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The kinetics of phosphate uptake by exponentially growing Neurospora
crassa were studied to determine the nature of the differences in uptake
activity associated with growth at different external phosphate concentrations.
Conidia, grown in liquid medium containing either 10 mM or 50 uM phosphate,
were harvested, and their phosphate uptake ability was measured. Initial
experiments, where uptake was examined over a narrow concentration range
near that of the growth medium, indicated the presence of a low-affinity (high
K,,) system in germlings from 10 mM phosphate and a high-affinity (low K,,)
system in germlings from 50 uM phosphate. Uptake by each system was
energy dependent and sensitive to inhibitors of membrane function. No efflux
of phosphate or phosphorus-containing compounds could be detected. When
examined over a wide concentration range, uptake was consistent with the
simultaneous operation of low- and high-affinity systems in both types of
germlings. The V. estimates for the two systems were higher in germlings
from 50 uM phosphate than for the corresponding systems in germlings from 10
mM phosphate. The K, of the high-affinity system was the same in both types
of germlings, whereas the K,, of the low-affinity system in germlings from 10
mM phosphate was about three times that of the system in germlings from 50

uM phosphate.

Relatively little is known of the mechanisms
whereby microorganisms, particularly fungi,
achieve and regulate uptake of phosphate (13,
24). There are conflicting reports regarding the
number and the kinetic properties of the up-
take systems of the yeast Saccharomyces cere-
visiae (2, 3, 8, 15). The differences may be due,
in part, to differences in the culture conditions
before assay, since, in studies with other fungi,
phosphate uptake ability has been found to be
increased after growth in low-phosphate media
(4, 27, 28). The most extensive study of phos-
phate uptake by a filamentous fungus has been
carried out recently with Neurospora crassa
(18-20). This fungus was reported to possess
two uptake systems, one of low affinity (high
K,,) and one of high affinity (low K ,,). Phospho-
rus starvation resulted in a dramatic increase
in the activity of the high-affinity system.

These results are similar to those reported
for the uptake of a variety of solutes in micro-
organisms where the activity of a high-affinity
system either appears de novo or is increased
after a period of starvation for the solute. Such
reports suggest a mechanism by which an or-
ganism might adapt to different external solute
concentrations. Namely, all uptake of the sol-
ute above that carried out by the low-affinity

system present at its constitutive level is pro-
vided by the high-affinity system, derepressed
to an appropriate extent. Quantitative evidence
in support of such a control mechanism is
lacking. We chose to test this hypothesis by
studying the regulation of phosphate uptake
activity in N. crassa growing exponentially at
different pl.osphate concentrations. An essen-
tial part of the study has been the development
of experimental techniques to describe accu-
rately the uptake characteristics of the fungus
at the instant of harvest. In this paper we
report these techniques together with a de-
tailed account of the uptake characteristics of
germinating conidia (germlings) grown in me-
dium containing phosphate at either a high or
low concentration. In the accompanying paper
(1), we examine the behavior of germlings
grown at concentrations between these two
extremes and discuss the extent to which the
kinetic parameters of the uptake systems can
account for the observed phosphate uptake
rates of growing germlings.

MATERIALS AND METHODS

Our general method has been to grow N. crassa
conidia for 2.5 h in a growth medium containing
the appropriate concentration of phosphate and then
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to transfer the germlings rapidly to fresh growth
medium with 3P, at different concentrations to
follow uptake. The technique of preincubating cells
for a period in a simple buffer solution before assay,
which has previously been used in phosphate uptake
studies of N. crassa (16, 19), has been avoided. We
saw no advantage of this technique for our studies
and considered that such manipulations might alter
the uptake characteristics from those existing dur-
ing growth.

Where appropriate, values are given as the mean
+1 standard deviation.

