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ABSTRACT: The Na'/Ca"-K* exchanger (NCKX) gene products are polytopic membrane proteins that
utilize the existing cellular Naand K" gradients to extrude cytoplasmic £€aNCKX proteins are made

up of two clusters of hydrophobic segments, both thought to consist of five putative membrane-spanning
o-helices, and separated by a large cytoplasmic loop. The two most conserved regions within the NCKX
sequence are known as thel and a2 repeats, and are found within the first and second set of
transmembrane domains, respectively. Dheepeats have previously been shown to contain residues
critical for transport function. Here we used site-directed disulfide mapping to report thatréygeats

are found in close proximity in three-dimensional space, bringing together key functional NCKX residues,
e.g., the two critical acidic residues, Gitiand Asp3*8. Glu188Cys in thexl repeat could form a disulfide
cross-link with Asp548Cys in the2 repeat. Surprisingly, cysteine substitutions of'%en the ol repeat

could form disulfide cross-links with cysteine substitutions of three residues im2heepeat (Séf®,

Asp>*8, and Ser?), thought to cover close to two full turns of anhelix, implying an area of increased
flexibility. Using the same method, A%, a residue critical for the Kdependence of NCKX, was shown

to be in the proximity of Séf>and GIlu®8 consistent with its role in enabling'kto bind to a single Ca

and K" binding pocket.

The SLC24 gene family of K-dependent NaCat so far to NCKX1 found in the outer segments of retinal rod
exchangers (NCKX$)consists of six distinct genes whose photoreceptors (reviewed in refs1-13). In rod outer
transcripts are found in a wide variety of tissuds 2); segments, NCKX1 is associated with the heteromultimeric
several NCKX-related cDNAs have also been cloned from cGMP-gated channell4, 15), and when expressed in cell
invertebrates on the basis of homology within hydrophobic lines, both NCKX1 and NCKX2 associate with the CNGA
segments of the NCKX sequencg-6). With the possible  subunits of both the rod and cone cGMP-gated chanfhé)s (
exception of NCKX6 2, 7), all these NCKX cDNAs have  As a significant fraction of the inward current through both
been shown to encode proteins carrying otitdépendent rod and cone cGMP-gated channels is carried b3 Ch7,
Naf/Ca* exchange transport when expressed in heterologous18), the physiological role of NCKX in vertebrate photo-
cell systems. NCKX1 and NCKX2 are the best studied receptors is removal of this €a

NCKX proteins and have been shown to transportatd Hydrophobicity analysis shows that all NCKX proteins

operate at a 4NalC&" + 1K™ stoichiometry §—10). contain 11 distinct hydrophobic segments (Hi11), each
Detailed “in situ” characterization of NCKX has been limited ¢ \vhich contains some sequence that is similar to the

f—y . .__corresponding hydrophobic segment in each of all other
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EXPERIMENTAL PROCEDURES

MutagenesisThe cysteine-free or Cys-less human NCKX2
was made as described elsewhere by replacing the codons
for all nine endogenous cysteine residues with codons for
serine R4). The residue numbering used in this and our
previous studies is that of the wild-type (WT) full-length
human NCKX2 @5). Pairs of cysteine codons were inserted
at various positions into this Cys-less background as
described previousih\26). Briefly, the pEIA Cys-less NCKX2
clone was partially digested with Xbal, blunted, and religated
to remove a 3polylinker Xbal site. The internal NCKX2
Xbal and Xhol sites were then used to clone cysteine mutants
into the 3 region of the molecule. Two internal BsrGl

= sites were then used to clone cysteine mutants into the second
Ficure 1: Location of endogenous cysteine residues and sites of haif of the molecule. All mutants made using the BsrGl sites

insertion of cysteine into the Cys-less NCKX2 Ma@a-K+ -
exchanger. The NCKX2 protein contains 11 hydrophobicsegmentsWere PCR screened for the proper insert number and

(1-11) in addition to the cleavable signal peptide (0). Endogenous Orientation. All PCR-generated fragments were sequenced
cysteine residues (black ovals) were replaced with serine residuesafter insertion to ensure no unwanted mutations were

to yield the Cys-less NCKX220). The gray areas centered on  generated through PCR errors. Plasmid DNAs were prepared

helices 2 and 8 represent thel and a2 repeats, respectively. ; ; e ;
Double cysteine insertions into the Cys-less background were madeUSI.ng.the EndoFree Plasmid Maxi Kit system from Qiagen
(Mississauga, ON).

by replacing one residue in thel repeat and one residue in the
a2 repeat (representeq by black rectangles). In.addition, residues Copper-Phenanthroline TreatmentVe used an insect cell
D258 in H4 and D575 in HY were analyzed (white rectangles).  jine (High Five cells) for transient transfection with the

