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Abstract: Due to a combination of efforts from individual laboratories and structural genomics
centers, there has been a surge in the number of members of the Gen5-related
acetyltransferasesuperfamily that have been structurally determined within the past decade.
Although the number of three-dimensional structures is increasing steadily, we know little about
the individual functions of these enzymes. Part of the difficulty in assigning functions for members
of this superfamily is the lack of information regarding how substrates bind to the active site of the
protein. The majority of the structures do not show ligand bound in the active site, and since the
substrate-binding domain is not strictly conserved, it is difficult to predict the function based on
structure alone. Additionally, the enzymes are capable of acetylating a wide variety of metabolites
and many may exhibit promiscuity regarding their ability to acetylate multiple classes of
substrates, possibly having multiple functions for the same enzyme. Herein, we present an
approach to identify potential substrates for previously uncharacterized members of the Gen5-
related acetyltransferase superfamily using a variety of metabolites including polyamines, amino
acids, antibiotics, peptides, vitamins, catecholamines, and other metabolites. We have identified
potential substrates for eight bacterial enzymes of this superfamily. This information will be used
to further structurally and functionally characterize them.

Keywords: GNAT; Gcen5-related acetyltransferase; N-acetyltransferase; Ellman’s reagent; broad-
substrate screen; acetylation of antibiotics

Introduction
Additional Supporting Information may be found in the online The General control of nutrition 5 (Gcn5)-rela§ed
version of this article. N-acetyltransferase (GNAT) superfamily contains
*Correspondence to: Wayne F. Anderson, Department of enzymes that transfer an acetyl group from acetyl
Pharmacology and Cellular Biology, Northwestern Feinberg ~— coenzyme A (AcCoA) to an acceptor substrate and
School of Medicine, 303 E. Chicago Ave., Chicago, IL 60611,  release both CoA and the acetylated product. Members
E-mail: wf-anderson@northwestern.edu of this superfamily include histone acetyltransferases,
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aminoglycoside N-acetyltransferases, glucosamine 6-
phosphate acetyltransferases, and serotonin N-acetyl-
transferases, to name a few.! GNATS exist in all three
kingdoms of life. They are important because they
tightly control a wide variety of orchestrated cellular
processes including regulation of transcription and
metabolic flux by acetylating the proteins that perform
these functions. They also aid in bacterial drug resist-
ance mechanisms by acetylating and rendering antibi-
otics inactive.??

There are currently 200 three-dimensional struc-
tures of GNATS in the Protein Data Bank (PDB). Sev-
enty-five percent of these structures have been deter-
mined since 2005, and over half are from structural
genomics-related efforts. Although the number of
structures of this superfamily is increasing steadily,
functional studies to determine their substrate
specificity have lagged. The task of predicting or
identifying their substrates is complex for several
reasons. Substrate binding domains of GNATSs are not
conserved; thus, the preferred substrate cannot be
predicted from the three-dimensional structures.
Moreover, GNATs are capable of acetylating a wide
variety of substrates including metabolic intermedi-
ates, antibiotics, and proteins,* and some GNATs
have the capacity to acetylate both antibiotics and pro-
teins.> Once a substrate is known for a particular
GNAT, several approaches exist to further character-
ize the enzymes. Several GNATSs have been kinetically
characterized, including GNATs that use protein
substrates,*®® polyamine substrates,” and other
metabolites.®1%!! Biochemical approaches for address-
ing the issue of substrate specificity of uncharacter-
ized GNATS, however, have been limited.*

To increase the number of GNATs that have
been both functionally and structurally character-
ized, we designed a broad-substrate screen that has
the capacity to identify a potential substrate for
nearly any member of the GNAT superfamily. The
screen is composed of 95 different compounds includ-
ing a variety of antibiotics, metabolites, amino acids,
and commercially available peptides. To test the
screen, we selected 10 kinetically uncharacterized
GNATs with low sequence identity between them
(18% or less). Nine of the 10 enzymes are from path-
ogenic bacteria, including Agrobacterium tumefa-
ciens, Pseudomonas aeruginosa, Staphylococcus aur-
eus, Clostridium difficile, and Vibrio cholerae, and
the 10th is from the thermophilic archaea Thermo-
plasma acidophilum. Using this approach, we have
identified several new compounds that can be acety-
lated by GNATSs and at least one potential substrate
for further characterization for each GNAT tested.
We also learned that some GNATSs acetylate more
than one class of substrate and therefore potentially
have multiple functions. To our knowledge, this com-
bination of substrates has not been used prior to
this work. This assay is quick, easy, cost-effective,
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requires minimal equipment to perform, has been
formatted for high-throughput processes, and can be
used in a variety of settings, including teaching lab-
oratories. To tackle the problem of substrate identifi-
cation for members of the GNAT superfamily, a com-
bination of methods should be used. The approach
presented here is our contribution.

