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Polycomblike (Pcl) proteins are important transcriptional regulators and components of the Polycomb Repressive
Complex 2 (PRC2). The Tudor domains of human homologs PHF1 and PHF19 have been found to recognize
trimethylated lysine 36 of histone H3 (H3K36me3); however, the biological role of Tudor domains of other Pcl proteins
remains poorly understood. Here, we characterize the molecular basis underlying histone binding activities of the Tudor
domains of the Pcl family. In contrast to a predominant view, we found that the methyl lysine-binding aromatic cage is
necessary but not sufficient for recognition of H3K36me3 by these Tudor domains and that a hydrophobic patch,
adjacent to the aromatic cage, is also required.

Introduction

Polycomblike (Pcl) proteins are essential components of the
Polycomb Repressive Complex 2 (PRC2) that silences genes dur-
ing development and lineage specification.1 The PRC2 complex
methylates lysine 27 of histone H3, producing mono-, di- and
tri-methylated H3K27me1/2/3 marks that generally correlate
with transcriptionally repressed chromatin.2-5 Impaired PRC2
activity is associated with defects in cell differentiation and
growth and can lead to cellular transformation.6

Pcl was originally identified in Drosophila melanogaster as a
gene required for the development of body segments in the fly.7

Its product, the Pcl protein, was found to be essential in the gen-
eration of H3K27me3 at Polycomb target genes; however, is dis-
pensable for the deposition of H3K27me1/2 marks genome-
wide.8 The human genome encodes 3 Pcl orthologs - plant
homeodomain (PHD) finger containing protein 1 (PHF1), metal
response element binding transcription factor 2 (MTF2), and
PHF19. PHF1 modulates PRC2 enzymatic activity and is impli-
cated in DNA damage repair and maintenance of genomic stabil-
ity.9-12 MTF2 is involved in facilitating PRC2 recruitment to the
inactive X-chromosome and, much like PHF19, functions in the
transcriptional control of genes implicated in embryonic stem
cell renewal and differentiation.13-16 The Pcl family proteins are
characterized by similar domain architecture consisting of a
Tudor domain followed by 2 PHD fingers. Although the precise
function of the PHD fingers remains poorly understood, the
region encompassing both domains in Pcl and PHF1 was shown
to associate with the catalytic subunit of PRC2, EZH2.17

The Tudor domains of PHF1 and PHF19 have recently been
found to recognize trimethylated lysine 36 of histone H3
(H3K36me3).12,14-16,18 The PHF1-H3K36me3 interaction
impedes the enzymatic activity of PRC2 and is important for the
retention of PHF1 at the sites of DNA damage.12 Binding of
PHF19 to H3K36me3 recruits PRC2 and NO66 to embryonic
stem cell genes during differentiation and is required for the full
enzymatic activity of PRC2 and repression of a subset of PRC2
target genes.14-16 Additionally, it has been demonstrated by a
peptide pull-down assay that the Tudor domain of MTF2 associ-
ates with H3K36me3, whereas the Tudor domain of Pcl does
not.14

Here, we detail the molecular basis underlying histone bind-
ing activities of the Tudor domains of the Pcl family and provide
explanation for the lack of functional conservation among the
members. In contrast to a prevalent view, we found that the
methyl lysine-binding aromatic cage is necessary but not suffi-
cient for recognition of H3K36me3 by these Tudor domains and
that a hydrophobic patch, adjacent to the aromatic cage, is also
required.

Results and Discussion

To characterize the biological function of the Tudor domains
of PHF1, Pcl and MTF2, we examined histone binding activities
of these proteins using NMR titration experiments. We collected
1H, 15N heteronuclear single quantum coherence (HSQC) spec-
tra of the uniformly 15N-labeled Tudor domains of PHF1, Pcl
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and MTF2 while gradually adding H3K36me3 peptide (aa
31–40 of H3) to the NMR samples (Fig. 1a). Large chemical
shift perturbations (CSPs) were observed in the spectra of the
PHF1 Tudor domain, revealing direct interaction between the

protein and the peptide (Fig. 1a, left panel). However titration
of the H3K36me3 peptide into the Pcl Tudor domain caused no
CSPs even at the protein:peptide ratio of 1:5, indicating that Pcl
does not recognize H3K36me3 (Fig. 1a, middle panel). Addition

