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Abstract: We have previously isolated, by in vitro selection, an acyl-transferase ribozyme that is capable of
transferring a biotinylated methionyl group from theeBd of a hexanucleotide substrate to its ovhyaroxyl.
Comparison of the sequences of a family of evolved derivatives of this ribozyme allowed us to generate a
model of the secondary structure of the ribozyme. The predicted secondary structure was extensively tested
and confirmed by single-mutant and compensatory double-mutant analyses. The role of the template domain
in aligning the acyl-donor oligonucleotide and acyl-acceptor region of the ribozyme was confirmed in a similar
manner. The significance of different domains of the ribozyme structure and the importance of two tandem
G:U wobble base pairs in the template domain were studied by kinetic characterization of mutant ribozymes.
The wobble base pairs contribute to the catalytic rate enhancement, but only in the context of the complete
ribozyme; the ribozyme in turn alters the metal binding properties of this site. Competitive inhibition experiments
with unacylated substrate oligonucleotide are consistent with the ribozyme acting to stabilize substrate binding
to the template, while negative interactions with the aminoacy! portion of the substrate destabilize binding.

Introduction

In vitro selection and evolution are useful techniques for
isolating nucleic acid molecules with novel activities. We

and others have used this technique to isolate catalytically active

5 3|
! ' . CAACCA )
pools of random nucleic acid sequences. We have recently? 3 .

RNAs (ribozymesy 13 and DNAs (deoxyribozyme¥y17 from

isolated a ribozyme with acyl-transferase actifitthat is able
to transfer a biotinylated methionyl (Biotin-Met) group from
the 3 end of a substrate hexanucleotide to a hydroxyl or amino
group at its own 5end (Figure 1). This ribozyme was isolated
following four rounds of selection from a pool of random
sequences, followed by three rounds of continued selection wit

mutagenic amplification and an additional four rounds of (Figure 2A

increasingly stringent selection. Approximately 90% of the
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Figure 1. Schematic representation of acyl transfer reaction catalyzed

by ribozyme.

sequenced clones derived from the eleventh round of the acyl-

h transferase selection fell into one class with about 90% identity

)18 Most of the divergence from the common
ancestor of these sequences presumably occurred during the
course of the mutagenic P&RCin rounds 5-7 of the selection.

An invariant region of these sequences, located near thed3

is complementary to both the hexanucleotide substrate and to
the constantsend of the ribozyme (Figure 2). This domain is
thought to act as a template to bring the biotinylated methionyl
group, attached to the &nd of the hexanucleotide, into close
proximity with the hydroxyl group at the' 8nd of the ribozyme.

The acyl-transferase ribozyme has been extensively character-
ized with respect to the role of metal ions in its catalytic
activity.2! The catalytic activity of the ribozyme is dependent
upon divalent metal ions, but this activity does not follow the
pKarule for metal ion bound water, suggesting that, unlike most
ribozymes, such as the hammerhead and RNase P, the role of
the metal ion is not simply to facilitate deprotonation of the
attacking nucleophile. Furthermore, cobalt(lll) hexaammine,
Co(NHg)*+, an exchange-inert metal ion, supports acyl-transfer
activity, showing that the metal ion interacts with the substrate
and ribozyme via outer-sphere coordination. The ribozyme must
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Figure 2. (A) Sequence alignment of the class 1 acyl transferases. The primer sequences and the sequences in the random region are in lower and
upper cases, respectively. Deviations of individual clones from the consensus sequence (top line) are highlighted in colored letters (G in red, to C
in orange, to T in green, to A in blue). (B) Secondary structures of acyl-transferase ribozymes: (left) The wild-type ribozyme E18, the deletion
derivative TE18, and the isolated template domains are shown. Green boxes indicate the substrate binding site for each ribozyme. The absolutely
conserved bases found in E18 are shown in bold upper case. (right) The template domain of E18, showing the mutations of tandem wobble base
pairs to WatsonCrick base pairs in WC18, highlighted in red letters.

