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Coordination of K* Transporters in Neurospora: TRK1 Is Scarce and
Constitutive, while HAK1 Is Abundant and Highly Regulated
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Fungi, plants, and bacteria accumulate potassium via two distinct molecular machines not directly coupled to ATP hydrolysis.
The first, designated TRK, HKT, or KTR, has eight transmembrane helices and is folded like known potassium channels, while
the second, designated HAK, KT, or KUP, has 12 transmembrane helices and resembles MFS class proteins. One of each type
functions in the model organism Neurospora crassa, where both are readily accessible for biochemical, genetic, and electrophysi-
ological characterization. We have now determined the operating balance between Trk1p and Hak1p under several important
conditions, including potassium limitation and carbon starvation. Growth measurements, epitope tagging, and quantitative
Western blotting have shown the gene HAK1 to be much more highly regulated than is TRK1. This conclusion follows from
three experimental results: (i) Trklp is expressed constitutively but at low levels, and it is barely sensitive to extracellular [K™]
and/or the coexpression of HAK1; (ii) Haklp is abundant but is markedly depressed by elevated extracellular concentrations of
K* and by coexpression of TRK1; and (iii) Carbon starvation slowly enhances Hak1p expression and depresses Trk1p expres-
sion, yielding steady-state Hak1p:Trk1p ratios of ~500:1, viz., 10- to 50-fold larger than that in K*- and carbon-replete cells. Ad-
ditionally, it appears that both potassium transporters can adjust kinetically to sustained low-K* stress by means of progres-
sively increasing transporter affinity for extracellular K*. The underlying observations are (iv) that K* influx via Trk1p remains
nearly constant at ~9 mM/h when extracellular K* is progressively depleted below 0.05 mM and (v) that K* influx via Haklp
remains at ~3 mM/h when extracellular K* is depleted below 0.1 mM.

ssentially all living cells are metabolically dependent on high

(~150 mM) intracellular concentrations of potassium ions,
but two fundamentally different strategies are used to maintain
high internal [K™*] in the face of generally low external concentra-
tions (<10 mM). In animal cells, concentrative uptake of K™ is
chemically coupled to the ATP-driven extrusion of sodium ions,
and the diffusional efflux of K™ ions into extracellular concentra-
tions ranging from nearly 1 to 10 mM determines ordinary resting
membrane voltages (V,,) of —70 to —90 mV. In contrast, most
plant cells, fungi, and bacteria possess a strongly electrogenic pro-
ton extrusion pump, and concentrative K™ influxes are driven by
the membrane voltage, which can range beyond —300 mV (1, 2).

At least four modes of K™ uptake occur in these cells: (i) diffu-
sive, fast influx via K™ -specific channels (3, 4); (ii) simple facilita-
tion, a protein-mediated slow flux formerly termed facilitated dif-
fusion; (iii) H*- or Na™-coupled symport of potassium ions,
formerly termed secondary active transport (5-9); and (iv) in
some species, ATP-coupled K* influx pumping (10, 11).

Modes ii and iii have both been attributed to two distinct and
large classes of transport proteins, generally dubbed Trk and Kup
in bacteria and Trk (or HKT) and HAK in plants and fungi. For
the Kup-HAK proteins, no crystal structures have yet been re-
ported, but available sequences define 12 transmembrane helices.
This indicates general similarity to the MFS class of membrane
transporters and suggests a mechanism of rocker-switched access
for transfer of K* ions (12-15). For the Trk-HKT proteins, early
sequence data revealed strong similarity to K* channels and led to
a theoretical model (16, 17) based on the bacterial potassium
channel, KcsA (18). That model, which varied slightly among the
bacterial, fungal, and plant homologues, has been substantiated by
a variety of point mutation and sidedness studies (19-22). More
recently, VpTrkH, a bacterial homologue from Vibrio parahaemo-
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Iyticus, has been crystallized (23), confirming the major features of
the Durell and Guy model and pointing to a fundamentally chan-
nel-like permeation process for K* ions.

Independent results from a variety of plant, fungal, and bacte-
rial preparations have suggested that representatives of both
classes of protein mediate K™ transport in mode ii and, separately,
in mode iii. With a few exceptions, however, defining the actual
mode of transport has proven elusive. That issue has arisen point-
edly in the model organism Neurospora crassa, where potassium
uptake coupled to proton influx (symport) was first demonstrated
(2, 5), well ahead of cloning and sequencing techniques. Actual
proof of K*-H™ symport emerged from direct voltage measure-
ments on potassium-starved spherocytes of Neurospora, which
displayed large, fast, and reversible depolarizations in response to
pulses of 10 to 100 WM K™ Fifteen years later, two K* transporter
genes were cloned from Neurospora (24), coding for one protein
in each class, viz., N. crassa Trk1p (NcTrklp) and NcHak1p. These
were partially characterized after expression in Saccharomyces,
where K™ uptake measurements, made in the absence of extracel-
lular sodium ions, indicated both to be high-affinity transporters.
Northern blot analysis of Neurospora, following K* starvation,
failed to find mRNA for TRKI, but it did identify abundant
mRNA for HAKI, which prompted the hypothesis that the HAK1
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TABLE 1 Strains used in this study

Scarce TRK1 Dominates Abundant HAK1 in Neurospora

Laboratory
Strain name file no. Genotype” Origin, cross, and/or transformation”
(+++)¢ WT74 TRK1 TRK2 HAK] FGSC 4200a/2489A (WT74-OR23-IVA)
{A++} Nc06449 trk]::hphd TRK2 HAK1 FGSC 12678a/12679A (NCU06449)
{+A+} Nc02456 TRKI1 trk2::hph HAK1 FGSC 1612A (NCU02456)
{++A} Nc00790 TRK1 TRK2 hakl::hph FGSC 13815a/13816A(NCU00790)
{+++ toklA} Nc12045 TRK1 TRK2 HAKI1 tokl::hph FGSC 12045A
{+AA} KAR6 TRK1 trk2::hph hak1::hph From {++A} X {AA+}
{A+A} KARI12 trk1::hph TRK2 hakl1::hph From {++A} X {AA+}
{AA+} KARS trk1:hph trk2::hph HAK1 From {A++} X {+A+}
{AAA} KAR5 trk1::hph trk2::hph hakl::hph From {++A} X {AA+}
{AAA toklA} KAR117-1-28 trk1::hph trk2::hph hakl::hph tokI::hph From {AAA} X {+++ tokl1A}
{+++ mus}© 9718 TRK1 TRK2 HAK1 FGSC9718a
{+A+ mus} KAR106 TRKI1 trk2::hph HAK1 From {AAA} X {+++ mus}
{+AA mus} KARI5 TRK1 trk2::hph hak1::hph From {AAA} X {+++ mus}
{AA+ mus} KARS1 trk1:hph trk2::hph HAK1 From {AAA} X {+++ mus}
{AAA mus} KAR?75 trk1::hph trk2::hph hakl::hph From {AAA} X {+++ mus}
{+++ mus his-3} 9717 TRK1 TRK2 HAK1 his3 FGSC9717A
{AAA mus his-3} KAR79 trk1::hph trk2::hph hakl::hph his3 From {AAA mus} X {+++ mus his-3}
{TRK1-HA} KAR77 TRK1-HA trk2::hph hakl::hph Transform {AAA mus}
{HA-HAK1} KAR105 trk1:hph trk2::hph HA-HAK1 Transform {AAA mus}
{TRK1-HA HA-HAK1} KAR108 TRK1-HA trk2:hph HA-HAK1 From {TRK1-HA} X {HA-HAKI1}
{TRK1-HA HAK1} KAR109 TRKI1-HA trk2::hph HAK1 From {AA+ mus} X {TRK1-HA}
{TRK1 HA-HAK1} KARI110 TRK1 trk2::hph HA-HAK1 From {+AA mus} X {HA-HAK1}
{NcppTRK1} KARI101 trk1::hph trk2::hph hakI:hph his-3::pPMA1-TRK1 Transform {AAA mus his-3}
{NcppHAK1} KAR100 trk1::hph trk2::hph hakl:hph his3:pPMA1-HAKI Transform {AAA mus his-3}
{NcppTRK1-HA} NTH3 trk1::hph trk2::hph hak1::hph his3:pPMA1-TRK1-HA Transform {AAA mus his-3}
{NcppHA-HAK1} KAR107 trk1::hph trk2::hph hakI:hph his3:pPMA1-HA-HAKI Transform {AAA mus his-3}
{NcppTRK1 HA-HAK1} KARI115 trk1:hph trk2::hph HA-HAKI his3::pPMA1-TRK1 From {NcppTRK1} X {HA-HAK1}
{NcppHAKI TRK1-HA} KARI114 TRK1-HA trk2::hph hakl:hph his3:pPMA1-HAKI From {TRK-HA} X {NcppHAKI1}

