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ABSTRACT. The Tetrahymenaroup | ribozyme’s oligonucleotide substrate, CCCUGUfsrms six base

pairs with the ribozyme’s internal guide sequence (IGE§&AGGG) to give the P1 duplex, and this
duplex then docks into the active site via tertiary interactions. Shortening the substrate by three residues
to give UCUA;s reduces the equilibrium constant for P1 dockingd800-fold even though UCU#&retains

all the functional groups known to be involved in tertiary interactions [Narlikar, G. J., Bartley, L. E.,
Khosla, M., and Herschlag, D. (199B)ochemistry 3814192-14204]. Here we show that the P1 duplex
formed with UCUA engages in all of the major tertiary interactions made by the standard P1 duplex.
This suggests that the destabilization is not due to disruption of specific tertiary interactions. It therefore
appears that the weaker docking of UCyarises from the increased conformational freedom of the
undocked P1 duplex, which has three unpaired IGS residues and thus a larger entropic cost for docking.
Further, a 2methoxy substitution at an IGS residue that is base-paired in the standard P1 duplex with
CCCUCUA; but unpaired in the P1 duplex with UCWAestabilizes docking of the standard P1 duplex
~300-fold more than it destabilizes docking of the P1 duplex formed with UCTAese results suggest

that fixation of groups in the context of a rigid duplex may be a general strategy used by RNA to
substantially increase interaction specificity, both by aiding binding of the desired functional groups and
by increasing the energetic cost of forming alternative interactions.

The low diversity of RNA side chains and the high charge to give UCUAs destabilizes the closed complex by200-
and conformational flexibility of the RNA backbone might fold [3.4 kcal/mol, 50°C (11)]. Here, we have investigated
be expected to limit the close packing and precise positioning the origin of this destabilization. The results suggest that the
of functional groups required to form stable and well-defined substantial destabilization arises because a greater loss in
RNA structures 1, 2). Nevertheless, it is evident from the entropy is required for positioning the P1 duplex formed with
recent crystal structures of theetrahymenagroup | and UCUAs. The results further suggest that conformational
hepatitis delta virus ribozymes that RNA can use various constraints imposed by duplex formation greatly increase the
strategies to overcome these limitatio8s-6). The extensive  specificity of tertiary interactions made by P1 functional
helix—helix interactions in these structures suggest that onegroups.
way by which RNA can achieve precise positioning of groups
interacting in tertiary structure is by presenting them in the MATERIALS AND METHODS
context of secondary structural elements. The greater rigidity
of a duplex compared to a single strand is expected to reducetr
the entropic cost of making specific interactions.

The well-characterized binding reaction of tfietrahy-
mena ribozyme’s oligonucleotide substrate provides an
opportunity to test and quantitate the role of duplex rigidity 1 Abbreviations: E refers generically to theetrahnymenagroup |

. e . . - : L-21 Scd ribozyme and its modified versions. IGS refers to the internal
in facilitating RNA/RNA interactions. Binding of the oli- guide sequence of the ribozymeEBAGGG (see Figure 1A), and G

gonucleotide substrate CCCUCYASY entails P1 duplex  refers to the guanosine cofactor. The individual ribozymes are defined
formation with the ribozyme’s internal guide sequence (IGS) with respect to modifications in their IGS sequences. Thus, WT refers

i i to the standardTetrahymenaribozyme, dG22 and dG25 refer to
to give an open complex, followed by docking of the P1 ribozymes with 2deoxyribose substitutions at positions 22 and 25 of

dup!ex into the catalytic core via specific tertiary intgractions the IGS, respectively, mG25 refers to a ribozyme with-aédxy 2-
to give a closed complex (Figure 1j10). We previously methoxy substitution at position 25, and 122 refers to a ribozyme having
observed that removal of three residues from the substratethe guanosine at position 22 replaced with an inosine. S refers to the
oligonucleotide substrate, without specification of length, and S* to
[32P]-5-end labeled S. mU refers to &@eoxy-2-methoxy substitution
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Materials. L-21 Scal ribozyme was prepared by in vitro
anscription and purified as described previoudl®)( The
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Ficure 1: Binding of the oligonucleotide substrate. (A) The oligonucleotide substrate binds in two steps prior to catalytic cléagage (

