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Sam68 (Src-associated during mitosis, 68 kDa) is a prototypical
member of the STAR (signal transducer and activator of RNA)
family of RNA-binding proteins. STAR proteins bind mRNA tar-
gets and modulate cellular processes such as cell cycle regulation
and tissuedevelopment in response to extracellular signals. Sam68
hasbeenshowntomodulatealternative splicingof thepre-mRNAs
of CD44 and Bcl-xL, which are linked to tumor progression and
apoptosis. Sam68 and other STAR proteins recognize bipartite
RNAsequences and are thought to function as homodimers.How-
ever, the structural and functional roles of the self-association are
not known. Here, we present the solution structure of the Sam68
Qua1 homodimerization domain. Each monomer consists of two
antiparallel�-helices connected by a short loop. The two subunits
are arranged perpendicular to each other in an unusual four-helix
topology.Mutational analysis of Sam68 in vitro and in a cell-based
assay revealed that the Qua1 domain and residues within the
dimerization interface are essential for alternative splicing of a
CD44 minigene. Together, our results indicate that the Qua1
homodimerizationdomain is required for regulationof alternative
splicing by Sam68.

Sam68 2 (Src-associated during mitosis, 68 kDa) (1) belongs to
theSTAR(signal transducerandactivatorofRNA) familyofRNA-
binding proteins, which also includesQk1 (quaking 1), SF1 (splic-
ing factor 1), and Gld-1 (germline development defective-1) (2).
STAR family proteins link signalingpathways andmany aspects of
RNAmetabolism (splicing, localization, and translation).They are

regulated by post-translational modifications such as phosphory-
lation, acetylation, and arginine methylation (2).
Sam68 acts in post-transcriptional regulation of pre-mRNA

splicing in response to extracellular signals (3). It is involved in
a variety of pathways, including insulin and T-cell receptor sig-
naling (4), and plays a key role in cell cycle regulation (5). Sam68
exhibits binding specificity for homopolymeric poly(U) RNA
and has been shown to recognize UAAA or UUUA sequences
with high affinity as determined by Systematic Evolution of
Ligands by EXponential Enrichment (SELEX) and in vivo cross-
linking (6, 7). Post-translational modifications can regulate
Sam68 function by critically affecting the accessibility to RNA
(8, 9). Tyrosine phosphorylation by Src kinase during mitosis
enhances the interaction of Sam68 with Ras-GAP (10) but pre-
vents its association with RNA. On the other hand, acetylation
of lysine residues by histone acetyltransferases enhances RNA
binding (11). Finally, overexpression of Sam68 has been linked
to prostate cancer, cell proliferation, and survival (12).
Sam68 has been identified as a key determinant in the alter-

native splicing of various important RNA targets, like CD44
(13) and Bcl-xL (14), which are linked to apoptosis and cancer.
In particular, alternative splicing of CD44 impacts embryonic
development and immune response (15–18). Up to 10 variant
exon sequences can be included in the mature CD44 mRNA.
Among them, variable exon 5 (exon v5) inclusion is associated
with tumor progression and T-cell activation (17, 19). Sam68
is a target for phosphorylation by extracellular-signal-regu-
lated kinase (ERK), which promotes inclusion of CD44 exon
v5 in response to Ras activation by phorbol ester stimulation.
Sam68 binds two RNA sequences within exon v5 and the pre-
ceding intron, respectively (9, 13). Recent studies indicate that
Sam68 interacts with the heterodimeric splicing factor U2AF
(U2 small nuclear ribonucleoprotein particle auxiliary factor)
(9). Recognition of the 3� splice site by U2AF is a key step in
spliceosome formation. The interaction with Sam68 is thought
to stabilize U2AF binding to its cognate RNA elements. Inter-
estingly, phosphorylation of Sam68 by ERK interferes with
RNA binding and reduces pre-mRNA occupancy by U2AF.
Altogether, these data indicate that Sam68 can regulate alter-
native splicing in a signal-dependent manner.
Sam68 shares high similarity with SF1, another binding part-

ner of U2AF. The so-called STAR domain, also referred to as
GRP33/SAM68/GLD1domain, consists of an hnRNPKhomol-
ogy (KH) domain flanked by two domainsN- andC-terminal of
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the KH domain, referred to as Qua1 and Qua2, respectively (2,
3). Interestingly, SF1 is the only known member devoid of the
Qua1 subdomain and functions as a monomer (20). The KH

domain is one of the major RNA
binding motifs in eukaryotic cells
(21). The structural basis for the
recognition of single-stranded RNA
by the KH-Qua2 domain of SF1 has
been described, indicating that the
Qua2 domain extends the KH fold
and that the KH-Qua2 tandem
domain is essential for sequence-
specific RNA recognition (22). The
solution structure of the free formof
the KH-Qua2 region of Quaking
showed that theQua2 helix does not
contact the KH domain in the
absence of RNA (23). Biochemical
data and in vivo studies suggest that
the Qua1 domain can oligomerize
(24–27). However, the structural
basis for oligomerization and the
role for the in vivo function of STAR
proteins are unknown.
Here, we present the NMR solu-

tion structure of the Sam68 Qua1
domain. Qua1 forms a homodimer
composed of a perpendicular inter-
action of two helical hairpins. A net-
work of hydrophobic and electro-
static interactions stabilizes the
dimer interface. Based on NMR and
biophysical data, we show that the
Qua1 domain is sufficient for ho-
modimerization of Sam68 in vitro.
Cell-based splicing assays identify
critical residues in the dimer interface
and reveal that Qua1 is necessary for
the function of Sam68 in alternative
splicing.

