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ABSTRACT. The Varkud Satellite (VS) ribozyme catalyzes a site-specific self-cleavage reaction that generates
5'-OH and 2,3-cyclic phosphate products. Other ribozymes that perform an equivalent reaction appear
to employ ionization of an active site residue, either to neutralize the negatively charged transition state
or to act as a general acithase catalyst. To test for important base ionization events in the VS ribozyme
ligation reaction, we performed nucleotide analogue interference mapping (NAIM) with a series of
ionization-sensitive adenosine and cytidine analogues. A756, a catalytically critical residue located within
the VS active site, was the only nucleotide throughout the VS ribozyme that displayed the pH-dependent
interference pattern characteristic of functional base ionization. We observed unique rescue of 8-azaad-
enosine (K, 2.2) and purine riboside K 2.1) interference at A756 at reduced reaction pH, suggestive

of an ionization-specific effect. These results are consistent with protonation and/or deprotonation of A756
playing a direct role in the VS ribozyme reaction mechanism. In addition, NAIM experiments identified
several functional groups within the RNA that play important roles in ribozyme folding and/or catalysis.
These include residues in helix I, helix VI (730 loop), the-lll =VI and IlI—1V =V helix junctions, and

loop V.

The NeurosporaVarkud Satellite (VS) ribozyme is a pair kissing interaction is formed between the loops at the
naturally occurring self-cleaving RNA found in the mito- ends of helices | and V5( 6). Formation of this tertiary
chondria of certain isolates of the spediEurospora crassa  contact induces a pH-dependent shifted base pairing align-
(1). It catalyzes a reversible self-cleavage reaction that ment within the substrate helix (sterffoop 1) that is required
generates'SOH and 2,3-cyclic phosphate productg) The for activity (7, 8).

reaction involves nucleophilic attack of the scissile phosphate  \jutational studies show that the 730 loop, an asymmetric

by the neighboring 2oxygen and displacement of thé-5 106 within helix VI, is a critical component of the ribozyme
oxygen. An internal equilibrium between cleaved and ligated 4tive site 9). Though much of the sequence in helix VI is

forms of the VS RNA may be important for the VS RNA o, nendaple for self-cleavage, deletion, mutation, or analogue
replication cycle, Where sne-spemflp self-cleavage reactions g it tion of nucleotides in the 730 loop severely impairs
generate monomeric apd multimeric forms of the RNA that self-cleavage activity in vitrol0—13). Of particular impor-

are subsequently self-ligated to generate closed circular VSiance is nucleotide A756, which is the nucleotide most

RN'?]" the QOminant form obﬁerved inbviv@)( . ined sensitive to mutation or modification. Substituting A756 with
The active structure of the VS ribozyme is contained o, hase (C, G, or U) results in catalytic rate reductions
within 154 nuqleotldes that fold into six helices{V1) (3). greater than 300-fold1Q, 11). Deletion or modification of

A seventh helical element (VII), formed by complementary the base significantly reduces the catalytic rat®@0-fold),

nucleotides_ 5.Of thet CI??vagt:;r]e sl@te ?nd aft_th_te ril?(zrz]yrrFlQeN A though removal of the'20H group from A756 reduces the
s;qt:enc;d_tl_s lmtpotrhan or ﬁ :_gallor; ac 'V'ty 0 th € b rate of cleavage only 10-foldl8). While mutation of A756
(4). In addition to the seven helical elements, a three a5€ educes the reaction rate, it does not appear to affect folding

or substrate bindinglQ). These results suggest an important
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1 Abbreviations: A, adenosine; dA;-Beoxyadenosine; 7dA, 7-dea- . P .
zaadenosine; Pur, purine riboside; DAP, 2,6-diaminopurine riboside; provided valuable structural insight. Using FRET measure-

2AP, 2-aminopurine riboside£A, 8-azaadenosine; FormA, formycin ~ ments to determine the orientation of the lll VI and I11—
A; C, cytidine; dC, 2deoxycytidine; AC, 6-azacytidine;*C, 5-flouro- IV —V helical junctions, Lafontaine et al. modeled the global

cytidine; WiC, pseudoisocytidine; G, guanosine; dGgd2oxyguanosine; ; ; ;
U, uridine; dU, 2-deoxyuridine; NAIM, nucleotide analogue interfer- architecture of the VS ribozymel4). In their model, the

ence mapping; VS, varkud satellite; FRET, fluorescence resonance Substrate helix (stemloop 1) docks into a cleft formed by
energy transfer. helices Il and VI. In this orientation, the cleavage site makes
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Ficure 1: pKg-shifted adenosine and cytidine nucleotide analogues used in pH-dependent NAIM analysis. The name, abbreviation, and
pK, of each nucleoside is indicated. The chemical change from adenosine or cytidine for each analogue is indicated in bold or is boxed. The
indicated (K,s are for the free nucleosides. The unperturbiégs gor the nucleotides are likely to be about 0.5 pH unit higher due to the

3'- and 3-phosphate groups38, 39).

