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The multiple Tudor domain-containing protein TDRD1
is a molecular scaffold for mouse Piwi proteins
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ABSTRACT

Piwi-interacting RNAs (piRNAs) are small noncoding RNAs expressed in the germline of animals. They associate with Argonaute
proteins of the Piwi subfamily, forming ribonucleoprotein complexes that are involved in maintaining genome integrity. The
N-terminal region of some Piwi proteins contains symmetrically dimethylated arginines. This modification is thought to enable
recruitment of Tudor domain-containing proteins (TDRDs), which might serve as platforms mediating interactions between
various proteins in the piRNA pathway. We measured the binding affinity of the four individual extended Tudor domains (TDs)
of murine TDRD1 protein for three different methylarginine-containing peptides from murine Piwi protein MILI. The results
show a preference of TD2 and TD3 for consecutive MILI peptides, whereas TD4 and TD1 have, respectively, lower and very
weak affinity for any peptide. The affinity of TD1 for methylarginine peptides can be restored by a single-point mutation back to
the consensus aromatic cage sequence. These observations were confirmed by pull-down experiments with endogenous Piwi
and Piwi-associated proteins. The crystal structure of TD3 bound to a methylated MILI peptide shows an unexpected orientation
of the bound peptide, with additional contacts of nonmethylated residues being made outside of the aromatic cage, consistent
with solution NMR titration experiments. Finally, the molecular envelope of the four tandem Tudor domains of TDRD1, derived
from small angle scattering data, reveals a flexible, elongated shape for the protein. Overall, the results show that TDRD1 can
accommodate different peptides from different proteins, and can therefore act as a scaffold protein for complex assembly in the
piRNA pathway.
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INTRODUCTION ~24-31 nucleotide Piwi-interacting RNAs (piRNAs). To-
gether, they are implicated in controlling transposon mobility
in worms, flies, fishes, amphibians, and mammals (Ghildiyal
and Zamore 2009; Malone et al. 2009; Siomi et al. 2011). Loss
of Piwi proteins or other factors acting in the pathway leads
to activation of transposons, resulting in DNA damage, and
finally causing sterility of the individual.

Through a combination of genetic and computational
studies, it is now clear that long single-stranded RNAs
transcribed from genomic loci called piRNA clusters are
major sources of piRNAs (Aravin et al. 2006; Girard et al.
2006; Brennecke et al. 2007). Currently, it is thought that
piRNA biogenesis can occur through distinct primary or
secondary processing pathways (Senti and Brennecke 2010).

Small RNAs associate with Argonaute proteins to form the
RNA-induced silencing complexes (RISC) that mediate tran-
scriptional or post-transcriptional silencing of their nucleic
acid targets (Filipowicz et al. 2008). Based on their sequence
conservation Argonautes can be partitioned into the Ago
and Piwi clades (Carmell et al. 2002). Ago members associate
with ~21 nucleotide microRNAs (miRNAs) or small in-
terfering RNAs (siRNAs) and are responsible for control of
gene expression in all cell types. The Piwis, on the other hand,
are restricted to the animal gonads, where they associate with
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siRNAs, which have double-stranded precursors, piRNA
production does not depend on Dicer or Drosha (Vagin
et al. 2006; Houwing et al. 2007). Secondary processing is
an elegant mechanism to harness transposon cleavage frag-
ments for new piRNA production. Here, primary piRNA-
guided Piwi endonuclease (slicer) action defines the 5’ end
of sense secondary piRNAs, which can, in turn, generate the
initiating antisense piRNA by cleaving cluster transcripts
via the so-called ping-pong amplification cycle (Brennecke
et al. 2007; Gunawardane et al. 2007). These piRNAs of
opposing polarity usually enter distinct Piwi proteins, which
in the case of flies is Aubergine (Aub) and Ago3. The ping-
pong cycle in flies is essential to maintaining an overall
antisense silencing potential to prevalent transposon pop-
ulations (Li et al. 2009). In mice, Piwi proteins MILI and
MIWT incorporate primary piRNAs, while MIWI2 depends
on a functional engagement with MILI to generate its RNA
partners via secondary biogenesis. Only piRNA-loaded
MIWTI2 is licensed for nuclear entry and transposon silenc-
ing by DNA methylation (Aravin et al. 2008; Kuramochi-
Miyagawa et al. 2008).

Argonaute proteins can be structurally divided into the
N-terminal region (N domain), PAZ, MID, and Piwi domains
(Sashital and Doudna 2010). In all Argonautes, the small
RNA 3’ and 5’ ends are anchored in the PAZ and MID
domains, respectively. Also, in several Argonautes, the Piwi
domain, which adopts an RNase H fold, harbors the slicer
endonuclease activity (Song et al. 2003; Wang et al. 2009b).
However, the Ago and Piwi clade members differ in their
N domains. Piwi proteins uniquely carry several arginine—
glycine (RG) and arginine—alanine (RA) dipeptides in their
N domains, and several of these arginines have been shown
to be post-translationally modified by methylation (Kirino
et al. 2009; Reuter et al. 2009; Vagin et al. 2009). Although
these are predominantly symmetrically dimethylated marks,
some monomethylated arginines have also been found (Vagin
et al. 2009). The symmetrically dimethylarginine (sDMA)
marks, catalyzed by the methyltransferase PRMTS5, act as
affinity tags for members of the Tudor domain protein family
(Kirino et al. 2009; Nishida et al. 2009; Reuter et al. 2009;
Vagin et al. 2009; Wang et al. 2009a; Patil and Kai 2010;
Handler et al. 2011).

The Tudor protein family is defined by the presence of
the Tudor domain, which belongs to the “royal family” of
modules that can specifically recognize methylated ligands
to enable protein—protein interactions (Maurer-Stroh et al.
2003). They are implicated in RNA splicing, chromatin
remodeling, and germline development. The prototypic
Tudor domain is a ~60 amino acid B-barrel that builds an
aromatic cage capable of accommodating either methylated
lysines or arginines (Kim et al. 2006). Structural studies
have revealed that there are two distinct groups of Tudor
domain-containing proteins, both of which can recognize
ligands with methylated arginines. The group defined by the
Spinal Motor Neuron (SMN) proteins contains the prototypic

Tudor domain, sometimes in multiple copies, and recog-
nizes only the methylated side chain, but not its peptide
context (Selenko et al. 2001; Tripsianes et al. 2011). Only
recently have the NMR structures of the minimal, pro-
totypical Tudor domains of SMN and SPF30 (survival of
motor neuron-related splicing factor 30) been determined
in complex with single symmetrically and asymmetrically
dimethylated arginine residues. The second group com-
prises so-called Tudor domain-containing (TDRD) proteins
and is represented by the Drosophila TUDOR (Liu et al.
2010a) or the human Staphylococcal nuclease domain-
containing 1 (SND1) (Liu et al. 2010b). These proteins
contain one or more extended Tudor domains (eTud),
typically of ~180 residues, in which the prototypic Tudor
module is fused to a staphylococcal nuclease (SN) domain.
The conserved aromatic cage of the Tudor domain is respon-
sible for specifically binding the symmetrically dimethylated
arginine side chain, but flanking residues make additional
contacts with the SN domain, modulating the affinity of
different methylated arginine peptides to the eTud domain
(Liu et al. 2010a,b; Chen et al. 2011). The various eTud-
peptide structures determined show that there is consider-
able plasticity in exactly how the flanking regions of the
methylated arginine peptide are bound. Furthermore, it has
recently been shown that there are subtle, yet systematic,
conformational differences between the mode of binding of
methylated arginine by the conserved aromatic cage in eTud
compared with prototypical Tudor domains (Tripsianes et al.
2011).