Results

For this assay, we chose a variety of substrates,
including polyamines, amino acids, antibiotics (ami-
noglycosides, penicillins, polypeptides, sulfonamides,
aminonucleosides, and cephalosporins), nucleosides,
coenzymes, vitamins, catecholamines, organic build-
ing blocks, antioxidants, small peptides, and other
metabolites. These compounds were selected based
on known substrates or classes of substrates of
general acetyltransferases. Using several iterations,
nearly 150 compounds from these categories were
screened to determine the best substrates to include
in one 96-well format assay. Substrates that were
included in the final format were chosen based on
the following criteria: (1) whether or not activity for
any of the 10 proteins was detectable against it, (2)
the compound was soluble in an assay-compatible
solvent and did not give a high background, (3) if a
compound was known to be a substrate for a particu-
lar acetyltransferase, and (4) each class of substrate
had several representative compounds with differing
chemical properties. A detailed list of substrates cho-
sen for this final screen is shown in Table I. To test
the possibility that GNATs could perform O-acetyla-
tion, we performed a second screen of metabolites
that lack primary amino groups but contain hydroxyl
groups such as sugars and alcohols. None of the
enzymes tested acetylated these compounds, but this
combination of substrates could be used to study
other acetyltransferases that preferentially catalyze
O-acetylation reactions. Their identities are detailed
in Supporting Information Table 1.

Since we were testing activity with a wide variety
of substrates, we chose an assay method that allowed
us to detect the production of CoA regardless of the
other substrate involved in the reaction. We detect
CoA spectrophotometrically with 5,5'-dithiobis(2-nitro-
benzoic acid) (DTNB, also known as Ellman’s reagent),
which reacts in a 1:1 ratio with the free sulfhydryl of
CoA. This method of detection has a few limitations
that were considered as we designed our screen. First,
we could not include any compound that contains a
free sulfhydryl group (e.g. the amino acid cysteine)
because it could react with DTNB. Additionally,
proteins were dialyzed into buffer lacking reducing
agents like B-mercaptoethanol or dithiothreitol to
remove the possibility that DTNB would react with
their free sulfhydryl groups and increase the back-
ground. Second, we could not include the amino acid
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Table I. Plate Layout and Substrates for the Broad-substrate Screen

