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ABSTRACT. The sarcin-ricin domain is a universal element of the RNA from the large ribosomal subunit.
The domain is part of the binding site for elongation factors and is specifically cleaved by the toxins
o-sarcin and ricin. In this work, we have mapped the energetics and dynamics of individual structural
motifs in a 29-mer RNA oligomer containing the sareiicin domain. The stability of individual base

pairs in the structure was characterized from measurements of the exchange rates of imino protons using
nuclear magnetic resonance spectroscopy &CL0'he measurements also provided the rates of opening
and closing for selected base pairs. The results reveal that the structural stabilization free energies in the
sarcin-ricin domain are broadly distributed between 2.9 and 10.6 kcal/mol. One of the least stable sites
in the structure is the noncanonical G-A base pair located next to the phosphodiester bond that is cleaved
by a-sarcin. The low stability of this base pair supports the proposal that cleavage#ncin occurs by

a base flipping mechanism. The opening dynamics of other base pairs is affected by elements of the
structure such as the bulged-G motif and its cross-strand stacking. Participation in these motifs increases
the lifetimes of the bases in an open, solvent-accessible conformation.

The sarcir-ricin domain (SRD)is an element of the large A
subunit ribosomal RNA that is essential for binding of
elongation factors to the ribosome and for initiation of protein
synthesis. The RNA includes the 12-nucleotide sequefhice 5
AGUACGAGAGGA-3 that is highly conserved in the
ribosomes from all three kingdoms of life. The domain is
named fora-sarcin and ricin, two ribotoxins that catalyze
the cleavage of specific bonds in the RNA. One toxin,
o-sarcin, cleaves the phosphodiester bond between the eightl
and ninth nucleotides in the conserved sequel)éhe other
toxin, ricin, depurinates the adenine in the seventh position
in the conserved sequen@.(Both processes are lethal for
cells because, when SRD is modified by either toxin, the
binding of elongation factors to the ribosome is impaired
such that protein synthesis stops.

The structure of a 29-mer RNA oligoribonucleotide
containing the SRD sequence from mammalian (rat) 28S
ribosomal RNA has been determined by NMR spectroscopy hL
(3, 4) and by crystallography5j. The oligonucleotide is a La s
substrate fora-sarcin ). The NMR solution structure is
shown in Figure 1A, and the main elements of the structure
are presented schematically in Figure 1B. The first six bases

Ficure 1: (A) NMR structure of eukaryotic (rat) SRD RNA (PDB
* To whom correpondence should be addressed. Phone: (860) 685-€ntry 1SCL). (B) Schematic diagram of SRD RNA. The interrupted
2428. Fax: (860) 685-2211. E-mail: irussu@wesleyan.edu. lines represent base pairing hydrogen bonding; the dotted lines
*Wesleyan University. represent interbase hydrogen bonds proposed on the basis of the
S Present address: Department of Diagnostic Radiology, Yale crystallographic structureés). The position of boxes approximates
University School of Medicine, 300 Cedar St., New Haven, CT 06510. the base stacks observed in the structure, eg-Gio—Gig, A1~
"Los Alamos National Laboratory. Ao, and A7—Gie—A1s.
1 Abbreviations: SRD, sarcinricin domain; GNRA tetraloop, loop
of four nucleotides with a guanine-any nucleotide-purine-adenine and the last six bases {GCs and G4—Csq, respectively)

sequence; NTP, nucleotide triphosphate; GTP, guanosine triphosphate'form a double-helical stem with canonical Watsa®rick
GMP, guanosine monophosphate; EDTA, ethylenediaminetetrr;uaceticb irs. The st . ted to th t of the struct
acid; HSQC, heteronuclear single-quantum coherence spectroscopyPaS€ pairs. he stem Is connected (o the rest or tne structure

fHSQC, fast HSQC. by a flexible region that consists of two pyrimidine-
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Ficure 2: Modes of base pairing present in the SRD RNA structure. The imino protons are represented by dashed circles.

pyrimidine pairs (J-+*Cp3 and Ge++Cy) and the A-++Az; EXPERIMENTAL PROCEDURES
pair. The conserved 12-nucleotide sequence encompasses )

positions 9-20 and folds into two structural motifs: a GAGA Materials

tetraloop and a bulged-G motif. A canonical G-C base pair

(G16-Cy3) provides the junction between the two motifs. The g : :
. transcription using T7 RNA polymeras8)( The reaction

