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ABSTRACT: The “secretory” Na'—K'—2Cl~ cotransporter,
NKCCl1, belongs to the SLC12 gene family of electroneutral
cation—chloride cotransporters. A number of these proteins,
including NKCCl1 itself, exist as homodimers in the membrane,
suggesting that this may be a common feature of the SLC12
family. We have previously demonstrated that replacing the C-
terminus of NKCC1 with that of its close homologue NKCC2
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produced a fully functional chimeric protein that formed homodimers but did not dimerize with NKCC1. Here we employ a
novel co-immunoprecipitation assay to study the dimerization interaction of NKCC1 using additional NKCC1/NKCC2
C-terminal chimeras and point mutants. Our results indicate that the substitution of a number of regions of the C-terminus of
NKCC1 with the corresponding sequence from NKCC2 results in weakened dimerization with wild-type NKCCI,
demonstrating that various residues play a role in this interaction. Most interestingly, however, we find that the replacement of a
single NKCC1 residue, G812, with cysteine, the corresponding amino acid in NKCC2, results in a point mutant that displays no
significant dimerization with the wild-type protein. In addition to this effect on heterodimer formation, we also find that G812
mutants can nevertheless form homodimers but that this interaction can be weaker than that observed for wild-type NKCCI.
We demonstrate that our results are consistent with at least one established mechanism of protein dimer formation, that of
“domain swapping”, as well as with a recently reported crystal structure of the C-terminus of a bacterial SLC12 homologue.

Members of the SLCI2 gene family of electroneutral
cation—chloride-coupled cotransporters were first iden-
tified at the molecular level in fish and then in mammals.' ™
Homologues have since been found in crustaceans, insects,
worms, plants, fungi, and some bacteria. In vertebrates there
are nine family members,* two Na'—K*—2Cl™ cotransporters
(NKCC1 and NKCC2), a Na*—CI~ cotransporter (NCC), four
K'—Cl~ cotransporters (KCC1, KCC2, KCC3, and KCC4),
and two additional homologues of uncertain function. SLC12
family members are known to play important roles in numerous
physiological processes including exocrine fluid secretion, renal
salt and water absorption, hearing, olfaction, spermatogenesis,
regulation of blood pressure, pain perception, visual processing,
and other neuronal functions.*'*

Experiments from our laboratory published in 2000
established that the secretory Na*—K*'—2Cl™ cotransporter
NKCC1 exists as a homodimer in the plasma membrane and
that this dimer is sufficiently stable that it remains intact after
membrane solubilization in mild detergents. Subsequent studies
from other groups gprovided evidence that NKCC2,'* NCC,"*
and the KCCs'®™'® also occur as dimers, suggesting that this
may be a common feature of the SLC12 family. More recently,
we have demonstrated that the cytosolic 50 kDa C-terminus of
NKCCl is essential for dimer formation."” In these experi-
ments we showed that NKCC1 molecules lacking their
C-termini failed to dimerize and that replacing the C-terminus
of NKCC1 with that of its close homologue NKCC2 produced
a fully functional chimeric protein that formed homodimers
but did not dimerize with NKCC1. Using additional chimeras,
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we showed that the residues required for dimer formation lie
between amino acids 751 and 998 of rat NKCCI1. In the
present paper we have continued our studies of the role of the
NKCC1 C-terminus in dimerization by systematically sub-
stituting NKCC1 C-terminal amino acids with the correspond-
ing residues of NKCC2. Our results show that dimerization is a
complex interaction apparently involving multiple regions of
the NKCC1 C-terminus. But interestingly, we also find that the
relatively conservative substitution of a single NKCCI1 amino
acid (G812 in rat NKCC1) results in a fully functional point
mutant that homodimerizes but has no detectable interaction
with wild-type NKCC1. As discussed later in the paper, in
addition to establishing a central role for this residue in the
dimerization interaction, our observations also impose significant
constraints on the configuration of the dimerization interface.

