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ABSTRACT: Group | introns possess a conserved guanosine residue at'tbanl,3ermedvG, that, in the

case of theTetrahymenagre-rRNA, is a major determinant of the second step of splicing. We examined
the role ofwG in self-splicing of the 249-residue group | intron of tAmabaenaPCC7120 tRNAU
precursor. Contrary to observations with thetrahymengre-rRNA intron, a mutation that places an
adenosine residue at theposition did not have a severe effect on the second step of splicing; né€ither 3
splice-site selection nor the rate of the second step was altered. The first step of splicing, however, was
now readily reversed. This unexpected effect also resulted from a mutation that altered the nucleoside
specificity of the intronic guanosine-binding site. The theme common to these mutations is that reversal
of the first step of splicing results when there is not a strong interaction between the guanosine-binding
site and thew residue. This suggests that a major rolev@ is to compete with the exogenous guanosine
molecule added to the intron in the first step of splicing for the single guanosine-binding site of the
intron. From these data, we are able to extend the mechanism for the self-splicing reaction of this intron
by proposing two distinct conformational changes between the first and second steps of splicing. The
first of these is the exchange of the exogenous nucleoside fab tigcleoside. This is the equilibrium

that we can perturb by mutations at either theoosition or the guanosine-binding site. An additional
conformational change then fully activates the intron for the second step of splicing.

The tRNA® precursor ofAnabaenaPCC7120 contains a  a conserved guanosine residue at thig@ninus of the intron
249-residue group | intron (Figure 1A) inserted between the (wG) is bound by the intron, and thé &on then acts as a
wobble and second bases of the anticodon (Kuhsel et al.,nucleophile, ligating the exons and releasing the linear intron.
1990; Xu et al., 1990). Itis a member of a rapidly growing This reaction is chemically equivalent to the reverse of the
family of small, self-splicing introns found in a wide variety first step of splicing (Inoue et al., 1986). Mutations at a
of tRNAs. This intron is of particular interest for structural single base pair within the core of the intron alter the
work and for determining minimal core requirements be- nucleotide specificity for both the exogenous nucleoside and
cause, in spite of its small size compared to the well-studied thew position (Michel et al., 1989; Been & Perrotta, 1991).
Tetrahymendarge ribosomal subunit (LSUYRNA intron Thus, the exogenous guanosine anddi@ are thought to
at 413 nucleotides, it retains efficient splicing activity inthe be bound by a single active site. This necessitates a
absence of accessory proteins and under physiologicalconformational change after the first step of splicing and prior
magnesium concentrations (Zaug et al., 1993). A multiple- to the second step, in which the exogenous guanosine at the
turnover ribozyme has also been constructed from this intron, 5" end of the intron dissociates from the active site aitl
and a kinetic framework for its endonucleolytic cleavage of is bound.

small RNA substrates has been developed (Zaug et al., 1994). The Anabaenaintron also exhibits hydrolysis at the 3

All group | introns excise themselves and ligate the splice-site which results in circularization of the intron (Inoue
surrounding exons in two sequential transesterification stepset al., 1986; Zaug et al., 1993). This unproductive hydrolysis
(Figure 1B). In the first step, an exogenous guanosine reaction is likely initiated whemwG becomes bound by the
molecule is bound by the intron; thé-Bydroxyl group of G-binding site prior to the first step of splicing (van der Horst
this molecule attacks at the' Splice-site, leaving the & Inoue, 1993).

guanosine residue attached to the intron and a ffee 3 Except for its propensity to circularize in the absence of
hydroxyl on the 5exon. During the second step of splicing,  guanosine, thdnabaendntron is an excellent candidate for
structural studies. To prevent this side reaction, we made
t This work was supported by NIH Grant GM28039 and an American Mutations at thev position of theAnabaenantron (G249)
Cancer Society postdoctoral fellowship. T.R.C. is an Investigator of and observed how these affected both the second step of

the Howard Hughes Medical Institute and an American Cancer Society splicing and the circularization reaction. These mutant
Professor. We thank the W. M. Keck Foundation for generous support . ¢ lost the ability to circulari dilv but ted
of RNA science on the Boulder campus. INtrons 10st the abllity 10 Circularize readily but unexpectealy

* Author to whom correspondence should be addressed. retained the ability to splice. Thu&G is not the primary
® Abstract published ifhdvance ACS Abstractdarch 1, 1996. determinant for reactivity at the' 3plice-site or for the

" Abbreviations: EDTA, ethylenediaminetetraacetic akid maxi-  occyrrence of the second step of splicing. In the absence of
mum rate of the first step of splicing at saturating nucleotide substrate; . .
Hepes, 4-(2-hydroxyethyl)piperazineethanesulfonic acid; LSU, large &N @G residue, however, we found that the first step of

ribosomal subunit; Tris, tris(hydroxymethyl)aminomethane. splicing was severely affected, becoming readily reversible.
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Ficure 1: (A) Anabaendntron and its G-binding site. The secondary structure ofthabaenaRNAv intron is drawn according to Cech

et al. (1994). Each dot represents a single nucleotide, and the splice-sites are indicated by arrows. Highlighted by the shaded box and shown
in detail is the P7/P9 junction which includes the guanosine-binding site@n(5249). Drawn in the white oval is the interaction between

the G-binding site and the exogenous guanosine nucleophil&SoNote that the three nucleotides are not planar as drawn in this schematic
(Yarus et al., 1991a). On the right is a diagram of the G-site mutant and its interaction with 2-aminopurine. (B) Group | intron splicing.
Splicing proceeds by two sequential transesterification steps. In the first step, a guanosine molecule attaditieesie, becoming
covalently attached to the intron. In the second step, tlexdn attacks at the’ 3plice-site, ligating the two exons and releasing the linear

intron.