Figure 1. Binding to histone H3K36me3 is not conserved in the Pcl family. (A) Superimposed 1H, 15N HSQC spectra of PHF1 Tudor, Pcl Tudor, and MTF2
Tudor-PHD1 collected upon titration with H3K36me3 peptide. Spectra are color coded according to the protein:peptide molar ratio. (B) Sequence align-
ment of the Tudor domains of PHF1, MTF2, Pcl and PHF19: absolutely, moderately and weakly conserved residues are colored pink, wheat, and blue,
respectively. The aromatic cage residues are highlighted with red ovals. The aromatic residues of PHF1 are labeled. (C) Structural overlays of the PHF1
Tudor bound to H3K36me3 peptide (modeled as sticks in yellow) (PDB 4HCZ) and either the apo- Pcl Tudor on the left (PDB 2XK0) or the apo- MTF2
Tudor on the right (PDB 2EQJ). The aromatic cage residues of PHF1 Tudor are in brick red, while the corresponding Pcl and MTF2 residues are in purple
and gray, respectively. (D) Topology of the aromatic cage in the Pcl family of proteins: the variant residues of Pcl and MTF2 are colored red.
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of the H3K36me3 peptide to the MTF2 Tudor-PHD1 construct
induced substantial CSPs in the protein, although the pattern of
CSPs (intermediate-to-fast exchange regime on the NMR time
scale) suggested that binding of MTF2 is weaker as compared to
the binding of PHF1 (Fig. 1a, right panel). Of note, we used the
Tudor-PHD1 construct of MTF2 in this study because an iso-
lated Tudor is less soluble; however, as shown in Supplementary
Figure S1, the Tudor domain functions independently of the
neighboring PHD1 finger and exhibits almost identical CSPs
upon addition of H3K36me3 peptide, either without PHD1 or
being linked to PHD1.

We have previously determined the crystal structure of the
PHF1 Tudor domain in complex with H3K36me3 peptide.12 In
the complex, the peptide adopts an extended conformation and
lays across the open edge of the Tudor’s b-barrel. The extended
side chain of K36me3 occupies the aromatic cage formed by the
Y47, W41, F65 and F71 residues of the protein. The side chains
of these aromatic residues are positioned roughly perpendicular
to each other and are engaged in cation-p and hydrophobic inter-
actions with the trimethyl ammonium group of K36. The aro-
matic cage-derived mechanism is utilized by the majority of
methyl lysine-binding modules, including chromodomain,
MBT, PHD, PWWP and WD40, and thus became a fundamen-
tal concept in the epigenetics field (for a review see refs.19,20).

Alignment of the amino acid sequences of the Pcl, PHF1,
MTF2, and PHF19 Tudor domains shows that the aromatic
cage of Pcl contains 2 aromatic residues, Y367 and F383, but
lacks other 2 aromatic residues, corresponding to W41 and F71
of PHF1 (Fig. 1b). Structural overlay of the H3K36me3-bound
Tudor domain of PHF1 12 and the Pcl Tudor domain in the
apo-state 21 reveals that C361 and Q389 residues make 2 sides of
the aromatic cage in Pcl (Fig. 1c). The MTF2 Tudor domain
has 3 aromatic residues in the cage, W56, Y62 and F80, with the
fourth aromatic residue, corresponding to F71 in PHF1, being
replaced by S86 (Fig. 1b-d). All four aromatic residues of the
PHF1 Tudor domain are conserved in PHF19, which has been
shown to robustly interact with H3K36me3.14-16,18 We reasoned
that the incomplete aromatic cages in Pcl and MTF2 prevent and
reduce, respectively, binding of these proteins to H3K36me3.