tertiary contacts with nucleotides in the 730 loop. Consistent can be cleaved with iodine to reveal the position of analogue
with such a helical packing alignment, cross-linking experi- incorporation within the RNA polymer. These analogues
ments with 4-thiouridine demonstrated a direct contact were instrumental in the identification of a protonated C
between A756 and the cleavage site of the substrate helix(C300) important for folding of group | introns, ionization
(15). of a C (C75) in the active site of the genomic HDV ribozyme,
and the ionization of an A (A10) in the active site of the

is known, the mechanism of its catalysis remains an open hairpin ribozyme {8, 21, 22). They are ideally suited to assay

question. It was initially assumed to be a metalloenzyme, for base ionization within the VS ribozyme.

but it was subsequently found to react efficiently in the ~ Four adenosine analogues are useful in the detection of
absence of divalent metal ion&6). This argues against a adenosine ionization by NAIM, namely, 8-azaadenosine
mechanism of metal ion-mediated catalysis. An alternative (n°A), formycin A (FormA), purine riboside (Pur), and
possibility is a proton transfer mechanism, such as general/-deazaadenosine (7dA) (Figure 1jArhas an additional
acid or general base catalysis, but the lack of pH dependencd!itrogen in the five-membered ring that reduces the K1 p

on the reaction rate argues against this hypothekss. (N the six-membered ring to 2.2, compared to the pf 3.5
However, the pH dependence data may be misleading. Afor A (23). EormA is a C-linked nucleotide that, I|ke%,.
pH-independent step other than chemistry may be rate.has an N8 imino group, but thekp of the N1 group is
limiting, such as formation of the kissing interaction, which increased to 4'42(4)' As a result F_ormA can be used FO
would serve to mask the pH dependence of the chemical c_ontrol fqr deletenous_ effects resulting from the N8 substltu-_
step 6, 7). Alternatively, a pH-independent reaction profile t|on. Puris an adenosm_e ana_logue that Iac.ks thg N6 exocyclic
may also reflect multiple ionization events in opposite amine. As a resuilt, Pur is typically used to identify hydrogen-

. . i bonding contacts to the major groove face of the base;
directions that cancel out to yield a net pH independence. however, Pur, like %A, has a reduced N1k of 2.1. Thus

Other catalytic RNAs, which perform phosphotransfer pur interference is ambiguous. It may result from either the
reactions equivalent to that of the VS ribozyme, are proposedabsence of the N6 amine or the reducéd pf the base (or
to utilize a general actdbase mechanism involving ioniza-  both). 7dA lacks the N7 imino group and has an increased
tion of active site residuesl8—20). It is possible that the  pK, of 5.2 (25). Interference by 7dA suggests interactions
VS ribozyme may also employ an ionized base to facilitate to the N7 imino group of A; however, due to the elevated
catalysis, but there is little or no evidence in support of this pK, of the base, enhancement may be observed at sites of
hypothesis. To explore this possibility, we employed a series ionization.

of adenosine and cytidine analogues with N1- and N3-  On the basis of previous studies with these analogL®s (

perturbed K. values, respectively, in nucleotide analogue the following interference pattern is expected at individual
interference mapping (NAIM). These analogues make it adenosine residues whose ionization is functionally impor-
possible to simultaneously, yet individually, assay for tant. At elevated pH, interference is observed with both Pur
functionally important base ionization at every A or C residue and fA. The interference is at least partially rescued by
in an RNA. Each of the analogues is prepared as a lowering the pH of the buffer. Furthermore, enhanced activity
triphosphate for transcriptional incorporation into an RNA may be observed with FormA or 7dA at sites of base
and tagged with an-phosphorothioate linkage, a bond that ionization due to the increased basicity of these nucleotides,

While the chemical reaction promoted by the VS ribozyme
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if base ionization is a limiting event in the reaction.

Similar to the adenosine analogue series, we have utilized
three cytidine analogues to assay for positions of cytidine
ionization, namely, 6-azacytidine &B), 5-fluorocytidine
(fC), and pseudoisocytidined{C) (Figure 1). In AC,
substitution of the pyrimidine C6 with nitrogen lowers the
pK, of the N3 from 4.2 to 2.6. Similarly, replacing the C5
hydrogen with fluorine in¥C reduces the N3k to 2.3. At
those positions where N3 ionization of C within the RNA is
important for activity, both #C and °C have been shown
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chloroform—isoamyl alcohol (PCA), concentrated by ethanol
precipitation, and resuspended in TE (10 mM Tris-HCI, 0.1
mM EDTA, pH 8.0). Addition of SDS and shortened elution
times were required to minimize the degradation of the RNA,
particularly in the A756 region. RNA transcripts were stored
at —80 °C until use. 5End-labeled substrate RNA (SUB24)
was prepared as previously describdil (

NAIM Analysis of the VS Ribozyme Ligation Reactiéd.
RNAs containing randomly incorporated nucleotide ana-
logues were assayed for the ability to ligate'@bd-labeled

to cause interference at high pH due to the increased aciditySubstrate RNA (SUB24). Interference experiments were
of both analogues. But as is the case for the adenosinePerformed at 30C in 25 mM KCI, 5 mM MgCh, and 50

analogues, the interference is also pH depend¥it. is a
C-linked nucleotide with enhanced basicity at N3, resulting
in an N3 K, of 9.4. WiC can adopt two tautomeric forms
with the proton on either the N1 or the N3 position. The N3
tautomer is the slightly more stable of the two, which makes
it effectively a protonated cytidine analogue at neutral pH,
without the requirement for ionization. As a resuljC

mM buffer ranging from pH 5.4 to pH 8.0. In some cases
multiple buffers were used to control for buffer-specific
effects. All of the buffers were used within 1 pH unit of
their reported K, potassium acetate (pH 5.4), MES (pH
5.4), MOPS (pH 6.0 and 6.5), HEPES (pH 7.0 and 8.0), and
Tris-HCI (pH 7.0 and 8.0). The ribozyme (0/M) was
incubated in buffer at 50C for 15 min, slow cooled, and

incorporation results in pH-dependent enhancement at sitegncubated at 36C for an additional 5 min. Ligation reactions

where N3 protonation is required for hydrogen bonding, as
was observed within the 'GG-C base triple of th@etrahy-
menagroup | intron @1, 26).

