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Abstract
The transcriptional output at a genomic locus in eukaryotes is determined, in part, by the pattern of
histone modifications that are read and interpreted by key effector proteins. The histone
deacetylase activity of the evolutionarily-conserved Rpd3S/Sin3S complex is crucial for
suppressing aberrant transcription from cryptic start sites within intragenic regions of actively
transcribed genes. Precise targeting of the complex relies on the chromatin binding activities of the
MRG15 and Pf1 subunits. Whereas the molecular target of the MRG15 chromodomain (CD) has
been suggested to be H3K36me2/3, the precise molecular target of the Pf1 plant homeodomain 1
(PHD1) has remained elusive. Here we show that Pf1 PHD1 binds preferentially to the unmodified
extreme N-terminus of histone H3 (H3K4me0) but not to H3K4me2/3, which are enriched in the
promoter and 5′ regions of genes. Unlike previously characterized CD and PHD domains that
bind to their targets with micromolar affinity, both MRG15 CD and Pf1 PHD1 bind to their targets
with >100 μM affinity, offering an explanation for why both MRG15 CD and Pf1 PHD1 domains
are required to target the Rpd3S/Sin3S complex to chromatin. Our results also suggest that
bivalency, rather than cooperativity, is the operative mechanism by which Pf1 and MRG15
combine to engage H3 in a biologically significant manner. Finally, the studies reveal an
unanticipated role of Pf1 PHD1 in engaging the MRG15 MRG domain, albeit in a Pf1 MRG-
binding domain (MBD)-dependent manner, implying a key role for the MRG15 MRG-Pf1 MBD
interaction in chromatin targeting of the Rpd3S/Sin3S complex.
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Introduction
The transcriptional status of a genomic locus is determined, in part, by the pattern of post-
translational modification of histones, the major protein component of chromatin.1–3 Among
the various histone modifications, the roles of histone (lysine) acetylation and deacetylation
are especially well-characterized and are generally correlated with transcriptional activation
or repression, respectively. The enzymes that determine steady-state levels of histone
acetylation exhibit broad substrate specificity, are usually members of multi-protein
complexes, and rely on the non-enzymatic subunits of these complexes to target their
activities. Targeting often relies on interactions between these subunits and the pre-existing
patterns of histone modifications. What these chromatin signals are and how they are read
and interpreted are important questions in contemporary chromatin transcription biology.

The ~0.6 MDa mammalian Rpd3S/Sin3S corepressor complex constitutes one of only five
major histone deacetylase (HDAC)-containing complexes that shares some of the core
subunits with the 1.2–2 MDa Rpd3L/Sin3L complex.4,5 Both complexes are evolutionarily
conserved from yeast to human but perform distinct functions. Whereas the Rpd3L/Sin3L
complex is broadly involved in promoter-based repression, the Rpd3S/Sin3S complex
effects repression of aberrant gene transcription from cryptic start sites, besides inhibiting
transcription elongation, within the intragenic regions of actively transcribed genes.5–14

Chromatin interactions involving two Rpd3S/Sin3S-specific subunits MRG15 and Pf1
(Eaf3p and Rco1p, respectively, in yeast) are critical for targeting the corepressor complex
to transcribed loci.10,12 Studies in yeast showed that the Eaf3p chromodomain (CD) and the
Rco1p PHD1 domains were especially important for targeting as deletions of either of these
domains or heterologous replacements of the PHD domain severely diminished or abrogated
the ability of the complex to associate with nucleosomes.10

At the molecular level, the chromodomain of Eaf3p, the yeast MRG15 ortholog, has been
shown to recognize H3K36me2/3, 15,16 a chromatin signal enriched in the intragenic regions
of actively transcribed genes.9,11,14 However, the precise molecular target for Pf1/Rco1p
PHD1 is not known. Here we characterize the molecular interactions involving MRG15 CD
with di- and tri-methylated H3 peptides. Additionally, we identify unmodified histone H3 as
a target for Pf1 PHD1 interactions and investigate whether Pf1 PHD1 and MRG15 CD can
bind cooperatively to histone H3 peptides bearing binding sites for both domains. Finally,
we also tested whether the PHD1 and CD domains could interact with each other (and
thereby contribute towards the cooperativity in H3 binding) in the context of much larger or
full-length proteins.

