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Abstract

We recently reported on the molecular design and synthesis of a new RNA ligase ribozyme (DSL), whose active site was selected from
a sequence library consisting of 30 random nucleotides set on a defined 3D structure of a designed RNA scaffold. In this study, we report
on the structural and biochemical analyses of DSL. Structural analysis indicates that the active site, which consists of the selected
sequence, attaches to the folded scaffold as designed. To see whether DSL resembles known ribozymes, a biochemical assay was per-
formed. Metal-dependent kinetic studies suggest that the ligase requires Mg>" ions. The replacement of Mg>" with Co(NH3)¢>" prohibits
the reaction, indicating that DSL requires innersphere coordination of Mg®* for a ligation reaction. The results show that DSL has

requirements similar to those of previously reported catalytic RNAs.

© 2005 Elsevier Inc. All rights reserved.
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A molecular modeling technique based on the RNA
structural biology enables the design and construction
of artificial RNAs with defined 3D structures [1-3]. In
one example, we reported on the design and construction
of a self-folding RNA consisting of three helices assem-
bled in a defined 3D structure by forming two sets of
tertiary interactions [3]. An RNA ligase ribozyme termed
DSL was constructed by installing a catalytic unit on the
self-folding RNA [4]. In vitro selection was performed to
isolate the catalytic unit from a library consisting of 30
random nucleotides inserted at a site near the reaction
site in the model 3D structure. To further investigate
DSL, we performed structural and biochemical charac-
terization using DSL-1S [4], its most active derivative

(Fig. 1).

* Abbreviations: DSL, designed and selected ligase; Tris, tris(hydroxy-
methyl)aminomethane; DMS, dimethyl sulfate.
* Corresponding author. Fax: +81 75 753 3996.
E-mail address: tan@kuchem.kyoto-u.ac.jp (T. Inoue).
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Materials and methods

RNA preparation. Ribozymes were transcribed from PCR-amplified
templates by T7 RNA polymerase either in the absence or presence of
[0-*?P]GTP. Transcripts were purified by 5% denaturing PAGE. For a 5'-
labeled ribozyme preparation, ribozymes were treated with calf intestinal
alkaline phosphatase, then phosphorylated using T4 polynucleotide kinase
in the presence of [y->*PJATP and purified by 5% denaturing PAGE. For
the construction of DSL-1S mutants, DNA template coding DSL-1S was
amplified by PCR in the presence of appropriate primers. For DMS
modification and Pb*" cleavage, 25 additional nucleotides, 5'-CAGU
CUCAUUGCCCACUUAGGCAGA-3’, were added to the 3’-end of
DSL-1S to monitor the modification or cleavage profile of the 3’-end
region of DSL-1S. Substrate RNA was also added to the 5’-end of DSL-1S
so that the ribozyme was actively conformed. The substrate RNA 5'-CGU
ACACGUACUCACGCGUAUACAGUCCAC-3" was purchased from
Dharmacon (Colorado, USA).

DMS modification and reverse transcription. Forty picomoles of RNA
was incubated in water (29 pl) at 95 °C for 1 min and then cooled. Twenty
microliters of 2.5x reaction buffer (500 mM KCI, 75mM Tris, and
125 mM MgCl,, pH 7.5) was added to this solution and the mixture was
equilibrated at 37 °C for 10 min. Then, 1 pl of 10% DMS in ethanol was
added and incubated at 37 °C for 5 min. Reactions were stopped with 3 ul
of 1 M 2-mercaptoethanol. The samples were centrifuged to precipitate the
RNAs after adding 5 pl of 3 M sodium acetate, 1 pl glycogen, and 125 pl
ethanol. To detect the DMS-modified adenines and cytidines, one-fifth of
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Fig. 1. Secondary structure of DSL-1S. Sequence selected from 30
random nucleotides is in boldface. GAAA loop and 11 nt receptor are
boxed.

the modified RNAs (8.0 mol) were subjected to reverse transcription with
AMV reverse transcriptase XL (Takara Shuzo, Japan) with [5'-*2P}la-
beled DNA primer complementary to 26 nucleotides at the 3’ end of the
respective RNA. Products were electrophoresed on 6% denaturing PAGE
and quantitated with a Bio Imaging Analyzer. The extent of modification
was classified based on the signal intensity of the band determined with
Quantity One gel-imaging software (Bio-Rad): weakly modified and
strongly modified bands correspond to the quantified intensity between
224 and 230 int, and higher than 230 int, respectively.

