Biochemistry1996, 35, 6483-6490 6483
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ABSTRACT. Five modified hammerhead ribozyme/substrate complexes have been prepared in which
individual adenosine Nnitrogens have been excised and replaced with carbon. The modified complexes
were chemically synthesized with the substitution of a single 3-deazaadend¥inddse analogue for
residues A, Ag, A1z, A1, Or Ajs1. Steady-state kinetic analyses indicate that the cleavage efficiencies,
as measured bi.Ky, for the EAs, A, and A4 complexes were only marginally reduced5-fold)

relative to the native complex. By comparison, the cleavage efficiencies fotAheand A;s 1 complexes

were reduced by 9-fold and 55-fold, respectively. These reductions in cleavage efficiency are primarily
a result of lowerk:,: values. Profiles of pH and cleavage rate suggest that the chemical cleavage step is
the rate-limiting reaction for these complexes. These results suggest thatniteojen of the Az residue

and particularly the A 1 residue in the hammerhead ribozyme/substrate complex are critical for transition
state stabilization and efficient cleavage activity. We have additionally compared the locations of these
critical functional groups, as well as those identified from other studies, with recent crystallographic
analyses. In some cases, the critical functional groups are clustered around proposed metal binding sites
and may reflect functional groups critical for binding the metal cofactor. In other cases, clusters of
functional groups may form a network of hydrogen bonds necessary for transition state stabilization.

Self-cleavage reactions of RNA by internal transesterifi- Uhlenbeck, 1992). Recent X-ray crystallographic (Pley et
cation reactions have been observed in the genomes ofal., 1994; Scott et al., 1995) and solution studies (Heus &
several plant pathogens, where it is believed that thesePardi, 1991; Tuschl et al., 1994; Bassi et al., 1995) have
reactions are an essential step in replication (Symons, 1989confirmed the early secondary structure predictions and
1991). One of the smallest consensus sequences containingrovided a wealth of additional information about the ground
the requisite secondary structure necessary for such autolyticstate conformation.
transesterifications is that represented by the hammerhead Sequence mutations of the 11 conserved nucleotide
RNAs (Forster & Symons, 1987; Uhlenbeck, 1987). These (ggigques have resulted in dramatic decreases in cleavage

complexes consist of 3 helices (1 or more of which can cgvity (Koizumi et al., 1988; Jefferies & Symons, 1989;
terminate as a hairpin loop) and include 11 consensuspg ner et al., 1989, 1990; Fedor & Uhlenbeck, 1990; Pley
nucleotides that appear to be responsible for the formation o al., 1994; Scott et al., 1995), suggesting that specific
of a catalytically active domain. C'e."?“’age of the_ RNA " finctional groups of the conserved U, C, A, and G nucleotide
occurs as the result of a transgs_tenﬂcauor_] reaction andegiq,es are critical for the formation of the catalytically
generates two products, one containing a termihby/8roxyl competent complex. A number of functional group alter-

and a second with a terminal,2-cyclic phosphodiester ations within the ribozyme complex have been reported; such

(Forster & Symons, 1987; Uhlenbeck, 1987). !n i]hueywo_ studies permit functional group mutagenesis at the atomic
examples, these structures result from the folding of a single level within the catalytic complex. A series of “deletion

RNA dmc;lijzvule, but sy?rt]hetu; hammetrheia\d COT:%'.?X?S COM- ¢ bstitutions” have been reported in which théngdroxyls
posed o1 Iwo or even hree fragments aiso exnibit Cleavagep e peen excised at specific sites by the introduction of

activities (Uhlenbeck, 1987; Haseloff & Gerlach, 1988; . ;
. ; ' g ) ’ ' the corresponding'aleoxynucleosides (Yang et al., 1990,
Koizumi et al., 1988, 1989a, Jefferies & Symons, 1989). ;95 payreault et al., 1991: Pieken et al., 1991; Fu &

Divalent metal ions such as Mgor Mn?" are required for : -
) ) McLaughlin, 1992b; Williams et al., 1992),'-Beoxy-2-
the cleavage reaction (Uhlenbeck, 1987; Dahm & Uhlenbeck, fluoronucleosides (Olsen et al., 1991; Pieken et al., 1991;

1991; Olsen et al., 1991). At least one (but possibly more) Will L 1992 bi | leosid h
metal cofactor is necessary for cleavage activity, but the role liams et al., ), or arabinosyl nucleosi €s such as
) ara-G (Fu et al., 1994). The role of the exocyclic amino

of the metal cofactor(s) remains unclear (Kuimelis & roups of the conserved purines and pvrimidines in the

McLaughlin, 1995a; Sawata et al., 1995). Thorough kineticﬁ P head d i h bp . ?jyb | ¢

experiments have provided a detailed view of complex ammerhead domain has been examined by rep acement o

assembly and product dissociation processes (Fedor &s!ngle adeno_sme re;3|dues l_)y n.ebularlne:‘, repllacer_nen'g of
single guanosine residues by inosine, 2-aminopurine riboside,

or Of-methylguanosine (Odai et al., 1990; Koizumi &
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of Health (GM47660). L.W.M. is the recipient of an American Cancer . . .
Society Faculty Research Award (FRA-384). 1992; Fu et al., 1993; Grasby et al., 1993; Tuschl et al.,