Inoculum. The N. crassa wild-type strain, STA4
(St. Lawrence), was obtained from J. R. S. Fincham.
Conidia were produced by growing the fungus on
Vogel's medium N (32) supplemented with sucrose
(20 g/liter), agar (15 g/liter), and, in the case of
most uptake experiments, *S0,2" (2 uCi/ml). After
6 days at 25°C, the conidia and aerial mycelium
were scraped from the agar surface and shaken in
water. The resulting suspension was filtered
through glass wool to remove mycelial fragments
and centrifuged, and the pellet of conidia was resus-
pended in water. Appropriate volumes were then
added to the different germination flasks of an
experiment to give a final concentration of 10°
conidia per ml. For technical reasons germination
flasks could not always be inoculated at the same
time, but storing the suspension for up to 3 h at
room temperature had no effect on the subsequent
germination or the uptake characteristics of the
germlings.

Media for germination and uptake studies. The
base medium (BM) contained: KNO,;, 2 mM;
NH,NO,, 2 mM; (NH,),SO,, 3 mM; MgSO,, 2 mM;
Ca(NO,),, 2 mM; citrate, 10 mM (1 M sodium citrate
buffer, pH 6.4, 10 ml/liter); sucrose, 58 mM; ferric
monosodium ethylenediaminetetraacetate, 54 uM;
H;BO,, 46 uM; MnCl;,, 9 uM; ZnCl,, 0.73 uM;
CuS0,, 0.32 uM; (NH,)sMo,0,,, 0.032 uM; d-biotin,
0.02 uM. BM was prepared at 2.5 times final
strength, with the pH adjusted to 6.4. Phosphate
solutions were prepared at twice final strength from
KH,PO, adjusted with KOH, such that when mixed
with BM and diluted the final pH was 6.4. BM and
phosphate solutions were autoclaved separately
(121°C, 15 min). Radioactive phosphate and cyclo-
heximide (final concentration, 14 uM; Upjohn Co.,
Kalamazoo, Mich.) were not autoclaved and were
added directly to the appropriate sterilized solu-
tions.

Germination and growth. Conidia were germi-
nated by incubation at 30°C for 2.5 h in 100 to 500
ml of medium in a flask of four to five times the
medium volume on a reciprocating shaker (thrust,
3 c¢cm; 90 rpm). The medium was either BM + 10
mM phosphate (10 mM germlings) or BM + 50 uM
phosphate (50 uM germlings). During incubation
the pH of the medium remained between 6.3 and 6.4.

Uptake assays. Samples of 2.5-h germlings were
harvested from the growth medium by vacuum
filtration onto a cellulose nitrate filter (pore size,
1.2 pum). The pad of germlings was washed thor-
oughly with BM minus phosphate and dropped into
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resuspension solution (see below). The germlings
were dislodged from the filter by swirling the flask,
and the filter was then removed. In some experi-
ments the resuspension solution was the final assay
solution and contained BM + cycloheximide + **P,
in the same volume as the original germling sample.
In most experiments the resuspension solution was
twice final strength (BM + cycloheximide) at half
the original sample volume. Subsamples (5 to 15
ml) were then removed and added to an equal
volume of the appropriate **P, solution at twice
strength, to give correct final concentrations of
germlings and medium. If germlings were left in
twice strength (BM + cycloheximide) for longer
than about 5 min, the subsequent phosphate uptake
rate was slightly reduced, and so germlings were
never left in this resuspension solution for longer
than 3 min. Samples (1 ml) were removed at inter-
vals and filtered by suction through glass-fiber
filters (Whatman GF/A or GF/C). Each filter was
washed four to five times with 10-ml volumes of 1
mM potassium phosphate buffer (pH 6.4) at room
temperature (21 to 23°C) and then placed in a
scintillation vial for radioactivity measurement.

Cycloheximide is known to inhibit growth (12)
and prevent protein synthesis in N. crassa (11).
This compound was included in assay media to
prevent possible changes occurring in uptake char-
acteristics due to the synthesis of new uptake activ-
ity during the course of the assay.

For inhibitor studies (see Table 1), germlings were
suspended in BM + cycloheximide + *P; for 10
min, and then inhibitor was added. The pH of the
inhibitors was adjusted to keep the final medium
pH at about 6.4. Nystatin (Mycostatin; E. R. Squibb
& Sons, Princeton, N.J.) and 11-deoxycorticosterone
(Sigma Chemical Co., St. Louis, Mo.) were dissolved
in ethanol before addition. The final ethanol concen-
tration was 1%, and by itself this did not affect
phosphate uptake. For the 0°C treatment, germlings
suspended in twice strength (BM + cycloheximide)
were chilled on ice before addition of chilled, twice-
strength **P,; solution.

