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Abstract: The TAR RNA-binding Protein (TRBP) is a double-stranded RNA (dsRNA)-binding protein,
which binds to Dicer and is required for the RNA interference pathway. TRBP consists of three
dsRNA-binding domains (dsRBDs). The first and second dsRBDs (dsRBD1 and dsRBD2, respectively)
have affinities for dsRNA, whereas the third dsRBD (dsRBD3) binds to Dicer. In this study, we
prepared the single domain fragments of human TRBP corresponding to dsRBD1 and dsRBD2 and
solved the crystal structure of dsRBD1 and the solution structure of dsRBD2. The two structures
contain an a—p—p—p—a fold, which is common to the dsRBDs. The overall structures of dsRBD1 and
dsRBD2 are similar to each other, except for a slight shift of the first o helix. The residues involved
in dsRNA binding are conserved. We examined the small interfering RNA (siRNA)-binding properties
of these dsRBDs by isothermal titration colorimetry measurements. The dsRBD1 and dsRBD2
fragments both bound to siRNA, with dissociation constants of 220 and 113 nM, respectively. In
contrast, the full-length TRBP and its fragment with dsRBD1 and dsRBD2 exhibited much smaller
dissociation constants (0.24 and 0.25 nM, respectively), indicating that the tandem dsRBDs bind
simultaneously to one siRNA molecule. On the other hand, the loop between the first o helix and the
first p strand of dsRBD2, but not dsRBD1, has a Trp residue, which forms hydrophobic and cation-n
interactions with the surrounding residues. A circular dichroism analysis revealed that the thermal
stability of dsRBD2 is higher than that of dsRBD1 and depends on the Trp residue.
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Introduction

RNA interference (RNAi) is an evolutionarily con-
served gene silencing mechanism, which uses 21-23
nucleotide small RNAs for target RNA determina-
tion. There are two major classes of small RNAs
involved in RNAi, micro RNA (miRNA) and small
interfering RNA (siRNA). miRNAs are derived from
pre-miRNA hairpins and have mismatches in the
duplex, whereas siRNAs are derived from long
dsRNAs and have no mismatches in the duplex.’
These small RNA duplexes are generated by Dicer,
an RNase III enzyme.? Humans have a single Dicer
species, which generates both miRNAs and siRNAs,
whereas other organisms have multiple Dicer spe-
cies for different substrates.®* These small RNA
duplexes are loaded into Argonaute (Ago), which is
the effector protein of the RNA-induced silencing
complex and are then separated into single
strands.>® Only one strand of the duplex is retained
by Ago, and it causes the cleavage (siRNA) or trans-
lational suppression (miRNA) of the complementary
target RNA.L7

In many organisms, Dicer binds partner pro-
teins with double-stranded RNA-binding domains
(dsRBDs).® In human, the partner proteins are the
TAR RNA-binding protein (TRBP) and its homolo-
gous protein, PACT.>!! TRBP was initially identi-
fied by its affinity for HIV TAR RNA and was subse-
quently revealed to participate in RNAi.'> TRBP
consists of three dsRBDs. The first and second
dsRBDs (dsRBD1 and dsRBD2, respectively) have
similar amino acid sequences and can bind dsRNA.!3
In contrast, the third dsRBD (dsRBD3) lacks several
of the conserved RNA-binding residues. Therefore,
dsRBD3 cannot bind RNA but binds to Dicer.!%-41°

It has been suggested that TRBP promotes the
RNAi pathway. TRBP facilitates small RNA produc-
tion by stabilizing Dicer and/or upregulating its
enzymatic activity, whereas human Dicer can cleave
substrate RNAs without TRBP.'*"® Moreover, the
Dicer- TRBP complex may pass the produced siRNA
duplex on to Ago.»1%192° In this function of TRBP,
the interactions of the TRBP dsRBD1 and dsRBD2
with siRNA are important, as TRBP binds siRNA
more efficiently than Dicer.?° The single-particle
EM structure of the complex of Dicer, TRBP, and
Ago2 (a member of the Ago family) was reported,
and the mechanisms of siRNA transfer from Dicer to
Ago2 were discussed.?! Recently, the crystal struc-
ture of the complex between the TRBP dsRBD2 and
dsRNA was reported and revealed the manner of
canonical RNA-binding by dsRBD2.%?