. , various double cysteine insertion NCKX2 mutants as de-
cation dependencies of N&C&'-K* exchange transport  gqrined previouslyd). Two days after transfection, High Five
(3, 9). Little is known about the spatial arrangement of the q|is were washed with a medium containing 150 mM KCl,
11 hydrophobic segments in NCKX. Mapping of inserted gg mm sucrose, and 20 mM Hepes (adjusted to pH 7.4 with
glycosylation sites combined with mapping of inserted arginine) and resuspended in 150 mM KCl and 20 mM Mops
cysteine residues in NCKX2 resulted in the topology (adjusted to pH 7.4 with arginine). In some experiments, the
illustrated in Figure 120), consistent with an extracellular  human embryonic kidney cell line (HEK293) was used as
localization of the C-terminus as reported by antibody described previously1Q). Two days after transfection,
binding to an inserted epitope at this positi@i)( In two HEK?293 cells were washed twice on the plate with PBS [140
recent studies, we reported that several residues in putativenM NaCl, 2.7 mM KCI, 10 mM NaHPQ,, and 1.8 mM
membrane-spanning helices H2, H4, H8, and H9 contribute KH.PO, (pH 7.4)], lifted from the plate in PBS, and collected
to a single C& and K" binding pocket based on the effect by centrifugation (3 min at 3@f). The pellet was resuspended
of individual substitution of several of these residues on the in PBS to a final protein concentration of 5 mg/mL. The
Ca* and K" concentration dependencies of reverse/Na HEK293 cell or High Five cell suspension<{2 mg of
cat exchange (the location of these residues is shown in protein/mL) in the media described above was incubated with
Figure 1) @2, 23). This would suggest that these helices 2 MM phenanthroline and 1 mM Cug®@r 10 or 60 min at
come together in the native NCKX2 structure, although they "00m temperature as indicated in the text. The reaction was
are separated in the linear sequence-B%0 residues. Here,  teérminated by addition of 5 mM EDTA. The final pellet was
site-directed disulfide mapping was used to test for the resuspended in 150 mL of lysis buffer containing 1% Triton

proximity of these residues in helices H2 and H4 to those in :100, 0.5% DOC, 140 mM NaCl, 25 mM Tris (pH 7.5),
helices H8 and H9. We previously generated a functional 10mM EDTA_’ a_md one protease |nh|b|t(_)r tablet per_lO mL
mutant NCKX2 (Cys-less), in which all nine endogenous (Complete, Mini, Roche), incubated on ice for 20 min, and

cysteine residues (Figure 1 illustrates the position of these SPUN _dpwn at 200@ An a!|quot of the supematant
. . : : . containing 20ug of total protein was separated on an 8%
cysteine residues) were replaced with serine resid2ds (

! . . Laemmli gel, transferred to a nitrocellulose membrane, and
Using copper-bound phenanthroline to generate intra- probed overnight at #C with the monoclonal c-myc
molecular disulfide linkages between pairs of inserted antibody (NEB, Pickering, ON) (1:2000 dilution in TBST
cysteine residues in the Cys-less background, we demonstrat@ i 104 skim milk added') using standard procedur@s (

here that several residues in helix H2 are in the proximity 1he resulting films (Kodak Biomax Light, Eastman Kodak
of residues in helices H8 and to D575 in H9. The residues cq  Rochester, NY) were scanned and analyzed with
identified here are conserved in the NCKX3 isoforms,  sigmaGel 1.0. In earlier experiments, 1 mM DTT was added
and most are among the few residues conserved betweefq the sample buffer to reverse disulfide bond formation. For
members of the NCKX gene family and members of the the double cysteine insertion mutants expressed in HEK293
SLC8 gene family of N&/C&* exchangers (NCX). Recently,  cells, some intramolecular cross-linking could occur in the
D575 in helix H9 was shown to be critical for the*K lysis buffer without copperphenanthroline being present.
dependence of NCKX22Q); D575 is conserved among the Therefore, in later experiments, cells were incubated with 5
NCKX1-5 isoforms, but not found in NCKX6 or in the three  mM N-ethylmaleimide (NEM) for 10 min to block all
NCX isoforms. remaining free sulfhydryl groups prior to addition of lysis




Disulfide Mapping of the N&/Ca&"-K* Exchanger Biochemistry, Vol. 44, No. 21, 2005789