Radiotracer. Radioactive sulfate and phosphate
were obtained from the Radiochemical Centre,
Amersham, England. We did not encounter the
difficulties with using **P, reported by Lowendorf et
al. (19) in a similar study. One benefit of using **P;
was that a *?P/*S double-labeling technique could
be used.

Measurement of radioactivity. Glass-fiber filter
samples were prepared for counting by adding 1 ml
of water plus 9 ml of scintillation fluid (based on
the 2:1 toluene-Triton X-100 mixture of Patterson
and Greene [23]). Aqueous samples were made to 1
ml with water, and scintillation fluid was added.
Vials were capped, shaken thoroughly on a Vortex
mixer, and left overnight. This prolonged soaking
was necessary to obtain reproducible counting be-
havior of the samples. The vials were shaken again
and counted by liquid scintillation spectrometry
(Packard model 3320), using the channels ratio
method for double-label counting (9). Quenched
standards were prepared for each experiment, and
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the data were quench-corrected using computer-
generated curves. To maintain similar accuracy for
all S measurements, the **P overlap in any sample
was not permitted to exceed 20% of the total *S
counts. This was achieved by choosing appropriate
specific activities for the **P; solutions.

Use of *S labeling. Inclusion of 3*S0O,%” in the
agar medium when growing the fungus provided
conidia that were radioactively labeled with 3S.
The %S content of the germlings in a given experi-
ment (about 6 x 10° cpm/mg, dry weight) was then
used to correct for slight differences in sample size.
The #*P counts in each sample were adjusted by the
factor required to normalize the **S counts in that
sample to the mean **S sample count for the experi-
ment. In practice, corrections of up to about 10%
were required.

Calculation of initial uptake rates. Sampling
times were spaced such that at least five samples
were taken during the linear period of uptake. In
all instances, sampling was completed by 16 min.
Uptake rates were calculated from lines fitted by
least-squares analysis. Although it was not possible
to determine the exact moment when germlings
made effective contact with the 2P;, because of the
time taken for mixing, most calculated uptake lines
passed through or close to the origin. In the case of
10 mM germlings assayed at high-phosphate con-
centrations, lines usually intercepted the ordinate
above the origin (Fig. 1A). The concentration of
phosphate in the uptake medium was taken as the
concentration at the midpoint of the linear uptake
period, thereby correcting for loss during this pe-
riod. No correction was needed for phosphate solu-
tions greater than 100 uM.

Uptake rates were first calculated on a per-milli-
liter basis. It was not practicable to measure germ-
ling dry weight in every experiment because of the
large volumes of culture needed to obtain accurat:
weights. Standard uptake rate values on a per-gram
(dry weight) basis were measured directly for 10
mM germlings assayed at 1 mM phosphate (2.08
wnmol/g [dry weight] per min) and for 50 uM germ-
lings assayed at 50 uM phosphate (2.99 umol/g (dry
weight] per min). Similar assays were included in
each experiment, and the ratio of the uptake rates
of these assays (on a per-milliliter basis) to the
standard uptake rate values was then used to con-
vert the other measurements.

For comparative purposes we suggest that our
uptake rate data may be approximately converted
into other units as follows: to convert to uptake per
milliliter (10° germlings), assume 10° 2.5-h-old
germlings weigh 38.6 ug; to convert to uptake per
unit of cell water, assume the ratio of intracellular
water to dry weight is 2.54 (31) or 2.3 (26); to
convert to uptake per unit of surface area, assume
the ratio of surface area to dry weight is 4.6 m?/g;
to convert to uptake per unit of fresh weight, as-
sume the ratio of dry weight to fresh weight is 0.186.

