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Abstract
In Salmonella enterica, the protein acetyltransferase (Pat) enzyme is part of the sirtuin-dependent
acylation/deacylation system (SDPADS) that modulates the activity of several proteins via the
acylation of lysine residues critical to their activities. Pat is a ~98 kDa protein that, with two
distinct domains, an N-terminal acyl-CoA synthetase (NDP-forming) domain (~700 aa) and a C-
terminal acetyltransferase domain (~160 aa), with homology to proteins of the Gcn5-related N-
acetyltransferase (GNAT) superfamily. Although the role of the GNAT-like domain is likely
responsible for the catalytic activity of Pat, the role of the N-terminal domain remains unclear.
Here we report the use of positive selection for identification of residues critical for Pat enzyme
activity. This approach revealed seven residues that, when changed, resulted in drastic loss of Pat
activity in vitro which caused a discernable loss-of-function phenotype. Five of the seven residues
were located in the N-terminal region of Pat and two were located in the GNAT-like domain. Each
single-amino-acid variant had a circular dichroism spectrum that differed from that of the wild-
type Pat protein, suggesting that loss of enzymatic activity in the mutant proteins was likely due to
an inability to acquire its biologically active fold.
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1. Introduction
Nε-lysine (Nε-Lys) acetylation plays a critical role in the regulation of protein function in all
forms of life (Jones and O’Connor, 2011; Thao and Escalante-Semerena, 2011). Although
the role of Nε-Lys acetylation has been extensively studied in eukaryotes, our understanding
of the role of this posttranslational modification in prokaryotic cell physiology is limited.
Recent proteomic studies have proposed that Nε-Lys acetylation may be as extensively used
in prokaryotes as it is in eukaryotes ( Wang et al., 2010; Yu et al., 2008; Zhang et al., 2009).
In one of these studies, the S. enterica protein acetyltransferase (Pat) enzyme was
specifically implicated in the modification of several metabolic enzymes, namely,
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glyceraldehyde phosphate dehydrogenase (GapA), isocitrate lyase (AceA) and isocitrate
dehydrogenase kinase/phosphatase (AceK) (Wang et al., 2010).

Pat belongs to the Gcn5-related N-acetyltransferase (GNAT) superfamily of acyltransferases
(pfam00583) that is conserved in all domains of life. GNATs are best described as enzymes
that use acyl-coenzyme A as a donor for acylation of Lys residues of proteins and small
molecules Neuwald and Landsman, 1997; Vetting et al., 2005). These enzymes belong to a
larger superfamily of lysine acetyltransferases [LATs (Yang, 2004) or KATs (Allis et al.,
2007) (formerly known as histone acetyltransferases (HATs) (Kouzarides, 1999; Neuwald
and Landsman, 1997)

In S. enterica, Pat inactivates acetyl-CoA synthetase (Acs; AMP-forming; EC 6.2.1.1;
(Starai and Escalante-Semerena, 2004)) by acetylating residue Lys609, and the NAD+-
dependent CobB sirtuin-like deacetylase reactivates Acs by deacetylation of AcsAc (Fig. 1)
(Starai et al., 2002 ;Starai et al., 2003, 2004). Acs is a ubiquitous enzyme important for the
conversion of acetate to acetyl-coenzyme A (Ac-CoA), a necessary step for its utilization as
carbon and energy source (Starai and Escalante-Semerena, 2004).

Acs was the first enzyme known to be under Nε-Lys acetylation control (Starai et al., 2002).
This mechanism of control of Acs activity was later expanded to mammalian Acs enzymes
(Hallows et al., 2006 ;Schwer et al., 2006). Other proteins reported to be modified by Pat
include propionyl-coenzyme A synthetase (PrpE), which was shown to be inactivated by
Pat-dependent propionylation (Garrity et al., 2007). More recently, Pat was shown to
acetylate a critical Lys residue of the E. coli RcsB transcriptional regulator, with
concomitant inhibition of the DNA binding activity of the protein (Thao et al., 2010). The
latter was the first report of Nε-Lys acetylation control of the activity of a bacterial
regulatory protein.

