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Abstract: Chemical mutagenesis of a previously reported RNA Diels—Alderase (DA22) was followed by
in vitro selection based on [4 + 2] catalysis. New mutated families of RNA Diels—Alderases closely related
in sequence space were obtained. The mutated Diels—Alderases selected showed significant improvements
in catalytic efficiency (kea/ Km) as compared to the original DA22. The improvement in catalytic activity was
primarily due to a decrease in Ky, but modest increases in k.o were also observed. The increase in catalytic
activity of these new Diels—Alderases was found not to negatively affect their dienophile specificity.
Surprisingly, one of the most active Diels—Alderases (DAM 40), a subtle sequence mutant of DA22, was
found to show a new metal dependence and could function with Ni>" as the only transition-metal ion.
Truncation experiments of DA22 showed that the region shown to be hypervariable at the 3'-end of the
structure could be deleted without a significant decrease in the relative rate of Diels—Alder catalysis.

Introduction ity12:3334and sometimes stereospecificity in product forma#fon.
However, as the number and type of organic reactions catalyzed
by nucleic acids expand so do the number of mechanistic and
evolutionary questions. Herein, we seek to better understand
how unique previously reported RNA Diet#\lderases are with
regard to the sequence space they were selected from and if

better RNA catalysts can be found.

An RNA Diels—Alderase (DA22)-containing modified uri-
dine base had been selected previousipd served as the
starting sequence for the mutagenesis research described here.
DA22 was selected from 1ORNA sequences that contained

Recently, an expanding list of RNA and DNA catalysts have
been discovered through in vitro selection techniques. Examples
to date include acyl transfets® amide synthesi$,urea syn-
thesis® Diels—Alder cycloadditions, 13 Michael additions?
nucleophilic substitution®;1®porphyin metalation’18enzyme
cofactor synthest82°and nucleotide cofactor-dependent redox
reaction?! Recent advances in the chemical and enzymatic
modification of RNA and DNA are being used to increase the
functional diversity in nucleic acids, thereby tuning the nucleic
acid for the desired catalytic outcorfe3? In addition, RNA

catalysts have demonstrated an inherent substrate specific=
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Scheme 1 Results and Discussion
N A%‘::jem } 3 DA22 Mutation/Library Synthesis and in Vitro Selection.
— :E_N] NN A 25% mutation rate of the DA22 sequence was achieved by
1 Mutational oN.on chemically synthesizing the corresponding DNA sequence on
E_NTFCV?QJEESE'CR (on ! 0 an automated DNA synthesizer (ABI 392) using 9:1:1:1
OFFF o oM phosphoramidite ratios of the cognate nucleotide relative to the
{EO_K’&-"‘*H*%H-"LH:‘*S"' three noncognate nucleotides at each nucleotide position in the
_ g 7T nonpriming region between sequence positions 34 and 130 in
ey aserenen Figure 2. This chemical synthesis gave a mutated single-stranded
and GTP DNA (ssDNA) library that was subjected to two cycle PCR
[5--F|xeu1-rf:fTIrrmmxeu-a'] y (Scheme 1). The mutated double-stranded DNA (dsDNA) library

created by PCR was used in T7 polymerase RNA transcription

100 N — 97 " - :
o to give an ssRNA library (ca. 10 sequences). The resulting

T4 DNA Ligase

attachment of CPEGD ssRNA library was estimated to contain 10 copies of the original
PEG tethered diene ET 3 DA22 sequence and approximately*dtutated sequences. T4
- DNA ligase was used to attach DNA-PEG-died¢o the 3-
: . T : _ end of the ssRNA library, givind\. Incubation of the library
/’m@['mmledf'm%] “"\E.E’:rii‘g';’éﬁi.ﬁiﬁ';m A with 2 gave a small fraction of active DietsAlderasesB
CPEGD | & \2 and mostly unreactedl. Partitioning ofB from A was achieved
B O"; \ by denaturing polyacrylamide (6%) gel-shift electrophc_)r.esis
o Hno,! e 5-.DNAI5-.Fixed{.mmated]—ﬁxed-ﬁ] (PAQE gel-s.hlft).an.d isolation of.R.NA with a gel mpblllty
1 e B consistent with binding to Strepavidin. The RNA was isolated
'.‘ C PEE> (‘""EN oo A from the gel slices by the freeze squeeze technique and subjected
gr’aE::r?;ﬁin \ _‘\ oY to reverse tra_nscnptlon with AMV reverse transcriptase to give
2 PCR — N | cDNA of the isolated RNA sequences. The cDNA was PCR-
gw?ﬁfﬂféﬁiﬁ / Str%pavidin _ amplified under standard conditions, and the resulting dsDNA
4.T4 DNA ligase / EimnEoSiﬁgsmﬁ was used as a template for T7 polymerase RNA transcription
ligation of 3 — B — '\ and the beginning of the next cydlé.
A The initial RNA library (A of cycle 1 in Scheme 1) showed

