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Probing the Interplay between the Two Steps of Group | Intron Splicing:
Competition of Exogenous Guanosine witiG'
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ABSTRACT: One largely unexplored question about group | intron splicing is how the cleavage and ligation
steps of the reaction are coordinated. We describe a simple in vitro trans-splicing model system in which
both steps take place, including the exchange of ligands in the guanosine-binding site that must occur
between the two steps. Using this model system, we show that the switch is accomplished by modulating
the relative affinity of the binding site for the two ligands. While the terminal guanosine of the intron
(wG) and exogenous guanosine compete for binding during the first step of splicing, no competition is
apparent during the second step, wlagh is bound tightly. These results help explain how the ribozyme
orchestrates progression through the splicing reaction. In addition to providing a new tool to ask basic
guestions about RNA catalysis, the trans-splicing model system will also facilitate the development of
therapeutically useful group | ribozymes that can repair mutant mRNAs.

Ever since their discovery, group | introns have served as Self-splicing
a model system to study RNA structure and function. Great oS
oy Step 2
n LN
ligation

progress has been made in elucidating the mechanism of g e ©
action of these RNA enzymed,(2), and an increasingly

detailed view of their structure is emergirig} @). Neverthe-

less, certain aspects of group | ribozyme catalysis remain

poorly understood. The natural function of group | introns  Trans-splicing/RNA repair
is to catalyze their own removal from precursor RNAs in a QG
two step self-splicing reaction, in which cleavage at the 5 ____*%&__ e Step 1
splice site precedes exon ligation (Figure B). (Splicing mutation
requires guanosine which binds to a specific site in the

catalytic core of the ribozyme6( 7) and acts as the

nucleophile during 5splice site cleavage3)]. The same site

is used to bind the terminal nucleotide of the intron, also a L Qe sten Sten 2

. . - - oH ep Gaa; ep w
guanosine (frequently calledG?), 'durln'g exon ligation to vy —_— ot | —t GCCUCUaaa
help position and activate the 8plice site —11). Conse-

quently, an exchange of ligands in the guanosine-binding Ficure 1: Group | intron splicing reactions. The intron is shown
site has to take place between the two steps (Figure 1). Whileas a solid line and the exons as dashed lines. During the natural

PR ; : self-splicing reaction (top)'Splice site cleavage (step 1) precedes
there is direct evidence for several conformational changes_, - ligation (step 2). Exogenous guanosine serves as the nucleo-

between the two reaction steps in at least one group l'intronphile during the first step, and is displaced &y, which helps

(12) and for dynamic behavior of the guanosine-binding site position the 3splice site for the second step. Trans-splicing (middle)
(10, 13-19), exactly how the ribozyme orchestrates this is %nalogouf to ﬁeﬁsplicmg except tlhatlthe Subﬁt:jate |T1NA, which
i i i i substitutes for the'%exon, is not covalently attached to the intron.
ligand switch remains largely unexplained. RNA repair can be accomplished through trans-splicing if the initial
cleavage takes place upstream of a mutation, and the mutated
t Supported by NIH Grant GM 53525 (B.A.S.) and by a grant from S€duence is replaced with a wild-type version attached to the

the Jane Coffin Childs Memorial Fund for Medical Research. P.P.Z. is fibozyme as a'®xon. In a simple model for trans-splicing (bottom)
a Fellow of the Jane Coffin Childs Memorial Fund for Medical & mutant sequence (AAAAA) in an oligonucleotide substrate is

cleavage

Minimal in vitro model system

Research. replaced by a shorter wild-type sequence (aaa).
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* Center for Genetic and Cellular Therapies, Department of Surgery. Of RNA structure and catalysis, group | ribozymes may also
fDepartme_nt of Genetics. _ ) _ be useful as RNA repair agent®0-24). Repair of mutant
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substrate upstream of the offending mutation, followed by
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reduces the possibility of’ 2nd heterogeneity in the final

ligation of a wild-type version of the removed sequence that transcript. The use d#fu polymerase, which has much higher

is delivered by the ribozyme as its&on (Figure 1). While

group | ribozyme-mediated RNA repair has been demon-

strated both in vitro and in viva2Q, 21, 23, 2% significant
improvements in ribozyme activity will most likely be

fidelity than Taq polymerase, also decreases the likelihood
of introducing unwanted mutations into the transcription
template during PCR. PCR conditions were as recommended
by the manufacturer [94C— 2 min (94°C, 1 min; 60°C,

required for this approach to become therapeutically viable 1 min; 72°C, 2 min) x 30 cycles, 72°C, 10 min]. PCR
(27). A necessary first step toward optimizing RNA repair products were phenol extracted and ethanol precipitated.
in mammalian cells is to gain a greater understanding of the Transcription conditions were as described above for the
basic trans-splicing reaction in vitro. L-21Scd and L-21G414 ribozymes, except that the MgCl
We have therefore developed a minimal in vitro model concentration was lowered to 5 mM to prevehsglice site
system for trans-splicing that is derived from previously hydrolysis 84), and~0.5-1.5ug of PCR product was used
described approaches to study group | ribozyme catalysisas the template in place of linearized plasmid. No significant
(Figure 1) (O, 17, 28, 2% This system is unique in that 3 splice site hydrolysis€2% after 2.5 h) was detected when
both steps of splicing occur yet, unlike in self-splicing 3'-3?P-labeled L-21A ribozyme was incubated under tran-
reactions, substrate and ribozyme can be manipulatedscription conditions. Mutations were introduced by standard
independently. Furthermore, the complicating effects of long PCR methods, and transcription templates then were pro-
exons, which may form unfavorable intramolecular interac- duced as described above for the wild-type ribozymes.