Derivation of kinetic parameters. Phosphate up-
take in N. crassa has been analyzed by assuming
the simultaneous operation of two uptake systems
each obeying Michaelis-Menten kinetics. Thus,
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where v is uptake rate; s is phosphate concentration;
V mamia @and V0 1a) are the maximum uptake rates
of the low-affinity and high-affinity systems, respec-
tively; and K, ., and K,y are the phosphate
concentrations that give rise to half-maximum up-
take rates for each system.

When uptake measurements were made over a
wide phosphate concentration range, estimates of
the kinetic parameters, Vma.nl,m’ Vma.r(HAn Km(LA)r
and K,,a,, were derived by fitting the double-hy-
perbola equation to the data, using a computer-
based method. Data were partitioned into two sub-
sets, with each being repetitively solved for a single
hyperbola, using the direct linear plot method (5,
6), after subtracting the calculated contribution of
the hyperbola corresponding to the other subset. In
all cases the first subset contained data from phos-
phate concentrations up to and including 10 uM.
Measurements at higher concentrations comprised
the second subset. Iteration of the fitting method
was continued until successive estimates of each of
the parameters differed by less than 0.1%. The
merits of this method are discussed elsewhere
(D.J. W. Burns and S. A. Tucker, Eur. J. Biochem.,
in press).

When uptake was followed over a restricted con-
centration range, the relationship between uptake
rate and phosphate concentration was essentially
linear on a Hofstee plot (10) and thus appeared to
obey simple Michaelis-Menten kinetics. The two
kinetic parameters of this “single” system were
estimated by using a computer version of the direct
linear plot method.

Parameters derived by single-hyperbola analysis
are termed one-system estimates, whereas those
derived from double-hyperbola analysis are termed
two-system estimates.

RESULTS

Initial kinetic analysis of low- and high-
affinity systems. In initial experiments we
sought to find growth conditions, differing only
in the external phosphate concentration, in
which N. crassa was able to grow exponentially
with either the low- or high-affinity system
being primarily responsible for phosphate up-
take. A 10 mM phosphate concentration was
chosen as a maximum, since it would ensure
virtual saturation of the constitutive low-affin-
ity system [reported K, ., of 470 uM at pH
6.43; 19]. Similarly, a 50 uM phosphate concen-
tration was chosen as a minimum since the
activity of the low-affinity system presumably
would be restricted (approximately 10% of
V nania)), Whereas that of the high-affinity sys-
tem would be saturated [reported K, ., of
about 3 uM; 18]. Growth, measured as dry-
weight increase, was exponential by 2.5 h and
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remained identical for 50 uM and 10 mM germ-
lings over the first 6 h (1).

When 10 mM germlings were examined at
phosphate concentrations of 400 uM and above,
uptake was linear with time (Fig. 1A). A Hof-
stee plot of the data gave a straight line (Fig.
1B), suggesting that uptake of phosphate from
these solutions was due primarily to a single

[Pi]‘mM

32

8 & 8

UPTAKE ( ymol/g d.w. )

-
o

TIME (minutes)

UPTAKE RATE ( ymol/g d.w. /min )

1 2 3 4 5
UPTAKE RATE ( pmol/g d.w. /min )
[PHOSPHATE] (mM)

Fic. 1. Phosphate uptake by 10 mM germlings
over a narrow concentration range (400 uM to 3.2
mM). (A) Uptake with respect to time at different
phosphate concentrations. (B) Hofstee plot of data.
The kinetic parameters for a single hyperbolic func-
tion fitted to the data are: K,,, 843 uM; V.., 3.64
wmol/g (dry weight [d.w.]) per min. This function is
given by the solid line.
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uptake system obeying Michaelis-Menten ki-
netics. The mean estimated one-system kinetic
parameters of the single system were: K ,,, 754
=98 uM; V., 3.59 = 0.26 umol/g (dry weight)
per min (seven experiments). From the similar-
ity in the respective K,, values, it was clear
that this system corresponded to the low-affin-
ity system previously described (19).

