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FIGURE 2: Immunofluorescence analysis of two mutant exchangers. (A) Confocal immunofluorescence images of the cells stably expressing
the NHE] variants with or without HA-tag. In one experiment (right panel), cells stably expressing G309V were further transfected with
NHEI-HA. Cells were immunostained with anti-HA except for G309V, which were immunostained with anti-NHE1 (third panel). The
inset shows the intensity profile of fluorescence along the dotted line. In many cells expressing the wild-type or E2621 mutant exchangers,
strong fluorescence signals were detected at the cell edge. (B) Summary data for membrane localization of fluorescence signal. The number
of cells with a strong fluorescence signal at the cell edge (at least three times more than the average of fluorescence in the internal cell
region) was counted. Data are expressed as the mean + S.D. from six images (total cell number analyzed, 39—101). (C) Double staining
of cells for NHE! and ER maker DiOCg (3). Cells were fixed, permeabilized, and immunostained with anti-HA or anti-NHE] antibody for

G309V (left panels) and then briefly (1 min) incubated with the ER marker DiOCq(3) (0.1 uM) (middle panels). These fluorescent images

were merged (right panels). Scale bars, 20 xum.

G309V and then transfected these cells with HA-tagged wild-
type NHEI1. In contrast to the predominant localization of
the wild-type NHE! in the plasma membrane upon trans-
fection with a NHE]1-carrying vector alone (Figure 2C, left
top panel), coexpression of G309V markedly inhibited the
surface expression of NHE1 (Figure 2C, left bottom panel
and see also Figure 2A and B). Consequently, most of this
wild-type NHE! proteins were retained in the ER, which
were co-stained with DiOCg(3) upon expression of G309V
(Figure 2C, right bottom panel). Coexpression also resulted

in a strong dominant-negative effect of G309V on exchange
activity, as assessed by 22Na* uptake (Figure 1B). Therefore,
it is likely that G309V is able to form a heterodimer with
the wild-type NHE1 and that dimerization of NHE1 may
first occur in the ER membranes, although we do not exclude
the possibility that NHE1 subunits interact indirectly.

We next examined whether the wild-type and E2621
exchangers exist as a heterodimer in the plasma membrane.
We stably coexpressed E262I tagged with an HA epitope
(E2621-HA) and the wild-type NHE] tagged with a Myc
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FiGURE 3: Heterodimer formation between the wild-type NHE]
and E2621 in the plasma membrane. Cells were stably cotransfected
with Myc-tagged NHE1 and HA-tagged E2621 and treated with
1 mM NHS-LC-biotin. The biotin-labeled proteins (BL) were
collected with streptavidin-agarose beads and analyzed by immu-
noblotting. Double-transfected cells were also solubilized and
subjected to immunoprecipitation with anti-Myc antibody, followed
by immunoblotting with anti-HA antibody. The cell lysate was also
analyzed by immunoblotting with the indicated antibodies (Ly).

epitope (WT-Myc) in PS120 cells. Cells were surface labeled
with NHS-LC-biotin, and biotinylated proteins were recov-
ered with strepiavidin-agarose and then analyzed by immuno-
blotting with anti-HA or anti-Myc antibodies. The results
indicate that both proteins were surface-biotinylated (Figure
3), that is, expressed in the plasma membrane. The immature
E2621 protein band slightly detected in the biotin-treated
fraction may be due to the partial membrane permeability
of NHS-LC-biotin. To semiquantitatively evaluate the surface
expression of NHEI, we estimated the amount of 'NHE1
proteins adsorbed by streptavidin-agarose beads by subtract-
ing the amount of unbound NHEI (including immature
NHE1) from that of total NHE1 after incubation with beads
(data not shown). From such an analysis, we concluded that
454 4 8.7 and 33.3 & 13.2% (means &= S.D., n = 3) of
total NHE1 proteins were adsorbed by the beads, that is,
expressed in the cell surface for the wild-type and E2621
exchangers, respectively. Furthermore, co-immunoprecipi-
tation analysis revealed that E262I-HA was detected in the
immunoprecipitates with anti-Myc antibody (Figure 3), sug-
gesting that the Myc-tagged wild-type NHE] and HA-tagged
E2621 interact with each other. Hence, surface-labeling and
co-immunoprecipitation experiments indicate that wild-type
NHE! forms a heterodimer with E262I in the plasma
membrane.

Coexpression of Transport-Deficient NHEI Mutant Exerts
a Dominant-Negative Effect in the Neutral pH; Range. We
next examined the effect of the expression of E2621 on the
exchange activity of NHE1. We expected that if two active
subunits are required for the exchange reaction, heterodimer
formation between the wild-type and E262I exchangers
would result in the inhibition of activity via the dominant—
negative effect of E2621. PS120 cells were transiently trans-
‘fected with plasmids carrying wild-type NHE] together with
the E262] mutant or an empty vector at a molar ratio of 1:1
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FiIGURE 4: Dominant negative effect of E2621 on the exchange
activity of NHE1. Plasmids carrying the wild-type NHE1 (WT) or
E2621 were transiently cotransfected into PS120 cells plated on a
24-well plate using Lipofectamine2000. The total quantity of
plasmids transfected per well was adjusted to 0.6 ug. In the absence
of the E2621 plasmid, the total quantity was adjusted with an empty
vector. The ratio of the transfected plasmid (WT/E2621 or WT/
empty vector) was 1:1 and 1:3. Two days after transfection, EIPA-
sensitive 22Na™ activity was measured at pH; 7.0 (A) or 5.6 (B)
clamped by K*-nigericin, as described under Experimental Proce-
dures. Values are the means & S.D. of triplicate determinations.
The statistical significance of the data was analyzed by unpaired
t-test. *P < 0.05.

or 1:3, and exchange activities were assessed by measuring
EIPA-sensitive 2Na* uptake at both neutral (7.0) and acidic
pH; (5.6). As shown in Figure 4A, coexpression of E2621
resulted in a marked reduction of the activity of the wild-
type NHE1 at pH; 7.0 (more than 50% reduction), that is,
E2621 exerted the dominant-negative effect. In contrast,
expression of E2621 had a negligible effect on the exchange
activity at acidic pH; (Figure 4B). These results suggest that
heterodimerization with E2621 inhibits the transport activity’
of NHE! in a pH;-dependent manner.

We further investigated the dominant-negative effect of
E2621 under more physiological conditions. To do this, we
used CCL39 fibroblastic cells because these cells homog-
enously express a relatively low amount of endogenous
NHE1. The plasmid carrying E262] was cotransfected with
DsRed vector carrying a red fluorescent protein as an expres-
sion marker. After DsRed fluorescent images were taken,
cells were loaded with a fluorescent pH; indicator, BCECF-
AM. Figure 5A shows typical images of DsRed (b) and
BCECF fluorescence (c), which were taken in an identical
microscopic field. Using this system, the NHE activity was
assessed by measuring pH; recovery after NH4* prepulse.
The DsRed-negative cells exhibited a relatively rapid pH;
recovery due to endogenous NHE1 (see cell number 4 in
Figure 5A and B). In contrast, the pH;-recovery rate was
dramatically reduced in E262I-expressing DsRed-positive
cells (cells numbered 1, 2, and 3). The data from DsRed-
positive cells are collected and summarized in Figure 5C
and D. While transfection of exogenous wild-type NHEI
accelerated the rate of pH, recovery, expression of E2621
greatly reduced it (Figure 5C and D). Furthermore, expres-
sion of E262] shifted the pH; dependence of the recovery
rate to the acidic side (Figure 5E). Figure 5F shows the
change in pH; in response to thrombin. In vector-transfected
control CCL39 cells, thrombin induces a rapid cytoplasmic
alkalinization via the activation of NHE], preceded by the
transient acidification (asterisk) resulting from Ca®*-
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FIGURE 5: Dominant—negative effect of E262I on endogenous NHE1 activity in CCL39 celis. (A) CCL39 cells were grown on collagen-
coated glass coverslips and transiently cotransfected with E262I and DsRed (as an expression marker) at a molar ratio of 3:1. Forty-eight
hours after transfection, they were serum-depleted for more than 5 h, and a coverslip with a perfusion chamber was mounted on the stage
of an inverted microscope fitted with a CCD camera. Differential interference contrast (DIC) and DsRed fluorescence images (a and b)
were taken, and then the cells were loaded with 3 4uM BCECF-AM for 10 min at room temperature (¢, BCECF fluorescence image). (B)
pHi-recovery curves obtained from individually numbered cells. The numbers in B correspond to those in A. Na* was added at the time
shown by the arrow. (C) and (D) Cells were transiently cotransfected with DsRed together with empty vector (mock), wild-type NHE], or
E2621 plasmid, and pH;-recovery curves were obtained from a DsRed-positive cell. Data were collected from more than 60 DsRed-positive
cells in two independent experiments, and a summary of these data is shown. In C, these averaged pHi-recovery curves are shown, whereas
in D, the pH; increment during 30 s starting from pH; 6.3 (means = S.E.) is shown. (E) pH; dependence of pH;-recovery rates. The averaged
rate of pH; recovery (C) was calculated from the pHi increment at every 10 s and plotted against pH;. (F) Change in pH; in response to
thrombin. CCL.39 cells were transiently cotransfected with an empty vector or E2621 together with DsRed. At the time indicated by arrows,
perfusion was changed to the solution containing 1 uint/mL thrombin. Traces from more than 60 cells were averaged. Asterisks (*) represent
the transient acidification resulting from intracellular Ca?* mobilization. These acidifications suggest that cells are capable of undergoing
normal cell signaling in response to thrombin.

