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ABSTRACT: Catalytically active RNA molecules rely on metal ions for structural and/or catalytic functions.
Our in vitro selected aminoacyl-transferase ribozyme is no exception, as it employs a single fully hydrated
Mg?* ion for catalysis [Suga, H., et al. (199B)ochemistry 3710118-10125]. Here we report the essential
catalytic residues of the ribozyme and their spatial arrangement in the relation to the metal binding site.
Evidence obtained using a combination ofPland T8+ hydrolytic cleavage assays on wild type and
mutant ribozymes revealed a cooperative metal binding site that consists of the tandem G:U wobble pairs
in P1 and consecutive G:U and U:A pairs in P3. The formation of this concertéd bigding site
positions the P1 and P3 helices in a parallel manner, placing the L3 tetraloop in close proximity to the
internal guide sequence (IGS, substrate binding site), which is adjacent to P1. Certain monovalent metal
ions inhibit catalysis at low concentrations but support catalysis at high concentrations. These analyses
imply that the Mg@™ ion plays both structural and chemical roles and that it brings about the significant
rate acceleration in aminoacyl-transfer in concert with the L3-IGS long-range interaction.

The discovery of self-splicing and nuclease ribozymes A 5
introduced the notion that RNA molecules could possess <
catalytic functions similar to protein enzymes—3). Al- 2
though naturally occurring ribozymes found to date catalyze
only phosphodiester bond transfer, recent examples of novel A
ribozymes isolated by in vitro evolution show more versatile
catalytic functions 4—6). Aminoacyl-transferase ribozyme
(ATRib)! is an in vitro evolved ribozyme that catalyzes
aminoacyl transfer from a donor hexanucleotide to an P2
acceptor tRNA via a covalent aminoacyl-ribozyme inter- yUucGacG
mediate {, 8). We have recently reported that a ribozyme,
evolved from an RNA pool consisting of ATRib-random 20
sequences, is able to execute specific amino acid recognition
and charging of tRNAY). Therefore, this ribozyme exhibits
two of the essential functions of the contemporary protein
enzyme, aminoacyl-tRNA synthetasE)).

Earlier work has shown that the 82-nt ATRIib arranges
itself into a cloverleaf secondary structure that consists of )

FicGure 1: Secondary structure of acyl-transferase ribozyme

four stems and three loops referred to as-P2 and L2~ \rpin"(A) The 82-nt wild-type ATRib and its substrate. Bold
L4, respectively, and the internal guide sequence (IGS) thatjetters denote critical bases for activity determined in this study.
is responsible for binding the hexanucleotide substrate (B) Secondary structure of a 22-nt template ribozyme consisting
(Figure 1A) ). A simple template ribozyme, in which the of ATRib’s IGS—P1 closed by a tetraloop.

: entire P2-P4 domain was replaced with a stable tetraloop
TThis research was supported by NSF MCB-9982237 to H.S.
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support. than ATRIib, implying the necessity of the PP4 domain
* To whom correspondence should be addressed. E-mail: hsuga@for efficient catalysis §). ATRib is a metalloenzyme that

acsu.buffalo.edu; phone: 716-645-6800, ext. 2170; fax: 716'645‘6963-requires a single catalytic Mg ion in the fully hydrated
1 Abbreviations: ATRib, aminoacyl-transferase ribozyme; ATRjb . . . .
ATRib containing two tetraloop Sgbsﬂtutions; ATR‘rB),/ ATRib™ form. Evidence for the role of this catalytic metal ion was

containing 31 additional nucleotides at theeBd; ATP, adenosine  Obtained by using Co(N§*" as a substitute for Mg(#D)s**
triphosphate; biotin-MetiN-biotinylatedL-methionine; DEPC, diethyl (11). When the tandem G:U wobble base pairs near the

pyrocarbonate; EDTA, ethylenediaminetetraacetic acid; IGS, internal ; ; . ; _
guide sequence; MOPS, BHmorpholino]propanesulfonic acid; PAGE, acylation site were mutated to tandem G:C pairs, a 50-fold

polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; reduc“?” in activity was observed, (8, 11), indigating the .
SAv, streptavidin. necessity of these tandem G:U wobble base pairs for catalytic
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activity (Figure 1A). Extensive metal-dependent kinetics on graphing and curve fitting package (Abelbeck Software). The
this tandem G:C mutant revealed that this mutation increasedk,,swas derived from the average of rates from 2 to 3 kinetic
the dissociation constant for Co(Ngf" by 50-fold (11). experiments and corrected to the relative rate based on the
These observations, along with the X-ray and NMR structural ke, of the wild-type ATRIb.
information for tandem G:U wobble pairs complexed with Lead-Induced and Terbium-Induced Clege.The folded
Co(NHy)6** (12, 13), lead us to hypothesize that the major ca. 0.25uM 5'-[*%P]-labeled ATRiB-" or mutant in MK
groove of the tandem G:U pairs may constitute a metal puffer was incubated at room temperature with 100
binding site for a hexahydrated Ngor Co(NH)e*" ion, of Pb(OAc) for 5 h, or 20uM ThCl; for 2 h, in the presence
which water or ammonium ligands coordinate to the oXy- of increasing concentrations of Mg@r Co(NH;)s>". More
anion intermediate in the transition state of acyl-transfer details regarding the concentrations of the metal ions are
reaction. presented in the figure legends. Reactions were quenched
However, results obtained from the template ribozyme by the addition of EDTA to a final concentration of 75 mM,
(Figure 1B) revealed that the presence of the tandem G:Uand ethanol precipitated. RNase T1 digestions were per-
pairs and the IGS alone is not sufficient for complete catalytic formed under conditions described in the literature with
activity of ATRib (8). This implies that other structural ~minor modifications {4). Samples were analyzed by 8%
elements in ATRib are directly involved in catalysis. PAGE and were visualized and quantified using the Molec-
Therefore, we have devoted our efforts to determine the ular Imager FX (Bio-Rad).
essential catalytic and structural motifs and how these motifs  |nhibition and Stimulation of Catalysis by Mowedent
participate in catalysis. Three methods were used in this |ons. Inhibition experiments were performed as described
study: phylogentic analysis of ATRib variants generated by in the general kinetic assays, except that various concentra-
in vitro evolution, extensive mutational analyses, and hy- tions of monovalent metal ion chloride solution in DEPC
drolytic metal ion cleavage of ATRib and mutants in the water replaced DEPC water to give the desired final
presence of increasing concentrations of a competing cataconcentrations as shown in Figure 9. In the case of Na

lytically active metal ion. stimulation experiments, a final concentration of 10 mM of
EDTA was added to remove traces of contaminating multi-
MATERIALS AND METHODS valent metal ions.

In Vitro Selection of ATRib and Construction of Mutants. resyLTS AND DISCUSSION
The selection was carried out by the same procedure as
previously reported @, 9). The DNA templates for the New Classes of Acyl-Transferase Ribozymeg&eCon-
mutants were constructed by PCR using the appropriate DNAsered Motifs. One convenient approach to identify the
primers containing mutations, similar to the procedures essential nucleotides within a catalytically active RNA
described elsewher8,(9). For ATRib™P, the 3-primer, B- molecule is through a phylogenetic comparison. Unfortu-
GCTCA ACGAA GTAGG ACTTAC GATGT ACGTCAAC nately, the original selection resulted in only one major class
CAAAA ACAAA AAGCA TCACG TATGA T-3', was used of ribozymes, which contained E18, the parent sequence of
for PCR amplification of DNA template of ATRib to the engineered ATRIib8]. To obtain additional sequence
incorporate the complementary sequence of the italicized populations of acyl-transferase ribozymes, we returned to
bases into ATRIiB-. Note that the underlined sequence was the 10th-round pool RNA and subjected it to increased
derived from the original ‘3primer used for the selection selective pressures. Three rounds of stringent selection with
(8,9). decreased pH, Mg concentration, and incubation time,

Kinetic AssaysGeneral kinetic assays were performed as Yielded a new population of active RNAs with enhanced
follows: A 1 uL solution of ca. 5uM [32P]-body-labeled ~ sequence diversity, as described elsewher®). (These
ATRIb or mutant in 5uL of DEPC water and LL of 10x ribozymes were categorized into five independent classes (|
MK buffer (250 mM MOPS, 1 M KCl at pH 7.0) was heated V) based on their primary sequence similarities. Preliminary
at 95°C for 2 min and cooled to 25C over 5 min. To this metal-dependent kinetic studies revealed that botfi"Ngd
solution was added kL of 10x MgCl, (500 mM) and ~ Co(NHs)e** could support catalysis of ribozymes in classes

equilibrated for 5 min, to give a total of 8L of ribozyme I=IV. On the other hand, class V, which includes the HS01
solution. The reaction was initiated by the addition gfl2 ribozyme, has a distinct metal dependency, i.e., it utilizes
of 10 uM biotin-L-Met-3-ACCAAC-5' or 100xM biotin- Mg?* but not Co(NH)s** (15).

L-Met-3-ACCA-5', giving the final concentrations of ca. 0.5 Although the primary sequences of classedlll are

uM ribozyme and 2 or 2@M of substrate in 25 mM MOPS,  dissimilar, ribozymes in these classes share some sequence
100 mM KCI, and 50 mM MgCGl A 1 uL aliquot was features: a GAAA sequence and tandem Us adjacent to IGS.
removed at various time points and quenched by the additionThe secondary structure of a representative sequence of each
of 4 uL of MEUS buffer (25 mM MOPS, 5 mM EDTA, 8  class was predicted using the Zuker algoritH®) (All three

