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The AMP-forming acyl coenzyme A (acyl-CoA) synthetases are a large class of enzymes found in both anabolic and catabolic
pathways that activate fatty acids to acyl-CoA molecules. The protein acetyltransferase (Pat) from Rhodopseudomonas palustris
(RpPat) inactivates AMP-forming acyl-CoA synthetases by acetylating the �-amino group of a conserved, catalytic lysine residue.
In all of the previously described RpPat substrates, this lysine residue is located within a PX4GK motif that has been proposed to
be a recognition motif for RpPat. Here, we report five new substrates for RpPat, all of which are also AMP-forming acyl-CoA syn-
thetases. This finding supports the idea that Pat enzymes may have evolved to control the activity of this family of enzymes. No-
tably, RpPat did not acetylate the wild-type long-chain acyl-CoA synthetase B (RpLcsB; formerly Rpa2714) enzyme of this bacte-
rium. However, a single amino acid change two residues upstream of the acetylation site was sufficient to convert RpLcsB into an
RpPat substrate. The results of mutational and functional analyses of RpLcsB and RpPimA variants led us to propose PK/RTXS/
T/V/NGKX2K/R as a substrate recognition motif. The underlined positions within this motif are particularly important for acet-
ylation by RpPat. The first residue, threonine, is located 4 amino acids upstream of the acetylation site. The second residue can
be S/T/V/N and is located two positions upstream of the acetylation site. Analysis of published crystal structures suggests that
the side chains of these two residues are very close to the acetylated lysine residue, indicating that they may directly interact with
RpPat.

N-acetylation of lysine side chains is a posttranslational modi-
fication found in all domains of life (1, 2). Although most

studies of protein acetylation originally focused on modification
of eukaryotic histone tails (3), it is now clear that a wide variety of
proteins, including metabolic enzymes, are modified by acetyla-
tion (4). Several recent high-throughput proteomics studies re-
ported hundreds of putatively acetylated proteins in Escherichia
coli and Salmonella enterica (5–8), suggesting that lysine acetyla-
tion may be a common regulatory mechanism in bacteria. Despite
this evidence of widespread acetylation, the identity of the acetyl-
transferases responsible for the observed modifications remains
largely unknown. In addition, it appears that much, although not
all, of this acetylation likely occurs at low levels and might be
chemically mediated by acetyl donors such as acetyl phosphate
(9).

The best-characterized bacterial lysine acetyltransferase is the
S. enterica Pat enzyme (hereafter SePat) (10), which is also known
as Pka and PatZ in E. coli (11, 12). In both bacteria, Pat has a large
N-terminal domain of unknown function homologous to NDP-
forming acyl coenzyme A (acyl-CoA) synthetase enzymes and a
smaller C-terminal acetyltransferase domain homologous to the
GCN5-related N-acetyltransferases (GNATs). SePat was origi-
nally identified as a regulator of the AMP-forming acetyl-CoA
synthetase (Acs) enzyme, which activates acetate to acetyl-CoA
(10). SePat acetylates SeAcs once at a conserved catalytic lysine
within what is known as the acetylation motif, and acetylation
inactivates the enzyme (13, 14). When the gene encoding the S.
enterica Sir2-type lysine deacetylase CobB is deleted, this bacte-
rium fails to grow on low (10 mM) concentrations of acetate.
Deletion of pat in a CobB-deficient S. enterica strain restores
growth, demonstrating that lysine acetylation control of Acs in
vivo is reversible (10). SePat and SeCobB also regulate propionyl-

CoA synthetase (PrpE) activity, in this case not by acetylation but
by propionylation (15).

Subsequent studies proposed that SePat or EcPka could acety-
late the response regulator RcsB (8), RNase R (11, 16), and many
other proteins (7, 17). Later work indicated that Pat is not respon-
sible for acetylation of the RNA polymerase alpha subunit (18) or
of GapA, AceA, or AceK (19). These contradictory results have
brought into question the substrate specificity of SePat, and of its
homologues in other organisms, and raised the question of
whether Pat is a global regulator of metabolism or an enzyme that
specifically evolved to acylate AMP-forming acyl-CoA synthetase
enzymes.

We previously reported studies of the specificity of the Pat
homologue in the purple photosynthetic alphaproteobacterium
Rhodopseudomonas palustris, hereafter referred to as RpPat (20).
RpPat is 38% identical over 886 amino acids to SePat and can
acetylate RpAcs as well as the related enzymes RpBadA, RpHbaA,
and RpAliA, which are involved in aromatic and alicyclic acid
degradation (20).

