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Abstract

Acid-base homeostasis to a great extent relies on renal ammonia metabolism. In the past several
years, seminal studies have generated important new insights into the mechanisms of renal
ammonia transport. In particular, the theory that ammonia transport occurs almost exclusively
through nonionic NH3 diffusion and NH,4* trapping has given way to a model postulating that a
variety of proteins specifically transport NH; and NH4* and that this transport is critical for
normal ammonia metabolism. Many of these proteins transport primarily H* or K* but also
transport NH,4*. Nonerythroid Rh glycoproteins transport ammonia and may represent critical
facilitators of ammonia transport in the kidney. This review discusses the underlying aspects of
renal ammonia transport as well as specific proteins with important roles in renal ammonia
transport.
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INTRODUCTION

Acid-base homeostasis depends on renal ammonial metabolism. Large amounts of
bicarbonate are filtered by the glomerulus, but under normal circumstances renal tubules
reabsorb essentially all filtered bicarbonate. The generation of new bicarbonate is necessary
to replace the alkali consumed in the buffering of endogenous and exogenous acids. Under
normal conditions 60-70% of the new bicarbonate formed by the kidney is due to renal
ammonia metabolism, and in response to chronic metabolic acidosis or acid loads, an even
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LAmmonia exists in two molecular forms, NH3 and NH4™. In this review, we use the terms “ammonia” or “total ammonia” to refer to
the SUT of these two molecular species. When referring to either of these molecular species, we use specifically either “NH3” or
“NHg* "
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larger proportion of new bicarbonate results from increased renal ammonia metabolism (1-
3).

Recent studies have yielded important new insights into the mechanisms of renal ammonia
transport. In particular, the theory that ammonia transport occurs almost exclusively through
nonionic NH3 diffusion has been replaced by the observation that a variety of proteins
specifically transport NH3 and NH4* and that this transport is critical for normal ammonia
metabolism. In this review, we discuss the underlying aspects of renal ammonia transport
and then discuss in more detail the specific proteins that mediate important roles in renal
ammonia transport.

AMMONIA CHEMISTRY

Ammonia exists in biological solutions in two molecular forms, NH3 and NH,*. The relative
amounts of each are governed by the buffer reaction NH3 + H* +» NH,*. This reaction
occurs essentially instantaneously and has a pKa’ under biologically relevant conditions of
~9.1-9.3. Accordingly, in most biological fluids of pH 7.4 or less, most ammonia is present
as NH4*. At pH 7.4 only ~1% of total ammonia is present as NHz. Moreover, because most
biological fluids exist at a pH substantially below the pKa’ of this buffer reaction, small
changes in pH result in exponential changes in relative NH3 concentration with almost no
change in NH4* concentration. Because NHj is a relatively small, uncharged molecule, it
can diffuse across most lipid bilayers. However, its membrane permeability is not infinite,
and thus transepithelial NH3 gradients can occur in the presence of high rates of either NH,*
or H* transport. NH,4* is a cation with very limited permeability across lipid bilayers in the
absence of specific transport proteins. However, in aqueous solutions, NH,* and K* have
nearly identical biophysical characteristics (Table 1), which enables NH4* transport at the
K™ transport site of many proteins.

RENAL AMMONIA METABOLISM

Renal ammonia metabolism and transport involve integrated responses of multiple portions
of the Kidney (Figure 1). Essentially none of urinary ammonia is filtered by the glomerulus,
making urinary ammonia excretion unique among the major compounds present in the urine.
Instead, ammonia is produced by the kidney and is then selectively transported into either
the urine or into the renal vein. Ammonia excreted into the urine as NH4* results in
equimolar new bicarbonate formation, whereas ammonia that returns to the systemic
circulation through the renal vein is metabolized by the liver to urea and glutamine (4).
Under normal conditions, approximately two-thirds of hepatic ammonia metabolism result
in urea formation; hepatic ureagenesis utilizes equimolar bicarbonate, thereby consuming
bicarbonate produced in the proximal tubule in ammoniagenesis and resulting in no net new
bicarbonate formation (5). The selective transport of ammonia into either the urine or the
renal vein includes integrated transport mechanisms in the proximal tubule, thick ascending
limb of the loop of Henle, and collecting duct. We do not review all data regarding the
development of this model, as several excellent reviews can be consulted for more detail (1,
6-8).
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The proximal tubule segments metabolize the amino acid glutamine to produce equal
numbers of NH,* and HCO3~ molecules (Figure 1) (see References 9 and 10 for a review of
the biochemistry of ammonia production). The proximal tubule secretes ammonia into the
tubule lumen, but there is also some transport across the basolateral membrane and
ultimately into the renal veins (~24-45% of ammonia produced, depending on acid-base
homeostasis) (11). Ammonia is secreted into the luminal fluid as NH4* through a
mechanism involving transport via the apical Na*/H* exchanger NHE-3 (12, 13) and to a
lesser degree through an apical Bay*-sensitive K* channel (13, 14). In addition, a significant
component of NH3 diffusion across the apical membrane occurs, although the exact
proportion is unresolved. Figure 2 summarizes proximal tubule ammonia metabolism.

In the thick ascending limb of the loop of Henle, multiple proteins contribute to luminal
ammonia reabsorption. The furosemide-sensitive apical Na*-K*-2CI~ cotransporter NKCC2
mediates the majority of NH4* reabsorption; an apical K*/NH,4* antiporter and an amiloride-
sensitive NH4* conductance also contribute (15-17). Some of the ammonia absorbed by the
medullary thick ascending limb of the loop of Henle undergoes recycling into the thin
descending limb of the loop of Henle; this involves passive NH3 diffusion, with a small
component of passive NH4* transport (18, 19). Secondarily active ammonia absorption by
the thick ascending limb of the loop of Henle and passive ammonia secretion into the thin
descending limb of the loop of Henle result in the increasing axial ammonia concentrations
in the medullary interstitium that parallel the hypertonicity gradient. Moreover, because of
ammonia absorption by the thick ascending limb, ammonia delivery to the distal tubule is
only ~20% of final urinary ammonia content (1, 2).

