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ABSTRACT

The selection of 3′ splice sites (3′ss) is an essen-
tial early step in mammalian RNA splicing reactions,
but the processes involved are unknown. We have
used single molecule methods to test whether the
major components implicated in selection, the pro-
teins U2AF35 and U2AF65 and the U2 snRNP, are
able to recognize alternative candidate sites or are
restricted to one pre-specified site. In the presence
of adenosine triphosphate (ATP), all three compo-
nents bind in a 1:1 stoichiometry with a 3′ss. Pre-
mRNA molecules with two alternative 3′ss can be
bound concurrently by two molecules of U2AF or
two U2 snRNPs, so none of the components are
restricted. However, concurrent occupancy inhibits
splicing. Stoichiometric binding requires conditions
consistent with coalescence of the 5′ and 3′ sites
in a complex (I, initial), but if this cannot form the
components show unrestricted and stochastic as-
sociation. In the absence of ATP, when complex E
forms, U2 snRNP association is unrestricted. How-
ever, if protein dephosphorylation is prevented, an
I-like complex forms with stoichiometric association
of U2 snRNPs and the U2 snRNA is base-paired to
the pre-mRNA. Complex I differs from complex A in
that the formation of complex A is associated with
the loss of U2AF65 and 35.

INTRODUCTION

The processes of recognition and selection of 3′ splice
sites (3′ss) are complex and poorly understood. 3′ss com-
prise several distinguishable elements that are recognized
directly by RNA-binding proteins: the branch site, a
polypyrimidine-rich tract and an AG preceding the 3′ss it-
self. The polypyrimidine tract is recognized initially by the

protein U2AF65 (1–3), and the YAG/R 3′ss consensus by
U2AF35 (4–7). U2AF65 associates with U2AF35 as a sta-
ble heterodimer (1), and interacts with SF1/mBBP (8,9),
which recognizes the branch site but is not an essential splic-
ing factor (10–12). The U2 snRNP is recruited later by in-
teractions with SF1 and U2AF65, and base-pairs with the
pre-mRNA around the branch site, displacing SF1 (12). It is
not clear whether any or all of these sequence-specific inter-
actions with the pre-mRNA occur before or after the tran-
sition from recognition to selection of the 3′ss. A defining
characteristic of events involving the recognition of candi-
date sites is that, if there should be multiple candidate sites
per intron, then proteins involved in the recognition of sites
would be able to interact with them all and, if the sites were
strong, multiple sites on one pre-mRNA molecule might be
occupied concurrently. In contrast, only one molecule of
factors recruited after selection would associate per intron,
regardless of the strength of alternative sites.

The current model for an early stage in which the 3′ss se-
quence elements have been recognized is complex E (Early),
which accumulates on pre-mRNA incubated in nuclear ex-
tracts after depletion of adenosine triphosphate (ATP) (13–
16). This complex is committed to splicing (13,14). It con-
tains U2 snRNPs (17–19), but the U2 snRNA does not form
psoralen-induced cross-links to the pre-mRNA and is thus
thought not to form base-pairs at this stage with the branch
site (19). Even though complex E is committed to splicing,
it is not clear whether the sites have been selected. In favor
of this is evidence from hydroxyl radical probes that the 5′
splice sites (5′ss), polypyrimidine tract and branch site are
in close proximity with each other and with U2AF65 and
U1 and U2 snRNAs (20–22), as if it is a structured complex
that involves selected sites. On the other hand, functional as-
says have suggested that in at least one system the 3′ss is not
irrevocably chosen until complex A (23). Complex A is the
first identifiable complex that forms in the presence of ATP;
it requires ATP hydrolysis and contains U2 snRNA base-
paired to the branch site (24,25). If complex E is a model
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for the early events of splicing that precede a requirement
for ATP, it would be followed in ATP by the formation of
pre-spliceosomal complex A.

We have outlined three possible routes based on com-
plexes E and A by which recognition could lead to selection
(Figure 1). In these schemes, we suggest that U2AF65 and
U2AF35 are primary binding factors, like the U1 snRNP
at the 5′ss, that are able to interact directly with all possi-
ble sequences. U2AF65 is a strong candidate for such a role
as it has two RNA Recognition Motif (RRM)-type RNA-
binding domains that confer an independent binding ca-
pability with a preference for polypyrimidine tracts (1,26–
28), as well as protein or RNA interaction domains (9,29–
34). It binds pyrimidine tracts extensively across transcribed
regions, with enrichment at 3′ss (2,3). U2AF35 is gener-
ally considered to function as a heterodimer with U2AF65,
although U2AF65 is likely to be present in a several-fold
excess and U2AF35 homodimers have been observed also
(1,3,35–38).

In the first possible route (I, Figure 1), recognition and se-
lection take place when U2AF65/35 binds. The heterodimer
may be able to sample all candidate sequences, binding tran-
siently such that no more than one candidate site is occupied
at any moment. If an occupied site were to encounter a 5′ss-
bound U1 snRNP or SF1/mBBP at the branch site, then a
stable complex E might form that would provide a unique
recruitment site for U2 snRNPs. The level of U2AF65 bind-
ing is known to be a determinant of U2 snRNP binding and
thus splicing (26,39,40). Fittingly, a number of proteins that
inhibit splicing reduce U2AF65 binding, usually by direct
competition (2,41–44). The use of potential sites would be
distributed according to their occupied lifetimes. Particular
sites might be favored if, for example, SR proteins bound to
exonic splicing enhancer sequences in the 3′exon interacted
with U2AF35 and stabilized the heterodimer (45). However,
the connection between enhancer activity and U2AF65 re-
cruitment is not unambiguous (46–55).

There are arguments against route I. In particular, one
study has shown that 3′ss selection is not fixed in complex
E (23). Not enough is known to explain the discrepancy
with the observation of commitment to splicing in complex
E. Moreover, in yeast, single molecule FRET data suggest
that the 5′ss and 3′ss sites are not within 5–10 nm in yeast
early complexes (56). Finally, there is no evidence of any
mechanisms by which interactions of U2AF65/35 with SR
proteins or U1 snRNPs (19,52,57–60) might be prevented
from stabilizing more than one U2AF heterodimer. Given
that there are many potential 3′ss sequences in long introns
(3,61), it is quite plausible that multiple stable U2AF65/35
complexes might form. In such a case, selection might take
place at the level of U2 recruitment (route II). This might
happen if the U2 snRNP’s interaction with U2AF65/35
were weak and required stabilization by interactions with a
single 5′ss-U1 snRNP complex. This would fit the evidence
that the 3′ss is fixed in complex A (23). Alternatively, mul-
tiple U2 snRNPs might bind and selection take place later
(route III). There is no evidence yet to indicate whether two
or more U2 snRNPs are permitted to associate with a single
intron.

The clearest method for discriminating among these po-
tential routes for 3′ss selection is to determine the number of

molecules of U2AF and U2 snRNP bound in complexes E
and A to a molecule of pre-mRNA that contains alternative
strong 3′ss. However, standard ensemble methods for ana-
lyzing protein–RNA interactions are unable to give more
than, at best, a mean value. The mean is in itself of little
use, because it might hide a very wide range or multiple dis-
crete populations. For these reasons, we have used single
molecule fluorescence methods (62–64). We conclude that
there is no single route for selection and we propose an al-
ternative state, complex I, as a model for the first steps of
spliceosome assembly.

MATERIALS AND METHODS

Sample preparation

Pre-mRNA for single molecule experiments was tran-
scribed in vitro as described (62) with the exception that
guanosine 5′-O-monophosphorothioate was included for
initiation of transcription to enable subsequent labeling
with Cy5-maleimide (Lumiprobe) (65). Nuclear extracts
were prepared from HEK293T cells transfected with plas-
mids expressing either mEGFP-U2B′′, mEGFP-SF3A3 or
both mEGFP-U2AF65 and mCherry-U2AF35; these were
pre-incubated for 15 min in the presence or absence of ATP
and phosphocreatine, pre-mRNA was added to 62.5 nM
and reactions were incubated, as described (64). The reac-
tions were diluted and immediately applied to cover slips.
When present, a cocktail inhibiting protein phosphatases
(PhosSTOP, Roche) was added at a 2× concentration prior
to the pre-incubation for ATP depletion. The 2′-O-methyl
oligonucleotide complementary to U6 snRNA was used as
described (64).

