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Abstract

Acetylation is a posttranslational modification conserved in all domains of life that is carried out
by N-acetyltransferases. While acetylation can occur on A®-amino groups, this review will focus
on Af-acetylation of lysyl residues and how the posttranslational modification changes the cellular
physiology of bacteria. Up until the late 1990s, acetylation was studied in eukaryotes in the
context of chromatin maintenance and gene expression. At present, bacterial protein acetylation
plays a prominent role in central and secondary metabolism, virulence, transcription, and
translation. Given the diversity of niches in the microbial world, it is not surprising that the targets
of bacterial protein acetyltransferases are very diverse, making their biochemical characterization
challenging. The paradigm for acetylation in bacteria involves the acetylation of acetyl-CoA
synthetase, whose activity must be tightly regulated to maintain energy charge homeostasis. While
this paradigm has provided much mechanistic detail for acetylation and deacetylation, in this
review we discuss advances in the field that are changing our understanding of the physiological
role of protein acetylation in bacteria.
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INTRODUCTION

The survival of bacteria in their environments is intimately linked to their ability to rapidly
respond to stimuli that compromise their survival. In many cases, their survival depends on
mechanisms that have evolved to quickly neutralize deleterious effects on diverse cellular
processes. Posttranslational modification (PTM) is an efficient way to modulate protein
function. Some modifications are reversible, but others cannot be reversed. Reversible
modifications are especially useful to the cell because the function of a protein can be up- or
downregulated in response to internal or external stimuli bypassing the energy-intensive
processes of protein degradation, gene expression, and protein synthesis. PTMs include
methylation (63), phosphorylation (11, 39), ADP-ribosylation (86), serine/threonine O-
acetylation (41), succinylation (94), ubiquitinylation(62), adenylylation (51), S-nitrosylation
(19), lipidation (108), glycosylation (35), phosphocholination (51), and many others (93).
Here, we focus on protein acetylation and its effects on bacteria cell physiology.
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Discovery of Protein Acetylation and Focus of This Review

The presence of acetyl groups on proteins was first detected in calf thymus histones (57).
Acetylation of these lysyl residues abolished their positive charge, blocking the ability of the
histone tails to interact with negatively charged phosphate ions of the DNA backbone. The
net effect is a relaxation of DNA strands, which allows the transcriptional machinery to
access and transcribe genes (75). Since the discovery of lysine acetylation, the scope of
studies involving protein acetylation has greatly expanded. A recent review on this topic (25)
discussed the advances in the field from the late 1990s to 2015. This review focuses on what
has been learned since 2015.

Bacterial Protein Acetyltransferases

In prokaryotes, acetylation is carried out by homologs of the yeast Gen5 histone M-
acetyltransferase (GNATs, PF00583). GNATS transfer the acetyl moiety of acetyl-CoA to
N*-amino groups of proteins and small molecules or Af-amino groups of lysyl residues of
proteins (Figure 1). For clarity, hereafter we refer to bacterial GNATSs as bGNATS.

Protein acetylation can occur on A®-amino groups (i.e., N termini of proteins) or on N\f-
amino groups of lysyl residues. A®-Acetylation is used to signal for protein degradation (24)
and is irreversible, while AF-acetylation of lysyl residues usually alters the biological
activity of the protein. The observed reversibility of Af-Lys acetylation by protein
deacetylases (discussed below) allows for rapid modulation of a protein’s activity in vivo.

A bacterial genome can encode ~1-70 acetyltransferases, each predicted to have different
targets. For example, the Streptomyces genome codes for 72 acetyltransferases, only a few
of which have been characterized (25, 47, 83, 88). Salmonella entericaand Escherichia coli
are model organisms for acetylation, and about half of their 26 acetyltransferases have
experimentally validated enzymatic activities (8, 15, 27, 31, 32, 40, 48, 65, 71, 76, 78, 87,
90, 100).

While structures of GNATSs have a conserved core domain consisting of B sheets that bind
acetyl-CoA through interactions with the pyrophosphate and pantothenate moieties (92), it is
currently not possible to determine acetyltransferase target preference based on sequence or
structure alone. Therefore, it is difficult to establish whether a putative acetyltransferase will
target a protein or a small molecule, especially since deletion or overexpression of
acetyltransferases do not usually lead to growth phenotypes under standard laboratory
conditions.

Regardless of substrate specificity, acetyltransferases are categorized based on their domain
organization. To date, four domain organizations of acetyltransferases have been found (17,
71, 83, 95) (Figure 2). The S. entericaand E. coli Pat (protein acetyltransferase) was the first
type | acetyltransferase to be discovered and consists of a large N-terminal domain (~700
residues) of unknown function and a GNAT-catalytic C-terminal domain (~200 residues)
(71). While the physiological function of the large N-terminal domain is yet to be
determined, studies showed that each monomer of SePat binds two molecules of acetyl-
CoA, one on the N-terminal domain and one on the C-terminal domain (80). It is possible
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that binding of acetyl-CoA to the large N-terminal domain is a regulatory mechanism to cue
acetylation, although no experimental evidence in support of this idea has been reported.

Type Il protein acetyltransferases were discovered in Streptomyces lividans (PatA) (83).
This type of acetyltransferase is unique in domain orientation. Unlike type | bGNATS, the N-
terminal domain of type Il enzymes is the catalytic domain (~200 residues), and the C-
terminal regulatory domain (~900 residues) is of unknown function. In addition to the
reversed domain organization of type | acetyltransferases, the type Il acetyltransferase of S.
lividans contains a proline-rich linker that includes a collagen-like G-P-S motif. While the
precise role of the regulatory C-terminal domain of SPatA is unknown, removal of this
domain renders the catalytic N terminus inactive (84). It appears that other actinomycetes
have Pat enzymes that have similar domain organizations, suggesting that acetylases/
deacetylases may have evolved in direct response to pressures unique to environmental
niches. In both type I and type Il acetyltransferases, the large regulatory domain has
sequence homology to ADP-forming CoA synthetases (not to be confused with AMP-
forming CoA synthetases that are regulated by acetylation, discussed below). These
regulatory domains do not show catalytic activity as ADP-forming CoA synthetases, as the
catalytic histidine residue has been substituted (71). It is not known why these enzymes have
evolved these regulatory domains, and their function has not been shown. However, work by
de Diego Puente and coworkers(14) with £. coli PatZ showed that binding of acetyl-CoA
and subsequent autoacetylation of N-terminus residues altered the oligomeric state,
triggering the formation of octamers from the stable tetrameric form of the enzyme. Work
related to the function of the large domain of S. enterica Pat was performed by random
mutagenesis. This approach identified five residues within the N-terminal domain of S.
enterica Pat that were critical to function (80). Additional work is needed to determine why
single amino acid changes have such a profound effect on the function of the protein.
Notably, the type Il GNAT from S. /ividans contains a proline-rich region with a degenerate
G-P-S motif (a signature of collagen) within the large domain (83). It is possible that
octamer formation in S. /ividans Pat is driven by the affinity among G-P-S regions and not
by acetylation, as in £. coli PatZ. We speculate that the octameric state is required to trigger
acetylation in vivo, although this has yet to be confirmed.