Proteomics analysis identified six new substrates for RpPat, all
of which were acyl-CoA synthetases (19). We subsequently
showed that RpPat also acetylates pimeloyl-CoA synthetase

Received 2 January 2014 Accepted 28 January 2014

Published ahead of print 31 January 2014

Address correspondence to Jorge C. Escalante-Semerena, jcescala@uga.edu.

* Present address: Heidi A. Crosby, Department of Microbiology, University of
Iowa, Iowa City, Iowa, USA.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.00004-14

1496 jb.asm.org Journal of Bacteriology p. 1496 –1504 April 2014 Volume 196 Number 8

http://dx.doi.org/10.1128/JB.00004-14
http://jb.asm.org


(PimA) (21), bringing the total number of RpPat substrates to 11
acyl-CoA (AMP-forming) synthetases, all of which are acetylated
at the catalytic lysine residue (Lys534 in PimA). Examination of
these substrates, as well as SeAcs and SePrpE, showed that they all
contain a conserved PX4GK motif that includes the site of acety-
lation (19). We and others have speculated that the presence of the
PX4GK motif is required for acetylation of the catalytic lysine res-
idue in AMP-forming acyl-CoA synthetases (13, 19, 22, 23), yet to
our knowledge, this has not been experimentally tested. At least
one example of an acyl-CoA synthetase that contains the PX4GK
motif and is not acetylated by RpPat has been reported (21). In
that case, residues needed for recognition of the protein by RpPat
were located outside the PX4GK motif.

In this study, we determined which residues surrounding the
catalytic lysine residue in acyl-CoA synthetases are important for
acetylation by RpPat. It appears that several residues within the
acetylation motif were necessary for acetylation. Specifically, res-
idues 2 and 4 amino acids upstream of the target lysine play crucial
roles in acetylation and recognition. In addition, we characterized

six new acyl-CoA synthetase enzymes from R. palustris and found
five of them to be acetylated by RpPat. Interestingly, RpPat did not
acetylate one of the newly characterized acyl-CoA synthetases,
LcsB. However, a single amino acid variation of LcsB rendered it a
substrate for RpPat.

MATERIALS AND METHODS
Strains, culture media, and growth conditions. Bacterial strains and
plasmids used in this work are listed in Table 1. E. coli strains were grown
at 37°C on lysogeny broth (LB) medium (24, 25). Radiolabeled [1-
14C]acetyl-CoA (54 mCi/mmol) was purchased from Moravek, and all
other chemicals were from Sigma. Monocarboxylic acids are abbreviated
as CX and dicarboxylic acids as DCX, where X is carbon chain length. Acids
tested in this work were acetate (C2), propionate (C3), butyrate (C4),
valerate (C5), hexanoate (C6), heptanoate (C7), octanoate (C8), nonano-
ate (C9), decanoate (C10), undecanoate (C11), laurate/dodecanoate (C12),
tridecanoate (C13), myristate (C14), malonate (DC3), glutarate (DC5), ad-
ipate (DC6), pimelate (DC7), suberate (DC8), azelate (DC9), sebacate
(DC10), dodecanedioate (DC12), tetradecanedioate (DC14), and benzoate

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype Reference, source, or method

Strains
Rhodopseudomonas palustris CGA009 Wild-type genome 45
E. coli derivatives

JE6090 C41(�DE3) Laboratory collection
JE9314 C41(�DE3) pka::kan� Laboratory collection
JE4242 BL21(�DE3)/pLysS Laboratory collection