In this study, we determined the crystal struc-
ture of dsRBD1 and the solution structure of
dsRBD2. Our results indicated that dsRBD1 is quite
similar to dsRBD2, with respect to the tertiary
structure and the manner of dsRNA-binding without
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a conformational change. An isothermal titration
calorimetry (ITC) analysis revealed that the two
dsRBDs simultaneously bind to an siRNA molecule
to achieve high affinity. Furthermore, a circular
dichroism (CD) analysis showed that the thermal
stability of dsRBD2 is higher than that of dsRBD1,
in which the evolutionarily “sporadic” tryptophan
residue in dsRBD2 plays an important role.

Results and Discussion

The tertiary structures of the dsRBD1 and
dsRBD2 fragments from human TRBP

We prepared the dsRBD1 and dsRBD2 fragments
derived from human TRBP [Fig. 1(A)]. The amino
acid sequences of these two dsRBDs [Fig. 1(B)] share
35% identity and 45% similarity. The structure of
dsRBD1 was solved by X-ray crystallography
[Fig. 1(C)], whereas that of dsRBD2 was determined
by NMR spectroscopy [Fig. 1(D)]. Both dsRBD1 and
dsRBD2 have an a—B—p—p—a fold, in which the two
o helices pack against one face of the three-stranded
antiparallel B sheet, a common feature of the
dsRBDs [Fig. 1(B)].22 The overall structures of the
two dsRBDs are also similar to each other, except
for a slight shift of the first o helix (al helix)
[Fig. 1(E)]. The root mean square deviation (RMSD)
between the dsRBD1 and dsRBD2 structures was
1.2 A for 56 C* atoms. Both dsRBD fragments are
monomeric in the determined structures, in agree-
ment with their gel filtration chromatography pro-
files (data not shown).

Comparison with the structure of the human
TRBP dsRBD2-dsRNA complex

The present solution structure of the dsRBD2
fragment [Fig. 1(D)] was compared with the previ-
ously reported crystal structure of a human TRBP
dsRBD2 fragment in complex with a nicked dsRNA22
[Fig. 2(A)]. The RNA-free and RNA-bound structures
of dsRBD2 superposed well on each other (RMSD of
0.8 A for 63 C* atoms) [Fig. 2(B)]. Therefore, the
TRBP dsRBD2 binds dsRNA without any particular
conformational change, in a similar manner as other
dsRBDs.?%%° The overall structure of dsRBD2 in
complex with dsRNA also resembles that of dsRBD1
(RMSD of 0.9 A for 54 C* atoms), but the above-
mentioned shift of the ol helix is still characteristic
of the dsRBD1 structure, when compared with the
RNA-free and RNA-bound dsRBD2 structures. The
RNA-binding residues in dsRBD2 are well conserved
in dsRBD1 [Fig. 2(C)]. Therefore, we built a dsRNA
docking model of dsRBD1 [Fig. 2(D)], on the basis of
the dsRBD2-dsRNA complex structure. The residues
with side chains that directly interact with dsRNA
in the dsRBD2-dsRNA complex, and the correspond-
ing residues in dsRBD1, are shown in stick repre-
sentations in Figure 2(A,D), respectively. In the
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Figure 1. Structures of the dsRBD1 and dsRBD2 fragments from human TRBP. (

A) Schematic diagram of human TRBP.

(B) Sequence alignment of various dsRBDs. The dsRBD sequences from H. sapiens (Hs) TRBP (dsRBD1 and dsRBD2), X.
laevis (XI) XIRBP?* (dsRBD2), A. aeolicus (Aa) RNase II,2° E. coli (Ec) RNase Ill, Hs DGCR8%® (dsRBD1 and dsRBD2), R.
norvegicus (Rn) ADAR2%” (dsRBD1 and dsRBD2), and D. melanogaster (Dm) Staufen®?23 (dsRBD3) are aligned, based on the
secondary structures. Identical residues are shaded in red or yellow. Similar residues are shown with red letters. The
secondary structure elements are represented with pink cylinders (o helices) and green arrows (§ strands). The Trp152 residue
in the TRBP dsRBD2 and its equivalent in the X/ XIRBP dsRBD2 are shaded in green. (C, D) Ribbon representations of the
crystal structure of dsRBD1 (C) and the NMR structure of dsRBD2 (D) from human TRBP. Residues 15-81 in dsRBD1 and
residues 138-205 in dsRBD2 are shown. Residues 35-37 in dsRBD1 were invisible. The N- and C-terminal ends of this loop
section are connected by a dotted line. (E) Superimposition of the structures of dsRBD1 (cyan) and dsRBD2 (magenta).

