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Thermodynamics of RNA Internal Loops with a Guanosine-Guanosine Pair
Adjacent to Another Noncanonical Pair
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ABSTRACT. Thermodynamic parameters measured by optical melting are reported for formation of RNA
duplexes containing tandem noncanonical pairs with at least one guanosine-guanosine (GG) pair. For
selected sequences, imino proton NMR provides evidence that the desired duplex forms and that the
structure of a GG pair adjacent to a noncanonical pair depends on context. A GG pair next to a different
noncanonical pair is more stable than expected from measurements of adjacent GG pairs. This is likely
due to an unfavorable stacking interaction between adjacent GG pairs, where areas of high negative charge
probably overlap. The results suggest a model where tandem noncanonical pairs closed by two GC pairs
are assigned the following free energy increments at@7 0.8 kcal/mol for adjacent GG pairs, 1.0
kcal/mol for GG next to UU, and-0.3 kcal/mol for all others. These values are adjusted by 0.65 kcal/

mol for each closing AU pair.

Studies of the thermodynamic stability of adjacent, or

element. In a crystal structure of free Rev RNA, the GG

tandem, noncanonical pairs in RNA have provided insights adopts a syranti pairing with NHE-06 and NH2-N7
into the nature of noncanonical pairs and have improved hydrogen bondsi(l), as with a GG pair in a single mismatch

predictions of RNA secondary structure—4). Results for

(8). When bound to Rev, however, NMR studies indicate

specific noncanonical pairs in the tandem context can oftenthat the GG pair makes a symmetric pair with two NH1

be generalized to other contex®,(but GG pair stabilities

06 hydrogen bonds1@, 13). This range of possibilities

are disparate between tandem and single contexts. Forsuggests that Z 2 internal loops may be stabilizing when

example, the tandem GG motif in the>x2 2 internal loop
yococs destabilizes a duplex by 0.8 kcal/mol, whereas the
tandem GA motif in3S8AG3 stabilizes a duplex by-0.7
kcal/mol (1, 4). When flanked by two adjacent GC pairs,
however, a single GG can stabilize a duplex g kcal/
mol, whereas other single noncanonical pairs, including GA,
are either destabilizing or essentially neutrat¢). The
stability of a single GG pair is rationalized by a three-
hydrogen bond structure; in the cont€ficS? , the gua-
nines swap roles in a syranti GG pair that is nearly isosteric
to Watson-Crick pairs 8). The same dynamic pair is likely
in other single GG contexts, although conformational ex-
change impairs identification of the palir, (8).

Given the stability and structure of single GG pairs, it is
surprising that adjacent GG pairs are destabilizing i 2
internal loops. In addition to the syranti GG pairing in

a GG pair is adjacent to a different noncanonical pair.

Here, the thermodynamic stabilities of duplexes with a GG
pair in a 2x 2 internal loop are measured by monitoring
UV! absorbance as a function of temperature. Imino proton
NMR spectra are also obtained for several duplexes to
provide basic structural information. The results show that
a 2 x 2 internal loop with a GG pair adjacent to a
noncanonical pair other than GG or UU can help stabilize
an RNA duplex.

MATERIALS AND METHODS

RNA SynthesisSRNA oligonucleotides were synthesized
on an ABI 392 instrument using-2ert-butyldimethylsilyl-
blocked phosphoramidited4). After synthesis, the solid
support was incubated in a 3:1 (v/v) ammonia/ethanol
mixture at 55°C overnight (5). The liquid phase was col-
lected and evaporated. The residue was incubated in 1 M

the single context, the tandem GG context may provide room triethylammonium fluoride in anhydrous pyridine for 48 h

to form one of the other three GG pairings with two hydrogen
bonds 9, 10) or a pairing with a single bifurcated hydrogen
bond linking O6 with imino and amino proton&@). This

at 55°C. The oligomers were desalted on a Sep-pak C18
cartridge (Waters), purified on 500n silica gel TLC plates
(Baker) developed with a 55:35:10 1-propanol/ammonia/

ability of GG to adopt multiple structures has been demon- water mixture, and desalted a second time. Oligomer purity
strated with the 3x 2 internal loop of the Rev-responsive was checked by reverse-phase HPLC, and all we96%
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shows the distribution of honcanonical pairs next to GG in
2 x 2 internal loops. The most common adjacent nonca-
nonical pair is AC, with 10 occurrences. Adjacent AA, CC,

