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ARTICLE INFO ABSTRACT

Keywords: Double stranded RNA binding domains (dsRBDs) are ubiquitous in all kingdoms of life. They can participate both
dsRBD . . in RNA and protein recognition and are usually present in multiple copies in multidomain proteins. We analyzed
PD:;?;nagnenc relaxation enhancement the linkers between dsRBDs in different proteins and found that sequences corresponding to plant proteins have a

highly conserved linker length. In order to assess the importance of linker length in the conformational freedom
of double dsRBD plant proteins, we introduced lanthanide binding tags (LBTs) in different positions of the dsSRBD
containing protein HYL1 from Arabidopsis thaliana. These constructs were used to obtain conformational re-
straints from Double electron—electron resonance (DEER) measurements on doubly labeled proteins and from
paramagnetic relaxation enhancement (PRE) in single labeled samples. Fitting the experimental datasets to a
computational model of the ensemble created by allowing freedom to the linker region we found that the do-
mains tend to explore a particular region of the allowed conformational space. The high conservation in linker
length suggests that this restricted conformational sampling is functional, possibly hindering HYL1-dsRBD2 from

Protein linkers

contacting the substrate dsRNA and allowing it to participate in protein-protein interactions.

1. Introduction

Multidomain proteins are ubiquitous in nature. Domain shuffling
and duplication have helped organisms to achieve a wide range of
functions by combining a limited number of individual modules [1]. The
number, kind and order of domains, or protein architecture, defines the
function of a protein. The domains in multidomain proteins are often
connected by sequences of amino acids of varying length and rigidity.
Although these linker sequences can be thought of as simple covalent
anchors between domains, their structural properties can modulate the
behavior of the protein as a whole. In some cases, rigid linkers can
function as spacers, keeping a fixed distance between domains. Even if
they do not have a defined structure, linker length and sequence can
limit the available space allowed for inter-domain conformations [2].

The double stranded RNA binding domain (dsRBD) is widely
distributed among eukaryotic, bacterial and viral proteins, where they
are usually present in multiple copies, alone or combined with other
functional domains [3]. Most dsRBDs bind dsRNA in a
non-sequence-specific fashion, and owe their specificity to the
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recognition of the three dimensional conformation of the RNA molecule
[4]. Nevertheless, recent findings show that some dsRBDs are capable of
not only recognizing the imperfect structure of particular dsRNA sub-
strates, but show also a base-specific readout of the substrate [3,5].
Besides dsRNA recognition, dsRBDs have been shown to participate in
protein-protein interactions [6-9].

Multiple dsRBDs are usually found arranged in tandem in multido-
main proteins. In some cases, this architecture results in a higher affinity
for their partner dsRNAs mediated by cooperative binding. In other
cases, the presence of multiple dsRBDs in a protein allowed for func-
tional divergence, where some dsRBDs acquired protein binding capa-
bilities acting as inter- or intra-protein recognition modules. For
example among the five dsRBD domains of Staufen, domains 1, 3 and 4
recognize RNA whereas domains 2 and 5 participate in the localization
of the protein through protein:protein interactions [6].

Small interfering RNAs (siRNAs) and microRNAs (miRNAs) are 21 nt
RNA molecules that regulate gene expression at a post transcriptional
level. Small RNAs originate from longer, mostly double stranded RNA
molecules, and are released by RNAselll-type enzymes with the
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participation of dsRBD containing helper proteins [10]. In higher eu-
karyotes, the RNA binding protein DGCRS8 interacts with the RNAse III
enzyme DROSHA to generate pre-miRNAs in the nucleus while the
dsRBD containing proteins TRBP and PACT interact with the enzyme
DICER in the processing of pre-miRNAs or long dsRNAs into the 21 nt
fragments. Similarly, in plants, proteins from the DRB family interact
with Dicer-like proteins, forming complexes that process an array of
small RNAs [11-13]. The linker regions between dsRBDs in these helper
proteins are highly variable. For example, in DGCRS8 the linker region is
actually structured and the two dsRBD domains form a compact fold
[14], while the regions surrounding the first dsRBD of RDE-4 have he-
lical structural elements but are mostly unstructured [15].