M urea, and 10 mM SAv, pH 6.5). The products were independent classes of ribozymes fall into remarkably similar
analyzed by 8% PAGE at 4C and quantified using the cloverleaf-type secondary structures (Figure 2) and display
Molecular Imager FX (Bio-Rad). Note that under these two characteristic motifs that are conserved in all three
conditions all ribozymes were saturated with the substrate, classes: (i) an internal guide sequence (IGS) and tandem
so that the observed rate constatd for each ribozyme  G:U wobble base pairs in the P1 region and (ii) a GAAA-
should approximate its maximal value4). Velocities were loop and a G:U wobble base pair in the P3 region. These
determined by taking at least five points from the linear common structural features allow us to hypothesize that these
regions of the time course and fit using the KaleidaGraph conserved motifs comprise the catalytic core of ATRib.
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FiIGUrRe 2: The secondary structure of representative clones in three classes of ATRibB-8riteZ)-nt constant primer sequence is shown
in a solid line. Sequences in bold boxes are conserved in ctdigibozymes (L5). Mutations of base pairs observed in ribozyme variants

in each class are shown in the boxes.

5 3 5 3
A C-G B c-G
A-U A-U
A-U 80 A-U
C-G C-G
Cc-G C-G
Biotin—-Met-O-A-U 77 Biotin—-Met-O~-A-U
¥ &8s 8 69 °&lf
A-U 0.14[G=C] A-U
A-U A-U
C-G 9 68 C-G
A-U 0.1 } A-U mO 38
16c 16a A0 0.35[C=G] A-U
\16b/ 6 R 5..g 60 L2
UACC|UCGACG U U CGUAGUG - yUACC UCGACG CGUAGUGC
2|9 i (NN L4 NEREEEN |||||
C GUGGAGCUGC A ; %GCAUCAUA C cUGG AGCUGY
20" [20b c--G 50 10 27
20c 20a 30U 0.97 [A=U]
U---u 28 49 0.25
2y 051 <0.005
c-G 0.54[C-G] 0.016
GeU 30 47 0.04
L3 GU—AA40 0.94 <0 005
an 0.25[C-G]

Ficure 3: Mutational studies on ATRib. (A) The secondary structure of ATRibwhere hairpin stem-loops were introduced in L2 and
L4. Newly introduced loops are highlighted in boxes. (B) Mutations introduced in joining regions. Mutations are highlighted in boxes, and
the value for each mutant is relative to the catalytic rate of the wild-type AT&ib (

L2 and L4 Can Be Replaced with Stable Tetralodfse supporting data). Since we expect that the major band should
variations found in L2 and L4 of the class il ribozymes correspond to the active fold of ATRib and also the
in the above phylogenetical analysis suggest that these loopsnobility of the minor band was the same as that of a band
do not participate in catalysis directly. To establish the lack in the absence of Kion, we assigned the major and minor
of importance of L2 and L4 in the structure, an ATRib bands to the folded and unfolded forms, respectively. The
mutant was constructed in which these loops were substitutedsecond minor band observed for ATRIb is likely a misfolded

with stable stem-tetraloopsl?, 18) (Figure 3A). This
ribozyme, referred to as ATRIb, exhibits a virtually
identical initial rate as wild-type ATRIl8], providing strong
evidence that the sequence of neither L2 nor L4 is critical
for catalysis (data not shown). Despite the similar activities
of ATRib™ and ATRib, we found that the end point of self-
aminoacylated ATRIB- is slightly higher than that of ATRib
(~70 vs~50%). When the folded ribozymes were analyzed
on native PAGE, ATRIiB- showed two distinct bands, in an
approximate ratio of 2:8, whereas ATRib showed three
distinct bands, in a ratio of 2:6:2 (D. Padalino and H. Suga,

structure. These results indicate that the incorporation of
stable tetraloops into L2 and L4 increases the fraction of
correctly folded ribozymes. Since structural mapping de-
scribed below would be influenced by the populations of
unfolded or misfolded structure, it is critical to use a better
folder of ribozyme to minimize the background hydrolysis
unrelated to the active folder. Hence, all further structural
analyses of the ribozyme were pursued using ATRib

The Joining Region Gerns the Tertiary FoldAlthough
in earlier papers the bases in the joining (J) region (boxed
bases in Figure 3B) were shown to be unpairgddj, an
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SC_G3' The GAAA loop in L3 is a completely conserved structural
A-U motif within classes+lll of the ATRib family. The GAAA
p loop is a member of the GNRA (N any base, and R G
O, or A) loop family that occurs frequently in RNA molecules
5 GeU and has been characterized to be a stable tetraloop ri@tif (

3 OAOi %92\ 74 -~y 21). In addition, it is often involved in long-range tertiary
-- <—|ay P1 interactions providing stabilization of the tertiary structures
0.05 0.95 / 55 (22—27). For instance, a GAAA loop in the P46 domain

AE SIS~ &Y of the Tetrahymenaibozyme interacts with its acceptor motif

UACCUCGACG U---UUCG%‘; UG and ple}ys critical roles in both struc'tural stabilization and

