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Preface

Biological cell membranes regulate the transfer of matter and information between
the intracellular and extracellular compartments as basic survival and maintenance
functions for an organism. This volume contains a series of reviews that are con-
cerned with how epithelial plasma membranes regulate the transport of solutes
between the intracellular and extracellular compartments of a cell. This book is
also an attempt to analyze the molecular basis for the movement of various solutes
across an epithelial cell membrane.

This volume is devoted to a diversity of epithelial transport mechanisms in repre-
sentative cell membranes of a variety of living things. The first section of the book
(Chapters 1-6) focuses on mechanisms of solute transport in epithelia of inverte-
brates. The last section which comprises ten chapters (Chapters 7—16) deals with
solute transporters in epithelial cell membranes of vertebrates. It is hoped that with
this particular ordering the reader can glean a telescopic view of the evolutionary
history of the various epithelial solute transporters.

Although this book is designed to bring together a large body of literature deal-
ing with different types of epithelial transport processes in cellular membranes and
is aimed at the researcher, I hope this volume will be a valuable contribution to
senior-level studies in membrane biology as well as clinical research. As editor, I
wish to thank my friends and colleagues who have kindly contributed chapters to
this volume. I also wish to thank Humana Press, who assumed the task of producing
this volume, and my secretary, Ms. Robyn Edwards, and our department’s computer
specialist, Kevin Fortin, for their skillful help in various phases of manuscript prepa-
ration, and also my wife, Alison, and my sons, Rob and Jeff, whose witty humor and
kindness helped so much in lightening the editorial burdens.

Possibly of most importance, I would like to thank my late mentors, Professor
William McD. Armstrong of Indiana University, Professor Suk Ki Hong of
the State University of New York at Buffalo, and my dearly beloved father,
George S. Gerencser. Any virtues that this volume may possess must largely
arise from the stimulus, encouragement, and inspiration that I received from these
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most distinguished, accomplished men. I would also like to personally thank my
father for the love, trust, pride, and confidence that he had for me; otherwise my
accomplishments, including this book, would be significantly less.

Gainesville, Florida George A. Gerencser
January 2008
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Chloride ATPase Pumps in Epithelia

George A. Gerencser

Abstract Five widely documented mechanisms for chloride transport across bio-
logical membranes are known: anion-coupled antiport, Na* and H(+)-coupled
symport, CI™ channels and an electrochemical coupling process. These transport
processes for chloride are either secondarily active or are driven by the electro-
chemical gradient for chloride. Until recently, the evidence in favour of a primary
active transport mechanism for chloride has been inconclusive despite numer-
ous reports of cellular Cl(—)-stimulated ATPases coexisting, in the same tissue,
with uphill ATP-dependent chloride transport. Cl(—)-stimulated ATPase activity
is a ubiquitous property of practically all cells with the major location being of
mitochondrial origin. It also appears that plasma membranes are sites of CI(—)-
stimulated ATPase pump activity. Recent studies of Cl(—)-stimulated ATPase
activity and ATP-dependent chloride transport in the same plasma membrane sys-
tem, including liposomes, strongly suggest a mediation by the ATPase in the net
movement of chloride up its electrochemical gradient across the plasma membrane
structure. Contemporary evidence points to the existence of Cl(—)-ATPase pumps;
however, these primary active transporters exist as either P-, F-, or V-type ATPase
pumps depending upon the tissue under study.

Keywords Cl™ stimulated ATPase - Primary active transporter - C1~Pump-type -
V-type ATPase - F-type ATPase - Ion-translocating ATPase

1 Introduction

The electrical activity of biological tissue has been a source of intense interest and
much scientific study since the early reports of DuBois-Reymond [1] and Galeotti
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2 G.A. Gerencser

[2]. However, it was not until the brilliant studies of Ussing and Zehahn [3] and col-
leagues on isolated frog skin that the nature of the bioelectric potential was defined.
Ussing defined the interrelationship between bioelectric potential difference and
active Na* transport and these scientific statements ushered in the modern era of
ion transport study in epithelia and other tissues. Skou [4] molecularly defined the
nature of Na* transport with his discovery of the (Na* + K*)-stimulated ATPase
enzyme. For years thereafter, active Na* transport across epithelia occupied the col-
lective focus of transport physiologists with CI™ assuming the secondary role of
passive counterion. However, within the past 30 years there has been an intensive
interest in transmembrane C1~ transport primarily because CI™ has been found to
move actively in a very wide range of species [5, 6].

However, a considerable amount of CI™ transport data has accumulated in the
transport literature that does not conform to any of the five well-established mod-
els [7, 8]. For instance, Hanrahan and Phillips [8] have provided evidence for an
electrogenic C1~ accumulative mechanism located in the mucosal membrane of
locust rectal epithelium. This mechanism is activated and stimulated directly by
K" and is also independent of Na* and HCO3~. Observations of plant cell mem-
branes [9, 10] as well as bacterial membranes [11] have yielded C1™-pump activity
and associated C1~ accumulation, which are inconsistent with the five models for
CI™ transport described previously [7]. Perhaps, the strongest and most compelling
evidence for a primary active transport mechanism of CI™ (i.e. an ATPase) resides
with the observations of Gerencser [12] and Shiroya and colleagues [13] who have
characterised Cl™-ATPase activity and ATP-dependent C1~ transport in the same
plasma membrane system as well as reconstituting these activities in a liposome
system [12, 14-16]. Indeed, the speculations by Frizzell, Field and Schultz [5],
Schultz [17] and DePont and Bonting [18] that C1™-stimulated ATPases do not exist
as discreet molecular entities and, therefore, are not involved in biological C1~ trans-
port may have been too premature considering the recent possible evidence to the
contrary.

2 General Properties of Anion (Cl™)-ATPases

2.1 Definition of a Primary Active Transport or Pump Mechanism

A primary active transport mechanism for a particular solute is a process that moves
that solute up its thermodynamic gradient by its direct linkage with a source of free
energy. The source of metabolic free energy may arise from the capture of photons,
the movement of electrons or the hydrolysis of high-energy phosphorylated inter-
mediates such as adenosine triphosphate (ATP). If ATP is the source of metabolic
free energy then the “Pump” or Primary Active Transport Mechanism is termed
an “ion-motive ATPase” or an “ion-transport ATPase.” Therefore, an ion-transport
ATPase is an enzyme responsible for the primary coupling of ATP hydrolysis to ion
movement across a biomembrane. lon movement is vectorial; likewise ATP hydrol-
ysis is vectorial at the molecular level; but in the absence of a membrane-transport
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ATPase assembly the vectoriality is lost and the hydrolysis is scalar in bulk solution
[19]. The role of a transport ATPase, then, is not only to catalyse ATP hydroly-
sis but to translate the ion movement inherent in the vectorial hydrolysis reaction
into a net flux of an ionic species across a membrane. The definition of primary
coupling between ATP hydrolysis and ion movement is made explicit by the cross
coefficient, Ry,, in Eq. (1) a general flux equation from non-equilibrium thermo-
dynamics [19].

JkZ%—E&Jj—@JW—&Jr. (1)
Rik Rik Rik Rik
The term A /Ry asserts that the flux of an ionic species, Ji, is driven by and is
proportional to, a difference in the electrochemical potential of that species across
a membrane, Ay, it being understood that this difference has two components,
a chemical activity difference given by RTAlnay and an electrical potential differ-
ence, given by zFAW. The straight coefficient, Ry, is a resistance term; that is, a
coefficient which converts the proportionality to an equality. A flux coupled solely
to Apg is universally accepted as being a “passive” flux. We will consider a flux
coupled to the flow of any other solute, J;, (Ry; # 0) or a flux coupled to the flow of
water, Jy,, (Riy 7 0) to be secondary to the flow of the other solute or of water. By
primary active ion transport I mean the coupling of an ion movement directly to the
flow of a chemical reaction, J,; for such a flux the cross coefficient in the last term,
Ry # 0. Such a primary active ion flux is coupled to a reaction flux, in this case ATP
hydrolysis, by mechanisms whose structural orientation within a biomembrane is
crucial. In summary, the cross coefficient, Ry, can be viewed as a formal expression
of an ion-transport ATPase.

2.2 ATPases

A major functional class of membrane-bound enzymes includes those categorised
as primary active transporters and called ATPases because they catalyse the trans-
port of ions against an electrochemical potential by reactions directly linked to the
hydrolysis of ATP. The ATPases that actively transport cations have been extensively
studied and have been categorised by Pedersen and Carafoli [20] into three classes:
F-type ATPases, V-type ATPases, and P-type ATPases. F-ATPases are located in
bacterial plasma membranes, inner mitochondrial membranes and thylakoid mem-
branes of chloroplasts, and they operate as ATP synthases, synthesising ATP from
ADP and inorganic phosphate using energy derived from electrochemical gradients
of protons [21]. Using reaction mechanisms analogous to F-ATPases, the V-ATPases
utilise ATP to create proton electrochemical gradients; they are ubiquitously dis-
tributed in eukaryotic vacuoles and lysosomes and in archaebacteria and are also
present in plasma membranes of various animal tissues [22].

The P-ATPases are broadly distributed, active cation translocators having the dis-
tinctive feature of forming a covalent acylphosphate-enzyme intermediate (hence
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the P-designation) during the cycle of ATP hydrolysis and cation translocation
[20, 23]. Among this class of ATPases are the Ca’*-ATPases of the plasma mem-
brane, sarcoplasmic reticulum and endoplasmic reticulum, the H*-ATPases of yeast
and plants, the K*-ATPase of bacteria, the Na*/K*-ATPase of animal cell plasma
membranes, and the H*/K*-ATPase of gastric parietal cells [23]. Because of the
formation of phosphoenzyme intermediates, the enzymatic cycle of P-ATPases can
be divided into steps that include a kinase activity, by which an aspartate residue on
the enzyme is phosphorylated, and a phosphatase activity, by which the phosphoen-
zyme is dephosphorylated [23]. Another common feature of these ATPases is their
inhibition by submicromolar concentrations of vanadate, acting as a tightly bind-
ing phosphate analog [24, 25]. Furthermore, during the enzymatic cycle, P-ATPases
characteristically exhibit two phenomenologically and structurally distinct confor-
mations, E; and E;, which have distinct kinetic variables [26]. For this reason, the
P-ATPases are also called E;—E, ATPases.

In addition to their functional similarities, P-ATPases have a number of struc-
tural homologies, belonging to a common large gene family. All members have a
principal peptide of approximately 100 kDa, designated as the catalytic (sub) unit
because it contains the site for ATP binding and phosphorylation [20]. The high
degree of sequence homology for amino acids within the ATP binding site and the
phosphorylation site attests to the highly conserved nature of protein domains that
interact with ATP. Some disagreement remains as to the exact location, and even the
number of transmembrane segments [27] and the specific locations for the binding
of cations and the paths for their transport are far from resolved.

Recently, there has been some clarification of several of these issues. For exam-
ple, the crystal structure of skeletal muscle sarcoplasmic-reticulum/endoplasmic-
reticulum Ca%*-ATPase has been determined at 2.6 A resolution [28]. This high-
resolution crystal structure of the Ca?*-ATPase is the first reported structure of a
primary active transport protein. This enzyme proved to be a complex protein with
distinct domains that are thought to undergo major movements in the course of a
single turnover [29]. Within the membrane, a pocket is formed by kinks in trans-
membrane a-helices to make an ion-binding site that simultaneously accommodates
two Ca”* ions. There is considerable evidence from lower-resolution images that
two related ATPases, the Na*/K*-ATPase and the H*-ATPase of Neurospora, have
important structural features in common with the above-mentioned Ca”**-ATPase
[30-32]. Extensive work on the structures of certain subtypes of P-ATPases has
shown a common theme: there is a catalytic or alpha subunit of approximately
100 kDa with usually ten predicted transmembrane spans and four intracellular
loops that differ greatly in length. A large fraction of the mass of the protein is found
in the L4-5 intracellular loop, which has long been known to be the location of the
ATP and phosphorylation sites [33]. Critical residues of the ATP-binding site map
some distance away from the covalent phosphorylation site, leading to the inference
that these are ATP-binding and phosphorylation domains that come together in the
course of the enzyme reaction cycle. These conformation changes are thought to
influence the structure of the transmembrane domain, where ion-binding sites must
reside, by altering the tilt or depth of critical membrane segments in much the same
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way that the handles of scissors control the blades [34]. There has been considerable
controversy, however, about the extent of similarity of the membrane topology of the
Ca”*-ATPase of sarcoplasmic reticulum and even closely related ATPases like the
Na*/K*-ATPase in the C-terminal third of the protein [35].

3 Location of Anion-ATPases

One of the most controversial issues regarding Cl™-stimulated ATPase activity is
its site or anatomical localisation within the microarchitecture of cells. It appears
that Cl™-stimulated ATPase activity resides in both mitochondrial and microso-
mal fractions [36] of cell homogenates. However, DePont and Bonting [18] and
Schuurmans, Stekhoven and Bonting [36] have categorically stated that microsomal
or plasma membrane localisation of this enzyme is entirely due to mitochondrial
contamination. Hence the dispute. If C1™-stimulated ATPase activity is exclusively
of mitochondrial origin it is extremely difficult to conceive how it could drive net
CI~ movement across plasma membranes. Therefore, the C1™-stimulated ATPase
should play no direct role in transcellular CI1™ transport, but could function, in some
capacity, in intracellular C1™ transport. On the other hand, if the Cl~-stimulated
ATPase is located in the plasma membrane then primary Cl™ transport by this
enzyme would be analogous to the (Na* + K*)-stimulated ATPase which mediates
net transport of Na* and K* across plasma membranes [4].

Perhaps the strongest evidence for the existence of Cl~-ATPase activity in
a plasma membrane system free from any possible mitochondrial contaminant
ATPase was that by Gerencser and Lee [37, 38]. They presented evidence which
indicated that purified basolateral membranes (BLM) of Aplysia californica foregut
absorptive cells contain Cl1™-ATPase activity. Their finding that the BLM sub-
cellular membrane fraction had a high specific activity in (Na*+K*)-ATPase, but
had no perceptible cytochrome c oxidase activity and a significantly reduced suc-
cinic dehydrogenase activity, supported this conclusion. The observation that there
was very little NADPH-cytochrome c¢ reductase activity in the membrane fraction
suggested that the BLM in this fraction were also relatively free from endo-
plasmic reticulum and Golgi body membrane contamination [39]. The failure of
oligomycin to inhibit CI~-ATPase activity in the BLM fraction was also consistent
with the non-mitochondrial origin of the Cl1~-ATPase. Supporting this contention
was the corollary finding that oligomycin inhibited mitochondrial C1™-stimulated
ATPase activity. The finding that efrapeptin, a direct inhibitor of mitochondrial
F;-ATPase activity significantly inhibited Mg”*-ATPase activity in the mitochon-
drial and not in the BLM fraction [40] unequivocally supported the notion that the
plasma membrane fraction was pure and was free from mitochondrial contamina-
tion. Additionally, Gerencser and Lee [38] showed that vanadate (an inhibitor of
only “P-type ATPases”) inhibited CI™-ATPase activity in the purified BLM frac-
tion and not in the mitochondrial fraction. Taken together, all of these observations
strongly supported the hypothesis that Cl1~-stimulated ATPase activity exists in, at
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least, one subcellular locus other than mitochondria. It appears that in numerous bio-
logical cells, which transport C1~, CI™ -stimulated ATPase activity forms an integral
part of the plasma membrane [37, 41-43].

4 Function of Anion-ATPases

To assign a direct role of C1~ or HCO3; ™ transcellular transport to an ATPase, the
enzyme should be shown to be an integral component of the plasma membrane. The
energy for active transport of CI~ or HCO3™ can, in principle, thus be obtained from
the hydrolysis of ATP. Therefore, the following question can be asked. Is the anion-
stimulated ATPase identical with a primary active transport mechanism (“pump”)
for anions? The following discussion deals with this controversial question
[6, 7, 18].

It was not until the following observations that HCO3 ™ -stimulated ATPase activ-
ity was linked with C1~ pumping because no C1™ activation of this enzyme had been
observed. DeRenzis and Bornancin [44] were the first to demonstrate the membrane
presence of a (C17/HCO3™)-stimulated ATPase in goldfish gill epithelium and sug-
gested that the enzyme could participate in the branchial CI7/HCO3™~ exchange
mechanism. Bornancin, De Renzis and Maetz [45], confirmed these results in fresh-
water eel gill epithelium as did Bornancin and his colleagues [46] in freshwater
trout gill epithelium. Kinetic studies in these three gill epithelial systems strongly
suggested that a (CI”/HCO3™)-stimulated ATPase is involved in the C1~/HCO3™
exchange mechanism and therefore in the acid—base regulation of freshwater fish.
These authors reported a parallelism between the affinities of the ATPase for C1™
and both the CI™ affinity for the gill transport mechanism and the C1~ influx rate.
The affinity constants for the Cl™-stimulated ATPase were 1.0, 5.9, and 23.0 meq/1
for the goldfish [44], freshwater trout [46], and freshwater eel gill epithelium [45],
respectively. The affinity of C1~ for the transport systems in vivo was 0.07, 0.25,
and 1.3 meq/l for the goldfish [44], freshwater trout [46], and freshwater eel gill
epithelium [45], respectively, while the corresponding maximal C1~ influxes were
55.0, 19.6, and 0.36 peq/h~!(100g)"". In addition, the finding that the Cl~ acti-
vation of anion-stimulated ATPase activity was inhibited by thiocyanate [44] was
consistent with transport studies which showed that C1~ influxes were inhibited by
thiocyanate [45]. These studies on gill epithelium strongly supported the hypothesis
that the Cl™-stimulated ATPase is involved in gill anion exchanges that are related
to mineral and acid—base homeostasis in freshwater fish.

The hindgut of the desert locust Schistocerca gregaria possesses an unusual chlo-
ride transport system [8, 47]. The isolated locust rectum absorbs chloride from the
mucosal (lumen) to the serosal (haemolymph) side in the absence of an electro-
chemical potential gradient. Net chloride transport persists in nominally Na*-free
or HCO™3(COy)-free saline, is insensitive to normal inhibitors of NaCl co-transport
and anion exchange, and is independent of the net electrochemical gradient for Na*
across the apical membrane. However, active chloride transport is strongly depen-
dent on mucosal K* level. Chloride entry across the apical membrane is active,
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whereas the net electrochemical gradient across the basal membrane favours passive
Cl~ exit from the cell. Although mucosal K* directly stimulates “uphill” chloride
entry, there is no evidence for coupled KCI co-transport, nor would co-entry with
K* be advantageous energetically. To determine if active C1~ transport across rec-
tal epithelia might be due to an anion-stimulated ATPase, a microsomal fraction
was obtained by differential centrifugation [48]. Microsomal ATPase activity was
stimulated in the following sequence: sulphite > bicarbonate > chloride. Maximal
ATPase activity was obtained at 25 mmol 1~! HCO3~ or 25 mmol 1~ CI~.
Thiocyanate inhibited 90% of the anion-stimulated ATPase activity. The microsomal
fraction was enriched in the plasma membrane markers, leucine aminopeptidase,
alkaline phosphatase, 5'-nucleotidase, and gamma-glutamyltranspeptidase, and had
little contamination from the mitochondrial enzymes, succinate cytochrome c reduc-
tase and cytochrome oxidase. Microscopic examination confirmed that the BLMs
were associated with mitochondria following differential centrifugation, while the
microsomal fraction contained little mitochondrial contamination. These results
indicate the presence of an anion-stimulated ATPase activity that could be respon-
sible for active CI™ transport across the locust rectum. Recently, however, Phillips
and his colleagues have discovered a bafilomycin-sensitive H* pump in the apical
membrane of locust rectum [49]. Since proton pumping could account for almost
one-half of the CI™ transported, the authors could not rule out a “proton recycling
process” as responsible for at least partial net CI~ absorption [50]. Phillips fur-
ther state that C1~-ATPase could be responsible for the remainder of the net C1~
absorption [49].

The following studies on rat brain motoneurons provided the strongest evi-
dence in vertebrates for the existence and function of a CI~ pump. Shiroya and
his colleagues [13] demonstrated that EDTA-treated microsomes prepared from rat
brain consisted mainly of sealed membrane vesicles 200-500 nm in diameter and
were rich in both CI~-ATPase and Na*/K*-ATPase activities. Such Cl~-ATPase-
rich membrane vesicles accumulated C1™ in an ATP-dependent and osmotically
reactive manner in the presence of ouabain. The CI™ uptake was maximally stim-
ulated by ATP with a K;,, (substrate concentration which gives one-half maximal
velocity of a chemical reaction) of 1.5 mmol 1~!; GTP, ITP, and UTP partially
stimulated CI1~ uptake, but CTP, beta, gamma-methylene ATP, ADP, and AMP did
not. The ATP-dependent C1~ uptake was accelerated by an increase in the medium
Cl~ concentration with a K, of 7.4 mmol 17!, Such stimulation of CI~ uptake
by ATP was dependent on the pH of the medium, with an optimal pH of 7.4,
and also on the temperature of the medium, with an optimal range of 37-42°C.
Ethacrynic acid dose-dependently inhibited the ATP-dependent C1~ uptake with a
concentration for half-maximal inhibition at 57 mmo1 1~!. N-ethylmaleimide com-
pletely inhibited and vanadate partially inhibited the ATP-dependent C1~ uptake.
The membrane vesicles did not accumulate H* in the C1~ uptake assay medium.
The ATP-dependent Cl~ uptake profile agreed with that of C17-ATPase activity
reported previously [51, 52]. More recently, the CI~-ATPase from rat brain has been
reconstituted into liposomes and has been shown to support an ATP-dependent C1~
uptake'®. These data collectively strongly supported the idea that C1~-ATPase in the
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brain actively transports C1~ and does so for the partial maintenance of the nerve
cell membrane potential.

Gradmann [9] has provided electrophysiological data and data showing ATP
synthesis by the C1~ pump through reversal of C1™ electrochemical gradients in
Acetabularia acetabulum which provided strong evidence for the existence of a C1~
pump in algae. Buttressing these conclusions were those of Ikeda and Oesterhelt
[15] who showed a Mg2+-ATPase, isolated from A. acetabulum, reconstituted into
liposomes and tested for a CI™ -translocating activity. A significant increase in C1™
efflux from the negative and neutral liposomes was observed upon addition of ATP
in the presence of valinomycin after incorporation of the enzyme by short-term dial-
ysis. The ATP-driven C1~ efflux was inhibited by addition of azide, an inhibitor of
the ATPase. When chloride was replaced by sulphate, no ATP-dependent sulphate
efflux was detectable from the proteoliposomes. Proton-translocating activity of the
enzyme was also tested and was found to be negative. Moritani and her colleagues
[53] provided evidence from Acetabularia cliftoni that the subunit composition was
similar to that of F-type ATPases and incorporation of this ATPase into liposomes
also provided an ATP-dependent Cl1~ transport activity. Collectively, these observa-
tions strongly suggested the existence of a CI~ pump in A. acetabulum. Regarding
the question of the physiological significance of the electrogenic ClI~ pump in
A. acetabulum, Gradmann [9] favours a “Mitchellian” answer. This primary, elec-
trogenic ion pump would create an electrochemical driving force to fuel secondary,
electrophoretic (or electroneutral) transport processes, such as uptake of sugars or
amino acids. Graves and Gutknecht [54] have provided evidence for an electrogenic
CI™ pump with similar properties in the membrane of Halicystis parvula, another
marine alga that is related to Acetabularia.

One of the most rigorous and definitive proofs for a C1~ pump’s existence and
its mode of operation rests with the following experiments of Gerencser and his
colleagues [14, 42, 55, 56] in the next sections.

5 Electrophysiological Characteristics of Aplysia Gut

5.1 Tissue

Generally speaking, intestinal preparations of vertebrates bathed in a substrate-free
Na*-containing Ringer’s solution generate spontaneously transepithelial potential
differences of the magnitude 1-5 mV, the serosal surface being positive relative
to the mucosal surface [57-59]. The total active ion absorption in these vertebrate
intestines was accounted for by means of active Na* absorption in the absence of,
or in excess of, active C1~ absorption [57, 59].

Aplysia californica foregut (crop) bathed in a Na*-containing seawater medium
elicits a spontaneous transepithelial potential difference such that the serosal surface
is negative relative to the mucosal surface [60-62]. The total active ion absorp-
tion across A. californica gut was accounted for by active absorptive mechanisms
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for both Na* and Cl~, the net absorptive C1~ transport exceeding the net absorp-
tive Na* transport. These results were qualitatively the same as those observed
with Aplysia juliana gut [63], and account for the negative serosal transepithelial
potential difference observed in this gut preparation.

However, past observations suggested that Cl1~ absorption was independent of
Na* absorption [64]. Therefore, CI~ absorption would be independent of Na*-
K*-dependent ATPase activity. The transepithelial potential difference measured
in a Na*-free seawater medium (TrisCl) was stable for 3-5 h and the electrical
orientation of the transepithelial potential difference was serosa negative relative
to the mucosal solution. In the absence of Na* in the bathing medium, the total
active ionic flux was identical to the net mucosal to serosal Cl~ flux (Table 1).
Additionally, mucosally applied thiocyanate or acetazolamide inhibited the transep-
ithelial potential difference and the active absorptive flux of C1™. In the absence of
an electrochemical potential gradient for CI™ across the tissue, these observations
suggested that there was an active transport mechanism for CI~. However, these
observations did not delineate location nor type of mechanism for the C1~ active
transport.

Table 1 Chloride fluxes in Tris-Cl seawater media

Jins n Jgu n JNET SCC n

ms

Before thiocyanate 2167 £ 142 6 180.1+132 6 36.6+6.8 30.8+7.9 6
addition

After thiocyanate 17575+81 6 1739+86 6 1.8+13 0.8 £0.7 6
addition

Na*-independent, active C1~ absorption across the Aplysia gut.

3.2 Cellular

Reports of intracellular CI™ activity (alc)) in vertebrate enterocytes demonstrated
that C1~ was accumulated across the mucosal membrane such that the a'c; was two
to three times that predicted for electrochemical equilibrium across that membrane
[65, 66]. These studies concluded that uphill CI~ movement across the mucosal
membrane was coupled to the simultaneous downhill movement of Na* and it was
this extracellular to intracellular Na™ electrochemical gradient across the mucosal
membrane that was the driving force responsible for intracellular C1™ accumulation.

The mean alc; determined in A. californica foregut epithelial cells bathed in a
NaCl seawater medium devoid of substrate was significantly less than that predicted
by the electrochemical equilibrium for C1™ across the mucosal membrane [62, 67].
In the absence of Na* in the extracellular bathing solution, the mean alc; was also
less than that predicted for electrochemical equilibrium for C1™ across the mucosal
membrane (Table 2). So one need not postulate an active transport mechanism for
CI™ in the apical or mucosal membrane of the A. californica foregut absorptive
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Table 2 Intracellular CI~ activities and mucosal membrane potentials in NaCl and Tris-Cl
seawater media

aly (mM) ag (mM) Y (mV) n
NaCl 13.94+0.530) 286 —64.6+13(48) 7
Tris-Cl 9.1 £0.3 (32) 21.4 —72+ 14 (1) 7
P <0.01 P <0.01

Electrochemical well for C1™ inside Aplysia gut epithelial cells.

cell because Cl™ transport across this membrane could be driven by the downhill,
mucosal to cytosol, electrochemical potential gradient for C1~. However, once the
CI™ was in the cytosol, it faced a very steep electrochemical potential gradient in
its transit across the BLM into the serosal solution [62, 68, 69]. Therefore, thermo-
dynamically, the active transport mechanism for C1™ exhibited in the tissue studies
[60, 61, 70] had to exist in the BLM of the A. californica foregut absorptive cell.

6 Biochemistry of the C1~ Pump

6.1 ATPase Activity

Gerencser and Lee [37, 38] presented evidence which indicated that the BLM, and
only the BLM, of A. californica foregut absorptive cells contains true Cl~-ATPase
activity. Biochemical properties of the A. californica foregut absorptive cells BLM-
localised C1™-stimulated ATPase include the following: (1) pH optimum = 7.8; (2)
ATP is the most effective nucleotide hydrolysed; (3) also stimulated by HCO3 ™,
SO32_, and 52032_, but inhibited by NO; ™, and no effect elicited by NO3™ and
SO42~; (4) apparent K,, for CI~ is 10.3 mmol 1~! while the apparent K,, for ATP is
2.6 mmol 17!; and (5) an absolute requirement for Mg+ which has an optimal con-
centration of 3 mmol 17!, Coincidentally, CI~ has an intracellular activity [62] in
the A. californica foregut epithelial cell approximating its apparent K, for the Mg?*-
dependent C1~-ATPase, which supports the interrelationship of its physiological and
biochemical activities.

Additionally, the ATPase activity stimulated by Cl1~ was strongly inhibited by
thiocyanate, vanadate, and acetazolamide but not inhibited by ouabain. These results
with inhibitors strongly suggested a possible participation by the Cl™-stimulated
ATPase in net chloride absorption by the A. californica gut [38]. The finding that
anion-stimulated ATPase is inhibited by thiocyanate, but not by ouabain has also
been demonstrated in many tissues known to perform active anion transport and
to contain anion-stimulated ATPase activity [71]. This inverse parallelism between
ouabain insensitivity and thiocyanate sensitivity to Cl™-stimulated ATPase activity
and net active C1™ absorption in the A. californica gut warranted conjecture that
the active C1~ absorptive mechanism could be driven by a Cl~-stimulated ATPase
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found in the BLM of the foregut absorptive cell. Additional support for this con-
tention rested with the finding that Cl™-stimulated ATPase activity of the BLM
was inhibited by vanadate. Vanadate has been shown to inhibit ATPases, which
form high-energy phosphorylated intermediates while having no effect on the mito-
chondrial anion-sensitive ATPase [72]. These results strongly suggested that the
ClI~ -stimulated ATPase is an ion-transporting ATPase of the “P” variety rather than
the “F” or “V” types.

Acetazolamide inhibited Cl™-stimulated ATPase activity in the A. californica
gut [38, 73]. This finding has also been demonstrated for blue crab gill HCO3™ -
ATPase [74]. Although acetazolamide has been shown to be a specific inhibitor of
carbonic anhydrase [75] it has also been demonstrated to be a C1~ transport inhibitor
[76]. Additionally, it had been shown by Gerencser [73, 77] that carbonic anhydrase
does not exist in the BLM of the A. californica gut absorptive cell. Thus, the data
further strengthen the notion that the BLM-localised CI™ -stimulated ATPase, which
is inhibited by acetazolamide by direct competition with C1~, may be involved in
net C1™ transport across the molluscan gut.

6.2 Transport Activity

Gerencser and Lee [78] demonstrated an ATP-dependent CI™ uptake in A. califor-
nica inside-out gut absorptive cell BLM vesicles that was inhibitable by thiocyanate,
vanadate, and also by acetazolamide. The ATP-driven C1~ uptake was obtained
in the absence of Na*, K*, HCO3~, or a pH gradient between the intra- and
extravesicular space, which is strong suggestive evidence that the Nat/K*-ATPase
enzyme, Na*/Cl~ symport, H"/Cl symport, K*/Cl~ symport, Na*/K*/Cl~ symport,
C17/HCO3~, or C17/OH™ antiport and K*/H* antiport were not mechanisms that
are involved in the accumulation of CI~ within the vesicles. The finding that CI1~
moved up its thermodynamic energy gradient in the presence of ATP, across the
BLM of A. californica foregut absorptive cells eliminates either C1~ channels or
an electrochemical coupling process as mechanisms for transporting Cl~ across
the plasma membrane. Negation of these possibilities rests with the fact that these
transport processes are downhill thermodynamic mechanisms. Further evidence
eliminating the secondary active transport mechanisms and the passive transport
mechanisms as potential candidates for the ATP-dependent CI™ transporter in A.
californica gut are the studies utilising specific inhibitors of these processes in both
the purified BLM preparation [79] and the proteoliposomal preparation containing
the C1™-ATPase [80].

To elucidate further the electrogenic nature of the ATP-dependent C1~ trans-
port process, several experimental investigations were performed by Gerencser [68]
as follows. First, an inwardly directed valinomycin-induced K* diffusion poten-
tial, making the BLM inside-out vesicle interior electrically positive, enhanced
ATP-driven CI™ uptake compared with vesicles lacking the ionophore (Fig. I).
Second, an inwardly directed FCCP (p-trifluoromethoxyphenylhydrazone)-induced
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H* electrodiffusion potential, making the BLM inside-out vesicle interior less neg-
ative, increased ATP-dependent CI™ uptake compared to controls (Fig. 2). Third,
ATP increased intravesicular negativity measured by lipophilic cation distribution
across the vesicular membrane. Both ATP and CI~ appeared to be necessary for
generating the negative intravesicular membrane potential, because substituting a
non-hydrolysable ATP analog for ATP, in the presence of Cl™ in the extravesicular
medium, did not generate a potential above that of control. Likewise, substituting
NOs3™ for CI™ in the extra- and intravesicular media, in the presence of extravesic-
ular ATP, caused no change in potential difference above that of control (Table 3).
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Fig. 2 pH-dependent ATP-driven active chloride transport in a BLM vesicular system
Table 3 Effect of ATP on transport parameters in BLM vesicles
Vesicular membrane
CI™ uptake potential difference
Experimental condition (nmol/mg protein) n (mV) n
+ATP 102.7+£7.9 3 —349+25 12
—ATP 49.7+59 3 00+£52 12
+Non-hydrolysable ATP 59.6 £8.3 3 —-13+09 12
analogue (5'-
adenylylimidodiphosphate
NO3~ for ClI~ (mole for mole) +3.0 £ 4.6 3

ATP + C1~ generation of BLM potential difference.
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These results also suggested that hydrolysis of ATP is necessary for the accumula-
tion of CI™ in the vesicles. Furthermore, vanadate, acetazolamide, and thiocyanate
inhibited the (ATP+CI™)-dependent intravesicular negativity [7]; and in addition,
it had been demonstrated that the pH optimum of the Cl™-stimulated ATPase [38]
coincided exactly with the pH optimum of 7.8 of the ATP-dependent C1~ trans-
port in the A. californica foregut absorptive cell BLM vesicles [68]. Therefore, both
aspects of the BLM-localised C1~ pump (ATPase and ATP-dependent C1™ transport)
have the same pH optimum, which suggests that these properties are part of the same
molecular mechanism. Bafilomycin had no effect on either ATP-dependent poten-
tial change or ATP-dependent CI™ transport [55], supporting the notion that this
transporter was a P-ATPase and not a V-ATPase, since bafilomycin is an inhibitor of
V-ATPase activity [81]. Further buttressing this observation was the observation that
DCCD (N, N’-dicyclohexylcarbodiimide), an inhibitor of P, V, or F-ATPase proton
pumps [20], had no effect on the ATP-dependent transport parameters: CI™ transport
or vesicular membrane potential change. These results negated a proton-recycling
mechanism [50] as the means for net C1™ uptake in BLM vesicles.

7 Reconstitution of the C1~ Pump

Reconstitution of a membrane protein into a liposome provides one of the few
methods that can demonstrate rigorously the existence of a separate and distinct
biochemical and physiological molecular entity. This method also provides evidence
that all components of the solubilised protein have been extracted intact. With this
premise in mind, Gerencser [12] reconstituted both aspects of the CI™ pump; that is,
the catalytic (ATPase) and transport components from the BLM of A. californica gut
absorptive cells. Cl1~-stimulated ATPase activity existed significantly above Mg?*-
stimulated ATPase activity found in the proteoliposome population extracted and
generated with digitonin. Vanadate inhibited this C1~-stimulated ATPase activity by
99%. From this digitonin-generated proteoliposome population, there is a significant
ATP-dependent CI™ uptake into these proteoliposomes above that of control, and
this ATP-dependent C1™ uptake is also inhibited by vanadate (Table 4). Not detected
in the proteoliposomes solubilised and formed by digitonin were Na*/K*-ATPase,
alkaline phosphatase, (Ca®*+Mg>*)-ATPase, or cytochrome ¢ oxidase activities and,
coupled with a previous observation that FCCP (a protonophore) had a stimulatory
and not an inhibitory effect on ATP-driven C1™ accumulation in the BLM vesicles,
suggested that none of these enzymes nor eukaryotic vacuolar H"-ATPases could
express CI™ pump activity. These data also suggested that these two major observa-
tions are manifestations of one molecular mechanism: the C1~ pump. Support of this
contention rested with the findings that vanadate (an inhibitor of P-type ATPases)
inhibited both Cl~-stimulated ATPase activity and ATP-dependent Cl~ transport
in the digitonin-based proteoliposomes. Even though Krogh [82] first coined the
term “Cl™ pump” in 1937, it was not until the reconstitution of all of its compo-
nents into an artificial liposomal system through the study mentioned above [12] that



Chloride ATPase Pumps in Epithelia 15

Table 4 Reconstitution of CI™ catalytic and transport activities

Proteoliposome ATPase

activity Extractive and (Mg + CI7)- (Mg + CI7)-

reconstitutive detergents Mg?*-ATPase  ATPase ATPase + vanadate

Cholate n.d. n.d. -

Octyl glucoside n.d. n.d. -

Lubrol PX n.d. n.d. -

Digitonin 28+04 112420 29+04

CI™ uptake into proteoliposomes

Extractive and —ATP +ATP +ATP + vanadate
reconstitutive detergents

Cholate 85.7+5.6 82.7+6.9 80.6 8.3

Octyl glucoside 82.7+ 8.0 73.6 £9.2 839+ 89

Lubrol PX 283 +11.1 39.9 £ 139 393+ 14.0

Digitonin 912£6.0 192.54+93 93.1+7.9

ATP-dependent C1~ transport and C1~-stimulated ATPase activity in a proteoliposomal prepara-
tion are inhibited by orthovanadate.

the existence of this mechanism (primary active transport mechanism) was proven.
Similar reconstitutions of CI~ pump activity have since been reported in bacteria
[11], alga [15] and rat brain [16, 52, 83]. However, the alga studies [15] are some-
what ambiguous since CI~ inhibited the Mg?*-ATPase activity despite there being
an ATP-dependent C1~ uptake into the proteoliposome.

7.1 Molecular Mass

Utilising polyacrylamide gel electrophoresis (PAGE) techniques on digitonin-
generated proteoliposomes containing the C1~ pump protein from A. californica
gut absorptive cells as shown previously [12], the approximate molecular mass of
the C1™ pump was ascertained [14]. Since both aspects of the CI~ pump were inhib-
ited by vanadate, it was surmised that the approximate molecular mass of the C1~
pump of A. californica should be around 100 kDa since vanadate only inhibited P-
type ATPases and not F-, or V-type ATPases [20]. The alpha-subunit of all P-type
ATPases approximates 100 kDa in molecular mass. Several major protein bands
were eluted through PAGE and, at least one had a molecular mass approximating
110 kDa [14]. Recently, similar molecular masses have been obtained for C1~ pump
catalytic units in alga [15, 53, 84] and rat brain [52, 83] confirming the possible
E;-E, nature of the ATPase although the authors of these studies postulate these
structural subunits to be part of a V-ATPase assembly despite the ATPases being
inhibitable by the P-ATPase inhibitor vanadate [52, 53]. The molecular masses
of both the rat brain [83, 85] and alga [53, 84] CI™-ATPase complexes exceeded
500 kDa.
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7.2 Reaction Mechanism

The purified protein (C1~ pump) had been subjected to phosphorylation within the
proteoliposome and the reaction sequence and kinetics of the reaction sequence of
the enzyme have been determined: Mg?* causing phosphorylation, CI~ causing
dephosphorylation, and all in a time frame consistent with an aspartyl phosphate
linkage [14, 43]. Hydroxylamine and high pH destabilise this phosphorylation
confirming an acyl phosphate bond as an intermediate in the reaction sequence.
Vanadate almost completely inhibited the Mg”*-driven phosphorylation reaction,
which corroborates the protein catalytic subunit molecular mass of 110 kDa and it
also defines the protein as a P-type ATPase, because vanadate is a transition state
inhibitor of phosphate [20]. More recently it has been shown that the calculated rate
constant for E; -P formation was 26 s~! [86]. This approximated E; -P rate constant
values for other electrogenic P-type ATPases and therefore it was concluded from
these results that the C1™-ATPase phosphorylation kinetics did not differ greatly
from P-type cation -ATPase phosphorylation kinetics. The calculated rate constant
for disintegration of the phosphoprotein complex was 20 s~! which, also, was not
different than P-type cation ATPase dephosphosylation kinetics [87]. Figure 3 is an
operational model of the reaction sequence of the C1~ pump.

Fig. 3 An operational model
of the reaction sequence of
the C1~ pump
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7.3 Stoichiometry

The stoichiometry of ATP hydrolysed to C1~ transported during a single cycle of the
reaction sequence was ascertained through thermodynamic means [88]. Intracellular
concentrations of ATP, ADP, and inorganic phosphate were determined and, coupled
with an estimate of the standard free energy of hydrolysis for ATP, the operant free
energy for ATP hydrolysis was calculated. Because the operating free energy of the
CI™ pump (electromotive force) was approximately one-half the energy (140 mV)
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obtained from the total free energy of ATP hydrolysis (270 mV), the only pos-
sible integral stoichiometries were one or, at the most, two Cl~ transported per
cycle per ATP hydrolysed. Physiologically, the electrogenic C1~ pump [68] most
likely transports one C1™ per ATP hydrolysed per reaction cycle. This increased
electrochemical driving force created by the electrogenic nature of the pump could
fuel secondary, electrophoretic (or electroneutral) transport processes such as the
nutritional uptake of sugars and/or amino acids [68].

7.4 Phosphorylation

When the pure proteoliposomal preparation of Cl™-stimulated ATPase [14] was
incubated with [y-3*P]ATP, there was a fairly rapid formation of phosphoenzyme
which remained stable for 4 min [89]. This and the finding that there is a curvi-
linear relationship between labelled ATP concentration and phosphoprotein levels
suggests that at low ATP concentrations phosphoprotein formation is directly pro-
portional to the ATP concentration; that is, the system follows Michaelis—Menten
kinetics (Fig. 4). The relatively high K,, of ATP for the protein (1.25 mmol 171)
suggests a relatively low affinity of the nucleotide for the enzyme. These findings are
similar to what has been found for ATP affinity for fungal and plant P-type proton
pumps [23, 90, 91].

Fig. 4 Proteoliposomal E Mg ATP » E;+ Mg ATP
phosphoprotein formation 4 :
exhibits a curvilinear cr
relationship with exogenous
ATP concentrations Orthovanadate (-)| Mg®*
ADP
-
E; (CI) < '/ & E,~P
Pi

The finding of a millimolar K,, value was very surprising in view of well-
established micromolar K, values for ATP reactivity in P-type ATPases from var-
ious animal cells. During hydrolysis by brain or electroplax Na*/K*-ATPase, ATP
reactivity to the enzyme exhibited a K, below 1 mmol 1~! [92]. Phosphorylation
studies on the Ca>*-ATPase of rabbit sarcoplasmic reticulum have yielded ATP-K,,
values of approximately 10 mmol 1=' [92]. The H*/K*-ATPase from pig gastric
mucosa displays two kinetic components for ATP hydrolysis; one with a K,,, near
2 mmol 17!, and the other with a K, near 50 mmol 1~! [93].

Despite some exaggeration due to methodological differences, it seems likely
that the disparity of K, values between the A. californica C1~-ATPase, fungal and
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plant proton ATPases and other cation P-type ATPases is real. One possible inter-
pretation is that the high ATP-K,, ATPases might reflect obligatory activation by
nucleotide binding at a non-hydrolysing, low-affinity binding site, thereby mask-
ing the higher-affinity ATP at the catalytic site, such as has been proposed for the
Ca”*-ATPase of sarcoplasmic reticulum [27]. This suggestion is circumstantially
supported by a slight sigmoidicity in plots of membrane potential, H*-ATPase activ-
ity, and vesicular H* transport, against ATP concentration in Neurospora crassa
[23, 94].

It was also found that adding large amounts of unlabeled ATP concentrations to
the incubation medium increased the amount of enzyme dephosphorylation which
suggests that there is at least one binding site for phosphate on the protein [89]. This
premise was strengthened by the observation that the ATP molecule also needed
to be hydrolysed in order for this phenomenon to occur (Fig. 5). These experiments
also suggested that one of the rate-limiting factors for C1~-ATPase phosphorylation-
dephosphorylation is ambient ATP concentration as was found for plant P-type
ATPases [91].

900 - o
800 [

700 -
600 -
500 [
400 -
300

200 -

Phosphoprotein, pmoles/ug protein

100

o_l 1 1 1
0 1 2 3 4 5

[Nucleotide], mM

Fig. 5 Unlabeled ATP dephosphorylates C1~-ATPase phosphoprotein in a proteoliposomal
system

To summarise these phosphorylation experiments, it appears that the Cl™-
stimulated ATPase is a P-type ATPase similar in characteristics and reaction scheme
to those described for various cation-pumping P-type ATPases present in plasma
membranes from a diversity of biological organisms [20, 23]. However, it appears
that there are two types of this kind of P-type ATPase. One has a high affinity (micro-
molar) for ATP and is prevalent, for the most part, in plasma membranes of higher
animals while the other group has a low affinity (millimolar) for ATP and is present
in bacteria [23], fungi [90], plants [91], and in molluscs [14, 89].
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7.5 Kinetics

Utilising a purified BLM vesicle preparation containing Cl™-ATPase from A. cali-
fornica gut, it was demonstrated that ATP, and its subsequent hydrolysis, stimulated
both intravesicular C1~ accumulation and intravesicular negativity with almost iden-
tical kinetics [55, 56]. Similarly, the apparent K,,s of ATP for ATP-dependent C1~
uptake, ATP-dependent membrane potential change and Cl™-stimulated ATPase in
the proteoliposomal preparation were similar to each other [56]. They were also sim-
ilar to the apparent Kj,;s, respectively, of CI™ and ATP found for C1™-ATPase in the
BLM of A. californica [7] and for ATP-induced phosphorylation of C1™-ATPase in
the same proteoliposomal preparation of A. californica [14, 89]. Also, the proteoli-
posomal ATP-dependent CI~ accumulation, ATP-dependent change in membrane
potential and C1™-stimulated ATPase activity showed identical pH optima and iden-
tical optimum Mg”* concentrations [56]. These kinetic experiments demonstrate
the correspondence between overall ATPase activity, C1~-ATPase phosphoryla-
tion, ATP-dependent CI™ transport, ATP-dependent membrane potential change,
and Cl~-ATPase activity which are similar to those characteristics detected in
cation-activated and cation-motive ATPases [20, 23].

These kinetics are uniquely significant not only because they are the first and
only results obtained with an isolated discreet anion transporter ATPase but because
they demonstrate the interrelationship, interchangability, and universality between
both transport and catalysis by the C1~ pump (Table 5).

7.6 Regulation of Cl~-ATPase Pump Activity

Utilising either a purified BLM preparation [55] or a proteoliposomal preparation
[56] containing C1~-ATPase activity from Aplysia foregut, it was demonstrated that
intracellular ATP, Mg?*, C1~, and pH regulated the activity of the ATPase and also
its transport activity (Fig. 6). The catalytic and transport activity of the ATPase
followed Michaelis—Menten kinetics as either intracellular ATP, Mg2+, Cl~, or pH
was varied (Fig. 7).

When the solubilised C1™-ATPase from rat brain was reconstituted into lipo-
somes, it required phosphatidylinositol-4-monophosphate for its maximum activity,
suggesting that in situ Cl~-ATPase activity is regulated by phosphatidylinositol
metabolism [54, 83, 85]. Supporting this idea, Li*, a potent uncompetitive inhibitor
of inositol monophosphatase, reduced Cl™-ATPase activity and increased intracel-
lular CI™ concentration in cultured rat hippocampal neurons under conditions of
stimulated phosphatidylinositol turnover [16, 83, 85].

8 Molecular Biology of the CL.™ Pump

New bacterial rhodopsins of the cruxrhodopsin tribe were identified in a type strain
Haloarcula vallismortis [95]. The genes encoding a halorhodopsin-like C1~ pump
were cloned and sequenced. The amino acid sequence of this photon-driven C1~
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Fig. 7 Catalytic and transport activity of the C1~ pump followed Michaelis—Menten kinetics as
either ATP, Mg2+, C1—, or pH was varied

pump showed little homology with the ATP-driven Cl1~ pumps [43], but showed a
high degree of homology with other documented halorhodopsins [11].

The genes encoding the B subunit (50 kDa) of the CI™ translocating ATPase
of A. acetabulum were cloned from total RNA and from poly (A)* RNA and
sequenced. The deduced amino acid sequence of the open reading frame consisted
of 478 amino acids and showed high similarity to the B subunit of chloroplast
F1-ATPases [84]. Gene fragments encoding the putative f subunit of chloroplast
Fi- (273 bp) and mitochondrial Fj-ATPases (332 bp) were also cloned from
A. acetabulum and sequenced, respectively. The deduced amino acid sequence of the
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chloroplast Fi-ATPase showed 92.5% identity to the primary structure of the 8 sub-
unit of the Cl™-translocating ATPase, while the nucleotide sequences were 79.9%
identical. The deduced amino acid sequence was 79.9% identical. The deduced
amino acid sequence of the latter was 77.3% identical to that of the f subunit of
the CI™ -translocating ATPase and the nucleotide sequences were 67.5% identical.

Reverse transcriptase polymerase chain reaction was used to detect the mRNA
of the A. californica foregut CI~ pump. The CI~ pump RNA had a high homology
relative to mRNA’s of subunits of Na*/K*-ATPase and other P-type ATPases. The
cDNA sequence of the A. californica C1™-ATPase was cloned and the resulting 200
base pair sequence was shown to be 76% identical to regions of alpha-subunits of
P-type ATPases [96, 97].

Recently the DNA of a 55-kDa protein derived from a 520-kDa Cl~-ATPase
complex was cloned from rat brain [83]. Sequences of nucleic acids in the cDNA and
the deduced amino acids were not homologous with any known ion-translocating
ATPases [20], and the application of its antisense oligonucleotides induced increases
in CI™ concentrations in primary cultured rat hippocampal neurons, suggesting that
the 55-kDa protein acts as a catalytic subunit of the CI~-ATPase pump.

9 Conclusions and Speculations

(1) In summary, it is quite apparent that in the past few years there has been an
increasing number of convincing studies in a variety of biological tissues that have
provided indirect, correlative evidence that active C1™ transport is primary by nature.
The active translocation of CI™ by an enzyme that directly utilises the energy from
ATP hydrolysis is not unlike that observed in plants [10, 15]. Indeed, the evidence
for primary active CI~ transport in these simple living things is almost as convincing
as that presented for (Na* + K*)-stimulated ATPase and (Ca®* + Mg?*)-stimulated
ATPase in their respective roles for actively transferring Na*, K*, and Ca®* across
animal plasma membranes. As alluded to by DePont and Bonting [18] future exper-
imental steps aimed at confirming that an animal C1™-stimulated ATPase is involved
in primary CI~ transmembrane movement should include the following: (a) a spe-
cific inhibitor for the enzyme should be found or synthesised (e.g. an antibody), and
this inhibitor should be shown to inhibit the transport process; (b) the C1~-stimulated
ATPase should be biochemically isolated or purified and after its incorporation into
liposomes should then be shown to support active C1™ transport; and (c) the inser-
tion of the CI™ pump’s mRNA into an expression system (e.g. an oocyte) focused
by testing for CI~ pump activity in this system. (2) Demonstrations of reconstitu-
tion and phosphorylation of C1™-ATPase have been discussed in the present review
which provides the first direct evidence for the existence of a new P-type ATPase:
the CI™ pump. However, it appears that V- and F-type ClI™-ATPases also exist as
CI™ pump mechanisms [83, 84] along with the photon-driven halorhodopsins [95].
(3) The variety and number of CI~ pumps attests to the adaptability of a particular
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organism existing in a particular environment and not to the non-existence of this
primary active transporter in nature.

In contrast to most higher animals, the A. californica gut has evolved a
double-salt pump system. It has a Na* pump (Na*/K*-ATPase) and a Cl1~ pump
(C1™-ATPase) which, upon first view, suggests that there is inefficient salt absorp-
tion by these cells in terms of ATP utilisation. One can easily envision the Na* pump
generating the intracellular electrochemical asymmetry needed for Na*-coupled
entry of energetic and structural equivalents. These equivalents (e.g. sugars, amino
acids, etc.) are needed for the continued maintenance and survival of the organism.
However, a C1~ pump that utilises more ATP than the Na* pump, appears to be a
frivolous vestigium of a gone-awry evolutionary process. Not necessarily so if one
considers the environment that the A. californica gut cells are bathed in through-
out their existence. These cells are surrounded by sea water, a medium so rich in
CI™ that the CI™ concentration is, at least, 100 meq | higher than any other ion
in this medium. The A. californica gut cells had to adapt to survive the onslaught
of CI™ rushing into their internal environment potentially causing their demise and
therefore that of the animal itself. The C1~ pump may represent a survival mecha-
nism intended to prevent osmotic lysis of the Aplysia gut cells and this has helped
maintain the existence of this species for millions of years.

The basic studies by Gerencser and Zhang [79, 80, 86, 94] and by Inagaki [85],
have elucidated a mechanism that could be directly involved in convulsive brain
activity. Inagaki [83, 85] has speculated on its role in Alzheimer’s disease with con-
vincing evidence. These studies, especially those of Inagaki [83] have laid bare a
means to probe abnormal brain activity and, hopefully to resolve or partially resolve
its manifestations.
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Divalent Anion Transport in Crustacean
and Molluscan Gastrointestinal Epithelia

George A. Gerencser and Gregory A. Ahearn

Abstract A novel invertebrate gastrointestinal transport mechanism has been
shown to couple chloride/sulfate exchange in an electrogenic fashion. In the lobster,
Homarus americanus, the hepatopancreas, or digestive gland, exists as an outpock-
eting of the digestive tract, representing a single cell layer separating the gut lumen
and an open circulatory system comprised of hemolymph. Investigations utilizing
independently prepared brush-border and basolateral membrane vesicles revealed
discrete antiport systems which possess the capacity to bring about a transcellu-
lar secretion of sulfate. The luminal antiport system functions as a high affinity,
one-to-one chloride/sulfate exchanger that is stimulated by an increase in luminal
hydrogen ion concentration. Such a system would take advantage of the high chlo-
ride concentration of ingested seawater, as well as the high proton concentrations
generated during digestion, which further suggests a potential regulation by resi-
dent sodium-proton exchangers. Exchange of one chloride for one divalent sulfate
ion provides the driving force for electrogenic vectorial translocation. The basolat-
eral antiport system was found to be electroneutral in nature, responsive to gradients
of the dicarboxylic anion oxalate, while lacking in proton stimulation. No evidence
of sodium/sulfate cotransport, commonly reported for the brush border of verte-
brate renal and intestinal epithelia, was observed in either membrane preparation.
The two antiporters together can account for the low hemolymph to seawater sulfate
levels previously described in decapod crustaceans. A secretory pathway for sulfate
based upon electrogenic chloride-antiport may appear among invertebrates partly in
response to digestion taking place in a seawater environment.
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1 Introduction — Crustacean Sulfate Transport

The first half of this chapter describes a proposed transcellular secretory mechanism
for the divalent anion sulfate which has been characterized in the hepatopancreas
of a decapod crustacean, Homarus americanus. The driving force for the over-
all transcellular movement of sulfate is a sulfate/chloride antiporter present in the
brush border membrane which operates in an electrogenic fashion, exhibiting a
1:1 coupling ratio. The brush border antiporter is regulated by external protons,
a physiologically relevant characteristic due to the generally low luminal pH of
the crustacean hepatopancreas during digestion/absorption functions. There are
separate anion exchangers on the hepatopancreatic basolateral membrane which
provides for sulfate entry into the epithelial cell from the hemolymph or, con-
versely, for the movement of intracellular sulfate across the basolateral membrane
into the hemolymph. The different processes involved with sulfate secretion will
be discussed with reference to the current models of sulfate transport in vertebrate
tissues.

