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Determinants of SR protein specificity

Roland Tacke and James L Manley

The SR {Ser—Arg) proteins are a family of nuclear factors that
play multiple important roles in splicing of mMRNA precursors in
metazoan organisms, functioning in both constitutive and
regulated splicing. Certain of these functions are redundant,
such that any single SR proteins will suffice, but other
functions are unique and are specific to a given family member.
A number of studies during the past year have investigated the
basis for SR protein specificity.
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Abbreviations

dsx doublesex

ESE exonic splicing enhancer

PRE purine-rich element

RBD RNA-binding domain

RNP ribonucleoprotein

SELEX systematic evolution of ligands by exponential enrichment

SR protein  Ser—Arg protein
tet tetracycline
Introduction

SR proteins (Ser—Arg proteins) constitute a family of pre-
mRNA splicing factors that are highly conserved
throughout the metazoa (for reviews, see [1,2]). These pro-
teins -~ of which about ten are currently known — have
multiple functions in splicing and indeed appear to partic-
ipate in virtually every step of the reaction. Biochemical
experiments have provided strong evidence that SR pro-
teins play cssential roles in gencral, or constitutive,
splicing. But they seem to be equally important in splicing
regulation being able to modulate selection of alternative
splice sites in a concentration-dependent manner and to
contribute to activation (and repression) of splicing
through interaction with clements in the pre-mRNA
known as splicing enhancers (or silencers). Given their
crucial role in constitutive splicing, it is somewhat surpris-
ing that SR proteins appear not to be conserved in
Saccharomyees cerevisiae. 'Their presence thus seems to be
more closely correlated with the complex alternative splic-
ing that is characteristic of metazoans.

"The primary structure of SR proteins — which range in
size from about 2075 kDa — is simple, with each con-
taining one or two amino-terminal ribonucleoprotein
(RNP)-type RNA-binding domains (RBDs) and a car-
boxy-terminal RS domain, which consists largely of
repeating arginine-serine dipeptides and probably func-
tions in protein—-protein interactions (c.g. [3,4]).
Although early work suggested that SR proteins might

be functionally redundant, a number of subsequent
studies have suggested that each protein probably per-
forms at least some nonredundant functions. Most
convincingly, one SR protein, SRp55/B52, is essential for
proper development in Drasaphila (e.g. [5]) and another,
ASF/SF2, is essential for viability of a chicken B-cell line
[6]. Given the ability of SR proteins to display both
redundant and unique behavior, an important question is
what features of the proteins are responsible for speci-
ficity? For example, how critical is-sequence-specific
high-affinity RNA binding for function? Do RS domains,
which vary among SR proteins but are highly conserved
evolutionarily, perform unique or redundant functions?
These questions have received considerable attention
during the past vear and are the focus of this brief review.

The contribution of RNA binding specificity
and affinity to SR protein function

Initial evidence for divergent RNA binding specificities
among SR proteins came from the observation that two SR
proteins, ASF/SFZ and SC35, differed significantly in their
abilities to commit specific pre-mRNAs to the splicing
pathway [7]. Since then, efforts made to understand the
RNA-binding properties of SR proteins have included
extensive application of the SELEX protocol (svstematic
evolution of ligands by exponential enrichment), which
allows the selection of high-affinity binding sites from
pools of random scquence RNA [8]. SELEX data have
been obtained for a number of SR proteins, including
human ASF/SF2Z [9], SC35 [9,10°], SRp40 [11], and 9G8
[10°), and Drosophile RBP1 {12] and B32/SRp55 [13}].
Overall the results clearly established that SR proteins are
sequence-specific RNA binding proteins with distinct
RNA binding specificities. SR proteins with two RBDs
apparently require both for specific RNA binding [9,13]. In
general, selected sequences yielded short consensus bind-
ing sites of 6~10 nucleotides without evidence of
secondary structure requirement, although the B52 recog-
nition motif may involve a hairpin-loop structure {13].

