
200HB generator. The native-2 data set was collect- 
ed with a CCD detector at the A1 beamline of the 
Cornell High Energy Synchrotron Source (Mac- 
CHESS) The structure was determined by a combi- 
nation of multiple isomorphous replacement (MIR) 
and molecular replacement (MR) methods. The pos- 
tion of the p53 core doman was determined by mo- 
lecular replacement (MR) with the program X-PLOR 
(261, and the structure of the core domain from the 
p53-DNA complex (15) The correlat~on coefficient 
was 0.45for 10 A to 4 A data. Heavy atom soaks were 
performed in well bufferlacking DTT, containing elther 
0.5 mM HgCI, or 0 5 mM lead acetate, for 4 and 24 
hours, respectvely. The MIR analysis with the CCP4 
program suite (27) included anomalous scattering 
from the HgCI, derivative and had a mean figure of 
merit of 0.50for 20.0 A to 3.2 Adata. Initial maps were 
calculated by comblnng the MIR and the MR p53 
phases with the program SIGMAA (27) and showed 
Interpretable density for 53BP2. Successive rounds of 
msdel building, simulated annealing refinement with 
the program X-PLOR and phase combinatlor- allowed 
the complete interpretation of the 53BP2 structure. 
The model was then further refined by least squares 
refinement with the program TNT (28). In the crystals, 
the 53BP2 molecule has an overall temperature factor 
of 64.0 A', whlch IS signfcantly higher than that of the 
p53 core domain (35.0 A') Consequently, the overall 
53BP2 electron denslty is of lower quallt'y than that of 
p53. The final model conssts of residues 97 to 287 of 

p53, resldues 327 to 519 of 53BP2 and 275 water 
molecules. 53BP2 residues 291 to 326 from the NH2- 
terminus, resdues 491 to 495 of the n-src loop of the 
SH3 domaln, and residues 436 to 441 in the llnker 
between the a hellces of the fourth ankyrin repeat 
have poor electron density and are likely to be disor- 
dered in the crystals. 

26 A T. Brunger, X-PLOR, a system for clystallography 
and NMR, Version 3.0 Manual (Yale Univ. Press, 
New Haven, CT 1991). 

27. Collaborative Computational Project, No. 4 Acta 
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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, 
whlch catalyzes two sequetltial trans-esteri- 
fication reactions (1). Most ltltrons 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 dlseases affect 
these dinucleotides and seriously impalr 
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 
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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' 
snllce 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 positlon of AT-AC in- 
trons is conserved among unrelated genes. 
However, AT-AC ltltrons and their posi- 
tions within specific genes are conserved 
phylogenetlcally. 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 cotwen- 
tlonal 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) ampllficatiotl (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 
tr~phosphate (ATP) (14), this approach 
precluded a study of the ATP requlrernetlt 
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 
spliclng (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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were used for splicing (15). We tested sev- 
eral oligonucleotides complementary to 
each of the five major snRNPs involved in 
conventional splicing, to the minor U11 
and U12 snRNAs, and to the 7SK RNA 
(16). With the SCN4A pre-mRNA, the 
U12 and U2 oligonucleotides had very dif- 
ferent effects (Fig. 2): the U12 oligonucleo- 
tide inhibited AT-AC intron splicing com- 
pletely, whereas the U2 oligonucleotide was 
essentially neutral. The opposite effect was 
observed with the control P-globin pre- 
mRNA: U2 snRNA cleavage inhibited 
splicing, whereas U12 cleavage had no ef- 
fect. Moreover, in the same reactions with 
SCN4A pre-mRNA, the smaller mRNA 
product generated by use of cryptic GT-AG 
splice sites disappeared upon cleavage of U2 
snRNA, but was not affected by U12 cleav- 
age. This result confirms that this aberrant 
splicing event is mediated by the conven- 
tional GT-AG pathway and serves as an 
internal control. Similar experiments with 
U4- and U6-specific oligonucleotides gave 
identical results to those obtained with U2 
( 1 O), indicating that the minor U12 snRNP 
is required for SCN4A AT-AC splicing, 
whereas the major U2 and U4/U6 snRNPs 
are not. The requirement of U12 snRNA for 
SCN4A AT-AC splicing is consistent with 
in vivo (1 7) and in vitro (1 3) data obtained 
with the AT-AC intron of the PI20 gene. 