The secretion of ammonia by the collecting duct accounts for the majority (~80%) of urinary
ammonia content. Several studies using in vitro-microperfused collecting duct segments
have shown that collecting duct ammonia secretion involves parallel NH3 and H* secretion,
with little to no NH4* permeability in collecting duct segments (1, 7). However, the findings
of parallel NH3z and H* secretion are also consistent with parallel NH,*/H* exchange and H*
transport. In the absence of luminal carbonic anhydrase activity in most segments of the
collecting duct, a luminal disequilibrium pH amplifies the NH3 gradient and increases the
rate of transepithelial ammonia secretion (1, 7). Thus, the fundamental mechanisms of
ammonia transport in the collecting duct differ from those in the proximal tubule and the
thick ascending limb of the loop of Henle.

Recent studies have examined the mechanism of the NH3 transport observed in the
collecting duct. NHs is a small, neutral molecule that is relatively permeable across lipid
bilayers (20). As a result, collecting duct NH3 transport may reflect either diffusive or
transporter-mediated NH3 transport. One way to differentiate between these two possibilities
is to examine the correlation between extracellular ammonia concentration and ammonia
transport; with diffusive transport the transport rate parallels the concentration gradient,
whereas transporter-mediated uptake exhibits saturable kinetics. Researchers addressed this
question using a cultured renal collecting duct epithelial cell line, mouse inner medullary
collecting duct (mIMCD)-3 cells, grown on permeable support membranes to enable
separate study of apical and basolateral transport mechanisms. Methylammonia (MA) was
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used as an ammonia analog, enabling the use of the radiolabeled molecule analog [1*C]-MA
for quantification of transport.

Studies examining basolateral ammonia/MA uptake showed that the renal collecting duct
cell line mMIMCD-3 exhibited basolateral MA transport (21). Transport was due to a
combination of both a saturable, transporter-mediated component and a nonsaturable,
diffusive component; the transporter-mediated component predominated at concentrations
below 7 mM. With a K; of ~2 mM, ammonia competitively inhibited MA transport activity.
Functional characterization of the saturable transport activity demonstrated that it did not
involve extracellular Na* or K*; was not inhibited by chemical inhibitors of Na*-K*-
ATPase, Na*-K*-2CI~ cotransporters NKCC-1 or NKCC-2, K* channels, or KCC proteins;
and was not inhibited by changes in membrane voltage. Varying intracellular and
extracellular pH demonstrated that transport activity paralleled the transmembrane H*
gradient. Thus, the renal collecting duct mIMCD-3 cell exhibits basolateral, electroneutral,
facilitated NH3 transport activity, an ammonia transport activity not previously described in
mammalian cells. The transport activity observed is also consistent with NH4*/H* exchange
activity. Because these cells expressed basolateral Rh B glycoprotein (Rhbg), this transport
activity likely reflects Rhbg-mediated transport. However, Rhbg-specific inhibitors were
unavailable, and manipulation of Rhbg protein expression was not performed, preventing
definitive proof of the role of Rhbg in basolateral NH3 transport.

Similar studies examined apical ammonia transport mechanisms. Apical transport exhibited
both a saturable, transporter-mediated component and a nonsaturable, diffusive component
(22). The transporter-mediated component exhibited (a) Na* and K* independence, (b)
modulation by extracellular and intracellular pH, and (c) lack of inhibition by changes in
membrane voltage or extracellular K*. The apparent affinity of this transport activity for
ammonia, measured as the K; of ammonia, ~4 mM, was slightly less than that observed for
the basolateral ammonia transport activity, consistent with the higher luminal than
peritubular ammonia concentrations to which collecting duct cells are exposed. Inhibitors of
apical Na*-K*-ATPase, H*-K*-ATPase, and Na*/H* exchange did not alter transport. Thus,
the collecting duct mIMCD-3 cell exhibits an apical electroneutral transport activity
functionally consistent with either NH,*/H* exchange or facilitated NH5 transport. These
cells express apical Rh C glycoprotein (Rhcg), suggesting that Rhcg mediates this transport
activity. Although these studies (21, 22) establish facilitated ammonia transport, the relative
extents of lipid solubility diffusion of NH3 and protein-mediated facilitated diffusion of NH3
in the apical and basolateral membranes of collecting duct cells in vivo remain to be
determined.

Metabolic acidosis, which increases renal net acid excretion and new bicarbonate formation
predominantly through increases in ammonia production and excretion, is associated with
the stimulation of the key components of ammonia metabolism and transport. These include
augmented proximal tubule ammoniagenesis, which involves increases in the following:
activity and expression of key ammoniagenic enzymes (9, 23); proximal tubule luminal
NH,4* secretion (24, 25) due, at least in part, to greater NHE-3 expression (26); ammonia
reabsorption in the thick ascending limb of the loop of Henle (27); and collecting duct
ammonia secretion (2, 3).

Annu Rev Physiol. Author manuscript; available in PMC 2015 February 02.
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SPECIFIC PROTEINS INVOLVED IN RENAL AMMONIA TRANSPORT

NHE-3

NH,4* produced in the proximal tubule is preferentially transported across the apical
membrane into the luminal fluid, as opposed to transport across the basolateral plasma
membrane into the peritubular space. Apical ammonia secretion is inhibited by the
combination of low luminal Na* and luminal amiloride, suggesting that this process may
involve Na*/NH,* exchange via apical NHE-3 (28). Consistent with this interpretation is
that proximal tubule brush border vesicles exhibit Na*/NH,4* exchange activity (29).
Although parallel Na*/H* exchange and NH3 secretion may account for some of this
transport, luminal acidification in the absence of apical Na*/H* exchange activity does not
result in equivalent rates of net ammonia secretion (28). These observations suggest that
apical NHE-3 has an important role in the preferential secretion of cytosolic ammonia into
the luminal fluid in the proximal tubule.