A strong interaction between the nucleotide in éhposition that deleted a uniquiindlll site on the plasmid. Briefly,
and the G-binding site appears to be required to prevent thethe mutagenic DNA oligonucleotides were synthesized on
efficient reversal of the first step of splicing. This role an Applied Biosystems 380B DNA synthesizer, and phos-
requires guanosine at thé rminus of the intron, at least  phorylated using ATP and T4 polynucleotide kinase. The
in the case of thé\nabaenaintron, and may contribute to  oligonucleotides were annealed to deoxyuridine-containing,
the conservation of guanosine at this position in the group | single-stranded circular DNA derived from the plasmid
introns. pAtRNA-1 or double-stranded, alkali-denatured pAtRNA-1
(Zaug et al., 1993). T4 DNA polymerase, T4 DNA ligase,
MATERIALS AND METHODS and dNTPs were added to synthesize the second strands. The
Mutagenesis.Mutations at position 249 of theénabaena plasmid containing the double mutation was selected for by
intron were constructed by oligonucleotide-directed mu- Hindlll digestion and was passaged throdggtherichia coli
tagenesis using the method of Kunkel et al. (1987). A double BHM71—18 mut S cells. The resultant double-stranded
mutant, G156A:C204U, was constructed by the method of DNA was used to transform competdht coli, strain XL-1
Deng and Nickoloff (1992) using a selection oligonucleotide Blue, using a Bio-Rad gene pulser set to 1.8 kV and @00
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Plasmids that contained the mutations were identified by the observed rate constants were plotted as a function of
restriction endonuclease digestion and sequencing. nucleoside concentration. These data were then fitted to the
Transcription of Precursor RNAsTranscription reactions  Michaelis—Menten equation to obtain values for the con-

typically contained 4 mM ATP, CTP, GTP, and UTP, 40 stants (KaleidaGraph v. 3.0, Abelbeck Software).

mM Tris, pH 7.5, 5 mM MgC4, 10 mM dithiothreitol, 2 Sequencing the Ligated Exon3he tRNA product was
mM spermidine, 2650 mg/mL plasmid DNA linearized generated by initiating a splicing reaction as described above
with Earl, and T7 RNA polymerase purified fror&. coli with 50 ug of unlabeled precursor RNA and 2 mM guanosine

strain BL21 pAR1219 (Davanloo et al., 1984). For uni- in 50 uL total volume. Reactions were continued at°g2
formly labeled RNA, 5Q:Ci of [a-32P]JATP (New England for 15 min, quenched with 5@L of stop buffer, and gel-
Nuclear) was also included. Reactions were incubated atpurified (as above) on an 8% polyacrylamide gel. The tRNA
37°C for 2—8 h and quenched by the addition of stop buffer was resuspended in8 to a concentration of approximately
containing 50 mM EDTA, 95% formamide or 10 M urea, 1ugluL. The DNA primer for reverse transcription (AEP64
bromophenol blue, xylene cyanol, and &XITBE. TBE is 20) is complementary to residues 4@4 of the tRNA.

0.1 M Tris base, 0.83 M boric acid, and 1 mM EDTA. RNA AEP64-20 (0.83 pmol) was"end labeled withj}-3?P]JATP

was purified by gel electrophoresis on a&% polyacryl- and T4 polynucleotide kinase and annealed~b ug of
amide gel [all polyacrylamide gels contain 7 M urea, ¥.0  tRNA in 0.5 M Tris-HCI, pH 8.3, 0.6 M NaCl, and 0.01 M
TBE, 29:1 acrylamide:bis(acrylamide)]. Full-length precur- DTT by heating the mixture briefly to 98C and subse-
sor RNA was identified by UV-shadowing or autoradiog- quently cooling to room temperature. The annealed mixture
raphy. To gel-purify RNAs, the bands containing the was divided into five aliquots to which dideoxyA, -C, -G,
material were excised and crushed, and the RNA was elutedor -T or no dideoxynucleotide was added. Reverse tran-
into TEN (10 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 250 scription was initiated by the addition of AMV reverse
mM NaCl). Following removal of the polyacrylamide by transcriptase (Life Sciences) and dNTPs (Pharmacia). The
filtration, the RNA was recovered by ethanol precipitation reactions proceeded at 8C for 15 min and were stopped
and dissolved in a minimal amount ot®. The concentra- by the addition of an equal volume of stop buffer. The
tion of unlabeled RNA was determined by the UV ab- products were separated on an 8% polyacrylamide sequenc-
sorbance. ing gel and analyzed by autoradiography.

