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Molecular functions of the TLE tetramerization
domain in Wnt target gene repression

Jayanth V Chodaparambil®, Kira T Pate?, Margretta R D Hepler®, Becky P Tsai?, Uma M Muthurajan’,
Karolin Luger®, Marian L Waterman? & William | Weis™

Abstract

Whnt signaling activates target genes by promoting association of
the co-activator B-catenin with TCF/LEF transcription factors. In
the absence of B-catenin, target genes are silenced by TCF-mediated
recruitment of TLE/Groucho proteins, but the molecular basis for
TLE/TCF-dependent repression is unclear. We describe the unusual
three-dimensional structure of the N-terminal Q domain of TLE1
that mediates tetramerization and binds to TCFs. We find that
differences in repression potential of TCF/LEFs correlates with
their affinities for TLE-Q, rather than direct competition between
B-catenin and TLE for TCFs as part of an activation-repression
switch. Structure-based mutation of the TLE tetramer interface
shows that dimers cannot mediate repression, even though they
bind to TCFs with the same affinity as tetramers. Furthermore, the
TLE Q tetramer, not the dimer, binds to chromatin, specifically to
K20 methylated histone H4 tails, suggesting that the TCF/TLE
tetramer complex promotes structural transitions of chromatin to
mediate repression.
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Introduction

Wnt growth factors regulate cell fate determination, patterning
during embryonic development and tissue renewal in adults (Logan &
Nusse, 2004; Polakis, 2007). In the Wnt/B-catenin pathway, binding
of a Wnt protein to cell surface receptors inhibits destruction of the
transcriptional co-activator B-catenin. The stabilized B-catenin trans-
locates to the nucleus where it interacts with sequence-specific DNA
binding TCF/LEF (T-Cell Factor/Lymphoid Enhancer Factor) pro-
teins at Wnt-responsive elements in the promoter region of target
genes. B-Catenin acts as a scaffold for the binding of chromatin

remodeling complexes and general transcription activator proteins,
including the histone acetyltransferase CBP/p300 (Hecht et al, 2000;
Takemaru & Moon, 2000) and thereby activates target genes.

In the absence of Wnt and nuclear B-catenin, TCF/LEF proteins
interact with transcriptional repressors of the Groucho (Gro/Grg)/
Transducin-like enhancer of split (TLE) family (Arce et al, 2009;
Cadigan & Waterman, 2012). TLE proteins regulate transcription in
several signaling pathways including Ras, Notch, Wingless and
Decapentaplegic (Hasson & Paroush, 2007; Turki-Judeh & Courey,
2012). TLE proteins interact with histone deacetylases (HDACs)
(Chen et al, 1999; Arce et al, 2009), whose activity is important in
generating transcriptionally silent chromatin. TLE proteins also bind
to deacetylated histone tails (Palaparti et al, 1997; Flores-Saaib &
Courey, 2000). Grg3, a mouse homolog of TLE1 can bind, condense
and oligomerize chromatin (Sekiya & Zaret, 2007).

TLE proteins contain a conserved N-terminal glutamine-rich (Q)
domain, followed by a variable central domain sub-divided into a
glycine-proline rich (GP) region, the CcN and serine-proline rich
(SP) regions, and a C-terminal WD40 domain that interacts with
multiple transcription factors (Buscarlet & Stifani, 2007) (Fig 1A).
The Q domain mediates tetramerization of TLEs (Chen et al, 1998)
and binding to TCF/LEF proteins (Brantjes et al, 2001), and is
essential for chromatin oligomerization (Sekiya & Zaret, 2007). In
Groucho, the Q domain can also form higher oligomers, with the
tetramer as the predominant species (Kuo et al, 2011). The GP region
binds directly to HDAC1 (Chen et al, 1999; Billin et al, 2000; Brant-
jes et al, 2001). The CcN region has consensus CK2 and Cdc2 phos-
phorylation sites that are modified in a cell cycle-dependent manner
(Nuthall et al, 2002). The SP region is a substrate for the Ser/Thr
kinases HIPK2 and MAPK, which appear to negatively regulate tran-
scription repression activity (Choi et al, 2005; Hasson et al, 2005),
and may also interact with basic helix-loop-helix transcription fac-
tors (Fisher et al, 1996; Jimenez et al, 1997). The C-terminal WD40
domain is essential for chromatin condensation (Sekiya & Zaret,
2007) and together with SP interacts with bHLH proteins.

TCF/LEF proteins contain an N-terminal B-catenin binding
sequence, followed by a Context-dependent Regulatory Domain
(CRD) and a High Mobility Group (HMG) domain that binds DNA
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Figure 1. Structure of the TLE1 Q domain.

A The primary structure of human TLE1 showing domain boundaries.

B The structure of the TLE1 tetramerization domain comprising residues 23-136 in chains A (light blue) and B (red), and 23-133 in chains C (orange) and D (green) are

shown; the remaining residues are disordered. Hydrophobic side chains are shown in stick representation, and the N- and C-termini marked.

Hydrophobic interactions between chain C (orange) and chain D (green) involving the o2 and a3 helices. The 120° orientation between o2 and o3 is fixed by a salt
bridge between E118 of one chain and R84 of its partner.

Glutamine residues (shown in stick representation) are mostly clustered on helices a2 and o3.
E Close-up of the TLE1-Q tetramer interface.

SAXS analysis of TLE150 156 The solid black line shows the experimentally determined scattering curve of TLE1,o 156 at 5 mg/ml. The R, obtained from the Guinier
plot = 70 A, and Dpnax = 227 A as calculated with Autognom (Semenyuk & Svergun, 1991). These values match closely the Ry = 69 A and Dpax = 217 A calculated
from the extended tetramer model (green line; x> = 3.1) versus Ry =35 A and Dp,x = 162 A for the compact tetramer (red line; x> = 6.9; see Supplementary

Fig S1B).

