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Expression of the human erythroid Rh glycoprotein (RhAG) enhances
both NH3 and NH4

+
transport in HeLa cells

Abstract The erythroid Rh-associated glycoprotein
(RhAG) is strictly required for the expression of the Rh
blood group antigens carried by Rh (D,CE) proteins. A
biological function for RhAG in ammonium transport
has been suggested by its ability to improve survival of
an ammonium-uptake-deficient yeast. We investigated
the function of RhAG by studying the entry of NH3/
NH4

+ in HeLa cells transiently expressing the green
fluorescent protein (GFP)-RhAG fusion protein and
using a fluorescent proton probe to measure intracellular
pH (pHi). Under experimental conditions that reduce
the intrinsic Na/H exchanger activity, exposure of con-
trol cells to a 10 mM NH4Cl-containing solution induces
the classic pHi response profile of cells having a high
permeability to NH3 (PNH3) but relatively low perme-
ability to NH4

+ (PNH4). In contrast, under the same
conditions, the pHi profile of cells expressing RhAG
clearly indicated an increased PNH4, as evidenced by
secondary reacidification during NH4Cl exposure and a
pHi undershoot below the initial resting value upon its
removal. Measurements of pHi during methylammoni-
um exposure showed that RhAG expression enhances
the influx of both the unprotonated and ionic forms of
methylammonium. Using a mathematical model to ad-
just passive permeabilities for a fit to the pHi profiles, we
found that RhAG expression resulted in a threefold in-
crease of PNH4 and a twofold increase of PNH3. Our
results are the first evidence that the human erythroid
RhAG increases the transport of both NH3 and NH4

+.
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Introduction

The human Rh-associated glycoprotein (RhAG) is a
transmembrane protein expressed only in erythroid cells
[42]. RhAG is expressed at the red cell surface in asso-
ciation with Rh30 proteins (RhD, RhCE) that carry the
Rh blood group antigens. One of its physiological roles
in red cells is the regulation of Rh30 membrane
expression [39] and, through several interactions [9, 40],
the maintenance of red cell shape. Red blood cells
lacking RhAG lack expression of Rh antigens at the
membrane surface (Rhnull, regulator type) [13, 19] and
exhibit abnormalities of morphology, cation fluxes, and
phospholipid organization [1, 10, 44].

RhAG and Rh30 proteins belong to the same protein
family as the two non-erythroid glycoproteins, RhBG
and RhCG, that are expressed mainly in the kidney and
liver [29, 30, 35]. From their sequence similarities with
the ammonium1 transporters of the methylammonium
permease/ammonium methylammonium transporter
(Mep/Amt) family (reported in bacteria, yeast, plants,
and invertebrates), Rh proteins are classified as
belonging to the superfamily of NH3/NH4

+ transporters
[20, 23, 37, 38].

The first experimental study suggesting a potential
function for the Rh glycoproteins as specific ammonium
transporters showed that RhAG and RhCG enabled
transport in ammonium-uptake-deficient yeast [35], al-
though that study did not allow any conclusions as to
which molecular species (i.e. NH3 and/or NH4

+) is
actually transported. While available data support an
ammonium transport function of human Rh glycopro-
teins, discrepancies with respect to both the identity of
the transported species and the transport mechanism
persist. A study using the ammonium analogue methy-
lammonium for isotopic flux studies in RhAG-express-
ing Xenopus laevis oocytes has shown that RhAG
increases methylammonium uptake in a H+-dependent
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process, suggesting that RhAG mediates ammonium
transport by an electroneutral NH4

+/H+ exchange
mechanism [47]. A comparison of the radiolabelled
methylammonium flux between normal red blood cells,
Rhnull cells lacking RhAG (regulator type) and Rhnull
cells that partially expressed RhAG (amorph type), has
shown a higher accumulation of methylammonium ions
in Rhnull cells of regulator-type than in normal red blood
cells, and an intermediate amount of methylammonium
ions in Rhnull cells of amorph-type, suggesting that
RhAG may be involved in ammonium efflux [17].

The aim of the present study was to investigate
RhAG function in a mammalian expression system and
to identify the molecular species actually transported,
i.e. NH3 or NH4

+ or both. The effects of RhAG on NH3/
NH4

+ transport were explored by analysing the intra-
cellular pH (pHi) changes in response to pulses of
external NH4Cl or methylammonium chloride (MeACl)
in HeLa cells transiently expressing RhAG. Our results
indicate that expression of RhAG enhanced the perme-
abilities (P) for NH4

+ and NH3 in HeLa cells. We used a
mathematical model to quantify the permeability chan-
ges and to test the compatibility of alternative hypoth-
eses (e.g. RhAG induction of simple permeabilities or of
a neutral antiporter) with the observed pHi profiles.

Materials and methods

Plasmid construction

To visualize membrane RhAG expression on individual
transfected cells before pHi measurement, RhAG was
tagged in its N-terminal region by the SuperGlo green
fluorescent protein (GFP) using pQBI25-fC1 plasmid
(Q-BIOgene): RhAG cDNA (1230, bp) was amplified by
PCR from the previously established construction
pRSRhAG-hum [35] using P1-(HindIII) (5¢-CC
AAGCTTGCCACAAACATGAGGTTCACATTCC-3¢)
and P2-(EcoRI) (5¢-AC GAATTCCACCATGTCCA-
TGGAACTGATTGTCAAGTTA-3¢) and inserted at
the compatible cloning sites downstream from the
GFP coding sequence into pQBI25-fC1 plasmid.

Construction was verified by sequencing. The re-
combinant pCEP4 plasmid expressing hUT-B1 was a
generous gift of Dr. P. Bailly (INSERM U76).

Cell culture and transfection

HeLa cells (passages 7–12) were grown at 37�C under
5% CO2. The medium was DMEM supplemented with
10% foetal calf serum, 100 U/ml penicillin, 100 lg/ml
streptomycin (all from Life Technologies) and 1/100
non-essential amino acids (Sigma). The cells were seeded
in 12-well plates (1·105 cells/well) on cover-glasses
(14 mm diameter) 24 h before transfection. Confluent
cells (60%) were transfected with 0.6 lg recombinant or
native plasmids for each well, using LipofectAMINE
(Life Technologies). PQBI25 plasmid-transfected cells
(expressing GFP) were used as control cells.

Confocal microscopy

Living HeLa cells transfected with pQBI25 or pQBI25-
RhAG plasmid were examined 24 h after transfection
under a Zeiss confocal laser scanning microscope (LMS
510). GFP was excited at 488 nm with argon ion lasers,
and the fluorescence emission was collected using a 500-
to 550-nm filter. Images were collected with a Zeiss ·100
oil-immersion objective.