tions that can interfere with self-splicing reactioB8+ 33),

Ribozymes were purified on 6% denaturing polyacrylamide

are avoided. The new system not only allows characterizationgels, eluted overnight at 4C by soaking the gel slices in

of the RNA repair reaction, but also lends itself to a detailed

buffer (10 mM Tris, pH 7.5, 1 mM EDTA, and 0.3 M sodium

examination of the interplay between the cleavage andacetate), and ethanol precipitated. Concentrations were

ligation steps of splicing, including the exchange of ligands
in the guanosine-binding site. We show that during the
cleavage step exogenous guanosine competesw@tior

determined by measuring the @ assuming 1 ORy =
40 ug/mL and using the molecular weight calculated from
the ribozyme sequence.

access to the guanosine-binding site. In contrast, during the Substrates.RNA oligonucleotide substrates were pur-
ligation step, exogenous guanosine is unable to compete withchased from Dharmacon Research Inc. (Boulder, CO). They

oG. The ribozyme therefore manipulates the relative affini-
ties of the guanosine-binding site for free guanosinew@d
thereby promoting progression of the splicing reaction in a
sophisticated manner.

MATERIALS AND METHODS

RibozymesThe L-21Scd ribozyme was transcribed from
plasmid pT7L-21 29) linearized withScd. Transcription
conditions were 40 mM Tris (pH 7.5), 25 mM MggCI2
mM spermidine, 10 mM dithiothreitol, 4 mM each nucleoside
triphosphate, 500 units of T7 RNA polymerase, anduj0
of linearized plasmid template/1@Q of volume. Transcrip-
tion reactions were performed for 2.5 h at 3C. The
L-21G414 ribozyme was transcribed from plasmid pT7L-
21 linearized withNdd, which produces a transcript with
~200 nucleotides following G414 of the intron. Transcription
was performed under the same conditions as for the$eal
ribozyme, which are permissive for specific $plice site
hydrolysis. Hydrolysis results in a ribozyme ending with
G414 as the'3erminal nucleotide that is significantly shorter

were deprotected according to the manufacturer’s instructions
and purified on 20% denaturing polyacrylamide gels. Thio-
effects were measured with substrates having a mixture of
R, andS, phosphorothioates at the cleavage site, taking into
account the presence of the unreactive isomer when deter-
mining the observed rate constaritd)( Concentrations were
determined by measuring the @ assuming 1 ORo =

20 ug/mL (a conversion different than that used for the far
larger ribozymes; see r86). Substrates were &nd labeled
using T4 polynucleotide kinase and a molar excegs[8fP]-

ATP (6000 Ci/mmol), purified as above and desalted en C
cartridges (Waters). Concentrations were estimated by com-
paring the counts per unit volume of purified, labeled
substrates to known standards)ef*?P]ATP using a Storm
Imager (Molecular Dynamics) and assuming quantitative
labeling.

Kinetics. All reactions were single turnover, using trace
concentrations of '5*?P-labeled substrate~0.2 nM final
concentration unless otherwise indicated) and ribozyme
excess. Incubation of 3?2P-labeled L-21Aribozyme under

than the unprocessed transcript, allowing easy separation orfolding/reaction conditions revealed low or undetectable

a polyacrylamide gel 1(0). The L-21As ribozyme was

transcribed using a template generated from plasmid pT7L-

21 by PCR. The 5PCR primer (5ATT TCA CAC AGG
AAA CAG CTA TG-3') hybridizes upstream of the T7

promoter and was used directly as supplied by the manu-

facturer without further purification. The ®rimer (3-TTT
CGA GTA CTC CAA AAC TAA TC-3) is complementary
to the last 20 nucleotides of the intron, ending with G414,

levels of 3 splice site hydrolysis during the reaction times
used in the experiments describedlQ% at 37°C, pH 7.5
after 20 min;< 5% at 50°C, pH 5.5 after 4 h;< 1% at 37
°C, pH 5.5 after 20 min).

(kea?Km)S. Ribozyme in 2QuL of buffer (50 mM Tris, pH
7.5) was heated to 9% for 1 min, followed by addition of
20 uL of ice-cold buffer (50 mM Tris, pH 7.5, and 20 mM
MgCl,) containing enough magnesium to give a final

followed by an overhang to encode the three adenosineconcentration of 10 mM. The ribozyme was allowed to fold

residues that constitute thé 8xon. The 3 primer was
purified on a 20% denaturing polyacrylamide gel before use
to avoid size heterogeneity. PCR was performed with
polymerase (Stratagene) which, unlikegpolymerase, does

for three minutes at 37C before the reaction was initiated
by adding substrate and guanosirer®nophosphate (final
concentration 2 mM), preequilibrated for 4 min at¥7, in
40 uL of buffer (50 mM Tris, pH 7.5, and 10 mM Mge@)l

not add nontemplated nucleotides and therefore further Reactions were performed at 3Z. At least eight time points