EXPERIMENTAL PROCEDURES

Sample Preparation—Homo sapi-
ens Sam68 Qua1(95–135), Qua1(95–
156),KH-Qua2(147–280), andQua1-
KH-Qua2(95–280), which were
derived from pcDNA 3.1 HsSam68
described in Ref. 13, were cloned
in a modified pETM-11 vector
(EuropeanMolecular Biology Lab-
oratory) containing an additional
N-terminal double Z-tag and ex-
pressed in Escherichia coli BL21(DE3).
Point mutations were introduced
in pcDNA 3.1HsSam68 and pETM-
11 ZZ Qua1(95–135) using the
QuikChange site-directed muta-
genesis (Invitrogen) protocol. The

corresponding proteins contain two additional residues at the
N-terminal tobacco etch virus protease cleavage site, which are
derived from the expression vector.

FIGURE 1. Topology and NMR spectra of the Sam68 STAR domain. A, domain organization of Sam68. The Qua1
proteins used for NMR are indicated. The sequence alignment of the Qua1 domains of different members in the
STAR family is shown, and residue numbers are given for Sam68 Qua1. The secondary structure of Sam68 Qua1 is
depicted above the alignment. Residues important for monomer and dimer stability are indicated below, by �
and �, respectively. Conserved residues that were mutated are indicated. Sequences were aligned using the pro-
gram ClustalW (51) and analyzed using the program ESpript (52). Abbreviations used are: hs, H. sapiens; mm, Mus
musculus; rn, Rattus norvegicus; gg, Gallus gallus domesticus; dm, Drosophila melanogaster; ce, Caenorhabditis elegans.
B, overlay of a 1H,15N TROSY spectrum of perdeuterated Qua1-KH-Qua2 (residues 95–280) (blue) and 1H,15N HSQC
spectra of Qua1 (residues 95–135) (red) and KH-Qua2 (residues 147–280) (green). Note that the linker connecting the
Qua1 and KH domains (135–156) is not included in the Qua1 protein. Signals arising from arginine side chains are
marked with an asterisk, and some small peaks of degradation products are marked with �. C, intermolecular NOEs
recorded on an asymmetrically 15N/13C-labeled sample.
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Bacteriaweregrown inLBmediumforpreparationofunlabeled
sample or M9 medium supplemented with 13C-labeled glucose
and/or [15N]H4Cl for uniformly labeled samples, respectively. The
protein was expressed at 20 °C for 16 h after induction with 250
mM IPTG.
Proteins were purified using Ni2� affinity chromatography

(nickel-nitrilotriacetic acid, Qiagen). After cleavage of theHis and
theZ-tagwith tobacco etch virus protease, the tagswere separated
fromtheproteinbyasecondNi2�affinity step.Qua1sampleswere
heat-shocked for5minat85 °C.The sampleswere furtherpurified
by size exclusion chromatographyon aHiLoad16/60 Superdex 75

(GE Healthcare) and kept in 10 mM

phosphate, pH 6.5, 100mMNaCl.
An asymmetrically labeled sam-

ple to record intermolecular NOEs
was prepared as follows. Equimo-
lar amounts of unlabeled and 15N/
13C uniformly labeled Qua1 (resi-
dues 95–135) were mixed and
incubated with 1% SDS at 85 °C
for 10 min. After slowly cooling
down, SDS was removed by dilu-
tion and ultra filtration using a
15-ml Amicon (Millipore) with a
molecular weight cutoff of 5,000.
NMR Spectroscopy—NMR mea-

surements were carried out at 298 K
on a Bruker Avance III 750-MHz
spectrometer equipped with a TXI
probe head, a 600-MHz spectrome-
ter equipped with a TCI cryo-probe
head or on an Avance 900 instru-
ment equipped with a TXI cryo-
probe head. Spectra were processed
with NMRPipe (28) and analyzed
with Sparky (29). Backbone assign-
ment was done semiautomatically
using MARS (30). For back-
bone and side chain assignment
CBCA(CO)NH, CBCANH and
(H)CCH-TOCSY spectra were re-
corded (31). Distance information
was obtained from 15N- and 13C-ed-
ited NOESY spectra with a mixing
time of 70 ms. To distinguish inter-
and intramolecular NOEs, a set of
isotope-edited and filtered NOESY
spectra was recorded (31, 32). Ex-
periments were carried out using a
1 mM uniformly 15N/13C-labeled
or 2 mM asymmetrically 15N/13C-
labeled Qua1(95–156) sample, respec-
tively. 15N R1 and R2 relaxations rates
and {1H}-15N heteronuclear NOE
data were measured at a 750-MHz
proton Larmor frequency and 298 K
as described (33). H�-C�, N-C� and
HN-N residual dipolar couplings