Table 1: Occurrences of Noncanonical Pairs Adjacent to a GG Pair
in 2 x 2 Internal Loops in Secondary Structures of 75 Group |
Introns and 101 Small and 218 Large Subunit rRNAs

5XG3 and UU pairs are also relatively abundant, but the motif
3YGY 3ee3 is absent in this database. Because natural sequences
Y X— A C G u contain 2x 2 internal loops with GG pairs, thermodynamic

A 6 8 1 - parameters for such motifs may improve predictions of RNA

C 2 6 - 1 secondary structure from sequence.

S 2 3 0 - Compared to other 2 internal loops, those containing

GG pairs are rare. For example, the database used for Table
1 contains 99 such & 2 internal loops containing at least
one AA pair, and 271 containing two GA pairs. The total of
ments, oligomers were dissolved L M NaCl, 0.5 mM 34 GG pairs found in 2x 2 internal loops is also
N&EDTA, and 20 mM cacodylic acid, buffered to pH 7. considerably fewer than the 196 single GG pairs in this
Optical melting curves were obtained with a Gilford 250 database. In part, the rarity ofs2 2 internal loops with GG
spectrophotometer and a Gilford 2527 thermoprogrammer pairs may be attributed to the ability of G to form pairs with
that ramped temperature at a rate dfUmin. Absorbance  C, U, G, and A without large backbone distortiois 26—

at 280 nm was monitored because changes in absorbancgg). The ability of G to form multiple helical pairs increases
due to the temperature-dependent hydration of cytosine arethe likelihood of misfolding, which may provide an evolu-
minimized at 280 nm X6, 17). Non-self-complementary  tionary disadvantage for the inclusion of G in unpaired
oligomers were mixed at a 1:1 ratio. Small errors in mixing regions of RNA 80). Such a disadvantage may result in the

Melting Experiments and Analysi§or melting experi-

do not affect results significantly18).
The Meltwin software packagé ) was used to fit curves

scarcity of tandem noncanonical pairs with GG in this
database of RNAs with ancient origins.

of absorbance versus temperature to a two-state model Thermodynamics The measured thermodynamics for

incorporating sloping linear baselines. For each duplex,

formation of several duplexes containing«22 internal loops

separate curves were obtained at nine strand concentrationsyith GG are given in Table 2. Except for GG next to CC,

roughly from 10uM to 1 mM. The inverse of the melting
temperatureTy 1, for each curve was plotted against the
logarithm of the total strand concentration, allowing deter-
mination of AH® and AS’ by a van't Hoff analysis Z0):

1 R

Ty AH°

AS
AH°

In(C,/a) + (1)

wherea = 1 for self-complementary duplexes aad= 4
for non-self-complementary duplexes.

NMR Spectralmino proton spectra for selected duplexes
were obtained with a Varian Inova 500 MHz spectrometer.
Samples were lyophilized and redissolved in a 9:0,0
mixture containing 80 mM NacCl, 0.5 mM NBDTA, and
10 mM phosphate, buffered to pH 7. A 1331 binomial

pulse sequence was used to suppress the water signal, an

offset delays were set to maximize peak intensity-aR.5

ppm @1). For one-dimensional NOE experiments, resonances

were saturated by a continuous wave @ s prior to

acquisition, and spectra were subtracted from a reference
spectrum obtained following off-resonance saturation. Spec-
tra were referenced to TSP at 0 ppm. In samples without
internal TSP, spectra were referenced to the residual water

signal with a known chemical shift relative to TSP.
Molecular Modeling For modeling a tandem GG structure,

the Discover 95 software package was used with the Amber

95 force field @2). Desired hydrogen bond restraints were

added, and up to 1000 steps of conjugate-gradient energ

minimization were performed.