docking model of dsRBD1, the side chains of GInl4,
Glulb, Lys59, and Lys63 are modified so that they
point in the same directions as those of GIlnl44,
Glul45, Lys189, and Lys193 in dsRBD2, respectively.
By contrast, the dsRBD2-dsRNA complex structure
and the docking model of the dsRBD1-dsRNA com-
plex exhibited two differences that might affect the
RNA-binding of the dsRBDs. One is the shift of the
ol helix, and the other is the replacement of Arg194
in dsRBD2 by His64 in dsRBD1. However, as shown
in Figure 2(D), the expected dsRNA-binding residues
in dsRBD1, GIn14, and Glul5 are located sufficiently
near the dsRNA and are therefore expected to inter-
act with the dsRNA in a similar manner to Gln144
and Glul45, respectively. On the other hand, the
side chain of His64 in dsRBD1 is oriented toward
the dsRNA and seems to interact with it [Fig. 2(E)].
Therefore, dsRBD1 and dsRBD2 are expected to
bind dsRNA in a similar manner, although their
affinities may differ to some extent.

ITC measurements

We measured the affinities of dsRBD1 and dsRBD2
for siRNA, using various fragments of human TRBP
(Fig. 3). Because the RNA affinities of single dsRBD
fragments from human TRBP had been examined
only with the TAR RNA,'® it was unclear whether
dsRBD1 and/or dsRBD2 bound siRNA, which is
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shorter and structurally simpler than the TAR RNA.
In this study, ITC experiments were performed, by
titration of the protein solution into the siRNA solu-
tion. The data were analyzed according to a one-site
binding model, on the assumption that the multiple
dsRBDs can bind one siRNA molecule independently
and simultaneously. The generated curves fit well to
the experimental data (Fig. 4). The dissociation
constant (Ky) of the wild-type dsRBD1 fragment
(D1-WT) and that of the wild-type dsRBD2 fragment
(D2-WT) were 220 and 113 nM, respectively, and
their stoichiometry factors were both ~2 [Figs. 3
and 4(A,B)]. The twofold stronger affinities of the
dsRBD2 may be derived from the structural varia-
tions between the two fragments, as described
above. The reported K4q values of dsRBD1 and
dsRBD2 for the TAR RNA are about 8 p and 59 nM,
respectively.’> Thus, the affinities of dsRBD1 for
these two RNA species are quite different, whereas
those of dsRBD2 are similar to each other. dsRBD1
may be sensitive to the tertiary structures, such as
the bulges or mismatches present in the TAR RNA
or may have been affected by the different experi-
mental conditions (ITC versus gel-shift assay or His-
tag versus MBP-tag).

Next, we generated triple point mutants of
the dsRBD fragments: His37, Lys59, and Lys63 in
dsRBD1 and His167, Lys189, and Lys193 in dsRBD2,

Structures of the First and Second dsRBDs of Human TRBP
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Figure 2. Comparison of the dsRNA-binding surfaces of the dsRBDs. (A) Structure of the TRBP dsRBD2-dsRNA complex?°
(PDB ID: 3ADL). The residues with side chains that directly interact with dsRNA are shown in stick representations. The
hydrogen bonds are shown by dashed lines. (B) Superimposition of the dsRBD structures of dsRBD1 (cyan), and the RNA-
free and RNA-bound structures of dsRBD2 (magenta and yellow, respectively). (C) Sequence alignment of dsRBD1 and
dsRBD2 of TRBP. The dsRNA-binding residues are indicated with arrowheads. The conserved dsRNA-binding residues are
shaded in yellow. (D) Docking model of the TRBP dsRBD1 with dsRNA. (E, F) Detailed views of the dsRNA-binding surfaces.