Number Substrate Number Substrate

1 Cadaverine 49 Kanamycin B

2 Putrescine 50 Antibiotic G418

3 Spermine 51 Streptomycin

4 N'-Acetylspermine 52 Tobramycin

5 Spermidine 53 Apramycin

6 Agmatine 54 Ampicillin

7 N8-Acetylspermidine 55 Sulfacetamide

8 Thialysine 56 Puromycin

9 N-o-Acetyl-L-lysine 57 Chloramphenicol

10 N-g-Acetyl-L-lysine 58 Polymyxin B

11 L-Lysine 59 Bacitracin

12 Poly-1-Lysine 60 Colistin

13 L-Glutamine 61 Blasticidine S

14 N-o-Acetyl-L-glutamine 62 Cephalexin

15 L-Asparagine 63 7-Aminocephalosporanic acid
16 N-o-Acetyl-L-asparagine 64 Adenosine

17 L-Arginine 65 Guanosine

18 N-o-Acetyl-L-arginine 66 Cytidine

19 L-Aspartic acid 67 NAD

20 N-Acetyl-aspartic acid 68 NADP

21 L-Glutamic acid 69 Thiamine pyrophosphate
22 N-Acetyl-glutamic acid 70 Cyclic AMP

23 Glycine 71 Urea

24 N-Acetylglycine 72 Guanidine

25 L-Alanine 73 L-Ornithine

26 N-Acetyl-L-alanine 74 Allantoin

27 L-Serine 75 Pyridoxamine

28 N-Methyl-L-serine 76 Nicotinamide

29 O-Acetyl-L-serine 77 Thiamine

30 L-Threonine 78 Folic acid

31 N-Methyl-L-threonine 79 4-Aminobenzoic acid
32 L-Methionine 80 AICAR

33 N-Acetyl-L-methionine 81 Chitosan

34 L-Tryptophan 82 D-Glucosamine

35 N-Acetyl-L-tryptophan 83 Glucosamine 6-phosphate
36 L-Phenylalanine 84 Dopamine

37 N-Acetyl-L-phenylalanine 85 (—)-Epinephrine

38 L-Tyrosine 86 Tyramine

39 N-Acetyl-L-tyrosine ethyl ester 87 Serotonin

40 L-Valine 88 Creatine

41 L-Isoleucine 89 4-Aminobutyrate ethyl ester
42 N-Acetyl-isoleucine 90 5-Amino-4-imidazolecarboxamide
43 L-Leucine 91 Pterine

44 N-Acetyl-L-leucine 92 (—)-Glutathione (oxidized)
45 L-Homoserine 93 N-Phenylacetyl-Gly-Lys
46 L-Citrulline 94 Acetyl-Ser-Asp-Lys-Pro
47 Neomycin 95 Asp-Phe methyl ester (aspartame)
48 Gentamicin 96 Enzyme blank

histidine in the screen because it can hydrolyze AcCoA
in the absence of enzyme. Third, we performed assays
at pH 8.0 to increase the reactivity of amino groups
while limiting the background hydrolysis of DTNB at
more alkaline pH.!'%'® This pH is optimal for this
assay and also a near optimal choice for the activity of
GNATs we subsequently characterized. Finally, com-
pounds with an inherently intense yellow or orange
color like riboflavin, tetracycline, and FAD were
tested, but were not included in the final screen due to
their high contaminating absorbance at 415 nm. It
was imperative to remove the polyhistidine tag from
the purified proteins before screening because for
many GNATs we have observed that the affinity for
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AcCoA decreased significantly in its presence (unpub-
lished data).

All proteins that were used in this study had not
been characterized prior to this work, and the infor-
mation regarding their possible functions was limited
to the following annotations: ATU2258 (acetyltransfer-
ase), CD1211 (N-acetyltransferase), PA2271 (GNAT
acetyltransferase), PA2578 (acetyltransferase includ-
ing N-acetylases of ribosomal proteins), PA3944 (hypo-
thetical protein, GNAT acetyltransferase), PA5475
(hypothetical protein, GNAT acetyltransferase),
SAOLO0519 (acetyltransferase GNAT family), SACOL
1063 (acetyltransferase GNAT family), Ta0374 (hypo-
thetical protein, N-acetyltransferase superfamily),

Broad-Substrate Screen for GNATs



Table II. Specific Activity® (nmol/min/mg) of each GNAT Toward Selected Substrates

Substrate

SACOL1063

VCA0947

CDh1211

ATU2258

PA3944

PA2271

PA2578

PA5475

Spermine
N*'-Acetylspermine
Spermidine
N8-Acetylspermidine
Thialysine
N-o-Acetyl-L-glutamine
Glycine

L-Serine
O-Acetyl-L-serine
L-Threonine
L-Methionine
L-Tryptophan
L-Tyrosine

L-Valine
L-Isoleucine
L-Leucine
L-Homoserine
Puromycin
Chloramphenicol
Polymyxin B
Colistin

1250

303
50.9

1400
497
1400

1150
605
1440
981
134

57.5
308
256

64.2

149

109
125

58.6
84.1
58.6

81.9
155

76.3

69.7
385
357

81.9

134
61.5

10.0
83.0

891

180

7-Aminocephalosporanic acid
Thiamine pyrophosphate
Thiamine

D-Glucosamine

Glucosamine 6-phosphate
Dopamine

Tyramine

Serotonin

4-Aminobutyrate ethyl ester
N-Phenylacetyl-Gly-Lys
Asp-Phe methyl ester

73.0
117 55.3
57.5
236
214 161
75.2

62.0

822

2 The concentration of free thiol of CoA produced during the assay was determined via its reaction with DTNB, which was
used to calculate the specific activity of the enzyme towards each substrate.

and VCA0947 (spermine/spermidine N1-acetyltrans
ferase).

