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ABSTRACT. Group Il introns self-splice via a two-step mechanism: cleavage at thglibe site followed

by exon ligation at the '3splice site. The second step has been difficult to study in vitro because it is
generally faster than the first. Herein we describe development and partial kinetic characterization of a
novel assay for studying the second step in isolation. In this system, a truncated linear intron (nucleotides
1—-881) mediates exon ligation between two oligonucleotide substrates: a 18xarband a 3substrate
consisting of the last 6 nucleotides of the intronghi6 nucleotide '3exon. We found that neither the
exact structure of domain 6 nor the identity of nucleotides flanking tispl&e site is critical for accurate

3' splice site choice by the aisgroup Il intron. The multiple turnovek., (0.14 mirr?) is slower than the

single turnoverkqps (0.6—0.7 mirm?), consistent with rate-limiting product release under steady-state
conditions. Decreased single turnover rates at lower pHs were more consistent with loss of catalytic activity
than with rate-limiting chemistry. Binding of theé SubstrateK,, = 2.6 uM) could be improved by changing

a long-range A:U base pair involving the last intronic nucleotide (the' interaction) to G:C K
substrate)= 1 ﬂM).

Group Il introns are widely dispersed transposable ele- ligation as above to release a linear intron product and ligated
ments found in mitochondria, chloroplasts, and bactdria (  exons. An additional reaction catalyzed by group Il introns
3). All introns of this class share a common secondary under certain salt conditions in vitro is spliced exon reopen-
structure consisting of six domains emanating from a central ing to yield free 5and 3 exons (2, 15, 16).
wheel [Figure 1A {, 2)]. Excision of these introns occurs The most extensively studied group Il intron to date is
by the same two-step mechanism as nuclear pre-mRNAai5y (17, 18). The elements critical for cleavage at the 5
splicing @—6), but in vitro, many group Il introns can splice site are well understood. Thé éxon contains two
mediate their own removal without the aid of proteis (intron binding sites, IBS1 and IBS2, complementary to exon
8). Because the chemistry of group Il introns and nuclear binding sites EBS1 and EBS2 in domain 1 (Figure 1A). Base
pre-mRNA splicing is identical, group Il introns are widely pairing between these sequences is crucial for accutate 5
believed to be evolutionary precursors to spliceosorfes ( splice site definition 19) and prevents dissociation of the 5
10). Also, group Il introns are the only known natural RNA exon from the intron after cleavag2Q). Precise 5splice
catalysts that mediate multiple reactions having products with site identification is enhanced by two base pairs between
distinctly different structures (i.e., branched vs linear species). intron positions 3 and 4e¢f and an unpaired region in stem

The splicing pathway for group Il introns (Figure 1B, left) C1 of domain 1 § (21)]. Domain deletion studie2@) and
was initially established from studies of the fifth intron of development of a minimal trans assay that monitospice
the Saccharomyces cerisiae mitochondrial cytochrome  site cleavage2?3) revealed that only domains 1 and 5 are
oxidase gene (ajf 7, 8) and the first intron of the necessary for 'Ssplice site hydrolysis. However, branch
apocytochrome b gene (bIL11). In the first step, the 2 formation additionally requires domain 6 since it contains
hydroxyl (2-OH) of a bulged adenosine in domain 6 attacks the bulged branch site adenosii®2,(24).
the B splice site, releasing the Bxon and forming a lariat The mechanisms and interactions involved'isgice site
intermediate containing &-3' phosphodiester bond between  selection are not as well understood. One reason for this is
the branch site adenosine and the first intronic nucleotide. that the second step of splicing by the saifntron is
In the second step, the free@H of the 5 exon attacks the  significantly faster than the firsiLb, 20), therefore the effects
3 splice site, releasing the intron (lariat product) and ligating of sequence alterations that might affect exon ligation are
the exons §). The first step of splicing can also occur via  often masked. Still, some second step requirements have been
hydrolysis at the 5splice site [Figure 1B, rightl2—14)]. elucidated. Alteration of the number of nucleotides between
The B exon and linear intron-3exon then undergo exon  domains 5 and 6 or a complete deletion of domain 6 activated
numerous cryptic exon ligation sites to either side of the
* To whom correspondence should be addressed. Phone: (781) 736natural 3 splice site 22, 25). In the context of a domain 6
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the bases on either side of thé splice site, respectively

Table 1: 5 Exon and 3 Substrate Sequencées

[Figure 1A (19, 21)]. Modification interference assays have
shown that the tip of domain 6, a GUAA tetraloop, is

RNA substrate

sequence

involved in an interaction (calleg—»') with domain 2 that g O e A
plays a role in a conformational change occurring between 3, zﬁbztgtg B

GGAGUGGUGGGACAUUUUC
AAAGGUCUACCUAUCGGGAU/ACUAUG
GUCUACCUAUCGGGAU/ACUAUG

the first and s_e<_:ond steps of splicimjsx_. Recently, bi-partite 3 supstrate C CCUAUCGGGAU/ACUAUG
assays consisting of freé &xon plus linear or lariat intron- 3 substrate D UCGGGAU/ACUAUG
3 exon intermediate were used to specifically probe the g Sugstfa:e:z gggiﬁ}i{éﬁgﬁgG
effects of a phosphorothioate substitution at thegice site  Subsrale
: . . S 3' substrate G GGAU/ACUAUG
(27, 28) and various divalent metal ions on exon ligation 3 gypstrate H GAU/ACUAUG
(29). 3 substrate | AGGUCUACCUAUCGGGAU/ACUAUG
Our goal was to develop an assay for studying in isolation 3 ?/?Si”gte E CGGGAC/IACUAUG
the molecular interactions required fdrsplice site recogni- 3 gypstrate E CGGGAU/GCUAUG
tion and exon ligation by the aysgroup Il intron. For these O'A—G
purposes, it was desirable to both bypass the first step of 3 substrate E CGGGAC/GCUAUG

splicing (for reasons noted above) and provide theplice y'U—C,0A—G

site on a separate molecule from the remainder of the intron. 2 For each 3substrate, a slant (/) indicates theesplice site.