B METHODS AND MATERIALS

Materials. The homobifunctional, water-soluble, amino cross-
linking reagent DTSSP (3,3’-dithiobis(sulfosuccinimi-
dylpropionate)) was purchased from Pierce. The rat NKCC2
clone” was kindly provided by Dr. Gerardo Gamba,
Universidad Nacional Autonoma de Mexico. The antibody
a-wCT(r) was raised in rabbits against the recombinant
C-terminus of rat NKCC1;° the antibody a-wCT(g) was raised
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in goat against the same antigen. The antibody a-wNT(r) was
raised in rabbits against the recombinant N-terminus (amino
acids 3—202) of rat NKCC1.*

DNA Constructs. The mammalian expression vector pBK-
CMVlac™ (pBK™ ) was used for all expression studies. Full
length rat NKCC1 in Bluescript SK** was cloned between the
EcoRI and Xhol sites of pBK™ in which the BamHI site of the
multiple cloning site had been destroyed by blunt end
ligation."” The N-terminally truncated rat NKCC1
(nttNKCC1) in pBK™ employed here, whose coding sequence
begins at M209, has been described previously.'>"”

Chimeras in which regions of the C-terminus of rat NKCC1
(amino acids 750—1203) were replaced by the corresponding
amino acids of rat NKCC2 are named according to the replaced
NKCC1 amino acids. Thus, the chimera in which the entire
NKCC1 C-terminus is replaced by that of NKCC2 is called
“aa750-1203” (this chimera was previously described in ref 19
where it was referred to as “1/2”). To construct additional
chimeras, the wild-type NKCC1 sequence was modified using
the Quikchange site-directed mutagenesis kit (Stratagene) to
incorporate a unique BspEI site at R912. This had the effect of
introducing the mutation L9131 into the NKCCI1 sequence
(coincidentally I is the corresponding amino acid at this site in
rat NKCC2). In control experiments (not shown) we have
confirmed that the mutation L9131 has no detectable effect on
the dimerization properties of NKCCI1. The chimeras aa750-
912, aa913-998, and aa999-1203 were obtained by ligating
suitable PCR products between the restriction sites BamHI (at
G750) and BspEl BspEL and HindIIl (at K998), and HindIIl
and Xhol (located at the end of the NKCC1 3'UTR),
respectively. Additional replacements of amino acid regions
between residues 750 and 912 were obtained via PCR-mediated
gene splicing by overlap extension™ to generate a BamHI/
BspEl fragment that was then ligated into the NKCC1 clone
incorporating the BspEl site. Mutations of single residues or
pairs of residues were made with the Quikchange kit. To the
extent possible chimeric boundries were located in regions of
high homology between NKCC1 and NKCC2 so as to obtain
seamless or near-seamless junctions (the rat NKCCI and
NKCC2 C-termini are 56% identical). All chimeras and mutants
were sequenced to confirm that they were correct.

Cell Culture and Transient Transfection. HEK293 cells
were cultured in Dulbecco’s Modified Essential Medium
supplemented with 2 mM glutamine, 100 pg/mL each of
penicillin and streptomycin (all from Biofluids), and 10% heat
inactivated fetal bovine serum (GibcoBRL). Cells were grown
in 10 cm plastic dishes in a humidified incubator at 37 °C and
5% CO, and subcultured every 3—4 days. Subconfluent
(~80%) HEK293 cells were transiently transfected overnight
(19—24 h) with expression vectors using FuGENE 6 (Roche)
according to the manufacturer’s instructions.

Membrane Preparations and Chemical Cross-Link-
ing. Crude membranes from transiently transfected HEK-293
cells were prepared as previously described.'” In the cross-
linking studies (see ref 19 for details) crude membranes (1 mg
protein/mL) were solubilized in 0.3% Triton X-100 and
centrifuged at 100000g for 15 min; then the covalent cross-
linker DTSSP was added at a concentration of 1 mM. After
30 min the cross-linking reaction was terminated, and the
samples were analyzed by Western blotting using the antibody
a-wNT(r).

Co-immunoprecipitation Assay. The co-immunopreci-
pitation assay is described in detail in ref 19. Briefly, HEK293
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cells in 6 cm dishes were transiently transfected with
nttNKCC1 and full length NKCC1, or the chimeras indicated,
at a plasmid:plasmid ratio of 8:1 (3 ug total DNA). The
following day the cells were solubilized in PBS containing 0.3%
Triton X-100, centrifuged at 100000g for 30 min to remove
insoluble material, and immunoprecipitated using the antibody
a-wNT(r) which had been preconjugated to protein G beads
(Pierce). In preliminary experiments (not shown) we have
confirmed that the amount of cell lysate (185 uL) used in these
experiments was more than sufficient to saturate the beads.
Following incubation with the antibody the beads were eluted
with PBS containing 0.3% Triton X-100 and 0.1% SDS, and the
eluate was probed with the antibody a-wCT(g) via Western
blotting. As discussed in more detail in the Results section, we
have previously shown that treatment with 0.1% SDS is
sufficient to break dimer pairs.">'” Subsequent elution of the
beads with SDS-PAGE sample buffer (containing 2% SDS and
100 mM DTT) was found to release considerable bound full
length NKCC1 (not shown), indicating that 0.1% SDS did not
break the binding of the precipitating antibody, a-wNT(r), to
the NKCC1 N-terminus. In general, the level of expression of
all chimeras and point mutants was comparable to that of wild-
type NKCC1 (not shown).

