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A conserved sequence element in a minor class of eukaryotic pre-messenger RNA 
(pre-mRNA) introns was previously proposed to base pair with a complementary se- 
quence in the U12 small nuclear RNA (snRNA) in a manner analogous to the pairing of 
U2 snRNA with the branch site sequence of the major class of introns. Here, mutations 
generated in this conserved sequence element block the splicing of a member of this 
minor i n t r y  class in vivo. This block was relieved by coexpression of a U12 snRNA 
containing compensatory mutations that restore the proposed base pairing interaction. 
These results show that this minor class of pre-mRNA introns is a distinct class existing 
alongside the major class of introns in animal genomes, and these results also establish 
an in vivo function for U12 snRNA. 

A striking feature of eukaryotic nuclear pre- 
mRNA introns is that in most cases thev 
clearly belong to a common conserved fam- 
ily in spite of the vast evolutionary distances 
covered by phylogeny and the sonletinles 
extreme variation in the modes of splicing 
observed in various or~anisms. The nlost 
conserved feature of these introns 1s that 
they almost invariably begin with the dinu- 
cleotide GU and end with the dinucleotide 
AG. A similar conservation is seen with 
respect to the trans-acting snRNAs that play 
a major role in the splicing of these introns. 
In particular, homologs of the U2, U5, and 
U6 snRNAs occur throughout the eukaryot- 
ic family and show strong conservation of 
those regions that interact with the pre- 
mRNA splice sites and other snRNAs [for a 
review, see ( I ) ] .  

Recentlv, however, a minor class has 

hypermethylated 5 '  cap structure, Sm pro- 
tein binding sites, and various aspects of 
transcriptional regulation and processing 
with the more abundant snRNAs (3-5). 
They appear to be localized within the nu- 
cleus much like the U l  and U2 snRNAs are 
16). Previous work has also shown that U11 , , 

and U12 are complexed with each other in 
vitro probably through protein interactions 
rather than through base pairing (4) .  

All of the above features suggested that 
U l 1  or U12 or both might play a role in 
splicing AU-AC introns, but there was no 
direct evidence for this model. Further- 
more, although the conservation of the se- 
quence elements at and near the splice sites 
of the kno\vn members of the AU-AC in- 
tron class suggested that they play an essen- 
tial role in splicing, this too had not been 
tested exoerimentallv. 

ing to the i t  splice site (7.  8) and the 3 '  
splice slte (9), U2 snRNA base pairing to 
the branch site sequence ( I @ ) ,  U6 snRNA 
base pairing to the 5' splice site (1 I ) ,  U i  
snRNA base pairing to the exon sequences 
immediately adjacent to the intron (IZ), 
and several base pairing interactions be- 
tween U2 and U6 snRNAs 11 3).  

The very high deglee of conservation 

amone the various members of the lnlnor - 
intron class suggested that the conserved 
sequence elenlents were l~kely to be very 
sensitive to mutation. To test this, we con- 
structed an expression vector using se- 
quences from the human P120 gene In 
~vhich the 99-nucleotide intron F is a mem- 
ber of the AU-AC class of lntrons 114). To , , 

ensure that all cis-acting elements that 
lnleht be needed to snlice this intron were - 
present, we cloned a portion of the PI20 
gene, which included parts of exons i and 8 
and all of exons 6 and 7 and introns E, F, 
and G,  into a mammalian cell expression 
vector do\vnstream of a cytomegalovirus 
(CMV) promoter as shown In Fig. 2A. This 
four-exon expression construction was 
transfected into CHO cells, and the result- 
ing RNA was assayed for splicing by reverse 
transcribing total cell RNA with a primer 
located in the D C B ~  vector sequences 
downstream of the Inserted P120 gene frag- 
ment and amplifying the DNA with primers 
located in exons 6 and 7 flanking the rnlnor 
class intron F. The wild-type PI20 mini- 
gene produces mainly spliced exons with 
llttle unspliced RNA detected (Fig. 3, lane 
6). Other experiments (15) with more distal 
primers show that another major product is 
RNA in \vhich exon 5 is svliced directlv to 
exon 8, removlng exons 6 and 7 and introns 
E. F, and G. , , , , 