no catalytic activity; however, after two cycles of selection and

amplification detectable catalytic activity was observed. It should
the modification 5-(4-pyridylmethyl)carboxamide-uridirtedf be noted that in the original selection that yielded DA22 eight
Scheme 1) in place of uridine. The pyridyl modification expands cycles of selection and amplification were required to enrich
the functional group diversity of the RNA by providing the population to the point of observing catalytic activity.
additional hydrogen bonding, hydrophobic and dipolar interac- Clearly, the mutated RNA library contained a greater abundance
tions, as well as an alternativedonor ligand for metal ion of sequences that could catalyze this particular Diglisler
binding. Molecular replacement experiments have shown that reaction. Although activity was observed after only two cycles
the precise positioning of pyridyl groups can be crucial for DA22 of selection, 11 cycles were conducted to isolate the most active
Diels—Alderase activity’® Consistent with a well-defined  catalysts. Increasingly stringent partitioning was required fol-
catalytic active site, it was previously found that DA22 catalytic jowing cycle three to drive the selection and limit the amount
activity absolutely depended on the presence of cupric ion of RNA carried forward. For example, in cycle 1, 2.7% /f
(C#*). Moreover, DA22 demonstrated a high degree of reacted after 480 min (100M 2) and by cycle 11, 1.294
substrate specificity even for other maleimide dienophiles of reacted after 1 min (2aM 2) as determined by phosphorim-
comparable reactivity in the spontaneous Digddder reaction. aging of Strepavidin dependent PAGE gel-shift RNA. Necessary
It was of interest to determine if DA22 was unique or if other reaction controls showed that the gel-shifted RNA was also
sequences closely related in sequence space would show similagependent o2 and3. This increase in catalytic activity for the
requirements for catalytic activity. What is the density of RNA library pool indicated that mutation of the DA22 sequences
catalytically active sequences for this particular diene and had resulted in a population of RNA catalysts with increased
dienophile combination? Herein we describe experiments in activity. Following cycle 11, increases jpool activity appeared
which a library of 16* RNA sequences was generated by to plateau and the pool was subsequently cloned and sequenced
chemical synthesis mutation of RNA Dielé&\lderase (DA22) using previously published proceduf@s.
at a rate of 25% per nucleotide in the variable region. The in  Primary Sequence AnalysisFrom the cycle 11 pool, cloning
vitro selection strategy shown in Scheme 1 was used to selectand sequencing procedures allowed for the isolation of 51
mutated RNA Diels-Alderases that could catalyze the same individual RNA sequences (isolates). Of these 51 isolates, 49
reaction as DA22. Individual RNA catalysts were isolated and were unique sequences (Figure 1). Importantipne had
sequenced, the sequence data were examined for structuraprecisely the same sequence as DA22. Figure 1 shows that many
information, and the individual RNA isolates were kinetically new Diels-Alderases were obtained from mutating DA22,
characterized to determine catalytically active rate enhance-making it likely that less efficient catalysts with similar
ments, the mechanistic features of metal dependence, substrateequences were removed during the selection. Clearly, for this
specificity, and product inhibition. single [4 + 2] cycloaddition with this specific diene and
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1-1 TOGAGRGU CUUGUGSACUSGCCUCAASE GCUUACGACT CUUGCASUCCSCUTCTAACGCGUE COCATRCACCCCUCACUCARRGES COCCTS 0,804
1-12 TOGACAGT CUUCUSCACTSGOCUCARAGE GCUUACGACT CUUCCAGUCCACUTCTARCCECUG CCCATRCACCCOUCACTCARRC JCOCCOE 0.3804
1-51 TOGACRGT CUUCUSCACTSGOCUCRRAGRE CCUUACGACT CUOCCAGUCCRCUTCTARCCCCOG CCCATRCR OCACUCARRC JCOCCOE 0.3804
1-34 TUEAEGRGU CUUGUGSACUSGCCUCAASE CUUUACGACT CUUGCASUCCSCUTCTAACGCGUE CCUATRCACCCCGUCACUCARRGES COCCTS 0,784
1-17 TOESAGAGT CUTGUGGACTSECCUCAASA GC  ACGACT CUUGCASUCOSCUTCTAACGCGUG CCCATEC CO0 COZCTS 0.7%3
1-Z& TOGACRGT CUUCOSCACTSGOCUCARGE CCAUACGACT CUUCCASUCCRCOTCTARCCCCOG CCCATRCACT COCCO: 0.800
1-2 USGACUET CUUCUSCACCOGCCUCARGRE CUUCACGACT CUUCCUSACCAUUTCTARCCCCUG CCCCURBUCUCCCUTCAUACTARGCCOCCOCECCTS 0,845
1-14 UESEAGUET CUTGSUGEAGCSECCUGAASSA GUUTACEACT CUTCSUESACOSUITCTAACCCEUESE CUTEAA COCATCCIIGATSGEUIRGEEC50CTS 0. 887
