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Abstract
The S. cerevisiae RNase III enzyme Rnt1p preferentially binds to dsRNA hairpin substrates with a
conserved (A/u)GNN tetraloop fold, via shape-specific interactions by its dsRBD helix α1 to the
tetraloop minor groove. To investigate whether conformational flexibility in the dsRBD regulates
the binding specificity, we determined the backbone dynamics of the Rnt1p dsRBD in the free and
AGAA hairpin-bound states using NMR spin relaxation experiments. The intrinsic μs-ms
timescale dynamics of the dsRBD suggests that helix α1 undergoes conformational sampling in
the free state, with large dynamics at some residues in the α1-β1 loop (α1-β1 hinge). To correlate
free dsRBD dynamics with structural changes upon binding, we determined the solution structure
of the free dsRBD used in the previously determined RNA-bound structures. The Rnt1p dsRBD
has an extended hydrophobic core comprising helix α1, the α1-β1 loop, and helix α3. Analysis of
the backbone dynamics and structures of the free and bound dsRBD reveals that slow-timescale
dynamics in the α1-β1 hinge are associated with concerted structural changes in the extended
hydrophobic core that govern binding of helix α1 to AGAA tetraloops. The dynamic behavior of
the dsRBD bound to a longer AGAA hairpin reveals that dynamics within the hydrophobic core
differentiate between specific and non-specific sites. Mutations of residues in the α1-β1 hinge
result in changes to the dsRBD stability and RNA-binding affinity, and cause defects in snoRNA
processing in vivo. These results reveal that dynamics in the extended hydrophobic core are
important for binding site selection by the Rnt1p dsRBD.
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INTRODUCTION
RNase III enzymes process double-stranded RNA (dsRNA) substrates for many non-coding
RNA precursors, including pre-rRNAs, -snoRNAs, and -snRNAs, as well as miRNA and
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siRNA.1–3 RNase III family members typically have one or two double-stranded RNA-
binding domains (dsRBDs) and one or two endonuclease domains (endoNDs), which cleave
dsRNA substrates as a dimer. Each endoND cleaves the backbone of one RNA strand via a
two-Mg2+ catalytic mechanism, leaving a two-nucleotide 3′ overhang on processed RNAs, a
defining feature of RNase III cleavage.4,5 In S. cerevisiae, Rnt1p is the only characterized
RNase III enzyme, and is involved in the processing of the pre-rRNA precursor,6,7 and of
the precursors of many snoRNAs8–10 and snRNAs.11–14 For most of these non-coding
RNAs, Rnt1p cleavage provides a site for subsequent processing by the Rat1p or Xrn1p
exonucleases or the exosome.14–17 Rnt1p activity is also important for the quality control of
mRNA, processing unspliced mRNAs.18,19 Rnt1p cleavage can influence transcription
termination by cleaving stem-loop structures that are found downstream from normal
polyadenylation signals.20,21 Finally, Rnt1p cleavage limits the expression of a number of
mRNAs.15,22–24 Thus, Rnt1p activity controls the production of a large number of cellular
transcripts. Rnt1p has a characteristic substrate specificity, cleaving the dsRNA stem of (A/
u)GNN tetraloop hairpins 14 and 16 bp from the conserved tetraloop on its RNA
targets.25,26 Selective binding by the dsRBD to (A/u)GNN tetraloop hairpins, a unique
feature of Rnt1p, determines target site selection.26

Although S. cerevisiae does not have RNAi machinery, other budding yeasts carry out RNAi
with a Dicer, called Dcr1, which is evolutionarily related to Rnt1.27 Dcr1 resembles Rnt1 in
having a single endoND that dimerizes intermolecularly, unlike other eukaryotic Dicers,
which have two tandem endoNDs that dimerize intramolecularly. The Dcr1 endoND is
followed by a dsRBD, but has an additional dsRBD separated by a long linker sequence.
How these dsRBDs contribute to substrate recognition and processing is unknown, although
the endoND-adjacent dsRBD in Dcr1 is required for siRNA processing. Intriguingly,
Candida albicans Dcr1 has been found to carry out both RNAi and Rnt1 functions.28

Canonical dsRBDs have an αβββ α secondary structure motif and interact with a broad
range of dsRNA substrates. Residues in helix α1, the β1-β2 loop and helix α2 mediate
interactions with successive RNA minor, major, and minor grooves on one face of the
duplex, respectively.29 The dsRBDs generally recognize dsRNA without any additional
substrate specificity, a binding mode typified by the crystal structure of the Xlrbpa dsRBD
in complex with A-form dsRNA.30 In contrast, the structure of human ADAR dsRBD in
complex with dsRNA revealed that this and other dsRBDs, notably A. aeolicus RNase III
dsRBD, can have some sequence specificity for their dsRNA substrates though hydrophobic
contacts between dsRBD side chains and nucleotide bases.31 Additionally, some dsRBDs
have a canonical dsRBD fold but do not independently bind to dsRNA with high affinity,
such as the human Drosha dsRBD.32

The Rnt1p dsRBD is unique among dsRBDs studied to date in recognizing RNA hairpins
capped by a tetraloop with the consensus sequence (A/u)GNN,25 through structure-specific
recognition of the tetraloop fold by helix α1, with no base-specific contacts.33 Binding of
the Rnt1p dsRBD to the conserved tetraloop fold is required for correct substrate cleavage,25

although cleavage independently from the presence of the tetraloop can be observed in vitro
in specific conditions.24,26 The structure of the Rnt1p dsRBD differs from canonical
dsRBDs in having an additional C-terminal helix α3 that has been proposed to contribute to
specific recognition of Rnt1p substrates by indirectly reshaping the RNA binding
surface.33,34 Our recent structure of the dsRBD bound to an AAGU tetraloop hairpin,35 a
specific but non-canonical substrate,8,36 showed that the dsRBD employs a single binding
mode for AGAA and AAGU tetraloop hairpins, with the AAGU tetraloop adopting the same
shape as the AGAA tetraloop upon binding by the dsRBD. The identification of a single
binding mode for two substrates with dissimilar sequences and conformations in the free
state provided further evidence for the structure-specific, rather than sequence-specific,
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nature of the interaction between the Rnt1p dsRBD and target RNAs. This study further
showed that conformational changes in the tetraloop-binding helix α1 are important for
allowing the dsRBD to adopt the bound conformation.35

The dynamic properties of biomolecules often contribute to their biological functions by
enabling conformational changes necessary for binding and catalysis. Moreover,
conformational flexibility can allow proteins to sample functionally important alternative
conformations.37,38 Here, we have investigated the intrinsic backbone dynamics of the
Rnt1p dsRBD using NMR 15N spin relaxation measurements. Further, we have examined
the relationship between dsRBD dynamics and structural changes that occur upon binding to
AGAA tetraloop hairpins. Slow-timescale dynamics of the dsRBD indicate that helix α1,
which interacts with the tetraloop in the complex, undergoes conformational sampling in the
free state, with particularly large dynamics at a hinge within the α1-β1 loop. Upon binding
to RNA, dynamics at the α1-β1 hinge are partially quenched. We have determined the
solution structure of the free dsRBD for the same construct previously used for the
structures of Rnt1p dsRBD/RNA complexes, enabling precise comparison between free and
bound states. Changes in the structure and dynamics of the dsRBD upon binding to an
AGAA hairpin substrate for regions distal to the binding face reveal a network of
hydrophobic residues within α1, the α1-β1 loop, and α3 with specific dynamic properties
that facilitate binding to specific tetraloops. Mutation of individual residues in the α1-β1
hinge causes changes in dsRBD conformation and stability and results in defects in snoRNA
processing in vivo. These results show that the intrinsic dynamics of the dsRBD contributes
to the selection of specific tetraloop-hairpin substrates by Rnt1p, and that helix α1, the α1-
β1 loop, and helix α3 cooperatively contribute to regulation of the dynamics of the RNA-
binding region of the dsRBD through interactions within an extended hydrophobic core.

