X Author’s Choice

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 19, pp. 13168-13176, May 9, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the U.S.A.

Keeping It Simple, Transport Mechanism and pH Regulation

in Na*/H" Exchangers”

Received for publication, January 22, 2014, and in revised form, March 12, 2014 Published, JBC Papers in Press, March 18, 2014, DOI 10.1074/jbc.M113.542993

Octavian Calinescu®, Cristina Paulino®, Werner Kiihlbrandt®, and Klaus Fendler*'
From the Departments of *Biophysical Chemistry and ®Structural Biology, Max Planck Institute of Biophysics,

Max-von-Laue-Strasse 3, 60438 Frankfurt am Main, Germany

Background: Na™/H* exchangers have a pronounced pH dependence previously explained by pH sensors.

Results: Electrophysiological investigation of NhaP1 from Methanocaldococcus jannaschii (MjNhaP1), a prototype of electro-
neutral Na™/H™ exchangers, allowed its kinetic characterization.

Conclusion: The pH dependence of Na*/H™ exchangers is an inherent property of their transport mechanism.
Significance: The proposed mechanism of transport and pH regulation applies to all Na*/H™ exchangers.

Na*/H™ exchangers are essential for regulation of intracellu-
lar proton and sodium concentrations in all living organisms. We
examined and experimentally verified a kinetic model for Na*/H*
exchangers, where a single binding site is alternatively occupied by
Na™ or one or two H* ions. The proposed transport mechanism
inherently down-regulates Na*/H™ exchangers at extreme pH,
preventing excessive cytoplasmic acidification or alkalinization. As
an experimental test system we present the first electrophysiologi-
cal investigation of an electroneutral Na*/H™ exchanger, NhaP1
from Methanocaldococcus jannaschii (MjNhaP1), a close homo-
logue of the medically important eukaryotic NHE Na*/H*
exchangers. The kinetic model describes the experimentally
observed substrate dependences of MjNhaP1, and the transport
mechanism explains alkaline down-regulation of MjNhaP1.
Because this model also accounts for acidic down-regulation of the
electrogenic NhaA Na*/H™" exchanger from Escherichia coli (EcCN-
haA, shown in a previous publication) we conclude that it applies
generally toall Na* /H* exchangers, electrogenic as well as electro-
neutral, and elegantly explains their pH regulation. Furthermore,
the electrophysiological analysis allows insight into the electro-
static structure of the translocation complex in electroneutral and
electrogenic Na*/H"* exchangers.

Na™/H™ antiporters are crucial for survival in all organisms
because they control the intracellular sodium and proton con-
centrations (1, 2). Most Na*/H" exchangers belong to the
superfamily of monovalent cation/proton antiporters, CPA*
(1). CPAL transporters couple the transport of # protons to that
of n Na* ions across the membrane and are electroneutral,
whereas the CPA2 subfamily includes electrogenic Na™/H™
exchangers, such as NhaA from Escherichia coli (EcNhaA) (1).
NhaP1 from Methanocaldococcus jannaschii (MjNhaP1) is cur-
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rently the only CPA1 exchanger for which structural informa-
tion is available (3, 4). It is therefore an important prototype for
the CPA1 subfamily, which includes the medically important
eukaryotic NHEs.

There is general agreement that most transporters func-
tion according to the alternate access principle (5), where the
substrate binding sites are alternatively exposed to the cyto-
plasmic and the extracellular sides of the membrane. How-
ever, the structural elements and conformational transitions
vary considerably between transporter families (for reviews,
see Refs. 6, 7). The mechanism of an exchanger or antiporter
is in principle explained very simply (8, 9) in terms of a flex-
ible membrane-spanning macromolecule with a common
binding site for both substrates, known as a transporter. The
transporter alternates between a cytoplasmically (inward)
and an extracellularly (outward) open conformation if and
only if the binding site is occupied. A transition between the
two conformations of the empty transporter would create a
“leak” that has to be avoided.

The condition that forbids a transition of the empty carrier
can also be expressed in terms of thermodynamics. The energy
barrier between the inward and the outward open forms of the
transporter is low when the substrate is bound but high in its
absence. This is a well known principle in enzyme catalysis (8,
10), where substrate binding lowers the barrier. In a conven-
tional enzyme the barrier applies to substrate conversion. In a
transporter the barrier applies to the conversion of (at least
two) different conformational states. Indeed, the question of
how substrate binding lowers the barrier for the conforma-
tional transition is central to an understanding of membrane
transport and remains yet to be answered.