SDS-PAGE and Western Blotting. SDS-PAGE and
Western blotting were carried out using 4—12% Tris-glycine
gels (Bio-Rad) as previously described.'” The positions of Multi
Mark colored standards (Invitrogen) are indicated on the blots.

8Rb Flux Assay. The *Rb flux assay was performed as
previously described.”*

Data Presentation. All experiments were carried out 3 or
more times (unless otherwise noted) with similar findings.
Quantitative results are expressed as means + SEM.

B RESULTS

C-Terminal Amino Acids Are Responsible for NKCC1
Dimerization. In previous work from our laboratory,"*" we
have shown that NKCC1 exists as a homodimer in the plasma
membrane that is stable after membrane solubilization in mild
nonionic detergents but is disrupted by low concentrations of
SDS (<0.1%). We also showed that this dimerization inter-
action occurs between the 50 kDa cytosolic C-termini of the
dimer subunits."” Our initial studies were carried out with the
chemical cross-linking reagent DTSSP (see Methods and
Materials). In these experiments'® we demonstrated that after
cross-linking NKCC1 migrated on SDS-PAGE gels at a
molecular weight that was twice its monomeric size, indicating
its status as a dimer. A similar result was found with an
N-terminally truncated NKCC1 (nttNKCC1), demonstrating
that the N-terminus of NKCC1 does not play a significant
role in its dimerization. However, deletion of the NKCCl1
C-terminus resulted in a protein that failed to cross-link with
DTSSP and thus apparently failed to dimerize."

To study NKCC1 dimerization in more detail, we
subsquuently developed a novel co-immunoprecipitation
assay." Briefly stated (see Methods and Materials for details),
in this assay we transiently coexpress full-length NKCC1 and
nttNKCC1 in HEK293 cells, immunoprecipitate from solubi-
lized cells with the antibody a-wNT(r) raised against the
NKCC1 N-terminus, and then treat the immunoprecipitated
material with 0.1% SDS to specifically break dimer pairs. Since
the sequence against which the antibody a-wNT(r) was raised
is missing from nttNKCC1 (see Methods and Materials), this
truncated protein should only appear in the immunoprecipitate
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as a component of full-length NKCC1/nttNKCC1 dimer pairs
from which it will be released by 0.1% SDS. Thus, by modifying
the C-terminus of the full length protein and probing for
nttNKCCI1 in the SDS-eluted material, we are able to evaluate
the effects of these modifications on dimer formation. Using this
assay, we demonstrated that when the C-terminus of NKCCl1
was replaced with the C-terminus of its close homologue
NKCC2, the resulting protein was unable to immunoprecipitate
nttNKCC1 (ref 19; see also below). However, this NKCC1/
NKCC2 chimera was able to form homodimers (as
demonstrated by cross-linking studies with DTSSP) and was
fully functional."”” Taken together with our other results, these
observations confirmed that an interaction between the
C-termini of the two dimer subunits is responsible for NKCCl1
dimerization and indicated that the C-termini of NKCC1 and
NKCC2 are not capable of this interaction with each other.

In what follows we have systematically replaced sequence in
the C-terminus of NKCC1 with the corresponding sequence
of NKCC2 in order to localize and identify the amino acids
involved in NKCC1 dimerization.

NKCC1/NKCC2 Chimeras. Figure 1 shows the results of
the above co-immunoprecipitation assay for a series of NKCC1/
NKCC2 chimeras. In Figure 1A we illustrate the C-terminal
sequence of each of these chimeras schematically, indicating
NKCC1 sequence in white and NKCC2 sequence in black.
Each chimera is named according to the NKCC1 sequence that
has been replaced with NKCC2 sequence (see Figure 1
caption). In control experiments (not shown) we have verified
that these chimeras, and all other NKCC1/NKCC2 chimeras
studied here, are expressed and complex-glycosylated at levels
comparable to wild-type NKCC1 and form homodimers with
themselves (as determined via cross-linking studies employing
DTSSP). In Figure 1B, we show the results of a typical
experiment where we have cotransfected HEK-293 cells with
nttNKCC1 and each of the full-length proteins described in
Figure 1A. In each case the material eluted by 0.1% SDS from
the a-wNT(r) immunoprecipitate was probed by Western
blotting with the antibody a-wCT(g) against the NKCC1
C-terminus, which recognizes both nttNKCCI1 and wild-type
NKCCI1. As previously shown, nttNKCC1 is co-immunopreci-
pitated with wild-type NKCC1, but a much reduced band is
seen with the chimera aa750-1203 in which the complete
NKCC1 C-terminus is replaced by that of NKCC2. It is also
clear from Figure 1B that nttNKCCI is readily co-immuno-
precipitated with 2a913-998 and 2a999-1203 but that the
coprecipitated nttNKCCI1 signal with aa750-912 is much
weaker. The result seen with 2a999-1203 confirms that of a
complementary experiment shown in Figure 6 of ref 19 where
we replaced amino acids 999—1203 in nttNKCC1 with NKCC2
sequence and co-immunoprecipitated with wild-type NKCC1.