buffer. In control experiments, cells were treated with NEM o1 repeat and S545, D548, S552 (all three in H8), and D575
first, and then treated with coppephenanthroline. Most of  (in H9) as critical residues in th#2 repeat. Pairs of cysteine
the NEM was removed by a single sedimentation step residues were introduced, one cysteine replacing either S185
(3 min at 30@) and resuspension of the cell pellet in or E188 in helix H2 and the other cysteine replacing either
NEM-free medium. a single residue in helix H8 or D575 in H9. The double
Surface Biotinylation of Wild-Type NCKX2 and NCKX2 cysteine insertion mutants were expressed in the insect High
Mutants. Cells were transfected with the various cysteine Five cell system, previously reported to yield very consistent
insertion mutant NCKX2 cDNAs as described previously expression of both NCKX protein and NCKX function for
(24). Biotinylation was carried out in PBS medium with 80 a large range of NCKX clones and NCKX2 mutars 19,
mM added sucrose and 1 mM EZ-Link Sulfo-NHS-LC- 26).
Biotin (Pierce, Rockford, IL) for 7 min. The reaction was Signal Peptide Clezage and Expression lels of the
terminated by incubation for 20 min with 250 mM Tris-HCI Double Cysteine Insertion Mutant$he residues selected
(pH 7.5). In some experiments, cells were subsequently for this disulfide mapping study are critical for NCKX
treated with copperphenanthroline and NEM as described transport function, and as a result, most of the double cysteine
above. When no additional coppgphenanthroline treatment  insertion mutants exhibited very little or no NCKX transport
was carried out, cells were washed two times in the PBS function when analyzed in either High Five or HEK cells
medium described above, incubated for 20 min with ice- (not illustrated). Therefore, these nonfunctional NCKX2
cold lysis buffer, and sedimented (5 min at 20§00and mutants could conceivably be incorrectly folded proteins,
the supernatant was used. Protein concentrations wereetained within the cell, and not representing the wild-type
determined with the Bradford reagent. Samples containing NCKX2 structure. Moreover, overexpression of plasma
1 mg of total protein were incubatedrf@ h on icewith 1 membrane proteins in cell lines often results in a large
uL of monoclonal Myc antibody (NEB Biolabs). Subse- amount of expressed protein retained in intracellular mem-
quently, these samples were mixed with protein A/G Plus branes, and this may present immature or incorrectly folded
agarose beads (Santa Cruz Biotechnology). The beads wer@rotein as well. Heterologous expression of NCKX2 in cell
incubated overnight at 4C, and then washed three times lines invariably yielded a two-band pattern of NCKX2 when
with PBST containing 10 mM N&lPQ,, 1.8 mM KH,PO,, analyzed on SDSPAGE. We have previously shown that
140 mM NacCl, 2.7 mM KCI, and 0.1% Tween 20 (pH 7.4). the lower band represents the NCKX2 protein that has
After addition of the sample buffer, the beads were heated undergone delayed cleavage of an N-terminal signal peptide
for 2 min at 95°C and aliquots were subjected to gel and only the NCKX2 protein represented by the lower band
electrophoresis in an 8% Laemmli gel, transferred to is presentin the plasma membrane, while the NCKX2 protein
nitrocellulose paper, and probed with Qug/mL avidin— represented by the noncleaved upper band is retained within
HRP (Biolynx Inc., Brockville, ON). the cell @9). Hence, the two-band pattern serves as a
convenient indicator of NCKX2 protein maturation and
RESULTS plasma membrane targeting. In alt 120) mutant NCKX2
Formation of a Disulfide Bond between Inserted Cysteine constructs examined by us so far, signal peptide cleavage
Residues in Probing Residue Proximitytwo recent studies ~ was invariably associated with plasma membrane delivery
(22, 23), we identified 10 residues in the human NCKX2 (19, 22, 26) (see also Figure 7). All the double cysteine
protein that were important for NCKX transport function insertion mutants used in this study exhibited the two-band
(E188, P187, and S185 in H2; D258 in H4; T544, S545, pattern when analyzed on SBEAGE, suggesting that at
P547, D548, and S552 in H8; and D575 in H9) (Figure 1). least a fraction of the mutant NCKX2 protein had undergone
Individual substitution of several of these residues, in proper signal peptide cleavage and was correctly targeted to
particular, E188 and D548, resulted in mutant NCKX2 the plasma membrane. To quantify peptide cleavage and
proteins that displayed shifts in both the"Kand C&" expression levels, all Western blots of the double cysteine
concentration dependencies of reverse"@a&"-K* ex- insertion mutant NCKX2 were scanned and the ratio of lower
change transport (€a influx), suggesting these residues (cleaved) to upper (noncleaved) band was obtained (Figure
contribute to lining the NCKX cation binding pocket. Eight 2). The results show that signal peptide cleavage for the
of the 10 residues described above are located in twoabove-mentioned double cysteine insertion mutants was quite
membrane-spanning helices (H2 and H8), part of the so- similar when compared to that of the functionally active Cys-
called ol anda?2 repeats and separated ®850 residues  less NCKX2. The double mutants with the S192 and D258
as illustrated in Figure 1. Residue D575 in H9 was shown residues (see below) were also analyzed, and in this case,
to be critical for the K dependence of NCKX2 and was the extent of signal peptide cleavage was somewhat reduced,
suggested to facilitate binding of'to a common C& and in particular, for the D258C/D575C mutant. Average protein
K* binding site 23). If the above residues combine to line expression levels of the lower band representing cleaved
the cation binding pocket, they should be in close apposition NCKX2 were within 25% of that of the Cys-less NCKX2
in the native NCKX2 conformation. We previously generated except that expression levels for the D258C/D575C mutant
a functional Cys-less NCKX2 mutant in which all endog- NCKX2 were only 15% of that of the Cys-less NCKX2 (data
enous cysteine residues were replaced with serine residuesnot illustrated). Typical examples of the two-band pattern
and which exhibited wild-type protein expression artsD% exhibited by the various NCKX2 mutants can be found in
of wild-type NCKX2 transport activityZ4). To address the  Figures 3A, 5A, and 6A.
proximity of residues thought to be important for cation Disulfide Bond Formation by Coppethenanthroline:
binding, we carried out site-directed disulfide mapping. We S185C and E188C in Helix H2 Can Each Form Intra-
selected S185 and E188 as two key residues in H2 of themolecular Cross-Links with $eral Residues in Helix H8



7790 Biochemistry, Vol. 44, No. 21, 2005

T

e 1249 111
% 12 :'l[

[ 21 12

L 11 BB

08 [

Hw
Hw
HH~
HHe

0.6 [

0.4

Ratio of lower to upper band

0.2 b

‘e & P
PRI 8255 5

Ficure 2: Signal peptide cleavage in the double cysteine insertion

mutant NCKX2 proteins. The Cys-less NCKX2 protein and the

indicated double cysteine insertion mutants in the Cys-less back-

ground were expressed in High Five cells. Protein sampleg20
of protein/lane) were separated on SEFAGE, transferred, and
analyzed by Western blotting with the monoclonal Myc antibody.