“ Potassium transporter genes were under the control of their respective native promoters, except in the six strains denoted by Ncpp.
b Six strains (marked FGSC) were obtained from the Fungal Genetics Stock Center (Kansas City, MO), for which the three single-gene deletion strains (NCU06449, NCU02456, and
NCU00790) were constructed by the Neurospora Genome consortium (25). All other strains were made in this laboratory, either by transformations or by crosses going back to the

FGSC strains.
¢ Curly brackets denote strain names by the critical gene constructs.

@ hiph is a gene for hygromycin B phosphotransferase, conferring resistance to hygromycin B.
¢ All strains from here downward also carry mus51::bar (bar is a gene conferring resistance to the herbicide bialaphos).
/Ncpp indicates pPMAL, a strong promoter that is native to the Neurospora plasma membrane H*-pumping ATPase.

protein, not the TRK1 protein, was responsible for K*-H™ sym-
port in the earlier experiments (24).

We have now undertaken a thorough test of the situation di-
rectly in Neurospora, making particular use of single-gene deletion
strains recently provided by the Neurospora genome project (25).
In normal K" -containing media, TRKI protein (Trklp) is ex-
pressed constitutively at a low level and is rather insensitive to
growth conditions. HAK1 (Hakl1p) is also expressed constitutively
but is strongly suppressed by high extracellular potassium and also
by the simultaneous presence of Trklp. Other metabolic condi-
tions impinge on both. For example, carbon starvation of Neuro-
spora, superimposed on K" starvation, slowly diminishes Trklp
while simultaneously enhancing Haklp. One net result of these
changes is that the expression ratio Hak1p:Trk1p, which is in the
neighborhood of 10:1 under normal laboratory conditions, rises
to more than 500:1 after 3 h of starvation for K™ and carbon.

MATERIALS AND METHODS

Strains of N. crassa used in this study are listed in Table 1. Knockout
strains for single genes encoding the critical potassium transporters TRK1
and HAKI, for the apparently silent homologue TRK2, and for the K™
channel TOK1 were generated within the Neurospora functional genomics
project (25) by homologous replacement with the hygromycin B resis-
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tance gene (hph). These four strains, along with two knockout strains for
the DNA repair enzyme MUS5I and wild-type strains ORSa and 74-
OR23-1VA, were obtained from the Fungal Genetics Stock Center (FGSC;
Kansas City, KS). Knockout of the MUS51 gene greatly enhances the fre-
quency of homologous recombination in Neurospora (26).

Gene locus numbers for TRK1, TRK2, HAK1, TOK1, and MUS5]1 are
NCU06449, NCU02456, NCU00790, NCU04065, and NCU08290, re-
spectively. All other strains in this study were constructed using standard
genetic and molecular biological techniques (27). Strain names, detailed
genotypes, and sources/constructs for all strains used in these experiments
are listed in Table 1. In order to make the genetic construct(s) in each
experiment as clear and direct as possible while minimizing the need for
cross-referencing, we have named each strain according to its critical
genes and have placed each strain name in curly brackets, e.g., {AAA},
{TRK1-HA}, and {NcppHA-HAKI}. Otherwise, gene names are written
in italics, uppercase for wild-type genes and lowercase plus “A” for deleted
genes, viz., TRK1 and trkIA. Protein names are written in mixed-case
nonitalic font and usually end with “p,” such as Trk1p. These conventions
are followed throughout the text and figures.

Measurements of growth and intracellular potassium. Drop tests
and batch cultures were both used to assess growth. Strains were main-
tained (25°C for 7 to 10 days) on 2% agar slants or flasks of Vogel’s
minimal medium: 36.8 mM KH,PO,, 8.9 mM Naj, citrate (pH 5.8), 25
mM NH,NO;, 0.8 mM MgSO,, 0.7 mM CaCl,, and trace elements (28),
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TABLE 2 Primers used to construct the transformation cassettes

Name” Sequence® (5'—3") Region

K1-f cacgtcACGCGTcttgcatacaagttctggtgggcgte TRK1 5" UTR + TRK1 ORF (from —1694 to 2978)
K2-r tcaggcgtagtcgggoacgtcgtaggggtactcgctaaaatcagtaggagtggacgggaaac

K3-f cgacgtccccgactacgectgatggatgtttcttgttectatggeg TRK1 3" UTR (from 2984 to 4261)

K4-r cactagACGCGT ctaaccagagccaacatcaccatcctc

K5-f cacgtcGGTACCctcgagtccagtacgagaagatggaagttgag HAK1 5" UTR (from —1325 to 0)

K6-r ggcgtagtcggggacgtcgtaggggtagttgtceatctttttttttatggaagtg

K7-f gacgtccccgactacgecgacactacageageccccaaac HAK1 ORF + HAKI 3’ UTR (from 1 to 4199)
K8-r cactagGGTACCgatgggtgtacattctgtacactgggtgttcc

PP1-f cacgtaGCGGCCGCgttgtggttccgtagaggtag PMA1 5" UTR (from —943 to 0)

PP2-r gtacct TCTAGAtggcgttatggtttgcag

@ f, forward primer; r, reverse primer.

b Uppercase letters designate the restriction sites used for cloning. Italics designate start and stop codons. Coordinates for the DNA fragments are defined from 1 = A of the start

codons. Underlining designates the coding sequence for the HA epitope.

made up in distilled water plus 2% sucrose. In K™ -free Vogel’s medium,
potassium phosphate was replaced by NaH,PO,, thus elevating extracel-
lular concentrations of Na™ ([Na™],) to 63.5 mM. For all experiments,
harvested conidia were washed and resuspended in glass-distilled water
prior to inoculation.

Drop tests were devised to compare strains bearing seven combina-
tions of single, double, and triple deletions of TRK1, TRK2, and HAK1
genes (see Fig. 2), as well as two combinations with TOK1 deleted. Sev-
en-pl aliquots of conidial suspensions (at 10° conidia/ml) were pipetted
onto 2% agar plates containing K*-free Vogel’s salts, 0.2% glucose, 3%
sorbose (to enforce colonial growth), and KCl at 0.03, 0.1, 1, 3, or 10 mM.
Plates were incubated at 30°C for 3 days and scanned on a CanoScan
8400F digital scanner (Canon U.S.A., Inc., Lake Success, NY) at 600 dpi.

Batch cultures were used to quantitate growth and the specific potas-
sium and protein contents of strains bearing the hemagglutinin (HA)-
tagged genes (see below), all constructed in the mus51A background.
Washed conidia were resuspended in distilled water at ~10%/ml and then
inoculated at 2 X 10°/mlinto 500-ml Erlenmeyer flasks containing 150 ml
K" -free Vogel’s salts plus 2% sucrose and KCl at 0.1, 0.3, 1, or 37 mM.
These suspensions were incubated at 25°C on an orbital shaker (150 rpm),
and germinating conidia were filter harvested at roughly 2-h intervals. The
cells in 40-ml aliquots of suspension were collected on predried, pre-
weighed Millipore filters (DAWP; 5-pm pores; Millipore Corp., Bedford
MA), rinsed twice in 10 ml of distilled water, dried (37°C) overnight,
weighed, and then extracted in 0.5 ml of 0.1 M HNO; (30 min at 98°C).
Debris was spun out, and potassium in the supernatant was assayed on an
atomic absorption photometer (Model 943; Instrumentation Laboratory,
Lexington, MA). Intracellular K" concentrations ([K™];) were calculated
as mmol/kg cell water (mM), using an intracellular wet/dry weight ratio
(ICW) 0f 2.54 (29). Semilog plots of cell dry weights versus time proved to
be linear between 4 and 12 h (designated 0 to 8 h in Fig. 3, 8, and 9),
yielding specific growth rates and doubling times for each strain.