MATERIALS AND METHODS
NMR sample preparation

The Rnt1p dsRBD (residues 366–453 of Rnt1p) and single residue mutants were expressed
as a glutathione S-transferase (GST) fusion proteins containing a thrombin cleavage site
using the pGEX-2T vector (GE Healthcare) in BL21 (DE3) Gold cells (Stratagene).33

The 15N-labeled and 13C,15N-labeled GST-dsRBD fusion proteins were expressed at 30 °C
and 37°C, respectively, for 16 h in M9 minimal media containing 1 g/L 15N ammonium
chloride and 1g/L 13C glucose. GST-dsRBD was purified using a GSTrap 4B glutathione
sepharose column (GE Healthcare), followed by a HiLoad 26/60 Superdex 75 pg (S75) gel-
filtration column (GE Healthcare). GST-dsRBD was cleaved with 10 units of thrombin (GE
Healthcare) per mg of fusion protein for 24 h at a concentration of about 1 mg/mL in a
buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 2.5 mM CaCl2. Cleaved
dsRBD was purified on an S75 gel-filtration column in NMR buffer (20 mM sodium
phosphate, pH 6.5, 150 mM NaCl, and 1 mM DTT) and concentrated to about 1 mM.35

RNA samples were prepared by in vitro transcription from a synthetic dsDNA template
using mutant T7 RNA polymerase (P266L)39 and purified on a 15% denaturing
polyacrylamide gel containing 8 M urea as previously described.40 RNA samples were
electroeluted, further purified on a HiTrap Q anion exchange column (GE Healthcare),
exchanged into NMR buffer using an Amicon Ultra centrifugal filter, and concentrated to
about 1 mM. RNAs were then refolded by heating to 95 °C and slow cooling to 4 °C.
dsRBD/RNA complexes for NMR spectroscopy were prepared by adding RNA to protein at
a 1.1:1 ratio of RNA:protein and concentrated to 0.8–1 mM.
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NMR spectroscopy for structure calculations
NMR spectra for structure determination were recorded on Bruker DRX 500 and 600 MHz
spectrometers at 25 °C. The assignments for the Rnt1p dsRBD were derived from analysis
of 3D CBCANH, 3D CBCA(CO)NH, 3D HCCH-TOCSY, 3D HCCH-COSY, 3D 13C-
NOESY-HSQC and 3D 15N-NOESY-HSQC experiments41–43 acquired on 13C,15N-labeled
dsRBD. One-bond 1H-15N RDCs were measured from HSQC-IPAP experiments44 in the
presence and absence of the RDC alignment medium C12E5/Hexanol45 on the 600 MHz
spectrometer. A total of 84 RDCs were obtained for the free dsRBD. For structure
determination of the free dsRBD, a total of 2068 experimental distance restraints were
obtained from NOE intensities and classified as strong (1.8–3.0 Å), medium (1.8–4.5 Å) and
weak (1.8–6.0 Å). 138 dihedral angles were derived from TALOS.46 Structures were
calculated using the NIH-Xplor package47 following standard protocols. Briefly, the
calculation started from the extended protein in random orientations. The protein was then
folded during 40,000 steps of high temperature dynamics with a time step of 0.002 fs. The
structures were cooled down using 75 ps of slow cooling from 2000 K to 100 K. The final
structures were obtained after refinement with 52 RDCs (only RDCs from secondary
structure elements were used for structure calculations) during a second slow cooling from
1200 K to 100 K. The axial (−30 Hz) and rhombic (0.52) components of the alignment
tensor were derived from a grid-search procedure.48 The force constant for the RDCs was
gradually increased from 0.001 to 0.2 kcal • mol−1 ↑ Hz−2. The twenty lowest energy
structures were selected, and the structures were analyzed using MOLMOL49 and
PyMOL.50

NMR spectroscopy for spin relaxation experiments
R1, R2, and 1H-15N nuclear Overhauser enhancement (NOE) values were measured for the
free dsRBD and the dsRBD/AGAA and dsRBD/AGAA22 complexes at 20 °C on a Bruker
DRX 600 MHz spectrometer. R1 experiments used the following time delays: for the free
dsRBD, 41, 161, 299, 299, 437, and 644 ms; for the dsRBD/RNA complexes, 46, 207, 207,
575, 575, and 989 ms. R2 rates were determined with Carr-Purcell-Meiboom-Gill
experiments, with the following time delays: for the free dsRBD, 11.2, 22.4, 22.4, 44.8,
67.2, 67.2, and 89.6 ms; for the dsRBD/RNA complexes, 11.2, 22.4, 22.4, 33.5, 33.5, and
44.8 ms. Spectra were processed using NMRPipe/NMRDraw, and peak intensities were
obtained using NMRView. Relaxation rates were determined by fitting the expression for
relaxation decay, I(R) = I0e−Rt, to the peak intensities using in-house software.

Model-free analysis of relaxation data
Initial estimates of the rotational correlation time and the diffusion tensor for the free
dsRBD366–453 (2LUQ; reported here) and RDC-refined dsRBD-AGAA complex (PDB ID
2LUP) were obtained using the program HYDRONMR51,52 and were subsequently
optimized using the program ModelFree 4.2153 prior to model selection. Relaxation
parameters were interpreted using the Lipari-Szabo model-free formalism to obtain values
for motional parameters describing the dynamic behavior of backbone amide bond
vectors.54,55 ModelFree53 was used to fit relaxation data for each residue to one of five
increasingly complex models using optimized initial estimates of the diffusion tensor and
correlation time, where model 1 includes the parameter S2

s; model 2, S2
s and tm; model 3,

S2
s and Rex; model 4, S2

s, tm, and Rex; and model 5, S2
s, S2

f, and tm. Following model
selection for all residues, global and internal parameters were optimized with a grid-search
algorithm using an axially symmetric diffusion tensor (Supplementary Tables 1 and 2). For
model-free analysis, bond lengths of 1.02 Å and CSA values of −160 p.p.m. were used.
Using a bond length of 1.04 Å results is small changes in the values of model-free
parameters (< 5%) but does not change the outcome of our analysis. To confirm that the Rex
terms that we observe reflect backbone chemical exchange rather than diffusion anisotropy,
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we checked that the most significant N-H bond vectors for the free dsRBD are not aligned
with the long axis of the diffusion tensor by calculating the angle between the N-H bond and
the diffusion tensor z-axis, as defined by the fitted diffusion tensor obtained after model-free
analysis.

