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ABSTRACT interference experiments have identified several magnesium ion
coordination sites close to where the cosubstrate binds (7).
Piccirilli et al.(8) have provided experimental support for the
existence of a magnesium ion that promotes the reaction by
coordinating to, and facilitating leaving of, the oxyanion of exon
1 (oxygenc in Scheme 1b). In an analogous model system
(trimethoxyphosphorane dianion) calculations on the influence of
. . g metal ions suggest that the phosphorane intermediate would
and thereby influences the efficiency of catalysis in the break down spontaneously in the presence of magnesium ions (9).
first step of splicing. This suggests thg_exstence ofa Mechanisms involving two catalytic metal ions have been
metal ion that catalyses the nucleophilic attack of the discussed (1,2,5,8—11). Steitz and Steiggssted that splicing
cosubstrate. Of particular significance is that the by group | introns utilises a two-metal-ion mechanism which may
transe§ter|f!cat|o? reactions of th_e first step of splicing be general for many enzyme-catalysed phosphoryl tra¢&83rs
with 2'-amino-2'-deoxyguanosine as cosubstrate ae Molecular dynamics simulation also shows the plausibility of a
more efficient in mixtures containing either Mn =" or 0 chanistic model involving two catalytic magnesium ions (11).
Zn together with Mg : than. with onl.y magnesium Furthermore, Streichet al.(12) have reporteddications of two
lons present. The experiments in metal ion mixtures defined metal ion binding pockets close to the cleavage site in the
show that two (or more) metal ions are crucial for the phage T4td intron and suggested that these may be sites for
sc_allf-sphcmg of group | introns and suggest the possI- catalytic ions. However, until now no experimental support has
bility that more than one of these have a direct catalytic been reported for a metal ion that would be involved in promoting
role. Aworking model for a two-metal-ion mechanismin nucleophilic attack by the guanosine cosubstrate.
the transesterification steps is suggested. The 2-hydroxyl of the cosubstrate is critical for the first
catalytic step(13) but not as important forifging, since
INTRODUCTION 2'-deoxyguanosine is a competitive inhib{tb4) and evenibhds

Self-splicing of group | introns from precursors (pre-mRNAs) t¢lightly tighter than guanosine in the L-21 Scal ribozyirts.
messenger RNAS requires two consecutive transesterifications/¥¢ have shown previously thatéino-2-deoxyguanosine can
internucleosidic phosphodiester linkages. The first step beifgPlace guanosine as cosubstrate in group | self-splicing, albeit
cleavage of the exon 1-intron junction by an exogenod%'th lower efhuenpy (16). In the presemntdy We+have used t_hls
guanosine cosubstrate and the second being ligation of the ex8H¥MO analogu?r, in the presence offMgy Mr?* as well as in
(1,2). The pre-mRNA from therdB gene in bacteriophage T4 Mixtures of Mg*and Mr¥* or Zr?*, as a tool to further dissect
contains a self-splicing group | intron (Scheme (Ba}). Our  the mechanism of catalysis.

present work is focused on the first step of splicing, i.e., where the

external guanosine cosubstrate, with thdny@roxyl as the MATERIALS AND METHODS

nucleophilic function, attacks the internucleosidic phOSphOdMaterials

ester linkage at the exonl—intron junction and becomes covalent-

ly attached to the'fend of the intron (Scheme 1b). It is well Deoxynucleotides, nucleotides, Nick-columns (G-50), RNA-
known that divalent metal ions are necessary for the function gfiard and T7 RNA polymerase were from Pharmacia. Guano-
group | introns (1,2,5). Morecently, photo-crosslinking experi- sine, spermidine, diethyl pyrocarbonate (DEPC) were from
ments in the L-21 Scal system have shown that magnesium iBigma. Labelled3S]UTPuS was purchased from Amersham,
coordination near the splice site is crucial for folding into atipa from USB and DNasel from Boehringer Mannheim. All
active ribozyme (6). In addition, phosphorothioate substitutiosolutions were DEPC-treated:Amino-2-deoxyguanosine was