Solutions

Composition of the solutions used for pHi measure-
ments is given in Table 1. In ammonium-containing
solutions, NaCl was replaced by equimolar NH4Cl. For
some experiments, BaCl2 (Merck), ouabain (Sigma) and
bumetanide (Sigma) were added to solutions 1 and 2 to
final concentrations of 2.5 mM, 1 mM and 100 lM,
respectively. The fluorescent proton probe 2¢,7¢-bis(2-
carboxyethyl)-5(6)- carboxyfluorescein/acetoxymeth-
yl ester (BCECF/AM, Molecular Probes) was prepared
as a 2 mM stock solution in dimethylsulfoxide

Table 1 Composition of the
solutions (in mM) used for
experiments of pHi

measurements. pH was adjusted
to 7.4 with NaOH for solutions
1–3 or with TRIZMA BASE
(Sigma) for solutions 4 and 5;
(MeACl methylammonium
chloride)

Solutions

Component 1 2 3 4 5
Ringer Ringer

(NH4Cl)
Ringer
(MeACl)

Ringer
(0 Na+)

Ringer
(0 Na+, NH4Cl)

NaCl 140 130 130 - -
KCl 4.5 4.5 4.5 4.5 4.5
MgCl2 1 1 1 1 1
CaCl2 1 1 1 1 1
Choline-Cl - - - 140 130
NH4Cl - 10 - - 10
MeACl - - 10 - -
Glucose 10 10 10 10 10
HEPES 10 10 10 10 10
pH 7.4 7.4 7.4 7.4 7.4
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(1:500) and diluted in solution 1 to a final concentra-
tion of 2 lM. Nigericin (Molecular Probes) was pre-
pared as a 10 mM stock solution in ethanol and diluted
to a final concentration of 5 lM in a solution con-
taining (in mM): KCl, 105; MgCl2, 1; CaCl2, 1; N-
methyl-D-glucamine-Cl (NMDG-Cl), 29.5; glucose, 10;
N,N-bis(2-hydroxyethyl)-2-aminoethanesulphonic acid
(BES), 10; pH 7.0. The solutions used to establish the
pH calibration curve were buffered with 10 mM 2-(N-
morpholino)ethanesulphonic acid (MES, pH 5.5–6.5),
HEPES (pH 7.5) or 3-{[2-hydoxy-1,1-bis(hydroxym-
ethyl)ethyl]amino}-1-ethanesulphonic acid (TAPS,
pH 8.0–8.5) (Sigma).

Measurement of pHi

In all experimental series, control HeLa cells were pre-
pared simultaneously with HeLa cells expressing RhAG.
The cells were grown on cover-glasses and transfected
24 h before being fixed to a chamber with Silbione
grease (SILICONES). The chamber was then placed in a
holder on the inverted microscope stage (OLYMPUS
IX70, equipped with a 40· oil-immersion objective).
Transfected cells were identified by the GFP fluores-
cence (excitation/emission 474/509 nm) and were tagged
carefully (visually on the saved images) for further pHi

analysis. Cells expressing RhAG were identified as cells
exhibiting green fluorescence at the membrane. The cells
were loaded with the pH-sensitive dye BCECF/AM
(2 lM) for 20 min directly in the perfusion chamber and
then washed. Solutions were delivered by gravity feed
and were switched with an electrically activated valve
(complete solution change in the chamber took less than
1 s). For pHi recording, the cells were excited alternately
at 440 and 490 nm with a 100 W halogen lamp, and the
fluorescence emission at 515 nm collected by a Gen IV
Intensified Cold Camera Digital (Princeton Instruments)
at intervals of 30 s during Ringer superfusion, 10 s
during the NH4Cl pulses (150 s) and 5 s during MeACl
pulses (150 s). In some experiments, shorter excitation/
emission intervals were used (1 s). In preliminary
experiments, the absence of GFP interference with pHi

measurements from BCECF was confirmed by the lack
of NH4Cl-induced change in the wave length-specific
fluorescence intensity I490 or I440, or the ratio thereof,
from GFP-fluorescent control cells not loaded with
BCECF and by the fact that we obtained similar values
of resting pHi (P>0.05) in GFP (n=19) and non-GFP-
expressing HeLa cells (n=19). Except when stated in the
text, experiments were performed at 22–25�C. pHi was
calculated from the I490/I440 excitation ratio by calibra-
tion of the BCECF signal using the high-K+/nigericin
method [45].

Nigericin calibration

We concluded each experiment with a single-point cali-
bration, using the nigericin/high-K+ technique to obtain

the I490/I440 ratio at pHi 7.00. In calibration experiments,
we calculated the normalized ratio R=(I490/I440)/(I490/
I440)pH 7.00 and obtained its dependence on pHi between
pH 5.5 and 8.5 in increments of 0.5 pH units (Fig. 1). In
as much as the calibration curve was constrained to pass
through the point I490/I440=1.0, pH=7.0, we fitted the
data to a variant of the pH titration equation [8] (see
legend to Fig. 1) that forces the function relating R to
pHi through this standard point. pHi was calculated
from R according to:

pHi ¼ pK � log10
b 1þ 10pK�7
� �

ðR� 1Þ 1þ 10pK�7ð Þ þ b
� 1

� �

(1)

where pK and b are constants (see legend to Fig. 1).

Determination of cell buffering power

The intrinsic cell buffering power bi was determined in
control cells from the changes in pHi (DpHi) induced by
cell acid loading. Cells were acid loaded by exposure to
NH4Cl in steps of decreasing concentration at constant
external pH (pHo, 7.4). As the activity of H +-equivalent
(including NH4

+) membrane transport mechanisms may
lead to overestimation of bi [7], the measurements were
performed under Na +-free conditions (solution 4, Ta-
ble 1) to inhibit Na+-dependent, pHi regulatory mech-
anisms and by using bumetanide- (100 lM) and
ouabain- (1 mM) supplemented solutions to inhibit Na-
K (NH4

+)-2Cl co-transport and Na,K(NH4
+)-ATPase

[25]. Under these experimental conditions, exposing the
cells to a 20 mM NH4Cl-containing solution elicited
rapid alkalinization followed by a stable plateau phase.

Fig. 1 Intracellular calibration of the pH-sensitive dye BCECF.
Relationship between intracellular pH (pHi) and the normalized
ratio (at pH 7.0) of emitted light intensities (I) at 490 and 440 nm
excitation wave-lengths (emission 515 nm). Measurements were
obtained from n=118 cells from three experiments. The continuous
line through the points (means±SEM) was obtained by fitting to

the data the equation: R ¼ 1þ b 1

1þ10pK�pHi
� 1

1þ10pK�7

� �

where b and

pK are constants (b=1.50±0.007; pK=7.27±0.006; correlation
coefficient r2=0.99)
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Halving the [NH4Cl] (in four steps, from 20 down to
1.25 mM) induced a sharp acidification at each step,
DpHi, as shown in Fig. 2 (inset).