A striking feature of all Na*/H™ exchangers is their pro-
nounced pH dependence. Specialized protein regions,
referred to as “pH sensors” or “proton modifiers” have been
suggested to account for the strong pH dependence (2). This
concept has recently been challenged by the finding that
EcNhaA is active at cytoplasmic pH 5 (11). It was shown that
the substrate dependence of EcNhaA is explained by a simple
kinetic model with a single substrate binding site, which is
alternatively occupied by one Na™ or two H* (11). On this
basis it was proposed that the pH dependence of Na™/H™
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FIGURE 1. Kinetic model for Na*/H* exchangers. A, kinetic model of
Na*/H™ exchange. The substrate Na* or H* binds to the outward open (C,)
orinward open (C;) form. Substrate binding is assumed to be in rapid equilib-
rium described by the parameters pK, = pK; as well as K32, = Kp2. The reori-
entation of the carrier takes place with the rate constants k;” = k; and k3 =
k5 . Directions + and — were chosen arbitrarily to correspond to the physio-
logical forward transport direction of EcNhaA. B, typical activity profile of a
Na*/H* exchanger calculated according to the steady-state solution of the
kinetic model under symmetrical pH conditions (identical pH inside and out-
side) and an inward directed sodium gradient. Note that at physiological con-
ditions the relevant mechanism of down-regulation is substrate depletion for
transporters of the CPA1 family and substrate competition for transporters of
the CPA2 family. Schematic in B shows the transport direction of H* (purple
circle and arrow) and Na™ (green circle and arrow), as well as the direction of
the Na™ gradient (green triangle).

exchangers is a unique property of their transport mecha-
nism. An attractive feature of the model is that Na™/H™"
exchangers (Fig. 1A4) are inherently down-regulated at alka-
line or acidic pH (Fig. 1B) and that there is no intrinsic
requirement of any “pH sensing” regions other than the sub-
strate binding site. This mechanism prevents excessive acid-
ification of the cytoplasm in the case of the CPA2 exchanger
EcNhaA as well as excessive alkalinization in the case of the
CPAL1 transporter MjNhaP1.

To investigate the pH regulation of CPA1 exchangers we
have undertaken an electrophysiological analysis of MjNhaP1.
CPA1 Na*/H™ exchangers have so far not been characterized
by such methods because their net transport reaction is elec-
troneutral so that steady-state currents cannot be recorded.
However, we were able to capture the Na™ translocation step by
solid-supported membrane (SSM)-based electrophysiology
under conditions where the compensating H* transport step
does not occur. In this way, we tested and verified the previously
described kinetic model for Na™/H™ antiporters for a CPA1
antiporter and obtained new insights into the substrate trans-
location complex and the electrogenic nature of partial reac-
tions in the MjNhaP1 transport cycle.
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EXPERIMENTAL PROCEDURES

Plasmids and Bacterial Strains—A MjNhaP1 construct con-
taining C-terminal Myc and His tags in the pTrcHis2-Topo vector
was used (4). Point mutations were generated using the
QuikChange II Site-directed Mutagenesis kit (Agilent Technolo-
gies) and the following mutagenic primers: MjNhaP1_N160A_s
(GTTAGAGGCGGAGAGTATCTTTgcCGACCCATTGG-
GAATAGTTTC) and MjNhaP1_N160A_as (GAAACTAT-
TCCCAATGGGTCGgcAAAGATACTCTCCGCCTCTA-
AC). The MjNhaP1 D161A mutant was kindly provided by
Prof. Zeilinger (12) and was obtained using the primers with
MjNhaP1_D161A_s (TATTCCCAATGGGgCGTTAAAG-
ATA) and MjNhaP1l_D161A_as (TATCTTTAACGcCC-
CATTGGGAATA).

For protein production, E. coli BL21(DE3) cells were used.

Overexpression, Purification, and Reconstitution of MjNhaP1—
MjNhaP1 WT and mutants were overexpressed in E. coli
BL21(DE3) and purified using Ni** affinity chromatography as
described previously (4). Reconstitution of purified protein was
performed essentially as described previously (4) at lipid to pro-
tein ratios of 10 or 50 (w/w) and to the indicated lipid
concentration.

Na™ Efflux in Proteoliposomes—MjNhaP1 proteoliposomes
were prepared at lipid to protein ratios of 50 and resuspended in
Na™ loading buffer (10 mm MES, 10 mm HEPES, 10 mwm Tris,
pH 8, 300 mm NaCl, 5 mm MgCl,) at 15 mg/ml lipid concentra-
tion. 10 pl of liposomes was diluted in efflux buffer (10 mm
MES, 10 mm HEPES, 10 mm Tris, 600 mM mannitol, 5 mm
MgCl,) titrated to various pH values with Tris or HCl, and
mixed using magnetic stirring for 20 s. The suspension was
added to a chromatographic column containing 0.5 ml of the
strong cation exchange resin Dowex 50W/X8 (N-methyl-p-glu-
camine ™) (Dow Chemical Company) and passed through the
column using a flow rate of 12 ml/min generated by a HiLoad
Pump P-50 (GE Healthcare) to remove sodium that was trans-
ported out of the liposomes. Proteoliposomes were eluted by
addition of water, and the eluate was diluted to 5 ml. Na™ con-
centrations were determined by atomic absorption spectros-
copy using an AAnalyst 100 system (PerkinElmer Life Sci-
ences). To verify that determined concentrations corresponded
to Na™ concentrations inside the proteoliposomes, proteolipo-
somes solubilized in 0.05% Triton X-100 were subjected to the
same treatment. The Na™ concentrations determined with sol-
ubilized proteoliposomes were indicative of the amount of Na™
that could not be removed by the ion exchanger and were sub-
tracted from all measured values. A base level of Na™ at which
the efflux of Na™ through MjNhaP1 is considered 0 was taken
for the efflux at pH 8. The efflux was considered 100% at outside
pH 5, and all measurements were normalized to this value.