* Author to whom correspondence should be addressed. 1993), or replacement of cytidine by a 2-pyrimidinone
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importance of the purine Mnitrogens has been probed by the cold bath was removed. It was stirred at ambient
using complexes containing the corresponding 7-deazapuringemperature for 2 h and then cooled again with the-ice
derivatives (Fu & McLaughlin, 1992a; Fu et al., 1993; Seela water bath. The reaction was stopped by the dropwise
etal., 1993). Additionally, the substitution offuoro-, 2- addition of 7 mL of cold water and the mixture stirred for
amino-, or 2-O-methylriboses into ribozyme complexes 15 min with cooling before the addition of 7.5 mL of
(Koizumi et al., 1989b; Olsen et al., 1991; Goodchild, 1992; concentrated ammonium hydroxide, and this final mixture
Williams et al., 1992), in some cases, has stabilized the was stirred for 30 min. The solution was evaporated to
ribozyme to nuclease activity without dramatically altering drynessn vacuoand coevaporated with toluene twice. The
cleavage activity (Pieken et al., 1991; Beigelman et al., 1995). residue was applied to column of silica gel and eluted with
Studies employing th&, and S, phosphorothioate diaster- a gradient of dichloromethane/methanol. The desired frac-
eomers at the cleavage site suggest that thé*Mieinz+) tions were pooled, and the solvent was removed to yield 1.2
cofactor(s) is (are) bound to thpro-R oxygen in the g (87%) of the desired compound (dichloromethane/
unmodified complex and that transesterification occurs by methanol, 8:2), 0.55H NMR (DMSO-dg): 9 3.66 (m, 2H,
an in-line mechanism (van Tol et al., 1990b; Koizumi & 2Hs), 4.00 (m, 1H, H), 4.14 (m, 1H, H), 4.40 (m, 1H,
Ohtsuka, 1991; Slim & Gait, 1991). A two-metal transition Hy), 5.20 (t, 1H, OH), 5.28 (d, 1H, OH), 5.58 (d, 1H,
state has been proposed (Steitz & Steitz, 1993), but recentOH,), 5.92 (d, 1H, H), 7.5-8.0 (5H, GHs), 7.74 (d, 1H,
work employing a substrate containing ‘abBidging phos- ArH), 8.18 (d, 1H, ArH), 8.54 (s, 1H, ArH).
phorothioate argues against such a scenario (Kuimelis & 5.0-(4,4-Dimethoxytrityl)-N-benzoyl-3-deazaadeno-
McLaughlin, 1995a,b). Three other specific phosphodiesterssine. To 1.0 g (2.7 mmol) of vacuum-oven-dN?-benzoyl-
within the conserved central core sequence appear to be3-deazaadenosine coevaporated from anhydrous pyridine
necessary for efficient folding of the complex, or for cofactor (x2) and cooled in an icewater bath was added 1.2 g (3.55
binding (Buzayan et al., 1990a; Ruffner & Uhlenbeck, 1990). mmol) of dimethoxytrityl chloride in a small portion under

The present work focuses on the role of therlitrogens an argon atmosphere. The mixture was stirred &tC4
of the five conserved adenosine residues and their importancevernight, and the pyridine was removéad vacua The
in the self-cleavage reaction. We have incorporated single residue was coevaporated with toluene twice and then was
residues of 3-deazaadenosine into each conserved sitepplied to a column of silica gel and was eluted with 5%
normally occupied by adenosine, thus replacing a single methanol in dichloromethane to yield 1.4 g (77%R
nitrogen atom with a carbon atom and eliminating a potential (dichloromethane/methanol, 9:1), 0.58) NMR (DMSO-
hydrogen bonding or metal binding interaction. We report dg) 6 3.28 (m, 2H, 2H), 3.74 (s, 6H, 2 OCH), 4.14 (m,
here the syntheses of the appropriately protected 3-deazadH, Hy), 4.24 (m, 1H, H), 4.52 (m, 1H, H ), 5.98 (d, 1H,
adenosine phosphoramidite derivative, the construction of H;), 6.8—-8.1 (20H, ArH), 8.44 (s, 1H, ArH).
the “deletion-modified” ribozymes, and the kinetic charac-  _0_tert-Butyldimethylsilyl-50-(4,4-dimethoxytrityl)-N-
terization of these 46-nucleotide ribozyme complexes, eachpenzoyl-3-deazaadenosine areBtert-Butyldimethylsilyl-
lacking a single adenosine*itrogen. 5'-O-(4,4-dimethoxytrityl)-N-benzoyl-3-deazaadenosifi@

673 mg (1.0 mmol) of 50-(4,4-dimethoxytrityl)N°-ben-

EXPERIMENTAL PROCEDURES zoyl-3-deazaadenosine and 0.24 g of imidazole coevaporated
from anhydrous pyridine X2) was added 25 mL of
anhydrous pyridine. This solution was cooled in an-ice