Uptake by 50 uM germlings over the range
1 to 50 uM phosphate was also linear with
time (Fig. 2A). The data obtained from 1 to 10
uM concentrations gave a linear Hofstee plot
(Fig. 2B), indicating the predominant operation
at dilute concentrations of a single uptake
system obeying Michaelis-Menten kinetics.
The mean estimated one-system kinetic param-
eters of this system were: K,,, 3.01 = 0.29 uM;
V war> 2.59 = 0.17 umol/g (dry weight) per min
(seven experiments). It was concluded that this
system corresponded to the high-affinity sys-
tem of Lowendorf et al. (18). The uptake rate
at 50 uM phosphate was higher than that
expected from the operation of the high-affinity
system alone (see Fig. 2B) and suggested that
there was a second uptake system contributing
significantly to uptake at this phosphate con-
centration.

Metabolic properties of the uptake systems.
Properties of the two systems were examined
further by following uptake by germlings at a
phosphate concentration at which uptake
would be due largely to one of the two systems.
Phosphate uptake by both systems was almost
abolished by the respiratory inhibitors cyanide
and azide and by lowering the temperature to
0°C (Table 1). Arsenate, which competes with
phosphate in a number of biological systems
including phosphate uptake in yeast (25), ap-
proximately halved the uptake rate when
added in amounts equimolar to the phosphate
present in the assay. Phosphate uptake was
also affected by inhibitors of membrane func-
tion. The addition of nystatin, known to affect
permeability of N. crassa cells (14), not only
prevented further accumulation but also al-
lowed leakage of accumulated radioactivity
back into the medium. The steroid 11-deoxycor-
ticosterone, which is suggested to be a general
uptake inhibitor in N. crassa (17, 30), also
prevented uptake and allowed leakage.

Efflux studies. Although in some uptake
systems it is found that significant efflux of an
ion occurs during uptake of that ion, we have
not been able to demonstrate significant efflux
of phosphate under our experimental condi-
tions. In one experiment, 2.25-h 10 mM and 50
uM germlings were exposed, in the presence of
cycloheximide, for 0.5 h to a 2P, solution at
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Fic. 2. Phosphate uptake by 50 uM germlings
over a narrow concentration range (1 to 50 uM). (A)
Uptake with respect to time at different phosphate
concentrations. (B) Hofstee plot of data, plus three
further uptake rate determinations at 10 uM. The
kinetic parameters for a single hyperbolic function
fitted to the data (excluding the 50 uM value) are:
K,,2.76 uM; V ..., 2.60 umol/g (dry weight [d.w.])
per min. This function is given by the solid line.

either 1 mM or 50 uM, respectively. They were
then harvested and resuspended in medium
lacking phosphate or medium containing non-
radioactive phosphate at 50 uM or 1, 10, or 200
mM. The radioactivity present in the germlings
1.8 h after suspension was between 94 and
110% of the initial value. In another experi-
ment, to avoid any effect of harvesting and
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resuspension, a “swamping” amount of nonra-
dioactive phosphate was added during the
course of radioactive phosphate uptake. Detect-
able uptake of 32P; ceased immediately, but no
loss of accumulated radioactivity was observed
subsequently (Fig. 3).

Detailed kinetic analysis of the uptake sys-
tems. The results of Lowendorf et al. (18, 19)
and of some of our early kinetic experiments
suggested that N. crassa germlings contained
more than one uptake system. This was inves-
tigated further by following uptake over wide
phosphate concentration ranges for each of the
two types of germlings. These ranges (1 to
3,200 uM for 10 mM germlings, 1 to 1,600 uM
for 50 uM germlings) were chosen, on the basis
of preliminary experiments, to span the K,
regions of both systems in each case. Uptake
was followed at 15 or 16 different concentrations
within each range in three independent exper-
iments. The data obtained for both types of
germlings showed a curve when displayed on a
Hofstee plot (Fig. 4 and 5). Using double hyper-
bola analysis, we derived two-system parame-
ter estimates for the systems from these data.
The curved lines shown in Fig. 4 and 5 were
calculated by using the derived parameter val-
ues. These calculated curves pass close to the
experimental data points, but it is difficult to
judge the goodness of fit visually. A better
assessment can be obtained from a direct com-
parison of the experimental data and the cor-
responding calculated values. Such a compari-
son showed that most pairs of values agreed to
within 4%, with the worst agreement being

