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Introduction

Inorganic phosphate (P;) plays a central role in cel-
lular energy metabolism, in the synthesis and hy-
drolysis of ATP and in many other reactions. Be-
cause P; is a constituent of DNA and membrane
lipids, net uptake of P; is essential for cell growth
and replication. Eukaryotic cells require several P;
transport systems, in the plasma membrane and in
the membranes of various organelles, and larger or-
ganisms require specialized, physiological mecha-
nisms for accumulating from the environment the P;
needed by their cells. Some of these transport sys-
tems resemble those used by prokaryotes, while
others are unique to eukaryotes. Excellent and de-
tailed reviews exist describing certain individual P;
transport systems. It is the goal of this review to
provide an overview of all of the P; transport pro-
cesses, to illustrate the relationships among the dif-
ferent systems, and to compare the mechanisms
which have evolved. Given the scope of this re-
view, we cannot describe all the important work
that has been conducted. In particular, the impor-
tant topic of physiological regulation of P; transport
is not discussed. We have chosen to emphasize the
molecular mechanisms of P; transport, the coupling
of energy to drive transport, and, wherever possi-
ble, the isolation and sequencing of P; transport pro-
teins and genes.

Inorganic phosphate is an anion and a weak
acid. These factors complicate both the nature of P,
transport mechanisms and their study. The concen-
tration gradient of P;, the transmembrane electrical
potential, and the transmembrane pH gradient are
all involved in determining the energy cost of net P;
translocation. Most cells maintain a plasma mem-
brane electrical potential which is negative inside,
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and respiring mitochondria maintain an electrical
potential as high as —180 mV. These potentials pro-
duce an automatic energy cost for anion uptake,
especially for dianions. Unfortunately, reliable val-
ues for the concentration of free P; and the pH are
not always available for the compartments of inter-
est; thus, separating energy cost-related from mech-
anism-based effects of P;, Na*, and H* concentra-
tions has been difficult.

On an evolutionary time scale the oldest sys-
tems for active transport of P; appear to be proton
gradient-driven mechanisms. The energy resulting
from primary proton translocation by ATPases or
oxidative enzymes in the plasma membrane is used
by prokaryotes to drive uptake of P; and other me-
tabolites from the environment. Mechanisms of this
type are found in the mitrochondria of eukaryotes,
as well as in the plasma membranes of higher
plants. Animals, with their well-developed Na*/K~*
ATPase, have developed mechanisms to use the
electrochemical gradient of sodium to drive trans-
port of P; (and other compounds) across the plasma
membrane. Lower eukaryotes, such as yeast and
fungi, may use both proton- and sodium-driven
mechanisms.

In addition to secondary active transport sys-
tems, there are systems that catalyze equilibrium
transport of P; by anion/anion exchange. These in-
clude the P;/dicarboxylate exchange system of mito-
chondria, the P;/3-phosphoglycerate exchange sys-
tem in chloroplasts, and exchange of P; via the band
3 CI7/HCOgs exchanger of erythrocytes. Several of
the exchange-type mechanisms also resemble pro-
karyotic systems. Although actual evolutionary re-
lationships have not yet been established among the
various P; transporters, Fig. 1 illustrates the distri-
bution of the major P; transport mechanisms
throughout nature. Similarities in substrate prefer-
ence, kinetic and thermodynamic characteristics
and inhibitor sensitivities, rather than genetic infor-
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ANIMALS

PROKARYOTES

Fig. 1. Distribution of different P; transport processes through-
out nature. Processes with similar mechanisms, indicated here
by identical symbols, may not actually be evolutionary related.
Striped circle: H¥/P; cotransporters. Cross-hatched circles: P/
anion exchangers. Filled circles: Na*/P; cotransporters. Squiggle
circles: primary active transporters

mation, form the basis for this hypothetical ‘“family
tree.”’

Phosphate Transport Driven by the H™ Gradient

The transporters in this category have in common
the translocation of P; against its electrochemical
gradient at the expense of a proton electrochemical
gradient generated independently. Although we
have chosen to describe these as H/P; symporters,
an obligatory cotransport of protons with P; is mac-
roscopically identical to obligatory exchange of P;
for hydroxyl ion, and no study has yet differentiated
between these two mechanisms.

MITOCHONDRIAL PHOSPHATE UPTAKE IS
A Maror ENERGY CoST OF ATP SYNTHESIS

The most well-studied eukaryotic H*/P; cotransport
system is that found in the inner membrane of mito-
chondria. (For a review see Wohlrab, 1986.) This
system translocates P; from the cytoplasm into the
mitochondrial matrix, where it is used to synthesize

ATP and to drive the accumulation of respiratory
substrates (via P;/dicarboxylate exchange; see be-
low). In several respects it functions like the Pit
transport system found in Escherichia coli, which
catalyzes uptake of P; from the environment at the
expense of a proton gradient generated by electron
transport and ATPase enzymes (Rosenberg, Gerdes
& Harold, 1979). It is possible that the mitochon-
drial H*/P; cotransporter, like the electron transport
enzymes and membrane lipid composition of these
organelles, may have a prokaryotic origin. How-
ever, an important difference between the mito-
chondrial and the E. coli transporter is that the lat-
ter is insensitive to N-ethylmaleimide (Rosenberg et
al., 1982).

The energy cost for P; uptake by respiring mito-
chondria is difficult to calculate. Concentrations of
cytoplasmic free P; measured using in vivo NMR
(nuclear magnetic resonance) spectroscopic tech-
niques range from 0.5 to 2.0 mm depending on the
tissue, similar to or somewhat lower than P; values
measured by traditional extraction methods. A
value of 1.7 mMm has been observed in dog brain in
vivo (Nioka et al., 1987) and concentrations of 1.5
mM in glucose-perfused and 0.6 mMm in pyruvate-
perfused isolated guinea pig heart have been re-
ported by Zweier and Jacobus (1987). Measurement
of intramitochondrial free P; is considerably more
difficult. Matrix P; may be bound to proteins, or
complexed with Ca’>", so that chemical determina-
tions of total mitochondrial P; will, in general, over-
estimate the free ion concentration. In a 3P NMR
study of the isolated, perfused rat heart Garlick et
al. (1983) observed two resonances from P;, the
more alkaline of which exhibited behavior consis-
tent with an assignment to intramitochondrial P;.
Making some assumptions about the NMR relaxa-
tion behavior of the intramitochondrial P;, they esti-
mated an intramitochondrial P; concentration of 2.6
times the cytosolic concentration.

These observations suggest that both concen-
tration and electrical potential gradients oppose up-
take of P; into the matrix of respiring mitochondria.
The needed energy is provided by coupling trans-
port of P; to the energy of the electrochemical gradi-
ent of protons, which is created by respiration. As
many as 25% of the protons extruded by the respira-
tory chain may be used to support uptake of P;
(Lehninger & Reynafarje, 1982). Transport of P;
into the mitochondrial matrix appears to be an elec-
tronecutral event (Guerin, Guerin & Klingenberg,
1970; Ligeti et al., 1985). Although this process is
usually referred to as H*/H,PO; cotransport, it is
possible that the actual substrate of the P; trans-
porter is HPO3~. In a study using fluorophosphate
analogs, Freitag and Kadenbach (1978) found that
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the divalent fluorophosphate supported mitochon-
drial swelling, suggesting that it was transported,
while monovalent phosphate analogs were inhibi-
tors of P; uptake. Studies of ‘‘inside-out’’ vesicles of
mitochondrial inner membrane indicate that energy-
dependent efflux of P; from intact mitochondria may
be catalyzed by the same transporter operating elec-
trophoretically at the expense of the electrical com-
ponent of the proton gradient (Wehrle, Cintron &
Pedersen, 1978).