A wide range of activity (low pmol/min/mg to
low nmol/min/mg) was detected for the 10 GNATS,
and the difference in activity between the enzymes
with highest and lowest activity was two orders of
magnitude. Enzymes displaying the highest activ-
ities were CD1211, VCA0947, and SACOL1063
(~1200-1400 nmol/min/mg), PA2578 and PA3944
(~800-900 nmol/min/mg), and ATU2258, PA5475,
and PA2271 (~100-300 nmol/min/mg). The enzymes
with the lowest activity against all tested substrates
were TA0374 (<10 nmol/min/mg) and SACOL0519
(~10 nmol/min/mg). A substrate was considered to
be a good candidate for further testing if the enzyme
produced a specific activity of 50 nmol/min/mg or
higher in its presence (Table II). Data for each
enzyme against all substrates is shown in Support-
ing Information Table II.

The GNATSs screened showed a myriad of activ-
ities. Some had a preference for one specific class of
substrate, while others were promiscuous amongst
classes. Enzymes with a preference for only one class
of substrate were SACOL1063, VCA0947, PA2578,
and PA5475. Those that used multiple classes were
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CD1211, ATU2258, PA3944, and PA2271 (Table III).
The highest activities were seen for six classes of sub-
strates, including polyamines, amino acids, antibiot-
ics, catecholamines, peptides, and other metabolites.
A summary of class preferences for each enzyme is
shown in Table III.

SACOL1063 from Staphylococcus aureus preferred
acetylating amino acids and displayed the highest ac-
tivity for L-threonine. It also could acetylate L-trypto-
phan, and to a much lesser extent L-tyrosine. VCA0947
from Vibrio cholerae preferred the polyamines
spermine or spermidine and could acetylate N*-acetyl-
spermine, which was consistent with its functional
annotation. CD1211 from Clostridium difficile primar-
ily used amino acids L-threonine, L-serine, L-methio-
nine, O-acetyl- L-serine, L-isoleucine, and 1-leucine, but
could use antibiotics and coenzymes or vitamins to a
lesser degree. ATU2258 from Agrobacterium tumefa-
ciens preferred the metabolite glucosamine 6-phos-
phate or the catecholamine dopamine. It also could use
the lysine analog thialysine, the polyamine N®-acetyl-
spermidine, antibiotics chloramphenicol, puromycin,
and polymyxin B, and the organic building block 4-ami-
nobutyrate ethyl ester. PA3944 from Pseudomonas
aeruginosa preferred the peptide Asp-Phe methyl ester
(or aspartame) and the peptide antibiotics polymyxin
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Table III. Summary of Substrate Class Preferences for GNATSs Tested

Lysine Amino Coenzyme Building Other
Protein Polyamine or analog acid  Antibiotic or vitamin Catecholamine  blocks  metabolite Peptide
SACOL1063 1
VCA0947 1
CDh1211 1 2 3
ATU2258 2 2 3 1 4 1
PA3944 3 2 3 4 1
PA2271 1 2 3
PA2578 1
PA5475 1

The number indicates the substrate preferences for each GNAT, where the highest to lowest preference are: (1) > (2) > (3) > (4).

B and colistin. Other substrates like the catecholamine
dopamine, and amino acids glycine and N-o-acetyl-
L-glutamine were used and displayed lower activity.
PA2271 from Pseudomonas aeruginosa used a variety
of substrates including the polyamines like spermidine
and spermine, the cephalosporin building block 7-ami-
nocephalosporanic acid, and vitamins and cofactors thi-
amine and thiamine pyrophosphate. PA2578 and
PA5475 from Pseudomonas aeruginosa both preferred
the antibiotic chloramphenicol. This result is inconsis-
tent with the functional annotation of PA2578;
however, further testing against peptides that mimic ri-
bosomal proteins would be necessary to confirm this
discrepancy in annotation.

More intensive studies regarding optimal assay
conditions (i.e. pH, temperature, and substrate con-
centration) for the SACOL0519 and TA0374 enzymes
are necessary to determine their kinetic parameters
and confirm their substrate utilization. SACOL0519
from Staphylococcus aureus was only active against
the catecholamine dopamine (10.3 nmol/min/mg),
which is below the lower limit of the assay. Addition-
ally, the TA0374 enzyme reproducibly displayed
activities lower than 10 nmol/min/mg toward amino
acids L-tryptophan, L-leucine, and L-lysine, and cate-
cholamines dopamine and tyramine. This enzyme is
from an acidophilic archaea that has a preference
for acidic pH and high temperatures, which are not
the general assay conditions of this screen. However,
the screen is versatile enough that the assay condi-
tions can be adjusted to meet the specific require-
ments of a particular protein.