were recorded usingHNCO-basedNMRexperiments (34)with
a 1 mM Qua1(95–135) sample that was aligned in a medium
containing 15 mg/ml Pf1 phage (Profos AG, Regensburg, Ger-
many) as described (35). Paramagnetic relaxation enhance-
ments were measured from saturation recovery 1H,15N
HSQC experiments (recovery times between 0.01 and 4.0 s)
at concentrations of 0, 1, 2, 3, 4, 5, 7, and 10mM of the soluble
paramagnetic agent gadolinium diethylenetriaminepenta-
acetic acid bismethylamide (Gd(DTPA-BMA)). Back-calcu-
lation and data analysis were carried out according to Ref.
36.

FIGURE 2. NMR characterization of the Sam68 Qua1 domain. 13C secondary chemical shifts, 15N R1, R2
relaxation rates, {1H}-15N heteronuclear NOE, and 1H-15N residual dipolar couplings (RDCs) are plotted versus
Sam68 Qua1 residue numbers. The secondary structure is indicated at the top. Error bars for 15N relaxation data
are estimated from the noise level as described in Ref. 33. Error bars for RDCs are estimated based on spectral
resolution.
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Structure Calculation—Automated NOE cross-peak as-
signment was performed using the software CYANA 3.0
(37). Automatically assigned NOEs and completeness of the
NOE cross-peaks were manually inspected. Homodimer sym-
metry is explicitly taken into account for network anchoring,
and identical conformation of the twomonomers is ensured by
dihedral angle difference restraints for all corresponding tor-
sion angles. Additionally, a symmetric relative orientation of
the two monomers is maintained by distance difference re-
straints between symmetry-related intermolecular C�-C� dis-
tances (38). Distance restraints from the CYANA calculation-
and TALOS� (39)-derived torsion angles and the residual
dipolar coupling restraints were used in a water refinement
calculation (40) with Aria 2.2 (41). The quality of the structure
ensemble was validated using the iCING3 web server as well as
PROCHECK (43) and WHATCHECK (44). Molecular images
were generated using PyMOL (45).
Circular Dichroism (CD) Spectroscopy—Temperature series

of far-UV (190–250 nm) CD spectra were recorded on 100 �M

Qua1wild type ormutant proteins in 20mMphosphate, pH 6.5,
50 mM NaCl using a JASCO J-715 spectropolarimeter.
Cell Culture and Transfections—U138MG cells were cul-

tured as described previously (46). All overexpression experi-
ments were performed in 6-well plates. Cells were seeded at a
density of 2 � 105 cells/well 1 day prior to transfection and
cultured for 30 h after transfection. Transfections were per-
formed using FuGENE� HD transfection reagent (Roche Diag-
nostics) according to the manufacturer’s instructions. For co-
transfection experiments, 2 �g of CD44 v5 minigene-plasmid
DNA (13) was co-transfected with 300 ng of plasmids express-
ing Sam68 or wild type or mutants. As a control, the CD44 v5
minigene-plasmid DNA was co-transfected with 300 ng of the
pcDNA 3.1 expression plasmid. Expression of all proteins was
checked by Western blot analysis (data not shown).
RT-PCR Analysis—Cytoplasmic RNA was prepared using

the PARIS kit (Ambion) according to the manufacturer’s pro-
tocol. 1 units/�g of RNA was transcribed with SuperScript II
(Invitrogen) according to the manufacturer’s protocol, using
random hexamers. RT-PCR analyses were carried out as
described in Ref. 13 using 25 PCR cycles. RT-PCR bands were
quantified densitometrically using the ImageJ Software. Three
independent experiments were performed.

RESULTS

Qua1 Is Sufficient for Sam68Homodimerization—It has been
shown that the STAR domain of Sam68 (Fig. 1A) and other
members of the STAR family dimerize (24–27). The apparent
molecularmass estimated from size exclusion chromatography
of �40 kDa is consistent with a dimer of the Sam68 STAR
domain (not shown). To identify the region that mediates
dimerization, we expressed proteins comprising theQua1, KH-
Qua2, and Qua1-KH-Qua2 domains in E. coli. An overlay of
1H,15N correlationNMR spectra of theQua1 (residues 95–135)
and KH-Qua2 (residues 147–280) subdomains with that of the
STAR domain (residues 95–280) shows that chemical shifts

seen in the smaller domains are very similar to those of com-
mon residues in the STARdomain. This indicates that there are
no strong contacts between Qua1 and KH-Qua2 and that these
two regions are structurally autonomous (Fig. 1B).
The 1H NMR frequencies in the 1H,15N HSQC spectrum of

