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The yeast Torula corallina is a strong erythritol producer that is used in the industrial production of
erythritol. However, melanin accumulation during culture represents a serious problem for the purification of
erythritol from the fermentation broth. Melanin biosynthesis inhibitors such as 3,4-dihydroxyphenylalanine
and 1,8-dihydroxynaphthalene (DHN)-melanin inhibitors were added to the T. corallina cultures. Only the
DHN-melanin inhibitors showed an effect on melanin production, which suggests that the melanin formed
during the culturing of T. corallina is derived from DHN. This finding was confirmed by the detection of a shunt
product of the pentaketide pathway, flaviolin, and elemental analysis. Among the DHN-melanin inhibitors,
tricyclazole was the most effective. Supplementation with tricyclazole enhanced the production of erythritol
while significantly inhibiting the production of DHN-melanin and DHN-melanin biosynthetic enzymes, such as
trihydroxynaphthalene reductase. The erythrose reductase from 7. corallina was purified to homogeneity by
ion-exchange and affinity chromatography. Purified erythrose reductase was significantly inhibited in vitro in
a noncompetitive manner by elevated levels of DHN-melanin. In contrast, the level of erythrose reductase
activity was unaffected by increasing concentrations of tricyclazole. These results suggest that supplemental
tricyclazole reduces the production of DHN-melanin, which may lead to a reduction in the inhibition of
erythrose reductase and a higher yield of erythritol. This is the first report to demonstrate that melanin

biosynthesis inhibitors increase the production of a sugar alcohol in T. corallina.

Erythritol, a four-carbon polyol, is a naturally occurring sub-
stance and is widely distributed in nature (11). Like most other
polyols, it acts as a metabolite or storage compound for sea-
weed, mushrooms, and fruits. Erythritol occurs frequently in
fermented foods, including wines and beers, and in processed
vegetables, such as soy sauce and oriental miso bean paste (35,
36, 49). A 10% (wt/vol) solution of erythritol has 60 to 70% of
the sweetness of sucrose. Erythritol has very high negative
enthalpy, thus providing a strong cooling effect when dissolved
(11). Since erythritol tastes sweet but lacks aftertaste, it is used
in combination with intense sweeteners that have a bitter af-
tertaste, such as aspartame. Erythritol has been used safely as
a noncariogenic food sweetener in many countries. The prop-
erty of noncariogenicity is due to the inability of bacteria that
cause dental caries to use erythritol as a fermentation substrate
(10).

Erythritol can be synthesized from dialdehyde starch by
chemical reaction at high temperatures in the presence of a
nickel catalyst (30). However, this process has not been indus-
trialized because of its low efficiency. Erythritol can also be
produced by microbial methods with osmophilic yeasts and
some bacteria (1, 9, 12, 13, 14, 18, 20, 22, 25, 27, 48) and has
been produced commercially with a mutant of Aureobasidium
that produces erythritol with a high yield (44%, wt/wt) (14).
Erythritol is synthesized from erythrose-4-phosphate, which
is an intermediate in the pentose phosphate cycle, by de-
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phosphorylation and the subsequent reduction of erythrose.
Erythrose reductase, which catalyzes the final step in this path-
way, is a key enzyme in the biosynthesis of erythritol (15, 39).
Recently, we isolated a novel erythritol-producing microor-
ganism, which we identified as the yeast strain Torula corallina
KCCM-10171 (17). A mutant of 7. corallina overproduced
erythritol with a yield of 48.9% (wt/wt) and did not produce
glycerol and ribitol by-products, which made this strain highly
suitable for industrial-scale production of erythritol (20, 21,
25). However, a serious problem was encountered during pu-
rification, in that the fermentation broth contained contami-
nants, particularly melanin. Melanin represents a serious hin-
drance to the industrial production of erythritol by 7. corallina.
Melanin lowers the yield of erythritol, necessitates several ad-
ditional purification steps (including chromatography), lowers
the purification yield, and thus increases production costs.
Melanins, which are dark brown to black pigments of high
molecular weight, are formed by oxidative polymerization and
are widely dispersed among animals, plants, and microorgan-
isms (2, 8, 29). The pigment is not essential for growth and
development but enhances the survival and competitiveness of
the species under conditions of UV and electromagnetic irra-
diation, desiccation, and extreme temperature (2). Most fungal
melanins are derived from the precursor molecule 1,8-dihy-
droxynaphthalene (DHN) and are known as DHN-melanins;
the biosynthetic pathway which furnishes DHN has been termed
the pentaketide pathway (2). The biosynthesis of DHN-mela-
nin via the pentaketide pathway has been studied intensively.
The late stages of the pathway, in which 1,3,6,8-tetrahydroxy-
naphthalene (4HN) is converted in succession to scytalone,
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TABLE 1. Comparison of erythritol production and melanin
formation by T. corallina with various melanin
biosynthesis inhibitors in flask cultures”

Erythritol (g/liter) at inhibitor

concn (mg/liter): Melanin

Inhibitor (mg/liter)®
0 1 5 10 20 30 40
None (control)® 54.8 60.5
Arbutin 436 194 162 71 — — — —
Kojic acid 512 230 164 73 — — — —
EDTA 54.0 552 555 533 523 485 18.8 60.0
Niacin 534 550 532 546 54.1 488 439 59.8
Hydroquinone 53.3 529 54.6 547 53.8 534 52.6 58.5
Tricyclazole 545 624 66.8 692 82.7 752 64.7 12.3
Phthalide 534 55.6 584 66.1 65.6 58.6 51.5 16.4
Pyroquilon 552 603 672 70.5 63.5 544 451 159

“ Each value represents the mean of triplicate measurements and varied from
the mean by not more than 10%.