Discussion

Our goal was to develop a screen to identify potential
substrates for uncharacterized GNATSs from a variety
of organisms to aid in functional and structural char-
acterization of 10 members of this superfamily. Ana-
lyzing several classes of substrates, we have found at
least one substrate that can be used for further stud-
ies for nearly all of the enzymes tested. We propose
that these enzymes display characteristics of the fol-
lowing types: N-terminal acetyltransferases (NATS),
histone/protein lysine acetyltransferases (KATs),
spermidine/spermine N1-acetyltransferases (SSATS),
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Glucosamine 6-phosphate N-acetyltransferases, ary-
lalkylamine N-acetyltransferases (aaNATSs), puromy-
cin N-acetyltransferases, and possibly chlorampheni-
col acetyltransferases (CATs).

Protein acetylation by GNATSs occurs via N-ter-
minal amino acid (No) acetylation, Ne-lysine acetyla-
tion, or O-acetylation of serine and threonine resi-
dues on proteins (summarized in Yang et al.'*). N-
terminal protein acetylation typically occurs on me-
thionine, alanine, glycine, serine, or threonine resi-
dues that are exposed after methionine aminopepti-
dase cleavage. This type of cleavage usually occurs
when these residues precede glycine, alanine, serine,
threonine, proline, valine, or cysteine residues. In
contrast,
methionine when aspartic acid, glutamic acid, phe-
nylalanine, isoleucine, lysine, leucine,
methionine, asparagine, glutamine, arginine, trypto-

the peptidase does not cleave after

histidine,

phan, or tyrosine is second; thus, these amino acids
are not likely to be in vivo substrates for No acetyla-
tion.'® In this study, we have identified GNATs that
can acetylate amino acids. Some of these GNATSs
could acetylate multiple amino acids, while others
acetylated a limited number. The combination of
amino acids that were acetylated by the GNATSs
tested were L-threonine, L-serine, L-methionine,
glycine, i-leucine, L-isoleucine, L-valine, L-tyrosine,
and L-tryptophan. Since the GNATs were unable to
O-acetylate the N-methylated or N-acetylated ver-
sions of the amino acids, we assume that these
enzymes are involved in N-terminal acetylation of
proteins rather than O-acetylation of serine or threo-
nine. The physiological relevance of rL-leucine, L-iso-
leucine, L-tyrosine, and L-tryptophan N-acetylation
needs to be assessed since these residues are typi-
cally not exposed after methionine aminopeptidase
activity. Four of the proteins tested were capable of
acetylating thialysine, 4-aminobutyrate ethyl ester,
and/or the peptides N-phenylacetyl-Gly-Lys and
Asp-Phe methyl ester (also known as aspartame).
Ne-acetylation of lysine, peptides, and the lysine
analog thialysine is also a known function of GNATs
and we hypothesize that these likely function as
Ne-lysine acetyltransferases. 4-aminobutyrate ethyl
ester is an organic building block that is structurally

Broad-Substrate Screen for GNATs



similar to L-lysine and offers a potential explanation
as to why this substrate was acetylated.

None of the GNATs we studied acted like amino-
glycoside N-acetyltransferases (AgNATSs) by acetylat-
ing aminoglycosides. However, our screen has revealed
a new class of antibiotics that can be acetylated in
vitro. These include the cationic peptide antibiotics
polymyxin B and colistin, which were acetylated by
GNATs from Gram-negative bacteria. These antibiot-
ics primarily target Gram-negative bacteria by per-
meabilizing their cell membranes, so it is unclear if
the GNATS tested here are properly localized in vivo to
acetylate the antibiotics. These enzymes may be acety-
lating polymyxin B and colistin in vitro because they
mimic cationic peptides of proteins rather than
actually acetylating the antibiotics in vivo. However,
bacteria are becoming resistant to polymyxin B and
colistin and the mechanism of resistance is not
completely clear. Clinical strains of Pseudomonas
aeruginosa have recently been identified as acquiring
resistance to these antibiotics,’®*!” and a lipid IVA
acyltransferase gene msbB from Vibrio cholerae was
shown to be necessary for polymyxin B resistance in
clinical strains.® Therefore, more thorough character-
ization of the GNATSs studied here is necessary and
will be performed in future work to ascertain their
true in vivo role.

