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Abstract Covalently modifying a protein has proven
to be a powerful mechanism of functional regulation.
N-epsilon acetylation of lysine residues was initially dis-
covered on histones and has been studied extensively in the
context of chromatin and DNA metabolism, such as tran-
scription, replication and repair. However, recent research
shows that acetylation is more widespread than initially
thought and that it regulates various nuclear as well as
cytoplasmic and mitochondrial processes. In this review,
we present the multitude of non-histone proteins targeted
by lysine acetyltransferases of the large and conserved
MYST family, and known functional consequences of this
acetylation. Substrates of MYST enzymes include factors
involved in transcription, heterochromatin formation and
cell cycle, DNA repair proteins, gluconeogenesis enzymes
and finally subunits of MYST protein complexes them-
selves. Discovering novel substrates of MYST proteins is
pivotal for the understanding of the diverse functions of
these essential acetyltransferases in nuclear processes,
signaling, stress response and metabolism.
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Introduction

Acetylation of the epsilon-amino group of a lysine residue
of a protein is increasingly proving to be an important post-
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translational modification for regulating cellular phenom-
ena. This reaction is catalyzed by specialized enzymes
called lysine acetyltransferases (KAT) and is counteracted
by the enzymatic activity of lysine deacetylases (KDACs)
[1]. It has to be noted here that this modification is distinct
from the N-alpha acetylation of the amino-terminus of
proteins that occurs during translation.

The entire set of acetylated proteins in a cell is referred
to as “acetylome” [2]. Over the past 5 years, several
laboratories have embarked on studying the acetylome of
various organisms and tissues [3-7]. A recent study
identified 3,600 acetylation sites on 1,750 proteins in an
analysis of three human cell lines [3]. Adding an acetyl
group on an amino side chain neutralizes a positive
charge, changes the overall size of the amino acid, and
alters the local hydrophobicity. These changes in the
properties of the substrate peptide/protein can have a
significant impact on its conformation and therefore
function, e.g., its enzymatic activity. Acetylation of a
lysine residue also generates docking sites for binding by
other proteins. A number of proteins contain acetylation-
recognising modules, e.g., the bromodomain, that bind
specifically to acetylated lysines [8]. Finally, an acety-
lated lysine can interplay with other modifications:
competition with modifications on the same residue or
crosstalk with modification on neighboring residues [9].
Lysine acetylation was first discovered in histones [10]
and has been extensively studied in terms of its function
in transcription, DNA replication and DNA repair. How-
ever, recent studies provide increasing evidence that, apart
from this established role in DNA metabolism, acetylation
regulates diverse cellular pathways inside and outside the
nucleus [3, 5-7]. A list of processes where acetylated
proteins are involved in is shown in Table 1 (see also
Figs. 1 and 2.)

@ Springer



1148

V. Sapountzi, J. Coté

Table 1 Functional categories
of cellular proteins that are
found acetylated in vivo [3-7]

Histones

Regulators of transcription
Regulators of chromatin structure
DNA replication factors

DNA repair factors

Splicing factors

Pre-mRNA processing

mRNA stability proteins
Translation proteins

Cell cycle factors

Circadian rhythm proteins

Ubiquitylation/proteosome/stability proteins

Chaperones

Folding proteins

Intracellular signaling pathways transducers
Carbohydrate metabolism enzymes

Fatty acid metabolism enzymes

Nucleotide biosynthesis enzymes

Amino acid biosynthesis enzymes

TCA cycle enzymes

Mitochondrial proteins

Cytoskeleton: structural proteins, cell motility proteins
Nuclear lamins

Longevity enzymes

Viral proteins

Nucleus

Transcription
Factors

Subunits of MYST

complexes
complex stability

DNA damage
transcription
regulation

response
DNA repair,
checkpoint

activation,
apoptosis

r ,

Autoacetylation:
2 regulation of activity

l Nucleosomes
Histones Ha, H2A, H3,
histone variants:

MYST

Cytoplasm acetyltransferases

transcription activation,
elongation, DNA repair,
replication, histone
maodification crosstalk

