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Abstract

The uptake as well as the export of citric acid by Aspergillus niger occur by active, ApH-driven, H*-symport dependent
systems. They are inhibited by nonmetabolizable tricarboxylic acid analogues and phthalic acid, and by several other mono-,
di- and tribasic organic acids. However, citrate export could only be demonstrated in a mycelium cultivated under
manganese-deficient growth conditions, whereas the uptake of citrate from the medium was only detectable upon
precultivation of A. niger in a medium supplemented with Mn?* ions. In addition, the uptake of citrate was dependent on
the presence of Mn?* ionsin the assay, and inhibited by EDTA. This requirement for Mn?* could also be partialy fulfilled
by Mg?*, Fe*™ or Zn?*, whereas Cu?* ions inhibited citrate transport. The observed divergent effects of manganese ions
on citrate uptake and citrate export may be a major reason for the well documented requirement for manganese deficiency

of citric acid accumulation.
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1. Introduction

Aspergillus niger has been widely used during the
past 50 years as a commercial producer of citric acid.
The complexity of this process and its dependency on
several unusual nutritional conditions has attracted
numerous biochemical investigations [1,2].

Despite this interest in the regulation of citric acid
biosynthesis and breakdown, however, the mecha
nism of secretion of citric acid has not been studied
to any extent. Although the concentrations for intra-
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cellular citric acid quoted by different authors differ
considerably (2-30 mM; cf. [3-5)), they are orders
of magnitude lower than the extracellular concentra-
tion (> 100 g/I which is equivalent to > 0.5 M) and
thus suggest the occurrence of an active export. The
application of sensitivity analysis to a comprehensive
mathematical model of the metabolism of A. niger
in conditions of citric acid production identified cit-
rate transport as one of the control points in citric
acid accumulation [6]. The observation that a reduc-
tion of the extracellular accumulation of citric acid is
not always reflected in a similar reduction of its
intracellular citric acid pool concentration [3,5] illus-
trates this point.
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Export of organic acids (i.e. succinate and malate)
by Saccharomyces cerevisiae has been shown to
occur by an active process depending on membrane
energization [7,8]. In bacteria, some metabolite efflux
processes appear to be mediated by an inversion of
the uptake system [9,10], athough this has been
shown to be less likely for glutamate secretion by
Corynebacteria [11-13]. In this paper, we report the
properties of the citrate export as well as the citrate
uptake system from a citric acid producing strain of
A. niger.

2. Materials and methods
2.1. Materials

All chemicals used were standard analytical grade
and provided by Merck (Darmstadt, FRG) or Sigma
(St. Louis, MO). For citric acid fermentations, food
quality crystalline beet sugar (Leopoldsdorfer Zuck-
erfabrik, NO, Austria) was used, which was decation-
ized by treating 2 | of a 20% (w/v) sucrose thrice
(for 10 min each) in batch with 100 g of Dowex AG
B50W-X8 prior to its use for nutrient medium prepara-
tion.

2.2. Organism and media

A. niger ATCC 11414, a strain producing high
yields of citric acid, was used as the parent strain in
the course of this study. Conditions for its mainte-
nance, inoculum preparation, and growth on different
carbon compounds have been described previously
[14,15]. Citric acid fermentations were carried out in
1 | wide-mouthed shake flasks containing 100 ml of
medium, agitated (250 rpm) on a rotary shaker at
30°C for up to 240 h.

2.3. Extraction and quantification of citric acid

Mycelia were harvested by suction filtration on a
precooled linen cloth, immediately immersed in ice-
cold 0.1 M HCI containing 0.1 M NaCl, stirred for 5
min at 4°C, filtered as described above, and washed
with the same solution thrice. This procedure re-
moved more than 98% of the extracellular citrate,
whereas it did not lead to leakage of intracellular

citrate into the medium (data not shown). An intra-
cellular volume of 1.3 ml /g dry weight was used for
the calculations [16]. Extra- and intracellular citrate
were quantified by enzymatic analysis [17], using a
commercial test kit (Boehringer-Mannheim,
Mannheim, FRG).

