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Summary

GCNb5-type NV-acetyltransferases (GNATS) are enzymes that catalyze the transfer of the acetyl
group from acetyl-CoA to a primary amine. GNATS are conserved in all domains of life. Some
members of this family of enzymes acetylate the side chain of specific lysine residues in proteins
of diverse function. In bacteria, GNAT-catalyzed protein acetylation regulates carbon metabolism,
RNA metabolism, and transcriptional regulation. Metabolic regulation in Streptomyces species is
of interest due to the role of these organisms in natural product synthesis. Here we identify
SPatA, a GNAT in S. /ividans with unique domain organization, and a new acetylation target,
namely acetoacetyl-CoA synthetase (S/AacS). The latter has homologues in all domains of life. /n
vitroand in vivo evidence show that S/AacS is a bona fide acetoacetyl-CoA synthetase. SPatA
acetylates S/AacS more efficiently than it does acetyl-CoA synthetase, an enzyme known to be
under acetylation control. SPatA acetylates S/AacS at the active site residue Lys617 and
acetylation inactivates S/AacS. Acetylated S/AacS was deacetylated by a sirtuin-type protein
deacetylase. S/AacS acetylation/deacetylation may represent a conserved mechanism for
regulation of acetoacetyl-CoA synthetase activity in all domains of life.

Introduction

GCNb5-related AN-acetyltransferase (GNAT) enzymes catalyze the transfer of an acetyl
moiety from acetyl-coenzyme A (Ac-CoA) to a primary amine of small molecules and
proteins. GNATS, named for the homology to the yeast GCN5 protein (yGCNb5p), are
identified by signature sequence motifs and structurally homology (Shaw et af., 1993).
GNATSs are conserved in all domains of life, and represent one of the largest proteins super
families (Vetting et al,, 2005). GNATS are involved in acetylation of antibiotics, hormones,
tRNA, histones, metabolic enzymes, and transcription factors, implicating GNATS in a wide
variety of cellular processes (Vetting et al., 2005, Thao et al., 2010, Ikeuchi et al., 2008,
Thao & Escalante-Semerena, 2011b, Spange et al., 2009). Protein lysine acetylation by
GNATSs occurs on the epsilon amino group of the lysine side chain. Acetylation neutralizes
the positive charge of the lysine side chain altering the side-chain chemistry. Protein
acetylation has been documented in all domains of life (Soppa, 2010), but recent proteomic
approaches performed in eukaryotes (Kim et al., 2006, Choudhary et al., 2009, Weinert et
al., 2011, Zhao et al., 2010) and bacteria (Zhang et al., 2009, Yu et al., 2008, Crosby et al.,
2012) have expanded our view of the potential role of this posttranslational modification in
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cell physiology. As new protein acetylation targets and the concomitant protein
acetyltransferases are identified, the role of acetylation on protein and cellular functions is
broadened.

GNATSs are the only class of protein acetyltransferases identified in bacteria. The Gram-
negative y-proteobacterium Sa/monella enterica encodes a protein acetyltransferase SePat
that contains a large A-terminal domain (~700 residues) with homology to NDP-forming
CoA synthetases and a C-terminal GNAT domain (~200 residues) (Starai & Escalante-
Semerena, 2004). SePat lacks NDP-forming Ac-CoA synthetase activity, and the role of the
domain remains unclear. Biochemical studies indicate that the A~terminal domain of SePat
may be required for acetyltransferase activity, subunit interactions, and positive
cooperativity (Thao & Escalante-Semerena, 2011a). SePat uses acetyl-CoA to acetylate
acetyl-CoA synthetase (SeAcs) and propionyl-CoA to propionylate propionyl-CoA
synthetase (PrpE) (Garrity et al,, 2007, Takenoya et al., 2010). In each case, acylation occurs
at the active site lysine of the CoA synthetase and inactivates the enzyme. Specifically,
lysine acylation prevents the first half reaction that activates the fatty acid to the
corresponding fatty-acyl-AMP intermediate. In each case, deacylation reactivates the
enzyme (Starai et al., 2002, Garrity et al., 2007).

In the photoheterotrophic purple non-sulfur a-protecbacterium Rhodopseudomonas
palustris, a SePat homologue (RoPat), and a single-domain GNAT, RpKatA, regulate
organic acid degradation by acetylating and inactivating seven acyl-CoA synthetases and
three aryl-CoA synthetases (Croshy et al., 2010, Crosby et al., 2012). Acetylation of the
acyl- or aryl- CoA synthetases has the same effect as seen in S. enterica. Notably, the protein
deacetylation system of R. palustrisis more complex than the one in S. enterica. R. palustris
encodes a sirtuin-type, NAD*-dependent deacetylase RoSrtN, and a Zn(11)-dependent
histone deacetylase homologue RpLdaA. RplLdaA hydrolyzes the acetyl group from
acetyllysine releasing free acetate and reactivating acyl-CoA synthetases. At present, the
only protein with acetyllysine deacetylase activity in S. enfericais a sirtuin encoded by the
cobB gene (Tsang & Escalante-Semerena, 1998, Tucker & Escalante-Semerena, 2010).
Protein acetyltransferases have also been described in Gram-positive bacteria. Bacillus
subtilis encodes a single domain GNAT, AcuA, which acetylates acetyl-CoA synthetase
(BsAcsA) (Gardner et al., 2006). Mycobacterium tuberculosis and M. smegmatis encode
protein acetyltransferases, MPatA and MsPat, respectively, with a cyclic-AMP binding
domain fused to the A~terminus of a GNAT domain (Nambi ef a/., 2010). Binding of CAMP
to MPatA activates the enzyme by exposing the catalytic site (Lee et al., 2012). MsPat
acetylates a universal stress protein and Ac-CoA synthetase in M. smegmatis (Nambi et al.,
2010, Xu et al.,, 2011).

Recently, Mikulik et al. demonstrated that Ac-CoA synthetase from the actinomycete
Streptomyces coelicoloris acetylated /n vivo (Mikulik et al., 2012), but the acetyltransferase
responsible for this modification remains unidentified. S. coelicolorencodes 77 putative
GNAT acetyltransferases (Pfam00583), whilst the genome of the closely related species S.
lividans (Kawamoto & Ochi, 1998) encodes 72 putative GNATS. However, none of the
putative GNATSs share end-to-end homology with the known bacterial protein
acetyltransferases SePat, EcPka, RpPat, RpKatA, BsAcuA, MsPat, or MPatA. Further
understanding of the regulation of metabolism in Streptomyces species is of interest because
of the diversity of natural products synthesized by these organisms (Seow et al., 1997,
Courtois et al,, 2003, McMahon et al., 2012, Chater, 2006).

Here, we identify a GNAT in S. /ividansthat has protein acetyltransferase activity and

contains regions of homology to both the A- and C-terminal domains of SePat. The S.
lividans Pat homologue (S/PatA) can acetylate native Ac-CoA synthetase (S/Acs), albeit to a
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Results

limited extent, but acetylates acetoacetyl-CoA synthetase (S/AacS) substantially better. Prior
to this work, the regulation of S/AacS activity by lysine acetylation/deacetylation systems
was unknown. Consistent with the effect of acetylation on other AMP-forming acyl-CoA
synthetases, acetylation of S/AacS inactivated the enzyme, whilst deacetylation reactivated
it. We also report evidence that SPatA acetylates S/AacS in vivoin S. lividans. Further, we
used E. colias a heterologous host to demonstrate S/AacS regulation by SPatA in vivo. In
summary, we show that a SePat homologue with reversed domain organization has bona
fide acetyltransferase activity. Our findings raise the possibility that acetoacetyl-CoA
synthetase homologues in all domains of life may be also controlled by lysine acetylation/
deacetylation systems.