31). The substrate (S) first base-pairs with the internal guide sequence (IGS) of the ribozyme to form the P1 duplex in the open complex.
The P1 duplex then docks into the catalytic core via specific tertiary interactions to give a closed complex. The docked substrate is cleaved
by a bound exogenous guanosine molecule K3).is the observed equilibrium constant for dissociation of S from th&EomplexK{'¢S

is the equilibrium constant for dissociation of S from the open complexKapdis the equilibrium constant for docking into the tertiary
interactions. (B) The oligonucleotide substrate is held by both base pairing interactions with the internal guide sequence of the ribozyme
(IGS=5GGAGGG) and tertiary interactiond4, 15, 17, 22, 3237). The ribozyme active site is represented schematically by the outline.

The larger 20H groups and the exocyclic amino group of theJGvobble pair shown in boldface type provide tertiary stabilization to the

P1 duplex. Panel (A) is adapted from an original drawing by L. Jaeger.

of a synthetic 17 base oligonucleotide to a shortened RNA ribozyme identity 16—18 G.J.N. and D.H., unpublished
transcript (L-38 Scal) with T4 DNA ligase and a DNA splint  results).
as described previousiyL 8, 14. The mG25 ribozyme was Kinetic Constants(k.a/Km)S represents the second-order
a gift from Scott Strobel. Oligonucleotides were made by rate constant for reaction ofSE+ S — products. Under
solid-phase synthesis and were supplied by ClonTec (Palo“(k./K)S conditions”, most of S is not bound to®Eand
Alto, CA), Oligos Etc., or the Protein and Nucleic Acid the rate constant is linearly proportional to [E] with a slope
Facility at Stanford or were used and characterized in that equalsk../Km)S. The rate constants were measured with
previous studies. Oligonucleotide substrates weéren8- 2mM G [K€ =1 mM (19, 20], and typically, three
labeled with approximately equimolar amounts @f3fP]- concentrations of E were used for eadf{Kn)S determi-
ATP by T4 polynucleotide kinase and purified by nonde- nation.ks represents the third-order rate constant for reaction
naturing polyacrylamide gel electrophoresis, as describedof E + G + S— products. Under these conditions, the rate
previously (12, 15. constant for reaction of S at a given concentration of G is
General Kinetic MethodsAll reactions were single- linearly proportional to [E] with a slope that equagG].
turnover, with ribozyme (E, 212 000 nM) in excess of 5 Values ofks were obtained for reaction of CCCmUCWA
end-labeled oligonucleotide substrate (S9.01-0.05 nM), with WT ribozyme using 2M G [Ks¢ = 1 mM (19, 20]
and were carried out at 5 in 50 mM NaMES buffer, pH and three concentrations of E.
6.6, and 10 mM MgGl (15, 1§ with either 0.02 or 2 mM Estimation of Errors.Rate constants varied typically by
guanosine (G). Reactions were initiated by addition of S* | 504 in independent experiments. The valuesk},,

following a 15 min/50°C preincubation of E in MgGland were calculated from the ratio of individua.4/K.,)S values
buffer. Six aliquots of 2 uL were removed from 2(iL (eq 2), so the error limits foK[, were conservatively
reactions at specified times, and further reaction Was eimated as the sum of the error limits for the individual
quenched by the addition ef2 volumes of 20 mM EDTA (KeadKm)S values: i.e.40% (~2-fold variation)

in 90% formamide with 0.005% xylene cyanol, 0.01% T '
bromophenol blue, and 1 mM Tris, pH 7.5. Substrate and RESULTS