LU T iTTE S pa catalysis 24). We therefore hypothesize that the conserved

CGUGGAGCUGC .- AAGCAUCAU L3 GAAA loop in the ATRib family may be involved in
% 41 g ::i %Ooog structural stabilization and/or catalysis.
0.025[G=C]) 31U U4 {-0013 The stability of the GAAA loop relies on the specific
<0.005 W} é:g [G-Glo.029 G interactions between its four bases, such as hydrogen bonding
000812 2 - AR between the first G and the third A, as well as stacking of
e C. three As ((9—21). Therefore, mutations within the GAAA
U G|[6_ A] 376 a0 A G A loop may disturb loop stability, which may in turn disrupt
II)%%_SH%I I—IA >r120 “ 0"1? | ;‘0‘; the critical tertiary structural interactions. We examined the

replacement of the GAAA loop with another known stable
tetraloop, UUCG 28). This mutation resulted in a greater
than 200-fold decrease in activity, which was similar to that
observed for the template ribozyme (Figure 1B). This result
confirms that the L3 GAAA loop is a critical structural motif
extensive comparison of the variants in class | ATRib for the ATRib activity. To gain more insight into the
suggests that some of these bases participate in base painecessity of the sequence, we introduced single or double
interactions. To explore the J region base pairing, a total of base substitutions into the GAAA loop.
16 mutants based on ATRibwere prepared and tested for The results are summarized in Figure 4. Single U muta-
self-aminoacylation activity. In most cases, the compensatorytions in the tetraloop reduced activities by-30-fold. It
mutants that preserved the base pairing exhibited nearlyshould be noted that the G37U mutation, which disrupts the
identical or slightly reduced activity (23-fold) when loop stability most significantly, exhibited the mildest
compared to wild type (Figure 3B). However, incorporation reduction in activity of all the single-U-substitution mutants
of inverted WatsonCrick (W—C) base pairs into certain  that were tested. This suggests that the GAAA loop is not
positions, such as C29:G48, or introduction of-W base simply acting as a stable loop but is likely playing a more
pairs into the assumed noncanonical base pairs at C8:U6%pecific role, possibly through an interaction(s) with other
and U9:U68 did not maintain appreciable catalytic activity. structural motifs. This view is further strengthened by the
Presumably, these bases are preferred at these positionsbservations that (i) the A39G mutation that forms a GAGA
within the J region due to the hydrogen bonding networks loop (another member of GNRA loop family) results in a
that govern the proper tertiary folding of ATRIb. 20-fold reduction of activity and (ii) the double mutations
Consered Motifs Play Critical Roles in Catalysi€om- of the GAAA to the GUUA loop reduced the catalytic
parison of classes—lll of the ribozyme has led us to activity to the level of the template ribozyme (Figure 1B).
speculate that the catalytic core is comprised of the conservedThese mutational experiments explicitly demonstrate an
regions of L3-P3 and IGS-P1. Previous work has suggested essential role of the L3 GAAA loop in catalysis.
that the tandem G:U wobble base pairs {&32/U75-U76) Another conserved motif is the G35:U42 wobble pair in
near the acylation site play critical roles in catalysis, the P3 stem. Mutation of this wobble pair to G:C, A:U, or
presumably by forming the metal ion binding sit&l). U:G pairs reduced the activity by 5000-fold, again
However, the catalytic roles of the remaining conserved suggesting its critical role in catalysis. When the primary
residues in the P1 and E3P3 regions remain unknown. In  sequences of variants found in clasdll were compared,
an effort to explore the importance of these conserved the U36:A41 pair situated between the above two conserved
regions, we generated a series of mutants based on ATRib motifs allowed only the substitution of the inverted pair, A36:
Since the A3-A7 sequence in P1 was a part of the U4l (Figure 2). We, therefore, explored the ability of this
constant primer region for the selection, its complementary A:U pair to accommodate mutations, by testing mutants
counter sequence, U774, may have been selected due containing C:G, U:U, and A:A pairs at this position. Results
to W—C base pairing rather than a direct role in catalysis. of these mutations showed a larger than 40-fold reduction
To investigate this stem motif, we constructed mutants that of activity (Figure 4), suggesting that an A:U pair, in either
contain single and double compensatory base pairs withinorientation, is required to close this tetraloop. The above
this region. As expected, misparing in P1 was detrimental, results are consistent with the idea for the formation of G35:
whereas reforming the stem interactions by compensatoryU42 and A36:U41 pairs, but this does not exclude that they
mutations rescued the wild-type activity (Figure 4). These may interact in some noncanonical fashion.
observations affirm that the conserved sequence in P1, except Thus, our mutational studies show that the conserved
for the tandem G:U wobble pairs, simply plays a role in sequences play critical roles in catalysis. Questions that
forming the stem structure. remain unanswered are how these motifs constitute the