Actinomycetes and the archaeon Archaeoglobus fulgidus encode a protein
acetyltransferase with unique domain organization

Salmonella enterica and Rhodopseudomonas palustris synthesize a protein acetytransferase
Pat enzyme with a large (~700 residues) A-terminal domain with homology to NDP-forming
CoA synthetases and a C-terminal (~200 residues) GNAT domain (Starai & Escalante-
Semerena, 2004, Croshy et al., 2010). The EFD66247 locus of the genome of the
actinomycete Streptomyces lividans encodes a homologue of the SePat and RpPat enzymes
in which the GNAT and the NDP-forming CoA synthetase-like domains are reversed (Fig.
1A). We note that the DNA sequence of S. /ividans open reading frame (ORF) EFD66247
currently available in databases contains two mistakes, which we discovered upon cloning
and sequencing EFD66247. Our sequencing data showed two changes, a transition
(T1787C) and a deletion (AT1788). BLASTp searches performed with the protein encoded
by the corrected DNA sequence identified a full-length NDP-forming CoA synthetase-like
domain homologous to the ones found in SePat and RpPat. Further bioinformatics analysis
of the corrected sequence of ORF EFD66247 revealed that such reverse domain
organization of the putative protein was also present in homologues presumably synthesized
by other actinomycetes and the archaeon Archacoglobus fulgidus. The predicted primary
sequence of the EFD66247 protein contained a proline-rich sequence (P663-P753, 26.4%
proline) that included a degenerate G-P-S motif (Fig. 1B) (Beck & Brodsky, 1998).

The EFD66247 protein (hereafter SIPatA) is a functional protein acetyltransferase

SePat and RpPat have been shown to acetylate the acetyl-CoA synthetase (Acs) enzymes
from S. entericaand R. palustris, respectively (Starai & Escalante-Semerena, 2004, Crosby
etal., 2010). SePat and RpPat acetylate the epsilon amino group of an active-site lysyl side
chain, with the concomitant inactivation of the adenylylation activity of Acs (Crosby et al.,
2010, Starai & Escalante-Semerena, 2004). Mikulik et al. recently reported that the Acs
homologue from Streptomyces ceolicolor (ScAcs) was acetylated /n vivo (Mikulik et al.,
2012), suggesting that a protein acetyltransferase was responsible for acetylating Acs in this
Streptomyces species. We asked whether recombinant SPatA could acetylate S/IAcs in vitro.
For this purpose, SPatA was purified to homogeneity and incubated with purified SIAcs
(encoded by S. /ividans locus EFD68454) in the presence of [1-14C]-Ac-CoA. As shown in
figure 2A, SPatA acetylated S/Acs, indicating that SPatA was a bona fide protein lysine
acetyltransferase. To verify the site of acetylation, a SIAcsK610A variant was isolated and
tested as a substrate of SPatA. SPatA did not modify S/AcsK610A indicating that the
active-site residue K610 was the only site modified by SPatA. For reference, SPatA was
incubated with SeAcs, a known substrate of SePat (Starai & Escalante-Semerena, 2004), and
the active site lysine variant SeAcsK609A, SPatA modified SeAcs but not SeAcsK609A
indicating that SPatA acetylates only the active-site residue K609 of SeAcs. Relative
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acetylation of S/Acs and SeAcs was quantified using digital light units. SPatA modified
SeAcs approximately 30-fold more efficiently than S/Acs.

To compare the effect of SPatA-mediated acetylation on S/Acs and SeAcs activity, SIAcs
or SeAcs was incubated with SPatA in the presence or absence of acetyl-CoA. When S/Acs
was incubated with SPatA in the presence of Ac-CoA, S/Acs retained approximately 75%
of its activity relative to the no acetyl-CoA control (Fig. 2B). This result suggested that
SPatA acetylation of S/Acs was inefficient. SPatA inactivated SeAcs within 90 minutes of
incubation with Ac-CoA, confirming that SeAcs was a better substrate for SPatA than
SIAcs under the conditions tested. Additionally, these data confirm that S/PatA acted
catalytically. As a point of reference, under the conditions used SePat fully inactivated
SeAcs (Starai & Escalante-Semerena, 2004).

SIPatA acetylates an acetoacetyl-CoA synthetase homologue from S. lividans

Because SPatA acetylation of S/Acs was inefficient, we looked for additional SPatA
substrates in S. /ividans. SePat homologues have been shown to acylate members of the
AMP-forming acyl-CoA synthetase family of enzymes (Starai & Escalante-Semerena, 2004,
Garrity et al., 2007, Crosby et al., 2012, Crosby et al., 2010). The closest homologue of
SIAcs we found in S. /ividans was a putative acetoacetyl-CoA synthetase (hereafter S/AacS,
encoded by locus EFD70521), whose primary sequence was 39% identical to that of the
acetoacetyl-CoA synthetase from rat liver (Ito ef al., 1984). S/AacS homologues contained
the catalytic residue Lys617 (Table 1), which raised the possibility that S/AacS could be
acetylated. To test this possibility, SPatA and S/AacS were incubated in the presence of
[1-14C]-Ac-CoA. As shown in figure 3, SPatA efficiently used [1-14C]-Ac-CoA to modify
SIAacS, and residue K617 was the only site of acetylation in S/AacS. Under the same assay
conditions, SPatA acetylated 15-fold more S/AacS than S/Acs, indicating that S/AacS was a
substantially better substrate than S/Acs for SPatA.

SlAacS is a functional acetoacetyl-CoA synthetase in vivo

We used strains of Escherichia colito assess in vivothe ability of S/AacS to convert
acetoacetate to acetoacetyl-CoA (Fig. 4A). E. coliencodes a protein acetyltransferase (Pka)
homologous to SePat and sirtuin-type protein deacetylase (CobB). Growth experiments were
done in a Apka AcobB E. colistrain background to avoid potential S/AacS modification by
the E. coli acetylation machinery. £. coli grows on acetoacetate by first converting it to
acetoacetyl-CoA using the acetyl-CoA:acetotacetate CoA transferase enzyme (AtoDA, EC
2.8.3.8). In the second step of the pathway, the 3-ketoacyl-CoA thiolase (AtoB, EC 2.3.1.16)
enzyme converts acetoacetyl-CoA and CoA to two molecules of acetyl-CoA, which enter
central metabolism (Fig. 4A) (Pauli & Overath, 1972). E. coli encodes a second 3-ketoacyl-
CoA thiolase, FadA, with a substrate preference for mid-length chain fatty acids that is
capable of using acetoacetate as a substrate to generate two molecules of Ac-CoA (Staack et
al,, 1978). An E. coli atoDA strain cannot grow on acetoacetate because it cannot convert
acetoacetate to acetoacetyl-CoA (Pauli & Overath, 1972). An E. coli atoB fadA strain
cannot grow on acetoacetate due to the lack of acetoacetyl-CoA thiolase activity (Jenkins &
Nunn, 1987). As shown in figure 4B, when S/AacS encoded by the native S. /ividans aacS
allele was ectopically produced in E. coli, growth of the AatoDA A cobB A pka strain on
acetoacetate was restored. The final culture density was comparable to that reached when
wild type alleles of afoDA were provided in #rans. These data suggest that S/AacS converted
acetoacetate to acetoacetyl-CoA compensating for the absence of AtoDA in the afoDA
strain. The difference in the growth rate of the strain complemented with native S. /ividans
aacS alleles may be due to codon bias of the S. /ividans allele, differences in enzyme kinetic
parameters, or enzyme stability in £. coliat 37°C.
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To determine the substrate specificity for S/AacS, the AMP-forming CoA synthetase
activity of S/AacS was measured using a continuous spectrophotometric assay with CoA,
ATP, and organic acids structurally similar to, and including, acetoacetate (see Experimental
procedures for all substrates tested). S/AacS efficiently activated acetoacetate to acetoacetyl-
CoA [12 = 2 pumol AMP min~1 mg™1) and B-hydroxybutyrate to B-hydroxybutyryl-CoA (2
+0.2 pmol AMP min~1 mg™1). S/AacsS specific activities for all other compounds tested
were <0.1 pumol AMP min~1 mg~1. Clearly, acetoacetate was the preferred substrate of
SIAacS, indicating that S/AacS was an acetoacetyl-CoA synthetase (EC 6.2.1.16). To
confirm the identity of the AacS reaction product, the substrates ATP, CoA, and
acetoacetate were incubated in the presence or absence of S/AacS. High performance liquid
chromatography (HPLC) was used to separate products from reagents. The enzyme-
containing reaction produced a single unique peak with a retention time of 7.25 min. Mass
spectral analysis (positive mode) of this sample revealed a molecular ion with a m/z of
852.3, corresponding to the expected mass of acetoacetyl-CoA (851.6 amu).