Results
The MRG15 Chromodomain is a General Methyllysine Binding Module

To characterize the interaction between MRG15 CD and its target H3K36me2/3, we used
solution NMR spectroscopy. 15N-labeled MRG15 CD was titrated with histone H3 peptides
(residues 28–44) di- or tri-methylated at Lys36 (H3K36me2/3). Small, but significant
perturbations were detected for a subset of resonances in the NMR spectrum of MRG15 CD,
implying a specific interaction (Fig. 1a). The positions of the resonances shifted as a
function of added peptide, characteristic of a complex with fast dissociation kinetics. Least-
squares fitting of chemical shift deviations as a function of added ligand for multiple
resonances yielded equilibrium dissociation constants (Kds) of 0.58 ± 0.18 mM and 1.14 ±
0.39 mM for H3K36me3 and H3K36me2 peptides, respectively. Given the low affinity of
these interactions, we evaluated the specificity of the interaction by titrating an H3 peptide
(residues 1–12) peptide dimethylated at Lys4 (H3K4me2), a signal that is enriched in the 5′
regions of actively transcribed genes.17 The H3K4me2 peptide induced similar perturbations
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in the NMR spectrum of MRG15 CD as the H3K36me2/3 peptides (Fig. 1b) and bound with
only about three-fold lower affinity (3.19 ± 0.83 mM) than the H3K36me2 peptide. To test
whether a significant portion of the binding affinity resided within the methyllysine moiety,
we titrated MRG15 CD with free trimethyllysine. The trimethyllysine induced a similar
pattern of perturbations in the NMR spectrum of MRG15 CD as the aforementioned
peptides and bound with 11 ± 3.3 mM affinity (Fig. 1c). Collectively, these results indicate
that the MRG15 CD binds with low affinity to di- or tri-methylated peptides with little
sequence preference and with most of the binding energy coming from favorable
methyllysine binding interactions.

The fast dissociation kinetics of the MRG15 CD-H3K36me3 complex precluded the
observation of intermolecular 1H-1H NOEs vital for structure determination. We assigned
the backbone resonances of apo-MRG15 CD and mapped the chemical shift perturbations
induced by the H3K36me3 peptide on to the structure of the apo-MRG15 CD. Chemical
shift mapping reveals a contiguous surface of strongly perturbed residues including His21,
Tyr26, Tyr46, Trp49, Trp53, and Glu55 that line the putative methyllysine binding pocket
(Fig. 1d & e); the equivalent side chains of Tyr26, Tyr46, and Trp49 in the orthologous
Eaf3p form the aromatic cage that encloses the methyllysine residue, which provides
confirmation that MRG15 binds in an equivalent manner.16 In the course of our studies, we
found that the interactions between MRG15 CD and the methyllysine peptides were strongly
sensitive to the pH used for the titrations. Although all the aforementioned studies were
conducted at pH 7.5, our initial studies of the interaction between MRG15 CD and the
H3K36me3 peptide conducted at pH 6 yielded little or no perturbations in the MRG15
spectrum even in the presence of 6-fold excess peptide (data not shown). The lack of
interaction at acidic pH is likely caused by the positive charge on His21 and the resulting
unfavorable electrostatic interaction with the positively charged methyllysine moiety.

Structural analyses have suggested reclassification of the MRG15 and Eaf3p
chromodomains as a chromobarrel domain, as the domain lacks the canonical methyllysine
peptide-binding cleft found in chromodomains.18,19 In chromobarrel domains, the cleft is
occupied by a strand contributed by the domain itself which precludes extensive interactions
with histone peptides, although the methyllysine binding pocket is intact. This might explain
why the domain binds to di- or tri-methylated peptides with little sequence preference and
with only slightly better affinity than to free trimethyllysine (note that the α-amino and -
carboxyl groups in free trimethyllysine were not ‘capped’ by charge-neutralizing groups and
thus could diminish the affinity of the interaction).

The Pf1 PHD1 Domain Binds to the N-terminus of Unmodified H3
To identify potential binding partners for Pf1 PHD1, we did pull-down assays using a panel
of peptides spanning various segments of histone H3 N-terminus, which is a common target
for interactions with PHD domains.20 Whereas the unmodified histone H3 peptide spanning
residues 1–20 bound to Pf1 PHD1, H3 peptides spanning residues 27–46 and 18–37 failed to
do so, suggesting that the extreme N-terminus harbored a binding site for the PHD domain
(Fig. 2a). Since many PHD domains harbor methyllysine-binding activity,20 H3 peptides
bearing K4me1/2/3, K9me3 and K36me3 modifications were tested for binding to Pf1 PHD1.
Whereas trimethylation of Lys9 and Lys36 produced no effect on Pf1 PHD1-binding
compared to the corresponding unmodified peptides, methylation of Lys4 significantly
attenuated PHD1 binding activity. By contrast, in pulldowns conducted in parallel with Pf1
PHD2, none of the H3 peptides that were tested bound to this PHD domain (Fig. 2a).
Collectively, these results suggest that whereas Pf1 PHD1 preferentially targets the
unmodified N-terminus of histone H3, Pf1 PHD2 has no H3-binding activity.
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To gain deeper insights into the H3 binding activity of Pf1 PHD1, we characterized the
interaction using solution NMR spectroscopy. 15N-labeled Pf1 PHD1 was titrated with
unmodified H3 peptides spanning residues 1-12 (Fig. 2b). A subset of Pf1 PHD1 resonances
shifted to new positions as a function of the added ligand, characteristic of a specific
interaction with fast dissociation kinetics. A longer unmodified H3 peptide spanning
residues 1-42 perturbed the same subset of resonances and induced perturbations to
comparable degrees as the H3 (1-12) peptide (Supp. Fig. S1). Non-linear least squares fitting
of the chemical shift deviations as a function of added ligand for multiple resonances
yielded comparable Kds of 208 ± 14 μM for H3 (1-12) and 122 ± 10 μM for H3 (1-42). By
contrast, an H3K4me2 (1-12) peptide, even at 20-fold excess, produced significantly
diminished perturbations in the Pf1 PHD1 spectrum, perturbed only a small subset of
resonances, and bound to the PHD domain with at least 15-fold lower affinity (Fig. 2c).
Collectively, these results confirm a low-affinity interaction between Pf1 PHD1 and H3 and
map the minimal PHD-interaction segment of H3 to the first 12 residues at the N-terminus.