product(s) were separated by electrophoresis on 20% poly- Specific Tertiary Interactions Are Not Disrupted upon
acrylamide/7 M urea gels, and their ratio at each time point Shortening the Oligonucleotide Substratghortening the
was quantitated with a Molecular Dynamics Phosphorimager. standard oligonucleotide substrate, CCCUG|ta UCUAg
Fast reactions were followed for3t,. The slow reactions  retains all of the P1 functional groups known to be involved
of dG25, dG22, and 122 with UCUAwere followed up to in tertiary interactions, yet the equilibrium constant for P1
~40% reaction, reactions of mG25 with UCAp to 4% docking, Kgock is reduced by~200-fold (Figure 1;11). A
reaction, and reactions of WT ribozyme with dUCHand simple model for the weaker docking of UCW# that the
mUCUA; up to 10% and 5% reaction, respectively, because tertiary interaction made by the'-©H group of G25 is
ribozyme activity decreased at longer times. End points of disrupted (Figure 2A,B). This could arise because the base
95% were obtained and used in nonlinear first-order fits to pair with G25 that is present in the standard P1 duplex is
the data (KaleidaGraph, Synergy Software, Reading, PA). broken in the P1 duplex formed with UCWYAand this base
Reactions for which only initial rates could be measured were pair may be required for proper positioning of theCQH
assumed to have the same end points as faster reactiongroup with respect to functional groups in the ribozyme core.
several results from previous work suggest that the reactionTo test this hypothesis, we compared the equilibrium for
end points are not significantly affected by substrate or docking of UCUA; with the wild-type (WT) ribozyme to
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FiGure 2: Models to account for the weaker docking of UCSJA
The 2-OH groups at G22-3U, and G25 are depicted schematically
by the black circles and the ribozyme active site by the outline.
(A) The full-length substrate forms a rigid P1 duplex that docks
into the active site. (B) Model in which disruption of the base pair
with G25 in the P1 duplex formed with UCUAdisrupts the
positioning of the 20H group of G25 within the active site. (C)
Model in which shortening the oligonucleotide substrate increases
the flexibility of the P1 duplex in the open complex, thereby
increasing the entropic cost of docking.

the equilibrium for docking with a modified ribozyme that

has the 20H group of G25 replaced with d-21 (dG25).
The weak binding of UCUA to E precludes direct

measurement of its binding affinityll). Kqock values for
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1b), andKgock Values for the WT and dG25 ribozyme can
then be compared by use of eq 2, which is obtained from eq
1b. In eq 2, P1 refers generically to the duplex formed
between WT ribozyme and UCUPor CCCUCUA, and
modified P1 refers to the corresponding P1 duplex having a
2'-H or other substitution.

reI rel

S IGS,
dock (kca{Km) reIK re/ hem (2)
where
| P1 dified P1]
Ktri%ck ((IIOC)IJK Einc:t(:)kl * )

(Reaf K™™' = (Ko Kir) S (ko K ) 000 PV

KdIGS el K IGS(Pl}:K IGS(modified P1)

hem ké

In eq 2, the value ok _was taken to be 1 becaukgen
is similar for the full-length substrate and UClaAndkchem
for the full-length substrate is not affected by the dG25
modification (L1, 14, 18. The value 0K4¢S"'was also taken
to be 1 because, in the context of the P1 duplex formed with
UCUAs, the 2-H substitution is in an unpaired region of
the IGS. Table 1 gives thK'S, value obtained from the
measured values okd/Km)S. Substituting the 20H of G25
with a 2-H destabilizes docking of UCUAby 43-fold
(AAGeerr = 2.4 kcal/mol), suggesting that thé&-@H group
provides substantial tertiary stabilization in the context of
bound UCUA;. Further, the tertiary stabilization provided
by the 2-OH at G25 is the same, within error, in the context
of bound UCUA and CCCUCUA (Table 1,AAGer = 2.4
vs 2.5 kcal/mol for UCUA and CCCUCUA, respectively).
Thus, the tertiary interaction made by theQH of G25 is
maintained upon shortening of the substrate. This suggests
that the G25 20H group is adequately positioned by its
proximity to the portion of the P1 duplex that is formed and,
presumably, by the ability of the G25 base to stack on the
duplex (Figure 1B).