Several TDRD proteins were detected in fly, fish, and
mouse Piwi complexes, with the Piwi proteins often display-
ing distinct specificities for different TDRDs (Nishida et al.
2009; Reuter et al. 2009; Vagin et al. 2009; Wang et al. 2009a;
Patil and Kai 2010; Handler et al. 2011). Consistent with
the involvement of Tudor domains, many such interactions
were shown to depend on the presence of sDMAs on Piwi
proteins. Both Piwi proteins and TDRDs are colocalized in
several cytoplasmic perinuclear granules called the nuage,
which are signature features of germ cells (Arkov and Ramos
2010). The TDRD proteins carry varying numbers of Tudor
domains and are frequently associated with other domains
that impart additional functions such as helicase activity or
RNA binding (Handler et al. 2011). All of these suggest the
potential to generate an intricate and dynamic network of
interactions and assemblies that carry unique functions. The
importance of these proteins for germline development is
highlighted by the sterility observed in TDRD mutants,
which is often accompanied by transposon derepression
and disrupted nuage (Siomi et al. 2011).

Tudor domain-containing 1 (TDRDI1) is a multidomain
protein with an N-terminal MYND (myeloid translocation
protein 8, Nervy, and DEAF-1) zinc finger domain, followed
by four tandem extended Tudor domains, denoted TD1-4
(Fig. 1A; Chuma et al. 2003). Its expression tightly overlaps
with that of Piwi proteins during mouse spermatogenesis,
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FIGURE 1. Binding affinity of SDMA containing peptides of MILI to individual TDRD1 eTud domains. (A) Schematic representation of mouse
TDRD1 and the N terminus of MILL. TDRD1 has an N-terminal MYND domain and four tandem extended Tudor domains. The N terminus of
MILI contains multiple arginine residues being mono- and symmetrically dimethylated (R highlighted in red). The three methylated peptides
used in this study are indicated. (B) Kps derived from ITC measurements for three sDMA-containing peptides of MILI binding to the four
individual eTud domains of mouse TDRDI1. Error bars indicate the standard deviation of two independent measurements. (C) Representative
ITC experiments and fits to the data for the four single eTud domains (TD1, TD2, TD3, and TD4) of TDRD1 with the R74me2 peptide of MILL
The data were fitted to a single-site binding model. (D) ITC data for the double eTud domains TD2-3 and TD3—4 with the R74me2 peptide and
with the R4574me2s doubly methylated peptide of MILI. The sequence of R4574me2s is indicated below the corresponding curves. The model for
fitting the tandem TD2-3 and TD3—4 domains with the R74me?2 ligand assumes two different binding sites as the peptide binds differently to each
individual Tudor domain. For the R4574me2s peptide binding, a single-site binding model was used (one double methylated peptide to one
tandem domain).
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and it is reported to interact with all three Piwi proteins. In
embryonic germ cells, TDRD1 associates with MILI and
MIWI2, proteins that participate in secondary piRNA
biogenesis (Vagin et al. 2009). Indeed, loss of Tdrdl results
in impaired biogenesis of MIWI2-bound piRNAs, reduced
transposon DNA methylation, and LINE] retrotransposon
derepression (Reuter et al. 2009; Vagin et al. 2009). Such
male mice are infertile. The fish ortholog of TDRD1 is also
reported to associate with ping-pong Piwi partners (Huang
et al. 2011). Zebrafish lacking Tdrdl progressively lose
germ cells and display transposon derepression, indicating
a conserved role for TDRDI1 in piRNA biogenesis.

Given that multiple sSDMA residues in various sequence
contexts decorate the N terminus of MILI, distinct speci-
ficities of the individual Tudor domains might drive complex
formation. Here we used recombinant mouse TDRD1 Tudor
domains, individually or in tandem, to examine their
specificities for different SDMA-containing MILI peptides.
Crystallographic studies of TD3 in its free and MILI sDMA-
containing peptide-bound form reveal a unique orienta-
tion of the peptide as a whole and also of the sDMA 1in the
aromatic cage. Interestingly, biochemical studies demon-
strate that only TD2—-4 of TDRD1 are functional in sDMA
binding, while in TD1 a single amino acid substitution in the
aromatic cage severely impairs sDMA binding. NMR
experiments on the TD2 and TD3 domains confirm the
crystallographic and thermodynamic findings of the inter-
actions in solution. Finally, SAXS measurements on a con-
struct containing all four tandem Tudor domains reveal a
flexible elongated entity, lending support to a molecular
scaffolding role for TDRDI in the piRNA pathway.

RESULTS

Recognition of sDMA-peptides by single Tudor
domains of TDRD1

The presence of multiple methylation marks at the N
terminus of MILI prompted us to question how they interact
with each eTud domain of TDRDI. To address this issue
we first expressed and purified a construct spanning all four
eTud domains of mouse TDRDI (residues 232-1094). By
partial proteolysis combined with bioinformatics analysis
based on known eTud structure (Liu et al. 2010b), we
identified well-behaved and soluble constructs of each of
the four TDRDI1 eTud domains separately (see Materials
and Methods). We then measured by Isothermal Titration
Calorimetry (ITC) the affinity of each single domain to three
different MILI peptides previously shown to contain in vivo
a symmetrical-dimethylated arginine (Vagin et al. 2009). The
peptides tested were at successive positions and denoted
R45me2 (38-GRAGPAGRme2GLVFR), R74me2 (69-LVSMF
Rme2GMGLDT), and R83me2 (76-MGLDTAFRme2PPSKR)
(Fig. 1A). It is noteworthy that, whereas previous structural
studies have used peptides in which the methylated arginines

have been flanked on both sides by glycine or alanine
residues (Liu et al. 2010a,b), this is only true of the R45me2
MILI peptide.

The ITC results are summarized in Figure 1B with rep-
resentative experimental data and fits shown in Figure 1C.
The R45me2 peptide had the highest affinity for TD2 (Kp
55 wM) and TD3 (172 pM) domains, with TD4 having
a slightly lower affinity (252 wM) and the TD1 domain
showing poor binding (685 wM). The R74me2 peptide, in
which the Rme2 is only flanked on one side by glycine,
showed high affinity only for the TD3 domain (35 uM),
with the other domains showing substantially weaker bind-
ing. Indeed, when we titrated the R74me?2 against the tandem
domain constructs TD2-3 and TD3—4 the measured Kp, of
the major binding site in a two-site model is similar to that
of the single TD3 domain (respectively, 45 and 51 uM),
with a binding to a second site being six- to 10-fold weaker
(Fig. 1D). The R83me?2 peptide, which has an unusual Phe-
Rme2-Pro tripeptide, showed low affinity to all single Tudor
domains: TD3 domain had the lowest Kp (245 pM), with
TD2 (536 wM) and TD4 (831 uM) following. TD1 domain,
as for the rest of the peptides, showed a much higher Kp
value (2.3 mM) (Fig. 1B). These results clearly indicate that
the central TD2 and TD3 domains of TDRDI have the
highest affinities for the tested SDMA containing peptides
of MILI, with TD4, and especially TD1, having significantly
lower affinity.

TD2 and TD3 showed the highest affinity for consecu-
tive singly arginine-methylated MILI peptides, respectively,
R45me2 and R74me2. This prompted us to test the
binding of tandem TD2-3 and TD3—4 domains to a doubly
methylated peptide 43—-77 of MILI (43-AGR45me2. . .FR74-
me2GMG-77, denoted R4574me2s), which encompasses
both the original peptides, for indications of cooperativity.
Satisfactory fits were achieved with one binding site (Fig.
ID) and gave a Kp of 48.5 pM for TD2-3. This is
comparable to the single TD2-R45me2 and TD3-R74me2
affinities (respectively, 55 and 35 wM), showing that there
is no enhancement of affinity. For TD3-4, titration of
R4574me2s showed a Kp of 29 uM, which is comparable to
the TD3-R74me2 interaction (35 M) and consistent with, at
most, weak cooperativity from TD4 binding (252 uM for
R45me2). Closer scrutiny of the thermodynamic binding
parameters shows a favorable additive effect of the binding
enthalpies from the single Tudor domains to the double-
domain constructs, but that this is compensated for by
unfavorable entropic contributions. Taken together, these
results suggest that the central TD2 and TD3 domains bind
methylarginine peptides essentially independently.

