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ABSTRACT: The A-minor motifs appear to be the most ubiquitous helix packing elements within RNA
tertiary structures. These motifs have been identified throughout the ribosome and almost every other
tertiary-folded RNA for which structural information is available. These motifs utilize the packing of the
donor adenosine’s N1, N3, and/or 2′-OH against the 2′-OHs and minor groove edge of the acceptor base
pair. The ability to identify biochemically which adenosines form A-minor motifs and which base pairs
they contact is an important experimental objective. Toward this goal, we report the synthesis and
transcriptional incorporation of 5′-O-(1-thio)-3-deazaadenosine triphosphate and its use in Nucleotide
Analogue Interference Mapping (NAIM) and Nucleotide Analogue Interference Suppression (NAIS). This
analogue makes it possible for the first time to explore the functional importance of the N3 imino group
of adenosine in RNA polymers. Interference analysis of the group I self-splicing introns fromTetrahymena
andAzoarcusindicates that A-minor motifs are integral to the helix packing interactions that define the
5′-splice site of the intron. Specifically,AzoarcusA58 in the J4/5 region contacts the G‚U wobble pair at
the cleavage site in the P1 helix, andAzoarcusA167 in the J8/7 region contacts the C13-G37 base pair
in the P2 helix. Both of these structural features are conserved between the eukaryotic and bacterial introns.
These results suggest that nucleotide analogue interference patterns can identify and distinguish A-minor
interactions in RNA tertiary structure, particularly the most prevalent type I and type II varieties.
Furthermore, clustering of 3-deazaadenosine interferences is suggestive of A patches, in which a series of
consecutive A-minor motifs mediate helix packing. Biochemical identification of these interactions may
provide valuable constraints for RNA structure prediction.

Structural evidence suggests that A-minor interactions
constitute the most common tertiary motifs in RNA structure
(1, 2). It has long been noted that adenosines are unusually
abundant in the single-stranded or noncanonically paired
regions of RNA secondary structure (3, 4). It now appears
that these “unpaired” adenosines are the prime mediators of
helix packing interactions in virtually every RNA for which
structural information is available (1).

The motif is particularly abundant within the 16S and 23S
rRNA tertiary folds of the ribosomal subunits (5, 6). For
example, there are 170 A-minor motifs within the 50S
ribosomal subunit, the vast majority of which are highly
conserved across all kingdoms of life (1). These interactions
also appear to play a major role in the RNA-RNA
interactions at the interface of the 50S and 30S ribosomal
subunits (7). The importance of the A-minor motif is
prominently manifest in the role they play in mediating
interactions of tRNA with the ribosome. The terminal
adenosines of both the A-site and P-site tRNAs make

A-minor interactions with 23S rRNA (8), and universally
conserved adenosines in 16S rRNA decode the message by
using consecutive A-minor motifs to contact the codon-
anticodon helix in the ribosomal A-site (9). But the motif is
not confined to the ribosome. Closer inspection of the P4-
P6 crystal structure from theTetrahymenagroup I intron
revealed that A-minor interactions are at the heart of larger
more specialized motifs, including the tetraloop-tetraloop
receptor interaction and the A-rich bulge (2, 10). A-minor
interactions are also responsible for helix packing interactions
in the Hepatitis Delta Virus and hairpin ribozymes (11, 12).

There are four variants of the A-minor motif, termed types
0, I, II, and III (1) (Figure 1). In each case, the minor groove
edge of the donor adenosine packs against the minor groove
edge of the acceptor duplex. Each motif is classified by the
way the donor adenosine interacts with the receptor base pair.
The type I and type II motifs are highly specific for the
adenine base (Figure 1) (1). The type 0 and type III inter-
actions are substantially less adenosine-specific because the
adenine base lies outside the minor groove edge of the base
pair (Figure 1) (1). The donor adenosines are located either
in single-stranded segments or within a variety of nonca-
nonical pairings, including sheared or reverse Hoogsteen
interactions (1). The adenosine strand runs antiparallel to the
near strand in the acceptor base pair. The donor adenosine
provides an extensive surface for van der Waals interactions,
as a result of the nonfunctionalized C2 carbon of the heter-
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ocyclic ring, and an ideal hydrogen bonding interface on the
minor groove edge of the adenosine involving the N1 and
N3 imino groups and the 2′-OH (1, 2). Together these inter-
actions provide a substantial quantity of tertiary stabilization
energy (2).

Group I introns are proposed to utilize A-minor motifs
for helix packing interactions within its active site (13, 14)
(Figure 2). While a low-resolution structure of a truncated
variant of theTetrahymenaintron lacking the substrate and
other helices has been reported (15), a high-resolution
structure of a conformationally active group I intron has
remained elusive. As a result, the molecular interactions
responsible for 5′-splice site selection and helix packing in
the catalytic core have been modeled based upon biochemical

rather than crystallographic data. The 5′-exon base-pairs with
a complementary sequence in the intron, termed the internal

FIGURE 1: The four A-minor motifs identified within RNA tertiary
structures. The motifs are shown in surface representation with the
donor adenosine in yellow and the acceptor base pair in green. The
motifs are distinguished by the position of the donor adenosine
relative to the positions of the two 2′-OH groups of the receptor
base pair. Types I and II show strong specificity for adenosine as
the donor residue. Type I shows specificity for an acceptor C-G
base pair (shown) in preference to the other three pairs (1). The
hydrogen bonds between the nucleotides are indicated as dashed
lines. Adapted from Nissen et al., 2001 (1).

FIGURE 2: (a) Generic diagram of group I intron secondary structure
showing the P1 to J4/5 (orange) and P1 to J8/7 (blue) tertiary
interactions (straight dashed lines). Connectivity throughout the
RNA is depicted with one, two, or three arrowheads. The variable
loop segments are shown as curved dashed lines. (b) Model of the
G‚U wobble receptor between P1 and J4/5 emphasizing the type II
A-minor motif (orange) betweenAzoarcusA58 and G10 (TetA114
and G22) that comprises part of the interaction. In addition to the
type II A-minor motif, a hydrogen-bonding network between A87
(Tet207) and the G10‚U-1 (TetG22‚U-1) wobble pair defines the
group I intron 5′-splice site. A58 and A87 are involved in sheared
A‚A pairs with A86 and A57 (TetA113 and A206), respectively
(not shown). The hydrogen bonds that mediate the J4/5-P1 tertiary
interaction are indicated as dashed lines. Hydrogen bonds supported
by an interference suppression (NAIS) experiment in this or a
previous study (13, 47) are shown in red. The interaction between
the 2′-OHs of U-1 and A87 (Tet207) is specific to the transition
state (47). The remaining hydrogen bond that is consistent with
primary interference (NAIM) results and inferred from modeling
is shown in blue. For technical reasons, this contact could not be
tested in either theTetrahymena(c3ARS not incorporated) or the
Azoarcusintron (insufficient signal with 2′-deoxy U-1 substrate).
(c) Model of an A-minor motif between the P2 helix (Tetrahymena
P1 helix) and the J8/7 region (blue).AzoarcusA167 (Tet301)
utilizes its 2′-OH and N3 to contact the 2′-OH of C13 (TetG25).
The formation of both hydrogen bonds (red) is experimentally
supported by this study. However, it is possible thatAzoarcusA167
forms these interactions within a type 0 motif, rather than the type
II motif depicted in this figure.

NAIM Detection of A-Minor Motifs Biochemistry, Vol. 41, No. 33, 200210427



guide sequence (IGS), to form the P1 or substrate helix (16).
This helix is proposed to make an extensive set of interac-
tions with adenosines that line the catalytic core of the
ribozyme (13, 14). The G‚U wobble pair immediately
adjacent to the cleavage site is recognized by two consecu-
tively stacked sheared A‚A pairs in the J4/5 region (13)
(Figure 2a,b), while residues in P1 more distal from the
cleavage site are recognized by adenosines in the single-
stranded J8/7 segment (Figure 2a,c) (14).

