1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2019 April 24.

-, HHS Public Access
«

Published in final edited form as:
Crit Rev Biochem Mol Biol. 2019 February ; 54(1): 1-10. doi:10.1080/10409238.2018.1564730.

The ZZ domain as a new epigenetic reader and a degradation
signal sensor

Yi Zhang®*, Wenyi Mi®*, Yongming Xue®", Xiaobing ShiP, and Tatiana G. Kutateladze?
aDepartment of Pharmacology, University of Colorado School of Medicine, Aurora, CO, USA

bCenter for Epigenetics Van Andel Research Institute, Grand Rapids, MI, USA

¢Genetics and Epigenetics Graduate Program, The University of Texas MD Anderson Cancer
Center UTHealth Graduate School of Biomedical Sciences, Houston, TX, USA

Abstract

Although relatively small in size, the ZZ-type zinc finger (ZZ) domain is a versatile signaling
module that is implicated in a diverse set of cell signaling events. Here, we highlight the most
recent studies focused on the ZZ domain function as a histone reader and a sensor of protein
degradation signals. We review and compare the molecular and structural mechanisms underlying
targeting the amino-terminal sequences of histone H3 and arginylated substrates by the ZZ
domain. We also discuss the ZZ domain sensitivity to histone PTMs and summarize biological
outcomes associated with the recognition of histone and non-histone ligands by the ZZ domain-
containing proteins and complexes.
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Introduction

Recognition of epigenetic marks or post-translational modifications (PTMSs) in histones by
protein domains, known as readers, is required for a broad range of cellular events. Binding
of readers to their cognate histone PTMs helps to define the place and timing for where the
host proteins are recruited or stabilized within the genome (Strahl and Allis 2000; Jenuwein
and Allis 2001; Kouzarides 2007). In the past two decades, a gigantic effort was put forth to
characterize the biological outcomes associated with “reading” the epigenetic marks and
identify new histone readers and novel sites and types of PTMs. Among numerous PTMs
identified by mass spectrometry and biochemical analyses, acetylation (or acylation in
general) of lysine residues, methylation of lysine and arginine residues, and phosphorylation
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of serine and threonine residues are the most common (Huang et al. 2015). Acetylation and
phosphorylation of histones are generally associated with gene activation and cell growth,
whereas methylation is linked to either gene activation or repression, depending on which
lysine or arginine residue is being modified.

The first reader of acetyllysine PTM, bromodomain (BD), was discovered in 1999 (Dhalluin
et al. 1999), followed by the finding of the methyllysine-recognizing modules,
chromodomain (CD) (Bannister et al. 2001; Jacobs and Khorasanizadeh 2002; Nielsen et al.
2002) and then a plant homeodomain (PHD) finger (Li et al. 2006; Pefia et al. 2006; Shi et
al. 2006; Wysocka et al. 2006). The family of epigenetic readers is growing fast and
currently contains ~30 members that target unmodified histone tails or histone PTMs either
specifically or promiscuously and modulate chromatin function, structure and dynamics
(Taverna et al. 2007; Kutateladze 2011; Musselman et al. 2012; Andrews et al. 2016). The
most recent addition to the family of epigenetic readers is the ZZ-type zinc finger (Z22)
domain that has been found to recognize unmodified and acetylated histone H3 tail (Mi et al.
2018; Zhang, Xue, et al. 2018), and some associate with nonhistone substrates.

In this work, we review the molecular and structural mechanisms underlying functioning of
the ZZ domain as a histone reader and a sensor of protein degradation signals. We discuss
the ZZ domain sensitivity to histone PTMs and summarize functional consequences
associated with targeting histone and nonhistone ligands by the ZZ domain and its ability to
facilitate diverse biological processes.