Lys617 is critical for SIAacS activity and acetylation of Lys617 inactivates SIAacS

In S/AacS, Lys617 is a conserved active site residue, and the site acetylated by SPatA (Fig.
3A). To assess the role of Lys617 in S/AacS activity, site-directed mutagenesis was used to
generate aacS alleles encoding S/AacSK617A and S/AacSK617Q variants. Alanine served as a
catalytically inert substitution and glutamine served as a structural mimic for acetyl-lysine.
Relative to the activity of wild-type S/AacS (9.6 + 0.4 umol AMP min~1 mg™1), both
SIAacSKEL7A and SIAacSK617Q variants were ~20-fold less active (<0.5 wmol AMP min~1
mg1) indicating that Lys617 was critical for activity, lending support to the hypothesis that
acetylation of Lys617 inactivated the enzyme.

To test the effect of S/AacS Lys617 acetylation directly, S/AacS was incubated with SPatA
in the presence or absence of acetyl-CoA. In the presence of both acetyl-CoA and SPatA,
SIAacS activity was reduced >97% indicating that S/PatA acetylation of Lys617 effectively
decreases S/AacS activity (Fig. 5).

SlAacS is deacetylated and reactivated by sirtuin deacetylase

Acetylation of CoA-ligases is reversed by deacetylases (Starai et al., 2002, Garrity et al.,
2007, Croshy et al., 2010, Crosby et al., 2012). The S. /iviaans genome encodes three
putative deacetylases, namely two NAD™-dependent sirtuin-type protein deacetylases
[EFD65580 (ScCobB2), EFD71509 (ScCobB1)], and one homologue of the R. palustris
zinc-dependent protein deacetylase RplLdaA (EFD68590). In S. coelicolor, ScCobB1 (100%
identity to EFD71509) deacetylates ScAcs /n vitro (Mikulik et al., 2012). For unknown
reasons, our attempts to purify or enrich for active S. /ividans deacetylases in E. coli extracts
were unsuccessful. To circumvent this problem, we used the Sa/monella enterica CobB
(SeCobB) sirtuin deacetylase enzyme (Starai et al., 2002, Tucker & Escalante-Semerena,
2010), which has been shown to deacetylate heterologous acyl- and aryl-CoA synthetases
(Crosby et al., 2010). We used the short form of SeCobB (SeCobBsg) sirtuin (Tucker &
Escalante-Semerena, 2010) to demonstrate the reversibility of the acetylation of S/AacS
Lys617. S/AacS was acetylated with SPatA and [14C-1]-Ac-CoA, followed by incubation
with SeCobBg in the absence and presence of NAD™. In the presence of SeCobBg and
NAD*, the amount of radioactivity associated with S/AacS decreased below the limit of
detection indicating that SeCobBg deacetylated S/AacS (Fig. 6A), demonstrating that
SIAacS acetylation was reversible.

We assessed whether deacetylation of S/AacSA€ by SeCobBg would restore S/AacS activity.
To do this, we incubated SPatA with S/AacS and acetyl-CoA. After incubation, buffer was
exchanged to remove excess acetyl-CoA. SeCobBg and NAD* were added to the reaction
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mixture prior to a second incubation period, after which S/AacS activity was restored to
levels comparable to the unacetylated S/AacS control (Fig. 6B). Specific activity of
unacetylated S/AacS was reduced when compared to the specific activity measurements
reported for the substrate specificity determination. This discrepancy was likely due to
instability of the enzyme during the acetylation reaction, buffer exchange, and deacetylation
reaction.

SlAacS is acetylated in vivo during growth of S. lividans in the presence of acetoacetate

We assessed whether or not S/AacS was acetylated /n vivoin S. lividans and whether
SPatA catalyzed the modification of S/AacS. Hg-S/AacS was purified from S. /ividans
patA* and A patA strains grown in minimal medium supplemented with acetoacetate. We
then assessed the acetylation state of S/AacS by two methods. First, we isolated Hg- S/AacS
enzymes from each strain and determined whether or not they were acetylated. To do this,
we used Western blot analysis with polyclonal anti-acetyllysine antibodies. Results of
control experiments with non-acetylated and /n-vitro acetylated S/AacS (Fig. 7A) showed
that acetyllysine was readily detected under the conditions used. A strong signal was
detected for acetyllysine in S/AacS isolated from S. /ividans patA*, whilst the level of
acetyllysine in S/Aacs isolated from the S. /ividans A patA strain was not significantly
above background (Fig. 7A). Based on these data we inferred that S/AacS was acetylated /in
vivo and that SPatA was the only protein acetyltransferase that modified S/AacS under the
conditions tested. To confirm the modification of S/AacS, Hg-S/AacS isolated from S.
lividans patA* was subjected to trypsin digestion and the resulting peptides were analyzed
by LC/MS/MS. Sequence determination of the peptides identified K617 as the single site of
acetylation of S/AacS (Figure S1).

Secondly, we quantified the fraction of acetylated S/AacS present in the cell under growth
the conditions used. To do this, we isolated Hg-S/AacS proteins from S. /ividans patA* and
S. lividans 6 patA strains and incubated them with SeCobB and NAD* /i vitro. The premise
here was that the activity of acetylated Hg-S/AacS should increase upon deacetylation by
SeCobB, whilst the activity of non-acetylated Hg- S/AacS should remain unchanged after
incubation with SeCobB and NAD™. In the presence of the co-substrate NAD*, SeCobB
deacetylated Hg-S/AacS isolated from the S. /ividans patA* strain, resulting in a 2.5-fold
increase in Hg-S/AacS activity (Figure 7B). In contrast, incubation of Hg-S/AacS isolated
from the S. /ividans A patA strain with SeCobB and NAD* did not change the activity of Hg-
SIAacS (data not shown). Collectively, these data indicated that, in S. /ividans, SPatA
modulated the activity of Hg-S/AacS /n vivo.

SlAacS is required for growth of S. lividans on acetoacetate

As shown above, S/AacS was acetylated in S. /ividans during growth in minimal medium
supplemented with acetoacetate. On the basis of these results we made several predictions.
First, we posited that S. /ividanswould not grow if putative genes encoding known protein
deacetylases were deleted from the chromosome. This idea assumed that the absence of
deacetylase activity would not affect in any way the ability of SPatA to acetylate S/AacS
resulting in a net accumulation of acetylated, inactive S/AacS and should not support growth
on acetoacetate. To test this hypothesis, we constructed a strain carrying chromosomal
deletions of all three genes encoding putative protein deacetylases, i.e., AEFD68590 (Zn(ll)-
dependent deacetylase), AEFD65580 (S/CobB2 sirtuin), and AEFD71509 (S/CobB1
sirtuin). Surprisingly, growth of the AEFD68590 AEFD65580 AEFD71509 (JE16752)
strain was comparable to that of wild-type S. /ividans on acetoacetate (Fig. 8).

To assess whether or not S/AacS was required for growth of S. /ividans on acetoacetate, we
constructed a S. /ividans A aacS strain. Strains were tested for their ability to grow on
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minimal medium supplemented with acetoacetate. Unlike the wild-type strain, the AgacS
(JE16758) strain grew poorly on acetoacetate (Fig. 8), indicating that S/AacS activity was
required for growth of S. /ividans on this carbon and energy source.

In vivo acetylation control of SIAacS activity in a heterologous system

We used E. colito demonstrate that SPatA activity controlled S/AacS function 7n vivo. The
E. coli pka allele, encoding a SePat protein acetyltransferase homologue, was disrupted to
avoid potential modification of S/AacS by the £. coli protein acetylation machinery. As
shown in figure 4B, an afoDA pka strain of £. coli can use SIAacS to activate acetoacetate
for subsequent use as a source of carbon and energy. Based on these data we predicted that,
although S/PatA would inactivate S/AacS in E. coli, such negative effect on S/AacS activity
would be balanced by the activity of the £. coli CobB sirtuin deacetylase enzyme (£cCobB,
92% identical to SeCobB). This prediction is illustrated in figure 9A. For this purpose, the
coding sequence of the S. /ividans aacS allele was optimized for expression in £. coli. We
hypothesized that in the absence of £cCobB, the AafoDA A cobB Apkal paacS™ ppatA*
strain (JE16969, the letter "p' preceding a gene denotes that it is plasmid-borne) would not
grow on acetoacetate due to the accumulation of inactive S/AacSAC, a prediction that was
experimentally confirmed, as shown in figure 9B (solid circles). These data showed that
SPatA acetylation of S/AacS modulated S/AacS activity /n7 vivo in a heterologous host.
Synthesis of SPatA in an E. coli cobB* strain did not have a deleterious effect during
growth on acetoacetate (Fig. 9B, open circles), indicating reversibility of S/AacS acetylation
by EcCobB sirtuin deacetylation /n vivo. Results of control experiments demonstrated that
cobB was not required for growth of £. coli AatoDA Apkal paacS' in the absence of
SPatA (ppatA*, data not shown).