Interacting pairs of 2′-OH groups involved in P1 helix
docking within theTetrahymenaintron have been defined
by Nucleotide Analogue Interference Mapping (NAIM)1 and
Nucleotide Analogue Interference Suppression (NAIS) analy-
sis (13, 14). The 2′-OH of the wobble pair G (TetG22) at
the cleavage site hydrogen-bonds to the 2′-OH of TetA114
in J4/5 (Figure 2b); and a 2′-OH in the IGS distal from the
cleavage site (TetG25) hydrogen-bonds to the 2′-OH TetA301
in J8/7 (Figure 2c). The nucleotides involved in these
interactions are highly conserved among all introns in the
group I family (17, 18). Interference data and molecular
modeling suggested that these interactions include what has
now been termed a type II A-minor motif (1), wherein both
the 2′-OH and the N3 imino groups of the adenosines form
hydrogen bonds to the P1 hydroxyl groups (13, 14).
However, participation by the N3 groups of the putative
A-minor adenosines in this motif has not been investigated.

The lack of information about the proposed A-minor
contacts in the group I active site reflects a larger biochemical
deficiency. The functional role of the adenosine N3 imino
group is not amenable to investigation by any biochemical
approach reported to date, in part because the N3 is not a
site of efficient chemical modification in RNA (19). Given
the prevalence of the A-minor motif in many RNA tertiary
structures, the development of an efficient biochemical assay
to identify the hydrogen bonds in these minor groove helix
packing interactions is warranted. A nucleotide analogue that
would provide such information is 3-deazaadenosine (c3A),
which has a carbon in place of the minor groove N3 imino
group (Figure 3). This substitution would disturb the
hydrogen bonding surface of the donor adenosine, a feature
that appears to be of particular importance for the type II
A-minor motif.

As a rapid means to screen all the positions in an RNA
for minor groove effects, we postulated that the phospho-
rothioate-tagged version of c3A could be utilized in a NAIM
strategy (20, 21). This application requires the synthesis of
the R-phosphorothioate-tagged triphosphate of c3A (c3-
ATPRS), and the ability of the T7 RNA polymerase to utilize
the analogue as a substrate for random incorporation at
adenosines within the RNA transcript. After selecting the
active RNA variants in the population, the nucleotide
positions where the N3 group is important for activity can
be determined readily by cleavage of the phosphorothioate
linkage with iodoethanol (22) and resolution of the cleavage
products by polyacrylamide gel electrophoresis (PAGE). A
gap in the sequencing ladder defines those positions intolerant
of c3ARS substitution (20). In this way, it would be possible
to simultaneously, yet individually, assess the functional
importance of every N3 imino group of adenosine within
an RNA.

To implement this scheme, we utilized the self-splicing
RNAs from Tetrahymenaand the purple bacteriaAzoarcus
(23, 24). TheTetrahymenaintron has become the archetype
for the group I intron family and has been characterized by
a wide variety of methods (16). The Azoarcusintron is
located within the anticodon loop of pre-tRNAIle and is the
smallest self-splicing intron identified to date (24, 25). It is
less than half the size of theTetrahymenaintron primarily
due to its lack of peripheral domains. The small size of the
Azoarcusintron has made it ideal for NAIM and NAIS
studies, where individual nucleotide resolution of the inter-
ference data is critical (26). Based upon analogy to the
Tetrahymenaintron and consistent with 2′-deoxyadenosine
(dARS) NAIM analysis,AzoA58 in J4/5 andAzoA167 in
J8/7 are predicted to form type II A-minor contacts with G10
and C13 in the substrate helix (26) (Figure 2).

Here we report the synthesis of the phosphorothioate-
tagged triphosphate of c3A, conditions for its incorporation
into in vitro RNA transcripts, and its use in NAIM and NAIS
analysis of theAzoarcusand Tetrahymenagroup I intron
active sites. These studies define a biochemical signature that
can be used to identify A-minor interactions in other RNA
tertiary structures.

MATERIALS AND METHODS

Synthesis of c3ATPRS. General Methods. Physical data
were measured as follows:1H and13C NMR spectra were
recorded on 125, 270, or 500 MHz instruments in CDCl3 or
D2O. Tetramethylsilane or 3-(trimethylsilyl)propionic acid
sodium salt was used as an internal standard.31P NMR
spectra were recorded on a 109 MHz instrument in D2O with
H3PO4 as an internal standard. Chemical shifts are reported
in parts per million (δ), and signals are expressed as s
(singlet), d (doublet), m (multiplet), or br (broad). Thin-layer
chromatography was performed on Merck Kieselgel F254
precoated plates. Silica gel YMC 60A (70-230 mesh) was
used for column chromatography.

4-[(Dibutylamino)methylene]amino-1-(2,3-di-O-acetyl-5-
O-dimethoxytrityl-â-D-ribofuranosyl)imidazo[4,5-c]pyri-
dine (3). To a suspension of 3-deazaadenosine (1) (27) (200
mg, 0.75 mmol) in dry DMF (3 mL) was addedN,N-
dibutylformamide dimethylacetal (0.54 mL, 2.26 mmol), and
the mixture was stirred at room temperature for 3 days (28,

1 Abbreviations: c3A, 3-deazaadenosinec3; ATPRS, 5′-O-(1-thio)-
3-deazaadenosine triphosphatec3; ARS, 3-deazaadenosine 5′-mono-
phosphorothioate nucleotide as incorporated into RNA by T7 RNA
polymerase; ARS, adenosine 5′-monophosphorothioated; ARS, 2′-
deoxyadenosine 5′-monophosphorothioate; DAPRS, diaminopurine
riboside 5′-monophosphorothioate; PAGE, polyacrylamide gel elec-
trophoresis; NAIM, Nucleotide Analogue Interference Mapping; NAIS,
Nucleotide Analogue Interference Suppression.

FIGURE 3: Adenosine and 3-deazaadenosine (c3A). The N3 to C
substitution in c3A is highlighted by an oval. Both nucleotides are
shown as the monophosphorothioate (ARS and c3ARS, respec-
tively), the form in which they are incorporated into the RNA.
Numbering of the heterocyclic bases is indicated on the adenosine.
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29). The solvent was removed in vacuo, and the residue was
coevaporated with toluene to give crude2. A mixture of the
resulting2 and dimethoxytrityl chloride (762 mg, 2.25 mmol)
in dry pyridine (4 mL) was stirred at room temperature for
2.5 h, and then acetic anhydride (0.7 mL, 7.5 mmol) and
4-(dimethylamino)pyridine (10 mg) were added to the
mixture, which was stirred at the same temperature for 24
h. The reaction was quenched by addition of EtOH, and the
solvent was removed in vacuo. The residue was partitioned
between CHCl3 and H2O, and the organic layer was washed
with saturated aqueous NaHCO3, followed by brine. The
organic layer was dried (Na2SO4) and concentrated in vacuo.
The residue was purified through a silica gel column, eluted
with 0-6% EtOH in CHCl3, to give 3 (400 mg, 67% as a
brown oil): FAB-LRMSm/z792 (MH+); FAB-HRMS calcd
for C45H54N5O8 (MH+) 792.3972, found 792.3949;1H NMR
(CDCl3) δ: 8.66 (s, 1 H), 7.99 (s, 1 H), 7.86 (d, 1 H,J )
5.9 Hz), 7.44 (m, 2 H), 7.28 (m, 7 H), 7.10 (d, 1 H,J ) 5.9
Hz), 6.82 (m, 4 H), 6.02 (d, 1 H,J ) 7.9 Hz), 5.87 (dd, 1
H, J ) 5.2, 7.9 Hz), 5.66 (dd, 1 H,J ) 2.7, 5.2 Hz), 4.31
(m, 1 H), 3.78 and 3.77 (each s, each 3 H), 3.67 (m, 2 H),
3.49 (br s, 2 H), 3.32 (m, 2 H), 2.14 and 2.03 (each s, each
3 H), 1.61 (m, 4 H), 1.26 (m, 4 H), 0.93 (m, 6 H);13C NMR
(CDCl3) δ: 169.5, 169.0, 158.6, 156.1, 155.8, 143.9, 141.5,
139.8, 138.9, 135.2, 135.0, 133.6, 130.2, 130.1, 128.2, 127.9,
127.0, 113.2, 100.9, 87.1, 86.0, 82.5, 72.7, 71.2, 62.8, 55.1,
51.2, 44.8, 31.1, 29.2, 20.5, 20.2, 19.7, 13.9, 13.6.