The catalytic mechanism for self-splicing of the group |
intron in the pre-mRNA from the  nrdB gene in bacterio-
phage T4 has been investigated using 2 '-amino-
2'-deoxyguanosine or guanosine as cosubstrates in
the presence of Mg 2*, Mn2*and Zn2*. The results show
that a divalent metal ion interacts with the cosubstrate
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form:isoamyl alcohol (25:24:1) treatment. The labelled transcript
was DNasel treated, extracted by phenol.chloroform:isoamyl
alcohol (25:24:1), and desalted on Sephadex G-50 (10 mM
Tris—HCI, pH 7.5 and 1 mM EDTA) to remove excess nucleotides.
No detectable splicing of the pre-mRNA transcript occurred
during transcription and purification. The purified pre-mRNA
was precipitated in 4 M ammonium acetate and ethanol, dissolved
in water and stored at —20.

Splicing conditions Immediately prior to splicing reactions
nanomolar concentrations of pre-mRNA were denatured &t 95
for 30 s, transferred t&€ and left for 1.5 min and then brought
to 32 C after which the folding buffer was added. The pre-mRNA
was allowed to fold at 3Z for 4 min in 5/4 concentration of the
splicing buffer. Splicing reactions were performed in 40 mM
PIPES—KOH buffer, pH 7.2, 60 mM KCI and 4 mM for ¥Magr

0.9 mM for Mr#*. Reactions were stopped by adding an equal
volume of 10 M urea, 50 mM EDTA, 0.1% bromophenolblue and
0.25% xylenecyanol.

Splicing reactions in the presence of metal ion mixtures
contained either 4.0 mM of total divalent metal ion concentration
(Mg2*/Mn2* ratios as given in Fig. 2) or 4 mM Kigplus Zr#*
or Mn2* (as indicated in Table 2). Folding of the RNA in the
presence of only Mg followed by addition of M#* at the start
of the splicing reaction gave similar cooperative effects as folding
in mixtures of the metal ions.

Nucleoside concentrations were determined spectrophotome-
trically at pH 1.0. Extinction coefficients used were 12 260 M
cnrl (256 nm) for guanosine and 12 506+ phr! (255 nm) for
2'-amino-2-deoxyguanosingl9).

Kinetic evaluation.Splicing products and intermediates were
separated by electrophoresis on 3.4% polyacrylamide/8 M urea
gels and quantified using the Phosphorimager system (Molecular
Dynamics). The observed first order rate constdgts)vere
determined by fitting a linear equation to the plot of the natural

logarithm of the remaining precursor fraction [In F(pre-mRNA)]
Scheme 1Schematic mechanism of self-splicing of the group I intron from versus time of incubation. The reactions were followed for up to
the ‘pre-mRNA of therrdB gene of bacteriophage Td) (vith the first trans- 80% conversion and total RNA was calculated as the sum of
esterificgtion step shown in_mpre_detbﬂ._('l’he length in nucleotides (nt) for remaining ‘pre-mRNA’ (221 uridine residues, US), Weighted
exon 1, intron, and exon 2 is indicated in the upper graph of (a). intron (156 Us) and weighted AG- or G-intron—exon 2 (212 Us).

The kinetic analysis is based on the following observations.