PH* cleavage. One picomole of 5'-labeled DSL-1S was incubated at
95 °C in water (5 pl) for I min and then cooled. To this solution was added
4 ul of 2.5x reaction buffer (500 mM KCI, 75 mM Tris, and 125 mM
MgCl,, pH 7.5), and the mixture was equilibrated at 37 °C for 10 min. One
microliter of 1 mM Pb(OAc), was added and then incubated for 30 min at
37 °C. The reactions were stopped with 2 ul of 0.5 M EDTA. The samples
were centrifuged to precipitate the RNAs after adding 5 pl of 3 M sodium
acetate, 1 pl glycogen, and 125 pul ethanol. Cleavage fragments were sep-
arated by 6% PAGE and quantitated with a Bio Imaging Analyzer.

General kinetic assays. Ribozymes were heated at 80 °C in water (15 pl)
for 5 min and then cooled to 37 °C over 5 min. Twelve microliters of 2.5x
reaction buffer (500 mM KCI, 75 mM Tris, and 125 mM MgCl,) was
added to this solution, and the mixture was equilibrated at 37 °C for
S min. Reactions were initiated by adding 3 pl of 10 uM substrate RNA to
the ribozyme solution. The final reaction conditions were 50 nM ribozyme,
1 uM substrate, 50 mM MgCl,, 200 mM KCl, and 30 mM Tris (pH 7.5).
Aliquots of 5 pul were taken at various time points and quenched with 2
volume of a stop solution (80% formamide, 87.5mM EDTA). The
resulting products were resolved with 5% PAGE and quantitated with a
Bio Imaging Analyzer BAS 2500 (Fuji Film, Japan). Rate constants were
derived from at least two independent experiments. Each rate was deter-
mined by fitting the data to the following equation:

Fraction reacted = F,(1 —e™*),

where 7 equals time, k equals the catalysis rate, and F, equals the fraction
of substrate - ribozyme in an active conformation [5]. DeltaGraph 4.0
(Polaroid) was used to fit the data to a single exponential.

pH-dependent kinetics. The buffers were Bis-Tris (pH 6.5-7.0) and Tris
(pH 7.5-9.0). As mentioned in the general kinetic protocols, RNA solu-
tions were prepared with corresponding buffers, as were the remaining
procedures.

Temperature-dependent kinetics. The pH of the buffer was adjusted to
pH 7.5 at each temperature because the pH of Tris buffers fluctuates
approximately 0.028 pH units per 1 °C.

Metal ion-dependent kinetics and Co(NH;)s ~ inhibition. Metal ion-
dependent experiments were performed in a manner similar to the general
kinetic assays, except that 50 mM MgCl, was replaced with 50 mM
divalent metal ion (CaCl,, BaCl,, MnCl,, CoCl,, NiCl,, CuCl,, or ZnCly).
Cobalt (I1I) hexamine was dissolved in water containing 1 mM EDTA to
prepare a 125 mM stock solution. The inhibition assay was performed in a
manner similar to the general kinetic assays, except that a reaction buffer
containing various concentrations of Co(NHj)e> " was used.

3+

Results and discussion
Overall structure

To determine whether DSL folds into the designed
structure, we previously constructed derivatives that were
predicted to have defective tertiary interactions. Mutation
at the base-triples moderately lowered activity while the
loop-receptor interaction significantly lowered it [4]. In this
study, we attempted to confirm whether the parental self-
folding RNA retained its original 3D-structure after instal-
lation of the catalytic unit.

The secondary structure of DSL-1S was investigated
using dimethyl sulfate (DMS) that specifically methylates
the free N1 of adenine and the free N3 of cytidine (Figs.
2A and B). In the 11 nt receptor, A59 and A71 were protected
from modification under our standard conditions (50 mM
Mg?"): the N1 of A59 and the N1 of A71 participating in
Mg>*-dependent tertiary interactions cannot be modified
[6,7]. The data are consistent with the previous result which
indicated the presence of a tertiary interaction between the
GAAA tetraloop and the 11 nt receptor. However, the sec-
ondary structure of P1 region was not determined because
of smeared bands presumably due to pausing of reverse tran-
scription at some unusual local structure in the P1 region
(Fig. 2A). A47, which Zuker algorithm predicts to base pair
with, U109 was weakly modified, suggesting that the A-U
pair is breathing under the conditions we employed [8].

