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The spliceosome removes introns from pre-messenger RNAs by a mechanism that 
entails extensive remodeling of RNA structure. The most conspicuous rearrangement 
involves disruption of 24 base pairs between U4 and U6 small nuclear RNAs (snRNAs). 
Here, the yeast RNA binding protein Prp24 is shown to reanneal these snRNAs. When 
Prp24 is absent, unpaired U4 and U6 small nuclear ribonucleoprotein particles (snRNPs) 
accumulate; with time, splicing becomes inhibited. Addition of purified Prp24 protein 
regenerates duplex U4/U6 snRNPs for new rounds of splicing. The reannealing reaction 
catalyzed by Prp24 proceeds more efficiently with snRNPs than with deproteinized 
snRNAs. 

Pre-messenger RNA (pre-mRNA) splicing 
is a dynamic process that promotes intron 
removal. The pre-mRNA substrate and 
snRNAs (Ul, 'U2, U4/U6, U5) undergo a 
series of helical exchanges within the spli- 
ceosome, a large RNP complex (1, 2). The 
most conspicuous rearrangement involves 
disruption of base pairing between U4 and 
U6 snRNAs (3). U4/U6 duplex is packaged 
with proteins in a snRNP particle and joins 
the spliceosome in a U4/U6.U5 triple 
snRNP (4). With each round of splicing, 
the adenosine triphosphate (ATP)-depen- 
dent displacement of U4 from the spliceo- 
some allows U6 snRNA to refold, creating 
the active site for splicing catalysis (5, 6). 
In contrast, U4 snRNA is not required for 
the chemical steps of splicing (7). Because 
snRNPs must be reused ( I ) ,  a recycling 
process must exist to reanneal the RNAs 
within the free U4 and U6 snRNPs and 
thus reverse their previous unwinding on 
the spliceosome. 

Genetic suppression studies initially sug- 
gested that the yeast U6 snRNP protein 
Prp24 annealed free U6 and U4 (8). Prp24 
harbors three RNA recognition motifs 
(RRMs) (8). In many proteins, RRMs con- 
tact RNA directly (9 ) ,  and some RRM pro- 
teins promote annealing of complementary 
RNAs in vitro (10, 1 1 ). Recombinant 
Prp24 was similarly shown to anneal syn- 
thetic U4 and U6 RNAs in vitro, albeit 
inefficiently (1 2). 

To test the hypothesis that Prp24 rean- 
neals U4 and U6 snRNPs in its role as a 
spliceosomal recycling factor, we asked if 
removal of Prp24 from a splicing reaction 
mixture resulted in the accumulation of free 
U4 and free U6 snRNPs. We immunode- 
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pleted >97% of epitope-tagged Prp24 (1 3, 
14) from yeast cell extract (APrp24 extract) 
(15). The snRNP populations in mock-de- 
pleted and APrp24 extracts were visualized 
by native gel electrophoresis (16). Splicing 
in APrp24 extract generated large amounts 
of free U4 snRNP and U6*, a fast-migrating 
precursor to free U6 snRNP that apparently 
lacks Prp24 (Fig. lA, lanes 10 versus lanes 4 
and 6). Virtually all U4/U6.U5 and U41U6 
snRNPs disappeared (Fig. lA,  lanes 10 ver- 
sus lanes 4). This snRNP imbalance result- 
ed from splicing because depletion of U4/ 
U6.U5 required intact 5' splice site and 

branchpoint signals in pre-mRNA, incuba- 
tion at 23°C (17), and ATP (Fig. lA,  lanes 
10 versus lanes 9). A normal snRNP profile 
was recovered with the addition of-Prp24 
protein purified from yeast ( 18, 19): free U4 
was diminished, U6* was abolished, and 
U4/U6 and U4/U6.U5 snRNPs were re- 
stored (Fig. lA, lanes 14 versus lanes 10). 
Splicing in wild-type extract also produced 
some free U4 and U6*, which decreased in 
the presence of purified Prp24 (Fig. lA,  
lanes 4 and 6). Thus, splicing consumes 
U4/U6.U5 and liberates free U4 and U6* 
snRNPs. Prp24 is necessary and sufficient to 
convert free U4 and U6* to U4/U6 
snRNPs, facilitating the regeneration of 
U4/U6.U5 snRNPs. 