synthesized using published proced&s18) and purified as Since a difference in rate for the two cosubstrates is observed, a
reported (16). step preceding those involving the cosubstrate can not be
rate-limiting. The disappearance of the pre-mRNA exhibits good
first order kinetics throughout the experiments (over two
half-lives), which suggests thiat; must be substantially larger
Preparation of RNAThe shortened version of the self-splicingthanky and, since substrate saturation is obtained, we must have
pre-mRNA from the phage TdrdB-gene used in the kinetic a real pre-equilibrium followed by a slower step. The concentration
experiments is a linearised plasmid, pBE®50 (Sjogren, A-S, of the intermediate G-intron—exon 2 (or AG-intron—exon 2) is
Strémberg, R. and Sjéberg, B-M., manuscript in preparation). built up to later disappear during the course of the reaction, which
contains the T7 RNA polymerase promoter in front of Suggests not too differekt andks values (curve fitting using
nucleotides (nt) of LacZ RNA sequence, 13 (intron proximal) réquations for consecutive reaction also suggestkshiat not
of exon 1, the 598 nt intron and the 500 nt exom2itro  dependent on substrate concentration). We quantify both this
transcription of pBSA1-650, linearized withHpal, produces a intermediate and the G-intron and treat the two splicing steps as
transcript of 820 nt; 22 nt of exon 1, 598 nt of intron and 200 imple consecutive reactions [i.e. first order kinetics of the
of exon 2. Several (up to 10) transcription mixtures gil46  disappearance of pre-mRNA to products (both G-intron—-exon 2
40 mM HEPES-KOH, pH 7.0, 1 mM each of ATP, CTP, GTPand G-intron)]. The initial rate of formation of the intermediate
0.5 mM UTP, JuCi [35S]JUTPuS (400 Ci/mmol), 2 mM MgG@|  G-intron—exon 2 appears to be identical to the rate of disappearance
0.4 mM spermidine, 30 U RNA guard, 0.01 M dithiothreitpigl  of the pre-mRNA, which is constant throughout the two half-lives
of linear plasmid and 120 U T7 RNA polymerase were incubatatirough which we follow the reaction (while the rate of formation
at 37 C for 50 min. The reaction was stopped by phenol.chlor@f the intermediate levels off). This shows thais small enough

Methods
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intermediate and product) which obeys first order kinetics. The
0 ; , ; : . kinetic behaviour of the system and the possibility of quantification
0 20 40 0 % 100 of the intermediate ensures thatkhgobtained reflects the first
[2°NHG] /107 M splicing step (see Materials and Methods).

The data obtained with'-amino-2-deoxyguanosine and
Figure 1. Graphical presentation of data in the form‘of Hanes—Woolf plots, guanosine inthe presence of either magnesium or manganese ion:
[cosubstratelops versus [cosubstrate], for guanosine (upper graph) or 5o presented in the Hanes—Woolff plots in Figure 1 kIhs
2'-amino-2-deoxyguanosine (Iowgr grap_h) in the presence of elt_her 4 mMO 039 mint and the< lue is 15M wh licina is d ith
Mg2* or 0.9 mM M#*. In the reactions with guanosine and¥ithe highest U59 min-an m value is 1M when splicing is done wit
cosubstrate concentration was fi¥l, since the reaction rates at higher 2'-amino-2-deoxyguanosine as cosubstrate in the presence of
concentrations became too fast for accuigggdetermination. magnesium ions. The obtainkg is considerably lower than
when guanosine is used as cosubstrate, wherd&g tradue for
2'-amino-2-deoxyguanosine is similar to that of guanosine
o N ) (Table 1). In the presence of manganese ions, the splicing with
not to cause any significant equilibration back to pre'mRNAQ'-amino-Z-deoxyguanosine gives a four times higher rate
These observations lead to the conclusion of limits to the ratiggnstant for the first splicing step than in the presence of
of rate constants that in practice means that an obtaipediue  magnesium ions. In contrast, the reaction with guanosine in
in essence is equalkg That we are monitoring the first catalytic presence of manganese ions has a rate constant three times lowe
step is also supported by the observations thakiggdnd log  than that for the corresponding reaction with magnesium ions
(kcafK) are linearly dependent on pH (Sjogren, A-S, Strombergyesent (Table 1). The lowtgs for guanosine with M is
R. and Sj6berg, B-M., manuscript in preparation) which is consisteiiohably not due to a lower inherent catalytic ability of the metal
with increased deprotonation of tHengdroxyl at higher pH (as  jon, since the M# aquo ion is reported to be a slightly better
was also found in the L-21 Scal system by Herschlag and Khosta}alyst for this type of reaction (due to higher acidity and hence
(20). lower (K value of coordinated water or hydroxyl function) in a
diribonucleotidg(21), but ould be due to other effects such as
imperfect positioning/folding. Th&y, is indeed somewhat
higher in the presence of Kirwith both cosubstrates.