Fig. 1 The substrates of MYST acetyltransferases can be classified in
distinct classes. The majority of the MYST acetyltransferases
substrates are nuclear, although cytoplasmic substrates have been
reported recently. The best studied MYST substrate class is histones,
namely histones H4, H3, H2A and H2A variants. Histone acetylation
by MYST proteins has impacts on transcription, DNA repair, DNA
replication and other nuclear processes via histone modification
crosstalks. Other typical substrates of MYST enzymes are subunits of
MYST multiprotein complexes, including MYST proteins them-
selves. Aceytlation of MYST complex subunits mostly regulates
complex stability and possibly target specificity. Another class of
MYST substrates are transcription factors whose protein stability and
transcription activity can be modified by MYST-dependent acetyla-
tion. Proteins involved in DNA damage response can also be
acetylated by MYST proteins and this modification can increase
kinase activity and checkpoint activation or the choice between cell
cycle arrest and apoptosis. Finally, the only known cytoplasmic
substrate of MYST enzymes so far is involved in glucose metabolism
and acetylation of this substrate by a MYST enzyme regulates their
involvement in lifespan elongation. See text for more information

The vast majority of known KATs target histones, with
very few exceptions, e.g., Ecol [11]. KATs can be pre-
dominantly cytoplasmic or predominantly nuclear. In
general, cytoplasmic KATs acetylate free newly synthe-
sized histones while nuclear KATs preferentially target

@ Springer

nucleosomal histones (assembled into chromatin). A multi-
tude of KATSs has been discovered and characterized: the list
of KATs includes enzymes that have various roles, such as
transcription factors, transcription coactivators and tran-
scription elongators. By acting in vivo as parts of
multisubunit complexes, KATs can optimize their efficiency
and versatility: the subunits of KAT complexes can stimulate
overall enzymatic activity, direct substrate specificity and
allow recruitment to specific loci. Also, the KAT complex
subunits sometimes facilitate the interaction between the
complex and its substrate via specialized protein domains
they may contain (reviewed in [12, 13]).

General information on KATs can be found in the sev-
eral reviews that have been published in the recent years
that analyze and summarize their functions (e.g., [13, 14]).
This review will focus on one of the three major families of
lysine acetyltransferases, called MYST (MOZ, Ybf2/Sas3,
Sas2, TIP60). The MYST proteins have a well-established
role on histone acetylation; however, their substrate spec-
trum is broader and new non-histone proteins regulated by
MYST are continuously being discovered. Here, we will
summarize what is currently known about non-chromatin
substrates of MYST acetyltransferases.

MYST acetyltransferases

MYST acetyltransferases are defined by a distinct con-
served histone acetyltransferase domain (reviewed in
[15-19]). The MYST domain contains a C,HC zinc finger
and an acetyl-CoA binding site homologous to the canon-
ical AcCoA binding domain of another KAT family,
the GNAT superfamily of acetyltransferases. Individual
members of the MYST family contain additional structural
features, such as chromodomains, PHD and zinc fingers.
Table 2 lists the MYST proteins in the most commonly
used model organisms and some of their functional
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Fig. 2 Effects of acetylation on the non-histone substrates of MYST
acetyltransferases. Acetylation of a non-histone substrate by a MYST
enzyme can have an impact on its stability and degradation rate.
Acetylation can also regulate enzymatic or transcription factor
activity. Substrate modification modulates the interaction between

proteins, e.g., subunits of the same complex, or affects localization
and recruitment to functional sites in the cell

features. MYST proteins are found throughout the phylo-
genetic tree and have a diverse variety of functions
affecting the majority of cellular processes, ranging from
gene regulation to DNA repair, cell cycle to stem cell
homeostasis and development (reviewed in [15, 19-21].
Most of these processes are mediated via MYST-dependent
regulation of chromatin; however, there are certain cell
pathways in which the role of MYST is independent of
histone acetylation (e.g., [22]). Previous reviews listed
above provide a complete picture of the different MYST
enzymes, their structural characteristics, their associated
proteins and their different functions and pathological
dysfunctions through acetylation of chromatin during gene
regulation, DNA replication, repair and recombination, cell
division/differentiation and development. This review is
primarily focused on recently discovered non-chromatin
substrates of MYST enzymes and their implication in
regulating diverse cellular processes, expanding the already
multifunctional aspect of this highly conserved and
essential family of acetyltransferases.

