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ABSTRACT: The symmetric, tandem GU mismatch motifs,(aoa_s and 3_{ ea_s, which only differ in

the mismatch order, have an average difference in thermodynamic stability of 2 kcal/mol°&t 37
Thermodynamic studies of duplexes containing these motifs indicate the effect is largely localized to the
mismatches and adjacent base pairs. The three-dimensional structures of two representative duplexes,
(rGGAGUUCC) and (rGGAUGUCC), were determined by two-dimensional NMR and a simulated
annealing protocol. Local deviations are similar to other intrahelical GU mismatches with little effect on
backbone torsion angles and a slight overtwisting between the basée p&thg G of the mismatch and

the mismatch itself. Comparisons of the resulting stacking patterns along with electrostatic potential
maps suggest that interactions between highly negative electrostatic regions between base pairs may play
a role in the observed thermodynamic differences.

GU base pairs are the most common noncanonical interac-modestly affects the overall helical geometry (White et al.,
tion in RNA and are also involved in many specific 1992; Allain & Varani, 1995a; McDowell & Turner, 1996).
functional roles (Watson et al., 1987). The usual GU wobble The difference in stability must then be attributed to small,
pair geometry provides two hydrogen-bonding sites, GN2 local changes within and around the mismatches. Specifi-
and UO4, that go unsatisfied in the base pairing and are cally, the stability differences are probably due to interactions
accessible in the minor and major grooves, respectively, between adjacent base pairs, collectively referred to as
allowing their use as functional contacts. GU wobble pairs stacking interactions.

are currently known to be responsible for the recognition of  \ye recently reported an NMR structure for (fGAGGU-

alanine tRNA ofEscherichia coliby its cognate synthetase CUC), which suggested that the 3.5 kcal/mol at 3G
(Hou & Schimmel, 1988; McClain & Foss, 1988; Gabriel -GGUC-3 4 §-CGUG-3

o0, Wb : ; difference in stability betweer;_Soog o ycooe s
etal., 1.996)’ for providing vital contacts in the foldmg of motifs might be attributable to electrostatic interactions
the tertiary structure of the group | intron catalytic core

e o between the bases (McDowell & Turner, 1996). This work
gf;’ggf &C'I?r?ihémla?r?r?)’lggg) fob?:;'tggn\?voiﬁg Sg:?sn?n tests the importance of electrostatic interactions by comparing
! : h luti f A AG-
ribosomal RNA (rRNA) are conserved (Gautheret et al., the solution structures of IGGAUGUCEand IGGAG

. ) . g . ) UUCC),, whose thermodynamic stabilities differ by 2.0 kcal/
1995), implying additional functional roles of this motif are mol at 37°C (He et al., 1991). The sequences of these
yetStodpe d'sfcoé?\:id'h h hat GU bbl . molecules differ only in the order of wobble pairs:
. t ":IS of TRIN . age S oy\t/%_tu(?_tg V;’](Ij 7_? I%alrs 5—eu-s and 3_5g_s, respectively. Adjacent to the tandem
requently occur In fandem, Wity gy-g roughly 7-1o GU pairs are AU pairs that have regions of negative
more prevalent thary_jc_5 (He et al., 1991; Wu et al.,  glectrostatic potential that are more fragmented and smaller
1995; Gautheret et al., 1995). The thermodynamic stabilities j, magnitude than their GC and GU counterparts and

ofintrahelical, symmetric, tandem GU wobbles have a strong therefore are expected to contribute less to the electrostatic

H - UG—3 . X
%S%%Qgence on the mismatch seque.nce,.\@l us, ~ portion of stacking energy (Hunter, 1993; McDowell &
g ue-s; and on the adjacent base pair, wiflf > 3¢ > Turner, 1996). By considering structures Wit aoa o

5A : - AGUU—F > : S
aa = 3y (Wu et al,, 1995). Imino proton NMR studies and 3-522°3 motifs, the electrostatic contribution to the

have indicated that most GU wobbles in tandem pairs have ihermodynamic difference betweel Y52 and 5-8U°2
two hydrogen bonds and have similar topology (He et al., might be largely isolated to the tandem GU motifs.
1991; McDowell & Turner, 1996). Many studies have

shown that incorporation of GU wobbles in helixes only MATERIALS AND METHODS
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Table 1: Thermodynamics of Duplex Formationi M NaCl and, in Parentheses, in 0.1 M KCI and 10 mM MgClI