To further confirm the result, we constructed an almost
inactive DSL-1S (mut-GUGA) mutant containing a GUGA
loop in place of the original GAAA loop [4] (Fig. 2C). A59
and A71 of mut-GUGA were equally modified in the pres-
ence or absence of Mg”", indicating that the 11 nt receptor
specifically interacts with the GAAA loop in DSL-1S. The
data strongly support the designed model structure (Fig. 1).

No significant alteration of the structure of the scaffold
was observed after installing the catalytic unit. When com-
bined with the results of the preceding paper [4], this indi-
cates that our synthetic strategy—‘‘Addition of a catalytic
unit on a designed RNA scaffold”—is both valid and
practical.

Characterization of catalytic core

In the catalytic unit (positions 75-104), the DMS
modification was consistent with the secondary structure
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Fig. 2. (A) DMS modification of DSL-1S. A59 and A71 are protected from modification in the presence of 50 mM Mg>" (Arrow). (B) Summary of DMS
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Intensity of the modification of wild type DSL-1S (top) or mut-GUGA m
MgH.

predicted with the Zuker algorithm the except for position
A54 and A102. A54 was predicted to form a base pair with
U76 [4]. The base pair is located at the end of the stem and
verges on the three-way junction consisting of P3a, P3b,
and P4, indicating that it is less stable than the standard
A-U base pair within the helix. A102 was modified very
weakly as shown on the gel, suggesting that the local struc-
ture around the site prevents the modification or that N1 of
A102 participates in the hydrogen bonding network in the
catalytic core. Alternatively, it seems also possible that

denote strong and weak modification, respectively. A59 and A71 are boxed. (C)
utant (bottom) in the absence (dotted lines) or presence (solid lines) of 50 mM

A102 is paired with U8O to form an alternative structure
at and around P4. Weak modification was detected at
C94 presumably due to the low melting temperature of
the stem structure.

To identify the essential residue(s) in the selected
sequence, 15 new mutants were prepared and investigated
(Fig. 3, Table 1). We previously reported that 17 nucleo-
tides in the catalytic unit (Fig. 3, boldface type) are invari-
able [4]. AL4/5, a mutant in which U84-U97 were
substituted with six nucleotides (5’-CUUCGG-3’) comprising
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Fig. 3. Mutational studies on DSL-1S in catalytic unit. Seventeen
invariable positions are in boldface [4].

Table 1
Relative rates of reaction of DSL-1S mutants

Mutation Rate relative to DSL-1S
C77A Activity not detected®
A78C Activity not detected®
A79C 0.03

A102C Activity not detected®
G103A 0.05

Ug4C 0.03

G95A 0.48

U96C 0.21

G82C Activity not detected”
C99G 0.04

G82C, C99G 0.02

AL4/5 Activity not detected®
ALS 1.1

P4+1 Activity not detected®
P4 -1 Activity not detected®

Relative rate of each mutant was determined by comparison of its kgps
with wild type kops = 3.3 x 1072 min~!, in 30 mM Tris, pH 7.5, 50 mM
Mg**, and 200 mM KCL

% Fraction of ribozyme reacted was less than 0.003 after 1 h incubation.

a stable tetraloop, exhibited no catalytic activity. In con-
trast, the sequence of a terminal pentaloop (L5) is highly
diversified [4], suggesting that the loop is nonessential for
the catalysis. Consistent with this observation, a DSL-1S
mutant (ALS mutant) having a stable UUCG loop in place
of the original L5 pentaloop was as active as DSL-1S.
Single base mutation at the three-way junction (C77A,
A78C, A79C, A102C or G103A) or on the 5 side of L4
(U84C) resulted in very weak or no activity. However, sin-
gle mutation at the 3’ side of L4, G95A, or U96C, retained
48% or 21% of the activity compared with DSL-1S, respec-
tively. The results indicate that G95 and U96 are not as
critical as other invariable bases in the mechanism of catal-
ysis even though they behaved as invariable ones during the
second selection [4]. Perhaps, G95 and U96 can fine-tune
the conformation of the catalytic site, when compared with
A95 and C96, respectively. As anticipated from the previ-