For analysis of membrane proteins, 75-ml batch cultures were har-
vested from late exponential phase (16 h at 25°C) by filtration through
5-pm Millipore filters, washed with 50 ml distilled water, and extracted/
processed as described below. For starvation studies, batch cultures were
harvested at 12 h and transferred to potassium-free Vogel’s salts plus 1%
glucose. Individual cultures were subsequently reharvested for assays of
protein and intracellular K™ at intervals of ~1 h. In one group of experi-
ments (see Fig. 7), 100 mM KCI was added to the culture medium at 5 h.
In several other groups (see Fig. 10), batch cultures were again harvested
and transferred to K*-free and sugar-free Vogel’s salts.

Construction of transformation cassettes. Since deletion of all three
K™ transporter genes (strains {AAA} and {AAA mus}) essentially abol-
ishes growth of Neurospora on media containing =1 mM KCl (see Fig. 2),
growth complementation at low extracellular concentrations of potas-
sium ([K™],) could be used to select for transformation by TRK1, HAKI,
or their tagged variants in the AAA background. Transformation cassettes
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were designed for exact homologous replacement of the native open read-
ing frames (ORFs). The 5" and 3’ untranslated regions (UTRs) of ~1 kb
for each gene were incorporated into the transformation cassettes, such
that the introduced tagged genes would be flanked by the intact native 5’
and 3’ UTRs and thus would be under the control of the native promoters
and termination sequences. Two different tags, the HA epitope (YPYD-
VPDYA) and the FLAG epitope (DYKDDDDK), were tested at a variety of
insertion sites. The HA epitope yielded much clearer Western blots than
the FLAG epitope for both transporter genes, and the C terminus of TRK1
and N terminus of HAKI proved the best insert sites, so the tagged genes
are designated TRK1-HA and HA-HAKI, respectively.

In order to assemble the TRKI-HA cassette, a segment including the 5’
UTR, the TRK1 ORF, and HA was constructed by PCR using wild-type
genomic DNA as a template; likewise, a segment of the 3’ UTR was am-
plified by PCR. These segments, bearing an Mlul site at the 5" end and also
at the 3’ end, were spliced, cut with Mlul restriction endonuclease, and
ligated into the pIBI25 vector. The list and explanation of primers (K1-f
to K4-r) used in these constructs is given in Table 2. The HA-HAKI cas-
sette was assembled similarly, using genomic DNA and the primers
(K5-f to K8-r) also shown in Table 2. For both completed constructs,
the ligation mixtures were transformed into E. coli electrocompetent
cells (DH10B; 18290-015; Life Technologies/Invitrogen Corp., Grand
Island, NY), and the amplified plasmids, sequenced to ensure fidelity,
were linearized by incubation with the appropriate restriction en-
zymes, Mlul for TRKI1-HA and Kpnl for HA-HAKI. A homemade
high-fidelity DNA polymerase (generous gift of Efim Golub, Depart-
ment of Genetics, Yale University) was used to carry out all of the
PCRs; T4 DNA ligase and restriction endonucleases were purchased
from New England BioLabs Inc., Beverly, MA.

Transformation and genotyping. The TRKI-HA and HA-HAKI
genes were transformed into strains {AAA mus} and {AAA mus his-3} by
electroporation. Stock cultures of the recipient strains were grown on
Vogel’s medium plus 2% sucrose with or without 0.5 mg/ml histidine.
Conidia from 5- to 7-day-old slants were harvested in sterile distilled
water, washed, transferred to fresh medium, and germinated for 2 h at
30°C (50 ml of medium containing ~5 X 107 conidia/ml on an orbital
shaker at 250 rpm). The germinated conidia were harvested by centrif-
ugation (3,000 X g for 5 min), washed twice with 10 ml 1 M sorbitol,
and resuspended at a density of ~10® conidia/ml. In each transforma-
tion, a 40-pl aliquot was mixed with 1 to 3 ug of linearized DNA,
transferred into an iced 0.2-cm electroporation cuvette, and electro-
pulsed via a Bio-Rad Gene Pulser at 1.5 kV (600 ) and 25 wF; Bio-Rad
Laboratories, Hercules, CA).

For transforming TRK1-HA and HA-HAKI into their homologous
loci, the electropulsed conidial suspensions were spread on K™ -limited
plates made with 2% purified agar and K -free Vogel’s medium plus 0.2%
glucose, 3% sorbose, and 1 mM KCI. Transformants were identified by
robust growth on 1 mM KCI. For transforming TRK1, HAKI, or their
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HA-tagged variants into the his3 locus, electropulsed conidia were spread
on histidine-free Vogel’s medium. Because these inserts were designed to
reconstitute the HIS3 wild-type gene, transformants were identified by
growth on histidine-free plates. After 3 to 5 days (30°C in the dark), col-
onies were transferred to slants of the appropriate selective medium (lack-
ing sorbose to allow normal filamentous growth). Homokaryons were
obtained by backcrossing, as described by Davis and de Serres (27).

Genotypes of the homokaryotic progeny were verified by PCR via one
primer from inside the transformation cassette and one primer outside
and using template genomic DNA extracted by the method of Rose et al.
(30). Mycelium from an overnight standing culture (1 ml Vogel’s minimal
medium at 30°C, ~10 mg wet weight) was removed with a sterile hook,
suspended in lysis mix, and broken by a 3-min shock in an SI-D236 cell
disruptor (Scientific Industries, Bohemia, NY). The complete lysis mix
contained 0.1 ml acid-washed glass beads (G-8772; Sigma-Aldrich Inc., St.
Louis MO), 0.1 ml lysing buffer (2% Triton X-100, 1% sodium dodecyl
sulfate, 100 mM NaCl, 1 mM EDTA, 10 mM Tris base, pH 8.0, and
NaOH), and 0.1 ml phenol-chloroform (1:1). After brief mixing with 0.1
ml Tris-EDTA (TE; 10 mM Tris, pH 8, 1 mM EDTA), the slurry was spun
down in a microcentrifuge (16,300 rpm, 5 min), and 0.2 ml of the aqueous
phase was mixed with 0.5 ml 100% ethanol. The resulting precipitated
DNA was collected by centrifugation, washed in 70% ethanol, and vac-
uum dried. Dry genomic DNA was resuspended in 50 pl TE, and ~0.2 pg
of DNA (volume, ~0.5 pl) was used as the template for PCR (PicoMaxx
PCR system 600422; Stratagene, La Jolla, CA).

Isolation of plasma membranes. Neurospora plasma membranes
were obtained by the method of Bowman et al. (31), with slight modifi-
cations. The filtered and rinsed cell pad from each batch culture (see
above) was lifted, resuspended in 1.5 ml of digesting buffer (0.59 M su-
crose, 5 mM EDTA, 50 mM NaH,PO, at pH 5.8, 1 mM B-mercaptoeth-
anol [B-ME] plus 4,600 U of snail gut enzyme [G3060-04; U.S. Biologi-
cal]), and incubated for 1 h at 30°C, with occasional mixing. Digestion was
terminated by addition of 6 ml of cold buffer, the mixture was spun at
5,000 X g for 5 min, and the pellet was resuspended in 7 ml of stabilizing
buffer (0.33 M sucrose, 1 mM EGTA, 0.3% bovine serum albumin frac-
tion V, titrated to pH 7.1 with NaOHj; see reference 28) plus protease
inhibitor cocktail (PIC; 10 pg/ml each of aprotinin, leupeptin, pepstatin,
and chymostatin). The suspension was then homogenized in a glass-and-
Teflon tissue grinder and spun at 5,000 X g for 5 min. This pellet extrac-
tion cycle was repeated three more times, and the resulting supernatants
were pooled and then respun twice, first (at 10,000 X g for 10 min) to
remove mitochondria and then (18,500 X g for 20 min) to collect the
plasma membranes (PMs). The PM pellet was rinsed in 15 ml of washing
buffer (1 mM EGTA-Tris at pH 7.5) plus PIC, by resuspension with the
glass-Teflon homogenizer, and was spun down again (18,500 X g, 20
min). The final pellet was resuspended in 100 pl of washing buffer, sam-
pled for quality testing, frozen, and stored at —80°C. (Our standard assay
for quality of N. crassa membrane preparations is hydrolytic activity of the
plasma-membrane ATPase, NcPmalp [31].)

