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ABSTRACT

U2AF homology motifs (UHM) that recognize U2AF ligand motifs (ULM) are an emerging family of protein–protein interaction
modules. UHM–ULM interactions recur in pre-mRNA splicing factors including U2AF1 and SF3b1, which are frequently
mutated in myelodysplastic syndromes. The core topology of the UHM resembles an RNA recognition motif and is often
mistakenly classified within this large family. Here, we unmask the charade and review recent discoveries of UHM–ULM
modules for protein–protein interactions. Diverse polypeptide extensions and selective phosphorylation of UHM and ULM
family members offer new molecular mechanisms for the assembly of specific partners in the early-stage spliceosome.
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INTRODUCTION

Despite a multitude of interacting subunits, traditional pro-
tein–protein interaction motifs are rare among pre-mRNA
splicing factors. Approximately 240 proteins are thought to
contribute to the pre-mRNA splicing process (Hegele et al.
2012). Nevertheless, the spliceosome contains only five doc-
umented WW domains and lacks canonical SH2 or SH3 do-
mains for modular protein–protein interactions. In contrast,
more than 200 human proteins are annotated both to contain
RNA recognition motifs (RRMs) and to function in pre-
mRNA splicing (Swiss-Prot, http://www.uniprot.org). An
emerging view is that the “super-sized” RRM family can be
divided based on divergent sequence elements and functions
of the supposed family members (e.g., Blatter et al. 2015,
commentary in Loerch and Kielkopf 2015).
The canonical RRM platform centers on two ribonucleo-

protein (RNP) consensus motifs and typically binds RNA
through key aromatic residues in β-strands. Structures of
RRM-containing ribonucleoproteins and seminal spliceo-
some complexes (Yan et al. 2015; Galej et al. 2016; Rauhut
et al. 2016; Wan et al. 2016a,b; Yan et al. 2016) demonstrate
that the RRM fold serves as a platform for multiprotein as-
semblies with RNA. One of the first RRM structures revealed
distinct α-helical and β-sheet surfaces of the U2B′′ RRM
bound to the U2A′ protein and the U2 small nuclear (sn)
RNA (Price et al. 1998). Subsequent structures, including
the complex of alternative splicing factors PTB with Raver1

(Rideau et al. 2006; Joshi et al. 2011), intramolecular
CPEB1 contacts for polyadenylation (Afroz et al. 2014),
and the Snu17p RRM bound to Bud13p in the pre-mRNA re-
tention and splicing complex (RES) (Tripsianes et al. 2014;
Yan et al. 2016), establish that separate α-helical and RNP
surfaces of the RRMs often bind protein and RNA partners
simultaneously.
Remarkably, other members of the RRM fold family have

adapted for protein–protein interactions in lieu of the ability
to bind RNA. In one class of these specialized, protein-bind-
ing “RRMs,” the aromatic RNP residues bind protein ligands
in lieu of traditional RNA interfaces. The RNP motifs at such
protein-interfaces remain similar to those of classical, RNA-
binding RRMs and as such, can be challenging to distinguish
based on primary sequences alone. Examples include Y14–
Mago nashi in the exon-junction complex (Fribourg et al.
2003; Lau et al. 2003; Shi and Xu 2003; Bono et al. 2006),
the nonsense-mediated decay factors Upf2–Upf3 (Kadlec
et al. 2004), and inter-RRM packing of Prp24 in the U2
snRNP (Bae et al. 2007; Montemayor et al. 2014). In other
cases, the “RRM” has acquired distinct sequence features
for binding proteins, whereas the RNP motifs have diverged
and lost the ability to bind RNA. For example, an eIF3j inter-
face with the α-helical region of the eIF3b RRM recruits
eIF3b to the 40S ribosome, yet the eIF3b RRM has acidic res-
idues near the RNP motifs and lacks detectable association

1Present address: Janelia Research Campus, Ashburn, VA 20147, USA
Corresponding author: clara_kielkopf@urmc.rochester.edu
Article and publication date are at http://www.rnajournal.org/cgi/doi/10.

1261/rna.057950.116.

© 2016 Loerch and Kielkopf This article is distributed exclusively by the
RNA Society for the first 12 months after the full-issue publication date (see
http://rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.

REVIEW

RNA 22:1795–1807; Published by Cold Spring Harbor Laboratory Press for the RNA Society 1795

http://www.uniprot.org
http://www.uniprot.org
http://www.uniprot.org
http://www.uniprot.org
http://www.uniprot.org
mailto:clara_kielkopf@urmc.rochester.edu
mailto:clara_kielkopf@urmc.rochester.edu
mailto:clara_kielkopf@urmc.rochester.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.057950.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.057950.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.057950.116
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml


with RNAs (ElAntak et al. 2007, 2010). Primary sequence fea-
tures, such as atypical RNP residues or an acidic isoelectric
point, often distinguish this latter type of protein-binding
“RRM” variants. Among these, the U2AF homology motif
(UHM) represents a discrete “RRM-like” family, whose
members have lost the ability to bind RNA and instead gained
specialized features for recognizing U2AF ligand motifs
(ULMs) of protein partners.

Here we focus on recent progress toward understanding
and defining the UHM family. Since initial views of UHM–

ULM complexes (for review, see Kielkopf et al. 2004),
many new UHM–ULM relationships have been revealed, in-
cluding phosphorylation and polypeptide extensions of core
ULM motifs as respective means for UHMs to engage in flir-
tatious as opposed to stable, monogamous relationships.
Recent discoveries of mutant UHM- and ULM-containing
splicing factors in myelodysplastic syndromes (MDS) (for
review, see Inoue et al. 2016) highlight the importance of
understanding how these bona fide protein–protein interac-
tion modules select molecular partners in the assembling
spliceosome.

Establishing a “U2AF homology motif” family

The first identified UHM–ULM-mediated complex was that
of the eponymous U2 small nuclear ribonucleoprotein
(snRNP) auxiliary factor (U2AF) heterodimer (Figs. 1, 2).
Initially, the minimal interacting domains of the U2AF heter-
odimer were mapped to a putative RRMwithin U2AF35 and a

short region of U2AF65 surrounding a singular tryptophan
(Zhang et al. 1992; Rudner et al. 1996). The crystal structure
revealed an irregular RRM variant of human U2AF35 bound
to the tryptophan-containing region of U2AF65 (Fig. 2C;
Kielkopf et al. 2001), whichwas recently confirmed for the fis-
sion yeast homologs U2AF59 and U2AF23 (Fig. 2D; Yoshida et
al. 2015). Shortly thereafter, a C-terminal “RRM” of U2AF65