ZZ domain-containing proteins

Originally identified in dystrophin and its homologs through the sequence alignment
(Ponting et al. 1996), the ZZ domain—named after its ability to bind two zinc ions—was
found in a set of ~20 eukaryotic proteins. These proteins are implicated in various cellular
processes, ranging from transcriptional regulation, chromatin remodeling and ubiquitination
to cytoskeletal signaling and autophagy. For example, CBP and p300 are well-established
transcriptional co-activators and major histone acetyltransferases (HATS), whereas
cytoplasmic polyadenylation element-binding protein 1 (CPEB1) regulates mMRNA
polyadenylation and translation (Goodman and Smolik 2000; Richter 2007). Other ZZ
domain-harboring proteins, ZZ-type zinc finger-containing protein 3 (ZZZ3) and
transcriptional adapter 2-alpha/beta (TADA2a/b), are native components of the general
control nonderepressible 5 (GCN5)-containing complexes that also acetylate histones (Wang
YL et al. 2008; Wang and Dent 2014). The E3 ubiquitin-protein ligases Mib1/2 and HERC?2
promote ubiquitination during Notch signaling and in response to DNA damage (Itoh et al.
2003; Danielsen et al. 2012). Dystrophin and related homologs are essential in connecting
cytoskeleton with the surrounding extracellular matrix (Constantin 2014). Next to BRCA1
gene 1 protein (NBR1) and sequestosome-1 (SQSTM1/p62) are cargo receptors required for
selective autophagy and degradation of protein aggregates (Kirkin et al. 2009; Moscat and
Diaz-Meco 2009).

Recent studies have illumined the diverse activities of the ZZ domain itself (Figure 1). Pull-
down assays using 16 ZZ domains derived from 15 human proteins reveal that nine ZZ
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domains are capable of binding to histone H3 tail (Mi et al. 2018). Specifically, the ZZ
domain of p300 was shown to recognize unmodified histone H3, whereas the ZZ domain of
2773 selects for the histone H3 tail acetylated on lysine 4 (H3K4ac) (Mi et al. 2018; Zhang,
Xue, et al. 2018). The ZZ domain of HERC2 was defined as a SUMO binding module that
promotes protein interactions and SUMOylation (Danielsen et al. 2012). While in Mib1 the
ZZ domain plays a scaffolding role, the ZZ domain of yeast transcriptional adapter 2 (Ada2)
associates with the N-terminal extension of the GCN5 HAT domain, and the ZZ domain of
CPEB1 was suggested to interact with proteins and/or RNA (Afroz et al. 2014; McMillan et
al. 2015; Sun et al. 2018). In addition to their roles in cellular processes occurred in the
nucleus, some ZZ domains are essential in cytoplasmic signaling. In particular, recognition
of N-terminally arginylated substrates by the ZZ domain of p62 has been shown to mediate
selective autophagy (Cha-Molstad et al. 2015, 2017, 2018; Kwon et al. 2018; Zhang, Mun,
et al. 2018).

The ZZ domain is comprised of 250 amino acids and topologically belongs to a large family
of RING fingers that also includes other zinc fingers, such as the PHD finger and the FYVE
domain (Joazeiro and Weissman 2000; Kutateladze 2006; Musselman and Kutateladze
2011). Although all RING fingers contain two clusters of cysteine/histidine residues that
coordinate two zinc ions in a cross-braced manner, these modules have distinctly different
biological functions and ligands which vary from proteins to RNA to phospholipids. Below,
we review and compare the structure-function relationship within a subset of ZZ domains
that specifically target the N-terminal sequences of histone H3 tail and arginylated
substrates.

The ZZ domain of p300 binds to unmodified H3

P300 is involved in a number of vital signaling pathways that mediate cell proliferation,
apoptosis and DNA repair and is associated with many human diseases (Goodman and
Smolik 2000; Bedford et al. 2010; Dancy and Cole 2015). p300 has intrinsic HAT activity
which markedly impacts chromatin structure and stimulates expression of specific genes.
The central region of p300 contains a combination of closely linked bromodomain, a RING
finger, a PHD finger and the catalytic HAT domain, followed by the ZZ domain of unclear
function.