Plasmids
pTEV5 Purification vector; N-terminal His6 tag 26
pRpPAT13 pat� in pTEV5; bla� 21
pRpPIMA1 pimA� in pTEV5; bla� 21
pRpPIMA16 pimA1 encodes PimAK534A in pTEV5; bla� 21
pRpBTYA1 btyA� in pTEV5; bla� Restriction enzyme cloning
pRpBTYA2 btyA1 encodes BtyAK531A in pTEV5; bla� QuikChange
pRpVCSA1 vcsA� in pTEV5; bla� Restriction enzyme cloning
pRpVCSA2 vcsA1 encodes VcsAK499A in pTEV5; bla� QuikChange
pRpDCAA1 dcaA� in pTEV5; bla� Restriction enzyme cloning
pRpDCAA2 dcaA1 encodes DcaAK490A in pTEV5; bla� QuikChange
pRpLCSB1 lcsB� in pTEV5; bla� Restriction enzyme cloning
pRpLCSB3 lcsB 492-500 pimA in pTEV5; bla� QuikChange
pRpLCSB4 lcsB1 encodes LcsBV497R in pTEV5; bla� QuikChange
pRpLCSB5 lcsB2 encodes LcsBL500V in pTEV5; bla� QuikChange
pRpDCAB1 dcaB� in pTEV5, bla� PIPE cloning
pRpDCAB2 dcaB1 encodes DcaBK506A in pTEV5; bla� QuikChange
pRpDCAC1 dcaC� in pTEV5; bla� PIPE cloning
pRpDCAC2 dcaC1 encodes DcaCK514A in pTEV5; bla� QuikChange
pRpPIMA5 pimA2 encodes PimAG533A in pTEV5; bla� QuikChange
pRpPIMA10 pimA3 encodes PimAV532A in pTEV5; bla� QuikChange
pRpPIMA11 pimA4 encodes PimAP528A in pTEV5; bla� QuikChange
pRpPIMA12 pimA5 encodes PimAR529A in pTEV5; bla� QuikChange
pRpPIMA13 pimA6 encodes PimAT530A in pTEV5; bla� QuikChange
pRpPIMA14 pimA7 encodes PimAT531A in pTEV5; bla� QuikChange
pRpPIMA15 pimA8 encodes PimAL535A in pTEV5; bla� QuikChange
pRpPIMA17 pimA9 encodes PimAL527A in pTEV5; bla� QuikChange
pRpPIMA18 pimA10 encodes PimAL540A in pTEV5; bla� QuikChange
pRpPIMA19 pimA11 encodes PimAR541A in pTEV5; bla� QuikChange
pRpPIMA20 pimA12 encodes PimAR537A in pTEV5; bla� QuikChange
pRpPIMA21 pimA13 encodes PimAH538A in pTEV5; bla� QuikChange
pRpPIMA22 pimA14 encodes PimAE539A in pTEV5; bla� QuikChange
pRpPIMA23 pimA15 encodes PimAS536A in pTEV5; bla� QuikChange
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(Ben). Acids longer than 10 carbon atoms were solubilized with Triton
X-100 (1% [vol/vol] in a 2 mM carboxylic acid stock solution).

Genetic and recombinant DNA techniques. To construct overex-
pression vectors, most acyl-CoA synthetase genes were amplified from R.
palustris genomic DNA, cut with the appropriate restriction enzymes
(Fermentas), and ligated into plasmid pTEV5 (26). Expression vectors for
rpa1763 and rpa2142 were generated using polymerase incomplete primer
extension (PIPE) cloning (27). All overexpression plasmids directed the
synthesis of the AMP-forming acyl-CoA synthetase with an N-terminal
His6 tag that was removed using recombinant tobacco etch virus (rTEV)
protease (28). Site-directed mutants were constructed using the
QuikChange protocol (Stratagene). Gene sequences were confirmed us-
ing BigDye (ABI PRISM) protocols, and sequencing reactions were re-
solved and analyzed at the University of Wisconsin-Madison Biotechnol-
ogy Center.

Protein expression and purification. Plasmids encoding wild-type
and variant AMP-forming acyl-CoA synthetases were transformed into
strain JE9314, a Pka (formerly YfiQ)-deficient derivative of E. coli C41
(�DE3) (29). All AMP-forming acyl-CoA synthetases were subsequently
overexpressed and purified as described previously for RpPimA (21). Rp-
Pat and rTEV protease were purified as described previously (21, 28).

In vitro protein acetylation assay. Proteins were acetylated using ra-
diolabeled acetyl-CoA as described previously (10). Reaction mixtures
contained HEPES buffer (50 mM; pH 7.0), tris(2-carboxyethyl)phos-
phine (TCEP) (1 mM), [1-14C]acetyl-CoA (19 �M; 26 nCi), protein sub-
strate (3 �M), and RpPat (0.06 �M). Reaction mixtures (25-�l total vol-
ume) were incubated for 60 min at 30°C. Samples (10 �l each) were
resolved using SDS-PAGE (30) and visualized by staining with Coomassie
blue R250 (31). Gels were dried and exposed overnight to a multipurpose
phosphor screen (Packard). Radioactivity associated with protein was
quantified using a Typhoon FLA9000 biomolecular imager (GE) and
OptiQuant software version 4.0 (Packard).

