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ABSTRACT: Trans excision-splicing (TES) ribozymes, derived frofreeumocystis carinijroup | intron,

can catalyze the excision of targeted sequences from within RNAs. In this report, the sequence requirements
of the splice sites are analyzed. These conserved sequences includ® w&albble pair at the 'Ssplice

site and a guanosine in the position at the 3splice site (in the substrate). We report that 7 out of 16
base pair combinations at thesplice site produce appreciable TES product. This promiscuity is in contrast

to results reported for analogous self-splicing reactions usifigt@hymenaibozyme. At long reaction

times TES products dissociate and rebind free ribozyme, at which point product degradation occurs via
the B cleavage reaction. Unexpectedly, only in cases where WatSdok base pairs form at the' 5

splice site do we see degradation of TES products at cryptic sites, suggesting that non-\aislon

base pairs at the' Splice site are acting in concert with other factors to precisely determine the binding
register of TES reaction substrates within the ribozyme. Moreover, cryptic site degradation does not occur
with the corresponding reaction substrates, which additionally cont@nsuggesting thabG can play

a similar role. We report thabG cannot be replaced by any other base, so TES substrates require a
guanosine as the last (or only) base to be excised. Additionally, we demonstrate that P9.0 and P10 are
expendable for TES reactions, suggesting th@t is sufficient as a ‘3molecular recognition element.

We have previously reported that a group | intron-derived excised segment is as small as a single nucleotijlelr
ribozyme fromPneumocystis caringan catalyze the excision  addition, ribozyme regions that dictate the molecular rec-
of a targeted sequence from within an RNA transcript (  ognition between the ribozyme and its substrate can be
The reaction, called the trans excision-splicing (TES) modified, via sequence changds ¢r via rational ribozyme
reaction, consists of two steps (Figure 1)! deavage redesign [of helices P1, P9.0, and P18@], (to direct the
followed by exon ligation. In the 'Scleavage reaction, a ribozyme to effectively act upon chosen targets in vitro.
nucleophile from the aqueous solvent cleaves the phosphodi- gecause of the similarity between the TES and self-
gster ba(_:kbone of a subs;rate, generatihgrisl 3 exon splicing reactions, and that the body of information available
intermediates. In the exon-ligation step, the newly available regarding the self-splicing reaction is relatively large,
nucleophilic 5 exon attacks a specific base within the 3 especially concerning a ribozyme frofietrahymena ther-
exon intermediate, simultaneously ligating the exon inter- mophila we can infer many things regarding the TES
mediates and excising an internal segment. This reaction iSceaction. For example, a+G pair at the—1 position of helix
analogous to the self-splicing reaction, wherein the intron pq g highly conserved in group | intron, (3—8), and it
itself is excised, but for which the actual chemical steps are ;55 peen shown to play a pivotal role in defining the site of
similar. Note that one key difference is that tHecleavage g jeavage. Similarly, the last base in all group I introns is
reaction in self-splicing uses a guanosine cofactor as theaguanosine, calledG, and it has been shown to be a critical
nucleophile (the G-addition reaction), whereas TES reactior)scomponent of the exon-ligation reactid@(15). For the TES
appear to use a solvent water molecule (the hydrolysis oo tion, this means that a uridine in the target, which forms
reac;Uon). AIsp, we have shown. that TES ribozymes can the u—G wobble pair in helix P1 upon binding the ribozyme,
excise a variety of sequences, including those where thewould have to immediately precede the excised region.
Moreover, the last base of the excised region (the only base

T This work was supported by the Muscular Dystrophy Association, if excising a single base) would have to be a guanosine,
the DOD Breast Cancer Research Program DAMD17-03-1-0329, and which corresponds t@G. Therefore, the sequences that can
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to provide a more thorough understanding of what the
sequence requirements are for the TES reaction. This
information will be useful in terms of what sequences the
ribozymes can target, what sequences the ribozymes can
excise, and how specific these reactions might be (relative
to each other). Note that the studies outlined here utilize RNA
substrates that do not make use of P9.0 as a molecular
recognition component, as it is not requirdgl. (n addition,

a single nucleotide, one that is analogous todhgosition

in group | introns, is excised from these substrates. These
design principles were employed to limit the number of
reaction variables and to simplify analysis.

We now report that all 16 possible base pair combinations
at the 5 splice site undergo the first reaction steg (5
cleavage); with the 4G and ¢-A wobble pairs, all four
Watson-Crick pairs, and the-aG pair producing appreciable
amounts of the complete TES produetl(0%). This substrate
promiscuity at the Ssplice site is in contrast to results
reported for analogous reactions using Tetrahymena
ribozyme @). It was found that at long reaction times
(relative to product completion), TES products dissociate and
rebind the ribozyme, at which point degradation occurs via
the B cleavage reaction (i.e., ribozyme-mediated hydrolysis)
at the new 5splice site. Unexpectedly, it was discovered
that products that contain Watse@rick base pairs (and no
other type of base pair) at the$plice site show cryptic site
degradation upon rebinding free ribozyme. These results
suggest that non-WatseiCrick base pairs, which suppress
cryptic site degradation, can play a role in determining the
binding register of TES reaction substrates. Since such
cryptic site degradation does not occur with the Watson
Crick containing substrates, which additionally contai@,
wG is also likely playing a role in determining the binding
register of TES reaction substrates. Analyses of base changes

Ficure 1: Schematic of the two-step TES reaction. The rP-8/4x at thew position show that the requirement for guanosine
lnbozyme 'Sl ;t“ gpperca:jsethlettennlg, the 10-mer SUFSt{,?jte tls tlan in TES reactions is absolute. Therefore, using the current
owercase lettering, and the single guanosine nucleotide to be; : Lo ;
excised is circled and in italics. The base to be excised corresponds'ncamat'o.n of thé®. carinii ribozyme, TES substrates_ require
guanosine as the last (or only) base to be excised. This

to the w position when it is part of self-splicing introns, and so & gu:
will be referred to as the substrate position. The ribozyme  requirement, however, extends only to the second step of

recognition elements RE1, RE2, and RE3 base pair with the the TES reaction (exon ligation). Last, it was found that P9.0
substrate to form the P1, P9.0, and P10 helices, respectively. Notegnq p10, although beneficial, are not required for either step

that the P9.0 helix does not form in this system because of a lack f . o .
of complementary bases. The sites of catalysis for the first step (5 of the TES reaction. The implications of these results with

cleavage) and the second step (exon ligation) are shown with largef€gard to molecular recognition, as well as the potential
bold arrows in the uppermost diagram. The P10 helix is boxed. applicability of TES ribozymes, are discussed.