RESULTS

Natural Occurrence of GG Pairs in 2 2 Internal Loops
A search of known RNA secondary structures of group |
introns @3) and ribosomal RNAs24, 25) reveals 34 such 2

all the possible adjacent noncanonical pairs are represented.
Several attempts to prepare duplexes with a GG pair next to
a CC pair were unsuccessful; imino proton NMR showed
that the expected WatseiCrick stems were not formed
by 5GCAGCACC3/3'CGUGCUGG5, 5CUGGCGACY
3'GACGCCUGS, and BCAGCGGUC3/3'GUCCGCAGS.
It is likely that these sequences form other duplexes, e.g.,
helixes that are slipped relative to the desired helix.

Table 3 provides the free energy contribution of the
measured internal loop&G°s7,00p Calculated with

AG°37,Ioop: AG°37,dupIex_ AGOB?,ref+ AGoB?,NN (2)

where AG°s7 qupiexiS the free energy for duplex formation,
as given in the first numerical column of Table/&2G°37 ref
i& the corresponding free energy for formation of the
reference duplex with the same stem sequence but no internal
loop, andAG°37nn iS the free energy attributed to the nearest
neighbor interrupted by the internal loop, as given by Xia et
al. (31). The AH®4p and AS’ oo Values in Table 3 are
calculated in a similar manner.

Adjacent Noncanonical Pairs and Orientatiowhen a 2
x 2 internal loop is flanked by GC pairs, the identity of the
noncanonical pair next to GG affects loop stability. For a
UU pair next to a GG pair, the averagé€s°s7 nopis 1.0 kcal/
mol, which is similar to the value of 0.8 kcal/mol reported
for adjacent GG pairsl( 4). For all other noncanonical pairs
adjacent to a GG pair, the rangeAs°s7 jo0pis from —0.86

%o 0.22 kcal/mol with an average of0.3 kcal/mol. Thus, a

2 x 2 internal loop with a GG pair is destabilizing if it has
an adjacent GG or UU pair. Other adjacent noncanonical
pairs allow the internal loop to be stabilizing.

Compatibility of adjacent mismatches is an important
determinant of stability of 2< 2 internal loops J). For
example, UU and AG pairs can both be stabilizing pairs in

x 2 internal loops containing at least one GG pair. Table 1 a 2 x 2 symmetric internal loop, but when adjacent to each
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Table 2: Thermodynamics of Duplexes Containing 2 Internal Loops with a GG Pair

Tm dependence on concentration curve fit
AG°37 AH° AS Tm (°C) AG°37 AH° AS Tm (°C)
duplex (kcal/mol) (kcal/mol) (eu) at0.1 mM  (kcal/mol) (kcal/mol) (eu) at0.1 mM
5GAGGCGAG3
3CUCGUCUCSH —5.67+0.03 —41.7+0.9 -116.2+29 30.7 —5.60+0.08 —43.5+2.8 —122.1+9.2 30.5
5'GAGCGGAG3
3CUCUGCUCSH —5.72+0.05 —444+1.6 -—-1248+5.2 315 —5.68+0.09 —46.2+1.9 -130.6+6.1 31.4
5GAGCGGAG3
3CUCAGCUCS —5.67+0.04 —-46.7+1.4 —-132.2+4.6 314 —5.87+0.35 —43.7£6.2 —122.0+21.1 324
5GUGGCGUG3
3ICACGUCACS —5.27+0.05 —-53.5+1.4 —-155.4+4.6 29.9 —5.454+0.07 —45.8+£4.9 -130.1+15.8 29.9
5'CUGGAGUC3
3GACGGCAGS —5.09+0.04 -554+1.9 -162.5+6.3 28.4 —5.09+0.13 —-48.8+1.4 -—141.0+4.6 28.1
5'GAGGCGAG3
3CUCGACUCS —5.55+0.05 —46.2+1.7 —131.0+55 30.5 —5.73+£0.22 —41.3+3.0 —114.6+10.4 311
5'CUGAGGUC3
3GACGGCAGS —5.15+0.04 -525+2.1 -152.8+6.9 29.0 —5.25+0.14 —479+23 -1375+7.7 28.9
5GUGGAGUG3 _ _ _ _ _ .
3CACGACACS 4.66+0.06 —33.6+1.3 93.4+45 20.7 4.68+0.10 —34.5+4.7 96.2+ 15.6 21.3
5'GUGAGGUG3
3CACAGCACS —451+0.13 —37.4+2.6 -106.1+8.6 21.1 —4.63+0.24 —-36.6+3.9 —103.1+13.3 21.7
5GAGGUGAG3
3CUCGCCUCE —5.03+0.13 —40.5+2.3 —-1144+79 25.9 —5.16+0.18 —38.5+2.6 —107.5+9.0 26.3
5'GAGUGGAG3
ICUCCGCUCH —5.02+0.02 —44.94+0.7 —-128.7+25 26.9 —498+0.11 —457+£39 -131.1+129 26.8
5'GAGGUGAG3
3CUCGUCUCSE —456+0.16 —44.6+2.8 —129.1+9.4 23.9 —4.64+0.22 —44.6+4.4 -—-128.8+1438 24.4
(5UGCGGGCA3),* —5.04+0.32 —63.7+3.6 —189.2+115 33.9 —5.37+0.12 —-52.3+2.2 -1514+7.3 35.0
5GAGUGGAG3
3CUCUGCUCSH —3.87+£0.19 —-57.84+£35 —173.9+11.8 23.4 —4.05+0.20 —-53.8+5.9 —160.5+19.5 233
(5GCAGGUGC3), —4.37+0.04 —-539+18 -159.5+5.38 29.6 —4.38+0.17 —-57.9+8.7 —172.5+28.3 30.2
(5GCUGGAGC3), —4.27+0.10 —48.7+25 -143.3+84 28.3 —4.18+0.16 —53.2+6.8 —158.0+22.3 28.5
Tw dependence on concentratton curve fit

