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TOPLESS are tetrameric plant corepressors of the conserved Tup1/Groucho/TLE (transducin-like enhancer of split)
family. We show that they interact through their TOPLESS domains (TPDs) with two functionally important ethylene
response factor–associated amphiphilic repression (EAR) motifs of the rice strigolactone signaling repressor D53: the
universally conserved EAR-3 and themonocot-specific EAR-2.We present the crystal structure of themonocot-specific
EAR-2peptide in complexwith theTOPLESS-relatedprotein 2 (TPR2) TPD, inwhich the EAR-2motif binds the sameTPD
groove as jasmonate and auxin signaling repressors but makes additional contacts with a second TPD site to mediate
TPD tetramer-tetramer interaction.Wevalidated the functional relevance of the twoTPDbinding sites in reporter gene
assays and in transgenic rice and demonstrate that EAR-2 binding induces TPD oligomerization. Moreover, we dem-
onstrate that the TPD directly binds nucleosomes and the tails of histones H3 and H4. Higher-order assembly of TPD
complexes induced by EAR-2 binding markedly stabilizes the nucleosome-TPD interaction. These results establish a
newTPD-repressorbindingmode thatpromotesTPDoligomerizationandTPD-nucleosome interaction, thus illustrating
the initial assembly of a repressor-corepressor-nucleosome complex.
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INTRODUCTION
Understanding the mechanistic details of how transcription factors in-
teract with global, evolutionarily conserved coactivators and corepressors
is of central importance across species. Although transcriptional repres-
sion is thought to be equally important as transcriptional activation, com-
paratively little is knownon how transcriptional repressors interact with
transcription factors and corepressor complexes and how corepressor
complexes epigenetically silence gene expression. Plant hormone signaling
offers a paradigm for studying transcriptional repression, because theDNA
binding transcription factors, key repressors, and corepressors are known
formajor plant hormones such as auxin, abscisic acid, and jasmonate (1).

Strigolactones (SLs) are plant hormones that are synthesized in re-
sponse to low mineral nutrients and other environmental and endog-
enous stimuli. They modulate many aspects of plant architecture, most
notably by repressing shoot branching, a major determinant of crop
yields, aswell as root development, leaf senescence, flower size, and stem
and hypocotyl elongation (2, 3). In addition to their function as an
endogenous hormone, SLs are also exuded from roots into the soil,
where they function as signalingmolecules to stimulate symbiosiswith
mycorrhizal fungi and nitrogen-fixing bacteria to increase nutrient
availability, a signal that is exploited by parasitic weeds to localize their
hosts (4–6). SLs are sensed by the a/b-hydrolase DWARF14 (D14),
which binds and slowly hydrolyzes SL to a form that covalently binds
D14 and induces a conformational change that allows the formation of
a complex between D14, the repressor DWARF 53 (D53), and SCFD3

ubiquitin ligase (7–12). Complex formation stimulates ubiquitination of
D53 by SCFD3, leading to proteasomal degradation of D53, which re-
lieves repression of D53-regulated SL-responsive genes (2, 3).

Consistent with a role as a transcriptional repressor, D53 is nuclear-
localized and physically interacts with the family of TOPLESS (TPL)
corepressors (9, 12). Moreover, the Arabidopsis D53 orthologs SMXL6,
SMXL7, and SMXL8 repress reporter gene activity when artificially
tethered to DNA, and their down-regulation induces expression of the
SL-responsive transcription factor BRC1 (13, 14) and of the auxin efflux
carrier PIN1 (14, 15), key factors involved in the regulation of shoot
branching. Unexpectedly, for a transcriptional repressor, D53 and its
homologs share secondary structure and sequence conservation through-
out the protein length with members of the Clp1 double AAA domain
adenosine triphosphatase (ATPase) family of protein-disaggregating
and protein-remodeling machines (9, 12).

TPL and TPL-related proteins (TPRs; in rice TPR1 and TPR2) com-
prise a family of corepressors that interact with numerous repressors,
transcription factors, and adaptors to modulate plant development and
signaling (1, 16–20). They are functionally and structurally related to yeast
Tup1, insect Groucho, andmammalian transducin-like enhancer of split
(TLE)/Grg transcription factor–binding corepressors that function as
large scaffolds to recruit repressive chromatin-modifying complexes
and mediate inhibitory interactions with the Mediator complex (21, 22).
All proteins of this family consist of N-terminal tetramerization domains
separated by a flexible proline-rich region from one or two C-terminal
seven-bladed b-propeller domains.Whereas the N-terminal tetrameriza-
tion domains of yeast Tup1 (23) and human TLE (24) consist of helical
coiled coil dimers of dimers, the tetramerization domain of TPL proteins,
termed TPL domain (TPD), adopts a structurally unrelated helical dimer
of dimers fold (25). All members of this family bind small peptide
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repressor motifs found in transcriptional repressors (26–36) as well
as conserved chromatin-remodeling (37–39) and class 1 histone dea-
cetylase (HDAC) complexes (40–44). In addition, yeast and animal
Tup1/Groucho/TLE proteins have been shown to directly bind nucleo-
somes (24, 34, 43, 45–47), which has been implicated in chromatin com-
paction by an unknownmechanism (24, 34). In contrast, it is unknown
whether plant TPL proteins bind nucleosomes.