The—1 position of the substrate and the 12 position of the ribozyme

are shown in white lettering in the uppermost diagram and define (MATERIALS AND METHODS

the native 5 splice site. Note that the diagram shows only the

recognition elements of the ribozyme. Nucleic Acid Synthesis and Preparati@NA oligonucle-

otide abbreviations refer to the substrate, uppercase refergtides (for site-directed mutagenesis) were purchased from
to the ribozyme, and the Splice site refers to the base pair Integrated DNA Technologies (Coralville, 1A) and used
that forms between position 12 of the ribozyme antl of without further purification. RNA oligonucleotides were
the substrate (Figure 1). purchased from Dharmacon Research Inc. (Boulder, CO) and
It was previously reported, however, that& can be a deprotected following the manufacturer's recommended
substitute for the #G wobble pair at the ‘Ssplice site in ~ Protocol. Designated RNA oligonucleotides wereefd
the B cleavage reactior3] and ¢-G can substitute in the ~ radiolabeled with T4 polynucleotide kinase (New England
self-splicing reaction4, 18. It has also been reported that Biolabs; Beverly, MA) and }*?P]-ATP (Amersham Phar-
wG can be changed @A, with either no change required Macia Biotech; Piscataway, NJ) and then purified on a 20%
to the catalytic corel(9) or by modifying the G-binding site ~ Nnative polyacrylamide gel, as previously describ2d (
(GBS) of the ribozyme in a particular way to accommodate  The P. carinii ribozyme plasmid precursor, P-8/4x, was
adenosinel3, 20. Therefore, we analyzed the TES reaction synthesized as previously describ&yl Modifications to alter
with all 16 combinations of base pairs at thlesplice site the guanosine involved in the wobble pair at the position
and all four bases at thé 8plice site. This was undertaken of the P1 helix and to delete the RE3 sequences that are
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involved in P10 formation were made using site-directed yields greater than 10% were found to be reliable, and so
mutagenesisl). The following pairs of primers were used only those values are reported. These experiments were
for altering the ribozyme at the-1 position (underlined  conducted under the same TES reaction conditions described
base represents the altered bases as compared to P-8/4xgbove, with aliquots periodically removed and added to an
SCGACTCACTATAGAGCGTCATGAAAGCGGC and equal volume of stop buffer, typically over a period of 15
*GCCGCTTTCATGACGCTCTATAGTGAGTCG to cre- min. Products and reactants were denatured &Co6or 1

ate P-8/4x-8C; " CGACTCACTATAGAGAGTCATGAAAG- min prior to loading on a 12.5% polyacrylamide-8M urea
CGGC and " GCCGCTTTCATGACTCTCTATAGTGA- gel. Gels were dried under vacuum and the bands gquantified
GTCG to create P-8/4x‘B, and SCGACTCACTATA- using a phosphorimager. The data were fit as a single
GAGTGTCATGAAAGCGGC andSGCCGCTTTCATGA- exponential (SigmaPlot, Jandel) to obtain an observed rate
CACTCTATAGTGAGTCG to create P-8/4x‘®. The constant. Each observed rate constant represents the average
following primer pair was used to create P-8/4x-noP10: of two independent assays. The relevant graphs are available
SCGACTCACTATAGGTCATGAAAGCGGC and®GC- as Supporting Information.
CGCTTTCATGACCTATAGTGAGTCG. The site-directed Competition Assayg_66 nM ribozyme was preannea|ed

mutagenesis reactions were performed as previously de-in H10Mg buffer for 5 min at 60°C. The ribozyme was
scribed (), with the changes that follow. The reaction then slow cooled to 44C, at which point 1.3 nM of the

mixtures were first subjected to denaturation at*@sfor radiolabeled substrate in H10Mg buffer was added to initiate
30 s, followed by 16 temperature cycles of 95for 30S,  the reaction. After 5 min, 1000-fold excess of unlabeled TES
either 50°C or 60°C for 2 min, and then 68C for 6 min.  product competitor (over substrate) in HLOMg buffer was

The parental plasmids were then digested with 20 units of added to the reaction mixture. Periodically, an aliquot was
Dpnl (Invitrogen; Carlsbad, CA) in 4. AL of manufacturer's  removed and added to an equal volume of stop buffer over
buffer for at leas2 h at 37°C. A 3L aliquot of this mixture 3 period of 90 min, starting 10 min after addition of the
was then used to transforischerichia colDH5oc competent  competitor (15 min after reaction initiation). The substrates
cells (Invitrogen). The resultant plasmids were purified using and products were denatured by heating at@Gor 1 min

a QIAprep Spin Miniprep kit (QIAGEN; Valencia, CA), and  prior to gel loading and the products were separated,

Sequenced for confirmation (DaViS SequenCing; Dauvis, CA) visualized, and quantified as described above.
Prior to transcription, plasmids were linearized withal

