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Solution structure of an RNA fragment with the
P7/P9.0 region and the 3’-terminal guanosine
of the Tetrahymena group | intron
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ABSTRACT

In the second step of the two consecutive transesterifications of the self-splicing reaction of the group | intron, the
conserved guanosine at the 3’ terminus of the intron (#G) binds to the guanosine-binding site (GBS) in the intron. In
the present study, we designed a 22-nt model RNA (GBS/wG) including the GBS and G from the Tetrahymena group |
intron, and determined the solution structure by NMR methods. In this structure, «G is recognized by the formation
of a base triple with the G264°C311 base pair, and this recognition is stabilized by the stacking interaction between
oG and C262. The bulged structure at A263 causes a large helical twist angle (40 *+ 8°) between the G264+C311 and
C262°G312 base pairs. We named this type of binding pocket with a bulge and a large twist, formed on the major
groove, a “Bulge-and-Twist” (BT) pocket. With another twist angle between the C262°G312 and G413°C313 base pairs
(45 *= 10°), the axis of GBS/wG is kinked at the GBS region. This kinked axis superimposes well on that of the
corresponding region in the structure model built on a 5.0 A resolution electron density map (Golden et al., Science,
1998, 282:345-358). This compact structure of the GBS is also consistent with previous biochemical studies on
group | introns. The BT pockets are also found in the arginine-binding site of the HIV-TAR RNA, and within the 16S
rRNA and the 23S rRNA.
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INTRODUCTION tions (Cech et al., 1992). In the first step, an exogenous
guanosine is bound to the guanosine-binding site (GBS)
that is conserved in the core region of the intron. Then,
the 5’ splice site is cut by the transesterification. In the
second step, the guanosine residue that is conserved
at the 3’ terminus of the intron (wG) replaces the ex-
ogenous guanosine (Fig. 1A). Then, the intron releases
the 3’ exon, and the two exons are connected together
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The group | intron is a self-splicing RNA. The group |
intron excises itself from a precursor RNA, connects
the flanking exons, and generates the mature RNA
efficiently and accurately. This self-splicing reaction con-
sists of two consecutive steps involving transesterifica-
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FIGURE 1. A: Sequence of the guanosine binding site (GBS) in the second transesterification step in the Tetrahymena
intron. B: Sequence of P7/P9.0/G. C: Sequence of GBS/wG. The helices corresponding to the P9.0 and P7 helices are
colored light blue. The C262¢G312 base pair is colored orange, A263 is colored red, the G264°C311 base pair is colored
green, and wG is colored blue. Broken lines represent base pairs. A blue-filled circle represents the interaction between wG
and the GBS predicted by the substitution experiment (Michel et al., 1989). Strands of the exons are colored red.

Substitution experiments revealed that a conserved
GeC base pair in the P7 helix (hereafter G264°G311,
according to the numbering for the Tetrahymena group |
intron; Fig. 1A) was essential for the guanosine bind-
ing, and the G264¢C311 base pair was proposed to
form a base triple with the guanosine substrate
(Michel et al., 1989). On a side of this GeC base pair
(G264C311), there are a bulged nucleotide (A263) and
a Watson—Crick base pair (C262°G312; Fig. 1A). The
guanosine substrate was proposed to interact with the
C262 base through stacking (Yarus & Majerfeld, 1992).
On the other hand, it was also proposed that the
substrate guanosine interacts with the AeU base pair
(A265°U310) on the other side (Fig. 1A), probably
through hydrogen bonding (Yarus et al., 1991).

Moreover, some structural studies of group | introns
have been reported. Three-dimensional models of
group | introns, including the GBS region, were pre-
sented on the basis of phylogenetic and experimental
analyses (Michel & Westhof, 1990; Lehnert et al., 1996).
The P4-P6 region of the Tetrahymena group | intron
was determined by X-ray crystallography at 2.8 A res-
olution (Cate et al., 1996). The structure of the P5 helix,
the internal bulge at J5a/5b, and the P1 helix were
each determined by NMR (Allain & Varani, 1995; Luebke
et al., 1997; Colmenarejo & Tinoco, 1999). However,
these structures did not include the GBS, and thus
provide no information about the guanosine recog-
nition. Recently, the global architecture of a region
containing the P3-P9 region was determined at 5 A
resolution (Golden et al., 1998). This P3-P9 fragment
includes the GBS and G, but the elucidation of the
guanosine recognition mechanism at an atomic reso-
lution will require a higher resolution structure.

We previously designed a 31-nt model RNA of the
GBS, termed P7/P9.0/G (Fig. 1B), from the Tetra-

hymena group | intron, and indicated that P7/P9.0/G
retains the same specific interaction between the GBS
and wG as in the group | intron by substitution exper-
iments (Watanabe et al., 1996). In the present study,
we revamped the model RNA, named it GBS/wG
(Fig. 1C), and determined its solution structure by NMR.

