCH

?Solutions are in 1| M NaCl/10 mM sodium phosphate/0.1 mM
Na,EDTA, pH 7. Parameters in parentheses are corrected for single-
strand extinction coefficients.

most reliable (Hickey & Turner, 1985).
Symmetric Internal Loops Destabilize the Helix Less Than
Asymmetric Loops. All internal loops studied here destabilize

T T T T T

2.0} [ i

—_
L=

src (kcal/mole)

o
o0

AAG®
°
H

o
=)

IN, - Ny

FIGURE 6: Asymmetry penalty vs difference between number of
non-base-paired nucleotides on each strand for duplexes with UG-
AGAGUCA (m), for duplexes with UGACACUCA (a), and for
duplexes with either UGACAACUCA or UGAGAAGUCA (0). The
line is the best fit of points with intercept forced to 0. The slope is
0.3. Values are calculated from duplex parameters derived with
measured temperature dependence for single-strand extinction
coefficients.

duplexes. The results in Table II indicate that symmetric loops
destabilize a helix less than asymmetric loops. For example,

ucac™cuca | ucacAscuca
seee eos e an XX ceee
ACUG, GAGU ACUG , GAGU

both have internal loops with six unpaired A’s. The free energy
changes for loop formation at 37 °C, however, are 2.7 and 4.1
kcal/mol, respectively.

The measured penalty for loop asymmetry is defined as
AG®°(asymmetry penalty) = AG®(measured for asymmetric
loop of I) — AG®(measured for symmetric loop of /). When
the number of nucleotides in the loop, /, is odd, AG® (measured
for symmetric loop) is taken as the average measured for the
symmetric loops with / — 1 and / + 1 nucleotides. These
penalties are listed in Table III and plotted in Figure 6.

Papanicolaou et al. (1984) suggested that asymmetric in-
ternal loops with branches of N, and N, nucleotides should
be penalized by the minimum of 6.0 or N f{M) kcal/mol,
where N = [N, —= N,|, M is the minimum of 5, N,, or N,, and
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Table III: Penalties for Loop Asymmetry*

Linear Measured
single strand  single strand
baseline baseline
Molecule N1+N2 IN1-N2i  AAGOyy LAAGOyq
S'UGAC A cuca?® 3 1 1.1 1.0
YACUG, AGAGUY
S'UGACAACUCAY 3 1 0.9 0.7
3'ACUG 5 GAGUS'
S'UGAC A CUCA® 4 2 0.5 0.2
3'ACUG,3GAGUS'
S'UGACA3cuCAY 4 2 0.9 0.5
3'ACUG 5 GAGUS'
S'uGacAdcucaY 5 1 0.3 0.2
YACUGLAGAGUS
S'UGAC A CcUCAY 5 3 0.8 0.7
YACUG,4GAGUY'
S'ugacAdcucay 5 3 1.4 1.2
J'ACUG 4 GAGU®'
S'UGACAACUCAY 6 2 0.6 0.7
F'ACUG, 4GAGU®'
S'UGACAdcUCAY 6 2 0.7 0.8
3'ACUGLAGAGUS'
S'UGAC A CUCAY 6 4 1.0 1.0
3'ACUG,¢GAGUS'
S'uGACAScucaY 6 4 1.4 1.7

3'ACUG 5 GAGU®'

4Solutions are in 1| M NaCl/10 mM sodium phosphate/0.1 mM
Na,EDTA, pH 7. Values are calculated using parameters from 1/7Ty
vs log Cr plots.

A1) =0.7,/2) = 0.6, f[3) = 0.4, 4) = 0.2,and f{5) = 0.1.
Comparison with the results in Table II indicates that these
penalties are too large. Thus, Jaeger et al. (1989) reduced
the penalties by roughly a factor of 2 for a recent study of the
accuracy of RNA secondary structure predictions. For loops
with four to six nucleotides, the approximation of Jaeger et
al. (1989) differs from the experimental penalty by an average
of 0.2 kcal/mol. Slightly better agreement is obtained if the
asymmetry penalty is simply set to |V, = N,| X 0.3 kcal /mol
(see Figure 6). The plot in Figure 6, however, suggests that
this is oversimplified. The asymmetry penalty depends on
sequence as well as length: for loops larger than three, the
asymmetry penalty for the GAG series is always larger than
for the CAC series. The loop

CAC
GA,G

seems unusually unstable. Clearly, too little information is
available to include such effects in a model for loop stability.
A reasonable approximation of the data for loops larger than
three, however, is to penalize asymmetry by the minimum of
3.0 or 0.3 [N, — N,| kcal/mol.

