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ABSTRACT: Binding of the Tetrahymenaibozyme’s oligonucleotide substrate (S) involves P1 duplex
formation with the ribozyme’s internal guide sequence (IGS) to give an open complex, followed by docking
of the P1 duplex into the catalytic core via tertiary interactions to give a closed complex. The overall
binding energies provided by ®H groups on S and IGS have been measured previously. To obtain the
energetic contribution of each of these@H groups in the docking step, we have separately measured
their contribution to the stability of a model P1 duplex using “substrate inhibition”. This new approach
allows measurement of duplex stabilities under conditions identical to those used for ribozyme binding
measurements. The tertiary binding energies from the individ@Hgroups include a small destabilizing
contribution of 0.7 kcal/mol and stabilizing contributions of up #®.9 kcal/mol. The energetic
contributions of specific 20H groups are discussed in the context of considerable previous work that
has characterized the tertiary interactions of the P1 duplex. A “threshold” model for the open and closed
complexes is presented that provides a framework to interpret the energetic effects of functional group
substitutions on the P1 duplex. The sum of the tertiary stabilization provided by the consetved G
wobble at the cleavage site and the individuaD® groups on the P1 duplex is significantly greater than

the observed tertiary stabilization of S (11.0 vs 2.2 kcal/mol). It is suggested that there is an energetic
cost for docking the P1 duplex into the active site that is paid for by the “intrinsic binding energy” of
groups on the P1 duplex. Substrates that lack sufficient tertiary binding energy to overcome this energetic
barrier exhibit reduced reactivities. Thus, the ribozyme appears to use the intrinsic binding energy of
groups on the P1 duplex for catalysis. This intrinsic binding energy may be used to position reactants
within the active site and to induce electrostatic destabilization of the substrate, relative to its interactions
in solution.

The Tetrahymenaibozyme (E} catalyzes a phosphoryl  thereby reducing the entropic barrier for reaction, and by
transfer reaction with a rate enhancement of-f6ld over inducing substrate destabilization relative to solution. As a
the uncatalyzed reaction (eq 1; Herschlag & Cech, 1990). result, the observed binding energy of substrates is less than
This rate enhancement is comparable to that observed withtheir intrinsic binding energy. The use of intrinsic binding
many protein enzymes. Jencks has proposed that proteirenergy for catalysis has been experimentally demonstrated

in a number of protein enzymes (e.g., Baumann et al., 1973;

5 -3 -1+l
CCCUCUPAAAAA (S) + Goy ——= o i
UL 1 Abbreviations: E refers to th€etrahymend.-21 Scd ribozyme.

&gGQGsz T1 refers to ribonuclease T1. Unless specified otherwise, S refers
E generically to the oligonucleotide substrate, CCCUCUAAAAA, without
5 3 -1 specification of the sugar identity. P similarly refers generically to the

CCCUCUpy (P) + GpAAAAA oligonucleotide product, CCCUCU. To specify the identity of the sugar

AGGGAGG residues, the following nomenclature is used: rS and dS refer to

QZE un (O substrates having all ribose and all deoxyribose residues, respectively.

Chimeric oligonucleotides are named according to the residues that
are different from the all-ribose background of rS or the all-deoxyribose
enzymes use the intrinsic binding energy of interactions not background of dS. For example3d,rS refers to a substrate having a

directly involved in the chemical transformation for catalysis d€0xyribose residue at position3 (eq 1) in a background of ribose

. N . residues. Analogously, the substrate having argino substitution at
(Jencks, 1975). This binding energy can be utilized for e —3 position in a background of ribose residues is referred to as

catalysis by positioning substrates within the active site, —3N,rS. IGS refers to the internal guide sequence of the ribozyme
(Figure 1) having the sequene&GAGGG. The IGS analogs used in
the substrate inhibition studies are referred to as'|@® different
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Ficure 1: Two-step model for binding of oligonucleotide substrate
(S). S (thick line) first forms the open complex by base pairing
with the internal guide sequence (IGS SGGAGGG) of the
ribozyme (E) to give the P1 duplex. The P1 duplex then docks
into the catalytic core via tertiary interactions to form the closed
complex (Bevilacqua & Turner, 1991; Pyle & Cech, 1991;

Bevilacqua et al., 1992; Herschlag, 1992; Herschlag et al., 1993;

Strobel & Cech, 1993, 1995; Pyle et al., 1994; Knitt et al., 1994).
Three of the 20H groups involved in tertiary stabilization [e.g.,
G22, G25, and U{3)] are shown schematically as filled circles.

K5 is the equilibrium constant for dissociation of S fromSE

KIS is the equilibrium constant for dissociation of S from the
open complexKeriary is the equilibrium constant for docking into

the tertiary interactions. The relation betwe€] K\°°, andKerary

depicted in the figure holds when docking is highly favorkd {ary
> 1, see eq 4, Materials and Methods).

Holler et al., 1973; Jencks, 1975; Fersht, 1987). Binding
and catalytic cleavage of th&etrahymenaribozyme’s
oligonucleotide substrate provide an opportunity to study the

Narlikar et al.

gel electrophoresis, as described previously (Zaug et al.,
1988; Herschlag et al.,, 1993). The IGS analogs and
CCCUCUA, which were used as substrate inhibitors in the
ribozyme and ribonuclease T1 assays, respectively, were
HPLC purified prior to use.

General Kinetic Methods.All reactions were single-
turnover, with E in excess of' #nd-labeled S (*pS;~0.1
nM), and were carried out at 5€ in 50 mM buffer and 10
mM MgCl, (Herschlag & Cech, 1990; Herschlag et al.,
1993); the pH is specified along with the individual experi-
ments. The buffers used and their pH values atGGare
NaMES, pH 6.6 and 5.0, and NaEPPS, pH 8.0. The values
at 50°C are obtained from the respective values at’e5
using correction factors obtained previously (Knitt & Her-
schlag, 1996). Reactions were initiated by addition of *pS
following a 15 min/50°C preincubation of E in MgGland
buffer. The T1 reactions were also single-turnover with T1
in excess of *plGSand were carried out at 5C in 50 MM
NaMES, pH 6.6, and 10 mM Mggl These reactions were
initiated by addition of T1. For both the ribozyme and T1
reactions, 6 aliquots of-12 uL were removed from 2@L
reactions at specified times, and further reaction was
guenched by the addition ef2 volumes of 20 mM EDTA
in 90% formamide with 0.005% xylene cyanole, 0.01%
bromophenol blue, and 1 mM Tris, pH 7.5. Substrate and
product(s) were separated by electrophoresis on 20% poly-

relationship between binding energy and catalysis in an RNA acrylamide/7 M urea gels, and their ratio at each time point

enzyme.
Initial work indicated that the ribozyme’s oligonucleotide

was quantitated with a Molecular Dynamics Phosphorimager.
Reactions were typically followed for3t;,, except for

substrate (S) is bound by both base-pairing interactions with some very slow ribozyme reactions. End points~&5%

the ribozyme’s internal guide sequence (IGS) as well as by and 99% were typically obtained with the ribozyme and T1
tertiary interactions with the catalytic core (Sugimoto et al., reactions, respectively, and were used in nonlinear first-order
1989; Herschlag & Cech, 1990; Pyle et al., 1990). Subse- fits to the data (KaleidaGraph, Synergy Software, Reading,
quent work indicated that base-pairing and tertiary interac- PA). For the slow ribozyme reactions, in which only initial
tions were made in two separate steps (Figure 1; Bevilacquarates could be measured, an end point of 95% was assumed.

etal., 1992, 1994; Herschlag, 1992; Li et al., 1995; Narlikar
& Herschlag, 1996). The tertiary interactions were shown
to involve the GU wobble pair at the cleavage site and
specific 2 OH groups on S and IGS (Bevilacqua & Turner,
1991; Pyle & Cech, 1991; Herschlag et al., 1993; Strobel &
Cech, 1993, 1995; Knitt et al., 1994; Pyle et al., 1994).

According to the two-step model for substrate binding
(Figure 1), the binding energy provided by a specific group
consists of a contribution to formation of the P1 duplex, and
a contribution to tertiary stabilization of the P1 duplex. Here,
we have quantitated the tertiary stabilization provided by
individual 2 OH groups of S and IGS. The energetic
analysis herein suggests that, analogous to protein enzyme
the Tetrahymenaibozyme uses the intrinsic binding energy
of tertiary interactions for catalysis.

