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Structure of the p53 Tumor Suppressor Bound 
to the Ankyrin and SH3 Domains of 53BP2 

Svetlana Gorina and Nikola P. Pavletich 

Mutations in the p53 tumor suppressor are among the most frequently observed 
genetic alterations in human cancer and map to the 200-amino acid core domain of 
the protein. The core domain contains the sequence-specific DNA binding activity and 
the in vitro 53BP2 protein binding activity of p53. The crystal structure of the p53 core 
domain bound to the 53BP2 protein, which contains an SH3 (Src homology 3) domain 
and four ankyrin repeats, revealed that (i) the SH3 domain binds the L3 loop of p53 
in a manner distinct from that of previously characterized SH3-polyproline peptide 
complexes, and (ii) an ankyrin repeat, which forms an L-shaped structure consisting 
of a p hairpin and two a helices, binds the L2 loop of p53. The structure of the complex 
shows that the 53BP2 binding site on the p53 core domain consists of evolutionary 
conserved regions that are frequently mutated in cancer and that it overlaps the site 
of DNA binding. The six most frequently observed p53 mutations disrupt 53BP2 
bjnding in vitro. The structure provides evidence that the 53BP2-p53 complex forms 
in vivo and may have a critical role in the p53 pathway of tumor suppression. 

The p53 tumor suppressor pathway (1,2) 
has a central role in suppressing neoplastic 
transformation as it can respond to DNA 
damage by inducing cell cycle arrest (3) or 
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apoptosis (4, 5). The cell cycle arrest is 
mediated, at least in part, by p53's se­
quence-specific DNA binding (6) and 
transactivation functions (7), which can 
induce the expression of the p21(Cipl-
WAF1) cyclin-dependent kinase inhibitor, 
arresting the cell cycle (8). However, p21-

Fig. 1 . Electron density at the p53-SH3 domain 
interface, contoured at 1.2a (25). The (2|Fobs| -
l̂ caicI) Fourier synthesis was calculated at 2.2.A 
resolution using phases calculated after omitting 
the interface residues shown, and subjecting the 
model to simulated annealing refinement from 
3000 K. Met2 4 3 and Arg 2 4 8 of p53 and Trp 4 9 8 of 
53BP2 are labeled. 

null mice (9) do not exhibit the tumor-
prone phenotype of p53-null mice (10), 
suggesting the existence of additional me­
diators of p53's tumor suppressing effects. 

In addition to DNA binding, several 
protein binding activities have been de­
scribed for p53 (I). Among these, the bind­
ing of the 53BP2 protein, which was iden­
tified by its ability to bind the core domain 
of p53 in a yeast two-hybrid screen (11), is 
disrupted by alanine substitutions at several 
of the frequently mutated amino acids of 
p53 (11). To help investigate the signifi­
cance of the 53BP2-p53 interaction, we 
have determined the 2.2 A crystal structure 
of the complex containing the p53 core 
domain and a 229-residue COOH-terminal 
domain of 53BP2 (Fig. 1 and Table 1). This 
complex forms with a dissociation constant 
of ^ 3 0 nM as determined by surface plas-
mon resonance measurements (12). 

The 53BP2 COOH-terminal domain 
(residues 291 to 519) contains four 
ankyrin repeats (13), each about 30 resi­
dues long, and a Src-homology-3 (SH3) 
domain (14)—two distinct structural mo­
tifs that mediate protein-protein interac­
tions in diverse regulatory molecules. In 
the crystal structure of the 53BP2-p53 
complex, the ankyrin repeats and the SH3 
domain form a single structural domain as 
they pack extensively against each other 
(Fig. 2, A and B). 