Non-chromatin substrates of MYST proteins

MOZ (monocytic leukemia zinc finger protein)
and HBOI (histone acetyltransferase binding to ORC1)

MOZ/MYST3/KATO6A is an acetyltransferase that targets
H3, is often mutated in human leukaemia, and is essential
for the maintenance of hematopoietic stem cells and nor-
mal development [20, 23-26]. MOZ is very closely related
to MORF/MYST4/KAT6B, Mm Qkf and Dm ENOK.

Functionally, the related protein in yeast is Sas3/KAT®6, a
MYST protein involved in transcription activation and
elongation and DNA replication by acetylating H3 at
lysines K14 and K23 [27, 28].

MOZ was found to acetylate the AML1 transcription factor
in vitro [29]. MOZ is a transcriptional coactivator of AMLI, a
transcription factor encoded by a gene frequently translocated
in many types of leukaemia. As yet, the effect of this modi-
fication has not been studied, but it is logical to presume that
this acetylation is involved in AMLI coactivation.

Hs HBO1/MYST2 and Dm Chameau (KAT7) are
MYST proteins involved in transcription and DNA repli-
cation via acetylation of H4 at lysines K5, K8 and K12 and
H3 at lysine 14 [30-34]. HBOI targets its associated factor
JADEI1 as well as MCM replicative helicase proteins in
vitro (Saksouk et al., unpublished data), and these are
indeed found acetylated at physiological levels in vivo
[3, 5]. Moreover, in vitro experiments also suggest that the
prereplicative complex components Mcm?2, Cdc6, Geminin
and Orc2 can be acetylated by HBOI1 [35]. Taken together,
these findings support a role of HBOI1 in the regulation of
the prereplicative complex assembly by acetylation of the
chromatin at origins as well as the prereplicative complex
itself [32, 35]. Acetylation of the MCM helicase could also
be important for HBO1 function during replication fork
progression [34].

MOF (males absent on the first)

Global histone H4 K16 acetylation in most organisms is
due to the KAT8/Sas2/MOF MYST protein [13, 36-39]. In
yeast, Sas2 has a well-documented role at the boundaries
between euchromatin and heterochromatin such as telo-
meres, TDNA loci and mating-type loci, where Sas2
antagonizes the spreading of SIR proteins and regulates
gene silencing [38, 39]. The best-characterized role of Dm
MOF is that in sex chromosome dosage compensation,
while Hs MOF/MYST1 has been implicated in transcrip-
tion and DNA repair [36, 40—43].

Dosage compensation is the mechanism by which the
levels of X-linked gene expression are equalized between
the two sexes. In Drosophila, dosage compensation is
achieved by two-fold hypertranscription of the male chro-
mosome by dosage compensation complex (DCC). The
DCC complex consists of five protein subunits, MSLI1,
MSL2, MSL3, MLE and MOF as well as two RNA mol-
ecules, roX1 and roX2 and, as mentioned above, is
responsible for long-range acetylation of H4 at lysine K16
along the X chromosome [43].

In the context of DCC, MOF specifically acetylates only
H4K16. However, if the DCC is not fully assembled, MOF
can also have non-nucleosomal targets. MOF acetylates
MSLI1 in vitro [44] and MSL3 in vitro and in vivo [45].
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Table 2 MYST acetyltransferases in major model organisms

MYST proteins KATS KAT6 KAT7 KATS

S. cerevisiae Esal Sas3 Sas2

S. pombe Mstl Mst2

C. elegans mys-1 mys-3 mys-4 mys-2

D. melanogaster dTIP60 ENOK CG18%4 CHM MOF

M. musculus TIP60 KAT6A/MOZ/MYST3 HBO1/MYST?2 MOF/MYSTI1
KAT6B/Qkf/MORF/
MYST4

H. sapiens TIP60/PLIP KAT6A/MOZ/MYST3 HBO1/MYST2 MOF/MYSTI
KAT6B/MORF/MYST4

Associated domains Chromodomain PHD fingers Zn finger Chromodomain

Histone specificity H4/H2A H3 H4 > H3 H4K16

Roles Gene regulation, DNA
damage repair/response,
development/stem cell
renewal, essential for

cell viability

Gene regulation,

cell renewal

development/stem

Gene regulation, DNA
replication, chromatin
boundary, development

Gene regulation, DNA
damage response, dosage
compensation, chromatin
boundary, early
development