In vivo analysis of RNT1 hinge mutants
All strains were derived from the BMA64 background. The rnt1::TRP deletion mutant and
RNT1 K371A dsRBD mutant were described previously9,56. The dsRBD hinge mutants
(I378A, G379A, G379P) and the catalytic mutant (E320K) were constructed using the
delitto perfetto method.57 A strain carrying the CORE KanR-URA3 cassette at position
S376 was transformed with double-stranded DNA oligonucleotides to excise the CORE
sequence and introduce the appropriate mutation in the hinge (I378A, G379A, or G379P),
while the E320K mutant was produced from a strain with the CORE KanR-URA3 insertion
at position E320. Genomic DNA sequences were confirmed by sequencing. Strains were
grown in YPD and RNA was harvested and analyzed by Northern blotting as described9

with the following modifications: 10 ug of RNA was denatured with glyoxal, run on 1X
BPTE 2% agarose gels as described58 and transferred to Hybond-N+ membranes (GE
Healthcare).

Accession numbers
Coordinates for the 20 lowest energy structures of the Rnt1p dsRBD366–453 have been
deposited in the Protein Data Bank under accession code 2LUQ, and chemical shifts have
been deposited in the Biological Magnetic Resonance Data Bank under accession code
18535.

RESULTS
Solution structure of the Rnt1 dsRBD366–453

Three structures of the free Rnt1p dsRBD have been reported: a solution structure (PDB ID
1T4N; residues 364–450) and two crystal structures from one asymmetric unit (PDB ID
1T4O; construct includes residues 364–471; crystal structure chain A, residues 362–443;
and crystal structure chain B, residues 361–448).34 Helix α3 has a different length and
orientation in each of these structures, and this heterogeneity was inferred to reflect
dynamics for this helix in solution. Helix α3, unique to the Rnt1p dsRBD, was proposed to
contribute to specific RNA binding by reshaping the RNA-binding surface of the dsRBD
through steric effects on helix α1 and the α1-β1 loop. However, in the crystal structures,
helix α3 of chain A terminates at residue 443 due to disorder in the crystal, and the position
of helix α3 of chain B is affected by crystal packing. In the solution structure, there are three
non-native residues beyond 447 in helix α3. We previously acquired residual dipolar
couplings (RDCs) for the free dsRBD to determine which of the reported structures most
closely reflects the conformation of the dsRBD in solution. We showed that the measured
RDCs for the free dsRBD correlate best to the back-calculated RDCs for chain A of the
crystal structure, although its helix α3 is shorter than in the other reported structures of the
free and bound dsRBD.35 However, the large difference between the measured and back-
calculated RDCs for helix α3 in the free dsRBD suggested that none of the structures of the
free protein accurately describe the orientation of helix α3 in solution (Supplementary Fig.
1).

In order to be able to completely describe the structural changes in the Rnt1p dsRBD upon
RNA substrate binding, we determined the solution structure of the free dsRBD (residues
366–453), including an extensive set of RDCs (Fig. 1A, B). This is the same construct used
for the solution structures of the dsRBD/RNA hairpin complexes.33,35 The structures of the
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dsRBD are well converged, with a backbone RMSD to the mean of 0.56 +/−0.11 (Fig. 1A
and Table 1). Comparison of our solution structure with the previously determined structures
of Rnt1p dsRBD shows that the positions of the three β strands and helix α2, which
comprise a hydrophobic core common to all dsRBDs, are nearly identical (RMSD < 1.3;
RMSD for the α2 and the β sheets between crystal structures is ~0.8 Å, between the NMR
structure is ~1.2 Å) (Fig. 1C). The β1-β2 loop shows evidence of flexibility in all of the
reported structures, based on high B factors in the crystal structures and a larger range of
conformations in the solution ensembles, especially for the previously determined solution
structure.34 This is consistent with our characterization of the dynamics discussed below.
However, there are significant differences in the orientations of helix α1, helix α3, and the
α1-β1 loop (Fig. 1D, E), particularly between the two solution structures. In our solution
structure of the dsRBD366–453, residue I448 is part of helix α3, which is the non-native Ala
in the previously determined solution structure. Interestingly, as shown below, I448 has one
of the largest chemical shift changes upon binding to RNA substrate (see Fig. 6). The overall
fold of the α1-β1 loop is the same for our solution structure and the two crystal structures,
although the position of the loop is different (Fig. 1E). Detailed analysis of our solution
structure of Rnt1p dsRBD reveals interactions among residues from helices α1 and α3 and
the α1-β1 loop that constitute an extended hydrophobic core not present in other dsRBDs. In
canonical dsRBDs, residues in helix α1 and the α1-β1 loop are typically solvent exposed.
While contiguous with the hydrophobic core common to all dsRBDs, formed by contacts
among helix α2 and the β-sheets, this extended hydrophobic core constitutes a distinct
internal network of hydrophobic interactions, indicating a potential functional role in
tetraloop-specific recognition by the Rnt1p dsRBD.

Structural comparison of free and RNA-bound Rnt1p dsRBD reveals concerted changes in
the extended hydrophobic core

Comparison of the solution structure of the free dsRBD366–453 with the dsRBD in complex
with AGAA (Fig. 2) and AAGU tetraloop hairpins confirms the previously described
conformational changes in the dsRBD at the RNA-binding interface that were based on
comparison to crystal structure chain A33,35 and provides additional details. Upon binding to
the tetraloop minor groove, helix α1 is extended three residues at its N-terminus, rotates
18°, bends between residues L374 and S376, and translates toward the RNA. This
reorientation of helix α1 is required for shape-specific binding to the tetraloop minor
groove, which is different from the minor groove of A-form RNA. The β1-β2 loop, which
interacts with the stem minor groove one helical turn away, moves toward the RNA by
about 6 Å compared to its position in the free dsRBD. In the intervening major groove, helix
α2 and the β3-α2 loop shift positions for side chain interactions with the phosphodiester
backbone. The side chains of the interacting residues all change positions.