Gel filtration of the TLE1,q 156 tetramer and L26D, 129D dimer mutant. Purified proteins were run on a Superdex S200 gel filtration column. Due to their large
hydrodynamic radius (axial ratio ~10:1), the proteins run at apparent molecular weights of 173 kDa, and 53 kDa.
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(Fig 2A). Although all TCF/LEFs interact with B-catenin and TLE
co-repressors, gene knockout studies in vertebrate model systems
have shown that TCF/LEF family members function differently from
one another depending on the developmental context. Particular
TCF/LEFs act predominantly as either repressors or activators in
developing Xenopus embryos (Kim et al, 2000; Liu et al, 2005; Stand-
ley et al, 2006; Hikasa et al, 2010), mouse embryonic stem cells
(Merrill et al, 2004; Tam et al, 2008; Hikasa et al, 2010; Yi et al, 2011),
stem cells in embryonic skin (Nguyen et al, 2009), hair follicles and
intestine (van de Wetering et al, 1997; Korinek et al, 1998; Roose
et al, 1999), and in cancer cells (Tang et al, 2008). The most common
trends are for TCF3 and TCF4 to serve as repressors, whereas TCF1
and LEF1 perform as activators. Differences in activating and repress-
ing roles amongst TCF/LEFs map to the CRD of each protein in both
genetic (Liu et al, 2005) and cell culture systems (Cadigan & Water-
man, 2012), and deletion of the CRD eliminates repressive functions
and increases transcription of target genes (Pereira et al, 2006; Tam
et al, 2008; Nguyen et al, 2009). A study of Wnt-mediated Xenopus
axis specification found that the repressor TCF3 is replaced by TCF1/
B-catenin (Hikasa et al, 2010), with the switch between TCF3 and
TCF1 apparently mediated by B-catenin scaffolded HIPK2 phosphory-
lation of residues in the TCF3 CRD. Taken together, these studies
define different roles for individual TCF/LEFs in gene regulation and
indicate a key role for the CRD in defining those differences.

In this work, we address the molecular basis for the different roles
of TCF/LEFs in gene repression and activation in Wnt signaling. The
TCF/LEF CRD is important for repression and is the most highly
divergent region of TCF/LEFs. The TLE Q domain binds to the TCF/
LEF CRD and is essential for transcriptional repression (Brantjes et al,
2001). However, it is unclear whether TLEs interact equivalently with
the different TCF/LEFs, and it is not known how the Q domain can be
involved simultaneously with tetramerization and TCF/LEF binding,
and chromatin oligomerization. We report the three-dimensional
structure of the TLE1 Q domain and an analysis of its binding interac-
tions. We find that different affinities for the four TCF/LEF proteins
correlate directly with their relative repression activities. We show
that there is no competition between B-catenin and TLE1 for TCF3
binding, and we demonstrate that the Q domain tetramer binds
directly to chromatin through hypoacetylated and H4K20 tri-
methylated histone H4 tails. These findings lead to a new model of
the switch between repression and activation of Wnt target genes.

Results
The TLE Q domain is an interdigitated dimer of dimers

A construct spanning residues 20-156 of human TLE1 (Fig 1A), which
includes the N-terminal Q domain and a portion of the neighboring
GP region, was purified and crystallized, and the structure determined
at 2.9 A resolution (Supplementary Table S1, Supplementary Fig S1A).
The asymmetric unit of the crystal contains four protomers compris-
ing the Q domain tetramer (Supplementary Fig S1B).

Each TLE,(. ;56 protomer consists of a 70-amino-acid o helix (a1)
followed by two short helices (22 and 3) (Fig 1B). The long helices
of two protomers associate to form an extensive parallel coiled-coil
dimer, mediated by hydrophobic residues at canonical heptad a and
d positions between residues 24-94 (Fig 1B and C). The dimer is

© 2014 The Authors
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further stabilized by interactions of o2 and o3 with the partner
protomer (Fig 1C). Specifically, a2 (residues 102-111) packs against
the C-terminal portion of the partner ol. A small non-helical stretch
leads into o3 (115-134), which is bent approximately 120° relative
to o2. This orientation is fixed by a salt bridge between E118 of o3
and R84 in the partner al, as well as hydrophobic contacts between
the N-terminal portion of o3 and o1 (Fig 1C). A total of 5,520 A? of
surface area is buried in the dimer interface. The glutamine residues
that give rise to the name of this domain cluster on the surfaces of
a2 and o3 (Fig 1D).

The Q domain tetramer forms by antiparallel association of the
N-terminal portions of the dimer helices (residues 21-36) with the
equivalent residues of another dimer, which produces a 212-A elon-
gated dimer of dimers (Fig 1B and E). The dimer-dimer interaction
is mediated by hydrophobic side chains and buries 3,320 A% of
surface area. We confirmed that this unusual N-terminally interdigi-
tated dimer of dimers is the solution structure by small-angle X-ray
scattering (Fig 1F). This architecture is also consistent with previous
biochemical characterization that revealed a frictional coefficient
ratio f/fo > 2 for the tetramer (Kuo et al, 2011).

The residues that mediate the hydrophobic interactions in the
tetramer interface are highly conserved amongst the TLE/Gro family
(Supplementary Fig S1C), suggesting that this mode of tetrameriza-
tion is an intrinsic and ancient feature. To eliminate the possibility
the observed mode of association arises from removal of the first 19
TLE1 residues, we refined the structure against a 4-A data set
measured from virtually isomorphous crystals of TLE; ;5. This
structure showed that the first 20 residues of the Q domain are
unstructured and not involved in tetramer formation (Supplemen-
tary Fig S1A). The elongated tetramer model was tested further by
selectively destabilizing the tetramer interface. Leu26 and Ile29,
which interact in the interface, were both changed to aspartate. The
L26D/129D mutant eluted from a size-exclusion chromatography
column at a reduced apparent molecular weight corresponding to a
prolate dimer relative to the wild-type tetramer (Fig 1G), and we
therefore desginate this mutant the TLE1,q ;56 dimer.