The experiments shown in Figure 1B have been quantitated
in Figure 1C. These quantitated results show that the
nttNKCCI1 signals seen with aa750-1203 and aa750-912 are
not significantly different from that seen when the empty vector
pBK™ is used in place of NKCCI and thus represent a
background signal. These experiments are therefore consistent
with the hypothesis that there are amino acids required for the
dimerization of NKCC1 occurring between residues 750—912
that cannot be effectively replaced by the corresponding amino
acids of NKCC2. We also note that the nttNKCCI signal seen
with the chimera aa913-998 is significantly less than that seen
with wild-type NKCCI, indicating a weakened dimerization
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Figure 1. Co-immunoprecipiation of nttNKCC1 with various
NKCC1/NKCC2 chimeras. (A) Schematic representations of the C-
terminal sequence (amino acids 750—1203) of each of the NKCC1/
NKCC2 chimeras studied in panels B and C. NKCC1 sequence is
shown in white and NKCC2 sequence in black. Chimeras are named
according to the NKCC1 sequence replaced by the corresponding
sequence of NKCC2; thus, for example, the chimera aa750-1203 has
the complete NKCC1 C-terminus replaced by that of NKCC2. (B)
HEK293 cells were transiently transfected with nttNKCC1 and the
chimera indicated. The next day cells were solubilized and
immunoprecipitated with a-wNT(r), the precipitate was eluted with
0.1% SDS, and the eluate was probed via Western blotting with the
antibody a-wCT(g). See Methods and Materials for details. The figure
shows the results of a typical Western blot with the positions of
NKCC1 and nttNKCCI1 indicated. (C) Quantitated results of
nttNKCC1 co-immunoprecipitation with the NKCCI1/NKCC2
chimeras indicated. The results have been normalized to the
nttNKCC1 signal observed with NKCC1 on the same day. The
background signal seen when the full length clones are replaced with
the empty vector pBK™ is also shown. Each data point represents the
mean =+ SE for 3 or more independent experiments.

interation. Thus, these latter amino acids apparently also play a
role, albeit not an essential one, in NKCC1 dimerization.

In order to further localize the amino acids involved in
NKCCI1 dimerization between residues 750—912, we system-
atically subdivided this region into the successive pairs of
additional chimeras illustrated in Figure 2A and assayed them
for their ability to dimerize with nttNKCC1 (Figure 2B).
In each case one member of the pair was found to yield an
nttNKCC1 signal that was not significantly different from that
observed with aa750-1203, indicating that it contained
important amino acids for dimerization that could not be
replaced by the corresponding residues of NKCC2. This
sequence was then subdivided to produce the next pair of
chimeras and so on. In this way we were able to localize the
essential amino acids for nttNKCC1 co-immunoprecipitation
to residues 806—814 (Figure 2B). We also note that a number
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Figure 2. Localization of important amino acids for NKCCl
dimerization. (A) Schematic representations of the C-terminal
sequences of the NKCC1/NKCC2 chimeras studied in panel B (see
Figure 1 caption for details). (B) Co-immunoprecipitation of
nttNKCC1 with the chimeras indicated was determined and
quantitated as described in the caption of Figure 1. Each data point
represents the mean + SE for 3 or more independent experiments.

of other chimeras (2a842-912, aa825-841, aa815-825) display
positive but weakened nttNKCCI1 signals relative to wild-type
NKCCl, indicating that these amino acids also play some role
in the strength of the dimerization interaction.