The role of U11 and U5 snRNPs in the 
AT-AC splicing pathway could not be ex- 
amined, because these snRNAs are resistant 
to RNase H (18). However, because most of 
U11 snRNA is complexed with U12 (1 9), it 
is likely to participate in AT-AC splicing, 
as postulated (5). Whereas multiple roles 
for the U l  l/U12 snRNP have been report- 
ed (5, 13, 17, 20), the role of the nucleo- 
plasmic 7SK RNA has remained elusive. 
Like U6 snRNA, the 7SK RNA is tran- 
scribed by RNA polymerase 111 and has a 

Table 1. Compilation of known AT-AC introns. PI 20, proliferating cell nucleolar antigen; CMP, cartilage 
matrix protein; SCN4A, voltage-gated skeletal muscle (type IV) sodium channel a subunit; also con- 
served in the rat homolog (6); SCN5A, voltage-gated cardiac sodium channel a subunit (6); CDK5, 
neuronal cyclin-dependent kinase (6); Rep-3, homolog of the bacterial DNA mismatch-repair protein 
MutS; Prospero, Drosophila homeodomain protein involved in neurogenesis, lntron sequences are 
shown in lowercase, flanking exon sequences in uppercase, and conserved sequence elements in bold. 
The dots indicate sequences that are either not shown or not known. The dashes denote 13 nt of the 
SCN4A intron 21, which are not shown. The question marks indicate that the corresponding sequences 
have not been determined or that the size of the intron is not yet known. The distance between the 
presumptive branch adenosine and the 3' splice junction varies from 9 to 12 nt in the examples shown, 
except in intron 21 of SCN4A, where it is predicted to be 21 nt. For conventional metazoan introns, the 
usual distance is 18 to 40 nt, although in some cases it can be 150 nt (7). 

Species Gene lntron Presumptive 3, splice site Size 
number 5' splice site branch site* 

(nt) 

Human P120t 
Human CMPt 
Human SCN4A 
Human SCN5A 
Human SCN4A 
Human SCN5A 
Mouse CDK5 
Mouse REP-3t 
Fly Prosperot 

AT-AC consensus 
GT-AG consensus 

GG atatcctt. 
GC atatcctt. 
GC atatcctg. 
TC atatcc. . 
AG atgagtat. 
AG atacgt. . 
CG atatcctc. 
AG atatcctt. 
CT atatcctt. 

atatcct 
AG gtaagt 

. .gttccttaac aggcccac AT 

. .tctccttaactctgagtccac TG 

. .tttccttgac cctgccccac GC 
? . . .cccacgcac GC 

. .tcaacctgac----actatac TT 
? . . .tctttgcac TT 

. . ? . . .acatggacac AC 

. .tttctttaat cattactac AT 

. .aatccttgac tcctttgcac TC 
tccttrgc yac 
ynytrw y,nyag GT 

'The underlined a is the branch nucleotide; in the case of AT-AC introns it has only been mapped so far for the human 
PI20 intron 6 (13). ?Previously compiled in (5); the corresponding AT-AC introns are also present in dog, mouse, 
and monkey P120, and in chicken CMP (5). 

y-m~nomethylphosphate 5' cap (21). Re- 
gions of 7SK complementary to U4 and 
U11 snRNAs have been noted (1 6). We 
found that there is perfect complementarity 
between the sequence AAGGGUAU, at 
position 186 of the 7SK RNA, and the 
AT-AC 5' splice site consensus; this 
complementarity is more extensive than 
the proposed pairing between U11 snRNA 
and the AT-AC 5' splice site (5). However, 
none of several 7SK-complementary oligo- 
nucleotides we tested resulted in specific 
inhibition of SCN4A splicing (10). 