The strong conservation of the Q domain tetramerization inter-
face (Supplementary Fig S1C) suggests that heterotetramers of
different family members might form to produce graded levels
of repression. Heterotetramer formation could underlie the ability of
AES/Grg5, a C-terminally truncated family member, to antagonize
TLE repressive activity (Beagle & Johnson, 2010).

TLE1,4.156 binds to TCF3 and TCF4 but not to LEF1 and TCF1

Invertebrates possess a single TCF (e.g., Drosophila Pangolin) that
recruits Groucho for repressor activities, or Armadillo (B-catenin)
for target gene activation (van de Wetering et al, 1997). In contrast,
vertebrates have four family members, and as described above,
TCF3 and TCF4 are often associated with repressive functions,
whereas TCF1 and LEF1 are more associated with target gene acti-
vation (Kim et al, 2000; Merrill et al, 2004; Liu et al, 2005; Tang
et al, 2008; Nguyen et al, 2009). This segregation of duties is not
absolute, as all family members can bind to B-catenin for activation
of transcription. To compare directly their potential for transcription
activation, we assessed the relative activities of TCF1, LEF1, TCF3
or TCF4 with co-expressed B-catenin in a standard TOPflash lucifer-
ase reporter assay in two different cell lines. We observed that TCF1

The EMBO Journal Vol 33| No 7 | 2014
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Figure 2. Reporter activity of TCF/LEF proteins correlates with affinity for TLE1.

A Primary structure of the TCF-LEF family of proteins, showing the N-terminal B-catenin binding domain, the context-dependent regulatory domain (CRD), and the
HMG box that binds DNA. TCF3 and TCF4 also have extensions that arise from alternative splicing. Residue numbers for domain boundaries are shown for the
XTCF3 protein used in this study. The equivalent sequence numbers of other family members can be found in Supplementary Fig S2.

B Luciferase reporter assay in HEK293 cells (left) and Cosl cells (right) shows differential abilities of transfected HA-tagged TCF/LEFs to activate the Wnt reporter
SuperTOPFlash when co-transfected with B-catenin. The graphs for each cell line are representative of three replicates. The Western blots (anti-HA) shown in the
insets reveal the relative expression levels of the transfected TCF/LEF constructs and show that the activity differences are not related to protein levels. The band
marked * is a breakdown product of TCF3. Error bars represent the standard deviation of triplicate measurements.

C Fluorescence anisotropy analysis of TLE1,q 156 binding to different TCF/LEFs. Increasing amounts of TCF/LEF ligands were titrated against labeled TLE1,q 156 The
change in anisotropy was measured and plotted as a function of concentration. Error bars represent standard deviation of triplicate measurements.
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and LEF1 directed the highest reporter activity, much more than
TCF3 and TCF4, even though they are equivalently expressed
(Fig 2B). These results extend similar findings in HEK293 cells
(Brantjes et al, 2001), and indicate that there are inherent differ-
ences in the ability of TCF/LEFs to mediate transcription activation.

B-catenin binds with similar high affinities (~20 nM Kp) to the
B-catenin binding domain of each TCF/LEF (Knapp et al, 2001; Sun &
Weis, 2011), so we hypothesized that the differences in TOPflash
activation reflect differences in their binding affinity for endogenous
TLE repressor proteins. We used fluorescence anisotropy of labeled
TLE1;0 156 to measure its affinity for purified mLEF1, hTCF1, xTCF3
and hTCF4 constructs lacking their HMG domains, a separate
region that does not contribute to TLE interactions (Arce et al, 2009).
TLE1,0156 binds to TCF3 and TCF4 with Kps of 16 ym and 34 pM
respectively, whereas it binds LEF1 and TCF1 with Kps of 195 pM and
1 mM (Fig 2C, Table 1). Although interactions of other regions in TCFs
undoubtedly have a role in determining activating versus repressive
activity, these results demonstrate that TCF3 and TCF4 can form repres-
sive complexes with TLE1 more readily than can LEF1 and TCF1.

B-catenin and TLE1,,_156 bind to distinct regions of TCF3 and do
not compete for TCF3

We used TCF3 deletion constructs to define the region that binds to
the TLE1,( 156 tetramer (Table 1). Our data indicate that the princi-
pal interaction region of TCF3 spans residues 65-200, with weaker
contributions from residues between 200 and 330. This is consistent
with earlier deletion studies (Daniels & Weis, 2005; Arce et al,
2009) as well as studies in Xenopus that highlighted this region in
TCF/LEFs as the key difference for repression and activation roles
(Liu et al, 2005; Nguyen et al, 2009). Shorter constructs designed to
define the binding site more precisely proved too unstable to purify.
Nonetheless, the data show the TLE1,,_;5¢ interaction involves more
than the region equivalent to residues 216-256 of LEF1 described
previously (Daniels & Weis, 2005; Arce et al, 2009).

Table 1. Binding affinities of TCF/LEFs to the TLE1,, ;56 tetramer and
L26D/129D dimer.

Tetramer Dimer

Complex Kp + s.d. (uM)  Kp + s.d. (uM)

Binding to different TCF/LEF family members

TLEL (20-156)  LEF14_20) 195 + 7 N.D.
TLEL (30 156) : TCFL1 264 1023 + 465 N.D.
TLEL (30 156) : TCF3(1_330) 16 + 2 2545
TLEL (20-156) : TCF4 (1 300) 34 +7 40 + 8
Mapping the TCF3 binding site
TLEL 50-156) : TCF3(1_65) N.D.
TLEL (20 156) : TCF3@ 131) 33+7
TLEL (30 156) : TCF3(131_330) 9+1
TLEL 20-156) : TCF3(200-330) 126 + 35
TLEL(20-156) : TCF3(a131-162) 42 + 6
Control binding to BSA
TLE1(20-156) : Bovine Serum Albumin N.D. N.D.

Standard deviation corresponds to n = 3, N.D.: not detected.