2.4. Assay of citrate export

Mycelia were harvested by suction filtration and
washed with 500 ml of tap water to remove > 95%
of the citrate adsorbed to the mycelia. They were then
suspended to a final biomass density of 3—4 g dry
weight /ml in 10 mM sodium phosphate, pH 5.0, and
aliquots of 10 ml of this suspension was pipetted into
100 ml Erlenmeyer flasks. Samples of 1.0 ml were
withdrawn after appropriate intervals of incubation,
centrifuged in an Eppendorf centrifuge (5000 X g, 3
min), and citrate assayed in the supernatant by enzy-
matic analysis [17], using a commercial test kit
(Boehringer-Mannheim, Mannheim, FRG).

2.5. Assay of citrate uptake

Uptake of citric acid by mycelia of A. niger was
studied using [1,5-**C]citric acid (4.1 GBg/mmol,
Amersham Life Science, Cardiff, UK) at a final
concentration of 100 wM, unless otherwise stated. To
this end, they were pregrown on 1 or 14% (w/v)
sucrose for 28 h or 40 h, respectively (at which time
they were approximately in the middle of their growth
phase). The mycelium from one flask was harvested
by suction filtration, and washed with 500 ml of tap
water. It was then suspended in 10 mM sodium
phosphate, pH 3.3, to give a mycelial suspension of
approximately 2 g dry weight per liter. Portions of 10
ml of this suspension were distributed into several
100 ml Erlenmeyer flasks, and incubated in a shaking
water bath for 15 min. This time was necessary for
the fungus to adapt to the new conditions and guaran-
teed linear uptake rates. The suspension was then
pulsed with 0.37 MBq [1,5-**Clcitric acid, and the
uptake — and CO, evolution, if required — mea-
sured as described previously [18]. All data were
related to the amount of mycelial biomass dry weight,
which was determined from separate samples of the
initially prepared mycelial suspension.
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3. Results

3.1. Manganese deficient cultivation is required for
Citrate export

Our initial strategy to demonstrate citrate efflux
from A. niger was based on loading mycelia with
different total concentrations of [1,5-*C]citrate, and
measuring the kinetics of subsequent release of ra-
dioactive citrate into the medium. However, whereas
mycelia pregrown on glucose or citrate (as sole car-
bon source under otherwise complete nutrient condi-
tions) took up radioactive citrate, we could not detect
its release into the medium within subsequent 90 min
(Fig. 1a). Since less than 15% of the label taken up
was released as CO, (data not shown), this suggests a
high metabolic stahility of citrate in these cells. Incu-
bation of heat-inactivated mycelia with [1,5-
14Cl]citrate did not show any * uptake’ hence provid-
ing evidence that the measured uptake rate was not
only due to adsorption to the fungal cell walls.

In contrast, mycelia cultivated in a medium that
stimulated citric acid production, take up no [1,5-
14Clcitrate (Fig. 1a). Several control experiments were
carried out to ensure that this was not due to a
carry-over of and thus competition by unlabelled
citrate from the medium.

As an dternative strategy to measure citrate ex-
port, we replaced thoroughly washed, citric acid pro-
ducing mycelia in buffer and followed the export of
citrate by enzymatic analysis. The release of citrate
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Table 1

Effect of selected inhibitors on the export of citric acid @

Compound Concn. (M) Export activity
(nmol /min per mg
cell dry weight)

Control - 0.521 (+0.032)

H* 1077 0.264 (+0.019)

H* 102 1.031 (4 0.021)

NaN, 1073 <0.030

CCcCP 10°° < 0.030

2,4-DNP 1074 0.117 (+0.010)

Nigericin 1074 0.323 (+0.016)

@Al experiments were carried out at pH 5, unless otherwise
indicated. Values are means of at least three separate experi-
ments, and standard deviations are given in parentheses.

into the medium under these conditions was not due
to leakage from the cells or release of adsorbed
material, since it could be instantly inhibited by the
uncoupling agent 2,4-dinitrophenol and the cy-
tochrome-C oxidase inhibitor NaN,. Citrate export
thus appears to be energy dependent. Furthermore,
carbonyl cyanide m-chlorophenylhydrazone (CCCP,
a protonophore) drastically inhibited citrate transport
suggesting that it occurs by proton symport. On the
other hand nigericin, a ionophore which dissipates the
ApH, had only a very dlight inhibitory effect which
indicates that citrate import is independent of ApH
(Table 1). Citrate export showed highest activity at an
extracellular pH of 2.0, and only a fourth of that rate
was observed at pH 7.0.
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Fig. 1. Citric acid uptake (a) and export (b) by mycelia cultivated in a citric acid producing medium in the presence (5- 107> M; full
symbols and solid lines) or absence (empty symbols and dotted lines) of Mn?* ions, respectively. Vertical bars show the standard

deviation (n= 4).