The most widespread repressor motif in plants is the ethylene re-
sponse factor–associated amphiphilic repression (EAR) motif, whose
main type is characterized by the sequence LxLxL, where L represents
leucine residues and the two residues flanking the first L are often acidic
amino acids (48–50). The LxLxL EAR peptides of Arabidopsis thaliana
IAA1 (auxin-responsive protein 1), IAA10, andNINJA (novel interactor
of JAZ), repressors involved in auxin and jasmonate signaling, all bind
the same conserved groove in each of the four monomers of a TPD tet-
ramer (25), suggesting that LxLxL EARmotifs have a conservedmode of
TPD binding. Here, we identify two functional EAR motifs in rice D53
EAR-3, which is found in all D53 orthologs, and EAR-2, which is only
conserved inmonocots.We demonstrate that themonocot-specific D53
EAR-2motif interacts with two separate binding sites in the TPR2 TPD.
We further demonstrate that the TPR2 TPD binds to nucleosomes, and
the bipartite interaction of the D53 EAR-2 motif with the TPR2 TPD
promotes TPD tetramer-tetramer interaction, which results in a D53-
mediated stabilization of TPD corepressor-nucleosome interaction.
 on M
arch 13, 2020
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RESULTS
D53 binds the TPD through two different EAR motifs
Rice D53 has been shown to interact with TPL family proteins inmam-
malian two-hybrid (M2H) and glutathione S-transferase pulldown
assays (9). D53 contains three putative EAR motifs (Fig. 1A) (9, 12).
Of these, only the C-terminal motif, which we have termed EAR-3, is
conserved in bothmonocots and dicots (fig. S1), and the corresponding
motif has been shown to mediate TPL interaction in the Arabidopsis
D53 orthologs SMXL6, SMXL7, and SMXL8 (13, 14). To test which
of the putative motifs can mediate the interaction with the rice TPL
protein TPR2, we synthesized biotinylated peptides corresponding to
each of the motifs and determined their interactions with the TPD
domain of TPR2 in an AlphaScreen luminescence proximity assay. To
our surprise, the peptide encompassing the conserved C-terminal EAR
motif did not bind the TPD, whereas the EAR-2 motif (D53 residues
794 to 808) interactedwith the TPD (Fig. 1B). The core LxLxL sequence
(LDLNL) of the D53 EAR-2 motif is the same as in the conserved
C-terminal EARmotif in dicots, but it is not conserved in the corresponding
regions of SMXLproteins indicots (fig. S1; see also alignment of theTPDs
of TPL proteins in fig. S2). The interaction depended on a set of three
conserved leucine residues of the motif because a triple L796A/L799A/
L801A mutation abrogated the ability of EAR-2 to interact with the
TPD (Fig. 1B). Using an AlphaScreen homologous competition assay,
we determined a half maximal inhibitory concentration (IC50) value of
1.4 mM using conditions where the IC50 approximates the equilibrium
dissociation constant (Kd) (fig. S3A) (see Materials and Methods). The
EAR-2 peptide also bound to the TPD of the other two members of the
rice TPL family, TPL and TPR1 (fig. S3, B to D).Whereas the D53 EAR-3
peptidedidnot interactwith anyof theTPDs, a corresponding, one-residue
longer peptide from the Arabidopsis D53 ortholog SMXL7 did bind the
TPR2 TPD, although less strongly than the D53 EAR-2 peptide (fig. S3E).

To test which of the EAR motifs is required for TPD interaction in
the context of full-length D53, we analyzed the interactions between
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
TPDproteins andwild-type andmutantD53 byM2Hassays. As shown
in Fig. 1C, wild-type D53 interacted with each of the three TPD pro-
teins, as reported (9), whereas a triple L796A/L799A/L801A mutation
of the EAR-2 motif reduced and F976A/L978A/L980Amutation of the
EAR-3 motif almost abolished the interaction (see expression levels in
fig. S4A). This suggested that both EAR-2 and EAR-3 may be able to
directly bind the TPD of rice TPL proteins but that the EAR-3 peptide
used in the AlphaScreen interaction assay may be insufficient for the
interaction. We therefore genetically fused two larger D53 fragments
encompassing EAR-3 [58-residue D53(952–1010) and 38-residue
D53(962–1000)] to the Gal4 DNA binding domain (DBD) and tested
the interaction of the corresponding proteins with the TPDs in the M2H
assay. As shown in fig. S5, both EAR-3 fragment–containing fusion pro-
teins interacted robustly with all three TPDs. We then fused only the
15–amino acid EAR-3 fragment that did not interact as free peptide
to the Gal4 DBD, and this protein was also able to bind the TPD
(Fig. 1D). These experiments suggested that both the EAR-2 and EAR-
3motifs can interact with the TPDbut that theminimal 15-residue EAR-
3 fragment needs to be fused to a protein to reduce its flexibility.

Both EAR-2 and EAR-3 contribute to D53 repressor function
and SL signaling
Next, we tested whether the in vitro observed EAR interactions are im-
portant forD53 repressor function.We generated expression constructs
of wild-type and mutant D53 fused to the heterologous Gal4 DBD and
VP16 activation domain and cotransfected them together with a Gal4-
dependent luciferase reporter gene into rice protoplasts. Whereas triple
L→Amutationof EAR-1 (mEAR-1; see Fig. 1A) did not change reporter
gene activity, triple L→Amutations of EAR-2, EAR-3, and, most mark-
edly, the EAR-2/EAR-3 doublemutation increased reporter gene activity,
indicating a severe repression defect (Fig. 2A).

To further confirm that both EAR-2 and EAR-3 are functionally im-
portant in vivo, we generated transgenic rice overexpressingwild-typeD53,
the SL-insensitive d53mutant allele (d53-1D) (9, 12), and d53–mEAR-2,
d53–mEAR-3, and d53–mEAR-2/mEAR-3 in wild-type Nipponbare (Fig.
2, B to D) (9, 12, 51). All transgenic plants overexpressing mutant d53
genes showed a stronger tillering phenotype thandid those overexpressing
the wild-type D53 gene; therefore, we analyzed the effect of different EAR
motifs on D53’s repression activity by using themutant d53-1D gene. Ex-
pression of d53-1D and d53–mEAR-3 significantly increased the tiller
number relative to wild type, whereas both d53–mEAR-2 and d53–mEAR-2/
mEAR-3 showed a smaller increase that was not statistically significant,
indicating that EAR-3 is critical for repression of tiller number (Fig. 2C).
Incontrast,whenwedeterminedplantheight, bothd53-1Randd53–mEAR-2
exhibited a dwarf phenotype, whereas d53–mEAR-3 and d53–EAR-2/
mEAR-3 only exhibited smaller, statistically not significant reductions in
plant height (Fig. 2D). Together, these data suggest that both EAR-2 and
EAR-3 contribute to D53 repressor activity and SL responsiveness but
that the two EAR motifs may have diverse functions in regulating plant
height and tiller number. Deletion of the EAR-3 corresponding EAR
motif in Arabidopsis also causes partial loss of SL signaling (15).

The D53 EAR-2 motif binds the interface between two TPR2
TPD tetramers
To determine the molecular details of the TPD interaction with the
monocot-specific D53 EAR-2motif, we crystallized the complex between
TPR2(1–209) and the TPD-interacting EAR-2 peptide [D53(794–804)],
and solved its structure at a resolution of 2.55 Å (table S1).Whereas the
TPD in the complex assumed essentially the same structure as the apo
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TPD [ProteinData Bank (PDB) code 5C6Q] and the TPD in complexes
with EARmotifs from IAA1 (5C7J), IAA10 (5C7E), andNINJA (5C6V)
(25), the D53 EAR-2 peptide simultaneously bound to two different sites
of the TPD: the canonical surface groove in each of the TPDmonomers
that is also bound by IAA1-, IAA10-, and NINJA-EAR peptides (which
we refer to as “site 1,” formed by helices a5, a6, a7, a8, two short 310
helices, and a connecting loop) as well as a newbinding pocket formed at
the C terminus of the dimer interface near the TPD zinc finger (whichwe
refer to as “site 2,”which is formed by the C-terminal loop andC-terminal
helix a9 from one monomer and helices a1 and a9 from the other mo-
nomer; Fig. 3; see fig. S6 for the omit map of the EAR-2 peptide). The
C-terminal part of EAR-2 (LDLNL)matches the consensus EARmotif
and binds to site 1, the canonical EARmotif–binding groove, whereas the
partially overlapping N-terminal DNLIYLDL part of the motif binds the
EAR-2–specific site 2 (the C-terminal binding groove) (Fig. 3, A and B).
Details of the interaction are shown in Fig. 3B and summarized inFig. 3C.