The benefit of creating such a tri-partite system is that it

should allow us to determine the extent to which various 3 Spermidine, 5 mM DTT, 0.01% Triton X-100, &@g/mL
splice site modifications affect binding/recognition versus PEG 8000 83), 10 mM MgCh, 2 mM each ATP, CTP, and
the catalytic rate. Moreover, both single and multiple turnover UTP, 1 mM GTP, 6 mM GMP, 8Qwg/uL of DNA and 1
kinetic studies can be performed. unit/uL T7 RNA polymerase (Stratagene, 50 unif}. Each

Here, we report partial kinetic characterization of both bi- reaction was divided into several tubes (no more than 200
partite (Figure 1C, left; free'®xon and linear intron-&xon) uL/tube) and incubated at 37C. After 10 min, 1uL of
and tri-partite (Figure 1C, right;'®xon, linear intron, and  pyrophosphatase (USB, 40 unit/mL) was added and@7
3 splice site substrate) assays for exon ligation. The former incubation continued for 2 h. Subsequent RNA purification
was used to determine saturating conditions for thexén, was as above, except that RNA was visualized by UV
as well as examine the physical basis for the biphasic kineticsshadowing and quantified spectrophotometrically, using 1
often observed for the ajbintron. Development of the tri-  OD (at 260 nm)= 40 xg/mL. Ribozymes in Figures 6 and
partite assay has yielded novel information about the extent7 were transcribed similarly except that trace quantities of
to which domain 6 can be modified without sacrificing [a-*2P]JUTP were added to facilitate quantification. For these
accurate exon ligation, as well as a subset of interactionsribozymes, free nucleotides were removed with a Sephadex
involving nucleotides flanking the' 3plice site that con-  G-50 (Amersham Pharmacia) spin column, then the RNA
tribute to active site binding. was extracted and precipitated; no further purification was
performed.

RNA Oligonucleotide Sequences and LabeliRNA
oligonucleotides (Table 1) were synthesized on an Expedite
oligonucleotide synthesizer, deprotected according to manu-
facturers’ directions (Glen Research or Millipore) and gel
purified. The 3 splice site substrates were generally 5
monophosphorylated by incubating-10 nmol of RNA with
T4 polynucleotide kinase (520 units, Promega) and excess
cold ATP. For radiolabeled RNAsy{3?P]JATP (150uCi/

EXPERIMENTAL PROCEDURES

Plasmids.Plasmid pJD2012) was generously provided
by Anna Marie Pyle. Plasmids derived from pSP88)({hat
contain point mutations at thie[A52/328C (9)] andy [A13/
587G @1)] positions were generous gifts from Alain Jac-
quier. A pSP64 derivative in which both tldeandy were
mutated A52/328C, 587G) was created by cloning the 677

gt SntaglA/I;;?SF;Ichragmfnt fron13/587G into similarly uL, NEN) was added at 1/10 the unlabeled ATP concentra-
Igeste ~e vector. o tion. Single label incorporation onto theexon (3 labeling)
Transcription TemplatesTranscription templates were 55 accomplished by attaching &[%P],3-bisphosphate
created by PCR amplificatior8) of the above plasmids. cytidine (ICN) with T4 RNA ligase 34).
The upstream primer provided a T7 RNA polymerase gpjicing Reaction Conditiongll solutions were prepared
promoter immediately upstream of G1 of the intron. Down- ith DEPC-treated water and sterile filtered or autoclaved.
stream primers generated_PCR p_ro_ducts cqntalmng a 190 nigeactions were performed in volumes of 4D uL. For each
3" exon or desired truncations within domain 6. reaction, RNAs were combined in a 1.5 mL tube with MOPS
RNA Transcription Intron-containing RNAs internally  (Sigma, minimum 99.5%), pH 7.5, and heated at@for
labeled with f-*PJUTP (1Q:CijuL, NEN) were transcribed 1 min, then transferred to a 4& water bath to equilibrate.
(32) and purified by denaturing PAGE (4%; 29:1). These (NH,),SQ; and MgC} were combined and pre-warmed to
transcription reactions also contained GMP at 4-fold excess45 °C. Reactions were initiated by addition of salts im-
over GTP to generate'-Bnonophosphate ends. Concentra-
tions of purified transcripts were calculated from the specific 1 pppeviations: DEPC diethylpyrocarbonate; E1dCefon with
activity of the transcription reaction and the number of a 3 deoxy-cytidine; EBS, exon binding site; fp, fraction product;
uridines in the transcript. Larger quantities of unlabeled HEPESN-[2-hydroxyethyl]piperaziné'-[2-ethanesulfonic acid]; IBS,

; g intron binding site; LI-3 exon, linear intron-3exon; MES, 2-N-
RNAs were generated according to a transcription protocol morpholinajethanesulfonic acid: MOPS, B-orpholinojpropane-

provided by Zvi Pasman (Pers. (_:omm.). These reactionsgyfonic acid: nt(s), nucleotide(s); PCR, polymerase chain reaction:
contained 6 mM MgGl 40 mM Tris-HCI pH 8.1, 1 mM PIPES, piperazind,N'-bis[2-ethanesulfonic acid)].
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mediately before taking timepoints. Final concentrations were RESULTS

40 mM MOPS, pH 7.5, 0.1 M MgGJ and 0.5 M (NH),- ) -
so.. P 9G! (NH)2 Choice of Substrates and Assay ConditioFise compo-

nents of the second step of splicing consist of a freexén
and either a linear or lariat intror-2xon intermediate

intron-3 exon and 56700 nM 3 exon were followed for = (riq,re 1B). We chose to begin characterizing the kinetics
30 min (reactions below 50 nM'&xon were not included ¢ oo jigation using the linear intror-8xon intermediate

since a cryptic cleavage product complicated the quantifica- because it is simpler to prepare, and splicing byslice

tion). Aliquots (3 uL) were removed at set times and gy hyqrolysis is a relevant pathway in viva7. Initially,
quenched with 10 M urea, 1 TBE loading buffer, and kept ;e getermined the kinetic parameters for a single turnover

on ice. Products were separated by electrophoresis in ai narite assay (Figure 1C, left) in which an unlabeléd 5
denaturing 4% (29:1) polyacrylamide gel, which was sub- ¢, (19 nts; Table 1) was added to a radiolabeled, gel-
sequently analyzed by phosphorimaging (Molecular Dynam- 1, yrified transcript (LI-3 exon, 1077 nts) consisting of the
ics). The extent of reaction was determined by summing the gg7 nt intron plus a 190 nt @xon. The 5exon is identical
intron product, ligated exons and freeeon and dividing {4 that in the E1a-19/8 substrate used by Michels and Pyle
by the total amount of reactants and products in each lane. o3 for kinetic characterization of Splice site hydrolysis.
The product fraction was then plotted versus time. The dataThe 5 exon contains two sequences (intron binding sites

fit best to a double expgn)ential equatiorlzkst)fp (fraction 1351 and IBS2) that base pair with complementary sequences
products)= ki + [kp(1 — e7)] + [ky(1 — e where (exon binding sites EBS1 and EBS2) within domain | [Figure
ki = y-interceptk, = amplitude (fraction) of the fast phase, 1A (20)]. The length of the 3exon was chosen as 190 nts
ks = rate of the fast phask, = amplltude of the slow pha_se, so that the intron-3exon, intron product, ligated exons, and

ks = rate of the slow phase, ahe- time. Each concentration  fee 3 exon could all be visualized on the same gel.

