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Intron excision is an essential step in eukaryotic gene expression, but the molecular
mechanisms by which the spliceosome accurately identifies splice sites in nuclear
precursors to messenger RNAs (pre-mRNAs) are not well understood. A bimolecular
assay for the second step of splicing has now revealed that exon ligation by the human
spliceosome does not require covalent attachment of a 3’ splice site to the branch site.
Furthermore, accurate definition of the 3’ splice site in this system is independent of
either a covalently attached polypyrimidine tract or specific 3" exon sequences. Rather,
in this system 3’ splice site selection apparently occurs with a 5° — 3’ directionality.

Introns in nuclear pre-mRNAs are re-
moved by the spliceosome, a 60S complex
composed of the pre-mRNA, four small nu-
clear RNAs (snRNAs) (U1, Uz, U4-U6,
and U5), and numerous associated proteins
(I). Within this complex, intron excision
occurs in two chemical steps, each compris-
ing a single transesterification (2, 3). First,
the 2'-OH of the branch site adenosine
attacks the 5 splice site to release the 5
exon and form a lariat intron intermediate.
The newly freed 3'-OH of the 5" exon then
attacks the 3’ splice site to join the exons
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and displace the intron. However, the
mechanism by which the spliceosome pre-
cisely targets these chemical reactions to
bona fide splice sites in a milieu of potential
cryptic sites is not clear.

Splice site recognition is especially prob-
lematic in mammals, in which genes are usu-
ally interrupted by multiple introns, often
much longer than the exons, and splice site
sequences are not highly conserved. The
mammalian 5’ splice, branch, and 3’ splice
(4) site consensus sequences are [JGURAGU,
YNYURAC, and Y. ,;NYAG/, respectively
(where / denotes a splice site; N, any nucleo-
tide; R, purine; Y, pyrimidine; and underlin-
ing, the most highly conserved positions) (1,
5). The branch and 3’ splice sites are usually
separated by 11 to 40 nucleotides (nt) be-
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cause, in mammals, the polypyrimidine tract
(PPT) portion of the 3" splice site consensus is
required for branch site definition (6).

Although the mechanisms that underlie
recognition of the 5 splice and branch sites
have been studied extensively (7), much
less is known about how the exact site of
exon ligation is determined (8). In budding
yeast, the 3’ splice site consensus is simply
YAG/; there is no conserved PPT. How-
ever, even in these organisms, which have
far shorter and far fewer introns than do
mamrmals, trinucleotide recognition alone is
clearly insufficient to ensure 3' splice site
fidelity, given that 1 of every 32 random
trinucleotides is YAG. In most introns in
yeast and all introns in mammals, the site of
exon ligation is the first YAG downstream
of the branch site (9), which suggests that
branch site proximity is a key factor in 3’
splice site selection. Yet, in Saccharomyces
cerevisiae, a second YAG downstream of the
first can be the preferred exon ligation site
if it is preceded by a region rich in pyrimi-
dines (10). Thus, sequence context also
contributes substantially to 3’ splice site use
in yeast.

The relative contributions of branch site
proximity and sequence context have been
more difficult to evaluate in mammalian
introns because the YAG most proximal to
the branch site is generally preceded by a
pyrimidine-rich region: the PPT. Because
the PPT normally abuts the splice site
YAG, it could be inferred that an adjacent
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PPT is a key element for 3’ splice site
definition in mammals. However, because
the PPT is required for branch site recogni-
tion before lariat formation (6, 7), its addi-
tional contribution, if any, to defining the
site of exon ligation has been difficult to
determine. One study has suggested that
efficient use of exon ligation sites distant
from the branch site (and its attendant
PPT) requires both the YAG consensus and
a second, adjacent PPT (11), whereas an-
other model posits that mammalian 3’
splice sites are defined by an as yet unchar-
acterized “scanning” mechanism that ini-
tiates at the branch site and does not in-
volve the PPT per se (12).

Qur understanding of the recognition
events that lead to the first step of splicing
has been greatly advanced by mechanistic
analysis of bimolecular reactions in which
the 5’ splice site is contributed by one
molecule and the branch and 3’ splice sites
by a second molecule (13-16). These as-
says, analogous to the naturally occurring
trans-splicing performed by kinetoplastids
and nematodes (17), not only facilitated
determination of the minimal sequences re-
quired for 5’ splice site use (14, 15) but also
revealed the importance of specific cis- and
trans-acting elements for spliceosome as-
sembly (14-16). In addition, they demon-
strated that the 5’ splice and branch sites
need not be physically attached before the
first step of splicing (13-16).