GAGA tetraloop (Gs—A17) belongs to the family of GNRA mixturepcontainedg40 mM Triz gmM ditr)1i(0threitol 1 mM
tetraloops (N is any nucleotide and R is purine). Like in all spermidine, 0.01% Triton X—iOO 20 mM Mg§I4'mM
GNRA tetraloopsT), the first guanine (&) forms a sheared NTPs 250’ nM DNA template ’and 250 nM T7 RNA
base par W'th. the last "?‘de”'”e_l@\ The GAGA te_traloop polym’erase atpH 8.0. The reac{ion was conducted &C37
contains the sites of actlop for ricin (A ando-sarcin (Gs for 4 h and was quenched by adding EDTA to a final
P-Aq7). The bulged-G motif takes its name from the bulged 0 niation of 50 mM.N]JGTP was either purchased
guanine, Go. This base part|C|pa.tes n a base triple with the from Spectra Stable Isotopes (Columbia, MD) or synthesized
Uir-A reversed Hoogsteen pair (Figure 2) and, due to its through phosphorylation of jNJGMP. The RNA was
gulg_ed p?sn:ofn, mduces_tz_i shafrpslgrlskénl\mebhehx. T_he bulged extracted by using a phenol/chloroform/isoamyl mixture (25:

101S critical for recognition o NA byc-sarcin €). 24:1 volume ratio) followed by a chloroform/isoamyl mixture
Other signatures of the bulged-G motif are the cross-strand(24:1 volume ratio) and then precipitated with cold 70%
stacks between 4 and Ay and between & and Ge ethanol. The RNA was purified on a 15% sequencing gel.

Determination of the SRD structure has represented anTps final NMR samples contained-2 mM RNA in 10 mM
important step in unraveling the rules that govern RNA phosphate buffer with 50 mM KCI, 15 mM NaCl, and 0.5
folding. In spite of its relatively small size, the structure is mM EDTA in 90% H0/10% DO m’ixture atpH 8 3t 0.1 '

modular in nature and forms via the assembly of well- (at 10°C). These solvent conditions are the same as those
defined, smaller motifs. Furthermore, the structure is rich in reviously used in the NMR structure determinatigp For

noncanonical base pairs, which could not have been predicte he measurements of the exchange rates,98@d G imino

e e e e e ol ot o COMBaClotons, 07 mt MoGhias added o the RNA sampe (r
ingividual base pairs ang structural modl'JIes contribute to’ the absence of EDTA) to resolve their resonances (Results).
P All NMR samples also contained 0.5 mM triethanolamine,

e Sty of e fna structue: Eaually mporiant = 18 whch was used 0 cetermine the pH of e saplesarcty
motifs contributes to the recognition of this RNA by the two In the NMR tube as we have described previoudi§){

toxins. This work addresses these questions using protonyethods

exchange and nuclear magnetic resonance (NMR) spectros-

copy. The concurrent use of these two techniques allows NMR ExperimentsThe NMR experiments were carried
observation of individual bases in the RNA and quantitative out at 10°C on a Varian INOVA 500 spectrometer operating
evaluation of the stabilization free energy of a given structural at 11.75 T. The exchange rates of RNA imino protons were
element. measured by transfer of magnetization from water. The water

The SRD 29-mer RNA was synthesized by in vitro
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proton resonance was selectively inverted using a Gaussiarfor differences in the proton transfer rate between isolated
180 pulse (5.8 ms) followed by a variable delay for the nucleotides and open base pairs.

exchange of magnetization between water and imino protons. Two kinetic regimes for imino proton exchange can be
A gradient of 0.21 G/cm was applied during the exchange distinguished depending on how the rate of exchange from
delay to prevent the effects of radiation damping upon the the open state compares with the rate of closing. When the
recovery of water magnetization to equilibrium. Twenty-five concentration of the proton acceptor is sufficiently high to
values of the exchange delay in the range from 1 to 800 msmake the exchange from the open state very fagbjen™>
were used in each experiment. The exchange rates werek, (EX1 regime)], the exchange is limited by the rate of base
calculated from the dependence of the intensity of the imino opening. In this case, eq 2 becomes

proton resonance on the exchange delay as described

previously (1). For the unlabeled RNA samples, spectra Kex = Kop )
were obtained with the jump-and-return pulse sequeh2e ( .
For the!®>N-labeled sample, spectra were obtained with the At I.OW concentrations of proton acceptéky, open<< ke (EX2 .
one-dimensional (1D) version of the fast HSQC (fHSQC) reglme)_. In this regime, the_ observed exchange rate is
pulse sequencd d) to edit the resonances of protons attached ProPortional to the concentration of proton acceptor:

to °N. A modified fHSQC pulse sequenck4j was used to _ _

eliminate the resonances of protons attaché®Na@nd retain Kex = KopKex open™ KopOXkgl B ©)

all other proton resonances. The highest exchange rates th%hereKop (=ko/ke) is the equilibrium constant for opening

could be measured by these methods are &Ds*. For of the base. This equilibrium constant is related to the free
three imino pl’OtOﬂS of SRD RNA (namelyg,LGlo, and G_4) energy Change in the Opening reaction by

the exchange rates in the presence of ammonia are faster

than 60-70 s*. For these protons, the exchange rateg ( AG,, = —RTIn K,, (7

were calculated from the line width of the resonance at half- . .
height (Av1/,) at a given ammonia concentration according whereT is the absolute temperature aRds the universal

to the equation5) gas constant.
In this work, we have used ammonia base gNEs the
Kex = AV, — 1T, 1) imino proton acceptor in the exchange. Previous work from

] ) this and other laboratories has shown that, due to its small
The transverse relaxation rateTi/was obtained from the  gjze and its lack of charge, ammonia base is the acceptor of

resonance line width in the absence of ammonia. Under these:ojce for proton exchange studies of nucleic acids 7).
conditions, the exchange rates of the imino protons are The rate constant for the transfer of protons to sNihs
small and can be measured by transfer of magnetization fromcg|cylated according to the analysis of Benight and co-
water. _ o workers (8) as 8.8x 108 M~! s7! for both guanine and
Imino Proton Exchange in RNAhe exchange of imino  yracil at 10°C. The factoro. (eq 4) was assumed to have a
protons in nucleic acids is a two-step process. In the first \,5)ye of 1 (9). The concentration of ammonia base NH

step, the base flips out of the structure into an open state inyas calculated from the total ammonia concentraticy) (
which the barriers to exchange are removed. In the open stategng the pH as

the imino proton is accessible to proton acceptors, and any

hydrogen bond(s) in which the proton participates breaks. [B] = C, x 10 /(107" + 1077 (8)

The second step is the actual transfer of the proton to an

acceptor such as OHor NHs. The exchange rate observed The pH was measured at each ammonia concentration,

experimentally is given aslf) directly in the NMR tube, using the proton resonances of
triethanolamine X0). The K value of ammonia at 16C is
_ kopkex,open ) 9.73 0).

kex B kcl + kex,open

where ko, and kg are the rates of opening and closing,
respectively, of the base containing the imino proton and

Kex,0peniS the rate of exchange from the open state. The ratesShOWn in Figure 3A. As one can see, except for one, all

of opening and closing are related to the lifetimes of the expected imino proton resonances are observed. The missing

base n the closed, paired state .and in the open, SOIVent'resonance is that of NI of the second guanine in the GAGA
accessible state{ andz,p, respectively) as

tetraloop (Gg). The fact that this resonance is not observed
1
p

RESULTS

The NMR resonances of imino protons in SRD RNA
(namely, NH from guanines and § from uracils) are

1 indicates that NH of G5 exchanges very fast with water
Ty = and 7,,= K, ©) protons kex greater thanm~3 x 10* s1). Of the observed
! imino proton resonances, most are well-resolved. The excep-

The rate of exchange from the open state depends on thdiOns are the resonances ofg@nd U, imino protons and

concentration of proton acceptor B as the resonances of sgand G4 imino protons. To separate
the resonances of @and U, we have synthesized a SRD
Kex.open= 0tKg[B] 4) RNA molecule containing®N-labeled guanine. The imino

proton resonances of guanines were edited using 1D fHSQC,
wherekg is the rate constant for the transfer of the imino and the result is shown in Figure 3B. To edit the imino proton
proton in isolated nucleotides ands a factor that accounts  resonance of Y, we took advantage of the fact that the
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FiIGURE 4. Comparison of the imino proton resonances of SRD  200mM
RNA in the absence (A) and in the presence (B) of 0.7 mMfMg

