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The PHD finger motif is a signature chromatin-associated motif
that is found throughout eukaryotic proteomes. Here we have
determined the histone methyl-lysine binding activity of the PHD
fingers present within the Saccharomyces cerevisiae proteome. We
provide evidence on the genomic scale that PHD fingers constitute
a general class of effector modules for histone H3 trimethylated at
lysine 4 (H3K4me3) and histone H3 trimethylated at lysine 36
(H3K36me3). Structural modeling of PHD fingers demonstrates a
conserved mechanism for recognizing the trimethyl moiety and
provides insight into the molecular basis of affinity for the different
methyl-histone ligands. Together, our study suggests that a com-
mon function for PHD fingers is to transduce methyl-lysine events
and sheds light on how a single histone modification can be linked
to multiple biological outcomes.

One of the major mechanisms for regulating chromatin struc-
ture involves the reversible covalent post-translational modifica-
tion of histone proteins by chemical moieties such as acetyl,
methyl, and phospho groups (1, 2). Different histone modifications
are linked to discrete chromatin states and are thought to regulate
the extent of accessibility of DNA to transacting factors. In this
context, the proteins and domains that recognize histone modifi-
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cation, named “effectors,” are thought to define the functional
consequences of specific modifications by transducing molecular
events at chromatin to biological outcomes (3). Accumulating evi-
dence suggested that evolutionally conserved domains commonly
found within chromatin regulatory proteins, such as the bromo-
domain and chromodomain, function as such effectors (4, 5).

The PHD finger (plant homeodomain) is a signature chro-
matin-associated domain that is found throughout eukaryotic
proteomes. Accordingly, the PHD fingers from the ING2 and
BPTF proteins were recently demonstrated to be highly specific
effectors of histone H3 trimethylated at lysine 4 (H3K4me3) (6,
7), suggesting that H3K4me3 recognition, or more generally,
histone methyl-lysine binding, might be a common feature of
PHD fingers. However, contrary to this hypothesis, a number of
other PHD fingers either bind to nucleosomes in a manner
independent of post-translational modifications or have no
detectable histone binding activity (6, 8, 9). To obtain a genomic
scale understanding of PHD finger function, here we have
determined the histone methyl-lysine binding activity of the
PHD fingers present within the Saccharomyces cerevisiae pro-
teome. Our study identifies either H3K4me3 or H3K36me3
recognition as an activity common to the majority of yeast PHD
fingers, arguing that a general function for this domain is to
transduce lysine methylation events.

MATERIALS AND METHODS

Peptide Synthesis and Cloning—Biotinylated histone pep-
tides were synthesized as described previously (6). The coding
sequences for the PHD domains listed in Table 1 were amplified
by PCR from yeast genomic DNA (generous gift of M. Cyert,
Stanford Unviersity) and cloned into pGEX-6P vector.

Peptide Pulldown Assays and Affinity Measurements— 0.5 ug
of biotinylated histone peptides with different modifications
were incubated with 1 ug of GST*-fused PHD fingers in binding

“The abbreviations used are: GST, glutathione S-transferase; HMT, histone
methyltransferase.
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TABLE 1
Summary of biochemical and genetic functional interactions for S. cerevisiae PHD finger proteins

Methyl-lysine interactions” HMT interactions

Name PHD domain Chromatin functions”
K4me K36me K79me Setl Set2 Dotl
Pho23 280-329 VVV - - + + Rpd3/HDAC complex
Yngl 222-271 VVV - - + + NuA3 HAT complex
Yng2 155-204 VVV - - + NuA4 HAT complex
Byel 74-132 VVV - - Negative transcription elongation regulator
Cti6 74-121 VVV — — + Rpd3/HDAC complex
Jhd1 6-70 VA - - H3K36 HDM
Sppl 24-70 VVV - - + + Setlc/HMT complex
Set3 119-164 VVV - - + + Set3¢/HDAC complex Candidate HMT
Ecm5 1240-1288 — VvV - Candidate HMD
Ntol 1:265-311 # VYV - + + NuA3 HAT complex
2:375-439 NS NS -
Rcol 1: 262-307 NS NS - + Rpd3/HDAC complex
2:416-470 NS NS NS
m Snt2 1:319-367 - - - Unknown
E 2:1040-95 - \ NS
3:1178-1249 - - -
m Setd 162-208 - - - Candidate HMT
4)) Yj89 237-283 - - - Candidate HDM
< “ \/\/V/, strong interaction; \/\/, moderate interaction; \/, weak interaction; NS, binds to peptide irrespective of lysine methylation; #, Nto1-1 binds weakly to unmethylated