The U1 snRNP is involved in recogni- 
tion of conventional 5' splice sites through 
base pairing (22), but has no significant 

complementarity to AT-AC intron 5' 
splice sites (5). When the 5' end of U1 
snRNA was cleaved to com~letion bv 
RNase H and a complementary oligonucle- 
otide, SCN4A AT-AC splicing was strong- 
ly but not completely inhibited (Fig. 3A).  
We reasoned that the requirement for in- 
tact U1 snRNA mav be related to the Dres- 
ence of the short 5' segment of the conven- 
tional intron 3 at the 3' end of the pre- 
mRNA, which should be sufficient to bind 
U1 snRNP even in the absence of a down- 
stream 3' splice site partner (23). To test 
this hypothesis, we constructed a second 
SCN4A template, in which the 5' splice 
site of the intron 3 segment was mutated to 

A 
SCN4A p-Glob~n B 119 90 

1- 
Hours 0 5  1 2 3 4  5 6 05_*1 2 . 3 4  5 6 Exon 2 

UCAAGGUGC'JCAUCCAUGCaUauccugccc u~UCCUUUaCccugcccc~GcUC-TJUCAGCA'JG 

h t + 0 
-ah Fig. 1. (A) In vltro spllcing of the SCN4A AT-AC intron. Tlme courses of in vitro 

* spllcing in HeLa cell nuclear extract (9) are shown for the SCN4A substrate (left), 
which lncludes the AT-AC intron 2, and for the control p-glob~n substrate (right), 
which includes the conventional intron 1 .  Capped, in v~tro-transcribed, 32P- 

m labeled SCN4A or P-globin pre-mRNAs were incubated under optimized condi- 
c l  
m . . -- tions for the Indicated times and analyzed by denaturing polyacrylamide gel a electrophoresis and autoradiography (9). The structures and electrophoretic 

mobilities of the substrates, intermediates, and products are indicated on each 
side. An aberrantly spliced SCN4A mRNA arrsing from use of conventtonal cryptic 5' and 3' splice sites is Indicated by an asterisk. (B) Schematic structure 
of the SCN4A pre-mRNA substrate, showing the nucleotide sequence surrounding the exon-intron boundaries. The exon and intron slzes In nucleotides are 
indicated at the top. Exon sequences are in uppercase, intron sequences in lowercase; the consensus elements are bold and underlined, and the presumptive 
branch ind~cated by a dot. The solid arrows show the 5' and 3' splice AT-AC cleavage sltes and the open arrows show the conventional cryptic sites. 
Translation of the aberrant mRNA would result in frameshiftina and premature termination w~thln exon 3. 
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Fig. 2. Requirement of U12 snRNA for SCN4A 
AT-AC intron splicing. U2 or U12 snRNPs were 
inactivated by cleavage of their snRNA moieties 
with RNase H in the presence of complementary 
oligonucleotides. The nuclear extract was preincu- 
bated for 15 min in the absence of oligonucleotides 
(lanes 1 and 6) or in the presence of a U2-specific 
oligonucleotide (lanes 2, 3, 7, and 8) or a U12- 
specific oligonucleotide (lanes 4,5,9, and 10). The 
oligonucleotide concentration was 4.2 pM (lanes 2, 
4, 7, and 9) or 8.4 pM (lanes 3, 5, 8, and 10). 
SCN4A (lanes 1 to 5) or p-globin pre-mRNAs (lanes 
6 to 10) were added to the preincubated extracts 
and further incubated for 6 or 4 hours, respectively. 
The aberrant mRNA resulting from use of cryptic 
splice sites is indicated by an asterisk. 