been recognized in ~vhich introns share a A po\iTerful methbd for establish~ng the The branch site sequence of the AU-AC 
number of highly conserved features includ- existence of RNA-RNA interactions in introns is much more hiehlv conserved than - ,  
ing the use of the terminal dinucleotides vivo is the suppression of a loss-of-fi~nction is the branch site of 6 ~ - A G  introns in 
AU and AC. After comparing a number of mutation In one partner of a proposed base animals. The conserved region also extends 
examples of these introns and identifying pairing interaction by introduction of corn- farther 5' of the proposed branch point A 
the conserved sequences near the splice pensatory mutations in the other proposed residue in AU-AC introns than In GU-AG 
sites, we proposed that they constitute a partner. Such experiments In the field of introns. There is, however, some resem- 
distinct type of pre-mRNA lntron that in- pre-mRNA splicing have established the in blance of the TCCTTAAC sequence of the 
teracts with at least some distinct snRNAs vlvo reouirement for U1 snRNA base nair- minor class introns to the oreferred TAC- 
in a spl1ceosomal structure (2 ) .  On the basis 
of colrrplementarity with the conserved Fig. Base pairing of snRNAs ivth major A 

site we proposed and minor intron spice sites. (A) The estab- 5' ss Branch site 3'ss 
U1l and U12 sllRNAsl have ished basepairinginteractons betweenu1 ... AGIGURAGU ..................................... uNcuRAcCCCynNcAGIG ... 
known functions, play a role in splicing and U2 snRNAs and the 5' spl~ce site (ss) 1 1  1 l l l 1 1  

uc cAuucAuApppG TALAh!-A,,.,.ApppG 
these introns by formlng \vatson-Crick and the branch site, respectively, for the ( 
base pairs with sequences at the 5 '  spl~ce major class of introns (vertebrate consen- 
slte and the uresumvtive branch site, re- sus). The bulged branch site adenosine res- \ul snRNA u 2  snRNA 

spectiT,ely (F1i, 1). G l  and ~ 1 2  snRNAs idue is underned. N,  nucleotide A, G ,  C, or 

are low-abundance members of the Sm class R '  a purine e A o r  Y' a pyrirndine jC O r  B s S s s  
Branch site ...... 3' ss 

of snRNAs and share features such as a T). (B) The proposed base pairng interac- ... IAUAUCCUU ..........,..,,,,,,.......,,,,,,,,,,, ~uC:CUUAAC.,.YCCAC~,,. 
tions between U11 and U12 snRNAs with I 1 1 1 1 1  : I  I : \  I 1 1 - 1  c UUCGGGAAAAApppG 
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TAAC sequence of major class introns. To 
provide evidence that the AU-AC introns 
were spliced by means of a non-U2 snRNA 
pathway, we mutated the two 5' nucleotides 
of the K C T T A A C  sequence, which are 
poorly conserved in major class branch sites 
and would not be predicted to base pair to 
U2 snRNA in the minor class intron, to the 
sequence M C T T A A C  (mutant TC84/ 
G A G ,  Fig. 2B). If U2 snRNA was inter- 
acting with this sequence by base pairing, 
these mutations would not be expected to 
affect splicing. However, no correctly 
spliced RNA was seen when this mutation 
was transfected into cells (Fig. 3, lane 8), 
suggesting that these nucleotides interact 
with a required splicing factor that is prob- 
ably not U2 snRNA. 

As noted above, we thought that U12 
snRNA might base pair with this sequence 
on the basis of complementarity. In addi- 
tion, it has recently been shown that the 
region of U12 snRNA proposed to base pair 
to the highly conserved branch site region 
of the AU-AC introns is equally highly 
conserved among the species examined (5). 
To test this proposed base pairing interac- 
tion, we made a U12 snRNA expression 
construct in which the U12 snRNA coding 
region replaces the U1 snRNA coding re- 
gion of a functional U1 snRNA gene (16). 
Both wild-type U12 and a mutant U12 
(GA24125CT) that had a two-base pair 
mutation that restored base pairing to the 

