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ABSTRACT. The splicing process catalyzed by group Il intron ribozymes follows the same two-step pathway
as nuclear pre-mRNA splicing. In vivo, the first splicing step of wild-type introns is a transesterification
reaction giving rise to a branched lariat intreBi-exon intermediate characteristic of this splicing mode.

In the wild-type introns, the ribozyme core and the substrate irtexon junctions are carried by the
same precursor molecule, making it difficult to distinguish between RNA folding and catalysis under
normal splicing reactions. To characterize the catalytic step of the first transesterification reaction, we
studied the reversal of this reaction, reverse branching. In this reverse reaction, the excised lariat intron
and the substraté-&xon can be preincubated and folded separately, allowing the measure of the catalytic
rate of the reaction. To measure the catalytic rate of the second splicing step, purified lariat &+tron
exon intermediate molecules were preincubated and folded prior to the additid¢rexdrb Conditions

could be found where chemistry appeared rate limiting for both catalytic steps. Study of the metal ion
requirements under these conditions resulted in the unexpected finding that, for the intron studied,
substitution of magnesium ions by manganese ions enhanced the rate of the first transesterification reaction
by two orders of magnitude but had virtually no effect on the second transesterification reaction'or the 5
splice site cleavage by hydrolysis. Finally, the catalytic rates measured under optimal conditions for both
splicing steps were faster by three orders of magnitude in the branching pathway than in the hydrolytic
pathway.

Group Il introns are found in bacteria as well as in the  All natural ribozymes require metal ions for efficient
organelles of fungi, algae, and plants. They are characterizedactivity. Metal ions have at least two distinct functions: they
by a set of RNA secondary structures and tertiary interactions stabilize the structure of ribozymes and they can be directly
that are conserved despite a high degree of sequenceequired for catalysis (for reviews, see r&fs9). Under-
divergence. Several of these introns have been shown to bestanding the role of metal ions in ribozyme catalysis thus
ribozymes that are able to catalyze their own excision in requires well-defined experimental systems in which the
vitro (for reviews, see ref§, 2). Remarkably, their splicing  chemical step can be distinguished from structural rearrange-
pathway, which involves two successive transesterification ments. Furthermore, it is essential to identify metal ion
reactions, is identical to the splicing pathway of nuclear pre- requirements for each individual reaction step.
mMRNA introns. In both systems, the first transesterification | jke all other natural ribozymes known to date, except

r(_aaction is initigted by the nucleophilic attack of th_esﬁlice RNase P, group Il intron ribozymes are covalently linked
site phosphodiester bond by thef®droxyl of an internal (i, ¢is) to their substrates. It follows that, in vivo, transcrip-
conserved adenqsme located in the distal part of the intron. o, 'RNA folding, and catalysis are integrated processes that
The resulting 2-5' phosphodiester bond and branched lariat 14 be difficult to separate kinetically from each other.
form of the excised intron constitute the hallmark of group While it is often feasible in vitro to prevent folding of

Il and nuclear pre-mRNA splicing3-6). While group II ribozymes during transcription, separating the folding from
introns carry the active site responsible for their own ex- 4 o catalytic step has proven to be more difficult. In many
cision, the splicing of nuclear pre-mRNA introns takes place cases, this was achieved by splitting ribozymes in at least
within a very large ribonucleoprotein complex called the ., stryctural domains which can be folded independently

spliceosome?). Group I Introns are thus usefgI_SImpllfle_d and added in trans to reconstitute an active ribozyme. In these
models to study the catalysis of this type of splicing reaction. g qtems one of the structural domains carries the substrate
" This work was funded in part by a grant from the French Ministry apd the other remains unr_nodlfled by the reaction. This latter
of Higher Education and Research (ACC-SV5). E.D. was supported piece (,:an thus be (,:OnS'dered as a true' enzyme. At the
by a predoctoral fellowship from the French Ministries of Research Saturating concentration of one of the domains, such systems
and Technology and Higher Education and Research. AN. was make it possible to measure a catalytic rate constant.
E‘fggg;}egrggn"’i‘zgggﬁ Term Fellowship from the European Molecular o\wever, this catalytic rate constant does not necessarily
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substrate because of an inappropriate choice of the bondreverse branching reaction, probably because the first step
along which the two pieces were separated from one anotherpranch product remains stalled within the active sitd, (
so that structural steps will affect the catalytic rate constant. 21, 28. One such mutation, consisting of substitution of the
In group Il introns, several systems have been described GUAA terminal loop of domain 6 by UUCG, was introduced
that use this approach to measure a catalytic rate constanin the IL/L6 molecule described by Nolte et al21j:
(10—14). The best kinetically characterized systetf,(1]) incubation of the IL/L6 mutant lariat intron with a short 5
monitors the 5splice site hydrolysis of an RNA composed exon results in the induction of a fast and extensive reverse
of a 3-exon and intron domains-13 upon addition of the  branching reaction.
highly conserved small domain 8%). This bimolecular Here, we show that conditions can be found under which
system is thought to represent a reasonable mimic of thethe chemical step of catalysis is rate limiting. This allowed
first step of splicing by hydrolysis because it proceeds with us to analyze the requirements in divalent cation and mono-
the same reaction rates as seen for a hydrolytic pathway ofvalent salt concentrations for catalysis of this reaction under
splicing under identical reaction conditioriss{. Moreover, conditions where chemistry is rate limiting. We report that
the reaction occurs with the same stereochemical preferenceat least one metal binding site required for the first trans-
as that observed during the first step of cis-splicing by the esterification reaction has a much higher affinity for man-
intron: the introduction of a phosphorothioate in the Rp ganese than for magnesium: under conditions usually used
configuration at the cleavage site preventssplice site  to analyze group Il intron splicing, nonsaturation of this site
cleavage both by hydrolysis and by transesterificatibos). ( by magnesium limits the catalytic rate of this transesterifi-
Importantly, this reaction has been shown to be most likely cation reaction. Interestingly, addition of manganese does
limited by the rate of chemistryl(l), making it a useful  not affect the catalytic rate of Splice site hydrolysis, even
model to study the involvement of specific structural intron under conditions where chemistry is limiting.
elements in catalysisd 8—20). However, whether the chemi- We next developed a similar assay, using purified wild-
cal step of 5 splice site hydrolysis proceeds with a rate type |ariat intron-3'-exon, which reconstitutes a bona fide
comparable to the chemical rate of the first transesterification second splicing step and allows the catalytic rate of the
reaction is not known because the latter has not yet beensecond transesterification reaction to be measured under
determined. In fact, it seems likely that the hydrolytic conditions where chemistry is limiting. Addition of manga-

cleavage reaction does not involve all of the catalytic nese has no or very little effect on the reaction rate under
elements of the ribozyme, and it should be recalled that 5 these conditions.

