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Sodium-calcium exchanger complexed with GM1
ganglioside in nuclear membrane transfers calcium
from nucleoplasm to endoplasmic reticulum
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The inner membrane of the nuclear envelope (NE) was previously
shown to contain a Na/Ca exchanger (NCX) tightly linked to GM1
ganglioside that mediates transfer of nucleoplasmic Ca2* to the NE
lumen and constitutes a cytoprotective mechanism. This transfer was
initially observed with isolated nuclei and is now demonstrated in
living cells in relation to subcellular Ca2+ dynamics. Four cell lines with
varying expression of NCX and GM1 in the NE were transfected with
cameleon-fluorescent Ca2* indicators genetically targeted to NE/
endoplasmic reticulum (ER) and nucleoplasm to monitor [Ca2*]ne/er
and [Ca?*], respectively. Cytosolic Ca2+ ([Ca2+].,+) was indicated with
fura-2. Thapsigargin caused progressive loss of [Ca?*]ne/er, Which was
rapidly replaced on addition of extrinsic Ca?* to those cells containing
fully functional NCX/GM1: differentiated NG108-15 and C6 cells.
Reduced elevation of [Ca2*]ne/er following thapsigargin depletion
occurred in cells containing little or no GM1 in the NE: undifferenti-
ated NG108-15 and NG-CR72 cells. No change in [Ca?*],e/er due to
applied Ca2* was seen in Jurkat cells, which entirely lack NCX. Ca2*
entry to NE/ER was also blocked by KB-R7943, inhibitor of NCX.
[Ca?*], and [Ca?*]: were elevated independent of [Ca?*]ne/er and
remained in approximate equilibrium with each other. Ca2* rise in the
ER originated in the NE region and extended to the entire ER network.
These results indicate the nuclear NCX/GM1 complex acts to gate Ca2*
transfer from cytosol to ER, an alternate route to the sarcoplasmic/
endoplasmic reticulum calcium ATPase pump. They also suggest a
possible contributory mechanism for independent regulation of
nuclear Ca2+.

cameleon calcium indicator | nuclear calcium | nuclear envelope |
ER calcium | ganglioside function

Regulation of nuclear Ca?™* is critically important in determining
cell viability and a wide range of signaling processes that govern
virtually every aspect of cell behavior. The luminal space of the
endoplasmic reticulum (ER), a storage site for a major portion of
cellular Ca?*, is recognized as playing a major role in such processes
and the same applies to the lumen of the nuclear envelope (NE)
with which it is continuous (1, 2). The outer membrane of the NE
is continuous with the ER and resembles the latter in containing
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), a
type of Ca?*-activated ATPase that pumps cytosolic Ca?*
([Ca®*]eyr) into the lumen of the NE, and hence of the ER (3).
Cytosolic Ca®* is also transferred into the NE lumen via inositol
1,3,4,5-tetrakisphosphate, receptors for which occur in the outer
membrane of the NE (4). The inner nuclear membrane, with
unique composition, contains Ca?*-release mechanisms regulated
by Ins(1,4,5)Ps, cADP-ribose, and NAADP, which regulate input to
nucleoplasmic Ca?* ([Ca?*],) through transfer from the NE (5-7).
Some aspects of nuclear Ca®", in particular its capacity for inde-
pendent regulation, have been controversial because of the exis-
tence of nuclear pore complexes that appeared to allow free
diffusion of Ca®>* between cytosol and nucleoplasm (8). However,
some studies have suggested the existence of cytoplasm-
nucleoplasm Ca?* gradients (9, 10), and there is growing evidence
for independent Ca?" regulation in that organelle (11). Adding to
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the story was the discovery of a mechanism for Ca>* flux between
NE and nucleoplasm, mediated by sodium-calcium exchanger
(NCX) activity in the inner membrane of the NE of neural- and
certain other cells; analyses that revealed the latter exchanger
included immunoprecipitation/immunoblotting (IP/IB), immuno-
cytochemistry, RT-PCR, and #*Ca?" uptake by the NE of isolated
nuclei (12, 13). A key feature of this NCX was its potentiation by
GM1 ganglioside with which it forms a high affinity complex that
survives SDS/PAGE. This property distinguishes it from NCX
isoforms of the plasma membrane, which do not form such a
complex with GM1, although a looser association with possible
effect on activity was not excluded.

