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1. Uit het feit dat de oxidatiecapaciteit van Zygosaccbaromyces rouxiiniet geremd wordt
door glucose, concluderen Brown and Edgley (1980) ten onrechte dat Z. rouxii niet
Crabtree positief is.
(Hoofstuk 2en 4van dit proefschrift).

2. Hoewel meestal alginaat wordt gebruikt voor het immobiliseren van sojasaus gisten, is
alginaat niet geschikt voor toepassing in (langdurige) sojasaus processen.
(Hoofstuk 6en 7van dit proefschrift).

3. Het uitblijven van economisch succes in landen als Indonesie en Suriname toont aan,
dat dit succes niet alleen bepaald wordt door de aanwezigheid van natuurlijke
rijkdommen.
4. Het 'messageboxje' van de mail doet een van de grote voordelen van de e-mail, dat je
de mail leest wanneer het je goed uitkomt, teniet.

5. Dat een samenvatting in gewone mensentaal nodig is om wetenschappelijk onderzoek
begrijpbaar te maken voor de gewone mens, geeft bijzonder goed de gei'soleerde
positie van de wetenschapper weer.
(Naar aanleidingvan proefschrift van L.P. Ooijkaas).

6. De objectiviteit van het reviewen van artikelen zou verbeterd kunnen worden door de
namen van de auteurs onbekend te laten voor de reviewers.

7. Door industrie gefinancierde aio's moeten niet alleen het wetenschappelijk belang van
hun onderzoek kunnen aangeven, maar tevens het industriele belang kunnen
verdoezelen voor de buitenwereld.

8. Voedingsmiddelen zijn per definitie functioned en daarom zou de term 'functional
foods' beter veranderd kunnen worden in 'extrafunctional foods'.
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Chapter 1
General introduction

Generalintroduction

Soy s a u c e
Since ancient times soy sauce has been very popular as a food-flavouring agent in the
Orient. Nowadays soy sauce is being used all over the world. Soy sauce is a dark brown
liquid with an aroma suggestive of meat extracts. This liquid is prepared by hydrolysis of
plant materials.

For this hydrolysis a fermentation or chemical process can be used. In the fermentation
process the plant materials are hydrolysed very slowly under mild conditions, whereas the
chemical hydrolysis under more extreme conditions is very fast. Therefore the chemical
soy sauce is less expensive than the fermented one, but the latter is superior in flavour
(Lull, 1995).

Production of fermented soy sauce
The conventional process for production of fermented soy sauce starts with mixing the
raw plant materials, which are soybeans and wheat (Figure 1) (Yong and Wood, 1974;
Beuchat, 1983; Sugiyama, 1984; Fukushima, 1985; Yokotsuka, 1986; Roling, 1995). The
ratio of soybeans to wheat used is dependent on the type of soy sauce. Basically two types
of fermented soy sauce can be distinguished, a Japanese and a Chinese type (Roling,
1995). For the Japanese type approximately equal amounts of soybeans and wheat are
used, whereas wheat is hardly or not used for the Chinese type.

After mixing, Aspergillus species are added to the raw materials in order to start a solidstate fermentation. During the solid-state fermentation, Aspergillus grows and produces
extracellular enzymes, such as proteases and amylases (Yong and Wood, 1977), which
hydrolyze the protein and starch of the soybeans and wheat. In about two daysAspergillus
is grown throughout the mixture of soybeans and wheat.

In the following step of the production, the moulded soybeans and wheat are mixed with
a brine solution of 17% (w/v) salt. In the brine solution the enzymes from Aspergillus go
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on with hydrolyzing the protein and starch of the soybeans and wheat, and consequendy
many amino acids and sugars are formed. These amino acids and sugars are used for the
growth of salt-tolerant lactic-acid bacteria (Tetragenococcushalophild) and yeasts
{Zygosaccharomyces rouxii and Candida versatilis) during the so-called brine fermentation.
Unlike the growth of these desirable micro-organisms, that of undesirable ones is
effectively inhibited by the high salt content of the brine solution (Sugiyama, 1984).
soybeans

wheat

mixed a

Aspergillus species

solid-state fermentation
brine solution
Tetragenococcus halophila
Zygosaccharomyces rouxiib
Candida versatilisb
brine fermentation

soy sauce
Figure 1.Processforproductionoffermentedsoysauce.Superscriptindicates:a:ratioofsoybeanstowheatis
dependentontypeofsoysauce;b:fermentationbyZygosaccharomycesrouxiiandCandidaversatilishardly
occursintheChinesetypeofsoy-sauceproduction,butisveryobviousintheJapanesetypeofsoy-sauce
production.

In the beginning of the brine fermentation the p H is around 7. At this pH T. halophila
grows very fast and produces lactic acid, which decreases the pH. As the p H approaches
5, the growth of T. halophila ceases and fermentation with the yeasts Z. rouxii and
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C. versatilis starts. During this yeast fermentation many flavour components like ethanol,
higher alcohols, 4-hydroxyfuranones and 4-ethylguaiacol are produced.

The extent of the yeast fermentation is dependent on the type of soy-sauce production
(Roling, 1995). In Japanese type of soy-sauce production the yeast fermentation is clearly
present and has a great impact on the flavour of the final product, while it hardly or not
takes place during the Chinese type of soy-sauce production. Instead, in the Chinese type
spices like garlic,ginger and nutmeg are added to give the final flavour.

The difference between the yeast fermentation for both types is caused by the fact that in
the Japanese type a greater ratio of wheat to soybeans is used than in the Chinese type
(Roling, 1995). Wheat is poorer in protein but much richer in starch than soybeans.
Consequendy, the brine solution of the Japanese type contains much more sugars arisen
from the wheat starch than that of the Chinese type. For that reason, after the growth of
T. halophila, in Japanese type plenty of sugars are left for the growth of yeasts and their
flavour production, while at that time no sugars are remaining for the yeast fermentation
in the Chinese type.

Y e a s t flavour formation i n J a p a n e s e s o y s a u c e
Because the flavour components formed by the salt-tolerant yeasts give a characteristic
flavour to Japanese soy sauce, much research has been done to understand the
metabolism of especially Z. rouxii (Sugiyama, 1984; Aoki et al., 1991;Hecquet et al., 1996).
Nevertheless, there is still not so much known about the yeast flavour formation, which
makes it difficult to control.

In addition the flavour formation by the yeasts is very slow and therefore usually more
than 6 months are required to complete the yeast fermentation. The reason for this long
fermentation time is the fact that the metabolic activity of the yeast is low due to the high
salt content of the brine solution (17% (w/v)) (Yong and Wood, 1974). In order to
shorten the fermentation time, a high concentration of yeast cells is needed. For that
reason, much effort has been put into the application of immobilized salt-tolerant yeasts
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(Osaki et al, 1985; Horitsu et al., 1990; Hamada et al., 1991). This resulted in the
development of new continuous immobilized-cell process,which appeared to be 10 times
faster than the conventional process (Iwasaki et al., 1991). In this way the process time
was decreased from 6months to afewweeks (Osaki etal.,1985).
In the new process the salt-tolerant yeasts were mostly entrapped in alginate gel beads.
However, alginate gelis mechanically very weak (Horitsu et al, 1990;Muscat et al, 1996)
and also chemically unstable towards high salt concentrations (Martinsen et al., 1989;
Horitsu et al., 1990). Because of the latter, it is expected that the high salt content of the
brine solution willhave anegative effect on the chemical stability of alginate.Therefore, a
long-term operation with salt-tolerant yeasts immobilized in alginate gel is not feasible
(Horitsu etal., 1990).