therefore normally use the hydrated form of MgMg(H.0)e2", regions is supported in some cases by the occurrence of
for catalysis. Itis likely that only a single metal ion is involved covarying mutations that change one potential Watorick
in the acyl-transfer reaction catalyzed by the ribozyme and that base pair to a different base pair or, more commonly, by the
the binding site for this catalytic metal ion is comprised, at least preferential occurrence of single mutations that change a
in part, of a pair of tandem wobble base pairs located adjacentWatson-Crick base pair to a wobble base pair. For example,
to the site of the reaction in the template domain. the sequences that make up stem P2 are largely conserved,
Secondary Structure of Wild-Type Ribozyme. A second- except for a C53U mutation which converts the G11:C53 base
ary structure model for the nontemplate part of the ribozyme pair to a wobble base pair (clones E2, E9, and E16). In stem
was predicted by the GCG MulFold program (Figure 2B), using P3, the potential WatserCrick base pair C60:G71 mutated to
the sequence of the E18 clone. The predicted secondarya wobble base pair U60:G71 (clones E3, E9, E14, E15, and
structure contains three stems (paired regions P2, P3, and P4E26) or changed to a different Watsoe@rick base pair, U60:
outside of the template region (P1) that are well conserved in A71, in clone E2. Also in stem P3, U63:A68 changed to A63:
the set of class 1 sequences. The existence of these paired)68 in clone E22. In stem P4, two Watson Crick to G:U
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Figure 3. Catalytic activities of mutant ribozymes containing compensatory mutations in stems P1, P2, and P4. Reactions are carried out under
saturating substrate conditions ([acyl-doner]1l uM) at pH 8.0 and stopped after 1 min of incubation. Abbreviations: Ribz, ribozyme; SAv,
streptavidin; Biotin-MetN-biotinylmethionine.

