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ABSTRACT

Acetylation of small molecules is widespread in nature, and in some cases, cells use this process to detoxify harmful chemicals.
Streptomyces species utilize a Gcn5 N-acetyltransferase (GNAT), known as Bar, to acetylate and detoxify a self-produced toxin,
phosphinothricin (PPT), a glutamate analogue. Bar homologues, such as MddA from Salmonella enterica, acetylate methionine
analogues such as methionine sulfoximine (MSX) and methionine sulfone (MSO), but not PPT, even though Bar homologues are
annotated as PPT acetyltransferases. S. enterica was used as a heterologous host to determine whether or not putative PPT
acetyltransferases from various sources could acetylate PPT, MSX, and MSO. In vitro and in vivo analyses identified substrates
acetylated by putative PPT acetyltransferases from Deinococcus radiodurans (DR_1057 and DR_1182) and Geobacillus kausto-
philus (GK0593 and GK2920). In vivo, synthesis of DR_1182, GK0593, and GK2920 blocked the inhibitory effects of PPT, MSX,
and MSO. In contrast, DR_1057 did not detoxify any of the above substrates. Results of in vitro studies were consistent with the
in vivo results. In addition, phylogenetic analyses were used to predict the functionality of annotated PPT acetyltransferases in
Burkholderia xenovorans, Bacillus subtilis, Staphylococcus aureus, Acinetobacter baylyi, and Escherichia coli.

IMPORTANCE

The work reported here provides an example of the use of a heterologous system for the identification of enzyme function. Many
members of this superfamily of proteins do not have a known function, or it has been annotated solely on the basis of sequence
homology to previously characterized enzymes. The critical role of Gcn5 N-acetyltransferases (GNATs) in the modulation of
central metabolic processes, and in controlling metabolic stress, necessitates approaches that can reveal their physiological role.
The combination of in vivo, in vitro, and bioinformatics approaches reported here identified GNATs that can acetylate and de-
toxify phosphinothricin.

The Gcn5 N-acetyltransferase (GNAT, PF00583) superfamily of
proteins is present in all domains of life and catalyzes the

transfer of the acetyl group of acetyl coenzyme A (acetyl-CoA) to
proteins or small molecules (reviewed in reference 1). These en-
zymes were first shown to acetylate and inactivate aminoglycoside
antibiotics (2–6) and protect against cellular stressors (1, 7–9),
providing a precedent for the role of GNAT-mediated detoxifica-
tion via acetylation. Previous work identified a subset of GNAT
enzymes annotated as phosphinothricin (PPT) acetyltransferases.
These enzymes protect cells against the toxic effects of PPT (a
glutamate analogue) and oxidized forms of methionine, e.g., me-
thionine sulfoximine (MSX) and methionine sulfone (MSO) (7,
10–14) (Fig. 1).

PPT is a component of bialaphos, a tripeptide (phosphinothri-
cyl-alanyl-alanine) with toxic properties produced by Streptomy-
ces species (15). The toxic effect occurs when the tripeptide is
cleaved, releasing PPT, which inhibits growth by irreversibly bind-
ing to glutamine synthetase (GlnA) (16, 17). A GNAT of Strepto-
myces spp., known as Bar (also known as Pat for phosphinothricin
acetyltransferase), is responsible for the acetylation and detoxifi-
cation of the endogenously produced PPT toxin in vivo (14). Once
acetylated, acetyl-PPT can no longer bind to and inhibit GlnA.
Bialaphos is a potent natural herbicide, and plants have been
genetically engineered to be resistant by encoding the bar gene
(14, 18).

A subgroup of GNATs has been classified as PPT acetyltrans-
ferases based on protein sequence similarity to the Bar protein of
Streptomyces. Some Bar homologues have been incorrectly anno-

tated as PPT acetyltransferases, including Pseudomonas aeruginosa
PITA (gene locus PA4866) and Salmonella enterica MddA (gene
locus STM1590) (7). Instead, these enzymes acetylate the struc-
turally related toxic analogues MSX and MSO (Fig. 1), which are
also inhibitors of glutamine synthetase.

Here we examine the selectivity of putative PPT acetyltrans-
ferases from Geobacillus kaustophilus and Deinococcus radio-
durans. Using S. enterica as a heterologous host, we assayed for
functions of the predicted PPT acetyltransferases in S. enterica
mddA1::cat� and mddA� strains in culture medium containing
MSX, MSO, or PPT. In vitro measurements of enzyme activity
were consistent with the observed growth phenotypes. The data
show diverse specificity of these enzymes for MSX, MSO, and
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PPT. Lastly, we investigated whether or not putative PPT acetyl-
transferases from Burkholderia xenovorans, Bacillus subtilis, Esch-
erichia coli, Staphylococcus aureus, and Acinetobacter baylyi could
acetylate PPT, MSX, and MSO. The data show that the above-
mentioned enzymes acetylate MSX, MSO, and PPT in vivo, with
the exception of EcYncA, which did not acetylate PPT, and
Bxe_B1787, which did not acetylate MSO. Our results confirmed
bioinformatics-based predictions and provided a reliable in vivo
approach using S. enterica to identify PPT acetyltransferases.