Data acquisition and analysis

The cover slips were 22 × 50 mm, #1 (Menzel-Gläser),
washed, sonicated, dried under vacuum and cleaned five
times in an argon plasma for 5 minutes each time (Wein-
meister et al., submitted). Fluorescence was detected using a
home-built objective TIRF microscope, and data analyzed
from the central 250 × 250 pixels of the 512 × 512 pixel
charge-coupled device (CCD) chip. The position of the re-
flected laser beam, determined by a quadrant photodiode,
was used as active feedback to control the microscope fo-
cus. Data was initially collected from Cy5-labeled RNA ex-
cited at 640 nm until the fluorophores bleached, and then
from mCherry (if used), excited at 561 nm, again until the
fluorophore had bleached and finally from mEGFP excited
at 488 nm until that bleached too. The experiments with
U2AF35 and U2AF65 involved collection of data from
both proteins in the same reaction mixture. Spots were de-
tected and accepted based on the Gaussian distribution of
their intensities. Chromatic aberrations that affect colocal-
ization were corrected by a linear transformation. Step de-
tection in the bleaching profile was based on a Bayesian al-
gorithm (66). A complete description is given in Weinmeis-
ter et al. (submitted).

Each frequency histogram shows the result of measure-
ments made on 200–800 individual RNA molecules (aver-
age 425), collated from around 50 fields acquired from each
sample. The error bars are the square root of the variance
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Figure 1. Routes for the processes of recognition and selection of 3′ splice sites (3′ss), using as an example a portion of pre-mRNA with two candidate
3′ss. Blue line, pre-mRNA; red text and boxes, the branchpoint sequence, polypyrimidine tract and 3′ss; brown oval, U2AF65; green oval, U2AF35; blue
oval, U2 snRNP. Route I, U2AF binds according to its affinity to potential sites, but binding is so weak that the average number of molecules bound is
<1. Interactions with the 5′ss result in the formation of complex E, with one stabilized U2AF bound. This is then recognized by a single U2 snRNP when
complex A assembles. Route II, U2AF binds strongly to potential sites, so that the 3′ss is not selected in complex E; U2 binding is initially very weak so
that there is on average only one U2 snRNP per intron, and this is incorporated into complex A. Route III, both U2AF and U2 snRNP bind strongly to
potential sites and the 3′ss is not selected by affinity in complex A.

of the binomial probability that an RNA spot will be as-
sociated with the given number of protein bleaching steps.
Most of the experiments were done once, and the general
conclusions of most experiments were borne out by repeats
with different transcripts. Where experiments were repeated
three times to accumulate data, the standard deviation for
the colocalization was no more than 13% of the mean value
and was generally less than 10% (data not shown).

The expected distributions for a single site were taken
directly from the observed distributions of labeled protein
spots bleaching in one step or two steps in splicing con-
ditions but in the absence of pre-mRNA. In the case of
U2AF35 and U2AF65, these measurements were made in
the presence and absence of ribonuclease. Measurements
were made in the presence or absence of ATP. The ex-
pected distributions of steps if two sites were fully occupied
were calculated using the data above and the proportions
of functional protein labeled, measured by affinity purifica-
tion on biotinylated pre-mRNA. Chi-square tests were done
on classes where the expected number was ≥5. The propor-
tions of pre-mRNA occupied at no sites, one site and two
sites were estimated by varying the proportions and the to-
tal number of spots considered accessible in principle, with

minimization of the chi-square difference from the actual
results.

Assay of U2AF35 activity

HEK293T cells were depleted of U2AF35 using two hits
of small interfering RNA U2AF35ab, as described (67).
Rescue and reporter plasmids were added 24 h after the
second hit at a concentration of 250 and 150 ng/ml, re-
spectively. The transfected cells were harvested 48 h later.
Total RNA was extracted as described and reverse tran-
scribed with MMLV (Promega) and oligo-dT15. RNA prod-
ucts were visualized as described (67). Immunoblotting was
carried out with antibodies against U2AF35 (Protein Tech
Group, 10334-1-AP) and GFP (Abcam, ab290).

Splicing and analysis of complexes

Extracts were prepared, splicing assayed and complexes
analysed by gel electrophoresis as described previously (64).
RNase H protection and psoralen crosslinking assays were
done as described (68,69) using globin-based substrates as
previously described (70). Affinity purification to measure
the relative levels of fused and endogenous protein bound
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to RNA was done with NeutrAvidin-agarose beads (Ther-
moFisher) from 40 �l splicing reactions containing biotiny-
lated RNA at 50 nM. Deoxyoligonucleotides E15 and L15
(71) were added in control reactions with the mEGFP-U2B′′
to stimulate RNase H digestion of U2 snRNA. Proteins
were detected by western blotting, using primary antibodies
against U2AF35 (Proteintech 60289), U2AF65 (MC3) (72),
U2B′′ (Proteintech 13512), GFP (Proteintech 66002) and
dsRed/mCherry (Clontech 632496). Fluorescent secondary
antibodies were used against mouse IgG (IRDye 680LT,
LI-COR 926–68020) and rabbit IgG (IRDye 800CW, LI-
COR 926–32211). Concentration standards were recombi-
nant proteins, mCherry (Origene TP790040) and GFP.

RESULTS

To enable the binding of individual molecules of U2AF65
and U2AF35 to pre-mRNA in nuclear extracts to be de-
tected, U2AF65 and U2AF35 were co-expressed as N-
terminal fusions with mEGFP and mCherry respectively.
U2 snRNP was labeled by expressing either U2B′′ or
SF3A3, components of the U2 snRNP and its associated
SF3a complex respectively, as fusions with mEGFP. Fluo-
rescent protein fusions with U2AF65, U2AF35 and U1A (a
close relative of U2B′′) in this vector have been shown previ-
ously to be properly localized in the cell and interact as ex-
pected with other proteins or to be functional (35,64,73). We
confirmed that the mCherry-labeled U2AF35 was able to
rescue correct splicing of intron 1 of the insulin gene, which
is mis-spliced after depletion of U2AF35 (67) (Supplemen-
tary Figure S1). Active nuclear extracts were prepared from
HEK293T cells expressing either mEGFP-U2B′′, mEGFP-
SF3A3 or both mEGFP-U2AF65 and mCherry-U2AF35
and the absolute and relative levels of functional labeled
protein and their extent of dimerization were measured us-
ing western blotting after affinity purification on RNA and
single molecule methods, respectively (Table 1 and Supple-
mentary Figure S2). The total concentrations of U2AF65
and U2AF35 in the nuclear extract are approximately 1.88
and 0.27 �M, respectively. A relative excess of U2AF65 over
U2AF35 was apparent also in a recent estimate of their con-
centrations in HeLa cells (1.2 and 0.5 �M respectively) (37).

In the first experiments, measurements were made to es-
tablish the stoichiometries with which these components
bound to a pre-mRNA containing no alternative sites in
conditions forming complexes E and A. A �-globin-derived
transcript with one intron and a consensus 5′ss (GloC) (64)
was labeled at the 5′ end with Cy5-maleimide, a strategy
used previously to study the dynamics of spliceosome as-
sembly (65). The RNA was incubated in the nuclear extracts
and the mixtures were then diluted and immediately applied
to a glass cover slip. Time courses of fluorescence of proteins
colocalized in a spot with RNA were analyzed to detect
bleaching of the individual fluorescent protein molecules as-
sociated with an RNA molecule. The number of bleaching
steps in one spot reveals the number of fluorescent protein
molecules bound to an individual molecule of pre-mRNA.

