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Abstract: Histones and their modifications play an important role in the regulation of gene transcrip-
tion. Numerous modifications, such as acetylation, phosphorylation, methylation, ubiquitination, and
SUMOylation, have been described. These modifications almost always co-occur and thereby
increase the combinatorial complexity of post-translational modification detection. The domains that
recognize these histone modifications often occur in tandem in the context of larger proteins and
complexes. The presence of multiple modifications can positively or negatively regulate the binding
of these tandem domains, influencing downstream cellular function. Alternatively, these tandem
domains can have novel functions from their independent parts. Here we summarize structural and
functional information known about major tandem domains and their histone binding properties. An
understanding of these interactions is key for the development of epigenetic therapy.
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Introduction

One of the greatest scientific revelations in recent
years is the discovery that as well as functioning as
a structure for compacting the genome, chromatin is
an active player in allowing access to it for gene
transcription, editing, and repair. The basic struc-
ture of chromatin is the nucleosome, consisting of
147-bp of DNA coiled around dimers of each of the
core histones: H2A, H2B, H3, and H4.! Histones, H1
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and Hb5, serve as linker proteins between nucleo-
somes for further compaction. The flexible and
unstructured N and C-terminal tails that snake out
from the central core of the nucleosome are subject
to post-translational modifications. The wrapped
DNA bases as well as the globular core of the nucle-
osome are also subject to modification by effector
proteins. These modifications are important for epi-
genetic control of gene transcription in response to a
variety of stimuli.? The placement, detection, and
removal of these histone and DNA modifications, or
marks, is controlled by protein domains that are,
respectively, “writers, readers, and erasers.®” The
readout of these marks leads to multiple cellular
processes, including transcription, cell differentia-
tion, cell division, and apoptosis.*

A wide variety of post-translational modifica-
tions on histones have been found, including acetyla-
tion, methylation, phosphorylation, ubiquitination,
SUMOylation, and crotonylation.? In order to elicit
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Table I. Tandem Domains, With Their Modifications Detected, Unique Properties and PDB IDs

Protein Tandem domain Modification detected Properties PDB ID

TAF1 Bromo-Bromo H4K5/8/12/16ac Simultaneous detection of two to four 1EQF, 3AAD
acetylated residues, located 25
Angstroms apart.

DPF3b PHD-PHD H3(1-9), H3K14ac, PHD1 binds H3K14ac while PHD2 2KWJ, 2KWN

H4Nac binds the unmodified N-terminus of

H3. PHD2 can also recognize an
acetylated H4 N-terminus.

CHD1 CHD-CHD H3K4me3 Both chromodomains fuse to make a 2B2W
joint binding surface.

TRIM24 PHD-Bromo H3K4me0, H3K23ac  Simultaneous detection of H3K4me0 3034, 3034
and H3K23ac.

BPTF PHD-Bromo H3K4me3, H4Kac Simultaneous intranucleosomal 2F6J
reading of H3K4me3 and H4Kac.

KAP1 PHD-Bromo None recognized PHD functions as an intramolecular 2RO1
SUMO E3 ligase

MLL1 PHD-Bromo H3K4me3 Interacting domains acts as molecular 3LQJ, 2KU7
switch to bind H3K4me3 and Cyp33
RRM simultaneously for gene
repression.

UHRF1 TTD-PHD H3K9me3 and PBR of UHRF1 can block H3K9me3 4GY5, 3ASK, 3ASL

H3K4me0 binding. Binding of PI5P to PBR

can relieve this block.

CBP/p300  Bromo-RING-PHD-HAT H3/4ac RING and PHD domains can regulate 4N4F, 4BHW
HAT activity of adjacent HAT
domain

ZMYND11 Bromo-ZnF-PWWP H3.3K36me3 Shows preference for the histone 4N4I1. 4NS5

variant H3.3. Binding interface
extends across multiple domains.

Note: PDB, Protein Data Bank; SUMO, small ubiquitin-like modifier; PHD, plant homeodomain; TTD, tandem tudor
domain; PBR, poly-basic region; PI5P, phosphatidylinositol-5-phosphate; HAT, histone acetyltransferase; RING, really inter-
esting new gene; ZnF, zinc-finger; ac, acetylated; me0, unmethylated; me3, trimethylated.

downstream action, effector proteins must be able to
bind histones in a modification-sensitive manner.
The discovery of bromodomains as acetyl-lysine
binding domains,® PHD fingers as methyl-lysine
binding domains,”® and the royal family of chromo-
domains, Tudor, and MBT domains® illustrated how
this may occur. These highly conserved structural
domains make up larger proteins, which often
assemble to form complexes and macromolecular
machines that have the ability to expand chromatin
to allow transcription or compact it to form silenced
heterochromatin.'®'? In the last few years a num-
ber of structural and functional studies have helped
us elucidate the details of the interactions of these
individual effector domains with
other chromatin-interacting proteins.'®> Genome-
wide studies have also been performed to look at the
breadth of post-translational modifications and cor-
relations between their occurrence and cellular func-
tion.'*1 These studies have revealed that it is rare
to find a correlation between a single histone modifi-
cation and a given cellular output. This is perhaps
due to the large degree of combinatorial complexity
allowed by multiple, varying modifications on single
histones and nucleosomes.'®!” The readout of multi-
ple modifications often, but not always, requires two
or more effector domains to work together. Clearly

