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The topology of the C-terminal sections
of the NCX1 Na*/Ca** exchanger
and the NCKX2 Na*/Ca**-K* exchanger
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radioimmunoprecipitation assay buffer; TBST, tris-base saline solution with tween

Mammalian Na*/Ca* (NCX) and Na*/Ca?*-K* exchangers (NCKX) are polytopic membrane proteins that play critical roles
in calcium homeostasis in many cells. Although hydropathy plots for NCX and NCKX are very similar, reported topological
models for NCX1 and NCKX2 differ in the orientation of the three C-terminal transmembrane segments (TMS). NCX1 is
thought to have 9 TMS and a re-entrant loop, whereas NCKX2 is thought to have 10 TMS. The current topological model
of NCKX2 is very similar to the 10 membrane spanning helices seen in the recently reported crystal structure of NCX_MJ,
a distantly related archaebacterial Na*/Ca** exchanger. Here we reinvestigate the orientation of the three C-terminal TMS
of NCX1 and NCKX2 using mass-tagging experiments of substituted cysteine residues. Our results suggest that NCX1,
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NCKX2 and NCX_MJ all share the same 10 TMS topology.

Introduction

Members of the SLC8 and SLC24 gene families encode
Na*/Ca?* (NCX) and Na*/Ca?*-K* exchangers (NCKX), respec-
tively. NCX and NCKX are proteins found in the plasma mem-
brane of most excitable cells and are responsible for Ca?* extrusion
after a rise of intracellular Ca?* caused by prior activation of Ca**
permeable channels. For example, NCX proteins play important
roles in the heart, kidney and brain, while NCKX proteins play
important roles in photoreceptors, olfactory neurons, brain and
epidermal melanocytes."® Hydropathy analysis of all mammalian
NCX and NCKX sequences reveals the presence of 12 hydro-
phobic segments, each long enough to form a transmembrane
segment (TMS). The first putative TMS is at the N-terminus
and thought to be a (partially) cleaved signal peptide.*> The
remaining hydrophobic segments are organized in two clusters
separated by a large hydrophilic loop and one of the hydropho-
bic segments is now thought to be part of this large hydrophilic
loop and not a TMS. Current topological models suggest that
the remaining hydrophobic segments form 9 TMS in NCX1¢7
and 10 TMS in NCKX2,5? the difference being a re-entrant loop
thought to be present between TMS 7 and TMS 8 of NCX1
but not in NCKX2 (see Fig. 1). This means that the C-terminal
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two TMS of NCX1 and NCKX2 have opposite orientations; this
would place the C-terminus of NCX1 in the intracellular space
while the C-terminus of NCKX2 faces the extracellular space.
Recently, a high resolution crystal structure of a distantly related
archaebacterial Na*/Ca?** exchanger (NCX_Mj) was obtained
which lacks the signal peptide at the N-terminus but otherwise
consists of 10 a-helical TMS" in the same topological orientation
previously reported for NCXK2. It should be pointed out that
any sequence similarity is largely confined to TMS 2, 3,7 and 8
which make up the so-called a repeats (Fig. 1) and are thought to
be important for cation transport as they contain the cation bind-
ing sites in the NCX_M] crystal structure' and contain many
residues substitution of which greatly affects cation transport in
NCX1'"'? and NCKX2.3¢ In contrast, the TMS 4, 5, 9 and 10
show very little if any sequence similarity between the prokary-
otic and mammalian exchangers or as for that matter between
NCXI1 and NCKX2. In order to reinvestigate the orientation of
the C-terminal two TMS, we performed mass-tagging experi-
ments in which we probe the accessibility of substituted cysteine
residues in the C-terminal two TMS of both NCX1 and NCKX2
to the large hydrophilic sufhydryl reagent polyetheyleneglycol
maleimide (MALPEG).” Our results show the same orienta-
tion of the C-terminal two TMS in both NCX1 and NCKX2.
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Figure 1. Topological models of NCKX2 and NCX1. The current topological model of NCKX2 is illustrated in the top panel; the two different C-terminal
topological arrangements of NCX1 discussed in text are illustrated in the bottom panel. The dark gray bars indicate the location of the a1 and a2

repeats which are thought to have arisen from an ancient gene duplication event.?? The « repeats are the most conserved parts when comparing NCX
or NCKX sequences from different isoforms or different species. The a repeats are also the only sequence elements that show any sequence similarity

This places the C-terminus facing the extracellular space which
is consistent with the 10 TMS topology previously reported for
NCKX2 and seen in the crystal structure of NCX_M,;j.