RESULTS AND DISCUSSION

Design of GBS/wG

The GBS/wG RNA (Fig. 1C) was newly designed on
the basis of P7/P9.0/G (Fig. 1B). In GBS/wG, the
U267°A308 and A268°U307 base pairs in the P7 stem
are eliminated. The P9.0 stem of GBS/wG is capped
with a GAGA tetraloop, in order to stabilize the struc-
ture of the P9.0 stem in GBS/wG. A model RNA with the
wild-type sequence might form undesirable base pairs,
such as C413¢G312 and G313¢C262. Therefore, to
avoid the formation of alternative secondary struc-
tures, the C413+G313 base pair in P7/P9.0/G was
replaced by the G413°C313 base pair in GBS/wG. Be-
cause the same substitution in the group | intron has no
effect on the splicing reaction (Russell & Herschlag,
1999), this corresponding substitution in GBS/wG may
not interfere with the guanosine binding by the GBS.
As we expected, the GBS/wG RNA yielded high-quality
NMR spectra for the structural analysis.

We previously showed that the melting temperatures
of some variants of P7/P9.0/G quantitatively indicate
the interaction between the GBS and «»G, and found
that P7/P9.0/G retains the same specificity as the
group | intron (Watanabe et al., 1996). To confirm the
same specificity in GBS/wG, we measured the melting
temperatures of two derivatives of GBS/wG. One is the
GBS RNA, which lacks the nucleotide corresponding to
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»G. The other is the GBS/wA RBNA, in which «G is
replaced by an adenosine. The melting temperature of
the GBS/wG RNA (70.5°C) is appreciably higher than
those of the GBS (67.5 °C) and GBS/wA (67.0 °C) RNAs.
This order is the same as that of the melting temper-
atures of the corresponding variants of P7/P9.0/G. Fur-
thermore, we measured the NMR spectra of a variant
of GBS/wG, GBS/wU, in which G is replaced by a
uridine. From the spectra, we found that C262 and G312
in GBS/wU do not form a Watson—Crick base pair (data
not shown). Previous data indicated that C262 and G312
form a Watson—Crick base pair in the group | intron
(Couture et al., 1990). The present results indicate that
GBS/wG distinguishes a guanosine from an adenosine
or a uridine, as the group | intron does. Thus, the struc-
ture of GBS/wG is expected to represent that of the
guanosine-binding site at the second transesterifica-
tion step in the group | intron.

Resonance assignments

The residues in GBS/wG are numbered according to
that in the Tetrahymena group | intron, except for the
residues in the two tetraloops. The residues in the UUCG
tetraloop are numbered as 1*—4*, and those in the
GAGA tetraloop are numbered as 1**—4** (Fig. 1C).
The assignment of the proton resonances was per-
formed using the well-established NOE pathways
(Withrich, 1986). Due to the excellent resonance dis-
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persion in the spectra measured at 750 MHz (Fig. 2A),
the 'H NMR spectra were sufficient to assign all of the
resonances in GBS/wG, except for some of the H5'/
H5"” and amino proton resonances (Table 1). Further-
more, to identify the resonances derived from »G
unambiguously, we synthesized a sample that is '*C/
SN-labeled only at wG, and measured its '*C-"H HSQC
and "®N-"H HSQC spectra. On the basis of this assign-
ment, we obtained unambiguous structural information
about wG.

The chemical shifts and the NOE patterns of the
UUCG and GAGA tetraloops in GBS/wG are similar to
those of the tetraloops determined previously, and in-
dicate the same helix-loop conformation (Orita et al.,
1993; Allain & Varani, 1995; Jucker et al., 1996). For
example, the observations of the 2'-OH resonance
of U1* (6.7 ppm), and the upfield-shifted resonance
(10.0 ppm) of the imino proton of G1** are distinctive
features of the UUCG and GAGA tetraloops, respec-
tively (Orita et al., 1993; Allain & Varani, 1995).

In the NOESY spectra in 2H,0, a sequential walk
could be performed from G264 to C266, from G309 to
A314, and from U412 to G413 (Fig. 2A). These NOE
connectivities of the P7 stem (residues G264 to C266,
and G309 to C311) and of the P9.0 stem (residues
C313 to A314, and U412 to G413) agree with the reg-
ular helical conformation of these regions (Varani et al.,
1996). “Sequential NOEs” are also observed between
the P7 and P9.0 stems. NOEs were observed between

TABLE 1. Proton and phosphorus chemical shifts (in parts per million) for GBS/wG.2