time course was repeated three times to calculate an average
rate for the fast phase. These average rates were then use(rjir salt and buffer conditions (see, for example, rE7s 18

to determineKapp andkops 28, and29). While similar, the conditions differ in buffer
Tri-Partite Exon Ligation AssaysExperiments to deter-  type, pH, and monovalent salts. In our hands, the conditions
mine efficacy of exon ligation in the context of a nicked that gave the most efficient splicing of full-length constructs
domain 6 were performed with d-Ebeled 3substrate (50  with the least RNA degradation were 40 mM MOPS, pH
nM plus 10uM intron and 15uM 5’ exon) or 3-labeled 3 7.5, 0.1 M MgC}, and 0.5 M (NH),SO; [data not shown
substrate (5 nM plus 1aM intron and 15uM 5' exon).  (35)]. Splicing of the full-length ai% intron shows a sharp
Reactions shown in Figures 3B, 5A, and 7 were separatedtemperature optimum at 4& (7), and this temperature has
in 25% (19:1 1 M urea) denaturing polyacrylamide gels; been used in most studies of &plice site hydrolysis and
reactions in Figure 3C were separated in a 20% (19:1) branch formation16, 23, 24, 29, 36). When we examined
denaturing polyacrylamide gel. Products were visualized andthe effect of temperature on bi-partite exon ligation, the
quantified as in the bi-partite assay. For single turnover fraction of LI-3 exon reacting in the rapid phase (see below)
kinetics (Figure 5), reactions were performed with 2a was highest at 45C (data not shown). Therefore we chose
5 exon, 200 nM to 1.%M ribozyme (intron nucleotidesi these conditions to begin kinetic analysis of exon ligation.
881), and 10 nM 5%P-labeled 3 substrate. Reaction Characterization of the Bi-Partite Exon Ligation Assay.
products were analyzed on a 25% ()M urea denaturing A typical time course for the bi-partite exon ligation assay
polyacrylamide gel and quantified by phosphorimaging. A s shown in Figure 2A. As radiolabeled LI-8xon disap-
graph of the data best fit the single-exponential equation: pears, both linear intron and ligated exons appear simulta-
fp = ki + [ke(1 — e7Y)] whereky = y-interceptk, = extent  neously. Subsequently, freé 8xon is produced by the
of reaction,ks = reaction rate, and = time. Ky andkeat  spliced exon reopening reaction [see Figure 1B)( Both
determinations for the tri-partite assay were performed with the ligated exon and free' &xon products appeared as
the 3 exon at saturation (£5204M), 10 nM ribozyme, and  doublets. However these doublets do not result from splice
0.1-6 uM 5'-%%P-labeled 3substrate. Experiments which site infidelity because digestion of purified ligated exon
monitored both burst and steady-state kinetics as a functionproduct with RNase Tyielded a single band spanning the
of pH contained 1M each 3 exon and 3substrate plus 1 splice junction (data not shown). Thus, the doublets likely

uM ribozyme. The data best fit an equation that described reflect 3 end heterogeneity produced by T7 RNA polymerase
the fast phase (single exponential) plus a linear phase (theduring transcription 37, 39).

Bi-Partite Kinetics Reactions containing 0.1 nM linear

Splicing of the aily intron has been reported in a variety

steady-state): fp= ky + [ke(1 — e7Y)] + kat, whereks = When we initiated these studies, no kinetic parameters had
the rate of the steady-state reaction and other constants argeep reported for any second step assay. We observed that
as above. pH-rate profiles were performed in-20 mM the rate of product appearance over time was best fit by a
MES, MOPS, PIPES, or HEPES at appropriate pHs. double exponential equation (Figure 2B; see Experimental

Mutation StudiesSingle turnover conditions were used Procedures for equation) with an initial fast phase accounting
to test they—y' andd—0' long-range base pairs with wild-  for ca. 60% of the product. This type of behavior was
type and mutant ribozymes antsBibstrates as noted (Figure previously proposed to reflect the presence of alternate intron
7). Reactions containing 20M 5’ exon and the indicated conformations (see Discussion). To test this hypothesis, we
ribozyme (nts +881), 100 nM indicated '3substrate and  allowed a bi-partite exon ligation reaction to reach the slow
40 mM MOPS, pH 7.5 were followed for a maximum of 30 phase, then quickly denatured the ribozyme at°@0and
S. Km andkg,: determination for thes—y' G:C combination returned it to 45°C to allow the reaction to proceed. This
were performed as above for the wild-type pair. treatment resulted in a second fast phase followed by a slow
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Ficure 1: Structure of and reactions catalyzed by thesagiBoup Il intron. (A) A schematic secondary structure of thevaiBoup Il intron.

Six domains make up the secondary structure of the intron, separatingahd 3 exons (in boxes; arrows indicate splice sites). A subset

of the known long distance interactions are labeled, including, »—#', EBS1, and EBS2 in domain 1 that interact with IBS1 and IBS2,
respectively, in the '5exon, and the.—y' andd—4¢' (bold) base pairing interactions around thesglice site. The branch site is marked by

an asterisk. Adapted with permission fro26). (B) In vitro splicing reactions observed for the piltron. Alternate pathways differ in

the first step only, either branch formation (left) drsplice site hydrolysis (right). Spliced exon reopening is a reaction commonly observed

in vitro. Hatched boxes represeritéxon, straight lines (with an A) represent linear introns, circles with a straight tail are lariats, and either
form of the intron attached to a box is an introneXon. (C) Schematics of the two assays used here to study exon ligation. (Left) Bi-partite
exon ligation mimics the second reaction of the hydrolysis pathway diagrammed in panel B and allowed determination of the binding
constant for the '5exon. (Right) Tri-partite exon ligation. A short line attached to a box is thepce site substrate.

phase with similar proportions as the initial reaction (Figure proportion of intron reacting in the fast phase but never
2C). We therefore conclude that the two phases do reflectobserved a fast fraction of more than 65% (data not shown).
alternate conformational states of the intron. We tried a For all subsequent experiments with the bi-partite assay, we
number of folding and reaction regimens to increase the limited our analyses to the fast phase.
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maximum observed ratdd,9 of 0.6 + 0.2 mir! (data not
shown). Consistent with a previous repo28), we found
that the rate of exon ligation in the bi-partite assay showed
no dependence on pH in the range from 6.0 to 8.0 (data not
shown). Thus, the catalytic step is not rate-limiting in this
assay 89).