We tested whether the restoration of the aromatic cage would
enable binding of Pcl Tudor to H3K36me3 through mutating
C361 to a tryptophan and Q389 to a phenylalanine. As shown in
Figure 2a, amide resonances of neither C361W mutant nor
Q389F mutant of Pcl Tudor were perturbed upon addition of
H3K36me3, implying that the individual substitutions are insuf-
ficient. Furthermore, the double C361W/Q389F mutant of Pcl,
in which the aromatic cage fully mimics the aromatic cage of the
PHF1 Tudor domain, failed to interact with H3K36me3
(Fig. 2a, right panel). Together these results demonstrate that
while required, the intact aromatic cage is not sufficient for the
recognition of H3K36me3.

To identify additional elements that are necessary for the
interaction with H3K36me3, we examined the histone-binding
site of PHF1 beyond the aromatic cage. Notably, the PHF1
Tudor domain has an extensive hydrophobic patch, located next
to the aromatic cage and composed of 4 solvent exposed leucine

residues (colored pale green in Fig. 2b). This patch forms a bind-
ing site for the hydrophobic side chain of P38 and the neutral
side chain of H39 of the peptide in the PHF1 Tudor-
H3K36me3 complex. In contrast, the Pcl Tudor domain con-
tains a positively charged R365 and 2 bulky albeit hydrophobic
F358 and F366 residues in place of 3 leucine residues of PHF1
(colored mustard yellow in Fig. 2c). We generated a triple
mutant of Pcl, C361W/R365L/Q389F, in which R365 is substi-
tuted with a leucine, and assayed its binding by NMR. Titration
of the H3K36me3 peptide into the 15N-labeled C361W/R365L/
Q389F Pcl Tudor domain induced substantial CSPs, indicative
of a robust interaction of this gain-of-function mutant (Fig. 2d,
left panel). Plotting normalized CSPs vs. peptide concentration
for each protein amide yielded binding curves and a Kd of 230
mM (Figs. 2e and 3a). The fact that the single R365L mutant of
Pcl was incapable of binding to H3K36me3 reinforced the idea
that the aromatic cage is absolutely required (Fig. 2d, right
panel).

Despite the high sequence similarity of the Tudor domains of
PHF1 and MTF2, association of MTF2 with H3K36me3 was
found to be » 3-fold weaker. We measured binding affinities of
MTF2 Tudor-PHD1 for H3K36me3 (Kd D 45 mM) and of the
PHF1 Tudor domain for H3K36me3 (Kd D 16 mM) using fluo-
rescence spectroscopy (Fig. 3a). Interestingly, the aromatic cage
and the hydrophobic patch of MTF2 and PHF1 each differ by
one amino acid. The aromatic cage of MTF2 contains S86 in
place of the F71 residue in PHF1. We assessed the histone bind-
ing ability of the S86F mutant of MTF2 Tudor-PHD1 by NMR
titration experiments. An intermediate exchange regime observed
for the interaction of the S86F mutant pointed to an enhanced
binding as compared to binding of the wild type protein
(Fig. 3c), and this was supported by a Kd of 34 mM measured
using tryptophan fluorescence (Fig. 3a). Together these data
demonstrate a critical role of the intact 4-aromatic residue cage
of the Tudor domain in the interaction with H3K36me3.

We note that a serine residue is also present in the aromatic
cage of the ING2 PHD finger that recognizes H3K4me3 with
high specificity and affinity.22 The 2 most important for the
binding aromatic residues of ING2 superimpose well with W41
and Y47 of MTF2; however, the methyl lysine-binding cage in
MTF2 is wider, with S86 positioned further from the trimethy-
lammonium group than the serine residue is positioned in ING2
(Fig. 3d). The greater distance may account for the less pro-
nounced effect of S86 on the interaction, still mutation of this
residue to a Pcl¡like glutamine further diminished binding of
S86Q MTF2 Tudor-PHD1 (Figure 3a and e). In the PHF1
Tudor-H3K36me3 complex the aromatic side chain of F71 is
slightly rotated, most likely contributing more to the hydropho-
bic contacts and less to the cation-p contacts. Nevertheless, the
presence of an aromatic residue at this position is important,
because binding affinities of the F71S (MTF2-like) and F71Q
(Pcl¡like) mutants of PHF1 decreased » 2- and 7-fold, respec-
tively (Fig. 3a and Fig. S2).

