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The mammalian Rh (Rhesus) protein family belongs to the Amt/
Mep (ammonia transporter/methylammonium permease)/Rh
superfamily of ammonium transporters. Whereas RhCE, RhD and
RhAG are erythroid specific, RhBG and RhCG are expressed in
key organs associated with ammonium transport and metabolism.
We have investigated the ammonium transport function of human
RhBG and RhCG by comparing intracellular pH variation in
wild-type and transfected HEK-293 (human embryonic kidney)
cells and MDCK (Madin—Darby canine kidney) cells in the pres-
ence of ammonium (NH,*/NH,) gradients. Stopped-flow spec-
trofluorimetry analysis, using BCECF [2',7'-bis-(2-carboxy-
ethyl)-5(6)-carboxyfluorescein] as a pH-sensitive probe, revealed
that all cells submitted to inwardly or outwardly directed am-
monium gradients exhibited rapid alkalinization or acidification
phases respectively, which account for ammonium movements in
transfected and native cells. However, as compared with wild-
type cells known to have high NH; lipid permeability, RhBG-
and RhCG-expressing cells exhibited ammonium transport

characterized by: (i) a five to six times greater kinetic rate-
constant; (ii) a weak temperature-dependence; and (iii) reversible
inhibition by mercuric chloride (ICs,, 52 ©M). Similarly, when
subjected to a methylammonium gradient, RhBG- and RhCG-
expressing cells exhibited kinetic rate constants greater than those
of native cells. However, these constants were five times higher for
RhBG as compared with RhCG, suggesting a difference in sub-
strate accessibility. These results, indicating that RhBG and
RhCG facilitate rapid and low-energy-dependent bi-directional
ammonium movement across the plasma membrane, favour
the hypothesis that these Rh glycoproteins, together with their
erythroid homologue RhAG [Ripoche, Bertrand, Gane,
Birkenmeier, Colin and Cartron (2005) Proc. Natl. Acad. Sci.
U.S.A. 101, 17222-17227] constitute a family of NH; channels
in mammalian cells.
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INTRODUCTION

Despite the high biological relevance, in nearly all organisms,
of ammonium transport across cellular membranes, specific am-
monium transporters in mammals have not been characterized
until recently. The possibility that Rh (Rhesus) proteins might
represent the mammalian members of an Amt/Mep (ammonia
transporter/methylammonium permease)/Rh superfamily of am-
monium transporters has been raised owing to primary structure
homology with Amt/Mep from bacteria, archaea, fungi and plants
[1]. In humans, the Rh protein family is composed of five
members, RhCE, RhD, RhAG, RhBG and RhCG [2]. In RBCs
(red blood cells) RhCE, RhD and RhAG constitute the core
of the Rh-membrane complex, the carrier of the Rh blood-
group antigens [3,4]. Genetic complementation studies in Mep-
deficient yeast provided the first experimental evidence for a
direct role of RhAG in ammonium transport [5]. RhAG-dependent
ammonium transport in a heterologous system was subsequently
demonstrated in injected Xenopus oocytes [6]. Since RhAG
expression is erythroid-restricted, this glycoprotein could not
account for ammonium transport in the two organs which play
a key role in ammonium metabolism and excretion: liver and
kidney. However, two non-erythroid RhAG homologues, RhBG
and RhCG, have been characterized and found to be expressed
in various tissues including the kidney and the liver [5,7,8].

Interestingly, epithelial expression of RhBG and RhCG in the
kidney is restricted to cells involved in ammonium secretion
(connecting tubules and collecting ducts) and both proteins are
expressed in the same cell types but with opposite polarity; RhBG
is localized at the basolateral domain of the plasma membrane
and RhCG at the apical domain [9-11]. In contrast, RhBG and
RhCG are expressed in different cell types in the liver. RhBG is
expressed at the basolateral membrane of perivenous hepatocytes,
whereas RhCG is present in bile duct epithelial cells [12]. A
recent study also identified RhBG and RhCG as having a cell
specific, axially heterogeneous and polarized expression in the
gastrointestinal tract [13]. As is the case for RhAG, ammonium
transport activity of RhCG was first shown by complementation
studies in yeast [5] and then confirmed by functional studies
in Xenopus oocytes [14]. RhBG-mediated ammonium transport
was also recently demonstrated in the Xenopus oocyte expression
system [15,16]. Although providing strong evidence that all Rh
glycoproteins may act as ammonium transporters in heterologous
systems, these experiments failed to clearly determine the precise
mechanism of ammonium transport mediated by these proteins.
In particular, a clear-cut conclusion regarding which form of
ammonium is transported, the NH,* ion or the NH; gas, was not
obvious from these studies. From experiments carried out in
yeast and Xenopus expression systems, RhAG was proposed to
transport NH,* by an H* counter-transport mechanism [6,17],