Outline of this thesis
In this thesis,research about the flavour formation by salt-tolerant yeasts inJapanese soysauce processes is described. The aim of this research was to obtain more knowledge
about the metabolism of the salt-tolerant yeasts in order to enhance the control of the
flavour formation. By this, the formation of desired flavour components can be
promoted, which offers the possibility to influence the flavour composition of the soy
sauce or to produce specific natural flavour components instead. Another aim of this
thesis was to replace alginate with a chemically crosslinked polyethylene-oxide gel for
immobilizing the salt-tolerant yeasts. In this way, the long-term operation of the
continuous immobilized-cell processwith anaccelerated flavour formation is feasible.
Important yeast-derived flavour components of Japanese soy sauce are the higher
alcohols produced by Z. rouxii. The formation of higher alcohols in Z.rouxii is closely
related to its amino-acid metabolism, in which OC-keto acids are key intermediates.
Therefore, the separate effects of the amino acids threonine, cystathionine and the
branched-chain amino acids on the metabolism of Z. rouxiiwere investigated (Chapter 2
of this thesis).In this chapter, the regulation of the metabolism around (X-ketobutyrate,an
OC-keto acid, is described as well. The regulation of the aspartate-derived amino-acid
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metabolism in Z. rouxii compared to that in Saccharomyces cerevisiae, which was used as
reference yeast all through the thesis, is discussed in Chapter 3. Chapter 4 deals with the
steady-state culture characteristics of Z. rouxii, which were determined with the
acceleration-stat (A-stat) cultivation method that was recendy developed by Paalme and
Vilu (1992). The A-stat cultivation can be much less time-consuming than the usually
used chemostat cultivation, especially when high accelaration rates are applied. The
determination of the highest acceleration rate for estimation of the steady-state culture
characteristics during A-stats with yeasts is reported as well in Chapter 4. The A-stat
cultivation was also used in Chapter 5 to study the concomitant extracellular accumulation
of OC-keto acids and higher alcohols by Z. rouxii. In the following two chapters, the
immobilization of the salt-tolerant yeasts Z. rouxii and C. persati/is in a new polyethyleneoxide gel is described. First the polyethylene-oxide gel was developed and characterized
(Chapter 6), and after that the newly developed gel was applied in a continuous stirredtank reactor for flavour production (Chapter 7). Finally, in the last chapter of this thesis,
recent advances in the research about the yeast flavour formation in Japanese soy-sauce
processes are reviewed.
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Chapter 2
Effect of threonine, cystathionine, and the branched-chain amino
acids on the metabolism of Zygosaccharomyces rouxii

Abstract
Zygosaccharomyces rouxii is an important yeast in the formation of flavour in soy sauce. In
this study we investigated the separate effects of exogenous threonine, cystathionine and
the branched-chain amino acids on the metabolism of Z. rouxii. The addition of these
amino acids had significant effects on both Z. rouxii growth and glycerol and higheralcohols production. It also appeared that Z. rouxii displayed the Crabtree effect, which
was independent of the added amino acids. Furthermore, we investigated the regulation of
the metabolism of OC-ketobutyrate, which is a key intermediate in Z. rouxii amino-acid
metabolism. Threonine and cystathionine were introduced separately in order to stimulate
the formation rate of (X-ketobutyrate and the branched-chain amino acids to inhibit its
conversion rate. Enzyme activities showed that these amino acids had a significant effect
on the formation and conversion rate of OC-ketobutyrate but that the OC-ketobutyrate pool
size in Z. rouxiiwas in balance all the time. The latter was confirmed by the absence ofOCketobutyrate accumulation.

This chapter has been published as:vander Sluis C,WolkenWAM,Giuseppin MLF,TramperJ,
Wijffels RH.2000. Effect ofthreonine,cystathionine, andthe branched-chain amino acids onthe
metabolism of Zygosaccharomyces rouxii.Enzyme MicrobTechnol26:292-300.
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Introduction
Zygosacchanmyces rouxii, a salt-tolerant yeast, is important for the flavour development in
soy sauce. In soy sauce, Z. rouxii produces ethanol, higher alcohols and 4-hydroxy-2(or 5)ethyl-5(or 2)-methyl-3(2H)-furanone (HEMF). H E M F is considered as one of the
important compounds for soy-sauce flavour (Nunomura et al, 1976). Much research has
been done to understand the biosynthesis of these flavours by Z. rouxii (Aoki and Uchida,
1991a; Aoki and Uchida, 1991b; Yoshikawa et al., 1995). Nevertheless, there is still a lack
of knowledge about the metabolism of Z. rouxii. For this reason, we are studying the
metabolism of Z. rouxiiin order to gain more insight into it. To facilitate this, we assumed
in this work, unless otherwise stated, that Z. rouxii and Saccharomyces cerevisiae share
common metabolic pathways. The found differences and similarities between the
metabolism of Z. rouxii and S. cerevisiae are amply discussed.

In our research, we are especially interested in the regulation of the OC-ketobutyrate
metabolism in Z. rouxii because OC-ketobutyrate is a key intermediate in the amino-acid
metabolism of S. cerevisiae (Figure 1). In S. cerevisiae, some OC-ketobutyrate is needed for the
synthesis of isoleucine but intracellularly accumulated OC-ketobutyrate might inhibit the
growth as shown in Salmonellatyphimurium (Shaw and Berg, 1980; Primerano and Burns,
1982) and Corynebacteriumglutamicum (Eggeling et al, 1987). In this work, we studied the
regulation of OC-ketobutyrate metabolism in Z. rouxii at the enzyme level. We did this by
increasing the formation rate of OC-ketobutyrate or decreasing its conversion rate.

In S. cerevisiae, OC-ketobutyrate arises in the biosynthesis of at least two amino acids, namely
isoleucine and cysteine, as can be seen in Figure 1 (Jones and Fink, 1982). In the
isoleucine biosynthesis, the first enzyme is threonine deaminase (L-threonine hydro-lyase
[deaminating]; EC 4.2.1.16) which catalyzes the deamination of threonine to OCketobutyrate and ammonia. In the transsulfuration pathway for synthesizing cysteine,
cystathionine y-lyase (L-cystathionine cysteine-lyase [deaminating]; EC 4.4.1.1) catalyzes
the deamination of cystathionine to cysteine, OC-ketobutyrate and ammonia. The enzyme
acetohydroxy acid synthase (acetolactate pyruvate-lyase [carboxylase]; EC 4.1.3.18)
catalyzes the flow of OC-ketobutyrate and pyruvate towards isoleucine by forming OC-aceto-
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OC-hydroxybutyrate. The same enzyme also catalyzes the flow of two molecules pyruvate
towards valine and leucine by forming Ct-acetolactate.
threonine

cystathionine

cysteine
ammonia
a-ketobutyrate-

pyruvate

n-propanol

pyruvate
3
A

oc-acetoa-hydroxybutyrate

a-acetolactate

"
a-ketoP-methylvalerate

a-ketoisovalerate

isobutyl
alcohol

It
valine

isoamyl
alcohol

active
-»• amyI
alcohol

isoleucine

a-ketoisocaproate

leucine-•
Figure 1.Biosyntheticpathwaysofisoleucine,valine,leucineandcysteineinS.cerevisiae(solidlines).
Enzymes:1:threoninedeaminase;2:cystathioniney-lyase;3:acetohydroxyacidsynthase.Regulationatthe
enzymelevel(dottedlines):+:inductionbythreonine;-:repressionbyisoleucine,valineandleucinetogether.
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In Figure 1, the formation of the higher alcohols n-propanol, isobutyl alcohol, active amyl
alcohol and isoamyl alcohol is also shown (Dellweg and Ketder, 1975). These higher
alcohols are derived either from the deamination or transamination of extracellular amino
acids (Ehrlich pathway) or direcdy from amino-acid biosynthetic pathways. In the Ehrlich
pathway, the uptake and transamination of isoleucine, valine and leucine results in the
formation of respectively OC-keto-p-methylvalerate, OC-keto-isovalerate and OC-ketoisocaproate which are converted into respectively active amyl alcohol, isobutyl alcohol and
isoamyl alcohol. Recendy, it is suggested that the Ehrlich pathway is not the only pathway
involved in the catabolism of the branched-chain amino acids (isoleucine, valine and
leucine) (Dickinson and Dawes, 1992; Derrick and Large, 1993).

