JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

5456  J. Agric. Food Chem. 2005, 53, 5456—5460

Direct Evidence for the Function of ~ FUM13 in 3-Ketoreduction
of Mycotoxin Fumonisins in  Fusarium verticillioides
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Fumonisins are mycotoxins produced by Fusarium verticillioides, a widespread pathogen of corn.
Although the gene cluster for the biosynthesis of fumonisins has been cloned, the majority of the
genes have not been biochemically characterized. Here, we report the biochemical characterization
of FUM13, a gene that encodes a short-chain dehydrogenase/reductase required for fumonisin
biosynthesis. FUM13 has been expressed in E. coli, and the produced protein, Fum13p, has been
purified. When the protein was incubated with 3-keto fumonisin B; (FB3) in the presence of NADPH,
FB3; was produced. The data provide direct evidence for the role of FUM13 in the 3-ketoreduction of
fumonisins. In a functional complementation experiment, FUM13 gene was introduced into tsc10
mutants of the yeast Saccharomyces cerevisiae, which carry a mutation in the 3-ketosphinganine
reductase gene in the sphingolipid pathway. The tsc10 mutants were not able to grow on the selection
medium, but the same mutants transformed with FUM13 were able to grow. The results further confirm
the function of FUM13 in 3-ketoreduction in vivo.
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INTRODUCTION The biosynthesis starts with the carbon backbone assembly,

Fumonisins are a group of mycotoxins produced by the Which is likely catalyzed by the polyketide synthase encoded
filamentous fungu§usariumeerticillioides (1, 2). The fungus by FUML. The dimethylated g polyketide chain is released
is a widespread pathogen of corn, which causes ear and staldrom the synthase by the attack of alanine on the carbonyl carbon
rots and impairs agricultural productivity and food quality (3). Of the polyketide acyl chain. This step is most likely catalyzed
More importantly, the fungus produces harmful secondary by the putative aminoacy! transferase encoded=b8 (12,
metabolites, fumonisins. These toxins cause several fatal13). Fum8p is a homologue of serine palmitoyltransferase, which
diseases in animals, including leukoencephalomalacia in horsesis the first enzyme in the sphingolipid pathway to produce

pulmonary edema in swine, and cancer in rdts4, 5). In 3-ketosphinganine from serine and palmitoyl-Col). The
addition, fumonisins are suspected to cause human esophagedksultant 3-keto intermediate (2-amino-3-oxo-12,16-dimethyli-
cancer (1). cosane) is then reduced to a 3-hydroxyl product (2-amino-3-
The B-series (B B, Bs, and B) are the predominant hydroxy-12,16-dimethylicosane) in a manner similar to the
analogues of fumonisins found in wild-type strains ef reduction of 3-ketosphinganine to sphinganidg,(15). Sub-

verticillioides (2, 6). These compounds have a 20-carbon sequent oxidations at C-14, C-15, C-10, and C-5 and tricarbal-
backbone, among which the carbons 3—20 are derived from lylic esterification of the hydroxyl groups on C-14 and C-15
acetate by a polyketide biosynthesis mechanisim. C-1 and C-2furnish the biosynthesis of RE11, 16, 17). Except the enzyme
and the amino group on C-2 are derived from alaninges, (Fum3p) for C-5 hydroxylation1(), the enzymes for fumonisin
whereas the methyl groups on C-12 and C-16 are derived from biosynthesis have not been biochemically characterized.
methionine ). The difference among the fumonisin analogues  Recently, Butchko et al1@) used a gene deletion approach
is the number of hydroxyl groups on the backbone. All 4 qemonstrate thaUM13 is required for 3-ketoreduction of
analogues have a hydroxyl group on C-3 and tricarballylic esters ¢, onisins. FUM13 deletion mutants produced the C-3 keto
on C-14 and C-1510). In addition, FB has hydroxyl groups oy of FB, and FB, indicating that theFUM13 protein,
on both C-5 and C-10, Ffhas a hydroxyl on C-5, FBhas @ £m13p  catalyzes 3-ketoreduction in the biosynthesis of
hydroxyl on C-1.0, and F_Bhag no hydroxyl on either of the fumonisins (12). However, the mutants also produced ap-
carbpns. The_ tricarballylic aqgls on C-14 and C-15 hydroxyl proximately 10% of wild-type levels of B-series fumonisins
a“fJ".ke'y ﬁe”"e" frog‘ the citic acid cycle). died the bioeyy. Wit @ C-3 hydroxy). Thus, the function oFUML3 in
thetiS(:Igzc:u:aerlecgtiannfr{e ':;?E/t;egu;?mz f\lljvriosrtl?si;lepatthsva;o(sfﬂ'3-ketoreduction is not totally clear. Moreover, since these two
"3-keto compounds are related to the penultimate producis FB
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2998; fax: 402-472-9402; e-mail: Idu@unlserve.unl.edu. pathway (11), the results suggest that the 3-ketoreduction could
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also take place at the later stage of the pathway. An alternative(100:0.025, v/v) with a similar gradient to that previously described