HYL1 is a protein that participates in miRNA biogenesis in plants as a
part of a processing complex that includes the RNAselll enzyme Dicer-
Like 1 (DCL1) and the RNA binding protein Serrate (SE) [12,13].
Analysis of HYL1 sequence shows a domain architecture consisting of
two dsRBDs followed by a long unstructured C-terminal tail that con-
tains six tandem repeats of a 21 residues sequence [16].The mutant
phenotype of hyll™ plants can be complemented with a construction
containing only the two N-terminal dsRBDs, showing that the C-terminal
tail is dispensable for its function in vivo [17]. The two dsRBD domains
have different functions. While the first (D1) shows high affinity for
dsRNA substrates, the second (D2) has only moderate dsRNA binding
capacity [7,18]. High affinity substrate binding by D1 is essential for the
protein activity in plants [19]. In turn D2 seems to participate in
protein-protein interactions, mediating low affinity dimerization of
HYL1 and its interaction with DCL1, the miRNA processing ribonuclease
[7,8]. In HYL1 from Arabidopsis thaliana D1 and D2 are connected by a
17-residue linker. The NMR spectra of the individual domains and of a
construction containing the two domains linked together are identical,
showing that the two domains behave as independent units.

In the present work we studied how the linker between D1 and D2 of
HYLI1 restricts the mobility between both domains. Sequence analysis of
linkers between double dsRBD plant proteins show a high conservation
in linker length and some conservation in sequence. Inter domain dis-
tances measured by double electron—electron resonance (DEER) [20-22]
on protein constructs with two Gd(III) loaded lanthanide binding tags
(LBTs) show a wide distribution of distances. NMR paramagnetic
relaxation enhancement (PRE) on single labeled protein samples shows
an asymmetry in transient domain-domain interactions. By means of
ensemble simulations and calculation of PREs we found that the do-
mains explore a restricted conformational space. Altogether our results
put forward the functional importance of the linkers between dsRBD
modules in multidomain proteins.

2. Materials and methods
2.1. Analysis of linker sequences

The DRBs sequences and taxonomy were obtained from the UniProt
Database. The sequences alignments were done with the program MEGA
version 10.0.4 [23] with the default options of the software MUSCLE
[24]. The phylogeny reconstruction was made through the Maximum
Likelihood Statistical Method. The analysis was performed using custom
Python scripts.

2.2. Construction of LBT containing variants of HYL1

A synthetic gene containing the sequence L-D1-L-D2-L (Supplemen-
tary Figure 1) was designed for the construction of plasmids expressing
HYL1 with lanthanide binding tags (LBTs) in different positions. The
LBT sequence corresponds to the sequence optimized for Gd(III) binding
reported by Daughtry and coworkers [25]. The first fourteen residues of
D1 do not have secondary structure, so they were excluded from the
construct in order to reduce the flexibility in the N-terminal domain. We
purchased the synthetic gene cloned in pUC57 into the Ncol/Xhol
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restriction sites. The gene was first cloned into the same restriction sites
of the pET-TEV vector [26]. The double LBT labeled proteins L-D1-L-D2
and L-D1-D2-L were prepared from the plasmid by digestion and ligation
onto the same plasmid using the Sall and Sacl restriction sites respec-
tively. The last double LBT labeled protein gene was prepared by using
the Ndel/Xhol restriction sites. The obtained Ndel/Xhol fragment was
ligated into the same restriction sites of an empty pET-TEV vector to
produce the D1-L-D2-L gene. The D1-L-D2 and D1-D2-L genes were
prepared from the plasmids D1-L-D2-L and L-D1-D2-L respectively,
using the previously described protocol. Finally, the L-D1-D2 gene was
prepared from the plasmid L-D1-L-D2 by digestion and ligation onto the
same plasmid using the Sacl restriction site. All mutations were
confirmed by DNA sequencing via the Maine’s University service. Res-
idue numbering for each protein used throughout the paper corresponds
to the amino acidic sequence of wild type HYL1.