H8/H6 H2/H5 H1 H2’ H3’ H5'/H5" amino imino 2'0OH P
C262 7.19 4.63 5.97 4.52 4.82 4.40 3.86/3.89 7.97/6.34 na
A263 8.32 6.24 5.07 4.60 4.73 na
G264 7.60 na 5.24 4.74 4.24 4.55 4.27/4.38 12.35
A265 7.91 7.84 6.09 4.69 4.55 4.65 4.16/4.64 na
C266 7.26 5.15 5.42 4.41 4.16 4.45 4.03/4.47 8.43/6.98 na —3.94
U1~ 7.77 5.65 5.66 3.78 4.53 4.38 4.52/4.09 na 11.77 6.65 —4.32
Uz 8.03 5.87 6.13 4.68 4.02 4.49 4.25/4.04 na
Cc3* 7.71 6.13 5.96 4.11 4.50 3.80 3.62/2.70 na —4.94
G4 7.88 na 5.98 4.84 5.66 4.41 4.19/4.41 9.80 —4.92
G309 8.35 na 4.51 4.50 4.24 4.41 4.28/4.48 8.79/6.62 13.43 —2.22
U310 7.82 5.12 5.62 4.61 4.51 4.41 4.52/4.06 na 14.23 —-4.77
C311 7.59 5.54 5.57 4.85 4.35 4.50 4.05/4.13 8.09/6.36 na
G312 7.51 na 5.50 4.55 4.38 4.48 4.16/4.40 12.85
C313 7.61 5.36 5.21 4.1 4.44 3.88 4.40/3.98 8.26/6.81 na
A314 7.99 7.41 5.94 4.56 4.87 4.41 na
G1** 9.89 na 5.63 4.12 4.48 4.29 4.08/4.41 9.99 —2.61
A2** 8.23 7.86 5.69 4.74 4.31 4.19 4.29/3.81 na —-1.17
G3** 7.37 na 5.12 4.21 4.38 4.27 3.84/4.19 —2.30
A4** 7.91 8.28 6.14 4.37 4.76 4.41 4.64/4.16 na —4.97
U412 8.13 5.95 4.06 4.38 4.14 3.97 na 13.39 -1.78
G413 7.72 na 5.90 3.93 4.78 4.38 4.39/4.06 12.65
G414 7.84 na 5.77 4.58 4.48 4.253 4.18/4.18 8.18/6.40 11.09

@mino, amino, and 2'-OH resonances were measured on a DRX600 spectrometer. Phosphorus resonances were

measured on a DMX500 spectrometer. All other protons were measured on a DMX750 spectrometer.
na: not applicable.
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the H2'/H3’ of G413 and the H6 of C262, and be-
tween the H2'/H3' of G312 and the H6 of C313
(Fig. 2A,C), although G413 and C262 are not co-
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FIGURE 2. A: The base H8/H6 to H1'/H5/H2’
44 region is shown in a 150-ms two-dimensional
NOESY spectrum in 2H,0 at 283 K. Solid lines in-
L46 dicate H8/H6-H1" correlations, and broken lines in-
b H5 dicate H8/H6-H2' correlations. Red broken lines
indicate H8/H6-H2' correlations between the P9.0
48 and P7 stems. The boxed peak corresponds to the
H6-H5 correlation of C262. B: The imino—imino/
5.0 amino region in the 200-ms two-dimensional NOESY
spectrum in 90% H»0/10% 2H,O at 283 K. Red
- lines indicate the correlation among the imino and
5 amino protons in G414 (wG) and the G264°C311
base pair. C: Schematic representation of observed
5.4 NOEs about G, C262, and A263. Broken lines rep-
resent observed NOEs. Red, orange, green, and
L s6 blue lines represent NOEs in the category of
' strong, medium, weak, and very weak, respectively.
Intraresidue and intra-base-pair NOEs are not
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valently connected. These NOEs suggest that the
G413¢C313 base pair is stacked with the C262¢G312
base pair.
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Some NOEs were observed between the bases of
oG and the G264°C311 base pair (Fig. 2B,C). These
NOEs indicate the formation of a base triple between
these nucleotides, which is the same as the model
proposed previously (Michel et al., 1989).

Structure determination

The structure of GBS/wG (Fig. 3A) was determined by
structure calculations with the information from NMR
measurements (Table 2). Hydrogen bond constraints
were used for the six Watson—Crick base pairs in the
two stems. No hydrogen bonds were presumed for wG
in the structural calculation.

The subdivided parts of GBS/wG are very well con-
verged, although the overall structures are relatively
diverged (Table 2). The r.m.s.d. for the P7 stem region
(two Watson—Crick base pairs and the UUCG tetra-
loop) is 0.97 A (Fig. 3B; Table 2). The rm.s.d. for the
P9.0 stem region (two Watson—Crick base pairs and
the GAGA tetraloop) is 1.20 A (Fig. 3C; Table 2). The
structures of these two tetraloops are identical to those
of the corresponding tetraloops in other RNA mol-
ecules (Allain & Varani, 1995; Jucker et al., 1996). The

FIGURE 3. The 10 lowest energy structures (Table 2) of GBS/wG.