mobilization (7). The expression of E2621 completely inhib-
ited this thrombin-induced cytoplasmic alkalinization. Thus,
expression of E2621 strongly inhibits endogenous NHE]
activity in CCL39 cells in the neutral pH; range, and thereby
abolishes the pH; regulation in response to growth factors.

It should be noted that unlike the 2Na* uptake measurement,
- we could not assess the exchange activity at very acidic pH;
by measuring pH; recovery because it was difficult to acidify
cells by less than 6.0 by NH," prepulse.

Na*/H* Exchange Activity Is Inhibited by Symmetrical
Intermolecular Cross-Linking at External Cysteine Residues.
We expected that if dimerization is essential for the function
of NHE1, cross-linking between the two NHEI subunits
would inhibit the Na*/H* exchange reaction by restricting
the conformational change of the proteins during transport.
We constructed NHE mutants containing a single cysteine
using Cys-less NHE1 as a background. Of the 34 single
cysteine mutants tested, we found that symmetrical cross-
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FIGURE 6: Inhibition of NHE1 activity by treatment with cross-
linkers. (A) Immunoblot analysis representing the intermolecular
cross-linking of cl-S375C proteins. Cells stably expressing Cys-
less NHE! (left panel) or ¢I-S375C (right panel) were treated with
1 mM MTS-17 for 15 min at 4 °C in BSS and subjected to
immunoblot analysis with anti-NHE] antibody. (B) Cells expressing
Cys-less NHEI or cl-S375C were grown to confluence in 24-well
dishes and treated with the indicated concentrations of MTS-17,
biotin maleimide, or MTSET for 15 min at room temperature, and
the 22Na*-uptake activity was measured. In the absence of modify-
ing reagents, EIPA-sensitive 2?Na*-uptake activity was 10—15 and
40~—350 nmol/mg/min at pH; 6.8 and 5.6 for Cys-less and ¢1-S375C
mutants, respectively. Data were normalized by the values without
modifying reagents and represented as means & S.D. of triplicate
determinations. Error bars are sometimes smaller than symbol sizes.

linking occurred with homobifunctional MTS cross-linkers,
MTS-2, MTS-6, or MTS-17, at six extracellular sites of
NHE], Pro!*3 in extracellular loop (EL) 2, Asn?? and Tyr*®
in EL4, and Ser®®, Thr¥”” and Tyr3® in ELS. In this study,
we focused on a mutant ¢l-S375C because a significant
reduction of activity was observed upon cross-linking in this
mutant. Treatment of the cells with MTS-17 resulted in a
mobility shift of cl-S375C from the monomer to the dimer
position (right panel of Figure 6A). Immature NHEI is also
cross-linked, as shown by the mobility shift of the lower
bands. A simular mobility shift was also observed on
treatment with MTS-2 or MTS-6 having shorter spacer arms
(data not shown). In contrast to ¢l-S375C, such a mobility
shift was not observed in Cys-less NHE1 (Figure 6A). We
investigated whether cross-linking actually affects NHE
activity by assessing the effects of cross-linking reagents on
EIPA-sensitive 2?Na* uptake. Although treatment with MTS-
- 17 had no effect on the activity of Cys-less NHE], the same
treatment markedly suppressed the activity of ¢l-S375C in a
dose-dependent manner both at neutral (6.8) and low pH;
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(5.6) (Figure 6B, a and b). Similarly, inhibition of NHEI
activity was also observed as a decrease in the rate of pH;
recovery after acid loading (data not shown). In contrast to
MTS-17, the activity was not affected by the monofunctional
SH-modifier reagents biotin maleimide or MTSET (Figure
6B, ¢ and d), which have been reported to react with a
cysteine residue at position Ser’” (18), suggesting that
inhibition of ¢1-S375C activity by MTS-17 is not simply due
to SH-modification but to intermolecular cross-linking. We
did not examine the effects of MTS-2 or MTS-6 on exchange
activity because these reagents had a severe toxic effect on
cells.

We next investigated several functional properties of cross-
linked cl-S375C. As shown in Figure 6B, inhibition of the
¢cl-S375C activity by cross-linking was stronger at high pH;
(75% inhibition at pH; 6.8) compared to that at low pH; (50%
inhibition at pH; 5.6). Consistent with this finding, cross-
linking with MTS-17 greatly shifted the pH; dependence of
2Na* uptake to the acidic side and virtually abolished the
activity in the neutral pH; range (Figure 7A), although amino
acid substitution of Ser?? itself also slightly shifted the pH;
dependence to the acidic side (data not shown). The pH;
dependence of ?Na*-uptake activity in.Cys-less NHE1 was
not affected by treatment with MTS-17 (data not shown). In
addition, in cells expressing ¢c1-S375C, cytoplasmic alkalin-
ization in response to thrombin, PMA, or hyperosmotic stress
was completely abolished upon treatment with MTS-17
(Figure 7B), whereas significant alkalinization was observed
in Cys-less NHE1 (Figure 7B). Lack of NHE1] activation in
response o extracellular stimuli is probably due to an acidic
shift of the pH; dependence caused by treatment with MTS-
17. In contrast to pH; regulation, cross-linking with MTS-
17 exerted only a small effect on the concentration depen-
dence of extracellular Na* (Figure 7C). The K, values for
Na* were 8.33 + 0.64 and 8.95 & 0.50 mM in Cys-less
NHE] (the trace is not shown) and 12.7 £ 0.7 and 7.99 =+
1.15 mM in ¢l-S375C in the control and MTS-treated cells,
respectively. Treatment with MTS-17 slightly reduced the
sensitivity to inhibitor EIPA in cl-S375C (Figure 7D),
whereas the same treatment had no effect on EIPA inhibition
in Cys-less NHE1 (data not shown). The EIPA concentrations
giving half-maximal inhibition (ICsq) were 78.23 &= 1.56 and
88.1 & 11.3 oM in Cys-less NHE1 and 126.0 & 10.3 and
198 4 10.6 nM in cl-S375C in control and MTS-treated cells,
respectively. These results suggest that cross-linking at
extracellular sites has a large influence on exchanger function
across the membrane, while exerting a moderate effect on
the affinities for extracellular Na* and EIPA.

DISCUSSION

In this work, we analyzed the functional significance of
the dimerization of NHE1 by means of the expression of a
dominant-negative mutant exchanger and intermolecular
cross-linking. Initially, we showed that the wild-type NHE]
is capable of interacting with surface expression-deficient
G309V and with transport-deficient E2621. These observa-
tions, together with the data from cross-linking experiment,
reinforce the previous findings that NHE!1 exists as a dimer
in plasma membranes. Experiments with the dominant-
negative mutant NHE1 provided evidence that two active
subunits are required for the function of NHEL. The expres-
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FIGURE 7: Functional properties of cl-S375C after cross-linker treatment.
measured in cells expressing ¢l-$375C treated with or without MTS-17. The
(Figure 6B). Data were normalized to those at pH; 5.4. (B) Change in pH; in response to various external stimuli.