Crystal structure of the TD3-R45me2 peptide
complex

In order to better understand the recognition of MILI-
derived sDMA-peptides by the Tudor domains of TDRD1,
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we tried to co-crystallize each of the domains with the
different peptides. Only TD3 (residues 692-892), in the
presence of the R45me2 peptide and without (residues 692—
917), gave good quality crystals. Since molecular replace-
ment with the known eTud structures did not work, the
structure of the TD3-R45me2 peptide complex was solved
de novo using selenomethionine-labeled protein and the
MAD method and refined at 2.1 A resolution (Table 1).
Subsequently, the unbound TD3 domain was solved, in a
different space group, by molecular replacement and re-
fined at 2.8 A resolution. Unexpectedly, the structure reveals
a unique orientation of the bound peptide compared
with the reported eTud—sDMA-peptide structures of fly
TUDOR-Aub and human SND1-MIWI complexes (Liu
et al. 2010a,b).

The TDRD1 TD3 domain folds into a bilobal a/B-extended
Tudor (eTud) structure with 196/201 residues visible (697—
892). It comprises a Tudor core domain (residues 697-702,
731-818) linked by three connections to a SN (staphylo-
coccal nuclease)-like domain (703-730, 819-892) (Fig. 2A).
The peptide is bound in a cleft between these two lobes and
makes contact with both. The SN-like domain of TD3 is

TABLE 1. Crystallographic data and refinement statistics

comprised of two B strands (B1 and B2) exposed to the
peptide-binding cleft, and three B strands (8-10) and two
o helices (a2 and a3) at the C-terminal part of the structure.
The first two B-strands are connected to the Tudor core
domain via a long a helix (a1). The Tudor core domain is
a barrel comprised of four B-strands (B3-6), each of which
contributes key residues to build the hydrophobic/aromatic
cage that binds the methylated arginine side chain (Fig. 3A).

As expected, the overall structure of TD3 resembles the
known structures of the 11th extended Tudor (eTudll)
domain of Drosophila TUDOR (PDB 3NTI) and human
SND1 (PDB 20MC) with RMSDs of, respectively, 1.72 A
and 1.61 A, for, respectively, 153 and 173 matched residues
(Fig. 2B). The TD3 SN-like domain superposes well with
staphylococcal nuclease (PDB 3T16, RMSD 1.70 A for 84
residues aligned), but, like eTudll, lacks the long
C-terminal helix, which is, however, found in the SND1
structure. Despite the overall similarity there are some
notable differences between TD3 and the other known
eTud domains. Firstly, TD3 has an N-terminal extension
(residues 697-707) beyond the N-terminal end of the eTud11
and SND1 structures, which crosses back from the SN-like

TD3 + R45me2 TD3
Data collection Native SelenoMet SelenoMet Native
peak inflection
Space group Pl Pl P1 P4,2,2
Cell dimensions
a b c (A) 39.94, 53.96, 40.05, 53.63, 40.51, 54.29, 62.96, 62.96, 132.48
60.79 61.04 61.56
aBy(© 93.69, 98.56, 93.04, 98.42, 93.27,98.22, 90.00, 90.00, 90.00
111.67 111.97 111.76
Resolution (/&) 50-2.1 50-2.6 50-2.9 50-2.8
(2.2-2.1) 2 (2.7-2.6) (2.8-2.7) (2.9-2.8)
Rmerge 11.3 (39.3) 11.7 (46.9) 12.3 (42.8) 7.8 (60.3)
/ol 7.28 (2.55) 10.05 (2.50) 10.42 (2.2) 14.80 (2.75)
Completeness (%) 95.5 (95.8) 98.5 (97.8) 88.2 (95) 98.8 (93.0)
Redundancy 2.4 (2.4) 3.32 (3.3) 3.51 (2.08) 5.87 (6.06)
Refinement
Resolution (A) 37-2.1 132.28-2.8
No. refls used (free) 24480 (1275) 6638 (330)
Ruork /Riree 21.9/28.4 22.3/24.4
No. atoms total 3415
Protein 3089 1544
Peptide 128 —
Water 186 + 2 glycerol —
Average B-factors
Protein 18.3 69.4
Peptide 19.4 —
Water 21.3 —
RMSDs
Bond lengths (A) 0.01 0.007
Bond angles (°) 1.38 1.011
Ramachandran
Favored (%) 97.5 93.2
Allowed (%) 100 98.9

“Values in parentheses are for the highest resolution shell.
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FIGURE 2. TDRD1 TD3 structure in complex with R45me2 peptide. (A) Cartoon representation of TD3 (blue) in complex with the MILI R45me2
peptide (yellow). Secondary structure elements are labeled in white. The aromatic cage residues (orange) and the sSDMA (yellow) are represented as
sticks. (B) Superposition of the structures of TD3 (blue), SND1 (magenta), and eTudl1 (cyan). The C-terminal helix of SND1 is absent from the
other two structures. The different orientations of the distal end of the helix a2 could play a determining role in defining the orientation of the
peptide. (C) The N-terminal extension (chocolate color) of TD3 makes a third connection between the Tudor core (left) and SN-like (right)
subdomains against which it packs via large hydrophobic residues such as W699, W701, and F704 as shown. (D) Structure-based sequence alignment
between TD3 (45r4), eTud11l (PDB code 3NTI), and SND1 (PDB code 30MC). Residues with similarity above 70% are displayed in red.

domain to become an integral part of the Tudor core domain
(Fig. 2C). Notably, aromatic residues W699 and W701 form
hydrophobic interactions with F817 (Tudor core) and F704
with F727 and M820 (SN domain). K729 interacting with
both E708 and the carbonyl oxygen of E703 additionally
stabilizes the conformation of this unique extension. The
extension, which is found identically positioned in the apo-
structure, probably does not directly affect peptide bind-
ing since it is underneath the binding cleft. However, it
presumably rigidifies the two-lobe structure since it pro-
vides a third connection between them. It also explains why
constructs modeled on the eTudll and SNDI1 structures
were not well behaved since they lacked this extension,
which is clearly important for stable folding of TD3.

Furthermore, it defines a different direction for the linker
to the TD2 domain. A second significant difference is the
orientation of the helix a2. Compared with the eTudll
and SNDI1 structures, the C-terminal end of this helix is
tilted away from the peptide-binding site (Fig. 2B). This
is important in disfavoring contacts to peptides in the
previously observed positions and favoring the quite differ-
ent peptide path observed in the current structure (see
below).

Recognition of the sDMA by the aromatic cage

The Tudor core domain of TD3 binds the sDMA of
R45me2 via its aromatic cage. The residues forming the
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R45me2
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R14me2_MIWI
GRARGQ
GRARARA
R15me2_AUB
RGRGRGR

ARGRGR

TDRD1TD3

FIGURE 3. TD3 binds the R45me2 peptide in a different orientation from that previously observed in eTud domains—peptide complexes. (A)
The sDMA in the aromatic cage of TD3 colored as in Figure 2A. The dipeptide GD stabilizing the cage and E798 interacting with N796 are also
shown. (B) Details of the interactions between the R45me2 peptide and TD3. Colors are as in A with additionally residues of the SN-like domain
interacting with the peptide being in magenta. Blue dashed lines indicate putative hydrogen bonds. (C) Structural comparison of the aromatic
cages of TD3 (blue) and eTudl1 (green) in complex with their corresponding peptides highlighting the different direction of entry of the two
methylarginine groups. All other such structures exhibit the same conformation as eTud11/R13me2. (D) Diagram showing the orientation of
various sSDMA-containing peptides with reference to the TDRD1 TD?3 structure (blue) obtained by superposition of eTud-peptide complexes of
known structure. R14me2 (PDB 30MG, green) and R4me2 (PDB 30MC, cyan) were co-crystallized with the SND1 protein, while R15me2 (PDB
3NTI, magenta) and R13me2 (PDB 3NTH, wheat) were crystallized with eTud11 from Drosophila TUDOR. All of the above-mentioned peptides
enter the aromatic pocket from the “bottom,” while the R45me2 peptide (yellow) enters from the “top” of the structure. The observed peptide
residues in each structure are shown at the left with the sSDMA highlighted in red. N- and C-termini of the peptides are also indicated. (E)
Conserved residues in murine TDRD eTud domains. In a stick-model representation, the residues conserved in most of the eTud domains of
TDRD proteins are shown (green). The absolutely conserved R775 is involved in extensive interactions with residues of the Tudor domain, thus
stabilizing the aromatic cage. Blue dashed lines indicate hydrogen bonds.