Type 11 protein acetyltransferases are similar to type I, in that they contain an N-terminal
regulatory domain and a C-terminal GNAT catalytic domain (Figure 2). They differ, in that
their regulatory N terminus is smaller (~300-400 residues) and their specific regulatory
functions are known. For example, in Mycobacterium smegmatis, the N terminus of PatA
(MsPatA) binds cyclic AMP (cAMP), which increases the activity of the enzyme (55),
which acetylates a universal stress protein (54). In Micromonospora aurantiaca and
Streptomyces lividans, a type |11 acetyltransferase (PatB) has an ACT-regulatory domain
(ACT represents the enzymes initially found with this domain, aspartate kinase, chorismate
mutase, and TyrA) that binds amino acids to increase its acetyltransferase activity (88, 97).
In M. aurantiaca, binding of L-Cys or L-Arg increased the ability of PatB to acetylate acetyl-
CoA synthetase (Acs) of this organism. These ACT-domain acetyltransferases are only
found in actinomycetes, raising interesting questions about links in amino acid metabolism
and acetylation in these bacteria.
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Type IV acetyltransferases have no regulatory domain and consist only of a catalytic GNAT
domain (Figure 2). Acetyltransferases with this domain organization are the most abundant
within a genome. For example, S. enterica has a single type | acetyltransferase and 25 type
IV acetyltransferases. It is generally found that within any given organism, its genome will
code for one to two acetyltransferases that fall into the type I-111 categories, with the rest of
the acetyltransferases being type IV. There are few known exceptions to this rule, as seen in
Bacillus subtilis, which has a genome coding for exclusively type 1V acetyltransferases. It is
generally assumed that type I-I11 acetyltransferases target protein substrates, with the most
commonly known substrate being acyl-CoA synthetases, while type IV acetyltransferases
target protein or small-molecule substrates. To date, no type I-I1l acetyltransferases that
acetylate small molecules have been described. Lastly, type V acetyltransferases contain one
N-terminal and one central GNAT domain prior to the C-terminal region. The Eis protein
from Mycobacterium tuberculosis belongs to this type of acetyltransferases, but at present it
is unclear whether the central GNAT domain is catalytically active (7).

Bacterial Protein Deacetylases

Reversibility of lysine protein acetylation is performed by deacetylases. Due to their
discovery in yeast where they were shown to demodify acetylated lysyl residues of histone
tails (33), deacetylase enzymes are categorized as HDACs (histone deacetylases, PF08295).
There are four classes of HDACs, with classes I, 11, and IV catalyzing lysine deacetylation
without cofactors (28, 67). In these classes of HDACSs, Zn(ll) is required for deacetylation
and binds to a water molecule that then triggers a nucleophilic attack on the carbonyl of the
acetyl group. This reaction mechanism releases acetate as a by-product.

Class 111 HDACs, also known as sirtuins (PF02416, named after the yeast SIR2 protein),
require NAD™ as a cofactor to remove the acetyl group from acetylated lysyl residues (29,
105). The acetyl moiety forms an intermediate with NAD*, which causes the release of
nicotinamide (an inhibitor of sirtuin activity). This leads to deacetylation of the acetyl-lysyl
residue and formation of C-acetyl-ADP-ribose (O-AADPR). The fates and physiological
roles of O-AADPR in prokaryotes are not understood. Prokaryotic genomes tend to code for
one to two sirtuin homologs, while some genomes also code for HDACs. For example, S.
enterica has a single sirtuin NAD*-dependent deacetylase (CobB), while B. subtilis has one
sirtuin deacetylase (SrtN) and one HDAC (AcuC) (16, 69). In human cells there are seven
isoforms within the class 111 group of sirtuins (SIRT1-7), and the most commonly studied
prokaryotic sirtuins are SIRT5 isoforms (69, 82). However, recent work in S. /ividans
showed that its genome coded for one SIRT5 deacetylase (CobB), one SIRT4 deacetylase
(SrtA), and one HDAC (AcuC) (88). It is predicted these Strepfomyces enzymes target
different acetylated substrates, with CobB targeting acetoacetyl-CoA synthetase (83) and
SrtA targeting Acs (88). How these deacetylases have evolved their substrate specificity is of
interest.

Important to note, recent work has identified an additional class of sirtuins that do not
catalyze a deacetylase reaction but rather carry out their own PTM. Known as SirTMs, these
enzymes in Staphylococcus aureus lack the classic histidine active site of deacetylase
sirtuins and instead possess ADP-ribosyltransferase activity. Lipoylation of Lys56 of GevH
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(a lipayl-carrier protein involved in oxidative stress) is required before SirTM can ADP-
ribosylate an aspartate residue (60) of the lipoylated GcvH protein. It was predicted that
ADP-ribosylation of lipoylated GevH inhibited its interaction with oxidoreductase, allowing
the cells to keep its response off under nonstress conditions (60).