Some enzymes we studied were capable of acety-
lating 7-aminocephalosporanic acid, glucosamine
6-phosphate, puromycin, or dopamine. 7-aminocepha-
losporanic acid is the hydrolysis product of cephalo-
sporin C, which is found in Streptomyces and is used
chemically as a building block to produce cephalospo-
rin derivatives. It is therefore reasonable that this
moiety is acetylated because it may be an endogenous
function for certain bacteria. Acetylation of glucosa-
mine 6-phosphate has been identified previously for
GNATs, and N-acetyl-nD-glucosamine 6-phosphate is
used in UDP-N-acetylglucosamine biosynthesis for the
bacterial cell wall. To our knowledge, bacterial GNATSs
that can acetylate puromycin have only been identi-
fied in Streptomyces. The puromycin N-acetyltransfer-
ase was found in Streptomyces alboniger'® and has
been used as a reporter gene, similar to CAT reporter
genes. Additionally, an N-acetyltransferase that can
acetylate L-DOPA (r-dihydroxyphenyalanine), a pre-
cursor of dopamine, was found in Streptomyces
akiyoshiensis.?° However, we do not know of a bacte-
rial N-acetyltransferase that uses dopamine, and the
ones described only exist in eukaryotes.

On the surface, the physiological relevance of bac-
terial dopamine (or other catecholamine) acetylation
seems implausible. However, several studies have
shown that these compounds exist even in organisms
without a nervous system (e.g. bacteria, fungi, and
plants; reviewed in Roshchina?l). It is believed that
these compounds may be used as signaling molecules
for communication, as a defense mechanism, or for
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growth and development (see Roshchina?!). In fact,
plants produce increased amounts of dopamine under
high stress conditions?? and it is believed that some
plants have used it to resist fungal infection.?? It has
been shown that dopamine can inhibit bacterial
growth, whereas N-acetyldopamine is ineffective.2
Therefore, some bacteria like the plant pathogen Agro-
bacterium (this study) may have developed the ability
to N-acetylate dopamine as a mechanism for survival.

We were surprised by the results that PA2578
and PA5475 both preferentially O-acetylate chloram-
phenicol since they do not have sequence similarity
with the well characterized CATs. The fact that they
acetylate chloramphenicol but none of the other
compounds we tested for O-acetylation (Supporting
Information Table II) may indicate that these GNATSs
indeed act as CATs. Although a thorough kinetic char-
acterization is necessary to validate the results and
determine the mechanism of O-acetylation, it may be
plausible from recent literature that GNATSs can per-
form either N- and/or O-acetylation reactions. For
instance, an aminoglycoside acetyltransferase from
the bacterium Streptomyces albulus was shown to
both N- and O-acetylate aminoglycoside antibiotics
when an amino or hydroxyl group was present at the
6 position.?® Also, an AgNAT from Mycobacterium
tuberculosis can both N- and O-acetylate certain ami-
noglycosides at the 2’ position.?® In humans, an N-ace-
tyltransferase 2 in hepatocytes was identified that can
catalyze both N- and O-acetylation reactions,?’ and
the mechanism of an arylamine N-acetyltranferase
that O-acetylates hydroxylated heterocyclic amines in
humans has been studied computationally.?® In gen-
eral, we have assumed that GNATSs should N-acetylate
substrates, but it seems O-acetylation may be more
common than once thought.

Although it has been shown that GNATs are
capable of both N- and O-acetylation, it is not known if
GNATs are also capable of S-acetylation. Unfortu-
nately, we were not able to test this possibility against
any compounds with free sulthydryl groups due to the
limitations of this assay. Therefore, further experi-
ments to test acetyltransferases for S-acetylation
should be performed using a different assay. This would
require a more detailed kinetic analysis because of the
potential for a high background due to non-enzymatic
acetylation of either free cysteine or cysteine-contain-
ing peptides.?®

Polyamine acetylation is also a known function
for GNATSs. Three of the acetyltransferases tested in
this study could use polyamines as substrates, two of
which preferred spermidine or spermine as sub-
strates. We obtained contradictory results for the
archaeal protein TA0374 regarding its proposed
functional role. NMR studies of TA0374 showed it was
possible to acetylate spermidine at 5 mM substrate
concentration (AcCoA and spermidine). However, a
full kinetic characterization was not performed and
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spermidine was not present in the active site of the
crystal structure.?* We did not observe activity with
spermine and spermidine even at higher concentra-
tions of the polyamine or enzyme (data not shown).
Instead, we detected activity against amino acids and
catecholamines. To confirm these findings, additional
assays are necessary to determine whether this
enzyme is more active at lower pH and higher temper-
atures, as well as if it could potentially acetylate poly-
amines under these conditions. Our screening method
is flexible enough and the assay conditions can be
adjusted to accommodate these types of preferences.

