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ABSTRACT: Members of the calcium/cation antiporter super-
family, including the cardiac sodium/calcium exchangers, are
secondary active transporters that play an essential role in cellular
Ca2+ homeostasis. A notable feature of this group of transporters is
the high levels of sequence similarity in relatively short sequences
constituting the functionally important α-1 and α-2 regions in
contrast to relatively lower degrees of similarity in the extended
adjoining sequences. This suggests a similar structure and function of
core transport machinery but possible differences in topology and/or
oligomerization, a topic that has not been adequately addressed.
Here we present the first example of purification of a bacterial member of this superfamily (CAXCK31) and analyze its quaternary
structure. Purification of CAXCK31 required the presence of a choline headgroup-containing detergent or lipid to yield stable
preparations of the monomeric transporter. H+-driven Ca2+ transport was demonstrated by reconstituting purified CAXCK31 into
liposomes. Dimeric CAXCK31 could be isolated by manipulation of detergent micelles. Dimer formation was shown to be
dependent on micelle composition as well as protein concentration. Furthermore, we establish that CAXCK31 forms dimers in the
membrane by analysis of cross-linked proteins. Using a dimeric homology model derived from the monomeric structure of the
archaeal NCX homologue (Protein Data Bank entry 3V5U), we introduced cysteine residues and through cross-linking
experiments established the role of transmembrane helices 2 and 6 in the putative dimer interface.

The calcium/cation antiporter (CaCA) superfamily com-
prises five families:1 the NCX and NCKX families of

animal Na+/Ca2+ exchangers; the YRBG family of bacterial and
archaeal exchangers, which takes its name from the yrbG gene
in Escherichia coli; the CAX family of Ca2+/H+ exchangers
found in yeasts, plants, archaea, and eubacteria; and the cation/
Ca2+ exchangers, or CCX. Transporters belonging to the CaCA
superfamily catalyze the following generalized transport
equilibrium: Ca2+(in) + [nH+ or nNa+](out) ⇌ Ca2+(out) + [nH+

or nNa+](in).
2 Other divalent cations are transported by various

members of the superfamily.3 The NCX family of transporters
has been more extensively studied than any other family. Its
members play a vital role in Ca2+ transport in excitable cells,
namely, cardiac myocytes and neurons, where NCX malfunc-
tion has been implicated in various pathologies.4−7

On the basis of sequence analysis, it was predicted that CaCA
superfamily members have a core transmembrane domain that
includes at least nine transmembrane helices (Table 1), and
many members probably have additional transmembrane
helices decorating the central core.1 The placement of the N-
and C-termini with respect to the membrane is proposed to
vary among families. Common to all members are two loops,
designated α-1 and α-2, each containing a conserved G(S/
T)SxP(D/E) motif. The level of conservation is generally
greater in α-1 than in α-2.8 The level of sequence conservation
outside of these signature motifs is rather low within families
and essentially nonexistent between families (Table 1). Given
these large variations in sequence and topology between various
families in the CaCA superfamily, an interesting question is

whether quaternary structure is conserved within the super-
family.
A YRBG family transporter from M. jannaschii (NCX_Mj)

was recently crystallized as a monomer;9 however, the apparent
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Table 1. Sequence Similarity among Various Eukaryotic,
Prokaryotic, and Archaeal CaCAsa

% identity
(%

similarity) to
NCX_Mj

% identity (%
similarity) to
NCX_Mj in

α-1

% identity (%
similarity) to
NCX_Mj in

α-2

predicted
no. of
TMs

Methanocaldococcus
jannaschii
(NCX_Mj)

100 100 100 9b

Caulobacter sp. K31
(CAXCK31)

5 (17) 16 (35) 15 (33) 11

Canis familiaris 2 (17) 35 (48) 28 (41) 10

E. coli 9 (25) 45 (58) 37 (52) 10

Vibrio cholerae 8 (22) 42 (52) 50 (57) 10

Homo sapiens 2 (15) 35 (48) 28 (41) 9

Drosophila
melanogaster

3 (24) 35 (52) 37 (46) 11

aAmino acid sequences representing either full-length protein or the
α-1 or α-2 repeat from each were compared to that of NCX_Mj using
ClustalW2. Numbers of transmembrane helices (TMs) were predicted
using PHDhtm. bThe crystal structure of NCX_Mj (PDB entry
3V5U) has 10 TMs.
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sufficiency of the crystallographic monomer to potentially meet
the requirements for transport does not preclude an oligomeric
native state.10 For example, the crystal structures of NhaA,11,12

the H+/Cl− exchange transporter,13 and TrkH14 reveal ion
pathways in each monomer, but the transporters exist as
physiological dimers that, in many cases, provide additional
functions.15−17 Conflicting results have kept the true
oligomerization state of glucose transporter GLUT1 in question
for many years.18−20 Moreover, the ADP/ATP carrier has been
crystallized in both monomeric21 and native dimeric22 states
from protein purified by identical methods.
This study presents the first overexpression and purification

of a member of the CAX family, demonstrates H+-driven Ca2+

transport, demonstrates the presence of dimers in membranes,
identifies a detergent mixture that yields concentration-
dependent dimerization in solution after purification, and
identifies the dimer interface through model-directed muta-
genesis and chemical cross-linking.