We now show that a parallel approach
can be taken for the second step of splic-
ing. In human splicing extracts, the 3’
splice site YAG can be contributed by an
RNA molecule (the 3’ substrate) different
from that containing the 5’ splice and
branch sites (the 5’ substrate). For this
study, the 5’ substrate was a 256-nt ade-
novirus major late (AdML) pre-mRNA
derivative containing a 129-nt 5’ exon,
consensus 5’ splice and branch sites, and
an uninterrupted 28-nt PPT, but no se-
quences 3’ to the PPT (Fig. 1A). When
incubated under splicing conditions, this
RNA is assembled into splicing complexes
(18) and undergoes 5’ splice site cleavage
and lariat formation (Fig. 1B, lanes 6 to
14). Because it lacks both a YAG consen-
sus and an attendant 3’ exon, splicing
intermediates accumulate (19). However,
when the reactions were supplemented
with either of two RNAs containing con-
sensus 3’ splice sites (3’ substrates) (Fig.
1A), substantial amounts of products ac-
cumulated with electrophoretic mobilities
expected for ligated exons (Fig. 1B, lanes
15 to 22 and 24 to 27).

Both 3’ substrates contained the same
14-nt PPT and CAG/3’ splice site as full-
length AAML pre-mRNA (Fig. 1A), but
they included different 3’ exons. The TNT

exon contains purine-rich splicing enhanc-
er elements that promote spliceosome as-
sembly through interactions with SR pro-
teins (20, 21), whereas the AAML 3’ exon
contains no known enhancers (14). With
both 3’ substrates, bimolecular exon liga-
tion was markedly efficient in that >50% of
the 5’ exons liberated by lariat formation

A Full-length substrate

were converted into ligated exons. In the
reactions shown, the 3’ substrates were at a
five-fold molar excess relative to the 5’
substrate (input concentrations of 175 and
35 nM), but even at a 1:1 substrate ratio
ligated exons were readily detectable with
both 3’ substrates (18).

Because we knew of no reports of such a
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bimolecular exon ligation reaction for the
spliceosome, we undertook several experi-
ments to confirm the identities of the new
bands in Fig. 1B. Reciprocal labeling dem-
onstrated that both 5’ and 3’ substrates
contributed to the products (Fig. 1B) (18).
No products were obtained when either the
5’ substrate (Fig. 1B, lanes 23 and 28) or 3’
substrate (Fig. 1B, lanes 6 to 14) was omit-
ted, or when the former terminated before
the branch site (18). Product electrophoret-
ic mobility varied as expected with the
lengths of both the 5’ (18) and 3’ (Fig. 1B)
(18) exons. Finally, reverse transcription
polymerase chain reaction (RT-PCR)-
based sequencing confirmed that the prod-
ucts from both 3’ substrates contained the
expected splice junctions (18, 22). These
results indicate that the human spliceosome
can mediate exon ligation between one
RNA molecule that undergoes the first step
internally and a separate RNA containing
only a PPT, 3’ splice site, and downstream
exon. Therefore, accurate 3’ splice site def-
inition can occur independently of attach-
ment or linear proximity to the branch site.

If these bimolecular reactions are cata-
lyzed by the same active site as that which
mediates exon ligation on full-length sub-
strates, then there should be a similar re-
quirement for the YAG consensus at the 3’
splice site. To examine whether such a re-
quirement exists, we changed the adenosine
in the 3’ splice site CAG of both 3’ sub-
strates to guanosine, thereby generating
PPT-CGG/TNT and PPT-CGG/AdML
RNAs. When PPT-CGG/TNT RNA was
incubated under bimolecular splicing con-
ditions, a product with a slightly greater
electrophoretic mobility than that obtained
with PPT-CAG/TNT RNA did accumu-
late, but at a much reduced rate (Fig. 2A).
In PPT-CGG/TNT RNA, all available AG
dinucleotides are preceded by a purine,
which is generally detrimental to exon liga-
tion efficiency in full-length substrates,
AAG less so than GAG (11, 12). Thus, the
small amount of product formed with PPT-
CGG/TNT RNA likely resulted from inef-
ficient usage of a downstream AAG as the
exon ligation site.