Splicing Reactions Uniformly 32P-labeled precursor was Identification of 5 Nucleotide. The nucleotide at the'5
preincubated in splicing buffer (25 mM NaHepes, pH 7.5, end of the linear intron product was identified in the
and 15 mM MgCJ) at 50 °C for 15 min. Following following manner. Unlabeled precursor RNA, 40, was
equilibration at 32°C for 2 min, splicing was initiated by  preincubated in splicing buffer as for a splicing reaction.
the addition of guanosine, adenosine, or 2-aminopurine Either adenosine or guanosine was added to a final concen-
ribonucleoside in splicing buffer. Guanosine was purchasedtration of 2.5 mM or 25M, respectively. Reactions were
from Sigma and used without further purification. Adenosine incubated at 32°C for 2 h. T4 polynucleotide kinase,
and 2-aminopurine ribonucleoside were purchased from [y-3?P]JATP, and kinase buffer were then added to the
Sigma and R. I. Chemical, Inc., respectively, and purified reaction to phosphorylate thé Bnd of the linear intron
by preparative thin-layer chromatography on silica plates (the splicing product (the only high molecular weight species with
mobile phase consisted of 90% 1-propanol/10%;,8H), a free 5-hydroxyl group). The reaction was quenched by
where guanosine remains near the origin (McConnell & the addition of an equal volume of stop buffer, and the
Cech, 1995). At the indicated times after the addition of products were resolved on a 6% polyacrylamide gel. The
nucleoside, portions were removed, and the splicing reactionsradiolabeled product was identified by autoradiography and
were stopped by the addition of stop buffer. The RNA purified from the gel matrix as described above. The RNA
products were then separated on 6% polyacrylamide gels.was digested to completion with nucleases P1 (in water),
The gels were dried and exposed to phosphor storage screeng,1, U2, and T2 (in 0.83 M urea, 2.5 mM sodium citrate,
which were imaged and quantitated using a Molecular and 0.125 mM EDTA), and the products were separated on
Dynamics Phosphorimager. The data were initially plotted a 24% polyacrylamide gel.
as logF vs t, whereF = fraction precursor remainingr Isolation and Reaction of Splicing Intermediate$he
p/total counts;p = counts in precursor; total counts equals splicing intermediate, intron3' exon, for the wild-type and
counts in the precursef counts in intror-3' exon—+ counts mutant introns was accumulated by preincubating radio-
in linear intron+ counts in tRNA. The kinetics of the labeled precursor RNA in splicing buffer for 15 min at 50
splicing reaction were biphasic with over 90% of the RNA °C, and equilibrating at 32C for 2 min. The RNA was
reacting quickly and 510% reacting slowly. To correct reacted with saturating nucleoside (1 mM guanosine for the
for the slowly reacting fraction such that only the more active wild-type andwA introns, 5 mM 2-aminopurine ribonucleo-
fraction was analyzed, the data were then normalized: side for the G-binding site mutant) in splicing buffer for 1
fraction of precursor (normalizeds (F — Fsiow)/(1 — Fsiow)- min, and the reaction was stopped by the addition of EDTA
When the wA intron spliced, an additional, guanosine- to50 mM. RNA was separated from the nucleoside, EDTA,
dependent side reaction occurred in which the intf8rexon and magnesium using a Quick Spin G-25 column (Boeh-
intermediate cleaved a cryptic Splice-site within the 3 ringer Mannheim). In this manner, 680% of the RNA
exon, circularized and subsequently linearized the circle. To was isolated as the intrer8' exon splicing intermediate. The
account for these products, the counts in bands correspondingntermediates were then reannealed in splicing buffer at 50
to these circular and linear products were included in the °C for 5 min. In the reactions of theA and G-site mutants,
total counts. Rate constants were obtained by fitting the this procedure generated a higher molecular weight RNA
normalized data to an exponential curve (KaleidaGraph v. that comigrates with the precursor tRNA. Therefore, 1 mM
3.0, Abelbeck Software). To obtain values fQg andKy, guanosine or 5 mM 2-aminopurine ribonucleoside was added
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FIGURE 2: w mutants of théAnabaenantron can splice. Splicing of uniformBP-labeled precursor tRNAs. The precursor tRNAs containing

either the wild-typewA, or wU intron were preincubated in 15 mM MgCR5 mM Hepes, pH 7.5, for 15 min at 5C to renature the

RNA, and the reaction mixtures were equilibrated af@Xor 2 min prior to the addition of nucleoside. Splicing was then initiated by the
addition of guanosine to a final concentration of 2 mM. Portions of the reaction mixture were removed at the indicated times and stopped,
and the products were analyzed on a 6% polyacrylamide gel. In some preparations, small amounts of linear intron and ligated exon products
appeared in thé = 0 lanes. Thus, the starting point for the reaction was not 100% precursor, and this can be seen in subsequent plots of
the data. Minor bands migrating slightly faster than the precursor and in®@xons were not characterized. As indicated by the formation

of linear intron and tRNA products, the mutants were capable of performing the second step of splicing.

to thewA and G-site product RNAs, respectively, and these  The mutants were initially evaluated under conditions
reactions were incubated for 60 min at32 The products  identical to those used in prior work on tA@abaenantron.
were analyzed by polyacrylamide gel electrophoresis asAs expected, formation of the circular intron during the
described for splicing reactions. preincubation at 50C was drastically reduced as compared
Pulse-Chase Reactions witli?P-Labeled Guanosine. to the wild-type intron (Figure 2). Even at long timepoints

About 50 pmol of unlabeled precursor RNA was preincu-
bated in 4uL of splicing buffer for 15 min at 50C. The
reaction was initiated by the addition of . of [a-32P]-
GTP (3 pmol). After 1 min, 5L of 2 mM guanosine in
splicing buffer was added to the reaction to dilute the

of the splicing reaction, only small amounts of the circular
form of the intron (typically<1% of the products) were
observed. Surprisingly, the second step of splicing was not
severely affected by the mutations. Upon reaction of the
mutants with saturating guanosine concentratior(thM),

unincorporated labeled GTP. At the indicated times, aliquots the linear intron product appeared with the same rate constant

were removed and added to stop buffer.
incorporated into high molecular weight products was
analyzed as above for the splicing reactions.