H3 peptide amino acids 1-21 (see Fig. 2B).
2 See supplemental material for references. HDAC, histone deacetylase; HAT, histone acetyltransferase; HDM, histone demethylase.
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FIGURE 1. Identification of histone methyl-lysine binding activity for the PHD fingers present within the
S. cerevisiae proteome. A, peptide microarrays identifies the S. cerevisiae PHD fingers with H3K4me binding
activity. The indicated biotinylated histone peptides were arrayed in triplicate onto streptavidin-coated slides
as shown in the schematic and probed with the indicated GST-PHD finger fusion proteins. ING2 ;) and GST
are shown as positive and negative controls, respectively. B, H3K4me3 peptides bind to PHD fingers printed on
protein microarray chips. The indicated GST-PHD finger fusion proteins were arrayed in duplicate onto nitro-
cellulose slides as shown in the schematic and probed with the indicated histone peptide. Anti-GST antibody

probe is shown as a control for protein loading.

buffer as previously described (6), using either 150 or 300 mm
NaCl as indicated. Tryptophan fluorescence spectroscopy
experiments to determine the dissociation constants (K, val-
ues) of PHD finger interactions were performed as described

previously (10).
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spotted in duplicates onto a glass
slide precoated with nitrocellulose
polymer (Schleicher & Schuell)
using a FLEXYS® robot (Genomic
Solutions). After blocking, the
arrayed slides were incubated with
Cy3-labeled histone peptides and
the fluorescent signal detected
using a GeneTAC™ LSIV scanner
(Genomic Solutions). The arrays were also probed with an anti-
GST antibody to control for loading.

In Silico Analysis of Functions and Interactions of PHD Fin-
ger-containing Proteins in S. cerevisiae—PHD finger proteins
were assigned functions and scored as interactors with Setl,
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e — . .
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I e pe es . .
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FIGURE 2. H3K4me3 or H3K36me3 recognition is a common property of S. cerevisiae PHD fingers. A,
preferential binding to higher states of H3K4 methylation by S. cerevisiae PHD fingers. Western analysis of
histone peptide pulldowns under stringent conditions (300 mm NaCl) with the indicated GST fusion proteins
and biotinylated peptides (aa: amino acids). B, a number of S. cerevisiae PHD fingers bind to H3K36me3. The
indicated proteins were tested in pulldown assays as described for A, except 150 mm NaCl binding buffer was
utilized. C, disassociation constants (K,) of the indicated PHD fingers with the indicated peptide were deter-

mined by Trp fluorescence.

Set2, and Dotl based on 1) BioGRID data base searches, 2)
Saccharomyces Genome Data base searches, and 3) the pres-
ence of domains with characterized enzymatic activity.

Molecular Modeling of PHD Fingers—Homology models of
PHD fingers with and without bound peptides were built with
MODELER (12) (Ecm5 415, Cti6 pyyp), and Ntol pyp)) or with
SWISSMODEL (13) (Ynglpppy YNg2pppy, and Pho23
and Spplpypy Set3pppy and Setd ) using structures of
ING2 and BPTF PHD domains (Protein Data Bank IDs: 2G6Q
and 2F6N, respectively) as templates. The conformation of the
side chains were predicted by SCWRL3 algorithm (14) except
for residues that coordinate metal ions, where the original con-
formers were kept. Glide docking algorithm (15) was used to
establish the binding modes of H3(33-38)K36me peptide to
Emc5 pyyp5)- The models were analyzed using PyMOL visualiza-
tion software (16).