The blots were scanned, and with the use of SigmalGel 1.0, the

ratio of the lower band (representing cleaved mutant NCKX2) to

the upper band (representing noncleaved mutant NCKX2) was

determined. Average valueg$tandard error of the mean) are
shown for the indicated number of experiments.

and with D575 in Helix H9Disulfide mapping was carried
out by treatment with coppeiphenanthroline as described
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Ficure 3: Intramolecular disulfide bond formation as an indicator

of residue proximity. (A) The Cys-less NCKX2 and the indicated

in Experimental Procedures. Figure 3A illustrates the results double cysteine insertion mutants in the Cys-less background were

for the double cysteine insertion mutants when either S185C

in H2 or E188C in H2 is paired with each of three different
residues in H8 or with D575C in H9. Disulfide bond

expressed in High Five cells and treated with copprenanthro-
line (as described in Experimental Procedures). Control represents
mock-transfected cells. Protein was extracted in lysis buffer, and
samples (2Qug of protein/lane) were separated by SBEFSAGE

formation was assessed as a molecular weight (MW) shift under nonreducing conditions (top panels labet&IT T); samples

on SDS-PAGE. All samples were separated on SEFAGE

under nonreducing conditions and analyzed for apparent MW
shifts on the basis of the premise that an intramolecular

disulfide bond will prevent complete unfolding of the

to which 1 mM DTT was added are illustrated in the bottom panels
(labeled+DTT). The Myc-tagged NCKX2 mutants were visualized
with the monoclonal Myc antibody. Shifts in mobility compared
to the Cys-less NCKX2 indicate intramolecular disulfide bond
formation. (B) Western blots of experiments such as the one

NCKX2 protein under denaturing conditions in the presence illustrated in panel A were scanned and analyzed with the use of

of SDS and this is likely to affect protein mobility. As
expected, coppefrphenanthroline treatment did not induce
a shift in mobility on SDS-PAGE for the Cys-less NCKX2.

However, significant shifts in mobility were observed for

all the S185C and E188C double mutants tested here,

demonstrating that an intramolecular disulfide bond had
formed which prevented complete unfolding of the mutant
NCKX2 protein in the SDS sample buffer and resulted in
the increased mobility observed on SBBAGE. When the
cross-linked samples were treated with 1 mM DTT prior to
SDS-PAGE, all mutants exhibited the two-band pattern
observed for the Cys-less NCKX2, indicating that the
disulfide bonds could be readily reduced (Figure 3A). When
free sulfhydryl groups were alkylated with NEM prior to
copper-phenanthroline treatment, no intramolecular cross-
links were observed, while addition of NEM after copper

SigmaGel 1.0. The area representing the lowest band was expressed
as the percentage of the total NCKX2 protein present (total area
representing all bands). Average valugssfandard error of the
mean) are shown for the various NCKX2 mutants with the number
of independent experiments indicated at the top of the bars.

access to uncleaved NCKX2 that did not reach the plasma
membrane. In some gels, the two middle bands merged into
a single band, and in the case of the S185C/D575C NCKX2
and E188C/D575C NCKX2 double mutants, a four-band
pattern was generally not resolved. In this case, we believe
the cross-linked and noncleaved mutant NCKX2 protein is
shifted downward to the same position occupied by the
cleaved mutant NCKX2 protein without intramolecular cross-
linking. D575C is located in helix H9, and the intramolecular
cross-link between S185C or E188C in H2 and D575C in
H9 would appear to have a slightly different shape (as judged

phenanthroline treatment did not reverse intramolecular by mobility on SDS-PAGE) when compared with the

cross-linking (data not illustrated).
Copper-phenanthroline treatment of the three double

intramolecular cross-link generated between S185C or E188C
and cysteine residues inserted into H8. Western blots such

cysteine mutants with residues in H8 resulted in a four-band as the one illustrated in Figure 3A were scanned, and
pattern for both S185C and E188C. This suggests thatdensitometry was used to quantify the degree of intra-
NCKX2 mutant proteins could readily form intramolecular molecular cross-linking. In most cases, the two middle bands
disulfide cross-links irrespective of signal peptide cleavage. were not sufficiently resolved for unambiguous identification.

