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RNA can both encode genetic information and catalyze biochemical reactions. The paradigm for genetic
coding is the formation of a double helix involving Watson-Crick base pairs. RNA catalysts, however,
form more complex three-dimensional structures whose folds remain a mystery. Even in the well-
studied class of ribozymes called group | self-splicing introns, only a handful of non-Watson-Crick
contacts have been identified. These introns, defined by a common secondary structure and reaction
pathway (1, 2) (Fig. 1), form an active site for consecutive phosphodiester exchange reactions that

produce properly spliced RNAs. Evidence for aglobular conformation and arelatively solvent-
inaccessible core came from free-radical cleavage experiments on the group | intron from Tetrahymena
thermophila (3, 4, 5). Divalent metal ions play a direct role both in the formation of this structure and in

~ __F | Fig. 1 TheP4-P6 domainisa central component of the self-

& - ? H At splicing group | intron from Tetrahymena thermophila. A

j _ |_|‘ el e schematic representation of the intron is shown above, with the
2 e f - ~]| gﬂ phylogenetically conserved catalytic core shaded in gray. Helical
e £ 5 [ -~ & 2| regions are numbered sequentially through the sequence; P,

[ paired region; J, joining region. Arrows indicate 5" and 3' splice

- vy ' sites. The sequence of P4-P6, enlarged at left, includes 160 nt that
b -5 fold independently of the rest of the intron. Two guanosine

: nucleotides were included at the 5" end of the RNA to permitin
vitro transcription with T7 RNA polymerase. Nucleotides are

E: highlighted as follows: in light blue and in red, part of the

. - conserved core; in orange, the A-rich bulge required for proper P4-
P6 folding; in gold, the GAAA tetraloop; in green, the conserved 11-nt tetraloop receptor; and in gray,
P5c. The P5a, P5b, and P5c helices are referred to as the P5abc extension, and the junction of these three
is abbreviated 3HJ. [View Larger Version of this Image (32K GIF file)]

Using comparative sequence analysis, Michel and Westhof modeled the conserved core of group |
introns as two sets of coaxially stacked helices juxtaposed to create the active site (9). In the

Tetrahymena intron, these helices reside in two domains of about equal size, P4-P6 and P3-P9 (Fig. 1).

Chemical protection experiments suggested that the P4-P6 region of the Tetrahymena intron folds as an
independent unit (3, 5) (Fig. 1). When separated from the other half of the intron, the P4-P6 RNA adopts

the same secondary structure and higher order folding that it hasin the intact intron (10, 11, 12).

Furthermore, the P4-P6 domain assembles in trans with the remaining regions of the intron to form a
catalytically active complex (13). The P4-P6 domain is also the first higher order structure to form on

the kinetic folding pathway of the intron (14).

The Tetrahymena P4-P6 domain contains roughly half of the active site of the intron—base-paired (P)
segments P4, P5, and P6 and joining (J) regions J3/4, J6/7, and J4/5. These conserved elements are
found in the catalytic cores of all group | introns (15, 16, 17) (Fig. 1). The P4-P6 domain also contains
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the P5abc extension (P5a, P5b, and P5c) found only in the IC1 and |C2 subclasses of group | introns (9,
18). Group | introns containing the extension require it for efficient catalysis, whereas those without it
typically have either additional structural elements not found in the Tetrahymena-like introns or
essential protein cofactors that bind in the P4-P6 region (19). Deletion of P5abc from the Tetrahymena
intron abolishes splicing activity except in the presence of high concentrations of magnesium ions (20).
Splicing activity isrestored at low ionic strength by supplying the P5Sabc region in trans (21). These
results are consistent with the idea that the P5abc extension stabilizes the active conformation of the
RNA through interactions near the core. Indeed, a model of the domain, built on the basis of site-
specific mutagenesis and chemical probing, predicted a sharp bend in J5/5a (Fig. 1) to alow the P5abc
extension to lie alongside P4, P6, and P6a (10).