RESULTS

w Mutations Hase Little Effect on the Rate of the Second
Step of Splicing.The self-splicing construct of thenabaena
pre-tRNAeU contains a 249-residue intron with a full-length
85-residue tRNAY. The 5 and 3 exons are 34 and 51

Radioactivity as with the wild-type RNA (0.3 mirt). Also, tRNA product

was formed with a rate constant comparable to that observed
with the wild-type pre-tRNA. Thus, the reaction was splicing
and not merely hydrolysis at the splice-sites. Dilution of
the nucleophile after the first minutes of the splicing reaction
did not speed the second step of splicing, indicating that exon-
ligation was not inhibited by high concentrations of free
guanosine, even with the mutants (data not shown).

Missplicing by thevU Mutant. When the products of the

residues, respectively (Zaug et al., 1993). This precursor isWild-type, oA, and wU splicing reactions were run side-
purified under denaturing conditions and is renatured by Py-side on a denaturing gel, it was apparent that the ligated
heating to 50C in the presence of magnesium ion. During tRNA produced by theyU mutant was slightly smaller than
renaturation, a circular form of the intron is produced, at the tRNA generated by the wild-type and\ introns. When

levels up to 10% of the total RNA, by site-specific hydrolysis
at the 3 splice-site followed by attack at thé Splice-site
by wG (G249 in theAnabaenantron) (Zaug et al., 1993).
This results in five distinct products of the preincubation:
5 exon, 3 exon, circular intron, linear intron (because the

ligated exons were gel-purified and sequenced as described
under Materials and Methods, it was confirmed that tRNA
generated by theU mutant is missing a single nucleotide

at the 5 end of the 3exon (data not shown). This meant
that thewU mutant was using the first adenosine residue in

circle is labile), and the intact precursor. We wanted a more the 3 exon as the terminal residue in the intron, becoming,
homogeneous system in which to perform structural studies. effectively, anwA intron. Because thevU mutant mis-

Therefore, to prevent this side reactiar of theAnabaena
intron was mutated into an adenosine (designatdjlor a
uridine @U). We anticipated that, in addition to reducing
the circularization reaction, these mutations would inhibit
the second step of splicing.

spliced in this manner, it was not investigated further.

Splicing of the Wild-Type Intron with Adenosine Is Paoor.
The precursor RNA appeared to splice readily with adenosine
at thew position and shifted to an adenosine when a uridine
was in thew position. This suggested that the G-binding
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Ficure 4: (A) Splicing by thewA mutant shows biphasic kinetics.
Disappearance of precursor during reaction withW®5guanosine

is plotted for thewA mutant (A) and for the wild-type intron@®).
Characteristic of theA mutant is a burst phase that reacts at the
same rate as the wild-type followed by a leveling off of activity.
'(B) Burst is guanosine-dependent. Disappearance of precursor as
the wA intron splices with 1uM (@), 25 uM (O), 50 uM (#),
100uM (&), or 500uM (¥) guanosine.
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Ficure 3: (A) Slow reaction of the wild-type pre-tRNA with
adenosine. Semi-log plot showing the disappearance of precurso
with time at the indicated adenosine concentrations. Splicing
reactions were performed at 32 under standard conditions (15
mM MgCl,, 25 mM Hepes, pH 7.5). Splicing with 24aM (O),

530 uM (a), 760 uM (v), 960 uM (<), 120QuM (plus sign . .
inscribed in open square), 14001 (M), 17004M (a), or 1900 same rate constant as that of the wild-type RNA (Figure 4A).
uM (©®) adenosine. The reaction of the RNA with adenosine is slow, The amplitude of this burst phase increased with guanosine
but accelerated as compared to the loss of precursor in the absencgoncentration (Figure 4B). Following this initial burst was
of nucleoside ©). (B) kea{Ky determination for the wild-type 5 slow phase characteristic of tegA mutant with a rate

Anabaenaintron splicing with adenosine. Values &fys for the . .
first step of splicing were determined by fitting the plots in (A) to that was also guanosine-dependent (Figure 4B). At saturat-

exponential curves. The dependence on adenosine concentrationfd guanosine (2 mM), the burst amplitude was90%,

400

in this range is linear, and the slope of this line givdg #Kwy of
5 M1 min1,

site of the intron had some ability to bind and recognize

causing the reaction to appear like that of the wild-type
intron.

A G-Binding Site Mutant Behas Like thewA Mutant.