U2AF35 binds singly to pre-mRNA in complex E but U2
snRNP shows no discrete stoichiometry

Depletion of ATP by pre-incubation of the extract at 30◦C
enables only complex E to assemble (74). Under these con-
ditions, 20% of the surface-bound molecules of pre-mRNA
colocalized with mCherry-U2AF35, and in most of these
complexes the mCherry bleached in a single step, indicating
that only one labeled protein was associated (Figure 2A).
In 21 of the 164 complexes bleaching took place in two
steps. This is about the same proportion as found for free
mCherry-U2AF35 in the absence of RNA, due to dimer-
ization (Table 1). Assuming that the same proportion of
molecules is present as a dimer on the RNA, we conclude
that a single site in the pre-mRNA was bound by mCherry-
U2AF35 (single occupancy; � 2, P = 0.45). For U2AF65,55
of 278 complexes bleached in two steps (Figure 2A). Tak-
ing into account the proportion of U2AF65 bound to RNA
that is labeled (Supplementary Figure S2) and the level of
RNA-independent dimerization (Table 1), this does not fit
single occupancy (� 2, P = 3 × 10−5). Instead, the best fit
to our model suggests that around 12% of complexes were
bound at two sites by U2AF65. Finally, in the extract ex-
pressing mEGFP-U2B′′, a number of complexes showed
bleaching in two or even three steps. A very similar result
was found when the U2-associated protein SF3A3 was la-
beled instead. Again, taking into account dimerization, we
estimate that over half of the complexes contained two or
more U2 snRNPs. We conclude that the only component
to show only single occupancy was U2AF35, and that U2
snRNP in particular associated less stringently.

To test whether the slight propensity of U2AF65 toward
double occupancy on some molecules of pre-mRNA was
the result of binding to the RNA rather than protein in-
teractions, nuclear extracts were prepared from cells co-
transfected with mCherry-U2AF65 and mEGFP-labeled
U2AF65 variants lacking the N-terminal RS domain or the
C-terminal UHM domain, or both (Supplementary Figure
S3A). Despite similar levels in the nuclear extracts, only
the variant that contained the two RNA-binding domains
bound to the pre-mRNA in the absence of ATP, and its as-
sociation pattern was very similar to that seen with the wild-
type protein (Supplementary Figure S3B). This suggests
that the normal binding pattern requires only the RNA-
binding activity of U2AF65 and is not contingent upon pro-
tein interactions, supporting a role for U2AF65 in the pri-
mary recognition of candidate sites.

All three components bind with a fixed stoichiometry in ATP,
but U2AF binding is reduced

Figure 2A also shows results in extracts containing ATP
and an oligonucleotide that anneals to U6 snRNA and
prevents progression beyond complex A (22) (Supplemen-
tary Figure S4A and B). All three components (U2AF35,
U2AF65 and U2 snRNP, whether labeled via U2B′′ or
SF3A3) showed single occupancy of the pre-mRNA (� 2,
pU2AF35 = 0.94, pU2AF65 = 0.37, pU2B ′′ = 0.98). In the case of
U2AF35, the distribution was the same as in the absence of
ATP (� 2, pU2AF35 = 0.41, pU2AF65 ≤ 0.01, pU2B ′′ ≤ 0.01).

The results also showed very striking changes in the
proportion of RNA molecules colocalized with the flu-
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Figure 2. ATP-dependent changes in the association of U2AF35, U2AF65 and U2 snRNP with pre-mRNA containing one or two 3′ss. (A) Frequencies (%)
of globin-derived pre-mRNA (GloC) molecules showing bleaching of colocalized labeled protein in n steps after incubation in nuclear extracts containing
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Table 1. Concentrations and properties of expressed fluorescent proteins

mCherry-U2AF35 mEGFP-U2AF65 mEGFP-U2B′′

Concentration in splicing (�M) 0.2 1.3 1.4
% labeled:unlabeled on RNA aff. purifn. 75:25 69:31 49:51
Molecules bleaching in 2 versus 1 steps, −ATP 33:189* 33:243* 39:162
Molecules bleaching in 2 versus 1 steps, +ATP 21:218* 25:186* 30:252

Concentrations were calculated from western blotting of nuclear extract alongside recombinant protein; the percentages labeled or unlabeled (endogenous)
recovered after affinity purification on biotinylated RNA were also calculated by western blotting; the numbers of molecules recorded as bleaching in one
or two steps in the absence of exogenous RNA are shown. *, done in the presence of ribonuclease.

orescent proteins. The level of association with U2AF35
and U2AF65 was sharply reduced in the presence of
ATP, whereas the levels of U2 snRNP and SF3a binding
were less affected. This suggests that the consolidation of
U2 snRNP in complex A was associated with displace-
ment of U2AF35 and U2AF65. However, co-expression of
mCherry-U2AF65 and mEGFP-U2B′′ and analysis under
conditions supporting complex A formation showed that
both components could bind concurrently and there was no
evidence of mutual exclusion (Supplementary Figure S5). It
is possible that there are two populations in the presence of
ATP, representing an early stage with U2AF bound and a
later stage where it is being displaced. We conclude from
Figure 2A that there is stoichiometric binding of U2AF35
in complex E and of all components in complex A. This
means that it should be possible to distinguish between
recognition and selection by determining whether the pres-
ence of alternative sites affects the numbers of components
bound.

Two molecules of U2AF35 and U2 snRNPs can bind pre-
mRNA with strong alternative 3′ss

We measured binding to a variant of the globin substrate in
which the strong 3′ss had been duplicated (GloC-2 × 3′ss;
Figure 2B). In the absence of ATP, there was significantly
increased binding of a second molecule of U2AF35 com-
pared with the pre-mRNA containing a single 3′ss in Fig-
ure 2A (� 2, p(2sites = 1 site) << 0.01), but there was only a
smaller change in U2AF65 stoichiometry and no change in
the frequency distribution for U2 snRNP association (� 2,
p2sites = 1 site = 0.94). If complexes formed in the absence of
ATP are valid models for the first stage of pre-mRNA recog-
nition, then the results are consistent with routes II or III
(Figure 1) for U2AF35, but U2 snRNP association is unre-
lated to the number of potential sites.

In the presence of ATP there was a very significant shift
for all components from occupation of one site on GloC
toward occupation of two sites. We estimate that roughly
equal numbers of RNA molecules show single and dou-
ble occupancy with all three components, consistent with
the evidence from native gel electrophoresis (Supplemen-
tary Figure S6A). We infer that, in the presence of ATP, even
U2 snRNP can associate with potential rather than selected
sites, as in route III (Figure 1).

This substrate spliced poorly (Supplementary Figure
S6B). To test whether this is the result of double occu-
pancy, a competitor RNA oligonucleotide containing the
sequence of the polypyrimidine tract and 3′ss was added to
reduce the availability of unbound factors. If the hypothe-

sis were correct, there would be reduced double occupancy
and an otherwise paradoxical increase in splicing efficiency;
if incorrect, the competitor would be expected to decrease
the efficiency of splicing. The results show that levels of
splicing were increased several-fold (Supplementary Figure
S6C). Moreover, single molecule analyses in the absence of
ATP confirmed that the oligonucleotide reduced the pro-
portion of pre-mRNA molecules with double occupancy by
U2AF35 (Supplementary Figure S6D), whereas it had no
effect on the binding of U2AF65 or U2 snRNP (data not
shown).

We conclude that two strong potential alternative sites
can be occupied concurrently in the presence of ATP on
some molecules of pre-mRNA, as in Figure 1, route III.
This is reminiscent of the binding of U1 snRNPs (64), and
strongly suggests that all three components could be in-
volved in the initial recognition of candidate sites. The rela-
tively low level of splicing compared with the parental con-
struct with a single 3′ss and the competition experiment in
which reduced occupancy by U2AF35 increased splicing
suggest that routes II and III might be disadvantageous or
even non-productive.