The functions of some of the chimeric proteins studied in
Figures 1 and 2 are explored in Figure 3. Here we show the

o8 T —
X
8
[=%
=]
o 4
x4
j<}
©
o
8
S
@
E
o
s L
0 N O 94 » l N Q@ H N
QQ,J: *90 & 69'\ 0}9@ R A A
Y& L &
s ® PP PP PP

Figure 3. Bumetanide-sensitive 8Rb fluxes via NKCC1/NKCC2
chimeras. *Rb fluxes were measured as previously described** in
HEK293 cells transiently transfected with the NKCCI constructs
indicted. Flux was measured in the presence and absence of 250 yM
bumetanide. For each chimera the bumetanide-sensitive component of
%Rb flux was calculated and normalized to that measured in cells
transfected with pBK™ on the same day. For aa750-912, aa913-998,
and aa999-1203 n = 2; for all others n > 3. The results for NKCCl1,
aa750-1203, and 22999-1203 were taken from Figure 7 of ref 19 and
are included for comparison purposes.

bumetanide-sensitive (i.e., NKCC-specific) component of *Rb
influx in transiently transfected HEK293 cells. Transfection
with NKCCI itself yields a ~6-fold increase in *Rb uptake
over the basal level observed with the empty vector pBK™. All
of the other constructs studied in Figure 3 show some level of
specific functional activity. Interestingly, however, while

9860

replacing the entire NKCC1 C-terminus with that of NKCC2
(chimera 2a750-1203) has little effect on functional activity,
many of the replacements of smaller regions of NKCCI1
C-terminal sequence markedly reduce bumetanide-sensitive
SRb uptake. Thus, these results suggest that multiple inter-
actions within the NKCC1 C-terminus may play significant
roles in the function of this protein. Further exploration of this
apparently complex role of the NKCC1 C-terminus in its
functional expression is beyond the scope of the present paper.

As already mentioned, all of the chimeras studied in Figures 1
and 2 are normally expressed and processed by the HEK293
cells and are able to form homodimers. Inspection of the results
of Figures 1—3 indicates that there is no apparent relationship
between the functional activities of these chimeras and their
abilities to dimerize with nttNKCC1; for example, the chimeras
2a913-998 and aa842-912 coprecipitate similar amounts of
nttNKCC1, but the *Rb transport activity of the former is
relatively low and that of the latter relatively high. Thus, taken
together these results support the view that the differences
illustrated in Figures 1 and 2 do indeed reflect the abilities of
these chimeras to interact with nttNKCC1 and not nonspecific
differences related to their handling and processing by the
HEK293 cells.

Point Mutations of NKCC1 Residues 806—814. The
chimera aa806-814 contains only nine NKCC2 residues, five of
which are in fact identical to the corresponding residues in
NKCCI1 (Figure 4A). In Figure 4B, we show the effects of the
individual amino acid differences in residues 806—814 between
NKCC1 and NKCC2 on dimerization. Each of the mutations
V806S, G812C, and H813E have significant effects on the
ability of the resulting full length NKCC1 point mutant to
co-immunoprecipitate nttNKCC1, and the signal seen with
G812C is not statistically significantly different from that found
with aa750-1203, i.e., from background levels (see above). The
effects of additional point mutations of G812 and H813 are
shown in Figure 4C. None of the nttNKCCI signals seen with
G812S, G812T, GH-SE, GH-CE, or GH-CC are significantly
different from that seen with aa750-1203, demonstrating that
even relatively conservative mutations of G812 result in
proteins that have a dramatically reduced ability to dimerize
with nttNKCC1. In additional studies (not shown) we also
generated and characterized the full length mutants G812A and
G812P, but cross-linking studies with DTSSP indicated that
both these proteins were significantly aggregated (not shown)
and thus misprocessed in the HEK293 cells. We also found that
G812P was not complex-glycosylated, indicating that it was
retained in the endoplasmic reticulum. Thus, co-immunopre-
cipitation studies with these mutants could not be interpreted.

We show two additional results in Figure 4C: the co-
immunoprecipitation of nttNKCC1 with the point mutant
V814M and with the chimera NCCct in which the C-terminus
of NKCC1 was replaced by that of rat NCC."” V814 is
conserved in NKCC1, NKCC2, and NCC. The corresponding
mutation in human NCC (V677M) has been detected in a
patient with Gitelman’s syndrome>—an inherited renal tubular
disorder linked to mutations in NCC (SLC12A3). To our
knowledge the functional consequences of this mutation in
human NCC has not been explored, but it is clear from Figure 4C
that the corresponding mutation in NKCCI1 leads to a markedly
reduced dimer interaction with nttNKCC1. We include the result
with NCCct because the residues around G812 in NKCCI1 are
conserved in NCC (the amino acids corresponding to residues
806—814 of NKCC1 are LSLMICGHV in NCC). We note,
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Figure 4. Effects of point mutations of NKCC1 amino acids 806—814
on dimerization. (A) Comparison of NKCC1 amino acids 806—814 to
the corresponding residues of NKCC2. (B, C) Co-immunoprecipita-
tion of nttNKCC1 with the mutants indicated was determined and
quantitated as described in the caption of Figure 1. In the mutants
GH-SE, GH-CE, and GH-CC both G812 and H813 were mutated as
indicated. NCCct, a chimera in which the C-terminus of NKCC1 was
replaced with that of NCC, has been described previously.'® Each data
point represents the mean + SE for 3 or more independent
experiments except M809C, G812T, and GH-CE, for which n = 2.

