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ABSTRACT: Several ribozyme constructs have been used to dissect aspects of the group | self-splicing
reaction. TheTetrahymend.-21 Scd ribozyme, the best studied of these intron analogues, catalyzes a
reaction analogous to the first step of self-splicing, in which-adice site analogue (S) and guanosine

(G) are converted into a4exon analogue (P) and GA. This ribozyme preserves the active site but lacks

a short 5terminal segment (called the IGS extension herein) that forms dynamic helices, called the P1
extension and P10 helix. The P1 extension forms at teplice site in the first step of self-splicing, and

P10 forms at the '3splice site in the second step of self-splicing. To dissect the contributions from the
IGS extension and the helices it forms, we have investigated the effects of each of these elements at each
reaction step. These experiments were performed with the §eEribozyme, which retains the IGS
extension, and with's and 3-splice site analogues that differ in their ability to form the helices. The
presence of the IGS extension strengthens binding of P by 40-fold, even when no new base pairs are
formed. This large effect was especially surprising, as binding of S is essentially unaffected for S analogues
that do not form additional base pairs with the IGS extension. Analysis otJagdir immediately 3to

the cleavage site suggests that a previously identified deleterious effect from a dangling U residue on the
L-21 Scd ribozyme arises from a fortuitous active site interaction and has implications for RNA tertiary
structure specificity. Comparisons of the affinities 6fsplice site analogues that form only a subset of
base pairs reveal that inclusion of the conserved Gase pair at the cleavage site of group | introns
destabilizes the P1 extensienl00-fold relative to the stability of a helix with all Watse€rick base

pairs. Previous structural data with model duplexes and the recent intron structures suggest that this effect
can be attributed to partial unstacking of the P1 extension attestép. These results suggest a previously
unrecognized role of the G wobble pair in self-splicing: breaking cooperativity in base pair formation
between P1 and the P1 extensions. This effect may facilitate replacement of the P1 extension with P10
after the first chemical step of self-splicing and release of the ligated exons after the second step of
self-splicing.

The group | intron fromTetrahymena thermophilghe 32), but much less is understood about the required confor-
first catalytic RNA to be discovered, folds into a specific mational changes3g@, 34).

structure and performs a self-splicing reacti_on that includes  The group | self-splicing reaction has been studied in the
chemical steps as well as RNA conformational rearrange- greatest depth with shortened ribozyme constructs derived
ments. This reaction is simple, relative to pre-mRNA splicing from the self-splicing introni| 5, 8, 20, 21, 30, 35—37; see

and other RNA-mediated processes, and may serve as ailso refs38 and39). The most commonly studied of these
tractable system for learning more about RNA catalysis and constructs is the L-2Bcd ribozyme (Figure 1B). The's

its functional conformational changes. To date, much infor- end of this ribozyme positions thé-8xon through formation
mation about the structure and catalytic function of group |

introns has been garnered, especially the originally discov-
ered intron fromTetrahymena thermophilél, 3, 8, 12—

1 Abbreviations: S, Ssplice site analogue without specifying the
identity of the 2-substituents, which can be a hydrogen atom or a
hydroxyl or methoxy group, and without specifying the length of the
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Ficure 1: Comparison of the self-splicing RNA with the L-Hcd and L-16 Scd ribozymes. Exon sequences are shown in lowercase
letters, while intron or ribozyme sequences are shown in uppercase letters. The P1 duplex is colored Dlyaville the P1 extension

and P10 (A, C, and D) are colored red. The fivegedminal nucleotides that are deleted in the L-16 and LS2d ribozymes are colored

green for the intron. The secondary structure of the remaining RNA is identical in all cases and shown for orientation, with arrows denoting
the covalent connections between the enlarged parts and the rest of the ribozyme. The reactive phosphoryl group is shown explicitly in each
case as p. (A) Secondary structure of the region around the cleavage site in the first and second transesterification steps of self-splicing. (B)
Secondary structure of the L-Hcd ribozyme around the cleavage site. (C) Secondary structure of the3cdGibozyme around the

cleavage site. Analogues of thé and 3-splice sites are shown as substrates, witA dnd U-U pairs, respectively, following the G

wobble pair. Relative to the L-2%cd ribozyme, the L-16Scd ribozyme contains a five-nucleotide-&xtension {GGUULWF); shown in

panel A are the naturally occurring nucleotides at this posii@QUUW?). The 3-GG residues that replace the@C residues in the L-16

Scd ribozyme were included to facilitate transcription by T7 RNA polymerase. The natlteddh analogue contama U five residues

upstream of the cleavage site, and the resultirld ®obble pair appears to strengthen the tertiary binding interactions with the P1 duplex
(6—8). Herein, as in previous work, we have replaced this UhwitC residue. Finally, to prevent binding from being too strong, we have
removed the Bmost C of the 5exon mimic for most of the reactions studied herein. (D) Definition of the nomenclature used herein. The
additional sequence present in the self-splicing intron and the §eH6ribozyme, but absent in the L-23cd ribozyme, extends the IGS

and is therefore termed the IGS extension. Together, the IGS and the IGS extension are termed the extended IGS. Formation of base pairs
with the IGS results in formation of the P1 duplex (colored blue), which can be formed with both the L-21 an&daIozymes.
Analogously, in the L-165cd ribozyme, formation of base pairs with the IGS extension results in formation of the P1 extension (colored
red). Together, P1 and the extended P1 duplexes are called the extended P1 duplex.

of base pairs and is therefore called the internal guide dynamic secondary structure elements in self-splicing
sequence (IGS,Figure 1D). However, the L-21Scd (Figure 1A).

ribozyme lacks a'sextension of the IGS, presentin the self- 1o understand the kinetic and thermodynamic contribu-
splicing intron, that has the potential to form a longer helix tions from the IGS extension, the P1 extension, and P10 to
(Pl and the P1 extension form the extended P1 dUp'eX)the se|f-sp|icing reaction, we have emp|0yed an IGS-
during the first step of splicing (compare panels A and B of extended ribozyme. This construct, termed the LS8l
Figure 1). Thus, the immediate environment of the cleavage ribozyme (Figure 1C), retains the ability to form the P1
site differs between the L-28cd ribozyme and the self-  extension and P10. Rate and equilibrium constants for
splicing intron. Furthermore, the'-Bxtension of the IGS  individual steps in the reaction of the L-1%cd ribozyme
forms another helix in the second step of self-splicing, termed with different bound substrates have been compared to those
P10. This helix is formed between the IGS extension and previously obtained with the L-25cd ribozyme. This

the 3-exon [Figure 1A 40-43); see also re#4)]. Thus, stepwise approach has allowed us to isolate the effects from
base pairs in the P1 extension must be broken for self- the IGS extension and formation of the extended P1 or the
splicing to proceed, and the P1 extension and P10 areP10 duplex on each step of the ribozyme reaction.
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CA). RNA and DNA oligonucleotides were-gnd-labeled
with [y-3?P]ATP and purified with nondenaturing gels using
standard proceduredd). Unlabeled oligonucleotides were

Table 1: Binding and Dissociation Rate Constants fegplice Site
Analogue Substratés

IGS sequence

(GGAGGUUUGE) kot (Min"1) Kyq(NM)  AAG (kcal/mol) purified by anion exchange HPLC and desalted on Sep-Pak
CCuCdTMe 18 15 02 C-18 columns (Waters, Franklin, MA) as described previ-
CCUCdTA 19 19 0 ously ©).