A way to increase the formation rate of CC-ketobutyrate is by increasing the specific activity
of threonine deaminase a n d / o r cystathionine y-lyase and to decrease the conversion rate
of OC-ketobutyrate by decreasing the specific activity of acetohydroxy acid synthase (Figure
1). The specific activity of threonine deaminase in S. cerevisiae can be increased by
threonine, which induces the synthesis of threonine deaminase (Ramos and Wiame, 1982).
Whether cystathionine increases the specific activity of cystathionine y-lyase is not known,
because a lack of knowledge about the regulation of cysteine biosynthesis exists in
S. cerevisiae (Jones and Fink, 1982). O n the other hand, it is known that the specific activity
of acetohydroxy acid synthase in S. cerevisiae can be decreased by the branched-chain
amino acids which are all three necessary to repress the synthesis of acetohydroxy acid
synthase (Bussey and Umbarger, 1969; Bollon, 1975).

In the research presented here, the separate effects of threonine, cystathionine and the
branched-chain amino acids on the metabolism of Z rouxii were studied. For this, the
consumption of substrates, growth and production of ethanol, glycerol and higher
alcohols were monitored. Additionally, in order to study the regulation of (X-ketobutyrate
metabolism, the effect of these amino acids on the specific activities of threonine
deaminase, cystathionine y-lyase and acetohydroxy acid synthase in Z. rouxii and the
accumulation of OC-ketobutyrate by Z. rouxiiwere determined.
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Materials a n d m e t h o d s

Yeast strain
Z. rouxii CBS 4021, supplied by the Centraalbureau voor Schimmelcultures (Delft, The
Netherlands), was used in all experiments. The cells were maintained on a mixture of
glycerol and skimmed milk at -80°C.

Inoculum cultures
Inoculum cultures were made in 300 ml Erlenmeyer flasks, containing 100 ml GPY
medium, on a rotary shaker at 28°C and 200 rpm. GPY medium has the following
composition per liter of demineralized water: 40 g glucose.IH2O, 5 g peptone and 5 g
yeast extract. The components were separately autoclaved at 120°C for 20 minutes. The
cells were used for inoculation of the bioreactor when they were in the exponential
growth phase (between 20 and 40 hours cultivation).

Bioreactor cultures
Batch cultures were carried out in a bench-scale autoclavable bioreactor with a maximum
volume of 2 liter. The height and the diameter of the bioreactor were respectively 0.20 and
0.12 m. The bioreactor was stirred using a six-blade Rushton turbine stirrer with a
diameter of 45 mm. The exponentially growing cells from the inoculum culture were
inoculated (about 10% (v/v)) in a defined medium with the following composition per
liter demineralized water: 22 g glucose.lH 2 0, 7.65 g NH 4 C1, 2.81 g KH2PO4, 0.59 g
M g S 0 4 . 7 H 2 0 , 10 ml trace metal solution, 2 ml vitamin solution. The trace metal solution
contained per liter demineralized water: 5.5 g CaCl 2 .2H 2 0, 3.75 g F e S 0 4 . 7 H 2 0 , 1.4 g
M n S 0 4 . 1 H 2 0 , 1.35 g Z n S 0 4 . 7 H 2 0 , 0.4 g C u S 0 4 . 5 H 2 0 , 0.82 g CoCl 2 .6H 2 0, 0.29 g
N a 2 M o 0 4 . 2 H 2 0 , 0.4 g H3BO3, 0.25 g KI and 33.21 g Ci 0 H 1 4 N2Na 2 O 8 .2H 2 O. The p H of
this solution was adjusted to 4.0 with 4 M N a O H . The composition of the vitamin
solution was per liter demineralized water: 0.05 g D-biotin, 5.00 g thiamine hydrochloride,
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47 g m-inositol, 1.2 g pyridoxine, 23 g hemi-calcium pantothenate. Depending on the
batch, the following amino acids were added: 1: no additions; 2: L-threonine; 3: Lcystathionine and 4: L-isoleucine, L-valine and L-leucine. The initial concentration of each
amino acid in the bioreactor was 5 mM. This concentration was chosen because 5 mM of
each of the branched-chain amino acids was necessary for the repression of acetohydroxy
acid synthase in S. cerevisiae (Bollon, 1975). The glucose, salts and trace metals were
separately autoclaved at 120°C for 20 minutes. The vitamins and amino acids were filtersterilized (0.2 urn filters).

During the batch cultures, a Bio Controller (Applikon) controlled the cultivations and a
Bioexpert (Applikon) acquired the on-line data which were the temperature, pH, oxygen
tension in the broth, foam level, stirrer speed and concentration of oxygen and carbon
dioxide in the outgoing air. The temperature was controlled at 28°C and the p H at 4.5 by
automatic addition of 1 M HC1 or 1 M N a O H . The cells were aerobically grown with an
air flow rate of 0.8 1/min. The oxygen tension in the broth was kept above 30% of air
saturation by controlling the stirrer speed. The stirrer speed was at least 250 rpm. The
concentration of oxygen and carbon dioxide in the outgoing air was measured on-line by a
Servomex 1400 O2/CO2 Analyser. The concentration of oxygen and carbon dioxide in
the ingoing air was measured with this analyser before the cultivation started. From these
measurements, respiratory quotients were calculated. The foam level was controlled by
automatically adding a diluted (50 times) Antifoam B Silicone emulsion (J.T. Baker).
During the cultivation, samples for off-line analyses were taken from the bioreactor. A
part of a fresh sample was immediately used for measuring optical density and cell number
or stored at -80°C. The other part was centrifuged (Labofuge 1, Heraeus Christ) at 3700
rpm and 5°C for 10 minutes. The supernatant was used for analysis of extracellular
substrates (glucose, ammonia and amino acids) and metabolites (OC-ketobutyrate, ethanol,
glycerol and higher alcohols) and the remaining pellet was used for determining the
biomass dry weight. The cultivations were stopped after about 140 hours.
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Analyses
For the biomass dry weight determination, the pellet obtained as described above was
used. This pellet was washed with demineralized water and centrifuged again and after
this, dried overnight at 80°C in an oven.

The optical density was measured at 610 nm (Pharmacia Biotech, Ultraspec 2000) after
dilution of samples to obtain absorbance values less than 0.7. In this range, the
absorbance values were linearly related to biomass dry weight.

The cell number was measured using a cell counter (Scharfe System, CASY 1) after
appropriate dilution in an isotonic solution (Isoton, Scharfe System).