Acyl-CoA synthetase activity assays. Acyl-CoA synthetases (1.5 �M
each) were individually incubated with RpPat (0.5 �M) in the presence or
absence of acetyl-CoA (50 �M) for 1 h at 30°C using the same buffer
system as described above for 14C acetylation assays. Specific activity was
quantified using an NADH consumption assay (32). Reaction mixtures
contained HEPES buffer (50 mM, pH 7.5), TCEP (1 mM), ATP (2.5 mM),
free coenzyme A (CoASH; 0.5 mM), MgCl2 (5 mM), phosphoenolpyru-
vate (3 mM), NADH (0.1 mM), pyruvate kinase (1 U), myokinase (5 U),
lactate dehydrogenase (1.5 U), and organic acid substrate (0.2 mM). All
reactions were started by the addition of acyl-CoA synthetase (3 pmol per
100 �l of reaction mixture), and the change in the absorbance at 340 nm
was monitored for 8 min in a 96-well plate format using a Spectramax Plus
UV-visible spectrophotometer (Molecular Devices). Each point was mea-
sured in triplicate, and the entire experiment was repeated on a separate
day. Values represent averages and standard deviations of all six data
points.

RESULTS
Residues important for activity and acetylation of PimA. AMP-
forming acyl-CoA synthetases are composed of two domains
connected by a flexible linker, and the catalytic mechanism in-
cludes a large rotation between two different stable conformations
(33). The catalytic lysine residue is located within the smaller C-
terminal domain and is either buried in the active site at the inter-
face between the N- and C-terminal domains or surface exposed,
depending on the conformation of the enzyme. It has been pro-
posed that the conserved PX4GK motif surrounding the acetyla-
tion site in RpPat substrates is important for acetylation by RpPat
(19). This motif is shown in Fig. 1, in an alignment of 11 RpPat
substrates, all of which are AMP-forming acyl-CoA synthetases
(19–21).

We tested which residues in the vicinity of the acetylation site

were important for acetylation by performing an alanine scan of
PimA. Each residue within seven residues of the acetylation site,
Lys534, was individually changed to alanine, the specific activity of
the resulting variants was determined using octanoate as the sub-
strate, and their susceptibility to acetylation by RpPat was also
investigated.

Very few of the residues surrounding the catalytic lysine resi-
due were important for activity of PimA (Fig. 2, black bars). As
expected, Lys534 (the catalytic residue) was crucial for activity;
substitution by alanine decreased activity by 99%. The only other
variant with substantially lower activity than that of the wild-type
enzyme was PimAT530A, which retained only 11% of wild-type
activity. In contrast, more than half of the 15 residues surrounding
Lys534 were important for acetylation by RpPat (Fig. 2, white
bars), suggesting that conservation in this region of acyl-CoA syn-
thetases is maintained primarily for regulation by acetylation
rather than for catalytic activity. Within the PX4GK motif, alanine
substitutions at residues Pro528, Arg529, Thr530, Val532, and
Gly533 resulted in variants that were acetylated less than 50%
relative to the wild-type protein. C terminal to the acetylation site,
alanine substitutions at residues Arg537, Leu540, and Arg541
yielded variants that also showed �50% of wild-type acetylation.
Among these alanine variants, PimAT530A (�4 position) and
PimAV532A (�2 position) were the most severely affected, with
just 5% and 9% of wild-type acetylation levels, respectively.

Characterization of six putative acyl-CoA synthetases from
R. palustris. We sought to test whether natural variations in the
residues around the catalytic lysine residue of acyl-CoA synthe-
tases would affect their susceptibility to acetylation. To do this,
we characterized six putative acyl-CoA synthetases (Rpa0743,
Rpa1763, Rpa2142, Rpa2714, Rpa2780, and Rpa3299) that were
not previously identified as potentially acetylated in a high-
throughput proteomics study of acetylated proteins in R. palustris
(19). These six putative acyl-CoA synthetases were all soluble pro-

FIG 1 Sequence conservation around acetylated lysine residues of RpPat sub-
strates. Shown is an alignment of the regions surrounding the acetylation sites
of 11 previously identified RpPat substrates from R. palustris. The acetylated
lysine residue is indicated with a star, and the PX4GK motif is underlined.
Numbering refers to the PimA sequence. GenBank accession numbers for the
sequences are as follows: PimA, NP_949053; BadA, NP_946014; Acs,
NP_945564; PrpE, NP_949838; HbaA, NP_946022; AliA, NP_946004; IbuA,
NP_947647; HcsA, NP_946354; FadD, NP_949603; LcsA, NP_949757; and
FcsA, NP_947048. The alignment was generated using ClustalW (41) and for-
matted using ESPript (42).
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teins that showed activity with a variety of fatty acid substrates in
vitro (Fig. 3).