The p53 core domain structure in the 
complex is essentially identical to the crys­
tal structures of free and DNA-bound p53 
(15), consisting of a |3 sandwich that serves 
as a scaffold for two large loops (the L2 and 
L3 loops) and a loop-sheet-helix motif (H2 
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helix). The two loops bind a zinc atom, and 
together with the H2 helix form a contin- 
uous surface at one end of the p sandwich. 
This surface holds the key to understanding 
p53's function and its inactivation in tu- 
mors because it consists of evolutionarily 
conserved regions of p53 [conserved boxes 
111, IV, and V (15)] to which most of the 
tumorigenic mutations map (15). 53BP2 
uses its fourth ankyrin repeat and its SH3 
domain to bind two adjacent, but discon- 
tinuous, portions of this surface (Fig. 2, A 
and B). A $ hairpin from the fourth ankyrin 
repeat contacts the L2 loop of p53 (con- 
served box 111), whereas the peptide binding 
groove of the SH3 domain, which makes 
significantly more contacts, interacts with 
the L3 loop of p53 (conserved box IV). The 
site of 53BP2 binding overlaps the site of 
DNA binding (Fig. 2, C and D) (15). 

The binding of the 53BP2 SH3 domain 
to the L3 loop of p53 differs from that 
observed in canonical SH3-polyproline 
peptide (PXXP ligand, where P stands for 
proline) complexes in several ways (1 6, 17). 
In the 53BP2-p53 complex two segments of 
the p53 L3 loop bind the groove of the SH3 
domain, whereas in SH3-PXXP complexes 
only a single extended peptide binds (Fig. 
3A) (16, 17). Furthermore, in the 53BP2- 
p53 complex, the positions and orientations 
of the interacting groups are determined by 
the global structure of the p53 core domain, 
whereas in SH3-PXXP complexes the steric 
and hydrogen bonding complementarity is 
provided by the peptide adopting a left- 
handed polyproline-I1 helix conformation 
(16, 17). 

The L3 loop of p53 forms a rigid hairpin 
structure that is stabilized by multiple in- 
tramolecular hydrogen bonds and by zinc 
coordination (15). The NH,-terminal seg- 
ment of the L3 hairpin (residues 241 to 243) 
occupies a position on the SH3 peptide- 
binding groove similar to the Po - P-, - 
P-, residues of a PXXP ligand (Fig. 3A), and 
it makes contacts analogous to those in ca- 
nonical SH3-PXXP complexes. The Met243 
side chain of p53 binds the hydrophobic 
pocket of the SH3 domain (analogous to the 
Po hydrophobic residue of a PXXP ligand), 
and the backbone carbonyl of Se441 hydro- 
gen bonds to the Trp498 side chain of 53BP2 
(Fig. 3B). The COOH-terminal segment of 
the L3 hairpin (residues 247 and 248) is 
juxtaposed to the NH,-terminal segment 
and also binds in the SH3 groove, but it is 
positioned in a manner not seen in other 
SH3 complexes (Fig. 3A). In this region, the 

side chain of p53 hydrogen bonds to 
the Tyr469 hydroxyl group, and the Arg248 
side chain makes charge stabilized hydrogen 
bonds to the Asp475 and G ~ u ~ ~ ~  side chains 
from a segment of the SH3 domain called 
the RT-loop (site of critical residues in the 

Src-SH3 domain) (Fig. 3B). These interac- for binding and specificity (16, 17), and by 
tions are augmented by hydrogen bonds the observation that Arg248 is the most fre- 
made by the backbone carbonyl groups of quently mutated amino acid of p53 (2). In 

and Arg248 of p53 (Fig. 3B). The addition to the peptide binding groove of the 
significance of the Arg248-RT-loop interac- SH3 domain, a loop consisting of residues 
tions is underscored by the dependence of 490 to 497 (referred to as the n-src loop), 
SH3-PXXP complexes on RT-loop contacts which contains a three-residue insertion 

Table 1. Statistics from the crystallographic analysis. 