CCUCdTAAACC 2.5x 107 0.0025 —54 General Kinetic MethodsAll reactions were single-
CCUCATAAAAA 0.17 1.7 —-1.5

turnover reactions with ribozyme in excess 6£%-labeled
a Dissociation rate constants from theSscomplex at 30C and pH S or P and, unless otherwise noted, were carried out at
6.0. Equilibrium dissociation constants were calculated from the 30°C in 50 mM Na-MES (pH 6.0) and 10 mM Mgg&IPrior

measured dissociation rate constants and the association rate consta ; ; ; ;
of 1% 10° M2 min-* for CCUCUAAACC and CCUCUAAAAA (data ) roeactlodn, the rlbo_z?;me was prelnlcuballlted :‘colrdso min at
not shown). This association rate constant reflects the formation of the 20 °C and pH 6.0 with 10 mM MgGlto allow folding to

ribozyme-substrate duplex and is the same, within error, as that the active statel( 49). Control experiments performed by
determined previously for the L-2cd ribozyme (L, 2, 5). Deoxyribose incubating the radiolabeled L-1%cd ribozyme and monitor-
substitution at positior-1 (Chart 1) has no effect on the association ing its length on denaturing polyacrylamide gels confirmed

rate constant¥7). Values are averages of two or more independent i : ) :
experiments giving rate constants that were the same within 3-fold. that no significant processing of the L-T§cd ribozyme

bThe dissociation rate constant for CCUCATMe is too fast to be Occurred during folding (data not shown). Reactions were
measured accurately and was therefore calculated from the measurednitiated by addition of ribozyme, and aliquots were removed
dissociation rate constant for CCCUCUMe, with the effect from the at specified times to be quenched with 2 volumes of a
delgtion pf—BC (Chart 1), and thg dequribose substitution at position gg|ytion containing 20 mM EDTA and 85% formamide.
; ; Aﬁﬂ'ﬂﬂggdbég%%ﬂ?g?gi{fﬂsﬁf%?Ef'gg)rfgﬁdcg'é?st&;%c;lfd' Radiolabeled oligqnucleotides were separated by dgnaturing
CCCUCUA (for the—1 deoxyribose)¢ The dissociation rate constant g€l electrophoresis (7 M urea and 20% acrylamide) and
for CCUCATA is too fast to be measured accurately and was therefore quantitated using Phosphorimager analysis (Molecular Dy-
calculated from the dissociation constant for CCCUCdTA, accounting namics) with ImageQuant. For slow reactions, rate constants
for the effect from the—6 base pair as described in footnote b. were obtained from initial rates with end points of 95%
assumed. All other reactions were followed to completion,
and good first-order fits to the data with end points®0%
were obtained in all caseR{ = 0.98) (Kaleidagraph,
Synergy Software, Reading, PA).

Dissociation Rate Constants for Substrates and Product.
Dissociation rate constants for *S (see Chart 1 for oligo-
nucleotides that were used) in the absence of guanosine and
for P in the presence and absence of UCGAAAG®@re
determined in pulsechase gel-shift experiments essentially
as described previousl,(36). Oligonucleotides with a'2
deoxyribose substitution at the cleavage site were used to
prevent reaction during the dissociation reaction. Trace *S
(or *P) was bound to saturating amounts of ribozyme (pulse),
and a large excess of unlabeled S (chase) was then added.
Control experiments in which the chase was preincubated
with the labeled oligonucleotide verified that the chase was
effective in preventing rebinding of dissociated *S (or *P).
At specified times, aliquots were loaded onto a running native
gel in THEM buffer (33 mM Tris, 67 mM HEPES, 1 mM
EDTA, and 10 mM MgC)) to separate bound and free *S
4 mM MgCl, NTPs (0.5 mM each), 40 mM DTT, 2 mM  (or *P). Dissociation rate constants were obtained by fitting
spermidine, 40 mM Tris (pH 8.1), 0.01% Triton X-100, the fraction of free *S (or *P) to a double exponential.

5 ug/mL Scd-digested, purified template, and T7 RNA  Double-exponential fitting was necessary because a small
polymerase. Reactions were stopped by the addition of excessraction of ribozyme {-8%) released *S or *P considerably
EDTA, and mixtures were ethanol precipitated, resuspended faster than the bulk of the population, consistent with release
and purified over an RNeasy column (Qiagen) as describedfrom the L-21Scd ribozyme. Presumably, these ribozymes

MATERIALS AND METHODS

Materials. The L-16Scd ribozyme, compared to the L-21
Scd ribozyme, has a five-nucleotide extension of the internal
guide sequence (IGS) at the-énd PGGUULF; see
Figure 1 for relation of L-16cd and L-21Scd ribozymes
and the full-length intron). The naturally occurring sequence
at these positions BSCCUULF. The 3-GG in the L-16Scd
ribozyme replacing the'smost CC residues are included to
facilitate transcription by T7 RNA polymerase. The DNA
template for the L-16cd ribozyme was constructed from
the L-21Scd-containing plasmid by PCR mutagenesis and
ligation into pUC19. Individual clones were sequenced to
verify the L-16 Scd sequence.

Conditions for transcription of the L-16cd ribozyme
were modified to prevent endonucleolytic cleavage, which
apparently occurs at the'-nd to yield the L-21Scd
ribozyme (ref#45and46 and data not shown). Transcriptions
were carried out for 30 min at 30C in the presence of

previously 6, 47). Analytical 5-%2P phosphorylation and
comparison with authentic L-23cd confirmed that the full-
length L-16 Scd ribozyme was obtained~95%). This

had lost their IGS extension through self-processi—
46). Control experiments monitoring the length of radioac-
tively labeled L-16Scd confirmed that L-16Scd is not

conclusion is further supported by the functional data that supstantially processed during the dissociation reactions
show that the L-165cd ribozyme binds stronger to fully  (>=80% remaining, data not shown; for reference, processing

base paired oligonucleotides than to oligonucleotides in of 50% in parallel with dissociation, to give an apparent
which the 5-most residues on the ribozyme cannot form base dissociation rate constant that is approximately the sum of

pairs (Table 1).
RNA oligonucleotides were purchased from Dharmacon
Research, Inc. (Lafayette, CO), and DNA oligonucleotides

were purchased from Operon Technologies Inc. (Alameda,

the rate constants for dissociation and processing, would

2 The guanosine residue that binds in the guanosine binding site is
underlined throughout for clarity.
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Chart 12 dissociation. Thus, by independently measuring the rate
Abbreviation Oligonucleotide constant for the chemical step in reactions with the
3 chase omitted, we can calculate the dissociation constant
IGS sequence’: 31rGrG rG rA rG rGrUrU rU rG rGs (eq 1A).
Position: -6 -5 3 -1+1 +3 45 _
5 koir = Kobs — ke (1A)
-1d,"rSA3C, rC rC rU rC dTrArArArCrC
-1d,*rSUA,C, rC 1C rU rC dT U rArA rC1C fraGeacied™ n kgff (1B)
—ld,ArSA5 rC rC rU rC dTrArArArArA

Alternatively, the dissociation rate constant can be obtained
from the fraction of *S that reacted relative to reactions in

-1d.rSAs 1C 1U 1C dTrATATATATA which no chase was added (frage) and the observed rate
constant of the reaction in the presence of the chigg (
-1d,rSAs rCrC 1C 1U rC dT rArATATATA egs 1A and 1B). The results from the two methods agreed
within 2-fold. The dissociation rate constant ferld P
-1r,dSAs dC dC dC dU dC rU dA dAdA dA dA (Chart 1) in the presence of UCGAAACC obtained in
partitioning experiments and pulsehase gel-shift experi-
dSAs dC dC dC dU dC dT dA dAdA dA dA ments (see above) agreed within 2-fold.
Association Rate Constants for Sssociation rate con-
-1d,*rSA rC 1C U 1C dTrA stants for S in the absence of G were determined in pulse
chase gel-shift experiments, (36). Varying concentrations
-1d,rSA C1C C U 1C dTrA of ribozyme (2-10 nM) were added to trace *S to initiate
the binding reaction (“pulse”). After specified timeig)( a
SA (C1C C U C U A large excess of unlabeled S (340 nM) was added to prevent
any additional binding of *S (“chase”). Control experiments
confirmed that the chase effectively prevented subsequent
rSMe rCrC rC U rC U CH binding of *S. Plotting the fraction of bound *S agairtst
Am1dASALC € 1C mU 1C dT rA 1A rA 1C 1C yields a fir;t—order re}te cons’gant, which varies with ribozyr_ne
concentration. Plotting the first-order rate constants against
the ribozyme concentration at which they were obtained gives
-3m,-1d,rSA rCrC 1€ mU rCdTrA the second-order association rate constant.
A Previous work with the L-21Scd ribozyme has shown
-1d,"P rC rC rU rCdT