melt curve fitting parameters

T4 vs In Cr parameters

AG°3; AH° AS To? AG°3; AH° AS Tr?
sequence (kcal/mol) (kcal/mol) [cal/(K-mol)] (°C) (kcal/mol) (kcal/mol) [cal/(K-mol)] (°C)
GGAUGUCC  —8.64+0.2 —78.0+8 —223.44 22 49.0 —-84+02 -730+7 —208.44+ 21>  49.0
(—8.5+£0.2) (-79.3+4.5) (—228.4+ 15) (485) (8.8+01) (-90.6+3.3) (—263.8+10) (47.9)
GGAGUUCC  —6.44+01 —684+7 —199.64 20 40 —64+01 -731+7 —214.9421>  40.2
(-6.3+£0.1) (-70.1+8.8) (—205.74 29) (39.8) (6.1+£0.1) (-70.5+3.2) (—207.6+10) (39.0)
CCAUGUGG —7.8401  —71.2+6.1 —204.34+ 10.1 469 —-78+03 —-705+11  —202.1+3.6 46.5
(-8.1+0.1) (-76.0£2.0) (-218.9+6.4) (47.3) (83+0.1) (-84.7+3.1) (-246.3+9.7) (47.1)
CCAGUUGG -5.8+0.1  —-604+54  —176.3+4.2 374 —-574+01  —61.1+1.2 —178.6+ 3.9 37.1
(-6.0+£0.1) (-64.2+2.9) (-1875+9.3) (385) (6.0+0.1) (-59.841.0) (-173.5+3.1) (38.5)
CCAUGG -754+402  —61.9+5.1 —175.34+ 11.0 464 —73+01  —56.7+22 —159.04+ 6.7 46.3
(-7.6+0.2) (-57.2+3.6) (-160.2+11.6) (47.7) €7.7+£0.1) (-63.7+4.2) (-180.5+13) (47.3)
a Calculated for an oligomer concentration of 10/. ® He et al., 1991.
under dry nitrogen in 99.996%D with enough volume to 34
give final oligomer concentrations of approximately 3.5 mM.
Thermodynamic Measurements and Analygibsorbance
versus temperature melting curves were measured at 280 nm 33
with a heating rate of 2C/min and collected on a Gilford &
250 spectrometer. Thermodynamic parameters were mea<
sured using a buffer system of 1.0 M NaCl, 10 mM sodium & 32 i
cacodylate, and 0.50 mM MaDTA atpH 7.0 or 0.1 MKCI, &
10 mM MgCh, 10 mM sodium cacodylate, and 0.50 mM T
NaEDTA at pH 7.0 and calculated using the Meltwin 3t f
analysis program by methods described elsewhere (McDow-
ell & Turner, 1996).
NMR Spectroscopy and Structure Refinemeall 2D 3 : ‘ ‘
NMR spectra were recorded in the phase-sensitive mode 15 13 ! Lnich 9 7 N
n

using the StatesHaberkorn method (States et al., 1982).
NMR parameters, restraint set generation methods, and theFiGure 1: Plots of Tt vs In C;: CCAGUUGG @), CCAU-
constraint satisfaction protocol used were the same asGUGG @), and CCAUGG #).

described in McDowell and Turner (1996). All NMR

processing and structure calculations were performed usingRESULTS

Biosym’s Felix, Insight, and Discover software running on  Thermodynamic Stability of Tandem GU Mismatches with
Silicon Graphics ONYX and 4D/35 workstations. The Adjacent AU Base Pairs.To test the generality of the
quality of the final structures was determined by calculating thermodynamic increments reported by He et al. (1991),
the average all-atom pairwise root mean squared deviationsthermodynamic parameters for duplex formation were mea-
(RMSD) of the converged structures. Structural accuracy sured for (rCCAUGUGG) (rCCAGUUGG), and (rC-
was assessed by considering the number and magnitude o€EAUGG), (Figure 1, Table 1). The thermodynamic incre-
constraint violations and by calculating theoretical NOESY ments for the tandem mismatches (Table 2) are defined as
spectra using the final structures and a relaxation matrix in the example:

approach (RMA) (Boelens et al.,, 1988, 1989). RMA

calculations were performed with an isotropic correlation AG°;(AGUU) = AG°;(CCAGUUGG)—

time of 3 ns and quantitatively compared to the experimental ° o

NOESY spectra with mixing times of 100, 150, 200, and AGTHCCAUGG)+ AG"AV) (4)

400 ms by calculating three-factors (Gonzalez et al., 1991)
for spin pairs with well-determined cross peaks:

ZSpectraZi,” .(j?alc(_[) - Ai(jexp(f)|
ZSpectraZi,j (A;Xp(f))
zspectr&— Zi,j|A1'(J?alc(T) - Aﬁxp(r)l
ZSpectr:}' Zi,j (A;jexp(r))

— \/ZspectraZi,j| '?alc(r) - ?XP(T)lz
Z spectraz i (Ai(jaxp(r))2

whereA;(7) is the NOE intensity of the spin pdjrat mixing
time 7.