© 2014 The Authors

Role of TLE-Q domain in Wnt target gene repression

The EMBO Journal

Earlier studies indicated that B-catenin could compete directly
with TLE1 Q domain for binding to LEF1, suggesting that the switch
from repression to activation upon Wnt signaling is due to direct
competition for TCF/LEF as the levels of nuclear B-catenin rise
(Daniels & Weis, 2005). Our data confirm that the p-catenin binding
domain of TCF3 (residues 1-65) does not contribute to TLE1 binding
(Table 1). We also find that LEF1 binds very weakly to TLE1. As
the previous study used shorter TLE protein constructs that were
poorly soluble and sensitive to pH (Daniels & Weis, 2005), we
retested the competition model using our well-behaved TLE1,q ;56
fragment with repressive TCF3. Since the binding affinity is only
16 uM, we purified the p-catenin-TCF3; 330 complex (Kps for
fB-catenin binding to the highly homologous LEF1 1-131 and TCF4
1-53 are 10 and 20 nM, respectively (Daniels & Weis, 2005; Fasolini
et al, 2003; Sun & Weis, 2011)), and titrated increasing concentra-
tions of this complex into labeled TLEl,q ;56. The affinity of
TLE1,9 ;56 for the B-catenin—TCF3 complex was 14 + 1 puM, essen-
tially the same as the TLE1,y 156-TCF3 interaction (Fig 3A). These
data demonstrate that there is no competition between B-catenin
and TLEl,9 ;56 and, consistent with the domain mapping data
(Table 1), that the binding regions for B-catenin and TLE1,5 156 On
TCF3 are independent of one another.

The finding that TCF3-TLEl complexes are exchanged for
TCF1-B-catenin complexes at a Wnt target gene promoter during
Xenopus development, and that HIPK2-mediated phosphorylation of
sites within amino acids 131-160 of TCF3 facilitates this switch,
suggested that TLE binding might require residues in this region
(Hikasa et al, 2010). The sequence equivalent to TCF3 131-160 is
similar in TCF4, but differs significantly from the equivalent region
in TCF1 and LEF1 (Supplementary Fig S2). To test the role of this
region in TLE1 binding, we made a TCF3 construct lacking residues
130-162. TLE1l,y ;56 bound to this deletion mutant with a K of
42 pM, only slightly weaker than constructs containing this region.
Thus, the non-phosphorylated 131-160 sequence contributes only
modestly to TLE binding, and suggests that phosphorylation might
non-specifically prevent binding by electrostatic repulsion, and/or
promote binding of another factor that removes TLE from TCF.

Tetramerization is essential for repression in vivo

The TLE1,0 156 L26D/129D mutant selectively disrupts the tetramer
without destroying the dimeric building block (Fig 1G), so we tested
whether the dimer can still interact with TCF/LEF proteins. TLE1,4 ;56
mutant dimer binds to TCF3 and TCF4 with the same affinity as
the wild-type tetramer (Fig 3B). This demonstrates that the dimer
confers full binding to TCF3 and TCF4, and it suggests that the stoi-
chiometry of TLE-TCF interaction is unlikely to be 4:1 TLE:TCF as
reported (Daniels & Weis, 2005).

We next tested whether the TLE1 dimer can function as a
co-repressor for transcription using a standard TOPflash assay.
Co-expression of TCF3 and B-catenin caused modest repression of
TOPflash even in the absence of Wnt activation (Fig 3C), presum-
ably because TCF3 was preferentially working through endogenous
TLE proteins. When wild-type TLE1 was co-expressed, strong repres-
sion was observed (Fig 3C and D), whereas co-expression of the
TLE1 dimer mutant showed little repression (Fig 3D). These data
indicate that tetramerization of the TLEl Q domain has additional
critical functions in repression beyond binding to TCF proteins.

The EMBO Journal Vol 33| No 7 | 2014
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Figure 3. TLE1,4 156 tetramer and dimer can bind TCF3 and TCF4 in vitro, but only the tetramer represses transcription in vivo.

A Binding of TLE1,q 156 tetramer to the TCF3;_s30): B-catenin complex or TCF3; 330 measured by fluorescence anisotropy. Error bars represent standard deviation of

n=3

B Binding of TLE1,o 156 dimer mutant to and TCF3; 33 and TCF44_330. Error bars represent standard deviation of n = 3.
Overexpression of TCF3 leads to significant repression of reporter activity in HEK293T cells. Cells were treated with 50 ng of purified Wnt3a 24 h after
co-transfection with or without TCF3. Error bars represent standard deviation of n = 3.

D TLE tetramer but not the dimer can repress reporter activity in HEK293T cells. Cells were treated with 100 ng of purified Wnt3a 24 h after co-transfection with
B-catenin, TCF3 and indicated amounts of DNA constructs encoding either TLE1 dimer or TLE1 tetramer. Error bars represent standard deviation of n = 3. Inset
Western blot shows levels of transfected TLE1 tetramer or dimer. Immunofluorescence demonstrating nuclear localization of transfectred TLE1 constructs is shown

in Supplementary Fig S3.

TLE1,4_35¢ binds directly to chromatin

Grg3, a mouse homolog of TLE1, binds to, condenses and oligomer-
izes chromatin into a higher-order structure. The compaction/
condensation activity (short-range or cis interactions between
nucleosomes) depends on the C-terminal WD domain, whereas the
Q domain is needed for oligomerization (long-range or trans interac-
tions) that create higher-order, transcriptionally silent chromatin
structure. However, the molecular basis of Q domain involvement
in this process is not clear (Sekiya & Zaret, 2007).

As Q domain tetramerization is important for transcription
repression in vivo (Fig 3D) but not for TCF/LEF binding, we tested
binding of wild-type TLE1,o ;56 tetramer or the TLE1,¢.;5¢ dimer to
tri-nucleosomes using a FRET-based assay. Trinucleosome arrays
provide a minimal system to study nucleosome interactions in a
chromatin context (Winkler et al, 2011). The tetramer bound to
tri-nucleosomes with a Kp of 423 nM, whereas the dimer did not
approach saturation, preventing accurate affinity determination and
indicating a weak interaction with Kp > 2 uM (Fig 4A).