Our experimental system consists of a shortened version of the

self-splicing pre-mRI\_lA (re_ferred to as pre-mRNA) from theTable 1.The kinetic parameters for splicing of the nrdB ‘pre-mRNA’ with
phage _T_4nrdB-gene in which most of exonl IS d_eleted- Theyyanosine or'2amino-2-deoxyguanosine as cosubstrate in the presence of
self-splicing of the ‘pre-mRNA' can be treated kinetically as tWgnagnesium or manganese ions

consecutive reactions (the two transesterifications in Scheme 1)

RESULTS

having rate constants of the same order of magnitude. Evaluatiugasubstrate kD) Kar M)
by curve fitting show that onlk, and notks varies with : : at M
concentration of cosubstrate (data not shown). However, since tifaianosine (with Mg") 12 12
intermediate formed (G-intron—exon2 in Scheme 1) can be&uanosine (with M#r) 0.46 20
quantified the most accurate evaluation of the first splicing step, , . .. deoxyguanosine (with Mg) 0,039 15

(kcap is to base it on the disappearence of the ‘pre-mRNA (i.e., . _ _
fraction of ‘pre-mRNA" out of total RNA including both _2-Amino-2-deoxyguanosine (with M)  0.14 24
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Table 2.Splicing with the cosubstraté-amino-2-deoxyguanosine (168M) in mixtures of magnesium and manganese or zinc ions

Metal ion Kopsmin1 Relativekgps Metal ion Relativek
with Upud with Upud

4 mM Mg2+ 0.036 1 Mg2+ 1

0.9 mM Mr2*with 4 mM Mg+ 0.22 6.1 (5.4-129 Mn2+ 6.2

0.1 mM ZrZ* with 4 mM Mg2* 1.3 35 zn2* 41

Relative first order rate constankgyy are compared with the relative rates observed upon transesterification of uridiridiBe 3-phosphate) when catalysed

by the corresponding metal ions.

/alue calculated from the equation of the curve fit to the Hanes-plot of Figure 1 fpMLBBamino-2-deoxyguanosine.

bMean value of two differerkops determinations.

CAn average value for concentrations 0.3—1 mMktaken from the graph in Figure 2 gives a relative rate of 5.4. If the negative influence of manganese ions, foun
with guanosine as cosubstrate, is taken into account then the relative rate for the reacti@amiiti22deoxyguanosine can be as much as almost the double value.
dData from Kuusela andshnberg (1993).