Abbreviations used: Amt/Mep, ammonia/methylammonium permease transporter; BCECF, 2,7'-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein; DMEM,
Dulbecco’s modified Eagle’s medium; E,, activation energy; HEK-293, human embryonic kidney; MDCK, Madin-Darby canine kidney; pH;, intracellular
pH; RBC, red blood cell; RPE, R-phycoerythrin; Rh, Rhesus; WT, wild type. The term ammonium is used where ammonium ions and ammonia are
not distinguished. The chemical symbols for ammonia (NH3z) and ammonium ions (NH,;™) are used elsewhere to distinguish between the two forms of
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whereas independent electrophysiological studies using RhBG-
expressing oocytes suggested a transport mechanism that was
either electrogenic [16] or electroneutral, presumably mediated
by NH,*/H* exchange [15]. Similar studies in RhCG-expressing
oocytes have concluded that RhCG could mediate electrogenic
transport that is consistent with NH; and NH,* enhanced influx
[14]. The discrepancies between these studies might be explained
by the different methodologies used and by the existence of an
ammonium-activated endogenous transport pathway in oocytes
[18,19] that could hamper more precise analysis of an exogenous
ammonium transporter. Furthermore, several of these studies were
based on measurement of methylammonium uptake, although
there is some concern about the validity of this analogue as a good
substitute for ammonium [16].

Using stopped-flow fluorimetry, we have recently defined the
ammonium transport characteristics of RhAG in RBCs from hu-
man and mouse genetic variants that exhibit quantitatively differ-
ent expression of RhAG. The kinetic rates of pH; (intracellular
pH) changes in resealed ghost cells submitted to inwardly directed
methylammonium or ammonium gradients, and the ammonium
permeability of the channel unit strongly suggested that RhAG
facilitates NH; movement across the RBC membrane [20]. Here,
we used the stopped-flow based approach to analyse the charac-
teristics of ammonium transport mediated by RhBG and RhCG in
transfected kidney cells. Our results support the hypothesis that
RhBG and RhCG, as well as RhAG, facilitate NH; movement
across the plasma membrane. In addition, we provide evidence for
differences in substrate accessibility between RhBG and RhCG
which may account for potentially different biological functions
of these basolateral and apical epithelial transporters.

EXPERIMENTAL
Materials

Primers used in PCR and mutagenesis experiments were from
MWG Biotech (Ebersberg, Germany). The QuikChange XL site-
directed mutagenesis kit was from Stratagene (La Jolla, CA,
U.S.A.). The pCEP4 vector was purchased from Invitrogen (Leek,
The Netherlands). Rabbit polyclonal antisera raised against the
cytoplasmic C-terminal of human RhBG (RhBG-Cter) and RhCG
(RhCG-Cter) were described previously [9,11]. The LA18.18
anti-RhAG mouse monoclonal antibody was obtained from
Dr A. E. Von dem Borne (Laboratory for Transfusion Science,
Bloodbank Rotterdam, Rotterdam, the Netherlands). Alexa Fluor
488- or Alexa Fluor 568-conjugated goat anti-(mouse IgG) and
goat anti-(rabbit IgG) used as secondary antibodies for confocal
microscopy studies were purchased from Molecular Probes
(Leiden, The Netherlands). RPE (R-phycoerythrin)-conjugated
F(ab'), fragment of donkey anti-rabbit and goat anti-mouse im-
munoglobulins, used as secondary antibodies in flow cytometry
analysis, were from Jackson Immunoresearch (West Grove, PA,
U.S.A.) and Immunotech (Marseille, France) respectively. The
BCECF-AM [2',7'-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein
acetoxymethyl ester] fluorescent probe and the anti-BCECF
antibody were obtained from Sigma—Aldrich and Molecular
Probes respectively.

Construction of RhAG, RhBG and RhCG mammalian expression
vectors and site-directed mutagenesis

The pCEP4-RhAG vector containing the full length cDNA for
RhAG was described previously [21]. Full-length cDNAs encod-
ing RhBG and RhCG were amplified by PCR from human kidney
Marathon-Ready cDNA (Clontech) with the use of published data

© 2005 Biochemical Society

[7,8], both strands were sequenced using an ABI PRISM 310
Genetic Analyser (Applied Biosystems, Warrington, U.K.) and
subcloned in to the pCEP4 expression vector. The mutated cDNAs
were constructed by in vitro mutagenesis from pCEP4-RhBG and
pCEP4-RhCG double-stranded recombinant DNA according to
the supplier’s instructions (Stratagene).