Pat is a multidomain protein that appears to have two distinct domains, an N-terminal
domain that has similarity to members of the NDP-forming acyl-CoA synthetase family
(COG1042) and a C-terminal domain that has similarity to GNATs (Fig. 2A). Notably, Pat
lacks the catalytic histidine residue needed for NDP-forming acyl-CoA synthetase activity
and cannot catalyze synthesis of Ac-CoA from acetate, ATP or CoA (Starai and Escalante-
Semerena, 2004).

Although initial biochemical characterization of the S. enterica Pat enzyme was recently
reported (Thao and Escalante-Semerena, 2011), the contribution of the N-terminal domain to
Pat function has not been explored. From the above-mentioned studies, we learned that Pat
has two distinct Ac-CoA-binding sites, that Ac-CoA binding to Pat is positively cooperative
in nature, that Pat oligomerizes into a tetramer upon Ac-CoA binding in vitro and that the N-
terminal domain is required for oligomerization and activity (Thao and Escalante-Semerena,
2011).

The goal of the work reported here was to identify residues of S. enterica Pat that were
critical for activity, such that substitutions at those positions would abolish enzyme activity.
Single amino acid substitutions at seven positions dramatically reduced Pat activity. Five of
these amino acid changes occurred across the N-terminal domain of the protein. Pat variants
were isolated and their activities were assessed in vitro. Seven of the 8 Pat variants studied
lost >94% of their activity; the severe loss of activity was attributed to incorrect folding, as
detected by circular dichroism spectroscopy.
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2. Materials and methods
2.1. Localized mutagenesis of pat

Point mutations were introduced into pat using a localized mutagenesis protocol described
elsewhere (Hong and Ames, 1971). In such a procedure, the high-frequency-of-transduction,
generalized transducing bacteriophage P22 mutant (HT 105/1, int201) was grown on a strain
containing a target gene (Davis et al., 1980; Schmieger and Backhaus, 1973) and the phage
lysate was mutagenized using hydroxylamine. We mutagenized strain JE6579, which carried
a yfiD::kan+ mutation near pat+ (Table 1). The absence of YfiD did not affect acetate
utilization under the conditions tested.

A hydroxylamine-mutagenized P22 lysate grown on strain JE6579 was crossed with strain
JE6318 (metE ara cobB::Tn10d(Tc) pta::cat+; Table 1). The pta::cat+ allele was needed in
the recipient strain to abolish acetate assimilation via the acetate kinase (AckA)/
phosphotransacetylase (Pta) pathway, thus eliminating all background growth on acetate.

Inheritance of the yfiD::kan+ marker was selected for on nutrient broth (NB, Difco) +
kanamycin (Sigma, 25 μg/ml) plates. The resulting kanamycin-resistant (Kmr) transductants
were replica-printed onto minimal acetate plates [no-carbon E (NCE)] (Berkowitz et al.,
1968) supplemented with 10 mM acetate to select for strains that inherited null alleles of pat
and thus could grow. We note that the minimal medium plates used in these experiments did
not contain kanamycin; instead, the selective pressure we applied was growth.

Kmr transductants that grew on minimal acetate plates were freed of phage (Chan et al.,
1972) and P22 lysates of each of the strains were used to reconstruct the original mutant
strains using the cob pat strain (JE6318) as recipient. Reconstructed strains that were
resistant to kanamycin and grew on minimal acetate plates were used in subsequent studies.
All growth conditions were performed at 37°C. The nature of the point mutations in pat was
identified by DNA sequencing using BigDye® Terminator v3.1 (Applied Biosystems)
protocols; the reactions were resolved and analyzed at the University of Wisconsin
Biotechnology Center.

2.2. Growth analysis of strains carrying null alleles of pat
A 2-μl aliquot of an overnight culture grown in nutrient broth was used to inoculate 198 μl
of 10 mM acetate medium (NCE + acetate, pH 7). Growth was monitored at OD650 over a
60-h time period at 37°C with shaking in a 96-well microtiter plate using an ELx808 Ultra
microplate reader (Bio-Tek Instruments). Data were obtained from three independent
experiments from individual cultures done in triplicate for each strain.