2.3. Protein expression and purification

Expression plasmids were transformed in E. coli BL21(DE3) cells
which were then grown at 37 °C in Erlenmeyer flasks shaken at 180 rpm
in either M9 minimal medium supplemented with 1 g/1 15N-NH4Cl or 1
g/1 1°N-NH4Cl and 2 g/1 [U-'3C]-Glucose (Cambridge Isotope Labora-
tories), or in LB broth. Protein expression was induced with 0.25 mM
IPTG at ODggg ~ 0.7 and cells were incubated for an additional 16 h at
20 °C. The cells were collected by centrifugation at 4000 g for 10 min at
4 °C, followed by resuspension into a 20 ml solution containing 100 mM
phosphate, 10 mM Tris, 5 mM p-mercaptoethanol, 8 M Urea pH 8. The
suspension was disrupted by sonication and the soluble fraction was
clarified by centrifugation for 1 h at 20,000 g. The unfolded proteins
were purified using a Ni(II) column and refolded by dialysis in 100
volumes of 100 mM Pi, 50 mM NacCl, 50 mM arginine, 50 mM glutamic
acid and 1 mM p-mercaptoethanol pH 7. The refolded proteins were
dialyzed against 50 mM Tris pH 8.0, 500 mM NaCl, 1 mM f-mercap-
toethanol and digested with His-tagged TEV protease. The digested
proteins were further purified with a Ni(II) column. The final purifica-
tion was carried out with a G75 size exclusion chromatography column
equilibrated with 20 mM HEPES, 500 mM NaCl, 1 mM f-mercaptoe-
thanol, pH 7.0.

Gd(III) and Lu(IIl) derivatives were prepared by mixing the LBT
containing proteins with one equivalent of GdCl3 or LuCl36H30 per LBT
respectively.

2.4. RNA synthesis

The RNA construct was produced by in-vitro transcription with T7
RNA polymerase, using annealed oligonucleotides. Briefly, a mix was
prepared containing 1X transcription buffer (Tris 40 mM pHS8; DTT 5
mM,; spermidine 1 mM; Triton-X100 0.01%; PEG 8000 80 mg/ml), 4 mM
each rNTP (rA; rC; rG; rU), 20 mM MgCl,, 40 pug/ml BSA, 1 unit pyro-
phosphatase, and the annealed template at 35 pg/ml. The reaction was
started by addition of T7 RNA polymerase and allowed to proceed for 3 h
at 37 °C. Then, 50 units of RNAse-free DNAse were added and the mix
incubated further for 30 min at 37 °C. The reaction was then diluted
eight-fold in 20 mM Tris, 10 mM EDTA, 8 M Urea, pH 8.0 and loaded on
a Q-sepharose column equilibrated with the same buffer. The column
was eluted with a gradient from 0 to 1 M NaCl in the same buffer.
Fractions containing RNA, as determined by Ajeo, were checked on
denaturing 5% PAGE. The fractions with the desired transcript were
pooled, dialyzed 3 times against 200 volumes of H,O and lyophilized for
storage before use. The secondary structure of the RNA fragment was
calculated using the UNAFold web server [27] (Supplementary
Figure 6).

2.5. DEER measurements and data processing

LBT:Gd(III) DEER measurements were performed as described before
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[22] using a 94 GHz Pulsed-EPR Bruker Elexsys I 680 EPR spectrometer
equipped with a Bruker “power upgrade 2” and an Oxford Instruments
CF935 flow cryostat. Measurements were carried out at 10 K using the
standard four-pulse, dead-time-free DEER sequence [21] with a
four-step two-phase cycle [28]. The dipolar evolution times were 3500
ns. For all measurements, a m-pump pulse of 18 ns was applied at a
magnetic field of 15 G above the field position of the Gd(III) signal
maxima and the spin-echo was detected 70 MHz below the frequency of
the pump pulses using n/2 = 14 and n = 28 ns pulses. The pulse sequence
was repeated 100 times per point with a recovery time of 550 ps. The
data shown in Fig. 2 corresponds to 160 to 200 averages for a total
acquisition time of 4 to 6 h. For the experiments with HYL1 bound to a
miRNA precursor, the protein samples were mixed with in vitro tran-
scribed miR172a precursor in a 1:1 ratio. The DEER time traces were
analyzed using Deer Analysis [29,30]. The data shown in Fig. 2C
correspond to the DEER time traces after background correction. The
distance distributions were obtained using a Tikhonov regularization
factor of 250. The error was estimated using the DeerAnalysis validation
tool.