The concomitant change in intracellular NH4
+,

D[NH4
+]i, was calculated according to:

D NHþ
4

� �

i
¼ NH3½ �i � 10pK�pHi (2)

where [NH3]i is considered equal to [NH3]o, pK (=9.25)
is the apparent dissociation constant for NH4

+/NH3 and
D[NH4

+]i the amount of base (DB) required to induce the
measured DpHi. bi was then calculated according to:

bi ¼
DB

DpHi

(3)

bi values (N=387, from n=103 cells) were associated
with the mid-point of measured DpHi. As shown in
Fig. 2, bi tends to decrease as pHi increases. An expo-
nential fit for bi was used in the modelling calculations.

Mathematical model

A mathematical model was used to aid in the interpre-
tation of the changes of pHi following exposure of
control and RhAG-transfected cells to NH4Cl, on the
basis of several possible hypotheses. The basic model is

quite similar to that of Boron and deWeer [6], except
that we included a pHi regulatory mechanism that tends
to return cell pH to its initial value as in [34], and we
took into account the possible effects of NH4

+ on
membrane potential. The model also shares most fea-
tures with more recent modelling studies of NH3/NH4

+

transport in macula densa [27] and glia [34] cells.
The resulting basic model was adequate in that it

yielded close fits to the pHi profiles of both the control
cells and RhAG-transfected cells. We first obtained best-
fit estimates of control, baseline values of permeabilities
(PNH3, PNH4) and the strength of the pHi regulatory
system (kh,reg) by non-linear, least-squares fitting to the
pooled pHi profile data from all control cells. Then, using
the control value for kh,reg, we fitted the pooled pHi

profiles of all RhAG-transfected cells, adjusting either
PNH4 or PNH3 or both. The intrinsic cell buffering power
bi was obtained from the equation describing its expo-
nential decrease as a function of pHi, as determined
experimentally. The same bi values were used for both
control and RhAG-expressing cells since, by definition,
intrinsic cell buffering power is independent of mem-
brane H+-equivalent (including NH4

+) membrane
transport mechanisms. The model equations are derived
in detail in the Appendix. The model was solved
numerically using the differential equation solver
Berkeley Madonna (http://www.berkeleymadon-
na.com). A program listing is available from the authors.

Data analysis

Results are expressed as means±SE for n cells from at
least three independent experiments. The significance of
differences between means was determined using Stu-
dent’s t-test, for paired or unpaired samples as appro-
priate. The software program SigmaPlot (v. 6.0) was
used for all statistical analyses. Significance was assumed
if P<0.01.

Rate of pHi change calculations

The initial rate of change in pHi was measured following
the cell’s exposure to externalMeACl (alkalinization) and
upon its removal (acidification) and was calculated as
DpHi/Dt, using the pHi measured at the moment of initi-
ation of a solution change and pHi measured 5 s later.

Results

Membrane expression of GFP-RhAG fusion protein
in HeLa cells

To study the ability of RhAG to promote NH3/NH4
+

transport in human cells, we expressed GFP-RhAG
fusion protein transiently in HeLa cells. Since the
C-terminal region is involved in the interaction with the

Fig. 2 Intracellular buffering power bi as a function of pHi.
Intracellular buffering power was determined from NH4Cl pulses
in n=103 cells. Each bi value is represented by a filled circle and is
plotted against the mid-pHi value measured during the sharp
acidification induced by a twofold decrease in extracellular
[NH4Cl]. The solid line was obtained by fitting all bi values
(N=387 determinations) by non-linear, least-squares adjustment of
k in the equation: bi ¼ bmin þ bmax � bminð Þe�k pHi�pHrefð Þ where
bmin=1, bmax=25, pHref=6.5, and k=1.3 (see Appendix). Inset:
pHi in a single HeLa cell exposed to stepwise reduction of
extracellular [NH4Cl] (as indicated above the trace), under Na+-
free conditions
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cytoskeleton [40], and since this interaction is required
for membrane expression of RhAG, we tagged RhAG
within its N-terminal region. Membrane expression of
the GFP-RhAG fusion protein in HeLa cells was visu-
alized by confocal microscopy. As shown in Fig. 3,
HeLa cells expressing GFP-RhAG (transfected with
pQBI25-RhAG) displayed green fluorescence condensed
in the plasma membrane (panel a) whereas HeLa control
cells, expressing GFP alone (transfected with the empty
pQBI25 vector), exhibited fluorescence mainly in the
cytoplasm (panel b).

NH4Cl effect on pHi in control cells

To determine the optimal conditions for studying the
effect of RhAG expression on ammonium transport, we
first investigated the effect of 10 mM NH4Cl on pHi in
control HeLa cells expressing GFP alone. As shown in
Fig. 4 exposure of control cells at 37�C to a 150-s pulse
of NH4Cl-containing solution induced a pHi response
consistent with a cell membrane permeable to both NH3

and NH4
+ [6], i.e. initial alkalinization (A–B)—attrib-

uted to fast passive entry of NH3 and its partial intra-
cellular reaction with H+ to form NH4

+—followed by a
slower acidifying ‘‘plateau phase’’ (B–C) [5] reflecting
the partial dissociation of NH4

+ entering the cell.
Withdrawal of external NH4Cl elicited immediate acid-
ification (C–D), reflecting the fast exit of NH3 and hence
dissociation of the NH4

+ remaining in the cell: pHi fell to
values lower than the initial (resting) pHi (designated as
an undershoot, D–A). pHi then tended to recover to-
ward the pre-pulse value, consistent with efficient pHi

regulatory mechanisms after acid loading. Exposure to
1 mM amiloride throughout the experiment reduced
both the plateau-phase acidification [DpHi (C–
B)=�0.11±0.003 pH units, n=28, vs. �0.28±0.02 pH
units, n=20, P<0.001] and the undershoot amplitude
[DpHi (D–A)=�0.27±0.01 vs. �0.42±0.02 pH units,
P<0.001]. The presence of amiloride also slowed pHi

recovery from the acid load. These results are consistent
with an inhibitory effect of amiloride on the activity of
Na+/H+ exchange (which functions also as Na+/NH4

+

exchanger [3].
Since Na/H exchanger activity can be decreased by

lowering the temperature [11], we performed the same

experiment at ambient temperature (22–25�C) in the
absence of amiloride. The effect of this reduction of
temperature (n=25) was similar to that of using amilo-
ride at 37�C [DpHi (C–B)=�0.12±0.01 vs.
�0.11±0.003 pH units, P=0.34; DpHi (D–
A)=�0.24±0.01 vs. �0.27±0.01 pH units, P=0.17].
All subsequent experiments were performed at ambient
temperature to avoid the use of amiloride in view of a
possible effect (not yet established) on RhAG.