SSM-based Electrophysiology—SSM measurements were
performed as described previously (13, 14). 27.5 ul of lipid to
protein ratios of 10 proteoliposomes (at 3.33 mg/ml lipid con-
centration) were added to the SSM sensor containing an octa-
decanethiol/phospholipid hybrid bilayer adsorbed on a gold
surface and allowed to incubate for at least 1 h. SSM measure-
ments were performed according to a single solution exchange
protocol (nonactivating solution, 0.5 s; activating solution,
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0.5 s). Currents were amplified with a current amplifier set to a
gain of 10° V/A and a rise time of 10 ms. All measurement
solutions for Na* and Li™ concentration jumps contained 50
mM MES, 50 mm HEPES, 50 mwM Tris, 200 mM choline chloride,
5 mm MgCl,, and 1 mm dithiothreitol and were titrated to the
desired pH with Tris or HCI. In addition, nonactivating solu-
tions contained a further 100 mm choline chloride, whereas
activating solutions contained x mm NaCl (or LiCl) and (100 —
x) mM choline chloride. The measurement solutions for pH
jumps all contained 20 mm MOPS, 5 mm MgCl,, 200 mm cho-
line chloride, 1 mm dithiothreitol and were titrated to the
desired pH with Tris. Additionally, solutions contained either a
further 100 mm choline chloride or 100 mm NaCl.

Correction of Transient Currents—Two methods were used
to correct the recorded SSM transient currents for effects due
to the interaction of the substrate concentration jumps with the
lipid membrane. First, transient currents recorded for the same
substrate concentration jumps on empty liposomes were sub-
tracted from the transient currents recorded on MjNhaP1 pro-
teoliposomes. For pH jumps the solution exchange effect was
recorded on the same sensor by adding 100 mm Na™ to the
activating and nonactivating solutions to block the exchanger
in the Na™-bound form. Alternatively, amplitudes of the tran-
sient currents for Na* and Li* concentration jumps could be
corrected directly by subtraction of the amplitudes of the same
substrate concentration jump on empty liposomes, yielding
results comparable with the subtraction of the current traces.

Kinetic Analysis and Numerical Methods—Based on the
kinetic model shown in Fig. 1A steady-state and pre-steady-
state solutions were determined. An analytical steady-state
solution was calculated as described previously (11) using
Mathcad (Parametric Technology Corporation, Needham,
MA). The turnover calculated by this approach was used for the
simulations in Fig. 6. For the fit in Fig. 4 a numerical solution
was determined by solving the defining differential equations of
the kinetic model shown in Fig. 1 using Berkeley Madonna (ver-
sion 8.3.18; Berkeley Madonna Inc., University of California,
Berkeley, CA).

Setting Up the Differential Equations—Intermediates, sub-
strate concentrations, and rate constants are labeled as o = out
(periplasmic) or i = in (cytoplasmic). In the case of the confor-
mational transitions (k;, k,) forward (+) was arbitrarily chosen
as the physiological forward transport direction of EcNhaA.

The system of coupled differential equations describing the
kinetic model in Fig. 14 is

d
ECOH =CH'k, +C,-10 P h" — CH(h, +k;)

d
—C,=CH-h, +CNa-n,

— —pHo , + . +
gt C,(10 h,” + Na,-n,")

d
aCaNa =C,-Na,-n, + CNa-k;” — CNa(k; +n,)

d
aC,Na =C,Na-k; + C-Na;-n" —CNa(n,~ + k")
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d
EC,- =CNa-n~ +CH-h~ — C(Na;-n* + 10 PH-h")

d
4 GH =G 107P"h" + CH k' = CH(h + k)

(Eq.1)

The system of differential equations was numerically solved
using the initial conditions at the given pH (for Na* and pH
jump experiments the initial pH was the same inside and out-
side and is set to pH,)

2

COH (0) — 10(pKf + pKo)

D
ky,
— (pKi + pHo) , %
C,(0)=10 5
C,Na(0) =0
k,
. = (pKi + pKo) , 2
CH(0) =10 D
k'
. = (pHi + pKo)
C,(0) =10 5

CNa(0) =0 (Eq.2)

with
D = 10PKi+PpHo) . sz + 1QPHi+ PKo) . k2+ + 10K+ PKo) sz
+ 10PKFPR .kt (€. 3)

Calculation of the Transient Currents, Numerical Pre-steady-
state Solution—From the intermediate concentrations the
time-dependent transporter current I,(tf) was calculated
according to

11(t) = e;(CH(®) -k — GH(D) - k; ) — e (CNa(t) - k"

—CNa(t) k) (Eq.4)

The parameters e, and e, are the displaced charge in the Na™
and the H" translocation reaction.