MSL3 is acetylated in a MOF-dependent manner at lysine
K116, a residue immediately C-terminal to chromodomain
1 of MSL3, a domain shown to interact with roX RNAs
[46]. According to the proposed model, regulated acetyla-
tion of MSL3 causes a conformational change that results
in loss of MSL3 interaction with roX2 RNA and sub-
sequent disassembly of the complex. However, it is not
clear from the literature if non-DCC-bound MOF is
responsible for this modification. Rpd3 then interacts with
and deacetylates MSL3, which allows re-assembly of the
complex at a nearby site and spreading of DCC complex
along the chromosome.

In mammals, MOF has distinct roles compared with
those in Drosophila, as dosage compensation in mammals
occurs by inactivating one of the copies of the X-chro-
mosome. In mammals, too, MOF acetylates H4K16 and
has a role in transcription and in DNA damage repair [36,
37, 40, 42]. In human cells, two MOF-containing com-
plexes have been characterized: the MOF-MSL complex,
which is similar to the DCC but lacks roX and MLE, and
the quite distinct MOF-MSL1vl complex, consisting of
hMOF, MSL1v1, PHF20, MRCS1/2, WDRS, HCF1 and
nuclear pore components [37, 41, 42, 47, 48]. Both com-
plexes acetylate H4, but the MOF-MSL1v1 specifically
acetylates p53 at lysine K120 [41, 49]. K120 lies within the
DNA-binding domain of p53, and its acetylation is required
for the p53-dependent transcription of preapoptotic genes
such as BAX and PUMA in response to unrepairable DNA
damage. In contrast, acetylation of K120 of p53 is not
required for the expression of cell cycle arrest genes such
as p21. TIP60 as well as hMOF targets this residue and this
redundancy highlights the importance of this modification,
although the preference of acetyltransferase also seems to
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be tissue specific [41, 49, 50]. The acetylation of p53 at
K120 will be further discussed in the following section.

hMOF also interacts with ATM and DNA-PK, and it has
been proposed that hMOF exerts its role in DNA damage
repair via direct acetylation of ATM, although this has not
yet been proven [40, 42].

Finally, another target of MOF in mammalian cells is
TIP5 [51]. TIPS is a subunit of NoRC, a potent epigenetic
repressor which silences rDNA repeats via histone deace-
tylation/methylation and DNA  methylation. MOF
acetylates Mm TIPS at lysine K633 and this is followed by
deacetylation by SIRTI. It is not clear which MOF com-
plex is responsible for this modification. The reversible
acetylation of TIPS regulates its association and dissocia-
tion with pPRNA (RNA complementary to rDNA promoter)
and promotes NoRC-dependent heterochromatin formation
and silencing.

TIP60 (tat interacting protein 60 kD)

TIP60/KATS is the most studied MYST acetyltransferase.
By acetylating histone H4 at lysines 5, 8, 12 and 16, and
also H2A, H2A.X and H2A.Z (Dm H2Av), it regulates the
transcription of genes involved in a vast variety of pro-
cesses, regulates embryonic stem cell identity, and also
modifies chromatin around DNA double-strand breaks
(DSBs) to help repair [21, 52-57].

TIP60 has by far the most known non-histone targets.
The majority of these substrates are transcription factors
and almost all of them are closely related to transcriptional
control. Acetylation of a non-histone substrate by TIP60
can have different consequences, but most often it affects
protein stability or protein activity.
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Examples of TIP60-mediated acetylation affecting pro-
tein stability are the modifications of tumor suppressor Rb
and oncogene c-Myc. TIP60 acetylates the C-terminal
region of Rb in whole cells, then acetylated RB is targeted
for degradation by the proteosome [58]. The pl4ARF
tumor suppressor inhibits TIP60-dependent acetylation of
Rb, thus inducing its accumulation in cells and promoting
the anti-proliferative properties of Rb.