Initial evidence that this NCX/GM1 complex contributes to
selective regulation of Ca?" within the nucleus came from studies
with isolated nuclei involving Ca?* transfer from nucleoplasm to
NE lumen (12). A more detailed examination of this phenomenon
is provided in the present study, employing whole cells transfected
with genetically encoded cameleon Ca®* sensors developed in the
laboratory of R. Tsien (14, 15); these monitor Ca>* dynamics in the
nucleoplasm and NE/ER ([Ca?"]e/er) compartments. An approx-
imation of [Ca?*].,, was obtained with use of fura-2, a ratiometric
Ca?* indicator widely used to determine intracellular Ca®>* exclu-
sive of NE/ER. Monitoring of Ca?* in these 3 compartments over
time facilitated a more comprehensive assessment of coordinated
cellular Ca®>* changes in the presence or absence of nuclear
NCX/GML1. This was accomplished by comparing Ca>* dynamics in
various cell lines, which either do or do not express this complex. A
pharmacological inhibitor of NCX provided additional data. The
results provide conclusive evidence for NCX/GM1-mediated Ca?*
transfer from nucleoplasm to NE and subsequently to the ER
network, thus providing a mechanistic alternative to the SERCA
pump for transfer of cytosolic Ca?* to the ER. Implications
regarding independent regulation of nuclear Ca?* are discussed.

Results

Expression of GM1 and NCX, or absence thereof, in the nuclei of
4 cell lines was verified in one series of experiments by immuno-
cytochemistry. Purified nuclei were double stained with cholera
toxin B subunit linked to FITC and anti-NCX antibody (Ab) plus
goat anti-mouse IgG linked to Texas red. This revealed colocaliza-
tion of GM1 and NCX in the NE of differentiated NG108-15 and
C6 cells (Fig. 14); NG-CR72 cells were shown to contain NCX but
no GML1 in the NE, while Jurkat cells expressed GM1 but no NCX
at that locus. This was confirmed by IP/IB analysis in which lysates
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Fig.1. Expression of NCXand GM1. (A) Nuclei of NG108-15 (differentiated),
NG-CR72, C6, and Jurkat cells were isolated, and fixed. GM1 and NCX in the NE
were revealed by double staining with CtxB-FITC and anti-NCX Ab (second
Ab-linked to Texas red). Images show coexpression of NCX and GM1 in the NE
of NG108-15 and C6 cells; NG-CR72 cells showed NCX but no GM1 while Jurkat
cells showed GM1 but no NCX. (B) NCX in NE and non-nuclear membrane
mixture (M. Mix.) was immunoprecipitated with mouse anti-NCX mAb
(C2C12), subjected to SDS/PAGE and electrophoretic transfer to PVDF; it was
then blotted with rabbit polyclonal anti-NCX Ab (a). NG108-15 and NG-CR72
cells gave bands corresponding to known NCX pattern in the NE and non-
nuclear M. Mix. (e.g., plasma membrane) while C6 cells expressed NCX only in
the NE. Jurkat cells were devoid of NCX in both fractions. Parallel blot using
CtxB-HRP (b) revealed tight association of GM1 with major NCX bands in the
NE of NG108-15 and C6 cells, but not GM1-deficient NG-CR72 cells or NCX-
deficient Jurkat cells.