all were mutated to Ala (D1-mutant and D2-mutant,
respectively) [Figs. 2(C) and 3]. As discussed above,
these residues are expected to bind dsRNA and are
conserved in dsRBD1 and dsRBD2. For both dsRBD
fragments, the triple mutation abolished the affinity
for siRNA [Figs. 3 and 4(C,D)]. The triple mutation
was also introduced into dsRBD1 and/or dsRBD2 in
the full-length protein. The full-length TRBP with
the triple mutant dsRBD2 (FL-M2) and the full-
length TRBP with the triple mutant dsRBD1 (FL-
M1) have the wild-type dsRBD1 and dsRBD2, respec-
tively, and showed similar binding patterns to those
of DI-WT and D2-WT, respectively [Figs. 3 and
4(E,F)]. Consequently, the presence of the other two
domains does not interfere with dsRBD1 or dsRBD2.
The titration of the full-length TRBP with the triple
mutations in both dsRBD1 and dsRBD2 (FL-M12) did
not yield any detectable binding heat, which is con-
sistent with the inability of dsRBD3 to bind
dsRNA15 [Figs. 3 and 4(G)].

Interestingly, the heat change profile of the
wild-type full-length TRBP (FL-WT) was different
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from those of the other proteins containing one or no
active dsRBDs and indicated the two modes of bind-
ing [Figs. 3 and 4(E)]. Therefore, we analyzed the
data using a two-site binding model and obtained a
well-fitted curve. The K4 values for the first and sec-
ond binding modes were 0.24 and 13.3 nM, respec-
tively. The stoichiometry factors for both were ~1.
The dsRBD3-deleted mutant (D12-WT) showed the
similar two-mode binding manner to that of FL-WT.
The Ky values for the two binding modes were 0.25
and 121 nM, respectively, and the stoichiometry fac-
tors for both modes were ~1 [Figs. 3 and 4(I)]. The
affinity of the dsRBD3-deleted TRBP for siRNA in
our experiment was similar to the previously
reported value (0.77 nM).'®> These quite small Ky
values and the stoichiometry factors of ~1 in the
first binding mode indicate that dsRBD1 and
dsRBD2 in TRBP simultaneously bind to one siRNA
molecule and enhance the affinity for siRNA, inde-
pendently of dsRBD3. An siRNA molecule with 19
base pairs appears to lack sufficient room for both
dsRBDs of the second protein molecule to bind

PROTEIN SCIENCE ‘ VOL 20:118-130 121
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Figure 3. ITC measurements. The list of the K4 values and the stoichiometry factors of the various TRBP constructs. For
FL-WT and D12-WT, the K4 values for the first and second binding modes are represented by K41 and K42, respectively. The
triple mutations of H37A, K59A, and K63A in dsRBD1 and those of H167A, K189A, and K193A in dsRBD2 are represented

by “mut.”

simultaneously and in the same manner as the first
binding mode, which might explain why the affinity
of the second binding mode is much lower than that
of the first binding mode.

Dimer dissociation analysis of the

full-length TRBP

The present ITC experiments indicated that TRBP
binds siRNA as a monomer. On the other hand,
TRBP reportedly forms dimers in solution.!%°
Therefore, we examined the dimerization of the full-
length TRBP protein. First, we performed gel filtra-
tion chromatography experiments with various con-
centrations of protein solutions, from 0.5 to 40 uM
[Fig. 5(A)]. The elution peak shifted backward at
lower TRBP concentrations, indicating that the
TRBP dimer dissociates into monomers at these con-
centrations. Next, we performed an analytical ultra-
centrifugation analysis. The TRBP solution, at a
concentration of 38 M, was analyzed by the sedi-
mentation equilibrium method. The monomer—dimer
equilibrium of TRBP, with a molecular mass of 38
kDa, gave a Ky value of 54 M, whereas the molecu-
lar mass predicted using a single ideal species model
was 52 kDa [Fig. 5(B)]. This large K4 value of 54 uM
is consistent with the results from our gel filtration
chromatography analysis. The present ITC measure-
ments were performed at a concentration of around
1 uM, and the majority of the TRBP was monomeric.
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Therefore, our finding that TRBP binds siRNA as a
monomer is consistent with the weak dimerization
of TRBP.

The hydrophobic residue in the L1 loop

Unlike dsRBD1, dsRBD2 has an extra tryptophan
residue (Trpl152) in the loop between the ol helix
and the P1 strand [the L1 loop; Figs. 1(B) and
6(A-D)]. The side chain of Trp152 protrudes into the
hydrophobic pocket consisting of Lys150, Glul78,
Argl79, Phel80, and Val204. These interactions
involve cation-n interactions®* between the aromatic
ring of Trp152 and the positively charged side chain
of Lys150. On the other hand, dsRBD1 has neither
the Trpl52 equivalent in the L1 loop nor the sur-
rounding residues.