an unrelated sequence (Fig. 3B) (8). The 
resulting pre-mRNA, SCN4AM, was 
spliced accurately but much less efficiently 
than the SCN4A pre-mRNA (Fig. 3A) 
(24). This AT-AC splicing reaction was 
inhibited by U12 cleavage but not by U2 
cleavage, which is the same result obtained 
with the SCN4A pre-mRNA. Cleavage of 
U1 snRNA did not inhibit splicing of the 
SCN4AM pre-mRNA and instead resulted 
in a slight stimulation of this reaction. Con- 
ventional GT-AG splicing by way of the 
cryptic splice sites was also greatly reduced 
with the SCN4AM pre-mRNA compared 
with the SCN4A pre-mRNA, which indi- 
cates that this splicing event was also de- 
pendent on the downstream 5' splice site. 
Cryptic splicing of the SCN4AM pre- 
mRNA was further inhibited by U1 and U2 
cleavage, which shows that this splicing 
event is mediated by the conventional 
pathway. With the SCN4A pre-mRNA, 
U1 cleavage inhibited cryptic splicing more 
severely than AT-AC splicing, presumably 
because this splicing event requires U1 
snRNP to bind to the cryptic 5' splice site, 
as well as to the intron 3 5' splice site (23). 

In short, the AT-AC splicing reaction 
was markedly stimulated by intact U1 
snRNA (Fig. 3A), and this stimulation was 
entirely dependent on the presence of a 
wild-type downstream 5' splice site. We 
conclude that the basal AT-AC splicing 
reaction is U1-independent and can proceed 
by intron definition (25), but that this path- 

\ 
-N I- 

a s,,, 
uccgaa SCN4AM 

-.H- --- Fig. 3. Enhancement of SCN4A 
* ----- * AT-AC intron splicing by U1 snRNA 

and a downstream 5' splice site. (A) 
U1 (lanes 6 to 8 and 14 to 16). U2 
(lanes 1 and 9), or U12 (lanes 2 to 4 -- - -  and 10 to 12) snRNPs were inacti- 
vated by oligonucleotide-directed 

1 2 3 4 5 6 7 8 910 11 1213141516 RNase H cleavage, as in Fig. 2. The 
oligonucleotide concentrations 

were 2.1 FM (lanes 1, 4, 9, and 12), 0.5 pM (lanes 3, 8, 11, and 16), 0.1 3 pM (lanes 2, 7, 10, and 15), 
or 0.03 pM (lanes 6 and 14). Control mock preincubations were done in the absence of oligonucleotides 
(lanes 5 and 13). SCN4A (lanes 1 to 8) or SCN4AM (lanes 9 to 16) pre-mRNAs were added to the 
preincubated extracts and further incubated for 6 hours. The aberrant SCN4A and SCN4AM mRNAs 
resulting from cryptic splice site activation are indicated by an asterisk. (6) Diagram of the 3' end 
structures of the SCN4A pre-mRNA and of the SCN4AM mutant derivative. The nucleotide sequence of 
the wild-type intron 3 conventional 5' splice site and the mutant sequence are indicated. The natural 
sequence is a perfect match to the conventional 5' splice site consensus. 

way can be greatly stimulated by exon-defi- 
nition interactions with U1 snRNP bound 
at a downstream conventional 5' splice site. 

In the conventional splicing pathway, 
exon-intron boundaries are frequently spec- 
ified in part through interactions between 
factors bound at adjacent introns, that is, 
across an exon, as proposed by the exon- 
definition model (25) and supported by 
considerable data (23). In this way, exons 
can serve as recognition units that allow the 
spliceosome to correctly define exon-intron 
boundaries. Protein- rotei in or  rotei in- 
snRNP cooperative interactions across ex- 
ons form functional bridges that promote 
splicing of adjacent introns. As a result, a 
downstream 5' splice site can stimulate re- 
moval of the upstream intron by binding to 
U1 snRNP (23). These interactions are 
strong enough that a 5' splice site can pro- 
mote trans-splicing when present down- 
stream of a 3' trans-splicing substrate (26). 
For the terminal introns, the 5' cap struc- 
ture can stimulate splicing of the first intron 
(27), whereas U1-mediated interactions 
with the polyadenylation apparatus can en- 
hance splicing of the last intron (28). 