splice site cleavage by hydrolysis is not the prevalent way v giscuss several hypotheses to explain the specific effect

to Initiate spllcmg_ In vitro, except u_nder peculiar ionic manganese on the catalytic rate of the first transesterifi-
conditions (e.g., high KCI concentrations). In the case of ,:0n reaction

the Saccharomyces cerisiae mitochondrial aiy intron
(Sc.cox1/5), model precursor transcripts that form structurally MATERIALS AND METHODS
homogeneous populations do not use the hydrolytic pathway
significantly in absence of KCI21), nor does another RNA Synthesid.o obtain sufficient amounts of unlabeled
kinetically well-behaved group Il intron2@). Moreover, L6 mutant aify lariat intron RNA (IL/L6) for kinetic studies,
while the hydrolysis pathway could be detected in vivo with 5009 of EcaRI digested pSP64/52/L6 plasmid DNA 28)
some mutant intron2@), it remains very inefficientin these ~ was transcribed fo3 h at 40°C in a 5 mL preparative
mutants and has never been observed for wild-type group Il reaction containing 2500 units of SP6 RNA polymerase
introns, indicating that branch formation is the prevalent (Boehringer), 1 mM NTPs, and 1X transcription buffer
splicing pathway in vivo for this class of introns. Finally, (Boehringer). The reaction sample was then treated with 300
because nuclear pre-mRNA splicing6) proceeds exclu-  units of DNase | for 15 min at 37C, extracted with a
sively by lariat formation, it would seem essential to develop mixture of phenol/chloroform/isoamyl alcohol (50/45/1; viv/
a system that makes it possible to access the catalytic stepy; pH 6.7), precipitated with four volumes of 7.5 M (NH
of the branching reaction of group Il introns if these OAc/absolute ethanol (1/6, v/v), rinsed with 70% ethanol,
molecules are to be used as substitutes for the spliceosomeand dried. The RNA pellet was resuspended in 1 mDH
Several bimolecular model systems that perform the denatured at 95C, and cooled slowly to 43C. Then, 1
branching reaction have been described, but in none of thesénL of 2X splicing buffer, prewarmed at 4%, was added,
could conditions be found where chemistry was rate limiting and this splicing reaction mixture was incubated for 45 min
(13 and F. Michel, personal communicatiot¥, 24). We at 45°C (1X splicing buffer: 100 mM MgGl 0.5 M (NH,)-
thought to use another route to gain access to the chemicaSQs, 40 MM MOPS, pH 7.5). The RNA was desalted using
rate of the first transesterification reaction by studying the Size exclusion chromatography (Microspin S-200 HR col-
reversal of this reaction (reverse branching or debranching).umns, Pharmacia), and the lariat intron was purified by
This reverse reaction has been described for some fime ( preparative 4% polyacrylamide gel electrophoresis (PAGE).
27) but is rather inefficient in wild-type introns because the After elution from the gel and ethanol precipitation, the RNA
splicing reaction is normally driven forward by a confor- Wwas resuspended in 10Q of water and stored at 20 °C.
mational change occurring between the two transesterification This yielded 2.75 nmol of lariat intron (as determined by
reactions (see Figure 1A). This conformational rearrange- UV-spectrophotoscopy using an extinction coefficient of 40
ment, which is mediated by a tertiary interactiop() #9/ODsgo nmunNit).
between domains 2 and 6 (see Figure 1B), can be specifically The Rex all-ribose 'sexon had the following sequence:
inhibited by mutations within either of these domai28)( 5-CGUGGUGGGACAUUUUC-3 The Rex-1d 5exon had
These mutations induce the spectacular enhancement of thehe same sequence but thet@&minal nucleotide was a
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Ficure 1: Reaction pathways. Intron sequences are represented as continuous lines while exon sequences are represented as boxes. (A) Ir
vitro splicing pathway for the aibgroup Il intron. Arrows represent the different kinetic steps of the reaction that have been identified and
also point to the 2hydroxyl and 3-hydroxyl nucleophilic attacks of the &and 3 splice sites. (B) Simplified schematic representation of

the ai% group Il intron secondary structure. The dashed line points tgtleinteraction occurring, after the first chemical step, between

two GC base pairs within domain 2 (D2) and a GUAA tetraloop capping domain 6 (D6). This interaction is involved in the conformational
rearrangement that occurs between the two chemical steps and it stabilizes the step two specific conformation. (C) Reaction pathway of the
in vitro reverse branching reaction. The two large black crosses indicate the inhibition of the conformational rearrangement by the L6
mutation (GUAA tetraloop of domain 6 mutated to UUCG) which disruptsiyéinteraction. In absence of this mutation, the lariat intron

would be mainly in the step two specific conformation and would be inefficient for the reverse branching reactioky,Hepeesents the

rate of B-exon/lariat intron complex formation andy represents its rate of dissociatid@, and k.., represent the catalytic rates of the
branching and reverse branching reactions, respectively.

deoxynucleotide. Both'sexons were obtained by chemical denatured separately, in water, by incubation for 1 min at
oligonucleotide synthesis (Genset, Paris). Thesexbn 95 °C and slowly cooled to 45C in a PCR machine at a
oligonucleotides were'%end labeled as follows: 10 pmol rate of 0.2°C/s between 95 and 5% and 0.1°C/s between

of oligonucleotide was incubated for 30 min at 3Z in a 55 and 45°C. The samples were preincubated for 4 min at
20uL reaction mix containing 10 pmol of/f3?P]JATP (ICN, 45 °C before the addition of an equal volume of prewarmed
4500 Ci/mmol), 2uL 10X kinase buffer (Biolabs), and 10  2X splicing buffer (final concentrations: 40 mM MES-NNH
units of T4 polynucleotide kinase (Biolabs). After labeling, (pH 5.2-6.5) or MOPS-NH (pH 7.0-7.5), 0.5 or 1.5 M
the enzyme was inactivated by heating 10 min at@%nd (NH4)2SQOy (as specified), and variable Mgind/or MnC},

the labeled oligonucleotides were diluted 25 times (20 nM) concentrations (as specified)). After additional incubation for
and used directly for the reverse branching reactions (see6 min at 45°C, the intron and exon solutions were mixed

below). and aliquots were taken at different times (samples of 0.4
Reverse Branching KineticsThe reverse branching reac- uL were added to 1.6L formamide loading buffer at 4C).
tions were performed as follows: theéénd labeled Sexon All reactions were performed in a volume of &Q, in 500