Solution exchange on the surface of the SSM has a time con-
stant of ~ 5—-15 ms (13). This affects the time course of the
transient current. To take into account the limited speed of
solution exchange we used a third-order low pass filter with a time
constant of 2.2 ms. This reproduced the transient currents meas-
ured on the SSM and corresponds to a time constant of the solu-
tion exchange of 6 ms. This yields the measured current I(z).

d 1
Eh - (IT(t) - l1)

T
d 1
alz = (/1 - /2);

1
- (Eq.5)

d j—
20 = (= 1)
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FIGURE 2. Substrate concentration jumps performed on MjNhaP1 proteoliposomes induce a transient current. A, transient currents recorded after a
0-10mmLi* concentration jump (ALi) ora 0-50 mm Na™ concentration jump (ANa) at pH 7.5 on MjNhaP1 proteoliposomes or empty liposomes. Subtraction
of the two signals shows the corrected transient current (in red) generated by MjNhaP1. B, transient currents recorded after a jump from pH 7.5 to pH 6.5 (ApH)
on MjNhaP1 proteoliposomes, with either choline* or Na* as a background. Subtraction of the two signals shows the corrected transient current generated
by MjNhaP1 (in red). For comparison the trace of a 50 mm Na™ concentration jump at pH 7.5 on the same sensor (ANa) is also shown. The time scale in Aand B
is determined by the solution exchange protocol: the valve switches at t = 0.5 s, and the activating solution reaches the SSM ~ 35 ms later. Insets indicate the
specific partial reactions involved in the particular concentration jumps. Schematics show the transport direction of H* (purple circle and arrow) and Na™ (green
circle and arrow), as well as the direction of the Na™ (green triangle) or H™ (purple triangle) gradients. C and D, substrate dependence of transient currents at pH
7.5. Dependence of the peak currents was recorded for concentration jumps of Na™ (ANa, C) or Li* (ALi, D) at pH 7.5. Peak currents recorded on MjNhaP1
proteoliposomes could be corrected for solution exchange effects by subtraction of peak currents recorded on empty liposomes. Red lines are hyperbolic fits
of the corrected peak currents. Fit parameters are given in Table 1. Error bars, S.D.

The substrate binding and release rate constants are chosenina equations by calculating the current at sufficiently large time
way to ensure fast (<0.1 ms) relaxation of the binding equilib-  values. In this case the charge parameters were set to
ria. In addition they have to satisfy the relationships defining

the preset pK and K, values (x = o or i). e;=1,e,=0. (Eq.9)
K= —lo hi The results of this calculation represent steady-state activity or
P% gh: turnover of the transporter and were used in Fig. 4C.
n,
K= Gas RESULTS
ny Substrate Concentration Jumps Induce Transient Currents in

MjNhaP1—Although the overall transport cycle of MjNhaP1 is

A symmetrical kinetic model was chosen throughout this 3 - . . .
electroneutral, the partial reactions of Na™ or H™ translocation

report. (depicted in the insets in Fig. 2, A and B) are electrogenic. We
k" =k =k were able to separate the Na™ and H* translocation reactions
. B by SSM-based electrophysiology and thus to analyze the trans-
ky =ky =k, port mechanism by monitoring the two partial ion transloca-
oK, = pK; = pK tion steps of MjNhaP1.
? ' Reconstituted MjNhaP1 was activated by fast Na™, Li*, or
Kgf‘o = Kgf; = Khe (Eq.7) H™ concentration jumps. MjNhaP1 has been found to be inac-
tive at pH above 7.5 (4, 15). Using conditions where the pH was
The displaced charge for MjNhaP1 was set to kept at 7.5 on both sides of the membrane, proteoliposomes
e =e,=1. (Eq.9) adsorbed to the SSM gave rise to a fast positive transient cur-

rent in response to Na* (ANa) or Li* (ALi) concentration
Calculation of Turnover, Numerical Steady-state Solution—  jumps (Fig. 24). To correct for the solution exchange effect due
This may be obtained using the same system of differential to unspecific interactions between cations and the lipid surface
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FIGURE 3. pH response of MjNhaP1. A, measurement of Na™ efflux with MjNhaP1 proteoliposomes by atomic absorption spectroscopy. Data points are the
average of three individual efflux experiments for every pH value =+ S.D. (error bars). Band C, pH dependence of peak currents recorded for concentration jumps
of 10and 50 mm Na™ (ANa, B) and 0.3 and 10 mm Li ™ (ALi, C) on MjNhaP1 proteoliposomes. Peak currents were corrected and normalized to the peak current
recorded for a concentration jump of 50 mmNa™ (ANa, B) and 10 mm Li* (ALi, C) at pH 7.5. D, pH dependence of peak currents recorded after 50 mm Na™ or 10
mm Li" concentration jumps for proteoliposomes containing the MjNhaP1 N160A and MjNhaP1 D161A mutants. Data shown in B to D are the average of
recordings using three individual sensors = S.D. Schematics in A and B show the transport direction of H* (purple circle and arrow) and Na™ (green circle and
arrow) as well as the direction of the Na™ (green triangle) or H* (purple triangle) gradients. Solid lines are provided as guides.

of the SSM (16), control experiments were conducted with
empty liposomes. The transient currents obtained with empty
liposomes showed a 4—10-fold lower signal, which could be
subtracted from the currents measured with proteoliposomes.
The resulting protein-dependent currents had high amplitudes
ranging between 0.4 and 0.75 nA (Fig. 24). At saturating sub-
strate concentrations, the amplitudes of the currents recorded
for Na* and Li* on the same sensor were similar, indicating
that the same charge was being displaced in both cases.