and purified from the reaction mixture using a QIAquick RESULTS
PCR purification kit (QIAGEN). Transcription and purifica-
tion of the ribozymes were conducted under the conditions Molecular Recognition at the’' Splice SiteWe synthe-
previously describedi]. sized four different 10-mer substrates, each containing a
TES ReactionsReactions were conducted at 4& in different nucleoside at positior1, to be utilized with four
H10Mg buffer, which consists of 50 mM Hepes (25 mM different ribozymes, each containing a different nucleoside
Na*), 135 mM KClI, and 10 mM MgGl (from 0 mM to 15 at position 12 of the ribozyme (shown in Figure 1), allowing
mM when using the rP-8/4x-noP10 ribozyme) at pH 7.5. Us to test all 16 possible base pair combinations at the 5
Prior to each reaction, 166 nM ribozyme in %0 of HLOMg splice site (Figure 2A). We chose to use our simplest TES
buffer was preannea|ed at 8C for 5 min and then slow system, in which case P9.0 is not utilized as a molecular
cooled to 44°C. The reactions were initiated by adding 1.0 recognition element, where a single nucleotide is excised
uL of a H10Mg solution of 8 nM 5end radiolabeled or'3 from within the substrates. Note that this single nucleotide
end radiolabeled substrat2lj. The Kq of the substrate is IS analogous taG of the ribozyme. For these studies, we
expected to be approximately 5.2 nM, similar to theof utilized reaction conditions previously optimized for the TES
the 6-mer 5exon mimic §). Reaction times for the TES ~ reaction. In addition, we used the 10-mer substrate and
reactions investigating the Splice site were 15 min and 1 ribozyme that reconstitute the conserveeGi wobble pair
h. The 3 splice site studies and the rP-8/4x-noP10 reactions found at the 5splice site {). This initially included running
were allowed to proceed for 1 h. Time dependence assayéhe reactions for 1 h. Under these Conditions, all 16 base
to determine the source of cryptic products were run from 1 pair combinations gave first-step product (eavage via
to 120 min. All reactions were terminated by adding an equal hydrolysis), although the extent of reaction varies signifi-
volume of stop buffer (10 mM urea, 0.1X TBE, 3 mM cantly as a function of sequence (Figure 2B). Note that the
EDTA). The urea in the stop buffer is sufficient to stop the Product of the second reaction step must necessarily have
reactions, even at the highest Mg€bncentrations used in ~ undergone the first reaction step. Therefore, the yield of the
this study, as confirmed in control reactions utilizing no first step is the combined total of the first and second steps
EDTA in the stop buffer (data not shown). The products and Of the reaction. Surprisingly, multiple sequence combinations
reactants were denatured at@for 1 min and then runon  also gave an appreciable amourtl0%) of complete TES
a 12.5% polyacrylamide/8M urea gel for separation. The gel Product (Figure 2B). However, in some cases 4y a—U,
was dried on chromatography paper (Whatman 3MM CHR) ¢—G, ¢-C, and ¢-C) appreciable amounts of cryptic
under vacuum fol h at 70°C. Reaction products were then ~Pproducts (that are shorter than the 9-mer TES product) were
visualized and quantified using a Molecular Dynamics Storm @lso produced. We therefore ran time dependent assays to
860 Phosphorimager. All the data reported are the averagedetermine when the cryptic products appear.
of at least two independent assays. Time dependence assays allowed us to find a reaction time
Kinetics The observed rate constants for the TES reactions that minimized cryptic product formation while still produc-
were obtained under single-turnover, ribozyme-excess condi-ing appreciable TES product, and allowed us to quantify the
tions. Only data from those reactions that resulted in product observed rate constants for product formation (in the absence
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FIGUrRe 2: Sequence analysis of thedplice site of TES reactions & h and 15 min. Reactions were conducted with 1.3 nM radiolabeled
substrate and 166 nM ribozymerft h (B) and 15 min (C) at 44C in 10 mM MgCh. (A) Diagram of the model TES reaction used. See

Figure 1 for more detailed information. The substrates were 10-mers (shown in lowercase letteringX wdm@esents position 12 in the

IGS of the ribozyme angl represents positiorr1 of the substrate. Every combination of the four nucleotidesatdy was analyzed. (B)

A representative polyacrylamide gel using all 16 base pair combinations at ¢ipéice site (left) and graph of the percent of all products

formed n 1 h in the TESreactions as a function of Splice site sequence (right). Each complete substrate sequence and the base at
ribozyme position 12 (in uppercase lettering) is shown above its corresponding lane. The migration position on the gel of the 10-mer
substrates, the 9-mer products, and the 6-mer intermediates are labeled. All other bands represent cryptic sites. Note that there is some
sequence-dependent migration variability between these lanes. The lanes marked “buffer” had substrate augacugcuc incubated as a typical
reaction in the absence of ribozyme, both with) (and without ¢) added buffer. The black bars on the graph represent 9-mer TES
products, the white bars represent 6-meclbavage products, and the gray bars represent all the cryptic products formed. The results are

the average of three independent assays, and the standard deviation in all cases is less than 10%. Note that the order of the data in the grapt
does not correspond to the loading order of the representative gel. (C) A representative polyacrylamide gel using all 16 base pair combinations
at the 5 splice site (left) and graph of the percent of all products formed in 15 min in the TES reactions as a functiaplafessite

sequence (right). The results are the average of four independent assays and the standard deviation in all cases is less than 10%. Note that
the order of the data in the graph does not correspond to the loading order of the representative gel. Data have been ordered according to
percent TES product formation.

of these side products). Figure 3 shows representative gels The trend with regard to the yield of TES products formed
of the three classes of results. In the first class, cryptic was very similar at 15 min and 1 h, but cryptic sites with
products appear after 15 min (Figure 3A). This class consiststhe Watson-Crick pairs were effectively removed at the
only of those cases where Watse@rick pairs are present  shorter time. Again, multiple sequence combinations gave
at the 5 splice site. In the second class, consisting only of an appreciable amount(0%) of complete TES product
c—C, cryptic products appear much earlier (at 1 min) and to (Figure 2C). These include the—& and c-A wobble

a greater extent than the other combinations (Figure 3B). In pairs, all four WatsonCrick base pairs, and the—&

the third class, consisting of all other non-Watsderick combination. Not surprisingly, the conserved¢@ wobble
combinations, appreciable cryptic products do not appear, pair is the most effective, producing 68% TES product, with
even in cases where substantial TES products form. It seemshe c-A wobble pair being the next highest (43%). It was
likely, then, that the WatsonCrick pairs produce cryptic  previously known that these wobble combinations were
sites after TES product formation, while-€ produces them  acceptable at this position in other introns. What was
shortly after substrate binding. Therefore, based on thesesurprising was that, unlikdetrahymenaribozymes in 5
studies, we again investigated thesplice site sequence in  cleavage and exon-ligation reactions, all four Wats@nick

the TES reaction, this time using 15 min as the reaction base pairs produce a relatively high amount of product
endpoint. (>25%).
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Als & = Table 1: Observed Rate Constants for the TES Reaction with
B = o E Various Base Pairs at thé Splice Sité
T M oL e w o wo o &
e  ac uc s B base pair Kobs (Min~2)
Substrate u—G 1.96
g—C 0.67
SRR eeeee e s s o | nemedae ey 0.20
~ % & | Crypfic u—A 0.16
c-A 0.11
B a-G 0.08

- aTES reactions were conducted with 1.3 nM radiolabeled substrate
and 166 nM ribozyme at 44C in 10 mM MgCb. For these reactions,

D A e e | SUDStTat the base pairs at thé Splice site of each ribozymesubstrate complex

are shown to the left, with the substrate base in lowercase and the

) ribozyme base in uppercase. The observed rate constapswere

- < g‘::;::d'a‘e calculated using a single-exponential curve fit of time-dependent graphs
of the reactions (up to 15 min), which are available in the Supporting