that in the presence of saturating concentrations of G the
\ rate of reaction of rS is limited by the association of1S (
a’p dCdC dT dCdT o 50) so that k../Ku)S values represent the association rate
~ *r=2-OH.d=2-H. m= 2-OCHs. "The IGS sequence is listed  constants for S in the presence of G. Moreovkg/Ky)S
in the 3 to 5 direction to show complementarity to the listed values represent the association rate constasg # k. (51).
oligonucleotides. Because these conditions hold for the L-364d ribozyme
as well, k.afKw)® values were measured to obtain association
result in an only 2-fold deviation of the observed dissociation rat¢ constants in the presence of G. The similarity of the
rate constant from the actual rate constant). (kafKw)® values, which represent the formation of the P1
The rate constant for dissociation of *S from the¢ &G (iggpleﬁ flo(r) ‘hleogﬁlfc"% aﬂd L-16 St(.:a :lbc;zytrr?es (1.5x ;
complex (or *P from the EP-UCGAAACC complex) was th ant_ .tﬁ Kol K rsnlnl ,re;pec '.\ée 3{% ur ergutpporst
obtained from experiments that measured the partitioning of € nto '2” f aSKCE‘I_ M)btv.a u?i esscr: € tehaSSOC|t§1 lon rta €
molecules in the BES-G (or E*P-UCGAAACC) complex constants for S. To obtailkd; .’V') values, the reaction rate
. - . P . L constant was measured using varying concentrations of
between dissociation of S@ﬁ or ki for dissociation of ib 210 nM). The ob d rat tant
*P) and reaction of the ternary complex to forntE+GA ribozyme ( n )- '€ observed rate consiants were
. = plotted as a function of ribozyme concentration to yield the
(ke or k—¢ for the reaction of E'P-UCGAAACC to form E apparent second-order rate constAa/Ky)S
*S+UCG). To accurately determine the rate constant for bp M)

di ~tion in th . h | k? fand Measurement of the Equilibrium Constant for DockiSg.
|SSOC|at|qn n these experiments, "['e valuesggian ke and P bind to the ribozyme in two steps: base pairing to
must be similar. To assess the partitioning, radiolabeled *S

f he P1 I P he ri E
(or *P) was added to the ribozyme (final concentration of orm the P1 duplex between S (or P) and the ribozyme [(

50 nM) to allow formation of B*S (or E-*P). Reaction was ?{’g?ié%ﬁ;’v §td tht;y a(igslglgﬁ GO[E)? Ijn célaplzez (lan;o tr(ea;ggary
initiated by addition of G ([Gl= 2 mM; K§ = 35 uM) or 35, and52]. : ’ ' ’
UCGAAACC ([UCGAAACC] = 10 uM; K{CCAMCE = '

108 nM) to rapidly form the ES-G (or E*P-UCGAACC) Kyg,open Kiert

complex, along with a large exceg&70 nM) of unlabeled E+S (E*Skpen™ (ESkiosea  (2A)
S, to prevent rebinding of dissociated *S or *P. The observed
rate constant for formation of *P from *S (or *S from *P)

K _ Kd,open
. - dobs™ 1 L K__
is the sum of the rate constants for the chemical step and 1+ Kien

(2B)
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2'-Hydroxyl residues on S (and the IGS) as well as the A S= CCUCATA(AACC)
exocyclic amino group of G22 of the ribozyme’s IGS P=CcCUCdT
stabilize docking of the ribozymesubstrate duplex2( 7, K§ ES.uce K Kyeen
22,53, 54). Madification of the 2-hydroxyl group at position M7 ko it ok, ,
—3 to a 2-methoxy group destabilizes the docked ribozyme E,&é \ ES.. s EE% \P UCGA
substrate duplex conformation while not affecting the stability i e .
of the P1 duplex?, 35, 55). Thus, substrate analogues with KdlkEuc@S K ;::\\\ Eyce A;,,/% d
this modification approximate the affinity of the duplex
between substrate and IGS (ftfier < 1, Kjmw 'S~ Crsiuea 03 cea
Ka,open €4 2B). Comparing the observed affinity of substrates
S* that have been undocked in this way and are thus heldB  L-21 Scal $ = CCUCATA
only by base pairing mteractloni{t{‘o docked§ to the affinity 10nM .
5uM 88um _E 600 pM
of the wild-type substratek(;';) allows the evaluation of o.a% +UE{\\,05” 0.7 182:/ *”‘i{\‘: P
tertiary interactions that stabilize the docked conformation Eriuca 21 010 paUCEA
for the wild-type substrate [eq 2C obtained from eq 2B for 15102 R o1
the wild-type substrates( 22, 35, 56)]. 33;}\ /ia oo \M\E /o”"'
catS 0 pl ucea+P
Kd open
Kien = Kd > (2C) C L-16 Scal S = CCUCATA
obs
19 nM S P
UcG 20 1050uM_E%UCGA 16 pM
Measurement of Affinities for G and GAAACC Analogues. “% 7"M I\
To determine the affinities of ribozyme complexes for G or E+S+UCG /E Go'=o7‘ . /E+/P+UCGA
UCG, the rate of reaction of *S was determined with O 10107 ' SN00078
9 - o =1300 pM
20004M G (or 0-1000xM UCG). A substrate with a'2 ot UCG+S/3 M L“,;,;\EUCGA:.:/ K

deoxyribose residue at positionrl was used in these

experiments to ensure that the chemical step was rate-limitingp | .16 seal S - CCUCATARAGS

(23, 57). The observed rate constant for cleavage of *S was 25pM s 16 pM
plotted as a function of G (or UCG) concentration and fit to nm,, E%uceaaace

E
eq 3. B 10%1o+

c

cG 1.0 108
1 pM / 0.0016
4 \\\\ 10-105\\

E+S+UCG . ™ Eucc AAAGC E+P+UCGAAACC
knadGl 10/;10‘ 1010281 /620 nM
kObS (3) 3 pM Eycets <3PM 2.6 pM " EycaanacctP

[G] + K, ,
Ficure 2: Kinetic and thermodynamic framework for the ribozyme

. . . . reaction. (A) Definition of rate and equilibrium constants used
Nonlinearity of _rlbozyme concentra_non dependences was herein. Association rate constants, (ks, k;, andkg) are reported
observed at low ribozyme concentratiossl(nM), suggest-  in M~ min~%; all other rate constants are in units of minThe

ing nonspecific losses of ribozyme to tube walls. To avoid internal and external equilibrium constants are unitless and describe

these losses, ribozyme concentrations@ nM were used conversion of substrates to products. Frameworks are defined at
. . . : . 30°C in 10 mM MgC} at pH 6.2. (B) Kinetic and thermodynamic
in all experiments described herein. This meant, however, .- =~ ¢ e | 21scd ribozyme with CCUCATA bound.

that S was bound to the ribozyme under all equilibrium This framework was adapted from ré& Rate constants for
conditions. To obtain the affinity of G for the free ribozyme, dissociation of CCUCdTA and CCUCAT were determined herein

we used a 5shortened oligonucleotide, CUCATAAAAA.  for direct comparison with the L-16cd reactions. (C) Kinetic

N ; ; indi and thermodynamic framework for the L-Bgd ribozyme with
The presence of the-germinal nucleotides affects binding CCUCATA bound. (D) Kinetic and thermodynamic framework for

of oligonucleotides via formation of a base pair, but docking o' 7 55c4 ribozyme with CCUCATAAACC bound.
of the resulting P1 duplex is not affectesB]. At 2 nM L-16

Scd ribozyme, most CUCATAAAAA is unboundKf ~ chemical step was rate-limiting in these experiments. To
100 nM; data not shown), as suggested from the rate of measure the affinity of UCGA or UCGAAACC for free L-16
reaction compared to that for a substrate that is fully bound Scd ribozyme, the shortened all-deoxyriboseexon ana-

to the ribozyme. Binding of G and UCG to the open complex logue d'P (Chart 1) was used). d*P binds weakly to the
was assessed with'-Splice site analogues with a’-2  ribozyme so that at 10 nM ribozyme most of théPdis

methoxyribose substitution at positior3 (—3m,rSA, unbound Kq ~ 20 nM; data not shown). The dissociation
Chart 1) or with 2-deoxyribose substitutions at all positions constant obtained in this way is the weighted average of
other than the cleavage site Ir,dSAs;, Chart 1 4, 35)]. binding to E and EP, and the reportely values have been

To determine the affinity of UCGA and its analogue adjusted to account for the fraction of E that has P bound.
UCGAAACC for E-P, the rate of formation of *S from *P  In addition, due to coupled binding of P and UCGAAACC,
was followed as a function of UCGA or analogue concentra- binding of UCGAAACC increases the affinity for P so that
tion, as described above ([UCGA} 10—4000uM; [UC- at high UCGAAACC concentrations most E will have P
GAAACC] = 0.02-2 uM). In these experiments, caution bound as well as UCGAAACC (see Results and Discussion).
was taken to ensure that UCGAAACC remained in excess The dissociation constam;JCGA in Figure 2D is therefore a
of E by lowering the ribozyme concentration to 10 nM when limit. The rate of reaction was determined as a function of
necessary. A 'sexon analogue (P) with a'-Bleoxyribose UCGA or UCGAAACC concentration as described above
substitution at position—-1 was used to ensure that the ([UCGA] 200—-8000uM; [UCGAAACC] = 0.1-10uM).
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Scheme 1: (A) Isolation of Effects from the IGS Extension and (B) Isolation of Effects from Base Pairs within the P1
Extension