MATERIALS AND METHODS

Materials. Ribozyme (E) was prepared bin witro
transcription and purified as described previously (Zaug et
al., 1988). Ribonuclease T1 was from United States
Biochemical Corp. Oligonucleotides were made by solid-

S

Binding to the RibozymeThe equilibrium constant for
dissociation of S from ES, K§, was obtained at pH 6.6 with
subsaturating guanosine (G) concentrations {82 uM;

KdG ~ 200uM; McConnell et al., 1993), with the exception
of the substrate-3N,rS, for which the dissociation constant
was determined at pH 5.0 and 8.0. ValuesKgf for rS,
—2d,rS, —3d,rS, and {4)—(—6)d,rS were obtained from
KG = kofi/kon, Whereky is the rate constant for dissociation
of S from ES andk,, is the rate constant for binding of S
to E. Values ofky for rS, —2d,rS, and—3d,rS were
determined previously by pulse-chase experiments (Her-
schlag et al., 1993). The value ki for (—4)—(—6)d,rS
Was measured by analogous pulse-chase methods. The value
of kon at subsaturating G is equal te4/Km)>2® the apparent
second-order rate constant for the reactiont & + S —
products, when all the S that binds E gets cleaved rather
than dissociates from the-& complex [see Herschlag and
Cech (1990) for a more detailed description]. For rS, this
was confirmed by pulse-chase experiments for the G
concentrations used. For2d,rS, —3d,rS, and {4)—
(—6)d,rS, ks is comparable to the rate of reaction at

phase synthesis. Several were supplied by CloneTec (Palsubsaturating G andkd/Km)S2°° does not represert, at

Alto, CA) or by the Protein and Nucleic Acid Facility at

subsaturating G. Hence for these substrates kihé(,)S 2P

Stanford or were used and characterized in previous studiesvalue of rS was used. This is a valid extrapolation because,

The oligonucleotide—3N,rS was a gift from F. Eckstein.
Oligonucleotides were 'send-labeled with approximately
equimolar amounts ofyf3?P]ATP using T4 polynucleotide
kinase and were purified by nondenaturing polyacrylamide

at saturating G, thek{s/Kn,)S values for all these substrates
represent,, and are identical. Fof-1d,rS and—3N,rS,

K5 values were obtained by following reactions with vary-
ing [E]. These experiments were carried out under conditions
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such that each concentration dependence obtained reflect®bserved rate constant akghd is the rate constant in the
the true equilibrium dissociation constaif;, as described  absence of inhibitor.

previously (McConnell et al., 1993; Knitt et al., 1994). (D) Control Experiments for Substrate Inhibitiofor the
Substrate Inhibition To Measure Duplex Stabilities. (A) inhibition constantk;) to equal the dissociation constant for
Substrate Inhibition with the Tetrahymena RibozyrReac- the duplex between S and IGéK'dGS), two criteria must be
tions were carried out at 5@, pH 6.6, with2 mM G, 0.5 met: (i) IGS must be in equilibrium with S and (ii) most of
10 nM E, ~0.1-1 nM of the appropriate *pS, and varying s must be unbound from E (see description in Results). (i)
concentrations of the IGS analog, IGYE] was always in  For |GS to be in equilibrium with S, the ribozyme must
excess of [*pS]. After preincubation of E and G in buffer ¢leave S slower than the time required for S and'I@S
and MgC} at 50°C, 2 uL of the appropriate 1@ solution  reach equilibrium. The following results established that S
of IGS was added. To disrupt potential aggregates that may and |GS reached equilibrium faster than cleavage of S by
have accumulated during storage, aliquots of the EB8nd  the rihozyme. (a) Good, single-phase, first-order kinetics
were heated to 95C for 5 min, in 10 mM Trisand 1 MM \yere observed for the disappearance of thdabeled
EDTA, and cooled to room temperature each time before gjigonycleotides. (b) Varying the time of preincubation of
use. Reactions were initiated by addition gfl2 of *pS to 5GGAGGGA with CCCUCUA or with CCCUCCA from
give a final reaction volume of 20L. . zero to 60 min did not affect the amount of inhibition. (c)
Stabilities of duplexes with rP (CCCUCU) and rP variants  accelerating the ribozyme reaction by 10-fold by increasing
(CCCUCC, CUCUCU and CUCUCC) were obtained by [g] did not affect the observed inhibition with CCCUCWA
following a reaction analogous to the reverse of the reaction or cccucca, [The observed rate constant is linearly
ineq1(eq2). Inthese reactions, 1 mM GA and3D nM proportional to [E] underk.{K)S conditions (see below),
whereas the extent of inhibition is expected to be unaffected.]
E+ GpA+ CCCUCU— E+ G+ CCCUCUpPA (2) Analogous results with the T1 reactions established that free
CCCUCUA and IGSreached equilibrium faster than cleav-

E were .used and reactions initiated vv_ith).l nM Qf .the age of the IGSanalogs by T1. (i) Underkia/Km)S con-
appropriate 5[3?P]-labeled rP or rP variant. Stabilities of ditions, most of S is not bound to E because S is subsatu-
duplexes with CCCUCC and CUCUCC were also measured 4iinq with respect to excess E. Linear increases in the rate

bly foIIowingfinhiE[Jitioln of the rr:iscletavatghe retﬁction. l\éljis- constants for S cleavage, with increasing E concentrations
cleavage reters lo cleavage at a site other aﬁlL)J(an_ (0.5-50 nM), established that the reactions were carried out
occurs when the P1 duplex docks into alternative registers | o qor keadK1r)S conditions. Analogous control experiments

V\gtg'f'fq the tcorr]e Ofrt]hf rg)oz&/met.thTmsl results |r.1tpoli|t|on|;1|g were done to establisk/Km)" conditions for all the reverse
of different phosphate bonds at the cleavage site (Hersc 40yeactions and all the miscleavage reactions«/Km) condi-

1992; Knitt et al.,, 1994; Strobel & Cech, 1994). For _. : . :
example, miscleavage of CCCUCU results predominantly ]tc'r%?j éog ttge4Tol nr;:/lactlon were established by varying [T1]

in the shorter products CCCUC and CCCU due to cleavage ) o )
at C(2) and U(3), respectively. Potential complications from IG&ggregation were ruled

(B) Substrate Inhibition with Ribonuclease TReactions ~ °ut by the following results. (a) Good first-order kinetic
were carried out at 56C, pH 6.6, 10 mM MgG}, 0.8-4.0 behavior is observed for the disappearance of S at the highest

nM T1, ~0.1 nM of the appropriate *plGSstrand, and IGS conceptratiqns used. This suggests that' IGfes not
varying concentrations of the inhibitor strand, CCCUCUA. 2dgregate in a time-dependent manner. (b) The observed
*pIGS’ was heated to 95C for 5 min and cooled to room ~ faté constants approach zero at high [ed fit well to a
temperature before adding to the reaction mixture. ReactionsSimple hyperbolic inhibition curve in all cases (eq 3). This
were initiated by adding ZL of 10x T1 to give a final provides evidence against aggregation of the’lGfand at
volume of 20uL. Reactions were carried out in siliconized Nigh concentrations and also indicates that reaction of the
Eppendorf tubes. (Time-dependent inactivation of T1 was mModel P1 duplexn trans does not contribute significantly
observed in nonsiliconized tubes, presumably due to sticking!® the observed rate constant for S cleavage. (c) The
of the enzyme to the tube.) energetic consequence from mismatches and other changes
The reaction with each IGSnalog gives the ladder of ~Was the same in different duplexes (see Results and Sup-
products expected from cleavage by T1, which specifically POrting Information).
cleaves the phosphate bondt8 single-stranded ribogua- The following results indicate that IGSloes not inter-
nosine residues (Uchida & Egami, 1971). There is no act significantly with the ribozyme. (a) Preincubating
detectable cleavage<(.1%) of B-labeled CCCUCUA IGS (GGAGGGA) and E for various times {20 min)
by T1 over the time scale of the substrate inhibition before addition of CCCUCUA gives the same inhibition.
experiments. (b) The same dissociation constant is obtained, within
(C) Inhibition Constants.For both the ribozyme and T1  error, for the P1 duplex between GGAGGGA and CCCU-
assays, inhibition curves were obtained with 6 or more’'IGS CUA using the ribozyme and ribonuclease T1 assays (see
or CCCUCUA (inhibitor) concentrations. The inhibitor ~Results).
concentrations spanned a range of1B-fold above to Calculation of Keriary, the Tertiary Stabilization of the
3—10-fold below the inhibition constant. The inhibition  sybstrate.Binding of S to E involves P1 duplex formation
data were normalized and fit according to eq 3 to give the fg1owed by P1 docking (Figure 1). Hencﬂﬁ, the equi-
o librium constant for dissociation of the-& complex, is
Knorm = KobdKons = /(1 + [inhibitor}/K)) — (3) related tok'SS, the equilibrium constant for dissociation of
the P1 duplex, anteriary, the equilibrium constant for P1
inhibition constantK, (see Results). In eq XKqs is the docking according to eq 4. The dissociation constant of the
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KE = KIdGS/(l *+ Kiertiary (4) Table 1: Comparison of Duplex Stabilities Obtained by Substrate

. GS . . . Inhibition, Optical Melting Studies, and Nearest Neighbor Rules
ribozyme’s P1 duplexK™, is estimated from the dis-

sociation constant of the corresponding model P1 duplex,

Duplex Stabilities (WM)

K'°S (see Results). The tertiary stabilization provided by  Duplex Substrate  Nearest Temperature

2" OH groups on the substrate strand is calculated for the Inhibition  Neighbor  Meliing

binding of rS, whereas the tertiary stabilization provided by (KISS'y (KNNy (KTm)

2' OH groups on the IGS is calculated for the binding of rP.

