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Abstract

Fusarium endophytes damage cereal crops and contaminate produce with mycotoxins.
Those fungi overcome the main chemical defence of host via detoxification by a
malonyl-CoA dependent enzyme homologous to xenobiotic metabolizing arylamine
N-acetyltransferase (NAT). In Fusarium verticillioides (teleomorph Gibberella
moniliformis, GIBMO), this N-malonyltransferase activity is attributed to
(GIBMO)NATI, and the fungus has two additional isoenzymes, (GIBMO)NAT3 (N-
acetyltransferase) and (GIBMO)NAT?2 (unknown function). We present the
crystallographic structure of (GIBMO)NAT]1, also modelling other fungal NAT
homologues. Monomeric (GIBMO)NAT] is distinctive, with access to the catalytic
core through two "tunnel-like" entries separated by a "bridge-like" helix. In the
quaternary arrangement, (GIBMO)NAT1 monomers interact in pairs along an
extensive interface whereby one entry of each monomer is covered by the N-terminus
of the other monomer. Although monomeric (GIBMO)NAT1 apparently
accommodates acetyl-CoA better than malonyl-CoA, dimerization changes the active
site to allow malonyl-CoA to reach the catalytic triad (Cys110, His158, Asp173) via
the single uncovered entry, and anchor its terminal carboxyl-group via hydrogen
bonds to Arg109, Asnl157 and Thr261. Lacking a terminal carboxyl-group, acetyl-
CoA cannot form such stabilizing interactions, while longer acyl-CoAs enter the
active site but cannot reach catalytic Cys. Other NAT isoenzymes lack such structural
features, with (GIBMO)NAT3 resembling bacterial NATs and (GIBMO)NAT2
adopting a structure intermediate between (GIBMO)NAT1 and (GIBMO)NATS3.
Biochemical assays confirmed differential donor substrate selectivity of
(GIBMO)NAT isoenzymes, with phylogenetic analysis demonstrating evolutionary
separation. Given the role of (GIBMO)NAT]1 in enhancing Fusarium pathogenicity,
unravelling the structure and function of this enzyme may benefit research into more

targeted strategies for pathogen control.

Keywords: Fusarium verticillioides; Gibberella moniliformis; N-malonyltransferase;
N-acetyltransferase; protein crystal structure

Abbreviations: 2AP, 2-aminophenol; 3,4-DCA, 3,4-dichloroaniline; SAS, 5-
aminosalicylate; BOA, 2-benzoxazolinone; BX, benzoxazinoid; DIBOA, 2,4-
dihydroxy-1,4-benzoxazin-3-one; DSF, differential scanning fluorimetry; ESI-MS,
electrospray ionization mass spectrometry; MALS, multi-angle light scattering;
PABA, p-aminobenzoate.
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Introduction

The NAT enzyme family (Pfam ID: PF00797) includes homologues across a broad
taxonomic range of prokaryotes and eukaryotes, except plants. Considerable
variability is observed in NAT gene sequence composition and number of sister loci
per genome (Boukouvala and Fakis 2005; Vagena et al. 2008; Glenn et al. 2010), and
functional diversity has been reported for certain microbial NAT homologues (Floss
and Yu 1999; Bhakta et al. 2004; Karagianni et al. 2015; Garefalaki et al. 2019). The
NAT enzymes have been investigated primarily as N-acetyltransferases (E.C.: 2.3.1.5)
that use acetyl-coenzyme A (CoA) to N-acetylate xenobiotic arylamines in ping-pong
Bi-Bi reactions catalyzed by a Cys-His-Asp triad similar to that of cysteine proteases
(Riddle and Jencks 1971; Sinclair et al. 2000). Although this conjugation reaction
usually contributes to xenobiotic detoxification, NAT enzymes can also bioactivate N-
hydroxarylamines via O-acetylation (E.C.: 2.3.1.118), leading to the generation of
mutagenic metabolites. Aspects of NAT research and its history have been presented
in review articles, e.g. (Weber and Hein 1985; Grant 1993; Boukouvala and Fakis
2005; Sim et al. 2008; Butcher and Minchin 2012; Kubiak et al. 2013a; McDonagh et
al. 2014), and in a recent collective book edited by (Laurieri and Sim 2018).

Although the literature has described NAT genes and their recombinant
enzymatic products for several bacteria, e.g. (Watanabe et al. 1992; Sinclair et al.
2000; Sandy et al. 2002; Bhakta et al. 2004; Westwood et al. 2005; Rodrigues-Lima et
al. 2006; Suzuki et al. 2007; Pluvinage et al. 2007; Fullam et al. 2008; Martins et al.
2008; Takenaka et al. 2009; Abuhammad et al. 2013; Kubiak et al. 2013b; Cocaign et
al. 2014; Garefalaki et al. 2019, 2021), much less is known about NAT function in
eukaryotic microorganisms, such as fungi. A few studies have investigated fungal

NAT relative to the metabolism of xenobiotic arylamines, including certain by-
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products of agrochemicals (Martins et al. 2009; Cocaign et al. 2013; Chan Ho Tong et
al. 2015). However, the most comprehensive knowledge about the biological role of
fungal NAT genes comes from studies of plant pathogens, implicating one particular
Fusarium homologue in the detoxification of naturally occurring benzoxazinoids
(BXs) (Glenn and Bacon 2009; Karagianni et al. 2015; Kettle et al. 2015).

BXs are phytoanticipins produced by corn, wheat, rye, wild barley and cane
(Zuniga et al. 1983; Niemeyer 2009). The major role of BXs is plant protection
against competitors or pathogens (Niemeyer 2009; Bednarek 2012), such as weeds
(Barnes and Putnam 1987; Sicker and Schulz 2002; Tabaglio et al. 2008), insects
(Bohidar et al. 1986), nematodes and endophytic microorganisms (Zasada et al. 2005;
Niemeyer 2009). The first BX biosynthetic gene cluster was identified in maize (Frey
et al. 1997, 2009), generating the hydroxamic acid 2,4-dihydroxy-1,4-benzoxazin-3-
one (DIBOA) that is stored in the plant cell vacuole as a glucoside (Gierl and Frey
2001; Frey et al. 2009). When released, the aglucone of DIBOA is quickly degraded
to 2-benzoxazolinone (BOA) (Woodward et al. 1978; Hashimoto and Shudo 1996).
Although BOA is effective against many fungal pathogens, certain Fusarium species
have evolved mechanisms to overcome its toxicity (Glenn et al. 2001).

Study of BOA detoxification by the corn pathogen Fusarium verticillioides
(teleomorph Gibberella moniliformis, GIBMO) led to the mapping of two genetic
loci, FDB1 and FDB2, responsible for the observed phenotypic tolerance of the
fungus (Glenn et al. 2002). Each of those two loci contains a cluster of co-regulated
genes, encoding enzymes involved in BOA detoxification (Glenn and Bacon 2009;
Glenn et al. 2016). In the first step of this pathway, FDB1-mediated decarbonylation
of BOA produces the intermediate metabolite 2-aminophenol (2AP), a toxic

arylamine. In the second step, an FDB2-encoded enzyme undertakes conjugation of
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2AP to malonate, generating non-toxic N-(2-hydroxyphenyl)-malonamic acid (Glenn
et al. 2003). This N-malonyltransferase activity is malonyl-CoA dependent and is
attributed to the (GIBMO)NAT1 homologue of F. verticillioides (Glenn and Bacon
2009; Karagianni et al. 2015). The fungus has two additional NAT genes, encoding for
isoenzymes named (GIBMO)NAT?2 and (GIBMO)NATS3 according to consensus
NAT nomenclature (Hein et al. 2008). The enzymatic function of (GIBMO)NAT?2 is
unknown, while (GIBMO)NAT3 demonstrates characteristics typical of NAT
enzymes that N-acetylate arylamine xenobiotics (Karagianni et al. 2015).