of the NEs were reacted with mouse monoclonal antibody (mAb)
to NCX plus protein-L-linked beads, followed by SDS-PAGE and
electrophoretic transfer to PVDF membrane and IB with rabbit
polyclonal anti-NCX Ab plus second Ab linked to HRP. NE of
differentiated NG108-15 and C6 cells again showed expression of
NCX, which appeared in regions corresponding to 70-, 120-, 160-,
and 220 kDa (Fig. 1Ba). The 120-kDa band corresponds to the
mature protein, considered a conformational isomer to the 160-
kDa protein, while the 70-kDa and 220-kDa bands correspond to
proteolytic and multimeric products, respectively (see Discussion).
No bands appeared for Jurkat cells, a cell line devoid of NCX (16).
Controls for NG108-15 cells were obtained by omitting the first Ab
that revealed no staining (not shown), consistent with absence of
staining for Jurkat cells known not to express NCX. A parallel
PVDF was blotted with cholera toxin B-HRP, revealing GM1 that
comigrated with NCX in 3 of those regions (Fig. 1Bb). This was
attributed to tenacious association of GM1 with these NCX species
(12, 16). The pattern of nuclear NCX on SDS/PAGE was generally
similar, albeit with differences in intensity, to that of plasma
membrane NCX as depicted in membrane mixture (see M. Mix. in
Fig. 1Ba). NG-CR72 cells showed similar NCX pattern as
NG108-15 cells in both NE and plasma membrane. C6 cells, despite
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Fig. 2. Targeted expression of cameleon indicators in NE/ER and nucleo-
plasm. (A) NG108-15 cells and (B) Jurkat cells were transfected with ER- or
Nu-cameleon. ER-cameleon-expressing cells were immunostained with anti-
nuclear pore protein (NPP) Ab and second antibody with Texas red, showing
expression of cameleon protein in the NE and throughout the ER. Nu-
cameleon-expressing cells were fixed and stained with nuclear-specific dye
Hoechst 33342, showing restricted expression in the nucleoplasm.

clear expression of NCX in the NE, showed no evidence of NCX
in the plasma membrane (M. Mix.), as previously reported (17). As
previously described (12), NCX band from the plasma membrane
did not comigrate with GM1 but may have formed a looser
association, as suggested by the appearance of GM1 at the migra-
tion front (see Fig. 1Bb). Jurkat cells were unique in showing no
NCXin either NE or plasma membrane as previously reported (16),
even though GM1 was detected in the NE (apparently subtending
other functions).

The above cells were transfected with Nu- and ER-cameleons
genetically targeted to nucleoplasm and NE/ER lumen, respec-
tively. Fluorescent images of these cameleons expressed in
NG108-15 and Jurkat cells are shown in Fig. 2 4 and B, respec-
tively, together with markers for NE (nuclear pore protein) and
nucleoplasm (Hoechst-33342). ER-cameleon revealed the ER net-
work to pervade the entire extranuclear region and extend into the
NE; Nu-cameleon was restricted to nucleoplasm that coincided
with staining by Hoechst. Similar patterns were obtained with the
other 2 cell lines (not shown). Our approach was to sequentially
monitor [Ca?*]eer and [Ca?™], with the above cameleons, in
addition to [Ca®*].y, as indicated by fura-2. As mentioned, the latter
represented an approximation in lieu of direct measurement of
[Ca?"]ey; such measurements included [Ca®*],, with which
[Ca®*]ey appeared to be in equilibrium.

Calcium monitoring in NG108-15 and NG-CR72 cells was
started in Ca®"-free buffer containing thapsigargin (Tg) to
deplete [Ca?*|,e/er, followed at the indicated times by CaCl, (0.5
mM) + KCI (50 mM) (Fig. 3 traces labeled “Control”). This
K*-induced depolarization caused a surge of Ca®* influx (indi-
cated at Ca arrow) leading to elevation of Ca?* in all intracellular

Wu et al.