RESULTS AND DISCUSSION

In contrast to the human epigenome where abundant poten-
tial methylation sites exist, the S. cerevisiae epigenome is suita-

2452 JOURNAL OF BIOLOGICAL CHEMISTRY

Yngl, Yng2, and Pho23 (Fig. 14) (6,
10, 17). In addition, novel interac-
tions were detected between meth-
ylated H3K4 and the PHD fingers
from Byel, Cti6, Jhdl, Set3, and
Sppl (Fig. 1A). A second screening
strategy, in which protein microar-
rays containing the recombinant GST PHD domains were
probed with the histone peptides, detected the three yeast ING
proteins but weakly or not at all for the other PHD fingers (Fig.
1B) (11). This difference argues that the peptide microarray is
more sensitive assay than the protein microarray for screening
purposes, possibly due to the difficulty of recombinant PHD
fingers properly folding during the printing process (Fig. 1; data
not shown). Using both assays, no interactions were detected
with methylated Lys®® or Lys”® peptides (Fig. 14; data not
shown).

To validate the binding data by a third method that in our
experience has proven more sensitive,” in vitro binding assays
with biotinylated unmodified and methylated histone peptides
were employed (Fig. 24). Consistent with the data obtained
with the protein microarray studies, the PHD fingers of Yngl,
Yng2, Pho23, Byel, Cti6, Jhd1, Set3, and Spp1 were all found to
bind specifically to H3K4me, with no binding to K36me or

5 X. Shi and O. Gozani, unpublished observations.
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PHD finger from the putative his-
tone demethylase Ecm5, and a PHD
finger present within the NuA3-as-
sociated protein Ntol, binding best
to H3K36me3 (Fig. 2B). These inter-
actions were confirmed by trypto-
phan fluorescence experiments and
disassociation constants deter-
mined (Fig. 2C). The inability to
detect H3K36me-binding by the
Ecmb5 and Ntol PHD fingers using
microarray screening (see Fig. 1)

. .EY'

Sppl e, DVYE.I®K..RPDYGEL......MVGEDG. .@D.DWFEIFTELHTP. .. 0uuenn.. EQFEDLVF . .SF
Set3 ., IITE.IN..... DLNDD. . .DGETIQSDH . (8N . RWOEATEYG. « v v e e eenn..
ECM5 ;uy, TKY[®.FE®R..RVEEGTA. .. ...
Ntol e, DOABAVEL..GTDSONL....
Ntol ., KLNSYIGK..KKMGA.
Reol un, EDEF]
Reool pupy, FLI
5nt2 ;u,, DERECOFEE..EWCIQK......
Snt2 .., RTE@SV
SNE2 w,  RFT
Setd,,,, KNGS.I]
¥§89,,., DDASI
B INGZPHD

indicates that the threshold for
detection using these methodolo-
gies requires K, values < 100 um
(Fig. 2C). A number of additional
PHD fingers present within differ-
ent proteins bound to methylated
and unmethylated histone peptides
but without significant affinity for a
specific ligand (Fig. 2b). Thus, 10 of

18 yeast PHD fingers show methyl-
lysine binding activity (Table 1).
Based on these data we conclude

that histone methyl-lysine recogni-
tion activity is a common feature of

PHD fingers present within the S.

cerevisiae proteome.
The three HMTs that catalyze

methylation of H3K4, H3K36, and

H3K79 are Setl, Set2, and Dotl,

respectively. We thus determined

if proteins with PHD fingers that

have  methyl-histone binding

activity are reported to be geneti-

== 2 -
c§EEe SSEEE
ESEEE FR
EEEET EEEEZF
¥ng1 W1B0A |em Yng1 D172A |==
Yng2 W247A | == Yng2 D23%A | ®m
Pho23 W305A | as Pho23 D297A | ==
w
£
§ Bye1 W102A | ™= ByelDS7A |&=
-
Q| ctiswosA |me Cti6 E93A =
o
Jhd1W30A | = Jhd1D25A | =
Spp1 W45A | = Spp1D40A | =
set3w140a |0 Set3 D135A | %8

cally or physically linked to one of
these HMTs. Notably, all of the

FIGURE 3. Molecular features of H3K4me3 binding by S. cerevisiae PHD fingers. A, sequence alignment of PHD
fingers from S. cerevisiae with those from human ING2 and BPTF. Zinc-coordinating residues are shaded in red;
residues in the ING2 PHD finger essential for interaction of methyl-H3K4 (triangles) and H3R2 (circles) are indicated.
Note that BPTF 5, utilizes an extra tyrosine to form a K4me-binding cage (18). Residues substituted for the
mutagenesis studies are indicated with arrows at the bottom of the alignment. Sequence alignment was produced
with the ESPript web server. B, structural models of Spp1 py5) and Set3 py 5 complexed with H3(1-6)K4me3 peptide.
Blue, histone peptide; red, residues that form methyl-K4 binding cage; yellow, residues essential for H3R2 interaction.
Structure of the ING2 py5-H3K4me3 complex is shown for comparison. C, peptide pulldown assay with the indi-
cated PHD finger mutants (left, W>A; right, D>A) performed as described for Fig. 2A.