2.3. Antibody preparation and western blot analysis
Untagged wild-type Pat protein was used to elicit rabbit polyclonal antibodies (Harlan
Laboratories). An overnight culture of each strain was used to inoculate 150 ml of nutrient
broth in 500 ml flasks at a 1:100 starter culture to media ratio. The cultures were grown at
37°C to a cell density of OD650 of 0.7, 50-ml cultures were harvested by centrifugation at
1,825 × g for 45 min at 4°C and then re-suspended in 1.0 ml of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (50 mM, pH 7.5) containing lysozyme (1 mg/
ml), DNAse I (25 μg/ml) and phenylmethylsulfonyl fluoride (PMSF, 0.5 mM). Cells were
lysed by sonication for two 1 min intervals using a Heat Systems Ultrasonics sonicator
(Model W-10) at setting 3 on ice. Cell debris was removed by centrifugation at 16,000 × g
for 15 min at 4°C and 800 μg of soluble extract resolved by 12% SDS-PAGE (Laemmli,
1970). Binding of α-Pat antibodies to blots was visualized using alkaline-phosphatase-
conjugated goat α-rabbit immunoglobulin G (ThermoFisher) and NBT/BCIP chemistry.
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Bands were detected using a Fotodyne Digital Imaging system and TotalLab v2005
software. The experiment was performed in duplicate using two independent cultures.

2.4. Construction of pat overexpression plasmids
Strains and plasmids used in this study are listed in Table 1. The 2661-bp pat gene of S.
enterica sv. Typhimurium LT2 was inserted into plasmid pKLD66 (Rocco et al., 2008) using
KpnI and HindIII sites as reported previously (Thao et al., 2010). The resulting
overexpression plasmid, pPAT8, directs the synthesis of wild-type Pat protein with an N-
terminal hexahistidine-maltose binding protein (His6-MBP) tag cleavable by recombinant
tobacco etch virus (rTEV) protease (Blommel and Fox, 2007; Parks et al., 1994) Plasmid
pPAT8 was used as template for site-directed mutagenesis using the QuikChange XL kit
(Stratagene). Primers for generation of plasmids for overexpression of the mutant alleles of
pat are listed in Table 1. DNA sequencing was used to verify the presence of null pat alleles
on plasmids constructed during this work.

2.5. Overproduction and purification of Acs and Pat proteins
2.5.1. Acs—Wild-type Acs protein was isolated as described using chitin column
chromatography (NEB) (Starai et al., 2002), stored in HEPES buffer (50 mM, pH 7.5)
containing NaCl (150 mM) and glycerol (20% v/v) and drop-frozen in liquid nitrogen prior
to storage at −80°C.

2.5.2. Pat proteins—His6-MBP tagged wild-type and variant Pat proteins were purified
by a two-step process at 4°C similarly to a previously described method (Thao et al., 2010).
Briefly, plasmids carrying individual pat alleles were transformed into JE9314 (E. coli
C41(DE3) yfiQ::kan+; Table 1) and 5 ml of an overnight culture was used to inoculate 500
ml of lysogeny broth (LB) medium (1.0% tryptone, 0.5% yeast extract, 0.5% NaCl)
containing ampicillin (200 μg/ml). Cultures were grown at 37°C with shaking to an OD600
of 0.6 prior to induction of pat expression by isopropyl-β-D-thiogalactopyranoside (IPTG, 1
mM); induced cultures were shaken overnight at 28°C. Cells were harvested by
centrifugation at 8,394 × g for 15 min at 4°C.

2.5.3. Purification step 1—Cells were resuspended in 10 ml of resuspension buffer
[binding buffer A (Hepes buffer (20 mM, pH 7.5), NaCl (500 mM) and imidazole (20 mM))
plus lysozyme (1 mg/ml), DNAse I (25 μg/ml) and phenylmethanesulfonyl fluoride (PMSF,
0.5 mM)]. Cells were lysed by sonication for 2 min (30 s, 50% duty) on ice using a 550
Sonic Dismembrator (Fisher Scientific) at setting 4. Clarified cell lysates were obtained after
centrifugation for 45 min at 4°C at 43,667 × g followed by filtration of the supernatant
through a 0.2 μm filter (Millipore). Samples were loaded onto 1 ml Ni-NTA Superflow resin
(Qiagen) pre-equilibrated with binding buffer A, and TEV-cleavable His6-MBP tagged Pat
protein eluted with elution buffer [HEPES buffer (20 mM, pH 7.5), NaCl (500 mM) and
imidazole (500 mM)] following a wash step with the same buffer system containing a lower
amount of imidazole (40 mM).