® Ethanol (0.1%, vol/vol) without inhibitors was added to the medium.

¢ The concentration of melanin biosynthesis inhibitors was set at 30 mg/liter.

4 __ not detectable.

vermelone, and DHN, are well understood (24, 26, 45, 46, 47).
The tyrosine ring represents a second source of precursor mol-
ecules, either by itself or as dihydroxyphenylalanine (DOPA),
and since the oxidized product of DOPA, dopaquinone, is able
to cyclize to form a 5,6-dihydroxyindole ring, tyrosine or
DOPA melanin typically contains indole rings.

Many microorganisms accumulate melanin (2, 5, 8, 29, 31),
which can account for a major portion of the dry weight of the
cell. Although melanins impede the recovery of some metab-
olites, such as sugar alcohols and antibiotics, relatively little is
done to minimize melanin production during culture, and little
is known about the effects of melanin on sugar alcohol pro-
duction. We reported previously that erythritol production was
improved by controlling the glucose concentration in a fed-
batch culture of 7. corallina (25) and by supplementing the
culture with inositol, phytic acid (21), and Mn** and Cu**
(20). The inhibition and effects of by-products, such as mela-
nin, however, have not yet been studied.

In this study, we decreased melanin production by using
melanin biosynthesis inhibitors. Thus, we attempted to facili-
tate erythritol purification while increasing overall erythritol
production by blocking the carbon flow into melanin synthesis.
We discovered that DHN-melanin was a major by-product of
erythritol production by T. corallina. We quantified DHN-
melanin production during the fermentation process and ex-
amined its effect on the activity of erythrose reductase, a key
enzyme in erythritol biosynthesis.

MATERIALS AND METHODS

Microorganism, media, and chemicals. T. corallina was isolated from a 40%
sucrose solution at the Bolak Co. R&D Center (Osan, Korea) (17). Growth
medium (200 g of glucose and 10 g of yeast extract per liter) was used for initial
shake flask cultivation at 30°C. The production medium contained 200 g of
glucose, 10 g of yeast extract, 10 mg of MnSO, - 4H,0, and 2 mg of CuSO, -
5H,O per liter (20) and melanin biosynthesis inhibitors (Table 1). Medium
components were purchased from Difco (Detroit, Mich.) and Wako Pure Chem-
ical Industries (Osaka, Japan). The DOPA-melanin biosynthesis inhibitors such
as niacin, hydroquinone, and kojic acid were purchased from Sigma Chemical
Co. (St. Louis, Mo.). Tricyclazole, pyroquilon, and phthalide were obtained from
Eli Lilly Research Laboratories (Greenfield, Ind.), Ciba-Geigy Ltd. (Basel, Swit-
zerland), and Kureha Chemical Ind. Co. Ltd. (Tokyo, Japan), respectively. Tri-
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cyclazole and pyroquilon were dissolved in ethanol. The concentration of ethanol
in the culture medium was not more than 0.1% (vol/vol).

Culture conditions. A single colony of 7. corallina was inoculated into a
20-mm-diameter test tube containing 5 ml of growth medium and incubated for
48 h at 30°C with agitation at 250 rpm. Five milliliters of the broth was trans-
ferred to a 500-ml baffled flask containing 100 ml of growth medium, and the
culture was incubated at 30°C and 250 rpm for 24 h. This seed culture was then
transferred into a baffled flask. Flask experiments were performed with 500-ml
baffled flasks that contained 100 ml of production medium, and the cultures were
grown at 34°C and 250 rpm in the dark for 144 h. The initial pH of the production
medium was adjusted to 5.5 (17).

Isolation and determination of melanins. Cells were harvested from the cul-
ture broth by centrifugation, and the supernatant was assayed for extracellular
melanin and melanogenic enzyme activity. Melanin pigment in the culture su-
pernatant was determined by measuring the Asgs in a Beckman DU30 spectro-
photometer (26).