18058 Biochemistry, Vol. 37, No. 51, 1998 Zarrinkar and Sullenger

UGCA A
A A
bZh Reaction time (minutes)
G=C
&7V, 05 1 2 3 4 6 8 10 12 15 20
u A
A
C=-G
CCCUCUAAAAA [ il @ @ & & & = = = &
usG
SRR menmaearees CCCUCUaaan B
AobA%,bAEAGGAR CCCUCUaaa [ # @ @ & & @ @& & = = 8
G
- ¢
g nor—f= Internal |

a-c guide L-21Sca | ma—p
g:é sequence L-21G414
c=aG

[

CCCUCU | * m @ m e ae o aa®

fd™)
Yocoronn>ax
Frrearrna

<
>0

cooc

NN
LBV L
[-X:3-1-1")

co

3
,.|
»000 0>

e
oc
»c?

o
Com>0ndo0 7

1.0
0.8
0.6
0.4
0.2
0.0 : 1

T T
0 5 10 15 20
Time (min.)

Ficure 3: Trans-splicing catalyzed by the L-23Abozyme. The
experiment was performed as described in the Materials and
Methods for determination ok{x/K,)S with a ribozyme concentra-
tion of 5 nM. (A) Image of a 20% denaturing polyacrylamide gel
on which reaction products were separated. Substrate (CCCUC-
UAAAAA), intermediate (CCCUCU), and product (CCCUCUaaa
and CCCUCUaaan) are clearly resolved. Lower case letters indicate
nucleotides transferred from thé &on of the L-21A ribozyme
(see Figure 1). A small fraction of the ribozyme contains a single
nontemplated nucleotide (presumably added by T7 RNA poly-
merase) that follows the three template-encoded adenosines at the
3 end, giving rise to the CCCUCUaaan product. Comparing the
were taken at regular intervals by removing:b aliquots reaction shown here with reactions using the 1S24 ribozyme
and adding them to &L of stop solution (90 mM EDTA, and the same preparation of labeled substrate indicates that all of
0.05% bromophenol blue, and 0.05% xylene cyanol in 88% the radioactivity migrating as CCCUCUAAAAA at the reaction

. .~ endpoint (~10% of the input) is due to substrate that has not reacted,
formamide). Products were separated on 20% denaturlngand not to the presence of product containing two nontemplated

polyacrylamide gels and quantitated using a Storm Imager nucleotides transferred from the ribozyme. (B) Quantitation of the
(Molecular Dynamics). The data were fit to single exponen- trans-splicing reaction shown in A. The first stda) (s analyzed

tials to obtain observed rate constants. To determiipg ( by adding the fraction of intermediate (CCCUCU) and products
K)S, at least four experiments were performed in the range (CCCUCUaaa and CCCUCUaaan added together; separate analysis

h ies li v with the rib . shows that these two products behave identically, and can be treated
wherekops varies linearly with the ribozyme concentration. 55 one), and plotting them as a function of reaction time. The second

A plot of kops Vs ribozyme concentration gives a straight line, step @) is analyzed by plotting the fraction of products (CCCU-
and the slope is equal tok{/Km)S. Doubling the pG CUaaa and CCCUCUaaan) as a function of time. Kfagfor the

concentration had no effect dys Verifying that the pG first and sgcond step are 0.53 z_ind 0.62 Thimespectively, and

concentration was saturating. tsktlgpendpomts are 0.89 for the first step and 0.21 for the second
(Kea?Km)®, ke, Ky2*C. Experiments were as described for '

(kealKm)S, except that MES (pH 5.5) was used instead of Tris hydrolysis was subtracted from thgsat each [pG], although

as a buffer, ribozyme concentrations were saturating (100this had no significant effect on the results.

nM; doubling the concentration had no effect kg, and Pulse-Chase ExperimentReactions were performed as

pG concentrations were varied appropriately. To determine described above, with 50 mM MES (pH 5.5), except that

(keal Km)© directly, at least four experiments were performed the reaction and equilibration temperature was %0

in the range wherky,svaries linearly with pG concentration.  Concentrations during the pulse were 100 nM ribozyme, 4

A plot of kops VS [pG] gives a straight line, and the slope is mM pG, and 0.6 nM*?P-labeled substrate. After 12 min,

equal to keafKm)®. To determinek; and KyPC, kops Was once the first step had gone to completion and the second

measured over a broader range of pG concentrations (Figurestep equilibrium had been established, part of the reaction

5), and the data fit to the equatidigys = [K[pG]/(KyFC + was diluted 10-fold into a chase solution (50 mM MES, pH

[PG])]- Due to site-specific hydrolysis, there is still a very 5.5, and 10 mM MgG) containing 2uM unlabeled substrate.