One of the leucine residues in the 4-leucine hydrophobic
patch of PHF1 is replaced by a phenylalanine, F61, in MTF2.
To examine the effect of this residue, we produced the F61L/
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Figure 2. The aromatic cage is necessary but not sufficient for Pcl Tudor to bind H3K36me3. (A) Superimposed 1H, 15N HSQC spectra of indicated Pcl
Tudor mutants color coded according to the protein:H3K36me3 peptide molar ratio. (B) Structure of the PHF1 Tudor domain bound to H3K36me3 pep-
tide (yellow sticks) (PDB 4HCZ) with the aromatic cage residues in red and the hydrophobic patch residues in pale green. Electrostatic surface potential
of the PHF1 Tudor domain is shown on the right with acidic and basic surfaces colored red and blue, respectively. (C) Structure of apo- Pcl Tudor (PDB
2XK0), with the aromatic cage and hydrophobic patch residues colored blue and mustard yellow, respectively. Electrostatic surface potential of the Pcl
Tudor domain is shown on the right. (D) Overlaid 1H, 15N HSQC spectra of the indicated mutants of Pcl Tudor recorded in the presence of increasing con-
centrations of H3K36me3. (E) Representative binding isotherms used to determine binding affinity of C361W/R365L/Q389F Pcl Tudor for H3K36me3 via
normalized CSPs.
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S86F mutant of Tudor-PHD1, substituting F61 with a leucine
and fully recreating the PHF1-like binding site. As we predicted,
the F61L/S86F mutant of MTF2 Tudor-PHD1 was able to bind
to H3K36me3 as strong as the PHF1 Tudor bound to this PTM
(Kd D 13 mM, Fig. 3a). We concluded that the hydrophobic
patch plays an essential role in binding of these Tudors to meth-
ylated chromatin. Furthermore, the physiological relevance of
this patch is underscored by the fact that L60 of MTF2 (which
corresponds to R365 in Pcl) is found mutated to a phenylalanine
in head and neck cancer (cBioportal).

The mechanism for the H3K36me-P38-H39 readout by the
Tudor domain of the Pcl family differs from the binding

mechanisms employed by other H3K36me-recognizing modules,
including PWWP of BRPF1 and the EAF6 chromobarrel
domain (Fig. S3).23,24 However the important contribution of
the hydrophobic or negatively-charged pockets adjacent to the
aromatic cage to the association with methyl lysine-containing
histone peptides has been reported for WD40 domain of EED,
Tandem Tudor Domain of JMJD2A, and a number of PHD fin-
gers.25-28 In conclusion, our data reveal a critical role of the
hydrophobic patch in the interaction of the Pcl family Tudors
with H3K36me3. These findings underscore that while the aro-
matic cage is essential, it is not the only determinant in fine-
tuned recognition of epigenetic marks.

Figure 3. The histone H3K36me3 binding activity is fully restored in the F61L/S86F mutant of MTF2 Tudor-PHD1. (A) Binding affinities of the Tudor
domains as measured by tryptophan fluorescence (a) or NMR (b). (B) Representative binding curves used to determine the Kd values by fluorescence. (C)
Superimposed 1H, 15N HSQC spectra of the wild type and mutated MTF2 Tudor-PHD1 color coded according to the protein:H3K36me3 peptide molar
ratio. (D) Overlays of the aromatic cage residues of PHF1 Tudor (brick red) (PDB 4HCZ), MTF2 Tudor (gray) (PDB 2EQJ), and ING2 PHD (green) (2G6Q). Tri-
methylated lysine 36 from the PHF1 Tudor-H3K36me3 complex and trimethylated lysine 4 from the ING2 PHD-H3K4me3 complex are shown in yellow
and green, respectively. (E) Superimposed 1H, 15N HSQC spectra of the S86Q mutant of MTF2 Tudor-PHD1 color coded according to the protein:
H3K36me3 peptide molar ratio. (F) Structure of apo- MTF2 Tudor (PDB 2EQJ), with the aromatic cage residues colored dark gray. The hydrophobic patch
residues, leucines and a phenylalanine, are colored wheat and pale green, respectively.
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Materials and Methods