Results

The cysteine-free dog NCX1 and human NCKX2 have previ-
ously been shown to express in cell lines and produce functional
Na*/Ca* and Na'/Ca?**/K* exchangers, respectively.®'® Since the
published topological models for NCX1 and NCKX2 differ in
the C-terminal three TMS we first reinvestigated the topology
of the C-terminal section of NCKX2. We substituted cysteine
residues in locations that, in the 10 TMS model, are predicted
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to be at extracellular C-terminus (S660), in the intracellular
9-10 loop (M628) and in the extracellular 8-9 loop (Q594),
respectively; we also used the single endogenous cysteine resi-
due located in the middle of the large cytosolic loop (C394)
(Fig. 1, top panel). We expressed the cDNAs encoding these
mutant NCKX2 proteins separately in High Five cells, then incu-
bated the cells with 5 mM of the large (5 kDa) and hydrophilic
MALPEG reagent and looked for “pegylated” mutant NCKX2
proteins by the expected increase in molecular weight. As shown
before, the expressed NCKX2 protein invariably runs as a dou-
blet representing full-length NCKX2 (upper band) and NCKX2
from which the N-terminal signal peptide is cleaved (lower
band).* In a first set of experiments we observed that the Q594C
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Figure 2. Mass-tagging of cysteine substitution mutants in the cysteine-free NCKX2 (C-). The indicated
NCKX2 mutant proteins were expressed in High Five cells and subjected to mass-tagging with the 5 kDa
MALPEG reagent as described under Materials and Methods. Shown are western blots for the myc-
tagged NCKX2 protein obtained from cell extracts. Left panels show untreated cells (lane 1) and cells
treated with MALPEG and then cell sorted with FACS (lane 2); right panel represent cells treated with
MALPEG in the presence of saponin. The arrow indicates the pegylated protein. The observed mass shift
always appeared greater than 5 kDa, presumably due to the distinct physicochemical nature of PEG.

proteins whereas no pegylation was
observed for the M628C and C394C
mutant NCKX2 proteins. When the intracellular environment
was made accessible to the hydrophilic MALPEG reagent after
treatment with the permeabilizing reagent saponin, all four
mutant NCKX2 proteins tested here showed a strong pegylated
component consistent with the location of M628C and C394C in
9-10 linker and the cytosolic loop, resp. (Fig. 2). We also investi-
gated many residues thought to be located near the middle of the
membrane and did not observe any pegylation even in the pres-
ence of saponin; in such cases pegylation was only observed after
the mutant protein was denatured by a strong detergent such as
1% SDS (data not illustrated). The pegylation results illustrated
in Figure 2 are consistent with the 10 TMS topological model of
NCKX2 we reported before.’

Next, we selected three residues in the NCX1 protein that
might help to distinguish between the two distinct topological
models for NCX1 illustrated in Figure 1 (bottom panel). In the
current topological model of NCX1, the T907 residue of the
NCXI1 protein is thought to be located in the extracellular 8-9
linker and is expected to be accessible to MALPEG in the absence
of any membrane permeabilizing agent like saponin. Conversely,
the G870C and F938C residues are expected to become acces-
sible to MALPEG only in the presence of saponin. In contrast,
the 10 TMS topological model of NCX1 predicts the opposite
result, i.e., pegylation of the G870C and F938C mutant NCX1
proteins in the absence of saponin. In four experiments we used
FACS sorted cells and observed the pegylation pattern illustrated
in Figure 3. The G870C and F938C mutant proteins could
be pegylated in intact cells whereas the T907C mutant NCX1
protein was only pegylated in the presence of saponin. These
results are very similar to those observed for NCKX2 and are
consistent with the 10 TMS topological model of NCX1 (Fig. 1).
Expression of the NCX1 and NCKX2 (mutant) proteins in
High Five cells typically resulted in a significant fraction of the
expressed protein located in internal membranes rather than the
surface membrane (data not shown). Our mass-tagging assay
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selects for protein correctly trafficked to the surface membrane
and this is most likely the reason for the incomplete pegylation
observed in all our experiments. Complete pegylation was only
observed after cell membranes were fully dissolved in strong dena-
turing detergents such as 1% SDS (data not shown). Trafficking
to the surface membrane suggests that the mutant NCX1 and
NCKX2 proteins were correctly folded and reflects the topology
of the WT NCX1 and NCKX2 proteins, respectively. To further
investigate whether the various mutant NCX1 and NCKX2 pro-
teins used in this study yield functional Na*/Ca** exchangers we
performed “Ca uptake experiments as described previously;" in
these experiments we measured ©Ca uptake in Na*-loaded cells
which represents so-called reverse Na*/Ca?* exchange (Fig. 4). As
shown in Figure 4 all the mutant NCX1 and NCKX2 proteins
showed significant Na*/Ca?* exchange activity and represented
functionally active exchanger proteins. The transport activities of
the cysteine-free NCX1 and NCKX2 were about 50% of those
observed for WT NCX1 and NCKX2, respectively. It should be
pointed out that the cysteine-free NCX1 showed poor function
when expressed in High Five cells unless the cell membranes were
supplemented with cholesterol as described under Materials and
Methods; this is the protocol used for the NCX1 experiments
shown in Figure 4. Supplementation with cholesterol did not
affect the pegylation experiments.

