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Structural Basis for Recognition
of the Intron Branch Site RNA
by Splicing Factor 1

Zhihong Liu,™* Ingrid Luyten,’* Matthew ). Bottomley,’
Ana C. Messias,” Sophie Houngninou-Molango,?
Remco Sprangers,’ Katia Zanier," Angela Krimer,?
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During spliceosome assembly, splicing factor 1 (SF1) specifically recognizes the
intron branch point sequence (BPS) UACUAAC in the pre-mRNA transcripts. We
show that the KH-QUA2 region of SF1 defines an enlarged KH (hn RNP K) fold
which is necessary and sufficient for BPS binding. The 3’ part of the BPS (UAAC),
including the conserved branch point adenosine (underlined), is specifically
recognized in a hydrophobic cleft formed by the Gly-Pro-Arg-Gly motif and
the variable loop of the KH domain. The QUA2 region recognizes the 5’
nucleotides of the BPS (ACU). The branch point adenosine acting as the
nucleophile in the first biochemical step of splicing is deeply buried. BPS RNA
recognition suggests how SF1 may facilitate subsequent formation of the

prespliceosomal complex A.

The removal of introns from pre-mRNA tran-
scripts is catalyzed by the spliceosome (I).
Initial spliceosome assembly in higher eu-
karyotes involves cooperative binding of SF1
[or branch point binding protein (BBP)] and U2
auxiliary factor (U2AF) to intron sequences
upstream of the 3’ splice site (2, 3). SF1 spe-
cifically recognizes the BPS which is almost
invariant in Saccharomyces cerevisiae (UAC-
UAAC), but more divergent in mammals (YN-
CURAY; Y, pyrimidine; R, purine; N, any
nucleotide; the branch point adenosine is under-
lined) (4). SF1 belongs to the STAR (signal
transduction and activation of RNA) (5) family
of proteins, which share a conserved region,
QUA2 (Quaking homology 2) located COOH-
terminal to a KH domain (6). We found that the
KH-QUA2 region of SF1 adopts an enlarged
KH fold which is necessary and sufficient for
BPS binding. The BPS recognition involves
numerous STAR-specific amino acids and is
consistent with mutations that affect RNA bind-
ing in vitro and splicing (4, 7). The SF1/BPS
structure suggests how SF1 may facilitate
spliceosome assembly.

The KH-QUA2 region and a zinc knuckle
(Zn) located further COOH-terminal have been
implicated in branch site RNA binding (3, 7, 8).
Here, we have defined the minimal region of
human SF1 required for RNA recognition by
nuclear magnetic resonance (NMR) titration
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experiments with 5'-UAUACUAACAA (BPS
RNA). This RNA contains the S. cerevisiae
BPS (underlined), which also represents the
preferred BPS in mammals (9). Addition of
BPS RNA to proteins encompassing the KH-
QUAZ2 region of SF1 induces extensive chang-
es in the NMR spectra as expected for the
formation of a stable protein/RNA complex
(Fig. 1). Additional experiments demonstrate
that the KH-QUA2 region of SF1 is necessary
and sufficient for recognition of the BPS RNA
(6). Based on isothermal titration calorimetry,
the dissociation constant for the KH-QUA2/
BPS RNA complex is =1 pM, consistent with
previous reports (3).

The three-dimensional (3D) structure of
the KH-QUA2/BPS RNA complex was de-
termined using heteronuclear multidimen-
sional NMR spectroscopy (I0). Recombinant
13C,'5N-labeled SF1 KH-QUA2 was com-
plexed with unlabeled BPS RNA. Distance
restraints were derived from 3D !°N- and
13C-edited NOE spectra. RNA assignments
and intermolecular protein/RNA distance re-
straints were obtained from filtered 2D and
3D experiments (I1, 12). The structure is
very well defined by the NMR data, which
include about 300 intermolecular distance re-
straints involving 28 amino acids and 9 nu-
cleotides. An ensemble of 15 NMR structures
and a ribbon representation of the lowest
energy structure are shown in Fig. 2A.

The structure of the SF1 KH domain resem-
bles that of other KH domains [rmsd ~ 2.8 A
with Nova2 KH3 (/3) and Vigilin (14)] con-
sistent with the conservation of hydrophobic
residues (6) stabilizing the KH domain fold
(Fig. 2B). Residues 239 to 249 of QUA2 define
an amphipathic helix («4) that forms a hydro-

phobic interface with helices a1l (L155), a3
(1225) and the GPRG loop (P159) of the KH
domain (Fig. 2B). Based on secondary chemi-
cal shifts (15), the secondary structure of KH-
QUA2, including a4, is preformed and not
induced by RNA binding. The sequence con-
servation of hydrophobic core residues in the
KH and QUA2 regions (6) suggests a similar
Bl-al-a2-B2-B3-03-a4 topology for all STAR
family proteins. Thus, the KH-QUA2 region of
STAR proteins defines a novel enlarged KH
fold.