Protein Rpa3299 had the highest activity with the C5 fatty acid
valerate, although it used C4 to C14 monocarboxylic acids as well

(Fig. 3). Based on its strong activity with valerate, we propose
naming Rpa3299 VcsA for valeryl-CoA synthetase A. Protein
Rpa2780 also used short- to medium-chain fatty acids and had the
highest activity with the C3, C4, and C5 fatty acids propionate,

FIG 2 Alanine scan mutagenesis of residues located within the acetylation site of RpPimA to assess the importance of each residue for enzyme activity and
recognition by RpPat. The activity of each RpPimA variant was measured using octanoate as the substrate, and each value was normalized to that of wild-type
RpPimA (black bars). To assess acetylation (thus recognition), each variant was incubated with RpPat and [1-14C]acetyl-CoA for 1 h, and the extent of acetylation
was quantified and normalized to that of wild-type RpPimA (white bars). Values represent averages and standard deviations of three (acetylation) or six (activity)
replicates. Numbers below variant names indicate the position of each residue relative to the acetylation site.

FIG 3 Enzymatic activities of newly identified AMP-forming acyl-CoA synthetases. The activities of six putative AMP-forming acyl-CoA synthetases were tested
in vitro with a variety of organic acids. Mono- and dicarboxylic acids are indicated as CX and DCX, respectively, where X specifies the carbon chain length.
Compound names are listed in Materials and Methods.
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butyrate, and valerate (Fig. 3). Based on its strong activity using
butyrate, we propose naming Rpa2780 BtyA for butyryl-CoA syn-
thetase A. BtyA is distinct from the previously characterized R.
palustris propionyl-CoA synthetase PrpE (19), and at the amino
acid sequence level BtyA is more similar to E. coli medium-chain
acyl-CoA synthetase FadK (30% identical) than to E. coli PrpE
(25% identical).

Proteins Rpa0743 and Rpa2714 both used a broad range of
monocarboxylic acids (Fig. 3), ranging in length from C5 to C16

(Rpa0743) and C6 to C16 (Rpa2714). We propose naming
Rpa2714 LcsB for long-chain acyl-CoA synthetase B. Interest-
ingly, protein Rpa0743 used medium- to long-chain dicarboxylic
acids (C9 to C14) even more efficiently than monocarboxylic acids,
and we propose naming it DcaA for dicarboxylic acid acyl-CoA
synthetase A. Proteins Rpa1763 and Rpa2142 also used dicarboxy-
lic acids, and both exhibited the highest activity with the C12 di-
carboxylic acid dodecanedioic acid (Fig. 3). In light of their pref-
erence for dicarboxylic acids, we suggest naming Rpa1763 and
Rpa2142 DcaB and DcaC, respectively.

Susceptibility of newly characterized acyl-CoA synthetases
to acetylation. We tested whether these six new acyl-CoA syn-
thetases could be acetylated in vitro by incubating them indi-
vidually with or without RpPat (1:50 ratio of RpPat to acyl-CoA
synthetase) in the presence of [1-14C]acetyl-CoA (Fig. 4). As a
positive control for acetylation we used PimA, which is specif-
ically acetylated by Pat at Lys534 (21). At this relatively low
ratio of RpPat to substrate, RpPat acetylated five of the newly
identified acyl-CoA synthetases, namely, BtyA, VcsA, DcaA,
DcaB, and DcaC. Changing the conserved catalytic lysine resi-
due to alanine abolished acetylation (Fig. 4), demonstrating
that acetylation occurs at the expected lysine. Notably, LcsB
was not a substrate for RpPat under these conditions (Fig. 4).

All of the acyl-CoA synthetases that were acetylated by RpPat
lost a substantial amount of activity upon acetylation (Table 2).
VcsA activity decreased by 86% after incubation with RpPat,
and all of the other enzymes lost �98% of their activity after
acetylation by RpPat. In contrast, under the conditions of this
activity assay (1:3 molar ratio of RpPat to LcsB incubated for 1
h), LcsB lost only 13% of its activity, demonstrating that it is a
poor substrate for RpPat.