whereAG°3(CCAGUUGG) andAG°;/(CCAUGG) are the
free energy changes of duplex formation derived fibn?
versus InCr plots for the strand sequences shown in
1) parentheses andG°s/(AU) is the free energy increment
(Freier et al., 1986) for the nearest-neighbor interaction
interrupted by insertion of the tandem GU mismatch. This
value reflects the stability provided by the incorporation of
2) this motif into a duplex. For both pairs of sequences that
have been studied, thg _{20A 2 motif stabilizes the
duplex whereas, { ooy destabilizes it.
It has recently been shown that tandem GU wobbles can
(3) serve as binding sites for Mg(Cate & Doudna, 1996; Cate
et al., 1996) and that single GU wobbles can bind*Mn
(Limmer et al., 1993; Ott et al., 1993; Allain & Varani,
1995b). To test whether the thermodynamic measurements
at 1 M NaCl are a reasonable approximation for buffers

R, =

R[:

R,
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Table 2: Thermodynamic Increments for Tandem GU Mismatches with Adjacent AU BasePaiid iNaCP

AG°37 AH° AS AG°37 AH° AS
sequence (kcal/mol) (kcal/mol) [cal/(K-mol)] sequence (kcal/mol) (kcal/mol) [cal/(K-mol)]
GGAUGUCC -1.9 —25.0 —74.8 GGAGUUCC +0.1 —25.1 —81.4
CCAUGUGG -1.4 —-19.5 —58.6 CCAGUUGG +0.7 —-10.1 —-35.1

2 Calculated as\G°3; for AUGU: AG°3(AUGU) = AG°3/(GGAUGUCC) — AG°3(GGAUCC) + AG°37(AU). Thermodynamic parameters
were derived froml,~* vs In C; plots.? He et al., 1991.
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FIGURE 2: 400 ms NOESY spectra of (rGGAGUUCGt 20°C (left) and (rGGAUGUCG) at 30°C (right) showing the H15—H8/6/2
region. Basg-H1', cross peaks are labeled as well as peaks not in the,HBIB,—H8/6,+; NOE connectivity pathway.

Table 3: Chemical Shifés(ppm) of Nonexchangeable and Imino Table 4: Chemical Shifts(ppm) of Nonexchangeable and Imino
Protons and Phosphorus Resonances of (rGGAGUWCC) Protons and Phosphorus Resonances of (rGGAUGWCC)
H8/H6 H2/H5 H1 H2 H3 H4 H5/H5" phosphorus H8/H6 H2/H5 H1 H2 H3 H4 H5/H5" phosphorus
Gl 798 na 5.68 484 452 4.05 3.89/3.99 na Gl 777 na 546 4.61 4.33 4.08 na
G2 7.52 na 5.89 4.64 4.73 5.54 4.60/4.17 —3.00 G2 7.27 na 5.62 4.47 4.42 459 —2.82
A3 787 752 6.09 473 4.70 4.52 —2.88 A3 7.48 7.63 577 440 430 442 —2.86
G4 6.96 na 5,59 4.79 4.01 4.52 3.98/4.33-2.58 U4 7.28 517 522 413 4.26 4.20 -3.22
U5 7.71 544 551 418 4.62 4.45 —3.56 G5 754 556 554 443 4.08 4.46 -3.19
U6 8.17 5.71 5.66 4.60 4.58 4.48 —3.84 ue 754 499 525 4.19 4.28 4.47 —-3.82
C7 797 574 564 431 451 4.46 -3.28 C7 766 540 5.36 4.04 426 4.45 -3.32
c8 7.73 557 5.71 4.06 4.19 4.60 4.47/4.14-3.24 Cc8 7.45 5.32 548 3.79 3.94 437 —2.98

aProton chemical shifts are referenced to an external TSP [3-(tri- 2 Proton chemical shifts are referenced to an external TSP [3-(tri-
methylsilyl)propionate] reference at 2G. Phosphorus chemical shifts  methylsilyl)propionate] reference at 3G. Phosphorus chemical shifts
are referenced to internal phosphate buffer. are referenced to internal phosphate buffdsnable to distinguish
between G5P and C8P from couplings to U4ld8d C7H3.