The Paradigm of Reversible Lysine Acetylation

The paradigm for protein acetylation in bacteria is the modification of Acs (69-74) (Figure
34). Acs is an AMP-forming CoA synthetase that has multiple conformations (apo,
adenylylation, and thioesterification). The adenylylation conformation (the first half-
reaction) allows acetate and ATP to bind to the enzyme. This conformation catalyzes the
formation of an acyl-AMP intermediate (36, 69) (Figure 35). The thioesterification
conformation produces acetyl-CoA and releases AMP (Figure 34). This same mechanism
applies to many other bacterial CoA synthetases that utilize a wide range of fatty acids (20).
High formation of AMP following this esterification can lead to energy disruptions in the
cell, through inhibition of ADP synthesis (i.e., lower levels of ATP). In S. enterica, K609 of
Acs coordinates the negatively charged carboxylate of acetate into the active site, where the
protein forms the acyl-AMP intermediate (72). Crystal structures show that in the
thioesterification conformation of CoA synthetases, the active-site lysyl residue is surface
exposed, making it readily available for acetylation (12, 21). Under conditions where AMP
levels are too high due to uncontrolled activity of Acs, an acetyltransferase acetylates
residue K609, blocking acyl-AMP synthesis. When activity of Acs is needed, a deacetylase
removes the acetyl group on this lysyl residue, returning the protein to its active form (69).
This is a prime example of the importance and rapid nature of acetylation in prokaryotes and
has been the basis for studying acetylation of other enzymes in bacteria.

Sources and Fates of Acetyl-CoA

Acetyl donors for acetylation can come from two known sources, acetyl-CoA and acetyl-
phosphate (AcP). Metabolically, AcP is generated under high-acetate conditions (50 mM)
where acetate kinase activates acetate to acetyl-CoA. The latter is then converted to AcP by
phosphotransacetylase (4, 9). The high-energy AcP molecule (AG°” of hydrolysis = 44.8 kJ/
mol) (81) can be used as an acetyl donor for chemical acetylation of lysyl residues of
proteins (see below). Alternatively, under low-acetate conditions (10 mM), Acs activates
acetate to acetyl-CoA. Independent of acetate metabolism, acetyl-CoA is derived from
multiple sources. For example, oxidation of amino acids can lead to increased levels of
acetyl-CoA (Figure 4). Once acetyl-CoA is produced, it has a variety of fates within the cell.
It can be funneled into the TCA cycle for production of reducing equivalents, for the
production of fatty acids for membrane synthesis, and, particularly relevant to this review,
for use in posttranslational acetylation of proteins (Figure 4). It is clear that acetyl-CoA is
the donor of acetyl moieties during enzyme-driven acetylation. However, the question of
what triggers the acetylation of specific proteins is a bigger question that needs to be
addressed within distinct physiological frameworks.
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There are multiple examples in the literature that support the conclusion that, in bacteria, the
enzymatic acetylation of proteins is of high physiological relevance. While it is not known
what triggers the activity of acetyltransferases, we know that acetylation is necessary to
maintain cellular homeostasis, modulate transcription of essential genes, and alter cellular
metabolism based on environmental stressors or niches (42, 71, 79, 90, 107). This has been
shown to be of importance because deletion of acetyltransferases under specific conditions
changes the metabolism or physiology of a cell. It has been proposed that the activity of
acetyltransferases proceeds via the extraction of a proton from the AF group of the lysyl side
chain by an active-site glutamate (92) (Figure 5). At cellular pH, lysyl residues are
protonated and positively charged due to the pA;(10.53) of this side chain. The negatively
charged catalytic glutamate residue acts as a base that facilitates a water-mediated proton
extraction from the lysyl residue. The deprotonated, nucleophilic lysyl residue attacks the
electrophilic carbonyl group of acetyl-CoA, generating acetyl-lysyl residues.

While the catalysis is specific and the core domain containing this glutamate is highly
conserved, the residues important for recognition of acetyltransferase substrates is poorly
understood. For this reason, the characterization of putative acetyltransferases is of utmost
importance. Many papers discussed in this review report the identification of lysyl residues
of many proteins that are acetylated, but not the acetyltransferases that modify them. We
would argue that in order to truly understand the physiological relevance of acetylation, we
must identify the enzymes that have evolved to control protein activity.

It is important to point out the relevance of performing in vitro acetylation assays at near
neutral pH (~7). Alkaline pH should be avoided due to the lability of the thioester bond of
acetyl-CoA to hydroxyl anions. In addition, when the pH of a reaction mixture is >8, a
higher percentage of lysyl residues are deprotonated nonenzymatically. The combination of
these two factors favors the nonenzymatic transfer of acetyl moiety to the epsilon amino
group of lysine (Figure 5). Nonenzymatic acetylation is the biggest challenge to
investigators in the field of protein acetylation who are interested in identifying lysyl
residues that, if acetylated, can alter protein function. Analysis of published acetylomes
reveals proteins that are modified at multiple locations, making it difficult to determine
which residue may be responsible for alterations in protein function. It is therefore not only
important to assess protein activity after an in vitro acetylation experiment but also equally
important to identify the acetyltransferase that catalyzes the modification. Therefore, this
review does not focus on global protein acetylome studies, as these experiments generally
lead to large levels of chemical acetylation and the targets are, in the majority of cases, not
verified with pure proteins in vitro.

Identification of Protein Targets of Putative Bacterial GNATs

Recent work published by Christensen et al. (10) reported the identification of protein
targets of uncharacterized bGNATS in £. coli. The interesting part of this work was the use
of a strain that reduced background levels of (de)acetylation. Generally, nonenzymatic
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acetylation is caused by AcP, which is produced from the abovementioned ackA pta
pathway. For this study, the authors constructed a strain with pta, cobB, pat, and acs deleted
in which the background noise of protein acetylation was substantially reduced, allowing
them to identify new protein targets using a combination of Western blot analysis and mass
spectrometry of the proteome when specific bGNATSs were overproduced. Importantly, the
authors substituted residues suspected to be required for bGNAT activity. Results from these
initial studies allowed the authors to focus on four uncharacterized £. coli GNATs: Riml,
YiaC, YjaB, and PhnO. Important to note, other bGNATS (AatA, ElaA, YiiD, and YafP)
were not studied due to overexpression growth phenotypes. While these four GNATS were
not analyzed, their growth phenotypes could be of use in the future for identifying their
protein or small-molecule targets.