A. Isolation of Effects from the IGS Extension

L-21 Scal L-16 Scal
IGS IGS IGSgyt
E—rlarlstls.;qtlzef ve E—GGGAGGUUUGG5
LCCCUCUA ' CCCUCUA
B. Isolation of Effects from Base Pairs within the P1 Extension
L-16 Scal L-16 Scal
IGS 1GSext IGS IGSext
E—GGGAGGUUUGGF ve E— GGGAGGUUUGG5
CCCUCUA ) CCCUCUAAACC Plext

In the case of binding of UCGA, inhibition was observed at experiments showed that the presence of the deoxyribose
higher oligonucleotide concentrations. This inhibition pre- residues at positions other than the cleavage site and the
cluded determination of a reliable value for tg so that length of the “tail” 3 to the cleavage site have no effect on
only a lower limit is reported in Figure 2C. the equilibrium constant, so external equilibrium constants
Measurement of the Rate Constant for the Chemical Stepobtained with d(CCCTCTAAAAA) can be compared to
and the Internal Equilibrium.The rate constant for the internal equilibrium constants obtained with r(CCCUC)dTr-
chemical step in the forward (and reverse) direction was (AAACC) (5).
measured as described previoudy. (n these reactions, the

rate constant for conversion of the tertiary*&UCG E4+ S+ UCGw—ix—i E+ P+ UCGA (5A)
complex to EXP+UCGAAACC (or E*P-UCGAAACC to

E-*S+UCG) was followed ([E]= 50 nM, andK,'*"™ = _ [E][P][UCGAAACC] -
2.6 pM; [UCG] = 100 uM, and K{°°= 11 uM; [UC- et [E][S][UCG] (5B)

GAAACC] = 2 uM, and K§°**°¢ = 108 nMm). Control

experiments in which the concentratlons of UCG (or UC- frac, = Kext (5C)
GAAACC) were varied indicated that the ternary complexes [UCGAAACC]

were quantitatively formed. S and P with &deoxyribose Kext W

substitution at position-1 were used to ensure that the

chemical step was rate-limitind 7). This conclusion was Reactions were carried out with 260 nM E, 1-5 uM

confirmed by the observation of a log-linear pH dependence UCG, and 5-40 uM UCGdAs. *S or *P was used in a trace
between pH 6.2 and 8.1 (data not shown and Bef9, and amount so that UCG and UCGd(AAAAA) concentrations
60). were essentially unchanged throughout the course of the
The internal equilibrium constanKi, which describes  reaction. The value dfex was calculated from the fraction
the equilibrium between the ternary-&£UCG and EP- of *P formed from *S at different UCGd(AAAAA):UCG
UCGAAACC complexes, was obtained from the rate con- ratios according to eq 5C, which was derived from eq 5B.
stant for the chemical step in the forward and reverse Control experiments in which the ribozyme concentration

direction k. andk—., respectively; eq 4). or the concentrations of UCG and UCGd(AAAAA) were
varied while a constant [UCGd(AAAAA)] [UCG] ratio was
K — [E'PPUCGAAACC] ke (49 ~ maintained gave faster reaction but no change within 8% in
int [E-S'UCG] K ¢ the observed extent of reaction, indicating that substrates and

products were subsaturating. The same valug.Qf within
Measurement of the External Equilibriunhihe external 15%, was obtained from reactions initiated with *P.

equilibrium constanKey describes the equilibrium between Measurement of RNA Duplex Stabilitidéelting temper-
unbound substrates and products (eqs 5A and 5B). Theatures were measured using a Varian Cary 1-Wi
external equilibrium constant was determined as describedspectrophotometer equipped with a thermo programmer.
previously §), except that the cleavage site also contained RNA samples at various concentrations were prepared in 1
a deoxyribose substitution at positietil (dSAs and dP) to M NaCl, 50 mM sodium phosphate buffer, and 10 mM
relate it to the internal equilibrium obtained with1- EDTA (pH 7.0) and transferred to a quartz cuvette, and the
deoxyribose-substituted oligonucleotides. Briefly, the L-21 cuvette was covered with a Teflon cap. To anneal duplexes,
Scd ribozyme was used to catalyze the equilibration of all samples were heated to 9& and then slowly cooled to
deoxyribose S and P forms at subsaturating concentrationslO °C. Duplex stability was measured subsequently by
of UCG and UCGd(AAAAA). At low ribozyme concentra-  heating the sample at a rate of@/min while recording the
tions, most S and P is unbound [280 nM; K4 ~ 85 and absorbance at 260 nm every@. MeltWin version 3.0§1)
150 nM for binding of dSA and dP to the L-21Scd was used to fit the resulting absorbance data to obtain the
ribozyme, respectively?( 5)] so that the external equilibrium  melting temperatures of each sample. The thermodynamic
is observed (reb and data not shown). Previous control constantsAH and AS were determined by linear fitting of
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the reciprocal of the melting temperaturg,f against the pre-steady-state kinetic methods that were employed are
logarithm of concentrationsd) using eq 6A. The value of  given in Materials and Methods and follow directly from
AG at 30°C was calculated fromdH and AS using eq 6B. previous studiesl( 5, 6, 23, 35, 36). We then present and

1 R C AS compare the frameworks. The rate and equilibrium constants
T_m ~AH In(z) T AH (6A) are defined in Figure 2A, and the data presented below are
summarized in Figure 2BD.
AG=AH —TAS (6B) Equilibrium binding constants for UCG, UCGA, and

AAG values represent the stabilization of artlpairand ~ UCGAAACC were determined from the concentration de-
a GC pair, respective|y' relative to a-@ pair and were pendences of the Sll’lg|e-turl’lovel’ reaction rate constants as

calculated by subtracting the stability of the latter from the described in Materials and Methods. The affinity for S and
stability of the former (eq 6C). P could not be ditermiged directlr)]/ by valrying thle rilzjozyrt?ed
. . concentration. This is because these oligonucleotides bin
AAG = AGy, — AGg 0r AAG = AGge — AGgy (6C) very strongly to the ribozyme (Table 1 and Figure 2), and
RESULTS AND DISCUSSION nonspecific losses to the tube walls occur at very low
. . ribozyme concentrations. Instead, we measured association
Several ribozymes have been constructed in an effort 10 54 “gissociation rate constants and calculated affinity
learn more about group | intron self-spliciny 86—39, 62). constants from theses,(26, 36). Because the dissociation
The most-_studled construct, the_ L-3td rlquyme, Iac}(s rate constant of the fully base pairedsplice site analogue
21 nucleotides at theend of the intron and five nucleotides  ~-~cycdTAAACC is t0o slow to be measured accurately
at the 3-end [corresponding to 8cd restriction site in the  ; 30°C, we instead used-Splice site analogues that lacked
encoding plasmid, Figure 1A,B2)]. Previous investigations o 5_tarminal C residue£6C, Chart 1). Previous work

added back the'&equence to assess the effect and impor- pq gggested that this residue contributes to binding solely
tance of the P9.0 helix and thétgrminal guanosine residue via base pairing interactions5@ and is therefore not

(36, 37). Here we take an analogous stepwise approach, gy yected to affect the comparisons herein. This conclusion
adding five 5-terminal nucleotides to give the L-18cd is supported by comparisons at 50 with full-length 5-
ribozyme. This ribozyme allows formation of the P1 exten- splice site analogues (i.e., containing resiét&C), which
sion, base pairing that is analogous to base pairing betweerbroduced effects similar to those obtained withC> 5'-

th? 3-most portion of the intron and_ the extended 1GS splice site analogues at 3C (Table S1 of the Supporting
(Figure 1A,C; see below for a description of the nomencla- Information)?

ture). This construct also allows formation of P10, a helix Effects from Extending the IGS on Initiual Steps in the

that forms in the second step of self-splicing between the Ribozyme Reactioiffects from lengthening the IGS without

extended IGS and thé-8xon (Figure 1A,C). f . Sl .
S . . ormation of any new base pairing interactions have been
We have used pre-steady-state kinetics to first dissect thedissected throu{;h comparis%n Ofg the framework for the

cogtrtirt]) utiofns arifsing f{pm tf}ebpresenqe of t?ﬁ :SS ex:engio(;l reaction of CCUCdTA with the L-28cd ribozyme and the
an en from formation of base pairs wi IS extended | 16 gcq ribozyme (Figure 2B,C and Scheme 1A; see also

sequence. This dissection is accomplished by comparing : : -
kinetic and thermodynamic reaction frameworks for the L-16 ;g:maé Eai,seld;aeirevﬂi_t:rl-\)thog IE fg Cc;dr-:—é)zi/?:elnbugnrg(;ﬁlé