To map the segment of histone H3 involved in interactions with the Pf1 PHD1 domain
directly and more precisely, we assigned the backbone resonances of H3 (1-42), and
compared the 1H-15N correlated spectra of 15N-labeled H3 (1-42) in the absence and
presence of unlabeled PHD1 (Fig. 3a). A small subset of resonances in the H3 spectrum
exhibited perturbations in the presence of PHD1. The amide resonances of Thr3 and Lys4
were broadened beyond detection upon PHD1 addition while that of Thr6 was significantly
broadened (Fig. 3b). Importantly, the most significant chemical shift changes did not extend
beyond the first ten residues. These results suggest that the extreme N-terminus of H3
comprising the first ten residues is the segment targeted by the Pf1 PHD1 domain.

To identify the surface of Pf1 PHD1 involved in interactions with H3, we assigned the
backbone resonances of the PHD domain. Chemical shift deviations induced by the H3
(1-12) and the H3 (1-42) peptides revealed highly similar trends (Supp. Fig. S2), providing
further confirmation that residues 1-12 harbored all the determinants necessary for the
interaction with the PHD domain. The chemical shift changes induced by H3 (1-12) were
mapped on to a homology model of the PHD domain. The Pf1 PHD1 homology model was
built using DeepView21 and utilized the structure of the CHD4 PHD2 domain as the
template, since the two domains share 50% sequence identity and 67% sequence similarity
over a 58-residue segment.22 The mapping analysis reveals a contiguous surface of strongly
perturbed residues including Gly66, Leu68, His73, Leu92, Gly95, and Trp97 that comprise
the canonical binding pocket for histone H3 peptides that bind through their extreme N-
terminus (Fig. 2d).22–24 Indeed, the pattern of chemical shift deviations noted for the PHD
domain closely resembled the one reported for CHD4 PHD1, another H3K4me0 binder
(Supp. Fig. S2).22 Collectively, these results suggest that the Pf1 PHD1 domain interacts
with H3 in a similar manner as a subset of PHD domains that bind unmodified H3.22–25

The MRG15 CD and Pf1 PHD1 Domains Bind H3 Independently
We asked whether the MRG15 CD and Pf1 PHD1 domains could cooperate in binding to
H3. Since cooperative mechanisms feature direct interactions between proteins or domains
that bind to a common target, we first recorded the NMR spectrum of a 1:1 mixture of 15N-
labeled MRG15 CD and 15N-labeled Pf1 PHD1. Both MRG15 CD and Pf1 PHD1
resonances were largely unperturbed in the resulting spectrum relative to those recorded for
the individual domains (Supp. Fig. S3), implying the lack of a direct interaction between
these domains, at least in the absence of their respective histone targets. We then asked
whether the two domains could interact with each other when titrated with an H3K36Cme3
(1-42) peptide (H3 Lys36 was mutated to cysteine and modified chemically to yield a
trimethylated product at this position26). The chemical shift perturbations induced by
H3K36Cme3 (1-42) were more profound for the Pf1 PHD1 resonances compared to those of

Kumar et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2013 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MRG15 CD; however, these changes strongly resembled those produced by the unmodified
H3 (1-42) peptide in titrations conducted solely for Pf1 PHD1 (Supp. Fig. S1 and Fig. 4a &
b). Importantly, there was no significant enhancement in the affinity of the Pf1 PHD1-H3
interaction deduced from these titrations (Kd = 225 ± 11 μM in the presence of 15N-MRG15
CD vs. 122 ± 10 μM in its absence), implying that MRG15 CD and Pf1 PHD1 bound to
their H3 targets independently and non-cooperatively.

Since the MRG15 and Pf1 proteins have been shown to interact with high-affinity through
their MRG and MRG-binding domains (MBD), respectively,27 we sought to test whether
CD and PHD1 constructs harboring these interacting segments in the respective proteins
could bind H3 with high affinity. Towards this end, we generated samples of 15N-labeled
Pf1 PHD1/MBD (residues 48–241) and full-length MRG15 (residues 1–323) and recorded
NMR spectra of Pf1 in the absence and presence of MRG15. As expected, the Pf1 spectrum
was characterized by dispersed amide proton corresponding to the folded PHD1 domain as
well as many intense and poorly-dispersed resonances corresponding to intrinsically
unstructured segments following this domain (Fig. 5a). Addition of an equimolar amount of
full-length MRG15, rather unexpectedly, led to the disappearance of most of the resonances
belonging to the PHD1 domain, although a subset of the resonances – almost exclusively
from the unstructured segments – were unaffected. This implied that the PHD1 domain
interacted with some segment of MRG15, although, it precluded further NMR analysis of
PHD1 interactions with the histone H3 peptide. Interestingly, the MRG15 CD appeared to
be not involved in PHD1 interactions because the amide proton resonances characteristic of
this domain could be readily detected in the 1D 1H NMR spectrum of the Pf1 PHD1/MBD-
MRG15 complex (Supp. Fig. S4). Collectively, these results suggest that the CD and PHD1
domains do not interact with each other even in the context of full-length MRG15 or
extended segments of the Pf1 protein.