Data set 
Resolution (A) 
Observations 
Unique reflections 
'Data coverage (%) 
4,,* (%I 

lsomorphous differencet 
Phasing power$ 

Data collection 
Native-1 Native-2 

2.5 2.2 
1 15005 220654 
17423 30230 
82.3 99.1 
3.7 5.7 

MIR analysis (20.0 to 3.2 A) 

Refinement statistics 
Atoms 

Resolution Reflections5 Protein Water RII R+ee¶ 

7.0-2.2 A 25435 3068 275 0.205 0.286 
rms& Bond lengths: 0.013 A Bond angles: 1.64" B factors: 3.1 7 A2 
'R, = ShS,IIh, - lhl/ZhSjh ifor the intensity (I) of i 0bSe~ati0nS of reflection h. tMean isomorphous difference = 
S I C  - F,ISF;,,  where^,, and F, are the derivative and native structure factors, respectively. $Phasing power = 

[FHc2/(FpHo - FpHc)2]"2. §Reflections with IF1 > 2u. IIR factor = ZIFo - FcI/ZIFoI, where Fo and Fc are the 
observed and calculated stnrcture factors, respectively. TR,, calculated with 10 percent of the data chosen 
randomly and omitted from simulated annealing refinement from 3000 K. #Root-mean-square deviations from 
ideal geometry, and root-mean-square variation in the 6-factors of bonded atoms. 

Fig. 2. Comparison of the p53-53BP2 and p53-DNA (15) complexes In two orthogonal vlews (rotated 
by 90" about thex-axis). The six most frequently mutated amino acids of p53, highlighted in yellow, are 
at or near both the 53BP2 and DNA interfaces. (A and B) The 53BP2 SH3 domain (red) binds the L3 
loop, while the fourth ankyrin repeat (magenta) binds the L2 loop of the p53 core domain (cyan). Thezinc 
atom of p53 is shown as a green sphere. (C and D) Comparison with the p53-DNA (blue) complex (75) 
in the same p53 orientations as (A and B). Abbreviations for the amino acid residues are: A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N,  Asn; P, Pro; Q, Gln; I?, Arg; S, Ser; 
T, Thr; V, Val; W, Trp; Y, Tyr. 
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compared to the SH3 consensus, is also in 
close proximity to p53 and is likely to play a 
role in binding, although its partial disorder 
in the crystal structure makes this difficult to 
evaluate. Six of the eight amino acids in this 
loop are carboxylic acids, and they are posi- 
tioned near Arg273 of p53 (Fig. 2, A and B). 

The 53BP2 SH3 sequence aligns with 
the overall SH3 consensus well, except that 
a peptide-binding groove Tyr residue, con- 
served in almost all the SH3 domains 
[Tyrla6 in c-Crk (1 7)], is replaced by Leu514 
in 53BP2 (Fig. 3A). The functional signifi- 
cance of this substitution is that in canoni- 
cal SH3-PXXP complexes the Tyr side 
chain makes van der Waals contacts to the 
hydrophobic Po residue of the PXXP peptide 
(16, 17), but in the 53BP2-p53 complex, 
the Met243 of p53 that binds in this region is 
bulkier than the Po residues of canonical 
PXXP ligands (Pro, Val, Leu), and it would 
not fit well in the binding site if 53BP2 had 
a Tyr residue at position 514 (Fig. 3A). 

The crystal structure revealed that an 
individual ankyrin repeat has a novel L- 

Fig. 3. The 53BP2 SH3 domain uses its peptide 
binding groove, characterized in SH3-PXXP pep- 
tide complexes, to bind the rigid L3 loop of p53. 
(A) Comparison of the 53BP2 SH3-p53 interface 
with that of the c-Crk SH3 bound to a PXXP pep- 
tide derived from the C3G protein (7 7). 53BP2 is in 
red; p53 in blue; C-crk in green; the C3G PXXP 
peptide in yellow; and the some of the side chains 
discussed in the text are colored in brighter tones. 
(6) Side chains and backbone groups of the L3 
loop of p53 (blue) make multiple van der Waals 
and hydrogen bond contacts (yellow dotted lines) 
to the peptide binding groove of the 53BP2 SH3 
domain (red). Only interacting side chains are 
shown; orientation is similar to that of Fig. 3A. 