Insertion of N-glycosylation sites in bovine heart NCXI.
In our earlier study on the topology of the NCKX2 protein we
used insertion of N-glycosylation sites in all the loops linking the
various TMS to assess their orientation (the single endogenous
N-glycosylation site was removed).” Here, we used the same strat-
egy for the C-terminus and the preceding connecting loop of
bovine NCX1 from which the single endogenous N-glycosylation
site at the N-terminus was removed. We inserted the same spacer
(SHV DHI SAE TEM EGE GNE TGE CTG SYY CKK GVI
LPI WED EP) containing a single /V-glycosylation site in two
separate constructs, one between residues G900 and E901
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Figure 3. Mass-tagging of cysteine substitution mutants in the cysteine-free NCX1 (C-). The
indicated mutant NCX1 proteins were expressed in High Five cells and subjected to mass-
tagging with the 5 kDa MALPEG reagent as described under Materials and Methods. Shown
are Western blots for the dNCX1 protein (C2C12 antibody) obtained from cell extracts. Left
panels show untreated cells (lane 1) and cells treated with MALPEG and then sorted with
FACS (lane 2); right panel represent cells treated with MALPEG in the presence of saponin. The
arrow indicates the pegylated protein. As seen with mass-tagging of NCKX2, the observed
mass shift always appeared greater than 5 kDa, presumably due to the distinct physicochemi-
cal nature of PEG.

(located in the 9-10 linker) and the other
between H934 and 1935 (at the C-terminus;
the C-termini are highly conserved between
dog and bovine NCX1 and have the same
residue numbers). As illustrated in Figure 5,
PNGase treatment of the C-terminus insert
resulted in a slight lowering of the MW sug-
gesting the spacer inserted at the C-terminus
was glycosylated, hence, exposed to the extra-
cellular space. No molecular weight shift was
noticed for the 9-10 linker insert suggesting
that this insert is exposed to the intracellular
space. When we examined NCX function by
means of “Ca uptake, the NCX1 mutant con-
struct with the glycosylation site inserted at
the C-terminus showed “Ca transport activity
but the construct with the glycosylation site
inserted into the 9-10 linker did not. These
results are consistent with the pegylation
experiments and with a 10 TMS topology for
NCX1.
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Discussion

In this study we reassessed the reported
topological models of the mammalian
NCX1%7 and NCKX2° Na*/Ca? (-K*)
exchangers motivated by the recently
published crystal structure of a archaebac-
terial Na*/Ca?* exchanger.® As the major
difference in the reported topologies is
centered on the C-terminal three TMS
(Fig. 1) we focused on this region. We
selected mass-tagging with the large (5
kDa) and hydrophilic MALPEG reagent
in order to minimize access of the reagent
to aqueous ion transport pathways within
the NC(K)X protein that might allow