Mutations in either site 1 or site 2 of the TPD are insufficient
to abolish the TPD–EAR-2 interaction
To test whether both binding grooves can independently form com-
plexes with the D53 EAR motif, we first introduced mutations into
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
theTPDthat replacedkey residuesof the canonicalEARbinding site 1with
alanine (fig. S7). Although all of these mutations abolished or strongly re-
ducedbinding to theNINJAEARmotif,whichonlybinds to site 1 (fig. S7A)
(25), they only moderately affected the interaction with the bipartite
EAR-2motif (fig. S7B). To gain further insight into binding of a site 1mu-
tant TPD, we determined the crystal structure of the complex between
TPR2 TPD L111A/L130A and D53 EAR-2 (fig. S7, D to F). Rather than
losing binding to site 1 of the TPD, the EAR motif formed new interac-
tions with the TPD tetramer-tetramer interface by reversing its orienta-
tion relative to the wild-type TPD, which allowed the TPD to engage in
less extensive alternative interactions (fig. S7E).

Next,wemutatedkeysite2 interfaceresidues toalanine.Aswithsite1mu-
tations, none of the site 2 mutations could disrupt the interaction be-
tween the mutant TPD and the D53 EAR-2 motif (fig. S8A). The small
to moderate reductions in the binding signal for TPD N180A, W181A,
and L198A appear to be due to general protein destabilization as well as
small variations in protein amounts (fig. S8C), because these mutations
decreased, to an even larger degree, the AlphaScreen signal for NINJA
EAR (fig. S8B), which does not bind site 2 and has an at least 10-fold
loweroverall affinity for theTPD[IC50of 16mM(25) compared to1.4mM].
We were also able to crystallize the complex between D53 EAR-2 and
Fig. 1. D53(794–808) is a functional EARmotif. (A) Domainmap of D53, with the position of three putative EARmotifs indicated. The segments with homology to the N-cap,
the twoAAAdomains, and themiddledomain (MD) of Clp-disaggregationmachines are indicated. (B) AlphaScreen interaction assays betweenbiotinylatedpeptides representing
the three putative D53 EARmotifs andHis6Sumo-tagged TPR2 TPD. (C) M2H assay between VP16 activation domain-fused TPL/TPR andGal4 DBD-fused full-lengthwild-type (WT)
D53and triple EAR L→Amutant d53 [mEAR1,mEAR2,mEAR3; seemutated leucine residues in (A)]. RLU, relative luciferase units. (D)M2Hassay of the interactionbetween the TPDs
of the three TPLproteins and the 15-residue EAR-3motif shown in (A) and (B) fused to theGal4DBD.ns, not significant (P>0.05); *P<0.05; **P<0.01; ***P<0.001, one-way analysis
of variance (ANOVA) with Tukey’s post hoc test; n = 3; error bars = SEM.
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theTPDL179A/I195A site 2mutant and determine its structure (fig. S8,
D to F). Although the resolution of this structure is relatively low (3.15Å),
in the complex, EAR-2 appears to have lost interactionwith themutated
site 2 while retaining extensive interactions with site 1 (fig. S8E).

Combined mutations in both interfaces abolish TPD–EAR-2
complex formation
To further confirm modular binding to both the site 1 and site 2 inter-
faces,wecombinedbothmutations togenerate aTPDL111A/L130AL179A/
I195A quadruple mutant protein. Whereas the site 1 (L111A/L130A)
and site 2 (L179A/I195A) double mutants still retained binding to the
D53 EAR-2 peptide, the quadruple mutant protein lost the ability to
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
interact with the peptide (Fig. 4A). Moreover, when we crystallized
the quadruple mutant TPD in the presence of EAR-2 peptide, the pep-
tide was not resolved in the structure (fig. S9), indicating that the EAR
motif lost the ability to form a complex with the mutant TPD even in
the presence of the very high protein and peptide concentrations used
for crystallization.

Finally, we performed an alanine scanning mutagenesis of the
EAR-2 motif (D53 residues 704 to 804) and quantitatively determined
the relative TPD affinities of each of themutant peptides by AlphaScreen
homologous competition assays (fig. S10; summarized in Fig. 4, B andC).
Of the EAR-2 residues resolved in the complex crystal structure, only
L799 makes substantial interactions with both the site 1 and the site 2
Fig. 2. Mutations in both EAR-2 and EAR-3 partially compromise D53 repressor activity in protoplasts and D53-mediated SL signaling in transgenic rice. (A) D53 EAR
mutant repressor activities. Gal4DBD-D53-VP16 expression plasmidswere cotransfectedwith a 35Spromoter–Gal4 binding site (UAS)–firefly luciferase (LUC) reporter plasmid and
a 35S promoter–Renilla luciferase reference plasmid into rice protoplasts; different letters above the columns indicate statistically significant differences between groups [Tukey’s
honest significant difference (HSD) test, P < 0.05]. All data are presented asmeans ± SD. (B) Wild-type andmutant d53-overexpressing transgenic plants, taggedwith 3×FLAG.
(C and D) Tiller number (C) and height (D) of T2 generation transgenic plants. n = 15 plants; error bars = SEM; different letters at the top of each column indicate a significant
difference at P < 0.05 determined by Tukey’s HSD test.
4 of 15
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binding grooves of the TPD (Fig. 3C), and correspondingly, only the
L799A mutant peptide was strongly compromised in its ability to com-
pete the TPD interaction with wild-type EAR-2 peptide (IC50 increase
from 1.4 to 14.3 mM; Fig. 4, B and C, and fig. S10). In addition, both
terminal EAR-2motif residues were unresolved in the complex structure
containing thewild-type TPD, yet replacement of these two residues with
alanine also substantially changed the strength of the TPD interaction.
The N-terminal D794, although not resolved in the structure of the
wild-type complex, was resolved in the TPD L111A/L130A mutant
complex, inwhich its carboxyl group forms intrapeptide interactionswith
N795, L796, andY798, suggesting thatD794may contribute to theoverall
conformation of the EAR-2 motif in the binding groove and therefore
influence binding to both TPD sites. The C-terminal Q804 of EAR-2
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
is not resolved in any of the structures, but its replacement with alanine
increased the strength of the interaction by more than threefold, indi-
cating that the bulky side chain of Q804 impedes the interaction. Col-
lectively, we have presented extensive evidence that the bipartite D53
EAR-2 motif modularly interacts with both site 1 and site 2 of the
TPD and thus that either interface is sufficient for complex formation
with the D53 EAR motif.