Development of a Tri-Partite Assay for Exon Ligation.
Having determined &y, for the 3 exon, the next step in
development of a tri-partite exon ligation assay was to
truncate the intron so that thésplice site could be provided
on a separate molecule’ @ibstrate) from the catalytic core.
Ideally the intron should retain the branch site to allow for
possible future studies of lariat structure onslice site
recognition and exon ligation. However, we faced two
unknowns: (1) whether accurate exon ligation required a
completely intact phosphodiester backbone in domain 6, and
(2) the minimum number of base pairs within domain 6
required for binding and accurate positioning of the@ice
site.

To test whether nicks could be introduced into domain 6
downstream of the branch site, we transcribed a series of
introns truncated at nucleotides 880, 881, 882, 883, and 884.
These were individually combined with an appropriate
oligonucleotide partner (3substrate) that supplied the
remainder of the intron plus a six nucleotide=3on (Figure
3A, constructs B-H). Initially, reaction at the 3splice site
was followed by monitoring cleavage of-F?P]monophos-
phorylated 3substrates (Figure 3B). When combined with
an excess (1@M) of the appropriate intron and saturating
5 exon (15uM), all five 3' substrates (50 nM) were cleaved,
although to different extents. This cleavage occurred prima-
rily at the wild-type 3 splice site. By 30 min, cleavage of
substrates D and E was essentially complete (91 and 94%
reacted, respectively). Substrate F was significantly less
reactive (15% cleavage at 30 min), and substrates G and H
were minimally reactive (0.2 and 0.4% cleavage at 30 min,
respectively). In the gel shown, small quantities of products
were observed for both substrates D and E that likely resulted
from cryptic cleavage at the phosphodiester bonds im-
mediately adjacent to the wild-typé $plice site (Figure 3B,
lanes 1-6; faint bands above and below main cleavage
product). However, in many other reactions with these same
substrates, these cryptic cleavage products were undetectable
(data not shown). Therefore, we conclude that accurate
reaction at the '3splice site can occur in the context of a
nicked domain 6.

It was next necessary to determine whether the observed

kinetics. (A) Phosphorimage of a denaturing polyacrylamide gel intronic cleavage product was produced by exon ligation, 3
showing that labeled linear introri-8xon disappears over time as  splice site hydrolysis or a combination of the two. Under
ligated exons and intron product appear. Subsequent spliced exonh e ghove reaction conditions, all intronic cleavage products

reopening gives rise to fre€ and 3 exons, of which only the d d sianifi " di d letelv when th
labeled 3 exon is visible [(*) radiolabel]. Exon product doublets ~9d€Creased signiticantly or disappeared completely when the

can be attributed to'2nd heterogeneity (see Results). (B) Plot of 5 exon was omitted (Figure 3B, lanes-108 and 25-30).

fraction products versus time fit to both single and double The small amount of intronic product observed for substrates

expopekntial eczﬁations. T;htﬁ ffl'r_:ICtion_ pthdUC'f t’ét etaclh timde point D and E in the absence of thééxon (lanes 12 and 15) did

was taken as the sum o e linear Intron product, ligated exons ; H ; : H

and free 3exon divided by the total of all fOFL)Jr species? The data indicate a low Ievgl of 3splice site hyd.r(.)IyS|s. However,

fit the following equation: fraction products (fp¥ —0.031 + the extent of reaction under these conditions was only 0.2

{0.67[1— €069} (C) To test whether the slow phase represented 0.5% that observed when the éxon was present.

a different intron conformer, a time course was followed until it To confirm that exon ligation was occurring when tHe 5

reached the slow phase, the RNAs were then heat denatured, angxon was available, we used-énd labeled substrate E to

points taken & : allow detection of ligated exon product (Figure 3C). When

Exon ligation in the bi-partite assay obeyed saturation this substrate was incubated with excess intron E and

kinetics withKap, for the 19 nt 5exon of 50+ 9 nM and a saturating 5exon (lane 1), both ligated exons and frée 3
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Ficure 3: Development of a tri-partite assay for exon ligation. (A) Arrows indicate sitesH)Ain domain 6 where nicks (see text) were
introduced to separate thé splice site from the remainder of the intron (Table 1). Introsibstrate pair | deletes the tetraloop at the tip

of domain 6. (B) Tests of intron*Zubstrate pairs with nicks downstream of the branch site. Single turnover reactions containing 50 nM
5 end-labeled 3substrates (D to H) and 1M of the appropriate linear intron with (lanes-9, 19-24) or without (lanes 1618, 25-30)

15 uM free B exon were followed for 0.1, 5, or 30 min. All panels are from the same gel; lane8d @re from a darker exposure.
Migration positions for labeled substrates and intronic oligonucleotide cleavage products are indicated to the left. (C) Oligonucleotide
substrate E was radiolabeled at tHee8minus (see Experimental Procedures) to allow detection of ligated exons and éemn3vhen
combined with intron E (1xM) and free 5exon (15uM, 60 min, lane 1) or Sexon terminating with a'2deoxy cytidine (15«M, 97 min,

lane 2). Lane 3 contains unreacteédsBbstrate E. Substrates and products are labeled to the left; asterisk déRdedel.