containing Mg@*, thermodynamic parameters were measured
in 10 mM MgCk and 0.1 M KCI for (rCCAUGUGG,, initial reference points for beginning the total assignment
(rCCAGUUGG}), (rCCAUGG), (rGGAUGUCCY, and (rG- process. In A-form helixes, AH2 protons in an-A, base
GAGUUCCY). These results are listed in parentheses in pair show cross peaks to the intrastrand.Hland interstrand
Table 1 and show that the thermodynamics in 10 mMM#Mg  H1'n4;. This permitted assignment of C7Hind G4H1 or
are similar to thoseni1 M NaCl. U4HYT' for (rGGAGUUCC) and (rGGAUGUCCQ), respec-
Nonexchangeable Protons and Phosphorus Resonancdively. In addition, each molecule has four pyrimidine
Assignments.Assignment of nonexchangeable proton and nucleotides that each provide an H5/H6 cross peak in this
phosphorus resonances was based on NOESY spectra at fiveegion. Each of these cross peaks can be identified by its
mixing times (60, 100, 150, 200, 400 ms), along with DQF- splitting and its existence in the DQF-COSY spectra with a
COSY and'H/3*P HETCOR spectra using methods outlined characteristicJ-coupling of ~6 Hz. Figure 2 shows the
in Varani and Tinoco (1991). These assignments are aromatic/anomeric region of the 400 ms NOESY spectra of
summarized in Tables 3 and 4. (rGGAGUUCC) and (rGGAUGUCC) at 20 and 30°C,
The imino proton and A3H2 resonances of (rtGGAG- respectively, with the usual sequential H3/11'\—H8/6,.1
UUCC), and (rGGAUGUCC) have been assigned previ- NOE connectivity pathways (Scheek et al., 1983; Feigon et
ously (He et al.,, 1991). The AH2 assignments provided al., 1983; Petersheim & Turner, 1983; Hare et al., 1983).
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Ficure 3: 400 ms NOESY spectra of (rGGAGUUCCt 20°C (left) and (rGGAUGUCG) at 30°C (right) showing the HI5—sugar
(H2', H3, H4', H5, H5") region. Labels designate H1H2' cross peaks.
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FIGURE 4: 400 ms NOESY spectra of (rGGAGUUCOHt 20°C (left) and (rGGAUGUCG) at 30°C (right) showing the sugar (H2H3,
H4', H5', H5")—H8/6/2 region. Basg-H2',, cross peaks are labeled.

H3 and H4 proton resonances were tentatively assigned
by their NOE’s with H1 protons. H3H1' distances are
glycosidic torsion angles. essentially independent of sugar pucker-at9 A and result

Assignments of H2 resonances followed from short inan observable NOE in longer mixing time NOESY spectra
mixing time (60, 100, 150 ms) NOESY spectra, so spin (200 and 400 ms). These cross peaks are relatively broad
diffusion would not significantly contribute to NOE intensi- due to the strong coupling between 'H#d the backbone
ties (Neuhaus & Williamson, 1989). HH2' distances vary  phosphate. H4H1' distances vary with sugar pucker but
from 2.3 to 2.4 A, largely independent of sugar pucker, so in C3-endo sugars have a distance~e2.9 A. H3 cross
the eight strongest peaks were assigned t&H2L cross peaks were confirmed by their coupling with the backbone
peaks. NOESY spectra of these regions at 150 ms mixing phosphate observed ##i/*'P HETCOR spectra (Figure 5).
time are shown in the Supporting Information (see paragraphThis also provided assignments of the phosphorus reso-
at end of paper regarding Supporting Information). Figure nances. H3and H4 assignments were further confirmed
3 shows these regions in the 400 ms NOESY spectra. Theusing DQF-COSY spectra. H3hows a characteristic
H2' assignments were confirmed by sequential H82',— J-coupling with H2 of 5 Hz, which is independent of sugar
H8/6,+1 NOE connectivity pathways (Figure 4) which show pucker. For C3endo ribose conformations, this cross peak
very strong H2,—H8/6,;1 cross peaks typical of A-form  shows a characteristic phase pattern. All nucleotides for both
conformations. molecules show this C&ndo H2/H3' cross peak phase

The cross peak patterns and intensities verify that the
structures are generally A-form and all nucleotides reave
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FiGurRe 5: Proton-detecteéH/3'P HETCOR spectra of (rGGAGUUCEHt 20°C (left) and (rGGAUGUCG) at 30°C (right) with the
H3',—P.+1 cross peaks labeled.