The mitochondrial H*/P; cotransporter has a
relatively low substrate affinity, approximately 1.6
mM for total P; (Coty & Pedersen, 1974), close to
the cytoplasmic P; concentration. Fructose (Ere-
cinska et al., 1977), ethanol (Desmoulins, Cozzone
& Canioni, 1987), and other substrates have been
found to profoundly alter cytoplasmic P;, precisely
in the concentration range of the transporter K,,.
However, the V,, for P; transport in intact rat liver
mitochondria is approximately 3000 nmol/min - mg
of mitochondrial protein (at 22°C, Ligeti et al., 1985)
and the maximal rate of ATP synthesis in rat liver
mitochondria is approximately 400 nmol/min - mg
of mitochondrial protein (Jeffries, LaNoue &
Radda, 1986). Thus it is unlikely that P; transport
becomes rate limiting for ATP synthesis under
physiological conditions.

M1ToCHONDRIAL P; TRANSPORT 1S DEPENDENT
ON A FREE SULFHYDRYL RESIDUE

The first characteristic of the H*/P; cotransporter to
be identified was its sensitivity to reagents reactive
with free sulfhydryl groups (Fonyo & Bessman,
1968). The free sulthydryl residue (now identified as
Cys 42 in the bovine heart transporter, see below)
necessary for transport reacts with a wide variety of
mercurial, dithiol, and alkylating reagents (Fonyo,
1976). The H*/P; cotransporter can be distinguished
from other mitochondrial transporters on the basis
of this nonselective sensitivity to —SH reagents.
The Py/dicarboxylate exchanger is sensitive to mer-
curials but not to N-ethylmaleimide (NEM) (Coty &
Pedersen, 1976b). The (ADN) exchanger is sensi-
tive to NEM under certain conditions, but not to
mercurials (Aquila, Eiermann & Klingenberg,
1982a). Some sulfhydryl reagents such as 5,5'-
dithiobis (2-nitrobenzoate), mersalyl, and diazoben-
zenesulfonate (Wehrle & Pedersen, 1981; Fonyo &
Vignais, 1980) and eosin-5-maleimide (Houstek &
Pedersen, 1985) inhibit P; transport under condi-
tions in which they have been rigorously shown not
to enter the mitochondrion. Griffiths et al. (1982)
examined a series of N-polymethylene carboxy-
maleimides and found that those with four to ten

carbons between the carboxylate *‘anchor’ and the
reactive maleimide could inhibit P; transport. Taken
together these results suggest that the reactive sulf-
hydryl is somewhat below the surface, at the cyto-
plasmic side of the inner membrane.

Fonyo and co-workers have shown that, while
binding of P; does not protect the critical sulfhydryl
group, acidification of the mitochondrial matrix re-
duces the inhibition of the transporter by sulthydryl
group reagents (Fonyo & Vignais, 1980; Ligeti &
Fonyo, 1984) and alkalinization of the matrix in-
creases inhibition. This is true even for nonpene-
trant sulfhydryl reagents, suggesting that matrix pH
affects the accessibility or reactivity of a cytoplas-
mic sulfthydryl. Studies of inverted vesicles from
the inner membrane have suggested that the same
essential sulfhydryl group may be accessible from
the matrix surface under some conditions (Wehrle
et al., 1978). In recent studies Bukusoglu and
Wohlrab (1987) have inhibited the P; transporter
with the affinity label 4-azido-2-nitrophenylphos-
phate. Inhibition by this reagent from the cytoplas-
mic side is prevented by P;, ADP, and succinate.
This supports the suggestion of the sulthydryl label-
ing studies that important changes take place in the
carrier when it is functioning during State 3 res-
piration.

A SINGLE 34-kD PROTEIN 1S RESPONSIBLE FOR
MITOCHONDRIAL PHOSPHATE TRANSPORT

In 1975 Coty and Pedersen (1975a) attempted to
identify the H*/P; cotransporter using a protocol ex-
ploiting its characteristic inhibition pattern. A pro-
tein of 32 kD was preferentially labeled by radio-
labeled NEM. In 1979 Banerjee and Racker solubi-
lized and reconstituted mercurial-sensitive P; trans-
port in artificial phospholipid vesicles. After partial
purification, the reconstitutively active fraction
contained several proteins, but only the 30-kD re-
gion exhibited NEM-labeling strongly inhibited by
P;. By comparing mercurial-sensitive NEM labeling
in blowfly flight muscle, beef heart, and rat liver
mitochondria, Wohlrab (1979) was able to identify
the H*/P; cotransport protein as a 34-kD polypep-
tide. Py/P; exchange activity or unidirectional P; up-
take have been reconstituted from the detergent-
solubilized mitochondria of beef heart (Wohlrab,
1980; Wohlrab & Flowers, 1982), pig heart (Mende
et al., 1982), rat liver (Wehrle & Pedersen, 1983),
and blowfly flight muscle (Wohlrab, Collins & Cos-
tello, 1984a). Several phospholipid mixtures have
proven successful for reconstitution, especiaily
those containing the characteristic mitochondrial
phospholipid cardiolipin (diphosphatidylglycerol)
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(Wohlrab et al., 1984a). P; transport in various re-
constituted systems is appropriately inhibited by
mercurials, NEM, and diazobenzenesulfonate but
not by n-butylmalonate.

Procedures for purification of the H*/P; co-
transporter exploit the fact that, like the ADN ex-
changer (Riccio, Aquila & Klingenberg, 1975) and
the Py/dicarboxylate exchanger (Kaplan & Peder-
sen, 1985) and H*/P; cotransporter is not adsorbed
to hydroxylapatite from detergent solution. It has
been suggested that these proteins all bind unusu-
ally high amounts of lipid and detergent, preventing
their interaction with the hydroxylapatite column
(Klingenberg, Riccio & Aquila, 1978). The presence
during the extraction process of dithiothreitol and
cardiolipin are important for maximal P; transport
activity of the reconstituted preparation. The trans-
porter from blowfly flight muscle, which has a
highly simplified mitochondrial inner membrane,
can be completely purified in a reconstitutively ac-
tive state by chromatography on celite using a gra-
dient of SDS in Triton X-100 (Wohlrab et al.,
19844a). The transporter from other sources, while
highly active following a similar chromatographic
treatment, is still substantially contaminated.