Patel et al. [59] found that the levels of acetylated c-Myc
in whole cells are dependent on TIP60 and that TIP60
regulates c-Myc protein stability. However, more recent
studies found that recombinant TIP60 cannot acetylate
c-Myc in vitro [60]. This can be due to the fact that TIP60
needs to be part of the TIP60/NuA4 complex in order to
acetylate c-Myc in vitro (as is the case for chromatin sub-
strates [61]), or that the effect seen in whole cells is indirect,
via an unknown acetylation pathway. Nevertheless, the
positive role of TIP60 in c-Myc-dependent transcription is
now well established in stem cells and through the TIP60-
associated factor TRRAP [62—65]. On the other hand, it is
difficult to draw a fully coherent picture based on the lit-
erature since TIP60 was also shown to act as a tumor
suppressor in a c-Myc-driven model of lymphoma [66].

Transcription factors or enzymes whose activity is reg-
ulated by TIP60-mediated acetylation include UBF, ATM,
PLAGL?2, androgen receptor, Notchl and p53. For exam-
ple, UBF was reported to interact with TIP60 and to be
acetylated in vitro by TIP60 [67]. Also, TIP60 seems to
acetylate the DNA damage kinase ATM [68] and the
PLAGL2 oncogene [69]. Gaughan et al. [70] have found
that, in order for TIP60 to coactivate androgen receptor,
apart from acetylating nucleosomes at androgen-responsive
promoters, TIP60 directly acetylates the receptor at a
KLKK site (residues 630-633) within the hinge domain.

The signaling receptor Notchl is negatively regulated by
TIP60 [71]. This regulation is presumably mediated by
acetylation of four lysines on the ankyrin repeats of the
receptor that results in attenuation of the transcription
activity of Notchl.

The most studied non-chromatin substrate of TIP60 is
the tumor suppressor p53. As mentioned in the previous
section, TIP60 and MOF target p53 at lysine K120 and thus
modulate the decision between cell cycle arrest and
apoptosis upon p53 activation [49, 50]. It was also pro-
posed to regulate transcription-independent apoptosis [72].
It had been known for a while that TIP60 is involved in
pS53 activation [73] and that it can coactivate p53-driven
transcription [61, 74]. While TIP60 is important for
pS53-dependent expression of both cell cycle inhibitor and
proapoptotic genes, acetylation of p53 by TIP60 is required
only for certain proapoptotic promoters, namely PUMA
and BAX [49, 50]. In agreement with these findings, cells
expressing an acetylation mutant p53 have impaired

apoptosis but normal cell cycle arrest in response to
genotoxic stress [49, 50]. Interestingly, ChIP assays per-
formed with wild-type (WT) or acetylation mutant p53
showed that non-acetylated p53 at K120 can still be
recruited at BAX and PUMA promoters. However, it
cannot fully induce transcription, as promoter-bound his-
tone H4 acetylation and mRNA levels are low in cells
expressing acetylation-mutant p53. It is not yet clear how
acetylated K120 contributes to BAX and PUMA tran-
scription, but the most probable explanation would be that
it allows recruitment of specific transcriptional coactivators
needed to activate these promoters [49, 50]. The emerging
model is, therefore, that, in response to DNA damage, p53
is stabilized, activated and recruited with TIP60 and/or
MOF at target gene promoters. In response to specific
signals, e.g., the existence of unrepairable damage, TIP60/
MOF then acetylate pS3 at K120 thus selectively triggering
apoptosis. In parallel, acetylation of K120 affects the
transcription-independent apoptotic role of p53 at the
mitochondria where it is required for efficient displacement
of MCI-1 inhibitor from the BAK apoptotic factor [72].
K120 is a conserved residue and is found mutated in rare
human tumors ([50] and references therein), highlighting
the importance of this residue and its correct modification.
Interestingly, loss of p53 methylation by Set7/9 correlates
with loss of all p53 acetylation sites, including the ones
targeted by CBP/p300, PCAF and TIP60 [75]. The lack of
p53 methylation by Set7/9 prevents interaction of TIP60
with p53, explaining inhibition of acetylation. Taken
together, these results support a hypothesis that there is
crosstalk between Set7/9-mediated methylation of p53 and
its TIP60-mediated acetylation [75].