however, that there is no significant co-immunoprecipitation of
nttNKCC1 with NCCct consistent with the hypothesis that,
although G812 and the surrounding amino acids play a central
role in the dimer interaction, other regions in the NKCCl
C-terminus also are involved in dimerization in a significant way.
In Figure S, we show the bumetanide-sensitive component of
%Rb transport into HEK293 cells transiently transfected with
the point mutants studied in Figure 4. All of these point mutants
increase this NKCC-specific component of *Rb flux to ~3 or
more times basal levels, indicating that they are all well-
expressed, properly processed, and functional in the HEK293
cells. Thus, the inability of many of these mutants to co-
immunoprecipitate nttNKCC1 is not related to their mishan-
dling in the HEK293 cells. Interestingly, the mutation V812M
associated with Gitelman’s syndrome does not result in lack of
function of NKCC1. While more direct studies with NCC are
obviously required to clarify these results, we speculate that the
apparent defect in NCC associated with the Gitelman’s
syndrome mutation V677M may be related to problems with
dimerization (the patient with this mutation was also found to
have the mutation R209W in the other NCC allele*).
Additional Complementary Studies. In order to further
clarify and confirm the above results, we carried out several
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Figure 5. Bumetanide-sensitive **Rb fluxes via NKCC1 point mutants.
Bumetanide-sensitive **Rb fluxes were measured and normalized as
described in the caption of Figure 3. Each data point represents the
mean + SE for 3 or more independent experiments except GH-CE, for
which n = 2.

additional studies. In Figure 6 we examine the results of some
complementary experiments to those illustrated in Figure 4.
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Figure 6. Complementary co-immunoprecipitation studies. Co-
immunoprecipitation of nttNKCC1 and nttGH-SE (nttNKCC1 with
the residues G812 and H813 mutated to S and E, respectively) with
the full length chimeras and mutants indicated was determined and
quantitated as described in the caption of Figure 1. Each data point
represents the mean + SE for 3 or more independent experiments.

Here we employed the protein nttGH-SE in which the
mutations of G812 and H813 to S and E, respectively, are
made in nttNKCC1 rather than in NKCC1. We first show that
nttGH-SE does not co-immunoprecipitate with wild-type
NKCC1. This result confirms that of the complementary
experiment in Figure 4C where we showed that nttNKCCl1
does not coprecipitate with GH-SE. We next show that nttGH-
SE does co-immunoprecipitate with GH-SE. This result is
consistent with our general finding stated above that our
various NKCCI1/NKCC2 chimeras form homodimers irre-
spective of whether they display significant dimerization with
nttNKCC1. We note, however, that the co-immunoprecipitated
nttGH-SE signal seen with GH-SE in Figure 6 is significantly
lower than the nttNKCC1 signal seen with wild-type NKCCl,
indicating a somewhat weaker dimer interaction between the
modified proteins. Finally, we show that nttGH-SE does
not co-immunoprecipitate with aa750-1203. These two clones
have the same amino acids at positions 812 and 813 (S and E,
respectively), but the remaining C-terminal amino acids of
nttGH-SE are those of NKCC1 while the C-terminal amino
acids of aa750-1203 are those of NKCC2. Thus, this result
again confirms that residues in the NKCC1 C-terminus other
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than those at and near position 812 also play significant roles in
the dimerization interaction.

To further explore the above observation that the
dimerization interaction between GH-SE and nttGH-SE is
apparently weaker than that between wild-type NKCC1 and
nttNKCC1 (Figure 6), we carried out the cross-linking studies
illustrated in Figure 7. In these experiments membranes from

DTSSP
-+ -+ -+ -+
-—- e - .

- dimer
250 -
148 - =

- monomer

-

NKCC1 GH-SE  G812S  G812T

Figure 7. Chemical cross-linking of NKCC1 and NKCC1 mutants.
Membranes from HEK293 cells transiently transfected with NKCCl1
or the mutants indicated were prepared, solubilized in 0.3% Triton X-
100, treated with (+) or without (—) the cross-linker DTSSP as
indicated, and probed by Western blotting as described in Methods
and Materials. No disulfide reducing agent was added to the SDS-
PAGE sample buffer. The positions of the NKCC1 monomer and
dimer are indicated.