Here we report the use of thesKgperturbed adenosine
and cytidine analogues to assess the requirement for bas
ionization in the VS reaction. On the basis of the interference
pattern and its pH dependence, ionization of A756, the
critical nucleotide located within the active site, appears to
be important for the ligation activity of the VS ribozyme.
The possible roles that A756 protonation may play in VS
activity are discussed.

MATERIALS AND METHODS

DNA Templates and RNA Synthedi#\IM experiments
were performed with the VSE ribozyme construct (Figure
2) previously reportedd]. This RNA contains two mutations,
A782U and U785C, in the extended helical element (helix
VII) that enhance ligation activity in vitro. VSE RNA was
prepared by transcription fror&arl-cut plasmid pHHVS,

were initiated by addition of prewarmed-&nd-labeled
substrate RNA (SUB24;-0.1 uM) and incubated at 30C

for a time sufficient to obtain approximately 6% ligation.
Upon ligation with this substrate, the ribozyme becomes

éabeled at its 5end. Incubation times were extended at low

pH to normalize for the extent of reaction: pH 8.0 and 7.0
(20 min), pH 6.0 (30 min), pH 5.5 (60 min), and pH 5.4 (80
min). Reactions were quenched by the addition of one
volume of formamide loading buffer (FLB), cleaved with
Y1¢th volume of 100 mM iodine, and heated at 90 for 2

min. Cleavage products were resolved on an 8% denaturing
polyacrylamide gel to reveal the sites of analogue substitution
and interference. Reactions not treated with iodine were also
prepared to control for nonspecific background degradation.
Unselected transcripts radiolabeled at theields were
prepared to control for the extent of analogue incorporation
at each site (se€-6ontrols, Figure 4B). The transcripts were
labeled using T4 polynucleotide kinase and3fP]ATP.
Labeled RNAs were eluted in cruskoak buffer (10 mM
Tris-HCI, 0.1 mM EDTA, 250 mM NaCl) and 2% SDS, PCA

which encodes the hammerhead ribozyme sequence upstrear@xtracted, ethanol precipitated, and resuspended directly in
of the VS cleavage site. Processing of the hammerheadFLB. RNAs were treated with iodine as above and resolved
ribozyme during or after transcription generates the full- on a denaturing acrylamide gel.

length cleaved form of VSE RNA with a hydroxyl at the Interferences or enhancements are denoted by reduced or
5-end, which is the chemical form required for ligation. increased intensity of the band in the gel, respectively,
Transcription reactions contained 40 mM Tris-HCI (pH 8.0), relative to the unselected-6nd-labeled control. Interference

10 mM MgCh, 2 mM spermidine, 5 mM DTT, 0.005% « values were quantified as described by Ryder and Strobel
Triton X-100, 1 mM each NTP, and either T7 polymerase (28). Individual band intensities for both the parental
or the mutant polymerase Y639F. Y639F was used to nucleotide (N«S) and nucleotide analogueoS) were
incorporate analogues with substitutions at th@dsition. guantitated by area integration using ImageQuant (Molecular
Random incorporation of the nucleotide analogues was Dynamics) software. The extent of interference at each
achieved by including in the transcription reaction the position was calculated by substituting the individual band
empirically determined concentration of the nucleotide intensities into the equation:

analogue necessary to obtain approximately 5% incorporation
(18, 21, 27, 28). However, Pur and %\ were incorporated

at final concentrations of 4 and 0.8 mM, respectively, which
is higher than the reported value but was necessary to achieve

efficient incorporation in this transcript. VS RNAs were where NuS ligation anddaS are the intensities of the
purified by 8% denaturing PAGE and eluted in 10 mM Tris- phosphorothioate-tagged parental nucleotide and the analogue
HCI (pH 8.0), 0.1 mM EDTA, 250 mM NacCl, and 2% for the ligation reaction, respectively:NaS control and
sodium dodecyl sulfate (SDS) for 30 min at room temper- 5daS control are the band intensities for the phosphorothio-
ature. RNAs were extracted with 1 volume of phenol ate-tagged parental nucleotide and the analogue in the

x = (NaS ligationbasS ligation)/
(5'NasS control/36aS control) (1)
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FiGURE 2: Secondary structure of the VS ribozyme ligation construct (VSE) used in NAIM analysis. The VSE construct contains two
mutations in helix VII that enhance ligation activity (boxed nucleotides). Positions where analogue substitution interfered with activity are
indicated with arrowheads. Filled arrowheads designate strong interferences from at least one of the analogues #$tgdrvhile open
arrowheads indicate moderate interferences 26 < 4.0). Positions of enhancemenrt £ 0.5) are indicated with a closed circle. Most
positions in VS were informative, with the exception of nucleotides-6239 and 782791 that could not be resolved on a denaturing gel.
The substrate (SUB24) used in these experiments included VS nucleotide§ZB9%s shown. No information was obtained for residues