A single amino acid substitution makes LcsB a substrate for
RpPat. PimA and LcsB have similar activities with octanoate
(C8) and decanoate (C10) (Fig. 3) (34), and at the protein se-
quence level they are 33% identical. Based on this similarity, we
compared the PimA and LcsB sequences surrounding the cat-
alytic lysine residue (Fig. 5A) and tried to identify changes that
would render LcsB a substrate for RpPat. We began by replac-
ing a stretch of 9 amino acids N terminal to the catalytic lysine
residue between Phe491 and Gly501 of LcsB with the corre-
sponding sequence from PimA. The resulting variant was des-
ignated LcsB492–500(PimA), or LcsB* for simplicity (Fig. 5A).
LcsB* was readily acetylated by RpPat (Fig. 5B), demonstrating
that this 9-amino-acid region N terminal to the acetylation site
was important for recognition by RpPat.

Our results from the alanine scan of PimA suggested that the
�2 and �4 positions relative to the acetylated lysine residue
might be particularly important for recognition by RpPat (Fig.
2). Like PimA, LcsB also had a threonine in the �4 position,
but LcsB differed from PimA in the �2 position, with leucine
(Leu500) present instead of valine (Fig. 5A). LcsB also has a
valine (Val497) instead of arginine in the �5 position, which
we thought could be important for recognition by RpPat. We
made single amino acid changes at the �5 position (LcsBV497R)
and at the �2 position (LcsBL500V) to determine whether RpPat

FIG 4 RpPat acetylates all of the newly identified AMP-forming acyl-CoA synthetases except LcsB. Each putative acyl-CoA synthetase was incubated with
[1-14C]acetyl-CoA with or without RpPat (1:50 ratio of RpPat to acyl-CoA synthetase). For acyl-CoA synthetases that were acetylated by RpPat, the putative
acetylation site was changed to an alanine residue and acetylation by RpPat was tested. The top image shows an SDS-PAGE gel of the reactions, and the bottom
image is a phosphor image of the same gel.

TABLE 2 Effect of acetylation on acyl-CoA synthetase activity

Locus tag Gene name Substrate

Sp act (�mol of AMP min�1 mg�1)a

Decrease (%)Unmodified �RpPat

Rpa3716 pimA Octanoate 6.9 � 0.2 0.04 � 0.02 99.5
Rpa0743 dcaA Azelate (C9, dioic) 4.4 � 0.3 0.05 � 0.00 98.8
Rpa1763 dcaB Dodecanedioate (C12, dioic) 3.4 � 0.1 0.06 � 0.02 98.1
Rpa2142 dcaC Heptanoate (C7) 3.4 � 0.3 0.03 � 0.00 99.2
Rpa2714 lcsB Laurate (C12) 3.6 � 0.04 3.2 � 0.1 12.6
Rpa2780 btyA Butyrate (C4) 7.5 � 0.1 0.07 � 0.01 99.1
Rpa3299 vcsA Valerate (C5) 5.3 � 0.5 0.7 � 0.1 86.3
a Specific activity (means � standard deviations) was measured after incubating acyl-CoA synthetase with acetyl-CoA with or without RpPat (1:3 ratio of RpPat to acyl-CoA
synthetase) for 1 h.
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could acetylate LcsBV497R or LcsBL500V. While RpPat did not
acetylate LcsBV497R, it did acetylate LcsBL500V (Fig. 5B).
LcsBL500V was not as good a substrate for RpPat as LcsB*, based
on the weaker acetylation observed in the radioactivity assay
with low RpPat/substrate ratios (Fig. 5B). However, when the
relative amount of RpPat was increased (1:3 ratio of RpPat to
substrate) and LcsB activity was measured, it was evident that
RpPat substantially inactivated LcsBL500V (Fig. 5C). The
LcsBL500V variant retained 75% of wild-type LcsB activity using
sodium laurate as the substrate, demonstrating that Leu500
was not critical for catalytic activity of LcsB. In contrast, the
LcsBL500V variant lost 99% of its activity upon acetylation by
RpPat, compared with only 13% loss of activity of wild-type
LcsB upon acetylation (Fig. 5C). These results demonstrated
that the �2 position of LcsB was important for recognition by
RpPat and that RpPat would effectively recognize LcsB after the
removal of a methylene group in the side chain of Leu500.