In view of the unique N-malonyltransferase activity and important biological
role of (GIBMO)NATTI, here we present an investigation of its molecular structure,
biochemistry and phylogeny. Solving the structure of (GIBMO)NATI required the
high-yield production and crystallography grade purification of recombinant protein.
It was during this endeavour that we had the fortune of day-to-day interaction with
Professor Robert B. Sim at the Department of Pharmacology in Oxford. Bob, to
whom this article is dedicated, was a keen scientist who generously offered his
expertise and patiently guided us through the complexities of protein chromatography,

always ready to leave his desk for the bench.

Results and discussion

Production and characterization of (GIBMO)NATI1 recombinant protein

The (GIBMO)NAT]1 protein of F. verticillioides was expressed in Escherichia
coli and purified through a series of chromatographic procedures. First, affinity
chromatography was used to extract the recombinant protein from soluble bacterial
lysate, providing highly pure protein in good yields. Ion exchange chromatography

was then performed through a positively charged column, based on the isoelectric
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point of 5.9 calculated for (GIBMO)NATI (indicating a negative net charge at buffer
pH 7.5). Although the protein was eluted at low salt concentrations, suggesting loose
binding to the anion exchange column, remaining contaminants were removed at this
stage. Finally, the protein was fully purified by gel filtration chromatography
providing ~20 mg of recombinant (GIBMO)NATT1 per litre of bacterial culture (Fig.
1A and Suppl. Fig. S1). Under similar expression-purification conditions, production
of pure (GIBMO)NAT1 was much more efficient compared with human NATI (1.6
mg/l) and NAT2 (0.5 mg/l), the only other eukaryotic NAT proteins
crystallographically analyzed to date (Wu et al. 2007).

Samples retrieved at different stages during the purification process were
analyzed by SDS-PAGE, indicating a recombinant protein of about 40 kDa (Fig. 1A),
matching the molecular weight calculated for (GIBMO)NAT] (40.548 kDa without
the N-terminal tail). Electrospray ionization mass spectrometry (ESI-MS) accurately
determined a molecular mass of 40.552 kDa for the protein (Suppl. Fig. S2A).
However, gel-filtration chromatography relative to appropriate standards (Suppl. Fig.
S2B) estimated 72.4 kDa as the molecular weight of the eluted recombinant protein,
1.e. almost twice the size determined by SDS-PAGE and ESI-MS. This finding
suggested that the protein may either form a dimer and/or have a non-spherical
molecular shape affecting its chromatographic mobility through the size-exclusion
column. Multi-angle light scattering (MALS) analysis also detected oligomers and
peaks with masses of 84, 89 and 170 kDa, i.e. about 2- and 4-fold the molecular mass
estimated for the monomeric protein by ESI-MS and SDS-PAGE. Finally, when
concentrated recombinant protein was tested by SDS-PAGE after storage on ice for
two weeks, a band of about twice the size of the monomeric protein appeared on gels.

A sample of the protein was reduced with dithiothreitol (DTT), while a second sample
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was alkylated with iodoacetamide. Upon SDS-PAGE, the DTT-treated sample
provided only the monomeric band, while the iodoacetamide-treated sample provided
both the monomeric and the dimeric band (Suppl. Fig. S2C).

The fully purified recombinant protein was functionally validated by assaying
its enzymatic activity with malonyl- or acetyl-CoA as donor substrate, and with 5-
aminosalicylate (5AS) or p-aminobenzoate (PABA) as acceptor substrate. The protein
demonstrated the expected enzymatic activity of (GIBMO)NAT1, with malonyl-CoA
and 5AS being the preferred donor and acceptor substrate, respectively (Fig. 1B).

The (GIBMO)NAT1 monomer is about 3-10 kDa larger than the studied NAT
homologues of bacteria and mammals, including human and other primates (Sinclair
et al. 2000; Sandy et al. 2002; Westwood et al. 2005; Martins et al. 2008; Pluvinage et
al. 2011; Abuhammad et al. 2013; Kubiak et al. 2013b; Cocaign et al. 2014; Tsirka et
al. 2018; Garefalaki et al. 2019, 2021). Indeed, the overwhelming majority of
annotated prokaryotic NAT proteins comprise polypeptide chains shorter than 300
amino acids, while mammalian NATSs are 290 amino acids in length. In contrast,
eukaryotic microbes, including fungi, typically bear polypeptide chains longer than
300 amino acids, suggesting possible evolutionary and functional divergence (see
NAT website, http://nat.mbg.duth.gr/). Formation of dimers (and oligomers), that may
be enzymatically active, has been reported for certain prokaryotic NAT proteins
(Sinclair et al. 2000; Sandy et al. 2005; Fullam et al. 2008; Abuhammad et al. 2011,
2013; Cocaign et al. 2014). However, the implications of dimerization on enzyme

function have not been explored to date.
Crystallographic determination of (GIBMO)NAT]1 protein structure

Initial crystallization screens of (GIBMO)NAT] protein were performed with five

commercial 96-well blocks (see materials and methods). After one week, only a few
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very flat (almost two-dimensional) rhomboid protein crystals were seen in one well of
the Morpheus block (Gorrec 2009) (Fig. 1C). After repeating for a longer incubation
period (> 2 weeks), Morpheus conditions (wells) D5, D9, ES5, E9, F5, F9, H5 and H9
provided additional crystals with similar morphology, and three of them were
collected from well HS (0.1 M amino acids, 0.1 M sodium HEPES/MOPS buffer pH
7.5, 30% PEGMME 550/PEG 20K precipitant stock) and taken to the synchrotron.
Diffraction data was collected and processed to a resolution of 1.8 A and the
molecular structure of (GIBMO)NATI protein was determined by molecular
replacement (Table 1). The three-dimensional structure of (GIBMO)NATT1 (Fig. 2)
displays the typical NAT polypeptide fold consisting of a N-terminal a-helical bundle
(domain I, residues 1-126), a central B-barrel (domain II, residues 127-250), an
interdomain region (residues 251-273) and a C-terminal o/f lid (domain III, residues
274-345). The protein also carries the characteristic catalytic triad of NAT enzymes
(Sinclair et al. 2000), composed by residues Cys110, His158 and Asp173 (Fig. 2A,B).
Moreover, in the quaternary structure of (GIBMO)NAT1, the monomers were found
to strongly interact in pairs, with two homodimers forming a tetrameric arrangement
in the asymmetric unit (Fig. 2C,D). The interface between paired monomers is
extensive, involving several residues from domain I (amino acids 5-13, 16, 19, 55 and
122), domain II (amino acids 127-130, 134, 137, 140, 142, 144-145, 148-149, 152-
156, 164, 169, 208-215, 218-220, 222 and 245-250) and the interdomain region
(amino acids 252-253, 255-257, 259-260, 263-266 and 271-272), but not domain III
(except residue 295) (Fig. 2C). Computational PDBePISA analysis predicted a
thermodynamically solution-stable dimeric structure (AG"* = 20.9 kcal/mol) with an
interface of 2740.5 A? between the two essentially identical monomers. This interface

is apparently formed through hydrophobic interactions and positive protein affinity
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(A'G = -11.1 keal/mol), and is further stabilized via hydrogen bonds (Nyg = 48) and
salt bridges (Nsg = 18), but not disulfide bonds (Nps = 0). The same analysis ruled out
a physiological role for the dimer:dimer interface in the tetrameric arrangement,
therefore, the dimer is likely to be the biologically relevant assembly.

