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SUMMARY

Phosphate transport system II, previously shown to be responsible for high-
affinity phosphate uptake under conditions of phosphorus starvation, is regulated
by at least three genes: pcon-nuc-2, preg, and nuc-1. nuc-1 and nuc-2 mutants cannot be
derepressed for phosphate transport system II, while pcon® and preg® mutants are
partially constitutive.

INTRODUCTION

Previous work from this laboratory has shown that Neurospora crassa possesses
two transport systems for inorganic phosphate [1, 2]. The first (system I) 1s formed
constitutively, and is the dominant system in cells grown in the usual minimal medium;
1t has a J,,, of about 1.5 mmol/l cell water per min and a K  that increases from
12 uM to 3.6 mM as the extracsllular pH 1s raised from 4.0 to 7.3. During phosphorus
starvation, a second transport system (system II) 1s derepressed; 1t 1s an active, high-
affimty system with a J,,,, of about 5.2 mmol/l cell water per min and a K ; of about
3 uM (independent of the extraczllular pH).

It 1s reasonable to suppose that the synthesis of system II 1s under the control
of one or more regulatory genes, and 1n fact evidence exists for parallel regulation of
this system along with a whole family of enzymes involved in phosphorus metabolism.
Lehman et al. [3] have reported that mutants, altered in the ability to synthesize
alkaline phosphatase, show similar changes in high-affimty phosphate transport (de-
fined as the ratio of phosphate uptake at two extracellular concentrations, 0 1 and
2mM, at pH 7.5) Two mutants, nuc-1, mapping on linkage group I, and nuc-2, on
linkage group II [4], do not form alkaline phosphatase and transport phosphate
poorly at 0.1 mM, even under conditions of phosphorus limitation. By contrast, two
other kinds of mutants, pcon®, which is extremely closely linked to nuc-2, and preg®,
which maps about 1.5 centimorgans away, are constitutive, formimg alkaline phos-
phatase and transporting phosphate well at 0. mM even when grown on high-
phosphate medium.

In the present paper, we have verified that the high-affinity phosphate transport
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measured by Lehman et al. {3] 1s mediated by system II In addition, we have made a
quantitative determimation of the activities of systems I and II under normal and
phosphorus-limited conditions 1n nuc-1, nuc-2, pcon® and preg® mutants

METHODS

Strains. Mutant strains nuc-1 (T28-M1, from FGSC No. 1994), nuc-2 (T28-M2;
from FGSC No 1998), pcon® ¢, (T)pcon®~? and preg®~* were obtamed from Dr R.
Metzenberg. (T)pcon®~? was 1solated 1n strain T(IT - I)NM177, in which a portion
of linkage group II containing pcon has been translocated to linkage group I, just to
the left of the mating type locus. Wild-type strain 74-OR8-1a (FGSC No 988) was
also obtamned from Dr R Metzenberg, and was the wild type used 1n all experiments
unless otherwise mentioned In a few instancss, for comparison with previous work,
a second wild-type strain (RL21a) was also employed

Flux measurements Two types of cells were routinely used in flux experiments
“normal” (high-P) cells, prepared by inoculating comdia (10%/ml) mto Vogel’s
mimimal medium plus 2 % sucrose and mcubating on a reciprocating shaker (120
strokes/min) at 25 °C for 15 5 h; and P-starved cells, prepared by growth n the same
medium for 14 h followed by transfer to P-free mimimal medium plus 2 9 sucrose
plus 20 mM 3,3-dimethylglutarate buffer, pH 5.8 [1], for an additional 3.5 h For flux
measurements, czlls were harvested by filtration, washed with distifled water, resus-
pended i P-free minimal medium (no sucrose) plus 20 mM dimethylglutarate buffer,
pH 5.8, and maintamed m a 25 °C water-bath with constant shaking. After pre-
incubation for 10-45 min, 3*PO,>~ (at the desired concentration, from 0.006 to 10
mM) was added, and cell samples were collected, extracted and counted as described
previously [1]. In all cases, uptake was linear for at least 5 min, so that mnitial rates
could be obtained directly from the early time points Kinetic parameters were deter-
mined for systems I and IT by computer fit of the data to the sum of two Michaelis
curves [1, 2]