Information. Eachkeps value is the average of two independent assays

0.25 min
15

0

5

0

0

120 min

C % E o £ and the standard deviation for each value is less than 10%.
s cpeg—— L1
m-..-.- S had the second lowest rate constant. Apparently, a high
-—_,e o0V OVe® .. percentage of the ribozyme molecules are properly folded
for reactivity (as shown by the extent of reaction), but the
POPO DO vemediste rate of catalysis is nevertheless relatively slow. TheGc

Ficure 3: Time-dependent polyacrylamide gels of representative and g-C base pairs have similar, and the second highest,
TES reactions. Reactions were conducted with 1.3 nM radiolabeled rate constants. The rate constants for th&land u-A base

substrate and 166 nM ribozyme atdin 10 mM MgCh. Aliquots  ~ pairs were similar, but less than those for®@ and g-C.
were removed at the times listed above each lane. The migration - -
The lowest rate constant was obtained for theGapair.

position on the gel of the 10-mer substrates, the 9-mer products, 8 : . B :
the 6-mer intermediates, and the cryptic products are labeled. TheThus, the identity of the base pair at thesplice site does

lane labeled-{) Buffer contains a 120 min reaction in the absence affect the observed rate constant of the TES reaction.

of added ribozyme. (A) A TES reaction utilizing the substrate It is important to note that the 9-mer products of the

augaccgcuc and the ribozyme rP-8/4x, which places@ pair at . .
the 8 splice site. Note that cryptic products begin to appear at the feactions result from the expected TES reactions, and not

15 min time point. (B) A TES reaction utilizing the substrate from alternative reactions. This is clear for the case with
augaccgcuc and the ribozyme rP-8/4&%5which places a€C u—G at the 5splice site, as this product was enzymatically
pair at the Ssplice site. Note that cryptic products begin to appear gaquencediy, and no alternative products were found. One
Z:]é tﬁénfiégzﬁmTeErﬁ-ﬁg'svnhiléﬂ"éigge?gélﬁg&tee ;;rgzﬂ’r?g ue pOfssibIe alternative reactio_n that could Iead_ to 9-mer_products
5' splice site. Note that no cryptic products form in this case. ~ being formed could occur if the substrate binds the ribozyme
in a misaligned register, resulting in thec3of the substrate
Apparently, the sequence of both the exon and the being cleaved off in the first step of the TES reaction. To
ribozyme (at the Ssplice site) is important for each reaction confirm that this is not occurring in any of the sixteen 5
step. Guanosine is favored in the IGS of the ribozyme, with splice site cases, TES reactions were run using substrates
all four possible combinations giving over 60% first step that contain a radiolabeled nucleotide added to trend of
(5' cleavage) and only the-gG combination producing less  the 10-mer substrates (to give 11-mer substrates). If this
than 10% TES product duringeHL h reaction. The presence alternative reaction were occurring, then the reaction product
of a cytosine in either the ribozyme or the substrate is bands would now be two nucleotides in length. A representa-
unfavorable for TES product formation, unless the cytosine tive gel of these reactions is available in Supporting
is involved in a WatsoftCrick base pair or a-€A wobble Information. The absence of products two nucleotides in
pair. In addition, a high level of first-step product does not length shows that this alternative reaction is not occurring.
necessarily lead to a high level of TES product, as is seenlin addition, that we get 10-mer product bands, and only in
when adenosine is present at thé position in the substrate.  those cases and in the same yields as we get 9-mer product
Adenosine in the substrate leads to at least 30% first stepbands with the 5end radiolabeled material, confirms that
reactivity with all four ribozymes, but only-aU and a-G these differentially radiolabeled substrates are undergoing
lead to significant amounts of TES product (Figure 2C). the same reactions. In addition, these reaction end-products
Similar to that seen for the first step, then, the second stepall contain both the 5and 3 ends of their substrates
is fairly accommodating when it comes to sequence com- (comparing the 5and 3 end radiolabeling studies), and they
binations that lead to product formation. also are one nucleotide shorter than their substrates. There-
Graphs of time dependent TES assays as a functioh of 5 fore, any alternative reactions that lead to 9-mer product
splice site sequence are available as Supporting Informationformation would encompass the two-step excision of a single
Table 1 contains the resultant quantified observed rate nucleotide other thamG. If this were the case, reaction
constantsky,9 from the graphs for which greater than 10% intermediates using ®nd radiolabeled substrates would be
product forms. The conserved-& wobble pair has the  a size other than 6 nucleotides. That only 6-mer intermediates
fastest rate of TES product formation. Although the/Ac are visualized in all 16 cases studied, as confirmed through
wobble gave the second highest amount of TES product, it running size controls for each intermediate (data not shown),
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. Without competitor With competitor
5 8 g-mer Product Mimic c|E|& &  6-merHydolysis Mimic ¢ 60 60
— * e L I - - 40 40
—-—e
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R e
Teesee
T T T I 0
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4 Ficure 5: Competition TES reactions. Reactions were conducted
“ with 1.3 nM radiolabeled substrate and 166 nM ribozyme &t@4

in 10 mM MgCh. The ribozyme used in each case was rP-8/4x-

FiGURE 4: Time-dependent polyacrylamide gels of TES reactions 9'A, which, when paired with the substrate augacugcuc, will create
utilizing 9-mer TES product (left) and 6-mer intermediate (right) @ U—A base pair at the'Ssplice site. After the reaction proceeded
as reaction products. Reactions were conducted with 1.3 nM for 5 min, 1.3uM of the unlabeled TES product (1000-fold excess
radiolabeled substrate and 166 nM ribozyme ar@4in 10 mM over substrate) was added to one of the reactions. Aliquots were
MgCl,. The ribozyme used in each case was rP-8/4x-@hich, removed starting at another 10 min. Shown are graphs comparing
when paired with the substrate, will create anAibase pair atthe ~ reactions in the absence (left) and presence (right) of this unlabeled
5' splice site. Aliquots were removed at the times listed above each competitor. TES products are represented by black circles, 6-mer
lane. The migration positions on the gel of the 9-mer and 6-mer hydrolysis products by white circles, and all cryptic products by
starting material are labeled. Unlabeled bands are cryptic products White triangles. The addition of competitor at 5 min does reduce