A transient current was also recorded upon a pH jump (ApH)
in the absence of sodium using an SSM sensor with adsorbed
MjNhaP1 proteoliposomes (Fig. 2B). Because the pH jump
effects varied significantly between different sensors, we
applied a different correction method. To block the transporter
in a Na™-bound form, 100 mm choline™ in both activating and
nonactivating solutions was replaced by 100 mm Na™. By this
approach the solution exchange effect for the respective pH
jump was recorded for each individual sensor. This was then
subtracted from the transient currents recorded for pH jumps
in the absence of Na™. As observed for Na™ and Li* concentra-
tion jumps (Fig. 24), a pH jump from pH 7.5 to pH 6.5 resulted
in a positive transient current (Fig. 2B). The recorded transients
indicated that in MjNhaP1, translocation of H" is slower than
for Na™ or Li*. For a pH jump from pH 9.5 to pH 8.5 (data not
shown), identical currents were recorded in the absence or
presence of Na™ ions, indicating that no H are translocated.
This is consistent with a pK of 6.8 as determined in our kinetic
analysis (see below), which predicts a fully deprotonated bind-
ing site in the pH range from 8.5 to 9.5.

The experiments shown in Fig. 2 characterize the partial Na™
and H* translocation steps as electrogenic, revealing a positive

13172 JOURNAL OF BIOLOGICAL CHEMISTRY

charge displacement. Integration of the corrected currents
allowed calculation of the displaced charge and the comparison
between the charge displaced in Na™ concentration jumps and pH
jumps performed on the same SSM sensor. In an electroneutral
transporter, an equal charge is expected to be displaced in the Na™
and H" translocation steps. However, the displaced charge
observed for a pH jump was only 48 * 14% of the charge displaced
in the Na™ jump experiment. We ascribe this to insufficient satu-
ration of the H* binding site in the pH jump from 7.5 to 6.5.
Indeed, a control calculation using the kinetic model for these
experimental conditions yielded a similar result of 64%.

pH Dependence of MjNhaPl—The pH dependence of
MjNhaP1 transport has previously been investigated in everted
vesicles by acridine orange dequenching (15), an assay that only
works above pH 6. To examine transport activity in the pH range
5-8 (as for the SSM experiments), we monitored Na™ efflux by
atomic absorption spectroscopy. MjNhaP1 was reconstituted into
proteoliposomes containing 300 mm Na™ at pH 8. Transport was
initiated by adding proteoliposomes to Na*-free buffer at a
defined pH (Figs. 34 and 4C). Note that in the acridine orange
assay the pH in everted vesicles was adjusted at the Na™ uptake
side (outside), whereas in our experiments the pH remained
unchanged at the Na™ uptake side (pH 8 inside), preventing sub-
strate competition for the same binding site. The measured pH
profile indicated a plateau of high Na™ /H ™ exchange activity at pH
=5.5. Transport decreased with increasing outside pH, with the
lowest observed transport activity at pH 8.

As pointed out above, the full steady-state turnover cycle of
an electroneutral transporter cannot be monitored by electro-
physiology. Thus, SSM-based electrophysiological measure-
ments with the electroneutral MjNhaP1 cannot yield a pH pro-
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FIGURE 4. The kinetic model of antiport describes the properties of MjNhaP1. Simultaneous fit of the experimental data for MjNhaP1 is shown using the
numerical pre-steady- state and steady-state solutlons of the kinetic model in Fig. 1A. Adjusted fit parameters were pK, = pK; = pK = 6.8, K33 = K33 = K3° =

0.014m ki = k; =350s ', ky =k, = 69s ' and the filtering time constant T = 0.0022 s. A, fit of the normalized amplitude of the transient currents as a
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of pH. D, fit of the time course of the normalized transient current for a Na* concentration jump (ANa) of 50 mm at pH 7.5 and for a pH jump (ApH) from pH 7.5

to6.5at0ONa*.

file of steady-state transport activity as shown in Fig. 3A.
However, under conditions where the H" translocation step is
slowed down or absent, for example at high pH, the partial
electrogenic Na™ or Li" translocation step can be monitored
and analyzed by SSM-based electrophysiology (Fig. 3, Band C).

TABLE 1

Kinetic parameters of MjNhaP1

Apparent affinity values (K,) were determined by a hyperbolic fit of the Na™ or Li™
dependence of peak currents recorded on an individual SSM sensor and are averages
of measurements from three individual sensors (*£S.D.). The ratio k,/k, represents
the rate constant of H" relative to Na™ translocation. Kinetic parameters k,/k,, K},
and pK were determined as presented in Fig. 4.