The EMBO jJournal Vol 33| No 7 | 2014

The surface electrostatic potential of the TLE1 tetramer features a
positively charged region at the N-terminal tetramerization region
separating strongly negatively charged surfaces that run along the
parallel dimer (Fig 4B). We hypothesized that the acidic surface of
the Q domain binds to highly basic histone tails. The binding of syn-
thetic biotinylated histone tails to the TLE1,_;5¢ tetramer and dimer
mutant was analyzed using native gel shifts to obtain relative bind-
ing affinities. The TLE1,q ;56 tetramer bound to unmodified H4 and
H4 trimethylated at lysine 20 (H4K20Me3; associated with hetero-
chromatin) tails with apparent Kps of 42 and 13 puM, respectively
(Fig 4C). The dimer also bound to these tails (Fig 4D). Binding to
H2A, H2B and H3 was significantly weaker for both the tetramer
and dimer (Fig 4C and D). The increase in affinity of H4K20Me3
versus unmodified H4 for the tetramer may indicate that regions
closer to the C-terminal portion of the tail participate in the interaction
with the TLE1 Q domain.

The H4 tail plays an important role in chromatin condensation
and oligomerization (Dorigo et al, 2003). We therefore tested
whether a euchromatic form of hyper-acetylated H4 tail affected
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TLE1,0 ;56 binding. Both the wild-type and dimer mutant TLE1,4 56
bound only weakly, probably non-specifically, to hyper-acetylated
H4 tails (82 and 257 pM for tetramer and dimer, respectively; Fig 4C
and D), consistent with the role of TLE1 as a repressor. Even though
the unmodified H3 tail binds more weakly or non-specifically to
TLE,p_ 156, We also tested whether the H3K27Me and the H3K9Me
modified tails, which are associated with transcriptionally silent
chromatin, bind to the TLE,p ;5. H3K27Me and H3K9Me tails
bound to TLE,q ;56 tetramer with an affinity of ~424 uM and
~185 uM respectively, and the TLE,q 154 dimer bound to them with
affinities of ~1.5 mM and ~420 pM respectively, indicating that the
tetramerization domain preferentially interacts with K20 methylated
H4 tails.

Discussion

The TLE Q domain is critical for transcriptional repression generally
and for Wnt target genes in particular (Song et al, 2004; Sekiya &
Zaret, 2007). The structural and biochemical data presented here pro-
vide several key insights into TLE/Gro-mediated repression, including
its role in the switch from repression to Wnt-dependent activation.

Earlier studies hypothesized that the switch from repression to
activation was mediated by f-catenin directly competing and
displacing TLE1 from target-bound TCF/LEFs upon Wnt stimulation
(Daniels & Weis, 2005). Our data are inconsistent with this model,
as the presence of B-catenin does not alter the affinity of the TCF3-
TLE1,0 156 interaction. Nonetheless, chromatin immunoprecipita-
tion data indicate that B-catenin and TLE1 are present on chromatin
targets in a mutually exclusive manner during Wnt pathway activa-
tion (Sierra et al, 2006). Thus, there must be a mechanism for
exchange of TLE and B-catenin other than simple competitive bind-
ing (Sierra et al, 2006).

Since [-catenin binds to TCF/LEF proteins with very similar
affinity (Knapp et al, 2001; Sun & Weis, 2011), the differences in the
affinity of TLE for TCF/LEF (Table 1) go much further to explain the
tendencies of different TCF/LEF proteins to repress or activate genes.
Our data show that under identical conditions, TCF/LEFs display
sharply different levels of Wnt-stimulated activation, a range of activ-
ities that directly correlates with their affinities for TLE1. Although
the affinities of the Q domain for even the repressive TCFs are rela-
tively weak, these differences may be significant in the context of
chromatin, since other regions of TLEs interact with the H3 tails
(Flores-Saaib & Courey, 2000; Sekiya & Zaret, 2007), and the TCFs
are bound to DNA. Thus, multiple contacts involving TLE, TCF
and chromatin contribute to the overall stability of the repressive
complex, and other factors such as post-translational modification also
have a role. Note that the TLE-TCF binding experiments reported
here were done with TCF constructs lacking the DNA-binding HMG
domain. Binding of the TCF to DNA could create additional interacting
surfaces that stabilize the TLE-TCF-chromatin interactions.

Post-translational modifications of both TLE1 and TCFs appear to
have critical roles in removing TLE proteins from TCFs as part of
the switch from repression to activation. Recently, the ubiquitin E3
ligase X-linked inhibitor of apoptosis (XIAP), which is a positive
regulator of Wnt signaling, was shown to ubiquitylate TLE proteins
and thereby decrease binding to TCF/LEF (Hanson et al, 2012).
Furthermore, the Ser/Thr kinase HIPK2 can up-regulate Wnt
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signaling through phosphorylation of several targets, including
TLE1 and TCF/LEF (Choi et al, 2005; Lee et al, 2009; Hikasa et al,
2010). Phosphorylation of Groucho by HIPK2 and possibly MAPK
weakens its co-repressor activity by promoting its dissociation from
the co-repressor complex (Choi et al, 2005). In vertebrates, TCF3,
TCF4 and LEF1 are phosphorylated at multiple sites by HIPK2 upon
Whnt stimulation, and phosphorylation of TCF3 leads to its loss from
promoter regions and replacement by TCF1 (Hikasa et al, 2010).