Quantitative Western blot analysis. Samples were first assayed for
total protein content by the method of Lowry et al. (32) and then sepa-
rated by SDS-PAGE (33). Electrophoresis was carried out on precast poly-
acrylamide gradients (4—15% TGX precast gel 456-1086; Bio-Rad) run for
1.5h at 100 V, and the resulting gels were electroblotted to polyvinylidene
fluoride (PVDF) membranes (IPVH 15150; Millipore). These were
blocked by 1 h of incubation with 5% fat-free milk in TS buffer (10 mM
Trizma base titrated to pH 7.4 with HCI, 0.9% NaCl, and 0.1% Tween 20)
and stained for 1 h (25°C) with primary anti-HA monoclonal antibody
(MMS-101P; Covance Corp., Berkeley, CA) and for a second hour (25°C)
with secondary anti-mouse antibody coupled to horseradish peroxidase
(HRP; 4021; Promega Corp., Madison, WI). (MMS-101P proved to be the
only non-cross-reacting antibody commercially available. Control tests
on wild-type [nontagged] membrane samples found several other com-
mercial preparations to cross-react with an abundant protein running
near the mass of NcTrklp or NcHaklp [~100 kDa].) Blots were visual-
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FIG 1 Quantitative calibration of Western blots using Saccharomyces HA-
tagged Pmalp. HA-tagged proteins were electrophoresed on precast polyacryl-
amide gradients blotted onto PVDF membranes, blocked with milk, stained
first with anti-HA monoclonal antibody and then with anti-mouse antibody,
and visualized by means of ECL reagent (see Materials and Methods). Each gel
was run with four lanes containing ScPmalp N terminally tagged with the HA
epitope (red circles) and 2, 3, 4, and 5 ng of membrane protein at 20% purity
(A. B. Mason and K.E. Allen, unpublished data), representing 4, 6, 8, and 10
fmol of HA, respectively, attached to Pmalp. The test Neurospora membrane
preparations contained 2.5 to 15 pg of membrane protein (black circles),
including HA-tagged Haklp. (A) Blots showing the four calibrating loads of
Saccharomyces membrane protein and several test loads of Neurospora mem-
brane protein. Samples of Neurospora were starved of K* for 0.5 to 5 h and
thenrefed 10mM K™ for 1 to 5 h. (B) Plotted points indicate digitization of the
bands shown in panel A. The smooth curve indicates the least-square fit of a
simple log function to the calibrating points (red). Test points (black) are
plotted as per-band intensity (ordinate) and are measured in fmol (abscissa).
(Inset, lower right) Single blot comparing Saccharomyces HA-Pmalp to the
two Neurospora proteins of interest here.

ized using Denville HyGlo ECL reagent (E2400; Denville Scientific,
Metuchen NJ) exposed to Kodak XAR autoradiograph film and were im-
aged on the CanoScan 8400 at 600 dpi. Each row image was analyzed via
ImageQuant software (Molecular Dynamics Inc., Sunnyvale, CA), mea-
suring band intensities with respect to background levels.

The actual membrane content of HA epitope, whether attached to
Trklp or to Haklp, was quantitated via reference samples of HA-tagged
Pmalp (the plasma membrane ATPase proton pump) from Saccharomy-
ces cerevisiae. A membrane-protein suspension in which HA-tagged S.
cerevisiae Pmalp (ScPmalp) had been established as 20% of the total
protein (Coomassie staining; A. B. Mason and K. E. Allen, unpublished
data) was loaded onto four lanes of each gel (2, 3, 4, and 5 ng of S. cerevisiae
membrane protein), interspersed with the test samples of Neurospora
membrane protein. After antibody (ECL) staining of the HA epitope,
band intensities for HA-ScPmalp were converted to fmol of HA epitope
via the known molecular mass of HA-ScPmalp, 100.8 kDa. The overall
procedure is demonstrated in Fig. 1, which plots the calibrating samples as
red circles and the test samples as black circles. For each separate gel, the
resulting calibration curve was fitted by a simple logarithmic expression:
ECL band intensity = A + B - In(nanograms of HA-Pmal), where A and
B were the fitting parameters. The inverse expression was then used to
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calculate the likely fmol of HA epitope as TRK-HA or HA-Hakl1 in each
sample of plasma membrane protein from Neurospora. Although result-
ing standard curves varied somewhat from gel to gel, repeated measure-
ments of HA-Hakl in a single Neurospora plasma membrane source
agreed within 5%.

Essential note about the graphs: representative equal-load gels were
used for the display of the Western blots [see Fig. 4 and insets in Fig. 6, 7,
and 10], but these could not be used for quantitation because of saturation
in some lanes. Therefore, the graphs shown in Fig. 5 to 7 and 10 were
obtained from separate gels prepared with loads estimated to fall within
the range of the calibrating samples.

Overexpressing HA-tagged TRK1 and HAK]I genes. The promoter
for the essential gene PMA1, which encodes the major proton pump in
fungal plasma membranes (34-36), is useful as a strong, constitutive pro-
moter (37, 38). A plasmid bearing the PMA1 promoter was constructed
from plasmid pMF272 (originally designed to target the his3 locus [39])
by modification as follows. A segment containing the ccg-1 promoter, the
multiple cloning site (MCS), and SGFP (encoding s-green fluorescent
protein) was excised via NotI/EcoRI restriction and replaced with a short
fragment containing the same MCS flanked by NotI and EcoRI sites, thus
making plasmid pAR282. Separately, a 1-kb segment of DNA located
upstream of the NcPMAL1 start codon, and designated here Ncpp, was
amplified by PCR using genomic DNA from wild-type strain 2489A as the
template, along with the PP1-f/PP2-r primer pair (Table 2). After restric-
tion with Notl/Xbal, this was cloned into pAR282 to give plasmid
PAR283. Untagged and HA-tagged versions of both TRK1 and HAK1
were cloned into pAR 283 following Xbal/Xmal cuts for TRK1 and fol-
lowing Xbal/EcoRI cuts for HAK1. The resulting four plasmids were lin-
earized with Dral endonuclease before transformation of the {AAA
mus51 his-3} strain (Table 1).

RESULTS

Growth experiments. Expression cloning of Neurospora DNAina
K™ -deficient strain of Saccharomyces cerevisiae (24, 40) and ho-
mology searching in the completed N. crassa genome sequence
(25, 41-43) have together revealed three K* transport genes in
Neurospora: TRK1, TRK2, and HAK]I. To gain an initial idea of the
physiological roles of the corresponding transport proteins, com-
bination knockout strains were constructed and tested in drop
colony growth experiments over a range of extracellular K* con-
centrations (0.03 to 10 mM) (Fig. 2A). TRK1, expressed in strains
{++A} and {+AA}, supported robust growth down to 0.1 mM
[K™],, while HAK1, expressed in strains {A++} and {AA+}, was
significantly less effective, yielding robust growth only down to 0.3
mM [K™],. Deletion of TRKI from HAKI™ strains reduced both
colony size (diameter) and mycelial density (reflectance) com-
pared to the control colonies (cf. {A+ +} with {+++} or {AA+}
with {+A+} for [K*], of =0.3 mM). The reciprocal deletions of
HAKI had no such effects on TRK1" colonies. TRK2, expressed
alone in strain {A+A}, was unable to support growth on low K™
and also failed to augment growth due to either TRK1 or HAKI
(cf. {++A} with {+AA} or {A++} with {AA+}). For this reason,
all further experiments (see Fig. 4 to 10) focused on TRKI and
HAKI and were carried out on strains deleted of the TRK2 gene.
Two other K* transport mechanisms did not play a significant
role under the conditions used below and were not considered
further: (i) a separate low-affinity system for potassium uptake,
indicated by the sharp increase of colony sizes and densities at high
[K*], (=3 mM), especially in strains {A+A} and {AAA), and
presumed to be analogous to the NSC pathway previously de-
scribed in patch-clamp studies of S. cerevisiae (44, 45), and also (ii)
a Neurospora Tokl K* channel, expected to be a strong outward
rectifier and not to allow significant K* influx, again analogously
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FIG 2 Trklp and/or Haklp supports growth of Neurospora on low-potassium
medium. Three-day drop colonies, grown at 30°C, were used. Column headers
designate the presence of the wild type (+) or the knockout (A) for each gene,
in the order (left to right) TRK1, TRK2, HAKI; viz., the relevant genotype of
strain {+++} is TRKI1 TRK2 HAKI, that of strain {A++} is trkIA TRK2
HAKI, that of strain {+ +A} is TRK1 TRK2 hakIA, etc. The potassium channel
TOK1 was wild type in panel A, but deleted in the right-hand column of panel
B. Suspensions of conidia (7 .l at 10° cells/ml) were pipetted onto agar plates
containing K™ -free Vogel’s minimal medium plus KCl, as indicated, with 3%
sorbose to enforce colonial morphology (see Materials and Methods). The
bright, scabrous ring surrounding each robust colony represents profuse
conidiophores.