2.6. NMR spectroscopy

HSQC NMR spectra were acquired at 298 K on a 700 MHz Bruker
Avance III spectrometer equipped with a TXI probehead using pulse
sequences from the standard Bruker library. All spectra were processed
with NMRPipe [31] and analyzed with CCPNMR [32]. Assignments for
the signals were obtained from the BMRB entries 17,141 (dsRBD2) and
17,143 (dsRBD1). The 1/10 ratios were calculated from the signal in-
tensities for each 1°N-H crosspeaks in equivalent protein samples con-
taining either GA(III) (I) or Lu(III) (I0).

2.7. HYL1 ensembles generation and PRE calculations

2.7.1. Generation of conformers for the ensemble

The initial 100 models for the LBT containing constructs were
generated using Modeller v 9.19 [33]. We constructed 100 initial models
using as templates the crystal structures for each domain of HYL1 (3ADG
and 3ADJ for D1 and D2, respectively) and the crystal structure of a Ca
(I1) loaded LBT (PDB 1TJB). Then we selected the best model based on
the DOPE parameter. Starting from this model we generated ensembles
by producing new conformers using PyRosetta [34]. Briefly, a residue
among those defined as movable is picked randomly. Then the Phi and
Psi angles are randomly selected from a library of random coil values
provided with the software Flexible Meccano [35]. The energy of the
new structure is evaluated by measuring the fa atr score. Only move-
ments that do not increase this score or with an incrementation lower
than a probability value are accepted. If no acceptable score is achieved
after 100 times, the original phi and psi values are conserved for that
structure. By doing this analysis clashing between different parts of the
protein are avoided. The procedure is repeated until all available angles
were randomized, and the modeled conformer is stored as a member of
the ensemble.

2.7.2. PRE calculation

Experimentally, the effect of the paramagnetic ion was calculated
from the ratio of the amide HN signal intensities obtained from 'H-'°N-
HSQC spectra of samples loaded either with Lu(IlI) (Ip) or GA(III) (D).
This intensity ratio relates to the PRE:

I R
Iy RIFELRY

The RY values for each residue are the °N T2 values measured on a
diamagnetic sample using the hsqct2etf3gpsi3d pulse sequence from the

standard Bruker library. In order to translate the measured values in
geometric constraints, we obtained the expected values of I/Ij for each
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conformer in the ensemble. The paramagnetic relaxation enhancement
induced by the LBT was calculated as follows [36]

k
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Here oy is the nuclear Larmor frequency, wg is the electron Larmor
frequency, g, is the electron Landé factor, ug is the Bohr magneton, yg the
vacuum permeability, S the spin quantum number (7/2 for Gd(III)) and ©
the correlation times related to the relaxation mechanisms:
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e R,
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where 7, is the electron relaxation time, 1, the rotational correlation time
and Tty the exchange time. The value of 1y was selected based on the
expected time range of conformational fluctuation in the flexible linker
region [37]. The resulting PRE effect is relatively insensitive to Ty
within the 2 — 50 ns range (Supplementary Figure 2). We used constant
values of 5 ns for 7, and 1) and 2 ns for t,. With these values kept
constant, the values of RAF and of the I/, ratio for each amide HN
depend only on the distance between the nuclei and the paramagnetic
ion.

2.8. Conformer clustering

In order to select a subensemble of conformers that fits the experi-
mental data, we clustered the conformers based on the similitude of
calculated I/Iy profiles. The I/Ij profiles for the domains directly bound
to the LBT are fairly constant (see Section 3.3 in Results) and hence are
not influenced by the conformational sampling of the domains with
respect to each other. Therefore, the distance between two models was
defined as the squared sum of the differences between the 1/, values of
each residue for D1 (positions 18 — 88) considering the C-terminal Gd
(I1I) and for the D2 (positions 104 — 174) considering the N-terminal Gd
(IID). The clustering processes with each distance matrix were done with
the python library scipy.cluster.hierarchy.linkage in the
“ward” mode.

Similarly, the agreement of the I/Ij profile for different conformers
with the experimental data was calculated as the squared sum of the
differences between the calculated and experimental I/I, values for
selected positions. The calculated values for D2 (positions 104 — 174) of
L-D1-D2-L models considering the N-terminal Gd(III) was compared
with the experimental values for D2 obtained with the L-D1-D2
construct. In the same way, the calculated values for D1 (positions 18 —
88) of L-D1-D2-L models with a C-terminal Gd(III) was compared with
experimental values for D2 obtained with the D1-D2-L construct.