Discussion

A new GNAT and a new acyl-CoA synthetase in S. lividans reveal a functional lysine
acetylation system that may control acetoacetate metabolism in this and other
actinomycetes

This work identified two new functions in S. /ividans. One is a previously uncharacterized
GNAT-type protein acetyltransferase with unique domain organization. This GNAT is
conserved in some actinomycetes and in the archaeon Archaeoglobus fulgidus (Fig. 1). The
existence of this new GNAT (encoded by EFD66247) was revealed through bioinformatics
analysis and DNA sequencing to correct database mistakes in the sequence of the gene. The
above mentioned analysis showed a reversal in the domain organization of the protein (Fig.
1) with homology to other protein acetyltransferase (Pat) enzymes previously described.
Hence we propose the name SPatA. The second new function is an acyl-CoA synthetase
(encoded by EFD70521) responsible for the activation of acetoacetate to acetoacetyl-CoA,
thus we propose the name S/AacS for this protein. The hame and functional assignments of
these proteins are experimentally supported by in vivoand /n vitro data (Figs. 3, 4, 5, 8).
Collectively, the data show that S/AacS is used by S. /ividansto grow on acetoacetate, and
that SPatA catalyzes the acetyl-CoA-dependent acetylation of S/AacS.

The reversal of the domain organization of SIPatA does not affect its acetyltransferase

function

In SPatA, the large C-terminal domain (NDP-forming CoA ligase homologue) is found at
the A-terminus of its homologues in S. enterica, E. coli, and R. palustris. This type of
domain inversion has been observed in NDP-forming CoA ligases (Sanchez et a/., 2000) and
phosphoenolpyruvate-dependent sugar:phosphotransferase systems (Reizer & Saier, 1997).
This report expands the phenomenon of domain order reversal to Pat-type GNATS. Further
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characterization of these multi-domain GNAT enzymes is necessary to understand the how
the activity of these enzymes may be regulated.

The role of the large NDP-forming CoA ligase-like domain in S/PatA homologues remains
unknown. Recently reported data obtained with SePat suggest that this large domain may be
responsible multimerization (Thao & Escalante-Semerena, 2011a). Such information is not
yet available for SPat. The domain inversion in SPatA may reflect an alternative regulatory
mechanism.

The SPatA C-terminal domain contains a proline-rich region with a degenerate G-P-S
motif, a signature of the fibrous protein collagen (Hulmes, 1992). In collagen and bacterial
proteins with a G-X-Y motif, these motifs adopt extended fibrillar stretches of amino acids
(Hulmes, 1992, Xu et al., 2002). In Klebsiella pneumoniae strain FG9 a G-X-Y motif
stabilizes homotrimers of the polysaccharide de-branching enzyme pullulanase
(Charalambous et al., 1988). The role of the proline-rich region of SPatA in enzyme
structure, oligomerization, and activity remains under investigation.

Control of SIAacS activity by SlPatA retains features observed in the control of other acyl-
CoA synthetases by lysine acetylation

The mechanism of S/Aac$S control by acetylation shares several features with previously
reported enzymes under the same control. These features are: i) the acetylation site is a
conserved lysine residue in the active site (in S/AacS it is Lys617, Table 1); ii) activity of
the enzyme is abolished upon acetylation; and iii) the modification can be enzymatically
removed by a bona fide sirtuin deacetylase (Fig. 6). At the moment, what is unclear is which
deacetylase in S. /ividans is responsible for activation of S/AacSAC. Our data (Fig. 8) cannot
unambiguously identify the protein deacetylase, if any, that reactivates acetylated S/AacS in
S. lividans. Further analysis is needed to identify the SPatA cognate deacetylase.

Pat homologues RpPat and SePat (Fig. 1) were previously shown to acetylate and inactivate
the acetyl-CoA synthetases RpAcs and SeAcs, respectively. Notably, SPatA acetylates
SIAacS more efficiently than it does S. /ividans acetyl-CoA synthetase, S/Acs (Fig. 2, 5).
Mikulik et al. demonstrated that Acs from the closely related S. coelicoloris acetylated in
vivo (Mikulik et al., 2012), raising the question of which acetyltransferase acetylates S/Acs
in S. lividans. Work is currently underway to identify the role of S/PatA and other protein
acetyltransferases in S/Acs regulation in S. /ividans.

Physiological roles of acetoacetyl-CoA synthetase acetylation in bacteria, archaea, and

eukaryotes

Clearly, S. lividans requires AacS activity for growth on acetoacetate (Fig. 8), however, it is
not so clear whether this enzyme is needed to activate internally generated or externally
transported acetoacetate. The chemical instability of acetoacetate (Hay & Bond, 1967)
makes it likely that the source of substrate for S/AacS is internal.

The S. lividans genome encodes five homologues of E. coli AtoB, the 3-ketoacyl-CoA
thiolase that converts acetoacetyl-CoA and free coenzyme A to two molecules of acetyl-
CoA (Fig. 4A), which are likely catabolized via the ethylmalonyl-CoA pathway for the
degradation of acetate (Erb et al, 2007), since S. /ividans lacks the glyoxylate cycle for C,
compound assimilation (Lewis et a/., 2010). Since the conversion of acetoacetate to acetyl-
CoA by S/AacS requires input of ATP, we propose that acetylation and inactivation of
SIAacS prevents excess ATP and CoA consumption for synthesis of acetyl-CoA. This effect
has been demonstrated in S. enterica when overproduction of acetyl-CoA synthetase
(SeAcs) inhibits growth of S. enterica on acetate due to ATP depletion and loss of energy
charge (Chan et al,, 2011).
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Cells of all domains of life synthesize acetoacetyl-CoA synthetase, including archaea,
bacteria, nematodes, and mammals (Table 1). In the Gram-negative, nitrogen-fixing
bacterium Sinorhizobium meliloti, the aacShomologue acsA is required for growth on
poly-3-hydroxybutyrate (PHB) cycle intermediates acetoacetate and 3-hydroxybutyrate (Cai
et al., 2000). Some bacteria use the PHB cycle to accumulate and store carbon in a reduced
form. PHB can then be used as a carbon an energy source during times of physiological
stress (Anderson & Dawes, 1990). Acetylation of AacS may regulate the PHB degradation
in S. meliloti and other organisms that utilize AacS as a step of the PHB cycle, potentially
expanding the role of lysine acetylation in prokaryotic cell physiology. The presence of a
homologue of SPat in Archaeoglobus fulgidus raises intriguing questions regarding the
physiological role of lysine acylation in this extremely thermophilic, sulfate-reducing
archaeon, especially because we did not find SfPat homologues in any other archaeal
genomes in the databases.

In Caenorhabditis elegans, the SIAacS homologue SUR-5 negatively regulates a vulval
differentiation pathway (Gu et al,, 1998). In mammals, acetoacetate-CoA synthetase is
important for activation of ketone bodies for cholesterol and fatty acid biosynthesis
(Buckley & Williamson, 1973, Geelen er al., 1983). AACS mRNA expression is regulated
differentially in adipose tissue of genetically obese and nutritionally obese mice, suggesting
that AACS may be important in lipogenesis and ketone body levels during hyper nutritional
conditions (Yamasaki et a/., 2007).

AacS homologues contain the conserved active site lysine (Table 1). Hence, acetylation of
acetoacetyl-CoA synthetase may represent a conserved mechanism of acetoacetyl-CoA
synthetase control in these organisms.