to its homologue in yeast (46—48). Confirmation of the lack of
effect of these channels on K*-dependent growth was obtained
from experiments on several strains deleted of TOKI, as illus-
trated, for example, in Fig. 2B.

For a quantitative study of cellular dependence on the two
main K" transporters, strains carrying hemagglutinin (HA)-
tagged versions of the TRK1 and HAK1 genes were constructed
(Table 1) and tested for the ability to grow exponentially in liquid
suspension cultures. In the experiment shown in Fig. 3, freshly
harvested conidia of N. crassa were rinsed and resuspended in
minimal medium at 25°C, where they displayed a typical 3- to 4-h
lag before germinating. Cells expressing only TRKI then grew
exponentially at the same specific rate (a) of 0.274 h™' (dou-
bling time of 2.53 h) at starting [K*], as low as 0.3 mM (blue
circles), falling slightly to 0.259 h™' at 0.1 mM [K™], (green
squares). In contrast, cells expressing only HAKI slowed to a
specific growth rate of 0.182 h™' at 0.3 mM [K™], (red circles)
and 0.144 h™! at 0.1 mM [K*], (data not shown). For cells
deleted of both TRK1 and HAKI and inoculated into [K*], at
or below 1 mM (grey triangles), growth was barely detectable
and could be described as either quasiexponential, a < 0.08
h™', or apparently linear, ~0.6 mg dry weight/h. These results
quantitatively confirm the advantage of Trklp over Haklp at
low [K™],. Further implications of the growth results, includ-
ing the time courses of intracellular K* concentration ([K™];)
and net fluxes, are considered later (see Fig. 8).

Regulation of HAK1 and TRK1 expression. Most of the Neu-
rospora strains listed in Table 1, including those used for the liquid
growth experiments shown in Fig. 3, were constructed explicitly to
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FIG 3 Limitation of exponential growth (batch cultures) by low extracellular
K™ in strains deleted of all three K" transporter genes and then transformed
with HA-tagged TRK1 and/or HAK1. Measured dry weights were grouped and
averaged for similar plots. Under all conditions, growth became stably expo-
nential for at least 8 h irrespective of the initial extracellular K concentration.
Smooth curves are least-square-fitted exponentials; specific rate constants (top
to bottom) were 0.274, 0.259, 0.182, and ~0.08 h™', corresponding to dou-
bling times of 2.53, 2.68, 3.81, and >8 h, respectively. Batch cultures of 150 ml
were inoculated with 2 X 10° conidia/ml in K™ -free Vogel’s salts plus 2%
sucrose plus KCl as indicated, shaken at 25°C, filter harvested (40-ml aliquots)
at 1.5- or 2-h intervals, and rinsed 3 X in distilled water. Dry weights and cell
potassium were measured as described in Materials and Methods. Experiments
were run in duplicate and repeated 2 to 4 times for each strain and [K"],. The
scatter of measured dry weights (* 1 standard deviation [SD]) was ~15% of the
mean value at most points. The initial growth of such cultures, following harvest-
ing and rinsing of conidia, is always slow and created a lag phase (~4 h) prior to the
plotted zero time. For simplicity, only the K* transporter genes are indicated here.
Table 1 lists full genotypes and strain names.

allow expression analysis via Western blotting, making use of the
HA epitope. Four clear results emerged, which are qualitatively
demonstrated in the blots of Fig. 4: (i) expression of Trklp was
only weakly affected by [K*], in the growing cell suspension,
whereas (ii) expression of Hak1p was strongly inhibited by 10 mM
[K™], and almost completely suppressed by 100 mM [K™],. Fur-
thermore, (iii) coexpression of HAK1 had no significant effect on
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FIG 4 Elevated [K"], and/or coexpression of TRKI strongly suppresses
HAKI1p, but high [K*],, and coexpression of HAKI only weakly affect expres-
sion of TRK1p. Raw Western blot data for plasma membranes isolated from
four different strains of N. crassa, {TRK1-HA}, {HA-HAK1}, {TRK1-HA
HAK1}, and {TRK1 HA-HAK1}, are shown. The parent strain { AAA mus} had
been deleted of all three K™ transporters and also of MUS51 in order to sup-
press heterologous recombination. Data are from a single representative ex-
periment of 75-ml batch cultures (n = 3); all lanes were loaded with equal
plasma membrane protein (5 pg/lane) despite saturation of the signal intensity
in some lanes. Methods and calibration were the same as those described for
Fig. 1.
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FIG 5 Quantitative summary of TRK1-HAKI interactions, averaged for four
separate experiments, as described for Fig. 4. Methods and calibration were the
same as those described for Fig. 1. Scatter bars (* 1 standard error) are mostly
within the plotting symbols.

the cellular level of Trklp, but (iv) coexpression of TRKI clearly
accentuated the inhibitory effect on Haklp by elevated [K™],. In
other words, regulation of these two K™ transport proteins in
Neurospora is in no way reciprocal; when the TRK1I gene is present
behind its native promoter, it is dominant and sufficient down to
the lowest tolerable K™ levels (Fig. 3). The HAKI system is more
closely tied to Neurospora’s metabolic regulatory program, but it
becomes useful mainly when Trkl1p is absent or blocked or when
other metabolic limitations are imposed, e.g., carbon starvation
(see below).

Quantitative analysis of these results required careful cali-
bration of the Western blots, and for this purpose, HA-tagged
proton pump protein (Pmalp) from Saccharomyces cerevisiae
was used as the standard (see Materials and Methods). Data
averaged from three sets of gels similar to those of Fig. 4 yielded
the plots of Fig. 5, showing not only that Trk1p is dominant and
insensitive to the presence of the HAK1 gene or protein but also that
it is scarce, being present at only 1 to 2 fmol per pg of membrane
protein (Fig. 5A), at any value of [K*],, compared to more than
10-fold that level of Haklp (Fig. 5B) for low values of [K*],. How-
ever, as expected from the results shown in Fig. 4, Haklp was sup-
pressed to very low levels by either elevated [K™], or expressed TRK1
gene/protein.

