J. Inst. Brew., July-August, 1994, Vol. 100, pp. 279-282

ASSIMILABLE NITROGEN ADDITION AND HEXOSE TRANSPORT SYSTEM ACTIVITY
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Addition of ammoniacal nitrogen to nitrogen-limited musts is widely used by enolagists to reduce the
time required for the completion of fermentation. Nevertheless the physiological basis of the actual
effect of such an addition is not fully understood. The effect of ammoniacal addition was studied on
a nitrogen-limited must under conditions whereby addition had no effect on yeast growth. In these
conditions nitrogen addition promotes increase of protein synthesis rate and activity of the hexose
transport system. The results suggest that the reactivation of the hexose transport system does not
require a de novo biosynthesis of sugar carriers, but the synthesis of an unknown regulatory protein.
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INTRODUCTION

Nitrogen contents has been often reported as one of the

principal factors limiting yeast growth and sugar attenu-

ation®*2!, Some sluggish or stuck enological fermentations
appear to be a consequence of insufficient levels of assimi-
lable nitrogen in musts'®'%2"1 As a consequence, several
authors'®2!:2 stated that in these fermentations addition of
assimilable nitrogen could significantly increase the fermen-
tation rate and reduce the time required for the completion of
fermentation. Addition of ammoniacal nitrogen to nitrogen-
limited musts is widely used by enologists all around the
world. As a general rule, the O.1.V. (Office International
de la Vigne et du Vin) commissions recommend to control
the maximum amount of assimilable nitrogen authorized for
nitrogen addition in musts to 300 mg/l of (NH,),HPO,

(corresponding to 4.5 mM of ammoniacal nitrogen).
Nevertheless the physiological basis of the actual effect of

such an addition is not fully understood. Several hypothesis

have been made in order to explain the efficiency of nitrogen
addition on fermentation rate:

e Nitrogen addition affects cell growth. Nitrogen additions
performed during the cell growth period resulted in
maximum cell populations. Additions made later during
the stationary phase had no effects on cell population
level, but significantly reduced the fermentation duration
by increasing the specific fermentation rate>2. Consider-
ing the savings of fermentation duration and enerpy
required for temperature regulation, it has been rec-
ommended to enologists to perform nitrogen addition near
the halfway point of the fermentation progress.?

¢ Nitrogen addition increases the protein synthesis rate only
before the maximum cell protein content was reached?-%.
Later additions of nitrogen led only to limited or even
non-existent protein synthesis.

® When protein synthesis is inhibited (or decreases), a strong
loss of activity of the two components of the hexose trans-
port system of Saccharomyces cerevisiae is observed. This
decrease has been mainly attributed to a catabolite-inacti-
vation process requiring the utilization of a fermentable
substrate’*-*, This inactivation is responsible for the drastic
decrease of fermentation rate observed in ammonium-
starved yeasts'®, Preliminary experiments had shown that
the inactivation of glucose uptake resulting from nitrogen
limitation causes a decrease in overall glycolytic rate dur-
ing enological fermentations®,

® Ammoniacal nitrogen is an allosteric activator of both
phosphofructokinase and pyruvate kinase®-?, so that the
increase of specific fermentation rates by ammoniacal

nitrogen addition has been attributed 1o an activation of

the glycolytic pathway? or to a change in the levels of

selected intermediates of the glycolytic pathway®. Thus
the effect of nitrogen addition on transporter activity may
be indirect.

All these results led to a confused view of the physiological
effect of ammoniacal nitrogen addition to nitrogen-limited
must in enological conditions: the aim of this paper is to
evaluate how ammoniacal nitrogen addition made during the
stationary phase physiologically modulates the activity of the
hexose transport system, and consequently the fermentation
rate.

EXPERIMENTAL METHODS

Culture Conditions

Yeast strain. The enological diploid strain of Saccharo-
myces cerevisiae (V8-6) used in this study was originated
from our laboratory collection (Institut National de la
Recherche Agronomique, IPV, Montpellier, France).

The fermentors were inoculated with 10¢ cells mi~! pre-
viously grown at 28°C for 24 h in a synthetic medium? simu-
lating a standard grape must.

Must. A grape must from the vintage 1989 previously
defined by alcoholic fermentation kinetics as deficient in
assimilable nitrogen? was used. This must belongs to the
Mauzac variety (Languedoc-Roussillon, France), and con-
tains 199 g litre~! of total reducing sugars, 3.8 mM of free
alpha amino nitrogen, 1.96 mM of ammoniacal nitrogen and
5.85 mM of total assimilable nitrogen. This must was con-
served at —25°C. The non-effect of freezing on the fermen-
tation kinetics was checked.

In all experiments, the original pH of the must (pH 2.9)
was kept, except for the experiments with tunicamycin where
the must was strongly buffered to pH 8.0 with Tris-HCl
0.1 M, in order to keep tunicamycin soluble.