interpretation is that 3-ketoreduction occurs early in fumonisin

(11). Fractions were collected and analyzed by liquid chromatography

b|05ynthes|s and that enzymes downstream in the pathway havé'nass Spectrometry (LC'MS) to |dent|fy those COntaining the pure 3-keto

a relatively broad substrate specificity that enables them to
process 3-keto intermediates to the final stage (up tg aril
FBs). Previous sequence analysis has predicted Fhif13
encodes an enzyme belonging to the superfamily of short-chain
dehydrogenases/reductases (SDR) (&), To obtain direct
evidence for the function dFUM13, we have expressed the
gene inEsherichia coliand purified the produced protein.

MATERIALS AND METHODS

Materials, Strains, and Vectors.Standards FB FBy, FBs, and FB
were gifts from Dr. Ronald D. Plattner (USDA, Peoria, IL). Wild-type
strainF. verticillioides A0149 was provided by Dr. Gilchrist (University
of California, Davis). GYP medium (2% glucose, 1% peptone, and
0.3% yeast extract) was used for mycelium growth, V-8 juice agar plates
for production of conidia, and CMK (cracked maize kernels) medium
for fumonisin productionX0, 19). Qiagen kits (Santa Clarita, CA) were
used for plasmid DNA preparation and DNA extraction from agarose
gels. The pGEM-zf plasmid series from Promega (Madison, WI) were
used as cloning vectors witbscherichia colistrain DH50as the host.

For protein expression, pET series from Novagen (Madison, WI) were
used withE. coli BL21(DE3) as the host. All other DNA manipulations
were carried out according to standard methods (20).

FUM13 Expression in E. coli. The FUM13 coding region was
amplified by PCR using the forward primef-6G GAA TTC AGT
CGG GGT CAA GAG CTT G-3(italic letters indicatingecoRl site)
and reverse primer 5-GCGTC GAC GTT ATA GCT TCT TGT
GGT-3 (italic letters indicatingsal site). PCR employed genomic DNA
isolated from wild-typeF. verticillioides as template and Pfu-Ultra
(Stratagene, La Jolla, CA) as the DNA polymerase. The 1.1 kb PCR
product was purified using a Qiagen kit and digested \EitoR| and
Sal. The PCR-amplifiedUM13 coding region was cloned into pGEM
3zf and sequenced on a Li-Cor Model 4000 DNA sequencer at the
Core Research Facilities at the University of Nebraska-Lincoln to
confirm that PCR did not introduce any errolSUM13 was then
transferred as aBcoR/Sal fragment to the expression vector pET28a
(Novagen). This construct was introduced irio coli BL21(DE3)
(Novagen) for protein production following the protocol provided by
the manufacturer. The expressionFd#M13 was induced by 0.1 mM
IPTG, and the cells were allowed to grow in a shaker at 250 rpm, 25
°C for 10—12 h. The soluble fraction of total protein extract from the
cells was loaded to an NiNTA affinity column (Qiagen) preequili-
brated with PBS buffer (140 mM NacCl, 2.7 mM KCI, 10 mM Na
HPQ,, and 1.8 mM KHPQ,, pH 7.4), and Fum13p was eluted in PBS
buffer containing 250 mM imidazole. The eluted fractions were
analyzed by SDS—PAGE, and the fractions containing pure Fum13p

were combined and desalted on a PD-10 column (Sephadex G-25,

Pharmacia Biotech, Piscataway, NJ). Finally, the protein was eluted in
50 mM sodium phosphate buffer, pH 7.8, containing 1 mM dithiothreitol
(DTT) and 5% glycerol, and stored at 80 °C until used for in vitro
assays.

Isolation of 3-Keto FB; from FUM13 Mutant. Five hundred grams
of CMK (divided in 20 flasks, each with 25 g) was soaked in water
overnight to remove any potential fumonisin contaminant as previously
described (11). After autoclaving, the medium was inoculated with the
FUM13-deleted mutant of. verticillioides (12). The fungus was
allowed to grow in the dark for46 weeks. Fumonisins were extracted
from the culture by adding approximately 500 mL of 50% acetonitrile
following the procedure described in reff). The extracts were first
analyzed by high-performance liquid chromatograpbyaporative light
scattering detection (HPLC-ELSD) to examine if the extracts contained
3-keto fumonisins. The conditions for HPLC-ELSD were identical to
those published earliell{). 3-Keto FB was then purified from the
extract using a 250x 10.0 mm i.d., 54, Nucleosil 100A C18
preparative HPLC column (Alltech, Deerfield, IL). The mobile phases
were (A) water-TFA (100:0.025, v/v) and (B) 95% acetonitrile-TFA