pCB6 
CMV MCS 1 hGH 

B 
AG 3's 
I I 1 

CACAGlTCClTAACAGGCCCAC ATGC 

Fig. 2. Construction of the P120 minigene. (A) 
The pCB6 vector contains the CMV immediate 
early promoter (CMV), a multiple cloning site re- 
gion (MCS, shaded box), and the 3' portion of the 
human growth hormone gene including the poly- 
adenylation site and terminator sequences (hGH, 
hatched box). The human P120 gene insert in- 
cluded exons 5 through 8 (open boxes) and the 
major class introns E and G and the AU-AC minor 
class intron F (thin and thick lines, respectively). 
The sizes of the exons and introns in base pairs 
are indicated above and below the elements, re- 
spectively. (B) The sequence of the P120 intron F 
3' (SS) splice site region is shown with the con- 
served elements in bold. The position of theTC84/ 
85AG double mutation is shown. 

TC84/85AG P120 intron mutant were 
made and tested by cotransfection with the 
P120 minigene into CHO cells. The co- 
transfection of the wild-type U12 snRNA 
gene had no effect on splicing of the wild- 
type P120 intron nor did it rescue splicing 
of the TC84185AG mutant (Fig. 3, lanes 10 
and 12). Cotransfection of the U12 GA24/ 
25CT mutant snRNA gene with the wild- 
type PI20 intron also had no effect on 
splicing (Fig. 3, lane 14). However, cotrans- 
fection of the U12 GA24/25CT mutant 
snRNA gene with the P120 TC84/85AG 
mutant restored splicing of the PI20 AU- 
AC intron (Fig. 3,  lane 16). Correct splic- 
ing of the product in lane 16 was confirmed 
by sequence analysis of the excised band. In 
other experiments (15) a different U12 mu- 
tant (GA24125TC) having mutations at 
the same positions failed to rescue splicing 
of the PI20 TC84/85AG mutant, thus 
showing that the suppression is allele-spe- 
cific and confirming the role of Watson- 
Crick base pairing in this interaction. To 
control for saturation of the polymerase 
chain reaction (PCR) assay, similar reac- 
tions were run for fewer cycles with results 
similar to those shown. The complete trans- 
fection and reverse transcriptase (RT)- 
PCR assay has been repeated several times 
with the same results. Reducing the ratio of 
P120 to U12 construct in the transfections 
froin 1: 1 to 1: 2 or 1: 5 also gave similar 
results (1 5). 

Our results show that the conserved 
branch site region of the AU-AC intron 
class is critical for proper splicing in vivo. 
This contrasts with GU-AG introns in an- 
imals where there is only modest conserva- 
tion of this region and where many rather 
unlikely sequences appear to be able to 
serve as branch sites (1 7). The lack of any 

other conserved motif such as a polypyrimi- 
dine tract between the branch site sequence 
and the 3' splice site suggests that this 
eight-nucleotide sequence is a major deter- 
minant of the 3' splice site in AU-AC 
introns. 

These results also establish the in vivo 
role of U12 snRNA in the splicing of this 
minor class of pre-mRNA introns. Recent 
in vitro results support this idea. Tarn and 
Steitz (18) have found that in vitro splic- 
ing of the P120 intron F used here does 
not require U1, U2, or U6 snRNAs but 
does reauire U5 and U12 snRNAs. Thev 
have also shown that the predicted branch 
site A is the in vitro branch point for this 
intron. An overall similarity in the pre- 
dicted secondary structure folds of U11 
and U12 to U1 and U2 snRNAs, respec- 
tively, was noted previously (3). This sim- 
ilarity now extends, at least in the case of 
U12, to the level of function with U12 
substituting for U2 in branch site binding 
mediated by base pairing. The base pairing 
can be drawn such that an adenosine can 
occupy a bulged position in the helix for 
both the major and minor intron classes, 
and in both cases this adenosine serves as 
the branch point (1 8, 19). The analogy of 
U12 with U2 snRNA can probably be 
extended to predict that U12 will interact 
with one or more additional snRNAs in 
the spliceosoine by base pairing much as U2 
snRNA interacts with U6 snRNA. Al- 
though some provocative potential interac- 
tions between U12 and U6 snRNAs can be 
modeled on paper [see (5) for examples], no 
evidence for U6 involvement in splicing the 
minor class of introns has emerged thus far. 
It is certainly possible that an as yet uniden- 
tified snRNA is the analog of U6 in the 
minor class spliceosome. 