In addition to these conformational changes for residues at the RNA-binding interface, the
solution structure of Rnt1p dsRBD366–453 reveals specific changes in the positions of some
residues at the interface between helix α1 and helix α3, which are distal from the protein/
RNA interface. Superposition of the free and RNA-bound dsRBD on the core α2, β1, β2,
and β3 elements reveals that helix α1, helix α3, and the α1-β2 loop all change positions
significantly between the free and bound states (Fig. 3A). However, when the free and
bound dsRBD are aligned on α1 and α3 it becomes clear that these changes are concerted,
i.e. the backbones of all three of these elements are nearly superimposed indicating that they
all translate in space together (Fig. 3B). The concerted movement of helix α1 and helix α3
upon RNA binding includes some reorientation of side chains in the hydrophobic core (Fig.
3C–E). The I378 side chain is in the trans rotamer conformation in the free dsRBD, but the
gauche- conformation in the RNA-bound state (Fig. 3C, D). This side chain rotation may be
necessary to maintain close hydrophobic contacts between α1 and α3 in the complex. The
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Y380 ring rotates to a position perpendicular to its position in the free state (Fig. 3E). The
backbone of the α1-β1 loop moves from its position in the free dsRBD by about 4 Å to
accommodate the changes in position of α1 and the α1-β1 side-chains in the bound dsRBD.
These changes in side-chain conformation allow the extended hydrophobic core to maintain
most of the hyrophobic contacts in the bound state.

Backbone dynamics of the free dsRBD
To investigate whether the concerted conformational changes in the extended hydrophobic
core contribute to tetraloop-specific recognition and, more generally, how conformational
flexibility within the free dsRBD affects substrate specificity and binding, we investigated
the backbone dynamics of free and RNA bound dsRBDs using NMR spin-relaxation
experiments (Fig. 4). The measured 15N relaxation data, R1, R2, and 1H-15N heteronuclear
nuclear Overhauser enhancement (NOE) were analyzed using the Lipari-Szabo model-free
formalism to obtain a quantitative description of the backbone dynamics, where the order
parameter (S2) and the internal correlation time (τe) describe the amplitude and timescale of
backbone dynamics, respectively. In addition, to fully describe internal motions, model-free
analysis also includes a term to account for chemical exchange at the μs-ms timescale (Rex).
Overall, the S2 values obtained from model-free analysis indicate that the dsRBD is
relatively rigid for all structured residues at the ps-ns timescale, with an average S2 value of
0.86 (Fig. 5A). The single exception is residue N399, which has an S2 value of 0.6, and is
adjacent to a proline (P398) in the β1-β2 loop. We were unable to determine relaxation
parameters for residue D397 on the other side of the proline due to spectral overlap. The
conformational flexibility in the β1-β2 loop, as evidenced by the low S2 value of N399, is
consistent with the multiple conformations for the β1-β2 loop in the NMR structure
ensembles and high B factors in the crystal structures of the free dsRBD.34

Slow-timescale motions, as reflected by the inclusion of an Rex term during model-free
analysis, are present in some residues in helix α1, the α1-β1 loop, strand β1, the β1-β2
loop, the β2-β3 loop, and residues Y441 and R445 in helix α3 (Fig. 5A, B). The Rex values
in the β1-β2 loop and the end of β1 are consistent with the observed flexibility in this region
and proposed P393 cis-trans isomerization34. Within the extended hydrophobic core, a
cluster of residues in helix α1 and the α1-β1 loop exhibit notable Rex. One of these
residues, I378, has an unusually large value for μs-ms timescale exchange, with an Rex
value of 15 s−1. I378 is the C-terminal residue in helix α1 and its hydrophobic side chain is
part of the extended hydrophobic core. This large Rex could be due to I378 undergoing
jumps between the trans and gauche- rotamers.59 Residue R384, which is in the α1-β1 loop,
also has a high Rex value (~8 s−1-) (Fig. 5A, B). Based on the conformational changes in
residues within the α1-β1 loop (Fig. 3E) and the large slow-timescale dynamics for residues
378–380 (Fig. 5A), we identify these residues as a dynamic hinge that we propose allows
conformational sampling by helix α1. Since I378 is in the trans and gauche- conformations
in the free dsRBD and RNA-bound dsRBD, respectively, this would suggest that the hinge
samples the bound conformation. The β2-β3 loop has low B-factors in the crystal structure
and is well defined in the solution structures, but there is Rex for some residues.
Examination of the structure of the free dsRBD reveals that the residues in the β2-β3 loop
that exhibit Rex interact with residues in helix α3 and the α1-β1 loop and would be sensitive
to conformational changes in the extended hydrophobic core. The presence of a dynamic
hinge and chemical exchange in the extended hydrophobic core imply that the tetraloop-
binding helix α1 samples the bound state in the free dsRBD.

Dynamics of the dsRBD in the dsRBD/AGAA complex
To determine whether specific RNA substrate binding changes the μs-ms dynamics
observed in the free dsRBD, we collected R1, R2 and heteronuclear NOE values for the
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dsRBD/AGAA hairpin complex whose structure was previously reported33 (Supplementary
Fig. 2). The AGAA hairpin, consisting of a 14-bp dsRNA stem capped by an AGAA
tetraloop, is a model substrate derived from the Rnt1p recognition motif in the Rnt1p pre-
snoRNA substrate snR47. This RNA provides a minimal binding site for the dsRBD, with
only 2–3 bp extending below the interaction of the β1-β2 loop in the minor groove. The
average R1 and R2 values on the dsRBD/AGAA hairpin complex are lower and higher,
respectively, than those of the free protein, as would be expected for the increased molecular
weight of the complex. Heteronuclear NOE values indicate that the dsRBD in the complex is
rigid overall, except for the N- and C-termini and the β1-β2 loop. Several residues in the β1-
β2 loop have heteronuclear NOE values between 0.4 and 0.6, indicating that this loop
remains flexible in the dsRBD/AGAA hairpin complex.

Binding of the dsRBD to the AGAA hairpin results in an overall increase in the S2 values of
most of the protein residues (average increase of 0.15) (Fig. 5A, C). Exceptions are small
decreases (< 0.1) for helix α1 residues K371 and S376, which interact with the minor
groove of the AGAA tetraloop, Y380 and L383 in the extended hydrophobic core in the α1-
β1 loop, and the single residue R433 between α2 and α3 (Fig. 5C). Rex values increase for
most of the residues in helix α1, with particularly large increases for K371 and S376, which
contact the RNA backbone. Helix α3, which has only two residues with Rex in the free
dsRBD, also shows Rex for most residues. In contrast, the dynamic hinge residues I378 and
Y380, both of which exhibit slow-timescale motions in the free protein, have lower Rex
values in the complex. Dynamics in helix α1 likely reflect flexibility at the protein-RNA
interface. For helix α3, the uniform increase in Rex could originate from propagation of the
dynamics in helix α1 via the extended hydrophobic core, and/or from an increase in entropy
of the dsRBD in the bound state, an effect that has been observed in other RNA-binding
proteins.60 A395 and V396, near P398 in the β1-β2 loop, which contact the minor groove of
the dsRNA stem, also have lower Rex values in the complex (Fig. 5C, D). The decrease in
slow-timescale motions for residues in the dynamic hinge and the β1-β2 loop indicates that
some slow-timescale dynamics present in the free dsRBD are quenched upon binding to
RNA.