was found to recognize a tryptophan-containing site of SF1
via similar core interactions (Fig. 2A,B; Selenko et al. 2003).
Altogether, the U2AF35-UHM–U2AF65 ULM and SF1
ULM–U2AF65-UHM interactions mediate a SF1–U2AF65–
U2AF35 ternary complex (Fig. 1), which in turn recognizes
consensus pre-mRNA signals at the 3′ splice site via distinct
KH and RRM domains. We coined the term “U2AF Homol-
ogyMotif,” or UHM to distinguish this family from canonical
RRMs. Although the RRM-like fold is conserved among
these U2AF domains, separate sequence motifs have special-
ized for protein–protein interactions with tryptophan-con-
taining “U2AF Ligand Motifs,” or ULMs (Tables 1–2).
Starting from the U2AF prototypes, sequence similarity

searches identified analogous “RRM” variants among diverse
proteins (Table 1; Fig. 1; Kielkopf et al. 2004). Many putative
UHMs have now been confirmed, either by structure deter-
mination or by functional homology (Table 1; Fig. 2E–F).
Examples include SPF45 (also called RBM17 and a homolog
of DRT111) (Fig. 2E; Corsini et al. 2007), PUF60 (also called
FIR) (Corsini et al. 2009), and CAPERα (also called HCC1 or
RBM39 and a homolog of PAD-1) (Fig. 2F; Loerch et al.
2014). These three proteins function in alternative splicing
(Page-McCaw et al. 1999; Lallena et al. 2002; Dowhan et al.
2005; Hastings et al. 2007; Huang et al. 2012); PUF60 and
CAPERα also are coactivators of transcription (Liu et al.
2000, 2001; Jung et al. 2002; Dowhan et al. 2005; Dutta
et al. 2008). Other UHM-containing proteins participate in
related pathways. A protein kinase, originally called KIS
and now UHM kinase 1 (UHMK1), requires an intact
UHM for site-specific phosphorylation of SF1 (Manceau
et al. 2006, 2008). An inner nuclear membrane protein,
MAN1, contains both a UHM and a ULM, and an intramo-
lecular interaction between these motifs is important for
downstream functions in the transforming growth factor
(TGF)-β signaling pathway (Konde et al. 2010). These addi-
tions now establish UHM–ULM interactions as a recurrent
protein–protein interaction mode, particularly among ear-
ly-stage pre-mRNA splicing factors. Nonetheless, the Pfam
database (Finn et al. 2016) continues to include UHMs as
part of a super-sized RRM family.

Do UHMs bind RNA?

The UHM shares the core βαββαβ topology of an RRM,
namely an α/β-sandwich arranged in a four-strand, antipar-
allel β-sheet packed against two α-helices (Fig. 3). Canonical
RRMs bind RNA via two conserved RNPmotifs in the central
β-strands (for review, see Maris et al. 2005): RNP2 in β1

FIGURE 1. Multiple UHM–ULM interactions guide the early stages of
spliceosome assembly and other pathways. Experimentally confirmed
phosphorylation sites of the ULM-containing regions are marked by
pink circles. “W” represents ULM tryptophans. Thick gray arrow repre-
sents the transition during spliceosome assembly. Thin black arrows
represent known UHM–ULM interactions. Arrows toward SF3b155 in-
dicate the general ULM-containing region rather than specific binding
sites.
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(Lahiri and Thomas 1986; Dreyfuss et al. 1988) and RNP1 in
β3 (Fig. 3A; Adam et al. 1986; Sachs et al. 1986). Whereas a
subset of RNP residues supports the RRM and UHM folds,
the aromatic side chains at the second position of RNP2
and third/fifth positions of RNP1 are required for RRMs to
bind RNA (e.g., Sickmier et al. 2006; McLaughlin et al.
2011; Bauer et al. 2012). Among confirmed UHMs, the cor-
responding second/third RNP2/RNP1 residues diverge from
the RRM consensus (Table 1; Fig. 3B–E), consistent with
dedicated UHM functions for protein–protein rather than
protein–RNA interactions. Although early deletion experi-
ments suggested that the U2AF65 UHM contributes to
RNA binding (Zamore et al. 1992), the flanking RRM was in-
advertently truncated. Likewise, our initial report of weak
RNA binding by a minimal U2AF35 UHMU2AF65 ULM het-
erodimer (Kielkopf et al. 2001) may have resulted from excess

U2AF65 ULM, which weakly binds RNA in the absence of
UHM (C Kielkopf, unpubl.). Several groups have now estab-
lished that stoichiometric complexes of U2AF65 UHM–SF1
ULM and U2AF35 UHM–U2AF65 ULM (human or fission
yeast homologs) lack detectable RNA association in chemical
shift and isothermal titration calorimetry (ITC) experiments
(Selenko et al. 2003; Soares et al. 2006; Yoshida et al. 2015).
The aromatic residue at the fifth RNP1 position remains

conserved among confirmed UHMs (Table 1; Fig. 3)—apart
from Tat-SF1, for which only an apo-structure is available
(PDB ID: 2DIT). As opposed to RNA contacts, α-helical ex-
tensions at the UHMC terminus consistently shield this con-
served RNP1 residue from RNA binding (Fig. 3B–D). For the
U1A RRM prototype, a similar α-helix occludes the RNP1 in
the absence of RNA and rearranges in the RNA-bound con-
formation (Fig. 3A; Oubridge et al. 1994; Avis et al. 1996).
However, this RRM–helix association is likely to be relatively
weak; for example, crystallization additives displace the α-
helix from the RNP1 surface (Rupert et al. 2003). By com-
parison, an extensive hydrophobic interface typically packs
the amphipathic UHM α-helix against the RNP motifs
(Selenko et al. 2003; Corsini et al. 2007, 2009; Loerch et al.
2014). As discussed below, a structure of the U2AF65 UHM
bound to the N-terminal domain of SF1 further revealed
that regions beyond the minimal ULM stabilize this masked
UHM conformation (Fig. 3B; Wang et al. 2013; Zhang et al.
2013). It is possible that analogous, ligand-mediated rein-
forcements of the α-helical block on the UHM “RNA binding
surface” will emerge as more UHM-containing structures are
determined bound to intact, ULM-containing proteins.

Zinc knuckles mask the U2AF35 and potentially URP
ribonucleoprotein motifs

The U2AF35 UHM represents a singular variation of the
masked RNP1 (Fig. 3C). Rather than a C-terminal α-helix,
the recent structure of the fission yeast homolog, U2AF23 re-
veals that N- and C-terminal zinc knuckles (ZnK1 and ZnK2)
fold against the “RNP” surface of the UHM (Yoshida et al.
2015). In particular, the C-terminal ZnK2 masks the con-
served aromatic residue (Y) at the fifth position of RNP1.
Although these conserved ZnK motifs mask the putative
RNA binding surface of the U2AF23, and by analogy,
U2AF35 UHMs, the ZnK family typically interacts with
RNA (e.g., Hudson et al. 2004; Teplova and Patel 2008).
Approximately 10% of MDS-patients harbor acquired muta-
tions of the U2AF1 gene that encodes the U2AF35 splicing
factor (for review, see Inoue et al. 2016). These MDS-relevant
U2AF1mutations consistently modify the S34 and Q157 res-
idues on the expected RNA binding surfaces of the respective
ZnK (Fig. 3C). Indeed, the common S34F mutation alters the
RNA binding characteristics of mutant U2AF35-S34F–splic-
ing factor complexes (Okeyo-Owuor et al. 2015; Yoshida
et al. 2015). As such, the U2AF35 UHM serves as a scaffold
for both the U2AF heterodimer and adjoining ZnK motifs,