at 20 nM (5 nM final concentration) and the unlabeled mutant uL siliconized reaction tubes. Manipulation of the samples
lariat intron IL/L6 at a 4X concentration relative to the final and incubation in a 43C water bath were performed within
expected concentration in the reverse branching reaction werean oven heated at 4215 °C. Moreover, micropipets and
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tips were also equilibrated at 425 °C. These precautions or 6.0), and 100 mM MgG! When required, MnGlwas
minimized temperature fluctuations during manipulation and added to the buffer at a final concentration of 10 mM. The
sampling and prevented condensation on the caps of thereaction product, i.e., free'fexon, was separated from
tubes. Reverse splicing products were separated by 10%unreacted precursor RNA by 4% PAGE and quantified using
PAGE. The gels were fixed for 15 min in a solution a Phosphorlmager. Reaction rates were calculated by expo-
consisting of 20% ethanol and 10% acetic acid, then dried, nential fitting of the data plotted as fraction of product versus
and the reaction products were quantified using a Phospho-time.

rimager (Molecular Dynamics). Rate constants were calcu-

lated from the fit of the time courses to an equation taking RESULTS

into account the reversibility of the reaction, as described Accessing the Chemical Rate of the First Transesterifi-

(21). o ) ) cation Reaction.Reversal of the first transesterification

~ Second-Step KineticsTo produce the circular intron  yeaction, reverse branching, appeared as particularly favorable
intermediate, we first transcribed with SP6 RNA polymerase g gain access to the chemical rate of the first transesterifi-
aAl13-1G variant of intron ai from a mutated pSP6AL3  cation reaction because the excised intron lariat can be
plasmid 29). In this mutant, the last nuc_leonde of the 5 preincubated and folded separately from itsegon, the
exon (a C) is replaced by a G. The resultinge%on had the  gypstrate for this bimolecular reaction (Figure 1C). This
following sequence: 'sgaauacaagcuugcGUGGGACAUU-  reaction should thus allow the discrimination between folding
UUG-3, where lowercase letters, uppercase letters, and thegqg catalysis. Moreover, the presence of an additiohal 2
underlined letter correspond, respectively, to vector-dgrived 5' phosphodiester covalent bond within the lariat form of
sequences, '&xon sequences, and the C to G substituted the jntron appears to add a strong topological constraint that
3-terminal nucleotide. The crude transcription product was fayors the formation and maintenance of the active structure
3-end labeled with ¢-*P]JddATP using the “splint” tech- (22 31, The study of reverse branching kinetics was
nique B0) as described in Chanfreau and Jacquej (sing  facilitated by the use of a mutant lariat intron, the L6 mutant,
the following template deoxyoligonucleotide: blocked in the first step specific conformation by the
S-tttttAATTCTTCTAGGCATACCATTAATACC-3, disruption of they/x' interaction between intron domains 2
where upper case letters correspond to the sequence complegyg 6 (Figure 1B, C) and which, as a result, catalyzes the
mentary to the 3terminal sequence of the precursor RNA. eyerse branching reaction very efficient( 29.

After digestion of template DNA by RNase-free DNase | Tq separate the folding step from the catalytic step is often
(Pharmacia), labeled precursor RNA was purified by phenol not sufficient to warrant that the catalytic rate is indeed rate
extraction, exclusion chromatography on Microspin S-200 |imited by chemistry. To meet these conditions it can be
columns (Pharmacia), and ethanol precipitation. Precursornecessary to slow the chemical reaction itself to make it rate
RNAs were resuspended in water, denatured aC9Slowly  jimiting (see, for example, re32). In the Sc.cox1/5 group
cooled to 45°C, and spliced by incubation in 1X splicing || jntron, the chemical rate of the hydrolytic cleavage at the
buffer at 45°C (see above). The circular intermediate was g splice site was shown to be lowered about 16-fold by
separated from unreacted precursor RNA by 4% PAGE and, sypstitution of the last ribonucleotide of theédon by a
after autoradiography, was recovered from gel fragments by geoxynucleotide 33). We could anticipate the transesteri-
overnight elution, phenol extraction, and ethanol precipita- fication reaction to be affected by an equivalent or greater
tion. Second-step kinetics were performed exactly as reverse&gctor. Therefore, we used a chemically synthesiZeekbn
branching kinetics by co-incubation at 46 of the labeled  composed of the last 17 nucleotides of the exon, thus
circular intermediate and an excess of the Rebd exon spanning the intron binding sequences IBS1 an29, @nd
RNA (1 «M) in the appropriate splicing buffer (0.5 M whose last nucleotide was substituted with a deoxynucleotide
ammonium sulfate, 100 mM Mggl40 mM MES atpH 5.2, iy order to limit the rate of chemistry @xon here called
5.45 or 6.0). Manganese was always added shortly beforeReX_ld)_

initiating the reaction by dilutionfoa 1 M stock solution to Figure 2A shows a time course of reverse branching
a final concentration of 10 mM. Products, i.e., the ligated performed with trace amounts o®P] 5-end labeled Rex-
exons, were separated by 5% PAGE and quantified with a 14 5-exon (5 nM) and with a large excess of unlabeled L6

Phosphorimager. Reaction rates were calculated by expo-mytant lariat intron (500 nM). The reaction can be described
nential fitting of the data plotted as fraction of product versus py the following scheme:

time.
5'-Hydrolysis KineticsThe precursor RNA was obtained Kon_ Koy,
by SP6 transcription of plasmid pSP&&?2 (29) linearized E1+IL Yot EL/IL “kor El-int

by Hpall (which cleaves off domain 6) in the presence of a

10-fold excess of guanosine over GTP. After digestion of where E1 represents thé-&xon; IL, the lariat intron; E1/
the remaining template DNA by RNase-free DNase |, phenol IL, the 5-exon/lariat L6 intron complex; E&int, the linear
extraction, Microspin S-200 chromatography, and ethanol 5'-exon—intron moleculek,, andke, the rates of complex
precipitation, intron precursor RNAs were end labeled with formation and dissociation, respectively; the catalytic rate
[y-*2P]JATP using T4 polynucleotide kinase as described of branch formation; andk.,, the catalytic rate of reverse
above and the labeled RNAs were purified by 4% PAGE. branching. The reaction products separated on gel were
The kinetics of hydrolysis of the' junction were measured quantified with a Phosphorimager. The initial rates of the
similarly to 3 transesterification by incubating the precursor reaction were calculated for different L6 mutant lariat intron
RNA at 45°C in splicing buffer consisting of 0.5 M KCI,  concentrations by linear regression on the logarithm of the
40 mM MES buffered at the appropriate pH (pH 5.2, 5.45, fraction of unreacted exon at early time points (Figure 2B).
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Ficure 2: The reverse branching reaction exhibits saturation kinetics. (A) Example of a time course for the reverse branching assay. In a
typical experiment, 5 nM3fP] 5-end labeled Rex-1d f#xon was incubated with 500 nM unlabeled L6 mutant lariat intron &Cih 0.5