The results for loops of three nucleotides support a somewhat
larger asymmetry penalty of about 0.9 kcal/mol. This suggests
that existing free energy increments for loops of three (Jaeger

Peritz et al.

et al., 1989; Turner et al., 1988) should be made less favorable,
with the asymmetry penalty of |V, = N,| X 0.3 kcal/mol
applied only to loops with more than three nucleotides. Of
course, these effects may also depend on the sequence in and
around the loop. Most internal loops, however, are purine rich
so that the A loops studied here are reasonable models for loops
closed by GC pairs.

The thermodynamic trends discussed above can be com-
pared with known secondary structures of RNA to see if there
is any correlation between stability and occurrence of internal
loop motifs. Table IV lists the occurrence of various internal
loops in a set of RNA structures determined by phylogenetic
comparisons (Gutell et al., 1985; Gutell & Fox, 1988). Several
of the trends in thermodynamic parameters are paralleled by
trends in prevalence. The relatively unstable internal loop of
three occurs less often than loops of two or four. Loops with
higher asymmetry occur less often than loops with lower
asymmetry. The comparison suggests that the improved
thermodynamic parameters for internal loops may lead to
improved predictions of RNA secondary structure.

This work has measured the effect of asymmetry in internal
loops of A’s in oligoribonucleotides. In large RNAs, however,
there may be cases where asymmetric internal loops are sta-
bilized by tertiary interactions. Such interactions cannot be
included in a dynamic programming algorithm for free energy
minimization to predict RNA secondary structure (Zuker,
1986). Fortunately, however, dynamic programming algor-
ithms are able to generate an ensemble of structures within
a free energy window (Steger et al., 1984; Williams & Tinoco,
1986; Zuker, 1989). Free energies for these “suboptimal”
structures can then be recomputed with inclusion of tertiary
interactions and other complex effects. Thus, it is important
that energy parameters used in dynamic programming al-
gorithms eliminate as many unfavorable structures as possible
without eliminating the correct structure, which may be sta-
bilized by tertiary interactions. A modest asymmetry penalty
similar to the one reported here appears to perform this
function well (Jaeger et al., 1989; Zuker et al., 1991). In
particular, for a set of RNAs with known secondary structure,
a structure that is on average 86% correct is found within 5%
of the free energy of the predicted lowest free energy structure
(Jaeger et al., 1989). The number of structures within this
free energy window, however, is many orders of magnitude
smaller than the total number of possible structures (Zuker
et al., 1991).

The melting data indicate that the asymmetry effect on
thermodynamic parameters is modest. The CD data indicate
that the asymmetry effect on structure is also modest. Spectra
for sequences with symmetric and asymmetric loops are similar
and typical of A-form RNA spectra (Tunis-Schneider &
Maestre, 1970). Thus, there appears to be no large structural
perturbation induced by asymmetric internal loops. This
suggests that the thermodynamic parameters measured should
work well in the nearest-neighbor model for structure pre-
diction (Tinoco et al., 1971; Turner et al., 1988).

Loop Stability Does Not Depend Simply on Loop Size or
Stacking. Algorithms for predicting RNA structure require

Table IV: Frequency of Occurrence for Small Internal Loops in 16S- and 23S-like RNAs

no. of nucleotides in loop and distribution

type of no. of 4 5 6 7 8

RNA sequences 2 3 2vs2 3vsl 3vs2 4vs]l 3vs3 4vs2 5vs]l 4vs3 S5vs2 6vsl 4vs4 other
1659 21 175 56 48 41 46 S 23 1 0 10 6 1 3 17
2388 38 488 166 151 54 97 22 87 21 6 26 21 2 39 23

%From Gutell et al. (1985). ®From Gutell and Fox (1988).
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a model for the sequence dependence of internal loop stability.
Due to lack of experimental data, current models assume that
stability depends on loop size (Salser, 1977; Freier et al.,
1986a) or on loop size and stacking between the first mismatch
and the base pair closing the loop (Jaeger et al., 1989). Studies
of internal loops containing two GA mismatches have shown
that these models are oversimplified because they neglect
hydrogen-bonding interactions in GA mismatches (SantaLucia
et al., 1990). The results in Tables I and II provide further
evidence against these models. For symmetric loops of six,
the measured loop free energy increments range from 1.9 to
2.7 kecal/mol, indicating that length does not completely de-
termine stability. The loops

CCAAC CAAAC
GAAAG, GAACG,

CAAAC
and ) .
GAAAG
all have the same stability within 0.5 kcal/mol, with the loop
shown in the center being most stable. If the stacking effects
suggested by Jaeger et al. (1989) dominated, then the loop
shown on the right would be most stable by about 0.9 kcal/
mol. Evidently, none of the current models for internal loops
satisfactorily describe the new data.