We next tested whether the other major tertiary interactions
are maintained upon docking of UCWAIn individual

mOdIerd P1)

UCUAs were therefore obtained by an indirect approach used experiments, the exocyclic amino group at G22 was replaced

previously. In this approachkgy/Km)S, the second-order rate
constant for the reaction®&t+ S — products, estimated P1

with a hydrogen atom to give inosine (122), and theOMH
groups at G22 and-3U were replaced with'2H groups

duplex stabilities, and the rate constant for the chemical step(Figure 1B). The effects of each of these substitutions on

are used to calculatégock (11). The reaction of B with S
involves three individual steps: P1 duplex formation, P1
docking, and chemical cleavage (Figure 1A;8, 16, 2).
We have previously shown thak.{/Kr)S for reaction of
UCUAs with the WT ribozyme is limited by the chemical
step between pH 5 and 7.1). Under these conditions, the
value of k.afKm)® relates to the equilibrium dissociation
constant of the open compleX4®S, Kgow and the rate
constant for the chemical steRshem according to eq 1a,
which is derived from Figure 1A.

(kca{Km)S = kcheanoclJKleS
(kca{Km) KdIGS/kchem

Rearrangement of eq 1a gives the expressiorKfge (eq

(1a)

Kdock (1b)

Kdock Were measured as above; these substitutions were also
assumed not to affect the chemical st&fi.{,= 1 in eq 2)
becausénemfor the full-length substrate is not affected by
the modifications 14, 18. The effects of these substitutions
on K¢CS (K{®S') have been measured previously for the
standard P1 duplex2@). These effects were assumed to be
the same for the P1 duplex with UCAecause effects of
2'-OH — H and G— | substitutions in model duplexes are
largely independent of neighboring residu@g-24). The
K'®' values for the above substitutions are summarized in
Table 1 and theAAG values obtained are compared to
those obtained previously in the context of the P1 duplex
formed with CCCUCUA. Each of the substitutions that
destabilizes docking of CCCUCUAalso destabilizes dock-
ing of UCUAs. This suggests that the tertiary interactions
made by the exocyclic amino group of G22 and th&®©#
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Table 1: Comparison of the Tertiary Stabilization Provided by Functional Groups on the P1 Duplex Formed with a@UBCCUCUA?

UCUA; CCCUCUA5
h
P1 duplex (keatKm)S”  CcalKSeel KBSk ¢ KT 8AGen® | A0Gien®
M-Imin-! (kcal/mol) |  (kcal/mol)
5(CCC)UCUA, 2.9x 104 (1) (1) (D (1) 0) 0)
GGG AGG
5(CC C)UCUAs 6.8 x 102 43 1 1 43 2.4 25
GGdG AGG
5(CCC)UC UAs 4.9 x 102 59 0.27/ 1 16 1.8 3.1
GGG AGAG
5(CCC)UCUA; 6.2 x 102 47 0.33/ 1 16 1.8 2.1
GGG AGI
5(CCC)dUCUA5 3.8 x 102 76 0.267 1 20 1.9 0.9
GGG AGG

2 Conditions: 50°C, 50 mM sodium MES, pH 6.6, and 10 mM MgC? (ke.a/Km)S is the second-order rate constant for the reaction-ES —
products (see Materials and MethodsKea/Km)S™ = (Keal Kim) 3P (Keaf Kin)S(modified PL P71 refers to the P1 duplex formed between UGLbA

CCCUCUAs and the WT ribozyme, and modified P1 refers to a P1 duplex havingdedxy or G22— | substitution.d K4S = K4CSPLy
K/eS(modified P1 | 1G5 is the equilibrium dissociation constant for the open complex (Figure 4, = k&2 i (modiied PL) 1 s the rate constant

for reaction from the closed complex (Figure 1A). As described in the Re&{jltswas assumed to be equal to 1 becade, = 1 in the context

of the full-length substraté K, = KEL/K(modfed Pand was determined from eq 2 as described in the Re#(fls;> 1 indicates a destabilizing
effect from the modificationd AAGer = RTIn (K'); R = 0.00198 kcal moi K- andT = 323 K (50°C). AAGer > O indicates a destabilizing
effect from the modification? AAG was taken from previous measuremerits, (22. ' K¢S was assumed to be equal to 1 because the 2
substitution is in an unpaired region of the IGS (see Resllg)®S ™ values were assumed to be the same as those previously determined in the

context of the full-length P1 duplex18, 29; see Results].