Qua1 (residues 95–156) are mainly found within a small region
centered around 8 ppm, indicating the presence of mostly hel-
ical and random coil conformation. Analysis of the 13C�/� sec-
ondary chemical shifts reveals that residues 95–135 comprise
two �-helices that are interconnected by a short loop. The 20
C-terminal amino acids (residues 136–156) do not exhibit any
secondary structure. 15N R1 and R2 relaxation rates as well as
{1H}-15N heteronuclear NOE data show that the C terminus is
highly flexible, whereas the loop connecting the two helices has
a slightly increased flexibility when compared with the helical
segments (Fig. 2). Thus, only residues 95–135 define the glob-
ular fold of the Qua1 domain. A tumbling correlation time of
�c � 9.5 ns was estimated from the 15N R2/R1 relaxation rates
ratio forQua1, consistent with themolecularmass expected for
a homodimer (14 kDa). Even at concentrations of 10 �M, there
is no significant change in the 15N relaxation rates and thus �c
(data not shown), indicating that the dimerization constant is at
least in the low micromolar to nanomolar range. Additionally,

3 G. W. Vuister, J. F. Doreleijers, and A. W. Sousa da Silva, manuscript in
preparation.

TABLE 1
Structural statistics of the Sam68 Qua1 homodimer
Statistics are given for the 20 lowest energy structures after water refinement out of
100 calculated. The CNS Erepel function was used to simulate van der Waals inter-
actions with an energy constant of 25 kcal mol�1 Å�4 using PROLSQ van derWaals
radii (40). r.m.s.d. and PROCHECK values apply for residues 101–135.

NOE-based distance restraintsa
Intraresidual, sequential 950
Medium range (2 � �i � j� � 4) 504
Long range (�i � j� � 5) 316
Intermolecular 456
Total 2226

Other restraints
��� dihedral angle restraints 128
Residual dipolar coupling restraints
(HN-N, N-C�, H�-C�)

128

Coordinate precision r.m.s.d.
Backbone (Å) 0.32 � 0.09
Heavy atom (Å) 0.97 � 0.16

Consistency (structure vs. restraints)
r.m.s.d. (Å) from experimental distance restraintsa 0.019 � 0.002
r.m.s.d. (°) from experimental torsion angle
restraintsb

0.911 � 0.104

RDC Q-factorc 0.230 � 0.005
Structure Z-score

WHATCHECKd

First generation packing quality 0.497
Second generation packing quality �0.028
Ramachandran plot appearance 0.010
	1/	2 rotamer normality �2.057
Backbone conformation 1.325

Ramchandran plotd
Most favored regions 96.0%
Allowed regions 4.0%
Generously allowed regions 0.0%
Disallowed regions 0.0%

a Distance restraints were employed with a soft square well potential using an energy
constant of 50 kcalmol�1Å�2.Nodistance restraintwas violated bymore than 0.5Å.

b Torsion angle restraints derived from TALOS (39) were applied to 
, � backbone
angles using energy constants of 200 kcal mol�1 radians�2. No dihedral angle
restraint was violated by more than 5°.

c Residual dipolar couplings (RDCs) were employedwith a harmonic potential using
an energy constant of 0.5 kcal mol�1 Hz�2

. Q-factor as defined in Ref. 42.
d PROCHECK (43) and WHATCHECK (44) were used to determine the quality of
the structure. Positive WHATCHECK Z-scores indicate that structure is better
than average.
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the apparent molecular weight determined by size exclusion
chromatography matches well with a homodimer (supple-
mental Fig. 1). These observations suggest that the Qua1
domain is sufficient for homodimerization.
For structural analysis and to further confirm that Qua1 is

a homodimer, we attempted to identify intermolecular
NOEs. In the case of a symmetric homodimer, the NOESY
spectrum contains both intramolecular and intermolecular
cross-peaks. To unambiguously distinguish intermolecular
from intramolecular NOEs, isotope-filtered experiments
were recorded on an asymmetrically 15N/13C-labeled sample
(31, 32). To obtain such a sample, equimolar amounts of
uniformly 15N/13C-labeled and unlabeled Qua1 are mixed.
Random exchange of the subunits yields 50% of asymmetri-
cally isotope-labeled dimers. Isotope-edited/filtered NMR
experiments will detect exclusively intermolecular NOEs for
this population, whereas no signals are observed for sym-
metrically labeled or unlabeled homodimers or monomeric
species. Thermal denaturation in presence of 1% SDS and
refolding of equal amounts of labeled and unlabeled Qua1
resulted in a fingerprint spectrum identical to that of the
native protein, indicating that the fold was restored (data not
shown). After refolding, more than 100 intermolecular
cross-peaks were observed in an isotope-edited/filtered
NOESY experiment (Fig. 1C). Taken together, these data
establish that Qua1 is a stable homodimer.