RESULTS

Imitial characterization of the mutants

As previously reported by Lehman et al [3], nuc-1 and nuc-2 strains are easily
distinguished from pcon® and from wild-type Neurospora by their inability to grow in
stationary cultures on low concentrations of inorganic phosphate at high pH. Fig. 1
\lustrates that the same distinction can be made under the conditions of our experi-
ments (Vogel’s minimal medium nstead of Fries, dimethylglutarate buffer instead of
morpholinopropane sulfonate buffer). At pH 6.9, both the wild type and pcon®”®
grew significantly at phosphate concentrations as low as 0 05-0 1 mM, while nuc-1
required 1 mM phosphate and nuc-2, 1-3 mM phosphate.

At lower pH values, the differences in growth rate among the strains are less
striking. Even at pH 5.8, however, a routine comparison of the ability of the various
strains to grow in shaking cultures in the standard Vogel’s minimal medium (37 mM
phosphate) plus 2 % sucrose revealed an interesting difference (Table I): although all
of the strains grew with approximately the same doubling time (2 53-2 99 h), nuc-1
and nuc-2 maintamed substantially lower concentrations of total cell phosphorus



97

25—

20

o
T

Dry weight {mg)
°
T

N YT Y i—dn =r® Lot ot inl

:
o 0003 00l 003 ol 03 10 30 100
Extracellular PO4 conc (mM)

Fig 1 Growth as a function of the extracellular phosphate concentration at pH 6 9. Comudia were
moculated at 10*/ml into 5 ml of P-free mimimal plus 2 % sucrose plus 100 mM dimethylglutarate
buffer, pH 6.9, plus 0-100 mM phosphate, and incubated at 25 °C for 7 days The final pH was
6 3-6 9, depending on the amount of growth Each point 1s the average of two determinations.

TABLE I
GROWTH RATES AND CELL PHOSPHORUS IN VOGEL’S MEDIUM

Comnidia were moculated at 105/ml mto 1750 ml of Vogel’s medium plus 2 % sucrose 1n a 3-1 Florence
flask, and incubated with vigorous aeration at 25 °C. 100-ml aliquots were harvested at intervals,
washed, dried, weighed, and assayed for cell phosphorus [1] Each value for cell phosphorus 1s the
mean (4SS E.) of five determinations

Strain Doubling time Cell phosphorus
(h) (mmol/1 cell water)

RL21a (wild type) 2.75 29313

74-OR8-1a (wild type) 299 28345

nuc-1 267 215419

nuc-2 253 23446

peon® 5 270 34218

(215 and 234 mmol/1 cell water), and pcon®~°, a substantially higher concentration
(342 mmol/1 cell water), than did wild-type Neurospora (283 mmol/l cell water for
74-ORS8-1a).

Derepression of phosphate transport

Most of the growth properties mentioned so far can be accounted for by
assuming that nuc-1 and nuc-2 are unable to derepress transport system II for inorganic
phosphate, and that pcon®~® 1s constitutive for this system [3]. At high extracellular
PH, where system I has an extremely hugh X 3 [1], mutants lacking the ability to form
system II should be severely restricted in growth on low-phosphate medium. At low
PH, on the other hand, system I should be able to support rapid growth 1n all of the
strains, although the additional presence of system II 1n constitutive mutants (such as
peon®~%) might lead to an elevated steady-state level of cell phosphorus. (The de-
pression of cell phosphorus in nuc-1 and nuc-2 is harder to account for in terms of the
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Fig 2 Time course of derepression of phosphate transport during phosphorus starvation. Cells
were grown for 14 h in Vogel’s minimal plus 2 %; sucrose, washed, and resuspended in P-free mimimat
plus 2 % sucrose plus 20 mM dimethylglutarate buffer, pH 5 8 At 1ntervals, aliquots of cells were
tested with 50 uM 33P0,3~ to determine the 1mutial rate of uptake. Samples were also taken for the
assay of total cell phosphorus [1]

simple transport hypothests just outlined, and will be discussed below )