Cell wall-associated melanin was extracted as described previously (33, 43).
Melanized and nonmelanized 7. corallina cells were collected from a 5-day-old
culture, washed once with 1.0 M sorbitol in 0.1 M sodium citrate (pH 5.0), and
resuspended in 5 ml of the same solution. Novo-zyme 234 was added to the cell
suspension at a concentration of 10 g per liter, and the suspension was incubated
for 1 h at 30°C to generate protoplasts. The protoplasts from melanized and
nonmelanized cells were collected by centrifugation and suspended in 4 M
guanidinium isothiocyanate for 30 min at room temperature. The cell debris was
collected by centrifugation and suspended in 6 N HCI for 30 min at 100°C. After
guanidinium isothiocyanate and HCI treatments, the nonmelanized cells dis-
solved completely. However, a black pellet remained in the melanized cells. The
black pellet contained particulate material that was dialyzed against distilled
water for 10 days and lyophilized. Although the purity of the melanin could not
be established unequivocally because of the lack of knowledge about the struc-
ture of any melanin, the melanins used in this study consistently gave the same
C/N/O ratios for the same melanin in quantitative analyses that were carried out
according to the methods of Rosas et al. (34), which strongly suggests that the
preparations were free of other cellular components. Carbon and nitrogen quan-
titative analysis was performed with a Perkin-Elmer 2400 CHN elemental ana-
lyzer (PerkinElmer, Shelton, Conn.).

Cell extract preparation and membrane isolation. Cells from the culture broth
were harvested by centrifugation. After washing with 0.1 M Tris-HCI buffer (pH
7.8), cells were resuspended in disruption buffer containing 20 mM Tris-HCI (pH
7.8), 10 mM MgCl,, and 1 mM phenylmethylsulfonyl fluoride. The cell suspen-
sion was disrupted by grinding with glass beads (0.5 mm in diameter; Sigma
Chemical Co.). The cell extract was obtained by removing the ruptured cells by
centrifugation at 10,000 X g for 30 min and used for the determination of
erythrose reductase activity and melanogenic enzyme activity. The membranes
were isolated by ultracentrifugation of lysates at 100,000 X g for 2.0 h, suspended
in 20 mM Tris-HCl buffer (pH 7.8), and then subjected to successive washes with
buffer containing 1.0, 2.0, and 4.0 M NaCl. After each wash, the suspension was
centrifuged for 2 h at 100,000 X g, and the membrane fraction was resuspended
to a protein concentration of 12 mg/ml in buffer without NaCl. n-Dodecyl-B-p-
maltoside (1.5%, wt/vol) was then added, and the membranes were extracted
with a tissue homogenizer and centrifuged at 120,000 X g for 2.0 h, and the
supernatant was used for further analysis (41).

Purification of erythrose reductase. Cell extracts were fractionated by ammo-
nium sulfate precipitation. The fraction precipitated by between 40 and 70%
saturation with ammonium sulfate was collected by centrifugation and dissolved
in 50 mM Tris-HCI buffer (pH 7.8). Following removal of insoluble material by
centrifugation at 10,000 X g for 1 h, the enzyme solution was dialyzed against the
same buffer at 4°C for 24 h. Dialyzed enzyme solution was placed on a DEAE-
Toyopearl 650S column (1.4 by 20 cm) equilibrated with 50 mM Tris-HCl buffer
at pH 7.8. Protein was eluted by a linear 0 to 0.5 M NaCl gradient in the same
buffer. The active fractions were pooled. The enzyme solution was put on a
Cibacron Blue 3GA affinity column (1.4 by 20 cm) which had been equilibrated
with the same buffer. The column was eluted with a linear gradient of 0 to 1 M
NaCl in the same buffer. The active fractions were pooled, concentrated, and
dialyzed against the same buffer, concentrated with Centricon (Amicon, Bedford,
Mass.), and then used as the purified enzyme in the following experiments.

Enzyme assay. Trihydroxynaphthalene reductase (3HNR) activity was assayed
by the method of Jordan et al. (16). The assay mixture (I ml total volume)
contained 100 mM morpholinepropanesulfonic acid (MOPS)-NaOH, 0.1 mM
NADPH, the 3HNR enzyme extract (0.1 ml), and 20 wM phenanthrene quinone
(PQ), at pH 7.0 and 25°C. Dimethyl sulfoxide (5 wl) was added, in the absence
or presence of inhibitor, 10 s before the reactions were initiated with PQ in 5 pl
of dimethyl sulfoxide. The initial rates were determined by monitoring NADPH
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consumption at 340 nm with a spectrophotometer. One unit of enzyme repre-
sents the amount of enzyme that caused an initial rate of decrease of 1 pmol of
NADPH per minute.

Laccase activity was assayed with syringaldazine as the chromogenic substrate
(28). Syringaldazine was added to the crude cellular extracts, and the solution
was incubated at 37°C for 10 min. Laccase activity was measured as the oxidized
product of syringaldazine at an absorbance of 525 nm. One unit was defined as
the amount of enzyme that oxidized 1 pmol of syringaldazine per min at 37°C.

Peroxidase activity was measured by the assay method with 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) as the substrate (7). Peroxidase
samples (20 pl) were added to a spectral cuvette with a 1-cm optical path length
containing 0.91 mM ABTS in 0.1 M phosphate buffer (pH 7.0) and 2.5 mM H,0,
in a final volume of 2 ml. The rate of change in absorbance at 403 nm was
measured spectrophotometrically at 25°C. One unit of enzyme represented the
amount of enzyme that caused an initial rate of decrease of 1 wmol of ABTS per
min.