Cell culture and transfection

HEK-293 (human embryonic kidney) and MDCK (Madin—Darby
canine kidney) cell lines were obtained from A.T.C.C. (Manassas,
VA) and were grown at 37°C, 5% CO, in DMEM (Dulbecco’s
modified Eagle’s medium)/Glutamax I (Invitrogen) supplemented
with 10% (v/v) fetal calf serum. HEK-293 cells (5 x 10°%)
and MDCK cells (5 x 10°) were transfected with the relevant
expression vectors by electroporation (Bio-Rad, 960 uF and
0,230 V) in 400 ul of PBS, 10 mM Hepes buffer. After selection
for 2 weeks in culture medium supplemented with 0.3 mg/ml
hygromycin (Invitrogen), pools of hygromycin-resistant cells
were analysed for RhAG, RhBG and RhCG expression by flow
cytometry and confocal microscopy.

Flow-cytometric analysis

Recombinant expression of RhBG and RhCG in HEK-293 cells
and MDCK cells was detected using a FACSCalibur™ flow cyto-
meter (BD Biosciences, Bedford, MA, U.S.A.), after per-
meabilization/fixation with 50 % (v/v) ethanol in PBS and stain-
ing with the primary antibodies, rabbit polyclonal anti-RhBG-Cter
(1:500), anti-RhCG-Cter (1:150) and secondary antibody RPE-
conjugated anti-rabbit. Recombinant expression of RhAG was
analysed on non-permeabilized cells using the anti-RhAG LA
18.18 (1:40) primary antibody and RPE-conjugated anti-mouse
antibody secondary antibody. The cell-surface antigen expression
of RhAG was quantified using as standards mouse-IgG-coated
calibration beads (Qifikit; DAKO, Glostrup, Denmark) according
to the manufacturer’s instructions. The results were expressed as
specific antibody-binding-capacity units that proved to be directly
proportional to the number of molecules bound per cell.

Immunofluorescence confocal microscopy

Subconfluent monolayers of HEK-293 and MDCK transfectants
were cultured on 12 mm diameter poly(L-lysine) coverslips (BD
Biosciences) for 3 days before immunostaining. Cells were fixed
in 4% (v/v) paraformaldehyde for 20 min and washed in PBS.
Free aldehyde groups were blocked in 50 mM NH,Cl1 for 10 min,
cells were then washed in PBS and permeabilized in 1 % (w/v)
SDS for 15 min. After two washes in PBS, cells were incubated
with anti-RhAG, anti-RhBG-Cter or anti-RhCG-Cter antibodies
diluted in background immunostaining reducing buffer (Dako
Corp., Copenhagen, Denmark) for 1 h at room temperature. Cells
were washed three times in PBS containing 0.5 % BSA (v/v)
and incubated for 1h at room temperature with Alexa Fluor
568 goat anti-(rabbit IgG) diluted 1:200 in PBS/BSA. Samples
were examined by wide-field microscopy using a Nikon Eclipse
TE300 inverted confocal microscope equipped with a 60 x oil-
immersion objective, numerical aperture 1.4.

Stopped-flow analysis of pH; variation

All preparation steps were carried out at 4°C and assays were
performed at 15°C on the same day, except for the activation-
energy determination. For NH; import analysis, 1 x 107 cells
were washed twice in PBS and incubated for 20 min with
gentle agitation at 30°C in 1 ml of PBS containing 20 uM of the
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fluorescent probe BCECF-AM. After incubation, cells were cent-
rifuged and washed twice with cold PBS, then equilibrated and
resuspended in buffer A (130 mM NacCl, 5 mM KCl and 10 mM
Hepes, adjusted to pH 7.0 by adding NaOH) to a concentration of
1 x 10° cells/ml. The cells were kept on ice before assays (no
more than 3h after the final centrifugation). Ammonium
or methylammonium transport was measured in iso-osmotic
conditions using a stopped-flow instrument (SFM3, Bio-Logic,
Grenoble, France) equipped with a cuvette FC-15, 30 ul (dead-
time 7.8 ms). The excitation wavelength was 485 nm and the
emitted light was filtered with a 520 nm cut-on filter. Cells
were rapidly mixed with an equal volume of methylammonium
buffer (65 mM NaCl, 65 mM CH;NH;Cl, 5 mM KCl and 10 mM
Hepes, adjusted to pH 7.0 with NaOH) or ammonium buffer
(65 mM NaCl, 65 mM NH,Cl, 5mM KCl and 10 mM Hepes,
adjusted to pH 7.0) generating an inwardly directed methylam-
monium ion or NH,* 32.5 mmol gradient. In some experiments,
the same gradient was created using ethylamine, dimethylamine or
trimethylamine. As a fluorescence increase corresponds to pH el-
evation and a fluorescence decrease to pH reduction the pH-
dependent fluorescence changes to the BCECF probe were
monitored and analysed [22]. In some experiments, fluorescence
was also measured with excitation wavelengths of 505 nm and
439 nm and the same emission wavelengths. Analysis of the
505 nm/409 nm fluorescence ratio did not modify the rate constant
of the fluorescence change. Preliminary experiments, where anti-
BCECF antibody was added to quench extracellular fluorescence,
revealed only a negligible amount of external fluorescence. The
antibody was hence omitted in further experiments. Data from
five to eight time-courses were averaged and fitted to a mono-
exponential function using the simplex procedure of the Biokine
software package (Bio-Logic). The equation is:

(S)lint — (S)lexl . (1 _ exp(_kf))

where ()™ is constant and (S),™ is the internal concentration
of the substrate. k is the rate constant of the exponential. Over
the pH range used (7.0-7.8), the relative fluorescence of the dye
was proportional to the pH variation (R? = 0.996), as determined
by titration of cells incubated in 2 ml of buffer A containing
5 uM nigericin (Sigma) or 2 uM valinomycin and 2 M carbonyl
cyanid 4-(trifluoromethoxy phenylhydrazone) (Sigma). Titrations
were performed with a classical spectrofluorimeter with a standard
thermostatted cuvette with magnetic shaking. The pH changes
were performed by step-wise additions of 2 ul KOH (1 M).
Cell-buffer capacity (8) of the cell suspension was carried
out by addition of 10 or 20 mM sodium acetate in one step.
Calculating the pH change from the established standard curve,
B was found to be in the same range for all HEK-293 cells tested at
23 + 7 mM/pH unit. Ammonium permeability was determined by
rapid mixing of cells at pH 7.0 with ammonium buffer generating
a final inwardly directed gradient of 32.5 mM NH4*. Under these
conditions, more than 99 % of the ammonium buffer is in the
NH," form and less than 1 % represents the NH; form (pK, of
ammonium is 9.56 at 15°C). Ammonium influx was determined
from the maximal pH; increase using the linear correlation be-
tween the relative fluorescence and pH. For ammonium efflux
analysis, cells were incubated for 10 min in ammonium buffer,
then washed and resuspended in the same buffer before analysis.
In the stopped-flow instrument, cells were submitted to an outward
gradient (49 mmol of NH,*), generated from the inside to the
outside of the cells by rapid mixing of 1 vol. of cells with 3 vol. of
buffer A. The acidification kinetics were recorded and the constant
rates calculated as described below.

Ammonium and methylammonium permeability calculation

Apparent permeability (P") was determined according to Priver
et al. [23] using the following equation:

P'(em-s™") = (ApH,, )(B)(V/S)/(AC)T

where ApH,,,. is the maximum pH change value, 8 is the cell-
buffer capacity (mM/pH unit), AC is the difference in ammonium
or methylammonium concentration (mM) and t = 1/k (s), which
is the reciprocal of the exponential constant k. V/S (cm) is the
cell volume/surface-area ratio. P’ does not take into account
the unstirred layers, which presumably are in the same range
for all cell samples tested. Based on the calculated V/S ratio
given by Golchini and Kurtz [24], the V/S ratio of MDCK cells
was equal to approx. 5.8 x 10~° cm. In HEK-293 cells, the cell
volume was calculated by assimilating the cell to a sphere with a
diameter of 17.2 + 2.6 um (S.D., n = 70) estimated from photonic
microscopy. The surface was calculated from the capacitance of
these cells: 26.6 pF [25] (1 ¢cm? =10° pF) giving the V/S ratio
of HEK-293 cells as equal to 8.12 x 10~ cm, close to the V/S
MDCK cell ratio. Transfections did not significantly alter the
volume parameters.

Treatment with mercurial reagents

RhCG or RhBG transfectants were resuspended in buffer A and
incubated for 10 min in HgCl, (10-3-10~* M) before application
of the ammonium gradient. In the SFM3 stopped-flow instrument,
cells were submitted to a quick mixing with the ammonium
or methylammonium buffer, supplemented with HgCl, at the
same concentration (10~ M). The reversibility of the mercury
effect was tested by adding 5 mM 2-mercaptoethanol to the cells
incubated previously in HgCl,.

Temperature influence

The rate of fluorescence changes was also measured at different
temperatures (8—30 °C) in order to determine the activation-energy
[E, (kcal/mol)] (1 kcal = 4.184 kJ) deduced from the Arrhenius
equation:
k=cte-e /T

where £ is the alkalinization kinetic-rate constant, T is temperature
(K) and R is the perfect gas constant (1.98).