Helix α1 residue S376 has no Rex term in the free dsRBD but has the largest Rex value in
the dsRBD/AGAA complex. Helix α1 bends at S376 to insert into the minor groove, and the
S376 side-chain contacts the RNA backbone on the 3′ side of the AGAA tetraloop. This
correlation between changes in structure and dynamics suggests that the dynamic properties
of S376 might have a functional role in allowing the dsRBD to adopt the bound
conformation. Alternatively, chemical exchange at S376 might be caused by exchange
between the specifically and nonspecifically bound states, reflecting the role of this residue
in recognizing the backbone of the tetraloop.

To verify that the observed Rex is attributable only to the intrinsic dynamics of the dsRBD
and not to nonspecific protein-protein interactions or to exchange between the free and
bound state,61 we measured R2 values at concentrations of 1 mM and 0.5 mM for the
dsRBD/AGAA complex and the free dsRBD (Supplementary Fig. 3). In the absence of these
possible additional contributions to chemical exchange, R2 values and NMR linewidths
would be expected to be the same at both concentrations. In both cases, R2 values and NMR
linewidths for two protein concentrations are nearly identical, indicating that the dynamics
determined by model-free analysis arise only from the intrinsic dynamics of the dsRBD and
not from other possible contributions to chemical exchange.

In summary, two distinct changes in dsRBD dynamics in the extended hydrophobic core are
observed upon substrate binding. First, there is a general increase in slow-timescale
dynamics for residues in helix α1 and α3 that are associated with concerted changes in the
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extended hydrophobic core. Second, there is a decrease in slow-timescale dynamics for
residues in the α1-β1 hinge and the β2-β3 loop, due to “locking in” of helix α1 by shape
specific binding to the tetraloop minor groove.

Ionic strength dependence of dynamics for the dsRBD in the dsRBD/AGAA complex
Previous NMR titration and isothermal titration calorimetry (ITC) experiments revealed that
the dsRBD can bind to the AGAA hairpin both specifically and non-specifically at 150 mM
NaCl, with saturation of the RNA at a protein:RNA ratio of 2:1.35 The relaxation data
discussed above for the dsRBD/AGAA complex were measured at a protein:RNA ratio of
1:1:1.1 and were expected to primarily reflect values for the dsRBD bound to the specific
site. To further confirm this, we investigated the binding and dynamics of the dsRBD/
AGAA hairpin complex at 300 mM NaCl (Supplementary Fig. 4). At this salt concentration,
non-specific binding should be minimal. Chemical shift mapping for the dsRBD upon RNA
binding at 300 mM NaCl revealed chemical shift changes similar in pattern to those for the
complex at 150 mM NaCl, but with a much smaller magnitude (Fig. 6). This is consistent
with the lower binding affinity of the dsRBD for RNA at a higher salt concentration, as
measured by NMR titration and ITC.35 At 300 mM NaCl, the dsRBD exhibits Rex values
similar overall to those observed at 150 mM NaCl (compare Fig. 7A, B with Fig. 5C, D).
This observation is consistent with a single, specific binding site on the AGAA hairpin.
Hence, the dsRBD is fully bound to the AGAA hairpin at the specific binding site under the
conditions used for spin relaxation experiments at a high concentration of the complex and
150 mM or 300 mM NaCl.

Dynamics of the dsRBD in the presence of both specific and non-specific binding sites
As discussed above, the dsRNA construct was designed such that it has a minimal binding
site for the dsRBD. To investigate whether there is a difference in dsRBD dynamics when
both non-specific and specific binding sites are present we collected NMR spin relaxation
data for Rnt1p dsRBD in complex with an AGAA tetraloop hairpin with a 22-bp stem
(AGAA22) at 300 mM NaCl (Supplementary Fig. 5). AGAA22 has a stem that is eight base
pairs longer than the AGAA hairpin (14 bp), allowing for non-specific binding to the longer
dsRNA stem in addition to specific binding site at the AGAA tetraloop. Because of the
longer stem, Rnt1p dsRBD can potentially exchange between the specific site and non-
specific sites on AGAA22. AGAA22 more closely reflects native conditions for substrate
binding by Rnt1p dsRBD, as the stem length is the same as the stem in the pre-snR47
snoRNA (excluding a single bulge). In general, the values for chemical exchange, as
described by Rex, are significantly larger for dsRBD/AGAA22 than for dsRBD/AGAA.
Slow-timescale dynamics for dsRBD/AGAA22 are present in residues in helices α1 and α3
in or near the extended hydrophobic core, residues throughout the RNA-binding interface,
including helix α2 and the β1-β2 loop, and in β2 and β3. In dsRBD/AGAA, there was no
Rex for any residues in the β1-β2 loop, while in dsRBD/AGAA22 most of the β1-β2 loop
residues show Rex (Fig. 7C, D). The Rex in the β1-β2 loop is both larger and present in more
residues than in the free dsRBD (Fig. 5A). Under the experimental conditions of 300 mM
NaCl and excess RNA, the dsRBD is relatively selective for specific binding, so the
additional contribution to Rex arising from the presence of additional non-specific binding
sites can be attributed to exchange between tetraloop (specific) and stem (non-specific)
binding sites. It is notable that all of the elements of the dsRBD that interact with the minor
and major groove of the dsRNA stem show more conformational exchange than when only a
specific binding site is available. The additional protein dynamics for the dsRBD/AGAA22
complex, compared to the dsRBD/AGAA complex, also reveal the significance of
conformational changes in the extended hydrophobic core, in addition to residues at the
RNA binding interface, in binding site selection. We conclude that the difference in Rex for
the complex with AGAA22 vs AGAA reflects some non-specific binding to the dsRNA on
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the longer substrate. Furthermore, once helix α1 locks in to the tetraloop, the rest of the
dsRBD locks into place, resulting in a decrease of Rex in the β1-β2 loop for AGAA vs
AGAA22.

Hydrophobic interactions with the α1-β1 loop maintain dsRBD stability
To extend insights from our characterization of dsRBD structure and dynamics, we further
investigated the importance of residues in the α1-β1 loop for RNA binding by generating
four dsRBD mutants with single mutations in the α1-β1 loop: I378A, G379P, G379A, and
Y380A. These three residues are part of the α1-β1 hinge in the extended hydrophobic core.
The side chains of I378 and Y380 change position between the free and RNA-bound states
and maintain hydrophobic contacts with residues in helix α3. The ϕ and ψ angles for G379
also change between free and bound states, due to conformational changes in the
hydrophobic core (Fig. 3C–E). The 1H-15N HSQC spectrum of I378A was poorly dispersed
(Supplementary Fig. 6), and the CD spectrum showed no evidence for secondary structure
(Supplementary Fig. 7), indicating that the majority of the protein is unfolded at 25°C.
However, in freshly prepared protein samples, there appears to be about 10% folded protein
based on the 1H-15N HSQC. Addition of RNA to I378A results in some chemical shift
changes indicative of binding for the peaks from the folded protein, but fewer than for the
wild-type dsRBD, and the protein unfolds over time. Thus, we conclude that the mutation
I378A destabilizes the protein and may also lower RNA binding affinity. Since I378
interacts with residue Y441, which is in helix α3 and part of the extended hydrophobic core,
we tested the importance of this interaction by making a Y441A mutation. Y441A is also
unstable in solution and precipitates after about 20 min at 25°C, and 1H-15N HSQC spectra
indicate that it is unfolded prior to precipitation. We note that the mutation R445A, in helix
α3, was previously shown to destabilize the extended hydrophobic core of the dsRBD.33,34

This residue is close to the α1-β1 loop residue S382, and shows Rex in both the free and
bound dsRBD.