In order to test this hypothesis directly, changes in phosphate transport were
followed 1n the various strans during incubation under derepressing conditions.
Previous work had shown that wild-type strain RL21a, grown 1n Vogel’s minimal
plus 2 % sucrose and transferred to P-free mimimal plus 2 7 sucrose (pH 5.8), exhibits
a 10-fold increase in the 1nitial rate of uptake of 50 uM phosphate over a 2-h period,
as system 11 1s derepressed [2] Fig. 2A illustrates nearly identical results for wild-type
stramn 74-OR8-1a, in which phosphate influx increased about 11-fold, from 0.5 to
575 mmol/l cell water per min, and then stabihized at 4.5-5.0 mmol/l cell water per
min. The mutants responded quite differently. Both nuc-1 and nuc-2 took up phosphate
extremely slowly under the control conditions (0 1-0 2 mmol/] cell water per min) and,
even more strikingly, failed to show a significant increase in phosphate uptake during
incubation 1 P-free medium. On the other hand, pcon® ¢ (one of the presumed
constitutive mutants) took up phosphate rapidly under the control conditions (1 74
mmol/l cell water per min), and then increased still further to a rate shghtly above
that shown by the wild-type strain during incubation in P-free medium (about 5.4
mmol/l cell water per min).

Changes 1 cell phosphorus during the same experiment are illustrated 1n
Fig 2B. As before, there were characteristic differences n mitial cell phosphorus
among the various strains, with nuc-1 and nuc-2 contamning significantly lower con-
centrations (235 and 250 mmol/1 cell water) and peon~®, a significantly higher
concentration (365 mmol/l cell water) than wild-type strain 74-OR8-1a (295 mmol/]
cell water). After transfer to P-free mimmal plus 2 o/ sucrose, all strains showed a
short lag and then a decrease 1 cell phosphorus to about 180 mmol/l cell water 1n
nuc-2 and, somewhat further, to 140 mmol/] cell water in the other three cases. (The
decreases 1n cell phosphorus result from increases n dry weight 1n the absence of
phosphate uptake [2].)
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Kinetic characterization of systems I and 11

To make a quantitative determination of the activities of system I and system II
in the various strains under repressing and derepressing conditions, phosphate uptake
was measured over a range of external phosphate concentrations for cells grown in

TABLE 11

MICHAELIS-MENTEN PARAMETERS FOR SYSTEMS I AND Il IN NORMAL AND PHOS-
PHORUS-STARVED CELLS

Normal cells were grown 15.5 h 1n Vogel’s medium plus 2 9 sucrose, P-starved cells were grown
14 h n this medium, followed by an additional 3.5 h 1n P-free medium plus 2 ¢ sucrose For flux
measurements, cells were washed and transferred to P-free medium (no sucrose), pH 5.8, and
33p0,3 - was added to the desired final concentration. The mitial rates of 33PQ,? ~ uptake were fitted
by computer to the sum of two Michaelis-Menten curves. Data for strain RL21a are fromref. 2 Data
for all other strains were obtained by holding the K values of systems I and II ;n common among
the strains, while allowing the J,.x values to vary