Adding ATP to extract caused snRNP 
rearrangements even in the absence of ex- 
ogenous pre-mRNA. Addition of ATP to 
APrp24 extract resulted in the appearance 
of free U4 snRNP and U6*; mock-depleted 
extract also produced U4/U6 (Fig. lA,  
lanes 7 and 8 versus lanes 1 and 2). Purified 
Prp24 protein restored U4/U6 formation in 
APrp24 extract (Fig. lA,  lanes 7 and 8 
versus lanes 11 and 12 and lanes 1 and 2). 
Thus, without added pre-mRNA, ATP dis- 
rupts some U4/U6.U5 snRNPs into free 
U4, U6*, and U5 snRNPs, and indirectly 
induces Prp24-dependent snRNP recycling. 

If snRNP recycling does not directly re- 
quire ATP, then Prp24 should reanneal U4, 
and U6 snRNPs even when ATP has been 
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Fig. 1. Splicing in APrp24 extract causes aberrant snRNP distributions that can be rescued by the 
addition of purified Prp24 protein. Epitope-tagged Prp24-3HA extract (13, 15) was subjected to mock- 
and immunodepletion (APrp24) (14). Western blotting revealed that APrp24 extract was >97% depleted 
of Prp24-3HA (7 7). Polyoma-tagged Prp24 was overexpressed in yeast (18) and immunoaffinity-purified 
(19). A single 53-kD polypeptide was detected by silver staining (77). (A) Native gel analysis of snRNPs. 
Mock-depleted and APrp24 extracts were incubated with or without ATP, pre-mRNA, and Prp24 
purified from yeast and electrophoresed on a native gel (16) to resolve snRNPs. After Northern blotting 
(33), the individual snRNAs were sequentially detected by stripping and reprobing (34). Only blots 
probed for U4 and U6 snRNAs showed significant differences with and without Prp24. (B) Prp24 reforms 
U4/U6 snRNPs and facilitates U4/U6.U5 snRNP regeneration in an ATP-independent manner. APrp24 
extract was sequentially incubated with ATP and pre-mRNA (incubation 1); 0 or 5 mM glucose (incu- 
bation 2); and finally with either buffer (-), Prp24 purified from E. coli (r24), or Prp24 purified from yeast 
(y24) (incubation 3). The snRNPs were resolved by electrophoresis on a native gel, which was blotted 
and probed for U4 snRNA as in (A). [C~-~~P]ATP added to these extract samples was reduced to 
undetectable levels by glucose treatment, as determined by thin-layer chromatography (1 7). 
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removed. We incubated APrp24 extract 
with ATP and pre-mRNA (Fig. lB, lanes 1 
to 7) so that free U4 and free U6 snRNPs 
would accumulate. Then, we depleted ATP 
in some reaction mixtures by adding glucose 
(Fig. lB, lanes 5 to 7) (20). In a third 
incubation, we included either buffer or 
Prp24 purified from Escherichia coli or from 
yeast. Prp24 protein from either E. coli or 
yeast was capable of converting free U4 
snRNP to U4/U6 and U4/U6.U5 snRNPs 
independent of ATP (Fig. lB, lanes 5 to 7 
versus lanes 2 to 4). Thus Prp24, and not 
any contaminating adenosine triphos- 
phatase, is required to reassemble U4/U6 
and U4/U6.U5 snRNPs. 

If the sole function of Prp24 is to replen- 
ish U4/U6.U5 snRNPs for spliceosome as- 
sembly, then Prp24 should be unnecessary 
for in vitro splicing as long as U4/U6.U5 
levels are adequate. In a typical reaction, 
the molar ratio of active U4/U6.U5 
snRNPs to input pre-mRNA molecules may 
be large (21 ), and mRNA may be produced 
even when snRNPs are not regenerated. 
The primary recycling function of Prp24 
may thus be obscured in the standard assay. 
Indeed, in vitro splicing reactions (22) pro- 
ceeded normally in APrp24 extract (Fig. 