exon were observed. When the same reaction was carriedssuggested that most of the freé &on in lane 1 was
out with a 3 exon containing a'3erminal 2-deoxy-cytidine produced by spliced exon reopening. However, it was also
(lane 2), ligated exons represented a greater proportion ofpossible that the'Sexon activated '3splice site hydrolysis
the products. This is consistent with other reports and our in the tri-partite assay. To rule out this possibility, we tested
own observations that if the' ®xon terminates with a'2 whether 532P-labeled substrate E was cleaved in the
deoxy sugar, the spliced exon reopening reaction (Figure 1B)presence of intron E and a &on having a 23'-dideoxy 3

is slowed significantly (data not shown, ré&8). This terminus. Although the'30H of the 5 exon is required for
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A Intron:3' | Extent of combined with 3substrate A, B, or C to produce domain 6
Substrate | Reaction hybrids containing 5, 9, or 14 additional overlapping nts.
Qz: : All of these combinations exhibited accuratesplice site
c:c " cleavage, but again to a lesser extent than constructs D or E
D:D ++ (data not shown; Figure 4A).
ﬁE *:* It had previously been reported that a complete deletion
GG - of domain 6 still allows some exon ligation in a cis splicing
H:H +- construct, although with reduced splice site fidel@g) To
Il + test the effects of eliminating most of domain 6 in our assay,
Ef’; : we combined 3substrate E with an intron that terminated
EC . at nucleotide 884 to generate a truncated domain 6 compris-
ing just a 3 nucleotide stem. This introh:8ubstrate pair
B 004 produced an accurate oligonucleotide cleavage product at the
- 3 splice site in the tri-partite exon ligation assay (data not
0.03 L E]k L shown), although at a rate ca. 10-fold slower than the tri-
5 v o =’ partite system that reconstructed a complete domain 6 (Figure
§ 0.02 |- /'/ 4B)-
a .. Kinetics of Tri-Partite Exon LigationTo initiate kinetic
S o001k ‘,l characterization of the tri-partite exon ligation assay, we
S " a——" chose intron:3substrate pair E (Figure 3A) because this pair
= coupled high activity with potential maintenance of a bulged
branch site adenosine in the intron. All reactions were
performed with the assay consisting of free éxon at

0 20 40 60 80 100

saturation (1520uM). A single turnover intron E (hereafter
time (min) referred to as the ribozyme) in excess 6fhd labeled 3
FIGURE 4: Effects of domain 6 structural changes exon ligation. Substrate E resulted in rapid substrate disappearance as intron
(A) Further tests on various introrn:8ubstrate pairs revealed that cleavage product appeared (Figure 5A). In contrast to the
all were reactive to some degree. Intron E also cleaved substratespiphasic nature of the bi-partite assay (Figure 2B), these data
A—C which provided 14, 10, and 5 nts of overlapping sequence t0 \yare pest fit by a single exponential equation (Figure 5B).

the intron. (B) 3 substrate E was combined either with a linear Thi ted that onl b f tributed
intron terminating at nucleotide 881 (to create a nicked but otherwise ' S Suggested that only one ribozyme contormer contribute

intact domain 6) or one terminating at nucleotide 854 (see Figure t0 the observed rate of exon ligation. In a series of time
3A) to generate a truncated domain 6 consisting of only three basecourses where the’ 3ubstrate was held constant (10 nM)
pairs. Under multiple turnover conditions (2M 5’ exon, 100nM and the intron concentration was varied between 0.2 and 1.5
ribozyme, and 1@M substrate E), the construct with the truncated «M, the initial rate was observed to increase linearly with
domain 6 @) formed products 10 times more slowly than that " " . .- . .
containing a complete, but nicked domainm)(The dotted line  INtron concentration. Thuk,,dKapp conditions prevailed in
indicates zero product. Equations used to fit the data were fp  these reactions (slope kopdKapp= 0.27uM~* min~*; Figure
—0.000 53+ (3.9 x 1075t (a) and fp= —0.000 64+ 0.0003% 5C). Interestingly a linear fit of the data in Figure 5C has a
(). positive y-intercept. This suggests that this single-turnover

exon ligation (it is the nucleophile), this group should not assay may best be described by a second or higher order

be required for 3splice site hydrolysis. The' B-dideoxy rate equation40). . )
5' exon induced no cleavage of substrate E, even though it Because the amount of gel-purified ribozyme we could
is a competitive inhibitor of exon ligation (data not shown). 9generate became limiting, we were unable to deterrkine
Taken together, all of the above results indicate that the vast&nNdKappfor the single turnover assay directly. Therefore we
majority of the intronic cleavage product observed in the turned to multiple turnover conditions to estgbllsKrafor
tri-partite assay must result from exon ligation; subsequent the 3 substrate. The rate of these reactions proceeded
reopening of the spliced exons leads to evolution of free 3 linearly, with the ribozyme undergoing up to 15 turnovers
exon. (data not shown). This assay obeyed Michaelenten
Majority of Domain 6 Is Dispensable for Exon Ligation ~ Kinetics with aKn, = 2.6 + 1.1uM for the 3 substrate and
In the course of developing the tri-partite assay, we also Keat= 0.14= 0.03 min. Using thisKy, as an approximation
tested several other structural permutations of domain 6.9f Kapp under single turnover conditions, we can estimate
Intron:3 substrate pairs that introduced nicks@nucleotides  the single turnovekos above to be ca. 0.70 mih Since
867, 871, and 875 (constructs# in Figure 3A) were all  KeatiS slower than the estimatéghs product release may be
active in a 3 substrate cleavage assay (similar to the rate-limiting under multiple turnover conditions.
experiment shown in Figure 3B; data not shown). We also  pH Rate ProfilesWe next wanted to establish conditions
found that an intron‘3ubstrate pair that removed the domain where the nature of the rate-limiting step was known. If the
6 tetraloop (i.e., the intron terminated at position 865 and rate-limiting step of a reaction involves a single proton
the 3 substrate initiated at position 870; Figure 3A, construct transfer, then the observed rate should have a log-linear
I) was active (data not shown). However, none of these pairsdependence on pH with a slope near 139)( Such a
was as active as either construct D or E (Figure 4A). We relationship between rate and pH is often interpreted to
also tested the effects of adding extra nucleotides to domainindicate that chemistry may be rate-limiting under such assay
6. Intron E (terminating at position 881; see Figure 3A) was conditions 28, 29, 41).



10214 Biochemistry, Vol. 39, No. 33, 2000

2 3 5 10 15 30 47 min,

B ¢
©
3
©
o
o
c
2
S
b
0 1 1 1 1
0 10 20 30 40 50
time (min)
C 05

o
=

rate (fraction producu'min"')

0.1

06 08 1
[intron] (nM)

Ficure 5: Tri-partite kinetics under single turnover conditions. (A)
Time course showing rapid disappearance of theuBstrate (10
nM) and appearance of intronic oligonucleotide cleavage product
([5" exon]= 20uM, [ribozyme]= 300 nM). (B) A plot of fraction
product versus time fits a single-exponential equation=fp0.075

+ 0.95(1— e7019), (C) Initial rates from a series of time courses
versus intron concentration display a linear correspondérate

= 0.058+ (0.271[intron]}.