The catalytic residues of (GIBMO)NATT are located at the bottom of a deep
cavity. Access to this cavity is restricted by a "bridge-like" helical structure (amino
acids 138-150) separating two "tunnel-like" entries leading to the catalytic core (Fig.
3). Alignment of (GIBMO)NAT]1 structure to other NAT proteins (two bacterial and
one human), co-crystallized with CoA, suggested that access of the compound to the
catalytic core could be through either of those two entries (Fig. 3). Interestingly, in the
crystallized dimeric form of (GIBMO)NAT]1, one of those two entries of each subunit
is covered by the N-terminus of the other subunit. In fact, the N-terminus of each
monomer appears to be essential for tight subunit interaction in the dimer (Fig. 2D).

Although (GIBMO)NATI appears to combine features of both bacterial and
human NATs, it is also distinctively different (Suppl. Fig. S3). Unlike bacterial NATs
(Sinclair et al. 2000; Fullam et al. 2008; Xu et al. 2015), access to (GIBMO)NATI
catalytic core is not through an exposed cleft, and is also entirely different from
(BACAN)NAT1 which has been reported as more eukaryotic-like (Pluvinage et al.
2011). Of the two "tunnel-like" entries of (GIBMO)NAT]1, the first aligns with the
single entry of human NAT (Wu et al. 2007), but this is the entry covered in the
(GIBMO)NATI dimer. Conversely, the second "uncovered" entry of (GIBMO)NATI
aligns with a part of human NAT where the catalytic pocket is covered by the C-

terminus and the so-called "eukaryotic-like" loop (Wu et al. 2007).
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Substrate binding to (GIBMO)NAT1 protein

The interaction of monomeric (GIBMO)NAT]1 with acetyl-, propionyl-,
malonyl- and succinyl-CoA, as well as with CoA and 2AP (i.e. the natural acceptor
substrate of the enzyme), was investigated by molecular docking analysis. The CoA
thiol group and the 2AP amino group were docked at 3.7 and 4.5 A, respectively,
from the thiol group of catalytic Cys110. The 2AP additionally formed hydrogen
bonds with catalytic residue His158 and its adjacent Asn157 (Fig. 4). When studied as
a monomer in isolation, the protein bound all four acyl-CoAs via either of its two
"tunnel-like" entries (one covered and one uncovered in the dimeric form), but the
distance between the acyl-CoA reactive sulphur and the thiol group of catalytic
Cys110 varied considerably across different donor substrates. The distance was 4.0-
59A,4.7-8.6 A, 6.1-8.2 A and 6.9-10.1 A for the determined binding conformations
of acetyl-, propionyl-, malonyl- and succinyl-CoA, respectively. The majority of
conformations accessed the catalytic site through the "uncovered" entry, with the
exception of malonyl-CoA which appeared to orient itself closer to catalytic Cys110
through the "covered" entry (Suppl. Fig. S4). LigPlot" analyses further allowed a
more detailed view of polar and non-polar contacts between determined acyl-CoA
conformations and the amino acids of (GIBMO)NAT1 monomer (Suppl. Fig. S5).
Although a number of binding conformations were assessed as plausible in terms of
spatial fitting within the catalytic core through the two tunnels of (GIBMO)NAT]1
monomer, the distance and positioning of acyl-CoA reactive sulphur relative to
Cys110 thiol group could not explain why this particular enzyme prefers malonyl-
CoA versus other acyl-group donor susbstrates. In fact, acetyl- and propionyl-CoA

seemed to approach Cys110 more intimately (< 5 A) than malonyl-CoA (> 6 A).
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Docking was thus repeated for the dimeric form of (GIBMO)NAT]1, using all
four donor substrates and CoA as ligands (Figs. 5 and 6). It was readily evident that
the N-terminus of one monomer (completely covering the first tunnel to the active site
of the other monomer) changed the ability of different donor substrates to approach
catalytic Cys110 through the second (uncovered) tunnel. Fitting of CoA in the active
site was essentially the same as in the monomer (Fig. 4), maintaining a thiol group
distance of 3.7 A with Cys110 (Fig. 5B). In the case of acetyl-CoA (Fig. 5C), the
distance between its reactive sulphur and the thiol group of Cys110 was shorter (3.2
A) than in the monomer (4 A), and LigPlot™ analysis predicted the formation of a
hydrogen bond between the two moieties (Fig. 6B). A second hydrogen bond was
predicted between the side chain of Thr261 and the carbonyl group of acetyl-CoA
(Fig. 6B). In contrast, due to its longer side chain, propionyl-CoA failed to approach
Cys110 closer than 6.9 A (Fig. 5D), and no stabilizing hydrogen bonds were predicted
by LigPlot" analysis between the compound and the active site (Fig. 6C).

When docked to the dimeric form of (GIBMO)NAT]1, the dicarboxylic
substrate malonyl-CoA readily oriented its reactive sulphur within 4.4 A from the
thiol group of catalytic Cys110, in a plausible conformation relative to the catalytic
triad (Fig. SE). This was stabilized through hydrogen bonds between the terminal
carboxyl group of the compound and the active site residues Arg109 and Asnl57
(adjacent to catalytic Cys110 and His158, respectively). A third hydrogen bond was
formed between the terminal carboxyl group of malonyl-CoA and Thr261 (Fig. 6D).
The same hydrogen bond arrangement was also observed for succinyl-CoA, i.e. the
second dicarboxylic acyl-CoA compound investigated, but its longer side chain

prevented the thioester sulphur from approaching Cys110 closer than 5.8 A (Figs. 5F

11
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and 6E). Overall, those results support malonyl-CoA to be the selective donor
substrate reacting with (GIBMO)NAT]1 catalytic triad.