Lo L

[Ca®*},eer: ER-Cameleon

P

1\

=y

A NG108-15
Z'OW a 204 a

KB

} v

_—~Control

R535/480
-
(=)
rd
Rs535/480
-
(=)
2

B NG-CR72

/Control

1.44 1449 Tg N
Tg
£ NaCl T KB
1.2 T T T T " 1.2
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (Sec.) Time (Sec.)
3
S 204 p 204 b
g .__— LIGA20
1.84 I\ 1.84
8 2 \ A Control 2 Control
J N3 N Ny -
A NN lﬁ-w
I P S
g 141 Te ? 144 Tg ?
~5
& Ca Ca
)] 1.2 1.2
g 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (Sec.) Time (Sec.)
§ 1197cC 199 ¢
]
- KB
1.7
g { _~KB
S 3 8
Q F 1.59 g
3z
2 é ] f Control o e 1 . ; :
& ] Ca - f f ontro. Fig.3. Coordinated Ca?* changesin NE/ER ([Ca?*]neser),
.t‘(‘ L1 Tg “lTg Ca nucleoplasm ([Ca2*]n), and cytosol ([Ca?*]et) in
O 0.9 T - v v v y 0.9 NG108-15 (A) and NG-CR72 (B) cells. NG108-15 cells
=~ 0 200 400 . 600 800 1000 1200 0 200 400 ) 600 800 1000 1200 were differentiated with db-cAMP/KCI, except (Ab) in
Time (Sec.) Time (Sec.) which undifferentiated NG108-15 cells were used. NG-
307 d 307 d CR72 cells were differentiated with db-cAMP alone. Cells
N were transfected with ER- (Aaand b and Baand b) or Nu-
I 2.5 25 (Ac and Bc) cameleon, or loaded with fura-2 (Ad and Bd).
I-E 2 KB _-KB 2 KB —KB Ca?* imaging was started in Ca2*-free buffer and mon-
& 220 * 220 * itored as Rs3sugo for cameleon and Rssogo for fura-2.
=& & Reagents included Tg, NCX blocker KB-R7943 (KB), LIGA-
°‘8 15 f Control 15 * amtrol 20, and CaCly/KCl or CaCly/NaCl that were applied as
< T fCa T f indicated. ““Control” in all panels represents CaCly/KCl
1.0 g 1.0 J Ca without KB or LIGA-20. LIGA-20, when used, was used for
0 200 400 . 600 800 1000 1200 0 200 400 X 600 300 1000 1200 prior bath incubation of cells for 30 min. Each trace was
Time (Sec.) Time (Sec.) average of >30 cells from 5 to 8 independent runs.

compartments. Elevation of [Ca?"],e/er Was significantly greater
(Table 1) in differentiated NG108-15 cells (see Fig. 34a), which
possess NCX and high levels of GM1 in the NE, compared to
[Ca?"uerer €levation in undifferentiated NG108-15 cells (see
Fig. 34b), which express NCX but low levels of GM1 in the NE
(12, 18). Similarly NG-CR72 cells, which are completely devoid
of GM1 (19), showed only moderate elevation of [Ca®" |pe/er (S€€
Fig. 3Ba and Table 1). [Ca?"]nerer rise in differentiated

NG108-15 cells was inhibited to a large extent by prior appli-
cation of KB-R7943 (KB) (see Fig. 34a), a recognized blocker
of NCX (20), whereas the attenuated [Ca®*]pe/er rise in undif-
ferentiated NG108-15 cells was enhanced by prior application of
LIGA-20 (see Fig. 34b and Table 1). The latter is a membrane-
permeable derivative of GM1 that inserts into the NE and
potentiates NCX similar to GM1 (21, 22). LIGA-20 achieved
similar potentiation of [Ca?*]yeser rise in the GMI1-deficient

Table 1. Effect of KB-R7943 and LIGA-20 on transient increase of [Ca?* |ne/er following Ca2*

application
Control KB-R7943 LIGA-20
Mean + SEM (n)

NG108-15 (Undifferentiated ) 0.265 + 0.020 (33)** NA 0.440 = 0.013 (31)*
NG108-15 (Differentiated) 0.452 + 0.028 (43) 0.155 + 0.015 (38)* NA
NG-CR72 0.191 + 0.040 (30) 0.095 + 0.020 (36)* 0.292 += 0.030 (31)*
C6 0.443 + 0.110 (32) 0.049 + 0.04 (32)* NA

Jurkat 0.020 *+ 0.024 (31) 0.004 =+ 0.005(31) NA

[CaZ*]nerer measurement was performed as in Figs. 3 and 5, and transient increase after application of extrinsic
Ca2* was calculated. Data are mean elevation of Rs3sugo = SEM. Figures in parentheses indicate number of cells
employed. NA, not assayed. Statistical difference was analyzed with 2-tailed Student’s t-test; *, P < 0.001 vs.
control; **, P < 0.001 vs. differentiated NG108-15 cells.
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NG-CR?72 cells (see Fig. 3Bb). No changes in [Ca?"]ye/er Were
detected when Ca?" was applied together with the same con-
centration of NaCl in place of KCI (see Fig. 34a), indicating the
Ca?* changes did not result from hyperosmolarity.