To examine the effects of pH on the rate of the tri-partite
exon ligation assay, we followed a series of time courses
where both the all-ribo"sexon and wild-type 3substrate E
were saturating (1xM), the ribozyme was kM, and the

Bar-Shalom and Moore

pH was varied from 5.5 to 8.1 (Figure 6). For these reactions,
the ribozyme was transcribed and purified over a size
exclusion column to remove unincorporated nucleotides and
abortive transcription initiation products. This procedure
yielded more RNA per transcription reaction, enabling us
to perform multiple time courses with high ribozyme
concentrations. The high ribozyme concentrations in turn
allowed us to observe the burst of product formed in the
initial turnover, as well as the subsequent steady state.
Therefore, we could monitor the effects of pH on both the
single and multiple turnover rates, as well as the fraction of
product produced in the burst phase. We also measured the
rate of exon ligation under these conditions using ex®n
terminating with a deoxy-C (E1dC). Consistent with previous
reports 28, 29), exon ligation was substantially slowed by
this modification to the point where we could only monitor
the rate of the first turnover (data not shown).

With the all-ribo 5 exon, burst kinetics were observed at
all pHs tested. Data from each time course were fit with an
equation describing a single exponential (the burst phase)
plus a line (the steady-state rate) (see Materials and Methods;
Figure 6A). Both the single turnover and steady-state rates
decreased with pH with slopes nearest 1.0 in the range from
pH 5.5 to 6.0 (Figure 6B). The rate of exon ligation with
the E1dC 5 exon behaved similarly. However, we also
observed a marked decrease in the amplitude of the burst
phase of the all-ribo reactions in this pH range (Figure 6,
panels A and C). This suggests that a smaller fraction of
ribozyme is active at these pHs, which could readily account
for the observed rate decreases (see Discussion). Thus we
did not pursue further kinetic characterization of any tri-
partite reaction at low pH.

Contributions of they—y' and 0—¢' Interactions to Tri-
Partite Exon LigationOne property of the tri-partite assay
described above that hindered more detailed kinetic analysis
of the system was the relatively high Michaelis const&pt (
= 2.6uM) for the ribozyme:3substrate E pair. We therefore
searched for ways to create a more optimiaubstrate with
a tighter binding constant. In addition to the three G:C base
pairs in domain 6, 3substrate E was capable of forming
two long-range A:U base pairs with nucleotides elsewhere
in the intron—the so-calleg/—y' anddo—¢' interactions 19,

21; see Figure 1A and Discussion). To determine whether
these interactions contributed tbsubstrate binding and/or
exon ligation in the tri-partite assay, we tested various
combinations of ribozymes and 8ubstrates having muta-
tions at these positions. These reactions were carried out
under single turnover conditions (i.e., 8ubstrate was
limiting and B exon and ribozyme were each 2M) at pH

7.5.

We first examined the effects of single mutations at the
y" andd’ positions in the 3substrate and the corresponding
positions in the ribozyme (Figure 7). We specifically chose
conservative mutations because phylogenetic comparisons
have shown that the andy’ positions are always a purine
and pyrimidine, respectivelyl®). When combined with wild-
type ribozyme, both the¢'U—C andd'A—G 3 substrates
reacted (lanes H12 and 16-17, respectively), but with
somewhat slower kinetics (relative rates of 0.2 and 0.3,
respectively) than the wild-type’ 3ubstrate (lanes-23).

Only one cleavage product was observed for each mutant
substrate and it corresponded to that expected for cleavage
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at the natural 3splice site. Interestingly, a' 3ubstrate
oo o P: 22 containing both mutations (lanes222) was also cleaved
-0.02 ZH 55 accurately between thg and o' positions. However, this
Loots substrate reacted quite slowly with a relative rate of 0.01
compared to wild-type. In the converse experiment, ribo-
zymes containing587A—G andd328U—C were active and
cleaved the wild-type '3substrate accurately (lanes-4),

but like the above reactions, at reduced rates.yB8& A—G

was significantly less active, with a relative rate of 0.05. A
ribozyme containing both mutations also produced an ac-
curate cleavage product, but displayed an intermediate
reduction in rate (0.1; lanes®).

We next combined the mutations in a compensatory

0 10 20 20 20 % fashion to determine if the reduced activities could be rescued
time (min) by restoring the proposed base pairs. TH887A—G

4 ribozyme did complement thg'U—C mutation and in-
B creased the reaction rate to 0.7 of the wild-type ribozyfme:3
substrate combination (lanes 13 and 14). In contrast, the
0328U—C ribozyme failed to improve the reaction rate of
the 0'A—G 3 substrate (lanes 1819). Moreover, the
587G, 0328C ribozyme only restored activity with the
doubly mutated 3substrate up to that observed with the
0328Co'G pair (lanes 2324). Thus, we were able to
confirm they—y' interaction using the tri-partite assay, but
not thed'-d" interaction.

Because the—y' G:C combination rescued the reaction
rate under single turnover conditions, we determined the
kinetic parameters of this ribozymé:8ubstrate pair under
0.000t - & or = 75 3 multiple turnover condition, andke for this combination
pH were 1.0+ 0.2 uM and 0.174+ 0.01 min%, respectively
(data not shown). The—y' G:C base pair therefore resulted
in tighter apparent substrate binding without any reduction
in the steady-state rate compared to the wild-type A:U
combination.