The lanes marked “buffer” were incubated as a typical reaction for the amount of TES product formed because not all the labeled
120 min in the absence of ribozyme, both with)(and without substrate has had a chance to bind the ribozyme. Of the labeled

(—) added buffer. Note that cryptic products occur only when using Substrate that does bind, however, the addition of competitor
the 9-mer TES product. eliminates the formation of cryptic products because the TES

product cannot rebind another ribozyme once it dissociates.
then, shows that the TES reaction is always acting to excise . .
wG, as expected. through the catalytic core3( 8, 29. Another route for cryptic
Determining the Source of Cryptic Productt was product formation involves dissociation of the product from

intriguing that of those 'Ssplice site base combinations that the ribozyme, followed by rebinding in alternative registers,
gave substantial TES product, only the Wats@rick pairs where it is subject to the' &leavage reaction in this altered
produce cryptic products at extended reaction times. TheseState. In these assays, TES reactions were conducted and,
cryptic sites are almost exclusively less than six bases long.before cryptic products started to form, a large excess of
To investigate this phenomenon further, we ran time de- Unlabeled TES product was added. If the product dissociates
pendent TES assays utilizing a 6-mer, which mimics the 5 and rebinds, we expect the excess unlabeled product to out
exon product of the'&leavage reaction, and a 9-mer, which compete the labeled product for rebinding a free ribozyme.
mimics the expected TES product_ We a|ready know that This competition would lead to a decrease in the amount of
degradation does not occur with the 10-mer substrates, aspryptic degradation seen in the labeled material. If the product
cryptic products form only after 15 min. For these assays 'emains bound, the excess competitor would have no affect
we utilized ribozyme-substrate combinations that produced and the amount of cryptic products formed would remain
a u—A pair (Figure 4) or a e G pair (data not shown) at the the same relative to product formation. These studies utilized
5 splice site. Degradation of the 6-mer mimic would indicate bozyme-substrate combinations that formed theAipair
that cryptic degradation is occurring at some point prior to (Figure 5) and &G pair (data not shown) at the Splice
exon ligation, while degradation of the 9-mer mimic would site. We find that addition of the competitor leads to an
indicate that cryptic degradation might be occurring after almost total elimination of cryptic products, indicating that
the second reaction step (only after product forms). The the TES products do dissociate and then rebind free ri-
results show that only the 9-mer, and not the 6-mer, producesPozyme, at which point the TES products are subjected to
cryptic site degradation (Figure 4, data not shown fe). the 3 cleavage reaction (Figure 5, data not shown fo).
Therefore, it appears that Cryptic site C|eavage m|ght be Note that utilizing Substrateribozyme combinations that
originating from the TES products themselves, and not the produce cryptic sites, rather than wobble pairs (which cleave
5 exon intermediate of the first step of the TES reaction. only at the—1 position) allowed us to differentiate between
This explains why cryptic products occur only at relatively the 3 exon intermediate that forms in reactions utilizing TES
long reaction times. In fact, the product is cleaved not only substrates and secondary products stemming only from TES
at the cryptic sites but also at the origindl $plice site ~ reaction products.
(producing 6-mer), showing that some amount of TES Molecular Recognition at the' $plice SiteTo determine
products for all base pair combinations likely recleaved at the sequence specificity of thé §plice site, we again used
the correct 5splice site. the simplest substratgibozyme system; the excision of a
We investigated the mechanism of cryptic product forma- single nucleotide. This nucleotide, which corresponds to the
tion by running competition assays to distinguish between w position within self-splicing introns, was altered in four
two possible major routes. The first route involves the TES different 10-mer substrates and used in TES reactions.
product staying bound to the ribozyme, but changing binding Typically, thew position defines the'3plice site by binding
registers, which would put the new Bleavage site at a to the guanosine binding site (GBS) of the catalytic core of
position other than-1. This could occur through’ Z&xon the ribozyme 14, 15. Note that in systems where more than
slippage relative to the internal guide sequence of the a single nucleotide are excised, this base also represents the
ribozyme @) or could occur through P1 helix translocation last base of the excised region. The results (Figure 6) show
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FiGUrRe 6: Sequence analysis of thesplice site of TES reactions

at 1 h. Reactions were conducted with 1.3 nM radiolabeled substrate

and 166 nM ribozyme fol h at 44°C in 10 mM MgCb. (A)

Diagram of the model TES reaction used. See Figure 1 for more

detailed information. The four substrates utilized were 10-mers
(shown in lowercase lettering), whexds one of each of the four
nucleotides. Note thatrepresents the substrate position analogous
to thew position of self-splicing introns. The recognition elements
from ribozyme rP-8/4x are shown (uppercase lettering). (B) Graph
of the percent of all products formed in the TES reactions as a

function of 3 splice site sequence. The black bars represent 9-mer

TES products and the white bars represent 6-niecl®vage
products. The results are the average of two independent assay:

and the standard deviation in all cases is less than 10%. Notice

that onlywG produces TES product.

that the first step of the TES reaction’ (3eavage) occurs
in all four cases, with the maximum amount dfcleavage
occurring when guanosine is at theposition. TES product
is formed, however, only when guanosine is atdhgosition.
Multiple attempts to rationally redesign the GBS to bind
adenosine, as was done witletrahymenaibozymes (3,

S,
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Ficure 7: Magnesium dependence of TES reactions using the
ribozyme rP-8/4x-noP10. Reactions were conducted with 1.3 nM
radiolabeled substrate and 166 nM ribozyme foh at 44°C in

the MgCl concentrations listed below each gel lane. (A) Diagram
of the model TES reaction used. See Figure 1 for more detailed
information. The substrate 10-mer is shown in lowercase lettering
and the recognition elements of the ribozyme are shown in
uppercase lettering. In this system P10 formation is not possible.
(B) Representative polyacrylamide gel of TES reactions in the
absence of P9.0 and P10. The migration positions on the gel of the
10-mer substrate, the 9-mer product, and the 6-mer intermediate
are labeled. The far left lane is a positive control using the 10-mer
substrate and a ribozyme with P10. This reaction was run twice,
and product yields were as much as 10%.

active in the 5cleavage reaction, although they are not nearly
as effective as 1 G pairs ). Other base pairs and mismatch
combinations do not work at all or work only to a very small
extent @, 4, 27. The c-A substitution is most likely
allowable because-€A can form a wobble base pair with a
spatial orientation and accessibility of free functional groups
analogous to that of 4G pairings 8, 28-30). A wobble
pair may also help to define thé $plice site via the backbone