Fig. 3. In vivo splicing of trans- PI~CI 
fected P120 minigenes. CHO u12 RT 
cells were transfected with the M 1 2-3 4 5 6 7 8 9--10 11  12 13g15L6171819- - -  

DNAs (20) as indicated. RNA - T - 
was prepared and analyzed 
by reverse transcription fol- "'P- 
lowed by amplification of the I 

exons flanking the AU-AC in- 
tron F (21). The products were 
separated by nondenaturing Sp - 
polyacrylamide gel electro- 
phoresis. Odd numbered 
lanes marked RT minus were 
amplified without prior reverse 
transcription to control for contamination with DNA. CHO cells were transfected with the following DNAs: 
lanes 1 and 2, untransfected; lanes 3 and 4, pCB6 vector; lanes 5 and 6, wild-type (wt) P120 minigene; 
lanes 7 and 8, P120 mutant (mu) TC84/85AG minigene; lanes 9 and 10, wild-type P120 plus wild-type U12 
construct; lanes 1 1 and 12, P120 mutant TC84/85AG plus wild-type U12 construct; lanes 13 and 14, 
wild-type P120 plus U12 GA24/25CT mutant construct; lanes 15 and 16, P120 mutant TC84/85AG plus 
U12 GA24/25CT mutant construct; lane 18, amplification products of P120 complementary DNA; lane 19, 
amplification products of P120 genomic clone DNA. The unspliced product DNA (Usp) is 201 base pairs 
long and the spliced product DNA (Sp) is 102 base pairs long. The band at the unspliced position in lane 7 
is probably due to amplification of a small amount of plasmid or genomic DNA that escaped digestion with 
deoxyribonuclease I before reverse transcription. 
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Requirement for CAMP-PKA Pathway Activation 
by M Phase-Promoting Factor in the 
Transition from Mitosis to lnterphase 

Domenico Grieco," Antonio Porcellini, Enrico V. Avvedimento, 
Max E. Gottesman 

Cell cycle progression in cycling Xenopus egg extracts is accompanied by fluctuations 
in the concentration of adenosine 3',5'-monophosphate (CAMP) and in the activity of the 
CAMP-dependent protein kinase (PKA). The concentration of CAMP and the activity of 
PKA decrease at the onset of mitosis and increase at the transition between mitosis and 
interphase. Blocking the activation of PKA at metaphase prevented the transition into 
interphase; the activity of M phase-promoting factor (MPF; the cyclin B - ~ 3 4 " ~ " "  complex) 
remained high, and mitotic cyclins were not degraded. The arrest in mitosis was reversed 
by the reactivation of PKA. The inhibition of protein synthesis prevented the accumulation 
of cyclin and the oscillations of MPF, PKA, and CAMP. Addition of recombinant nonde- 
gradable cyclin B activated ~ 3 4 " ~ " "  and PKA and induced the degradation of full-length 
cyclin 6. Addition of cyclin A activated ~ 3 4 " ~ " "  but not PKA, nor did it induce the 
degradation of full-length cyclin B. These findings suggest that cyclin degradation and exit 
from mitosis require MPF-dependent activation of the CAMP-PKA pathway. 

A rapid succession of i~lterphase and mi- 
t o t ~ c  states cl1aracteri:es the early embryon- 
ic divisions of many species. The onset of 
n~itosis is induced by activation of MPF, a 
highly conserved coluplex consisting of a 
kinase, p34'L1c', and an activating sub~mit 
(cyclin B1 or B2) ( 1 ) .  The transition into 
interphase is acco~npanied by the destruc- 

tion of MPF by ubiquitin-mediated proteol- 
ys~s of the cyclin conlponellt ( 2 ,  3). Cyclin 
B synthesis plays a pivotal role in the cell 
cycle. It is the only protein whose synthesis 
is required to induce colnplete cycles of 
activation and illactivation of MPF in X e -  
~ z o p ~ i s  (4).  As cyclin accumulates and binds 
to p34c"c', a series of posttranslational mod- 
ifications of the complex precede the acti- 
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