TaBLE 1. Effect of inhibitors and temperature on
the phosphate uptake systems of N. crassa

Uptake as % control®

10 mM germ- 50 uM germ-

Treatment® lings in 1 lings in 50

mM phos- uM phos-
phate® phate?
NaNg ... 3 3
NaCN .................... 1 5
2,4-Dinitrophenol .......... 5 0
Na,HAsO, ................ 40 65
Nystatin .................. -11 -22
11-Deoxycorticosterone . . . .. -9 -8
0°C oo 7 3

@ Inhibitors were present at 1 mM, except
Na,HAsO, (50 uM in 50 uM phosphate uptake
treatment) and nystatin (7.5 pug/ml).

® Negative values indicate leakage of accumu-
lated radioactivity. All uptake and leakage rates
were essentially linear for 30 min.

¢ Low-affinity system contribution, 86% (Fig. 6).

¢ High-affinity system contribution, 75% (Fig. 6).
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Fic. 3. Lack of efflux of previously accumulated
3P, or other P-labeled compounds in the presence
of excess unlabeled phosphate. 10 mM germlings (A)
or 50 uM germlings (B) were resuspended in BM +
cycloheximide + 3P, at either I mM (A) or 20 uM
(B). At times marked by arrows, 6 ml of the suspen-
sion was removed and added to 0.5 ml of 1 M
nonradioactive phosphate.

found for the 50 uM values (differences of 7.1
and 8.9% for Fig. 4 and 5, respectively). The
average parameter estimates from the experi-
ments (Table 2) show that K,,,;, is the only
parameter not significantly different from its
counterpart in the other type of germling.

From these parameter values the uptake
rates of the germlings at the phosphate concen-
tration of each growth medium can be calcu-
lated. The rate for 10 mM germlings is 3.37
umol/g (dry weight) per min, and that for 50
uM germlings (at the 2.5-h phosphate concen-
tration of 44 uM) is 2.88 umol/g (dry weight)
per min.

Relative contributions of the systems to
uptake at different phosphate concentrations.
Using the kinetic parameters of Table 2, we
have calculated the relative contributions of
each system to uptake over the concentration
range 1 uM to 10 mM (Fig. 6). It can be seen
that for 50 uM germlings the two systems
contribute equally to uptake at 210 uM,
whereas for 10 mM germlings equal contribu-
tion occurs at 88 uM.

DISCUSSION

Biochemical properties of the uptake sys-
tems. Preliminary kinetic assays indicated that
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phosphate uptake by 10 mM germlings during
growth was due primarily to a low-affinity
system, whereas that of 50 uM germlings was
due primarily to a high-affinity system (Fig. 1
and 2). The different phosphate uptake behav-
ior of the two types of germlings resulted from
a physiological adaptation to the phosphate
concentration in the medium rather than from
changes in the growth rate, since dry matter
increases were identical (1). The activity of
both systems showed a similar dependence on
continued metabolic energy production and on
membrane integrity (Table 1). Lowendorf et
al. (19) showed an energy dependence for the
low-affinity system but did not report a similar
study for the high-affinity system present in
phosphate-starved cells (18). The energy re-
quirement suggests that all phosphate uptake
involves movement against an electrochemical
gradient. This is supported by the observations
that N. crassa hyphae are negatively charged
with respect to the surrounding medium (29)
and that inorganic phosphate levels in 2.5-h
germlings are between 5 and 10 mM (unpub-
lished observations).