RhAG expression increases the NH4Cl effect on pHi

To determine the appropriate [NH4Cl] for analysis of
the effects of RhAG expression on the pHi profile,
control cells and cells expressing RhAG were exposed to
a series of NH4Cl-containing solutions (0.4–10 mM).
Figure 5 shows a typical tracing in which increasing
external [NH4Cl] increased the DpHi responses of all
three steps of pHi changes (alkalinization, plateau phase
and acidification) in HeLa cells expressing RhAG
(n=33) and in control cells (n=27). For [NH4Cl] above
3 mM, the plateau-phase acidification and the extent of
the undershoot were significantly greater in cells
expressing RhAG than in control cells. This dissimilarity
was amplified progressively with increasing [NH4Cl]o
and was particularly marked at 10 mM. This dissimi-
larity between control and RhAG-expressing cells was
also observed when cells (n=24) were exposed to pulses
of decreasing [NH4Cl] (10–0.4 mM). All subsequent
experiments were performed with 10 mM NH4Cl.

RhAG expression increases NH4
+ influx

Before exposure to NH4Cl, the resting pHi values in cells
expressing RhAG (n=23) and in control cells (n=25)
were similar (7.43±0.05 and 7.51±0.01, respectively,
P=0.1), indicating that under Ringer perfusion, the
expression of RhAG in HeLa cells did not modify the
resting pHi. Exposure to 10 mM NH4Cl induced an
initial, rapid intracellular alkalinization of similar
amplitude (P=0.23) in cells expressing RhAG
(0.46±0.02 pH units) and in control cells (0.43±
0.01 pH units) [Fig. 6a,b (B–A)]. This alkalinization was
followed by a greater (P<0.001) acidification during the

Fig. 3a,b Membrane expression
of the green fluorescent protein-
Rh-associated glycoprotein
(GFP-RhAG) fusion protein in
HeLa cells. Cells transfected
with a pQBI25-RhAG (cells
expressing GFP-RhAG) or b
with the empty pQBI25 plasmid
(control cells expressing GFP)
were visualized by confocal
microscopy 24 h later
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plateau phase in cells expressing RhAG
(�0.29±0.02 pH units) than in control cells
(�0.12±0.01 pH units) [Fig. 6a,b (C–B)]. Upon re-
moval of external NH4Cl, the pHi undershoot was far
greater (P<0.001) in cells expressing RhAG [DpHi (D–
A)=�0.47±0.02 pH units] than in controls [DpHi (D–
A)=�0.24±0.01 pH units] [Fig. 6a,b (D–A)]. From

both the increased DpHi during the plateau-phase and
the undershoot upon NH4Cl removal [Fig. 6b (C–B, D–
A)], these experiments indicated that expression of
RhAG in HeLa cells resulted in an increased influx of
NH4

+.

Effect of transport inhibitors

Since NH4
+ can enter the cell via some K+ pathways, we

performed a separate series of experiments in the con-
tinuous presence of 2.5 mM BaCl2 (K+-channel block-
er), 1 mM ouabain (inhibitor of Na,K-ATPase) and
100 lM bumetanide (inhibitor of Na-K-2Cl co-trans-
porter) to determine whether the effect of RhAG
expression on NH4

+ permeability is through such a
pathway. Application of these inhibitors had no effect
on the amplitude of NH4Cl-induced plateau-phase
acidification (P=0.5) or the post-pulse undershoot
(P=0.4) in RhAG-expressing cells (n=7), compared
with measurements obtained in their absence (DpHi (C–
B)=�0.22±0.04 vs. �0.21±.023 pH units; DpHi (D–
A)=�0.36±0.02 vs. �0.33±0.03). This result suggests
that the effects of RhAG do not involve the K+ path-
ways known to allow NH4

+ transport.

Effect of Na+ removal

Since NH4
+ can also be transported by the Na/H ex-

changer, we next monitored the effect of 10 mM NH4Cl
on pHi changes in RhAG-transfected cells (n=20) in the
absence of external Na+. In this series, cells were exposed
to a 10 mM ammonium pulse in the presence or absence
of Na+ (Table 1, solutions 4 and 5) in a paired fashion in
random order. In all cells (n=20), Na+ removal induced

Fig. 4 Effect of NH4Cl exposure on pHi. Typical tracing of pHi

obtained at 37�C from a control HeLa cell exposed to a 10 mM
NH4Cl pulse at pH 7.4 (bar). Before and after the 150-s NH4Cl
pulse, the cell was superfused with Ringer solution. A Indicates the
initial pHi before the NH4Cl pulse, B the highest pHi reached upon
NH4Cl exposure, C the pHi after 150 s NH4Cl exposure and D the
lowest pHi reached (undershoot) after removal of NH4Cl

Fig. 5 pHi changes as a function of external ammonium concen-
tration. pHi responses to NH4Cl pulses (150 s) in a typical cell
expressing RhAG (thick line) and in a typical control cell (thin line)
were recorded. Cells were exposed to various [NH4Cl] as indicated,
at pH 7.4. Successive pulses at new [NH4Cl] were introduced only
after pHi had returned to its baseline value

Fig. 6a,b Effect of NH4 Cl on pHi profile. a Profile of pHi in a cell
expressing RhAG (thick line) and in a control cell (thin line) in
response to 10 mM NH4Cl. Positions marked A–D indicate the
pHi values taken for the data analyses shown in b. b Comparison
between cells expressing RhAG (n=23, hatched columns) and
control cells (n=25, open columns) of mean DpHi alkalinization (B–
A), mean DpHi during the plateau phase (C–B) and mean DpHi

undershoot acidification (D–A)
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a slight, but significant, decrease of resting pHi

(7.50±0.04 vs. 7.43±0.03; P<0.001), consistent with
further inhibition of Na+-dependent pHi regulatory
mechanisms. Exposure to the ammonium-containing
solution induced qualitatively similar pHi profiles.
However, the reacidification phase and the post-pulse
undershoot were decreased under Na+-free conditions,
by 0.085±0.017 and 0.077±0.027 pH units, respec-
tively. Of note, under Na+-free conditions, pHi showed
no tendency to recover from the post-NH4Cl undershoot
until the superfusion solution again contained Na (Na-
free post-pulse lasted up to 330 s), consistent with the
inhibition of Na+-dependent pHi regulatory mecha-
nisms. These results also imply that NH4

+ influx in
RhAG-expressing cells is not Na+-dependent and, con-
sequently, is not mediated by Na/H exchange.

To confirm this last point, a separate series of
experiments was performed in the presence of amiloride.
In this series, the experimental temperature was raised to
37�C, a condition that apparently enhances the activity
of endogenous Na/H exchanger in HeLa cells (see
above). As expected, RhAG-expressing cells (n=11)
compared with control cells (n=28) exhibited a signifi-
cantly greater (P<0.001) plateau-phase acidification
(�0.23±0.01 vs. �0.11±0.003 pH units) and greater
(P<0.001) undershoot (�0.53±0.02 vs.
�0.27±0.01 pH units). In both control and RhAG-
expressing cells, pHi failed to recover, consistent with
efficient inhibition of Na/H exchanger by amiloride.
Taken together, these results are consistent with RhAG-
expressing cells showing an enhanced NH4

+ influx that is
independent both of K+ pathways and Na/H activity.