This result is not unexpected since coppphenanthroline  Since the lowest band is likely to represent cross-linking of
is a membrane permeable reagent and should be able to havihe cleaved NCKX2 mutant protein located in the plasma
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Ficure4: Summary of disulfide mapping between residues in helix 6
H2 and residues in helix H8. (A) Helical wheel projections show 60
the localization of the residues of helices H2 and H8 to hydrophilic 50 3
(facing each other) and hydrophobic (facing away) surfaces,

respectively. Residues in bold type were replaced with cysteine
and used for disulfide mapping. (B) Summary of the disulfide
mapping experiments concerning residues in helices H2 and H8 as

Percentage
e 8

1
illustrated in Figures 3, 5, and 6. Solid lines represent strong cross- 20 ‘ ' 6
links, while dotted lines represent weaker cross-links. 10 3 ‘ ‘f‘
membrane (see below), we determined the percentage this ’ :,l_‘ o J o -
band contributed to the total amount of mutant NCKX2 a«-};" 96\" \\rfo oco’s’ go‘°°
protein present. A significant amount of cross-linked and ) & ,@0 .bé'\ ,\@0
cleaved NCKX2 protein was observed for all eight mutants o w e =

tested with the lowest cross-linking efficiency observed for Figyre5: Formation of disulfide bonds between E188C and 1546C
the E188C/S552C NCKX2 mutant (Figure 3B). No signifi- - or I550C. (A) The Cys-less NCKX2 protein and the indicated
cant differences in the cross-linking patterns were observeddouble cysteine insertion mutants in the Cys-less background were
for the double cysteine insertion mutants illustrated in Figure €Xpressed in HEK293 cells and analyzed by SIPAGE when
3 whether th di tained domi HvE N copper-phenanthroline treatment preceded incubation with NEM
whether the me ium cc_)n aine pre_ ominantly” " (lanes 1-6) or when the copperphenanthroline and NEM treat-
whether the medium contained predominantly Cand K ments were reversed (lanes 72) as described in the text and in
(data not illustrated). Experimental Procedures. Protein samplesy@®f protein/lane)
We analyzed a large number of double cysteine insertionswere separated by SB®AGE, and the Myc-tagged NCKX2

; . ; mutants were visualized with the monoclonal Myc antibody. Shifts
into the Cys-less NCKX2 background outside of the two in mobility compared with the Cys-less NCKX2 indicate intra-

repeats, and no shift in mobility was observed after copper yojecular disulfide bond formation. Some smeared immunoreac-
phenanthroline treatment in the large majority of these double tivity was observed above the NCKX2 bands, and this was more
cysteine insertion mutants. This suggests that, as expectedpronounced in samples treated with NEM as is the case here. (B)
most pairs of inserted cysteine residues are not in sufficient Western blots of experiments such as the one illustrated in panel

. e A were scanned and analyzed with the use of SigmaGel 1.0. The
proximity to form a disulfide bond. For example, we made area representing the lowest band was expressed as the percentage

a series of double cysteine insertions containing S266C, aof the total NCKX2 protein present (total area representing all
residue located in the very short H#5 linker. S266C was  bands). Average values-6tandard error of the mean) are shown
paired up with each of five different residues thought to be for the various NCKX2 mutants with the number of independent
located at the membranextracellular interface of H7  €xperiments indicated at the top of the bars.
(A521), H8 (I1534), H9 (L585), H10 (L603), and H11l examine the proximity of E188 to 1546 and 1550, both of
(L650C), but none of the resulting five double cysteine which should be pointed away if H8 adopts arhelical
insertion mutants exhibited any shift upon coppghenan- structure. Both E188C/I1546C and E188C/I550C NCKX2
throline treatment for upot 1 h atroom temperature (not  mutants were analyzed in HEK293 cells rather than High
illustrated). Five cells as no protein expression of these two mutants was
o-Helical Structure of Helices H2 and H8n a helical observed in the latter. All samples were treated with copper
wheel projection of helix H8, S552 and S545 are separatedphenanthroline; the reaction was stopped by addition of
by two full turns, yet each of these two residues appears toexcess EDTA, and subsequent treatment with NEM was used
be in the proximity of S185 (Figure 4). Figure 4 summarizes to alkylate all remaining free sufhydryl groups prior to
the results obtained in the experiments illustrated in Figure addition of the lysis buffer (see Experimental Procedures).
3. Evidently, residues across two full turns of a putatve  Control samples were only treated with NEM prior to
helix could form disulfide bonds. As a negative control to addition of the lysis buffer. Strong disulfide bond formation
test thea-helical structure of H8, we examined residues 1546 was observed when incubation with coppphenanthroline
and 1550, both of which are located on the hydrophobic preceded NEM treatment in intact cells (Figure 5A, lanes
surface ofa2 repeat helix H8, away from the hydrophilic 1—6). The four-band pattern observed for both E188C/1546C
surface that contains D548, S545, and S552. The E188C/and E188C/I550C mutant NCKX2 proteins clearly indicates
I546C and E188C/I550C NCKX2 mutants were made to the presence of disulfide bonds in both cleaved and non-
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cleaved populations of these two NCKX2 mutants (Figure
BA, lanes 4 and 6). For comparison, the S185C/S552C,

S185C/D548C, and E188C/D575C double mutants were also

analyzed in HEK cells with very similar results as obtained
in High Five cells, although cross-linking of the S185C/