Separation of the H/P; cotransporter from the
other 30-35 kD proteins is more difficult and re-
quires the use of sodium dodecylsulfate (SDS), pos-
sibly to remove bound lipid or to unfold the protein.
Complete purification of the beef heart H*/P; co-
transport protein has been accomplished by Kolbe
et al. (1984). As a second chromatographic step,
these authors used chromatography on hydroxyl-
apatite in SDS, urea, and S-mercaptoethanol. The
purified transport system from beef heart or blowfly
flight muscle appear as two closely spaced bands on
SDS-PAGE, designed ‘“‘PTP «”” “‘PTP 8’ by Kolbe
et al. (1984). Bisaccia and Palmieri (1984) purified
the H*/P; cotransporter from porcine heart in a re-
constitutively active form as a single 34-kD species.
Kaplan, Pratt and Pedersen (1986), using sequential
chromatography on hydroxylapatite, DEAE-cellu-
lose, and Affigel (Bio-Rad Laboratories), have puri-
fied the rat liver mitochondrial H*/P; cotransporter
to near homogeneity. Depending upon the mercury
content of the Affigel preparation, the rat liver
transporter may appear as a single or two closely
spaced bands in the 34-kD region on SDS-PAGE.
Significantly, both preparations exhibit similar spe-
cific activities of transport, indicating that both «
and S forms are catalytically active. Gibb, Reid and
Lindsay (1986) report the purification of the rat liver
transporter to a single 34-kD polypeptide using
chromatography on hydroxylapatite and celite,
combined with sequential Triton X-114 and Triton
X-100 extraction. Although this preparation was not

tested for transport activity, an antibody raised
against the protein inhibits phosphate transport in
mitoplasts (mitochondria with the outer membrane
removed).

THE MITOCHONDRIAL PHOSPHATE TRANSPORT
GENE 18 HoMOL0OGOUS TO GENES FOR

THE ADENINE NUCLEOTIDE EXCHANGER AND
THE BROWN ADIPOSE TISSUE UNCOUPLER PROTEIN

Differences between ‘‘PTP-o”’ and “‘PTP-8 ap-
pear minimal. One-dimensional peptide maps of the
two SDS-PAGE bands from bovine heart mitochon-
dria are nearly identical, and the N terminal se-
quences of the two forms are identical (Kolbe et al.,
1984). Reaction with NEM, or carbamoylation of
the protein causes the two bands to run as a single
band. The amino acid composition of the beef heart
transporter is 59% hydrophobic or nonpolar resi-
dues, similar to the ADN exchanger (Aquila et al.,
19824) and appropriate for a transmembrane pro-
tein. The first large peptide of the transporter to be
sequenced was the 47-residue peptide at the N ter-
minus, which is released by formic acid hydrolysis
(Kolbe & Wohlrab, 1985). This peptide includes the
unique site of alkylation by NEM, a cysteine (Cys
42 in the bovine heart protein) which is flanked by
positive charges (Lys and Arg). Significantly,
three other cysteines in this peptide (as well
as four others elsewhere in the protein) do not
react with NEM when the transporter is inhibited.
Kolbe and Wohlrab (1985) suggest that the basic
flanking residues, by stabilizing the reactive thiolate
anion, account for the hyper-reactivity of this cys-
teine.

The mitochondrial H*/P; transporter is coded
by the nuclear genome and carries a 49-residue im-
port sequence, which is removed when the protein
is embedded in the mitochondrial membrane
(Runswick et al., 1987). From the structure of the
1-47 peptide, homology between the H'/P; trans-
porter and the mitochondrial ADP/ATP exchanger
was clearly apparent (Kolbe & Wohlrab, 1985). The
complete sequence of the beef heart transporter
was obtained by DNA sequencing techniques
(Runswick et al., 1987). The P; transporter peptide
contains three internally homologous regions, as in-
dicated in Fig. 2. This pattern of threefold repeat is
also found in the ADP/ATP exchanger (Saraste &
Walker, 1982) and in the uncoupling protein from
brown fat mitochondria (Aquila, Link & Klingen-
berg, 1985) and the primary structures of all three
proteins are significantly homologous. Runswick et
al. (1987) have modeled each of the three proteins
with six membrane-spanning hydrophobic segments
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{preseguence}
MYSSVVHLARANPFNAPHLQLVHDGLAGPRSD PGPPRRS NLAARA
-49 =40 =30 -20 -10
{mature protein}
AVEEQYSCDYGSGRFFILCGLGGTITIS GTTHTA DLV M ¥D
1 10 20 30 40
PQEKYKSIFNGFSVTLKEDGYFRGLAKGWAPTT FIG GLCKFGF EVFKVL
50 €0 70 84 30
YSNMLGEENAYLWRT*SLYLAASASA FFADIA EAAKVRI TQPGYANT
LR
100 110 120 130 140 150
DAAPXKMYKEEGLKAFYK*GVAPLWMER IPYTMMK FERTVEA YKFV
160 170 180 190 200
VPKPRSECSXKPEQLVVTFVAGYTIA VFCATIV DSVVSVL KEKG
210 220 230 240
SSASEVLKRLGFRGVWEKG FARIIHM TALOWEFTI DSVEKVY
250 260 270 280 290

FRLPRPPPPEMPESLEKEKEKLGYTGQ
300 310

203

Fig. 2. Amino acid sequence of the bovine heart mitochondrial H*/P; cotransporter. Data are from Runswick et al., 1987. Three
homologous regions are found within the mature protein. Residues have been aligned for maximal homology, with * indicating an added
space. In each segment two sequences suitable to form transmembrane helices can be identified (underlined). The dashed sequence
indicates the region suggested by Aquila, Link and Klingenberg (1987) to form a S-strand turning back across the membrane. This

region contains the critical cysteine residue 42 (circled)

connected by hydrophilic loops. In one model the
unique, NEM-binding cysteine of the H*/P; trans-
porter falls in the first loop, on the cytoplasmic side
of the membrane. An alternative model has been
proposed by Aquila, Link and Klingenberg (1987),
in which the peptide, after the first helical region,
turns abruptly back through the membrane. This
places the critical cysteine below the membrane
surface, and implies an opposite direction for the
remaining helices. Further study will be required to
resolve this difference.

A full-length ¢cDNA clone of the rat liver P
transport gene has been obtained by Ferreira, Pratt
and Pedersen (1989) which agrees with the amino
acid composition of the purified rat liver transporter
and with the sequence of the N-terminal amino
acids. The DNA sequence and hydropathy profile
of the rat liver system show a close correspondence
to the bovine heart protein. Nonetheless, 32 out of
312 residues in the phosphate transport proteins
from these two sources are not conserved. This
shows considerably more variability than, for in-
stance, the 8 subunit of the ATP synthase enzyme,
in which only five residues out of 480 differ between
the rat liver and the beef heart enzymes (Ysern,
Amzel & Pedersen, 1988).

Antibodies raised against the P; transporter
(two) and the ADP/ATP transporter (one) from bo-
vine heart fail to cross-react, although one of the

anti-P; transporter antibodies recognized the P;
transporter purified from pig heart, rat heart, rat
liver, and blowfly flight muscle mitochondria (Ras-
mussen & Wohlrab, 1986). Another antibody
against beef heart P; transporter recognized other
heart mitochondrial P; transporters, but not those
from liver or flight muscle, indicating some tissue-
dependent differences in protein structure.