chromatin and
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then to understand the relationship between a given
set of histone modifications and their cellular func-
tion, it becomes necessary to study higher order
arrangements of effector domains.!® This review
seeks to describe the structure and function of
paired chromatin associating domains, with a focus
on pairs that have structural and biochemical infor-
mation available (Table I). It is interesting to note
with these domains that the whole can be different
than the sum of two parts. For example, a paired
PHD and bromodomain can often have different
functions from simply simultaneous readout of
methyl-lysine and acetyl-lysine. We focus on the
molecular and cellular features of these tandem
domains and the roles they have in epigenetic
regulation.

Domains Repeated in Tandem

Taf1 (Bromodomain-bromodomain)

Over a dozen families of reader effector domains
have been found in chromatin-associated proteins
that are capable of binding to histones in a modifica-
tion and sequence dependent manner. The same
modifications, however, can occur in many different
contexts. The histone h3 lysine 4 tri-methylation
(H3K4me3) mark is typically present at the 5" end of
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genes at levels that correlate with production of
transcripts.!%2° However, it can be found with the
H3K27me3 mark, which is typically associated with
gene silencing, at genes poised for activation in
embryonic stem (ES) cells, forming so-called
“bivalent domains.?"” The same histone mark occur-
ring in different functional contexts can be distin-
guished by tandem domains, which can positively
select for one mark while negatively selecting for
another. In other cases, two different marks can
lead to a positive combinatorial effect. This effect
was first reported for TAF1 (formerly TAF;250), the
largest subunit of the TFIID complex involved in
assembly of the transcriptional machinery at pro-
moters. Instead of recognition of a single acetyl-
lysine by a bromodomain, the protein has tandem
bromodomains that can bind multiple acetylated H4
histone tails. The crystal structure reported of the
tandem bromodomains shows the domains, each
arranged in a left-handed four-helix bundle topology,
positioned adjacent to each other with the binding
pockets separated by ~25 angstroms, corresponding
to distance of about 7 residues in the histone protein
sequence. The N-terminal tail of H4 has lysine resi-
dues at positions 5, 8, 12, and 16, in accordance
with the pocket distance. The tandem module binds
much more strongly to the double mark
H4K5acK12ac (Kq=1.4 uM) than to the H4Kl6ac
single mark (K4 ~40 pM).22 Interestingly, bromodo-
main 1 of the mouse homolog of TAF1, Brdt, was
recently shown to bind the H4K5acK8ac dual mark
(Kq=28 uM), but showed much weaker affinity for
either mark individually.?® This illustrates that a
single bromodomain can bind to a pair of acetyl-
lysines or a pair of bromodomains can bind to four
acetyl-lysines simultaneously. The structural infor-
mation gives us a hint at the possible in vivo func-
tion of TAF1. Actively transcribed genes are
generally hyper-acetylated at their promoter regions
and therefore TAF1 can target the transcriptional
machinery to these genes.

DPF3b (PHD-PHD)

While most bromodomains are known to bind acetyl-
lysine, the plant homeodomain (PHD) finger is less
predictable in its interaction with chromatin. The
PHD fingers of AIRE?** and BHC80?® interact with
unmodified H3K4 (H3K4me0), while most other
reported PHD fingers bind to methylated histones.2®
Recently, a distinct tandem PHD finger of DPF3b
was shown to bind H3K14ac, a modification typically
reserved for recognition by bromodomains.2” DPF3b
functions in association with the BAF chromatin-
remodeling complex to initiate transcription during
muscle and heart development.?® An NMR struc-
ture—function study showed that PHD1 of DPF3b
binds to H3K14ac, while PHD2 binds the H3R2-K4
region on the same tail [Fig. 1(A)]. The tandem PHD
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Figure 1. Reader domains can bind multiple marks on one,
or multiple tails, simultaneously (A) Top: Domain architecture
of full-length DPF3b. Bottom: The C-terminal tandem PHD
fingers of DPF3b, PHD1 (red) and PHD2 (green), can recog-
nize multiple marks on a single histone H3 tail. PHD1 of
DPF3b recognizes H3K14ac while PHD2 simultaneously rec-
ognizes the unmodified N-terminus of H3. The outlined sur-
face view illustrates the interaction surface between both
PHD fingers. Chelated zinc atoms are shown as gold
spheres. The unmodified H3K4me0 and H3K14ac marks are
shown as sticks. (B) Top: Domain architecture of full-length
BPTF. Bottom: PHD1 of BPTF (red) is in tandem with a bro-
modomain (blue), separated by a linker (aqua). PHD2 is not
shown. The bromodomain recognizes H4K16ac while PHD1
simultaneously recognizes H3K4me3. The linker between the
domains forms a rigid helix, preventing a direct interaction
between PHD1 and the bromodomain. The histone marks
H3K4me3 and H4K16ac are shown as sticks.