HEK293 cells transiently transfected with the (single) proteins
indicted were solubilized in 0.3% Triton X-100 and then treated
with the covalent cross-linker DTSSP and analyzed by Western
blotting. In the case of wild-type NKCC1 we typically find that
virtually all of the monomeric protein is lost following DTSSP
treatment and appears in a higher molecular weight band that
migrates at twice its monomeric size. This observation formed
the basis of our original demonstration that NKCC1 exists as a
dimer in the plasma membrane that is stable in mild detergent
solution."® In the case of the mutants GH-SE, G812S, and
G812T, however, we find that significant amounts of monomer
typically remain after DTSSP treatment and that, in fact, little
cross-linked dimer is seen for G812T. In the case of GH-SE
this result is consistent with our observation of a weakened
interaction between GH-SE and nttGH-SE in Figure 6. Our
interpretation of these results is that the dimerization inter-
actions of GH-SE and G812S are weaker than that of wild-type
NKCCI1 and thus are somewhat destabilized in 0.3% Triton
X-100. The dimerization of G812T would appear to be even
weaker still.

Finally, in order verify the participation of G812 and its
surrounding amino acids in NKCC1 dimerization using a rather
different methodology, we examined the effect of the sense
peptide LMISGHVHMG and the scrambled peptide
GIHMLGVSMH on the NKCC1 dimer in detergent solution
(Figure 8). This sense peptide represents NKCC1 amino acids
808—817 (centered on G812 and H813) with the modification
C811S to prevent the formation of interpeptide disulfide bonds.
In these experiments we solubilized membranes from HEK293
cells transiently transfected with wild-type NKCC1 in 0.3%
Triton X-100. We then incubated these solubilized membranes
with the sense or scrambled peptides in the presence of an
additional 0.01% SDS added to weaken the dimerization
interaction and thereby enhance competition of the peptide for
the dimer interface. One hour later the cross-linker DTSSP was
added, and the amount of dimer was determined by Western
blotting. In these studies we found that significantly less dimer
was seen in the presence of the sense peptide than in the
presence of the scrambled peptide (p = 0.03, paired ¢ test). This
observation suggests that the sense peptide is able to compete
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Figure 8. Effect of the sense peptide LMISGHVHMG on the NKCC1
dimer. Membranes from HEK293 cells transiently transfected with
NKCC1 were prepared, solubilized in 0.3% Triton X-100 in the
presence or absence of 0.01% SDS and 1 mM of the sense peptide
LMISGHVHMG (P) or the scrambled peptide GIHMLGVSMH (SP)
as indicated, and then treated with the cross-linker DTSSP (1 mM).
Peptides were added 1 h before the cross-linker. The resulting material
was probed by Western blotting to determine the amount of cross-
linked dimer in each sample. Results were normalized to the amount
of dimer observed in the absence of both SDS and peptide. The results
of 3 independent experiments were averaged to produce the figure.

with NKCC1 dimer partners for the dimer interface consistent
with the hypothesis that the sequence around G812 forms a
part of this interface.

B CONCLUDING REMARKS

In the experiments reported here we have made use of a novel
co-immunoprecipitation assay'® to study the dimerization
interaction of NKCCI1. This assay takes advantage of the
known properties of the NKCC1 dimer,"* namely its stability in
Triton-X100 and its disruption by low concentrations of SDS,
to specifically and sensitively probe the dimerization
interaction. Our starting point for the present studies was our
previous observation'® that the chimeric protein aa750-1203, in
which the cytosolic C-terminus of NKCC1 had been replaced
with that of NKCC2, was unable to co-immunoprecipitate
nttNKCC1. Thus, there are amino acids in the NKCCI1
C-terminus that play a central role in dimerization that cannot
be replaced by the corresponding residues of NKCC2. Our
results presented here from additional NKCC1/NKCC2
chimeras and point mutants indicate that the substitutions of
a number of residues in the C-terminus of NKCC1 with the
corresponding sequence from NKCC2 result in weakened
dimerization with nttNKCCI, indicating that various regions of
the NKCC1 C-terminus play a role in this interaction. Most
interestingly, however, we find that the replacement of a single
NKCC1 residue, G812, with cysteine, the corresponding amino
acid in NKCC2, essentially recapitulates the inability of aa750-
1203 to co-immunoprecipitate nttNKCCI. In addition to this
effect on heterodimer formation, we also find that mutations at
G812 can weaken the corresponding homodimer interactions.