groups of G22 and-3U are maintained upon shortening of interactions, 20H groups at two positions, G25 anreBU,
the substrate. were replaced with the larger-thethoxy group. For the
Whereas the'20H group of G25 and the exocyclic amino  shortened substrates, the effects of the methoxy substitution
group of G22 provide similar tertiary stabilization in the on docking KX,) could be obtained from egs 1 and 2 as
context of CCCUCUA and UCUA;, the 2-OH groups of above becauség(Kn)S is limited by the chemical stefd.{).
—3U and G22 contribute~1 kcal/mol more and less, The value ofK{®S™ in eq 2 was taken to be 1 because 2
respectively, in the context of the shorter substrate. Thesemethoxy substitutions do not significantly alter the stability
differences do not account for the 3.4 kcal/mol destabilization of model RNA/RNA duplexesi1Q, 15, 26, 27 G.J.N. and
observed for docking of UCU#velative to CCCUCUA and D.H., unpublished results). It was also assumed that the
may be due, in part, to small errors in the estimation of methoxy substitutions do not alter the rate of the chemical
K{eSr and K, values as well as small differences in the step o n=1ineq 2y
precise positioning of the two P1 duplexes within the active  For reaction of CCCUCUAwith the mG25 ribozyme, the
site. Although the tertiary interactions made by theOM decreased value ok/Km)® relative to that for reaction of
groups of—2C, G23, and G26 (Figure 1B) were not tested CCCUCUAs with the WT ribozyme and the observed
herein, replacing these’-®H groups with 2H groups guanosine dependence suggested that the chemical step was
destabilizes docking of the full-length substrate by only 0.4, rate-limiting, thereby allowing the use of eq 1b (data not
0.8, and 0.8 kcal/mol, respectively, not enough to account shown). However, K../K)S for reactions of CCCUCUA
for the observed 3.4 kcal/mol destabilizatid®). Further, and CCCmUCUA with WT ribozyme is not limited by the
there is no indication of any additional tertiary interactions chemical step 4, 8, 11, 16, 28, 29G.J.N. and D.H.,
involving bases and phosphate grougs; (J. A. Piccirilli, unpublished results) and so the value kf{Km)S for these
personal communication). Together, the results suggest thateactions does not equafenKdaocd KdS) as in eq 1a. This
the P1 duplex formed with UCU#Amakes the same tertiary  precluded the use of eq 2 to Obta(beolck The value oﬁ(gﬂck
interactions as the full-length P1 duplex and that the weakeryas therefore obtained by an alternate approach in which
docking of UCUA; does not arise from disruption of these the value of KenenKaoadKd'©S) was explicitly defined as the

tertiary interactions. ratio Kapp

Shortening the Oligonucleotide Substrate Can Decrease
Tertiary Interaction SpecificityTo test whether shortening (P1) _ 1 (P1) (Pl)‘!K IGS(P1) (3a)
the oligonucleotide substrate affects the specificity of tertiary PP he *dock Td

k (modified P1)_
. . . app

2 This assumption was made because changing't2groups at (modified P1) (modified P1yy¢ IGS(modified P1)

these positions has no effect &mem for the full-length substrate and kchem dock Kd (3b)

because the positions of substitution are three residues removed from
the site of chemical cleavag@&4, 15, 18. If this assumption does not el

hold, the discrimination age?in;ft-methgxy substitutiong would reflect For the reasons stated aboVléﬁhem a”,d_ KqCSre were
the specificity of tertiary interactions in the chemical transition state. assumed to equal 1. Under these conditions

This would not affect the overall conclusion from this section that

shortening the oligonucleotide substrate can reduce the specificity of rel __(P1) (modified P1)

tertiary interactions. Kdock_ k(app/ pp (4)
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Table 2: Energetic Effects of Methoxy Substitutions on the Docking of UCAand CCCUCUA?