MATERIALS AND METHODS
Culture media and chemicals. Nutrient broth (NB; Difco) was used as
rich medium to grow inocula. The minimal medium used in this study
was no-carbon essential (NCE) minimal medium (19) containing MgSO4

(1 mM), sodium, ammonium phosphate (17 mM), Wolfe’s trace minerals
(1�) (20), and glycerol (22 mM) as the sole source of carbon and energy.
When used, antibiotics were added at the following concentrations: chlor-
amphenicol (20 �g ml�1), ampicillin (100 �g ml�1). All chemicals were
purchased from Sigma-Aldrich unless noted otherwise; ampicillin, NaCl,
and HEPES (Fisher Scientific); isopropyl �-D-1-thiogalactopyranoside
(IPTG; IBI Scientific); and dithiothreitol (DTT; Gold BioTechnology).
L-Methionine sulfoximine (MSX), L-methionine sulfone (MSO), and DL-
phosphinothricin (PPT) were all purchased from Sigma-Aldrich.

Bacterial strains. All S. enterica strains are derivatives of serovar Ty-
phimurium strain LT2 (unless specified) and are listed in Table 1.

Plasmid construction for complementation and overexpression. All
plasmids used in this work are listed in Table 1. All primers used in this
study were synthesized by IDT (Coralville, IA) and are listed in Table 2.
We used cloning technology reported by Galloway et al. (21) to construct
all plasmids in this study. Genes of interest were amplified from genomic
DNA from D. radiodurans R1, G. kaustophilus HTA426, B. xenovorans
LB400, E. coli MG1655, S. aureus USA3000, Acinetobacter baylyi ADP1, or
B. subtilis SMY. D. radiodurans R1 genomic DNA was a gift from John
Batista (Louisiana State University), A. baylyi ADP1 genomic DNA was a
gift from Cory Momany (University of Georgia [UGA]), and S. aureus
USA3000 genomic DNA was a gift from Alexander Horswill (University
of Iowa). All other genomic DNA was obtained from strains available in
our laboratory collection. DNA sequences were confirmed using BigDye
(ABI PRISM) protocols, and sequencing reactions were resolved and an-
alyzed at the Georgia Genomics Facility, UGA.

Plasmid pTEV16 (22), which directs the synthesis of the protein
with a cleavable N-terminal hexahistidine tag, was used for overex-
pression. The resulting plasmids are referred to as pDR_1057-8,
pDR_1182-1, pGK0593-3, and pGK2920-1.

For complementation purposes, each gene of interest was cloned into
the L-(�)-arabinose-inducible vector pCV1 (22). The names and relevant
genotypes of the resulting plasmids are shown in Table 1.

Site-directed mutagenesis was performed using primers designed
from PrimerX (http://www.bioinformatics.org/primerx/) to mutate the
asparagine (N114) of DR_1057WT to a glutamate residue (E114) to con-

struct a variant (DR_1057N114E) in the pCV1 complementation vector
(pDR_1057-3).

Growth behavior analyses. Starter cultures were grown overnight at
37°C with shaking in NB containing the appropriate antibiotic, 2 �l of
which was used to inoculate 198 �l of fresh medium in each well of a
96-well plate. Plates were incubated at 37°C with shaking for 20 to 48 h in
a Powerwave Microplate Reader (Bio-Tek Instruments). Growth studies
were performed in triplicate in three independent experiments, with a
representative growth curve shown. Data were analyzed using Prism v6
(GraphPad) analytical software. Error bars represent standard deviations.
Plasmid-borne genes of interest were induced with various concentra-
tions of L-(�)-arabinose, as described in the figures and figure legends.
Additional chemicals such as PPT, MSX, or MSO were added at the con-
centrations indicated in the figures and figure legends.

Protein overproduction and purification. Plasmids encoding each
protein of interest (DR_1182, DR_1057, GK0593, or GK2920M55-Stop)
were transformed into E. coli C41(�DE3). Overnight cultures of the trans-
formants were subcultured (1:100 [vol/vol, inoculum/medium]) into 1
liter of lysogeny broth (LB) containing ampicillin (100 �g ml�1). Cultures
were grown at 37°C with shaking to an optical density at 600 nm (OD600)
of 0.6, induced with IPTG (1 mM), and shaken overnight at �28°C. Cells
were harvested by centrifugation at 6,000 � g in a Beckman Coulter
Avanti J-20 XOI refrigerated centrifuge with a JLA-8.1000 rotor for 15
min at 4°C. The collected cell paste was resuspended in binding buffer A
(HEPES buffer [50 mM, pH 7.2] containing NaCl [500 mM] and imida-
zole [20 mM] plus lysozyme [1 mg ml�1], DNase I [25 �g ml�1], and
protease inhibitor phenylmethanesulfonyl fluoride, 0.5 mM]). Cells were
lysed by sonication for 1 min (2 s, 50% duty) for two rounds 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
in a Beckman Coulter Avanti J-25I refrigerated centrifuge with a JA-25.50
rotor followed by filtration of the supernatant through a 0.45-�m filter
(Millipore). Samples were loaded onto a 1-ml HisPur nickel-nitrilotri-
acetic acid (Ni-NTA) resin column (Thermo Scientific) at 4°C, preequili-
brated with binding buffer. The Ni� column was washed first with buffer
B (HEPES buffer [50 mM, pH 7.2] with NaCl [500 mM]) that contained
imidazole (40 mM) to remove nonspecifically bound proteins. Subse-
quently, the His6-tagged proteins eluted in the same buffer system that
contained a high concentration of imidazole (500 mM). Proteins were
dialyzed at 4°C and stored in HEPES buffer (50 mM, pH 7.2) containing
NaCl (100 mM), tris-(2-carboxyethyl)phosphine hydrochloride (TCEP,
0.5 mM), and glycerol (10% vol/vol), drop-frozen in liquid nitrogen, and
stored at �80°C. Proteins (DR_1182WT, DR_1057WT GK0593WT, and
GK2920M55-Stop) were purified, and homogeneity ranged from 70 to 96%,
as determined by densitometry calculations using Total Lab v2005 soft-
ware (see Fig. S1 in the supplemental material).