M (NH;),SCOy, 100 mM MgC}, and 40 mM MES-NH pH 6.0 as described in Materials and Methods. Aliquots of the reaction were taken

and diluted in ice-cold formamide loading buffer at several time points as indicated. The reaction products were separated by 10% denaturing
PAGE and analyzed on a Phosphorimager. The E1 band corresponds #Pjhg& End labeled Rex-1d'&xon while the E1-Int band
corresponds to théé3P] 5 end labeled linear'sexon-intron molecule, i.e., the product of the reverse branching reactionTIgB plot
represents the logarithm of unreacted exons versus time at early time points for increasing concentrations of intron lariat: closed circles, 50
nM, open circles, 100 nM, closed triangles, 133 nM, open triangles, 200 nM, closed diamonds, 500 nM, open digahbnblieakures

of the initial rates for the reaction were performed by linear regression of these data at early time points. (C) The initial rates measured at
early time points for the reverse branching reaction were plotted as a function of the concentration of unlabeled L6 mutant lariat intron
([IL]). The line is the least-squares fit to the Michaeliglenten equation with/pma = 0.049+ 0.002 min® and the apparery = 117

+ 8 nM. (D) The fraction of the reverse branching product E1-Int ([E1-Int)/([E1-n{E1])) at each time point was plotted as a function

of time. The curve was obtained by fitting the data to a single exponential model equation for reversible reactions at saturating concentrations
of lariat intron (see Materials and Methods), allowing the calculatiokQf the catalytic rate constant for reverse branching.

The plot of the initial rates of the reaction as a function of tion of lariat L6 intron at time zero. Under these conditions,
the concentration of lariat intron, [IL], shows that the reaction k., andky,, values can be calculated by plotting the fraction
follows saturation kinetics (Figure 2C). This plot allowed of product ([EX-Int]¢/[IL] ) versus time (Figure 2D) and
us to calculaté/max and apparerky values from a fit of the  fitting the data to a simple exponential equation that takes
data to the MichaelisMenten equation. At saturating into account the reversibility of the reaction (see Material
concentration of lariat intron ([IL]> Ky), the rate of and Methods).

formation of the E1/IL complex can be neglected and the A hallmark of single-turnover ribozyme reactions limited
reaction reaches a plateau defined asPIE1—Int]w./[IL] 1o by the chemical step is that they exhibit a log-linear pH/rate
where [EX-Int].. represents the concentration ¢fexon— profile with a slope of about 11¢, 34-37). Figure 3
intron linear molecules (the product of the reverse-branching represents the observed rate of reverse branching as a
reaction) at equilibrium and [lld represents the concentra- function of pH measured with 5 nM?P] 5-end labeled Rex-
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pH respectively, indicating that the rates measured with 500 nM
5 6 7 8 of lariat intron are reasonable estimates of the catalytic rates,
10 4 at least over this range of pH. The apparelt pbserved
] here may be due in part to the intron being not saturating at
% higher pH. Significantly, when the rates were compared at
pH 6.0, that is within the linear range, the reactions
® * performed with the all-ribose Rex-Bxon were~20-fold
T faster than the reactions performed with the Rex-teb®n
(in an independent set of experiments, we measured an effect
of ~15-fold; data not shown). Thus, the substitution of the
last 3-exon nucleotide by a deoxynucleotide inhibited the
o3 r’—zz reverse branching reaction by a factor similar to the 16-fold
effect on the chemical rate of the hydrolytic cleavage reaction

/ reported earlier 2, 33. The single deoxy substitution

] appears to similarly affect the catalytic rates of both the
] reverse branching and the chemically rate limitédgice

1 >

site hydrolysis, which provides additional strong evidence

e
that the branching reaction is also limited by chemistry under
© Rex-1d our conditions.

ol

Kobs (min.-1)

1
-
N

@ Rex-1d+Mn | | Manganese Addition Dramatically Enhances the Rate of

© Rex the First Transesterification Reactiof.he reactions de-
® Rex + Mn

0.01 4

scribed above were all performed in the presence of 100 mM
magnesium chloride as the unique source of divalent metal
FiIGURE 3: Rates of reverse branching plotted as a function of pH. 10ns. With the all-ribose Rex'&xon, the addition of 10 mM
Reactions were performed as described in Materials and Methods,manganese chloride to the reaction buffer accelerated the
with 500 nM unlabeled L6 mutant lariat intron and 5 nfAH] 5 reaction 13-fold at pH 5.2 with 500 nM lariat intron (Figure
end labeled Rex-1d (diamonds) or Rex (CirClé@ﬁ)nS. Reactions 3) Under these Conditions’ however' no pH/rate dependence

\(Aﬁesze—r;O(r)l)ngrd l\i/lno%gl\lfug:l?pfﬁ%ﬁg ?)Ml%gerirt:,]v?r,\,,'\gléf':n% with a slope of 1 could be observed, showing that chemistry