The detailed structures of group | introns are unknown, although afew specific tertiary contacts have
been identified on the basis of site-directed mutagenesis, chemical protection, and phylogenetic
comparisons (17). Modeling efforts are limited by the small number of atomic resolution RNA

structures available. The crystal structures of severa transfer RNAs [~~76 nucleotides (nt)] have been

ribozymes (~50 nt) have been determined (27, 28), and the solution structures of several RNA motifs
have been investigated by nuclear magnetic resonance (NMR) (29). Our knowledge of the three-
dimensional structure of RNA has come from these few examples of relatively small molecules.

We present here the x-ray crystal structure of the 160-nt P4-P6 domain from the Tetrahymena group |
intron at 2.8 A resolution. The structure reveals various long-range interactions required to stabilize
large RNASs such as group | and group |1 introns, RNase P RNA, and ribosomal and spliceosomal
RNAs. These include contacts involving noncanonically paired or "bulge" regions interspersed between
helices, backbone-backbone interactions, metal binding sites, and interactions involving a GAAA
tetraloop. The structure shows how RNA, though limited to four rather similar building blocks, can
neverthel ess assembl e to produce a complex globular fold.

Structure determination and overview. P4-P6 RNA was synthesized in vitro with the use of T7 RNA
polymerase and purified by gel electrophoresis (30). Crystals of the RNA were grown in 60 mM
potassium cacodylate (pH 6), 30 mM magnesium chloride, 0.3 mM spermine, and 0.2 to 1.0 mM cobalt
hexammine chloride by vapor diffusion with methylpentanediol as a precipitant. The crystals belong to
space group P2,2,2, (30) with two P4-P6 molecules in the asymmetric unit and diffract anisotropically
(2.8t0 2.5 A resolution). The crystal structure of the P4-P6 domain RNA was solved by

multiwavel ength anomalous diffraction (MAD) and single isomorphous replacement (SIR) with the use
of an osmium derivative (Table 1). Crystals soaked in solutions containing 0.2 to 0.4 mM osmium
hexammine triflate (31) produced an osmium derivative as identified by standard difference Patterson
methods. Two data sets measured from an osmium derivative crystal at wavelengths near the osmium
L111 absorption edge were combined with data from a cobalt hexammine derivative crystal to calculate
theinitial electron density maps. The final experimental map was generated with phases from the above
data sets, followed by density modification. The high quality of this map allowed correct positioning of
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the nucleotide sequence during model building. The register of the sequence was later confirmed by

difference Fourier analysis of 5-iodouracil derivatives at nucleotides 241, 253, 258, and 259 (32). The
current model consists of 154 nt in molecule A, 154 nt in molecule B, and atotal of 28 metals and six
waters (33). A full account of the structure determination and refinement will be published elsewhere

(34).

Table 1. Summary of crystallographic data. Crystals were grown from methylpentanediol (MPD) as
described (30), with subsequent modification (34). Crystals were transferred to a solution containing
25 percent MPD, 100 mM potassium cacodylate (pH 6.0), 50 mM magnesium chloride, 0.5 mM
spermine, 10 percent isopropanol, and 0.035 to 0.07 mM cobalt hexammine chloride. The osmium
derivative was prepared by substituting osmium hexammine triflate (31) for the cobalt hexammine

chloride. Crystals were flash-frozen in liquid propane cooled with liquid nitrogen. Initial Patterson
maps were calculated from datato 5.0 A resolution collected at —160°C on an R-AXIS || imaging
plate area detector equipped with focusing mirrors. The data set Cohex2, collected on a MacScience
DIP2000 area detector equipped with focusing mirrors, was used in calculating the first traceable
electron density maps. This data set was later replaced with a higher resolution cobalt data set (Cohex
1) collected at Cornell High Energy Synchrotron Source (CHESS) beamline A-1. The osmium
derivative data were collected (i) at the peak (A1) and (ii) at the first inflection point (A2) of the
osmium absorption edge at the X-4A beamline of the National Synchrotron Light Source at
Brookhaven National Laboratory. All data sets were processed with DENZO and scaled with
SCALEPACK. Heavy-atom sites were refined, and multiple isomorphic replacement (MIR) and
anomalous phases were computed using MLPHARE (63). Initial MAD-SIR phases were improved by
density modification with DM (64). A rotamer library for ribose puckering conformations (34) in the
Interactive model building was used for program O (65). Refinement of the model against the Cohex

1 data set was carried out with X-PLOR 3.8 (66).