FIGURE 2. UHM–ULM recognition. (A) Schematic representation of
consensus UHM (cyan)–ULM (green) interactions. (B–F) Structures of
UHM–ULM complexes, including (B) U2AF65 UHM–SF1 ULM (PDB
ID: 4FXW); (C) U2AF35 UHM–U2AF65 ULM (PDB ID: 1JMT); (D)
U2AF23 UHM–U2AF59 ULM (PDB ID: 4YH8); (E) SPF45 UHM–

SF3b155 ULM5 (PDB ID 2PEH); and (F) CAPERα UHM–SF3b155
ULM5 (PDB ID: 4OZ1). Magenta spheres mark phosphorylation sites:
the SF1 and SF3b155 sites in B,E,F have been confirmed experimentally,
whereas the human U2AF65 site in C is the predicted phosphorylation
of a TP motif. The surface of the central ULM tryptophan is colored yel-
low, UHM RXF-motifs are blue, and acidic UHM α-helical residues are
red; orange spheres are zinc ions on the back surface of the U2AF23

UHM in D.

U2AF partners elope from RRM parents
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which in turn restores RNA binding functions to the U2AF35

UHM.
The most closely related UHM-containing protein to

U2AF35 is URP (38% overall sequence identity), which shares
a similar domain organization of a central UHM flanked by
zinc knuckles (ZnK). Both U2AF35 and URP are the products
of frequently mutated genes in MDS patients (U2AF1 and
ZRSR2) (for review, see Inoue et al. 2016). However, the
U2AF35 mutations alter specific ZnK residues, whereas the
URP mutations are randomly distributed throughout the
protein sequence and often null. This difference most likely
reflects the distinct functions of the two proteins: U2AF35

recognizes the intron-exon junction of the major class of
splice sites in conjunction with U2AF65 (Merendino et al.
1999; Wu et al. 1999; Zorio and Blumenthal 1999), as op-
posed to a selective role for URP in a “minor,” stress-associ-
ated class of intron splicing (Shen et al. 2010; Madan et al.
2015). Yet, no U2AF65 paralog has been identified as a
ULM partner for the URP UHM to date.

Shared structural features of UHM–ULM interactions

The core interactions of bona fide UHM–ULM complexes
are shared among known structures (Fig. 2A), despite mod-
erate primary sequence conservation (∼23% average pairwise
sequence identity between matching UHM residues). A crit-
ical ULM tryptophan inserts within a hydrophobic pocket
between the two α-helices of the UHM “backside” (opposite
the RNP β-sheet). A phenylalanine side chain of the UHM
caps the base of this pocket and stacks in a “T-type” aromatic
interaction (Burley and Petsko 1985) with the tryptophan
side chain. This phenylalanine is the third residue of a con-

served “RXF” motif located in a loop connecting the second
α-helix and terminal β-strand of the RRM-like fold. The ar-
ginine of this loop further encloses the opposite surface of the
ULM tryptophan by a salt bridge with the glutamate side
chain of the other UHM α-helix. The “X” residue often is
an aromatic residue that either faces solvent or interacts
with a C-terminal extension of the ULM, as further described
below. Preceding the ULM tryptophan, a stretch of basic
ULM residues interacts with an acidic UHM α-helix, which
also displays a conserved glutamate residue to form the salt
bridge abutting the tryptophan. Coupled with the divergence
of formerly basic residues for RNA binding by an RRM an-
cestor, the isoelectric points of UHMs are usually acidic
(Table 1). Altogether, the degenerate RNPmotifs, RXFmotif,
acidic α-helix and low isoelectric point, are consensus fea-
tures that set UHMs apart from canonical, RNA-binding
RRMs.

A limited cohort of established “U2AF ligand motifs”

The ULM is highly degenerate and as such, bona fide UHM-
partners are challenging to distinguish (Table 2). The consen-
sus elements of the ULM are limited to a central tryptophan
and preceding basic residues, which as described above,
interact with the respective RXF motif and acidic α-helix of
the UHM. A search of the Swiss-Prot database using
ScanProsite (de Castro et al. 2006) and the ULM pattern
[RK]-X(0,3)-W-[DN]-[EQ] matches more than 9500 pro-
tein sequences (out of 551,000 entries), which approaches
the expected number of random hits (∼14,000) (Nicodeme
2001). Indeed, ULM-like mimics can bind RRM-like do-
mains that lack the consensus UHM features in unexpected

TABLE 1. Confirmed and candidate UHM family members

Human UHM
protein

Alternate
names RefSeq

Residue
range

ULM-
partner RNP2/RNP1

RXF
motif pI PDB ID(s)

U2AF65 U2AF2 NP_009210 375–475 SF1
SF3b155
Atx1

LCLMNM/CGKIFVEF RKF 4.5 1OPI, 4FXW, 2M0G

U2AF35 U2AF1 NP_006749 43–146 U2AF65 IALLNI/VGNVYVKF RWF 4.3 1JMT,4YH8
URP ZRSR2 NP_005080 197–303 n.d. LLIKSM/RGNVYVQY RWY 4.4 n.d.
SPF45 RBM17 NP_116294 301–401 SF3b155 VLLRNM/AVRIFLEF RYF 4.8 2PEH
PUF60 FIR, RoBP1,

SiaH-BP1
NP_510965 460–559 SF3b155 MVLRNM/IVKIFVEF RWF 4.3 3DXB (apo)

CAPERα RBM39, HCC1,
RNPC2

NP_004893 411–524 SF3b155 FQLSNM/QGNVYVKC RWF 5.7 4OZ0

Tat-SF1 hTat-SF1 NP_055315 260–353 n.d. VIIKNM/DGVASVSF RWF 4.9 2DIT (apo)
KIS UHMK1 NP_787062 316–415 SF1 VLRLLNV/RGQVFVEY RMF 4.6 n.d.
MAN1 LEMD3 NP_055134 775–880 MAN1 LKIRNM/EGCVYVKC SWF 8.4 n.d.