slow reaction in the absence of p@8]. The kys for The reaction was then allowed to proceed atG0The value
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FIGURE 2: Secondary structure of tHeetrahymenaibozyme. The
base pair proposed to interact with guanosine is boXed3), and

the internal guide sequence is indicated. TheeBmini of the
L-21Scd, L-21G414, and L-21A ribozymes and the mutations
introduced at G414 and the guanosine-binding site are pointed out
with arrows. The three adenosines of tHeeRon in the L-21A
ribozyme are in lower case letters.
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- 1.0 L-21A;, was therefore generated that carries 'ae®on
% 0.8 consisting of three adenosine residues (Figure 2). This exon
S 0.6 length was chosen to allow easy discrimination of the ligated
c trans-spliced product from both the substrate and the
2 0.4 intermediate cleavage product, while avoiding any complica-
go0.2 tions possible with longer exon sequenc88—«33). Ap-
i 0.0 propriate steps were taken to prevent excessiveeril
J ! ! ! heterogeneity and hydrolysis at thé $plice site during
0 50Tim¢1a(:?nin.;50 200 transcription, and control experiments showed that no

significant 3 splice site hydrolysis occurred during folding
of the ribozyme or during the trans-splicing reactions (see
is established W) The fraction of substrate cleaved during the first Materials and Methods). The same short RNA oligonucleo-

step (CCCUCU); &) The product of second step ligation (CCCU- tide that has served as a substrate for the §€21(28, 29
CUaaa). Ligated product (CCCUCUaaa) accumulates during the and L-21G414 ribozymesl() can be used by the L-2%A

chase phased). ribozyme. This oligonucleotide (CCCUCUAAAAA) consists
of six nucleotides complementary to the internal guide

Ficure 4: Pulse-chase experiment to probe the second step
equilibrium. During the pulse phase (solid symbols) the equilibrium

- 1.0 sequence of the ribozyme3g, 39, followed by five
o= 0.8 adenosine residues. During the first step, the L21A
‘e 0.6 bozyme cleaves the substrate in a reaction equivalent to both
s 0.4- the first step of splicing and the cleavage reaction catalyzed
;3 0.2 by the L-21Scd ribozyme @8, 29. During the second step,
the 3 exon is ligated onto the upstream cleavage product in
0.0+ T T T I | a reaction equivalent to the second step of splicing and the
0 1 2 3 4 ligation reaction catalyzed by the L-21G414 ribozyme
[pG] (mM) (Figure 1) (0). A representative experiment is shown in

FIGURE 5: Guanosine binding to the L-3td (M) and L-21A; (a) Figure 3. The substrate (CCCUCUAAAAA), intermediate
ribozymes at 37C, 10 mM MgCh, pH 5.5. Experiments were ~ (CCCUCU), and product (CCCUCUAAA) are all of different
performed at a series of pG concentrations and the data were fit aYengths and can be resolved on polyacrylamide gels (Figure
ﬂ?;zéftﬁglﬁg;h%ma;e;&az /‘";‘Dréda'\r/'eeg:\?gﬁ ‘;ﬂr-‘rj:gfé”l'.nat'm ahd  3A) From a single experiment, rate constants for each of
the two reaction steps can be determined (Figure 3B). Both
the intermediate and the final product represent substrate
molecules that have undergone the first stepkssgfor the
first step (Figure 3B, squares) is obtained by plotting the
sum of the fractions of intermediate and product versus time.
The fraction of ligated product alone, plotted as a function
of time, yieldskq,s for the second step (Figure 3B, triangles).
Since both steps take place, but can still be analyzed
we have used th&etrahymenaibozyme, the most exten- individually, the L-21A ribozyme represents a useful tool
sively studied group I intron (Figure 2)(2). Two versions  to probe the interplay between the two steps of group | intron
of this ribozyme have been previously described that can splicing.
perform either the first or the second splicing step on short  The Second Step Equilibriun©ur first goal was to
oligonucleotide substrates supplied in trans (Figures 1 andcompare the reactions catalyzed by the L-2fiBozyme with
2) (29, 39. The first version, called L-2cd, lacks the first  published results obtained using the LS2H and L-21G414
21 and the last five nucleotides of the full-length intron variants described above. It was immediately apparent that
(Figure 2) @9). While it is capable of catalyzing the first  while the first step in the L-21Acatalyzed reaction es-
step cleavage reaction, using guanosine (or guanosine 5 sentially goes to completion, not all of the intermediate
monophosphate, pG) as a nucleophile, it is unable to catalyzeproceeds through the second step (Figure 3). Experiments
exon ligation due to the lack of & 8xon and the '3erminal with the L-21G414 ribozyme have shown that the second
guanosine of the native intromG, G414 in theTetrahymena  step is readily and rapidly reversible and that an equilibrium
ribozyme) @8, 29. It has been argued that, if an oligonucleo- s reached in which only a fraction of the substrate exists in
tide mimic of the 3 splice site (UCGA) is provided as a the ligated statel(). To test whether a similar equilibrium
substitute fowG, the L-21Scd ribozyme may also be used s established with the L-21Aribozyme, we performed a
to model the second reaction step/( 37). The second  pulse-chase experiment as previously described (Figure 4)
version of theTetrahymenaribozyme, called L-21G414,  (10). A trace amount of2P-labeled substrate was added to
retains the terminal five nucleotides of the intron (Figure 2) a high concentration of ribozyme to permit rapid and
(10). It can catalyze the second splicing step in both the complete binding, and the reaction was allowed to proceed
forward and reverse directions, using G414 as the nucleophileyntil the first step had gone to completion and the putative
in the reverse reaction (see Figure 1), but still lacks the 3 second step equilibrium had been established (Figure 4,

of kops for product accumulation during the chase depends
on several microscopic rate constarit§)( and conditions
were chosen to maximizeys during the chase.