. : ” A K, (pH 7.5) K, (pH 6) K, Kolk;
The resulting transient currents recorded upon Na™ or Li ] ] ]
concentration jumps on the SSM sensor (Fig. 3, B and C) show Nat 67+ 05 30+ 1 14 0.2
Li* 03%0.1 0.9 = 0.4 0.7 0.5

an inverse pH profile compared with Fig. 3A. Hence, at low pH,
where transport activity is high and substrate competition takes
effect, transient currents are small, whereas strong currents are
recorded at high pH, due to H" depletion. For the Na* and Li*
concentration jumps shown in Fig. 3, Band C, currents reached
a plateau level at pH =7.5.

MjNhaPl D161A and N160A Mutants—CPA1 antiporters
contain an Asn-Asp (ND motif) at the putative binding site,
whereas the electrogenic CPA?2 transporters have two Asp res-
idues (DD motif) instead. It has been shown that mutation of
the aspartates results in complete loss of activity, indicating that
they are essential for transport in EcNhaA (2) and MjNhaP1
(12). We confirmed that replacement of Asp-161 in MjNhaP1
with alanine abolished the MjNhaP1-specific transient cur-
rents. Following either Na™ or Li* concentration jumps per-
formed using MjNhaP1 D161A proteoliposomes, the currents
recorded were similar in amplitude and shape to those recorded
for empty liposomes (Fig. 3D). Interestingly, a similar effect was
found following replacement of Asn-160 with alanine (Fig. 3D).
Thus, we were able to show that this highly conserved Asn
residue found in CPA1 members (4) is equally essential for Na™
translocation in MjNhaP1.
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pK (K') = 6.8 (1.6:107 M)

Note that both investigated mutants correctly assembled
into dimers as observed by Western blotting (data not shown).
This confirmed that the observed lack of Na*-dependent cur-
rents in these mutants is caused by disruption of the substrate
binding site and not misfolding of the mutant proteins.

Na™ and Li*™ Dependence of the Transient Currents at Differ-
ent pH Values—Transient currents were recorded for
MjNhaP1 proteoliposomes in response to a range of Na™ and
Li* concentration jumps at pH 7.5, where the currents were
high (Figs. 4B and Fig. 2, C and D). Peak currents increased
rapidly with substrate concentration, indicating a hyperbolic
Michaelis-Menten-type response. Apparent affinity values of
the cation binding site were determined by a hyperbolic fit of
the Na™- and Li" -dependent peak currents (Table 1 and Fig. 2,
Cand D). The 20-fold increase in affinity for Li* over Na™ is in
line with other Na*/H™ exchangers, which have likewise
higher affinity for Li* than for Na™ (17).

To investigate whether, as observed in EcNhaA (11), Na™
and H" compete for the same binding site in MjNhaP1, exper-
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FIGURE 5.Na™ translocation in MjNhaP1 and EcNhaA. Transient currents of MjNhaP1 (A) and EcNhaA G338S (B) were recorded foraNa™ concentration jump
of 10 mm at pH 8.5. Drawings in A and Billustrate the mechanism of Na™ translocation and the resulting charge displacement in MjNhaP1 (A) and EcNhaA (B).
The indicated direction of substrate translocation portrays the physiological direction of Na™ transport in each exchanger. The blue field highlights the region
of the translocation complex, which comprises charged amino acids (red circle) and the transported Na* (green circle). Total displaced charge during a Na™
translocation event is depicted by the gray arrow for each of the two exchangers. Data in the top panel of B were originally published in Ref. 11.

iments were repeated at lower pH. Indeed, concentration
jumps at pH 6 revealed a similar competition effect for
MjNhaP1 (Table 1 and Fig. 4B).

Kinetic Model—A valid kinetic model has to account for the
experimental substrate dependences of the carrier as well as the
observed transient currents. Based on the model shown in Fig.
1A the amplitudes of the transient currents (Fig. 4, A and B), the
turnover of the transporter (Fig. 4C), and the time dependence
of the transient currents (Fig. 4D) were numerically calculated,
and a consistent parameter set was derived to fit the MjNhaP1
measurements (Fig. 4). From these fits the kinetic parameters
for MjNhaP1 were determined as follows: pK 6.8, KN* = 14 mm,
k, =350s" " k, = 69 57" (ky/k; = 0.2) (Table 1). Note that in
the framework of the kinetic model these parameters are true
binding constants of the binding sites, rather than K|, values.

DISCUSSION

MjNhaP1 Is a Prototypic Electroneutral Na* /H" Exchanger—
The NhaPl Na*/H™' exchanger from M. jannaschii is an
important prototype system for the CPA1 family of antiporters,
which also includes the pharmacologically relevant mammalian
NHE-type Na*/H™ exchangers. However, activity measure-
ments by fluorescence dequenching with everted vesicles are in
themselves insufficient for a detailed analysis of the transport
mechanism and kinetics. Limitations arise from the pK of the
fluorescent dye (10.4), which restricts measurements to a pH
above 6. Moreover, the acidification of vesicles with p-lactate by
the respiratory chain depends on the outside pH (18). Thus, the
pH inside the vesicles and hence the pH gradient established
across the membrane in different experiments are not known
exactly. In the current study we used SSM-based electrophysi-
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ology, which has sufficient time resolution to separate partial
steps in the reaction cycle. Therefore, although the overall
transport of MjNhaP1 is electroneutral, we were able to isolate
the partial electrogenic translocation of Na™, Li*, or H" within
the transport cycle. This is complemented by a Na™ efflux tech-
nique capable of assessing transporter activity in the pH range
5-8 at well defined inside pH and outside pH.