The chapter in this volume by Markavich will extensively cover sulfate trans-
porters in vertebrate epithelial membranes; therefore, we will give a cursory presen-
tation of this topic in an introductory format as a prelude to sulfate transporters in
crustacean and molluscan epithelia.

2 Vertebrate Sulfate Transport

Most of our current knowledge of sulfate transport mechanisms has been accumu-
lated from investigations among many vertebrate organisms, with insects being the
only invertebrate group where sulfate regulation has been studied [1, 2]. Mosquito
larvae, existing in sulfate-rich hyperosmotic lakes, appear to absorb sulfate through
the gut wall and secrete the anion, via a saturable system against a concentration
gradient, by the Malpighian tubules [1].

2.1 Intestinal and Hepatic Sulfate Transport

Sulfate is actively reabsorbed across the apical border of the small intestine of the
rabbit [3-5], the rat [6], and the pig [7] by a Na-cotransport system. Intestinal brush
border membrane vesicles have also been shown to possess pH-dependent sulfate
uptake [8] and the anion exchange mechanism [9]. The only reported mechanism
for sulfate transport across the intestinal basolateral membrane is anion exchange
[4, 10-12].

Anion exchange of inorganic and organic anions with sulfate has also been
described in liver sinusoidal and canalicular plasma membrane vesicles from the
rat [13, 14] and sinusoidal basolateral membrane vesicles of the elasmobranch [15].
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2.2 Renal Sulfate Transport

Sulfate reabsorption in the mammalian kidney has been observed by numerous
investigations. Luminal uptake is predominately via the sodium-dependent pathway
[16—18], with anion exchange exhibited in both perfused tubules [19] and membrane
vesicles [20, 21]. The transport systems described for sulfate exit from renal epithe-
lia involve a basolateral exchanger which can accept both inorganic and organic
anions [10, 22-241].

Other vertebrate renal systems have been investigated with respect to sulfate reg-
ulation. In contrast to the mammalian reabsorption paradigm teleost fish exhibit a net
secretory sulfate mechanism. The driving force for transepithelial sulfate movement
appears to be proton-dependent sulfate cotransport at the basolateral membrane
[25]. No effect of sodium on sulfate uptake was observed in basolateral or brush
border membrane vesicles. The efflux of sulfate from flounder renal tubule occurred
by the anion exchanger demonstrated on the brush border [26].

Sulfate transport in the chick renal tubule demonstrated characteristics of both
the mammalian and teleost systems described above [27]. Brush border membrane
vesicles were shown to maintain multiple pathways for sulfate transport. Sulfate
uptake was stimulated by both sodium and proton cotransport and anion exchange
with bicarbonate. Basolateral membrane vesicles did not respond to sodium or pro-
ton cotransport, but sulfate/bicarbonate exchange produced concentrative uptake. It
appears that the avian renal tubule maintains the capacity for potential bidirectional
sulfate transport.

3 Transmembrane SO4/Cl Exchange in Vertebrate Epithelia

Among the many sulfate/anion exchange mechanisms described for epithelial cells,
there exists a wide variety of specificities for acceptable substrates which can
drive the antiporter. Sulfate exchangers are saturable with respect to external sul-
fate and internal anions. Most of the antiporters are suppressed by the classic
disulfonic stilbene exchange inhibitors such as SITS (4-acetamido-4'-isothiocyano-
2,2'-disulphonic stilbene) and DIDS (4,4 -diisothiocyanostilbene-2,2’-disulfonic
acid). There are few studies which directly address both the coupling ratio of sul-
fate anion exchange and electrogenicity. Table 1 provides a comparison of apparent
kinetic constants for sulfate antiport in brush border and basolateral membranes of
several vertebrate species and the lobster.

3.1 Luminal Sulfate Transport

Talor and coworkers [21] demonstrated the presence of an anion antiporter at the
luminal membrane of the beef kidney epithelium by combined methods. First,
they showed [PH]DIDS binding to the brush border membrane exhibiting kinetics
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Table 1 Comparison of apparent kinetic characteristics of sulfate/anion antiport in various animal
epithelial systems

Antiporter Epithelia Ki, Jmax Reference
SO4/HCO3~ Rat kidney BBM 0.4 1.1 [20]
SO4/OH Rabbit ileal BBM 0.48 4.1 [8]
SO4/C1— Lobster hepatopancreas BBM 0.27 11.0 [35]
SO4/OH Rat liver BLM 16 12.2 [13]
SO4/HCO3~ Rabbit ileal BLM 0.12 539 4]
SO4/C1~ Rabbit ileal BLM 0.30 1.6 [11]
SO4/Oxalate  Lobster hepatopancreas BLM 6.0 33 [38]

which suggested a single class of binding sites. Second, they observed stimulated
sulfate uptake in the presence of outwardly directed chloride, bicarbonate, and
hydroxyl ion gradients which were inhibited by DIDS and furosemide. On the
basis of potassium/valinomycin-induced diffusion potentials, they concluded that
the exchange process was electroneutral. It was suggested that the brush border
antiporter may be involved in the secretory flux of sulfate [21]. At the brush border
membrane of the rat kidney epithelium, a sulfate/bicarbonate antiporter has been
shown which accepted chloride, nitrate, and hydroxyl ions [20] and which was
inhibitable by both DIDS and SITS. Flounder renal brush border membrane vesicles
demonstrated a concentrative sulfate/anion antiporter which was stimulated strongly
by bicarbonate and to a lesser extent by chloride, thiosulfate, and thiocyanate [26].
A significant inhibition of sulfate/bicarbonate exchange occurred when challenged
by DIDS and probenecid. Because of the fact that this antiporter did not respond to
the manipulation of membrane potential, the authors proposed an exchange of one
sulfate to two monovalent anions.

3.2 Basolateral Sulfate Transport

The rat renal sulfate/anion exchanger in the basolateral membrane showed a very
broad range of substrate specificity with respect to inorganic and organic anions
[23]. Stimulated uptake of sulfate occurred in the presence of chloride, bicar-
bonate, phosphate, thiosulfate, formate, acetate, lactate, p-aminohippuric acid, and
oxalate. Probenecid was able to block the effects of the above anions. Pritchard and
Renfro [22], working with the same tissue also observed sulfate anion exchange;
although the carrier did not utilize chloride, it was found to be electroneutral
and probenecid-sensitive. The chick renal tubule basolateral membrane also exhib-
ited SITS-sensitive sulfate/bicarbonate exchange which was not cis-inhibited by
chloride [27].

The rabbit ileum exhibited a carrier mediated sulfate/chloride exchange in the
basolateral domain [11]. Among the anions tested oxalate was the most effective
in cis-inhibition of the antiporter. The same membrane was shown to contain a sul-
fate/bicarbonate antiporter which also transported oxalate [24]. This appeared to be
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an exchanger separate from the sulfate/chloride antiporter because chloride had no
effect on sulfate/bicarbonate exchange [12].

Sulfate/oxalate exchange appeared to be a common mechanism in both sinu-
soidal and canalicular membrane vesicles of liver epithelia [13—15]. In rat sinusoidal
membrane vesicles, sulfate uptake was stimulated by oxalate and succinate but not
by chloride or bicarbonate [13]. In skate sinusoidal membrane vesicles, oxalate and
sulfate cis-inhibited pH gradient stimulated sulfate uptake but chloride was ineffec-
tive [15]. In rat liver canalicular membrane vesicles, there was a sulfate/bicarbonate
antiporter which was trans-stimulated by sulfate, oxalate, and thiosulfate, but not
by chloride or other dicarboxylic acids [14]. All of the sulfate antiporters which
accepted oxalate in liver membrane vesicles were suppressed by the anion exchange
inhibitor DIDS.

4 Transmembrane Sulfate Antiport in Crustacean
Hepatopancreatic Epithelium

The decapod hepatopancreas, also known as the digestive or midgut gland, is a mul-
tilobed structure located in the cephalothorax composed of many epithelial-lined
blind-ended tubules. The gland exists as an outpocketing of the digestive tract in the
pyloric region of the stomach and the anterior intestine [28-31]. Much research has
been done which implicates the organ as a site for secretion of digestive enzymes,
the site of final digestion of ingested materials, and the major site of nutrient absorp-
tion. Although the hepatopancreas has been largely known for its digestive and
absorptive properties, it has been speculated that it may also play a role in excretion
of ions or metabolic wastes [30, 32-34].

4.1 Electrogenic Sulfate/Chloride Exchange at the Luminal
Membrane

Unlike sulfate transport mechanisms in vertebrate renal and intestinal brush bor-
der membranes, the lobster hepatopancreas was not shown to demonstrate a
sodium/sulfate cotransport system [35]. However, recently, Gerencser and Levin
[36] have demonstrated a nonelectrogenic Na*~/SO42~ symporter in the foregut
apical membrane of the invertebrate Aplysia californica. Sulfate exchange via
antiporters in the luminal membrane of lobster hepatopancreas was stimulated by
chloride and sulfate, but not by bicarbonate gradients [35]. Because of the ori-
entation of brush border membrane vesicles, the translocation of sulfate into the
vesicular interior represented net sulfate movement into the hepatopancreatic epithe-
lium. There are several lines of evidence which suggest that the physiological role
of this antiporter is secretion of cytoplasmic sulfate into the lumen of hepatopan-
creatic tubules. First, the antiporter was found to respond strongly to the imposition
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of a potassium/valinomycin-induced membrane potential. When the vesicular inte-
rior was positive, there was a stimulation of sulfate influx and an inhibition in the
presence of a negative interior. On the basis of the negative transmembrane poten-
tial typical of intact epithelial cells [37], the movement of a net negative charge
into an electronegative cytoplasm seems unlikely. A second line of evidence for
the electrogenicity of this antiporter was provided when comparing chloride/sulfate
exchange to sulfate/sulfate exchange under opposing membrane potentials. There
was no effect of membrane potential on sulfate/sulfate exchange, while sulfate
exchange with the monovalent anion reacted as described above. This suggested
that the carrier protein operated in a 1:1 ratio regardless of substrate charge. Finally,
radiolabeled chloride uptake into sulfate-loaded vesicles was stimulated in the pres-
ence of a negative interior when compared to short-circuited vesicles, which would
imply the net movement of a negative charge out of the vesicle.

4.2 Modes of Chloride Transport

Previously described in the lobster hepatopancreatic epithelial basolateral mem-
branes were a SO4% /oxalate? ™ antiporter [38], a S042~/HCO;~ antiporter [39],
and a CI"/HCO3™ antiporter [40] (Fig. 1). In support of the hypothesis that CI™
could utilize any of the three documented antiporters, it was shown in recent stud-
ies [39, 40] that C1~ could be driven to accumulate in the basolateral membrane
vesicles (BLMYV) via favorable gradients of either SO42’ , oxalate 2, or HCO3~.
Therefore, it is logical to assume that C1~ appears to be a universal exchangeable
anion for any of these three antiporters; therefore, one, two, or all three antiporters
could provide the transport means for C1~ homeostasis in the lobster.

4.3 Electroneutral Sulfate/Oxalate Exchange at the Basolateral
Membrane

In the lobster hepatopancreatic epithelial basolateral membrane, we observed
another antiport mechanism which accepted the divalent carboxylic anion oxalate
[38]. This exchange mechanism was electroneutral and transported one sulfate for
one oxalate ion. There appeared to be a quite specific acceptance of substrates with
respect to other carboxylic acids. Formate, succinate, oxaloacetate, a-ketoglutarate,
and citrate did not stimulate sulfate uptake as they do in other sulfate exchange
systems. The sulfate/oxalate antiport did not respond to the imposition of transmem-
brane pH gradients as observed in the brush border exchanger. The sulfate/oxalate
exchanger was extremely sensitive to the anion antiport inhibitors SITS and
DIDS [38].

It was also shown in a later study [41] that sulfate exhibited similar binding char-
acteristics to the antiporter whether bound internally or externally. Similarly, oxalate
had similar binding characteristics to the antiporter whether it was bound internally
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antiporters described in the BLM of lobster hepatopancreas
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or externally. However, oxalate had a greater affinity for the antiporter than did
sulfate. These results suggested that oxalate, not sulfate, regulates the antiporter
transport rate because of its greater affinity to the transporter.

4.4 HCO3~/SO4*~ Exchange in the Basolateral Membrane (BLM)

Recently, a HCO3~/SO4%~ antiporter was described in BLMV of lobster hepatopan-
creatic epithelial cells [39]. The antiporter was electrogenic and shown to have a
HCO37 /S04~ transport stoichiometry of 1:1 (Fig. 2). This mechanism was also
inhibited by disulfonic stilbenes; however, it was stimulated by external protons.
Speculatively, this antiporter could provide a cellular means for cytoplasmic pH
regulation which could be further modified by extracellular pH (Fig. 3). At the same
time, this antiporter could also provide intracellular uptake of sulfate. This event
would be beneficial for cellular viability of cellular metabolic reactions such as:
(1) sulfur conjugation [42], and/or (2) complexing with heavy metals as concre-
tions [38] in intracellular membrane-bound vesicles. The sulfate may be needed to
detoxify these heavy metals before they are transferred to the blood where they
could have deleterious effects in other parts of the crustacean’s body. Additionally,
sulfate movement from the cytoplasm to the hepatopancreatic lumen via the sul-
fate/chloride exchanger located in the brush border membrane [35] could execute
a secretory function [38, 42]as a means for sulfate excretion [32, 33]. However, it
is incumbent to include the possibility of sulfate absorption by this brush border
sulfate/chloride exchanger since it is a bidirectional transport device. Then accu-
mulated intracellular sulfate could facilitate the absorption of bicarbonate across
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Fig. 2 Time course of bicarbonate-driven sulfate uptake by lobster hepatopancreatic BLMV
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the basolateral membrane via the sulfate/bicarbonate exchanger thereby providing a
regulatory process for intracellular acid—base regulation.

4.5 Proton Regulation of Hepatopancreatic Chloride/Sulfate
Exchange

As mentioned above, the luminal contents of the crustacean hepatopancreas have
been recorded at a low pH value of 4 [30] due to the digestive processes of the organ.
In the light of the reports of pH-dependent sulfate transport in different epithelial
membranes [11, 25], and this natural proton gradient maintained across the hep-
atopancreatic brush border, it seemed likely that there might be a similar system in
the lobster. Although no pH-dependent sulfate transport was shown in hepatopancre-
atic vesicles, there was a marked effect of low pH on chloride/sulfate exchange. In
the presence of low extravesicular pH (high proton concentration), chloride/sulfate
exchange was significantly enhanced. This effect was observed in the presence of
both a transmembrane proton gradient and bilaterally equal pH conditions [42].
Regulation of membrane bound transport proteins by protons at either inter-
nal or external modifier sites has been described for several different cell types.
Chloride/bicarbonate exchange in rabbit ileal brush border membranes was stim-
ulated by a cytoplasmic pH modifier site which was presumed to be the effect
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of internal hydroxyl ions [43]. In lobster basolateral membrane vesicles, chlo-
ride/bicarbonate exchange was stimulated by protons [39, 40, 42], but due to the
response of this antiporter to transmembrane chloride and pH gradients, it was
suggested that the process involved simultaneous movements of a proton with
chloride. However, it was shown in the previous section that a newly discov-
ered SO4>~/HCO3 ™ antiporter in the BLM of hepatopancreatic epithelial cells was
stimulated by protons, but not by a proton gradient [39] (Fig. 3). Since this mecha-
nism may be involved in both intracellular and extracellular pH regulation and the
Cl~/SO4*~ antiporter in nonpH related functions, the mode of proton regulation
for HCO37/SO4%~ and HCO3~/Cl~ antiporters would be expected to be different.
Lymphocytes also demonstrated an internal pH regulatory site which adjusted chlo-
ride/bicarbonate exchange in response to sodium/proton exchange [44]. A kidney
cell line, Vero cells, showed a pH regulation of chloride antiport (either chlo-
ride/bicarbonate or chloride/chloride). This investigation performed on intact cells
suggested that in response to internal hydroxyl ions chloride uptake was signif-
icantly enhanced [19]. Recently we observed the luminal membrane of lobster
hepatopancreatic epithelium exhibits a sulfate antiporter which accepts only chlo-
ride, oxalate, or sulfate as the counter ion and it is stimulated by protons [45]. The
relative specificity of this antiporter and its response to external proton concentra-
tion significantly differs from the basolateral membrane antiporter for sulfate [39]
(Figs. 4, 5, and 6).
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Fig. 6 Influence of external pH on active uptake of oxalate into hepatopancreatic BBMV

S Transcellular Sulfate Transport in Lobster Hepatopancreas

The epithelial cells of the hepatopancreas operate in the secretion of digestive
enzymes and the absorption of nutrients from the luminal contents [30]. There have
been a variety of nutrient transporters described for the brush border of the lobster
hepatopancreas which confirm the absorptive nature of the organ [45]. The lobster
controls the concentration of sulfate in the hemolymph (18 mM) at a value lower
than found in seawater which is 25 mM [46]. The lobster, as with other crustaceans,
ingests seawater during both eating and drinking, which provides a high sulfate con-
centration in the hepatopancreas lumen [47, 48]. On the basis of our studies with
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Fig. 7 Schematic diagram of hepatopancreatic epithelium illustrating the proposed model of
sulfate secretion

sulfate transport in isolated membrane vesicles, we proposed a secretory pathway
for this anion by the epithelial cells of the hepatopancreas (Fig. 7).

The initial step for sulfate movement from hemolymph to cytoplasm of the hep-
atopancreas cells occurs by an anion exchange system located in the basolateral
membrane. The exchange of cytoplasmic oxalate for sulfate occurs by a saturable
carrier-mediated mechanism which does not accept similar dicarboxylic acids. The
cytoplasmic concentration of sulfate is unknown and assumed to be relatively low,
so that the driving force for this antiporter would be the transmembrane sulfate gra-
dient. The kinetic characteristics of the exchanger support this observation with the
apparent binding constant for sulfate on the extracellular surface of the carrier being
physiologically relevant (Km = 6.0 mM) to the blood concentration. The apparent
binding coefficient for cytoplasmic oxalate is relatively low (Km = 0. 18 mM), sug-
gesting a high affinity of the antiporter for oxalate [41]. The physiological role of
oxalate in the lobster is uncertain; it is possible that the anion, in the form of calcium
oxalate, is involved with the sequestrating of, or in the deposition, of, calcium that
occurs prior to molting and the formation of the new exoskeleton [38].

The sulfate/oxalate antiporter is an electroneutral carrier which exchanges one
sulfate for one oxalate ion. The basolateral carrier also exhibits self-exchange and
appears to accept chloride as a substrate. There is no H" stimulation of the carrier
due to manipulations of transmembrane pH gradients. The carrier is very sensitive
to the anion exchange inhibitors DIDS and SITS, which provides support for an
antiport system [38].

The movement of sulfate from the hepatopancreas cytoplasm into the tubular
lumen occurs by a separate antiporter present in the brush border membrane of
the epithelial cells [35]. This electrogenic chloride antiporter appears to be the
overall driving force for the transcellular movement of sulfate by this epithelium.
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The combined transmembrane chloride gradient and the extrusion of a net nega-
tive charge from the cytoplasm of the epithelial cell would drive the carrier. When
a potassium/valinomycin-induced membrane potential was established across the
vesicle wall, sulfate uptake was stimulated by a positive, and inhibited by a negative
electrical, interior. In contrast, when measuring chloride uptake into sulfate-loaded
vesicles, there was enhanced chloride uptake due to an inside-negative membrane
potential. On the basis of this observation and the normal gradients established in
the lumen and the cytoplasm of hepatopancreas cells, the evidence suggests that the
predominant movement of sulfate is out of the cell. The luminal membrane of the
hepatopancreas lacks the sodium/sulfate cotransport system typical of vertebrate
renal [16, 46] and intestinal [17] epithelia. Along with the absence of a sodium
cotransport system, the brush border does not exhibit proton (hydroxyl)-stimulated
transport such as that of the rabbit ileal brush border [8] or flounder basolateral
renal tubule [25]. This was observed in the presence of either inward- or outward-
directed pH gradients and under equilibrated sulfate conditions with a simultaneous
inward-directed proton gradient [35].

It was interesting to find that chloride/sulfate exchange was enhanced by ele-
vated external protons; the lower the extravesicular pH, the greater the sulfate uptake
[35]. This was observed under pH gradient or equilibrated pH conditions. This is
important when considering other physiological properties of the crustacean hep-
atopancreas. The gastrointestinal contents are acidic and are continuous with the
hepatopancreas lumen, thereby providing an environment relatively high in protons
during digestion and absorption. Until recently, the mechanism of tubular acidifi-
cation was unclear. Recently, a sodium/proton exchanger was described in both the
lobster and freshwater prawn hepatopancreatic brush border which could adequately
account for observed luminal proton concentrations [47]. This acid environment
would allow for increased activity of the electrogenic chloride/sulfate antiporter and
play an important role in the regulation of sulfate [48] (Fig. 1).

The net secretion of sulfate by the lobster hepatopancreas represents an exam-
ple of sulfate handling very different from that of vertebrate sulfate handling.
Although there are sulfate anion exchange mechanisms present on the brush bor-
der of renal tubules [20, 21], the potent sodium cotransport system prevails driving
tubule reabsorption. The antiporters in the lobster hepatopancreas have many prop-
erties in common with mammalian epithelia, yet the overall function appears to
differ markedly. Sulfate secretion, also driven by anion exchange at the brush bor-
der, has been observed in the flounder renal tubules which also shares attributes of
the lobster antiporter [49]. It appears that the lobster hepatopancreas acts in a manner
similar to the teleost kidney with respect to the regulation of sulfate homeostasis.

6 Sulfate and Phosphate Transport in Molluscan Epithelia
Gastrointestinal and renal transport of the divalent anion sulfate across epithelia

has been investigated in various vertebrate groups including mammals [5, 20],
teleost fish [25, 26], and the domestic chicken [27]. A number of mechanisms for
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brush-border carrier-mediated sulfate transport across epithelial membranes have
been proposed and include sodium/sulfate cotransport [5, 16], anion exchange
[21, 25], and pH gradient-dependent transfer [8]. These processes contribute to
transepithelial regulation of sulfate levels, and may affect acid—base balance and
plasma osmolarity [48].

However, there are very few studies of sulfate transport across epithelia of
invertebrates. A proton-stimulated sulfate/chloride exchanger has recently been
described in apical membranes of lobster (H. americanus) hepatopancreatic epithe-
lial cells (this chapter).

6.1 Sulfate Transport in Aplysia Gut

However, it was not until 1979 [50] that active absorption of sulfate in a molluscan
epithelium was demonstrated. It was further shown, more recently, that active sul-
fate absorption by the A. californica foregut was sodium dependent and this action
dependence was also concentration dependent [36]. The symporter for sodium and
sulfate resided in the luminal membrane, had a stoichiometry of 2 sodium: 1 sulfate,
and was not inhibited by phosphate, but was competitively inhibited by thiosulfate.

6.2 Regulation of Sulfate Transport in Aplysia Gut

In contrast to the wealth of knowledge of renal and intestinal apical sodium/sulfate
symport mechanisms very little information is available in the literature about pos-
sible regulatory control mechanisms for renal and intestinal apical sodium/sulfate
symport. Glucocorticoids have been shown to be inhibitory for renal reabsorption
of sulfate in the chicken [27] and thyroid hormone has been shown to stimulate
sodium/sulfate symport activity in rat kidney [51]. Furthermore, the intestinal trans-
port of sulfate in the rabbit seems to be regulated by some secretory stimuli, such as
theophylline or the heat-stable enterotoxin [3-5].

It was recently demonstrated that the sodium sulfate symporter located in the
luminal membrane of A. californica foregut was up-regulated by triiodothyronine
[52]. The gastropod, A. californica, has been shown to have a hormone equiva-
lent to triiodothyronine [35] which strengthens the physiological significance of
this finding. Recently we reported that cyclic guanosine monophosphate stimulated
the sodium/sulfate symporter in the apical membrane of Aplysia foregut absorp-
tive cells [53]. Therefore, triiodothyronine could stimulate the production of cGMP
which would act as the secondary messenger of triiodothyronine in stimulating the
Na/SO4 symporter similar to what has been reported in amphibian tissue [54]. Also,
it appears that the triiodothyronine stimulation of the sodium/sulfate symporter via
induced protein synthesis for actinomycin D, puromycin, or cycloheximide thwarted
the triiodothyronine effects on active absorption of sulfate [55]. This transport event
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could be beneficial for viability of cellular metabolic reactions such as sulfur con-
jugation [20] complexing with heavy metals, as happens in lobster hepatopancreas
[38]. Sulfate homeostasis in the Aplysia is, at least, partly maintained by this lumi-
nal T3-regulated sodium/sulfate symporter [36, 52] which is mediated through de
novo protein synthesis [55]. In contrast it was demonstrated that the sodium/sulfate
symporter was down-regulated by glucocorticoids [56]. The physiological signifi-
cance of glucocorticoid inhibition of the sodium/sulfate symporter in the Aplysia
foregut may be related to glucocorticoid inhibition of glucose uptake and utilization
by cells in general. Since there is less glucose utilization by cellular metabolism,
there would be less need for cellular sulfate for sulfonation reactions such as pro-
tein synthesis. Therefore, glucocorticoid inhibition of cellular sulfate uptake would
work in tandem with its inhibition of cellular glucose uptake and utilization.

6.3 Phosphate Transport in Aplysia Gut

Gastrointestinal and renal transport of the anion phosphate across epithelial apical
membranes has been investigated in various vertebrate groups including: mammals
such as rabbit [57] and rat [58]; avian such as chicken [59], and other lower verte-
brates [60]. Studies with intact vertebrate tissue preparations have documented that
transepithelial inorganic phosphate (P;) transport against an electrochemical poten-
tial difference in the small intestine is dependent on the presence of sodium (Na*)
[61]. In vertebrates, this process can contribute to the transepithelial regulation of P;
levels, and may affect acid—base balance and plasma osmolarity.

However, there is a dearth of studies regarding P; transport across epithelia of
invertebrates. In view of this vacuum of P; transport information in invertebrates, the
present chapter was written to describe the nature of the P; transporter in the mucosa
of Aplysia gut. Recently, Gerencser and colleagues [62] used isolated foregut from
A. californica to characterize a Nat/P; symporter that is located in the mucosal mem-
brane of the gut cells, is inhibited by arsenate and ouabain, and has a stoichiometry
of 2 Nat*:1 P;.

6.4 Regulation of Phosphate Transport in Aplysia Gut

1. Hormonal regulation of P; transport in vertebrate renal or gastrointestinal epithe-
lia has shown an up-regulation of phosphate absorption by triiodothyronine [63]
and a down-regulation of P; absorption by glucocorticoids [64].

2. Similarly, the Na*/P; symporter in the invertebrate Aplysia foregut luminal mem-
brane was up-regulated by T3 [65] and down-regulated by glucocorticoids [66].
Additionally, it seems that the T3 stimulation of Na*/P; symporter activity in
the Aplysia foregut is via induced protein synthesis because actinomycin D,
puromycin, or cycloheximide inhibited the T3 effects on Na*/P; active absorption
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[67]. Since the gastropod, A. californica, has been shown to possess a hor-
mone equivalent to T3 [35], based upon the presence and activity of iodinated
thyronine-like compounds in the animal, these present observations strengthen
the physiological significance of this finding. This event could be beneficial
for cellular viability of cellular metabolic reactions such as phosphorylation. P;
homeostasis in Aplysia, is at least, partly maintained by T3 regulation of the
luminal Na*/P; symport transport mechanism [65].

6.5 Statement of Significance

The evolutionary ties of invertebrates to vertebrates intellectualizes the genetic bond
between the two animal groups. This can facilitate, in the clinical setting, ameliora-
tion of protein-deficient diseases by drugs such as triiodothyronine which can aid in
incorporation of peptide side-groups that contain sulfate and/or phosphate.
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Abstract Lysosomes are multi-functional organelles that aid in the disassembly
of large organic molecules and store a variety of xenobiotics. Lysosomes, and
vacuolar components of the endo-membrane system, play apparently ubiquitous
sequestration and detoxification roles for heavy metals in cells of many organ-
isms. X-ray microprobe analysis of metal-containing granules (concretions) in these
organelles from many animal phyla suggest that monovalent, divalent, and trivalent
metal cations can be stored in these compartments in conjunction with anionic ele-
ments such as phosphorus and sulfur. There is also evidence that thiol-containing
compounds such as glutathione and metallothionein, which bind metals in the cyto-
plasm with high affinity, may also be translocated across lysosomal membranes
for metal storage. Few studies have examined the nature of the sequestration and
detoxification processes for heavy metals displayed by invertebrate lysosomes or
other endo-membrane components. This review summarizes recent investigations
focused on lysosomal function in crustacean hepatopancreatic absorptive epithelia.
It describes the carrier-mediated transport processes that occur on lysosomal mem-
branes for accumulating metals from the cytoplasm and how these metal transporters
are linked with the uptake of multivalent anions that may precipitate concretions
within the organelle at appropriate ion concentrations and pH conditions. In addi-
tion, preliminary data describing the potential role of the Organic Anion Transporter
(OAT) in transporting glutathione with its associated metal load from cytoplasm to
lysosomal interior are described. A model summarizing proposed coupling between
cationic metal and polyvalent anion transports and how they might be linked with
concretion formation and metal detoxification is presented.
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1 Introduction: Heavy Metal Fates in Invertebrate
Epithelial Cells

Epithelial cells of the digestive system, integument (including gills of aquatic
species), and kidneys are cellular barriers between environmental toxic elements,
such as heavy metals, and the blood of animals. High blood concentrations of
many metals are known to lead to a variety of pathological conditions involving
the nervous system, the muscles, and cellular genomic activity. Toxic exposure is
unavoidable in aquatic species. To reduce the accumulation of metals in their bod-
ies to concentrations that may prevent these conditions, aquatic invertebrates have
developed a variety of epithelial cellular detoxification pathways that reduce the
body burden of harmful metals while at the same time retaining any metals that
have a physiological role (such as copper for enzymatic activity or for the synthesis
of the arthropod blood pigment, hemocyanin). These pathways include: (1) phys-
iological regulatory mechanisms balancing metal excretion with uptake rates; (2)
intracellular sequestration processes for metals within organelles such as lysosomes
that produce solid metallic phosphorous or sulfur concretions which may remain
with the cell throughout its life cycle or undergo exocytosis for elimination; and (3)
cytosolic binding to high affinity, low molecular weight, peptides such as metalloth-
ionein or glutathione, followed by vacuolar sequestration or elimination through the
endomembrane system.

Potentially toxic heavy metals may enter animals across the integument [1, 2],
by way of the gills [3-6], or through the digestive system after consumption of food
[7, 8]. Elimination of metals from the animal may occur across the same tissues and
by way of the kidneys. This review will focus on sequestration and detoxification
mechanisms of crustacean gastrointestinal tract epithelial cells for zinc and other
heavy metals, using the lobster (Homarus americanus) as a model organism.

In crustaceans, such as the lobster, epithelia of the hepatopancreas and intestine
are the major site for absorption from dietary sources. Figure 1 illustrates possi-
ble fates of ingested monovalent, divalent, and trivalent metals (X) that pass across
the brush border or luminal membrane of the lobster hepatopancreatic or intestinal
epithelium. In the epithelial cell, metallic ions may (1) associate with glutathione
or metallothionein [9]; (2) be transported into mitochondria [10, 11]; (3) undergo
efflux across the basolateral cell membrane to the blood [7, 8]; (4) be accumulated
by lysosomes [12, 13]; or (5) be transferred into the endoplasmic reticulum [14].
This review will focus on the role played by lysosomes as a heavy metal depot
and detoxification center in invertebrate epithelial cells and the membrane transport
processes that these organelles possess for the transfer of these elements from the
cytoplasm to the storage site.

2 Lysosomal Concretion Formation as a Detoxification Process

Concretions containing heavy metals are found in animal cell lysosomes or vac-
uoles of virtually every invertebrate phylum [9, 15-17]. While these concretions or
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X = heavy metal

Blood Hepatopancreatic epithelial cell Lumen
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Fig. 1 Possible fates of luminal heavy metals in crustacean hepatopancreatic or intestinal epithe-
lial cells. Luminal metal (X) may cross the brush border membrane into the cytoplasm by
membrane carrier or channel proteins. In the cytoplasm the metal may complex with metalloth-
ionein or glutathione (GSH) (/), enter mitochondria (2), be transported across the basolateral
membrane to the blood (3), be accumulated by lysosomes (4), or be transferred to the endoplasmic
reticulum (ER) (5). Other fates for cytoplasmic metals are also possible. Glutathione (GSH) [43]

granules seem virtually ubiquitous in distribution among the invertebrates, the phys-
iological/biochemical events responsible for their formation are largely unknown
[9]. X-ray microprobe analysis of the metal composition of these granules suggests
that they may contain either calcium or heavy metal cations such as zinc, copper, and
iron, complexed with sulfur or phosphorus [7, 18-21]. As a result of these complex
formation events with anions, the potentially toxic heavy metal cation is removed
from the cytoplasm and sequestered within the lysosomal membrane in an insoluble,
detoxified, form. Subsequent cellular exocytotic events may extrude the concretion
from the cell followed by organismic excretory mechanisms that deposit the metal
back into the environment.

Figure 2 illustrates the nature of several types of invertebrate intracellular con-
cretions based on microprobe analysis [22]. As this figure suggests, concretions
within lysosomes or vacuoles appear to sequester metals into three different intra-
cellular types of membrane-enclosed compartments that may or may not include
the thiol-rich peptide, metallothionein (M). Type A vacuoles (lysosomes) appear to
accumulate zinc and phosphorus, and Type B appear to contain cadmium, copper,
mercury, and silver along with sulfur. Type C vacuoles (lysosomes) appear restricted
to iron, and the associated anion(s) in these structures are undefined. According to
the model, there is a fourth type of concretion (Type D) that is extracellular and is
formed between calcium and carbonate. These apparent distinguishing characteris-
tics suggest that specific transport proteins may occur on the membranes of these
different cellular compartments for both metals and anions. Until recently, there
have been no experimental studies in invertebrates examining the nature of metal
transport systems present in vacuolar (lysosomal) membranes that are responsible
for the accumulation of metal cations within these membrane systems. Similarly,



52 G.A. Ahearn et al.

Zn (dCu Fe Ullﬁ:Eng[I]VE

MIDGUT
EPITHELIUM

TypeA TypeB TypeC

] TypeD
[CaP,0%7) {Sq] Uferritin]

[Cac03)

BLOOD

Fig. 2 Type and composition of cellular lysosomal- or vacuolar-enclosed concretions in inver-
tebrate cells. Three types of intracellular (Types A, B, C) and a single type of extracellular
(Type D) concretions involving both cations and anions have been described with electron micro-
probe elemental analysis. Cationic metals associate with concretions which appear to illustrate
specificity toward both cations and anions. Metallothionein (M) [22]

there are no published studies describing the physiological processes responsible for
the transfer of sulfur, phosphorus, or any other multivalent anions, such as oxalate,
across concretion vacuolar (lysosomal) membranes.

3 Lysosomal Heavy Metal Transport Systems

Lysosomes are cellular organelles with an acidic interior where xenobiotics are
disassembled and stored. Enzymatic digestion of large macromolecules, such as
proteins, and subsequent storage and elimination of products of digestion (di and
tripeptides) have been reviewed [23, 24]. Little is known about the mechanisms
responsible for heavy metal transport and sequestration within these detoxification
sites. Molecular studies of lysosomal transporters for copper accumulation in these
organelles have reported both primary active transport systems (ATP7A and ATP7B;
Menkes and Wilson’s disease proteins) in mammals [25] and a facilitated diffusion
process (CTR?2) for this metal in lysosome-like vacuoles in yeast [26]. Similarly, a
facilitated diffusion mechanism for zinc accumulation in mammalian cells (Znt2)
has been described [27-30], but there are few described Zn-ATPases for eukary-
otic organisms [31] other than plants [32] or yeast [33]. A heavy metal ATPase
that transports both monovalent and divalent metals (Ag*, Cu**, and Cd**) in rat
liver has been described [34]. Chavez-Crooker et al. [12] used the fluorescent dye,
Phen Green, to characterize the mechanisms responsible for copper uptake by lob-
ster hepatopancreatic lysosomal membrane vesicles (LMV). This study suggested
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that copper uptake by this invertebrate organelle occurred by the combination of a
copper ATPase and a facilitated diffusion Cu>*/H* antiporter in the same membrane,
the former powered by cytoplasmic ATP and the latter by an outwardly directed
proton gradient.

Zinc, the second most abundant trace element in the body, plays an important
role in catalytic functioning of many enzymes and in the structural stability of a
variety of proteins involved in transcription and protein trafficking and, therefore,
is a very important component of cell viability [35-38]. However, as with other
heavy metals, too much zinc impairs cell function and, therefore, the cytosolic
concentrations of this metal and others, has to be precisely controlled. Both ion
channels and zinc transporters are responsible for controlling intracellular levels of
this cation. Zinc homeostasis is maintained largely through the combined contribu-
tions from transmembrane transporters belonging to the ZIP and ZnT families. ZIP
proteins are involved in cellular uptake of zinc, while ZnT proteins are responsi-
ble for the extrusion of the metal outside the cytoplasm (e.g., into the extracellular
space or into intracellular organelles). Additional contributions to the control of
cytosolic zinc and copper concentrations come from the high affinity binding roles
of metallothioneins and glutathione, and from the use of calcium transport proteins,
such as the ruthenium red-sensitive mitochondrial calcium uniporter [39] and the
ER Sarco-Endoplasmic Reticulum Calcium ATPase (SERCA) [13]. The following
section describes important new data for the role of epithelial lysosomes in trans-
porting, sequestering, and detoxifying zinc and potentially other heavy metals in
invertebrates.

4 Epithelial Lysosomal Zinc Transport in Invertebrates

Isolation and purification of lobster hepatopancreatic LMV followed the centrifu-
gation methods described by Chavez-Crooker et al. [12] as modified by Mandal
et al. [13]. Enzyme characterization of LMV produced by these methods resulted in
purification factors of 12.25 £ 0.46, 0.12 4 0.09, and 0.43 £ 0.12 (means £ SEM)
for acid phosphatase, alkaline phosphatase, and NADPH-cytochrome c reductase,
respectively. These data suggest that the LMV fractions used in the following study
were relatively pure lysosomal membranes and had minimal membrane contamina-
tion from other parts of the cell such as the plasma membrane or the endoplasmic
reticulum.

Lysosomal membrane vesicle preparations made with the methods described
above were used in a series of experiments to define the nature of the trans-
port processes responsible for accumulating heavy metals in these organelles.
Characteristics of ®Zn?* transport by LMV were studied at room temperature
(23°C) by diluting a small volume of vesicle suspension into a medium contain-
ing trace amounts of %ZnCl, and unlabelled zinc sulfate. The composition of
the final vesicle suspension solutions (inside vesicles) and incubation media were
different for each experiment and are described in the attached figure legends.
Uptake of radiolabeled substrate was initiated by rapidly mixing 20 j.1 of membrane
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suspension with 180 w1 of transport medium and incubating this mixture for appro-
priate time intervals. Transport was terminated by addition of 2 ml (10-fold dilution)
ice-cold stop solution and the suspension was immediately collected under vac-
uum on a Millipore filter (HAWP, 65-pum pore size), using the Millipore filtration
technique developed by Hopfer et al. [40] Filters were then dissolved in liquid scin-
tillation cocktail (Ecolume, Beckman, Fullerton, CA, USA) and the radioactivity
counted in a Beckman LS 6500 multi-purpose scintillation counter. Uptake was
expressed as pmol/mg protein x sec and the protein content of the vesicles was
determined according to the Bradford technique (BioRad, Hercules, CA, USA),
using bovine serum albumen as a standard. Displayed zinc activities were achieved
using appropriate concentrations of zinc, NTA (nitriloacetic acid; N, N-bis[carboxy-
methyl]glycine), MgCly, (0.05 mM free Mg>*), and EDTA using Winmax Chelator
2.0 software [41].

Isotope uptake into vesicles was corrected for nonspecific isotope binding by
injecting an aliquot of vesicles and isotope directly into ice-cold stop solution with-
out prior mixing. The resulting vesicle suspension was then filtered, rinsed, and
counted as described previously. Resulting values for nonspecific isotope binding
were subtracted from total isotope uptake in each experiment, providing an index
of transmembrane transport of the radiolabeled cation. Data points are presented
as means of 3-5 replicates and their associated standard errors Experiments were
repeated at least twice with different animals. Curve fitting procedures were accom-
plished using Sigma Plot 7.101 software (Jandel) which provided an iterative best
fit to experimental values.

The time course of ©Zn** uptake by LMV was examined in the presence and
absence of known inhibitors of mammalian lysosomes. As suggested by the results
in Fig. 3, in the presence of 0.2 mM ATP, %Zn?* uptake by hepatopancreatic LMV
exhibited a maximal transport rate by 30s and attained equilibrium by 300s of
incubation. Addition of 250 uM vanadate (Fig. 3) or 25 uM calcium or 25 uM
copper [13] each reduced the uptake of zinc by approximately half of that under
control conditions lacking the inhibitors, suggesting that the same transfer mech-
anism may have been similarly influenced by each of the substrates tested. These
results suggest that hepatopancreatic LMV possessed a zinc transporter that was
vanadate sensitive and likely shared by other metals.

The effects of ATP (1 mM), vanadate (250 uM), and thapsigargin (10 wM) on
10s %Zn?* influx kinetics into LMV were next evaluated. Figure 4 shows that under
control conditions (0.2mM ATP, no inhibitors) ©>Zn%* influx (10s uptakes) was a
hyperbolic function of zinc concentration (apparent K, = 32.26 & 10.77 pM; appar-
ent Jmax = 20.65 £ 2.62 pmol/mg protein/s). Increasing ATP from 0.2 to 1.0 mM
resulted in a significant (P < 0.01) increase in apparent Jy,x (31.94 & 3.72 pmol/mg
protein/s), without affecting (P > 0.05) the apparent K, (35.89 &+ 10.58 wM) of the
zinc transport system. Addition of either 250 wM vanadate or 10 wM thapsigargin
significantly (P < 0.05) reduced the influx of ©Zn>* from control levels. These data
suggest that zinc transport by LMV occurred by a carrier-mediated process that
was stimulated by ATP and inhibited by the P-ATPase inhibitor, vanadate, and the
SERCA inhibitor, thapsigargin.



Heavy Metal Transport and Detoxification 55

o
L

(9]
1

£
1
-e-

N
L

65Zn2* Uptake (pmol/ mg protein)
BN w

0- ® Control
O + 250 uM Vanadate
0 100 200 300
Time (Sec)
8 K
< 6-
2
o
3 o
o
E 4 1
g
s )
<
© 2
3
o
o |
‘t':
:”3' 0 @ Control
O +25uM Ca?
V¥ +25uM Cu?*

T T T
100 200 300
Time (Sec)

o -
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the time course of 25-uM %Zn* uptake by lobster hepatopancreatic LMV. Vesicles were loaded
with 150 mM KCI and 20 mM Hepes/Tris at pH 7.2 and were incubated in a medium containing
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Values are means £+ SEM (n = 3-5 replicates/mean) [13]
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ATP at pH 7.2. The other three treatment groups had the ATP concentration raised to 1.0 mM.
Values are means = SEM (n = 3-5 replicates/mean) [13]

The effects of transmembrane pH gradients on lysosomal vesicle Zn>* influxes
were next examined. Figure 5 describes the effects of equal pH values and trans-
membrane pH gradients on 10s 25-uM 9Zn?* influxes into lobster LMV. No ATP
was added to the incubation medium in this experiment. No significant differences
(P > 0.05) were found for zinc influx K, or Jymax when bilateral pH values were
at 7.0 or 5.0. However, an outwardly directed proton gradient (pH; < pH,) signifi-
cantly (P <0.01) increased 3 Zn* influx compared to vesicles with equal pH, and an
inwardly directed proton gradient (pH;> pH,) significantly (P < 0.01) reduced metal
uptake compared to the controls. The effect of these treatments was on the K, of
the transport system without significant influence on the Jpax (Table 1). The results
of this experiment suggest that carrier-mediated zinc transport by hepatopancreatic
LMYV likely occurs by exchange with protons.

To investigate the effects of other heavy metals on 5 and 25-uM %Zn?* influxes
into hepatopancreatic LMV in the presence of 0.2mM ATP, experiments were
performed measuring 10s zinc uptakes in buffers containing either Cd** or Cu”*
activities ranging from 0 to 250 wM. Increasing the cadmium or copper concen-
trations over this range significantly (P < 0.01) reduced %°Zn?* influxes into LMV
at both radiolabeled zinc concentrations (Figs.6, 7). For both metal inhibitors,
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Fig. 5 Effects of variable pH on 25-uM %°Zn?* influx in lobster hepatopancreatic LMV. Vesicles
were loaded with 150 mM KCI and 20 mM Hepes/Tris and were incubated for 10s in a medium
containing 25 uM %Zn?*-sulfate, 0.5mM NTA, 20mM Hepes/Tris or 20mM Mes/Tris, and
150mM KCI. No ATP was added to any treatment group in this experiment. Values are means
+ SEM (n = 3-5 replicates/mean) [13]

Table 1 Effect of pH on the kinetics of ©Zn?*influx into lobster hepatopancreatic lysosomal
membrane vesicles

Jmax
K (pmol/mg protein
pH conditions (WM) X Sec)
Equal pH pHi/pH, = 7.0/7.0 413+ 11.0 264 +£24
Outward Gradient pHi/pH, = 5.0/7.0 148+1.3 31.1+0.6
Equal pH pHi/pH, = 5.0/5.0 72.0 £21.8 27.8 £34
Inward Gradient pHi/pH, = 7.0/5.0 228.8 £63.9 347+£53

Values were determined using Sigma Plot software for best fit to Michaelis—Menten relationships
between %Zn>*influx vs. [Zn] for each pH condition. Triplicate samples were used at each [Zn]
[13].

hyperbolic decay curves were fitted to the data using Sigma Plot software, which
yielded asymptotic decreases in zinc influx values at each zinc concentration. These
asymptotic values were subtracted from °Zn”* influxes at each cadmium or copper
concentration and the differences were plotted in Dixon plots to yield the compo-
nent of ©°Zn** influx that was inhibited by each metal. The Dixon plots provided
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an index of the apparent binding affinities of each competitive inhibitor (e.g., K;) for
the shared binding site with the substrate (e.g., ©°Zn**). As displayed on the figures,
the K; for cadmium was 68.1 £ 3.2 wM, while that for copper was 32.7 & 1.93 uM.
The results of Figs.6 and 7 clearly indicate that zinc, cadmium, and copper are
competitive inhibitors of each other’s transport and likely share a common carrier
process on hepatopancreatic LM V.

5 Effect of Anions on Lysosomal Heavy Metal Sequestration
and Detoxification

Detoxification of heavy metals in organelles such as lysosomes requires the pres-
ence of a mechanism that sequesters the cation in a form that is relatively immobile
and cannot be transferred back into the cytoplasm. Electron microprobe analyses of
a variety of invertebrate epithelial cells indicate that metals are sequestered together
with sulfur and phosphorus in solid concretions within membrane-bound organelles
[17]. While the composition of these concretions has been evaluated in a wide
variety of invertebrate species, the mechanisms whereby complexing anions are
transferred into these sites of detoxification are unknown. The following experi-
ments examine the nature of anion transport by lobster hepatopancreatic lysosomal
membranes and suggest a mechanism by which metal and polyvalent anions are
brought together to form detoxifying concretions in these cells [42].

Several monovalent and divalent anions were loaded into LMV to see if the
nature of the anion had an effect on the uptake and equilibrium attained by >Zn**
during its accumulation by these preparations. Lysosomal membrane vesicles were
preloaded with SO4%, PO43~, CI™, Oxalate>™, and mannitol and the rate of 25-uM
657n?* uptake and final metal equilibrium level achieved by each were compared.
As shown in Fig. 8A, vesicles preloaded with mannitol at pH 7.0 exhibited a slow
uptake rate and low level of metal equilibrium. In contrast, when vesicles were
preloaded with either SO42~ or PO43~ at pH 7.0, the ©Zn>* uptake rate was twice as
fast as in mannitol-loaded vesicles and the metal equilibrium value was twice that
of vesicles without preloaded anions. Figure 8B indicates that preloading vesicles
with the monovalent anion, CI7, or the divalent organic anion, oxalateZ‘, resulted in
657n* uptake rates and equilibrium values that were similar to those of mannitol.

Because SO4%~ was one of the polyvalent inorganic anions that led to enhanced
vesicle accumulation of °Zn?*, an experiment was conducted to see what effect
a wide range of intravesicular S04 concentrations would have on metal uptake.
Figure 9 shows that increasing intravesicular SO4%> from 25 to 1,000 LM resulted
in a stepwise increase in uptake rate and equilibrium of ©Zn** by hepatopancreatic
LMYV with a maximum of both parameters attained at about 500 uM SO4>".

Figure 5 showed that ®3Zn** uptake was stimulated by an acidic LMV interior
(pH; = 5.0; pH, = 7.0) which suggested that metal transport occurred by way of a
Zn>*/H* antiporter, but the exchange stoichiometry of this exchanger was unclear.
In order to clarify the stoichiometric nature of this transporter an experiment was
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conducted using valinomycin (potassium ionophore) and different concentrations of
K* across the vesicle membrane. As displayed in Fig. 10 the influx of ©Zn** was
stimulated by a decrease in intravesicular pH and by the presence of external ATP.
Furthermore, in the presence of ATP, metal transport was enhanced by an intraves-
icular positive electrical potential difference (e.g., K*; < K*,) compared to when
the vesicles were either short-circuited (e.g., K*; = K*,) or contained an intravesic-
ular negative electrical potential difference (e.g., K*; > K*,). These results suggest
that because an electrically positive intravesicular potential difference increased the
uptake of ©Zn**, more positive charge must have been transferred out of the vesi-
cles than into the vesicles during the exchange of zinc and protons. The minimum
transport stoichiometry that could account for this exchange would be 1 Zn>*/3H*.

Because intravesicular polyvalent inorganic anions like SO42~ and PO43-
enhanced the equilibrium accumulation of ©3Zn?* within LMV (Fig. 8A), the nature
of the uptake process facilitating the transfer of these anions from the cytoplasm
was investigated. Two groups of vesicles were prepared. The first group was loaded
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Fig. 9 Effects of varying intravesicular SO42~ concentration on the time course of 25-uM
057Zn?*uptake by LMV. Vesicles were loaded with 200 mM mannitol, 20 mM Hepes/Tris, pH
7.0, and K>SO4 concentrations of 25, 50, 100, 500 or 1,000 uM and were then incubated in
a medium containing 200 mM mannitol, 25 pM 657n2*-sulfate, 0.5 mM NTA, 0.2mM ATP and
20 mM Hepes/Tris, pH 7.0. Experiments were conducted in triplicate. Values are means == SEM at
each time point [42]

with mannitol and Hepes/Tris at pH 7.0, while the second group had mannitol
and intravesicular chloride at pH 7.0. These two groups were then incubated in
media containing >S4 or '#C-oxalate>™ and the time course of isotope uptake
into both membrane groups was observed. Figure 11A,B show that both 3>S04%~
and '*C-oxalate’~ uptakes were stimulated in vesicles containing intravesicular CI~
compared to those shown by mannitol-loaded vesicles. These results suggest the
presence of an anion countertransport process in LMV, but do not define any of its
properties except that it exchanges anions.

A series of experiments were conducted to examine the nature of the LMV anion
exchange process. Vesicles were loaded with mannitol at pH 7.0, 8.0, and 9.0 and
were incubated in media containing 358042 at concentrations from 2.5 to 50 mM.
Under these conditions OH™ were the only anions inside the vesicles that were avail-
able for exchange with external 33S04%. Sigmoidal influx kinetics, as described by
Eq. (1) below, were obtained for S04~ influx as a function of external [SO4%7] at
each of the chosen internal pH conditions (Fig. 12).

JSO4 = Jmax [SO4]n / (K:ln + [504]71) (1)
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brane potential on the influx (10 s uptake) of 25 WM %Zn>*. A transmembrane electrical potential
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constant intravesicular K* concentration (100 mM). Vesicles were loaded with 100 mM K>SOy,
either 20 mM Hepes/Tris (pH 6.5-7.5) or Mes/Tris (pH 5.0-6.0), 50 uM valinomycin, and appro-
priate mannitol to maintain osmolarity. Loaded vesicles were then incubated in media containing
25uM 9Zn%*-sulfate, 0, 100 or 200mM K»SOy4, 0.2 or 1.0mM ATP (+ATP), 0.5 mM NTA,
20 mM Hepes/Tris, pH 7.0 and mannitol to maintain osmolarity. The experiment was conducted in
triplicate and values are means &= SEM at each pH value [42]
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Where Jso4 is sulfate influx at any given [SOu4], Jmax 1S apparent maximal sulfate
influx rate (nmol/mg protein x s), K, (mM) is apparent binding affinity of the
transporter for the anion corrected for multi-site cooperative interactions, [SO4]"
is sulfate concentration with multi-site corrections (mM), and n is the apparent
Hill coefficient, which is an estimate of the number of SO42~ ions transported dur-
ing each transport cycle. Results indicated that both sulfate influx K,,,” and Jyax
increased significantly (P < 0.01) from pH 7.0 to 9.0, but a greater change was
observed in the Jy,ax parameter than in the apparent affinity values. A small increase
(P < 0.02) was also observed in the magnitude of the Hill coefficient, n, over the pH
range examined, but all values approximated 2.0.