Mass spectrometry analysis of proteins. Proteins or peptides that
required further analysis by mass spectrometry were excised from SDS-
PAGE gels and analyzed by the Proteomics and Mass Spectrometry Core
Facility at UGA. Peptide sequences were matched to proteins using the
MASCOT database (Matrix Science), with protein coverage ranging from
55 to 77%. For details on mass spectrometry methods, see the Supplemen-
tal Materials and Methods in the supplemental material.

Kinetic analyses. Apparent kinetic parameters (kcat, Km, kcat/Km) for
DR_1057, DR_1182, GK0593, or GK2920M55-Stop when MSX, MSO, or
PPT was used as the substrate were determined using a continuous spec-
trophotometric assay that employed 5,5=-dithiobis-(2-nitrobenzoic acid)
(DTNB; Ellman’s reagent) as described elsewhere (10). Briefly, assays
were performed at 30°C in 100-�l reaction mixtures in 96-well plates, and
reactions were monitored at 412 nm (23, 24). Reaction mixtures con-
tained HEPES buffer (50 mM, pH 7.2), DTNB (0.3 mM), saturating levels
of acetyl-CoA (1 mM), protein (DR_1057, DR_1182, GK0593, or
GK2920M55-Stop) (100 to 200 nM), and substrate (PPT, MSO, or MSX) (0
to 2,000 �M). Data were acquired every 10 s over a 5-min time period and
were reported using the averages of technical triplicates. Absorbance (415

FIG 1 Chemical structure of PPT analogues. (A) Phosphinothricin (PPT); (B)
methionine sulfone (MSO); (C) methionine sulfoximine (MSX).
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nm) measurements of reaction mixtures were monitored over time (in
seconds) using the Soft Max Pro 6.2 Spectramax software, and absorbance
readings were corrected for path lengths for each well. Initial velocity was
recorded from the slope of the linear range (	A415 s�1). 	A415 s�1 was
converted to micromolar per second units using Beer’s Law (equation 1)
with the molar extinction coefficient of the TNB2� thiolate anion (14,150
M�1 cm�1) (25). Because A415 readings were corrected for path lengths,
a value of 1 cm was used for l and equation 1 was solved for concen-
tration (c).

A � [�]lc (1)

Graphs of initial velocity (micromolar per second) versus substrate
concentration (micromolar) were plotted using Prism v6 (GraphPad)
software. Curves were fitted to the model of Michaelis-Menton kinetics to
determine Km and Vmax. The turnover number (kcat), was determined by
equation 2, where [E] was the concentration of protein. The parameters
are shown in Table 3, and the curves are shown in Fig. S2 in the supple-
mental material.

Vmax � kcat[E] (2)

Bioinformatics analyses. An alignment of the primary amino acid
sequence of various annotated PPT acetyltransferases was generated using
the NCBI COBALT multiple alignment tool (http://www.st-va.ncbi.nlm
.nih.gov/tools/cobalt/re_cobalt.cgi). A phylogenetic tree was generated
using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/).

RESULTS
Phosphinothricin delays the onset of exponential growth of S.
enterica. Previous work from our research group characterized
the MddA (formerly YncA, STM1590) enzyme from S. enterica as
an MSX and MSO acetyltransferase (10). Although the addition of
PPT delayed the onset of exponential growth, the effect was not
dependent on the presence or absence of MddA (Fig. 2D). As
shown in Fig. 2C and D, PPT affected growth of S. enterica only
when present at a high concentration (e.g., 100 �M), delaying the
onset of exponential growth by �15 h. The onset of growth was
not due to the acquisition of mutations, since reinoculation of
fresh medium with cells from cultures that experienced the lag

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant genotype Reference(s) or sourcea

S. enterica strains
JE10079 ara-9 mddA� Laboratory strain
Derivatives of JE10079

JE18333 mddA::cat� 10
JE18961 mddA::cat�/pMDD8 10
JE20780 pDR_1182-2
JE20781 mddA::cat�/pDR1182-2
JE20782 pGK0593-2
JE20783 mddA::cat�/pGK0593-2
JE21642 pDR_1057-7
JE21643 mddA::cat�/pDR1057-2
JE20864 mddA::cat�/pCV1
JE20865 mddA::cat�/pGK2920-2
JE20866 pGK2920-2
JE20973 pCV1
JE21098 mddA::cat�/pBXE_A2261-2
JE21597 mddA::cat�/pBXE_B1787-2
JE21232 mddA::cat�/pBSYwnH-1
JE21596 mddA::cat�/pYNCA
JE21595 mddA::cat�/pSAYwnH-1

E. coli C41(�DE3) ompT hsdS(rB mB) gal �(DE3) including at least one noncharacterized mutation 27, 28

Plasmids
pMDD7 S. enterica mddA� cloned into pTEV16b 10
pMDD8 S. enterica mddA� cloned into pCV1b 10
pDR1057-8 D. radiodurans DR_1057� cloned into pTEV16
pDR1057-7 D. radiodurans DR_1057� cloned into pCV1
pDR1182-1 D. radiodurans DR_1182� cloned into pTEV16
pDR1182-2 D. radiodurans DR_1182� cloned into pCV1
pGK0593-3 G. kaustophilus GK0593� cloned into pTEV16
pGK0593-2 G. kaustophilus GK0593� cloned into pCV1
pGK2920-1 G. kaustophilus GK2920� cloned into pTEV16
pGK2920-2 G. kaustophilus GK2920� cloned into pCV1
pBXE_A2261-2 B. xenovorans Bxe_A2261� cloned into pCV1
pBXE_B1787-2 B. xenovorans Bxe_B1787� cloned into pCV1
pBSYwnH-1 B. subtilis ywnH� cloned into pCV1
pSAYwnH-1 S. aureus SAUSA300_2468� cloned into pCV1
pYNCA E. coli yncA� cloned into pCV1
pCV1 Cloning vector 22

a All strains and plasmids were constructed during the course of this work, unless otherwise stated.
b For details on pTEV16 and pCV1, see reference 22.
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phase did not result in any reduction of the lag time (data not
shown). We used the phenotypes shown in Fig. 2 to identify PPT
acetyltransferases from other microorganisms.