shaped structure consisting of a P hairpin 
(bottom of the letter L) followed by two a 
helices that pack in an antiparallel fashion 
(stem of the letter L, Fig. 4A). The P 
hairpin is connected to the first helix via a 
one-residue linker, with the plane of the P 
sheet being perpendicular to the helix axes. 
Neighboring repeats pack via their hairpins 
to form a continuous antiparallel P sheet, 
and via their helix pairs to form helix bun- 
dles (Fig. 4A). The folding of the ankyrin 
motif structure thus depends on the pres- 
ence of neighboring repeats, and it is un- 
likely that an isolated repeat can fold stably. 

The P hairpin consists of hydrophilic 
amino acids and is mostly solvent exposed. 
Its structure relies on the formation of a 
continuous antiparallel P sheet with 
neighboring repeats, as well as on exten- 
sive intra- and inter-repeat side chain hy- 
drogen bonds (Fig. 4A). The two a helices 
of the repeat are connected by a tight turn, 
and ~ a c k  in an anti~arallel fashion. Pairs 
of a helices from adjacent ankyrin repeats 
pack in parallel forming four-helix bundles 
with a left-handed twist (Fig. 2, A and B). 
Conserved residues of the ankyrin motif 
(1 3)  in the helical regions have conserved 
structural roles in the four repeats. Thr 
residues often help initiate a helices (res- 
idues 362, 373, 395, 429, and 442, Fig. 

4B), Gly residues help terminate helices 
(residues 338, 371, 383, and 416, Fig. 4B), 
the highly conserved His residues contrib- 
ute to inter-repeat stabilization through 
hydrogen bond networks (residues 365 and 
398, Fig. 4, A and B), and hydrophobic 
residues contribute to intra- and inter- 
repeat packing (Fig. 4B). 

In the 53BP2-p53 complex, the fourth 
ankyrin repeat uses its p hairpin to bind to a 
portion of p53's L2 loop immediately after 
the zinc ligands (HI helix). At the turn of 
the ankyrin p hairpin, the 53BP2 Ser425 
backbone carbonyl makes a pair of hydrogen 
bonds with the p53 Serla3 side chain and 
backbone amide (Fig. 4C). The turn of the 
hairpin contains a one-residue insertion 
compared to the ankyrin consensus, and the 
structure suggests that this extra residue is 
important for steric and hydrogen bond 
complementarity in this region of the inter- 
face. An additional hydrogen bond is made 
between the Met422 backbone carbonyl of 
53BP2 and the His178 side chain of p53 (Fig. 
4C). The remaining contacts are van der 
Waals in nature, and involve Tyr424 from 
the turn and Met422 and Met427 from the 
face of the p hairpin of 53BP2, and Hid7', 
His179, Serla2, and Arglal of p53 (Fig. 4C). 