An experiment was conducted to clarify the exchange stoichiometry between
358042 influx into and OH™ efflux from lysosomal vesicles. 358042 influx was
measured into vesicles loaded at several internal pH values and incubated in media
containing either 5 or 10 mM 33S0,4%~. 3504 influx was a hyperbolic function of
internal [OH™] (nM) in Fig. 13 and followed the modified Michaelis—Menten Eq. (2)
below:

J504 = Jmax [OH™] / (K + [OH"]) @
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Fig. 11 Effect of preloaded CI- on the time course of S04~ and '*C-oxalate? uptake by hep-
atopancreatic LMV. (A) Vesicles were loaded with 200 mM mannitol, 20 mM Hepes/Tris, pH 7.0,
with or without 0.5 mM KCl, and were incubated in media containing 200 mM mannitol, 20 mM
Hepes/Tris, pH 7.0, with or without 0.5 mM potassium gluconate and 5 mM K,3S04. (B) Vesicles
were loaded with 200 mM mannitol, 20 mM Hepes/Tris, pH 7.0, with or without 0.5 mM KCI, and
were incubated in media containing 200 mM mannitol, 20 mM Hepes/Tris, pH 7.0, with or without
0.5 mM potassium gluconate, and 5 mM '“C-oxalate?". Experiments were in triplicate and values
are means £+ SEM at each time point [42]
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Fig. 12 Effect of intravesicular pH on 33SO4% influx kinetics in hepatopancreatic LMV. In all
cases extravesicular pH was held at pH 7.0. Vesicles were loaded with 200 mM mannitol, 20 mM
Hepes//Tris at pH 7.0. (A), 8.0 (B), and 9.0 (C). Loaded vesicles were then incubated in media
containing 2.5, 5, 10, 25 and 50 mM K23SSO4, 20 mM Hepes/Tris, pH 7.0 and mannitol to maintain
osmolarity. The experiment was repeated in triplicate; values are means = SEM. The sigmoid
curves were drawn through the data using Sigma Plot software (Jandal) [42]

Where Jso4 is sulfate influx by exchange with intravesicular OH™ (nmol/mg protein
X 8), Jmax 1s maximal sulfate influx, K, is an apparent binding affinity constant of
the exchanger for OH™ ions (nM), and [OH™] is the intravesicular concentration of
hydroxyl ions (nM). Increasing external [SO4] from 5 to 10 mM resulted in appar-
ent K, values for OH™ binding that were not significantly different (P > 0.05). In
contrast, sulfate influx Jyax values were significantly (P < 0.01) greater at 10 mM
SO42~. The hyperbolic nature of the influx curve in this experiment, and the sig-
moidal curves displayed in Fig. 12, suggests an electrogenic exchange stoichiometry
between the polyvalent and monovalent anions of 2 SO42~/ 1 OH.

A working model of the role of polyvalent anions in hepatopancreatic lysoso-
mal heavy metal sequestration and detoxification is shown in Fig. 14. The model
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Fig. 13 Effect of intravesicular OH™ concentration on 358047 influx at 5mM (A) and 10 mM
SO04%~ (B) (55 uptakes) in hepatopancreatic LMV. In both cases the extravesicular pH was held at
7.0. Vesicles were loaded with 200 mM mannitol and either 20 mM Hepes/Tris or Mes/Tris pH 7.0,
8.0, and 9.0. Loaded vesicles were then incubated in media containing either 5 or 10 mM K»33S0y,
20 mM Hepes/Tris, pH 6.0 and mannitol to maintain osmolarity. The experiment was repeated in
triplicate and values are means & SEM. Hyperbolic curves through the data were drawn with Sigma
Plot software (Jandal) [42]

incorporates results that are presented in this review and from other previous pub-
lications [12, 13, 42, 43]. While the model describes the processes that are likely
responsible for the accumulation and detoxification of zinc, other divalent cations
such as calcium, copper, and cadmium appear to share this carrier [13] and may
be sequestered within the organelle as well by this mechanism. Mandal et al.
[13] presented evidence that 3Zn?* uptake by hepatopancreatic lysosomes was
ATP-dependent and inhibited by both vanadate (ATPase inhibitor) and thapsigar-
gin (SERCA — Sarco/Endoplasmic reticulum Ca**"ATPase — inhibitor). Because
enzyme marker measurements indicated that the LMV preparation in this study was
highly purified with minimal endoplasmic reticulum contamination, the inhibitory
effect of thapsigargin on lysosomal ®Zn>* uptake was proposed to occur by an
ATP-dependent lysosomal-specific SERCA isoform. Other experiments using the
V-ATPase inhibitor, bafilomycin, confirmed the presence of an ATP-dependent
H*-ATPase in these membranes that acidified the vesicle interior and that appeared
to be at least partially linked to metal accumulation [12].

Figure 14 suggests that the hepatopancreatic V-ATPase may power two electro-
genic ion exchangers through the use of ATP and the induced membrane potential
and bring about the accumulation of metals and polyvalent anions within the
organelles. As this figure indicates, the asymmetric exchange stoichiometries for
metal (e.g., Zn>*, Cu>*, Cd>*, etc.) and polyvalent anion (e.g., SO4>~, PO4>", etc.)
uptakes lead to the accumulation of both ions within the organelle. High lysosomal
concentrations of metals and polyvalent anions may condense into a solid concretion
with a change in pH brought about by alterations in V-ATPase activity.
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Fig. 14 Working model of the role of polyvalent anions in hepatopancreatic lysosomal heavy
metal sequestration and detoxification. Protein 1 (ATP-dependent, V-ATPase) transfers protons
into the vesicle interior creating a decrease in pH, an accumulation of hydrogen ions, and an inside-
positive membrane potential. The outwardly directed proton gradient and positive vesicular interior
provide the driving force for the asymmetric exchange of cytosolic divalent metals for intravesic-
ular hydrogen ions by an electrogenic, ATP-dependent, Zn>*-ATPase or 3H*/1Zn>* exchanger
(Protein 2). Polyvalent inorganic anions such as sulfate?~ or phosphate>~ exchange with intravesic-
ular monovalent inorganic anions such as CI~ or OH™ by a second asymmetric antiporter (Protein
3), which uses the membrane potential as a driving force for exchange. Both divalent metals and
polyvalent anions increase in concentration inside vesicles at acidic pH and are retained because
they cannot be accommodated on the intravesicular monovalent binding sites of the exchangers.
Divalent metals and polyvalent anions form precipitates (concretions) as the V-ATPase decreases
in activity and the intravesicular pH rises [42]

6 Does the Organic Anion Transporter (OAT) Occur
on Lysosomal Membranes and Facilitate the Accumulation
of Zinc and Glutathione Within the Organelles?

As shown in Fig. 1, heavy metals entering the cytoplasm of invertebrate cells have a
variety of possible fates including sequestration in organelles such as mitochon-
dria, endoplasmic reticulum, and lysosomes. In addition, specific metal-binding
compounds such as metallothionein and glutathione (GSH) are upregulated in the
cytoplasm in response to elevated cytosolic concentrations of these cations [44, 45].
These compounds contain cysteine residues with thiol groups that bind metals avidly
and thereby reduce the cytoplasmic free concentrations of the metals considerably.
The question arises as to whether these metal-binding compounds remain in the
cytoplasm and build in concentration as cytoplasmic metals accumulate from the
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Fig. 15 Effect of 1 mM glutathione (GSH) on the time course of uptake of 25 uM %Zn%* by
LMV of lobster hepatopancreas. Vesicles were loaded with 150 mM KCl, 20 mM Hepes/Tris,
pH 7.0, 1 mM a-ketoglutarate and were incubated in a medium containing 150 mM KCl, 20 mM
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Fig. 16 Effect of 1 mM PAH (para-aminohippuric acid) on the time course of 1-mM glutathione-
stimulated 25-uM %Zn%* uptake by LMV of lobster hepatopancreas. Vesicles were loaded and
incubated in the same internal and external media as in Fig. 15 with the addition of 1 mM PAH to
the test condition in the external medium. Symbols are means == SEM of 3-5 replicates / mean

environment, or are they sequestered within organelles after complexing with the
metals?

The Organic Anion Transporter (OAT1) of the mammalian renal epithelium
exchanges a-ketoglutarate (metabolically produced) for organic anions complexed
with heavy metals as a means of clearing the blood of contaminating metals such
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as mercury [46]. The transporter is inhibited by p-aminohippurate (PAH) and
probenicid and appears equally capable of transporting mercury—thiol conjugates
of cysteine (e.g., Cys—Hg—Cys) or metal conjugates of GSH (e.g., GSH-Hg-GSH).
While excretion of metals by way of exchange via the OAT1 system by renal tis-
sue is clearly a means of reducing circulating concentrations of metals, long-term
sequestration of metal-thiol conjugates in epithelial organelles such as lysosomes
would produce the same result.

Experiments were performed with lobster hepatopancreatic LMV to assess
whether these organelles were capable of transporting GSH and, if so, whether this
transport in the presence of zinc would lead to the uptake and sequestration of the
metal. Figure 15 illustrates the time course of 25 uM %°Zn** uptake by LMV in the
presence and absence of 1 mM GSH. Zinc uptake was increased by a factor of 4 or
5 in the presence of GSH. Figure 16 shows the effect of 1 mM PAH on the GSH-
stimulated uptake of 25 uM 9Zn>*. In this instance the GSH-stimulated uptake of
the metal was decreased by half in the presence of the inhibitor, PAH. These com-
bined results suggest that LMV from lobster hepatopancreas may display OAT1-like
transporters on their membranes which serve to accumulate both GSH and associ-
ated zinc as GSH-Zn—GSH thiol conjugates. Because GSH is a tripeptide composed
of cysteine, glycine, and glutamate residues, this compound may be recycled to
the cytoplasm from the lysosome by transport via the proton-dependent, lysoso-
mal dipeptide transporter (PEPT1; [47]) after dissociation of the metal within the
organelle. Free lysosomal zinc would then be available to contribute to concretion
formation by the process described in Fig. 14.

The preliminary data described here for a possible role of the OAT-1 transport
system in heavy metal accumulation by epithelial lysosomes are only one form of
evidence for the existence and functioning of this carrier system in hepatopancreatic
cells. Future studies using molecular methods such as Western blotting and cloning
techniques may support the physiological evidence presented here and provide an
alternative process for metal accumulation and detoxification within these important
organelles.
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Epithelial Calcium Transport in Crustaceans:
Adaptation to Intrinsic and Extrinsic Stressors

Michele G. Wheatly, Yongping Gao, and Christopher M. Gillen

Abstract Since the classical studies of Ussing employing a nonmammalian iso-
lated epithelium (frog skin) to explore the basic principles of ion transport,
physiologists have adopted increasingly reductionist approaches to dissect the bio-
physical mechanisms undergirding biological transport. In vitro characterization
has employed isolated perfused organs, isolated epithelia, and reconstituted vesicle
studies. Depth of resolution has been further enhanced by the emerging molecu-
lar revolution. Following years of deconstruction, physiologists are now engaging
in reconstruction, namely putting the genes back into the organism. This con-
tribution attempts such an integrative approach for a single electrolyte, calcium
(Ca**), in a nonmammalian epithelium, the crayfish antennal gland (kidney). Two
collaborating laboratories have archived an inventory of Ca”* associated proteins
believed to play a role in transcellular Ca?* movement. Using the basic building
blocks (expression profiles of key Ca’* associated proteins and their regulators), the
authors attempt to reconstruct a whole cell model for Ca** regulation in transporting
epithelium (compared with a nonepithelial tissue) under stressors that perturb Ca>*
homeostasis which originate either intrinsically (the postmolt stage of the molting
cycle) or extrinsically (unanticipated cold acclimation). Through horizontal inte-
gration of expression profiles of seven target Ca>* associated proteins in epithelial
and nonepithelial tissue under two contrasting experimental conditions, emergent
themes inform the physiological complexity of Ca2* homeostasis. Integration at the
next level will require placing the epithelium in the context of organismic Ca>* bal-
ance. The unique Ca** handling capabilities of the freshwater crayfish make it an
excellent nonmammalian model for those studies.
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1 Introduction

Over the past decade several labs have developed invertebrate models for vectorial
Ca”* movement across epithelia [1-3]. The Wheatly lab employs a freshwater crus-
tacean model (the crayfish Procambarus clarkii) and contrasts periods of impressive
net unidirectional Ca>* influx (postmolt stage of the molting cycle) with the control
state of organismal calcium balance (intermolt stage). The naturally occurring molt-
ing cycle has provided the opportunity to study acute changes in whole organism Ca
balance and the role played by key transporting epithelia including renal, branchial,
and digestive epithelia [1, 4, 5]. The lab has documented the interdependent activity
and regulation of a suite of proteins that are either directly or indirectly involved in
cellular Ca®* homeostasis including transmembrane proteins on apical, basolateral,
and endomembranes as well as proteins that bind Ca** or serve a regulatory role
[6, 7].

The arthropod molting cycle is orchestrated through a combination of intrinsic
(hormonal) and extrinsic factors (daylength, lunar cycle, temperature) that conspire
to precipitate ecdysis. The periodicity of this event may be as frequent as several
times in the first growing season to once yearly for adults; certain species undergo
a terminal ecdysis that heralds adulthood. Life expectancy of this crayfish species
is about 18 months in the wild (4 years in captivity); throughout their lifetime it is
estimated that a crayfish undergoes about 11 molts to achieve sexual maturity [8, 9].
Thus, in the life of an individual organism ecdysis could be viewed as an extraordi-
nary or “special event” (by analogy, the periodicity of molting for a crayfish would
be approximately equivalent to the number of times an average American would
change automobiles over a lifetime of driving).

With a better understanding of cellular Ca>* homeostasis in transporting epithe-
lia during the molting cycle, in the past few years, and in collaboration with the
Gillen lab at Kenyon College, we have sought to study Ca®* homeostasis through
the more generic lens of adaptation to ordinary everyday environmental stressors
(e.g. temperature, salinity, endocrine disruptors). While special events mark mile-
stones in growth and development, more meaningful to the organism is its ability to
adapt to environmental assault on a day-to-day basis (by analogy an owner acquires
understanding of automobile performance through routine maintenance). The fresh-
water crayfish has been long recognized for its ability to adapt to environmental
extremes (temperature, salinity, aerial and acid exposure), that can occur on a rou-
tine basis and without the benefit of advanced warning [10]. Inland environments
are inherently less stable than oceanic environments in their physical and chemical
properties. Our research has led us to question how epithelial Ca>* transport adjusts
to everyday unanticipated environmental challenges as opposed to the occasional,
highly conspicuous and well-orchestrated molting cycle that permits incremental
growth.

In this paper we have employed low temperature acclimation (28 days at 4°C
compared with acclimation to room temperature 23°C) as an “everyday” environ-
mental stressor through which to compare reactive adaptation to unanticipated Ca>*
dyshomeostasis versus the anticipated and hormonally mediated alterations in Ca**
balance associated with postmolt remineralization following the “special event” of
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ecdysis (postmolt as compared with intermolt). Our studies have compared Ca?*
homeostasis in epithelial tissue (antennal gland analogous to kidney) with a nonep-
ithelial tissue (muscle) in order to determine which of the changes are systemic
and which are specific to epithelial transport. After summarizing the comparison
across target proteins within a given treatment (postmolt, cold acclimation) and
tissue (epithelial, nonepithelial), this article will attempt to summarize two emer-
gent integrative themes: comparison across treatments within a tissue (postmolt
vs. cold); and comparison across tissues within a treatment (antennal gland vs.
muscle).

The data presented in this review compare responses of seven target proteins
to postmolt mineralization or cold acclimation and are grouped by experimen-
tal approach: quantification of mRNAs (Table 1, Fig. 1), localization of mRNAs

Table 1 Real-time PCR assay for the expression of mRNA of seven target Ca>* associated pro-
teins (ECaC, PMCA, NCX, SERCA, SCP, CaM, EF1By) in control (intermolt at 23°C, left),
postmolt at 23°C (center), and cold acclimation (intermolt at 4°C right) in antennal gland (upper)
and axial (A) or cardiac (C) muscle (lower) of crayfish Procambarus clarkii. Values are presented
as relative quantification value (RQ), mean £ STDV from three different samples with four to
five crayfish in each sample. Quantitative real-time PCR reaction was performed in a 96-well
microtiter plate using the relative quantification AACt method. The threshold cycle (Ct) repre-
sents the PCR cycle at which an increase in SYBR Green fluorescence above a baseline signal
can first be detected. Relative quantification (RQ) was performed by normalizing Ct values of each
sample with Ct values of the endogenous control 18s rRNA gene (ACt) and finally calculated using
ACt of the control (intermolt at 23°C) as calibrator. ACt corresponds to the difference between the
ACt of the gene of interest and the ACt of the endogenous control 18s rRNA

Control Postmolt Cold
Protein 23°C 23°C 4°C
A. Relative quantitation mRNA Antennal gland
ECaC 1 23.9+37 8.6+1.3
PMCA 1 222434 4.0+£0.7
NCX 1 119+ 1.7 5.14+0.7
SERCA 1 6.0+13 1.34+0.2
SCP 1 0.06 £ 0.02 1.6 £ 0.5
CaM 1 55+1.6 1.6 £0.8
EFBy 1 0.9+0.6 0.7+.1
B. Relative quantitation mRNA Muscle (Axial or Cardiac)
ECaC Nd Nd Nd
PMCA 1 6.5+26 2.1 £0.7 (A)
NCX 1 45+ 1.8(A) 3.34+0.6(A)
6.1 £2.0(C)
SERCA 1 11.3 £3.8(A) 1.2+0.3(A)
8.1+ 1.5(0) 1.1 £0.3(C)
SCP 1 0.084 £ 0.014 (A) 0.8 £0.1 (A)
1 0.151 £ 0.046 (C) 0.2+ 0.1 (C)
CaM 1 4.1+£0.7 (A) 1.0+ 0.6 (A)
1 7.2+2.8(C) 1.1 £0.8 (C)
EFBy 1 11.9 (A) 0.7+ .1(A)
1 2.0 (C) 0.8+ .2(C)

Nd: Not detectable.
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Fig. 1 Graphical representation of the relative quantification of mRNA of seven target Ca>* asso-
ciated proteins (ECaC, PMCA, NCX, SERCA, SCP, CaM, EF1BY) in control (intermolt at 23°C,
red), postmolt at 23°C (center, green), and cold acclimation (intermolt at 4°C right, blue) in anten-
nal gland (A) and axial muscle (B) of crayfish Procambarus clarkii. Data are taken from Table 1

(Figs. 2 and 3), quantification of protein (Figs. 4 and 5) and localization of protein
(Figs. 6 and 7). The dataset, while broad ranging, is not comprehensive. As our inter-
est in Ca2* associated proteins has evolved over time, development of the necessary
molecular probes has lagged behind. Thus in a nutshell, while this review touches
upon two treatments, in two tissues, using four different methodological approaches
to study a suite of seven Ca®* associated proteins, we do not have the complete 112
experimental data sets in hand!

Briefly, in our primary research publications, a range of routine molecular tech-
niques have been employed to determine the temporal and spatial expression of
mRNAs and proteins that are believed to be involved in cellular Ca?* homeostasis.
Temporal mRNA expression has been documented using real-time PCR [11]. Fold
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Fig. 2 Localization and
expression of ECaC, PMCA,
NCX, and SERCA mRNA in ECaC
crayfish antennal gland
sections in intermolt at 23°C
(control, left), postmolt at
23°C (center), and intermolt
at 4°C (right) using in situ

hybridization of an antisense PMCA
probe. Shown are
representative digitized
computer images where
abundance of mRNA shows
NCX

up as yellow to orange
coloration when scanned on
Fuji film with Image Gauge
software. The specificity of
the probe was confirmed by
running comparable sections SERCA
with a sense probe (control,
not shown). Scale: diameter
of antennal g]and is Intermolt Postmolt Intermolt
approximately 5 mm 23°C 23°C 4°C

changes in expression of each target protein are reported compared with the control
condition. In situ hybridization has been employed to localize and assess relative
abundance of mRNA for the proteins of interest in tissue sections [12]. Western
blot analysis has been employed to quantify protein expression for target proteins
[13] against which we have previously generated homologous polyclonal antibodies
[14]. These same antibodies have been used to localize the proteins of interest in tis-
sue sections using immunohistochemistry [14]. Subcellular localization of targeted
proteins has been determined through immunocytochemistry with laser scanning
confocal visualization [15].

2 Postmolt Mineralization as an Anticipated ‘‘Special Event”
Challenging Ca?* Transport

Over the past decade our group has documented the changes in expression profile
for a series of proteins that are of strategic importance in effecting transcellular Ca**
flux, specifically comparing periods of net Ca>* influx (postmolt, apical to basolat-
eral vectorial transport) with periods of Ca®* balance (intermolt) using the cyclical
“special event” of postmolt remineralization following ecdysis in crustaceans [7].
Our work has attempted to clarify how epithelial cells are able to maintain low
cytosolic Ca?* in the face of vectorial Ca>* transit, through comparing temporal and
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Fig. 3 Localization and expression of PMCA, NCX, and SERCA mRNA in crayfish axial (tail)
muscle sections (A) and SERCA expression in cardiac muscle sections (B) in intermolt at 23°C
(control, left), postmolt at 23°C (center), and intermolt at 4°C (right) using in situ hybridization
of an antisense probe. Shown are representative digitized computer images where abundance of
mRNA shows up as yellow to orange coloration when scanned on Fuji film with Image Gauge
software. The specificity of the probe was confirmed by running comparable sections with a sense
probe (control, not shown). Scale: diameter of axial muscle is approximately 20 mm

spatial expression patterns with those of nonepithelial tissues (such as axial abdom-
inal and cardiac muscle). The antennal gland, which is the crustacean equivalent
of the kidney, has emerged as the epithelium of choice for our experimental pur-
poses. Freshwater crayfish exhibit the somewhat rare ability to produce a dilute urine
through active reabsorption of 97% of filtered electrolytes [16]. The unidirectional
Ca”* influx rate (postfiltrational reabsorption) measured at the renal epithelium in
intermolt exceeds branchial and digestive uptake; in immediate postmolt renal Ca>*
reabsorption increases further still as the crayfish attempts to correct a hemodilution
[17] resulting from uptake of external fresh water to precipitate ecdysis (shed-
ding). So it transpires that the antennal gland exhibits the dynamic upregulation
of unidirectional Ca?* influx in postmolt (compared with intermolt) that would be
experimentally difficult to study in the gills or the hypodermis, which are both less
accessible for experimental purposes.

Our journey into understanding the molecular basis of epithelial Ca** uptake
has led us from the “prime suspects” namely basolateral Ca’* motive pumps and
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Fig.4 Western blot analysis showing the effect of either postmolt (left panels) or cold acclimation
(right panels) on protein expression of PMCA, NCX, and SERCA in crayfish antennal gland. In
each treatment the left lane is intermolt at 23°C (control). The right lane is either postmolt at 23°C
(left panels) or intermolt at 4°C (right panels). Total membrane protein (30 Lg) was loaded in
each lane and the membrane was hybridized to the appropriate polyclonal homologous antisera for
crayfish target proteins raised in rabbits
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Fig. 5 Western blot analysis showing the effect of either postmolt (left panels) or cold acclimation
(right panels) on protein expression of PMCA, NCX, and SERCA in crayfish axial muscle. In each
treatment the left lane is intermolt at 23°C (control). The right lane is either postmolt at 23°C (left
panels) or intermolt at 4°C (right panels). Total membrane protein (30 ug) was loaded in each lane
and the membrane was hybridized to the appropriate polyclonal homologous antisera for crayfish
target proteins raised in rabbits
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PMCA

PMCA-CaM

- *

Fig. 6 Projected stacks of optical sections through crayfish tail muscle showing colocalization of
PMCA and CaM on the plasma membrane. The immunoreactivity of CaM was detected with Cy3-
conjugated secondary antibodies and the PMCA immunoreactivity was detected with Fluorescein
(FITC)-conjugated secondary antibodies directed against the PMCA and CaM primary antibody
species. Sections were mounted and coverslipped under Vectashield mounting medium and exam-
ined with confocal microscopy (Olympus Fluoview; BX50 microscope with 60X oil immersion
objective, N.A. 1.4). Images were analyzed with ImagePro Plus (version 4.1; Media Cybernetics),
and final figure composition and labeling were performed in CorelDraw (version 11). Double
staining for PMCA (Panel A, red) and CaM (Panel B, green). Panel C is the merged image of
Panels A and B. Panel D is an enlarged image of insert D from Panel C. The immunoreactivity of
PMCA-CaM complex clusters (yellow) are indicated by white arrows

exchangers that have been linked to active Ca** uptake through in vitro charac-
terization [18, 19] to a more integrative approach that attempts to explain Ca**
homeostasis from a cellular perspective through studying a suite of Ca>* associated
proteins that are dynamically regulated in interdependent ways. Target proteins for
study have been selected because of their putative role in key stages in transcellular
Ca?* transfer: import across the apical membrane (epithelial Ca>* channel, ECaC,
[20]); transfer across sarco- or endoplasmic reticulum endomembranes for storage
in the Intracellular Ca* Store (ICS, Sarco/Endoplasmic Reticulum Ca?* ATPase,
SERCA, [21-23]); buffering of cytosolic Ca** (Sarcoplasmic Ca>* binding Protein,
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Fig. 7 Immunohistochemistry for SERCA in cardiac muscle tissue sections in intermolt at 23°C
(control, left), postmolt at 23°C (center), and intermolt at 4°C (right). SERCA antibody was used
as the primary antibody and Cy-3 as the secondary antibody. Images shown are the positive controls
where fluorescence is proportional to the amount of SERCA expressed. Dapi was used to stain the
DNA (blue dots) which represent nucleoli or nuclei heterochromatin

SCP; [11]); calcium binding proteins known to regulate Ca>* motive enzymes
(CalModulin, CaM, Gao and Wheatly, personal communication); and export from
the cell across the basolateral membrane (Plasma Membrane Ca*t ATPase, PMCA,
[20]; Nat/CaZ* exchanger, NCX, [24]). Additionally we have recently investigated
regulatory factor eEF1By (an elongation factor subunit that regulates the recruit-
ment of amino acyl-tRNAs to the ribosome during protein synthesis in eukaryotes)
that may participate in sensing stress and regulation of membrane protein synthesis
and may also be a Ca>* dependent membrane binding protein [25-27].

3 Event Planning: Expression of Ca?* Associated Proteins
in Postmolt vs. Intermolt

In epithelial tissue impressive increases (greater than 10-fold) in mRNA expres-
sion were measured in postmolt compared with intermolt for primary apical import
(ECaC) and basolateral export pathways (PMCA and NCX) as one would expect
based on the significant increase in unidirectional Ca2* influx predicted to occur
across the renal epithelium at this time (Table 1, Fig. 1A). Unexpectedly the increase
in PMCA expression was double that observed for NCX even though NCX has
historically been viewed as the “workhorse” for basal Ca** efflux based on vesi-
cle studies [19]. In epithelial tissue SERCA also exhibited increased expression in
postmolt, although the magnitude of the increase was half that observed for NCX
suggesting that intracellular sequestration of Ca®* is less important than basolateral
efflux during mass transcellular conveyance. Meantime a decrease in expression of
SCP, the sarcoplasmic Ca>* binding protein, suggests that IC buffering of Ca’* is
less important in cellular Ca>* homeostasis while export processes are upregulated.
An alternative explanation would be that reduced buffering enhances basolateral
transport or sequestration in IC organelles by increasing the availability of free
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Ca”* which has been shown to kinetically stimulate transport in pre- and postmolt
hepatopancreatic cells of shrimp [28]. Calmodulin (CaM), the calcium binding pro-
tein known to regulate Ca’* motive enzymes, increased in expression as one might
predict, although not to the same extent as the Ca’>* motive protein it is known
to regulate (PMCA). Expression of the elongation factor eEF1By however was
unchanged.

The mRNAs for target proteins (ECaC, PMCA, NCX, and SERCA) were local-
ized in antennal gland sections using in situ hybridization (Fig. 2). Three proteins
(ECaC, PMCA, and NCX) were expressed ubiquitously in all regions of the anten-
nal gland but were most abundant in the peripheral regions (labyrinth and nephridial
canal) believed to be associated with ion reabsorption. Expression in postmolt
increased significantly compared with intermolt. SERCA expression was more dif-
fuse throughout the antennal gland sections and was more abundant relative to
ECaC, PMCA, or NCX. Expression increased in postmolt but was less pronounced
than the increases observed in the major import/export mechanisms.

Postmolt protein expression in antennal gland was quantified for proteins against
which we have previously generated antibodies (PMCA, NCX, and SERCA, Fig. 4).
These data were largely confirmatory of the real-time PCR data. PMCA (128 kDa)
showed a significant increase in postmolt compared with intermolt. While both
bands of NCX (70 and 40 kDa) showed increased binding in postmolt, the increase
was less dramatic than exhibited by PMCA. Consistent with relative changes
observed in real-time PCR, SERCA protein expression (100 kDa) was also increased
in postmolt but not to the same extent as observed in the primary efflux mechanisms
located on basolateral plasma membranes.

The mRNA expression profiles for the proteins of interest in nonepithelial tissue
(axial abdominal and cardiac muscle) provide some interesting similarities and com-
parisons, enabling us to discern which changes were systemic during postmolt and
which are specific to or more exaggerated in epithelial compared with nonepithelial
(control) tissues. First, as a Ca** channel specific to epithelial tissues, ECaC is not
expressed in muscle. The primary export mechanisms (PMCA and NCX) showed
a modest (about 5-fold) increase in expression in postmolt compared to intermolt,
whereas SERCA, a mechanism known to be more abundant in muscle, showed a
10-fold increase (Table 1, Fig. 1B). Thus, the relative roles of the proteins involved
in exporting Ca>* from the cell tend to be reversed in nonepithelial cells (where
sequestration in the ICS predominates) compared with epithelial cells (where export
into extracellular fluid effects transepithelial flux).

The eEFBY increased significantly in abdominal muscle in about the same pro-
portion as SERCA (about 11-fold). This was the only significant change in eEF1By
observed in either tissue or either treatment. The eEF1By subunit is believed to act
as a scaffold independently binding the o and f subunits of the multisubunit com-
plex that is tethered to the ER through interactions with ER membrane protein. The
finding that eEF1By mRNA levels only increased during postmolt in axial muscle
suggests that transcriptional regulation may correlate with synthesis rates of mus-
cle proteins. Prior work has shown that fractional rates of protein synthesis increase
10-fold in leg muscles of the shore crab, Carcinus, during premolt in preparation for
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ecdysis and that they remain elevated in postmolt [29]. Similarly in abdominal mus-
cle, protein synthesis rates increase in late premolt and early postmolt [30, 31]. In
a related crayfish, Austropotamobius pallipes [32] an increase in actin mRNA was
demonstrated during pre- and postmolt; however a more detailed study in lobster
suggested that the increase in protein synthesis was translationally regulated, which
is consistent with our finding of increased expression of the elongation factor sub-
unit eEF1BYy. Interestingly, the corresponding trend towards increased eEF1By in
cardiac muscle was of a smaller magnitude than axial muscle and not significantly
different from intermolt, suggesting that the muscle growth that is symptomatic of
somatic muscle in the postmolt period is missing or less extensive in the heart. The
effect of molting cycle on muscle has primarily focused on crustacean striated mus-
cle particularly claw, walking leg, and abdominal muscle. After ecdysis, there is
a rapid increase in body volume due to high rates of water uptake. This stretches
the somatic muscle creating one of the triggers for muscle elongation (in addition
to neural and hormonal stimuli) by addition or insertion of sarcomeres or transverse
sarcomere splitting. To accommodate incremental growth, the skeletal muscle fibers
must elongate rapidly (within several hours of ecdysis) through rapid synthesis of
sarcomeric proteins that begins in premolt [33-35]. Behavioral studies have shown
characteristic differences in the escape response over the molt cycle in juvenile lob-
sters that are attributable to molt-related changes in nerve and muscle physiology in
the tail [36]. To the best of our knowledge, the effect of the molting cycle on cardiac
muscle morphology has not yet been determined. While the heart would obviously
need to enlarge over time to perfuse a growing organism, since the organ is sus-
pended in the body cavity and not encased in cuticle, the growth patterns would not
need to be harnessed to the cyclicity of the molting cycle.

In situ hybridization of PMCA and NCX in tail muscle sections (Fig. 3A)
revealed modest increases in mRNA expression during postmolt compared to inter-
molt. The hybridization increase was greater in the dorsal deep lateral and medial
extensor muscles (that effect the recovery stroke from tail flip) compared with the
ventral deep flexor muscle. Unexpectedly SERCA in tail sections showed decreased
mRNA expression which is inconsistent with the real time quantification. Western
analysis (Fig. 5) of PMCA showed increased protein expression (3.5-fold increase
of the 128 kDa band) in postmolt compared with intermolt. NCX protein expression
was also significantly upregulated. SERCA protein expression however showed less
marked increase which would be consistent with the in situ hybridization results.
In tail muscle PMCA and CaM have been colocalized using immunoreactivity and
visualization under confocal microscopy (Fig. 6). This has revealed PMCA-CaM
clusters on the plasma membrane of crayfish muscle cells.

In cardiac muscle SERCA mRNA expression has been assessed through in-situ
hybridization and SERCA protein expression using immunofluorescence (Jamal,
personal communication). In postmolt cardiac muscle we observed a dynamic
upregulation of SERCA mRNA compared with intermolt with hybridization
spread throughout the entire section (Fig. 3B). Immunofluorescence revealed a
corresponding dramatic increase in protein expression in heart tissue sections
(Fig. 7).
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4 Temperature Acclimation as an Unplanned “Everyday Event”
Challenging Ca?* Transport

For aquatic poikilotherms, temperature can influence geographical distribution,
growth, metabolism, reproduction and life history. Several studies have been con-
ducted on the thermal tolerance and preferenda of crayfish [37, 38]. As ectotherms
and residents of temperate fresh water, the thermal tolerance of P. clarkii has
been documented to extend from around freezing to 35°C [39]. Temperate cray-
fish species are often exposed to a 3 month “winter” with ambient temperatures
below 5°C [40]. Thermal acclimation in crayfish physiological systems has pri-
marily focused on metabolism, respiratory and cardiovascular physiology [41]. In
addition to retarding growth and molting in crustaceans, acclimation to low tem-
perature (both artificially and in the wild) has been shown to affect a variety of
physiological processes via adjustments at the molecular and membrane level [42,
43]. Germaine to the present study, in species as diverse as rye (Secale cereale,
[44]) and goldfish (Carassius auratus, [45]) exposure to low ambient temperature
has been shown to elicit influx of Ca”* into cells primarily through increased open-
ing of Ca®* channels [46, 47]. To compensate for cytotoxicity under these conditions
cells export Ca®*. A series of experimental studies in our laboratory has addressed
the effect of 28 days of exposure to 4°C on Ca>* homeostasis ([24], Gao, personal
communication). At this lower temperature crayfish are very quiescent although not
torpid or dormant per se.

5 Chilling Out: Expression of Ca** Associated Proteins in Low
Temperature Exposure

Laboratory exposure to low ambient temperature in crayfish resulted in upregula-
tion within 5 days of several proteins known to be associated with cellular Ca>*
homeostasis (Table 1, Fig. 1; Gao, personal communication), confirming that, in
invertebrates, Ca®* entry into cells as a result of cold exposure was compensated
by export of Ca2* either out of the cell or into the ICS. In antennal gland (Table 1,
Fig. 1A) we detected an 8.6-fold increase in expression of ECaC, the epithelial Ca**
channel after 28 days of cold exposure. There is debate over whether Ca>* entry on
cold acclimation is a secondary response, or whether Ca>* entry from the extra-
cellular fluid (ECF) into the cytosol serves as an early signaling event in eliciting
cold signal transductions [48]. Changes in IC Ca>* during cold stress are sensed by
Ca®* sensor proteins such as calmodulin and Ca®*-dependent protein kinases and
are transduced through changes in IP3 levels into upregulation of expression of low
temperature-inducible genes [49]. Our group has recently isolated the heat shock
protein Hsp40 from crayfish antennal gland and is working on expression patterns.
The fact that ECaC expression increased in antennal gland strongly suggests that
proteins involved in import are upregulated and that the Ca>* entry is intentional
and thus a primary effect.
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The mRNAs of primary exporter proteins (NCX and PMCA) increased by an
equivalent amount (4-5-fold) in antennal gland. CaM expression doubled for pur-
poses of regulating the Ca>* motive enzymes. SCP expression doubled suggesting
an increased role for Ca®* buffering in the cold. Elongation factor expression,
however, was unchanged, as was SERCA.

In situ hybridization confirmed in antennal gland a distinct increase in mRNA
expression of both PMCA and NCX after 28 days cold acclimation (Fig. 2). Binding
was stronger around the periphery (labyrinth and nephridial canal) as compared to
the central region of the tissue section. Western analysis (Fig. 4) confirmed impres-
sive upregulation (4-fold) of PMCA protein in cold acclimation from levels that
were barely detectable at 23°C. By contrast the two NCX bands evident in Western
analysis (70 and 50 kDa) only exhibited a 1.4-fold increase following cold exposure.
Likewise SERCA protein expression did not change appreciably as a result of cold
acclimation, confirming the real-time PCR data.

In muscle, cold exposure elicited comparable changes in expression patterns of
Ca”* associated proteins and their mRNAs, though not quite as pronounced (Table 1,
Fig. 1B). However, since ECaC is not expressed in muscle tissue, the entry of Ca**
must be attributed to other types of Ca>* channels. Expression of the mRNAs for
the primary export mechanisms (PMCA and NCX) increased by only 2-3-fold. As
with antennal gland, in muscle, the NCX showed higher mRNA expression change
than PMCA suggesting that the NCX is the primary export mechanism in response
to cold acclimation. No changes in SERCA expression were observed during cold
acclimation.

In axial abdominal muscle increased expression of both PMCA and NCX mRNA
was observed using in situ hybridization (Fig. 3A). The hybridization increase was
again greater in the dorsal deep lateral and medial extensor muscles compared
with the ventral deep flexor muscle. SERCA expression however was unchanged.
Western analysis (Fig. 5) revealed a 6-fold increase in expression of PMCA3 protein
(128 kDa) in cold acclimated axial muscle. As with antennal gland, PMCA pro-
tein expression in axial muscle exceeded the change in mRNA suggesting increased
protein stability of PMCA protein in addition to increased transcription. NCX pro-
tein expression (120 kDa band) similarly increased by 1.6-fold in cold acclimation.
SERCA protein expression was virtually unchanged confirming mRNA expression
trends. Interpretation of mRNA/protein expression data after cold acclimation is
somewhat complicated by physical effects of reduced temperature on biochemi-
cal processes including transport per se but also reduced rates of transcription and
translation. Increased expression of transport proteins upon cold acclimation could
alternatively be traced to reduced transport capacity/efficiency at reduced tempera-
ture. Likewise increased mRNA expression could be compensating for direct effects
of temperature on rates of protein synthesis, mRNA degradation or transcription.
Confirming this was a study on a related temperate crayfish Austropotamobius
pallipes, where cold acclimation (12 to 1°C) resulted in a decrease in the rate of
protein synthesis in skeletal muscle that was attributed to a decrease in RNA activity
[50].
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In cold acclimated cardiac muscle there appeared to be an increased expression
of mRNA for SERCA throughout the entire myocardial section by in situ hybridiza-
tion (Fig. 3B); however immunofluorescence did not show any appreciable change
in SERCA protein expression in cardiac sections (Fig. 7). Exposure of goldfish
Carassius auratus to a similar temperature regime [45] was associated with a 23-
fold increase in transcription of SERCA and parvalbumin B, a Ca>* buffering protein
associated with SR (the vertebrate equivalent of SCP). In crayfish SCP in cardiac
muscle decreased on cold acclimation.

6 Emergent Integrative Themes

6.1 Comparison Across Treatments Within a Tissue (Postmolt vs.
Cold Acclimation)

For the majority of target proteins examined (ECaC, PMCA, NCX, SERCA, CaM),
the two experimental treatments (postmolt compared with intermolt at 23°C; 28
days acclimation to 4°C compared with acclimation to 23°C) elicited similar
responses, namely an increase in expression of mRNAs and proteins in both epithe-
lial and nonepithelial tissues. Within a tissue the upregulation of a given protein
elicited during postmolt was far greater (more than double) than that observed after
28 days of cold acclimation. This suggests that the Ca?* dyshomeostasis resulting
from the preplanned events following ecdysis far exceed the imbalance resulting
from unanticipated exposure of intermolt crayfish to low temperature.

The only exception to this theme was SCP which showed a significant decrease
in postmolt, yet was either maintained (muscle) or moderately increased (epithelial)
in cold acclimation. This suggests that the two experimental treatments created dif-
fering demands for IC Ca”* buffering. In postmolt, enhanced Ca®* export capacity
may decrease the necessity for IC buffering; however in cold acclimation seques-
tration of Ca* in ICS is the primary strategy to lower cytosolic levels. A second
exception was eEF1By which exhibited a tissue-specific response, namely a signif-
icant increase in expression in postmolt axial muscle that was not apparent in either
antennal gland or cardiac muscle. These two exceptions highlight the finding that
transmembrane Ca2t motive proteins and their regulators (ECaC, PMCA, NCX,
SERCA, CaM) demonstrate a common expression pattern that is different from the
genes with other functions (SCP, eEF1BYy).

6.2 Comparison Across Tissues Within a Treatment (Epithelial vs.
Nonepithelial Response to Either Postmolt Mineralization
or Cold Acclimation)

Within a treatment, it was apparent that epithelial and nonepithelial tissues exhibited
different strategies to correct Ca>* imbalance. In general, within an experimental
treatment, epithelial tissue (antennal gland) exhibited a more pronounced upregula-
tion of both “importers” (ECaC) and “exporters” on the plasma membrane (PMCA,
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NCX). This is consistent with the role of renal epithelia in vectorial Ca%* transport
in postmolt; it also suggests that the antennal gland exhibits an organ level response
to cold acclimation. Since cellular dehydration is known to result from exposure to
near-freezing temperatures, as the primary organ for volume regulation, the antennal
gland would be expected to show a compensatory response. By contrast, nonepithe-
lial muscle cells showed greater upregulation of “exporters” on endomembranes
(SERCA) suggesting that sequestration of Ca®* in the ICS is the preferred response
to elevated IC Ca”*, at least in postmolt. For two of the target proteins (SCP and
CaM) virtually the same response was observed in both tissues under either exper-
imental treatment. This would suggest that the responses are systemic to all tissues
and not specific to epithelial cells.

Expression of the elongation factor eEF1By was only significantly elevated
in postmolt axial muscle possibly associated with the protein synthesis effecting
extensive myofibrillar remodeling at this stage. Thus, while the induction of trans-
membrane Ca** motive protein expression (PMCA, SERCA, NCX) during postmolt
is greater in epithelial tissues than in muscle, this pattern is reversed for eEF1By.
These findings argue against a role for eEF1By as a regulatory factor for the
induction of transmembrane Ca** motive proteins either during postmolt or cold
acclimation although it remains possible that post-translational modification may
influence eEF 1By activity during either treatment.

7 Future Directions in Physiological Complexity

The cold acclimation employed in this study was unanticipated and did not occur
through natural means. In the wild, many temperate species undergo a natural “win-
tering” cold water period that is linked to molting, maturation, and fecundity [51].
For example in Norway winter lasts from September to June during which no growth
or molting occurs and water temperature ranges from 2 to 14°C. Studies on these
animals show that wild adult noble crayfish (Astacus astacus) seem to be adapting
to winter conditions by late summer/early fall and cannot be “cheated” into molting
by manipulating temperature. It should be appreciated that the life cycle of the cray-
fish is a continuum and that, even though ecdysis is a “special event” the intermolt
is the main functional phase of the crayfish life during which it feeds, reproduces
and undergoes a series of preparatory metabolic and molecular processes in prepa-
ration for shedding. In the same way that the intermolt (preparation for ecdysis) is a
several month process, so is natural acclimation to lowered temperature in the wild.
A nice complement to the lab studies summarized in this review would be sampling
of target proteins in field populations of crayfish over the course of a natural win-
tering event. There is every expectation that cold acclimation in natural populations
would be better anticipated and planned. In fact, in natural populations, the molting
cycle is very much interlinked with the annual thermal cycle. In temperate species
pre- and postmolt are usually restricted to the summer months when conditions are
most favorable for growth (increased temperature and food availability) whilst cray-
fish overwinter in the intermolt stage [52]. If cold acclimation and pre- and postmolt
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are ordinarily mutually exclusive conditions then the similar pattern of upregulation
of Ca®* motive proteins in these conditions is unlikely due to factors other than Ca>*
dyshomeostasis common to these conditions. Thus, while this study has reported
on the independent effects of ecdysis and cold acclimation on Ca’* homeostasis,
ambient temperature and molting cyclicity are inextricably linked.
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The Cellular Basis of Extreme Alkali Secretion
in Insects: A Tale of Two Tissues

David F. Moffett and Horst Onken

Abstract Dipteran and lepidopteran insect larvae generate gut pH values that may
be as high as 12; the highest values known in animal biology. This chapter reviews
the cellular mechanisms hypothesized to be involved in such extreme alkaliniza-
tion, and compares them to the mechanisms responsible for alkali secretion in
two other well-studied tissues, the beta cells of the vertebrate renal tubule, a tis-
sue that secretes alkali but does not achieve extreme pH values, and the dipteran
Malpighian tubule, a tissue that does not exhibit significant alkalinization. The
common feature in all of the tissues is a central role of the plasma membrane
vacuolar-type H* ATPase (V-ATPase) in energizing secondary transport of min-
eral ions and organics. Whether alkali secretion, acid secretion, or no net acid—base
secretion occurs appears not to be a direct result of the primary H* secretion, but
instead relates to the magnitude and polarity of the “strong ion difference” result-
ing from transport processes secondary to the H* transport. The energy demands
of extreme alkalinization are calculated to approach, or even exceed, the energetic
limits of the V-ATPase, suggesting that additional energy sources remain to be
identified. Although the V-ATPase energizes alkali secretion in both dipteran and
lepidopteran larvae, the cellular arrangement of the transport systems is so different
that extreme alkalinization must have evolved separately in the lineages of the two
orders.
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1 Introduction

Within the animal kingdom insects represent a group that outnumbers all others in
relation to species and individuals. Insects first appeared in the fossil record about
400 million years ago, and have since radiated to fill niches in every terrestrial and
freshwater aquatic habitat. In the process, they have diversified physiologically to
such an extent that current textbooks of insect physiology are, to a large extent, sim-
ply eclectic collections representing the small number of example species or systems
that have been more or less well-studied. For several reasons, many biologists con-
sider insects to be considerably different from other animals. Although it does not
hold for all insects, one of these differences is that, unlike all other animals, cer-
tain larval insects evolved a midgut compartment with extremely alkaline pH values
which is believed to dissociate tannin-protein complexes and result in a more effi-
cient assimilation and utilization of dietary protein [1]. It should not surprise us
that in their diversification, insects have evolved at least two cellular mechanisms
for achieving the extreme alkalinization mentioned above. The cells involved are as
different from each other as London and Paris in the Dickens novel, A Tale of Two
Cities, parodied in our title. One cell type has been studied most thoroughly in the
gut of the mosquito larva. The other type reflects a cellular adaptation that may well
have evolved after the lepidopteran branch separated from the insect trunk, and thus
may never be found in any other order of insects.

The purpose of this chapter is to provide a critical review of our current under-
standing of how the two main characters in our story can generate the highest pH
values known in biology. However great the differences between these two cell
types, in both of them the vacuolar-type proton ATPase (“V-ATPase”) is the linchpin
of the process, central both to its cellular organization and providing most, if perhaps
not all of its energization. For comparative purposes it will be helpful to consider
two other tissues that also express the plasma membrane V-ATPase but achieve, at
best, only a moderate level of alkalinization: these are the vertebrate renal tubule
and the insect Malpighian tubule. Since the plasma membrane V-ATPase is com-
mon to all of these examples, we must first address the nature of the V-ATPase and
its possible relationship to the general physiology of acids and bases.

2 The V-ATPase and Alkali Secretion

In Stewart’s [2] explanatory scheme of acid-base chemistry in physiological solu-
tions (hereafter referred to as the “SS”), the dominance of alkali or acid, as reflected
by the ratio of [H*] to [OH], is the result of a “strong ion difference” ([SID]). The
[SID] itself is not a novel concept, because it relates closely to the Gamblegram,
a bar graph showing on one side the total strong cation concentration of an extra-
cellular body fluid (usually approximated by the sum of [Na*] and [K*]) and on
the other side the total strong anion (usually approximated simply by the [CI7]).
An alkaline solution is thus one in which the concentration of “strong” cation
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(Na*, K*, etc.) exceeds the concentration of “strong” anion (CI7). The resulting
“anion gap” is filled by weak anions, of which the main one in extracellular flu-
ids is usually bicarbonate. A consequence of the positive [SID] is an excess of the
“weak” anion OH™ relative to the “weak ion” H*, a condition traditionally regarded
as definitive for an alkaline solution. Conversely, if there is a change in the [H*] of
a solution, there must also have been a change in the [SID]. Thus, a corollary of
the SS is that handling of strong ions by an epithelium is essential for affecting the
alkalinity or acidity of extracellular compartments. By implication, we might expect
that alkalinizing or acidifying epithelia will have to be provided with cellular mecha-
nisms that carry out active transport of Na*, K*, and CI~, because transport of solely
H*, OH™, or HCO3™, while potentially helpful, will not be sufficient. For example,
the SS asserts that to acidify the vertebrate stomach, it would be sufficient merely
for the gastric mucosa to actively secrete Cl~, creating a negative [SID], in which
strong anion dominates strong cation. The ions HCO3™, CO32‘, and NH4*, charac-
terized by Stewart as “add-on” acids or bases, are important insofar as replacement
of them with strong ions is a potential mechanism of changing the [SID].

This way of understanding the behavior of acids and bases has enjoyed accep-
tance in some quarters, but hardly seems to have penetrated into the mainstream
canon of physiology. For example, a recent medical physiology text, apparently up
to date in every way, presents a cartoon of cellular mechanisms of renal tubular
acidification in which H* transport is implicitly equated with acidification, and with
never a strong ion to be seen [3]. So, do we really need the SS to understand the
physiology of acids and bases? The multiple roles of the V-ATPase in insect tissues
provide an interesting test of its usefulness. Ultimately we can use the SS’s insight to
understand how different tissues might be able to use the V-ATPase to drive alkali
secretion either by a primary secretion of H* or by a primary absorption of H*,
whereas to a conventional mind that equates absorption of H* with alkalinization
and its secretion with acidification, this would seem a counterintuitive proposition.
Also, we can understand how a primary secretion of H* can drive other transport
pathways while resulting in neither acidification nor alkalization.

3 The Vertebrate Renal Beta Cell — A Reigning Paradigm
for Moderate Alkalinization

The mammalian renal distal tubule and its analogue, the urinary bladder in amphib-
ians and reptiles, are major sites of homeostasis of whole-body extracellular fixed
acid and base. The cells involved have many common features that cut across tax-
onomic lines. To consider only one of the several well-studied systems, in the
mammalian cortical distal tubule, secretion of fixed acid is carried out by alpha
intercalated cells, whereas that of fixed base is by beta intercalated cells. Both the
acid-secreting (alpha) and base-secreting (beta) cell subtypes are characterized by
numerous mitochondria and abundant cytoplasmic carbonic anhydrase (CA), so,
depending on the biochemical perspectives of individual investigators, they have
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Fig. 1 Mammalian renal beta cell showing transport processes relevant to alkali secretion,
including apical anion exchanger and basolateral V-ATPase with parallel CI~ channels

been termed “mitochondria-rich cells” or “carbonic anhydrase-rich cells.” The beta
cell is characterized by abundant V-ATPase expressed on the basolateral membrane
and by an apically located CI7/HCO3~ exchanger (AE1 [4, 5]; see Fig. 1). Although
beta cells sometimes have been termed ‘“bicarbonate-secreting cells,” in the con-
ceptional framework of the SS the key process is the C1~ absorption, which, in the
absence of simultaneous absorption of a strong cation, would lead to a positive [SID]
and result in alkalinization of the tubular fluid. The CAII expressed by both beta and
alpha cells is a cytoplasmic form of the enzyme that is generally believed to have
the role of rapidly supplying the V-ATPase and the AE1 with H* and HCO3~ from
metabolic CO».

4 The Mosquito Malpighian Tubule - Secreting H*, but Not
Secreting Either Acid or Alkali

The insect Malpighian tubule represents one form of secretory kidney, in which
solute secretion drives the formation of primary urine. Depending on the species
and the circumstances, insect primary urine is a KCl- and/or NaCl-rich solution that
is isosmotic with plasma. Figure 2 shows the model configuration for a principal
cell, the type believed to be responsible for primary ionic secretion in Malpighian
tubules of mosquitoes and other dipterans. In these cells, an apical V-ATPase [6] is
coupled to a cation exchanger. In the Malpighian tubules of the mosquito Aedesthe
cation exchanger has recently been shown to be NHES, a relatively nonselective
member of the epithelial Na*/H* exchanger family [7]. The relative nonselectivity
for alkali metals of this exchanger would allow the preference of the system for
Na* versus K* to be controlled by basolateral entry mechanisms, including both
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Fig. 2 Malpighian tubule I
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ion channels and the NK2C cotransporter, and indeed, after a blood meal the adult
mosquito has the ability to excrete first the immediate Na* load resulting from the
ingestion of blood plasma, and later the K* load that results when red blood cells are
lysed [8]. Interestingly, in the mosquito Malpighian tubule the exchanger apparently
operates in the reverse mode, absorbing H* and secreting Na*, whereas in vertebrate
systems it is a mechanism for absorbing Na™ that is destined to enter a transepithelial
transport pathway [9]. This exchanger is a member of the subset of the SLC9 gene
family that is characteristically expressed to intracellular organelles, rather than the
plasma membrane [9]. It may not be just a coincidence that the “vacuolar-type”
H*-ATPase was also once so characterized.

Although a vigorous proton secretion is the primary active transport process in
solute secretion in the Malpighian tubule, the pH of its primary secretion is generally
not decidedly acidic; for example, in the adult mosquito a pH of 7.2 is typical for
tubules at rest or in diuresis [10]. This outcome is not intuitive, but can be understood
as the outcome of two features of the stimulated Malpighian tubule. First, at least
in the Malpighian tubule of the adult mosquito, there appears to be a 1/1 exchange
of H* for Na* or K* by the apical alkali metal ion exchanger, so the net effect
is secretion of a strong cation. However, the dominant anion permeability under
conditions of diuresis, is to CI~ [8]. The net effect is that each strong cation secreted
is paired with a strong anion, CI~, and thus a [SID] does not develop.