The 5’ and 3’ ends of the RNA interact with
the COOH- and NH,-terminal regions of the
KH-QUA2 protein, respectively (Fig. 2). The
BPS RNA adopts an extended single-stranded
conformation and is bound in a hydrophobic
groove between QUA2, the GPRG loop, and
the variable loop of the KH domain. Helices a1
and o2 and strand B2 of the KH domain, and
conserved residues in the QUA2 region interact
with the RNA (Figs. 2 and 3). The large RNA
binding surface (solvent-accessible surface area
buried upon complex formation ~2500 A2?) is
very hydrophobic (Fig. 2C), due to numerous
conserved aliphatic side chains that are located
at the surface of the protein. In addition, con-
served positively charged side chains flanking
the hydrophobic RNA binding groove form
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Fig. 1. The KH-QUAZ2 region of SF1 binds to the
BPS RNA. In (A) and (B), two well-resolved
regions of 'H,'SN correlation spectra for SF1
KH-QUA2 are shown in the absence (blue) and
presence (red) of BPS RNA. Amino acid assign-
ments are indicated. The backbone amide sig-
nals of R160 in the Gly-Pro-Arg-Gly motif and
of 1177 in strand B2 (B) experience very large
chemical shift changes upon RNA binding con-
sistent with their involvement in hydrogen
bonding to Ura6 and the branch point adeno-
sine Ade8 in the BPS RNA, respectively (Fig. 3).
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compensating electrostatic interactions with the
solvent-exposed phosphate backbone of the
RNA (Figs. 2C and 3).
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The KH-QUA2/BPS RNA complex is sta-
bilized by a combination of hydrophobic inter-
actions, hydrogen bonding, and electrostatic

QUA2

KH
domain
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contacts (Fig. 3A). Consistent with the conser-
vation of the branch point adenosine in the
BPS, Ade8 is specifically recognized by the KH

Fig. 2. Structure of the SF1/branch site RNA
complex. (A) Stereoview of the NMR ensemble
of the SF1 KH-QUA2/BPS RNA complex. RNA
heavy atoms are shown in red; the N, Ca, C’
trace of the protein is shown in gray and col-
ored blue for secondary structure elements. (B)
Ribbon representation of the SF1 KH-QUA2
domain bound to the BPS. Side chains of con-
served hydrophobic core residues are shown in
yellow; residues in the KH/QUA2 interface and
the QUA2 helix o4 are colored magenta. The
Gly-Pro-Arg-Gly motif and the variable loop of
the KH domain are colored green and red,
respectively. (C) Ribbon and (D) surface repre-
sentation of the KH-QUA2/BPS complex. Sec-
ondary structure elements of the KH-QUA2
protein are labeled; RNA nucleotides. are col-
ored by atom type and annotated in magenta.
The surface of the KH-QUAZ region is colored
white, blue, and red for neutral, positive, and
negative electrostatic potential, respectively.

1099



domain. Most remarkably, the N6 and N1 of
Ade8 form hydrogen bonds with the backbone
amide and carbonyl oxygen of 1177, which
mimic the Watson-Crick functional groups of a
uridine. Another hydrogen bond is found be-
tween the 2’ hydroxyl of Ade7 and the N7 of
Ade8. In combination, this pattern of hydrogen
bonds uniquely specifies an adenosine base at
this position. Consistently, the branch point
adenosine is strictly conserved, and mutation to
any other base abolishes SF1 binding (4). The
sugar puckers and base stacking between Ade8,
Cyt9, and Adel0 resemble an A-helical confor-
mation. Ade8 is surrounded by conserved ali-
phatic side chains (1157, L164, 1175, 1177,
V183) of the KH domain (Fig. 3B). A L164N
mutation in SF1 decreases the RNA binding
affinity by 50% (7). The L164N mutation di-
rectly destabilizes the RNA interaction and
does not affect the 3D fold of the KH domain
[based on NMR spectra (15)]. In contrast, the
corresponding mutation in KH2 of FMRI,
which is associated with the Fragile X syn-
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drome, affects the KH fold in vitro (16, 17).
A potential w-cation interaction (I8) be-
tween the Ade7 base and the side chain of K184
(Fig. 3C) is consistent with the preference for
purine bases at this position in both the S.
cerevisiae and mammalian branch sites. A
K184A mutation abolishes RNA binding (Fig.
4), demonstrating the importance of this inter-
action. The phosphates of Ade7 and Ade8
closely approach the peptide backbone near the
158GPRG!®! loop. Consequently, a G161D mu-
tation almost eliminates RNA binding (7), and
mutation (R160E) of the R160 side chain,
which contacts the 3’ phosphate of the branch
point adenosine (Ade8) (Fig. 3B), severely re-
duces RNA binding (Fig. 4). The N6 of Ade7
interacts with the side chain of the conserved
E149, which is positioned via a hydrogen bond
with the backbone amide of 1150 (Fig. 3C).
Analysis of the structure also explains the
conservation of Ura6 in the BPS. Ura6 is locat-
ed at the interface between the KH and QUA2
domains (Fig. 3D). The Ura6 base interacts