RESULTS

An in Vitro trans-Splicing Systerfor our investigations,

exon necessary to carry out both splicing stef® ¢9.

We reasoned that addition of a short &on to the
L-21G414 ribozyme should allow it to catalyze both steps
of a trans-splicing reaction. A ribozyme, which we call

closed symbols). A large excess of unlabeled substrate was
then added to prevent any intermediate or product that had
dissociated from the ribozyme from rebinding. Since the
ligated product is known to dissociate much faster than the
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Table 1: Kinetic Constants for L-&icd and L-21A; Ribozymes gesting that the rate of chemistry i_s not affected by the
(keadK)5 2 presence of a'3exon. However, while th&,,*¢ for the
al m,

L-21Scd ribozyme was also similar to published result8)(

ribozyme M~Lmin?t KyPCb(mM) k& (min-?t :
C 2lscaiwt) a 0(6:I:023) )1 7 01116:|:(O 04) 08(&00)5 an almost 4-fold increase was observed for the L21A
= . . X . . . . . .
L-21Aq (W) (0.86+ 022)x 1°  0.56+0.05 0.84+ 0.03 ribozyme (Figure 5, Table 1). Together, these results

L-21A; (G414U) nd 0.1840.01 0.80+ 0.06 demonstrate that while there appear to be no fundamental
aDetermined as described in the Materials and Methods &aC37 differences in ,the cleavage reaction catalyzed by the L32,1A
10 mM MgCh, pH 7.5. The errors represent the range of values obtained aNnd L'2.]SC5[ r|b02¥mesa the presence of the terminal five
when dividingkoss by the ribozyme concentration for each concentration nucleotides of the intron and & 8xon does seem to have
used.® From _experiments shown in Figurfe 5 for the LSﬂsl(wt) and an effect on binding of exogenous guanosine.
L-21Az(wt) rlboz_ymes, and from a similar experiment for the Competition between Exogenous Guanosine and wG
L-21A3(G414U) ribozyme. The errors represent the range of values duri the First StepAt | t th | ti for th
obtained in two independent sets of experimehiéot determined. uring the Firs eP . eas ree explanatons . or the
apparently weaker binding of exogenous guanosine to the

) ) ) ) ) L-21A; ribozyme are possible. One, a change in the rate-
intermediate, dissociated product is expected to accumulatqimiting step has occurred, ari,»¢ does not equakq"®

during the chase phase of the experiment if there is indeedsy, the | -214, ribozyme under these conditions. Two,
a rapid equilibrium 10, 31). Alternatively, if there is a second guanosine binding to the longer L-23Aibozyme may be
step defect, no increase of ligated product would be eXpeCted-intrinsicaIly weaker, compared to the truncated LS2d
Ligated product did accumulate during the chase, demon-\orsion. Three, the terminal guanosine of the intros},
strating that the incomplete conversion of intermediate to \\hich is absent in the L-Rcd ribozyme (Figure 2) but has
product is due to the reversibility of the second step and not ;5 pind to the guanosine-binding site during the second step
to a fraction of the ribozyme being unable to perform the ¢ splicing in the L-21A ribozyme, competes with free
second step because of inactive conformations or loss of theguanosine during the first step.

3 exon (Figure 4, open symbols). Not all of the intermediate ™ 1 o5t whether the chemical step remains rate limiting