The results also demonstrate the dimeric form as the functional unit of
(GIBMO)NATT protein. Protein-protein docking for the two interacting monomers
was performed with ClusPro, PatchDock and pyDOCK software (Fig. 7), and all three
programmes predicted dimerization along roughly the same interface determined by
crystallography (Fig. 2). As expected, the N-terminus of one monomer extended well
onto the surface of the other monomer, usually covering one of the two entries to the
active site. However, some models also demonstrated a dimeric conformation with

both entries open, suggesting functional flexibility of the N-terminal tail (Fig. 7).
Comparison of (GIBMO)NAT]1 with other fungal NAT homologues

The crystallographic structure of (GIBMO)NAT1 was used to model the secondary
(Suppl. Fig. S6) and tertiary (Fig. 8) structure of F. verticillioides (GIBMO)NAT?2
and (GIMBO)NATS3 isoenzymes. The template protein was differentiated mainly by
its characteristically elongated N-terminal extension (residues 1-18), an expanded o-
helical region (02-n2-a3, residues 41-60) in domain I, the distinctive "bridge-like"
protruding helical structure (n4-a6, residues 138-150) separating the two "tunnel-like"
entries of the active site, the shorter B6 strand of the second B-sheet in domain II
(residues 190-196), two protruding loops between strands B7-8 (residues 206-221,
involved in dimer formation) and 8-B9 (residues 228-238) of the same B-sheet, as
well as the shorter loop (residues 280-285) connecting f10-B11 strands of domain III
B-sheet, and the longer C-terminus (18, residues 339-345) (Fig. 8 and Suppl. Fig. S6).
The "bridge-like" structure between the two active site entries of (GIBMO)NATI1 was
much slimmer in (GIBMO)NAT?2 and completely absent in (GIBMO)NAT3, where

access to the active site is through an exposed cleft along the surface of the molecule

12
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(Fig. 8), resembling bacterial NATs (Sinclair et al. 2000), but not human NATs (Wu
et al. 2007). The (GIBMO)NATI dimerization surface was also less evident in
(GIBMO)NAT?2 and (GIBMO)NATS3, which lacked a N-terminal tail and displayed a
shorter B7-8 loop (Fig. 8 and Suppl. Fig. S6).

Among fungal NAT proteins functionally investigated before (Karagianni et
al. 2015), the distinctive structural features of (GIBMO)NAT1 from F. verticillioides
were all conserved in the homologous (GIBZE)NAT]1 of F. graminearum and
(FUSOX)NATI of F. oxysporum f.sp. lycopersici. Structural conservation was also
evident among the NAT2 and among the NAT3 homologues of those three fungi
(Suppl. Fig. S7). (FUSOX)NAT4 demonstrated features more similar to the NAT2
homologues and so did (ASPFN)NAT?3 of Aspergillus flavus. Remarkably, the
acetyltransferases (EMENI)NAT1 of Aspergillus nidulans and (ASPFN)NAT?2 of A.
flavus showed some similarity with Fusarium NAT1 malonyltransferases, evidenced
by the two separated "tunnel-like" entries to the active site and the divulging loop
involved in dimerization of (GIBMO)NATI1 (Suppl. Fig. S7).

Sequence alignment (Suppl. Fig. S6) of those thirteen fungal NATSs revealed
key differences in the active site residues shown by docking analysis to selectively
interact with malonyl-CoA via hydrogen bonding (Fig. 6). Specifically, Argl09,
Asnl157 and Thr261 were found in all Fusarium NAT1 malonyltransferases, but
differed in the Fusarium NAT3 acetyltransferases. Fusarium NAT2 homologues had
only Thr261, while (FUSOX)NAT4 had only Asnl157. Among Aspergillus NATs, the
acetyltransferases (EMENI)NATI1 and (ASPFN)NAT?2 had only Thr261, while

(ASPFN)NATS3 differed at all three amino acid positions (Suppl. Fig. S6).

13



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

Changes in protein thermal stability upon interaction with components of the

enzymatic reaction

Differential scanning fluorimetry (DSF) has been proposed as an easy method for
inferring functionality of NAT homologues (Garefalaki et al. 2019, 2021) and was
previously employed to determine selective acyl-CoA binding to the three NAT
isoenzymes of F. verticillioides (Karagianni et al. 2015). Here, those proteins were
assayed with different components of the NAT enzymatic reaction as ligands.
Specifically, recombinant protein was tested with donor only (acetyl-, propionyl- or
malonyl-CoA), acceptor only (3,4-dichloroaniline; 3,4-DCA), or the two substrates
combined, as well as with CoA only, N-acylated arylamine only or the two products
combined (Fig. 9). (GIBMO)NAT1 was tested with malonyl-CoA as preferred donor
substrate and N-malonylated 3,4-DCA as the corresponding product (Fig. 9A).
(GIBMO)NAT3 was tested with its preferred acetyl-CoA substrate and N-acetylated
3,4-DCA (Fig. 9B). Although apparently inactive enzymatically, (GIBMO)NAT?2 has
previously been demonstrated to non-selectively bind acetyl-, malonyl- and
propionyl-CoA (Karagianni et al. 2015); therefore, DSF was performed with all three
donor compounds and their respective conjugated 3,4-DCA derivatives (Fig. 9C).
The functional isoenzymes (GIBMO)NATI1 and (GIBMO)NAT3 interacted
with their selective donor substrates malonyl- and acetyl-CoA, respectively. This was
evident by the marked increase (by 5.3 and 21.8 °C, respectively) in the denaturation
midpoint transition temperature (Ty,) of the two proteins (Fig. 9A,B). Consistent with
the ping-pong Bi-Bi reaction mechanism of NAT enzymes, no interaction was evident
with 3,4-DCA alone, but the two substrates together increased the Ty,. Moreover, CoA
alone or with acylated arylamine stabilized the two isoenzymes (Fig. 9A,B). Unlike

bacterial NATs (Garefalaki et al. 2019, 2021), (GIBMO)NATI1 and (GIBMO)NAT3

14



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

were also stabilized by their respective terminal reaction product, i.e. the conjugated
arylamine (Fig. 9A,B), suggesting that they may not release it as effectively.

A more complex picture was observed for (GIBMO)NAT2. As expected, the
isoenzyme bound all three acyl-CoA compounds tested, when those were used alone
or with 3,4-DCA. In contrast, neither 3,4-DCA, nor any of its acylated derivatives
appeared to interact with the protein (Fig. 9C). An interesting pattern was observed
for CoA (alone or with acyl-3,4-DCA), as this produced protein thermal denaturation
curves that were biphasic. Both phases demonstrated increased T, values, with shifts
more moderate (3.2-4.6 °C) for the lower temperature range (T,1) and much more

pronounced (21.9-22.9 °C) for the higher temperature range (T,2) (Fig. 9C).

Enzymatic preference for donor substrates

Enzymatically active (GIBMO)NATI1 and (GIBMO)NAT3 were assayed over a
concentration range (0-300 uM) of donor substrates acetyl-, propionyl- or malonyl-
CoA, using SAS as acceptor substrate. Enzymatic activity of (GIBMO)NAT]1 with
malonyl-CoA was substantially higher than with acetyl- or propionyl-CoA, and the
opposite pattern was evident for (GIBMO)NAT3 (Fig. 10). Although highly selective
for malonyl-CoA, (GIBMO)NATT1 also produced 5-10 fold lower activity with acetyl-
and propionyl-CoA (Fig. 10A). In contrast, the activity generated by (GIBMO)NAT?3
with malonyl-CoA was marginal compared with acetyl- and propionyl-CoA (Fig.
10B). Overall, with selective substrates, activity was substantially higher (up to 130-
fold) for (GIBMO)NAT3, compared with (GIBMO)NAT]I.