(A) pH; dependence of EIPA-sensitive 2?Na*-uptake activity
%Na* uptake at pH; 5.4 was reduced after cross-linker treatment
Cells expressing Cys-less

NHET or cI-8375C were incubated with or without 250 #M MTS-17 for 15 min at room temperature, and then the external stimuli-induced
change in pH; was measured using the ['*C]benzoic acid-equilibration method as described in Experimental Procedures. Cells were stimulated

with 1 vnit/ml. thrombin, 1

2

4M PMA, or 200 mM sucrose (hyperosmotic stress). (C) and (D) Effect of MTS-17 on the concentration

dependences of EIPA-sensitive 22Na* uptake on external Na* ([Na*1,) and EIPA in cells expressing cl-S375C. Cells were treated with

500 M MTS-17 for 15 min at room temperature and pH;-clamped
(C) or EIPA (D). Data were normalized by the values at 50 mM Na* for C or at 1 nM EIPA for D.

various concentrations of Na*

sion of transport-deficient E2621 in CCL39 cells dramatically
reduced the exchange activity of endogenous NHE1 through
an acidic shift in the pH; dependence of exchange activity
(Figure 5). In addition, coexpression of E2621, together with
wild-type NHEI, markedly reduced exchange activity at
neutral pH;, whereas it exerted only a marginal effect on the
activity at acidic pH; (Figure 4). These data suggest that
heterodimer formation between the wild-type protein and the
E2621 mutant exchanger results in a marked inhibition of
exchange activity by inducing an acidic shift of the pH;
dependence, suggesting that dimerization would be essential
for physiological exchange activity.

Secondary active transporters such as NHE] are generally
thought to have two major alternating conformations during
the transport cycle, outward- and inward-facing orientations.
This is also compatible with the recently solved crystal
structures of two major facilitator superfamily transporters,
the glycerol-3-phosphate transporter (20) and the lactose
permease of E. coli (21). In the E262] subunit of the NHE]
heterodimer, such a conformational change may not be able
to take place because this subunit is transport-deficient.
Therefore, it is possible that the fixed structure of E2621
restricts the free motion of a neighboring active subunit.
Intermolecular cross-linking would provide another approach
to restrict such motion between subunits. The treatment of

cells expressing ¢l-S375C with MTS-17 markedly reduced -

exchange activity. Importantly, this inhibition mainly occurs
by shifting the pH; dependence of exchange to the acidic
side and partly by decreasing the maximal activity at acidic
pH; (Viax) and-consequently abolished extracellular stimuli-
induced cytoplasmic alkalinization. The same treatment,
- however, did not exert a large influence on the apparent
affinities for extracellular Na™ or the inhibitor EIPA. Inter-
molecular cross-linking at position Ser3”, which is located

at

5.6, and then the ?Na™* uptake was measured in the presence of

in ELS5, occurred upon treatment with all tested MTS
reagents. These reagents have different spacer arms (MTS-
2,52 A; MTS-6, 10.4 A; and MTS-17, 24.7 &), suggesting
that Ser®” in ELS5 is mobile over a relatively long distance
at least between 5 and 25 A. In membrane transporters, the .
movement of extracellular loops often plays an important -
role in the transport cycle. For example, in the glycine
transporter GLYT2, the first extracellular loop is reported
to alter its accessibility to SH-modification reagents during
the transport cycle (22). Our data suggest that cross-linking
at position Ser®”> would restrict the motion of EL5 to less
than 25 A between NHE! subunits and in turn lead to a
marked reduction in exchange activity: These results can be
explained if it is assumed that dimerization is essential for
NHE] function and that the two NHE1 subunits undergo
conformational changes in a concerted manner. Cross-linking
would restrict the coupled motion between the subunits,
thereby leading to the inhibition of exchange activity possibly
by an apparent reduction in pH; sensitivity. Thus, the data
obtained from two different épproaches, the dominant-
negative experiment and cross-linking, overall suggest that
the exchange activity depends on a coupled conformational
change of two subunits at physiological pH; and raise the
interesting possibility that the pH-sensing machinery of
NHE1 may be fully functional only when two subunits are
active. This idea is consistent with previous reports (J2—
14) suggesting that subunit-subunit interaction may be
important for the function of the exchanger. For example,
the Na*/H* exchange in kidney brush border membrane
vesicles was reported to exhibit the sigmoidal Na* depen-’
dence under certain conditions (/2, 13). Also, the pH;
dependence of exchange activity was recently reported to
be best explained by allosteric kinetics on the basis of the
assumption of a dimeric transporter (/4).
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It is of interest to note that inhibition of activity by
expression of E2621 was not detected at low pH; (Figure 4),
suggesting that the wild-type NHE] subunit of the hetero-
dimer is functional when intracellular H* concentration is
sufficiently high. This is consistent with a previous report
demonstrating that the dominant-negative effect of E2621
on Na*/H* exchange activity was not detected in measure-
merts taken at acidic pH; (9). This observation may be
explained if we assume that E2621 affects H*-regulatory sites
but not ion-transport sites of the neighboring active subunit.
At present, there is substantial evidence that the ion transport
machinery is located within the membrane-spanning region.
For example, previous studies have shown that mutations
of residues within TM4 and TM9 of NHEI reduce the
affinity for Na* or the cation transport activity (23—27).
Furthermore, crystal structure determination and mutational
studies on the bacterial Na*/H™* antiporter NhaA suggest that
the ion binding site consists of several polar residues within
the transmembrane helices (28, 29). A high-resclution crystal
structure of a bacterial Nat/Cl™-dependent neurotransmitter
transporter homologue provided more direct proof that resi-
dues within the transmembrane helices coordinate two Na*
jons (30). Thus, it is reasonable to suppose that each subunit
of NHE1 has an ion transport pathway and the active subunit
of the heterodimer is capable of catalyzing the transport
reaction under particular conditions. However, previous bio-
chemical data (6, 8) suggest that the H*-regulatory sites and
jon-transport sites of exchangers are a part of different struc-
tural elements and that the acidic shift in the pH; dependence
of exchange mainly resuits from decrease in the H* affinity
at regulatory sites. Recent crystal structure determination of
NhaA (28) and the subsequent electrostatic analysis (3/)
predicted that charged residues with unusual pK, values, as
the pH-sensor, may undergo protonation/deprotonation reac-
tions and subsequently induce the overall conformational
changes resulting in the formation of the active form. In the
case of NHE1, we have previously identified crucial elements
regulating pH sensing: (i) Arg*? in IL5 (32), (ii) a juxta-
membrane cytoplasmic domain (aa 503—595) (19), and (ii1)
a calcineurin B homologous protein (CHP) interacting with
a part of this juxtamembrane domain (33, 34). Arg®* in IL4
has also recently been reported to be an important residue
for determining H¥ affinity (J4). Interaction with E262] may
possibly modify these regions of the neighboring active
subunit. Intermolecular cross-linking at position Ser®”> may
also exert similar effects on H-regulatory sites. This led us
to predict that these important regions of NHE1 may exist
close to the interface between subunits. We recently reported
that deletion of the putative juxtamembrane dimer-interface
region (aa 560—580) markedly decreased the pHi-sensitivity
of NHE1 (11).

The functional significance of oligomerization has only
been studied for a few transporters. Some experimental data
(35—38) suggest that NhaA exists as a dimer in membranes
and that the subunits may functionally interact. A recent study
using a fluorescence resonance energy transfer technique (38)
suggested that the Helicobacter pylori Na*/H* antiporter
NhaA monomers exerts conformational change during trans-
port. Furthermore, the transport-deficient mutant form of
Saccaromyces cerevisiae Na*/H* antiporter Nhalp was
reported to exert the dominant-negative etfect upon coex-
pression with the wild-type Nhalp (39). These studies
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suggest the functional importance for dimerization of bacteria
and yeast Na*/H' antiporters. The glucose transporter
GLUT! (40) and the serotonin transporter SERT (47) have
also been suggested to function as homo-oligomers, whereas
the bacterial lactose permease LacY (42) and the renal type
Ila Na*/phosphate cotransporter (43) have been shown to
function as monomers. However, in the case of NHE], the
functional consequence of dimerization appears to be more
complex, that is, dimerization is necessary for NHEI to
function in the physiological pH; range, although each subunit
is capable of functioning at a more acidic pHi. In this context,
it is of interest to note that the lactose transport protein LacS
from Streptococcus thermophilus was recently shown to be
a cooperative dimer in which two subunits are functionally
coupled in AH*-driven substrate symport, whereas the
monomer is sufficient for substrate/substrate exchange (44).