NHE-3 is also present in the apical membrane of the thick ascending limb of the loop of
Henle. However, because this transporter secretes NH,* and the thick ascending limb of the
loop of Henle reabsorbs NH,4*, NHE-3 is unlikely to have an important role in loop of Henle
ammonia reabsorption.

The regulation of proximal tubule apical NHE-3 is important in the regulation of proximal
tubule ammonia transport. Chronic metabolic acidosis, changes in extracellular K*, and
angiotensin Il (All) regulate proximal tubule ammonia secretion, apparently through
changes in apical Na*/H* exchange activity (25, 30). In chronic metabolic acidosis and
hypokalemia, parallel changes in NHE-3 expression were observed (26, 31). In the S3
segment, chronic metabolic acidosis increases All-stimulated apical ammonia secretion, and
the Na*/H* exchange inhibitor amiloride in the presence of low luminal Na* concentration
blocks secretion (32). This suggests that chronic metabolic acidosis increases All-
stimulated, Na*/H* exchange-mediated apical ammonia secretion in the S3 segment.

K* Channels

At a molecular level, K* and NH4* have nearly identical biophysical characteristics,
including bare and hydrated radii (Table 1). This molecular mimicry enables NH4* to
substitute for K* at the K*-binding site of most K* transporters, including K* channels
(Table 2). K* channel-mediated transport of NH4* has been shown for various K* channel
families, including strong and weak inward rectifying, voltage-gated, Ca%*-activated,
delayed rectifier, and L-type transient K* channels (summarized in Reference 33). In
general, the relative conductance of K* channels for NH4* is 10-20% of that observed for
K* (33). This decreased affinity probably reflects a lower affinity for NH,* than for K* at
binding sites within the channel’s pore (33).

In vitro microperfusion studies show that barium, a nonspecific K* channel inhibitor, blocks
a component of proximal tubule ammonia transport (13). Several K* channels, including
KCNA10, TWIK-1, and KCNQ1, are present in the apical membrane of the proximal tubule
(34-38); which of these mediate ammonia transport is currently not known. Because the
negative intracellular electrical potential favors NH,* uptake, apical K* channels are more
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likely to contribute to NH4* absorption that can occur in the proximal straight tubule than to
NH,4* secretion that predominates in the proximal convoluted tubule. Basolateral barium-
sensitive transport is also present in the proximal tubule (39).

In the medullary thick ascending limb of the loop of Henle, apical K* channels can
contribute to NH4* transport, particularly when apical Na*-K*-2CI~ cotransport is inhibited
(17). The primary apical K* channels in the medullary thick ascending limb of the loop of
Henle are ATP sensitive. These proteins appear primarily to enable recycling of K*
reabsorbed by the apical Na*-K*-2CI~ co-transporter and do not seem to have important
roles in ammonia transport in the absence of inhibition of apical Na*-K*-2CI~ cotransport
(40).

The electrochemical gradient for NH4* transport by K* channels normally favors NH,*
uptake from the extracellular into the intracellular compartment, primarily owing to the
negative intracellular electrical potential. Thus, basolateral K* channels in the collecting
duct may contribute to peritubular NH,4* uptake. At present, no studies have examined this
possibility. However, the observation that prolonged ammonia incubation acidifies CCD
intercalated cells (41) suggests that significant NH4* transport, possibly due to K* channels,
may occur in the cortical collecting duct (CCD).

Cotransport

Researchers have identified two isoforms of the Na*-K*-2CI™ transporter, termed NKCC-1
and NKCC-2 (42). These isoforms exist in a wide variety of tissues, where they mediate
multiple physiological functions, including ion transport, cell volume regulation, blood
pressure regulation, and saliva and endolymph formation (42-44). NKCC-1, also known as
BSC-2 and as the secretory isoform, is expressed at the basolateral membrane of many cells
involved in secretory functions. In the kidney, NKCC-1 is present almost exclusively in the
basolateral membrane of A-type intercalated cells in the outer and inner medullary
collecting ducts (OMCD and IMCD, respectively) (45). However, when bumetanide, a
highly specific inhibitor, is added to the peritubular solution, it does not alter ammonia
secretion by in vitro—-microperfused rat OMCD (46). Thus, it is unlikely that NKCC-1
contributes to OMCD ammonia secretion. Studies using cultured IMCD cells suggest that
basolateral Na*-K*-2CI~ cotransport in the IMCD, presumably involving
NKCC-1,contributes to basolateral NH,* uptake (47, 48). However, other studies using in
vitro—microperfused rat terminal IMCD segments have not confirmed this observation (49).

NKCC-2 is a kidney-specific Na*-K*-2CI~ cotransporter isoform specifically expressed in
the apical plasma membrane of the thick ascending limb of the loop of Henle (50, 51),
where it is the major mechanism for ammonia reabsorption (8, 40). The affinity of NKCC-2
for ammonia is ~2 mM, enabling effective competition of NH,* with K* at the K*-binding
site for transport (52). Hyperkalemia suppresses urinary ammonia excretion. This likely
occurs, at least in part, because higher luminal K* inhibits NH4* reabsorption by NKCC-2,
thereby inhibiting development of the medullary ammonia concentration gradient (40).

Changes in NKCC-2 protein expression are a major component of the increase in MTAL
ammonia absorption that occurs with chronic metabolic acidosis (27, 53). Increased mRNA
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expression precedes increased protein expression (53); the elevation in systemic
glucocorticoids that occurs with chronic metabolic acidosis may mediate the increases in
MRNA and protein expression (54). Changes in cell-surface expression of NKCC-2 can
regulate NKCC-2 ion transport in response to other stimuli such as CAMP (55); whether this
mechanism is important for the regulation of ammonia transport is unknown.