AG°37 AH° AS Tm (°C) AG°3; AH° AS Tm (°C)
reference duplex  (kcal/mol) (kcal/mol) (eu) at0.1mM  (kcal/mol) (kcal/mol) (eu) at0.1 mM
5GAGGAG3!
ICUCCUCSH —8.50+0.05 —-55.7+1.7 —152.2+5.2 48.4 —8.66+0.20 —58.8+4.9 —-161.8+15.2 48.6
5GUGGUG3¢
ICACCACS —7.67+0.10 —488+3.3 —-132.7£105 47.4 —7.78+0.20 —55.7+3.2 —154.6+10.2 46.6
5'CUGGUC3
IGACCAGH —8.02+0.04 —-55.1+15 -—151.7+4.8 45.6 —-8.13+0.14 —-57.7+3.2 —159.7+9.8 45.9
(5GCAUGC3),! -7.38 —-62.3 —177.2 45.7 -7.41 —59.6 —168.4 46.3
(5GCUAGC3),* —7.92 —59.1 —165.1 49.3 —8.07 —63.0 —-177.1 49.3

2 Parameters determined from the dependenchyadn strand concentratiof Average parameters, as determined by fitting individual melting
curves.® From refl. ¢ From ref3. € From ref31 f From ref41 9 From ref42.

other, they are destabilizing. According to the hypothesis Imino Proton Spectralmino proton spectra for five
proposed by Xia et al. 3], the pair formed by two  duplexes are shown in Figure 1. All the duplexes were
pyrimidines is incompatible with a larger purine-purine pair designed to have two AU pairs, and all spectra but one
because these tend to distort the backbones in differentexhibit two resonances above 14 ppm where the imino proton
directions, and both cannot be accommodated as neighborsof U in an AU pair is expected to resonate. The exception is
The work presented here suggests that the small, stable UUS GCAGGUGC3), where the two AU pairs are equivalent
pair is also incompatible with the GG pair, but that the GA and next to GG mismatches. ForGEAGGUGC3),, there

pair is compatible with the GG pair. The compatible fit IS aresonance at 13.4 ppm, which likely corresponds to the
hypothesis may also explain why a CU pair adjacent to a AU pairs in this unusual environment. A similar upfield shift
GG pair is more stable than a UU or UC pair next to a GG IS seen with an AU pair next to a single GG pa8).(The

pair (Table 3). A CU pair can form a water-inserted pair spectra} also contaln the expected num_bgr of resonances for
that is sterically compatible with purine-purine pairs, and GC pairs, althoughgieea®ies has additional small reso-
which can covary with GA10). This could rationalize the ~ hances (panel E). One-dimensional NOE difference spectra
results in Table 3 if the formation and/or energetics of this fOI 3Gaceccagy Support the assignment of resonances
structure are dependent on the flanking pairs so that it is above 12 ppm to protons in Watse@rick pairs, so
less stable for the sequences with UC pairs. Interestingly, resonances below 12 ppm arise from protons in the 2

the destabilizing motifs in Table 3 contain either two GG internal loop (Supporting Information).