■ EXPERIMENTAL PROCEDURES
Cloning and Expression. A CAX family gene from

Caulobacter sp. K31 (accession number ZP-01418997), herein
termed CAXCK31, was selected from our previous large-scale
screen to identify prokaryotic CaCA that can be overexpressed
in E. coli.23 DNA encoding residues 1−416 was amplified via
polymerase chain reaction (PCR) and cloned into vector
pETCTGFP.23 The resulting clone was capable of producing a
CAXCK31-GFP-His11 fusion protein containing C-terminal
green fluorescent protein and an undecahistidine tag. For
Förster resonance energy transfer (FRET) experiments, GFP
was replaced with monomeric cherry-red fluorescent protein
(mCherry), which forms a FRET pair with GFP-fused CAXCK31

protein. Cysteine residues were introduced by site-directed
mutagenesis using the overlap PCR method; wild-type
CAXCK31 contains no cysteine residues.
The restrained-expression method was used to produce

fusion proteins.23 Briefly, cultures grown at 37 °C to an optical
density of 0.6 at 600 nm were cooled to 25 °C, and target gene
expression was initiated by addition of 0.01% (w/v) arabinose.
Expression continued for 20 h at 25 °C. Cells were harvested by
centrifugation for 15 min at 5250g.
Isolation of E. coli Membranes. Cell pellets were

resuspended in buffer A [20 mM Tris-HCl (pH 8.0) and 300
mM NaCl] and lysed using an Emulsiflex-C3 (Avestin Inc.)
with a homogenizing valve pressure of 15000−20000 lb/in.2.
Large debris was removed from the lysate by centrifugation for
30 min at 5000g, and the resulting supernatant was centrifuged
for 60 min at 180000g to sediment the membrane fraction.
Detergent Screening. The fluorescence size exclusion

chromatography (FSEC) method24 was used to identify
detergents capable of extracting protein from membrane and
maintaining it in stable form. Briefly, 0.5 mL of a 0.1 g/mL
suspension of membrane in buffer A was solubilized using 100
× CMC detergents with a variety of headgroups and acyl chain
lengths. After being extracted at 4 °C for 2 h, the samples were
clarified by centrifugation, and supernatants were analyzed by
FSEC using a Superdex-200 (S-200, GE Healthcare) column
pre-equilibrated in the same detergent solution at 1 × CMC
detergent. Detergents producing qualitatively Gaussian peaks
were considered for purification and further analysis. In
addition to individual detergents, detergent mixtures were
also used to determine the optimal conditions for solubilization
and purification of the protein. All results were reproduced at

least three times; chromatograms shown are representative
examples.

Purification. The isolated membrane was resuspended in
buffer A at 0.1 g/mL, and protein was extracted with 100 ×
CMC n-dodecyl β-D-maltopyranoside (DDM) at 4 °C for 2 h.
Extracts were clarified by centrifugation at 180000g, and His-
tagged protein was incubated with 10% (v/v) TALON Co2+

affinity resin (BD Bioscience Inc.). The resin was packed into a
column and washed with 4 column volumes of buffer B [buffer
A with 1.5 mM Fos-Choline-12 (FC12)] or buffer C [buffer A
with 0.75 mM FC12 and 0.01% (w/v) polyoxyethylene(8)-
dodecyl ether (C12E8)] containing 10 mM imidazole, and then
4 column volumes of buffer B or C containing 25 mM
imidazole. Protein was eluted from the resin with buffer B or C
containing 300 mM imidazole. CAXCK31 was cleaved from
GFP-His11 by incubation with 10% (w/w) TEV protease for 16
h at 4 °C, and cleavage products were separated by size-
exclusion chromatography on a 10 mm × 300 mm S-200
column in buffer B or C.

Circular Dichroism Spectroscopy. Purified CAXCK31

(lacking tags) at 1.0 mg/mL (22.6 μM) was used in buffer B.
Spectra were collected with a Chirascan CD spectrometer
(Applied Photophysics) at 20 °C from 250 to 190 nm using a
quartz cuvette with a 0.1 mm optical path, a 0.5 nm step size, a
2 nm bandwidth, and a 2 s averaging time. Each spectrum was
the average of five scans. The secondary structure was
calculated with K2D325 and compared with that predicted
from sequence by PROFsec.26