Using histone peptides containing various PTMs in immunoprecipitation and NMR assays,
Zhang et al. have recently shown that the ZZ domain of p300 binds to the N-terminus of
histone H3, and acetylation or methylation of H3K4 does not affect this interaction (Zhang,
Xue, et al. 2018). A 9 uM binding affinity of the p300 ZZ domain to the unmodified H3
peptide, which is in the range of binding affinities of other histone-recognizing modules,
further confirms that this domain is a novel epigenetic reader (Taverna et al. 2007;
Musselman et al. 2012; Andrews et al. 2016). The crystal structure of the p300 ZZ domain-
H3 complex reveals a unique H3-binding mechanism that differs from the binding
mechanisms of other known H3-specific readers (Zhang, Xue, et al. 2018). The N-terminal
residues of histone H3, Alal-GIn5, make extensive intermolecular contacts with the ZZ
domain, pairing with the B1-stand of the ZZ domain (Figure 2(a)). Alal of H3 occupies a
highly negatively charged binding site, whereas Lys4 is sandwiched between the aromatic
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ring of phenylalanine and the negatively charged carboxylic group of aspartate, which forms
a salt bridge with the ammonium group of Lys4. Such an arrangement most likely accounts
for the indifference of the p300 ZZ domain toward acetylation or methylation of H3K4,
which would augment cation-r and hydrophobic interactions with the phenylalanine but
reduce the electrostatic contact with the aspartate.

Most of histone readers recruit or stabilize their host proteins at specific chromatin regions,
and the ZZ domain is not an exception. The robust association of the p300 fragment
containing bromodomain, the RING and PHD fingers, the HAT domain and the ZZ domain
(hereafter referred to as BRPHZ) with chromatin is shown to depend on concurrent
interactions of the ZZ domain with H3 and of bromodomain with acetylated histones
(Zhang, Xue, et al. 2018). Importantly, the H3-binding function of the ZZ domain is found
to be vital for p300 to specifically acetylate H3K18 and H3K27 sites /n7 vitroand in vivo.
Mutation of the ZZ residues essential for binding to H3 drastically reduces the HAT activity
of p300 BRPHZ on H3K27 and H3K18 but does not affect acetylation of other histone sites,
such as H3K4 and H3K®9. In contrast, mutation that disrupts acetyllysine binding of
bromodomain results in a reduction of acetylation at all sites, with acetylation of H4 being
most notably impeded. These observations lead to the conclusion that while acetylation of
histones, H4 in particular, by p300 necessities the acetyllysine binding function of BD,
specific acetylation of H3K18 and H3K27 (Jin et al. 2011; Tang et al. 2013) depends on the
H3-binding activity of the ZZ domain (Figure 2(b)) (Zhang, Xue, et al. 2018).

Why does the recognition of H3 by the ZZ domain direct the p300 HAT activity toward
H3K18 and H3K27? Considering that the ZZ domain and the catalytic HAT domain in p300
are only about two amino acids apart, Zhang et al. hypothesized that the ZZ domain acts as a
ruler that limits the availability of histone H3 lysine residues to be primed in the active site
of the HAT domain (Zhang, Xue, et al. 2018). A model of the BRPHZ:H3 complex
generated using the simulated annealing method and the crystal structures of p300 BRPH
(Delvecchio et al. 2013) and H3-ZZ reveals a ~38 A distance between the H3A1-binding site
of the ZZ domain and the catalytic site in the HAT domain (Zhang, Xue, et al. 2018). This
distance is too long for Lys9 or Lys14 of H3 to occupy the active site of the HAT domain
and thus be acetylated /n ¢/s when the N-terminus of H3 is locked through the interaction
with the ZZ domain; however, other lysine residues (K18, K23, K27) in the H3 tail can reach
the active site. We note that the ZZ-dependent HAT activity of p300 on the H3K23 site has
not been tested, and therefore, it will be interesting to explore this idea. In support, the p300
region containing both the HAT and ZZ domains indeed binds to a long histone H3 peptide
(residues 1-31 of H3) substantially stronger than either the isolated HAT domain or the
isolated ZZ domain bind to the same peptide, demonstrating a cooperative binding of the
natively linked HAT-ZZ domains and an /77 ¢is H3-binding mechanism.