Finally, it was also reported that TIP60 associates with
the ATM kinase to regulate the cellular response to DNA
damage [68]. It is argued that TIP60-dependent acetylation
of K3016 on ATM activates its kinase activity, DNA
damage detection and cell cycle checkpoints [76]. Again,
there are some contradictory results in the literature since
down-regulation of KAT5/TIP60 in fly, yeast and human
was also shown to delay repair and checkpoint release
while not affecting initial DNA damage sensing (e.g.,
phosphorylation of H2A.X) [42, 56, 77].

Esal (essential Sas2-related acetyltransferase 1)

A large number of acetylated non-histone proteins have
been documented in metazoans, but very few are known in
yeast. It is not certain if this is circumstantial (meaning
because not enough relevant research is performed to
identify non-nucleosomal targets) or because the broader
substrate diversity developed later in evolution. The only
yeast MYST enzyme known to acetylate a protein other
than histones is Esal, the Sc orthologue of TIP60.
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The Sc KATS5/Esal can be found in two complexes, the
promoter-specific NuA4 and picoloNuA4, the latter being
responsible for global histone H4 acetylation [78]. Esal/
NuA4 has a well-defined role in transcription activation
and DNA repair [79-81].

Until recently, Esal was thought to exert the entirety of
its roles in various chromatin-related processes via acety-
lation of histones H4 and H2A/H2A.Z. However, more and
more genetic evidence showed a role for NuA4 in cellular
phenomena as diverse as cell metabolism, mitochondrial
processes, membrane sorting, protein trafficking, stress
response and ubiquitylation [82, 83]. It therefore became
plausible that not all Esal functions are accounted for by its
role in chromatin modification.

The first evidence that NuA4 can act upon non-nucleo-
somal targets came from the study of Lin et al. [84] which
showed that Esal can acetylate Yng2, an integral subunit
of the NuA4 complex itself. The authors showed that Yng2
is acetylated at lysine K170 and this modification is
essential for its protein stability. The authors went on to
show that the acetylation/deacetylation of this residue
regulates the integrity of the NuA4 complex and therefore
plays a crucial role during DNA damage response [22].
According to their model, upon DNA damage, the NuA4
complex is recruited to the surroundings of the DSB, where
it acetylates chromatin. Soon after this, Rpd3 is recruited
and deacetylates Yng2. This results in ubiquitin-dependent
degradation of Yng2 by the proteasome and the disasso-
ciation of piccolo NuA4, leaving the rest of the NuA4
subunits (e.g., Eafl) at the break. The loss of piccolo NuA4
allows deacetylation of chromatin by Rpd3 and, presum-
ably, processing and repair of the break. It is interesting to
note that human tumor suppressor ING4, a close homolog
of Yng2 found in a piccolo NuA4-like complex, is also
acetylated on the same residue in human cells [3, 5, 15].

Lin and colleagues also performed a proteomic screen
for new non-histone substrates of the NuA4 complex [22].
They used purified NuA4 in in vitro acetylation assays on
microarrays carrying the entire yeast proteome as recom-
binant GST-fusions. Through this approach, they identified
novel putative NuA4 targets, confirmed selected ones in
vivo, and pursued the characterization of a particularly
interesting one, Pckl [22]. The NuA4 acetylation targets
identified in this screen have various functions, such as
chromatin dynamics, transcription regulation, cell cycle
control, RNA processing, stress response and metabolism
(see Table 3). Pckl, the enzyme that catalyzes the con-
version of oxaloacetate into phosphoenolopyruvate at a key
step of gluconeogenesis, is acetylated in vivo at lysine 514
in an Esal-dependent manner and this modification regu-
lates its enzymatic activity. Furthermore, the human
orthologue of NuA4, the TIP60 complex, was also shown
to acetylate cytoplasmic PCK1 in human cells [22].
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Table 3 Non-histone substrates of NuA4 identified by the in vitro
acetylation screen on microarray and confirmed in vivo [22]

Cellular process NuA4 substrate

Transcription Nntl

Cdc34, Rpt5

Brxl, Prp19

Atg3, Atgll, Hspl04

Gphl, Sip2, Sip5, Tap42, Pckl

Cell cycle

RNA processing
Stress response
Metabolism

Deacetylation of Pckl seems to be mediated by Sir2 in
yeast; however, the deacetylase involved in human cells
has yet to be identified.