5 The Larval Mosquito Midgut: Secreting Alkali
by Absorbing H*

The anterior midgut of mosquito larvae (or “anterior stomach”; unfortunately the
terms are used interchangeably) generates an alkaline lumen that may approach
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pH 12 [11]. A similar situation has been recently demonstrated in the posterior
midgut of larval Drosophila [12]. Three main experimental approaches have been
applied to the study of alkalinization in the mosquito larva. These are: the intact,
free-swimming larva, where alkalinization may be estimated through color change
of ingested indicator dye (cf. [11]) and inhibitors can be added to the medium
with the expectation that they will be ingested; an in-situ preparation, in which the
immobilized larva is opened to expose the gut [13], and a fully isolated, perfused
preparation, first used by Clark et al. [14]. Each of these preparations has advan-
tages and disadvantages. In the free-swimming and in situ approaches, experimental
manipulation of the hemolymph composition and luminal contents and measure-
ment of the tissue’s electrical responses, are limited or impossible, and drugs
applied to the whole animal may have consequences on gut transport that are sec-
ondary to their effects elsewhere in the body. In the isolated, perfused preparation,
transepithelial potential [14, 15] and even short-circuit current [16] can be readily
measured, and solution composition can be manipulated, but alkali secretion must be
re-stimulated by addition of serotonin [14, 17], and the likely interaction of pro-
cesses in the anterior midgut with other body structures (the peritrophic membrane,
CNS, other parts of the gut, etc.) is of course eliminated.

In the mosquito anterior midgut and the Drosophila posterior midgut, conven-
tional thinking finds it reassuringly sensible that, as in the vertebrate beta cell model,
the V-ATPase is located on the basal border of the cells [12, 18], directing a net
flux of H* away from the gut lumen [13] , and expects that this be accompanied
by some apical process or processes that have the net effect of absorbing H" and
CI~ and/or of secreting Na* and CO3% in order to produce the extremely alkaline
lumen. The SS simply demands that there be Cl-absorption without corresponding
absorption of strong cation and/or secretion of a strong cation without correspond-
ing secretion of chloride. An apparent CI~ flux from the cells to the hemolymph has
been detected in the in situ preparation [13]. A pharmacological search for an api-
cal anion exchanger or exchangers proved disappointing [17], even though several
candidate anion exchangers are detectable in the Aedes and Anopheles genomes. We
have found that in the perfused tissue, luminal alkalinization can be observed after
perfusion stop if the lumen is provided with an unbuffered solution containing only
NaCl and the indicator dye m-cresol purple ([17]; see also Fig. 3). According to the
SS, this alkalinization must be accompanied by a positive [SID]. This can be accom-
plished by one, or some combination of, net Na* secretion, net CI~ absorption, or
secretion of some other “strong” cation (K* would be the only plausible possibil-
ity), but not, according to the SS, by unaccompanied transport of “weak” cation
or anion. Therefore, a simple combination of the basal V-ATPase and some apical
H* channels could not alkalinize the lumen, and indeed, experiments designed to
be diagnostic for the presence of apical H* channels returned negative results [19].
The hypothesis that the apical membrane must contain one or both of a NHE-type
cation/H* exchanger and a CI'/HCOj3~ exchanger lies squarely in our path. These
possibilities are especially appealing, both because they mediate an exchange of
strong ion for weak ion, and because they could impart extra energy from a cation
gradient or a CI~ gradient to the task of alkali secretion. Unfortunately, both of these
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Fig. 3 Alkalinization and cell voltages in mosquito anterior midgut cells. Experiment with an
isolated and perfused anterior midgut of larval (4th instar) Aedes aegypti perfused with 100 mM
NaCl containing 0.04% m-cresol purple and bathed in mosquito saline containing 0.2 uM sero-
tonin, measuring transepithelial (V;,) and transbasal voltage (Vj;). After stabilization of V. at
approximately -40 mV (lumen negative), an epithelial cell in the anterior portion of the prepa-
ration is impaled with a microelectrode (see lower right in photographs A and B). Vj; stabilized
at 90mV (cell negative). From these values the transapical voltage (V,;) can be calculated to
-50mV (cell negative). Approximately 5 min after successful impalement a photograph of the
preparation is taken (A, showing yellow perfusate of neutral pH) and the perfusion pump is stopped
for the time period indicated by the black bar. Within approximately 3 min V;, drops to approxi-
mately —20 mV, whereas Vj; hyperpolarizes to over —120mV (V,,,; calculates under these con-
ditions to —103mV), and the m-cresol purple indicates an alkaline midgut lumen (photo B).
Restarting the luminal perfusion results in a return of the voltages to their original values.

Subsequent washout of hemolymph-side serotonin reduced the lumen negative V;, to —15mV and
the membrane voltages Vj; and V,,; decreased to —57 and —42 mV, respectively
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helpful possibilities have, so far, proven ephemeral. Neither luminal infusion of the
anion exchange inhibitor DIDS, nor luminal amiloride, nor elevation of luminal
[K*] (a maneuver intended to abolish the transapical K* gradient and thus suppress
the activity of an apical H*/K* exchanger), affect alkalinization, and alkalinization
was even observed in the absence of chloride on both sides of the tissue [17].

Two reports of cation/proton exchangers in ion-transporting tissues of
mosquitoes have appeared recently. In the first case, an isoform of the NHE family
of electroneutral sodium/hydrogen exchangers (NHE3) was found to be expressed
in various ion-transporting tissues of Aedes aegypti larvae and adults [20]. This
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exchanger was immunolocated mainly in the basal membranes of all of the rele-
vant larval tissues, including all midgut regions and the Malpighian tubules. This
result is disappointing, but still potentially relevant, for even though it suggests
that NHE3 probably plays mainly a housekeeping role in [H*] homeostasis of the
epithelial cells, such a role might be significant in balancing cellular homeostasis
with secretory function. NHE3 is described as only partly sensitive to amiloride
at high concentrations [20], so its presence probably cannot account for our find-
ing of a substantial decrease in transepithelial potential and luminal alkalinization
of the isolated anterior midgut with application of amiloride or Na*-free saline to
the hemolymphal side of the tissue [15]. However, the latter finding suggests that
transcellular Na* secretion is involved in the overall process.

In the second case, Rheault et al. [21] reported cloning and localization of
an electrophoretic sodium/proton exchanger (AgNHA1) from Anopheles gambiae.
This gene product is expressed widely throughout the larval body, including the
central nervous system and all parts of the gut. Expression levels were highest
in the rectum and gastric caeca. Expression levels in the anterior midgut were
modest, and in sectioned material it was clear that immunolocalization was
almost entirely confined to intracellular vesicles, whereas in the posterior midgut
significant immunostaining appeared on the apical membrane. This expression
pattern would not seem consistent with a role for this exchanger in alkali secre-
tion, but is consistent with a role in the reacidification of midgut contents that
occurs in the posterior midgut. However, it could be that the anterior midgut
tissue used for these studies reflected an unstimulated condition, and with sero-
tonin stimulation, vesicle fusion might deliver the enzyme to a plasma membrane
domain.

Since we have so far found no apical mechanism that could serve as an energetic
booster for alkali secretion at the apical membrane, we must consider whether it
is possible that the entire energetic burden of alkali secretion is borne by the basal
V-ATPase. Is this mechanism strong enough to do the job? For the purposes of ener-
getic analysis, the maximum power output of the V-ATPase can be measured by
determining its pump electromotive force, or the maximum potential energy it can
generate expressed in electrical terms, a measurement analogous to measuring the
brake horsepower of an automobile engine. The analogy is not unreasonable since
the V-ATPase is a molecular engine, with parts that rotate relative to one another.
As the ATPase is faced with an increasingly unfavorable chemical and/or electrical
gradient, electromechanical models suggest that slippage would occur in its mecha-
nism, so that the rate of H* transport would fall and ultimately cease as the gradient
approaches the pump EMF. Models of the V-ATPase suggest that this would occur
at voltages in the range of 140-220 mV, depending on model assumptions [22, 23].

We can approach the question from a second point of view, by asking how
much chemical potential energy could be delivered to the V-ATPase by ATP. If the
V-ATPase transports 2H*/ATP [22], ATP hydrolysis would provide about
6 Kcal/mole H*, using a generally accepted estimate of the energy yield of a mole
of ATP under cytoplasmic conditions [24]. Faraday’s Number indicates that a volt
of electrical energy is the equivalent of slightly more than 23 Kcal/mole H*. This
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would predict a theoretical maximum pump EMF of about 260 mV. In the phys-
iological literature, a value of 240 mV has repeatedly been asserted for the EMF
of the V-ATPase, but frequently without citation of actual measurements or calcula-
tions (cf. [25-27]). Since the ATPase cannot be expected to convert phosphorylation
potential to electrochemical potential with 100% efficiency, this analysis suggests
that the value of 240 mV may be somewhat of an overstatement. A current-voltage
analysis estimated values of 150-190 mV for the pump acting in concert with an
electrochemically coupled cation exchanger in lepidopteran midgut ([28]; see also
below).

Now let us estimate the energy expressed by the transport system under an
extreme, but not unrealistic scenario. Working in round numbers, if one accepts
a hemolymph pH of 7 as approximately the normal value, achieving a luminal pH
of 12, the maximum value reported for the mosquito, requires a pump EMF of at
least 275 mV at 55 mV/decade of chemical gradient assuming a negligible contribu-
tion from the transepithelial potential (see Fig. 3). To move H* against an aggregate
gradient of this size would require about 6.3 Kcal/mole, which is clearly at the upper
range of theoretical maximums. Although there is no doubt that the V-ATPase is an
important prime mover of protons in this system, it is necessary to look for addi-
tional cellular energy sources that can assist the V-ATPase in the maintenance of
such large proton gradients. One candidate is the Na*/K*-ATPase which has been
immunolocalized to the basolateral membrane of the very anterior portion of the
anterior midgut [29]. Surprisingly, it was found in the apical membrane of the rest of
the anterior midgut. Basolateral ouabain did indeed slightly reduce the transepithe-
lial voltage [15], but luminal perfusion with the drug for up to 60 min did not affect
voltage or alkalinization [17]. Although the latter findings seem to rule out that the
Na*/K*-pump is a major player in the alkalinization game in larval mosquitoes, it
is likely that it supports V-ATPase by maintaining gradients for Na* and K* across
apical and basolateral membranes. These seem to be of importance for the transep-
ithelial voltage and for alkalinization as the effects of hemolymph-side amiloride or
Na*-free medium suggest.

How are the transepithelial chemical and electrical gradients partitioned between
apical and basolateral membranes? In recent studies [19] we measured the cytoplas-
mic pH of mosquito anterior midgut cells using the fluorescent indicator BCECF.
Under control conditions, with buffered mosquito saline (pH 7.0) for both sides of
the epithelium the cytoplasmic pH fell to the 6.8—7.2 range. An increase into the
range of 7.4-7.8 occurred after the addition of serotonin which stimulates luminal
alkalinization. If the luminal pH was then raised from 7 to 10, the cytoplasmic pH
rose further, into the 8.0-8.5 range. Luminal pH values of 10 were recently recorded
during experiments including a stop of the luminal perfusion [17] and under such
conditions, the transapical potential rises into the range of 80—100 mV (see Fig. 3).
Thus, the transapical H" gradient is at least reasonably close to equilibrium with the
transapical electrical potential. The intracellular pH changes are surprising from the
point of view of intracellular homeostasis, but such changes might have the benefi-
cial effect of making free CO3%" available for an apical anion exchanger that could
accept it.
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In summary, we are so far unable to draw a complete model of strong alkaliniza-
tion in the midgut of larval mosquitoes. However, some key components have been
identified:

e V-ATPase has been localized in the basolateral membrane [18] and results of the
in situ approach indicated that protons and chloride ions move from the cells to
the hemolymph [13], suggesting a transcellular absorption of HCL.

e Luminal alkalinization depends on hemolymph-side Na* (Onken et al., 2008)
and the transepithelial voltage decreases (instead of increasing) in the absence
of hemolymph-side Na* [15].Together with the high intracellular pH values
observed [19] this suggests transcellular secretion of NayCO3.

Although the findings are not yet conclusive when it comes to individual trans-
port proteins, they readily explain strong luminal alkalinization and are consistent
with the demands of SS. Even more important, alkalinization can actually be mea-
sured with the isolated tissue which is very promising for future explorations of the
involved transporters. For the tissue addressed in the next section of this chapter it
is exactly the other way around: A model mechanism is well established, but any
significant alkalinization immediately ceases as soon as the tissue is isolated.

6 The Larval Lepidopteran Midgut — Secreting Alkali
by Secreting H*?

The midgut of lepidopteran insect larvae (the caterpillar form of moths and but-
terflies) mediates a vigorous secretion of K* — up to 2peqcm™2 min~! under
short-circuit conditions in vitro. The lumen-positive transepithelial potential may
exceed 100 mV immediately after the tissue is isolated and may remain well above
50mV for up to several hours [30]; similar values can be recorded by implanted
electrodes in the intact animal [31]. The K* transport is fully rheogenic — that is, the
net isotopic K* flux and the short circuit current closely approximate one another
[32], with small differences attributable to much smaller transports of Caz+[33],
Mg2+[34], and CI~ [35]. The studies of this tissue were pioneered by William
Harvey and Karl Zerahn and their students and associates, starting in 1963 with a
paper by William Harvey and Signe Nedergaard [36]. These studies established that
this tissue radically departed from the model for solute transport originated shortly
before that by Hans Ussing, in which transbasal active transport of Na* and K* by
the Na*/K* ATPase energizes both transepithelial Na*transport and a variety of sec-
ondary transapical solute transport mechanisms, such as intestinal sugar and amino
acid uptake. To summarize the differences, in the lepidopteran gut model, Na*/K*
ATPase is absent [37], the lumen-positive transepithelial potential appears to arise
directly from net K*transport, with the complete absence of the Na* ion being of
no consequence [30], and the energizing force for this process resides at the apical
surface of the tissue rather than at the basolateral face [38].
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Further studies in the Harvey laboratory implicated the “goblet” cells [39], a cell
type that accounts for roughly one-quarter of the total cell mass of the epithelium,
as the agents of K* secretion. The goblet cells are characterized by an apical crypt
or cavity that is filled with a gel-like matrix [40]. This cavity is both electrically and
chemically isolated from the free luminal solution by a valve-like structure [41, 42].
Paradoxically, we (unpublished) have found goblet cells almost indistinguishable
from those in the lepidopteran posterior midgut in the mosquito anterior midgut, but
they are far too few to have any major role in the latter’s transport activities.

The path to confirm that the goblet cells are the cell type responsible for net
K™ transport in the lepidopteran midgut was a rocky one. An indirect approach
based on measurements of the K* transport pool size generated disparate results
in two laboratories, summarized in [32]. An initial microelectrode approach appar-
ently conflated penetrations that were probably not valid, as attributable to goblet
cells [43]; the situation was ultimately clarified by iontophoretic marking of pen-
etrated cells for microscopic identification [44, 45]. However, convincing evidence
was ultimately provided by a combination of electrophysiological, biochemical, and
histochemical approaches that implicated the V-ATPase as the driver of K* trans-
port in this tissue and the goblet cell apical membrane (GCAM) as the driver’s seat.
These experiments are described below.

As a feature of insect epithelial physiology, or indeed, the plasma membrane
of any animal cell, the V-ATPase made its first public appearance in a report by
Wieczorek et al. [46] in which it was demonstrated that inside-out apical membrane
vesicles from the GCAM of the posterior midgut of the tobacco hornworm Manduca
sexta contained an electrogenic proton pump (ultimately found to be the V-ATPase).
In the presence of ATP and the absence of external K*, the vesicles could develop
both an inside-positive electrical potential and an interior pH of 2—3 units lower than
that of the external solution. This proton electrochemical gradient was dissipated by
the addition of K*, consistent with the presence of a H/K* antiporter [47], and
the effect of K™ was blockable by amiloride, suggesting the antiporter belongs to
the NHE family of alkali metal exchangers. The voltage gradient was not detected
when external CI~ was elevated, consistent with the presence of a leak pathway
for CI".

These findings led to the hypothesis that K*transport by the GCAM, as well
as in Malpighian tubules (outlined above) and potentially in a number of other
insect epithelia, is the outcome of a primary secretion of H linked to a secondary
exchange of H* for K* (the “Wieczorek—-Harvey Hypothesis”, Fig. 4A). A series of
studies with double-barreled H* and K* intracellular electrodes [38] showed that
the chemical activity of K* in the goblet cavity is well above its calculated equi-
librium distribution relative to both the cytoplasm and the gut lumen, confirming
active secretion of K* into the goblet cavity. Surprisingly, the goblet cavity [H*] was
found to be slightly more alkaline than the cytoplasmic [H*]. This fact demands that
the H*/K* exchanger be electrogenic, since only an electrogenic exchanger could
draw on the V-ATPase’s electrical driving force in the absence of an H* gradient.
Furthermore, in the intact midgut, a nonelectrogenic exchange of K* for H* can be
ruled out upon energetic grounds: measurements of the electrochemical gradients of
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2H*

ATP

ADP ADP K*

Fig. 4 Two hypotheses for alkali metal secretion, and alkalinization coupled to V-ATPase, in lep-
idopteran goblet cell apical membrane. A: The Wieczorek—Harvey Hypothesis. For each pump
cycle of the V-ATPase, 1 ATP energizes secretion of 2 H* into the goblet cavity — these return to
the cytoplasm, driven mainly by the transapical electrical potential, driving secretion of a K* ion.
B: The Azuma—Harvey—Wieczorek Hypothesis. A transGCAM electrical potential is established
by the V-ATPase, which drives both return of H* from the goblet cavity and uptake of H* from the
gut lumen, in exchange for secreted K*

H* and K* across the goblet cell apical membrane under short-circuit showed that
at least 2H* would be necessary to energize the movement of 1 K* [38]. Thus, the
exchanger in this system cannot be the same NHES that is apparently operative in
the mosquito Malpighian tubule as discussed above, because the latter exchanger is
electroneutral. An electrogenic exchanger (2H/K") is now an established part of
the hypothesis, as shown in Fig. 4B. Initial attempts to isolate the K*/H" exchanger
by affinity chromatograph using putative binding to concanavalin A, by immuno-
chemical approaches, or by RT-PCR using degenerate primers derived from NHE1
were reported to have failed [47]. A genomic search for this exchanger could well
be undertaken now, since in the interim the complete genome of the Oriental silk-
moth Bombyx mori and substantial parts of the M. sexta genome have become
available.

In a report cited in the previous section, Rheault et al. [21] cloned an elec-
trophoretic NHA exchanger from the Anopheles genome. They conducted an exten-
sive phylogenetic analysis that included primate, canine, rodent, nematode, and
bacterial paralogues as well as ones from coleopteran, dipteran, and hymenopteran
(but not lepidopteran) insects. They then suggested that this exchanger could be
the long-sought K*/2H* antiporter of the Wieczorek—-Harvey Hypothesis. Clearly,
ultimate confirmation of this suggestion awaits definitive studies in lepidopteran
tissue.

Historically, interest in the extreme alkalinity of the gut lumen in lepidopteran
larvae developed much later than that for the mechanism of K* transport. For those
researchers now curious about alkali secretion by the lepidopteran midgut, it is an
inconvenient fact that much of the earlier work on K* transport by this tissue utilized
specifically the posterior midgut. Indeed, this segment of the gut was the source of
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the GCAM vesicles utilized by Wieczorek et al. [46] to discover the V-ATPase—
cation exchanger couple. However, the posterior midgut is apparently not the part of
the gut most responsible for alkalinization, and, as in the mosquito larva, is more
likely to mediate alkali recovery, because the pH of luminal contents reaches a
maximum as the contents reach the end of the anterior midgut, and the transtis-
sue H*gradient diminishes to an insignificant level as the contents pass along the
posterior midgut [48].

Azuma et al. [49] have proposed a hypothesis (the “Azuma—Harvey—Wieczorek
Hypothesis”) under which K* secretion and gut alkalinization might involve a com-
mon mechanism. The simplicity of a single mechanism that accomplishes multiple
ends is seductive, but the nature of the putative coupling between K* secretion and
alkalinization, like most seductresses, has been ultimately elusive. In this hypoth-
esis (Fig. 4B) we are asked to imagine that for each cycle of the mechanism, the
V-ATPase secretes an H" and the antiporter exchanges this H*, together with another
H* taken from the gut lumen, for 1 K*, an aspect of the hypothesis that has a
Maxwell’s-Demonic air to it. Note that, in the aggregate, the process is nonrheogenic
— the current of H* exactly cancels the current of K* — so thus this cannot be the
mechanism that also operates to transport K* in vitro. Perhaps, though, when the gut
is removed from the animal the Demon takes leave, for in our hands, at least, gut
alkalinization, as measured by pH change in a minimally buffered luminal saline,
apparently ceases within minutes after the gut is mounted [50], whereas the large,
lumen-positive transepithelial potential, short-circuit current, and net isotopic K*
transport closely approximating the short-circuit current, continue for some hours
after mounting [32, 50, 51]. These results rule out an obligatory exchange of an
H* from the gut lumen for each K* secreted by the tissue, and thus would seem
to obviate the hypothesis shown in Fig. 4B, at least for the conditions chosen for
these experiments. It is of course possible that a tissue, given appropriate conditions
of metabolic substrate and neurochemical stimulation, can turn on alkalinization by
engaging a different coupling mechanism.

The Azuma—Harvey—Wieczorek Hypothesis for the lepidopteran anterior midgut
is susceptible to an energetic analysis similar to that presented above for the
mosquito system. The energy demands are also substantial in this system, because
in vivo the midgut sustains simultaneously a [H*] gradient of up to five orders of
magnitude [48] and a [K*] gradient of one order of magnitude [52]. Because the
transepithelial potential of about 100 mV is lumen-positive, it reduces the energy
needed to account for transepithelial transport of protons (or their equivalents) to
about 175 mV, but increases the energy needed to transport K* to about 155 mV.
Thus, the sum of the energy required to sustain both the proton and the K* gradients
is about 330 mV. So in the lepidopteran midgut, as well as the mosquito midgut, we
must conclude that an additional, unidentified energy source is required to support
alkalinization to the levels reported.

In our hands, acid—base transport by both anterior and posterior midguts isolated
in minimal saline has been disappointing, although we found that continued alkalin-
ization could be supported by partly dissected, open-circuited, in situ preparations in
which nervous and respiratory supplies to the gut were maintained [50]. However, in
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other hands, some alkali secretion is reported for the fully isolated, short-circuited
gut, with the use of more complex saline-containing substrates [53], but even so
it is far from approaching the magnitude of secretion estimated for the gut in
vivo.

We will now turn to the conundrum posed by the fact that all parts of the gut
secrete K* [54], but only the anterior segment also alkalinizes [48]. We are some-
what handicapped from the start, for the published data that we have for intracellular
and intragoblet ion concentrations and membrane potentials largely represent the
posterior midgut, and in any case are derived from tissues that were not secreting
alkali at the time. Instead, we are compelled to address this question through a com-
parison of the cells of the two gut segments. Both segments contain goblet cells,
but there are some morphological and histochemical differences between them [54].
The anterior midgut goblet cells have deep, basally enlarged cavities. Each microvil-
lus projecting into the cavity contains a mitochondrion, inserted as a finger is into
a glove. In contrast, the cavities of posterior midgut goblet cells are apically dis-
placed, and their microvilli do not contain mitochondria. In the anterior midgut,
carbonic anhydrase activity, as measured by Hanson’s method, is abundant on the
surface of the microvilli; in the posterior midgut, it is almost absent from goblet
cells and instead, is expressed at the apical brush border of the columnar cells [55].
The V-ATPase is expressed at the apical membrane of goblet cells in both segments
[56].

The close positioning of mitochondria to the GCAM in the anterior midgut
is provocative. Such an arrangement has also been found in the principal cells
of Malpighian tubules during diuresis [57], so at first one is inclined to see this
juxtaposition of mitochondria and V-ATPase as an adaptation that provides ready
turnover of ATP for the V-ATPase, and to discount the possibility that it might be
an adaptation for alkali secretion. However, in the posterior midgut, the V-ATPase
seems to operate perfectly well in microvilli with no inserted mitochondria [54].
Furthermore, in Malpighian tubules the bulk of carbonic anhydrase activity appears
to be cytoplasmic [58]. It may be that in the anterior midgut the placement of the
mitochondrion insures that most of the CO; it produces will immediately encounter
a screen of membrane-bound CA, ensuring that it rapidly equilibrates with its hydra-
tion products. If the hydration reaction mostly takes place on the cavity side of
the GCAM, protons released by the reaction would be available for reabsorption
through the H*/K* exchanger. If the exchanger were sufficiently avid for protons
and the transapical voltage were sufficiently great, it could, in concept, raise the
goblet cavity pH high enough to strip protons from HCO3™, resulting in an ultimate
secretion of K,COs3.

In the posterior midgut, K*-coupled absorption of amino acids is driven by the
transmembrane K* electrochemical gradient. Expression of the K*-coupled amino
acid transporters is apparently restricted to columnar cells [26], giving them a poten-
tial role in a complete cycle of K™ movement back and forth between hemolymph
and gut lumen. As K* and amino acids are absorbed across the columnar cell apical
membrane (CCAM), a local high concentration of CO32% (and/or HCO3™, depend-
ing on the position along the length of the posterior midgut segment) would occur
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in the unstirred layer at the membrane surface. Logically, the CA located on this
surface can have but one purpose: to catalyze conversion of luminal CO3%/HCO3~
to COy, which could be recovered by diffusion as it is through proximal tubular uri-
nary acidification in the mammalian kidney. If we did not know apical H* transport
was coupled to K* secretion in the posterior midgut as in the anterior midgut, we
might be justified in feeling that we understood posterior midgut acidification and
recovery of secreted alkali fairly well.

This set of hypotheses predicts a very alkaline goblet cavity for anterior midgut
engaged in alkali secretion, and a more acidic one for the posterior midgut. It
also demands a fairly alkaline cytoplasm for anterior midgut goblet cells actually
engaged in alkalinization. It does not address the issue of why there is a goblet
cavity, or how solutes enter and leave the goblet cavity from the gut lumen.

7 Some Persistent Questions Common to Both Tissues

7.1 How Are Anions Managed?

An important message of the SS is that management of anion movements is criti-
cal to attaining alkali or acid secretion, even when the anions are not, themselves,
subject to primary active transport. This point is emphasized by the fact that in the
lepidopteran midgut, alkali metal secretion does not equate to alkalinization; the
anterior midgut alkalinizes whereas the posterior midgut does not, although both
secrete K*. From a black-box point of view, both the mosquito midgut and the lep-
idopteran midgut must secrete either a carbonate salt or other strong base in order
to achieve the extreme pH values measured. Secretion of a bicarbonate salt would
give maximum values only in the 8-9 range, as is the case with the mammalian
kidney, which can achieve a urinary pH no higher than about 8.2. Although it is cer-
tainly conceptually possible for a HCO3~ secretion coupled to an avid H" absorption
to achieve a net secretion of carbonate, it would seem convenient to use instead a
transporter that could accept CO3%~. The intracellular pH values observed in larval
mosquitoes at a luminal pH of only 10 were already in a range in which availability
of free CO32~ becomes significant (see above).

As a phenomenon, carbonate transport has been little studied, but is thought to
be a function of some members of the SLC4 family of anion transporters [59]. The
tissues described here are ideal places to look for them. At the time of this writ-
ing, transporters of the SLC4 family have not been positively identified in either
of the example tissues, although at least two members of the family are apparently
present in the Aedes genome. Luminal alkalinization in the isolated mosquito ante-
rior midgut is insensitive to DIDS [17], a fairly wide-spectrum inhibitor of SLC4
transporters, indicating that if such a transporter is present, it must be resistant to
DIDS. The failure of luminal chloride substitution to affect alkalinization observed
in the midgut of larval mosquitoes [17] seems to rule out the hypothesis that apical
anion exchange is indispensible for alkalinization in this tissue. On one hand, this
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may result in a helpful limitation of the candidates from the SLC4 family to those
that are Na*/HCO3~ (or CO3%") symporters. On the other hand this finding and our
interpretation are inconsistent with the observation that chloride ions exit the cells
across the basolateral membrane [60]. We are left with the question of how these
chloride ions enter the cells.

In the lepidopteran midgut handling of anions is no better understood than in
the mosquito. In our studies of CI~ transport by M. sexta posterior midgut [35], the
I was not significantly affected by bilateral substitution of gluconate or isethion-
ate for CI™. These results indicate that K* transport does not have a Cl"-dependent
component, and that C1~ transport itself is electrically silent. However, quite dif-
ferent results were reported for similar experiments by another group [61], which
showed approximately 4X inhibition of the maximal K* transport rate with substi-
tution of gluconate for chloride. The apparent stimulatory effect of C1~ was specific
to the hemolymphal (or K* uptake) side of the tissue. Further studies [62] using the
noise analysis technique suggested that the CI™ effect was due to an interaction of
CI~ with barium-inhibitable K* channels in the basolateral membrane Possible dif-
ferences in experimental technique that might account for the conflicting results do
not come readily to mind. First, in all of these studies, the validity of /. as a mea-
sure of net K* transport was not confirmed; this becomes a more important issue in
the case that ion substitutions affect the /. than if they do not. Tissue oxygenation
is achieved differently in different laboratories — in our laboratory bathing solutions
are oxygenated by a vigorous current of 100% O,, whereas in some laboratories the
solutions are bubbled with compressed air. In our experience, oxygenation with air
results in a substantially lower /., a difference that presumably results from some
level of cellular hypoxia. Bubbling with air might also be expected to increase tis-
sue retention of metabolic CO;. Both of these effects could decrease intracellular pH
and possibly expose a latent CI'/HCO3~ exchanger. Also, hypoxia has been shown
to favor an electrically silent, active basolateral K* uptake mechanism [63], which
could interact with CI™.

7.2 What is the Role of Carbonic Anhydrase?

The enzyme carbonic anhydrase (CA) is almost universally found in situations in
which acid or alkali secretion occur [64], and its presence seems almost diagnostic
for such processes. Depending on the particular process and its cellular location,
carbonic anhydrase may do one of the following:

1. If located in the cellular interior, rapidly hydrate metabolic CO,, providing a
ready supply of H* and HCO3™ for primary and secondary membrane transport
processes for these ions

2. If expressed to the cell surface, catalyze the conversion of extracellular H" and
HCO3™ to CO,, which may then move between physiological compartments as
a highly diffusible gas
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In the anterior midgut of lepidopterans, the abundant carbonic anhydrase activity
is largely confined to the GCAM, in close apposition to both the mitochondria that
occupy the microvilli, and to the apical V-ATPase, whereas in the posterior midgut
it is associated mainly with the apical membrane of the columnar cells [55]. The
histochemical assay does not tell us which face of the anterior midgut GCAM sees
the active site of the enzyme. If the CA is active versus its substrates in the cyto-
plasm, the enzyme could readily fulfill role 1 above, minimizing the extent to which
metabolic CO; escapes into the goblet cavity as a diffusing gas, and supplying H*
for the V-ATPase and HCO3™~ for a putative CI7/HCO3~ exchanger or a putative
HCO3~ or CO3”" transporter. Early studies with sulfonamide inhibitors of CA in
the silkmoth (Hyalophora cecropia) larval midgut supported a role for CA in K*
transport [65].

In the case of the mosquito gut, pharmacological evidence collected from both
the freely swimming model and the in situ model supported an important role of
CA in luminal alkalinization [60, 66, 67], and this evidence was adduced to sup-
port a scheme of alkalinization based on CI7/HCO3;~ exchange. In evaluating this
evidence, it is important to note that inhibition of CA would potentially affect any
transporter that carried HCO3~ or H*, not just anion exchangers. Furthermore, the
strength of the conclusion is threatened by two pieces of contradictory evidence.
First, alkalinization by the isolated, perfused gut is insensitive to the inhibitors of
CA that are effective in the freely swimming and in situ approaches [17], and sec-
ond, CA activity has been found to be considerably higher in the caeca and posterior
midgut than in the anterior midgut, where levels in the epithelium itself are so low
as to be almost undetectable by biochemical means [68]. It would be possible to
make too much of the differences between the intact animal and isolated tissues,
since a negative result in the isolated preparation might only mean that the hydra-
tion reactions of CO; are not limiting for the rate of alkalinization achieved by the
isolated tissue. However, with the evidence in hand presently it is difficult to assert a
common thread between a possible role of carbonic anhydrase in alkali secretion in
the lepidopteran gut and its putative role in the mosquito anterior midgut epithelial
cells.

Several investigators [69] have proposed that SLC4 proteins may be physically
linked to CAII through a putative binding motif in the cytoplasmic domain of
SLC4. This arrangement could form a metabolon that would facilitate the transport
of HCO3~ and/or CO32. This hypothesis has been disputed by Piermarini et al.
[69], partly on the basis that there is at least one example of effective transport of
HCO3~ / CO3%" by an exchanger not linked to CAIL The alkali-transporting insect
tissues offer multiple models to test the role of membrane-bound CA in anion
transport. The lepidopteran anterior midgut GCAM and the lepidopteran posterior
midgut CCAM are both very likely sites of anion exchange, and in both cases the
membranes may be extracted in vesicle form, so they are amenable to reductive
experimentation. The mosquito anterior midgut apparently accomplishes the same
goal as the lepidopteran anterior midgut, but without membrane-bound CA. The
opportunities for comparative studies are obvious.



108 D.F. Moffett and H. Onken
8 Conclusions

The deuterostome and protostome branches of the animal kingdom that led to the
vertebrates and insects, respectively, diverged from one another at least 0.5 billion
years ago, before the basic forms of either the vertebrate kidney or the insect gut
had appeared. Thus, it is probable that the similar roles of the V-ATPase in the two
tissues are the result of convergent evolution and not an evolutionarily conservative
process. It is becoming clear that achieving truly high pH values the insect systems
are capable of requires some revolutionary adaptations in the overall makeup of
the cells involved. These are not necessarily visible in electron micrographs; for
example, far-reaching adaptations of every cytoplasmic enzyme must be required to
yield cellular machinery that could routinely function at pH values higher than 8.

The studies of the lepidopteran midgut by several laboratories over several
decades opened a window that led to understanding of a critical alkali metal trans-
port mechanism also used by other important insect tissues. This window did indeed
provide an early look into what we now know as a world of transport systems ener-
gized by the V-ATPase in animal cells. To borrow from the famous opening line
of A Tale of Two Cities, were these the best of times or the worst of times? To the
good, the V-ATPase can now stand beside the Na*/K* ATPase as a ubiquitous prime
mover of transepithelial solute and water transport. To the bad, too many questions
about the cellular basis of K* transport in the lepidopteran system remain unan-
swered or incompletely answered. For example, in our current hypothesis about
how goblet cells work, K* and H* are assumed to freely traverse the goblet valve,
even though a surrogate for them, tetramethylammonium, apparently does not [42],
while CI™ apparently can [35]. Even worse, though, almost every cellular aspect of
alkali transport by this tissue remains not only unanswered, but barely addressed
experimentally. This deficit of attention may even be a sign of the success of this
tissue model. Knowledge gained from it was quickly translated into a greater under-
standing of other systems. Perhaps, with the prospect to do this in view, it was all
too easy to conclude, in the words of an anonymous NSF review panel member, that
with the apparent experimental validation of the Wieczorek—Harvey Hypothesis, “all
of the important questions about this system have already been settled.” The results
obtained with the larval midgut of A. aegypti in the last decade underline our lack
of knowledge about the mechanisms of strong alkalinization in insect midguts and
their possible diversity. With regard to the extraordinary diversification of insects
mentioned in the beginning of this article, future generations of physiologists may
remain pretty busy studying the subject of insect midgut alkalinization.

For insect control measures, the potential payoff of pursuing these studies is not
trivial. The gut is arguably the most vulnerable interface between the animal and
the environment. It is the extreme alkalinity of the gut that protects the larval insect
from many potential pathogens [70, 71], and, paradoxically, what makes it suscepti-
ble to the effects of Bacillis thuringiensis endotoxin [72], one of the most successful
and environmentally benign biological insecticides. A chemical agent that interfered
with gut alkalinization could be effective simply by rendering the larvae susceptible
to opportunistic viral or bacteriological infection. Reasonable targets for such agents
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are numerous: the operation of the V-ATPase itself, the process that assembles the
V-ATPase at the apical or basolateral membrane, a mechanism that might, in the
lepidopteran system, couple and uncouple K* secretion to alkalinization, the as-yet-
uncharacterized ion exchangers, and the neural and endocrine control systems that
sustain alkalinization and coordinate it with other functional and homeostatic body
systems. With relatively complete genomic information for Aedes and Anopheles
mosquitoes and for at least one lepidopteran, B. mori, the arsenal of serotonin phar-
macology provided by the pharmaceutical industry, and the tools of rational drug
design, ultimate success in this endeavor seems to require only the will to pursue it.
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H*, Na*, K*, and Amino Acid Transport
in Caterpillar and Larval Mosquito Alimentary
Canal

William R. Harvey and Bernard A. Okech

Abstract Two principal strategies are used to energize membranes in living organ-
isms, a Na™ strategy and a voltage strategy. In the Na* strategy a primary Na*/K*
ATPase imposes both Na* and K* concentration gradients across cell membranes
with Na* high outside and K* high inside the cells. The Na* gradient, A[Na*]
is used to drive diverse secondary transporters. For example, in many animal
cells A[Na*] drives Na* inwardly coupled to H* outwardly, mediated by Na*/H*
exchangers (NHEs). They provide the principal means by which metabolically pro-
duced acids are ejected from mammalian cells [70]. In the voltage strategy the
electron transport system of prokaryotes or H" V-ATPases of eukaryotes, impose
a voltage gradient, AW, across biological membranes with the outside positive.
The AW drives secondary (Na* or K*)/nH* antiport that is mediated by Na*/H*
antiporters (NHAs). The stoichiometry of NHEs is 1Na* to 1H* so they are indepen-
dent of the membrane potential and are said to be electroneutral. The stoichiometry
of NHAs is 1Na* or K* to more than 1H* so they are driven both by the ion gradi-
ents and the membrane potential and are said to be electrophoretic. NHAs operate in
the opposite direction from NHEs, moving nH* inwardly and Na* or K* outwardly.
AW also drives Na*- or K*-coupled nutrient amino acid uptake that is mediated
by electrophoretic (Na*™ or K*) amino acid symporters (NATSs) [11]. In eukaryotic
cells the primary sources of voltage gradients across plasma membranes have clas-
sically been considered to be K*, Na*, or other ionic diffusion potentials. Thus,
K* diffusion potentials dominate the resting potential and Na* diffusion potentials
dominate the action potential in squid axon and many other nerves. Only recently
are AWs generated by H* V-ATPases becoming recognized as the energy source for
electrophoretic transporters in animal cells [35, 65, 90]. The H* V-ATPases translo-
cate H* outwardly across the cell membrane leaving their partner anion (gegenion)
behind. Thus, they charge the capacitance of the membrane resulting in a trans-
membrane voltage, with the outside positive. The translocated H*s exchange with
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more numerous Na*s or K*s in the outside bulk solution, transforming the H* elec-
trochemical gradient to a Na*™ or K* electrochemical gradient which in turn drives
Na*- or K*-coupled amino acid symport via a NAT into the cells. Membrane ener-
gization by H* V-ATPases is accomplished by a five-phase system consisting of (1)
the bulk solution inside the cells, (2) the inside solution/membrane interface, (3) the
membrane, (4) the outside solution/membrane interface, and (5) the outside bulk
solution [36, 49, 50].

The chapter is divided into five parts: (1) voltage-driven transporters and their ter-
minology, (2) a summary of progress from the concept of “active K* transport”
through the discovery of portasomes and their role in the isolation of the so-called
K* pump to the cloning of its component H* V-ATPase and K*/2H* antiporter, (3)
the cloning and localization of components of the H* V-ATPase-Na*/H* antiporter-
NAT system of mosquito larval alimentary canal (AC), with emphasis on the cloning
of the first, putatively electrophoretic, Na™/nH* antiporter from Anopheles gam-
biae (AgNHAL), (4) attempts to characterize NHEs and NHAs heterologously in
Xenopus oocytes, and (5) the incorporation of existing data into a qualitative model
of the mosquito system for taking up amino acids while recycling H*, Na*, and
K* between lumen, cells, and hemolymph as well as generating longitudinal pH
gradients in the absence of barriers along the AC of mosquito larvae.

Keywords Anopheles gambiae - African malaria mosquito - Xenopus laevis
oocytes - NHA - NHE - NHEynar - pH

1 Voltage-Driven Transporters and Their Terminology

The hypothesis that animal plasma membranes are energized not only by Na*-
gradient — generating Na*/K* P-ATPases but also by voltage-gradient-generating
H* V-ATPases is becoming accepted, especially in fresh water organisms. However,
the hypothesis that electrophoretic Na™/H* antiporters (NHAs) use the result-
ing voltage gradient to drive H* into cells while expelling K* or Na* has not
been evaluated seriously. We will argue that voltage-driven NHAs and NATSs
are so widespread as to require an expansion of the animal membrane energiza-
tion/utilization paradigm. We will introduce and discuss novel NHEynaTs which
move H* out of cells via H* V-ATPases and Na* into the cells by Na*-coupled
amino acid symporters. They are called NHEynaTS because these Na* and H*
movements are oriented in the same direction as those mediated by NHEs. We will
analyze the way in which H*, Na*, K*, CI~, and HCO3~ fluxes interact during the
uptake of the 12 essential amino acids (AAs) and their distribution throughout the
larval AC of A. gambiae and Aedes aegypti — the principal vectors of malaria, yellow
fever, dengue, and other tropical diseases.

The terminology of Na*/H* transporters is confusing. These transporters move
Na* in one direction across a membrane coupled to the movement of H* in the



Cation Transport in Larval Mosquito AC 115

opposite direction and are called “exchangers” by mammalian scientists but are
called “antiporters” by bacterial and insect scientists. These synonyms were given
separate meanings based on phylogeny by Brett et al. [12] who showed that NHEs
(Na*/H* exchangers) are genetically separated from NHAs (Na*/H* antiporters).
We postulate that the two classes of transporter have separate functional proper-
ties as well, with NHEs being electroneutral, A[Na*]-driven exchangers whereas
NHAs are electrophoretic, AW-driven, antiporters. Insect Na*/H* transporters often
antiport either Na* or K* for H* leading to the awkward expression “(Na* or K*)
transporters”; for brevity we will call them NHAs understanding that K* is often
substituted for Na*. Furthermore, two different systems for naming these trans-
porters have been published. Table 1 enables translation between the human-based
terminology [72] and the phylogeny-based terminology [12, 13] for NHAs and
NHEs; the Brett terminology will be used in this chapter.

Table 1. Nomenclature of Na*/H* transporters (NHTSs) in A. gambiae alimentary canal

Brett et al. [12] Pullikuth GenBank Accession No. AA. sequence CPA Gene
A. gambiae et al. [73] Length Family [12]
A. aegypti
NHAI NHEI10 XP_320946 (predicted) 647 (predicted) CPA2/NHA
ABJ91581 (Cloned) 647 (cloned)
NHA2 NHE9 XP_312647 (predicted) 453 (predicted) CPA2/NHA
ACM47586 (cloned) 568 (cloned)
NHEI NHES XP_307859 (predicted) 650 (predicted) CPA1/NHE IC
NHES-like
NHE2 NHE3 XP_319788 (predicted)  948*(predicted) CPA1/NHE PM
AAO34131 (cloned?) 1,221 (cloned)  Recycling
NHE3 NHE6 XP_314826 (predicted) 733 (predicted) CPA1/NHE IC
Endo/TGN

Throughout this chapter we will use the term “electrogenic” to describe primary
transporters that generate transmembrane electrical potentials by transducing energy
directly from exergonic processes such as ATP hydrolysis. Thus, the H* V-ATPase is
an electrogenic “pump” that generates a transmembrane potential by coupling ATP
hydrolysis to H* translocation across the membrane bilayer (dielectric). We will use
the term “electrophoretic” to describe secondary transporters that use the voltage to
drive ion translocations across the energized membrane. For example EcNhA1 is an
electrophoretic antiporter which uses the membrane potential generated by the elec-
tron transport system to drive Na*/2H* exchange [81]. The voltage gradients across
biomembranes are enormous. For example, in the caterpillar midgut the phosphory-
lation potential is ~240 mV and voltages approximately equal to this amount were
reported by Dow and Peacock [29]. 240 mV is equivalent to a 10,000-fold concen-
tration gradient across a membrane for a monovalent ion such as Na*. Thus, the
enormous voltage gradients involved in H* V-ATPase membrane energization are
far too large to be ignored.
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2 From Active K* Transport to H* V-ATPase and NHA

2.1 A. K* Pumps, Portasomes, and H* V-ATPases

H*t V-ATPases were identified, isolated, cloned, and characterized, more or less
independently, from several sources. One of the first sources was identified by
Arthur Ramsay who showed that K* concentrations are higher in urine than blood of
seven insect species including the blood-sucking Rhodnius prolixus and concluded
that active K* transport by what was later called the K* pump in Malpighian tubules
(MTs) of these insects is responsible [74]. The insect K* pump turned out to be
present in many insect epithelia, for example rectal papilla of blowflies, midgut
of caterpillars, sensory sensilla of flies, and MTs of several insects (Gupta, and
Berridge 1966[41, 54, 57] and other reviews; Berridge et al. [6]; Harvey et al. [38];
Maddrell [56]; Thurm and Wessel [83]). In 1966 Berridge and Gupta first identi-
fied a coat of repeating particles on the apical membrane in rectal papillae of the
blowfly [34, 5]. On a visit to Harvey’s laboratory in Amherst, Berridge pointed out
similar particles on the goblet cell apical membranes (GCAMS) in electron micro-
graphs of caterpillar midgut. Following this lead Anderson and Harvey [2] suggested
that the particles might be mediating the active K* transport that had been demon-
strated earlier in isolated caterpillar midguts bathed in Na*-free medium [41]. They
noted that “The organization of the entire unit reminds one of the construction of
the “elementary particles” found on the cristae of mitochondria” [31]. Comparing
transport thermodynamics and physiology of the caterpillar goblet cell apical mem-
brane (GCAM) with cristae of the mitochondrial inner membrane Harvey et al. [39]
postulated that the spike and sphere images on caterpillar GCAMs were functionally
equivalent to F; ATP synthases and suggested that both images be called portasomes
(transport bodies).

Fast-forwarding several years, studies with Signe Nedergard, Jack Wood, Julian
Dow, Brig Gupta, and others convinced Harvey that the insect K*-pump was on the
apical membrane of the goblet cells. Using portasomes as an assay, Harvey’s group
separated the GCAMs from columnar cell apical membranes, lateral membranes,
and basal membranes [22, 38]. But they could prepare only enough pure GCAMs
for one or two ATPase assays after a laborious 2-day membrane preparation. They
were able to demonstrate ATPase activity in a highly purified GCAM fraction and
showed that it consisted of but a few proteins among which 64kDa and 55 kDa
proteins (now known to be V-ATPase subunits A and B) were most prominent.
Miraculously Helmut Wieczorek appeared at Harvey’s lab and a visit was arranged
for him and his technician. Wieczorek and his associates had been trying to iso-
late the K™ ATPase from the particle-studded apical membranes of blowfly sensory
sensilla and had perfected a sensitive ATPase micro-assay. Combining forces with
Wieczorek and using his micro-assay on their pure GCAM preparations the group
showed that the K* ATPase, the putative biochemical equivalent to the physiologi-
cal K*-pump, was highly enriched on the GCAM fraction [92]. Wieczorek’s group
then solubilized the GCAM fraction, separated its proteins on gels and discovered
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that the GCAM ATPase was in fact a vacuolar-type ATPase [91] similar to that
which had been discovered by Nathan Nelson’s group in chromaffin granules [21]
and Yasuhiro Anraku’s group in yeast [85]. At about the same time Stephen Gluck
and Dennis Brown found the V-ATPase in kidney tubules [16, 32] and others found
it in other cells, for example in osteoclasts [19, 64]. A frenzy of molecular biol-
ogy enabled Nelson, Wieczorek, Harvey, and others to clone all six V,, subunits and
all eight V| subunits of the V-ATPase. Now regulation [87, 43, 33] including the
crystal structure of a prokaryotic V-ATPase has been determined [63], and details
of the Na* V-ATPase of Enterococcus hirae are known [62]. More relevant to the
midgut physiology story, Griiber and associates [73] showed that the isolated porta-
somes are indeed V| ATPase complexes, a point worthy of expansion because it is
virtually ignored in much of the literature, for example Clements [23].

2.2 Proof That Portasomes Are Vi ATPase Sectors

The H* V-ATPase consists of a peripheral, V| sector and a membrane-bound V,
sector. The V|-ATPase purified from starving Manduca sexta larvae consists of eight
subunits with the stoichiometry thought to be A3B3CDEFG3H (Wieczorek et al.,
1999) as deduced from SDS (sodium dodecyl sulfate) gels of the cytoplasmic V|
complex. The purified V| ATPase accounts for up to 2% of the total cytosolic protein
and can be obtained in milligram amounts (Nelson and Harvey, 1999). The high
yield and purity of the V; preparation enabled Gerhard Griiber to produce the first
V1 ATPase crystals (Nelson and Harvey, 1999).

Electron micrographs taken by Moira Cioffi revealed that portasomes stud the
basal plasma membranes in anterior midgut of A. aegypti larvae (Fig. l1a; Zhuang
et al. [94]). Images of isolated, negatively stained portasomes from M. sexta are
shown in Fig. 1b. In averaged, enlarged images portasomes appear as Vi ATPase
sectors in which the subunit A3B3 stoichiometry is clearly visible (Fig. 1c). The
enzyme has a barrel-like structure that is 11 nm in height and 13.5 nm in diameter.
The six large A and B subunits are inter-digitated for most of their length (9 nm; Fig.
1c). These averaged electron micrographs of V; particles (Fig. 1c) along with small-
angle X-ray scattering analysis of the solubilized V| domain, and the SDS PAGE
patterns showing all eight V| subunits [33], together provide overwhelming proof
that the portasomes seen in electron micrographs are indeed V| ATPase domains.

That portasomes are Vi ATPase sectors had been demonstrated clearly four
years earlier by Brown and Breton [15] who showed that portasomes are labeled
by immunogold-antibody against an H* V-ATPase subunit. First they showed a
conventional electron micrograph image from a typical portasome-studded plasma
membrane in rat kidney collecting duct intercalated cells. Then they showed a
similar image stained with immunogold-antibody against a H* V-ATPase subunit.
Finally, rapid-freeze, deep-etch micrographs and a freeze-fracture electron micro-
graph showed tightly packed hexagonal images of portasomes. This proof from
caterpillars and rats is especially relevant for our studies on mosquito larvae, where
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Fig. 1 Proof that portasomes are H" V|-ATPase sectors (a. Zhuang et al. [94]; b. and ¢. Griiber
et al. [33])

images of portasomes enabled Zhuang et al. to localize the V-ATPase on infoldings
of the basal plasma membrane of anterior midgut cells (Fig. 1a; Zhuang et al. [94]).
Micrographs of portasomes in many insect transporting epithelia [23] are located
where Okech et al. [66] have immunolocalized Ht V-ATPase.

2.3 Na* Concentration Gradients Versus Voltage Gradients
As Membrane Energizers

Earlier R. B. Dean had introduced the concept of the sodium ion pump; he wrote
that “the muscle can actively move potassium and sodium against concentration
gradients. . .this requires work. Therefore there must be some sort of a pump pos-
sibly located in the fiber membrane, which can pump out sodium or, what is
equivalent, pump in potassium” [25]. When Skou isolated and characterized the
N*/K* P-ATPase [see Nobel Lecture [78]] the Na* pump hypothesis became dogma
and the Na* pump was said to energize all animal cell membranes. For example, the
Na* pump was said to be the prime membrane energizer for Na* uptake in the skin
of fresh water frogs and the frog skin became the model epithelium for alkali metal
ion transport [51, 86]. The frog skin model held that a basolateral Na*/K* ATPase
moves Na* “actively” into the blood from the cells where it is replaced by pas-
sive diffusion of Na* from the “pond-side” bathing solution while the K* recycles
between cell and extracellular fluid. Although this model worked well under labo-
ratory conditions with high [Na*] on the outside, it faced a problem when applied
to frogs living in ponds. How could Na* diffuse passively into frog epidermal cells
when its concentration is only 0.1 mM in pond water and between 10- and 100-fold
higher in the cells? The answer is that the apical (pond-facing) membrane is electri-
cally charged, the interior being ~30 mM negative to the pond-side. But where does
the voltage come from? Ehrenfeld and associates made a giant step toward solving
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the frog skin dilemma by showing that the voltage driving Na* into the frog skin
is generated by an H" V-ATPase [30, 40], although the transporter or channel that
mediates the Na* uptake remains controversial.

2.4 The Antiporter Story

The new challenge, broadly stated, is to determine the relative roles of the “new”
electrogenic, H* V-ATPase of metazoans which acts via voltage gradients and the
well-known electroneutral Na*/K* P-ATPase which acts via [Na*] gradients. As
noted above an important role of the Na* gradient generated by the Na*/K* P-
ATPase is to eject metabolic acid by an electroneutral Na*/H* exchanger (NHE).
This mechanism works well in marine organisms and their terrestrial descendents
whose blood and extracellular fluid is always rich in Na* (~140 mM). But, it does
not work for organisms that live or breed in freshwater where the Na* concentration
is ~0.1 mM. Instead fresh water dwellers appear to use the outside-positive voltage
generated by a H* V-ATPase to drive Na* into the cells while ejecting metabolic
H*, perhaps by the 2Na*/1H" transporter identified by Ahearn et al. [1], antibodies
of which label many apical membranes in transporting cells. In the absence of any
other mechanism by which freshwater organisms can accumulate Na*, the evolu-
tion of H* V-ATPases which generate voltages that drive electrophoretic 2Na*/H*
antiport would provide a mechanism that explains how organisms could invade and
thrive in fresh water.

Having established that the postulated caterpillar GCAM K*-ATPase is actually
an H* V-ATPase the next question is — how can a V-ATPase, which transports only
H™, drive K* transport across the caterpillar midgut epithelium? And how can a H*
V-ATPase that is said to acidify the output compartment render the goblet cavity
slightly alkaline at pH 7.3 [18] and the lumen pH as high as 12 [27]? Wieczorek
solved the problem by showing that a K*/H* antiporter is present in GCAM vesi-
cles along with the H* V-ATPase and that it has a stoichiometry of 1 K* to 2H*
[4, 90, 55] which implies that it is electrophoretic. Since there are insufficient Na*
or K* chemical gradients across caterpillar midgut membranes to drive the antiport
this finding suggests that the antiport is driven by the voltages, as high as 269 mV
[29] that are generated by the H* V-ATPase. Although the suggestion that a voltage
created by H* translocation in one direction could drive 2H* translocation across
the same membrane encountered some skepticism from metazoan physiologists,
(Na* or K*)/2H* antiport is well understood in bacteria. Thus, the electron trans-
port system in alkalophilic bacteria generates a voltage across the cell membrane
(outside positive) that drives an electrophoretic Na*/2H* antiporter (NHA) which
transports H* back into the cells and ejects the toxic Na* that leaks in from the
alkaline environment [53]. The bacterial NHA has been studied extensively, espe-
cially by Padan and associates [44] who worked out its crystal structure and reaction
mechanism [3].
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The missing link in the metazoan Na*’H* exchange story and especially in the
insect K*/2H* antiporter story had been the failure to clone a metazoan, elec-
trophoretic NHA or KHA. Recently, AgNHA1 was cloned from A. gambiae [76]
and antibodies to it and a V-ATPase subunit both label the membranes across which
antiport activity has been deduced [66]. Simultaneously, Lao and associates [93]
cloned NHA2 from humans and a little later Dow and associates [24] cloned both
NHA1 and NHA2 from Drosophila melanogaster. To describe this work we shift
attention from the caterpillar midgut to the larval mosquito AC.