As mentioned above, the authors used mass spectrometry to analyze the acetylome, an
approach that yielded a wealth of information. For example, the authors identified large
numbers of proteins acetylated by YjaB (128 proteins) and YiaC (251 proteins). In contrast,
the numbers of proteins acetylated by Riml and PhnO were substantially less (11 and 10
proteins, respectively). While it remains to be shown that each bGNAT directly acetylates all
targets found, it is interesting to see the authors group the putative targets on a metabolic
map and compare the specific lysine targets to results found from previous nonenzymatic
AcP acetylation studies. Christensen et al. found that a majority of the bGNATS studied
targeted proteins involved in early or late stage of glycolysis (prior to the formation of
glyceraldehyde 3-phosphate), perhaps indicating a pivotal role for lysine acetylation in
central metabolism. Also of interest is their finding that YiaC and YfiQ appeared to acetylate
the transcription factor GntR, which controls the expression of genes whose protein products
are part of the Entner-Doudoroff pathway.

While the identified targets from mass spectrometry and acetyl-lysine Western blots were
not confirmed with pure proteins in vitro, Christensen et al. (10) found some interesting
phenotypes associated with the overexpression of y7aCand yfiQ (a.k.a. patz, pka). When
either y7aC or yfiQ were overexpressed in E. coli, cells had a reduced migration on soft-agar
motility assays. Notably, none of the proteins identified by mass spectrometry is known to
be involved in motility, and the potential acetylation targets causing this phenotype still need
to be identified. It was noted that many if not all bGNATS in £. coli are found to be
upregulated in biofilms or during stationary phase, and this may be a hint of where to look
for acetylation-dependent phenotypes.

In summary, the work presented by Christensen et al. (10) is an excellent example for
beginning to identify acetyltransferase protein targets. While no targets were directly
identified, this work opens up a lot of doors to continue to search for bGNAT protein targets.
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CELLULAR PROCESSES UNDER REVERSIBLE LYSINE ACETYLATION
CONTROL

Carbon-Nitrogen Metabolism

Every cell must undergo carbon and nitrogen metabolism for survival. In prokaryotes, the
paradigm for protein acetylation is the AMP-forming Acs (69, 71) (Figure 3). Acetylation of
Acs is necessary for maintaining energy-charge homeostasis (6), because excess Acs activity
leads to the accumulation of AMP and depletion of ATP, leading to growth arrest (6). Since
the discovery of Acs acetylation, the control mechanisms of this enzyme have been studied
in depth.

While we know acetylation of central metabolic enzymes is necessary for adaptation, the
cascade of events that trigger acetylation remain to be elucidated. Acs, like other members
of the ANL superfamily of proteins (20) (https://pfam.xfam.org/clan/ANL), has AMP/ATP
binding pockets that when occupied stimulate an open conformation of the protein (13). This
open conformation exposes the active-site lysine of Acs, rendering it available for
acetylation (13). It has recently been shown that acetylation is increased when cAMP, binds
to the AMP pocket of Acs(23). While cAMP was bound to acetylated Acs, its deacetylation
levels also decreased (23). This could imply that cAMP is a competitor for AMP, which
serves as a cellular signal for protein acetylation and control. This was seen not only with
Acs but also with other CoA synthetases (FadD and PrpE) of the cell.

An additional mechanism to control acetylation of Acs is through regulation of the
posttranslational machinery that targets this enzyme. Multiple studies have shown that
central regulatory enzymes control transcription of the genes coding for acetyltransferases
and deacetylases (26, 101, 103). The nitrogen response regulator, GInR, has been shown to
upregulate expression of the Saccharopolyspora erythraea acetyltransferase (acuA), and
deacetylase (srtN), under nitrogen-limiting conditions (101). In the absence of GInR, S.
erythraea displayed growth phenotypes with acetate that were related to lower levels of the
acuA acetyltransferase and therefore dysregulation of Acs acetylation. This work linked
nitrogen metabolism to the regulation of the central metabolism acetylation machinery.
Other studies have shown that acetylation of GInR alters its in vitro DNA-binding activity,
although these studies require further analysis to assess physiological relevance (1).

Even though acetylation of Acs is thought to be conserved in all domains of life, how this
acetylation event differs among bacterial species has recently been investigated. In S.
entericaand E. coli, Acs is acetylated by the type | Pat (71) and its homolog PatZ (5),
respectively (Figures 2, 3). This Pat protein contains a regulatory domain of unknown
function (~700 amino acids) attached to the catalytic GNAT domain (~200 amino acids).
Recent work also highlights the importance of Acs acetylation and deacetylation during
bacterial infections (44). Using Vibrio cholerae and Drosophila melanogaster as an infection
model, it was found that dysregulation of Acs acetylation reduced V/ cholera virulence. This
work emphasizes the impact of protein acetylation on the physiology of pathogenic bacteria
that affect human health across the world (44). While many studies characterizing Acs
acetylation by Pat have similarities, there are also differences worth discussing here. For
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example, work in M. aurantiaca identified an ACT-domain acetyltransferase that bound
cysteine and arginine, which increased its activity for Acs acetylation (97). The homologous
ACT-Pat protein of S. /ividans was recently identified (88), and it also modified Acs in this
bacterium. However, there were differences from the acetylation paradigm in S. enterica
worth noting. The most important findings of these studies were: (&) Type | Pat enzymes
show specificity for their own Acs substrate; that is, S. enterica Pat does not recognize S.
lividans Acs, and conversely, S. /ividans ACTPat does not recognize S. enterica Acs; and ()
unlike S. enterica Acs, the S. lividans Acs is acetylated on a serine residue within the
acetylation motif of the protein. The alluded serine residue (S608) was located two positions
upstream of the canonical acetylation site, i.e., K610. Notably, acetylation of S608 was
required for ACT-Pat-mediated K610 acetylation (88). From a mechanistic standpoint, it is
unclear why S608 needs to be acetylated for K610 to be modified. At present, the identity of
the O-acetyltransferase enzyme that modifies S608 is unknown, but it is clear that Acs
control in Streptomyces may be more complicated than in other bacteria. At the moment,
one can only speculate about the existence of selective pressures unique to the environment
occupied by S. /ividans and M. aurantiaca (i.e., soil) that drove the evolution of a more
elaborate control of Acs than the one observed in intestinal bacteria such as S. entericaand
E. coli.