FiGure 4: Mutational studles on ATRIb in the catalytic core.
Mutations introduced in the catalytic core region are highlighted
in boxes and resulting relative activities to the wild ty@ ére
reported.
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Ficure 5: PIFT- and TiB-induced cleavage analyses of ATRif Unless otherwise noted, all assays were incubated at room temperature:
PE?* incubation fa 5 h and TB" incubation for 2 h. The concentrations for?land TE* used are 100 and 2aM, respectively (see also
Materials and Methods). C (control) denotes no cleaving reagents (lane 8), and T1 denotes a limited digestion with RNases T1 (lanes 7).
(A) P?*- and TB*-induced cleavage of ATRIB® with increasing M@" concentrations. Lanes are®Pleleavage with Mg" concentrations

of 0, 0.1, 0.25, 0.5, 1.5, and 10 mM (lanes@), Tb*" cleavage with Mg" concentrations of 0, 10, 15, 30, 50, and 100 mM (lane44).

(B) P** (lanes 1-6) and TH" (lanes 9-14) induced cleavage with increasing Co(®#¥" concentrations of 0, 0.1, 0.25, 0.5, 1, and 2

mM.

catalytic core, and what their specific roles are in catalysis. below. Note that the folding procedure for ATRib (the
Since it has been proposed that the conserved tandem G:lparental ribozyme of ATRIBF) is carried out in the MK
wobble pairs in P1 play a role in forming a metal binding buffer without Mg"* (see Materials and Methods). The
site, we decided to explore extensively the roles of these ATRib™" were folded by the same method and therefore
conserved sequences in the relation to the catalytic metalshould yield the correctly folded tertiary structure.
ion. The addition of low concentration of Pband T to
Pk’ and TB* Cleave the Consared Regions Strongly.  ATRib™F in the absence of Mg induced cleavage at nearly
Lead (PB') and terbium (TB") ions have been used to identical sites, A41 (P3), U46 (P3), U70 (P1), U7877
identify both structurally relaxed or single stranded regions, (P1), and the single-stranded region at the downstream of
such as loops and bulgeB%-33), as well as high affinity IGS (Figure 5A, lanes 1 and 9 for Pband T3, respec-
metal ion binding sites in RNA moleculed5, 33—37). It tively). However, stronger intensities at certain cleavage sites
has been shown that these ions are able to bind to the samevere noted: In the case of Pisubstantial cleavage occurred
or similar sites as Mg ions @5, 38) and are therefore  at U75-U77, whereas in the case of ¥ta heavy cleavage
effective probes for detection of Mgbinding sites. To probe  at A41 was also observed along with those at YZ56.
the high affinity metal binding sites in ATRib, we performed The observed metal-species dependence of cleavage intensi-
metal-dependent cleavage of &[%P]-labeled ATRIB- ties can be attributed to the preferential binding of'Pind
derivative (vide infra) at low concentrations of #band Tb*" toward U75-U77 and A41, respectively, due to their
Tb*. It should be noted that at high concentrations of these size and electrostatic strength. Most importantly, the addition
hydrolytic metal ions cleavage was observed at the structur-of Mg?* effectively competes with T at these two sites,
ally accessible sites such as the L2&L4 and joining regions, resulting in inhibition of the cleavage of both sites (Figure
along with some unexpected nonspecific sites. The non-5A, Tb*" panel, lanes 1814) with a nearly equal decaying
specific cleavage is presumably due to perturbations in the profile. This simultaneous decrease in cleavage intensity is
tertiary fold of ATRib™. We therefore performed all experi- consistent with the hypothesis that these two sites constitute
ments described here at low concentrations of hydrolytic a single metal binding site. The experiments using CojiH
metal ions under carefully optimized conditions. as a competitor for T also exhibited similar decaying
Since the 3end of ATRIb'" is the hexanucleotide IGS, it  profiles at the same cleavage sites (Figure 58, Taanel,
is difficult to clearly monitor the cleavage profile at this site. lanes 16-14). The only notable difference between Co-
To resolve this issue, we constructed an ATRitberivative, (NH3)e®" and M@ is that lower concentrations of Co(Nfsf"
referred to as ATRIB", which contains 31 additional are required to yield the same decaying profiles, which is
nucleotides downstream of IGS (see Materials and Methods).consistent with previous kinetic results where Cogyft
This ATRib™P showed an identical activity to the parental has a significantly loweKy for ATRib than Mg* (0.35 vs
ATRIb™ (data not shown), and therefore ATRiDB and its 14 mM) (11). On the basis of the above cleavage results,
mutants were used for most probing experiments describedwe propose that the A41 and U7B76 regions are the
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Ficure 6: P (lanes 1-6) and TB™ (lanes 9-14) induced
cleavage of the U75C/U76C mutant of ATRIiB. The concentra-
tions for PB* and T used are 100 and 2@M, respectively (see
also Materials and Methods). The concentrations ofMare 0,
0.75, 12.5 mM (lanes-13) and 0, 10, 100 mM (lanes-41), the
concentrations of Co(N§®" are 0, 0.1, 0.5 mM (lanes46) and
0, 8, 50 mM (lanes 1214). C (control) denotes no cleaving
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decreased in this mutant, and instead G37 was strongly
cleaved (lanes 9 and 12). The addition of #@nd Co-
(NH3)e®" inhibited the TB" cleavage at both A41 and G37
(lanes 10 and 11 and lanes 13 and 14). Interestingly, NMR
analyses of GAAA-stem loop motifs complexed with Co-
(NH3)s®t have shown that Co(N§3* localizes between the
first G and the second and third As of the lo&9{41).