From our results, it seems there is an array of
GNATSs present in each bacterium that catalyze a
diverse set of acetylation reactions, and some may
perform multiple functions. This diversity implies that
bacteria regularly perform a series of choreographed
acetylation reactions to maintain cellular homeostasis
and enable survival. Our broad screen provides a
starting point for further kinetic characterization to
determine the potentially physiologically relevant
ligand(s) for each enzyme. At minimum, it narrows
the possible classes of substrates for analysis to a
more manageable number. Once a substrate is known
for an enzyme, the screen can be tailored to fit that
particular type of GNAT. For instance, buffer, salt
concentration, pH, time of reaction, temperature, and
types of substrates that will be used for additional
characterizations can be adjusted. This rapid type of
approach can also be extended to and tailored to study
enzymes from other classes where their structures
may be known but their specific function and
specificity is not known. These types of methods to
functionally annotate large numbers of proteins is
becoming more and more important as we quickly
increase the number of three-dimensional structures
that are being determined. A full characterization of
each enzyme is then necessary to determine which
potential substrates are preferred and/or physiologi-
cally relevant. Further structural and functional
characterization is currently underway for the
enzymes used in this study and will be detailed in sub-
sequent publications.

Materials and Methods

Gene cloning and protein purification

All genes were cloned into the pMCSG7 vector at JCVI
using previously described protocols®>2 and expressed
in BL21-CodonPlus(DE3)-RIL cells (Stratagene). The
vector is ampicillin resistant and produces protein with
an N-terminal poly-histidine tag followed by a tobacco
etch virus (TEV) protease cleavage site, and the expres-
sion cells are chloramphenicol resistant. All proteins
are targets from either the Center for Structural
Genomics of Infectious Diseases (CSGID) or the Mid-
west Center for Structural Genomics (MCSG) and are
identified by the target ID where IDP codes for targets
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in CSGID and APC for MCSG. The following clones
were selected for characterization: SACOL1063
(IDP00739) Staphylococcus aureus subsp. aureus COL,
SACOLO0519 (IDP00844) Staphylococcus aureus subsp.
aureus COL, VCA0947 (IDP01616) Vibrio cholerae O1
biovar El Tor str. N16961, CD1211 (IDP05291) Clostrid-
ium difficile 630, ATU2258 (APC5884) Agrobacterium
tumefaciens str. C58, PA3944 (APC6869) Pseudomonas
aeruginosa PAO01, PA2271 (APC6926) Pseudomonas
aeruginosa PA01, PA2578 (APC6946) Pseudomonas
aeruginosa PAO1, PA5475(APC6949) Pseudomonas aer-
uginosa PAO1, and Ta0374 (APC61169.1) Thermoplas-
maacidophilum DSM 1728. All sequences are in Sup-
porting Information Table III.

Cells containing the plasmid for expression were
grown in terrific broth (TB), expressed, and harvested
as previously described.?® After centrifugation, cells
from 1.5 L culture were resuspended in 100 mL lysis
buffer composed of 1.5 mM magnesium acetate, 1 mM
CaCly, 250 mM NaCl, 100 mM ammonium sulfate, 40
mM Na,HPO,, 3.25 mM citric acid, 5% (v/v) glycerol,
5 mM imidazole, and 0.08% (w/v) n-dodecyl B-p-malto-
side (DDM). Sonication and centrifugation to obtain
the clarified lysate were performed like before.®3 Pro-
teins were purified using 5 mL HisTrapFF columns
(GE Healthcare) on an AKTAxpress system (GE
Healthcare) using the following protocol. Lysate was
loaded onto the column at a flow rate of 5 mL/min,
washed with loading buffer (10 mM TrisHCI pH 8.3
and 500 mM NaCl), washed with loading buffer plus
25 mM imidazole, and eluted with loading buffer plus
500 mM imidazole. The eluted protein was then
loaded onto a HiPrep200 26/60 gel-filtration column
(GE Healthcare) in loading buffer at a flow rate of 3.2
mL/min and fractions were collected in a 96 deep well
block. The purity of the protein was determined via
SDS-PAGE and all were purified to near homogeneity.
Following purification, the N-terminal poly-histidine
tag was removed using a TEV protease with an
N-terminal poly-histidine tag.?* Purified protein was
combined with TEV protease in a 20:1 ratio in a 10K
MWCO Slide-A-Lyzer dialysis cassette (Pierce) and
dialyzed in 1 L of loading buffer plus 5 mM B-mercap-
toethanol and 1 mM EDTA at 37°C for 1 hour then
4°C overnight. The following day, the buffer was
changed to loading buffer using three changes of
buffer (1 L) every 30 minutes. The cleaved protein was
purified by loading the dialysate onto a 5 mL
HisTrapFF column, washing with loading buffer, and
then washing with loading buffer plus 25 mM imidaz-
ole until the absorbance of the peak at 280 nm was
near zero. TEV and the poly-histidine tag from
the cleaved protein were bound to the column and the
eluate contained the cleaved protein of interest. The
cleaved protein was then concentrated to 10—-20 mg/
mL, aliquoted, and stored at —80°C until use. Extinc-
tion coefficients and molecular weights of the proteins
are listed in Supporting Information Table III.
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Chemicals and stock solutions