adenosine. The reaction of the precursor with exogenousThew position interacts with the G-binding site of the intron
adenosine as the nucleophile was therefore investigatedduring the second step of splicing. Therefore, it seemed
Several precautions were taken to ensure that we werepossible that the effects on the first step of the splicing
observing splicing with adenosine and not a small amount reaction were caused by the disruption of this interaction. If
of guanosine contaminant. The nucleoside was purified prior this were true, then changing the nucleotide specificity of
to splicing (see Materials and Methods), and, after the the G-binding site of the intron while retaining the guanosine
splicing reaction, the nucleotide at theeid of the linear ~ residue at thev position should result in an intron with
intron product was positively identified as adenosine (data characteristics similar to those of taemutants. Such an
not shown; see Materials and Methods). This demonstratedintron was created by changing the G:C base pair at the
that the slow reaction of the precursor with this nucleoside G-binding site into an A:U base pair. The double mutant
was not due to contamination by a small amount of G156A:C204U (Figure 1) is referred to in this paper as the
guanosine. Because the first residue in the intron was alsoG-site mutant.
an adenosine, this experiment does not rule out the possibility This G-site mutant reacted very poorly in the absence of
that the adenosine was somehow acting to increase the rat&ucleoside or with guanosine but was active using 2-ami-
of site-specific hydrolysis at the' Splice-site. nopurine ribonucleoside (Figure 1) as previously demon-
Cleavage at the'Splice-site in the presence of adenosine strated with theTetrahymenantron (Michel et al., 1989;
was slow with ak.,/Kyu of only 5 M~ min~! (Figure 3A, Yarus et al., 1991b; Legault et al., 1992). The reaction of
B). This value is 16fold lower than thek../Ky for the the Anabaendas-site mutant with 1 mM guanosine occurred
reaction of theAnabaenaintron with guanosine. These with a rate constant of 0.007 mih only 7-fold greater than
results indicated that the wild-tygenabaenantron has little the rate constant for hydrolysis (0.001 mip In contrast,
specificity for adenosine. the reaction with 1 mM 2-aminopurine ribonucleoside as the
o Mutations Affect the First Step of Splicinghe reaction nucleophile was quite rapid, progressing with a rate constant
of the wA mutant was followed over a wider range (10 of 2.5 mirm? (Figure 5A). Again, the reaction profile of the
uM—2 mM) of guanosine concentrations. The kinetic profile first step of splicing revealed nucleoside-dependent burst and
of the first step of the reaction was drastically altered slow phases (Figure 5B). The reaction profiles of splicing
compared to that of the wild-type intron. There was an initial of the G-site mutant with 2-aminopurine ribonucleoside were
burst of disappearance of precursor that occurred with thevery similar to those of thevA mutant with guanosine,
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Ficure 5: (A) G-site mutant has specificity for 2-aminopurine
ribonucleoside. The reactions of the G-site mutant wiif) (0 & - - -
nucleoside, ¥) 1 mM guanosine, and®) 1 mM 2-aminopurine -

ribonucleoside are shown. The intron reacts very poorly in the ligated exons

absence of nucleoside cofactor or with guanosine, but the reaction

is quite rapid with 2-aminopurine ribonucleoside. (B) Kinetic profile T /GURE 6: Reverse splicing of isolated splicing intermediates. The
of the G-site mutant resembles that of tha mutant. Reaction of ISt lane in each group (lanes marked 1) is the starting sample of

; the intron—-3' exon intermediate isolated as described in the text.
the precursor in the presence of 581 (®), 100uM (O0), 200uM . . . X
(0),p500yM (a), an% 1mM @) 2-ar(nir)10puri!rt1e r(ib())nucle/:)side This material was renatured by heating the RNA with 15 mM MgCl

reveals that this mutant also exhibits a nucleoside-dependent bursfjlt 50°C for 5 min, and the products of this reaction are shown in

phase in the first step of splicing. In these reactions, the rate of the 2n€ 2 of each group. With theA and G-site mutants, a higher
disappearance of precursor cannot be described by a Simpmmolecular weight product was formed during this procedure. To

exponential: thus, the lines connecting the data points do not determine if this was intact precursor, saturating concentrations of
represent a’curve’ fit guanosine or 2-aminopurine ribonucleoside were added tafhe

or G-site samples respectively. After 60 min at ¥2 all of the

higher molecular weight material had spliced to form expected linear
presumably for the same reason: the active site does Nofntron and tRNA products (lanes 3).

bind thew nucleotide well.

It was possible to estimate the kinetic paramekgssand (as described under Materials in Methods) which was then
Ku for the G-site mutant reacting with 2-aminopurine renatured in the absence of nucleoside. When treated in this
ribonucleoside by plotting the rate constant for the burst manner, the intermediate from the wild-type intron resumed
phase against the nucleoside concentration (not shown). Thesplicing to form the linear intron and tRNA products. In
estimate ok.a, ~7 min~?, is approximately equal to tHea contrast, the intermediate from the two mutantsA(and
determined for wild-type intron reacting with guanosine G-site) religated with the'5exon to form the precursor, a
(Zaug et al., 1993) while thi€y, ~1000uM, is 4-fold higher. reversal of the first step of splicing (Figure 6, lanes 2). When
The best estimate di../Ky comes from the slope of the saturating concentrations of nucleoside were then added to
linear portion of this graph; the value of 4100-Mmin—tis the products of the reverse reactions, the splicing re-
in reasonable agreement with 7000 Mnin~! obtained by actions proceeded to completion, and the expected linear
dividing the estimate ok., by the estimate oKy. These intron and tRNA products were observed (Figure 6, lanes
values are about 10-fold lower than those for the wild-type 3). This demonstrated that the higher molecular weight
intron reacting with its native substrate, guanosine (Zaug et species formed during the reverse reaction was intact

al., 1993). Similarly, in the case of tHeetrahymenantron, precursor.

the same comparison givis/Ky to be~20-fold lower for Measuring the Rate of Rerse Splicing. We wished to

the G-site mutant reacting with its preferred nucleophile measure the rate of reverse splicing without denaturing the
(Michel et al., 1989; Legault et al., 1992). RNA as required to isolate the splicing intermediate. One

oA and G-Site Mutant Introns Undergo a #esal of the means of doing this is to perform a pulsehase experiment

First Step of Splicing.Burst and slow phases observed in to determine the fate of the radiolabeled nucleotide that
the profile of the first step of splicing can indicate that this becomes covalently attached to the intron in the first step of
step is readily reversed. To directly test if reversal of the splicing. Unlabeled precursor RNA was reacted with
first step of splicing can take place, the intreBi exon [0-32P]GTP for 1 min. This procedure radiolabeled the
splicing intermediate was accumulated by reacting the intron—3 exon splicing intermediate and a small amount of
precursor RNA with saturating nucleoside for 1 min and then linear intron product. Unlabeled guanosine was then added
stopping the reaction by the addition of EDTA. Because in great excess, and the fate of the radiolabeled splicing
the second step of splicing is slow relative to the first step, intermediate was observed. If the reverse reaction occurs,
this preparation resulted in a sample that largely consistedthe radiolabeled guanosine will be released, and the religated
of the intermediate (Figure 6, lanes 1). The nucleoside, precursor will react with the unlabeled nucleoside and will
magnesium ion, and EDTA were separated from the RNA no longer be observable.