1-32 CUOSAGUET CUTSUGEASCSEUCIERCASE GUCITCEACT CUSCSUSACOSUITCTAACCGCCGUG COCCUBAARCCOOCCCTACACGE  GEGGCGEAGHS 0,768
1-23 ACCACUGT CUUCUSCACCOOUCUCATSA ACAUARASAAT CUUCCUSACCRUDTCUARCCCCUGAC AUSACCCCACACCUACTSCRUACCCUUSCCTS 0,802
1-47 UGACUET CUOCOSCACCOOCOUCARGR CCUUTSEACT CUUCCUSACCATITCTARCCECOE CCARTRCACARATCTCTAS 0.868
1-41 TOEAGUET CUTGUEEASCSECEGCAAEA GUUUARGACTT ACUTEOSG COSUITCTAACGCEUE CGCATEAATC OO OO 0.364
1-z1 TOEAGUET CUTGUEEAGCSECTIGAACA COCUACGAGS CUUICGTEG COSUITCTAACGCGE CG CCAATGAA COCACGUTIET 0.764
1-44 TOGAGUET CUUCOSCACCOGCOUUATSC GUAUACGSCS CUSCOUSCCCRUITCTARCCECOE CTARCECARCTARC CCTAS 0.812
1-4& TOGACGRGT CUUCOSCACCOCACUCARGR CUUUARGACT CUOCCUSUCCRUITCTARCCCECOE CCCTURECCCRATCCTEAS 0.868
1-25 TCEAGUGT CUTGUESAGCUGCTIGAGES GCCUACGACTT CUTICGTEC COSUITCTAACGCEUE G CATEAG COGAGCCIUT 0.3814
1-43 TCEAGUGT CUTGUESAGCSECCUGAASA GUUUARGACTT CUTCGTETCOSTITCTAACGCEUE COCTAGRGGUARARCCCUTN 0.835
1-15 TAGACRGT CUUCOSCACCOOCTCCARGR GCCUAC ACT CUOCCUSUCCRUITCTARCCECOGSC CCUBARCCCCUTCCEAS 10,833
1-29 TAGACUGT CUUCOSCACCUSCOUCARGRE CUUUGCEACT CUUCCUSCCCRUUTCTARCCECUGCCACTRARCCUCTTCCUG, 2 0.8z25
1-11 IGAGUGT CUTGUGEAGCSECARGAAGS GCUUACESCT CUTCESGEACOSTITCTAACGCEUE COCCUETEECCATITICCTED 0.3814
1-z2 IGAGUGT CUTGUGEAGCSEUECCAASBARGAGUACEATT CUTCETEG COSUITCTAACGCEUE COCCUEUACCCACCCCAN 0.854
1-23 AUCACUCTUCTUCUACACCORCCUCACER GCUCCABACT CUDCCUSACCRTITCTARCCECUE CACACECACACATTCCUG: 2 0.814
1-21 AUGACUGT CUUCOSCACCOGCCUCARGR ACACACGACT CUUCCCACCCRUITCTARCCECOE CoARTRAR CTIUASCCCTAS 10,804
1-19 TOECEECET CUUGUGCACCEECCUCARASE CUTUACGRATT CUUCATIE TOTCTAACGCEUE O CATEAA COCATCCOGN 0.374
1-8 TEERGUET CUUGUGSACCRGCUUCACES ACUCAUGATUTCCUCCTSTATSCUTCTAACGCEUE CCCATRRATCCCUC AT & 0.75%4
i-1s& USEACUET CUUCOSCACCROCTUCACEN ACTUSAUSATD CoUCCUSUATSCUTCTARCCCCOE CCCATRARDNCCCUCACTASCS 0.764
1-za8 USEACUET CUUCOSCACCRGCOUCUASE GCU  COACT CUSCAUSUATSCOTCUARCCCGOE CCRATRACTCEATCCCUAS 0.832
1-2 UESEAGUGT CUTGUGSACCAGCCUGUASA GCUCA  ACT CUSCATSUATSCUICTAACGCEUGACCATEUACG CATCCITD 0.3811
1-7 TIESAGUET CUTGUEEACTSGAATGEAST GCATACATCS CUCCSCGETCOSCUTCTAACGAGUE COSGCCAGCICOC TOCATAGD UECGACCACTS 0,740
1-% TUGAGUET CUUCUSCACCRGCOCARCEN CATUCAUSUCT CCUCCUSUATSCUTCTARCCCCUCACCATRAC COCACCOCUACTSCECECACCTUSCCTS 0. 784
1-44 TOGAGUET CUUCUSCACTSGOCUCARGE GOUUACCACT CAUCCAGUCCOCUICTARCCECUGCCCACBACCTUCACTCCURCUSCCUSCATSCECCTS 0. 784
1-z24 TUEREGUET CUUSUGCACCRGCAUCGAAGA CACUACGAUT CUUCCUSUAUSCUUCUAACGCCUSCUCATRAACCCOECCCUUCSTCSGEUCUSGEAGCECTS 0,835
1-5 TIEAGAGT CUTGSUGEACTSECCUCAASA GUUTACEACT CUTGGEASUCOSCOTCTAACGCCUE COCATRCACCCECTACCGAARGEGEUSTSCIOCTS 0,773
1-35 TOGACRGT CUUCUSCACTSCAATCARGT CCUUACCECA CUUCCCAUCCCUICTARCCECUG COOUSRBCTACCCUCCCECUUCCAUEACCOCECCTS 0,763
1-45 TOGAGUET CUOCOSCASCEGCOCACER UADGACS CUACCUSCCOSUOICTARCCCCOETCCATERS SCCOE 0.38588
1-5 TOESAGUES CUTGUEEAGCSECCUEEATA GOUTARGACT CUTCATEACOSUITCTAACCGCEUE COCARGRAGCCITGD WEUECCTS 0,825
1-z7 TIESAGUGT CUTGUESASCUSCUIGAAST GOCUACGACE CAUCSUSCCASUIUCTAACCCEUGSCAGTEAACCIR 3 CEC0CE 0.308
1-4 UCCACUET CUUCUSCACTSGCCUCARGE CACUACGACT CUUCCAGUCCACUTCTARCCCCUE COCTURBARCCCTUR CATACCOCAUACTRCCSCCTC 0. 784
i-g& UCEUECET CUUCUSCACCRGCOUUARGRE CAT ACGCCU CUUCCUSUAUSCUTCUAACCCCUG CCCAURCACCCACCACTUTCTSCAUCATL COSECTS 0,752
1-14 TCERGUET CUNSUSEACTOSCATGARGS CCUUAGECCODT CUOCECETCASCOICTAR CECENE CTCIEAG CTCACCCITAGTEGETR CECCUC 0,314
1-18 TCEAGUET CUTGUESAGCAGCCUGAASSA GCUUACGACTT CUTCSTSTATSCUTCTAACGCEUE CCCOGACCCARTCCCTIIAGGEGET CCOC 0.304
1-24 TCEACUET CUUCOSCACTSGOCUTARSR GO ' OGCCECCTs 0,853
1-13 UCEACUET CUUCOSCACSCUGCET CUECCTOECoEUITCTARCECETIE Eejiln] SRGOC 0.7B1
1-z40 ATECEUGA CUTGUEEASCEEAGT CUDCEEETCOSUNTCURACGCETIE CEC GUGET CCU= 0.856
1-34 AUGAGUGT CUTGUEEACCAGCCUGACEE CoUCEOSUATSCUTCURACCCG 56 CCCUICECCUSTECICCUATSCATSGAS CCTS 0,702
1-28 USEACUET CUUCOCEACCRGCTTGE CoUCEUEUATSCOTCTRAACE OO COCATRAATCC O R CTA ST TR SCCOE 0.784
1-48 USGACRET CUUCUSCACCROCTUCACEN ACTUCAUSACT COUCCUSUATSCUTCTARCCCCOE CCCATRARTNCCCUCACCACTISTEGS SCCOE 0.784
1-42 UEEAGUUA CUTGUESACTSECCUGAASSA GOCUGCACTT CUOCGGEACCATITCTAACGCEUGACCATEAN COCATCCCITA HEUGECATGEOCTS 0,812
1-45 UESERGUET CUUSUSCACCAGCUUCATSA ACUSAUSATD CoUCCUSUAUSCUUCUAACGCCUSCCCAUBAAUCCCUCACUACTCTS SoCUSCEOCTs 0.802
1-27 USEACUET CUUCUACACCOGCACAACAT CCUUAASACT UUSCCCACCCUTDICTARCCCCUE COCTURATIT SEEUCCCEUCRECCT 0,722
1-29 CUGAGCEC CUOCDEERC SARGR COUOCCERCC UCUCRAGARCCEUDCCUARCECOTE CoCATRCOCD SGEG SCCTs 0,732
Congensus TUGAGUET CUUGUGSAGCSECCUGAASA GCUUACGACT CUTCSUSTCOSUITCTAACGCEUE COCATERAA COCATCCCUAGTEGETEGEGE0ECCT