FIGURE 6: Superposition of the 30 converged structures of (rGGAGUUGIeJt) and (rGGAUGUCC) (right) showing the internal
nucleotides. The average RMSD for the pairwise all-atom superposition for the full set of converged structures for each entire molecule is
0.50 and 0.37 A, respectively. The RMSD calculated for the internal nucleotides is 0.40 and 0.27 A, respectively.

pattern except for both C8 nucleotides which presumably Table 5: All-Atom Pairwise RMSD Values (A) for Molecules and
have considerable dynamics. Hs¥oton resonance assign- Base Pairs

ments were confirmed by the large #34' coupling. (rGGAGUUCC)  (rGGAUGUCC)
Structure Calculations.Thirty initial structures for each full molecule 0.50 0.37
molecule were used with one A-form, one B-form, and 28 nonterminal nucleotides 0.40 0.27

generated with random torsion angle conformations. These,

along with the appropriate constraints as listed in Supporting basepairs  (FGGAGUUCE) base pairs  (rGGAUGUCE)

Information, were used in the protocol reported in McDowell g%g? 8:2? g%gg 8:‘3‘?
and Turner (1996). This procedure_reSl_JIted in 30 converged  A3.06 0.40 A3U6G 0.22
structures per molecule as shown in Figure 6. The RMSD  G4-Us 0.31 U4G5 0.26
values for the entire molecules were 0.50 and 0.37 A for U5-G4 0.32 G5U4 0.24
(rGGAGUUCCY) and (rGGAUGUCC), respectively. Fur- ggég %’j’é Légég %2321
ther breakdown of the RMSD values is reported in Table 5. Zg.c 0.64 C8G1 0.50

Each final structure satisfied all distance restraints within
0.15 A and torsion restraints within2°. A more rigorous network that generates the time-dependent NOESY spectra.
analysis of the structural accuracy is to calculate NMR Table 6 shows the results of these calculations for a typical
R-factors which indicate not only if the final structure final structure compared with three of the starting structures.
conforms to the proton/proton distance restraint set but alsoThe lowR-factors of both molecules reflect good agreement
whether it is consistent with the entire proton relaxation between the calculated and experimental NOE's.
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FIGURE 7: Stereoviews of one representative structure of the 30 converged structures of (rGGAGUHY&a)d (rGGAUGUCC) (B).

Table 6: R-Factors of the Final and Several Starting Structures ~7° of overtwisting between the base paiif the G of the

from the Structure Determination of (fGGAGUUGG)Nd GU wobbles and the GU itself. The result of this overtwist-
(rGGAUGUCC)? ing is that there is significantly more intrastrand overlap of
(rtGGAGUUCC) (rtGGAUGUCC) the U of a GU wobble toward its' Side than its 3side and

of the G toward its 3side than its 5side (Mizuno &

R R R, R R R _ ) . .
- 2 - 2 Sundaralingam, 1978). This stacking pattern is also observed

final structuré 0ar 022 O4o 04z 043 D1%  with (IGGAUGUCC). Thus, for (-GGAGUUCG) the
B-form 072 074 060 087 089 090 tandem wobble pairs have considerable intrastrand overlap
random structuré® 1.3 14 1.7 11 13 16 with each other but little overlap with the adjacent Watson
random structure® 1.3 1.6 20 13 13 23 Crick base pairs (Figure 9B,C). In contrast, GGAUGUEC)

aR-factors as defined in eqs—B.° A typical example of the 30 has interstrand overlap between the wobble pairs and
converged structures is shown in Figure® &tarting structures with intrastrand overlap between the wobble pairs and their
randomized torsion angles are included for comparison. adjacent WatsonCrick pairs (Figure 9E,F).

Structural Analysis.Stereoviews of one r_epresentat_ive of piscussIioN
the converged structures are shown in Figure 7. Figure 8
shows views of the major and minor grooves of the averages : ; X
of the converged structures in CPK form. The structures Secondary structures of RNA, with thg g5 g motif
are primarily A-form, as indicated by the backbone torsion roughly 7-fold more common tharf_5o_2 (He et al.,
angles and helical parameters reported in Tabtek?7 Each ~ 1991; Wu et al., 1995; Gautheret et al., 1995). This
structure has all nucleotides with N-type sugars and difference in prevalence of the symmetric, tandem GU motifs
glycosidic bonds. Local deviations for both molecules are may be related to thermodynamic stability. A nearest-
similar to those seen in other intrahelical GU wobble neighbor analysis of stabilities of short duplexes found that
structures (White et al., 1992; Allain & Varani, 1995a; 5 oo is 1.7 kcal/mol more stable at 37C than

McDowell & Turner, 1996). For fGGAGUUCG)thereis 3 co_o, when duplexes containing the mot§_Soog o

Tandem GU wobble pairs frequently occur in known
—-UG—-3
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Table 8: Helical Parametérfor Base Pairs of the Averaged
Structure of (IGGAGUUCG)

propeller interstrand  intrastrand
twist  buckle displacement C1,—C1'n, Pa—Pns1
base (deg) (deg) A distancé (&) distance(A)

G1-C8 —51 11.0 —3.8 10.7

G2-C7 5.0 0.5 —4.7 10.6 5.9
A3-U6 30 -6.3 —-3.5 10.6 6.1
G4-U5 —7.5 0.1 -3.5 10.8 5.8
us-G4 —75 0.6 —3.5 10.8 5.7
U6-A3 2.8 6.5 —4.7 10.6 6.1
C7-G2 51 -0.2 —3.8 10.6 6.0
C8-G1 —4.7 -11.0 —4.5 10.7

av -11 0.2 —4.0 10.7 5.9
A-form —13.8 0.2 —4.4 10.9 5.9

a Parameters were calculated as described by the Cambridge conven-
tion (Dickerson, 1989) Interstand CtC1' distance is between the
C1 atoms of the paired basedntrastrand P-P distance is between
consecutive phosphates of the same strand. The value for each pair of
phosphates is identical for both strands.