ions. The inset shows the; U4, and Goimino proton resonances

in the presence of 0.7 mM Mg ions at increasing concentrations 0 mM
of ammonia.
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spectral region from-10 to ~14 ppm contains only imino . 80 7 o 63 80 o
proton resonances from guanines and uracils. Thus, theF/GURE5: Selected regions of thél NMR spectra of*N-labeled
Ese’\slolnances of uracils were edited using the same sample Witlﬁsﬁ%Fvlvnﬁi]aéga;cﬁxi%qjnign:g'\ﬁong%r;’trgﬂgng%nr%&ng\é%llo(spwate
-labeled guanines and a modified fHSQC pulse sequenceg 3).
that selects the resonances #N-bound protons and
eliminates the resonances'8N-bound protons. The result  protons as a function of ammonia concentration. The NMR
is shown in Figure 3C. spectra indicate that the RNA conformation is maintained
For Gy and G4, we were unable to resolve their imino at increasing ammonia concentrations. This result is il-
proton resonances by two-dimensional HSQC. This is lustrated in Figure 5 by the resonances of imino and aromatic
because, like théH chemical shifts, théN chemical shifts protons. Over the range of ammonia concentrations that was
of the imino groups of these bases are also degenerate, anthvestigated (i.e., 700 mM), there are no chemical shift
the corresponding HSQC cross-peaks overlap (results notchanges for imino protons. Changes in chemical shift are
shown and ref3). An alternative way to separate theoG  observed for some resonances in the aromatic region, but
and G, imino proton resonances was suggested by theall are less than 0.1 ppm (for example, the H2 proton
observation that low concentrations of RMgons shift the resonance of 4 shifts from 7.88 to 7.83 ppm when the
Gipand G4 imino proton resonances in opposite directions. ammonia concentration increases from 0 to 700 mM). No
In the presence of 0.7 mM Mg, the two resonances are significant changes in the line width of nonexchangeable
resolved from each other (Figure 4B). We have used this proton resonances are observed. These findings indicate that
effect to measure the exchange rates of the two protonsammonia does not significantly affect the conformation of
separately, using the line width of the two resonances asthe SRD RNA molecule. Representative examples of the
illustrated in the inset of Figure 4. dependence of exchange rates on the concentration of
To characterize the opening reactions of individual base ammonia base are shown in Figure 6. As one can see, for
pairs in SRD RNA, we measured the exchange rates of iminothe imino proton of Y,, the exchange rate reaches the EX1
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FIGURE 6: Representative examples of the dependence of the imino proton exchange rates in SRD RNA on the concentration of ammonia
base, in 10 mM phosphate buffer with 50 mM KCI, 15 mM NacCl, and 0.5 mM EDTA (pH 8.3). kgrthke curve represents a nonlinear
least-squares fit to eq 2. For the other three imino protons, the lines represent linear fits to eq &, filoe Empty symbols represent
exchange rates in the presence of 0.7 mM*Migns.

regime, as predicted by eq 2. For the imino proton @f G  Table 1: Base-Pair Opening Parameters in SRD RNA &C,0in
the exchange rate has on|y a weak dependence on thé.o mM Phosphate Buffer with 50 mM KCI, 15 mM NaCl, and 0.5

concentration of ammonia base. As we show below, this ™ EDTA
finding reflects the small equilibrium constant for opening . | K kAﬁop |

. .. imino cal/mol,
the G-Cys base pair. For @ and U, imino protons, the proton  kep (s°) (Xwg ) Kop (x 10°) (at 10°C)
exchange rates are fast even at low ammonia concentrations: G 58107 24104 65r1l 5722009

. . . - . 2 . . . . . . . .
With an increase in the ammonia concentration, the exchange G: 2.00+008 43+08 0.47+ 0.09 8.9+ 0.1
rates further increase and become too fast for measurementy, b b 59402 6.784+ 0.02
by transfer of magnetization from water. Hence, for these Gs c c 0.0070+ 0.0008 10.5% 0.06
protons, only data in the EX2 regime could be obtained. One G2 c ; 0-g§§i %3002 3?'8851 8-8?
notes also that, in the absence of added ammonia, the ~’ 697 + 449 4.09+ 0.03
exchange rate of the ;gimino proton is~20 s* (or ~35 G b b 62504+ 80¢ 2.86+ 0.07
s tin the presence of Mg ions), whereas for all the other Uiz 1.97+0.04 0.5+£0.1 3.8+£0.9 7.0+0.1 y
a

protons shown, the exchange rates are close to zero. Theseg14 5 121 008 0 gi o1 3861% ?2 3'61% 8'(1)1
_differences are due tp the catalysis of the exchan.ge by OH Gig b PO 96+ 15 5.21+ 0.09
ions present in solution at pH 8.3. The Oldatalysis does 163+ 15 4.91+ 0.09

not make a significant contribution to the observed exchange
rate when the opening equilibrium constaktj is small