The functional significance of sequences identified by
SELLEX has been an important issue. A considerable
amount of data supports the 1dea that the RNA sequences
that form high-affinity binding sites for individual SR pro-
teins are sufficient to function as exonic splicing enhancers
(ESEs) [14,15]. These ESEs can be activated through spe-
cific binding of their cognate ligands [9,10%,11,16] and, in
several instances, additional evidence for the biological
significance of these sequences has been obtained.
SELEX data predicted the presence of several binding
sites for the Drosophila SR protein RBP1 within the so-
called doublesex (dsx) repeats, which are essential
elements of the prototypical ESE, the Drosophile dsx
enhancer [12]. Site-specific UV cross-linking subsequently



showed that RBP1 present in Drosephila Ke cell extracts
binds strongly to the dsx repeats, although binding seems
to require the presence of two other factors, Tra and TraZ,
which are absolutely required for enhancer activity [17]. In
another example, SELEX with ASF/SF2Z provided two
closely related consensus binding sites, one of which,
RGAAGAAC — termed the ASF/SF2 octamer (see
Table 1) — showed high sequence similarity to purine-rich
motifs previously identified in several natural ESEs [9].
The observation that multiple copies of the ASF/SF2
octamer indeed constitute a powerful ESE and that a num-
ber of previously defined ESEs match this sequence
suggests an important role for ASF/SF2 in the activation of
natural purine-rich ESEs [9].

More recently, however, binding assays with biotinylated
RNA revealed that, in addition to ASF/SF2, one or both
human homologs of Drosophila TraZ bind the ASF/SF2
enhancer in HeLa nuclear extracts [18°]. Both human Tra2
proteins were shown to bind oligo{GAA) with high affinity
and to specifically activate the ASF/SF2 enhancer iz virro
[18°], supporting the notion that ASF/SF2 and Tra2 pro-
teins have overlapping RNA binding specificities. Given
the documented properties of Tra2 as a splicing regulator
in Drosophila sex determination [19] (for review, see [20])
and the additional finding that TraZ2, unlike ASF/SF2, is
not an essential splicing factor [18°], targeting of purine-
rich ESEs by 1ra2 may be a relevant mechanism for the
regulation of splicing in mammals. How and why ASF/SF2
and Tra2 recognize such similar sequences remains to be
determined. Interestingly, the second ASF/SF2 consensus
binding site — the decamer AGGACGAAGC — s strik-
ingly similar to a purine-rich element (PRE) in the dsx
enhancer (see Table 1). Consistent with this, ASF/SE2
binds specifically to the PRE within the dsx enhancer [17]
and the PRE can serve as an ASF/SF2-specific ESE [16].

Although most natural ESEs identified to date seem to be
purine-rich. a variety of non-purine-rich ESEs have been
idendified by functional SELEX, that 1s iterative selection
from randomized sequences employing either /» virro [21]
or /n vive [22] splicing assays for selection rather than bind-
ing. Using a nuclear-extract-based 7# wirro selection
procedure, Schaal and Maniatis [23] identified both purine-
and pyrimidine-rich ESEs. The purine-rich sequences bore
some resemblance to the ASF/SF2 binding sites described
above, and the two pyrimidine-rich sequences could be
activated specifically by SC35 in an SR-protein-dependent
splicing assay. A screen for ESEs within the pre-mRNA
identified two related SC35-specific ESEs in the first and
second exon respectively [24°]. Site-specific UV cross-link-
ing indicated that SC35 binds to the heptamer UGCUGUU
in human B-globin exon 2 and a highly similar heptamer
(UGCCGUT) was detected in exon 1. Strikingly, two dif-
ferent groups used conventional SEILEX to determine
virtually 1dentical pyrimidine-rich consensus sequences
that bear significant simifarity to the SG35 heptamer
(Table 1), although the functional significance of these
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Table 1

SR protein biding sites.

Protein RNA Sequence Context
Tra2 AAGAAGAA SELEX [18*]
ASF/SF2 RGAAGAAC SELEX (octamer) [9]
AGGACAGAGC* SELEX (decamer [9}
AA(AGGACAA),AA dsx PRE [16]
SRSASGA Functional SELEX [26]}
SC35 GUUCGAGUW* SELEX [9]
UGUUCSAGWU* SELEX [104
UGCNGYY Functional SELEX [23]
UGCUGUU B-globulin [24°]
9GB AGACKACGAY SELEX [10°]
GGACGACGA Functional SELEX [23]}
SRp20 ccucagucc Functional SELEX [23]
GCUCCuUcuUuCC Calcitonin/CGRP [25]
YWCUUCAU SELEX (mutant 9G8) [10°]

Comparison of high-affinity binding sites for individual SR proteins and
Tra2P with sites defined by function. Except for those sequences marked
by asterisks, evidence for their function in splicing enhancement has been
provided (see indicated references for details). Symbols for alternative
bases: K= G/U, R=A/G, S =C/G, W =A/U, Y = C/U, N=A/C/G/U.

sequences was not determined [9,10°]. Taken together,
these results suggest that both conventional and functional
SELEX are suitable approaches to identify related motifs
that can function as SR protein-specific ESEs; moreover,
the presence of ESE-like elements in the B-globin pre-
mRNA, which was not previously believed to require such
sequences for splicing, indicates that these clements may
be more widespread than anticipaced.