Apparent complexity of protein deacetylation in S. lividans

The efficient deacetylation of acetylated S/AacS by a sirtuin deacetylase shows that the
posttranslational modification of Lys617 is reversible (Fig. 6). The inability of purified S.
lividans sirtuin-type deacetylase homologues, CobB1 and CobB2, or the zinc-dependent
protein deacetylase homolog EFD68590 to deacetylate S/AacS /n vitro was unexpected
because sirtuins from S. entericaand E. coli deacetylated S/AacS /n vitroand in vivo,
respectively (Fig. 6A, 9B). The identity of the enzyme responsible for S/AacS deacetylation
in vivo remains unclear. Frankiasp. Ccl3, a related actinomycete, encodes an SPatA
homologue that clusters with an S/AacS homologue and an EFD68590 (Zn(11)-dependent
deacetylase) homologue (Fig. S2). This gene clustering suggests that Zn(11)-dependent
protein deacetylase EFD68590 may regulate of S/AacS activity.

A triple mutant of the S. /ividans protein deacetylase homologues grew on acetoacetate (Fig.
8). This result was unexpected because of the accumulation of acetylated S/AacS (Fig. 7A).
We propose that: (i) the level of non-acetylated S/AacS in S. /ividans supports growth on
acetoacetate as a carbon source, and deacetylation would not be necessary for growth under
these conditions; (ii) not all the S/AacS in the cell is acetylated, and what remains provides
sufficient activity to support growth of S. /ividans on acetoacetate; or (iii) S. /ividans may
encode an additional class of protein deacetylase capable of reactivating S/AacS.

Experimental procedures

Bacterial strains and growth conditions

All strains and plasmids used in this study are listed in Tables S1 and S2, respectively.
Streptomyeces strains are derivatives of Streptomyces lividans TK24. ISP-2 medium
(Shirling & Gottlieb, 1966) or R2YE medium (Kieser et al., 2000c) was used to culture S.
lividans on solid medium. Liquid cultures of S. /ividans were grown in either yeast extract-
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malt extract (YEME) rich medium or NMMP medium supplemented with lithium
acetoacetate (10 mM) (Kieser et al., 2000c). S. /ividans liquid cultures were grown in
baffled flasks (YEME) or with marine-grade stainless steel springs (NMMP) to aid in cell
dispersion. Strains were cultured 3 to 5 days at 30°C or 42°C. When necessary, antibiotics
were used at the following concentrations: apramycin, 50 pg mi~1 (YEME, ISP-2);
thiostrepton, 10 g mI~1 (YEME), 5 pg mi~1 (ISP2, R2YE, NMMP).

Unless noted otherwise, all £. coli strains used were derivatives of £. coli MG1655. E. coli
strains were grown at 37°C in lysogeny broth (LB, Difco) (Bertani, 1951) or no-carbon
essential (NCE) minimal medium (Berkowitz ef al., 1968) supplemented with lithium
acetoacetate (30 mM), MgSO,4 (1 mM), and ampicillin (100 wg mI~1). When necessary,
antibiototics were used at the following concentrations: ampicillin, 100 wg ml~1; apramycin,
50 g mi~1; chloramphenicol, 12.5 pg mi~1, L-(+)-arabinose was added at a final
concentration of 50 M to induce the expression of the £. coli codon-optimized S. /ividans
aacS (EFD70521) from the P4,54p promoter. Isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added to a final concentration of 50 M IPTG to induce expression of S.
lividans patA (EFD66247).

Molecular techniques

DNA manipulations were performed using standard techniques (Elion et al., 2007).
Restriction endonucleases were purchased from Fermentas. DNA was amplified using Pfu
Ultra Il Fusion DNA polymerase (Agilent) or Herculase 11 Fusion DNA polymerase
(Agilent). Site-directed mutagenesis was performed using the Quikchange™ Site Directed
Mutagenesis kit (Agilent). Plasmids were isolated using the Wizard Plus SV Miniprep kit
(Promega) and PCR products were purified using the Wizard SV Gel and PCR Clean-Up
System (Promega). DNA sequencing was performed using BigDye® (ABI PRISM)
protocols, and sequencing reactions were resolved at the University of Wisconsin-Madison
Biotechnology Center. Oligonucleotide primer sequences are listed in Table S2.

Plasmids used for protein overproduction

The S. lividans patA (EFD66247), aacS (EFD70521), and acs (EFD68454) genes were
amplified from purified S. /ividans TK24 genomic DNA with the primers listed in Table S2.
The first codon of S/Acs (GTG) and SPatA (TTG) were changed to the more common ATG
start codon. The DNA fragments were digested with Nhel and EcoRI and ligated into
pTEVS5 (Rocco et al., 2008) cut with the same enzymes. The resulting plasmids pSPatAl
and pS/AacS1, and pS/Acsl direct synthesis of SPatA, S/AacS, and S/IAcs, respectively,
with Aterminal Hg tags cleavable by recombinant tobacco etch virus (rTEV) protease
prepared as described (Blommel & Fox, 2007). Plasmids directing synthesis of S/AacSK617A
and S/Acs610A yariants were generated from the pS/AacS1 and pS/Acs1 plasmids using
site-directed mutagenesis.

Construction of other plasmids

E. coli complementation plasmids—The S. /ividans aacS (EFD70521) was amplified
from purified S. /ividans TK24 genomic DNA or from the aacS allele whose codon usage
was optimized for £. coli (Genscript) with the primers that included an optimized ribosome-
binding site (Table S2). The native S. /ividans aacS DNA fragment was cut with HindlIl and
EcoRI and ligated into pBAD30, cut with the same enzymes. The £. coli codon-optimized S.
lividans aacS DNA fragment was cut with EcoRI and Kpnl and ligated into pBAD30
(Guzman et al., 1995) cut with the same enzymes. The resulting plasmids pS/AacS4 and
pS/AacS6 express the native gacS or optimized aacS genes under the control of the
arabinose-inducible P .g4p.
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S. lividans patA (EFD66247), was amplified from purified S. /ividans TK24 genomic DNA
with the primers listed in Table S2. The patA DNA fragment was digested with Ndel and
Kpnll and ligated into pSRK-Km (Khan et a/., 2008) cut with the same enzymes. The
resulting plasmid pS/PatA9 express the S. /ividans patA gene under the control of the /ac/-
Jac promoter-operator system.

S. lividans Hg-SlAacS plasmid—The S. /ividans aacS gene (EFD70521) was amplified
from purified S. /ividans TK24 genomic DNA with the primers listed in Table S2. The S.
lividans aacS DNA fragment was cut with Xbal and Hindlll and ligated into pSE34 (Ward
et al., 1986) cut with the same enzymes. The resulting plasmids p S/AacS5 expresses S.
lividans aacS with an A-terminal Hg tag under the control of the erm promoter.

Construction of gene deletion in E. coli

An in-frame deletion of afoDA genes in E. coliwas constructed as using the phage lambda
Red recombinase system as previously described (Datsenko & Wanner, 2000).

Construction of gene deletions in S. lividans

An in-frame deletion of S. /ividans patA (EFD66247) was generated using described
protocols (Martinez et al., 2004). DNA fragments of 1.5 kb in length were amplified from
the DNA upstream and downstream of S. /ividans patA using purified S. /ividans TK24
genomic DNA. The resulting fragments were cloned into pKC1139 (Bierman et al., 1992)
using the In-Fusion ND Cloning Kit (Clontech) and transformed into £. coli Stellar
competent cells (Clontech). The resulting plasmid (pKC1139-A patA) was conjugated into S.
lividans using the helper strain HB101 harboring pRK2013 (Figurski & Helinski, 1979) on
mannitol soya (MS) agar as previously described (Kieser et al., 2000b). Plates were flooded
with apramycin (50 g mi~1 final concentration) 16 h after plating the conjugation mixtures
to select for S. /ividans carrying pKC1130-A patA. Apramycin-resistant strains were
inoculated into 25 ml YEME + apramycin medium and grown in baffled flasks at 30°C for 4
days. Strains were then plated on ISP-2 + apramycin and incubated at 42°C for 3 days to
select for a strain in which the plasmid had integrated into the chromosome. Apramycin-
resistant strains that grew at 42°C were inoculated into 25 ml YEME in baffled flasks and
incubated at 30°C for 4 days and subsequently plated on ISP-2 at 30°C to promote loss of
the integrated plasmid. Isolated colonies were screened on ISP-2 for apramycin resistance.
Apramycin-sensitive strains were screened by PCR for deletion of the patA gene.