Deinococcus radiodurans and Geobacillus kaustophilus en-
code PPT acetyltransferases with different substrate prefer-
ences. To simplify the interpretation of our results, the activities of
putative PPT acetyltransferases were assessed using an S. enterica
strain devoid of MddA (mddA1::cat�, JE18333). Ectopic synthesis
of Deinococcus radiodurans DR_1182 or Geobacillus kaustophilus
GK0593 restored growth of the S. enterica mddA1::cat� strain to

wild-type levels at low levels of induction, 10 �M L-(�)-arabi-
nose, in medium supplemented with either MSX or MSO (Fig. 3).
In contrast, expression of GK2920 restored growth at concentra-
tions of inducer ranging between 0.2 and 1 mM, suggesting that
MSX and MSO were poor substrates for the enzyme. Synthesis of
DR_1057 protein failed to correct the phenotype of the mddA1::
cat� strain caused by MSX or MSO, even when the medium con-
tained high levels of inducer, i.e., 1 mM L-(�)-arabinose (open
squares, Fig. 3A or C, respectively).

Direct correlation between enzyme level and degree of pro-
tection. Because S. enterica MddA does not acetylate PPT, we used
the wild-type S. enterica strain to screen for phenotypes at higher
concentrations of MSX, MSO, and PPT. Growth of wild-type S.
enterica was negatively affected but not abolished by MSX (20
�M), MSO (500 �M), and PPT (100 �M) (10). Plasmids carrying
DR_1057�, DR_1182�, GK0593�, or GK2920� placed under the
control of an L-(�)-arabinose-inducible promoter were each in-
troduced into an S. enterica mddA� strain. The resulting strains
were grown in minimal medium containing MSX (20 �M), MSO
(500 �M), or PPT (100 �M) and various levels of inducer [10 to
1,000 �M L-(�)-arabinose]. When induced, cultures expressing
DR_1182� or GK2920� grew with substantially shorter lag times
than the S. enterica mddA� strain carrying the vector only (VOC,
vector-only control) (Fig. 4). These data were consistent with the
idea that increased protein levels provided greater protection
against the toxic effects of MSX, MSO, and PPT. Low levels of
induction [i.e., 10 �M L-(�) arabinose] generated sufficient

TABLE 2 Primers used in this study

Primer function and name Primer sequence

Cloning
5= DR_1057 pCV1 NNGCTCTTCNTTCATGCCGAGAGCGGCAACGCGCCCAT
5= DR_1057 pTEV16 NNGCTCTTCNAGCATGCCGAGAGCGGCAACGCGCCCAT
3= DR_1057 pVector NNGCTCTTCNTTATCAGTCCTGTGCCAACGTCCGAACC
5= DR_1182 pCV1 NNGCTCTTCNTTCATGACCTCTGTCATTCGCCCCGCTG
5= DR_1182 pTEV16 NNGCTCTTCNAGCATGACCTCTGTCATTCGCCCCGCTG
3= DR_1182 pVector NNGCTCTTCNTTATTAGCTCTCCTCGTCCAGCAGCAGT
5= GK0593 pCV1 NNGCTCTTCNTTCATGAACATTCGTAGCTTTCGCAAAG
5= GK0593 pTEV16 NNGCTCTTCNAGCATGAACATTCGTAGCTTTCGCAAAG
3= GK0593 pVector NNGCTCTTCNTTATCAGTCTATACCTACAACTGGACTG
5= GK2920 pCV1 NNGCTCTTCNTTCTTGCGTAAACGGGCCGAGAAACGCG
5= GK2920 pTEV16 NNGCTCTTCNAGCTTGCGTAAACGGGCCGAGAAACGCG
5= GK2920 M55 pTEV16 NNGCTCTTCNAGCATGGAATCATGTTTGATCCGCGATG
3= GK2920 pVector NNGCTCTTCNTTACTATACAAGCCGTTTGCCGACAATG
5= Bxe_A2261 pCV1 NNGCTCTTCNTTCATGAGCCTTTTCTACCGCGATGCCA
3= Bxe_A2261 pVector NNGCTCTTCNTTCATGAGCCTTTTCTACCGCGATGCCA
5= Bxe_B1787 pCV1 NNGCTCTTCNTTCATGAGCACCACCCGCCCCGCGCCCT
3= Bxe_B1787 pVector NNGCTCTTCNTTCATGAGCACCACCCGCCCCGCGCCCT
5= BsYwnH pCV1 NNGCTCTTCNTTCATGACATTGCGTCTTGCTGAACATA
3= BsYwnH pVector NNGCTCTTCNTTATCATGAAAGCTCTCTCCCTAAAATT
5= SAUSA300_2468 pCV1 NNGCTCTTCNTTCATGATTAGATACGCTAAAAAAGAGGAT
3= SAUSA300_2468 pVector NNGCTCTTCNTTACTAGTCTTGTAAATCTAATTCGTAAAATGCTA
5= EcYncA pCV1 NNNNNNGAATTCATGTCCATCCGTTTTGCC
3= EcYncA pVector NNNNNNAAGCTTTCATCCAATCGCGTCCGGTT
5= ACIAD_1637 pCV1 NNGCTCTTCNTTCATGTTTTCTCCATCCACTACAACC
3= ACIAD_1637 pVector NNGCTCTTCNTTATTAATCGTCTTGAGGGTGTAATGGTG