Extending these conclusions, conventional SELEX [10°]
and functional SEILEX [23] have also led to the identifica-
tion of splicing enhancer sequences specific for 9G8
(lable 1), with GAC repeats suggested as a consensus
motif by both studies. In addition to the RBD, a CCHC (in
the single letter code for amino acids) Zn knuckle —
which is characteristic of 9G8 — proved to be a determi-
nant of RNA-binding specificity of 9G8. Mutation of the
gene encoding 9G8 to change the first two cysteine
residues to glycines altered the outcome of the SELEX
procedure, generating mostly pyrimidine-rich sequences
[10%]. Moreover, i vitro binding and splicing activation
studies indicate that SRp20 can activate ESEs that carry
the consensus binding site YWCUUCAU (where Y = C/U
and W = A/U) for mutant 9G8 [10°]. This is likely to reflect
the high sequence similarity between the RBDs of 9G8
and SRp20, which does not contain a Zn knuckle.
Pyrimidine-rich sequences closely matching this consen-
sus motif have also been identified as narural targets of
SRp20, including an intronic polyadenylation enhancer in
the calcitonin/CGRP gene [25] ('Table 1).

Liu er af. [26°} employed functional SELEX based on com-
plementation of SR-protein-depleted extracts with specific
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recombinant SR proteins to identify splicing enhancers
specific for ASF/SF2, SRp40 and SRp35. The motifs
obtained differed significantly from the consensus binding
sites previously determined by conventional SELEX
[9.11,13]. A difficulty in evaluating the general significance
of these motifs stems from the observation that the effec-
tiveness of individual sequences depended at least in part
on the context of the entire selected sequence: the individ-
ual motifs were found to have reduced activity when
transferred from the selected sequence to a sequence from
the initial random pool. The authors suggested that the
selected sequences might contain more degenerate, medi-
um or low-affinity binding sites, although this raises the
question of how the high degree of SR protein specificity
observed in the activation assay was achieved. In addition,
this context effect seems to somewhat diminish the value of
these motifs in predicting the presence of specific ESEs
within genes. In fact, when the authors used statistical scor-
ing methods to determine the presence of their deduced
consensus sites in four previously characterized natural
cnhancers, the highest scores frequently mapped outside
the enhancer sequences. It appears that the results of func-
tional SELEX may depend. at least in part, on
experimental design. The particular sequence context and
the stringency of the selection procedure — only three
rounds of selection were used in the experiments of Liu
et al. [26°] — are likely to be important variables that can
influence the strength and accordingly the sequence of the
selected elements. Nonetheless, this study provides evi-
dence that at least in certain contexts degenerate,
low-affinity sites can function as SR-protein-specific ESEs.

In summary, conventional and functional SELEX
approaches have contributed greatly to our current under-
standing of the specificity of SR-protein—~RNA interactions
and their significance for splicing activation. A conclusion
from these studies is that both specific, high-affinity
sequences and degenerate, lower-affinity sites can func-
tion as SR-protein-specific ESEs. It seems likely that
nature employs sequences with a continuum of affinities as
ESEs. Important questions will be to understand how
these sequences are integrated with other splicing signals
in the pre-mRNA and how they contribute to splice site
recognition on the one hand and the control of alternative
splicing on the other.

RS domains: specific or redundant?

The development of both iz vitre and in vive assays that
reveal nonredundant functions for individual SR proteins
allowed the design of experiments to determine whether
or not RS domains contribute to SR-protein specificity.
Although the experimental approaches varied consider-
ably. all used chimeric proteins with heterologous RS
domains. One of the first efforts employed a ‘commitment’
assay, in which pre-incubation of different pre-mRNAs
with specific individual SR proteins allows subsequent
splicing in a manner dependent on the identity of the SR
protein [7). Chandler er a/. [27] showed that, for ewo SR