Sequential formation of complex A on two introns

It was not clear from the experiment in Figure 2B whether
the presence of molecules bound by only one molecule of
U2AF or U2 snRNP was the outcome of stochastic events
or whether there were any barriers to double occupancy.
Thus a pre-mRNA was tested that contained two identical
introns and would be expected to exhibit no barriers to oc-
cupancy by two molecules of any splicing factor (Figure 3A,
CEC; (64)). The distributions of binding in ATP-depleted
extracts were insignificantly different from those seen with
duplicated 3′ss (Figure 3A, c.f. 2B). However, when ATP
was present but the progression of complexes beyond com-
plex A was blocked by an oligonucleotide as usual, only one
U2 snRNP bound (Figure 3A). In the absence of a block-
ing oligonucleotide, the distribution fitted binding by two
U2 snRNPs (data not shown; � 2, pU2B ′′ = 0.4). To inves-
tigate this further, samples were taken from an uninhibited
splicing reaction at various time intervals and U2 snRNP
binding analyzed. Initially, bleaching took place predomi-
nantly in a single step, but with increasing time the propor-
tion of molecules in which bleaching took place in two steps
rose, and then it fell slightly (Figure 3B). A time course of
a normal splicing reaction showed that the splicing of one
intron preceded that of the other (Figure 3C). We conclude
that formation of pre-spliceosomal complex A on one in-
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tron initially inhibited the association of U2 snRNP, but not
U2AF35, with the other intron.

The effects of ATP on U2 snRNP binding can be recapitu-
lated by inhibition of phosphatases

The results in Figures 2 and 3 showed a major difference in
the association of U2 snRNPs between conditions in which
ATP had been depleted (complex E) or added (complex A).
Significantly, surplus U2 snRNP was absent in the presence
of ATP. ATP might contribute in at least two ways: by me-
diating structural effects, such as remodeling complexes or
enabling helicase activity, or by maintaining protein kinase
activity to counteract phosphatases. To distinguish between
these two possibilities, a cocktail of inhibitors of protein
phosphatases 1 and 2A was included during ATP depletion
(Figure 4). These affect splicing after spliceosome assem-
bly (75), but do not affect complex E formation (Supple-
mentary Figure S7A). The inhibitors did not greatly affect
the association of U2AF35 and U2AF65 (Figures 2A and
4A, � 2, pU2AF35, E+Inh versus E = 0.18; pU2AF65, E+Inh versus E =
0.98; Figures 2B and 4B, � 2, pU2AF35, E+Inh versus E = 0.06;
pU2AF65, E+Inh versus E = 0.35; Figures 3A and 4C, � 2, pU2AF35,

E+Inh versus E = 0.49; pU2AF65, E+Inh versus E = 0.04;). However,
there was a striking shift in U2 snRNP binding to the pat-
tern seen in the presence of ATP, with a single molecule per
transcript (� 2, pU2B ′′ , E+Inh versus A = 0.8). The same result
was seen using SF3A3 as an alternative indicator for U2
snRNPs (data not shown). Corresponding results were seen
with the pre-mRNA containing two 3′ss, where the distri-
bution of U2 snRNP matched that seen in the presence of
ATP (Figures 2B and 4B) (� 2, P = 0.6) and was consis-
tent with occupation of two sites (� 2, P = 0.2). With two
introns (CEC, Figure 4C), where in complex A only one U2
snRNP bound, protein phosphatase inhibition produced a
pattern consistent with binding by two U2 snRNPs (� 2, P
= 0.2). Moreover, irradiation after incubation with AMT-
psoralen showed that U2 snRNA could be cross-linked to
the pre-mRNA if protein phosphatases are inhibited, in-
dicative of base-pairing to the branch site (Supplementary
Figure S7B). This has previously been considered to be
a hallmark of complex A formation, requiring ATP (see
‘Discussion’ section). We conclude that stoichiometric U2
snRNP recruitment and even branch site base-pairing can
occur without ATP hydrolysis if there is protection against
protein dephosphorylation.

Weaker alternative 3′ss show inhibition of ATP-dependent
switch from U2AF to U2 snRNP binding

The GloC-derived pre-mRNAs used for the experiments in
Figures 2-4 contained a consensus 5′ss and the parental con-
struct splices very efficiently (Supplementary Figure S4).
To test whether this is a factor in the formation of com-
plexes consistent with route III by a significant proportion
of molecules with alternative 3′ss in complex A conditions
(Figure 2B), we tested alternative model substrates contain-
ing duplicated 3′ss. These pre-mRNAs contained duplica-
tions of the human �-globin intron 1 3′ss, the proximal site
being adjacent to 14, 55 or 205 nucleotides of exon 2 (Figure
5) (76). The length of the proximal exon has been reported

to affect the choice of 3′ss, but in our experiments splicing
was very inefficient and exclusively to the distal site (Sup-
plementary Figure S7C). Spliceosome assembly was also
very weak (Supplementary Figure S7D). In the presence of
ATP the patterns of binding of U2AF and U2 snRNPs to
the three pre-mRNAs were very different from those seen
with GloC-2 × 3′ss. They showed a higher level of binding
and double occupancy by U2AF35 and 65 and a much re-
duced level of U2 snRNP binding (Figure 5, c.f. 2B), in line
with the low levels of complex A formation. However, we
estimate that approximately one-third of the U2-containing
complexes are associated with two U2 snRNPs. The distri-
butions are shown in Figure 5 only for 3′D-14, since all three
transcripts gave very similar distributions, but the means
and standard deviations for the colocalizations are shown
for the three transcripts. We conclude that these transcripts
are inhibited in progressing from the first ATP-dependent
complex dominated by U2AF binding to the second com-
plex in which U2 snRNP is predominant, but that even so
some molecules follow route III.

Sequestration of U1 snRNPs stimulates association but in-
hibits progression

If U2AF and U2 snRNPs are involved in primary recogni-
tion, then binding would be expected to be independent of
other constitutive components. However, it has been sug-
gested previously that the 3′ss components are recruited by
U1 snRNPs or SR proteins (see Introduction). To test this,
U1 snRNPs were sequestered with a 2′-O-methyl oligonu-
cleotide complementary to the 5′ end of U1 snRNA (64).
Contrary to expectation, U1 inactivation resulted in a 2-
fold increase in the level of colocalization of the pre-mRNA
with U2AF35, U2AF65 and, even in the presence of protein
phosphatase inhibitors, U2 snRNPs (Figure 6A, c.f. Figures
1A and 3A). Moreover, U1 inactivation increased the pro-
portions of complexes bleaching in two, three or four steps.
The increased association of U2 snRNP after inhibition of
U1 snRNP was surprising, because stable recruitment of
U2 snRNP to the branchpoint sequence of such globin sub-
strates requires the 5′ end of U1 snRNA (70) (Supplemen-
tary Figure S8). Incubation in ATP made little difference to
the very high levels of association (Figure 6A). Clearly, both
protein phosphorylation and U1 snRNPs are required for
the formation of stoichiometric complexes.

Removal of 3′ss sequences also stimulates association with the
pre-mRNA

The most likely reason for the dependence on U1 snRNP is
that the association of surplus proteins is prevented by the
formation of complexes involving the 5′ and 3′ss. The other
likely determinants of binding are the conserved 3′ss sig-
nals themselves. The most striking effects were seen when
all of the 3′ss signals were removed from the pre-mRNA.
As with the inactivation of U1 snRNP, the levels of U2AF
binding in the absence of ATP were increased (Figure 6B),
and there was a marked increase in the proportions of com-
plexes bleaching in two or three steps. In the presence of
ATP, the deletion prevented the normal loss of U2AF bind-
ing and the switch to a single U2 snRNP. We conclude from
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the effects of U1 snRNP sequestration and mutagenesis of
the 3′ss that the ability to form complexes involving the 5′
and 3′ss is required for stoichiometric association.