Characterized homologs include U2AF65, Saccharomyces cerevisiae MUD2 or Schizosaccharomyces pombe PRP2; Tat-SF1, Saccharomyces
cerevisiae CUS2 or Schizosaccharomyces pombe UAP2; SPF45, Arabidopsis thaliana DRT111; CAPERα, Schizosaccharomyces pombe Rsd1,
Neurospora crassa PAD-1. The residue ranges of minimal UHMs were identified by BLAST and structure alignments. The consensus RNP2/
RNP1 sequences of RRMs are [ILV]-[FY]-[ILV]-X-N-L/[RK]-G-[FY]-[GA]-[FY]-[ILV]-X-[FY], where X stands for any amino acid and bold residues
stack with the RNA bases. The reversed nomenclature of RNP2 before RNP1 primary sequence reflects the history of RRM discovery. The vari-
able “X” position of the RXF motif is underlined. PDB ID codes of the cognate UHM–ULM complexes are given with the exception of PUF60,
which is the apo-UHM. (n.d.) Not determined.
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ways; for example, a ULM-like region of Bud13p forms an
unrelated interface with a Snu17p RRM in the “retention
and splicing” (RES) complex (Tripsianes et al. 2014).
Notwithstanding the overwhelming abundance of candi-

date ULMs, only five ULM-containing proteins have been
confirmed to bind UHMs (Table 2). Two well-characterized
ULM prototypes include U2AF65 and SF1, which respectively
partner with the UHMs of U2AF35 and U2AF65 for 3′ splice
site recognition (Figs. 1, 2B–D; Kielkopf et al. 2001; Selenko
et al. 2003). Alternatively, the SF1 ULM is recognized by the
UHM of the KIS/UHMK1, which directs phosphorylation of
an SF1 SPSP motif (Manceau et al. 2006, 2008). Soon there-
after, we and others noticed seven ULM-like repeats in the N-
terminal region of the SF3b155 subunit of the U2 snRNP, and
confirmed that five of these putative SF3b155 ULMs detect-
ably associate with UHMs (Thickman et al. 2006; Corsini
et al. 2007, 2009; Loerch et al. 2014). The SF3b155 ULM–

U2AF65 UHM complex is likely to assist SF1 displacement
and stable association of the U2 snRNP during spliceosome
assembly, whereas other UHM-containing splicing factors
may regulate this process. Nevertheless, the functional inter-
plays among these multiple SF3b155 ULMs and their UHM
partners remain a mystery, as discussed below.
In addition to these early-stage splicing factors, UHMs

bind ULM-like sequences of two other nuclear proteins
(Fig. 1): the inner nuclear membrane protein MAN1 (also
called LEMD3) (Konde et al. 2010) and the neurodegenera-
tive disease-related Ataxin-1 (ATX1) (de Chiara et al.
2009). An intramolecular ULM–UHM interaction within
MAN1 is thought to regulate its association with SMAD2
(Konde et al. 2010), which in turn represses TGF-β signaling
for bone development (Hellemans et al. 2004; Lin et al. 2005;

Pan et al. 2005). A ULM sequence near the C terminus of
ATX1 binds the UHMs of U2AF65 (Lim et al. 2006; de
Chiara et al. 2009) or SPF45 (Lim et al. 2008; de Chiara
et al. 2009). Further, U2AF65 colocalizes in large inclusions
of polyglutamine-expanded ATX1, which are characteristic
of triplet-repeat expansion in spinocerebellar ataxia type 1
(de Chiara et al. 2009). As such, sequestration of UHM-con-
taining proteins by ATX1 aggregates may contribute to the
pathogenesis of this disease.

Potential functions of multiple functions of multiple
SF3b155 ULMs

The presence of five confirmed ULMs in human SF3b155,
rather than an isolated ULM, is unusual among ULM-con-
taining proteins. Notably, the SF3b155 subunit is produced
by the SF3B1 gene, which frequently harbors mutations of
a distinct, HEAT repeat domain in MDS patients (for review,
see Inoue et al. 2016). Considering that recurrent splicing
factor mutations in MDS are heterozygous, rarely null, and
typically affect specific accessory interactions, even the ab-
sence of MDS-relevant mutations among SF3b155 ULMs
suggests essential functions for this protein region. The
SF3b155 ULMs are embedded within an intrinsically dis-
ordered region (IDR) of this protein, as reflected by low
sequence complexity and the absence of well-defined struc-
ture in the absence of bound UHM (Thickman et al. 2006).
As such, the SF3b155 ULMs are likely to share the typical
function of IDRs as dynamic signaling hubs for protein-in-
teraction networks (for review, see Wright and Dyson
2015). The structures of individual SF3b155 ULMs bound
to UHMs, including those of SPF45 and CAPERα (Fig. 2E,F;

TABLE 2. Confirmed ULM sequences

Human
ULM protein

Alternate
names RefSeq

UHM-
partner(s) Minimal ULM sequence PDB ID

U2AF65 U2AF2 NP_009210 U2AF35 83-EKKKKVRKYWDVPPPG-98 1JMT, 4YH8
SF1 BBP, ZFM1 NP_004621 U2AF65 14-PSKKRKRSRWNQDTME-28 1OPI,

4FXW,
2M0G

SF3b155 SF3b1 NP_036565 U2AF65,
SPF45,
PUF60,
CAPERα

191-QPPSKRKRRWDQTADQ-206 (ULM1)
209-GATPKKLSSWDQAETP-224 (ULM2)
223-TPGHTPSLRWDETPGR-238 (ULM3)

245-PGATPGSKIWDPTPSH-260

2PEH, 4OZ0

284-ATSSARKNRWDETPKT-299 (ULM4)

301-RDTPGHGSGWAETPRT-316

329-PGASKRKSRWDETPAS-344 (ULM5)
MAN1 LEMD3 NP_055134 MAN1 756-KILVIPSKVWQGQAFH-771 n.d.
ATX1 Ataxin-1,

ATXN1, SCA1
NP_000323 U2AF65 766-KPAATRKRRWSAPESR-781 n.d.

Characterized homologs include SF1, Saccharomyces cerevisiae MSL5. Minimal 16-residue ULM sequences are shown; additional residues
may contribute to UHM interfaces as described in text. Bold residues share similar interactions among known ULM–UHM complexes. Known
phosphorylated sites are italicized. The central tryptophan is underlined. The two ULM-like motifs of SF3b155 that lack known UHM-interac-
tions are shaded. (n.d.) Not determined.
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Corsini et al. 2007; Loerch et al. 2014), show the typical core
UHM–ULM interactions described above. Yet, several lines
of evidence indicate that these structures may be only head-
lines of an epic story.

The question of howmany of SF3b155 ULMs can be occu-
pied concurrently has been addressed separately for the
UHMs of U2AF65 and CAPERα. The apparent stoichiometry
of ITC experiments suggests that up to three U2AF65 UHMs
can associate with the ULM-containing region of SF3b155
(Thickman et al. 2006). Consistent with findings for the
U2AF65 UHM, a battery of methods including size exclusion
chromatography, amino acid analysis, and ITC show that
two CAPERα UHMs concurrently bind the SF3b155 ULM-
containing region under saturating conditions (Loerch et al.