While acetylation of Acs has been and continues to be analyzed, studies are expanding to
assess posttranslational modifications of additional central metabolic enzymes. A good place
to start investigating lysine acetylation is to identify central metabolic enzymes that have
active-site lysines that can be accessed by bGNATSs (53). As mentioned previously, the
positive charge of lysyl residues interacts with a substrate in the active site of an enzyme.
Lysine acetylation abolishes this charge, blocking catalysis. Enolase, a central metabolic
enzyme that converts 2-phosphoglycerate to phosphoenolpyruvate, has been found to be
acetylated in many acetylome studies (104, 106). Work has been done to show in vitro that
chemical acetylation of enolase decreases its activity and that acetylation mimics (e.g., GIn)
of active-site enolase lysyl residues reduce its activity (53). Other work inM. tuberculosis
identified two acetylation sites of isocitrate lyase (3). Acetylation of one lysyl residue
increased the activity of the enzyme, while acetylation of another lysyl residue decreased
enzyme activity. Interestingly, growth of M. tuberculosis on acetate and propionate increased
acetylation levels of isocitrate lyase. It is possible the enzyme was chemically modified as a
consequence of increased acetyl-CoA or AcP pools. This is a possibility that must be taken
into consideration since acetyltransferases responsible for the modifications were not found.
Enzyme-driven protein acetylation offers opportunities to better understand the impact of
acetylation on the physiology of an organism. The powerful acetylating activity of AcP
makes it more challenging to reach this goal.

Acetylome studies have revealed that many proteins are acetylated on multiple lysines.
Therefore, verification of these acetylation events is pivotal for the advancement of the field.
One such study characterized the acetylation of phosphoenolpyruvate carboxylase (PEPC),
an enzyme that converts phosphoenolpyruvate to oxaloacetate (50, 52). Metabolic flux after
production of oxaloacetate leads to increased synthesis of aspartate and ensures carbon flow
through the citric acid cycle for production of glutamate. Corynebacterium glutamicum s a
bacterium used for industrial production of glutamate, and under glutamate-producing
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conditions, the authors found that PEPC was acetylated at K653 (52). Although cells with a
PEPCK653Q yariant (an acetylation mimic) did not display growth phenotypes, glutamate
production was completely abolished, and in vitro activity was greatly reduced compared to
PEPCWT, A PEPCK643R (3 deacetylation mimic variant) produced high levels of glutamate
and maintained moderate activity in vitro. These results showed not only that the charge of
residue K653 is necessary for enzyme activity, but also that by abolishing enzymatic activity
in the PEPCK653Q yariant, metabolic flux was greatly impacted. While the deacetylase of C.
glutamicum was able to deacetylate artificially acetylated PEPC, no acetyltransferase was
identified for this modification. Although AcP or acetyl-CoA could be a substrate for
chemical modification of PEPC, we would argue PEPC acetylation would have to be tightly
regulated and is likely enzymatic.

Other work has begun to investigate posttranslational modifications of enzymes involved in
overproduction of antimicrobial-producing enzymes (96) and highlight that such
modifications can greatly alter the derived products. Lysine malonylation was recently
profiled in £. coli, where proteins involved in protein synthesis, energy metabolism, and
fatty acid biosynthesis were enriched for this type of modification (59). Since the focus of
this review is on acetylation, protein malonylation is not discussed in detail. However, it is
important to note that CobB sirtuins can demalonylate modified proteins (56). Both of the
abovementioned studies (52, 96) highlighted the importance of understanding the effects of
protein acylation on metabolic flux. For industrial production of small molecules, we can be
thinking of not only the present enzymes but also how those enzymes may be
posttranslationally modified and how we can use that information to better engineer
microbes to produce optimal yields of valuable chemicals.

Transcription

The ways in which acetylation alters gene regulation have been studied extensively in
eukaryotes through the process of histone acetylation (57). Histones are nucleoid-associated
proteins that have lysine-rich DNA-binding domains that interact with the negatively
charged DNA backbone (Figure 6). The yeast Genb-acetyltransferase targets lysines within
the DNA-binding domain of histones H3 and H2B (77), and yeast Esal acetylates histone H4
and H2A (77). While histone acetylation has been given much attention, the prokaryotic
mechanisms from which it evolved have recently been investigated. Although acetylation of
transcription factors had been reported in acetylome studies (104, 106), it was not until
recently that an acetyltransferase was found to acetylate and alter DNA binding of a
prokaryotic transcription factor (79). Since then, an array of studies have been conducted to
further elucidate these mechanisms.

The prokaryotic DNA-binding protein HU is a small (10 kDa), basic, and thermostable
protein that most closely resembles eukaryotic histones. HU is similar to histones, in that it
causes DNA supercoiling with the assistance of topoisomerase (64). HU has been found to
be acetylated in multiple acetylome studies; however, only in M. tuberculosis has an
acetyltransferase been identified to directly acetylate HU (18). This acetyltransferase, Eis,
modified MMU and altered its DNA-binding capabilities in vitro (18). Mass spectrometry
revealed 29 possible acetylation sites in the C-terminal domain, but currently it is unknown
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whether the Eis acetyltransferase targets one or multiple lysyl residues of MHU.
Interestingly, overexpression of e/sin M. tuberculosis caused enhanced cell survival in
macrophages, raising the possibility that acetylation plays an important role in pathogenesis
of this organism. Further work identified a deacetylase, Rv1151c, that reversed the
acetylation of HU by Eis (2). Deacetylation of MMHU restored its DNA-binding capabilities,
and together this work encompassed a deacetylase/acetyltransferase system that targets a
DNA-binding protein.