All chemicals were purchased from Sigma-Aldrich at
the highest quality available. Compounds used for the
screen and the information regarding their stock con-
centrations and how they were solubilized are
included in Supporting Information Table IV. Some of
the compounds are toxic and need to be handled care-
fully; therefore, all chemicals were prepared in a hood
or with a mask to ensure that they were not inhaled.
Proper waste disposal was necessary, especially the
Ellman’s reagent which is toxic to aquatic life.

Enzyme assay

Assays were performed in 96-well clear polystyrene
flat-bottom plates in a reaction volume of 50 pL. The
reaction mixture contained 50 mM TrisHCI pH 8.0,
0.5 mM AcCoA, and 2.5 mM substrate. The exceptions
were 1.9 and 0.4 mM for AICAR and acetyl-Ser-Asp-
Lys-Pro, respectively. Additionally, the final concentra-
tion of poly-L-lysine and chitosan in the reactions was
4 mg/mL. One microgram of enzyme was used to initi-
ate the reaction, and it was diluted in 50 mM TrisHCI
pH 8.0 and 500 mM NaCl to a concentration of 0.1 mg/
mL directly before use. The reaction proceeded for 10
min at 33°C and was stopped using 50 uL of 100 mM
TrisHC1 pH 8.0 and 6 guanidine HCL.M To detect the
product CoA, 200 uL of a solution of 0.2 mM 5,5'-
Dithiobis(2-nitrobenzoic acid), 100 mM TrisHCl pH
8.0, and 1 mM EDTA was added to each well for 10
min at room temperature. The absorbance was meas-
ured at 415 nm in a Biotek microplate reader
equipped with filters. A separate microplate contained
standards of CoA in duplicate for each assay, which
were in the linear range of detection. All assays were
performed in duplicate with an error of <10% between
the two trials. Two types of plates with identical assay
conditions were used for each assay; one type of plate
was the control plate without enzyme and the other
was the reaction plate with enzyme. Proper controls
were included within these two types of plates. The
control plate contained a blank with no substrate and
no enzyme (to detect spontaneous hydrolysis of
AcCoA) as well as a blank for each substrate plus
AcCoA in the absence of enzyme. The reaction plate
contained a blank of enzyme in the presence of AcCoA
with no additional substrate (some enzymes hydrolyze
AcCoA in the absence of other substrates). All reac-
tions were set by hand using multi-channel pipettors;
however, the design is formatted for use with auto-
matic handlers.

We noticed that if the reactions containing dopa-
mine or serotonin were incubated with the stop solu-
tion for long periods of time a background purple/
brown color appeared. This color change is likely
due to the fact that catecholamines become oxidized
at alkaline pH and their oxidation products produce
colored compounds that can polymerize or react with
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free sulfthydryls on the protein to form colored pre-
cipitate.?*37 Therefore, it was necessary to stop
these reactions, immediately add the Ellman’s rea-
gent, and measure the absorbance for the reactions
within the specified timeframe.

Electronic supplementary material

Four supporting information tables are included in
the electronic edition of the journal. A list of com-
pounds used to test O-acetylation is in Supporting
Information Table I. For each GNAT studied the ac-
tivity in nmol/min/mg for each substrate is included
in Supporting Information Table II. The protein
sequences, locus tags, and NCBI accession numbers,
extinction coefficients and molecular weights for
each protein are included in Supporting Information
Table III. Finally, a table with information regarding
stock solution concentrations, the method for solubi-
lization, and Sigma product numbers for each com-
pound in the broad-substrate screen is included in
Supporting Information Table IV.
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