Reconstitution and Ca2+ Transport Assay. Proteolipo-
some preparation proceeded primarily by the protocols
published by Gaillard et al.27 Briefly, a 6:6:3:3:1 mixture of
chloroform solutions of POPC, POPE, POPS, SM, and PI (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine, 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phospho-L-serine, sphingomyelin, and L-α-phos-
phatidylinositol, respectively) was dried by rotary evaporation
for 16 h and then resuspended in a 10 mM HEPES/Tris
mixture (pH 7.0) and 140 mM choline chloride. The
suspension was repeatedly (10 times) flash-frozen in liquid
nitrogen and thawed and then extruded through a 0.2 μm filter
10 times. Purified CAXCK31 was added at a 1% (w/w) ratio of
protein to lipid, and lipid vesicles were destabilized with 3:16
(w/w) FC12 to allow protein incorporation. FC12 was
removed by three 2 h treatments with 80 mg/mL Bio-Beads
(Bio-Rad, Hercules, CA) followed by centrifugation and
resuspension in the appropriate internal buffer [10 mM
HEPES/Tris mixture (varying pH), 140 mM choline chloride
(or NaCl), and 100 μM Fura-2]. Proteoliposomes were again
flash-frozen and thawed to allow penetration of internal buffer,
extruded through a 0.2 μm filter 10 times, and harvested by
centrifugation. Transport of Ca2+ was analyzed by addition of
100 μM CaCl2 to a liposome suspension at 25 °C in a UVT
acrylic cuvette (Evergreen Scientific), and the changes in the
emission of Fura-2 at 510 nm upon excitation at 340 and 380
nm were continuously monitored using a FluoroMax-3
spectrofluorometer (HORIBA Jobin Yvon). The ratio of
emission intensities at the two excitation wavelengths was
computed and converted to Ca2+ concentration using a
standard curve. The range between a baseline defined before
addition of CaCl2 and a systemic equilibrium obtained at the
end of each assay by disrupting the liposomes with 0.003% (v/
v) Triton X-100 represents the range from 0 to 100 μM Ca2+.
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Liposomes prepared without CAXCK31 served as a negative
control.
Glutaraldehyde Cross-Linking. Glutaraldehyde cross-

linking was conducted in buffer C with HEPES substituted
for Tris, as glutaraldehyde reacts with Tris. Purified CAXCK31 at
1.0 mg/mL (22.6 μM) was incubated with 1.0−2.5 mM
glutaraldehyde for 5 min at room temperature, and the reaction
was terminated by the addition of 100 mM Tris-HCl (pH 8.0).
Copper Phenanthroline Cross-Linking. Purified

CAXCK31-F92C or CAXCK31-F92C/R246C at 1.0 mg/mL
(22.6 μM) or 0.1 g/mL suspensions of membranes [in 20
mM Tris (pH 8.0) and 300 mM NaCl] isolated from E. coli
were incubated with 3 mM copper phenanthroline for 30 min
at room temperature to catalyze disulfide bond formation
between cysteines. After cross-linking in membranes, CAXCK31-
GFP was extracted with 1.5% (w/v) FC12 before sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE).
Analysis of Cross-Linked Samples. Cross-linked samples

were analyzed by SDS−PAGE and MALDI-TOF mass
spectrometry. Unpurified membrane samples analyzed by
SDS−PAGE were visualized by Western blotting using a
pentahistidine primary antibody and an AlexaFluor683-
conjugated secondary antibody. Purified samples were
visualized by Coommassie Blue staining. All blots were
repeated several times to ensure reproducibility, and
representative examples are shown.
FRET. For FRET experiments, purified fusion proteins

CAXCK31-GFP and CAXCK31-mCherry were mixed at various
ratios and concentrations in buffer C. To correct for the
background of CAXCK31-GFP homodimers and CAXCK31-
mCherry homodimers, the methods described by Scheu et
al.28 were employed. Briefly, mixtures of CAXCK31-GFP and
CAXCK31-mCherry were prepared in various ratios, and
fluorescence spectra corresponding to donor fluorescence
(GFP; ex395/em509), acceptor fluorescence (mCherry; ex585/
em610), and FRET (ex395/em610) were recorded for each
mixture. Calculated FRET efficiencies28 should be inversely and
linearly proportional to the donor fraction if true FRET occurs.
Measurements were taken using 0.1 mg/mL (2.3 μM), 5.0 mg/
mL (113.1 μM), and 10.0 mg/mL (226.2 μM) CAXCK31 (total
concentrations) to evaluate the concentration dependence of
CAXCK31 dimerization.
SEC−MALS. Multiangle laser light scattering (MALS) data

were collected during elution of purified CAXCK31 from an S-
200 SEC column in buffer C. The UV (280 nm) absorbance,
static multiangle laser light scattering, and differential refractive
index were monitored by an in-line spectrophotometer (Agilent
Technologies), miniDAWN TREOS (Wyatt Technology
Corp.), and Optilab T-rEX (Wyatt Technology Corp.),
respectively, and data were collected using ASTRA. Weight-
average molecular masses for the polypeptide and detergent
components of protein−detergent complexes were calculated
by the previously described “three-detector method”29−32 from
data collected at the CAXCK31 elution peak. SEC−MALS was
analyzed at multiple CAXCK31 concentrations ranging from 0.1
mg/mL (2.3 μM) to 10.0 mg/mL (226.2 μM) to demonstrate
the concentration dependence of dimerization. Data presented
are from single runs with CAXCK31; error estimates arise from
internal controls used in the three-detector method calcu-
lations.29−32