RESULTS

Stable expression of recombinant RhAG, RhBG and RhCG in
HEK-293 cell transfectants

HEK-293 cells, although of renal origin, were previously shown
to lack endogenous expression of RhBG and RhCG [9,11]. These
cells were stably transfected by the pCEP4-RhAG, pCEP4-RhBG
and pCEP4-RhCG vectors. Fluorescence microscopic analysis
revealed plasma-membrane expression of all RhAG, RhBG and
RhCG glycoproteins in transfected cells (Figure 1A), whereas no
labelling could be detected in parental HEK-293 cells (results
not shown). More than 90 % of transfected cells expressed the
Rh glycoproteins after 2 weeks of antibiotic selection, as deter-
mined by flow-cytometric analysis (Figure 1B). It was calculated,
from the binding-capacity of the LA18.18 monoclonal antibody
on unpermeabilized HEK-293-RhAG cells, that a mean of 9500
RhAG molecules were expressed at the cell surface in these
recombinant cells. However, the number of RhBG and RhCG
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Cell surface expression of the recombinant RhBG, RhCG and RhAG antigens in HEK-293 transfectants

(A) Immunofluorescence microscopy analysis. HEK-293 transfectants cultured on poly(L-lysine) coverslips were fixed and permeabilized before adding the relevant anti-Rh primary antibodies.
Alexa-Fluor labelled IgG were used as secondary antibodies. (B) Flow-cytometric analysis using LA18.18 monoclonal anti-RhAG, polyclonal anti-RhBG-Cter and anti-RhCG-Cter antibodies. The
black lines represent the non-transfected cells and red lines represent transfected cells. Percentage of positive transfected cells is indicated.

molecules expressed in the recombinant cells could not be
determined by flow cytometry since labelling was performed on
permeabilized cells and the antibodies used (rabbit polyclonal)
were not suitable for specific antibody binding-capacity esti-
mation.

pH; variation kinetics of WT (wild-type) and transfected
HEK-293 cells in the presence of an inwardly directed
ammonium gradient

The NH,*/NH; transport capacity of human RhAG, RhBG and
RhCG proteins, stably expressed in HEK-293 cells, was inves-
tigated by stopped-flow spectrofluorometry using BCECF as an
intracellular pH-sensitive probe. Figure 2 indicates the time-
course of the fluorescence increase after exposure of HEK-293
cells to inwardly directed 32.5 mmol of NH," (Figure 2A) or
CH;NH;* gradients (Figure 2B), at pH 7.0. The fluorescence vari-
ation curves exhibited a rapid increment corresponding to
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Figure 2 Time course of fluorescence changes

WT and RhBG-, RhCG- or RhAG-transfected HEK-293 cells were submitted to 32.5 mmol
ammonium (A) or methylammonium (B) iso-osmotic inwardly-directed gradients (pH 7.0) at
15°C. pH; changes were monitored through fluorescence change to the pH-sensitive dye BCECF
in the stopped-flow spectrofluorimeter. A rapid initial alkalinization is observed. Smooth lines
are exponential fits to the data.
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Table 1  Alkalinization rate constants (s—') of transfected HEK-293 and MDCK cells
* P < 0.001 compared with WT, + P < 0.001 compared with RhBG; & P < 0.02 compared with RhBG; nd, not determined; n values in parentheses.

Rate constant (s~)

HEK-293 MDCK
Substrate WT RNBG RhCG RhAG WT RhBG RhCG
NH,*+ 0.18+0.011 (6) 140.15* (5) 0.88+0.07* (5) 0.15+0.04 (3) 0.18+0.009 (4) 0.76 + 0.007* (4) 0.45+0.02* (4)
CHyNHs+ 0.029 + 0.01 (6) 0.53+ 0.06* (4) 0.11+0023% (3) 0.04+001(3) 0.042 + 0.02 (4) 0.35+ 0.01* (4) 0.045 + 0.012+ (4)
CoHsNH; 0.041 (2) 0.11(2) 0.043(2) nd nd nd