Table 9: Backbone and Glycosidic Torsion Angles of the Averaged
Structure of rGGAGUUCG)

base o B y o € g x
G1 na na 56.4 77.6—170.3 —66.7 —162.6
G2 ~754 —175.9 57.5 77.7 —-169.4 —63.0 —158.7
A3 743 —1785 585 825 -162.4 —57.9 —165.6
G4 747 —177.7 53.0 759 —164.2 -55.8 —164.1
us —-739 1788 57.8 84.4-1716 -76.3 —155.8
Major Groove Minor Groove U6 ~82.0 —172.5 539 8l.4 —169.6 —61.8 —159.5
FiIGURE 8: CPK models of the averages of the converged structures C7 —-904 -176.2 65.6 80.2 —-167.6 —61.7 —159.7
of [GGAGUUCC) (top) and (-GGAUGUCG)(bottom) showing cs8 —775 1787 57.0 795 na na —159.1
the major and minor grooves. av -78.3 —177.6 575 79.9 —167.9 —63.3 —160.6

- - A-form® —68 178 54 82 -—153 —71 —158
Table 7: Helical Parametérfor Base Pair Steps of the Averaged - - -
Structure of (rGGAGUUCG) 2 Saenger, 1984. These values differ from those listed in McDowell

- - - - and Turner (1996), which were measured from an A-form built with
base step  helical twist (deg) rise (A) slide (A) roll (deg)  the nucleic acid library from the biopolymer module in Biosym's

ge 30.9 3.0 -1.7 3.9 Insight.
en 30.1 3.2 -18 5.9
AG _ Table 10: Helical Parametérfor Base Pair Steps of the Averaged
gU 400 28 16 10.0 Structure of rGGAUGUCG)
V] —
UG 24.0 2.9 26 & base step  helical twist (deg)  rise (&)  slide (&)  roll (deg)
w 40.0 2.8 -16 11.0 e 8.0 3.0 18 11
pos . . . .
ue 30.2 3.2 -1.8 5.9 oA 30.0 27 21 77
ot . . . .
& 307 0 7 3.6 Ay 280 30 18 105
av 32.3 3.0 -1.8 6.8 UG 33.8 28 _15 110
ae . . . .
A-form 32.7 2.8 —-1.5 -04 S}Aj 28.0 30 18 105
2 Parameters were calculated as described by the Cambridge conven- |
tion (Dickerson, 1989). AG 30.4 2.7 —21 7.9
e 28.3 3.1 -1.9 15
are omitted (He et al., 1991). Sequences containing the & 295 2.9 -1.9 7.2
¥ eoas s motif were omitted because they did not fit the _A-form 327 2.8 ~15 —04

nearest-neighbor model. The 1.7 kcal/mol difference in free  ? Parameters were calculated as described by the Cambridge conven-
energy increments is the largest observed thus far for a simpleion (Dickerson, 1989).

reversal of base pairs. The additional thermodynamics in

Table 1 are consistent with this difference in stability. The  To investigate the structural basis for the difference in

duplex (rCCAUGUGG) is 2 kcal/mol more stable than  stability between3 g5 ¢ and 3 g g, solution structures

(rCCAGUUGGY) at 37°C. This is also consistent with the ~of ([GGAUGUCC} and (rGGAGUUCC) have been deter-
previously reported result that (rGGAUGUGQ} 2 kcal/ mined by NMR. Both structures are similar to related crystal

mol more stable than (rGGAGUUCEHt 37°C (He et al., and NMR-derived structures. Specifipally, pomparisons of
1991). Evidently, the stability differences are largely local- stacking overlaps of thé,_(j5"% and 5-5d_5 steps from
ized to the tandem GU motifs and are not dependent on the(tGGAGUUCCY) are similar to the corresponding_ge &
sequences of the surrounding helixes. and 3_S._o stacking pairs in the A-DNA crystal structure
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Ficure 9: Stacking patterns of (AC) (rGGAGUUCC) and (D-F) (rGGAUGUCC) showmg the stacking geometries of the internal
stacking steps: (AS-S472, (B) 5742, (C) 578U2 (D) 5=842, (E) 574U 2, and (F) $-US 2. The first base pair in each sequence
is in bold. The g::ﬁg:g.’ steps have essentially the same stacking geometry as A-form helixes (Saenger, 1989). Thettaps®of the
GU mismatch show little intrastrand overlap while those steépsf the mismatched G show considerable overlap. §h85"3 step (F)
also shows an interstrand stack similar to that seen in the A-DNA crystal structure of (dGCGT&E&abinovich et al., 1988).