is eventually converted to product, however, presumably ¢, the | -214, ribozyme, we measured the effect of replacing
because some of the intermediate also dissociates from thgy,o phosphate at the cleavage site in the oligonucleotide
ribozyme during the long chase. Parallel experiments with g hirate with a phosphorothioate. This substitution results
the L-21G414 ribozyme showed that under our conditions jn, 5 thio-effect, a small but distinct decrease in the observed
the position of the second step equilibrium, as well as the 4o constant, if chemistry is rate limitind4, 49. We
kobsand extent of product accumulation during the chase were 5yseryved a thio-effect of similar magnitude for the L-21A
the same, within error, as for the L-24Abozyme (data 54 | -215¢4 ribozymes, measured in side-by-side reactions,
not shown). The properties of the second step reaction 4; pG concentrations both below and above Khg® [2.4
catalyzed by the L-214ribozyme therefore are consistent | q7 and 2.8+ 0.4, respectively, at low pG (0.1 mM), 1.5
with the intrinsic properties of the second step determined | 5 91 and 1.6- 0.1, respectively, at high pG (similar values
with the L-21G414 ribozymel(). were observed at 2 mM and 4 mM pG); the errors encompass
Comparison of L-21Scal and L-23ARibozymes.To the range of values obtained in two independent experi-
evaluate the first splicing step catalyzed by the L-21A ments]. Combined with the absence of a lag in product
ribozyme and compare it in more detail with the extremely formation and the confirmation that ribozyme concentrations
well-characterized cleavage reaction catalyzed by the3e@1  were saturating (see Materials and Methods), this suggests
ribozyme, we measured several kinetic constants that reflectthat chemistry remains rate limiting and is consistent with
individual steps along the reaction pathway. The second-K, ¢ = K£G for both the L-21A and the L-28cd
order rate constant at low concentrations of ribozyme (E) ribozymes (3). The difference irky°® values between the
and saturating concentrations of pGea{Km), represents | -21Scd and L-21A; ribozymes therefore is most likely due
reaction of the ribozym@G complex with free substrate{E  to a difference in guanosine binding and not a change in the
pG + S) For the L-28cd ribozyme, kca{Km)S is limited rate-"miting step.
by substrate binding and equivalentkg for the substrate To distinguish between the remaining two possibilities,
(28). The values of KeafKim)® for the L-21A and L-21Scd we mutatedwG to U (G414U) (Figure 2). A uracil in the
ribozymes are the same, within error, and agree well with terminal position of the intron is unable to occupy the
previously published results (Table B8 40. A pulse-chase  guanosine-binding site and prevents the ribozyme from
experiment, as describe@8d), confirmed that under these  carrying out the second step of the reactié®)(If guanosine
conditions substrate blndlng is also rate Ilmltlng for the b|nd|ng to L-21A is intrinsica”y weaker than b|nd|ng to
L-21A; ribozyme (data not shown). L-21Scd because of the additional nucleotides, then the
Lowering the pH from 7.5 to 5.5 slows down the chemical G414U mutation should have little effect dfy”C. If,
cleavage step, and at saturating concentrations of ribozymehowever, weaker apparent binding is due to competition
and pG,kqps equalsk,, the rate constant for the chemical betweenwG and exogenous guanosine, the mutation should
step (L3, 40. Furthermore, thé,,, for pG (K% at low restoreK,*® to that found for the L-2%cd ribozyme. The
pH and saturating concentrations of ribozyme is equal to its Ky,°¢ for the L-21A3(G414U) ribozyme is decreased com-
dissociation constantk(’®) from the ribozymesubstrate pared to L-21A(wt) and within error of that observed for
complex (L3, 19 and is therefore sensitive to effects on L-21Scd (Table 1). No significant change k is observed,
guanosine binding. The value &f for the L-21Scd and showing that the mutation does not affect the chemical rate
L-21A; ribozymes was the same, within error, and consistent of the first step. These results are consistent with the
with previously published results (Table 13, 40, sug- hypothesis that there is competition between exogenous
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Table 2: Effect of MutatingsG or the Guanosine-Binding Site on € @pparent difference in guanosine-binding affinity between
Binding of Exogenous Guanosine the L-21Scd and L-21As versions of the ribozyme. These

G (AL i1 observations support the proposal that an interaction between
(KealKm)® (M~ min~™) . ! . " e
the terminal nucleotide and the guanosine-binding site is
responsible for that difference in the wild-type ribozymes.
we 5.4 18: 1.5x 18: 3.6+ 1-2 Together, these results strongly suggest that during the first
ggégg 4?‘12 1 2‘;‘12 1 i%i 8'4 step of splicing exogenous guanosine competes md@for

' ' access to the guanosine-binding site artél essentially acts

3 Calculated fronKy*® andk. in Table 1.> Determined as described ; PP B
in Materials and Methods at 3T, 10 mM MgCh, pH 5.5. The errors 85 @ intramolecular competitive inhibitor. While it is most