It is also interesting to note that, although the substitution of
NKCC1 C-terminal residues with those of NKCC2 can result
in proteins that no longer show significant heterodimerization
with nttNKCC1, these proteins nevertheless typically still
homodimerize. This observation puts significant constraints on
the possible configurations of the NKCC1 dimer interface since
the effect of these mutations must be to modify this interface in
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some sort of complementary way that preserves homodimer
formation while interfering with heterodimerization with wild-
type. In general, a simple distortion of the dimer interface as a
result of mutation would not be expected to have this
complementary effect. In Figure 9, we present a very schematic

00 00

mutant 1 mutant 1

C

mutant 1

mutant 2 mutant 2

Figure 9. Schematic representation of the mechanism of dimer
formation by “domain swapping”. See text for details.

model for the NKCC1 dimer interface that can account for our
observations and which incorporates a known mechanism for
protein dimer and oligomer assembly known as “domain
swapping”. %6 We want to emphasize at this point that we are
not proposing this as an actual physical model for NKCCl1
dimerization. Our data do not address the physical form of the
dimer interface, and other models may be equally capable of
accounting for our observations. Our purpose here is to simply
demonstrate that our results can be accounted for using an
established mechanism for dimer formation. The basic idea of
dimer formation via domain swapping is illustrated in Figure 9A
(in these models we imagine that we are looking up at the
C-termini (CT) of two interacting NKCC1 molecules from a
vantage point below the plasma membrane). Here domain “a”
of each dimer partner interacts with a complementary domain
“c” of the other partner in a lock-and-key type fashion. It has
been shown that a number of protein dimers form via such
complementary domain interactions,?® and it has been
suggested that dimers of this type might have evolved from
stable monomers in which the interaction between “a” and “c”
was originally intramolecular. Thus, the resulting dimer would
have evolved via the swapping of intramolecular for
intermolecular domain interactions. In Figure 9B, we illustrate,
again very schematically, how a mutation in such a dimer
interface could lead to a protein (mutant 1) that no longer can
dimerize with the wild-type protein (because the space between
“a” and “c” has changed) but can nevertheless form
homodimers with essentially the same interaction strength as
wild-type. In Figure 9C, we illustrate how a mutation could lead
to a protein that can no longer dimerize with wild-type and also
has a reduced homodimer interaction because of a mutation-
induced distortion in domain “a”. In a model of this type we
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would envision G812 at a position where its mutation could
induce the types of changes illustrated in mutants 1 and 2.
Interestingly, Warmuth et al.>’ have recently reported the
crystal structure of the recombinant C-terminus of an SLCI2
homologue, MaCCC, from the archaecon Methanosarcina
acetivorans. The crystallized C-terminus has a mixed a/f fold
made up of 7 a-helical and 10 f-strand regions forming a
compact trapezoidal structure. They found that this protein
formed dimers in solution and that its crystal structure
suggested a relatively small hydrophilic dimer interface in
which residues on a helices 1 and 2 in one subunit were in
proximity to residues located in the loop connecting f-strands 5
and 6 in the second subunit, and vice versa. Thus, this structure
corresponds rather well to the schematic model in Figure 9A
with, for example, the relevant residues on a-helices 1 and 2
represented by domain “a” and those in the loop connecting
P-strands S and 6 by the domain “b”, or vice versa. Alignments
of the sequences of NKCC1 and NKCC2 with that of MaCCC
place G812 in f3-strand 2 which lies between a-helices 1 and 2*
and thus close to the dimer interface and in a position that
could potentially alter the positions of the residues in a-helices
1 and 2 that participate in dimerization. Although these results
from MaCCC are consistent with the concepts illustrated in
Figure 9, we should emphasize that the sequence conservation
between the C-termini of MaCCC and NKCC1 is rather low
(~12% identity) so comparisons should be treated with some
caution. Additional work will be required to explore the
significance of the MaCCC C-terminal crystal structure and its
dimer interface to NKCCI1 and its mammalian homologues.
In conclusion, we have demonstrated that the residue G812
plays a central role in the configuration of the dimer interface
of NKCC1. Although at first glance it seems odd that the
mutation of a single residue can result in a protein that no
longer can dimerize with wild-type NKCC1 but nevertheless can
still form homodimers, we illustrate that this phenomenon is in
fact consistent with dimer formation via the mechanism of
domain swapping and that these ideas are further supported by
the recently reported crystal structure of the MaCCC C-terminus.
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