Oligonucleotides were synthesized using nucleoside phos-water bath, and 0.26 g (1.73 mmol)teft-butyldimethylsilyl
phoramidite derivatives obtained from Milligen (New Bed- chloride was added. The solution was kept cold for 15 min
ford, MA) and an Applied Biosystems 381A DNA synthe- and then was stirred at ambient temperature overnight. The
sizer. High-performance liquid chromatography (HPLC) solvent was removeith vacug and the residue was coevapo-
was carried out on an ODS-Hypersil column (045 cm, rated from toluene twice. Column chromatography using
Shandon Southern, England), using a Beckman HPLC 5% methanol in ethyl acetate yielded 350 mg (44%) of the
system. Absorption spectra were recorded by a Perkin-Elmer2'-regioisomer and 300 mg (38%) of th&r@ggioisomer.
Lambda 3B UV/vis SpeCtrOphOtometer. Nuclease S1 is a The 300 mg of the '3regioisomer was dissolved in 50
product of United States Biochemical Corp. (Cleveland, OH). mL of 10% methanol in dichloromethane, and 1 mL of
Radioactivity of polyacrylamide gels was quantified using triethylamine was added. This solution was stirred overnight,
a Molecular Dynamics Phosphorlmager:425. and the solvent was removéd vacua Column chroma-
tography was used to yield an additional 150 mg of the 2
regioisomer. Final yield for the 'Zerivative: 500 mg

Ns-Benzoyl-3-deazaadenosingo 1.0 g (3.76 mmol) of (63%).
3-deazaadenosine (Montgomery et al., 1977) coevaporated 2-Silyl derivative: Rs (dichloromethane/methanol, 20:1),
from anhydrous pyridine X2) was added 25 mL of  0.45;'H NMR (DMSO-ds): 6 —0.26 (s, 3H, SiCH), —0.10
anhydrous pyridine, and the solution was cooled in arrice (S, 3H, SICH), 0.72 (s, 9H, 3 Ch), 3.25 (m, 2H, 2H),
water bath. To the cooled mixture was added dropwise 4 3.70 (s, 6H, 20Ch), 4.16 (m, 1H, H), 4.24 (m, 1H, H),
mL of trimethylsilyl chloride, and the cooled solution was 4.62 (m, 1H, H), 5.30 (d, 1H, OH), 6.00 (d, 1H, H), 6.8—
stirred for 30 min. To this mixture was added dropwise 2.5 8.1 (20H, ArH), 8.46 (s, 1H, ArH).
mL benzoyl chloride, and after the addition was complete,  3-Silyl Derivative: R (dichloromethane/methanol, 20:1),
0.43;1H NMR (DMSO-): 6 0.04 (s, 3H, SiCH), 0.08 (s,

! Abbreviations: €A, 3-deazaadenosine; HPLC, high-performance 3H, SiCHy), 0.84 (s, 9H, 3 Ch), 3.25 (m, 2H, 2H), 3.70
liquid chromatography. (s, 6H, 20CH), 4.08 (m, 1H, H), 4.32 (m, 1H, H), 4.48

Materials

Methods




c*A-Containing Hammerhead Ribozymes

(m, 1H, H), 5.58 (d, 1H, OH), 5.92 (d, 1H, H), 6.8-8.1
(20H, ArH), 8.44 (s, 1H, ArH).
2'-O-tert-Butyldimethylsilyl-30-[(N,N-diisopropylamino)-
(B-cyanoethoxy)phosphinol-®-(4,4-dimethoxytrityl)-N-
benzoyl-3-deazaadenosindo 200 mg (0.25 mmol) of 2
tert-butyldimethylsilyl-8-O-(4,4-dimethoxytrityl)NS-benzoyl-
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methanol (60 min). The retention times for the nucleosides
were 4.4 (C), 5.8 (U), 9.6 (G), 10.4%&), and 13.9 (A) min.
Radioisotopic Labeling.Each 12-mer was 5’-end-labeled
with [y-32P]ATP as follows: a 25uL reaction mixture
containing 1A unit of 12-mer, 40 mM Tris-HCI, pH 7.6,
10 mM MgChk, 10 mM dithiothreitol, 0.02 mM EDTA, 450

3-deazaadenosine dissolved in 2 mL of freshly distilled uCiof [y-*P]JATP, and 120 units of T4 polynucleotide kinase

dichloromethane were added 0.25 mL of diisopropylethyl-
amine, 0.1 mL ofN-methylimidazole, and then 150 mg of
2-cyanoethyldiisopropylchlorophosphoramidite (dropwise).

was incubated for 60 min at 3. The product was purified
by electrophoresis in a 20% polyacrylamide/7 M urea gel.
The product band was excised, extracted with 0.3 M sodium

The mixture was stirred at room temperature for 1 h, and acetate, pH 6.0, and desalted with a Waters Sep-Pak C18
then one drop of methanol was added to stop the reaction.cartridge. The specific activity of the 12-mer was typically
The mixture was washed with dilute sodium bicarbonate and 0.05 xCi/pmol.

then water. The organic solution was dried over sodium Single-Turneer Cleavage Analyses Defining the pHRate

sulfate and evaporated to drynésgacua The residue was

Profiles. Twenty-five microliter solutions of ribozyme and

applied to a column of silica gel and eluted with 5% methanol radiolabeled substrate RNAs in 50 mM buffer were each

in dichloromethane to yield 210 mg (84%) of produd®
(dichloromethane/methanol, 95:5), 0.38P NMR (CD-
Cly): 0 148.8, 151.9.