For differentiated NG108-15 cells, the changes in [Ca*], (see
Fig. 34c) paralleled those in [Ca®" ]y (see Fig. 34d), and these in
turn approximated the changes in [Ca®*], and [Ca?*].,, of NG-
CR72 cells (see Fig. 3B ¢ and d). This reflected equilibration of
[Ca®*], and [Ca*]., as expected on the basis of free flow of Ca®*
through the nuclear pore complexes, that aspect being independent
of the Ca?" gating function of NCX/GMI in the NE. Elevation of
[Ca?*], and [Ca?*]., was prolonged by KB (see Fig. 34 ¢ and d,
and B c and d), likely because of blocked efflux of cytosolic Ca>*
by this agent.

Serial analysis of [Ca?"|e/er images in differentiated NG108-15
cells revealed initial Tg-induced depletion over 550 s, at which point
CaCl,/ KCl addition caused appearance of Ca?" in the NE region
(=593 s) (Fig. 44); from there Ca?* spread throughout the ER,
after which it underwent Tg-induced depletion. In the presence of
KB (Fig. 4B), a relatively small amount of Ca?>* entered the NE/ER,
suggesting less than complete inhibition by KB (as also suggested in
Fig. 3 Aa and Ba). These changes occurred in synchrony with
transient (Control) or sustained (KB) elevation of [Ca?*], and
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Fig. 4. Ratio images of [Ca2*],eser in differentiated
NG108-15 cells. Serial images were obtained with ER-
cameleon-expressing cells as described in Fig. 3. (A)
Control (no KB-R7943): Following Tg applicationat50s
leading to depletion of [CaZ*]nerer, addition of CaCly/
KCl at 550 sec caused elevation of [Ca2*],e/er that orig-
inated in the perinuclear region (arrowheads at 592.8
simage with *) and then extended to entire NE/ER. This
was followed by gradual Tg-induced depletion. (B)
Repeat of above experiment with KB-R7943 showed
limited uptake of Ca2* in the perinuclear region at
592.9s (*) consistent with incomplete blockade shown
in Fig. 3 Aa and Ba; modest rise in [Ca2*],eeroccurred
briefly to 637.7 s followed by gradual Tg-induced
depletion.

[Ca®*]ey (see Fig. 34 c and d) and are consistent with NCX gating
of Ca?" from cytosol to ER via nucleoplasm and NE.

Additional support for this mechanism came from similar ex-
periments with the other 2 used cell lines. C6 cells, as mentioned,
express NCX in the NE but not the plasma membrane (see Fig. 14
and ref. 17) and accordingly resembled differentiated NG108-15
cells in regard to CaClyKCl-induced elevation of [Ca?*]ye/er and
inhibition by KB (Fig. 54a; compare to Fig. 34a). The latter
inhibitor had less effect on [Ca?*]., and [Ca®*], (Fig. 54 b and c)
than was the case with NG108-15 cells, likely because of the
absence of NCX in the plasma membrane. Jurkat cells, which lack
NCX in both NE and plasma membrane (see Fig. 14 and ref. 16),
showed no elevation of [Ca?* ]neer following Tg-induced depletion and
CaCl, addition (Fig. 5Ba), while [Ca*"], and [Ca®*]., dynamics re-
sembled those in the other cells (Fig. 5B b and c). As expected, KB was
without influence in any of the trials with Jurkat cells.