. d -
P1 duplex (Kchem X Kdock /KLGS> (Kchem X Kdock /KLGS)“CI) i K‘leS,rel kéﬂem ¢ K(rif)‘ckf AA(’(mg
M-!min-! (kcal/mol)
SUCUA; 2.9x 104 6)) )] (1) %) ()
GGGAGG
5UCUA5 280 104 1 1 104" 3.0
GGmGAGG
5mUCUA; 150 193 1 1 193 " 34
GGG AGG
5CCCUCUA5 1.8x 1011¢ ) ) (1 ) ()
GGGAGG
5CC CUCUA; 6.5 x 106 2.8 x 104 1 1 28x 104 65
GGmGAGG
5CCCmUCUA; 4.1 x 108K 439 1 1 439/ 3.9
GGG _AGG

a Conditions: 50°C, 50 mM sodium MES, pH 6.6, and 10 mM MgC? For all P1 duplexes except those indicatddsefKaocdKd®S) equals
(kealKm)®, the second-order rate constant for the reacti6n+ES — products as described in the Resulig./Km)® was obtained as described in
Materials and Methods. (KehenKdocd Kd'®9) ) = (KehenKdock Kd'®S) P (KehenKdood Kd'CS)(modified P 1 refers to the P1 duplex formed between UGUA
or CCCUCUA and the WT ribozyme, and modified P1 refers to a P1 duplex havirrgreethoxy substitution at G25 6+3U. 9 K4S el = KCSP1y
KCS(medified P1) K [GS js the equilibrium dissociation constant for the open complex and was assumed to equal 1 femétedky modifications

as described in the Result®, =
(Plin(modlfled Pl) Krel

was assumed to equal KEl, = K&K > 1indicates a d
(K ); R = 0.00198 kcal moft K- and T = 323 K (50°C) AAGrer >

KED finodified PL) e emis for reaction from the closed complex (Figure 1A). As described in the Rekfilts,

estabilizing effect from therBethoxy modification? AAGie: = RTIn
0 indicates a destabilizing effect from thérethoxy modification.

h Obtained from eq 2. (KenenKdocd Kd'®%) was obtained from the previously determineghn value of 200 min?, Kyock value of 63, andK4°S value
of 7.0 x 1078 M (11, 15. i Obtained from eq 4% (KenenKdocdKd'®S) was obtained fronks, the measured third-order rate constant for reaction of E
+ G + S— products, which equalkdenKdoc/(Kd®K4®), using the previously determined value of<110-3 M for K4 (19, 20 (see eq 5).

In eq 4, the value ok, which is for the reaction of
CCCUCUAs with WT rlbozyme, was obtained from the
previously determined values dfpem Kd'®S, and Kgock
(KD = 1.8 x 10 M~ min"%; Table 2) (1, 15.

For reaction of CCCmUCUA with WT ribozyme,
k{PodfedPY was obtained by measuririg, the third-order
rate constant for the reaction£G + S— products. Under
conditions of rate-limiting chemical cleavade, relates to
Kenem Kdocke Kd'®S, and the equilibrium constant for dissocia-
tion of guanosine from & K4©, according to

ks = KehenKaocd (KleS)KdG

which was derived from the following reactién:

(5a)

dock

E+G+S—=gs4s—u (EGS)

(E®-S), Loy products

The previously measured value &f°¢ was then used to
obtain the value ok{}0*"***from
(modified P1) _

IGS _
pp kcheanoclJKd -

[Table 2 @9, 20]. For reaction of CCCUCUAwith the
mG25 ribozyme k3" P equals kea/Km)® as in eq la
above because this reaction is limited by the chemical step.
The k& and ko™ " values obtained above were then
used |n eq 4 to obtairKl, values for the 2methoxy
substitutions in the context of the full-length substrate.
Table 2 summarizes th&[., values obtained in the
context of the full-length and shortened oligonucleotide
substrates. The'2nethoxy substitution at G25 destabilizes

docking of the full-length substrate by3 x 10*fold,

keKq® (D)

whereas the same substitution destabilizes docking of UCUA
by only 1G-fold (Table 2,AAG,x = 6.5 vs 3.0 kcal/mol,
respectively). In contrast, thé-fhethoxy substitution at3U

has comparable destabilizing effects in the context of the
full-length and shortened substrates (TablARGerr = 3.9

and 3.4 kcal/mol for CCCUCUQand UCUA;, respectively).