mismatches or the sequenc&BG3. The sequenceGUG3 On the basis of the NMR spectra, structures of GG pairs
may also have unusual stacking in the single str&®l. ( may depend on loop sequence. The GG imino resonances
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Table 3: Thermodynamics of Loop Formation forx22 Internal Loops Containing GG

internal loop AG°37,00p predicted AHC00p AS 0o
32%’23 —0.86+0.13 -0.3(1.1) —-18.14+ 3.8 —55.44+12.1
328—8‘83 —0.48+0.10 —-0.3(1.0) —21+26 —5.3+8.3
382—253 —0.43+0.09 —0.3(0.9) —444+25 —12.74+7.9
ggg—ggg —0.43+0.09 —0.3(1.1) 0.6+2.3 3.3+ 7.1
Z’(ég—éﬁi —0.33+0.09 -0.3(0.1) —13.74+2.7 —43.5+8.8
ggg—ﬁé}é” —0.31+0.10 —-0.3(1.4) —3.9+27 —11.54+85
23%33 —0.29+0.09 -0.3(-0.3) —10.8+ 4.6 —33.849.2
ggg—ﬁgg —0.254+0.14 -0.3(1.1) 1.8+ 3.8 6.6+ 12.0
gg%gg —0.10+0.18 -0.3(1.2) —2.0+4.4 —6.1+14.1
gg%gg 0.21+£0.16 -0.3(1.1) 1.8£3.1 5.14 10.2
ggg—ggg 0.22+0.09 —0.3(0.9) —2.6+22 —9.2+ 6.9
33%’353 0.68+0.18 1.0(1.2) —2.3435 —9.6+11.4
(5CGGG)* 0.8 0.8 (0.8)

328—833 1.37+0.21 1.0 (1.2) ~155+4.1 —54.4+13.4
(FAGGU3), 1.91 2.1 (1.4) -1.0 -9.0
(5UGGA3), 2.32 2.1(1.5) 2.7 1.3

aErrors are calculated as the square root of the sum of squared errors for the duplex containing the internal loop, for the reference duplex, and
for the nearest neighbor interrupted by the loop as given i8tef Predicted according to the approximations described in the Discussion or, in

parentheses, the method of #ef¢ From refl, using the—2.36 kcal/mol nearest neighbor parametergfg‘ggj (32).

A ) the G imino protons in a single GG pair in tBgSS3 con-
(5’GCAGGUGCST), e text have unequal resonances, indicating exchange at different

NL rates with solvent§).

From the imino proton spectra fo}SSASSDSS  and

S CUGAGGUCS’ B 10°C oGy shown in panels B and C of Figure 1, it is

FGACGGCAGS L N//L’JLW difficult to determine if the GA pair is in the imino hydrogen-
A ' bonded conformation, the sheared conformation, or a dif-

C ferent conformation. An imino GA conformation typically

seuseaguey 1o°c has a strong G imino resonance near 12.5 ppm, with a strong
? M\ ~ NOE to the AH2 near 7.8 ppm38). From the one-
i i YCUGAGGUC3 -
dimensional NOE spectrum fog,GACGGCAGS,, the reso

D nances between 12 and 13 ppm are more likely G imino
"GAGUGGAG3’ °C . . . .
§~C$CSGC{?C§, 10 protons in GC pairs, since NOEs to the 785 ppm region
are to broad resonances, suggestive of C amino protons
E 5°C

(Supporting Information). Thus, the GA pairs do not exhibit

5’GUGGAGUG3’ expected NMR properties of an imino hydrogen-bonded
’ CACGACW conformation. Sheared GA conformations are possible as
these usually exhibit a resonance near 10 pRd+—36).