The intense cleavage at G37 in the U73C76C mutant
suggests that the disruption of the concerted metal binding
site results in the localization of Fhto the general metal
binding site at G37 within the GAAA loop, as opposed to
the highly specific binding site at A41 in the wild-type
ATRIb™,.

Thus, the mutation of the tandem G:U wobble pairs to
the tandem G:C pairs simultaneously altered the cleavage
profiles in both A41 and U75U76 regions, suggesting that
this approach might be effective for monitoring mutational
disruptions of the concerted high affinity metal binding sites.
With general considerations for this type of mutational
experiments, it cannot be ruled out that the mutation(s)
introduced to the wild-type ribozyme perturbed critical
tertiary contacts unrelated to the metal binding site, thereby
indirectly disturbing PB" and Tl cleavage sites. However,
in the light of our previous observation that mutating U#5C

reagents (lanes 8 and 15), and T1 denotes a limited digestion withy76C reduces catalytic activity and increases the dissociation

RNase T1 (lanes 7 and 16). It should be noted that the cleavage,
profile similar to lane 11 has been consistently observed when an

excess Co(Npe*" or Mg?™ was added in solution (data not shown).

constant of Co(NR)¢®" (11), we are fairly confident that the
U75—-U76 region closely relates to the metal binding site.

In this case, the cleavage sites are in structurally accessible regionFurthermore, since the U75@J76C mutation still maintains

such as L4 and the unstructured region adjacent to IGS.

potential high affinity metal binding motifs for Mg and
Co(NH)6*".

the essential base pairs with 662, the majority of the
tertiary structure is very likely to remain intact except for
the catalytic core. Thus, we believe that the observed change
in the cleavage profiles of both A41 and U7B76 by

It should be noted that the Hill analysis of the rate constant mutating U75C-U76C disrupts the catalytic core by affect-

as a function of concentration of Mgor Co(NH)e", in

ing the concerted metal binding site. It should be noted that

the presence of spermidine, indicate the involvement of a one important take-home message of the above experiment

single specific metal ionl(). In light of these observations,

is that the choice of reagent is also critical to observe the

we can extrapolate that both cleavage sites competed bydisruption of the metal binding site, i.e.,Plis more suitable

Mg?" and Co(NH)e*" constitute a single binding site in the
tertiary space. The tandem G:U wobble pairs;&R/U75-
U76, is the proposed catalytic metal binding site, and the
explicit cleavage at U75U76 by both hydrolytic metal ions
provides additional support for this idea. We, therefore,
propose that the above two high affinity metal binding motifs
constitute a single concerted metal binding site.

Pk?t and T Cleave ATRIiB-" Mutants Differently from
the Wild Type.We have shown that mutations of the
conserved catalytic motifs, including the above metal binding
sites (Figure 4), are detrimental for catalytic activity. The
double mutation of U75U76 to C75-C76 (U75C-U76C)
is known to reduce the catalytic activity potentially due to
the disruption of the metal binding site. To further verify
our hypothesis for the concerted metal binding site, we
explored PB" and T cleavage of this double mutant of
ATRIb™P (Figure 6). PB" and T8+ cleavage profiles of this

for probing the U75-U76 region, while TB" is more suitable
for the A41 region, in our case.

The intense TH-induced cleavage and subsequent protec-
tion by Mg?" and Co(NH)s®" at position A41 led us to
examine the effect of mutations of the bases surrounding
A41 on hydrolytic cleavage. A mutant containing U36G:
A41C, that displays a 40-fold reduction of the wild-type
activity (Figure 4), was subjected to Pland T5" cleavage.
When compared to wild type (Figure 7A, all panels), this
mutant showed a similar cleavage pattern throughout, with
similar PI¥* cleavage intensities in the P1 region (Figure
7B, panel 1, lanes -13), but with slightly decreased
intensities for both P and TB* cleavage at position 41
(Figure 7B, panels 2 and 3, lanes3). The similar cleavage
pattern observed for this mutant suggests that thé*Mg
binding site is relatively independent of the actual nucleobase
at position 41. These observations, coupled with the observa-

mutant did not show cleavage sites at unexpected regionstion that the inverted U:A pair mutant retains activity, led
such as stems, indicating that the overall tertiary structure us to speculate that this A:U pair does not directly participate
of this mutant was maintained in the presence of thesein forming the metal binding site, but rather plays a structural

hydrolytic metal ions (Figure 6). The cleavage at the €75

role in maintaining an optimum tertiary interaction of the

C76 region, for which strong cleavage was observed in the L3 GAAA loop with its counter motif (vide infra).