A o]

0.12
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0.08
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DISCUSSION

0.006 *
: In this study, we report development of a tri-partite assay
for exon ligation by the aip group Il intron in which the 3
0004 | » . Lo . . .
} splice site is supplied by a short oligonucleotide separate
from the catalytic core. Such an assay should greatly facilitate

Burst amplitude (fraction product)

0002 K structure/function analysis of 3plice site recognition and
* exon ligation in this system. The tri-partite assay has already
been used to uncover a metal ion specificity switch in the

° %5 s 65 ; 75 8 presence of a'3ulfur substitution at the'Zplice site that

PH was masked when the same modification was incorporated
FIGURE 6: pH-rate titration of tri-partite exon ligation assay. (A) INto a cis splicing intron43). Discussed below are several
Examples of time courses (@ ribozyme, 15¢M 5’ exon, and 3 aspects specific to the second step of splicing, including
substrate) at pH 6.50), pH 6.0 @), and pH 5.5 &) show a partial kinetic characterization of an exon ligation-specific

reduction in the steady-state rate as the pH is lowered as well as &pozym ler r ral perm ions within the intron
decrease in burst amplitude. The curve fits are=fi®.000 45+ bozyme, tolerated structural permutations within the intron,

0.0070(1— e95%) + 0.0017 (TU), fp = —0.0014-+ 0.0063(1— 3' substrate recognition elements, and activity dependence
e7093) +0.0012 (@), fp = —2.2 x 1075 + 0.023(1— e 058) + on pH.
0.0033 (2). (B) Dependence on pH of singl®) and multiple Alternate Conformational States of the Intrdfo deter-

(») turnover rates in the presence of an all-rib@%on or the single ; P ;
turnover rate M) obtained with E1dC "sexon. Slopes are indicated mine an apparent binding constant for thexon in a second

next to the line fits. Errors from curve fitting are indicated, but are step assay, we monitored exon Ilgatlon ’rates In r_e_actlons
not visible ona andm due to their minute size. (C) Plot of burst ~ containing free Sexon plus the linear intron-&xon splicing
amplitude versus pH. Exact burst amplitudes for pHs 7.5 and 7.9 intermediate. These reactions exhibited distinctly biphasic

(gray) were difficult to measure, because the single and multiple kinetics (Figure 2B), similar to those observed in assays that

turnover rates were not statistically different at these pHs (see panel ,; ; ; ; : P
B). Experiments shown here were all performed with ribozyme either primarily or solely monitor the first step of splicing

prepared by spin column purification (see Experimental Procedures); (P€ebles, C. L., and Franzen, J. S., pe_FSOOa| Communica}tion;
burst amplitudes indicate that a smaller proportion of these 16, 24, 25, 28, 44). In those studies, this biphasic behavior

molecules are active compared to those prepared by gel purification.was proposed to reflect alternate conformational states of
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3'substrate —— WT ' y'C - G y ——yC8G -
8328C 8328C
ribozyme — WT y587G8328Cy587G — WT y587G — WT §328C — WT v587G

ke
1 2 3 456 7 89 1011 1213 14 1516 17 18 19 20 2122 2324
rel. rate 1 005 05 0.1 02 07 03 03 0.01 0.3

Ficure 7: Effects of altering thes/—y' and 6—¢' positions on tri-partite exon ligation. (A) Various combinations of singly or doubly
mutated ribozymes and 8ubstrates (indicated above gel) were incubated under single turnover conditioid 2@&xon and ribozyme;

100 nM 3 substrate; pH 7.5) for 0, 0.1, and 0.5 min. UnreactesuBstrate was also run on the gel (lanes 1, 10, 15, and 20). Relative rates
(below gel) were calculated from the 0.5 min timepoint, known to be in the linear portion of the reaction (see Figure 5B).