Structure of the Sam68 Qua1
Homodimer—We determined the
solution structure of the Sam68
Qua1 homodimer (comprising resi-
dues 95–135) by heteronuclear tri-
ple-resonance NMR spectroscopy
using uniformly as well as asym-
metrically labeled 15N/13C-labeled
protein. The structure is defined
based on 2226 experimental dis-
tance restraints, including 2 � 228
intermolecular distance restraints,
derived from 13C- and 15N-edited
NOESY HSQC spectra as well as
13C/15N-filtered, 15N- or 13C-edited
NOESY-HSQC spectra. A summary
of the structural and restraint sta-
tistics is given in Table 1. The
ensemble of the 20 lowest energy
structures obtained after water re-
finement is shown in Fig. 3A. The
quality of the structures was fur-
ther validated by comparison of
measured and back-calculated
relaxation rate enhancements upon
the addition of the paramagnetic
co-solvent Gd(DTPA-BMA) (36),
which showed excellent agree-
ment (supplemental Fig. 2).
Each Qua1 monomer comprises

two �-helices that are aligned in an
antiparallel fashion with a tilt angle

of �30°, connected by a short loop. Hydrophobic residues are
spaced every 3–4 residues apart on each helix and interact with
residues arrayed on the other helix of the same monomer, i.e.
Leu-104, Leu-107, Lys-111 and Leu-114 in helix �1 contact Ile-
132, Ile-129, Leu-125, and Met-122 in helix �2, respectively
(supplemental Fig. 3). This arrangement is reminiscent of a
short “zipper” where the extensive hydrophobic contacts lead
to a tight packing of the two helices of eachmonomer. A poten-
tial side-chain hydrogen bond between the invariant Tyr-103
(helix �1) and Glu-128 (helix �2) further stabilizes the helical
hairpin. The lack of the corresponding hydrogen bond may be
consistent with a lethal phenotype of the E48Gmutation in the
mouse Qk1 paralog (Glu-48 corresponds to Sam68 Glu-128).
Another important feature of this topology is the highly con-
served Pro-116 in the loop connecting the two helices, which
allows the reversal of the peptide backbone.
The Qua1 dimer is formed by perpendicular stacking of

the two monomers with a C2 symmetry (Fig. 3, A and B).
Numerous hydrophobic contacts, which mainly involve the
loop region connecting the two helices, stabilize the dimer
interface. Below this largely hydrophobic contact area,
cross-subunit hydrogen bonds and electrostatic contacts
between the N-terminal end of helix �2 and the �1�/�2�
helices of the other monomer provide additional intersub-
unit interactions (Fig. 3). The interface area covers 624

FIGURE 3. NMR structure of the Sam68 Qua1 homodimer. A, stereo view of the ensemble of the 20 lowest
energy structures. B, ribbon representation of the Sam68 Qua1 dimerization domain. C, surface representation
of two separated Qua1 monomers, showing a view onto the dimer interface (white). D, surface representation
colored according to electrostatic surface potential at �7 kB T/e (temperature/electron charge) for positive
(blue) or negative (red) charge potential using the program APBS (53). E, close-up view of the interface. Side
chains of key residues in the dimer interface are shown as sticks. Hydrogen bonds between the Glu-110 side
chain and the His-120 and Ala-121 amides are indicated by black dashed lines. Potential hydrogen bonds and
electrostatic interactions are shown by gray dashed lines.
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Å2/monomer, which accounts for more than 18% of the total
surface area of one monomer (Fig. 3C).
A key determinant of the dimer formation is the almost

invariant Phe-118 in the �1-�2 loop. Its aromatic side chain
stacks with the Leu-114� side chain from the other monomer
(Fig. 3E, right). The side chains of Leu-107, Ala-121, Leu-124,
and Leu-125 mediate additional hydrophobic interactions sta-
bilizing the dimer interface. Near the intersection of the�2/�2�
helices, the His-120� side chain contacts the aromatic ring of
Tyr-103 in the other monomer. Apart from this hydrophobic
network, cross-subunit hydrogen bonds between Glu-110 and
the backbone amide protons of Ala-121� and His-120� are
observed (Fig. 3E, left). This is reflected by large downfield shifts
of the 1H NMR frequencies of the backbone amides of Ala-121
and His-120 (Fig. 4). Furthermore, the side chain of His-120� is
in close proximity to the side chains of Glu-106 and Gln-123�,
implying electrostatic stabilization (Fig. 3E, left). Charged resi-
dues are distributed at the periphery and at the opposite side of
the interface, giving an overall negative charge to the Qua1
homodimer (Fig. 3D).

An arrangement of two antiparal-
lel helices is a common feature in a
variety of different proteins and
protein folds. However, structural
similarity searches (47) did not
reveal any structure in the Protein
Data Bank (PDB) database with a
similar perpendicular arrangement
of two helical hairpins, indicating
that the Qua1 homodimer adopts a
novel four-helix dimer topology.
Mutational Analysis of the Dimer

Interface—We confirmed the dimer
contacts seen in the structure by
mutational analysis. Various single
point mutations were designed, and
1H,15N HSQC experiments of the
corresponding proteins were re-
corded to monitor the influence of
the mutation on the overall fold.
The capability to form homodimers
was determined by analysis of
apparent local correlation times,
�c
app, estimated from the 15N relax-

ation data. The �c
app values reflect

the size of the protein tumbling in
solution, and the distribution of
�c
app therefore allows estimating the

ratio between the monomeric and
the dimeric forms (supplemen-
tal Fig. 4).
Mutation of Phe-118 (F118S)

leads to a virtually complete loss of
structure and dimerization (Fig.
4A). Remarkably, at concentrations
above 1 mM, a small portion of the
protein can still dimerize, as indi-
cated by weak NMR signals in the