proteins (ASF/SF2 and SC35) with two different pre-
mRNAs, the RBD was sufficient to determine specificity
and that the identity of the RS domain was not important.
In contrast, using a different assay Gravely ez /. [28°] pro-
vided evidence that the activity of an RS domain
correlated directly with the total number of arginine and
serine residues (or RS dipeptides) contained in it
Although the effects were relatively small (2-4 fold), the
pattern held with only minor exceptions for RS domains
from six different SR proteins. In this assay, RS domains
were fused to the bacteriophage MS2 RBD and the puri-
fied fusion proteins used to activate splicing of substrates
containing a single MS2 binding site situated downstream
of an intron with a weak 3’ splice site. The apparent dis-
crepancy between these two studies could reflect the very
different assays employed. If so, this would suggest that
RS domains might show at least quantitative differences in
enhancer-dependent splicing; however, it is also possible
that the absence of an authentic SR protein RBD in the
MS2-RS fusions exaggerated the importance of RS
domain identity. For example, the RS domain of ASF/SF2
1s necessary but not sufficient for its well-characterized
interaction with the Ul snRNP-specific 70 kDDa protein
[29] and, perhaps reflecting this, the MS2-RS fusion pro-
teins cannot function in the absence of authentic SR
proteins [30].

RS domains have for some time been implicated in sub-
cellular protein targeting [31,32]. SR proteins accumulate
predominantly in nuclear structures referred to as speck-
les. Although it is beyond the scope of this review to
discuss the details of SR protein nuclear localization,
speckles seem likely to function as storage and/or recy-
cling sites for these and other splicing factors (reviewed in
[33,34]). Using transient cotransfection assays, Ciceres ez
al. [35] provided evidence that RS domains can have dif-
ferent capacities to direct SR protein localization to
speckles. Specifically, they showed that, whereas the RS
domains of both SRp20 and ASF/SF2 were sufficient to
target a heterologous, unrelated protein to the nucleus,
only the SRp20 RS domain could direct the fusion protein
to the speckles. This finding supports the view that RS
domains can behave distinctively, although its physiologi-
cal importance is unclear: ASF/SF2 contains other motifs
that are capable of directing the protein to speckles. The
same authors [36] also provided evidence that some, but
not all, SR proteins can ‘shuttle’ between the nucleus and
cytoplasm (e.g. [37]). Again, using chimeric proteins and
transient transfection assays, they showed that RS
domains could play a dominant role in this process. For
cxample, the RS domain of ASF/SF2. a shuttling protein,
could convert SRp40, a nonshuttling protein, into a shut-
tler, whereas an ASF/SF2 derivative containing the SRp40
RS domain was unable to shuttle. Based on these results,
the authors proposed that individual RS domains have dis-
tinct properties in directing different patterns of
subcellular localization. This is a plausible and interesting
possibility but it will be important in the future to confirm



these findings under more physiological conditions and to
show that such differences are functionally significant.

An important question in considering possible RS domain
functional redundancy is whether different RS domains can
substitute for one another under physiological conditions /7
vre. This issue has been investigated in two quite different
systems. [n one study, Wang ez #/. [38°] used a chicken B-cell
line (DT40-ASF) in which the only source of ASF/SF2 is
from a tetracycline (tet)-repressible promoter. D'T40-ASF
cells die in the presence of tet and thus a test for function is
whether a given protein, produced following stable transfor-
mation, can rescue the tet-induced lethality. Although
ASF/SF2 derivatives lacking, or with deletions in, the RS
domain were previously shown to be nonfunctional in this
assay [6], cells expressing ASF/SFZ chimeric proteins con-
taining RS domains from any of several different SR proteins
were fully viable in the presence of tet. Either of the two RS
domains from human "[ra2 also appeared to be fully func-
tional, extending the apparent RS domain redundancy
beyond classic SR proteins. An RS-like domain from the
splicing factor UZAF65 was inactive, however, and the puri-
fied ASF/SF2-U2AF65 RS-domain chimera was also
completely nonfunctional in /# vitro splicing assays. This
scemed entirely reasonable at the time, as previous studies
had noted significant functional differences in the ASF/SF2
and UZAF65 RS domains. For example, the former has been
implicated in protein—protein interactions ([39] and refer-
ences therein), the latter in protein—-RNA interactions [40].
Additionally, in contrast to the requirement of the ASF/SF2
RS domain for viability of chicken DT'40 cells, the UZAF RS
domain is dispensable in Drosophila [41°]. Overall, however,
these studies indicate that RS domains are in general func-
tionally redundant for whatever nonredundant ASF/SF2
functions are required for viability of I'I'40-ASF cells.