These results were further emphasized by several experiments
with Ncpp, the promoter that normally controls expression of the
gene encoding Neurospora’s plasma membrane proton pump
(NcPMATI). Ncpp itself is not sensitive to [K™], whether intracel-
lular or extracellular, but it is a routine strong promoter (37, 38).
Western blot analysis of HA-tagged Trk1p and Haklp, expressed
behind Ncpp rather than their native promoters, found Ncpp to
increase Trklp approximately 10-fold in isolated plasma mem-
branes, regardless of the potassium level (Fig. 6A). But, Ncpp not
only failed to increase Haklp in membrane preparations but ac-
tually decreased expression (Fig. 6B) at all [K™ ], values below 100
mM; evidently, the native Hakl promoter is more effective than
Ncpp, especially with low extracellular potassium. Cross-expres-
sion experiments were fully consistent with these findings. That is,
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FIG 6 A strong promoter (Ncpp) enhances expression of TRK1 protein but
depresses expression of HAK1 protein. (A) Western blot analysis of HA-tagged
Trklp produced via the native NcTRK1 promoter (A, strain {TRK1-HA}) or
via the NcPMA1 promoter (Ncpp; strain {NcppTRK1-HA}; @). Steady-state
enhancement by Ncpp was ~5-fold at low [K™ ] and ~10-fold at high [K™*]..
For the inset, the load is 20 wg membrane protein in each lane. (B) Western
blot analysis of HA-tagged Hak1p produced via the native NcHAKI promoter
(strain {HA-HAK}; W) or via the NcPMA1 promoter (Ncpp; strain {NcppHA-
HAK1}; ©). Quantitative gels from two separate experiments were scaled (to
values at [K*], of I mM) and averaged. Note that steady-state depression by
Ncpp, about 2.5-fold at low [K™],, was released at high [K*],. Methods were
the same as those described for Fig. 1, 4, and 5. For the inset, the load is 1.5 g
for each lane.

elevating the level of Trklp ~10-fold by means of expression be-
hind Ncpp further depressed the expression levels of Hak1p (data
not shown).

Figures 4 to 6 demonstrate steady-state regulation of Haklp
versus Trklp over a time scale of hours during exponential
growth, but those data say nothing about how rapidly regulatory
shifting occurs when the extracellular potassium is suddenly
raised or lowered. Figure 7 addresses that question for both trans-
porter proteins. Cells of strain {HA-HAK1}, which had been
pregrown in 100 mM K™ to be optimally loaded with potas-
sium, were quickly rinsed and resuspended in K™ -free medium
(Fig. 7B). Intracellular [K™] had declined by ~65% when the
first measurements were made, 30-min postrinse, and rose al-
most equally fast when [K*], was restored to 100 mM at 5 h.
However, the corresponding upregulation and downregulation
of HA-tagged Haklp required several hours, rising with an
apparent time constant (1) of 3.44 h (half-time of 2.37 h) and
falling with a 7 of 1.60 h (half-time of 1.10 h). These numbers
can be compared to time constants of ~20 min for activating or
deactivating high-affinity transport of either glucose or ammo-
nium ions, induced by the appropriate starvation or replenish-
ment (49, 50). In the obvious control experiment on {TRK1-
HA}, HA-tagged Trklp barely responded to potassium
depletion, as is shown in Fig. 7A.
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FIG 7 Rapid shifts of potassium-ion concentration affect Haklp expression
only slowly and do not affect Trklp expression at all. Time courses of
Trk1p-HA (A, W) and HA-Haklp (B, ) and of intracellular K* (@) during
potassium starvation (0 to 5 h), followed by potassium repletion (5 to 10 h).
Removal of [K*], (harvest, rinse, and resuspend) required less than 1 min,
which was very fast compared to the decline of [K™];. For strains {TRK1-HA}
and {HA-HAKI1}, the preparative growth medium was K*-free Vogel’s salts
plus 100 mM KCl and 2% sucrose. For the insets, the load was 5 pg membrane
protein in each lane. High-sensitivity ECL reagent was used for panel A.

Modulation of cellular K* content, fluxes, and affinities.
Apart from questions about molecular details, there are two prin-
cipal modes for regulating protein function: (i) raising or lowering
the amount of the specified protein present, and (ii) modulating
the kinetic properties of that protein. Mode-i changes for Trklp
and Haklp are described in Fig. 4 to 7, especially in response to
different potassium regimens. Mode-ii changes can be extracted,
in part, from additional properties of exponentially growing cells,
e.g., from the time courses of intracellular potassium and of the
fluxes implied by the measured cell mass and [K™];. Cells sustain-
ing the maximal growth rate (o« = 0.274 h™") had stabilized [K*];
within the control range, 165 to 190 mM, by 90 min after the onset
of exponential growth (Fig. 8A, triangles and blue circles) and
were taking up net K* at ~50 mM/h (Fig. 8B), or at approximately
1 mM/min, the previously established requirement for optimal
growth of Neurospora (51, 52). However, potassium-limited cells
(green squares, red circles, and grey triangles) were characterized
by lowered [K™]; values at the onset of exponential growth (viz.,
by extra leakage of potassium from the conidia during the lag
phase), by progressive decline of [K™]; as growth continued, and
by falling net influx (Fig. 8B) as extracellular [K™] declined due to
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FIG 8 Time courses of intracellular K* concentration and net flux during
exponential growth of Neurospora on limiting potassium. The experiment and
measurements were the same as those described for Fig. 3. (A) Cell-associated
potassium measured and [K™]; calculated as described in Materials and Meth-
ods. Smoothed curves were drawn by hand. Different starting values of [K™];
reflect net loss of cellular potassium during the lag phase (—4 to 0 h). Scatter of
measured [K*]; values (1 SD) was ~20% of the mean value. (B) Implied net
fluxes were calculated from the increment of total cellular potassium over each
successive 16-min interval along the appropriate smooth curve in panel A and
then divided by the average cell mass during the same interval along the cor-
responding fitted curve in Fig. 3. Positive values represent net influx.

continued uptake. Cells with the most severe potassium limita-
tion, lacking both K* transporters and started at [K* ] of 1 mM or
lower ({AAA mus}; grey triangles in Fig. 8B), sank into several
hours of actual K* loss (net efflux; negative values in Fig. 8B)
before stabilizing the flux at nearly zero with [K*]; below 40 mM
(Fig. 8A).

Important quantitative comparisons emerged. For example,
although the specific growth rate for strain {TRK1-HA} started in
0.1 mM K* was 60% higher than that for strain {HA-HAK1}
started in 0.3 mM K" (o = 0.259 and 0.182 h™ !, respectively),
both the net influxes of K™ and the actual [K™]; values were nearly
the same by 8 h (Fig. 3 and 8A and B). This means, more explicitly,
that the apparent dependence of o upon [K™]; was steep near the
outset of exponential growth (Fig. 9A, 1.5 h), but relaxed at later
times (e.g., Fig. 9A, 4.5 h). Thus, within limits, growing Neuro-
spora cells could adapt to the restricted availability of potassium
without sacrificing growth rate.

Furthermore, this adaptation clearly involved increasing sub-
strate affinity for both Trklp and Haklp, a phenomenon previ-
ously proposed for Neurospora and Saccharomyces (53, 54). It can
readily be seen in the present experiments by plotting the net K*
influx versus extracellular potassium concentration, as [K*] was
depleted by growth. In Fig. 9B and C, strains bearing TRK1-HA
and/or HA-HAKI were inoculated into K™ -free Vogel’s medium
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plus 0.1 mM KCI. Loss of K™ from the conidia during the lag phase
had slightly increased extracellular K™ at time zero, but the onset
of exponential growth was accompanied by K™ influxes of ~45
mM/h in the presence of Trklp with or without Haklp (Fig. 9B)
and ~18 mM/h in the presence of Hak1p alone (Fig. 9C). In both
cases, the initial plots of flux versus [K™], were hyperbolic but
were offset from the origin (0 wM) by 49.7 uM for Trklp and
103.6 uM for Hak1p, corresponding to projected growth times of
~5.5 and ~1.9 h, respectively. However, as [K*], approached
those offset values, the fluxes stabilized at ~9 mM/h with Trklp,
with or without Haklp, and at ~3.2 mM/h with only Haklp. The
stabilized fluxes continued for several hours, to the end of expo-
nential growth, despite continually declining extracellular potas-
sium. Progressive, adaptive, increasing affinity of both transport-
ers for substrate (K™) thus is a necessary inference. (HAK protein
made no significant contribution either to mass expansion or to
K™ net flux in the presence of TRK protein. That is, Trklp-HA
expression was equivalent to that of Trk1p-HA plus HA-Hak1p. It
is not known whether Hak1p was deactivated or simply insignifi-
cant when present under these conditions.)