Nat-K*-ATPase

Na*-K*-ATPase is a family of heterodimeric proteins present in essentially all nucleated
cells. The alpha subunit comprises the catalytic and ion transport domain. The function of
the beta subunit is not completely clear but may include directing membrane localization
(56). Na*-K*-ATPase is present in the basolateral plasma membrane of essentially all
kidney cells, but its expression appears greatest in the medullary thick ascending limb of the
loop of Henle, with lesser expression in the cortical thick ascending limb, distal convoluted
tubule (DCT), CCD, medullary collecting duct (MCD), and the proximal tubule (57).

NH,4* competes with K* at the K*-binding site of Na*-K*-ATPase, thereby enabling net
Na*-NH,4* exchange (58, 59). The affinity of the K*-hinding site of Na*-K*-ATPase for
NH,4* is similar to that for K* (58, 59), but at least in the renal cortex, interstitial ammonia
concentrations are lower than K* concentrations. Moreover, in vitro-microperfused tubule
studies show that, even in the presence of elevated peritubular ammonia concentrations,
ouabain, a Na*-K*-ATPase inhibitor, does not alter transepithelial ammonia secretion in the
CCD (60). Accordingly, basolateral Na*-K*-ATPase is not likely to transport NH,* to a
significant extent in the CCD (58).

In contrast, interstitial ammonia concentrations are substantially higher in the inner medulla,
enabling Na*-K*-ATPase-mediated basolateral ammonia uptake to contribute significantly
to transepithelial ammonia secretion by the IMCD (58, 59). Direct studies show that NH,*
competes with K* as a substrate for hydrolytic activity and that basolateral Na*-K*-ATPase
mediates NH4* uptake, increases apical proton secretion, and is important for transepithelial
ammonia secretion (49, 59, 61). Using measured values for Na*-K*-ATPase Ky, and Vinax
and assuming that vasa recta K* and NH,* concentrations are similar to interstitial
concentrations, Wall and colleagues (62) have shown that rates of NH,* uptake via Na*-K*-
ATPase are remarkably similar to measured rates of NH4* secretion. Furthermore,
physiological changes in interstitial K* concentrations associated with hypokalemia predict
a two- to threefold increase in NH4* uptake (62). Direct studies examining the effects of
hypokalemia on Na*-K*-ATPase-mediated ammonia transport have confirmed this model
(63). Moreover, the increase in ammonia uptake is almost totally attributable to changes in
interstitial K* concentration and does not involve changes in Na*-K*-ATPase hydrolytic
activity (63). Thus, the increased rate of ammonia secretion that occurs during hypokalemia
may be due, at least in part, to the decreased interstitial K* concentration, which results in
more effective NH,* transport by basolateral Na*-K*-ATPase.

K*/NH4* (H*) Exchanger

An apical K*/NH4* (H*) transporter that is present in the thick ascending limb of the loop of
Henle mediates most of the ammonia reabsorption in this nephron segment that is not
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mediated by NKCC-2 (8). This transport activity is electroneutral and inhibited by barium
and verapamil (16, 64). Neither the gene product nor the protein that correlates with this
transport activity has been identified.

H*-K*-ATPase

Aquaporins

NH,4* also is a substrate for nongastric (or colonic) H*-K*-ATPase in the collecting duct and
colon. This has been demonstrated in heterologous expression systems, colonic apical
membranes, and IMCDs perfused in vitro (65-68). Although the exact substrates for colonic
H*-K*-ATPase are still not completely resolved or reconciled with in vivo transport, we
know that NH4* can substitute for K*. However, recent data suggest that NH,* cannot
substitute for the H* site (68). Because colonic H*-K*-ATPase in vivo is induced during K*
deficiency, it may facilitate increased ammonia excretion (67). Ammonia also stimulates H*
secretion and bicarbonate reabsorption in the CCD, possibly via several mechanisms (69),
including stimulation of, or coupling with, H*-K*-ATPase (41).

Aquaporins are an extended family of proteins that mediate facilitated transmembrane water
transport (70, 71). Because H,O and NHsg have similar molecular sizes and charge
distribution, an increasing number of studies are examining the role of aquaporins in
transmembrane NH3 transport, in particular ammonia transport by the aquaporins AQP1,
AQP3, AQP8, and AQP9.

The first study investigating the possible role of aquaporins as ammonia transporters
examined AQP1 (72). There, the addition of extracellular ammonia to control, H,O-injected
oocytes that did not express AQP1 resulted in intracellular acidification and cellular
depolarization. These results indicate NH,* entry coupled with a relatively low NH;
permeability (72). In contrast, significantly less intracellular acidification occurred in AQP1-
expressing oocytes. Thus, AQP1 expression either inhibited endogenous NH4* permeability
or increased NHg permeability. Because AQP1 expression did not alter ammonia-dependent
membrane depolarization, AQP1 expression is unlikely to alter NH,* permeability (72).
Moreover, increasing extracellular pH from 7.5 to 8.0 in the continuous presence of
extracellular ammonia, which increases extracellular NHg but does not substantially change
extracellular NH4*, caused more rapid intracellular alkalinization in AQP1-expressing
oocytes than in control oocytes. Thus, AQP1 appeared to enable facilitated NH3 transport
(72). Although it is tempting to speculate that AQP1 may contribute to NH3 permeability in
the thin descending limb of the loop of Henle, it is unknown whether AQP1 knockout mice
show altered ammonia transport there. However, not all studies have confirmed that AQP1
can transport NH3 (73, 74).

In the basolateral membrane of collecting duct principal cells, AQP3 plays an important role
in H,0 transport (75).When expressed in Xenopus oocytes, AQP3 increases membrane NH3
permeability, suggesting that AQP3 can function as an NH3 transporter (73). Whether AQP3
contributes to renal principal cell basolateral NH3 transport has not been reported.
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AQP8, similar to AQP3, increases NH3 permeability in Xenopus oocytes; it also increases
permeability to the ammonia analogs formamide and MA (73). In the kidney, AQP8 is
weakly expressed in the cytoplasm of the proximal tubule, CCD, and OMCD, with no
evidence of plasma membrane expression (76). Acid-base homeostasis, urine ammonia
concentration, and urine pH are similar in AQP8 knockout and wild-type mice under both
basal- and acid-loaded conditions, suggesting that AQP8 deletion does not alter basal- or
acid-stimulated net acid excretion (77, 78). However, AQP8 knockout mice do exhibit minor
changes in hepatic ammonia accumulation, renal excretion of infused ammonia, and
intrarenal ammonia concentrations (78).