1H,15NHSQC,which reflect the folded dimer (data not shown).
The H120K variant is in slow exchange between unfolded pro-
tein and structurally intact dimer, as indicated by two sets of
signals with distinct 15N relaxation properties that are observed
in the 1H,15N HSQC spectra (Fig. 4A). The Y103S and E110A
variants maintain the overall fold, and the protein still forms
dimers (Fig. 4B). However the distribution of local correlation
times, �c

app, derived from the NMR relaxation data
(supplemental Fig. 4) is slightly decreased in both mutants when
compared with the wild type, consistent with a fast exchange
betweenmonomeric and dimeric species. The effect of the E110A
mutationondimerization ismorepronouncedas the average �c

app

measured for the E110A variant is lower than for the Y103S
mutant. The E110A Qua1 domain cannot form intermolecular
hydrogenbonds to thebackboneamidesofAla-121� andHis-120�.
This results in an upfield shift of the respective resonances seen in
the 1H,15N HSQC spectrum of the E110A mutant (Fig. 4B).
Thermal denaturation of the Qua1 mutants followed by CD
spectroscopy demonstrates that the thermal stability of the
Y103S and E110A variants is decreased when compared with

FIGURE 4. NMR spectra of wild type and mutant Sam68 Qua1. A and B, overlay of the 1H,15N HSQC
spectra of the different Qua1 mutants that disrupt the overall fold (A) or that have mainly local structural
effects (B). A, the F118S mutant is unfolded as shown by a drastically reduced chemical shift dispersion.
The typical chemical shift range for unfolded proteins is indicated by a gray box. The H120K mutant shows
two sets of NMR signals, which account for folded and unfolded moieties of the protein (see
supplemental Fig. 4). B, the mutants Y103S and E110A are folded. However, the intermolecular hydrogen
bond between the Glu-110 side chain and the backbone amides of His-120 and Ala-121 cannot form in the
E110A mutant, resulting in an upfield shift of the backbone amide resonances for those residues (indi-
cated by arrows). The E110A mutant may lead to a local rearrangement of the aromatic side chains of
His-120 and indirectly of Tyr-103, which is reflected by the overall chemical shift differences when com-
pared with the wild type protein. Similarly, the relatively large changes of the NMR chemical shifts in the
Y103S mutant may be attributed to the removal of aromatic ring current effects.
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the wild type protein (supplemental Fig. 5), although both
mutants are still mainly dimeric. In contrast, the F118S and
H120K mutants are highly unstable or already unfolded at
room temperature (data not shown).
In summary, the structure-guidedmutagenesis shows a good

correlation between the importance of contacts in the interface
and dimer formation. Specifically, the F118S mutation com-
pletely disrupts the dimer, whereas the other mutations appear
to have more local effects only destabilizing the Qua1 dimer.
Functional Qua1 Domain Is Required for Splicing Regulation

by Sam68—Sam68 has previously been shown to increase the
inclusion of the CD44 exon v5 in mRNAs produced from a
CD44v5 minigene (Fig. 5A) (13). Here, we used this assay to
investigate whether theQua1 domain is required for regulation
of splicing by Sam68. These experiments were performed in the
human astrocytic cell line U138MG because human astrocytes
were previously reported to express relatively low levels of
endogenous Sam68 (48) (supplemental Fig. 6). Overexpression
ofwild type full-length Sam68 led to amore than 3-fold increase
of exon v5 inclusion (Fig. 5, B and C). As expected, a mutant
lacking the KH region, which mediates RNA binding, failed to
increase exon v5 inclusion. Interestingly, the mutant lacking
the Qua1 domain was similarly ineffective as the �KH mutant
in this assay. This demonstrates that theQua1 domain is essen-
tial for Sam68 activity in vivo. The same effect is observed for
the F118S variant, which in vitro, in the context of the Qua1
domain, does not dimerize. H120K, which is disturbed in di-
merization in vitro (supplemental Fig. 4), has significantly
reduced splicing activity. In contrast, the E110Amutant is only
slightly destabilized in vitro, and, consistently, supports alter-
native splicing almost as the wild type protein. Althoughmuta-
tion of Tyr-103 has the least effect on dimerization in vitro, it
seems to be crucial for Sam68 activity as the Y103S variant is
virtually inactive in the splicing assay.