represent the range of values obtained in two independent sets ofliKely that the competition is direct, it cannot presently be
experiments® Ratios of ke.fKm)® for the L-21Scd and L-214; versions completely ruled out thatwG alters the affinity of the
of the ribozymes. Errors were determined by standard propagation of guanosine-binding site for exogenous guanosine and therefore
the errors in exper(i;mentally determined values KgrKy*¢ (wt and competes indirectly.
G414U), O KeafKn)® (A265G). No Competition between Exogenous Guanosine@d
during the Second Stefince there is competition for access
guanosine and G414 for access to the guanosine-binding siteo the guanosine-binding site during the first step, we wanted
during the cleavage step of the splicing reaction. to test whether this is also the case during the second step.
As a further test of the competition hypothesis, we also At low pH, where chemistry is rate limitindfossfor the first
determined the effect of mutating the guanosine-binding site. step is dependent on the fraction of ribozyme that has
Guanosine binding requires the interaction of guanosine with exogenous pG bound (see Figure B3)( since pG has to
a base pair in the ribozyme core (Figure 2) 43 as well be present to act as a nucleophile. Similarly, the second step
as a second contact with an adjacent nucleotide (A265) ( can only proceed whenG is bound in the guanosine-binding
44). To weaken, but not abolish, guanosine binding, we site, and thekops is expected to depend on the fraction of
mutated A265 to G (Figure 2%8). If there is competition ribozyme havingwG bound (0). If competition exists
between exogenous guanosine an@, then the ratio of  petweenwG and exogenous pG during the second step of
Ky for the L-21A and L-21Scd versions of the A265G  splicing, increasing the concentration of free pG would be
mutant ribozyme should be lower than it is for the two expected to displaceG from the guanosine-binding site.
versions of the wild-type ribozyme. This would be expected This would result in a decrease kgys for the second step,
because, while weaker binding of exogenous guanosine carwhereask.ps for the first step should continue to increase
be overcome by increasing the free guanosine concentrationuntil saturating concentrations of pG are reached laggd
the effective concentration ofG is fixed and the ribozyme  equalsk.. We therefore comparekiys for the first (Figure
cannot compensate for the decreased affinity of the gua-6A, closed symbols) and second steps (Figure 6A, open
nosine-binding site fowG. symbols) at increasing concentrations of pG. No decrease
Due to the significantly weaker binding of pG to the in kos for the second step was observed even at high pG
A265G mutant, it was not possible to accurately determine concentrations. Insteaklsfor the second step increases with
the k. and Ky2*¢ individually, as shown for the wild-type increasing pG concentrations and is almost identicdhgo
ribozymes in Figure 5. Instead, we determined the second-for the first step at all guanosine concentrations tested. This
order rate constant at saturating ribozyme concentrations andesult is consistent with a lack of competition betwes@
subsaturating pG concentrations.{Km)®, which represents  and exogenous pG during the second step. However, since
reaction of the ribozymsubstrate complex with free pG{E  kqps for the first and second steps are the same (see legend
S + pG) (Table 2). k.o/Km)® corresponds to the slope of of Figure 6), the first step appears to be overall rate limiting,
the linear portion (at low concentrations of pG) of a plot andk.ysfor the second step does not really reflect the intrinsic
such as that shown in Figure 5, and therefore is sensitive torate constant of the second step. The second step may be
changes in botlk.s (= ki) and Ky2C. very rapid, consistent with earlier resultj, and therefore
Compared to the L-ZBcd(wt) ribozyme, k.aKm)® for the even a substantial decrease in its intrinsic rate constant at
L-21Scd(A265G) ribozyme is reduced more than 100-fold high pG concentrations may not be detected because the first
(Table 2). Although complete saturation could not be step remains overall rate limiting.
achievedkps for the A265G mutant at high pG concentra- To determine the effect of increasing pG concentrations
tions begins to approack. measured for the wild-type on the rate constant of the second step more directly, we
ribozyme (less than a 2-fold difference at 15 mM pG; data took advantage of the flexibility of the trans-splicing system
not shown). The lowerk./Kmn)© therefore likely reflects  and initiated the reaction by addition of the six nucleotide
largely an increase if1*® and weaker pG binding, as intermediate (CCCUCU) instead of the standard 11 nucleo-
expected, rather than an effect on the chemical step.tide substrate (CCCUCUAAAAA) (Figure 1). The L-21A
Similarly, sincek is almost the same for the wild-type and ribozyme can perform the second step directly on this
the G414U ribozymes (see Table 1), differencekiKm)© intermediate, bypassing the first step. In the absence of
directly reflect differences iK,.”¢ (Table 2). While theratio  exogenous pG (Figure 6B, closed symbols), reaction with
of (kea/Km)® for the L-21Scd and L-21As versions of the  the intermediate was fast and proceeded to the same
ribozyme is 3.6 for the wild-type (Table 2), reflecting the equilibrium endpoint as the second step in the context of
difference inKy*®s (Table 1), it is close to one for both  the two step reaction initiated with the standard substrate.
the G414U and A265G mutants (Table 2). The presence of 4 mM pG had no effect (Figure 6B, open
Mutating either the terminal nucleotide of the intron or symbols), and even 10 mM pG, a concentration at which
the guanosine-binding site therefore significantly decreasesthe guanosine-binding site is saturated with exogenous pG

ribozyme L-285cd L-21A3 L-21Scd/L-21A5°
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the 3 end of the substrate is not covalently attached to the
intron prior to the cleavage step (Figure 1). With the L-21A
ribozyme, there is no need for long exon sequences, which
may complicate analysis of self-splicing reactio3§,(32,
33). In addition, the concentrations of substrate and ribozyme
can still be varied independently and the substrate can be
chemically synthesized to introduce defined functional group
mutations, allowing in-depth kinetic analysis of the interplay
between the two steps of the splicing reaction. The L1A
T , . | L-21Scd, and L-21G414 variants of th&etrahymena
0 5 10 15 20 ribozyme complement each other, with each best suited to
Time (min.) probe distinct details of group | ribozyme catalysis.
Exchange of Ligands in the Guanosine-Binding Site
between the Two Stepdle have used the L-2LAibozyme
to explore the exchange of ligands in the guanosine-binding
0.20 site that must take place between the two steps of group |
intron splicing. Exogenous guanosine is bound during the
first step and serves as the nucleophile during cleavage, while
during the second step, binding ©fG helps position the'3
splice site for attack4’). We show that during the first step
of splicing exogenous pG has to compete witB for access
0.00 to the binding site, resulting in an apparent weakening of
L LU pG binding (Figure 5). Mutating eithesG or the guanosine-
0 4Time8(min )12 16 binding site to destabilize the competing interaction restores
) binding to the level observed for the L-8&d ribozyme,
FIGURE 6: Probing the second step of trans-splicing. (A) Time \yhich lacks wG (Tables 1 and 2). In contrast to the

courses of trans-splicing at 3T, 10 mM MgCh, pH 5.5 with 100 e . - :
nM L-21A; ribozyme in the presence of 0.2 mM (triangles), 2 mM competition observed during the first step, even high