wobble base pair changes were observed (A77:U94 to G77:which base pairing is restored retained catalytic activity
U94 in clone E15 and C79:G92 to U79:G92 in clone E16). The comparable to that of wild-type ribozyme. These results confirm
above data strongly support the existence of stem P3, in whichthe secondary structure model illustrated in Figure 2.
covarying mutations were observed, and are consistent with but  Catalytic Activity of Ribozymes. To gain insight into the
do not prove the existence of stems P2 and P4. No evidencedistinct roles of the template and ribozyme, we have synthesized
concerning paired region P1, the hypothesized pairing betweena small RNA (B27) in which the '5acyl-acceptor) region of
the B region of the ribozyme and the template domain, was the ribozyme is linked directly to the template domain to form
obtained because the Begion was held constant and the a stem-loop (Figure 2B). The direct covalent linkage of the
corresponding template domain was invariant. acceptor sequence to the template eliminates the complexities
There is very little sequence conservation in the region associated with use of a bimolecular acceptemplate com-
between C17 and A47, which may form a relatively unstructured plex. This acceptertemplate construct should bind the acylated
region capping stem P2 (domain 1, pink box in Figure 2B). substrate via WatserCrick base pairing to its complementary
The relatively high frequency of mutations in this region sequence on the template and accelerate the acyl-transfer
suggested that it might be unimportant for catalytic activity. reaction simply by positioning of the acyl group close to the
To test this possibility, we deleted this region and closed stem 5'-hydroxyl nucleophile. Comparison of the accepitamplate
P2 with a tetraloop (UUCG), generating a version of clone E18 RNA with the intact ribozyme revealed the rate enhancement
referred to as TE18 (Figure 2B). The catalytic constants for due to the nontemplate region of the ribozyme.
TE18 are virtually the same as those for E1RI¢ infra). We Previous studiég have indicated that the tandem G:U wobble
have also found that deletion of the 20 nucleotides of the original base pairs in the accepteiemplate duplex play an important
3' constant region (the primer binding site for RT-PCR) from part in catalysis, probably by acting as the binding site for the
E18 (to generate the shorter clone SE18, see Figure 3) or fromcatalytic metal ior?! We have therefore constructed a mutant
TE18 (to generate STE18, see Figure 3) has essentially no effectibozyme (WC18, Figure 2B), containing the mutations U102C
on catalytic activity. and U103C so that these consecutive wobble base pairs near
Because the comparative sequence analysis did not providethe reaction site are replaced with G:C base pairs, and an
solid evidence for the existence of paired regions P1, P2, or analogous version of the acceptdemplate duplex.
P4, mutant ribozymes containing mutations designed to disrupt  All ribozymes and acceptettemplate duplexes obeyed
individual paired regions, and compensatory pairs of mutations standard MichaelisMenten-like kinetics for a single turnover
designed to restore the paired regions, have been constructedeaction with a single saturable substrate binding site. The
and assayed for activity (Figure 3). Mutants containing kinetic behavior observed for the wild-type ribozyme is shown
mismatched base pairs are virtually inactive (mutations in P1 in Figure 4. The rate constant{) and Michaelis constants
and P2) or significantly diminished in catalytic activity (muta- (Ky) for all ribozymes and acceptotemplate duplexes are
tions in P4). In contrast, the compensatory double mutants in summarized in Table 1. Deletion of the poorly conserved
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017 Table 2. Dissociation and Catalytic Constants of Ribozymes for
0 Mg?* and Co(NH)¢3* 2
e ; Mg?* [Co(NH2)gJ**
% 0087 = ribozyme  Kg(mMM)  keu(mMin™)  Kg(MM)  kear(mMin=?)
3 00 £ E18 14.0 1.32 0.354 1.00
= g WC18 13.0 0.057 8.5 0.077
0.021 ol B27 22.1 0.0019 0.105 0.0023
TTeTTO Tolz "ol "ol T 05 08 WwceC27 22.2 0.0036 0.088 0.0018
oIS} (min o)
To soo | 1a00 1500 2000 aKq for metal ions andkarwere determined by measuring the initial
[Substrate] (nM) rate as a function of the concentration of metal ion. Reactions for the
full-length ribozymes (E18 and WC18) were carried out under saturating
Figure 4. Nonlinear regression curve of Michaefidenten-like substrate conditions ([acyl-dono#] 1 «M) at pH 8.0 in the presence
kinetics (pH 7.0) for acyl transfer reaction catalyzed by E18. The inset ?é217desr\;6(r:n;|7d)me. Realctlons f(?r(;he ?ccegtttfmptlatet_duplex;si t
i t ding to the Eadiofst tion. an were also carried out under saturating substrate
graph shows a finear plot according to the siee equation conditions ([acyl-donor}= 2.5 uM) at pH 8.0 but in the absence of
Table 1. Catalytic Constants of Ribozynfes spermidineé?* The metal ion titration data in all cases fitted a simple
single-site saturation curve, and Hill analyses indicated that only one
. . KealKm rate metal ion is required for activity.
ribozyme Keat (Min~1) Km (nM) (s*M~1)  enhancement
Eéﬁs g-igi g-ﬁx 1&2 ggi g-é g-‘;x 182 ggg‘g while the same mutations in the accepttgmplate duplex alone
. N X . X . . . . .
SE18 896t 0.15x 102 2064 61  725x 1 1208 (WC27) result in a small increase kg, showing that the G:U
STE18 888 017x 102 215+8.6  6.88x 10° 1147 wobble base pairs near the acylation site are effective in
WC18 4.03£0.12x 1073 250+8.2 269 45 increasing catalytic activity only in the context of the ribozyme.
B27 2.75+0.15x 10;‘ 769+110 6.0 1 Since the tandem G:U wobble base pairs are likely to constitute
WC27  3.25+0.21x 10 822+150 6.6 11 the binding site of the catalytic metal i8hwe have examined
aAll reactions were carried out at pH 7.0 as described in the the influence of the ribozyme on metal ion binding to this site
Experimental Section. on the acceptertemplate duplex. The appareidg for Mg2*
(as estimated from the concentration that results in half-maximal
domain 1 has very little effect on eithkyy; or Ky, Deletion of rate enhancement) is somewhat weaker for the acceptor

the 3 constant region results in an approximately 2-fold increase template duplex vs the intact ribozyme and is almost unaffected
in Ky for the acylated substrate, while they values are by the presence of WatseiCrick or wobble base pairs (Table
unchanged. This small increaseHg, is probably due to loss  2). In contrast, [Co(Nk)g]*" binds strongly to both the