with (closed symbols) or without (open symbols) 10 mM Macl ~ Was no longer fully rate limiting (Figure 3). This suggested
The kqps Values were shown to be good approximationskgf at that the actual acceleration of the catalytic rate could possibly
|e|385t getwgegspl]j 5-tﬁ ar;s 6.51(fjogthe all-rig%sti RMHH%EENEGQG be higher than the 13-fold increase observed at the lowest
PH 9.2 and b.> 1or thé Rex-1d-sxon, and between pH 5.2 an pH. Figure 3 shows that the use of the Rex-ek%on
Iﬁ;i‘fgnﬁimtgr}grsmgﬂewvn% ?%cﬁciézeﬁeéeé;)ihirrgggérs represent al]owed a linear pH/rate profile between pH 5.2 and 6.0,
with a slope~x 0.89+ 0.18 (apparenKy ~ 78 £+ 25 nM,
1d 5-exon and 500 nM unlabeled L6 mutant lariat intron 117 + 41, and 250+ 110 nM at pH 5.2, 5.45, and 6.0,
(i.e., a concentration-5-fold higher than the appareKi respectively). Within this range of pH, the rate acceleration
measured at pH 6.0; see Figure 2C). The least-squares lineaupon addition of 10 mM MnGlwas ~50-fold. This large
fit of the values between pH 5.2 and 6.5 gave a slope of effect was unexpected. Several factors, such as the size or
1.06+ 0.08, exactly as expected for a reaction rate limited the K, of the hydrated metal ion, may influence activity.
by chemistry over this entire range of pH. We measured the Such a great enhancement, however, is particularly surprising
apparenKy of the reaction to be-139+ 56 nM at pH 5.2 considering that it has been obtained by the addition of 10
and~1104+ 19 nM at pH 6.5. This indicates that the intron mM manganese to the 100 mM magnesium ions already
concentration was indeed reasonably saturating in that rangepresent in the reaction buffer. This led us to suspect that the
of pH over which the pH/rate profile is linear, and shows active site contains at least one metal binding site not
that our measures of the observed rates of reverse branchingaturated at 100 mM magnesium and which exhibits a
reactions approach the catalytic rates in these conditions.significantly greater affinity for manganese ions than for
Thus, within this range of pH, the catalytic rate exhibits a magnesium ions. Under these conditions the effectkaf p
log-linear pH/rate profile with a slope of-1. This is or other factors would account for only part of the rate
consistent with the catalytic rate being limited by chemistry enhancement, the remaining enhancement resulting from the
under these conditions. better saturation of this site with 10 mM manganese than
To measure the effect of the substitution of the ldst 5 with 100 mM magnesium.
exon nucleotide on reactivity, we measured reverse branching To test this hypothesis, we first performed a magnesium
kinetics with an all-ribose 'sexon, called Rex, instead of chloride titration curve (Figure 4) with the Rex-1¢éxon
with the Rex-1d 5exon. The pH/rate profile of these at pH 5.45, 0.5 M monovalent ions (ammonium sulfate).
reactions is reported in Figure 3 and can be compared to theMagnesium chloride was still not saturating at a concentration
pH/rate profile obtained with the Rex-1&-&xon. The linear of 150 mM. We could not test higher concentrations because
least-squares regression of the pH/rate profile gave a slopethe reactions became irreproducible, probably because of
of 0.96+ 0.15, between pH 5.2 and 6.0, with a plateau above RNA aggregation. Monovalent ions are known to stabilize
pH 6.0. This gives a somewhat narrowed linear window RNA structures, but performing the reactions in the presence
compared with the range of linearity from pH 5.2 to almost of 1.5 M (NH,),SO, instead of 0.5 M did not greatly change
7.0 observed with the Rex-1d-8xon. ApparenKy values the titration curves (see Figure 4). When the reactions were
at pH 5.2 and 6.0 were'55 £+ 21 nM and~139+ 24 nM, performed in the presence of 10 mM manganese chloride,
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* 1.5 M NHg* Ficure 5: Titration of manganese ions. The rate of the reverse

branching reaction is plotted as a function of the concentration in
© 10 mMMn; 0.5 M NH4* manganese ions. Reactions were performed as in Figure 4 except
® 10 mMMn; 1.5 M NHg* that the total concentration of divalent cations (notedlylwas
0.001 S ] kept constant in order to fulfill optimal structural requirements:
0 100 [M#] = 150 mM in the presence of 0.5 M (NHSO, (open
symbols) and [M*] = 100 mM in the presence of 1.5 M (NM4-
[M2+] (mM) SOy (closed symbols).

Ficure 4: Titration of magnesium ions. The rate of the reverse . : - e
branching reaction is plotted as a function of the concentration in ion concentration and (ii) exhibit a low appardi, when

MgCl,. [M2+] represents the concentration in total divalent cations cOmpared to magnesium. Figure 5 presents such fitration
and includes the 10 mM M when present. The Mggtoncentra- curves where the overall divalent metal ion concentration
tion was varied so as to obtain the M concentration as indicated  was kept constant (150 mM in 0.5 M (NJASO, and 100

on the graph. Reactions were performed with 5 i%P] 5 end i ; ;
labeled Rex-1d sexon and 500 nM unlabeled L6 mutant lariat mM in 1.5 M (NH,);SQy) in order to fulfill the structural

intron, in the presence of 40 mM MES-NHH 5.45 and either requirements and where the_pr_oportion of manganese varied
(circles) or without (diamonds) 10 mM Mngl manganese being easily titrated, with an appafgnriof ~15

mM independent of the (NBLSO, concentration. Moreover,
however, the profiles of the titration curves changed dramati- the catalytic rate of the reaction was still pH dependent at
cally. Magnesium ions could be titrated, and raising the both ends of the curves (data not shown), consistent with
concentration of (NSO, from 0.5 to 1.5 M greatly shifted = chemistry remaining rate limiting under these conditions.
the titration curves, with saturation occurring at lower Note that, for all of the titration curves presented, we verified
magnesium concentration (apparé&giy of ~80 mM at 0.5 that lariat intron concentration remained saturating at each
M (NH4)2SOs and Kyg of ~35 mM at 1.5 M (NH),SGO,). extremity of the curve, indicating that the observed rate
These observations are fully consistent with the starting constants were good estimates of the catalytic rate constants.
hypothesis, namely that, in the presence of 10 mM manga- Effect of Manganese on the Catalytic Rate of the Second
nese, at least one metal binding site important for the catalytic Splicing StepThe important effect of manganese on the rate
step is mainly occupied by manganese ions. In the presenceof the first step transesterification reaction raises the question
of 10 mM manganese, the magnesium titration curves merelywhether manganese also increases the rate of the second step
represent the structural requirement for metal ions and of splicing. To address this question, we set up a system to
monovalent ammonium ions are then able to substitute for measure the rate of the second transesterification reaction
part of this requirement. In contrast, the magnesium titration under conditions where the reaction is limited by chemistry.
curves in the absence of manganese mainly represent then this system the lariat intren3'-exon intermediate (I&
titration at a site involved in the catalytic step and which exon 2) is produced by in vitro transcription of tAd 3-1G
remains unsaturated at up to 150 mM magnesium. As ai5y precursor and subsequent incubation under standard
expected, once the structural requirements have been fulfilledsplicing conditions (see Materials and Methods). In this
(above~100 mM divalent metal ions at 0.5 M (NSO, precursor, the 'sexon lacks part of the intron binding site 2
and above~40 mM divalent metal ions at 1.5 M (N§#- important for the stability of the'Sexon/lariat-intermediate
SOy), the magnesium titration at the active site is no longer complex @9). Moreover, substitution of the last C by a G
affected by the monovalent ion concentration (Figure 4, in the 3-exon introduces a G:G mismatch at the end of the
curves without MAY). IBS1/EBS1 interaction, further reducing the stability of the