Oligonucleotide SynthesisOligonucleotides were syn-
thesized from lumol of bound nucleoside on wide-pore

heated separately to 9% for 1 min and cooled at 23C

for 15 min. Each solution was adjusted to 10 mM MgClI
and incubated at 28C for 15 min. The reactions were
initiated by mixing the two solutions. The ribozyme
concentration was in excess of substrate concentration which

silica supports using phosphoramidite chemistry (Matteucci was approximately 10 nM. The following buffers were used
& Caruthers, 1981; Usman et al., 1987; Wu et al., 1989) at the various pHs: MES (pH 6.0), PIPES (pH 6.5), HEPES

and an Applied Biosystems 381A DNA synthesizer. After

(pH 7 and 7.5), TAPS (pH 8, 8.5, and 9), and CHES (pH

assembly of each sequence, the glass beads were suspend8db). Reactions were terminated at appropriate time intervals

in 4 mL of concentrated ammonium hydroxide/ethanol (3:

by withdrawing 7uL aliquots and quenching the mixture in

1) for 16 h at 55°C. The glass beads were removed, and an equal volume of 50 mM Tris/50 mM MEDTA/7 M urea/

the ammonia and ethanol were evaporated to dryness. Tol0% glycerol/0.05% xylene cyanol/0.05% bromophenol blue.
the residue was added 2 mL of 1.0 M tetrabutylammonium The extents of cleavage were analyzed by electrophoresis
fluoride in tetrahydrofuran, and the reaction was protected in 20% polyacrylamide/1% bis(acrylamide)/7 M urea gels
from light and shaken for 18 h at ambient temperature. To in 50 mM Tris—borate buffer and 2 mM N&DTA, pH 8.0.

the crude mixture of oligonucleotides was added 1 mL of The radioactivity of the substrate and product bands was
0.9 M sodium acetate (pH 6.0), and the mixture was extracted quantified with a Molecular Dynamics Phosphorimager. The
twice with ethyl acetate. To the aqueous phase was addedogarithm of the unreacted fraction was plotted against time,
100% ethanol at 3 times the volume, and the oligonucleotidesand the data points were fitted to a straight line. The

were precipitated at20°C for 12 h. The oligonucleotides
were centrifuged at 13,000 rpm for 20 min at@. The

cleavage half-livest{;;) were used to obtain first-order rate
constants = 0.693t,,;). Each point of the pHrate profiles

ethanol was decanted, and the oligonucleotide pellet wasis the average of at least two assays.

lyophilized to dryness and resuspended in water.

The

Steady-State Cleage AnalysesA 50 uL solution of the

oligonucleotides were purified by gel electrophoresis in 20% ribozyme and a 5@L solution of the radiolabeled substrate

polyacrylamide/1% bis(acrylamide)/7 M urea gels. The

RNAs in 10 mM MgC}50 mM Tris-HCI (pH 8.0) were each

product band was visualized by UV-shadowing, excised, and heated separately to 9& for 1 min and cooled at 28C

extracted by electroelution with a Schleicher & Schuell
Elutrap electro-separation system in 0.0045 M Fhsrate
and 0.001 M EDTA (pH 8). To 25QL of the eluted
oligonucleotide solution was added pQ of 3 M sodium
acetate and 900L of 100% ethanol. The pure oligonucle-
otides were precipitated at20 °C for 12 h. The oligo-

for 15 min. The heating step was necessary to obtain
reproducible kinetic parameters, and likely results in the
removal of aggregates, and does not result in any signficant
substrate of ribozyme cleavage. The reaction was initiated
by mixing the two solutions. The ribozyme concentration
in these reactions was typically 1 nM. Six to eight substrate

nucleotides were centrifuged at 13 000 rpm for 20 min at 4 concentrations were used varying from 20 to 400 nM
°C. The ethanol was decanted, and the oligonucleotide pelletdepending on the individual sequence. Aliquots ofi12

was lyophilized to dryness and resuspended in water.
Nucleoside AnalysesNucleoside composition was de-

were taken from the reaction mixture at various times and
guenched by the addition of an equal volume of 50 mM-Na

termined after S1 nuclease and calf intestinal alkaline EDTA/7 M urea/10% glycerol/0.05% xylene cyanol/0.05%

phosphatase hydrolysis. A 14) reaction mixture containing
0.5 Azg0 unit of oligomer in 200 mM sodium chloride/5 mM
MgCl,/0.1 mM ZnSQ/25 mM sodium acetate, pH 5.5, was

bromophenol blue. The extents of cleavage were analyzed
by electrophoresis in 20% polyacrylamide/1% bis(acryl-
amide)/7 M urea gels (14 16 cm) in 89 mM Tris-borate

incubated for 5 min at room temperature with 267 units of buffer and 2 mM NgEDTA, pH 8.0. Values up to 20%