Involvement of 3′ss factors in the regulation of Tpm1 and
SMN2 splicing

The results so far present a radical new picture of the early
stages of splicing that could have been revealed only by sin-
gle molecule methods. The super-stoichiometric binding of
U2 snRNPs in complex E, the loss of U2AF in the presence
of ATP, the increased association and super-stoichiometry
after U1 snRNP inhibition or 3′ss removal and the effect on
stoichiometry of inhibiting phosphatases are all unexpected
findings, and inevitably raise questions as to whether the
method itself introduces artefacts. While ensemble meth-

ods are uninformative about stoichiometries, the overall
levels of binding of 3′ss components have been measured
in some systems. This provided an opportunity to deter-
mine whether the single molecule and ensemble results are
consistent. We analyzed two systems in which the binding
of U2AF or U2 snRNPs was known to respond to muta-
tions. One is exon 3 of Tpm1, which is strongly suppressed
by polypyrimidine tract binding protein (PTB) and acti-
vated by mutations in probable PTB binding sites in the ex-
tended polypyrimidine tract and in the downstream intron
(62,77,78). In the absence of the downstream intron, the
interpretation is that PTB competes with U2AF binding,
and that the mutations reduce the competition. Tpm1 exon
3 and its upstream intron sequences, with the AA to GG
mutation in the branch site required for repression in HeLa
cells (79), were used to replace corresponding sequences in
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the 3′ half of the standard globin pre-mRNA. Splicing was
stimulated about two-fold by the polypyrimidine tract mu-
tations (Supplementary Figure S9). Single molecule analy-
sis showed that the levels of U2AF35 and U2AF65 colo-
calization were unusually low in the absence of ATP but in-
creased 1.6- and 1.8-fold, respectively, by the activating mu-
tations (Figure 7A). Moreover, a higher proportion of com-
plexes on the activated pre-mRNA contained two molecules
of U2AF65, suggesting multiple binding to the long (∼50 nt
(80)) upstream polypyrimidine tract.

The other system tested was exon 7 in the genes SMN1
and SMN2, where a single nucleotide difference enhances
exon skipping in SMN2. Using pre-mRNA containing
three exons and two introns (two exons from globin flanking
SMN exon 7), which reproduces the splicing patterns seen in
vivo (54,81), little difference was seen in U2AF binding be-
tween SMN1 and SMN2 in the absence of ATP (Figure 7B),
whereas in the presence of phosphatase inhibitors (-ATP)
there was a much higher level of binding by two U2 snRNPs
on SMN1 RNA. In the presence of ATP, there was a slightly
higher level of binding by two molecules of U2AF65 and,
again, a much higher level of binding by two U2 snRNPs
on SMN1 compared with SMN2. Unlike CEC (Figure 3),
assembly on these transcripts with two introns does not ap-
pear to be trapped once one U2 snRNP has assembled. We
conclude that the major difference between the 3′ss of exon
7 in SMN1 and SMN2 is in the recruitment of U2 snRNP,
in line with previous findings (55).

DISCUSSION

The purpose of this research was to establish the pathways
by which the key components involved in the early steps of
splicing at the branch site and the 3′ss recognize and select
candidate sites, and in particular to establish whether they
sample all candidate sites or are directed to a pre-selected
site by other factors. In addition, it was important to es-
tablish whether it is plausible to analyze complexes formed
in the absence of ATP (such as complex E) as models for

the normal process of assembly, the test principle being that
the absence of ATP should only affect ATP-dependent pro-
cesses and not the states of the components.

Our observations can be summarized thus:

i) In the absence of ATP, the numbers of molecules of
U2AF35 bound to the pre-mRNA depend strongly
on the number of 3′ss (Figure 2). Thus, U2AF35 can
bind via routes II or III as well as route I (Figure 1).
U2AF65 shows some non-stoichiometric association.

ii) In contrast, U2 snRNP association is super-
stoichiometric in the absence of ATP, and independent
of the number of candidate sites (Figure 2). This is
a result of protein dephosphorylation. Inhibition of
phosphatases results in stoichiometric association
and ATP-independent base-pairing of U2 snRNA to
pre-mRNA (Figures 4 and 7; Supplementary Figure
S7B).

iii) Under conditions permitting complex A to assemble,
the numbers of all three components depend strongly
on the number of 3′ss (Figures 2, 3 and 5). The pres-
ence of ATP therefore confers stringency on binding,
but all three components can bind prior to selection,
as in route III (Figure 1).

iv) The levels of U2AF binding compared to U2 snRNP
in complex A conditions depend on the pre-mRNA
(Figures 2 and 5).

v) Concurrent occupancy of candidate 3′ss, as in routes II
or III, leads to slower splicing (Supplementary Figure
S6).

vi) With two introns and assembly stalled at complex A,
the number of U2 snRNPs bound may or may not
be restricted to a single snRNP, depending on the
pre-mRNA, but binding by U1 snRNP (64), U2AF35
or U2AF65 is not restricted (Figures 3 and 7). This
demonstrates that U2 snRNP recruitment can be reg-
ulated independently of U2AF.



Nucleic Acids Research, 2017, Vol. 45, No. 4 2061

Figure 6. Roles of U1 snRNPs and 3′ss sequences in limiting the association of factors with pre-mRNA. (A) Effects of a 2′-O-methyl oligonucleotide
complementary to the 5′ end of U1 snRNA on complexes formed in nuclear extract either (top) after depletion of ATP, with protein phosphatase inhibitors
(PPI) present in the extract containing mEGFP-U2B′′ or (bottom) in the presence of ATP. (B) Effects of removing a region of the pre-mRNA including
the branch site and the 3′ss in nuclear extracts after ATP depletion (top) or in the presence of ATP (bottom).

vii) Both U2AF and U2 snRNPs show super-
stoichiometric association in the absence of functional
U1 snRNP and an intact 3′ss (Figure 6). This suggests
that the intrinsic affinity for the pre-mRNA is not lim-
iting, as suggested by route I, but that stoichiometry
is imposed by association of the splice sites and the
formation of complexes by phosphorylated proteins.

viii) The results with examples of regulated splicing con-
firm that single molecule methods can recapitulate
quantitative inferences from ensemble methods. More-
over, we confirm that U2AF and PTB compete to reg-
ulate Tpm1 exon 3, and that U2 binding rather than

U2AF binding limits the splicing of SMN2 exon 7
(Figure 7).

Three different patterns of association could be recog-
nized in the presence of ATP under conditions prevent-
ing progression beyond complex A. After U1 inactivation
or in the absence of 3′ss sequences, conditions that pre-
vent the formation of functional splicing complexes, there
is super-stoichiometric but efficient association of U2AF35,
U2AF65 and U2 snRNPs (Figure 6). With substrates that
can splice, but only very poorly, and do not accumulate sta-
ble complex A, there is stoichiometric binding of the com-
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ponents relative to the 3′ss but the level of association with
U2 snRNPs is low (Figure 5). Finally, with substrates con-
taining strong sites, the components bind stoichiometrically
but the level of association with U2AF is lower than with
U2 snRNPs (Figures 2, 3 and 7B). We suggest that these
represent three stages of assembly (Figure 8): (i) stochastic
and independent binding with no discrete complex forma-
tion or fixed stoichiometry relative to the 3′ss, (ii) formation
of pre-A complexes (which we term I, for initial) in which
5′ss and 3′ss participate and components bind stoichiomet-
rically but U2AF binding levels are high and (iii) complex
A, the hallmark of which is relatively low binding of U2AF.
The level of U2AF is so low in some of the last cases that
it is possible that it represents residual complex I and that
bona fide complex A does not contain U2AF.