FBs. LC-MS was performed on a 250 1 mm i.d., 54, RFGsg Vydac
column (Grace Vydac, Hesperia, CA). The solvent systems were (A)
water-formic acid (100:0.1, v/v) and (B) 95% acetonitrile-formic acid
(100:0.1, v/v). The flow rate was 0.05 mL/min, and the injection volume
was 50ulL. All positive electrospray spectra were acquired using a
VG Platform Il mass spectrometer or a Micromass Q-Tof (Manchester,
U.K..

In Vitro Assay for Fuml13p Activity. The reaction included
approximately 350 ng 3-keto BEB50 uM NADPH, 10ug Fum13p,
and 100 mM Tris-HCI, pH 7.4, in a final volume of 1Qd.. The
reaction was initiated by adding the substrate to the mixture. As controls,
Fum13p was boiled in water for 10 min and used in the reaction. After
incubation at 37°C for 15 min, the reaction was stopped by adding
300uL of 100% ethanol. The mixture was put on ice for 30 min and
then centrifuged at 16 0@QEppendorf Centrifuge 5415D) at°€ for
10 min to remove precipitates. The supernatant was transferred to a
new tube and dried in a SpeedVac concentrator. The reaction mixture
was redissolved in 100L of water and was used for HPLC-ELSD
and LC-MS analyses.

Complementation of Yeasttsc10Mutants. Saccharomyces cer-
evisiaestrain LHYa56 tsc10-csgMata ade2-101 ura3-52 trpl leu2A
csg2::LEU2 tsc10-1) and strain LHYa56 tsc10 were obtained from Dr.
T. Dunn (Uniformed Services University of the Health Sciences,
Bethesda, MA) (15). LHYa56 tsc10-csg2 was initially generated from
a C&*-sensitive mutant strain (because of a mutatio€8G2gene),
and LHYa56 tsc10 was created by backcrossing LHYa56 tsc10-csg2
with a wild-type strain to obtain thesc10mutation in a wild-typeCSG2
genetic background. Both strains carry a temperature-sensitive mutation
at TSC10, a gene coding for the sphingolipid biosynthetic enzyme
3-ketosphinganine reductaskb). Thus, a functional complementation
of tsc10would restore the growth of the mutants at°&7. To perform
the complementation, a yeast expression vector was constructed by
transferringFUM13 as aBamHI/Notl fragment from pET28a/FUM13
into pYES2/NT C vector (Invitrogen, Carlsbad, CA). The construct
was introduced into yeast cells using a transformation method provided
by the manufacturer. The transformants were selected on SC minimal
medium (Invitrogen) for uracil prototrophy at 2€ according to the
protocol provided by the manufacturer. After the transformants were
identified, single colonies were replica-streaked to SC plates and placed
at both 26°C and 37°C. Control experiments using colonies from
INVSc1 strain (Invitrogen, Carlsbad, CA), nontransformest10
mutants, andsc10mutants transformed with empty pYES2/NT C vector
were also similarly conducted.

RESULTS AND DISCUSSION

Expression of FUM13 in E. coli and In Vitro Assays of
Activity of Fum13p. FUM13has a 1,110-bp open reading frame
coding for 369 amino acid residues. When it was cloned into
pET28a and expressed B coli BL21(DE3), the calculated
size of the His-tagged protein is 45.6 kD. Using—WTA
affinity column, we purified Fum13p fronk. coli carrying
pET28aFUM13. SDS-PAGE analysis showed that the protein
had a size of approximately 45 kDFigure 1), which is
consistent with the expected size of Fum13p. The protein was
used for in vitro 3-ketoreductase assays. To assay the activity
of Fum13p, we prepared 3-keto Fom a FUM13-deleted
mutant, which was generated by replacing the ORFWWM13
in F. verticillioides with a hygromycin B resistance gertdygB)

(12). The mutant strain was grown on CMK medium for@!
weeks and was extracted with 50% acetonitrile. 3-Ketg \W8s
prepared by collecting individual fractions from a preparative
HPLC column, followed by analyzing each of the fractions using
LC-MS. Under the experimental conditions used, the 3-ketp FB
peak had a retention time of 17.20 min on HPLC-ELSD and a
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Figure 1. Sodium dodecyl sulfate-polyacrylamide gel analysis of Fum13p
expressed in E. coli. Lane 1, molecular mass markers; lane 2, total soluble
proteins extracted from cells 10 h after induction by isopropyl S-p-
thiogalactopyranoside; lane 3, a fraction eluted from Ni—NTA affinity column
by 250 mM imidazole.
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Figure 2. Mass spectrometry of (A) 3-keto fumonisin Bs isolated from
the culture of a FUM13-deleted mutant strain and (B) fumonisin B3 present
in the reaction mixture containing enzyme Fum13p, 3-keto fumonisin Bs,
and NADPH. A [M + Na]* of m/z 728.3 was also present in the reaction
mixture in addition to the [M + H]* of m/z 706.3 for fumonisin Bs.