In addition to HU, another DNA-binding protein in M. tuberculosis, DosR, was found to be
acetylated (98). A M. tuberculosis cAMP-domain acetyltransferase, RvV0998, acetylated
DosR in vitro. Residue K182 of DosR is known to interact with DNA, and under hypoxia it
was found this lysyl residue had lower levels of acetylation. To replicate deacetylation of
DosR under hypoxia, variants were constructed to mimic deacetylated DosR (DosRK182R).
Presence of DosRX182R (3 deacetylation mimic variant) led to a significant change in
transcription of many genes (acr, dosR, fdxA, and others). The DosRK182R variant bound all
DNA in electrophoretic mobility shift assays while the acetylation mimic variant,
DosRK182Q did not. Interestingly, cells where the gene encoding the RV0998
acetyltransferase was inactivated had reduced growth in macrophages, while DosRK182R.
producing cells (a deacetylation mimic) inhibited intracellular survival of M. tuberculosis.
Overall, it was hypothesized that hypoxia might induce deacetylation of DosR, which
increases its DNA-binding ability to promote transcription of target genes needed for M.
tuberculosis to adapt to hypoxia during virulence. While more work needs to be done to
understand what triggers acetylation of DosR, this work highlighted an additional reversible
lysine acetylation system of M. tuberculosisthat is necessary for pathogenesis.

Much as in Mycobacterium, pathogenesis is affected via acetylation of transcriptional
regulators in S. enterica. In this bacterium, the involvement of the Pat/CobB enzymes has
been established by different research groups, but the conclusions reached by each group
cannot yet be reconciled, suggesting that there may be additional information that needs to
be obtained to bridge the differences in understanding how things work. Notably, both
groups agree that the master regulator HilD, which controls the expression of the Sa/lmonella
pathogenicity island 1 (SPI1) is a substrate of the Pat enzyme (30, 66). Both groups agree
that Pat acetylates HilD, but Hung et al. conclude that acetylated HilD (HilDA%) becomes
unstable, while Sang et al. (66) conclude that Pat function is needed for HilD stability.
Deacetylation of HilDAC by CobB was inferred by Hung et al. (30) from experiments that
included known inhibitors of CobB sirtuins (e.g., splitomicin, nicotinamide). In the presence
of such inhibitors a sevenfold reduction in the expression of a HilD-controlled reporter was
measured, and the half-life of HilD was reduced fourfold. Additionally, HilDAC had a 60%
reduced invasion rate in S. enterica compared to deacetylation mimics. Lastly, HilDAC
reduced S. enterica colonization in ceca. Acetylation is used to fine-tune HilD activity
during S. enterica infections, since it is hypothesized that too much HilD can be detrimental
(66).

It seems that acetylation of prokaryotic regulators is often linked to a cell switching its
metabolism or physiology. A recent proteomic study in B. subtilis identified a myriad of
acetylated proteins, and a few of those targets were analyzed in depth (61). These authors
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Translation

showed that acetylation played a critical role in B. subtilis biofilm formation and swarming
motility. The ability to modulate swarming or biofilm formation was achieved through
acetylation of the YmcA biofilm regulator and the DegUS two-component system that
modulates genes required for swarming motility (61). This study not only linked
transcriptional regulation to acetylation but also linked multicellularity to acetylation
mechanisms.

Work in Porphyromonas gingivalis highlighted a repressor involved in the oxidative stress
response, RprY, whose coding region shared a transcription start site with pat (43). In vitro
and in vivo studies showed that Pat enhanced acetylation of RprY and that acetylation
changed the in vitro DNA-binding activity of RprY. Many of the abovementioned studies are
a beginning to what is sure to be a fruitful field of transcription factor control via acetylation.
Studying these processes in prokaryotes might further our understanding of how acetylation
might have evolved in eukaryotes. Not only are regulators directly acetylated, but some of
their small molecule ligands are acetylated (87, 89); however, that is outside of the scope of
this review.

Acetylation has been considered to be a part of the mechanisms that control protein
synthesis since the discovery of Rim acetyltransferases. Three acetyltransferases, Riml,
RimJ, and RimL acetylate A®-amine groups of ribosomal proteins S18, S5, and L12,
respectively (78, 100). Since then, many indirect mechanisms of acetylation have been
shown to alter mMRNA translation efficiency in prokaryotes.

Exciting and noteworthy work in this research area has focused on toxin-antitoxin systems in
bacteria where the toxin codes for an acetyltransferase. Work in S. entericaand E. colihas
shown multiple toxin acetyltransferases that acetylate aminoacyl-tRNAs (8, 37, 65). It was
found that three toxin-antitoxin acetyltransferase systems in S. enterica acetylated specific
aminoacyl-tRNAs to varying degrees (8, 65). In £. coli, the acetyltransferase toxin
acetylated only formyl-methionine tRNA; however, it is unclear where the site of acetylation
is located, since there is no free amino group on fet-tRNA (37). It is possible that the
formyl group is lost immediately before the free amino group of methionine can be
modified. Acetylation of free amino groups on aminoacyltRNAs blocks the ability of the
ribosome to form peptide bonds (Figure 7), hence arresting protein synthesis, and in the case
of some pathogenic bacteria, triggers a persister state that substantially reduces the activity
of essential cellular machinery to evade host defenses. Once the cell has avoided the threat,
it can reverse aminoacyl-tRNA acetylation and return to active growth.

It should be noted that it is unknown what triggers the acetylation of aminoacyl-tRNAs in
these organisms, but hypotheses involving acetylation of the antitoxin have been studied
(90). In this work, it was shown that acetylation of the antitoxin by its cognate toxin
increased the toxin’s activity, increasing the level of acetylated aminoacyl-tRNAs, and
reducing protein synthesis (90). In the alluded case, the CobB sirtuin deacetylated the
antitoxin, reducing the activity of the toxin to its original level. This work was intriguing
because it was the first instance of an acetyltransferase targeting a protein (antitoxin) and
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nonprotein (aminoacyl-tRNA) substrate. Additionally, this work highlighted a toxin that
modulated its own activity through acetylation of its antitoxin.