3 Localization of Pumps and Transporters in larval AC

Two decisions by the National Institute of Allergy and Infectious Diseases (NIAID)
led to a shift in many laboratories from caterpillars to mosquito larvae; (1) NIAID
commissioned the A. gambiae genome project and (2) they decided to support
research on disease vector insects rather than model agricultural pests. The shift was
fortuitous. The large size of the caterpillar midgut had made it possible to obtain
sufficient material for protein biochemistry which led to the isolation of the K*-
pump-containing GCAM and eventually to the structure of the entire H V-ATPase
macromolecule. The small size of mosquito larvae makes it possible to examine the
entire AC by molecular techniques such as in situ hybridization, quantitative poly-
merase chain reaction (JQPCR) and by immunolocalization of membrane proteins in
a single whole mount. The sequence information in the A. gambiae genome makes
it possible to generate antibodies to specific membrane proteins and the qPCR tech-
nique makes it possible to determine the regional localization of transcripts. Neither
antibody production nor qPCR requires that the genes be cloned or that cRNA be
generated; the genomic sequence information is all that is required. Studies on solute
transport across biological membranes have the added advantage that the localiza-
tion of pumps and transporters alone makes model building possible because in
many cases the direction of ion movements and ion stoichiometry are fixed and
transport direction can be deduced directly from immunolocalization patterns.

3.1 Function and Structure in Larval Mosquito Alimentary Canal

Mosquito larvae accomplish four remarkable feats. They absorb enough amino acids
to grow ~1,000-fold in mass; they maintain an anterior-posterior pH gradient along
their AC that increases from 6.8 to 10.5 then returns to 6.8 in the absence of diffusion
barriers (Fig. 2) as reported by Arthur Ramsey long ago [75]; they defecate rather
than exhale CO;; and they conserve Na* which they take up from an environment
in which its concentration is ~0.0001 M. These feats are accomplished by at least
eight components that interact synergistically between cytoplasm, plasma mem-
branes, and extracellular fluid, forming a bicarbonate-carbonate buffer system in
the AC lumen. The components are carbonic anhydrase (CA), bicarbonate/chloride
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Fig. 2 Longitudinal pH gradients in the absence of barriers in A. gambiae AC

exchanger (AE), H* V-ATPase (V), Na*/K* P-ATPase (Na/K), Na*/H* Exchanger
(NHE), Na* or K* Antiporter (NHA), Na* or K* Nutrient Amino Acid Transporter
(NAT), and several functional NHEs comprising H* V-ATPases electrically coupled
to NATs (NHEynaTs). We will call the HY Amino Acid Transport complex HAAT
for short. Immunolocalization of these HAAT proteins helps to answer some persis-
tent questions about pH, alkali metal cation and amino acid homeostasis in larval
mosquito AC (Fig. 2).

Are the principal ions in the lumen of the foregut Na*, K*, HCO3~, and CI"? Is
the pH nearly neutral? Is the pH of the gastric caecum held at ~7.2 by a mixture
of NaHCO3 and H>SO4? Are there fixed SO4>~ groups bound to proteoglycans
projecting into the lumen of the caecal cavity from the apical membrane of the
caecal epithelial cells; do they form an H* wire from V-ATPase-pumped protons
adhering to the plasma membrane inside the unstirred layer? Does the pH of fluid
that passes from the caecal cavity to the anterior midgut proper rise abruptly to pH
8.2 because the fixed sulfate groups are no longer present there? Does the pH of
anterior midgut increase to 10.5 because Na™ is added to the luminal contents while
H* is removed with the result that Na* HCO3~ is replaced by 2Na* CO3%>"? As
luminal contents pass to the posterior midgut is Na* removed by Na*™ amino acid
symport while H* is added by an apical H* V-ATPase so that the luminal contents
pH drops back toward neutrality. Finally, is all of the luminal Na* in the rectum
reabsorbed so that HoCO3 or KHCOs is defecated? These questions are tentatively
answered in the affirmative and the events are summarized in a tentative model
(Fig. 2). Our job is to determine if these answers are correct.

When the A. gambiae and A. aegypti genomes were released it became possible
using qPCR to localize mRNA transcription patterns and using specific antibodies
it also became possible to localize each of the HAAT proteins to specific regions
of the midgut, even to specific plasma membrane sectors. For example, knowing
that AgCA9 is abundant in the extra-peritrophic space all along the midgut allows
one to deduce that metabolic CO; is transformed to HCO3~ there. Since HCO3~
is produced within cells one can predict that a HCO37/Cl~ exchanger will move
HCO3™ outward and CI™ inward. Since ATP is present within cells and translocates
H* with no gegenion one can predict that H* V-ATPase will move H* outward
and hyperpolarize the membrane. Na*/K* ATPases always move 3Na* out of cells
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while moving 2 K* inwardly. All published NHEs move Na* into cells and H*
out. Eukaryotic NHAs are largely unknown but by analogy with their prokaryotic
cousins, EcNhAs, and in the absence of sufficient Na* gradients they are expected
to move Na*s or K*s out of cells in exchange for nH*s driven in (and therefore
NHAs are electrophoretic). All NATSs that have been localized to date move Na*
or K* into cells along with the symported amino acid. Finally, when H* V-ATPase
that is moving H* outwardly is located in the same membrane where a symporter is
moving Na* inwardly along with an amino acid, an NHEyNar is formed. These
observations make it possible to formulate tentative, qualitative models such as
Fig. 20 to guide future research.

3.2 Mosquito Membrane Thermodynamics

Activity of Na*, K*, and CI~ in hemolymph of mosquito larvae: O’ Donnell and oth-
ers have calculated electrochemical gradients of specific ions across the epithelium
of MTs in R. prolixus from measurements of V and Vy along with luminal and intra-
cellular ion activities [45, 46]. They also carried out simultaneous measurements
of pH and Vy in single MT cells using double-barreled, ion-selective microelec-
trodes [46]. Measurements of activities of Na*, K*, and CI" in the hemolymph of
A. gambiae 4th instar larvae were carried out by Rheault and Harvey (unpublished
results, Fig. 3). Values for A. aegypti larvae [26] are included in the bar graph for
comparison. Na* and CI~ values were approximately the same in both mosquitoes
whereas K* was greater than 70 mmol 1~ in A. gambiae but only 9 mmol ™! in A.
aegypti. The 7-fold difference in K* levels in the hemolymph of the two mosquitoes
implies that their transport physiologies are different. Thus, the yellow fever vec-
tor A. aegypti is not a suitable model for the physiology of the malaria vector A.
gambiae.

Concentration of anions measured by capillary zone electrophoresis Boudko
et al. [10] determined concentrations of several small anions in samples from 4th
instar A. aegypti larvae by capillary zone electrophoresis (CZE) using a contact

100+ .
[_JA. aegypti

804 I A. gambiae

= 60
40
20
Fig.3 Activity of Na*, K*, 5 []
a' K* cr

Hemolymph lon Activities
(mmol I”")

and CI” in hemolymph of
mosquito larvae N



Cation Transport in Larval Mosquito AC 123

—— Mosquito hemolymph
Amino acid standards

0.40 2
_ r 4 1. Arginine
= . i 2. Citruline
o 3. GABA
& 0.35— 4. Taurine
@ 5. Glutamate
] 1 | | 6. Aspartate
& 3 5
§ 0.30 — | =S
e | I i
=
g 7 ' | ‘ ||
|
0.25 — | | .l
| | 1| || |
" I o0kl
L N— T I

6 8 10

Migration time (min)

Fig. 4 Mean concentrations of anions in anterior midgut of A. aegypti larvae measured by cap-
illary zone electrophoresis: HEM, hemolymph; TIS anterior midgut tissue, LUM, ectoperitrophic
fluid/lumen, REM, rearing medium. The z-axis is the estimated ion concentration in undiluted
samples with the value written on the top of each bar [9]

conductivity detector (Fig. 4). The CZE data suggested that chloride/bicarbonate
exchange takes place at the apical membrane of anterior midgut cells adjacent to the
gastric caeca. The exchange appeared to occur against chemical gradients of both
ionic species, implying that it is stoichiometrically asymmetric and is electrophoret-
ically driven. Parallel experiments with the Scanning Ion Electrode Technique
(SIET) a.k.a. Self Referencing Ion Selective (SERIS) electrodes and inhibitors of
anion exchange and carbonic anhydrase (DIDS and acetazolamide) confirmed these
results [9].

3.3 Phylogeny of CPA Transporters in the SLC9 Superfamily

Although NHA genes have been identified in all phyla for which genomes are
available, no NHA had been cloned previously from a metazoan organism nor had
the encoded proteins been localized or characterized. Using a PCR strategy with
sequence information from the genome, Harvey’s group cloned a cDNA encoding
a new ion transporter from the AC of the African malaria mosquito, A. gambiae
Giles sensu stricto [76]. A phylogenetic tree was constructed and is shown as a
maximum likelihood (ML)-distance tree (Fig. 5). It was deduced from an alignment
of 65 sequences of prokaryotic and eukaryotic CPA genes and is arbitrarily rooted
with the Escherichia coli NhaA sequence. Maximum likelihood support values are
shown at branch nodes. Background highlighting: CPA1 genes, purple; CPA2 genes,
yellow; further CPA2 gene highlighting: bacteria, red; vertebrate, green; nematode,
orange; insect, blue. The scale bar indicates the estimated number of amino acid
substitutions per site. The phylogenetic tree places the gene encoding the novel ion
transporter in a group designated NHA by Brett et al. [12]; so we called it AgNHAL.
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Fig. 5 Phylogeny of CPA transporters in the SLC9 superfamily [77]

The annotation of current insect genomes shows that both AgNHA1 and a close rel-
ative, AgNHA2, belong to the Cation Proton Antiporter 2 (CPA2) subfamily and
cluster in an exclusive insect clade of highly identical genes from A. aegypti, D.
melanogaster, D. pseudoobscura, Apis mellifera, and Tribolium castaneum.
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3.4 Relative Transcriptions of AgNHAI in A. gambiae Tissues

The transcription of AgNHA1 was investigated in 4th instar A. gambiae larvae using
quantitative real-time PCR (qPCR) on preparations of various tissues (Fig. 6). Data
were presented as the mean of three replicates of at least two independent experi-
ments plus standard error. AgNHA transcript levels were normalized to the levels
of the carcass at a value of 1. Preparations were studied from ventral nerve cord,
VNC; salivary glands and cardia, SG/cardia; gastric caeca, GC; anterior midgut,
AMG; posterior midgut, PG, and Malpighian tubules, MTs. AgNHA1 message was
detected in gastric caeca and rectum with much weaker transcription in other parts of
the AC. However, expression of transporter protein, as revealed by immunolabeling
procedures, was prominent in other regions as described below.

Fig. 6 Relative transcriptions 60 1
of AgNHAs and AgNHEs in

A. gambiae tissues [76]
8 50

40
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20 A

Relative expression using gPCR

N Tissue

3.5 Immunolabeling of Whole Mounts of A. gambiae Alimentary
Canal

The antibody to AgNHA1 labeled cardia, gastric caeca, anterior midgut, posterior
midgut, proximal MTs and rectum as well as the subesophageal and abdominal
ganglia. Its relationships to other transport proteins and their deduced roles in larval
AC biology are discussed below.
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Fig. 7 Co-expression of AgNHA1 (A dorsal view) and H* V-ATPase (B ventral view) on the
apical membrane of anterior midgut cells in whole mounts of A. gambiae larval AC [66]

1.

Co-expression of HY V-ATPase with AgNHAI in whole counts of A. gam-
biae larval AC: Co-localization of the voltage-generating H* V-ATPase and its
voltage-driven companion, the Na*/H* antiporter was deduced in studies on A.
gambiae [66]. Strong labeling by both AgNHA1 (Fig. 7a) and H* V-ATPase
(Fig. 7b) is seen at the distal tips of gastric caeca and in anterior midgut where
AgNHA1 and H*-V-ATPase are both at the apical border. Its co-expression with
H* V-ATPase suggests strongly that AgNHA1 is electrophoretic. Moreover both
antibodies labeled the MTs.

A similar close relationship between H* V-ATPase and an NHA was also found
by Day et al. [24] in D. melanogaster. However, co-expression is not necessary
and the electrogenic H* V-ATPase and electrophoretic Na*/nH* need not reside
in the same membrane. Klaus Beyenbach has shown in an electrical analysis
that the voltage generated across the basal plasma membrane can hyperpolar-
ize a cell and the electrical coupling — “Beyenbach Coupling” — results in a
somewhat attenuated but still substantial voltage across the apical membrane
[7]. Neither is an H* V-ATPase absolutely necessary; any electrogenic process,
such as Na*/K* ATPase activity that generates a voltage across a membrane can
energize an electrophoretic NHA.

Co-expression of HY V-ATPase with AgNHAI in apical membranes of gastric
caecal cells: The co-expression of the electrogenic ATPase and the elec-
trophoretic antiporter is seen in more detail in cross sections where antibodies
to H* V-ATPase (Fig. 8) and AgNHAI1 (Fig. 10b) both clearly label the apical
membrane of epithelial cells in the gastric caeca.

Driving C*/2H" Antiport under bulk alkaline conditions: A persistent issue with
the hypothesis that H* V-ATPase drives (K* or Na*)/2H* antiport is the scarcity
of hydrogen ions in a compartment with pH = 10. If the Na* concentration is
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0.050 M and the pH is 10 (0.0000000001 M) where are the H* to be antiported?
The problem is made even worse by the strong signal for 3Na*/2 K* P-ATPase
on the basal membrane (Fig. 8) which removes one more strong cation (Na*)
than it adds (K*) tending to make the H* concentration in the cells even higher
and the antiport more difficult. In caterpillar midgut goblet cavity the sulfur con-
centration measured by X-ray microanalysis is high [28] and SO42~ groups are
postulated to project into the cavity and provide a local strong anion as counter
ion for H* leaving the V-ATPase at the apical membrane. If SO4> projects into
the caecal cavity then the local pH could be much lower than the bulk pH and
could provide the required H*. The entire topic of higher H concentrations at
the membrane fluid interface than in the bulk fluid outside membranes energized
by H" V-ATPases is reviewed by Harvey [36].

4. Co-expression of HY V-ATPase with AgNATG6 forms NHEyyaT in gastric caecal
apical membranes. In the gastric cacca HY V ATPase localizes on the apical
membrane (Fig. 8) with AgGNAT6 (Na* coupled neutral amino acid® symporter
6 [59] (Fig. 9)) forming a NHEynaT [66]. NHEyNAT is shown even more clearly
in the longitudinal sections of posterior midgut (Fig. 13b and d).
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Fig. 10 Hydrogen ion and sodium ion cycles in gastric caeca of A. gambiae larva as well as the
cooperation between carbonic anhydrase and the bicarbonate/chloride ion exchanger (a, courtesy
Paul J. Linser; b, [66])
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Fig. 11 Apical AgNHAL1 and basal H* V-ATPase (not shown) remove H" and add Na* to lumen
of anterior midgut in A. gambiae larvae (Okech, et al. 2008)

The apical location of AgNAT®6 in gastric caeca is consistent with the work of
Walter Terra who showed the final digestion of dipeptides to amino acids occurs
there [82]. AgNATS [58] is located on the basal membrane (image not shown)
which is consistent with the observation that many amino acids are taken up from
the hemolymph into the gastric caeca.
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Fig. 13 Co-expression of H* V-ATPase and AgNAT8 (NHEynar) with AgNHAT1 in posterior
midgut [66]

5. Replacement of luminal CI” by cellular HCO3™ across the apical membrane
of gastric caecal cells Since the pH in anterior midgut is 10.5 or higher [23],
the CI~ concentration is low and the HCO3~ concentration is high (Fig. 4)
[9] the question arises — how is Cl~ removed and HCO3~ added? Dr. Linser
has provided an important clue by showing that an antibody to AgAEl (AE
for anion exchanger) is present on the apical membrane of gastric caecal
cells where it can remove Cl~ from the lumen and replace it by HCO3™
(Fig. 10a).

6. H* and Na* cycles in gastric caeca. Na* that enters the caecal lumen by both
apical AgNAT6 (Fig. 9) and basal AgNAT8 (not shown) is recycled both to the
lumen by AgNHA1 on the apical membrane (Fig. 10b) and to the hemolymph
by Na*/K* P-ATPase on the basal membrane (Fig. 10b).

The recycling of H from the cells to the lumen by the V-ATPase and back
to the cells via an NHA (e.g. AgNHA1) in the gastric caeca is illustrated by the
cartoon (Fig. 10c.). The cycling of Na* to the lumen by NHA and back to the
cells by a NAT such as AgNAT6 and a second cycle of Na* out of the cells to
the hemolymph by basal Na*/K* ATPase and back into the cells by AgNATS are
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also shown along with the efflux of cellular HCO3™ to the lumen and influx of
CI™ to the cells by the anion exchanger (Fig. 10c.).

7. Anterior midgut alkalinization: AgNHA1 (Fig. 7a — red labeled antibody and
Fig. 11a —green labeled antibody) and H* V-ATPase — red antibody (Fig. 7b) are
positioned in anterior midgut so as to remove H* from the lumen and replace
it by Na* [66]. The basal V-ATPase moves H* from cell to hemolymph while
the apical AgNHA replaces the cell H* by removing it from the lumen and
replacing it by Na*. This appears to be the mechanism for the stripping of
H* from bicarbonate to make carbonate that was proposed two decades ago
by Dow [27]. However, AgNHAI is located in vesicles near the apical mem-
brane (arrow in Fig 11) not on the membrane. A precedent for fusing of vesicles
with membranes occurs in kidney collecting ducts where fusion of V-ATPase-
containing vesicles with the plasma membrane during acid stress is well known
[14, 15].

3.6 Carbonic Anhydrase in Ectoperitrophic Space Traps Metabolic
CO; As HCO3™ All Along the AC

Just as bicarbonate is the principal anion in caterpillar midgut [84] it is also the
principal anion in larval mosquito midgut (Fig. 4) [9]. If lumen CI~ were exchanged
for cell HCO3™ and the H* were removed, lumen HCO3~ would be transformed into
2Na* CO32" and account for the high alkalinity (Fig. 2). HCO3~ enters the lumen in
GC by exchange for CI~, mediated by AgAEI (Fig. 10a). This removal of the strong
CI™ anion is essential for alkalinizing the lumen. The mechanism for introducing
bicarbonate into the lumen was discovered by Kristin Smith et al. [79] who found
that an antibody to CA9 labels the entire length of the ectoperitrophic space (Fig.
12). Metabolic CO; that leaves cells toward the hemolymph equilibrates with cell
CO;. But CO; that leaves cells to the ectoperitrophic fluid is converted by CA9 to
HCO3™ which is polar, electrically charged, and cannot return to the cells; so there
is a continuous large gradient driving CO; from cells to ectoperitrophic space and
driving bicarbonate from space to the lumen with no ATPase involved — an alternate
mechanism for “active” transport.

3.7 Co-expression of H* V-ATPase and AgNAT8 (NHEynaT)
with AgNHA in Posterior Midgut

A remarkable co-localization of H* V-ATPase (Fig. 13b) and AgNATS (Fig. 13d) on
the apical membrane in posterior midgut cells constitutes the functional equivalent
of an NHE (NHEynaT) the activity of which lowers the pH in posterior midgut
lumen. The H* V-ATPase is clearly present on the apical membrane (Fig. 13b)
where it pumps H* toward the lumen. AgNATS is also clearly present on the same
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membrane (Fig. 13d). It is widely recognized that the voltage generated by the
ATPase drives Na* symport of neutral amino acids from lumen to cell, see [36].
Thus, the H" V-ATPase moves H* from cell to lumen while AgNAT8 moves
Na* from lumen to cell. The combined movements are precisely what a classi-
cal NHE does — so we appear to have discovered a functional NHE and have
called it NHEynat [66]; there are seven NATS in the A. gambiae genome, implying
seven NHEyNars. These movements of HT and Na*™ would soon acidify the lumen
and lower its Na* concentration to the point where Na*t:AA symport would stop.
However, the presence of AgNHA1 (Fig. 13c) provides a pathway for local cycling
of H* back to the cells and Na* back to the lumen. Together the three components
on the apical membrane could produce a balanced ionic steady state in the poster
midgut cells. In an unpublished study K. Sterling, B.A. Okech, and W.R. Harvey
have isolated brush border membrane vesicles (likely apical plasma membranes of
gastric caeca and posterior midgut) and shown by western blots, using antibodies to
the V-ATPase, AgNATS, and AgNHAI, that all three components are present. The
BBMYV may become a valuable tool in larval midgut physiology.

3.8 Is AgNHA1 the Mosquito Equivalent of the Long-Sought
K*/2H* Antiporter?

In 1991 Wieczorek and associates proposed the paradigm-changing hypothesis that
the insect K* pump is composed of an H* V-ATPase acting in conjunction with a
K*/nH* antiporter [90]. This hypothesis implies that both proteins reside on the
same membrane where the membrane potential generated by the H* V-ATPase
is postulated to drive the electrophoretic antiport. Indeed, polyclonal antibodies
against AgNHA1 labeled the apical membranes lining the goblet cavity in M. sexta
larval midgut at the sites where antibodies to V-ATPase label these membranes (Drs.
Olga Vitavska and Helmut Wieczorek, personal communication). The antibodies
also labeled the tips of the apical brush border in adjacent columnar cells suggest-
ing that K* is recycled to the lumen via an NHAI antiporter after it enters the cells
via K*-coupled amino acid symport [17]. Unfortunately, unlike the single band at
the proper molecular mass in western blots of AgNHA1 from A. gambiae mem-
branes [66, 76] the blot of M. sexta membranes showed several bands including one
at the right mass.

4 Current/Voltage Analysis of AgNHAT1 in Xenopus Oocytes

The close relations of insect NHEs (CPA1) with mammalian NHEs (Fig. 14 right)
and the isolation of insect NHAs (CPA2) from mammalian NHAs (Fig. 14 left) sug-
gest that insect NHES like all other metazoan NHEs may be Na* gradient driven,
electroneutral Na*/H* exchangers whereas insect NHAs like bacterial NHAs may
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Fig. 14 Phylogeny of AgNHAs and AgNHEs in the CPA2 and CPA1 subfamilies (from Fig. 5)

be voltage gradient driven, electrophoretic Na*/nH* antiporters. Moreover, the iso-
lation of insect NHAs suggests that they might be different from mammalian NHAs
and be good targets for the development of safe mosquitocides whereas the close
proximity of insect NHEs to mammalian NHEs suggests that they would be poor
targets for mosquitocide development. These immunolocalizations of AgNHA1
suggest that it plays a key role in maintaining the characteristic longitudinal pH
gradient in the lumen of the AC of A. gambiae larvae [66]. To evaluate this
hypothesis cRNA encoding AgNHA 1 was injected into Xenopus laevis oocytes and
current/voltage (I/V) measurements were made. Modified excerpts from that study
are presented in detail below because, like the first heterologous characterization of
an NHE in Xenopus oocytes [71], they represent the first attempt to characterize an
NHA in oocytes; however, the results raise more problems than they solve and are
best viewed as background for future investigations.

Heterologous expression. AgNHA1 cRNA was obtained by in vitro transcrip-
tion of Pmel-linearized pXOOM-AgNHAI1 plasmids carrying the gene for green
fluorescent protein. It was injected into collagenase-treated stage V-VI Xenopus
oocytes which were incubated in sterile N98 oocyte medium which contains (in
mmol 1’1) NaCl 98.0, KC1 2.0, MgCl, 0.5, CaCl, 0.5, Hepes 10 (adjusted to pH
7.2 with NaOH), which was supplemented with 2.5 mmol 1! sodium pyruvate, 100
units ml~! penicillin, 0.1 mg mI~! streptomycin, and 2.5% horse serum.

AgNHAI is a membrane protein. The hydropathy plots of AgNHA1 reveal the
12-transmembrane domains that are typical of SLC9 transporters residing in mem-
branes [76]. Their immunolocalization on plasma membranes throughout the AC
demonstrates that they reside in mosquito plasma membranes [66]. AgNHA1 cRNA
was also expressed in mammalian plasma membranes. Thus Sergio Grinstein and
associates injected cRNA encoding AgNHA 1-green fluorescent protein (AgNHA1-
GFP) into Chinese hamster ovary (CHO) mutant cells that lack an endogenous
Na*/H* exchanger. They found prominent labeling in the central region, in scat-
tered organelles and, most significantly, in the plasma membrane (Fig. 15, left).
It is clear that AgNHA1-GFP is targeted to the plasma membrane in CHO cells.
However, despite intensive efforts no NHA activity was detected in assays using
fluorescent dyes, perhaps due to incompatibility of CHO boundary lipids with the
mosquito boundary lipids to which AgNHAI is adapted (Sergio Grinstein, personal
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Fig. 15 Plasma membrane localization of AgNHA1 in Chinese hamster ovary cells and Xenopus
oocytes (Left, courtesy of Sergio Grinstein; right)

communication). The plasma membrane of whole mounts of AgNHA1 RNA-GFP-
injected X. laevis oocytes also fluoresced (data not shown) and was strongly labeled
by antibody to AgNHA1 (Fig. 15, right). Neither oocytes injected with pre-immune
serum or with water (Fig. 15, central) were labeled. The GFP and antibody localiza-
tions together demonstrate that AGNHAL is targeted to the plasma membrane in two
heterologous expression systems, CHO cells and Xenopus oocytes, as it is in the A.
gambiae AC.

Electrophysiological measurements in AgNHA 1-RNA-injected oocytes. X. laevis
oocytes were continuously perfused at a rate of 2mlmin~! with N98 solution at
room temperature. The chamber solution was grounded via two, 2 mol I"! KCl/agar
bridges that connected through Ag/AgCl reference electrodes to a virtual ground of
a current monitor head stage. Oocytes were voltage-clamped at a holding poten-
tial, Vp, of -50mV using a standard two-electrode voltage-clamp device (OC
725A, Warner, New Haven, Conn., USA). Microelectrodes were made from 1.2-
mm borosilicate glass capillary tubing and filled with 1 mol I"! KCI, (0.5-1 MS2 tip
resistance). To obtain current/voltage (I/V) relationships, 19 voltage steps from +60
to —120mV with 10mV intervals and 0.8 s duration were applied. Currents were
recorded during the last 0.2s of the voltage step when they were stable with no
relaxation. Experiments were performed on several oocytes from different donors
under each condition. Values depicted in graphs represent the mean + s.e.m. Since
the current was invariably linear from O to ~ -60mV the conductance was cal-
culated as the slope of the IV relationship in this range and the current that was
measured at —60 mV (Igp) was used as a representative value for each experiment.

AgNHAI-RNA injection results in electrophoretic transport. I/V curves from 28
AgNHAT1-cRNA injected oocytes and 18 water-injected oocytes were measured.
The raw data for currents exhibited large variations but when the values were
normalized by dividing by the current values at +10mV the curves were nearly
congruent. In all 46 experiments the currents were invariably inward with reversal
potentials of ~10 mV. The average current and conductance in AgNHA 1-expressing
oocytes was ~2-times that in controls at a confidence level <5%. The currents were
rather small to be carried by a typical channel. The results suggest that the currents
are carried by ion fluxes that are mediated by a transporter in the AgNHA1-RNA-
injected oocytes that is driven by the voltage, i.e. a transporter that is electrophoretic.
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Whether the transporter is an endogenous one activated by the RNA injection or is
AgNHAL itself is open to question.

AgNHA I-injected oocytes are more acidic than controls. The next question is
whether AgNHA1 actually exchanges H* for Na*. Strong evidence for inward
H™ translocation is the difference in initial intracellular pH in AgNHA I-injected
oocytes compared to controls. The average pH measured with an ion-selective
microelectrode in 10 AgNHA -injected oocytes was 0.3 units less than controls,
corresponding to a 2-fold increase in acidity in antiporter-expressing oocytes over
controls [37].

Currents and conductance in AQNHA1 oocytes are not pH dependent. There was
little difference in inward current in three sets of paired experiments at pH 6, 7, or 8.
The average inward current at .60 mV potential for AgNHA 1-injected oocytes was
157 nA compared to 57 nA in water-injected controls.

I/V curves in AgNHAI-injected oocytes are Na* dependent. When Na* was
replaced by N-methyl-D-glucamine (NMDG™") in NHA-injected oocytes the current
at -60 mV dropped from 100 to 40 nA compared to a decrease from 60 to 50 nA in
controls. Although the I/V trace in AgNHA 1-injected oocytes is Na* dependent it
is not clear whether the foreign transporter or an endogenous source is responsible.

I/V curves in AgNHAI-injected oocytes are K* dependent. AgNHA 1-injected
oocytes were measured with Na* replaced by K*. The average values in Na* were:
V; = -20mV, Igp = 50nA, and Gg.¢op = 1.4 LS whereas in K* the average current
had increased to 100 nA and the conductance to 1.7 uS then returned to the original
values when Na* was restored. In the control oocytes the current and conductance
were both less than in experimental oocytes and were unaffected by the change from
Na* to K*. These results show that the current in AgNHA 1-injected oocytes can be
carried by K* as well as Na™ but again the carrier remains uncertain.

Accelerating increase in current and conductance at very negative membrane
potentials. In all of the experiments the inward current and conductance from O to
—-60mV in NHA-injected oocytes were much greater than in controls and in nearly
all of the experiments the currents increased sharply at voltages more negative than
—70 mV. Typical results are shown in Fig. 16. NHA-injected oocytes have a current
of ~140nA and a conductance of ~1.6 1S at a potential of -60 mV whereas water-
injected controls have a current of ~40nA and a conductance of ~1.1 uS at both
pH 6 and 8. There is little difference in current or conductance between pH 8 and pH
6 in either AgNHA-injected oocytes or controls in Fig. 16. However, in virtually all
of the experiments on AgNHA 1-injected oocytes and to a lesser extent in the water-
injected controls the conductance increased at an accelerating rate at potentials more
negative than —70 mV. For example in Fig. 16 the average current at pH 6 and 8
in AgNHA1-cRNA-injected oocytes was ~600 nA at a potential of —120mV. The
conductance measured from —100 to —120mV was 10 uS at pH 8 and more than
20 S at pH 6.

The significance of conductances in Xenopus oocytes injected with foreign cRNA
encoding foreign transporters (but not channels that have much larger conductances)
is brought into question by the presence of endogenous cation channels and/or trans-
porters [88]. In particular I/V relationships in oocytes injected with cRNA encoding



Cation Transport in Larval Mosquito AC 135

Fig. 16 Large increases in 200 e

current and conductance at o) Ta-t 2
very negative Vy, in Xenopus

oocytes [37] o

r

-400

Current (nA)

——————e———— AgNHA1 pHE
— o AgMHA1 pHE
=== ——k— ——=— Control pHE
——= ——4— ——— Control pH8

-600
L

-800 T T T 1
-120 -100 -80 60 -40 -20 1] 20 40 &0

Plasmodium falciparum chloroquine resistant transporter (PfCRT) [65] and those
encoding A. aegypti Na*/H* exchanger 8 (AeNHES; Brett’'s AeNHE1) [71] are very
similar to those in oocytes expressing AgNHA1 [37].

I/V plot from oocytes expressing PfCRT. The P. falciparum chloroquine resis-
tance (PfCRT) gene has been the subject of many publications. Oocytes injected
with the corresponding cRNA have a higher intracellular pH and a lower membrane
potential than water-injected controls. Nessler et al. [65] propose that the PfCRT
cRNA is activating two conductances, one due to an endogenous NHE and the other
due to activation of an endogenous, nonspecific cation channel. Although the cur-
rents are smaller and the reversal potentials more negative and variable, the trace for
PfCRT-injected oocytes in regular Ringer solution with high 96 mM Na* (Fig. 17)
are similar to those for AgNHA1 in 98 mM Na™ in Fig. 16. Although Nessler et al.
suggested that the endogenous NHE is electroneutral the strong voltage-dependence
in Fig. 17 suggests that it is electrophoretic.

I/V plot from oocytes expressing AeNHEI. The plot for oocytes expressing
AeNHEI (Fig. 18) [71] is very similar to that for oocytes expressing AgNHA1
(Fig. 16). The current at -60 mV is ~75nA and the conductance is linear from 0
to —60 at ~2.7 uS. The current increases at an accelerating rate beyond —120 mV.
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Fig. 17 1/V plot from oocytes expressing PfCRT; triangles, controls; circles PfCRT; open A, CI™
free; open B Na* free ([65], their Figs. 5b, ¢)
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Fig. 18 1/V plot from Xenopus oocytes injected with water (open squares) or cRNA encoding
AeNHES (closed circles); Piermarini et al. [71]

Piermarini et al. attribute the I/V trace to an endogenous, cation-selective chan-
nel or transporter. They used ion-selective electrodes to study the properties of the
expressed AeNHEI (8). However, if their injected cRNA is activating an endoge-
nous NHE as suggested for PECRT by Nessler et al. then the pHi would be expected
to change. Therefore, pHi values measured with intracellular microelectrodes are
not free from influence by the endogenous transporter/channel and again the results
must be interpreted with caution.

I/V plot from oocytes expressing MsKAATI and AeAATI. The I/V traces for
oocytes injected with cRNA encoding MsKAAT1 in the presence of K* (Fig. 19
left) or with cRNA encoding AeAAT1 in the presence of Na* (Fig. 19 right) are very
similar to those of oocytes injected with AgNHA1, PfCRT, AeNHE] (8), and cRNA
from other sources [88]. In the case of MSKAAT1 [17], AgNAT6 [59], and the three
other characterized insect NATs the inward current depends upon the co-transported
amino acid and the analysis is valid.

Futility of oocytes for characterizing exogenous NHEs and NHAs. Although
many channels, with currents in the microampere range, have been characterized
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Fig. 19 1/V plot from oocytes injected with cRNA from MsKAAT1 and AeAAT1 (ordinate is
nA) [8]

by two-electrode voltage clamp measurements after expression in Xenopus oocytes,
the characterization of transporters with currents in the nanoamperes range are
compromised by endogenous conductances in this same range. Therefore, all of
the published attempts to characterize NHEs and NHAs by two-electrode voltage
clamps must be viewed with caution. They all suffer from the complication of acti-
vation of endogenous cation-selective channels or transporters, which Nessler et al.
[65] have shown to be separate membrane proteins. Recognizing this problem Gill’s
group [48] and Dow’s group [24] have done their heterologous characterizations in
yeast or other systems. Nevertheless, to determine whether or not AgNHA1 or any
other transporter is electrophoretic (voltage-driven) over-expression in oocytes still
remains essential. The best hope at present appears to be to clone and characterize
the endogenous transporter(s) and channel(s) from X. laevis and/or to find inhibitors
to block these membrane proteins.

5 Proton Paradigm and Mosquito Midgut Model

5.1 Interpretation of Data from Heterologous cRNA Expression
in Xenopus Oocytes

Among many explanations of the large accelerating conductances shown in
Figs. 16, 17, 18 and 19 from oocytes are the following:
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Thermodynamics are flawed because reversal potentials are pH independent
Currents are too large for transporters and are artifacts due to leaky oocytes
Inward currents are carried by cations via nonspecific endogenous channels
Inward currents are carried by cations via endogenous Na* or K* channels or
transporters

5. Inward currents are carried by an endogenous, electrophoretic N* nH* antiporter

(XeNHA)

6. Inward currents are carried by a XeNHA component and a larger AgNHAI
component

LN

Explanations 1-3 seem unlikely for the reasons discussed above. Explanations
4-6 all invoke transporters, whether endogenous or expressed via the injected
cRNAs, which in all cases appear to be electrophoretic. The existence of elec-
trophoretic cation exchangers augments the earlier reports of electrophoretic nutri-
ent amino acid transporters and provides molecular support for expanding the
membrane energization paradigm in metazoan animals. In the existing paradigm
Na*/K* P-ATPase energizes membranes by establishing an outward K* gradient
(AK*) and an inward Na* gradient (ANa™) that drives electroneutral secondary
transporters such as Na*/H* exchangers (NHEs). In the expanded paradigm H*
V-ATPase energizes membranes by establishing an inside negative voltage gradi-
ent (AW) that drives electrophoretic secondary transporters such as Na*-coupled
amino acid symporters (NATs) and the postulated Na*™ or K* antiporters (NHAs).
In brief, the Na* gradient paradigm is expanded by a voltage-gradient component.
We have reviewed evidence which suggests but does not prove that AgNHAL is an
electrophoretic, Na*/H* antiporter that is H*-, Na*- and K*-dependent. Together
with its immunolocalization in specific membranes [66] these results suggest that
AgNHAL is like EcNhA1 and other bacterial antiporters in that it uses AW to drive
nH* into cells and Na* or K* out of cells. However, the AW is generated by an
H* V-ATPase in eukaryotic cells rather than by the electron transport system, as in
prokaryotic cells, thereby simplifying the analysis.

5.2 An Electrophoretic AgNHA1 and the Membrane Potential
Energization Paradigm

Peter Mitchell’s chemiosmotic hypothesis that ATP is synthesized by using the
energy from a proton electrochemical gradient (AW + ApH) across the mitochon-
drial inner membrane to synthesize ATP via the F-ATP synthase was greeted with
skepticism if not outright derision when it was first proposed. Now we know that
chemiosmotic ATP synthesis by oxidative phosphorylation is far more efficient than
substrate-level ATP synthesis by glycolysis and that chemiosmotic ATP synthe-
sis is found in all aerobic organisms. The use of the electron transport system to
create an electrical potential and pH difference that can drive a variety of energy-
requiring reactions, such as sugar and amino acid transport in bacteria and other
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prokaryotes is also widely accepted [52, 53]. The use of the H" V-ATPase to create
a potential difference to drive membrane transport in yeast and in endomembranes
of all eukaryotic animals is also widely accepted [64]. However, many scientists
still maintain that H* V-ATPases mainly operate in vacuoles (hence their name)
and energize plasma membranes only in some animals or in “specialized” ani-
mal cells [77]. Nevertheless, the list of metazoans with plasma membrane H*
V-ATPases grows daily [47]. The new question is: can the voltage generated by H*
V-ATPases drive secondary transport of solutes such as amino acid uptake and cation
exchange. Regarding amino acid uptake the answer is yes. As discussed above cater-
pillar and mosquito larval midguts possess several Na*-coupled nutrient amino acid
transporters (NATs) which use the voltage generated by a plasma membrane H*
V-ATPase to drive Na* or K* coupled amino acid uptake by midgut cells [11, 58].
But can voltages drive cation exchange? All currently characterized NHEs use the
inwardly directed Na* gradient established by the Na*/K* P-ATPase to drive Na*
into cells and expel metabolically produced H* [69].

However, in many phyla but not those of metazoans NHAs are known to be
electrophoretic transporters. The best example is the EcNhA1 from E. coli which
couples the electron transport system-generated voltage to drive 2H* into their cells
and expel the Na* that has leaked in from the caustic medium [53, 70]. These bac-
terial NHAs differ from metazoan NHEs not only in being electrophoretic rather
than electroneutral but in moving H* into cells and Na* out: moreover they are
present in every genome yet published, including the human genome. However,
unlike metazoan NHEs which have been cloned and characterized from many cells
[69], metazoan NHAs have been cloned and partially characterized only recently —
AgNHAL from A. gambiae larval midgut [66, 76], HSNHA1 from Homo sapiens
[93], and DmNHAs 1 and 2 from D. melanogaster [23]. The evidence reported in
those publications suggests that AgNHAT is indeed an electrophoretic antiporter
that is K*, Na*, and H* dependent. It suggests that, like prokaryotic NHAs, which
use AW from H" F-ATPase to move 1Na* out of cells and 2H* in [81], AgNHAI
uses AW from H* V-ATPase to eject INa* or K* and take 2H* in.

5.3 AgNHA1I and Native XeNHA Both May Have
Voltage-Activated Channel Components?

The current in AgNHA I-injected oocytes had increased to ~500nA at —120 mV
and the conductance to >20 S in the range from —100 to —120mV (Fig 16). This
increased current and conductance of AgNHA 1-injected oocytes might suggest that
an antiporter is present but has voltage-activated channel properties. Moreover,
the conductance in the controls at pH 6 had also increased to 10 uS at —100 to —
120 mV. Recall that NHAs are present in all genomes so X. laevis must possess an
endogenous NHA (XeNHA). The parallel properties of AgNHA1-cRNA-injected
and water-injected oocytes imply that either or both of the heterologously expressed
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AgNHAL or the endogenous XeNHA are electrophoretic, possibly with a voltage-
activated channel component. It may be permissible to speculate that, XeNHA,
along with AgNHA1, HsNHA2, DmNHAT1, and DmNHA?2 are all putative elec-
trophoretic antiporters. Perhaps all metazoan NHAs are electrophoretic. Although
this speculation is attractive, the accelerating increase in current and conductance
must be treated with caution because as discussed above they could be due to an
endogenous cation channel in the oocyte membrane that is activated by injected
AgNHAT1 cRNA but is not associated with any NHA. Alternatively, these anoma-
lous results may be due to incompatibility of AgNHA1 boundary lipids with the
xenic boundary lipids in Xenopus oocytes. Long ago the loss of Ca®* transport
activity but the retention of ATPase activity was demonstrated when boundary lipids
were removed from the endoplasmic reticulum Ca?* P-ATPase [42]. Finally, these
large values may simply reflect increasing leakiness of oocytes that are maintained
in abnormally high Na* concentrations at extremely negative voltages, neither of
which are encountered by Xenopus oocytes under natural conditions.

5.4 AgNHA I-like Bacterial NHA is Oriented to Absorb H*
and Secrete Na*

The H* V-ATPase always transports H" outwardly and renders the outside of the
plasma membrane electrically positive to the inside. This voltage polarity would
drive H* inwardly and Na* outwardly only if the stoichiometry of the antiporter is
1 K* or 1Na* exchanging for 2 or more H" as it is in the caterpillar midgut [4].
That AgNHA1 moves H inwardly and K* or Na* outwardly was deduced from
its immunolocalization with respect to the H* V-ATPase in mosquito larvae [66].
This transport orientation is like that in alkalophilic bacteria in which the positive
outside voltage generated by the electron transport system provides the energy by
which bacterial NHAs transport 2H* inwardly and 1Na* outwardly [81].

5.5 Larval Mosquito Alimentary Canal Model

A. Rationale for model. Even if the electrical data on AgNHAI in oocytes is dis-
counted, previously published work on transporters in the A. gambiae larval
midgut, especially Okech et al. [66], Rheault et al. [76], and Smith et al. [79]
can be integrated into a working model (Fig. 20). As discussed above, this inte-
gration is possible because Na/K P-ATPase always moves 3Na* out of cells and
2 K* in, H" V-ATPase always moves H* out of cells with no counter ion and we
assume that AgNHA1 always moves Na*t or K* out of cells and 2H* in, using the
H* V-ATPase-generated hyper-polarization of both apical and basal membranes
of AC cells.

B. Opening to gastric caecum of anterior midgut. H is removed from the gastric
caecal cavity by exchange for cellular Na* across the apical membrane of the
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Fig. 20 Model of pH regulation and amino acid uptake in larval mosquito AC

epithelial cells mediated by AgNHAT driven by the outside voltage generated by
the H* V-ATPase in the same membrane [76]. We speculate that this process is
aided by fixed, deprotonated, SO4%~ groups that protrude from the extracellular
surface of the epithelial cells and provide a strong anion, resulting in a local,
unstirred layer of H, S04, analogous to that deduced by Dow et al. [27] from
X-ray microanalysis of fixed sulfate in caterpillar goblet cavity. The fixed sulfate
serves as gegenion for H* which AgNHA drives back into the cells while eject-
ing Na* or K* to the lumen. The resulting Na* or K* HCO3~ diffuses across the
caecal membrane into the anterior midgut lumen where SO42~ is absent and the
pH rises to 8.2 (the pKa of NaHCO3 or KHCO3 buffer).

C. Anterior midgut AgNHAI in the apical membrane exchanges cellular Na™ for
luminal H* which is expelled to the blood across the basal membrane by the H*
V-ATPase. The result is high lumen 2Na* or 2 K* and CO3?~ which brings the pH
to 10.5 (the pKa of Na; CO3 or K»CO3 buffer) in anterior midgut. The AgNHA1
was actually observed in vesicles between the nucleus and apical membrane [66]
and one must assume that under appropriate conditions the vesicles fuse with the
apical membrane, thereby inserting the NHA into the membrane. Such a fusion is
well documented in the case of HY V-ATPase-containing vesicles that fuse with
the apical plasma membrane of kidney collecting duct cells under acid stress
[14].

D. Posterior midgut AgNHA1 plays a key role in recycling Na* to the lumen after it
has been symported into the cells along with essential amino acids by AgNATS
[58]. The AgNHA is localized on the apical membrane along with the H* V-
ATPase and AgNATS; it would have to be electrophoretic to drive 2H* in and
Na* back out. The presence of electrogenic H* V-ATPase and the electrophoretic
Na*: amino acid® symporter (AgNATS) in the same membrane constitutes a new
kind of NHE that we have called NHEynaT. Starting in middle midgut and con-
tinuing through posterior midgut, we postulate that NHEyNar drives HY back to
the lumen and Na* into the cells thereby restoring lumen pH to neutrality, where
it persists from posterior midgut to hindgut. Horst Onken and David Moffett
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[67, 68] have new insight into anterior midgut alkalinization by showing that
the cytoplasm can be as alkaline as pH 8 or 9; they have also shown that de-
alkalinization of posterior midgut continues in the absence of amino acids in
the lumen. This finding implies that NHEynaT is not the only de-alkalinization
mechanism and implies that one of the three AgNHESs must be present there too.
During molting there would be no amino acids in the lumen, no Na*: amino acid
symport and thus no NHEynaT so an AgNHE must be present to expel metabolic
acids and de-alkalinize the lumen; indeed Gill and associates have identified one
[48].

E. Rectum. Figure 7a is a dorsal view showing that Na*/H* P-ATPase is not
detectable in the dorsal anterior rectal cells (DAR cells) whereas it is present in
the ventral view (Fig. 7B) [79]. In the posterior rectum before the luminal con-
tents pass to the environment, we postulate that residual Na* is absorbed from the
lumen by Na*/K* P-ATPase and KHCOj is excreted to the environment while
the scarce Na* is retained. Long ago, R.H. Stobbart showed that K* and HCO3~
are excreted by the larvae of A. aegypti [80].

F. Issues and resolutions. Iy changes but little with pH (Fig. 16). If the rele-
vant ions in AgNHA 1-over-expressing Xenopus oocytes are Na*, K*, and CI”
in addition to H* then the I ey will depend on their permeability’s, equilibrium
potentials, and concentrations. Since the concentration of the first three ions is
in the millimolar range whereas that of H* between pH 6 and 8 is in the micro-
molar to nanomolar range, the effects of H" on Iy would be only ~1/1,000th
that of the other ions and would not be detectable. Moreover, voltages from
H* V-ATPases and Na*/K* P-ATPases would tend to stabilize the reversal
potentials.

6 Conclusions

Proton and voltage gradients have dominated membrane bioenergetics since light
energy was shown to be trapped as proton gradients to initiate photosynthesis.
Proton electrochemical gradients generated by the mitochondrial electron transport
system provide the energy that F-ATP synthase uses to make ATP. The same volt-
age gradient provides the energy that the electrophoretic EcNhA1 antiporter uses
to drive 2H* into cells and eject Na* that has leaked in from the alkaline environ-
ment. Paradoxically, hydrogen ions are available at the membrane surface because
after ejection by the electron transport system they remain at the surface 1,000-times
longer than they move to the bulk solution (reviews: Cherepanov et al. [20, 60, 61]).
We postulate that a similar proton-rich layer exists at the surface of membranes to
which the H" V-ATPase has ejected them. A rare exception to the proton rule is the
Na* gradient that is generated by the Na*/K* P-ATPase. The Na* gradient drives
electroneutral Na*/H* exchangers (NHES) that translocate 1Na* into the cells while
ejecting 1H* and thus removing metabolic acids. It has always seemed unlikely that
metazoans would be the only taxa that rely solely on Na* gradients and do not use
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voltage gradients for secondary ion transport, especially since all metazoans that
have been studied possess electrogenic HY V-ATPases and NHAs which may be
electrophoretic. We have cloned and localized AgNHA1 and deduced that it uses
the voltage from an H* V-ATPase to drive 2H* into cells and 1Na* or 1 K* out [66,
76]. Simultaneously, Xiang et al. [93] showed that HSNHA2 purchased from the H.
sapiens genome project plays a role in Li*/Na* exchange. Recently, Day et al. [23]
cloned both DmNHA1 and DmNHA?2 from D. melanogaster and implicated them
in ion and pH regulation in MTs. Since all published genomes contain NHAs it is
reasonable to ask if all of them, like ECNhA1 and tentatively AgNHA, are electri-
cally driven mediators of nH* influx and Na* or K* efflux. If so then the vast new
field of electrical coupling in eukaryotic plasma membranes that was introduced by
work on caterpillar midguts many years ago will have been opened to post-genomic
exploitation.
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CFTR-Dependent Anion Transport
in Airway Epithelia

J.W. Hanrahan

1 Introduction

Vertebrates use a variety of anion transport systems to drive transepithelial fluid
secretion, each regulated by distinct second messenger systems. Tissues such as the
pancreatic duct and colon respond to peptide hormones and transmitters that elevate
intracellular levels of cAMP or cGMP (see Chap. 9 by J. F. White, this volume),
whereas most exocrine glands have a dominant calcium-dependent system, which
is activated by acetylcholine or other calcium mobilizing agonist. Some epithelia
have both mechanisms, which may allow the integration of several physiological
signals or provide more precise control by secretagogues that activate multiple sig-
naling pathways [1, 2]. Epithelial secretion usually involves activating anion efflux
through a rate-limiting channel or exchanger in the apical membrane. This chap-
ter focuses on perhaps the most extensively studied secretory transporter, the cystic
fibrosis transmembrane conductance regulator (CFTR). CFTR is a 1480 amino acid
membrane glycoprotein which when mutated causes the autosomal recessive dis-
ease cystic fibrosis (CF) [3-5]. Many mutations in the CFTR gene lead to misfolding
and retention of the mutant protein in the endoplasmic reticulum. Despite extensive
studies of CFTR structure and function, its precise role in ion and fluid transport
remain controversial, even in epithelia that are severely affected in cystic fibrosis [6].
Consequently it remains uncertain precisely how defective CFTR leads to the vis-
cous secretions, chronic bacterial infections, airway inflammation, and respiratory
failure that characterize CF.

CFTR has two membrane domains (TMD1 and TMD?2), each comprised of six
transmembrane segments. Nucleotide binding domains follow each TMD in the lin-
ear sequence (NBD1 and NBD2, respectively), placing CFTR in a large superfamily
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of “ATP binding cassette” (ABC) transport proteins that includes organisms from
bacteria to humans. Members of the ABC superfamily transport a diverse range
of substrates including peptides (e.g. STE6 [7], TAP1/TAP2 [8]), amino acids and
sugars (e.g. HisP [9] and MalK [10], respectively), lipophilic drugs and xenobiotics
(e.g. MDR [11] and MRP1 [12], respectively), and phospholipids (e.g. MDR2 [13]).
CFTR is the only known ion channel in the superfamily and is also unique in hav-
ing a central regulatory region called (rather loosely) the R domain. This chapter
provides an overview of CFTR and an update on its physiological role.

2 CFTR

2.1 Evidence for Its Channel Activity

Heterologous expression of the cftr gene in mammalian and insect cells produced a
cAMP-stimulated current [14] which was carried by ohmic anion-selective channels
having relatively low (7—10 pS) unitary conductance [15, 16]. These and other single
channel properties (slow gating, flickering at negative membrane potentials, weak
sensitivity to external disulfonic stilbene inhibition) were identical to those of a non-
rectifying, low-conductance anion channel which had been characterized previously
in several epithelia [17-19], but was distinct from an outwardly rectifying anion
channel that had been implicated in CF. On the basis of the correlation between
CFTR protein expression and the appearance of channels and their function, it was
proposed that cftr encodes the nonrectifying anion channel [15]. CFTR activation
of an endogenous anion channel was ruled out when mutations in CFTR’s trans-
membrane segments altered the selectivity of the macroscopic conductance [20].
The channel function of CFTR was formally proven when it was purified to homo-
geneity and reconstituted in planar lipid bilayers [21]. Early studies demonstrating
CFTR to be the defective anion channel in cystic fibrosis have been reviewed in
detail elsewhere [22-27].

2.2 Identification of Pore-Lining Residues

Localizing the pore is a goal when studying the structure and function of any ion
channel, and amino acids that are likely to line the permeation pathway have been
inferred by comparing the selectivity, conductance and blocker sensitivity of wild-
type and mutated CFTR channels. A strong case for the involvement of the sixth
transmembrane segment (TM6) has been based on finding that TM6 mutations affect
the anion selectivity [20, 28], unitary conductance (30,31) [29], and multi-ion pore
behavior [29] of CFTR and also its sensitivity to open channel blockers [30, 31].
A model has been proposed based on the accessibility of engineered cysteines to
externally applied hydrophilic sulthydryl methanethiosulfonate (MTS) reagents in
which amino acids immediately following TM6 fold back into the membrane [32].
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Although substituted-cysteine accessibility experiments have many caveats [33, 34],
mutations at R358 in the proposed re-entrant loop do reduce anion:cation selectivity
dramatically consistent with this model [35]. Reducing the net positive charge near
the outer end of TM6 by mutagenesis (e.g. K335E, [36]) or by mutagenesis and
addition of MTS reagents (R334C + MTSES, [37]) induces inward rectification of
the current-voltage relationship consistent with electrostatic repulsion and lowering
the concentration of permeant anions near the outer mouth of the pore. Introducing
negative charge at this site also weakens binding and block by the lyotropic anion
Au(CN)>~ when applied externally [38]. The rates at which external MTS reagents
react with cysteines inserted at 331 and 333 are slower in the open than in the
closed state [39], however inferences regarding open vs. closed states must be inter-
preted with caution since flickery block by the pH buffer MOPS suggests that there
are two conformationally distinct open states having different blocker sensitivities
[40], and studies with sulfhydryl reagents indicate there may also be multiple closed
conformations [41].