599-620 because analogues were not incorporated within this region. The kissing interaction (dashed line) and the position of the 730 loop

(boxed region) are shown. The position of the critical nucleotide A756 is circled. The arrow to the left of helix | indicates the site of
cleavage and ligation.

unselected send-labeled RNA, respectively. This calculation enhancements, including nucleotides C641, G642, C666, and
normalizes for both the extent of analogue incorporation and A759 (Figure 3A). With the exception of nucleotides G642
for interferences resulting from the phosphorothioate28y ( and C666, all of the phosphorothioate effects observed in
On the basis of the level of noise in the interference analysis, the ligation assay were equivalent to those reported for the
« values of 2 or greater are reliable indicators of interference, self-cleavage assay (see Table 49)(

while « values less than 0.5 indicate enhancementvAlue

of 1 indicates no interference. Maximal interference for this
system was defined as havingcavalue of 6.

In addition to the parental phosphorothioate analogues,
four a-phosphorothioate-tagged’'-@eoxynucleotide ana-
logues (dA, dC, dG, and dU) were used to assay for positions
RESULTS in the RNA where the 20H group is functionally important

(Figure 3B). The range of informative residues was equiva-

Phosphorothioate andDeoxy Effects in the VS Ligation  |ent to that for the phosphorothioate series except for
AssayWe employed a ligation-based NAIM assay using the positions C755 and C758 that could not be assayed due to
self-ligation construct VSE (Figure 2) to probe important girong phosphorothioate effects. Residues that showed

functional groups throughout the VS RNA. Of the 171 inierference in both the cleavage and ligation assays are
nucleotides in this construct, 142 nucleotides (G640-A781) |, qerlined. The strongest-geoxy effects & > 4.0) were

werle i?gorma:i;’ﬁ ,fé)r tge as?ay.dThe;: tﬁg egceptions 3re observed at six residues: G653, G654, U686, A701, U710,
tnhuc eoti e_(:j;_a e (:{1 -rlnos en/l_s Ot' € r'lt ozyrr]r?ehan and A712. Moderate effects (40« >2.5) were observed
ose residing near the cleavagefigation site, WRICh Were o, ceotides G655, C666, A667, U696, A698, U753, A756,
uninformative due to incomplete band resolution on the ~ .
sequencing gels. and C771 and weak effects (2.5 >2.0) at nucleotlde_s;_
. - . . U659, G697, U713, U752, and G754. Enhanced activity
Previous work utilized NAIM to identify several phosphate ———.. 0 s
resulting from 2-deoxynucleotide substitution was observed

and 2-OH groups that play important functional roles in the :
: : : ' at nucleotides U644 and A656. Theé-deoxy effects are
VS ribozyme self-cleavage reactid( 30). We first sought largely, though not completely, consistent with those previ-

to determine if these same functional groups interfere with .
the ligation activity of the ribozyme. Toward this goal, we ©OUSIY reported in the self-cleavage assay (see Table 1).
incorporated the foun-phosphorothioate-tagged parental Although reported in the self-cleavage ass&0){ no
nucleotides (A, C, G, and U) into the VS ligation construct significant 2-deoxy effects were observgd at ppsnpns C641,
and assayed for positions d®{)-phosphorothioate interfer- €699, G757, A759, A767, and C770 in the ligation assay.
ence. Interference was observed at several sites within thelhe minor discrepancies in the interference pattern may
RNA (Figure 3A). Strong effectsc(= 4.0) were detected at ~ reflect subtle structural differences in the ligation and
nucleotides G640, C755, and C758, while moderate effectscleavage reactions, possibly resulting from the presence of
(4.0 > k = 2.5) were observed at nucleotides C699, G653, helix VII, or differences in the sensitivity of the two assays.
and G757. These are the same six residues previouslyHowever, the overall similarity between these two data sets
reported to show interference in a self-cleavage as®@y (  suggests that the two constructs assay for effects at similar
A few positions also showed modest phosphorothioate steps in the reaction pathway.
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Ficure 3: Phosphorothioate and-8eoxy interference results. The quantitated interferemgedlues for ligation reactions with parental
phosphorothioate (A, C, G, and U) antidzoxy (dA, dC, dG, and dU) nucleotide analogues at pH 7 are plotted for each nucleotide
position in the VS ribozyme. Significant interferencesX 2) and enhancements < 0.5) are indicated in gray shading, while those
positions that do not significantly affect catalysis are indicated in black. Nucleotides C755 and C758 were uninformativé-dedg 2
assay due to strong phosphorothioate effects, as indicated by open circles. Maximal interference is indicatealusy af 6.« values less

than 1 are reported as«l/and the value is graphed below the center point.