In the absence of ATP, under conditions in which com-
plex E forms, occupancy by U2AF35 is limited to only one
molecule per 3′ss, as it is in the presence of ATP, but the
association of U2AF65 is not so limited and U2 snRNP as-
sociation appears to be relaxed. It is likely that some of the
U2 snRNPs are associated with sequences other than the
branchpoint. In previous studies, the proximity of the 5′ end
of U2 snRNA in complex E to the 5′ss and 3′ss and to the
U1 snRNP was interpreted, on the basis that only one U2
snRNP was bound, to mean that these sites are clustered
(22). However, our results suggest instead that U2 snRNPs
might be associated with these sequences and that the splice
sites are not in close proximity in complex E. This might
be consistent with the observation that, while complex E is
committed to splicing, the splice sites themselves have not
been definitively selected at this stage (13,14,23).

There were striking changes if the depletion of ATP was
done in the presence of phosphatase inhibitors. First, there
was stoichiometric association of U2 snRNPs; the bind-
ing of excess U2 snRNPs had been prevented (Figures 4,
5 and 7). Taken with the relatively high level of colocal-
ization with U2AF, these complexes closely resemble those
described above as complex I. The effect of phosphatase
inhibition might be linked to the phosphorylation of pro-
teins known to be associated with U2 snRNP recruitment,
such as SF1/mBBP (32,33), the mammalian branchpoint
binding protein, or SF3B1 (82,83), a component of the U2
snRNP. It is possible that complex E does not reflect the
early stages of complex assembly and that maintaining pro-
tein phosphorylation and stoichiometric binding provides a
better model for complexes that might form normally prior
to ATP hydrolysis.

A second striking feature of complexes formed after ATP
depletion but in the presence of phosphatase inhibitors was
the existence of AMT-psoralen cross-linking of U2 snRNA
to the pre-mRNA (Supplementary Figure S7B). Such cross-
links are characteristic of base-paired sequences (84–86). In
complex E conditions, U2 snRNP is associated loosely and
cross-linking has not been detected (17,19) (Supplementary
Figure S8B), whereas U2 snRNA base-pairs and can be
cross-linked in complex A. This has generally been taken to
show that base-pairing requires ATPase activity. This is sup-
ported by experiments in yeast, in which Prp5 ATPase ac-
tivity is required to disrupt a branchpoint-interacting stem-
loop in U2 snRNA to enable full base-pairing to the branch-

point (87). However, the requirement for ATP can be by-
passed in yeast by inactivation of Cus2 (88) and there is no
evidence for a functional equivalent of Cus2 in mammals.
The possibility that complex A might form without ATP
hydrolysis has been raised previously (89). Our results sug-
gest that the maintenance of protein phosphorylation en-
ables U2 snRNA base-pairing, which matches the obser-
vation that there is no more than one U2 snRNP associ-
ated with each 3′ss in such conditions. The ATPase activity
associated with complex A formation might be involved in
strengthening the interactions or displacement of U2AF.

Either the proportions of RNA molecules bound by the
3′ss components or the level of occupancy of the RNA, or
both, were increased by the ablation of U1 snRNP bind-
ing or mutations in binding sites. This is clearly at odds
with both the expectation that binding would be limiting
and the consequential recruitment models (Figure 1) that
have dominated thinking about the association of splicing
factors in the early stages of mammalian splicing. Previous
work has relied heavily upon cross-linking to quantify the
interactions of factors with RNA. The contrasting results
may in large part arise from the difference between specific
and tight binding interactions as opposed to those that are
indirect and possibly mediated by other proteins. An inter-
esting example is that of the U2 snRNP. It has not been clear
whether the U1 snRNP is required to recruit U2 snRNP
(39,69,70,90–96). However, it is required for tight interac-
tions with the globin branchpoint sequence (Supplemen-
tary Figure S8). Our finding here that factors required for
complex formation reduce U2 snRNP association, i.e. that
complex formation imposes stringency and prevents super-
stoichiometric association, is as far as we know unprece-
dented and could only have been revealed by single molecule
methods.

To replace recruitment as a model for the mechanisms
involved in forming the earliest splicing complexes, we fa-
vor the idea that the 3′ss components bind prolifically but
that formation of a defined complex takes place when all of
the components are appropriately arranged and this trig-
gers changes in the RNA that disrupt the association of
surplus components. A critical role in this process is played
by the U1 snRNP, even though this associates stringently
and primarily at sites far from the 3′ss. The ability of U1
snRNPs to stimulate displacement of the superfluous pro-
teins is reminiscent of its ability to prevent polyadenylation
over distances up to 1 kb from its binding sites (97–99). We
have suggested previously that U1 snRNP binding triggers
structural changes in the pre-mRNA that contribute to 5′ss
selection (64). We propose now that the interaction of cor-
rectly arranged 3′ss components with the U1 snRNP (100)
or SRSF1 (101) has a major role in triggering remodeling of
pre-mRNA–protein complexes. This process must prevent
the binding of surplus proteins that directly interact with
the pre-mRNA, such as U2AF65, or those that probably
associate indirectly, such as the U2 snRNP.

This model suggests that the less efficient splicing seen
with multiple bona fide 3′ss arises because tightly bound sur-
plus U2AF35 or U2 snRNP complexes delay remodeling. It
may be that there is no mechanism to prevent routes II and
III but that they are nonetheless dead ends. In this regard,
there is an interesting contrast with 5′ss, where multiple oc-
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No intron-spanning complex 
possible (α-U1 oligo or Δ3’ss). 
Prolific and stochastic binding 
of all components. Initial stage 
usually before sites coalesce. 

Complex I. Single U2AF and U2 
snRNP per 3’ss, but complex A 
not formed. Surplus components 
absent. U2 snRNA base-paired to 
branch site. 

Complex A. Single U2 snRNP 
per 3’ss, U2AF association 
much reduced or absent. ATP 
hydrolysis required for 
remodelling. 

Complex formed in the 
absence of ATP possibly 
identical to complex I if protein 
phosphatase action inhibited. 
U2 base-paired to branch site. 

Complex E formed in the 
absence of ATP. Proteins 
dephosphorylated, non-specific 
U2 association. 

-ATP +ATP 

A Single

U2AF65 

U2AF35 

U2 snRNP 

U1 snRNP 

Figure 8. Scheme to show possible relationships between complexes. It is likely that sites are selected by affinity and kinetics: the first site to interact with
the 5′ss triggers complex I formation and molecules of U2AF or U2 snRNPs bound elsewhere are displaced. Binding is not limited by any intrinsic process
to a single U2AF or U2 snRNP and so several strong sites could be occupied concurrently, as in routes II or III, and the complexes resist displacement.
We note that there might be processes linked to transcription in vivo that reduce the chance of additional molecules of U2AF35 binding.

cupancy of potential alternative sites by U1 snRNPs affects
splice site selection but does not compromise splicing effi-
ciency unless the sites are so close that there is steric inhi-
bition (64,70). Splicing in vivo may benefit not from mech-
anisms to recruit factors but rather from mechanisms that
delay multiple occupancy of candidate 3′ss.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr M. Carmo-Fonseca for the antibody to
U2AF65, Prof. C.R. Bagshaw for GFP and Dr D. Cherny
for helpful advice. We thank Dr C. Dominguez for critical
reading of the manuscript.

FUNDING

Bloodwise [12060 to I.V.].
Conflict of interest statement. None declared.



Nucleic Acids Research, 2017, Vol. 45, No. 4 2065

REFERENCES
1. Zamore,P.D. and Green,M.R. (1989) Identification, purification,

and biochemical characterization of U2 small nuclear
ribonucleoprotein auxiliary factor. Proc. Natl. Acad. Sci. U.S.A., 86,
9243–9247.

2. Zarnack,K., Konig,J., Tajnik,M., Martincorena,I., Eustermann,S.,
Stevant,I., Reyes,A., Anders,S., Luscombe,N.M. and Ule,J. (2013)
Direct competition between hnRNP C and U2AF65 protects the
transcriptome from the exonization of Alu elements. Cell, 152,
453–466.

3. Shao,C., Yang,B., Wu,T., Huang,J., Tang,P., Zhou,Y., Zhou,J.,
Qiu,J., Jiang,L., Li,H. et al. (2014) Mechanisms for U2AF to define
3′ splice sites and regulate alternative splicing in the human genome.
Nat. Struct. Mol. Biol., 21, 997–1005.