ous study, G82C or C99G, both of which disrupt the
invariable G—C base pair in P4, resulted in an inactive ribo-
zyme [4]. Interestingly, the compensatory mutations were
unable to recover the activity (Fig. 3, Table 1). Moreover,
two additional mutants containing an extended or short-
ened P4 helix (P4+1 or P4 — 1) were inactive. These
results indicate that a particular combination of base pair-
ings in P4 (81GGG83: 98CCC100 pairs) is important for
constituting an active site. Perhaps, the P4 stem functions
as part of the catalytic site or it determines neighboring
conformation(s) to form a catalytic site.

(Note: to minimize disruption of the parental secondary
structure of the unit, the secondary structure of each
mutant was examined using the Zuker algorithm [8]. We
used neither the A85 nor the U97 mutant because none
of the base-substitutions at these positions were predicted
to maintain the parental secondary structure.)

Metal ion binding

The cleavage of RNA with Pb*" is often used to identify
Mg?" binding sites in RNA because Pb>" can occupy Mg?*
binding sites [9—11]. The protection of Pb*" cleavage in the
presence of Mg?'is indicative of the binding site for
Mg*"[9-11]. To identify Mg®* binding sites, DSL-1S was
incubated with 100 pM Pb*" in the presence or absence
of Mg*" (Fig. 4). At A53, A59, A78-U80, and U101-
G103, the cleavages were prominent or indistinctive in
the presence or absence of 10 mM Mg>", respectively.
These sites are located in the three-way junction except
A59 in the 11 nt receptor. Thus, it appears that AS53,
A78-U80, and U101-G103 constitute the Mg>" binding
site(s) used in the folding mechanism and/or catalysis both
independently and in tandem. The mutations at the lead
cleavage sites (Fig. 4) drastically reduced activity whereas
those separated from the cleavage sites (G95A, U96C)
caused a moderate reduction (Fig. 3, Table 1), suggesting
that the Mg?" binding pockets are highly structured at
the active site. If this were the case, a minor structural alter-
ation at that site should cause considerable loss of activity.

The ribozyme’s catalytic activity was investigated by
employing divalent metal ions other the than Mg”>" ion
(Fig. 5). Like most natural ribozymes that are highly active
when Mn>" is substituted for Mg?", the observed rate con-
stant (kops) 0.20 min~" at 50 mM Mn*" was approximately
6-fold higher than that of 0.033 min~' at 50 mM Mg>" in
the presence of 1 pM substrate RNA. To further investi-
gate the effect of Mg2+ or Mn>", k.ps was determined as
a function of their Mg®" and Mn*" concentrations
(Fig. 6). The profiles showed a sigmoidal-like curve rather
than a Michaelis—Menten curve, suggesting that two or
more metal ions bind to the ribozyme. This is consistent
with the lead-cleavage data indicate the presence of two
distinct Mg®" binding sites at the 11 nt receptor and the
three-way junction. Like most natural ribozymes [12—-15],
DSL-1S was inactive with Ba>", Ni**, Cu®", and Zn*"
(Fig. 5). Co*" weakly supported the catalysis, presumably
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No
_ Metal MoZ+ Ca2* BaZ* Mn2* Co2* Ni2* Cu2* zn2* Co(NHg)s®*
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Ribozyme—» " , ,' '

Fig. 5. Divalent metal ion dependence of ligation. Reactions were carried
out for 20 min in presence of 50 mM divalent metal ion, in 200 mM KClI,
and 30 mM Tris, pH 7.5.

because: (i) its ionic radius (0.75 A) is similar to that of
Mg®* (0.72 A) or Mn*" (0.69 A) and (ii) it prefers to bind
to a phosphate like Mg>" [16].