Mutations in TMS and TM11 affect selectivity and channel gating suggesting
these segments contribute to the pore [42—44], whereas similar studies of TM12
indicate that it does not contribute to the permeation pathway [45]. Although the
CFTR pore is determined mainly by TMs 1-6 [46], some early observations remain
unexplained. For example deletion of the amino terminus and TMs 1-4 reportedly
had little effect on channel function [47], although several disease-associated muta-
tions that strongly affect channel function (e.g. R117H) occur in this region [29].
TM1 mutations alter anion selectivity (K95 [20]) and rectification (G91 [34]), and
cysteines inserted into this segment are accessible to extracellular hydrophilic MTS
reagents [48], thus it is surprising that TMs 1-4 are not required for normal function
and further studies of this region are needed to understand its contribution to the
pore.

2.3 Selectivity of the Pore

When selectivity of the CFTR pore was studied using pancreatic duct [49] and thy-
roid epithelial cells [18], replacing external Na* with K*, tetramethyl ammonium, or
N-methyl-D-glucamine had little effect on the reversal potential (E}.,) whereas sub-
stituting extracellular C1~ with gluconate or sulfate shifted E,,, by +26 mV [50, 17,
18]. Anion selectivity (i.e. Pc1/Pcation > 8—14) was reported for channels in human
colon T84 and the intestinal cell line CaCo2 [19, 51]. Halide permeability ratios
(Px/Pc1) followed an (inverse) lyotropic series, with large, weakly hydrated ions
having the highest permeability except iodide, which gave inconsistent results even
within laboratories. Most single channel and macroscopic studies suggested Pi/Pcy
< 1.0 [49, 20, 52-54] , although I" currents were not detected in cultured thyroid
cells [18] and block by iodide has also been reported [55]. In one study, the Pi/Pc)
of single CFTR channels was high immediately after exposure to iodide and then
declined [36].
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Permeability ratios for polyatomic anions follow the sequence NO3~ (1.73) >
CI™ (1.0) > HCO3™ (0.25) >> gluconate™ (0.03) when measured from the extra-
cellular side with mixed solutions [49]. A similar sequence NO3~ > CI™ > HCO3™
> formate™ > acetate™ was obtained under biionic conditions, although permeation
by large kosmotropic (i.e. “water structuring”) anions was higher from the cytoplas-
mic than extracellular side [28]. Thus, external pyruvate™, propanoate™, methane
sulfonate™, ethane sulfonate™ and gluconate™ were not measurably permeant (i.e.
Px/Pc; < 0.06) when macroscopic current was measured using excised patches
exposed to PKA and ATP, yet small currents carried by these anions were detectable
from the cytoplasmic side indicating asymmetrical permeability to large monova-
lent ions [56]. Thiocyanate (SCN™) is permeant in CFTR and plays an important
physiological role in the lactoperoxidase/H,O,/SCN™ antimicrobial system of the
airways [57-59]. In this host-defense mechanism, lactoperoxidase secreted onto the
airway surface by submucosal glands catalyzes the oxidation of SCN™ by H,0»,
which is generated at the apical membrane by the action of DUOX1, an NADPH
oxidase. This oxidation yields OSCN™ (hypothiocyanite), which is bactericidal and
thus contributes to innate immunity.

The relationship between macroscopic permeability ratio and the ion radii sug-
gests a minimum functional diameter for the pore of 5.3 A from the outside [28]
and ~12 A from the inside [56, 28], suggesting that relatively large monovalent
anions can permeate from the cytosolic side. Indeed, macroscopic currents car-
ried by glutathione (GSH) efflux have been measured when excised patches were
exposed to high concentrations of GSH on the cytosolic side [60]. CFTR channel
blockers and mutations inhibited the GSH current, suggesting that CFTR mediates
GSH flux, and this was later confirmed biochemically using purified CFTR protein
[61]. Nevertheless, the CFTR-dependent GSH efflux from intact cells is low [62]
and may depend on cytosolic C1™ concentration rather than CFTR per se [63], thus
it remains uncertain whether GSH permeation through CFTR contributes to cellular
efflux under physiological conditions.

2.4 Mechanism of Anion Permeation

Several lines of evidence suggest that the CFTR pore can hold more than one ion
at a time. The biionic permeability ratio Pi/Pcy is concentration-dependent [55], a
common feature of multi-ion pores [64, 65]. At least two distinct electrical distances
have been calculated for voltage-dependent blocker sites, and the block by intracel-
lular gluconate is relieved by raising external C1~ concentration. When wild-type
CFTR channels are bathed symmetrically in mixtures of C1~ and SCN~, single
channel conductance decreases from 7 to 2 pS as the mole fraction of SCN™ (the
more permeant anion in the mixture) is increased from 0 to 7%, but then increases
again as the SCN™ mole fraction is increased further to 97% [29]. This “anoma-
lous mole fraction effect” (AMFE) and the voltage-dependent block of CI™ currents
by cytoplasmic SCN™ are both abolished when R347 is mutated to aspartate, and
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the AMFE becomes pH-dependent when the residue is substituted with a titrat-
able histidine, suggesting positive charge at this site is necessary for the AMFE
and also for the binding of internal SCN™. A four barrier, three site (4B3S) Eyring
rate theory model reproduced the current-voltage relationships quantitatively under
a wide range of conditions, i.e. single channel conductances, reversal potentials,
block by intracellular gluconate, and AMFEs in mixtures of SCN™ and C1~ [66].
Loss of the AMFE (as seen in the R347D mutant) could be simulated using the
4B3S model by reducing the depth of the well corresponding to intracellular SCN™
block. Whether the positive charge at R347 contributes directly to SCN™ binding
or indirectly through changes in pore architecture is not known [67]. The residual
conductance of R347H and R347P mutant channels may explain the relatively mild
phenotype associated with these mutations in patients.

3 Regulation of the CFTR Channel by Phosphorylation

3.1 PKA

Phosphorylation of CFTR’s regulatory (R) domain by PKA or PKG stimulates
CFTR activity [68, 69] and may enhance its interactions with other proteins. In
COS cells, forskolin increases in vivo phosphorylation on CFTR by 1.8-fold [68]
to an apparent stoichiometry of ~5 moles PO4/mole protein [70], although this is
probably an underestimate since all intracellular ATP is not radiolabeled when cells
are incubated with [3>P]POy. Sites that are conspicuously phosphorylated under in
vivo conditions are RRNSge0l, KRKNS700I, RKVS795L., and RRLSg;3 Q. Sites that
do not appear to be phosphorylated in vivo cannot be dismissed however, as they can
support channel activity (~50%) and are highly conserved between species despite
sequence divergence in the R domain generally. Six PKA sites are phosphorylated
in resting Xenopus oocytes [71], and phosphorylation of S737 and S7¢3 downregu-
lates channel activity [72, 73, 71]. Mutating all nine dibasic (R-R/K-X-S/T) and five
monobasic (R/K-X-S/T) consensus sequences for PKA on the R domain along with
the dibasic site RKTS422N near the beginning of NBD1 abolishes channel responses
to PKA when the mutant is incorporated into planar bilayers (82). Whether all func-
tionally important PKA sites are situated on the R domain is unclear, since “split”
channels lacking the R domain (defined as amino acids 634—836 inclusive) can still
respond to PKA stimulation in patch clamp experiments, albeit weakly [74]. The
Type II isoform of cyclic GMP-dependent protein kinase (PKG Type II or cGKII)
activates CFTR channels in intestinal epithelium and mediates the secretory diarrhea
induced by heat stable enterotoxins [75]. Activation of CFTR channels by ¢GKII
in excised patches is somewhat slower than by PKA, however cGKII incubation
produces similar CFTR phosphopeptide maps suggesting that the same sites are
phosphorylated by both kinases [76].



154 J.W. Hanrahan
3.2 PKC

Protein kinase C (PKC) causes a small stimulation of CFTR channels but its
main effects are to enhance both the rate and magnitude of activation by PKA in
excised patches [69], maintaining CFTR in a PKA-responsive state [77]. Without
PKC exposure excised channels become refractory to PKA stimulation after
~10 min, presumably because critical PKC sites have become dephosphorylated
by a membrane-associated phosphatase (Fig. 1). Loss of PKA responsiveness can
be reversed by adding PKC + ATP to the bath and prevented if PKC is continuously
present. PKC belongs to a family of 11 related, lipid-dependent serine/threonine
kinases having homologous catalytic domains. The isotypes are not specific in their
ability to stimulate CFTR in vitro [78], nevertheless PKCE has been identified as the
one regulating CFTR in the airway submucosal gland cell line Calu3 [79]. Mutant
channels lacking all nine PKC consensus sequences on the R domain have drasti-
cally reduced responses to PKA stimulation [80]. Most of this decrease in activation

Fig. 1 Cartoon of CFTR showing the amino terminus (N), nucleotide binding domains / and 2
(1, 2), the regulatory domain (R) and carboxy-terminus (C). Note the two membrane domains each
containing six transmembrane segments and the asparagine-linked glycosylation of extracellular
loop 4
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is caused by loss of the T582, T604, and S686 near the N-terminal end of the R
domain, whereas mutating PKC sites S641 and T682 to alanine enhanced responses
to PKA and PKC, respectively, suggesting they are normally inhibitory when phos-
phorylated. How does the R domain regulate CFTR? Studies of domain-domain
interactions when CFTR channels are assembled from three polypeptides indicate
that phosphorylation does not cause release of the R domain as originally pro-
posed. In fact, association of the R domain with other parts of CFTR is enhanced
by phosphorylation when studied using channels that are assembled in situ from
three polypeptides [81]. The R domain is pulled down more efficiently when pre-
phosphorylated by protein kinase A, both in vivo, and when lysates expressing split
channels lacking the R domain are incubated with a GST-R domain fusion protein.
Similar results have been obtained for PKC phosphorylation of the R domain [82].
Thus, phosphorylation regulates CFTR by promoting association of the R domain
with other domains rather than by causing its release from an inhibitory site.

3.3 Dephosphorylation

Phosphatases also control CFTR activity and cause channels to run down soon after
they are excised from cAMP-stimulated cells [50, 69]. This spontaneous decline
in open probability (P,) has been attributed to phosphatase activity in the excised
patch because channels could be reactivated by exposure to MgATP + PKA [69].
Rundown was not inhibited significantly by high concentrations of okadaic acid, and
did not require Ca or calmodulin, indicating that it was not mediated by PP1, PP2A,
or PP2B. Rundown was sensitive to the alkaline phosphatase inhibitors levamisole
and bromotetramisole [83], but at concentrations (>200 uM) that we now know
inhibit all four protein phosphatase types [84]. Reducing Mg?* concentration slows
rundown, consistent with the dependence of PP2C on millimolar concentrations of
Mngr [85]. Calyculin A also had a small effect on CFTR, but in Tg4 monolayers
the deactivation of cAMP-stimulated currents was insensitive to okadaic acid and
calyculin A, suggesting most CFTR deactivation in epithelial cells is mediated by
PP2C [86, 85]. Other cells may regulate CFTR differently however, for example in
cardiac ventricular myocytes about 50% of CFTR deactivation is sensitive to the
PP2A inhibitors microcystin and okadaic acid [87] suggesting an important role for
PP2A in those cells. More recently two different PP2A subunits have been shown
to interact with CFTR. An association between CFTR and the B’epsilon subunit
of PP2A [88] was demonstrated using proteomics, and a yeast two hybrid screen
revealed an interaction between the R domain of CFTR and the PP2A regulatory
subunit PR65 [89].

4 CFTR and Its Neighbors

CFTR functions in a macromolecular complex with other proteins, which may
explain why it has been reported to influence the epithelial sodium channel (ENaC)
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and many other transport proteins. Much effort is presently directed towards
understanding these interactions since they may contribute to CF pathobiology.

4.1 Syntaxin 1A

Early studies identified interactions between the amino terminal tail (N-tail) of
CFTR and syntaxin 1A [90, 91], which is part of the vesicle fusion apparatus at
neuronal synapses [92]. Binding to the N-tail of CFTR inhibits its channel activity,
apparently by disrupting interaction of the N-tail with the R domain. The N-tail/R
domain interaction depends on a cluster of acidic amino acids between aa 46 and
63 of the N-tail which are predicted to lie on one side of an alpha helix. Interaction
between the N-tail (or a recombinant N-tail-GST fusion protein) and the R domain
increases open probability by prolonging the open state. The N-tail interacts pref-
erentially with the amino-terminal region of the R domain between aa 595-740,
however a more distal region of the R domain appears to stabilize the interac-
tion. The N-tail also influences phosphorylation control of CFTR since mutating
the acidic residues to alanines slows channel activation by forskolin and IBMX and
accelerates the deactivation that occurs after forskolin and IBMX are washed out
[93]. Another membrane protein, MUNCI18, competes with CFTR for binding to
syntaxin 1A and thereby relieves the inhibition of CFTR by syntaxin 1A [94]. A
proximal region of the N-tail also interacts with the cytoskeletal protein filamin, and
a disease-associated mutation (S13F) disrupts this interaction, causing the mutant
CFTR to be retrieved more rapidly from the cell surface and degraded [95].

4.2 PDZ Binding Domain Proteins

Perhaps the best-known CFTR interacting proteins are those with PDZ (Post synap-
tic density 95, Discs large, ZO-1) domains such as NHERF1 (sodium-hydrogen
exchange regulatory factor typel, also called EBP50 for “ezrin binding protein of
50 kiloDaltons”), which bind to the C terminal DTRL motif of CFTR and act as
scaffolding/adaptor proteins. Mutating threonine or leucine in the DTRL motif of
CFTR leads to partial redistribution of the protein from the apical to lateral plasma
membrane in polarized epithelial cells, and abolishes binding to PDZ1 of EBP-50
in vitro [96, 97]. The structure of PDZ1 from EBP50 (solved at 1.7 A resolution
when bound to the C terminal five amino acids of CFTR) has revealed two hydro-
gen bonds and two salt bridges between the penultimate arginine and residues in
PDZ1 [98]. However NHERF2, a related PDZ-domain protein, is also situated at
the apical membrane of epithelia and can be immunoprecipitated with CFTR [99]
whereas a PDZ domain protein called CAL (CFTR associated ligand) interacts with
CFTR during its maturation in the trans-Golgi compartment [100]. A protein with
four PDZ domains called CAP70 was identified using an affinity column with the
C-tail of CFTR as bait [101]. Adding recombinant CAP70 to excised patches had a



CFTR 157

biphasic effect on P,, which increased at low CAP70 concentrations and decreased
at high concentrations suggesting that low concentrations of CAP70 enhance CFTR
dimerization, and similar results have been obtained with fragments of EBP50 that
contain two PDZ domains [102].

Interactions with PDZ domain proteins determine the lateral mobility, distribu-
tion, and recycling of CFTR at the plasma membrane. Most CFTR channels are
normally immobile on the cell surface when studied on a time scale of minutes
using fluorescence recovery after photobleaching, image correlation spectroscopy,
or single particle tracking of fluorescently tagged channels. However, when PDZ
binding is disrupted they become highly mobile, occasionally entering zones of
transient confinement that may reflect other types of protein-protein interactions
[103]. Overexpression of CFTR and an insufficient number of PDZ partners may
explain the high mobility of CFTR reported under control conditions in previous
studies [104].

4.3 Local Signaling

Huang et al. [105] found that CFTR channels could sometimes be activated by
adding cpt-cAMP and ATP to patches that had been excised from Calu-3 airway
epithelial cells, indicating that PKA holoenzyme must be associated with the
membrane. The catalytic and type II (RII) regulatory subunits of PKA both
co-immunoprecipitate with CFTR [99], and endogenous kinase activity in the pre-
cipitates can be abolished by Ht31, a peptide derived from the amino terminus of RII
which specifically disrupts interaction with A-kinase anchoring proteins (AKAPs).
The AKAP involved in this process remains to be established, although ezrin is one
candidate since it is expressed at the apical membrane of Calu-3 and T84 cells and
can be co-immunoprecipitated with CFTR. Ezrin also interacts with E3KARP and
thus could provide a link between E3KARP-CFTR and PKA [99]. Protein com-
plexes may also regulate the level of cAMP near CFTR through local regulation of
cAMP export. The multidrug resistance protein 4 (MRP4) is a cAMP exporter which
associates functionally and physically with CFTR through PDZK1, another PDZ
domain protein, and suppresses its normal activation [106]. PKC is also anchored
near CFTR by “Regulators of C kinase” or RACKS [107]. The importance of mem-
brane targeting/tethering is well illustrated by comparison of CFTR activation by
soluble and membrane-bound forms of cGMP-dependent protein kinase (Types I
vs. II, respectively; [108]). Type I does not activate channels significantly whereas
a chimera of Type I and Type II N-terminal anchoring domain does associate with
the membrane and leads to activation of CFTR channels.

4.4 AMPK

In addition to PDZ domain proteins, CFTR can associate with ol and a2 catalytic
subunits of AMP-activated protein kinase (AMPK) [109], which are responsive to
the AMP:ATP ratio and may serve as metabolic sensors. a1-AMPK binds to the



158 J.W. Hanrahan

C-tail of CFTR between residues 1420 and 1457 and this interaction is disrupted by
mutations at either of two protein trafficking motifs that are situated in this region.
AMPK phosphorylates CFTR in vitro and inhibits CFTR currents by 35-50% when
coexpressed in Xenopus oocytes. Whether this is due to direct phosphorylation of
CFTR or an alteration in metabolism remains to be established. AMPK and CFTR
are co-localized at the apical membrane of nasal epithelium.

4.5 Does CFTR Function as a Channel for Chloride, Bicarbonate,
or Both?

The role of CFTR in HCO3 ™ secretion has received much attention recently because
HCO3™ is the main ion transported by the small pancreatic ducts which are severely
affected in cystic fibrosis and is also an important component of airway and intesti-
nal secretions [110]. The human airway cell line Calu3, a widely used model for
submucosal gland serous cells, actively secretes HCO3 ™ rather than C1™ [111, 112]
yet the final bicarbonate concentration in secreted fluid is variable [113]. The rela-
tive contributions of HCO3 ™~ and C1~ to fluid secretion have recently been quantified
under open circuit conditions and the role of active HCO3 ™ transport in driving fluid
secretion and its dependence on CFTR has been confirmed (J. Liao, R. Robert,
J. Shan, J. Hanrahan, unpublished observations). Patch clamp experiments have
demonstrated that bicarbonate can permeate through the CFTR channel pore [49,
114, 28], nevertheless the significance of CFTR-mediated efflux during bicarbonate
secretion is still hotly debated [115, 112, 116]. The method that is widely used to
study anion exchange involves replacement of extracellular CI~ with an impermeant
anion and measurement of intracellular alkalinization when HCO3 ™ enters on the
exchanger, however it is difficult to exclude electrical coupling with this technique
when there is a large parallel anion conductance to both ions and depolarization
induced by C1~ removal would also drive HCO3 ™~ uptake. At present, HCO3 ™~ efflux
through apical CFTR channels can adequately explain secretion by Calu-3 cells and
there is no need to invoke anion exchangers in the apical membrane although anion
exchangers in the SLC26A family have been proposed in other tissues, notably the
pancreatic duct [117].

5 Conclusions

Much progress has been made since the cloning of the CFTR gene, however, many
important questions remain, including the location of the CFTR channel pore, mech-
anisms of regulation by phosphorylation and by protein-protein interactions, and the
precise function of CFTR during bicarbonate secretion. Structural studies of CFTR,
proteomic identification of its associated regulatory proteins, and more detailed
physiological studies of bicarbonate secretion should help answer these questions.
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Sulfate and Phosphate Transporters
in Mammalian Renal and Gastrointestinal
Systems

Daniel Markovich

Abstract This chapter will summarize the most recent data available for sulfate
and phosphate transport in mammalian renal and gastrointestinal systems. Dietary
derived sulfate and phosphate are absorbed in the intestines and their circulating
levels are controlled by renal tubular mechanisms. Such processes are facilitated by
sulfate and phosphate transporters that exist in the epithelial cells of the kidneys
and intestines. Sulfate transporters belong to two gene families, the Na*-coupled
sulfate transporters (SLC13) and the sulfate anion exchangers (SLC26). Phosphate
transporters belong to three gene families, Type I (SLC17), Type II (SLC34), and
Type III (SLC20) of which all members are Na*-coupled phosphate transporters.
Tissue distribution for these transporters is diverse, with some being restricted to
either renal or intestinal tissues and with others showing more broad tissue distri-
bution. Various modes of regulation affect the expression of these genes and the
proteins they encode in their respective tissues. Lessons from knock-out mice reveal
the physiological (and pathophysiological) roles these proteins play in the body and
their contributions to sulfate and phosphate homeostasis.

Keywords Sulfate - Phosphate - Transporter - Intestine - Kidney - Epithelia

1 Introduction

Inorganic sulfate (S;) and phosphate (P;) are two molecules that play important roles
in the body [1, 2]. Serum S; and P; are carefully maintained by renal tubular mecha-
nisms [1, 2]. These two essential anions are involved in many crucial processes in the
body (for reviews see [2-5]). Because of their hydrophilic nature, every cell in the
body requires a mechanism by which S; and P; can cross their plasma membranes.
Both anions are freely filtered in the glomerulus and under normal conditions, up
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to 80% of filtered P; and S; is reabsorbed in the proximal tubule, the principal site
of P; and S; reabsorption. Despite the similarity in molecular structures for the two
tetra-oxyanions, PO43~ and SO42~, they do not share the same transport pathways
nor are the proteins involved in their cellular translocation related in structure or
function. This review will be divided into two sections: mammalian (A) S; trans-
porters and (B) P; transporters in renal and gastrointestinal systems. In the early
1990s, cDNA molecules encoding these transporters were isolated by expression
cloning using Xenopus oocytes [6]. The structural isolation of these proteins has
allowed molecular and cellular studies to be performed in order to elucidate the reg-
ulatory mechanisms which control their expression in vivo. This review will focus
on mammalian renal and intestinal S; and P; transporters.

2 Mammalian Sulfate Transporters

Inorganic sulfate (S;) is an essential anion for normal body function. S; is required
for cartilage formation, proteoglycan synthesis and cell matrix formation [3, 5].
S; is also involved in many physiological and pharmacological processes, includ-
ing activation and detoxification of many endogenous and exogenous compounds
(including catecholamines, bile salts, and steroid/thyroid hormones) [3, 5]. There
are numerous fatal disorders that arise from disturbances in S; metabolism or S;
transport: Hunter’s syndrome, Morquio’s syndrome, Maroteaux—Lamy syndrome,
metachromatic leukodystrophy, congenital chloride diarrhea, and diastrophic dys-
plasia [3, 5, 7-9]. Since sulfate is a hydrophilic anion, it requires specialized
transport proteins to facilitate movement across the plasma membranes of cells.
In vertebrates, there are two structurally and functionally distinct families of sulfate
transporters: (1) Na*-dependent sulfate transporters, which contain two members
NaS1 (SLC13A1) and NaS2 (SLC13A4) belonging to the SLC13 gene family,
and (2) Na*-independent sulfate transporters, which contain eight members, Satl
(SLC26A1), DTDST (SLC26A2), DRA (SLC26A3), PAT1/CFEX (SLC26A6),
SLC26A7, SLC26A8, SLC26A9, SLC26A11 that belong to the SLC26 gene fam-
ily (Table 1) [10-12]. This paper will now describe in detail the properties of the
various known sulfate transporters.

2.1 SLCI3A1I (NaS1)

Three mammalian SLC13A1 orthologues have been cloned so far: human NaS1,
rat NaS1, and mouse NaS1 [10, 13-15]. Northern blotting and RT-PCR detected
hNaS1 only in kidney; whereas rNaS1 mRNA was detected by Northern blotting
in kidney and small intestine and mNaS1 was detected by Northern blotting and
RT-PCR in kidney, ileum, duodenum/jejunum, and colon, with weaker signals in
cecum, testis, adrenal, and adipose tissue [13, 15]. The NaS1 protein was local-
ized to the apical or brush border membrane (BBM) of renal proximal tubular cells
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Table 1 Mammalian sulfate transporters

Protein Major tissue(s)
name Gene name™* expression Transport substrate(s) References
NaS1 SLCI13A1 Kidney, intestine ~ Nat SO4 2- [13-16]
NaS2 SLC13A4 Placenta, brain, Nat SO4 2~ [46-50]
heart, testis
Satl SLC26A1 Liver, kidney, S042~, Cl—, oxalate [52-55, 57]
brain
DTDST SLC26A2 Ubiquitous S04, CI- [7, 59-60]
DRA/CLD SLC26A3 Intestine, S042~,CI~,HCO3~,0H™  [61-65]
pancreas,
prostate
CFEX/PaT1 SLC26A6 S042~, Cl~, HCO3 ™, [66, 73-76,
OH™, oxalate, formate 78-81]
SLC26A7 SLC26A7 Kidney S042~, CI~, oxalate [73, 88]
Tatl SLC26A8 Brain, sperm S042~, CI~, oxalate [88-90]
SLC26A9 SLC26A9 Lungs S042~, CI~, oxalate [88]
SLC26A10 SLC26A10 Pseudogene? Unknown [51,73]
SLC26A11 SLC26A11 Ubiquitous S042~ [73, 87]

* Gene name given by the Human Genome Organization Nomenclature Committee (http://www.
gene.ucl.ac.uk/nomenclature/).

[16, 17]. The human NaSI gene consists of 15 exons (spanning over 83 kb) on
human chromosome 7q31-7q32 [15].

hNaS1 encodes a protein of 595 amino acids with 13 putative transmembrane
domains [15]. The mammalian NaS1 transporters are approximately 66.1 kDa in
size, comprising of 13 TMDs predicted by TopPred2, with an intracellular NH»
terminus and an extracellular COOH terminus (Fig. 1) [18]. hNaS1 and rNaS1 pro-
teins contain 595 amino acids, whereas mNaS1 is one amino acid shorter, lacking
a glutamate at residue 314 [19, 20]. The significance of this is unknown. NaS1
proteins have one putative extracellular N-glycosylation site, near the end of the
C-terminus (Fig. 1). All SLC13 family proteins contain numerous predicted con-
sensus sites for phosphorylation (protein kinase C, cAMP and cGMP, casein kinase
II, tyrosine kinase sites) and N-myristoylation sites, for which the functional sig-
nificance has yet to be determined. In addition, there is a 17 amino acid long
consensus sequence motif (TSFAFLLPVANPPNALIV) called the “Sodium:sulfate
symporter family signature” (PROSITE PS01271) situated at amino acids 523—
539 of rNaSl1, starting in TMD12 (Fig. 1), which is highly conserved among the
SLC13A1 proteins (100% identity), SLC13A2 (71-82% identity), SLC13A3 (59—
77%), SLC13A4 (77% identity), and SLC13A5 (77-82% identity). This motif, the
significance of which is unknown, is well conserved in SLC13-like genes in lower
eukaryotes and prokaryotes [2].

NaS1 encodes an electrogenic pH-insensitive high-affinity Na*-dependent
S04~ transporter (Na*—SO4%~ cotransporter/symporter), with substrate prefer-
ences for the anions sulfate (K, = 93 uM), thiosulfate (K,,, = 84 wM), selenate
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N-glycosylation site

Protein kinase C site

Profein kinase A site

Na'sulfate sigreature

Fig. 1 Secondary structure model of the NaS1 protein (adapted from [2]). Topology is based
on the prediction by the TopPred2 program. The N-terminus is intracellular and C-terminus is
extracellular. One N-glycosylation site is in the extracellular C-terminus. Putative consensus sites
are indicated

(K = 580uM) and the cation Na* (K,,nat = 1624 mM) [21]. Significant
cis-inhibition for NaS1-induced sulfate transport was observed with thiosulfate,
selenate, tungstate, and molybdate (for all NaSlorthologs) and with succinate and
citrate (for hNaS1 only) [15], suggesting possible subtle differences in substrates
between the various NaS1 orthologs.

Although early transport studies in BBM vesicles and renal microperfusion
studies have hypothesized that the BBM Na*/S; cotransporter, is responsible for
regulating plasma S; levels, up until recently, no metabolic and/or hormonal factors
were identified as regulators of NaS;-1 expression [22, 23]. Recent data from this
laboratory (and others), has shown that several hormones and various dietary con-
ditions regulate the expression of NaS;-1 (and in some cases sat-1) protein in the
kidney: (i) Dietary sulfate intake: Increased sulfate diet leads to reduced renal S;
reabsorption [23-25]. Chronically (1 week) adapted rats fed a high S; diet, showed
a 2-fold reduced BBM vesicular Na*/S;-uptake when compared to rats on a normal
S; diet. This change correlated closely with significant reductions in NaS;-1 protein
expression in renal proximal tubules [24]. (ii) Dietary potassium intake: Chronic
potassium (K) depletion increases in proximal tubular citrate reabsorption leading
to metabolic alkalosis, which has previously been shown to inhibit renal S; reab-
sorption [26, 27]. NaS;-1 protein levels were reduced by 4-fold, in rats fed on a
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K-free diet, compared to control rats [17]. (iii) Metabolic acidosis: Rats subjected
to chronic (10 days) metabolic acidosis (CMA) displayed a 2.5-fold decrease in
BBM vesicular Na/S;-cotransport, which correlated closely with a 2.7-fold decrease
in BBM NaS;-1 protein abundance in renal proximal tubules of CMA rats when
compared to control rats [28]. (iv) Glucocorticoids: Dexamethasone (dex) treatment
has been shown to reduce chicken renal BBM Na/S;-cotransport without having an
effect on BLM SO42~/HCO3~ exchange [29]. Kinetic analysis of the dex effect on
BBM Na/S;-cotransport showed that the Vip,x was decreased by 2-fold (compared to
controls), without affecting the K. Rats injected daily (for 10 days) with dex subcu-
taneously (0.1 mg/100 g body weight) showed a 2-fold reduction in BBM vesicular
NaS;-cotransport when compared to water-injected controls (unpublished data).
This observation correlated with a 2-fold reduction in NaS;-1 protein levels (on
Western blots with BBM), in dex treated rats when compared to control rats (unpub-
lished data). (v) Thyroid hormone: Serum sulfate levels are reduced in hypothyroid
patients. Chemically induced hypothyroidism [using 6-propyl-2-thiouracil (PTU)]
in rats led to significant decreases in serum sulfate concentrations, renal fractional
reabsorption of sulfate and creatinine clearance [30]. Kidney BBM NaS;-cotransport
showed significant decreases in Vin,x values without changes in K, in hypothy-
roid rats, with no significant differences in BLM sulfate/anion exchange transport
Vmax or K, (sat-1 activity). NaS1 protein levels were significantly lower in
the kidney cortex from hypothyroid rats, suggesting that PTU-induced hypothy-
roidism decreases Na/Si-cotransport by downregulating NaS;-1 expression [30].
(vi) Vitamin D: Vitamin D-deficient rats were shown to have lower plasma S; levels
than control animals, a 3-fold higher fractional S; renal excretion, and a decrease
in renal cortical BBM Na/S; cotransport activity, associated with parallel decreases
in both renal NaS1 protein and mRNA content [31]. Vitamin D supplementation
resulted in a return to normal levels of plasma S;, fractional S; excretion and both
renal NaS;-1 mRNA and protein. All these effects were shown to be a direct effect
of vitamin D, and not mediated by the effects of vitamin D on plasma calcium
or PTH [31]. The identification of vitamin D as a modulator of S; homeostasis
may have important clinical implications: by regulating renal S; transport and sul-
fatemia, vitamin D status would appear to be a major factor influencing the amount
of S; available for sulfation of proteoglycans. Vitamin D deficiency may thus result
in a defect in the synthesis of these important matrix components, a mechanism
that may contribute to producing some of the abnormalities observed in rickets
and osteomalacia [31]. (vii) Growth Hormone: Growth hormone treatment of adult
rats led to significant reductions in NaS;-1 protein expression in rat kidneys [32].
(viii) Nonsteroidal anti-inflammatory drugs (NSAIDs): NSAIDS, such as Ibuprofen
(IBU), increase S; renal clearance and decrease renal fractional reabsorption of S;.
The Vmax for BBM vesicular BBM NaS;-cotransport was lower (with no change
in K;;) in IBU-treated rats when compared to control rats [33]. No differences
were observed in BLM SO4>~/HCO;3~ exchange in IBU rats compared to controls
[33]. NaS1 protein levels in BBM were significantly lower in animals pretreated
with IBU compared with that in control animals, indicating that IBU treatment
alters Na/S;-cotransport by downregulation of NaS;-1 protein in renal BBMs [33].
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(ix) Post-natal expression: Ontogeny of renal sulfate transporters NaS1 and sat-1
expression was measured during postnatal maturation [34]. Western blot analysis
of renal membranes from rats showed no changes in NaS;-1 protein expression in
rats aged day 1 to day 77, whereas satl protein levels increased from day 1 to day
14, followed by a decrease in protein levels thereafter [34]. This would suggest,
translational mechanisms may maintain constant numbers of NaS1 proteins on prox-
imal tubular membranes during maturation, whereas sat-1 protein levels increase in
the first two weeks followed by a decline into old age. (x) Chronic Renal Failure
(CRF): Hypersulfatemia occurs in CRF, by yet unknown mechanisms. NaS1 and
sat-1 expression in adult male rats was assessed after 80% subtotal nephrectomy
(Nx), a model of experimental CRF. NaS;-1 protein expression was significantly
increased in Nx rats compared to controls, whereas sat-1 protein decreased in Nx
rats [35]. Although NaS1 protein was upregulated in CRF, renal S; reabsorption was
decreased, implying that other mechanisms may be involved in the renal handling
of S;. The increase in NaS1 and decrease in satl protein expression in renal tubules
may result in intracellular S; accumulation, thus leading to hypersulfatemia. The
precise mechanisms which lead to changes in NaS;-1 and sat-1 protein expression
by CRF (and all the other conditions mentioned above), need to be resolved further
at the cellular and molecular levels.

NaS1 mRNA and protein levels are downregulated in the renal cortex by high sul-
fate diet [24], hypothyroidism [30], vitamin D depletion [31], glucocorticoids [36],
hypokalemia [17], metabolic acidosis [28], and NSAIDs [33], and upregulated by
low sulfate diet [25], thyroid hormone [30], vitamin D supplementation [31], growth
hormone [32], chronic renal failure [37], and during postnatal growth [38]. The
mNaS1 gene (NasI) has been shown to be significantly upregulated by vitamin D
and thyroid hormone by binding to VDRE (at —525 bp) and T3RE (at —436) on the
Nasl promoter, respectively [39], and downregulated by glucocorticoids [14]. The
hNaS1 gene (NASI) is significantly upregulated by xenobiotic 3-methycholanthrene
by binding to an XRE (at —2052bp) on the NASI promoter [40]. rNaS1 induced
sulfate transport in Xenopus oocytes was completely inhibited by pharmacologi-
cal activators of PKA (8br-cAMP) and PKC (di-octinoyl glycerol; DOG) [2, 41].
rNaS1-induced sulfate transport in Xenopus oocytes was inhibited by the heavy met-
als mercury, lead, chromium, and cadmium, suggesting that heavy metals inhibit
renal brush border Na*-sulfate cotransport via the NaS1 protein through various
mechanisms and that this blockade may be responsible for sulfaturia following
heavy metal intoxication [42].

The NaS1 (SLC13A1) proteins encode Na*-SO42~ cotransporters located on the
apical/brush border membranes of epithelial cells lining the renal proximal tubule
and small/large intestine [2]. Inorganic sulfate is absorbed in the lower small intes-
tine (ileum) and up to 80% of filtered sulfate (through the glomerulus) is reabsorbed
in the proximal tubule. Because of its cellular localization and distinct regulation
under a variety of dietary and hormonal conditions (see below), NaS1 has been
proposed to be a major regulator of serum sulfate concentrations at 0.3 mM in
humans [2, 22]. To determine the functional role of NaS1 in sulfate homeostasis
and the physiological consequences of its absence, we have recently generated a
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mouse lacking a functional NaS1 gene [43]. Nasl null (Nas/—/—) mice exhibit
increased urinary sulfate excretion and are therefore hyposulfatemic, with serum
sulfate concentration being reduced by >75% in NasI—/— mice when compared to
wild-type NasI+/+ mice [43]. Using BBMV uptake studies, Nas!—/— mice were
shown to have reduced renal and intestinal Na*-sulfate cotransport. Nas/—/— mice
have general growth retardation, with body weight being reduced by >20% when
compared to NasI+/+ and Nasl+/— littermates at 2 weeks of age and remained
so throughout adulthood [43]. NasI—/— females had a lowered fertility, with a 60%
reduction in litter size. Spontaneous clonic seizures were observed in NasI—/— mice
from 8 months of age. Behavioral studies of NasI—/— mice demonstrated impaired
memory and olfactory performance as well as decreased object-induced anxiety and
decreased locomotor activity [44, 45]. The precise mechanisms of these features are
currently being investigated. However, these data demonstrate that NaS1 is essential
for maintaining sulfate homeostasis and its expression is necessary for a wide range
of physiological functions.

2.2 SLC13A4 (NaS2)

Three SLC13A4 members have been isolated, human NaS2 (hNaS2) (previously
known as SUT-1), rat NaS2 (rNaS2), and mouse NaS2 (mNaS2) [46-50]. hNaS2
mRNA is detected predominantly in human placenta, brain, testis, with weaker sig-
nals in heart, thymus, liver, and tonsillar epithelium [46, 47]. rNaS2 mRNA is found
mainly in rat placenta, with lower levels in brain and liver, whereas mNaS2 mRNA
is expressed predominantly in mouse placenta, brain, and lung, with weaker signals
in the eye, thymus, heart, testis, and liver [48—50].

The hNaS2 gene (SLC13A4) contains 16 exons, spanning over 47 kb in length.
Its 5°-flanking region contains CAAT- and GC-box motifs and a number of putative
transcription factor binding sites, including GATA-1, AP-1, and AP-2 consensus
sequences [46]. The rNaS2 gene slc13a4 maps to rat chromosome 4 and contains
17 exons, spanning over 46 kb in length [48]. This gene produces two alternatively
spliced transcripts, of which the transcript lacking exon 2 is the most abundant form
[48]. Its 5’-flanking region contains CAAT- and GC-box motifs and a number of
putative transcription factor binding sites, including GATA-1, SP1, and AP-2 con-
sensus sequences [48]. The mouse NaS2 cDNA spans 3,384 nucleotides and its open
frame encodes a protein of 624 amino acids [50]. The mNaS2 gene Slc13a4 maps
to mouse chromosome 6B1 and contains 16 exons, spanning over 40 kb in length
[50]. Its 5’-flanking region contains CAAT- and GC-box motifs and a number of
putative transcription factor binding sites, including GATA-1, MTF-1, STAT6, and
HNF4 consensus sequences [50].

Expression of hNaS2 protein in Xenopus oocytes led to a Na*-dependent trans-
port of sulfate that was inhibited by thiosulfate, phosphate, molybdate, selenate,
and tungstate, but not by oxalate, citrate, succinate, phenol red, and DIDS [46, 47].
Transport kinetics of hNaS2 determined a K,,, for sulfate of 0.38 £ 0.10 mM, sugges-
tive of a high affinity sulfate transporter. Na* kinetics determined a Hill coefficient
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of n = 1.6 £ 0.6, suggesting a Na:SO4>~ stoichiometry of 2:1. Expression of rNaS2
protein in Xenopus oocytes led to a Na*-dependent transport of sulfate that was
inhibited by phosphate, thiosulfate, tungstate, selenate, oxalate, molybdate, chro-
mate, and arsenate, but not by citrate, succinate, or DIDS [48, 49]. rNaS2 transport
was found to be electrogenic, as evidenced from the inhibition of the uptake process
by K*-induced depolarization, with a K, for sulfate of 0.15 or 1.26 mM [48, 49].

The hNaS2 protein encodes a Na*-SO42~ cotransporter, expressed in high
endothelial venules, where it was suggested to play an important role in sulfation,
and in placenta, where it was proposed to facilitate sulfate transfer across the tro-
phoblast from mother to foetus [47]. NaS2 was predicted to have 12 TMDs with
both termini being extracellular, however no biochemical evidence exists to prove
this model [47]. At present, no information is available on the regulation of NaS2 or
on its physiological role in the body.

2.3 SLC26A1 (Satl)

The first member of the SLC26 gene family, satl (sulfate anion transporter 1), was
identified using a Xenopus oocyte expression cloning system from rat liver [38, 51].
More recently, mouse and human satl orthologues (named msatl and hsatl, respec-
tively) have been identified using a homology screening approach with the rat satl
(rsatl) cDNA [52-54]. Northern blot analysis detected a single mRNA (3.8 kb) tran-
script for rsatl very strongly in rat liver and kidney, with weaker signals in skeletal
muscle and brain [54]. The abundance of rsatl mRNA in the kidney was identical
to its expression in the liver (the tissue from which it was cloned), prompting us
to examine the role of satl in the kidney. msatl mRNA expression was found to
be strongest in the kidney and liver, with lower levels observed in cecum, calvaria,
brain, heart, and skeletal muscle [53]. Two distinct transcripts were expressed in
kidney and liver due to alternative utilization of the first intron, corresponding to an
internal portion of the 5'-untranslated region. hsatl mRNA expression was found
most abundantly in the kidney and liver, with lower levels in the pancreas, testis,
brain, small intestine, colon, and lung [52].

The msatl and hsatl proteins share 94 and 77% amino acid identities, respec-
tively, with the rsatl [2]. The coding region of the rat satl (rsatl) cDNA predicts
a protein of 703 amino acids with a calculated molecular mass of 75.4kDa.
Hydrophobicity analysis of rsatl protein suggests 12 putative transmembrane
domains (TMDs) [2]. Interestingly, there are two consensus regions that are highly
conserved between the satl proteins and other members of the SLC26 gene fam-
ily. These are the “phosphopantetheine attachment site” (PROSITE PS00012)
motif (QTQLSSVVSAAVVLLV) at residues 415-430 of rsatl within the puta-
tive TMD9 and the “Sulfate transporter signature” (PROSITE PS01130) motif
(PTYSLYTSFFANLIYFLMGTSR) at residues 98—119 within putative TMD3 of
both rsatl and msatl [2]. Furthermore, there is a “sulfate transporter and anti-sigma
antagonist” (STAS) domain found in the C-terminal cytoplasmic domain of the satl
protein, which appears conserved in all members of the SLC26 family [51].
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Rat kidney mRNA when injected into Xenopus oocytes induced a Na*-
independent sulfate transport activity that was inhibitable by DIDS, probenecid, and
phenol red [55]. The degree of inhibition by these compounds was closely correlated
with the inhibition pattern of the renal BLM sulfate anion exchanger, as well as
with rsatl cRNA-induced activity in Xenopus oocytes [54, 56]. Furthermore, using
a hybrid depletion strategy, satl antisense oligonucleotides led to a complete abo-
lition of the kidney mRNA-induced Na*-independent sulfate transport activity (in
Xenopus oocytes), confirming that rsatl encodes the Na*-independent sulfate trans-
porter, whose function most closely correlates with the proximal tubular basolateral
membrane (BLM) sulfate/bicarbonate anion exchanger [55]. This was confirmed by
immunocytochemistry using rsatl polyclonal antibodies showing satl protein local-
ization restricted to the BLM of kidney proximal tubules [57]. The mouse satl gene
(Satl; Slc26al) is approximately ~6 kb in length and consists of four exons, with
an optional intron 1. The Sat] promoter is ~52% G + C rich and contains a number
of well-characterized cis-acting elements, including sequences resembling respon-
sive elements to thyroid hormone (T3REs) and vitamin D (VDRES). Satl promoter
drove basal transcription in renal opossum kidney (OK) cells, and was stimulated by
tri-iodothyronine (T3), but not by 1,25-(OH), vitamin D3 (vitamin D). Site-directed
mutagenesis of an imperfect T3RE sequence at —454 bp led to a loss of Satl pro-
moter inducibility by T3. This suggests that position —454 in the Sat! promoter
contains a functional T3RE that is responsible for transcriptional activation of Sat/
by T3. The human satl gene (SAT1; SLC26A1) is localized to human chromosome
4p16.3 and comprises of four exons stretching approximately 6 kb in length, with
an alternative splice site formed from an optional exon (exon II) [52]. The SATI
promoter is ~60% G + C rich, contains a number of well-characterized cis-acting
elements, but lacks any canonical TATA- or CAAT-boxes. The SATI 5’ flanking
region led to basal promoter activity in renal OK and LLC-PK1 cells. Using SAT/
5’ flanking region truncations, the first 135 bp was shown to be sufficient for basal
promoter activity in both cells lines. Unlike in the mouse Sat/ promoter, neither tri-
iodothyronine (T3), nor 1,25-(OH); vitamin D3 (vitamin D) could trans-stimulate
SATI promoter activity, despite the presence of sequences in its promoter resem-
bling responsive elements to thyroid hormone (T3REs) and vitamin D (VDREs).
Mutation of the activator protein-1 (AP-1) site at position —52 in the SAT! pro-
moter led to loss of transcriptional activity, suggesting the requirement of AP-1 for
SATI basal transcription. Unlike NaS1, very little information is available on the
regulation of satl in vivo.

Functional characterization in Xenopus oocytes using radiotracer sulfate mea-
surements, revealed rsatl to encode a Na*-independent sulfate transporter, with a
high affinity (K;,, = 136 wM) for sulfate, that was strongly inhibited by the stil-
bene derivative DIDS (4,4'-diisothiocyanato-2,2’-disulfonate; ICsp pjps = 28 M)
and oxalate, but not by succinate or cholate [54]. These properties correlated closely
with the functional activities of the sulfate/bicarbonate exchanger in liver canalicular
membrane vesicles [58]. msatl expression led to a ~20-fold induction in Na*-
independent sulfate transport, a ~6-fold induction in oxalate and chloride transport,
but was unable to induce any formate, L-leucine, or succinate uptakes, when
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compared to water-injected (control) oocytes [53]. This suggests that msatl trans-
port was restricted to the anions SO42’, oxalate, and chloride. As shown for rsatl,
msat1-induced SO4>~ transport occurred only in the presence of extracellular chlo-
ride, suggesting its requirement for chloride [53, 54]. Typical Michaelis—Menten
saturation kinetics were observed for msatl-induced SO42_ uptake, with a cal-
culated Ky, = 0.31 & 0.05mM and V= 143.90 £ 5.32 pmol/oocyte/hour for
S042~ interaction [53]. These values are in close agreement with rsatl-induced
S042~ transport kinetics (K, = 0.14 mM) [54]. msatl-induced S042~ transport
was significantly inhibited by molybdate, selenate, tungstate, DIDS, thiosulfate,
phenol red, and probenecid, whereas citrate and glucose had no effect. These data
suggest that msatl encodes a functional SO4%~/chloride/oxalate anion exchanger,
whose activity is blocked by anion-exchange inhibitors DIDS and phenol red, tetra-
oxyanions (selenate, molybdate, and tungstate) and thiosulfate. Similarly, using
radiotracer measurements in Xenopus oocytes, hsatl led to ~40-fold induction in
Na*-independent sulfate uptake, ~5-fold induction in chloride uptake, and ~6-fold
induction in oxalate uptake, but was unable to induce formate uptake, when com-
pared to the water-injected (control) oocytes [52]. This is in agreement with the
transport activities for rsatl and msatl, both of which transport sulfate, oxalate, and
chloride, but not formate [53, 54]. Typical Michaelis—Menten saturation kinetics
were observed for hsatl-induced sulfate uptake in Xenopus oocytes, with a calcu-
lated K, for SO42_ 0f 0.1940.066 mM and a Vipax of 52.3543.30 pmol/oocyte/hour
[52]. Various compounds were tested as possible inhibitors of hsatl-induced sulfate
uptake in Xenopus oocytes: the stilbene-derivative DIDS, phenol red, thiosulfate,
molybdate, tungstate, and selenate all significantly inhibited hsat1-induced SO4>~
transport, whereas citrate and glucose had no effect [52].

2.4 SLC26A2 (DTDST)

By positional cloning, a gene was identified on human chromosome 5q to be
linked to an autosomal recessive osteochondrodysplasia called diastrophic dysplasia
(DTD; OMIM 222600), with clinical features including dwarfism, spinal defor-
mation, and abnormalities of the joints [7]. The human DTD gene (SLC26A2) is
comprised of four exons and three introns spanning over 40kb. DTD shares 48%
and 33% amino acid identities with rsat-1 (Slc26al) and DRA (Slc26a3), respec-
tively [7]. Because of its high sequence similarity with rsat-1, the exact function
of DTD was sought. Primary skin fibroblasts obtained from normal, carrier, and
DTD patients (with mutations in the DTD gene) were cultured and assayed for
sulfate uptake [7]. Cells from normal and carrier samples showed saturable sul-
fate transport, whereas cells from the DTD patients showed a greatly diminished
sulfate uptake [7], suggesting that the normal (wild type) DTD gene encodes a func-
tional sulfate transporter, which loses its transport activity when mutated (as in DTD
patients). Thus the cDNA encoding the DTD gene became known as the diastrophic
dysplasia sulfate transporter (DTDST) [7]. Translation of DTDST cDNA produced
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a protein of 739 amino acids, with a predicted molecular mass of 82 kDa, contain-
ing 12 putative TMDs [7]. DTDST mRNA expression was ubiquitous, detected by
Northern blot analysis in all tissues of the body [7]. At least 30 different mutations
have been identified in the human DTDST gene [11], which are responsible for a
variety of recessively inherited chondrodysplasias, including diastrophic dysplasia
(DTD), atelosteogenesis Type 2 (AO2) and a lethal condition known as achon-
drogenesis 1B (ACG1B) [7]. For a recent review on DTDST mutations and their
contributions to these pathogenic states see [11].

Subsequently, the rat DTDST gene and cDNA (rdtdst) were cloned and its func-
tion was characterized in Xenopus oocytes [59]. rdtdst induced Na*-independent
sulfate transport, which was inhibited by chloride, unlike rsat-1 which required
extracellular chloride for sulfate transport [59]. Furthermore, rdtdst-induced sul-
fate uptake was inhibited by thiosulfate, oxalate, and DIDS, with a cis-inhibition
pattern identical to rsat-1 and DRA. No information is presently available on sul-
fate transport kinetics of DTDST. The mouse dtdst (mdtdst) cDNA (initially named
st-ob for sulfate transporter in osteoblasts) was isolated from mouse fibroblas-
tic cells C3H10T1/2 [60]. The mdtdst protein shares 80% amino acid identity
with the human DTDST protein. Tissue distribution showed the mdtdst mRNA
strongly expressed in the thymus, testis, calvaria, and the osteoblastic MC3T3-El
cells, having a reduced expression in the undifferentiated C3H10T1/2 cells. The
expression of mdtdst mRNA in C3H10T1/2 cells was shown to be increased by
transforming growth factor-betal (TGF-betal), retinoic acid, and dexamethasone,
as well as BMP-2 [60]. BMP-2 also led to a 2-fold increase in sulfate uptake in
C3HI10T1/2 cells when compared to untreated (control) cells, suggesting that st-ob
encodes a functional sulfate transporter, whose activity was upregulated by BMP-2.
Since osteoblasts actively take up sulfate to synthesize proteoglycans (being major
components of the extracellular matrix of bone and cartilage), the functional activ-
ity of mdtdst protein as a sulfate transporter may be important for osteoblastic
differentiation.

2.5 SLC26A3 (DRA, CLD)

By subtractive hybridization using cDNA libraries from normal colon and adenocar-
cinoma tissues, a human cDNA which was downregulated in adenomas (DRA) was
isolated [61]. Human DRA (hDRA) mRNA was found to be exclusively expressed
in normal colon tissues, with its expression significantly decreased in colonic ade-
nomas (polyps) and andenocarcinomas. hDRA mRNA was detected throughout the
intestinal tract (duodenum, ileum, cecum, distal colon), but not in the esophagus
or stomach [62]. The hDRA gene (SLC26A3) was mapped to human chromosome
7q22—q31.1 [63]. The predicted topology of this polypeptide was an 84.5 kDa pro-
tein, having either 10, 12, or 14 TMDs, with charged clusters of amino acids at
its NH, and COOH termini, potential nuclear targeting motifs, an acidic transcrip-
tional activation domain, and a homeobox domain [61]. These putative domains in
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the hDRA protein suggest it could interact with a transcription factor, which would
be consistent with hDRA having a role in tissue-specific gene expression and/or as a
candidate tumor suppressor gene. Using the baculovirus expression system, hDRA
was expressed in insect Sf9 cells where it led to greater than 3-fold increase in sul-
fate uptake when compared to control cells [64]. In Xenopus oocytes, hDRA induced
Na*-independent sulfate, chloride and oxalate transport, which was DIDS-sensitive
[9, 65, 66], suggesting that hDRA encodes a functional sulfate/chloride/oxalate
anion exchanger. No information is presently available on the transport kinetics
of DRA. The hDRA gene (SLC26A3) was found to be defective in patients with
congenital chloride diarrhea (CLD; OMIM 214700) syndrome [9], a recessively
inherited defect of intestinal chloride/bicarbonate exchange. CLD is a potentially
fatal diarrhea characterized by a high chloride content [67, 68]. To date, over 30
different mutations have been identified in CLD patients, from various ethnic pop-
ulations [68]. For a recent review on hDRA mutations and their contributions to a
pathogenic states, see [11]. DRA gene was implicated as a positional and functional
candidate for CLD [69, 70]. Due to its link with congenital chloride diarrhea, the
hDRA gene became known as the CLD gene. The CLD gene spans ~39kb and is
comprised of 21 exons [71]. Analysis of the putative CLD promoter region (570 bp)
showed putative TATA and CCAAT boxes and multiple transcription factor binding
sites for AP-1 and GATA-1 [71], however the functional significance of these sites
is yet unknown. The mouse DRA (mDRA) cDNA orthologue was cloned using
a combination of RT-PCR and RACE techniques [72]. When expressed in human
embryonic kidney HEK293 cells, mDRA protein conferred Na*-independent, elec-
troneutral chloride/bicarbonate exchange activity. Northern blot analysis showed
mDRA mRNA expressed at high levels in cecum and colon and at lower levels
in small intestine [72].

2.6 SLC26A6 (CFEX, PATI)

Human and mouse SLC26A6 were initially identified by searches of EST and
genomic databases for novel homologues of previously known members of the
SLC26 gene family [73-75]. SLC26A6 is relatively ubiquitously expressed in
both epithelial and nonepithelial tissues with prominent expression in heart, pla-
centa, liver, skeletal muscle, kidney, pancreas, stomach, and small intestine [73-76].
Immunolocalization studies demonstrated SLC26A6 expression on the apical mem-
brane in several epithelia including proximal tubule [75, 77], pancreatic duct [73],
and small intestine [76].

The SLC26A6 gene consists of 21 exons on human chromosome 3p21 or mouse
chromosome 9 [74, 78]. Multiple splice isoforms of SLC26A6 have been identified
in human and mouse due to use of alternative first exons, or alternative splice donor
and acceptor sites [66, 73, 74, 78]. Differences in transport properties of isoforms
functionally expressed successfully have not been detected, although there are con-
flicting results about whether the SLC26A6¢ and SLC26A6d isoforms are functional
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at all [66, 79]. Tissue-specific differences in expression among splice variants have
been demonstrated [66].