The Kinetic Model Explains the Substrate Dependence of
MjNhaP1—1In the kinetic model on which our analysis is based
(Fig. 1A), Na* and H™ ions bind alternatively to the carrier in its
outward open (C,) or inward open (C;) form, whereupon the
loaded carrier reorients in the membrane. The model makes
two simplifying assumptions: (i) substrate binding equilibria
are infinitely fast, and (ii) the carrier is symmetrical, pK, = pK,,
Kp2 = Kp3 ki = ki, and k; = k. A carrier is considered
symmetrical when transport kinetics in the forward and reverse
direction are similar. This has been experimentally confirmed for
EcNhaA (11), and we therefore assume the same for MjNhaP1.
Additionally, the kinetic model is based on a common binding site
for Na* and H™. This is confirmed by the competitive behavior of
Na* or Li* and H* shown in Table 1, where a decrease in pH
results in a decrease of the apparent affinity for Na* or Li* in
MjNhaP1. This model yields an excellent fit to all experimental
data with only four kinetic parameters. We, therefore, conclude
that the model provides an equally appropriate description for
MjNhaP1 as previously found for EcNhaA (11).

Electrogenic Na™ Translocation—Na™ translocation in
MjNhaP1 was found to be associated with a displacement of
positive charge. Interestingly, the opposite effect was observed
in the CPA2 transporter EcNhaA. Fig. 5 compares both exper-
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iments. The high pK of EcNhaA (8.8) would require an
extremely high pH to separate the Na™* translocation step.
Therefore, we used the G338S variant, in which the pH profile is
shifted to the acidic range (pK = 7.0 (11)), close to what we
determined for MjNhaP1. For EcNhaA G338S, the current
recorded at high pH (Fig. 5B) shows a negative transient fol-
lowed by a stationary current, indicative of electrogenic
steady-state transport. MjNhaP1 has a positive current tran-
sient (Fig. 5A4) and lacks the stationary current, as its steady-
state transport is electroneutral. Despite the inverse sign of
the charge, and accounting for the variability between meas-
urements on different SSM sensors, both current transients
have comparable amplitudes, indicating a similar charge
displacement.

The lower panels in Fig. 5 illustrate how the observed charge
displacements in the two transporters may be envisioned. Fol-
lowing substrate binding, a small region of the transporter, the
translocation complex (highlighted in blue in Fig. 5), is relo-
cated from periplasmic (¥,.,;) to cytoplasmic (V) potential.
The total displaced charge is the sum of charges carried by the
substrate ion(s) (one Na™ ion is depicted in Fig. 5) and nearby
charged amino acid side chains (shown in red in Fig. 5). Note
that charged side chains that do not change accessibility from
one side to the other do not contribute to the charge displace-
ment. Therefore, the region contributing to the charge dis-
placement is likely to be restricted to the substrate binding site
and surrounding residues.

In EcNhaA, two negative charges reside in the translocation
complex together with the transported Na™ ion as shown in Fig.
5B. These charges have been proposed to be Asp-163 and Asp-
164 (11), which accounts for the observed negative transient
current. By contrast, the movement of the substrate-loaded
MjNhaP1 from the outside to the inside of the proteoliposomes
is associated with a positive charge displacement (Fig. 5A).
Assuming that the binding site includes the negatively charged
Asp-161, both reactions are expected to be electroneutral if one
H™ or one Na™ ion is translocated together with the deproto-
nated Asp-161 side chain.

Based on these findings we conclude that (i) in addition to the
conserved aspartate other charged residues exposed to one side
must become accessible to the other side during cation trans-
location and contribute to the charge displacement. These res-
idues are most likely located at or near the binding site. (ii)
Translocation of Na™ or H* in MjNhaP1 is accompanied by a
net charge displacement of +1, whereas in EcNhaA Na™ trans-
location is associated with a net charge displacement of —1. It
remains to be shown whether this is a feature that distinguishes
CPA1 from CPA2 transporters. If so, it might reflect a funda-
mental difference between electroneutral and electrogenic
transport. In this context it may be of importance that in the
physiological transport direction as shown in the lower panels
of Fig. 5 the membrane potential acts to speed up Na™ translo-
cation in both cases. Thus, further electrophysiological charac-
terizations of other Na*/H™ exchangers are needed. Most
importantly, a high-resolution structure of a substrate-bound
Na™/H™ exchanger is required for a detailed description of the
cation binding site.
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pH Regulation Is an Intrinsic Property of the Na*/H"
Exchange Mechanism—As discussed in the following section,
substrate competition is a simple and effective way to down-
regulate CPA2 Na™/H™ exchangers to prevent overacidifica-
tion of the cytoplasm. Likewise, CPA1 transporters are down-
regulated by substrate depletion to prevent the cytoplasm from
becoming too alkaline.