DISCUSSION

We show that the Sam68 Qua1 domain adopts a unique
four-helix dimer fold with the two monomers stacking per-
pendicularly. The dimer interface is stabilized by a combina-
tion of hydrophobic interactions and cross-subunit hydro-
gen bonds. Residues that mediate these interactions are
highly conserved (Fig. 1A). We demonstrated that mutations
of critical residues that build the dimer interface impair the
quaternary arrangement. The Qua1 domain is highly con-
served within the STAR family, with the exception of the
loop region, implying that the Qua1 dimeric structures of
these proteins are similar.
In fact, while this manuscript was in preparation, the crystal

structure of the Gld-1 Qua1 dimer (PDB 3K6T) was reported
(49) with the same topology described here for Sam68. The two
structures superimpose verywell (backbone coordinate r.m.s.d.
1.1 Å; supplemental Fig. 7), although local differences are seen
for intermolecular contacts in the loop region, presumably
linked to its different composition.
Our results demonstrate that the Qua1 domain alone is suf-

ficient for dimerization of the Sam68 STAR domain. Although
we cannot strictly exclude additional contributions from the
KH-Qua2 domain to the dimer interface (25), it seems likely

that the Qua1 domain is the main determinant for the dimer-
ization of Sam68. In any case, our results unequivocally show
that the Qua1 domain is required for the functional activity in
splicing regulation of Sam68 in vivo. Thus, dimerization of
Sam68 is at least as important for splicing as the binding to the
target RNA itself, which is mediated by the KH-Qua2 domain.
As the surface of Qua1 is negatively charged (Fig. 3D), it is
unlikely that the Qua1 domain contributes directly to RNA
binding. Instead, Qua1 homodimerization may bring together

FIGURE 5. Mutational analysis of the Sam68 Qua1 domain reduces CD44
exon v5 inclusion in vivo. A, schematic presentation of the CD44 v5 mini-
gene organization. Black boxes display the insulin exons (Ex); the gray box
represents CD44 exon v5. PCR primer positions are indicated as arrows. Inclu-
sion of CD44 v5 leads to a PCR product with a predicted size of 361 bp,
whereas exclusion of exon v5 results in a 244-bp PCR product. B, RT-PCR
analysis of minigene splicing patterns from cytoplasmic RNA of U138MG cells
co-transfected with the CD44 v5 minigene construct pETv5 (13) and with
plasmids for expression of wild type or mutant Sam68 proteins. Cells were
co-transfected with the minigene construct and the empty vector plasmid
(pcDNA3.1) as control. The expression levels of a housekeeping gene (RNA
polymerase II) are shown for comparison. Values for exon inclusion
(expressed as the percentage of variant exon-containing RT-PCR products
relative to total RT-PCR products) are displayed. C, RT-PCR bands were quan-
tified densitometrically using the ImageJ Software. Each Sam68 protein was
assayed in three independent co-transfection experiments. The graph shows
the x-fold increase of the percentage of exon inclusion for the RT-PCR prod-
ucts in U138MG cells, relative to the control. Columns represent the mean
results of three independent experiments, and error bars represent the S.E.

Structure and Function of the Sam68 Qua1 Domain

SEPTEMBER 10, 2010 • VOLUME 285 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 28899

 at H
elm

holtz Z
entrum

 M
uenchen - Z

entralbibliothek, on N
ovem

ber 3, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M110.126185/DC1
http://www.jbc.org/cgi/content/full/M110.126185/DC1
http://www.jbc.org/cgi/content/full/M110.126185/DC1
http://www.jbc.org/cgi/content/full/M110.126185/DC1
http://www.jbc.org/


two KH-Qua2 domains for recognition of bipartite RNA se-
quences (Fig. 6), a conserved feature within the STAR family.
With respect to alternative splicing of the CD44 v5 exon,

Qua1 dimerization may serve two functions. Firstly, it could
stabilize binding to two independent RNA binding sites, one
within exon v5 and one in the preceding intron, thus promoting
splice site definition by other factors. For instance, Sam68 sta-
bilizes binding of U2AF65 to the CD44 pre-mRNA (Fig. 6),
whichhas no canonicalU2AF65binding site downstreamof the
branch point RNA sequence (9). Secondly, Sam68 appears to
promote rearrangement of the spliceosome by leaving the pro-
tein-RNA complex. It has been postulated that this is facilitated
by a reduced RNA binding affinity linked to phosphorylation
(9).
Phosphorylation of Tyr-103 might act as a possible switch in

disassembling the Sam68 dimer and thus releasing the protein
from the CD44 pre-mRNA (Fig. 6). The Y103S mutation in
Sam68 only partially affects the structural integrity in vitro (Fig.
4B, supplemental Fig. 5), whereas our in vivo splicing assays
indicate thatTyr-103 is critical for Sam68 function as it strongly
reduces exon v5 inclusion on the CD44 mRNA. The loss of
splicing activity is comparable with the F118S mutation, which
completely destabilizes the dimeric fold. This cannot be ex-
plained exclusively by the modest effect of the Y103S mutation
on dimerization of Qua1 in vitro. One possible explanation for
this paradoxmight be the potential phosphorylation of Tyr-103
by a tyrosine kinase (50). Because Tyr-103 is located close to the

edge of the dimer interface, it is in principle accessible to phos-
phorylation by a kinase. Phosphorylation could sterically inter-
fere with the dimerization. Additionally, the intermolecular
hydrogen-bond network, whichwe have shown to be crucial for
dimerization, could be disturbed by additional hydrogen-bond
acceptors and donors provided by the phosphate group. Finally,
the additional negative charge of the phosphate might lead to
repulsion of the two monomers and thereby destabilize the
dimer. Phosphorylation of Tyr-103 might thus play a role for
the Sam68 splicing activity, beyond this residue being impor-
tant for the stability of the Qua1 dimer. Future studies should
focus on understanding themolecularmechanisms of the func-
tion of the Sam68 STAR domain and its modulation by
phosphorylation.