Similar interactions involving the tryptophan
residue also exist in the second dsRBD (dsRBD2) of
XIRBP, which is the TRBP homolog in Xenopus laevis
[PDB ID: 1DI2, Fig. 6(E)1*® and the dsRBD of Aqui-
fex aeolicus RNase III [PDB ID: 1RC7, Fig. 6(F)].2!
These interactions, which occur on the opposite side
of the dsRNA-binding surface, seem to contribute to
the stabilization of the domain structure.

We generated two substitution mutants,
Trpl52Ala and Trpl152Val, and the Trpl52-deleted
mutant of the dsRBD2 fragment (D2-W152A, D2-
W152V, and D2-W152del, respectively). We exam-
ined the CD spectra of the three mutant dsRBD2

Structures of the First and Second dsRBDs of Human TRBP
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Figure 7. CD spectroscopy of the dsRBD fragments. (A) The far-UV CD spectra of the dsRBD fragments. The spectra
measured at every 5 degrees from 25 to 80°C are superposed. (B) Denaturation curves of D1-WT (cyan closed triangles), D2-
WT (magenta squares), D2-W152A (orange circles), and D2-W152V (green open triangles). The normalized ellipticities at 222

nm are plotted as a function of temperature.

fragments, as well as the wild-type dsRBD1 and
dsRBD2 fragments (D1-WT and D2-WT, respec-
tively), while raising the temperature from 25 to
80°C. The peak intensities around 222 nm of D1-
WT, D2-WT, D2-W152A, and D2-W152V decreased
as the temperature increased. On the other hand,
the peak intensity of D2-W152del did not signifi-
cantly change throughout the measurement, indicat-
ing that D2-W152del was unfolded at 25°C. We
compared the stability of the proteins with the dena-
turation curves [Fig. 7(B)]. D2-WT denatured at a
much higher temperature than D1-WT. The D2-
W152A and D2-W152V mutants were unfolded even
at lower temperatures than D1-WT. Taken together,
these results indicate that dsRBD2 is more thermo-
stable than dsRBD1, depending on the Trp residue.
We obtained the dsRBD sequences from the
Pfam database®? and examined the hydrophobic resi-
dues at these positions. Among the 113 sequences
grouped as the seed sequences (the representative
members of the family) of DSRM (double-stranded
RNA recognition motif), 10 sequences have Trp and
8 sequences have Phe at the corresponding positions
[Fig. 8(A)]. One of the sequences with the Trp is the
TRBP dsRBD2 homolog in Danio rerio (95.4% iden-
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tity). Interestingly, the Trp residue is strongly corre-
lated with Arg or Lys at the prior position, whereas
Phe lacks such a detectable correlation. This prefer-
ence may reflect the importance of the cation-n
interaction between Trp and Lys/Arg, as the cation-n
interaction with Phe is weaker than that with Trp.5?
Next, we prepared the phylogenic tree consisting of
TRBP dsRBD1, TRBP dsRBD2, and the 113 dsRBDs
from the Pfam database. As shown in Figure 8(B),
the dsRBDs with the Trp residue are widely and
sporadically distributed. Therefore, the presence of
these hydrophobic residues in the L1 loop may be a
consequence of convergent evolution.

In this study, we solved the structures of
dsRBD1 and dsRBD2 from human TRBP. The char-
acteristic Trp residue in dsRBD2 contributes to its
higher thermostability, when compared with that of
dsRBD1. On the other hand, the two dsRBDs share
similar dsRNA binding surfaces, with well-conserved
residues, and dsRBD1 and dsRBD2 exhibited similar
binding affinities for siRNA. This observation is in
sharp contrast to the vastly different affinities
between the two dsRBDs reported for the TAR RNA.
The two dsRBDs in the full-length TRBP bind simul-
taneously to a single siRNA molecule, which results
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Figure 8. Sequence analysis of the dsRBDs with the Trp152 equivalents. (A) Sequence alignment of the dsRBDs with Trp or
Phe at the positions corresponding to that of Trp152 in the human TRBP dsRBD2. These Trp and Phe residues are shaded in
green and cyan, respectively. The Lys/Arg residues at the position prior to the Trp or Phe residue are shaded in blue.