intracellular alkalinization. This result may be accounted for,
by NH; or CH;NH, entry into the cells and their protonation to
form NH,* or CH;NH;*, or by an NH,*/H* exchange mech-
anism [26]. Although most experiments were performed using a
32.5 mM gradient, some were also carried out using 2.5-40 mM
(pH 7.0) gradients and we found a linear relationship between
ammonium concentration and fluorescence variation (results
not shown). After this rapid alkalinization phase, pH; slowly
returned to pH, in the incubation medium (results not shown).
As the acidification phase is more than 100 times slower than
the alkalinization phase (as estimated by #1,, values for CH;NH,
and NH; respectively), we assume that it does not significantly
interfere with the calculation of first-phase rate constants. This
phase of slow acidification is a complex process as the cell
membrane carries several transporters which could participate
in pH regulation. Therefore, this was not investigated further.
Whereas the alkalinization amplitudes between T, and T equili-
brium were similar in parental and all recombinant cells
(ApH approx. 0.76 = 0.07 pH unit, n=6), the kinetic rates of
alkalinization were different according to which Rh protein was
expressed and the nature of the substrate used. In the presence of
an inwardly directed ammonium gradient (32.4 mmol of NH,*
and 0.1 mM NH;) (Figure 2A), the alkalinization process was
approx. 5—6 times faster in HEK-293 cells expressing RhBG and
RhCG than in WT and RhAG-expressing HEK-293 cells
(alkalinization rate constants were 1+0.15 and 0.88 +0.07
compared with 0.18 £0.01 and 0.15+0.04s™' respectively)
(Table 1). To ascertain that these results are not cell-line-depen-
dent and directly correlated to RhBG and RhCG expression, the
same experiments were performed in MDCK cell lines. Similar
results were obtained when RhBG and RhCG were expressed
in transfected MDCK cells (Table 1). In the presence of an
inwardly directed MA gradient (Figure 2B), the rate constants
of alkalinization were much lower than those corresponding
to ammonium entry for all cells investigated. Furthermore, as
compared with WT HEK-293 cells, the increase in the alkaliniz-
ation rate constant associated with expression of Rh glycoproteins
in HEK-293 cells was much more drastic for RhBG than for
RhCG [(0.029+0.01 s™' (WT) compared with 0.53+0.06
(RhBG) and 0.1140.023 s™! (RhCG); Table 1)]. In MDCK
cells, only RhBG expression was able to increase the rate
constants of alkalinization as compared with WT MDCK cells
(see Table 1). As observed with an NH," gradient, RhAG
expression did not significantly modify the alkalinization rate
of HEK-293 cells in the presence of an CH;NH;* gradient
(HEK-RhAG 0.04 +0.01 s™' compared with WT HEK-293 cells
0.029 +0.01 s7"). Therefore, the effects of RhAG expression
were not further explored. Finally, as compared with WT HEK-
293 cells, only RhBG was able to increase the alkalinization
rate of HEK-293 cells in the presence of an inwardly directed

w“_‘i RhBG
k=057 s
RhCG

2s

Fluorescence

Figure 3 Ammonium efflux from HEK-293 cells

Time course of fluorescence changes in WT and RhBG- or RhCG-expressing HEK-293 cells
submitted to an outwardly directed 49 mmol NH,* gradient are shown. Kingtics of pH; changes
were analysed as described in Figure 2. The calculated acidification kinetic rate constants are
shown. Smooth lines are exponential fits to the data.

ethylammonium (C,HsNH;") gradient (see Table 1). Neither
of the two Rh glycoproteins were able to transport di- or tri-
methylammonium (results not shown).

pH; variation kinetics of WT and transfected HEK-293 cells in the
presence of an outwardly directed ammonium gradient

When an NH,* outwardly directed gradient was applied to WT
and RhBG- or RhCG-transfected HEK-293 cells, the recorded
kinetics (Figure 3) showed a fluorescence decrease which cor-
responds to cell acidification. This result may be accounted for
by NH; loss from the cell and leaving an H* ion behind or by
H*/NH," exchange [26]. The rate constants of acidification
were in the same range as those for alkalinization obtained in
ammonium influx experiments. As is the case for ammonium
influx, ammonium efflux was seven to eight times greater in
RhBG- and RhCG-expressing HEK-293 cells than in WT HEK-
293 cells (0.64 and 0.57 compared with 0.08 s7").

Ammonium and methylammonium permeability

Apparent ammonium and methylammonium cell permeability
was determined at 15°C, pH 7.0. Under these conditions, the
apparent maximal ammonium or methylammonium gradient be-
tween the outside and inside of cells was 32.5 mmol. Priver’s
equation (see the Experimental section) allowed the calculation
of permeability values from the time-constant rates. Calculated
ammonium permeability values (10™* cm-s™') were 0.24, 1.5
and 1.31 for WT, RhBG- and RhCG-expressing HEK-293 cells
respectively. Calculated methylammonium permeability values
(10 cm-s7') were 0.2, 6.5 and 1.03 for WT, RhBG- and
RhCG-expressing HEK-293 cells respectively. Similar results
were obtained in MDCK cells. It is noteworthy that the calculated
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Figure 4 HgCl, sensitivity of RhBG and RhCG-mediated ammonium
transport in HEK-293 transfectants

(R) HEK-293 cells were incubated with 0.1 mM HgCl, for 10 min before the time course
of fluorescence changes in the presence of an inwardly directed ammonium gradient was
determined, as described in Figure 2. The same samples were further analysed for pH; changes
after treatment with 5 mM 2-mercaptoethanol. (B) Dose—response to mercury inhibition. RhBG
transfectants were pre-incubated for 10 min with increasing concentrations of HgCl, (20, 50,
100, 200 «M) before stopped-flow analysis was performed. Each point represents the mean
value of 6 to 8 replicated experiments. ICsp was close to 52 M.

value for WT MDCK cells is consistent with that calculated from
the values published previously by others [24].