DISCUSSION

A refined acetylation motif for RpPat. We have previously
shown that the protein acetyltransferase RpPat specifically
acetylates AMP-forming acyl-CoA synthetases (19), a large
class of enzymes that activate fatty acids to acyl-CoA thioesters.
In this study, we identified five new acyl-CoA synthetases from
R. palustris that are substrates of RpPat (Fig. 4), bringing the
total number of acyl-CoA synthetase substrates for RpPat to 16.
These substrates all share the conserved PX4GK motif sur-
rounding the acetylated lysine residue, and this motif has been
suggested to be required for acetylation. Yet this assertion had
not been experimentally tested.

An acetylation logo generated from all 16 bona fide sub-
strates is shown in Fig. 6A. Based on the results of an alanine
scan of RpPimA, we conclude that the PX4GK motif is impor-
tant for acetylation (Fig. 2) but that there are additional resi-

FIG 5 Conversion of LcsB into a substrate of RpPat by a single amino acid change. (A) Alignment of the C-terminal ends of RpPimA, RpLcsB, and three RpLcsB
variants. Changes in the RpLcsB variants are indicated by black boxes, and residue numbers are noted with arrows above the sequence. The acetylation site is
shown in the open box. (B) Acetylation of RpLcsB variants compared to wild-type RpPimA and RpLcsB. Each protein was incubated with [1-14C]acetyl-CoA and
RpPat (1:50 ratio of RpPat to acyl-CoA synthetase). The top image shows the SDS-PAGE gel, and the bottom image is a phosphor image of the same gel. (C)
Activity of wild-type RpLcsB and RpLcsBL500V using laurate as the substrate. Wild-type RpLcsB lost 	13% of its activity after incubation with RpPat (1:3 ratio of
RpPat to acyl-CoA synthetase) and acetyl-CoA, whereas RpLcsBL500V lost 	99% of its activity.

FIG 6 Regions of AMP-forming acyl-CoA synthetases important for RpPat recognition. (A) An acetylation site motif made from all 16 known R. palustris
acyl-CoA synthetase substrates of RpPat was generated using MEME (43). The acetylated lysine residue is indicated with a star, and surrounding residues that
were found to be important for recognition by RpPat are marked with circles. The �2 and �4 positions, relative to the acetylation site, were particularly
important for recognition by RpPat. (B) Surface representation of BxBclM (PDB code 2V7B [35]). The C-terminal domain was generated using Pymol (44). The
acetylated lysine residue (Lys520) is shown in red, the rest of the PX4GK motif is shown in teal and labeled loop 1, and the other loop shown to be important for
acetylation by RpPat (21) is shown in yellow and labeled loop 2.
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dues within this region that are also critical for recognition by
RpPat. We suggest that a more accurate motif would be PK/R
TXS/V/T/NGKX2K/R, where the acetylation site is in italic
type. We demonstrated that the underlined residues two and
four positions upstream of the acetylated lysine are particularly
important. Analysis of the crystal structure of benzoyl-CoA
synthetase from Burkholderia xenovorans (PDB code 2V7B
[35]) indicates that the �2 and �4 positions are surface ex-
posed and located within a loop in close proximity to the acet-
ylation site (Fig. 6B, loop 1), suggesting that they may directly
interact with RpPat during acetylation.

Conversion of LcsB into a substrate for RpPat by the removal
of a methylene group highlights how small changes can block
lysine acetylation. LcsB (formerly Rpa2714), which activates me-
dium- to long-chain monocarboxylic acids, is not a substrate for
RpPat, largely due to the presence of a bulky leucine residue at the
�2 position (Fig. 5). Changing this leucine to a valine renders
LcsB subject to RpPat control while maintaining nearly wild-type
activity with the C12 fatty acid laurate. The fact that wild-type LcsB
is not acetylated demonstrates that the region around this lysine
residue is critical for recognition by RpPat and that even minor
changes (e.g., the presence of a methylene group) can prevent
regulation by acetylation. It is somewhat surprising that the �2
position is so important for recognition by RpPat, given the vari-
ability at this position (Fig. 6A). This suggests that sequence vari-
ability in this region may impact the overall structure of the loop
(loop 1 in Fig. 6B), which, in turn, could affect interactions with
RpPat.