S552C mutant NCKX2 (lane 2) was somewhat less efficient
in HEK293 cells (compare Figures 3B and 5B). Note that
this was one of the very few blots in which a four-band

pattern was resolved for the S185C/D575C mutant NCKX2.
When the order of coppeiphenanthroline and NEM treat-

ments was reversed, no disulfide cross-links were observed

except for the S185C/D575C mutant NCKX2 (Figure 5A,
lanes 7#12). This illustrates the efficacy of the NEM
treatment in alkylating the inserted cysteine residues and
suggests that no disulfide bonds had formed in the intact
cells prior to addition of copperphenanthroline except for
the S185C/D575C mutant NCKX2 (Figure 5A, lane 9). To

date, this represents the only double cysteine insertion mutant

in which a disulfide cross-link had formed in situ, although
it is unclear why this was not observed in the High Five cell
system. The average cross-linking levels observed in three
to six experiments are shown in Figure 5B.

Antiparallel Orientation of Helices H2 and H&lelices
H2 and H8 within thenl anda2 repeats are thought to be
in an antiparallel orientation2Q) with key hydroxyl-
containing residues being placed at various positions of the
hydrophilic surface of both heliceZ, 26) (Figure 4). We
examined the ability of S192C in helix H2 to form disulfide
bonds with each of three differently placed hydroxyl-
containing residues on the hydrophilic face of helix H8
(T538, S545, and S552) (Figure 1). Consistent with the
antiparallel orientation, S192C formed disulfide cross-links
with T538C and S545C, but not with S552C (Figure 6, lanes
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FiGURe 6: Antiparallel orientation of putative. helices H2 and
H8. (A) The indicated double cysteine insertion mutant NCKX2
proteins were expressed in High Five cells and treated for 10 min
with copper-phenanthroline as described in Experimental Proce-
dures. Protein samples (2@ of protein/lane) were separated by
SDS-PAGE under nonreducing conditions or after addition of 1
mM DTT as indicated. The Myc-tagged NCKX2 mutants were
visualized with the monoclonal Myc antibody. Shifts in mobility
compared to the Cys-less NCKX2 indicate intramolecular disulfide
bond formation. (B) Western blots of experiments such as the one

_ : ; ; ; illustrated in panel A were scanned and analyzed with the use of
.2 4). Although .th? exper_lmenF lllustrated in F'g‘”‘? 6A SigmaGel 1.0. The area representing the lowest band was expressed
included a 10 min incubation with coppephenanthroline  55the percentage of the total NCKX2 protein present (total area

at room temperature, in most experiments longer incubation representing all bands). Average valuessfandard error of the
times of 45-60 min were required to obtain clear evidence mean) are shown for the various NCKX2 mutants with the number
for intramolecular cross-linking of the double cysteine of independent experiments indicated at the top of the bars.
insertion mutants that included S192C. The average cross-
linking levels observed in five experiments are shown in lation of mutant NCKX2 protein in the plasma membrane
Figure 6B. formed the intramolecular cross-links observed here, surface
Proximity of Residue D258 to Residues in Helices H8 and biotinylation (EZ-Link Sulfo-NHS-LC-Biotin) was combined
H2. Four acidic residues, important for NCKX2 functia2®( with cross-linking (with copperphenanthroline) as il-
23, 26), are thought to be located in the horizontal midplane lustrated in Figure 7. As a negative control (lane 1), we used
of the membrane (Figure 1). Data illustrated in Figure 3 the A75N-NCKX2 deletion mutant which lacks the first 75
indicate that E188 is in the proximity of both D548 and N-terminal residues containing the signal peptide and is not
D575. We examined the proximity of D258 to various targeted to the plasma membra6)( The Cys-less NCKX2
residues in helices H2 and H8 as substitution of D258 could (lane 2) was used as a positive control for plasma membrane
cause shifts in both Gaand K" concentration dependencies  delivery since this mutant NCKX2 exhibits50% of wild-
of reverse N&/Ca&"-K* exchangeZ2). However, no forma-  type NCKX2 function but cannot undergo intramolecular
tion of disulfide bonds between D258C and cysteine replace- disulfide bond formationZ4). Cells expressing the mutant
ments of the other acidic residues located in either helix H2 NCKX2 proteins were surface biotinylated, and the double
(E188), H8 (D548), or H9 (D575) was observed (Figure 6A, cysteine insertion mutants were also treated with copper
lanes 16-12) even when long incubation times of 60 min phenanthroline and NEM (as described in Experimental
were used. Procedures). The mutant NCKX2 proteins were purified by
Cross-Linking of the Double Cysteine Insertion Mutants immunoprecipitation with the monoclonal Myc antibody,
Present in the Plasma Membranghe results illustrated in ~ separated on SDSPAGE, and probed with avidinHRP
Figure 2 show that, with the exception of the D258C/D575C (Figure 7A, colored green). No band was observed for the
NCKX2 mutant, signal peptide cleavage was not very truncatedA75N-NCKX2 construct since the signal peptide
different in the double cysteine insertion mutants which is required for plasma membrane targeting. Strong surface
suggests that plasma membrane targeting was not affectedbiotinylation was observed for the Cys-less NCKX2 (lane
in all but one of those mutants. To ensure that the subpopu-2) and all six double cysteine mutants (lanes33, demon-
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by surface biotinylation, panel A). The lowest-MW band
represents further N-terminal cleavage of NCKX2 beyond
residue 62 as a Flag tag inserted at position 62 was no longer
present in the Flag-tagged NCKX2 protein represented by
this band (data not illustrated; the Flag-tagged NCKX2
constructs were described in r89). Merging panels A and

B demonstrates that only the cleaved band(s) of the Cys-
less NCKX2 (lane 2) and the six double cysteine insertion
mutants (lanes-38) were located in the plasma membrane.