2014). TheHill coefficient of pull-downs fromhuman cell ex-
tract further suggests that endogenous, full length CAPERα
binds a GST-fused ULM-containing region of SF3b155 with
positive cooperativity (Loerch et al. 2014). Despite the ability
of multiple UHMs to concurrently bind the ULM-containing
region of SF3b155, a one-to-one complex with U2AF65 is
thought to recruit the SF3b155-tethered U2 snRNP to the
pre-mRNA splice site during the early stages of spliceosome
assembly (Gozani et al. 1998). Instead, other UHM-contain-
ing alternative splicing factors, such as CAPERα, may co-as-
semble with the U2AF65–SF3b155 complex.
Whether each of the multiple SF3b155 ULMs has “promis-

cuous” or “monogamous” relationships with UHM-contain-
ing protein partners also remains inquestion.Although a large
number of UHM–ULM binding experiments are now com-
plete (Table 3), the binding affinities for distinct ULM-like
SF3b155 sites have rarely been comprehensively quantified
for a given UHM-containing protein. To date, available evi-
dence suggests that the constitutive splicing factor U2AF65

prefers to bind a distinct SF3b155 ULM (ULM5) (Table 2;
Thickman et al. 2006) rather than compete with alternative
splicing factors, although excess U2AF65 can associate with
more than one ULM in vitro. Pull-down assays of full-length
CAPERα by a series of SF3b155 IDR variants, each containing
a single unmodifiedULM, followed by ITCexperiments using
the three ULM peptides that detectably bound, show that
CAPERα UHM has highest affinity for the first SF3b155
ULM (ULM1) (Loerch et al. 2014). Likewise, ITC and NMR
data implicated SF3b155 ULM1 as the preferred binding site
of the PUF60 UHM, compared to ULM2 or ULM5 (Corsini
et al. 2009). These five- to sevenfold preferences of the
CAPERα and PUF60 UHMs for binding the ULM1- over
ULM5-containing SF3b155 variants or fragments, compared
to the converse preference of theU2AF65UHM for the distally
located ULM5, suggests that the CAPERα or PUF60 splicing
factors can concurrently bind SF3b155 alongside U2AF65.
Accordingly, U2AF65 and PUF60 have synergistic effects on
splicing in vitro (Hastings et al. 2007).
IDRs such as the SF3b155 ULM-containing region often

coordinate the synergistic action of multiple weak binding
sites to modulate positive or negative allostery, as recently ex-
emplified for coordination of host CBP or pRB proteins by
the adenoviral protein E1A (Ferreon et al. 2013). The
ULM-containing region of SF3b155 adjoins its binding site
for p14, an RRM-like U2 snRNP subunit that ultimately con-
tacts the branch point sequence of the pre-mRNA (Will et al.
2001; Cass and Berglund 2006; Schellenberg et al. 2006;
Spadaccini et al. 2006). Considering the above data, multiple
UHM-containing proteins are likely to simultaneously asso-
ciate with the SF3b155 IDR alongside the p14 subunit, possi-
bly with positive cooperativity (Fig. 1). A potentially
analogous precedent for cooperative assembly of an RRM-
mediated spliceosome subcomplex has been set by the RES
hetero-trimer of the RRM-like Snu17p, ULM-like Bud13p,
and Pml1p (Tripsianes et al. 2014; Wysoczanski et al. 2014).

FIGURE 3. RNP interactions. (A) N-terminal RRM of U1A prototype
bound to RNA ligand. The RNP surfaces of UHM (cyan)–ULM (green)
complexes, including (B) U2AF65 UHM–SF1 ULM (PDB ID: 4FXW);
(C) U2AF23 UHM–U2AF59 ULM (PDB ID: 4YH8); (D) SPF45
UHM–SF3b155 ULM5 (PDB ID 2PEH); and (E) CAPERα UHM–

SF3b155 ULM5 (PDB ID: 4OZ1). The conserved aromatic residue at
RNP1 position 5 typically is masked by a C-terminal extension (magen-
ta) of the core UHM fold. The key residues at positions 2 of RNP2 and
positions 3/5 of RNP1 are colored blue. Orange spheres represent zinc
ions. Indigo, space-filling residues in C correspond to MDS-relevant
mutations of the human homolog. Views are following an ∼120° rota-
tion about the y-axis relative to Figure 2.
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Emerging roles of ULM extensions for UHM
specificity

The core interactions of UHM–ULM complexes are con-
served, namely the electrostatic interactions between the acid-
ic UHM α-helix and the basic ULM tail as well as the UHM
RXF-mediated pocket for the ULM-tryptophan. This raises
the question of how different UHMs distinguish the locally
similar, yet functionally diverse, ULMs of SF1, U2AF65,
SF3b155, MAN1, or ATX1 partners from numerous ULM-
like sequences in the proteome. Indeed, UHM-containing
proteins exhibit binding preferences for distinct ULM-con-
taining proteins (Table 3). The U2AF35 UHM–U2AF65

ULM complex is more than 1000-fold preferred over off-
target U2AF35 UHM–SF1 ULM or CAPERα– U2AF65 ULM
interactions (Corsini et al. 2007; Stepanyuk et al. 2016).
Likewise, the U2AF65 UHM–SF1 ULM complex is at least
200-fold preferred over an erroneous U2AF65 UHM–

U2AF65 ULM homodimer (Corsini et al. 2007). Other
U2AF65 UHM–ULM complexes that serve alternative func-
tions more closely approach the affinity of its SF1 complex.
For example, the U2AF65 UHM prefers binding the SF1
ULM over SF3b155 ULM5 peptides by 18-fold (Thickman
et al. 2006); the U2AF65–SF3b155 complex may either be
strengthened in the context of full length proteins or assist
U2AF displacement during the sequential stages of pre-
mRNA splicing. The affinity of the U2AF65 UHM for unphos-
phorylated ATX1ULMapproaches its affinity for SF1, but de-
creases following ATX1 phosphorylation; accordingly, ATX1-
phosphorylation is thought to regulate competitive binding to
U2AF65 versus a 14-3-3 protein signaling scaffold (de Chiara
et al. 2009). The splicing and transcription regulator CAPERα
strongly prefers to bind the intact SF3b155 ULM-containing
region (e.g., by nearly 200-fold compared with SF1) (Loerch
et al. 2014). The SPF45 and PUF60 UHMs also show subtle
preferences for binding a representative SF3b155 ULM pep-
tide (ULM5) over SF1 or U2AF65 ULMs, which may be en-
hanced in the context of the intact SF3b155 domain, as
observed for CAPERα. These CAPERα, SPF45 and PUF60 as-
sociations with SF3b155may regulate the second, U2 snRNP-
dependent step of splicing, which has been shown for SPF45
(Lallena et al. 2002). Although the structural basis of SF3b155
ULM–UHM specificity remains limited to core interactions,
structures of U2AF65 UHM and U2AF35 UHM complexes
bound to larger SF1 or U2AF35 fragments reveal unexpected
roles for ULM extensions in conferring the UHM–ULM spe-
cificity of these two complexes.
An early clue to the underpinnings of UHM–ULM-

specificity was obtained from the crystal structure of the hu-
man U2AF35 UHM–U2AF65 ULM complex (Kielkopf et al.
2001). At the C terminus of the U2AF65 ULM, a short pro-
line/aromatic-rich sequence encloses an exposed U2AF35