K79me peptides observed (Fig. 2a; for disassociation constants
see Fig. 2¢). Moreover, a preference for binding to the trimethy-
lated species versus lower methylation species was observed for
all PHD fingers apart from Sppl (Fig. 24). No further PHD
finger in the yeast proteome bound to H3K4me. Based on these
data, we conclude that 8 of the 14 proteins that contain PHD
fingers in the S. cerevisiae proteome (8 of 18 PHD fingers) pos-
sess H3K4me recognition activity and are thus novel candidate
effector domains for this modification (Table 1).

The PHD fingers that failed to bind H3K4me were also tested
for H3K36me and H3K79me recognition activity. Notably, a
number of PHD fingers bound weakly to H3K36me, with the

JANUARY 26, 2007 «VOLUME 282+NUMBER 4

H3K4me binders with the excep-
tion of Byel and Jhdl are identi-
fied as Setl interactors, and Ntol,
which binds to H3K36me3, is
linked to Set2 (Table 1; see “Dis-
cussion”). No links to HMTs were
found for the four proteins that fail
to bind methyled histones (Table
1). These data suggest a link between the methyl-histone
recognition property of PHD fingers and the function of
their cognate protein.

The molecular basis of specificity by the PHD fingers of ING2
and BPTF for H3K4me3 versus other methylated lysines is
achieved by a coordinated fitting of the trimethyl moiety of
H3K4 and the long side chain of H3R2 into adjacent surface
pockets bracketed by an invariant tryptophan (Fig. 3b) (10, 18).
In this context, alignment of the sequences from the S. cerevi-
siae PHD fingers and those of ING2 and BPTF revealed that
many of the yeast PHD fingers include residues predicted crit-
ical for the interaction in the appropriate linear positions (Fig.

JOURNAL OF BIOLOGICAL CHEMISTRY 2453

6002 ‘v'T Arenuer uo Aq 610 0gl'mmm wol) papeojumoq


http://www.jbc.org

ASBMB

The Journal of Biological Chemis

PHD Finger Recognition of Methylated Histones

3A). For example, the ING2 homologues and Spp1 5y have
the full complement of conserved residues and indeed bind to
H3K4me3. Other PHD fingers, including Byel pyp), Cti6pyip),
Jhd1 pyyp), and Set3pyyp, are only partially conserved yet still
bind to H3K4me3, whereas Ecmb 5, despite having virtually
all the known conserved residues required for H3K4me3 bind-
ing, recognizes H3K36me3 rather than H3K4me3 (Figs. 2 and
3A). Finally, Set4 1), which contains the invariant tryptophan
residue, has no detectable histone methyl-lysine binding activ-
ity, even after attempts to engineer gain-of-function Set4
protein via introduction of the full set of residues essential for
the activity of ING2 pyy, and BPTF ) (supplemental Fig. 1).
Based on these data, we argue that the conserved sequence
information provides an important but limited element of pre-
dictive value with respect to potential histone methyl-lysine
binding activity for PHD fingers.

We turned to structural modeling to obtain a better insight
into the molecular determinants of methyl-lysine affinity and
specificity for the various PHD fingers. This analysis revealed
that the analogous structural surface entities formed by the
residues critical for determining H3K4me3 specificity for
ING2,pyyp) and BPTF 4y, comprised of an aromatic cage and
an adjacent groove bracketed by a tryptophan residue, are pre-
dicted to be present in all of the H3K4me-binding yeast PHD
fingers (Fig. 3b and supplemental Fig. 2) (10, 18). Notably, the
PHD fingers from Byel, Cti6, Jhd1, and Set3 lack a conserved
tyrosine residue that forms a part of the aromatic cage for ING2
and BPTF and in lieu have a nearby similarly positioned bulky
residue (Fig. 3b and supplemental Fig. 2). These data argue that
S. cerevisiae PHD fingers use a molecular mechanism similar to
that of mammalian ING2 ), and BPTF pyyp) to distinguish
H3K4me3 versus other methylated lysines. We directly tested
this notion by generating alanine mutants of all the H3K4me3-
binding PHD fingers, targeting the equivalent residues as
Asp?*° (which forms critical electrostatic interactions with
H3R2) and Trp**® of ING2pyyp,, (Fig. 34, arrows). As shown in
Fig. 3C, each mutant abolished the ability of the cognate PHD
finger to bind H3K4me3, providing experimental evidence to
support the structural modeling.