Mutagenesis
5= DR_1057 N114E CCCGACCGCTACGAAGTCACGGTCAC
3= DR_1057 N114E GTGACCGTGACTTCGTAGCGGTCGGG

TABLE 3 Kinetic parametersa of G. kaustophilus and D. radiodurans
acetyltransferases

Enzyme Substrate Km(app) (�M)
kcat

(s�1)
kcat/Km(app)

(M�1 s�1)

GK2920M55-Stop MSX 121 
 26 9 
 1 7 � 104

MSO 89 
 16 10 
 1 1 � 105

PPT NDAb NDA NDA

GK0593 MSX 17 
 4 1 
 0.1 6 � 104

MSO 4 � 2 1 
 0.1 3 � 105

PPT 5 � 3 1 
 0.1 2 � 105

DR_1182 MSX 316 
 23 11 
 0.3 3 � 104

MSO 198 
 30 11 
 1 6 � 104

PPT 721 � 79 5 � 0.2 7 � 103

a Values represent means 
 standard deviations.
b NDA, no detectable activity.
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GK0593 enzyme to completely reduce the growth lag of the S.
enterica mddA� strain in medium containing 100 �M PPT (Fig.
4E). In contrast, the same level of induction of GK0593� provided
limited protection against MSX (20 �M) or MSO (500 �M). A 10-
and 100-fold-higher level of inducer was needed to express suffi-
cient GK0593 protein to reduce the lag phase in the presence of
MSX or MSO, respectively (Fig. 4D and F). The DR_1057 enzyme
did not improve growth of the mddA� S. enterica strain in me-
dium containing MSX, MSO, or PPT even at high induction [1
mM L-(�) arabinose], suggesting that this enzyme may not rec-
ognize MSX, MSO, or PPT as substrates (Fig. 4A to C). The
GK2920� and DR_1182� alleles corrected all phenotypes at low
induction [10 �M L-(�) arabinose] (Fig. 4A to F).

In vitro activity analyses of putative PPT acetyltransferases.
To study the substrate preference of the annotated PPT acetyl-
transferases in D. radiodurans (DR_1057, DR_1182) and G. kaus-
tophilus (GK0593, GK2920), the proteins were isolated to 70 to
95% homogeneity (see Fig. S1 in the supplemental material), and
enzyme kinetic parameters were determined to gain insights into
their substrate preference (Table 3; see also Fig. S2 in the supple-
mental material). The catalytic efficiencies of Deinococcus en-
zymes correlated with in vivo data, with DR1182 having similar
kcat/Km values for MSX, MSO, and PPT as substrates (Table 3).
Given that DR_1057 failed to acetylate any of the substrates in
vivo, it was not surprising that this enzyme did not acetylate MSX,
MSO, or PPT under the in vitro conditions used (data not shown).

Acetyltransferases from Geobacillus showed similar catalytic
efficiencies for MSX and MSO as substrates, with GK0593 having
a higher catalytic efficiency for PPT than GK2920.

We noted that during the purification of GK2920, large
amounts of protein were collected in flowthrough fractions. We
posited that during overproduction, the protein was cleaved into
two peptides, resulting in one cleavage product unable to interact

with the Ni-NTA resin column. The GK2920 protein fragments
were excised from the gel and analyzed by liquid chromatography-
tandem mass spectroscopy (LC-MS/MS), which revealed that the
first 55 amino acids of the N terminus (including the His6 tag) of
GK2920 were cleaved by an unknown mechanism (Fig. 5). The
allele encoding GK2920M55-Stop was cloned into an overexpression
vector and subsequently purified. Results from kinetic analyses
showed that GK2920M55-Stop acetylated MSX and MSO but had no
activity when PPT was the substrate (Table 3). This result was
unexpected, as the in vivo data shown in Fig. 4E (diamonds) dem-
onstrated that low levels of induction of GK2920 substantially
improved growth of the S. enterica mddA� strain in medium con-
taining PPT. Our interpretation of this discrepancy is considered
below in Discussion.

Bioinformatics analyses of putative PPT acetyltransferases.
An alignment was generated for the active sites of putative PPT
acetyltransferases across a range of bacterial species (NCBI
COBALT multiple alignment tool). From this alignment, we
noted that DR_1057 from D. radiodurans lacked the putative cat-
alytic glutamate of GNATs and encoded an asparagine at that
position (Fig. 6A). To determine whether or not the lack of in vivo
function against MSX, MSO, and PPT was due to the absence of
the glutamate residue, we engineered a variant of DR_1057 in
which the asparagine residue was replaced by a glutamate
(DR_1057N114E). The resulting variant did not restore growth of
an S. enterica mddA::cat� strain in medium containing MSX or
MSO and did not improve growth of the S. enterica mddA� strain
in medium containing PPT (data not shown). Therefore, it was
concluded that the absence of the alluded glutamate residue in
DR_1057 was not responsible for the lack of enzyme activity.