the intron, but not tested. Results of a rapid denaturation/ min~! at pH 7.3 28). A lariat intermediate has also been
renaturation protocol using the bi-partite exon ligation assay used to catalyze exon ligation. In that study, a rate of ca. 1
now provide direct support for this hypothesis (Figure 2C). min~* was reported for reaction of an all riboseexon at
The alternate conformations of the intron could be either pH 5.2 @9). None of these studies, however, reported
active and inactive states that slowly interconvert af@5 detailed kinetic characterization of the reaction under optimal
or two active states that have different reactivities and do splicing conditions for the full-length intron.
not interconvert except at high temperature. The rate of branch formation catalyzed by the full-length
The most active conformer in the bi-partite exon ligation wild-type ai5’ group Il intron has been reported to be 0.22
assay represented ca. 57% of the intron (Figure 2, panels Bmin~* under similar reaction conditions to those employed
and C). Remarkably, almost identical partitioning of the two here [pH 7.5, 0.5 M (NH).SO, (16)]. When splicing is
conformers was observed in the above cited studies thatperformed in 0.5 M KCI, which promotes’ Splice site
monitored the first stepl@, 28, 44). Thus the same major  hydrolysis, the rate of'Ssplice site cleavage is 0.04 nih
conformation is likely responsible for the fast phase in both (16). Splicing intermediates generally do not accumulate
first and second step assays. Moreover,khefor the fast under either condition7( 8, 15, 20), indicating that exon
phase of the bi-partite exon ligation assay (0.6 THiwas ligation must be considerably faster than either branch
indistinguishable from the calculated single-turnokiggfor formation or 5 splice site hydrolysis. Thi&,s for a single
the tri-partite exon ligation assay (0.7 mih This suggests  round of exon ligation by the linear intron that we measured
that the same active conformer is responsible for the observed0.6—0.7 mirrY) can readily account for the lack of inter-
rate of exon ligation in both cases. If so, then the concentra- mediate accumulation in the hydrolysis pathway using full-
tion of active ribozyme in the tri-partite assay is maximally length constructs.
57% of input, and the multiple turnovég, may be closer Dependence of Rate on phi.this study, we were unable
to 0.25 min* than 0.14 min®, to establish assay conditions in which the nature of the rate-
Rate Comparison®i-partite assays similar to the one we limiting step is known. However, we did examine the effects
employed here (free 8xon plus linear intron‘3xon) have of pH on both the bi-partite and tri-partite assays. It had
been described previously. Two early studies used this assaypreviously been reported that the rates of several reactions
to demonstrate that exon ligation can occur independent ofcatalyzed by group Il introns (e.g., branching, reverse
branching 12, 15). A bi-partite assay was also used to test branching, and '5splice site hydrolysis, see Figure 1B)
the effects of replacing one of the nonbridging oxygen atoms decrease with pH and become log-linear with slopes near
on the 3 splice site phosphodiester with sulfur. In that study, 1.0 between pH 5 and pH 8, 29, 36). This is the behavior
a modified 5 exon terminating with 2deoxy C (E1dC) was  expected if a step involving a proton transfer, such as a
used to achieve conditions where chemistry might be rate chemical reaction, becomes rate-limiting at low [@9)( Two
limiting. The rates of exon ligation (not explicitly stated in of the above studies also examined the pH dependence of
the text) ranged from ca. 0.002 mihat pH 6 to ca. 0.05  exon ligation mediated by either a linear or lariat intrdn-3
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exon intermediate. In both studies, 'a&%on terminating with exon ligation in a cis construct, but with markedly reduced
a Z2-deoxy-C (E1dC) was employed to decrease the rate of efficiency and 3 splice site fidelity 22). Consistent with
exon ligation. Log-linear rates with slopes near 1.0 were these results, we found that the natural domain 6 structure
again observed between pH 5 and28,(29). was not essential for accurate exon ligation in our tri-partite
An advantage of the tri-partite exon ligation assay is that assay. Neither a nick in the phosphodiester backbone nor
both single and multiple turnover kinetics can be monitored introduction of extra nucleotides had any effect ors@dice
simultaneously. Since the multiple turnoves; (0.14 min?) site fidelity (Figure 3, panels A and B and data not shown).
is slower than the single turnovkyys (0.6—0.7 mim?), it is Moreover, accurate'3splice site cleavage was obtained
also possible to observe burst kinetics. Under conditions (albeit at a significantly reduced rate) when domain 6 was
where all substrates are saturating and in excess of ribozymeyeduced to just three base pairs (Figure 4B and data not
an initial fast phase (the burst) represents product generategshown).
by the first turnover. The amplitude of this phase is a direct  The only site in domain 6 of ajbpreviously shown to
measure of active ribozyme concentration. The subsequentpecifically affect exon ligation is the GUAA tetraloop. A
slower phase monitors the steady-state rate. detailed study using modification interference identified an
Similar to the above reports, we observed that the single interaction between this tetraloogand two G:C base pairs
and multiple turnover rates of exon ligation in the tripartite in domain 2 §; Figure 1A). Disruption of this interaction
assay both decreased with pH (Figure 6B). At all pHs tested, inhibited exon ligation but not'Splice site cleavage. Thus
however, an initial burst was clearly observable (Figure 6A). it was concluded that the—#' interaction is important for
This minimally indicates that even at the lowest pH tested, a conformational change in the intron that occurs between
the multiple turnover rate-limiting step cannot be chemistry, the first and second steps of splicing6f. However our
since this rate was invariably slower than the burst rate. observation that exon ligation can occur in the tri-partite
Possibly indicative of rate-limiting chemistry, the rate of a assay in the absence of this interaction indicates that in a
single turnover did display a log-linear dependence on pH trans system where the first step has been bypassegh-thie
with a slope near 1 below pH 6.0. This same trend was interaction is not essential.
observed with the E1dC' ®xon. Consistent with previous Contributions to 3Splice Site Definition in the Tri-Partite
reports @8, 29), this modification decreased the single- Assay.A 3' splice site substrate containing only three
turnover exon ligation rate by almost 2 orders of magnitude nucleotides from the intron was accurately cleaved in the
at all pHs, and this slow rate exhibited log-linearity with a tri-partite assay (Figure 3B; RNA H). This short substrate is
slope of 0.99 in the 556.0 pH range. Because the E1dC not predicted to form any base pairs within domain 6.
rate was so slow, however, only a fraction of the first Therefore other interactions with the intron were most likely
turnover could be monitored with this modified substrate, responsible for its recognition and binding. Previous studies
and as a result, no burst kinetics were observed. have suggested that the nucleotides on either side of'the 3
Unexpectedly, the burst amplitude in the all-ribo reactions splice site each form a long-distance Wats@rick base
also displayed a distinct pH dependence below pH 6.0 pair with a partner in the introny—y' (21) andd—0¢' (19)
(Figure 6C). Thus, lowering the pH apparently decreased (Figure 1A). They—y' interaction, between intron nucleo-
the concentration of active ribozyme. Such a loss in activity tides A587 and U887, is required for efficient exon ligation
could result from conversion of the ribozyme into an in full-length constructsZl, 37). The results of our tri-partite
unfavorable conformation for catalysis (e.g., an un- or assays using wild-type and conservative substitution com-
misfolded state) or an increase in either substrate bindingbinations at they andy' positions (Figure 6) are consistent
constant. Therefore, in the tri-partite assay, the log-linear with these previous findings. Thie-d' interaction, between
relationship between the single turnover rate and pH below intron nucleotide U328 and the first nucleotide of thexdn,
pH 6 more likely results from loss of ribozyme activity than had only been shown to influence splicing in the context of
from a shift to rate-limiting chemistry. This conclusion is a domain 6 deletion1@®); i.e., it had not been previously
supported by the observation that the multiple turnover rate tested in an otherwise intact intron. Although mutation of
also displayed a log-linear pH relationship with a slope near eitheré or ¢' reduced the rate of exon ligation in the tri-
1 below pH 6, even though this rate is clearly not limited partite assay, combining what should have been compensa-
by chemistry (see above). In light of this observation, perhapstory mutations did not rescue the rate. Thus, while the
greater caution should be taken in interpreting pH-rate identities of both thed and ¢’ positions contribute to the
profiles, particularly when monitoring extremely slow rates rate of tri-partite exon ligation, we have so far obtained no
where the end point of the reaction cannot be readily evidence for a base pair between them.
determined (as, for example, with the E1dCexon in a Remarkably, a ‘3substrate containing conservative muta-
bi-partite exon ligation assay at low pH). tions at both the/’ andd’ positions was accurately cleaved
Effects of Domain 6 Modifications on Exon Ligation. by the wild-type ribozyme, although at only 1% of the wild-
Domain 6 plays a critical role in splicing via the branching type rate. This suggests that the primary contribution of the
pathway, providing the adenosine required for branch forma- y' and ¢’ nucleotides is not to define the actudl splice
tion. Although not as conserved phylogenetically as domain site, but perhaps to increase overall binding affinity between
5 (45), domain 6 does maintain the bulged branch point and the intron and the'3plice site region. This is supported by
several conserved purine and pyrimidine positiofs).(A our finding that conversion of the—y' interaction from a
previous study showed that elimination of the bulged branch A:U to a G:C base pair resulted in a 2.6-fold reduction in
site, by either deletion or introduction of an additional U the 3 splice site substratk,, Future studies in which the
opposite the branch site A, had no detectable effect on exonnature of the rate-limiting steps are determined for the tri-
ligation (44). Complete deletion of domain 6 also allowed partite assay should allow a more complete analysis of the
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contributions of specific functional groups to binding and
chemistry.
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