Data set Oshex (A1) Oshex (A2) Cohex1 Cohex2
Resolution (A) 20.0-2.8 20.0-29 18.0-25 20.0-2.8
Reflections
Unique 63,718 61,355 42,836 31,828
Redundancy 24 18 4.0 2.9
% Complete 95.6 91.6 87.5 90.2
Ry 4.8 4.3 4.5 6.9
Phasing: (A1 = native)

R.(is0) ac, ct 0.95,0.86 0.89, 0.86
Re(ano) 0.73 0.82
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/e (1) 41 (3.0A) 27.0(3.0A) 4.7 (2.8 A)
Phasing power$
6.5-5.1 A
Isoac, ¢ 12,10 0909
Ano 2.2 18
Overdl
Isoac, C 0.7,06 08,06
Ano 0.9 0.6
Mean FOMI| DM -refined parameters After final round of DM
6.5-5.1 A 0.68 0.90
Overall 0.42 0.71
Refinement Cohex1
Resolution (A) 8.0-2.5
Reflections
Working set (N) 34,551
Test set (N) 1,850
Number of atoms (N) 6,824
R-factorl 0.242
R-free 0.285
rms? bond (A) 0.010
rms angle (°) 1.27
* Rym = 20 — (V21

T R(is0), Cullis R, ratio of lack of closure to isomorphous difference, where c is centric dataand ac is
acentric data.
¥ R.(ano), Cullis R, ratio of lack of closure to anomalous difference.

8 Phasing power = rms ElFH|/E, where F, isthe calculated heavy-atom structure factor amplitude
and E isthe lack of closure error.

Il FOM = figure of merit for phases from the heavy-atom derivatives. Heavy-atom parameters refined
with density modification were used to generate phases with the above FOM. The MAD-SIR phases
were then density-modified before generating the final electron density map.

T R-factor and R-free = E”FOst - |FCa| C||/E|F0bs|, where R-free includes amplitudes omitted from
the refinement.

# rms, root mean square.
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The secondary structure of the P4-P6 domain (Fig. 1) is color coded to highlight areas of functional
interest, and the crystal structure with the same color coding is shown in Fig. 2. Of the paired regionsin
Fig. 1, only P6 is not formed as predicted in the secondary structure. Throughout the molecule, altered

major and minor groove widths characterize regions of interhelical contact as well as segments of non-
Watson-Crick pairing. Only helices P6b and P5b have uninterrupted canonical A-form geometry (35).

Fig. 2. The P4-P6 crystal structure. (A) The molecule viewed in the same
orientation as the secondary structure shownin Fig. 1. A bend of ~150° at
one end of the molecule allows helices of the conserved core (in light blue
and in red) to pack against helices of the P5abc extension. Specific contacts
occur between the P4 helix (light blue) and the A-rich bulge (orange), and
between the tetraloop receptor (green) and the GAAA tetraloop (gold). (B)
View of the structure from the side, facing the core. The domain is about one
helix thick in this dimension (25 A), except for the P5c helix and loop
(gray). (C) Stereo representation of the structure from the opposite side (180°
from Fig. 2A). This and subsequent figures, except where stated, were
generated with RIBBONS (67).