The measurements here and in previous work suggest that ¥CCCUCU 35 10 1.5

: S L X AGGGAGG

the tertiary contributions of individual functional groups on

the P1 duplex are the same for rS and rP binding (Pyle & Scucucu 940 520 350

Cech, 1991; Bevilacqua & Turner, 1991; Herschlag et al.,,  AGGGAGG

1993). scccuce 0.48 2.0 0.11
To obtain the values OKieriary in Table 7, the values of AGGGAGG

K5 andK!*® were obtained as follows. TH€; value of 2.5 SCUCUCC 69 % ;

nM for dissociation of rP from the normal ribozyme is from AGGGAGG

Narlikar et al. (1995). Thda((',E values for dissociation of rP SCCCUCU 7.0 45 11

from the modified ribozymes were calculated from GGGAGG

values of Strobel and Cech (1993) measured at°@2

assuming that the effects of replacing@H groups with 2 5888282 6.7 53

H groups are the same at 42 and°&0 Introducing single

2' OH substitutions in a DNA substrate has the same effect Scccucu 87 320

on (keafKm)S at 30 and 50°C (Herschlag et al., 1993; D. AGGAGG

Herschlag, unpublished resultk;{K,)® is the second-order sSCCCUCU 200 370

rate constant for the reaction; &+ S — E + products, AGGAGA

and consis_ts of the steps of P1 duplex formation, P1 docking,  scccucua 1.4 1 B

and chemical cleavage), suggesting that the above temper- GGGAGG

ature extrapolation is valid. Thi€;”™ values for dissocia- SCCCUCUA 15 28

tion of rP from a model P1 duplex were obtained from the GGGAGA
IGS

respectiveK,”> values for rS after accounting for a stabi- SCCCUCUA 16 78
lizing contribution of 6-fold from stacking of the’ 2\ resi- AGGAGG
dues of rS. The 6-fold effect is obtained from comparison ; - 200
of the stability of duplexes of rP (CCCUCU) and S (CCCU- " SSGhGuA
CUAAAAA) with an all-ribose IGS (GGAGGG, Table 1).

To obtain the stability of the P1 duplex, the IGSalog SCCCUCUAAAAA L1 1

having the sequen®&GAGGGA was used, which includes
the 3 A residue of the J1/2 region adjoining the ribozyme’s  apuplex stabilities at 50°C. K!*S values are from substrate
IGS. The 3 A residue was included because it provides inhibition measurements at 10 mM MgCand 50 mM NaMES,
additional stabilization via stacking (Freier et al., 1986) and PH 6.6. Ky" values are calculated fal M NaCl, pH 7.0, using
because the ribozyme’s P1 duplex has the same stability adrearest neighbor rules (Freier et al., 1986; Serra & TurnerL,JA1995).
a model P1 duplex containing this residue (Bevilacqua et For calculating energetic effects due to theA3 overhang inG ,
al., 1992; Narlikar & Herschlag, 1996). the average of the energetic effects of/8 overhangs inXA and
Oligonucleotide ConcentrationsConcentrations of allthe A, 0.9 kcal/mol, was used (Serra & Turner, 199%);" values are
IGS analogs and CCCUCUA were calculated from absor- calculated using thé\H and AS parameters obtained from optical
bance measurements at 260 m (oom temperature, p 70128 s 3,10 T M0 A N, S e P,
10 mM Tris and 1 mM EDTA) usmg ?Xtmcnon. C.Oefﬂc'ents inhigition studies, the S or P strand has'gpBosphate and the IGS
calculated as a sum of the extinction coefficients of the analog has a’50H. The duplex stabiliies obtained from nearest
individual bases. neighbor calculations and optical melting measurements are for duplexes
Estimation of Error Limits. There were variations of rate ~ with 5 OH groups on both strands. In control experiments using
constants of up te-2-fold between experiments. Ratios of substrate inhibition, a'gphosphate was shown to contribute less than
rate constants varied less within the same experiment.z'fOIOI to the stability of the duplex refative to & 6H.
Values of K§ and K{*® obtained from the rate measure-
ments varied by:50% in independent experiments. How-

contribution of the group toward stabilizing the open complex
o . G E (Figure 1). Comparisons of transiently detected or thermo-
ever, the variation in the ratios dfy™ values andKy gy namically stable open complexes with model duplexes
values obtained in independent experiments was typically 4y indicated that S is bound in the open complex with the
much less ¢£10%, corresponding te-0.06 kcal/mol at  gapijity predicted from base-pairing interactions with the IGS
50°C). (Bevilacqua & Turner, 1992; Narlikar & Herschlag, 1996).
RESULTS Hence, the energetic contribution of a functional group to
the stability of the open complex can be obtained from its
Dissecting the Energetic Contributions from the Two Steps contribution to the stability of a model P1 duplex.
of Substrate Binding.To obtain the tertiary binding energy In the first section we describe a new approach referred
provided by a functional group on the P1 duplex from its to as “substrate inhibition” for measuring the stabilities of
contribution to overall binding, it is necessary to know the model duplexes. In the subsequent sections, we use the
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1

Table 2: Duplex Stabilities Measured by Two Different Ribozyme
Assays
0.8 KISS (um)
Duplex Reverse Miscleavage
0.6 Reaction
E
8 @]
X 04 O Scccucce 1.4 1.2
GGGAGG
O
0.2
Scucucc 69 43
AGGGAGG
0 26 40 60 80 100 aKiS values were measured at 30, 50 mM NaMES, pH 6.6, 10
[IGS analog], uM mM MgCl,, by substrate inhibition, using either the reverse reaction

of the ribozyme (eq 2) or the miscleavage reaction, as described in

Ficure 2: The energetic effect of replacing a® pair (closed Materials and Methods.

symbols) with a €A pair (open symbols). Stabilities of the duplexes } ) . o
CCCUCUA 9ngSSSUCUA \ere measured by substrate inhibition. Sin- 1 and 2 and in the Supporting Information and indicate the

gle-turnover teactions of *pCCCUCUA with G were catalyzed by following. (i) The duplex stabilities measured by substrate
E (50 °C, pH 6.6, 10 mM MgG)) in the presence of varying inhibition are in reasonable agreement with those obtained
concentrations of the IGS analdf3GAGGG or GGAGGA). The  from optical melting studies and those calculated from nearest
rate constants are normalized such thgt, = 1 in the absence of IGS

: T NN :
the IGS analog (see Materials and Methods). Different symbols neighbor rules (Table ]K_d_ B Ka ’gCnC%Iég J réa(;sc%%((::tlvely).
represent results from independent experiments. The lines areFor example, the stabilities 0fsceace: acecace and

nonlinear least-squares fits to the data and ¢iff = 1.4 and Accence measured by substrate inhibition at Q@ are
16.0uM, respectively, forSSonse and secace - within 4-fold of the values obtained from nearest neighbor

] ) o _ calculations and', measurements. In some cases, values
method to define the tertiary stabilization provided by the 4 kics (SSCUCUA) and Kgm (ACCCUCC) varied by~10—20-

: o d AGGAGA GGGAGG

|ndS|V|SuaI 2 ?'}'}.gf@ps of 5 I?/lndhlGdS.T M Dup| fold from the respectivé(g‘N values, presumably because of
ubstrate Inhibition as a Method To Measure Duplex iterences in the buffer and salt or limitations in the accuracy

Stabilities. Conventional competitive inhibitors decrease the of the nearest neighbor rules. (i) There appear to be no

observed reaction rate by binding to the enzyme, thereby ., jications due to a particular ribozyme assay or ribozyme

inhibiting binding and reaction of the substrate. Here, a concentration. The duplex stabilities ggﬁgg and

different type of competitive inhibition is used in which the ~“cycucc were measured by two different ribozyme assays:

inhibitor instead binds to the substrate and prevents its?ﬁeﬁAf/Gr reaction and miscleav reaction Material
reaction. In the present case, an oligonucleotide strand € reverse reaction a scleavage reaction (see Materials

having the sequence of the ribozyme’s IGS (I@8nds to and Methods). These assays used different E concentrations

) ) ) : (with CCCUCC, [E]= 2 and 5 nM for the miscleavage
S and inhibits the ribozyme-catalyzed reaction (eq 5). Under reaction and reverse reaction, respectively; with CUCUCC,

[E] = 20 and 50 nM for the miscleavage reaction and reverse
kca\/Km . . gt
E*G +*pCCCUCUA — = E + CCCUCU + GA reaction, respectively). Nevertheless, the stabilities of the
duplexes measured by the two different assays are the same,
+GGAGGGA || K, = KIOS within experi.mental error (Table_\ .2). (iii) Thg effect on
©) duplex stability of several specific changes is the same,

within experimental error, in the context of different du-
plexes: changing a SerminalSS to aSS has destabilizing
effects of 16-30-fold; changing a'erminalgg to ag, has
effects of +2-fold; changing a 3terminal ¢V to a
CC has stabilizing effects of 7#13-fold; and changing an