The D53 peptide mediates TPD
tetramer-tetramer interaction
The ability of the EAR-2 peptide to simultaneously bind two different
TPD tetramers suggests that itmaymediate or stabilize the formation of
oligomeric TPDassemblies. To probe for tetramer-tetramer interaction,
Fig. 3. Structure of TPR2 TPD in complex with D53 EAR-2 peptide. (A) Structure overview showing two TPD tetramers with an EAR-2 peptide at the TPD tetramer-tetramer
interface (dashed rectangle). EARmotif peptides are shown as green stickmodels, the TPDs are shown as cartoonmodels, and the TPD Zn2+ ions are shown as gray spheres.
(B) Close-up of the interface; key amino acids and bonds are shown and labeled. D794 and Q804 of the EAR-2motif (letters in parentheses) were not resolved in the structure.
(C) Main interacting residues between TPR2 TPD and the D53 EAR-2 motif peptide. Brown, TPD monomer 1; cyan, TPD monomer 2; pink, TPD monomer from interacting
tetramer [same color code in (A)]; bold, key interaction residues. aa, amino acids; VdW, van der Waals bond (4.5 Å cutoff); H-bond, hydrogen bond (3.5 Å cutoff).
5 of 15
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we generated two different forms of the TPR2 TPD: one in which the
TPD is biotinylated and the other inwhich it isHis6Sumo-tagged. This
allowed immobilization of the tetramers to streptavidin-coated donor
beads and Ni-chelated acceptor beads, respectively, to determine their
interaction by anAlphaScreen assay (Fig. 5A). The data in Fig. 5B sug-
gest that TPD tetramers can weakly interact with each other, and this
interaction is greatly enhanced by adding increasing amounts of un-
tagged D53 EAR-2 peptide. In contrast to wild-type EAR-2, an EAR-2
peptide with a mutation in Y798, which retains high TPD binding
affinity (Fig. 4, B and C) and makes key interactions with TPD site
2 but does not interact with site 1 (Fig. 3C), was unable to increase
the AlphaScreen signal (Fig. 5B). This provides strong evidence that
the signal increase is due to the ability of EAR-2 to simultaneously
bind two separate sites on the TPD. We note that an alternative inter-
pretation for the increased AlphaScreen signal is that EAR-2 could de-
stabilize biotin- and His6Sumo-tagged homotetramers to promote the
formation of mixed tetramers containing both biotin- and His6Sumo-
tagged subunits. However, the EAR-2 peptide did not enhance the
binding signal for TPD L111A/L130A (TPD site 1 mutation) (Fig. 5C)
and had no effect on the stability of the TPD tetramer in a thermo-
stability shift assay (fig. S11), consistent with the increase of the TPD-TPD
AlphaScreen interaction signal being due to D53 EAR-2–mediated
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
tetramer-tetramer interaction. We further confirmed the ability of
the EAR-2 motif to induce TPD-TPD interaction by dynamic light
scattering (DLS). The apo TPD forms a stable tetramer in solution
with dimensions of ~160 Å × 60 Å × 40 Å (25), consistent with a tight
DLS profile with a mean hydrodynamic radius of ~50 Å (100 Å diam-
eter; Fig. 5D). Moreover, addition of NINJA EAR motif peptide or
D53 EAR-2 Y798A peptide, which only binds one site of the TPD,
displayed a similar TPD size distribution and average size as for the
apo TPD. In marked contrast, the wild-type EAR-2 peptide caused an
asymmetric broadening of the size distribution with a shift to a mark-
edly increased hydrodynamic radius (up to a 300Å radius; Fig. 5D and
table S2), indicative of the formation of oligomeric TPD assemblies.
Collectively, these data indicate that the D53 EAR-2 motif can induce
or stabilize TPD tetramer-tetramer interaction and that this effect re-
quires both TPD-EAR interfaces.

Because the synthesized 15–amino acid D53 EAR-3 peptide was un-
able to bind any of the three TPDs, we had synthesized 16–amino acid–
long peptides of the corresponding motifs from the D53 orthologs
SMXL6, SMXL7, and SMXL8 of Arabidopsis. These EAR peptides in-
teractedwith the TPR2TPD in anAlphaScreen assay (shown for SMXL7
EAR in fig. S3E). However, in contrast to D53 EAR-2, they did not
enhance the TPD-TPD interaction (fig. S12), even though we cannot
Fig. 4. Onlymutations that affect binding of both TPD–EAR-2 interfaces disrupt the TPD–EAR-2 interaction. (A) TPD L111A/L130A/L179A/I195A is unable to bind the D53
EAR-2motif. AlphaScreen interaction assay of His6Sumo-TPR2 TPDwild-type andmutant proteins with biotinylated D53 EAR-2 peptide. n = 3; error bars = SD. See fig. S4B for SDS
gel with protein loading controls. (B and C) Summary of AlphaScreen homologous competition assays of D53 EAR-2 mutant peptides (see fig. S10). Concentration of untagged
wild-type and D53 EAR-2 mutant peptides required to reduce 50% of the AlphaScreen biotin-D53/His6Sumo-TPD binding signal (IC50). n = 3; error bars = SD.
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exclude the possibility that longer D53 EAR-3 or SMXL EAR pep-
tides might be able to do so.

The tpl-1 mutation stabilizes an interface 1–interface 2
interaction in the absence of EAR peptides
Although loss-of-function mutations in any individual member of the
TPL family have little effects due to genetic redundancy, a temperature-
sensitive point mutation in Arabidopsis TPL (tpl-1; N176H) causes the
markedphenotype that has given this protein family its name:At the non-
permissive temperature, shoots are converted to apical roots to generate
“topless” seedlings (41, 52). We have recently shown that N176 in rice
TPR2 TPD (marked in the sequence alignment in fig. S2) is surface-
exposed and induces the formation of higher-order TPD oligomers,
leading to severe TPD aggregation (25). We noticed that N176 is cen-
trally located at interface 2, suggesting that N176Hmay cause TPD ag-
gregation by stabilizing an inherently weak interface 1–interface 2
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
interaction in the absence of EAR peptides. When we model the
N176H mutation into our structure of the TPD/EAR-2 complex, H176
can directly interact with Y68 of interface 1 (Fig. 6, A and B), consistent
with a possible function of H176 to stabilize tetramer-tetramer interac-
tion. Because we were unable to determine a structure of TPR2 TPD
N176H due to its severe aggregation, we have used a genetic approach
to experimentally addresswhether TPDN176Haggregation is due to an
H176-mediated interaction with interface 1 residues. We individually
introduced four different second-sitemutations into interface 1 residues
in close vicinity to N176H (N176H/R67A, N176H/Y68A, N176H/Y68R,
and N176H/K71A), expressed and purified the mutant proteins, and
tested their aggregation in vitro. As shown in Fig. 6C, when we centri-
fuged the lysate of wild-type TPD, most TPD remained as soluble pro-
tein in the supernatant, whereas >90% of TPD N176H aggregated and
precipitated during centrifugation. Each of the four second-site muta-
tions greatly suppressed the N176H aggregation phenotype, providing
Fig. 5. D53 EAR-2 peptide induces TPR2 TPD tetramer-tetramer interaction. (A) Cartoon presentation of AlphaScreen oligomerization assay (seeMaterials andMethods for
details). Biotin-tagged TPR2 TPD and His6Sumo-tagged TPR2 TPD were incubated in the absence and presence of increasing concentrations of untagged D53 EAR-2 peptide.
(B) Assay withwild-type and Y798AD53 EAR-2 peptide. (C) Assay withwild-type and L111A/L130A His6Sumo-TPD. n = 3; error bars = SD. (D) DLS of TPR2 TPD in solution in the
absence and presence of NINJA and D53 wild-type and Y798A EAR-2 peptides.
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strong genetic support for N176H-mediating TPD aggregation by sta-
bilizing an interface 1–interface 2 interaction (Fig. 6C). Moreover, the
second-site mutations also partially suppressed the EAR-2 interaction
deficit of TPD N176H (Fig. 6D).