In summary, we presented evidence that dimerization may
be essential for NHE]1 to exert exchange activity in neutral
pH; range. We predict that two active NHEL subunits would
be required for NHE1 to possess the physiologically relevant
H* affinity presumably at the H*-regulatory sites. Although
the underlying molecular mechanism is still unknown, our
present findings provide good evidence for the functional
importance of the dimerization of NHEI.
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Spectrin repeat (SR)-containing proteins are important for regulation of integrity of
biomembranes, not only the plasma membrane but also those of intracellular
organelles, such as the Golgi, nucleus, endo/lysosomes, and synaptic vesicles. We
identified a novel SR-containing protein, named GSRP-56 (Golgi-localized SR-containing
protein-56), by a yeast two-hybrid method, using a member of the transient receptor
potential channel family, TRPVZ, as bait. GSRP-56 is an isoform derived from a giant SR-
containing protein, Syne-1 (synaptic nuclear envelope protein-1, also referred to as

Keywords: Nesprin-1 or Enaptin), predicted to be produced by alternative splicing. Immunological
Syne-1 analysis demonstrated that this isoform is a 56-kDa protein, which is localized
Nesprin-1 predominantly in the Golgi apparatus in cardiomyocytes and C2C12 myoblasts/

Spectrin repeat myotubes, and we found that two SR domains were required both for Golgi targeting
and for interaction with TRPV2. Interestingly, overexpression of GSRP-56 resulted in a -
morphological change in the Golgi structure, characterized by its enlargement of cis-
Golgi marker antibody-staining area, which would result partly from fragmentation of
Golgi membranes. Our findings indicate that GSRP-56 is a novel, particularly small
Golgi-localized member of the spectrin family, which possibly play a role in
maintenance of the Golgi structure.

Golgi apparatus
Subcellular localization

© 2006 Elsevier Inc. All rights reserved.

Introduction 106 amino acids, with a. characteristic triple-helical bundle

comprised of three o-helices connected by two loop regions

The structural integrity of biomembranes, including the
plasma membrane, Golgi, nuclear, and endosomal mem-
branes, is maintained by a network formed by multiple
organellar-specific cytoskeletal proteins. A protein family
containing spectrin repeat (SR) motifs, called the spectrin
superfamily, is particularly important for regulation of such
membrane stability [1,2]. The SR consists of approximately

[3,4]. The SR-containing spectrin superfamily proteins,
including spectrin, «-actinin, dystrophin, and utrophin,
function as the structural support for most cells by forming
linkages of membranes with cytoplasmic structures, and
also provide the scaffold for a distinct membrane protein
complex [1,5). Spectrin, a conventional SR-containing pro-
tein, was first identified as a protein that lines the plasma

* Corresponding authors. Y. Kobayashiis to be contacted at the Department of Human Life Sciences, Senri Kinran University, Suita, Osaka
565-0873, Japan. Fax: +81 6 6872 7872. S. Wakabayashi, fax: +81 6 6835 5314.
E-mail addresses: yu-kobayashi@kinran.ac.jp (Y. Kobayashi), wak@ri.ncve.gojp (S. Wakabayashi).
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membrane. Some spectrin isoforms are also localized to
intracellular organelles other than the plasma membrane,
such as the Golgi apparatus, endosome/lysosome, and cyto-
plasmic vesicles [2,6]. For example, it has been reported that at
the Golgi apparatus, B-spectrin isoforms form complexes with
Golgi-specific ankyrins and cytoskeletal components, and
play roles not only in maintenance of Golgi structure but in
vesicular transport of membrane proteins [2,7,8].

Recently, a glant SR-containing protein, Syne-1 (synaptic
nuclear envelope protein-1, also referred to as Nesprin-1 or
Enaptin) was reported. Syne-1 was identified initially as a
binding partner for the acetylcholine receptor in skeletal
muscle [9] and then shown to be expressed in multiple
forms derived from a very large gene (~500 kb) through
transcription at alternative initiation sites and mRNA spli-
cing [10,11]. Among these splicing variants, in addition to the
putative longest isoform (Syne-1, 1 MDa), Nesprin-1p and
Syne-1B are expressed as protein products of 370-380 kDa
with broad tissue distribution, while Nesprin-le, Syne-1A
and myne-1 is muscle-specific proteins of 110-130 kDa
[9,10,12]. The longest isoform consists of a N-terminal actin
binding domain (ABD), a central multiple SR-containing
domain and a C-terminal Klarsicht-related (KASH) trans-
membrane domain that spans the nuclear membrane, has
been suggested to play an important role in nuclear
positioning [11,13]. The longest isoform has also been
suggested to participate in cytokinesis and vesicular trans-
port via the Golgi [14,15]. The smaller Nesprin-la, which has
an SR-domain and a C-terminal domain, has the ability to
bind to nuclear protein lamin A/C and emerin, and was
suggested to play roles in bridging the nuclear envelope (NE)
[12,16]. Moreover, it has recently been demonstrated that
Nesprin-la can bind to muscle A-kinase anchoring protein
(mAKAP) and this molecule has been suggested to act as a
receptor for mAKAP on NE [17]. These studies raise the
interesting possibility that a diverse array of proteins
containing different combinations of SR domains derived
from the same giant gene may control various cell functions
in a tissue-specific and organellar-specific manner. It is
likely that there are many other unidentified forms of SR-
containing proteins, which may play crucial roles in cellular
functions.

In this study, we identified a novel splicing isoform
(named GSRP-56) produced from the gene encoding Syne-1
by a yeast two-hybrid method, using a member of the
transient receptor potential channel family, TRPV2 (or
growth-factor-regulated channel, GRC) as bait. We identified
this potential stretch-activated cation channel, TRPV?2,
previously as a candidate protein responsible for abnormal
Ca®* influx in muscular dystrophy and cardiomyopathy [18].
In’ this study, we showed that GSRP-56 is a novel Golgi-
localized isoform of Syne-1 with an apparent molecular
mass of 56 kDa, which is different from the splicing
isoforms of Syne-1 reported to date. GSRP-56 contains two
SR domains, which are necessary for Golgi localization and
for interaction with TRPV2. Overexpression of GSRP-56 in
HEK cells resulted in enlargement of the Golgi apparatus.
Our data indicate that GSRP-56 is a novel spectrin family
member possibly regulating the structural organization of
the Golgi apparatus.

Materials and methods

Antibodies and other materials

Commercially available primary antibodies were as follows:
mouse monoclonal anti-FLAG M2 (Sigma); mouse mono-
clonal anti-GAPDH (Chemicon); mouse monoclonal anti-
GM130 (Golgin-95); mouse monoclonal anti-TGN38; mouse
monoclonal anti-nucleoporin-p62; mouse monoclonal anti-
adaptin-y (BD Biosciences). Antiserum against GSRP-56 was
obtained by immunizing a rabbit with the GST fusion
protein containing the second SR motif of GSRP-56 (aa
259-358). Rabbit polyclonal anti-TRPV2 was reported pre-
viously [18]. Brefeldin A, Phusion DNA polymerase, and
competent cells (DHS5a) were purchased from Sigma,
Finnzymes and TaKaRa, respectively. All other chemicals
were of the highest purity available. Protein concentration
was determined using a Bicinchoninic acid protein assay kit
(Pierce) with bovine serum albumin as a standard. RIPA
lysis buffer.contains 20 mM HEPES, pH 7.4, 150 mM NacCl,
1% deoxycholate, 0.1% SDS, 0.1% Triton X-100, and protease
inhibitors.

Yeast two-hybrid screen and isolation of GSRP-56 cDNA

We used MATCHMAKER3 system (BD Clontech) for the yeast
two-hybrid screen. A DNA fragment corresponding to the N-
terminal cytosolic region (aa 1-167) of mouse TRPV2 fused to
the GAL4 DNA binding domain was used as bait and
approximately 2x10” clones were screened from a human
heart cDNA library fused to the GAL4 activation domain (BD
Clontech). The screening procedure was essentially as
described previously [19]. Colonies that grew in medium
lacking histidine, adenine, leucine, and tryptophan {-HALT)
were isolated as positive clones and sequenced. From this
screen, we sequenced at least 200 positive clones and finally
isolated a partial cDNA encoding GSRP-56. This clone was
isolated at high frequency (25 colonies, 12% of positive
clones sequenced). A full-length cDNA of GSRP-56 was
cloned by an additional screen from a human heart large-
insert cDNA library (BD Biosciences) using the C-terminal
fragment of GSRP-56 as a probe. Library screening was
carried out according to the manufacturer's protocol, and the
isolated clone was sequenced in its entirety. The genomic
sequence was searched using UCSC BLAT search program
[20].