[View Larger Version of thisImage (57K GIF file)]

The molecule comprises two helical regions that pack side by side with overall dimensions of about

110 by 50 by 25 A. Helices P6b, P6a, P6, P4, and P5 form a straight column on one side of the
molecule, and helices P5Sb and P5a are stacked on the other. A bend of ~~150° between helices P5 and
P5a allows the P5abc extension to interact with one helical face of the conserved core region. The three-
way junction of helices P5a, P5Sb, and P5c is buttressed by an adenosine-rich motif referred to as the A-
rich bulge. The P5c region protrudes from the plane of the helical stacks (Fig. 2, B and C).Two major
sets of tertiary interactions stabilize packing of the P5abc extension against helices of the conserved
core. These two contacts can be viewed as a clamp on the back of the core that presents P4 and P6 to the
rest of the RNA in the intact intron. The first of these occurs between the minor groove of the P4 helix
and residues in the A-rich bulge. The second links the minor groove of J6a/6b and P6ato the GAAA
tetraloop at the end of P5b. The overall fold seen in the x-ray crystal structure isin agreement with
previous biochemical studies, as described below.

A-rich bulge bridgestwo parallel helical stacks. Group | intron subclasses IB and | C often contain an
asymmetric A-rich bulgein P5a (9) (Figs. 1 and 2). The size of the bulge and its distance from P4 are

conserved (18). Within the A-rich bulge sequence, A184 and A186 are invariant, and A183 is highly

conserved. Structural interactions involving the bulge are critical to the folding of the entire P4-P6
domain. For example, deletion of the A-rich bulge or a point mutation of A186 to U disrupts the global
structure of the domain (10, 36). The A-rich bulge nucleates folding of a substructure within the

molecule, which includes the bulge and the three-helix junction of P5a, P5b, and P5c (10, 36). Base-pair
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substitutions in the third base pair of P4 decrease intron splicing activity; this has been ascribed to
disruption of atertiary interaction between this base pair and A183 or a neighboring base in the A-rich
bulge (37).

In the crystal structure, the backbone of the A-rich bulge makes a corkscrew turn (Fig. 3, A to C). Its
bases are flipped out and interact with adjacent residues of the P4 helix on one side and the three-helix
junction on the other. The four adenosines of the bulge are involved in stacking interactions and an
intricate network of hydrogen bonds (Table 2). Phosphates in the backbone of the bulge are packed
unusually close together, with 3 A between the closest phosphate oxygens. These phosphate oxygens
directly coordinate two magnesium ions, clearly visible in the experimental electron density map (Fig. 3,
A and C). The metals form an approximate axis of helical symmetry with respect to the backbone,
extending from A183 to A187.

c137

Fig. 3. The A-rich bulge interacts with the P4 helix and the P5abc three-helix junction. (A) Overall view
of the refined structure in this region superimposed on the solvent-flattened experimental electron
density map contoured at 1.4 o above the mean. A-rich bulge in orange, P4 helix in light blue, and P5a
and P5b in purple (part of 3HJ). Two divalent metal ions coordinate the phosphate backbone, one of
which is shown in this section of the map. (B) The A-rich bulge motif bridges the P4 helix of the core
and the three-way junction of helices P5a, P5Sb, and P5c. The phosphate backbone of the bulge, in
orange, makes a corkscrew turn stabilized by two divalent metals shown in yellow. The bases of the
bulge are on the outside of the corkscrew; A183 and A184 interact in the minor groove of P4 (light
blue), whereas A186 and A 187 interact in specific pockets in the three-helix junction (purple; one of the
helices, P5c, is omitted for clarity). (C) Stereo drawing of the two divalent metals that coordinate the
phosphates of the A-rich bulge. Both metals bind directly to the phosphates of A184 and A186;
additional contacts occur between the bottom metal and the phosphate of A183, and between the top
metal and the phosphate of A187. For clarity, U185 is not shown. Phosphate oxygen-metal ion distances
are 2.2 A on average. (D) A186 forms a network of hydrogen bonds between nucleotides in the three-
helix junction. A186 is shown in orange, and a base pair from P5a and a nucleotide (G164) from P5b are
in purple. [View Larger Versions of these Images (97K GIF file)]
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Table 2. A-rich bulge hydrogen bonds.