Scd ribozyme re_action with ap_propri_ate substrates to that described below suggest that this base pair does not form.
of th_e L-21Scd ribozyme reaction (Figure 2). The second Reactions with this oligonucleotide can therefore be used to
section addresses the effects from the presence and absencg,, . i1a the effects on the reaction kinetics and thermo-

cd)fffa base pa:c: |rr;m<teﬁlately %0 .the. leﬁvﬁge tsne, das this d dynamics that arise from the IGS extension that is present
erence retiects the scenario in the Arst and Secondy the |-16 Scd ribozyme but absent in the L-28cd

chemical steps of self-splicing, respectively (Figure 1A,C). ribozyme (Scheme 1A)

Nomenclature Binding of the 5Exon Analogue P Is Strengthened by the
q h 5 i h IGS ExtensionBinding of S to free ribozyme is unaffected

. Compared to t. e L ]Sca} rnbozyme, the L-165cd . oronly slightly affected by the IGS extensidn§(= 19 and
ribozyme has a five-nucleotide-Bxtension. Because this ;4 v for binding of CCUCATA to the L-16 and L-23cd
sequence extends th? IGS (”.“ef”_a' guide sequence), it ISribozymes, respectively; Figure 2B,C). CCUCdTMe and
called the IGS extension herein (Figure 1D). Together, the CCUCTA bound to the L-16¢d ribozyme with the same
IGS and the IGS extension (IGg are called the extended affinity, within error (KS = 15 and 19 nM, respectively:

. . . _ . y d ] L]
IGS. W.h|le b|nd!ng of S (or P) to th? L .2$Ca ribozyme Table 1). This similarity suggested that the base pair between
results in formation of P1 only (blue in Figure 1D), the IGS A(+1) and U(21) in the IGS extension (Scheme 1) is not

extension in the L-165cd ribozyme allows formation of ) .
another helix, termed the P1 extensiondlherein (red in formeq, CCUCTA was used subsequently to d|s_sect gffects
that arise from the presence of the IGS extension without

Figure 1D). By analogy to the extended IGS above, the Pléormation of the P1 extension
d P1 extension heli togeth lled th tend N
an extension helices together are cafied the extende The 3-exon analogue (P) binds40-fold stronger to the

P1 lex. ) :
duplex free L-16 Scd ribozyme than to the L-21Scd ribozyme
Kinetic and Thermodynamic Frameworks for the L-16

Scal Ribozyme Reaction 3 The B-splice site analogues used herein and in previous work (e.g.,

' . . . . I refs1—5) also replace a @& wobble pair 5 bp upstream of the cleavage
We first describe practical considerations for obtaining the sjte with a GC pair. It appears that this wobble pair contributes to

kinetic and thermodynamic frameworks. The details of the tertiary binding of the P1 helix6—8).
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Table 2: Binding of G and UCG to the L-21 and L-88d Ribozyme$

Ka (uM)
E-Sopen E-SA E-SA:C,
L-21 L-16 ratio L-21 L-16 ratio L-21 L-16 ratio
G 930+ 54 802+ 67 1.1 124+ 4 59+9 2.1 76+ 16 35+ 3 2.2
UCG 33+ 2 31+7 1.1 5+£2 7+1 0.7 28+ 7 11+ 2 25
ratio 28 26 25 8 2.7 3.2

a All experiments were performed at 3€C and pH 7.2 in the presence of 10 mM MgCComparisons between L-23cd and L-16 Scd
ribozymes were performed side by side and repeated two or more times. No significant difference was detected for binding of- Bt
—1d,-3m,rSA or—1r,dSA bound K{® = 75 and 85«M, respectively).

(KZ’ = 16 and 600 pM, respectively; Figure 2B,C). This Scd ribozyme suggests that formation of a duplex with the
large additional energetic contribution to binding of P was +2 residue does not eliminate the interference (only 2.7-
surprising, especially as there was essentially no change inand 3.2-fold stronger binding of UCG vs G to-E
binding of S. Previous work with the L-2%cd ribozyme CCUCdTAAACC with the L-21Scd and the L-16Scd
has shown that binding of P is stronger than binding of S, ribozymes, respectively; Tablg.Zurthermore, the reduced
and a metal ion that coordinates the(3 group of P has  contribution from P9.0 on the L-1&cd ribozyme with
been suggested to be responsible for this effec¥, 63). CCUCdTA bound suggests that an analogous interference
It is possible that this metal ion interaction is further with P9.0 can arise from the IGS extension, which includes
optimized on the L-16cd ribozyme. Alternatively, the IGS  a residue complementary to residde (25- and 8-fold
extension could be forming fortuitous interactions with the stronger binding of UCG vs G to the L-23cd and L-16
core when P is bound. To account for the effect on binding Scd ribozymes, respectively, both with CCUCdTA bound
of P but not S, these fortuitous interactions would have to in the closed complex; Table 2).
be sensitive to the presence of the reactive phosphoryl group |y the recently determined structure of theoarcusintron
such that they would be prevented from forming with the \yith p10, the distance between P9.0 and P10 (which contains
phosphoryl group present. Regardless, these results underygiy the 1GS extension and the substrate tail) exceeds 8 A,
score the high sensitivity of RNA interactions to local 4 |ong to explain steric interference via a direct eff€&)
variations and rearrangements. It is possible that these distances are different in the
Binding of G Is Similar with and without the IGS TetrahymenandAzoarcusRNAs or in different conforma-
Extension.Binding of G to the L-16Scd and L-21 Scd tions of the ribozyme. Alternatively, the interference may
ribozymes with the substrate bound in the open complex is not be direct but mediated by other parts of the ribozyme.
similar (K = 930 + 54 and 802+ 67 uM for binding to Residues of P9 come within less thd A of P9.0, making
L-16 Scdgpenand L-21Scdqpen respectively; Table 2). With it the closest neighbor of P9.0 and thereby a candidate for
bound S, the binding of G to the L-1%cd ribozyme is~2- mediating indirect interactions.
fold stronger than binding to the L-23cd ribozyme (2.1- Binding of UCGA Above, we have shown that CCUCATA
and 2.2-fold stronger binding to the L- B4 ribozyme W_'th _ can be used to isolate effects from the IGS extension only,
CCUCdTA and CCUCITAAACC bound, respectively, g yhe A1) residue does not base pair with U21 of the

Table 2)'_ ) extended IGS. Analogously, UCGA can be used to dissect
Formation of P9.0.The P9.0 duplex is formed between the effects from the IGS extension on the reverse reaction if
the residues directly’f the 3-terminal G residue of the  the corresponding base pair with U21 is not formed. To
intron and single-stranded residues of the intron adjacent tojnyestigate this potential effect, we compared the contribution
the G-binding site. Comparison of the affinity of UCG, which - of the base pairs with the IGS extension when formed with
can form P9.0, and G for the L-16cd ribozyme with CCUCATAAACC or UCGAAACC relative to CCUCATA
CCCUCATA bound in the open complex shows that UCG o ycgA, respectively. If the base pair between the IGS
binding is stronger than G binding, suggesting that P9.0 is gxtension and UCGA were formed, the increase in stability
formed on the L-165cd ribozyme akin to its formation on 5, UCGAAACC relative to UCGA would be expected to
the L-21Scd ribozyme @7, 64) (Kg = 930+ 54 uM and be larger than the increase in stability of CCUCATAAACC
Kg©® = 33 2 uM for binding to the L-21Scd ribozyme, relative to CCUCTA. This is because for CCUCATAAACC
and K§ = 802 + 67 uM and K{°® = 31 + 7 uM for part of the energy from formation of the base pairs in the
binding to the L-165cd ribozyme each with-1d,rSA bound P1 extension must pay for an energetic penalty to allow
in the open complex; Table 2). Furthermore, the energetic formation of the first AU pair (see below). If this AU pair
contribution from formation of P9.0 is similar for the L-21  were preformed in UCGA, formation of the additional base
Scd and L-16 Scd ribozymes (28- and 26-fold stronger pairs in the P1 extension would not incur this energetic
binding to L-21Scd and L-16Scd ribozymes, respectively;  penalty for helix initiation and thus would be predicted to