A different picture emerged when the ability of different
RS domains to substitute for one of the two RS domains
of Tra2 in Drosophila was examined [42°]. In this case, dif-
ferent RS domains varied considerably in their ability to
restore 1ra2 function. The authors tested RS domains
from two SR proteins, from Tra and from the Drosophila
homologue of UZAF65, dU2AF50, in assays measuring
‘ItaZ function in somatic sex determination and in the
male germline. Remarkably, the two SR protein RS
domains displayed the weakest function, whereas the
dUZAF50 RS domain functioned nearly as effectively as
the Tra2 RS domain it replaced. These results indicate
that in the context of Drosophila Tra2, RS domains can
differ considerably in activity.

There are a number of possible explanations, which arc
not mutually exclusive, for the differences in RS domain
behavior in the two assay systems just described. One
refleces the facr that TraZ is not a classic SR protein. Its
structural organization is distinct from that of SR proteins,
it does not function in constitutive splicing 77 vitro and it is
not essential for Drosophila viability (]18°] and references
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therein). Nonetheless, it is important to recall that either of
the RS domains from human Tra2 will functionally substi-
tute for the ASF/SF2 RS domain in DT40 cells [38°],
indicating that, at least in vertebrates, these domains are
not completely incompatible. A second possibility is that
there are species-specific differences in RS domain com-
patibility between insects and vertebrates, such that RS
domains have assumed a more generic function in verte-
brates. Finally, RS domains may be largely redundant in
the functions measured in the simpler cell-viability assay
but less so in the context of the intact organism. This view
is attractive because it is consistent with the very high
degree of sequence conservation between individual SR
proteins (and TraZ) throughout evolution, which is highly
suggestive of specific functions, Why the U2AF RS-like
domain behaved so differently in the two systems is com-
pletely unclear, however, and illustrates that significantly
more work is required to understand the intricacies of RS
domain function.

Studies conducted to date have given mixed results
regarding the specificity of RS domain function. It seems
likely that, just as with SR proteins themselves, RS
domains have both redundant and nonredundant func-
tions. Future studies should help to delineate the specific
interactions involved, to define their structural basis and
mechanistic consequences and, ultimately, to elucidate
their contribution to splicing control.

Acknowledgements

We are grateful to Tom Maniatis and James Stevenin for permission to
discuss their findings prior to publication. Work from the authors’ laboratory
was supported by National Institutes of Health grant R37 48529,

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

* of special interest
** of outstanding interest

1. Fu XD: The superfamily of arginine/serine-rich splicing factors.
RNA 1995, 1:663-680.

2. Manley JL, Tacke R: SR proteins and splicing control. Genes Dev
1998, 10:1569-1579.

3. Wu Y, Maniatis T: Specific interactions between proteins
implicated in splice site selection and regulated alternative
splicing. Cel/ 1993, 75:1061-1070.

4. Kohtz JD, Jamison SF, Will CL, Zuo P, Lilhrmann R, Garcia-Blanco
MA, Manley JL.: Protein-protein interactions and 5'-splice site
recognition in mammalian mRNA precursors. Nature 1994,
368:119-124.

5. Ring HZ, Lis JT: The SR protein B52/SRp55 is essential for
Drosophila development. Mo/ Cell Biol 1994, 14:7499-7506.

6.  Wang J, Takagaki Y, Manley IL: Targeted disruption of an essential
vertebrate gene. ASF/SF2 is required for cell viability. Genes Dev
1996, 10:2588-2599.

7. Fu XD: Specific commitment of different pre-mRNAs to splicing
by single SR proteins. Nature 1993, 365:82-85.

8. Tuerk C, Gold L: Systematic evolution of ligands by exponential
enrichment: RNA ligands to bacteriophage T4 DNA polymerase.
Science 1990, 249:505-510,

9. Tacke R, Manley JL: The human splicing factors ASF/SF2 and
SC35 possess different, functionally significant RNA binding
specificities. EMBO /1995, 14:3540-3551,



362 Nucleus and gene expression

10. Cavaloc Y, Bourgeois CF, Kister L, Stevenin J: The splicing factors

. 9G8 and SRp20 transactivate splicing through different and
specific enhancers. RNA 1999, 5:468-483.