Protein purification

SIPatA purification—Plasmid pSPatAl was transformed into £. colistrain C41A(DE3)/
pLysSRARE2 (EMD Millipore). The resulting strains were grown overnight and sub-
cultured 1:100 (v/v) into 8 liters of superbroth containing ampicillin (100 g mi~1) and
chloramphenicol (12.5 g mi~1). The cultures were grown shaking at 37 °C to Agpg ~ 0.7
and Hg- SPatA synthesis was induced with IPTG (0.5 mM). Upon induction, the cultures
were grown overnight at 30°C. Cells were harvested at 6000 x g for 10 minat4°Cina
Avanti J-2 XPI centrifuge fitted with rotor JLA-8.1000 (Beckman Coulter). Cell pellets were
resuspended in 30 ml cold His-Bind buffer (buffer A) [tris(hydroxymethyl)aminomethane-
HCI (Tris-HCI) buffer (50 mM, pH 8), NaCl (500 mM)], and imidazole (5 mM)) containing
phenylmethanesulfonylfluoride (PMSF, 1 mM). Cells were placed on ice and lysed by
sonication for 2 min (2-s pulse followed by 4 s of cooling) at level 7 in a model 550 sonic
dismembrator (Fisher). The extract was cleared by centrifugation at 4°C for 30 min at
43,367xg. Clarified cell extract was loaded onto a 1 ml HisTrap FF column (GE Healthcare)
connected to a computer-controlled AKTA fast protein liquid chromatography (FPLC)
system. Unbound proteins were eluted off the column by extensive washing with buffer A.
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A 10-ml wash step with 90% buffer A and 10% buffer B [Tris-HCI buffer (50 mM, pH 8),
NaCl (500 mM), and imidazole (250 mM)] was applied to the column a prior to a 10-ml
linear gradient 10-100% Buffer B. All fractions containing Hg- SPatA were combined.
I'TEV protease was added to Hg-SPatA and the SPatA/rTEV mixture was incubated at
room temperature for 3 h. PMSF was added to the protein mixture and incubated 15 min at
room temperature. The SPatA/rTEV mixture was dialyzed at 4°C against buffer C (Tris-
HCI (50 mM, pH 8), NaCl (500 mM)) twice for 3 hours and again against buffer C
containing imidazole (5 mM) for 12 h. After cleavage and dialysis, protein mixtures were
passed over the 1-ml HisTrap column using the buffers described above. Cleaved SPatA
was desorbed from the resin using a 50 ml wash step with 97% buffer A and 3% Buffer B
prior to a 25-ml linear gradient 3-100% Buffer B. Purified SPatA was analyzed by SDS-
PAGE. Fractions containing SPatA were pooled together. SPatA was stored in Tris-Cl
buffer (50 mM, pH 8.0) containing NaCl (100 mM) and glycerol (20%, v/v). SPatA
concentration was determined by measuring absorbance at 280 nm. The molar extinction
coefficient used to calculate SPatA concentration was 57,760 M~1cm™1,

SlAcs and SlAacS purification—Plasmids containing S. /ividans acs or aacS were
transformed with pRARE2 (EMD Millipore) into a Apat derivative of C41A(DE3) (JE9314)
to prevent acetylation prior to overproduction. The resulting strains were grown overnight
and sub-cultured 1:100 (v/v) into 2 liters of LB containing ampicillin (100 g ml~1) and
chloramphenicol (12.5 g mI~1). The cultures were grown shaking at 37 °C to Aggo ~ 0.7
and protein synthesis was induced with IPTG (0.25 mM). Upon induction, the cultures were
grown overnight at 30°C. S/Acs and S/AacS proteins were purified and stored as described
above with modifications. During the first purification step, a 10-ml wash step with 94%
buffer A and 6% buffer B was applied to the column a prior to a 10-ml linear gradient 6—
100% buffer B. S/Acs and S/AacS proteins did not adsorb to the column and were present in
the flow-through fractions. The molar extinction coefficient used to calculate protein
concentrations were 135,455 cm~1 M~1 for S/Acs and 142,320 cm™1 M1 for S/AacS.

SeAcs purification—Plasmid pACS10 was transformed into a A pat derivative of
C41A(DE3) (JE9314). The resulting strain was grown overnight and sub-cultured 1:100 (v/
v) into 2 liters of LB containing ampicillin (100 g mI~1). The culture was grown shaking at
37 °C to Aggp ~ 0.7 and protein synthesis was induced with IPTG (0.25 mM). Upon
induction, the cultures were grown overnight at 30°C. SeAcs was purified and stored as
described (Starai et al., 2002).

In vitro acyl-CoA synthetase assays

SIAacS activity was measured using an NADH-consuming assay (Garrity et al., 2007,
Croshy et al., 2010, Fukui et al,, 1982, 1to et al., 1984). Reactions (100 .1 total volume)
contained HEPES buffer (50 mM, pH 7.5), TCEP (1 mM), ATP (2.5 mM) CoA (0.5 mM),
MgCl, (5 mM), KCI (1 mM), phosphoenolpyruvate (3 mM), NADH (0.1 mM), pyruvate
kinase (1 U), myokinase (5 U), lactate dehydrogenase (1.5 U) and either acetoacetate, 8-
hydroxybutyrate, butyrate, isovalarate, malonate, crotonate, isobutyrate, succinate,
propionate, or acetate (0.2 mM). Reactions were started by the addition of S/AacS (15 nM).
The absorbance at 340 nm was monitored in a 96-well plate using the Spectramax Plus UV-
visible spectrophotometer (Molecular Devices). Enzyme activities were calculated as
described (Garrity et al., 2007). Specific activity data are presented with standard deviations
from triplicate experiments.

HPLC separation and mass spectral analysis of SIAacS reaction product

To determine the molecular mass of the S/AacS product, S/AacS was incubated in the
presence of CoA, ATP, and acetoacetate, described above, in a final volume of 1 mL.
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SIAacS was removed from reactions by filtration using Amicon Ultracel centrifugal filters
(3-KDa molecular mass size exclusion). Filtrates containing reaction products and reagents
were separated by analytical by reverse-phase ion-pair HPLC using a Beckman Coulter
System Gold 126 system equipped with a Phenomenex Synergi Hydro-RP (150 by 4.5 mm,
5 micron particle size, 2.5 ml column volume) column at a flow rate of 1 mL min~1. The
solvent system was previously described (Horswill & Escalante-Semerena, 2002, Kawamoto
et al., 1998) Briefly, the column was equilibrated with buffer A (100 mM KH2P04, 2 mM
tetra-butyl ammonium bromide (TBAB), 15% CH3CN, pH 3.3). Sample was injected onto
the column and washed with buffer A for 5 min. Acetoacetyl-CoA was eluted by a 10-min
linear gradient from buffer A to buffer B (100 mM KH2P04, 2 mM TBAB, 35% CH3CN,
pH 3.3). TCEP was added to each sample to a final concentration of 2 mM before injection.
Compounds eluted with the following retention times: CoA, 4.7 min; ATP, 2.6 min; AMP,
2.6 min, Acetoacetyl-CoA, 7.3 min. The sample containing acetoacetyl-CoA that eluted
from 7 to 9 min was dried under vacuum using an Eppendorf VVacufuge plus concentrator
operating at room temperature. The dried sample was resuspended in dH,O and applied onto
a Cqg Sep-Pak (Waters) previously conditioned with 10 mL of 100% methanol followed by
10 mL of dH,0. Acetoacetyl-CoA that bound to the column was washed with 10 mL of
dH,0 before elution with 100% methanol. Acetoacetyl-CoA dissolved in methanol was
concentrated under vacuum. The pellet was resuspended in dH,O form mass determination
by mass spectrometry. The sample as analyzed on a Bruker Autoflex Matrix Assisted Laser
Desorption/lonization-Time-of-Flight mass spectrometer scanning 80-2275 m/z using 300
shots of nitrogen laser in delayed extraction and positive reflectron mode summed together
to form the mass spectrum. Matrix for the analysis was dihydroxybenzoate (15 mg/ml,
Sigma) in a 1:1 solution of water: 0.1% TFA, CH3CN (v/v).