The mechanism through which HIPK2 phosphorylation mediates
a switch in TCF-repressor for TCF-activator complexes is unclear,
but it is important to note that three HIPK2 phosphorylation sites are
found between residues 131 and 200 of TCF3 and TCF4, the same
region that is required for interaction with TLE1 (Supplementary
Fig S2). Two of the three sites are present in LEF1, but all are absent
in TCF1 (Hikasa & Sokol, 2011). Since HIPK2 phosphorylation
decreases TCF binding to promoter regions (Hikasa & Sokol, 2011),
we suggest that HIPK2 phosphorylation of both TCF3 and TLE1
disrupts their interaction with each other and with DNA and thereby
promotes their loss from promoter regions. Replacement of TCF3 by
TCF1, which does not bind to TLE and does not have HIPK2 sites,
would ensure that only activating complexes are formed at a Wnt
response element. Note that replacement of one TCF for another is
unlikely to be a general mechanism in Wnt target gene activation, as
some organisms possess only a single TCF. Nonetheless, post-
translational modifications appear to be common: for example, in
Drosophila the increase in nuclear B-catenin levels upon Wnt activa-
tion affects the displacement of HDAC1 from the groucho-dTCF
complex (Billin et al, 2000). Furthermore, the groucho-TCF repres-
sion complex is weakened by DHIPK2 phosphorylation of both grou-
cho and TCF (Choi et al, 2005), followed by B-catenin binding to
TCF and chromatin opening for transcription activation.

TLE interactions with chromatin

Gro/TLE proteins promote formation of transcriptionally silent
chromatin through direct interactions with histones as well by
scaffolding enzymes that modify histones. Repression by Gro/TLE
proteins requires an intact Q domain (Song et al, 2004), and studies
of Grg3 have shown that the Q domain is needed for chromatin olig-
omerization (long range trans interactions), whereas the C-terminal
WD domain is essential for condensation (short range cis-interac-
tions) (Sekiya & Zaret, 2007).

We found that the TLE1 Q domain tetramer can bind specifically
to chromatin (Fig 4), at least in part through interaction with H4
tails. Although we have not been able to determine the stoichiometry
of this interaction, the fact that the Q domain dimer mutant also
binds to the H4 tails suggests that the tetramer can bind at least two
H4 tails. Given the elongated structure of the Q domain, it is likely
that one role of the tetramer is to crosslink non-contiguous regions
of chromatin by binding to H4 tails, thereby contributing to chromatin
oligomerization. Trinucleosomes bind to the TLEl,y ;56 tetramer
much more strongly than to the dimer mutant (Fig 4A). This differ-
ence may simply be due to the multivalent nature of this interaction,
but we cannot rule out additional interactions unique to the
Q domain tetramer with the nucleosome core. For example, the
Q domain tetramer has a positively charged surface (Fig 4B) that
would be disrupted in the dimer mutant. We speculate that once
TLE1 tethers itself to the nucleosome via histone tails, this positively
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charged surface forms additional interactions with acidic patches on
the nucleosome that are formed by the dimerization of H2A and
H2B (Supplementary Fig S5). This surface is known to bind other
proteins that have a direct role in condensation and oligomerization
of chromatin (Dorigo et al, 2003; Barbera et al, 2006; Chodaparambil
et al, 2007; Zhou et al, 2007).

The TLE1 Q domain can bind to H4K20-trimethylated tails, a
hallmark of heterochromatin, but not the H4-hyperacetylated tail, a
characteristic of euchromatin (Fig 4C). This correlates with the
observation that chromatin-bound Grg4 assists in recruitment of
polycomb group proteins, which include methyl transferases,
thereby epigenetically driving chromatin condensation and gene
silencing (Patel et al, 2012).

Our data are consistent with the following general model of TLE1
in Wnt target gene repression in vertebrates (Fig 5). In the absence
of Wnt signaling, TCF3 or TCF4 bound to a Wnt response element
in the promoter region of a target gene recruits TLE1 by binding to
the Q domain. TLE1 promotes formation of silenced chromatin
through interactions with histone tails and the nucleosomal surface.
TLE-mediated recruitment of HDACs and histone methyltransferases
leads to local deacetylation and methylation of histone tails,
enabling TLE to form silenced chromatin structures through interac-
tions with histone tails and the nucleosomal surface (Fig 5, left).
Wnt activation results in nuclear import of B-catenin, and post-
translational modifications of TLE and TCF, such as phosphoryla-
tion by HIPK2 (imported with B-catenin; (Hikasa et al, 2010)) and
ubiquitination by XIAP (Hanson et al, 2012), remove the repressive
TCF-TLE complex from the promoter (Fig 5, middle). Clearance of
repressive complexes allows activating complexes of TCFs, B-catenin,
and associated chromatin remodeling factors including histone
acetyl transferases CBP/p300 to bind at these sites, generating an
open chromatin state that can actively participate in transcription
(Fig 5, right). The Pygopus-Legless/Bcl9 complex, which has
important roles in Wnt/B-catenin transciption (Jessen et al, 2008;
Cadigan & Waterman, 2012) and binds to B-catenin and to methylated
K4 H3 tails that mark active chromatin (Berger, 2007; Fiedler et al,
2008; Gu et al, 2009; Suganuma & Workman, 2011), would rein-
force the switch to a transcriptionally active state, as might other
modulators of transcription, such as the ring-finger protein RNF-14
that binds to TCFs and appears to stabilize B-catenin occupancy
(Wu et al, 2013). Taken together, our data link the specific interac-
tions between TLEs and TCFs to the more global actions of TLE-
induced chromatin oligomerization and compaction. Our findings
highlight how sharp differences in TLE1 affinity for TCF/LEF family
members form the basis for a switch-in/switch-out of activating
versus repressing complexes and stable changes in transcription and
chromatin states.