AQP9 expression, similar to AQP8, increases apparent NH3 permeability and permeability
to the analogs formamide and MA in Xenopus oocytes (73). However, AQP9 does not
appear to be expressed in the kidney.

The molecular specificity of ammonia transport by aquaporins may relate to specific amino
acids in the aromatic/arginine constriction region of these proteins. This region is located
below the channel mouth and may be narrower than the NPA constriction (79). Site-directed
mutagenesis shows that specific amino acids, including Phe-56, His-180, and Arg-195 of
AQP1, are important for ammonia permeability but not for water permeability (74). The
central NPA constriction, although important for aquaporin water permeability, does not
appear critical for aquaporin ammonia permeability (74).

Rh Glycoproteins

The identification that the Rh glycoprotein family proteins can transport ammonia has been
the most recent addition to our understanding of the molecular mechanisms of renal
ammonia transport. These proteins are mammalian orthologs of Mep/AMT proteins, the
ammonia transporter families present in yeast, plants, bacteria, and many other organisms
(80, 81). Three mammalian Rh glycoproteins—Rh A glycoprotein (RhAG/Rhag), Rh B
glycoprotein (RhBG/Rhbg), and Rh C glycoprotein (RhCG/Rhcg)—have been identified to
date (82, 83). By convention, Rh A glycoprotein in human tissue is termed RhAG, and in
nonhumans it is termed Rhag; similar terminologies apply for RhnBG/Rhbg and RhCG/Rhcg.

RhAG/Rhag—The Rh complex in erythrocytes consists of RhAG/Rhag in association with
the nonglycosylated Rh proteins RhD and RhCE in humans or with Rh30 in non-human
mammals. Marini et al. (84) predicted in 1997 that Rh proteins would have structural
similarity to Mep and AMT proteins and might function as ammonia transporters.
Subsequent studies established that RhAG and RhCG expression restored growth defects of
yeast deficient in endogenous ammonia transporters and that RnAG mediated efflux of the
ammonia analog MA (85), suggesting that RhAG functioned as a mammalian ammonia
transporter.

Various studies have examined RhAG/Rhag-mediated ammonia transport characteristics.
Heterologous expression studies show that RhAG transports the ammonia analog MA, with
an ECsq of ~1.6 mM, and that transport is electroneutral and coupled to H* gradients (86).
Transport is not coupled to either Na* or K*, nor is it affected by a wide variety of inhibitors
of other transporter families. Moreover, RhnAG-mediated transport is bidirectional (85, 87).

Annu Rev Physiol. Author manuscript; available in PMC 2015 February 02.
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Studies comparing ammonia transport in erythrocytes from Rhy individuals, who do not
express erythroid RhAG, with transport in erythrocytes with normal RhAG expression show
that NH3 transport parallels RnAG expression (88). These characteristics functionally
identify that RnNAG mediates either facilitated NH3 transport or NH4*/H* exchange activity.
However, at least one study has suggested that RhAG, when expressed in HelLa cells,
transports both NH3 and NH,* (89).

RhAG/Rhag is an erythrocyte- and erythroid-precursor-specific protein (90, 91). At present,
there is no evidence that RNAG/Rhag contributes to renal ammonia metabolism and/or
transport.

The nonglycosylated Rh protein RhCE apparently transports neither ammonia nor its analog
MA, nor does it alter transport by RhAG (86). Moreover, structural models, using the
Escherichia coli AmtB structure as a template, suggest that the arrangement of key amino
acids is sufficiently different in RhCE and RhD that RhCE and RhD either do not transport
ammonia or do so by mechanisms that differ from those used by AmtB, RhAG, RhBG, and
RhCG (92).

RhBG/Rhbg—RhBG/Rhbg is the second member of the mammalian Rh glycoprotein
family. RhBG/Rhbg is expressed in a wide variety of organs involved in ammonia
metabolism, including the kidneys, liver, skin, stomach, and gastrointestinal tract (82, 93).
The kidneys express basolateral Rhbg immunoreactivity in the distal convoluted tubule
(DCT), connecting segment (CNT), initial collecting tubule (ICT), CCD, OMCD, and
IMCD (94, 95). Both intercalated and principal cells in the DCT, CNT, ICT, and CCD
express Rhbg, and expression is greater in intercalated cells than in principal cells; this is
consistent with intercalated cells having a greater role in acid-base homeostasis than do
principal cells. In the IMCD, only intercalated cells express Rhbg. The only exception to this
pattern is that the CCD B-type intercalated cell does not express Rhbg immunoreactivity
detectable by light microscopy (95). This is consistent with a primary role of the B-type
intercalated cell in bicarbonate secretion and CI~ reabsorption. The basolateral expression of
Rhbg is stabilized through specific interactions of the cytoplasmic carboxy terminus with
ankyrin-G (96).

RhBG/Rhbg is expressed in multiple extrarenal sites involved in ammonia transport and
metabolism. In the liver, Rhbg is expressed in the sinusoidal membrane of perivenous
hepatocytes (97), which is the basolateral membrane. Perivenous hepatocytes have an
affinity for ammonia of ~110 uM and are responsible for high-affinity hepatic ammonia
metabolism (98). In the skin Rhbg mRNA is expressed in hair follicles and sweat glands
(82). Although the role of Rhbg in sweat formation is undefined at present, sweat ammonia
concentrations average ~3 mM and can exceed 11 mM (99, 100); these concentrations are
greater than in all other body fluids except for urine. The gastrointestinal tract is another
major site of ammonia transport and metabolism, and villous epithelial cells, the major site
of ion transport, from the duodenum through the colon express basolateral Rhbg
immunoreactivity (93).
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Multiple heterologous expression studies demonstrate that RhBG/Rhbg can transport
ammonia and the ammonia analog MA. However, studies differ as to the exact molecular
species, NH3 or NH4*, transported. Some studies show that ammonia and MA transport is
electroneutral, coupled to proton gradients, independent of Na* or K*, and unaffected by
changes in membrane voltage, indicating electroneutral, cation-independent NHs transport
(101-103). However, other data suggest that Rhbg mediates electrogenic NH4* transport
(104). In all these studies, the affinity of Rhbg for ammonia is ~2—4 mM. Why different
studies identify seemingly differing molecular transport mechanisms is currently a mystery.