A: The average structure of GBS/wG. B: Local superimposition for

the 10 residues consisting of the UUCG tetraloop and the A265¢U310
and C266°G309 base pairs. C: Local superimposition for the 10 res-
idues consisting of the GAGA tetraloop and the U412¢A314 and
G413+C313 base pairs. D: Local superimposition for the 10 residues
that form the GBS region. The G264¢C311 base pair is colored green,
the C262¢G312 base pair is colored orange, wG is colored blue, and
A263 is colored red.
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TABLE 2. Structure statistics.

Number of restraints

NOE distance restraints 334
Dihedral angle restraints 107
Hydrogen bond restraints 40
Total number of restraints 481
R.m.s.d. for all heavy atoms relative to the mean structure (A)
P7 stem and the UUCG tetraloop 0.97
P9.0 stem and the GAGA tetraloop 1.20
GBS region (residues 262—264, 311-312, 414) 1.48
All nucleotides 3.26
R.m.s.d. from idealized geometry
Bonds (A) 0.003
Angles (°) 0.61
Impropers (°) 0.47
R.m.s.d. for restraints
Distance restraints (A) 0.011
Dihedral restraints (°) 0.39

structure of the GBS region, whose solution is the pur-
pose of Ehis study, is also well defined, with an rm.s.d.
of 1.48 A (Fig. 3D; Table 2).
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Base triple interaction

G forms a base triple with the G264°C311 base pair in
GBS/wG (Fig. 4A). Two hydrogen bonds were identi-
fied between G and G264 in this structure. One is
between the amino proton of wG and the N7 of G264,
and the other is between the imino proton of »G and
the O6 of G264. Michel et al. (1989) showed that a
variant with the substitution of an AeU base pair for the

A A265¥U310 ¢ A265¥U310

G414 (0G)

FIGURE 4. Stereoview of the GBS region of the average structure.
Twist angles were derived from the 50 lowest energy structures.
A: »G forms a base triple with the G264¢C311 base pair. B: C262
is stacked on wG. The twist angle between the G264¢C311 and
C262G312 base pairs is large (39.8 + 7.6°). C: The twist angle
between the G4132C313 and C262°G312 base pairs is also large
(45.1 = 10.4°). D: The GBS region with the backbones represented
by ribbons. The color scheme is the same as in Figure 3.

G264°C311 base pair captures a 2-aminopurine more
tightly than a guanosine. It was also shown that the
specificity of the GBS in the second step was changed
from wG to an adenosine by the substitution of a CeG
base pair for the G264C311 base pair (Been & Per-
rotta, 1991). The hydrogen bonds observed in GBS/wG
are consistent with these substitution experiments, and
agree with the base triple model that was proposed by
these substitution experiments.

Stacking interaction of C262 on oG

The base of C262 is stacked on the base of G414 (wG;
Fig. 4B). Due to this stacking interaction, H5 of C262 is
placed just above the purine ring of G414. The upfield-
shifted resonance (4.63 ppm) originating from H5 of
C262 (Fig. 2A) can be attributed to the deshielding
effect by the purine ring of G414, and confirms the
noncanonical base-stacking structure between C262
and G414. This stacking interaction would stabilize the
recognition of G414 (wG) by the GBS in GBS/wG. The
base of C262 intercalates well between the two bases
of G413-G414 (Fig. 4D).

Yarus and Majerfeld (1992) exchanged C262 for other
types of nucleotides, and found that the splicing activity
is almost proportional to the stacking properties of the
nucleotide at this position. From this result, they sug-
gested that C262 is stacked on the guanosine sub-
strate and stabilizes the binding interaction. The stacking
interaction between C262 and G in GBS/wG indi-
cates that C262 is stacked not only on the guanosine
substrate but also on wG.

A263 bulge

It was suggested that C262 and G264 form Watson—
Crick base pairs with G312 and C311, respectively, and
A263 does not form a base pair, but instead exists in a
bulge structure (Burke, 1988; Couture et al., 1990). In
the present structure, A263 is not close enough to hy-
drogen bond with any of the bases in the major groove
of the P7 stem (Figs. 3A and 4D). The A263 base is
located near the back of the »G ribose moiety, whereas
its front side is involved in the reaction (Fig. 4D).

The nucleotide corresponding to A263 is semicon-
served, as either an adenosine or a cytidine, among all
of the sequenced group | introns, and covaries with the
base pair corresponding to C262¢G312. A263 corre-
sponds to the base pair of G262¢C312 or C262°G312,
whereas C263 corresponds to the base pair of
A262°U312 or U262°A312. However, the replacement
of A263 with other nucleotides affects neither the self-
splicing nor the substrate specificity in the Tetrahymena
group | intron (Yarus et al., 1991). Furthermore, there
was no interference from any of the base modified
analogs of A263 (Ortoleva-Donnelly et al., 1998). These
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observations are consistent with the present structure:
No specific interaction around A263 was observed in
GBS/wG. We found that this bulge structure at A263
causes a large helical twist angle (40 = 8°) between the
C262¢G312 and G264°C311 base pairs. This twist an-
gle is greater than that in an A-form helix (32.7°). This
large twist angle causes a pocket in the major groove,
and enables G414 (wG) to stack on C262 as well as to
form the base triple with the G264°C311 base pair. We
named this type of binding pocket, formed on the major
groove with a bulge and a large twist, a “Bulge-and-
Twist” (BT) pocket.