The observed reversed relative rates of the first splicing stepbserved. With a mixture of Zhand M@ the rate enhancement
in presence of manganese or magnesium ions with the differénieven more striking and the observed rate constant is 35 times
cosubstrates (Table 1) indicate that a metal ion binds to thegher than with M§&* alone (Table 2). With guanosine as
2'-position of the cosubstrate (direct or via water) and that thsubstrate the rate of splicing was unaffected by low concentra-
clearly affects the rate of the transesterification reaction. Wittion (<0.2 mM) of ZA* in a magnesium ion background,
2'-amino-2-deoxyguanosine as cosubstrate the overall effect andicating that a low concentration of zinc ion does not influence
the transesterification step may be about an order of magnitulidding of the pre-mRNA in a negative way.
higher with Mr#* than with M@ if taking into consideration the
reversed situation with guanosine as cosubstrate. A probables-yssioN
catalytic role for the divalent ion interacting with the cosubstrate
would be to promote the nucleophilic attack by thiey8lroxyl  In this study we provide evidence for a metal ion interaction with
of the cosubstrate on the phosphodiester of the exonl-intrgfe 2-position of the cosubstrate in self-splicing of a group |
junction and to contribute to electrostatic stabilisation of thintron. The nature of this metal ion affects the rate of transesteri-
transition state. Apparently Mhhas a higher ability to catalyse fication which lead us to assign it a catalytic role. Strong support
the transesterification with an amino function at this site where&sr a catalytic role of the metal ion that interacts with the
an oxygen gives a higher rate with magnesium. A plausibleosubstrate comes from the finding that the reaction rates in the
explanation is a ligand effect on the metal ion. The mordifferent metal ion mixtures follow the acidity of the metal ions
polarisable (softer) Mi ions has a higher affinity to the softer and correlate well with their corresponding effect on transesteri-
amino group than the harder #gnd the ligand can also affect fication of phosphodiester linkages in diribonucleotides (Table 2)
the acidity of coordinated hydroxy functions. The acidity of metgl21). In this model system the numbdilic attack on the
ion complexes is known to be affected by the ligands to the mefgiosphodiester takes place with a hydroxylic function of similar
ion and this is also reported to influence their ability to catalygeK, value (112—13) as the'3DH function of the cosubstrate. The
intramolecular transesterification in dinucleoti(&E). effect of the metal ions in the model system was suggested to be
It is conceivable that a metal ion interacting with theargely due to enhancement of the nucleophilicity of the attacking
cosubstrate and promoting the nucleophilic attack is non-ideritydroxyl (21). A probable calgic role for the divalent ion
ical with the magnesium ion that has been suggested to facilititeeracting with the cosubstrate is to promote the nucleophilic
leaving of the oxyanion of exonl {8hich means that two metal attack by the'shydroxyl of the cosubstrate on the phosphodiester
ions would be involved in catalysis of the transesterification. lof the exonl-intron junction and to contribute to stabilisation of
order to investigate such a hypothesis we decided to carry abé transition state.
experiments in metal ion mixtures. The rate constants for splicingeExperimental support for a catalytic metal ion with the role to
with 2'-amino-2-deoxyguanosine are significantly higher inenhance the leaving ability of the exon1 alkoxide that is displaced
mixtures of M@+ and Mg* than with either ion alone, by the cosubstrate has been reported (8). Would it be possible for
particularly in the range 0.3—1 mM Kffwhere the magnesium  a single metal ion to provide both these catalytic functions? If two
ion concentration is in excess (Fig. 2). This cooperative effect(er more) metal ions are involved in catalysis, in metal ion
only observed with '2Zamino-2-deoxyguanosine as cosubstrate mixtures with 2amino-2-deoxyguanosine as cosubstrate one
With guanosine as cosubstrate inclusion of manganese togetivauld expect a magnesium ion to coordinate the leaving exon 1—
with magnesium ions gives a gradual decrease in rate, approaskygen and a metal ion with higher nitrogen affinity to coordinate
ing the rate with manganese ions alone for higi*Montent  the cosubstrate. In metal ion mixtures of¥and Mre* or Zré*
(data not shown). The observed relative rate constants for spliciagelatively low concentration of any of the latter metal ions
with 2'-amino-2-deoxyguanosine in Mi/Mg2* mixtures are up  should be sufficient to compete for the amino ligand-afrino-
to 5-12 times higher than with Kiigalone (Table 2). If this result 2'-deoxyguanosine since coordination of either a manganese or a
reflects the higher ability of manganese ion to catalyse thenc ion to a nitrogen ligand is considerably more favourable than
transesterification one would expect an even more acidic metadordination of magnesium ion@2,23). In ontrast, low
ion like the zinc ion to increase the rate further and this is indeedncentrations of Mit or Zré* should not be able to compete
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Scheme 2A suggested working model for the mechanism of self-splicing of group | introns involving two catalytic magnesium ions (only the possible ligand
to the magnesium ions dicussed in this study are indicated).