Several studies have examined the physiological role of Rhbg in renal ammonia metabolism.
Seshardri et al. (105) induced chronic metabolic acidosis, which increases renal ammonia
excretion, in normal Sprague-Dawley rats. These researchers observed no detectable
changes in Rhbg protein expression, either by immunoblot analysis or by
immunohistochemistry. Two possibilities thus exist. First, Rhbg is not involved in the
increased renal ammonia excretion in response to chronic metabolic acidosis. Alternatively,
if Rhbg contributes to increased collecting duct ammonia transport, then the increased
transport occurs through mechanisms independent of changes in protein expression
detectable by immunoblot analysis or by light microscopy (105).

In another study, genetic deletion of pendrin, an apical CI"/HCO3;~ exchanger present in B-
type intercalated cells and non-A, non-B cells, decreased Rhbg expression (106). This
adaptation may reflect increased urinary acidification in response to pendrin deletion, which
increases the gradient for NH3 transport, thus decreasing the necessity for ammonia
transport via Rhbg.

Finally, Chambrey et al. (107) have studied an Rhbg knockout mouse. Their extensive
physiological studies show normal basal acid-base balance, a normal response to chronic
acid loading, and normal basolateral NH3 and NH4* transport in in vitro-microperfused
CCD segments (107). These results suggest either that Rhbg is not involved in renal
ammonia metabolism or that certain mechanisms activated in response to Rhbg deletion
fully compensate for the lack of Rhbg (107). However, there were no differences in Rhcg,
H*-ATPase, or AE1 expression, likely candidate proteins if compensatory adaptations were
present (107).

At present, the specific role of RnBG/Rhbg in renal ammonia metabolism is unclear. It does
not appear to be required for renal ammonia metabolism, at least under basal conditions or
in response to metabolic acidosis. Its specific role in acid-base homeostasis will undoubtedly
be an important area of investigation.

RhCG/Rhcg—RhCG/Rhcg is the third member of the mammalian Rh glycoprotein family.
It is expressed in multiple ammonia-transporting/metabolizing organs, including the
kidneys, central nervous system, testes, skeletal muscle and liver, and gastrointestinal tract
(83, 85, 93, 97, 108). In the kidney, Rhcg expression parallels that of Rhbg; i.e., it occurs in
the DCT, CNT, ICT, CCD, OMCD, and IMCD (95, 109). The cellular expression of Rhcg is
similar to that of Rhbg, with intercalated cell expression exceeding principal cell expression
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in the DCT, CNT, ICT, CCD, and OMCD and expression only in intercalated cells in the
IMCD (95, 109).

However, the subcellular location of Rhcg differs from the exclusive basolateral location
observed for Rhbg. In the mouse kidney, Rhcg immunoreactivity is apical (95, 109). One
study in the rat showed that Rhcg immunoreactivity was exclusively apical (109) whereas
other rat studies show both apical and basolateral expression (105, 110). Recent studies in
the human kidney show both apical and basolateral RhCG expression (111). Quantitative
analysis of rat Rhcg localization, using immunogold electron microscopy to identify the
specific cellular location of RhCG, shows that basolateral plasma membrane Rhcg
expression exceeds apical plasma membrane expression, at least in the OMCD in the inner
stripe (110). In addition, rat renal Rhcg is also present in intracellular sites, including
cytoplasmic vesicles, suggesting that vesicular trafficking regulates plasma membrane Rhcg
expression (Figure 3a) (110). The presence of both apical and basolateral plasma membrane
RhCG/Rhcg expression in the human and rat kidneys raises the possibility that Rhcg
contributes to both apical and basolateral plasma membrane ammonia transport.

As for Rhbg, multiple studies have addressed and differed as to the molecular ammonia
species transported by RhCG/Rhcg. Some studies suggest that RhCG/Rhcg mediates
electroneutral NH5 transport (101-103), whereas others report both NH3 and NH4* transport
(112) or only electrogenic NH,4* transport (113). The explanation for these differing
observations is currently unknown. However, only electroneutral NH3 transport likely
contributes to apical membrane ammonia secretion in the collecting duct. The negative
intracellular electrical potential and high luminal NH4* concentrations would favor luminal
NH,4* reabsorption via an electrogenic NH4* transport mechanism (22, 114).

Studies examining the regulation of Rhcg in response to chronic metabolic acidosis have
yielded important observations. Chronic metabolic acidosis increases Rhcg protein
expression in the OMCD and the IMCD but not in the cortex (105). The OMCD and IMCD
changes appear to occur through posttranscriptional mechanisms because Rhcg steady-state
MRNA expression is not detectably altered. In the IMCD, the increase in expression is
specific to the IMCD intercalated cell.

In the OMCD in the inner stripe, at least two mechanisms are involved in the response of
Rhcg to chronic metabolic acidosis (110). Quantitative analysis of the subcellular location of
Rhcg, via immunoelectron microscopy and morphometric analysis, shows that chronic
metabolic acidosis increases Rhcg expression in both the intercalated cell and the principal
cell (Figure 3). Although the absolute levels of Rhcg expression are greater in the
intercalated cell in the principal cell, the relative increase in cellular expression was
substantially greater in the principal cell (1~240%) than in the intercalated cell (1~35%).