Table 11: Helical Parametérfor Base Pairs of the Averaged of the (rGGAUGUCC,) structure are likewise nearly identical

Structure of IGGAUGUCG) to the 5_oL o and 5_ss o overlapped base pairs in the
propeller interstrand _ intrastrand A-DNA crystal structure of (dGCGTGCGg]Rabinovich
twist buckle displacement C1—C1y  Pi—Pa1 etal., 1988). This includes the observed interstrand stacking
base (deg) (deg) A distancé (A) distance(A) between the wobble guanines (Figure 9F). All the GU and
G1-C8 05 107 -3.0 10.7 GT mismatches also have the same two hydrogen bonds.
G2C7 —-01 -37 -3.8 10.6 5.9 Evidently, the structures of these A-form helixes are not
A3-U6 —10.5 9.1 —-4.9 10.6 6.1 ianificantl lter hanain '"GQH 2H or
U4-G5 -5.2 59 —46 10.8 5.8 Sr? ca ttr{ a;)te ed by ¢ %fg t% 2@ tg\f otbyt
G5U4  -33 55 41 108 57 changing the base pairs, and furthermore, A-form structures
U6:A3 —105 —9.7 —4.0 10.6 6.1 in crystals are similar to those in solution. Thus these
C7G2 —-08 3.8 -3.9 10.6 6.0 structures are relatively rigid. This might be expected since
cgGl  -03 -101 51 10.7 the mismatches each have two hydrogen bonds and are
av -3.8 01 —42 10.7 5.9 constrained by adjacent Watse@rick base pairs.
Aform -138 02  —44 10.9 5.9 Both the 5_¢5_% and 3_5e_2 motifs appear to fit into an

aParameters were calculated as described by the Cambridge convenA-form helix Wlth little distortion. It has been preVIoust
tion (Dickerson, 1989)? Interstand C't-C1' distance is between the suggested thaf ~Yc—3 might fit more easily than3 -GU-3

g . . ; -GU-5 -UG-5'
Cl atoms of the paired baseédntrastrand P-P distance is between ) {nto A-form, thereby providing a rationale for the difference
consecutive phosphates of the same strand. The value for each pair o

phosphates is identical for both strands. in thermodynamics (Gautheret et al., 1995). The lack of
distortion in the helical regions adjacent to the GU wobble
pairs is consistent with the nearest-neighbor model that has
been used to analyze the thermodynamics of GU pairs (He
et al., 1991).

One major difference revealed by the structures of (rG-

G1 na na 60.0 81.8-170.5 —71.0 —163.6 ; i
e 2241 1789 502 822 1619 —638 —170.7 GAUGUCCY) and (rGGAGUUCQ)is a different pattern of

Table 12: Backbone and Glycosidic Torsion Angles of the
Averaged Structure of (rGGAUGUCE)

base o B y o € c x

A3 794 1790 625 793-1257 —712 —171.0 overlap of electrostatic potentials, as shown !n Figure _10.
U4 —713 1684 55.7 76.1-1717 —67.7 —1615 Hunter (1993) has suggested that electrostatic interactions
G5 —76.5 —179.8 56.7 77.0 —166.5 —67.1 —161.5 are responsible for local variations in DNA structure,
gg :?g-g :gg-g ggg ;g-z :igg-g :gg-g :12(13-2 especially for guanine because it has an unusually broad
Cs 751 1775 524 780 na na  —1576 region ofh|gh negatlv_e potential. Consideration of overlaps.
av 752 1796 570 78.8-1615 —66.9 —163.0 of electrostatic potentials has also suggested that electrostatic

interactions may be important for determining structures of

Aform —68 178 >4 8 158 ~—71 —158 tandem GA mismatches (Wu & Turner, 1996) and stabilities
a Saenger, 1984. These values differ from those listed in McDowell of tandem GU wobbles adjacent to GC pairs in RNA

and Turner (1996), which were measured from an A-form built with (McDowell & Turner, 1996). The qualitative pictures in

mgignhlfle'c acid library from the biopolymer module in Biosym’s Figure 10 are consistent with this suggestion in that there is
less overlap of negative potentials in thg go 5 motif

of (dlGGGGTCCQC) (Kneale et al., 1985), the NMR structure  than in the less stabl§—5g_ motif. Preliminary calcula-

of (rGAGGUCUC) (McDowell & Turner, 1996), and the  tions, however, indicate the absolute magnitudes and signs