(eq 6). This is the case foriy) Us, and G. In contrast, for
Gy, the Ky, value is much larger (vide infra) and OH
catalysis yields a high exchange rate even in the absence of The ratesk,, and the equilibrium constant&,, for base-
added ammonia. The presence of 0.7 mMMgns affects  pair opening, obtained from the dependence of the exchange
the exchange rates of two imino protons: the exchange raterates on ammonia concentration, are summarized in Table
of the G imino proton is increased (Figure 6) and that of 1. The rates of opening were obtained for only the bases in
the U; imino proton decreased. For all the other imino which the imino proton exchange reached the EX1 regime
protons, the exchange rates in the presence of 0.7 mRt Mg over the range of ammonia concentrations investigated,
are, within experimental error, the same as those in thenamely, G, G;, Gis, and Ui. For the other bases, the
absence of the ions. exchange rates in the EX1 regime were too fast to be

aFrom the line width measuremefitThe exchange rates in the EX1
regime are too fast to be measured by NMRhe EX1 regime could
not be reached at the highest ammonia concentrations that were
investigatedd With 0.7 mM Mg and no EDTA.
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measured by NMR (L U;, Gio, Gis, and Gg) or the Gig-A12 base pair. The equilibrium constant for opening the
exchange did not reach the EX1 regime at the highest G;o-A1, base pair is~23-fold smaller than that for opening
concentrations of ammonia that were used é8d G4). In of the other G-A base pair, gA17. This decrease iKq,
these cases, only the equilibrium constants of the openingcorresponds to an increase in the free energy of opening of
reactions could be obtained (Table 1). The free energy changeGig relative to G4 by ~1.8 kcal/mol. In the structure (Figure
in the opening reactionAG,p, was calculated from the  1B), Gigstacks on @ and, in the cross-strand stack, oG
opening equilibrium constant according to eq 7 (Table 1). These double stacking interactions should clearly increase
the stability of Go, as we observed. An additional factor
DISCUSSION that may contribute to the differences in stability between
The proton exchange results obtained in this work allow Gis+-A:7 and Gg-A;, base pairs is the pattern of interbase
us to define the local stabilities at different sites within the hydrogen bonding. In the &A1, base pair, the guanine
SRD RNA structure. With this approach, the structural forms two hydrogen bonds to the adenine as shown in Figure
stability at a given site is measured by the free energy change2. In contrast, for the G-A17 base pair, the crystallographic
in the opening reactionAGe,. Sites with high structural  structure suggests that the guanine forms a single bifurcated
stability are characterized by low values of the equilibrium hydrogen bond from its NEgroup to N7 and the phosphate
constant Kop) and large values of the free energy change of A7 (5). A smaller number of interbase hydrogen bonds
(AGgp). Alternatively, highKo, and smaliGe, values reflect would decrease the stability ofi&in the paired conforma-
low structural stabilities at the corresponding sites. Inspection tion, as we observed.
of the results shown in Table 1 reveals that the opening Another part of the SRD RNA structure that is of special
equilibrium constantsK) in SRD RNA span 6 orders of interest is the canonical 16Ci3 base pair at the junction
magnitude, from 7x 107° for the G-Cys base pair in the  between the GAGA tetraloop and the bulged-G motif (Figure
double-helical stem to & 1072 for the bulged Go. This 1B). Our results show that the stability of this base pair is
wide range of values reflects a broad distribution of structural the same as that of the penultimate Gs base pair in the
stabilization free energies from 2.9 to 10.6 kcal/mol. stem Kop = (6.3 + 1.3) x 10°° for G5, andKo, = (6.5 +
The least stable sites of SRD RNA that we observed 1.1) x 1076 for Gy]. In spite of this similarity, the dynamics
include the two G-A base pairs (&A:7 and Gg-A12) and of G15-Cy3 base pair differs from that of the,&,5 base pair.
the bulged G The equilibrium constantKf,) measured  The opening rate of the &Cy3 pair (3.15+ 0.08 s?) is
for Gio, G14, and Gg are in the range from 10to 6 x 1073, ~5-fold smaller than the opening rate of the-Gyg pair (15.8
which is much higher than the range I§f, values for the + 0.7 s'Y). As expected from th&,, values, the rates of the
double-helical part of the structure ¢ 10°to 6 x 10°9). closing reactions show the same trend: (&%.1) x 10°
The largeKqp values of Go, Gia, and Gg are most likely s 1for Gigand (2.44 0.4) x 10 s~ for G,. Therefore, the
due to the nature of the opening reactions for these guanineslocation of the canonical {&C,3 base pair within the SRD