efficiently with Mg?* for binding neither to the'®H of ions via neutralisation of emerging charges and counteraction of
guanosine nor to the leavingdyanion (due to relative affinities repulsion between the negatively charged nucleophile and the
and higher concentration of M. Thus, only with phosphodiester. Electrostatic stabilisation of the transition is
2'-amino-2-deoxyguanosine will such metal ion mixtures give ssuggested to be a most important factor in two-metal-ion
considerable portion of cosubstrate/pre-mRNA complex with theatalysis, e.g., the rate acceleration with double Lewis-acid
more acidic metal ion coordinating the cosubstrate, while thactivation has been quantified to bex4l(P for cleaving a
other sites are predominantly occupied with 2fkgFaster phosphodiester with a binuclear Col[llllcompk24) whereas
transesterification reactions are to be expected in such mixturesmparable single Lewis-acid activation (Co[lll]) gives rate
since both manganese and zinc ions are known to be maecelerations that are three orders of magnitude IR
efficient than magnesium ions in catalysing transesterification fDoordination to the pr& oxygen is inferred from phosphoro-
diribonucleoside phosphodiesters (Up(@1). This is indeed thioate substitution26—29). Based on pitisns of metal ion
observed also in our system. dependent cleavage of the intron core and modelling, metal ion

The observed cooperative effects reported here are expdyinding pockets relatively close to thé@ of the leaving
mental indications of at least two simultaneously acting metalkyanion and to the cosubstrate have been suggested in the mode
ions that influence the rate of reaction. A mechanism with oref Streicheret al (12) From thesetgdies one can consider
metal ion being catalytic and another influencing in a differeradditional possible ligands to the magnesium ions. These ligands
way can not be completely excluded on a purely experimentabuld be (using the numbering of the nativ@B intron) (30,31)
basis. However, there are now a number of experimenttde N-3 of the bulged C457 next to the G-site in P7 and the
observations that are consistent with a two-metal-ion mechanigiaphosphodiester of A521 for Nig?* and the 5phosphodi-
(see discussion below) and a single-ion mechanism seems lesters of U520 and A523 for lgf* [these phosphates in P7 are
likely from a theoretical point of view. If a single metal ion wouldthose identified by Christian and Yar{ly as most seitive to
promote catalysis on both sides of the phosphate linkage tipkosphorothioate substitutions]. Although the distance of 8.6
would require a two-step transesterification with a conformasetween the magnesium ions in the model of Stre@ttar(12)
tional change at the stage of an intermediate phosphorane whishtoo large to suggest that both these metal ions would be
if a true intermediate, would be expected to have a very shamvolved simultaneously in catalysis the experimental data and
life-time. We therefore suggest a working model involving twaghe model in their study does not completely exclude this
catalytic metal ions. It seems reasonable and consistent with garssibility (as also discussed by the authors).
findings that if the role of one metal ion is to catalyse departure The coordination to oxyged is tentative (marked with a
of the leaving group then the other metal ion that interacts witluestion mark symbol for the bonding interaction) and included
the 2-position of the cosubstrate has the role of promoting then the basis of the following discussion. There is no direct
nucleophilic attack of the'-®H. experimental evidence for metal ion interaction with oxydjen

A plausible mechanism involving metal ion enhancement dScheme 2)ut the nature of the group in this position influences
both nucleophilicity and leaving ability as well as electrostatithe efficiency of cleavage (32). It was clutled that this is
stabilisation of the transition state is proposed in Scheme 2. Thmstly via an inductive effect and the data for a hydroxy
working model involves coordination of one magnesium iosubstituted derivative that deviated in a Brgnsted ysgdggving
(Mg(2)2+) to oxygenc to make the exonl oxyanion a bettergroup fKs) was explained by possible internal hydrogen bonding
leaving group. The other magnesium ion (M’Q) is suggested tothe 3-hydroxyl(32), an alterrntéve that also has been suggested
to coordinate the'®xygen D) in the cosubstrate (see discussiorto explain the role of the'-hydroxyl of the cosubstraid6).
below) thereby promoting its deprotonation to the more nucle@nother explanation for the above mentioned deviation of the
philic anion. The transition state can be stabilised by the two meBignsted relationship could be that oxydeoordinates M@)Z+
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partlally,_ to enhance _the _effect of the cata_lysmglaﬂ‘glon, the 5 Yarus, M. (1993FASEB J.7, 31-39.