Cloning and protein purification
The MTF2 (aa 40–101 and aa 40–155) constructs were

cloned from full-length cDNA (Open Biosystems) into
pDEST15 using Gateway� cloning technology. The PHF1 (aa
14–87) construct in pGex6P1 was described previously.12 dPcl
(aa 339–405) construct in pGex4T3 was a kind gift from
Luciano Di Croce. Point mutants were generated using the Stra-
tagene QuickChange XL Site Directed Mutagenesis kit. Wild
type and mutant proteins were expressed in Rosetta2 (DE3)
pLysS or BL21 (DE3) RIL in either Luria Broth or M19 minimal
media supplemented with 50 mM ZnCl2 (for MTF2 Tudor-
PHD1) and 15NH4Cl. Cells were induced with 0.5 mM IPTG,
grown for 16 h at 18�C, and harvested by centrifugation at 6k
rpm. Cells were lysed by sonication in lysis buffer containing
25 mM Tris pH 7.5 at 4�C, 150 mM NaCl, 3 mM dithiothrei-
tol, 0.5 % Triton X-100, 1 mM PMSF, 5 mM MgCl2, DNaseI
and clarified by centrifugation at 15k rpm for 30 min. Proteins
were purified on glutathione agarose beads (Pierce�cat# 16101)
and the GST-tag cleaved using either PreScission or Thrombin
protease for at least overnight at 4�C. Cleaved proteins were con-
centrated into 25 mM Tris pH 7.5, 150 mM NaCl, and 3 mM
dithiothreitol. Unlabeled proteins were purified by size exclusion
chromatography using a HiPrep 16/60 Sephacryl S-100 column.

Nuclear Magnetic Resonance
Experiments were collected on a Varian INOVA 600 MHz

spectrometer at the University of Colorado School of Medicine
NMR Core facility. Chemical shift perturbation experiments were
carried out at 298K using uniformly 15N-labeled wild type or
mutant proteins. 1H, 15N HSQC spectra were recorded in the
presence of increasing concentrations of H3K36me3 peptide (syn-
thesized by the University of Colorado Denver Biophysics Core
Facility.) Kd values were calculated by a nonlinear least-squares
analysis in Kaleidagraph using the following equation:

DdDDdmax

L½ �C P½ �CKdð Þ¡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L½ �C P½ �CKdð Þ2 ¡ 4 P½ � L½ �/

q� �
2 P½ �

where [L] is the concentration of the peptide, [P] is the concentra-
tion of the protein, Dd is the observed normalized chemical shift
change and Ddmax is the normalized chemical shift change at

saturation, calculated as

DdD
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DdHð Þ2 C DdN

5

� �2
s

where d is the chemical shift in p.p.m.

Fluorescence binding assay
Tryptophan fluorescence measurements were performed on a

Fluoromax-3 spectrofluorometer at room temperature. The sam-
ples containing 1 or 2 mM wild type or mutated protein in
25 mM Tris pH 7.5, 150 mM NaCl, 3 mM DTT and increas-
ing concentrations of histone H3K36me3 peptide (31–40) were
excited at 295 nm. Emission spectra were recorded from 320 to
380 nm with a 0.5 nm step size and a 0.5 sec integration time,
averaged over 3 scans. The Kd values were determined using a
nonlinear least-squares analysis and the equation:

DI DDImax

L½ �C P½ �CKdð Þ¡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L½ �C P½ �CKdð Þ2 ¡ 4 P½ � L½ �/

q� �
2 P½ �

where [L] is the concentration of the peptide, [P] is the concentra-
tion of the protein, DI is the observed change of signal intensity,
and DImax is the difference in signal intensity of the free and bound
states. The Kd values were averaged over 3 separate experiments,
with error calculated as the standard deviation between runs.
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