4-[(Dibutylamino)methylene]amino-1-(2,3-di-O-acetyl-â-
D-ribofuranosyl)imidazo[4,5-c]pyridine (4). To a solution of
3 (94 mg, 0.12 mmol) in dry CH2Cl2 (3 mL) was added
trichloroacetic acid (30 mg, 0.18 mmol), and the mixture
was stirred at room temperature for 1 h. The reaction was
quenched by addition of saturated aqueous NaHCO3, and
the reaction mixture was diluted with CHCl3. The separated
organic layer was washed with H2O and brine. The organic
layer was dried (Na2SO4) and concentrated in vacuo. The
residue was purified over a silica gel column, eluted with
0-8% EtOH in CHCl3, to give 4 (34 mg, 59% as a pale
yellow oil): FAB-LRMS m/z490 (MH+); FAB-HRMS calcd
for C24H36N5O6 (MH+) 490.2665, found 490.2651;1H NMR
(CDCl3) δ: 8.61 (s, 1 H), 8.45 (s, 1 H), 8.02 (d, 1 H,J )
5.3 Hz), 7.12 (d, 1 H,J ) 5.3 Hz), 6.01 (d, 1 H,J ) 6.0
Hz), 5.63 (dd, 1 H,J ) 5.3, 6.0 Hz), 5.48 (dd, 1 H,J ) 4.0,
5.3 Hz), 4.26 (m, 2 H), 3.94 (m, 2 H), 3.65 (m, 2 H), 3.30
(m, 2 H), 2.05 and 2.00 (each s, each 3 H), 1.59 (m, 4 H),
1.31 (m, 4 H), 0.90 (m, 6 H);13C NMR (CDCl3) δ: 169.7,
169.2, 156.1, 155.5, 141.4, 140.4, 139.0, 133.1, 100.6, 86.9,
83.9, 74.3, 71.1, 61.0, 51.4, 44.8, 31.1, 29.2, 20.5, 20.3, 20.2,
19.8, 13.9, 13.7.

3-Deazaadenosine 5′-O-(1-Thiotriphosphate) (7). Com-
pound4 (72 mg, 0.15 mmol) was dissolved in a mixture of
dry pyridine (150µL) and dry dioxane (450µL). A freshly
prepared 1 M solution of 2-chloro-4H-1,3,2-benzodioxaphos-
phorin-4-one in dry dioxane (33 mg in 165µL) was added
to the mixture. After being stirred at room temperature for
10 min, a 0.5 M solution of bis(tri-n-butylammonium)pyro-
phosphate in dry DMF (600µL) and tri-n-butylamine (200
µL) were added to the reaction mixture. After 10 min, a sus-
pension of sulfur (9.6 mg, 0.3 mmol) in dry DMF (300µL)
was added, and the reaction was stirred for an additional 30
min. Water (5 mL) was added, and the reaction mixture was
stirred for 1 h. The solvent was removed in vacuo, and the

residue was treated with ammonium hydroxide (28%, 25 mL)
at 55°C for 48 h in a steel container. The reaction mixture
was concentrated in vacuo, the residue was dissolved in H2O
(200 mL), and the solution was applied to a DEAE-Sephadex
A-25 column (2.3× 30 cm). Chromatography was performed
with a linear gradient of 1 L each of 0.05 and 1 M TEAB
buffer. Fractions containing the desired product were com-
bined and concentrated to dryness in vacuo to give7 as a
triethylammonium salt, which was converted to the sodium
salt with DIAINO WK20 (Na+ form, 39 mg, 51%) as a
mixture of diastereomers: FAB-LRMS (negative)m/z 521
[(M-H)-]; FAB-HRMS (negative) calcd for C11H16N4O12P3S
[(M-H)-] 520.9698, found 520.9678;1H NMR (D2O, sod-
ium salts)δ: 8.57 (s, 0.5 H), 8.54 (s, 0.5 H), 7.63 (br s, 1
H), 7.21 (br s, 1 H), 5.96 (m, 1 H), 4.85 (m, 2 H), 4.46 (br
s, 1 H), 4.43 (m, 2 H);31P NMR (D2O, triethylammonium
salts)δ: 44.0 (br d,J ) 26.1),-7.0 (br d,J ) 17.5),-22.1
(m).

Ribozyme Preparation. AzoarcusL-9 G206 andTetrahy-
menaL-21 G414 group I ribozymes were prepared by in
vitro transcription usingEarI-cut plasmid pUCL-9 G206 and
pUCL-21G414, respectively. c3ARS or ARS was randomly
incorporated into the RNAs by inclusion of the triphosphate
in the transcription reaction. c3ARS containing RNAs were
transcribed in 40 mM Tris-HCl, pH 7.5, 4 mM spermidine,
10 mM DTT, 15 mM MgCl2, 1 mM Mn(OAc)2, 0.05%
Triton X-100, 0.05µg/µL DNA template, the Y639F mutant
form of RNA polymerase, and final triphosphate concentra-
tions of 0.25 mM ATP and 1 mM each of GTP, CTP, UTP,
and c3ATPRS. ARS was incorporated as previously described
except the final concentration of ATPRS was 0.01 mM in
the presence of 1 mM GTP, CTP, UTP, and ATP. This
produced a level of approximately 1% analogue incorporation
(1 substitution per 100 adenosine residues incorporated) to
match that achieved for c3ARS. RNAs were purified by
PAGE (6% denaturing), eluted into 10 mM Tris-HCl, pH
7.5, 0.1 mM EDTA (TE), precipitated with ethanol, resus-
pended in TE, and stored at-20 °C.

Interference suppression analysis of the bacterial intron
was performed using an L-6 G206 ribozyme form with
specific functional group substitutions introduced at positions
G10, C13, or C14. These RNAs were prepared by enzymatic
ligation of a synthetic oligonucleotide onto the 5′-end of an
L-22 G206 transcript prepared using theEarI-cut plasmid
pUC L-22 G206 as a template (26). ARS, dARS, or c3ARS
substitutions were randomly incorporated during transcription
as described above or in Ryder et al. (30) except 10 mM
GMP was included in the transcription reaction. This pro-
duced L-22 G206 molecules beginning with a 5′-monophos-
phate for use in ligation with T4 DNA ligase (31). The L-22
G206 RNAs were purified by PAGE, eluted into TE, ethanol-
precipitated, and resuspended in TE. Full-length (L-6 G206)
RNAs were prepared by ligating onto the 5′-end of the
transcript a 16-mer synthetic oligonucleotide containing a
single 2′-deoxy or inosine substitution at G10 (UUUd-
GUGCCUUGCGCCG or UUUIUGCCUUGCGCCG), or a
2′-deoxy substitution at C13 (5′-UUUGUGdCCUUGCGC-
CG) or C14 (5′-UUUGUGCdCUUGCGCCG). Ligation reac-
tions were performed and RNAs purified as described (26).