A-rich bulge H-bond partner A-rich bulge H-bond partner
A183 N3 a" G11002'd A186 02 a C13702'd
02'd G11002' a 02'd Cl13702a
N3 a G181 N2d
A184 N1 a G212 02'd N1la G181 02'd
N3a G212 N2d N6 d G164 02’ a
02'a C109 02" d
02'd C10902 a A187 N7 a U135N3d
N6 d U135 04 a

* d and arefer to hydrogen bond donors and acceptors, respectively.

Whereas the first two adenosines bind the minor groove of P4, the last two bind in pockets at the three-
helix junction. Critical to the stability of the P4-P6 domain, A186 is nestled in a pocket formed by the
minor groove face of the C137-G181 base pair in P5a and residue G164 at the top of P5b (Fig. 3D). All
four 2'-hydroxyl groups are involved in hydrogen bonds in this 4-nt interaction. In addition, A186 stacks
on two sheared G-A base pairs at the top of P5b, and these base pairs contribute to the conformation of
the three-helix junction.

The observed interactions agree well with biochemical datafor the P4-P6 domain alone and within the
intact intron. Site-directed mutagenesis and chemical protection studies (37) indicated that G212 in the
P4 helix contacts either A183 or a neighbor in the A-rich bulge; the observed interaction iswith A184.
Methylation of the N1 of adenosine by dimethyl sulfate occurs at A183 and A187, consistent with the
exposure of these bases in the structure (10). Most significantly, the extreme sensitivity of global

domain structure to mutations in the A-rich bulge (10, 36) is explained by the network of hydrogen
bonds that cross-stitch the two helical halves of the domain in this region.

Tetraloop interaction with 11-nucleotide tetraloop receptor. Large structured RNAS, including
ribosomal RNA and self-splicing introns, frequently contain hairpin loops of sequence GNRA (N, any
nucleotide; R, purine nucleotide) (38). Costa and Michel (39) observed that the GAAA subclass of these
loops is often found together with an 11-nt motif, and they demonstrated specific interaction between
these two elements in self-splicing introns. The canonical 11-nt tetraloop receptor is found in the P4-P6
domain. Centered in J6a/6b, it consists of two adjacent C-G base pairs, a 5-nt internal loop, and aG-U
base pair (Fig. 1). Previous chemical protection and mutagenesis studies (10) suggested an interaction
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between the bottom C-G pair of P6a and the last A of the GAAA loop.

The P4-P6 crystal structure now provides an atomic-resolution view of the GAAA |oop-receptor
interaction (Fig. 4, A and B). The conformation of the tetraloop is virtually identical to that observed by
NMR (40) and in the crystal structure of a hammerhead ribozyme (41), suggesting that it isarelatively
rigid unit. All of the loop nucleotides are in the anti conformation. The loop docks in the minor groove
with the P5b and P6a helices at an approximate 30° angle. The three adenine bases are stacked on the
bases on the 5 side of the tetraloop receptor helix. Stacking is facilitated by adjacent adenosinesin the
receptor internal loop that stack across the helix, forming an adenosine platform motif (42). This
unusual side-by-side configuration of adenosines results in akink in the ribose backbone that opens up
the minor groove of the tetraloop receptor. Although the tetral oop receptor is an asymmetric internal
loop, which might have been predicted to result in akink or bend, its structure provides nearly coaxial
alignment of the flanking helices.