15 14 13 12 11 10

Chemical shift, ppm This would be surprising, however, f§EYSECUCS since
FIGURE 1: Imino proton spectra for selected duplexes witk 2 sheared GA conformations are thought to be prohibited when
internal loops containing a GG pair. a Watson-Crick pair is 3 to the A 37).

and possibly a resonance from the adjacent noncanonical paify|scyyss|iON

appear between 10 and 11.5 ppm in Figure 1. For some

sequences, the resonances from the GG pair are nearly equal Previously, it has been shown that a single GG pair is as
in size, but others have unequal resonances, suggestingnuch as 3 kcal/mol more stable than other noncanonical
different structures. In particular, the NMR spectra also pairs, including the GA pair5—7). Here, we find that in 2
suggest that a GG pair in a2 2 internal loop sometimes ~ x 2 internal loops, the GG pair can stabilize the loop by
has a structure different from that of a single GG pair. For more than 1 kcal/mol relative to other noncanonical pairs.
example, the noncanonical guaninesSff/SGAGUG3 hayve For exampleszSS2G3 has aAG®3700p Of —0.3 kcal/mol,

3 CACGACACS 3'CGACS

equally sharp resonances, both near 10.8 ppm. In contrastcompared to a value of 1.4 kcal/mol f 'Cﬁﬁgg, and
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5GGCG3 o B )
3CGACE has aAG 37,I00p0f 0.3 kcal/mol, compared with a

value of 1.1 kcal/mol fof§Z2CS3 (Table 3 and refs8 and

4). These results suggest that the GG pair can make favorable 5°GG3’
pairings that are compatible with multiple adjacent nonca-

nonical pairs. The favorable pairing of a GG pair can have  3’G(GS5’
a large effect on RNA folding since the equilibrium constant

for folding becomes 10-fold more favorable for every 1.4

kcal/mol in free energy at 37C.

Two Adjacent GG Pairs Are Less Stable Than GG Pairs
Next to Other Noncanonical Pairs Except UU Paiihe
compatibilities of noncanonical pair shape and stacking
interactions with the closing base pairs are important 5GG3Y
determinants of stability and structure fox22 internal loops 3'GG5’
(3, 19, 33, 35). The current work shows that stacking
interactions between the noncanonical pairs in the 2
internal loop are also crucial, since internal loops with two
adjacent GG pairs are less favorable than internal loops of

GG pairs next to mo_st other non_canonlcal pairs, and also FIGURE2: Models of adjacent GG pairs, using the symti pairing
less favorable than single GG pairs. For example, at@7  gpserved for a single GG paiB) The shaded areas represent

the loop free energy increment fBESSSE is 0.8 keal/mol regions with strong negative electric potential. The darker bonds
(1, 4), but for 3CGAG3  and SCAGGS it js —0.3 kcal/mol and shading indicate the bases closest to the reader. The guanosine
T' bI’ 3). Si 3'G|GGCéG .3'GG.GC5't’h CGG3 text in the syn glycosidic conformation is designated with italics. (A)
(Table 3). Single pairs in gGGcg context are The 3 guanosines are in the syn glycosidic conformation. (B) The

stabilizing by 1.4 kcal/mol 7), so the destabilization of 5 guanosines are syn.

tandem GG pairs is not attributable to stacking with

neighboring WatsonCrick pairs. The additional requirement  Thus, the structural model of adjacent GG pairs is consistent
for adjacent GG pairs is stacking of the two GG pairs. with unfavorable electrostatic interactions of the overlapped

The poor stacking stability of adjacent GG pairs is most GG pairs. Similarly, the negatively charged carbonyls on
likely attributable to unfavorable electrostatic interactions. uracil may make stacking unfavorable between GG and UU
(a) Among the four natural bases in RNA, G has the largest P&IrS.
dipolar charge separatior8§). (b) The van der Waals Structures of GG Pairs in 2 2 Internal Loops The imino
interactions are expected to be approximately similar for G Proton spectra of Figure 1 show resonances between 10.5
and A, but a GA pair adjacent to a GG pair is more favorable and 11.5 ppm that correspond to the internal loop bases.
than two adjacent GG pairs. Thus, the electrostatic portion Thus, imino protons of the internal loops are somewhat

of stacking interactions is likely the most sensitive to base Protected from exchange with bulk solvent. The favorable
composition and geometry. AG°37,00p fOr many of these duplexes suggests favorable