Interference Reactions and Quantitation. AzoarcusL-9
G206 RNAs (250 nM final concentration) were preincubated
in 25 mM MES, pH 6.0, 3 mM MgCl2, and 1 mM Mn(OAc)2
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at 50 °C for 5 min and cooled to 30°C for 2 min. The
substrate oligonucleotide, CAUAAA, was radiolabeled at its
3′-terminus with [R-32P]cordycepin using poly-A polymerase
and gel-purified (32). It was dissolved in the same reaction
buffer as the ribozyme, warmed to 30°C for 2 min, combined
with the ribozyme solution, and allowed to react at 30°C
for 4 min. The reactions were quenched by addition of 2
volumes of stop buffer (95% formamide, 50 mM EDTA,
0.01% bromphenol blue, 0.01% xylene cyanol) and split into
two tubes. One-tenth volume of 100 mM iodine in ethanol
was added to one tube to cleave the phosphorothioate
linkages (22). The samples were heated to 90°C for 2 min
and the cleavage products resolved by 6% denaturing PAGE.
Reactions containing no iodine were run in parallel to
confirm that the cleavage pattern was specific to the iodine
treatment and not due to nonspecific degradation.

TetrahymenaL-21 G414 RNAs (50 nM final concentra-
tion) were preincubated in 50 mM HEPES, pH 7.5, 3 mM
MgCl2, and 1 mM Mn(OAc)2 at 50°C for 10 min. The 3′-
end-labeled substrate oligonucleotide, CCCUCdTAAAAAA,
was dissolved in the same reaction buffer as the ribozyme,
warmed to 50°C for 2 min, combined with the ribozyme
solution, and allowed to react at 50°C for 10 min. The
reactions were stopped and prepared for separation by gel
electrophoresis as described above.

To control for sequence-dependent variability in analogue
incorporation at various positions along the RNA, each ribo-
zyme was radiolabeled at its 5′-end and analyzed as pre-
viously described (26). Individual band intensities for both
the parental nucleotides and the nucleotide analogues were
quantitated by PhosphorImager analysis at each nucleotide
position in both the 3′-exon ligation experiments and the
unselected 5′-labeled control RNAs (18). These values were
used to calculate the extent of analogue interference (κ) at
each position as previously described (18). In this calculation,
aκ value of 1 indicates no analogue interference at the posi-
tion, while κ values of 2 or greater indicate sites of
interference.

Interference Suppression Experiments.Interference sup-
pression analysis was performed using chimeric RNAs with

site-specific substitutions. These ribozymes were impaired
in their reactivity, so the reaction time was extended to obtain
a reactivity level comparable to that of the wild-type
unmodified ribozyme. All reactions included 250 nM L-6
G206 ribozyme, the 3′-end-labeled substrate (CAUAAAp*AH)
in 25 mM HEPES, pH 7.0, and divalent cations [28 mM
MgCl2 and 2 mM Mn(OAc)2 for c3ARS suppression or 3
mM MgCl2 and1 mM Mn(OAc)2 for dARS suppression].
Ribozymes were preincubated at 50°C for 5 min and allowed
to slow-cool to room temperature. For the c3ARS interference
suppression, the chimeric ribozymes and substrates were
cooled for 10 min, mixed, and incubated for 60 min on ice.
The ribozymes without site-specific substitutions were
incubated with substrate for 20 min on ice. For the dARS
interference suppression, the chimeric ribozymes were
incubated with substrate for 20 min at 30°C, and the
unsubstituted RNAs were incubated for 4 min. In each case,
the reaction workup and quantitation were performed as
described above.

RESULTS

Synthesis of c3ATPRS. The synthesis of c3ATPRS could
not be achieved using the standard protocol, which typically
involves modification of the unprotected nucleoside with
PSCl3 followed by addition of pyrophosphate (33). This was
due apparently to low nucleophilicity of the 5′-OH relative
to other positions on the nucleoside. Thus, it was essential
to utilize a more reactive phosphitylating reagent and to
protect not only the 2′- and 3′-OH groups, but also the
exocyclic amino group. For this reason, we utilized the
approach reported by Ludwig and Eckstein using 2-chloro-
4H-1,3,2-benzodioxaphosphorin-4-one (Figure 4) (34). Pro-
tection of the amino group with a dimethylaminomethylene
group appeared to be ideal because of its selectivity for the
exocyclic amino group and the ease of its removal under
basic conditions. However, when1 was treated withN,N-
dimethylformamide dimethylacetal in DMF, the desired
dimethylaminomethylene protected nucleoside was contami-
nated with side products that could not be separated. Instead,
the selective protection of the amino group was achieved

FIGURE 4: Scheme for the synthesis of c3ATPRS. Reagents: (a)N,N-dibutylformamide dimethylacetal, DMF, rt, 3 days; (b) DMTrCl,
pyridine, rt, 2.5 h, then Ac2O, DMAP, 24 h; (c) Cl3CCOOH, CH2Cl2, rt, 1 h; (d) 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one, dioxane-
pyridine, rt, 10 min; (e) (i) bis(tri-n-butylammonium)pyrophosphate, tri-n-butylamine, DMF, rt, 10 min; (ii) sublimed sulfur, rt, 30 min; (f)
(i) H2O, rt, 1 h; (ii) NH4OH, 55 °C, 48 h.
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usingN,N-dibutylformamide dimethylacetal (28, 29) to give
2, which could be deprotected with ammonium hydroxide
at 55 °C. Unpurified 2 was successively treated with
dimethoxytrityl chloride, followed by acetic anhydride in
pyridine to give fully protected3 in 67% yield after 3 steps.
The dimethoxytrityl group was removed selectively by
treating with trichloroacetic acid in dichloromethane to give
4 in 59% yield. The synthesis of7 was achieved by treatment
of 4 with 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one
following the Ludwig and Eckstein protocol (34) via the
intermediates5 and 6. Compound7 was isolated in 51%
yield as a mixture of diastereomers after chromatography
on DEAE-Sephadex.

Transcriptional Incorporation of c3ARS. To be used in
NAIM, c3ARS must be incorporated into the RNA polymer
by in vitro transcription. Simple inspection of the analogue
suggested that it might present a challenge to the polymerase.
During standard transcriptional elongation, the N3 imino
group of A may be recognized by the RNA polymerase at
the nucleotide insertion and/or the elongation step (35). As
a result, eliminating the N3 functional group may severely
affect the ability of the polymerase to recognize the nucle-
otide as a substrate for nucleotide addition or as a primer
for transcriptional elongation. This might cause the nucleotide
to act as an inhibitor of transcription. Furthermore, elimina-
tion of the N3 imino group in c3A raises the pKa of the
remaining N1 imino group to 7.0 compared to 3.5 for
adenosine (36). Thus, at the near-neutral pHs used for
transcription, a larger fraction of the nucleotide may be in
its protonated form, which might adversely affect the ability

of c3A to compete effectively with A during the doped
transcription required for NAIM experiments.

Despite these challenges we set out to determine if c3ARS
could be incorporated into RNA as an adenosine by T7 RNA
polymerase.Azoarcusor Tetrahymenagroup I intron RNAs
were transcribed at various concentrations of c3ATPRS and
ATP with either the wild-type or the Y639F mutant form of
T7 RNA polymerase (37). The Y639F polymerase mutant
efficiently incorporates 2′-deoxynucleotides into RNA due
to reduced chemical discrimination in the minor groove (38).
Given that c3A is also a minor groove substitution, we
reasoned that this polymerase mutation might facilitate
c3ARS incorporation as well. RNAs were transcribed, puri-
fied, and 5′-end-labeled. The phosphorothioate linkages were
cleaved with iodine and the cleavage products resolved by
PAGE to reveal the sites of c3ARS incorporation (Tetrahy-
menaintron data Figure 5a,Azoarcusintron data Figure 5c).

The c3ARS incorporation was rather inefficient. The
Y639F mutant polymerase appeared to incorporate the
analogue slightly better than the wild-type polymerase
(unpublished data, E. McMillan and S.A.S.), so all RNAs
were synthesized with the mutant enzyme. Inclusion of 1
mM Mn2+ in the transcription buffer also promoted inclusion
of the analogue into the RNA polymer (39). As expected,
c3ARS was incorporated exclusively at adenosines within
the sequence (Figure 5a), but a high ratio of c3ATPRS to
ATP (1 mM c3ATPRS and 0.25 mM ATP) was required to
achieve even 1-2% analogue incorporation (based upon
comparison of band intensity from an RNA transcribed with
a 1:50 ratio of ATPRS (SP diastereomer) and ATP).