3. Results
3.1. Bioinformatic analysis of linker sequences

To obtain sequences of dsRBD containing proteins, we searched the
database UniProt [38] with the query “dsRBD”. We obtained 50,188

proteins and recorded their sequence, domains position and taxonomy
data. We kept sequences corresponding to metazoans and viridiplantae
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harboring two or more dsRBDs for further analysis (Supplementary
Table 1). We then measured the lengths of linker sequences between
consecutive dsRBDs (Supplementary Figure 3). The animal proteins did
not show any particular length conservation. In contrast, the plant
proteins presented a high conservation of linkers length of 17 residues
(Fig. 1A). The high number of sequences with 17-residue linkers could
be related to biases in plant species representativity in the database.
Counting the number of sequences from plant species shows that the
linker length conservation is distributed among eudicothyledoneae
(data not shown).

We then focused on proteins containing only two dsRBDs and 17
residues long linkers. A sequence logo of this group of sequences shows a
high conservation in the final 4 residues of the linker, ETG(V/L/I)
(Fig. 1B), suggesting that these residues are actually a part of the second
dsRBD in these proteins, but are not detected by domain prediction
algorithms.

All the plant double dsRBD proteins analyzed belong to the DRB
family. The members of this family presumably participate in small RNA
processing, interacting with different Dicer-Like proteins (DCLs) [39].
HYL1 is a member of this family, alternatively named as DRB1. We
produced an alignment of all non-redundant proteins and sorted them in
four groups, corresponding to DRB1 (88 sequences), DRB2 (100 se-
quences), DRB3-5 (126 sequences) and DRB6 (36 sequences), according
to the classification by Deragon and coworkers [39]. The DRB4 se-
quences are absent from this analysis, as DRB4 linkers are 9 residues
long, and the dsRBDs from these proteins show restricted mobility [40].
The linker sequence logos for these groups show a high conservation for
DRB2, DRB3-5 and DRB6 linkers, but much lower for DRB1 (HYL1)
linkers (Fig. 1B). In order to determine whether the sequence conser-
vation would extend to the whole protein, we calculated the sequence
identity for each dsRBD and the linker separately (Supplementary
Figure 4). Remarkably, while the sequence identity is overall similar in
the DRB2, DRB3-5 and DRB6 groups, the identity between linkers in
DRB1(HYL1) is much lower than the identity between domains. This
suggests that length conservation is more functionally important than
sequence or composition, at least in DRB1(HYL1).

3.2. Interdomain interactions evidenced by PRE and DEER

In order to determine the space explored by the two dsRBD domains
in HYL1 we engineered LBTs at each end of the protein. The use of
lanthanides as tags in NMR experiments allows the measurement of long
range restrictions due to their effect on the relaxation and chemical
shifts of nuclei in a range of up to 20 nm and of the relative orientations
of pair of atoms when the lanthanide possess an anisotropic magnetic
susceptibility tensor [41]. The introduction of an LBT sequence allows
the binding of lanthanides to the protein without the attachment of
external chelating tags [42].

In all experiments we used Lu(III) as a diamagnetic reference and Gd
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(II1) as paramagnetic tag, as this latter ion gives rise to large PRE effects
but has an isotropic magnetic susceptibility. The PRE patterns obtained
are shown in Fig. 2B. Introduction of Gd(III) in the C-terminus of the
protein gives rise to a clear PRE pattern in D2, that is consistent with the
known structure. Some signals corresponding to D1 also show a weaker
PRE effect, indicating the existence of short-lived long-range in-
teractions between the C-terminal end of the protein and the N-terminal
dsRBD. A PRE on the distal domain arises due to the existence of con-
formations where the lanthanide at the C-terminus is close to the N-
terminal domain. These conformations are necessarily transient and not
stable as indicated by the dynamic nature of the linker and the confor-
mational independence of the domains within the whole protein [18].
Loading Gd(III) on the N-terminal LBT gives a different result. Whereas
the PRE pattern on the proximal D1 is again consistent with the dsRBD
structure, a larger global PRE effect is observed on the distal D2 domain.