This study provides a detailed analysis of the RNA binding properties of sev-

eral SR proteins and strong evidence for the relevance of high-affinity RNA

binding in SR-protein-mediated splicing activation. Apparent dissociation

constants for the interaction of individual SR proteins with their high-affinity

targets are found to be ~10-9 M.

11. Tacke R, Chen Y, Manley, JL: Sequence-specific RNA binding by an
SR protein requires RS domain phosphorylation: creation of an
SRp40-specific splicing enhancer. Proc Nat! Acad Sci USA 1997,
984:1148-1153.

12. Heinrichs V, Baker BS: The Drosophila SR protein RBP1 contributes
to the regulation of doublesex alternative splicing by recognizing
RBP1 RNA target sequences. EMBO J 1995, 14:3987-4000.

13. Shi H, Hoffman BE, Lis JT: A specific RNA hairpin loop structure
binds the RNA recognition motifs of the Drosophila SR protein
B52. Mo/ Cell Biol 1997, 17:2649-2657.

14. Watakabe A, Tanaka K, Shimura Y: The role of exon sequences in
splice site selection. Genes Dev 1993, 7:407-418.

15. Sun Q, Mayeda A, Hampson RK, Krainer AR, Rottman FM: General
splicing factor SF2/ASF promotes alternative splicing by binding
to an exonic splicing enhancer. Genes Dev 1993, 7:2598-2608.

16. Hertel KJ, Maniatis T: The function of multisite splicing enhancers,
Mol Celf 1998, 1:449-455.

17 Lynch KW, Maniatis T: Assembly of specific SR protein complexes
on distinct regulatory elements of the Drosophila doublesex
splicing enhancer. Genes Dev 1996, 10:2089-2101.

18. Tacke R, Tohyama M, Ogawa S, Manley JL.: Human Tra2 proteins are
. sequence-specific activators of pre-mRNA splicing. Ce// 1998,
93:139-148.

A 40 kDa protein in Hela nuclear extract was unexpectedly found to bind to
a purine-rich splicing enhancer composed of ASF/SF2 binding sites and
identified as human Tra2f. SELEX and gel mobility-shift assays suggest that
both human Tra20 and Tra2f} bind specifically and with high affinity to GAA
repeats. The results presented in this paper and [19] are consistent with a
phylogenetically conserved role of Tra2 proteins in splicing regulation.

19. Dauwalder B, Amaya-Manzanares F, Mattox W: A human homolog of
the Drosophila sex determination factor transformer-2 has
conserved splicing regulatory functions. Proc Nat/ Acad Sci USA
1996, 93:9004-9009.

20. Burtis KC: The regulation of sex determination and sexually
dimorphic differentiation in Drosophila. Curr Opin Cell Biol 1993,
5:1006-1014.

21. Tian HC, Kole R: Selection of novel exon recognition elements from
a pool of random sequences. Mo/ Cell Bio/ 1995, 15:6291-6298.

22. Coulter LR, Landree MA, Cooper TA: |dentification by a new class
of exonic splicing enhancers by in vivo selection. Mo/ Cell Bio/
1997 17:2143-2150.

23. Schaal TD, Maniatis T: Selection and characterization of pre-mRNA
splicing enhancers: identification of novel SR protein-specific
enhancer sequences. Mo/ Ce/fl Biol 1999, 19:1705-1719.

24. Schaal TD, Maniatis T: Multiple distinct splicing enhancers in the
. protein-coding sequences of a constitutively spliced pre-mRNA.
Mol Cell Biol 1999, 19:261-273.

This paper explores the possibility that constitutive exons flanked by introns
with strong rather than weak splice sites may contain ESEs. Several ESEs,
some of which appear to represent high-affinity binding sites for specific SR
proteins, are found in the first and second exon of the B-globin pre-mRNA.
The general implications of the findings for exon definition and splice site
selection are discussed.

25. Lou H. Neugebauer KM, Gagel RF, Berget SM: Regulation of
alternative polyadenylation by U1 snRNPs and SRp20.
Mol Cell Biol 1998, 18:4977-4985,

26. Liu HX, Zhang M, Krainer AR: Identification of functional exonic

. splicing enhancer motifs recognized by individual SR proteins.
Genes Dev 1998, 12:1998-2012.

A functional approach is employed to identify ESEs specific for individual SR

proteins. The results suggest that low-affinity targets of SR proteins are part

of the sequence repertoire of natural ESEs.