To cleave the tag, His7-TEV protease (rTEV) was purified as described (Blommel and Fox,
2007) and cleavage of tagged Pat proteins was performed as follows. rTEV was added to the
eluted protein supplemented with dithiothreitol (DTT, 1 mM) at a 1:50 protease:tagged mg
protein ratio and the mixture was incubated at room temperature for 3 h.

2.5.4. Purification step 2—The protein mixture was dialyzed against binding buffer B
(HEPES buffer (20 mM, pH 7.5), NaCl (500 mM) and tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, 0.5 mM)) plus ethylenediaminetetra-acetic acid (EDTA, 0.5 mM).
Prior to loading onto the 1 ml Ni-NTA Superflow resin, DTT and EDTA were extensively
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dialyzed away at 4°C in binding buffer B. Protein was eluted off the column using a 40 mM
imidazole wash step, followed by 500 mM imidazole, which allowed us to separate tagged
from untagged protein. Untagged Pat protein eluted in the flow step. Pat proteins were
stored in Hepes buffer (50 mM, pH 7.5) containing NaCl (150 mM) and glycerol (50% v/v),
and stored at 4°C.

2.6. Pat in vitro activity assays
Reaction mixtures (total volume = 30 μl) contained Pat (3 μM), Acs (5 μM), [14C, C-1]-Ac-
CoA (25 μM) and tris(2-carboxyethyl)phosphine (TCEP, 1 mM) in 50 mM Hepes (pH 7.5)
buffer. Reactions were incubated at 37°C for 30 min, followed by quenching with 6 μl 6X
SDS-PAGE loading buffer and heating at 95°C for 2 min. A 6-μl sample (25 pmol of Acs
protein) from each quenched reaction was resolved in a 12% SDS-PA gel, the gel was dried
and exposed to a phosphor screen for 24 h. Phosphor images were obtained and analyzed
using a Typhoon Trio Variable Mode Imager and ImageQuant v5.2 software (GE
Healthcare). A no-enzyme reaction was used for background subtraction. Reactions were
performed in triplicate.

2.7. Circular dichroism (CD) studies
Circular dichroism spectroscopy was performed on an Aviv Model 202SF circular dichroism
spectrometer at the Biophysics Instrumentation Facility at the University of Wisconsin-
Madison. Far-UV CD spectra were obtained at 4°C from protein samples (0.15 mg/ml) in 20
mM sodium phosphate buffer pH 7.4 containing NaCl (70 mM) and glycerol (5%, v/v). The
spectra were obtained in a 0.1-cm path length cuvette every 0.5 nm with a spectral band
width of 1 nm and 5 s averaging time. Data were converted to molar ellipticity units by
using the mean residue mass of 110.40 Da.

3. Results and discussion
3.1. In vivo strategy for identification of Pat residues critical for function

To identify residues important for Pat activity in vivo, we exploited the fact that inactivation
of pat restores growth of a CobB (deacetylase)-deficient strain on 10 mM acetate. We
previously showed that inactivation of pat in a cobB strain restored growth on 10 mM
acetate because Acs was no longer inactivated by acetylation (Starai and Escalante-
Semerena, 2004).

From Fig. 1, one can infer that in a CobB-deficient strain, Acs would remain acetylated due
to the absence of CobB deacetylase activity. As a result, acetylated (i.e. inactive) Acs would
not convert acetate to Ac-CoA and growth would be arrested (Starai et al., 2004); a control
experiment confirmed this prediction (Fig. 2B, left panel, top box).

Placement of a selectable marker near the pat gene (a kanamycin insertion in yfiD) allowed
us to mobilize mutant pat alleles into genetic backgrounds of interest by crossing the
mutagenized P22 phage lysate with strain JE6318 (cob pta). Under the conditions of our
search, we isolated Kmr transductants that grew on 10 mM acetate. Using this approach, we
identified 35 pat alleles, each containing a single nucleotide change. In all cases, loss of Pat
function was observed. Twenty-seven of the above-mentioned changes introduced
premature stop codons throughout the pat gene (data not shown). Notably, a termination
codon (amber, TAG) introduced by a C→T transition at nucleotide 2590 indicated that the
last 23 amino acids of the GNAT domain are crucial to enzyme activity and stability.