H?*/P; COTRANSPORT Is ALSO FOUND IN
THE PLASMA MEMBRANE OF FUNGI

Yest and related fungi are able to grow under a
variety of conditions and have a complex system of
P; uptake processes. Saccharomyces cerevisiae has
three systems for P; uptake. The constitutive trans-
port system is similar to the mitochondrial H*/P,
cotransporter, with a K,,, for P; of 1.7 mM (Goodman
& Rothstein, 1957). When grown in low P; medium,
these and similar yeast and fungi activate a P, trans-
port system of relatively high affinity (5-20 M) and
simultaneously lose the low-affinity mechanism
(Nieuenhuis & Borst-Pauwels, 1984). The high-af-
finity system, which is also a H*/P; cotransport
(Roomans & Borst-Pauwels, 1979), is found in in-
tact cells, but protoplasts prepared by osmotic
shock have only the low-affinity activity. High-
affinity transport is correlated with the appearance
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of a binding protein for P; on the plasma membrane
(Jeanjean & Fournier, 1979). This 52-kD protein,
which can be released from the yeast by osmotic
shock, has been purified to homogeneity from Can-
dida tropicalis (Jeanjean et al., 1984). Antibodies to
the purified binding protein inhibit P; translocation
in intact cells but not in protoplasts. Jeanjean and
co-workers suggest that the binding protein acts to
modify the activity of the constitutive system rather
than to replace it.

H*/P; COTRANSPORT
IN HIGHER PLANTS APPEARS TO INCLUDE
A H1GH-AFFINITY COMPONENT

Inorganic phosphate uptake across the plasma
membrane of green plants appears to be driven by
H* cotransport. It is not enhanced by Na* (Ullrich-
Eberius & Yingchol, 1974}, but it is enhanced by
increasing ApH and by fusicoccin, a stimulator of
the electrogenic H™ pump (Lin, 1979). As in mito-
chondria, transport is inhibited by the uncoupler
FCCP (p-trifiuoromethoxy carbonylcyanide phenyl-
hydrazone) and by mersalyl, but not by anion ex-
change inhibitors such as SITS (4-acetamido-4'-
isothiocyanatostilbene-2,2" sulfonic acid) (Lin,
1981). Uptake of P; in Lemna gibba (duckweed)
produces a transient depolarization of the plasma
membrane, suggesting that positive charge transfer
is involved. Ullrich-Eberius et al. (1981) have calcu-
lated that above pH 6 the H* concentration gradient
alone would be insufficient to support P; uptake into
duckweed maintaining a high transmembrane po-
tential. H*/P; cotransport in duckweed exhibits bi-
phasic kinetics with respect to P; concentration,
with apparent K,’s of 6-8 um and 65-75 um
(Ullrich-Eberius, Novacky & van Bel, 1984). This
high affinity, as well as the translocation of net
charge, represents a substantial change from the
mitochondrial transporter, and resembles instead
the yeast high-affinity transport process.

An interesting study of P; transport in vivo has
been performed by Brodelius and Vogel (1985) us-
ing perfused cultures of two plant cell lines. *'P
NMR spectroscopy was used to study Catharan-
thus roseus and Daucus carota, which differ in their
responses to the addition of P; to growth medium.
C. roseus has the ability to take up large amounts of
P; very rapidly into an acidic intracellular storage
compartment, presumably the vacuole. This study
demonstrated that with time P; accumulated in the
vacuole is sequestered into an NMR-invisible com-
partment, as the total amount of P; accumulated
(measured by radiolabel) remained constant but the
NMR signal due to vacuolar P; decreased. In con-

trast to the pattern of rapid accumulation and
slower utilization observed in C. roseus, D. carota
took up P; slowly, directly into the cytoplasm, only
as required for growth. It was shown that neither
plant stores P; as polyphosphate or phytates.

Phosphate Transport Driven by
the Sodium Gradient

Active transport of P; into many types of animal
cells appears to occur by a sodium-dependent pro-
cess. Evolution of such a mechanism reflects the
development of an active Na*/H* ATPase, and
probably a reduced desirability of large H* con-
centration gradients within complex multicellu-
lar organisms. This type of P; transport has been
studied most extensively in kidney and intestine,
where it is responsible for the rate-limiting step in
transepithelial P; transport. Studies have now been
initiated on P; transport processes in heart and skel-
etal muscle (Nuutinen & Hassinen, 1981; Medina &
[llingsworth, 1980), nerve fibers (Jirounek et al.,
1982, 1984), across the placenta (Stulc & Stulcova,
1984; Brunette & Allard, 1985), and in a variety of
cultured cell lines. In addition, uptake of P; by can-
cer cells has been studied (Wehrle & Pedersen,
1982; Bowen & Levinson, 1983), partly to deter-
mine whether P; uptake plays a role in rapid growth.
A derepressible, sodium-dependent, high-affinity P
transport system is also found in yeast (Roomans,
Blasco & Borst-Pauwels, 1977). The interactions
among Nat, P;, and H™ as substrates, as effectors,
and as driving forces are complex, and a consensus
as to a precise mechanism for any of the Na*/P;
cotransport systems has yet to be reached.

Na*/P; COTRANSPORT ACROSS

THE APICAL MEMBRANE

oF KIDNEY PROXIMAL TUBULE
EPITHELIAL CELLS

Drives WHOLE Bopy P; RESORPTION

The physiological aspects of renal phosphate trans-
port and its regulation have been reviewed exten-
sively elsewhere (Bonjour & Caverzasio, 1984;
Mizgala & Quamme, 1985; Gmaj & Murer, 1986)
and only a summary will be presented here to place
the mechanistic and molecular studies in context.
Renal P; resorption plays a major role in whole body
P, homeostasis and is also important in maintenance
of acid-base balance. Although species differences
have been observed in regulation of transport, con-
siderable similarity exists in the properties of the
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renal Na*/P; cotransport system from a variety of
sources. Kidneys of rats and rabbits have received
the most study. Several types of preparations have
been used to study this transport system, including
in vivo micropuncture, isolated tubule perfusion,
brush border membrane vesicles (BBMYV), and both
primary and established kidney cell lines in tissue
culture.

Transepithelial P; movement from urine to
plasma in the kidney occurs across a single cell
layer and is the net result of two transport pro-
cesses: sodium-dependent active transport at the
apical membrane and a second translocation step at
the basolateral membrane. P; transport at the baso-
lateral membrane is not yet well characterized. An
active transport system is unlikely to be necessary,
as both the P; concentration gradient and the trans-
membrane potential gradient probably favor anion
efflux across the basolateral membrane. Both so-
dium-dependent (Schwab, Klahr & Hammerman,
1984a,h) and anion exchange-type mechanisms
(Murer & Burckhardt, 1983) have been suggested
for transport across the basolateral membrane.

Inorganic phosphate resorption from the glo-
merular filtrate appears to occur entirely through a
sodium-dependent carrier in the apical membrane
of the epithelial cell, with no measurable ‘‘leak”
component and little back flux from plasma to lu-
men (Dennis & Brazy, 1982). This step requires an
energy input, as the membrane potential (30-60
mV, negative inside) opposes anion accumulation.
The concentration gradient for P; across the apical
membrane must vary somewhat along the nephron.
Intracellular P; in the kidney as a whole is approxi-
mately 2.4 mM, as measured by NMR spectroscopy
in vivo (Freeman et al., 1986), but it is not possible
to determine the intracellular concentration of the
proximal segment epithelial cells specifically. The P,
concentration in the glomerular filtrate is approxi-
mately 90% of the plasma P; concentration (depend-
ing on the protein and calcium concentrations of the
plasma), typically 2.5 mM at the beginning of the
proximal tubule under normal conditions. Although
as much as 95% of the filtered P; is resorbed in the
proximal segment, the simultaneous resorption of
water results in the concentration of P; remaining
above 1.5 mM in the tubule fluid under normal con-
ditions (Harris et al., 1974). Some P; uptake does
occur in the distal convoluted tubule (Amiel, Kunt-
zinger, & Richet, 1970), but probably accounts for
resorption of no more than 5-10% of the filtered
load of P;. Separate segments of the nephron as well
as nephrons from different regions of the kidney
appear to differ not only in basal transport capacity,
but also in their response to diet and hormones
(Burnette & Beliveau, 1984). These authors have

observed biphasic kinetics for P; transport at 37°C,
in contrast to single phase kinetics observed by
them and other laboratories at temperatures below
30°C. This has lead them to suggest the presence of
two different P; transporters, with differential distri-
bution along the nephron (Brunette, Beliveau &
Chan, 1984).