The Pf1 PHD1 Domain Targets the MRG15 MRG Domain
To map the precise segment of MRG15 involved in Pf1 PHD1 interactions, we recorded an
NMR spectrum of a sample of an equimolar mixture of 15N-Pf1 PHD1/MBD with unlabeled
MRG15 MRG. Once again, the Pf1 spectrum is characterized by the disappearance of
resonances corresponding to the PHD1 domain (Fig. 5a), implying that the PHD1 domain
targeted the MRG domain. We then asked whether the MRG-binding activity of Pf1 PHD1
was intrinsic to the domain or required the presence of Pf1 MBD. The NMR spectrum of a
1:1 mixture of 15N-Pf1 PHD1 (residues 48–116) and full-length MRG15 exhibited little or
no perturbations compared to the apo-PHD1 (Fig. 5b). However, the addition of one
equivalent of Pf1 MBD (in trans), to this sample yielded significant perturbations
characterized by the disappearance of a majority of backbone amide correlations with only
those belonging to residues forming the putative H3-binding pocket and at the extreme C-
terminus of the domain either partially or mostly unaffected, respectively (Fig. 5b). Titration
of this mixture with the H3K36Cme3 (1–42) peptide severely but selectively broadened the
PHD1 resonances belonging to the putative H3-binding pocket (Supp. Fig. S5).
Interestingly, no ‘shifting’ of resonances, characteristic of short-lived complexes, was
detected in these titrations, potentially suggesting a higher-affinity interaction for
H3K36Cme3 (1–42). Collectively, these results suggest that Pf1 PHD1 binds to a composite
surface presented by the MRG15 MRG and Pf1 MBD domains and that the histone H3
binding surface of Pf1 PHD1 is distinct from the one used for engaging the MRG domain.

Discussion
The rich diversity of post-translational histone modifications is matched only by the
diversity of the molecular mechanisms employed to read and interpret these
modifications.20,28 A variety of chromatin binding effector proteins containing more than

Kumar et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2013 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



one chromatin binding module have been shown to deploy so-called ‘paired modules’ to
engage two discrete histone segments, each carrying a separate signal within the same
polypeptide or in different polypeptides within the same or adjacent nucleosomes. This type
of combinatorial readout incorporating elements of Boolean logic provides a facile, yet
powerful, mechanism for tuning transcriptional response.

The activities of the Pf1 PHD1 and MRG15 CD domains represent a variation on this theme,
as these domains are located in two distinct subunits of the Rpd3S/Sin3S complex, but
combine to read specific signals on histone H3 found in the intragenic regions of actively
transcribed genes. Our studies clarify the precise form of these signals – H3 lacking in Lys4
methylation (i.e. H3K4me0) and H3K36me2/3 – that are recognized by the PHD1 and CD
domains, respectively.10,12 The involvement of the H3K4me0 signal in this process can be
readily rationalized, since the degree and the level of H3 Lys4 methylation are thought to
decrease from the 5′-end to the 3′-end of transcribed genes in anti-correlation with the
H3K4me0 signal.17 The enrichment profile of H3K4me0 thus mirrors that of the
H3K36me2/3 signals.9,11,14

We note that a previous study suggested the involvement of the H3K4me3 signal in Rpd3S/
Sin3S recruitment.12 However, these studies were conducted following overexpression of
Sin3B, MRG15, and Pf1 proteins in 293T cells and partial purification of the associated
complex. It is plausible that additional endogenous proteins such as RBP2, which possesses
strong H3K4me3-binding activity and also associates with the Rpd3S/Sin3S complex,29–32

could have co-purified with this complex and mediated the association with H3K4me3-
modified nucleosomes. In the studies described herein, bacterially-expressed and purified
Pf1 PHD1 recombinant proteins were used that conclusively show that this domain binds
preferentially to H3K4me0 over H3K4me3. Indeed, yeast Rpd3S/Sin3S complexes harboring
intact Rco1p PHD1 exhibited significant binding activity for unmodified nucleosomes.10

Additionally, at the sequence level, Pf1 PHD1 appears to belong to a class of PHD domains
that bind H3K4me0.23 Finally, neither trimethyllysine nor acetyllysine interacted with Pf1
PHD1 in NMR titrations even at molar concentrations (G.S.K. and I.R., unpublished data),
excluding the possibility of the PHD domain targeting either of these better characterized
histone modifications. We note that Pf1 PHD1 has been shown to associate with
phospholipids, but phospholipid binding involves a polybasic segment that is distinct from
the H3 binding site.33 How, and indeed if, these disparate activities of the PHD domain are
linked is presently unclear.