Base-Modified Adenosine and Guanosine Analogés. Without additional structural information or interference
also performed NAIM analysis using a series of base- suppression analysis, it is not possible to unambiguously
modified adenosine and guanosine analogues to assesgscribe a cause to all of these interferences, though some of
contributions made by individual purine functional groups them are suggestive of important structural features in the
toward the activity of the VS ribozyme. Four adenosine active ribozyme. Several of the interferences cluster to
analogues and three guanosine analogues were selected fiicleotides surrounding the helix helix V kissing interac-
the analysis. 7-Deazaadenosine (7dA) assesses contributiondon- For example, Pur interference at A698 and Ino
made by the N7 imino group, while 2,6-diaminopurine interference at G697 are consistent with Wats@nick base

riboside (DAP) and 2-aminopurine riboside (2AP) are used pairing to UGS; a_nd €632, rgspectivel&).(l\_lormally, Ino
to determine whether an N2 exocyclic amine can be and Pur substitutions show interference in duplexes only

accommodated in the minor groove. Interferences by both when duplex stability is critical for ribozyme functio1).
DAP and 2AP reveal positions wheré an A to G mutation is Other interferences at these two positions suggest that more

. ) . than simple base pairing occurs in this region. 7dG interfer-
likely to be detrimental to function. Together, 2.AP apd Pur ence at G697 and 7dA interference at A698 are suggestive
are used to evaluate the role of the N6 exocyclic amine. The

, . . of interactions in the major groove of the helix, indicating

guanosine analogues included 7-deazaguanosine (7dG)ha; additional tertiary contacts may stabilize the kissing
inosine (Ino), and\*-methylguanosine (#6). 7dG reveals  interaction. Furthermore, strong DAP and 2AP interference
interactions to the N7 imino, while Ino and’@ are useful 5t A701, the closing base pair in helix V, suggests that there

in assessing the importance of the N2 amine of guanosine.js also close approach in the minor groove edge at the end
The residues that showed the greatest level of interferencepf the helix.

are located in helix I, the IFIV—V helix junction, the A particularly interesting pattern of interference was

kissing interaction, and the 730 loop in helix VI. All of these  jpserved within helix 1. Strong Ino interference was

regions were previously shown to be important for catalysis gpserved at two consecutive nucleotides in the middle of
(6,9, 10, 14). The residues that showed the most pronounced hejix 11, residues G653 and G654 (Figure 5A). As was the
effects were G640 (Ino, #5), G653 (Ino, MG), G654 (7dG,  case in the kissing interaction, this interference may result
Ino, n¥G), G697 (7dG, Ino), A698 (7dA, Pur), A701 (7dA, from the reduced base-pairing potential of Ino. As was
DAP, 2AP, Pur), A712 (7dA, DAP, 2AP), A730 (DAP, mentioned previously, however, Ino interference is rarely
2AP), and A756 (7dA, DAP, 2AP, Pur); see Figures 4A and seen within duplex regions. Instead, this pattern is more likely
5. to result from a critical tertiary interaction in the helix Il
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Table 1: Comparison of the Self-Cleavage and Self-Ligation
Interference Assays

Jones and Strobel

N6 amine is important for activity; however, this interference
could also result from the reducedpof the purine base,
and the 7dA enhancement may also result from base

nucleotide phosphorothioate 'Zeoxyribonucleotide N
position cleavage ligation (<) cleavagé ligation (k) lonization. .
pKa-Perturbed Nucleotide Analogueto further explore

g‘gﬂ J_“+ J_“+ _ this possibility, we undertook a NAIM analysis using the
G642 _ pKa-perturbed adenosine and cytidine analogues in an effort
U644 - - to identify positions of functionally important base ionization
G653 ++ ++ ++ +++ in the VS ribozyme. This analysis utilized the adenosine
gggg ii :[J:L analogues %A, Pur, FormA, and 7dA and the cytidine
AB56 . analogues®C, rfC, andW®iC (Figure 1). As was mentioned
U659 + + previously, 8A, like Pur, has an N1 Ig, shift, but unlike
C666 - + ++ Pur, all of the adenosine functional groups are available for
A667 ++ ;
U686 i i hydrogen bonding.
UB96 T+t T+t The interference pattern of the adenosine analogue series
G697 + is consistent with base ionization of A756 during the ligation
AG98 ++ ++ reaction. At pH 7, A incorporation caused interference at
C699 t ++ t three positions within the VS ribozyme: A712, A756, and
A701 +++ +++ . ,
U710 Tt Tt AT781 (Figures 4A and 5B). These interferences could result
A712 +4++ +++ from the reduced I, of the nucleotide or the additional
U713 + + imino group in the five-membered ring. To control for

interferences due to substitution at the position, we
B;gg . o terf due to substitution at the N8 posit
G754 4 4 assayed for FormA interferences. Two of the three sites of
C755 4+ 4+ +++ * n8A interference also showed FormA interference, namely,
A756 ++ ++ A712 and A781 (Figures 4A and 5B). A modest effect was
ggg g J.FTL. iy . also observed at A667. In contrast to these positions, FormA
A759 o o o substitution at A756 resulted in enhanced ligation activity
A767 _ (see Figure 6A). Thus, FormA and 7dA have elevatid p
C770 ++ values and both show enhancement at A756, é#damd
g;% ii* fr Pur have reducediy values and both show interference.