(squares), and 10 mM (circles) pG. To allow a direct comparison, concentrations Of exogenous pG hf_iVe no apparent effect on
the data for the first and second step at each pG concentration weréhe second step, indicating tha6 is tightly bound and does
normalized by correcting for the different endpoints. Hg for not have to compete with pG (Figure 6).

the first and second steps, respectively, were 0.25 ha) and i ; ;
0.25 mir! (A) at 0.2 mM pG, 0.63 mint (M) and 0.62 min* () bThe rte.suns rﬁ’res.'emi? th‘?rethare Cotns'tStef”tL W'Ltshéaea”'er
at 2 mM pG, 1.2 min! (®) and 0.99 min (O) at 10 mM pG. (B observations showing that, In the context of the Lsed
Time course of reaction of the L-234ibozyme with CCCUCU ribozyme, complex reciprocal effects exist between binding
in the presence of 0 mVl) and 4 mM () pG. Conditions were  of 5" exon analogues and guanosit8,(15, 16. The affinity

the same as in panel A, except that reactions were performed atof the ribozymesubstrate complex (corresponding to the state

room temperature to slow the reaction. The first step is bypassed ; : ;
and only the second step occurs (CGCUGH CCCUCUaaa), preceding the first step) for exogenous guanosine has been

reaching an equilibrium similar to that in the two-step reaction (see démonstrated to be higher than that of the ribozyme
Figure 3). intermediate complex (the intermediate being the product of

. i . . the first step, and this complex therefore corresponding to
during the first step (Figure 5_), did not reduce the apparent ihe state preceding the second step), prompting the proposal
rate of the second step reaction (data not shown). Althoughhat if binding ofwG is not similarly affected, the change in
we cannot completely rule out that a conformational change xfinity for exogenous guanosine should promote progression
remains rate limiting even during the second-step-only qf the splicing reactionl(3). We now provide direct evidence
reaction at pH 5.5, together these observations suggest thaj support of this proposal. Our results are also consistent
exogenous pG is unable to compete witl for occupancy  yjth observations using the L-21G414 ribozyme, which
of the guanosine-binding site during the second step. models the second step of the reaction, where exogenous

guanosine was virtually unable to compete wiiks (10),

DISCUSSION as well as with the suggestion that tight bindinguds after

A trans-Splicing System to Study the Interplay betweencompletion of the second step may prevent exon reopening
the Two Reaction Steg®ne aspect of group | intron splicing  (11). While it is known that binding otvG with a 3 exon
that is only now beginning to be addressed is the interplay attached is significantly weaker than without an attached exon
between the two reaction stepk0( 12, 17, 3L We have (10, 49, it appears that even with an attached exdh can
developed a minimal in vitro trans-splicing system that lends bind tight enough to deny exogenous guanosine access to
itself to the exploration of this issue (Figure 1). While the the guanosine-binding site during the second step.
previously described L-Bcd and L-21G414 ribozymed. 0, The emerging picture suggests that fleérahymenaroup
29, 39 were engineered to perform either the first or the I ribozyme employs a mechanism for exchanging ligands in
second step of the splicing reaction, the L-3X#fozyme the guanosine-binding site that involves fine tuning the
described here can catalyze both steps if supplied with arelative affinities for the two ligands as the reaction proceeds.
standard substrate (Figure 3) or the second step only ifWhile the affinity for exogenous guanosine appears to
supplied with a shorter substrate corresponding to the productdecrease between the first and second stEp)sthe affinity
of the first step (Figure 6B). The trans-splicing reaction is for «G may not change at all or may even increase.
analogous to the two step self-splicing reaction, except that Presumably, this modulation is accomplished through subtle
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conformational changes, for which evidence exists in another 15. Bevilacqua, P. C., Johnson, K. A., and Turner, D. H. (1993)
group | intron (12), and which may be responsible for

differences that have been observed in the active site during

the first and second stepd7). What exactly these confor-

mational changes are and how they modulate the relative

affinities remains an open question.

A Model System for RNA Repalihe trans-splicing system
was also developed to provide a simplified version of group 19
| ribozyme-mediated RNA repaiR(0—22), a potential new

therapeutic approach to amend genetic information at the

RNA level (Figure 1) 23, 29. The L-21A ribozyme not

only allows a detailed characterization of the repair reaction,

a likely prerequisite for interpreting results of in vivo

experiments, but also makes it possible to gauge the effects
of changes introduced into the ribozyme that are designed

to improve in vivo activity. Such changes may include
mutations that alter the intrinsic activity of the ribozyme,
for example to increase its specificity (P.P.Z. and B.A.S.,
submitted for publication), which is low both in vitr@9,

48,

observation), as well as insertion of sequences to promote

49 and in vivo 1) (P.P.Z. and B.A.S., unpublished

efficient expression in mammalian cells, or colocalization

with intended substrates in specific subcellular compartments

(50). In summary, the minimal in vitro trans-splicing system

described here provides a tool to study aspects of group |
ribozyme catalysis not easily accessible with other systems,

as well as a means to rationally improve the ability of the
Tetrahymenaibozyme to repair defective RNAs.
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