An important prediction of this hypothesis is that, under intermediate complex. In addition, this substitution dramati-
conditions where the general structural requirements are metcally affects the rate of the second splicing step while it has
manganese titration should reflect occupancy of the active a minor effect on the rate of the first splicing step (A.J.;
site and should thus (i) not be affected by the ammonium unpublished observations). It results that this precursor RNA
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rate of the second step of splicing and shows that the
logarithm of the rate of the reaction increases linearly with
pH with a slope of~1.1. Thus, between pH 5.2 and 6.0,
this reaction is likely limited by the chemical step. After
addition of 10 mM MnC} to the reaction buffer at pH 5.2,
L ‘ : the reaction rate increases from 0:810.05 min* to 0.57
] =+ 0.10 min?® (Figure 6B). This corresponds to little, if any,
] I increase in the reaction rate and compares poorly to the 50-
1 ] - fold increase observed for the reverse reaction of the first
] step of splicing.
Effect of Manganese on Hydrolysis of tHeJainction.The
o1 7 above results prompted us to test if the rate enhancement
] upon addition of manganese could also be observed for the
hydrolytic reaction at the 'Ssplice site. We therefore
measured the reaction rates ¢fjénction hydrolysis under
conditions where the reaction is limited by the chemical step
(see discussion). For this purpose we synthesized an intron
0.01 4 precursor, aip/Hpall, which lacks domain 6 containing the
0.01 | ] bulged A necessary for branch formation (see Materials and
] o Methods). At 45°C in 0.5 M KCl and 100 mM MgdG], this
precursor reacted entirely through hydrolysis of tHe 5
o junction. Figure 6A displays our results and shows that the
o +Mn . . . .
logarithm of the rate of hydrolysis increases linearly with
pH with a slope of~1.1. According to this plot, the rate of
hydrolysis at pH 5.2 is 0.002 miA and is limited by the
FiGURE 6: (A) Rates of second step transesterification (squares) rate of the chemical step. Addition of 10 mM Mn@b the
and 5 splice site hydrolysis (circles) plotted as a function of pH. reaction buffer at pH 5.2 had no effect on the rate of hy-
The rate constantsfor both reactions were determined as described drolysis k.p<~0.002 mirt?) which contrasts with the results

in Materials and Methods. For both reactions, l&g iocreases ; : P ;
linearly with pH with a slope of-1.1 for hydrolysis (circles) and obtained for the first step transesterification (Figure 6B).

a slope of~1.1 for the second step (squares). The curves suggest

that the chemical step is rate limiting for both hydrolysis and second DISCUSSION

step. Note that the reaction rates for the second step were determined . o .

using the Rex-1d exon. jEEffect of manganese ori Splice site Reverse Branching is Rate Limited by the Chemical Step
hydrolysis (noted Shydrolysis), first step and second step trans- at Low pH.Several pieces of evidence substantiate the fact
esterification reaction. The figure represents on a logarithmic scale that the reverse branching reaction is limited by the rate of

the reaction ratesk, in the absence (open diamonds) and in the o -homical step below pH 6-®.5. First, the catalytic rate
presence (filled squares) of 10 mM manganese. The reaction rates

were measured under conditions where the chemical step is ratdNcreases exponentially with pH, the lég() increasing
limiting (at pH 5.2 and, for the first and second step transesterifi- linearly with pH with a slope of 1. Probably the simplest
caiton reactions, with the Rex-1¢-&xon). The lines drawn between  explanation for this pH dependence is the fact that, during

data points show the important effect of manganese on the first the transesterification reaction, a proton is lost from the 3
step. hydroxyl of the attacking nucleotide at the end of tHe 5

can undergo the first step of splicing quite efficiently. Be- €xon. However, while the log-linear pH dependence of the
cause the second step is slow and because the intermediaté€action suggests that its rate is limited by the chemical step,
complex is made unstable, virtually all of the molecules that it does not prove it36, 3. However, another indication
react accumu|ate in the form Of dissociated |ariat in-tfon that the Chemical Step iS rate I|m|t|ng Under these Conditions
3-exon intermediate. Most importantly, because all of the is the finding that the deoxy substitution of the lase%on
mutations involved are located in thé-éxon, this mutant ~ hucleotide results in a T520-fold decrease of the catalytic
precursor RNA allows the production and easy purification fate, a value very close to the 16-fold inhibition of the
of lariat intron—3-exon molecules with a wild-type sequence. chemical rate of the'Splice site hydrolysis induced by the
Starting from the lariat intron3-exon intermediate, which ~ Same substitution3@). Also consistent with the reaction
was preincubated in the appropriate splicing buffer, the 3 being limited by the chemical step rather than by a general
splicing reaction was initiated by the addition of ‘agkon structural step is the observation that, when the conditions
containing the IBS1 and IBS2 sequences. When using theare optimal for folding, the rate of the reaction is not
all-ribose Rex 5exon, this reaction was a“’eady very fast influenced by the concentration of monovalent ammonium
at low pH, proceeding at a rate ofL min-*at pH 5.2 (data  ions in the reaction (see Figure 5).
not shown). To achieve conditions under which the chemistry  Estimation of the Forward Branching Rates from the
is rate limiting, we measured reaction rates at low pH and Reverse Branching Reactionk the present study, we first
we used the modified Rex-1d-Bxon at saturating concen- analyzed the catalytic step of the reverse branching reaction.
tration (LuM) to favor exon-intron complex formation (see  In fact, this reaction reaches a plateau at equilibrium. If one
above). Kinetics were measured at45in 0.5 M (NH,),- assumes that most of the RNA population is active, the rate
SO, and 100 mM Mgd] buffered at the appropriate pH with  of the forward branchindg,, can be deduced froike, by
40 mM MES. Figure 6A displays the effect of pH on the using the equation

A pH B
5.0 5.5 6.0
10 j_n_a_.s_l_'._n_l_l_l_’_l_
M 2nd step (Rex-1d}
@ 5' hydroysis

1" step (Rex-1d)
2" step (Rex-1d)

5' hydrolysis

0.1 4

k (min™")
k (min’")