Table 2). provide additional stabilization. However, the increased
Previous work has shown that interference between P9.0affinity for CCUCATAAACC relative to CCUCATA is the
and the residue at position AQ) of the 3-tail of the B- same, within error, as the increased affinity for UCGAAACC

splice site analogue weakens binding of UCG @¢&fand relative to UCGA (Table 3). These results, although indirect,
Table 2). The observation that the contribution from P9.0 is suggest that the'3\ of UCGA does not form its potential
also reduced when the longer substrates are used on the L-16ase pair with the IGS extension. UCGA was therefore used
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Table 3: Thermodynamic Contribution from the P1 Extendion Scheme 2
oligonucleotide K (uM) AAG (kcalimol) First step Second step
CCUCTA 3.0x10°7 -5.4 E—GG;:\G : ::xc: E—GG:IAG UTL?CC
CCUCATAAACC 0.4x 10°6b ' Intron N .| ) Cr || i
cucuc aacc cucuculuaagg,
UCGA 1050 55 s G § » g
UCGAAACC 0.11 ' o UCG,,
2 Dissociation constants from&G and EP-UCGA(AACC) ternary P Plext P1 Plext
complexes were obtained at 3. S and P had 'Aeoxyribose _ _
substitutions at position-1. ? Calculated from the rate constant for L-16 Scal E ?(];???Gli”f?? E 9991‘?{;'{ l?'??
dissociation of S from ES and the observation of 6-fold cooperativity JLccucuajaace Leeucuuaace,
of S and G binding with this oligonucleotide substrate (Table 2). Direct Gou UCG,,

measurement was not possible because dissociation was slower than

the reaction that forms P P1 extension has no significant effect on the kinetics or
equilibria of subsequent steps.

to probe the reverse of the L-18cd ribozyme reaction Effects from the formation of the P1 extension were

without base pairs to the IGS extension fornied. isolated through comparison of the frameworks of the L-16
UCGA binds to the L-165cd ribozyme with P bound in ~ Scd ribozyme reactions with CCUCUdTA and CCUCd-

the closed complex with a dissociation constant of 1080 TAAACC bound (Scheme 1B). This was possible as the IGS

12-fold weaker than the binding to the L-&td ribozyme extension is present in both cases, but only CCUCd-

(Figure 2B,Q. This destabilization could arise from interfer- TAAACC, not CCUCdTA, forms the base pairs of the P1

ence, direct or indirect, between P9.0 and the IGS extension extension.

as suggested previously and above for binding of UEB. ( Formation of the Extended P1 Dupléeko test formation

With the L-21 Scd ribozyme, UCGAAAAA binding is of the base pairs with the IGS extension, we compared the

3-fold weaker than UCGA binding<{C®A*C = 220 uM affinity of a series of 5splice site analogues (Table 1). The
andKYS®A = 88 uM for binding to EP; data not shown), 10*-fold stronger binding of CCUCdTAAACC (nucleotides

consistent with an interfering effect with the extended 1GS. With complementarity to the IGS extension of the L3¢d
Alternatively, it is possible that the weaker binding of UCGA bozyme are underlined in this section) relative to CCUCdT-
to the L-16Scd ribozyme is due to an increased contribution Me suggests that at least some of the potential base pairs
from an unfavorable interaction with the reactive phosphoryl are formed. We next compared the affinities biplice site
group that was previously suggested for the L-S¢d analogues that could form only subsets of the additional P1
ribozymé (5). base pairs. The 600-fold stronger binding of CCUCd-
TAAACC compared to CCUCUdTAAAAA suggests that the
3'-terminal GG base pairs are formed. The stronger affinity

f CCUCUdTAAAAA versus CCUCdTMe suggests that at
east some of the three-l base pairs are formed. Neverthe-
less, addition of these three potential base pairs gave an only
10-fold increase in affinity, whereas an effect ©.000-
old, ~100-fold more, would be expected for this addition
0 a Watson-Crick duplex Q). This difference is consistent
with the absence of stronger binding with a singletAj
relative to a methyl group in this position as discussed above.
To test whether A{1) formed a base pair in the longer
o 4d|_f an fAJéé’f\‘Ze p?iftxvelrgsfmﬂged,_the Obslgrk\)/ed 12-f§|d W?ak?r duplex, we changed the base pairing at this position from
e e o ol e &A™ an AU pai 0 a UU pair, using CCUCATUAACC.
ribozyme. Therefore, the'Serminal triphosphate group, which is ~ 1his mismatched oligonucleotide base pair resembles the
present from transcription, is farther from the active site. The proximity ligated exon product of the second step of self-splicing
of the triphosphate to the cleavage site, its large negative charge, andScheme 2).

its capacity to bind a divalent metal ion raised the possibility that the . . .
differences between the L-16 and L-8td ribozyme originated from Changing+1A to +1U in the context of the base-paired

displacement of the triphosphate group rather than the added nucle-oligonucleotide (CCUCATAAACC and CCUCATUAACC)
otides. To test this possibility, we prepared the L€dd ribozyme decreases the affinity for the oligonucleotide 100-fa\d\G

with a 5-terminal hydroxyl group (L-25cd®) by transcription with — 6 ;
a 10-fold excess of G over GTP. The presence of a predominantly 2.4 keal/mol? Table 4). These data suggest that in the

(=85%) B-OH-containing ribozyme was confirmed via incorporation ~ context of a duplex th?*'l A-U basf{ pajr is formed. In
of [3%P]ATP at the 5end without preincubation with phosphatase to contrast, a single AJ pair at that position is not formed, as

remove the Sphosphate (data not shown). Binding of G and P to L-21 - described above. These observations suggest that e G

Scd® and to L-21Scd was tested as these equilibria showed the largest . . .
difference between the L-285cd and L-16 Scd ribozymes. The wobble pair that precedes thelApair does not behave like

dissociation constants for G and for P from L-8¢d°" and L-21Scd

were the same within errokf = 87 and 93M and Kg = 460 and 6 Because in the absence of G th@U-containing substrate makes
600 pM for binding to L-21Scd°" and L-21Scd, respectively; Figure nonproductive tertiary interactions that contributelO-fold to its

S1A and Figure S1B) and differed significantly from those for the L-16  affinity, the affinities of CCUCdTUAACC and CCUCdTAAACC are
Scd ribozyme Kf = 35uM, and Kf,’ = 16 pM (Figure 2C and Table compared in the presence of G, which disrupts these alternative
2)], suggesting that the presence of additionaicleotides rather than interactions (see Probing the Effect of aUJMismatch after the

the absence of the nearby triphosphate group is responsible for theCleavage Site). This analysis isolates the contribution of thé Base
observed effects. pair to the stability of the reactive complex.

Effects of Formation of the Extended P1 Duplex on
Individual Steps in the Ribozyme Reactitmthe previous
sections, we have shown that extending the IGS strengthen
binding of G and P~2- and~40-fold, respectively, while
binding of UCGA is weakened 12-fold. We next present
results for the L-165Scd ribozyme with CCUCATAAACC
bound (Figure 2D). These data suggest that the P1 extensiorf
is formed but with a decreased stability relative to a
continuously stacked duplex. Furthermore, formation of the
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Table 4: Binding of thet1 U-U Mismatched Substrate

AAGy, (kcal/mol)
CCUCdT- without G with G ke (min—1) Kiert
-AAACC —5.4 -5.4 0.039 23
-UAACC -3.9 -3.0 0.041 230

a All experiments were performed at 3G and pH 7.2. All substrates
contained a 2deoxyribose substitution at the cleavage site (position
—1) to prevent cleavagé: values were obtained by comparison of

docked and undocked substrates as described in Materials and Method

with oligonucleotide substrates undocked by the introduction df a 2
methoxyribose substitution at positierB (26, 35, 55). AAGy, values
were obtained by comparison of the affinity of the CCUCdTAAACC
or CCUCdTUAACC oligonucleotide with CCUCdTA.Value from
Table 1 included for comparison.

Table 5: Effect of Introduction of a ® Pair in Model Duplexes

internal terminal
GU AU GC GU AU GC
AG (kcal/mol) —14.6 —15.3 —-158 —-96 —-9.2 -10.2
AAG (kcal/mol) 0 -0.7 -1.2 0 04 -0.6

aDuplex stabilities AG) were measured in thermal denaturation
experimentsn 1 M NaCl, 10 mM EDTA, and 50 mM sodium

Karbstein et al.

internal GU wobble pairs behave differently from terminal
G-U pairs, in that they have an additional detrimental effect
that is not explained simply by the change in base pairing.
These results are consistent with the structural studies of
duplexes with internal €J pairs described abové&g—69;
see also ref0).