cage are highly conserved in all Tudor domains that are = Y774 forms the back of the cage, with Y794 and F767
known to bind sDMAs. The methylated side chain enters  sandwiching the methylated side chain from each side.
the cage through an opening from the top of the structure ~ The hydroxyl group of Y794 hydrogen bonds to the of
and is involved in extensive cation-m and hydrophobic  helix al residue N740. F791 and the highly conserved
interactions with the aromatic residues F767, Y774, Y794, asparagine N796 form the ceiling of the binding pocket.
and F791, respectively, which constitute the cage (Fig. 3A). The dipeptide, 769-GD, reinforces the cage with G769
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peptide stacking on F767 and D770 hydrogen bonding to
Y774 (Fig. 3A).

By superimposing the TD3-R45me2 structure with the
eTud11-R13me2 or SND1-peptide structures, a remarkable
observation is that the methylarginine groups do not overlay,
but the methylated guanidine group is rotated 120° about
the CZ carbon (Fig. 3C). This is because the side chain
enters the cage from a completely different direction. Thus,
one methyl group of TD3-R45me2 (CQ2, which points
toward F791) coincides with CQI1 in the other structures,
whereas CQ1 of TD3—R45me2 coincides with the CD in the
other structures (and, reciprocally, the CD of TD3-R45me2
coincides with CQ2 in the other structures) (Fig. 3C). A
consequence of this is that the conserved asparagine N796
(which is held in position by an interaction with E798)
makes a hydrogen bond to the N°® atom of the arginine
rather than to N/ as in other Tudor domain structures.
Nevertheless, N796 remains critical for methylarginine bind-
ing, as reported for related structures, since the single mutant
N796A is enough to significantly weaken the interaction with
the R45me2 peptide (Kp ~1.4 mM) (Fig. 4A).

Recently, solution NMR structures of the core Tudor
domains of SMN and SPF30 bound to isolated sDMA or
aDMA (asymmetrically dimethylarginine) residues have
been described (Tripsianes et al. 2011). Interestingly, the
orientation of the aliphatic part of sDMA bound to SMN
(PDB 4AA4E for SMN) is found to differ from that of aDMA
(PDB 4A4G). sDMA is bound to SMN in a similar orien-
tation to that observed in the previous eTud—sDMA peptide
complexes (Liu et al. 2010b), except that the two methyl-
groups are in the anti—anti conformation in SMN com-
pared with the anti—syn conformation in the eTud complexes.
It has been proposed that the latter difference is due to the
systematic occurrence in the aromatic cage of single Tudor
domain proteins of a tryptophan in place of the phenylal-
anine most commonly found in eTud domains (F767 in
TD3) (Tripsianes et al. 2011). However, the aDMA side
chain is bound in SMN in a rotated configuration, which
is much closer to that observed for sDMA bound to TD3.
In the TD3 complex, the SDMA nevertheless maintains the
anti—syn conformation characteristic of eTud domains
(Tripsianes et al. 2011). The significance of this correspon-
dence with aDMA binding to core Tudor domains is not clear.

Orientation of the R45me2 peptide in the TD3
domain structure

The MILI R45me2 peptide in the crystal structure reveals
seven ordered residues, 44-GRme2GLVFR-50, with A43 poorly
ordered. As indicated above, it binds to TD3 in a unique
orientation when compared with other known eTud/sDMA-
peptide complexes. The C terminus of the peptide is at the “top”
of the TD3 domain, whereas in the other structures, the peptide
is bound at the “bottom” of the eTud domain (Fig. 3D).
However, as in the other known structures, apart from the

sDMA, the peptide makes additional contacts with residues
in the SN domain as well as the Tudor core domain (Fig. 3B).
The peptide plane of G44p (p denotes a peptide residue),
which precedes the methylated arginine, is stabilized by
hydrophobic contact with the tip of F767, part of the aromatic
cage. This interaction is a consequence of the rotated position
of the methylated arginine in the cage and requires the
presence of G769 (mentioned above) to avoid steric clash.
In SNDI and eTud11 this glycine is substituted by a valine
or glutamate, respectively, which would hinder peptide
binding (Fig. 2D). Residues C-terminal to the R45me2 form
an extended chain and interact principally with residues
716-718 from the distal part of strand $1 and residues 836—
843 from the proximal part of helix a2 of the SN-like
domain. G46p and L47p make hydrophobic interactions
with M716 (a hydrophilic E or Q in other structures) and
M717, respectively, both from strand B1, as well as GIn843
on helix a2 (Fig. 3B). The amino group of V48p hydrogen
bonds with the carbonyl oxygen of M717, and its side chain
makes hydrophobic interactions with M716 and Y718 (Fig.
3B). Next, the benzene ring of F49p, which is stacked on
L47p, makes van der Waals contacts with K836, which is on
helix a2. The last ordered amino acid of the peptide is R50p,
which points out of the structure into the cleft between the
SN-like domain and the Tudor core domain. Its amino
group makes a hydrogen bond with the carbonyl oxygen of
Y718 and its carbonyl group makes a water-mediated
hydrogen bond with T839, which is also on helix «2.
Finally, the side chain of R50p stacks on Y718 (strand 1)
and makes a salt bridge with the carboxyl group of E722
(strand 2) (Fig. 3B). It should be pointed out that there
are additional interactions of the peptide with a crystallo-
graphic related TD3 molecule (denoted *); these involve
two main-chain interactions with the main chain of 1781*
and a salt bridge of Glu722* with R50p. For reasons given
immediately below we do not think that these interactions
strongly influence the mode of peptide binding observed.
A significant difference between the TD3 structure and
those of eTud11 and SND1 is the orientation of helix a2 of
the SN-like domain (Fig. 2B). For SND1 and eTud11 that
accommodate their peptides from the bottom (Fig. 3D),
the peptide is contacted by residues from the C-terminal
(distal) end of this helix (e.g., Asn823 in SND1 equivalent
to G848 in TD3) (Fig. 2D) as well as proximal parts of
strand B1 (e.g., F686 in SNDI, equivalent to V713 in TD3).
In TD3 the helix is tilted such that its N-terminal (proximal)
end contacts the peptide together with the distal part of
strand B1 (as described above), but its distal end is shifted
away from the binding cleft and does not contact the peptide
(Figs. 2B, 3B,D). This appears to be an important structural
adaptation together with, for instance, the presence of M716
and G769 (mentioned above), which permits and accom-
modates the unusual orientation of the peptide in the TD3
structure. In this respect, we also note that the bound
R45me2 peptide is of the form Rme2GPxdx, where P is
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FIGURE 4. “Active” and “inactive” extended Tudor domains of TDRD1. (A) Kps derived from ITC measurements for the binding of isolated
symmetrically dimethylated arginine (Rme2) and R45me2 peptide to individual wild-type (wt) TDRD1 TDs and N325Y, Y774N, and N796A
mutants. Error bars represent SD values from two experiments. (B) Representative ITC experiments and fits to the data. The four single eTud
domains (TD1, TD2, TD3, and TD4) of TDRD1 with the isolated symmetrically dimethylated arginine (Rme2). (C) Multiple sequence alignment
of the four individual Tudor domains of TDRDI1. The first red arrow highlights the position of N325 of TD1, and the second arrow the Y774 of
the aromatic cage of TD3. Mutations on both residues are critical for binding sSDMAs (see A). (D) Binding of TD2 and TD3 domains of TDRD1
to sDMA-containing peptides monitored by NMR. Each panel shows an overlay of the "H,">N HSQC spectra of the respective domain when free
(black), when saturated with an excess of naked sSDMA (red), and when saturated with MILI derived sDMA-containing peptides (green or cyan).
For well-resolved peaks, chemical-shift perturbations arising from sDMA contacts are annotated with red arrows and those induced by
interactions with flanking residues with black arrows in orange background. Notice that other peaks are affected by both sDMA and flanking
residues but are not labeled. (E) Pull-down assays of endogenous murine proteins MILI, MIWI, and mouse Vasa homolog (MVH) by individual
and multiple TDs of TDRDI. His-tagged constructs with four Tudor domains (TD1-4) and single Tudor domains (TD1, TD1 N325Y mutant
TD2, TD3, TD4) were used. Size markers in kiladaltons are indicated.
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a largish hydrophobic residue (M, L, F), which is quite different
from bound peptides in other known complex structures.
Interestingly, the R74me2 peptide 74-Rme2GMGLD, which
binds the best to TD3 (Fig. 1B), also has this pattern. This
suggests that TD3 and the path the bound peptide takes are
adapted to accommodate these hydrophobic residues. In-
deed, some other nontested modified peptides of MILI
conserve at least the first hydrophobic position, e.g., 95-
Rme2GVLG, 100-Rme2GLSA, 163-Rme2GMDK. Thus,
these peptides may all bind to TD3 in a similar way to
that observed for the R45me2 peptide, although it is
possible that other peptides without these special fea-
tures might bind in a different manner.