Eight mutant pat alleles contained single-nucleotide changes that resulted in variants of Pat
with single amino acid substitutions (Fig. 2A); all eight Pat variants were further
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characterized. Five of these variants (i.e. PatD165N, PatR170H, PatA220T, PatR450W and
PatD592N) had two notable features. Firstly, all substitutions were located within the N-
terminal region, outside the GNAT domain of Pat, and secondly, they had reduced
acetyltransferase activity (Fig. 2A,B). We also identified two residues within the GNAT
domain (A780, A811) which, when changed to A780T/V or A811V, abolished the
acetyltransferase activity of Pat (Fig. 2A,B).

Of note, no amino acid change was found in the predicted interdomain region (Fig. 2A), and
only one of the residues critical to Pat activity, i.e. D592, was conserved in its respective
domain family (Sánchez et al., 2000). All proteins encoded by the mutant alleles of pat were
stable, as assessed by western blot analysis (Fig. 2C) indicating that the loss of function was
not due to the absence of the mutant protein.

3.2. The enzymatic activity of Pat variants is dramatically reduced
We overproduced, isolated and quantified in vitro the enzymatic activity of each of the Pat
variants. The activity of seven variants was reduced >94% relative to the activity of the
wild-type protein, with one variant (PatR170H) being about one third as active as wild-type
Pat (Fig. 3). Of note, none of the variants including the PatR170H variant had sufficient
activity in vivo to raise the level of acetylated Acs (inactive) to the point where growth on
10 mM acetate would be prevented.

3.3. The single amino acid substitutions in the Pat variants result in substantial
conformational changes that compromise the activity of the enzyme

We used circular dichroism spectroscopy to investigate the effect of these substitutions on
the conformation of Pat. As shown in Fig. 4, native Pat has a double minima at 208 nm and
222 nm characteristic of α-helical proteins (Kelly et al., 2005). The α-helical content of Pat
upon mutation of the identified residues was decreased in all of the proteins to varying
degrees (Table 2), suggesting that the loss of enzymatic activity was likely due to incorrect
protein folding. Not surprisingly, attempts to produce larger amounts of mutant protein
(from >1 L cultures, or at protein concentrations >0.3 mg/ml) was problematic, since the
mutant proteins were prone to aggregate-forming higher-order oligomers eluting in the void
volume in gel filtration experiments (data not shown). We were unable to perform circular
dichroism spectroscopy studies at temperatures above 4°C due to the instability of the
variants and wild-type Pat, a problem that was likely compounded by the necessity for
minimal buffer conditions when using this method.

Clearly, the substitutions we identified further destabilized an already inherently unstable
wild-type Pat protein (Gasteiger et al., 2003; Guruprasad et al. 1990). Tag removal by rTEV
treatment led to visible aggregation; however, the protein did not completely fall out of
solution, but the addition of NaCl (0.5 M) and TCEP (0.5 mM) was needed to maintain
wild-type Pat and its variants in solution during the purification process. The addition of
glycerol (20% v/v) was necessary to prevent wild-type Pat from aggregating, especially at
higher concentrations; this, however, did not help maintain the mutant proteins in solution.

3.4. Potential roles for the residues of Pat identified from this work
Although we cannot yet assign function to the seven amino acids identified by this study as
important for Pat activity, sequence analysis suggests roles for at least three of the residues.
As mentioned above, only D592 is conserved in its respective superfamily domain (acyl-
CoA synthetases; ACS (NDP-forming)) (Sánchez et al., 2000). This residue is located within
a region of the protein that has been proposed to be involved in nucleotide binding, as shown
by tryptic digestion and mass spectrometry for E.coli succinyl-coenzyme A synthetase
(SCS) (Joyce et al., 1999, Joyce et al., 2000). Many residues important for SCS activity are
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conserved in the ACS (NDP-forming) superfamily; however, the domain organization of the
members appears to be modular (Sánchez et al., 2000). There are several notable differences
between S. enterica Pat and SCS. For example, the α- and β-subunits of SCS are fused in
Pat, and within the β-subunit of Pat the domains appear to be in reverse order (Sánchez et
al., 2000). Because of this, and the fact that a direct interaction has not been shown even
though structures of SCS have been reported (Fraser et al., 1999; Wolodko et al. 1994), the
role of this residue is speculative.