The enzymatic assays were repeated over a broader concentration range (0-
5000 uM) of malonyl-CoA for (GIBMO)NATI (Fig. 10C) and acetyl-CoA for
(GIBMO)NATS3 (Fig. 10D), using excess SAS to saturate the second step of the

reaction. Compared with the previous experiments, a substantial decrease in activity
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was observed, potentially due to enzyme inhibition by the amount of generated
products. This is in line with the DSF experiments above, that demonstrated

stabilization of both isoenzymes by CoA and their respective conjugated arylamine.
Phylogeny of fungal NAT homologues

Previous studies have demonstrated the monophyletic origin of fungal NAT genes,
encountered mainly in filamentous ascomycetes (subphylum Pezizomycotina) (Glenn
et al. 2010; Martins et al. 2010). Early phylogenetic analyses (Glenn et al. 2010)
indicated distinct lineages of NAT orthologues in the ascomycetes, particularly within
the clades of plant pathogens. As the number of sequenced fungal genomes has
increased considerably (9500 genomes in the Genome database in November 2021),
we have updated the list of annotated NAT genes, dissecting their phylogeny within
the kingdom (Suppl. Fig. S8). The results indicate NAT genes to be absent in
ascomycetes other than Pezizomycotina, although they are found in basidiomycetes
and in the lower taxa of Chytridiomycetes (e.g. Batrachochytrium, Rhizoclosmatium),
Zoopagomycota (e.g. Conidiobolus, Entomophthora, Basidiobolus) and
Mucoromycota (e.g. Jimgerdemannia, Umbelopsis and several species in the family
of Mortierellaceae). The NAT homologues of filamentous ascomycetes form a clearly
distinct clade, unlike the homologues of lower fungi where mixed phylogeny of
sequences is apparent in chytrids and the two phyla (Zoopagomycota, Mucoromycota)
of zygomycetes. Monophyly is also less evident for the NAT sequences of
basidiomycetes that exhibit low basal resolution and are placed closer to the chytrids.
The phylogeny of NAT homologues in filamentous ascomycetes exhibits
separate orthologous lineages, particularly in species (mostly plant pathogens) with
multiple NAT sister loci in their genome (Fig. 11 and Suppl. Fig. S8). The analysis

demonstrates four such lineages, defined by the 13 functionally investigated NAT
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homologues described above. The first lineage, for which no specific function is yet
known, is split into one sub-lineage that includes (GIBMO)NAT?2 of F. verticillioides,
(GIBZE)NAT?2 of F. graminearum and (FUSOX)NAT2 of F. oxysporum f.sp.
lycopersici, plus another sub-lineage with (FUSOX)NAT4 and (ASPFN)NATS3 of A.
flavus. The second lineage includes the acetyltransferases (ASPFN)NAT?2 of A. flavus
and (EMENI)NAT1 of A. nidulans. The third and fourth lineages arise from the same
main clade and include the NAT3 acetyltransferases and NAT1 malonyltransferases
of Fusarium. Lineage separation precedes speciation, indicating evolutionary
diversification of fungal NATs to serve new functions. NAT1 malonyltransferases

have diverged from the acetyltransferases, consistent with our experimental findings.
Concluding remarks

The vast repertoire and functional variability of xenobiotic metabolizing enzymes is
the outcome of billions of years of co-evolution and adaptation of organisms, in
constant need of protection against the chemical arsenal of competitors and under the
stress of survival in fluctuating chemical and/or nutritional environments (Nebert
1997; Nebert and Dieter 2000). Although the evolutionary history of NAT enzyme
family is much older than the advent of manmade chemicals, investigators have
focused their interest almost exclusively on the role of NAT in the metabolism and
detoxification (or bioactivation) of drugs, carcinogens, pollutants, agrochemicals,
industrial materials, etc. (Laurieri and Sim 2018). The NAT1 isoenzyme of F.
verticillioides and other Fusarium species associated with cereal plants represents the
only well-understood example of how NAT may enhance the natural potential of
endophytic fungi for survival and infection, via annihilation of host chemical defence
(Glenn and Bacon 2009; Kettle et al. 2015; Baldwin et al. 2019). The NATI1

homologue of Fusarium is also the only NAT enzyme known to function as a N-
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malonyltransferase both in vitro and in vivo (Glenn and Bacon 2009; Karagianni et al.
2015), clearly diverging from Fusarium NAT2 and NAT3, but also from other known
NAT homologues, as the present study demonstrates. A prokaryotic NAT with
preference for malonyl-CoA in vitro was recently found in the actinobacterium
Tsukamurella paurometabola (Garefalaki et al. 2019), but its biological role and in
Vivo substrate selectivity remains elusive (Kontomina et al. 2021).

As this study concludes, the (GIBMO)NATI isoenzyme of F. verticillioides
has evolved to selectively employ malonyl-CoA, instead of acetyl-CoA, via a
remarkable adaptation of its functional structural unit and catalytic mechanism,
involving dimerization of the protein and interaction of specific active site residues
with the terminal carboxyl-group of malonate. This is the first description of NAT
substrate selectivity and enzyme function relying on dimer formation, and the first
demonstration by docking analysis of selective acyl-CoA binding to the NAT active
site.

F. verticillioides and other related endophytes can be devastating to maize and
wheat, causing crop disease and contaminating produce with harmful mycotoxins.
Those fungi are, thus, associated with severe economic loss and social hardship,
especially in the developing world (Robens and Cardwell 2003; Wu 2004). Given the
role of NAT1 in enhancing Fusarium virulence and resistance to BOA, unravelling
the molecular, structural, biochemical and physiological aspects of this important
enzyme may benefit research into more targeted strategies for pathogen control,

limiting harvest loss and mycotoxin exposure of domestic animals and humans.
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Materials and methods

Recombinant protein expression

A frozen stock (-80 °C, 25% v/v glycerol) of E. coli BL21(DE3)pLysS cells
(Promega) carrying the (GIBMO)NAT1 open reading frame in pET28b(+) (Novagen)
vector (Karagianni et al. 2015) was used to inoculate 10 ml of LB medium (10 g/l
tryptone, 5 g/l yeast extract, 5 g/l NaCl, 50 pg/ml kanamycin, pH 7.0 + 0.2), followed
by overnight incubation (37 °C, 180 rpm). The next day, 500 ml of Terrific Broth
(TB) medium were inoculated with 5 ml (1% v/v) of starter culture and incubated
under the same conditions. The TB medium was prepared with BD Difco reagents, as
follows: two solutions were made and autoclaved separately, the first (0.9 1)
containing 12 g tryptone, 24 g yeast extract and 4 ml glycerol, and the second (0.1 1)
containing 2.31 g KH,PO4 and 12.54 g K,HPO4. After cooling to 37 °C, the two
solutions were mixed and kanamycin (50 pg/ml) was added.