- hydrophobic interaction
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with 1244 and 1247 in the QUA2 helix (o4)
and closely approaches the peptide backbone of
helix ol consistent with the conservation of
G154. The imino proton of Urab is positioned
to form a hydrogen bond with the backbone
amide of L155. Together with steric constraints,
these interactions are specific for uridine, con-
sistent with the conservation of this nucleotide
and the loss of SF1 binding with a Ura6Ade
mutant branch site (4). The sugar of Ura6
stacks with P159 in the GPRG loop and is
stabilized by a hydrogen bond between its 2'-
OH and the backbone amide of R160 (Fig. 3D).
Both the sugar and base of Cyt5 exhibit numer-
ous hydrophobic contacts with the exposed al-
iphatic side chains of 1.244 and 1.247. Consis-
tent with this, the L244A or L247A mutations
decrease the RNA interaction (Fig. 4). N151 is
positioned to recognize the Watson-Crick face
of Cyt5, consistent with reduced RNA binding
of a N151A mutant protein (Fig. 4). Residues in
the QUA2 region (1244, 1247, T253, 1254,
R255) interact with Ade2, Aded, and Cyt5.
These interactions seem less important, because
mutation of Ade4 or Cyt5 to guanosine in the
BPS (4), or the L254A and R255A mutations in
KH-QUA2 (Fig. 4), have smaller effects on
SF1 binding.

The structure described herein provides the
first example for sequence-specific recognition
of the conserved single-stranded BPS RNA.
The complex of the Nova2-KH3 domain bound
to a stem-loop RNA (/3) is the only other
high-resolution structure showing RNA recog-
nition by a KH domain in the absence of a
QUA2 domain. In both complexes the protein/
RNA interfaces are very hydrophobic, but aro-
matic residues are not used for RNA recogni-
tion. These are likely to be general features of
KH domain/RNA interactions considering the
conservation of aliphatic amino acids and the
low abundance of aromatic residues in KH
domains. In contrast, the recognition of single-
stranded RNA by RNP domains always em-
ploys conserved aromatic residues for stacking
interactions with RNA bases (79, 20). Interest-
ingly, the recognition of Ura6-Ade7-Ade8-

Cyt9 by SF1 resembles the interaction of
Ural2-Cyt13-Ade14-Cytl5 by the Nova2-KH3
domain (/3). Notably, the Watson-Crick recog-

Fig. 3. RNA recognition. (A) Schematic overview of pro-
tein/RNA interactions. RNA nucleotides [single-letter
code (42)] and protein side chains (three-letter code) are
indicated. Hydrophobic interactions (red dotted lines),
hydrogen bonds and electrostatic interactions (dashed
blue lines) stabilizing the protein/RNA complex are
shown. (B) Recognition of the branch point adenosine
(Ade 8) and C9-A10-A11. Hydrogen bonds are indicated
by black dashed lines. (C) Recognition of Ade7 by the KH
domain. (D) Recognition of Ura6 and Cyt5 by the
158GPRG'®" loop near the KH/QUA2 interface, and by the
QUAZ helix (a4).
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Fig. 4. Mutational analysis of KH-QUA2/BPS
RNA interactions. For band shift experiments,
the BPS RNA was incubated with buffer or
wild-type and mutant SF1 proteins as indicated
(70).
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nition of adenosine by two hydrogen bonds
with the peptide backbone is mediated by
equivalent positions in the 32 strand of the KH
domains (27). However, BPS RNA binding by
SF1 requires the QUA2 region in addition to
the KH domain. Thus, the enlarged KH fold
defined by the KH-QUAZ2 region is crucial for
sequence-specific recognition of the single-
stranded 7-nucleotide BPS RNA (22).