For the G379P mutant, CD spectra indicate that the Tm decreases by ~6 °C and that melting
is less cooperative. The 1H-15N HSQC (Supplementary Fig. 7) has chemical shift changes
throughout helix α1 and α3, and none of the resonances for the α1-β1 loop are observed
(Supplementary Fig. 6 and 8). Analysis of the backbone chemical shifts for dsRBD G379P
indicates the C-terminal end of helix α1 and all of helix α3 are altered relative to the WT
dsRBD (Supplementary Fig. 8). Addition of the AGAA hairpin to G379P up to a 2:1 excess
of RNA resulted in almost no changes in the 1H-15N HSQC spectrum, indicating that the
G379P substitution essentially abrogates binding of the dsRBD to RNA. G379A had a
substantially altered 1H-15N HSQC spectrum (Supplementary Fig. 6) and is unstable, as the
protein precipitated after 20 min at 25°C. However, in the presence of the AGAA hairpin,
the G379A mutant gives 1H-15N HSQC spectra indicating that G379A forms a stable
complex (Supplementary Fig. 6). Lastly, we found that Y380A degrades during expression,
implying that the mutation of this residue also significantly destabilizes the protein.

In summary, all of the mutations in the α1-β1 loop and α3 destabilize the extended
hydrophobic core to some extent and have variable effects on RNA binding. For the G379P
mutation, changes to the extended hydrophobic core completely disrupt RNA binding,
although this mutation has the smallest effect on dsRBD stability. For G379A, binding to
RNA helps stabilize the folded state of the dsRBD. Because all of the residue substitutions
in the extended hydrophobic core affect protein stability, we were not able to assess their
effects on dynamics independently. Nevertheless, these results support a central structural
role for the α1-β1 loop and extended hydrophobic core in maintaining dsRBD stability.
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Effect of α1-β1 loop mutations on snoRNA processing in vivo
To determine whether the mutations in the α1-β1 hinge have an effect on cleavage of Rnt1p
substrates in vivo, we introduced the single mutations I378A, G379A, and G379P into the
RNT1 gene and examined by northern blot the effect of these mutations on the processing of
snR36 and snR47 snoRNAs in vivo. For comparison, we included in the analysis strains
harboring a previously studied mutation in helix α1 that affect processing (K371A),33 a
catalytically inactive mutant (E320K), and a RNT1 deletion (rnt1Δ). Unlike the previously
studied K371A mutant, all three α1-β1 loop mutants exhibit temperature-sensitive growth
defects (Fig. 8A, B). The growth defects for strains bearing the I378A and G379A mutations
are comparable and relatively modest, while G379P strain had a growth defect comparable
to the rnt1 strain. This is consistent with the in vitro results that showed that while stable,
dsRBD G379P does not bind RNA.

The strain bearing the I378A mutation shows an inhibition of snoRNA processing
comparable to the K371A mutation, with a slight processing defect for snR47 and a more
pronounced defect for snR36 (Fig. 8C). snR36 was previously observed to be more sensitive
than snR47 to mutations in the Rnt1p dsRBD, because of the presence of a large bulge after
the fourth base pair below the tetraloop.56 The G379A strain exhibited only minor effects on
snoRNA processing in vivo. Although it has a growth defect comparable to I378A, the
dsRBD is stabilized by binding to RNA, which may explain the difference in effect on
snoRNA processing. The G379P strain, in contrast, showed severe processing defects for
both substrates. The processing defects in strains bearing the I378A, G379P, and G379A
mutations are consistent with NMR and CD results that indicate that these mutations
introduce changes in stability and RNA-binding affinities of the dsRBDs. We conclude that
mutations in the α1-β1 hinge, all of which destabilize the extended hydrophobic core and
affect RNA binding to different extents, compromise the function of Rnt1p in vivo.

DISCUSSION
dsRBDs recognize dsRNA primarily by interactions with the phosphodiester backbone of
successive minor, major, and minor grooves via the β1-β2 loop, the N-terminal end of helix
α2, and helix α1, respectively. The dsRBD of Rnt1p is unusual in that helix α1 recognizes a
tetraloop through shape specific recognition of its minor groove.33 The Rnt1p dsRBD also
has an additional helix α3, which packs against the α1-β1 loop to form a distinctive
extended hydrophobic core. All dsRBDs have a conserved hydrophobic core, with residues
contributed by the C-terminal residues of helix α1, helix α2, and strand β3. Hydrophobic
interactions among these residues in the core of the protein stabilize the folded conformation
of the dsRBD.29,62. The unique hydrophobic interface between helices α1 and α3 in the
Rnt1p dsRBD is contiguous with the conserved hydrophobic core. Through a detailed
analysis of the structures and dynamics of the free and bound dsRBDs, we have shown that
this extended hydrophobic core plays an essential role in enabling defined conformational
changes associated with RNA substrate recognition. Residues in the α1-β1 loop that interact
with helix α3 to form the extended hydrophobic core constitute a dynamic hinge that allows
a concerted change in the positions of helix α1 and helix α3 between the free and bound
states, a key feature of substrate recognition by the Rnt1p dsRBD (Fig. 3). The importance
for RNA binding of residues in the extended hydrophobic core, which includes the α1-β1
hinge, is further supported by the results of mutagenesis of individual residues on snoRNA
processing in vivo (Fig. 8).

Helix α3 has been previously proposed to contribute to specific RNA binding indirectly by
affecting the length and orientation of helix α1 in the free protein.34 However, the
orientation of helix α1 in the free dsRBD is the same as other dsRBDs that bind to dsRNA
non-specifically. Our results show that the helix α3 contributes to substrate specific binding
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by participating in the reorientation of helix α1 in the bound state through concerted
structural changes in the extended hydrophobic core.

The free dsRBD samples multiple conformations
Backbone dynamics of the free dsRBD obtained via model-free analysis of NMR spin
relaxation data reveal extensive slow-timescale dynamics primarily localized in the RNA
binding interface and extended hydrophobic core, including helix α1, α1-β1 loop, and β1-
β2 loop, as well as limited dynamics in helix α3. Our comparison of free and bound
structures shows that upon binding of the RNA substrate, the α1-β1 loop changes
conformation to allow helix α1 and α3 to undergo concerted changes in orientation and side
chain position in order for helix α1 to be able to bind to the minor grove of the substrate
tetraloop (Fig. 2 and 3). The β1-β2 loop also translocates about 6 Å to bind to the minor
grove of dsRNA one helical turn away from the tetraloop (Fig. 2). Thus, the dynamic
behavior of the free dsRBD on both fast and slow timescales is associated with
conformational changes within the extended hydrophobic core that accompany substrate
recognition. This localized flexibility supports the notion that conformational adaptation
upon substrate binding is enabled by dynamics of the free dsRBD. Mutations of residues in
the α1-β1 loop affect the stability and RNA-binding properties of the dsRBD, revealing that
the interactions of the α1-β1 loop with helix α3 are essential for dsRBD stability and
function.