of base-stacking interactions between thedhstant region and ~ Watson-Crick and wobble acceptettemplate duplexes, but
the adjacent substrai¢emplate duplex. In contrast to the hinds 3-fold less tightly to the wild-type ribozyme, and 100-
moderate effects of the above deletions, mutation of the tandemfold less tightly to the WatsonCrick mutant ribozyme. The
G:U wobble base pairs in the template domain to G:C Watson observation that [Co(Ngs]3* (but not Mg*) binding to the
Crick base pairs decreaskg; by 20-fold (compare WC18 to intact ribozyme is weaker than binding to the isolated template
E18, Table 1f! Ky increases only modestly, implying thatthe domain suggests that the ribozyme may act to distort the metal
G:U wobble base pairs play an important role in catalytic activity ion binding site to favor catalysis, in such a way as to result in

but not in substrate binding. a loss of [Co(NH)g]®" but not Mg* affinity; however, we
The keat Of the acceptortemplate duplex (B27) is ap-  cannot yet rule out the alternative possibilities that there is a
proximately 300-fold lower, and thi€,, is approximately 3-4- change in rate-limiting step with metal ion concentration or

fold larger, than that for the ribozyme. These observations between [Co(NH)e]3 and Md+.

confirm earlier result$ and indicate that the folded structure Competitive Inhibition by an Unacylated Hexanucleotide.

of the ribozyme plays an important role in catalysis. The rate Although the internal template sequence of the ribozyme is
enhancement due to the nontemplate part of the ribozymeessential for catalytic activity, additional interactions between
(domain 2) is about 1000-fold. Close positioning of the 5 the substrate and the ribozyme could affect substrate binding.
hydroxyl nucleophile and the'&cyl group of the substrate by  The K, of the ribozyme (STE18, 215 nM) for the acylated
alignment on the template strand contributes greatly to the substrate oligonucleotide is approximatety&Bfold smaller than
acceleration of acyl group transfer. In fact, the removal of the that of the template domain alone (B27, 769 nM), for which
internal template sequence completely eliminates detectableWatson-Crick interactions are expected to fully account for
catalytic activity of both the ribozyme and the acceptor substrate binding. This observation initially suggested that
template duplex. Therefore, the second-order rate constant foradditional interactions, perhaps involving the methionyl group,
spontaneous acyl-transfer reaction was estimated by extrapolamight contribute to substrate binding by the ribozyme. To
tion from the hydrolysis rate<{10-3 min~1) under the assay  address this question, we examined the ability of the unacylated
conditions. Assuming that water (55 M) is the nucleophile that hexanucleotide to competitively inhibit the ribozyme. This
accepts the acyl group, the second-order rate constantis 3 hexanucleotide inhibitor would compete with the acyl-donor
107s 1 M~1. Comparison with the second-order rate constant substrate upon binding to the internal template region. If the
for the acceptortemplate duplex (B27, 63 M™1) leads to a ribozyme recognizes only the hexanucleotide moiety, the
rate enhancement of acyl-transfer due to the template domaininhibition constantK;) for the unacylated hexanucleotide should
of approximately 1@ The addition of domain 2 to the template  be comparable to thk, of the acylated hexanucleotide. On

domain provides a further rate enhancement of abo#it b the other hand, if the ribozyme recognizes the amino acid
an overall rate enhancement over the spontaneous acyl-transfemoiety, theK; should be larger than the€,.
reaction of greater than 10 orders of magnitude. The catalytic rate constankgysqfor the ribozyme construct

Mutation of the tandem G:U base pairs to G:C base pairs in STE18 were measured under three different substrate concentra-
the context of the ribozyme leads to a large reductiok:ig tions as a function of the inhibitor concentration (Figure 5).
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Kinetic studies indicate that the ribozyme may also stabilize
the binding of the substrate oligonucleotide to the template.
Contacts with the acyl group may destabilize substrate binding
in the ground state, leading to the interesting possibility that
one mechanism that contributes to catalysis may be a decrease
in these negative interactions in the transition state.