Hairpins with Short Stems Closed by AU Pairs Are Less
Stable Than Expected. The single strands, UGACA,CUCA
and UGAGA,,GUCA, both have the potential to form hairpin
structures. Current parameters for base pair and hairpin loop
formation (Freier et al., 1986a; Groebe & Uhlenbeck, 1988;
Jaeger et al., 1989) predict that most of these hairpins should
have T),’s between 30 and 40 °C. If base pairs provide the
only AH?® for hairpin formation, then the CA,C and GA,G
series are predicted to have AH®’s of —24 and —18 kcal/mol,
respectively. The experimental results, however, provide no
evidence for such stable hairpins. When the melting curves
for the individual strands are fit to a hairpin model, the AH®’s
average —12.5 and -13.5 kcal/mol for the CA,C and GA, G
series, respectively. When the curves are fit to a single-strand
stacking model, the derived AH®’s range from -8 to -13
kcal/mol as expected for single-strand stacking. NMR spectra
in the imino proton region for UGACACUCA and
UGAGA;GUCA show no and one weak resonance, respec-
tively, even though these sequences are predicted to form
hairpins with T),’s of 33 and 36 °C from the parameters
collected by Jaeger et al. (1989). The hairpin loop parameters
are derived from studies of hairpins with long stems closed by
GC pairs (Groebe & Uhlenbeck, 1988). The results suggest
that hairpins with short stems closed by AU pairs are less
stable. Previous work has also suggested that hairpins closed
by AU pairs are less stable than those closed by GC pairs
(Uhlenbeck et al., 1973; Gralla & Crothers, 1973; Tinoco et
al., 1973).
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SUPPLEMENTARY MATERIAL AVAILABLE

One table listing thermodynamic parameters for unimo-
lecular single-strand melting in 1 M NaCl and one figure with
Tyw! vs log Cr plots for the CGCA,GCG series (2 pages).
Ordering information is given on any current masthead page.
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Photoaffinity Labeling of the Primer Binding Domain in Murine Leukemia Virus
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ABSTRACT: We have labeled the primer binding domain of murine leukemia virus reverse transcriptase (MuLV
RT) by covalently cross-linking 5’ end labeled d(T)s to MuLV RT, using ultraviolet light energy. The
specificity and the functional significance of the primer cross-linking reaction were demonstrated by the
fact that (i) other oligomeric primers, tRNAs, and also template-primers readily compete with radiolabeled
d(T)s for the cross-linking reaction, (ii) under similar conditions, the competing primers and template-primer
also inhibit the DN A polymerase activity of MuLV RT to a similar extent, (iii) substrate deoxynucleotides
have no effect, and (iv) the reaction is sensitive to high ionic strength. In order to identify the primer binding
domains/sites in MuLV RT; tryptic digests prepared from the covalently cross-linked MuLV RT and
[*2P]d(T) complexes were resolved on C-18 columns by reverse-phase HPLC. Three distinct radiolabeled
peptides were found to contain the majority of the bound primer. Of these, peptide I contained approximately
65% radioactivity, while the remainder was associated with peptides II and ITI. Amino acid composition
and sequence analyses of the individual peptides revealed that peptide I spans amino acid residues 72-80
in the primary amino acid sequence of MuLV RT and is located in the polymerase domain. The primer
cross-linking site appears to be at or near Pro-76. Peptides II and III span amino acid residues 602-609
and 615-622, respectively, and are located in the RNase H domain. The probable cross-linking sites in
peptides II and III are suggested to be at or near Leu-604 and Leu-618, respectively.

Moloney murine leukemia virus reverse transcriptase
(MuLV RT)! is a single-subunit protein of M, 80000 and
catalyzes both RNA- and DNA-directed DNA polymerase
activities as well as a ribonuclease H (RNase H) activity
(Dickson et al., 1982). The primary amino acid sequence of
MuLV RT has been deduced from the nucleotide sequence
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on Cancer Research.
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of a noninfectious proviral DNA (Shinnick et al., 1981), and
the exact location of the genome segment coding for RT within
the Pol gene has been deciphered and confirmed by NH,-

! Abbreviations: MuLV RT, murine Moloney leukemia virus, reverse
transcriptase; AMV RT, avian myeloblastosis virus reverse transcriptase;
DNA pol 1, Escherichia coli DNA polymerase I; ANTP, deoxynucleoside
§’-triphosphate; 8-azido-d ATP, 8-azidodeoxyadenosine 5’-triphosphate;
DTT, dithiothreitol; HPLC, high-performance liquid chromatography;
TPCK, tosylphenylalanine chloromethyl ketone; HEPES, N-(2-
hydroxyethyl)piperazine-N~2-ethanesulfonic acid; SDS, sodium dodecyl
sulfate; PTH, phenylthiohydantoin; TFA, trifluoroacetic acid; tRNA,
transfer RNA.
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