Hypothetical Model of Dimeric CAXCK31. A TM-
COFFEE33 sequence alignment of CAXCK31 and NCX_Mj

was supplied to MODELLER34 along with the structure of
NCX_Mj (PDB entry 3V5U9) to create a molecular model of
the CAXCK31 monomer. The model was checked to ensure that
it obeys the cis-positive rule.35 Two monomers were then
manipulated assuming 2-fold molecular symmetry about an axis
perpendicular to the plane of the membrane until a visually
reasonable fit was achieved. The dimer model was then
subjected to 1000 rounds of structure idealization using
REFMAC536 in the CCP4 software suite.37

■ RESULTS
Surfactants and Lipids Containing the Choline Head-

group Stabilize Purified CAXCK31-GFP-His11. Identification
and optimization of expression of CAXCK31 were described
previously.23 Multiple detergents and mixtures were screened
to identify candidates that would (i) effectively solubilize the
protein of interest from membranes and (ii) stabilize the
protein in solution in the absence of bulk lipids. Screening
identified DDM as the most effective detergent for extracting
the CAXCK31-GFP-His11 fusion protein from membranes (data
not shown). Although a Gaussian SEC profile was observed
immediately after extraction with DDM, storage after extraction
and purification resulted in aggregation of the fusion protein
(Figure 1A). To stabilize the protein, various types of lipids (at

0.01 mg/mL) were added to DDM-containing buffers. The
fusion protein was more stable in the presence of
phosphatidylcholine (PC) than in other lipid/DDM mixtures
(Figure 1B). To explore this observation, we used DDM-
containing buffer supplemented with choline chloride salt. The
SEC profile changed from an aggregated protein eluting at the
void volume in DDM to a peak centered at 27 min when
augmented with choline chloride, suggesting that the choline
moiety plays some role in stabilizing the protein (Figure 1C).
However, the SEC peak width at half-maximum was broader
than in a DDM/PC mixture, suggesting the acyl chain may also
play a role. Therefore, SEC analysis was conducted in buffers
containing lipidlike detergents Fos-Choline-12 and LysoFos
Choline 12 (LysoFC12). Both detergents exhibited symmetric

Figure 1. Effect of surfactants on the stability of CAXCK31 in solution.
CAXCK31 was purified and analyzed by SEC in a selection of detergents
or detergent/lipid mixtures: (A) DDM, (B) DDM and phosphati-
dylcholine, (C) DDM and choline chloride, (D) Fos-Choline-12, and
(E) LysoFos Choline 12. The X- and Y-axes represent elution time in
minutes and protein elution monitored by A280, respectively. Peak
heights have been normalized for the sake of clarity. CAXCK31

aggregates in DDM (A) as indicated by elution at the void volume
of the column indicated by an arrow at 17 min. In contrast, the protein
elutes in choline-containing detergents as a single, Gaussian peak
revealing a stable preparation (D and E). Supplementing DDM with
either the choline-containing lipid phosphatidylcholine (B) or the salt
choline chloride (C) produces a qualitatively superior (i.e., lack of
aggregation, fewer peaks, and decreased peak width at half-height)
SEC profile compared to that of DDM alone.
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peaks in SEC analysis, suggesting the fusion protein was stable
in these detergents (Figure 1D,E). Nevertheless, the ability of
choline-containing detergents to extract the protein from
membranes was poor. A combination of extraction with
DDM (100 × CMC) and subsequent replacement with FC12
(1.5 × CMC) proved to the best for the extraction, purification,
and stabilization of the fusion protein. Purified CAXCK31 lacking
tags migrates as a single band at the expected monomer mass of
44.2 kDa via SDS−PAGE (Figure 2A, inset) and produces a

single, Gaussian peak via SEC (Figure 2A), suggestive of a
monodisperse preparation. Circular dichroism spectra (Figure
2B) revealed that purified CAXCK31 in FC12 contains secondary
structure matching predictions from sequence analysis (74% α
and 2.9% β).
Purified CAXCK31 Retains Transport Function. The

functional integrity of purified CAXCK31 was established by
reconstitution into liposomes and Ca2+ transport analysis.
Proteoliposomes accumulated more Ca2+ than control lip-
osomes lacking protein (Figure 2C). Ca2+/H+ exchange in the
absence of Na+ is demonstrated by the greater level of
accumulation of Ca2+ in the lumen of liposomes with an
outward-directed proton gradient than in liposomes having the
same pH on both sides (i.e., lower pH inside increased Ca2+