This is consistent with ionization of A756 being important

a Interference values reported as strorgH+, « > 4.0), moderate

for the VS ligation reaction.
(++, 4.0 < k¥ < 2.5), weak {, k < 2.5), or enhancement-( x < furth if the i f 6 refl b
0.5). (*) Uninformative due to strong phosphorothioate effét€ieav- To further test if the interferences at A756 reflect base

age data adapted from SodzB). © Cleavage data adapted from Sood ionization, we performed the NAIM assays at pHs ranging
(30). from 8.0 to 5.4. At pH 5.4 several interferences were stronger
than at pH 7.0, which suggests that the assay is more sensitive
minor groove. To further explore this possibility, we at the reduced pH (For example, see the pH data in Figure
performed NAIM analysis witiN?>-methylguanosine (As). 7.) rPA interference at A756 persisted at pH 7.0 and 6.0;
This analogue replaces one of the hydrogens of the N2however, at pH 5.4 the interference was essentially eliminated
exocyclic amine of G with a methyl group.?@ does not (Figure 6B). Similarly, the A756 Pur interference observed
interfere at regions attributed to secondary structure stability at pH 7.0 was rescued at pH 5.4 (Figure 6A). Thus, both of
(32); thus interferences with both Ino and@are indicative the Ka-perturbed adenosine analogues demonstrated a pH-
of minor groove tertiary interactions3g). m?G did not dependent interference pattern at A756. The specificity of
interfere with activity when incorporated at G697 in the the effect was tested using dA, an analogue that does not
kissing interaction, consistent with Ino interference resulting have a reducedky but causes interference at A756. As
from reduced duplex stability (Figure 5A). However, strong predicted, dA interference at A756 was unaffected across
m?G interference £ > 5, Figure 5A) was observed at the pH range, including pH 5.4 (Figure 6A). FormA
nucleotides G653 and G654, which indicates that there areenhancement at A756 was also unaffected by the reduced
likely to be tertiary contacts at these two consecutive base pH. Furthermore, the other sites of significafirinterfer-
pairs in helix II. In addition to the exocyclic amine, the 2 ence, A712 and A781, were not significantly altered as the
OH groups of these two residues, as well as residue C771,pH was lowered (Figure 6B). The pH-dependent interference
are also important for activity. This interference pattern is pattern at A756 was quantitated and is summarized in Figure
characteristic of the receptor base pairs in an A-minor motif 6C.
(34, 35). We also explored potential sites of cytidine ionization
Nucleotide A756 was the most sensitive to modification within the VS RNA using the ii,-shifted cytidine analogues
of all the positions in the VS RNA. All of the adenosine (Figure 1). The expectation for a functionally important
analogues tested caused either interference (dA, DAP, Purjonized cytidine residue is thaf@ and fC would both show
and 2AP) or enhancement (7dA) when incorporated at this interference at a particular site because both have a similarly
position (refer to Figures 4A and 5B). DAP and 2AP reduced . Within the VS RNA at pH 7, fC showed
interference at A756 is consistent with previous reports that modest interference at three sites (C666, C760, and C765),
mutating A756 to G reduces self-cleavage activity more than but there were no interferences resulting fré@ incorpora-
90-fold (10, 11). Pur interference at A756 suggests that the tion, nor were there any sites d¥iC interference or
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Ficure 4. (A) NAIM ligation reactions with the adenosine analogues. Lane$I5correspond to reactions with A, 7dA, DAP, PutAn

FormA, and 2AP. Reactions with dA are shown in lane 15. lodine was not added to the RNA loaded into14n&84114, 17, and 18.

This controlled for nonspecific background degradation of the RNA. Sites of interferernee(5) are indicated by an arrowhead to the

right of each lane, while sites of enhancement are indicated by a closed circle. Nucleotide positions are shown to the left of the gel. (B)
Controls for extent of analogue incorporation at each position. Unselected RNAs containing analogue substitutiohsadietati®led,

purified by denaturing gel electrophoresis, and treated with iodine (lan&4)ao reveal the extent of analogue incorporation at each site.

No iodine controls (lanes-15 and 15-19) were also prepared to control for background degradation.

enhancement (see Figure 7). Furthermore, fiizinterfer- an interference pattern consistent with a possible role as
ences were not rescued by a reduction in the reaction pHreceptor base pairs of two consecutive A-minor motifs.
(Figure 7). This suggests that the modest interference effects of )| the positions in the VS ribozyme, A756 was the
resulted from the 6-aza substitution rather than the alteration st sensitive to modification, showing either interference
in the K, of the nucleotide. This trend is in marked contrast o enhancement with all seven of the adenosine nucleotide
to the pH-dependent’A interference suppression at A756. anajogues used in this study. Many of these interferences
Thus, after virtually every adenosine and cytidine residue cqrrglate well with previously published mutational and
in the VS RNA was assayed for base ionization, A756 is kinetic studies of V'S ribozymes that contained site-specific
the only one that showed a pattern consistent with such aNgnalogue substitutions at A756% 13). dA showed a 10-
effect. fold reduction in rate = 3), while substitution of 2deoxy-

Pur or 2-deoxy-2AP reduced catalytic activity more than
1000-fold ¢ > 4 for the ribose analogues)3). Similarly,