Even though the Pf1 protein has two PHD domains and could potentially function as a
paired chromatin binding module, unlike PHD1, the PHD2 domain lacks histone H3 binding
activity. This is consistent with the observation that, at the sequence level, PHD2 does not
belong to either of the two sub-classes of PHD1 domains known to bind unmethylated or
methylated H3 Lys4.23 This is also confirmed by the lack of any interaction with various
small molecule mimics of histone modifications including trimethyllysine, acetyllysine,
dimethylarginine, phosphoserine, and phosphothreonine in NMR titrations of Pf1 PHD2
(G.S.K. and I.R., unpublished data). This suggests that the PHD2 domain might have a non-
traditional function, perhaps as a protein-protein interaction domain. Since Pf1 also serves as
a molecular scaffold linking MRG15 with Sin3 and the rest of the Rpd3S/Sin3S
complex,12,34,35 it is plausible that the PHD2 domain has a function in Sin3 binding. In
support of this notion, deletion of PHD2 abrogated the Sin3 binding activity of Pf1.12

Although the measured affinities for various PHD domains that bind H3K4me0 range from
low micromolar to 30 μM,22,24,36 the Pf1 PHD1 appears to bind H3K4me0 much more
weakly (~100–200 μM). We are presently unable to definitively explain the basis for the
lower affinity of the interaction, considering most of the affinity determinants noted for the
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other PHD-H3K4me0 complexes appear to be preserved in Pf1 PHD1. However, we note
that the Pf1 PHD1 domain features a two-amino acid insertion that is not found in the other
H3K4me0 binders in one of the loops adjacent to the binding site that might serve to
diminish the affinity of the interaction. The insertion as well as the other portions of the
PHD domain are very well conserved in Pf1 orthologs. Given the high degree of sequence
conservation between the Pf1 PHD1 and the Rco1p PHD1 domains (43% sequence identity
and 59% sequence similarity over a 51-residue segment), especially in the H3 binding site,
we anticipate the PHD domain of the yeast protein, which is biologically well characterized,
to share many of the features of the mammalian ortholog.

The mammalian MRG15 CD also shares many of the features of its yeast counterpart,
Eaf3p, including its ability to interact with low affinity with H3K36me2/3.15,16 The ability of
MRG15 CD to interact with free trimethyllysine and with H3K4me2 with only slightly
lower affinity than H3K36me2/3 implies that sequence context does not play a significant
role and that the domain should be regarded as a general trimethyllysine module. The
presence of MRG15/Eaf3p in Tip60/NuA4 histone acetyltransferase (HAT) complexes
associated with transcriptional activation and the targeting of these complexes to the
promoter regions enriched in H3K4me3 suggest that the MRG15/Eaf3p CDs may also play a
role in H3K4me3 binding.

The low affinity of the individual Pf1 PHD1-H3K4me0 and MRG15 CD-H3K36me2/3
interactions is surprising, but notwithstanding this unexpected feature, both sets of
interactions have been shown to be biologically significant in yeast.10 Interestingly, this
combinatorial readout mechanism does not appear to rely on direct, cooperative interactions
between the Pf1 PHD1 and MRG15 CD domains. We recently characterized the interaction
between MRG15 and Pf1 involving the MRG and MBD domains and found it to be of high
affinity (10–20 nM),27 consistent with their roles as constitutively associated subunits of the
Rpd3S/Sin3S complex. Our findings suggest a model where multivalency rather than
cooperativity is the operative mechanism for chromatin targeting of the Rpd3S/Sin3S
complex by the Pf1 PHD1 and MRG15 CD domains (Fig. 6), as has been described recently
for another HDAC-containing corepressor complex.37 The bivalent nature of the interaction
likely serves to enhance the residence time of the Rpd3S/Sin3S complex for histone
deacetylation. By combining two low affinity interactions, the Rpd3S/Sin3S complex is thus
poised for rapid dissociation from histones, particularly when the H3K36me2/3 signals are
erased.

The surprising discovery of a Pf1 MBD-dependent interaction between MRG15 MRG and
Pf1 PHD1 adds another layer of complexity to the mechanism of chromatin targeting by
these proteins. Although the chromatin binding domains of MRG15 and Pf1 are separated
from the MRG and MBD domains by rather long linker segments (~65–80 residues), the
interaction between Pf1 PHD1 and MRG15 MRG is likely to lead to a dramatic reduction in
this flexibility, thereby perhaps tuning Pf1 and MRG15 to engage appropriately spaced H3
signals within the same polypeptide or in different polypeptides within the same or adjacent
nucleosomes, as was described recently for the NURD corepressor complex.37 The
unanticipated role of Pf1 PHD1 in Rpd3S/Sin3S complex assembly by likely further
stabilizing the MRG15 MRG-Pf1 MBD interaction confirms the suspicion that PHD
domains are functionally diverse than they appear.