Materials and Methods

Protein constructs, expression and purification

TLE1, ;56 and TLEl,y ;5 were sub-cloned into a TEV protease-
cleavable, N-terminal 6x histidine-tagged pPROEX vector from a
full-length human TLE1 cDNA. The protein was expressed in E. coli
BL21DES3 cells grown in LB broth at 37°C to an optical density of 0.6
and induced with 1 mM IPTG. After induction, the cells were grown
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for 16 h at 37°C. Expressed TLE1 proteins were purified from inclu-
sion bodies via centrifugation at 9,000 x g, resuspension in phos-
phate buffered saline (PBS; pH 7.4) and lysis with an Emulsiflex cell
disruptor. The lysate was centrifuged at 27,000 x g for 20 min, and
the pellet washed with PBS by re-suspension and centrifugation.
Inclusion bodies were solubilized in 6 M guanidine hydrochloride,
25 mM Tris pH 8.5 and 500 mM NaCl (GTN buffer), and the solu-
tion clarified by centrifugation at 27,000 x g for 10 min. The super-
natant containing TLE1 was loaded onto a Talon resin column
equilibrated in GTN buffer and incubated 3 h on a rotary shaker at
4°C. The column was washed with GTN buffer containing 5 mM
imidazole and eluted with the GTN buffer containing 250 mM imid-
azole. To refold the protein, 1M L-arginine hydrochloride, 20% glyc-
erol and B-mercaptoethanol was added to the eluate, then dialyzed
against a buffer containing 25 mM Tris pH 8.5, 500 mM L-arginine
hydrochloride, 500 mM NaCl, 20% glycerol, 5 mM EDTA, 5 mM
B-mercaptoethanol for 16 h at 4°C. After the first dialysis, 1 mg of
TEV protease was added to cleave the Hisg-tag while further dialyz-
ing it against 25 mM Tris pH 8.5, 150 mM NaCl, 2% glycerol, 5 mM
EDTA and 5 mM B-mercaptoethanol and further purified on a
Superdex S200 gel filtration column.

TCF/LEF proteins lacking their DNA-binding HMG domains,
including Xenopus TCF3 amino acids 1-330, human TCF4 1-300,
human TCF1 1-171, and mouse LEF1 1-296 were expressed in
E. coli BL21DE3 RIL cells. These TCF/LEF proteins and full-length
B-catenin were purified as described (Sun & Weis, 2011).

Crystallographic procedures

TLE; ;56 crystals grown in 100 mM Tris pH 8.5, 150 mM sodium
citrate, 10% PEG400 were crushed and cross-seeded into 200 mM
sodium thiocyanate, 15% PEG3350 to yield plates with approximate
dimensions 30 x 10 x 75 pm®. The crystals were harvested in the
mother liquor containing 25% PEG400 as a cryoprotectant. Diffrac-
tion data were measured in 1° rotation frames for 5 s per frame on
a MAR-CCD detector, using a 10-micron beam (Supplementary
Table S1). The data were integrated with Mosflm and scaled using
CCP4-Scala (Winn et al, 2011). Data extending to 4.0 A were
obtained from these crystals, but were strongly anisotropic and
extended only to 7 A along the a-axis. Data collection statistics are
provided in Supplementary Table S1.

To improve the crystals, a construct lacking residues 1-19,
TLE1,0.156, Was produced. TLE1,q.;54 Was concentrated to 15 mg/ml,
and crystals grown at 25°C by hanging drop vapor diffusion against
a reservoir of 0.1 M HEPES pH 7.0 or 7.5, 15% Tacsimate pH 7.0,
10% PEG 3350, 10% 2-methyl, 2,4-pentanediol (MPD) and 100 mM
RbCI. Crystals appeared after 10 days and were 150 x 50 x 10 pm?
leaf-shaped plates. For SIRAS phasing, a mother liquor solution
containing 10 mM mercury nitrophenol was added to crystal-
containing drops to a final concentration of 1.5 mM and soaked for
4 days. Native and derivative crystals were washed in the mother
liquor with 20% glycerol as cryoprotectant and flash frozen in liquid
nitrogen. Data were measured using a 10-micron beam in 0.5° rota-
tion frames for 2 s per frame on a Pilatus 6M pixel array detector.
Anomalous scattering data from the Hg derivative were collected
using inverse beam geometry. The data were integrated with XDS
(Kabsch, 2010) and scaled using CCP4-Scala (Winn et al, 2011).
Data extending to 2.9 A were obtained for both native and
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derivative crystals, but the data were strongly anisotropic and
extended only to 3.8 A along the a-axis. Data collection statistics are
provided in Supplementary Table S1.

The Hg derivative showed a significant anomalous scattering
signal to 4.5 A. Using Autosharp (Schiltz & Bricogne, 2007), six
mercury sites were found and used for Single wavelength Isomorphous
Replacement with Anomalous Scattering phasing. Solvent flattened
maps showed long helical density. A partial poly-alanine chain was
built and subjected to one round of refinement, which allowed addi-
tion of a few side chains in the core of the structure. After another
round of refinement, the side chains were more pronounced. The
auto-build function in Buccaneer (Cowtan, 2006) was used to com-
plete a majority of the structure, which after refinement reduced
Riree from 46% to 38%. NCS restraints were unhelpful and not
applied during refinement. Experimental phase restraints (MLHL
target) were imposed for the first few rounds of refinement in order
to minimize model bias. Strict secondary structure restraints were
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also used throughout the refinement. The initial rounds of refine-
ment used the MLHL target in Phenix with the SIRAS phases. After
the majority of the structure was built, isotropic temperature factors
and TLS-parameters were refined. Structure validation was done
with Procheck (Laskowski et al, 1993). All structure figures were
prepared with PyMol and the electrostatic potential was calculated
using APBS (Baker et al, 2001). The final refinement statistics are
summarized in Supplementary Table S1.

Initial phases for the TLE; ;54 structure were obtained by molecu-
lar replacement with AutoMR (Adams et al, 2010), using the crystal
structure of the TLE,q ;56, and refined with Phenix (Adams et al,
2010). The geometry of the final model was validated using MolPro-
bity (Chen et al, 2010). Final refinement statistics are summarized
in Supplementary Table S1.