It also illustrates (consistent with the results shown in Figure
3) that the noncleaved double cysteine NCKX2 mutant
protein not present in the plasma membrane also underwent
intramolecular cross-linking. Results similar to those shown
in Figure 7 were obtained in at least three other experiments
for each of the eight double cysteine insertion mutants
illustrated in Figure 3; similar results were also obtained with
the double cysteine insertion mutants expressed in HEK293
cells (i.e., those illustrated in Figure 5) (data not shown).

DISCUSSION

lon binding sites or selectivity filters of ion transporters
v . v . and channels are typically comprised of residues located on
FiIGURE 7: Surface biotinylation of double cysteine insertion several distinct membrane-spanning or membrane-penetrating
NCKX2 mutants. Cys-less NCKX275-NCKX2, and the indicated  gaqments that can be far apart in the linear protein sequence.
double cysteine insertion NCKX2 mutants in the Cys-less back- | . tudi identified | id ithin th
ground were expressed in High Five cells. TAZ5-NCKX2 n previous studies, we identmed several residues within the
NCKX2 mutant is defined in the text and has been described @1 ando2 repeats of the NCKX2 protein that were important
previously (7). Control represents mock-transfected cells. Copper  for maximal transport function2g), and/or showed altered
phenanthroline and NEM treatment and surface biotinylation (with K+ and C&" concentration dependencies upon substitution
EZ-Link Sulfo-NHS-LC-Biotin) were carried out as described in (22, 23). Here, we used site-directed disulfide mapping to

Experimental Procedures. Protein was extracted in lysis buffer and, h ial f th h
when indicated, immunoprecipitated with the monoclonal Myc FePort on the spatial arrangement of theseepeats. The

antibody. Negative images of the blots were colored and merged major novel finding in this study is that a set of key residues
with the use of Adobe Photoshop CS. (A) AvidiklRP blot of on membrane-spanning helices H2, H8, and H9 (Figure 1),
biotinylated and immunopurified samples: lanes 1 and 2, no further suggested to line the cation binding pocket in NCKX2 (i.e.,

treatment; and lanes-3, following biotinylation, treated with .
copper-phenanthroline and NEM. (B) Same blot as in panel A S185, E188, S545, D548, S552, and D575), @3), are in

but stripped and reprobed with the polyclonal Myc antibody. (C) Proximity in the native NCKX2 structure, although they are
Merged image of panels A and B. Note that in this experiment the located in different membrane-spanning helices separated by
Cys-less NCKX2 exhibited an additional lower band that gives rise ~350 residues.

to a three-band pattern; this represents additional cleavage at the Three features stand out:

N-terminus, as described in the text. i = S )
(1) The high incidence of disulfide bond formation
strating that all were correctly targeted to the plasma Observed for the residues studied here and thought to be

membrane. Moreover, the double cysteine mutant NCKx2 located well within membrane-spanning helices is in sharp
proteins present in the plasma membrane ran at a lower Mwcontrast with the low incidence of disulfide bond formation
than the Cys-less NCKX2, indicating that these mutant We observed when trying to map the proximity of the ends
NCKX2 proteins had undergone complete intramolecular ©f the various membrane-spanning helices of NCRX
cross-linking. The only exception was the E188C/S552C NCX1 (27).

NCKX2 mutant (lane 7) for which a considerable amount  (2) The disulfide cross-links observed in Figure 3 encom-
of cleaved protein without an intramolecular cross-link was pass a significant volume as two residues on helix H2 (5185
present in the plasma membrane, consistent with the lowand E188) could each form cross-links with three different
cross-linking efficiency observed for this mutant in Figure residues on helix H8 that are separated by close to two full
3. Next, the blot was stripped and reprobed with the turns of anx helix, suggesting an area of enhanced flexibility
polyclonal Myc antibody (Figure 7B, colored red). The and movement. Helix movement is corroborated by the
truncatedA75N-NCKX2 construct (lane 1) exhibited a single observation that E188C on helix H2 also formed cross-links
band at a lower MW compared with the band(s) observed with 1546C and 1550C (Figure 5), two residues thought to
for the Cys-less NCKKX2 (lane 2), consistent with the be on a hydrophobic surface of helix H8 facing away (Figure
absence of the signal peptide through truncation of the first 4). Despite the flexibility suggested by the ability of different
75 residues (signal peptide cleavage of NCKX2 is predicted residues in the central portions of helices H2 and H8 to form
to occur at residue 58). In the High Five cell expression disulfide cross-links, significant steric constraints exist as
system, the lower band of NCKX2 was sometimes (as Well for these residues as a mere lengthening of the side
observed here) accompanied a “shadow” band with an even

slightly lower MW, giving ri_se to a three-band pattern (t_aoth 2T. G. Kinjo, K.-J. Kang, R. T. Szerencsei, and P. P. M. Schnetkamp,
lower bands were present in the plasma membrane as judgethanuscript in preparation.