Given the critical regulatory role of the ZZ domain in chromatin binding and HAT activity of
p300, this reader could be a new target for therapeutic applications, as p300 and its paralog
CBP are linked to a number of human diseases. Heterozygous mutations/deletions of CBF/
p300 cause Rubinstein-Taybi syndrome, a genetic disorder characterized by mental
retardation (Petrij et al. 1995; Solomon et al. 2015). P300/CBP are among the most
frequently mutated genes in human cancers and are often mutated in B-cell lymphoma
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(Morin et al. 2011; Pasqualucci et al. 2011; Haery et al. 2014) and microsatellite instability
colon cancer (Gayther et al. 2000; lonov et al. 2004). High expression of p300/CBP is
correlated with poor prognosis in prostate cancer (Debes et al. 2003), hepatocellular
carcinomas (Yokomizo et al. 2011) and lung cancers (Hou et al. 2012; Gao et al. 2014).
Overall, p300 and CBP have been shown to act as either tumor suppressors or oncogenes in
a context-dependent manner.

The ability of p300/CBP to function in development also relies on targeting of chromatin
and the HAT activity. Mechanistically, activation of key development genes depends on
these two activities of p300/CBP. Particularly, the genes governing cell identity are
associated with large and clustered enhancer elements containing very high levels of
p300/CBP and H3K27ac and named super-enhancers (Hnisz et al. 2013; Whyte et al. 2013).
Chromatin association of p300/CBP and production of H3K27ac are required for super-
enhancers to drive transcription of the cell identity genes, which is crucial to development.
In multiple types of cancers, the super-enhancers machinery is hijacked to sustain the high
expression of oncogenes, potentiating carcinogenesis (Hnisz et al. 2013; Loven et al. 2013;
Niederriter et al. 2015). Consequently, small-molecule inhibitors targeting p300/CBP
bromodomain that displace p300/CBP from chromatin and disrupt the super-enhancers
functions have been developed. These inhibitors show promising results in impeding the
growth of hematopoietic malignancies (Hammitzsch et al. 2015; Conery et al. 2016; Ghosh
et al. 2016), and inhibitors targeting the catalytic HAT domain of p300/CBP efficiently
repress androgen-sensitive prostate cancer (Lasko et al. 2017; Lee et al. 2017) and acute
myeloid leukemia (Giotopoulos et al. 2016). Because the functional ZZ domain is necessary
for both recruitment of p300 to chromatin and generation of H3K27ac, inhibition of this
reader could provide an efficient way to moderate both p300 activities in cancer.

The ZZ domain of ZZZ3 binds to H3K4ac

The human protein ZZZ3, a core component of the large multisubunit Ada2A-containing
(ATAC) HAT complex (Wang et al. 2008; Wang and Dent 2014), harbors the ZZ domain in
the C-terminus. Mi et a/. have found that the ZZ domain of ZZZ3 binds to the histone H3
peptide, and while this binding is insensitive to methylation on H3K4 or H3R2, acetylation
on H3K4 causes a moderate, ~3-fold enhancement effect (Mi et al. 2018). The selectivity of
the ZZZ3 ZZ domain toward H3K4ac has been thoroughly characterized and confirmed by
multiple orthogonal approaches, including peptide pulldowns and microarrays, microscale
thermophoresis and fluorescence measurements, and NMR titration experiments, which
collectively demonstrate that the ZZ domain of ZZZ3 is the first example of readers that
select for the H3K4ac mark (Figure 3(a)).