The first functional expression studies were performed on mouse SLC26A6 and
demonstrated C1™ -formate exchange activity [75]. Subsequent studies demonstrated
that the transporter has broad specificity and can function in multiple DIDS-sensitive
exchange modes involving sulfate, oxalate, C1~, formate, HCO3 ™, and OH™ as sub-
strates [66, 76, 78-80]. Lactate and the anions of both short- and medium-chain
fatty acids were also reported to be transported by SLC26A6 [81]. Cl™-oxalate
exchange mediated by SLC26A6 is electrogenic, consistent with exchange of diva-
lent oxalate for monovalent C1~ [80]. Interestingly, C1~-HCO3 ™~ exchange mediated
by SLC26A6 is also electrogenic [78, 82], consistent with transport of more than
a single HCO3™ in exchange for Cl™. Indeed, a careful comparison of CI~ and
HCO3;™ flux rates demonstrated that the HCO3~/C1~ stoichiometry is 2:1 [83].
Comparison of the potency of various anions as inhibitors of SLC26A6 activity indi-
cated that affinity for oxalate is appreciably greater than for C1~, HCO3 ™, sulfate, or
formate [78, 80]. At equal substrate concentrations, transport of oxalate was twice
as high as that of sulfate or formate, indicating that among these anions SLC26A6
has greatest activity as an oxalate transporter [80].

Given its ability to function as an anion exchanger with broad specificity for
many substrates in addition to sulfate, a key issue is the physiological role(s)
of SLC26A6 in the proximal tubule as well as in other tissues in which it is
expressed. Studies in SLC26A6 null mice have provided insights into the physi-
ological roles of SLC26A6 [84]. Comparison of wild-type and SLC26A6 null mice
have indicated that SLC26A6 mediates all of the Cl™-oxalate exchange activity, a
significant part of the sulfate-oxalate exchange activity, and a minor component of
the CI™-formate exchange activity in renal BBM vesicles [84]. Moreover, studies
in SLC26A6 null mice demonstrated that SLC26A6 mediates a substantial por-
tion of C17-OH~/HCO3 ™~ exchange across the apical membrane of proximal tubule
cells [85].

The possible role of SLC26A6 in the process of transtubular sulfate transport
has not yet been assessed. The net direction of SLC26A6-mediated sulfate-anion
exchange will depend on the gradients across the apical membrane of sulfate and any
given exchanging anion. Given the presence in the same membrane of NaS1, which
is theoretically capable of generating a cell to lumen gradient of sulfate larger than
the corresponding gradient of any exchange partner, it is most likely that SLC26A6
would mediate backflux of sulfate from cell to lumen. Possible alterations in body
sulfate homeostasis in SLC26A6 null mice have yet to be evaluated.

Recent studies have begun to define the role of SLC26A6-associated proteins
in regulating transporter expression or function. The C-terminus of SLC26A6 has
a predicted PDZ-binding motif [73, 75]. The C-terminus of SLC26A6 is capable
of binding the PDZ domain containing proteins NHERF1, NHERF2, and PDZK1
(NHERF3) [66, 77, 86]. Interactions with these proteins were abolished when the
predicted C-terminal PDZ binding motif of SLC26A6 was deleted [66, 77]. It should
be noted that this PDZ binding motif is absent in the SLC26A6d splice variant
[66]. The possible functional significance of interaction of CFEX with NHERF1
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and NHERF2 in the kidney in vivo is not yet known. A dramatic loss of expres-
sion of SLC26A6 protein and functional activity was observed in the kidneys of
PDZK1 null mice, indicating that this scaffolding protein is essential for the normal
expression and function of SLC26A6 in the proximal tubule [77].

2.7 SLC26A7-A10

Using bioinformatics/genomic approaches, the last remaining five members of the
SLC26 gene family (SLC26A7-A11) were identified by screening databases using
sequence information of the first five SLC26 members [73, 87, 88]. Each gene
encoding SLC26A7-A11 was found to reside on a different human chromosome,
with a unique tissue distribution [51, 73]. Functional expression of the SLC26A7,
A8, and A9 individually in Xenopus oocytes demonstrated significant radiotracer
uptake of sulfate, chloride, oxalate, and formate, which was inhibited by DIDS [88].
Tat]l was found to be expressed in the testis [89], where its role was suggested to
be in spermatogenesis [88]. Targeted disruption of the Tatl gene SLC26A8 demon-
strated that Tatl null males were sterile due to complete lack of sperm motility and
reduced sperm fertilization potential, suggesting that Tatl is a critical component of
the sperm annulus that is essential for proper sperm tail differentiation and motility
[90]. SLC26A10 was found to be expressed in the brain [73], however, its func-
tion is yet unknown and it has been suggested to be an expressed pseudogene [51].
The SLC26A11 cDNA was isolated from human high endothelial venule endothelial
cells (HEVEC) and when expressed in Xenopus oocytes led to Na*-independent sul-
fate transport that was DIDS-sensitive [87]. No information is presently available on
the sulfate transport kinetics or the precise physiological roles of the SLC26A7-A11
proteins.

3 Mammalian Phosphate Transporters

Inorganic phosphate (P;) is an essential nutrient involved in many cellular processes,
including glycolysis, gluconeogenesis, energy metabolism, and skeletal mineral-
ization [91]. Three distinct families of phosphate transporters exist in vertebrates
(Table 2), with all three being Na*-coupled P; transporters. (1) Type I Na-Pi cotrans-
porters belong to the SLC17 gene family, which has four members NPT1, NPT3,
NPT4, and SLC17A4 [92]. (2) Type II Na-Pi cotransporters belong to the SLC34
gene family, which has three members NaPi-Ila [93], NaPi-IIb [94], and NaPi-Ilc
[95]. (3) Type III Na-Pi cotransporters belong to the SLC20 gene family, which has
two members Pit-1 and Pit-2 [96]. The following is a detailed description of the
properties of the various known phosphate transporters.
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Table 2 Mammalian phosphate transporters
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Tissue(s) Transport
Protein name  Gene name* expressed substrate(s) References
NPT1 SLC17A1 Kidney, liver Na* HPO4 2—, CI—, [97-103]
(NaPi-1) organic acids
NPT3 SLC17A2 Kidney, liver, Unknown [92, 105]
pancreas, lung,
brain, placenta,
heart, muscle
NPT4 SLC17A3 Kidney, small Unknown [92, 105]
intestine, liver,
testis
SLC17A4 SLC17A4 Small intestine, Unknown [92, 105]
colon, liver,
pancreas
NaPi-Ila SLC34A1 Kidney, osteoclasts, Nat HPO, 2~ [93, 109-111]
neurons
NaPi-IIb SLC34A2 Small intestine, liver, Na* HPO,4 2~ [94]
lung, testis
NaPi-IIc SLC34A3 Kidney Na* HPO4 2- [112]
Pit-1 (Glvr-1)  SLC20A1 Ubiquitous Na* HPO, 2~ [150]
Pit-2 (Glvr-2)  SLC20A2 Ubiquitous Na* HPO42~ [151-153]

* Gene name given by the Human Genome Organization Nomenclature Committee (http://www.
gene.ucl.ac.uk/nomenclature/).

3.1 SLC17 (Type I Na*-P; Cotransporters)

The first Type I Na-Pi cotransporter, NaPi-1 (SLC17A1), was isolated by Xenopus
oocyte expression cloning from a rabbit kidney cDNA library [97]. Rabbit NaPi-
1 encodes a multi transmembrane domain protein of 465 amino acids which leads
to Na*-phosphate uptake in Xenopus oocytes with a Ky, ~1 mM for P; [97]. The
human NaPi-1 orthologue NPT1 has similar transport characteristics with a slightly
higher K, of 0.3 mM for P; [98]. Since the K, for P; transport by NaPi-1 was
much lower than measured in native tissues (renal cortex), NaPi-1 was proposed
not to encode the primary renal phosphate transporter. This was corroborated by
the finding that NaPi-1 also transports organic anions, such as probenecid and peni-
cillin, and has a higher K, for organic anions (0.22 mM for benzylpenicillin) than
for P; [99]. Transport of organic anions by NaPi-1 and human NPT1 was found
to be electrogenic, which was not influenced by pH [99-101]. The ionic coupling
of these substrates has not been determined and the nature of the endogenous sub-
strates remains unknown. Rabbit NaPi-1 mRNA is expressed on the BBM of the
renal proximal tubule [102] and the sinusoidal membrane of hepatocytes [101, 103].
The other three NPT 1-like proteins have been isolated through genomic screening:
NPT3 (SLC17A2), NPT4 (SLC17A3), and a Na*/PO4>~ cotransporter homo-
logue (SLC17A4) [104, 105], with all four genes being localized to chromosome
6p21.3—p23 [104]. Northern blot analysis revealed high levels of NPT3 in the heart
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and muscle, with lower levels in brain, placenta, lung, liver, and kidney [92]. NPT4
was expressed highly in the liver and kidney, with lower levels in the small intes-
tine and testis [92]. SLC17A4 was shown to be expressed in the liver, pancreas,
small intestine, and colon [92]. Hepatocyte nuclear factor 1 alpha (HNF1 o) was
shown to upregulate NPT1 and NPT4, however NPT3 and SCL17A4 were not tested
[106]. It appears NPT1, 3, and 4 undergo alternative splicing, but the physiological
significance of this has not been studied. No functional characterization of NPT3
(SLC17A2), NPT4 (SLC17A3), or SLC17A4 has been performed. Because of their
lack of specificity for phosphate, the physiological roles of these SLC17 genes in
the body remain to be elucidated.

3.2 SLC34 (Type II Na*-P; Cotransporters)

Na*-dependent P; transport was first demonstrated in renal and intestinal epithelia
using membrane vesicle studies [107]. NaPi-Ila (SLC34A1) was the first member of
this family to be isolated, from rat kidneys by expression cloning using Xenopus lae-
vis oocytes [93]. NaPi-Ila protein was localized using immunohistochemistry to the
apical BBM of renal proximal tubular cells [108] and was also detected in rat brain
[109], osteoclasts [110], and osteoblast-like cells [111]. The second member NaPi-
IIb (SLC34A2) was characterized on the BBM of enterocytes and was also detected
in the lung, colon, testes, and liver [94]. The third member NaPi-Ilc (SLC34A3) was
detected on the BBM of the renal proximal tubule [112]. These three proteins share
the highest sequence identities (over 80%) in the transmembrane-domains (TMDs),
with the largest divergence found in the NH; and COOH termini.

The expression and regulation of SLC34 proteins in the kidneys and intestines
have been studied extensively (for recent reviews see [1, 95, 113, 114]. The crit-
ical role of NaPi-Ila in P; homeostasis was established by the hyperphosphaturia
observed in the NaPi-Ila null mouse [115]. Furthermore, dysregulation of NaPi-Ila
caused P; deficiency disorders, including X-linked hypophosphatemia (XLH) and
autosomal-dominant hypophosphatemic rickets (ADHR) [114]. However, no nat-
urally occurring mutation in SLC34A1 has been linked to any human disease. In
homozygous NaPi-Ila knockout mice, approximately 30% P; reabsorption remains
in the kidney, most likely due to NaPi-Ilc, which was originally described as a
growth-related P; transporter [112]. Recent studies have described SLC34A3 muta-
tions leading to hereditary hypophosphatemic rickets with hypercalciuria (HHRH)
[116-118], suggesting that NaPi-IIc may play an important role in P; homeostasis in
humans. NaPi-IIb is responsible for transcellular P; absorption in the small intestine
and is regulated by dietary P; [119] and metabolic acidosis [120]. In the liver, NaPi-
IIb is involved in the reabsorption of P; from primary hepatic bile [121]. In salivary
glands, NaPi-IIb is involved in secreting P; into saliva, where a high P; content is
important for remineralization of dental enamel [122].

The most studied member of this family in terms of regulation is NaPi-Ila. The
BBM NaP;-Ila is a highly regulated transporter both at the transcriptional and the
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post-transcriptional levels. Chronic (long term) administration of lipophilic hor-
mones to animals have led to changes in Na/Pj-cotransport (NaP;-Ila mRNA and
protein levels) in isolated BBMs: thyroid hormones (T3, Tys), 1,25-(OH), vitamin
D3, and retinoic acid increase transport rate, whereas glucocorticoids and estradiol
reduce transport activity [8, 123—-127]. Other (peptide) hormones, such as insulin,
insulin-like growth factor-1 (IGF-1) and growth hormone, lead to an increase in
Na/P;-cotransport rate [124, 127, 128]. Parathyroid hormone (PTH) and dietary P;
intake can modulate Type II NaP;-cotransporter expression both acutely (within
minutes to hours) and chronically (hours to days) by adaptive changes in renal
BBM Na/P;-cotransporter expression [127, 129, 130]. Dietary P; intake regulates
Type II Na/P;j-cotransporter in the BBMs of the proximal tubule [91, 127, 130, 131].
When the diet is changed from low P; to high P;, renal Na/P;j-cotransport activity is
rapidly decreased [129]. This is characterized by a decrease in the apparent maximal
transport rate (Vinax) for P, with a concomitant decrease in the amount of NaP;-Ila
protein on the BBM [128]. Acutely, the effect of high P; diet on transport is indepen-
dent of de novo protein synthesis and is attributed to recycling of the endocytosed
P; into subapical compartments below the plasma membrane [132]. Dietary P; over-
load then leads to lysosomal degradation of the transporter. Conversely, acute P;
deprivation leads to increases in NaP;j-Ila expression at the BBM, without increases
in NaP;-2 mRNA content, whereas chronic (long term) low P; treatment leads to
de novo mRNA and protein synthesis. A similar form of regulation of NaP;j-1Ila is
observed by PTH.

Transport kinetics of SLC34 proteins have been extensively studied in X. lae-
vis oocytes (for a review, see [133, 134]). All three SLC34 proteins exhibit a strict
dependence on external Na* as the driving substrate, with an apparent affinity for
Na* of approx. 50 mM, a preference for divalent P; (HPO4>~) as the driven sub-
strate with an apparent affinity of >0.1 mM, and cotransport activity inhibitable by
phosphonoformic acid (PFA) [135, 136]. NaPi-Ila and NaPi-IIb are electrogenic,
and transport Pi with a 3:1 Na*:HPO42’ stoichiometry, whereas NaPi-Ilc is elec-
troneutral and operates with a 2:1 Na*:HPO4 2= stoichiometry (for review, see
[137]).

Structure—function studies of all three members of the Type II Na/Pi-
cotransporters predict similar hydropathy profiles with eight transmembrane
domains (TMDs) [133, 138]. Both N- and C-termini are located intracellularly and
multiple N-glycosylation sites exist in a large extracellular loop between TMD3
and TMD4 (Fig. 2).[95, 137] The highest sequence identity (over 80%) between the
three Type II Na/Pi-cotransporters is in the TMDs [133], with the least sequence
similarity in the N- and C-termini as well as the large extracellular loops. Evidence
suggests that the functional unit of NaPi-1la is the monomeric form of the protein
[139].

Both NaPi-lla and NaPi-llc are located in the renal proximal tubule where they
are responsible for P; reabsorption and are regulated by a variety of hormones and
metabolic factors (e.g., P; diet or acidosis) [1, 112]. Regulation of proximal tubular
P; reabsorption has been described to take place by altering the abundance of NaPi-
Ila or NaPi-llc proteins in the BBM [95]. Many aspects of protein signaling have
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Fig. 2 Secondary structure model of the NaPi-Ila protein (adapted from [137]). Transmembrane
domains were assigned according to TopPred2 program. The N- and C- termini are intracellular.
Two N-glycosylation sites are in the large extracellular loop

been described for NaPi-Ila [1] but not for NaPi-IIb or NaPi-Ilc, yet the precise
mechanisms of the internalization of NaPi-lla and the mechanisms involved in the
vesicular trafficking of NaPi-lla proteins have yet to be determined. In terms of
regulation, both acute (2—4 h) and chronic (days to weeks) P; depletion has been
shown to increase the levels of NaPi-lla mRNA and proteins [129, 140, 141].

In renal proximal tubular cells, NaPi-lla interacts with the PDZ proteins
NHERF-1 and PDZK1 [142], which are important for correct apical sorting and/or
positioning of NaPi-lla, which has been shown by a NHERF-1 knock out model
[143] and in OK cells [144].

NaPi-IIb has been shown to be responsible for transcellular P; transport in the
small intestine [94]. NaPi-1lb has been shown to be upregulated by 1,25-(OH);
vitamin D3 and low-P; diet in the small intestine [95] by increasing its protein
abundance via nontranscriptional mechanisms [145]. Furthermore, NaPi-11b has also
been shown to be regulated in the small intestine by Epidermal Growth Factor [146],
glucocorticoids [147], thyroid hormone [148], and stanniocalcin 1 [149].

3.3 SLC20 (Type III Na*-P; Cotransporters)

Type III Na*/P; cotransporters were identified initially as retroviral receptors
Glvr-1 [150] and Ram-1 [151, 152]. Glvr-1 renders cells susceptible to infection
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by the gibbon ape leukemia virus and was found to have sequence identity
with a phosphate permease in the filamentous fungus Neurospora crassa [150].
Subsequently, a related protein which renders cells susceptible to infection by
the amphotropic murine retrovirus (Ram-1) was identified [151, 153]. Transport
measurements showed that both Glvr-1 and Ram-1 encode electrogenic Na*/P;
cotransporters, which were later renamed PiT-1 (SLC20A1) and PiT-2 (SLC20A2),
respectively [152, 154, 155] and are present in all phyla. In animals and fungi,
PiT-1- and PiT-2-induced P; transport is Na* coupled whereas in prokaryotes and
plants, it is coupled to H* transport [137]. The Type III Na*/P; cotransporters (PiT;
SLC20) have a P; transport preference for HoPO4™ and therefore transport most
efficiently in the acidic pH range and are not inhibited by PFA, whereas the Type 11
Na*/P; cotransporters (SLC34) which prefer HPO4>~ transport most efficiently in
the alkaline pH range and are inhibited by PFA [137].

Because of their ubiquitous tissue distribution, PiT proteins were suggested to
have house keeping functions, but recently they were found to play an important
role in providing P; for the formation of mineralized bone [137]. PiT-1 mRNA was
detected in osteoclasts and macrophages and the transfected protein was localizing
to the BLM [110]. This subcellular localization was similar to that of NaPi-IIa, indi-
cating an involvement of both NaPi-Ila and PiT-1 in P; transport in bone-resorbing
osteoclasts. In cultured osteoblast-like cells, P; transport and PiT mRNA levels are
regulated by P; levels, epinephrine, platelet-derived growth factor (PDGF), insulin-
like growth factor (IGF-1), and basic fibroblast growth factor (bFGF) [156—-160]
and in chondrogenic cells by P; levels [161] and transforming growth factor-
(TGF-B) [162]. PiT proteins have been implicated in playing a role in normal cal-
cification, as well as in pathological processes such as hyperphosphatemia-induced
calcification of vascular tissue [163—165] and osteoarthritis [166]. PiT-1-mediated P;
transport was found to be regulated by P; levels and PTH in human embryonic kid-
ney cells (HEK-293) [35] and in rat parathyroid glands by plasma vitamin D and P;
levels [167]. Both PiT-1 and PiT-2 mRNAs were detected in mouse distal convoluted
tubule (MDCT) cells suggesting that they may play a role in the distal segments
of the kidney [168]. In the liver, PiT-1 and PiT-2 localize to the BLM in hepato-
cytes [121]. Since the identification of the retroviral receptors Glvr-1 and Ram-1
to encode are electrogenic Na*/P; cotransporters [152], very little is known of the
transport kinetics for either PiT-1 or PiT-2 (for a recent review see [137]). Arsenate
interacts with PiT-1 and PiT-2 by reducing P; transport [152, 169]. Presently, there
are no known inhibitors of PiT-mediated P; transport. Both PiT-1 and PiT-2 proteins
have a predicted topology of 12 TMDs, with the NH, and COOH termini both being
extracellular, with PiT-2 having an N-glycosylated at Asp-81 [170].

4 Statement of Significance

Despite sharing chemical structural identity, the two tetra-oxyanions sulfate and
phosphate, are substrates for structurally distinct membrane transporters that are
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differentially regulated in vivo and in various cell lines. The transporters responsi-
ble for transmembrane movement of these two anions have been mostly studied in
cells originating from the mammalian renal and gastrointestinal systems. Much of
the in vivo and in vitro regulation studies of these transport systems was performed
at the cellular and system levels prior to the 1990s, when the structural identities
of these proteins was yet unknown. During the 1990s, the molecular sequences of
these proteins became apparent via the identification of genes encoding these trans-
porters. Such structural information allowed the molecular characterization of both
transport function and regulation of the respective transporters at both the protein
and mRNA levels. This allowed previously hypothesized modes of regulation for
these transport systems to be confirmed and also allowed new mechanisms for the
molecular regulation of these transporters to be characterized. More recently, the
generation of gene knock-out mice to these transporters, has permitted further char-
acterization of their physiological and pathophysiological roles in vivo. The mouse
null models and the use of other alternative species (such as Zebrafish, Drosophila,
Caenorhabditis elegans, etc.) will allow future strategies to elucidate the regulation
of these transporters in humans, in order to further define their physiological and
pathophysiological roles in the body and their significance to whole body sulfate
and phosphate homeostasis.
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Role of H*-K* ATPase, Na*-K*-2Cl~ and
Na*-Cl~-HCOj3;~ Transporters in Vertebrate
Small Intestine

John F. White

Abstract Small intestinal function is multifaceted, characterized as it is by several
functional states including those of the absorptive and postabsorptive states. In the
postabsorptive state urodele small intestinal brush border Na*K*2CI~ cotransport
operates in parallel with CI~-HCO3;~ exchange and K*-H* ATPase antiport and in
series with basolateral membrane Na*t-nHCO3 ™ -anion exchange to absorb Na*, K*,
and C1™ ions and regulate luminal fluid pH. In the absorptive state nonmetabolizable
cotransported solutes such as galactose and valine in the lumen inhibit Na*K*2Cl~
cotransport and Na*-nHCO3 ™ -anion exchange to block transcellular C1~ absorp-
tion while simultaneously stimulating Na* absorption. When under the influence of
catecholamines K*-H* ATPase activity is supplanted by enhanced Na*-H* and C1~-
HCO3™ exchange. In contrast, agents which elevate intracellular cyclic AMP inhibit
Na*K*2Cl~ cotransport, Na*-H* and C1~-HCO3;~ exchange and reduce K*-H*
ATPase antiport while promoting HCO3™ ion secretion via ion channels in the brush
border membrane. Progress has been made in distinguishing the respective roles of
mature villus enterocytes and immature intervillus (i.e., crypt region) enterocytes in
these different transepithelial ion transport processes.

Keywords Small intestine - Cl~ absorption - Intestinal H" secretion - HCO3~
secretion - NatK*2Cl~ cotransport - Intestinal K*-H* ATPase - Na*~Cl—-HCO3~
exchange - Na*-nHCO3 ~-anion exchange - Na-sugar cotransport - Na-amino acid
cotransport - K* conductance - C1~ conductance - Villus enterocytes - Intervillus
enterocytes - Disulfonic stilbene - Carbonic anhydrase - Metabolic stress

1 Introduction

This chapter provides a description of key ion transport processes operating in the
enterocytes lining the mucosa of vertebrate small intestine. Special emphasis will
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be placed on those transporters present in urodeles (the order of caudates or tailed
amphibian that includes newts and salamanders) because two carnivorous salaman-
ders, the congo eel Amphiuma means tridactylum (a legless salamander) and the
axolotl Ambystoma mexicanum have been found to be especially useful animal
models for studies of mucosal physiology.

The vertebrate small intestinal mucosa aids in the digestion of a complex diet
of plant and animal matter and oversees the absorption from the lumen into the
blood of a multitude of different nutrients. It supports these functions by maintain-
ing a luminal environment optimized for digestion of the food and absorption of the
nutrients. Absorptive and secretory ion transport processes have evolved that main-
tain the pH, ion concentrations, and osmolarity of the luminal fluid within narrow
limits. Furthermore, because digestion and absorption are episodic, wherein peri-
ods of feeding are followed by periods when no nutrients are absorbed, the mucosa
must modify its function, assuming a postabsorptive state of indefinite duration that
limits energy utilization while maintaining the barrier function which keeps blood
electrolytes and nutrients from leaking across the intestinal wall into the lumen.
Figure 1 depicts the major states through which the intestinal mucosa cycles and for
which specific and appropriate ion transporters must operate. Emphasis is placed
on the transitions from the postabsorptive state to either (1) the absorptive state, or
(2) the state in which catecholamines influence salt absorption, or (3) the state in
which cyclic AMP drives ion secretion. Progress has been made in characterizing
the different ion transport processes operating in these distinct functional states and
in defining the functional differences between the immature crypt (intervillus) cells
and the mature (villus) cells lining the small intestinal villi.

Cholinergically-activated state

d N\

Postabsorptive(basal) state <« Absorptive (digestive) state

N /

Adrenergically-activated state

Fig. 1 The small intestine transitions through several major states of activity, each characterized
by a specific set of ion transport processes

Our understanding of epithelial transport physiology has advanced as new tech-
niques have been developed. In this chapter three technical advances are described,
the villus tissue chamber, the villus sheet preparation and isolation and primary cul-
ture of intestinal cell nests. These were possible because of the unique architecture
of the urodele intestinal mucosa. The technical advances allowed characterization
of the developmental changes in ion and solute transport as immature enterocytes
emerged from cell nests, inserted in the intervillus epithelium and advanced up
the villus. Better characterization of the ion transport properties of the basolateral
membrane, on the “dark side” of the epithelial cell, also became possible.
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2 Ion Transport Processes in the Basal (Postabsorptive) State:
Apical Na*K*2Cl~ Cotransport and Basolateral
Na*-Cl~ -HCO3~ Exchange

2.1 Electrogenic CI~ Absorption Requires Bicarbonate and Occurs
in Villus Absorptive Cells

Chloride absorption by urodele small intestine is electrogenic when the luminal
fluid is devoid of metabolizable substrate. Isolated duodenal segments of salaman-
der small intestine, stripped of their serosal muscle layers and clamped into Ussing
chambers generate a transepithelial electrical potential difference (Vy,s), serosal (s)
side electrically negative to the mucosal (m) side. When voltage-clamped to zero
Vs the requisite short-circuit current (/) is consistent with net anion absorption
when the intestine only has endogenous substrates to metabolize and the bathing
medium is buffered with HCO3™~ (25 mM) and gassed with 95% O2, 5% CO; to
achieve a pH of 7.40 [1]. Replacement of bath HCO3~/CO;, with another buffer
or addition to the medium of acetazolamide, an inhibitor of the enzyme carbonic
anhydrase (CA), eliminated the serosa-negative V,, and the I,.. CA catalyzes
the hydration of CO; to form H* and HCO3~. A serosa-negative V,,; associated
with HCO3 ™ -dependent C1~ absorption has also been reported for flounder small
intestine [2, 3]. Measurement of radiolabeled bidirectional C1~ fluxes (using 360
through paired urodele intestinal segments revealed a net C1~ absorptive flux (J<,,,)
in the presence but not in the absence of HCO3 ™~ in the medium; acetazolamide elim-
inated J<,,,;. J,,.; exceeded the Iy, As described below, the difference is accounted
for by a flow of HCO3™ ions in the secretory (s—m) direction [4]. Hence, I;, =
JC o — JHCO3— . where JHCO3—, . is the net secretory HCO3 ™~ flux. When tissues
were initially bathed bilaterally in a CI~-free (SO4°~-based) medium, addition of
increasing amounts of C1~ ions (added as choline chloride) to the mucosal medium
produced stepwise increases in I which approached a maximum at 15mM CI—,
exhibited a Km of 5.4 mM, and was blocked when the disulfonic stilbene SITS, an
inhibitor of anion exchangers, was present in the serosal medium [5]. Other anions
evoked an equal or smaller current than C1™. Thus, the selectivity sequence for the
anion-evoked current was C1~=Br >SCN~>NO3 >F =I".

Special Ussing-style tissue chambers (villus chambers) were employed which
allowed physical isolation of 7.4 mm? of either the villus or intervillus mucosa and
measurement of the transepithelial voltages each generated [6]. Mucosal segments
stripped of serosal smooth muscle layers were stretched mildly and oriented over
a lmm x 7mm slit to clamp a tissue segment consisting predominantly of villus
or intervillus mucosa. The serosa-negative V,,; was discovered to arise from the
villus mucosa, which is lined by fully mature enterocytes; the intervillus mucosa
generated no voltage. This and other differences in transport behavior between villus
and intervillus mucosa, delineated in several studies to be described, are listed in
Table 1.
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Table 1 Transepithelial transport properties of mature villus mucosa and less mature intervillus
mucosa in urodele intestine are compared. Each ion transport effector produced a signature change
in electrical behavior (Al;.) which was first characterized extensively in whole mucosa. Paired
villus chambers were then employed to distinguish whether one or both regions of the mucosa
contributed to the response [6]. SGLT1, sodium glucose cotransporter 1; SAAT, sodium amino
acid cotransporter; NHE, Na*-H* exchanger. © Basal, electrogenic H* secretion is equivalent to
absorption of HCO3 ™~ ions

Intervillus Villus
Al,, transporter (references) epithelium epithelium
Na-glucose cotransport, SGLT 1 [6, 14, 24] — +
Na-valine cotransport, SAAT [6, 24] + +
Basal, electrogenic C1~ absorption, Na*K*2Cl~ [6] — +
cAMP-stimulated HCO3 ™~ secretion [6] + +
Basal, electrogenic H* secretion”, K*-H* ATPase [14] — +
NE-stimulated H* secretion, NHE [24] + +
Bidirectional symmetric HCO3 ™ diffusion potentials [6] + —

2.2 CI~ Influx is Saturable, Requires Na* and K* Ions
and is Inhibited by Furosemide

36C1 influx into isolated segments of urodele intestine was measured in order to
characterize the luminal membrane pathways of C1~ uptake [7]. 3°Cl influx from
the mucosal medium into the cells (JClmc) in ueq/g tissue water in 5 min was lin-
ear with time and reached a maximum as luminal bath [C1™] was increased. The
calculated K, of 5.3 mM is in excellent agreement with the measured apparent
K, for the Cl™-evoked current, noted above, of 5.4 mM. Although SITS added to
the serosal fluid blocked the Cl™-evoked current it did not reduce J ., indicat-
ing that JC .. does not reflect transcellular C1~ movement (through the cell into
the serosal medium). Monovalent anions blocked J,,,. in the order I~ = SCN~
= NO3~>Br~>F~. Substitution of mucosal medium Na* with choline or N-methyl
glucamine reduced Jel me by 60-70%. Removal of medium K* reduced JClmC 50%.
After medium Na* and K* were replaced re-exposure to Na* added alone did not
stimulate C1~ influx whereas reexposure to Na* + K* stimulated CI~ influx. J<,,.
was not sensitive to the diuretic amiloride (which can block Na* channels and
Na*/H* exchange) or to SITS in the mucosal medium. However, JC,. was reduced
34% by furosemide in the luminal medium. Furosemide is a loop diuretic which
inhibits Na™-K*-2Cl1~ cotransport [8]. It was concluded that C1~ ions enter the
cell by electroneutral transport, most likely Na-K-2Cl cotransport, as illustrated in
Fig. 2 [7]. A Na™- and K*-dependent Cl~ transporter has been reported in several
regions of the renal tubule and macula densa of the kidney [9, 10] and designated
either NK2C [9] or BSC1 [10]. Na-K-2Cl cotransport has also been reported for
flounder small intestine [11].
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Fig. 2 Proposed cell model of ion transport processes in the mucosal (brush border) and baso-
lateral (serosal) membranes of mature villus enterocytes in urodele small intestine (duodenum)
responsible for electrogenic C1~ absorption linked to secretion of HCO3 ™ ions. About one-half of
mucosal C1™ influx occurs via a furosemide-sensitive electroneutral Na*-K*-2C1~ cotransporter
(presumably the NK2C isoform); the other half occurs via a stilbene-insensitive C1~-HCO3~
exchange mediated by an anion exchanger (AE) isoform not yet established [30]. Serosal C1™~
exit is envisioned as largely via a stilbene-inhibitable Na*-Cl~-HCO3~ exchange, most likely the
NDCBe transport isoform [30]. The stoichiometry of the Na-Cl-HCOs3 exchanger is not estab-
lished. Carbonic anhydrase type IV (CAIV) is presumed to be associated with the brush border
membrane and to catalyze the formation of CO; and H,O; CO; enters the cell

2.3 CI~ Efflux into the Serosal Fluid Requires Na*

In a related study, bilateral addition of Na* (as Na gluconate) to Na*-free mucosal
and serosal media stimulated the I, and J,,; [5]. Addition of Na* only to the
serosal bath markedly increased the mucosal to serosal (m—s) 3°C1~ flux. Another
disulfonic stilbene, DIDS, when added to the serosal medium blocked the Na-
dependent 3°Cl1~ flux. These results are consistent with a model in which C1~ ions
exit the cell at the serosal membrane by a Na*-dependent anion exchange process.
This process is characterized further below (Sect. 2.6).

2.4 Intestinal Cells Alkalinize the Luminal Fluid and Acidify
the Serosal Fluid

Segments of urodele duodenum, bathed bilaterally in normal (Cl™-containing)
media, alkalinize an unbuffered mucosal bath as they acidify the serosal fluid [4].
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When the serosal fluid contains HCO3 ™ and is gassed with 95% O and 5% CO;
then the unbuffered mucosal bath becomes alkalinized. A secretory HCO3~ flux
(JHCO3  y is measurable by acid titration of the unbuffered mucosal fluid. It is
assumed that simultaneously an equal flux of protons occurs from cell to serosal
fluid. Acetazolamide (0.1 mM) inhibited J#€93,, on average by 43% in several
tissues [4].

2.5 JHCO3  is Influenced by the Serosal Bath Na* Concentration
JHCO3  was increased when the NaCl concentration of the serosal medium was
increased in increments in replacement for choline chloride. The K, for stimula-
tion of JHC0O3 sm by serosal bath Na was 3—4 mM. In contrast, addition of Na to the
mucosal medium was without effect on JZCO3, [12].

2.6 CI~ Ions Exit into the Serosal Medium via a Saturable Path,
Not a Conductive One

The serosal membrane potential (V) of villus enterocytes was measured directly by
employing a novel dissection procedure which transforms a three-dimensional villus
into a flat two-dimensional sheet using a microsurgical procedure that maintains the
integrity of the epithelium [13]. The “villus sheet preparation” was then mounted in
a tissue chamber, serosal surface upward, thereby allowing direct access of micro-
electrodes to the serosal membrane of enterocytes normally residing at the tip of
the villus in the intact epithelium. Stable recordings of serosal membrane poten-
tial (V) of many minutes duration were possible. Vs was depolarized by elevating
serosal bath [K*] or lowering bath [HCO3~] but was largely unaltered by changes
in serosal bath [C1™]. The absence of a significant conductive pathway for C1~ ions
suggests that they exit the cell by a carrier-mediated route.

Measurements with Cl™-sensitive microelectrodes provided evidence that the
serosal transport of C1™ ions is by a saturable pathway. Intracellular CI™ activity
(aci) was measured using double-barreled C1™ sensitive microelectrodes. One bar-
rel sensed the cytoplasmic Cl~ activity and the other barrel sensed the membrane
potential (V,,). The stilbene-sensitive portion of the absorptive CI~ flux, which
reflects the carrier-mediated C1™ exit into the serosal bath, approached a maximum
as ac;’ increased [14]. The calculated K, of the basolateral transporter for cytoplas-
mic C1~ was determined to be 4-6 mM. It was concluded that C1~ ions absorbed
across the brush border membrane subsequently exit the enterocyte into the serosal
fluid by a pathway dependent upon Na* and HCO3 ™. It is envisioned that an elec-
trogenic carrier utilizes the transmembrane Na gradient to simultaneously energize
Cl~ exit and Na* and HCO3~ entry (or H* export). One possible stoichiometry is
1:1:1 Na*-C1~-HCO3;~ exchange (NDCBe) as illustrated in Fig. 2. The basolateral
exchange carrier may also regulate luminal membrane CI1~ uptake by influencing
cytoplasmic pH or HCO3 ™ concentration.
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2.7 Electrogenic Cl~ Transport Depends Upon Apical Membrane
K* Conductance and Basolateral Membrane Anion Export

Even though CI~ transport is electrogenic the evidence above indicates that luminal
Cl~ uptake occurs via two parallel electroneutral processes, Na*-K*-2C1~ cotrans-
port and CI~-HCO3~ exchange. The dilemma is resolved if K* ions moving through
channels in the luminal membrane carry positive current out of the cell and supply
K* ions at the outer face of the brush border membrane to support Na*-K*-2C1~
cotransport. Support for the existence of luminal K* channels is seen in the depolar-
ization of the mucosal membrane by 30.3 mV when luminal bath [K*] was elevated
from 2.5 to 25 mM [13]. At the basolateral membrane an inward positive current
may be carried by the net export of an anion with each cycle of the Na-ClI-HCO3™
exchange carrier. Moreover, using double-barreled pH-sensitive microelectrodes,
the luminal membrane was observed to hyperpolarize and the cytoplasm alkalin-
ize when medium HCO3~/CO, was replaced with HEPES at constant pH [15]. This
latter finding suggests that cytoplasmic pH, influenced by HCO3™ entry across the
basolateral membrane, couples the two membranes functionally by regulating lumi-
nal K* conductance and hence the availability of K* ions in the luminal fluid for
Na-K-2Cl cotransport.

3 Electroneutral C17-HCO3;~ Exchange at the Brush Border

3.1 Luminal Alkalinization is Linked to CI~ Absorption

The results described above indicate that a fraction of Cl~ absorption is linked to
HCO3™ secretion. The titration technique was employed to investigate the linkage
further. JAC€03, was stimulated in a stepwise manner when the Cl~ concentra-
tion of the luminal medium was increased in increments in replacement for sulfate
[12]. As little as 1 mM CI~ was sufficient to stimulate J7€93 . The calculated K,
was 1-2mM, a value considerably lower than that for electrogenic C1~ absorption
(K,=5.4mM), as noted above. Addition of Cl~ ions to the serosal medium (in
equimolar replacement for S042~ ions) was largely without effect on JHCO3 | Tn
contrast with these findings in urodele intestine, in rabbit ileum HCO3;~ secretion
was not altered by bath C1~ replacement [16].

3.2 CI~ Absorption Exceeds HCO3~ Secretion

A detailed examination of the relation between the unidirectional absorptive flux
of 3Cl and the secretory flux of HCO;™ in individual isolated intestinal seg-
ments revealed that if luminal membrane CI™ influx is linked to HCO3;~ efflux
then the anion exchange ratio cannot be 1 for 1 [17]. The correlation coefficient
between Jc™ and JHCO3,, was 0.85 and highly significant. The slope relating
JC ., and JHCO3 . was 1.8, and was also highly significant, indicating nearly twice
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as many millimoles of C1~ absorbed per millimole of HCO3~ secreted. This sug-
gested the presence of a 1 for 1 CI7-HCO3~ exchange process in parallel with
a second, HCO3 ~-independent C1~ uptake process (Na*-K*-2CI~ cotransport) dis-
cussed above. In support, whether SITS, DIDS, furosemide, or piretanide was added
to the serosal medium, to inhibit a basolateral C1™ exit pathway, significant inhi-
bition of the C1™ absorptive (ms) flux and JHCO3  resulted; the change in JC s
exceeded the change in J7€93, in every series. SITS added to the mucosal medium
had no effect on CI™ absorption indicating that neither mucosal membrane CI1™
influx process is stilbene-sensitive. Lastly, JHCO3 | wwas not altered when Na* in the
luminal medium was replaced with another cation [12].

3.3 Intracellular pH is Influenced by Cl~ Ions in the Luminal Bath

Further evidence for luminal membrane C17/HCO3 ™~ exchange was obtained using
double-barreled pH sensitive microelectrodes to measure intracellular pH (pH;)
and serosal membrane potential [18]. When tissues were initially bathed in Cl1~-
free (SO42~-based) medium then exposed on their mucosal surface to C1~ ions
at 86 mM, in order to activate the putative C1"-HCO3~ exchanger, pHi declined
0.34 +/— 0.08 units. The acidification of the cytoplasm is consistent with a decline
in intracellular [HCO3™]. The serosal membrane potential (V;) fell 29.6 mV. The
stilbene, DNDS, in the luminal medium did not block acidification; DNDS in the
serosal medium or furosemide in the luminal medium reduced electrogenic CI~
absorption but did not alter cytoplasmic acidification. Additional measurements
indicated that a threshold pHi of 7.1 exists for the exchanger; at higher pH; net
HCO3™ loss from the cell occurred via the brush border anion exchanger.

4 K*-H* ATPase Oversees Jejunal Electrogenic K*-Dependent
H* Secretion

There is considerable published evidence that during the postabsorptive period pro-
tons are actively secreted by the mature cells that line the villi of urodele jejunum
by a mechanism which is demonstrably electrogenic but linked to the active uptake
of K* ions. This transporter is functionally equivalent to that identified in the gas-
tric mucosa [19], colon [20], and kidney [21] and acidifies the luminal fluid while
actively accumulating K* ions into the enterocyte. The evidence follows.

4.1 Proton Secretion is Active and Occurs in Mature Villus
Absorptive Cells

When the mid-region of the small intestine (the jejunum) of the urodele is bathed in
a ClI™-free, HCO3 ~-buffered medium (pH 7.4) in which sulfate is the major anion
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it generates a transepithelial voltage (V,,,5) [22]. Under short-circuit conditions the
I, was consistent with a secretory flux of cations such as protons. The I, was
not accounted for by a net secretory Na flux when unidirectional fluxes were mea-
sured using 22Na. Moreover, the I was inhibited by acetazolamide. Measurements
employing the pH-stat technique revealed a flux of alkali from the HCO3 ~-buffered
mucosal fluid (pH = 7.4) to the unbuffered serosal medium. The rate of serosal
alkalinization was quantified as the rate of addition of H,SO4 required to main-
tain serosal bath pH constant and was expressed as an absorptive HCO3 ™ flux
(JHCO3 1y, JHCO3  \was equivalent to the Is.. It was inferred that the serosal alkalin-
izing flux (JF€93 ) was associated with an equal and opposite flux of protons into
the mucosal fluid, i.e. a proton secretory flux (JH ), hence, that the measured flux,
JHCO3 | equaled the proton flux, i.e., JA€03,, . = JH Exposure to dinitrophenol
(1 mM) or to anoxia conditions (by gassing the media with 100% N;) each greatly
inhibited the H* flux. The H* flux increased as a function of luminal bath [HCO3 ]
and maximized at a bath [HCO3 ] of 35 mM at constant CO,. The villus chambers
were employed to establish that electrogenic proton transport was localized exclu-
sively in the mature absorptive cells lining the villi of the jejunal mucosa [23]. This
is noted in Table 1.

4.2 J" is Dependent Upon Luminal Bath K* and Influences Cell
K* Content

JH was significantly reduced when K* was replaced in the luminal bathing medium;
replacement of bath Na* did not influence JH [24]. Readdition of KCI to a K*-free
mucosal medium stimulated J¥ in a saturable manner while addition of choline CI
had no effect. J# was maximal when medium [K*] = 5 mM. The calculated K, for
luminal bath K* to stimulate J¥ equaled 2.2 mM. Addition of KCI to the serosal
medium had little effect on J7. Hence, H* secretion was linked to luminal bath K*.
The results are consistent with the presence of an active, K*-dependent H* secretory
flux in jejunal absorptive cells.

To further investigate the role of K* ions in H* secretion intracellular K activ-
ity (ax’) was measured using double-barreled microelectrodes in which one barrel
was sensitive to ag. When HCO3; ™ -buffered medium bathed both apical and serosal
tissue surfaces ag’ equaled 58.5 mM. The value is consistent with active K* accu-
mulation above electrochemical equilibrium by the cell. When ouabain, the inhibitor
of Na*-K* ATPase, was added to the serosal medium ag’ declined over 2h to
16 mM, a value consistent with passive K* distribution at the prevailing mem-
brane potential. In contrast, when bicarbonate was removed from the serosal fluid,
thereby inducing a H* secretory flux, ax’ was elevated to 83.6 mM. Upon subse-
quent exposure to serosal ouabain ag’ declined but remained above electrochemical
equilibrium at 33 mM after 4 h. Furthermore, tissues bathed in Na*-free medium
containing ouabain retained cell K* (aKi = 46 mM), even after 4h, as long as
the HCO3~ gradient was maintained. Hence, a K™ uptake process is operating
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at the luminal membrane which does not involve Na* but is dependent upon
HCO3~/CO;.Unilateral replacement of K in either the mucosal or serosal medium
reduced ag'. Acetazolamide reduced ax’ over 2h in Na-free medium and con-
comitantly reduced the H* current. It was concluded that K* ions are actively
accumulated across both luminal and basolateral membranes of the enterocytes
and that the luminal uptake process is linked to H* secretion [24]. K*-dependent
intestinal H* secretion has also been reported for rat jejunum [25].

4.3 J" is Blocked by Inhibitors of Gastric H*-K* ATPase

Further evidence of intestinal H*-K* ATPase activity was seen in the effects of
the gastric H*-K* ATPase inhibitors omeprazole and SCH28080 on intestinal H*
secretion and K* accumulation [26, 27]. Thus, over 1 h omeprazole (136 pg/ml of
luminal bathing medium) lowered ;. and JH by 40% and reduced ag' from 74
to 59 mM. ak' reverted to control values beginning about 30 min after exposure.
The treated tissues subsequently exhibited a normal increase in /;. when exposed
to galactose to initiate Na-sugar cotransport indicating some degree of selectivity
in the effect of omeprazole in H* transport. Similarly, the potent gastric H*-K*
ATPase inhibitor SCH28080 (2-methyl-(8-phenylmethoxy)imidazo(1,2a)pyridine-
3-acetonitrile) inhibited J2 and I, completely over 90 min when added to the
mucosal medium to a final concentration of 20 WM [28]. The calculated ICsy for
the inhibitor was 6.5 WM. The electrical response to glucose added subsequently to
the mucosal bath was equal to that in tissues not exposed to SCH28080.

4.4 pH-Sensitive K* Channels Reside in the Brush Border
Membrane

A conductive pathway that is selective for K* ions resides in the brush border mem-
brane and plays a role in active proton secretion [13, 15]. Using the villus sheet
preparation membrane potentials were measured with microelectrodes by impaling
jejunal villus cells across their serosal membrane. The mucosal membrane poten-
tial (V,,,) was calculated as the difference between the transepithelial potential (V)
and the measured serosal membrane potential (Vy), i.e., V,,, = V,;;5 — Vs. As noted
above (Sect. 2.7), 10-fold elevation of mucosal bath [K*] reduced the mucosal
membrane potential (V,,) by 30.3mV [13]. When jejunal mucosae were bathed
in Cl~-free (SO4>~-based) media and exposed to 25 mM HCO3™ and 5% CO»
(medium pH = 7.4) V,,, was —77.2mV [15]. When the fluid was changed to one
buffered at pH 7.4 using HEPES many, but not all, cells became hyperpolarized,
indicative of enhanced K* conductance. The average membrane hyperpolarization
was —11.8+1.6 mV. Intracellular pH, measured with double-barreled pH-sensitive
microelectrodes, averaged 7.16%0.05 in HCO3~/CO;-buffered medium. When the
buffer was changed to HEPES at the same pH a rapid alkalinization of the cytoplasm
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occurred. Hence, the hyperpolarization is likely due to enhanced K* conductance
when the cytoplasm is alkalinized. Cytoplasmic alkalinization would be expected
“behind” the activated proton pump; enhanced K* efflux through the K* conductive
pathway into the luminal medium would hyperpolarize the membrane and serve to
provide K* ions in the luminal fluid to support K*-H* antiport.

4.5 JH Depends Upon HCO3~ Ions Exiting the Serosal Membrane

H™ secretion by salamander enterocytes is driven by active, K*-dependent H* export
coupled to an ion-exchange process in the basolateral membrane that promotes
HCO3~ ion exit into the serosal fluid linked to the uptake of a Na* ion and an
anion, as illustrated in Fig. 3. The exchange process is in parallel with a conductive
pathway for HCO3 ™ ions. Using the villus sheet preparation the serosal membrane
potential (V) was measured directly using microelectrodes [29]. In CI™-free SO42-
based medium buffered with HCO37/CO;, Vi equaled —86.5 mV. Lowering the
serosal bath [HCO3™] from 25 to 2.5 mM depolarized the membrane by 6.7 mV;
elevation of the [HCO3™] to 50 mM hyperpolarized the membrane by 7.5 mV. The
calculated transference number for HCO3~ was 0.14. The value of Vj correlated
strongly (r = 0.987) with the log of the serosal bath [HCO3~]. The disulfonic stil-
bene DNDS reduced by one-half the effect of lowering serosal bath [HCO3 ] on V.
The effect is attributable to inhibition of the carrier-mediated pathway of HCO3™
exit. Replacement of all but 1 mM serosal bath Na* with N-methylglucamine pro-
duced a partially reversible depolarization of the serosal membrane of 35.8 mV that
was not accompanied by a change in fractional membrane resistance (hence did

mucosal basolateral
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not apparently alter membrane conductance) and was nearly completely blocked by
1 mM DNDS. A 10-fold elevation of serosal bath [K*] reduced the serosal mem-
brane potential (V) by 44.5 mV. The combined fractional conductance of K* (tx =
0.81) and HCO3™ (tgco3 = 0.14) accounted for 95% of the serosal membrane con-
ductance under Cl™ -free conditions. The results are consistent with the involvement
of a conductive (ion channel) pathway and a parallel nonconductive exchange path-
way that couples the exit of one or more HCO3 ™ ions to the entry of a Na* ion and
an anion at the serosal membrane, i.e., Na*-nHCO3 ~-anion symport, as illustrated
in Fig. 3. The family of HCO3 ™ transporters is described in recent reviews [30, 31].

4.6 The Basolateral Exchanger Prefers Certain Anions

The Na*t-nHCOj3 ™ -anion symporter prefers the anions C1=, Br—, I~, or HSO4~ over
gluconate or benzene sulfonate [32]. Thus, the rate of alkalinization of the serosal
fluid was unchanged upon replacement of bath ClI~ with Br—, I, or SO42~ but
was reduced by replacement with gluconate or benzene sulfonate. Curiously, DIDS
only partially inhibited the Na*-nHCO3~-anion symporter and the inhibition was
reversed upon washout of DIDS. In comparison, in the same study the inhibition
by DIDS of electrogenic CI~ absorption via inhibition of the NDCBe exchanger
(Fig. 2) was complete and was not reversed upon washout of DIDS.

4.7 Carbonic Anhydrase Plays a Key Role in Proton Secretion

The CA inhibitor acetazolamide inhibits the proton secretory flux (J/7) of the basal
state at a low concentration (0.1 mM). A more slowly diffusing analog, benzolamide,
inhibited J# more rapidly when added to the mucosal medium than when added
to the serosal medium, raising the possibility that a subtype of CA is associated
with the brush border membrane. Acetazolamide reduced the intracellular potassium
activity (ax') from 66 to 42mM and inhibited the ability of K* ions added to the
mucosal fluid to stimulate J¥ [24]. Lastly, acetazolamide reduced the magnitude
of the depolarization of the basolateral membrane induced by quickly lowering the
serosal bath [HCO3 ™ ] from 50 to 0.5 mM [29]. In summary, the CA activity may be
associated with the brush border membrane as illustrated in Fig. 2 and be of the CA
IV subtype [33]. A direct interaction between CA and the Na/HCO3 cotransporter
has been postulated [34].

4.8 Electrogenic H* Secretion Derives from Linked Mucosal
and Serosal Conductive Processes

An electroneutral 1 for 1 cotransport of a proton and a K* ion could generate
a short-circuit current whereby I, = J¥ if, in the steady state, K* ions exiting
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across the brush border membrane through K*-selective channels carry an out-
ward current which is matched at the serosal membrane by the inward current
carried by the conductive exit of HCO3™ ions through anion channels and through
Na*- nHCO3 ™ -anion symporters as illustrated in Fig. 3. In this view K*-H* ATPase
generates the transmembrane K* and HCO3;~ gradients which are required for
current generation.

4.9 The H* Secretory Process is Inhibited by Methacholine
and Cyclic AMP

When added to the serosal medium the cholinergic agonist, methacholine, reduced
K*-dependent proton secretion by more than 50% after a delay averaging 8 min.
Methacholine was ineffective when added to the mucosal bath. The ECsp = 3.7 x
10~7 M for the inhibitory effect. Preexposure of the tissue to the muscarinic receptor
antagonist atropine blocked the effect [27]. Furthermore, the beta adrenergic antag-
onist propanolol had no effect on J7 indicating that the intestinal K*-H* ATPase
is not under the influence of local B-adrenergic agonists [35]. In contrast, H* ion
secretion by gastric parietal cells is stimulated by acetylcholine [36]. In an earlier
study it was observed that H* secretion was rapidly reduced 34% upon exposure
of isolated segments of urodele duodenum to 1 mM theophylline [37]. Exogenous
cyclic AMP and dibutyryl cAMP produced similar effects.