Coordinates and structure factors for TLE, ;5 and TLEl,q ;56
have been deposited in the Protein Data Bank with codes 40M2 and
40M3, respectively.
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Small angle X-ray scattering

Small angle X-ray scattering (SAXS) data were measured on SSRL
beamline 4-2 in the range 0.00965 A< g<0.542 A™! (g = 4msin
(0)/)) from solutions of TLEl,y ;s¢ tetramer at 2.5, 5, 10 and
20 mg/ml. Samples were loaded into a 1.5 mm quartz capillary flow
cell maintained at 20°C, and 15 x 1 s exposures were measured for
each concentration. The raw scattering data were normalized to the
incident beam intensity and buffer scattering subtracted. Individual
scattering curves were visually inspected prior to averaging to
ensure that radiation damage was minimal. Scattering curves from
different concentrations were scaled and merged with PRIMUS
(Konarev et al, 2003). Scattering amplitudes were calculated from
the models with CRYSOL (Svergun et al, 1995).

Fluorescent labeling of TLE1,9.156

Purified TLEl,g 156 in 25 mM HEPES pH 7.5, 150 mM NaCl,
1 mM EDTA, 2% Glycerol, 5 mM TCEP (Tris (2-carboxyethyl)
phosphine) (HEN-buffer) was incubated with 2-fold molar excess
of Alexa Fluor 488 C5-Maleimide for 16 h at 4°C on a rotary
shaker. A 25-ml Sephadex G-25 column was used to remove the
free dye. The eluate was further purified on an analytical S200
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column; the labeling efficiency of TLEl,, 154 was determined to
be approximately 95% based on extinction coefficients of the
protein and the dye, and the presence of 8 cysteines in the
protein.

Fluorescence anisotropy binding assay

Fluorescence anisotropy was carried out with a Synergy 4 Hybrid
plate reader using a Corning 3915 black walled 96-well plate.
Labeled TLEl-tetramer or dimer at 300 nM was used per well;
TCF3, TCF4, LEF1, B-catenin-TCF3 complex or BSA was added at
different concentrations into each well. The samples were excited at
485 nm and the emission was measured at 515 nm. All experiments
were carried out in HEN-buffer with 0.4% BSA. 40-60 readings were
measured per well and were averaged. The averaged anisotropy
values were plotted against concentration. The binding isotherm
was fit using Eq (1) where Y is fraction bound, [L], is the total
ligand concentration, Ry, is the maximum change in anisotropy,
Kp is the dissociation constant

)
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All experiments were done in duplicate, and the experiments
were repeated three independent times. The figures show averaged
data points + standard deviation from the triplicates. The reported
Kp values assume that there is no effect of the fluorescent label
on the binding affinty; the unstructured nature of TCFs precluded
measuring changes in anisotropy if the label was instead on the
TCF.

Wnt reporter assay

HEK293 cells were seeded at 2.5 x 10° per 6-well 24 h prior to
transfection. Each well was transfected with 0.2 pug Super8xTopflash
reporter (kind gift from Dr. RT Moon) and 0.1 pg thymidine kinase
B-galactosidase plasmid using BioT transfection reagent (Bioland
Scientific). Additional expression vectors were added as needed:
0.4 pg P-catenin, 0.2 pg LEF-1, 0.2 pg TCF-1, 0.2 pg TCF-3, or
0.2 pg TCF-4. The TCF/LEFs were expressed with 2 HA tags at the
N-terminus, using the EVR2 vector. Cells were harvested 24 h post
transfection and assayed for luciferase activity and B-galactosidase
activity (for normalization). Western blots shown in Fig 2B used
anti-HA (Genetex #GTX628489, 1:1,000 dilution) for TCF/LEFs and
anti-lamin A/C (Cell Signaling #2032, 1:1,000 dilution) for loading
controls.

TLE1 tetramer and dimer reporter assay

Activities of the TLE1 dimer and wild-type TLE1 were tested using a
Wnt-responsive TOPFlash luciferase reporter assay by transient
expression in HEK293T cells. HEK293T cells were seeded in 96-well
plates in DMEM containing 10% (v/v) FBS. After 6 h, cells were
transiently co-transfected with the SuperTOPFlash Wnt reporter
(80 ng) and LacZ expression plasmids (20 ng) for a control, and
B-catenin (25 ng), hTCF3 (25 ng) and the indicated TLE1 constructs,
using Lipofectamine 2000 according to the manufacturer’s protocol.
For the cells transfected with TLE1, the media were replaced with
mouse L-cell control media (L-cell secreted media without Wnt3a)
or purified Wnt3a at 18 h post-transfection. After another 18 h,
Luciferase reporter activity was measured in a Veritas Luminometer.
Assays were carried out in triplicate, and relative luciferase units
were normalized to LacZ.

Hi-Fi FRET assay

Tri-nucleosomes were prepared and quality checked as described in
(Winkler et al, 2011). Affinity measurements and chromatin label-
ing were performed as described in (Hieb et al, 2012). Alexa-488-
labeled TLE tetramer or dimer serve as fluorescent donors, and
tri-nucleosomes labeled with Atto-647N dye at a T112C mutation on
H2B was the FRET acceptor. Tri-nucleosomes were titrated 0-5 uM
concentrations, and TLE,y ;56 tetramer or dimer were kept constant
at 1 uM. The experiment was done in 25 mM Tris pH 7.5, 200 mM
NaCl, 0.01% NP-40 and CHAPS. FRET data analysis was done as
described in (Hieb et al, 2012).

Native gel-shift titration binding assays

TLE;p 155 dimer or tetramer at 10 uM were incubated with
increasing concentration of synthetic biotinylated histone tail
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peptides (Anaspec Inc, Fremont, CA, USA) for 16 h at 4°C.
Samples were then run on a 4-20% native PAGE. Proteins were
transferred to nitrocellulose membranes and analyzed by Western
blotting with Neutravidn-800 for the biotynalted tail, and o-6X-
His-680 antibody for TLE1 (loading control). The image was
quantified using ImageJ and the data were plotted using the soft-
ware Prism. The data were fit using Eq (2) where Y is fraction
bound, Bpax is the maximum binding of the ligand, X is the
concentration of the Ligand.

X

Y = By %
max K 1 X)

)

Supplementary information for this article is available online:
http://emboj.embopress.org
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