20), were unsuccessful. This indicates the mode of molecular g, cture of the wobble pair. X-ray crystallography studies

recognition of the GBS for the position base may not be

on tRNA (31, 32 and an NMR structure of a model of a P1

the same between the two ribozymes. Nevertheless, for they,qjix (33) showed that a-4G wobble pair perturbs the RNA

TES reaction, guanosine is required at thgosition.
Several elements are thought to play a role in the
determination of the'3plice site. They include the conserved
guanosine residueyG, which precedes the reactive phos-
phodiester bond, as well as the P9.0 and P10 hel&es§,
23—26). For the TES reactions where a single nucleotide is
excised, P9.0 helix formation is not possible (Figure 1) or
required ). Therefore, we expected that P10 formation
would be critical for binding the '3intermediate of the'5
cleavage reaction (first step) in preparation for the exon-

helix by positioning U closer to the helix axis and G away
from it. It is believed the distorted backbone of the wobble
pairs is accessible for nucleophilic attack in thekavage
reaction, which helps to determine the correcsgice site.
Also, the free exocyclic amine group of guanosine (at
ribozyme position 12) in the minor groove is believed to be
involved in tertiary interactions that help in the recognition
of the correct splice sités( 7, 28. It must be noted, however,
that there are significant differences in molecular recognition
between different introns. For example, the contribution of

Ii_gation reaction (second step). To test this, we used thetertiary interactions by the’Ssplice site 4G wobble is
ribozyme rP-8/4x-noP10, where RE3 has been removed fromgitrarent between introns, as the contribution toEhearinii

the ribozyme. Figure 7 shows that while product yield is
low (~10% maximum), TES product does form in the
absence of P9.0 and P10. Therefa§ is sufficient as a'3
molecular recognition element for TES reactions.

DISCUSSION

Molecular Recognition at the' Splice Siteln nature, a
u—G wobble pair is almost universally conserved at the 5
splice site of self-splicing group | introns. Exceptions are
rare, consisting solely of€G pairs that exist for translational
coding purposes 18). Therefore, one of the expected
sequence limitations of the trans excision-splicing reaction
is the requirement for either a+& pair (1, 3-8) orac-G

ribozyme is greater than those fdetrahymena34) and
Candida albicang35). Moreover, 2-hydroxyl groups from
the ribose sugar units have been shown to take part in binding
of Tetrahymenasubstrates36—40), yet these interactions
do not appear to be critical fé®. carinii-derived ribozymes
(5). Therefore, identifying and understanding the sequence
requirements of the'Splice site forP. carinii ribozymes is
useful for developing effective and specific TES ribozymes.
To this end, we have tested the effectiveness of each of the
16 possible base combinations at tHesplice site in the
TES reaction.

We report that all 16 base pair combinations undergo the
first reaction step (5cleavage); with the 4G and ¢-A

base pair18) at this position. In these cases, a guanosine is wobble pairs, all four WatsenCrick pairs, and the-aG pair
present at position 12 of the ribozyme (located in RE1, as producing appreciable amounts of TES product (%). In

diagrammed in Figure 1), and uracil or cytosine is at-ttie
position of the substrate. For group | intron-derived ri-
bozymes, it has also been reported thatAcpairings are

terms of the first reaction step'(6leavage), that all base
pair combinations at the Splice site are permissible suggests
that the interactions involved in Splice site determination
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Table 2: Relative Effectiveness of Each Base in Each Position of t&pliEe Site in TES Reactiofs
When the ribozyme u  42.29 Whentheribozyme u 26.74 Whentheribozyme u 1.51 When the ribozyme u  6.67

contains G c 18.29 contains A ¢ 30.14 containsC c 1.27 contains U c 1.02

a 6.71 a 048 a 0.82 a 33.61

g 0.87 g 071 g 44.16 g 4.23
When the substrate U  3.58 When the substrate U 21.72 When the substrate U  0.60 When the substrate U  3.56
contains g C 3248 containsa C 055 contains ¢ Cc 0.70 contains u c 0.77

A 113 A 0.63 A 33.86 A 27.48

G 172 G 11.47 G 26.50 G 6043

aTop: Effectiveness of each ribozyme construct in TES reactions as a function of base identity at position 12 using each of the four 10-mer
substrates that differ at positionl. Bottom: Effectiveness of each of the four 10-mer substrates that differ at position TES reactions as a
function of each of the four ribozyme constructs. These numbers were obtained by taking the extent of TES product at 15 min of a particular case
(for example; u-G) and dividing that by all products formed for the other three combinations (for example; T&8a%age, and cryptic products
for u—A, u—C, and u-g) plus the nonproductive products of the particular case (for examptde&vage and cryptic products for-&). These
theoretical numbers, therefore, represent percent product formation of one particular base pair combination in relation to all other products that
would be produced in a 1:1:1:1 mixture of each ribozyme (top of table) or substrate (bottom of table).

are not stringent. This substrate promiscuity at theplice system, with e-G being slightly faster. This is a further
site was unexpected and is in contrast to results reported forindication of a preference for a purine at position 12 of the
analogous reactions usingT@trahymenaibozyme @, 4). ribozyme. In addition, that cytidine can work at position 12,