penetration of smaller reagents, and,

moreover, this reagent selects for detec-

tion of NC(K)X protein that is trafficked

Figure 4. Functional activity of the mutant NCX1 and NCKCX2 proteins expressed in High Five
cells. High Five cells were transiently transfected with the indicated NCX1 and NCKX2 mutant
cDNAs and transport function was measured two days post transfection. High Five cells were Na*-
loaded with the use of the ionophore monensin and *Ca uptake was measured using a filtration
assay as described previously.” NCX or NCKX activity is defined as the difference in time-depen-
dent “Ca uptake measured in 150 mM KCl medium and that measured in 150 mM NaCl medium. In
addition to NaCl or KCl, the uptake medium contained 80 mM sucrose, 20 mM Hepes (adjusted to
pH 7.4 with arginine), 10 wM EDTA and 1 wM FCCP. **Ca uptake was initiated at time zero by the ad-
dition of 1 n.Ci “Ca and 30 M CaCl, and measured at 25°C. Open circles represent High Five cells
transfected with empty vector. Left panel (NCKX2 mutants): filled circles, cysteine-free NCKC2 (C-);
inverted triangles, C-Q594C; squares, C-M628C; diamonds, C-S660C. Right panel (NCX1 mutants):
Filled circles, cysteine-free NCX1 (C-); inverted triangles, C-G870C; squares, C-T907C; diamonds,
C-F938C. Data are normalized to uptake seen in cells expressing the respective cysteine-free NCX1
and NCKX2 proteins; shown are average + standard error of the mean of 3 to 11 separate experi-
ments.

to the plasma membrane and is likely to
represent the correctly folded NC(K)X
protein. The mass-tagging experiments
illustrated in Figures 2 and 3 are consis-
tent with the 10 TMS topological model
for both NCX1 and NCKX2. In the
final stages of writing this manuscript
we learned of a very recent study by Ren
and Philipson?® presenting cross-linking
data that also support the 10TMS topol-
ogy for NCX1. Combined with our data
presented here this suggests strongly
that the mammalian NCX and NCKX
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share the same 10 TMS topology with
the NCX_Mj. This

archaebacterial
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information should be useful in the inter-
pretation of structure/function studies and
assist homology modeling of mammalian

NC(K)X based on the NCX_Mj structure.

Materials and Methods

General methods and materials. Cell cul-
ture (we used a lepidopteron insect cell
expression system, BTI-TN-5B1-4 High
Five |, cells, Invitrogen), transfection pro-
tocols, SDS-PAGE, “Ca uptake protocols
and mutagenesis were all performed as

described in detail before.!'** All chemi-
cals were purchased from Sigma unless

R3F1 antibody

-]
w
|

stated otherwise. Single cysteine substitu-
tions were made in the cysteine-free and
myc-tagged human NCKX2 as described
before.”® The cysteine-free dog NCXI1

1.0 - O
® WTNCX1 (4)
O control (4)
v 9-10 linker (4)
0.8 A C-terminus (4)
0
Q
S
o 0.6
o
)
N
©
£ 04
1
[¢]
2
0.2
-=no PNGase
+ = PNGase treated
0.0
0 30 60 90 120
Seconds

cDNA, ¢DNAs encoding single cysteine

substitutions in it, and the R3F1 antibody
were gifts from Drs D.A. Nicoll and K.D.
Philipson. Bovine NCX1 ¢cDNA was a gift
of Dr J.P. Reeves.

MALPEG treatment and FACS
analysis. Methoxy-polyethylene
glycol maleimide (MALPEG,
JenKem Technology, A3125-1) experiments.

Figure 5. Insertion of N-glycosylation sites at two separate positions in the C-terminal section
of bovine NCX1. Left panel: The indicated mutant NCX1 proteins were expressed in High Five
cells and subjected to PNGase treatment as described under Materials and Methods. Shown are
western blots for the bNCX1 protein (R3F1 antibody) obtained from cell extracts (very similar
results were obtained in four other experiments). N-glycosylation sites were introduced in the
9-10 linker or at the C-terminus as described in the text. Right panel: Exchange function was
assessed by “°Ca uptake as described in detail in the legend of Figure 4. Data are normalized to
uptake seen in the WT bNCX1 and represent average + standard error of the mean of 4 separate