UHM tryptophan at the X-position of the RXF motif
(Fig. 2C) and is required for high affinity interactions. This
hydrophobic ULM sandwich is conserved for the fission yeast

U2AF heterodimer (Fig. 2D) and encloses the UHM
RWF-motif in an analogous manner as the human homolog.
The “X” residues of several other UHM RXF motifs also
are aromatic, including tryptophan residues for the PUF60,
Tat-SF1, and MAN1 UHMs. Accordingly, a TP motif in the
C-terminal region of the SF3b155 ULM is similarly posi-
tioned adjacent aromatic side chains in the RXF motifs
of the CAPERα and SPF45 UHMs (Corsini et al. 2007;
Loerch et al. 2014). In contrast, structurally distinct lysine
and methionine residues mark the RXF motifs of the
U2AF65 and KIS UHMs, which may be related to the prefer-
ence of these UHMs to target SF1 over SF3b155. Although C-
terminal extensions of an SF3b155 ULM5 peptide only subtly
increase its binding affinity for the CAPERα UHM (Loerch
et al. 2014), it is conceivable that analogous interactions be-
tween the proline-rich inter-ULM linkers of SF3b155 and ar-
omatic residues in UHM RXF motifs contribute to UHM
specificity in the context of the intact SF3b155 ULM-contain-
ing region.
The role of C-terminal ULM extensions in cognate UHM

specificity is dramatically illustrated by a striking coiled-coil
extension of the SF1 ULM (Figs. 1B, 2B; Wang et al. 2013;
Zhang et al. 2013). The N-terminal α-helix of the SF1
coiled-coil mediates the primary contacts between this
domain and the U2AF65 UHM (Fig. 1B). Following a disor-
dered linker to the ULM, the N-terminal section of this SF1
α-helix packs against both the U2AF65 RNP2 and a C-termi-
nal α-helical tail of the UHM, which in turn masks the
RNP1 (Fig. 2B). Thereby, the SF1 coiled-coil converts the
putative RNA binding surface of the RRM-like fold into a
protein–protein interface. Although a similar α-helix ex-
tends the RRM-like fold of most UHMs (Fig. 2D–E), a
unique tryptophan residue of U2AF65 mediates a cation–π
interaction with an arginine residue in the SF1 coiled-coil.
A lysine in the U2AF65 RXF loop, which differs from the
typical aromatic X-residues of other UHMs, further recog-
nizes the C-terminal region of the same SF1 α-helix via a
specific salt bridge. The SF1 coiled-coil confers only a few
fold higher affinity for the U2AF65 UHM compared to the
minimal ULM, likely due to an entropic cost of local fold-
ing-on-binding. Nevertheless, the specific interactions
among the C-terminal U2AF65 tryptophan, lysine in the
RXF loop, and the SF1 coiled-coil residues, are likely to
specify this cognate UHM–ULM complex.
Remarkably, the N terminus of the fission yeast U2AF59

ULM is extended at by a distinct, anti-parallel coiled-coil
with the C-terminal, α-helical extension of the U2AF23

UHM and second ZnK (Fig. 1D). The appended U2AF59

and U2AF23 α-helices, which were absent from the original
U2AF65–U2AF35 structure (Kielkopf et al. 2001), are weakly
conserved in the human primary sequences and instead ap-
pear to have been partly replaced by arginine-rich residues.
With the exception of crystal contacts by SPF45-bound
SF3b155 (Corsini et al. 2007), the N-terminal ULM residues
are disordered in all UHM–ULM structures other than the
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U2AF59–U2AF23 heterodimer. Together with the observation
that multiple mutations of these typically basic residues are
needed to abolish detectable SF1–U2AF65 interactions
(Selenko et al. 2003), this N-terminal ULM region is likely
to contribute avidity, whereas the ordered U2AF59 α-helix
confers specificity for the U2AF23 heterodimer. Given these
new precedents for extended U2AF65–SF1 and U2AF59–
U2AF23 heterodimers, it now remains to be seen whether
regions adjoining the SF3b155, MAN1, and ATX1 ULMs
likewise guide specific complexes with UHM-containing
proteins.

ULM phosphorylation regulates partnerships
with UHMs

Dynamic phosphorylation and dephosphorylation of splicing
factors regulate spliceosome assembly and selection of splice
sites (for review, see Naro and Sette 2013). For example,
region-specific phosphorylation of serine–arginine rich
proteins is well-known to regulate splicing factor localiza-
tion and spliceosome assembly (for review, see Zhou
and Fu 2013). For several ULM-containing proteins, in-
cluding SF1, ATX1, and potentially U2AF65 and SF3b155,

TABLE 3. Apparent equilibrium dissociation constants (KD) of ULM–ULM complexes determined by ITC

UHM ULM ULM residue range KD (nM) Condition Reference

U2AF65 (UHM) SF1 (ULM) 13–28 23.8 ± 3.8 A (Thickman et al. 2006)
(UHM) (ULM+CC + RBD) 1–255 1 1.8 ± 3.8 A (Thickman et al. 2006)
(UHM) (ULM) 1–25 1600 ± 40 B (Corsini et al. 2007)
(UHM) (ULM) 1–25 127 ± 48 C (Zhang et al. 2013)
(UHM) (ULM+CC) 1–145 84 ± 23 C (Zhang et al. 2013)
(RBD +UHM) (ULM+CC + RBD) 1–260 114 ± 23 C (Zhang et al. 2013)
(RBD +UHM) Phospho-SF1 (ULM+CC + RBD) 1–260 96 ± 32 C (Zhang et al. 2013)
(UHM) U2AF65 (ULM) 85–112 >300,000 B (Corsini et al. 2007)
(UHM) SF3b155 (ULMs 1–5) 190–344 2833 ± 23 A (Thickman et al. 2006)
(UHM) (ULM5) 329–344 449 ± 75 A (Thickman et al. 2006)
(UHM) (ULM5) 317–357 6700 ± 200 B (Corsini et al. 2007)
(UHM) Atx1 (ULM) 769–777 5600 ± 300 B (de Chiara et al. 2009)
(UHM) (ULM) 769–779 18,400 ± 700 B (de Chiara et al. 2009)
(UHM) Phospho-Atx1 (ULM) 769–777 9200 ± 300 B (de Chiara et al. 2009)
(UHM) (ULM) 769–779 35,800 ± 1300 B (de Chiara et al. 2009)
U2AF35 (UHM) U2AF65 (ULM) 85–112 1.7 ± 0.8 A (Kielkopf et al. 2001)
(UHM) (ULM) 85–112 135 ± 9 B (Corsini et al. 2007)
(UHM) SF1 (ULM) 1–25 >150,000 B (Corsini et al. 2007)
(UHM) SF3b155 (ULM5) 317–357 >150,000 B (Corsini et al. 2007)
SPF45 (UHM) SF3b155 (ULM5) 317–357 1100 ± 10 B (Corsini et al. 2007)