“pGCCUCyA
AGGGAGG

conditions where S is not complexed with E and is in

equilibrium with IGS, the inhibition constant,, equals the  cc 0o cC ,

dissociation constank'S for the model P1 duplex be- m';ernaIGG 0 agg hals (leffec;[]s of ég@Z?O-lfoId (iupportmg
Information). Similarly, the additional stacking ener

tween S and IGS(eq 5). ) Y CUA 9 9y

A series of general control experiments, described in OPtained from a 3A overhang ingg - is the same, within
Materials and Methods, were carried out as initial tests of €ror (5-fold), in the context of two different duplexes
the validity of this method. The results lead to the following (Supporting Information). These results provide additional
conclusions: (i) Under the reaction conditions employed, S €vidence against aggregation of [@Shigh concentrations,

is in equilibrium with IGS and is not complexed to a Pecause different ranges of [IG&re used in the cogctséaof

significant extent with E. (ii) There is no aggregation of duplexes with different stabilities. Fgéuiﬁam%lséemee
the IGS strand at the concentrations used. (iii) There is no is @ more stable duplex compared &cace (Kg = 3.5

detectable cleavage of the model P1 dughetrans (iv) and 940uM, respectively). Hence, whereas 0-03b uM
There is no detectable interaction between 'l@8d the ~ 0f GGAGGGA was used to measure the energetic effect of
ribozyme. changing a 3terminal $2 to a &S in xSSanca, 7—2400uM

In a further series of control experiments, the stabilities GGAGGGA was used to measure the energetic effect of the
of a series of different duplexes were measured and same substitution inSocace (Supporting Information).
compared. Sample inhibition curves for two of the duplexes The energetic effects of the substitutions described above

are shown in Figure 2. The results are summarized in Tablesare in reasonable agreement (within-2fold) with the
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IGS strand were measured. The energetic effect of each 2
H substitution on duplex stability is the same, within error,
when measured with the ribozyme and T1 assays (Table 3).
In summary, the results demonstrate that substrate inhibition
can be extended to other enzyme systems. Complications
that may be specific to the ribozyme system are also ruled
out.

Advantages and Limitations of Substrate InhibitioSub-
strate inhibition has certain advantages over conventibpal
measurements. Duplex stabilities can be measured directly
under reaction conditions and at the temperature of interest.
‘ In some cases, this eliminates the need to obtain duplex

] 0.5 1 1.5 2 stabilities by extrapolation of data obtained at other temper-
[GGAGGGA] or [CCCUCUA], uM atures. In addition, compared M, measurements, lower

concentrations of oligonucleotides can be used, so that

Ficure 3: Ribonuclease T1 and ti@trahymenaibozyme assays  stronger binding at lower temperatures can be directly
give the same duplex stabilities in substrate inhibition experiments. jeasured. Finally, unlikd,, measurements, this method

The stability of \Seerce” was measured using T1 (closed sym-

not requi [ .
bols) and théletrahymenaibozyme (open symbols) reactions. T1 do_?rs]. ot tehqudlre a S?emgl appagétltusbt in th ¢ tant
reactions were carried out with 0.1 nM *pGGAGGGA in the IS method can also be used (o obtain the rate constan

presence of varying concentrations of CCCUCUA and the ribozyme for duplex formation on an enzyme relative to that for duplex
reactions with 0.1 nM *pCCCUCUA in the presence of varying formation in solution. Upon addition of labeled substrate
concentrations of GGAGGGA. The rate constants are normalized g g solution of inhibitor and enzyme, its initial partitioning

such thatknorm = 1 in the absence of the inhibitor (see Materials P, PR e
and Methods). Different symbols represent results from independent.between binding to the inhibitor and binding to the enzyme

experiments. The line represents a nonlinear least-squares fit to thdS determined by the relative rate constants for binding of

combined data with T1 and the ribozyme and givd®> = 0.30 substrate to the inhibitor and enzyme and the relative
uM (r = 0.96). The separate fits (not shown) to the T1 and ribozyme concentrations of inhibitor and enzyme. Experiments mea-
results giveK!>® = 0.22 and 0.43(M, respectively. suring partitioning of CCCUCCA between binding to
GGAGGGA and to E using different ratios of GGAGGGA
energetic effects predicted from nearest neighbor rules andand E concentrations gave no burst of ribozyme activity,
Tm measurements (Supporting Information and Table 1). consistent with faster binding to GGAGGGA. The results
In summary, the control experiments described here andsuggested that the rate constant for duplex formation in
in the Materials and Methods establish the validity of solution is at least 10-fold larger than the rate constant for
substrate inhibition as a method to measure equilibrium duplex formation on the ribozyme (5C, data not shown).
duplex stabilities. As discussed above, the P1 duplex has the same stability in
Substrate Inhibition Using Ribonuclease Tih principle, solution and on the ribozyme. Hence, the rate constant for
substrate inhibition can be generalized for use in other dissociation of a model P1 duplex in solution will also be
enzymatic systems and even in nonenzymatic systems. Taocorrespondingly larger than the rate constant for dissociation
extend this method to another enzyme system, we usedof the ribozyme’s P1 duplex. This confirms and extends
ribonuclease T1 (T1) to measure the duplex stabilities of a previous results in which duplex formation between a shorter
series of model P1 duplexes. T1 preferentially cleaves the oligonucleotide, CCUCU, and the ribozyme’s IGS was
phosphate bond’'3o a riboguanosine residue in single- determined to be~10-fold slower (15°C) than the rate
stranded oligonucleotides (Uchida & Egami, 1971). Hence, constant for duplex formation between CCUCU and an
in contrast to the ribozyme assay, tHddbeled strand that  oligonucleotide having a modified IGS sequence, GGAGGA
gets cleaved is the IGS analog, *pGGAGGGA. The inhibitor (Bevilacqua et al., 1992). The dissociation of the ribozyme’s
strand is CCCUCUA (eq 6). The stability gESSace” was P1 duplex was also determined to %&0-fold slower than
the dissociation of the model P1 duplex, consistent with the

Kear/ Kin P1 duplex having the same stability on and off the ribozyme.
T1 + *pGGAGGGA ——# T1 + multiple 5'-labeled products It was suggested that the ribozyme’s IGS is less accessible
compared to an oligonucleotide in solution (Bevilacqua et
+CCCUCUA || K, = KIS ] al., 1992). Approaches analogous to those presented herein
© can be used in favorable cases to measure rate constants for
cecucua d!ssoc!anon by rapid reaction of oligonucleotide as it
AGGGAGGp* dissociates from a preformed duplex.

The method also has limitations. If the inhibitor oligo-
the same, within error, when measured by the ribozyme or nucleotide has a tendency for self-structure or for aggrega-
T1 assay (Figure 3!°S = 0.22 and 0.4%M by T1 and tion, then measurement of duplex stabilities will be limited
the ribozyme assay, respectively). to certain ranges of temperature and concentration. This

In another comparison of the two assays, the stabilities of Particular limitation also holds fof, measurements. Indeed,
model P1 duplexes that had singleHsubstitutions in the ~ @t 30°C, GGAGGGA appears to exist in multiple conforma-
tions, limiting the accessible temperature range for measuring
2 The small differences in the valuesiES could arise either from the stabilities of duplexes with this oligonucleotide (data not

systematic differences in the two assays or from a small differential ShOWN). Compared to the duplex stabilities obtainedhy

effect of a 3-phosphate on duplex stability when attachecatC in methods, the duplex stabilities obtained by substrate inhibi-

the ribozyme assayREScace ) Vs G in the T1 assay,ECcacan)- tion appear to have larger error limits. Nevertheless, ratios
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Table 3: Energetic Effects of Singlé Bl Substitutions on Duplex Stability Measured Using the Ribozyme and Ribonuclease T1%ssays

Ribozyme Assay T1 Assay
Duplex KIGS (ribozyme)b K e (ribozyme)e Duplex K!Gs (T Kel(TD®
M) HM)
5pCCCUCUAs  0.25 1 SCCCUCUA 0.21 1)
AGGGAGG AGGGAGGp
5'pCCCU CUAs 0.90 3.6 SCCCU CUA 081 3.8
AGGGAdGG AGGGAdGGp
5pCCC UCUAs 1.69 6.8 SCCC UCUA 1.25 5.9
AGGGdAGG AGGGdAGGp
5S'pCC CUCUAs 0.95 3.8 SCC CUCUA 1.05 5.0
AGGdAGAGG AGGdGAGGp

a50°C, 50 mM NaMES, pH 6.6, 10 mM Mg@l® KES(02™me) raprasents th&!*S value obtained by substrate inhibition using the ribozyme

assay’ Kiboayme) = K!ISStbonymey |G with 2' H)/KIFS oMY g)1ribose 1GS); K > 1 indicates a destabilizing effect of the giveh 12
substitution 9 KIF5™ represents the&!®S value obtained by substrate inhibition using the T1 assky(™ = KI*ST(IGS with 2 H)/

K5 all-ribose 1G9).

of duplex stabilities obtained using the same stocks of
inhibitor give smaller errors (see Materials and Methods and
following section). Another limitation is the range of
duplexes that can be studied by a particular enzyme assay.
However, as demonstrated above with the T1 experiments,
the method can be adapted to different enzyme systems. For
example, this method was used with envitro evolved
ribozyme that carries out a kinase reaction on a single-
stranded RNA oligonucleotide (Lorsch & Szostak, 1995).
In principle, this method can be used with any enzymatic
(or nonenzymatic) reaction that is specific for single-stranded
DNA or RNA (e.g., dimethyl sulfate, '35 exonuclease,
ribonuclease T1), duplexed DNA (e.g., restriction endonu-
cleases), or RNA/DNA hybrids (ribonuclease H). A final
disadvantage of this approach is that it is more time-
consuming thay, measurements.