influx). Furthermore, an outward-directed Na+ gradient (under

symmetrical pH conditions at pH 8.0) does not lead to an
increased rate of Ca2+ transport over liposomes in the absence
of Na+ under the same pH conditions, demonstrating that Na+

has no effect on Ca2+ transport. These data suggest that
CAXCK31 is not a Na+/Ca2+ exchanger but a H+-driven Ca2+

transporter. In the absence of a proton gradient (i.e., the same
pH on both sides of the membrane), alkaline pH stimulated
Ca2+ transport, a behavior that is similar to the pH-dependent
activation of cardiac NCX,38 indicating similarities in transport
characteristics between the two proteins in addition to
similarities in primary sequence. The SEC profile and transport
activities remained the same as those of the fresh protein after
storage for at least 1 week at 4 °C, indicating the preparation is
stable in FC12 detergent. SEC analysis of CAXCK31 at protein
concentrations of >5.0 mg/mL (113.1 μM) showed a small
peak with a larger hydrodynamic radius suggestive of
oligomerization (data not shown).

CAXCK31 Is a Dimer in Membranes. To analyze the
oligomeric state of CAXCK31 in lipid bilayers, we mutated
residues F92 and R246 to introduce cysteines into the
previously cysteine-free protein; these positions were chosen
on the basis of a previous study of oligomerization of cardiac
NCX.39 E. coli membranes containing the CAXCK31-F92C/
R246C-GFP double mutant treated with copper phenanthro-
line were analyzed by Western blotting. The three distinct
species observed match the pattern reported by Ren et al.39 and
were likewise interpreted as an intermolecularly cross-linked
dimer, a non-crosslinked-monomer, and an intramolecularly
cross-linked monomer (Figure 1 of the Supporting Informa-
tion). Increased mobility of intramolecularly cross-linked
species in nonreducing SDS−PAGE is generally attributed to
either compaction of the molecule by the covalent bond
between introduced cysteine side chains well-separated in
primary sequence40 or incomplete unfolding in SDS also due to
the bond.41 This pattern of disulfide cross-linking is maintained
in a detergent solution for the purified CAXCK31-F92C/R246C
double mutant lacking the GFP tags (Figure 3). The CAXCK31-

R246C single mutant could not be overexpressed at sufficient
levels and therefore was not used in this analysis. Cross-linking
of the F92C single mutant produced exclusively intermolecular
cross-links (Figure 3). Disulfide-linked CAXCK31-F92C was also
analyzed by MALDI-TOF mass spectrometry, which revealed
two major peaks at m/z values consistent with singly ionized
dimeric and monomeric CAXCK31 (data not shown). These

Figure 2. Characterization of purified CAXCK31. (A) Purified CAXCK31

analyzed by SEC in FC12-containing buffer. The inset shows SDS−
PAGE analysis. (B) Circular dichroism spectrum of purified CAXCK31.
(C) Proton-driven, pH-dependent Ca2+ transport by reconstituted
CAXCK31. The transport of Ca2+ into liposomes loaded with Fura-2 by
CAXCK31 (colored lines) was monitored via changes in Fura-2
fluorescence after addition of Ca2+ to the bulk solution at 2 min.
The pH values inside and outside the liposomes are denoted pHint and
pHext, respectively. The orange trace shows no stimulation of Ca2+

import by an outward-directed Na+ gradient. The entry of Ca2+ into
control liposomes lacking protein at pH 8.0 is shown in black. Data are
means and the standard error of the mean of three replicate
experiments.

Figure 3. Cross-linking of CAXCK31 in solution via introduced cysteine
residues. SDS−PAGE analysis of purified CAXCK31-F92C and
CAXCK31-F92C/R246C treated with 3 mM copper phenanthroline.
The abbreviations d, m, and x represent the intermolecularly cross-
linked dimer, the non-cross-linked monomer, and the intramolecularly
cross-linked monomer, respectively.
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results show that CAXCK31 assembles into dimers in
membranes, and the dimeric state can be stabilized in solution
by cysteine cross-links.
The Conserved α-1 and α-2 Regions Are Close to the