Experimental Section

Synthesis of Acyl-Donor Hexanucleotide. The N-biotinylated
methionine cyanomethyl ester was prepared by condensation of
L-methionine with theN-hydroxysuccinimide ester of biotin followed

Figure 5. Dixon analysis of STE18-catalyzed acyl transfer reaction by alkylation of the carboxyl group with chloroacetonitiife The RNA
in the presence of the unacylated hexanucleotide inhibitor. The reactionspCA',_\CCA was prepared manually on CPG (kfnol scale) using

were carried out at pH 8.0.

TheK; was estimated to be 460 nM, which is approximately
4 times smaller than thK,. TheK; for the longer ribozyme
construct E18 was 2840 nM (data not shown), which is also
approximately 4 times smaller than th&,. One possible
explanation for the apparent smaller value of tevalues
compared to thé&, values is that contamination of the acyl-

protected ribonucleotide phosphoramidites and a chemical phospho-
rylation reagent (Glen Research), deprotected in the standard manner,
and purified by reversed phase HPLC on a C18 column (Vydac) with
a linear gradient (1 mL/min,-680% acetonitrile in 0.1 M triethylam-
monium acetate, pH 4.5 over 20 min). Lyophilized pCAACCA-
triethylammonium salt (0.xmol) was dissolved in &L of aqueous

0.5 M tetrabutylammonium hydroxide (TBAOH), andub of 0.5 M
N-biotinylated methionine cyanomethyl ester in DMF was quickly

donor substrate by unacylated hexanucleotide, which could added. Afte 1 h of stirring at room temperature, anotheub each

be formed by the hydrolysis, artificially increased the apparent
Km. In fact, we observed that approximately 20% of sub-
strate was hydrolyzed during manipulations after HPLC puri-
fication; however, this is clearly insufficient to account for a
4-fold effect.

We propose that the ribozyme interacts with the substrate
template duplex to stabilize substrate binding. Kaeof the

of the TBAOH and cyanomethyl ester solution were added, and the
mixture was stirred for an additional 1.5 h. The reaction was quenched
by adding 0.5:L of AcOH, and the acylated hexamer was purified by
reversed phase HPLC on a C18 column under the same conditions
described above. The purified product was concentrated by a speed
vacuum system, and the pellet was dissolved in water.

Ribozyme Synthesis. Ribozymes were synthesized by T7 RNA
polymerase runoff transcription of PCR DNA templates in the presence

template for substrate is approximately 800 nM, and due to the of a-3%P UTP. The transcripts were treated with RNase-free DNase

slow rate of the chemical step, this is likely to representthe
Unfortunately it has not been possible to measurk; dor

(Promega) for 30 min. Products were purified by denaturing poly-
acrylamide gel electrophoresis and were eluted from the gel in 0.3 M

unacylated oligonucleotide in the template only system, due to NaCl. The ethanol-precipitated RNA was dephosphorylated by treat-

the slow rate of the reaction. However, it is unlikely that the
acyl group contributes significantly to binding to the template;
if we assume that thé&y of the template domain for the
unacylated oligonucleotide is also approximately 800 nM, then
comparison with theK; of the ribozyme for the unacylated
oligonucleotide (46-60 nM) suggests that the ribozyme stabi-
lizes binding of the oligonucleotide portion of the substrate by
15—-20-fold. The higherK,, of the ribozyme for acylated

ment with calf intestinal phosphatase (New England BioLab) for 1 h,
and the product was isolated by phenohloroform extraction followed
by ethanol precipitation.

General Kinetics. Reactions were carried out as follows: A total
of 48 uL of a ribozyme solution was prepared by mixing of:& of
300 nM ribozyme (1&) with 15 uL of 4x buffer (400 mM KCI, 100
mM HEPES, pH 7.0) and 2iL of water, heating at 90C for 5 min,
and sitting at 25C for 5 min. To this solution was added of 0.5
M MgCl,, and the mixture was incubated for 5 min. Reactions were

substrate would then be interpreted as due to unfavorableinitiated by the addition of &L of various concentration of acyl-donor
ground-state interactions between the ribozyme and the acylhexanucleotide substrate to the ribozyme solution and incubated for
group. If these unfavorable ground-state interactions are various times. Reactions were stopped by takind ®f the reaction

alleviated in the transition state, they may contribute to the
overall rate enhancement.