Gluconeogenesis (GNG) is a metabolic pathway
whereby non-carbohydrate carbon sources, such as glyc-
erol or lactate, are used to generate glucose. Many steps in
GNG are the opposite reactions of those in glycolysis [85].
One of the steps key to GNG is the conversion of oxalo-
acetate into pyruvate which, as mentioned above, is
catalyzed by Pckl. Cells activate gluconeogenetic path-
ways when the levels of carbohydrates are low. In
agreement with this, cells lacking Pckl cannot grow well
on non-fermentable carbon sources such as ethanol (EtOH)
or glycerol, because they cannot complete GNG and
metabolize these sources into glucose. Cells carrying a
non-acetylatable arginine at residue 514 of Pckl (pckl-
K514R) also cannot grow well on EtOH or glycerol,
showing that acetylation of Pckl by NuA4 is required for
GNG [22].

Additional data implicated Esal and Pckl in the
extension of chronological lifespan (CLS), which is the
period of time that a cell can survive in stationary phase
[22]. The CLS of yeast cells is longer if the yeast cells are
grown under severe starvation (water) than in glucose-rich
media [86]. However, cells lacking Pckl cannot survive as
long as WT cells either in glucose or in water, showing that
Pckl and gluconeogenesis are important for longer CLS.
Consistent with this is that Pckl expression is increased
upon diauxic shift from glucose to poor media (3% EtOH)
[22]. Strains carrying thermosensitive esal mutations at
restrictive temperatures or the pkc/-K514R mutant show
decreased CLS in comparison to WT strains. Also, strains
carrying the acetyl-lysine-mimetic pck/-K514Q mutant,
show an increase in CLS, to a comparative extent as a
deletion of SIR2, a well-known sirtuin deacetylase that
regulates CLS [22]. No genetic epistasis is seen between
esal-ts and pckl-K514R mutants, suggesting that Esal
might have other targets in CLS control pathways. Finally,
cellular uptake of EtOH from the media is quicker in
strains where Pckl and Esal are active and gluconeogen-
esis intact [22]. Altogether, these results show that
acetylation by NuA4 controls gluconeogenic activity of
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Pckl to convert EtOH into glucose, and this process is
crucial for the longevity.

Of note is that acetylation of Pckl by Esal is only
promoting chronological lifespan, not replicative lifespan
[22]. Replicative lifespan is defined as the number of
mitotic divisions a mother yeast cell can undergo before
senescence, and is in fact prolonged by Sir2 [87]. This
shows that different types of lifespan are regulated by
distinct, sometimes even opposite, mechanisms.

Although it was surprising to find that NuA4, a pre-
dominantly nuclear acetyltransferase with well-studied
roles in the nucleus, has a cytoplasmic role, the fact that a
metabolic pathway is regulated by acetylation of its
enzymes was somewhat expected [88, 89]. It has to be
noted here that TIP60 in human cells has been detected at
the perinuclear region of the cytoplasm (reviewed in [54]).
As mentioned in Table 1, studies of the acetylome show
that a large part of acetylated proteins in a cell are not
nuclear. Zhao et al. [7] found that every enzyme involved
in glycolysis, glycogen metabolism, the TCA and urea
cycles and the fatty acid metabolism can be acetylated and
that changing the carbon source available results in an
different pattern of acetylated metabolic pathways. The
same study found that the lysine acetylation of metabolic
enzymes depends on AcCoA availability. Changes in
availability of AcCoA was known to affect chromatin
acetylation [90, 91]. It is now clear that it also affects
acetylation status of critical substrates in metabolic path-
ways [7, 92]. AcCoA seems to act as a “rheostat” for the
acetylation of metabolic enzymes, thus regulating their
activity. In parallel with these findings, a recent report
showed that inducing glucose catabolism and production of
AcCoA in quiescent cells specifically activates global
acetylation of chromatin via stimulation of Esal and GcenS
without affecting transcription [93]. These results suggest a
direct metabolic regulation of KATs. Taken together, all
the above findings highlight the tight connection between
lysine acetylation and metabolism. Acetyltransferases seem
to control metabolic pathways and vice versa.