RhAG expression increases NH3 influx

As shown in Fig. 6a, possible effects of RhAG on NH3

influx are difficult to identify, since the rate of change of
pHi in the initial alkalinization (A–B) phase is exceed-
ingly rapid in both control and RhAG-transfected cells.
Any increase of the rate of pHi change due to RhAG
expression is thus beyond the temporal resolution of our
measurements of pHi (10-s intervals). In a separate ser-
ies, we performed faster pHi recordings (at 1-s intervals)
to investigate the initial (A–B) alkalinization in control
and RhAG-expressing cells. In this experimental series,
segment A–B is faster in RhAG-expressing cells (n=25)
than in control cells (n=27), as shown in the represen-
tative tracing in Fig. 7a. Qualitatively, these results
agree with an accelerated NH3 influx in RhAG-
expressing cells, but quantification of the changes (i.e.
calculation of the rate of pHi change) was not attempted
in view of the uncertainties introduced by background
noise (related to fast pHi recording). Thus, to quantify
the effects of RhAG expression on both NH3 and NH4

+

permeabilities, we used a mathematical model (see be-
low). The question of the transport of the neutral species
was investigated further experimentally using methy-
lammonium.

To reveal a possible increase of the permeability to
the uncharged form (NH3), we used the methylammo-
nium analogue. The pK of methylammonium is higher
than that of ammonium (10.65 vs. 9.25). Thus, for equal
concentrations of MeACl and NH4Cl (10 mM) at
pH 7.4, the concentration of the neutral form CH3NH2

will be �25-fold lower than that of NH3. It follows that
the influx of CH3NH2 should be much lower than that
of NH3 (unless counterbalanced by a very much higher
permeability to CH3NH2). Under such conditions, the
slower entry of CH3NH2 should make it easier to detect
an effect of RhAG expression on the initial rate of
alkalinization. In this series, resting pHi in cells
expressing RhAG (n=23) and in control cells (n=55)
was, respectively, 7.40±0.03 and 7.40±0.01, P=0.9. As
expected, the initial intracellular alkalinisation upon
exposure of control cells to 10 mM MeACl was rela-
tively slow and then tended to plateau (Fig. 7b); there
was a barely detectable acid undershoot after removal of

Fig. 7a–c Effect of RhAG expression on NH3 and methylammo-
nium (CH3NH2, MeA) fluxes. a Initial change of pHi in a cell
expressing RhAG (thick line) and in a control cell (dotted line) upon
NH4Cl (10 mM) exposure. Tracings were obtained using 1-s cycle
of excitation (490 and 440 nm) of the dye. b Profile of pHi in a cell
expressing RhAG (thick line) and in a control cell (thin line) in
response to 10 mM MeACl. Tracings were obtained using 5-s cycle
of excitation (490 and 440 nm) of the dye. The initial rate of
alkalinization is extrapolated for the RhAG-expressing (solid
arrow) and control (dashed arrow) cells. c Comparison between
cells expressing RhAG (n=23, hatched columns) and control cells
(n=55, white columns) of the mean of the initial rate of
alkalinization (DpHi/Dt, entry) upon application of 10 mMMeACl,
and the initial rate of acidification (DpHi/Dt, exit) after removal of
MeACl
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MeACl, suggesting either that permeation of CH3NH3
+

into the cell is negligible (and thus was missed in our
measurements) or that transmembrane equilibration of
CH3NH2 (i.e. its exit) is not much faster than that of
CH3NH3

+ (thus avoiding the intracellular weak-acid
disequilibrium that causes a pH change). Compared
with control cells, expression of RhAG enhanced
CH3NH2 transmembrane transport, as indicated
(Fig. 7b,c) by the steeper (P<0.001) initial rate of
change of both the initial alkalinization (0.027±0.001
vs. 0.009±0.0005 pH units/s) and the pHi acidification
upon the removal of MeACl (�0.046±0.005 vs.
�0.007±0.0006 pH units/s). The increase in both rates
of pHi change showed that the RhAG expression in-
creased the rate of CH3NH2 efflux as well as influx. The
slight acidifying rate of pHi change of the plateau phase
in RhAG-transfected cells was consistent with the entry
of CH3NH3

+ after the faster initial influx of CH3NH2

(Fig. 7b). Accordingly, a slight but significant pHi

undershoot in RhAG-expressing cells upon the return to
MeACl-free solution (�0.17±0.007 pH units, vs.
�0.06±0.004 pH units for control cells) reflects net
entry of CH3NH3

+ during the plateau phase (Fig. 7b).
To rule out the possibility that the increased mem-

brane permeability to CH3NH2 and CH3NH3
+ is a non-

specific effect of the over-expression of RhAG, the same
experiment was performed with the human urea trans-
porter hUT-B1 [32] expressed transiently in HeLa cells.
Expression of hUT-B1 (n=29) did not enhance
CH3NH2/CH3NH3

+ permeabilities, as determined by the
pHi change profiles, which were similar to those found in
control cells (n=13). Thus, increased methylammonium
permeability is correlated specifically to the RhAG
expression in HeLa cells. Taken together, these results
indicate that RhAG promotes transport of both
CH3NH2 and CH3NH3

+ when expressed in HeLa cells.

Quantitative evaluation of effects of RhAG
on permeabilities

We used the mathematical model described in the
Appendix to quantify the implications of the pHi profiles
with respect to the effects of RhAG on transport
parameters. Figure 8a shows the successful computer-
adjusted fit of the model to pooled experimental pHi

measurements from all control cells (n=25). Figure 8b
shows the fit to the pooled data from all RhAG-trans-
fected cells (n=23) exposed to a NH4Cl solution. For
comparison, the dashed line in Fig. 8b shows the control
simulation profile using the parameter values determined
in Fig. 8a. The best-fit values (Table 2) show a signifi-
cant (P<0.001) threefold increase of PNH4 and a dou-
bling of PNH3 in cells expressing RhAG, compared with
control cells. As mentioned in the Methods section, these
permeability values are useful only for comparison be-
tween control and RhAG-expressing cells.