Materials and Methods
Production of MRG15, MRG15 CD, Pf1 PHD1, Pf1 PHD1/MBD and histone H3 peptides

The coding sequences for full-length human MRG15 and MRG15 CD (residues 1–90) was
amplified using PCR, inserted into the pMCSG7 vector,38 and the cloned gene segments
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confirmed via DNA sequencing. E. coli BL21(DE3) cells containing the expression vector
for MRG15 CD were grown at 37 °C in LB broth. Upon reaching an OD600nm of 0.6, the
temperature was shifted to 20 °C, protein expression was induced with 1 mM isopropyl-
beta-D-thiogalactopyranoside (IPTG), and cells were harvested 16 h later. The cell pellets
were suspended in a 50 mM Tris-HCl buffer (pH 8) containing 0.15 M sodium chloride, 8 M
urea, and 5 mM Tris-(2-carboxy-ethyl) phosphine (TCEP) hydrochloride (Buffer A); 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 μM leupeptin, 1 mM pepstatin, and 0.1% Triton
X-100 were added, lysed using sonication, and centrifuged. The supernatant was incubated
with Talon resin (EMD Biosciences) for 15 min, washed extensively with Buffer A lacking
urea, and eluted using the wash buffer containing 250 mM imidazole. The eluted proteins
were incubated with tobacco etch virus (TEV) protease for 4 hours at 22 °C, followed by
overnight incubation at 4 °C. This mixture was centrifuged and the MRG15 CD protein was
further purified via reversed-phase HPLC using a C18 column and a linear gradient of 0.1%
trifluoroacetic acid (TFA) and 0.1% TFA in 80% acetonitrile. Protein fractions were pooled
and lyophilized. Samples that were labeled with 15N and/or 13C were expressed and purified
in the same fashion except the cells were grown in a M9 minimal media containing 15N-
ammonium sulfate and/or 13C-D-glucose (Cambridge Isotopes). The identity of the protein
and the extent of isotope incorporation were confirmed by electrospray ionization-mass
spectrometry (ESI-MS).

The MRG domain of MRG15 (residues 155–323) and the MRG-binding domain of Pf1
(residues 200–241) were expressed and purified as described previously.39 Full-length
MRG15 was expressed and purified as the recombinant MRG15 MRG polypeptide except
that the protein was further purified using a HiTrap-SP cation-exchange column (GE
Healthcare) to remove residual DNA contamination. The protein was loaded on to the
column pre-equilibrated with 50 mM Tris (pH 7.9) buffer, washed extensively, and eluted
with the same buffer containing 500 mM NaCl.

Peptides corresponding to unmodified histone H3 (residues 1-12), H3K4me2 (1-12),
H3K36me2 (28-44), and H3K36me3 (28-44) were chemically synthesized using automated
procedures (University of Utah DNA/Peptide Synthesis Facility) and purified to
homogeneity by reversed-phase HPLC; peptide identities were confirmed by ESI-MS. The
H3 (1-12) and H3K4me2 (1-12) peptides harbor a non-native, C-terminal tyrosine residue.

The coding sequences for human Pf1 PHD1 domain (residues 48–116) and Pf1 PHD1/MBD
(residues 48–241) were amplified by PCR, sub-cloned into the pMCSG10 vector, and the
sequence verified by DNA sequencing. Protein expression for both constructs followed the
same protocol as for the MRG15 CD. To limit protein degradation, the protein was purified
by selectively lysing the outer membrane and removing the periplasmic proteins via osmotic
shock treatment followed by centrifugation. The pellets were resuspended in 50 mM Tris
buffer (pH 8) containing 0.2 M NaCl, 5 mM dithiothreitol (DTT), 20 μM ZnSO4, 2 mM
PMSF, 2 μM leupeptin, and 2 mM pepstatin, lysed, centrifuged and the supernatant
incubated with glutathione sepharose 4B resin (GE Healthcare) for 30 min at 4 °C. The resin
was washed extensively with 50 mM Tris buffer (pH 8) containing 0.2 M NaCl, 5 mM DTT,
20 μM ZnSO4 and incubated with TEV protease at 22 °C overnight. The flow-through
containing the cleaved protein was collected and purified to homogeneity via reversed-phase
HPLC as described for the MRG15 CD protein. Uniformly 15N- and/or 13C-labeled proteins
were produced using the same procedure except that the cells were grown in M9 minimal
medium containing 15N-ammonium sulfate and/or 13C-D-glucose, respectively, except the
post-induction temperature used was 25 °C for higher yield. The identity of the protein and
the extent of isotope incorporation were established by ESI-MS prior to NMR studies.
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The coding sequence for human histone H3 (1-42) was amplified by PCR, introduced into
the pET-30 Xa vector (Novagen), and the sequence confirmed by DNA sequencing. The
protein was expressed and purified as described for MRG15 CD; however, instead of using
the TEV protease, the N-terminal His6-tag was removed via treatment with Factor Xa and
the resulting peptide purified via reversed-phase HPLC. The H3 K36C (1-42) mutant was
generated via site-directed mutagenesis using the QuikChange protocol (Stratagene). The
mutant protein was expressed and purified in the same manner as the wild-type protein. To
generate the H3 K36Cme3 (1-42) peptide, the purified protein was treated with 2-
bromoethyl-trimethylammonium bromide (Sigma-Aldrich) at 50 °C for 5 h.26 The desired
N-trimethylated aminoethylcysteine product was isolated by passing through a PD-10
column. Uniformly 15N- and 13C-labeled H3 (1-42) peptides were produced using the same
procedures, except cells were grown in M9 minimal medium containing 15N-ammonium
sulfate and/or 13C-D-glucose, respectively. ESI-MS was used to verify peptide identities and
isotope enrichment levels.