1 2 3 4 5 6 7 89
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chain by one methylene group caused a significant loss of and impermeant sulfhydryl-modifying reagent MTSET. (2)
NCKX2 function in four cases: the S185T, S545T, and The N-terminal end of H8 contains two adjacent acidic
S552T NCKX2 mutants22) and the D575E NCKX2 mutant  residues, while the cytoplasmic C-terminal end appears to
(23). be defined by a pair of basic residues. The resulting

(3) In addition to residues in helix H8, S185C and E188C antiparallel orientation of H2 and H8 is consistent with the
could each also form fast intramolecular disulfide cross-links observation here that S192C could form disulfide cross-links
with D575C on helix H9 (Figures-46), consistent with the ~ with T538C and S545C, but not with S552C (Figure 6), but
crucial role of D575 in binding of K to the NCKX2 cation the reaction time was considerably slower than that for
binding pocket 23). observed cross-links that involved S185C, S545C, or S552C.

Two previous studies used a very similar strategy to map The S192 residue is well-conserved in NCKX proteins
the proximity of residues involved in substrate binding within representing different isoforms or different species and would
transmembrane helices of the P-glycoprotein and SERCA appear to be in a very similar position when compared with
C&" pump, respectively. For the P-glycoprotein, the fre- S185, S545, and S552. However, the slower reaction time
quency of cross-links was much lower than that observed for disulfide bond formation appears to correlate with the
here for NCKX2 @8). The SERCA C& pump was found  observation that S192 is not particularly critical for NCKX2
to have a network of cross-links all along the length of function as substitution with either alanine or cysteine had
membrane helices 4 and 6, but no cross-links were reportediittle effect (26).

that would span two turns of the heli29). In the latter study, The many cross-links that were observed between E188C
the SERCA C& pump was “frozen” in the Estate which  on H2 and residues S545C, D548C, and S552C on H8 that
prevented cycling of the pump during the incubation with span close to two full turns of am helix, or between E188C
copper-phenanthroline. Unfortunately, it is not possible to  and residues 1546C and 1550C that face away from the
freeze the NCKX protein in either an inward-facing or hydrophilic surface of H8 (summarized in Figure 4), imply
outward-facing conformation for the duration of the cross- an area of high flexibility. A recent survey of the placement
link experiment. The cation binding sites of NCKX are of proline residues in membrane-spanning helices of proteins
thought to alternate from an outward-facing conformation with known structure suggests the presence of structural
to an inward-facing conformation (consecutive or “ping- elements in H2 and H8 of NCKX2 that would impart
pong” mechanism) during the cation transport cydlel(l). increased flexibility 82). This survey showed that a proline
We propose that the large number of cross-links observedresidue is often encountered in a central position in membrane-
here reflects relative movement of helices H2 and H8 with Spanning heiiceS, introducing a region of distortion and
respect to each other during the conformational transition jncreased flexibility due to steric hindrance and loss of
from inward- to outward-facing. hydrogen bonds, especially if a glycine is present at position
Do the Double Cysteine Mutant NCKX2 Proteins Repre- —3 or —4. Hinge motions are facilitated by a kink at the
sent the Wild-Type NCKX2 StructurSice we examined  glycine position and a swivel of the C-terminal segment with
residues that are critical for NCKX2 transport function, the respect to the N-terminal segme88). The central portions
double cysteine insertion mutants were nonfunctional and of helices H2 and H8 of NCKX2 conform to this pattern
could conceivably represent misfolded proteins. We believe with GGSAPEL (H2) and GTSPD (H8) sequences. Simple
that the double cysteine mutants used here represent the wildmodeling of two interlocked and kinked helices suggests
type NCKX2 structure and have no major folding deficien- that a corkscrew movement by one residue~@ A of H8
cies in view of the fact that they do not display the trafficking - with respect to H2 can allow all the residues shown here to
defects normally associated with folding deficiencies of form disulfide cross-links within~3 A of each other. This
plasma membrane protein3Qj, for example, plasma mem-  movement of helices H2 and H8 could reflect the confor-
brane ion channel proteins such as %508 CFTR mutant  mational change when the cation binding pocket moves from
(32) or several mutant hERG channels associated with long an outward-facing conformation to an inward-facing con-
QT syndrome §2). (1) When analyzed on SBSAGE, all  formation (consecutive or ping-pong mechanism) during the
the double cysteine insertion mutants used in this study cation transport cycle. Movement during the NCKX transport
displayed the characteristic two-band pattern (Figures 2 andcycle may bring S185 or E188 into the proximity of S552,
3) which we previously showed to be caused by signal D548, and S545 at different points in the transport cycle.
peptide cleavage associated with plasma membrane targetingurther experiments will be designed to try to freeze
(19). (2) Surface biotinylation was readily observed for all conformational states of NCKX and also to map the
the double cysteine insertion mutants, and the subpopulationproximity of other residues on H2, H8, and H9.
of biotinylated NCKX2 molecules found in the plasma
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