A phylogenetic tree was generated by comparing 19 PPT
acetyltransferase homologues (FigTree, Fig. 6B). Clustering of en-
zymes that acetylated MSX and MSO but not PPT was observed,

FIG 2 Growth of the S. enterica mddA1::cat� strain under conditions containing MSX, MSO, or PPT. Growth and complementation of the S. enterica
mddA1::cat� strain in NCE minimal medium (glycerol, 22 mM) was examined in the presence of 10 �M MSX (A), 50 �M MSO (B), 20 �M PPT (C), or 100 �M
PPT (D). Vectors were induced with 10 �M L-(�)-arabinose. Growth curves were performed using a microplate reader (Bio-Tek Instruments) as described in
Materials and Methods. Strains analyzed: ara-9/vector (JE20973, squares), ara-9 mddA1::cat� (JE18333, triangles), ara-9 mddA1::cat�/vector (JE20864, inverted
triangles), ara-9 mddA1::cat�/mddA� (pMDD8; JE18961, diamonds). Error bars represent standard deviations. Symbols in panel D apply to all panels.
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with the exception of DR_1182, which clustered more closely with
the non-PPT-utilizing enzymes. Organisms containing two anno-
tated PPT acetyltransferases clustered separately in different
nodes of the tree (e.g., D. radiodurans, B. xenovorans, and G. kaus-
tophilus). A recent report examining the specificity of the two an-
notated PPT acetyltransferases from Pseudomonas putida, which
were also clustered in separate nodes of the tree, demonstrated
that each enzyme was specific for either PPT or MSX and MSO
(26). From the in vivo data reported here for G. kaustophilus, we
see that enzyme functions overlap and each of the two enzymes
can acetylate PPT, MSX, and MSO, although why an organism
would encode two enzymes with overlapping functions is still not
clear.

Can PPT acetyltransferases be identified by computational ap-
proaches? The goal of this work was to expedite the validation of
putative of PPT acetyltransferases by using the above-mentioned
in vivo, in vitro, and bioinformatics approaches. As proof of prin-
ciple, we focused on putative PPT acetyltransferases from B. xeno-
vorans (Bxe_A2261, Bxe_B1787), B. subtilis (YwnH), Staphylocco-
cus aureus (SAUSA300_2468), and E. coli (YncA). We wished to
determine whether or not there was divergence in the phylogeny
that correlated with the ability of a particular organism to acetylate
PPT. Based on the phylogenetic tree and proximity to known
PPT-utilizing enzymes, the following predictions were made. We
predicted that Bxe_A2661, Bxe_B1787, and BsYwnH would acet-
ylate PPT while SaYwnH and EcYncA would not.

B. xenovorans Bxe_A2261 and Bxe_B1781, B. subtilis ywnH, S.

aureus SAUSA300_2468, and E. coli yncA genes were cloned under
the control of an L-(�)-arabinose-inducible promoter and ex-
pressed in trans in an S. enterica mddA1::cat� strain grown in the
presence of MSX (10 �M), MSO (50 �M), or PPT (100 �M)
(Table 3). Each gene was induced with various concentrations of
L-(�)-arabinose (10 �M, 100 �M, or 1 mM) (Fig. 7). Acetylation
of MSO or MSX correlated with the growth profile of the S. en-
terica mddA::cat�/pmddA� strain (JE18961) rather than to that of
the mddA1::cat�/pVOC strain (JE20864). Acetylation of PPT cor-
related with a higher growth rate and faster entry into stationary
phase than the mddA�/pVOC strain.

As predicted, Bxe_A2661 acetylated PPT in vivo, as seen by the
reduction in lag phase at high concentrations of inducer;
Bxe_A2661 also acetylated MSX and MSO (Fig. 7A to C). Bxe_
B1787 acetylated PPT in vivo, and MSX acetylation was limited (as
demonstrated by the extended lag phase compared to what was
seen with the mddA::cat�/pmddA� strain) and was observed only
at a high concentration of inducer, while MSO was not acetylated
even at a high inducer concentration (Fig. 7D to F). BsYwnH
acetylated MSX, MSO, and PPT as predicted, but only at a high
inducer concentration (Fig. 7G to I). Surprisingly, SaYwnH acety-
lated PPT, MSX, and MSO even at low inducer concentrations
(Fig. 7J to L). Lastly, EcYncA acetylated MSX and MSO, but not
PPT, as predicted (Fig. 7M to O).

It was intriguing that SAUSA300_2468 (encoding SaYwnH)
clustered closely with A. baylyi ACIAD1637, yet the latter acety-
lated only MSX and MSO, whereas SaYwnH acetylated all three

FIG 3 Complementation studies using genes encoding putative PPT acetyltransferases from D. radiodurans and G. kaustophilus in S. enterica. Growth of an S.
enterica mddA1::cat� strain carrying a plasmid encoding DR_1057, DR_1182, GK0593, or GK2920 under the control of an L-(�)-arabinose inducible promoter
was examined in the presence of 10 �M MSX (A and C) or 50 �M MSO (B and D) in glycerol (22 mM) minimal medium. Plasmids were induced with various
concentrations of L-(�)-arabinose (0.01 to 1 mM), as indicated. Strains analyzed: ara-9/vector (JE20973, squares), ara-9 mddA1::cat�/vector (JE20864, circles),
ara-9 mddA1::cat�/pmddA� (JE18961, triangles), ara-9 mddA1::cat�/pDR_1057-2 (JE21642, open squares in panels A and C), ara-9 mddA1::cat�/pDR_1182-2
(JE20781, open diamonds in panels A and C), ara-9 mddA1::cat�/pGK0593-2 (JE20783, open diamonds in panels B and D), ara-9 mddA1::cat�/pGK2920-2
(JE20865, open squares in panels B and D). Growth curves were performed using a microplate reader (Bio-Tek Instruments) as described in Materials and
Methods. Error bars represent standard deviations. Symbols in panel B apply to panels A and B; symbols in panel D apply to panels C and D.
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substrates. Studies that reported the crystallization and character-
ization of ACIAD1637 revealed that ACIAD1637 preferred MSX
and MSO and that PPT was not considered a valid substrate for
ACIAD1637 (12). To resolve the discrepancies of the bioinformat-
ics prediction, we sought to examine the substrates of ACIAD1637
in vivo. ACAID1637 was cloned into pCV1 and was induced with
various levels of arabinose in an mddA1::cat� strain to determine
whether or not its substrate preference in vivo was similar to that
SAUSA300_2468. In vivo analysis showed that synthesis of
ACIAD1637 blocked the deleterious effects of MSX, MSO, and

PPT (Fig. 7P to R), in support of the prediction that SaYwnH was
a PPT acetyltransferase.