In vitro protein acetylation assay

Protein acetylation was observed using radiolabeled Ac-CoA as described (Starai &
Escalante-Semerena, 2004, Tucker & Escalante-Semerena, 2010, Croshy et al., 2010).
Acetylation reactions contained 2(Bis(2-hydroxyethyl)imino)-2-(hydroxymethyl)-1,3-
propanediol (Bis-Tris-HCI) buffer (50 mM, pH 6.0), [1-14C]-Ac-CoA (20 uM), acyl-CoA
synthetase (3 wM), glycerol (10%, v/v), and SPatA (1 M). Reactions (10 pl total volume)
were incubated for min at 30°C. Samples (5 p.l) were resolved using SDS-PAGE (Laemmli,
1970) and proteins were visualize by Coomassie Blue staining. Gels were dried and exposed
16 h to a multipurpose phosphor screen (Packard). Labeled proteins were visualized using a
Typhoon FLA 9000 Variable Mode Imager (GE Healthcare) equipped with ImageQuant TL
software (GE Healthcare).

The effect of acetylation on activity of S/AacS, SIAcs, and SeAcs activity was determined as
described (Crosby et al., 2010) with modifications. S/AacS (3.M) was incubated with
SPatA (1 wM) and 50 M Ac-CoA for 90 minutes at 30°C using the buffer system
described above. At 0, 15, 30, 60, and 90 min time points, reactions were diluted 1:20 into
50 mM HEPES buffer pH 7.5 at 4°C. S/AacS, S/Acs, and SeAcs activity were measured as
described above using the appropriate organic acid substrate.

In vitro deacetylation assays

Acetylated S/AacS was deacetylated with Sa/monella enterica CobBg as described (Tucker
& Escalante-Semerena, 2010). /n vitro acetylated S/AacS (3 M, radiolabeled or non-
radiolabeled) was incubated with SeCobBg (3 tM) in deacetylation buffer containing 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 50 mM, pH 7.0), NAD* (1 mM)
for 60 min at 37°C (25 pl reaction volume). Reaction mixture samples (5 p.l) were resolved
by SDS-PAGE, and subjected to phosphor imaging analysis to assess the acetylation state of
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SIAacS after incubation with SeCobBs. S/AacS activity of the non-radiolabeled reactions
was measured using the CoA synthetase assay described above.

Purification or SIAacS from S. lividans

Plasmid p S/AacS5 was introduced into S. /ividans TK24 and S. lividans A patA (JE16707)
by polyethyleneglycol (PEG)-assisted protoplast transformation as described (Kieser et al.,
2000b, Kieser et al., 2000a) to generate JE16731 and JE16821 (Table S1), respectively.
Cells were plated on R2YE and grown at 30°C for 16 hours. Plates were flooded with
thiostrepton (10 g mi~1 final concentration) and incubated 3 days at 30°C to select for
strains harboring pS/AacS5. S. /ividans strains harboring the pS/AacS5 plasmid encoding
Hg-S/AacS were grown in 30 ml YEME + thiostrepton for 5 days. Cells were harvested by
centrifugation at 2000 x g for 10 min at 4°C. Cell mass was measured and cells were
resuspended in an equal volume of NMMP. Approximately 0.1 g of cells were inoculated
into 250 ml NMMP + thiostrepton supplemented with acetoacetate (10 mM). Strains were
grown for 24 h at 30°C with shaking. Cells were harvested as described above and washed
twice with 50 ml wash buffer containing Tris-HCI buffer (50 mM, pH 8.0) and NaCl (500
mM). Cells pellets were resuspended in 30 ml buffer A (described above) supplemented
with PMSF (1 mM), Sigma protease inhibitor cocktail for histidine-tagged proteins (100 p.l),
and lysozyme (1 mg mI™1). Cells were lysed by sonication and cell debris was removed by
centrifugation. Hg-S/AacS was purified using 250 pl HisPur Ni-NTA resin (Pierce). Using
the same buffer system described for S/AacS above. S/AacS-containing fractions were
combined and dialyzed overnight into HEPES buffer (50 mM, pH 7.5) containing NaCl (150
mM) and glycerol (20%, v/v).

SIAacS of SIAacS activity was assessed using the deacetylation reaction described above.
SIAacS (1 pM) purified from JE16731 and JE16821 (Table S1) were incubated with or
without SeCobBg as described in the above section for 1 h at 37°C. A sample for the
deacetylation reaction mixtures was used to assess S/AacS activity. The concentration of
SIAacS in the CoA synthetase activity assay was 25 nM.

Western blot analysis of Hg-SlAacS purified from S. lividans

Purified S/AacS or in vitro acetylated S/AacS were resolved along with Hg-S/AacS purified
from S. lividans strains JE16731 and JE16821 (Table 1) (2 ug each) using SDS-PAGE and
transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore). Total protein was
visualized by staining 15 seconds in Ponceau-S staining solution (0.1% (w/v) Ponceau S in
5% (v/v) acetic acid) and de-staining with distilled water. After extensive de-staining, the
PVDF membranes were probed with polyclonal rabbit a-acetylated lysine antibodies
(1:1,700; Calbiochem) as primary antibody and goat a-rabbit immunoglobulin G conjugated
to calf intestinal alkaline phosphatase (Pierce) (1:10,000) as secondary antibody to detect
SIAacSAC. Signal was detected using nitro-blue tetrazolium chloride and 5-bromo-4-
chloro-3”-indolylphosphate p-toluidine salt (NBT-BCIP) 1-Step Solution according to the
manufacturer's instructions (Pierce).

Determination of the SIAacS acetylation site by mass spectrometry

To determine the identity of the /n vivo modification of S/AacS, Hg-S/AacS purified from S.
lividans was resolved by SDS-PAGE and the band corresponding to S/AacS was excised.
“In Gel” digestion and mass spectrometric analysis was done at the Mass Spectrometry
Facility [Biotechnology Center, University of Wisconsin-Madison]. The digestion was
performed as outlined on the website: http://www.biotech.wisc.edu/facilities/massspec/
protocols/ingelprotocol.
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Peptides were analyzed by nanoLC-MS/MS using the Agilent 1100 nanoflow system
(Agilent, Palo Alto, CA) connected to a hybrid linear ion trap-orbitrap mass spectrometer
(LTQ-Orbitrap, Thermo Fisher Scientific, Bremen, Germany) equipped with a
nanoelectrospray ion source (Proxeon Biosystems, Odense, Denmark). Chromatography of
peptides prior to mass spectral analysis was accomplished using C18 reverse phase HPLC
trap column (Zorbax 300SB-C18, 5.M, 5x0.3mm, Agilent) and capillary emitter column
(in-house packed with MAGIC C18, 3 1M, 15x0.075mm, Michrom Bioresources, Inc.) onto
which 8l of extracted peptides were automatically loaded. NanoHPLC system delivered
solvents A: 0.1% (v/v) formic acid in water, and B: 95% (v/v) acetonitrile, 0.1% (v/v)
formic acid at either 10 pL/min, to load sample, or 0.20 pL/min, to elute peptides directly
into the nano-electrospray over a 60 minutes 1% (v/v) B to 60% (v/v) B followed by 10
minute 60% (v/v) B to 100% (v/v) B gradient. As peptides eluted from the HPLC-column/
electrospray source survey MS scans were acquired in the orbitrap with a resolution of 100
000 and up to 5 most intense peptides per scan were fragmented and detected in the ion trap
over the 400 to 2000 m/z; redundancy was limited by dynamic exclusion. Raw MS/MS data
were converted to mgf file format using Trans Proteomic Pipeline (Seattle Proteome Center,
Seattle, WA). Resulting mgf files were used to search user defined amino acid sequence
database using in-house Mascot search engine 2.2.07 (Matrix Science, London, UK) with
Cysteine carbamidomethylation as fixed modification and Lysine acetylation, methionine
oxidation, and Asparigine/Glutamine deamidation as variable modifications. Peptide mass
tolerance was set at 20 ppm and fragment mass at 0.8 Da. Protein annotations and
significance of identification was done with help of Scaffold software (version 3.6.1,
Proteome Software Inc., Portland, OR). Peptide identifications were accepted if they could
be established at greater than 95.0% probability as specified by the Peptide Prophet
algorithm (Keller et al, 2002). Protein identifications were accepted if they could be
established at greater than 95.0% probability and contained at least 2 identified peptides.
Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al.,
2003). Proteins that contained similar peptides and could not be differentiated based on MS/
MS analysis alone were grouped to satisfy the principles of parsimony.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domain organization of Pat homologues