While the effects of RhAG on the pHi profiles were
well fit by the hypothesis that RhAG affects the inde-

pendent membrane permeabilities to both NH3 and
NH4

+ (Fig. 8a,b), they were less well fit by adjustment of
either of these permeabilities alone (Fig. 8c,d). Adjust-
ment of PNH3 alone gave a frankly inadequate fit
(Fig. 8c). Adjustment with PNH4 alone (Fig. 8d) gave a
fairly good fit to the data, but comparison of Fig. 8b
and d reveals that the undershoot is better accounted for
if we allow for an effect on PNH3. Thus, at the level of
RhAG expression achieved in these studies, the best-fit

Table 2 Best-fit values of the permeability of HeLa cells to NH4
+

and NH3 (PNH4, PNH3) obtained by fitting the basic model (see
Appendix) to pooled data from all control cells and cells expressing
Rh-associated glycoprotein (RhAG)

PNH4 (10
�3 S�1) PNH3 (S

�1)

Control cells 0.52 4.16
Cells expressing RhAG 1.51 8.26

Fig. 8a–d Quantitative evaluation of the permeability of HeLa cells
to NH4

+ and NH3 (PNH4 and PNH3) from pHi time courses in
response to 10 mM NH4Cl. a Pooled data from all control cells
(circles means±SE, n=25) were subjected to non-linear, least-
squares fit (solid line) of PNH4, PNH3 and kh,reg (the strength of the
pHi regulatory mechanism) using the basic model described in the
Appendix. Best-fit values of the permeabilities are given in Table 2.
Best-fit value of kh,reg=0.045 s�1. b The filled circles show pHi data
(means±SE, n=23) for all RhAG-expressing cells. The solid line
shows the best fit of PNH4 and PNH3 (maintaining the control value
of kh,reg); the dashed line shows the curve for control parameter
values, for reference. c As in b, but with only PNH3 adjusted to the
data. d As in b, but with only PNH4 adjusted to the data. The dotted
circle indicates the principal difference from b (see text for
explanation)
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values of PNH3 and PNH4 were both increased several-
fold over endogenous control permeabilities.

Discussion

The present study, based on experimentally induced pHi

changes following exposure of HeLa cells to NH4Cl,
indicates that expressing the human erythroid RhAG in
HeLa cells increases the membrane permeability to
ammonium and methylammonium. Upon cell exposure
to these weak bases (NH3 and CH3NH2) and to their
respective conjugates (NH4

+ and CH3NH3
+), a faster

initial alkalinization (A–B), a more pronounced sec-
ondary acidification (B–C), and a greater undershoot
(A–D) were observed in RhAG-expressing cells than in
control cells (Figs. 6, 7b). These results are consistent
with enhancement influx of both neutral and ionic forms
of these compounds by RhAG expression. This con-
clusion was reinforced by a mathematical analysis of pHi

changes, showing that RhAG expression increases PNH3

and PNH4.
The ability of human RhAG to mediate transport of

ammonium or of its analogue methylammonium has
been shown previously in experiments in yeast and in
Xenopus oocytes [35, 37]. However, our study provides
the first evidence that not only PNH4, but also PNH3 is
increased by RhAG expression.

Several reasons prompted us to perform our study in
HeLa cells. First, ammonium transport by RhAG has
never been studied in human cells. Second, among the
adherent human cell lines tested that are devoid of
endogenous expression of Rh proteins, HeLa cells ap-
peared to be the most appropriate in which to carry out
pHi measurements, considering their very low autoflu-
orescence and the minimal leak of the intracellular
BCECF. We determined, for the first time, the pHi

profile in response to superfusion with external ammo-
nium, and the intrinsic buffering power in HeLa cells.
The pHi profiles reveal that HeLa cells are endowed with
high intrinsic NH3 and NH4

+ permeation (see Fig. 4),
but that NH4

+ influx is reduced substantially by amilo-
ride. This result suggests that, under our experimental
conditions, the endogenous NH4

+ permeation in HeLa
cells is mainly due to the Na-H exchanger. In the ab-
sence of amiloride, a similar reduction was achieved by
performing the experiments at room temperature (22–
25�C) rather than at 37�C. Sensitivity of pHi regulatory
mechanisms to change in temperature seems to vary with
cells [11, 48]; this might be related to a change in the
kinetic parameters of the H+-equivalent transport sys-
tem, a hypothesis that could not be further investigated
in the present study. In control HeLa cells, using amil-
oride or reducing the temperature from 37 to 22–25�C
reduced not only the reacidification phase during NH4Cl
exposure but also reduced the undershoot and pHi

recovery upon NH4Cl withdrawal, consistent with Na/H
exchanger involvement in NH4

+ influx and in pHi reg-
ulation after acid loading. Thus, performing experiments

at room temperature makes the cells suitable for a study
of RhAG effects on PNH4. Indeed, under such condi-
tions, we observed an increase in both the NH4Cl-in-
duced acid plateau phase and the undershoot, consistent
with an enhanced NH4

+ influx in cells expressing RhAG
compared to control cells.

We used various approaches to determine whether or
not the heterologous expression of RhAG in HeLa cells
also changes NH3 flux. Increasing the sampling rate of
pHi measurements (from 10 to 1 s) during the NH4Cl-
induced initial alkalinization revealed a faster NH3 in-
flux when RhAG is expressed. Using methylammonium
(instead of ammonium) revealed a threefold increase in
the initial rate of alkalinization in RhAG-expressing
cells compared with control cells. This suggests that the
CH3NH2 influx F is increased about threefold, since in
the relationship F=dpHi/d t·bI·v (where v is cell vol-
ume) bi is unchanged (resting pHi, and thus bi, is similar
in control and RhAG-expressing cells) and no difference
in NH4Cl-induced volume change (assessed by changes
in I440) was observed between control and
RhAG-expressing cells. Interestingly, the rate of pHi

acidification after the removal of MeACl (Fig. 7b,c) also
increased (�fourfold), consistent with enhancement of
efflux of the unprotonated form. Consequently,
depending on the orientation of the ammonium/methy-
lammonium diffusion gradient, RhAG might be in-
volved in import or export of NH3/NH4

+, as previously
reported [35]. This has also been demonstrated by
Hemker et al. [17] who have suggested the involvement
of RhAG in ammonium export: after loading normal
and Rhnull red blood cells with radiolabelled methy-
lammonium, the 14 C-MeA is released faster when
RhAG is expressed at the membrane.

Using our mathematical model, we also considered
the possibility that our pHi profiles might be explained
by a neutral NH4

+/H+ antiporter, as proposed by
Westhoff et al. [47]. This hypothesis is inconsistent with
our data. The anticipated effect of such a transporter on
the pHi profile upon introduction of external NH4Cl
would not be an absence of effect on pHi, as suggested
by the authors of that study. On the contrary, one would
expect a slight, gradual plateau-phase alkalinization: the
stoichiometric exit of H+ in exchange for the entry of an
equivalent number of NH4

+ down the latter’s concen-
tration gradient would greatly exceed the intracellular
partial dissociation of NH4

+ into NH3 and H+. If
uncompensated, this would result in massive alkalin-
ization, but this is prevented by the virtually instanta-
neous equilibration of the weak buffer reaction, NH4

+

dissociating to NH3 and H+ and concomitantly creating
a gradient for NH3 exit. The net result is that total NH3

exit is nearly, but not quite, equal to the entry of NH4
+.