4. Merendino,L., Guth,S., Bilbao,D., Martinez,C. and Valcarcel,J.
(1999) Inhibition of msl-2 splicing by Sex-lethal reveals interaction
between U2AF35 and the 3′ splice site AG. Nature, 402, 838–841.

5. Wu,S., Romfo,C.M., Nilsen,T.W. and Green,M.R. (1999)
Functional recognition of the 3′ splice site AG by the splicing factor
U2AF35. Nature, 402, 832–835.

6. Zorio,D.A. and Blumenthal,T. (1999) Both subunits of U2AF
recognize the 3′ splice site in Caenorhabditis elegans. Nature, 402,
835–838.

7. Yoshida,H., Park,S.Y., Oda,T., Akiyoshi,T., Sato,M., Shirouzu,M.,
Tsuda,K., Kuwasako,K., Unzai,S., Muto,Y. et al. (2015) A novel 3′
splice site recognition by the two zinc fingers in the U2AF small
subunit. Genes Dev., 29, 1649–1660.

8. Abovich,N. and Rosbash,M. (1997) Cross-intron bridging
interactions in the yeast commitment complex are conserved in
mammals. Cell, 89, 403–412.

9. Berglund,J.A., Abovich,N. and Rosbash,M. (1998) A cooperative
interaction between U2AF65 and mBBP/SF1 facilitates
branchpoint region recognition. Genes Dev., 12, 858–867.

10. Tanackovic,G. and Kramer,A. (2005) Human splicing factor SF3a,
but not SF1, is essential for pre-mRNA splicing in vivo. Mol. Biol.
Cell, 16, 1366–1377.

11. Corioni,M., Antih,N., Tanackovic,G., Zavolan,M. and Kramer,A.
(2011) Analysis of in situ pre-mRNA targets of human splicing
factor SF1 reveals a function in alternative splicing. Nucleic Acids
Res., 39, 1868–1879.

12. Crisci,A., Raleff,F., Bagdiul,I., Raabe,M., Urlaub,H., Rain,J.C. and
Kramer,A. (2015) Mammalian splicing factor SF1 interacts with
SURP domains of U2 snRNP-associated proteins. Nucleic Acids
Res., 43, 10456–10473.

13. Jamison,S.F., Crow,A. and Garcia-Blanco,M.A. (1992) The
spliceosome assembly pathway in mammalian extracts. Mol. Cell.
Biol., 12, 4279–4287.

14. Michaud,S. and Reed,R. (1991) An ATP-independent complex
commits pre-mRNA to the mammalian spliceosome assembly
pathway. Genes Dev., 5, 2534–2546.

15. Michaud,S. and Reed,R. (1993) A functional association between
the 5′ and 3′ splice site is established in the earliest prespliceosome
complex (E) in mammals. Genes Dev., 7, 1008–1020.

16. Staknis,D. and Reed,R. (1994) Direct interactions between
pre-mRNA and six U2 small nuclear ribonucleoproteins during
spliceosome assembly. Mol. Cell. Biol., 14, 2994–3005.

17. Das,R., Zhou,Z. and Reed,R. (2000) Functional association of U2
snRNP with the ATP-independent spliceosomal complex E. Mol.
Cell, 5, 779–787.

18. Makarov,E.M., Owen,N., Bottrill,A. and Makarova,O.V. (2012)
Functional mammalian spliceosomal complex E contains SMN
complex proteins in addition to U1 and U2 snRNPs. Nucleic Acids
Res., 40, 2639–2652.

19. Sharma,S., Falick,A.M. and Black,D.L. (2005) Polypyrimidine tract
binding protein blocks the 5′ splice site-dependent assembly of
U2AF and the prespliceosomal E complex. Mol. Cell, 19, 485–496.

20. Kent,O.A. and MacMillan,A.M. (2002) Early organization of
pre-mRNA during spliceosome assembly. Nat. Struct. Biol., 9,
576–581.

21. Kent,O.A., Reayi,A., Foong,L., Chilibeck,K.A. and
MacMillan,A.M. (2003) Structuring of the 3′ splice site by U2AF65.
J. Biol. Chem., 278, 50572–50577.

22. Donmez,G., Hartmuth,K., Kastner,B., Will,C.L. and Luhrmann,R.
(2007) The 5′ end of U2 snRNA is in close proximity to U1 and
functional sites of the pre-mRNA in early spliceosomal complexes.
Mol. Cell, 25, 399–411.

23. Lim,S.R. and Hertel,K.J. (2004) Commitment to splice site pairing
coincides with a complex formation. Mol. Cell, 15, 477–483.

24. Wahl,M.C. and Luhrmann,R. (2015) SnapShot: Spliceosome
Dynamics I. Cell, 161, 1474–e1471.

25. Will,C.L. and Luhrmann,R. (2011) Spliceosome structure and
function. Cold Spring Harb. Perspect. Biol., 3, a003707.

26. Mackereth,C.D., Madl,T., Bonnal,S., Simon,B., Zanier,K.,
Gasch,A., Rybin,V., Valcarcel,J. and Sattler,M. (2011)
Multi-domain conformational selection underlies pre-mRNA
splicing regulation by U2AF. Nature, 475, 408–411.

27. Jenkins,J.L., Agrawal,A.A., Gupta,A., Green,M.R. and
Kielkopf,C.L. (2013) U2AF65 adapts to diverse pre-mRNA splice
sites through conformational selection of specific and promiscuous
RNA recognition motifs. Nucleic Acids Res., 41, 3859–3873.

28. Singh,R., Valcarcel,J. and Green,M.R. (1995) Distinct binding
specificities and functions of higher eukaryotic polypyrimidine
tract-binding proteins. Science, 268, 1173–1176.

29. Gozani,O., Potashkin,J. and Reed,R. (1998) A potential role for
U2AF-SAP 155 interactions in recruiting U2 snRNP to the branch
site. Mol. Cell. Biol., 18, 4752–4760.

30. Shen,H. and Green,M.R. (2004) A pathway of sequential
arginine-serine-rich domain-splicing signal interactions during
mammalian spliceosome assembly. Mol. Cell, 16, 363–373.

31. Valcarcel,J., Gaur,R.K., Singh,R. and Green,M.R. (1996)
Interaction of U2AF65 RS region with pre-mRNA branch point
and promotion of base pairing with U2 snRNA. Science, 273,
1706–1709.

32. Wang,W., Maucuer,A., Gupta,A., Manceau,V., Thickman,K.R.,
Bauer,W.J., Kennedy,S.D., Wedekind,J.E., Green,M.R. and
Kielkopf,C.L. (2013) Structure of phosphorylated SF1 bound to
U2AF(6)(5) in an essential splicing factor complex. Structure, 21,
197–208.

33. Zhang,Y., Madl,T., Bagdiul,I., Kern,T., Kang,H.S., Zou,P.,
Mausbacher,N., Sieber,S.A., Kramer,A. and Sattler,M. (2013)
Structure, phosphorylation and U2AF65 binding of the N-terminal
domain of splicing factor 1 during 3′-splice site recognition. Nucleic
Acids Res., 41, 1343–1354.

34. Fleckner,J., Zhang,M., Valcarcel,J. and Green,M.R. (1997) U2AF65
recruits a novel human DEAD box protein required for the U2
snRNP-branchpoint interaction. Genes Dev., 11, 1864–1872.

35. Chusainow,J., Ajuh,P.M., Trinkle-Mulcahy,L., Sleeman,J.E.,
Ellenberg,J. and Lamond,A.I. (2005) FRET analyses of the U2AF
complex localize the U2AF35/U2AF65 interaction in vivo and
reveal a novel self-interaction of U2AF35. RNA, 11, 1201–1214.

36. Zhang,M., Zamore,P.D., Carmo-Fonseca,M., Lamond,A.I. and
Green,M.R. (1992) Cloning and intracellular localization of the U2
small nuclear ribonucleoprotein auxiliary factor small subunit. Proc.
Natl. Acad. Sci. U.S.A., 89, 8769–8773.