Effects of HgCl, on ammonium transport of RhBG and RhCG
HEK-293 transfectants

To further demonstrate that RhBG and RhCG proteins are directly
involved in ammonium transport, we tested the effect of HgCl,
on the pH; variation rate constant. Figure 4(A) shows that pre-
incubation of HEK-293-RhBG and HEK-293-RhCG transfectants
with HgCl, (10~* M) reduced the rate of ammonium influx to that
observed in WT HEK-293 cells submitted to a NH,* gradient.
Half-maximal inhibition occurred at 52 uM (Figure 4B). The
uptake of ammonium was partially recovered when 5 mM 2-
mercaptoethanol was added to HgCl,-treated RhBG- and RhCG-
expressing cells (Figure 4A). Similarly, an HgCl, inhibition of
ammonium efflux was observed when cells were submitted to
an outwardly directed NH,* gradient (results not shown). Since
HgCl, interacts with thiol groups, we tested the effects of mutating
the three cysteine residues, which are conserved between RhBG
and RhCG [8], on the ammonium transport activity of transfected
cells. Transfection with RhBG-C19A and RhCG-C15A mutant
plasmids seemed to be toxic since no recombinant cells could be
obtained in selective medium. Cells expressing the RhBG-C130A,
RhCG-C131A and RhBG-C339A, RhCG-C338A mutant proteins
exhibited alkalinization curves and HgCl, inhibition similar to
those observed in RhBG-WT- and RhCG-WT-expressing cells
(results not shown).

E, of ammonium uptake

One criterion to discriminate between channel-mediated per-
meation of NH; and active NH,*/H* exchange is to demonstrate
that ammonium uptake is either a weakly or a highly temperature-
dependent process respectively. In the present experiments,
ammonium uptake as deduced from the E, determined from the
Arrhenius equation (see the Experimental section), showed a
much lower temperature-dependence in RhBG and RhCG trans-
fectants than in WT HEK-293 cells (£, = 8.87 and 4.86 compared
with 25.23 kcal/mol respectively) (Figure 5).

DISCUSSION

The present study indicates that RhBG and RhCG facilitate bi-
directionnal ammonium transport across the plasma membrane
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Figure 5 Arrhenius plot of temperature-dependent ammonium permeation
in HEK-293 cells

Temperature dependence of ammonium transport was analysed in WT (A) and in RhBG-
(#) and RhCG- (<) expressing HEK-293 cells. Arrhenius activation energies for ammonium
permeation were 25.23, 8.87 and 4.86 kcal/mol in WT, RhBG- and RhCG-expressing HEK-293
cells respectively. Each point corresponds to individual experiments.

of transfected kidney cells submitted to an inwardly or outwardly
directed ammonium gradient. In the absence of a direct measure-
ment of intracellular NH; and NH,*, we attempted to determine
which form of ammonium is transported by analysing the pro-
perties of pH; changes using a stopped-flow fluorimetry based
approach. This method permits reliable measurement of rapid
kinetics in a fraction-of-a-second range and is therefore particu-
lary suitable if NHj; is the transported species. The intracellular
alkalinization and acidification processes observed in the presence
of inwardly and outwardly ammonium gradients, respectively,
could be explained by NH,*/H* exchange, as proposed by others
[6,15,17] or by facilitated NH; transport, as has been proposed
for the erythroid Rh glycoprotein RhAG [20]. However, two
arguments prompt us to favour the hypothesis that the uncharged
molecule is transported: an influx of NH; resulting in the
intracellular captation of H* to give NH,*, and an efflux of NH,
resulting from deprotonation of NH," leaving one intracellular
H ion behind [26]. Firstly, the rapid kinetics of the pH; changes
reported in the present study are in contrast with the much
slower kinetics associated with antiport functions (i.e. Nat/H*
exchangers) [27]. Secondly, the significant decrease in FE,
associated with RhBG and RhCG expression also points towards
RhBG and RhCG as channels rather than as active exchangers
whose function requires high-energy-dependent conformational
changes [28,29]. The conclusion that RhBG and RhCG carry
out NH; transport fully correlates with our recent study demon-
strating that the rate constant of NH; movement in RBCs is
strictly dependent on RhAG expression level [20]. These re-
sults, supported by crystallographic and functional studies
demonstrating that AmtB, a bacterial member of the Amt/Mep/Rh
superfamily, is a channel that conducts NH; [30,31], first identified
Rh glycoproteins as members of an NH; channel family in
mammals. In support of a physiological relevance for the capacity
of RhBG and RhCG to transport NHj, it has been shown, at least
in the kidney, that epithelial cells that exhibit the highest NH;
permeability, namely intercalated cells of the collecting tubules
[32], are those which express RhBG and RhCG [9-11].