Although this discursive argument may seem to indicate
that the net result would be an absence of any effect on
pHi (hence, the understandable conclusion of a neutral
transporter by the above-mentioned authors), the
mathematical model allows us to follow the process
quantitatively, as illustrated in Fig. 9. As seen here, the
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process described above does not quite proceed to
completion, so the quantitative result is that pHi would
alkalinize perceptibly (since perceptible pH changes
represent changes of [H+] of the order of 10�8 M). The
absence of an acid undershoot upon removal of the
external NH4Cl seen in Fig. 9 also makes sense by the
above reasoning. Both of these expected consequences of
a neutral antiporter are contrary to our observed results,
which showed plateau-phase acidification and a marked
acid undershoot.

The mathematical model yielded a better fit when
both PNH3 and PNH4 were adjusted than when either
PNH4 or PNH3 alone was adjusted. The best fit suggested
a doubling of PNH3 along with a tripling of PNH4.

Taken together, these results constitute the first direct
evidence that RhAG facilitates transport of both the
protonated (NH4

+) and unprotonated (NH3) forms of
ammonium. How is this double effect to be interpreted?
By using a different approach and a different heterolo-
gous system, we have reached similar conclusions with
respect to RhCG function, the renal homologue of
RhAG [2]. This suggests that these two Rh glycopro-
teins, which share 50% identity, may transport ammo-
nium by a similar transport mechanism. At present, the
mechanisms underlying the transport of both a gas and
an ion are poorly understood. However, one can pro-
pose several hypotheses. First, it is possible that RhAG
expression induces thermodynamically uncoupled fluxes
of both NH3 and NH4

+. Such uncoupled systems have
been described for glutamine and glutamate transporters
which mediate both neutral coupled transport and par-
allel uncoupled ionic conductances [12]. In such a case,
the gene RHAG may encode for a gas transport system
that induces a secondary increase in NH4

+ conductance.
The crystallographic structure of the Escherichia coli
AmtB protein, resolved recently [22], shows favourable

interactions for NH3 through the channel. The bacterial
AmtB appears to be an NH3 channel. This thus rein-
forces the possibility that RhAG may also be involved in
NH3 transport. Interestingly, the amino acid residues
H168 and H318, which stabilize the NH3 molecules
through the pore, are conserved in all Rh glycoproteins
(H175 and H334 in RhAG). Second, since Mep, Amt, and
Rh proteins can form homo- and/or heteromeric com-
plexes [15, 22, 33, 36], it is also possible that the for-
mation of a RhAG homomeric complex in HeLa cells
allows NH3 passage, while an NH4

+ binding site on
RhAG could promote the ion transport. Our attempts to
obtain an inactive form of RhAG to test this hypothesis
have been unsuccessful due to the difficulty of obtaining
membrane expression of a mutated RhAG glycoprotein
(note that mutations of the gene RHAG are the principal
cause of the Rhnull phenotype, for review see references
[1, 10]). Third, RhAG may act as a ‘‘sensor’’ for
ammonium, as shown for two members of the Mep/Amt
protein family: Mep2 [31] and AmtB [21]. In that case,
the sensor might induce an increase of the intrinsic NH3

and NH4
+ permeabilities of the cell membrane. A com-

plex mechanism is likely to be involved in the transport
of the two species by RhAG, and further studies are
needed to explore these mechanisms.

In conclusion, our results reinforce the notion that
RhAG is involved in ammonium transport in red blood
cells, which may be important for preventing excessive
intracellular accumulation of ammonium, since, due to
metabolic production, ammonium concentration inside
erythrocytes is 3 times that in the plasma [14, 41]. RhAG
may be important for minimizing the transient volume
changes of red blood cells during their passage through
an environment with high ammonium levels, such as the
renal medulla in which ammonium concentration may
exceed 5 mM (e.g. 8.4 mM in rats [46] and as high as
32 mM in dogs [43]). We note that the NH3 permeability
of red cells is among the highest of any tissue. It remains
to be demonstrated whether RhAG is directly involved in
the high NH3 permeability of red cell membranes [24, 28].
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Appendix

Detailed model description (by Fatine Benjelloun,
S. Randall Thomas)

Our basic mathematical model consists of a cell of
fixed volume with pathways for passive entry and exit
of NH3 and NH4

+ down their transmembrane
(electro-) chemical gradients. This basic model is

Fig. 9 Simulation tests of alternative hypothesis. Mean (±SEM)
values of pHi in all RhAG-expressing cells (filled circles), and the
solid line is the best-fit curve from adjustment of the basic model to
data from all control cells (as in Fig. 5a). The dotted and dashed
lines show simulations starting from the control baseline and
increasing k, the strength of an NH4

+/H+antiporter, as detailed in
the Appendix. The values of k are given in units of mol2 J�1 l�1 s�1
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similar to that of Boron and deWeer [6], except that
we have included a pHi regulatory mechanism that
tends to return cell pH to its initial value (as in [24]
and [37]), and we have considered the possible effect of
NH4

+ on membrane potential. Our derivation follows
that of Boron and deWeer [6] closely, but we have
added several features. All details are given here for
convenience. It is assumed that the NH4

+, NH3 dis-
sociation reaction and intracellular buffering are very
fast compared with membrane fluxes, so these reac-
tions can be assumed to be arbitrarily close to local
chemical equilibrium with ambient pH. We further
assume that concentrations in the extracellular bathing
solution are unaffected by transport into the cells,
since in the experiments the superfusion solution was
constantly renewed. Intracellular buffer strength bi
decreases exponentially with pHi according to an
equation fitted to our data (see Results), namely:

bi ¼ bmin þ bmax � bminð Þe�k pHi�pHrefð Þ (A1)

where bmin=1, bmax=25, pHref=6.5 and k=1.3.
The sensitivity to possible changes of the membrane

potential Vm following exposure to external
NH4Cl was also explored but was very slight (details
below).