For confirmation of the 5'-upstream structure and the
entirety of GSRP-56 mRNA, we designed the following primers:
F1 (forward), 5'-TTCTGGGTCCTTGTGGCACA-3/; R1 (reverse),
S'"TTTTACATTCGGGCTTTA-3'. Forward and reverse primers
correspond to the direct upstream of putative exon 1 and 3'-
UTR region of GSRP-56, respectively (black arrows in Fig. 1B),
The GSRP-56 cDNA including 5’-upstream region was isolated
by the first PCR amplification using these primers and human
heart ¢cDNA (BioChain) as the template, and following nested-
PCR amplification using the primers adjacent to the first PCR
primers (F2, 5'-GACAGGGTCCCCCTGTGTAC-3; R2, 5'-
CGGGCTTTATTTTATTTT-3'. white arrows in Fig. 1B). Protein
sequence motifs were detected using the SMART program [21].
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Fig. 1 - Schematic drawing of the gene structure of GSRP-56. () Genomic alignment of syne-1 (GenBank accession no.
NM_033071) and GSRP-56 (BC039121) using the UCSC BLAT program. Vertical lines indicate exons, whereas horizontal lines
indicate introns. Small arrows on the vertical lines indicate direction of transcription. (B) Schematic drawings of the gene
structures of syne-1and GSRP-56. The filled boxes represent exons, and the putative UTR is hatched. GSRP-56 is comprised of 7
exons, and its ORF begins at the position corresponding to exon 57 of syne-1. Theblack and white arrows indicate the region of
primers used for PCR amplification of the region 5'-upstream of GSRP-56 (see Materials and methods). The lower panel shows
the domain structure of GSRP-56 protein predicted by SMART. Tandem spectrin repeat motifs (SR) are shown. (C) Comparison of
the predicted architectures of GSRP-56, longest Syne-1, and its two major splicing isoforms (Nesptin-1c and -1B). The
N-terminal actin binding domain (ABD), SR domain, and the C-terminal transmembrane domain are denoted by a hatched box,
shaded column, and vertical black bar, respectively. HAf2 and HAf3 represent positions of the proposed Golgi-binding sites of
Syne-1 [28].

Northern and PCR analysis for p-actin (BD Clontech) was used as a positive control.

- Hybridization was performed at 68°C for 16 h using the
An RNA blot from human multiple tissues (human MTN blot; ExpressHyb hybridization solution (BD Clontech) and 32p.
BD Clontech) was probed with cDNAs labeled with %P using  labeled RNA was visualized using a BAS imaging analyzer
a random primed DNA labeling kit (Nippon Gene). The cDNA (FUJIFILM).
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Plasmid construction and purification of recombinant proteins

All of the plasmids used in this study were produced by a PCR-
based strategy. For plasmid construction of GST-, FLAG-, or
GFP-tagged GSRP-56, PCR fragments corresponding to various
regions of GSRP-56 were cloned into pGEXAT-1 expression
vector (Amersham Pharmacia), p3xFLAG (Sigma), or pEGFP-C1
(BD Clontech), respectively. After expression of GST fusion
proteins in E. coli, proteins were purified through glutathione
sepharose 4B columnn (Pharmacia) according to the manufac-
turer’s protocol.

Pull-down assay with GST fusion proteins

Ventricular tissues were taken from rats which were anesthe-
tized according to the Guidelines for Animal Experimentation
at the National Cardiovascular Center. Tissues were homo-
genized in PBS with 1% Triton X-100 by Physcotron (NITI-ON).
The lysates were centrifuged and the resultant supernatant
incubated with each GST fusion protein together with
glutathione beads overnight at4°C on a rotator. After washing
four times with ice-cold PBS containing 0.5% Triton X-100, the
bound proteins were eluted with 50 mM Tris-HCl solution
containing 40 mM glutathione (pH 8.0) and subjected to SDS-
PAGE followed by immunoblotting,

Immunoblotting and immunohistochemistry

Rat tissues and cultured ceils were homogenized in RIPA lysis
buffer. Extracts were separated on 10% SDS-polyacrylamide
gels and transferred onto PVDF membranes (Millipore) as
described previously [22]. The blots were visualized using a
chemiluminescence detection system (Chemi-Lumi One;
Nacalai Tesque) and signals were detected using an ECL-mini
camera (Amersham Biosciences). For immunostaining of rat
cardiomyocytes and other cultured cells, cells were fixed with
4% paraformaldehyde for 20 min at room temperature before
permeabilization. After blocking with Blocking-One reagent
(Nacalai Tesque), cells were incubated with primary antibodies
diluted with blocking solution as follows: anti-S2, 1:200; anti-
GM130, 1:250; anti-TGN38, 1:250; anti-nucleoporin-p62, 1:100;
anti-Adaptin vy? 1:500. After washing, cells were incubated with
biotin-conjugated goat anti-rabbit IgG secondary antibody
(Zymed) diluted 1:500, followed by FITC-Streptavidin complex
{Chemicon) diluted 1:1000 or rhodamine-conjugated donkey
anti-mouse IgG secondary antibody (Chemicon) diluted 1:500.
For antibody preabsorption, anti-S2 (1:100 diluted with PBS)
solution was incubated with GST-GSRP-56 fusion protein (aa 1-
358) at 4°C, overnight. Usually, aliquots of 10 pg of fusion
proteins were added per 100 pl of solution. Fluorescence was
observed using a confocal microscope (MRC 1024; Bio-Rad).
Measurement of the area stained with anti-GM130 antibody
was carried out using image analysis software (NIH Image
version 1.63). GFP-negative and -positive cells on the same
image were selected and subjected to data analysis.

Cell culture and plasmid transfection

Primary cardiomyocytes were isolated from the ventricles of
fetal (embryonic day 21) rats and cultured as described

previously [19]. Cardiomyocytes were maintained in M-199
medium (Sigma) supplemented with 10% fetal calf serum (FCS;
Gibco) for 4 days before analysis. For immunchistochemical
analysis, cells were usually grown on plastic dishes coated
with collagen (Cellgen; Koken). C2C12 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma) supple-
mented with 5% FCS. Cells were grown to confluence, then
transferred to differentiation medium containing 2% horse
serum, and incubated for 3 days. HEK293 cells were grown in
DMEM supplemented with 5% FCS. For transient transfection
of plasmids, cells were grown on glass coverslips to 90%
confluence and transfected using Lipofectamine 2000 reagent
(Invitrogen) in the presence of serum in accordance with the
manufacturer’s protocol. Usually, 0.6 g of plasmid DNA and
2 ul of Lipofectamine reagent were used for cells on one
coverslip. For FLAG-tagged proteins, aliquots of 6 pg of
plasmids were transfected into cells in 60-mm dishes using
20 ul of Lipofectamine reagent. Six hours later, transfection
medium was removed and cells were cultured with growth
medium containing 5% FCS for 24-30 h.

Subcellular fractionation

Subcellular fractionation from rat heart muscles was carried
out as described by Kapiloff et al. [23] with slight modifica-
tions. A rat heart was disrupted with Physcotron twice at
15,000 rpm for 15 s in 10 ml of Buffer B (10 mM HEPES pH 7.4,
5 mM EDTA, and protease inhibitors) with 0.32 M sucrose.
The homogenate was filtered through a cell strainer with
pores 100 um in diameter and subjected to low-speed
centrifugation at 3800xg for 20 min. The pellet {crude nuclear
fraction) was resuspended in 10 ml of buffer B containing
2.4 M sucrose and further centrifuged at 50,000xg for 90 min,
while the supernatant was centrifuged for 1 h at 100,000xg.
The resultant pellets (nuclei and crude membrane fractions,
respectively) were then resuspended in buffer B containing
0.32 M sucrose and subjected to SDS-PAGE followed by
immunoblotting.