Erythrose reductase activity was determined by either monitoring the oxida-
tion of NADPH in a spectrophotometric cuvette at 340 nm and 37°C (6) or
measuring erythrose and erythritol directly in the reaction mixture by high-
pressure liquid chromatography (HPLC) coupled to a Bio-LC ED50A electro-
chemical detector (Dionex, Calif.). The cuvette for spectrophotometric assay
contained 0.5 ml of 50 mM Tris-HCI buffer (pH 7.8), 0.1 ml of 0.1 M 2-mercap-
toethanol, 0.1 ml of enzyme solution, and 0.2 ml of 3.4 mM NADPH. This
reaction mixture was allowed to stand for 1 min to eliminate the endogenous
oxidation of NADPH. The reaction was started by the addition of 0.1 ml of 0.2
M p-erythrose. One unit of enzyme represents the amount of enzyme that caused
an initial rate of decrease of 1 wmol of NADPH per minute. Activities are
expressed as units per milligram of protein. All of the spectrophotometric assays
were performed with a Beckman model DU3 spectrophotometer. Tricyclazole
and melanin were dissolved in ethanol and NaOH, respectively. Ethanol (0.1%,
vol/vol) and NaOH (5 mM) in the reaction mixture were confirmed not to
interfere with the assay procedure.

PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed as described by Laemmli (19). Native PAGE was per-
formed on a 10% polyacrylamide gel without SDS. Protein bands were stained
with Coomassie brilliant blue R250. Erythrose reductase activity staining on the
polyacrylamide gel was done by use of a modification of the procedure of Birken
(4). The staining mixture used for the detection of NADP-erythritol activity
consisted of 40 ml of 0.1 M Tris-HCl buffer (pH 7.8), 25 mg of tetranitroblue
tetrazolium, 3 mg of phenazine methosulfate, 30 mg of NADP, and 2 ml of 0.5
M erythritol. Gels were incubated in appropriate activity staining solution for 15
min, washed in water, and stored in 7% acetic acid.

Analytical methods. Protein concentrations were determined by the method of
Lowry et al. (22) with bovine serum albumin as the standard. The concentrations
of erythritol and glucose were determined by HPLC coupled to a refractive index
detector (model 2410; Waters, Milford, Mass.) and a KR100-10NH, column (4.6
by 250 mm; Kromasil, Sweden). The mobile phase was acetonitrile-water (80:20,
vol/vol), and the flow rate was 1.5 ml/min. The intracellular levels of tricyclazole
were measured by HPLC coupled to a UV detector (model 486; Waters) on a
Wakosil-IT 5C18 AR column (4.6 by 150 mm; Wako, Japan). Water and aceto-
nitrile were used as the mobile phase in gradient mode (0 to 15 min, CH;CN 30
to 60%; 15 to 20 min, CH;3CN 60%). For chromatographic standards, the mel-
anin metabolites flaviolin and 2-hydroxyjuglone were synthesized as described
previously (45). Then the culture extracts were analyzed for the presence of
flaviolin and 2-hydroxyjuglone by ethyl acetate extraction and thin-layer chro-
matography as described previously (44).

RESULTS

Effect of melanin biosynthesis inhibitors on erythritol pro-
duction. Reduced formation of melanin during 7. corallina
fermentation is desirable because melanin is a contaminating
by-product that both lowers the yield of erythritol and inter-
feres with its purification. In order to inhibit melanin biosyn-
thesis and to increase erythritol production, various melanin
biosynthesis inhibitors (DOPA-melanin and DHN-melanin in-
hibitors) were added to separate flasks containing production
medium, which consisted of 200 g of glucose, 10 g of yeast
extract, 10 mg of MnSO, - 4H,0, and 2 mg of CuSO, - 5SH,O
per liter (20). Supplementation with DOPA-melanin inhibitors
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such as arbutin (23), kojic acid (23), EDTA (2), niacin (42),
and hydroquinone (23) decreased erythritol production but
had no effect on melanin production in T. corallina cultures.

The reduced production of erythritol caused by DOPA mel-
anin inhibitors seemed to be the result of decreased growth of
T. corallina. On the other hand, supplementation with DHN-
melanin inhibitors, such as tricyclazole, phthalide, and pyro-
quilon (44), increased erythritol production significantly (Ta-
ble 1). The optimal concentrations of tricyclazole, phthalide,
and pyroquilon that gave reductions in melanin formation and
increases in erythritol production were found to be 30, 30, and
20 mg per liter, respectively. Among the melanin biosynthesis
inhibitors tested, tricyclazole was the most effective compound
in terms of decreased formation of melanin and increased
erythritol production. Cultures that were supplemented with
concentrations of up to 10 mg of tricyclazole per liter were
black at stationary phase, while the black color did not appear
(or the medium turned pale brown) at concentrations above 10
mg of tricyclazole per liter. This suggests that tricyclazole in-
hibited the formation of melanin in 7. corallina cultures.