fingers bind to unmodified H3 peptide with K4 =2.3
uM and a fourfold increase in affinity occurs when
binding to H3K14ac (K3 =0.5 pM). The same study
also showed binding to an acetylated N-terminus of
H4 (H4Nac) with Kq="7.4 M. PHD2 uses the same
mechanism as other PHD fingers that bind to
H3K4meO0: a set of hydrophobic and acidic residues
in the binding pocket. PHD1, however, uses a bind-
ing pocket on the opposite side of the domain that
does not coincide with the residues typically used to
bind H3R2 and H3K4. Interestingly, acetylation or
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methylation at H3K4 leads to a 15- or 20-fold reduc-
tion in affinity due to steric clashes with PHD2,
illustrating how, as mentioned above, histone modifi-
cations can lead to negative selection with a tandem
domain. DPF3b from transfected C2C12 myoblasts
showed a decrease in binding to H3K4me3 peptides
as compared to H3K14ac, in agreement with binding
assays. Binding of DPF3b to H3Kl4ac provides
recruitment of a chromatin-remodeling complex to
target genes for pre-initiation of transcription. The
placement of the H3K4me3 mark leads to dissocia-
tion of DPF3b and association of the transcriptional
machinery for initiation and activation of transcrip-
tion important for development.

MOZ (PHD-PHD)

The monocytic leukemia zinc finger protein (MOZ,
KAT6A, MYST3) is a MYST family histone acetyl-
transferase (HAT) that plays an essential role in a
number of developmental processes, including acting
as a co-activator for transcription factors specific for
hematopoiesis.?? It also plays an important role in
leukemia pathogenesis, present as fusion partners
with CBP® p300,3! and TIF23? after chromosomal
translocations. MOZ typically partners with INGS5,
EAF6, and BRPF1, BRPF2, or BRPF3 and acts as a
catalytic subunit in a tetrameric complex in vivo.>3
The structural basis for its targeting to specific
genetic loci was recently discovered.®* Qiu et al.
found that MOZ contains atypical tandem PHD fin-
gers that can simultaneously bind H3R2me0 and
H3K14ac, in similar fashion to DPF3b. The PHD fin-
gers bind unmodified H3(1-18) with K4=64.9 WM
and an approximate three-fold increase in binding
occurs when H3 is acetylated at K14 (Kgq=23.3 uM).
The structural mechanism for acetylated lysine rec-
ognition is quite similar to that of DPF3b, with an
analogous hydrophobic pocket. However, DPF3b uti-
lizes D263 and R289 to hydrogen bond with the car-
bonyl and amide moieties of the modification while
MOZ uses S210 and N235. The mutations S210D
and N235R maintain H3K14ac binding, reinforcing
the conserved mechanism. However, there are some
global changes in structure with functional conse-
quences. The loop that precedes the first B strand of
the MOZ PHD2 is longer than the analogous loop in
DPF3b PHD2, which makes it possible to bind
H3K4me3 (Kyq=286.5 pM). In follow up to their
structural studies, Qiu et al. were able to demon-
strate MOZ recruitment to the HOXA9 promoter,
and not the HOXB1, HOXC5, and HOXD12 pro-
moters. Introduction of point mutations S210A and
D282A, which abolished histone binding, was able to
significantly reduce promoter localization of MOZ.
Also, the mutants reduced H3K14 acetylation at the
HOXA9 promoter and HOXA9 mRNA levels approxi-
mately two-fold, indicating that the tandem PHD
fingers are important for targeting of MOZ acetyl-
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transferase activity. This result may explain aber-
rant targeting of MOZ fusion proteins to important
hematopoietic regulators in AML.

NSD family (PHD-C5HCH)

Another recent study®® found that the NSD (nuclear
receptor SET domain-containing) family of H3K36me2
methyltransferases contains tandem C-terminal PHD-
C5HCH domains. The three family members, NSD1,
NSD2 (also known as MMSET), and NSD3 (also
known as WHSC1L1) contain five PHD domains and
it is this fifth domain that forms a tandem module
with the C5HCH domain, which is a PHD-like
domain. The NSD3 tandem domain is able to simulta-
neously bind H3K4me0 and K3K9me3 (K4 = 290 pM).
Interestingly, the NSD2 tandem domain shows a pref-
erence for unmodified H3, whereas the NSD1 tandem
domain did not show binding to histones at all. While
the proteins are quite homologous,® they are impli-
cated in different diseases. Mutations in NSD1 cause
Sotos syndrome,?” overexpression of NSD2 by the
t(4;14) translocation is the cause for 15% of multiple
myelomas,*® and both NSD1 and NSD3 can be fused
to NUP98 to cause AML.?%* Future studies will
reveal whether differential targeting of the tandem
PHD-C5HCH domain contributes to their varying dis-
ease phenotypes. Development of small molecules to
target these domains may allow selective modulation
of methyltransferase activity within the NSD family.