The transport mechanism proposed in Fig. 14 is self-regulat-
ing, providing an intrinsic means of adaptation to a wide range
of physiological conditions. To illustrate this, we simulated dif-
ferent physiological stress conditions, taking into account dif-
ferent ionic conditions and the membrane potential, on the
basis of the experimentally determined parameters of the
kinetic model and the charge displacements in the Na* and H™
translocation steps. For these calculations we used a steady-
state model as described previously (11). The results provide
insights into the speed of the transport process and are, there-
fore, superior to simple thermodynamic arguments which can
only answer the question whether a process is energetically pos-
sible or not.

The physiological role of NhaP1 in M. jannaschii is to control
the intracellular pH. To this end the exchanger extrudes H™,
taking advantage of the sodium gradient, which is most likely
maintained by other transporters (19). As a consequence of the
low intracellular Na™ concentrations on the H* uptake side
and the much lower pK value compared with EcNhaA, down-
regulation due to substrate competition does not occur. Hence,
MjNhaP1 remains active at low intracellular pH, allowing the
organism to cope with acidic pH stress (Fig. 6A). By contrast, as
is evident from the lower pK value, a rise of the intracellular pH
above 7 results in proton depletion. Moreover, the membrane
potential accelerates Na™ translocation and slows down H™
translocation, making this step rate-limiting. Thus, MjNhaP1 is
down-regulated at high pH, preventing excessive alkalinization
of the cytoplasm.

For comparison, we also calculated the pH-dependent activ-
ity of EcNhaA (Fig. 6B) using the parameters determined pre-
viously (11). NhaA is known to be essential for E. coli at elevated
Na™ concentrations and alkaline pH. Under salt stress condi-
tions, Na™ ions are extruded against a Na™ gradient. This is
possible even at close to neutral external pH because of its elec-
trogenic exchange stoichiometry, which means that Na™ trans-
portis accelerated by the membrane potential (11). Conversely,
due to substrate competition at the Na™ uptake side (inside),
the transporter is strongly down-regulated at cytoplasmic pH <
7, preventing acidification of the cell interior.

A General Mechanism for Transport and pH Regulation of
Na™/H" Exchangers—The proposed mechanism provides a
simple and elegant explanation of the kinetic properties of the
electrogenic CPA2 exchanger EcNhaA (11) and the electroneu-
tral CPA1 exchanger MjNhaP1. It accounts for the widely
discussed pH dependence and the observed substrate competi-
tion. Moreover, it provides an intrinsic concept of autoregula-
tion (Fig. 1) and can be employed by different organisms to
adapt to a wide range of physiological stress conditions. This is
easily achieved by changes in affinity constants for Na* or H"
or by a change in stoichiometry. Clearly, the model cannot
account for some of the reported pH effects in eukaryotic anti-
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FIGURE 6. pH regulation of Na*/H* exchangers under physiological con-
ditions. Calculation was performed using the steady-state solution of the
kinetic model shown in Fig. 1 and experimentally determined parameters. A,
turnover of MjNhaP1 in the M. jannaschii cell as a function of cytoplasmic pH
under the following conditions: pH,,,, = 5, [Na*1,,, = 500 mm, [Na*],, = 5
mm, AW = —100 mV.Parameters used for the kinetic model were: pK, = pK; =
PK = 6.8, KN = K33 = KN = 14 mm, ky = k; = ki, k3 = k; = ky, ky/k; = 0.2,
displaced charge +1 elementary charge during Na™ and H™ translocation. B,
turnover of the EcNhaA Na*/H™ exchanger in the bacterial E. coli cell as a
function of cytoplasmic pH under the following conditions: pH,,, = 7.5,
[Na*],, = 500 mm, [Na*1,, = 5mm, AV = —150 mV. Parameters used for the
kinetic model: pK, = pK; = pK = 8.8, K33, = K3} = Kp* = 3mm, k; = ki =k,
ks = ks = ks, ko/k, = 7, displaced charge —1 and 0 elementary charges
duringNa™ and H™ translocation. Schematics show the transport direction of
H™* (purple circle and arrow) and Na™ (green circle and arrow) in the “forward”
(physiological) mode. The direction of the Na™ (green triangle) or potential
(vellow triangle) gradients is also indicated.

porters, such as the up-regulation of Na™ efflux (20) or cooper-
ative activation by cytoplasmic acidification (20 -23). These are
most likely mediated by a large cytoplasmic regulatory domain,
which is absent in the prokaryotic Na*/H"* exchangers. Con-
sidering, however, the structural similarity of their transmem-
brane domain, it seems likely that eukaryotic Na*/H™ exchang-
ers follow the same mechanistic principles of pH regulation as
their prokaryotic ancestors. In particular, alkaline down-regu-
lation by substrate depletion as proposed for MjNhaP1 makes
physiological sense. Whether further mechanisms modulate
the pH dependence of their activity profile remains to be
investigated.
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