The other two residues, A780 and A811, are likely important since they are located within
the core GNAT domain. The structures of many GNATs have been solved, revealing a
conserved fold important for Ac-CoA binding and catalysis despite structure-based
alignments showing low pairwise sequence identity (Vetting et al., 2005) (Fig. 5). Although
neither of these residues is conserved, A780 falls in strand β2 and A811 falls in strand β4
(Fig. 5), two structural features that constitute the core Ac-CoA binding fold of GNATs
(Dyda et al., 2000; Vetting et al., 2005). It is likely that mutations at both of these residues
resulted in changes in folding or conformation. The different CD-spectra we obtained from
these variant Pats as compared to wild-type Pat support this idea (Fig. 4).

Interestingly, the glutamate that acts as the general base catalyst of yeast GCN5 (yGCN5),
Glu173 (Langer et al., 2001; Tanner et al., 1999), which resides within the core GNAT
domain (Fig. 5), is also conserved in Pat (Fig. 6A). Site-directed mutation of this residue in
Pat, Glu809, from a glutamate to glutamine (GAA → CAG), which has a similar side chain
structure but no acidic group required for it to function catalytically, resulted in over 96%
loss in activity in vitro (Fig. 6B). Although, the E809Q change had a drastic effect on
protein folding (Fig. 6C), the variant was not defective in vivo (the mutation on the
chromosome was introduced as described (Blank et al., 2011); data not shown). This result
is unlike the eight-mutant non-functional pat alleles that restored growth on acetate in the
cob-defective strain (Fig. 2B)). These data suggest that Glu809 does not behave as a
catalytic residue. However, it is important to note that there have been examples where a
general base catalyst appeared unnecessary for catalysis (see review (Vetting et al., 2005)).
The yeast Hpa2 GNAT has no obvious catalytic residue that could function as a general
base, and it was proposed that a net positive electrostatic potential of the active site might
assist in deprotonation of the amino group of the lysine residue (Angus-Hill et al., 1999).

3.5. Conclusions
In this work, we contrived a genetic selection for the identification of residues that are
critical for S. enterica Pat function. Using this method we identified seven out of 886
residues in the protein that, when changed, resulted in the enzyme losing >95% of its
activity. It was unexpected to find that <1% of the residues in Pat (7/886) were critical for
function. These results show that demanding growth of a CobB deacetylase-deficient strain
on 10 mM acetate is a strong positive selection for null pat alleles. Collectively, the data
suggest that changes in these residues lead to substantial conformational changes and protein
instability, indicating that the critical nature of each of the alluded side chains is for proper
enzyme folding and that, although other substitutions may be tolerated, those reported in this
work are not. These findings, in addition to recent biochemical and thermodynamic analyses
of the wild-type Pat enzyme, advance our understanding of Pat, a multidomain, oligomeric
GNAT used by the cell to control metabolism.
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Fig. 1. Posttranslational control of Acs activity by acetylation/deacetylation
Acs is inactivated by Ac-CoA-dependent Pat acetylation. AcsAc is reactivated by NAD+-
dependent CobB deacetylation. O-AADPr, O-Acetyl-ADP-ribose. Figure adapted from
(Starai and Escalante-Semerena, 2004).