A possible source for this effect is weak direct Gd(III) binding to D2,
but PRE measurements carried on the protein without LBTs showed
global broadening of signals with no localized PRE effect on HYL1,
ruling out this possibility (Supplementary Figure 5A). Previous works
have suggested the possibility of HYL1 dimerization, mediated by D2
[7-9]. The asymmetric behavior of the L-D1-D2 constructs could be due
to this reported dimerization. To verify this, we performed PRE mea-
surements on samples with I5SN-D1-D2 and 14N-L[Gd(III)]-Dl-D2 or
14N-D1-D2-L[Gd(IID] (Supplementary Figure 5B). No selective PRE ef-
fect was observed, indicating that these constructs do not dimerize
under our experimental conditions. These experiments indicate that the
asymmetry in PRE profiles between L-D1-D2 and D1-D2-L is due to a
restriction in interdomain motions. The relative location of the N- and
C-termini of the dsRBDs also plays a role, as the reach of the GA(III)-LBT
differs depending on where it is located (Fig. 2A).

We then obtained direct distance restrictions by means of DEER ex-
periments on samples with two LBTs (Fig. 2C). We produced constructs
with LBTs located at the N- and C-termini or at the C-terminus of domain
1 (Supplementary Figure 1). The distance distribution obtained for the
construct with LBTs flanking the D1 domain (L[Gd(II)]-D1-L[Gd(III)]-
D2) has a define peak at 4.3 nm, in good agreement with the known
structure. The D1-L[Gdd(II[)]-D2-L[Gd(III)] shows a distinct peak at 2.5
nm and a longer, less defined peak, with a maximum around 4.3 nm. The
latter distance corresponds to the length of the domain plus LBTs as seen
in the L[Gd(III)]-D1-L[Gd(III)]-D2 construct. The shorter one could arise
from the LBTs coming close due to the flexibility conferred by the linker
region intervening between the end of the LBT and the N-terminus of D2.
For the construct with LBTs in both ends of the protein (L[Gd(III)]-D1-
D2-L[Gd(IID)]) the distance distributions obtained are broader, high-
lighting the conformational flexibility conferred by the linker.

The small amount of sample needed for DEER measurements allowed
us to investigate the influence of dsRNA binding in the conformational
sampling of the protein. Both domains of HYL1 can bind dsRNA, but
whereas D1 shows high affinity, D2 shows a moderate affinity and
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Fig. 1. A. Histogram of linker lengths in double dsRBD containing proteins. B. sequence logos for the linker regions in the DRB1, DRB2, DRB3,5 and DRB6 families.

The sequence of A. thaliana HYL1 is colored yellow in the DRB1 logo.
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DeerAnalysis validation tool.

intermediate exchange in NMR [7,18]. In the presence of a RNA
construct corresponding to the sequence of the miR172 precursor
(pri-miR172) (Supplementary Figure 6 [27]), the longer distances found
in both free L[GA(II[)]-D1-L[Gd(II)]-D2 and D1-L[Gd(III)]-D2-L[Gd
(II1)] are increased by about 0.5, presumably due to the bound RNA
hindering the LBTs from coming closer. The broad distance distributions
of the L[GA(II[)]-D1-D2-L[Gd(II)] are not modified, indicating that the
protein as a whole remains flexible, with D1 more strongly bound to
RNA and D2 more loose and free to participate in interactions with other
partners.

3.3. Modelling the conformational propensities of HYL1

The experimental results obtained show that in spite of being
structurally independent within the full protein, the two domains of

HYL1 do have restrictions in terms of their relative orientations and
distances. In order to understand the structural basis of these restrictions
we modelled an ensemble of physically plausible protein conformations
to then find the ones that best explain the observed interactions. For
modeling, we considered the domains as rigid bodies and allowed for
conformational flexibility mainly on the linker. We constructed 100
initial models of L-D1-D2-L with the software Modeller using the crystal
structures for each domain of HYL1 (3ADG and 3ADJ for D1 and D2,
respectively [7]) and the crystal structure of a Ca(II) loaded LBT (PDB
1TJB [43]) as templates. The best model was selected and an ensemble
of conformers was then generated starting from this model by
randomizing the Phi/Psi angles of the residues corresponding to the
interdomain linker region (residues 90-104) and those corresponding to
the linker between the protein and the LBT (residues 17,18,175 and
176). The protocol for angle randomization was programmed using
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Fig. 3. A. Angle definitions used in the description of relative domain orientations. The reference frame is defined by the moment of inertia tensor of D1. B. His-
tograms for the distribution of orientations in the whole ensemble (top) and in the subensemble that best fits the PRE data (bottom). The histograms are color coded
based on the number of structures in the ensembles with the corresponding ¥ and © angles: the color bar indicate the number of structures in the top chart, whereas
purple pixels denote a single structure and yellow pixels two structures in the bottom chart. C. Sampling of positions of D2 respect to D1 in the whole ensemble (top)
and in the subensemble that best fits the PRE data (bottom). D1 is plotted in cartoon representation and the spheres represent the COMs of D2 on different con-
formers. Only 1:100 COMs are represented for the whole ensemble, which are color coded according to the subensemble they belong to.
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PyRosetta, as described in the Methods section. Using this protocol, we
generated an ensemble of 50,000 conformers.