Fig. 4. The GAAA tetraloop-receptor interaction. (A) Overall view of the
refined structure of the loop and receptor superimposed on the solvent-
flattened experimental electron density map contoured at 1.4 o above the
mean. The loop is shown in gold; the tetraloop receptor, in green. (B)
Schematic diagram of GAAA tetral oop-receptor interaction. The adenosines
of the tetraloop stack on nucleotides in one strand of the tetraloop receptor;
- stacked nucleotides are indicated by a dashed line. Hydrogen bonded contacts
bV areindicated by arrows. The 5'-most adenosine of the loop makes atriple
=y | baseinteraction with aU-A reverse Hoogsteen base pair in the receptor. The
¥ 1| second adenosine interacts between base pairs via 2'-hydroxyl contacts,
— whereas the third adenosine is part of a quadruple base interaction with the G
of the tetraloop and a C-G base pair of the receptor, asindicated. A backbone contact occurs between 2'-
hydroxyls of the base pair above the tetraloop and the top C-G base pair of the tetraloop receptor. (C)
Triple base interaction between the first adenosine of the GA AA loop and areverse Hoogsteen U-A
base pair in the tetraloop receptor. The two adenosine bases are coplanar, whereas the uridine base is
rotated ~~30° out of the plane. (D) The second adenosine (GA A A) of the tetraloop interacts primarily
through 2'- hydroxyl contacts to the U-A reverse Hoogsteen pair and the C-G base pair above it in the
tetraloop receptor. (E) The third adenosine (GAA A) of the tetraloop makes a quadruple base interaction
with the G of the loop and the indicated C-G base pair of the receptor.
[View Larger Version of thisImage (36K GIF file)]

In addition to stacking, each adenosine in the GAAA loop makes specific hydrogen bonds to the
tetraloop receptor. This reveals why the loop-receptor interaction is so sequence-specific: each A of the

tetraloop isinvolved in hydrogen bonds specific to the adenine base. Thefirst A of GAAA is part of an
A-U-A triple (Fig. 4C). The U dipsinto the plane of the two adenines and makes a reverse-Hoogsteen

pair with the adenine of the receptor. The two adenines form a symmetric A-A pair as described for an
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internal loop of the HIV-1 Rev responsive element (43, 44, 45). The second A (GA&A) stacks on top

of thistriple and makes three ribose-mediated contacts (Fig. 4D). The third A (GAA&) formsatriple
with the predicted C-G base pair (10) in addition to its sheared G-A pairing to the G of the tetraloop (40,
41) (Fig. 4E). Modeling of G in place of the second or third A of the loop introduces steric clashes with
the tetral oop receptor, which is consistent with the observed destabilizing effects of these mutations
(10). Many of the contacts between the tetraloop and the minor groove involve 2'-hydroxyl groups, as
was observed in an intermolecular contact between atetraloop and a minor groove in a hammerhead
ribozyme crystal (41).

Close packing of helices mediated by riboses and metals. The A-rich bulge and GAAA tetraloop
Interactions described above bring the two helical halves of the P4-P6 domain into close proximity. The
result is remarkably snug packing of the ribose-phosphate backbones. A number of riboses of the
isolated P4-P6 domain are inaccessible to Fe(l1)-EDTA cleavage (36, 46). The C4' atoms protected from
free radical reaction lie on the inside of the surface formed by the two halves of the domain and in the
region of the A-rich bulge where the backbone is buried (dark blue spheres, Fig. 5A). In contrast, the
C4' atomsthat are Fe(l1)-EDTA-accessible in solution (red and light blue regions) cover the outside
surface of the crystal structure. The light blue regions are protected in the intact intron.

[ r ! ﬂ' I Fig. 5. Close packing of helices in the P4-P6 domain. (A)
H H Ribbon representation of the P4-P6 crystal structure, color
coded to reflect experimentally determined solvent accessibility
of C4' atomsin the backbone. In dark blue, C4’ positions
- _ protected from cleavage in the domain alone and in the intact
“_‘r';'“?‘ T intron (C4' atoms are shown as spheres); in light blue, C4’/
}’ f positions protected from cleavage in the intact intron but not in
the isolated domain; in red, C4’ positions always unprotected
(36, 68). (B) Graph comparing experimental data and solvent
accessible surface in the structure. Protection of the isolated P4-P6 domain from Fe(l1)-EDTA cleavage
(36, 68) indicated by pink bars. Accessibility of C4’ atomsto a probe of 1.6 A radius was computed
from molecule B of the x-ray structure. Region around nucleotide 236 was not cal culated because of a
nick in the P6b hairpin loop. (C) Stereo diagram of interdigitated riboses between the backbones of the
P5b and P6a helices. These ribose zippers are characterized by directed hydrogen bonds between 2'-
hydroxyls and bases, as shown. (D) Metal ions coordinate phosphates in the backbone between P5 and
P5a. Solvent-flattened experimental electron density, contoured at 2.2 & above the mean, shows this
magnesium ringed by phosphate oxygens. The density for the presumed magnesiumismorethan 5« in
the map. [View Larger Version of thisImage (57K GIFfile)]