NMR samples and titrations
NMR samples were prepared by dissolving lyophilized MRG15 CD and histone H3 peptides
in 20 mM Tris-acetate buffer (pH 7.5) containing 1 mM DTT-d10 and 0.2% NaN3. Pf1
PHD1 and Pf1 PHD1/MBD were refolded by dissolving the dry, lyophilized powder in 50
mM Tris buffer (pH 7) containing 6 M guanidine hydrochloride (Gdn-HCl) and 50 mM
DTT and incubated at 42 °C for 5 h. After the addition of 1 mM ZnSO4, the sample was
passed through a Superdex 75 gel filtration column (GE Healthcare) pre-equilibrated with
50 mM Tris buffer (pH 7.3) containing 0.2 M NaCl, 20 mM DTT and 15 μM ZnSO4.
Fractions containing the purified protein were pooled, concentrated and exchanged into
NMR buffer containing 20 mM Tris-d11 (pH 7.3), 50 mM NaCl, 10 μM ZnSO4, 15 mM
DTT, and 0.2% NaN3; the pH was adjusted to 7.0 or 7.5 prior to NMR titrations.

Protein concentrations were measured spectrophotometrically.40 MRG15 CD concentrations
for NMR titrations with various ligands ranged between 0.195 mM and 0.75 mM, whereas
those for Pf1 PHD1, Pf1 PHD1/MBD and H3 (1-42) ranged between 0.05 mM and 0.15
mM. The pH of the solution after each addition during the titrations was carefully adjusted
to the starting value. The ligands mimicking various histone modifications including
acetyllysine, trimethyllysine, dimethylarginine, phosphoserine, and phosphothreonine were
purchased from Sigma-Aldrich and used without further purification.

NMR spectroscopy
All NMR spectra were recorded at 25 °C on a 600 MHz Varian Inova spectrometer equipped
with a pulsed-field gradient triple-resonance cold probe. NMR data processing and analysis
were performed using NMRPipe41 or Felix 98.0 (Accelrys) and Sparky,42 respectively.
Backbone 1H, 15N, and 13C resonance assignments for MRG15 CD, Pf1 PHD1, and histone
H3 (1-42) were made by analyzing 3D CBCA(CO)NH, HNCACAB, HNCO and
HN(CA)CO spectra;43 sequence-specific assignments were made, in part, using the
AutoAssign software44 but were manually checked for accuracy. Backbone amide chemical
shift deviations were calculated using the formula: Δδav = √(0.5 ((δHN,bound − δHN,free)2 +
0.04 (δN,bound − δN,free)2)). Non-linear regression assuming a single binding site was
performed using MicroCal Origin software employing the fitting function y(x) = b(((x+1+a)
− √((x+1+a)2 – 4x))/2), where y(x) is the observed deviation at molar ratio x, and a and b are
the fitted parameters related to the dissociation constant and the chemical shift deviation at x
= ∞, respectively.45
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Pulldown Assays
Pulldown assays with biotinylated histone peptides were performed as described in Wysocka
et al.46 Briefly, recombinant Pf1 PHD1 (residues 53–103) and Pf1 PHD2 (residues 268–319)
fused to GST were expressed in E. coli and purified as described above for GST-Pf1 PHD1
(residues 48–116) except the proteins were eluted from the resin using glutathione. After
incubating the respective GST-fusion proteins with the avidin-bound peptide beads, the
beads were washed extensively in 50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% NP-40, 0.3
mg/ml BSA and 1 mM dithiothreitol (DTT). Proteins bound to the avidin beads were then
separated on a SDS-PAGE gel and visualized by Coomassie staining.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MRG15 CD binds H3K36me2/3 and H3K4me2 with low affinity and specificity

• 4Pf1 PHD1 binds H3K4me0 specifically but with low affinity; Pf1 PHD2 does
not bind H3