The transport system in rat and rabbit kidney
BBMYV has an apparent K, for total P; of approxi-
mately 0.08 mm under physiological conditions
(Hoffmann, Thees & Kinne, 1976; Cheng & Sack-
tor, 1981). Because P, transport rates increase with
increasing luminal or extravesicular pH, it was orig-
inally suggested that HPO;~ was the transported
species. Arsenate, a dianion throughout the pH
range of interest, is a competitive inhibitor of P,
transport. Sacktor and Cheng (1981) observed an
enhancement of P; uptake into rabbit BBMV by an
internally acidic ApH and suggested that this was
due to preferential translocation of HPO? . The en-
hancement was greater when amiloride was added
to block dissipation of ApH via the Na®/H* ex-
changer. A smaller enhancement by ApH was ob-
served by Amstutz et al. (1985) in rat kidney
BBMYV. Failure of others (Burckhardt, Stern &
Murer, 1981) to measure such stimulation may be
due to the use of SCN~, which is permeant as an
anion but also, to a limited extent, as an acid
(Mitchell & Moyle, 1969) and might dissipate small
pH gradients or compete with P; transport for the
pH gradient.

The effects of pH on transport kinetics are ap-
parently not exclusively due to the titration of P;, as
they are still observed when the concentration of
HPO;j™ is held constant (Cheng & Sacktor, 1981).
The pH dependence of P; uptake can be substan-
tially reduced by increasing sodium concentration
in the assay (Burckhardt et al., 1981), but even at
saturating levels of Na* an effect of pH is observed.
Amstutz et al. (1985) reported a 50% increase in
apparent K, for total P; and a 24% decrease in V,,,
at pH 6.4 relative to pH 7.4, even in the presence of
300 mm Na*. Because the apparent affinity drops by
only 40% while the concentration of HPOZ™ drops
by 90%, these results suggest that H,PO; may also
be a substrate. Alternatively, a direct pH-dependent
increase in the affinity for HPO3™ might occur over
this range. The stimulation of P; uptake by high pH
can be reversed by feeding a high phosphate diet
(Cheng, Liang & Sacktor, 1983). P; uptake in cul-
tured pig kidney cells (LLC-PK1) is faster at pH 6.4
than at pH 7.4 (Brown et al., 1984). The level of P, in
culture medium may be high enough to mimic the
effects of feeding a high P; diet to animals. This
observation is especially interesting in light of the
observation (see below) that the intestinal Na*t/P;



206 J.P. Wehrle and P.L. Pedersen: Phosphate Transport in Eukaryotic Cells

cotransporter appears to function more rapidly at
low than at high pH.

Although P; transport is strongly sodium depen-
dent in intact renal tubules, isolated whole cells and
BBMYV, the degree of Na* specificity of P; varies. In
BBMY no other cation supports more than 10% of
the uptake rate observed in the presence of Na™
(Hoffman et al., 1976; Cheng & Sacktor, 1981), al-
though Li* appears somewhat more effective than
other nonsodium cations. In intact LLC-PKI cells
uptake in the presence of several other cations ap-
proaches 30% of the rate in the presence of Na*
(Noronha-Blob, Filburn & Sacktor, 1984). The ini-
tial rate of P; uptake into BBMV depends linearly on
the Na* concentration gradient; however, Na* also
causes a four to sixfold increase in the initial rate of
equilibrium P; transport (Hoffman et al., 1976;
Cheng & Sacktor, 1981). Concentrative P; uptake
driven by a transmembrane proton gradient without
a Na't gradient also requires Na* in the medium
(Sacktor & Cheng, 1981).

During concentrative uptake of P; in the pres-
ence of a sodium gradient Na™ ions are transported
for each P; (Hoffman et al., 1976; Amstutz et al.,
1985). This square concentration dependence on
Na* has been invoked to explain the observation
that P; uptake is more sensitive to reductions in lu-
minal Na*t concentration than is transport of other
metabolites such as glucose (Dennis & Brazy,
1982). Increasing pH increases the affinity of the
carrier for Na* from a K, of approximately 150 mm
at pH 6.4 to 70 mMm at 7.4. In rat renal BBMV,
increasing Na* appears to decrease the K,, for P;
and to increase the Vi, for transport (Amstutz et
al., 1985). In BBMV from LL.C-PK1 cells, only the
affinity increase is observed (Brown et al., 1984).
Kinetic analysis of sodium stimulation of P; trans-
port in the absence of a sodium gradient indicates a
first-order dependence on Na® concentration
(Cheng & Sacktor, 1981). These results suggest that
binding of a single sodium is sufficient to allow
transport, while binding of a second ion provides
sufficient energy to drive net accumulation.

Above neutral pH the transport of P; is predom-
inately electroneutral, with changes in the vesicular
transmembrane electrical potential altering P; up-
take by less than 15% (Hoffman et al., 1976; Cheng
& Sacktor, 1981). Since transport in this pH range
appears to require two Na* ions per P;, HPO; must
be the transported species above pH 7. This will
result in the effective net translocation of H™ if
there is a pH difference between the two compart-
ments. P; transport is not enhanced by an internally
negative electrical potential (Cheng & Sacktor,
1981; Burckhardt et al., 1981), but these latter au-
thors, using potential-sensitive probes, did measure

the generation of some internal positive charge dur-
ing sodium-dependent P; uptake into rat renal
BBMYV. In addition, a second-order dependence on
Nat is observed throughout the entire pH range. It
seems likely that the carrier binds two Na* ions
both above and below neutrality and that protona-
tion of a carrier protein residue or binding of pro-
tonated P; results in the translocation of some posi-
tive charge. This may provide an additional energy
source to drive P; uptake at acid pH, where Na*
binds poorly.

INHIBITION OF Na*/P; COTRANSPORT IN
THE KIDNEY SUGGEST THAT ARGININE
AND CYSTEINE MAY BE IMPORTANT

As in other systems, arsenate dianion is a competi-
tive inhibitor of P, transport in the kidney, but the K;
for arsenate (1 mMm) is an order of magnitude higher
than the K, for P; at pH 7.4 (Hoffman et al., 1976).
Szczepanska-Konkel et al. (1986) have shown that
small phosphonocarboxylates (formic and acetic)
are competitive inhibitors of both concentrative and
equilibrium Na'/P; cotransport in BBMV and in
vivo. The K; of the best inhibitor (phosphonoformic
acid, 0.46 mM) is still quite high, but this may be due
to the relatively high pK, of the phosphonate (pH
7.24, Warren & Williams, 1971). The fractional in-
hibition of P; transport by phosphonoformic acid is
the same at each pH, but without a complete kinetic
analysis it is impossible to distinguish substrate and
inhibitor titrations from effects on binding constants
and transport rates. Analogs with larger organic
moieties do not inhibit, suggesting that the binding
site for P; is relatively small.