A second regulatory mechanism operates through changes in the subcellular location of
Rhcg (110). Under basal conditions, Rhcg is located in both the apical and basolateral
plasma membrane and in subapical sites in both the principal cell and intercalated cell. In
response to chronic metabolic acidosis, particularly in the intercalated cell, there is a
dramatic increase in apical plasma membrane expression and a decrease in cytoplasmic
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Rhcg expression (110). These results suggest translocation of Rhcg from cytoplasmic to
apical plasma membrane sites. A similar response, although one of substantially less
magnitude, occurs in the principal cell (110).

Chronic metabolic acidosis also increases basolateral plasma membrane Rhcg expression
(110). This increase parallels the change in total cellular expression and does not appear to
involve redistribution from cytoplasmic sites to the basolateral plasma membrane.

These observations suggest that at least two mechanisms regulate Rhcg expression: changes
in total cellular expression and changes in the subcellular distribution of Rhcg (110).
Moreover, the relative roles of these two mechanisms differ in adjacent cell types, the
principal cell and the intercalated cell. These changes are also membrane-specific, as the
increase in basolateral plasma membrane Rhcg expression in the principal cell parallels
changes in total cellular expression and does not involve changes in the relative subcellular
distribution of Rhcg. The mechanisms involved in the cell- and membrane-specific
differences in Rhcg expression in response to specific physiological stimuli are unknown at
present.

Tertiary structure of Rh glycoproteins—Researchers are beginning to unravel the
molecular mechanisms by which Rh glycoproteins transport ammonia and its analog MA.
The related E. coli protein AmtB has been crystallized, and its tertiary structure has been
identified (Figure 4) (115-117). AmtB is expressed as a trimeric complex. The individual
subunits of the trimeric complex span the plasma membrane 11 times and have two
structurally related halves with opposite polarity. A vestibule, present in both the
extracellular and intracellular regions of the protein, recruits NH4*. In AmtB, NH,* and
MA* appear to be stabilized in the vestibule through interactions with Trp-148, Phe-103,
and Ser-219. Although mutation of Asp-160 abolishes transport activity (118), this amino
acid does not directly interact with ammonia or MA,; instead, it orients the carbonyl groups
of Asp-160, Phe-161, and Ala-162 (116). Transport then occurs through a 20-A hydrophobic
channel that spans the membrane. Trp-148, Phe-103, Phe-161, and Tyr-140 form the first
hydrophobic barrier to transport through this channel; the diameter of this pore is 1.2 A,
suggesting that transport requires movement of the side chains of Phe-107 and Phe-215
(116). In the channel pore, two conserved histidines, His-168 and His-318, appear to interact
with and stabilize NH3 at specific locations, Am2, Am3, and Am4 (116, 117). The
unprotonated N&1s of His-168 and His-H318 are fixed by hydrogen bonds to each other,
thereby providing two Ce1-Hs to the nitrogens of Am2 and Am3 and one Ne acceptor that
interact with the N-H bond of Am4. Because the Ce1-Hs can donate, but cannot accept, N—
H bonds, specificity for NH3 transport rather than NH,* transport is generated. As a result,
NH,* is concentrated at the Am1 site, progressively desolvated as it progresses through the
channel pore to Am2, and deprotonated at Am3. NH3 and the methyl derivative CH3NH,,
but not NH4* and CH3NH3*, are transported through the pore of AmtB (116). The tertiary
structure of AmtB is a novel structural motif without significant similarity to other known
proteins (116, 117).

The degree to which mammalian Rh glycoproteins mimic the structure of AmtB is an active
area of investigation. Homology models suggest that Rhag, Rhbg, and Rhcg have a channel
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architecture similar to AmtB (92). Preliminary studies suggest that mutations at Phe-74,
Val-137, and Phe-235 of RhCG, equivalent to lle-28, Leu-114, and Phe-215, respectively, in
AmtB, inhibit NH3 transport (119). This suggests that the molecular mechanism of ammonia
transport by Rhcg is similar to those used by AmtB. Finally, the reported K,,s of mammalian
glycoproteins for ammonia and MA, >1 mM, are > 100-fold greater than those reported for
AmtB. This is associated with differences in the r-cation-stabilizing rings; changes in
Trp-148 to leucine or valine and Phe/Tyr-103 to isoleucine occur in the Rh glycoproteins
(118).

Alternative functions of Rh glycoproteins—There are important controversies
regarding the functions of the mammalian Rh glycoproteins. As noted above, genetic
deletion of Rhbg does not detectably alter renal ammonia metabolism under basal conditions
or in response to chronic metabolic acidosis, nor does it alter basal plasma ammonia levels,
suggesting that Rhbg deletion does not impact hepatic ammonia metabolism (107). Thus,
either Rhbg does not function as an ammonia transporter or other transport mechanisms can
compensate in the absence of Rhbg.

Recent studies suggest that Rh glycoproteins transport CO,. The green algae
Chlamydomonas reinhardtii express both Amt proteins homologous to Mep/Amt proteins
and Rh proteins that are relatively more homologous to mammalian Rh glycoproteins (120).
Inhibiting expression of the Rh glycoprotein homolog Rh1 does not alter extracellular
ammonia uptake (121). Interestingly, elevating media CO, content increases Rh1 expression
and inhibiting Rh1 expression suppresses the normal increase in growth rates that occur in
response to elevated CO, (121, 122). One possibility, as yet unproven, is that Rh1 is
involved in CO, uptake; the CO> is then used for carbon fixation, increased nutrient
utilization, and increased growth rates and is not involved in extracellular ammonia uptake.

Evolutionary analysis of AMT proteins and Rh glycoproteins suggests that Rh glycoprotein
genes arose after the development of AMT proteins and that the development of Rh
glycoproteins was associated with the loss of AMT proteins (123). In organisms expressing
both AMT and Rh proteins, Rh proteins appeared to initially diverge rapidly away from Amt
and then, over a longer period, to evolve more slowly. Furthermore, functionally divergent
amino acid sites exist in the transmembrane segments surrounding the NHs-conducting
lumen identified in AmtB, suggesting the presence of differing substrate specificity (123).