2A). In contrast, all other snRNP proteins 
that are essential for splicing in vivo are 
essential for splicing in vitro (23). For in 
vitro splicing efficiency to reflect snRNP 
recycling capability (and thus Prp24 func- 
tion), U4/U6.U5 snRNPs in the extract 
must be exhausted. 

We devised an in vitro splicing assay that 
would be sensitive to a recycling defect (Fig. 
2B). To force most U4/U6.U5 snRNPs 
through a round of splicing, we added unla- 
beled pre-mRNA to splicing reaction mix- 
tures. Subsequent splicing events were mon- 
itored by adding labeled pre-mRNA in a 
second incubation. When Prp24 was 
present, even a 10-fold excess of unlabeled 
pre-mRNA did not fully impede later rounds 
of splicing (Fig. 2B, lane 4). In contrast, prior 
incubation of APrp24 extract with twofold 
excess of unlabeled pre-mRNA largely 
blocked subsequent rounds of splicing (Fig. 
2B, lane 7). Prp24 was the critical compo- 
nent because purified Prp24 partially com- 
plemented the APrp24 splicing defect (Fig. 
2C). Although Prp24 is not required for 
conventional in vitro splicing, it is necessary 
when splicing relies on snRNP recycling. 

To analyze associations of Prp24 with 
snRNPs, we used antibodies against epitope- 
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Fig. 2. lmmunodepletion of Prp24 does not inhibit conventional c 
in vitro splicing but does impede later rounds of splicing. (A) Time - 
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(lanes 1 to 4) and lPrp24 extract (lanes 5 to 8). In vitro splicing 
was performed and analyzed as described (22), except that 
reaction mixtures contained 50% extract, Intermediates and 
products of splicing reaction from top to bottom are as follows: a 
lariat 3'-exon, excised lariat intron,  re-mRNA, mature mRNA. 
(B) Sensitized in vitro splicing in mock-depleted (lanes 1 to 5) and H 
APrp24 extract (lanes 6 to 10). In vitro splicing assay sensitized 
to snRNP recycling defects: splicing reaction mixtures as in (A) 
contained various amounts of very low specific activity (unla- 
beled) actin pre-mRNA in the first incubation (10 min) and were - - 
supplemented wlth 0 3 nM h~gh speclflc actlvlty actln pre-mRNA 
in the second incubation (1 5 mtn). Reactions were analyzed as in (A). Concentrat~ons o' unlabeled 
pre-mRNA in reaction mixtures are indicated as fold excess cold pre-mRNA over 0.3 nM labeled 
pre-mRNA. When labeled and unlabeled pre-mRNAs were added simultaneously, splicing efficiency In 
mock and APrp24 extracts was similar, indicating that preincubation is necessary for the APrp24 
splicing defect (1 7). Moreover, the pre-mRNA in the init~al incubation mixture required intact intron 
consensus sequences to inhibit later rounds of splicing in APrp24 extract (7 7). (C) Complementation of 
APrp24 extract spltcing defect with 4 n M  Prp24 protein purified from yeast (lanes 6 to 10). Concentra- 
tions of unlabeled (cold) pre-mRNA in reaction mixtures are as in (B). 

tagged Prp24. We observed two specific su- 
pershifts of free U6 snRNP (24, 25), corrob- 
orating previous data (8). Under splicing 
conditions (in the presence of ATP and 
pre-mRNA), these supershifted species were 
diminished, suggesting that the free U6- 
Prp24 complex was depleted by splicing 
(24). We also monitored snRNAs that co- 
immunoprecipitated with tagged Prp24 from 
whole cell extract (26). Consistent with its 
presence in the free U6 snRNP, tagged 
Prp24 associated predominantly with un- 
paired U6 snRNA in the absence of ATP 
(Fig. 3, lane 3) (24). When ATP was added, 
Prp24 coimmunoprecipitated base-paired 
U4/U6 as well as free U6 and small amounts 
of free U4 RNAs (Fig. 3,  lane 4) (24). In- 
clusion of pre-mRNA in the reaction mix- 
ture did not change the spectrum of snRNAs 
that coprecipitated with Prp24, suggesting 
that Prp24 does not assemble onto the spli- 
ceosome (Fig. 3,  lanes 5 and 6 versus lanes 3 
and 4). 