Defining the Energetic Effects of Bl Substitutions in a
Model P1 Duplex. The effects of 2H substitutions on the
stability of the P1 duplex were obtained by comparing the
stability of model P1 duplexes having 2 substitutions with
the stability of the normal RNA/RNA P1 duplex (Figure
4A). Based on the reduced stability of purine DN
rimidine RNA duplexes compared to pyrimidine DNAIrine
RNA duplexes, it was proposed that singld-2substitutions
would be more destabilizing in the purine strand (IGS) of
the P1 duplex than in the pyrimidine strand (S) (Strobel

-1.56

{-0.82} (-0.47) -0.87 =
{-0.38} (-0.31) -0.63

-0.74 =

HO=C—-(G=0H = -
HO '.SC'GZ;OH - -

HO = (C—(G=OH — -

HO -aU_A2-4°H - 1.
HO=(C—(G=0H - -
HO—_1U-G;0H -

p
A

-0.84 [-0.33]

HO=C-G=0H = 0.0

03 HO—_SC—GZ?OH - -0.8
HO=C-(G3=0H = -25

(1.0) -0.9 < HO —3U—A;OH - +0.7
(-06) -0.4 < HO=C-(G=OH = -0.8

. - - 3.1
(+0.07) +0.1 < HO _1220H -

A

-3.0

Sum of Individual Tertiary Energies =-11.0 kcal/mol

FicurRe4: The energetic contributions of @H groups to P1 duplex
formation (A) and P1 docking (B), in kcal/mol (58C). Also
included in (B) is the tertiary stabilization provided by theUG
wobble at the cleavage site (Knitt et al., 1994). The values for

IGS re

duplex effects are calculated frodMAG = —RT In(Kj ,

& CeCh, 1993) HOWeVer, the reSU|tS hel’e |nd|cate that, where KL‘GS’rel is the effect of 2 H substitutions on dup|ex sta-

with the exception of A24, '2H substitutions within IGS
and S have similar effects on duplex stabilityQ.6—0.9
kcal/mol at 50°C). The larger destabilizing effect at the
A24 position is consistent with the greatly reduced stabil-
ity of duplexes containing d&U stretches relative to
duplexes containing rAIT stretches (Martin & Tinoco,
1980), though there is no indication of a differential effect

bility (Tables 4 and 7). The values in parentheses are calculated
for 50 °C using the thermodynamic parametersii and AS
obtained from previous optical melting studies on model P1
duplexes with CCCUCU [...], CUCU (...), or CCCUCC.}
(Strobel et al., 1994; Bevilacqua & Turner, 1991; Pyle et al., 1994).
A negative value oAAG indicates a stabilizing effect of & ©H
group relative to a2H group.

of dA relative to dG in the duplexes with the more random from optical melting studies on model P1 duplexes with
sequences that were used to obtain nearest neighbor rule€CCUCU, with a shorter oligonucleotide, CUCU, or with a

for DNA/RNA hybrid duplexes (Sugimoto et al., 1995; Freier

et al., 1986).

The effects of 2H substitutions at C{2), U(—3), and

modified version of the full-length oligonucleotide, CCCUCC
(Figure 4A; Bevilacqua & Turner, 1991; Pyle et al., 1994;
Strobel et al., 1994). This suggests that substrate inhibition

G22 agree reasonably with the energetic effects obtainedcan detect small differences in duplex stability.
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Table 4: Tertiary Stabilization from' DH Groups on the Table 5: Energetic Effects of & AZmino Substitution at the-3
Substrate Position on P1 Duplex Stability and Dockihg

K§e KIS AGef  AAGerd K5 b KIS d
substrate analog (M)  ("M)  Keerian?  (kcal/mol)  (kcal/mol) substrate  pH (M) K5™®c (M)  KES™e  Kioan
CCCUCUA 8 250 30 -2.2 0) IS 6.6 8 1) 250 ) 30
CCCUQUAs 22 800 35 -2.3 +0.1 —3N,sS 8.0 85 11 640 1/3 8
CCCWICUAs 39 670 16 -1.8 -0.4 =3NS 5.0 246 31 7200 1/29 29
CCCdUCUAs 120 970 7 -1.3 -0.9 . :
dCACACUCUA 240 4920 20 19 03 a50°C, 10 mM MgCk, 50 mM buffer (see Materials and Methods).

Binding of rS is pH independent between pH 5 and 8 (G. J. Narlikar
a50 °C, 10 mM MgCh, 50 mM NaMES, pH 6.6"K§ is the and D. Herschlag, unpublished results). In addition, the stability of
equilibrium constant for dissociation of S from-E obtained as the model P1 duplex between rS and I@8es not change significantly
described in the Materials and MethodX,° is the dissociation ~ (=3-fold) between pH 5.0 and 8.0. Hence the tertiary stabilization of
constant of the model P1 duplex between SHBGAGGGA, measured rS at pH 6.6 can be compared with the tertiary stabilization8N,rS

by substrate inhibitiond Keriary = [(KLGS/K(E) — 1] and refers to the at pH 8.0 and 5.02K§ is the equilibrium constant for dissociation of

docking equilibrium (Figure 1, see Materials and Metho8#)Gier = S from ES obtained as described in the Materials and Methbds.
—RT IN(Kieriary), R = 0.00198 kcal/(moK), and T = 323 K (50°C). KE™ = K§(—3N,rS)K5(rS); K™ > 1 indicates weaker binding
FAAGien = AGer(rS) — AGen(rS analog); a negative value indicates relative to rSd K'dGS is the dissociation constant of the model P1
that the 2 H substitution has a destabilizing effect relative to' ©P duplex between S arfilGGAGGGA, measured by substrate inhibition.
group. eKIPS e = KPS (rS)KIPS (—3N,rS); Ki°9™® < 1 indicates a destabi-
lizing effect of the 2amino substituent on duplex stabilityeriary =
Quantitating the Tertiary Stabilization Praded by 2 OH [(K¢**/Kg) = 1I; Keeriay > 1 indicates that docking is favored (see

Figure 1 and Materials and Methods).

Groups on the Substratdn previous work, the contributions
of individual 2 OH groups of S to overall binding were
obtained from the energetic effects of singleH2substitu- However, with —3N,dS, the inhibitory effect of the'2
tions (Herschlag et al., 1993). Here, we have dissected theBMino group onke.{Km)* could in principle arise from effects
tertiary binding energies provided by the individual@H on P1 duplex formation, P1 docking, or the chemical step.
groups by comparing the tertiary stability of the normal It was assumed that the chemical step was unaffected by
substrate with the tertiary stabilities of substrates having 2 the 2 amino substitution at the-3 position (Herschlag et

H substitutions (Table 4). The tertiary stability of the al., 1993), an assumption that has been verified (G. J.
modified Substrateé{temaw’ was obtained from Comparison Narlikar and D. HerSChlag, UnpUb“Shed reSUltS). It was

of K, the equilibrium constant for dissociation of S from further assumed that the duplex stability would not be
E-S. with K:jes the equilibrium constant for dissociation substantially changed by thé@mnino substitution. However,

of S from the corresponding model P1 duplex (Table 4; the observation that a run of threeNH;™ substituents was
Figure 1). " highly destabilizing within DNA and RNA duplexes (Aurup

The results suggest that the @H groups at U£3) and et al., 1994) raised questions about this latter assumption.

U(—2) contribute 0.9 and 0.4 kcal/mol to tertiary stabiliza- W€ therefore reexamined the effects of the d@mino
tion, respectively (Table 4; Figure 4B, 10 mM MgC50 substituent using a predominantly ribose substra@,rS,
OC)_’ In contrast. the 20H éroups at C(,-G) C (-5), C- because such substrates allow the effects on duplex formation

4), and UE1) do not make significant contributions to and ;ertiary stabi]iza_tion to be dissected. The re§ults
tertiary stabilization. Both these results are consistent with d€scribed below |nd+|cate that, contrary to the previous
previous findings (Figure 4B: Pyle & Cech, 1991; Bevilacqua conclusion, the 2NHs™ group at the-3 position stabilizes

& Turner, 1991; Herschlag et al., 1993). A previous study doc!«ng at least as much as a@H group.

determined the effect of single 24 substitutions on the Binding of —3N,rS was measured at pH 8.0 and 5+'0 to
tertiary stability of a P1 duplex with a shortened oligonucle- €Stimate the contributions of both theNH, and the 2NHs

otide product, CUCU, using equilibrium dialysis to measure 9r0UPS. At pH 8.0—3N,rS binds 11-fold weaker than rS
effects on overall binding and optical melting methods to &"d at pH 5.0;-3N,rS binds 31-fold weaker than rS (Table
measure the stability of a model P1 duplex (50 mM MgCl 2 Kg ). However, the destabilizing effect at high pH
15°C: Bevilacqua & Turner, 1991). Despite the differences arises from' _a_destablllzmg effect on P; docking, whereas
in the systems and techniques, the two studies give similarthe destabilizing effect at low pH arises from a large
values of tertiary stabilization for the individudl@H groups ~ destabilizing effect on P1 duplex formation (Table 5,

(Figure 4B). K% andKieriay). This conclusion is described below.
Specificity of the Binding Site for thé¢ @H at U(—3). In At pH 8.0, the tertiary stability of-3N,rS is the same as

previous work, the specificity of the binding site for the 2 that of —3d,rS (Table 6). This indicates that the I2H,