• Pf1 PHD1 also binds unexpectedly to MRG15 MRG in a Pf1 MBD-dependent
manner

• MRG15 CD and Pf1 PHD1 bind to their H3 targets via bivalent interactions
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Figure 1.
MRG15 chromodomain is a methyllysine binding module. Titrations of 15N-labeled MRG15
CD with (a) H3K36me3 (28–44), (b) H3K4me2 (1-12), and (c) trimethyllysine. 1H-15N
correlated spectra of MRG15 CD were recorded as a function of increasing amounts of
trimethyllysine or methyllysine-containing peptides in NMR buffer comprising 20 mM Tris-
d11 acetate-d4 (pH 7.5), 1 mM DTT-d10 and 0.2% NaN3 at 25 °C. MRG15 CD
concentrations used for the experiments in panels a-c were 0.2 mM except for panel b (0.75
mM). Chemical shift perturbations induced by H3K36me3 (28–44) mapped on to the (d)
polypeptide backbone and (e) molecular surface of the MRG15 chromodomain (PDB:
2F5K).18 The perturbations are color ramped from white (corresponding to 0 ppm) to yellow
(average + 1 standard deviation = 0.055 ppm) to magenta (average + 3 standard deviations =
0.115 ppm). Side chains of residues that form the canonical methyllysine binding pocket are
shown in panel d.
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Figure 2.
Pf1 PHD1 binds preferentially to unmodified histone H3. (a) SDS-PAGE analysis following
a pulldown experiment conducted with GST-Pf1 PHD1 or GST-Pf1 PHD2 and an array of
histone H3 peptides. The protein bands were visualized using Coomassie staining. 1H-15N
correlated spectra of 15N-labeled Pf1 PHD1 resulting from titrations with increasing
amounts of (b) H3 (1-12) and (c) H3K4me2 (1-12). All titrations were conducted at a
concentration of 100 μM Pf1 PHD1 in NMR buffer comprising 20 mM Tris-d11 (pH 7.0),
50 mM NaCl, 10 μM ZnSO4, 15 mM DTT, and 0.2% NaN3 at 25 °C. (d) Chemical shift
perturbations induced by H3 (1-12) mapped on to the molecular surface of a homology
model of Pf1 PHD1 based on the structure of the CHD4 PHD2 domain (PDB: 2L75).22 The
perturbations are color ramped from white (corresponding to 0 ppm) to yellow (average + 1
standard deviation = 0.168 ppm) to magenta (average + 3 standard deviations = 0.338 ppm).
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Figure 3.
The extreme N-terminus of histone H3 engages Pf1 PHD1. (a) 1H-15N correlated spectra
of 15N-labeled H3 (1-42) recorded in the absence (black) and presence (red) of 2 equivalents
of unlabeled Pf1 PHD1. The spectra were recorded at a concentration of 80 μM 15N-H3 in
NMR buffer comprising 20 mM Tris-d11 (pH 6.0), 50 mM NaCl, 10 μM ZnSO4, 15 mM
DTT, and 0.2% NaN3 at 25 °C. Sequence-specific assignments are annotated. Minor peaks
corresponding to resonances from minor conformers, presumed to result from cis-trans
proline isomerization, are denoted by asterisks. (b) Backbone amide chemical shift
deviations in the H3 peptide induced by Pf1 PHD1 graphed as a function of residue number.
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H3 resonances that disappeared upon PHD1 addition are denoted by stars while amide
proton resonances in fast exchange with solvent are denoted by ‘x’s; prolines are denoted by
‘P’s.
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Figure 4.
Pf1 PHD1 binds histone H3 with similar affinities both in the absence and presence of
MRG15 CD. Expanded plots of 1H-15N correlated spectra showing perturbations induced by
H3K36Cme3 (1-42) of two Pf1 PHD1 correlations in (a) the absence and (b) the presence of
an equimolar amount of 15N-MRG15 CD. Spectra recorded at molar ratios of H3K36Cme3
(1-42) peptide:protein of 0:1, 1:1, 2:1, and 5:1 (green, light green, orange & red) are shown.
Titrations were conducted in NMR buffer comprising 20 mM Tris (pH 7.5), 50 mM NaCl,
10 μM ZnSO4, 15 mM DTT, and 0.2% NaN3 at 25 °C. All spectra were recorded under
identical solution conditions and were processed and displayed with the same parameters.
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Figure 5.
Pf1 PHD1 targets the MRG15 MRG domain. (a) 1H-15N correlated spectra of 15N-PHD1/
MBD in the absence (black) and presence (red) of an equimolar amount of full-length
MRG15 (left panel) and MRG15 MRG (right panel). (b) 1H-15N correlated spectra of 15N-
PHD1 in the absence (black) and presence (green) of an equimolar amount of full-length
MRG15 and in the presence of equimolar amounts of full-length MRG15 and Pf1 MBD
(red). Pf1 PHD1 resonances that are relatively unperturbed upon MRG15 binding are
identified. Titrations were conducted in NMR buffer comprising 20 mM Tris (pH 7.5), 50
mM NaCl, 10 μM ZnSO4, 15 mM DTT, and 0.2% NaN3 at 25 °C. All spectra were recorded
under identical solution conditions and were processed and displayed with the same
parameters.
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Figure 6.
A molecular model for bivalent recognition of histone H3 by the Pf1 and MRG15 subunits
of the Rpd3S/Sin3S complex. The Pf1 PHD1 and MRG15 CD domains engage different
segments of H3 in a non-cooperative manner but the two relatively weak interactions likely
translate into a more efficient interaction due to the nanomolar affinity interaction between
Pf1 MBD and MRG15 MRG that is bolstered by another interaction with the Pf1 PHD1
domain that collectively tether the two chromatin-binding domains in cis in the Rpd3S/
Sin3S complex. Note that although the cartoon shows Pf1 and MRG15 contacting the same
histone H3 polypeptide, it is conceivable that they contact different H3s in the same or
adjacent nucleosomes.
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