Resulis
Cloning and characterization of GSRP-56 cDNA

To identify the potential regulatory protein of TRPV2, we
carried out a yeast two-hybrid screen using the N-terminal
cytosolic domain of TRPV2 as bait. One of the positive clones
grown on -H/A/L/T high stringency selection plates (see
Materials and methods) isolated in the screen was predicted
to encode a protein containing multiple SR motifs. By
subsequent screening of a human heart ¢cDNA library, we
isolated a 1.6-kb ¢cDNA clone that seemed to have the entire
open reading frame. Using public EST database information,
the sequence of this clone (named GSRP-56, Golgi-localized
spectrin repeat-containing protein-56) was shown to be
nearly identical to that of an EST clone deposited in
GenBank (accession no. BC039121) as ‘a partial mRNA of
Syne-1’ isolated from human testis by the NIH-MGC Project
[24]. By genomic sequence search using UCSC BLAT, this
clone was predicted to be an as yet unidentified form among
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multiple splicing variants produced from the syne-1 gene
(Fig. 1A). The GSRP-56 cDNA is estimated to be produced
from seven exons corresponding to exons 57-63 of the large
syne-1 gene with an unspliced intron between exons 63 and
64 (Fig. 1B). This unspliced intron contains a stop codon and
subsequent polyadenylation signal sequence. To confirm
whether this clone was a partial fragment, we searched for a
¢DNA clone with a longer 5-UTR by PCR analysis using
primers corresponding to the genomic 5 upstream sequence
and 3'-UTR sequence of GSRP-56, respectively (see Materials
and methods). A 1.6 kb cDNA fragment including an in-
frame termination codon 146 bases upstream of the first
ATG was amplified. Therefore, we concluded that the
original cDNA contained the complete ORF. The GSRP-56
cDNA was predicted to encode a protein of 476 aa. Using the
SMART algorithm, we found that GSRP-56 contained two
tandem SR motifs (Fig. 1B). The second SR contains a
nuclear localization signal, although it is unclear whether
this motif functions in cells. Fig. 1C shows a schematic
drawings of the secondary structures of GSRP-56 and major
Syne-1 isoforms reported to date.

Interaction of GSRP-56 with TRPV2

To determine the TRPV2-binding domain of GSRP-56, we
purified recombinant GST fusion proteins containing various
regions of GSRP-56. Lysate from rat heart was incubated with
glutathione beads in the presence of these proteins. After
washing and elution with glutathione, we checked the
interaction of TRPV2 with these proteins by detecting
TRPV2 in the eluted fractions by immunoblotting. We
found that endogenous TRPV2 in rat heart bound to GST
fusion proteins containing aa 1-358 of GSRP-56 (GST-1-358)
as well as full-length GSRP-56 (GST-1-476) (Fig. 2A). TRPV2
also bound to the GSRP-56 protein lacking the second SR
domain (aa 1-258), but its binding ability was slightly lower
than those of GST-1-358 and GST-1-476. TRPV2 did not
interact with GST itself or GST fusion proteins containing aa
1-147 (Fig. 2A). These results demonstrated that two SR
domains are required for interaction of GSRP-56 with TRPV2
(Fig. 2B).

.

Tissue distribution of GSRP-56

Next, we analyzed the tissue distribution of GSRP-56.
Northern blotting analysis revealed that the signal for
GSRP-56 mRNA (approximately 1.6 kb) was detected pre-
dominantly in the human heart, whereas weak signals were
detected in skeletal muscle, spleen, kidney, and lung (Fig.
3A). The size of this transcript agreed well with the length of
isolated GSRP-56 cDNA. The 1.6-kb transcript seems to be a
major product in heart and skeletal muscles, but various
other transcripts of different sizes were also detected using
our probe on Northern blotting. Subsequently, to evaluate
the protein expression of GSRP-56, we prepared rabbit
antiserum against the recombinant protein of the second
SR region of GSRP-56 (referred to as anti-52). To evaluate the
reactivity of this antiserum, we prepared FLAG-tagged GSRP-
56 expressed in HEK293 cells. Immunoblotting analysis
demonstrated that anti-S2 strongly recognized the protein

CBB

TRPV2

GST binding

GST alone =2 -
1-147
1-258
1-358
1-476

GST-GSRP-56 fusion proteins

Fig. 2 — Pull-down assay for interaction of GSRP-56 with
TRPV2, (A) GST fusion proteins containing various fragments
of GSRP-56 were incubated with rat heart homogenate in the

presence of glutafhinhn-cnpharcse haade, After washin

e-ce 2exi:s wWasning,

bead-bound proteins were eluted with glutathione as
described in Materials and methods. The eluted fractions
were detected by immunoblotting analysis with anti-TRPV2
antibody (upper panel). Eluted proteins were stained with
Coomassie Brilliant Blue (CBB) to detect the presence of GST
fusion proteins {lower panel, arrowheads). (B) Schematic
diagram of GST fusion protein constructs containing various
regions of GSRP-56 to summarize their binding affinities to
TRPV2.

with a molecular mass of 56 kDa, which was the same as
that of the protein recognized by anti-FLAG antibody (Fig.
3B). This molecular mass was clearly coincident with that
estimated from the primary structure of GSRP-56 (Fig. 3B).
As the 1.6-kb mRNA.probably corresponding to GSRP-56
was detected predominantly in heart and skeletal muscles,
we examined the protein expression pattern with anti-S2 in
these tissues. As shown in Fig. 3C, anti-S2 recognized the
56-kDa protein band in both heart and skeletal muscles,
but not in brain. Anti-S2 recognized an additional protein
band of ~80 kDa in heart extracts. We considered that this
80-kDa protein band may correspond to another unidenti-
fied splicing variant of Syne-1 with the second SR region
sequence of GSRP-56. The 56-kDa protein was also detected
in the lysate of rat primary cardiomyocytes and mouse
C2C12 muscle cells, but not in HEK293 cells with anti-S2
antibody (Fig. 3D). In contrast to the results of immuno-
blotting analysis of proteins from heart tissues, the 80-kDa
band was not detected in cultured cardiomyocytes,
although the reason for this observation is not yet clear.
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Fig. 3 - Tissue distribution of GSRP-56 transcript. (A) Northem blot of GSRP-56 in adult human tissues. The 1.6-kb
GSRP-56 transcript (arrow) was detected predominantly in the heart, The region used as a probe is shown in Fig. 1B.

A probe for f-actin was used to ensure equal loading of lanes. (B) Whole-cell extracts from HEK293 cells expressing
FLAG-tagged full-length GSRP-56 or no-exogenous protein (control) were analyzed by immunoblotting using

anti-FLAG (left panel) and anti-S2 (right panel) antibodies. Anti-FLAG antibody recognized a 56-kDa protein corresponding to
the predicted molecular mass of GSRP-56. Anti-S2 antibody was shown to react specifically with the expressed protein.
(C) Aliquots of 80 pg of rat tissue proteins were analyzed by immunoblotting with anti-S2 antibody. The antibody
recognized 56-kDa protein (arrow). As a control experiment, half the amounts of proteins were analyzed with
anti-GAPDH antibody (lower panel). (D) Immunoblotting for proteins from cultured cells. Rat primary cardiomyocytes,
mouse G2G12 myoblast cells, and HEK293 cells were cultured and harvested, and homogenized proteins (50 pg) were
subjected to immunoblotting analysis with anti-S2 antibody. The antibody recognized 56-kDa protein (arrow).