When culture optical density (OD) at 600 nm reached 0.8-1.5 units,
recombinant protein expression was induced by addition of isopropyl f-D-1-
thiogalactopyranoside (IPTG) at I mM. After overnight incubation (15 + 1 °C, 180
rpm), induced cells were harvested by centrifugation at 6,000 g (4 °C, 20 min) and
their pellet was stored at -80 °C, at least overnight, to facilitate lysis. The frozen cell
paste was slowly thawed on ice and resuspended in lysis buffer [20 mM Tris-HCI pH
7.5, 300 mM NaCl, 5 mM imidazole, 2 mM B-mercaptoethanol, 5% v/v glycerol, 1x
ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail (Roche) and
0.1% w/v 3-((3-cholamidopropyl)dimethyl-ammonium)-1-propanesulfonate
(CHAPS)]. Approximately 30 ml of lysis buffer were used per 1 1 of culture. The
suspension was sonicated on ice, performing 20 or more cycles of vibration at 10 kHz
(45 s of vibration, 30 s of pause), as necessary. Deoxyribonuclease I (DNasel) was
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then added at 10 pg/ml (10 min, room temperature), to fully digest the bacterial DNA.
After centrifugation at 20,000 g (20 min, 4 °C) in a Sorvall centrifuge, the soluble
fraction (supernatant) of each bacterial lysate was recovered and maintained on ice at
4 °C for subsequent purification. Samples of uninduced cells, as well as of the

insoluble fraction of bacterial lysate (pellet), were retained for comparison.
Recombinant protein purification

Affinity chromatography

Immobilized metal affinity chromatography was performed to purify hexa-His tagged
recombinant NAT proteins from the soluble fraction of bacterial lysates, using
commercially available (Thermo Scientific) nitrilotriacetic acid (NTA) agarose resin
positively charged with Nickel (Ni*") and maintained in 50% v/v ethanol. The
procedure took place at 4 °C, using 2-4 ml of resin per soluble lysate derived from 1 1
of bacterial culture. Before use, the ethanol was eluted and the resin was equilibrated
with 10 volumes of washing buffer (20 mM Tris HCI pH 7.5, 300 mM NaCl). The
soluble bacterial lysate was then loaded, followed by gentle mixing (45 min, orbital
shaker), before allowing flow through the resin. Ni*"-bound protein was eluted by
successive washes with increasing concentrations of imidazole (10, 25, 50, 100, 200
and 250 mM) in buffer with 20 mM Tris HCI pH 7.5 and 300 mM NacCl (5-10 times
the resin volume). The purified protein was kept on ice at 4 °C for immediate use,
avoiding freeze-thawing. A sample of each chromatographic fraction was examined
for purity of recombinant protein by sodium dodecyl sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) and the yield was assessed at 280 nm.

lon exchange chromatography
Before further purification, the affinity chromatography fractions (10-20 ml) were
transferred to low-salt buffer (20 mM Tris-HCI pH 7.5, 20 mM NaCl), following
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overnight dialysis with gentle magnetic stirring (4 °C) through a 10 kDa cut-off
porous membrane (Sigma). The N-terminal hexa-His tag was then removed, after
overnight incubation (gently rotating at 4 °C) with human plasma thrombin (Sigma)
added at 1 unit per mg of affinity chromatography purified protein. The preparations
were spun at maximum speed in a micro-centrifuge (4 °C) to remove any precipitated
protein debris, and high performance ion exchange chromatography followed through
a positively charged MonoQ 5/50 GL column on an AKTA purifier core system (GE
Healthcare). Increase of ionic strength was achieved by gradual mixing of buffer A
(20 mM Tris-HCI pH 7.5, 50 mM g-aminocaproic acid, 5 mM EDTA) with buffer B
(20 mM Tris-HCI pH 7.5, 50 mM g-aminocaproic acid, 5 mM EDTA, 1 M NaCl). All
buffer solutions were vacuum filtered before use. The chromatography flow rate was
set at 1.5 ml/min with 1 ml collected per fraction, and the process was monitored
using UNICORN 5.11 software (GE Healthcare). Elution of recombinant protein was
detected at 280 nm and the corresponding eluted fractions from each run were

analyzed by SDS-PAGE and pooled together.

Gel filtration chromatography

High performance gel filtration chromatography was performed on the AKTA purifier
core system (GE Healthcare), using a Superdex 75 10/300 GL column to purify
proteins with molecular weight of up to 75 kDa. The vacuum-filtered
chromatographic buffer solution consisted of 20 mM Tris-HCI (pH 7.5) and 300 mM
NaCl. The flow rate was set at 0.5 ml/min with 0.5 ml collected per fraction. Elution
of recombinant protein was monitored at 280 nm and the pooled fractions of

successive runs were inspected by SDS-PAGE.
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Molecular weight determination of recombinant protein
Gel filtration chromatography was additionally used to estimate the molecular weight
of purified NAT protein. Marker proteins (Sigma) were loaded onto the column and
their elution volume was plotted against the logarithm of their known molecular
weight. Those markers were 500 pg of 66 kDa albumin from bovine serum, 500 pg of
44.3 kDa albumin from chicken egg white, 250 pg of 30 kDa carbonic anhydrase
from bovine erythrocytes and 250 pg of 12.3 kDa of cytochrome-c from bovine heart
(which absorbs at 550 nm). From the elution volume of recombinant NAT protein, it
was possible to calculate its approximate molecular weight relative to the markers.
ESI-MS was further used to determine the molecular weight of pure
recombinant NAT protein (1 mg/ml in 20 mM Tris-HCI pH 7.5 and 20mM NaCl),
followed by MALS analysis. Those services were provided by the Biophysical

Instrument Facility of the Department of Biochemistry, University of Oxford, U.K.
Protein crystallization and structure determination

Prior to crystallization experiments, the preparation of fully purified NAT protein was
concentrated to ~10 mg/ml in buffer with 20 mM Tris-HCI pH 7.5 and NaCl adjusted
to 20 mM. This was performed by centrifugation (2,000 g, 4 °C) through a 3 kDa cut-
off pore size filter concentrator (Microcon), until the appropriate reduction in protein
solution volume and salt concentration was achieved. DTT (1 mM) was then added.

For crystallographic screens, an automated robotic system (Tecan Genesis
ProTeam 150) was used to prepare 96-well crystallization plates (MA 96 Innovaplate
SD-2), dispensing 50 pl/well of screen solution from commercial blocks Morpheus,
JCSG Plus, Stura [+1I_Natrix, Structure Screen 1+2 HT-96 (Molecular Dimensions)
and Wizard Full I+II (Emerald BioSystems). The sitting-drop vapour diffusion

method was used, employing a Mosquito (TTP Labtech) automated system to
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dispense 0.1 pl drops of the protein sample and of the screen solution to the
crystallization plates. The plates were then sealed with optically clear tape and placed
into a cold (4 °C) robotic incubator (CrystalMation) equipped with an automated
imaging system. Crystallization plates were incubated for at least one week at 4 °C.
Under a stereomicroscope (Leica), crystals were inspected and recovered from
the crystallization drops with a mesh, followed by flash-cooling in liquid nitrogen.
Diffraction data was collected on beamline ID14.EH4 at the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. Data was collected and processed to a
resolution of 1.8 A using DIALS (Beilsten-Edmands et al. 2020) and the CCP4 (Winn
et al. 2011) software suite. The structure was determined by molecular replacement in
space group P1 with four molecules in the asymmetric unit, using PHASER (McCoy
et al. 2007). The search model used was an ensemble constructed from chains A-D of
PDB ID: 1W6F and chains A-D of PDB ID: 1QX3 using MRBUMP (Keegan et al.
2018) and CCP4MG (McNicholas et al. 2011) to align the chains and remove regions
of high variance. A model was built using Coot (Emsley et al. 2010) and refined using
REFMACS5 (Murshudov et al. 2011) and phenix.refine (Afonine et al. 2012). The
refined structure was deposited in the Protein Data Bank (PDB) with the accession

number 7QI3.
Computational analysis of protein structure

ProtParam (Expasy) was used to calculate the molecular weight, pl and extinction
coefficient of (GIBMO)NATI protein. Other thermodynamic parameters were
determined by PDBePISA (Krissinel and Henrick 2007). T-Coffee Expresso
(Notredame et al. 2000) was used for protein sequence structural alignment,
visualized with ESPript 3.0 (Robert and Gouet 2014). Visualization of modelled and

crystallographic protein structures was performed on PyMOL (Schrédinger) and
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UCSF Chimera (Pettersen et al. 2004). Homology modelling was performed on
Swiss-Model (Waterhouse et al. 2018). Docking experiments employed
AutoDockTools v.1.5.6 and AutoDock Vina (Trott and Olson 2010; Forli et al. 2016).
Workflow optimization was initially performed using the available crystallographic
structure of human NAT?2 co-crystallized with CoA (PDB ID: 2PFR), and the results
were validated against the published experimental data (Wu et al. 2007). Docking
analysis was then implemented for (GIBMO)NATTI, as described below.