0.001 0.001
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plateau at saturatios PL = [E1—Int],/[IL] o, = Pathway.Our measures of the catalytic rates of the first step
Ko/(Key T ko) tran;estenﬂ_catlon provide lower limits for the chemical rate
ev ey " of this reaction. It is interesting to compare these values with
Note that the assumption that most of the RNA is in the the chemical rates of the hydrolytic cleavage that have been
active conformation, or is in rapid exchange with it, is reported previously. The dependency of the chemical rates
supported (but not proven) by the fact that the same kinetic of the hydrolytic 5 splice site cleavage reactions to metal
behaviors and the same plateaus are observed if, instead oon concentrations has not yet been analyzed. Hydrolysis was
using traces of labeled-Bxon and saturating unlabeled lariat only analyzed in reaction buffers containing 100 mM¥¥1g
intron, one uses traces of labeled lariat intron and saturatingThe measure of the chemical rate of the hydrolytic cleavage
unlabeled exon (data not shown). This estimatekgf was performed in two distinct systems that might differ with
however, is more subject to errors than is the measure ofrespect to their relation to the first or second splicing steps,
krev because it relies on a good measurement of kigtland as suggested from the phosphorothioate stereochemical
PL. It was especially difficult to precisely measure the PL preferencesl, 17. In the first system, the substratesplice
in conditions where the reactions were slow because it site is in cis of domains 1,2,3, and $plice site hydrolysis
required very extended time courses. Nevertheless, it wasis catalyzed by domain 5 provided in tran$5). The
striking to see that, when plotting valueslgf as a function stereochemical selectivity of this reaction shows that it is
of pH, the pH/rate profiles obtained were similar to those related to the first splicing sted 7). The catalytic rate of
obtained fork.e, (data not shown). The main difference was this hydrolytic reaction, performed under conditions where
that the deoxy substitution of the lastéxon nucleotide  the chemical step is rate limiting, at pH 6.0 and with 100
appeared to have a greater effect on branching (about 50-mM Mg?" is ~0.04-0.1 mir* (11). The rate of the reverse
fold) than on reverse branching (20-fold). This was mani- branching reaction at pH 6.0 in 100 mM Kfgand under
fested by the fact that the reaction reached an equilibrium optimal folding conditions is-1 min™*. In the other 5splice
of about 0.75-0.80 with the Rex-1d'Sexon (see Figure 2D)  site hydrolysis reactionl@), which is related to the spliced
rather than about 0.5 for the all-riboseeéxon Rex (see ref  exons reopening reaction (SERY( 17, 40, the hydrolysis
21). This effect might result from an intrinsic property of of a small 5 splice site substrate is catalyzed by a domain
the chemical reaction itself or, alternatively, from a structural 1,2,3/domain 5 complex. The use of-d deoxy substrate
destabilization of the linear ®xon—intron molecule by the  allows the chemical step to be rate limiting, as estimated by
deoxy substitution. Further studies will be required to the pH/rate profile §3). The rate of hydrolysis of the-1
distinguish between these hypotheses. The fact that the pH/deoxy substrate at pH 7.5 is 0.17 mirand at pH 6.0 the
rate profiles obtained with thie, values were similar to the  rate is~0.005 min'. The rate of the reverse branching
profiles obtained wittk.e, Suggests that, under these experi- reaction under optimal folding conditions and with—&l
mental conditions, the calculated rates of branching are alsodeoxy 3 exon at pH 6.0, in 100 mM Mg, but without
limited by the chemical step below pH 6.0. It results that manganese, is0.04 mir™. Thus, whatever system is used,
the conclusions drawn for the reverse reaction also apply tothe transesterification reaction appears faster by about 1 order
the forward reaction. In particular, because the addition of of magnitude over the hydrolytic cleavage when analyzed
manganese had no strong effect on the value of the plateauwith magnesium ions as the only divalent metal ions.
it must accelerate equivalently the forward- and reverse- However, if these conditions appear to be optimal for the
branching reactions. Finally, since the reactions performed5’ splice site hydrolysis reaction, which is not accelerated
with the all-ribose 5exon plateau at about 50%, the catalytic by the addition of manganese, they do not fulfill the divalent
rate of branching must be similar to the catalytic rate metal ion requirements for the transesterification reaction.
calculated for reverse branching (see above). This result isindeed, substitution of part or all of the magnesium ions by
in agreement with a previous repo24j. manganese ions can accelerate the catalytic rate of the first
In a recent report, the rate of the forward branching transesterification reaction up to 100 times. Thus, under
reaction was evaluated as a function of pH in a normal optimal conditions, the catalytic rate of the first transesteri-
forward splicing reaction, taking into account only the fastest fication reaction is 3 orders of magnitude faster than the rate
reacting population. The authors suggested that factors otheof the 3 splice site hydrolysis. The 1000-fold increase in
than the chemical step contributed to limit the rate of the reaction rates for transesterification over hydrolysis shows
reaction because the pH/rate profile was comp89).(The that the systems that are set up to study hydrolysis are likely
fact that the pH/rate profile was more complex than in the to be missing catalytic elements that play a crucial role in
present study could be due to the fact that it extended tothe transesterification reaction. These elements would make
lower pH values: it has been previously suggested that, the 2-hydroxyl of the branch point, within the structure of
because there are many groups witkipof ~4 in RNA, group Il introns, a much better nucleophile than surrounding
the slope of the pH/rate profile might be misleading at lower water molecules.
pH values (se&7). Nevertheless, the rates of the forward  Addition of the B3-exon to a linear form of the intron
branching reactions measured by these authors, under identi3'-exon yeast aip transcript reconstitutes the second step
cal conditions (i.e., without manganese), were substantially of the hydrolytic splicing pathway3(, 40, 4}, giving rise
lower than the rates measured in our system (about 10-foldto spliced exons and a linear intron. Very recently, it has
lower at pH 5.45) suggesting that the chemical step was been shown that, when &&xon with a single 2deoxyribose
indeed not fully limiting in the direct analysis of the forward residue at the '3end was used in this reaction-{ deoxy
reaction. 5'-exon), the catalytic rate was pH dependent, with the log
The Catalytic Rates of Both Splicing Steps are 1000-fold of the rate of the reaction increasing linearly with pH and
Faster in the Branching Pathway Than in the Hydrolytic having a slope of-1 (39). This suggested that the reaction
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was occurring under chemically rate limiting conditions. The catalysis by a ribozyme. For example, it has been proposed
observed effects of the Sp phosphorothioate incorporationthat the X, of the hydrated metal ion, which influences the
at the 3 splice site strengthened this hypothesis. Surprisingly, extent to which it is ionized at a given pH, might partly
the rates calculated for this reaction are much slower thandetermine its effectiveness34). Because we could not
our measures of the rates obtained with the lariat form of measure the rate of the reaction at saturation of magnesium
the same intror3'-exon intermediate molecule under identi- ions, we cannot tell if there is a correlation betwedf, p