There is good correlation between the backbone accessibility determined biochemically and
crystallographically (Fig. 5B). The major exception occurs in the L5c hairpin loop, where interactions

between molecules in the asymmetric unit of the crystal cause internalization of the backbone. In
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solution, thisregion is not protected from Fe(l1)-EDTA cleavage in the isolated domain, although it
becomes protected in the intact intron.

The crystal structure revealsin detail how a solvent-inaccessible molecular interior can be constructed
from ribonucleotides. Interdigitated riboses line the regions of closest contact between the helical stacks.
Pairs of riboses interact by hydrogen bonding, forming "ribose zippers' in the A-rich bulge and the
GAAA tetraloop long-range contacts. For example, the backbones of the A-rich bulge and the P4 helix
interact through the 2'-hydroxyls of two staggered riboses (Fig. 5C). The ribose zipper is characterized
by shared hydrogen bonds between the 2'-hydroxyl and pyrimidine O2 (purine N3) of one base and the
2'-hydroxyl of its partner. At least one side of aribose zipper has non-A-form geometry (47). An
intermolecular version of aribose zipper is present in acrystal contact between adjacent tetral oops of
the hammerhead ribozyme (41, figure 1, D and E).

The close packing of phosphates from adjacent helices is mediated by hydrated magnesium ions.
Experimental electron density, located about 4 A from the nearest phosphate oxygens, is consistent with
outer sphere magnesium ion complexes occurring between P4 and J6/6a, between P5 and P5a, and
between P5b and P6a (Fig. 5D). The distance between phosphate oxygens across the major groove in

each helix is8to 9 A, aswould be expected for A-form RNA. Between helices, the phosphate oxygens
are 7 to 8 A apart and aligned to bind the hydrated metal. These coordination sites reveal one of the

50). In these cases the metal bridges the phosphate backbone, enabling close approach of adjacent
strands, as seen in shorter range interactions in transfer RNA (51). The details of other metal binding
interactions in the P4-P6 RNA are not yet completely known (52).

The phylogenetically conserved core. The sequence of the P4-P6 domain includes the J3/4 5 of P4
nucleotides and the J6/7 nucleotides 3’ of P6. In the crystal structure, the J6/7 nucleotides interact in the
major groove of P4, while the J3/4 nucleotides interact in the minor groove of P6, forming atriple helix
in the core (53). Models of the intron core (9, 54) predicted the J3/4 and J6/7 strands to lie in the minor

and major grooves, respectively, as seen in the structure. However, the details of the predicted
interactions differ substantially from the structure. A crystal contact occurs between P4-P6 molecules
just below P6, perhaps widening the helix in this region. Furthermore, an unnatural G in J3/4 (included
to facilitate transcription of the RNA; Fig. 1) base pairs with C217 below P6, which may also alter
native folding. Thus, it is not yet clear whether the detailed structure in thisregion is one that is relevant
to ribozyme function.