S1 nuclease. To the 14 reaction mixture were added 5
uL of 0.1 M Tris-HCI, pH 8.0, and 1 unit of calf intestinal
alkaline phosphatase. Following incubation for 2 h at
ambient temperature, g4 aliquot was analyzed by HPLC
using a 0.46x 25 cm column of ODS Hypersil in 20 mM
potassium phosphate, pH 5.5, and a gradient -08%%

cleavage were used in the calculation of the kinetic param-
eters. Ky and Vmax values were obtained from linear
Lineweaver-Burk plots, from Eadie- Hofstee plots, and by
fitting the velocity and substrate concentration data to a
hyperbolic function. The parameters obtained for each
analysis were averaged, and each reported value is the
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average of at least three determinations. Experimental errorsa) . " (b)

for the parameters were minimized by performing each set o " i

of experiments with a single batch of isolated substrate or N N o

ribozyme sequence. Experimental errors under these condi- (Nﬁ’ (Nrj

tions were+15%. NN NN
Vo) o A DMT-O o &

RESULTS AND DISCUSSION X

CHs
The N-nitrogen of an adenosine residue has not typically o<, S OTg ootk
been observed to take part in inter- or intrastrand hydrogen R ONCH,CH,07 “NGPr),
bonding in nucleic acid complexes. In selected mononucleo-

side crystals, such interactions have been documented. FOE'GdURE 1:b (a()j_ SU(;JCthe Oofl 3'deaza?de”93i“fAOCWith thed "
example, When forced intO trwn Confromation, the N‘ yarogen bonding donor an aCCEptOr unctional groups noted witl

. . . arrows. The native adenosine would have @mirogen hydrogen
nitrogen of adenosine has been observed to function as &,ond acceptor; this site is lost (X) with théAcsubstitution. (b)

hydrogen bond acceptor for thé-lydroxyl in selected  Fully protected phosphoramidite building block of 3-deazaadeno-
complexes (Birnbaum & Shugar, 1978; Pless et al., 1978). sine.
This purine N-nitrogen does function as a hydrogen bond

O

acceptor in double-stranded DNA complexed to Sequence- .. -1swm IHG

specific proteins such as the eukaryotic TATA transcription Kn=510M A — das | eg

factor (Kim, J. L., et al., 1993; Kim, Y., et al., 1993) that  */Kn=0029nM"min " | Kea/Won (0b) 2000 | (o

bind in the minor groove. Additionally, crystal structure A —- Ay U-A Cleavage Site
analyses suggest that complexes containing certain minor Kear/ K (rel.) = 0.24 S
groove-specific ligands, such as netropsin, distamycin, and A = oAn AU, I
Hoechst 33258 (Kopka et al., 1985a,b; Coll et al., 1987; Teng KK et 001 |7 A GALGGAU
etal., 1988; Carrondo et al., 1989; Larsen et al., 1989), bound U NGGee, Ge ¢V CCUGGea
to double-stranded DNA are mediated by intermolecular I U CCGGua, Gf]“

hydrogen bonding interactions between the ligand and the G N oy
N3-nitrogens of the dA residues functioning as hydrogen A | KealKo (rel) = 0.29
bond acceptors. The3Mitrogen is generally considered a Kea/ Koy (rel.) = 0.72

weak ligand for the formation of inner sphere metal
Ficure 2: Proposed secondary structure for the hammerhead

coordination complexes even in mononucleotides, althoygh ribozyme/substrate complex with relatig/Ky values noted for
the structure of ADP crystallized in the presence of potassium ihe various analogue complexes.

ions (Adamiak & Saenger, 1980) exhibits simultaneous
coordination of the sugar’-hydroxyl, the adenosine N Oligonucleotide SynthesisThe 3-deazaadenosine nucleo-
nitrogen, the unesterified phosphate oxygens, and water byside analogue was prepared as described previously (Mont-
a potassium ion. In the ground state structures (Pley et al.,gomery et al., 1977). The free nucleoside was converted to
1994; Scott et al.,, 1995) of the hammerhead ribozyme the fully protected phosphoramidite derivative (Figure 1b)
complexed to a DNA or RNA inhibitor, the ?nitrogens of by (i) protection of the exocyclic amino group as an aromatic
the conserved adenosine residues present in the core sequeneenide, (ii) conversion to the ®-dimethoxytrityl derivative,
do not appear to be involved in any critical interactions. (iii) reaction with tert-butyldimethylsilyl chloride, (iv)
However, functional groups that may appear unimportant in separation of the '20- and 3-O-silyl isomers, and (v)
the ground state structure could well take part in critical conversion of the 20-silyl derivative to the desired’'3D-
interactions in the transition state. How the metal cofac- phosphoramidite (Figure 1b) using essentially standard
tor(s) is(are) bound in the ground state structure and its role procedures.
in transition state stabilization remain to be clarified. The native ribozyme/substrate complex that we have
In order to probe the importance of specifié-hitrogens employed is similar to the one described by Uhlenbeck
of the conserved adenosine residues in the hammerheadqFedor & Uhlenbeck, 1992) and others [see Tuschl et al.
complex in the cleavage reaction, we wished to delete (1995) and references cited therein], and each modified
individual N°e-nitrogens from the otherwise native 46- complex lacks a single dnitrogen functionality at a pre-
nucleotide complex. To accomplish such single-atom dele- selected site. With this system, the substrate is a 12-mer
tions, we prepared five analogue complexes; each complexthat is cleaved into a 7-mer and a 5-mer, and the ribozyme
contained a single 3-deazaadenosine residue replacing oné a 34-mer (see Figure 2). After assembly, deprotection,
of the native adenosines present in the conserved coreand purification of each 34-mer ribozyme, a small portion
sequence. The 3-deazaadenosine nucleoside analogue shouldas completely hydrolyzed using S1 nuclease to confirm
exist in the same tautomeric form as does adenosine. Eachhe integrity of the 3-5 phoshodiester linkages. After
3-deazaadenosine can then partake in all of the “normal” treatment of this mixture with phosphatase, resolution of the
hydrogen bond donor and acceptor interactions (metal nucleoside mixture confirmed the presence of fiferesidue
coordination or interligand interactions) as does adenosine,and the absence of any unidentified species (Figure 3).
with one exceptiofrinteractions involving the MNnitrogen Importance of the Adenosine’Nitrogens for Cleaage
will be eliminated (see Figure 1a). In cases where the N Activity. All five analogue complexes exhibited RNA
nitrogen is involved in critical interaction(s) necessary for cleavage activity although the catalytic efficiencies of the
efficient cleavage by the hammerhead ribozyme, a significant complexes varied significantly. In all cases, the measured
reduction in catalytic efficiency should be observed for the Ky values were very similar to that of the native complex
relevant analogue complex. (Table 1), suggesting that the absence of the adenosine N
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0.1
’7 G