Melanization of 7. corallina cultures in the presence and
absence of tricyclazole. Treatment with 4 M guanidinium iso-
thiocyanate dissolved the majority of the nonmelanized cells
but did not dissolve the melanized cells. Since melanin is highly
insoluble and resistant to detergents, the melanized cells were
resistant to solubilization due to the melanin in their cell walls.
Since melanins are also resistant to acid hydrolysis, we digested
the guanidinium isothiocyanate-treated melanized and non-
melanized cells with hot 6 N HCIL. This treatment resulted in
complete solubilization of the cell debris from nonmelanized
yeast cells but not of the black particulate material that re-
mained from melanized cells. Five-day-old cultures of 7. cor-
allina were grown at 34°C in the presence and absence of 30 mg
of tricyclazole per liter, then washed, and divided in half. One
portion was lyophilized to obtain the dry cell weight, and the
other portion was treated with guanidinium isothiocyanate and
HCI for the preparation of particulate melanin. From calcula-
tions of the weight of the lyophilized particulate melanin ma-
terial divided by the weight of lyophilized cells, we estimated
that melanin constituted 11.2% (112 mg) and 0.9% (9 mg) of
the dry weight of the cells (1 g) in the absence and presence of
30 mg of tricyclazole per liter, respectively.

Elemental quantitative analyses were performed to deter-
mine the relative elemental composition of the melanins. The
absence of nitrogen (<0.1% N) in melanin was confirmed by
elemental analysis. Tricyclazole inhibits two reductase reac-
tions in the melanin pathways of fungi (Fig. 1). One of the
reactions reduces 1,3,6,8-4HN to scytalone, and the other re-
duces 1,3,8-3HN to vermelone. Inhibition of these steps causes
the accumulation of melanin intermediates and the shunt
product (38). In the present study, 7. corallina cultures were
treated with tricyclazole to block melanin biosynthesis. The
culture medium turned pale brown, and small amounts of
flaviolin, which is a shunt product of the DHN-melanin path-
way, were detected by the procedure described previously (40).
Though this level of flaviolin cannot account for the carbon
flux that does not make it to melanin, shunt metabolites, such
as flaviolin and 2-hydroxyjuglone, are considered to be indica-
tors of pentaketide melanin biosynthesis, since they have been
observed in virtually all species of tricyclazole-treated fungi in
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FIG. 1. Proposed erythritol biosynthetic pathway (15, 33, 37) and the pentaketide pathway for melanin biosynthesis in fungi (25, 42, 43, 44).
P, phosphate; CoA, coenzyme A; TCA, tricarboxylic acid; 4HNR, tetrahydroxynaphthalene reductase; 2-HJ, 2-hydroxyjuglone.

which melanin biosynthesis occurs via the DHN pathway (2, 5).
Our findings that (i) only DHN inhibitors inhibited melanin
formation, (ii) flaviolin accumulated in tricyclazole-treated cul-
tures, and (iii) melanin lacked nitrogen suggest that the mel-
anin that accumulated during 7. corallina culture was derived
from the pentaketide pathway.

Increased erythritol production in the presence of supple-
mental tricyclazole. Flask cultures were performed in produc-
tion medium containing various concentrations of tricyclazole
(0 to 50 mg per liter) to investigate the effects of tricyclazole on
cell growth, erythritol production, and melanin production.
Tricyclazole supplementation decreased the cell mass but in-
creased erythritol production, which peaked at 30 mg of tricy-
clazole per liter (Table 2). At 50 mg of tricyclazole per liter,
cell growth was significantly decreased and about 40 g of glu-
cose per liter remained after 120 h, while the glucose was
completely consumed in cultures that contained up to 30 mg of
tricyclazole per liter. The observed decrease in erythritol pro-
duction at 50 mg of tricyclazole per liter compared to produc-
tion at 30 mg per liter may have been due to a sharp decrease
in cell growth.

Time course experiments were performed to investigate in

more detail the effects of tricyclazole on the production of
erythritol and melanin. A control culture that lacked the mel-
anin biosynthesis inhibitor and a culture that contained 30 mg
of tricyclazole per liter were established (Fig. 2). There were

TABLE 2. Effect of tricyclazole on cell mass, erythritol production,
and melanin formation in 7. corallina cultures”

Mean + SD
Tricylazole Melanin concn
(mg/liter) Cell mass  Erythritol concn
(g/liter) (g/liter) Intracellular Extracellular
(mg/g of protein) (mg/liter)
0.0 16.7 = 1.1 544 +42 20.7 = 1.8 60.4 = 5.6
1.0 164 = 1.3 54.0 = 4.8 193+ 1.7 56.1 £52
5.0 16.5 €09 62.1 £5.0 16.7 £ 1.2 454 4.0
10.0 163 £ 1.1 66.2 £5.2 13.4 0.9 36.8 = 2.7
20.0 15.8 0.7 73.0 £ 6.5 7.1%x0.6 20.8 = 1.6
30.0 149 €09 82.6 7.0 43+04 12.6 = 1.1
40.0 13.0 £ 1.1 75.1 = 6.0 34+03 8.7+09
50.0 112 £ 1.0 63.8 5.1 31+03 7.6 0.7