Couture et al. (1990) showed that the splicing reac-
tion was impaired in the variant, in which the nucleotide
at position 263 (N263) could form a base pair with that
at position 312 (N312). They indicated that N263 co-
varies with the N262eN312 base pair so as to avoid
base pairing between N263 and N312 (Couture et al.,
1990). Their variants with the improper N263eN312
base pair may have a normal twist angle between the
N263°N312 and G264¢C311 base pairs, as in the ca-
nonical A-form helix. Then, the stacking interaction of
oG (or the substrate guanosine) with N262 and the
base triple formation with the G264¢C311 base pair
would be prevented in these variants.

Kink between the two helices

A large twist angle between the G413¢C313 and
C262G312 base pairs (45 = 10°; Fig. 4C) is present at
the stem—stem junction (Fig. 1C). This angle is as large
as that between the C262¢G312 and G264°C311 base
pairs (40 + 8°; Fig. 4B). These large twist angles may
have naturally caused the kink of the axis in the GBS
region (Fig. 5).

A kink around the GBS in GBS/wG is also observed
within the corresponding region in the P3-P9 structure
model built on a 5.0-A resolution electron density map
(Golden et al., 1998; Fig. 5). When the stem region in
GBS/wG is superimposed on the corresponding region
in the P3-P9 structure, the bases in the P9.0 stem of
GBS/wG are located at almost at the same positions as
the corresponding bases in the crystal structure (Fig. 5).
However, the positions of G264-C266 in GBS/wG are
shifted by one base as compared with those in the
5.0 A crystal structure (Fig. 5).

The X-ray crystallographic study (Golden et al., 1998)
and the biochemical studies (Pyle et al., 1992; Wang &
Cech, 1992; Szewczak et al., 1998, 1999; Strobel &
Ortoleva-Donnelly, 1999) of the group | introns indi-
cated that many segments are brought together to form
the catalytic core of the intron, such as P7, P9.0, P1,
J4/5, and J8/7. It is likely that the kink between the P7
and P9.0 helices observed in GBS/wG makes space
for these segments for the proper packing of the cat-
alytic core.

A. Kitamura et al.

Contribution of the A265°U310 base pair
to the guanosine binding

Mutations of the A265°U310 base pair, adjacent to the
G264°C311 base pair, affected the splicing reaction of
the group | intron (Yarus et al., 1991). Variants with the
G265°U310 or U265°U310 base pair were inferior to
the wild-type group | intron in their reactivity toward the
guanosine. Nevertheless, the G265U310 variant pre-
ferred a 2,6-diaminopurine (2,6-DAP) to the guanosine
as the substrate, although this reactivity of the variant
toward the 2,6-DAP was still lower than that of the
wild-type intron toward the guanosine. The specificity
of the G265°U310 variant was interpreted as the for-
mation of a hydrogen bond between the 6-NH, of the
2,6-DAP and the O6 of G265. This hydrogen-bonding
scheme has been called the axial model, in which the
2,6-DAP tilts and interacts with the two adjacent base
pairs, G264°C311 and G265°U310 (Yarus et al., 1991).

On the basis of the structure of GBS/wG, we ex-
amined the axial hydrogen-bonding scheme for the
G265°U310 variant with the 2,6-DAP. The replacement
of wG by the 2,6-DAP prevents the formation of the
hydrogen bond with the O6 of G264. However, the re-
placement of the A265°U310 by a GeU wobble base
pair enables the 2,6-DAP to form two hydrogen bonds
with G265 and U310, because the U in a GeU wobble
base pair extrudes into the major groove (Fig. 6A).
Therefore, the 2,6-DAP in this model forms more hy-
drogen bonds than wG in the base triple conformation,
while it does not stack on C262 (Fig. 6B). The hydrogen-
bonding scheme in this model can account for the af-
finity of the variant for the 2,6-DAP.

On the basis of the reactivity of the variant toward the
2,6-DAP, it was also proposed that a similar hydrogen-
bonding scheme may be possible for the wild-type
group | intron with the guanosine substrate (Yarus et al.,
1991). The proposed hydrogen bond is between the
06 of the guanosine and the 6-NH, of A265, and cor-
responds to that between the 6-NH, of the 2,6-DAP
and the O6 of G265 in the variant. Due to the tilt of the
oG base, this hydrogen-bonding scheme may contra-
dict the stacking interaction between the substrate and
C262 (Yarus & Majerfeld, 1992).