To identify possible unfavorable electrostatic interactions Ydrogen bondsg 10), although other interactions may

between adjacent GG pairs, the structure was modeled byp. e .
assuming the N1-carbonyl, N7-amino pairing observed with sions can .be made _about .the exact pairing geometries,
a single GG pairg). Of the four possible GG geometries however, since chemical shifts bet'wegn 10 and 11.'5 ppm
with two hydrogen bonds, this pairing distorts the backbone have be_en observed for GG pairs in several different
the least. Figure 2 shows two models of adjacent GG pairs,geome_trles&, 12,13 3_’9)' . .

obtained by energy minimization with the Amber 95 force For mte_rnal loops with a CU pair next to a GG paur, a GC
field (22). The GG pairs were restrained to have-H16 or GU pair may form rather thanrigugggegu pars. If so,
and NH2-N7 hydrogen bonds, as observed with a single then there are bulged bases §g52 280cs since the

GG pair in a duplex8). Regions with strong negative electric  SPectrum in Figure 1D indicates that the Wats@rick
fields, shown as shaded regions, are more localized thanSt€mMs are intact. N

positively charged regions, and overlaps indicate unfavorable APProximations for Stability Increments of Internal Loops
electrostatic interactions. When theGis syn (Figure 2A),  With GG Pairs Previously, stabilities of X 2 internal loops
adjacent guanines are stacked within a strand. In this with a single G'G pair were approximated from §tabI|ItIeS of
conformation, there are small unfavorable electrostatic fandem GG pairs3 4). Values forAG’s7 joopfrom this model
overlaps and the negatively charged regions are localized to@r€ listed in parentheses in Table 3 and differ significantly
the major groove and pairing faces. When theG5is syn from measured.values. On the basis of the measurec_i va_lues,
(Figure 2B), the 3guanines are stacked cross-strand, rather When the 2x 2 internal loop is flanked by two GC pairs, it
than within a strand, but there are highly unfavorable overlaps IS réasonable to use a free energy increment of 1.0 kcal/mol
of negatively charged regions. In both panels, the four &t 37°C for 325% and3ie? , and an increment of 0.8 kcal/
negatively charged O6 groups are closely juxtaposed in themol for 5652 . For all other 2x 2 internal loops flanked by
major grove, so mutual repulsions of these groups may two GC pairs, the range of free energy increments is from
destabilize adjacent GG pairs. Because of the especially large—0.86 to 0.22 kcal/mol, with no clear pattern. Thus, these
charge separations in guanine, other GG pair conformationsloops are reasonably approximated by an avers§&°s;

are also likely to produce unfavorable overlaps, and theseof —0.3 kcal/mol. On the basis of results with other internal
in addition will require significant backbone distortio8) ( loops, these values are adjusted by 0.45 (hydrogen bond loss)



RNA Internal Loops with a GG Pair

+ 0.20 (stacking correctiory 0.65 kcal/mol when a closing
GC pair is replaced with a closing AU pai#,(40, 41).

Predicted loop free energy increments from these approxima-

tions are listed in Table 3.
As GG pairs can form stabilizing & 1 and 2x 2 internal

loops, they may also stabilize larger internal loops. A first
approximation for the thermodynamic bonus provided by a
GG pair at the end of an internal loop can be provided by
comparing the stabilities of loops in Table 3 with previously

measured stabilities of X% 2 internal loops without the

potentially stabilizing GU, GA, UU, or GG pairs. The

average free energy increment for 16 such 2 loops closed
by two GC pairs is 1.3 kcal/moll-4). This is 1.6 kcal/mol
less favorable than the average free energy incremen®&

kcal/mol calculated above for 11 such<22 internal loops

with a single GG pair and no adjacent UU pair. This suggests
that the bonus for GG pairs terminating internal loops may
be as favorable as1.6 kcal/mol when the loops have equal
numbers of nucleotides on each side. This is more favorable
than the bonus of 1.1 kcal/mol currently used for GA pairs
(4). Studies of 2x 3 internal loops suggest these bonuses
are less favorable when the numbers of nucleotides on each 24:

side of the loop differ 40).
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