“ Values are means for triplicate samples.
® Ethanol (0.1%, vol/vol) without tricyclazole was added to the medium.
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FIG. 2. Cell growth, glucose consumption, erythritol production, and DHN-melanin formation in a culture without tricyclazole (A) and with
30 mg of tricyclazole per liter (B) by 7. corallina. Symbols: @, cell growth; O, erythrose reductase; ¥, glucose consumption; m, erythritol production;
0, melanin formation. Each value represents the mean of triplicate measurements and varied from the mean by not more than 10%. Ethanol
(0.1%, vol/vol) without tricyclazole was added to the control culture (A).

no significant differences in glucose consumption between the
two cultures. The cultures without tricyclazole exhibited a
slightly higher cell growth, which suggests that tricyclazole in-
hibits the growth of T. corallina. The erythritol level in the
culture with tricyclazole was approximately the same as that in
the culture without tricyclazole for the first 40 h. After 40 h of
culture, erythritol production in the culture with tricyclazole
(Fig. 2B) was significantly enhanced, whereas melanin forma-
tion was noticeably suppressed from early growth phase com-
pared with the culture that lacked tricyclazole (Fig. 2A). The
decrease in erythritol production and erythrose reductase ac-
tivity seemed to be correlated with the increase in fungal mel-
anin formation (Fig. 2A). The final concentration of erythritol
that was produced in the presence of supplemental tricyclazole
increased by 52%, while the final melanin concentration was
reduced to 19%.

Effect of tricyclazole on melanin and erythritol biosynthetic
enzymes during cell culture. The effects of tricyclazole on
melanin and erythritol biosynthetic enzymes such as 3HNR,
laccase, peroxidase, and erythrose reductase were determined
for cultures of T. corallina. The activity of 3HNR, an enzyme
involved in DHN-melanin biosynthesis, was much lower in
cultures containing 30 mg of tricyclazole per liter than in con-

trol cultures. The concentration of tricyclazole in the cell ex-
tracts of the cultures treated with 10, 20, 30, and 50 mg of
tricyclazole per liter was 0.37, 0.87, 1.28, and 1.92 mg per liter,
respectively. 3HNR activity decreased as the intracellular level
of tricyclazole increased. Although other reductases besides
3HNR may be partially involved in the reduction of PQ, this
result is consistent with the mechanism that tricyclazole inhib-
its 3HNR dose dependently (37).

Laccase and peroxidase polymerizing DHN into DHN-mel-
anin also showed lower activities (Table 3). Laccase and per-
oxidase in the assays treated with 5.0 mg of tricyclazole per liter
showed 45 and 40%, respectively, of the activity of the enzymes
in the assay not treated with tricyclazole. Although the assays
were carried out with the crude enzymes, the results suggest
that tricyclazole may inhibit the enzymes in 7. corallina. Fur-
ther investigation with purified laccase and peroxidase from 7.
corallina is required to understand the mechanism by which
tricyclazole inhibits the enzymes. On the other hand, the ac-
tivity of erythrose reductase, which converts erythrose to eryth-
ritol, increased with increasing concentrations of tricyclazole.
The specific activity of erythrose reductase peaked at 50 mg of
tricyclazole per liter, whereas the total reductase activity was
maximal at 30 mg of tricyclazole per liter. Since the specific
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TABLE 3. Effect of tricyclazole on the activity of enzymes involved
in melanin and erythritol biosyntheses in 7. corallina cultures®

Mean sp act (U/mg of protein) = SD

Tricycllazole
(mg/liter) 3HNR Laccase Peroxidase Ery thrO?e
reductase
0.0 454 €27 375%x26 3978278 1.84 £0.10
10.0 133+0.6 331*x23 2889x173 1.75*0.13
20.0 7305 273*+19 1973138 1.90 £0.16
30.0 21+x02 187*x13 1393 =111 237x0.20
50.0 1.2+0.1 126 1.0 1278 £10.2 258 £0.19

“ Values are means for triplicate samples.
® Ethanol (0.1 %, vol/vol) without tricyclazole was added to the medium.

activity multiplied by the cell concentration gives the total
activity, the lower concentration of cells at 50 mg of tricyclazole
per liter resulted in a lower value for the total erythrose re-
ductase activity. Therefore, erythritol production was maximal
at 30 mg of tricyclazole per liter, as shown in Table 2.