The dominant phenotype of the tpl-1 mutation further suggested
thatTPL/TPRproteins can formmixed oligomers and thatmixed oligo-
mers containing TPD N176H subunits form aggregates. As shown in
Fig. 6E, whenwe combined separately expressed and purifiedHis6Sumo-
TPR2 TPD and untagged TPD, subunits of the different tetramers effi-
ciently exchanged.Whenwe further incubatedwild-typeHis6Sumo-TPD
proteinwithN176HmutantTPDat different ratios for 4hours on ice and
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
then centrifuged, wild-type TPD became largely depleted (Fig. 6F). Col-
lectively, this suggests that the tpl-1 phenotype is due to N176H-stabilizing
formation of insoluble aggregates through interface 1–interface 2 interac-
tion, leading toTPL/TPRproteindepletion in thecontextof cells.Additional
experiments will be required to further characterize these complexes.

The TPD binds recombinant nucleosomes and histone H3
and H4 tail peptides
In addition to recruiting repressive epigenetic complexes to transcrip-
tion factors, TPL homologs from yeast to humans also directly bind
nucleosomes at least in part through their N-terminal tetramerization
Fig. 6. The tpl-1 (N176H) mutation can be partially rescued by mutations in interface-2. (A and B) Interface between two wild-type (N176) TPD tetramers (A) or with
modeled N176H (tpl-1) mutation (B). The EAR-2 peptide is shown as orange line model, with EAR-2 L304 and its interacting residues shown in stick presentation. (C) Mutations
in interface 1 residues Y68 and K71 rescue the aggregation phenotype of TPD N176H. Coomassie-stained protein gel [see (F) for size marker] of lysates of His6Sumo-TPD–
expressing cells and lysate supernatant after centrifugation. (D) AlphaScreen interaction between biotin-D53 EAR-2 peptide and wild-type and mutant His6Sumo-TPD (n = 3;
error bars = SD). (E) Overlay of size exclusion chromatography (SEC) profiles of TPR2 TPD, His6Sumo-TPD, and TPD/His6Sumo-TPD. mAU, milliabsorbance units. (F) TPD N176H
destabilizes wild-type TPD. Different amounts of wild-type His6Sumo-TPD (WT) and untagged TPD N176H (mt) were mixed, incubated on ice for 4 hours, and centrifuged.
Supernatants were analyzed by SDS–polyacrylamide gel electrophoresis (PAGE). Note that the TPD ratios are based on the amounts of pure WT and mt protein in supernatants
following centrifugation (compare 1:0 and 0:1 ratios).
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domains (24, 45–47), which has been implicated in chromatin compac-
tion through an unknownmechanism (24, 34). Although the tetramer-
ization domains do not share sequence or structural homology with
plant TPDs, we speculated that their functions might be conserved.
Whenwe incubated biotinylated recombinant humanmononucleosomes
with His6Sumo-TPR2 TPD, but not with an unrelated control protein
[small heterodimer partner (SHP)], we could detect a clear AlphaScreen
binding signal, demonstrating that the TPD can directly bind nucleo-
somes (Fig. 7A). We could also detect nucleosome binding by the TPD
from the related repressors TPL and TPR1 (Fig. 7A). Because many
protein-nucleosome interactions are mediated through the N-terminal
tails of histones, we tested TPD binding to several biotinylated histone
peptides. TheTPD interacted robustlywithH31–20 andH41–23 andweakly
with H2A1–17, H2B1–24, H3.315–34, and H411–27 (Fig. 7B). Acetylation of
the histone tails is a hallmark of transcriptional activation; correspond-
ingly, acetylation of the H4 tail at K5, K8, K12, K16, and especially K20
all decreased TPD binding (Fig. 7C), which is consistent with the pref-
erence of mammalian TLE/Gro/Grg proteins (24, 45, 46) for non- or un-
deracetylated histones. In contrast, repressive methylations at H3K9 and
H4 K20 increased TPD binding (Fig. 7C), consistent with their role in
transcription repression.