Glucose, ethanol and glycerol concentrations were determined by HPLC on an Aminex
HPX-87H Ion Exclusion column (300 * 7.8 mm, BioRad) heated to 60°C. Ultrapure
water (Milli Q, Millipore), adjusted with H2SO4 to p H 2.0, served as the mobile phase.
The flow rate was 0.8 ml/min. Detection was done using a refractive-index detector (LKB
differential refractometer, Pharmacia).
Ammonia concentrations were spectrophotometrically measured by means of a modified
Berthelot reaction with an auto-analysis system (Skalar) (Verdouw et al., 1978).

Amino acids were analysed by reversed-phase HPLC after derivatization with 6aminoquinolyl-N-hydroxysuccinimidyl carbamate (Waters Chromatography, Millipore
Corp.) (Cohen et al., 1993).
OC-Ketobutyrate concentrations were determined by reversed-phase HPLC (Chromspher 5
C8, Chrompack) after derivatization with 2,4-dinitrophenylhydrazine (Buslig, 1982). For
derivatization, a 1 ml sample was mixed with a 0.5 ml solution of dinitrophenylhydrazine
(0.40 g dinitrophenylhydrazine dissolved in 60 ml 2N HC1) and allowed to stand overnight
at room temperature. After this, the sample was mixed with 5 ml of acetonitrile and
centrifuged after 1 hour. The supernatant was used for analysis after filtering (0.2 urn
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filters). Intracellular OC-ketobutyrate concentrations were determined after a mixture of 1
ml sample from the -80°C freezer and 1 ml of 80% (v/v) ethanol had been boiled for 30
minutes. Hereafter, the (X-ketobutyrate concentration in the mixture was determined as
described above.

Ethanol and higher alcohols were determined by GC. The samples were incubated at
60°C for 10 minutes. After incubation, a head-space sample was taken and collected in a
cold trap (liquid nitrogen at -110°C). Through subsequent heating of the cold trap
(240°C), the compounds were injected on a DB-wax column (30 m * 0.542 mm, film 1.0
um). A temperature profile was used from 30 to 110°C at a rate of 2.5°C/min. Helium
was used as carrier gas (about 15 ml/min, 30 kPA) and the compounds were detected with
a flame-ionization detector (EL 980, Fison Instruments). With this method, active amyl
alcohol and isoamyl alcohol could not be separated from another.

Enzyme assays
Samples (1 ml) from the -80°C freezer were centrifuged for 10 minutes at 13,000 rpm in
an Eppendorf centrifuge (MicroCen 13, Herolab). After the supernatant had been
removed, the cells were washed with demineralized water and centrifuged again. The
remaining cells were broken using glass beads with a size ranging from 0.25-0.50 mm in a
potassium-phosphate buffer of which the composition was dependent on the enzyme
assay used. For this, the samples were vortexed (TM01, Labotech) at maximum speed five
times for 45 seconds, alternating with 45 seconds cooling on ice. The crude cell extract
obtained was immediately used for determining enzyme activities.

The activity of threonine deaminase was determined according to the method for serine
dehydratase of Suda and Nakagawa (1971). However, here threonine was used as substrate
instead of serine.

The method of Flavin and Slaughter (1971) was used for determining the activity of
cystathionine y-lyase.
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The activity of acetohydroxy acid synthase was determined according to the method of
Eggeling et al. (1987).

For determining the protein content of the cells, samples (1 ml) from -80°C freezer were
centrifuged for 5 minutes at 13,000 rpm in an Eppendorf centrifuge (MicroCen 13,
Herolab). After the supernatant had been removed, the cells were washed with
demineralized water and centrifuged again. Then, the remaining cells were suspended in
0.8 ml 0.1M N a O H . This suspension was boiled for 30 minutes and subsequendy cooled.
Afterwards, the samples were neutralized by adding 0.2 ml 0.4 M HC1. The protein
content of the samples obtained was determined by using the BCA protein assay with
bovine serum albumin as standard (Pierce) (Smith et al., 1985). The incubation procedure
used was 30 minutes at 60°C.

Specific enzyme activities were expressed in (Xmol product formed per minute per mg
protein (U/mg).

Results and discussion

Substrate consumption and growth
In the different batches for studying the metabolism of Z. rouxii, the separate effect of
threonine, cystathionine and the branched-chain amino acids on the consumption of
substrates (glucose, ammonia and different amino acids) and growth was determined. In
Figure 2A, the consumption of glucose in the different batches is shown. Figure 2A shows
that the glucose consumption was more or less the same in all batches except for the
threonine batch. In the threonine batch, glucose was consumed more slowly. The
ammonia measurements (Figure 2B) clearly show that some ammonia was consumed in all
batches except for the threonine batch, but that most of the added ammonia was
remaining at the end of all batches.
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Figure2.EffectofaminoacidsonsubstrateconsumptionbyZ. rouxiiinbatchcultures(•: noadditions; • :
threonine(5mM);• : cystathionine(5mM);• : branched-chainaminoacids(each5mM)).A:glucose;B:
NH4CI.

It appears from the amino-acid analyses (Figure 3) that, threonine and the branch-chain
amino acids were consumed in their batches, despite the excess ammonia, which is
preferred as nitrogen source. The consumption of cystathionine could not be confirmed
because the results of the analyses were not clear. Figure 3 shows that threonine was only
slightly consumed while the branched-chain amino acids were completely consumed at
almost the same rate.
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Figure3.ConsumptionofaminoacidsbyZ. rouxii\nbatchculturewiththreonine(brokenline)orbranchedchainaminoacids(solidline)(•: threonine;• : isoleucine;A:valine;• : leucine).

The growth was followed by measuring biomass dry weight, optical density and cell
number. In Figure 4, the biomass dry weight measurements are shown. The optical
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density and cell number measurements (data not shown) were comparable to the biomass
dry weight measurements. Figure 4 shows that the growth, like the glucose consumption,
was comparable in all batches except for the batch with added threonine. In the threonine
batch, the growth was severely inhibited.
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Figure4.EffectofaminoacidsongrowthofZ. rouxiiinbatchcultures(•: noadditions;

:threonine(5mM); A:

cystathionine(5mM);• : branched-chainaminoacids(each5mM)).

This growth inhibition could have been caused by threonine itself and/or a product
originating from threonine like OC-ketobutyrate. In S. cerevisiae, threonine seems to be the
key compound that regulates the flow through a metabolic pathway that leads to threonine
and methionine (Ramos and Calderon, 1992). This regulation by threonine might have
inhibited the growth of Z. rouxii by causing a shortage of methionine. OC-Ketobutyrate can
also inhibit the growth by causing a methionine requirement. In S. typhimurium,
intracellularly accumulated OC-ketobutyrate causes a requirement for methionine by limiting
the formation of pantothenate (Primerano and Burns, 1982). However, this growth
inhibition seems not very likely because pantothenate was present in the medium used (see
materials and methods). Another possibility is that intracellularly accumulated (Xketobutyrate inhibited the synthesis of OC-acetolactate catalyzed by acetohydroxy acid
synthase (Figure 1). This inhibition results in a shortage of valine, as shown in
S. typhimurium (Shaw and Berg, 1980) and C.glutamicum (Eggeling et al., 1987). However,
accumulation of OC-ketobutyrate could not be detected (with a threshold level of about 5
mg.l 1 ) in the cells from the threonine batch, just like in the cells from the other batches
(data not shown).
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Production of ethanol, glycerol and higher alcohols
The separate effect of the amino acids, which were used in the different batches, on the
production of ethanol, glycerol and higher alcohols was also determined in order to gain
more insight into the metabolism of Z. rouxii. Ethanol and glycerol were monitored
because their production

is important

for

yeasts to keep the

intracellular

NAD(P)H/NAD(P) ratio in balance (Gancedo and Serrano, 1989). Furthermore, glycerol
is the primary osmoregulatory solute of Z. rouxii (Edgley and Brown, 1978; van Zyl and
Prior, 1990). The production of higher alcohols by Z. rouxii was studied because the
production of some of them is closely related to the part of the amino-acid metabolism in
which we are interested (Figure 1). Furthermore, (X-ketobutyrate is the precursor of npropanol.