Purification of erythrose reductase. Crude extracts of 7.
corallina were prepared from 4-day-old cultures, which had
high levels of erythrose reductase. Fractionation with ammo-
nium sulfate increased by twofold the specific activity of
erythrose reductase, with 76% recovery of activity. The active
fractions were applied to a DEAE-Toyopearl 650S column,
and erythrose reductase was eluted with a 0 to 0.5 M NaCl
linear gradient. The erythrose reductase activity was recovered
at approximately 0.2 M NaCl. Three peaks with protein con-
tent and one peak with erythrose reductase activity were re-
solved by Cibacron Blue 3GA affinity column chromatography
(data not shown). The first large peak and the third peak did
not have erythrose reductase activity, whereas the second small
peak, which eluted as a single peak at approximately 0.7 M
NaCl, showed erythrose reductase activity.

The active fractions were collected, concentrated, and dia-
lyzed in a stirred cell (Amicon, Bedford, Mass.). The chro-
matographic procedure resulted in a 53.5-fold purification of
erythrose reductase, a recovery rate of 10.8%, and specific
activity of 13.8 units/mg of protein. As shown in Fig. 3, the
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FIG. 3. (A) SDS-PAGE (10% acrylamide) shows a homogeneous
enzyme preparation after the final purification step. Lane 1, molecular
size markers; lane 2, purified erythrose reductase. (B) Native PAGE of
the fraction obtained by affinity chromatography. (B-a) In vitro activity
staining after native PAGE. Arrowheads indicate the erythrose reduc-
tase.
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FIG. 4. HPLC analysis of the reaction products of 7. corallina
erythrose reductase to determine enzyme inhibition by DHN-melanin.
The enzyme (1 U) was incubated in a mixture of buffer and erythrose
(1 mM) at 37°C for 1 min without (A) and with 30 pg of melanin per
ml (B). The reaction mixture was diluted, filtered through a 0.2-pm-
pore-size membrane, and subjected to HPLC analysis (Bio-LC ED50A
electrochemical detector, Bio-LC Quaternary Gradient Pump, Car-
boPacTM MALI column; Dionex). The sample was eluted isocratically
with 500 mM aqueous NaOH at a flow rate of 0.4 ml/min. The peaks
were assigned based on the retention times of the standard samples.
nC, nanocoulomb. (C) Effect of tricyclazole (@) and DHN-melanin
(O) on the activity of purified erythrose reductase from 7. corallina.
Tricyclazole and DNH-melanin were dissolved in ethanol and NaOH,
respectively. Control experiments (0.1% ethanol or 5 mM NaOH)
without inhibitor were performed.

purified enzyme produced a single protein band by PAGE in
both the presence (A) and absence (B) of SDS. The molecular
weight of the erythrose reductase as determined by SDS-
PAGE and gel filtration chromatography on a Shodex Protein
KW-802.5 (Shiseido, Tokyo, Japan) column attached to an
HPLC system was 35.4 kDa and 71.0 kDa, respectively, indi-
cating that the enzyme is homodimeric. Activity staining (4) of
the nondenaturing gel showed a single band with the same
mobility as that of the protein band (Fig. 3B-a). These results
indicate that the purified enzyme is homogeneous. This en-
zyme solution was used in the erythrose reductase activity
assays.

Effects of tricyclazole and DHN-melanin on erythrose re-
ductase. Erythritol production was significantly inhibited when
the concentration of melanin exceeded 20 mg per liter (Fig. 2).
In order to investigate in detail the role of tricyclazole and
melanin in erythritol production, the in vitro activity of purified
erythrose reductase was assayed in reaction mixtures that con-
tained increasing concentrations of tricyclazole or DHN-mel-
anin (Fig. 4). Erythrose reductase activity remained unchanged
with increasing concentrations of tricyclazole but was inhibited



VoL. 69, 2003
08
€
F 061
[
<
o
£
& 04
£
3
£
E 02
2
00 Z T T
0.00 025 0.50 0.75
1/[Ervthrosel (mM™)

FIG. 5. Lineweaver-Burk plots of inhibition of erythrose reductase
by DHN-melanin in 7. corallina. Symbols: @, without DHN-melanin;
A, with 10 mg of DHN-melanin per liter; O, with 20 mg of DHN-
melanin per liter. Each value represents the mean of triplicate mea-
surements and varied from the mean by not more than 10%.

significantly as the concentration of DHN-melanin increased
(Fig. 4). DHN-melanin inhibitors such as tricyclazole, phtha-
lide, and pyroquilon did not affect enzyme activity when added
at concentrations of 10 to 50 mg per liter. These results suggest
that the supplementation of 7. corallina cultures with tricycla-
zole, phthalide, and pyroquilon did not directly affect the ac-
tivity of erythrose reductase.

DHN-melanin was found to be an inhibitor of erythrose
reductase. Since DHN-melanin inhibits erythrose reductase,
erythrose can accumulate in cultures not treated with tricycla-
zole. Erythrose, however, did not accumulate in the cultures
not treated with tricyclazole, as determined by HPLC coupled
to a Bio-LC EDS50A electrochemical detector (Dionex), prob-
ably because intracellular erythrose formed via the pentose
phosphate pathway is recycled through the pentose phosphate
pathway and consumed to synthesize several biomaterials such
as aromatic amino acids and vitamin B,

The cellular location of the enzyme was investigated as pre-
viously described (41). Approximately 43.6% (4.8 U of total
activity, 0.045 U/mg of protein) and 56.4% (6.2 U of total
activity, 0.032 U/mg of protein) of the erythrose reductase were
found in the cytoplasm and membrane fraction, respectively.
The distribution of the erythrose reductase activity between
the cytoplasm and membrane fractions probably indicates that
the enzyme is weakly bound to the membrane. Although fur-
ther study is required to fully elucidate how melanin contacts
the erythrose reductase, these results imply that melanin can
contact the enzyme near the membrane.