Absorbance (260 nm)

Retention Time (min)

Ficure 3: HPLC analysis of an S1 nuclease/alkaline phosphatase

digest of the 8A15 1 ribozyme. For chromatographic conditions, see
Experimental Procedures.

Table 1: Steady-State Kinetic Parameters for Cleavage of the
c*A-Containing Ribozymes
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a o b o0

log kg, min-!
log kf, min-!

4 . L - 4 L
6 7 8 9 10 6 7 8 9 10
pH pH

Ficure 4: Hammerhead ribozyme-mediated cleavage rates for the

analogue complexesA;; (a) and A5 (b) as a function of pH
in the presence of Md.

affinity) in the ground state structure. All of the losses in
catalytic efficiency are a result of effects in the cleavage
event as characterized k. The present complex has been
employed in a variety of other studies in part because the
chemical cleavage event (transesterification of the scissile
phosphodiester bond) is considered to be the rate-limiting
step (Fedor & Uhlenbeck, 1992). Thus, reductions in the
keat parameter characterizing the cleavage reaction can most

K Keat (k;afj;g easily be correlated with less effective stabilization of the
ribozyme (nM)  (min™Y)  nMImin™Y)  kea/Ku(rel) transition state [see Tuschl et al. )1995)].
native 51 15 29 1.0 To confirm that effects in the chemical step were
C*As 40 0.33 8.5 0.29 responsible for the reductions in cleavage activity observed
gﬁg gi é-gg 2%3 g-ﬁ for the GAy; and GAys1 complexes, we examined the
CSAE 65 0.45 6.9 0.24 cleavage e\_/ent under first-order conditions over the pH range
GArsy 34 0.018 0.53 0.018 6.0—9.5 (Figure 4). In both cases, we observed a linear

relationship with the exception of a single point in one assay
at pH 9.0 (Figure 4a). A linear pHrate profile provides

nitrogen at various sites did not impact upon the affinity of strong evidence that the chemical step, rather than a
the ribozyme for the substrate RNA sequence. This is not conformational change, is the rate-determining step (Dahm
a surprising result since the binding affinity for such etal., 1993). All assays were performed in the linear portion
complexes is likely determined largely from interstrand of these pH-rate profiles (pH 7.5).

Watson-Crick hydrogen bonding interactions between the
ribozyme and substrate oligonucleotides and thaiidogens

The present results suggest that the adenosimétidgens
at positions 13 and particularly at 15.1 in the native complex

of the adenosine residues do not partake in such hydrogerare important in the chemical step of the cleavage reaction

bonding schemes.

The observed variations in catalytic efficiency for the five
analogue complexes were all a result of decreéggdalues.
The ¢As complex exhibited kinetic parameters that were

and are involved in important transition state stabilizing
interactions. The adenosiné-Nitrogen does not generally
appear to be an effective inner sphere coordinating ligand
such that it could be complexed directly with the metal fVg

essentially the same as the native complex, suggesting theor Mn?*) cofactor(s), but it could partake in interligand

absence of any critical role for the3Mitrogen at this site.
The overall catalytic efficiency as judged frdm/Ky values
for this complex was also similar to the native complex
(Figure 2). By comparison, thé&;, and éAg complexes
were somewhat less efficient catalysts with parameters
some 3-4-fold lower than the native complex and overall
catalytic efficienciesk../Ku) similarly reduced (Figure 2).
The most significant effects on activity were observed with
the GAi;s complex, exhibiting ak.y value reduced by
approximately 1 order of magnitude, and tRa g ; complex
with a ke value reduced by nearly 2 orders of magnitude.
In both cases, overall catalytic efficiencies as judged from
keafKm Values were correspondingly reduced.