U4/U6.U5 previously has been observed 
to dissociate in the presence of ATP (Fig. 
1A) (5). We determined whether Prp24 
reanneals native U4 and U6 snRNPs re- 
leased by ATP from higher order snRNP 
complexes. We used antibodies against 
epitope-tagged Brr2lSnu246, a reported U4/ 
U6.U5 snRNP component (27), to immu- 

Fig. 3. Prp24 associates dynamically with free 
U6, free U4, and duplex U4/U6 snRNAs. Dena- 
turing gel analysis of snRNAs  coimmunoprecipi- 
tated with Prp24. Epitope-tagged Prp24-3HA 
was immunoprecipitated (26) from samples of 
whole cell extract incubated with or without ATP 
and pre-mRNA. The coprecipitated RNAs from 
one-half of each sample were subjected to 
Northern analysis on a denaturing gel (33). U2, 
U 1 ,  U5 long (U5L), U5 short (U5S), U4, and U6 
snRNAs  migrate at the positions indicated on the 
right. In untagged extract (lane 1)  or in tagged 
extract without antibody (lane 2), no snRNAs are 
coimmunoprecipitated. Lanes marked "1/8 to- 
tal" contain deproteinized extract equivalent to 
one-eighth of each immunoprecipitation sample 
from lane 1 (untagged) or from lanes 2 to 6 
(tagged). Additional figures described in text (na- 
tive gel analysis of supershifted snRNPs and 
nondenaturing gel analysis of snRNAs coimmu- 
noprecipitated with Prp24) are presented online 
(24). 
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nat~ve snRNPs deprote~n~zed Fig. 4. Prp24 purified from yeast rap- 
snRNPs rnlX ~dly and efficiently reanneals free U4 

and free U6 snRNPs released from du- 
plex U4/U6. Deproteinized RNAs were analyzed on nondenaturing gels (35). (A) Dissociation of U4/U6. 
Brr2 snRNP complexes bound to beads contain U4/U6 duplex (-ATP): when ATP is added (+ATP), the 
U4/U6 helices are d is~p ted ,  and free U4 and free U6 are released into the supematant (supt) (36). (6) 
Time course of annealing. Prp24 (2 nM) was added to Supernatants containing -0.4 nM free U4 and free 
U6 from (A) and incubated at 23OC for the indicated times. Alternatively, Supernatants were treated with 
proteinase K beads before annealing (deproteinized snRNPs). Deproteinized snRNPs do not inhibit 
annealing of native snRNPs (mix), indicating that no proteinase K remains in the annealing reaction 
mixtures. (C)Titration of Prp24 protein. Annealing reaction mixtures as in (B) were incubated for 2 min at 
23°C with the indicated amount of Prp24. Prp24 protein purified from E. coli also annealed free U4 and 
free U6 snRNPs ( 7  7). 

nopurify complexes that contained U4/U6 
on beads (28). The U4/U6 duplex bound to 
the beads was disrupted when ATP was 
added, and unpaired U4 and U6 were re- 
leased into the supernatant (Fig. 4A). 
Prp24 rapidly converted freed U4 and U6 to 
a duplex U4/U6 species with a melting 
temperature of -55OC, identical to native 
U4/U6 (17) (Fig. 4B). Reannealing of na- 
tive snRNPs by Prp24 was complete within 
5 min; however, when the released U4 and 
U6 snRNPs were deproteinized before incu- 
bation with Prp24, annealing was markedly 
slowed (Fig. 4B). Moreover, efficient rean- 
nealing of native U4 and U6 snRNPs oc- 
curred with 0.4 to 2 nM Prp24, whereas 
deproteinized snRNPs were poorly rean- 
nealed by 2 to 50 nM Prp24 (Fig. 4C). 
Thus, other proteins in the supernatants 
contribute to the rate of annealing. The 
absence of these proteins may explain why 
lengthy incubations (1 to 3 hours) with 
higher concentrations of Prp24 (80 nM) are 