To evaluate whether this protocol allows a good coverage of the
available conformational space, we measured the relative orientation of
the two domains as follows. We calculated the center of mass of each
domain (COM) and the vector that connects the COM of D1 with the
COM of D2 (vCOM) (Fig. 3A). In order to define a reference orientation
for the protein, we calculated the moment of inertia tensor of D1 in each
conformer. We used the eigenvectors of the inertia tensor of D1 as
reference frame. We then calculated the projections of the vCOM on this
reference frame. This allows the definition of the relative conformation
of the domains using a spherical coordinate system, where 6 and y have
the usual meaning (see Fig. 3A). Inspection of the histogram of these
angles calculated for each of the conformers shows that the available
conformational space as defined in these coordinates is restricted. The
length of the linker does not allow D2 to go above D1 (0 values are al-
ways greater than ca. 55°). Also, the position where the linker exits the
D1 ellipsoid and enters the D2 ellipsoid creates a further restriction, a
forbidden region for 0 values smaller than ca. 120° around y~0. In all,
our protocol generates a good coverage of the conformational space
available for the relative location of the protein domains (Fig. 3B).

We then calculated the distances from each residue to both Gd(III) in
each conformer. The RAF and expected I/Iy values were calculated from
those distances as explained in the Materials and Methods section
(Supplementary Figure 7). We observed that the calculated PRE profile
of the nearby domain was very similar for all conformers and in good
agreement with the experimental data. The conformation of the linker
between the LBT and the domain was also randomized, so this result is
not trivial. Therefore we ignored the effects on the proximal domain.
The largest variations were found on the distant domain, and the results
of the calculated PRE on both the L-D1-D2 and D1-D2-L constructs were
simultaneously used in the conformation clustering step. In this way we
included the restraints from both constructs to define the conforma-
tional space explored by the protein. This is shown in Supplementary
Figure 7, where the data as a function of the protein sequence is dis-
played duplicated: the left half of each panel corresponds to the L-D1-D2
construct and the right half to the D1-D2-L construct. The experimental
data in red corresponds to the distal domain and the data in black cor-
responds to the proximal domain.

To select the structures from the ensemble that are in better agree-
ment with the experimental data, we decided to cluster them in groups
of conformations with similar I/I0 patterns, dividing the whole set in
three clusters. We then analyzed the correlation between each cluster
and the experimental data. For this, the distance between the PREs
calculated for each model and the experimental data were calculated
and plotted. Visual analysis showed that the cluster containing most
structures had the models with the largest differences with respect to the
experimental PRE data. Those structures were then eliminated and the
remaining structures were combined and clustered again. This process
resulted in 10 new clusters. We analyzed the filtered dataset using the
same pipeline and found a single cluster (cluster I, see Supplementary
Figure 8) that shows the best correlation to the experimental PRE values.
The angular distribution of this cluster shows a preferential location of
domain 2 with respect to domain 1 (Fig. 3C).

4. Discussion

Individual domains in multidomain proteins are often connected by
linker sequences that are predicted to be mostly disordered. These linker
regions can function as passive spacers, but can also include molecular
recognition elements that participate in interactions. The existence of
sequence ensemble relationships, where conservation of features de-
notes an evolutionary pressure on otherwise disordered linker regions
that show low conservation, was recently demonstrated on a viral pro-
tein [2].

MicroRNA biogenesis is carried out by protein complexes that
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include multi domain proteins containing exclusively dsRBDs. The
precise function of these helper proteins is currently not well under-
stood, but their importance in the efficiency of the processing reactions
is well established [44-48].