The basic model variables are thus the time-
dependent intracellular concentrations of total NH3/
NH4

+ ([AmTot]i=[NH3]i+[NH4
+]i) and protons. Der-

ivation of the differential equations corresponding to
the time variation of these two variables proceeds as
follows:

The passive membrane fluxes (J) are given by Fick’s
law for the uncharged NH3 and by the constant-field
equation [16, 18] for the charged species NH4

+:

JNH3
¼ PNH3

NH3½ �o � NH3½ �i
� �

(A2)

and

JNH4
¼ PNH4

Vm F

RT

NH +
4

h i

o
� u NH +

4

h i

i

u� 1

0

@

1

A (A3)

where concentrations are in mol l�1; the fluxes, in
mol l�1 s�1, are defined as positive for net entry; PNH3

and PNH4 are cell permeabilities (s�1); Vm is in mV (with
respect to the outside bathing solution) and u=exp(Vm

F/RT), where F is the Faraday constant, R the universal
gas constant and T temperature in Kelvin (K) (F/RT=1/
25.6876 mV�1 at 25�C). These two fluxes, plus the fluxes
in possibly parallel pathways for an NH4

+/H+ antiport
and an NH3-NH4

+ symport (defined below) determine
the time rate of change of intracellular [AmTot]
according to the equation:

d AmTot½ �
dt

¼ JNH3
þ JNH4

þ J
NH4,H þ J

NH3,NH4
(A4)

We deemed it important to consider possible con-
tributions of the change in membrane potential

following exposure to external NH4Cl rather than
treating Vm as a constant. In the absence of detailed
electrophysiological data, we adopted a simple ap-
proach based on partial conductances to the major
permeant ions. The membrane potential Vm was thus
calculated according to:

Vm ¼
X

i

tiEi (A5)

where ti is the partial conductance of the membrane
for ion i, with

P

ti=1, and Ei=[(RT/zi)F]ln(ao/ai) the
Nernst equilibrium potential for ion i in terms of
external and internal ionic activities (a). For this cal-
culation, we considered only Na+, K+, Cl�, and
NH4

+. Intracellular concentrations of Na+, K+, and
Cl� were assumed to be 44, 149 and 45 mM, respec-
tively [26]. The mean ionic activity coefficients c for the
external solution and cell cytoplasm were estimated
using the solution ionic strength, I=(

P

ci zi
2)/2, in an

equation based on the Debye-Hückel theory (Eq. 3.90
in [4]):

c ¼ 10�A
ffiffi

I
p

(A6)

where the constant A=0.5115 for water at 25�C (Table
3.4 in [4]). In the absence of information on comple-
mentary cell anions, the intracellular ionic strength was
assumed simply to be equal to the sum of [Na+]+[K+].

From the equilibrium equation for dissociation of
ammonium, NH4

+
MNH3+H+, namely:

Keq ¼ NH3½ � Hþ½ �
NHþ

4

� � (A7)

where Keq (in mol/l) is the equilibrium dissociation
constant (=10�pKa with pKa=9.25). It is straightfor-
ward (following the same logic as Boron and deWeer [6])
to obtain the fraction a of AmTot that remains undis-
sociated at a given pH, namely:

a ¼ NHþ
4

� �

NHþ
4

� �

þ NH3½ � ¼
Hþ½ �

Hþ½ � þ Keq

(A8)

Thus, a fraction a of entering NH3 will combine with
H+, and a fraction (1�a) of entering NH4

+ will dis-
sociate into H+ and NH3. We assume, in addition,
that there is some unspecified mechanism, Jh,reg, that
tends to return cell pH to a set-point value. We de-
scribe this using an equation similar to that of Mar-
caggi et al. [34]:

Jh,reg ¼ kh,reg Hþ½ �i � 10�pHref
� �

(A9)

where the coefficient kh,reg (s�1) represents the strength
of the regulatory mechanism (obtained by least-squares
fit to data from control cells) and pHref is the set-point
pH, taken to be the stable initial pHi measured initially
in each cell before exposure to external NH4Cl.

The net rate at which protons are added to the cell
per unit volume, dQ/dt, is then given by:
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dQ

dt
¼ ð1� aÞJNH4

� aJNH3
þ ð1� 2aÞJ

NH3,NH4

� Jh,reg � J
NH4,H

(A10)

The rate of change of the free proton concentration is
a function of intracellular buffering power, classically
defined as bi=d Q/dpH. Now 2.303·pH=ln[H+]i, so
that 2.303·dpH=�d[H+]i/[H

+]i. Substituting dQ/bi for
dpH, rearranging and then taking the time derivative, we
have:

d Hþ½ �i
dt

¼ �2:303 Hþ½ �i
b

dQ

dt
(A11)

Combining Eqs. A10 and A11 yields:

d Hþ½ �i
dt

¼ �2:303 Hþ½ �i
b

h

ð1� aÞJNH4
� aJNH3

þ ð1� 2aÞJ
NH3,NH4

� Jh,reg � J
NH4,H

i

(A12)

Equations A4 and A12 are the two differential equations
that comprise the system to be solved numerically. It was
useful to apply the substitutions [NH4

+]=a [AmTot] and
[NH3]=1�a[AmTot].

Alternative

The effect of a hypothetical one-for-one NH4
+/H+ an-

tiporter on pHi was simulated using a linear, non-equi-
librium thermodynamics approach, which expresses
linear dependence of transporter flux on the difference of
the opposing electrochemical potential differences of the
coupled ions across the cell membrane,

J
NH4,H ¼ k

NH4,H D~lNH4
� D~lH

� �

(A13)

where the coupling coefficient kNH4,H (in mol2 J�1 l�1

s�1) represents the turnover rate of the antiporter and
the electrochemical potential differences (in J/mol) are
given by: D~li ¼ RT ln

aið Þo
aið Þi

� F Vm (with RT=2477.57 J/

mol at 25�C). Since Vm can be ignored for a neutral
exchanger, Eq. A12 simplifies after expansion to:

J
NH4,H ¼ k

NH4,H RT ln
NH +

4

h i

o
Hþ½ �i

NH +
4

h i

i
Hþ½ �o

(A14)

The coefficient kNH4,H was assumed to be zero for the
calculations using the basic model.

Parameter values

Cell buffer strength bi was determined experimentally
(see Results). To our knowledge, there have been no
measurements of partial ionic conductances (transfer-
ence numbers) in HeLa cells. We assumed HeLa cell

membrane potential to reflect the relative conductances
to Na+, K+, and Cl� and, by analogy with other cell
types, we attributed only slight weight to Na+ conduc-
tance (tNa=0.08), greater weight to Cl� conductance
(tCl=0.25), and the remaining conductance is shared
between K+ and, when present, NH4

+. The value of
tNH4 was determined during least-squares parameter
adjustment to data from the control cells (tNH4=0.07).
This value was used in all subsequent calculations. This
procedure for including the transient effect of external
application of NH4Cl on membrane potential in the
model, instead of simply assuming a constant Vm, yiel-
ded somewhat better conformity between the simulated
profiles and the data, but a partial sensitivity analysis
(results not shown) revealed that the model behaviour
was affected only slightly by the specific values assigned
to individual transference numbers, providing the
resulting Vm lay in the range �35 to �65 mV. Thus, our
basic conclusions do not depend in any way on the issue
of the effect of NH4

+ on Vm.
The non-linear least-squares adjustments of parame-

ter values to give best-fit with experimental data were
carried out within Berkeley Madonna, which uses the
classic Marquardt-Levenberg method. The quality of the
fits was evaluated using the root-mean-square (RMS)
deviations of data from the theoretical curves (r value on
the graphs).
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