To test the hypothesis of a similar binding mode for
R45me2 and R74me2 to TD3, we recorded solution NMR
'H," N HSQC spectra to monitor the binding of sDMA and
MILI sDMA-containing peptides to TD2 and TD3. Each
domain binds the respective ligands (sDMA, R45me2, and
R74me2) in the fast-exchange regime on the NMR chem-
ical-shift time scale. In all cases the chemical-shift trajec-
tories upon ligand titration are linear and occur at the same
rate, indicating a single binding event (Supplemental Fig. 2).
The apparent dissociation constants derived from the NMR
titrations are generally in good agreement with those mea-
sured by ITC, except for an inversion of the relative affinities
of TD3 for the two peptides (Table 2). By comparing the
saturation points of each titration we can dissect chemical-
shift perturbations originating solely by sDMA binding or,
additionally, from contacts with the flanking residues present
in the peptides (Fig. 4D). This analysis shows that for both
TD2 and TD3 domains, the perturbations due to flanking
residue interactions are the same irrespective of which peptide
is bound (R45me2 or R74me2), indicating that a given eTud
domain accommodates both peptides in the same orientation.
For TD3 this is presumably the orientation observed in the
crystal structure, although confirmation of this would require
a full assignment of the NMR spectrum.

Structure of unliganded TDRD1 TD3

We solved the structure at 2.8 A resolution of the TDRD1
TD3 domain in the absence of bound peptide. The construct

TABLE 2. Comparison of Kp and apparent Ky, derived from,
respectively, ITC and NMR data for TD2 and TD3

Tudor Methylated

domain ligand Kp (M) — NMR Kp (M) — ITC
TD2 sDMA 195 = 13 172 = 4
TD2 R45me2 75 £ 12 55 * 3.6
TD2 R74me2 376 £ 76 417 = 24
TD3 sDMA 795 = 37 353 £ 14.5
TD3 R45me2 68 £ 6 172 = 9
TD3 R74me2 230 = 67 35 £ 1.8

used was slightly longer (residues 692-917 instead of 692—
892) and crystallized in a different space group. The structures
are extremely similar (RMSD 0.65 A for all 191 common
visible residues), with small perturbations likely due to crystal
contacts. The extra C-terminal residues are not observed,
further suggesting that TD3 does not have the last C-terminal
helix characteristic of SN domains, and is observed in SND1
but not eTud11. The peptide-binding site is unchanged except
for a slight expansion of the aromatic cage, largely due to
movement of the 767-FGD loop (Supplemental Fig. 1B).
Thus, there is only a small element of induced fit in the
peptide binding.

Conserved residues in eTud domains

The interactions of the R45me2 peptide, apart from that of
the SDMA itself, clearly depend on the extended nature of
TD3 and, indeed, it has previously been noted that the
Tudor domains of the TDRD protein family are all found
in the extended version (Liu et al. 2010a,b; Vourekas et al.
2010). We therefore used a multiple-sequence alignment of
eTud domains from mouse TDRD family proteins to identify
possible sequence signatures for such extended domains
apart from the aromatic residues forming the cage (Sup-
plemental Fig. 1A). Firstly, we identified highly conserved
residues that seem important for establishing the eTud
double-domain fold, and these include, in TD3, V714, 723-
FY, L736, L743, R775, and 815-LP, whose location is indicated
in Figure 3E. V714 and F723 are conserved residues from,
respectively, strands B1 and B2 of the SN-like domain and
form part of the hydrophobic core of the domain. Adjacent
residue Y724 (W in several domains) makes van der Waals
contacts across the interdomain interface with G795, a highly
conserved feature of the aromatic cage. L736 and L743 are
conserved hydrophobic residues found in the amphipathic
helix a1 that connects the two domains and pack against
the underside of the Tudor core domain, contributing to its
hydrophobic core. Perhaps the most striking signature of
the mouse eTud domains is the correlated conservation
of R775, D793, and 815-LP (Supplemental Fig. 1A). The
absolutely conserved R775 (adjacent to aromatic cage residue
Y774) found in all eTud domains, but not in single Tudor
domains, plays a key role in pinning together different parts
of the structure and stabilizing formation of the aromatic
cage. The side chain is largely buried, the aliphatic side chain
makes hydrophobic contacts with L739, 1808, and F817, and
the guanidinium group makes a strong salt bridge with con-
served D793 (adjacent to aromatic cage residue Y794), as
well as three hydrogen bonds to the carbonyl oxygens of
F812, L815, and P816 (Fig. 3E). The LP dipeptide is con-
served in SND1, but not in eTudll. These considerations
suggest that most of the Tudor domains of the mouse TDRD
subfamily are, indeed, extended Tudor domains.
Secondly, we examined whether there are any conserved
residues outside of the aromatic cage that are involved in
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extended peptide binding. Equivalent residues E2374 in
eTudl11 and E708 in SND1 (Fig. 2D), found in the con-
necting helix al, interact via hydrogen bonds with the
nonmethylated R11 in the R13me2 peptide and R6 in the
R4me2 peptide, respectively (Liu et al. 2010a,b). In TD3,
the equivalent residue D737 does not interact with the peptide.
Furthermore, Q2365 in eTudll and Q699 in SNDI, at
equivalent positions on strand B2, interact with R13 and A7
from, respectively, the R15me2 and R4me2 peptides. This
residue is conserved as a glutamine in many mouse eTud
domains, but is H726 in TD3 (Supplemental Fig. 1A). It
does not bind the peptide, but preserves an important
hydrogen-bond stabilizing residue, D765, one of the aro-
matic cage loop residues. The fact that these residues do not
have conserved functions in TD3 with regard to peptide
binding is not surprising given the very different mode of
binding of the R45me2 peptide. Indeed, we have highlighted
above adaptations in TD3 that appear to favor the mode of
peptide interaction observed.

