
The PHD Finger: A Versatile Epigenome Reader

Roberto Sanchez and Ming-Ming Zhou
Department of Structural and Chemical Biology, Mount Sinai School of Medicine, 1425 Madison
Avenue, New York, NY 10029

Abstract
PHD (plant homeodomain) zinc fingers are structurally conserved modules found in proteins that
modify chromatin as well as mediate molecular interactions in gene transcription. The original
discovery of their role in gene transcription is attributed to the recognition of lysine-methylated
histone H3. Recent studies show that PHD fingers have a sophisticated histone sequence reading
capacity that is modulated by the interplay between different histone modifications. These studies
underscore the functional versatility of PHD fingers as epigenome readers that control gene
expression through molecular recruitment of multi-protein complexes of chromatin regulators and
transcription factors. Moreover, they reinforce the concept that evolutionary changes in amino
acids surrounding ligand binding sites on a conserved structural fold impart great functional
diversity upon this family of proteins.

The PHD finger as a sequence-specific histone recognition protein module
Both gene transcriptional activation and silencing are directed by post-translational amino
acid modifications to the DNA-packing core histones, H2A, H2B, H3, and H4 [1–3]. Of the
known histone modifications, acetylation of lysine, and methylation of lysine or arginine
play a direct role in orchestrating the recruitment of multi-protein complexes for changing
chromatin structure at target gene loci, for processing gene transcriptional initiation,
elongation and termination, as well as for transcriptional repression [4–7]. These histone
sequence- and state-specific events are manifested through molecular interactions with
structurally conserved protein modular domains that are present in many chromatin
regulators and transcription factors. The cross-talk and molecular interplay between these
different modifications that take place in relatively short stretches of nucleosomal histone
tails highlight the delicate and complex nature of gene regulation in chromatin between gene
activation and silencing states.

Several protein modular domains have been reported to recognize histones in a sequence-
and modification-dependent manner. For example, bromodomains are known to function as
acetyl-lysine binding domains in all eukaryotes [6, 8], whereas chromodomains and other
members of their structurally related Royal family protein domains that also include the
Tudor, MBT (malignant brain tumor), PWWP (Pro-Trp-Trp-Pro) and Agenet domains bind
histones H3 and H4 in a methylation-sensitive manner [7, 9–14]. More strikingly, recent
studies have illuminated that PHD (plant homeodomain) fingers [15, 16], composed of a
small zinc finger structural fold, appear to have evolved the ability to read histone states in a
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sequence-dependent manner that is modulated positively or negatively by the methylation
state of lysine and arginine [17–22], as well as by the acetylation state of lysine [23, 24]. In
this article, we will review recent advancements in our knowledge of the structure and
function of PHD fingers and discuss the functional versatility of this small conserved protein
domain in the regulation of gene transcription.

Ligand recognition
The PHD finger is a small protein domain of 50–80 amino acid residues of diverse
sequences containing a zinc-binding motif that appears in many chromatin-associated
proteins [15] (Figure 1A). The conserved PHD fold consists of a two-strand anti-parallel β-
sheet and a C-terminal α-helix (not present in all PHDs) that is stabilized by two zinc atoms
anchored by the Cys4-His-Cys3 motif in a cross-brace topology [17, 25] (Figure 1B). PHD
fingers can read the N-terminal tail of histone H3, mainly the methylation state of H3K4
(K4me0 vs K4me3/2) [17, 20, 26–31], and to a smaller extent the methylation state of H3R2
(R2me0 vs R2me2) [32–36] and the acetylation state of H3K14 [24]. Binding of yeast PHD
fingers to methylated H3K36 has also been reported [37]. The reading of H3K4 and H3R2
occurs on a single PHD finger, but at distinct sites. By contrast, the single example of
H3K14 reading occurs in conjunction with the reading of H3K4 and H3R2, in a tandem
PHD finger of DPF3b (D4, zinc and double PHD fingers, family 3 protein), where the first
PHD reads H3K14ac, and the second PHD reads H3K4me0 and H3R2me0 [24].