37. Hein,M.Y., Hubner,N.C., Poser,I., Cox,J., Nagaraj,N., Toyoda,Y.,
Gak,I.A., Weisswange,I., Mansfeld,J., Buchholz,F. et al. (2015) A
human interactome in three quantitative dimensions organized by
stoichiometries and abundances. Cell, 163, 712–723.

38. Kralovicova,J., Knut,M., Cross,N.C. and Vorechovsky,I. (2015)
Identification of U2AF(35)-dependent exons by RNA-Seq reveals a
link between 3′ splice-site organization and activity of U2AF-related
proteins. Nucleic Acids Res., 43, 3747–3763.

39. Nelson,K.K. and Green,M.R. (1989) Mammalian U2 snRNP has a
sequence-specific RNA-binding activity. Genes Dev., 3, 1562–1571.

40. Agrawal,A.A., McLaughlin,K.J., Jenkins,J.L. and Kielkopf,C.L.
(2014) Structure-guided U2AF65 variant improves recognition and
splicing of a defective pre-mRNA. Proc. Natl. Acad. Sci. U.S.A.,
111, 17420–17425.

41. Matlin,A.J., Southby,J., Gooding,C. and Smith,C.W. (2007)
Repression of alpha-actinin SM exon splicing by assisted binding of
PTB to the polypyrimidine tract. RNA, 13, 1214–1223.

42. Sauliere,J., Sureau,A., Expert-Bezancon,A. and Marie,J. (2006) The
polypyrimidine tract binding protein (PTB) represses splicing of
exon 6B from the beta-tropomyosin pre-mRNA by directly
interfering with the binding of the U2AF65 subunit. Mol. Cell.
Biol., 26, 8755–8769.



2066 Nucleic Acids Research, 2017, Vol. 45, No. 4

43. Valcarcel,J., Singh,R., Zamore,P.D. and Green,M.R. (1993) The
protein sex-lethal antagonizes the splicing factor u2af to regulate
alternative splicing of transformer premessenger rna. Nature, 362,
171–175.

44. Zhou,H.L., Baraniak,A.P. and Lou,H. (2007) Role for Fox-1/Fox-2
in mediating the neuronal pathway of calcitonin/calcitonin
gene-related peptide alternative RNA processing. Mol. Cell. Biol.,
27, 830–841.

45. Zuo,P. and Maniatis,T. (1996) The splicing factor U2AF35 mediates
critical protein-protein interactions in constitutive and
enhancer-dependent splicing. Genes Dev., 10, 1356–1368.

46. Graveley,B.R., Hertel,K.J. and Maniatis,T. (2001) The role of
U2AF35 and U2AF65 in enhancer-dependent splicing. RNA, 7,
806–818.

47. Wang,Z., Hoffmann,H.M. and Grabowski,P.J. (1995) Intrinsic
U2AF binding is modulated by exon enhancer signals in parallel
with changes in splicing activity. RNA, 1, 21–35.

48. Zhu,J. and Krainer,A.R. (2000) Pre-mRNA splicing in the absence
of an SR protein RS domain. Genes Dev., 14, 3166–3178.

49. Wu,J.Y. and Maniatis,T. (1993) Specific interactions between
proteins implicated in splice site selection and regulated alternative
splicing. Cell, 75, 1061–1070.

50. Guth,S., Tange,T.O., Kellenberger,E. and Valcarcel,J. (2001) Dual
function for U2AF(35) in AG-dependent pre-mRNA splicing. Mol.
Cell. Biol., 21, 7673–7681.

51. Kan,J.L. and Green,M.R. (1999) Pre-mRNA splicing of IgM exons
M1 and M2 is directed by a juxtaposed splicing enhancer and
inhibitor. Genes Dev., 13, 462–471.

52. Li,Y. and Blencowe,B.J. (1999) Distinct factor requirements for
exonic splicing enhancer function and binding of U2AF to the
polypyrimidine tract. J. Biol. Chem., 274, 35074–35079.

53. Muhlemann,O., Yue,B.G., Petersen-Mahrt,S. and Akusjarvi,G.
(2000) A novel type of splicing enhancer regulating adenovirus
pre-mRNA splicing. Mol. Cell. Biol., 20, 2317–2325.

54. Smith,L.D., Dickinson,R.L., Lucas,C.M., Cousins,A.,
Malygin,A.A., Weldon,C., Perrett,A.J., Bottrill,A.R., Searle,M.S.,
Burley,G.A. et al. (2014) A targeted oligonucleotide enhancer of
SMN2 exon 7 splicing forms competing quadruplex and protein
complexes in functional conditions. Cell Rep., 9, 193–205.

55. Martins de Araujo,M, Bonnal,S., Hastings,M.L., Krainer,A.R. and
Valcarcel,J. (2009) Differential 3′ splice site recognition of SMN1
and SMN2 transcripts by U2AF and U2 snRNP. RNA, 15, 515–523.

56. Crawford,D.J., Hoskins,A.A., Friedman,L.J., Gelles,J. and
Moore,M.J. (2013) Single-molecule colocalization FRET evidence
that spliceosome activation precedes stable approach of 5′ splice site
and branch site. Proc. Natl. Acad. Sci. U.S.A., 110, 6783–6788.

57. Cote,J., Beaudoin,J., Tacke,R. and Chabot,B. (1995) The U1 small
nuclear ribonucleoprotein/5′ splice site interaction affects U2AF65
binding to the downstream 3′ splice site. J. Biol. Chem., 270,
4031–4036.

58. Cunningham,T.P., Hagan,J.P. and Grabowski,P.J. (1995)
Reconstitution of exon-bridging activity with purified U2AF and
U1 snRNP components. Nucleic Acids Symp. Ser., 33, 218–219.

59. Hoffman,B.E. and Grabowski,P.J. (1992) U1 snRNP targets an
essential splicing factor, U2AF65 to the 3′ splice site by a network of
interactions spanning the exon. Genes Dev., 6, 2554–2568.

60. Izquierdo,J.M., Majos,N., Bonnal,S., Martinez,C., Castelo,R.,
Guigo,R., Bilbao,D. and Valcarcel,J. (2005) Regulation of Fas
alternative splicing by antagonistic effects of TIA-1 and PTB on
exon definition. Mol. Cell, 19, 475–484.

61. Suzuki,H., Kameyama,T., Ohe,K., Tsukahara,T. and Mayeda,A.
(2013) Nested introns in an intron: evidence of multi-step splicing in
a large intron of the human dystrophin pre-mRNA. FEBS Lett.,
587, 555–561.

62. Cherny,D., Gooding,C., Eperon,G.E., Coelho,M.B., Bagshaw,C.R.,
Smith,C.W. and Eperon,I.C. (2010) Stoichiometry of a regulatory
splicing complex revealed by single-molecule analyses. EMBO J., 29,
2161–2172.

63. Gooding,C., Edge,C., Lorenz,M., Coelho,M.B., Winters,M.,
Kaminski,C.F., Cherny,D., Eperon,I.C. and Smith,C.W. (2013)
MBNL1 and PTB cooperate to repress splicing of Tpm1 exon 3.
Nucleic Acids Res., 41, 4765–4782.

64. Hodson,M.J., Hudson,A.J., Cherny,D. and Eperon,I.C. (2012) The
transition in spliceosome assembly from complex E to complex A

purges surplus U1 snRNPs from alternative splice sites. Nucleic
Acids Res., 40, 6850–6862.

65. Ohrt,T., Prior,M., Dannenberg,J., Odenwalder,P., Dybkov,O.,
Rasche,N., Schmitzova,J., Gregor,I., Fabrizio,P., Enderlein,J. et al.
(2012) Prp2-mediated protein rearrangements at the catalytic core of
the spliceosome as revealed by dcFCCS. RNA, 18, 1244–1256.
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