Dimer Interface. Residues F92 and R246 of CAXCK31 are
within the conserved α-1 and α-2 repeats, respectively (Figure 2
of the Supporting Information). Equivalent residues map to the
carboxyl-terminal ends of transmembrane helices 2 (TM2) and
6 (TM6) at the extracellular face of the monomeric structure of
the archaeal NCX_Mj structure with the side chains pointing
away from the protein core.9 Inter- and intramolecular cross-
linking in the F92C/R246C double mutant of CAXCK31

suggests that α-repeats are close both to each other within
the monomer and to the dimer interface and is in agreement
with the studies of cardiac NCX by Ren et al.39 To further
explore this putative dimer interface, we generated a hypo-
thetical model of the NCX dimer (Figure 4A−C) and selected
a series of residues near the symmetry axis and spanning the
membrane for replacement with cysteines. Residues L81C,
A85C, and Y89C map onto TM2C of the model, whereas
K209C and V229C are on TM6. Each of five single mutants
can be cross-linked with copper phenanthroline, whereas a
cysteine introduced on the opposite side of the protein
(L338C) does not form intermolecular cross-links (Figure 4D).
The summation of disulfide cross-linking results strongly
suggests that TM2 and TM6 form the dimer interface that
extends from the extracellular side to the cytoplasmic surface.
Dimeric CAXCK31 Can Be Purified by Manipulating the

Detergent Micelles. Dimeric CAXCK31 in membranes is
converted into a monomer during purification in FC12. We
screened various reagents that alter the FC12 detergent
micelles to produce CAXCK31 with its native quaternary
structure preserved. A mixture of 0.75 mM FC12 and 0.01%
(w/v) C12E8 detergent was identified that yielded a mixture of
monomer and dimer upon glutaraldehyde cross-linking at
moderate protein concentrations (1.0 mg/mL, 22.6 μM)
(Figure 5A). This suggested that the protein may be in
monomer−dimer equilibrium. However, glutaraldehyde treat-
ment at higher protein concentrations was deemed inadvisible
because of the possibility of nonspecific cross-linking. There-
fore, further assessment of dimerization was conducted by SEC

at 10.0 mg/mL (226.2 μM), which yielded a single peak with a
species with a larger hydrodynamic radius (Figure 5B). The
larger species could be due to protein oligomerization or
formation of mixed micelles of unknown mass. To resolve this
ambiguity, we conducted FRET analysis.
For FRET experiments, we employed purified CAXCK31-GFP

and CAXCK31-mCherry as the donor and acceptor, respectively
(Förster radius of 51 Å), and used the methods outlined by
Scheu et al.28 to detect protein homodimers: homooligomeriza-
tion is validated when the FRET efficiency increases linearly
with an increase in the acceptor:donor ratio. As we had
previously failed to detect any effect of the presence of a GFP
tag on the behavior of NCX in SEC or calcium transport assays,
we did not expect the presence of the tag to affect
oligomerization in a detergent solution. At the lowest
concentration tested (0.1 mg/mL, 2.3 μM), the FRET
efficiency increased with an increase in acceptor fraction
(Figure 6A), indicating formation of oligomers. The FRET
efficiencies were significantly greater at higher protein
concentrations [5.0 mg/mL (113.1 μM) and 10.0 mg/mL
(226.2 μM)], indicating that oligomerization in detergent
solutions is concentration-dependent.

Figure 4. CAXCK31 dimer interface. (A) Hypothetical model of the CAXCK31 dimer viewed from the extracellular side. A homology model of
CAXCK31 was generated using the structure of M. jannaschii NCX (PDB entry 3V5U), and two monomers were positioned with the proposed dimer
interface made of TM2 (blue) and TM6 (yellow). Ca2+ atoms are colored magenta, and positions of Cys mutations are colored orange. The L338C
mutation was not expected to form intermolecular cross-links because of its distance from the proposed interface. (B) View from the cytoplasm. (C)
Open book representation of the dimer model. (D) Cross-linking of single-cysteine mutants of CAXCK31 in E. coli membranes. Isolated membranes
from E. coli expressing CAXCK31-GFP, CAXCK31-L81C-GFP, CAXCK31-A85C-GFP, CAXCK31-Y89C-GFP, CAXCK31-K209C-GFP, CAXCK31-V229C-
GFP, or CAXCK31-L338C-GFP were treated with copper phenanthroline to promote disulfide bond formation. Western blotting of treated
membranes reveals the characteristic intermolecular cross-links seen with purified CAXCK31.

Figure 5. Dimerization of CAXCK31 purified in an FC12/C12E8
mixture. (A) SDS−PAGE analysis of CAXCK31 cross-linked (at 1
mg/mL) with 1.0 or 2.5 mM glutaraldehyde. Monomeric and dimeric
species are denoted with m and d, respectively. (B) SEC elution
chromatographs of 10 mg/mL CAXCK31 purified in FC12 (---) and
FC12 and C12E8 (). Earlier elution of the C12E8-containing protein−
detergent complex was attributed to dimerization.
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To characterize the dimerization of CAXCK31 in the absence
of GFP or mCherry tags, we employed SEC−MALS. The
three-detector method29−32 allows estimation of the molecular
mass of the polypeptide and detergent components of protein−
detergent complexes (PDCs) from SEC−MALS data. We
applied this method to analyze CAXCK31 at multiple
concentrations (Figure 6B). As the CAXCK31 concentration
was increased from 0.1 mg/mL (2.3 μM) to 10 mg/mL (226.2
μM), the weight-average molecular mass of the eluting species
increased from 44.2 kDa (monomer) to 88.4 kDa (dimer)
(Table 2). This is also evident from the shift in the time of