OH at U(—3) was investigated by substituting the @QH group does not contribute to tertiary stabilization relative to

group with a series of functional groups, including @a&ino a Z Hgroup. The tertiary stabilization of 0.9 kcal/mol (Table
group (Herschlag et al., 1993). Thé @mino substitution ~ 6) provided by the 2amino group at pH 5.0 is a lower limit
was made in a deoxyribose background (ie3r,dS to  for the tertiary binding energy provided by thieNHs* group
—3N,dS). This substitution had inhibitory effects dga( as indicated by the thermodynamic relationships in Scheme
Km)S, the second-order rate constant for the reactiéh#E 1. In Scheme 1, (E8""), refers to the open complex and
S — products, at both pH 5.8 and 7.7. Apof 6.2 was  (E*S""2). refers to the closed complex (see Figure 1). The
obtained for the 2amino group in the dinucleotide’-B- stability of the P1 duplex with—3N,rS decreases upon
thymidinyl-3-O-(2'-aminouridyl) phosphate. Hence it was Protonation of the 2NH, group by at least 10-fold (Table
concluded that the binding site for thé @ubstituent at the 5, K> = 6.4 x 107 M and 7.2x 105 M at pH 8.0 and
—3 position discriminates against both an Ntand an NH 5.0, respectively; Scheme K°°/K!*° > 10). Thus, the
group (Herschlag et al., 1993). pK, of the amino group decreases from 6.2 in the free
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Scheme 1
KIS = 64X 107 M

E + SNH2+ H+

-_— (E’SNH2)O+ HY
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K 8

tertiary —

J—

(E'SNHZ)C + HY

K,=1062 M K,>1032 M K%< 1052 M
+ + +
E + sMB E-sM) —m———= E-s™),

KPS > 72X 106 M

Table 6: Tertiary Stabilization Provided by the/&mino and the 2
OH Group at the-3 Position

substrate  pH  Kieay®  Kigay”  AAGef (kcal/mol)
“3dsS 66 7 a) ©)
rS 6.6 30 4.3 -0.9
—3N,rS 5.0 29 4.1 -0.9
—3N,rS 8.0 8 1.1 -0.1

rel

aValues ofKieriary are from Tables 4 and E.Ktemaw— Kterian(r'S or
—3N,rS)Keertian(—3d,rS); Kigliary > 1 refers to a stabilizing effect on
docking relative t0-3d,rS.c AAGien = —RT IN(K{gy,y) at 50°C; a
negative sign indicates a stabilizing effect on docking relative3d,rS.
dThe tertiary stabilization provided by thé @mino group at pH 5.0
relative to a 2H group is a lower limit for the tertiary stabilization
provided by the fully protonated 2Hs* group (i.e.,AAGer < —0.9
kcal/mol; Scheme 1 in text).

substrate (§%" = S\ + H*; K, = 10782 M) to 5.2 or
below in the P1 duplex [(BB\H:"), = (E-SV2), + H; K',
> 10752 M]. Hence, at pH 5.0, the'2amino group is not

K 229

tertiary =
and—2.5 kcal/mol, respectively; Strobel & Cech, 1993). In
addition, separation of the duplex effects bfH2substitutions
has revealed that theé @H groups of G23 and G26 provide
small amounts of tertiary stabilization-0.8 kcal/mol each,
Table 7) whereas the' DH group of A24 has a small
destabilizing effect on P1 docking-Q.7 kcal/mol, Table 7).

DISCUSSION

Binding of theTetrahymenaibozyme’s oligonucleotide
substrate involves P1 duplex formation with the ribozyme’s
IGS followed by docking of the P1 duplex into tertiary
interactions (Figure 1). Based on previous work and the
results here, we have quantitated the tertiary binding energy
provided by individual 2 OH groups on the P1 duplex
(Figure 4B). The energetic effects of specifld@H groups
are discussed below.

It is suggested that the energy from tertiary binding
interactions of groups on the P1 duplex is used for catalysis.

fully protonated in the P1 duplex so that its observed tertiary This extends the catalytic principle of “intrinsic binding

contribution relative to a'2H group is a lower limit for the
tertiary contribution of the fully protonated RIH3" species.

Quantitating the Tertiary Stabilization Praded by 2 OH
Groups on the IGSIn previous work, the binding energies
provided by individual 2 OH groups on the IGS were
obtained from comparisons of the binding affinity of rP for
the normal ribozyme with its affinity for modified ribozymes
having single 2H substitutions in the IGS (Strobel & Cech,
1993). Effects on P1 duplex stability were distinguished
from effects on P1 docking via an indirect approach using
2' OCH;s substitutions. Unlike a’H group, a 20CH; group

energy” originally proposed for protein enzymes to an RNA
enzyme.

A 2 NH3" Group Can Substitute for thé ®H at the—3
Position. It was previously concluded that the binding site
for the 2 substituent at the-3 position is highly specific
for a 2 OH group, based in part on the inability of aNH,
or a 2 NH3™ group to substitute for the’' DH group in a
DNA background (Herschlag et al., 1993). However, the
results here indicate that the inability of theNHs™ group
to substitute for the '20H group arose from its large
destabilizing effect on P1 duplex stability. Thé I@H3z"

prefers the same sugar conformation as preferred by a 2 group stabilizes P1 docking to at least the same extent as a

OH group and does not affect the stability of an RNA/RNA

duplex (Uesugi et al., 1979; Guschlbauer & Jankowski, 1980;

Herschlag et al., 1993). Hence, the ability of a@CH;
substitution to rescue the effect of &2 substitution was
interpreted to mean that thé 12 substitution affected solely
duplex stability. The average destabilizing effect of &2

2" OH group (Tables 5 and 6). Hence, the previous
interpretation of the 2NHz* result was incorrect. The ability

of a 2 NH3* to replace the OH group most simply suggests
the absence of a hydrogen bond donor or metal ion on the
ribozyme at this position. The inability of 2NH,, OCH;,

and F to replace the OH or NH group (Table 5; Pyle et

substitution on duplex stability was thereby estimated to be al., 1992; Herschlag et al., 1993; D. Herschlag, unpublished

~6-fold (1.1 kcal/mol, 42°C; Strobel & Cech, 1993).

results) also provides no evidence for an interaction with a

Here, we have used substrate inhibition to directly measure hydrogen bond donor or metal ion on the ribozyme. Analysis

the effects of single '2H substitutions on the stability of a
model P1 duplex (Table 7AAGer). There is a large
destabilizing effect of~7-fold at A24, but smaller effects
of 4-fold at other positions (Table 7). The tertiary stabiliza-
tion provided by the modified ribozyme$iertiary, Was
obtained from comparison 0(5, the equilibrium constant
for dissociation of rP from EP (Strobel & Cech, 1993),
with KIS, the equilibrium constant for dissociation of rP
from the corresponding model P1 duplex (Table 7; Figure
1). The 2 OH groups of G22 and G25 provide significant
tertiary stabilization, as previously concluded (Table-3,1

of a series of ribozyme mutants has led to the suggestion
that N1 of residue A302 within the J8/7 region accepts a
hydrogen bond from the' 20H group (Pyle et al., 1992).
Though more complex models and additional interactions
are possible, all of the data are consistent with a simple model
in which the 2 OH at position—3 donates a hydrogen bond
to a group on the ribozyme.

An additional question raised from these results is: How
does a single '2NH3;™ substituent have such a large effect
on duplex stability £2.1 kcal/mol, 50°C)? Substitution of
three 2 NH3;™ groups was greatly destabilizing within
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Table 7: Contributions of'20H Groups on the IGS to P1 Duplex Stability and DocRing

P1 Duplex KdEb K{iGSY ¢ K!iGSI'mld Kiertiary ¢ AGterlf AAGier &
(nM) (nM) (kcal/mol)  (kcal/mol)

5'CCCUCU 2.5 1500 (1) 600 -4.1 )
AGGGAGG

5CCCUC U 930 5600 3.7 5.0 -1.0 -3.1
AGGGAGdG [2400] [1.3] [-0.2] [-3.9]
5CCCU CU 30 5400 3.6 179 -3.3 -0.8
AGGGAdAGG

5CCC UCU 5.8 10200 6.8 1760 -4.8 +0.7
AGGGdAGG

5CC CucCu 430 5700 3.8 12 -1.6 -2.5
AGGdAGAGG

5'C CCUuCU 38 6500 43 170 -33 -0.8
AGdGGAGG

5'CCCUCU 10 6200 4.1 619 -4.1 0.0

AdGGGAGG

a50°C, 10 mM MgC}. © KE is the equilibrium constant for dissociation of rP from theREcomplex and is extrapolated to 8G from the
values in Strobel and Cech (1993) as described in the Materials and Methods. The values in brackets are from an independent set of measurements
by Strobel and Cech (1993} KLGS is the dissociation constant of the model P1 duplex between rP@&AGGGA obtained as described in
Materials and Method$.K!S5™ = K!®(1GS with 2' H)/K/SS(all-ribose 1G9); K!*S™ > 1 indicates a destabilizing effect of the givehk2
substitution  Keriary refers to the docking equilibrium (Figure 1, see Materials and Methdd3er = —RTIN(Ktertian), R = 0.00198 kcal/(moK),
andT = 323 K (50°C). 9 AAGiert = AGeer(normal ribozyme)— AGer(ribozyme with 2 H); a negative value indicates that thel2 substitution
has a destabilizing effect relative to aQH group.