We found no detectable efflux of phosphate
or phosphorus compounds irrespective of which

UPTAKE RATE ( pmol/g d.w./min )

UPTAKE RATE ( pmol/g d.w./min )

[PHOSPHATE] ( mM )

Fic. 4. Hofstee plot for uptake data obtained over
a wide phosphate concentration range (1 uM to 3.2
mM) using 10 mM germlings. The data were ana-
lyzed to give the kinetic parameters of the two com-
ponent uptake systems. The high-affinity system (K ,,
3.19 uM; V., 0.26 pumolig [dry weight, d.w.] per
min) is shown by dotted line H, and the low-affinity
system (K, 1,204 uM; V., 3.61 umol/g [d.w.] per
min) is shown by dotted line L. The solid line is the
calculated sum of these two systems. The inset ex-
pands the portion of the plot close to the ordinate.
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UPTAKE RATE ( pmol/g d.w./min )

v v v v
200 400 600 800
UPTAKE RATE ( pmol/g d.w./min )

[PHOSPHATE] ( mM )

Fic. 5. Hofstee plot for uptake data obtained over
a wide phosphate concentration range (1 uM to 1.6
mM) using 50 uM germlings. The data were ana-
lyzed to give the kinetic parameters of the two com-
ponent systems. The high-affinity system (K, 2.31
uM; V.., 2.16 umollg [dry weight, d.w.] per min)
is shown by dotted line H, and the low-affinity
system (K, 366 uM; V.., 6.66 umol/g [d.w.] per
min) is shown by dotted line L. The solid line is the
calculated sum of these two systems. The inset ex-
pands the portion of the graph close to the ordinate.

TaBLE 2. Comparison of two-system kinetic
parameter estimates of the phosphate uptake systems
0of 10 mM and 50 uM germlings®

V ez (nmol/g
System K, (uM) [dry wt] per
min)
Low-affinity
10 mM germlings........ 1,029 = 153 3.41 = 0.24
50 uM germlings ........ 370 = 25 6.33 = 0.32
Difference® ............. S S
High-affinity
10 mM germlings........ 2.85 £ 0.31 0.28 = 0.05
50 uM germlings ........ 2.43 = 0.10 2.33 =0.15
Difference® ............. NS S

9 Analyzed assuming that the two systems contribute
significantly to uptake over the entire phosphate concentra-
tion range. Values are based on three independent experi-
ments.

® Significant (S) or nonsignificant (NS) at the 1% level,
using the ¢ test.

system was mainly responsible for uptake (Fig.
3). In contrast, Lowendorf et al. (19) found
efflux of both phosphate (up to 20 to 30% of the
uptake rate) and other phosphorus compounds
during uptake. We suggest that the efflux
observed by these workers may be an artifact
resulting from some abnormal alteration to the
plasma membrane. This could result from the
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Fic. 6. Diagram showing the relative contribu-
tions of the high- and low-affinity systems in 10 mM
and 50 uM germlings to uptake over a wide phos-
phate concentration range. Curves were calculated
with the parameter values listed in Table 2.

assay system they used, as this involved resus-
pending mycelium for 25 min in a nongrowth
buffer before adding radioactive phosphate.
The occurrence of efflux complicates the deri-
vation of kinetic parameters for influx (21) and
may account, in part, for the differences be-
tween our parameter estimates and theirs (see
below).

Kinetic interpretation over a wide concen-
tration range. The markedly curved Hofstee
plots for both 10 mM and 50 uM germlings,
when uptake was measured over a wide concen-
tration range (Fig. 4 and 5), are not consistent
with the operation of a single Michaelis-Men-
ten uptake system, but can be adequately ex-
plained by two uptake systems operating si-
multaneously across the plasma membrane. In
our analysis of the uptake data, we allowed for
the possibility that each kinetic parameter of
the uptake systems might vary according to
the physiological state of the fungus. For 50
uM germlings the values of V,,..a, and
V aniia, were increased about 1.9 and 8.3 times,
respectively, over the corresponding values in
10 mM germlings (Table 2). The relative in-
crease in uptake activity of each system caused
by these changes would, in the absence of K,
changes, apply equally to all phosphate concen-
trations. However, whereas no difference was
found between the K, 14, values of the two sets
of germlings, the K., value of 50 uM germ-
lings was only 0.36 times that of 10 mM germ-
lings. The effect of this change is to make the
low-affinity system in the 50 uM germlings
relatively more efficient at taking up phosphate
from dilute solutions.