elution from 29 to 26.5 min. Although neither FRET nor SEC−
MALS can identify the exact fraction of CAXCK31 present in
monomeric and dimeric forms, the weight-average molecular
masses determined by SEC−MALS at the lowest and highest
measurable CAXCK31 concentrations were approximately those
expected for a CAXCK31 monomer and dimer, respectively,
suggesting that the sample was almost completely monomeric
or completely dimeric at those concentrations. The detergent:-
protein mass ratio in the CAXCK31−FC12−C12E8 PDC was
roughly 1:1, an expected value for integral membrane proteins,
and slightly decreased in the dimer (0.84:1).

■ DISCUSSION

Many membrane proteins exist as homooligomeric and
heterooligomeric complexes.42 Defining their oligomerization
state and maintaining that oligomeric state postpurification are
nontrivial tasks, as illustrated by our studies of CAXCK31.
Extraction and postextraction stabilization of CAXCK31 required
the use of DDM and FC12/LysoFC12, nonionic and
zwitterionic surfactants, respectively. Although the use of a
combination of detergents is not unusual, our additional studies
are revealing. The extraction of CAXCK31 with DDM creates a
unique constraint, a requirement for a choline-like moiety to
maintain protein stability (Figure 1). Among the various lipids
screened as supplements to DDM, only phosphatidylcholine
was able to prevent protein aggregation. Although phosphati-
dylcholines are common lipids in eukaryotic cells, they are
rarely present in bacteria and have not been reported in E. coli,
our protein expression host.43

FC12 and the related lysolecithin-like detergent LysoFC12
are lipidlike detergents with single 12-carbon acyl chains
connected to phosphocholine headgroups. They were
developed to address the loss of stabilizing effects of lipids on
membrane protein structure caused by solubilization in classical
detergents.44,45 Both of these detergents proved to be good
replacements for mixed micelles of phosphatidylcholine and
DDM during purification, resulting in significantly improved
CAXCK31 stability, yielding monodisperse preparations. Fur-
thermore, we demonstrate the importance of the surfactant
headgroup in protein stability by using DDM supplemented
with choline chloride salt. The requirement for the choline
moiety holds only under conditions of detergent solubilization,
as the protein was active in inverted vesicles made from E. coli
membranes expressing CAXCK31.23 These data suggest that
DDM extraction changes the protein, creating a putative
binding site for a choline-like molecule. The generality of
requirements for specific moieties after detergent extraction
remains unknown. However, the Fos-Cholines were notably the
most successful detergents in stabilizing a variety of membrane
proteins in large-scale expression studies.46−48

Stabilization of CAXCK31 by FC12 comes at a price: it yields a
monomer, a non-native state with respect to its quaternary
structure in the membrane. A search for conditions that
produce CAXCK31 dimers resulted in the identification of a
mixture of FC12 and C12E8. The latter is a nonionic detergent
with a large polyoxyethylene headgroup. The dependence on
this specific detergent mixture and protein concentration to
retain the dimeric state was demonstrated by FRET using
CAXCK31-GFP and CAXCK31-mCherry. SEC−MALS confirmed
that concentration-dependent dimer formation was mediated
by the transporter by using protein lacking fusion tags and by a
change in the detergent:protein mass ratio from 1.05 to 0.84
(Table 2) as the transporter concentration increased from 0.1
to 10 mg/mL, where they exist as monomer and dimer,
respectively. The decrease in the detergent:protein ratio is
expected when transporter molecules interact laterally via their
transmembrane segments to displace detergent molecules.
Broadly, the potential benefit of manipulation of detergent
micelles to preserve the native oligomerization state of proteins
is demonstrated by our studies.
CAXCK31 is the first bacterial member of the CaCA

superfamily to be purified as monomers and dimers in solution.
Recently, two archaeal homologues of the YRBG family were
purified.9,49 One of these proteins had more than one

Figure 6. Dependence of oligomer formation on protein concen-
tration. (A) FRET analysis of CAXCK31 oligomer formation in solution.
FRET efficiencies for mixtures of CAXCK31-GFP and CAXCK31-
mCherry were determined at various donor:acceptor ratios and
different total CAXCK31 concentrations. FRET due to dimerization is
confirmed by the linear relationship between FRET efficiency and
donor fraction. The concentration dependence of CAXCK31 dimeriza-
tion is demonstrated by increased efficiencies at greater CAXCK31

concentrations. (B) Analysis of the concentration dependence of
CAXCK31 oligomerization by SEC−MALS. CAXCK31 was analyzed at
10.0 (purple), 8.0 (orange), 5.0 (blue), 2.0 (red), 1.0 (green), and 0.1
mg/mL (teal). The change in elution time demonstrates a change in
the weight-average molecular mass of the concentration-dependent
CAXCK31 monomer−dimer equilibrium mixture. Solid lines represent
normalized UV absorbance (280 nm) of eluting CAXCK31; dashed lines
represent weight-average molecular masses (right axis) calculated at
each time point during CAXCK31 elution using a combination of UV
absorbance, laser light scattering, and differential refractive index
measurements.