The observed dynamics of the α1-β1 loop in the free dsRBD and the concerted movement
of helices α1 and α3 led us to propose that residues 378–380 in the α1-β1 loop serve as a
dynamic hinge enabling conformational exchange between the free and bound states. One
possible model for the contribution of the α1-β1 hinge is that hinge dynamics on the μs-ms
timescale backbone facilitate conformational sampling by helix α1. Moreover, hinge
dynamics would facilitate concerted movement of helices α1 and α3 upon binding because
hinge residues I378 and Y380 are also part of the extended hydrophobic core. These
dynamics, along with those of the β1-β2 loop, are partially quenched upon binding to the
specific site on target substrates (Fig. 9). We cannot exclude, however, that the dsRBD
experiences a combination of conformational selection and induced fit to achieve its final
bound conformation.

Previous studies of the contribution of protein dynamics to RNA recognition have shown
that high-affinity binding to RNA is generally associated with the presence of extensive Rex
throughout an RNA-binding domain. NMR relaxation studies of the two dsRBDs of protein
kinase R indicated that residues that directly interact with the RNA and throughout helix α1,
sheet β1, and helix α2 have slow-timescale motions for PKR dsRBD1, which binds to
dsRNA with high affinity. In contrast, there are but few such motions for PKR dsRBD2,
which has weaker binding affinity for dsRNA.63 Dynamics within the PKR dsRBD1 were
proposed to allow for adaptation to non-uniform RNA substrates. The observed Rex within
PKR dsRBD1 and Rnt1p dsRBD are different in both the distribution and extent of slow-
timescale dynamics. Thus, dsRBDs with different dsRNA substrates can have different
dynamic modes despite having similar structures in the free state. Here, we have shown the
first example where dynamic properties of a dsRBD are associated with defined structural
changes in the protein that take place upon binding to RNA.

Substrate binding induces changes in backbone dynamics
In complex with RNA, dynamics in Rnt1p dsRBD are present throughout the extended
hydrophobic core and RNA-binding interface, corresponding to binding-induced
conformational changes. Changes in Rex between free and AGAA tetraloop hairpin-bound
dsRBDs are shown in Fig. 9. Residues within the α1-β1 hinge that are dynamic in the free
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dsRBD are partly or completely quenched, while residues within helix α1 and α3 have even
larger slow-timescale dynamics in the complex. Residues at the N-terminus of helix α1 in
the complex fold only upon binding to RNA,35 and these residues also have a decrease in
slow timescale dynamic upon binding. Two residues within the β1-β2 loop also have lower
Rex in the complex than in the free dsRBD, which is consistent with the stable interaction of
this loop with the stem minor groove.

An increase of the prevalence of chemical exchange upon substrate binding appears to be a
common feature of nucleic acid binding proteins, as well as proteins involved in protein-
protein interactions.31,64 Typically, this increase in Rex is observed to occur at sites distant
from the interface with the partner molecular and implies an indirect role for conformational
flexibility in binding. The increase in Rex is often distributed throughout the protein and is
not well correlated with specific structural changes. In contrast, for Rnt1p dsRBD the
observed increase in Rex for regions of the protein distal from the RNA binding surface,
particularly in the C-terminus of helix α3, is correlated with conformational changes
associated with RNA binding. The counterintuitive increase in dynamics for regions of the
dsRBD distal to the RNA-binding face reveals that a broad network of residues within the
dsRBD contributes to conformational adaptation to the specific tetraloop binding site. The
results of these experiments highlight the importance of protein conformational flexibility,
particularly within the extended hydrophobic core, in binding of the Rnt1p dsRBD to RNA
tetraloop hairpin substrates.

Dynamics reflect binding site exchange on a long substrate
Because the dsRBD binds to the minimal substrate (AGAA) at 300 mM NaCl only at the
specific tetraloop site, slow-timescale dynamics are likely to be limited to intrinsic dynamics
of the bound state, reflecting intrinsic conformational entropy of the dsRBD in complex with
RNA. However, exchange between specific and nonspecific sites becomes significant in the
dsRBD/AGA22 complex, as the longer stem allows for non-specific binding away from the
tetraloop. In the dsRBD/AGAA22 complex, chemical exchange values are quantitatively
higher and are present throughout the dsRBD. Hence, dynamics within the dsRBD in the
dsRBD/AGAA22 complex suggest that the dsRBD distinguishes between specific and
nonspecific complexes after binding to the dsRNA substrate through conformational
exchange. Increased dynamics throughout the extended hydrophobic core and RNA-binding
interface, compared to the dsRBD/AGAA complex (Fig. 9B), suggests that flexibility within
the RNA-bound dsRBD remains important for selection of the specific binding site even
after the dsRBD is bound to RNA. Moreover, elevated Rex values of helix α1 and β1-β2
loop would be expected to be present at the RNA-binding interface for dsRBD/AGAA22
complex if the dsRBD searches between the specific tetraloop site and non-specific stem
region, since contacts to the RNA stem in the nonspecific complex would not be identical to
the specific complex.

Comparison to budding yeast Dicer
Budding yeast Dicers have two dsRBDs: the first (dsRBD1) is located immediately adjacent
to the endoND, as in Rnt1p, and the second (dsRBD2), is at the C-terminus of the protein
and separated from dsRBD1 by a long intervening sequence with no known structural
motifs. The S. castellii Dcr1 dsRBD1, but not dsRBD2, was shown to be necessary for
efficient processing of long dsRNA substrates to 23 nt fragments and for specificity of the
enzyme for dsRNA over ssRNA.65 Dcr1, however, does not have tetraloop specificity. A
superimposition of the crystal structure of the free K. polysporus Dcr1 dsRBD1 and the
solution structure of the free Rnt1p dsRBD (Supplementary Fig. 9) indicates that the two
dsRBDs have the same overall conformation, including a short helix α3 in Dcr1, but differ
in regions that are important for specific RNA binding by Rnt1p dsRBD. Notably, in Dcr1
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there are no interactions between the α1-β1 loop and helix α3 because helix α3 is shorter in
the Dcr1 dsRBD1, and the α1-β1 loop adopts a different conformation compared to the
Rnt1p dsRBD. Although Dcr1 dsRBD1 has some conserved hydrophobic residues in the α1-
β1 loop, e.g. L278 and I280 in K. polysporus Dcr1correspond to Rnt1p dsRBD hinge
residues I378 and Y380, it does not appear to have an extended hydrophobic core. L278
cannot undergo the rotameric change that we see for I378, and the I280 sidechain is oriented
toward the outside of the protein. These residues do not interact with helix α3 and do not
appear to constitute an analogous hinge. Interestingly, K. polysporus Dcr1 L275 has
hydrophobic interactions with the conserved residue Y341, which is in the loop extending
past helix α3 in the dsRBD1. We speculate that the absence in Dcr1 dsRBD1 of an extended
hydrophobic core involving the α1-β1 loop results in the loss of tetraloop specificity for K.
polysporus and S. castellii Dcr1. Nevertheless, structural features within this region that are
unique to the Dcr1 dsRBD may affect its binding affinity to Dcr1 substrates. Interestingly,
C. albicans Dcr1 is able to carry out both Rnt1 and Dcr1 functions,28 suggesting that its
dsRBD1 may retain the structural features necessary for tetraloop recognition, including the
extended hydrophobic core.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• The S. cerevisiae dsRBD binds shape specifically to (A/u)GNN tetraloop
hairpin RNAs