Chd1 (Chromodomain-chromodomain)

While the aforementioned examples illustrated the
ability of tandem domains to bind multiple marks on
histone tails, there are numerous examples in which
tandem domains cooperate to bind a single mark. In
addition to the PHD finger, a homologous sequence
was found in the D. melanogaster heterochromatin
protein-1 (HP-1) and Polycomb, termed the chroma-
tin organization modifier domain, or chromodomain,
that is capable of binding methyl-lysine. A tandem
chromodomain is present in CHDI1, part of the
chromo helicase DNA-binding (CHD) proteins, which
regulate ATP-dependent nucleosome assembly. The
tandem chromodomains in human CHD1 cooperate
to bind a single H3K4me3 mark (Kq=5 puM).*! The
crystal structure shows that both chromodomains
join to make a continuous surface, with the H3 bind-
ing site occurring at an acidic surface bridging the
two domains.

Simultaneous Readout by Different Domains

Trim24 (PHD-bromodomain)

While the same structural domains occur as repeats
as in the above examples, there are many instances
in which different domains are combined in tandem.
An important example of this in which cooperative
binding occurs is the tandem C-terminal PHD-
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bromodomain segment of TRIM24 (also called TIF-
la). TRIM24 is part of the TRIM/RBCC protein fam-
ily, which is characterized by an N-terminal tripar-
tite motif composed of a RING domain, B-box zinc
fingers, and a coiled-coil region. These proteins also
contain variable C-terminal domains, including tan-
dem PHD-bromodomains.*? A recent structure—func-
tion study showed that the TRIM24 PHD finger
targets unmodified H3K4me0O, with similar struc-
tural characteristics to BHC80.*> The bromodomain
binds to multiple H3 or H4 acetyllysine residues,
with strongest affinity for H3K23ac. Isothermal
titration calorimetry (ITC)-based binding assays
showed that the PHD-Bromo tandem bound H3(1-
15)K4me0 with a K4 of 8.6 M and H3(13-23)K23ac
with a K4 of 8.8 puM. Structural analysis showed
that the H3K4 and H3K23ac peptides aligned in the
same direction on the surface of the molecule when
bound, suggesting that the tandem domains may be
able to bind both peptides at the same time. Also,
the distance between the Ca of H3K4 and H3K23
and the distance between the binding pockets on the
domains is ~30 Angstroms. In agreement, ITC stud-
ies showed binding to H3(1-33)K4K23ac peptide
showed 90-fold higher affinity (Kq=0.096 uM) as
compared to binding to H3(1-15)K4 and H3(13-
32)K23ac. While the structural study showed tan-
dem binding to the H3K4me0 and acetylated lysine
marks, there is no common interpretation for the
presence of these marks in chromatin biology. How-
ever, there is a precedent in the co-regulation of ER-
a by TRIM24, as interactions between the protein
and nuclear receptors are ligand-dependent and
because ligand-activated estrogen response elements
(EREs) are independent of H3K4 methylation.*46
Chromation immunoprecipitation (ChIP) showed, in
agreement with structural studies, that TRIM24
interacts with ERa and chromatin lacking H3K4
methylation, but enriched for lysine acetylation in
response to estrogen in MCF7 breast cancer cells.
Depletion of TRIM24 by shRNA in tumor-derived
breast cancer cells led to reduced survival and prolif-
eration. In correlation, overexpression of TRIM24 in
tissue samples from a non-metastatic breast cancer
cohort correlated with poor patient survival, inde-
pendent of ER status.?® In addition to this study, it
was found that TRIM24 is a target of chromosomal
translocation to form an oncogenic fusion protein in
acute promyelocytic leukemia,’” papillary thyroid
carcinoma,*® and myeloproliferative syndrome.*?
This example illustrates the importance that study-
ing tandem domains can have in discovery of novel
epigenetic therapeutics.? 52

Trim33 (PHD-bromodomain)

Another member of the TRIM family, TRIM33, is a
Smad-binding protein also with a C-terminal tan-
dem PHD-bromodomain. A recent study implicated
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its histone readout capabilities in switching of mas-
ter regulators of stem cell differentiation from poised
to active states.®® It was previously found that
TRIM33-deficient mice die early in development,
with impairments in mesoderm formation and phe-
notypes suggestive of misregulated nodal (part of
the TGF-B family) signaling.’* Furthermore, condi-
tional deletion of TRIM33 in premalignant pancre-
atic progenitor cells yields a similar phenotype to
that of SMAD4 knockout, implicating it in TGF-B
family signaling.?®®® A recent study described the
role of TRIM33 histone binding in nodal-dependent
activation of the master regulator genes GSC and
MIXL1.% Xi et al. discovered that nodal signaling in
embryoid bodies promoted formation of a TRIM33-
Smad2/3 complex, which is targeted to the GSC and
MIXL1 promoters to facilitate mesendoderm forma-
tion. They were also able to resolve the structural
basis for this promoter localization. The tandem
PHD-bromodomain recognizes H3K4meO and
H3K9me3 (through the PHD finger) and H3K18ac
(through the bromodomain). The tandem domains
were able to bind the H3K9me3K18ac dual peptide
mark with greater affinity (K3 =0.06 uM) than the
sum of the affinities of the individual H3K9me3
mark (K3 =0.20 uM) and H3K18ac mark (K4=0.21
uM), indicating a greater combinatorial effect in his-
tone binding. Interestingly, the classical asparagine
in the binding pocket of most bromodomains, which
typically engages in hydrogen bonding with the ace-
tyllysine, as in TRIMZ24, does not do so in TRIM33
as it is 8.2 Angstroms away. In functional agreement
with their structural studies, TRIM33 was co-
localized with H3K9me3 and H3K18ac at the GSC
and MIXL1 promoters by ChIP-qPCR. Mononucleo-
some ChIP also showed that the modifications were
present on the same nucleosomes. Regions rich in
H3K9me3 are typically bound by the HP1 pro-
teins,®” mediated by their chromodomains.®!? This
is thought to mediate condensation into heterochro-
matin.?® Xi et al. found that TRIM33 could outcom-
pete HP1ly on peptides with both H3K9me3 and
H3K18ac, but not H3K9me3 alone. Based on their
structural and functional analysis, the authors posit
that the GSC and MIXLI loci are in a poised
state with bound HP1vy prior to nodal activation.
After activation by nodal, TRIM33 is able to cooper-
ate with Smad2/3 to boot off HP1y, bind to the
GSC and MIXL1 promoters, and recruit HATs to
promote gene activation and subsequently, cellular
differentiation.