Thao and Escalante-Semerena Page 11

Res Microbiol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Residues critical for Pat activity identified from loss-of-function mutations
A. Pat appears to be a multidomain protein that has a predicted acetyltransferase fold
belonging to the GNAT superfamily (CDD-search (Marchler-Bauer et al., 2009)). Seven
residues (eight amino acid changes) were identified by localized mutagenesis as being
important for pat function. B. Growth behavior on 10 mM acetate. In the presence of a
functional allele of pat, a cobB strain has a severe growth defect (top left box). Upon
inactivation of pat, growth is restored (bottom left box). All eight mutant alleles restored
growth on acetate, i.e. they behaved as non-functional alleles of pat. C. Western blot
analysis showed that variant Pat proteins were stable, ruling out the possibility that the
observed effect was due to the absence of Pat.
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Fig. 3. In vitro activity assays of Pat variants show loss in enzyme activity
A) The variant Pat proteins containing single amino acid changes were incubated with Acs
protein and [14C, C-1]-Ac-CoA. B) The amount of radioactive label transferred to Acs by
the variants was plotted as percent of that transferred by wild-type Pat and are reported as
mean ± s.d. from experiments performed in triplicate.
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Fig. 4. CD spectra of wild-type and mutant Pat proteins
Far UV spectra of wild-type (black tracing) and mutant Pat enzymes show the proteins have
different secondary structures, suggesting that loss of catalytic activity in the mutant proteins
was likely due to an inability to acquire the correct structural fold.
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Fig. 5. Secondary structure prediction of S. enterica Pat
The prediction of secondary structures was carried out by using PSIPRED (Jones, 1999).
Residues identified as being important for pat function and enzyme activity are highlighted
with black background and yellow bold typeface font. Secondary structure elements
(designated β0 to β6) are associated with the core GNAT fold (Vetting et al., 2005).
Secondary structures are shown in purple (alpha helices) and red (β sheets).
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Fig. 6. A putative active-site glutamate is present in Salmonella Pat, but is likely not important
for catalysis
A. The putative general base involved in histone acetylation, Glu173 in yeast GCN5, is
conserved in Pat, Glu809 (highlighted in black with asterisk). The alignment was generated
with reference to the SCOP superfamily of acyl-CoA N-acetyltransferases (SCOP 55729,
(Gough and Chothia, 2002)) and Dyda, et al. (Dyda et al., 2000). The region designated
motif A (indicated by box) corresponds to the four (motifs C, D, A, B) (Neuwald and
Landsman, 1997), which are hallmarks of GNATs. Motif A is the longest and most
conserved motif, encompassing a region crucial for Ac-CoA binding (Dyda et al., 2000). B.
Glu809 in the predicted Ac-CoA binding domain appears critical for acetyltransferase
activity in vitro, but the severe loss in Pat activity was likely due to significant structural
changes upon mutation from Glu-to-Gln at residue 809, as observed from circular dichroism
studies (C).
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Table 1

Strains and plasmids used in this study.

Strainsa

Strain number Genotype Source

TR6583 metE205 ara-9 K. Sanderson via J. Roth

Derivatives of TR6583

JE6579 yfiD181::kan+ Lab collection

JE6318 cobB1176::Tn10d(Tc) pta103::cat+ Lab collection

JE13928 cobB1176::Tn10d(Tc) pta103::cat+pat2 ::kan+

JE12412 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat5

JE12413 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat6

JE12414 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat7

JE12415 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat8

JE12416 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat9

JE12417 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat10

JE12418 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat11

JE12419 cobB1176::Tn10d(Tc) pta103::cat+yfiD181 ::kan+pat12

JE9314 E. coli C41(DE3) yfiQ11::kan+ Lab collection

Plasmids

pTEVb pat Allele Mutation Primersc

pPAT9 pat5 D165N (gac – aac) 5′-gtccaatactattcttaactgggcgcaacagcg -3′

5′-cgctgttgcgcccagttaagaatagtattggac -3′

pPAT10 pat6 R170H (cgt – cat) 5′-gactgggcgcaacagcatgaaatgggcttttc -3′

5′-gaaaagcccatttcatgctgttgcgcccagtc -3′

pPAT20 pat7 A220T (gcc – acc) 5′-gttttgtttccaccgcccgtagcg -3′

5′-cgctacgggcggtggaaacaaaac -3′

pPAT11 pat8 R450W (cgg – tgg) 5′-ccagaagcaactgtgggaaacgccagcgttg -3′

5′-caacgctggcgtttcccacagttgcttctgg -3′

pPAT12 pat9 D592N (gat – aat) 5′-gtggtggtcgagcacaatccggtgtttg -3′

5′-caaacaccggattgtgctcgaccaccac -3′

pPAT13 pat10 A780T (gcc – acc) 5′-ctacgatcgagaaatgacctttgtggccgtg -3′

5′-cacggccacaaaggtcatttctcgatcgtag -3′

pPAT14 pat11 A780V (gcc – gtc) 5′-ctacgatcgagaaatggtctttgtggccgtg -3′

5′-cacggccacaaagaccatttctcgatcgtag -3′

pPAT15 pat12 A811 V (gcc – gtc) 5′-gtagatgccgaatttgtcgtattggtgcgttc -3′

5′-gaacgcaccaatacgacaaattcggcatctac -3′

a
All strains are derivatives of S. enterica sv. Typhimurium LT2

b
Plasmids derived from pTEV cloning vector pKLD66 (Rocco et al., 2008) for overproduction and purification of products.
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c
Primers used to introduce the amino acid substitution. Nucleotide changes are underscored.
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