DISCUSSION

The Tetrahymenaibozyme’s oligonucleotide substrate,
CCCUCUA;, binds to the ribozyme in two steps: P1 duplex
formation with the ribozyme’s internal guide sequence to
give the open complex is followed by docking of the duplex
into tertiary interactions with the active site to give the closed
complex (Figure 1). Previous work suggests that shortening
the substrate to UCUAdestabilizes the closed complex by
200-fold (3.4 kcal/mol) 11). One model to account for the
weaker docking of UCUAentails disruption of the tertiary
interaction made by the'-DH at G25, as this residue is no
longer base-paired in the P1 duplex formed with UGUA
(Figure 2B). However, the results here demonstrate that this
and other tertiary interactions are maintained upon shortening
of the substrate. This strongly suggests that the weaker
docking of UCUAs is not due to disruption of specific tertiary
interactions. The weaker docking is therefore most simply
explained by the decreased rigidity of the open complex

3 1n this reaction, (E-S) refers to the closed complex and*B),
to the open complex. Under conditions of rate-limiting chemical
cleavage there is sufficient time to establish an equilibrium population
of (E®-S), andks, the rate constant for the reactiondfEG + S —
products, relates to the rate and equilibrium constants in this reaction
according to eq 5a in the text. Although binding of G is shown to
precede binding of S in the reaction scheme shown in the text, the
alternate pathway in which S binds before G also gives the same
equation because ). is in equilibrium with free E, S, and G prior
to rate-limiting chemical cleavage.
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Ficure 3: Model for the decreased discrimination against the 2
methoxy group at G25 in the context of the P1 duplex with UGUA
The 2-methoxy group at G25 is depicted schematically by the large
black circle. (A) In the context of the full-length P1 duplex, base-
pairing of G25 limits rearrangement of thérdethoxy group at
this position, resulting in unfavorable steric interactions. (B) With
bound UCUA;, G25 is not base-paired and itsr@ethoxy group
can readily rearrange to avoid the steric clashes.

formed with UCUAs (Figure 2C). P1 duplex formation with
UCUA;s leaves three IGS residues unpaired, which are
expected to increase the flexibility of the open complex and
thereby increase the entropic cost of docking the P1 duplex
relative to the standard P1 duplex with all six base phits.

Narlikar et al.

disruption of the ribozyme core. In contrast, in the P1 duplex
formed with UCUA;, the G25 residue is not base-paired, so
its 2-methoxy group has greater conformational freedom.
This allows the 2methoxy group to rearrange with a smaller
energetic penalty. Indeed, in the context of UG Jthe 2-
methoxy substitution at G25 has the same destabilizing effect,
within error, as the much smallet-Bi substitution, consistent
with an ability of the 22methoxy group to move away from
unfavorable steric interactions without a significant energetic
cost (Tables 1 and 2AAG: = 2.4 vs 3.0 kcal/mol for 2H

vs Z-methoxy substitution, respectively).

The model in Figure 3 can also explain why'anZethoxy
substitution at—3U destabilizes the closed complex to
comparable extents in the context of UClUand CCCU-
CUAs: the —3U residue is base-paired in both the P1
duplexes and hence thé-@ethoxy group at this position
has similar constraints for rearrangement. Some of the
modified bases and sugars present on duplexes in ribosomal
and other RNAs may analogously aid correct folding by
destabilizing alternative nonnative interactions.

In summary, the rigidity provided by the P1 duplex greatly
aids theTetrahymenaibozyme’s oligonucleotide substrate
in forming stable and specific tertiary interactions. Presenta-
tion of functional groups in the context of secondary
structural elements may be a general strategy employed by
RNA to facilitate formation of stable and specific tertiary
structures.
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