The first structure of a PHD finger bound to its ligand was that of bromodomain PHD finger
transcription factor (BPTF) [17] which binds the H3 tail when K4 is trimethylated
(H3K4me3) and R2 is unmodified (H3R2me0). The BPTF structure revealed several
features that are common to most PHD fingers. The most conserved feature is the binding of
the first six N-terminal residues of H3 (ARTKQT) on the surface of the PHD finger through
the formation of an anti-parallel β-strand to the two-strand β-sheet (β1 and β2) of the PHD
finger (Figure 2). The backbone amide and carbonyl groups of residues R2, T3, and K4 of
H3 form hydrogen bonds with the β1 strand backbone. This β-strand conformation orients
R2 and K4 into two distinct pockets separated by a highly conserved Trp residue (position I
in Figure 1A), while the N-terminal A1 residue is stabilized by interactions with residues in
Loop 2 and/or residues found between the β1 and β2 strands. In general, binding of the H3
tail does not seem to induce significant conformational changes in the PHD finger [17, 20].

Reading H3K4me3
The BPTF-PHD structure also revealed the main characteristics of PHD fingers that read
H3K4me3. The binding of H3K4me3 occurs through an aromatic cage (Figure 3) where the
trimethyl ammonium group is stabilized by van der Waals and cation-π interactions, similar
to those observed in chromodomain, MBT, PWWP and Tudor domains [11, 14, 38–40]. In
BPTF this aromatic cage is composed of one Trp and three Tyr residues; the cage has three
faces and a “lid” beyond the tip of H3K4me3 (Figure 3). Subsequently determined structures
of other PHD fingers in complex with H3K4me3 peptides show that the aromatic cage
varies, containing a combination of 2 to 4 aromatic and hydrophobic residues (Figure 3).
The residues participating in the aromatic cage tend to appear at similar positions in the
sequence (Figure 1). The most conserved position is an invariable Trp residue at the
beginning of the β1 strand (Position I in Figure 1), followed by an aromatic or hydrophobic
residue at the start of β2 (Position II in Figure 1). In general, residues that are used to form
the aromatic cage tend to exist in parts of the structure that are relatively rigid, such as the β
strands, or close to the Zn-coordinating Cys residues (positions I–V in Figure 1). A
minimum of two aromatic residues including the invariable Trp at position I (Figure 1A)
seem to be required for H3K4me3 binding. The simplest aromatic cage observed so far is
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that of jumonji, AT-rich interactive domain 1A (JARID1A) [26], which is composed of only
two Trp residues at positions I and II (Figure 3). Together with JARID1A, the aromatic
cages of recombination activating gene 2 (RAG2) and myeloid/lymphoid or mixed-lineage
leukemia-1 (MLL1) lack the “lid” residue at position III present in all other PHD finger
aromatic cages (Figure 3). Additionally, Y1581 (position V) in MLL1 undergoes a
conformational change upon binding (together with the rest of the Y1576-Met1585 loop),
which is not observed in other PHD fingers. A slight variation in the H3K4 binding region is
observed in the PHD fingers of yeast homolog of mammalian ING1 (Yng1), transcription
initiation factor TFIID subunit 3 (TAF3), pygopus homolog 1 (PYGO), inhibitor of growth
protein 4 (ING4), and other PHD fingers of the ING family that have charged (Asp) or
hydrophilic (Ser) residues in close proximity to the H3K4 residue, at position IV or V
(Figure 1A). Of these, only the Asp residue at position V in PYGO plays a role in
methylated lysine binding [20, 27–29], by slightly shifting the affinity in favor of the
dimethylated form of K4 (H3K4me2), making the affinities of the free PHD for H3K4me3
(KD=2.5µM) and H3K4me2 (KD=2.4µM) virtually identical, and showing a slight
preference for H3K4me2 (KD=0.9µM) over H3K4me3 (KD=1.2µM) and H3K4me1
(KD=2.9µM) in the PHD–HD1 complex [29]. Although the Ser and Asp residues in the
other PHDs contribute to H3 binding, they do so via interactions with residues other than K4
[29]. Mutational studies in BPTF also suggest that the presence of a negatively charged
residue in the aromatic box can alter the binding selectivity of the PHD finger [41]. The
affinities in the wild-type BPTF, which show a preference for H3K4me3 (KD=3µM) over
H3K4me2 (KD=6µM), change upon mutation (generating in a substitution of Tyr to Glu at
position IV) resulting in a preference of H3K4me2 (KD=7µM) over H3K4me3 (KD=15µM)
[41]. Thus, it seems that the relative affinity of H3K4me3 vs. H3K4me2 can be modulated
by subtle changes in the sequence of the PHD finger. However, the biological impact of
these small differences in affinity is not clear.