Thus, we examined the probability of this hydrogen-
bonding scheme in the intact group | intron. In GBS/
oG, wG is stacked on C262, and forms the base triple
(Fig. 6C). If the base of wG in GBS/wG is tilted, as in
the model described above, then »G could form only
two hydrogen bonds, one with G264 and the other with
A265, and could not stack on C262. Therefore, the
axial conformation does not seem preferable when the
substrate is a guanosine. However, in the full-length
group | intron, it is possible that some interactions that
are not included in the structure of GBS/wG may allow
the axial conformation in conformational changes dur-
ing the splicing reaction.
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Connection to the P10 helix

How compatible is the present GBS/wG structure with
the connection to the P10 helix? We constructed a
model, by substituting the GBS/wG structure for the
corresponding part of the full-length model structure of
the group | intron (Michel & Westhof, 1990), as shown
in Figure 7. On the front side of wG, there are the 3’
exon that is connected to the G 3'-OH group, and the
phosphate group following wG that is to react with U(—1)
at the 3’ end of the 5" exon. It has been reported that
the 3’ and 2’-OH groups of wG, and the 3'-OH group of
U(—1) are bound with magnesium ions (Piccirilli et al.,
1993; Weinstein et al., 1997; Shan et al., 1999). Whereas
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FIGURE 5. Stereoview superimposition of the stem region in
the average structure of GBS/wG, with the corresponding re-
gion in the crystal structure (Golden et al., 1998). Axes are
represented by lines of spheres. GBS/wG is colored pink. The
crystal structure is colored sky blue.

A265¥U310

FIGURE 6. A,B: Stereo depiction of the model structure with
a 2,6-diaminopurine (2,6-DAP) and the G265°U310 wobble
base pair. The A265°U310 base pair in GBS/wG is super-
imposed on the G265°U310 base pair. The 2,6-DAP is colored
blue, the G264°C311 base pair is colored green, the G265°U310
base pair is colored sky blue, and the A265°U310 base pair in
GBS/wG is colored beige. The putative hydrogen bonds are
represented by yellow broken lines. C: Stereoview of the GBS
region in GBS/wG.

FIGURE 7. Stereoview of the model structure derived from the
Michel-Westhof model (Michel & Westhof, 1990) and GBS/wG. The
P10 helix is colored light blue, and the G22eU(—1) base pair is col-
ored royal blue. The broken line connects the phosphate of A415 and
the O3’ of U(—1).
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the back of the wG ribose faces the base of A263, the
location of wG relative to the bulged base is compatible
with the connection to the P10 helix and the magne-
sium ion bindings. U412 and G413 of the P9.0 helix are
close to the P10 helix, but with no steric hindrance.
Therefore, the present GBS/wG structure appears to
be compatible with the P10 helix connection and the
splicing reaction.

Comparison with other RNA molecules

The GBS in the group | intron is also known to bind an
arginine, because of the structural similarity between
the guanidino group of the arginine side chain and the
isosteric set of atoms on the guanosine base (Fig. 8A,B;
Yarus, 1988, 1989). The HIV TAR RNA also recognizes
an arginine residue in the arginine-rich domain of the
Tat protein (Calnan et al., 1991) by a mechanism sim-
ilar to that elucidated for the GBS in GBS/wG (Fig. 8C,D;
Brodsky & Williamson, 1997). The HIV TAR RNA forms
a binding pocket that is very similar to the BT pocket in
GBS/wG, although this binding pocket recognizes an
arginine instead of a guanosine. First, the BT pocket in
the TAR RNA consists of two base pairs and a bulge
between them. Second, the substrate arginine forms
two hydrogen bonds with G26 in the GeC base pair,
using a guanidino group (Fig. 8B). Third, the twist angle
between the A22¢U40 and G26°C39 base pairs (47°) is
larger than that in the canonical A-form. With this large
twist angle, A22 is stacked with the arginine (Fig. 8C,D).
Beside these features that are common to the BT pocket,
the TAR RNA has an additional stacking interaction
with the arginine. In the TAR RNA, one of the bulged
residues, U23, forms a base triple with the A27.U38
base pair (Puglisi et al., 1992), and is stacked with the
substrate arginine. On the other hand, the bulge A263
in GBS/wG forms no hydrogen bond, and is not stacked
with the substrate.

The BT pocket is also found in other RNA molecules,
and has a role in binding either a free nucleotide or a
nucleotide residue from another RNA segment. For ex-
ample, a part of the 16S rRNA (Fig. 8E,F; Wimberly
et al., 2000) contains the distinct structural features of
the BT pocket, which recognizes a cytidine residue
(C1200). The target C1200 forms a base triple with the
A10552U1205 base pair. The twist angle between the
A1055.U1205 and U1052°A1206 base pairs is also large
(43°) with the two residues in a bulge. U1052 in the UsA
base pair is stacked with C1200. Furthermore, one of
the bulged residues, G1053, is stacked with the target
C1200, like U23 in the TAR RNA. In this BT pocket, the
target nucleotide is recognized by forming a (UeA)C
base triple, whereas in the GBS BT pocket, the target
guanosine is recognized by forming a (CeG)*G base
triple. Another example of the BT pocket is within
the 23S rBNA (Fig. 8G,H; Ban et al., 2000). In this
BT pocket, the target residue, A2612, forms an
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A2612¢(A2095°U2650) base triple, and is stacked with
G2097 in the G2097°C2647 base pair. The twist angle
between the G2097°C2647 and A2095°U2650 base
pairs is large (46°), with the bulge of A2648-A2649. In
these two rBRNA BT pockets, the substrates are specif-
ically recognized by forming base triples that are dif-
ferent from each other, and from the base triple in the
GBS BT pocket. This indicates that the specificity of the
BT pocket for a ligand is variable, according to the type
of base triple.