Uhrf1 (tandem Tudor-PHD)

There is also crosstalk between modes of epigenetic
regulation, such as DNA methylation and histone
modification. The nuclear protein, Ubiquitin-like
with PHD and RING finger domains 1 (UHRF1),
also known as ICB90 and NP95 in mouse, is a
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multi-domain protein that is required for the main-
tenance of CpG DNA methylation.?® It contains an
SRA domain, which binds hemimethylated DNA,° a
tandem tudor domain (TTD), which mediates recog-
nition of H3K9me3,51¢? and a PHD finger, which
reads the unmodified N-terminal portion of the H3
tail.®*%% The TTD is only separated from the PHD
finger domain by 15 residues and so structures were
solved of the domains in tandem.®®%” The TTD-PHD
linker was found to bind between the two Tudor
domains and the PHD domain was able to combina-
torially enhance TTD binding to H3K9me3 ~6 fold.
Interestingly, based on the structure of the TTD-
PHD in complex with H3, it was thought that the
isolated TTD-H3K9me3 structure had an incorrect
mode of N-terminal H3 recognition because the iso-
lated structure showed binding of the N-terminal H3
in the same location as the TTD-PHD linker. How-
ever, a new study shows that there is dynamic inter-
play between the TTD-PHD and the linker between
the SRA and RING domains.®® In this study, a poly-
basic region (PBR) between the SRA and RING
domains can bind in between the two Tudor
domains, displacing the TTD-PHD linker and block-
ing TTD function. Binding of phosphatidylinositol-5-
phosphate (PI5P) to the PBR can relieve this block
and allow the TTD to bind H3K9me3. When the
TTD is blocked, the PHD finger is free to bind to the
unmodified N-terminal H3 tail. This study addresses
why UHRF1 may localize to pericentromeric hetero-
chromatin® as well as have a role in gene repres-
sion in euchromatic regions.”® Structural studies on
the full-length protein will elucidate the roles that
the multiple domains and linker regions have in
gene regulation.

Zmynd11 (PHD-Bromodomain-PWWRP)

In addition to the canonical set of histone proteins,
there exist histone variants. H3 can exist as multi-
ple variants, including H3.1, H3.2, and H3.3.7%"2 A
recent study by Wen et al. demonstrated the effect
of selective binding of a histone reader to histone
variant H3.37%. They found that ZMYND11, a candi-
date tumor suppressor, specifically recognizes
H3K36me3 on H3.3, a specific mark of transcrip-
tional elongation. ZMYND11, also known as BS69,
can act as a co-repressor of E1A and transcription
factors such as c-Myb and ETS-2. It contains multi-
ple histone reader modules, such as a PHD finger, a
bromodomain, and a PWWP domain. Wen et al.
found specific binding of the bromodomain-PWWP
module to H3.3K36me3 peptides (Kq=56 pM). This
was a gain of affinity of ~8 fold as compared to bind-
ing to H3.1K36me3 peptides (Kq=431 pM). The
crystal structure of the ZMYNDI11 bromodomain-
PWWP module elucidated a previously uncharacter-
ized zinc-finger in between the two domains [Fig.
2(A)]. The bromodomain was found to vary from typ-
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ical bromodomains, and several structural features
suggest it may not bind to acetylated lysine. The his-
tone variant H3.3 contains a serine at position 31
(S31), whereas H3.1 has A31. Residues from the bro-
modomain, zinc finger, and PWWP domain, all con-
tribute to recognition of the motif centered at S31,
illustrating integrated recognition of H3.3 by the
three domains. In agreement with biochemical and
structural studies, ZMYND11 was predominantly
found throughout gene bodies and co-localized to
H3.3 and H3K36me3 by ChIP-seq. Binding of
ZMYND11 was also drastically reduced upon knock-
down of SETD2, the major H3K36me3 methyltrans-
ferase. ZMYND11 was found to be both a repressor
and activator, but a specific repressor of oncogenes,
as seen by RNA-seq on ZMYNDI11 depleted cells.
Accordingly, RNA Polymerase II (Pol II) was found
to be increased at the 3’ end of ZMYND11-repressed
genes in ZMYND11 depleted cells, suggesting that
ZMYND11 may repress its target genes by restrict-
ing elongation by Pol II. Furthermore, a recent func-
tional study showed that ZMYND11 interacts with
regulators of RNA splicing, including EFTUD2. By
antagonizing EFTUD2 through physical interaction,
ZMYND11 can promote intron retention, connecting
H3.3K36 methylation to RNA splicing events.”