Cudture conditions. Batch cultures were carried out in
small-scale fermentors (1.2 litres) with fermentation locks.
Filling conditions were controlled. Fermentations, after satu-
ration of the medium with air, were performed with perma-
nent stirring in isothermal conditions (24°C). All fermen-
tation experiments were run in triplicate, and the obtained
results were highly reproducible. Consequently Figures and
Tables showed only the results of a single experiment.

Nitrogen addition. An addition of 300 mg litre™! of
(NH,);HPO, (equivalent to 4.5 mM of ammoniacal nitrogen)
was made, corresponding to the maximum amount author-
ized by french legislation.

Antibiotics. 'When used as indicated in the text, cyclohexi-
mide and tunicamycin (both from Sigma Chemical Co.) were
added to the culture medium half an hour before the addition
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of ammoniacal nitrogen at the final concentrations of
10 g ml~! and 8.3 ug ml~!, respectively.

Analytical Methods

Monitoring of fermentation. The amount of CO; released
was determined by automatic measurement of fermentor
weight loss every 20 minutes. The validity of this technique
as an automatic monitoring of fermentation was described
elsewhere®. The CO, production rate was automatically cal-
culated by a polynomial smoothing of the last ten measure-
ments of fermentor weight. This method for monitoring
alcoholic fermentation at the laboratory scale with a high
precision reproduces satisfactorily the fermentation kinetics
observed at the industrial wine making scale.’

Biomass. The number of cells was determined by using
an electronic particle counter (Coulter-Counter Coultronics,
ZBI model) linked to a channelyzer (Coulter-Counter Coul-
tronics, Channelyzer 256 model). The cellular dry weight
was obtained by filtering 5 ml of the culture medium through
membrane filters (pore size 1.2 um, Millipore Corp.), rinsed
with 10 ml of distilled water, and desiccated at 108°C until
constant weight.

Cell viability. Cell viability was determined by epifluo-
rescence microscopy according to the method described by
King et al'l,

Reducing sugar determination. Initial (S,) and final sugar
concentrations were measured using dinitrosalicyclic
reagent'’. During fermentation, the sugar concentration (S)
was estimated from CO; release. Fermentation progress was
expressed as FP = 1-(S/S,). The use of fermentation pro-
gress instead of fermentation time allows a normalization of
fermentation Kinetics closely related to the substrate disap-
pearance from the medium.

Activity of the sugar transport system. The glucose trans-
port activity was studied as described by Serrano and Delaf-
uente®, with the modifications described by Busturia and
Lagunas’. Sugar uptake was measured by incubating for 1
min 5% cell suspensions (dry weight) in 0.05 M K,HPO,
buffer (pH: 6.0) with D-[U-1*C]xylose at a concentration of
200 mM (4.625 MBq mmol~!) for current assay. Incubation
was performed at the same temperature as the corresponding
culture (i.e. 24°C). 50 ul samples were removed and washed
with ice-cold distilled water on glass fiber filters. In order
to estimate substrate binding to cells, the cells were killed
by heating 90 seconds at 100°C, according to Postma et al'?,
and sugar uptake experiments were performed on these cells
as described previously. Filters were dried under infrared
light, and counted for radioactivity in 5 m! of Ready-Protein
Plus scintillation cocktail (Beckman corp.) using an Intertech-
nique SL 3000 counter. Standard deviation in our xylose
uptake rate determination represent 10 to 12% of the given
values.

Labelled sugar was purchased from Amersham Corp., with
a radiochemical purity of 99.5%.

Protein synthesis determination. Protein synthesis rate
was estimated by measurement of the incorporation of L-
[**S]methionine into the acid precipitable cell fraction: 1 ml
of culture medium was added to 10 ul of 30 mM L-[**S]me-
thionine (1.11 MBq mmol~') and incubated 15 min at 30°C.
Incorporation was stopped by addition of 1 ml of 10% trichlo-
roacetic acid (for each experimental value, a control was
made by stopping the incubation at zero-time). The mixture
was kept 3 hours at 4°C, and heated 10 min at 90°C, The
acid precipitable fraction was collected by centrifugation,
washed twice with 5% trichloroacetic acid and counted in
5 ml of Ready-Protein Plus scintillation cocktail (Beckman
Corp.) using an Intertechnique SL 3000 counter. In these
conditions, the incorporation of labelled methionine was lin-
ear for at least 30 min, whatever phase of yeast growth
was studied. Standard deviation in these protein synthesis
determinations represent 5 to 10% of the given values.
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1. Evolution of total cell number during various fermentations
of a nitrogen-limited must (Mauzac variety grape must). Control
experiment was performed without any addition (O) (The arrow
indicate addition of (@®): (NH,),HPO, alone (300 mg litre '),
or simultaneous additions of (V): cycloheximide (10 mg ml-?)
+ (NH,),HPO, (300 mg litre~"), or ({): tunicamycin (8.3 mg
ml~') + (NH,),HPO, (300 mg litrc~'). Fermentation progress
was expressed as described in experimental methods.
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REsuLTS AND DiscussioN