DRaz2 UUSASUST COUSURGRACCOECEUEARER SCUTACEACT CUTCCUSUCCEUTNCTARCECETECCCATEARCCCATCCCTRASTE AT

Figure 1. Aligned sequences of 51 RNA isolates identified. Fixed sequence regions are omitted for clarity. Completely conserved residues are highlighted
in yellow, while those that were conserved#90% of the sequences are highlighted in gray. The proportion similarities to the original DA22 sequence
taking all residues into consideration are shown at the far right.

dienophile pair, there are many catalytic sequence solutionsDiels—Alderase function in this particular structural motif.
contained within the variants of the consensus RNA Diels Interestingly, in 49 of the 51 isolates the one highly conserved
Alderase framework. residue not found in the original DA22 sequence was a mutation

Primary sequence alignment of the 51 RNA isolates and (at position 47 near the'#nd) of an A to G. The prevalence
analysis of the mutated region (97 nucleotides) revealed thatOf this mutation in the population suggests that it confers a
19 of the bases were absolutely conserved in all isolated distinct selective advantage in catalytic activity. The importance
sequences and that an additional 17 nucleotides were highlyof this mutation (A to G) on function is further underscored by
conserved ir-90% of the sequences. The fully conserved bases its location to a putative key structural feature (vide infra).
were found shifted toward thé-Bnd of the variable region while Analysis of the number of mutations observed in the isolates
the highly conserved residues were more evenly distributed. provides insight as to the diversity of the Diel&lderase
With only scattered point mutations, both the completely and sequence space around the highly conserved core sequence and
highly conserved residues corresponded to the nucleotides foundhe putative active site structure. It should be noted that the
in DA22, indicating that these residues were necessary for original selection that gave DA22 started with!46equences.

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 11845
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For this original selection, 100 consecutive nucleotides were tolerant of changes that still afford catalytic active sites and
randomly distributed. This gives a total potential sequence spacethere are many structural motifs that are possible.

of 100* or approximately 1%. Clearly, selecting from only 10 Most interestingly, only one highly conserved mutation was
sequences is a sparse sampling of Didliderases that could  found in comparing the conserved region of the original DA22
exist in this potential sequence space. It was of interest to sequence to the consensus sequence found for the DAM isolates.
determine if the chemical mutation rate of 25% resulted in a The high degree of sequence conservation found for the point
more comprehensive search for DieBlderases for this  mytation A to G found at position 47 is consistent with this
particular diene and dienophile pair. Analysis of the percent ragidue being a key structural component of these DAM DBiels
similarity to DA22 of each isolate is shown in Figure 1 (right  ajderases. Only isolate 38 contained A at this position. Position
column). The average similarity to DA22 for all unique 47 s at the three-helix junction in Figure 2 where a high number
sequences is 80.7% (19.3% mutation rate), representing angf pyridine-modified uridine residues are also found. The high

average of approximately 19 mutations per isolate. However, proximity of conserved pyridine functionality may indicate that
this mutation rate includes 19 bases of the 97 base vanablethis three-helix junction comprises a portion of the catalytic

region that were absolutely conserved throughout all Sequences,ncket where the pyridine groups form cupric ion Lewis acid
and 17 bases that were conserved in more than 90% of thegjieg.
sequences. Removing these conserved bases from the mutation

: . ; 0
rate calculation gives an average mutation rate of 30.8%, els—Alderases obtained from the mutagenesis/selection experi-

significantly higher than the 25% rate used in the DNA o . .
. - ment were kinetically evaluated. Under single turnover condi-
synthesis. These results suggest that a mutation rate30%o . S .
tions, the kinetic constants, and Ky, were determined and

could be used to further investigate the potential sequence space .
- ; are shown in Table 1, where they are compared to values of

and that additional DietsAlderases could be found. These he original Diels-Alderase DA22. Thévalues for the DAM

regions of RNA sequence variability demonstrate that there are}:)_e Ior—I?AI?; ! ¢ 0 3'2 1at55 1 .

many unique catalytic solutions to this single diene and €IS erases range from o. o 1. mnr(.apresentlr.lg

dienophile [4+ 2] cycloaddition reaction. It remained to be an approxmate_ 2-fold decrease to a 2.3-fold increase in the

determined if this apparent increase in the number of active catalyzed reaction rate compared to DA22.

Diels—Alderases for this particular diene and dienophile resulted ~ When compared to the uncatalyzed second-order rate constant

in a corresponding decrease in substrate specificity (vide infra). (Kunca) 0f 0.325 M min~%, thekea values represent an effective

Potential Secondary Structure Motifs. The mutated RNA molarity range of 0'9_84'7 M. Km values range from 119 to
sequences isolated from this selection contain the 5-position 460uM for the DAM Diels—Alderases and in all cases represent

pyridyl modification of1 in place of the 5-position hydrogen significantly stronger substrate binding contributing to the
in uridine. There are no folding algorithms that have been observed rate enhancement as compared to those of DA22. The

parametrized to account for this modification. The added decrease ifKm values for the DAM Diels-Alderases relative

hydrophobicity of this pyridyl group, differences in metal ion to those of DA22.more than offset the on\!egtvalues obtained .
coordination compared to unmodified RNA, and the new for some of the isolates and lead to higher observed reaction

hydrogen bonding possibilities for the amide linkage to the 'al€S, as measured Ha/Km, for all of the DAM Diels-
modified uridine would all be expected to contribute to the RNA Alderases relative to those of DA22. Comparing the uncatalyzed

structure. For this reason, secondary structure predictions mayS€cond-order rate constakiaca; to the range okcalKm values
be of limited value and are only included to stimulate thought SNOWs these DieisAlderases to have achieved 2400 to 40,000-
and to provide a potential picture of these Diefdderases  fold rate enhancements over the uncatalyzed cycloaddition.

consistent with all known DielsAlderases for this diene  Clearly, this mutational approach of creating new biased libraries
dienophile pair. of RNA sequences is a viable method to find Diefdderases

g}r/\/ith enhanced catalytic activity. Given the high mutation
requency observed for these DAM isolates it appears that
d further mutation could reveal more active catalysts, but will the

is shown in Figure 2. Base-pair analysis and covariation acrossSUbStrate specificity of these Diel&\lderases be compromised

all of the mutational isolates is consistent with this secondary @S their activity increases?