In double-helical RNA, to bring the imino proton into a loop slows its closing reaction relative to that for the G-C
solvent-accessible state, the base must rotate away from thdase pair in the double-helical stem. The implication of this
helix center by=50° (21, 22). In this transition to the open  result is that the average lifetime ofi£&in its open state
state, the base overcomes the stacking interactions with its(zop, €q 3) is longer than that of the guanine in the stem.
two neighboring base pairs and the partner base is also A similar effect of the structure on the dynamics of
perturbed. Hence, the energetic cost of the opening reactionopening-closing reactions is observed fofdJ Uy, is located
is high. For G-A base pairs or for the bulged,Gthe at the core of the bulged-G motif where it forms a base triple
structural changes that yield the guanine’s open state arewith Gio and Ay (Figure 2). The opening equilibrium
expected to be different. This is because, in these cases, theonstant for Y, [(3.8 & 0.9) x 1079 is comparable to that
Watson-Crick edge of the guanine faces the phosphodiester for U, in the canonical WA, base pair [(5.9: 0.2) x 1079).
backbone. This orientation places the guanine’s imino and Hence, participation of Y in the base triple of the bulged-G
amino groups within hydrogen bonding distance of the motif does not enhance significantly its stability relative to
oxygen atoms in backbone phosphate grodp5)( Accord- that of a canonical U-A base pair from the double-helical
ing to the crystallographic structure, thgs@nino group is stem. The dynamics of 4 is, however, different. The
within hydrogen bonding distance of theidp-Azo phos- opening rate of W is slow (1.974+ 0.04 s%). For U,, the
phate, the @ imino group of the Gs-p-A;7 phosphate, and  opening rate could not be determined because the exchange
the Gg imino group of the Grp-U;; phosphate. The rate of its imino proton in the EX1 regime is too fast.
proximity of the backbone and the hydrogen bonds to the Nevertheless, the exchange rates that could be measured
phosphates are expected to protect the imino protons from(Figure 6) indicate that the opening rate of hould be
exchange with water protons. This protection explains why greater than~40 s. Thus, the opening rate of,yis at
Gio, G14, and Ggimino protons can be observed in the NMR least 20-fold lower than that of AJ Since the opening
spectra (Figure 3). The protection also explains why the equilibrium constants of the two bases are comparable, the
exchange of these protons is slowed 180000-fold relative closing rate of ; should also be at least 20-fold slower
to that in free guanine (eq 6 and Table 1). Hence, the than that of U. Hence, like for Gs, participation of U; in
exchange of @, Gis, and Gy protons should involve  the SRD structure lowers the rate of closing of this base. As
breaking the hydrogen bonds to the backbone and flipping a result, the average lifetime of,Uin the open staterf, =
out the guanine into a fully accessible state. Our results show2 us) is at least 20-fold longer than that in the canonical
that the energetic cost of these changes is relatively small,U-A base pair.
yet even at this low energetic cost, the influence of stacking In our analysis of the dynamics and structural stability in
interactions upon opening energetics can be detected for thehe SRD loop discussed above, we have compared the
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opening parameters of individual base pairs to those in thethe recognition site at the bulgeddare significantly more

double-helical stem. One should note however that, within stable. The invariant {g-C;3 base pair, being a canonical

the stem, there is an appreciable variation in the openingbase pair, is~3.6 kcal/mol more stable than the&\ 17 base

equilibrium constants (Table 1). These variations most likely pair. The next base pair,16A1,, has an additional interbase

reflect the influence of the sequence context for each basehydrogen bond and participates in thggG&Gio and A—

pair, as observed previously for various RNA and DNA A, cross-strand stacks. As a result, its stability is increased

double helices23—25). Furthermore, in the case of SRD by ~1.8 kcal/mol relative to that of the iA17 base pair.

RNA, the results suggest that the rest of the structure alsoThe high stabilities of these two neighboring base pairs may

influences base-pair opening in the stem. The largest effectsenhance the energetic identity of the;@ 7 base pair and

are observed for the G-C base pairs next to the connectorthus allow its selection for base flipping and subsequent

region, i.e., G-Cys and G-G,s. The opening equilibrium  cleavage.

constants for these base pairs are the lowest in the SRD RNA

structure and are -310-fold lower than those previously ACKNOWLEDGMENT
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