FIGURE 5: Interference analysis with c3ARS. (a) Incorporation of c3ARS into theTetrahymenaL-21 G414 ribozyme. Autoradiogram of the
unselected 5′-end-labeledTetrahymenaL-21 G414 RNA shows the distribution and efficiency of c3ARS incorporation throughout the
intron. Sites that were insufficiently incorporated to facilitate analysis are indicated by parenthesis around the nucleotide number. (b)
Interference analysis of c3ARS within theTetrahymenaintron. Active RNAs were selected using the 3′-exon ligation reaction. Sites of
interference are highlighted with an asterisk. (c) Same as panel a except for theAzoarcusL-9 G206 ribozyme. (d) Same as panel b for the
Azoarcusribozyme. In each panel, arrows to the left of each gel denote the direction of the sequence from 5′ to 3′. Note that because the
unselected control RNA is 5′-end-labeled and the 3′-exon ligation reaction produces a 3′-end-labeled product, the direction of the sequence
between the two panels (a and b, c and d) is reversed. Weak interference atAzoarcusA97 is somewhat difficult to visualize from direct
inspection of these panels. c3ARS is hyper-incorporated at A97 in the unselected control, yet the relative signal intensity is reduced in the
3′-exon ligation reaction (for example, compare A97 to A93 in both panels).
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Transcription reactions were also performed at elevated pH
(8.5 or 9.0) in an effort to improve incorporation by favoring
the deprotonated form of the nucleoside, but pH had no effect
on c3ARS incorporation efficiency, and the overall yield of
RNA transcript was reduced at elevated pHs with or without
the addition of analogue.

Although the analogue was incorporated, the incorporation
efficiency at individual positions throughout the RNA was
uneven. There were a few sites of hyper-incorporation,
usually at the 5′-most adenosine in a sequence of two or
more consecutive adenosines. In contrast, c3ARS was not
incorporated at a level sufficient for NAIM analysis at a few
sites, though the sequence specificity of nonincorporation
followed no obvious pattern. For unknown reasons, nonin-
corporation of c3ARS was more prevalent in theTetrahymena
intron sequence (28 of 115 A’s, 24% of sites) than in
Azoarcus(3 of 51 total A’s, 6% of sites). The improved
incorporation efficiency inAzoarcusmay be related to the
lower A/U content of the bacterial intron. Despite these

limitations, c3ARS was incorporated at the majority of sites
within both introns at an efficiency sufficient to be informa-
tive in a NAIM assay.

Interference Mapping of the Tetrahymena Intron with
c3ARS. Sites of c3ARS interference within the L-21 G414
Tetrahymenaintron were determined using a 3′-end-labeled
substrate with a 2′-deoxy substitution at the ligation site in
a reaction analogous to the reverse of the second step of
splicing (40). Three sites of strong interference were observed
in theTetrahymenaintron at A97, A207, and A261 (Figures
5a,b and 6a). All three of these positions have shown
interference with other adenosine analogues, including dARS.
Each has been implicated as playing an important role in
intron function (see Discussion) (18). Seven other positions
(A57, A113, A115, A136, A218, A256, and A304) showed
weak to moderate interference (Figures 5b and 6a). Given
the increased pKa of the nucleotide analogue relative to
adenosine, we tested the pH dependence of c3ARS interfer-
ence. None of the interferences were affected by the reaction

FIGURE 6: Summary of interference data for two group I introns. (a)TetrahymenaL-21 G414 ribozyme. (b)AzoarcusL-9 G206 ribozyme.
Sites of c3ARS interference observed in both introns are colored red. In cases where c3ARS was not incorporated into the equivalent site
in the other intron, the interference is also indicated in red, but the nucleotide number is underlined. Nucleotides are colored green if
interference occurred at an A in one intron for which there is no equivalent A in the other intron (Azo26, 27, 63, 161 andTet57, 97, 136,
256, 304). Nucleotides are also colored green if interference was observed in one intron, but not the other (Tet113 and 115). Positions of
moderate to strong c3ARS interference (k g 4) are depicted in large capital red or green letters. Positions of weak to moderate interference
(2 e k g 4) are depicted in small capital red or green letters. Adenosine positions where c3ARS was incorporated but where no interference
was observed (0.5e k g 2) are shown as small black capital letters. Positions where c3ARS was not incorporated sufficiently to facilitate
analysis are depicted in small case black letters. An X is placed over those residues where the phosphorothioate tag caused sufficient
interference to make the site uninformative for c3ARS. The G nucleophile, the G‚U wobble pair at the reaction center, and a few other
nucleotides that play an important role in these experiments are also shown. Heavy lines represent the schematic secondary structure of the
intron; thin lines illustrate connectivity between sequence elements. The peripheral extensions P5abc and P9-P9.2 (Tetrahymena) or P9
(Azoarcus) are present in the constructs used in these experiments, but they are not shown. Although not depicted in the figure, there were
several sites in theTetrahymenaperipheral extensions where c3ARS failed to incorporate. P2-2.1: incorporated at 21 A’s, but not at
Tet70, 87, and 95. P5abc: incorporated at 18 A’s, but not atTet123, 140, 172, 173, 183, and 186. P9-9.2: incorporated at 18 A’s, but not
at Tet324, 373, 374, 380, 392, and 399. c3ARS was incorporated efficiently into all nine of the A’s in theAzoarcusP9 extension. Paired
(P) and joiner (J) regions of the introns are labeled. The arrow denotes attack by the 3′-terminal G on the oligonucleotide substrate with
subsequent transfer of the 3′-end of the substrate onto the 3′-end of the ribozyme.
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pH between pH 6 and 8 (data not shown), which argues that
the interferences are not due to an altered protonation state
of the nucleotides. Unfortunately, c3ARS was not incorpo-
rated at either A114 or A301 (Figures 5a,b and 6a), the two
adenosines expected to form A-minor tertiary interactions
with the P1 helix (Figure 2). As a result, the hypothesis that
substrate helix docking is mediated by interactions with the
N3 imino group could not be tested with c3ARS interference
in this intron.

Interference Mapping of a Bacterial Intron with c3ARS.
NAIM data have also been collected for the bacterial intron
from Azoarcusin an effort to generate a chemical phylogeny
of intron function (26). Its small size (<200 nt), unusual
thermal stability (25), and lack of peripheral domains makes
it an ideal molecule for interference studies where single-
nucleotide resolution is increasingly compromised as the
sequence length exceeds a few hundred nucleotides. The
c3ARS was efficiently incorporated atAzoarcusA58 and
A167, the A’s analogous toTetrahymenaA114 and A301
(Figures 5c and 6b). Thus, it was possible in theAzoarcus
intron to test for interference at the two sites predicted to
form A-minor interactions with P1.

TheAzoarcusL-9 G206 ribozyme was tested for sites of
c3ARS interference using a 3′-end-labeled all-ribose substrate
in a reaction analogous to the reverse of the second step of
splicing (26, 40). There were several sites of strong c3ARS
interference throughout the bacterial intron including:AzoA26,
A27, A49, A58,A87, A127, A161, and A167 (Figures 5d
and 6b). Two of these positions (in boldface type) also
displayed strong interference in theTetrahymenaintron
(TetA207 andTetA261) (Figure 6a). The third site of strong
interference inTetrahymena(TetA97) is not an adenosine
in Azoarcus(Figure 6). Again, none of these interferences
were dependent upon the reaction pH (data not shown). Of
particular interest, bothAzoA58 andAzoA167 show strong
c3ARS interference (Figure 6b), consistent with A-minor
interactions in the intron core.