3760 Biochemistry, Vol. 35, No. 12, 1996 Golden and Cech

A i[., ‘ the wild-type andvA RNAs accumulated with the same rate
09 o ® wild-type constants which were, within error, the same as for the
.g";o,s L o * disappearance of wild-type intermediate (Figure 7B,C). This
§%o.7- suggested that the rate of the second step of splicing was
5 § 0.6 mo not altered by thevA mutation, but the reverse of the first
§50'5F 5. @A . step of splicing was rapid with the intermediate being
04— 1o 12 converted back intc_J the precursor with a minimum rate
chase ) i constant of~0.9 mim?! (calculated as 1.2 min to 0.3
time (min) min*l).
Z 08 DISCUSSION
EG ° wild-type oG Is Not a Major Determinant of the Second Step of
£Eg0® \ Splicing. In the context of thd etrahymenantron, mutations
§§0.4_ * at the conserved'3erminal guanosine residue severely
E s ool oA reduce the rate of the second step of splicing (Price & Cech,
£ 1988; Been & Perrotta, 1991; Suh & Waring, 1993). In
8 T ie s s 23 5aae contrast, we found that changing the identity of éhposition
time (min) of the Anabaenaintron had little effect on the rate of the
second step. Unlike the first step of splicing of theabaena
g 0.8} intron, the rate of the second step shows little pH-dependence
2206l (A. J. Zaug and T. R. Cech, unpublished results), suggesting
'E'% oA that it is rate-limited by a conformational change occurring
o€ 0.4 with a first-order rate constant of 0.3 mih We conclude
gfclo.zﬁj.ﬂ% that wG is not a major determinant of this conformational
° wild-type change. Nor iswG necessary for efficient’ 3plice-site

0 1 1 L L 1 1 v . | 3
1214 16 18 (nfin)2-2 24 26 reactivity, sincavA also functions well wG is surrounded

_ . ) _ by many structural elements, including P7, P9.0, P10, the
FiIGURe 7: Reverse splicing monltorsezd by guanosine loss. Unlabeled anticodon stem of the tRNA, and P1. These helices, and
precursor RNA was pulsed wittaf3?P]GTP for 1 min, followed h dditi L . hat h b
by a chase with unlabeled guanosine. Radiolabeled GTP isPernaps additional interactions that have not yet been
incorporated into the intron3' exon intermediate and linear intron  identified, are likely to be the dominant factors that serve to
product by the splicing reaction. (A) Guanosine radiolabel incor- activate the intron for the second step of splicing.
porated into high molecular weight products. The number of counts  The effects of both adenosine and uridine atihgosition
observable in high molecular weight products following the addition ; : ; ; - :
of unlabeled guanosine is plotted. The points are normalized to were mvestlga_te.d. Wh'.le an adenosine substitution spll_ced
the amount of counts at the first imepoint, and there is no correction Normally, a uridine residue was excluded from the active
for errors in loading. Reproducibly; 80% of the label is retained ~ site in favor of a downstream adenosine residue. One
in the wild-type splicing products following the chase bub0% possible explanation involved thnabaenaintron being

is retained by thesA mutant. (B) Loss of radioactivity from the  capaple of specifically interacting with adenosine as well as
intron—3' exon intermediate. The number of counts in the intron

3 exon, normalized to the total number of counts in all RNA species guanosine, a phenomenon r.10t observed with other group I
in the first timepoint shown, is shown on a linear plot. The Introns (Inoue et al., 1986; Yarus et al., 1991b). This

intermediate of the»yA mutant disappears at a rate-8-fold faster possibility was investigated by examining the reaction of the
than that of the wild-type RNA. (C) Accumulation of radiolabeled intron with free adenosine as the exogenous nucleoside.
product. The linear intron is produced at the same rate by both the\ypile this reaction was faster than the rate of hydrolysis, it
wild-type andwA introns. . . . . !
was still very slow and required high concentrations of the

When this experiment was performed with the wild-type nucleoside (théca/Km was reduced ®fold relative to the
intron, the radiolabeled intermediate was nearly quantitatively reaction with guanosine). This suggests that the ability of
converted into linear intron. Reproducibly80% of radio-  thewA intron to splice normally and the missplicing by the
labeled guanosine was retained in high molecular weight @U intron may be attributed to an ability to use purines over
species in the presence of the unlabeled guanosine (Figurgyrimidines at thev position rather than a high affinity for
7A). With the wA mutant, however, the amount of adenosine.
radioactivity incorporated into high molecular weight prod- ~ Reversibility (Unsplicing). When we examined how the
ucts declined following the addition of cold guanosine, @A intron behaved in the first step of splicing, it was
indicating that the reverse reaction occurred to a significant apparent that this intron was actually severely affected by
extent. the mutation in a manner that we had not predicted. An