Discussion

This study made use of whole cells transfected with genetically
encoded cameleon Ca?* fluorescent indicators to examine the role
of nuclear NCX/GM1 in mediating transfer of Ca®>* from nucleo-
plasm to NE lumen. Such transfer provides cytoprotection to cells
experiencing abnormal elevation of nuclear Ca?* (see below). The

[Ca®*],: Fura-2

KB

Fig. 5. Coordinated Ca?* changes in NE/ER, nucleo-
plasm, and cytosol of C6 and Jurkat cells. C6 (4) and
Jurkat (B) cells were transfected with ER- (a) or Nu- (b)
cameleon, or loaded with fura2 (c). Ratiometric imag-
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in Jurkat cells, which lack nuclear NCX. Each trace was
average of >30 cells from 5 to 8 independent runs.
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NCX/GM1 complex, situated in the inner membrane of the NE, is
seen to comprise a gating mechanism for movement of [Ca?*]ey
into the ER, a transfer result equivalent to that of the SERCA
pump. Blockade of the latter with Tg revealed efficient operation
of this alternate route, provided the cell possessed both NCX and
GM1 in the NE (differentiated NG108-15 and C6 cells). Absence
of NCX (Jurkat cells) resulted in no [Ca?*]cy; to [Ca?* Jneer transfer,
while cells deficient in NE GM1 (NG-CR72 and undifferentiated
NG108-15 cells) showed impaired operation of this mechanism.
Blockade was also achieved with KB, a pharmacological inhibitor
of NCX originally shown to be potent in blocking reverse mode
exchange (20). However, the latter study also indicated an effect on
the forward mode at higher concentrations of KB, as was the case
in the present study. The fact that KB is also known to affect a
number of other transporters and ion channels (summarized in ref.
23) did not diminish its utility in providing confirmatory data in
these experiments.

These findings also lend support to the idea of independent
regulatory mechanisms for nuclear Ca?*, despite equilibration
between [Ca?*], and [Ca?*]ey as the possible default condition.
Such independence has appeared counterintuitive in view of the
ubiquitous occurrence of nuclear pore complexes on the nuclear
surface, which is consistent with the functional equivalence of
[Ca?*]ey and [Ca®*], observed here and elsewhere (8). However,
evidence has been presented for cytosolic-nuclear Ca>* gradients
and other indications of independent regulation of nuclear Ca?*
under specific conditions (9, 11). It was pointed out that most of our
knowledge of nuclear pore function has been derived from isolated
nuclei and permeabilized cells in cell lysates/extracts, and that
patch-clamp study of isolated living nuclei in their native liquid
environment revealed no transport of physiological ions (10).
Independent Ca?>" regulatory mechanisms, if validated, would be
consistent with the recently expressed concept of the nucleus as a
“cell within a cell” (24).

The mammalian NCX forms a multigene family with various
isoforms corresponding to splice variants (25). The NCX1 subtype
predominates in many neural systems and was the form observed
in the cells used here. This subtype contains 6 exons (A-F) that
code for a portion of the large inner loop and give rise to the
alternatively spliced isoforms of NCX1 (26). Exons A and B are
believed to be expressed in a mutually exclusive manner in com-
bination with one or more of the remaining (cassette) exons (27).
Three exon B-containing isoforms were shown to be the predom-
inant transcripts in rat cortical astrocytes and C6 cells (26) and that,
together with our finding that C6 cells contain only nuclear NCX
(17), suggests that isoforms containing the B exon are specifically
expressed in the NE. Na*/Ca?" exchangers have been studied
primarily as components of the plasma membrane where, in the
forward-exchange mode, they mediate countertransport of 3 Na*
for 1 Ca®* while promoting uphill extrusion of [Ca?"].y. They
appear to function similarly in the NE, mediating flow of [Ca®*],
into the NE against its gradient. Exchanger activity is driven by a
Na* gradient, which was proposed to occur by means of a Na*/
K*-ATPase in the inner membrane of the NE that creates a high
intralumenal Na* concentration (28). Exchanger-mediated transfer
of Ca?>" to the NE can presumably be reversed, as with plasma
membrane NCX (25), thus providing a potential route for Ca?* flux
from ER/NE to nucleoplasm and cytosol. We have postulated that
in addition to the presence of different isoforms, NCX assumes
different topological orientations in these 2 membranes that would
help explain differences in affinity toward GM1 (13, 29). Evidence
for charge-charge interaction between NCX and GM1 in the NE
has been reported (16). Those and other studies have further
suggested a cytoprotective role for nuclear NCX/GM1, as seen in
the higher susceptibility to kainate-induced seizures in knockout
mice lacking GM1; rescue by LIGA-20 in the latter study correlated
with the ability of this membrane permeable analog of GM1 to
insert into the NE and potentiate nuclear NCX (22). Cultured
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neurons from such knockout mice were rescued from glutamate-
induced apoptosis by GM1 and, more effectively, by LIGA-20 (21).
It is well known that Ca" is crucial for gene transcription, DNA
synthesis, and other nuclear functions, while a rise in [Ca?"], can
invoke apoptosis (30). Protection against the latter is postulated as
one mechanism by which NCX/GMI1 asserts its cytoprotective
function.