(B) Phylogenic tree of the dsRBDs. The sequences were aligned using Clustal W3* and adjusted manually. The phylogenic
tree was produced by TreeView.®® The branches leading to the dsRBDs with the Trp residue (including TRBP dsRBD2) and
that leading to the TRBP dsRBD1 are colored red and cyan, respectively.
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in the subnanomolar dissociation constant. It will be
interesting to study how siRNA is transferred from
TRBP to Argonaute, on the basis of the siRNA bind-
ing properties of the tandem dsRBDs of TRBP.

Materials and Methods

X-ray sample preparation

The c¢DNA fragment encoding the TRBP dsRBD1
(residues 1-84) was cloned into the pGEX-6P plas-
mid (GE Healthcare). The dsRBD1 was expressed
with a GST-tag, a prescission protease cleavage site
and a Leu-Gly-Ser-His sequence at the N-terminus.
For overexpression, E. coli strain Rosetta(DE3)
(Novagen) was used as the host. After lysis by soni-
cation, the protein was isolated by GST affinity chro-
matography, and then the GST-tag was removed by
proteolysis. Subsequent cation-exchange chromatog-
raphy and size exclusion chromatography yielded
the highly purified dsRBD1. The dsRBD1 sample for
crystallization was concentrated to 6.0 mg ml! in
20 mM Mes-NaOH buffer (pH 6.0), containing 100-
mM NaCl and 1-mM DTT. The crystal used for data
collection was obtained by mixing 0.7 pL of the
dsRBD1 solution and 0.7 pL of the reservoir solution
[1.44M sodium malonate (pH 7.0; Hampton
Research), 200 mM AmSO,, and 0.5% isopropanol].
Crystals were grown by the sitting-drop vapor-
diffusion method at 293 K.

X-ray structure determination

For data collection, the crystals were harvested,
soaked in 3.0M sodium malonate (pH 7.0), and
flash-cooled in a liquid nitrogen stream. The data
set was collected at the beamline NW12A of the Pho-
ton Factory (Tsukuba, Japan),and was processed
with HKL2000.3¢ The dsRBD1 crystal belonged to
the space group P3;, with unit cell parameters of a
=b = 51.2 A, ¢ = 42.8 A. The initial phase was
solved by the molecular replacement method with
Phaser,?” using the polyalanine model of the Aquifex
aeolicus RNase III structure (PDB ID: 1RC7, resi-
dues 151-220) as the search model. The polyalanine
model was generated by MOLEMAN2.2® The re-
mainder of the structure was built automatically
with ARP/WARP?° and modified manually with
Coot.*® The refinement was performed with Refmac
and CNS*! to 2.14 A resolution. The Ryorc and Rpeee
values were converged to 18.5 and 23.3%, respec-
tively. The crystallographic asymmetric unit con-
tained two dsRBD1 molecules, which were similar to
each other, with an RMSD of 0.3 A for 62 C* atoms.
The RMSDs were calculated by Superpose.*? Some
residues were invisible because of disorder, and the
final model includes residues Gly7-Glu33 and
Pro39-Lys75 in the A chain and Gly7-Gly34 and
GIn38-Lys75 in the B chain. The quality of the
structures was analyzed using PROCHECK.*3
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Table 1. Structural Statistics of the dsRBD1 of TRBP

Native

Data collection
Space group P3,

Cell constant (A) a=>b=512,
c=424
Wavelength (A) 1.00000
Resolution range (A) 50-2.14 (2.22-2.14)
Reflections 6917
Completeness® 100 (100)
Rierge™ 0.152 (0.807)
I/c® 12.2 (2.3)
Redundancy® 5.8 (5.7)
Structural refinement
Total protein atoms 985
Total solvent atoms 40
Resolution range A) 44.3-2.14
Ry’ (%) 18.5
Riree” (%) 23.3
RMSD from ideality
Bond lengths (A) 0.0069
Bond angles (°) 1.2
Ramachandran plot®
Residues in most-favored regions (%) 94.3
Residues in additionally 5.7
allowed regions (%)
Residues in generously 0.0
allowed regions (%)
Residues in disallowed regions (%) 0.0

? Rmerge = »_ | Lov—Ii1/3 I, where I, is the average of all
individual observations I;. Values in parentheses are for
the highest-resolution shell.

b R vork/free =>"1Fo —Fcl/> Fo, where the crystallographic
R-factor is calculated including and excluding refinement
reflections. In each refinement, free reflections consist of
5% of the total number of reflections.