290 A. Netik et al. / Biochimica et Biophysica Acta 1326 (1997) 287-294

Citrate export could be observed with mycelia
which had been precultivated under normal growth
conditions on glucose or citrate as a carbon source.
We found that the manganese ion concentration of
the nutrient medium was exclusively responsible for
this effect: decreasing the Mn?* ion concentration in
the growth medium resulted in clearly measurable
citrate export, e.g. 0.74 and 1.37 nmol /min per mg
dry weight for 10~ and 10~ 8 M, respectively. This
effect was dependent on the manganese ion concen-
tration in the growth medium and could not be
counteracted by appropriate aterations of assay con-
ditions, as the omission of manganese ions from the
export assay, or their chelation by EDTA. Consistent
with this, the addition of manganese ions to Mn?*-
deficiently grown mycelia during the export assay did
not inhibit their citrate export activity. It should be
noted that the intracellular citrate concentration in
mycelia pregrown in the presence of 5-107° M
Mn?* and practically lacking citrate export activity
was 42% of that measured in Mn?*-deficient grown
(and citrate exporting) mycelia (1.7 vs. 4.1 mM).It is
unlikely that this concentration difference could ex-
plain the absence of export activity in the presence of
Mn?* by a shortage of substrate availability.

1,2,3-Benzenetricarboxylic acid and tricarbalylic
acid, nonmetabolizable inhibitors of mitochondria
citrate translocation [19], inhibited citrate export when
added at fina concentrations of 50 mM (63 and 17%
inhibition, respectively).

3.2. Manganese ions are required for citrate uptake

Since the export of citrate was detectable only
under manganese deficient growth conditions, we
investigated whether manganese ions also influenced
citrate uptake. This was indeed the case: at concentra-
tions below 1078 M Mn?*, virtually no citrate uptake
was measurable (Fig. 2). Citrate uptake recovered in
a concentration-dependent manner with increasing
Mn2* concentrations, and was comparable to the
control (i.e. the uptake rate under norma growth
conditions) at about 5-10~° M. Hence manganese
ions influenced the formation of the uptake and the
export system for citrate in a reciprocal manner.

Interestingly, the effect of Mn?* on citrate uptake
depended both on its presence during growth as well
as in the uptake assay: whereas the uptake of citrate

N
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Fig. 2. Reversal of EDTA inhibition of citric acid uptake by
Mn3* ions. @, control (no EDTA, no extra Mn*: m, 2 mM
EDTA; a, 2 mM EDTA plus10°¢ M Mn?*; v, 2 mM EDTA
plus 5-1075 Mn2*.

by mycelia pregrown in the presence of manganese
ions could be inhibited by the addition of EDTA, and
this inhibition could be counteracted by addition of
increased Mn?* concentrations (Fig. 3), addition of
manganese ions to manganese deficiently grown
mycelia did not restore citrate uptake (data not
shown). This counteraction in the assay system was
rather specific for manganese ions, since other cations
such as Mg?*, Zn?*, or Fe** could only partialy
restore citrate transport, and high concentrations were
even inhibitory (data not shown). Cu®* strongly in-
hibited citrate uptake at all concentrations tested (73
and 88% inhibition at 1.5-10"° and 7.5-10"° M,
respectively). In summary, we conclude from these

Citrate uptake
[nmoles/min mg dry weight]

0 2 4 6 8 10
EDTA [mM]

Fig. 3. Inhibition of citric acid uptake by EDTA and its reversal
by Mn2*. The effect of addition of 107 M and 10~ M Mn?*
in the presence of 2 MM EDTA is shown by an empty and a solid
bar, respectively.
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data that the import of citrate by A. niger requires
the presence of manganese ions, both for formation
as well as for activity.

3.3. Citric acid import by A. niger is catalyzed by a
constitutive inducible system

Having found conditions where citrate uptake by
A. niger was clearly demonstrable, we examined
some properties of this uptake system. A variation of
the concentration of citrate in this system and statistic
evaluation of the data according to a nonlinear least
sgquare estimation procedure within the mathematical
package (Wolfram Research Trade Center Drive,
Champain, IL) yielded data in favour of a single
uptake system characterized by a K, of 220 (+15)
uM and V,_, of 3.6 nmol /min per mg dry weight
(Fig. 4). The permease was present during growth on
glucose, but its activity increased about 3-fold upon
growth on citrate. The effect of 2,4-dinitrophenoal,
NaN,, CCCP, nigericin and pH on citrate import is
shown in Fig. 5. The inhibition by these compounds
and the effect of pH suggests that it occurs by proton
symport and independent of ApH, similarly as for
Citrate export.