Co(NH3)¢*" can replace hydrated Mg>" coordinated
with RNA because it has a similar size and geometry to
that of Mg(H,0)s>" [9-11,17-21]. Several ribozymes are
active when Mg?" is substituted with Co(NH;3)s>"
[18,19,21]. Theoretically, Co(NH3)s>" conducts the cataly-
sis performed by Mg>" via an outersphere interaction,
however, it inhibits the catalysis if the reaction requires
Mg?" via an innersphere interaction [9-11,18-21]. To
investigate the coordination of Mg?" in DSL-1S, we
attempted a reaction with Co(NH;)s>" in the absence of
Mg?". Ligation activity was lost, suggesting that DSL-1S
requires innersphere metal ion coordination for catalysis
(Fig. 5).

To further investigate the effects of Co(NH3)s ", the
ligation rate was determined by titrating Co(NH3)s> " ions
in the presence of 50 mM Mg>". As shown in Fig. 7,
approximately 10 mM Co(NH3)e®" reduced the activity
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Fig. 6. Catalytic activity of DSL-1S vs Mg*" (A) or Mn>" (B) concen-
tration. Reaction conditions are described in Materials and methods.
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to a half-maximal. This suggests that Co(NH;3)s" can
replace a Mg®" ion but cannot act as metal ion cofactor
for catalysis or that its binding to certain site(s) induces
an inactive conformation of the ribozyme. Similar observa-
tions were reported for the ribozymes that require inner-
sphere Mg”" interaction [10,11].

Kinetic analysis

The maximum reaction rate (k.,) and the Michaelis
constant (Kyr) were determined under our standard condi-
tions (50 mM MgCl,, 200 mM KCIl, and 30 mM Tris, pH
7.5). The observed rate was plotted as a function of the
concentration of the substrate (data not shown). The val-
ues for ke, and Ky were 0.066 min~' and 940 nM, respec-
tively (kea/Kni = 7.0 x 10* M~ min~"). Thus, the activity
of DSL-1S is comparable to those of ligase ribozymes pre-
viously reported by Robertson and Ellington [22]
(0.012 min~") and Jeager et al. [23] (0.26 min ).

The pH dependence of the ligation rate was investigated.
The plot (pH vs log ks, Fig. 8) was linear between pH 6.5

I()gkobs

>~ ., © o

o N [, o 3
\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\‘

'
N

N
o

-3 ‘ UL ‘ L ‘ UL ‘ L ‘ T ‘
6.5 7 7.5 8 8.5 9
pH

Fig. 8. pH dependence of ligation. Reaction conditions are described in
Materials and methods.

and 8.5. The slope of the best-fit line to the data points
between pH 6.5 and pH 8.5 was 1.4. Direct correspondence
between the hydroxide ion concentration and the reaction
rate was often observed for other ribozymes but interpreta-
tion is highly complicated [12,18,24-30].

Activation energy for ligation was determined to be
29.0 kcal/mol by the Arrhenius plot, which was linear
in the range of 5-37 °C (Fig. 9). This linearity suggests
the presence of a single rate-limiting step because the
plot should be nonlinear if two or more steps participate
in the rate determination as observed in the hammerhead
ribozyme [31,32]. The deviation from linearity observed
at 45°C suggests that the substrate-ribozyme complex
or the tertiary structure of the ribozyme starts to melt
at this temperature. As described above, P5 perhaps
melts under 45 °C, suggesting that its role is insignificant
in holding the tertiary structure of the catalytic core.
This is consistent with the fact that C94 at PS is con-
served incompletely [4]. The activation energy was con-
verted to thermodynamic activation parameters using
the Eyring equation. The calculated AH* and AS* values
at 37°C were 28.4 kcal/mol and 21.1 e.u., respectively.
Note that the release of water molecules from hydrated
Mg>" has been proposed as a cause of the positive
AS* value observed in the phosphoester transfer reaction
by the Tetrahymena group I intron ribozyme, although
the event responsible for the DSL positive AS* value is
currently unknown [33].

In this paper, we reported on the fundamental parame-
ters relevant to the ligation activity of the DSL-1S ribo-
zyme. In conclusion, the structural analyses confirmed
that (i) DSL-1S retains the designed structure and that
(i1) the residues required for the catalysis are present in
the designed catalytic core. It was also found that the
requirements for catalysis by DSL-1S differ little from
those of previously known ribozymes. The results confirm
that our strategy, which is based on molecular design at
a 3D level, is valid for the design and synthesis of a
ribozyme.
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