Apparently, forP. carinii-derived TES ribozymes, identifica- and almost as well as guanosine, indicates that required
tion of the B splice site is not entirely dependent on having interactions binding to the native guanosine in the ribozyme
specific functional groups in the ribozyme at position 12 or are not at play here. The next fastest class is seen with the
the substrate at1. In terms of the second reaction step (exon weaker Watson Crick pairs 4+-A and a-U. The u—A and
ligation), that 7 out of 16 combinations give an appreciable a—U Watson-Crick pairs show an approximately 11-fold
amount of TES product, including all four Watse@rick reduction in the rate compared to the native system. Note
base pairs, suggests an unexpectedly lax sequence (and hentleat all the base pair combinations produce approximately
structural) requirement at thé Splice site. Some general the same amount of TES product, which indicates that the
trends to note include a benefit for having a purine in the amount of ribozyme that folds properly is similar in these
IGS of the ribozyme, a strong benefit for the G pair, and cases. The slowest class is the weaker wobble pai’s ¢
the appearance of substantial amounts of cryptic sites atand a-G. The ¢-A wobble pair is unusual in that although
extended times for the WatselCrick pairs. It is interesting it produces the second highest amount of TES product, it is
that although &G and ¢-A give substantial amounts of TES  approximately 20-fold slower than the native case. As a
products, g-U and a-C do not. Apparently, it is not just  whole, these results suggest that there is a significant
the presence of a wobble pair that is beneficial for the TES correlation between base pair strength at theplice junction
reaction, but the presence of a wobble pair with a purine in and the observed rate constant of TES reactions. This is
the ribozyme and a pyrimidine in the substrate. probably manifest in the second reaction step and further
Note that effective Bcleavage, however, does not neces- supports the above purported idea (looking at base pair
sarily translate into high levels of TES product. For example, strength versus extent of reaction) that a thermodynamically
base combinations-&A, a—C, and g-G produce reasonable stable base pair at the plice site is beneficial for the TES
amounts of 5cleavage product, yet they each produce only reaction, apparently in terms of both the rate and extent of
about 2% TES product (Figure 2C). These base pairing reaction.
combinations are expected to be thermodynamically weak, Because multiple base pair combinations at theplice
especially in relation to wobble and Watse@8rick pairs site give a substantial amount of TES product, and because
(41). Therefore, these results indicate that aftecl&avage, they all give a substantial amount of first-step product, it is
a thermodynamically stable base pair at theslice site, worth considering the relative specificity of targeting dif-
although not required, is beneficial for the exon-ligation ferent substrate sequences with the different ribozymes. Table
reaction, perhaps to spatially orient the newly created 3 2 (top) shows the relative specificity for each ribozyme
hydroxyl group more favorably for this reaction step. construct and (bottom) the relative specificity for each base
Previous work with th& etrahymenaibozyme supports this  at the—1 position in the substrate. These results show that
idea @). there are distinctive combinations of substrate and ribozyme
We obtained the rate constants for those reactions producthat work much better in the TES reaction relative to similar
ing appreciable TES product in 15 min (Table 1) and combinations. In terms of the ribozyme, a cytidine is very
determined that there is a correlation between predicted basespecific for targeting a substrate guanosine, with virtually
pair strength 41) at the 5 splice site and the rate of the no TES product being formed with cytidine, adenosine, or
reaction. The observed rate constants can be broken dowruridine at the corresponding substrate position. Note that we
into four classes. The native+& wobble at the 5splice would still get a substantial amount of hydrolysis products,
site produced the greatest amount of TES product and hadhowever, ribozyme reconstruction methods have been de-
the fastest rate constant. This result is not surprising sinceveloped that could be used to help overcome this problem
this is the native 5splice site and the ribozyme has evolved (2). Uridine in the ribozyme has the next highest specificity,
to exploit this pairing. The next fastest class is the stronger then guanosine, and last adenosine. Adenosine is interesting
Watson-Crick base pairs,€G and g-C. The rates for€G in that it will target substrates with uridine and cytidine
and g-C are approximately 2.5-fold less than the native approximately equally. In terms of the substrate position, to
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target a guanosine in the substrate, cytidine is the over-themselves, perhaps in combination with the hydroxyl groups
whelmingly best choice for the corresponding ribozyme from the sugarphosphate backbone, form tertiary interac-
position. When targeting an adenosine, uridine is the besttions with the ribozyme.
choice; when targeting a cytidine, adenosine is the best choice This result was also surprising because previous studies
(even better than a guanosine); and when targeting a uridinewith this same ribozyme indicated that it was unable to
guanosine is the best choice. If one has the flexibility to catalyze the complete TES reaction when excising a 20
choose any substrate base, using a cytidine in the ribozymenucleotide segment in the absence of P10 and 9.0t (s
to target a guanosine in the substrate would appear to givelikely that dissociation of the'3ntermediate may have been
the most specific TES product (although not necessarily the responsible for a lack of second-step product in the previous
highest yield). Note that this analysis does not take into case, as including a P9.0 interaction restored reacti@jty (
account the amount of product subjected to cryptic site Apparently, this problem of intermediate dissociation is not
degradation. as overwhelming when excising a single nucleotide. This
Molecular Recognition at the' Bplice SiteWe looked at indicates that there are functional differences between TES
the molecular recognition of the’ 3plice site by altering  reactions where a single base is excised relative to excising
the base at the position, which is the base excised from multiple bases.
the 10-mer substrate. Any base at th@osition allowed 5 A Mechanism for Ribozyme-Mediated TES Product Deg-
cleavage (the first reaction step), however, the secondradation We found that at long reaction times (relative to
reaction step (exon ligation) was completely inhibited when product completion), TES products dissociate and rebind the
oG was replaced with the other bases (Figure 6). Thus, theribozyme, at which point degradation occurs via tHe 5
o position must be a guanosine for complete TES reactivity, cleavage reaction at one or more nelwsplice sites. We
probably because of a required and specific binding of the show that product cleavage does not occur through translo-
o position base with the GBS. This shows that, in its current cation of a bound P1 helix after product formation, as the
incarnation, P. carinii-derived TES ribozymes require a product must first dissociate. Note, however, thatxis a
guanosine as the last (or only) base to be excised in thespecial case in that the substrate also appears to degrade (at
substrate. Alteration of this specificity most likely would cryptic sites). Nevertheless, these results show that TES
require an alteration of the GBS of the ribozyme. The GBS ribozymes can bind the products of TES reactions and
of the Tetrahymenaibozyme has been altered to change the degrade them, which is essentially irreversible, as the
specificity from guanosine to adenosiri3( 20; however, ribozyme-mediated hydrolysis reaction is kinetically unfa-
these same mutations did not produce the same change itvorable to reverse. Of course, this degradation mechanism
specificity for theP. carinii ribozyme (data not shown). One is probably greatly aided by the conditions under which the
possible conclusion is that there could be a difference in the reactions were conducted (i.e., ribozyme excess and long
recognition of thewG by the Tetrahymenaand P. carinii reaction times).
ribozymes. Non-Watsonr-Crick Base Pairs at the'SSplice Site Can
P9.0 and P10 are not Required for TES Reacti@isthe Play a Role in Determining the Binding Register of Reaction
three known elements that can aid in the molecular recogni- SubstratesThe activation of cryptic sites as it relates to the
tion of the 3 splice site in self-splicing reactione& G, P10, first step of self-splicing (5cleavage) has been investigated
and P9.0), onlywG and P10 are present in TES reactions with Tetrahymenaibozymes 4, 6-8, 22. It was shown
that remove a single nucleotide (Figure 1). The P9.0 helix that cryptic hydrolysis sites can become activated when the
cannot form in these constructs, and its absence does nosubstrate helix shifts from the original binding register to
appear to have negative consequences on the TES reactioanother register without dissociatia2?j. Such a mechanism
(2). Since wG binding to the GBS is a relatively weak is probably occurring in our reactions where a@ base
interaction §2), and because it is thought that this interaction pair forms at the Ssplice site. For our other cases, however,
occurs only after the first reaction step (see previous section),whereby WatsorCrick base pairs form, cryptic sites are
it was expected that the formation of P10 would play a activated only after correct TES products form, the products
crucial role in defining and binding thé 8nd of the substrate  dissociate from the ribozyme, and then bind a new ribozyme.
to the ribozyme (for example, as the first reaction step Since 5exon translocation was not detected in these assays
intermediate). Surprisingly, however, we found that P10 and as a source of cryptic cleavage sites, it seems apparent that
P9.0, although beneficial, are not required for either step of these TES products are binding to the IGS of the ribozyme,
the TES reaction. How is it then that theeXon intermediate ~ with subsequent P1 helix docking, in the wrong helical
does not readily dissociate from the ribozyme between theregister. In contrast, TES products that do not contain
two reaction steps? One possible explanation is that the 3 Watson-Crick pairs at the 5splice site are not degraded at
exon is sterically constrained within the docked state of the cryptic sites. Apparently, non-WatseCrick base pairs at
catalytic core of the ribozyme after the first reaction step. the 3 splice site are acting in concert with other factors to
In other words, the '3exon is physically trapped within the  precisely determine the binding register of TES reaction
ribozyme in a space for which no significant molecular substrates with the IGS of the ribozyme. The mechanism of
interactions occur between the ribozyme and thee&ction this role likely includes the fact that non-Watse@rick base
intermediate. Then a conformational rearrangement takespairs are causing a structural perturbation of the sugar
place between the two reaction steps that plas@sin the phosphate backbone at thesplice site, which would prevent
GBS, in preparation for the second reaction step. An the formation of a structurally uniform PAP1ex (extended)
alternative explanation is that the interactions that hold the helix. This continuous helix would contain no perturbation
3 exon intermediate do not require base pairing. For to structurally define the'Splice site. In the absence of this
example, it could be that the' 3htermediate nucleotides  molecular recognition component, theexon region binds
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the IGS of the ribozyme and the subsequent P1 helix docks
within the catalytic core of the ribozyme in multiple registers,
activating various positions within thé &xon for subsequent