‘‘Active” and ‘“‘inactive’”’ eTudor domains

Above, we have argued that all of the mouse TDRD
domains are likely to have the eTud fold, but how many are
actually active in binding sDMA-containing peptides? Our
binding data clearly suggest that TD2, TD3, and TD4 can
bind methylated arginine peptides of MILI, albeit with
differing affinities. However, TD1 showed only weak binding
to all of the peptides tested. To investigate this further we used
ITC to measure the affinity of each separate TDRD1 eTud
domain with free dimethylated (Rme2), monomethylated
(MMA), or unmethylated arginines (Runmethylated) (Fig.
4A,B; Supplemental Fig. 3A). The single residues used were
N-terminally acetylated and C-terminally amidated to mimic
a peptide context. The isolated Rme2 bound to TD2, TD3,
and TD4 with respective affinities of 172, 353, and 275.5 uM,
consistent with the results for the peptides and confirming
that the non-sDMA parts of the various peptides tested
contribute significantly to the affinity (Fig. 4A). The TD1
domain showed the weakest binding with ~830 wM af-
finity (Fig. 4A), again suggesting that it may not be in-
volved in methylation-dependent interactions. As expected,
the monomethylated (MMA) and unmethylated arginine
(R-unmethylated) showed very low and undetectable bind-
ing, respectively, to each eTud domain (Supplemental Fig.
3A). This holds true also in a peptide context, since the
unmethylated R74 peptide displayed no binding to the TD3
domain, thus highlighting the indispensable role of the
symmetrically dimethylated arginine for these interactions
(data not shown).

Inspection of the TDI1 sequence in comparison to the
other three TDRD1 domains shows that N325 is found in
place of a usually conserved tyrosine (Y774 in TD3) in the
aromatic cage (Fig. 4C). An asparagine at this position is
found in mammalian (human, mouse, and bovine) TDRDI,
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but zebrafish and medaka TDRD1 maintain the tyrosine.
To test whether this substitution was responsible for the
observed low-binding affinity, we made the mutation
N325Y in TD1. ITC measurements with an isolated Rme2
or with the R45me2 peptide show that this single substi-
tution restores binding comparable to the best of the other
eTud domains, with the affinity for Rme2 being 117 pM
and for the R45me2 peptide 47 uM (Fig. 4A). On the other
hand, when the reverse substitution, Y774N, was made in
the TD3 domain, binding to the single Rme2 was very weak
(2 mM), although the affinity to the R45me2 peptide was
reduced from wild type, but not dramatically (270 wM),
showing that the additional affinity for the non-sDMA
residues could maintain the binding (Fig. 4A). This was not
the case, however, for the TD3 mutation Y774A, which
failed to bind to either Rme2 or R45me2 (data not shown).

The results above show that substitutions of the con-
served asparagine (e.g., N796A in TD3) or an aromatic cage
tyrosine (e.g., N325 in TDI1, Y774A in TD3) drastically
reduce sDMA binding, rendering the domain effectively
“inactive.” Indeed, the signature motif of “active” Tudor
domains appears to be FX,W(F)YRX,F(Y)XDY(F)GN, con-
sistent with the fact that all reported crystal structures have
these residues. On this basis we predict that at least half of
the mouse TDRD protein eTud domains have very low or
lack binding affinity for sDMA due to the presence of one
or more significant deviations from the “active” motif
(Supplemental Fig. 1A).

Interaction of endogenous murine proteins by TDRD1
eTud domains

In order to further investigate whether TD1 is “active” or
not in the binding of methylated marks on piRNA pathway
proteins, we performed pull-down assays from the lysate of
adult mouse testes. We tested the binding of the four
tandem eTud domains of TDRD1 (TD1-4), as well as each
single eTud domain, to endogenous murine proteins MILI
and MIWI, both of which are reported to contain sDMAs.
Indeed, the presence of arginine modifications on these
proteins was confirmed by Western blotting (Supplemental
Fig. 3B). Our results show that both proteins can bind TD1
TD4 and single domains TD2, TD3, and TD4, presumably
via the methylation marks, but only very weakly to TD1
(Fig. 4E). The germline-specific RNA helicase mouse Vasa
homolog (MVH) is a secondary piRNA biogenesis factor
(Kuramochi-Miyagawa et al. 2010) that is reported to carry
both symmetrical and asymmetrical dimethylarginine mod-
ifications (Kirino et al. 2010); the presence of these marks
was again verified by Western blotting (Supplemental Fig.
3B). MVH associates with TDRD1 and TDRD6 and is a
component of MILI and MIWI complexes (Leroy et al.
1989; Tanaka et al. 2000; Kirino et al. 2010). As shown in
Figure 4E, while MVH was retained on beads coated with
TD2, TD3, or TD4, it failed to interact with TDI.
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Furthermore, when pull-down assays were performed with
the “reactivated” TD1 domain mutant N325Y and MILI,
we observed an increase of the binding signal, although still
less than for TD2 and TD3 (Fig. 4E). Thus, we conclude that
the TD1 domain of TDRD1 is unlikely to be involved in
binding components of the piRNA pathway that are known
to be arginine methylated, but it cannot be ruled out that it
binds a peptide from some other associated protein.

SAXS analysis of the tandem Tudor domains
of TDRD1

We used small-angle X-ray scattering (SAXS) to determine
the overall conformation of the tandem Tudor domains of
TDRD1 in solution (Fig. 5). SAXS data were measured on
both the four-Tudor domain construct (TD1-4) and the
tandem TD1 and TD2 domains (TD1-2). Ab initio model-
ing was done with DAMMIF, and 40 individual models (for

both TD1-4 and TD1-2) were averaged using the program
DAMAVER. The output of DAMAVER was refined using it
as a starting model for the program DAMMIN to yield the
final calculated envelope (see Materials and Methods). The
envelope together with model independent parameters such
as radius of gyration and Dmax (Table 3) show that TD1-4
has an elongated shape with four distinct lobes that are
comparable in size to individual eTud domains and arranged
end-to-end (Fig. 5A). The envelope derived from the TD1-2
data is consistent with a double-domain structure similar to
either the first two or last two domains of TD1-4 (Fig. 5B).

To better characterize the molecular envelope of TD1-4,
we performed rigid body modeling using the program
CORAL (Petoukhov and Svergun 2005). This program
translates and rotates the atomic models of individual
domains against the SAXS data, with the missing flexible
interdomain linkers being modeled as random chains.
Models for TD1, TD2, and TD4 were derived by homology
modeling from the crystal structure of
the D. melanogaster Tudor-SN protein
(PDB code: 2WAC), while for TD3 the
crystal structure reported here was used.
Rigid body modeling simultaneously to
both the TD1—4 and TD1-2 data gave x°
of 2.17 for the TD1-4 data and x> of
1.96 and 1.82 for the TD1-2 data (re-
spectively, modeled as TD1-2 or TD3—4)

1,000-

100+

1 Relative

10+

(Fig. 5A,C). The fit was not significantly
improved, nor the four-domain model
changed when only the TD1—4 data were
used (x* = 2.05). Although the rigid
body fits are of good quality, they are
some systematic deviations that are likely
due to flexibility of the interdomain
linkages. Similarly, the CORAL model
fits well within the independently de-
rived ab initio TD1-4 average envelope,
although there are some deviations, again
consistent with flexibility, with respect to
the most representative (filtered) enve-
lope (Fig. 5A). These analyses show that
the four-tandem eTud domains of TDRD1

005 01 015 02 025

FIGURE 5. Overall architecture of the TD1-4 domains of TDRDI as determined from small-
angle scattering data. (A) TD1-4 ab initio models showing “most representative (filtered)”
(gray) and “average” envelope (light blue) as given by DAMAVER. The rigid body model was
produced using CORAL (Petoukhov and Svergun 2005). TD1 (salmon), TD2 (light red), and
TD4 (deep blue) models were based on Tudor-SN (pdb code 2WAC). TD3 (light blue) was
fitted using the crystal structure determined here. Flexible linkers connecting the eTud
domains, positioned by CORAL, are depicted as spheres (olive green). (B) Ab initio model
(orange) derived from the TD1-2 SAXS data. This is consistent with either half of the TD1-4
model. (C) SAXS data (black dots with error bars) and fits for TD1-4 and TD1-2 (solid lines).
(Top) TD1-4 data. Fit of the ab initio model shown in A (gray) and the multidomain model
created by CORAL (purple). (Bottorn) TD1-2 data. Fit of the ab initio model shown in B
(orange). Fits of the tandem TD1-2 and TD3—4 parts of the CORAL model are, respectively,
shown in red and blue.

are in an extended conformation in solu-
tion, with each domain being potentially
accessible for peptide binding.