Quantitatively, these results reemphasize that growth of K*-
limited (or K™ -starved) cells of N. crassa is better supported via
TRK protein than via HAK protein; the effective K, for K™ trans-
port is lower and the effective V. is higher with Trk1lp than with
Hak1p when each is tested separately. Finally, it is clear that expo-
nential growth of Neurospora is not rigidly dependent upon either
the net K* influx or the actual intracellular concentration.

Cross-pathway effects: carbon starvation. The first demon-
stration that transport of sugars and other neutral molecules can
be unequivocally electrophoretic (55) solidified the notion of
membrane transport within the complex of metabolic reactions
then emerging as targets for glucose regulation, especially in N.
crassa (56-58). Glucose withdrawal leads to the upregulation of
high-affinity glucose transport (55, 56), to proliferation of vacu-
oles (59), to enhancement of cytoplasmic buffer capacity (D.
Sanders and C. L. Slayman, unpublished results), and probably, as
in Saccharomyces (60), to gradual disassembly of the vacuolar
ATPase (B. Bowman, unpublished results). In addition, full car-
bon starvation increases membrane resistivity (49, 50), thereby
magnifying voltage changes associated with active transport of
potassium ions (5). The latter fact affords a robust approach for
quantitative study of the K™ transporters in Neurospora (A. Riv-
etta, K. E. Allen, and C. L. Slayman, unpublished data), but accu-
rate analysis requires knowledge of the separate effects of starva-
tion upon the two proteins Trklp and Haklp.

This information was obtained by a simple extension of the
experiment shown in Fig. 7, removing extracellular sugar from the
mycelial suspension after a suitable period of starvation for K*. As
shown in Fig. 10A, tagged Trklp declined with a time constant of
2.8 h, corresponding to a half-time of 1.9 h. Neither the rate nor
the apparent endpoint was influenced by the presence (circles) or
absence (triangles) of HAKI/Haklp. However, the observed de-
cline of Trklp-HA during pure K" starvation was unexpectedly
fast (Fig. 10A, dashed line) and not distinguishable from that with
sugar starvation.

Hakl1p itself, on the other hand, barely responded to 1 h of pure
K™ starvation (Fig. 10B) but then rose from control values around
15 fmol/pg membrane protein to steady values near 65 fmol/pg
membrane protein over the 3 h of carbon starvation (glucose re-
moval). Although the presence (circles) or absence (squares) of
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FIG 9 Neurospora can modulate the K* concentration dependence of growth rate and the substrate affinities of both K* transporters. (A) Apparent dependence
of specific growth rate upon the intracellular K" concentration, early (1.5 h) and midway (4.5 h) in exponential growth. Parametric plot of data from Fig. 3;
smooth curves were drawn by hand. (Band C) Net K™ fluxes plotted against extracellular K™ concentrations for cells growing exponentially after inoculation into
Vogel’s medium (K™ -free) supplemented with 0.1 mM KCI. Initial values of [K*], at time 0 were greater than 0.1 mM due to loss of cellular K during the lag
phase. [K™], was then gradually depleted by net uptake. Smooth curves were fitted to a Michaelis function having an offset concentration, 49.7 and 103.5 pM,
respectively. Below the offset concentrations, steady fluxes were calculated as the average values out to 8 h: 9.04 and 3.26 mM/h, respectively.

TRK1/Trklp did not affect the increase of Hakl1p associated with
carbon starvation (~50 fmol/pg membrane protein), TRKI-
Trklp did lower the control value of Haklp at the onset of K™
starvation by approximately 70%. This result is qualitatively con-
sistent with the results shown in Fig. 5.

Opverall, the Hak1p:Trklp ratio, which varied in the range of
10:1 to 30:1 (depending mainly on K™ repletion) in normally
grown Neurospora mycelium (Fig. 5, 6, and 8), was increased to
>500:1 by the regimen of serial starvation for K* and carbon. This
emphasizes again that HAKI-Haklp is fundamentally incorpo-
rated into the metabolic program of Neurospora in a manner that
TRKI-Trklp is not.

DISCUSSION

Basic conclusions. Both of the TRK and HAK families of trans-
porter genes are distributed widely in the plant and fungal king-
doms (61-64), and they can be complemented by two families of
cation-pumping ATPases (10, 11), although the latter are not
present in Neurospora (65). In higher plants, regulation of K*
uptake involves not only several isoforms of the HAK and/or TRK
proteins but also many specialized tissues and organs. Regulation
in these systems therefore must be very complex. On the other
hand, regulation in the best-known simple eukaryotic system, the
yeast S. cerevisiae, has evolved mainly around two K™ transporters,
both of the TRK family, while completely excluding the HAK fam-
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ily. N. crassa, in possessing K™ transporters from both families
while having only moderate cytological specialization, affords in-
termediate complexity for characterizing and modeling trans-
porter function and regulation. The principal results, presented in
Fig. 4 to 7, are simple, clear-cut, and quite distinct from most
previous reports on plants or fungi.

The important background physiological conditions are ample
carbon source, moderated salts (especially 63.5 mM Na™ and 25
mM NH, "), and pH, buffered (citrate/phosphate) in the range of
5.8 to 5.3, well within the broad optimum for K™ transport in N.
crassa (66). Under these conditions, Neurospora Trklp is kineti-
cally a more effective transporter than Haklp, in having both a
higher per-site turnover number and a lower Michaelis constant
(K,.5) for substrate K™ (Fig. 2, rows 1 to 3 and columns 2 and 4). It
also supports robust growth below 100 pM [K™],, compared with
~300 pM for Haklp. Otherwise put, Trklp provides for stable
potassium accumulation in Neurospora while behaving like a clas-
sic constitutive enzyme: it is expressed at a nearly constant level
over wide-ranging K* concentrations and can even override sud-
den shifts of concentration (Fig. 7A), but it is susceptible to ap-
proximately 10-fold depletion during energy limitation (i.e., car-
bon starvation) (Fig. 10A). In absolute terms, Trk1p expression is
low in Neurospora, in the range of 1 = 0.5 fmol/ug membrane
protein, which translates to ~4 nmol Trklp per liter of intracel-
lular water (ICW). Since the net flux of ~50 mmol/h - liter ICW
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FIG 10 Carbon starvation demonstrates further involvement of HAKI-
Haklp in the metabolic program of N. crassa. Time courses of TRK1p-HA
depression (A) and HA-Haklp enhancement (B) during 1 h of starvation for
K™, followed by 3 h of starvation for sugar and K*. Note that simultaneous
expression of both genes, TRK1 and HAK]1, appeared irrelevant to the effect of
carbon starvation on the expression time course of either protein, even though
the steady-state prestarvation level of Haklp was significantly reduced by co-
expression of TRK1. The general protocol was similar to that described for Fig.
7, starting with cells grown for 16 h in Vogel’s medium plus 2% sucrose. The
smooth curve shown in panel A is least-square fitted to all 10 data points; the
dashed line represents the expected time course of Trk1p-HA during the hour
of starvation for K" alone, based on data from Fig. 7A. Smooth curves shown
in panel B were drawn by hand and are identical, except for the vertical sepa-
ration of 12.6 fmol. For the panel A inset, the load is 15 g membrane protein
in each lane; for the inset in panel B, the load is 1 g in each lane.

(Fig. 8B, blue circles and triangles) equals 14 pmol/s - liter ICW, a
per-site transport number of 3.5 X 10> K™ ions/site - s is implied,
which is high for conventional ion transporters but very low for
conventional ion channels.