Gangliosides are now recognized as ubiquitous components
of virtually all vertebrate cells and some invertebrate tissues as
well (31, 32). Gangliosides belonging to the gangliotetraose
family are the primary sialoglycoconjugates of vertebrate
neurons and are localized primarily in the plasma membrane
(33). There are, however, several indications of intracellular
pools as well, as in the detection of a-series gangliosides in the
NE of neuroblastoma cells and primary neurons (34). Many
examples are known of Ca?* modulation by gangliosides in
neural and other cells, several of which involve GM1 (35).
Regulation of nuclear Ca?>* by GM1 in association with NCX
can be contrasted with a different Ca?* regulatory function of
GM1 in the plasma membrane involving TRPCS channel
activation (36). The fact that some cells possess the NCX/GM1
complex with its cytoprotective function while others do not
(16) could serve to differentiate those cells with a key survival
mechanism from those (e.g., certain immune cells) destined
for elimination at an appropriate time for the benefit of the
organism.

Materials and Methods

Cell Culture and Cameleon Transfection. Rat/mouse NG108-15 neuroblastom X
glioma cells were obtained as a kind gift from M. Nirenberg (National Insti-
tutes of Health, Bethesda MD) and were maintained in DMEM-5% FBS. Rat C6
gliomacellsand Jurkat clone E6-1acute human leukemia T cells were from the
American Type Culture Collection; the former were maintained in DMEM-10%
FBS and the latter in RPMI-1640-15% FBS. NG-CR72 cells were prepared in this
laboratory as a GM1-deficient subclone of NG108-15 cells (19) and were
maintained in DMEM-15% FBS. pcDNA plasmids encoding cameleon D1ER
(ER-cameleon) (14) and Nu2 cameleon (Nu-cameleon) targeted to nucleo-
plasm (15) were kindly provided by R. Tsien (University of California San
Diego). These were transfected into NG108-15, NG-CR72, and C6 cells with
Lipofectamine and Plus Reagents (Invitrogen) in OptiMEM medium according
to the manufacturer’s instructions. They were maintained in culture medium
containing 450 pug/ml G418 (Invitrogen). Jurkat cells were transfected using
Amaxa Electroporation system with Solution Vand protocol T according to the
manufacturer’s instructions. For Ca2* imaging, NG108-15, NG-CR72, and C6
cells were seeded onto coverslips coated with polyL-lysine (1 mg/ml) for 24 to
48 h before use. In some trials after attachment onto coverslips, the cells were
differentiated in DMEM-1% FBS-N2 supplement with db-cAMP (1 mM)/KCI (30
mM) for NG108-15, or db-cAMP (1 mM) alone for NG-CR72 and C6 cells (17,
19). Jurkat cells were grown in suspension for 24 to 48 h, then attached to
polyL-lysine-coated coverslips by centrifuging at 1,000 X g for 5 min before
analysis. To verify cameleon expression, cells on coverslips were fixed in cold
4% paraformaldeyde for 2 h and treated with 0.5% Triton X-100 in PBS.
Nu-cameleon-expressing cells were stained with Hoechst 33342 (10 ug/ml in
PBS) for 30 min at room temperature, and ER-cameleon-expressing cells were
incubated with mouse anti-nuclear pore protein mAb plus goat anti-mouse
19G linked to Texas red.