structure. Many of the completely and highly conserved residues ~Substrate Specificity.Previously, DA22 had been shown to
identified in the primary sequence analysis could be base-pairedPossess a high degree of substrate specificity even when
with the 5 fixed sequence region of the molecules as shown in Presented with dienophile substrates that were structurally and
Figure 2. Sequence conservation and co-variation analysis are€lectronically very similar to the maleimide dienophile used in
also consistent with formation of the second stem and the stemits selection. This property seemed to be inherent to DA22 as
that connects the two three helix junctions. However, the NO selective pressure was applied to drive for substrate specific-
proposed 3end of the structure has only a few highly conserved ity. The mutated DietsAlderases DAML, 7, 16, 40, 43, and
points, making this portion of the structure uncertain. The 3 46 were assayed for their substrate specificity to determine if
end comprises a significant portion of the variable sequence the sequence changes required to increase catalytic activity
region. It appears that this portion of the RNA structure is more relative to DA22 had resulted in catalyst structures that were
compromised in their ability to discriminate between similar

Diels—Alderase Kinetic Characterization. Six DAM Di-

The consensus sequence shown in Figure 1 was folded usin
the Zucker algorithm-based program MFOED3 and the
lowest energy 74.0 kcal/mol) secondary structure obtaine

(36) Jaeger, J. A.; Turner, D. H.; Zuker, Froc. Natl. Acad. Sci. U.S.A989 dienophiles. These DAM DietsAlderases were incubated with
37) O . 1089 244 4352 either of the two alternative biotin maleimides dienophilés (
(38) Zuker, M.Curr. Opin. Struct. Biol200Q 10, 303-310. or 5, 20uM) shown in Table 2. The relative extent of reaction
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Figure 2. Lowest energy {74.0 kcal/mol) secondary structure as predicted by the MFOLD program for the consensus sequence shown in Figure 1 but
including fixed sequences. Fixed regions of sequence are shown in lower case with the mutated sequence region corresponding to Figure 1 in upper case.
Residues that were completely conserved in all isolates are highlighted in yellow, while those that were conse®@3d of the isolates are highlighted

in blue. The single highly conserved inherited mutation of A to G at position 47 is highlighted in green. Highly conserved base pairs as determined by

residue conservation or co-variation are shown in red.

Table 1. Kinetic and Inhibition Constants for DA22 and Mutated
DAM Diels—Alderases

Although alternative substrate and 5 did not in gen-
eral serve as substrates for the catalyzed cycloaddition, each

RNA fea Ko feal K Koo could bind at the active site in a catalytically unproductive

isolate (min~Y) (uM) (M~ min~?) x 102 (M) . T LT .
T 0662012 2300L 500 00287 32526 mode especially in light of their similarity to maleimidz

a .66+ 0. . 52 . - 2

DAM 1 1554010  119% 20 130 8.40L 018 either b.ecause of the bIOl'Iln or the ma[elmlde or bgth. When
DAM 7  0.65+0.16 460+ 110 0.14 36.3: 4.5 each Diels-Alderase was incubated with (20 uM) in the
DAM 16 1.02+£0.09  317+55 0.32 22.6:4.1 presence of a large excess 4f(500 uM), no measurable
DAM 40 1.25+0.12 278+ 52 0.45 12.3+ 3.3 d i th t of i duct b q
DAM 43 0314004 4094 89 0.078 30.21 5.2 ecrease in the amount of reaction product was observe
DAM 46 0.39+0.06 367+ 59 0.101 39+ 12 (data not shown), indicating thdtdoes not effectively compete

aData for DA 22 from ref 9.

observed during the incubation period for each Diglderase
is summarized in Table 3 and shows that, in general, the DAM
Diels—Alderases demonstrate similar levels of substrate speci-
ficity when compared to the original RNA DietsAlderase
DA22. However, DAM 43 and DAM 46 did show low but
significant levels of reaction with maleimidg Interestingly,
these two Diels-Alderases had the lowekiy; values of all the

for binding to the active site. These results further demon-
strate that the biotin moiety a2 is not important for sub-
strate recognition sincd, 5, and 2 all contain biotin. The
specificity data support the notion that through mutation, RNA
catalytic activity can be increased without sacrificing substrate
specificity.

Diels—Alder Product as a [4 + 2] Cycloaddition Transi-
tion-State Analogue.These mutated DielsAlderases expand
the number of kinetically characterized RNA catalysts for this

catalysts studied. In no case was significant reaction observedparticular diene and dienophile [# 2] cycloaddition to 15.

with dienophile4.

Together, these 15 DietAlderases provide an opportunity to

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 11847
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Table 2. Dienophile Substrate Specificity for the DA 22 and the DAM Diels—Alderases 1, 7, 16, 40, 43, and 462

Substrate DA DAM DAM DAM DAM DAM DAM
# 22 1 7 16 40 43 46
0]
HN_J\;\JH
— ] 0]
2 Q(%H%”J\Oiﬁ:\? 1 1 1 1 1 1 1
N
0]
@)
HN‘)J\@IH o
4 BN 0.04 0.04 0.04 004 0.03 002 0.03
Ql'(” . ”%H\él/x'\‘?
HO,LC 4
O
HN” NH
5 M 9 H 6 0 0.06 0.04 005 003 005 012 021
R
0]

aValues are background-corrected, normalized to the total amount of active catalyst, and relative to the catalyzed rea2tibhemthiues are below
the assay detection limits.

Table 3. Kinetic Results from the Original DA and Mutated DAM -36 5
Diels—Alderases DAD4 DAT
Diels—Alderase Kiapp (M) K (1M) KnlKear (MM 8) 38 = Bt
DA1S o
DAM 1 8.40 119 4.61 e
DAM 7 36.3 460 42,5 4
DAM 16 22.6 317 18.6 . - oo
DAM 40 12.3 278 13.3 = 42 o L
DAM 43 39.2 409 77.2 = N
CANMAS
DAM 46 39 367 55.3 5 ooy orz
DA 22b 325 2300 209 Ke] DAM7 0°
DA 1b 29.7 1920 274 46 =y
DA 17° 44.6 1220 305 DAM1E
DA 2P 59.9 1800 469 -48
DA 7b 222 1640 520 o
DA 10° 135 830 778 5 T
DA 37° 56.0 118 165 o
DA 15° 108 69 243 52
DA 24b 165 29 195 5 45 -4 35 3 -25
log(Kn (M)