Scheme 2 duplex with UCUA has all the 20H groups implicated in
tertiary stabilization, but is less rigid than the normal P1
RO RO duplex. This suggests that the rigidity of the P1 duplex is

necessary to make strong tertiary interactions. However, the
rigidity of the duplex may also place constraints on docking
that result in unfavorable interactions. The small destabiliz-
o N+\ ing effect of the 20H of A24 relative to a 2H group (-0.7
l HY / H kcal/mol) is consistent with such an effect. This destabiliza-
. o

e
N
ot It : . ' with S . .
Y P\_o __.-H -\ tion could arise from direct interactions with groups on the
RO O or ribozyme or indirectly, from constraints placed on the sugar
conformation by the 20H group. A deoxyribose sugar,
in single strand in duplex which lacks the 2substituent and therefore has a greater
degree of conformational freedom compared to a ribose

both RNA and DNA duplexes, providing no indication sugar, may facilitate rearrangements that avoid the unfavor-

of a dependence on duplex geometry (Aurup et al., 1994). able interactions (Saenger, 1988).
A model that can account for thé BHs* effect is presented Reesaluating the Interpretation of the Energetic Effects
in Scheme 2. It is suggested that the apparent weakeningof the 2 OH Group at G22. Based on the energetic effects
of the duplex arises not from an effect within the du- of modified ribozymes, Strobel and Cech (1993) proposed
plex, but rather from stabilization of a conformation of thatthe 2OH group of G22 of the ribozyme’s IGS acts as
the single-stranded oligonucleotide that is incompatible @ molecular linchpin that mediates recognition of the P1
with duplex formation (Scheme 2). Specifically, the 2 duplex by both the J8/7 and J4/5 regions of the catalytic
NHs™ group could donate hydrogen bonds to one or core (Strobel & Cech, 1993). Here we propose an alternative
both of the neighboring '3nonbridging phosphoryl oxy-  and more general explanation to account for these energetic
gens. Though, like a NH3" group, a 20H and NH group effects. This reinterpretation in no way contradicts the
can also form one or two intramolecular hydrogen bonds, structural models and experimental data that suggest that J8/7
both are uncharged and are weaker hydrogen bond donorénd J4/5 are both in proximity to the docked P1 duplex
than NH*. It may be possible to use the instability of (Michel & Westhof, 1990; Pyle et al., 1992; Wang & Cech,
duplexes upon protonation of 4&@mino substituent to trigger ~ 1992; Wang et al., 1993).
local conformational rearrangements or cause local unfolding  Strobel and Cech (1993) showed that replacing th@H2
of nucleic acids in a spatially and temporally controlled group of G22 to give the dG22 ribozyme resulted in 370
manner. 950-fold weaker binding of rP [Tables | and Il from Strobel
An Inhibitory Effect of a 20H Group. A shortened and Cech (1993)]. In the context of the dG22 ribozyme,
substrate, UCUA shows reduced tertiary stabilization the 2 OH at U(3) no longer contributes significantly to rP
compared to the full-length substrate (G. J. Narlikar, M. binding. The dG22 modification also affects G binding. It
Khosla, and D. Herschlag, unpublished results). The P1 has been shown for the normal ribozyme that binding of rS

O
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Ficure 5: Threshold model for oligonucleotide binding. Tertiary interactions stabilize the closed complexes with rP (A) and rS (B) rela-
tive to their respective open complexes by 4.1 and 2.2 kcal/moP(BAAG.r; Tables 4 and 7 (Narlikar et al., 1995)]. rP and rS are

shown as thick lines. The' DH groups of G22, G25, and U@), which provide the largest contributions to tertiary stabilization, are
shown schematically as filled circles. Binding in the closed complex is maintained if the loss in tertiary stabilization is less than the
energetic difference between the open and closed complexes (4.1 kcal/mol for rP and 2.2 kcal/mol for rS). Loss of any tertiary interac-
tion contributing more than the energetic difference between the open and closed complexes destabilizes the closed complex beyond the
“energetic threshold” separating the open and closed complexes. This results in predominant binding in the open complex. (A) The energetic
consequences of d Bl substitution at G22 on rP binding and (B) on rS binding. ThOBR of G22 contributes-3.5 kcal/mol to tertiary
stabilization?> Hence loss of this tertiary stabilization is predicted to destabilize the closed complex with rP, such that it is comparable in
energy to the open compledAGer = —4.1 — (—3.5) = —0.6 kcal/mol]. Loss of any further tertiary interaction will result in at most a

3-fold effect on tertiary binding. With rS, loss of the tertiary stabilization provided by th@r2 at G22 destabilizes the closed complex

such that it is 1.4 kcal/mol less stable than the open compl&¢f = —2.2 — (—3.5)= +1.3 kcal/mol]. As a result, rS binds predominantly

in the open complex. The experiments by Strobel and Cech (1993) were carried out at 30°@d®# change in tertiary stability over

the range of 30 to 50C is small (Narlikar & Herschlag, 1996), so that none of the conclusions of the above analysis of bindintat 50

are affected.

stabilizes G binding by~1 kcal/mol and vice versa (Mc-
Connell et al., 1993). Replacing the@H at G22 with a 2
H abolished energetic coupling between rS and G binding.
Hence it was suggested that tHedH group at G22 mediates
recognition of the P1 duplex by both J8/7, which is in
proximity to the 2 OH group of U(3), and J4/5, which is
in proximity to bound G (Michel & Westhof, 1990; Pyle et
al., 1992; Wang & Cech, 1992; Wang et al., 1993).

We propose a model in which the energetic effects
described above arise from loss anfly tertiary interaction

that results in destabilization of the docked P1 duplex beyond
the energetic “threshold” separating the open and closed

complexes (Figure 5). Tertiary interactions stabilize the
closed complex with rP by 4.1 kcal/mol relative to the open
complex [Figure 5A (Narlikar et al., 1995)]. Loss of the
3.5 kcal/mol of tertiary stabilization provided by the@QH

al., 1995). Hence with rS, the dG22 modification is predicted

to result in a closed complex that it is less stable than the
open complex. As a result, rS binds predominantly in the
open complex (Figure 5B). The observed absence of
coupling between rS and G with the dG22 ribozyme is
then expected because substrates bound in the open complex
do not show coupled binding with G (McConnell et al.,
1993).

Other previous observations can also be explained by this
“threshold model”. These are not accounted for by the
previous “linchpin” model. Substituting W(1) with a C
destabilizes tertiary binding by 3.0 kcal/mol due to disruption
of the tertiary stabilization provided by the- (G wobble at
the cleavage site (Knitt et al., 1994; Pyle et al., 1994). This
destabilization is greater than the energetic threshold of 2.2

at G22 is predicted to make the closed complex comparablekcal/md separating the open and closed complexes with rS.

in energy to the open complex (Figure 5A)Further loss
of a tertiary interaction, such as thé @H of —3, will
therefore have at most a small destabilizing effect on overall

As predicted by the above model, the-€1( substitution
has energetic effects analogous to those observed with the
dG22 modification: loss of coupled binding with G and

binding, consistent with the observations of Strobel and Cechabsence of further destabilization upon replacing thei

(1993). For rS, the tertiary stabilization is less than for rP
(AGierr = —2.2 vs—4.1 kcal/mol, respectively; Narlikar et

3The average of the twAAGer values in Table 7 is used in the
analysis of Figure 5.

at U(—3) with a 2 H (Knitt et al., 1994; G. J. Narlikar and

D. Herschlag, unpublished resulfs)The energetic effects

of a series of base-pair substitutions at the cleavage site are
also consistent with the above model (Strobel & Cech, 1995,

1996). In summary, the threshold model presented here
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provides a framework to describe the observed energetic

effects of substituting functional groups on the P1 duplex.

Such a model may also explain analogous effects in other

biological systems.

Intrinsic Binding Energy of Groups on the P1 Duplex Is
Used for Catalysis. The sum of the tertiary stabilization
provided by individual groups on the P1 duplex is 11.0 kcal/
mol (Figure 4B). This is much larger than the observed
tertiary stabilization of rS, which is only 2.2 kcal/mol (Table
4). One explanation for this discrepancy is that the binding
energies of the individual tertiary interactions are not
additive. If this were the case, concomitant removal of
multiple tertiary binding interactions would result in a
maximal loss of 2.2 kcal/mol of tertiary binding energy.
However, removal of the binding interactions provided by
the GU wobble pair and the'20H groups of U{-3) and
G22 results in a loss of 6 kcal/mol of tertiary binding energy
(G. J. Narlikar and D. Herschlag, unpublished results). To
account for this substantially larger tertiary binding energy

compared to the observed binding energy, we propose a

model in which there is an energetic cost for docking of rS
that is paid for by the intrinsic binding energy of tertiary
interactions (Figure 6). The observed tertiary stabilization
of 2.2 kcal/mol is what remains after the intrinsic binding
energy of tertiary interactions is utilized to overcome this
energetic barrier.

Jencks has proposed that protein enzymes use the intrinsic

binding energy of groups away from the site of chemical
cleavage for catalysis (Jencks, 1975). If thetrahymena

Narlikar et al.