Zmynd8 (PHD-Bromodomain-PWWP)
Interestingly, the crystal structure of the tandem
PHD finger, bromodomain, and PWWP domain for
the related ZMYNDS8 (also known as Prkcbpl) was
also recently solved (PDB ID 4COS). This structure
differs from that of the solved ZMYND11 structures
due to the presence of the PHD finger, which makes
contacts with «AZ and oB of the bromodomain. The
PHD does not have the canonical aromatic cage of
H3K4me3 binding PHD fingers [Fig. 2(C)]. However,
it may contain a combination of hydrophobic and
acidic residues that are characteristic of
unmethylated-lysine binding PHD fingers, such as
TRIM24 and BHC80, which bind H3K4me0. Wen
et al. did not see binding of a PHD-containing con-
struct to unmodified H3 peptides, which may indi-
cate another level of recognition, or perhaps binding
to another substrate.

BPTF (PHD-bromodomain)

All of the previous examples have focused on recog-
nition of multiple post-translational marks on the
same histone tail. Are there units of recognition that
extend beyond a single tail with interesting cellular
outputs? A recent study sought to answer this ques-
tion by investigating the tandem PHD-bromodomain
of BPTF, part of NURF, an ISWI-containing ATP-
dependent chromatin remodeling complex.”> BPTF
is an important part of NURF, essential for regulat-
ing chromatin structure during development.”® Pre-
vious structural work determined that the PHD

Partners in Crime



ZMYND11

MYND

B
p300
NRID TAZ1 KIX _ HAT é E TAZ2 IBiD
Bror
C
v v

hBPTF -LYC-ICKTPYDESKFYIGCDRCQN GRCVGILQSEAELIDEYVCPQCQSTEDA-
hBHC80 EDFCSVC----RKSGQLLMCDTCSR! LDCLDPPLK-TIPKGMWICPRCQDQMLKK
hTRIM24 EDWCAVC----QNGGELLCCEKCPKVFHLSCHVPTLT-NFPSGEWICTFCRDLSKPE
hzMYND8 -FYCWVC----HREGQVLCCELCPRVYHAKCLRLT---SEPEGDWFCPECEKITV--
mzZMYND11 --YCFEC----HLPGEVLICDLCFR! SKCLSDEFRLRDSSSHWQCPVCRSIKKK-
hCBP -QFEKKKNDTLD-PEPFVDCKECGRKMAQICVLHYD--IIWPSGFVCDNCLKKTGR-
hp300 -QFSKRKNDTLD-PELFVECTECGRKMHAQICVLHHE--IIWPAGFVCDGCLKKSAR-

Figure 2. Structural studies reveal hidden zinc fingers in between tandem modules. (A) Top: Domain architecture of full-length
ZMYND11. Bottom: Shown are the tandem bromodomain (red), zinc finger (purple), and PWWP (green) domains of ZMYND11.
The histone H3 tail is shown in yellow. Visible in the left panel is the recognition of histone H3.3 specific residue S31 (H3.3S31).
Recognition of this residue imparts the H3.3 specific binding of ZMYND11. The panel on the right illustrates binding of
H3.3K36me3 by the “aromatic cage” of the PWWP domain. The “aromatic cage” is visible as mesh-covered sticks and
H3.3K36me3 is visible as yellow sticks. (B) Top: Domain architecture of full-length p300. Bottom: Shown is the tandem bromo-
domain (red), RING (blue), PHD (green), and HAT (brown) module of P300. The RING domain inserts into the PHD domain. The
PHD domain regulates catalytic activity of the adjacent HAT domain. (C) Sequence alignment shows that the PHD fingers of
ZMYND8 and ZMYND11 have similar features to the H3K4me0 binding TRIM24 and BHC80 rather than the H3K4me3 binding
BPTF. CBP and p300 lack the determinants for canonical H3K4 recognition. The zinc chelating cysteines are highlighted in yel-
low, the zinc chelating histidine is highlighted in red, the binding pocket residues are highlighted in blue and indicated with an
arrow.