2 Figure 3. Plot of log(;) versus logkm) for all the data in Table 2.
N
H H 4 between lod<; and logKn/kea) indicates inhibition by transition-
o) NHN\WQ'). S state mimicry of the varied inhibitor.
L D
0

j\ 0 Combining the original RNA DielsAlderases (DA series)
AP N O oy HN ¢ and the DAM Diels-Alderases, it can be determined if a
H O/%NH correlation exists betweelizpp and Km/kear All 15 RNA
6 sequences were kinetically characterized, andkikg values

of the Diels-Alder product6 were determined for each. The
data are summarized in Table 3 and plotted in Figures 3 and 4.
The data displayed in Figure 3 (Id§app VS log Ky clearly

examine the transition-state analogue character of the cycload-ShOW no correlation for these Dielslderases consistent with

dition product across a number of unique but related RNA the prqductﬁ not acting as a ground-state inhibitor. However,
. . from Figure 4 there appears to be some correlativr(0.82)

catalysts. In analogy to previous work on proteins, a number between lodiap) values for the inhibitor and lokGkea) values

of enzymes have been examined to determine the extent of ap &

transition-state stabilization in catalysis and how well transition- for the d|enoph|lg supstratg, .|nd|cat|ng that differences n the
- . ... structure and active site within these catalysts produce similar
state analogue |nh|b_|t0rs take advantage of this stablllza_tlon. effects on enzymatic rate enhancement and transition-state
Many Of_ these studies have generally focused on a smgl_e analogue binding. It should be noted that preliminary data
enzymatic system and a range of substrates and corresponding

transition-state analogue inhibitors where a linear correlation (39) Mader, M. M.; Bartlett, P. AChem. Re. 1997, 97, 1281-1301.

2 Kiapp Values were determined using 6 as an inhibitd?reviously
reported:?
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Figure 4. Plot of log(;) versus logkm/kea) for all the data in Table 2.

suggest that DA 7 in particular may be a Dieklderase that
produces exo-product, and th&pp value generated using the
endo-product would not be expected to correlate well Wit
kea: The correlation of lod(iapp) to log(Km/Keay is significantly
higher R = 0.97) when only the DAM DielsAlderases are
plotted (elimination of all DA points in Figure 4), suggesting
convergence in active site structure toward a similar mechanism.
These results are consistent with these Didlislerases provid-
ing cycloaddition reaction catalysis via stabilization of a late
[4 + 2] endo transition state. More thorough kinetic and
structural investigation of these Dielélderases will be
required to unravel the details of how 4 2] cycloaddition is
catalyzed by these related RNA molecules.

Metal Dependence.The original in vitro selection that
produced the original RNA DietsAlderases (e.g., DA22)
included a mixture of metal ions (Mh, Fe&™, Ca?™, Ni2t, CLAT,
Zn2t, AI3T, Ga&™). This provides the pyridyl-modified RNA
the opportunity to utilize any metal or metal combination in
structural or functional roles. Previous work demonstrated that
the catalytic activity of DA22, and all the other original Diels

This could indicate either two metal binding sites specific for
each metal or a new bimetallic site. The importance of this new
Ni2* metal dependence is underscored by the fact that isolate
40 was one of the most active Dieté\lderases found to date.
The unique metal dependence of isoldtedemonstrates that
RNA sequences with new structural and/or mechanistic features
can be generated through mutation of existing RNA catalysts.
Sequence Truncation and Relative Catalytic Activity.
Comparison of the DAM DielsAlderase sequences and the
parent sequence of DA22 showed that thesgion past position
96 of Figure 2 had few highly conserved nucleotides. It was of
interest to determine if this variability in sequence was because
this portion of the RNA was not essential for activity. Since all
the DAM Diels—Alderases were descendent from DA22 and
contained the same highly conserved consensus region, DA22
was subjected to a series of truncation experiments. Two RNA
Diels—Alderase truncates DA_TR96 and DA_TR119 were
prepared by T7 RNA polymerase transcription of dsDNA
templates produced via PCR amplification of DA22 with the
following primers: 53GCACGCGTTAGAAACGGACACG
(producing DA_TR96), BACCCACTAGGGATGGGTTCATG
(producing DA_TR119). DA_TR96 corresponds to the structure
shown in Figure 2 where the sequence is truncated by ending
at position 96. This truncate results in the elimination of all of
the 3-end hypervariable region. DAM_TR119 corresponds to
the structure in Figure 2 ending at position 119. This truncate
contains only one of the stem loops found at ther®d of Figure
2. All truncates gave excellent transcription and ligation yields.
Kinetics were determined as previously described using gel-
shift electrophoresis strepavidin partitioning to measure the
fraction of 3P body labeled RNA reacted. The kinetics were
measured over four concentrations (250, 125, 62.5, 31.25, and
15.63uM) of 2 and thekca andkea/Km values determined in a
procedure identical to that used for the DAM isolates. The
relative rates found for DA_TR96 and DA_TR119 compared
to DA22 were significantly different. Relative to DA22
(Keat(oa_TrosfKeatpa22), DA_TR96 showed a 1.7 increasekify
and a 1.3 increase iKm (Kmpa TrRosyKm(pa22), providing a

Alderases, was absolutely dependent on the presence of cuprignodestincreasein kea/Km for this truncate of 1.3. Surprisingly,

ion which, combined with results from molecular replacement
experiments, suggested that organization of certain pyridine
groups is required to form specific copper ion binding sites.
Consistent with known pyridytcupric complexes, these RNA
active sites could function by Lewis acid catalysis in binding
to the dienophile carbonyl(s). To determine if new metal-
dependent activity could emerge on further exploration of
sequence space, the mutated Digddderases were incubated
with the same mixture of metal ions that was used in the original
selection. Of the six DAM DielsAlderases characterized, all
showed a dependence on?Cion. However, unlike the original
DA selection, only five DAM Diels-Alderases 1, 7, 16, 43,

and 46) of the six demonstrated an exclusive dependence on
Cu?t, with comparable catalytic activity observed in the
presence of the metal mixture or just Tuand no catalytic
activity observed in the absence of €u Interestingly, full
activity of isolate40, as defined by that observed with the entire

DA_TR119 gave no significant increase ken/Kn, relative to
DA22. Clearly,all of the sequence in DA22 past position 96 of
Figure 2 is nonessential for catalytic agily. DA_TR96 and
DA _TR119 show that the highly conserved region of these
truncates is only slightly affected by the alteration of the 3
end of these DielsAlderases. There appears to be a limited
interaction between the structural elements at tren8 of these
RNA catalysts with the highly conserved catalytic core.