SF1 (ULM) 1–25 2600 ± 100 B (Corsini et al. 2007)
U2AF65 (ULM) 85–112 3900 ± 200 B (Corsini et al. 2007)
Atx1 (ULM) 769–779 23,400 ± 1500 B (de Chiara et al. 2009)
Phospho-Atx1 (ULM) 769–779 40,000 ± 1600 B (de Chiara et al. 2009)

PUF60 (UHM) SF3b155 (ULMs 1–2) 194–229 1000 ± 200 B (Corsini et al. 2009)
(ULM5) 317–357 5600 ± 600 B (Corsini et al. 2009)
U2AF65 (ULM) 85–112 1600 ± 40 B (Corsini et al. 2009)
SF1 (ULM) 1–25 20,800 ± 5200 B (Corsini et al. 2009)

CAPERα (UHM) SF3b155 (ULMs 1–5, Site 1) 190–344 58 ± 2 A (Loerch et al. 2014)
(ULMs 1-5, Site 2) 190–344 330 ± 4 A (Loerch et al. 2014)
(ULM1)a 190–344 2300 ± 100 A (Loerch et al. 2014)
(ULM4)a 190–344 68,000 ± 1900 A (Loerch et al. 2014)
(ULM5)a 190–344 14,000 ± 1800 A (Loerch et al. 2014)
(ULM5) 333–342 2400 ± 10 A (Loerch et al. 2014)
(ULM5) 333–355 2300 ± 200 A (Loerch et al. 2014)
U2AF65 (ULM) 85–112 6500 ± 1100 A (Loerch et al. 2014)
(ULM) 85–112 20,500 ± 2800 D (Stepanyuk et al. 2016)
SF1 (ULM+CC) 14–132 11,000 ± 700 A (Loerch et al. 2014)

Condition A: 25 mM HEPES pH 7.4, 50 mM NaCl, 30°C.
Condition B: 50 mM sodium phosphate buffer pH 7.0, 150 mM NaCl, 22°C.
Condition C: 20 mM sodium phosphate buffer pH 7.0, 50 mM NaCl, 25°C.
Condition D: 20 mM Tris–HCl pH 7.0, 100 mM NaCl, 25°C.
Proteins are shown in boldface.
(CC) Coiled-coil; (RBD) RNA binding domain.
aULM-containing region of SF3b155 with alanine mutations of all ULM tryptophans except named ULM.
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phosphorylation has emerged as a means for regulating their
UHM partnerships and downstream functions.
The first example of phosphorylation regulating ULM–

UHM interactions was noted for a serine in the SF1 ULM
(S20, Fig. 2B; Wang et al. 1999). Phosphorylation of this
site by cGMP-dependent protein kinase-I reduces SF1 asso-
ciation with U2AF65 and thereby inhibits spliceosome assem-
bly. Structurally, the phosphorylated SF1 S20 would disrupt
a hydrogen bond and electrostatically repel a conserved as-
partate residue (D401) in the acidic α-helix of the U2AF65

UHM (Wang et al. 2013). Two of the SF3b155 ULMs display
serine residues at analogous positions as SF1 S20, including
SF3b155 S216 and S336 in ULM2 and ULM5; phosphoryla-
tion of SF3b155 S216 has been confirmed in an acutemyeloid
leukemia cell line by mass spectrometry (Weber et al. 2012).
The similar positions of serines among these ULMs suggest
that phosphorylation could coordinately dissociate U2AF65,
and possibly other SF3b155-associated UHM-containing
proteins, from SF3b155 and SF1.
A loop between the two α-helices of the SF1 coiled-coil

domain harbors a highly conserved “SPSP” sequence motif
(Fig. 2B), which is primarily in the phosphorylated state for
SF1 isolated from human embryonic kidney cells (Manceau
et al. 2006). This SPSP-phosphorylation event subtly increases
the binding affinity of SF1 for U2AF65 (Manceau et al. 2006;
Zhang et al. 2013), most likely by stabilizing the coiled-coil
fold of the phosphorylated SF1 domain. Structures of the
SPSP-phosphorylated SF1 bound to the U2AF65 UHM shows
that the phosphorylated serines coordinate three arginine res-
idues and induce folding of an otherwise disordered linker be-
tween the two α-helices of the coiled-coil (Wang et al. 2013;
Zhang et al. 2013). The UHM-containing KIS kinase specifi-
cally phosphorylates the SPSP motif of SF1 (Manceau et al.
2006), and KIS-knockout mice showed subtle changes in
gene expression and specific behaviors, including spontane-
ous activity and contextual fear conditioning (Manceau
et al. 2012). However, 2D electrophoresis showed that thema-
jority of endogenous SF1 remains in the SPSP-phosphorylat-
ed form following KIS-knockout. This result implicates other
kinases in regulating the SF1 SPSP site, and leaves the poten-
tially pluripotent functions of SF1 SPSP-phosphorylation an
open question.
The most recent member of the ULM-containing family,

ATX1, is a phosphorylation-sensitive molecular switch that
discriminates between two ligands, U2AF65 and the multi-
functional regulatory protein 14-3-3 (de Chiara et al.
2009). An S776 residue immediately adjacent the ULM tryp-
tophan of ATX1 is phosphorylated by Akt kinase (Chen et al.
2003). The 14-3-3 protein was shown to effectively outcom-
pete the U2AF65 UHM for binding at the phosphorylated
ATX1 site, which overlaps the ATX1 ULM. Initial investi-
gations with phospho-mimetic S776D mutations of ATX1
in mouse models suggested that phosphorylation of S776
also recruits SPF45 to ATX1 complexes (Lim et al. 2008).
Although the apparent enhancement of ATX1–SPF45 associ-

ation by S776 phosphorylation could not be recapitulated by
ULM-containing peptides binding the isolated UHM in vitro
(de Chiara et al. 2009), it remains possible that the phosphor-
ylation-sensitivity depends on the context of the intact pro-
teins. Notably, the abnormal expansion of an ATX1
polyglutamine-repeat in the neurodegenerative disease spi-
nocerebellar ataxia type 1 requires the S776 residue of
ATX1 and enhances ATX1–SPF45 association in vivo (Lim
et al. 2008), which sets a precedent for the contribution of
ULM phosphorylation to pathogenicity.
These well-characterized examples of phosphorylation-

sensitive UHM–ULM interactions are only the tip of the ice-
berg. Numerous ULM-associated phosphorylation sites re-
main to be investigated. In a striking example, abundant
phosphorylated threonine–proline (TP) motifs riddle the
N-terminal IDR of SF3b155, including 29 TP sequences of
which 18 are experimentally verified, phosphorylation sites
in the Phospho.ELM database (Dinkel et al. 2011). The
U2AF65 and MAN1 ULMs also contain single TP motifs,
whereas the SF1 and ATX1 ULMs have none. In known
structures, including the U2AF65 ULM–U2AF35 UHM heter-
odimer and SF3b155-ULM complexes with SPF45 or
CAPERαUHMs, a TPmotif located a few residues C terminal
to the central ULM tryptophan packs near an exposed aro-
matic residue at the X-position of the UHM RXF-motif
(Fig. 2B–F). Although the structural effects of ULM TP phos-
phorylation are currently unknown, one can envision that the
proximity of the phosphorylated TP to the UHM RXF motif
could result in steric clashes, anion–π repulsion, or confor-
mational changes following peptidyl–prolyl-isomerization,
which are well-known to switch cis/trans propensity follow-
ing TP phosphorylation (for review, see Wulf et al. 2005).
Whether phosphorylation of these ULM-associated TP