The structure of the SF1/RNA complex pro-
vides insight into early steps of spliceosome
assembly. (i) It has been shown that binding of
U2AF65 to the polypyrimidine tract, located
downstream of the BPS, directs its Arg-Ser—
rich (RS) domain to contact the branch site (23).
The structure presented herein is compatible
with this and suggests that the positively
charged RS domain could interact with the
solvent-exposed, negatively charged phosphate
backbone of the BPS. (ii) Our NMR titrations
show that the SF1 zinc knuckle does not contact
the BPS. Thus, in contrast to a previously sug-
gested model (8), we expect that the zinc
knuckle may interact with nucleotides located
upstream of the BPS in the pre-mRNA. (iii)
The most striking feature of the SF1/BPS RNA
complex structure is that the branch point aden-
osine (Ade8) is deeply buried in a hydrophobic
pocket of the KH domain. The base of Ade8 is
oriented towards the protein and stabilized by
two hydrogen bonds with the peptide backbone,
and thus shielded from interaction with other
molecules. The next step of spliceosome assem-
bly involves the formation of a BPS/U2 snRNA
duplex (complex A), in which the branch point
adenosine is bulged out (24, 25). For duplex
formation, the complementary U2 snRNA pre-
sumably approaches the SF1/BPS complex
from its accessible, open face (Fig. 2C). The
burial of the Ade8 base constrains it in an
orientation that favors its exclusion from the
duplex with the U2 snRNA. Even though for-
mation of the BPS/U2 snRNA duplex requires
disruption of the SF1/BPS complex, the recog-
nition of Ade8 in a “prebulged” conformation is
likely to facilitate this transition and could ex-
plain the kinetic effects of SF1 during spliceo-
some assembly (26, 27). (iv) Protein/RNA rec-
ognition in the SF1/BPS complex may provide
a structural basis for human inherited diseases
that result from intronic mutations of Ura6 or
Ade8 in the BPS (28, 29).
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Mammalian TOR: A
Homeostatic ATP Sensor
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The bacterial macrolide rapamycin is an efficacious anticancer agent against
solid tumors. In a hypoxic environment, the increase in mass of solid tumors
is dependent on the recruitment of mitogens and nutrients. When nutrient
concentrations change, particularly those of essential amino acids, the mam-
malian Target of Rapamycin (mTOR) functions in regulatory pathways that
control ribosome biogenesis and cell growth. In bacteria, ribosome biogenesis
is independently regulated by amino acids and adenosine triphosphate (ATP).
Here we demonstrate that the mTOR pathway is influenced by the intracellular
concentration of ATP, independent of the abundance of amino acids, and that

mTOR itself is an ATP sensor.

The survival of organisms is dependent on
their ability to maintain cellular homeostasis.
Environmental cues are deciphered by cellu-
lar regulatory elements, which adjust an or-
ganism’s metabolic state to reflect external
conditions. The phosphatidylinositide kinase—
related family of protein kinases contains a
number of critical effectors that sense envi-
ronmental factors that control the ability of an
organism to survive. One member of the fam-
ily is mTOR, which resides at the interface
between nutrient sensing and the regulation
of major metabolic responses (/-3). Depend-
ing on mitogen and amino acid availability,
mTOR positively regulates translation and
ribosome biogenesis while negatively con-
trolling autophagy (1), suggesting that mTOR
sets protein synthetic rates as a function of
the availability of translational precursors (4,
5). In response to mitogens and amino acids,
mTOR phosphorylates and controls the activ-
ities of two key translational regulators, S6
kinase 1 (S6K1) and initiation factor 4E bind-
ing protein (4E-BP1) (2). However, changes
in mTOR activity in vitro, after either mito-
gen or amino acid treatment, have been small
and controversial (2, 3). The importance of
understanding the molecular mechanisms that
control mTOR function is underscored by
recent phase 1 clinical trials showing that
rapamycin is efficacious in the treatment of
solid tumors in patients with metastatic renal
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cell carcinoma and non-small cell lung, pros-
tate, and breast cancer (6).

Protein synthesis is the major energy-con-
suming process in the cell (7). In bacteria,
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protein synthesis and cell growth are linked
by ribosome biogenesis, which is indepen-
dently controlled by amino acid and adeno-
sine triphosphate (ATP) availability (8). Be-
cause mTOR is sensitive to amino acids and
regulates ribosome biogenesis (/-3), we test-
ed its activity for sensitivity to alterations in
intracellular ATP concentrations. We used
insulin-induced S6K1 activation and 4E-BP1
phosphorylation as reporters for mTOR func-
tion in the presence of glycolytic or mito-
chondrial inhibitors (9). The glycolytic inhib-
itor 2-deoxyglucose (2-DG) was more effec-
tive in inhibiting S6K1 Thr38° phosphoryl-
ation and S6K1 activation than was the
mitochondrial inhibitor rotenone (Fig. 1A).
Similar results were obtained when an
mTOR-mediated phosphorylation site in 4E-
BP1 (Ser®5) was measured (Fig. 1B) and
when iodoacetic acid and dinitrophenol were
used as glycolytic and mitochondrial inhibi-
tors, respectively (10). The effectiveness of
each agent in inhibiting S6K1 activation par-
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representative of at least three independent experiments.
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