In order to investigate the specificity of citrate
transport by A. niger, the ability of severa tri-, di-

Citrate uptake™
[(nmoles/min mg dry weight)‘1]

-0.005 0 0.005 0.01 0.015
Citrate™ [uM™

Fig. 4. Lineweaver—Burk plot of the effect of the concentration
of citrate on the activity of the citrate uptake system. Full
symbols: mycelia pregrown on glucose; empty symbols. mycelia
pregrown on citrate. K, values calculated were 220 (+40) and
280 (+45) uM, and V,,, 3.6 and 8.9 nmol /min per mg dry
weight for glucose- and citrate-grown mycelia, respectively. Non-
linear least-squares estimation was carried out on both data sets
yielding r = 0.972 and r = 0.99, respectively.
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Fig. 5. Effect of pH and some agents interfering with H™*
formation and compartmentation on the uptake of citrate. The
inset shows a bar chart of the relative effect of CCCP, nigericin,
2,4-DNP and NaN,. The activity of the citrate uptake system in
the absence of any inhibitor is taken as 100%.

and monocarboxylic acid metabolites to compete with
uptake of [1,5-*Clcitrate was investigated (Table 2).
Most of them were found to be competitors, succi-
nate, malate and pyruvate being strongest. Among
nonmetabolizable analogs of citric acid, tricarbalylic
acid, 1,2,3-benzenetricarboxylic acid and phthalic acid
al were inhibitors of citrate uptake.

As the addition of 50 mM tricarballylic acid inhib-
ited citrate import more strongly than citrate export

Table 2
Effect of organic acid metabolites and nonmetabolizable ana-
logues on citrate uptake #

Component Uptake activity
(nmol /min per mg
cell dry weight)

Control 1.57 (+0.05)

Isocitrate 041(+0.12)

Malate 0.11(£0.09)

Succinate 0.15(+0.09)

a-Ketoglutarate 0.48(£0.13)

L actate 0.60 (+0.08)

Pyruvate 0.25(+0.11)

1,2,3-Benzenetricarboxylate 0.39(£0.07)

Tricarballylate 0.12 (+0.05)

Phthalate 0.08 (+0.03)

& Control experiments were carried out with mycelia cultivated in
the presence of 5-107% M Mn?* jons. Citrate concentration was
50 uM in al cases. Organic acids were tested at final concentra-
tions of 50 mM. Values are means of at least three separate
experiments, and standard deviations are given in parentheses.
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(see above), we investigated whether its addition to
mycelia pregrown at a suboptimal manganese ion
concentration (i.e. 10~’ M; at which both the import
as well as the export system are present) has an effect
on the citrate export rate. In fact, the rate of citrate
export was increased from 0.19 to 0.25 nmol /min
per mg dry weight, thereby indicating that the relative
uptake rates of the two systems influence each other.

4. Discussion

Excretion of organic acid metabolites by yeast has
been reported to occur as a result of passive diffusion
of the undissociated acid through the plasma mem-
brane [7,8]. According to its three pK, values citric
acid is amost completely dissociated at the intra-
cellular pH (6.5-7.0), whereas it is almost undissoci-
ated at the pH of the medium during citric acid
fermentation (1.7—2.0). Mattey [20] hypothesized that
citrate”™ is excreted by passive diffusion along a
gradient of dissociated citric acid. In view of the
present findings that (a) CCCP, 2,4-DNP and sodium
azide immediately blocked citrate excretion, and (b)
30% of the excretion observed at an externa pH of 2
was still observed at pH 7, which is even higher than
the intracellular pH of A. niger under these condi-
tions [4], we assume that citrate export occurs by an
active transport system. These findings add to those
for glutamate efflux by C. glutamicum and to those
for other amino acids for which also active transport
systems have been reported [11,12,21-23], hence
expanding the list of metabolite overproductions
which occur by active excretion.