UCSF Chimera was used to prepare the protein molecule (".pdb" file), by
removing possible miscellaneous co-crystallized elements (e.g. ions, metals,
substrates, water molecules etc.). Further processing took place on AutoDockTools,
which was used to incorporate polar hydrogens and distribute electrostatic charges to
the protein molecule. The structure was then saved in format compatible with
AutoDock Vina (".pdbqt" file). A similar approach was used to prepare ligands for
docking, retrieved from the DrugBank (https://go.drugbank.com/) or ChemSpider
(https://www.chemspider.com/). Those compounds were: CoA (DrugBank ID:
DB01992), acetyl-CoA (ChemSpider ID: 392413), malonyl-CoA (ChemSpider ID:
559121), propionyl-CoA (ChemSpider ID: 83731), succinyl-CoA (ChemSpider ID:
83179) and 2-AP (ChemSpider ID: 5596). Ligand structure files were first prepared in
".pdb" format on UCSF Chimera, as necessary. AutoDockTools was then used to add
polar hydrogens and charges, as well as to specify the torsional degrees of freedom in
ligand molecules that allowed bond flexibility. A ".pdbqt" file was then generated.
The suitable grid box for docking was finally defined for the protein, and this
enclosed the whole active site with its two "tunnel-like" entries.

Docking experiments were executed in AutoDock Vina. Each round produced

nine different ligand conformations, and thirty rounds were implemented per protein-
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ligand pair (270 conformations in total). Those binding conformations were visually
inspected one-by-one on PyMOL, discarding those that were not plausible (i.e. they
either did not bind to the active site at all, or bound in the wrong orientation).
Plausible conformations were further examined for their positioning (i.e. distance and
orientation of their reactive sulphur atom) relative to the thiol group of catalytic
Cys110. Binding affinity and other spatial features were also assessed, as well as
specific ligand-protein interactions. LigPlot™ (Laskowski and Swindells 2011) was
additionally used to determine and visualize hydrogen bonds and hydrophobic
interactions with specific amino acid residues, finally leading to the selection of
optimal ligand conformations.

Additional protein-protein docking experiments were used to simulate
interaction of (GIBMO)NAT1 monomers in their dimeric form, using ClusPro
(Comeau et al. 2004), PatchDock (Schneidman-Duhovny et al. 2005) and
pyDockWEB (Jiménez-Garcia et al. 2013). Reconstruction of the N-terminus was
performed using PyMOL Builder, with ModLoop (Modeller) used for refinement

(Fiser and Sali 2003). Default parameters were used to run those algorithms.
Enzymatic characterization of fungal NAT recombinant proteins

Affinity chromatography purified (GIBMO)NATI1, (GIBMO)NAT2 and
(GIBMO)NAT3 recombinant proteins were enzymatically investigated by
performing: 1) DSF analysis to determine changes in protein midpoint transition
temperature (Ty,) upon interaction with ligands (substrates or products of the
enzymatic reaction, alone or combined); ii) colourimetric assays to measure enzyme
specific activity with various substrates; iii) Enzymatic Michaelis-Menten
experiments to determine apparent kinetic parameters against donor substrates. Those

experiments were performed following previously published procedures of our
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laboratory, described for NAT enzymes of bacteria (Garefalaki et al. 2019, 2021),
fungi (including F. verticillioides) (Karagianni et al. 2015) and primates (Tsirka et al.

2014, 2018). Details are provided in the supplementary materials and methods.
Phylogenetic analyses of fungal NAT sequences

Genomic database searches for fungal NAT sequences were carried out as previously
described (Glenn et al. 2010; Garefalaki et al. 2019) and details are provided in the

supplementary materials and methods.
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Supporting Information

Supplementary materials and methods

Suppl. Fig. S1: Purification of Fusarium verticillioides (GIMBO)NAT1 recombinant
protein for crystallography.

Suppl. Fig. S2: Determination of the molecular weight of recombinant
(GIBMO)NATTI protein.

Suppl. Fig. S3: Comparison of (GIBMO)NAT1 with one bacterial and one human
NAT.

Suppl. Fig. S4: Docking of various donor substrates to the (GIBMO)NATI1
monomer.

Suppl. Fig. S5: LigPlot+ analyses for different donor substrates docked to the
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Suppl. Fig. S6: Structural alignment of the amino acid sequences of 13 fungal NAT
homologues functionally investigated before.

Suppl. Fig. S7: Comparison of thirteen fungal NAT homologues functionally
investigated before.

Suppl. Fig. S8: Phylogenetic analysis of fungal NAT sequences.
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Table 1: Statistics for crystallographic data collection and structure refinement

Data collection statistics

Wavelength (A) 0.9393

Resolution range (A) 87.18-1.80 (1.83-1.80)
Space group Pl

Unit cell dimensions

a, b, c(A) 72.48,76.77,92.38

a, B, % (°) 76.24, 73.08, 72.50

Unique reflections
Completeness (%)
Mean I/sigma(])
Multiplicity
Rmerge (%)
Rpim (%)

CC»

Wilson B-factor

160393 (6978)
96.5 (84.5)
6.4 (1.1)

1.9 (1.5)
0.039 (0.633)
0.039 (0.633)
0.998 (0.644)
23.58

Structure refinement

Resolution (A) 87.3-1.8
Ryork / Rree (%0) 17.84/22.16
No. atoms

Protein 11430
Ligands 100
Water 1415
RMSD

Bond lengths (A) 0.007
Bond angles (°) 0.829
Average B-factors 31.9
Ramachandran plot

Favoured (%) 97.56
Allowed (%) 2.4
Outliers (%) 0.3

35



987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

Figure legends

Fig. 1: Production, enzymatic assay and crystallization of (GIBMO)NAT1
recombinant protein of Fusarium verticillioides. A: Pure recombinant protein (10
mg/ml, 15 pl loaded in lane 1) was recovered after affinity, anion exchange and gel
filtration chromatography. A protein band with the expected size is visible by SDS-
PAGE/Coomassie blue staining. Lane M is the High-Range Rainbow MW protein
marker (GE Healthcare). B: Enzymatic activity assay with four different combinations
of donor (malonyl- or acetyl-CoA) and acceptor (SAS or PABA) substrates. Pure
recombinant protein was assayed in triplicate and the generated enzymatic curves are
shown. Specific activities (nmol of produced CoA per minute per mg of protein) were
calculated for 5 min time. C: Representative protein crystals, grown (one week, 4 °C)
in well D5 (0.12 M alcohols, 0.1 M sodium HEPES/MOPS buffer pH 7.5 and 30%
PEGMME 550/PEG 20K precipitant stock) of the commercial Morpheus

crystallographic screen block (Molecular Dimensions).