finger of BPTF preferentially bound to H3K4me3
(Kq ~ 2.7 uM), while the targets of the bromodomain
were unknown.”” Ruthenburg et al. determined that
the bromodomain showed binding to H4Kl12ac,
H4K16ac, and H4K20ac by ITC.”> Furthermore,
they found that a binding enhancement by bivalent
targeting only for H3K4me3 in combination with
H4K16ac and not H3K12ac, despite the promiscuity
of the bromodomain determined by ITC. They found
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that the tandem domain pair was able to bind the
two marks simultaneously in an intra-nucleosomal
context, but not an inter-nucleosomal context
[Fig. 1(B)]. In accordance with biophysical studies,
ChIP experiments showed that BPTF co-localized
with H3K4me3 and H4K16ac at the HOXA9 gene
locus in HEK293 cells. To detect whether the
co-occurrence of these marks occurred in cells,
mononucleosomes were isolated by sucrose-gradient
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fractionation of MNase fragmented chromatin from
HEK293 nuclei. The simultaneous presence of
H3K4me3 and H4K16ac was indeed confirmed. Pull-
downs with these purified mononucleosomes con-
firmed binding to BPTF as well, with no detectable
binding to H3K12ac.”

Atypical Functions for Tandem Domains

Trim28 (PHD-bromodomain)

BPTF and TRIM24 both contain tandem PHD fin-
gers and bromodomains that independently recog-
nize histone modifications and provide higher order
recognition of histone modifications. There are other
functions, however, for PHD fingers and bromodo-
mains in tandem that are independent of histone
tail reading functions. The protein KAP1 (TIF-1B,
TRIM28) is a corepressor for the KRAB domain-
containing zinc finger proteins, a family of transcrip-
tional silencers. Similar to TRIM24, its N-terminal
RING domain, B-box zinc fingers, and coiled-coil
domains are responsible for KRAB domain bind-
ing.”® The C-terminal HP1-binding domain and tan-
dem PHD-bromodomain are required for gene
silencing. The tandem PHD-bromodomain is respon-
sible for the recruitment of the H3K9 histone meth-
yltransferase (HMTase) SETDB1 and NuRD protein
CHD3 to the promoters of KRAB regulated
genes.”>® Ivanov et al. found that the PHD domain
of KAP1 acts in a similar way to the RING finger of
the PIAS small ubiquitin-like modifier (SUMO) E3
ligases.®! This leads to intra-molecular SUMOyla-
tion and subsequently, KRAB-KAP1-mediated gene
repression. A structure—function study showed that
the tandem PHD-bromodomain adopted a different
structure from that of BPTF, in which the tandem
domains are connected by a rigid-three turn a-helix,
separating the domains by ~20 angstroms.5? Despite
conservation of their individual structural folds, the
PHD finger and bromodomain are not able to bind
methyl-lysine and acetyl-lysine, respectively. The
conserved tyrosine/asparagine pair present in bro-
modomain binding sites has been substituted by leu-
cine/threonine, possessing drastically different
properties.’2 While most bromodomains contain an
amphipathic helix az, the corresponding region in
KAP1 contains a stretch of hydrophobic amino acids
that form the anchor for the tandem domain inter-
face. Analysis of the tandem domain and its interac-
tion with the E2 ligase UBC9 by 'H-!*N HSQC
NMR showed major chemical shift perturbations
localized to the tandem domain interface, indicating
sites of UBCY binding.?? Binding of UBC9 to the
tandem domains led to autoSUMOylation on the
bromodomain, where the major modification sites,
K779 and K804, are located. ChIP studies showed
that KAP1 binding led to a recruitment of SETDB1
and an increase in H3K9me3, a heterochromatin

1354 PROTEINSCIENCE.ORG

mark, in the promoter region of a reporter gene.
Recruitment of SETDB1 was abrogated with trans-
fection of lysine mutants, which were not capable of
being SUMOylated.5!

MiII1 (PHD-bromodomain)