D53 EAR-2 peptide stabilizes
the TPD-nucleosome interaction
Because at least four sites on a nucleosome (two H3 and two H4 tails)
could independently interact with a TPD tetramer, TPD oligomerization
throughD53EARmotifsmightmodulate the stability ofTPD-nucleosome
complexes through the formationofmultivalent interactions.To test this
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
hypothesis, we performed a TPD-nucleosome binding reaction in the
presence of the D53 EAR-2 motif peptide. Although the TPD bound
recombinant core nucleosome particles in the absence of D53 EAR-2,
increasing amounts of the EAR-2 peptide markedly increased the
binding signal (Fig. 8A), demonstrating that the D53 EAR motif stabi-
lizes the TPD-nucleosome interaction. We repeated this experiment
with the D53 Y798A mutant motif as well as with the NINJA EAR
wild-typemotif peptides, which bind only to one site of the TPD. These
motifs are therefore expected to be incapable of stabilizing the TPD
tetramer-tetramer formation. Both EAR motif peptides failed to en-
hance the TPD-nucleosome interaction, suggesting that the ability of
D53 EAR-2 to stabilize TPD-nucleosome binding is due to EAR-2’s
ability to promote the TPD tetramer-tetramer interaction, therefore
allowing multivalent TPD-nucleosome interactions that enhance the
avidity of TPD-nucleosome binding.
DISCUSSION
D53 has two TPD-binding EAR motifs: A conserved
C-terminal motif and a central, novel bipartite EAR
The D53 protein is a central component of the SL signaling pathway
and is required for repression of SL target genes. Its protein level is
directly regulated by SL through the formation of SL-dependent D14-
D3-D53 receptor complexes, in which D53 is ubiquitinated and targeted
for proteasomal degradation in a hormone-dependent manner (7, 9, 12).
Although direct interaction of a D53/SMXL protein with an SL-responsive
transcription factor, such as BRC1, has not been shown, repression has
been shown to require EAR-dependent interaction betweenD53/SMXL
Fig. 7. TPR2 TPD binds reconstituted nucleosomes and histone tails. (A) AlphaScreen interaction between 100 nM biotin-tagged nucleosomes (nucl.) and 100 nM
of the His6Sumo-tagged TPDs of TPL, TPR1, and TPR2. The interaction between the TPR2 TPD and the NINJA EAR motif serves as a positive control, and the interaction
between the nucleosome and the unrelated nuclear receptor SHP serves as a negative control. Note that the AlphaScreen signal is dependent on proximity and
therefore generates a weaker signal for biotinylated nucleosomes than for small biotinylated peptides. (B and C) AlphaScreen interaction between 100 nM His6Sumo-
tagged TPR2 TPD and 100 nM biotin-tagged unmodified (B) or modified (C) histone tail peptides. n = 3; error bars = SD.
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and TPL/TPR (9, 13–15). Here, we have found that, in addition to the
C-terminal EAR-3motif that is conserved in all D53 orthologs, monocot
D53 has a novel, bipartite EAR motif, EAR-2. EAR-2 consists of the
C-terminal LxLxLmotif that binds the canonical TPDbinding site 1 and
anN-terminalDNLIYLDLmotif that binds the previously unrecognized
TPD binding site 2. We have further shown that both motifs contribute
to repression and SL signaling, but EAR-2 may be more important for
tiller number and EAR-3 may be more important for plant height. De-
letion or triple L→Amutationof the conservedC-terminal EARmotif of
Arabidopsis SMXL7 also led to only partial loss of SL signaling. This in-
cludes a very small reduction in plant height that was statistically signif-
icant only for the deletion, but not the L→Amutation (15), very similar
to the phenotype of the L→Amutation of the corresponding EAR-3 in
rice. It is therefore possible that SMXL7 and other dicot D53 orthologs
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
have, in addition to the identified C-terminal EARmotif, an unidentified
nonhomologous EAR motif that is functionally analogous to EAR-2.

The TPD of TPL family proteins directly binds nucleosomes
and the tails of histones H3 and H4
TPRs from yeast to human have been shown to bind to nucleosomes,
and this interaction is mediated at least in part through interaction of
their N-terminal tetramerization domains with the tails of histones H3
and H4 (24, 34, 43, 45–47). Although the TPD does not share sequence
homology with the tetramerization domains of Tup1 and TLE/Groucho,
our finding that the TPDof all three rice TPL/TPRproteins directly binds
nucleosomes and has the same histoneH3 andH4 tail specificity extends
the functional conservation among this family of proteins.Moreover, TPL
interacts with the Mediator complex (53) and recruits class 1 HDACs,
which promiscuously deacetylate acetyllysines of histone tails (54, 55).
The TPD shares with its yeast and animal counterparts a higher binding
affinity for non- or underacetylated histone tails, suggesting that de-
acetylation byTPL-recruitedHDACsmay promote amore stable forma-
tionof nucleosome/TPL/HDACcomplexes throughpositively reinforcing
interactions, whichmay contribute to the propagation of repressive chro-
matin structures. In addition to nucleosome binding, the N termini of
all familymembers form extended helical dimers of dimers and interact
with repressionmotif peptides, whereas the C termini form seven-bladed
b-propeller domains that may independently interact with nucleosomes
and other classes of repression motif peptides, as shown for Tup1 and
TLE (21, 56). All family members recruit chromatin-remodeling and
class IHDACcomplexes,which are required for their corepressor function.

D53 EAR motif–induced TPD oligomerization allows the
formation of highly multivalent TPD interactions
Structural, mutational, and biochemical data provide conclusive ev-
idence that the bipartite D53 EAR-2 motif mediates TPD tetramer-
tetramer interactions through simultaneous interactions with both
binding sites. Nucleosome binding becomes markedly stabilized by
EAR-2 motif peptide, which depends on the ability of the EAR motif
to mediate TPD tetramer-tetramer interactions. Because nucleosomes
are likely to make multiple TPD interactions through their four TPD-
binding histone tails, we propose the formation of multivalent inter-
actions with oligomeric TPDs as a likely mechanism (see model in Fig.
8B). In addition, induced TPD oligomerization may also stabilize the
interaction between the TPD and other multivalent complexes.

D53 may regulate formation of TPD-nucleosome complexes
and higher-order chromatin structures
The ability of the D53 EAR-2 motif to stabilize TPD-nucleosome
complex formation suggests that D53, which is rapidly degraded in re-
sponse to SLs, may have a regulatory role in enhancing TPL-mediated
formation of repressive chromatin structures. This may occur by more
efficiently bringing chromatin-remodeling and histone-modifying com-
plexes to their substrate or by directly affecting higher-order nucleosome
structure. Notably, the functional TPL homologs Tup1 and TLE have
been implicated in nucleosome repositioning and chromatin compaction
(24, 34, 57–61). Chromatin compaction is a hallmark of transcriptionally
repressed, silenced chromatin, and full-length TLE as well as its
N-terminal tetramerization domainhave been shown to directly compact
nucleosomes in a reconstituted system (34). The extensive functional
similarity between TPL, TLE, and Tup1 suggests that TPL could also
function in chromatin compaction.Knownchromatin compaction factors
such as HP1, PRC2, Sir2/3/4, and TLE are all proposed to condense
Fig. 8. D53 EAR-2 peptide stabilizes the binding between TPR2 TPD and recom-
binant nucleosomes. (A) AlphaScreen interaction between 100 nM biotin-tagged
nucleosomes and 100 nMHis6Sumo-tagged TPR2 TPD in the absence and presence
of increasing concentrations of untagged D53 EAR-2 peptide. n = 3; error bars = SD.
(B) Speculative model for chromatin compaction through D53 EAR-2–mediated
TPD oligomerization.
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chromatin by often weak auto-oligomerization, which allows multi-
valent interactions with noncontiguous regions of chromatin. If TPL
does compact chromatin, then D53-induced TPL self-association
could present a mechanism for regulation of chromatin compaction
other than by site-specific recruitment.

What is the function of the putative D53 protein
remodeling activity?
D53 has similarity to double AAA proteins, which form hexamers con-
sisting of two stacked hexameric rings with a total of 12 AAA ATPase
domains. Consistently, insect cell–purified recombinant riceD53 is hex-
americ, andD53hexamers appear to interactwithTPD tetramers (fig. S13).
The similarity is closest to Hsp104/ClpB-type double AAA chaperones,
which also contain N-terminal (N) domains implicated in substrate
binding andmiddle (M) domains that are bound by aggregate-associated
Hsp70 to activate Hsp104 (62).We used I-TASSER (63–65) to generate a
structural homology model of D53 with high confidence in the overall
fold, which places both EAR-2 and EAR-3 on the surface of the lower
ring (fig. S14).