As a control experiment, half the amounts of proteins were analyzed by immunoblotting with anti-GAPDH antibody
(lower panel),
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Golgi localization of GSRP-56

To analyze the subcellular localization of GSRP-56, we per-
formed immunohistochemical analysis with anti-52 antibody
using rat primary cardiomyocytes and mouse C2C12 muscle
cells. Anti-S2 antibody strongly labeled the perinuclear region
of rat primary cardiomyocytes (Fig. 44, a). The Golgi apparatus
of cardiomyocytes was reported to be ring-shaped around the
nucleus [25]. The staining pattern with antibody against
GM130, cis-Golgi matrix protein (Fig. 4A, b) was consistent
with these previous reports, and mostly overlapped with the

distribution of anti-S2 staining (Fig. 44, c), suggesting that
GSRP-56 is localized predominantly in the Golgi apparatus of
cardiomyocytes. As most Syne-1 isoforms have been shown to
be localized at the nuclear membrane [9,10,12], which is often
located close to the Golgi apparatus, we carried out subcellular
fractionation of rat heart tissue to further analyze which
organelles are associated with GSRP-56. According to the
method described by Kapiloff et al. [23], rat heart homogenate
was separated into nuclei and crude membrane fractions. The
56-kDa protein band was enriched in the membrane fraction
where TRPV2 and the Golgi marker proteins GM130 and

GSRP-56

nucleoporin
-p62

TRPV2

GM130

adaptin-y |

Fig. 4 ~ Subcellular localization of GSRP-56. (A) Rat primary cardiomyocytes (a-c), G2C12 myoblast cells (d-o), and G2C12
myotubes (3-day culture in differentiation medium, p-1) were double-stained with anti-S2 antibody (a, d, g, j, and p), the
antibody for Golgi marker proteins, anti-GM130 (b, e, n, and q) or anti-TGN38 (h), and nuclear marker protein
anti-nucleoporin-p62 (k). To test the specificity of antibody, antigen-preabsorbed anti-S2 was used in panel m. Panels c, f,i,1,0,
and r show merged images. Scale bar=20 pm. (B} Subcellular fractionation analysis of adult rat heart. Rat heart homogenates
were subjected to subcellular fractionation as described in Materials and methods. The crude membrane fraction contained
sarcoplasmic reticulurn, Golgi apparatus, and plasma membranes. Aliquots of 30 g of proteins for each fraction were subjected
to SDS-PAGE followed by immunoblotting analysis. A 56-kDa protein (GSRP-56) was detected by anti-S2 antibody. Antibodies
against nucleopotin-p62 and TRPV2 served as markers for nucleus and membranes, respectively. Antibodies against GM130

and adaptin-y were used as Golgi markers,
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adaptin-y were detected (Fig. 4B). However, the 56-kDa protein
was not detected in nuclel where the nuclear marker nucleo-
porin-p62 was detected (Fig. 4B). These results suggest that
GSRP-56 does not exist in the nucleus.

In C2C12 myoblast cells, anti-S2 antibody labeled distinct
perinuclear structures (Fig. 44, d). This polarized distribution
pattern seemed to reflect that of the Golgl apparatus, because
this structure was also recognized by the anti-GM130 (Fig. 44, e).
The merged image indicates that the polarized staining patterns
with these antibodies overlapped at least partly (Fig. 44, f). On the
other hand, anti-S2 staining did not appear to overlap with that
.of anti-TGN38, a trans-Golgi marker protein (Fig. 44, g-i) or a
nuclear marker protein nucleoporin-p62 (Fig. 44, 1. As a
negative control experiment, perinuclear labeling was confirmed
to disappear when anti-S2 antibody was preabsorbed with the
GSRP-56 antigen protein (Fig. 4A, m-o). These results suggest that
GSRP-56 is a dis-Golgi-localized protein. To evaluate the changes
in staining during muscle differentiation, we next performed
immunocytochemical analysis in C2C12 myotubes 3 days after
switching to differentiation medium (Fig. 44, p-1). After differ-
entiation, the staining pattern with anti-S2 antibody changed to a
more dense ring-shaped distribution around the nucleus (Fig. 4A,
P). This ring-shaped structure was well stained with anti-GM130
(Fig. 4A, q) as reported previously in differentiating myotubes
[26,27]. These results suggest that GSRP-56 is localized at the
Golgi apparatus in both C2C12 myoblasts and differentiated
myotubes.

As an alternative approach to evaluate the Golgi localiza-
tion of GSRP-56, we tested sensitivity to brefeldin A (BFA), a
Golgi-destabilizing agent. Previous studies have demonstrated
that the Golgi-specific spectrins associate with Golgi mem-
branes in a BFA-sensitive manner [28-30]. Therefore, it was of
interest to examine whether BFA treatrent would disrupt the
association of GSRP-56 with the Golgi complex, as in the case
of these proteins. As shown in Fig. 5A, treatment of C2C12
myoblasts for 20 min with BFA resulted in disruption of the
stacked Golgi structure as evidenced by staining with anti-
adaptin-y antibody (Fig. 54, c). The same treatment also
induced a rapid dispersion of anti-S2 staining (Fig. 5A, a). A
similar effect was observed in C2C12 myotubes (data not
shown}. We next examined the effects of detergent treatment
on GSRP-56 localization. Cells were treated with PBS contain-
ing 0.5% Triton X-100 for 10 min prior to fixation leading to the
formation of a detergent insoluble structure—a ‘Golgi ghost’
[28,31]. Previous report have revealed that the Golgi-specific
spectrin isoform was retained on tubular vesicular Golgi
ghosts even after extraction [31]. The signal detected with
anti-52 antibody disappeared upon detergent treatment (Fig.
5B, a), despite preservation of the Golgi structure as evidenced
by staining with anti-GM130 (Fig. 5B, ). These results indicate
that GSRP-56 associates with the Golgi apparatus in a BFA-
sensitive, but detergent-separable manner.

Golgi-targeting domain of GSRP-56

To determine the domain(s) that mediate the association of
GSRP-56 with the Golgi apparatus, the expression vector
carrying GFP-tagged GSRP-56 was transfected into HEK293
cells. The perinuclear concentrated GFP-signal was observed
when full-length GSRP-56 (GFP-1-476) was expressed in

BFA (+)

BFA (-)

anti-S2

anti-adaptin-y

w

Triton —> fix fix = Triton

anti-S2

anti-GM130

Fig. 5 - Effects of BFA and detergent treatment on Golgi
localization of GSRP-56. (A) Effects of BFA. C2C12 myoblasts
were treated with (a and c) or without (b and d) 50 pM BFA
for 20 min at 37°C before fixation. Fixed cells were stained
with anti-S2 antibodies (a and b) or anti-adaptin-y {c and d).
{B) C2C12 myoblasts were treated with 0.5% Triton X-100 for
10 min at room temperature either before {a and c) or after
(b and d) fixation. Cells were stained with anti-S2 (2 and b)
or anti-GM130 antibody (c and d).

HEK293 cells (Fig. 6A, a). This polarized localization at least’
partly overlapped with that of GM130 (Fig. 64, b and ¢), further
confirming that GFP-1-476 has the ability to target the Golgiin

HEK293 cells. Subsequently, GFP-tagged deletion constructs

were made and transfected into HEK293 cells. While deletion
of the C-terminus (GFP-1-358, Fig. 6A, d-f) did not affect the

-213-



3160

EXPERIMENTAL CELL RESEARCH 312 (2006) 3152-3164

Golgi-localization of GSRP-56, deletion of two SR domains
(GFP-1-147) completely inhibited the Golgi-localization (Fig.
6A, m, summarized in Fig. 6B). Deletion of the second SR
domain (GFP-1-258) preserved the Golgi localization of GSRP-
56, although most part of GSRP-56 was distributed in the
cytosol {Fig. 6A, g-i). Similar localization patterns were
observed in C2C12 myoblasts when GFP-tagged GSRP-56
variants were expressed (data not shown). Notably, a portion
of GFP-tagged proteins containing only one or two SR domains
were localized to the nucleus (Figs. 64, j and n), probably due to
the nuclear localization signal within the second SR domain.
However, GFP-tagged protein with two SR domains (GFP-148-
358) retained the ability to associate with the Golgi apparatus
(Fig. 6A, j-1). These results suggest that both the first and
second SR domains are required for effective targeting of
GSRP-56 to the Golgi apparatus.

GSRP-56 changes morphology of the Golgi apparatus

We observed a change in morphology of the Golgi when GFP-
tagged full-length GSRP-56 was expressed in HEK293 cells.
Interestingly, the clearly enlarged, diffused Golgl structure
was observed in GFP-positive cells by immunostaining with
anti-GM130 (Fig. 7A, right panel arrowheads) but not GFP-
negative non-transfected cells (Fig. 7A arrows). As shown in
magnified images (Fig. 7A lower right panel), this enlarge-
ment was appeared to be partly derived from fragmentation
of Golgi membranes. The area stained with anti-GM130 was
measured and summarized in Fig. 7B. Expression of GSRP-56
increased the anti-GM130-stained area by approximately
twofold, while expression of the deletion mutant GFP-1-147
lacking the Golgi localization signal had no effect (Fig. 7C,
summarized in D), suggesting that GSRP-56 may regulate the
morphology of the Golgi apparatus.