The ethanol production during the different batches, which was measured by GC, is
shown in Figure 5A. These measurements were comparable with the HPLC
measurements (data not shown). It appears from Figure 5A that the amino acids had no
large effect on the ethanol production. Also in the threonine batch, much ethanol was
produced despite the poor growth. In the beginning of all batches, ethanol was produced
when glucose was still ample present (Figure 2A). In this phase of the fermentation, the
respiratory quotients determined (data not shown) were greater than 1.0, confirming a
metabolism with ethanol production (Wang et al., 1977).

The ethanol production under glucose and oxygen excess demonstrates that Z. rouxii
showed, like S. cerevisiae,the Crabtree effect. This effect means that glucose is
simultaneously oxidized and, to keep the intracellular N A D H / N A D ratio in balance,
reduced to ethanol at high glucose consumption rates under aerobic conditions and seems
to be caused by a limited oxidation capacity of the yeast (Sonnleitner and Kappeli, 1986).
In S. cerevisiae, this limited oxidation capacity is partly due to repression of respiration by
glucose (Gancedo and Serrano, 1989),which does not occur in Saccharomyces rouxii (Brown,
1975), which is a synonym for Z. rouxii (Kreger-van Rij, 1984). Probably for this reason,
Brown and Edgley concluded that S. rouxii does not show a Crabtree effect (Brown and
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Edgley, 1980). However, based on our results, this conclusion seems not to be justified.
Figure 2A and 5A also show that the ethanol concentration decreased in allbatches, after
glucose had completely been consumed. In this phase, the respiratory quotients
determined were lower than 0.6,demonstrating ethanol consumption (Wangetal., 1977).
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Figure5.EffectofaminoacidsonmetabolitesproductionbyZ.rouxii\n batchcultures(•: noadditions; • :
threonine(5mM);• : cystathionine(5mM);• : branched-chainaminoacids(each5mM)).A:ethanol;B:
glycerol.

Figure 5B shows the effect of the amino acids on the glycerol production. It appears that
glycerol was only slighdy produced in all batches, except for the threonine batch. In this
batch, much glycerol was produced. It is known that S. rouxiigenerally produces glycerol
and intracellularly retains a proportion of it, dependent on the water activity (Edgley and
Brown, 1978).However, the water activityin the threonine batch was verylikely the same
as in the other batches. For this reason, the high glycerol production in the threonine
batch could not be explained by osmoregulation. In the threonine batch, glycerol was
probably produced in order to keep the intracellular NADPH/NADP ratio in balance
(Gancedo and Serrano, 1989). Due to the poor growth in this batch, NADP could
probably not be regenerated by biosynthesis but by glycerol synthesis instead. S. rouxii
depends, unlike S. cerevisim, for glycerol synthesis mainly on NADPH generated by the
pentose-phosphate cycle (Brown and Edgley, 1980).
The production of the higher alcohols n-propanol, isobutyl alcohol and active amyl
alcohol plus isoamyl alcohol duringthe different batches is shown in Figure 6.From these
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figures, it appears that the production of the higher alcohols in the cystathionine batch
was more or less the same as in the batch with no additions. O n the other hand, in the
threonine and branched-chain amino-acids batches the production of the higher alcohols
was significantly different than in the batch with no additions.
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Figure6.Effectofaminoaddsonhigher-alcoholsproductionbyZ. rouxiiinbatchcultures(•: noadditions; • :
threonine(5mM);• : cystathionine(5mM);• : branched-chainaminoacids(each5mM)).A:n-propanol;B:
isobutylalcohol;C:activeamylalcoholplusisoamylalcohol(Withtheanalysisused,activeamylalcoholand
isoamylalcoholcouldnotbeseparatedfromanother).

In the threonine batch the production of all higher alcohols measured was decreased. In
the branched-chain amino-acids batch the n-propanol production was slighdy decreased
but the production of isobutyl alcohol and active amyl alcohol plus isoamyl alcohol was
considerably increased. These results show that, like in soy sauce (Aoki and Uchida,
1991b), isobutyl alcohol, isoamyl alcohol and active amyl alcohol are probably produced
by Z. rouxii via the Ehrlich pathway; the uptake and transamination of isoleucine, valine
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and leucine resulted in an increased production of respectively active amyl alcohol,
isobutyl alcohol, and isoamyl alcohol (Figure 1). If these alcohols had been directly
produced from amino-acid biosynthetic pathways, an increased n-propanol production in
the branched-chain amino-acids batch would have been expected as well.

Enzyme activities and accumulation of OC-ketobutyrate
In this work, we studied the regulation of OC-ketobutyrate metabolism in Z. rouxii at the
enzyme level as well. For this, threonine, cystathionine and the branched-chain amino
acids were separately used in batch cultures in order to increase the formation rate ofOCketobutyrate or to decrease its conversion rate in Z. rouxii. Threonine and cystathionine
were added to stimulate the formation rate of OC-ketobutyrate by respectively threonine
deaminase and cystathionine y-lyase and the branched-chain amino acids were added to
inhibit the conversion rate of OC-ketobutyrate by acetohydroxy acid synthase. The effect of
these amino acids on the specific activities of threonine deaminase, cystathionine y-lyase
and acetohydroxy acid synthase in Z. rouxiiwas determined.

In Figure 7, the effect of the amino acids on the specific activity of threonine deaminase,
cystathionine y-lyase and acetohydroxy acid synthase is shown. Although the specific
enzyme activities were determined at different points of time during the whole batch
cultivation, the activities during the growth phase were considered to be the most
important ones because, in that phase, formation of OC-ketobutyrate, which is an
intermediate of biosynthetic pathways for amino acids (Figure 1), was expected.
Furthermore, during the growth phase, which lasted till about 60 hours of cultivation time
(Figure 4), the consumption of amino acids also occurred (Figure 3).
It appears from Figure 7 that, especially during the growth phase, the amino acids had
much effect on the enzyme activities. During the growth phase, threonine not only
increased the specific activity of threonine deaminase but also that of cystathionine y-lyase
and acetohydroxy acid synthase. More or less the same holds for cystathionine;
cystathionine not only increased the specific activity of cystathionine y-lyase but also that
of threonine deaminase and acetohydroxy acid synthase. Furthermore, the branched-chain
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amino acids not only decreased the specific activity of acetohydroxy acid synthase but also
that of threonine deaminase and cystathionine y-lyase. This decrease in specific enzyme
activities by the branched-chain amino acids appeared just to happen towards the end of
the growth phase.

B

9i

01

\

E

E
Z>

6

\
*

3

50

^*

Hr^S!=$=

&

n
0

120 160
time (h)

40

•

-Hi

80

120 160

time (h)

E

120 160
time (h)
Figure7.EffectofaminoacidsonspecificenzymeactivitiesofZ rouxii'inbatchcultures(•: noadditions; • :
threonine(5mM);A:cystathionine(5mM);• : branched-chainaminoacids(each5mM)).A:threonine
deaminase;B:cystathionine•y-lyase;C:acetohydroxyacidsynthase.