We found that the length of the linkers connecting the dsRBDs in
double-dsRBD proteins form plant is strikingly conserved (an exception
being DRB4, see below), suggesting a functional requirement. In our
previous work with HYL1 we determined that the linker region is flex-
ible [18]. Our current analysis on a large set of HYL1 homologs show
little sequence conservation along the linker. This led us to think that the
linker region acts in this protein as a fixed length tether for both domains
and prompted us to study the conformational space that it allows for
both dsRBDs.

We resorted to magnetic resonance methods to provide a quantita-
tive description of the influence of the linker connecting the two dsRBDs
of HYL1 in the restriction of the conformational space allowed for
interdomain movement. Construction of an ensemble of conformers
allowing freedom to the linker residues backbone angles shows that the
linker length limits the accessible locations of the domains relative to
each other. By fitting simulated PRE profiles to our experimental data
we found that the actual conformational space is even more restricted
with respect to what is physically allowed.

HYL1 has been proposed to dimerize through the dsRBD2 region
[7-9]. We have not observed this behavior in our samples, presumably
due to differences in the limits of the constructs used. But in a HYL1
dimer, the highly conserved linker length and the observed restriction in
conformational freedom could optimize the relative positioning of the
two free dsRBD1 to bind the precursor miRNA substrate.

The regions separating the dsRBDs in miRNA processing helper
proteins have a large variety of lengths and conformations. Despite
being separated by a 43 residues linker, the two domains of DGCRS8 are
not independent. In this case the linker adopts helical structures that
pack together with an extra C-terminal helix in domain 2 to adopt a
compact structure [14]. In the case of RDE4, the dsRBDs have additional
structural elements within the relatively long (63 residues) linker, but do
not interact with each other [15]. The linker region was also shown to be
essential for interaction with Dicer [49] and in vivo gene silencing in
C. elegans [46]. This contrasts with the case of HYL1 and the other plant
DRB proteins.

DRB4, the dsRBD helper protein for DCL4, shares the same domain
architecture as HYL1. But in this case the linker between dsRBDs is much
shorter, only 9 residues. Deshmukh and collaborators demonstrated that
while both domains of DRB4 are independent structural units in solu-
tion, the short linker restricts their relative orientation, and this orien-
tation is important for dsSRNA binding[40]. They further showed that the
linker hinder dsRNA recognition by the domain that follows it. In all, the
linker appears to play a role in substrate selection and function of DRB4.
A work from Sattler and collaborators demonstrated the influence of
linker length on the affinity, binding mode and function of
D. melanogaster Logs [50]. The authors showed that shortening of the
linker leads to lower affinity and more pronounced sliding of the dsRBDs
over dsRNA. They further argue that a shorter linker makes difficult for
the protein to arrange both dsRBDs conveniently over a rigid dsRNA
molecule and suggest that a minimal linker length is necessary for a
functional interaction of two tandem dsRBDs. In the case of HYL1, we
found by DEER that binding to RNA does not alter the distance distri-
bution of the domains, suggesting that the linker length, despite being
larger than that of DRB4, also limits simultaneous binding of substrate
RNA by the two dsRBDs. dsRBDs appear to slide along dsRNA [51], and
the dynamics of this sliding movement in double dsRBD proteins cor-
relates with the length of the linker connecting the domains. TRBP, with
a 61 residue linker shows more sliding than PACT or Staufen, where the
RNA binding dsRBDs are separated by 25 residues [52]. The selection of
a 15 residue long linker in plant DRBs could also influence the sliding
activity of these proteins over substrate RNAs.

The human Dicer-TRBPD3 complex has recently been solved by cryo-
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EM [53]. The structure shows the location of TRBPD3, and hints the
possible location of the two N-terminal dsRNA binding domains. The
distance between the domains is large, requiring the long linker present
between the domains. It is therefore unlikely that binding of HYL1 to
DCL1 of DRB4 to DCL4 proceeds in a similar fashion, considering the
little flexibility conferred by the much shorter linkers.

In summary, the linker region between dsRBD domains in plant DRB
proteins has a highly conserved length of 17 residues. This linker re-
stricts the conformational freedom of the domains. When the protein is
bound to dsRNA, the distance distribution of the two domains is not
altered, suggesting that both domains cannot bind simultaneously to
dsRNA. The conformational sampling of the domains as determined
from PRE measurements is even more restricted than the space allowed
by the linker length.
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