Ankyrin repeats mediate macromolecu- 
lar recognition in diverse regulatory pro- 

Rlm 

Fig. 4. An ankyrin repeat forms an L-shaped 
structure that consists of a p hairpin and two a 
helices. (A) Topological diagram of the secondary 
structure elements of the 53BP2 ankyrin repeats. 
Circles indicate the a helices with their helix axes 
perpendicular to the plane of the figure. Residue 
numbers at the start and the end of each second- 
ary structure element are indicated. For the third 
repeat, solid arrows indicate backbone hydrogen 
bonds, whereas dashed arrows indicate side- 
chain hydrogen bonds. A conserved histidine on 
the a helix that makes a pair of hydrogen bonds to 
the p-hairpin backbone of the next repeat, con- 
tributing to inter-repeat stabilization, is indicated 
for the second repeat (His-). The first repeat 
does not have a p hairpin, in part because there is 
no previous repeat to stabilize it, and the last re- 
peat has an extended helix which is packing 
against the SH3 domain. (6) The four ankyrin re- 
peats of 53BP2 are aligned according to their 
structure. Arrows and rectangles indicate the ap- 
proximate positions of the p strands and a heli- 
ces, respectively. Their exact positions are indi- 
cated by underlining. Residues conserved in two, 
or more, repeats are highlighted in yellow. (C) 
p53's L2 loop (blue), which is interrupted by the 
short H I  helix, and 53BP2's fourth ankyrin repeat 
(purple) interact through van der Waals contacts, 
a backbone-backbone hydrogen, and two back- 
bone-side chain hydrogen bonds (yellow dotted 
lines), Interacting residues are labeled. 
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teins, including the p16 (INK4) cyclin-de- 
pendent kinase4 inhibitor (18), the GABP 
transcription factor (19), and the notch 
receptor (20), and such versatility in bind- 
ing is consistent with the non-globular ter- 
tiary structure of the ankyrin motif revealed 
in our study. The concave and convex sur- 
faces of the L-shaped structure, coupled to 
the protruding tips of the P hairpin and of 
the a helices may well offer many possibil- 
ities for interactions with diverse macromo- 
lecular surfaces. 

To investieate further the correlation - 
between tumorigenic mutations and loss of 
53BP2 binding, we tested the six most fre- 
quently observed p53 mutants and found 
that they are all defective in 53BP2 binding 
in vitro (Fig. 5). Four of these mutations 
(R175H, G245S, R249S, and R282W) in- 
volve residues that play important roles for 
the structural integrity of the conserved 
surface of p53 (15), and failure by these 
mutants to bind to 53BP2 is likely due to 
structural defects; the remaining two muta- 
tions (R248W and R273H) involve surface 
residues that play a role in 53BP2 binding, 
and failure by these mutants to bind to 
53BP2 is likely due to the loss of intermo- 
lecular contacts. We also tested the rela- 
tively infrequent V143A mutation, which 
occurs in the hydrophobic core of the P 
sandwich of p53 (15) and results in a tem- 
perature-sensitive phenotype for tumor sup- 
pression (21), and found that this mutation 
eliminated 53BP2 binding at the nonper- 
missive temperature but not at the permis- 
sive temperature (Fig. 5). 

Failure by these tumor-derived mutants 
to bind to 53BP2 closely parallels their 

Fig. 5. The six p53 mutants most frequently 
observed in tumors fail to bind to 53BP2 as 
determined by the native gel mobility shift assay. 
Binding reactions contained 30 p,M 53BP2 pro- 
tein and 1.5 times molar excess of either the wild 
type or the indicated mutants of the p53 core 
domain. The binding was performed in 300 mM 
NaCl at 37°C for 5 min., except for V143A bind- 
ing at the permissive temperature, which was 
done at 25°C. Free and p53 bound 53BP2 were 
separated on a 4.5% polyacrylamide gel in a 
buffer of 89 mM tris-borate, pH 8.4, and were 
visualized with Coomassie staining. The p53 
core domain does not enter the gel, presumably 
because of its net positive charge. The mutant 
p53 core domains were constructed by PCR 
mutagenesis and were sequenced. 

failure to bind to DNA (15), which is ex- 
pected because the 53BP2 and DNA bind- 
ing surfaces and residues of p53 overlap 
considerably. This raises the possibility that 
the disruption of 53BP2 binding by tumor- 
igenic mutations may be secondary to their 
disruption of DNA binding, and loss of 
53BP2 binding may thus have little or no 
functional consequence for tumorigenesis. 
We note, however, that among the p53 
surface residues with no apparent structure- 
stabilizing roles, those that contact 53BP2 
but not DNA (1 5)  are also found mutated, 
although at lower frequencies [0.3, 0.7, 0.2, 
and 0.2 percent of the 3393 missense mu- 
tations in the database (22) for His178, 
Arglal, Met243, and  AS^'^^, respectively]; 
and, conversely, those residues that contact 
only the DNA but not 53BP2 also show 
similarly low mutational frequencies (0.0, 
1.1, 0.6, 1.4, and 0.5 percent for LyslZ0, 
SerZ4l, Cys277, ArgZa0, and Argza3, respec- 
tively). In fact, the highest mutational fre- 
quencies occur at residues involved in both 
DNA and 53BP2 binding (8.6 and 8.8 per- 
cent for Arg248 and Arg273, respectively). 