Addition of Ammoniacal Nitrogen

Addition of ammoniacal nitrogen to the aforementioned
nitrogen-limited must was performed at a fermentation pro-
gress of 0.4, whereby this addition had no effect on cell
growth (Fig. 1), or on cell viability (Fig. 2). As a result of
assimilable nitrogen addition, an important increase of the
CO2 production rate was observed (Fig. 3), and consequently
the time required for the achievement of fermentation was
strongly reduced (Table I), as stated previously'®-2!2, The
prime effect of this addition was a strong increase of the
protein synthesis rate, which remained originally close to a
zero-value at a fermentation progress of 0.4 (Fig. 4). In the
same time, the activity of the hexose transport system, which
was subjected to an apparent loss of activity attributed to
catabolite inactivation®> increased sharply (Fig. 5). As the
concept of rate-limiting uptake during anaerobic fermen-
tation has been a dogma for decades'®?527 a recent work?*
had emphasized the fact that the modulation of sugar trans-
port system activity may appear as a major potential limiting
factor of enological fermentations.

In order to precise the effect of ammoniacal nitrogen
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Fic. 2. Evolution of cellular viability during various fermentations
of a nitrogen-limited must (Mauzac variety grape must). The
significance of symbols are provided in legend of Fig. 1.
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Fic. 3. Evolution of CO, production rate during various fermen-
tations of a nitrogen-limited must (Mauzac variety grape must).
The significance of symbols are provided in legend of Fig. 1.
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TABLE 1.  Influence of various nitrogen additions at a
fermentation progress of 0.4 on the fermentation
duration of a nitrogen-limited must (Mauzac

variety grape must)

Fermentation
Fermentation duration
conditions (hours)
Control experiment (without addition) 230
With addition of (NH,),HPO4 153
With addition of (NH,),HPO4 and
cycloheximide? 293
With addition of (NH,),HPO4 and
tunicamycin® ‘ 180
A: 300 mg litre .
B: 10 mg litre—?
C: 8.3 mg litre™".
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Fic. 4. Evolution of protein synthesis rate during various fermen-
lations of a nitrogen-limited must (Mauzac variety grape must).
The significance of symbols are provided in legend of Fig. 1.

addition on the activity of the hexose transport system (and
consequently on the CO, production rate), nitrogen addition
was performed in presence of several antibiotics.

Effect of Cycloheximide on Ammoniacal Nitrogen Addition
When cycloheximide (antibiotic which completely blocks
DNA and protein synthesis in yeast’) was added simul-
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5. Evolution of xylose uptake rate during various fermentations
of a nitrogen-limited must (Mauzac variety grape must). The
significance of symbols are provided in legend of Fig. 1.
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taneously with ammoniacal nitrogen, none of the increases
previously described was observed (Fig. 3, Fig. 4, Fig. 5).
This result refutes the hypothesis that ammoniacal nitrogen
acts directly on several enzymes of the glycolytic pathway*2¢
and consequently increases the fermentation activity®®®.
Moreover the strong inhibitory effect of cycloheximide led
to the suggestion that a de novo protein synthesis is required
for obtaining an increase of fermentation activity in response
to ammoniacal nitrogen addition.

Effect of Tunicamycin on Ammoniacal Nitrogen Addition

As the hexose carriers of Saccharomyces cerevisiae have
been identified as glycoproteins's, the addition of tunicamy-
cin, a well-known inhibitor of protein-carbohydrate linkage
formation in yeasts”!?, was tested together with the addition
of ammoniacal nitrogen. Previous works'> had shown that,
under the experimental conditions used, the addition of
tunicamycin to exponentially grown cells inhibited the
biosynthesis of the two known components of the glucose
transport system of Saccharomyces cerevisiase, but did not
affect the synthesis of proteins which did not contain carbo-
hydrate. The simultaneous addition of assimilable nitrogen
and tunicamycin during the stationary phase led to normal
raises of protein synthesis (Fig. 4), hexose transport system
activity (Fig. 5) and CO, production rate (Fig. 3). The differ-
ences between these profiles and those obtained after a
simple nitrogen addition are certainly due to the loss of
viability induced by tunicamycin (Fig. 2).

Lagunas and coworkers'®-> have clearly demonstrated that
the low-affinity component of the glucose transport system
of Saccharomyces cerevisiae is irreversibly inactivated when
protein synthesis is inhibited. The same phenomenon was
observed during enological fermentation® when protein syn-
thesis decreased during the early stationary phase. The inacti-
vation process requires a fermentable substrate, but does
not seem to require a proteolytic action of common yeast
proteinases®. The results obtained in the present paper sug-
gest that the reactivation of the hexose transport system does
not require a de novo biosynthesis of the sugar carriers, but
the synthesis of unknown regulatory protein(s), which is(are)
surely not glycoprotein(s).

Moreover, as addition of assimilable nitrogen during
stationary phase seems to increase the protein synthesis rate
but not necessarily the synthesis of all structural proteins,
the importance of regulatory proteins had to be taken into
account in such phenomenons.

CoNCLUSIONS
Amongst the various hypothesis made in order to explain
the efficiency of nitrogen addition on the fermentation rate,