Conclusions

mixture into 3uL of quenching buffer containm8 M urea, 70 mM
EDTA, 42uM streptavidirz® and 50 mM TrisHCI adjusted at pH 6.0.
Samples were subjected to electrophoresis on 6% polyacrylamide, 8
M urea gels running in a cold room to keep the gel temperature below
30 °C. Velocities were determined by taking at least 5 points from

The secondary structure of the acyl-transferase ribozyme hasthe linear regions of the time course. The yield Gabylated ribozyme .
been determined by a combination of sequence comparison andX = OH) reached a plateau at approximately 50% after 20 min,
mutant analysis. Knowledge of this secondary structure allowed Suggesting that only half of ribozyme was active probably due to the

us to delete nonessential regions of the wild-type sequence,

leading to a smaller version of the ribozyme (STE18, 83 nts)
that retains essentially full catalytic activity, with only a 2-fold
decrease in substrate affinity. This ribozyme is our current

incorrect folding of the sequence. Catalytic constants were corrected
to reflect 50% functional ribozyme concentratitsn.

Synthesis of Mutant Ribozymes and Assays for Catalytic Activity.
The DNA template of E18 was amplified by PCR in the presence of
appropriate primers to introduce the mutations. The PCR was carried

starting point in the search for derivatives that are suitable for ot 20 cycles to ensure that the amplified DNA contains less than
X-ray Crystallographlc studies. This rlquyme catalyzes the (.001% of the original DNA template. Ribozymes were synthesized
acyl-transfer reaction 3 orders of magnitude faster than the
simple template-directed reaction and approximately 10 orders
; ~ r].99:!, 113 2722-2729.

of magnitude faster than spontaneous, untemplated acyl-transfe (23) Ulanovsky. L. Drouin, G.; Gilbert, WNature 199Q 343 190
reaction. The G:U wobble base pairs near the acylation site 197 T T '
play an important role in catalysis, probably by acting in concert ~ (24) The catalytic activity of the template ribozymes were strongly
with the rest of the ribozyme to form a binding site for the inhibited by the addition of 1 mM of spermidine. Since the structure of the

Ivti li he ri his si template ribozymes is a simple stem-loop, the titratable metal ion concentra-
catalytic metal ion. The ribozyme appears to perturb this site (on for these ribozymes should be the catalytic metal ion rather than
SO as to increase catalysis, while altering metal ion binding. structural one.

(22) Robertson, S. A.; Ellman, J. A.; Schultz, P.l5Am. Chem. Soc.
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by T7 RNA polymerase runoff transcription of PCR DNA templates, Metal Titration Experiments. A total of 42 uL of a ribozyme

as described above. Assays for catalytic activity were carried out as solution was prepared by mixing AL of 300 nM ribozyme (1)

described above, except for the use gfléof 10 uM substrate, giving with 15uL of 4x buffer (400 mM KCI, 100 mM HEPES, pH 8.0) and

1 uM at the final concentration. Under these conditions, all ribozymes 27 uL of water, heating at 90C for 5 min, and cooling to 28C for

are saturated with the substrate so that the observed rate cokgtgnt (5 min. To this solution was added 8. of 10 mM spermidine (or 6

for each ribozyme should approximate its maximal vakig)( uL of water for B27 and WC27) and/L of divalent metal ion solution
Inhibition by Hexanucleotide. Reactions were carried out as  with various concentrations, and the mixture was incubated for 5 min.

follows: A total of 42 uL of a ribozyme solution was prepared by  Reactions were initiated by the addition of:B of 10 uM substrate to

mixing of 6 uL of 300 nM ribozyme (16) with 15 uL of 4x buffer the ribozyme solution (or 2&M substrate for B27 and WC27) and

(400 mM KCI, 100 mM HEPES, pH 8.0) and L of water, heating incubated for various times. The remaining procedures were performed

at 90°C for 5 min, and sitting at 28C for 5 min. To this solution as described above.
was added &L of 0.5 M MgCly, and the mixture was incubated for 5
min. Reactions were initiated by the addition of a total of:d20f Acknowledgment. We thank Drs. David Huizenga and
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