The preference of the ZZZ3 ZZ domain for H3K4ac distinguishes it from other nonselective
ZZ domains (Mi et al. 2018). Comparison of the two solution structures of the ZZZ3 2z
domain in complex with histone H3K4ac peptide and in complex with unmodified H3
peptide provides a possible explanation for such selectivity. Acetylation eliminates the
positive charge in the lysine side chain and increases hydrophobicity. Although Lys4 lays in
the same hydrophobic groove in both ZZZ3 complexes, the acetylated side chain of Lys4 in
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the ensemble of the NMR structures is positioned closer to the aromatic ring of
phenylalanine compared to the position of the unmodified side chain of Lys4.

The ATAC complex is known to acetylate histone H3K9, H3K14 and H3K4 sites (Wang et
al. 2008; Wang and Dent 2014). Mi et al. have proposed that recognition of H3 by the ZZ73
ZZ domain could facilitate the association of the ATAC complex with substrates and thus
promote H3 acetylation (Mi et al. 2018). Indeed, /n vitro HAT assays show the robust
acetylation activity of the ATAC complex on H3K9 but relatively weak activity on H3K4,
and this activity requires functional ZZ domain of ZZZ3. When binding of the ZZzZ3 7z
domain to histone H3 is eliminated, this leads to a great reduction of the HAT activity of the
ATAC complex on either histone peptide substrates or reconstituted nucleosomes (Figure
3(b)). Furthermore, Mi et al. demonstrate that the H3K4ac peptide is a better substrate than
the unmodified H3 peptide for the ATAC complex. Consistent with the /n vitro data,
chromatin immunoprecipitation sequencing (ChIP-seq) and qPCR analysis using ZZZ3
knockdown cells shows a global reduction of H3K9ac and H3K4ac levels, which is specific
to the ATAC target genes.

What is the role of ZZZ3 in the ATAC complex in regulation of gene expression? The ATAC
complex has emerged later during evolution from the Spt-Ada-Gcen5 acetyltransferase
(SAGA) complex and is exclusive to multicellular eukaryotes (Spedale et al. 2012). Both the
ATAC and SAGA complexes contain the conserved catalytic HAT subunit GCNS5, or highly
related p300/CBP-associated factor (PCAF), that mainly acetylates K9, K14 and K4 of
histone H3, and the second acetyltransferase ATAC2 in the ATAC complex has been
reported to modify H4K16 (Guelman et al. 2006; Suganuma et al. 2008; Riss et al. 2015).
Although the SAGA complex has been extensively studied, biological activities of subunits
within the ATAC complex, with the exception of GCNS5, remain largely unknown.

Mi et al. (2018) show that ZZZ3 occupies primarily gene promoters and co-localizes with
YEATS2 (YEATS domain containing 2), another component of the ATAC complex, and
with H3K4ac, H3K9ac, and H3K4me3 in ChlP-seq experiments. Further analysis of the
RNA-seq and ChlP-seq data reveals a set of downregulated and upregulated genes that are
likely direct targets of ZZZ3. Although the up-regulated direct target genes are not
significantly enriched in any pathway, the down-regulated genes are strongly enriched in the
cell growth-related pathways, including ribosome biogenesis, DNA replication and the cell
cycle. Rescue experiments using ectopically expressed wild type ZZZ3 or histone-binding
deficient mutants in the ZZZ3-depleted cells provide an evidence that the ZZ domain of
ZZZ3 is critical for the function of ATAC at chromatin. The finding that wild-type ZZZ3 but
not loss-of-function ZZ-mutants restores ZZZ3 occupancy at the ATAC target gene
promoters points to the essential role of histone binding by the ZZ domain for the
association with chromatin. Furthermore, wild type ZZZ3 but not loss-of-function ZZ-
mutants reinstates the ATAC-mediated H3K9 acetylation and global transcriptional changes
in the ZZZ3-depleted cells, underscoring the importance of the functional ZZ domain for the
enzymatic activity of the ATAC complex.