(A) Pat homologues encode a GNAT domain (black) and large domain that is homologous
to NDP-forming acyl-CoA synthetases (light gray). S. /ividans PatA also contains a proline-
rich domain in the large domain (dark gray, denoted by “P”). SePat, Salmonella enterica Pat
(NP_461586); RpPat, Rhodopseudomonas palustris Pat (NP_949576); AfPat Archaeoglobus
fulgidus Pat (NP_070340); SPatA, Streptomyces lividans PatA (ZP_06527997). (B) The
degenerate G-P-S motif Leu703-Ser740 in SPatA.
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Figure 2. SIPatA acetylates SIAcsfrom S. lividans

(A) SIAcs, SIACSKB10A  SeAcs, or SeAcsK809A was incubated with [1-14C]-acetyl-CoA in
the presence or absence of SPatA. Proteins were separated by SDS-PAGE and stained with
Coomassie Blue to visualize proteins. Acetylation was visualized by phosphor imaging.
SkPatA was incubated with S/Acs or SeAc in the presence or absence of unlabeled acetyl-
CoA (B). Reactions were carried out with 1:3 molar ratios of SPatA to S/Acs/ SeAcs.
Sample were diluted and assayed to measure S/Acs/ SeAcs activity at 0, 15, 30, 60, and 90
min after incubation with SPatA. SIAcs (squares) and SeAcs (circles) activities were
measured in and NADH-consumption assay and activities are reported for the reactions
containing acetyl-CoA (closed symbols) and the control reactions lacking acetyl-CoA (open
symbols). Reactions were carried out in triplicate. Error bars represent standard deviations.
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Figure 3. SIPatA acetylates SIAacS from S. lividans at the conserved active site lysine
Alignment of S/AacS with known acetylation targets from S. enterica (SeAcs, encoded by
locus STMA4275; SePrpE, encoded by locus STMO0371), R. palustris (RpBadA, encoded by
locus RPA0661; RpAliA, encoded by locus RPA0651; RpHbaA, encoded by locus
RPA0669; RoPrpE, encoded by locus RPA4504; RpAcs, encoded by locus RPA0211), and
S. lividans indicates a conserved active site lysine (A). Acetylation of S/AacS and
SIAacSK617A was assessed after incubation of proteins with [1-14C]-acetyl-CoA in the
presence or absence of SPatA. Proteins were separated by SDS-PAGE and stained with
Coomassie Blue to visualize proteins. Acetylation was visualized by phosphor imaging (B).
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Figure 4. SIAacS can substitute for ECAtoDA in E. coli during growth on acetoacetate
Acetoacetate utilization in £. coli involves a 2-step conversion from acetoacetate to
acetoacetyl CoA and from acetoacetyl-CoA to 2 molecules of acetyl-CoA. S/AacS is
predicted by homology to catalyze the conversion of acetatoacetate to acetoacetyl-CoA (A).
Growth behavior of S. entericaon NCE minimal medium supplemented with acetoacetate
(30 mM). Growth experiments were performed at 37°C using a microtiter plate and a
microtiter plate reader (Bio-Tek Instruments). Growth experiments were performed in

triplicate. Error bars represent standard deviations.

Tucker & Escalante-Semerena

Mol Microbiol. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Tucker and Escalante-Semerena Page 24

12.51
‘o
2 € 10.04 5
=
= C
< E 757
o
Y
== il
SZ 50
Q5
2 i
E 25
0.0 . ‘ 1
0 30 60 90
Time (min)

Figure5. SiPatA acetylation inactivates SIAacS

SIAacS was incubated with SPatA at a 3:1 molar ratio (S/AacS: SPatA) in the presence
(closed squares) or absence (open squares) of acetyl-CoA. Sample were removed, diluted,
and assayed to measure S/Acs/SeAcs activity at 0, 15, 30, 60, and 90 min after incubation
with SPatA. S/AacS activity was measured in an NADH-consumption assay. Reactions
were carried out in triplicate. Error bars represent standard deviations.
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Figure 6. SIAacS is deacetylated and reactivated by a heterologous sirtuin

A. SIAacS previously acetylated by SPatA with [1-14C]-acetyl-CoA was incubated with the
addition of SeCobB and/or NAD*. Proteins were resolved by SDS-PAGE and stained with
Coomassie Blue to visualize proteins. Acetylation was visualized by phosphor image. B.
SIAacS was incubated in the presence or absence of SPatA and unlabeled acetyl-CoA and
the acetylation reaction was stopped by buffer exchange. SeCobB and NAD* were added to
the reactions and S/AacS activity was measured in triplicate. Error bars represent standard

deviations.
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Figure 7. Sl AacSis acetylated in vivo in S. lividans

(A) Hg-S/AacS was isolated from S. /ividans par™ and A patA strains grown on acetoacetate.
Acetylation state of the Hg-S/AacS proteins was analyzed by anti-acetyllysine Western blot
analysis. /n vitro acetylated and nonacetylated S/AacS were used as positive and negative
controls, respectively. Total protein was visualized by Ponceau S staining prior to Western
blot analysis. (B) Hg-S/AacS isolated from S. /ividans par™ and A patA strains was incubated
with SeCobB and NAD™ to assess the affect of deacetylation on Hg-S/AacS activity. For (A)
and (B), experiments were conducted on Hg-S/AacS isolated in three independent
experiments. Error bars represent standard deviations.
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Figure 8. SIAacSisrequired for growth of S. lividans on acetoacetate

Spores from S. /ividans strains TK24 (wild-type), JE16752 (AEFD65580 AEFD68590
AEFD71509), and JE16758 (A aacS) were streaked on minimal medium containing
acetoacetate (10 mM) or no additional carbon source. Plates were incubated at 30°C for 7
days prior to imaging using a Photodyne digital imaging system.
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Figure 9. SIPatA modulates growth of E. coli on acetoacetate using SIAacS

(A) Schematic of predicted regulation of £. coli atoDA aacS* growth on acetoacetate. (B) £.
coli pka atoDA aacS* strains encoding or lacking cobB were grown on NCE minimal
medium supplemented with acetoacetate (30 mM) in the presence of SPatA (ppatA*).
Growth experiments were performed at 37°C using a microtiter plate and a microtiter plate
reader (Bio-Tek Instruments). Experiments were conducted in triplicate. Error bars represent
standard deviations.
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Comparison of S/AacS active site to acetylation substrates and S/AacS homologues

Table 1

Page 29

Species GeneName/LocusTag Accession Number  Percent amino acid Active site motif
identity to SIAacS

S. lividans aacS ZP_06532271 N/A 610-IPHTLTGKRIEVPVK-624
S. lividans acs ZP_06530204 N/A 603-LPKTRSGKIMRRLLR-617
S. enterica acs NP_463140 N/A 602-LPKTRSGKIMRRILR-616
S. enterica PIOE NP_459366 N/A 585-LPKTRSGKMLRRTIQ-599
R. palustris badA NP_946014 N/A 505-LPKTATGK IQRFKLR-519
R. palustris aliA NP_946004 N/A 525-MPATPSGK IQKFRLR-539
R. palustris pE NP_949838 N/A 591-LPKTRSGKILRGTIK-605
R. palustris acs NP_945564 N/A 599-LPKTRSGKIMRRILR-613
Pseudomonas aeruginosa PAO1 PA1997 NP_250687 46 606-IPRTLSGKIVELAVR-620
Archaeoglobus fulgidus acs-1 NP_069035 44 608-IPMTLNYK KLEVPIK-622
Caenorhabditis elegans SUR-5 NP_509229 37 658-IPYTSSGK KVEVAVK-672
Rattus norvegicus AACS NP_075592 39 370-IPYTINGK KVEVAVK-384
Homo sapiens AACS, SURS NP_076417 38 626-1IPYTLNGK KVEVAVK-640
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