RpPat recognition determinants are located inside and out-
side the acetylation motif of AMP-forming acyl-CoA synthe-
tases. LcsB is the second example of an AMP-forming acyl-CoA
synthetase from R. palustris that is not a substrate for RpPat.
We previously found that the methylmalonyl-CoA synthetase
(RpMatB) of this bacterium is not acetylated by RpPat either,
largely due to changes in a loop region relatively far from the
acetylation site, labeled loop 2 in Fig. 6B (21). Replacement of
loop 2 of RpMatB with the corresponding sequence from
RpPimA resulted in a chimeric protein that could be acetylated
by RpPat, demonstrating that both loop 1 and loop 2 of acyl-
CoA synthetases are important for recognition by RpPat (21).
These results further support our claim that RpPat makes rel-
atively extensive contact with its substrates and that it is spe-
cific for a subset of AMP-forming acyl-CoA synthetases. Recent
work by others has shown that only 8 out of 22 Mycobacterium
tuberculosis AMP-forming acyl-CoA synthetases that could be pu-
rified were acetylated by the M. tuberculosis Pat homologue (22),
suggesting that it may be that only a subset of acyl-CoA synthe-
tases in any given organism are regulated by acetylation. This is in
contrast to previous reports claiming that the S. enterica and E. coli
Pat homologues have broad substrate ranges and little substrate
specificity (7).

Role of reversible lysine acetylation in fatty acid metabolism.
Previous work demonstrated that growth on aromatic com-
pounds such as benzoate is controlled by acetylation in R. palustris
(20) and that many different AMP-forming acyl-CoA synthetases
involved in mono- and dicarboxylic acid activation are acetylated
in vivo (19). While a deacetylase-deficient strain struggles to grow
on benzoate, due to acetylation and concomitant inactivation of
benzoyl-CoA synthetase, we have not seen a similar phenotype on
noncyclic fatty acids (data not shown). One explanation could be

that RpPat is expressed only during growth on aromatic acids.
Alternatively, since not all AMP-forming acyl-CoA synthetases
are regulated by acetylation, the cell may rely on these nonacety-
latable acyl-CoA synthetases during growth on linear mono- and
dicarboxylic acids.

Many Gram-negative bacteria encode either one or two RpPat
homologues, including other organisms that can degrade aro-
matic compounds, such as members of the Burkholderia, Azoar-
cus, and Thauera genera. For the most part their activities and
substrate specificities have yet to be explored. In addition, R.
palustris encodes a second lysine acetyltransferase, RpKatA, which
contains only an acetyltransferase domain yet is also involved in
regulating acyl-CoA synthetases (19). Unlike RpPat and its S. en-
terica and E. coli homologues, which have a distinctive 	700-
amino-acid N-terminal domain of unknown function, RpKatA
homologues are difficult to distinguish from other members of the
large GNAT family of acetyltransferases. It is still unclear why
growth on aromatic acids is regulated by acetylation in R. palustris
and if this regulation extends to other species. We speculate that
acetylation serves as a feedback mechanism to turn off the aro-
matic acid degradation pathway when the acetyl-CoA concentra-
tion is high, since acetyl-CoA and CO2 are the ultimate breakdown
products of benzoate.

Acetylation of AMP-forming acyl-CoA synthetases by Pat ho-
mologues is unlikely to be regulated strictly by the intracellular
acetyl-CoA concentration, though, as the substrate concentration
at half the maximal velocity (K0.5) of SePat is 	10 �M (36), which
is well below measured cellular acetyl-CoA concentrations (37,
38). However, there is evidence that SePat may be cooperatively
regulated and that its large N-terminal domain is involved in this
regulation (36). Similarly, the structurally unrelated M. tubercu-
losis protein acetyltransferase that acetylates acyl-CoA synthetases
also contains two domains, one of which binds cyclic AMP
(cAMP) to allosterically regulate the acetyltransferase activity of
the other (39, 40).

In addition to allosteric control, the timing and extent of
acetylation may also be determined by the relative expression
of lysine acetyltransferases and deacetylases in the cell. Little is
known about the expression of Pat or the two deacetylases SrtN
and LdaA in R. palustris. It has been shown that an R. palustris
mutant strain lacking both SrtN and LdaA accumulates acety-
lated acyl-CoA synthetases and consequentially is unable to
grow using benzoate as a carbon and energy source (20), dem-
onstrating that the acetylation/deacetylation system is active
during photoheterotrophic growth on benzoate. In E. coli, the
Pat homologue Pka is regulated at the transcriptional level by
cAMP, resulting in upregulation during stationary phase, whereas
the deacetylase CobB is constitutively expressed (12). Taken to-
gether, these results suggest that acyl-CoA synthetase regulation
occurs at the level of acetylation, rather than deacetylation, and
that acetyltransferase activity is likely controlled transcriptionally
and/or allosterically. Additional work is needed to determine
when these acetylation/deacetylation systems are active in R.
palustris and other species.
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