wild type, was completely wiped out in both Phand T
cleavage experiments. It should be noted that the intense Th
cleavage at A41 observed for the wild type significantly

The G35:U42 wobble base pair in P3 was absolutely
conserved in classes-lll, and the mutation of this pair to
either U35:G42 or G35:C42 was detrimental for activity
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FIGURE 7: PI#*- and TB*-induced cleavage analyses of wild-type ATRh(A) and mutants C36:41G (B), U35:42G (C), and A35:42U

(D). All cleavage assays of these mutants were performed with increasing @etNEoncentrations. Panels 1 and 2 are the areas of
interest for PB" cleavage in P1 and P3.3, respectively, and panel 3 is that for3ficleavage in P3L3. (A) Pk?" and TB* cleavage of
wild-type ATRib™F with increasing Co(Nhk)s®* concentrations of 0, 0.1, 0.25, 0.5, 1, and 2.5 mM (lane§ i all panels). (B) C36:41G
mutant with increasing Co(Nd#%3* concentrations of 0, 0.25, and 2 mM (lanes3lin all panels). (C) U35:42G mutant with increasing
Co(NH)e*" concentrations of 0, 0.3, and 2.5 mM (lanes3lin all panels). (D) A35:42U mutant with increasing Co({$¥" concentrations

of 0, 0.25, and 2 mM (lanes—43 in all panels). C (control) denotes no cleaving reagents, and T1 denotes a limited digestion with RNases
T1.

N

(Figure 4). The P and TB" hydrolyses of these two  could not be resolved due to the technical limitation for the
mutants displayed cleavage profiles, which differ from those resolution on PAGE). These results suggest that the necessity
of wild type (Figure 7C,D). The P cleavages at U75 of the GAAA loop for activity is unrelated to the formation
U76 in the absence of Co(N}4" were weaker in the  of the concerted metal binding site. Recall that mutational
mutants than in the wild type, and the addition of Cog\ft studies of the GAAA loop implicate it in playing a critical
did not show significant inhibition of the cleavage (panel role in catalysis (Figure 4). The formation of the concerted
1). Moreover, the intense Tb cleavage at A4l was Mg?' binding site consisting of A41U42 and the tandem
completely diminished (panel 3). These observations strongly G:U wobble pairs would position the P1 an P3 helices in a
suggest that the G35:U42 wobble base pair is essential forparallel manner, which potentially brings about the long-
the formation of the concerted metal binding site. We propose range tertiary interaction between the 1IGS and GAAA loop
that the G35:U42 pair has two important aspects: The motifs (Figure 8A). We therefore propose that this long-
wobble configuration brings about (i) a distortion of phos- range tertiary contact contributes to the rate acceleration of
phate backbone, which presumably makes the bridging acyl-transfer and is independent for the interactions with the
phosphate between A41 and U42 more accessible to a metatatalytic metal ion.
ion for binding (an consequently cleavage by Pand Ti5*) Double Compensatory Extensions of P1 and P3 Preser
and (i) an increase in negative electrostatic potential on the the Actiity. The above model, where the P1 and P3 stems
major groove surfacel@). This wobble base pair and the are juxtaposed in a parallel manner, predicts that inserting
A41-U42 bridging phosphate probably create a pocket that pase pairs into either the P1 or P3 stem should disrupt the
preferentially recruits a hexahydrated Mgr Co(NH)e*" formation of the catalytic core (Figure 8A). On the other
in concert with the tandem G:U wobble base pair near the hand, simultaneous extension of both stems may restore the
acylation site. interaction, and result in an active catalyst. One drawback
Tb3" cleavage was also examined with two additional of this approach is that the complete recovery of catalytic
mutants, one that contains L3 UUCG loop and the other that activity may be difficult because extension of the stem also
lacks IGS AIGS). In both mutants, the intense cleavage at introduces a helical twist that would affect the precise
A41 was retained with nearly identical intensity to the wild interaction of the catalytic residues. However, if activity is
type (data not shown). The P1 region in the L3 UUCG recovered by the PAP3 double compensatory extensions
mutant was also cleaved with a similar degree as the wild as compared with the single extension in either stem, it is a
type (note that the cleavage of this region in {I&S mutant good evidence for the parallel positioning of P1 and P3 in
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Ficure 8: Schematic presentation of 3D model (A) and catalytic
rates observed in mutants with extended P1 and P3 stems (B). (A) 0 0.5 H 1.5 2
The catalytic core motifs are highlighted in boxes, and the bridging [Na*] (M)
lines between these motifs indicate the proposed long-range