The structure provides evidence that the 
53BP2-p53 complex forms in vivo. (i) The 
53BP2 SH3 domain contains a rare amino 
acid substitution (Leu514) at an otherwise 
strictly conserved residue of the SH3 con- 
sensus, and this substitution appears to be 
critical for p53 binding. (ii) The fourth 
ankyrin repeat contains an insertion 
(Tyr424) compared to the ankyrin consen- 
sus, and the insertion is critical for the 
surface complementarity at the ankyrin-p53 
interface. (iii) The p53 surface that inter- 
acts with 53BP2 is highly conserved across 
species and is frequently mutated in cancer. 
(iv) The p53 surface residues that contact 
53BP2 but not DNA are also mutated in 
cancer. 

Little is known about the cellular role of 
the 53BP2, whose complete coding region 
of 1005 amino acids has only recently been 
described (23). One report indicates that 
53BP2 also binds the bc12 apoptosis inhib- 
itor in vitro (23), and coupled to the obser- 
vation that transactivation may not be re- 
quired for p53-induced apoptosis (5), points 
to a possible role for 53BP2 in apoptosis. 
Conversely, there are other roles consistent 
with available data. For example, neuro- 
blastomas and breast carcinomas often con- 
tain wild-type p53 that is excluded from the 
nucleus (24), suggesting that a component 
of the p53 pathway, possibly a component 
that interacts with p53, may be altered in 
these cases. These and other possible roles 
for 53BP2 can now be directly assessed 
through the use of mutations at p53 residues 
that contact 53BP2 but not DNA, as re- 
vealed by the crystal structure of the 
53BP2-p53 complex. 
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U 1 -Mediated Exon Definition Interactions 
,Between AT-AC and GT-AG lntrons 

Qiang Wu and Adrian R. Krainer* 

A minor class of metazoan introns has well-conserved splice sites with 5'-AU-AC-3' 
boundaries, compared to the 5'-GU-AG-3' boundaries and degenerate splice sites of 
conventional introns. Splicing of the AT-AC intron 2 of a sodium channel (SCN4A) 
precursor messenger RNA in vitro did not require inhibition of conventional splicing and 
required adenosine triphosphate, magnesium, and U12 small nuclear RNA (snRNA). 
When exon 3 was followed by the 5' splice site from the downstream conventional intron, 
splicing of intron 2 was greatly stimulated. This effect was U1 snRNA-dependent, unlike 
the basal AT-AC splicing reaction. Therefore, U1 -mediated exon definition interactions 
can coordinate the activities of major and minor spliceosomes. 

Precursor mRNA (pre-mRNA) splicing re- 
quires the stepwise assetnbly of the U1, U2, 
U4/U6.U5 small nuclear ribonucleoprotein 
(stlRNP) particles, and tlumerous proteins 
on the substrate to form a spliceosome, 
which catalyzes two sequetltial trans-esteri- 
fication reactions (1). Most itltrons have 5' 
and 3' splice sites that match degenerate 
consensus sequences, of which the 5'-GT 
and AG-3' intron ends are nearly invariant 
features. Many point mutations that result 
in a variety of human genetic diseases affect 
these dinucleotides and seriously impair 
gene expression (2). Mutation of G to A at 
the 5' end or of G to C at the 3' end is 
especially deleterious, but the double muta- 
tion restores splicing (3). Recently, a minor 

Cold Spring Harbor Laboratory, Post Office Box 100, 
Cold Sprng Harbor, NY 11724-2208, USA, 

*To whom correspondence should be addressed. E-mal: 
krainerBcshl.org 

class of tlatilral pre-mRNA introns with 
5'-AT and AC-3' boundaries emerged as at1 
exception to the GU-AG rule (4,5) (Table 
1). The mouse cyclin-dependent kinase 
CDK5 and the human voltage-gated skele- 
tal muscle and cardiac muscle sodium chan- 
nel a subunits (SCN4A and SCN5A) also 
contain AT-AC introns (Table 1) (6). 