The original PPT-CAG/AdML 3’ sub-
strate (Fig. 1A) contains three CAG trip-
lets, but bimolecular exon ligation was ap-
parent only at the 5'-most triplet (23). This
site is analogous to that used in the full-
length AJML RNA (Fig. 1B, lanes 1 to 5)
in that it is the first YAG downstream of
the PPT. When this site was mutated to
CGG in PPT-CGG/AdML RNA, the next
CAG 6 nt downstream was efficiently acti-
vated as the exon ligation site (Fig. 2, B and
C; Fig. 3) (24). Mutation of the 5'-most
CAG to GAG also switched the site of
exon ligation to the downstream CAG, but
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at a reduced efficiency (Fig. 2C). When
both CAG sequences were mutated, no
splicing to either site was detected (18, 25).
All of these effects parallel those seen with
full-length substrates, in which mutations
that affect the AG dinucleotide usually
shift the exon ligation site to the next YAG
downstream, and a GAG triplet is not only
skipped but can also reduce the usage of the
downstream sites (11, 12). Taken together,
these data demonstrate that bimolecular
exon ligation and intramolecular splicing
have the same requirements for the YAG
consensus and are thus likely mediated by
the same active site.

The choice of exon ligation site in this
system is necessarily independent of linear
distance from the branch site, as well as of
any effects that sequences surrounding the
3’ splice site might have on the first step
(26). Thus, it was possible to investigate in
isolation the role of sequence context on
mammalian 3’ splice site selection. Succes-
sive truncation of the PPT in the PPT-
CAG/AAML 3’ substrate affected neither
the efficiency of bimolecular exon ligation
nor the choice of exon ligation site (18).
Both TNT and AAML 3’ substrates con-
taining only 5 nt (5'-gaCAG/) (27) up-
stream of the exon ligation site were spliced
with similar efficiency (Fig. 3A, lanes 2 and
3; Fig. 3B, lanes 1 and 3) and with the same

A PPT-CAG/TNT PPT-CGG/TNT
Time (min)[ 0 15 30 45 60]60 45 30 15 0 |
"oy
1 2230 4 65 6 7 8 9 10
B PPT-CAG/AdML  PPT-CGG/AdML

Time (min)[ 0 2 5 102030 4560/60453020105 2 0 |

/- t..”.m*
SIS
12 3456 78910111213141516
S
O O
FEE
=
77 ] .
123

Fig. 2. Requirement of a YAG sequence for bimo-
lecular exon ligation. Denaturing polyacrylamide
gels show ligated exon products (33) from bimo-
lecular splicing reactions with various labeled 3’
substrates: (A) PPT-CAG/TNT or PPT-CGG/TNT;
(B) PPT-CAG/AdML or PPT-CGG/AdML; and (C)
gaCAG/AdML, gaGAG/AdML, or gaCGG/AdML.
Exon ligation was initiated by addition of the indi-
cated substrate to splicing reactions in which un-
labeled 5’ substrate had been preincubated for 30
min, and incubation was then continued for the
times indicated in (A) and (B) and for 30 min in (C).
Simultaneous controls containing each 3’ sub-
strate but lacking the 5’ substrate (as in Fig. 1B,
lanes 23 and 28) yielded no detectable products
(78). RNAs are shaded as in Fig. 1A.

selectivity for the upstream CAG (Fig. 2C,
lanes 1 and 3; Fig. 3, A and B, lanes 1 to 4)
as the original PPT-containing 3’ sub-
strates. These observations indicate that
there is no inherent requirement for a co-
valently attached PPT for accurate 3’ splice
site definition and use by the human splice-
osome, even though consensus sequences
suggest otherwise.

Although our results showed that a co-
valently attached PPT is not essential, they
provided no information as to whether an
adjacent PPT can enhance the use of a
downstream YAG relative to that of an
upstream one lacking a PPT, analogous to
the situation in yeast (10). We therefore
constructed a 3’ substrate in which the
sequence 5'-gaCAG was appended to the
5" end of PPT-CAG/AdML RNA (there-
by generating gaCAG-PPT-CAG/AIML
RNA) (Fig. 1A). Of all possible exon liga-
tion sites in this substrate, the 5’-most
CAG was used at least 20 times as efficient-
ly as any other site (Fig. 3B, lane 5). Mu-
tation of this site to CGG activated the
next CAG downstream (the one immedi-
ately adjacent to the PPT), but not the
third CAG (Fig. 3B, lane 6). Thus, in all of
the 3’ substrates tested, the predominant
exon ligation site was the 5'-most CAG,
regardless of its position relative to any PPT.