Since ammonium transport may play different physiological
roles in different organisms and in different tissues within the
same organism, the findings that bacterial AmtB and mammalian
Rh glycoproteins function as a gas channel for NH; should not
rule out the possibility that other members of the Amt/Mep/Rh
superfamily can function differently. For instance, the plant
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proteins LeAMT1;1 and LeAMT1;2 when expressed in Xenopus
oocytes, have been proposed to be electrogenic NH,* transporters
[33,34]. Supporting the hypothesis that plant and mammalian
Amts, or Rh-type Amts, might have distinct functional properties,
recent paralleled electrophysiological measurements performed
with injected Xenopus oocytes further demonstrate that
LeAMT1;2 supports specific NH,* currents while RhCG mediate
electroneutral ammonium transport (U. Ludewig, personal
communication). Likewise, it has been shown that AQP6, in con-
trast to the other members of the aquaporin family, exhibits low
basal-water permeability accompanied by high anion conductance
[35]. Moreover, the observation that CIC CI~ proteins function
as chloride channels in eukaryotes but as H*/Cl~ exchangers
in prokaryotes led to the proposal that “the structural boundary
separating channels and transporters is not as clear cut as generally
thought” [36].

To further demonstrate that RhBG and RhCG proteins were
directly involved in NH; influx, we tested the effect of HgCl,
on the alkalinization rate constants of WT and transfected HEK-
293 cells submitted to an NH,* gradient. Together with the de-
creased E, associated with RhBG and RhCG expression, the
observation of an inhibitory effect of mercury on NHj; transport,
that is partially reversible by 2-mercapthoethanol, supported the
involvement of a protein dependent pathway in the accelerated
transport of NH;. The high P” NH; mercury sensitivity of RhBG-
and RhCG-expressing cells (ICso: 52 uM) is in agreement with
results of previous studies on the postulated protein-mediated NH;
permeability of plant nodules [37]. Although mercury inhibition
suggested involvement of one or more cysteine residues, a critical
role for these residues could not be demonstrated by mutagenesis
analysis. Indeed, among the three conserved cysteines that have
been analysed so far, two did not seem to be crucial when
individually mutated (Cys'*/Cys"' and Cys**/Cys**), whereas
mutations of the one other appeared to result in a toxic form of
RhBG and RhCG (Cys'?/Cys').

Although the major conclusion from the present study is that
NH; is the ammonium form transported by both RhBG and
RhCQG, it is of interest that these two Rh glycoproteins are not
equal in the transport of molecules larger than ammonium, such
as methylammonium and ethylammonium. It is tempting to specu-
late that structural differences within the vestibule located at the
top of the narrow channel of RhBG and RhCG, as hypothesized
from the crystal structure of AmtB [30,31], should account for
these different substrate accessibilities.

Although RhAG was shown to facilitate NH; movement across
the RBC membrane [20], the transport function of this Rh gly-
coprotein could not be assessed in the cellular model succesfully
used for RhBG and RhCG. Of note, the expression level of
RhAG in transfected HEK-293 cells (9500 copies of RhAG/
cell) is lower than that observed in Rh,,; RBCs of the amorph
type (17000 copies of RhAG/RBC) which already exhibited much
reduced alkalinization rate constant values, as compared with nor-
mal control RBCs (100000 copies of RhAG/cell) [20]. Accord-
ingly, the alkalinization rate constant value of HEK-293 cells
submitted to an inwardly directed ammonium gradient was not
modified by the low expression level of RhAG which is pre-
sumably due to the absence in HEK-293 cells of the RhAG
protein partners present in RBCs, i.e Rh (D and CE) [3], ankyrin
R [38] and Band 3 [39], which are necessary for its full membrane
expression.

From experimental evidence suggesting that AmtB and Mep
proteins facilitate diffusion of NH; across the cytoplasmic
membrane of bacteria and fungi respectively [40,41], Soupene
and co-workers have also speculated that mammalian Rh proteins
might be gas channels. However, based on the relatively restricted

organ and tissue distribution of Rh proteins and the observation
that mutants of Chlamydomonas reinhardtii lacking the paralogue
Rh1 protein grow very slowly under high CO, conditions, these
authors further suggested that mammalian Rh proteins might
function as CO, rather than as NH; gas channels [42,43]. Although
the narrowness of the channel in AmtB and the nature of the pore-
lining amino acids [30,31] do not favour the hypothesis of a CO,
transporter, we cannot formally rule out that Rh glycoproteins
are gas channels that might facilitate either NH; or CO, transport
depending on which cell types they are expressed in. While there
is increasing evidence for the existence of conserved NH; gas
channels in bacteria to mammals, the integrated biological role of
Rh glycoproteins in mammal physiology remains unknown. We
expect that animal models which are currently being generated
will provide an answer to this important question in the near
future.
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