As noted above, none of the adenosineriNrogens are

hydrogen bonding interactions with coordinated inner sphere
water molecules. Both Mnitrogens could also be involved

in critical non-Watsonr-Crick hydrogen bonds that are not
present in the ground state structure, but are formed as the
result of a conformational change necessary for transition
state stabilization. Both of the identified sites would function
as hydrogen bond acceptors, and the complementary hydro-
gen bond donors could be present in the various functional
groups previously identified from other studies. Such donor
functional groups could include the?’dmino groups of
and/or G, as well as the lamino groups of gand/or G-

(see Figure 2). The loss of each of these amino groups
results in significant reductions in catalytic efficiency for
the ribozyme/substrate complex (Odai et al., 1990; Koizumi

involved in any observable hydrogen bonding interactions & Ohtsuka, 1991; Fu & McLaughlin, 1992b; Slim & Gait,

in the ground state hammerhead structure, based upon recerit992; Fu et al., 1993; Adams et al., 1994; Murray et al.,
crystallographic analyses (Pley et al., 1993; Scott et al., 1995). Other potential hydrogen bond donors could include
1995). The lack of any apparent effects upQnvalues by the 2-hydroxyls of G, Gg, and/or Us ;. The loss of each
the deazanucleoside residues in the present study is consistertf these hydroxyl groups from the complex also results in
with the absence of any critical interactions involving the significant reductions in the catalytic efficiency for the
adenosine Rnitrogens (at least those that affect binding cleavage reaction (Yang et al., 1990, 1992; Perreault et al.,
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Stem 11

Sci

cissle
/ Phosphodiester

Stem IIT

FiIGurRe 5: Stereoview [generated using SETOR (Evans, 1993)] of the X-ray structure of the hammerhead ribozyme complexed to an RNA
substrate analogue in which the active sit®H is blocked as the'Z2D-methyl derivative [taken from Scott et al. (1995)]. Overlaid on the
structure are the sites of identified critical functional groups (solid circles) obtained from atom-mutagenesis studies described fully in the
text. A, B, C, and D represent clusters of critical functional groups. For example, the two most well-defined clusters include B and D.
Cluster B includes the'2D0H of Gg, the phosphodiester linking g&vith Ag, and the 2-amino group of & Cluster D includes the N

nitrogen of As, the 2-OH and 2-amino group of £ and the 20H of Usg ;.

1991; Pieken et al.,, 1991; Fu & MclLaughlin, 1992b; containing a DNA inhibitor (Pley et al., 1994; Scott et al.,
Williams et al., 1992). 1995), the MA™ was identified at this same location in the
Critical Functional Groups in the Hammerhead Ribozyme structure bound to the Nof G0 and the phosphodiester
Complex. A number of functional groups critical to the linking Gg with Ag and is similar to that described as site 2
efficiency of the cleavage reaction have been identified on in the Scott et al. structure (Scott et al., 1995). Two
the basis of atom-specific mutations within the conserved additional observations, the reduced catalytic activity upon
residues of the catalytic core. In addition to the adenosine replacement of & by 2-aminopurine riboside (Tuschl et al.,
Ns3-nitrogens identified in this report, and the various potential 1993) or 1-methylguanosine (Limauro et al., 1994) and the
hydrogen bond donors noted above, other identified critical virtual absence of activity when the;§5-C;1.1 base pair is

functional groups include the Mhitrogen of A (Fu & reversed (Tuschl & Eckstein, 1993), are both consistent with
McLaughlin, 1992a; Seela et al., 1993) and th®-R; this area of the structure being a possible site for metal
oxygens of the phosphodiester residues linkingnih Ag, complexation. A second cluster of functional groups (D in

G2 with Ags, Az with Ay, (Buzayan et al., 1990b; Ruffner  Figure 5) consists of the’'OH and 2-amino group of £
& Uhlenbeck, 1990), and at the site of cleavage (van Tol et the 2-OH of Usg, and the N-nitrogen of As ;. Addition-
al., 1990a; Slim & Gait, 1991; Dahm et al., 1993). ally, the simple inversion of the stereocenter containing the

A loss of activity is also observed when other analogues Gs 2'-hydroxyl (Fu et al., 1994), or the replacement of G
containing modified base residues such as 2-aminopurineby other G analogues (Grasby et al., 1993; Tuschl et al.,
(Tuschl et al., 1993)08-methylguanosine (Grasby et al., 1993; Limauro et al., 1994), attests to the importance of this
1993), or 1-methylguanosine (Limauro et al., 1994) replace nucleoside residue for catalytic efficiency. In addition to
the conserved G residues. These studies attest to thdhese identified critical functional groups, both of thé-O
importance of the conserved G residues, but are unable bycarbonyls of Gs, and U are oriented toward the center
themselves to identify a unique critical functional group. In of this group of residues and could complete the cluster of
addition to altering tautomeric equilibria, these analogues functional groups involved in a potential metal cofactor
introduce a methyl group which could have steric implica- binding site. This cluster of functional groups lies on the
tions for folding pathways without specifying an individual outer edge of the conserved CUGA turn and includes nearby
functional group as being critical for catalysis. residues of stem Ill. This location has not been suggested

The location of each identified critical functional group as a metal binding site based upon the analysis of residual
has been noted (see Figure 5) in the stereoview of the groundsolvent peaks (Scott et al., 1995), although such analyses
state (all RNA) hammerhead structure solved recently by by themselves do not preclude the presence of critical
X-ray crystallography (Scott et al., 1995). Although few of transition state metal binding sites. An alternative role for
these identified functional groups appear to make any these residues would be the formation of hydrogen bonds to
interresidue contacts in the ground state, they could still stabilize a transition state structure, possibly involving the
contribute to the formation of important metal binding sites. conserved CUGA turn.
Additionally, much like a proteinacious enzyme, a confor-  The remaining two clusters of functional groups are less
mational change to generate the transition state may requirewell-defined. One is located at the cleavage site (A in Figure
the formation of additional stabilizing interactions involving 5) and consists of thero-R, oxygen of the scissile
such critical residues. phosphodiester and the 4-amino groups efa@d G-, and