cal conditions, including the-1 deoxy 5-exon. At pH 6.0, and efficiency. However, the fact that substitution of only
our measure of the catalytic rate of the second splicing step¥1o of the 100 mM magnesium ions by manganese ions
is ~2.4 mirr* while the reported catalytic rate value for the accelerated the catalytic rate 50-fold suggests that manganese
linear intron-3'-exon is~0.003 min?! (39). Thus, as for was able to displace magnesium very efficiently at one or
the first splicing step, the hydrolytic pathway results in the several sites that are important for the catalytic step. The
second splicing step being, under conditions where the titration of Mn ions for their effect on catalysis gives an
chemical step is limiting, almost 3 orders of magnitude apparent affinity for manganesiéy,, of less than 15 mM,
slower than in the normal branching pathway. This is a while magnesium ions are still not saturating at 150 mM
somewhat unexpected result which suggests that the branclfthe titration curves suggest thKiy is at least 10 times
structure is more directly involved at the catalytic step than higher thanKw,), suggesting that the rate acceleration
previously envisioned. A genetically supported interaction observed upon addition of manganese results, at least in part,
has been reported between the branched G1 (the firstfrom the greater occupancy of one or several sites by
nucleotide of the intron linked to the branch adenosine by a manganese than by magnesium. Several observations support
2'—5' phosphodiester bond) and the penultimate nucleotide the hypothesis that the manganese titration curve shown in
of the intron (an A) 42). This interaction, supported by non-  Figure 5 represents the saturation of one or several metal-
Watson-Crick compensatory base changes, was observedbinding pockets required at the catalytic step but not for
only when the second splicing step occurs with the normal general RNA folding. First, the catalytic rate of the reaction
lariat form of the intror-3'-exon intermediate but not with  remains pH dependent between the two ends of the curve,
the linear form. An interesting possibility is that this indicating that the chemical step remains rate limiting
interaction influences the balance of an equilibrium between throughout the titration curve (data not shown). Moreover,
a structure where the substrateslice junction is correctly  the titration curves are virtually identical whether they are
positioned within the active site and a structure where it is performed at 0.5 or 1.5 M (NhLSQO,. This contrasts with
incorrectly positioned. In the linear form of the intron, this the magnesium titration curves performed in the presence
interaction would not be formed and the equilibrium would of 10 mM manganese. Under these conditions, saturating
be shifted toward the incorrectly positionet splice site concentrations of magnesium can be reached and the titration
structure. If the equilibrium is rapid, with a relaxation rate curves greatly depend on the ammonium sulfate concentra-
faster than the chemical rate of the second transesterificatiortion. The latter observation is consistent with the hypothesis
reaction (at least with a1 deoxy 3-exon), the reaction  that 10 mM manganese fulfills part of the catalytic require-
would still be rate limited by the chemical step for the linear ment for the transesterification reaction and that the titration
form of the intermediate (but., would be different from curves in the presence of Mn reflect the metal ion require-
kenem)- Further studies will be required to test this hypothesis. ment for folding.

Finally, our finding that, in vitro, the chemical steps of Implications of the Catalytic Rate Enhancement Induced
both splicing steps can be 1000 time faster in the branchingby the Addition of Manganese Being Specific to the First
pathway than in the hydrolysis pathway might explain why Step Transesterification Reactiorhe addition of manganese
the branching pathway is a prevalent mode of splicing in had very little if any effect on the second step of splicing
Vivo. under conditions where the reaction is limited by the

Metal lons Are Inolved in Catalysis of the Branching chemical step. The acceleration is less than 2-fold, a value
Reaction.One of the most surprising results of our study is which corroborates the 1.3-fold increase published in a recent
the large increase of the first transesterification reaction rate study @9). This contrasts with the large rate enhancement
upon addition of manganese in conditions where the chemicalinduced by manganese on the rate of the first step transes-
step is rate limiting. When part of the 100 mM Kfgions terification reaction. At first glance, this discrepancy might
was substituted by Mt ions, the reaction was accelerated suggest that the first and second splicing steps are catalyzed
up to 100-fold. This unexpected strong enhancement of thewithin active sites with different metal ion specificities, a
catalytic rate observed upon addition of manganese hasconclusion that would disprove a single active site hypoth-
important implications on the design and the interpretation esis, at least in its most simplistic version. This interpretation,
of experiments aimed at understanding the involvement of however, does not seem to be the most likely one because
metal ions in catalysis by ribozymes. In particular, if the manganese has no effect on the first splicing step when it
ai5y group Il intron is used as an experimental model, occurs by hydrolysis rather than by transesterification. The
whenever the incorporation of a thiophosphate is thought to strong manganese effect is thus specific to the reactions that
directly affect the chemical rate, the interpretation of directly involve the branch site adenosine. Following is a
manganese rescue experimesjsshould be done with great  nonexhaustive list of hypotheses that could possibly explain
caution and should take into account the large generalthese observations. First, if manganese is directly involved
enhancement of the catalytic rate induced by the addition of at the chemical step, our findings suggest that it could
manganese. enhance the reactivity of thé @xygen atom of the branch

There are a number of possible reasons why a given metalsite: in the forward branching reaction, it would enhance
ion might be more effective than another in promoting the nucleophilicity of the 2hydroxyl; while in the reverse
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13.
14.

branching reaction, it would make thedkygen atom a better Costa, M., and Michel, F. (199BMBO J. 14 1276-1285.

leaving group. It would, however, be surprising that the same
metal ion could not, in the hydrolytic pathway, influence
the reactivity of water molecules as well, except if its binding
site is carried by domain 6 itself. Another interesting hypoth-
esis is that there could be a fast equilibrium between a struc-
ture in which the 2oxygen atom of the branch site (either
in the form of an hydroxyl in the forward branching reaction
or within the 2—5 phosphodiester bond substrate in the
reverse reaction) is correctly positioned within the active site
and a structure where it is not. If the relaxation time of the
equilibrium is faster than the rate of the chemical step, this
will not preclude the chemical step from being rate limiting.

In this hypothesis, manganese would stabilize the branch site

in its correct position and orientation. The structural equi-
librium could be very local. For example, the branch site
adenosine could be constantly flipping in and out of helix
VI (43), and the metal ion would displace the equilibrium

in one way or another. Effects of this type would not need
to involve domain 6 docking. Alternatively, the entire domain

6 could have a low affinity for the active site. Manganese
could then stabilize the “docked” state of domain 6. Further
studies will be required to distinguish between these hy-
potheses.
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