Also in accordance with the situation in amino
acid overproducing bacteria, citric acid import by
active transport could be demonstrated in A. niger.
The situation in A. niger therefore seems to differ
from that of Candida utilis [24], which contains two
systems, a high-affinity system depending on proton
symport, and a low-affinity facilitated diffusion sys-
tem acting on undissociated and charged citric acid.
An intriguing property of the A. niger uptake system
was its dependency on Mn?* which could only par-
tialy be fulfilled by other divalent metal ions. The
citrate uptake system of Bacillus subtilis [25] — but
not that of other bacteria [26—29] and neither of C.
utilis [24] — has also been described to be dependent

on divalent metal ions. One possibility for this obser-
vation could be either a requirement of the permease
for metal ion-chelated citrate, as many other enzymes
reacting with tricarboxylic acids [29], or Mn?* sym-
port. Cotransport of citrate and Mg?* or Fe*" has
been reported in other Bacillus subtilis and Es
cherichia coli, respectively [30,31]. An active trans-
port system for manganese ions has been demon-
strated in A. niger [28], and it is intriguing that its
activation by citrate has been reported (Auling, G.
and Seehaus, D., unpublished data; cited in [32]).
While further experiments would be necessary to
support the existence of a symport with Mn?* ions, a
brief calculation of the free and chelated forms of
Mn?* in the presence of citrate and EDTA shows
(Torres, N., data not given) that EDTA competes
with citrate for this metal ion. A Lineweaver—Burk
plot of the affinity of the uptake system for citrate in
the presence of 2 mM EDTA and 5-107° M Mn?*
shows a similar K, yet a lower V., and this V.,
correlates with the one which is obtained if only the
Mn?*-citrate chelate is plotted as a substrate. These
data support the assumption that the citrate uptake
system requires preferably the metal ion chelated
form of citrate as a substrate, and that the nonchel ated
form is neither transported nor inhibits transport.
The most intriguing aspect which emerged from
this study is the reciprocal regulation of citrate efflux
and uptake by manganese ions, i.e. the stimulation of
formation of the latter and the inhibition of formation
of the former in the presence of manganese, and vice
versa. These findings are in accordance with the
theoretical prediction [6] that passage of citrate
through the plasma membrane is one of the more
critical events in citric acid accumulation, and link
these findings to the well-known negative effect of
Mn?* ions on citric acid accumulation [1,2]. One
may argue that this observation may be an artefact,
because the uptake system will simultaneously pump
the exported citrate back into the cell in the presence
of Mn?* ions, hence pretending inactivity of the
export system, and vice versa. However, as complex-
ing the available Mn?* by EDTA does not lead to
citrate export in mycelia pregrown in the presence of
manganese this explanation is unlikely. One other
possibility would be differential transcriptional regu-
lation of the uptake and the excretion system by
manganese, in analogy to the Fe-citrate carrier system
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of E. coli [33]. Yet a further explanation may be
deduced from earlier findings that Mn?* deficiency
leads to a pronounced alteration in A. niger mem-
brane lipid composition [34]. It has already been
shown that such an alteration affects the properties of
membrane bound enzymes such as permeases signifi-
cantly, and it may therefore be speculated that the
absence of manganese ions leads to carrier inversion
[9,10], in which an inversed uptake system now
pumps citrate out of the cells. The observed require-
ment of the uptake system for free manganese ions
would not contradict this possibility: assuming that
al the extracellular Mn?* would be taken up by e.g.
2 g (dry weight) /I of fungal mycelia (which have an
interna volume of 1-2 ml /g), the intracellular con-
centration should be between 10-° and 10~ ° M even
at an external manganese ion concentration as low as
10~8 M and thus high enough for Mn?* symport [2].
The carrier-inversion hypothesis would aso form a
basis to explain the well-known ability of various
membrane affecting agents such as lower acohols,
fatty acids and quaternary ammonium compounds to
antagonize the presence of manganese ion impurities
in citric acid fermentation substrates (for review see
[1]). In order to safely distinguish between the possi-
bility of two differently regulated transport systems
explanations (e.g. one of import and one for export)
and the carrier inversion model, however, a molecu-
lar characterization of the A. niger citrate carrier(s)
will be necessary. A reciprocal regulation of citrate
uptake and export by Mn?* may be beneficia to the
fungus because it enables the recruition of Mn ions
by secreted citrate when their external availability is
low, whereas it allows their uptake once they are
accumulated at certain concentrations.
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