The critical functional groups highlighted in Figure 5 are could also include the Mnitrogen of A. This site is the
loosely organized into four clusters {D). One of these  same as that identified in the crystal structure as site 3 (Scott
clusters (B) includes the'®H of G, the phosphodiester et al.,, 1995). The remaining identified critical functional
linking Gg with Ao, and the 2-amino group of & Upon groups (C in Figure 5) include the twaro-R, oxygens of
diffusion of Mr?t into crystals of the hammerhead complex the phosphodiesters linking:@with A;3 and Az with Ay,
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as well as the Knitrogen of As, but these residues are less
well-organized about a potential cofactor binding site.

Although we have considered such clusters of critical
functional groups as possible sites for metal cofactor binding,

Biochemistry, Vol. 35, No. 20, 199489

Dahm, S. C., Derrick, W. B., & Uhlenbeck, O. C. (1993)
Biochemistry 3213040-13045.

Evans, S. V. (1993). Mol. Graphics 11134-138.

Fedor, M. J., & Uhlenbeck, O. C. (199®roc. Natl. Acad. Sci.
U.S.A. 871668-1672.

it is equally possible that interresidue hydrogen bonding Fedor, M. J., & Uhlenbeck, O. C. (199Bjochemistry 3112042~
interactions between critical functional groups are necessary  12054.

in order to generate a hydrogen bonding network in the
transition state structure necessary to effect phosphodieste

Forster, A. C., & Symons, R. H. (198Dell 50, 9—16.
Fu, D. J., & McLaughlin, L. W. (1992aBiochemistry 3110941
10949.

bond cleavage. Recent work on the requirements for the py, D. J., & McLaughlin, L. W. (1992bProc. Natl. Acad. Sci.

cleavage reaction indicates that with a sufficiently labile

U.S.A. 893985-3989.

leaving group, spermine in the absence of a metal cofactorFu, D. J., Rajur, S. B., & McLaughlin, L. W. (1998jochemistry

is capable of organizing the hammerhead into a catalytically Fu

competent complex (Kuimelis & McLaughlin, 1995a), and,

32, 10629-10637.
D. J., Rajur, S. B., & McLaughlin, L. W. (1998jiochemistry
33, 13903-13909.

presumably, facilitating appropriate transition state stabilizing Goodchild, J. (1992Nucleic Acids Res. 201607-4612.
interactions. Nevertheless, to date there have been no clearlyGrasby, J. A., Butler, P. J. G., & Gait, M. J. (1998)cleic Acids

identified complementary functional group interactions (e.g.,
hydrogen bonding) that could be reversed in a manner that

results in the full retention of catalytic activity for the
complex.

CONCLUSIONS

The loss of either of two potential hydrogen bond acceptors

Res. 21 4444-4450.

Haseloff, J., & Gerlach, W. L. (198&)ature 334 585-591.

Heus, H. A., & Pardi, A. (1991). Mol. Biol. 217 113-124.

Jefferies, A. C., & Symons, R. H. (198%ucleic Acids Res. 17
1371-1377.

Kim, J. L., Nikolov, D. B., & Burley, S. K. (1993Nature 365
520-527.

Kim, Y., Geiger, J. H., Hahn, S., & Sigler, P. B. (199%ature
365 512-520.

from the 46-nucleotide hammerhead complex, specifically Koizumi, M., & Ohtsuka, E. (1991Biochemistry 305145-5150.

the adenosine Mnitrogens at As or A5y, results in a

Koizumi, M., Ewai, S., & Ohtsuka, E. (1988EBS Lett. 239285—
288

significant loss in catalytic efficiency. The identification of  qi;ymi, M., Hayase, Y., Iwai, S., Kamiya, H., Inoue, H., &

these critical functional groups, in addition to those identified

Ohtsuka, E. (1989d)ucleic Acids Res. 17059-7070.

from other studies, provides clusters of critical sites in the Koizumi, M., Hayase, Y., lwai, S., Kamiya, H., Inoue, H., &

hammerhead complex that generally do not appear to be
involved in any stabilizing interactions in the ground state

Ohtsuka, E. (1989biNucleic Acids Res. 177059-7071.
Kopka, M., Yoon, C., Goodsell, D., Pjura, P., & Dickerson, R. E.
(1985a)J. Mol. Biol. 183 55-61.

structure. Yet the importance of these clusters of functional kopka, M. L., Yoon, C., Goodsell, D., Pjura, P., & Dickerson, R.

groups critical to the efficiency of the catalytic event suggests

E. (1985b)Proc. Natl. Acad. Sci. U.S.A. 82376-1380.

the presence of a hydrogen bonding network in the transition Kuimelis, R. G., & McLaughlin, L. W. (1995a). Am. Chem. Soc.

state, possibly involving the required metal cofactor(s), that

is likely quite different from the hydrogen bonding network
observed in the ground state crystal structure.
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