¥_cuee_s motif in the crystal structure of a part of a group  of the electrostatic interactions are very sensitive to the

lintron (Cate et al., 1996). Theé (o s and 3 oo o steps  charge set employed. Moreover, the calculations suggest that
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Ficure 10: Stacking patterns around the mismatches of (A)
(rGGAGUUCCY) and (B) (rGGAUGUCC) with regions of high

negative potential superimposed as hashed regions. The AU andH

adjacent GU (A, B left) have similar overlaps of potentials. In

contrast, the regions of negative potential are almost entirely
overlapped in the; o g step and only cross in thg_oo_ & step.
The 3_Sa_s motif is thermodynamically less stable by 2 kcal/mol
at 37°C.

interactions of the adjacent AU base pairs with the GU

McDowell et al.

Cate, J. H., & Doudna, J. A. (199&tructure 4 1221-1229.

Cate, J. H., Gooding, A. R., Podell, E., Zhou, K., Golden, B. L.,
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273 1678-1685.
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195-197.
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R. (1983)J. Mol. Biol. 171 319-336.
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805—-814.
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Natl. Acad. Sci. U.S.A. 96199-6202.

mismatches may be important even though the apparentMcClain, W. H., & Foss, K. (19885cience 240793-796.

electrostatic overlap is minimal. It is also possible that other

effects, such as buried surface area (Friedman & Honig,

1995) and polarization, will be important. Thus detailed
calculations are required for testing the power of various

theories to rationalize and predict the observed thermo-

dynamic and structural properties of tandem GU wobble

McDowell, J. A., & Turner, D. H. (1996Biochemistry 3514077
14089.

Mizuno, H., & Sundaralingam, M. (1978Jucleic Acids Res.,6
4451-4461.

Neuhaus, D., & Williamson, M. P. (1989he Nuclear @erhauser
Effect in Structural and Conformational Analys\8CH Publish-
ers, Inc., New York.

pairs. The structures presented here should be useful forott, G., Arnold, L., & Limmer, S. (1993Nucleic Acids Res. 21

such tests, especially since these motifs exhibit large differ-

ences in thermodynamics while being relatively rigid and
having equivalent hydrogen bonding.

SUPPORTING INFORMATION AVAILABLE

One figure of the 150 ms NOESY spectra of (rtGGAG-
UUCC), and (rGGAUGUCC, showing the H¥5 to H2/
314'/5/5" region with the HYH2' cross peaks labeled and

5859-5864.
Petersheim, M., & Turner, D. H. (198Biochemistry 22264—
268.

Saenger, W. (1984principles of Nucleic Acid Structurep 230,
Springer-Verlag, New York.

Scheek, R. M., Russo, N., Boelens, R., & Kaptein, R. (1983)
Am. Chem. Soc. 102914-2916.

Simpson, L., & Thiemann, O. H. (199%)ell 81, 837-840.

States, D. J., Haberkorn, R. A., & Ruben, D. J. (1982Magn.
Reson. 48286-292.

four tables giving distance and torsion angle restraints derivedsyropel, S. A., & Cech, T. R. (199%cience 267675-679.

from NMR data (5 pages). Ordering information is given
on any current masthead page.

REFERENCES

Allain, F. H.-T., & Varani, G. (1995a)). Mol. Biol. 25Q 333—
353.

Allain, F. H.-T., & Varani, G. (1995bNucleic Acids Res. 2341—
350.

Boelens, R., Koning, T. M. G., & Kaptein, R. (1988)Mol. Struct.
173 299-311.

Boelens, R., Vuister, G. W., Koning, T. M. G., & Kaptein, R. (1989)
J. Am. Chem. Soc. 118525-8526.

Usman, N., Ogilvie, K. K., Jiang, M.-V., & Cedergren, R. (1987)
J. Am. Chem. Soc. 109845-7854.

Varani, G., & Tinoco, I., Jr. (1991R. Re. Biophys. 24 479

532.

Watson, J. D., Hopkins, N. H., Roberts, J. W., Steitz, J. A., &

Weiner, A. M. (1987Molecular Biology of the Gendenjamin
Cummings, Inc., Menlo Park, CA.

White, S. A., Nilges, M., Huang, A., Bnger, A. T., & Moore, P.

B. (1992)Biochemistry 311610-1621.

Wu, M., McDowell, J. A., & Turner, D. H. (1995Biochemistry

34, 3204-3211.
BI970122C