Strain System I System 11
K.ﬁ- Jmax K-} I max
(mM) (mmol/1 cell (mM) (mmol/] cell
water per min) water per min)
RL2la normal 0 1664-0 052 15240.26 0 002630 00077 015940184
P-starved 0166+0 052 1194040 0 00263 +0 00077 519 +030
74-OR8-1a normal 0.1744-0 058 1.774+0 39 0 0021610 00083 00234025
P-starved 0.17440 058 0524044 0.00216+0 00083 438 +029
nuc-1 normal 017440058 1414036 0 00216 +0.00083 0.00 1026
nuc-2  normal 017440058 0284037 0 00216 +-0.00083 000 1025
P-starved 0.174+0.058 1544-0.33 0.00216+0 00083 0.00 4019
pcon~® normal 01744-0 058 29240.36 0 0021610 00083 136 +026
(T)pcon®~2 normal 017440 058 2434037 000216+ 0 00083 2.07 +026
preg®™% normal 0174+0.058 1424-0.36 00021640 00083 266 4023
P-starved 017410058 0 004+0.49 0 0021610 00083 58 +033

WT - norma!
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Fig 3. Lineweaver-Burk plots of phosphate transport in normal and P-starved wild-type strain

74-OR8-1a. Pomts are averages of up to six determimations; curves are computer fits using the
parameters from Table II.
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Fig 4 Lineweaver-Burk plots of phosphate transport in normal and P-starved nuc-2 As in Fig 3,
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Fig 5 Lineweaver-Burk plots of phosphate transport in normal and P-starved preg~% (For com-
parison, the curve of P-starved wild-type strain 74-OR8-1a 1s also replotted m this graph.) The solid
curves for pregc™? are computer fits using the parameters from Table II (joint fit of all stramns)
Because of the evident deviation from the experimental fits, the data for preg®=2 were also fit sepa-
rately (dashed curves) The parameters m this case were as follows:

Ky Jmax(1y Ky Jmaxn

preg°? normal 0034+0 038 233:1+093 016 1072302 102 1534102
P-starved 0 03440 038 0361136 016 107°+02 102 5114123

Although the fit has improved, the differences between the new parameters listed here and the ones
m Table IT are probably not sigmficant
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Vogel’s mmimal medium (normal cells) and for cells grown 1n this medium and then
transferred to P-free medium plus 2 9 sucrose for 3.5 h (P-starved cells). In general,
satisfactory results were obtained by fitting the data from all strams jointly, holding
K, and K,y 1n common and allowing Jpyep and Jpayqp to vary for each strain
and condition. Only in the case of preg®~ 2 did the joint fit deviate conspicuously from
the data, so that a separate fit of preg®~? (normal and P-starved) was also done. The
computer results are presented in Table II and n Figs 3-5.

The K, values from the joint fit of wild-type strain 74-OR8-1a and the five
mutant strains were essentially identical to those previously reported for wild-type
strain R421a. 0.174 (0.166) mM for system I and 0.00263 (0.00216) mM for system II.
The amounts of systems I and IT in wild-type strain 74-OR8-1a were also quite similar
to those in strain RL21a: system I had a J,,,,, of 1.77 (compared with 1.52) mmol/] cell
water per min in normal (repressed) cells and decreased somewhat during phosphorus
starvation, while system II had a very low J,,,,, (0 02 compared with 0.16 mmol/l cell
water per min) 1n normal cells and increased markedly (to 4 38 compared with 519
mmol/l cell water per min) during phosphorus starvation

Significant differences were seen i the mutants. As expected, the greatest
changes were 1n system II: nuc-1 and nuc-2 had no detectable system II when grown in
normal Vogel’s medium (and nuc-2, even when phosphorus starved). By contrast,
peon®~®, (T)pcon®~ 2 and preg®~? all formed substantial amounts of system II during
growth in Vogel’s medium: the J,,,, values were 1.36, 2.07 and 2.66 (or 1 53, see legend
to Fig. 5) mmol/l cell water per min, respectively, corresponding to 31, 47 and 61 9
(or 35 %) of the derepressed values for the wild-type strain When P-starved, preg®~?
showed a further increase n the J_,, of system II to 5 84 (or 5.11) mmol/l cell water
per min, shightly above the derepressed value for the wild type. The other two con-
stitutive mutants were not examied 1n detail during phosphorus starvation, but it is
likely from the results in Fig. 2 and from other similar data (not shown) that system I1
also ncreases 1 pcon®~® and (T)pcon®~? under these conditions.