MATERIALS AND METHODS

RNA preparation

RNA samples were synthesized on a DNA/RNA synthesizer
and were deprotected as described (Kim et al., 1997). The
['3C,"®N] 3',5’-GDP was obtained as described previously
(Ohtsuki et al., 1998). The RNA sample that was specifically
labeled at G414 (wG) was prepared enzymatically by the
ligation of ['3C,'5N] 3’,5’-GDP to the RNA fragment that lacks
a nucleotide at position 414. These RNA samples were pu-
rified as described (Kim et al., 1997) and were dissolved in
the desired buffers. For the NMR experiments involving ex-
changeable protons, the 3.0 mM of unlabeled sample and the
0.5 mM of labeled sample were prepared in 90% H>O/10%
2H,0 containing 10 mM sodium phosphate, pH 5.5, and 50 mM
sodium chloride. All other experiments for nonexchangeable
protons were performed in 99.96% 2H,0 containing 10 mM
sodium phosphate, pH 6.5, and 50 mM sodium chloride.

Melting profile analysis

Melting profiles of the RNAs were measured with a Gilford
Response Il UV spectrometer at a heating rate of 1°C/min
(Watanabe et al., 1996). The UV absorbance at 260 nm of the
sample, in 10 mM sodium cacodylate buffer (pH 6.5) contain-
ing 100 mM sodium chloride, was measured at 0.5 °C incre-
ments from 25 to 100 °C.

NMR spectroscopy

The two- and three-dimensional NMR experiments were
acquired on Bruker DMX500, DRX600, and DMX750 spec-
trometers. All spectra were acquired at 283 K except for the
two-dimensional "H-"*N HSQC spectra, which were acquired
at 278 K. For spectra in the H,O NMR buffer, pulse se-
quences with jump and return water suppression (Plateau &
Guéron, 1982) were used. For spectra in the 2H,O NMR
buffer, low power irradiation of the residual HOD resonance
was applied during the relaxation delay. The following spec-
tra were acquired using an unlabeled RNA sample: NOESY
spectra (50-, 150-, 200-, 400-ms mixing times) in the 2H,0
NMR buffer; a NOESY spectrum (200-ms mixing time) in the
H,O NMR buffer; a DQF-COSY spectrum in the 2H,O NMR
buffer; a TOCSY experiment (150-ms mixing time) with the
MLEV-17 mixing sequence (Bax & Davis, 1985) in the 2H,0
NMR buffer; and a 'H, 3P HetCor experiment (50- and 100-ms
mixing times) with the WALTZ-16 isotropic mixing sequence



Structure of the guanosine binding site of the group I intron
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/MJ guanosine
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FIGURE 8. A: The schematic representation of the base triple in
GBS/wG. B: The schematic representation of the proposed hydro-
gen bonds in the arginine-binding interaction in the GBS. C,D: Stereo-
view of the arginine-binding site in the TAR RNA (Brodsky &
Williamson, 1997). The A22:U40 base pair is colored orange, U23
and U25 are colored red, and the G26°C39 base pair is colored
green. E,F: Stereoview of a part of the 16S rRNA from Thermus
thermophilus (Wimberly et al., 2000). C1200 is colored blue, the
U1052°A1206 base pair is colored orange, G1053 and C1054 are
colored red, and the A1055¢U1205 base pair is colored green.
G,H: Stereoview of a part of the 23S rRNA from Haloarcula maris-
mortui (Ban et al., 2000). A2612 is colored blue, the G2097°C2647
base pair is colored orange, U2648 and A2649 are colored red, and
the A2095°U2650 base pair is colored green.