Two recent studies have examined whether mammalian RhAG/Rhag transports CO,. These
studies used erythrocytes from normal individuals and Rhy, individuals, who do not
express erythrocyte RhAG, and from wild-type and Rhag knockout mice. In one study,
erythrocyte CO, permeability was decreased in erythrocytes lacking RhAG/Rhag (124),
whereas in the other, RhRAG/Rhag absence did not alter CO5 permeability (125). The reason
for these differing results is not known but may reflect use of differing analytical techniques
—mass spectrometric measurement of C180160 permeability versus fluorometric analysis
of CO,-induced intracellular pH changes— and in their use of intact erythrocytes versus
erythrocyte ghosts (124, 125).
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CONCLUSIONS

Fundamental changes in our understanding of the molecular mechanisms of renal ammonia
transport have occurred in the past several years. The specific transport of NHz and NH,* by
specific proteins appears critical for normal acid-base homeostasis.
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Glossary
NHE-3 Na*/H* exchanger type 3
KCC proteins K*-CI~ cotransporting proteins
Rhbg Rh B glycoprotein
Rhcg Rh C glycoprotein
All angiotensin 11
CCD cortical collecting duct
OMCD outer medullary collecting duct
IMCD inner medullary collecting duct
AQP1,3,8,9 aquaporins 1, 3, 8, 9
Rhag Rh A glycoprotein
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Figure 1.
Proximal tubule ammoniagenesis. Ammonia is produced from glutamine (GIn) as a result of

proximal tubule ammoniagenesis. Glutamine is transported across both the apical and
basolateral plasma membranes and then transported into mitochondria. The enzyme
glutaminase (GA) is the first step in ammoniagenesis, and glutamate dehydrogenase (GDH)
results in the production of the second NH,4* molecule. Metabolism of a-ketoglutarate
(aKG) leads to the production of the first of two HCO3™ ions. Further metabolism in the
cytoplasm results in the production of a second HCO3™. Thus, complete metabolism of each
glutamine produces two NH,* and two HCO3™ ions. Blue circles denote transport proteins.
Dotted gray line indicates the minor component of transport, and the solid gray line indicates
the major component of transport. Other abbreviations used: NHE-3, Na*/H* exchanger
type 3; OAA, oxaloacetic acid; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyruvate
carboxykinase; TCA, tricarboxylic acid cycle.
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Figure 2.
Summary of renal ammonia metabolism. Ammonia is produced in the proximal tubule as a

result of metabolism of glutamine (GIn) to NH4* and HCO3™; ammonia is preferentially
secreted into the luminal fluid as either NH4* or NH3. Bicarbonate produced from
ammoniagenesis is preferentially secreted across the basolateral membrane. Ammonia is
secreted by the proximal tubule into the luminal fluid and then undergoes recycling by the
loop of Henle, resulting in medullary accumulation. Ammonia delivery to the bend of the
loop of Henle is ~160% of that which is excreted in the final urine. Ammonia is reabsorbed
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in the thick ascending limb of the loop of Henle through multiple mechanisms and then is
secreted in the collecting duct. Collecting duct ammonia secretion involves parallel NH3 and
H* secretion. Numbers in red represent delivery as a percentage of final urinary ammonia
excretion. Blue circles denote transport proteins. PDG, phosphate-dependent glutaminase.
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Figure 3.

Rhcg expression in the OMCD in response to chronic metabolic acidosis. (&) Under basal
conditions Rhcg is present both in the apical plasma membrane (arrows) and in intracellular
compartments (arrowheads) in intercalated cells in the OMCD. (b) Chronic metabolic
acidosis increases the proportion of Rhcg present in the apical plasma membrane (arrows)
and decreases Rhcg present in the intracellular compartment (arrowheads). (c) Chronic
metabolic acidosis increases the amount of Rhcg in the apical plasma membrane in both the
OMCD intercalated cell and the principal cell as compared with control conditions (100%).
The relative increase is similar in intercalated cells and principal cells. Absolute expression
(not shown) is greater in the intercalated cell than in the principal cell under both control and
acidosis conditions (110). (d) Total cellular Rhcg in intercalated and principal cells in
response to chronic metabolic acidosis, expressed relative to total cellular Rhcg in control
conditions (100%). Although Rhcg expression increases in both the intercalated cell and
principal cell, the relative increase is greater in the principal cell than in the intercalated cell.
(e) The proportions of total cellular Rhcg present in the apical plasma membrane in the
intercalated cell and principal cell under control conditions and in response to chronic
metabolic acidosis. The increase in response to metabolic acidosis is greater in the
intercalated cell than in the principal cell. a and b are reprinted from Reference 110, with
permission. ¢, d, and e use data published previously in Reference 110.
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Figure 4.
Tertiary structure of E. coli AmtB. (a) A ribbon representation of AmtB viewed from the

extracellular surface demonstrates the trimeric structure of AmtB. In the top monomer,
homologous transmembrane segments are shown in the same color. In the right monomer, a
solvent-accessible transparent surface is colored according to the electrostatic potential (red
for negative and blue for positive). Potential ammonia-binding sites are shown as the blue
sphere for NHs and red sphere for NH4*. (b) A stereoview of the monomeric structure. The
extracellular surface is uppermost. NH3-binding sites are shown as blue spheres. (c) The
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amino acid sequences of the transmembrane extracellular and intracellular loops.
Homologous sequences are shown in similar colors. (d) The ammonia-conducting portion of
AmtB after removal of portions of helices M8, M9, and M10. The lumen surface is colored
according to the electrostatic potential (red for negative and blue for positive). The
histidines near the three NHj sites (blue spheres) are shown in yellow. Narrow hydrophobic
regions through the conducting channel lie above and below the NH3 sites. (€) The deduced
mechanism of ammonia transport through AmtB. The blue oval indicates the 20-A
hydrophobic channel of the protein. Figure from Reference 116, with permission from
AAAS.
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