DISCUSSION

Transposon silencing in mice is initi-
ated by de novo DNA methylation of
transposon promoters in the embryonic
germline. Repeat-derived piRNAs associ-
ating with the nuclear Piwi protein
MIWI2 are implicated in specifying this
event (Aravin et al. 2008; Kuramochi-
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TABLE 3. Model independent parameters derived from SAXS data

able flanking residues can decrease

affinity, relative to Rme2. Conse-

Parameter Source TD1-2 D14 quently, different sDMA-containing

Rg (A) Guinier 39.2 + 3 542 + 3 peptides can modulate the affinity by,

Rg (A) Porod 41 = 4 54 * 4 at most, an order of magnitude to a given

lo Guinier 31400 = 600 69300 = 600 domain, depending on the compatibil-

e ] P 32600 = 2000 68700 = 2000 jty of these flanking residues with the

Volume (A3) Porod 69000 = 4000 136000 = 4000 binding site (Fl 1B) Thus. there is
Molecular weight (kD)  From amino acid sequence 49.2 95.5 g . & ' i

Calculated from lo relative 49 + 4 95 = 5 some limited preference of a given do-

to BSA main for a given peptide, although it

Dmax (A) GNOM 133 = 5 200 = 5 must be borne in mind that we have not

Miyagawa et al. 2008). Primary biogenesis feeds many of the
piRNAs entering MILI, and some of these can initiate
generation of secondary piRNAs entering MIWI2 via the
ping-pong pathway. Briefly, this involves the transfer of
a target RNA endonucleolytic cleavage fragment from MILI
RNPs to MIWI2, where it would mature as a new secondary
piRNA. Two additional factors, TDRD1 and MVH, are also
implicated in production of MIWI2-bound piRNAs. Infact,
Mili, MiliPAH (MILI slicer inactive), Tdrd1, and Mvh mouse
mutants all display a failure to load MIWI2, leading to it
being mislocalized to the cytoplasm (Aravin et al. 2008;
Kuramochi-Miyagawa et al. 2008; Reuter et al. 2009; Vagin
et al. 2009; De Fazio et al. 2011). This leads to transposon
derepression and hypomethylation of promoter elements in
the mutants.

The occurrence of four-tandem extended Tudor do-
mains in TDRDI1 and a variety of arginine methylation
marks on Piwi and Piwi-associated proteins poses the
question of how interactions between the two could help
mediate the formation of functional complexes in the piRNA
pathway. One prevailing model proposes a molecular scaf-
fold role for proteins like TDRD1, whereby each of the four
Tudor domains might specify a unique interaction with
a distinct binding partner, such as MILI and MIWI2,
facilitating, for example, their interaction for ping-pong
PiRNA biogenesis. In this respect we note that although
MIWI2 is detected in TDRD1 complexes (Vagin et al.
2009), it is unclear how it interacts, as arginine modifi-
cation is not reported for MIWI2.

To provide further insight into the role of the tandem
Tudor domains of TDRD1 we have measured the binding
of each of the four domains separately to three different
symmetrically dimethylated peptides of MILI and to iso-
lated symmetrically dimethylated arginine. Our data show
that whereas TD1 binds very poorly to all peptides, TD2,
TD3, and TD4 bind with moderate micromolar affinity to
the three peptides of MILI in vitro. More specifically, we
find that whereas favorable flanking regions of a methylated
peptide can enhance specificity only moderately upon
binding of a single SDMA (e.g., factor of 1-3 for R45me2
or Rme2 binding to the four domains) (Fig. 4A), unfavor-
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tested all relevant methylated peptides.

In particular, we suggest that TD3

preferentially recognizes peptides with
hydrophobic residues just C-terminal to the sDMA. Fur-
thermore, our ITC measurements revealed an apparent
preference for binding of isolated TD2 and TD3 to con-
secutive MILI peptides, R45me2 and R74me2, respectively.
Therefore, we examined whether TDRDI can integrate
inputs from multiple Tudor domains by measuring affinity
of a fused peptide combining both of these methylation
marks to the tandem TD2-TD3 domains. Somewhat sur-
prisingly, no significantly enhanced affinity was observed,
suggesting that binding to each domain is largely indepen-
dent, probably due to peptide and interdomain flexibility.
However, it should be borne in mind that this conclusion
is based only on one combination of dually methylated
peptide and tandem domains. Our pull-down experiments
clearly show that domains TD2, TD3, and TD4 are in-
dividually each capable of interacting with endogenous,
arginine-methylated MILI, MIWI, and MVH. Taking these
results together, we conclude that a 1:1 exclusive interac-
tion of a Tudor domain with a particular sDMA-peptide is
unlikely. We favor the hypothesis that TDRD1 can act as
a general scaffold capable of engaging one partner through
a set of composite contacts or binding multiple partners
simultaneously. These various options may be appropriate
at different times to create unique complexes or interaction
networks dynamically, depending on partner availability.

The crystal structure of the TD3-R45me2 complex un-
expectedly reveals a completely different orientation of the
peptide compared with other such structures, even with
the methylated arginine entering the aromatic cage from a
different direction. This is perhaps an adaptation to pref-
erentially bind peptides with large hydrophobic residues
just downstream from the methylated arginine as present
in the R45me2 and R74me2 peptides and highlights the
potential of the extended Tudor domain architecture to
adopt multiple binding modes.

The elongated conformation of the SAXS model of
TDRD1, with each Tudor domain accessible to receive its
interacting partner, provides the strongest evidence to date
of the molecular scaffold model. This is further supported
by our binding studies with the various Tudor domain
constructs and full-length Piwi proteins (MILI and MIWI)
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and biogenesis factors like MVH present in mouse testes
lysates. Thus, it is likely that TDRD1 provides an environ-
ment in which the interacting proteins can engage in inter-
molecular interactions, driving biogenesis of piRNAs.

Our observation that TD1 of mouse TDRD1 is essentially
unable to bind methylated arginine peptides is in concor-
dance with previous predictions that many eTud domains
in TDRD proteins lack the consensus aromatic cage residues
(Liu et al. 2010a; Tripsianes et al. 2011). A single amino
acid substitution (N325 instead of Y) within the aromatic
cage of TDI renders it ineffective. However, fishes (sepa-
rated from humans by 450 million years) have conserved
a tyrosine at the same position. As we demonstrated, changing
N325 back to Y could restore methylated ligand-binding
potential to the mouse TD1, suggesting that the “active”
aromatic cage is the major determinant of eTud domain
binding and, to a lesser extent, the flanking residues. The
functional relevance of such “inactive” domains remains to
be determined, but it is possible that they allow methyla-
tion-independent interaction with Piwi proteins or other
piRNA pathway-associated factors. Indeed, the fly Tudor
domain protein Yb lacks any “active” Tudor domains, but
is still detected in Piwi complexes and is essential for primary
PiRNA biogenesis (Saito et al. 2010; Handler et al. 2011). All
of these observations point to an evolving role for Tudor
domains, some of which might be adopting new roles that
go beyond recognition of methylated ligands.

MATERIALS AND METHODS

Protein expression and purification
TD1-4 (four tandem eTud domains of TDRD1T)

The four tandem eTud domains of mouse TDRD1 (denoted TD1-
4, residues 232-1094) were cloned into pETM11 vector to generate
N-terminal His-tagged fusion protein. The recombinant protein
was grown in Escherichia coli BL21 (DE3) cells at 37°C and induced
with 1 mM IPTG at 20°C for 14 h. Purification was by affinity
chromatography on nickel Sepharose fast-flow resin followed by
TEV protease cleavage to remove the tag. A further purification step
was made by size-exclusion chromatography. Finally, the protein
was concentrated as required in buffer containing 20 mM Tris-HCI
(pH 7.6), 0.15 M NaCl, and 1 mM DTT.