Most AT-AC itltrons share highly con- 
served sequences at the 5' splice site, at the 
presumptive branch site, and a shorter se- 
quence at the 3' splice site (Table 1). They 
lack the extensive polypyrimidine tract 
characteristic of most conventional 3' 
snlice sites. and the distance between the 
presumptive branch site and the 3' splice 
site junctlon is unusually short. Intron 21 of 
humatl SCN4A and intron 25 of human 
SCN5A, which Interrupt homologous posi- 
tions of the coding sequence, also begin 
with AT and end with AC: however, the 
rest of their 5' splice site and putative 

branch site sequences does not match the 
consensus, which may indicate that these 
two introns belong to a distinct subclass of 
AT-AC introns. There are no obvious 
structural relations or common expression 
patterns among the genes or gene families 
that contain AT-AC introns, and neither 
the length nor the position of AT-AC in- 
trons is conserved among unrelated genes. 
However, AT-AC itltrons and their posi- 
tions within specific genes are conserved 
phylogenetically. Two members of the gene 
family of voltage-gated sodium channels, 
SCN4A and SCN5A, contain AT-AC in- 
trons at homologous positions, and it is 
likely that these introns will prove to be 
conserved in other sodium and perhaps cal- 
cium channel family members (7). 

A pre-mRNA consistitlg of the SCN4A 
AT-AC itltrotl 2, the two flatlkitlg exons, 
and nine nucleotides (nt)  of the conven- 
tional intron 3 (Fig. 1) was transcribed in 
vitro (8). Optimal cotlditions for splicing of 
this substrate in HeLa cell nuclear extracts 
were established (9). The maximal splicing 
efficiency was 11% (Fig. 1A). SCN4A 
spliced less efficiently and with tnuch slow- 
er kinetics than P-globin. The extent of 
splicing did not increase beyond 6 hours 
(1 0). The fidelity of splicing was verified by 
sequencing of the gel-purified mRNA after 
reverse transcriptase-polymerase chain re- 
action (RT-PCR) amplificatiotl (1 0, 11 ). In 
addition to the major AT-AC spliced prod- 
uct, a minor product accumulated that cor- 
responds to convetltional GT-AG splicing 
by means of cryptic 5' and 3' splice sites 
located it1 exotls 2 and 3, respectively (Fig. 
1B), as verified by seqi~etlcing (10, 11). 
RNA molecules corresponding to free exon 
2 and lariat-exon 3 intermediates, and to 
released itltrotl lariat, also appeared with 
appropriate kinetics (Fig. IA).  As expected, 
the lariat molecules had anomalously slow 
mobility on higher percentage gels (1 0, 12). 

Recently, accurate in vitro splicing of 
the human P120 AT-AC intron was report- 
ed and could only be detected upon debil- 
itation of U1 or U2 snRNPs with comple- 
mentary 2'-0-methyl oligonucleotides 
(13). Because efficient accessibility of 
snRNPs requires incubation with adenosine 
triphosphate (ATP) (14), this approach 
precluded a study of the ATP requirement 
for AT-AC splicing. Because SCN4A AT- 
AC splicing can be detected in untreated 
extracts (Fig. IA),  we examined the re- 
quirement for ATP and magnesi~~m and 
found that both are essential for AT-AC 
splicing (1 0). 

To examine the role of major and minor 
snRNPs in SCN4A AT-AC splicing it1 
vitro, we used oligonucleotide-directed ri- 
bonuclease H (RNase H) cleavage of the 
snRNAs (14), and the resulting extracts 
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