We performed NAIM using a VS ribozyme ligation assay site-specific subst_itutipn of A75_6 with-2leoxy-DAP c_aused
to investigate the structural and functional properties of this & 100-fold reduction in catalytic rate (= 6 for the ribose
RNA. NAIM experiments were performed using several analogue), while 2deoxy-7dA showed slight enhancement
base- and ribose-modified nucleotides, including the parentc®mpared to the single'-Zleoxy substitution« = 0.4 for
phosphorothioate derivatives and a series Kf-ghifted e ribose analogue)l§). Thus, the data from these two
analogues. Sites of phosphorothioate ardedxyribonucle-  Independent experiments are qualitatively similar.
otide interference correlated well with those previously In addition to the base- and ribose-modified nucleotide
reported for the self-cleavage assay, suggesting that bothanalogues, a series oKgshifted analogues were used to
assays are investigating similar steps along the reactionassess important ionization events in the VS ribozyme. The
pathway 9, 30). This analysis revealed several positions analogue PA had not been introduced into the VS RNA,
within the VS RNA that are quite sensitive to modification. nor have any of the analogues been analyzed as a function
The majority of these nucleotides are located in helix I, helix of pH, so the interference patterns at A756 and other residues
VI (730 loop), the 1111 =VI and l1—-1V -V helix junctions, within the ribozyme are of particular interest. Only one site
and loop V, which forms a kissing interaction with loop I. within the entire VS RNA demonstrated an interference
All of these regions are known to make important contribu- pattern consistent with base ionization, that at A756. The
tions to formation of a functional RNAG( 9, 10, 14, 36). data in favor of this conclusion are as follows: (i) Incorpora-
Two consecutive bases in helix Il, G653 and G654, show tion at A756 of two analogues A or Pur) with a reduced

DISCUSSION
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Ficure 5: Quantitated interference)(values from modified guanosine (A) and adenosine (B) analogues at pH 7. Individaales for

each analogue are plotted for each G or A residue in the VS sequence. The sequence reads from left'ttor@ht$8es of significant
interferences« > 2) or enhancements (< 0.5) are indicated as a shaded gray bar with the sequence number indicated at the end of the
bar. Filled black bars indicate positions in the sequence that were not significantly affected by the analogue suhstitities.less than

1 are reported as &/and the value is graphed below the center point.

pKainterfered with activity. (i) Substitution of two analogues an analogue whose<pis not different from adenosine (dA)
with an elevated I, (FormA, 7dA) resulted in enhancement was not affected by the change in the reaction pH, and
exclusively at A756. (iii) The interferences fron¥fand interferences at several other positions were stronger at the
Pur could be almost fully rescued by reducing the reaction reduced pH. These, and previously published data, provide
buffer to a slightly acidic pH. (iv) A756 interference from compelling evidence that the chemical identity of A756 is
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below the center point.

important for VS ribozyme catalysis, with regard both to active site of the RNA. However, this is unlikely, as mutating
the array of functional groups that it presents in the active A756 does not affect substrate bindint).
site and to its ability to become protonated at some pointin  In addition to structural stabilization, protonated bases can
the reaction pathway. also play direct roles in RNA catalysis. An ionizable
lonization of A756 within the VS Acé Site.If A756 is nucleotidyl base could serve as a general acid or base in the
ionized, as suggested by these data, then how mightphosphotransfer reaction, or the positive charge of the
protonation of this adenosine promote the reaction of the protonated adenosine could stabilize a developing negative
VS ribozyme? The two most likely possibilities can be charge of the transition stat2@). For example, within the
broadly categorized into structural or catalytic effects. crystal structure of the hepatitis delta virus (HDV) ribozyme,
Protonated bases can participate in noncanonical base-pairing small nucleolytic RNA enzyme that performs a phospho-
interactions that can stabilize secondary as well as tertiarytransfer reaction equivalent to that of the VS ribozyme, the
interactions in RNA. For example,"™@G Hoogsteen pairs  critical cytidine residue, C75, is positioned in close proximity
and At-C wobble pairs are fairly common structural features to the 3-oxygen leaving group4Q). Mutation of C75 to U
in RNA molecules and utilize the additional proton as an abolishes catalytic activity, though activity can be partially
ancillary functional group for hydrogen bonding7( 38). restored by the addition of imidazole or other exogenous
NMR analysis of A-C protonated wobble pairs indicate that bases 41). Strong evidence for the role of C75 ionization
the K, of the A is perturbed significantly toward neutrality in the HDV reaction mechanism was provided by Nakano
(pH 5.0-6.0) 39). In domain B of the hairpin ribozyme, et al., who showed that, under conditions of low divalent
adenosine protonation is observed to stabilize base-stackingnetal ion concentration, theKp of the HDV ribozyme
interactions in addition to hydrogen bond formatid@9)( reaction approaches neutrality, consistent with the apparent
Furthermore, the amino proton of adenosine becomes morepK, of 6.1 for residue C7519). Although NMR measure-
acidic upon N1 protonation, enabling it to form stronger ments on the product form of the ribozyme failed to detect
hydrogen bonds. It is thus possible that protonation of A756 an unusual K, for C75 @2), NAIM experiments with the
may serve a structural role in VS RNA. For example, the pKgshifted cytidine analogues provided additional support
imino proton of A756 may interact with nucleotides within for the expectation that ionization of the N3 of C75 is
the substrate helix in order to align the substrate within the necessary for HDV activity 22). The current evidence
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Ficure 7: Interference analysis for th&kgshifted cytidine analogues at pH 5.4 and 7.0. The sequence retm8 Srom left to right for

each cytidine nucleotide in VS. Sites of significant interferenees @) or enhancements (< 0.5) are indicated in gray shading and with
sequence number. Dark bars indicate positions in the sequence that were not significantly affected by the analogue substitution. The open
circles indicate positions that were uninformative sites due to strong phosphorothioate effedtes less than 1 are reported at, Hnd

the value is graphed below the center point.