Recently, the structure of a zinc finger CW (zf-CW) domain in complex with an H3K4me3
peptide was reported [42]. The zf-CW domain adopts a fold in which a zinc ion is
coordinated by four conserved Cys ligand residues, which resembles one half of a PHD
finger. Additionally, an aromatic cage formed by the same conserved positions used by
H3K4me3-recognizing PHD fingers (Figure 1) mediates the recognition of H3K4me3 in zf-
CW. Hence, it is likely that zf-CW domains and PHD fingers share a common evolutionary
ancestor.

Reading H3K4me0
A separate group of PHD fingers, which includes those of BRAF35-HDAC complex protein
(BHC80), autoimmune regulator (AIRE), tripartite motif-containing protein 24 (TRIM24),
and DNA (cytosine-5)-methyltransferase 3-like protein (DNMT3L), lack an aromatic cage
[32–36, 43]. These PHD fingers bind unmodified H3K4 (H3K4me0), and this interaction is
abrogated by the methylation of H3K4 [32–36, 43]. Similar to the H3K4me3-binding PHD
fingers, the histone H3 tail also forms a β-sheet with the β strands in the H3K4me0-binding
PHD fingers (Figure 2). The binding of K4me0 is achieved by a combination of acidic and
hydrophobic residues that replace the aromatic cage (Figure 3). Indeed, the same sequence
regions used to form the aromatic cage in H3K4me3-binding PHD fingers, corresponding to
structurally stable positions, are used to form the binding site in H3K4me0-binding PHD
fingers (regions I–III in Figure 1A & B).

Reading H3R2
When bound to the PHD fingers of BPTF, Yng1, ING4, TAF3, MLL1, or JARID1A, the
side chains of H3R2 and H3K4me3 extend into two adjacent binding pockets separated by

Sanchez and Zhou Page 3

Trends Biochem Sci. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the conserved Trp residue at position I (Figure 4A) [17, 20, 26–28, 44]. In these cases, the
guanidinium group of H3R2 forms salt bridges or hydrogen bonds with Asp, Glu and Gln
residues. Additionally, the volume of the pocket is maintained by the presence of a small
residue (Gly or Ala) at the position preceding the third Zn-coordinating Cys residue (in
BPTF, Yng1, ING4, and TAF3) [17, 20, 27, 28]. Alternatively, the pocket can be shifted by
the presence of a Gln residue at the same position, which stacks against the conserved Trp
residue at position I (in MLL1 and JARID1A) [26, 44]. In all of these cases, the binding
pocket makes favorable interactions with unmodified H3R2 (H3R2me0), and affinity for the
H3 tail decreases when R2 is mono- or dimethylated [17, 20, 26–28, 44]. A variation on this
theme is observed in PHD finger protein 2 (PHF2) in which a proper pocket for H3R2
binding is not observed, but a Glu at the position preceding the third Zn-coordinating Cys
residue enables favorable interactions with H3R2me0 [31]. Binding of the H3 tail to PHD1
of AIRE is also antagonized by H3R2 methylation [36]. Again, the guanidinium group of
H3R2 forms a salt bridge with Asp 312, which is disrupted upon methylation of H3R2.
Hence, PHD1 of AIRE reads a completely unmodified H3 tail (R2me0 + K4me0).