Besides the ZZ domain in ZZZ3, the ATAC complex contains several other epigenetic
readers. These include bromodomain of GCN5 or PCAF that targets acetylated histones
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(Hudson et al. 2000; Zeng et al. 2008; Filippakopoulos et al. 2012), the H3K4me3-
recognizing double Tudor domain of SGF29 (Vermeulen et al. 2010; Bian et al. 2011) and
the YEATS domain of YEATS2 that binds to H3K27ac (Mi et al. 2017). Interestingly, both
SAGA and ATAC are known to occupy gene promoter regions enriched in histone
acetylation and H3K4me3; therefore, it is likely that the ZZ domain of ZZZ3 cooperates
with other readers in the ATAC complex to facilitate its chromatin recruitment and catalytic
activity.

The ZZ domain of p62 recognizes arginylated substrates

p62 functions as a major autophagic receptor and a positive mediator of the mTORC1
(mechanistic target of rapamycin complex 1) signaling pathway. It has multiple diverse
binding partners and is known to be dysregulated in cancer and neurodegenerative disorders
(Ramesh Babu et al. 2008; Mathew et al. 2009; Moscat and Diaz-Meco 2009; Duran et al.
2016; Todoric et al. 2017). Recent studies have shown that the ZZ domain of p62 recognizes
a degradation signal in proteins — the N-terminal arginine residue (Nt-R) (Cha-Molstad et al.
2015, 2017, 2018). The Nt-R signal is typically generated either through proteolytic
cleavage of the protein or enzymatically added by Arg-tRNA transferases.

Two studies have elucidated the structural basis for the selective recognition of Nt-R by p62.
Zhang et al. report the crystal structure of the p62 ZZ domain in complex with the amino
acid sequence commonly found in arginylated substrates, Argl-Glu2 (Zhang, Mun, et al.
2018), and Kwon et al. report the crystal structures of the p62 ZZ domain complexes with
various type-1 and type-2 degradation signals, including the arginylated Arg1-Glu2
sequence (Kwon et al. 2018). In the complex, Argl is bound in the negatively charged
pocket of the p62 ZZ domain (Figure 4(a)). The NHz* group of Argl is coordinated almost
identical to that of how the NH3* group of Alal of H3 is coordinated in the p300 and ZZZ3
complexes; however, each complex is characterized by a unique set of intermolecular and
intramolecular contacts that distinctively restrain each individual ligand, thus accounting for
the diverse selectivity of these ZZ domains.

In addition to its well-known function as an ubiquitinated cargo adaptor, new studies have
implicated p62 in promoting selective autophagy through its ZZ domain (Zhang, Mun, et al.
2018). Particularly, functional p62 ZZ domain is required to induce p62 puncta formation
and enhance macroautophagy, autophagy stimulated by proteasome inhibitor, and autophagy
under starved conditions. Additionally, it plays a role in p62 aggregation, a process which
also depends on the adjacent Phox and Bem1p (PB1) domain of p62 and the formation of
disulfide conjugates.

The PB1 and ZZ domains in p62 are separated by a short, 20-residue linker, which contains
two positively charged motifs that can mimic arginylated substrates as suggested by
modeling of the peptide mimetics (Figure 4(b)). Indeed, Zhang et al. show that the p62 2z
domain is capable of binding to the peptide corresponding to the residues 100-110 of p62,
which is named a regulatory linker (RL). Interestingly, a similar set of NMR resonances of
the p62 ZZ domain is perturbed by either arginylated substrate or RL, implying that the
same binding site of the ZZ domain accommodates both ligands. The binding affinity of the
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p62 ZZ domain to the RL peptide is ~5-fold tighter than to a free arginine amino acid but
~60-fold weaker than to the arginylated substrate peptide REEE; however, the interaction of
the ZZ domain with RL should be stronger in the physiologically relevant condition, because
RL and ZZ are naturally connected in p62. Nevertheless, the difference in binding affinities
of the p62 ZZ domain to Nt-R, RL, and arginine could direct p62 toward distinct autophagic
and mTORC1 signaling pathways, and recognition of the internal RL sequence could further
modulate p62 activities (Figure 4(c)) (Zhang, Mun, et al. 2018). Change in pH may provide
an additional layer of regulation because the interaction between the p62 ZZ domain and Nt-
R is pH sensitive, being the most robust around pH 5.5-6.0 (Kwon et al. 2018). Although the
ideas of pH-dependent regulation and autoregulation involving RL need to be explored in
cells, these findings provide a new exciting avenue for future studies aimed at understanding
how p62 senses various stimuli and mediates different signaling pathways.