Haklp, on the other hand, behaves like a classic derepressible
enzyme in Neurospora, present at low levels (1 to 5 fmol/pug mem-
brane protein; Fig. 5B) when its substrate is available at high con-
centration but elevated 10-fold or more when substrate is scarce
and when Trklp is missing (Fig. 4 and 5B). Its implied per-site
turnover number, in sustained support of exponential growth (as
in Fig. 8B), lies in the range of 1 X 10> to 3 X 10* K™ ions/site - s,
appropriate for a conventional ion transport protein. However,
carbon starvation, on top of K™ limitation, can drive up the ex-
pression of Haklp by another order of magnitude (Fig. 10B), and
under that condition, Haklp becomes the dominant K" uptake
protein in Neurospora, by a factor of >500, over Trklp. Since
carbon starvation was the practical background condition for dis-
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covery of membrane currents due to K™-H™ cotransport (2, 5), it
is clear that Haklp must have been the responsible protein. This
inference was also reached earlier by Haro et al. (24), who com-
pared Northern blot measurements in Neurospora to transport
measurements on NcHak1p heterologously expressed in Saccha-
romyces. A similar relationship between Trk1p and Hak1p has also
been described recently for the methylotrophic yeast Hansenula
polymorpha (67). Present data do not rule out the possibility that
Trkl1p also carries out H*-K™ cotransport, but they do make that
mode unnecessary. Detailed quantitative analysis of the underly-
ing electrical data is needed to clarify the actual functioning of
both transport proteins (Rivetta et al., unpublished).

Adaptations. Mechanistically more mysterious is the fact that
both Trklp and Haklp are able to increase their affinities (or
decrease their Michaelis constants) for the transported substrate,
as K™ limitation becomes increasingly severe. Such a process had
been implied before (53, 54, 68, 69); here, it is demonstrated and
quantitated (Fig. 9B and C). We have no explanation for why the
velocity-versus-concentration plots (flux versus [K™],) are offset
from the origin, but before zero is actually reached the proteins
appear to change, stabilizing their fluxes at low values that are still
sufficient for exponential growth. This condition of Trklp and
Hak1p might be termed the sliding-affinity mode; it occurs with-
out perturbing the effectiveness of Trklp compared to that of
Hak1p. The growth studies (Fig. 3) showed that Trk1p can take up
potassium as fast from ~0.1 mM [K*], (10 to 11 mM/h at 5 h; Fig.
3C) as can Haklp at ~0.3 mM [K],, and in the sliding-affinity
mode, Trklp stabilizes at a 3-fold higher net flux than Haklp,
while it also starts the process at a lower value of [K*],. The origin
of these changes, viz., the binding protein(s) presumed to be co-
actively involved, remains to be identified.

However, elevation of membrane voltage, such as has been
demonstrated to occur during carbon starvation (50, 55), could
have exactly that effect on transporter kinetics. This possibility has
been described at least twice in theory (70, 71) and has previously
been argued to account for flux datain S. cerevisiae (72). Elevation
of membrane voltage during carbon starvation results from in-
creased membrane resistance, which in turn reflects metabolic
downregulation of temporarily unneeded membrane transport-
ers. Such behavior is an energy shift device to enhance the cells’
ability to scavenge the depleted nutrient, namely, sugars in the
case of carbon starvation and potassium, we suggest, in the present
experiments.

Adaptation to sustained potassium limitation is certainly a
property of the whole organism, not solely of the K™ transporters.
Cells expressing Trk1p and germinated in 0.1 mM K™ sustained
their starting exponential growth rate (« = 0.259 h™') (Fig. 3,
green squares) for more than 8 h despite the ~50% decline of
intracellular [K™] that accompanied cellular volume expansion
and reduction of net influx (Fig. 8A and B) due to extracellular
[K™] depletion. Similar adaptation took place in cells expressing
only Hak1p (Fig. 3, red circles) but with lower absolute rates, viz.,
a =0.188 h ™' started in 0.3 mM K™ (Fig. 8) anda = 0.144h ™" in
0.1 mM K* (data not shown). Even cells missing both defined K™
transporters ({AAA mus}) grew exponentially when constrained
onlow K" (Fig. 3, triangles), though very slowly, as [K*]; contin-
ued to fall. In this case, residual K flux necessarily occurred
through a low-affinity/nonselective pathway, probably corre-
sponding to that dubbed NSCI in Saccharomyces (44, 45). That
path would carry current under voltage clamp conditions, but
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probably also would mediate ion exchange: K* for H*, Na™,
amino cations generally, and NH, " in particular (52, 72). It is
likely that ammonium ions (with a crystal radius of 1.48 A) sub-
stituted for potassium ions (crystal radius of 1.33 A) in those en-
zymes whose activities normally make use of bound K* (74);
NH," was abundant (25 mM) in the low-K™ media employed in
these experiments. However, ionic substitution also could have
been more general, since other fungi, especially S. cerevisiae, have
been found to grow when intracellular K™ is replaced by a variety
of alkali and alkali-metal cations (73, 75, 76).

Signaling. The liquid growth measurements (Fig. 3), together
with simultaneous potassium determinations (Fig. 8A), show that
the growth rate in Neurospora is not dependent on intracellular
[K™] per se; rather, it is dependent on extracellular [K*]. An im-
portant implication of this finding is that potassium’s primary
effect in metabolic regulation, at least in the presence of abundant
ammonium ions, should be on signaling rather than upon simple
enhancement of cytoplasmic enzyme activities. The same conclu-
sion has also been reached via theoretical analysis of K* transport
in Saccharomyces (77, 78). That seems like a sensible arrangement;
given that K" is a bulk constituent of cytoplasm (also partially
sequestered in vacuoles), its actual concentration should respond
only slowly to threats. However, a sudden drop of [K™], itself
would be a direct threat. We have made some effort, thus far
unsuccessful, to discover possible signaling vectors. In particular,
deletion experiments have failed to show involvement of either
Neurospora’s silent K transporter (Trk2p) or its plasma mem-
brane K* channel (Toklp) in modulating growth itself or the
particular properties of Trklp or Haklp.

Further attempts to investigate the primary signaling mecha-
nisms in potassium homeostasis will attempt to bypass the so-
called hugeness feature of most metabolic networks and focus on
those circuits that are central to K™ homeostasis while avoiding
minor paths and side branches. Potassium accumulation in this
particular model organism, N. crassa, is propitious for critical
pathway mapping for several reasons: (i) only two effector pro-
teins are involved in K™ uptake; (ii) those proteins behave in iden-
tifiably different fashions; (iii) a single energizing protein
(Pmalp) drives transport through both effector proteins (via
membrane voltage) and must be coregulated; and (iv) only the
efflux pathway(s) remains uncertain. Changes in the expression of
Pmalp still need to be characterized, but the integrated system
regulating K™ content of Neurospora inversely adjusts the amount
of Haklp present, while holding Trklp nearly constant, under
varied conditions of potassium starvation or repletion. The same
system clearly enhances expression of Haklp and suppresses ex-
pression of Trklp under carbon starvation. Modulations of
Trklp, Haklp, and Pmalp under other conditions, e.g., osmotic
stress, ammonium starvation, and pH stress, still need to be char-
acterized, but the main thrust for future experiments is that genes/
proteins central to the regulation of K™ transport should, when
perturbed, displace all three effector proteins in predictable, coor-
dinated fashion. This idea is a kind of protein triangulation.

There are now two main conduits for such investigation. The
most direct is to screen for transcription factors which modulate
pHAK, the promoter element for the HAKI gene. This can be
done, starting with {HAK1}, by inserting a selectable reporting
marker behind pHAK in the HAK1 locus and then subjecting the
strain to insertional mutagenesis. By varying background [K™"],
during selection on the reporter agonist, this procedure can be
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biased to identify mutants that either enhance or suppress the
activity of pHAK. Alternatively, Neurospora homologues of genes
that have been implicated in K™ regulation elsewhere can be tested
in deletion and/or overexpression experiments. Prime candidates
at present are two serine/threonine (S/T) protein kinases, Hal4p
and Hal5p, described as positive regulators of the TRK proteins in
Saccharomyces (79, 80), and two phosphatase-related peptides,
Ppzlp and Ppz2p, plus calcineurin, described as negative regula-
tors (81, 82). Homologues of all of these are present in Neurospora
and can be evaluated by crossing the existing single-gene deletion
strains (25) with {HA-HAK1} or {TRK1-HA} or with other con-
structs described above. A global strategy for characterizing S/T
protein kinase genes in Neurospora has already been described
(107 total) (83), and other candidate K™ regulatory genes can be
extracted from full-genome microarray studies (see, e.g., Tian and
collaborators [84, 85]) under different conditions of K™ limita-
tion.
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