A different situation is observed in RAG2 and PYGO. RAG2 PHD has a slight preference
for symmetrically dimethylated R2 (R2me2s, KD=25.1µM) over unmethylated (R2me0,
KD=33.8µM), or asymmetrically dimethylated R2 (R2me2a, KD=34.6µM) [30]. In this
domain, a Tyr residue is observed at the position that is usually occupied by a small residue
in the other PHDs (Figure 1A). This Tyr residue provides an interacting surface for R2me2s
(Figure 4C). Together with the absence of nearby acidic residues, this change seems to favor
binding of R2me2s over R2me0, R2me1, or R2me2a [30]. Although the biological
significance of this dual mark is not clear, RAG2-PHD might be an example of a single
protein domain recognizing a doubly modified H3 histone tail (R2me2s + K4me3) (Figure
4C). At the very least, RAG2-PHD differs from the other PHDs in that its binding to
H3K4me3 is not diminished by methylation of H3R2. A similar situation is observed in
PYGO; the same position occupied by the Tyr residue in RAG2 is occupied by Leu (Figures
1A and 4D). This change abolishes the H3R2me0 binding pocket; however, it does not favor
H3R2me2 or H3R2me1 binding, thus rendering PYGO insensitive to H3R2 methylation
[29]. Hence, it appears that depending on the residues present at the position preceding the
third Zn-coordinating Cys residue, and the presence or absence of nearby acidic residues, a
PHD finger can prefer to bind H3R2me0, H3R2me2, or it can be insensitive to the H3R2
methylation state.

Reading H3K14ac
Recently, the tandem PHD finger of DPF3b was shown to bind H3 acetylated at K14
(H3K14ac)[24]. This is the first, and so far only, example of a PHD finger recognizing an
acetylated lysine, a post-translational modification usually recognized by bromodomains [6,
8]. The first PHD finger (PHD1) in the DPF3b tandem binds H3K14ac, whereas the second
PHD finger (PHD2) binds the H3R2-K4 regions (Figure 5). DPF3b-PHD2 is similar to the
H3K4me0-binding PHD fingers (BHC80, AIRE, DNMT3L): it shares their combination of
acidic and hydrophobic residues in the H3K4me0 binding pocket (Figures 1A & 5). The
H3K14ac binding pocket in DPF3b-PHD1 is, however, completely novel. It is located on the
opposite side of the central β-sheet and uses a set of residues that do not overlap with the
positions used to form the H3K4 or H3R2 binding sites (Figures 1 & 5). Nevertheless, the
H3K14ac binding site follows the same principle of using structurally rigid positions that are
near either Zn-coordinating Cys residues or the β2 strand (Figure 1B).
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H3 specificity
The PHD fingers that have been structurally characterized illustrate several elements that
contribute to specificity in binding to the histone H3 N-terminal tail. As mentioned above,
the N-terminal A1 residue is stabilized by interactions with residues in Loop 2 and/or
residues found between the β1 and β2 strands. In addition to the specific environments that
read the methylation state of H3R2 and H3K4, the spacing between these residues, provided
by H3T3, strongly contributes to the binding specificity. A highly conserved Trp residue
(position I) occupies the space between H3R2 and H3K4 in the H3K4me3-binding PHD-
fingers (Figure 4), and the deletion of T3 abrogates binding [4]. In H3K4me0-binding PHD
fingers, the space between H3R2 and H3K4 is occupied by hydrophobic residues such as
Met, Ile, and Phe at position II in BHC80, DNMT3L, and DPF3b-PHD2, respectively, and
Asn at position III in AIRE (Figure 1A). This spacing requirement prevents the PHD fingers
from reading, for example, methylated H3K9 or H3K27, because both sites are immediately
preceded by an arginine. It is worth noting, however, that methylated H3K36, which is
preceded by a Val residue, has been reported to be recognized by yeast PHD fingers [37].
Although it is possible that among the large number of PHD fingers some exhibit a different
histone-binding specificity, this has not been observed so far, and would require changes to
the PHD finger sequence.