These measured enzyme activities show that threonine and cystathionine increased both
the formation and conversion rate of (X-ketobutyrate while the branched-chain amino
acids decreased both rates. For this reason, it seems that the (X-ketobutyrate pool size in
Z. rouxii was tightly regulated; its formation and conversion rate were balanced all the
time. This conclusion about the tightly regulated (X-ketobutyrate pool in Z. rouxii is in
agreement with that found in S. typhimurium(Shaw and Berg, 1980).
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The effect of the different amino acids on the accumulation of OC-ketobutyrate by Z. rouxii
was also determined. However, no OC-ketobutyrate was detected (with a threshold level of
about 5 mg.l 1 ) in final samples of both supernatant and cells. In the batch with no
additions, we already knew from a preliminary experiment that OC-ketobutyrate would not
be accumulated. The absence of OC-ketobutyrate accumulation in the batches with addition
of amino acids agrees well with the measured enzyme activities and with the lower
productivity of n-propanol, of which OC-ketobutyrate is the precursor (Figure 1), in these
batches compared to the batch with n o additions.

Conclusions
The metabolism of Z. rouxii was investigated by separately adding the amino acids
threonine, cystathionine and the branched-chain amino acids. It appeared that the addition
of threonine severely inhibited the growth of Z. rouxii, which resulted in the accumulation
of significant amounts of glycerol and only small amounts of higher alcohols. O n the
other hand, the addition of the branched-chain amino acids increased the production of
the higher alcohols isobutyl alcohol and active amyl alcohol plus isoamyl alcohol via the
Ehrlich pathway. Furthermore, Z. rouxii showed the Crabtree effect but this was not
dependent of the amino acids added. In addition, the added amino acids also influenced
the specific activities of the enzymes catalyzing the formation or conversion of OCketobutyrate in Z. rouxii. Despite this, it appeared that the OC-ketobutyrate pool size in
Z. rouxii was tightly regulated all the time, resulting in no accumulation of OC-ketobutyrate
in both the supernatant and cells.

Acknowledgements
We would like to thank Jan Cozijnsen for his help concerning the GC analysis. This
research was funded by S E N T E R project BIO95028.

33

Effect ofamino acidsonZygosaccharomyces rouxii

References
Aoki T, Uchida K. 1991a. Enhanced formation of 3-methylthio-l-propanol in a salttolerant yeast, Zygosaccharomyces rouxii,due to deficiency of S-adenosylmethionine
synthase. Agr Biol Chem 55: 2113-2116.
Aoki T, Uchida K. 1991b. Amino acids-uptake deficient mutants of Zygosaccharomyces rouxii
with altered production of higher alcohols. Agr Biol Chem 55: 2893-2894.
Bollon AP. 1975.Regulation of the ilv 1 multifunctional gene in Saccharomycescerevisiae. Mol
Gen Genetic 142: 1-12.
Brown A D . 1975.Microbial water relations. Effects of solute concentration on the
respiratory activity of sugar-tolerant and non-tolerant yeasts.J Gen Microbiol 86:241249.
Brown AD, Edgley M. 1980. Osmoregulation in yeast. In: Basic life sciences Vol. 14.
Symposium on genetic engineering of osmoregulation: Impact on plant productivity for
food, chemicals and energy (Rains DW, Valentine RC, Hollaender A (Eds.)). Plenum
Press, New York and London, pp. 75-90.
Buslig BS. 1982. Separation of 2,4-dinitrophenylhydrazones of OC-ketodicarboxylic acids
from citrus fruits.J Chromatogr 247: 193-196.
Bussey H, Umbarger H E . 1969. Biosynthesis of branched-chain amino acids in yeast:
regulation of synthesis of the enzymes of isoleucine and valine biosynthesis.J Bacterid
98: 623-628.
Cohen SA, Michaud D P . 1993. Synthesis of a fluorescent derivatizing reagent, 6aminoquinolyl-N-hydroxysuccinimidyl carbamate, and its application for the analysis of
hydrolysate amino acids via high-performance liquid chromatography. Anal Biochem
211:279-287.
Dellweg H, Kettler R. 1975. Uber das Auftreten von Alpha-Ketosauren und andere
organischer Sauren bei der Biergarung. Mo f Brauerei 28: 169-178.
Derrick S, Large PJ. 1993.Activities of the enzymes of the Ehrlich pathway and formation
of branched-chain alcohols in Saccharomyces cerevisiae and Candidautilisgrown in
continuous culture on valine or ammonium as sole nitrogen source.J Gen Microbiol
139: 2783-2792.

34

Chapter2

Dickinson R, Dawes IW. 1992. The catabolism of branched-chain amino acids occurs via
2-oxoacid dehydrogenase in Saccharomycescerevisiae.J Gen Microbiol 138: 2029-2033.
Edgley M, Brown AD. 1978. Response of xerotolerant and non-tolerant yeasts to water
stress.J Gen Microbiol 104: 343-345.
Eggeling I, Cordes C, Eggeling L, Sahm H. 1987. Regulation of acetohydroxy acid
synthase in Corynebacteriumglutamicum during fermentation of Ot-ketobutyrate to Lisoleucine. Appl Microbiol Biotechnol 25: 346-351.
Flavin M, Slaughter C. 1971.y-Cystathionase (Neurospora). In: Methods in enzymology.
Vol. 17.Metabolism of amino acids and amines Part B (Colowick SP, Kaplan N O
(Eds.)). Academic Press Inc., New York, pp. 433-439.
Gancedo C, Serrano R. 1989. Energy-yielding metabolism. In: The yeasts. Vol. 3.
Metabolism and physiology of yeasts (Rose AH, Harrison JS (Eds.)). Academic Press
Limited, London, pp. 205-259.
Jones EW, Fink GR. 1982. Regulation of amino acid and nucleotide biosynthesis in yeast.
In: The molecular biology of the yeast Saccharomyces. Vol. 2. Metabolism and gene
expression. (StrathernJN,Jones EW, BroachJR (Eds.)). Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York, pp. 181-299.
Kreger-van Rij NJW. 1984. The yeasts: a taxonomic study. Elsevier Science Publishers
B.V., Amsterdam, pp. 462-465.
Nunomura N , Sasaki M, Asao Y, Yokotsuka T. 1976. Isolation and identification of 4hydroxy-2(or 5)-ethyl-5(or 2)-methyl-3(2H)-furanone, as a flavor component in shoyu
(soy sauce). Agr Biol Chem 40: 491-495.
Primerano D , Burns RO. 1982. Metabolic basis for the isoleucine, pantothenate or
methionine requirement of ilvG strains of Salmonella typhimurium.) Bacteriol 150: 12021211.
Ramos F, WiameJM. 1982. Occurence of a catabolic L-serine (L-threonine) deaminase in
Saccharomyces cerevisiae. Eur J Biochem 123: 571-576.
Ramos C, Calderon IL. 1992. Overproduction of threonine by Saccharomyces cerevisiae
mutants resistant to hydroxynorvaline. Appl Environ Microbiol 58: 1677-1682.
Shaw KJ, Berg CM. 1980. Substrate channeling: a-ketobutyrate inhibition of acetohydroxy
acid synthase in Salmonella typhimurium.J Bacteriol 143: 1509-1512.