With the AnabaenaRNA, the second step of splicing is initial burst of activity occurred with the same rate constant
rate-determining for the overall splicing reaction, and this as that for wild-type intron, but this was followed by a slower
allows the rate of the second step of splicing to be measuredPhase that was atypical of tabaenantron. It seemed
by monitoring the loss of intermediate and the accumulation likely that the characteristics of theA mutant were due to
of linear intron product. With the wild-type RNA, the rate & disruption of the interaction between theposition and
constant for the second step of splicing is 0.3 Thifzaug the guanosine-binding site of the intron. To investigate this
et al.,, 1993). When this pulsehase experiment was

performed with thewA mutant, radiolabeled intermediate , ~Any effect that this mutation may have on the chemical step of
; the exon-ligation reaction would be hidden by the rate-limiting step

disappeared 45 fold faster (1.2-1.5 mirr_l) than with the (although a drop in this activity to below 0.3 minwould have been
wild-type intron. In contrast, the linear intron products of observed).
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possibility, the other half of the interaction was probed by more, the rate constant for the chemical step of the forward
constructing an intron with an altered nucleoside-binding site. reaction was unaffected by tlagA mutation. Therefore, to
This mutation, in which the G:C base pair at the G-binding account for the differences between the wild-type and mutant
site is converted into an A:U base pair, is known to confer introns, a second conformational change is postulated, and
specificity for 2-aminopurine ribonucleoside on group | itis this change that involves somehow the exchange of the
introns (Michel et al., 1989). We found the reaction of the exogenous guanosine for theposition.

G-site mutant with 2-aminopurine ribonucleoside to be very  Now, two conformational changes have been proposed to
similar to that of thewA intron with guanosine; burst and occur between the first and second steps of splicing: one
slow phases were observed in the kinetic profile of the first that is rate-limiting for the second step and one that involves
step of splicing while the second step occurred with the samethe exchange of guanosine residues in the active site. Which
rate constant as that for the wild-type RNA. comes first? If the rate-limiting step is first, that would imply

There are several possible reasons for the altered kineticthat the state in which the exogenous guanosine occupies
profile of the first step of splicing, but the explanation that the G-binding site is as long-lived in wild-type intron as the
best describes the data is an unusually high rate of reversamutants. Again, since the mutants had a fast rate of reverse
of the first step of splicing in theA and G-site introns. In  splicing as compared to the wild-type and probably catalyzed
this model, the size of the burst phase corresponds to thethe chemical steps equally well, this scenario does not seem
portion of the reaction prior to the appearance of significant likely. The alternative order provides a better fit to the data.
concentrations of intermediate, and the rate constant for thisIn this order, binding of the nucleotide and the guanosine
reaction is that of the wild-type intron. With the two ligated to the 5end of the intron compete for the G-binding
mutants, a significant rate of the reverse reaction results insite prior to the rate-limiting step. If binding of these two
a slower apparent rate constant once the splicing intermediatenucleotides is in rapid equilibrium, then the intermediate will
is present, and therefore they exhibit a slow phase. We werehave two steady-state conformatiereme withwG bound
able to observe directly the religation of the intre8i exon and one with the exogenous guanosine bound. The relative
intermediate with the '5exon in the case of the mutant population of these two states will be determined by their
introns. In contrast, with the wild-type intron, this reverse relative affinities for the G-binding site and thus influence
reaction was inconsequential, and the isolated intermediatedirectly the partitioning of the intermediate between products
was rapidly converted into the linear intron and spliced tRNA (linear intron + tRNA) and reactants (precursef gua-
products. nosine).

Development of a MechanismGroup | introns use a The resulting mechanism is illustrated in Figure 8, and a
single guanosine-binding site in both the first and second summary of the kinetic parameters is given in TableKk.
steps of splicing (Been & Perrotta, 1991). The exogenous is the binding constant for guanosine and is taken to be 240
guanosine that becomes covalently attached to the intron inuM. This is theKy previously determined for the wild-
the first step must exit the active site to allow th& to type intron reacting with guanosine, and it appears to be equal
bind for the second step. In this pathway, after the first step to the K4 for guanosine (Zaug et al., 1993). Also, when
of splicing and prior to the second step, a conformational kinetic simulations of the data are performed, they determine
change must occur in which the exogenous guanosine exitstheKqto be around 17@M, which is, within error, equal to
the G-binding site and the nucleotide at th@osition enters ~ Ku. The rate of the catalytic step of the first step of splicing,
it. The second step of splicing shows little pH-dependence, ks, is estimated to be 1015 min! from the rate of the
suggesting it is, in fact, rate-limited by a conformational burst phase at saturating guanosine andktheletermined
change (A. J. Zaug and T. R. Cech, unpublished results); inby Zaug et al. (1993). The rate of the reverse of the first
principle, this might or might not be the exchange of step of splicingk-,, must be greater than or equal to 0.9
guanosine residues at the G-binding site. min~, the rate of guanosine loss by theA mutant.