Combinatorial Reading
The ability of PHD fingers to read the modification state of H3R2, H3K4, and H3K14
enables the possibility of identifying combinations of modifications by using more than one
site on the same PHD finger, or by using tandem PHD fingers, like in DPF3b. The set of
currently characterized domains suggests that different PHD fingers can read specific
combinations of post-translational marks. For example, BPTF and similar PHD fingers will
read an H3 tail that is unmodified at R2 and di- or tri-methylated at K4 (Figure 4A).
Whereas AIRE reads completely unmodified H3 tails (i.e. R2me0 + K4me0), BHC80 and
DNMT3L read an H3 tail containing an unmodified K4, and are largely indifferent to the R2
methylation state (Figure 4B). PYGO is an example of a PHD finger that requires K4 to be
methylated (with a slight preference for K4me2, at least when complexed with HD1), but is
indifferent to the methylation state of R2 (Figure 4D), whereas RAG2 seems to prefer a
ligand with both R2 and K4 in a methylated state (Figure 4C). The most extreme case of
combinatorial reading is the tandem PHD finger in DPF3b, which requires H3K14 to be
acetylated, and both H3K4 and H3R2 to be unmodified. This example provides a nice
illustration of how sets of domains can be used to read more complex combinations of
histone modifications, thus reinforcing the notion that distinct patterns of histone
modifications are used to regulate chromatin-based gene transcription through molecular
interactions with multi-protein complexes of chromatin regulators and transcription factors.

Concluding remarks
All reported PHD finger structures bind histone H3 through interactions with the first six N-
terminal residues of H3, with the exception of DPF3b-PHD1 which recognizes H3K14ac.
Despite the structural variations and the differences in ligand binding specificity, unifying
features manifested in five key points are crucial for PHD finger–histone H3 recognition.
These points are best illustrated in the PHD finger of BPTF or BHC80 when bound to an H3
peptide in a different state: (i) a histone H3 ligand always adopts an anti-parallel β-strand
forming an extension of the two-stranded β-sheet of the PHD finger. The N-terminal amine
of H3 form hydrogen bonds with backbone atoms of protein residues in the loop connecting
to the C-terminal α-helix (loop 2); (ii) a methylated H3K4 is typically recognized by an
aromatic cage formed on one surface of the central β-sheet. A change in the cage residues
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from aromatic to acidic amino acids alters the ligand binding preference to unmodified
H3K4; (iii) recognition of H3R2 at a binding pocket that shares a common residue with that
for H3K4 binding influences the overall histone state reading capacity of a PHD finger; (iv)
histone state reading is further enhanced by cooperative capacity gained through tethering
two or more PHD fingers in tandem. Note that many chromatin- and transcription-associated
proteins contain more than two PHD fingers in tandem in a single protein (e.g. four are
present in tandem in the NSD1 lysine methyltransferase). Understanding of functional
cooperativity of such PHD fingers awaits further study. Finally, (v) whether a histone
modification-directed interaction with a PHD finger protein results in gene activation or
suppression is not dictated by the particular histone modification, but rather is dependent
upon the functional context in which a given interaction takes place.