Identification of TDRD1 extended Tudor-domain pair
and individual domain constructs

To experimentally define domain boundaries, multidomain con-
structs were iteratively subjected to limited proteolysis by trypsin
with 1:1000 trypsin:protein ratio. Stable fragments were identified
by N-terminal sequencing and mass spectrometry. Partial pro-
teolysis of the TD1-4 construct led first to a stable fragment
encompassing the first two Tudor domains (TD1-2, 232-677).
Further limited proteolysis by trypsin on the TD1-2 construct
gave rise to single domains TD1 (232-476) and TD2 (463-677).
Digestion of a construct encompassing TD3—4 (692-1050) yielded

a stable fragment containing TD3 (692-892) that was eventually
crystallized with the R45me2 peptide. The apo-TD3 structure was
obtained by crystallizing a longer construct (Apo-TD3, 692-917),
which along with TD4 (916-1113) was designed taking into
account secondary structure predictions. Once all single domains
had been defined, these were used to design tandem domains 2
and 3 (TD2-3, 463-917) and 3 and 4 (TD3-4, 692-1113).

All of these constructs were cloned, expressed, and purified as
described above for the TD1-4 construct. TD2, TD3, apo-TD3,
and TD4 were concentrated to 15 mg/mL in a buffer containing
20 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 1 mM DTT for
crystallization trials.

Isothermal titration calorimetry (ITC) measurements

ITC measurements were performed in duplicates at 25°C, using an
ITC200 Micro-calorimeter (MicroCal, Inc). Experiments included
26 injections of 1.5 wL of peptide solution (3-10 mM) into the
sample cell containing 60-90 wM of proteins, in 25 mM Tris-HCl
(pH 7.6), 150 mM NaCl, and 5 mM B-mercaptoethanol buffer. All
peptides (Peptide Specialty Laboratories GmbH) used for ITC
experiments were dissolved or dialyzed into the same buffer as the
protein and, if necessary, the pH adjusted to correspond with that
of the protein solution. Phenylalanine-containing peptide con-
centrations were estimated with absorbance spectroscopy using
the extinction molar coefficient at 257 nm (195 M-1 ¢cm-1). Other-
wise, peptide concentrations were estimated from the mass. Control
experiments were performed under identical conditions to de-
termine the heat signals that arise from injecting the peptide into
the buffer. Binding isotherms were fit by nonlinear regression using
Origin Software version 7.0 (MicroCal, Inc). The initial data point
was routinely deleted. The ITC data were fit to a one-site binding
model, or in the case of tandem Tudor domains, to the sequential
binding site model, using software provided by MicroCal (Wiseman
et al. 1989; Turnbull and Daranas 2003).

Crystallization trials

Extensive crystallization trials were performed of the various
single- and multiple-domain constructs with and without the
three MILI sDMA-containing peptides using the EMBL High
Throughput Crystallization Facility. Typically, 576 conditions
were screened for each protein in 96-well sitting-drop vapor
diffusion format. Only apo-TD3 and TD3 bound to the R45me2
peptide ultimately gave good quality crystals.

TD3-R45me2 co-crystallization and structure
determination

The TD3 (692-892) complex with R45me2 peptide was prepared
by mixing protein and peptide in a 1:5 molar ratio, and co-crystals
grew at 20°C in 0.2 M ammonium acetate, 0.05 M sodium
cacodylate (pH 6.5), 30% PEG8000, 0.01 M magnesium acetate
tetrahydrate. Crystals of the SeMet-labeled protein in complex
with the peptide were grown at 20°C in slightly different
conditions, 0.2 M NaCl, 0.1 M Bis-Tris (pH 7.0), and 29% PEG
3350.

Crystals belong to the space group of P1 with two complexes
per asymmetric unit. A complete native data set was collected
to a resolution of 2.1 A on beamline ID14-EH4 at the ESRF
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(Grenoble) and processed with XDS (Kabsch 1993). The structure
was solved by a SeMet MAD experiment. Data sets with a resolu-
tion of 2.7-2.8 A were collected at the inflection point and peak
wavelengths of the Se K-edge. Six SeMet sites were identified using
SHARP (de La Fortelle 1997) and phases improved using RESOLVE.
The initial model was built manually using COOT (Emsley and
Cowtan 2004) and finally automatically built by ARP-wARP
(Perrakis et al. 1999). The structure was refined using Refmac5
(with TLS refinement) (Murshudov et al. 1997) to a final R-factor
of 21.9% and Rg.. of 28.4%, with all residues in allowed (97.7%
in favored) regions of the Ramachandran plot, as analyzed by
MOLPROBITY (Davis et al. 2004).

Apo-TD3 crystallization and structure determination

Unliganded TD3 (692-917) crystals were grown at 20°C in 10%
PEG 1000 and 10% PEG 8000. They belong to space group P4,2,2
and diffract to 2.8 A resolution. A complete data set was collected
on beamline ID14-EH4, processed with XDS, and the structure
solved by molecular replacement with PHASER (McCoy et al.
2005) using the TD3/R45me2 complex structure as a search
model. The structure was refined with Refmac5 (including TLS)
to a final R-factor of 22.7% and Rgee of 25.5%. A total of 99.8%
(95.8%) of residues are in allowed (favored) regions of the
Ramachandran plot according to MOLPROBITY.

NMR spectroscopy

”N-labeled samples of TD2 and TD3 were prepared by growing
cells in minimal medium supplemented with ">NH,CI (1 g liter ')
as the sole nitrogen source and expressing and purifying as de-
scribed above. In the final step of size exclusion chromatography,
protein samples were exchanged into a buffer containing 20 mM
sodium phosphate (pH 6.5), 50 mM NaCl, and 1 mM DTT.
'H,°N HSQC titrations of 15N-labeled TD2 or TD3 with
successive addition of unlabeled ligands were performed on samples
containing 200 wM protein to a final concentration ratio of 1:30
or 1:100 excess of the ligand (20 mM sodium phosphate at pH 6.5,
50 mM NaCl, and 7% (v/v) *H,O added for the lock). Spectra
were recorded at 298 K using an AV900 Bruker NMR spectrom-
eter equipped with cryogenic triple resonance gradient probes.

SAXS data collection and analysis

Multidomain fragments containing the four Tudor domains
(TD1-4) and Tudor domains 1 and 2 (TD1-2) were expressed
and purified as described above. In the last purification step,
Superdex 200 size exclusion column was used and 5 mM DTT was
added before SAXS measurement. Data were collected at the ESRF
BioSAXS station, ID14-EH3, which operates at a fixed energy
(13.32 keV, A = 0.931 A) (Pernot et al. 2010). A total of 30 wL of
protein solution was loaded into a 2-mm quartz capillary mounted
in vacuum using an automated robotic system. The system enables
the sample to flow through the beam during exposure to minimize
the effect of radiation damage. A range of protein concentrations
(10, 4.5, and 1.5 mg/mL) were measured to assess and account for
interparticle effects. Two-dimensional scattering images were col-
lected using a Vantec 2000 detector (Bruker) placed 1.83 m from the
sample. For each sample, 10 frames of 30-sec duration were
collected. Individual frames were processed automatically and
independently using the software BsxCUBE, yielding individual

2070 RNA, Vol. 18, No. 11

radially averaged curves of normalized intensity versus scattering
angle s = 4wSIN6/N. Time frames are combined, excluding any
data points affected by aggregation due to radiation damage, to
give the average scattering curve for each measurement. The average
scattering from the buffer alone, measured before and after each
sample measurement, was used for background subtraction using
the program PRIMUS (Konarev et al. 2003). For both the TD1-4
and TD1-2 data, 40 ab initio models were created with DAMMIF
(Franke and Svergun 2009), which were averaged and filtered
using DAMAVER (Volkov and Svergun 2003). Rigid body models
were produced with CORAL (Petoukhov and Svergun 2005),
which allows the addition of missing linkers using a database of
random self-avoiding chains. The plots of the 1D fits were pro-
duced with SAXSview (saxsview.sourceforge.net) and the figures of
the 3D models were produced with PYMOL.

DATA DEPOSITION

Atomic coordinates and structure factors for the TD3-R45me2
peptide complex and apo-TD3 have been deposited in the wwPDB
with codes 4B9W and 4B9X, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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