Closed with
no Tertiaries

Energetically Unfavorable AG positioning

AG

intrinsic

IGS
AG yestabilization

Openamplex

Energetically Favorab\

AG

Tertiaries
obs = AGintrinsic' (aG destabilizationt AG positioning )

Ficure 6: Model for the use of intrinsic binding energy for
positioning and substrate destabilization. In the open complex, S

ribozyme uses the same catalytic principle, then a decreasds localized to the ribozyme simply by base-pairing interactions

in reactivity is predicted when the binding energy of tertiary
interactions is insufficient to overcome the energetic barrier
for docking. As expected, a reduction in reactivity is
observed with the dG22 modification and a @CHs
substitution at the-3 position of S, both of which result in
large decreases in tertiary binding energy (Table 7; Strobel
& Cech, 1993, Narlikar et al., 1995; Narlikar & Herschlag,
1996).

with the IGS. In the closed complex, tertiary interactions position
the P1 duplex within the active site. Groups involved in tertiary
interactions are shown schematically as filled circles. In the absence
of tertiary interactions, the closed complex is destabilized relative
to the open complex, because of a destabilizing interaction between
the bridge oxygen of the reactive phosphoryl group and a Mg ion
that becomes stabilizing in the transition state and because of
entropic fixation of the substrate within the active stestapilization
andAGyosiioning Narlikar et al., 1995). The intrinsic binding energy,
AGinrinsic, Of tertiary interactions is used to pay for overcoming these

What are the mechanisms by which intrinsic b|nd|ng destabilizing effeCtSAGobs(=2.2 kcal/mol, 50’0) is the observed
energy is utilized for catalysis in theetrahymenaibozyme? tertiary stabilization of the substrate after part of the intrinsic binding

. . . . energy has been used to pay for substrate destabilization and
This question is addressed in part by recent work that gnirgpic fixation. The energetic cost of electrostatic destabilization

suggests that the intrinsic binding energy of substituents onequals 2.3 kcal/mol (Narlikar et al., 1995). The energetic cost of
the P1 duplex is used to pay for the cost of substrate positioning cannot be estimated because the extent of independence
destabilization and the cost of entropic fixation within the of tertiary binding interactions has not been established (see text).
closed complex (Narlikar et al., 1995). It was suggested that L

2.3 kcallmol of the intrinsic binding energy is used to position Stabilization, in principle, accounts for %bld of the 10*-

rS in an electrostatic environment that is better suited to fold catalysis observed with th&etrahymenaribozyme

stabilizing the transition state (Figure &Ggestavilizatioy- T hiS
combination of substrate destabilization and transition state

4In contrast to rS, rP, which has greater tertiary stabilization, is
predicted to still be docked with the €() substitution. As expected,
replacing the 20H at U(-3) with a 2 H results in a 3-4-fold
destabilizing effect on the tertiary binding of CCCUCC (Strobel &
Cech, 1995).

51n the above definition of intrinsic binding energy, a DNA/DNA
P1 duplex having a & pair at the cleavage site is defined as having
zero intrinsic binding energy (Figure 6, closed complex with no
tertiaries). This reference state arises from attributing tertiary binding
energies to the'2OH groups and the ® wobble at the cleavage site
by replacing them with 2H groups and a & Watson-Crick pair,
respectively. This is analogous to the approach of attributing binding
energies to functional groups in protein side chains by mutating them
to side chains lacking the functional groups (Fersht, 1987). Neverthe-
less, in addition to removing interactions made by @& group in
the docked state, a8 2 group may make interactions that are un-
favorable relative to the corresponding interactions in solution.

(Narlikar et al., 1995). Part of the intrinsic binding energy
may also used for positioning rS relative to G within the
active site, thereby reducing the entropic barrier for reaction
(Figure 6,AGpositioning-  The large effective concentration of
2200 M obtained for the '30H functional group of rP
suggests that theetrahymenaibozyme is capable of precise
positioning (Narlikar et al., 1995). The intrinsic binding
energy used for inducing substrate destabilization (2.3 kcal/
mol) and the expressed binding energy (2.2 kcal/mol)
together account for 4.5 kcal/mol of the6 kcal/mol of
intrinsic binding energy. This suggests that at least 1.5 kcal/
mol of binding energy is used for positioning the substrate
within the active sité. Positioning can also be achieved by
interactions within the folded ribozyme that help align the
IGS with respect to the active site. Hence, part of the cost
of positioning can also be paid for by the interactions
involved in folding. Indeed, previous work has provided
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evidence that the J1/2 region, which joins the IGS to the Bevilacqua, P. C., Li, Y., & Turner, D. H. (1998iochemistry
catalytic core, helps position the P1 duplex relative to the _ 33, 11340-11348.

catalytic core, presumably reducing the entropic barrier for Ezi‘c:ehrt' g\'l\?' (lgizfzg(io;hegzggrzg8231;58%&() N Caruthers
making tertiary binding interactions (Herschlag, 1092). PRGN KGoregh T sesosh & B Suamort, ). Bahers

A number of protein enzymes have been suggested to use y.s.A. 839373-9377.
binding energy for catalysis (Jencks, 1975). Extensive site Guschlbauer, W., & Jankowski, K. (1988)ucleic Acids Res.,8
directed mutagenesis has identified amino acid residues in 1421-1433.
tyrosyl-tRNA synthetase that do not contribute significantly Henderson, R. (1970). Mol. Biol. 54 341-354.
to the observed binding energy of the substrates. InsteadHerschiag, D. (1992Biochemistry 311386-1399.

their binding energy is utilized to accelerate the formation Helrgiglf_g’ D., & Cech, T. R. (199®iochemistry 2910159~

of tyrosyl-AMP (Fersht, 1987). In isoleucyl-tRNA syn-  perschiag, D., Eckstein, F., & Cech, T. R. (19S8ipchemistry
thetase, the binding energy of the amino and carboxyl groups 32, 8299-8321.
appears to be used for carrying out a conformational changeHoller, E., Rainey, P., Orme, A., Bennett, E. L., & Calvin, M.
that aligns the substrates within the active site (Holler et al., Jeglc?(?)vsiosht(?gi;gd12;#2?;“%)}523219_410

[RH i : ; ; , W. P. V. . .
e e e e o KL 5.5 & Hesa. . 1o00iocamity 55150 1570

oo Knitt, D. S., Narlikar, G. J., & Herschlag, D. (199Bjochemistry

the observedr, values. Rather, the binding energy of these ' 33 13864-13879.
groups contributes tk..e(Baumann et al., 1970). Ithas been |j, v., Bevilacqua, P. C., Mathews, D., & Turner, D. H. (1995)
suggested that the binding energy of the groups on the Biochemistry 3414394-14399.
substrate is used for positioning the carbonyl group of the Lorsch, J. R., & Szostak, J. W. (199Bjochemistry 3415315~
reactive peptide bond within the oxyanion hole of the active 5327.

site (Henderson, 1970; Robertus et al., 1972; Jencks, 1975)Mazg'gé':' H., & Tinoco, I. J. (1980Nucleic Acids Res.,2295-

_ Jencks has proposed that the use qf intrinsic bi_nding energyMcc()m}e”, T.S., Cech, T. R., & Herschlag, D. (1998pc. Natl.
is a fundamental feature of catalysis by protein enzymes. Acad. Sci. U.S.A. 9B362-8366.

The results presented here and previously (Narlikar et al., Michel, F., & Westhof, E. (1990J. Mol. Biol. 216 585-610.
1995) with theTetrahymenaibozyme extend this concept Narlikar, G. J., & Herschlag, D. (1996Jature, Struct. Biol. 3701~

to RNA enzymes, thereby underscoring the generality of 710. .
. - f : - Narlikar, G. J., Gopalakrishnan, V., McConnell, T. S., Usman, N.,
using binding energy for biological catalysis. RNA enzymes "¢ Herschlag, D.FE1995Proc. Natl. Acad. Sci. U.S.A. 92668—

may prove to be generally tractable for energetic analyses 3g72.

of macromolecular catalysis. In tietrahymenaibozyme, Pyle, A. M., & Cech, T. R. (1991Nature 350 628-631.

a substrate that is precisely positioned within the active site Pyle, A. M., McSwiggen, J. A., & Cech, T. R. (199B)oc. Natl.
can be distinguished energetically and structurally from a _ Acad. Sci. U.S.A. §8187-8191.

substrate that is simply localized to the ribozyme but not Py'l‘%gf\'lg"g' Murphy, F. L., & Cech, T. R. (1992)ature 358

prec_isely positioned (closed vs open complex, Figure L Pyle, A. M Moran, S., Strobel, S. A., Chapman, T., Turner, D.
Bevilacqua et al., 1992; Wang et al., 1993; Narlikar & H., & Cech, T. R. (1994Biochemistry 3313856-13863.
Herschlag, 1996). Thus, the use of intrinsic binding energy Robertus, J. D., Kraut, J., Alden, R. A., & Birktoft, J. J. (1972)
can be directly correlated with a distinct conformational  Biochemistry 114293-4303.

change that leads to catalysis. Saenger, W. (198&rinciples of nucleic acid structurep 331
349, Springer-Verlag, New York.
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