Basal levels of U1-independent AT-AC 
s~licine can be detected in the absence of a " 
downstream 5' splice site, indicating that 
interactions across the intron are sufficient 
to define an AT-AC intron, albeit ineffi- 
ciently. Because the known AT-AC introns 
are always preceded and usually followed by 
conventional introns, the question arises 
whether comDonents of the maior and mi- 
nor spliceosomes can functionally cooper- 
ate by establishing exon-definition interac- 
tions. Indeed, we have shown that AT-AC 
and GT-AG splicing reactions can take 
place under the same conditions, and that 

the two types of spliceosomes can synergize. 
Thus, processing of pre-mRNAs containing 
both kinds of introns is likely to be a tem- 
porally and spatially integrated process in 
vivo. Our results suggest that U1 interacts 
cooperatively with U12, either directly or, 
more likely, through protein splicing fac- 
tors. In the case of the major splicing path- 
way, interactions between U1 bound at a 
downstream 5' splice site and U2 bound at 
the upstream branch site are thought to be 
mediated by members of the SR protein 
family and by U2AF (29). The role of 
these or analogous factors in AT-AC in- 
tron s~licine and exon definition interac- - 
tions remains to be elucidated. The coex- 
istence of AT-AC and GT-AG introns 
within single transcripts, which are pro- 
cessed by distinct but cooperating machin- 
eries, together with the phylogenetic con- 
servation of the AT-AC introns in specif- 
ic genes, suggest that the AT-AC introns 
may play important roles in the regulation 
of tissue-specific or developmental gene 
expression. 

Note &d in proof: After our manuscript 
was submitted. intron 2 of the mouse Scn8a 
sodium channel gene was shown to belong 
to the AT-AC class; the effects of sponta- 
neous mutations on in vivo splicing suggest- 
ed that intron definition interactions be- 
tween AT-AC and GT-AG splice sites are 
unfavorable (30). 
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TECHNICAL GOMMENnP 

HIV-1 Evolution and Disease Progression 

Steven M. Wolinsky et al. (1 )  studied the 
evolution of human iinmunodeficiency vi- 
rus (HIV) in six infected patients with vari- 
able rates of disease progression and have 
represented their findings ( 1 ,  2)  as incon- 
sistent with our evolutionary hypothesis of 
HIV disease progression, also known as "an- 
tigenic diversity threshold theory" (3-6). 
Their account of our model is. however. 
incorrect. Consequently their interesting 
and im~ortant  data do not falsifv our theo- 
ry. w e  proceed to give a short reGiew of our 
theory and show that the findings of Wo- 
linsky et al. ( I )  provide further evidence 
that the major assumptions of our evolu- 
tionary theory of HIV infection are valid. 

The central tenet of our theory can be 
stated as follows: ii) virus load causes dis- ~, 

ease; (ii) immune responses reduce virus 
load; (iii) virus evolution during infection 
weakens the effect of the immune response 
to HIV and increases virus load. The kev 
result is a dynamic threshold condition that 
specifies whether or not the HIV popula- 
tion in a given patient is controlled by 
immune responses. The precise location or 
value of this threshold, which can be 
breached by virus evolution leading to in- 

creasing antigenic diversity, is likely to vary 
greatly among individual patients. In par- 
ticular, weak immune responders should 
have a low antigenic diversitv threshold 
and call thereforeirogress to diskase rapidly 
and without significant antigenic variation 
(3-6). Admittedly, for simplicity our first 
papers presented analytic results for situa- 
tions in which all ~a t ients  had the same 
Immune response, and all HIV strains had 
the same re~l~cat ion  rate: these mav have 
caused conktsion. But even in thege first 
papers, there is a discussion (and figures) for 
situations where diversity thresholds differ 
among infected individuals. 

Wolinsky et al. (1 )  followed six HIV-1 
infected patients longitudinally over up to 5 
years after infection (Fig. 1). Two patients 
were rapid progressors and died within 36 
and 42 months after infection. Genetic di- 
versity (proviral DNA) was sampled in a 
region of the envelope protein, and cytotox- 
ic T lymphocyte (CTL) precursor frequency 
was determined against the ENV, GAG, 
and POL proteins. The data were interpret- 
ed as rejecting our theory, apparently be- 
cause high genetic diversity did not correlate 
with rate of CD4 cell loss and in particular 
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