treatment was performed on transiently

transfected High Five cells expressing the

indicated NCX1 or NCKX2 mutant proteins. Two days post
transfection, cells were washed twice with sodium-Hepes buffer
(150 mM NaCl, 80 mM Sucrose, 1 mM DTT, 20 mM Hepes,
pH 7.4). The cells were resuspended in the sodium-Hepes
buffer (with 0.1 mM DTT) to which was added a final con-
centration of 5 mM freshly dissolved MALPEG. For samples
treated with saponin and MALPEG, 0.02% (final concentra-
tion) saponin was added to the 5 mM MALPEG solution. The
cells were then incubated for 15 min at room temperature with
gentle mixing. The reaction was terminated by the addition of 5
mM reduced glutathione and 1 mM EDTA. After this, the cells
were spun down (3,000 g, 3 min) and washed twice with the
sodium-Hepes buffer containing 0.1 mM N-ethyl maleimide to
modify all remaining free thiol groups. The samples were then
taken for fluorescence activated cell sorting (FACS) at the Flow
Cytometry Facility at the University of Calgary. We removed
leaky cells by FACS using propidium iodide.*!

Cholesterol supplementation of High Five cells. High Five
cells were supplemented with cholesterol using a methyl-p3-
cyclodextrin vehicle. Preparation of the cholesterol-methyl-3-
cyclodextrin complex was performed in the following manner.
One g of methyl-B-cyclodextrin was dissolved at 80°C in 5 ml
of double distilled water. Thirty mg of cholesterol was dissolved
in 1 ml of ethanol and added to the methyl-B-cyclodextrin
solution which was stirred until clear. The combined solution
was distributed into microvials, freeze-dried for a 24 h period
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and then stored at room temperature. Immediately prior to cell
treatment with the cyclodextrin-cholesterol complex, double
distilled water was added to make a 10 mM cholesterol-methyl-
B-cyclodextrin solution. The High Five Cell media was replaced
24 h post transfection with 3 ml of complete HyQ-IPL-41
media supplemented with 0.15 mM cholesterol-methyl-B-
cyclodextrin. The cells were then incubated for another 24 h at
28°C, at which time they were collected and washed two times
in sodium-HEPES buffer.

Glycosidase treatment. Transiently transfected High Five cells
were collected two days post transfection and washed two times
in sodium-Hepes buffer. The cell pellets were resuspended in a
small volume of ice cold RIPA lysis buffer made up of 140 mM
NaCl, 25 mM Tris, 1% Triton X-100, 0.5% sodium deoxycho-
late, 0.1 mM EDTA, pH 7.5, and protease inhibitors (Roche
Diagnostics, 05892791001). Following 20 min of incubation
on ice, RIPA extracts were spun down at 20,000 ¢ for 5 min at
4°C and the supernatants were collected. The protein content of
the supernatants was determined with the Bio-Rad protein assay
(Bio-Rad Laboratories, 500-0006). Protein samples were dena-
tured by incubating them in 1% B-mercaptoethanol and 0.5%
SDS for 10 min at 37°C. Following this incubation, 1% NP-40
and 50 mM Na,PO, were added to neutralize the denaturing
conditions. The glycosidase PNGase F (New England Biolabs
P0704S) was then added to the samples to a final concentration
of 2 units/pl. The samples were incubated for 1.5 h in a 37°C
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water bath. Sample buffer (62.5 mM TRIS-HCI, pH 6.8, 2%
(wlv) SDS, 10% glycerol, 41 mM DTT, and 0.03% (w/v) phenol
red) was added and the samples were analyzed by SDS-PAGE and
western blotting.

Western blotting. The Following monoclonal antibodies
were used: Myc-Tag (9B11) mouse mAB (New England Biolabs,
2276), anti-NCX1 C2C12 mouse mAB (Affinity Bioreagents
MA3926) and anti-NCX1 R3F1 mouse mAB in TBST
(10 mM Tris, 100 mM NaCl, 0.05% Tween 20, pH 8.0 with
HCI) supplemented with 1% skim milk. The nitrocellulose
membranes were blocked for 1 h with TBST-5% skim milk, then
incubated overnight at a 1:1,000 dilution of primary antibody
in TBST-1% skim milk and then washed four times with 20
ml of TBST. Next, the membranes were incubated in the dark
with a 1:20,000 dilution of Goat anti-mouse IRDye 800CW

(Mandel Scientific, 926-32210) in TBST-1% skim milk for 1 h at
room temperature. The membranes were washed four times with
TBST, rinsed with 10 ml of de-ionized water and scanned on the

LI-COR Odyssey Infrared Imager.
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