An A-Minor Interaction between P1 and J4/5.While
c3ARS interferences atAzoA58 andAzoA167 are in agree-
ment with the model for P1 helix docking (13, 14), it is not
necessarily the case that these groups interact with the
specific bases predicted. NAIM with c3ARS can define which
N3 imino groups are important for function, but it does not
define how these groups participate in the tertiary structure
of the RNA. Nucleotide analogue interference suppression
(NAIS) is a derivative method that combines site-specific
analogue substitution and interference modification ap-
proaches, and thus can identify specific tertiary interaction
partners within an RNA structure (13). The concept is that
if an interaction is disrupted by deleting one functional group
in an interacting pair, such as the critical 2′-OH in the P1
helix, then no additional energetic penalty will result from
alteration of the second functional group, namely, the N3
imino or 2′-OH group. Interference suppression is scored
by the specific reappearance of a band on the sequencing
gel. Such experiments were used to generate constraints for
the originalTetrahymenaP1 helix docking model using 2′-
OH effects (13, 14), and here we report their use to test for
P1 tertiary contacts in the bacterial intron using 2′-OH and
N3 effects.

We first tested the interaction between the G‚U wobble
pair at the ribozyme cleavage site and adenosines in the J4/5

region of the active site. By analogy to theTetrahymena
intron, AzoA58 andAzoA87 are the minor groove bases in
each of two consecutively stacked sheared A‚A pairs (Figure
2b). They create a wobble receptor by forming hydrogen
bonds to the 2′-OH and the N2 exocyclic amine of G10,
respectively (13). Consistent with this structural prediction,
dARS causes interference in the bacterial intron atAzoA58
andAzoA87 (26). Thus, a 2′-deoxy substitution atAzoG10
(dG10) should suppress dARS interference atAzoA58, while
a AzoG10 to inosine substitution (I10), which deletes the
N2 exocyclic amine of the base, should suppress dARS
interference atAzoA87.

Chimeric L-9 G206 introns were prepared with a single
site-specific 2′-deoxy or inosine substitution atAzoG10 and
random dARS substitutions throughout the rest of the
bacterial RNA. The dG10-substituted ribozyme suppressed
dARS interference atAzoA58, as predicted from the model
(Figures 2b and 7a,b). As controls, dARS interference
persisted atAzoA26, A27, A87, and A167 (Figure 7a,b).
Furthermore, the I10 substitution did not suppressAzoA58
dARS interference. Thus, the effect is specific both to the
nature of the substitution and to the site of the suppression.
These data suggest that the 2′-OH of AzoG10 interacts with
the 2′-OH of AzoA58, which is comparable to the interaction
observed in theTetrahymenaintron (13) and is analogous
to a crystal contact in the P4-P6 crystal structure (10).

The tertiary contact to theAzoG10 exocyclic amine was
also tested by NAIS. The prediction is that dARS interference
at AzoA87 should be suppressed upon I10 substitution;
however, no such suppression was observed (Figure 7a,b).
AzoA87 dARS interference persisted in the I10-substituted
ribozyme. Efforts were made to repeat the experiment using
a substrate with a 2′-deoxy substitution at the cleavage site,
as per the experiment originally performed inTetrahymena,
but the low reactivity of the substrate made it impossible to
obtain sufficient ligation signal for the experiment. This is
likely due to the extremely short internal guide sequence in
theAzoarcusintron (3 base pairs). Thus, while the primary
AzoA87 dARS interference data are consistent with a contact
to the G10 amine, this could not be explicitly confirmed by
a NAIS experiment (see Discussion).

In addition to accepting a hydrogen bond from theAzoA58
2′-OH, the G10 2′-OH is predicted to donate a hydrogen
bond to the A58 N3 (Figure 2b). To test the latter contact,
we screened for c3ARS interference suppression upon dG10
substitution using chimeric ribozymes similar to those
described above. The c3ARS interference atAzoA58 was
largely suppressed (κ ≈ 2 compared to aκ g 6) upon dG10
substitution (Figure 7c,d). Interference atAzoA27, A87, and
A127 persisted (Figure 7c,d). In contrast, c3ARS interference
at A58 was not affected by the I10 substitution, which argues
against a global change in ribozyme structure. Thus, like the
dARS interference suppression at A58 described above, the
c3ARS interference suppression was site-specific and unique
to the nature of the substitution. This argues that the 2′-OH
of G10 is energetically coupled to both the N3 and the 2′-
OH of A58, which is consistent with an A-minor interaction
for P1 docking into J4/5.

A Second A-Minor Interaction between J8/7 and the P1/
P2 Stack.We next explored the predicted contact between
J8/7 and nucleotides on the substrate helix distal from the
cleavage site (Figure 2c). Interference from dARS and c3ARS
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substitution atAzoA167 in J8/7 is potentially consistent with
an A-minor interaction with this nucleotide. The two most
likely acceptors areAzoC13 or C14 within the P2 helix
(Figure 6b). The 2′-OH groups of both residues contribute
substantially to ribozyme activity (26). They are located at
positions comparable to those important for P1 helix docking
in the Tetrahymenaintron, specificallyTetG25 and G26.
However, the comparison is uncertain, becauseAzoC13 and
C14 are base-paired within the P2 rather than P1 helix
(Figure 6). Assuming that P2 stacks under P1 in theAzoarcus
intron, thenAzoC13 and C14 would be equivalently distant
from the cleavage site asTetG25 and G26, respectively
(Figure 6). The comparison is further complicated by the
observation thatTetU300, the base which contactsTetrahy-
menaG26 (AzoC14), is deleted from theAzoarcusintron.
Deletion of the first nucleotide in the J8/7 region is the
primary feature that distinguishes theTetrahymenaIC1 from
theAzoarcusIC3 class of introns (17, 41). Thus, it is possible
that alternative helix packing interactions are responsible for
the J8/7-P1 contacts in these two introns.

NAIS was performed to test for A-minor motifs between
AzoA167 and candidate residues in P2. Chimeric L-6 G206
ribozymes were constructed with 2′-deoxy-C at position 13
or 14 (designated dC13 and dC14) and dARS or c3ARS
randomly incorporated throughout the RNA. Both dARS and
c3ARS interference atAzoA167 was suppressed upon dC13
substitution (Figure 8). No dARS or c3ARS suppression was

observed atAzoA167 in the context of the dC14 or the G10
substitutions tested in the previous section (Figure 8c,d and
data not shown). Interference persisted with dARS at
AzoA58, A87, and A127 or with c3ARS at AzoA27, A58,
A87, A127, and A161 (Figure 8c,d). Again, the suppression
was particular to the specific substitution and the nucleotide
position. This argues that the 2′-OH of C13 is energetically
coupled to both the 2′-OH and the N3 of A167, which is the
same signature observed in the J4/5 region. These data are
consistent with an A-minor interaction between A167 and
C13.

DISCUSSION

Structural evidence suggests that the A-minor motif is the
most prevalent tertiary element for helix packing in RNA
structure (1). It occurs at functionally critical and conserved
positions throughout the ribosome and several smaller
catalytic RNAs (1, 2, 4-12). This work extends these
observations by providing evidence that the A-minor motif
is also used for helix packing within the catalytic core of
the group I intron. We have demonstrated by NAIM and
NAIS that A-minor motifs provide the basis for substrate
helix recognition within a bacterial group I intron active site.
Specifically, A58 in the J4/5 region contacts the G‚U wobble
pair at the cleavage site in the P1 helix, and A167 in the
J8/7 region contacts the C13-G37 base pair in the P2 helix.
This study utilized the phosphorothioate-tagged nucleotide

FIGURE 7: Interference suppression with c3ARS and dARS demonstrates an A-minor interaction betweenAzoG10 and A58. (a) dG10
suppression of dARS interference atAzoA58. 5′-End-labeled control (lanes 1-2) and 3′-exon ligation (lanes 3-8) lanes are shown for
ribozymes with a single-site G, dG, or I substitution atAzoG10 (ribozyme substitution indicated above bracket) and ARS or dARS incorporated
throughout the RNA (analogue identity shown above each lane). The nucleotide numbers that correspond to bands in the sequence are
shown to the left and right of the gels. The site of interference suppression is indicated with an asterisk to the right of the respective lane.
The orientation of the 5′-end-labeled control has been inverted for ease of comparison. (b) Quantitation of dARS interference data from
panel a. The nature of the ribozyme substitution is indicated above the bracket. The position of the dARS interference is indicated within
the bracket. Bar height indicates the magnitude of interference. A value of 1 indicates no interference, a value between 2 and 4 indicates
moderate interference, and a value of 6 indicates maximum quantifiable interference at that site. An asterisk highlights the position of
dARS interference that is suppressed upon introduction of the dG10 substitution. Values represent the average of at least two independent
experiments. (c) dG10 suppression of c3ARS interference atAzoA58. Panels are labeled as in (a). (d) Quantitation of c3ARS interference
data from panel c. Figure is labeled as in (b).
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3-deazaadenosine, which makes it possible for the first time
to explore the functional role of the N3 imino group of the
adenine base.