supports a model in which C75 acts as a general acid in theimidazole were unsuccessful, an experiment that provided
reaction to protonate and stabilize theoXxyanion, while a evidence for C75 ionization in the HDV ribozyme, the VS
metal hydroxide is implicated as the general bds®. ( results are inconclusivd. 8). Exogenous adenosine base was
The hairpin ribozyme, another small self-cleaving RNA, also unable to rescue the abasic mutation, suggesting that
might be the most relevant system in comparison to the VS introduction of the abasic site may have altered the local
enzyme. The recent crystal structure of a vanadate-complexedptructure of the 730 loop, preventing access of the base.
hairpin RNA provides our best view to date of a ribozyme Fourth, 4-thioU cross-linking experiments pinpoint A756 as
transition state43). This structure suggests that the N1 of being in close proximity to the cleavage sitEd). Fifth, a
A38 may have a perturbedkg which would allow it to play FRET-derived structural model of the VS ribozyme generated
a role in protonating the'Sxyanion leaving group during by Lilley and co-workers places A756 near the substrate
the cleavage reaction. Analysis of the hairpin ribozyme helix, where it can make significant tertiary interactions with
reaction with the series of adenosine analogues used in thehucleotides at the cleavage sifiefl. At the very least, these
current report supports the importance of A38, particularly studies place A756 in a position for it to serve a catalytic
a critical role for the exocyclic amine, while at the same function. Evidence of base ionization makes A756 an ideal
time implicates A10 ionization as playing a functional role candidate for a role in charge neutralization of the transition
in a step following docking(8, 44). state and/or a role in proton transfer. By analogy to the
There are several lines of evidence that suggest that A75ePredicted roles of hairpin A38 or HDV C75, the N1 of A756

protonation plays a catalytic, rather than a structural, role in €0uld serve as a general base to activate tH@rb or as a

the VS reaction. First, mutation of A756 to any other base 9eneral acid to protonate the leavirigayanion during the
results in drastic reductions in self-cleavage activit, (L1), ligation reaction.

but structural comparison of wild-type and mutant VS  If A756 is protonated at some point in the reaction profile,
constructs by FRET indicates that mutation of A756 does is the Ky of A756 by necessity perturbed? It is well
not affect the global folding of the VS RNAL#). Second, established that RNA nucleosides do not have functional
A756 variants bind substrate efficientli4). Third, although groups with near neutralas. The N1 and N3 groups of
attempts to rescue activity of an A756 abasic site with adenosine and cytidine have potential for protonation, though
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their pKos are too acidic to be significantly protonated at 2
physiological pH 88). The K s increase by about half a
pH unit when the 5 and 3-hydroxyls are phosphorylated,

as is the case in an RNA polymer, but th€. g remain too

low to have much effect on a reaction proceeding efficiently
at neutral pH 89). However, RNAs, like proteins, can fold
into tertiary structures and create microenvironments that lead
to local K, perturbations of the bases. Thus, a strong, albeit
indirect, prediction stemming from the current data is that if
A756 ionization plays a meaningful role in the VS reaction,
then the K, of A756 must be perturbed at some point in
the reaction profile. If this perturbation occurs primarily in
the transition state, which is certainly possible, then it may
be difficult to detect by NMR or other steady-state methods.
On the basis of the principle of microscopic reversibility, if
A756 plays a role as a general base (for example) in this
concerted ligation reaction, then it must also function as a
general acid during cleavage. Unless tKg @f the base were
shifted toward neutrality, it could not make a meaningful
contribution to the reaction, and its ionization would have
gone undetected in our assay. We cannot ascertain from the
NAIM data how much the A756 i, is perturbed, but the
interference rescue at pH 5.4 appears to place 5.4 as a lower
limit. In the HDV ribozyme, the N4 amino group of C75
participates in hydrogen bonding to tRe oxygen of C22,

an interaction that has been hypothesized to be important
for perturbing the K, of C75 (19, 40). However, under acidic

conditions we observed Pur interference rescue at A756, 12.

arguing that the perturbation of thé&pof A756 may not
occur via electron donation to the purine ring via the N6
amino group.

RNA catalyses in small nucleolytic RNAs, such as the
VS ribozyme, serve as model systems for understanding
catalysis by the peptidyl transferase center of the ribosome,
which is also a ribozyme46, 46). The complexity of
assigning a particular functional role to an ionized base is
evident from studies completed on that system. In that case (g4
there is both a high-resolution crystal structure and kinetic
evidence implicating a single ionizable group within the
peptidyl transferase center as critical for activity6,(47).
Yet, the role and identity of this ionizable group remains in
doubt. It is possible that the active site residue in the

7

ribosome, A2451, acts as a general acid or general base to18.

catalyze the transacylation reaction, but it is also possible
that deprotonation of the neighboring A2450, which appears
to be protonated in an AC wobble pair, induces a
conformational change in the active si#7(48). Similar
complexity may exist for A756 in the VS ribozyme, but the
present data provide fairly compelling evidence that ioniza-
tion of this residue is functionally important. The exact role
it plays in ribozyme function awaits further analysis.
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