• Helix α1 undergoes conformational sampling on the μs-ms timescale in the free
dsRBD

• A unique hydrophobic core governs concerted changes in helices α1 and α3
upon binding

• dsRBD structural changes correlate with the dynamics of free and bound
dsRBDs
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Fig. 1. Solution structure of the Rnt1p dsRBD366–453
(A) Superposition of the 20 lowest energy structures of the free dsRBD. (B) Stereoview of
the lowest energy structure of the free dsRBD. (C) Comparison of the dsRBD determined
here (blue) with previously determined solution (1T4N; residues 364–447) (green) and
crystal (IT4O; residues 362–471) chain A (red) and chain B (orange) structures. (D and E)
Comparison of helix α1, the α1-β1 loop, and helix α3 in (D) the solution structures of the
dsRBD366–453 and dsRBD364–450 (IT4N) and (E) the solution structure of the dsRBD366–453
and the crystal structures chain A and chain B. In all structures, helix α1 begins at residue
369. Helix α3 has three non-native residues beyond residue 447 in the solution structure
IT4N. Helix α3 ends at 443 in the crystal structure (IT4O) chain A, at 448 in the crystal
structure (IT40) chain B, and at 448 in our solution structure. Structures in C–E are aligned
on α2, β1, β2, and β3.
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Fig. 2. Comparison of the free RDC-refined dsRBD (this work) with the RDC-refined dsRBD/
AGAA complex (PDB 2LUP)
(A) Comparison of free and RNA bound dsRBD, with side chains of residues that interact
with the RNA shown. (B) Overlay of free and RNA-bound dsRBD structures, aligned on
α2, β1, β2, and β3.
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Fig. 3. The α1-α3 extended hydrophobic interface
(A) The hydrophobic interface between helix α1 and α3 in the free dsRBD (blue) and
dsRBD/AGAA complex (magenta). Side chains are shown for hydrophobic residues
contributing to the interface. The structures are aligned on α2, β1, β2, and β3 (not shown).
Space-filling model of the hydrophobic core in the (B) free dsRBD and (C) dsRBD/AGAA
complex. (D) The dsRBD and dsRBD/AGAA complex aligned on α1 and α3, illustrating
the similar relative orientation of the helices in free and bound states. (E) The dynamic hinge
in the α1-β1 loop, comprising residues 378–380, for free (top) and bound (bottom) dsRBDs.
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Fig. 4. NMR spin relaxation parameters
R1, R2, and heteronuclear NOE values for the free dsRBD.

Hartman et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2014 February 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Fast- and slow-timescale dynamics of the free dsRBD and the dsRBD/AGAA complex at
150 mM NaCl
(A) S2 and Rex model-free parameters for the free dsRBD. (B) Structure of free dsRBD with
residues that show Rex highlighted. (C) S2 and Rex model-free parameters for the dsRBD /
AGAA complex. (D) Structure of dsRBD in the dsRBD/AGAA complex with residues that
show Rex highlighted.
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Fig. 6. The effect of substrate length and salt concentration on chemical shift
Chemical shift mapping of the dsRBD at 150 mM (orange) and 300 mM (purple) NaCl
bound to (A) a tetraloop hairpin RNA with a 14 bp stem (AGAA) short and (B) a tetraloop
hairpin RNA with a 22 bp stem (AGAA22).

Hartman et al. Page 24

J Mol Biol. Author manuscript; available in PMC 2014 February 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7. Fast- and slow-timescale dynamics of dsRBD/AGAA and dsRBD/AGAA22 complexes at
300 mM NaCl
(A, B) S2 and Rex model-free parameters for the (A) dsRBD/AGAA complex and (B)
dsRBD/AGAA26 complex. (C, D) Rex values mapped onto the structure of the (C) dsRBD/
AGAA and (D) dsRBD/AGAA26 complex.
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Fig. 8. In vivo analysis of dsRBD α1-β1 loop mutants
(A) Growth of wild-type dsRBD and dsRBD hinge mutants, with serial dilutions at 16, 30,
and 37 °C. (B) Growth curve for the wild-type dsRBD and dsRBD hinge mutants at 30 °C.
(C) Northern blot analysis of snR47 and snR46 snoRNA processing for wild-type dsRBD
and dsRBD hinge mutants, showing unprocessed precursor (P) and mature snoRNAs (M).
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Fig. 9. dsRBD dynamics are associated with concerted structural changes necessary for binding
Change in Rex for free vs RNA bound dsRBD for (A) dsRBD/AGAA complex and (B)
dsRBD/AGAA22 complex. Model of the dsRBD/AGAA22 complex with dsRBD bound
specifically at the tetraloop is based on dsRBD/AGAA complex. ΔRex (Rex free dsRBD
minus Rex dsRBD in complex with RNA) is shown in red (increase in Rex) and blue
(decrease in Rex). Relative magnitude of the change in Rex is represented by the tube width.
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Table 1

Structural statistics of Rnt1p dsRBD

Distance and dihedral restraints

 Total NOE restraints 2068

  Intraresidue 581

  Sequential 472

  Medium (i+2 to i+4) 489

  Long range (> i+4) 526

  Hydrogen bond restraints 62

 RDC restraints 55

 Dihedral angle restraints 138

Structure statistics (20 lowest energy structures)

 No. of NOE violations > 0.2 Å 0

 No. of Dihedral violations > 5° 0

 No. of RDC violations > 2 Hz 0

 RMSD of RDC (Hz) 0.20 ± 0.02

 RMSD from ideal covalent geometry

  Bond lengths (Å) 0.001 ± 0.0001

  Bond angles (°) 0.313 ± 0.005

  Impropers (°) 0.255 ± 0.008

RMSD from the mean structure (Å)

 Backbone (residues 366–448) 0.56 ± 0.11

 Heavy atoms (residues 366–448) 1.05 ± 0.09

Ramachandran statistics

 Most favored regions 77.3 %

 Additional allowed regions 19.9 %

 Generously allowed regions 2.4 %

 Disallowed regions 0.4 %
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