It is formally possible that the energetic coupling identified
by interference analysis does not reflect direct hydrogen
bonding between the functional groups. For example, it is
conceivable that the interactions are mediated by water or
metal ions. While the data do not exclude such models, there
are no data to favor them over the more simplistic interpreta-
tion that the interferences are indicative of A-minor motifs.
It is important to note that these motifs are stabilized by both
hydrogen bonding and van der Waals contacts, contacts
which are maximized by the relatively smooth surface of
the adenosine minor groove edge. Inclusion of a water or
metal ion between the interacting nucleotides would both
disrupt the van der Waals surface and substantially alter the
hydrogen bonding donor-acceptor relationship between the
residues’ functional groups. Given that all of the biochemical
data are consistent with A-minor motifs, we favor the more
straightforward interpretation.

Distinguishing between A-Minor Motif Variations by
Interference.While these data identify likely A-minor motifs,
can these interference results discriminate which variation
of the A-minor motif forms at each position? There are
several classes of A-minor motifs, each distinguished by the
position of the adenosine relative to the base pair and by
the set of hydrogen bonds that mediate the interaction (Figure
1) (1). In both the AzoA58 and theAzoA167 A-minor
interactions characterized in this study, the data are most
consistent with a type II motif. In this variation, the N3 of
the adenosine hydrogen bonds to the 2′-OH in the base pair.
In contrast, within the type I motif, either the adenosine N3
is not contacted (as for A-U, U-A, and possibly G-C acceptor
base pairs) or it hydrogen bonds to the N2 amine in the C-G

base pair (1). In both of the A-minor candidates explored in
this study, interference suppression supported an energetic
coupling between the N3 of the adenosine (AzoA58 or A167)
and the 2′-OH of the base-paired nucleotide, consistent with
the type II motif. Other evidence also argues against the type
I A-minor motif in both cases. One prediction of type I is
that deletion of the N2 amine of the G would suppress the
c3ARS interference since the guanosine amine is hydrogen-
bonded to the adenosine N3 in this variation. This was tested
in the case of A58 A-minor, and no suppression was
observed. Instead, as shown in theTetrahymenaintron, the
N2 amine of the wobble pair is coupled to the neighboring
sheared A‚A pair (13).

This experiment could not be performed for the J8/7
A-minor contact without great technical difficulty, but other
data provide compelling evidence against a type I motif
between A167 and theAzoarcusP2 helix. The type I
A-minor motif results in intimate packing of the adenosine
against the minor groove edge of the C-G pair. Introduction
of steric bulk at the minor groove edge of the base pair is
predicted to substantially destabilize the type I motif, while
the more limited packing interface of the type II motif would
be substantially more tolerant of such a perturbation. We
previously reported interference analysis of theAzoarcus
intron with N2-methylguanosine (m2GRS), an analogue that
introduces a methyl group on the minor groove edge of a
C-G base pair (42). This analogue does not affect the stability
of duplex formation (43), but it strongly interferes with any
tertiary contact made to the minor groove of a G within a
base-paired region (42). No m2GRS interference was ob-
served atAzoG37, the base that pairs with C13 (26). This
argues against a close contact of A167 with the N2 amine
in the C13-G37 base pair. This observation is inconsistent
with the type I and consistent with the type II A-minor motif.

FIGURE 8: Interference suppression with c3ARS and dARS to demonstrate an A-minor interaction betweenAzoC13 and A167. Each panel
is labeled as described in Figure 7. The site-specific ribozyme substitutions tested are 2′-deoxy-C at positionAzoC13 or C14. The analogues
incorporated into the RNA are dARS or c3ARS. (a) dC13 suppression of dARS interference at A167. (b) Quantitation of interferences in
panel a. (c) dC13 suppression of c3ARS interference at A167. (d) Quantitation of interference in panel c.
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Another prediction of the type I motif is that both 2′-OH
groups in the acceptor base pair would be important for the
interaction. Within the C13-G37 pair, only C13 shows a 2′-
deoxy effect, as would be consistent with a type II motif
where only one of the 2′-OH groups is contacted. Interest-
ingly, the adjacent C14-G36 base pair shows strong 2′-deoxy
effects at both nucleotides and is intolerant of methylation
of the G36 exocyclic amine (26). This suggests there is close
packing in the C14-G36 minor groove in a manner consistent
with an A-minor type I motif. The interaction partner(s) is
(are) unknown, but it is possible that a residue(s) in J2/3
may play this role.

To be complete, the other two possible A-minor motifs
must also be considered. In the type III motif, neither the
N3 nor the 2′-OH of the adenosine contact the base pair (1),
so the data are wholly inconsistent with this structural
variation. The type 0 motif is a substantially less common
A-minor variant (10 examples of type 0 in the 50S ribosome
compared to 83 examples of type I and 54 of type II) (1),
but it involves the same set of hydrogen bonds as type II.
The difference is that the ribose sugar, rather than the adenine
base, packs into the base pair minor groove (Figure 1). As
a result, the type II interaction is A-specific, but the type 0
interaction is observed for other bases.

Given the hydrogen-bonding ambiguity between the type
II and the type 0 motifs, is there an interference signature
that can distinguish between them? The answer is somewhat
equivocal. Closer packing of the adenine base in type II than
in type 0 suggests that type II should be more sensitive to
perturbation of the minor groove edge of the adenosine. The
best analogue for such a perturbation is 2-aminoadenosine
(diaminopurine riboside, DAPRS), which introduces an extra
amino group onto the adenosine’s smooth van der Waals
surface. As expected for a type II interaction, this analogue
causes interference at A58 in theAzoarcusintron and at A114
and A301 in theTetrahymenaintron (26). A somewhat
surprising inconsistency is that DAPRS does not cause
interference atAzoarcusA167 (whereas it is a very strong
effect at the equivalent A301 inTetrahymena). Although this
is a negative result that could derive from angle differences
between how the J8/7 strand approaches the substrate helix
in these two introns, it cannot be completely excluded that
the C13-A167 A-minor interaction inAzoarcusis type 0
rather than type II. The c3ARS interference experiment could
not be performed inTetrahymenadue to lack of analogue
incorporation, but other interference data and modeling
results favor a type II interaction in theTetrahymenaJ8/7
(14). Thus, it is possible thatAzoarcusand Tetrahymena
make tertiary interactions with equivalent residues, but utilize
different A-minor motifs. This could be indicative of larger
differences in substrate helix packing between the two introns
that result from a shortened J8/7 segment (6 instead of 7
nt), a lengthened J2/3 segment (3 instead of 2 nt), and P1-
P2 helix stacking in the bacterial intron (26).

Other Possible A-Minor Motifs within the Bacterial Intron.
The primary focus of this work is the A-minor motifs
responsible for substrate helix recognition, but interference
data were collected on most of the other adenosines
throughout the bacterial intron. This raises the following
question: Is the interference pattern at any other positions
consistent with A-minor motifs and of what variety?