AAA proteins are molecular machines that are functionally charac-
terized by their adenosine triphosphate (ATP)–dependent protein dis-
aggregation and protein complex assembly and disassembly activities,
in which substrates are separated from aggregates or complexes by
threading through a central pore (66, 67). Protein threading is mediated
in part by transient substrate binding by conserved tyrosine residues
that stick into the pore. ATPhydrolysis leads to conformational changes
in the tyrosine-containing pore loops to generate pulling forces (62, 66).
Many AAA proteins use DNA/protein complexes as substrate, and
there is precedence for double AAA proteins with functions in tran-
scriptional repression. The best-known examples are mammalian reptin
and pontin (and their yeast homologs Rvb1 and Rvb2), AAA proteins
that together can form a heterododecameric double AAA ring but lack
N and M domains (68, 69). They interact directly or indirectly with
transcription factors and are integral components of the INO80 and
SWR chromatin-remodeling complexes and the NuA4 histone acetyl-
transferase complex (68, 70–73) and have been linked to chromatin
decondensation at the end of mitosis (74). Similarly, the N and M
domain–containing AAA domain of the yeast Sir3 component of
the Sir2/3/4 chromatin-condensing corepressor complex is required for
gene silencing in vivo (75), directly binds chromatin (75), and interacts
with histones H3 and H4 in vitro (76).

Although we have shown that the monomeric D53 EAR-2 motif
peptide is sufficient to induce tetramer-tetramer interaction and stabilize
TPD-nucleosome complex formation, the likely hexameric full-length
D53 oligomerwould contain six EAR-2 and six EAR-3motifs that would
be available for binding ofmultiple nucleosome-interactingTPDs, adding
additional layers of multivalent interactions. In addition, given the role of
other known transcriptional AAAproteins in chromatin remodeling and
condensation, it is tempting to speculate that the physical vicinity in a
D53-TPL-chromatin complex could allow a putative D53 remodeling
activity to contribute to nucleosome repositioning and/or higher-order
chromatin reorganization.Wenote that the conservedhydrophobic tyro-
sine in the putative pore loop is replaced in D53 by a positively charged
lysine (GKTG instead GYVG), which appears to be more suitable to
thread negatively charged DNA rather than unfolded polypeptide chains
(see alsomodel in fig. S13). In an alternative, nonmutually exclusivemodel,
D53 remodeling activity might be required to rearrange the constitutive
SCFD3-D53 complex (9) to trigger D53 ubiquitination in the presence of
D14 and SL. Notably, the SL-insensitive d53-1Dmutant differs from wild
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
type by precise deletion of the pore loop. This mutation does not affect
the SL-dependent interaction of D53 with D14 but abolishes D53 ubiq-
uitination (9, 12), thereby linking a putative D53 threading activity to
SCFD3 function.

In summary, our crystal structure of the TPD in complex with the
D53EAR-2motif peptide revealed a novel, bipartite TPDbindingmode
that allows the EAR-2motif tomediate TPD oligomerization and TPD-
nucleosome interaction. Although much work remains to be done to
understand its biological significance, this observation, together with
our findings that the TPD binds nucleosomes and that EAR-2 enhances
this interaction, links SL-dependent D53 protein levels to stabilization
of TPD-nucleosome complexes and formation of repressive chromatin
structures.
MATERIALS AND METHODS
DNA constructs and reagents
TheTPL/TPR expression clones were described previously (25). For the
M2H assay, the full-length D53 open reading frame was cloned into
Gal4 plasmid pM (Clontech). Cloning of full-length rice TPL, TPR1,
and TPR2 open reading frames as fusions with an N-terminal VP16
activation domain was described previously (25). Site-directed muta-
genesis was performed using the QuikChange method (Stratagene).
All expression constructs and mutations were confirmed by DNA se-
quencing. Nonhistone peptides were synthesized by Peptide 2.0 Inc.
Histone peptides were synthesized by the High-Throughput Peptide
Synthesis and Array Core Facility at the University of North Carolina
at Chapel Hill. Biotinylated recombinant human nucleosomes were
produced by EpiCypher Inc.

Protein expression and purification
For crystallization, the His6Sumo-tagged wild-type and mutant TPR2
TPD proteins were expressed in Escherichia coli BL21 (DE3) cells and
purified as described (25). Briefly, cleared lysates were passed through a
Ni-chelating Sepharose column, followed by proteolytic cleavage of the
tag using Ulp1 Sumo protease, removal of the tag by repassing through
a Ni-chelating high-performance Sepharose column, and SEC. For
AlphaScreen assays, His6Sumo-TPD was purified from 50-ml cultures
without tag cleavage to allow binding to Ni-chelated acceptor beads, as
described (25). To prepare biotinylatedTPD for binding to streptavidin-
coated donor beads, we followed themethods described previously (77).

Crystallization
Purified rice TPR2 TPD protein was concentrated to about 10 mg/ml.
The TPR2 TPD protein was mixed with D53 EAR-2 peptide at a molar
ratio of 1:2 before setting up crystallization trials. Initial crystallization
conditions were examined using commercially available Hampton Re-
search screening kits. Crystal optimization trays were set up manually
using the sitting-drop method at 20°C. Rice TPR2 TPD plus EAR-2
peptide crystals were grown in awell solution of 25% (w/v) polyethylene
glycol (PEG) 3350, 0.2Mammonium sulfate, and 0.1Mbis-tris (pH 6.5).
Crystals were rod-shaped with a size of 100 to 200 mm and diffracted
x-rays to about 2.6 Å at the Life Sciences Collaborative Access Team
(LS-CAT) of the Advanced Photon Source (APS) synchrotron. The
site 1–mutated TPD (L111A + L130A)/EAR-2 peptide crystals were
grown in a well solution containing 20% (w/v) PEG 3350 and 0.2 M
potassium phosphate monobasic (pH 4.8). The site 1–mutated TPD
(L179A + I195A)/EAR-2 peptide crystals were grown in a well solution
containing 20% (w/v) PEG 3350 and 0.2M lithium sulfate monohydrate
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(pH 6). The site 1 and site 2 quadruple mutant TPD (L111A + L130A +
L179A+ I195A) crystals were grown in awell solution of 15% (w/v) PEG
4000, 0.2 M magnesium chloride, and tris-HCl (pH 8.5).

Data collection and structure determination
All crystals were transferred to the well solution with 22% ethylene
glycol as cryoprotectant before flash-freezing in liquid nitrogen. Data
collections were performed at the sector 21-ID LS-CAT beamlines
of the APS synchrotron. The rice TPR2 TPD/EAR-2 peptide, TPR2
TPD(L111A + L130A)/EAR-2 peptide, TPR2 TPD(L179A + I195A)/
EAR-2 peptide, and TPD(L111A + L130A + L179A + I195A) complex
structures were determined by molecular replacement using the apo
TPR2 TPD structure (PDB code 5C6Q) (25) as searching model. The
initial model generated by the PHENIX AutoBuild program (78) was
refined using several cycles of REFMAC and PHENIX refine programs
(79). The D53 peptide model was built using Coot (80) based on the
electrondensitymap.All structure figureswere preparedusingPyMol (81).