710

[M + H]" of m/z704.2 on LC-MS (Figure 2A). The yield of
3-keto FB appeared very low (lower than 1 mg from 500 g
CMK medium).

Yi et al.

Figure 3. Complementation of yeast tsc10 mutants by FUM13. FUM13
was cloned into pYES2/NT C vector, which carries a uracil auxotrophic
selection marker. The yeast cells were streaked on SC medium without
uracil and were allowed to grow at 26 °C or 37 °C for 3 days. All strains,
including INVSc1, are uracil auxotroph.

to generate sphinganine (dihydrosphingosine), which is catalyzed
by theTSC10encoded 3-ketosphinganine reductaks).(In the
fumonisin pathway, Fum8p is a homologue of serine palmi-
toyltransferase and is predicted to catalyze the condensation
between alanine and 10,14-dimethyl octadecyl-thioester to form
a 3-keto intermediate (13). This 3-keto intermediate is then
reduced to a 3-hydroxyl intermediate in the fumonisin pathway
(11), which is catalyzed by Fum13p. We used both LHYa56
tsc10-csg2 and LHYa56 tsc105) in the experiments. Thisc10
mutation is temperature sensitive, such tisaiOmutants grow

When 3-keto FBwas incubated with Fum13p in the presence well at the permissive temperature (26) but do not grow at
of NADPH, the 3-keto FBpeak at 17.20 min disappeared and the restrictive temperature (3C) (15). In addition, all the
a new peak at 17.0 min appeared on HPLC-ELSD (data not strains, including the control strain (INVSc1, from Invitrogen),
shown). In the control experiment where boiled Fum13p was carry a uracil auxotroph, which can be used to select for
included in the reaction, the new peak was not observed. Thetransformants that contain pYES2/NT C vector on SC medium

new peak comigrated with standard #BVhen the reaction
mixture was analyzed by LC-MS, a [M- H]™ of m/z706.3
was observedRigure 2B), which is identical to standard 5B
A small peak corresponding to [M Na]™ of FB; (m/z728.3)

without uracil. As expected, INVScl, LHYa56 tsc10-csg2, or
LHYa56 tsc10 was not able to grow on SC medium without
uracil at 26°C or 37°C (Figure 3). WhenFUM13 (on pYES2/

NT C vector) was introduced into LHYa56 tscl0-csg2 or

was also present in the reaction mixture. The results show thatLHYa56 tsc10, the mutants were able to grow on the SC
Fum13p is able to reduce the 3-keto group to a 3-hydroxyl group medium without uracil at both 26C and 37°C (Figure 3).
using 3-keto FB as substrate. Previous sequence analysis The transformant colonies were clearly visible after 3 days of
predicted that Fum13p belongs to the short-chain dehydrogenasegrowth at 26°C or 37 °C, while no colony appeared from
reductase family 15, 18). The in vitro results confirm that  INVScl or the mutant strains witho&JJM13. Since previous
Fum13p is a reductase. studies have demonstrated thi&C10s essential for the growth
Functional Complementation of TSC10 Mutants by of the yeast in the absence of exogenous sphingatbe ¢ur
FUM13. TSC10s a gene encoding 3-ketosphinganine reductase, results suggest that the biosynthesis of sphinganine has been
which is an enzyme involved in the biosynthesis of sphingolipids restored after the introduction BUM13into the mutants. Thus,
in yeast (15). It has been proposed that the early steps in thethe data support that Fum13p functions as a 3-ketoreductase in
biosynthetic pathways for fumonisins and sphingolipids are very vivo.
similar (11,12). For example, the first enzyme in the sphin- We have shown that purified Fum213p is able to convert 3-keto
golipid pathway, serine palmitoyltransferase, catalyzes the FBs to FBs in vitro. The data provide direct evidence for the
condensation between serine and palmitoyl-CoA to form 3-keto- function of FUM13 in the biosynthesis of fumonisingigure
sphinganine 14). The 3-keto group is reduced to 3-hydroxyl 4). The in vitro result is consistent with that obtained from the
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A demonstrate that Fum13p is a reductase catalyzing 3-ketore-
M duction in fumonisin biosynthesis i. verticillioides.
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