In addition to the work in S. entericaand E. coli, other groups have identified toxin-antitoxin
systems coding for acetyltransferase toxins that are predicted or shown to be involved in
inhibiting protein synthesis (34, 46, 49, 58). It is important to study other toxin-antitoxin
acetyltransferase systems to determine whether the toxins maintain their activity while in
complex with their antitoxins and further determine the mechanisms in which cells enter and
leave persister states. The current hypothesis in the field involves recycling of acetylated
aminoacyl-tRNAs by peptidyltRNA hydrolase (Pth) (8) or through acetylation/deacetylation
of the antitoxin to control the toxin’s aminoacyl-tRNA acetyltransferase activity (90). It is
possible that a combination of both processes is at play, and this warrants further
investigation. The reader is directed to many excellent reviews on toxin-antitoxin systems
for further information about this fascinating topic (22, 38, 45, 85, 99).

Acetylation has been shown to affect the activity of tyrosyl-tRNA synthetase (TyrRS) in £.
coli (91). Genetically encoded incorporation of acetyl-lysyl into specific locations of TyrRS
resulted in variants with lower catalytic efficiencies. Importantly, the CobB sirtuin
deacetylase removed these chemical modifications, returning TyrRS to its wild-type activity.
In a noteworthy experiment of this work, the authors purified 25 E£. coli acetyltransferases
and tested them for in vitro acetylation of TyrRS. The only potential acetyltransferase
candidate was Pat, but the activity of TyrRS was not tested after enzymatic acetylation. The
authors suggested that perhaps AcP was the source of acetylation in vivo, although it would
be interesting to further study the effects of Pat on this system.

CHALLENGES FACING CURRENT RESEARCH ON PROTEIN ACETYLATION

Below, we address some challenges that investigators interested in this research area face
while trying to identify proteins whose function is modulated by acetylation.

1 Nonenzymatic acetylation. The fact that AcP is such a potent acetylating agent
raises the background noise, making the task of identifying lysyl residues that are
enzymatically modified laborious, hence slowing down the pace of progress. To
circumvent this problem, investigators have introduced genetically encoded
acetyl-lysyl residues at suspected acetylation sites. In other instances, AcP is
used to acetylate all available sites and measurement of protein function is then
correlated to degree of acetylation. In some cases, deacetylation by sirtuins or
other deacetylases is used to infer that there is probably an acetyltransferase
responsible for the modification. However, in the vast majority of cases, the
identity of the acetyltransferase remains an enigma. These approaches leave
unanswered, important questions regarding how the modifications are introduced
and, most importantly, what physiological conditions caused by endogenous or
exogenous stimuli lead to the introduction of such PTMs.

2. From our perspective, to accelerate progress in the field, more attention should
be paid to the identification of the targets of bGNATSs. Unfortunately,
bioinformatics tools currently available to distinguish bGNATSs that modify
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proteins versus those that modify small molecules are not effective. One way to
circumvent this problem would be to couple the overexpression of genes
encoding bGNATSs with mass spectrometric analyses of the proteome followed
by in vitro validation of the findings. The big question here is, under what
conditions should cells be grown for these analyses? The answer should be
guided by what is known about the lifestyles of the bacteria. Ideally, one should
be able to find conditions that generate phenotypes that can be dissected
genetically and biochemically.

Some researchers use anti-acetyl-lysine antibodies to probe for acetylation of
proteins from in vivo overexpression experiments. This approach is frequently
uninformative, due to the fact that in stationary phase, lysyl residues of proteins
act as sinks for excess acetyl-CoA and AcP (68). If Western blots are used, we
think it may be more informative to harvest in early or mid-log of growth, and to
verify single acetylation sites via site-directed mutagenesis of targeted lysyl
residues. It is generally thought that a physiologically relevant acetylation event
occurs on a single lysyl residue, and therefore acetylation of a protein should be
abolished (via in vitro assays, i.e., radiolabeled acetyl-CoA assays or in vivo
assays, i.e., Western blots) when the single lysyl residue is altered. To the best of
our knowledge, multiple enzyme-catalyzed acetylation events that have an effect
on protein function have only been shown in the case of the S. erythiraea Acs
enzyme, which is acetylated four times by the S. erythraca AcuA
acetyltransferase (102).

Why do proteomes contain so many acetylated lysyl residues? We speculate that
the acetylation of lysyl residues plays an additional role that is connected to the
metabolic value of acetyl moieties. When deacetylation is performed by enzymes
that yield acetate, cells can readily activate it to acetyl-CoA, arguably the most
important building block in metabolism. By acetylating lysy! residues, cells
retain acetate rather than extruding into the environment where acetate can be
consumed by other bacteria. In other words, it is possible that the acetylation of
lysyl residues that do not affect protein function reflects on an acetate storage
strategy that avoids loss of carbon.

OUTLOOK AND CONCLUDING REMARKS

There are many outstanding questions and opportunities in the emerging field of protein
acylation. For example, it is of interest to know what controls and triggers protein
acetylation and deacetylation. Are there AcP acetylation mechanisms that are
physiologically relevant? Are there acetyltransferase enzymes that use AcP as substrate in
lieu of acetyl-CoA? Or as mentioned above, is nonenzymatic AcP acetylation utilized as a
carbon storage strategy? Regardless of mechanisms, the lack of validation of acetylation
targets is mandatory for the assessment of the impact of protein acetylation on bacterial cell
physiology. Many studies have shown that the function of a protein is not the only aspect
affected by lysine acetylation, and perhaps we need to pay more attention to effects of
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acetylation on structure, oligomerization, protein-protein interaction, cellular localization,
etc.