MYST complex acetylation and autoacetylation

Proteomic studies of the acetylome in human cells indicate
that proteins involved in chromatin biology are frequent
targets of acetylation [3]. These include histone chaper-
ones, subunits of ATP-dependent chromatin remodelers
and histone modifiers. In fact, quite often, acetylated pro-
teins are subunits of KAT complexes [3]. At least seven
subunits of the TIP60/NuA4 complex are acetylated in
vivo: TIP60 itself, TRRAP, DMAPI1, ING3, EP400, EPC1/
2, BRD8, MRG15, TIP49a, and EAF6. The MOZ/MORF
complexes also contain a number of acetylated subunits

(MOZ, MORF, INGS5, BRPF1/2/3, and EAF6) and the
same applies to HBO1 (HBO1, JADE2/3, ING4/5, and
EAF6) and human MOF complexes (hMOF, PHF20,
MSLI, TPR, MCRS1, HCF1, and WDRY) [3, 5].

This finding is not entirely surprising. It is logical that,
by acetylating their associated factors in response to
external signals, MYST enzymes can rapidly inflict chan-
ges on their properties (activity, stability, subunit
composition, subcellular composition), thereby ensuring
versatility in their function. There have been some exam-
ples of auto-acetylation of MYST complexes in the
literature, such as MSL3 within Dm MOF and Yng2 within
NuA4, as mentioned above [45, 84]. We now know that
this is a common theme in the MYST-family of acetyl-
transferase complexes (Saksouk, Sapountzi, Cayrou,
Cramet and Co6té€, unpublished).

Finally, there is increasing evidence that MYST proteins
autoregulate themselves by autoacetylation. When using
MYST proteins in in vitro acetylation assays using radio-
labeled AcCoA, most of the enzymes show up on the
radioactive gel, suggesting that MYST proteins autoacet-
ylate in vitro. These autoacetylation events have not been
extensively characterized. The catalytic action of MYST
enzymes is thought to be via an acetyl-Cys enzyme inter-
mediate [94], although it has been proposed recently that
MYST enzymes might in fact function via direct nucle-
ophillic attack of the substrate’s lysine [95]. It is therefore
not clear if autoacetylation detected in radioactive assays is
actually occurring on a lysine residue, although biochem-
ical analysis of piccolo Esal at least suggests that
autoacetylation is too stable to be an acetylated cysteine
[95]. In agreement with this, Wang et al. [96] recently
reported that TIP60 is indeed autoacetylated on lysines and
that this is an additional mode of regulation of the ace-
tyltransferase. The exact residue(s) targeted is not known,
although proteomic analysis identified a few acetylated
lysines present on TIP60 in vivo [3]. It will be interesting
to find out if this type of autoregulation is widely utilized
by the rest of the MYST proteins and also to understand
exactly which cellular cues are inducing this.

Conclusion

Ever since the first MYST acetyltransferases were dis-
covered, their roles in histone acetylation have been
extensively studied. Apart from their established role in
chromatin dynamics during transcription, DNA repair and
DNA replication, there is increasing interest on their action
on non-nucleosomal targets. The fact that MYST proteins
have non-nucleosomal substrates proves the diversity of
functions they have in the cell. The involvement of MYST
proteins in so many fundamental cellular processes makes
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them important for the correct cell homeostasis and, by
extension, important in pathological conditions. Indeed,
deregulation of MYST proteins has been found to be the
underlying cause of several human diseases, such as leu-
kaemia and various other cancers [15, 97]. MYST proteins
could therefore be the focus of clinical research for inhi-
bitor/activator-based therapies. Further research into the
substrate spectrum of MYST will give valuable insights
into the understanding of the roles of these essential pro-
teins, and this knowledge will certainly have therapeutic
applications.
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