Strevey, Brunette and Beliveau (1984) found
that rat kidney BBMV incubated with arginine-re-
active reagents such as phenylglyoxal experience a
65% inhibition of concentrative P; transport without
inhibiting equilibrium transport (equal Na* inside
and out). The Na* stoichiometry and affinity for P;
transport appeared unchanged. Extra vesicular P;
provides only partial protection against phenylgly-
oxal inhibition, but adding sodium increases protec-
tion to nearly 100% (Beliveau & Strevey, 1987). De-
biec and Lorenc (1984) have examined the effect of
several amino acid reagents on the Na*/P; co-
transport in the absence of a sodium gradient. Cer-
tain sulfhydryl group reagents inhibit Na*/P; co-
transport, provided they are present at the internal
(cytoplasmic) surface of the vesicles. Disulfide-re-
ducing reagents do not inhibit from either side of the
membrane. The amino group reagent trinitroben-
zenesulfonate (TNBS) inhibits P; transport, but
only when Na* is present during the inhibition,
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again suggesting that a sodium-dependent confor-
mational change occurs. This would also be consis-
tent with the substantial alterations in kinetic pa-
rameters induced by Na*.

Pratt and Pedersen (1989) have shown that
membrane-permeant reagents specific for cysteine
or tyrosine inhibit Na*-dependent P; uptake by rat
renal BBMV, while impermeant analogs do not. In-
hibition by NBD-CI (7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole) is not prevented by Na* plus P;, or by
competitive inhibitors of P; uptake. The reactivity
of the critical sulfhydryl(s) is much less than that of
the mitochondrial H*/P; cotransporter. Histidine-
and carboxylate-specific reagents also cause sub-
stantial inhibition.

IDENTIFICATION OF
THE KiDNEY Na'/P; COTRANSPORTER
Has BEEN DIFFICULT

No protein has been unequivocally identified with
Na™/P; cotransport activity in kidney. Hammerman,
Hansen and Morrissey (1983) have attempted to
identify the carrier in dog kidney BBMV by cAMP-
dependent phosphorylation. A small decrease in P;
uptake is observed after in vitro cAMP-dependent
phosphorylation of BBMV, accompanied by differ-
ential phosphorylation of two proteins with molecu-
lar masses of 96 and 62 kD. These effects are en-
hanced by prior treatment of the animals to lower
circulating levels of PTH. The 62-kD protein is de-
phosphorylated with a time course corresponding to
the recovery of transport activity. In the rat, fewer
proteins are phosphorylated in a cAMP-dependent
fashion, although a 62-kD protein with a dephos-
phorylation time course similar to recovery of P,
transport has been reported by Hruska, Kurnik and
Tsutsumi (1984). This group has also observed the
ADP-ribosylation of a 62-kD protein. A chloroform-
methanol soluble phosphate-binding protein iso-
lated from rabbit kidney has been characterized by
Kessler, Vaughn and Fanestil (1982). While it ap-
pears to co-purify with P; transport activity (see be-
low), liposomes reconstituted with this protein
alone do not carry out Na*-dependent P; accumula-
tion (Schéli, Vaughn & Fanestil, 1986).

Lin, Schwarc and Stroh (1984) fractionated an
octylglucoside extract of BBMV by chromatofocus-
ing and reconstituted several sodium-dependent
transport activities. Sodium-dependent P; uptake
was found in all fractions. Schili and Fanestil (1985)
solubilized rabbit kidney BBMV with octylgluco-
side and reconstituted the unresolved protein mix-
ture into phosphatidylcholine plus cholesterol vesi-
cles. Chromatofocussing of a similar extract

prepared with the nonionic detergent NP-40 re-
sulted in resolution of the BBMV proteins into three
fractions, one of which contained Na*-stimulated P;
transport activity which was inhibited by arsenate
(Schéli et al., 1986). No evidence for reconstitution
of concentrative uptake of P; from kidney has yet
been obtained.

Na™/P; COTRANSPORT IN
THE INTESTINE RESEMBLES TRANSPORT
IN THE KIDNEY

Inorganic phosphate transport in BBMV from rat
small intestine has an apparent K, for total P; of
0.1-0.2 mm in the presence of 100 mm Na* (Berner,
Kinne & Murer, 1976; Danisi, van Os & Straub,
1984) and a second order dependence on Na* con-
centration between pH 6 and 7.6. Similar results
have been obtained in BBMV from rabbit duode-
num (Danisi, Murer & Straub, 1984). The affinity
for Na* is a strong function of pH, with more Na*
required to saturate the carrier at lower pH, as is
observed for the renal transport system. At saturat-
ing levels of Na*, the rate of P; transport in intesti-
nal BBMV decreases with increasing pH, in con-
trast to observations for kidney BBMYV. This
behavior, coupled with a strong dependent of up-
take rate on charge compensation have lead Shirazi-
Beechey, Gorvel and Beechey (1988) to propose a
model where two sodiums are taken up with one
HPOj; . However, these kinetic differences between
the kidney and intestine transporters may not re-
flect a complete difference in transport mechanism.
At low Na*' the pH dependence of the intestinal
transporter is reduced (Danisi et al., 1984). Further-
more, the pH dependence of the renal transporter
was found to be reversed in a number of situations
(see above).

Shirazi-Beechey et al. (1988) have used the lo-
calization pattern of Na*/P; cotransport in the rabbit
intestine to identify the transport protein. A mixture
of antibodies raised against proteins from the duo-
denum of the rabbit inhibits P; transport, while anti-
bodies against segments which do not transport P;
do not inhibit. A different approach is that taken by
Peerce (1988) who showed that, like the kidney
transporter, the Na*/P; cotransporter from intestine
is sensitive to the arginine reagents phenylglyoxyl.
Peerce (1988) inhibited the intestinal BBMV P;
transporter with fluorescently labeled phenylgly-
oxyl. Inhibition is completely prevented by Na*
plus P;, suggesting that a residue near the active site
is modified. Only two protein bands on SDS-PAGE
showed a pattern of Na* plus P-protectable labeling
with fluorescent phenylglyoxal, one of 145 kD and
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another of 45 kD. When membrane proteins were
solubilized with the zwitterionic detergent CHAPS
(3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate) and separated by chromatofocuss-
ing, the sodium-dependent P; transport activity was
found in two fractions. SDS-PAGE analysis of the
proteoliposomes which contained P; transport activ-
ity revealed the presence of the 145-kD peptide, but
not the 45-kD peptide. This evidence supports the
assignment of the intestinal Na*/P; transport activ-
ity to this protein. This information should be useful
for identifying the renal transporter.

Na*/P; COTRANSPORT IS A MECHANISM USED
BY MANY ANIMAL CELLS

Uptake of P; by kidney and intestinal epithelial cells
may be considered a special case because of the
crucial role of this transport step in whole body P;,
Ca?t, and pH balance. However, transport of P
across the plasma membrane of other types of ani-
mal cells, while less well studied, appears very simi-
lar. For example, Brunette and Allard (1985) stud-
ied the P; transport system in human placental
membranes. In BBMV from placental membranes
transport is sodium-dependent, with an apparent
K,, at pH 7 of approximately 0.9 mm, which is re-
duced to 0.5 mmM at pH 8.5. At low substrate con-
centrations the optimal uptake is obtained at pH
7.0. Sodium increases the V.. for transport, and
not the affinity for P,. This active transport through
the placental brush border membrane is believed to
be responsible for the maternal-fetal gradient of
phosphate observed during pregnancy.