Despite the different experimental condi-
tions, some comparisons can be made with the
results of Lowendorf and his colleagues (18-
20). Although these workers analyzed their
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data in terms of two uptake systems, they
assumed that the K, values of the two uptake
systems would be unaltered in fungus of differ-
ent physiological status. This assumption
meant that a reduction in K, ,, such as we
have found to be associated with a lowered
external phosphate concentration, could not
have been detected. Our K, A, of 1,029 uM at
pH 6.4 for 10 mM germlings is similar to their
K, 1.4, value of 470 uM at the same pH obtained
for mycelium grown at 37 mM phosphate.
These workers reported that K, 1, values were
markedly influenced by assay pH. Slight dif-
ferences in pH can be eliminated as a possible
cause of the differences in K, 4, that we have
found, because our uptake assays for the two
germling types were carried out in identical
solutions prepared at the same time. Our K,
values of 2.43 to 2.85 uM at pH 6.4 are similar
to the values of 2.2 to 2.6 uM at pH 5.8 found
by Lowendorf et al. (18, 20), who also reported
that K, s, values were relatively unaffected
by pH. These workers found that the major
change after a period of phosphate starvation
was a large increase in V.44, @ result con-
sistent with our finding that V.. values are
higher in 50 uM germlings than in 10 mM
germlings.

In the present work we have used the widely
adopted dual-system interpretation to explain
the nonconformity of the data with simple
Michaelis-Menten kinetics. However, complex
kinetics of a similar nature have also been
explained on the basis of a single uptake sys-
tem with properties of negative cooperativity
(7, 22). Criteria for distinguishing between
these two interpretations have been discussed
by Glover et al. (7). The strongest criterion is
the existence of mutants that lack one of the
two systems. In the case of N. crassa, the nuc-
I and nuc-2 mutants have been shown to give
phosphate uptake kinetics consistent with the
operation of a single low-affinity system (16,
20). Furthermore, metabolic perturbations may
reveal two systems through preferential effects
on one of the components. In N. crassa, phos-
phorus limitation has differential effects on the
kinetic parameters of the two systems. Also,
the effect of pH on the systems is markedly
different (see above). For these reasons, and
because of its simplicity, we have chosen the
dual-system approach but recognize that
models based on negative cooperativity are not
unequivocally excluded.

Relevance to uptake studies in general.
Some of the results of the present study have
general significance in uptake studies. When
uptake is followed over a relatively narrow
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TaBLE 3. Comparison of one- and two-system
kinetic parameter estimates of the phosphate uptake
systems of 50 uM germlings*®

V mar (pmol/g [dry

System K, (uM) wt] per min)
Low-affinity
One-system 276 = 14 8.98 = 0.19
Two-system 370 = 25 6.33 = 0.32
Difference® S S
High-affinity
One-system 2.77 = 0.08 2.55 = 0.19
Two-system 2.43 = 0.10 2.33 £ 0.15
Difference?® S NS

1 The same data from three experiments were
analyzed by one- and two-system analysis. For two-
system analysis it was assumed that both systems
contributed significantly to uptake over the entire
concentration range. For one-system analysis the
contribution of the high-affinity system to uptake
at high concentrations, and that of the low-affinity
system at low concentrations, was ignored. Thus,
the high-affinity system analysis was based on
measurements from 1 to 10 uM, and the low-affinity
system analysis was based on measurements above
400 uM.

® Significant (S) or nonsignificant (NS) at the 1%
level, using the ¢ test.

concentration range, data may be obtained that
appear to obey simple Michaelis-Menten kinet-
ics (e.g., Fig. 1 and 2). By assuming that only
one system is operating, the kinetic parameters
can be estimated, but it is important to realize
that such one-system estimates are only of
qualitative significance until it is shown that
these kinetics are adhered to over a wide con-
centration range, or that the influence of other
uptake systems is virtually negligible. For ex-
ample, in 10 mM germlings the contribution of
the high-affinity system to uptake in the K, 4,
region is very small, and there is no significant
difference between one- and two-system esti-
mates for the two uptake systems (data not
given), but this clearly is not the case for 50
uM germlings (Table 3). Thus, in situations
where two uptake systems are present, param-
eter estimates must be determined by double-
hyperbola analysis.
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