The information on protein acetylation is rapidly growing and is building a solid foundation
for further characterization of bGNATSs. As the field advances, we will find that many
bGNATSs, perhaps the majority, target small molecules and that this family of enzymes use
not only acetate but an assortment of organic acids. Acetylation, paired with deacetylation, is
a rapid way for a cell to adjust cellular metabolism or flux and is involved in a variety of
important cellular processes ranging from virulence to central metabolism to DNA binding
to protein synthesis. Acetylation therefore warrants much attention with regard to bacterial
physiology and will provide valuable insights into how cells respond and adapt to
endogenous and exogenous stimuli.
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Glossary

PTM
posttranslational modification

GNAT
Gcenb-related A-acetyltransferase

bGNAT
bacterial GNAT

Pat (Pat, PatA, PatB)
protein acetyltransferase

ACT
aspartate kinase-chorismate mutase-TyrA domain

Acs
acetyl-CoA synthetase

CobB
a protein deacetylase

AcP
acetyl-phosphate
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by addition of an acetyl group to A®-amino group. (Left, bottom) R represents an amino
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Figure2.
Domain organization of bacterial protein acetyltransferases. Acetyltransferases belonging to

classes I1-1V have been identified within prokaryotic genomes. Type | acetyltransferases
contain a large regulatory N-terminal domain of unknown function. These domains are
homologous to NDP-forming CoA ligases, although they lack a critical active-site histidine
residue and do not possess this activity. Within the C terminus of these proteins, a bGNAT
catalytic domain carries out the acetylation event. Type Il bGNATs are similar to type I, but
their domain organization is reversed. The catalytic GNAT domain is within the N terminus,
with a large regulatory domain on the C terminus. Type 1l bGNATSs are also similar to type
I, in that their regulatory domain lies on the N terminus. However, the regulatory domains of
type Il acetyltransferases are different in size from that of type | (~300-400 residues versus
800-900 residues, respectively). Type IV bGNATSs are unique in that they only contain a
catalytic bGNAT domain. It is thought that type I-111 acetyltransferases target proteins while
type IV are able to target both proteins and small molecules. Lastly, type V contains two
sequential bGNAT domains before the C-terminal region. Abbreviations: bGNAT, bacterial
GNAT; GNAT, Gcenb5 histone N-acetyltransferase; NDP, nucleoside diphosphate.
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Figure 3.
Reversible lysine acetylation of Acs. (&) Pictured is a model of Acs reversible lysine

acetylation as studied in Sa/monella enterica. Acs is a central metabolic enzyme that under
low-acetate concentrations (10 mM) activates acetate to acetyl-CoA (green protein) via an
acetyladenylate intermediate with the release of pyrophosphate. A catalytic lysyl residue
(K609) coordinates the carboxylic acid of acetate into the active site, and acetylation of
K609 halts Acs activity (red protein). The acetyl moiety on K609 can be removed by a
protein deacetylase, returning the enzyme to its active form. In S. enterica, the type |
bGNAT, Pat, acetylates Acs and the NAD*-dependent sirtuin deacetylase, CobB, removes
this modification. (4) Activation of acetate to acetyl-CoA occurs in a two-step reaction
mechanism. In the adenylation reaction, K609 of Acs binds ATP and acetate, forming an
acyl-AMP intermediate with the release of pyrophosphate. In an esterification reaction,
AMP is replaced by CoA, releasing free AMP. It is in this conformation that the active-site
lysyl residue is exposed and likely targeted by acetylation. Acetylation of K609 blocks the
adenylation reaction and stops the synthesis of acyl-AMP intermediates. Increased levels of
AMP in the cell indirectly lead to lower levels of ATP synthesis, and this is the reason this
enzyme is tightly regulated by reversible lysine acetylation. Abbreviations: Acs, acetyl-CoA
synthetase; bGNAT, bacterial Gen5 histone A-acetyltransferase; Nm, nicotinamide; C-
AADPR, O-acetyl-ADP-ribose; PP;, pyrophosphate.

Annu Rev Microbiol. Author manuscript; available in PMC 2019 October 08.

S-CoA



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

VanDrisse and Escalante-Semerena Page 25

Glucose or Acetate

fatty acids Proteolysis

\ Acs /
AckA Pta

Acetate » Acetyl-CoA » AcP

2N

Membrane TCA cycle
synthesis

Posttranslational
modifications

Figure 4.
Sources and fates of acetyl-CoA. Under low-acetate conditions (10 mM), acetate can be

converted to acetyl-CoA via Acs (as described in Figure 3). Under high-acetate conditions
(50 mM), AckA activates acetate to acetyl-CoA, while the Pta converts acetyl-CoA to AcP.
Metabolism of glucose and other short-chain fatty acids also leads to the production of
acetyl-CoA. Proteolysis leads to an increased accumulation of free amino acids, which are
eventually deaminated and oxidized to acetyl-CoA. All of these sources of acetyl-CoA can
funnel this high-energy molecule into synthesis of fatty acids for membrane production, lead
into the TCA cycle for production of reducing equivalents, or be utilized for acetylation
reactions. Abbreviations: AckA, acetate kinase; AcP, acetyl-phosphate; Acs, acetyl-CoA
synthetase; GNAT, Genb histone A-acetyltransferase; Pta, phosphotransacetylase.
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Reaction mechanism of protein acetylation. (4) Bacterial Gen5 histone A-acetyltransferase

(bGNAT)-mediated protein acetylation involves a catalytic glutamate residue within the
bGNAT core domain. The pK; of glutamate is 4.25, and at cellular pH (~7), the side chain is
deprotonated. This allows the glutamate residue to act as a base that facilitates a water-
mediated proton abstraction from the lysyl residue (pK; = 10.53) of the target protein. The
epsilon amino group of the lysyl residue then undergoes a nucleophilic attack on the
carbonyl carbon of the acetyl moiety of CoA, leading to the formation of an acetylated lysyl
side chain. (6) Under high pH conditions, a larger portion of lysyl residues are deprotonated,
bypassing the need for a catalytic proton abstraction from the side chain. Adapted with
permission from Reference 25.
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Figure 6.

Acetylation schematic of lysyl residues of histone tails or prokaryotic DNA-binding
proteins. Deacetylated lysyl residues (/eff) maintain a positive charge at cellular pH and
interact with the negatively charged phosphate moieties on the DNA backbone. Upon
acetylation of these lysyl residues by acetyltransferases (right), the charge on the side chain
is abolished and can no longer interact with the DNA, causing a disruption in the
interactions.
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synthesis. Under Salmonella entericaand Escherichia coli noninfectious states of growth,
aminoacyl-tRNAs in the P site of the ribosome contain a free amino group that can attack
the carbonyl group of the peptide chain in the P site. Many toxin acetyltransferases in these
organisms have been found to acetylate this free amino group, effectively blocking protein

synthesis. Abbreviation: AcCoA, acetyl-CoA.
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