Acknowledgments—We thank Harald König, Karlsruhe Institute of
Technology (KIT), for providing Sam68 expression vectors and CD44
minigene constructs and Serge Storz for cloning of the initial Qua1
construct. We thank the Bavarian NMR Centre (BNMRZ) for NMR
time.

REFERENCES
1. Taylor, S. J., and Shalloway, D. (1994) Nature 368, 867–871
2. Lukong, K. E., and Richard, S. (2003) Biochim. Biophys. Acta 1653, 73–86
3. Vernet, C., and Artzt, K. (1997) Trends Genet 13, 479–484
4. Najib, S.,Martín-Romero, C., González-Yanes, C., and Sánchez-Margalet,
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Structural basis for homodimerization of the Src-associated during mitosis, 
68 kDa protein (Sam68) Qua1 domain 
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Supplementary Figure 1 

 

Supplementary Figure 1: Size exclusion chromatography of Sam68 wildtype as well as Y103S, F118S, 
H120K and E110A variants. Proteins were loaded onto a Superdex 75 10/300 gel filtration column (GE 
Healthcare). Molecular weight was calibrated with standard proteins: Ribonuclease A (13.7 kDa), 
Ovalbumine (43.0 kDa monomer, 86 kDa dimer) and Conalbumine (75 kDa) (GE Healthcare). The 
retention volumes of wild type and the Y103S mutant proteins correspond well to that expected for a dimer. 
The F118S, H120K and E110A variants have a slightly increased retention volume compared to the wild 
type, which, however, does not match the retention volume expected for a globular monomeric form of the 
protein. This may reflect that the mutants are destabilized and/or unfolded resulting in an increased 
hydrodynamic radius. 
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Supplementary Figure 2 

 

 

 

Supplementary Figure 2: Paramagnetic relaxation enhancements (PREs) for the backbone amide 
protons of Qua1. Measured PREs (blue) and PREs back-calculated for the ensemble of NMR structures 
(red). For some surface protons – particularly protons located in loops and the flexible termini– the 
measured PRE is higher than calculated. This is due to chemical exchange between these protons and water 
protons. Water is coordinated to gadolinium in Gd(DTPA-BMA) and thus experiences large relaxation 
enhancements. As this water ligand exchanges with free water and then to amide protons the large 
relaxation enhancement is partly transferred. 
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Supplementary Figure 3 
 

 

Supplementary Figure 3: Ribbon representation of a Qua1 monomer. Side chains of residues, which 
stabilize the helical hairpin, are shown as sticks. 

 at H
elm

holtz Z
entrum

 M
uenchen - Z

entralbibliothek, on N
ovem

ber 3, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


 

Supplementary Figure 4 

 

 

Supplementary Figure 4: Histograms of apparent correlation times (c
app) derived from 15N 

relaxation data for Sam68 Qua1 (residues 95-135). Apparent local correlation times were calculated 
from the 15N R2/R1 relaxation rate ratios. The average c

app for the wild type Qua1 is consistent with a 
homodimer, whereas the reduced values for the mutants indicate that dimerization is disturbed. F118S, 
which is unfolded and monomeric, has the lowest average correlation time. All other mutants show 
correlation times in between those of F118S and wild type.  
Note, that the very small correlation times for wild type Qua1 arise from flexible regions of the protein. 
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Supplementary Figure 5 

 

 

Supplementary Figure 5: Thermal denaturation of Sam68 Qua1 WT and E110A and Y103S variants. 
Thermal denaturation was monitored by CD spectroscopy. The fraction of denatured protein was 

determined by measuring molar ellipticity θ at 222 nm at steps of 1 C (heating rate 2 C min-1). 
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Supplementary Figure 6 

 

 

 

Supplementary Figure 6: Sam68 expression in U138MG and HeLa cells. Western Blot analysis of 
U138MG and HeLa cell lysates show significant more endogenous Sam68 expression in HeLa cells 
compared to the astrocytic U138MG cells. GAPDH western blot served as a loading control. 
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Supplementary Figure 7 

 

 

 

Supplementary Figure 7: Superposition of the Sam68 Qua1 (red) and Gld-1 Qua1 (blue) structures. 

Backbone atoms of residues 100-114 (1), 115-116 (linker) and 117-134 (2) of Sam68 Qua1 are aligned 

with the respective residues 146-160 (1), 163-164 (linker) and 166-183 (2) of Gld-1 Qua1. The two 
structures superimpose with a backbone coordinate RMSD of 1.1 Å. The sequence identity of the Qua1 
domains of the two proteins is 23%. Note, that in the linker region only P116 is conserved. 
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