The kinetic parameters of erythrose reductase were deter-
mined by initial rate determination followed by Lineweaver-
Burk plotting. The K,,, and V,,,, values for the reduction of
erythrose in the plot were found to be 7.12 mM and 26 pmol/
min per mg of protein, respectively. The effect of DHN-mela-
nin concentration on erythrose reductase inhibition was stud-
ied with a Lineweaver-Burk plot. In vitro assays demonstrated
that DHN-melanin specifically inhibited erythrose reductase in
a noncompetitive manner and that the K; value for DHN-
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melanin was 12.5 mg per liter by the secondary plot for non-
competitive inhibition with erythrose (Fig. 5).

DISCUSSION

Many organisms produce melanin as a metabolic by-product
of oxidative metabolism. Certain fungi produce significant
quantities of melanin, which can account for a major part of
the dry weight of the cell, e.g., as much as 30% for spores of
Agaricus bisporus (31) and 15% for cells of Cryptococcus neo-
formans (43), which represents a considerable pressure on ma-
terial and energy resources. Melanin is suggested to play an
important role in the pathogenesis of infections caused by
certain pathogenic fungi. Although melanin accumulates to
high levels extracellularly or within cell walls and the melanin
biosynthetic pathway has been uncovered in various species,
most studies have been conducted into its role in pathogenesis.
Few studies have been conducted into the effect of melanin on
the production of useful metabolites, such as erythritol.

We report here that the DHN pathway in 7. corallina is
responsible for cell wall melanization and the inhibition of a
key enzyme in erythritol production. DHN-melanin is present
in many fungi and originates from acetate via the pentaketide
pathway (Fig. 1) (2, 29, 45, 46). The starting molecule of the
pentaketide (DHN-melanin) pathway, 4HN, is formed by the
head-to-tail joining and cyclization of acetate molecules. Thus,
the inhibition of DHN-melanin formation should allow the
conservation of acetyl-coenzyme A for use elsewhere, for ex-
ample, in the supply of maintenance energy and reduction
equivalent [NAD(P)H] and in the metabolic scheme for eryth-
ritol production (Fig. 1), thereby facilitating the efficient pro-
duction and purification of erythritol.

Catabolite inhibition is a general phenomenon, even though
the scale of the inhibitory effects varies widely. The inhibition
of by-product formation during biosynthetic processes has at-
tracted interest as a way to minimize the effects of catabolite
repression. Large amounts of melanin accumulate in 7. coral-
lina cultures during the production of erythritol. Furthermore,
the levels of melanin are reduced significantly in cultures that
are supplemented with DHN-melanin biosynthesis inhibitors
compared to those of inhibitor-deficient cultures. We have
demonstrated that tricyclazole stimulates the synthesis of
erythritol in T. corallina, and we propose that this stimulatory
effect may be mediated by the inhibition of DHN-melanin,
which is a noncompetitive inhibitor of erythrose reductase.
Regulation of erythritol biosynthesis by DHN-melanin biosyn-
thesis inhibitors (or DHN-melanin levels) has not been re-
ported previously.

We tried to generate a melanin-deficient mutant and com-
pare its erythritol production with that of wild-type 7. corallina
as an alternative approach to adding a chemical inhibitor that
will increase production costs. 7. corallina was mutagenized
with N-methyl-N'-nitro-N-nitrosoguanidine (100 mg per liter).
Many of the mutated cells were morphologically different from
the parent but tended to produce melanin. A few colonies that
showed albino characteristics were isolated, but these mutants
were highly unstable. These results imply that site-directed
mutagenesis with genetic tools rather than chemical mutagen-
esis might be investigated in the future to introduce deficiency
in melanin production as a less toxic means. To this end,
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cloning and characterization of the genes involved in melanin
biosynthesis in 7. corallina should begin.

In conclusion, supplementation of T. corallina cultures with
tricyclazole reduces the production of DHN-melanin, an in-
hibitor of erythrose reductase. As a result, erythrose reductase
activity may be less repressed, which results, at least in part, in
a higher yield of erythritol. To the best of our knowledge, this
is the first report to propose that melanin biosynthesis inhibi-
tors increase the production of erythritol, a sugar alcohol, in
T. corallina. Although DHN-melanin acts as an inhibitor of the
erythrose reductase from 7. corallina, the mechanism by which
DHN-melanin inhibits erythrose reductase in vivo remains to
be investigated. Studies along these lines would provide a bet-
ter understanding of erythritol biosynthesis in microorganisms.
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