same kind of coord_lnatlon also would improve the catalytics wang, J. F. and Cech, T. R. (1994pm. Chem. Sqd.16,4178-4182.
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single metal ions acting in separate s(@ds33). 12 Sweicher. B, Westhof E. and Schroeder, R. (1BB®BO J.15,
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a two-metal-ion mechanism: interactions could involve water3 Bass, B. L. and Cech, T. R. (198ture 308,820-826.
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coordinate to the nucleoside alkoxy oxygens directly or via bound Biochem. Biophys. Res. Comma83, 842-848.
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metal ions is consistent with coordination to théy@iroxyl of ~ 18 Imazawa, M. and Eckstein, F. (1999rg. Chem44, 2039-2041.

the cosubstrate but the alternative involving deprotonation of tH& ggffgo% and Lonnberg, H. (1994Lhem. Soc. Perkin. Trargs.
3'-OH by metal-bound hydroxide (and protonation of the leavingo Herschlag, D. and Khosla, M. (19B%chemistry33, 5291-5297.
group by metal-bound water) can not be excluded on the basis2of Kuusela, S. and Lonnberg, H. (1993Phys. Org. Chens, 347-356.
current kinetic data. Models based on crystallographic data 8a gg‘r?]nlel)-(e(‘; asnfé gsftﬂtIﬁélfﬂ-o(ﬂ%%tglé%ﬁgpgtggg OfL'\gﬁgag-nLigand
protein enzymes_(lO) "?‘”d the.\prIy mentloned calculations %3 Sille’ﬁ, L.G., ar?d Mar?ell, A.E. (196Stability Constants,y,Supplement No
(9,11) fevours direct interaction. Conceivably, the strongest ; 'special Publication 25he Chemical Society, London.

argument in favour of a direct interaction of th@®8ygen with 24 williams, N. H. and Chin, J. (1996) Chem. Soc. Chem. Comm.

the metal ion is that the differences in metal ion influence on 131-132.

catalysis obtained when comparing exon 1 oxyanion a aig‘\’,v%;:”f ia;gn‘zs‘é’gcﬁ- ¥'é1??3§%jef,2§?4§gé?§‘§§g
f[h|c_)an|o_n Ieavm_g grogﬂS) would be dlfflcu!t to e_xplaln withan 5 Rajagopal, J., Doudna, J. A. and Szostak, J. W, (Saf®)ce244,
indirect interaction. Similarly our results wittaghino-2-deoxy- 692—694.

guanosine suggest direct interaction with thpdition of the 28 Suh, E. and Waring, R. B. (199®)cleic Acids Res20, 6303-6309.
co-substrate. On the basis of the arguments above we favour%ﬁerseﬁczlsagﬁu Piccirilli, J. A. and Cech, T. R. (19Bibchemistry30,
mechanistic alternative involving direct coordination of the meta), ;' “5°x" o 3. M. xu. M-Q., Lang, B. F., Michel, F., Tomaschews-
ion to the 2 and 3-oxygens of both the nucleophile and the™ i j 'pedersen-Lane, J. and Belfort, M. (1988. Natl. Acad. Sci. USA
leaving group. The proposed mechanism has the additional 85 1151-1155.

attraction of generating a liberated exon 1 that is ready afd@ Nilsson, L., Ahgren-Stdlhandske, A., Sjégren, A-S., Hahne, S., Sjéberg,
activated for the subsequent ligation reaction (provided that the B-M. (1990)Biochemistry29, 10317-10322.

metal ion is not rapidly exchanged before the second splice si ;Selrzfgggil')" Eckstein, F. and Cech, T. R. (18@hemistry32,
is properly aligned) in a fashion identical to that for the guanosing vashiro, M., Ishikubo, A. and Komiyama, M. (1995Chem. Soc. Chem.

cosubstrate in the first step. Comm, 1793-1794
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