Na*/P; cotransport has been described in Sim-
ian virus-40 transformed 37T3 fibroblasts (Hamilton
& Nilsen-Hamilton, 1978) and is also the mecha-
nism of net P; uptake by Ehrlich ascites tumor cells,
a rapidly growing, highly malignant murine tumor
line. The K,, for uptake into intact Ehrlich cells is
approximately 0.3 mm for total P; (Wehrle & Peder-
sen, 1982) and the V... is quite similar to that of
LILC-PK! cells (Noronha-Blob et al., 1984). The
rate of P; transport varies little with pH unless cells
are preincubated at the pH of interest before the
transport assay. Using this protocol Bowen and
Levinson (1983) observed that transport activity in-
creases with increasing pH at higher P; concentra-
tions, although at lower P; concentrations a maxi-
mum was observed at pH 7. The nature of the
changes occurring after preincubation is unknown.
One explanation is that the pH of the cytoplasmic
compartment is changed, resulting in an alteration
in activity. Uptake is a function of H,PO; at con-
stant HPO? ™ and a function of HPO;™ at constant

H,PO; (Bowen & Levinson, 1983). Either mono-
fluorophosphate (exclusively dianionic) or di-
fluorophosphate (exclusively monoanionic) will
substantially inhibit P; uptake by Ehrlich cells, al-
though monofluorophosphate is a significantly bet-
ter inhibitor (Wehrle & Pedersen, 1982). Thus, for
this Na*/P; cotransport system it appears that either
mono- or divalent P; can function as a substrate.

As reported for cultured pig kidney (LLC-PKT)
cells, the specificity for Na* of the Ehrlich cell and
SV-3T3 cell P; transporters is much less than that
observed in kidney BBMV. In particular, Li* ap-
pears to substitute well for a large portion of the
Na'. Transport appears to be nonelectrogenic at pH
7.3, and there is some evidence that H* transloca-
tion may accompany P; transport. Significantly, P;
uptake is not inhibited by the H*/P; inhibitor mersa-
Iyl, nor by the anion exchanger inhibitor SITS. A
substantial inhibition by the carboxylate-reactive
chemical DCCD (N,N’-dicyclohexylcarbodiimide)
suggests that an aspartic or glutamic acid residue
may be necessary for activity, perhapsasaNa™ ora
H™* binding site.

Figure 3 illustrates a composite of the charac-
teristics of sodium-dependent P; transport in eu-
karyotic plasma membrane. The order of binding of
the substrates, the rate constants and potential de-
pendence of the original steps, and other molecular
mechanistic details remain to be elucidated.

Phosphate Exchange Transporters

Unlike the two modes of transport discussed so far,
P;/anion exchangers are a diverse group of translo-
cators, with different mechanisms and unrelated
structures. They have in common that they promote
exchange of P; for an anion other than the hydroxyl
anion, and probably function as passive exchang-
ers, moving anions down their electrochemical gra-
dient.

P./DICARBOXYLATE EXCHANGE DRIVES
SUBSTRATE UPTAKE IN MITOCHONDRIA

The dicarboxylate exchanger of the inner mem-
brane catalyzes the transport of respiratory sub-
strates such as malate and succinate into the mito-
chondrion. In addition, the exchanger may facilitate
translocation of dicarboxylates into the cytoplasm
for gluconeogenesis. This system can exchange cer-
tain dicarboxylic acids for others, but it also uses
matrix P;, which is accumulated in an energy-depen-
dent reaction via the H*/P; cotransporter to pro-
mote and possibly regulate the distribution of sub-
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Fig. 3. An idealized Na*/P; cotransporter. Characteristics com-
mon to the various transporters have been synthesized. The
binding site for P; seems to at or near an arginine residue. Be-
cause FITC-conjugated phenylglyoxal inhibits, this residue may
be near the outer surface of the transporter. Two sodium sites
have been assigned to carboxylates, one necessary for both equi-
librium and concentrative uptake and a second specifically uti-
lized to drive concentrative uptake. One proton binding site (on
the outside) would contribute to ApH-driven uptake. A second,
on the inside of the membrane, would be used for control of
transport rates by intracellular pH. Either sodium or proton
binding sites might be generated by carboxylates, and so respon-
sible for the inhibition of transport by DCCD or diethyl pyrocar-
bonate. The location of important cysteine residues is in ques-
tion. Cytoplasmic, extracellular, and intramembrane sites have
been suggested. Not indicated is the possibility of a tyrosine
residue necessary for normal activity. For references and discus-
sion, see the text

strate anions. The K, values for dicarboxylate
substrates (50-200 um) are an order of magnitude
less than the K, for P; (1.5 mM, Palmieri et al.,
1971). The Vi, for exchange in intact mitochondria
(estimated at =70 nmol/min - mg of mitochondrial
protein at 25°C in Wohlrab, 1986) is no greater than
the rate of ATP synthesis, rather than greatly in
excess, as is the H*/P; cotransport activity.

P; transport via the exchanger can be physically
distinguished from H*/P; cotransport using the com-
petitive inhibitors n-butylmalonate (8) or phenylsuc-
cinate (Chappell & Robinson, 1968), which have no
effect on H*/P; cotransport. Although P,/dicar-
boxylate exchange is completely inhibited by mer-
curial reagents and thus requires one or more free
sulfhydryl residues for activity, it is not inhibited by
the sulthydryl alkylator NEM.

Dicarboxylate exchange activity has been re-
constituted in artificial phospholipid vesicles from

mitochondrial inner membrane solubilized with Tri-
ton X-100 (Saint-Macary, Laine & Foucher, 1979).
More recently Kaplan and Pedersen (1985), using a
highly purified preparation of dicarboxylate ex-
changer from rat liver mitochondria, reported suc-
cessful reconstitution of malate self-exchange activ-
ity. In its purification behavior, the dicarboxylate
exchanger closely resembles other mitochondrial
transporters. The exchanger is solubilized by Triton
X-114, fails to adsorb to hydroxylapatite from the
detergent extract, and requires cardiolipin and lipo-
some reconstitution for stability. A purification of
230-fold was achieved by hydroxylapatite chroma-
tography, assuming equivalent efficiency of recon-
stitution. Malate exchange is completely inhibited
by mercurials and n-butyimalonate, but is not inhib-
ited by NEM. External unlabeled malate, malonate,
or succinate inhibit malate uptake, but citrate and a-
ketoglutarate do not (Kaplan & Pedersen, 1985),
mimicking the behavior of the exchanger in intact
mitochondria (Palmieri et al., 1971). P; inhibits
malate exchange, but only at high concentrations.
Transport of P; by this reconstituted system has not
been reported. At least six distinct bands of the par-
tially purified transporter are visible on silver-
stained SDS-PAGE. Saint-Macary and Foucher
(1985) reconstituted dicarboxylate exchange activ-
ity from mitochondria from several sources. All of
the preparations contained a group of proteins in
the vicinity of 30 kD, which raises the possibility
that the P; dicarboxylate exchanger may resemble
the H*/P; cotransporter, as was suggested years ago
(Coty & Pedersen, 1975a).