¢ From PROCHECK.

Details of the experimental data and the structural
statistics are summarized in Table I.

NMR sample preparation

The ¢cDNA fragment encoding the TRBP dsRBD2
(residues 129-204) was cloned into the pCR2.1 vec-
tor (Invitrogen). The dsRBD2 was expressed with a
His6-tag, a TEV protease cleavage site, a (Gly-Gly-
Ser),-Gly sequence at the N-terminus and a Ser-Gly-
Pro-Ser-Ser-Gly sequence at the C-terminus. The
15N, 13C-labeled TRBP dsRBD2 used for NMR
experiments was synthesized by the cell-free protein
expression system.* After the reaction, the protein
was isolated by Ni affinity chromatography, and
then the His6-tag was removed by proteolysis. Sub-
sequent cation-exchange chromatography yielded
the highly purified dsRBD2. The TRBP dsRBD2
sample for NMR experiments was concentrated to
1.15 mM in 20 mM Tris-HC1 buffer (pH 7.0), con-
taining 100 mM NaCl, 1 mM DTT, and 0.02% NaN3
in 90% Hy0-10% *H,0.

NMR spectroscopy
Triple resonance spectra were recorded at 298 K on
a Bruker AVANCE 700-MHz NMR spectrometer.
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NMR spectra were processed with NMRPipe/
NMRDraw.?® Spectral analysis was performed with
KUJIRA,*® a program suite for interactive NMR
analysis working with NMRView,*” according to the
methods described previously.*® Backbone and side-
chain 'H, '®N, and '3C resonances of the proteins
were assigned by standard double- and triple-
resonance NMR experiments. %51 Distance
restraints were derived from three-dimensional (3D)
15N-separated and '2C-separated nuclear Over-
hauser effect spectroscopy (NOESY)-HSQC spectra,
each measured with a mixing time of 80 ms.

NMR structure calculations

Structure calculations of the TRBP dsRBD2 were
performed using the program CYANA2.0.17.5%754
The structure calculations started from 100 random-
ized conformers and used the standard CYANA
simulated annealing schedule, with 15,000 torsion
angle dynamics steps per conformer. The 20 con-
formers with the lowest final CYANA target function
values were subjected to restrained energy minimi-
zation in implicit solvent (generalized Born solvation
model) with the program AMBER9, using the
AMBER 2003 force field.®® The number of energy
minimization steps was 2,000. Force constants of 32
keal mol ' A2 for distance restraints, 60 kcal mol™!
rad~2 for torsion angle restraints and 50 kcal mol !
rad 2 for ® angles were used in the energy minimi-
zation. The 20 lowest energy conformers were then
used for further analyses. The quality of the struc-
tures was analyzed using PROCHECK-NMR.?®
Detailed experimental data and structural statistics
are summarized in Table II.

Sample preparation for the biochemical
analyses
The sequences of the chemically synthesized siRNAs
(Takara Bio) were 5-UGAGGUAGUAGGUUGUAU
AGU-3" and 5-UAUACAACCUACUACCUCAUU-3'.
The c¢cDNA fragments encoding the full-length
TRBP (residues 1-345), the dsRBD1 fragment (resi-
dues 1-84), the dsRBD2 fragment (residues 121-213),
and the dsRBD3-deleted fragment (residues 1-213)
were cloned into pCold II (Takara Bio). The mutants
were generated with a QuikChange mutagenesis kit
(Stratagene) or by the overlap PCR method. The pro-
teins were expressed with a Met-Asn-His-Lys-Val
sequence and a His6-tag at the N-terminus. The
dsRBD2 fragments contain an extra Met residue
derived from the vector sequence just after the His6-
tag. For overexpression, E.coli strain Rosetta(DE3)
was used as the expression host. After lysis by
sonication, the proteins were isolated by Ni affinity
chromatography and subsequent cation-exchange
chromatography. The D1-WT, D2-WT, FL-WT, FL-M1,
FL-M2, D12-WT, D2-W152A, D2-W152V, and D2-
W152del proteins were further purified by heparin
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Table II. Structural Statistics of the dsRBD2 of TRBP