Conclusions

When obtaining a perspective on Diel8lderases and the
results found to date, it is important to note that there are
currently no naturally occurring RNA or protein examples for
comparison. The challenges of #4 2] cycloaddition catalysis
include low affinity of acyclic dienes for the biopolymer
catalysts and the potential problem of product inhibition limiting
catalytic efficiency. In the research reported here, it has been
found that mutation of a RNA DietsAlderase can generate

metal mixture, was found to be dependent on the presence ofnumerous related catalysts for a specifici{£2] cycloaddition.

both C#* and NP'. Partial catalytic activity (2640%) was
observed with isolatdQin the presence dadither CL?™ or Ni?™,
but to observe full activity both transition metals were required.

A picture is beginning to emerge as to how primary sequence
and concomitant secondary structure relates to RNA Biels
Alderase activity for this particular diene and dienophile pair.
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Kinetic analysis of the DAM Diels Alderases clearly demon-
strated that catalytic efficiency was enhanced and that further
mutation could lead to greater improvements in catalytic activity.
Improvements in bottK,, andk.s were observed, but onln,
was consistently improved. While tig, values of these Diets
Alderases are in the range of protein enzymes, it is expected
that protein Diels-Alderases would have significantly greater
catalytic activity, most likely accomplished by highes; values.
It remains to be determined if additional modification of the
RNA or further mutation and selection would result in RNA
Diels—Alderases with significant improvementskig,. It should
be noted that the modified RNA libraries used in the selection
for DAM Diels—Alderases only contained a single modification
and that of the total RNA sequence space possiB8 {4 1050
only a small fraction has been investigated. It appears that we
have yet to test the catalytic limits of RNA Diet#\lderases.
Notably, substrate specificity was maintained in the mutated
Diels—Alderases for the diene and dienophile pair used in the
selection. Even maleimide dienophiles of comparable reactivity
in the spontaneous DietAlder reaction could not be utilized
effectively as substrates. Related to this result, the catalytic
activity increase for the DAM DielsAlderases was largely due
to a decrease K. The dienophile specificity and the decrease
in Ky, observed in the DAM DielsAlderases are consistent
with mutation of the RNA active site providing higher affinity
and potentially specificitif in saturable substrate binding. Many
RNA catalysts were generated for the diene and dienophile pair
studied, providing the opportunity to correlate observed catalysis
with inhibition by the cycloaddition product. Correlation
betweerKiap, for the product andy/kza for the DAM Diels—
Alderases indicated that the active sites were similar, and when
considered in the context of the DAM families, clustered
together in sequence space. It seems reasonable to propose th
further mutation could lead to further convergence on superior
highly specific [4+ 2] catalysts for this diene dienophile pair.
In addition, it is clear that the'2nd hypervariable region found
for these Diels-Alderases is not essential for catalytic activity,
and future work should be focused on these truncatetl 4
RNA catalysts. The question remains, however: is this the only
acyclic diene and dienophile pair that can be catalyzed by a
RNA Diels—Alderase? Furthermore, can RNA Diel&lderases
be used as general [# 2] cycloaddition catalystd? Clearly,

relatively high. Further research is in progress to better
understand the breadth of RNA catalysis for other+{42]
cycloadditions and catalytic role of the metal ions in these RNA
structures.

Experimental Section

Mutated RNA Library Design Synthesis. The mutated RNA
Diels—Alderase library was synthesized from dsDNA as described
previously with the exceptions noted below. The initial mutated RNA
pool of sequences was created from a dsDNA library based on the
sequence of the previously characterized RNA Didélklerase DA22.

The dsDNA library was prepared by synthesizing the corresponding
cDNA using an ABI 392 oligonucleotide synthesizer, 2000 A CPG
support (Glenn Research, Sterling VA) and the standard reagents (Glenn
Research, Sterling VA) and coupling procedures. The fixed regions
were not mutated and were synthesized as the same sequences described
for DA22.° The sequence positions in DA22 that corresponded to the
randomized region in the original RNA library (positions-3430 in
Figure 2) were mutated at a rate of 25% by using 9:1:1:1 molar ratios
of the cognate phosphoramidite (Glenn Research, Sterling, VA) to each
of the remaining three phosphoramidites at each base sequence position.
The cDNA library was cleaved from the CPG solid support and
deprotected by incubating in saturated JIHH at 55°C for 10 h,
followed by purification using denaturing 6% polyacrylamide electro-
phoresis (PAGE, 19:1 cross-linking). The corresponding dsDNA and
subsequent RNA libraries were prepared from this cDNA library as
previously reported, including the substitution of modified uridine

for UTP during T7 RNA polymerase transcription. The resulting 144
nucleotide mutated RNA library was passed through successive Nap
columns (Pharmacia, Uppsala Sweden), concentrated on a 30 000
molecular weight cutoff (MWCO) filter, washed with water and
concentrated (Ix 2 mL), extracted twice with phenol/chloroform/
isoamyl alcohol (25:24:1), extracted once with chloroform, and ethanol
precipitated. The resulting pellet was dissolved in water and quantitated
By UV (e260 = 40 ug/mL) and specific activity. The DNA 10-mer-
PEG-diene was ligated by combining the RNA library (1 nmol), PEG
modified DNA 10-mer3 (2 nmole), and the bridging oligomer (3 nmol)

in 20 uL of 10x T4 DNA ligase buffer, 16uL of T4 DNA ligase
storage buffer, and water to a final volume of 2@D. The mixture

was heated to 72C for 3 min and then allowed to come to room
temperature over 10 min. Rnasin (160 units, 38Ly/Promega) and

T4 DNA ligase (80 units, 5wl, Boeringer Mannheim) were then
added, and the mixture was incubated at@7%or 4—16 h. The ligation
productA was purified on a 6% denaturing polyacrylamide (19:1 cross-
linking) and quantitated by UV spectroscopy and specific activity.

much work remains before these questions have been rigorously Incubation/Reaction Conditions. All RNA incubations were con-

addressed.