DISCUSSION

The combination of in vivo and in vitro approaches used in this
study allowed us to validate the function of putative PPT acetyl-
transferases identified by bioinformatics and phylogenetic analy-
ses. From their position in the phylogenetic tree (Fig. 6), several
predictions were made about putative PPT acetyltransferases and
were experimentally confirmed.

The combination of phenotypic analyses using a heterolo-
gous system and kinetic analyses offers the means to assign PPT
acetyltransferase function. Results obtained with the G. kausto-
philus GK2920 protein were intriguing. For as-yet-unknown rea-
sons, GK2920 was isolated as a cleaved protein (GK2920M55-stop

[Fig. 5]) that retained biochemical activity when MSO or MSX was
used as the substrate but not when PPT was the substrate. The
results of in vitro assays with MSO and MSX indicate that the
active site of the GK2920M55-stop enzyme remained functional but
appeared to be sufficiently altered to prevent PPT acetylation. One
explanation for the lack of activity with PPT may be that the N-
terminal 54 residues of GK2920 are needed for PPT binding.
Clearly, the GK2920 protein efficiently detoxifies PPT in vivo (Fig.
4E), but whether or not the protein remains intact or is truncated
is unclear at this time. We also do not yet understand why GK2920
is cleaved during isolation given that a protease inhibitor cocktail
is included during cell breakage to decrease the possibility of deg-
radation. Purified GK2920M55-stop showed higher catalytic effi-

FIG 4 Overexpression provides resistance to higher levels of PPT, MSX, and MSO. Growth of wild-type S. enterica (JE10079) carrying a plasmid encoding
DR_1057, DR_1182, GK0593, or GK2920 under the control of an L-(�)-arabinose-inducible promoter was examined in the presence of 100 �M PPT (B and E),
20 �M MSX (A and D), or 500 �M MSO (C and F) in glycerol (22 mM) minimal medium with various concentrations of L-(�)-arabinose (0.01 to 1 mM), as
indicated. Strains analyzed: ara-9/vector (JE20973, squares), ara-9 mddA1::cat�/vector (JE20864, triangles), ara-9 mddA1::cat�/pmddA� (JE18961, inverted
triangles), ara-9/pDR_1057-2 (JE21642, circles, panels A to C), ara-9/pDR_1182-2 (JE20780, diamonds, panels A to C), ara-9/pGK0593-2 (JE20782, circles,
panels D to F), ara-9/pGK2920-2 (JE20866, diamonds, panels D to F). Growth curves were performed using a microplate reader (Bio-Tek Instruments) as
described in Materials and Methods. Error bars represent standard deviations. Symbols in panel C apply to panels A to C; symbols in panel F apply to panels
D to F.

FIG 5 Isolation of a truncated form of GK2920. (Left) SDS-PAGE gel of the
flowthrough (FT) fraction from the Ni-NTA affinity chromatography column
used to purify GK2920. Arrows indicate relevant mass markers (MM; Bio-Rad
Precision Plus Blue Standard). The asterisk indicates the predicted size of
GK2920WT. (Right) LC/MS of the 17-kDa protein revealed the amino acid
sequence highlighted in bold.
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ciency for MSO than for MSX (Table 3), a result that was consis-
tent with those obtained in vivo (Fig. 3C and D). Taken together,
these data suggest that MSO may be the preferred substrate for
GK2920.

Kinetic analyses of GK0593 were also consistent with in vivo
data, in that this enzyme acetylated all three substrates in vitro,
while also complementing Salmonella phenotypes associated with

toxic levels of MSX, MSO, and PPT. The catalytic efficiency of
GK0593 for MSO and PPT was higher than that for MSX, which
may reflect the levels of these substrates found in the environment
of Geobacillus. When comparing GK2920 and GK0593, the cata-
lytic efficiencies were similar for both MSX and MSO, raising
questions about why this organism encodes two acetyltransferases
with overlapping functions. Because GK2920 could not acetylate

FIG 6 Bioinformatics analyses of annotated PPT acetyltransferases. (A) Alignments were generated using the NCBI COBALT multiple alignment tool. The
arrow points at the predicted active-site glutamate of acetyltransferases. Numbers on the left of the sequences indicate the location of the first residue in the native
protein; boxed residues show regions of at least 70% similarity; a conserved glycyl residue is identified by white letters in a black background. (B) A phylogenetic
tree of 19 annotated PPT acetyltransferases was generated using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/). For DR_1057, only the sequence of
the GNAT domain that aligned to the other putative PPT acetyltransferases (residues 1 to 180) was used for the phylogenetic tree. When gene names were
unavailable, locus tags were used (i.e., for P. putida, PP_1924); 0.06 designates the scale for tree length.

VanDrisse et al.