Wild-type
Constraints for final structure calculations
No. of NOE distance restraints 1239
Intraresidue 0
Sequential (17 —jl = 1) 655
Medium range (1 < i —jl < 5) 222
Long range (li —j1 > 5) 362
No. of dihedral angle restraints®
¢ angles 52
 angles 50
¥ angles 25
No. of hydrogen bond restraints® 34
Ensemble statistics (20 structures)
Mean number of NOE 0
violations > 0.2 A
Mean number of dihedral 0

angle violations > 3° .
Average CYANA target function (A?)
Energies of AMBER calculation

0.0104 = 0.0029

Mean AMBER energy (kcal/mol) —2771.5430

Mean restraint violation energy 6.062

(kcal/mol)

RMS deviation to mean coordinates®

Backbone heavy atoms A) 0.32 = 0.08

All heavy atoms (A) 1.13 = 0.17
Ramachandran plot®

Residues in most-favored regions (%) 96.5

Residues in additionally allowed 3.5

regions (%)

Residues in generously allowed 0.0

regions (%)

Residues in disallowed regions (%) 0.0

2 ¢ and | angles were derived from the program TALOS,
based on the 3C% 3CP, 3C0, 'H?, and '°N chemical shifts.
The yx angles contain 16 y; and 9 yo angle restraints for
both proteins.

 Only hydrogen bonds supported by NOEs are used.

¢ Residues Val140-Val204 were used.

4 From PROCHECK-NMR for 20 models. Residues Val140—
Val204 were used.

affinity chromatography. The purified proteins were
dialyzed against 20 mM Hepes-NaOH buffer (pH 7.5),
containing 150 mM NaCl and 1 mM DTT.

ITC measurements

ITC measurements were performed with a VP-ITC
calorimeter (GE Healthcare) at 25°C. Samples were
buffered with 20 mM Hepes-NaOH buffer (pH 7.5),
containing 150 mM NaCl. Aliquots of 40 uM
(D1-WT, D2-WT, DIl-mutant, D2-mutant, FL-M1,
FL-M2, and FL-M12) or 20 pM (FL-WT and D12-
WT) protein solutions (syringe) were stepwise
injected into a 1 uM siRNA solution (cell). The data
were analyzed with the Origin software (Microcal).
The heat generated due to the dilution of the protein
solutions was quite small and was ignored for the
analysis. A one-site binding model was used for the
analysis of D1-WT, D2-WT, FL-M1, and FL-M2. On
the other hand, a two-site binding model was used
for the analysis of FL-WT and D12-WT.

Structures of the First and Second dsRBDs of Human TRBP



Gel filtration chromatography

Gel filtration chromatography was performed with a
Superdex 200 10/30 column (GE Healthcare) at 4°C.
The samples were buffered with 20 mM Hepes-
NaOH buffer (pH 7.5), containing 150 mM NaCl and
1 mM DTT. For each analysis, a 200-uL aliquot of
the protein solution was injected and the absorbance
at 230 nm was monitored.

Analytical ultracentrifugation

Analytical ultracentrifugation was performed by the
sedimentation equilibrium method. The 38 p;M TRBP
solution was analyzed with an Optima XL-I analyti-
cal ultracentrifuge (Beckman Coulter) at 20°C. The
sample was buffered in 20 mM Hepes-NaOH buffer
(pH 7.5), containing 150 mM NaCl and 1 mM DTT.
The solvent density and the viscosity were calculated
with SEDNTERP.®” The protein distributions were
monitored at 280 nm. The equilibrium data were
obtained at 8,000, 9,000, and 10,000 rpm and were
fitted using the Origin software (Microcal).

CD spectroscopy

CD spectroscopy was performed with a J-820 spec-
trometer equipped with a Peltier temperature control
system (JASCO), using 15-50 pM protein solutions.
The spectra were recorded with three accumulations
at every 5 degrees from 25 to 80°C, after 1-min incu-
bation at each target temperature.

Protein Data Bank accession codes

The coordinates and structure factors for the TRBP
dsRBD1 and the 20 energy-minimized conformers of
the TRBP dsRBD2 have been deposited in the Pro-
tein Data Bank (PDB), with the accession codes
3LLH and 2CPN, respectively.
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