The J4/5 region, a conserved internal loop above P4, was predicted by Michel and Westhof to interact
with the P1 substrate helix in the intron core (9). Experimentally, adenosines in J4/5 crosslink to the G
that forms a functionally important and highly conserved G-U wobble base pair in the P1 substrate helix
(55). The guanosine-nucleophile binding sitein P7 (56) isin close spacial proximity to J4/5 (57),
leading to the suggestion that the J4/5 internal loop may orient the nucleophile relative to the scissile
phosphate in P1. Consistent with this model, mutation of A114 or A207 in J4/5 drastically decreases
Keat!/ Ky for ribozyme catalysis (58).
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The crystal structure reveals J4/5 as a helical segment in which adjacent adenosines form sheared
homopurine base pairs (Fig. 6A). This pairing scheme causes the N1 and N3 positions of A114 and
A207 to protrude into the minor groove, distorting it away from ideal A-form geometry (Fig. 6, A and
B). Moleculesin the crystal lattice interact through asymmetric contacts between their respective J4/5
regions. The minor grooves are opened up and packed against each other at an ~60° angle, with the 2'-
hydroxyl of A114 in one molecule forming hydrogen bonds to the 2'-hydroxyl and N3 positions of
A114 in the neighboring molecule. Packing of the backbones is mediated by intermolecular hydrogen
bonds between residue A210 of one molecule and residues A117 and A118 of the other.

~ l’ﬂ’\é uj w Fig. 6. The core region. (A) At left, sheared A-A base pair in

J4/5 with solvent-accessible surface overlayed; at right, A-U

base pair shown for comparison. Arrows indicate N1 and N3

}ﬁ:Rj\ positions exposed in the minor groove. This A-A differsfrom a
sheared G-A pair (40, 41) in that the bottom A is dlightly closer

,f;:} 5
E?«{‘}’ ,ﬁx .59/ M- to the purine above it, bringing the N6 of the bottom A within
hydrogen-bonding distance of N3 of the top purine. Thisfigure
was produced with the use of MidasPlus (69) and RIBBONS

(67). (B) Stereo drawing of sheared homopurine base pairsin J4/5, viewed down the helical axis.

Stacking and hydrogen bonding interactions stabilize this unusual conformation.
[View Larger Version of this Image (39K GIF file)]

This intermolecular docking suggests two possible modes of P1 substrate binding in the intact intron. In
one model, we suppose A114 of one molecule to be at the position occupied by G22 in the P1 helix of
the intron. The critical 2-amino group of the G (59) would then be equidistant between the N3 positions

of A114 and A207. In asecond model, we suppose A114 of the other molecule to be at the position of
G22 in theintron. In this case, the 2'-hydroxyl of G22 would bridge the 2-hydroxyl and N3 positions of
A114 on the first molecule. Its 2-amino group would be equidistant between the 2'-hydroxyl and N3
positions of A207. These possibilities can now be tested biochemically.

Catalysis by protein enzymes requires a globular molecule with awell-defined active site cleft, capable
of precisely orienting substrates for reaction. It has long been thought that catalysis by RNA would also
require a closely-packed structure, very different from the classical view of a stringlike messenger RNA
(60, 61). The crystal structure of the 160-nt P4-P6 domain now provides a detailed view of the

compactness of RNA folding.

As predicted, metal-phosphate coordination is abundant, bringing polyanionic helices into close
proximity. Most of the bases are involved in base pairs (either Watson-Crick or noncanonical) and many
participate in base triples and even quadruples. Base stacking, long known to make a major contribution
to helix stability, mediates interactions between separate helical regions. The defining functional group
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of RNA, the 2'-hydroxyl, is a ubiquitous donor and acceptor of hydrogen bonds to phosphates and bases
and to other 2'-hydroxyls, in some places forming ribose zippers. Thus, whereas single-stranded DNA
may have some catalytic potential (62), it may be difficult to construct a highly efficient active sitein

nucleic acids without the use of 2'-hydroxyls.

Since the P4-P6 domain includes only half of the group | ribozyme active site, insights about catalysis
are necessarily indirect. Intermolecular interactions in the crystal have provided some clues as to how
the J4/5 internal loop, with its opened minor groove, may organize the substrate helix in the active site
of the ribozyme. The next step is to test these ideas biochemically and crystallographically.
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