We believe that a single conformational change between Following the first step of splicing is the conformational
the first and second steps of splicing cannot explain the datachange that removes the exogenous guanosine from the
presented in this paper. At least two conformational changesG-binding site and allows the» position access to the
are required for the following reasons. (1) The rate-limiting G-binding site (its equilibrium constant is given ).
conformational change prior to the second step of splicing Although we have no evidence regarding what is happening
appeared to be unaffected in thé and the G-site mutations.  physically during this conformational change, the G-binding
This is inconsistent with this rate constant being governed site must be at least partially occluded after this first
by an interaction between the position and the G-binding  conformational change, perhaps even by ¢haucleotide,
site. (2) If there is only a single conformational change that since exogenous guanosine does not bind to these intermedi-
converts the exogenous G-bound state tadHgound state, ates and inhibit the second step of splicing [as also described
then it can be assigned the previously observed rate constanby Zaug et al., (1993)]. Finally, there is the conformational
of 0.3 mirrL. As this rate constant was not affected by the change (described hif,) that allows the intron to proceed
mutations, the exogenous G-bound state would be equallythrough the second step of splicing. The forward rate
long-lived in the wild-type and mutant introns. The rapidity constant for this conformational chande,, which is rate-
with which the mutants revert from splicing intermediate to limiting for the second step of splicing, is determined to be
intact precursor would then be due to a change in the rate of0.3 mirr®. The reversal of this conformational change is
the chemical step of this reaction. However, a direct effect estimated to be small with respectkegs, the rate constant
on the chemistry of the reverse of the first step of splicing for chemistry of the second step of splicing, which is also
is unlikely: thew nucleotide is not directly involved in the  assumed to be irreversible.
first step, and we showed that distinct mutations atdhe The kinetic data on theA mutant at every guanosine
position and G-binding site exhibited reversibility. Further- concentration investigated could be fit to this mechanism
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FIGURE 8: A mechanism. The proposed reaction scheme is shown pictorially, and available rate information is given for the wild-type (top)
andwA mutant (bottom). The different conformational states of the splicing intermediate are enclosed within braces.

Table 1: Kinetic Parameters for Self-Splicing of theabaena
tRNA®U Precursct

WT wA G-site
exogenous guanosine  guanosine  2-aminopurine
nucleoside ribonucleoside
Kw = Ky (uM) 2400 240 ~1000
Keat= K2 (min’l) 15 15 ~7
kealKm (M~ miny)  4.6x 10¢0  4.6x 100 ~4 x 10°
k2 (min™Y) >0.9 >0.9 nd
Ks >1 >1 nd
Kz (minTt) >0.9
Kya(min™?) 0.3 0.3 nd
K—4(min~?1) slow slow nd
ks (min™2) fast fast nd

a All constants were determined under the following conditions: 15
mM MgCl,, 25 mM Hepes, pH 7.5 and at 3Z. ® From Zaug et al.
(1993).

(data not shown). It is a satisfying picture of the reaction
because by variation oKz it is possible to shift from
simulations that mimic thevA intron to simulations that
mimic the wild-type intron. Physically this makes sense
because&; determines the relative concentrations of inter-
mediate with exogenous nucleoside bound and that &vith
nucleoside bound.

Implications of This Mechanism.In addition to the
identification of two distinct steps following the first step
of splicing and prior to the second step, the current work
has implications for the question of wiyG is a conserved
nucleotide. Previous studies anmutants of group | introns

led to the conclusion that the residue is conserved because
residues other than guanosine would not be positioned for

attack of the 5exon by the G-binding site during the second
step of splicing. We found this not to be true, at least in the
case of theAnabaenantron, aswA can substitute. In this
system, the role of»G is to drive the splicing reaction in
the forward direction. It does this by competing for the

Whether these observations are unique toAhabaena
intron or general features of group | RNA splicing remains
to be determined. Several observations suggest that at least
part of the proposed mechanism will be general. A related
intron found in the tRNA¢ from the purple bacterium
Azoarcusexhibits guanosine-dependent burst and lag phases
in its splicing profile, suggesting reversibility of the first step
of splicing even in the wild-type RNA (Tanner & Cech,
1996; and unpublished data). When hydrolysis rather than
guanosine attack initiates the splicing reaction, the reaction
occurs with a single first-order rate constant. This is
consistent with the reaction no longer being reversible in
the absence of competition betwee® and an exogenous
G at the 5-end of the intron. Thézoarcusntron has been
shown to be remarkably thermostable (Tanner & Cech,
1996). Perhaps, in achieving thermostability, this intron has
compromised its ability to undergo the first conformational
change. Additionally, van der Horst and Inoue (1989)
observe that amA mutant of theTetrahymenantron will
catalyze a reaction analogous to exon ligation in which a
dinucleotide 5 exon analog attacks at the 8plice-site,
releasing a trinucleotide product of the transesterification
reaction. This result apparently differs with observations
made with self-splicing constructs where the exon-ligation
step is severely inhibited by the A mutation (Been &
Perrotta, 1991; Suh & Waring, 1993). Clearly, this is an
area which needs further investigation.

The reversibility of the first step of splicing, as exhibited
by the mutant introns described here, is expected to increase
the accuracy of Ssplice-site selection by allowing the system
to come to equilibrium before committing to the second
chemical step. Such a scheme has been described by Chin
and Pyle (1995) in the context of a ribozyme derived from

G-binding site with the exogenous guanosine that becomes? 9roup Il intron. This has ramifications for trans-splicing

attached to 5end of the intron during the first step of
splicing, and thereby inhibiting reversal of the first step. This
model explains why a high rate of reversal of the first step
of splicing is observed in both theA and the G-binding

applications of ribozymes (Sullenger & Cech, 1994). If
mutations at they position confer greater specificity to the
first step of splicing yet still allow the second step of splicing
to proceed with accuracy, such a strategy could be used to

site mutants, and it incorporates the observation that thereproduce trans-splicing constructs that are less promiscuous

is little effect on the second step of splicing.

in vivo.
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