To determine whether the sequence 5’-
gaCAG was generally sufficient to specify a
3’ splice site, we appended these nucleo-
tides to the 5’ termini of two other RNAs
(Fig. 1A): AdAML(as), the exact antisense of
the AAML exon, and AdML(i), an RNA of
similar length but derived from the body of

A B
TNT 3'exon AdML 3' exon
PPT + - + = +
X[GATA G [AGJA GIA G
— .. -
.-. v cmm
b
"

. A

gaCXG-PPT-

PPT-CXGIHE

gaCXG Il

12 34

123456

Fig. 3. Lack of requirement for a PPT in the 3’
substrate. Unlabeled 5’ substrate RNA was pre-
incubated under splicing conditions for 30 min
before addition of either (A) TNT or (B) AdML 3’
substrates (Fig. 1A) and incubated for an addition-
al 60 min (33). The identity of the nucleotide (A or
@) at position X is as shown. The lower half of (B) is
a lighter exposure than the upper half.
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the AAML intron. Both the resultant RNAs
were substrates for bimolecular exon liga-
tion (Fig. 4, lanes 1 to 4 and 9 to 12), albeit
at different efficiencies (28). As with the
TNT and AdML 3’ exons, addition of an
upstream PPT to the AdML(as) RNA had
no marked effect, positive or negative, on
its use as an exon ligation substrate (Fig. 4,
lanes 5 to 8).

Qur data suggest that when exon liga-
tion is physically uncoupled from branch
formation, the only sequence necessary for
recruitment of an exogenous RNA as a 3’
splice donor is a suitably positioned YAG.
No attached PPT or special sequences in
the 3’ exon are needed. Yet, in previous
bimolecular assays in which the 5’ splice
and branch sites were on separate mole-
cules, efficient intermolecular branch for-
mation in HeLa splicing extracts required
either an enhancer sequence or downstream
5’ splice site in the 3’ exon (14, 16). It is
generally believed that these elements help
to recruit trans-acting factors to the PPT
and branch site, thereby promoting spliceo-
some assembly before the first chemical step
(21). In the bimolecular reactions described
here, however, it is the second step of splic-
ing, not the first, that occurs intermolecu-
larly. In this system, the 5’ substrate serves
as a template for spliceosome assembly and
branch formation independent of any 3’
splice site or 3’ exon. Therefore, the mini-
mal 3’ substrates used here are unlikely to
contribute to spliceosome assembly (26)
and so only need the sequence elements

AdML(i)
AdML(as) 3' exon 3' exon
PPT — + —
Time (Min) 0102030 0102030 0 1020 30

7 . . - zm
L

e

rrrcac I RERE

gaCAG [ gaCAG [l
1234 5678 8101112

Fig. 4. The sequence 5'-gaCAG is sufficient for
bimolecular 3' splice site definition. Denaturing
polyacrylamide gel shows bimolecular exon liga-
tion with AdML(as) and AdML(j) 3’ substrates
(shaded as in Fig. 1A). Internally labeled 3’ sub-
strate was added to splicing reactions after prein-
cubation of unlabeled 5’ substrate for 30 min, and
incubation was then continued for the times indi-
cated. The small amount of product observed in
lane 1 is spillover from lane 2. Controls without 5’
substrate yielded no products (78). RNA species
are as indicated to either side of the figure. All
lanes are from the same gel; lanes 9 to 12 re-
quired longer exposure.
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required for exon ligation.

Given that as few as 5 nt will suffice to
specify a 3’ splice site accurately, the splice-
osomal factors responsible for defining the
actual site of exon ligation do not require
extensive interactions with upstream in-
tronic sequences. This situation differs from
mammalian branch site recognition, in
which multiple sequence elements contrib-
ute (6, 7), but it parallels the minimum
requirements for 5’ splice site recruitment
in first-step bimolecular reactions, in which
only seven intronic nucleotides and no spe-
cial sequences in the 5’ exon (14-16) are
required. However, if a YAG trinucleotide
is the only sequence element needed for 3’
splice site definition at the time of exon
ligation, the issue of accuracy still requires
clarification. Perhaps the apparent 5’ — 3’
directionality of 3’ splice site selection in
this system is important in this regard (29).

Finally, if bimolecular exon ligation can
occur so readily, why was this activity not
noted previously, and what prevents it from
happening inappropriately in vivo? The an-
swer probably lies in structural differences
between the truncated 5’ substrate used
here and the full-length substrates encoun-
tered by the spliceosome in vivo. Inclusion
of additional sequences downstream of the
5" substrate PPT markedly inhibits bimolec-
ular exon ligation (18), presumably by lim-
iting access of the 3’ substrates to the YAG
recognition site. Thus, on a full-length pre-
mRNA, invasion of exogenous 3’ exons is
effectively excluded. However, the fact that
bimolecular exon ligation can occur at all
suggests the possibility that splicing of some
transcripts in vivo might involve use of a
YAG on a molecule separate from that
containing the 5’ splice and branch sites.
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Trans-kingdom Transposition of the Drosophila
Element mariner Within the Protozoan
Leishmania