Calcium Determination in Subcellular Compartments. Calcium concentrationsin
3subcellular compartments were determine with a Nikon Diaphot microscope
equipped with UltraView image system employing SpectroMaster (ll) (Perkin—
Elmer) as illuminating source. [Ca2*]ne/er and [Ca2*],, were determined with
ER-cameleon and Nu-cameleon, respectively, using single-emission wave-
length at437 nm and dual excitation wavelengths of 535 and 480 nm. Changes
in the 535/480 ratio (Rs3s4s0) monitored Ca2* dynamics in those compart-
ments. [Ca?*]. was determined with fura-2 fluorescent indicator, which was
loaded into cells by incubation for 30 min with 5 uM fura-2(AM) in medium
containing 250-uM sulfinpyrazone. Fura-2 fluorescence was determined at an
emission wavelength of 525 nm with dual excitation wavelengths of 350- and
380 nm. The 350/380 ratio (R3s0/380) Was taken to represent [Ca“]cyt. To avoid
possible spectral overlap, fura-2 and the cameleon indicators were used
independently. In some experiments, undifferentiated NG108-15 and differ-
entiated NG-CR72 cells were incubated with 1 uM LIGA-20 in culture for 30
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min, followed by removal of the latter. All measurements were initiated in
CaZ*-free Hank's balanced salt solution supplemented with 10 mM Hepes (pH
7.2), 1 mM MgCly, and 10% glucose. Tg (2 uM) was applied at 50 s followed in
some cases by NCX inhibitor KB (10 ©M) at 450 s and subsequently a mixture
of CaCl, (0.5 mM)/KCl (50 mM) for NG108-15, NG-CR72, and C6 cells, or CaCl;
(2 mM) alone for Jurkat cells at 550 s. When KCl was used, the same concen-
tration of NaCl (50 mM) was used in parallel runs as the control for hyperos-
molarity. Measurements were continued for another 650 s. Statistical analysis
with Student’s 2-tailed t-test was applied to 5 to 8 independent runs with 30
to 40 cells in total, based on peak and duration levels of Ca2* in indicated
subcellular compartment.

Detection of NCX and GM1. Nuclei, NE, and non-nuclear membrane mixture
(which included plasma membrane) were obtained as previously described
(12, 17). Briefly, cells grown as above were rinsed twice with PBS and frozen
at -80° for 2 h. After thawing on ice, they were collected by scraping in a
minimum volume of TM buffer consisting of 20 mM Tris-HCl (pH 7.2) and 1 mM
MgCl; and then gently homogenized. Crude nuclei were pelleted from ho-
mogenate by centrifugation at 1,000 X g for 10 min. The resultant superna-
tant was centrifuged at 100,000 X g for 1 h to pellet non-nuclear membrane
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mixture, and the crude nuclear pellet was further purified with 2 high density
sucrose gradients (2.0 and 2.2 mM). Part of the purified nuclei was treated with
DNase/RNase plus NaCl followed by centrifugation at 100,000 X g for NE
isolation, and the remainder was fixed in 4% paraformaldehyde in PBS for
immunocytochemistry analysis. The latter was incubated overnight with a
mixture of anti-NCX mAb (clone C2C12, IgM, Sigma) and CtxB-FITC in PBS
containing 2% BSA at 4 °C; to this was added goat anti-mouse IgM Ab linked
to Texas red at room temp for 2 h and staining patterns observed with a Nikon
Diaphot fluorescent microscope. For IP/IB assay, the above isolated NE and the
non-nuclear membrane mixture were dispersed in 1% Triton X-100 in TM
buffer, subjected to IP using the above anti-NCX mAb and protein-L-linked
agarose beads. The resultant precipitate was subjected to SDS/PAGE on a 7%
polyacrylamide gel under nonreducing conditions. The proteins were electro-
phoretically transferred to a PVDF membrane and blotted with polyclonal
rabbit anti-NCX Ab (Swant Swiss Antibodies) plus goat anti-rabbit IgG Ab
linked to HRP; a parallel gel was blotted with cholera toxin B-HRP for GM1.
Both blots were developed on film using ECL reagent (Amersham Pharmacia
Biotech).
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