interaction. A magnesium ion bound in the potential metal binding Ficure 9: Monovalent ion-dependent inhibition and catalysis. (A)
site is indicated by a gray sphere. The inserted base pairs in mutantsnhibition and stimulation of M§" supported catalysis by the
are shown in boxes. Although P2 and P4 are shown in parallel, presence of monovalent ions. Reactions were carried out in the
this orientation in the tertiary space has not been determined. (B) presence of 10 mM MgG| 25 mM MOPS adjusted by KOH, and
Fraction aminoacylated as a function of time for ATRitand various concentrations of monovalent ion. Data for (1), Li™
mutants containing the insertion of two-base pairs in P1 and P3 (a), Na" (@) were fit to smooth interpolations. (B) Naupported
stems. Wild-type ATRiB (0J), mutant with the double insertion  catalysis. Data for the presend®)(@nd absence®() of spermidine

into P1 and P34), and mutants with the single insertion into P1  were fit to smooth interpolations.

() orP3 @) can also support catalysid4—46). Exploration of the role
the ATRIb tertiary structure. We prepared three mutants of monovalent ions is of interest to further understand the
containing single and double two-base-pair insertions in P1 mechanistic role of the catalytic metal ion in ATRIb.
and P3 (Figure 8A). As expected, a single two-base-pair Although potassium ions (K were included in the selection
insertion into either P1 or P3 decreased the activity by more buffer for the ATRib family, lowering the concentration of
than 100-fold, whereas the simultaneous double two-base-K* from 500 to 100 mM did not influence the catalytic
pair insertions into both stems rescued activity, showing only activity, suggesting that Kis not an essential component
an 8-fold reduction of the wild-type activity (Figure 8B). for catalysis. To explore the monovalent ion dependence of
This result clearly supports our structural model of ATRib ATRib in more detail, we determined the observed catalytic
in which the P1 and P3 stems are juxtaposed in a parallelrate constantkf,d in the presence of 10 mM Mg with
fashion, bringing about the long-range tertiary interaction various concentrations of monovalent ions (Figure 9A). As

that comprises the concerted Rgoinding site. expected, the concentration of Kas very little effect on
Monovalent Metal lons Inhibit Mg"-Supported Actiity kobs IN contrast, both Na and Li* showed inhibitory
at Low Concentrations, but Stimulate Adty at High behaviors. N& is a very potent inhibitor, giving &; value
ConcentrationsThe activity of ribozymes is most commonly  of approximately 100 mM when 10 mM Mg is present.
dependent on the presence of divalent metal idi2s 43), This suggests that Nacan easily compete with Mg for

although it has been shown recently that monovalent ionsthe Mg binding site, yet is unable to promote catalysis.
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Interestingly, at very higher concentrations of'Nand Li") A41 bridging phosphate in P3, in concert with the electro-
ribozyme activity recovers slightly. To determine whether static potential surfaces formed in the major groove of
this phenomenon is dependent on the monovalent ion alonetandem G:U wobble base pairs in P1, create a specific and
or a cooperative effect with Mg, a titration of N& in the optimal site for Mg(HO)s?" binding. We have shown that
absence of MY was performed (Figure 9B). Excess Na this single, fully hydrated catalytic metal ion can play both
appeared to be capable of supporting ribozyme catalysis,structural and chemical roles. We propose that water ligands
indicating that the increase of activity is Nalependent. The  bound to Md" interact with the developing oxyanion
addition of 1 mM spermidine also enhances the*Na intermediate, thereby stabilizing the transition state. We also
supported activity by approximately 2-fold. Thgsat 2 M speculate that the binding of Migto the catalytic site brings
Na" in the presence of 1 mM spermidine (Figure 9B) is about the long-range tertiary interaction between the L3

similar to the value observed at 10 mM Rig(Figure 9A), GAAA loop and IGS. Together, these interactions orchestrate
which is approximately 10-fold lower thdg,s(= 1.3 mi?) the rate acceleration seen for this ribozyme-catalyzed ami-
at saturating Mg" conditions (at 50 mM Mg in the noacyl-transfer reaction.

presence of 1 mM spermidine}l ).

The potent inhibitory activity observed for Nacan be ~ ACKNOWLEDGMENT
attributed to the same hexahydrate coordination number and
the similar size of Na (1.02 A) to that of Mg* (0.72 A)

(35). The replacement of Mg with Na* in the metal binding
site inhibits catalysis strongly, which implies that the charge
of Mg?* plays a critical role in catalysis. Why is the strong
charge of metal ion important? It_is clear _that a metal ion gUPPORTING INFORMATION AVAILABLE

that has a strong charge should bind the ribozyme strongly.

However, if the strong charge is necessary for only binding, ~Native PAGE of ATRib and ATRIiB- samples in various
the addition of Na should show cooperative enhancement concentrations of K (Supplementary Figure 1). This material
of catalysis rather than the inhibition observed at low is available free of charge via the Internet at http:/
concentrations of Na In light of observations for the X-ray  pubs.acs.org.
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