necessary to anneal synthetic U4 and U6 
RNAs (12). A plausible hypothesis is that 
the U4 and U6 RNAs are uniquely struc- 
tured in the released snRNP particles. In- 
deed, properly packaged RNPs may be the 
optimal substrates for hnRNP A1 and other 
proteins with only modest RNA annealing 
activity in vitro ( I  1 ). 

The following model of snRNP recy- 
cling is consistent with our observations 
(Fig. 5). The U4/U6 helices are disrupted 
on spliceosomes (or in U4/U6.U5 
snRNPs) through the action of ATP, but 
subsequent snRNP reassembly is ATP-in- 
dependent. Preexisting Prp24 with free U6 
snRNP captures the released free U4 
snRNP, and Prp24 reanneals the RNAs to 
convert free snRNPs into duplex U4/U6 
snRNPs. U4/U6 snRNPs are then reincor- 
porated into U4/U6.U5 snRNPs, which are 
used in new rounds of spliceosome assembly. 
Because neither Prp24 protein nor U4/U6 
annealing activity has been detected in the 
U4/U6.U5 snRNP or on spliceosomes 
(29), Prp24 is likely to leave U4/U6 when 
U5 joins. Spliceosome disassembly and 
U4/U6.U5 dissociation liberate U6*, 
which may then bind Prp24 to replenish 
the Prp24 with free U6 snRNP. In summa- 
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Fishing Down Marine Food Webs 
Daniel Pauly," Villy Christensen, Johanne Dalsgaard, 

Rainer Froese, Francisco Torres Jr. 

The mean trophic level of the species groups reported in Food and Agricultural Orga- 
nization global fisheries statistics declined from 1950 to 1994. This reflects a gradual 
transition in landings from long-lived, high trophic level, piscivorous bottom fish toward 
short-lived, low trophic level invertebrates and planktivorous pelagic fish. This effect, also 
found to be occurring in inland fisheries, is most pronounced in the Northern Hemisphere. 
Fishing down food webs (that is, at lower trophic levels) leads at first to increasing 
catches, then to a phase transition associated with stagnating or declining catches. 
These results indicate that present exploitation patterns are unsustainable. 

Exploitation of the ocean for fish and ma- 
rine invertebrates, both wholesome and 
valuable products, ought to be a prosperous 
sector, given that capture fisheries-in con- 
trast to agriculture and aquaculture-reap 
harvests that did not need to be sown. Yet 
marine fisheries are in a global crisis, mainly 
due to open access policies and subsidy- 
driven over-capitalization ( I ) .  It may be 
argued, however, that the global crisis is 
mainly one of economics or of governance, 
whereas the global resource base itself fluc- 
tuates naturally. Contradicting this more 
optimistic view, we show here that landings 
from global fisheries have shifted in the last 
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45 years from large piscivorous fishes toward 
smaller invertebrates and ~lanktivorous 
fishes, especially in the Northern Hemi- 
sphere. This may imply major changes in 
the structure of marine food webs. 

Two data sets were used. The first has 
estimates of trophic levels for 220 different 
species or groups of fish and invertebrates, 
covering all statistical categories included 
in the official Food and Agricultural Orga- 
nization (FAO) landings statistics (2 ) .  We 
obtained these estimates from 60 published 
mass-balance t ro~hic  models that covered 
all major aquatic ecosystem types (3, 4). 
The models were constructed with the Eco- 
path software (5) and local data that in- 
cluded detailed diet co~nnositions 16). In 
such models, fractional trophic levels (7) 
are est~mated values, based on the diet com- 
positions of all ecosystem components rath- 
er than assumed values; hence, their preci- 
sion and accuracy are much higher than for 
the integer trophic level values used in 
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