motifs controls selective ULM–UHM associations, or acts
as a general “off” switch, remains a topic for speculation.
While it has been shown that SF3b155 is successively phos-
phorylated and dephosphorylated during spliceosome as-
sembly (Wang et al. 1998; Boudrez et al. 2002; Shi et al.
2006), a direct link to the ULM-proximal TP motifs has yet
to be established. The SF3b155 subunit is phosphorylated
in vitro by cyclin B–cdk1 and cyclin E–cdk2 (Seghezzi et al.
1998; Boudrez et al. 2002), which also co-immunoprecipitate
with SF3b155 from cell lysates, and SF3b155 phosphorylation
significantly increases during mitosis (Seghezzi et al. 1998).
However, various TP motifs in the SF3b155 IDR are predict-
ed by NetPhosK (Blom et al. 2004) to be phosphorylated by at
least ten different kinases. Altogether, these observations
point to selective, as well as coordinated, regulation of
ULM-associated TP motifs by phosphorylation.

Summary and perspectives

Significant progress toward establishing a network of UHM–

ULM interactions (Fig. 1) has been made since the discovery
of these RRM-like protein–protein interaction domains
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fifteen years ago. Most suspected members of the UHM fam-
ily have now been structurally confirmed and implicated in
UHM–ULM partnerships. Since the first U2AF65 ULM–

U2AF35 UHM and SF1 ULM–U2AF65 UHM prototypes
(Kielkopf et al. 2001; Selenko et al. 2003), structures of
SPF45 and CAPERα UHMs reveal similar core interactions
with the individual SF3b155 ULMs (Corsini et al. 2007;
Loerch et al. 2014). The apo-PUF60 UHM structure also
has been determined and the PUF60 UHM binds an
SF3b155 ULM (Corsini et al. 2009). The UHM-containing
KIS kinase has been shown to selectively phosphorylate SF1
in a ULM-dependent manner (Manceau et al. 2006). These
UHM–ULM partnerships are likely to contribute to spliceo-
some assembly and alternative splicing, yet new functional
roles for UHM–ULM protein interaction modules continue
to emerge. An intramolecular UHM–ULM switch in the in-
ner nuclear membrane protein MAN1 regulates SMAD2
binding for TGF-β signaling (Konde et al. 2010). Similarly,
a ULM in the glutamine-repeat expanded ataxin protein
competes for UHM-mediated association with U2AF65 ver-
sus a phosphorylation-sensitive, 14-3-3 protein signaling
hub (de Chiara et al. 2009). Altogether, these recent findings
demarcate a bona fide UHM family of ULM-interaction
modules (Fig. 3), underlying a deceptively RRM-like charade.

An outstanding question is whether new members of the
UHM family will be discovered in the future. To date, nine
UHM family members (consolidating U2AF65/MUD2,
SPF45/DRT111, Tat-SF1/CUS2/UAP2, CAPERα/PAD-1/
Rds1 homologs) were first identified based on primary se-
quence searches (Kielkopf et al. 2004) and now have been
shown to partner with ULM-containing proteins (Table 1).
Seven atypical RRMs with sequence features that appeared
distantly related to UHMs also were flagged previously
(Kielkopf et al. 2004). Among these candidates, new struc-
tures already rule out UHM-type interactions for the N-ter-
minal RRMs of Prp24 and SAP49. Even so, these Prp24 and
SAP49 RRMs do function in protein–protein interactions.
The N-terminal RRM of Prp24 utilizes the RNP1/RNP2 sur-
face to bind a neighboring RRM rather than RNA (Bae et al.
2007; Montemayor et al. 2014). The N-terminal SAP49
RRM engages a neighboring Cus1 subunit in the activated
yeast spliceosome (Yan et al. 2016) via a tryptophan-mediated
interaction that is qualitatively similar to a UHM. In addition
to the SAP49–Cus1 complex (Yan et al. 2016), new examples
of tryptophan-mediated interactions with RRM-like domains
have emerged outside the UHM family, including eIF3b–
eIF3j in the translation initiation complex (ElAntak et al.
2010), Snu17p– Bud13p in the RES complex (Tripsianes
et al. 2014), mRNA export complexes of viral proteins with
AlyREF (Tunnicliffe et al. 2011; Tunnicliffe et al. 2014), and
an intramolecular interface of CPEB1 (Afroz et al. 2014).
The exact conformations of the tryptophan-containing li-
gands differ among these atypical RRMs, which also lack the
RXF motif, acidic α1, and C-terminal α-helix of UHMs.
Also unlike UHMs, SAP49, Snu17p and CPEB1 simultane-

ously bind RNA and protein partners. As such, tryptophan-
mediated protein-interactions with atypical, RRM-like do-
mains represent a recurring theme among ribonucleoprotein
complexes that is likely to expand in the future.
Hitherto, a skeleton in the UHM family closet has been the

remarkably similar core interactions with ULMs, which raise
the conundrum of how specific UHM–ULM partnerships are
arranged. Several answers to this puzzle have begun to fall
into place. New structures of larger U2AF and SF1 complexes
implicate regions adjoining the ULMs as accessories for
UHM engagement (Wang et al. 2013; Zhang et al. 2013;
Yoshida et al. 2015). Phosphorylation sites within and flank-
ing the ULMs can regulate the marriage of phosphorylated
SF1 with the U2AF65 UHM (Wang et al. 2013; Zhang et al.
2013) or exacerbate the divorce of the phosphorylated
ATX1 ULM from the U2AF65 UHM in lieu of a 14-3-3 bind-
ing partner (Lim et al. 2008; de Chiara et al. 2009). Still ques-
tionable are the potential polygamous versus monogamous
relationships of the multiple SF3b155 ULMs with different
UHM-binding partners. Despite many exposés, whether
new confessions of ULM extensions, phosphorylation-sensi-
tivity, and cooperative binding will emerge as recurring dra-
mas among UHM–ULM partners for now remain tantalizing
family secrets. In the longer term, understanding the inter-
play among UHMs and ULMs may offer new therapeutic av-
enues for targeting the spliceosome (for review, see Bonnal
et al. 2012), which has been highlighted recently for MYC-
driven malignancies (Hirsch et al. 2015; Hsu et al. 2015;
Koh et al. 2015) and already is promising for compounds
that target the ULM-containing protein SF3b155 (for review,
see Salton and Misteli 2016).
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