(Kellogg & Schweitzer, 1993) in the 2H,O NMR buffer. The
RNA sample selectively labeled at G414 was used to acquire
the following spectra: a two-dimensional 'H-'3C HMQC spec-
trum in the 2H,0 buffer, and a two-dimensional 'H-">N HSQC
spectrum in the H,O buffer.
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NOE distance constraints

Semiquantitative distance constraints between nonexchange-
able protons were estimated from the cross-peak intensities
in the NOESY spectrum with a 50-ms mixing time. Using the
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covalently fixed pyrimidine H5-H6 distance (2.43 A) as a
reference, the peak intensities were classified as strong, me-
dium, weak, or very weak. The upper bound distance con-
straints of the corresponding proton pairs were set to 3.0, 4.0,
5.0, or 6.0 A, respectively. Distance constraints involving ex-
changeable protons were estimated from the two-dimensional
200-ms mixing time NOESY spectrum, and were classified
as either weak, very weak, or extremely weak. For the cross-
peaks that were classified as extremely weak, the upper bound
distance constraints were set to 7.0 A in order to account
for the possibility of spin diffusion. In the case of the intra-
base-pair distances for AsU H2-NH, GeC NH-NH2, and GeU
NH-NH, they were classified as strong constraints. Intrares-
idue sugar-to-sugar constraints were not included in the
calculations.

Dihedral angle constraints

Sugar pucker conformations were determined from 3Jyy o
couplings that were semiquantitatively estimated from 3'P-
decoupled two-dimensional DQF-COSY and TOCSY spec-
tra. Residues with couplings >7 Hz (C262, U2*, C3*, and
G414) were constrained to the C2'-endo conformation
(Varani et al., 1996) through four of the torsion angles in the
ribose sugar ring (Wimberly, 1992). Residues with weak
3Jn1-ne couplings and large 3Jna.pa couplings (A265-U1*,
G4*-A2**, A4**-G413) were constrained to the C3’-endo con-
formation. Residues with intermediate 3Jys.42 couplings
(A263, G264, and G3**) were left unconstrained. For resi-
dues clearly lacking H4'-H5" and H4'-H5" peaks in the DQF-
COSY spectra, the y-torsion angles were constrained to the
gauche* conformation (60 = 20°; Smith & Nikonowicz, 1998).
For residues clearly lacking P-H5" and P-H5" peaks in the
HetCor spectra, the B torsion angles were constrained to the
trans conformation (180 = 20° Smith & Nikonowicz, 1998).
We used dihedral constraints to keep the amino groups planar.

Hydrogen bond constraints

Watson—-Crick base pairs were identified using two criteria:
the observation of a significantly downfield shifted NH or NH
proton resonance and the observation of strong GeC NH-
NH, or AsU H2-NH NOEs. The GeA base pair in the GAGA
tetraloop and the UsG base pair in the UUCG tetraloop were
identified by the typical chemical shifts and the NOE patterns
reported previously (Varani et al., 1991; Orita et al., 1993;
Allain & Varani, 1995; Jucker et al., 1996). Hydrogen bonds
were introduced as distance restraints of 2.9 + 0.3 A between
donor and acceptor heavy atoms and 2.0 = 0.2 A between
acceptor and hydrogen atoms (Smith & Nikonowicz, 1998).

Structure calculation

The structures were calculated using X-PLOR 3.8 (Briinger,
1992) with restrained molecular dynamics (rMD). One hun-
dred starting structures were generated with randomized tor-
sion angles. The protocol for structure calculation was divided
into four stages. For all of the stages, the force constants for
bond length, bond angle, and NOE distance were set to 1,000
kcal mol~" A2, 500 kcal mol~" rad 2, and 50 kcal mol~?
A-2 respectively. At the first stage, each of the starting struc-
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tures was subjected to 70 ps of rMD at 1,000 K using hydro-
gen bond and NOE-derived distance constraints. In the second
step, each of the structures was subjected to 15 ps of rMD at
1,000 K with the shake protocol. The weight of the van der
Waals force constant was increased during the last 10 ps.
Then, each structure was cooled to 300 K over 14 ps and was
minimized (1,000 steps). At the third stage, 1 ps of rMD at
1,000 K with hydrogen bond and NOE-derived distance con-
straints was performed with an increasing force constant for
the torsion angle (5 to 50 kcal mol ). Each of the structures
was cooled to 300 K over 3.5 ps and was minimized (1,000
steps). At the final stage, each of the structures was sub-
jected to 1,000 steps of restrained energy minimization using
the Lennard—Jones potential and all of the NMR-derived
constraints.

Model buildings

The model structure that explains the result of the substitu-
tion experiment by Yarus et al. (1991) was constructed by
modifying the coordinates of GBS/wG. The A265°U310 base
pair and oG were replaced with a wobble GeU base pair and
a 2,6-DAP, respectively. The modified coordinates were sub-
jected to energy minimization using the Lennard—Jones po-
tential with three hypothetical hydrogen bond constraints
(2,6-DAP+G264 2-NH,-N7, 2,6-DAP*G264 6-NH,-O6, 2,6-
DAP°U310 6-NH»-04).

The model structure of the GBS region with the P10
and P1 helices was constructed from the full-length model
of the group I intron (Michel & Westhof, 1990) by substituting
the helical region of GBS/wG for the corresponding region.
The P7 and P9.0 helices within GBS/wG and the P1, and P10
helices were subjected to energy minimization.

Coordinates

Structure coordinates for the averaged structure have been
deposited in the Protein Data Bank (PDB ID code 1K2G).
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