Frederico J. Gueiros-Filho and Stephen M. Beverley*t

Transposable elements of the mariner/Tc1 family are postulated to have spread by
horizontal transfer and be relatively independent of host-specific factors. This was tested
by introducing the Drosophila mauritiana element mariner into the human parasite Leish-
mania major, a trypanosomatid protozoan belonging to one of the most ancient eu-
karyotic lineages. Transposition in Leishmania was efficient, occurring in more than 20
percent of random transfectants, and proceeded by the same mechanism as in Dro-
sophila. Insertional inactivation of a specific gene was obtained, and a modified mariner
element was used to select for gene fusions, establishing mariner as a powerful genetic
tool for Leishmania and other organisms. These experiments demonstrate the evolu-
tionary range of mariner transposition in vivo and underscore the ability of this ubiguitous

DNA to parasitize the eukaryotic genome.

Transposons of the mariner/Tcl family are
ubiquitous elements of eukaryotic genomes,
occurring in virtually every taxon examined
(1-3). Phylogenetic studies of mariner ele-
ments have provided compelling evidence for
the occurrence of horizontal transfer across
species during evolution, traversing distances
as far as that separating insects and flatworms
(1, 2, 4). This suggested that mariner could
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transpose independently of host-specific fac-
tors, a belief bolstered by studies of transposi-
tion activity in vitro (5). Hence, mariner was
advanced as a potentially general tool for
stable transformation and insertional mu-
tagenesis in eukaryotic genomes after heterol-
ogous expression (2, 3, 6, 7). However, thus
far this prediction has only been fulfilled in
transfers among relatively closely related spe-
cies within the order Diptera, as seen with the
Drosophila elements mariner, hermes, hobo, and
minos (7-9).

We decided to probe the evolutionary lim-
its of mariner’s ability to transpose in vivo by
introducing it into Leishmania mgjor, a human
pathogen belonging to the flagellate order
Kinetoplastida, one of the earliest branching

eukaryotic lineages (10). Success here could
also provide genetic methods to study process-
es of virulence and pathogenesis in leishman-
iasis, a widespread tropical disease that can
frequently be fatal and for which satisfactory
vaccines or chemotherapy are lacking. Al-
though methods for stable DNA transfection
and expression of foreign genes are well estab-
lished in Leishmania, nonhomologous inser-
tion of DNA has not been observed in stable
transfections of this diploid organism (11).
Mobilization of mariner would thus provide a
powertful tool for insertional mutagenesis in
this pathogen.

The 1.3-kb Mosl mariner element from
Drosophila mauritiana contains a single open
reading frame (ORF) encoding the trans-
posase, flanked by 28-base pair (bp) inverted
repeats (12). An intact mariner element was
inserted in one Leishmania vector (pX63PAC-
Mosl, Fig. 1A) (13), and a helper plasmid was
used to provide transposase. Leishmania and
other trypanosomatid protozoa synthesize
mRNAs by a trans-splicing mechanism,
where a 39-nucleotide mini-exon is added to
the 5 end of every mRNA (14). Accordingly,
the mariner transposase coding region was in-
serted in a Leishmania expression vector
(pX63TKNEO-TPASE, Fig. 1A) (13) down-
stream of a trans-splice acceptor site because
Drosophila genes lack these RNA signals. The
two plasmids were then introduced into Leish-
mania major line +/Al (15). Leishmania plas-
mids are maintained as stable episomes while
under drug pressure (G418 and puromycin for
the NEO and PAC markers, respectively) but
are slowly lost during growth in the absence of
selection (16).

Transfectant colonies were analyzed for
mariner transposition first by Southern
(DNA) blot hybridization (17). Despite the
lack of any selection for transposition, 5 of 22
colonies (23%) showed new mariner-hybridiz-
ing bands (Fig. 1B). No evidence of transpo-
sition was obtained in Southern blot analysis
of 52 colonies containing only pX63PAC-
Mosl (I8). The mariner insertion site from
several of the new fragments arising in the
presence of transposase was obtained by in-
verse polymerase chain reaction (PCR) (19).
Sequence analysis showed that they con-
tained mariner, followed by a TA dinucleotide
and sequences not present in the donor plas-
mid DNA (Fig. 1C) (19). Southern blot hy-
bridizations with the new mariner-flanking se-
quences showed that they were of Leishmania
origin {20). Moreover, their fragment size had
increased by 1.3 kb in the colony that gave
rise to the PCR product (20), as expected for
bona fide transposition.

The frequency of mariner insertion into a
specific locus was measured for dihydrofolate
reductase—thymidylate synthase (DHFR-TS).
The parental +/Al line used in the studies
above is heterozygous, having one copy of
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