Homology modeling
The homology model was generated by the I-TASSER server (63–65)
with aC-score of−1.35.Wehave also generated a homologymodelwith
Phyre2 (82–84), with >90% confidence for all nonloop regions (79% of
the sequence). Both models agreed well with each other with the same
domain organization and comparable placement of the pore loop and
the EAR and Walker motifs.

M2H assays
To construct the Gal4DBD-D53 plasmid, full-length, codon-optimized
D53 coding sequence was synthesized by GeneWiz with flanking re-
striction sites. The restriction fragment was cloned into the Gal4 plasmid
pM (Clontech). The full-length TPL/TPR1/TPR2-VP16 activation do-
main constructs were described previously (25). Gal4 fusion constructs
(25 ng) were cotransfected with VP16 fusion constructs (25 ng), together
with 100 ng of pG5-Luc reporter and 5 ng of phRG-TK/Renilla (Promega)
control into AD293 cells using FuGENE 6 (Promega) according to the
manufacturer’s instructions. Cells were harvested 24 hours after trans-
fection and lysed in 1× passive lysis buffer (Promega). Luciferase/Renilla
activities were measured with the Dual Luciferase Kit (Promega), and
data were plotted as relative activities (Luciferase activity:Renilla activity).

AlphaScreen assay
Luminescence proximity AlphaScreen (PerkinElmer) assays were per-
formed using a hexahistidine detection kit. His6Sumo-tagged wild-type
and mutant TPD proteins (50 nM) and biotinylated peptides (50 nM)
were incubated with streptavidin-coated donor beads (5 mg/ml) and
Ni-chelated acceptor beads (5 mg/ml) in 50mMMops (pH 7.4), 100mM
NaCl, and bovine serum albumin (0.1mg/ml) for 1.5 hours at room tem-
perature. Donor beads contain a photosensitizer, which can convert
ambient oxygen into short-lived singlet oxygen upon light activation
at 680 nm. When the acceptor beads are brought close enough to the
donor beads by interaction between His6-tagged proteins and biotiny-
lated proteins or peptides, singlet oxygen can diffuse from the donor to
the acceptor beads and transfer energy to the thioxene derivatives of the
acceptor beads, resulting in light emission at 520 to 620 nm. For the
nucleosome interaction assay, we used 100 nM His6Sumo-tagged
TPR2 TPD and 100 nM biotinylated nucleosomes, and for the interac-
tion between His6-tagged TPD and biotinylated TPD, we used 400 nM
of each protein.Note that the biotinylated proteins aremuch larger than
biotinylated peptides and therefore yield much weaker proximity
Ma et al., Sci. Adv. 2017;3 : e1601217 2 June 2017
signals. For the competition assays, untagged peptides at increasing
concentrationswere added in the presence of a constant concentration
(50 nM) of tagged protein and peptide. The IC50 values were obtained
from curve fitting using the competitive inhibitor model in GraphPad
Prism. All competitions have fulfilled conditions where IC50 ~ Kd, that
is, [ligand plus its homologous competitor]total > [receptor]total at IC50

and [competitor]eq ~ [competitor]total at IC50 andKd > 10 × [ligand]total.

Transcriptional activity assay in rice protoplasts
To generate the Gal4 DBD-D53-VP16 AD construct, the full-length
D53 open reading frame was cloned into the plasmid containing the
Gal4 DBD-VP16 activation domain (85). Site-directed mutagenesis
was performed using theQuikChangemethod (Stratagene). The plasmids
containing Gal4 DBD-D53mEAR1-VP16 AD/Gal4 DBD-D53mEAR2-
VP16 AD/Gal4 DBD-D53mEAR3-VP16 AD/Gal4 DBD-D53mEAR2mEAR3-
VP16 AD, 35SLUC, and pRTL were transformed into rice protoplasts
by PEG-mediated transformation method (86), whereas plasmids
containing Gal4 DBD-D53-VP16 AD, 35SLUC, and pRTL were used
as a negative control. After incubation in the dark for 14 hours, the
luciferase activities were measured by the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s instruc-
tions, and data were plotted as relative activities (Luciferase activity:
Renilla activity).

Plant materials and growth conditions
To generate the Ubi::d53-3×FLAG plasmid series, the full-length d53
open reading frame and its variousmotifmutation formswere amplified,
and the polymerase chain reaction (PCR) products were then cloned
into the binary vector pTCK303 (87) using the In-Fusion Advantage
PCR Cloning Kit (catalog no. PT4065, Clontech) and sequenced. The
pUbi::d53-1D-3×FLAG, pUbi::d53-mEAR2-3×FLAG, pUbi::d53-
mEAR3-3×FLAG, and pUbi::d53-mEAR2/mEAR3-3×FLAG plasmids
were introduced into rice (Oryza sativa L. subspecies japonica) wild-type
Nipponbare. All transgenic plants were generated using Agrobacterium-
mediated transformation of rice calli, as described previously (88). Rice
plants were cultivated in Hainan (18°20′N, 109°38′E), China.

Dynamic light scattering
Freshly SEC-purified TPR2 TPDwas incubated with or without 100 mM
EARmotif peptides fromD53 (wild type), NINJA, and D53 (Y798A) for
1 hour on ice. DLS data of the TPDpreparations were collected using the
microCUVETTE (Wyatt Technology) on a DynaPro NanoStar (Wyatt
Technology) instrument. Each sample was equilibrated at 25°C before
measurements and then analyzed in 10 replicates. Software 7.1.7was used
to calculate intensity-based particle size and number distributions.

Thermostability shift assay
For thermostability shift assays, TPR2 TPD (200 mg/ml, 8 mM) was in-
cubated for 1 hour with or without 100 mMD53EAR-2 peptide at room
temperature in 0.1% SYPRO Orange dye, 20 mM tris-HCl (pH 8), and
200 mM NaCl. Samples were heated in a StepOnePlus Real-Time
thermocycler (Life Technologies) from 20° to 85°C.

TPD N176H aggregation assay
The His6Sumo-tagged TPR2 TPD(N176H) protein was expressed in
E. coli BL21 (DE3) cells and purified as described (25). TheHis6Sumo tag
was cleaved by Ulp1 Sumo protease and removed by chromatography
through a Ni-chelating high-performance Sepharose column, followed
by SEC. Purified His6Sumo-tagged wild-type and TPR2 TPD(N176H)
12 of 15
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proteins were mixed at indicated ratios, incubated on ice for 1 hour, and
centrifuged at 16,100g for 10 min. Supernatants were collected and
separated by SDS-PAGE.
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