7048 aem.asm.org December 2016 Volume 82 Number 24Applied and Environmental Microbiology

http://tree.bio.ed.ac.uk/software/figtree/
http://aem.asm.org


FIG 7 In vivo functional analysis of putative PPT acetyltransferases from B. xenovorans, B. subtilis, S. aureus, E. coli, and A. baylyi. Growth behaviors of an S.
enterica mddA1::cat� strain carrying a plasmid carrying Bxe_A2261, Bxe_B1787, BsYwnH, SaYwnH, EcYncA, or ACIAD1637 under the control of an L-(�)-
arabinose-inducible promoter. Growth was examined in the presence of 10 �M MSX (panels A, D, G, J, M, P), 100 �M PPT (panels B, E, H, K, N, Q), or 50 �M
MSO (panels C, F, I, L, O, R), in glycerol (22 mM) minimal medium with various concentrations of L-(�)-arabinose (0.01 to 1 �M), as indicated. Strains
analyzed: ara-9/vector (JE20973, squares), ara-9 mddA1::cat�/vector (JE20864, circles), ara-9 mddA1::cat�/pMDD8 (JE18961, diamonds), ara-9 mddA1::cat�/
pBxe_A2261 (JE21098), ara-9 mddA1::cat�/pBxe_B1787 (JE21597), ara-9 mddA1::cat�/pBsYwnH (JE21232), ara-9 mddA1::cat�/pSaYwnH (JE21595), ara-9
mddA1::cat�/pEcYncA (JE21596), and ara-9 mddA1::cat�/pACIAD1637 (JE21982). All strains that detoxified PPT are identified by gray diamonds. Growth
curves were performed using a microplate reader (Bio-Tek Instruments) as described in Materials and Methods. Error bars represent standard deviations.
Symbols in panel C apply to panels A to C; symbols in panel F apply to panels D to F; symbols in panel I apply to panels G to I, symbols in panel L apply to panels
J to L; symbols in panel O apply to panels M to O; symbols in panel R apply to panels P to R.
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PPT in vitro, no conclusions can be drawn when comparing ki-
netic parameters to GK0593.

Synthesis of D. radiodurans DR_1057 failed to prevent the in-
hibitory effect of PPT even when the gene encoding it was ex-
pressed with high levels of inducer (Fig. 4B). These results may
suggest that DR_1057 may have diverted from the protein confor-
mation that allows it to acetylate PPT. We note that the D. radio-
durans genome contains one additional gene encoding a putative
PPT acetyltransferase (i.e., DR_1182). In contrast to DR_1057,
synthesis of DR_1182 blocked the inhibitory effect of PPT (Fig.
4B). Additionally, DR_1182 showed higher catalytic efficiencies
for MSX and MSO as substrates than for PPT. D. radiodurans
encodes two putative phosphinothricin acetyltransferases, al-
though only one of these enzymes (DR_1182) carries out its an-
notated function. Either DR_1057 lost the ability to acetylate
MSX, MSO, and PPT, or this enzyme is an acetyltransferase with
alternative target(s). Further analysis of this enzyme is needed.

Bioinformatics analyses provide additional means for the
identification of PPT acetyltransferases. From the phylogenetic
tree in Fig. 6, we can determine where the limit of an enzyme’s
ability to acetylate PPT may lie. It appears as though enzymes
clustering near Streptomyces coelicolor Bar PPT acetyltransferase
can acetylate PPT, while enzymes clustering near S. enterica MddA
cannot. In vivo analyses validated PPT acetyltransferase activities
of several proteins of interest. That is, synthesis of genes clustered
near bar (B. xenovorans Bxe_A2261 and Bxe_B1787, B. subtilis
YwnH, and S. aureus SAUSA300_2468) clearly blocked the dele-
terious effect of PPT on the indicator strain (Fig. 7B, E, H, K,
respectively). The lack of protection against PPT by E. coli YncA
was not surprising, given the phylogenetic relatedness of this pro-
tein to the S. enterica MddA enzyme, which has been shown to lack
PPT acetyltransferase activity (10).

Correction of a functional assignment in the literature. Our
results with A. baylyi ACIAD1637 (Fig. 7Q) were inconsistent
with those reported by Davies et al., who concluded that A.
baylyi ACIAD1637 did not have PPT acetyltransferase activity.
These authors reached their conclusion because wild-type and
ACIAD1637-devoid strains of A. baylyi were equally sensitive to
PPT (12). We note, however, that although A. baylyi ACIAD1637
blocked PPT inhibition of the indicator strains, a high level of
inducer (1 mM) was needed to afford the observed protection,
suggesting that A. baylyi ACIAD1637 may have a low level of PPT
acetylation activity. Regardless, these results highlight the useful-
ness of the in vivo system that we report here for the assessment of
PPT acetyltransferase function.

Usefulness of heterologous systems in the assignment of
gene function. The use of model organisms with sophisticated
genetic systems that allow investigators to rapidly construct
strains in diverse genetic backgrounds is a powerful, yet simple,
way to probe for gene function. Results obtained with such a sys-
tem guide the use of phylogenetic, bioinformatics, and biochem-
ical approaches to further cement the assignment of protein func-
tion. One factor to consider, however, is that a heterologous
system could produce false negatives depending on protein solu-
bility or degradation in a heterologous environment. It is impor-
tant to note that this heterologous system will not identify sub-
strate preferences but will provide a tool to narrow down enzymes
to be kinetically characterized. Results from this study demon-
strate the effectiveness of utilizing S. enterica mddA::cat� strains in
the assessment of PPT acetyltransferase function from a variety of

bacteria. With the rapidly increasing number of genomes available
in databases, the need for experimental validation of predicted
gene function becomes more important than ever, especially since
in many cases homologous proteins share a great deal of identity
yet lack the predicted function. For example, the MddA protein of
S. enterica and E. coli are currently annotated as PPT acetyltrans-
ferases, and they lack such an activity.
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