5' cleavage reactions. Note that the role of non-Watson
Crick base pairs in defining the correct $plice site must

be combined with a stable base pairing conformation (as
mentioned above) in order to allow the second reaction step
to proceed effectively.

Except for the case with-€C, cryptic products are created
from TES products, which indicates thatetd h yield of
TES products formed for those ribozymsubstrate com-
plexes with Watson Crick pairs at the Ssplice site is higher
than originally calculated. The yield of TES product created
is actually the yield of TES product plus the yield of cryptic

products. This increases the percent TES product formed to

over 50% for all WatsonCrick pairs during the 1 h

reactions. Since we also see degradation of the TES producté’11

into 6-mers (which is the same size as the expected TES
intermediate), some of the hydrolysis products shown in all

Baum et al.

Implications These results advance our knowledge of the
molecular recognition involved in both steps of the TES
reaction (and the analogous steps of self-splicing) and allow
us to improve our design principles for developing and
applying ribozyme-mediated excision reactions. We are now
able to target a wider range of TES substrates, and with more
sequence specificity, particularly with regard to thegice
site. This information will help us to further develop TES
ribozymes as potential biochemical tools. Examples include
RNA repair ribozymes, which would be a strategy comple-
mentary to trans-splicing ribozyme$3—45), and transcript
cleaving ribozymes, which would exploit the first reaction
step to produce transcripts ending inGH groups [which
is in contrast to hammerhead and hairpin ribozymes, which
leave 2, 3-cyclic phosphatesA@)]. Last, exploiting the TES
reaction, in contrast to self-splicing or suicide inhibition, has
llowed us to observe new and unexpected molecular
recognition principles exploited by group | intron-mediated
catalytic reactions.

the TES reactions could have stemmed from the degradationy ck NOWLEDGMENT

of TES products. Thus, the quantified TES products shown
in this report at all time points represent a minimum. Note
that, in terms of applicability, to prevent dead-end TES
product degradation, the use of Watsdrick base pairs at
the 8 splice site in TES ribozymesubstrate complexes

The authors wish to thank the members of the Testa lab
for technical assistance and helpful discussions.

SUPPORTING INFORMATION AVAILABLE

should be avoided. It should also be noted that these reactions Representative gel of 15 min TES reactions using 3
are run under ribozyme-excess conditions. Product degradaradiolabeled substrates to investigate thegice site and

tion may not be as prevalent under conditions utilizing lower
ribozyme concentrations.

oG Can Play a Role in Determining the Binding Register
of Reaction Substrate€ryptic site degradation does not
occur with the substrateribozyme combinations that have
a Watson-Crick base pair at the' Splice site, yet cryptic
site degradation occurs readily for these dissociated TES
products (which rebind ribozyme). The only difference

between the substrates and the products is the presence of

G in the former. ThuspG can play a role in determining
the binding register of TES reaction substrates. It is unlikely
that the w position imparts a substantial thermodynamic
advantage on the first reaction step, andu$® is probably
acting through some other mechanism. One possibility is that
oG, which is a single nucleotide bulge immediatelyt@

the site of 5cleavage, is situated ideally for disrupting the
uniform sugat-phosphate backbone at the correcsplice

site in P1. This structural perturbation, akin to that seen above
with non-Watsor-Crick base pairs, although subtle, could
be recognized and exploited by the ribozyme for directing
proper binding of the substrate to the IGS. In fact, it appears
that thew position does not even have to be a guanosine to
fulfill this role in the 5 cleavage reaction. Such a role for
oG in helping define the '5Ssplice site has not been
previously reported in any context with any ribozyme
construct.wG probably does not perform this role in self-
splicing reactions, a@G is not only part of the ribozyme
(instead of the substrate) but it is also not immediately
adjacent to and covalently attached to tHesplice site.
Whether the ribozyme has evolved to exploit this molecular
recognition component or if it is fortuitous is unclear.
Nevertheless, in the context of the TES reaction, this
unexpected function fowG in aiding the fidelity of the
reaction is important.

graphs used to obtain observed rate constants. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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