35

Effect ofamino acidsonZygosaccharomyces rouxii

Smith PK, Krohn RI, Hermanson G T , Mallia AK, Gartner F H , Provenzano M D ,
Fujimoto EK, Goeke NM, Olson BJ, Klenk D C . 1985. Measurement of protein using
bicinchoninic acid. Anal Biochem 150: 76-85.
Sonnleitner B, Kappeli O. 1986. Growth of Saccharomycescerevisiae is controlled by its
limited respiratory capacity: formulation and verification of a hypothesis. Biotechnol
Bioeng 28: 927-937.
Suda M, Nakagawa H. 1971.L-Serine dehydratase (rat liver). In: Methods in enzymology.
Vol. 17. Metabolism of amino acids and amines Part B (Colowick SP, Kaplan N O
(Eds.)). Academic Press Inc., New York, pp. 346-351.
Verdouw H, van Echteld CJA, Dekkers EMJ. 1978.Ammonia determination based on
indophenol formation with sodium salicylate. Water Res 12: 399-402.
Wang HY, Cooney CL, Wang DIC. 1977. Computer-aided baker's yeast fermentations.
Biotechnol Bioeng 19: 69-86.
Yoshikawa S, Oguri I, Kondo K, Fukuzawa M, Shimosaka M, Okazaki M. 1995.
Enhanced formation of isoamyl alcohol in Zygosaccharomyces rouxii due to elimination of
feedback inhibition of OC-isopropylmalate synthase. FEMS Microbiol Lett 127: 139-143.
van Zyl PJ, Prior BA. 1990. Water relations of polyol accumulation by Zygosaccharomyces
rouxiiin continuous culture. Appl Microbiol Biotechnol 33: 12-17.

36

Chapter3

Chapter 3
Regulation of aspartate-derived amino-acid metabolism in
Zygosaccharomyces rouxii compared toSaccharomyces cerevisiae

Abstract
In order to elucidate the growth inhibitory effect of threonine, the regulation of the
aspartate-derived amino-acid metabolism in Zygosaccharomyces rouxii, an important yeast for
the flavour development in soy sauce, was investigated. It was shown that threonine
inhibited the growth of Z. rouxii by blocking the methionine synthesis. It appeared that
threonine blocked this synthesis by inhibiting the conversion of aspartate. In addition, it
was shown that the growth of Z. rouxii,unlike that of Saccharomyces cerevisiae, was not
inhibited by the herbicide sulfometuron methyl (SMM). From enzyme assays, it was
concluded that the acetohydroxy acid synthase in Z. rouxii, unlike that in S.cerevisiae, was
not sensitive to SMM. Furthermore, the enzyme assays demonstrated that the activity of
threonine deaminase in Z. rouxii, like in S.cerevisiae, was strongly inhibited by isoleucine
and stimulated byvaline. From this work, it is clear that the aspartate-derived amino-acid
metabolism in Z. rouxiionlypartlyresembles thatinS. cerevisiae.

This chapter hasbeen published as:vander SluisC, Smit BA, Hartmans S,ter Schure EG,TramperJ,
Wijffels RH.2000. Regulationof aspartate-derived amino-acid metabolism in Zygosaccharomyces
rouxiicomparedto Saccharomyces cerevisiae. Enzyme MicrobTechnol 27:151-156.
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Introduction
In our research, we are investigating the metabolism of the salt-tolerant yeast
Zygosaccharomyces rouxii,which is a well-known flavour producer in soy-sauce fermentations
(Sugiyama, 1984). In the amino-acid metabolism of this yeast, OC-ketobutyrate is a key
intermediate; some (X-ketobutyrate is needed to synthesize isoleucine, but intracellularly
accumulated (X-ketobutyrate may inhibit the growth as found in Salmonellatyphimurium
(Shaw and Berg, 1980; Primerano and Burns, 1982; LaRossa et al., 1987) and
Corynebacteriumglutamicum(Eggeling et al., 1987).

In Saccharomyces cerepisiae, which we use as our reference yeast, the isoleucine synthesis starts
with the deamination of threonine (Figure 1) (Jones and Fink, 1982). The deamination of
threonine is catalyzed by threonine deaminase (L-threonine hydro-lyase [deaminating]; E C
4.2.1.16) and results in the formation of OC-ketobutyrate and ammonia. a-Ketobutyrate is
converted further towards isoleucine by acetohydroxy acid synthase (acetolactate
pyruvate-lyase [carboxylase]; E.C. 4.1.3.18]. This enzyme catalyzes the conversion of OCketobutyrate and pyruvate into OC-aceto-OC-hydroxybutyrate and also the conversion of two
molecules of pyruvate into OC-acetolactate, which is converted via OC-keto-isovalerate to
valine and leucine.

In previous studies, aiming at OC-ketobutyrate accumulation, we added threonine (5 mM)
to batch cultures of Z. rouxii (van der Sluis et al., 2000). Although no OC-ketobutyrate
accumulation was observed, growth of Z. rouxiiwas severely inhibited due to the addition
of threonine. In S. cerevisiae, threonine is the key compound that regulates the flow to a
common metabolic pathway for biosynthesis of threonine and methionine (Figure 1)
(Jones and Fink, 1982; Ramos and Calderon, 1992). The growth inhibition of Z. rouxii due
to threonine addition could be caused by threonine interfering with the biosynthesis of
other amino acids.
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Figure 1.Biosyntheticpathwaysofisoleucine,valine,leucineandmethionineinS. cerevisiae.
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The pathway for synthesizing threonine and methionine in S. cerevisiae starts from aspartate
and leads to homoserine in three steps (Figure 1). Homoserine is the branching point
from which the pathways for threonine and methionine diverge. Threonine is made in two
steps from homoserine while the next step in the synthesis of methionine is the
acetylation of homoserine yielding O-acetylhomoserine. O-acetylhomoserine can be
converted to homocysteine in two ways. The first pathway is a direct sulfhydrylation of Oacetylhomoserine to homocysteine, the precursor of methionine. The second pathway
involves condensation of O-acetylhomoserine with cysteine that can be direcdy
synthesized from serine. This condensation yields cystathionine, which is further
converted to homocysteine. Methylation of homocysteine results in methionine
formation.

In this work, we have studied the regulation of the aspartate-derived amino-acid
metabolism in Z. rouxii. Batch growth experiments were executed in which we determined
whether the addition of aspartate and aspartate-derived amino acids could restore the
growth of Z. rouxiiin the presence of threonine. Furthermore, we determined the effect of
ammonium on the growth of Z. rouxii. In addition, we investigated the effect of some
nitrogen compounds on the activity of the enzymes threonine deaminase and
acetohydroxy acid synthase in Z. rouxii and we studied the effect of the herbicide SMM,
which is an inhibitor of acetohydroxy acid synthase in various plants, bacteria and yeasts
(LaRossa and Falco, 1984; Falco and Dumas, 1985).

Materials a n d m e t h o d s

Yeast strains
Z. rouxii CBS 4021 and S. cerevisiae CBS 6978, supplied by the Centraalbureau voor
Schimmelcultures (Delft, The Netherlands) and maintained on a mixture of glycerol and
skimmed milk at -80°C,were used in this work.
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Growth experiments
The yeasts were grown in 300 ml Erlenmeyer flasks, containing 100 ml defined medium,
on a rotary shaker (Gallenkamp, Orbital Incubator) at 28°C and 200 rpm. The defined
medium had the following composition per liter demineralized water: 22 g glucose.IH2O
(Merck), 21 g citric acid.lI-hO (Merck) and 6.7 g Bacto Yeast Nitrogen Base without
amino acids (Difco). The p H of this medium was adjusted to a value of 5 using N a O H
and the medium was filter-sterilized (Nalgene, 0.2 |J,m filters).