The data on model duplexes show that internalG
duplexes are intrinsically destabilized. This intrinsic desta-

Jilization appears to be exacerbated when the extended P1

duplex is bound to the L-16 ribozyme, where the destabiliza-
tion amounts to> 2.8 kcal/mol instead of 0.6-1.1 kcal/mol.
This difference suggests that the ribozyme may make use
of features in the duplex architecture to further destabilize
the duplex with an internal ® wobble pair demarcating
the cleavage site ® pair.

Consistent with these biochemical and structural results
on model duplexes and the extended P1 duplex in the
Tetrahymenaibozyme, the recently determined X-ray crystal
structures of the group | intron froMzoarcusalso exhibit
disrupted helical stacking at the-G wobble pair 65, 71).

The potential importance of partial unstacking of the
extended P1 duplex for self-splicing is discussed in Summary

phosphate (pH 7.0). The sequence of the duplexes was as follows (inand Implications.

the 5 to 3 direction, with the base pair being varied underlined):
GCCUCUAAAC/GUUUGGAGGC, GCCUCUAAAC/GUUUAGAG-
GC, and GCCUCCAAAC/GUUUGGAGGC for duplexes containing
internal GU, AU, and GC pairs and GCCUCU/GGAGGC, GCCUCU/
AGAGGC, and GCCUCC/GGAGGC for duplexes with terminal GU,
AU, and GC pairs, respectivelAAG values represent stabilities for
AU and GC pairs relative to GU paird AAG values represent the
additional destabilization of internal GU pairs relative to terminal GU
pairs and are calculated by subtracting th&G values for terminal
GU pairs from theAAG values for internal GU pairs.

a Watson-Crick base pair for which formation of a
subsequent AJ pair would be favored.

The observation that the-G wobble pair at the cleavage
site differs from Watson Crick base pairs is consistent with
observations from structural work on model duplexes
containing a GJ wobble pair. This work shows that stacking
of the GU wobble pair with the 3helix (relative to the G,

Accommodation of the Chemical Transition State within
a Helix In the L-21 Scd ribozyme, the cleavage site is
located at the end of a helical segment, whereas for self-
splicing and for the L-16Scd ribozyme with CCUCd-
TAAACC bound, the cleavage site is embedded in a duplex
(Figure 1). This constraint within a duplex could increase
or decrease the rate of the chemical step if the helical
geometry were preferred or not accommodated in the
transition state, respectively. We therefore compared the rate
constants for the forward and reverse chemical stepsnd
k_s, respectively) with a fully base paired substrate (CCU-
CUdTAAACC) and a substrate that does not form a base
pair in the P1 extension (CCUCdTA). Log-linear pH
dependences with a slope of 1 between pH 6.2 and 8.1
suggest that the chemical step is rate-limitif®, (60) in
these experiments (data not shown). The rate constants for
the reaction of the base-paired and non-base-paired substrates

in this case the P1 duplex) is continuous, while stacking with are similar ks = 0.04 and 0.14 mint andk_s = 0.04 and

the B-helix (relative to G, in this case the P1 extension) is 0.07 min for CCUCATAAACC and CCUCTA, respec-
altered and involves only the G and the opposite strand of ti\./ely' Figure 2C,D). '

the helix (the substrate "3ail”), with the U and its opposite

strand (the IGS extension) remaining unstacked on its

3'-side 66—69; see also re?0).

To evaluate the ribozyme results, we compared the

destabilization arising from an internatiG pair (relative to
a GC or A-U pair) to that of a terminal &J pair in model

The similar rate constants suggest that the constraint on
the helical conformation by the extended P1 duplex has at
most a small effect on adoption of the transition-state
structure. This effect could be small because the transition-
state conformation can be reached within the helix or because
the extended P1 duplex is not highly constrained due to the

duplexes (Table 5). The destabilization was calculated by |imited stacking following the @J wobble pair at the

comparing the stabilities of model duplexes with internal and

terminal GU, A-U, and GC pairs. Duplex stabilities were

measured in thermal denaturation experiments as describeqh

in Materials and Methods. The destabilization from an
internal GU pair relative to an AU pair or a GC pair is
0.7 or 1.2 kcal/mol, respectively, while a terminallGpair

is stabilized relative to an AJ pair by 0.4 kcal/mol and
destabilized relative to a G pair by only 0.6 kcal/mol

cleavage site.

Cooperatiity in Binding of Reactant$revious work with
e L-21Scd ribozyme showed that binding of S strength-

" This value is calculated from the observed 10-fold stronger binding
to the L-16Scd ribozyme of CCUCATAAAAA relative to CCUCdTMe
compared to the-1000-fold stronger binding calculated from nearest
neighbor rules for extended P1 duplexes with ak)Adase pair or the

(Table 9. This suggests that there is an added destabilizing >4000-fold stronger binding calculated for extended P1 duplexes with

effect from internally located & pairs that amounts to 0-6
1.1 kcal/mol AAAGay = 1.1 kcal/mol, andAAAGgc =

a GC pair replacing the cleavage siteGpair (9). Comparison of
model duplex data to nearest neighbor rules suggests that nearest
neighbor estimates are accurate for these specific sequences (Table 5

0.6 kcal/mol). Thus, this energetic analysis suggests thatand refs9—11).
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Ficure 3: Cartoon model of the self-splicing reaction. The P1 helix is colored blue, and the P1 extension and P10 are colored red. In the
first chemical step of self-splicing (transition from | to Il), an exogenous G (colored orange) attacks asfieéssite. Note that in Il the
extended P1 duplex is nicked. In a subsequent conformational step (transition from Il to Ill), the G, now covalently linked to the P1
extension, leaves the G binding site. Next, G414, the last nucleotide of the intron (colored cyan), enters the G binding site'-eradrthe 3

is aligned in P10 for ligation (lll to IV). In the second chemical step (IV to V), exons are ligated to be released in a last step (V to VI).

measured a¥r, the equilibrium constant for binding in

This thermodynamic coupling of substrates is also observedtertiary interactions. To determine whether there were

for the L-16 Scd ribozyme with CCUCdTA or CCUCd-
TAAACC bound (Figure 2C,D). The~10-fold coupl-
ing effect with the L-16Scd ribozyme is similar to the
6-fold effect with the L-21Scd ribozyme (ref 5 and

Figure 2B-D). Thus, neither the IGS extension nor the base
pairs formed with the IGS extension to give the extended

P1 duplex substantially affect the thermodynamic couplin
of substrates.

Binding of the 3-exon analogue (P) also strengthens

binding of UCGA to the L-21Scd ribozyme~5-fold (ref5

and Figure 2B). In the presence of the extended IGS alone,
weak binding of UCGA prevented determination of the

extent of product coupling. When the P1 extension is forme
cooperative binding of products is maintained with a couplin
effect of at least 6-fold (Figure 2D).

No Significant Contribution to'sSplice Site Analogue (S)
Binding from Tertiary Interactions with the P1 Extension

A large body of previous work has shown that binding of S

or P to the ribozyme occurs in two steps: formation of th
P1 duplex and subsequent docking of this duplex into
binding site at the active sitd (8, 52, 53). In the “docked”

additional tertiary interactions from the P1 extension, we
compared the& values for the L-21Scd and L-16 Scd
ribozymes.

Single-molecule FRET measurements at@have shown
that Kiert Values for the L-21Scd and L-16Scd ribozymes
(with all base pairs in the P1 extension formed) are similar
with values of 22+ 5 and 32+ 4, respectively%5). These
data are consistent with bulk measurements using modified
substrate analogues at 30 (Kirx = 15 and 23 for binding
to the L-21Scd and L-16Scd ribozyme, respectively; data
not shown). The simplest interpretation of these data is that
d, there are no significant interactions between the P1 extension
9 and the ribozyme. The recently determined crystal structure
of the Azoarcusintron suggests the formation of a single
hydrogen bond between th&@H group of the last residue
in J4/5 (G116 inTetrahymenpand the 20H group of the
first residue of the IGS extension (G21Tietrahymenga(65).

e A previous measurement of the effect of removing tertiary
a interactions involving 20H groups (by modification to'2
H) gave effects of~0.5 kcal/substitution, corresponding to

g

state, specific tertiary interactions between the ribozyme andan effect of~2-fold (75). Such a small effect is consistent

the P1 duplex contribute to binding of S and B T, 54,

with the similar tertiary stabilization observed for ribozymes

72—74). The strength of these tertiary interactions is with and without extended P1 duplexes.
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Probing the Effect of a (U Mismatch after the Cleage
Site

As described above, there is a change in base pairing
between the first and second chemical steps in self-splicing

(Figure 3 and Scheme 2) that originates from the replacement

of the 8-end of the intron with the'3exon. These segments
differ in the identity of thet+1 residue, A or U, resulting in
formation of an AU or U-U base pair in the first or second
step, respectively. Previous work with the L-&td ri-
bozyme has shown that a 1)-containing substrate weak-
ened G binding{6). These results were surprising and could
have arisen from fortuitous, nonproductive interactions of
the ligated exon analogue that interfered with catalysis.
Alternatively, it was possible that a previously unrecognized

mechanism used to render self-splicing irreversible had beenconstants are defined in Figure 2K,

uncovered. To distinguish between these possibilities, we
further investigated the effect from the H{) substitution
using the L-16Scd ribozyme.