P,/TR1I0SE PHOSPHATE/PHOSPHOGLYCERATE
EXCHANGE IN CHLOROPLASTS RELEASES FIXED
CARBON TO THE CYTOPLASM

During photosynthesis newly fixed carbon leaves
the chloroplast in the form of triose phosphate (tri-
ose-P); consequently, P; must be continually re-
placed to maintain a steady state within the organ-
elle. Transport of P; across the chloroplast inner
envelop membrane has been shown to occur by an
obligatory one-for-one exchange with triose-P
(Heldt & Rapley, 1970). In addition to exchange of
triose-P for P;, the chloroplast exchanger can pro-
mote exchange of triose-P for 3-phosphoglycerate
(3-PGA), which results in the delivery of NADH
plus ATP or of NADPH to the cytoplasm via recy-
cling reactions. The exchanger accepts P; or various
three-carbon molecules phosphorylated at either
the 1 or 3 position but not at carbon 2 (Fleige et al.,
1978). The preferred form of P; as substrate appears
to be HPO;™. In the dark P; and 3-PGA are accepted
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with similar affinity for exchange against triose-P,
but during photosynthesis exchange of 3-PGA is
considerably reduced relative to exchange of P;, re-
sulting in net carbohydrate release to the cyto-
plasm. This exchanger resembles the P;/hexaose-P
exchanger found in many bacteria, including Strep-
tococcus lactis and Staphylococcus aureus (Am-
budkar & Maloney, 1984; Maloney et al., 1984;
Sonna & Maloney, 1988).

Inorganic phosphate/triose-P exchange is inhib-
ited by phenylglyoxal, which reacts primarily with
arginine residues, and by pyridoxal 5'-phosphate
and TNBS, which alter free amino groups (Fliigge
& Heldt, 1979). Inhibition by these reagents can be
prevented by substrate phosphates, suggesting that
fixed positive charges on these residues form the P,
binding site. Mercurials also inhibit transport, but
the reactive sulfhydryl does not appear to be at the
substrate site. By labeling with radioactive inhibi-
tors, the exchanger has been identified as a 29-kD
protein comprising a large fraction of the chioro-
plast inner membrane. The Pj/triose-P exchanger
has been solubilized using Triton X-100 and trans-
port has been reconstituted in phospholipid vesicles
(Flugge, Gerber & Heldt, 1981), where it exhibits
pH gradient-dependent alterations in substrate spe-
cificity identical to those observed in the intact
chloroplast. The molecular mass of the exchanger
in the Triton X-100 extract is estimated to be 61 kD
(Flugge & Heldt, 1984), or double that of the mono-
mer. Thus, the functional unit may be a dimer of
identical subunits.

Recently the cytoplasmic gene coding for the
P;/triose-P exchanger has been cloned and se-
quenced (Fligge et al., 1989). The gene codes for a
44.2-kD precursor peptide, which can be inserted
into the chloroplast inner envelop membrane in an
ATP-dependent reaction. Upon insertion the pro-
tein is processed to a mature transporter of 34 kD. It
is interesting to note that both the precursor and the
mature transporter appear somewhat larger by se-
quence analysis than had been predicted by their
mobility on SDS-PAGE. The sequence of the Py/
triose-P exchanger contains no significant internal
homology and does not resemble the mitochondrial
H*/P; cotransporter. It will be extremely interesting
to see whether the mitochondrial P;/dicarboxylate
transporter is homologous with the chloroplast ex-
changer.

INORGANIC PHOSPHATE EXCHANGE
IN ERYTHROCYTES OCCURS VIA
THE Cl7/HCO3; EXCHANGER

The primary function of this glycoprotein, called
“‘band 3” due to its mobility on SDS-PAGE gels, is
transport of HCOj for the control of respiration and

acid balance. This system differs significantly from
the other systems described, which are specifically
designed for the transport of P;. The band 3 protein
is designed for the electroneutral exchange of
monoanions, but it does transport SO3 ", though at a
much reduced rate. This raises the question of
which form of P; is transported. The rate of chloride
transport is reduced at lower pH, increases as the
pH increases, then plateaus above pH 7 (Brahm,
1977). In contrast, translocation of sulfate (in ex-
change for internal Cl7) occurs with a maximal ve-
locity at approximately 6.3, followed by a decline at
higher pH (Jennings, 1976). This suggests that the
extra negative charge of SO3™ must be neutralized
in order to maximize transport rates. The pH-rate
profile for P; transport had a sharp maximum at pH
6.3 and is lower both above and below this value,
leading Runyon and Gunn (1984) to conclude that
only H,PO; is transported. Berghout et al. (1985)
took advantage of their earlier observation (Le-
grum, Fasold & Passow, 1980) that modification of
the erythrocyte membrane with dansyl chloride in-
hibits the transport of monovalent and enhances the
transport of divalent anions. Following dansylation,
transport of P; is reduced at lower pH, but enhanced
at pH values above 7.5. Thus, at low pH P; behaves
like CI-, but at high pH it behaves partially like
SOj". These authors suggest that HPO?™ can be
transported, but that the rate is very slow compared
to that of H,PO; .

The classical competitive and noncompetitive
inhibitors of band 3 anion exchange are stilbene-
sulfonates such as SITS and other sulfonates such
as DIDS (4,4'-diisothiocyanato-1,2-diphenylethane-
2,2'-disulfonic acid). In contrast to other P; trans-
port systems, the band 3 anion exchanger is not
inhibited by sulfhydryl reagents. Inhibition has been
observed by reagents that react with lysine (Jen-
nings, 1982), arginine (Weith, Bjerrum & Borders,
1982), and tyrosine residues (Craik, Gounden &
Reithmeier, 1986). The tyrosine modified by NBD-
Cl is not protected by competitive inhibitors of an-
ion transport. In contrast, inhibition of transport by
the nonpenetrant carbodiimide, 1-ethyl-3-(4-azonia-
4,4-dimethylpentyl) carbodiimide can be prevented
by the competitive inhibitors DNDS (4,4-dinitro-
stilbene-2,2-disulfonic acid). The reactivity of this
carboxylate is altered by manipulations known to
alter the carrier orientation (Craik & Reithmeier,
1985).

The band 3 transporter consists of a dimer or
tetramer of identical 95-kD peptides, each of which
appears to be independently capable of catalyzing
anion exchange (Macara & Cantley, 1983). Each
peptide has a 43-kD glycosylated, water-soluble cy-
toplasmic domain which binds to the cytoskeleton
and a 52-kD hydrophobic domain which traverses
the erythrocyte membrane. Jennings (1985) has pro-
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posed a model for the hydrophobic domain which
includes seven transmembrane sequences. The
gene for the band 3 transporter has recently been
expressed in Xenopus oocytes (Gunn & Kopito,
1989).

Conclusion

Much more work has been done on P; transport
processes, even in the last five years, than we have
been able to mention in the space available. We
have restricted our discussion to studies on mecha-
nisms of transport or transport regulation, identifi-
cation of transport proteins and their essential
amino acids, and isolation, purification, and recon-
stitution of P; transport systems. Many valuable
studies on the physiology of P; transport and its
regulation and P; transport in nonepithelial cells
have also been conducted. Transport of P; into and
out of organelles other than the mitochondrion is
gaining well-deserved attention, as are transport
processes in fungi and plants. It is hoped that in
another five years many P; transport processes will
be understood in true molecular terms and that this
will increase our knowledge of cellular bioenerge-
tics and metabolism.
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