Extensive biochemical evidence indicates that the P2
tetraloop contacts a tetraloop receptor in P8 using structural
motifs similar to those observed by X-ray crystallography
within the P4-P6 domain (10, 25, 26, 44-46). Assuming
structurally equivalency,AzoA26 and A27 (Figure 6b) should
form type II and type I contacts, respectively. Both positions
display c3ARS interference. Interference atAzoA26 is
consistent with a type II hydrogen bond from the N3 to the
AzoU148 2′-OH. Interference atAzoA27 is consistent with
a type I motif as it is predicted to form aAzoA27 N3 to
G163 N2 hydrogen bond with theAzoC147-G163 base pair
(based upon homology to the tetraloop receptor interaction
in TetrahymenaP4-P6) (10). This underscores the observa-
tion that c3ARS interference alone does not distinguish which
variety of A-minor motif each residue forms. But the
clustering of such interferences can be highly informative.
A-minor motifs within the 50S ribosome were observed to
occur in clusters where the variety of the motif decreased
going from the 5′ to the 3′ direction (1). Thus, where two
consecutive As show c3ARS and dARS interference, a
reasonable working hypothesis would be that the 5′ A is type
II, while the 3′ A is type I.

Interferences with several other analogues in P2 and P6
agree with this structural assignment [summarized in Table
3 of (26)]. Most notable are the intolerance ofAzoA26 and
A27 to introduction of an N2 amine (DAPRS interference),
the intolerance ofAzoA26, A27, U148, C147, or G163 to
2′-OH deletion, and the intolerance of theAzoG163 N2 amine
to methylation or deletion. These interferences support the
expectation that the symmetry of 2′-OH effects in the
acceptor pair is a distinguishing feature between the type I
and type II motifs. In theAzoA27‚C147-G163 type I motif,
the 2′-OH groups of both C147 and G163 show 2′-deoxy
interference, whereas onlyAzoU148 shows 2′-deoxy interfer-
ence in the type II motif (10, 26).

Another region in which c3ARS interferences are clustered
is J4/5. Interference atAzoA58 is explained by the type II
A-minor interaction with G10 (see above), but what is the
explanation for the interferences at A86 and A87 on the
opposing strand? Based upon the G‚U wobble receptor model
established for theTetrahymenaintron (Figure 2b), the two
sheared A‚A pairs in J4/5 contact the 2′-OH and N2 amine
of the wobble G. The modest interference atAzoA86 could
derive from disruption of the sheared A86‚A58 pair, which
involves a A56 N6 to A86 N3 hydrogen bond. Assuming
equivalency betweenTetrahymenaandAzoarcus, the amine
of AzoG10 should contact the 2′-OH and N3 of A87, which
would explain all the interferences observed on both residues.
We attempted a suppression experiment to establish this
contact in the bacterial intron, but theAzoA87 dARS and
c3ARS interference persisted when an inosine was substituted
at G10. At first glance, this might suggest that theAzoarcus
intron defines the 5′-splice site by a molecular mechanism
distinct from that inTetrahymena; however, persistence of
AzoA87 interference could have a much simpler explanation.
Based upon the wobble receptor model, theAzoA87 2′-OH
would make a ground-state contact to the G10 amine, and a
transition-state contact to the 2′-OH of U-1 (47) (Figure 2b).
Because of this second important contribution,AzoA87 dARS
interference would not be suppressed so long as there is a
ribose at the U-1 cleavage site. The analogous experiment
in Tetrahymenadid result in suppression, but it was done in
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the context of a U-1 2′-deoxy-substituted substrate (13).
Extensive effort was made to perform the suppression
experiment inAzoarcususing a substrate with a 2′-deoxy
substitution, but it proved impossible to obtain sufficient
signal. The extremely shortAzoarcusinternal guide sequence
when combined with the substantial reaction rate reduction
due to the deoxy substitution proved intractable. Thus, while
the primaryAzoA87 dARS interference data are consistent
with a contact to the G10 amine, this could not be directly
confirmed.

A third region where c3ARS interferences are clustered is
the P6 internal loop (AzoA97 and A98). These interference
are unlikely to result from disruption of A-minor motifs
because neither of the residues show 2′-OH effects (26). Lack
of 2′-OH effects also argues against A-minor motifs at
AzoarcusA49, A63, and A161. The N3 groups of these
residues are likely to make their contributions by other types
of interactions.

The only otherAzoarcusresidue that shows interference
upon N3 and 2′-OH substitution, consistent with a type 0, I,
or II A-minor motif, is AzoA127 in the J6/7 region (26).
Equivalently strong interferences were reported for the
analogous residue inTetrahymena(A261) (18). In fact,
AzoA127 is the only adenosine in theAzoarcusintron that
shows dARS and c3ARS interference but whose tertiary
contact has not been identified. A127 is very highly
conserved among almost all 700 group I introns sequenced
and aligned (conserved in 663 of 671 introns, 98.8%) (48).
AzoA127 shows little or no effect upon introduction of an
N2 amine (i.e., no DAPRS interference) (26), which argues
strongly against A-minor type I, modestly disfavors type II,
and hints at type 0. The A127 interference results suggest
that in addition to the A-minor-like contacts, the Hoogsteen
face (N7 and N6) of the residue also makes tertiary
interactions (18, 26). This implicatesAzoA127 as a bridging
element that brings multiple secondary structural elements
together in the active site. IfAzoA127 forms an A-minor
motif that is conserved between these two introns, then it
would be expected to contact a 2′-OH whose functional
importance is also conserved. Despite the low-resolution
nature of the docked model and the undocked crystal
structure (14, 15), the overall spatial positioning of these
residues leaves only a few possible candidates, including
AzoA172 at the 3′-end of J8/7 andAzoC46 at the 3′-end of
P3 (26). Interference suppression experiments are underway
to explore these possibilities.

Characteristic Interference Patterns of the A-Minor Motifs.
The results presented here suggest that nucleotide analogue
interference patterns can identify and partially distinguish
A-minor interactions in RNA tertiary structure, particularly
the type I and type II varieties. The diagnostic patterns are
as follows.

Type I motif: The adenosine donor is intolerant of 2′-
OH deletion, intolerant of N3 substitution (there is a strong
effect if the adenosine contacts a C-G pair, but interference
in the context of other pairs has not been tested), and strongly
impaired by functional substitution at the C2 position. The
base pair acceptor shows strong effects upon 2′-OH deletion
at each residue and is intolerant of steric bulk introduced
into the minor groove.

Type II motif: The adenosine donor is intolerant of 2′-
OH and N3 substitution, and adversely affected by amine

substitution at C2. The base pair acceptor only shows
interference upon deletion of one of its 2′-OH groups, and
there is greater tolerance for steric bulk on the minor groove
edge of the base pair (i.e., methylation of the exocyclic amine
of G) relative to the type I motif. Consecutive adenosines
that are affected by 2′-OH and N3 substitution are good
candidates for A patches that involve both type I and type
II motifs.

Type III motif: Interference on the adenosine donor in
this motif is uninformative because neither the 2′-OH nor
the N3 is involved in contacts to the base pair. The N1
position is the only site of interaction, but no nucleotides
have been reported that make it possible to analyze this
position in a NAIM assay. Thus, the type III is distinguished
only by interference at one of the 2′-OHs on the acceptor
base pair. No examples of this motif were explicitly
investigated in this study, but one such contact was identified
in the TetrahymenaJ8/7 region using dimethyl sulfate
footprinting analysis (49).

Type 0 motif: This motif’s interference pattern is predicted
to be almost identical to that of the type II motif except there
may be a greater tolerance for steric substitution on the
adenosine C2.

CONCLUSION

Like the ribosome, the group I intron utilizes A-minor
motifs at functionally critical positions. Additionally, the
nucleotide analogue c3ARS described in this report can be
used to investigate A-minor motifs in any RNA that can be
transcribed in vitro and biochemically selected. In combina-
tion with the 2′-deoxynucleotide analogue series previously
reported (21), it is now possible to identify experimentally
the donor adenosines and the acceptor base pairs and even
provide a reasonable prediction about which A-minor motif
forms between them. Identification of these interactions will
provide valuable constraints for RNA structure prediction
and lead to a molecular explanation for RNA structure and
function relationships.
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