Fig. 2: Molecular structure of (GIBMO)NAT1 protein. A: Cartoon representation of
the protein monomer with the typical NAT-fold organized in domain I (blue), 11
(raspberry) and III (olive green), with the last two domains connected via an
interdomain region (grey). B: Alignment of (GIBMO)NATI (magenta) with
(PSEAE)NATTI (lime green) of Pseudomonas aeruginosa (PDB ID: 1W4T). C: The
crystallized homodimeric structure of (GIBMO)NAT1, formed by monomers shown
in magenta and blue. Coloured pink and cyan, respectively, are the protein surfaces
forming the interface between the two interacting monomers. Specific molecular
contacts are indicated with amino acids coloured warm pink and sky blue,

respectively. D: Surface representation of the homotetrameric arrangement in the
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crystal asymmetric unit, formed by two pairs of tightly interacting monomers (each
dimer consists of one monomer in blue and one monomer in magenta colour). In A-C,
the catalytic triad residues are shown in stick format, yellow for (GIMBO)NAT1 and

orange for (PSEAE)NATI. Protein N- and C-termini are also indicated.

Fig. 3: Surface representations of (GIBMO)NAT]1, illustrating access to the catalytic
core of the enzyme. The top panel shows the "bridge-like" structure, coloured light
blue, separating the two "tunnel-like" entries leading to the active site (the catalytic
triad is coloured yellow). In the dimeric form (middle panel), one entry of each
monomer is tightly sealed by the protruding N-terminus of the other monomer, while
the second entry remains uncovered. The bottom panel shows a partial view of
(GIBMO)NATTI surface aligned with bound CoA conformations previously
determined via co-crystallization of the ligand with one human (NAT2; PDB ID:
2PFR) and two bacterial (PDB IDs: 4NV7 of Mesorhizobioum loti NAT1 and 2VFC
of Mycobacterium marinum NATT1) proteins. The binding conformation of CoA from
human NAT2 (cyan) aligns through the "covered entry" of (GIBMO)NAT1 (bottom-
left), while the binding conformations of CoA from the two bacterial NATSs (green

and pink) align through the "uncovered entry" of (GIBMO)NAT]1 (bottom-right).

Fig. 4: Docking of CoA and 2AP to the (GIBMO)NAT1 monomer. The top panel
shows detailed views of two conformations of CoA (left) and one conformation of
2AP (right), docked to the active site of (GIBMO)NATI protein. The bottom panel
shows the results of LigPlot" analysis for CoA (the cyan conformation in the top
panel) and 2AP. The ligands form hydrogen bonds or hydrophobic interactions with

residues labelled in green or black font, respectively.
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Fig. 5: Docking experiments performed with the (GIBMO)NAT1 dimer. Surface
representation of dimeric (GIBMO)NATT (A), with different acyl-CoA compounds
docked to the blue monomer via the single uncovered "tunnel-like" entry. CoA (B),
acetyl-CoA (C), propionyl-CoA (D), malonyl-CoA (E) and succinyl-CoA (F) were
used as ligands, and their orientation relative to the catalytic triad residues (shown in
yellow stick format) is demonstrated. Red boxes enclose the enzyme-ligand reactive

moieties, with distances between them shown in A.

Fig. 6: Interaction of ligands with the (GIBMO)NAT1 dimer. The best-fitting binding
conformation determined during docking experiments for CoA (A), acetyl-CoA (B),
propionyl-CoA (C), malonyl-CoA (D) or succinyl-CoA (E) is illustrated after
LigPlot" analysis. Docked ligands form hydrogen bonds or hydrophobic interactions
with residues labelled in green or black font, respectively. Red circles indicate

interactions also observed for those ligands, when docked to the monomeric protein.

Fig. 7: Results of protein-protein docking experiments simulating dimerization of
(GIBMO)NATTI. Surface representations of homodimers predicted using ClusPro
(left), PatchDock (middle) and pyDock (right) algorithms to generate models that
were then superimposed in PyMOL. In the first experiment, one monomer (grey) was
retained exactly as crystallographically determined and docking of the second
monomer produced a series of models illustrated with different colours. In the
remaining two experiments, more flexibility was allowed for both monomers (grey)
and the N-terminal extensions of generated models are illustrated in various colours.
In all three illustrations, the monomer on the right-hand side displays its "tunnel-like"
entries to the active site (bright yellow) and the "bridge-like" structure separating

them (white). The red boxes indicate the interface between docked monomers.
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Fig. 8: Comparison of the three NAT isoenzymes of F. verticillioides. The
crystallographic structure of (GIBMO)NAT] (blue models, top panel) was used as
template on Swiss-Model to predict the structure of (GIBMO)NAT2 (red models,
middle panel) and (GIBMO)NAT?3 (green models, bottom panel). The models on the
left display the side of protein molecules accessible to acyl-CoA substrates (docked).
The models on the right display the opposite view of the protein molecules. Light
colouring of the protein surface indicates areas substantially differentiated between
the three isoenzymes. The residues of those areas are numbered for (GIBMO)NAT1
(top), and a structural sequence alignment with (GIBMO)NAT2 and (GIBMO)NAT3

is provided in Suppl. Fig. S6.

Fig. 9: Changes to the thermal denaturation midpoint transition temperature (Ty,) of
F. verticillioides NAT isoenzymes, upon interaction with different components of the
enzymatic reaction. Shifts in Ty, (AT, & standard deviation, in °C) were recorded in
duplicate for the N-malonyltransferase (GIBMO)NATI (A), the N-acetyltransferase
(GIBMO)NAT3 (B) and the non-selective (GIBMO)NAT?2 (C), upon addition of
ligands separately or in various combinations. All reactions contained 0.5% v/v

DMSO, except for the first one of each set where the protein was assayed alone.

Fig. 10: Activity assays for (GIBMO)NAT1 and (GIBMO)NAT3 isoenzymes of F.
verticillioides. To determine donor substrate selectivity, (GIBMO)NAT1 (A) and
(GIBMO)NAT3 (B) were initially assayed over a lower concentration range (0-300
uM) of malonyl-, acetyl- or propionyl-CoA, using 500 uM of SAS as acceptor
substrate. The two proteins were then assayed over a higher concentration range (0-
5000 uM) of their preferred donor substrate: (GIBMO)NAT1 (C) was assayed with

malonyl-CoA and 1000 uM 5AS, while (GIBMO)NAT3 (D) was assayed with acetyl-
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CoA and 1500 uM 5AS. In the graphs showing specific activity (uM of enzymatically
produced CoA per second per uM of protein) vs. concentration (uM) of the donor
substrate, each scatter plot indicates the observed (obs) experimental measurements
per assay set, while the corresponding calculated (calc) fitted curves were generated
by non-linear regression analysis to provide optimal Michaelis-Menten curves.

Calculated apparent (app) kinetic values are provided in boxes.

Fig. 11: Phylogenetic analysis of 65 NAT sequences, demonstrating distinct lineages
of orthologues in Fusarium. The variably coloured lineages are defined by 10
previously annotated and functionally investigated NAT homologues (Glenn et al.
2010; Karagianni et al. 2015), shown in bold ("BN" accession numbers). Grey circles

indicate bootstrap values above 50%.
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