Next, we asked if modeling Ecm5 5, and Ntolpyp. g
might provide insight into the molecular basis of H3K36me3
recognition. Notwithstanding the considerable differences in
primary amino acid sequence, modeling predicts that both
PHD fingers use the same surface to form the K36me3-binding
pocket as that used by the known K4me3-binders (Fig. 4, A and
B). In this regard, mutagenesis within the methyl-Lys binding
pocket largely eliminated the interaction with H3K36me3 pep-
tides for both PHD fingers (Fig. 4C). The specificity for methy-
lated Lys®® versus Lys* is likely due to the surrounding amino
acid sequence. Specifically, the large side chains of Glu'*** in
Ecmb5 pyyp) and Phe?® in Ntol pyyp,. 4, are in a position to inter-
fere sterically with the long side chain of H3R2 (Fig. 4, A and B).
In contrast, the surrounding region of H3K36 is more flexible
and thus steric hindrance is less of a factor. Together, these data
suggest that PHD fingers may use the same mechanism for
binding the trimethyl group, with additional contacts between
the sequence surrounding the methylated lysine and the PHD
finger surface determining the ligand specificity.
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FIGURE 4. Molecular features of H3K36me3-binding by S. cerevisiae PHD
fingers. A, structural models of Ecm5 5, in complex with H3(1-6)K4me3
(right panel) and H3(33-38)K36me3 (left panel) peptides as in Fig. 3B, except
that the yellow residue indicates Glu'>** (see “Results and Discussion”). B,
structural model of Nto1 g, residues that form the aromatic cage are indi-
cated. Residue Phe?®® is shown in yellow (see “Results and Discussion”). C,
peptide pulldown assay with the indicated GST-fused PHD mutants as
described for Fig. 2B.

Methylation events at H3K4 and H3K36 have been linked to
multiple diverse activities (5, 19). Our genomic scale analysis
indicates that PHD fingers might be critical molecular media-
tors that transduce these methylation events into different epi-
genetic programs (20). In this context, within the yeast pro-
teome, PHD fingers with methyl-lysine binding activity are
present within proteins of diverse functions, including modu-
lators of methylation and acetylation (Table 1). These and other
data raise the issue of how the same modification is recognized
by effectors present within different proteins to potentially
manifest distinct biological outcomes. There is considerable
evidence that an isolated recognition event by an effector
domain is necessary, but not sufficient, for determining epig-
enomic positioning of chromatin-regulatory proteins. Suffi-
ciency is most likely determined by multiple concurrent inter-
actions functioning in a combinatorial fashion to generate a
specific localization (21). In this regard, many chromatin-regu-
latory proteins and complexes contain multiple effector
domains. For example, the NuA3 complex has two PHD finger
proteins, Yngl and Ntol that bind to H3K4me3 and
H3K36me3, respectively, and the enzymes that generate
H3K4me3 (SET1) and H3K36me3 (SET2) are both required for
NuA3 association with chromatin (17, 22). Numerous addi-
tional molecular interactions, such as protein-protein interac-
tion networks seeded by locus-specific transcription factors,
are expected to contribute to epigenomic localization of chro-
matin-regulatory activities. Thus, recognition of a specific
methyl-lysine event will manifest differently depending on the
surrounding chromatin context, and as such, offers substantial
signaling flexibility.

The observation that more than half of S. cerevisiae PHD
fingers have methyl-lysine binding activity in conjunction with
the considerable diversity in sequences of these PHD fingers
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argues that the number of methyl-lysine binders in the human
proteome is certain to be far greater than predicted based solely
on homology to the PHD fingers of ING2 and BPTF. Finally, the
fact that a number of PHD fingers fail to bind to methylated
histones raises the intriguing possibility that these PHD fingers
recognize methylated lysines present on non-histone proteins
(23).
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