Concluding remarks

Altogether, recent reports have illuminated the ZZ domain as a versatile signaling module
with diverse modes of interaction. Here, we summarized new findings regarding the ZZ
domains that target the amino-terminal sequences of histone H3 and arginylated substrates,
predominantly focusing on the three ZZ-containing proteins, p300, ZZZ3 and p62. In future
studies, it will be important to characterize the structure-function relationships of other
histone-binding ZZ domains and determine the precise roles the ZZ-histone interactions play
in biological activities of their host proteins. Furthermore, it will be interesting to identify
functions of seven ZZ domains insensitive to histone H3 (Mi et al. 2018), such as the ZZ
domains of TADA2A and TADAZ2B that, intriguingly, are also components of the ATAC and
SAGA complexes.
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Figure 1.
ZZ domain containing proteins. Schematic diagram showing domain architecture of

representative ZZ-type zinc finger-containing proteins, including human p300 (UniProt
Q09472), human ZZZ3 (UniProt Q8I'YH5), human SQSTM1/p62 (UniProt Q13501), yeast
Ada2 (UniProt Q02336), human CPEB1 (UniProt Q9BZB8) and human Mibl (UniProt
Q86YT6). The drawings are approximately in scale with the length of the protein (see color
version of this figure at www.tandfonline.com/ibmg).
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(a)

Figure 2.
The ZZ domain of p300 binds to histone H3 and directs the HAT specificity of p300 toward

H3K18 and H3K27. (a) A ribbon diagram of the complex (pdb 6DS6) between the p300 ZZ
domain (light orange) and histone H3 tail (residues 1-6) (light green). (b) A schematic
diagram for the regulation of the p300 HAT activity by the ZZ domain and bromodomain.
Dashed line indicates interaction of bromodomain with acetylated histones (see color
version of this figure at www.tandfonline.com/ibmg).
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Figure 3.
The ZZ domain of ZZZ3 recognizes histone H3K4ac and modulates ATAC-dependent

histone acetylation. (a) Superimposition of the mean position of acetylated and unmodified
Lys4 in the ensembles of the structures of the ZZZ3 ZZ-H3K4ac and ZZ-H3K4 complexes
(pdb 6E83 and 6E86). Each ensemble contains 20 NMR structures. (b) Schematic diagram
of the human ATAC complex and the interpaly between writing of and binding to the

indicated acetylated PTMs (see color version of this figure at www.tandfonline.com/ibmg).
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The ZZ domain of p62 targets arginylated substrates and mediates selective autophagy. (a)
Electrostatic surface potential of the p62 ZZ domain (pdb 6MIU) colored blue and red for
the positive and negative charges, respectively. The bound Nt-R substrate (residues RE) is
shown in stick. (b) Schematic representation of the N-terminal region of p62 containing the
PB1 domain, RL, and the ZZ domain. (c) A model for potential p62 autoregulation. The ZZ
domain binds to the RL region, locking p62 in a closed state. Upon binding of the ZZ
domain to arginylated substrates, the autoinhibition is released. Cys113 in RL which is
implicated in the formation of disulfide-linked conjugates is shown (see color version of this

figure at www.tandfonline.com/ibmg.
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