In comparison with other histone binding modules such as bromodomains and
chromodomains, it is striking to note that PHD fingers - the smallest in size - are capable of
exerting such complex and sophisticated functional versatility as epigenome readers. The
structure-function relationships of the PHD fingers revealed from these recent studies
illustrate how functional diversity of a protein module can be achieved by evolutionary
changes to the structural features or amino acid residues near ligand binding sites outside the
conserved scaffold. Because of their low sequence conservation and adaptable structural
plasticity, it will not be surprising to see other unexpected modes and/or cooperativity of
ligand recognition emerging from PHD fingers in interactions with their biological ligands,
particularly histones.
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Figure 1. Conserved features of PHD fingers
PHD fingers exhibit high sequence variability, but share some common sequence and
structure patterns. Common features include the Zinc-coordinating residues, two core β-
strands (β1 and β2), and the use of common sequence regions to form ligand binding sites.
(A) Structure-based alignments of representative PHD finger sequences. The conserved
Zinc-coordinating residues are shown in dark gray for Zinc 1 and light gray for Zinc 2, and
the two core β-strands are shown in green. The regions involved in ligand recognition are
labeled I through V, ordered by the frequency with which they are utilized within the
domain family. Residues are colored according to their participation in the recognition of H3
tail residues: blue, H3K4me3 recognition; green, H3K4me0 recognition; pink, H3R2
recognition; and yellow, H3K14ac recognition. The residue numbers corresponding to the
PHD finger in the full-length protein are shown in parenthesis. (B) Schematic of the PHD
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fold. All PHD fingers adopt the same basic topology. Zinc atoms are shown as gray spheres,
with Zinc-coordinating residues indicated as large uppercase letters. The two core β-strands
are shown in green. The regions involved in ligand recognition are labeled (I–V) and colored
as indicated in A. Regions that adopt an α-helical conformation in some PHD fingers are
indicated (α).
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Figure 2. Structures of representative PHD fingers in complex with methylated or unmethylated
H3K4 peptides
The common elements in the binding of PHD fingers to H3 histone tails are illustrated for
PHD fingers that bind H3K4me3 (i) and H3K4me0 (ii). The PHD finger structures are
shown in cartoon representation with the conserved β-strands (β1 and β2) colored green, and
the Zinc atoms represented by light blue spheres. The H3 peptide ligand (shown in yellow,
with the K4 residue colored orange) adopts a β-strand conformation that extends the
conserved anti-parallel β-sheet formed by β1 and β2 in the PHD finger. The following PDB
structures were used to create this figure: 2f6j (BPTF), 3kqi (PHF2), 2jmj (Yng1), 2pnx
(ING4), 2k17 (TAF3), 2v83 (RAG2), 2yyr (PYGO), 3lqj (MLL1), 2kgi (JARID1A), 2puy
(BHC80), 2ke1 (AIRE), and 2pvc (DNMT3L).
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Figure 3. Ligand recognition sites in PHD fingers recognizing H3K4me3 or H3K4me0
The binding sites are illustrated by showing the sidechains of the PHD finger residues (stick
and surface representation) that surround the H3K4 ligand residue (shown in orange). (i)
The different versions of aromatic cages used for recognition of H3K4me3 are shown. (ii)
H3K4me0 binding sites are shown. The binding site residues are labeled according to the
sequence regions defined in Figure 1. The PDB structures used to create this figure are listed
in Figure 2.
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Figure 4. Recognition of multiple H3 residues by PHD fingers
The structures of representative PHD fingers bound to H3 peptides with different
combinations of H3K4 and H3R2 methylation states are shown. The close-up images show
the residues involved in recognition of H3K4 and H3R2. (A) BPTF PHD bound an H3
R2me0;K4me3 peptide. (B) BHC80 PHD bound to an H3 R2me0;K4me0 peptide. (C)
RAG2 PHD bound to an H3 R2me2s;K4me3 peptide (the bottom image shows an H3
R2me0;K4me3 peptide). (D) PYGO PHD bound to an H3 R2me2a;K4me2 peptide (the
bottom image shows an H3 R2me0;K4me3 peptide). The H3 N-terminal peptide is shown in
stick representation, with H3K4 in orange and H3R2 in yellow. The H3K4 recognition
environment is colored light blue on the surface of the PHD finger, and the H3R2
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recognition environment is colored orange. In the close-up images, the H3 peptide is shown
in yellow cartoon representation.
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Figure 5. Reading of H3 tail by the DPF3b tandem PHD fingers
The DPF3b tandem PHD fingers bind an H3 peptide acetylated on K14 (H3K14ac) and
unmodified at R2 (H3R2me0) and K4 (H3K4me0) (A) The structure of the DPF3b tandem
PHD fingers in complex with the histone H3 N-terminal tail peptide (PDB code 2kwj) is
shown in cartoon representation (coloring as in Figure 2). The dotted line represents the
boundary between PHD1 and PHD2. (B) The structures of PHD1 and PHD2 of DPF3b
bound to H3K4me0 and H3K14ac, respectively, are shown separately in the same
orientation and coloring scheme as the PHD fingers in Figure 2. (C) Close-up images of the
H3K4me0 and H3K14ac recognition sites showing the residues involved in binding labeled
according to residue number, and sequence region (for H3K4me3) (Figure 1).
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