There were also smaller changes in system I 1n some of the mutants (Table II).
When grown in Vogel’s medium, nuc-2 had an abnormally low J,, for system I
(0.283 compared with 1.77 mmol/l cell water per min), and the J,,, increased (to
1.54 mmol/1 czll water per min), rather than decreasing as in the wild-type strain, upon
phosphorus starvation. In addition, two of the constitutive mutants (pcon®~® and
(T)pcon®~?) had shightly elevated levels of system I 1n Vogel’s minimal medium. These
differences are discussed below.

DISCUSSION

From the results originally described by Lehman et al. [3] and extended in the
present paper, 1t 1s clear that phosphate transport system II 1s under the control of
three regulatory genes" pcon-nuc-2, preg and nuc-1. Other enzymes which are needed
for the scavenging of phosphorus from the environment are known to be regulated in
parallel; they include an acid phosphatase [5], an alkaline phosphatase [3, 6], one or
more nucleases [7] and O-phosphorylethanolamine permease (Metzenberg, R. L.,
personal communication). From studies of dominance and epistasis, and from the
properties of revertants of the various regulatory mutants, Metzenberg and his co-
workers [3, 6, 8, 9] have concluded that both positive and negative control elements
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act 1n a definite sequence to regulate the production of this group of enzymes

The relationship of phosphate transport system I to system II and to the
various regulatory genes 1s less clear. On the basis of the present data, we cannot rule
out the possibility of a minor stimulatory effect of pcon, and a minor mhibitory effect
of nuc-2, on the synthesis of system I. We think 1t more likely, however, that system I
1s constitutive, and that the relatively small changes 1n 1ts activity among the mutant
strains and during phosphorus starvation reflect variations 1n the intracellular con-
centration of some regulatory molecule (possibly morganic phosphate itself).

Overall, phosphate transport in Neurospora follows a now-familiar microbial
pattern. dual transport systems, with one bemg derepressed (along with related
enzymes) when there 1s a particular metabolic need for 1ts substrate. Further under-
standing of systems I and IT will be helped, as 1n these other cases, by the 1solation of
structural-gene mutants and by the purfication of components of the transport
systems.

Finally, now that the kinetic parameters for phosphate transport have been
determuned 1n a variety of strains, 1t 1s of interest to examine the relationship between
transport and growth. In order for logarithmic-phase cells to maintaimn a steady-state
conczntration of cell phosphorus, net phosphate influx must be J = 0.693 P /1,
where J 1s the infiux i mmol/l cell water per min, P, 1s the cell phosphorus concentra-
tion in mmol/1 cell water, and 1, 1s the doubling time (in muin) for cell mass [1] This
equation, applied to 74-OR8-1a, pcon®~°® and nuc-1 (data from Table 1), gives required
transport rates of 1 09, 1.46 and 0 93 mmol/! cell water per min, comfortably smaller
than the transport rates that are possible (1 78, 4 27 and 1.40 mmol/l cell water per
mun, respectively) on the basis of the measured kinetic parameters of systems 1 and 11
(Table 1) and a phosphate concentration of 37 mM (Vogel's mmmmal medium)
For nuc-2, however, there 1s something of a paradox. The required transport rate,
given the doubling time and cell phosphorus concentration 1n Table I, 1s 1.07 mmol/l
cell water per mun, but the rate calculated from the Michaehs parameters in Table 11
1s only 0 28 mmol/l cell water per min (although 1t would rise under conditions of
phosphorus starvation to 1 53 mmol/l cell water per min). Thus, even during growth
at hugh external phosphate concentrations, nuc-2 appears somehow to balance between
the unstarved and starved states, and 1s an interesting strain to examine further.
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