Discussion

In this study, we identified a novel SR-containing protein,
GSRP-56, as a result of screening for TRPV2-interacting
proteins. GSRP-56 is specified as a yet unidentified splicing
isoform produced from a giant gene, syne-1, in a manner
including an unspliced intron insertion. GSRP-56 shows two
unique features that have not been reported in other splicing
variants derived from syne-1. First, the transcript of this
isoform is exceptionally small (1.6 kb) and is derived from a
central region of the parental gene. Therefore, GSRP-56 protein
does not contain any clear functional domains other than two
SR domains, although most Syne-1 isoforms have a flanking
N-terminal actin binding domain and/or C-terminal trans-
membrane domain, in addition to multiple SR domains. Thus,
GSRP-56 is the rare example having only SR-domains,
although CPG2 (candidate plasticity gene 2), a brain-specific

Syne-1 isoform that was recently reported to have only SR
domains and exert a specific function in the regulation of
endocytosis [32], unlike conventional Syne-1 function and
localization. Second, GSRP-56 was localized mostly to the Golgi
membranes, in sharp contrast to several other splicing
isoforms, such as Syne-1A, Nesprin-la and myne-1, which
were reported to be localized to NE [9,10,12]. Recently, Gough
et al. [28] isolated a partial fragment of bovine Syne-1 (MDBK
clone4) by expression screening performed with Golgi-specific
B-spectrin antibody, and reported that Syne-1 is a candidate
for Golgi-spectrin [28,33]. Based on the observations that the
coding sequence of GSRP-56 does not overlap with that of
MDBK clone4 and that GSRP-56 can easily be extracted by
Triton X-100 in contrast to detergent-insoluble Golgi-spectrin,
we consider that GSRP-56 is a distinct isoform of Golgi-
localized Syne-1.

We found that GSRP-56 targets the Golgi apparatus through
its tandem SR domains. As GSRP-56 has neither obvious
membrane association domains, such as MAD1 and MAD2 of
B-spectrins {30,34], nor transmembrane regions, we suppose
that its localization is mediated by interactions with other
Golgi-localized protein(s). SR-containing proteins including
Syne-1 are known to form hormno- or hetero-oligomers via their
SR domains [16,35]. Indeed, by GST pull-down assay we
obtained evidence that GSRP-56 interacts with pl-spectrin
expressed in heart (data not shown). An A-kinase anchoring
protein {mAKAP) has been reported to be targeted to NE via its
three SR domains [36], and this targeting was recently reported
to occur through the SR-SR interaction between mAKAP and
Nesprin-le in the NE [17]. Therefore, it is likely that GSRP-56 is
localized to the Golgi apparatus through SR-mediated inter-
action with Golgi-specific cytoskeletal proteins. Gough et al.
[15,28] proposed two Golgi binding regions of Syne-1, named.
HAf2 and HAf3. Interestingly, using SMART we found that
HAf2 and HAf3 each contain two SRs (see Fig. 1C), similarly to
GSRP-56.

In this study, we found that extensive enlargement of the
Golgi apparatus occurred in HEK293 cells upon overexpression
of GFP-tagged GSRP-56. The observed changes of the Golgi
morphology may be caused by derangement of membrane
integrity and/or defects in vesicular trafficking systems upon
overexpression of GSRP-56. As distinct subtypes of spectrin (Bl,
glil) and ankyrin (AnkG119, Ank195) were supposed to form a
cytoskeletal meshwork and to function as a structural support
of membrane organization [2,8], it is possible that expression
of GSRP-56 affects the cytoskeletal organization. Gough et al.
[28] reported that expression of the Golgi-binding fragment of
Syne-1 (HAf3) in MDBK cells causes compaction of the Golgi
apparatus, suggesting that expression of this domain exerts a
dominant negative effect by competing with endogenous
Syne-1. This apparently opposite effects of two Golgi-targeting
polypeptides, GSRP-56 and HAf3, raises the interesting possi-
bility that different SR domains maintain the structure of the

Fig. 6 - Identification of Golgi-targeting domain of GSRP-56. (A) Subcellular localization of GFP-tagged proteins including
various regions of GSRP-56 (a-n) and GFP alone (o) in transiently transfected HEK293 cells. Typical expression patterns of each
construct are shown. Samples were co-immunostained with anti-GM130 antibody (b, e, h, and k). Merged GFP fluorescence and
GM130-stained images are shown in panels ¢, {, i, and . Arrowheads and arrows indicate the overlapping or
not-overlapping localization of GFP-GSRP-56 and anti-GM130 staining, respectively. Nuclei were labeled by ‘N’. Scale

bar=20 pm. (B) Schematic representation of GFP-GSRP-56 fusion constructs and summary of the subcellular localization.
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Fig. 7 - Effects of overexpression of GSRP-56 on the morphology of the Golgi apparatus. (&) Images of HEK293 cells transfected
with GFP-tagged full-length GSRP-56 (GFP-1-476). GFP fluorescence (left) and staining pattern with anti-GM130 (right) are
indicated. GFP-positive and -negative cells are marked by arrowheads and arrows, respectively. The Golgi apparatus of

GFP-positive cells appeared to be more enlarged as compared to GFP-negative cells. Scale bar=20 pm. Lower panels show
magnified images of typical staining pattern with anti-GM130 of a GFP-negative (left) or a GFP-positive (right) cell. (B)
Comparison of anti-GM130 stained areas between GFP-positive and negative cells transfected with the full-length GSRP-56.
Data are means=SD of 52 GEP-negative cells ("P<0.01 versus GFP-negative cells) and 16 GFP-positive cells, respectively. Mean
values were 27.7 pm? for GFP-negative cells and 55.2 pm? for GFP-positive cells. (C) Images of HEK293 cells transfected with the
deletion mutant GSRP-56 (GFP-1-147). GFP-fluorescence (left) and staining pattern with anti-GM130 (right) are indicated. (D)
Comparison of GM130-stained areas between GFP-positive and -negative cells transfected with GFP-1-147. Data are means=5D
of 20 GFP-negative cells and 17 GFP-positive cells, respectively. Mean values were 17.5 pm? for

GEP-negative cells and 19.8 pm? for GFP-positive cells. The difference in mean value between GFP-negative cells in panels B and

" D may be due to the differences in experimental conditions of immunostaining.

Golgi apparatus by balancing dilation and compaction under
physiological conditions.

Finally, it should be noted that GSRP-56 interacts with the
TRPV2 channel. A murine TRPV2 (also referred to as GRC) is
known to show regulated translocation from the intracel-
lular compartment to the plasma membrane upon stimula-
tion by growth factors in insulinoma cells [37], by
neuropeptide head activator in neurcendocrine cells [38],
and by membrane stretching in cultured myotubes [18].
Initially, we isolated GSRP-56 as a candidate for TRPV2
binding protein by a yeast two-hybrid screen. This is the first
evidence for a direct interaction of the cytoskeletal element
with this channel. However, despite extensive study using
cultured cells and tissues, we have not yet confirmed the
endogenous interaction between GSRP-56 and TRPV2 by co-
immunoprecipitation or immunofluorescence analyses. It is
possible that the physiclogical binding partner for TRPV2
may be the unidentified Syne-1 isoform(s) with larger size,

which includes the GSRP-56 sequence. However, we con-
firmed that GSRP-56 fusion protein certainly had the ability
to interact with TRPV2 by GST pull-down analysis. Therefore
we suppose that the interaction between these two proteins
may be too transient and/or relatively weak to detect in vivo.
Recently, RGA {recombinase gene activator) was reported to
associate with TRPVZ2 [39]. However, RGA was not co-
localized with TRPV2 in the plasma membranes and was
suggested to interact with TRPV2 during the biosynthesis
and early trafficking of the channel {40]. It is possible that
GSRP-56 also exerts such a function as a transient scaffold
for TRPV2 or regulates the translocation of TRPV2 through
the involvement of other unidentified proteins at the Golgi.

In summary, we identified a novel Golgi-localized isoform
of Syne-1, GSRP-56, which is different from the many splicing
isoforms of Syne-1 reported to date. We presented evidence
that SR domains of GSRP-56 participate in Golgi localization
and interaction with TRPV2 and that GSRP-56 possibly play a
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role in regulating the membrane morphology of the Golgi
apparatus. Clearly, GSRP-56 is a new member with relatively
small size among the syne-1-derived splicing isoforms, which
may exert important physiological functions.
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