Comparison of the contributions of tertiary interactions
toward binding of CCUCdTUAACC and CCUCdTAAACC
shows that in the absence of G the-tl(-containing
substrate docks more strongly into the active site than the
A(+1)-containing substrat&(x = 230 and 23 for CCUCd-
TUAACC and CCUCdTAAACC, respectively; Table 4),
providing evidence for tertiary interactions with Y{).
Further, the tertiary binding energy of CCUCdTUAACC is
4.0 kcal/mol in the absence of bound G, 1 kcal/mol more
than that observed in the presence of bound G (Table 4).

Karbstein et al.
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X

Equilibrium Constants
Relative to L-21 Scal
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Ficure 4: Summary of the effects on equilibrium constants from
IGS extension (black columns) and the formation of the P1
extension (white columns) on the ribozyme reaction. Equilibrium
UCCA" refers to binding of
UCGA (black columns) or UCGAAACC (white columns) in the
presence of bound P. Similarlb(f refers to the binding of-1d,-
rSA (black columns) or—1d,rSAC, (white columns) in the
presence of bound UCG. All values are relative to the LS2H
reaction and were calculated from Figure 2. Effects from the IGS
extension were determined from comparison of reactions with the
L-16 Scd ribozyme that has CCUCdTA bound. The combined
effects from the IGS extension and formation of base pairs with
that extension were determined from reactions of the LSt@
ribozyme with CCUCdTAAACC bound.

(dark columns) and from formation of the P1 extension (light

columns). These effects are summarized briefly below.
The presence of the IGS extension (dark columns in

Figure 4) strengthens binding of G and P and weakens

The stronger binding energy without G present suggests thatyinding of UCGA (second and third set of columns in

G binding disrupts the tertiary interactions with CCUCd-
TUAACC.

Comparison of the rate of reaction from the L-$6d
E:S‘G complex with Uf-1)- and A@-1)-containing sub-

Figure 4, respectively). Further addition of the base pairs
with the IGS extension (white columns in Figure 4) affects
only reaction steps in which the base pairs directly tether
the ligand to the ribozyme (first and fourth set of columns

strates shows that both reactions proceed with the same raten Figure 4) These data suggest that the IGS extension

constant k. = 0.039 and 0.041 mirt for the reaction of
CCUCdTAAACC and CCUCdTUAACC, respectively;

modulates kinetics and thermodynamics in self-splicing
beyond its role in positioning the-&xon for ligation in the

Table 4). This observation suggests that the presence ofsecond step of self-splicing. P bound to the L-$6d

guanosine restores interactions that are important for cataly-
sis, supporting the notion that the effect from-l() is
fortuitous and nonproductive.

The previous results and the analysis of theU effect
suggest that the interactions of the+d()-containing sub-
strate with the L-21Scd are fortuitous, providing another
example of RNA’s conformational promiscuity (e.g., r8t
55, 77, and 78). The promiscuous interaction can be
overcome by occupying other portions of the active site in
their cognate interactions with G and by immersing the U
U pair within a duplex, effects that have implications for
understanding the origins of tertiary structure specificity in
RNA (58).

SUMMARY AND IMPLICATIONS

Summary of Effects from the IGS Extension and the P1
ExtensionA stepwise approach to dissecting the contribution
from individual elements within the group I intron to the
self-splicing reaction was taken. Starting from the well-
characterized L-21Scd ribozyme, which lacks 21 nucle-
otides at the Sterminus and five nucleotides at thé- 3
terminus, we restored sequence elements at ‘tesds and
determined their effect on individual steps of the ribozyme
reaction. Figure 4 summarizes effects from the IGS extension

ribozyme 40-fold stronger than to the L-&lcd ribozyme
(Figure 2B,C). This large effect from the IGS extension was
especially surprising as binding of thedplice site analogue
(i.e, S = rSMe or rSA) lacking the ability to form the P1
extension was essentially unaffected.

Last, the effects from the IGS extension on the product
side of the framework are larger than the effects on the
substrate side, with-23-fold stronger binding of (UC)G and
2-fold weaker binding of S, compared to 40-fold stronger
binding of P and 12-fold weaker binding of UCGA
(Figure 2B,C). This asymmetry suggests that the com-
munication between the ribozyme extension and the active
site is different when S and UCG or P and UCGA are bound.
The origin of these differences is not understood.

Role of the GU Pair in Self-Splicing.The P1 extension
is a dynamic secondary structure element. During the first
step of self-splicing, three AJ pairs are formed in the P1
extension. These base pairs have to be broken to allow
positioning of the 3splice site, which occurs through base
pairing of the 3-exon with the IGS extension to form the
P10 helix [Figure 340—43)]. A recent mutational analysis
showed that a modest stabilization of the P1 extension, which
is expected to slow dissociation of this duplex, results in
splicing defectsq9). It thus appears possible that disruption
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of the three AU pairs could be rate-limiting or nearly rate-
limiting for the first step of self-splicing. These consider-

Biochemistry, Vol. 46, No. 16, 2004873

L-16 Scd ribozyme (Figure S1) and dissociation rate
constants of different substrates at 30 andG({Table S1).

ations lead to the following questions. How are the base pairsThis material is available free of charge via the Internet at
in the P1 extension preferentially broken while those in P1 http://pubs.acs.org.

remain intact to prevent dissociation of theexon before

the second step of self-splicing? Also, how is rapid dissocia- REFERENCES

tion of the ligated exons, the final product, ensured?

As noted above, previously published structural data with
model duplexes suggested that stacking is disrupted by an
internal GU wobble pair so that stacking between the P1
and the P1 extension helices might not be expected to be
continuous §6—68, 70). This structural picture is supported
by the recently determined X-ray structures of the group |
intron (65, 71). Furthermore, this structural picture of internal
G-U pairs is reflected in their energetics; substitution of a
Watson-Crick pair with a GU pair in a model duplex has
a larger effect within a helix than at the end (see Formation
of the Extended P1 Duplex) and an even larger effect of
>2.8 kcal/mol measured on the ribozyme.

The discontinuity in stacking between P1 and the P1
extension presumably causes the observed loss in cooper-
ativity of base pair formation at the junction of these helices
such that a lone base pair beyond th&@air is not formed.

In self-splicing, this interruption of cooperativity might
facilitate release of the ligated exons after the second step
of self-splicing. The discontinuity in stacking could also
facilitate exchange of the P1 extension with thegon after

the first chemical step in splicing (Figure 3-IV) while
holding onto the 5exon in P1 for exon ligation. For
exchange of the P1 extension with P10 to be facilitated by
the GU pair, the GU pair is required to exert its destabiliz-
ing effect even in the case of a nicked duplex [as found after
the first chemical step of self-splicing (Figure 3, 11)]. While

it is possible that the disruptive effect from thel@Gwobble
pair is dependent on a covalent linkage and would then
disappear with a nick, the data in Table 3 show that the
contribution from the P1 extension is independent of covalent
linkage to P1, suggesting that thelGpair also disrupts the
noncovalently linked, nicked helix. This notion is also
consistent with the crystal structures on the group | intron
in the intermediate form6b, 71). Thus, the GU pair may
serve a previously unappreciated role in self-splicing. Be-
sides helping to define the position of the cleavage site
through tertiary interactions2( 73), the GU wobble pair
uncouples the stability of the P1 and P1 extension helix,
allowing coordination of conformational transitions
needed to accomplish the two transesterification steps in self-
splicing.

Proline is an amino acid that disruptshelices or3-sheets
in proteins. This disruption arises because proline does not
have a free backbone amide for hydrogen bonding with
carbonyl groups within helices or sheets. We suggest that
G-U wobble pairs in RNA molecules can act analogously.
Internal GU wobble pairs weaken the stacking interactions

between two helical segments, thereby reducing or removing 19

the cooperativity between these segments so that they become
quasi-independent, rigid modules.
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