27. Chandler SD, Mayeda A, Yeakley JM, Krainer AR, Fu XD: RNA
splicing specificity determined by the coordinated action of RNA
recognition motifs in SR proteins. Proc Nat/ Acad Sci USA 1997,
94:3596-3601.

28. Graveley BR, Hertel KJ, Maniatis T: A systematic analysis of the

o  factors that determine the strength of pre-mRNA splicing
enhancers. EMBO J 1998, 17:6747-6756.

This paper examines factors that can determine the strength of an ESE in

vitro, using the MS2 coat protein fused with RS-domains, and a single MS2

binding site as an enhancer. Under these conditions, the activity of the

enhancer corresponds directly to the total number of RS dipeptides present.

The data also support the view that enhancer complexes function in recruit-

ment of spliceosomal components.

29. Xiao SH, Manley JL: Phosphorylation of the ASF/SF2 RS domain
affects both protein—-protein and protein—-RNA interactions and is
necessary for splicing. Genes Dev 1997, 11:334-344.

30. Graveley BR, Maniatis T: Arginine/serine-rich domains of SR
proteins can function as activators of pre-mRNA splicing. Mo/ Cel!
1998, 1:765-771.

31. LiH, Bingham PM: Arginine/serine-rich domains of the su(wa) and
tra RNA processing regulators target proteins to a subnuclear
compartment implicated in splicing. Cel// 1991, 67:335-342.

32. Hedley ML, Amrein H, Maniatis T: An amino acid sequence motif
sufficient for subnuclear localization of an arginine/serine-rich
splicing factor. Proc Natl Acad Sci USA 1995, 92:11524-11528.

33. Misteli T, Spector DL: The cellular organization of gene expression.
Curr Opin Cell Biol 1998, 143:297-307.

34. Singer RH, Green MR: Compartmentalization of eukaryotic gene
expression: causes and effects. Celf 1997, 91:201-284.

35. Caceres JF, Misteli T, Screaton GR, Spector DL, Krainer AR: Role
of the modular domains of SR proteins in subnuciear
localization and alternative splicing specificity. J Ce// Bio/ 1997,
138:225-238.

36. Caceres JF, Screaton GR, Krainer AR: A specific subset of SR
proteins shuttles continuously between the nucleus and the
cytoplasm. Genes Dev 1998, 12:55-66.

37. Pinol-Roma S, Dreyfuss G: Shuttling of pre-mRNA binding proteins
between nucleus and cytoplasm. Nature 1992, 355:730-732.

38. Wang J, Xiao SH, Manley JL: Genetic analysis of the SR protein

*  ASF/SF2: interchangeability of RS domains and negative control
of splicing. Genes Dev 1998, 12:2222-2233.

This paper employs a genetic complementation strategy to show that SR

protein RS domains are interchangeable for ASF/SF2 functions required

for viability of the chicken B-cell line DT40. By genetically depleting

ASF/SF2, the study also provides first direct evidence that SR proteins

can influence alternative splicing or negatively modulate splicing under

physiological conditions.

39. Xiao SH, Manley JL: Phosphorylation-dephosphorylation
differentially affects activities of splicing factor ASF/SF2. EMBO J
1998, 17:6359-6367.

40. Valcarcel J, Gaur RK, Singh R, Green MR: Interaction of U2AF65 RS
region with pre-mRNA branch point and promotion of base
pairing with U2 snRNA. Science 1996, 273:1706-1709.

41. Rudner DZ, Breger KS, Rio DC: Molecular genetic analysis of the
. heterodimeric splicing factor U2AF: the RS domain on either the
large or small Drosophila subunit is dispensable in vivo.
Genes Dev 1998, 12:1010-1021.
This paper describes the unexpected observation that the RS domain of
either subunit of the U2AF heterodimer can be deleted without affecting via-
bility in Drosophila. Deletion of both RS domains, however, was lethal, sug-
gesting either that the domains are redundant or that the cumulative effect
of both deletions reduces U2AF activity below a threshold required for at
least one essential function.

42. Dauwalder B, Mattox W: Analysis of the functional specificity of RS
* domains in vivo. EMBO J 1998, 17:6049-6060.

Using genetic complementation, the authors provide evidence that various
RS domains differ in their ability to substitute for the carboxy-terminal RS
domain of Drosophila Tra2. These differences extend to specific splicing
events involved in somatic sex determination and in the male germline, and
were shown to correlate with the ability of the proteins to localize to putative
functional sites on spermatid chromosomes.