During the experiments, the effects of the following amino acids on the growth of
Z. rouxii were determined: L-threonine (Sigma), L-methionine (Sigma), L-homocysteine
(Sigma), L-homoserine (Sigma), L-aspartate (Sigma), L-cystathionine (Fluka), L-cysteine
(Sigma) and L-serine (Sigma). In addition, the effect of SMM (6 |Xg/ml), that was kindly
provided by D u Pont Agricultural Products (Wilmington), on the growth of Z. rouxii and
S. cerevisiae was determined. SMM was, before addition to the medium, dissolved in
acetone at a concentration of 2 mg/ml. The addition of acetone appeared to have no
effect on the growth of Z. rouxii and S. cerevisiae. The effect of ammonium on the growth
of Z. rouxii was determined by using the Bacto Yeast Nitrogen Base without amino acids
and ammonium sulfate (Difco) instead of the Bacto Yeast Nitrogen Base without only
amino acids.

The growth of both yeasts was followed, by measuring the optical density at 610 nm
(Pharmacia Biotech, Ultraspec). For this, samples were taken and diluted with
demineralized water to obtain absorbance values less than 0.7. Below 0.7, the absorbance
values were linearly related to biomass dry weight.

Enzyme assays
The yeast was grown as above and harvested when the mid-exponential growth phase was
reached. For this, the cells were centrifuged for 10 minutes at 9,500 g and 4°C (Beckman
J2-MC centrifuge, Beckman Instruments Inc., Palo Alto, California, USA). After
centrifugation the supernatant was removed and the cells were suspended in a 50 mM
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potassium-phosphate buffer (pH 7). The cell suspension was stored at -80°C until used
for the enzyme assays.

After thawing at room temperature the cell suspensions from -80°C were washed three
times with the potassium-phosphate buffer. Then, the cells were broken using glass beads
(Emergo, Landsmeer, The Netherlands) with a size ranging from 0.25 to 0.50 mm while
vortexing (TM01, Labotech) at maximum speed six times for 1 minute, alternating with 1
minute of cooling on ice. The crude cell extract obtained was used immediately for
determining enzyme activities.

The activity of threonine deaminase was measured by using the method for serine
dehydratase of Suda and Nakagawa (1971), except that threonine was used as substrate
instead of serine. The OC-ketobutyrate formed was determined colorimetrically by
converting it to a hydrazone in the presence of 2,4-dinitrophenylhydrazine (Aldrich,
Zwijndrecht, The Netherlands)

The activity of acetohydroxy acid synthase was determined by measuring the acetolactate
formed (Eggeling et al., 1987). For this, the acetolactate was decarboxylated to acetoin
which was determined colorimetrically (Westerveld, 1945).

Results and discussion

Growth experiments
In order to investigate the growth inhibition of Z rouxii by threonine, batch growth
experiments were carried out. In these experiments, we determined whether aspartate and
aspartate-derived amino acids could counteract the growth inhibitory effect of threonine
on Z. rouxii. Furthermore, we also determined the effect of ammonium on the growth of
Z rouxii. During these experiments, the growth was followed by measuring the optical
density.
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In Figure 2, the effect of some aspartate-derived amino acids and ammonium on the
growth of Z. rouxii in batch cultures, containing excess nitrogen, is shown. This figure
confirms that the growth of Z. rouxii in cultures with excess ammonium (75 mM) is
inhibited by addition of threonine (5 mM) (van der Sluis et al., 2000). This figure shows
further that addition of methionine (1 mM) to the medium with ammonium (75 mM) and
threonine (5 mM) could fully oppose this growth inhibitory effect of threonine. In
addition, it can be seen from this figure that ammonium was favourable for the growth of
Z. rouxii; the growth of Z. rouxii was very poor in the cultures in which ammonium was
replaced by threonine (75 mM) or by threonine (75 mM) and methionine (7.5 mM)
together. Therefore, neither threonine alone nor together with methionine can be
regarded as adequate nitrogen sources for the growth of Z. rouxii. The growth in the
medium with threonine and methionine together was better than that in the medium with
threonine as sole nitrogen source. This confirmed that addition of methionine can
improve the growth of Z. rouxiiin the presence of threonine.
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Figure2.Effectofaspartate-derivedaminoacidsandammoniumonthegrowthofZ rouxii'mbatchcultures (•:
ammonium(75mM);• : ammonium(75mM)plusthreonine(5mM);• : ammonium (75mM)plusthreonine(5
mM)plusmethionine(1mM);• : threonine(75mM)plusmethionine(7.5mM);T :threonine(75mM)).

Figure 3 shows the effect of aspartate (1 mM) and some other aspartate-derived amino
acids (1 mM) on the growth of Z. rouxiiin batch cultures with excess ammonium (75 mM)
and threonine (5 mM). It can be seen from this figure and Figure 2 that aspartate, serine
and cysteine could not counteract the inhibitory effect of threonine on the growth of
Z. rouxii. The same holds for the amino acids valine and isoleucine (data not shown).
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When all these amino acids (1 mM) were added to batch cultures of Z. rouxii with only
ammonium (75 mM) as nitrogen source, no inhibitory effect on the growth was observed
(data not shown). This demonstrates that these amino acids were not growth inhibitors
themselves. O n the other hand, it can be seen from Figure 2 and 3, that cystathionine and
homocysteine clearly improved the growth of Z rouxii in the presence of threonine while
homoserine, like methionine, could fully oppose the inhibitory effect of threonine.

Furthermore, it appeared that the addition of methionine (5 mM) to batch cultures of
Z. rouxiiwith ammonium (75 mM) did, unlike the addition of threonine (5 mM), not have
any growth inhibitory effect on Z. rouxii (data not shown). The results obtained with these
growth experiments show that in Z. rouxii, like in S. cerevisiae, threonine seems to be the
key compound that regulates the flow to the common biosynthetic pathway for threonine
and methionine (Figure 1). The results show further that this strong regulation of
threonine in Z. rouxii resulted in a shortage of homoserine and, as a consequence,
methionine. Due to this homoserine shortage, the amino acids aspartate, serine and
cysteine could not counteract the growth inhibitory effect of threonine while the amino
acids cystathionine, homocysteine and especially, homoserine and methionine could.
From these observations, it can be concluded that threonine inhibited one of the three
conversion steps between aspartate and homoserine.
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Figure3.Effectofaspartateandaspartate-derivedaminoacidsongrowthofZ rouxii'mbatchcultures (•:
homoserine(1mM);• : homocysteine(1mM);• : cystathionine(1mM);• : serine(1mM);• : aspartate(1
mM);O:cysteine(1mM)).Allculturescontainedammonium(75mM)plusthreonine(5mM).
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In S. cerevisiae, the first conversion step between aspartate and homoserine, that is
catalyzed by the enzyme aspartate kinase,is strongly feed-back inhibited and repressed by
threonine but not so strongbymethionine (Jones and Fink, 1982;Ramos et al., 1991). For
this reason, it is most probable that threonine inhibited the growth of Z.rouxii by
adversely affecting the activity of aspartate kinase. The measurement of the aspartate
kinase activity in crude cell extracts of Z. rouxii, using the methods of Black (1962) and
Theze et al. (1974), gave no clear results. For both methods, the background activity of
the cell extract seemed too high to be able to measure the aspartate kinase activity.
Therefore, itwas impossible to determine whether the inhibition was due to repression of
enzyme synthesis or caused byinhibition of aspartate kinase activity.
The regulation of the aspartate-derived amino-acid metabolism was studied further with
growth experiments in which we tested the effect of the herbicide SMM, a well-known
inhibitor of the enzyme acetohydroxy acid synthase in S. cerevisiae. As can be seen in Figure
4,