One new feature of the selection reported here is that mutation
of a RNA catalyst can give sequence families clustered in
sequence space but with surprises in metal dependence.
reported previously, the original DietAlderases showed an
absolute cupric metal dependence. Interestingly, Biglderase
DAM 40 revealed a new dependence orf'Nand C@". This
is the first demonstration of RNA structure and/or function being
dependent on Ri. Apparently, additional metalloenzyme
possibilities exist for these pyridyl-U-modified RNA Diets

IN%

ducted under the following conditions except as noted: 50 MM HEPES
pH 7.0, 500 nM modified RNA, 200 mM NacCl, 200 mM KCI, 1 mM
CaCb, 1 mM MgCh, 10uM each Al(lactatey Ga(SOy),, MNCl,, FeCh,

0oCh, NiCl;, CuCh, and ZnC}, 10% ethanol and 2% dimethyl
sulfoxide (DMSO). The dienophil&2) was added as a stock solution
in DMSO such that the aliquot always accounted for the entire 2%
DMSO required. The concentration ®fwas held constant at 1QM
throughout the first seven selection cycles and reduced teN2%or
cycles 8-11. The RNA, HEPES, monovalent metals, Ga@hd water
were combined and heated to 7@ for 6 min, after which time the
remaining metal ions were added and the solution was allowed to cool

Alderases. The superposition of the various metal ions, their slowly to ambient temperature over 25 min. The ethanol and dienophile
concentrations in selection, functional modification of the RNA, 2in DMSO were then added, and the reaction mixture was incubated
and density of concomitant catalytically active sequences, makeat 25°C for the time periods indicated. Incubations were terminated
the landscape of RNA [4 2] cycloaddition catalysis enormous. by the addition of-mercaptoethanol (BME) to a final concentration

Fortunately, the density of RNA catalysts in this landscape is

(40) Eaton, B. E.; Gold, L.; Zichi, D. AChem. Biol.1995 2, 633-638.
(41) Jaschke, A.; Seelig, BCurr. Opin. Chem. Biol200Q 4, 257—-262.
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of 5 mM and/or passing the solution over two successive Nap columns
to remove excesa.

Reaction Assay and Partitioning.Measurement of the extent of
reaction and partitioning of reacted and unreacted RNA molecules were
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accomplished using a Strepavidin (SA)-dependent PAGE gel-shift. The and K, represents the substrate concentration at which half the
amount of SA added to the RNA sample varied according to how much maximum rate is observed. All RNA sequences surveyed demonstrated
2 was used in the incubation and whether Nap columns had been useddienophile saturation kinetics.

following the incubation. If Nap columns (2) were employed, then SA Apparent K; Determination. ApparentK; values for the endo-
was added such that the ratio ®fn the incubation to added SA was  cycloaddition product were determined at 500M 2 by fitting the

20. If Nap columns were not utilized, the ratio of SA 2owas 4:1. observed first-order rate constants to the following equation for
Control experiments confirmed that these amounts of SA were sufficient inhibition: kops = (Kobsd2){ 0E — | — Ki + [(Ki + oE — 1)2 + 4K{]¥3}

to bind all of the biotinylated (reacted) RNA (data not shown). The wherekqpsis the measured rate constant in the presenc® kfysois

RNA was incubated with the SA for 20 min at ambient temperature, the observed rate constant in the absences,oftE represents the
followed by the addition of 0.5 volume of formamide loading buffer. fractional @) concentration of functional active siteg)( | is the
Samples were then heated at @2 for 3 min, loaded on a preheated concentration 0B, andK; is the apparent inhibition constaft.

(~50 °C) 6% denaturing (19:1 cross-linking) polyacrylamide gel and Alternative Substrate Experiments. Biotin maleimides2 and 4
electrophoresed. The shifted and unshifted bands were visualized bywere purchased from Pierce, whBewas purchased from Sigma. All
autoradiography and/or phosphorimaging, the latter being used for were used without further purification. Incubations were conducted as
guantitation. For partitioning, shifted bands were excised, and the described in the kinetics section. The data displayed in Table 3 was
RNA—SA complex was extracted, desalted, and subjected to reversegenerated with dienophi 4, or 5 (20 «M) and Diels-Alderase (500
transcription and PCR amplification according to previously published nM) at 25°C, while the competition experiment was conducted with
procedures. 2 (20 uM), 4 (500 M), and Diels-Alderase (500 nM) at 25C.

Cloning and Sequencing.The PCR Script Amp Cloning Kit DA22 dsDNA Template Truncation. PCR amplification was
(Stratagene, La Jolla, CA) was used to clone the dsDNA obtained performed under hot start conditions in 100 with DA22 dsDNA
following cycle 11. All procedures and supplies were used without template (10 pmol), ANTP’s (2QaM each), KOD XL DNA polymerase
modification. Plasmid DNA was obtained from the clones using a (2.5 U), 1X SYBR green |, Sprimer (1 xM) and either 3primer
PERFECT prep plasmid DNA kit (8' Inc., Boulder, CO). The purified 1 uM) (5'-GCACGCGTTAGAAACGGACACG (DA _TR96) or
DNA was bi-directionally sequenced using standard fluorescent se- 5-ACCCACTAGGGATGGGTTCATG (DA_TR119). Cycle param-
guencing techniques. eters for the PCR were S& for 15 s, followed by 68C for 30s. All

Kinetic Analyses kunca The uncatalyzed second-order rate DNA was purified by electrophoresis on a 6% polyacrylimide gel, and
constant for the DielsAlder cycloaddition was determined previously  the excised bands were isolated by the freeze-squeeze technique. The

(Kuncatpiels-aider = 5.42 x 1073 M~1s71).9 purified dsDNA templates were transcribed, ligated, and assayed for
Km and kea:. Kinetic assays were performed as described above. All their Diels—Alderase activity as described vide supra for all the other
data were obtained at 500 nM RNA and up to 00 of 2 (500uM RNA catalysts.

solubility limit for 2). The kops Values were determined by fitting the .
fraction of unreacted RNA to the following equation for first-order Acknowledgment. We wish to thank all of the talented people

Kinetics: R = oRo * exp(—kope't) - (1 — aRy) whereRis the fraction at NeXstar Pharmaceutic_als and Invenux who contributed to
of RNA unreactedoR, represents the fractiom) of functional RNA our work on RNA catalysis. A special thanks to Jeff Carter at
(Ro), t is time in minutes, andwps is the observed first-order rate ~ Somalogic for preparation of truncation primers.

constant.ke,: and Ky, were determined by fitting thé,,s data to the JA0494149

Michaelis-Menton Equation:Keps = kea'[ J/(Km + [J) wherekea is
the first-order rate constang][is the dienophile substrate concentration, (42) Williams, J. M.; Morrison, J. FMethods Enzymoll979 63, 437—467.
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