Another example in which loss of histone reading
capabilities by a tandem domain has led to alterna-
tive functionality is MLL1, mixed lineage leukemia
1. MLL1 is essential for embryonic development and
hematopoiesis Rearrangement of MLLI, located on
chromosome 11¢23, is responsible for a variety of
leukemias, including acute lymphoblastic leukemia
(ALL) and acute myelogenous leukemia (AML).84%5
In fact, the most frequent translocations in ALL are
t(4;11) and t(11;19), associated with expression of
MLL-AF4 and MLL-ENL, respectively, and a pro-B
cell or mixed lineage phenotype.?® The protein is a
member of the trithorax group of chromatin modi-
fiers that antagonize the polycomb group of proteins
to regulate gene expression in development.®%87 It
contains a C-terminal H3K4 HKMTase SET domain
as well as a tandem PHD-bromodomain and FYRN
and FYRC domains.?® A recent study, which solved
the structure of the PHD-bromodomain segment,
showed that the two domains form an integrated
structure, unlike seen in BPTF.?° Notably, the linker
segment between the domains contained a proline
(P1629) in the cis position, facilitating a compact,
globular fold between the two domains with the aZ
helix of the bromodomain anchoring the interaction.
Despite the structural similarities to KAP1, how-
ever, the PHD finger showed binding to H3K4me3
(Kg=4.3 M) and H3K4me2 (Kq=6.9 uM). The
PHD finger alone showed much weaker binding to
the histone marks as compared to the tandem
domains. The bromodomain, in similar fashion to
KAP1, was unable to bind acetylated histone pep-
tides, perhaps due to the substitution of the con-
served asparagine in the binding pocket to
aspartate. It was previously found that the PHD fin-
ger adjacent to the bromodomain specifically inter-
acts with the suppressor protein CyP33, a
cyclophilin containing an N-terminal RNA recogni-
tion motif (RRM) and C-terminal peptidyl prolyl
isomerase (PPIase) domain, and accordingly leads to
an increase in HDAC1 binding to the MLL1 repres-
sion domain.?®®! Wang et al. found an interaction
between the Cyp33 RRM domain and the MLL1 tan-
dem PHD-bromodomain, but only in the presence of
the CyP33 PPlase domain. Further studies showed
that the PPlase domain facilitated a cis-trans isom-
erization of P1629 of MLL1, uncovering an interac-
tion surface on the PHD domain for interaction with
CyP33 RRM. The PHD domain was simultaneously
able to bind RRM and H3K4me2/3. In agreement
with structural studies, ChiP with anti-acetyl H3
antibodies showed a decrease in acetylation at
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HOXA9 and HOXCS8, known MLL1 targets, when
wild-type CyP33 was expressed in 293T cells. How-
ever, transfection with mutant CyP33, that showed
no interaction with MLL1, showed no decrease in
acetylation. This is perhaps due to the diminished
Cyp33 dependent recruitment of HDAC1 to MLL
target genes.89

P300/CBP (Bromodomain-RING-PHD)

CBP and p300 are a pair of closely related HATSs
that are crucial for coactivation of a number of
genes.”? They are large, multi-modular proteins that
contain several defined domains, including the bro-
modomain, PHD finger, CH1 (Tazl), KIX, CH3 (ZZ-
Taz2), and HAT domains.”®> The HAT domain,
responsible for HAT activity, is flanked by the bro-
modomain and PHD finger. A recent study identified
the structure of the bromodomain-PHD finger-HAT
tandem module from p300,°® while another identi-
fied the bromodomain-PHD finger from CBP.®* The
crystal structure of p300 revealed a discontinuous
PHD finger, in which a RING domain was inserted
just after the bromodomain [Fig. 2(B)], which the
CBP structure was able to confirm. The bromodo-
main, RING domain, PHD finger, and HAT domain
form a compact unit in which the RING domain dis-
plays contact with the HAT substrate-binding site.
Mutations and deletions of the RING and PHD fin-
gers lead to increased HAT autoacetylation and p53
acetylation, indicating a negative regulatory role for
these domains on HAT activity. Furthermore, muta-
tions present in Rubenstein-Taybi syndrome, a
developmental condition that leads to learning diffi-
culties and unusual facial features, lead to retention
of HAT activity but increased autoacetylation as
well.939596  Interestingly, both structural studies
could not find a histone binding partner for the
PHD finger, despite extensive experiments with pep-
tide arrays and NMR titration experiments. This is
perhaps due to the absence of key aromatic residues
that are present in the binding pocket of PHD fin-
gers that interact with a histone substrate [Fig.
2(C)]. The PHD finger may instead play a structural
and regulatory role in histone acetylation and HAT
autoacetylation. It cannot be ruled out, however,
that the PHD finger has an as-of-yet unidentified
non-histone binding partner.

Future Work

While our understanding of the recognition of single
and double marks has greatly improved, our knowl-
edge of how more than two marks function in con-
trol of gene transcription in chromatin is limited.
For example, simultaneous readers of enhancer
marks (H3K4mel/2 and H3K27ac/me3) and bivalent
promoter marks (H3K4me3/H3K27me3), have yet to
be uncovered.®”*® Moving forward, it will be neces-
sary to look at the structure and function of
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complexes that contain more than two consecutive
domains to uncover these functions. For example,
the trithorax family protein, ASH1L, has a region
with a consecutive bromodomain, PHD finger, and
bromodomain adjacent homology (BAH) domain,
found to bind HDAC1.%® The leukocyte specific pro-
tein, SP140L, is important in pathogenesis of acute
promyelocytic leukemia (APL) and viral infection
and contains a region with consecutive SAND
domain, PHD finger, and bromodomain.'®® These
two proteins also lack the conserved asparagine resi-
due found to be essential for acetyl-lysine binding in
most bromodomains, suggesting novel functions as
performed by KAP1 and MLLI1.

Structural biology, in combination with cell biol-
ogy, has greatly increased our understanding of how
epigenetics impacts normal and pathologic cell func-
tion. By understanding the molecular mechanisms
by which histones are modified and recognized, we
can begin to develop smart epigenetic therapies to
target changes in pathologic protein function, such
as the way the kinase field was revolutionized with
the discovery of the ber-abl specific imatinib to treat
chronic myelogenous leukemia (CML).!°! Recently,
specific inhibitors of bromodomains were found for
cancer therapy and male contraception.!’%% We
are pursuing further studies of consecutive domain
function and hope to apply this knowledge to
rational drug design for epigenetic dysfunction in
human disease.
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