4.10 Summary

The H"-K* ATPase transporter operates in the basal state. Substantial evidence is
provided above that in the basal (postabsorptive) state urodele jejunal villus cells
secrete H* ions via a brush border ion transporter that utilizes ATP to accumulate
luminal K* ions into the cytoplasm and acidify the luminal fluid while alkaliniz-
ing the serosal fluid. A H"-K* ATPase transporter is most likely responsible [38].
Because Na*-H* exchange does not operate in the basal state, which is characterized
by limited supplies of endogenous energy, the HF-K* ATPase transporter can acid-
ify the luminal fluid and accumulate cell K* without obligating the cell to perform
transepithelial Na* absorption. Active H* secretion linked to K* uptake is reduced
by elevating cyclic AMP or by exposure to methacholine. As discussed below, cat-
echolamines also reduce H*-K* ATPase activity. In addition to promoting HCO3 ™~
absorption the intestinal H*-K* ATPase may function to absorb K* ions and acidify
an unstirred layer adjacent to the brush border to facilitate H*-dependent oligopep-
tide absorption [39]. An acid microclimate has been observed to reside at the brush
border surface of rat jejunal enterocytes [40].
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5 Catecholamines Stimulate Jejunal Na* and C1~ Absorption

5.1 Basal, Active K*-H* Transport is Supplanted by
Amiloride-Sensitive Na*-H* Exchange

When jejunal segments of urodele small intestine are bathed in Cl™-free and
substrate-free medium luminal acidification occurs due to an active K*-H* antiport
(K*-H* ATPase) in the brush border membrane, as described above (Sect. 4). The
process occurs in the mature villus cells (Table 1). There is no net Na* transport
occurring under this condition [22]. When norepinephrine (NE) is added to a C1~-
free serosal medium bathing jejunal segments engaged in active H* secretion by this
mechanism an increase in ;. and luminal acidification occurs which is no longer
dependent upon luminal K* but is instead dependent upon Na™ in the luminal bath
[41]. Net Na* absorption also develops. As noted in Table 2, responsiveness to NE
resides in both villus and intervillus mucosal regions. Very low concentrations of NE
(ECsp = 3.7 x 107" M) produce the response. Na*-dependent luminal acidification
requires HCO3 ™ ions and CO; in the luminal medium. The transport was not inhib-
ited by omeprazole but was inhibited by amiloride (1 mM), an inhibitor of Na*-H*
exchange. Under the C1~-free conditions in which it was studied Na*-dependent H*
transport was electrogenic overall, rendering the serosal bath electrically negative to
the mucosal bath. When the tissue was voltage-clamped the ;. was equal to the
proton flux. In Table 2 the characteristics of the proton secretory flux in the basal
state (basal J7) are compared with those when the mucosa is under the influence
of NE

Table 2 Two mechanisms of H secretion in urodele small intestine are compared. The H* secre-
tory flux (JH) in the basal state, i.e., basal J¥, is due to K*-H* ATPase. Norepinephrine (NE)
induces Na*-H" exchange. In both conditions I, = JH . JH values were measured while tissues
were bathed on mucosal and serosal surfaces with C1™-free media. | reflects inhibition

Characteristic (reference) Basal J# NE-stimulated J*
Locus in intestinal mucosa [14, 24] Villus Villus and intervillus
Bath ion dependence [12, 17, 21, 24] Luminal K* Luminal Na*

Effect of acetazolamide [12, 24] N 1

Effect of methacholine [21] N No A

Effect of omeprazole [18, 24] N No A

Effect of amiloride [24] No A J

Effect of yohimbine [25] No A 1

Effect of propanolol [25] No A No A

5.2 NE Stimulates CI~-HCO3~ Exchange

As described above, when urodele intestinal segments were bathed in a substrate-
free medium containing CI~ as the major anion there was net Cl~ absorption
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accompanied by a residual flux attributable to a smaller net secretory HCO3™
flux [1]. This result was consistent with measurements establishing CI~/HCO3™
exchange by urodele small intestine [17]. The flux values reflect the presence of
apical electrogenic Na*-K*-2CI~ cotransport operating in parallel with apical C1~
absorption linked to HCO3 ™ secretion via 1 for 1 CI7-HCO3 ™~ exchange (Sect. 2.2).
The two Cl~ transport processes are of about equal magnitude [7]. When tissues
were exposed to NE, stimulation of the absorptive C1~ flux and net C1~ absorption
were observed without alteration of the residual flux or the short-circuit current [35].
It was concluded that in parallel with elevated electroneutral Na*/H* exchange NE
also stimulates electroneutral C1"/HCO3™~ exchange without altering the parallel
process of Na*-K*-2C1~ symport.

5.3 NE Operates Through Alpha, Adrenergic Receptors

Using several alpha and beta adrenergic agonists and antagonists it was demon-
strated that NE operates through the oy subtype of adrenergic receptors residing on
the basolateral membrane of enterocytes [35]. The o adrenergic antagonist yohim-
bine blocked NE-stimulated acid secretion but had virtually no effect on basal
(spontaneous) acid secretion driven by H*-K* ATPase (Table 1). The cytoplasmic
effector activated by NE binding to oy adrenergic receptors is unidentified. The
phosphodiesterase inhibitor theophylline elevates cytoplasmic cAMP and inhibits
net C1~ absorption [42] and 3°ClI influx into the intestinal mucosa by 60% [7].
Hence, it is reasonable to assume that the o, adrenergic receptor does not act to
elevate cAMP.

5.4 NE Produces Changes in Enterocyte Ultrastructure

Norepinephrine transforms the ultrastructure of urodele enterocytes in the cellular
region immediately below the apical plasma membrane. NE produced a signifi-
cant increase in the density of small vesicular and tubular profiles in the cytoplasm
immediately below the brush border of the enterocytes [43]. The use of horseradish
peroxidase revealed that the apical tubulovesicular compartments were physically
contiguous with the luminal extracellular space. This observation points to the direct
involvement of the brush border membrane in proton secretion; the tubules and vesi-
cles are elements of a dynamic pool of transporting membranes under the control of
catecholamines. The morphological alterations in urodele enterocytes upon stimu-
lation of proton transport is analogous to those changes reported in gastric parietal
cells [44, 45], turtle urinary bladder [46, 47], and rat distal colon [48] when these
tissues were stimulated to increase their proton transport.
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6 Ion Transport Processes in Urodele Intestine Under
the Influence of cAMP

6.1 Does Elevated Cyclic AMP Activate Net CI~ Secretion?

Evidence is considerable that elevation of cyclic AMP inhibits salt and water
absorption by in vitro intestinal segments isolated from a variety of vertebrates.
Furthermore, bidirectional ion flux measurements under short-circuit conditions
indicate that secretion of Cl~ ions is simultaneously elevated [49]. The response
is thought to underlie intestinal function in secretory diarrheas such as cholera and
in diseases such as cystic fibrosis. However, Lucas has shown that the physical
meaning of a unidirectional ion flux measured under short-circuit conditions is more
complicated than previously assumed.

6.2 Opposing Fluxes Interact with Each Other

Lucas argued that the interpretation of the results is flawed in previous studies
which purported to demonstrate that enterotoxins stimulate net C1~ secretion in
in vitro segments of vertebrate intestine [49]. These studies employed the tech-
nique of short-circuit current while measuring unidirectional °Cl fluxes. Analytical
solutions to the differential equations describing fluxes between compartments to
demonstrate that “a measured “unidirectional” flux contains information about both
absorptive and secretory processes, regardless of which flux is measured.” As a
result, a condition which decreases the absorptive (m—s) flux of an ion will cause
an apparent increase in the secretory (s—m) flux. In essence, because an isotope that
is transported from m—s can return to the intermediate compartment by transport
processes operating in the reverse direction, then a change in one unidirectional flux
cannot occur without affecting the reverse flux. Hence, the observed increase in the
s—m Cl~ flux in isolated intestinal preparations reported after exposure to different
agents, in numerous studies catalogued by Lucas, may actually be a consequence
solely of an agent-induced reduction in the m—s flux of CI™ ions. In most of the
17 studies examined, the increase in the s—m CI flux after exposure to an agent
was paralleled by a decrease in the absorptive (m—s) flux. Lucas concluded that a
measured increase in the secretory flux of C1™ after exposure to a secretagogue is
not unequivocal evidence for direct stimulation of a chloride secretory process.

6.3 Cyclic AMP Does Not Alter the s—m 39Cl~ Flux
in the Urodele Intestine

The implications of the Lucas hypothesis with respect to measurements in urodele
intestine are seen in two studies. In the first, ouabain increased the s—m and reduced
the m— s C1~ flux while eliminating net C1~ absorption [1]. According to the Lucas



Role of Ion Transporters in Small Intestine Absorption and Secretion 211

hypothesis, because the m— s flux declined, the observed increase in the opposite
(s—m) flux may only be apparent. In another study which related specifically to the
question, theophylline reduced the m— s C1™ flux and eliminated net C1™ absorption
in duodenal segments but did not change the s—m CI~ flux. Instead, the resid-
ual flux, which is a measure of HCO3 ™ secretion in the conditions employed, was
increased [42]. In confirmation, it was demonstrated using the pH-stat technique
that theophylline stimulated an electrogenic secretory flux of HCO3™~ when tissues
were bathed in CI™ -free medium [50, 51]. Furthermore, acetazolamide inhibited the
ongoing HCO3;™ secretory flux. A recent study has provided evidence that dibu-
tyryl cAMP induces electrogenic HCO3; ™ secretion in normal human duodenum but
not in duodenum of cystic fibrosis patients. It was concluded that HCO3~ secretion
normally occurs through cystic fibrosis transmembrane regulator (CFTR) channels
which are conductive to CI~ and HCO3 ™ ions [52]. Studies delineating the role that
CFTR plays in intestinal fluid secretion have been recently reviewed [53]. In sum-
mary, these data in urodele enterocytes provide support for an elevated secretory
flux of HCO3 ™ but not C1~ upon elevation of cAMP. Nevertheless, the evidence for
the existence of CI~ channels in the brush border of mammalian small intestinal
cells is extensive. A recent review provides a description of several different Cl1~,
Na*, and K* channels in gastrointestinal tissues [54].

6.4 Cyclic AMP Reduces J"

Theophylline, the inhibitor of cell phosphodiesterase, reduced J7 34%. When
bathed in normal medium the residual flux (JX), previously shown to equate to the
net CI™ absorptive flux, also fell to zero indicating that the CI™-absorptive flux was
eliminated by theophylline [37]. Exogenous 1 mM cyclic AMP (cAMP) produced
similar effects. Whether this response reflected a primary effect at the luminal mem-
brane (H"-K* ATPase antiport) or at the serosal membrane (Na™-nHCO3; ™ -anion
exchange) or both is not clear.

6.5 Cyclic AMP Activates a Basolateral Membrane Channel
Conductive to Cl~

Outwardly rectifying single channels displaying a reversal potential consistent with
Cl-selective channels were observed in cell-attached patches on the serosal mem-
brane of enterocytes in isolated segments of axolotl small intestine exposed to
theophylline [55]. The channels were not evident in tissues not exposed to theo-
phylline. The villus sheet preparation was employed [13]. The serosal surface
was exposed for 1h to collagenase. The basal lamina and adherent collagen were
removed by manual dissection to expose the serosal membrane of villus entero-
cytes. Single channel slope conductance was 24 pS from —80 to 20 mV and 131 pS
from 20 to 140 mV. When the patch was depolarized, open probability increased
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from 0.07 (V, = —80mV) to 0.7 (V, = 140mV). Because Cl™ ions are normally
actively transported from the cytoplasm to the serosal bath a theophylline-activated
C1™ channel would allow a backflux of CI™ ions into the cytoplasm and thereby
reduce net CI~ movement from cytoplasm to serosal fluid. This response could
explain the reduction in net CI™ absorption caused by theophylline (Sect. 6.3). In
summary, elevated cAMP inhibits intestinal C1~ absorption and H* secretion and
stimulates HCO3 ™~ secretion (Fig. 4).

Control 1 cyclic AMP
mucosal hasolateral mucosal basolateral
pa—
H+
K+
Na’ Na® Na*
o ar cr
2CI- - -
HCO4 HCQ,
Na*
H' )
CI-
HCO;~ OH-
+
CcO,

Fig. 4 Elevated cAMP inhibits several brush border transporters of urodele enterocytes either
partially (luminal K*-H* ATPase) or completely (right, faded open circles), while stimulating net
HCO3;™ secretion and inhibiting net C1~ absorption. Carbonic anhydrase (CA) provides about
one-third of transported HCO3 . For simplicity, basolateral Na*-K* ATPase, operative under both
conditions, was not illustrated

7 Differences in Transcellular Transport Between Villus and
Intervillus Regions of Urodele Small Intestinal Mucosa

7.1 Intervillus Transepithelial Ion and Solute Transport Differs
Jrom that in the Villus Epithelium

Lacking crypts of Lieberkuhn, the germinative foci within mammalian small intesti-
nal mucosa, the urodele intestine derives new cells from multicellular “nests,”
clusters of germinative cells within the lamina propria of the intervillus region.
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Fig. 5 Histological section of Amphiuma jejunum at the base of a fold [43]. Arrows point to
multicellular nests in the subepithelial space. Some nests adhere to the overlying epithelium. The
epithelium consists of columnar epithelial cells. The brush border, comprised of microvilli, is evi-
dent at the apical end of the cells (top end of micrograph). Magnification x 240. This figure used
with permission of the journal

In histological sections it is seen that some of these nests adhere to the overly-
ing epithelium, as illustrated in Fig. 5. The nest cells insert into the epithelium,
migrate up the villus and reside there before eventually being desquamated as the
result of programmed cell death [56]. These migratory events, from intervillus to
villus mucosa, are associated with very significant changes in the capabilities of the
enterocytes to effect transcellular ion and solute transport.

As noted above (Sect. 2.7), the villus chamber was employed to isolate the villus
and intervillus epithelia and quantify the relative contribution of the two regions to
the electrical responses measured in the whole, intact intestinal mucosa. In Table
1 it is seen that the immature intervillus enterocytes possess some but not all of
the transport capabilities of the fully mature villus enterocytes. For example, the
intervillus enterocytes can cotransport Na and amino acids. However, they lack the
ability to cotransport Na and glucose. Whole cell currents measured in cell-attached
patches on monolayers grown from cell nests confirm and extend these observations.

7.2 Cell Nests Can Be Isolated, Grown into Monolayers in Tissue
Culture

Scrapes of the small and large intestinal mucosa were separately incubated with
collagenase for 30 min, filtered through mesh, allowed to settle, and washed five or
more times with fresh culture medium before plating them onto collagen-coated tis-
sue culture dishes under sterile conditions [52]. A phase-contrast image of isolated,
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Fig. 6 Phase-contrast image of intact round or slightly oval nests of cells isolated from Amphiuma
small intestine by collagenase digestion [57]. Goblet cells, possessing prominent mucinogen gran-
ules, comprise about 3% of the population. Magnification x 160. This figure used with permission
of the journal

Fig. 7 A typical small intestinal cell monolayer one week after plating the nests in tissue culture
medium [57]. Tight junctional complexes link adjacent epithelial cells. Electron microscopy of the
monolayer cells revealed short microvilli sparsely distributed over their surface. Magnification x
1,000. This figure used with permission of the journal

intact small intestinal nests is seen in Fig. 6. Electron micrographs revealed absorp-
tive, mucus and endocrine cells. A typical small intestinal cell monolayer, one week
after plating the nests in tissue culture medium, is seen in bright-field in Fig. 7.
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7.3 Whole Cell Currents in Monolayers Establish Na*-Amino Acid
Cotransport

Monolayers were bathed in a buffered medium which included 104.7 meg/L of Na*
[57]. Patch electrodes were filled with a buffered medium containing 105 meg/L of
K*. As seen in Fig. 8 there was a substantial current of about 20 picoamps (pA)
before exposure to valine. This is likely due to Na* currents through brush border
Na* channels [58]. Equimolar replacement of bath mannitol with L-valine caused
an abrupt inward current of about 30 pA (/,,) which was maintained until valine was
washed away. D-valine produced no effect, in keeping with the known preference of
the amino acid transporters for L- and not D- isomers of the amino acid. L-alanine
and L-phenylalanine, two amino acids which share affinity for the Na-amino acid
cotransporter, produced /,, of similar magnitude as L-valine. Increasing the bath
valine concentration from O to 50 mM caused an increase in /,, which approached
a maximum; the slope of the relationship between the change in /,, and the recip-
rocal of the change in valine concentration indicated a K, of 90mM and a V4
of 100 pA. This is indicative of a low affinity, high capacity carrier for valine. I,
was zero when bath Na*™ was replaced with the cation Tris* as expected if sodium
ions are required to carry the current. Also, colonic cell monolayers grown from cell
nests isolated from colonic tissue did not exhibit inward currents when exposed to
valine. The colon does not engage in active, transcellular absorption of amino acids
from the lumen. Neither glucose nor galactose produced changes in whole cell cur-
rent in small intestinal monolayers. This indicates that Na-glucose cotransporters
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Fig. 8 Replacement of bath mannitol with L-valine caused an abrupt inward current (in picoamps,
pA) in monolayer cells which was maintained until valine was washed away [57]. D-valine
produced no effect on the whole cell current. This figure used with permission of the journal
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are not present in these cells, a finding which is entirely consistent with earlier work
employing the villus chamber, in which it was demonstrated that a short-circuit
current consistent with Na* absorption was generated by the intervillus epithelium
when exposed to amino acids such as valine while glucose had no effect on the I,
(Table 1). Glucose did stimulate such a current in villus epithelia, indicating that
Na-glucose cotransport only occurs in the most mature, differentiated enterocytes
[6]. This result suggests that when grown into monolayers the nest cells retain the
transport properties of intervillus cells and, under the conditions of their growth
in vitro, do not differentiate fully enough to express Na-glucose cotransporters. In
conclusion, low affinity, high capacity Na-amino acid cotransporters reside in small
intestinal cell monolayers grown from cell nests. These cells are not able to cotrans-
port Na* and glucose. These results are consistent with the conclusions derived from
the data in Table 1, namely, that the intervillus epithelium is capable of Na*-amino
acid but not Na*-glucose cotransport. Hence, these cells behave phenotypically as
intervillus enterocytes.

The technique of isolating cell nests and preparing monolayers from them should
be very helpful in further characterization of the ion and solute transport capabili-
ties of the intervillus enterocytes. For example, previous studies indicate that they
should exhibit sensitivity to catecholamines and to secretion-inducing agents such
as cholera toxin (see Table 1). Perhaps more importantly, the cell culture techniques
could be exploited to investigate potential growth factors and growth conditions
which might stimulate differentiation of the intervillus enterocytes to express the
phenotype of the fully mature villus enterocyte as a way to understand how dif-
ferentiation is regulated. Lastly, the stem cells, which presumably generate the cell
nests, must be isolated and the factors regulating their division and their ability to
generate cell nests should be defined.

7.4 Summary: No Support for a Secretory Response Limited
to the Intervillus Epithelium

Evidence from two experimental approaches indicate that the immature intervillus
cells express Na-amino acid cotransport and Na-H exchange, and are responsive
to ap-adrenergic agonists and agents which elevate intracellular cAMP. In contrast,
the fully mature villus enterocytes possess the additional capabilities of Na-glucose
cotransport, Na-K-2Cl symport and H*-K* antiport. The tight junctions between
the intervillus enterocytes are relatively leaky to HCO3™ ions while the villus tight
junctions are less leaky [6]. This observation is consistent with a theoretical study
which concluded that the mammalian intestinal villus tight junctions have higher
electrical resistance than those in the crypts [59]. Given the role of exogenous glu-
cose to provide the energy for electrogenic C1™ absorption, described below (Sect.
8), the expression of Na-glucose cotransporters in the mature villus cells would
provide them with a metabolic energy form (glucose) capable of powering the addi-
tional active Na*, K*, H*, and CI™ transport which occurs with the expression of
Na-K-2Cl cotransport and K*-H* antiport.
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In contrast with the differential response to amino acids, enterocytes at all stages
of development possess the ability to respond to adrenergic and cholinergic ago-
nists, which powerfully influence intestinal salt and water transport, and respond to
agonists which initiate secretory diarrheas. In this way a large epithelial response
can be mustered by the intestine.

This measure of the relative contribution of the mature villus epithelium and
the less mature intervillus epithelium to transepithelial ion and solute absorption
and secretion affords important insights into the developmental changes occurring
in urodele enterocytes as they migrate up the villus. They contribute to our under-
standing of the comparative transport capabilities of the two regions with respect
to a wide variety of ions and solutes. The overall model contrasts sharply with that
proposed for rabbit intestine, which assigns the crypt epithelium as the predominant
site of cAMP-induced anion and water secretion [39]. In the urodele mucosa both
regions are capable of cyclic AMP-stimulated HCO3 ™ secretion.

8 Net CI™ Absorption is Reduced when Metabolic Energy
is Limited by the Need to Absorb Na*

8.1 Certain Solutes Inhibit Electrogenic ClI~ Absorption

One of the most remarkable transitions that the small intestine undergoes is that
which occurs when food is introduced into the intestinal lumen. Prior to this, dur-
ing the basal (postabsorptive) state, access of the small intestine to metabolites is
limited to its own endogenous metabolic reserves and metabolites available in the
blood. The urodele intestine actively transports Cl~ ions and generates a serosa-
negative transepithelial voltage which supports the passive, paracellular absorption
of Na* ions from the lumen to the blood and simultaneously deters the back leak of
Na* ions from blood to lumen. As noted in Fig. 9, left and right, when the isolated
intestinal segments are voltage clamped a negative short-circuit current is evident
and is due to electrogenic CI™ absorption. It is also evident in the same figure that
addition of the sugars galactose or 3-o-methylglucose or the amino acid valine to
the mucosal medium at 20 mM (in substitution for 20 mM mannitol) was followed
by a reversal in the sign of the /. consistent with disappearance of net electrogenic
Cl~ absorption and simultaneous induction of net Na* absorption due to cotrans-
port into the enterocyte of Na* with the sugar or amino acid. This interpretation was
validated by measuring bidirectional >Na and 3°CI fluxes [60]. Simultaneously,
as seen in Fig. 10, intracellular Na* activity (ay,’), measured using Na*-sensitive
microelectrodes, was elevated upon exposure to galactose or valine, a result which
was substantiated in a subsequent study [58]. Also, active accumulation of C1~ ions
above electrochemical equilibrium was eliminated. In contrast, addition to the lumi-
nal fluid of the metabolizable sugar glucose, which is also cotransported with Na*
across the brush border membrane [60], does not inhibit net C1~ absorption (Fig. 9,
left) or the ability of the luminal cell membrane to actively accumulate C1~ ions into
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Fig. 9 Effect of transported solutes on electrogenic C1~ absorption [60]. The negative short-circuit
current (/) preceding time = 0 reflects electrogenic C1~ absorption. The /5. becomes positive
upon exposure to valine or 3-o-methylglucose at time = 0 (leff) or to galactose (right). Addition
of glucose to the mucosal bath reduced but did not abolish the negative /. (left) and, when present
in the serosal bath, prevented the reversal of the /. caused by galactose (right). All solutes were
employed at 20 mM. The figure used with permission of the journal

the cytoplasm of the enterocytes. Furthermore, ay,' is not reduced (Fig. 10). The .
became less negative, a fact which is explained by activation of glucose-stimulated
electrogenic Na™ absorption in parallel with on-going electrogenic C1~ absorption.
The results of unidirectional labeled ?Na and ¢ CI flux measurements confirmed
that net C1~ absorption was inhibited by galactose and valine but not by glucose. As
seen in Fig. 9, right, galactose was not able to reverse the I (i.e., inhibit electro-
genic CI™ absorption) when glucose (20 mM) was present in the serosal fluid. When
the serosal bath glucose concentration was elevated in steps after galactose inhibited
the I, the negative I, was partially restored as seen in Fig. 11. The glucose effect
maximized when serosal bath glucose concentration was 15 mM; the calculated
K, for the response was 6.2 mM. Of several potential metabolic substrates tested
(glucose, fructose, mannose, Na butyrate, Na glutamate) only glucose restored the
C1™ absorptive current.

8.2 In Metabolic Stress Na* Transport Has Priority Over CI~
Transport

It is proposed that galactose and valine are not metabolized and therefore do not
provide energy for basolateral Na transport via Na*-K* ATPase. They elevate ay,’
because apical Na-solute cotransport is not matched by Na* export at the basolat-
eral membrane. The elevated ay,’ reduces the driving force for Na* entry across
both apical and basolateral cell membranes. This will reduce luminal CI~ entry
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Fig. 10 Effect of transported solutes on intracellular Na* activity (ay,') and mucosal membrane
potential (ym). ang' is low before solute addition (open bars). ang' is significantly elevated after
addition to the mucosal bath of 20 mM galactose or valine (filled bars) whereas glucose did not
significantly elevate ay,’ [60]. The figure used with permission of the journal

Fig. 11 Typical electrical
response of isolated intestine
to sequential additions of
glucose to the serosal
medium after initial exposure
to galactose added to the
mucosal medium [60]. The
negative-going Iy in
microamps ((LA) reflects
stimulation of electrogenic
CI™ absorption by glucose.
Inset: average change in Iy, of
five tissues to cumulative
additions of glucose to the
serosal medium. The figure
used with permission of the
journal

(5)
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via Na-K-2Cl cotransport. Apical Na*-H* exchange would be similarly reduced
and this would in turn inhibit apical C17-HCO3~ exchange because of the reduced
production of HCO3~ ions. Basolateral Na*-Cl~-HCO3~ exchange would also be
inhibited because of the reduced transmembrane Na* gradient. Hence, the ener-
getics of CI™ transport across both cell membranes becomes unfavorable and C1~
accumulation above electrochemical equilibrium and transcellular electrogenic CI1™~
absorption is reduced. In contrast, glucose is metabolizable and thereby provides an
energy source for basolateral membrane Na* transport to keep ay,' low, maintain
the transmembrane Na gradients, and allow apical and basolateral Na-dependent
transporters to operate normally and oversee electrogenic C1~ absorption. Hence,
intestinal C1~ transport is sacrificed when solutes in the intestinal lumen must be
transported into the blood under conditions of limited availability of energy.

In summary, endogenous cellular metabolic reserves of in vitro urodele intestine
are inadequate to maintain C1~ absorption at normal levels when coupled Na-solute
transport is activated in parallel. Net electrogenic Na™ absorption has priority over
net electrogenic C1~ absorption in this circumstance. Glucose is a critical energy
source for the enterocyte whether it originates from the blood or the diet. Recent
studies have offered evidence that tissues deprived of metabolites develop a state
of “metabolic stress” which may induce a response of the tissue that involves a
metabolism-sensing kinase.

8.3 The Intestinal Response to Metabolic Stress Response May
Involve AMP-Activated Protein Kinase (AMPK)

AMPK is a metabolic-sensing kinase which is activated in metabolic stress in
a wide variety of tissues and is particularly sensitive to the ratio of cytoplas-
mic AMP/ATP [61]. A reduction in cell ATP relative to AMP activates AMPK
which turns on ATP-generating metabolic pathways. It increases expression of
GLUT1 (Na-glucose cotransport), decreases expression of CFTR CI™ channels and
epithelial Na* channels, and inhibits Na*K*2Cl~ cotransport activity. The resulting
cellular response would serve to produce many of the changes in transport observed
when urodele intestine is exposed to galactose, for example. Because galactose
induces Na-galactose cotransport, the cell is obligated to stimulate basolateral, elec-
trogenic ATP-dependent Na* cotransport. It is too soon to relate these findings to
the observed ability of certain sugars and amino acids to inhibit urodele CI™ trans-
port but the potential role of AMPK and other signaling pathways in the response
requires investigation.

9 Significance

The studies described in this Chapter had multiple aims, foremost of which
was the identification and characterization of the membrane transporters operat-
ing in the normal vertebrate small intestine to move ions and solutes across the
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intestinal mucosa in the absorptive and secretory directions. Bilateral fluxes of salts
and water are necessary for absorption of ingested foods and minerals from intesti-
nal lumen to the blood and for secretion of salts and water from the blood into the
intestinal lumen; the latter flux maintains the fluidity, pH, and osmolality of the
intestinal contents. The contributions to transepithelial ion and solute transport of
the mature absorptive cells that line the upper villus and the less mature cells resid-
ing on the lower villus and intervillus surfaces are distinctly different. These studies
describe the changes in the expression of membrane transporters as enterocytes
mature during their migration toward the villus tip. For example, very early in their
development the cells at the base of the villi display the ability to cotransport Na*
and amino acids but only acquire the capabilities of Na*-glucose cotransport and
electrogenic Cl~ transport as they reach full maturity at the villus tip. Identification
of the specific membrane transporters in the luminal (brush border) membrane and
the basolateral membrane of the enterocyte are essential for obtaining insight into
the manner in which cells control net transcellular absorptive and secretory fluxes.
Electrogenic CI~ absorption occurring during the lumen-empty, postabsorptive state
is blocked when gut function shifts to the absorptive state in response to loading
the luminal fluid with glucose or amino acids which are cotransported with Na*.
Depending on its ability to be metabolized for energy, a luminal organic solute will
either promote or inhibit electrogenic C1~ absorption while stimulating Na* absorp-
tion. Electrogenic absorption of C1™ ions is energy dependent and can be supported
by glucose provided in the diet or in the blood. Intracellular signaling pathways
such as AMP-protein kinase (AMPK), activated in metabolic stress, may influence
gut transport by altering distinct membrane transporters in one or both of the ente-
rocyte cell membranes. These studies are pertinent to the goal of understanding
how dietary organic solutes promote intestinal salt and water absorption. In addi-
tion, understanding the response of the intestinal mucosa to neuromodulators such
as norepinephrine is essential for defining the control of the autonomic nervous sys-
tem over gut function. Lastly, the mechanisms by which HCO3~ secretion by the
intestinal mucosa is enhanced are relevant to understanding the cellular response in
clinical conditions characterized by diarrhea and how the duodenal mucosa protects
itself from luminal hydrochloric acid secreted by the stomach.
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The H*- and H*, K*-ATPases of the Collecting
Duct

Brian D. Cain, Michelle L. Gumz, Deborah L. Zies, and Amanda K. Welch

Abstract The kidney functions to maintain ion balance via the activity of vari-
ous channels, exchangers and adenosine triphosphate (ATP)-driven pumps. In the
collecting duct, a H*-ATPase and two distinct H*,K*-ATPases have been local-
ized on the apical membrane in the acid-secreting type A intercalating cells. All
three of these pumps contribute to acid-base balance, and the H*,K*-ATPases may
also participate in potassium conservation. The expression levels and activities of
the ATP-driven H* transporters may vary depending on physiological conditions in
the organism. The goal of this chapter is to consider the molecular properties of
the plasma membrane H*-ATPase and the H*,K*-ATPases of the collecting duct.
The H*-ATPase is a member of the V-ATPase family. These enzymes are very large
multi-subunit enzyme complexes that appear to have a common overall structure and
a rotary mechanism similar to the mitochondrial F1Fy-ATP synthases. In contrast,
the H* , K*-ATPases are P-Type ATPases and specifically members of the P-type IIC
family of cation translocating enzymes. The P-type IIC ATPases consist of an o and
B subunit pair with the o subunit housing both the catalytic site and the ion channels
through the membrane.

Keywords ATPase - V-ATPase - F-ATPase - H-ATPase - H,K-ATPase - Ion pumps

1 Introduction

Regulation of both electrolyte and acid—base balance are two of the most impor-
tant functions of the kidney. In healthy individuals, the bloodstream is maintained
within a narrow range around pH 7.4 with potassium (K*) levels between 3.5 and
5.5 mEq. In order to achieve homeostasis, the kidney employs a variety of channels,
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ion exchangers and adenosine triphosphate (ATP)-driven proton (H*) pumps. H*
translocating ATPases fall into three general classes. These are the mitochondrial
F-type F|Fy ATP synthase, the V-type H*-ATPase, and the P-type H*,K*-ATPase.
In the collecting duct of the kidney, a V-type H*-ATPase and two distinct P-type
H*,K*-ATPases have been localized on the apical membrane in the acid-secreting
type A intercalating cells. All three of these pumps contribute to acid—base bal-
ance, and the H*,K*-ATPases also play an important role in K* conservation
(Fig. 1). Tsuruoka and Schwatrz [1] suggested that at least 65% of acid secretion
in the outer medullary collecting duct was the product of H*-ATPase activity and
the rest was attributable to the H*,K*-ATPases, while others estimate the contribu-
tion of the H*,K*-ATPases to be somewhat higher. The relative levels of activity
should not be considered fixed in absolute terms, in part, because the estimates were
made using differing approaches and assumptions. More importantly, the expression
levels and activities of the ATP-driven H* transporters are probably highly dynamic
depending on physiological conditions in the organism, such as electrolyte balance
and hormonal status [2]. For example, when K* is restricted, H*,K*-ATPase activity
is stimulated to promote recovery of K* from the lumen. The primary goal of this
chapter is to consider the molecular properties of the plasma membrane H*-ATPase
and the H* , K*-ATPases in the collecting duct.

Collecting

Blood Duct
Glomerulus /V"“‘“

yp
Intercalated Cell

B type
Intercalated Cell

Principal Cell

(A) Kidney (B) Nephron (C) Cells of the
Collecting Duct

Fig. 1 Location of H"- and H*,K*-ATPases in intercalated cells. A, cross section of the
mammalian kidney. B, a single nephron. C, cells of the collecting duct

Mammalian H*-ATPases are members of the V-type family of ATP-driven H*
pumps [3-5]. The V-family name was coined in reference to the original discov-
ery of this family of H* pumps in the yeast vacuole. The V-type ATPases are an
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ancient enzyme family, and the eukaryotic enzymes are evolutionarily related to
archaea A-ATPases from the microbial world. The V-ATPases are very large multi-
ple subunit enzyme complexes that share a common overall structure and a rotary
mechanism with the F-ATPases. The V-type H*-ATPases are best known for acidi-
fication of eukaryotic cell intracellular membrane compartments, such as the Golgi,
endosomes, and lysosomes. In mammals, H*-ATPases are also found in the plasma
membranes of a few specialized epithelia [6]. The best examples are osteoclasts,
the male reproductive tract, the inner ear, and the intercalated cells of the collecting
duct.

H*,K*-ATPases are members of the P-type family of membrane bound, cation
translocating enzymes [7]. The P-family name refers to direct phosphorylation of
the large o subunit common to all family members during the catalytic cycle. The
apical membrane H* ,K*-ATPases of collecting duct intercalated cells use the energy
of ATP hydrolysis to drive absorption of K* ions from the lumen of the nephron
in exchange for H* against the concentration gradient. The H",K* ATPases are
grouped with the Na*,K*-ATPases into the P-type IIC ATPase sub-class [7], or
more simply the X*,K*-ATPases. The distinguishing characteristic of the P-type
IIC ATPases is an a and B subunit pair forming the functional unit.

2 P-Type H*,K*-ATPases
2.1 Detection of H*,K*-ATPase

The earliest evidence for HY,K*-ATPase activity in the collecting duct came from
microperfusion studies of outer medullary collecting ducts from rabbits fed low K*
diets [8]. H* secretion and K* flux were determined and shown to be sensitive to
the H*,K*-ATPase specific inhibitor omeprazole. Over the past 12 years, numer-
ous physiology, molecular biology, and biochemistry studies have established that
collecting duct H*,K*-ATPase activity is the sum of at least two distinctive H* ,K*-
ATPases. The two pumps were first identified in gastrointestinal tissues and are
distinguished by their catalytic subunits, the “gastric” HKal and “colonic” HKa2
[9-10]. These proteins are the products of separate genes and the pumps containing
them have clearly different biochemical properties and regulatory mechanisms. For
example, sensitivity to either Sch28080 or relatively high concentrations of ouabain
have been widely used by physiologists to distinguish HKa1 H*,K*-ATPase from
HKa2 H*,K*-ATPase activity, respectively. Our recent review provides a more
thorough treatment of the pharmacological inhibitors for the H*,K*-ATPases [11].
Although expression levels were much lower in renal tissues than in the gas-
trointestinal tract, mRNAs encoding both the “gastric” HKa1 and “colonic” HKa2
were readily detectable in the kidney. HKal subunit mRNA was found in the con-
necting tubule and in intercalated cells of the rat cortical and medullary collecting
ducts by polymerase chain reaction (PCR) and in situ hybridization [12-13]. The
HKB subunit mRNA was also observed by in situ hybridization [14], and the HKJ
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promoter directed expression of a B-galactosidase reporter gene in the collecting
duct of transgenic mice [15]. In situ hybridization and PCR were also used to detect
HKa2 mRNA in the rat cortical collecting duct [16—17]. Moreover, the original
cDNAs for the HKa2 subunits from human [18] and rabbit [19] were cloned using
kidney-derived mRNA for the templates.

Immunohistochemistry has been used to localize H* ,K*-ATPase proteins in col-
lecting ducts and other segments [20]. Antibodies raised against the human HKa1
(ATP4a) and HKa2 (Atp12a also referred to as ATP1AL1) proteins were employed
to probe human cortical and medullary collecting duct tissue. Strong staining was
seen in the apical membranes of intercalated cells in both cortical and medullary
collecting ducts using the anti-HKa1 antibody. Light staining was observed in the
principal cells. The anti-HKa?2 antibody yielded light staining of the intercalated
cells with occasional labeling of the principal cells. Verlander et al. [21] achieved
generally similar results in the rabbit using an antibody raised against the HKa2c
(see below) subunit specific antibody. Intense staining was observed for the apical
membranes of both A and B type intercalated cells of the collecting duct. A weaker
signal was also seen on apical membranes of the principal cells. These two reports
suggested that H*,K*-ATPase activity was not necessarily restricted to the acid-
secreting type A intercalated cell, but also present in low abundance in all cell types
in the collecting duct.

2.2 Subunits of the H*,K*-ATPases

Mammalian H* ,K*-ATPases are composed of two subunits, o and f in a 1:1 stoi-
chiometry (Fig. 2). The active form of the enzymes appear to be heterotetramers of
two & and two 8 subunits [22, 23].

In the mammalian kidneys, three HKa subunits have been identified: the “gastric”
HKual, the “colonic” HKa2a, and in some species a variant of the colonic subunit
called HKa2c. The HKa?2 subunits share 64% primary sequence identity with HKa 1
[24]. They are all approximately 115kDa and span the membrane with ten trans-
membrane a-helices (M1-M10). The membrane domain houses the ion transport
channels. Approximately one-third of the mass of the o subunit is in a large cyto-
plasmic loop between M4 and M5 that contains both the nucleotide binding domain
and the phosphorylation site. The HKa2c subunit is essentially identical to the well-
characterized “colonic” HKo2a but with an extended N-terminal domain [25]. In
newborn rats, HKa2 mRNA and protein are expressed in abundance [26]. Western
blot analysis indicated that the protein product was slightly larger than HKa2a sub-
unit and recognized by an HKa2c-specific antibody. The rabbit HKa2c variant is 61
amino acids longer than the HKa2a subunit. In rabbits, the HKa2c subunit mRNA
results from the use of a downstream transcription start site for the HKa2 gene
promoter and an alternative splicing event [27]. Although several potential phospho-
rylation sites exist in the N-terminal extension, it is not known whether the HKa2c
H*,K*-ATPase has activity or regulation distinct from the HKa2a enzyme. There
are probably as yet unknown factors involved in assembly, intracellular trafficking,
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Fig. 2 Subunit structure of ATP ADP + P,
H* ,K*-ATPase. The plasma
membrane topology of the
HKa and HK subunits is
shown. The HKf subunit
likely interacts with HKa
transmembrane helices M7,
M9, and M10 [47]. The HKa
subunit houses the catalytic

site and the ion translocation H* Blasma
mechanism Membrane
Intracellular
Extracellular
K* [
o p

activation, and eventual removal of H",K*-ATPases from the plasma membrane.
One of the recently identified factors is protein kinase A-mediated phospho-
rylation of a conserved serine in the C-terminal segment of HKa2 [28]. This
post-translational modification is involved with maturation of the subunit in the
assembly of the enzyme complex. At the other end of the functional life of an HKa2
H*,K*-ATPase, the pump interacts with tetraspanin protein CD63 that participates
in recycling the pump from the plasma membrane [29].

The B subunits of H",K*-ATPases are catalytically inert intrinsic membrane
proteins. The deduced proteinaceous components of f subunits are approximately
30kDa in size and span the membrane only once. Each has an extensive extracellu-
lar domain with three disulfide bridges and varying numbers of glycosylation sites.
Glycosylation and the disulfide bridges are important for the B subunit to participate
in assembly of an active enzyme complex [30-31]. The f subunit is responsible
for the structural and functional maturation of the a subunit and trafficking of the
enzyme from the endoplasmic reticulum to the plasma membrane [32]. It is clear
that the HKB subunit associates with the HKa1 subunit to form the gastric H*,K*-
ATPase in the stomach [23]. There is every reason to believe that the same pairing
exists in the collecting duct. However, the evidence is not so clear for the HKa2
H* K*-ATPases.

There are four candidate f subunits that may pair with HKa?2 subunits. These are
the gastric H",K*-ATPase HKp subunit and the Na*,K*-ATPase subunits NKf1,
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NKB2, and NKB3. Examination of the human genome data base reveals no other
apparent X* ,K*-ATPase B-like genes. All four candidate B subunit proteins were co-
immunoprecipitated with the HKa2c subunit when expressed in COS-1 cells [33].
Published works from several independent research groups employing a variety of
different expression systems indicated that HKa2 was able to form functional, stable
complexes with HKB, NKB1, and NaKp3 [34-36]. The best case has been made for
a HKa2/NKB1 H*,K*-ATPase. In a convincing study, Pestov et al. [37] used several
approaches to demonstrate NKfB 1 protein at the apical membrane of the coagulating
gland of the rat anterior prostate. The Na*,K*-ATPase was only present at the baso-
lateral membrane, so association with HKa2 best explains the presence of NKf1 at
the apical membrane. Immunohistochemistry provided direct evidence for apical
colocalization of the HKa2 and NKfB1 subunits. Li et al. [38] demonstrated that
HKa?2 and NKB1 both localized to the apical plasma membrane of epithelial cells in
rat distal colon. A series of experiments were performed in HEK-293 cells in order
to assess plasma membrane delivery. A green fluorescent protein-HKa?2 fusion pro-
tein was paired with either NKf1 or NKB3 to follow delivery of the pump to the
plasma membrane. H* K*-ATPase activity was also measured by Rb8 uptake. The
results clearly showed that NKB1 was the more efficient partner for HKa?2.

2.3 Mechanism of ATP-Driven Ion Translocation

H*,K*-ATPases are nonelectrogenic, transporting H* and K* in opposite directions
in a 2:2 ratio. There is also sufficient evidence to suggest that the HKa2 H*,K*-
ATPase can act as a Na*,K*-ATPase [39-41]. During the catalytic cycle (Fig. 3),
a H*,K*-ATPase in the E1-H* conformation binds Mg*>-ATP in the nucleotide
binding pocket [7]. Transfer of a phosphate from ATP to a conserved aspartic acid
generates a conformational change from the E1 to the E2 state. Conversion to the E2
state blocks intracellular access to the ion binding sites, and then opens extracellu-
lar access allowing release of H* into the collecting duct. Following release of H*,
extracellular K* binds. Hydrolysis releases inorganic phosphate from the phospho-
rylation site. The E2-K* bound form of the ATPase undergoes the conformational
shift back to the El state as K* is released inside the cell. Release of K* into the
cytoplasm allows binding of intracellular H* completing the catalytic cycle.
Probably the most important steps toward understanding structure—function rela-
tionships in the P-type ATPases during the current decade were contributed by the
Toyoshima laboratory. Both a 2.6 A resolution crystal structure of the sarcoplas-
mic reticulum Ca*2-ATPase in the E1 conformation and a 3.1 A crystal structure of
the Ca*2-ATPase in the E2 state were determined [42—43]. The structures proved
conclusively that there were ten transmembrane helices and four of them con-
tribute to coordination sites for the cations during translocation (M4-6, M8). Three
structural domains were defined within the cytoplasmic region of the enzyme des-
ignated P (phosphorylation), N (nucleotide), and A (actuator). The N domain is
located in the large cytoplasmic loop between M4 and M5 and it contains the
nucleotide-binding pocket. The P domain houses the phosphorylated aspartic acid
and consists of two segments of the large loop separated by the N domain. The A
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Fig. 3 Mechanism of ion
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domain is composed of the cytosolic N-terminus of the enzyme and the loop located
between M2 and M3.

The differences between the El and E2 structures are striking and lend con-
siderable insight into the mechanism. Dramatic rearrangements of the cytoplasmic
and transmembrane domains of Ca*?-ATPase take place as the enzyme transitions
from the E1 to the E2 state. The E2 conformation is far more compact. Of the four
transmembrane helices that coordinate Ca*? ions only M8 does not move during
catalysis. M4 moves downward, M5 bends toward M4 and an unwound portion of
the M6 helix rotates by nearly 90°. M4 and M5 move in concert with motions in
the cytoplasmic P domain. The domain movements result in N and P domain shifts
of 50 and 23 A, respectively. In the E2 structure, the A domain appears to stabi-
lize the conformation by protein—protein interactions with both N and P domains.
The mechanistic importance of these radical conformational changes becomes clear
when ion binding and phosphorylation are considered together. For example, in the
cytoplasmic region the enzyme can bind ATP in the absence of Ca*? [44]. However,
futile ATP hydrolysis is prevented because Ca*? binding is required prior to the
phosphorylation step. As the enzyme transitions from the E1-Ca*? state to the E2
state the ion binding sites disappear due to the rearrangement of the membrane trans-
membrane helices. One of the more unusual features of the Ca*>-ATPase structures
is that neither the E1 nor E2 conformation revealed a water-filled channel needed
for ion movement from the coordination sites to the membrane surfaces [45]. Very
recently, Pedersen et al. [46] reported the structure of a P-type III plasma mem-
brane H*-ATPase from Arabidopsis thaliana. This 3.5 A structure has the expected
water-filled cavity leading to the extracellular surface of the membrane.

Morth et al. [47] published a 3.5-A resolution structure for the pig renal Na*,K*-
ATPase. The obvious major difference between the Na*,K*-ATPase structure and
the higher resolution Ca*>-ATPase structures is the presence of a NKB1 subunit.
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The NKB1 subunit is associated with M7 and M 10 of the NKa subunit in the intact
enzyme complex.

To date, no high-resolution structure of either an HKal or an HKa2 H ,K*-
ATPase has been reported. However, the availability of the Ca*2-ATPase structures
has provided the means to consider H",K*-ATPase structure through homology
modeling. We developed the first HKa2 H*,K*-ATPase model using the coordinates
of the Ca*?-ATPase in the EI conformation as template [48]. The HKoa2 H*,K*-
ATPase model retained the overall shape of the Ca*™> ATPase. All three cytoplasmic
structural domains and the ten transmembrane spans were evident. Importantly, the
distance measured between the phosphorylation site aspartic acid (D351) and a con-
served lysine (K515) in the nucleotide-binding site was very similar to the distance
measured in the Ca*>-ATPase E1 structure [42]. This shared feature suggests that
an H* ,K*-ATPase probably undergoes the same dramatic domain rearrangements
observed in the Ca*?-ATPase as the enzyme undergoes the conformational change
from the E1 to the E2 state. HKal H*,K*-ATPase models in both the E1 and E2
conformations were used together with biochemical experiments to evaluate the
docking of K*-competitive inhibitors in the pump [49] and the role of a salt bridge
required for K* binding [50].

The most comprehensive modeling studies on the HKal subunit came from the
Sachs laboratory and were based on the E1-Ca*?, the E2-thapsigargin structure
and the E2-magnesium fluoride structures [51-52]. Munson et al. used a sophis-
ticated combination of energy minimization and molecular dynamics to generate
homology models of the HKal H*,K*-ATPase, and then correlated the models
with the large body of biochemical data on the stomach acid pump. In the first
paper, Munson et al. [51] modeled three hydronium ions (H3O™) into the E1 HKal
model and compared it to the E2-K* model. The modeling suggested that one of
the H3O%interacts with two acidic residues in M6 (D824, E820) and another in
MS5 (E795) in the E1 conformation. The H3O%ion is displaced by insertion of a
lysine (M5 K791) into this region in the E2 model. Movement of K791 allows
K*occupation of the former H3;O™" site, dephosphorylation of the pump, and release
of K* to the cytosol. This mechanism was summarized in a review on the HKal
H* ,K*-ATPase as a drug target [53]. Specific binding sites for the covalent pro-
ton pump inhibitors (i.e. pantoprazole) and for the K* competitive inhibitors (i.e.
SCH28080) were also suggested. In the second model, Munson et al. [52] refined
the binding properties of the inhibitors to consider the ion translocation pathway. A
hydrated vestibule formed by ion-binding helices M4-6 and M8 allowed for entry
of the K*-competitive inhibitors. Docking of the inhibitor would prevent access of
K* to the ion-binding site. The K* entry portal was predicted to occur near the
extracellular loop between M5 and M6, and the K* exit pathway was modeled
between the intracellular surfaces of M1 and M2.

2.4 Patients and Knockout Mice

The physiological roles of the two H*,K*-ATPase subtypes in the kidney are
apparently quite different. HKal H*,K*-ATPase appears to be the subtype that
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contributes to normal homeostasis while the HKa2 enzyme responds to changes
in physiological conditions, such as K* depletion. HKa1 was readily detectable in
the collecting duct of animals fed a normal diet, but HKa2 was present at only very
low levels [11, 26]. However, expression of HKa?2 increased in response to low
K*, low Na*, and changes in acid-base balance. No human kidney disorder can be
directly attributed to a specific defect in H*,K*-ATPase. However, a case study of a
novel form of distal renal tubular acidosis was suggestive of a possible deficiency in
HKa2 H* K*-ATPase [54]. This single patient, a two-year-old child, suffered from
severe hypokalemia, metabolic acidosis, and hypomagnesaemia.

In the absence of a literature on human pathology, a series of knockout mice have
been constructed to investigate the functional roles of the HKal H* ,K*-ATPase
and HKa2 H*,K*-ATPase. In HKa1 knockout mice the Type T Sch-28080-sensitive
H*,K"-ATPase activity is lost from the kidney [55]. Predictably the major effects
of the HKal knockout mice appeared in the stomach [56]. The animals survived
but they had achlorhydria, hypergastrinemia, and metaplasia of the gastric epithe-
lium. No overt renal phenotype was observed in the HKa1 null mice on a normal
diet. However, a subsequent publication reported a possible compensating H*,K*-
ATPase activity [57]. Measurement of K*-dependent proton secretion in the cortical
collecting duct of HKa 1 knockout animals revealed an apparently SCH28080- and
ouabain-insensitive acid—base transporter. Perusal of the human genome for a third
Type IIC P-type ATPase a subunit gene did not reveal a likely candidate gene.
Therefore, despite apparent ouabain-insensitivity of the compensating activity, it
seems most reasonable that HKa2 H*,K*-ATPase is involved. One might imag-
ine differential properties for the pump based on alternative  subunit selection or
post-translational modification.

In HKa2 knockout animals the Type III ouabain-sensitive H*,K*-ATPase activity
is missing [55]. K* retention has been studied in HKa2 null mice under control and
low dietary K* conditions [58]. Surprisingly, no significant differences in K*balance
were observed between wild type and the HKa2-deficient mice fed a normal diet.
However, when fed a K*-free diet for 18 days, the HKa2 knockout mice lost twice
as much body weight and had lower plasma and muscle K* levels than the wild-type
mice. Although the K* wasting was primarily in the form of fecal K, these studies
demonstrated that the HKa2 H*,K*-ATPase has a pivotal role in maintaining K*
balance. Interestingly, the kidney of the knockout mouse was still capable of reduc-
ing K* loss by 100-fold suggesting the presence of a compensating mechanism. It
should be noted that HKa1 H*,K*-ATPase is expressed in the kidney but not in the
colon where the K* wasting phenotype was apparent. Pestov et al. [59] investigated
the acidification of anterior prostate fluid in the HKa?2 null mice. The pH of prostate
fluid in the HKa2 knockout animals was 6.96 compared to 6.38 in wild-type mice.
This loss of acidification strongly suggested that the HKa2 H* ,K*-ATPase func-
tions as a proton pump for acidification of luminal prostate fluids. Like the HKa 1
H*,K*-ATPase animals, the HKa2 H* K*-ATPase mice lacked a readily apparent
renal phenotype.

Lynch et al. [60] addressed this apparent conundrum by studying HKal,
HKa?2, and double HKa1/HKa2 knockout mice. Rates of pH recovery and acid
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extrusion in response to an acute acid load were determined for the knockout ani-
mals and normal control mice. Acid extrusion was measurably slower in both type
A and type B intercalated cells in the collecting ducts of the single knockout mice
than in normal controls. As expected, a much more dramatic result was obtained
with the HKa1/HKa2 double-knockout animals. Clearly both HKal and HKa2
H*,K*-ATPases contributed individually to normal acid-base balance. Moreover,
the results suggest that the presence of one pump can partially compensate for the
loss of the other in the collecting duct, and this may account for the absence of a
renal phenotype in the HKa1 and HKa2 knockout mice.

3 V-Type H*-ATPase

3.1 Detection of H*-ATPase

Although V-type H"-ATPases pump H*at the expense of ATP hydrolysis, the only
common feature between an H"-ATPase and an H",K*-ATPase is a nucleotide-
binding site. The two pumps share no other similarities in terms of structure or
mechanism (Fig. 4). Indeed the H"-ATPases bear an unmistakable resemblance to
the F-type F1Fo-ATP synthases [5]. By convention, subunits in the Vjsector are
designated in capital letters (i.e. subunit A), and V( subunits are written in the
lower case (i.e. subunit a). Mammalian H*-ATPases contain at least 13 different
subunits including V| A-H subunits and V a—e plus ¢” subunits [3, 6]. Mammals
have multiple genes encoding several isoforms for a number of these subunits.
For each subunit, there is a ubiquitously expressed gene encoding a protein found
in all cells. In addition, there are two genes in mammals for subunits B (i.e. B1
and B2), C, E, d, and e, three G subunit genes, and four genes encoding the a
subunit [6, 61].

V-type H"-ATPases are found in all mammalian cells where they primarily func-
tion to acidify intracellular compartments. In addition to their internal H*-ATPases,
specialized epithelial cells, including the intercalated cells of the collecting duct,
have plasma membrane H* pumps. The presence of an H*-ATPase in the renal
epithelium has been recognized for nearly two decades [62], and a substantial
body of literature has accumulated describing tissue-specific expression and cellular
localization of H"-ATPase subunits. It should be noted that the intercalated cells of
the collecting duct possess the highest levels of H*-ATPase expression found in the
kidney [63].

The existence of multiple sites of H*-ATPase action in intercalated cells limits
the usefulness of mRNA detection. Methods used to detect mRNAs such as Northern
blots, in situ hybridization and PCR provide information on what H"-ATPase pro-
teins are present, but not where in the cell the subunits function. For example, Smith
et al. [64] and Sun-Wada et al. [65] identified multiple isoforms of subunits C,
d, and G in human and mouse, respectively. PCR experiments [64] and Northern
blot analysis [65] established that subunit G3 was expressed exclusively in kidney,
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Fig. 4 Subunit structure of
H*-ATPase. The subunit
organization of the plasma
membrane V| Vo-ATPase is
shown. The Ac45 protein has
been characterized in
osteoclast HT-ATPase, but it
has not been shown to be
present in the kidney. The
V1 Vyrotor is composed of
subunits DFdcsc//. The
catalytic site is at the
interface between A and B
subunits, and the a and cs5c//
directly participate in H*
translocation
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while d2 and C2 were expressed in kidney and in a few other tissues. Moreover, C2
transcripts undergo tissue-specific alternative splicing that yields lung- and kidney-
specific isoforms called C2-a and C2-b, respectively [66]. In contrast, mRNAs for
the ubiquitously expressed isoforms C1, d1, and G1 were found in all tissue sam-
ples tested. H*-ATPase proteins known to be expressed in a tissue-specific manner
within the kidney are the B1, C2, G3, a2, a4,d2 and e2 subunits [6, 61].

As might be expected, the tissue-specific expression of these subunits results
from transcriptional regulation. This was demonstrated for subunit B1 by construc-
tion of a transgenic mouse with an enhanced green fluorescent protein (EGFP)
reporter gene under control of the H*-ATPase Bl gene promoter [67]. Reporter
gene expression was found in kidney, lung, and epididymis of transgenic animals
mirroring localization studies of the B1 subunit. Reporter gene 