Table 2. Molecular Masses Calculated from SEC−MALS
Data for CAXCK31 and the CAXCK31−FC12−C12E8 Protein−
Detergent Complex (PDC)

[CAXCK31]
(mg/mL)

CAXCK31 molecular
mass (kDa)

PDC molecular
mass (kDa)

detergent:protein
mass ratio

0.1 49.8 ± 4.0 102.3 ± 8.2 1.05
1.0 54.6 ± 4.4 107.9 ± 8.6 0.98
2.0 61.6 ± 4.9 120.0 ± 9.6 0.95
5.0 77.5 ± 6.2 144.9 ± 11.6 0.87
8.0 79.7 ± 6.4 154.4 ± 12.3 0.94
10.0 90.1 ± 7.2 166.0 ± 13.3 0.84
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aggregation state in solution; however, the aggregation states
were not experimentally determined.9 Previously, it was
established that mammalian NCX and NCKX are dimers in
membranes.39,50,51 Both mammalian and archaeal NCX use
Na+ gradients to drive Ca2+ transport, whereas we show
CAXCK31 to be a H+/Ca2+ transporter. As for CAXCK31,
weakened function at acidic pH is also seen for cardiac NCX,52

although the mechanism of proton sensing must be different as
CAXCK31 does not possess the eukaryotic counterpart’s
cytoplasmic Ca2+-binding domains. The altered specificity for
the monovalent cation is consistent with the idea that the H+

gradient is the major energy source for coupled transport in
bacteria.53 Despite the differences in substrate specificity, the
central function of divalent/monovalent antiport activity is
conserved in the CaCA superfamily.
The dimeric quaternary structure of CAXCK31 in membranes

was established by cross-linking cysteines introduced at
positions F92 and R246 of CAXCK31, recapitulating studies of
corresponding residues of cardiac NCX.39 Despite the low
overall level of sequence identity, this implied that (i) the
relative positions of residues in the α-1 and α-2 regions of dog
NCX and CAXCK31 are similar and (ii) these residues are close
to the dimer interface. This analysis was extended by exploiting
the recently determined archaeal NCX structure.9 By modeling,
we identified five additional residues on TM2 and TM6 near
the symmetry axis of a putative dimer. The intermolecular
disulfide cross-linking of introduced cysteines establishes the
proximity of TM2 and TM6 to the intermolecular interface and
suggests direct participation in dimer formation.
The determination of the crystal structure of the archaeal

NCX was both a major feat and an advance in understanding
the mechanism of transport.9 Our identification of TM2 and
TM6 as the dimer interface has impact on our understanding of
the structure and function of these transporters. Three
CAXCK31 residues that cross-link when mutated to cysteines,
L81, A85, and Y89, map to TM2C of NCX_Mj where the
equivalent residues are L52, L56, and Y60, respectively (Figure
7 and Figure 1A of the Supporting Information). These
NCX_Mj residues, components of the conserved α-1 repeat,
are neighbors of E54 that plays a central role in ion binding and
transport. E54, which is situated on the opposite side of L52
and L56 within the same helical turn, coordinates the
transported Ca2+ ion with two oxygens.9 This places the Ca2+

binding site close to the protein−lipid acyl chain interface, a
remarkable condition considering the more centrally located,
protein-enclosed ion binding sites of other secondary trans-
porters. Furthermore, the path from the extracellular side to the
Ca2+ binding site was proposed to be delimited by TM2C,
TM6, TM7, and bulk lipids, which would expose the acyl chains
to water and ions, an unfavorable condition (Figure 7). These
concerns can be resolved by considering our data of dimer
formation with TM2 and TM6 at the interface. Such a dimer
would have Ca2+ ions in each protomer and the ion permeation
pathway leading to these ion binding sites surrounded by a
protein core instead of bulk lipids. This implies that a common
ion permeation pathway starts at the dimer interface on the
extracellular side and bifurcates to reach the Ca2+ binding sites.
Confirmation of this model awaits determination of a crystal
structure of CAXCK31 in dimeric form.
Purification of monomeric and dimeric versions of the

bacterial Ca2+/H+ antiporter emphasizes the role of detergent
micelle manipulation in isolating membrane proteins in their
native quaternary structures. The growing body of evidence of

CaCA dimerization suggests that quaternary structure is indeed
conserved in the superfamily despite the low overall level of
sequence similarity. Our analysis also shows that Ca2+/H+

antiporters use the conserved α-repeats to support transport
and oligomerization.
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