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Surl and a nonselective cation channel.
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(Background: Surl-NCc,_rp channels implicated in acute CNS injury are hypothesized to be formed by co-association of
Results: Surl and Trpm4 form heteromers that exhibit pharmacological properties of Surl and biophysical properties of

Conclusion: Surl and Trpm4 co-assemble to form the unique Surl-Trpm4 channel.
Significance: Identification of Surl-Trpm4 channels has broad implications in acute CNS injuries.
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The sulfonylurea receptor 1 (Surl)-NCc,_,rp channel plays a
central role in necrotic cell death in central nervous system
(CNS) injury, including ischemic stroke, and traumatic brain
and spinal cord injury. Here, we show that Sur1-NC,_,p chan-
nels are formed by co-assembly of Surl and transient receptor
potential melastatin 4 (Trpm4). Co-expression of Surl and
Trpm4 yielded Surl-Trpm4 heteromers, as shown in experi-
ments with Forster resonance energy transfer (FRET) and co-
immunoprecipitation. Co-expression of Surl and Trpm4 also
yielded functional Surl-Trpm4 channels with biophysical prop-
erties of Trpm4 and pharmacological properties of Surl. Co-as-
sembly with Surl doubled the affinity of Trpm4 for calmodulin
and doubled its sensitivity to intracellular calcium. Experiments
with FRET and co-immunoprecipitation showed de novo
appearance of Surl-Trpm4 heteromers after spinal cord injury
in rats. Our findings depart from the long-held view of an exclu-
sive association between Surl and K, 1 channels and reveal an
unexpected molecular partnership with far-ranging implica-
tions for CNS injury.

Transient receptor potential melastatin 4 (Trpmd4)> is a
member of a large superfamily of membrane proteins that
includes 28 nonselective cation channels, most of which con-
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duct both monovalent and divalent cations, including Ca*"
(1-3). Trpm4 is exceptional in that it is one of only two ion
channels known in the mammalian genome that conduct mon-
ovalent cations exclusively and nonselectively (4). Because it is
activated by intracellular Ca®", and because its activation
causes cell depolarization that reduces the inward electrical
driving force for Ca®", activation of Trpm4 provides negative
feedback that decreases Ca** influx (4, 5).

Sulfonylurea receptor 1 (Surl) is among the most thoroughly
studied proteins involved in ion channel formation (6 -9). Surl
is a member of the large superfamily of ATP-binding cassette
proteins, most of which hydrolyze ATP to transport solutes
across biological membranes. Among ATP-binding cassette
proteins, Surl is atypical in that it performs no known transport
function, but undergoes heteromultimeric assembly with the
ATP-sensitive potassium selective channel, Kir6.2, to form
K, rp channels. Surl is the target of sulfonylurea drugs used for
decades to treat diabetes mellitus type 2.

Emerging evidence indicates that Surl is transcriptionally
up-regulated de novo in several types of injury involving the
central nervous system (CNS), including cerebral ischemia,
traumatic brain injury, subarachnoid hemorrhage, germinal
matrix hemorrhage, and spinal cord injury (10). Surprisingly, in
these conditions, up-regulation of Surl is not accompanied by
up-regulation of Kir6.2, but is associated instead with up-regu-
lation of a novel, nonselective cation (NC) channel that is reg-
ulated by intracellular Ca®>" and ATP, as well as by Surl: the
so-called Surl-regulated NC, . 1p channel. The role of Surl in
regulating this channel is now well established, but the molec-
ular identity of the pore-forming subunit has not been
determined.

Here, we show that the direct co-association of Surl with
Trpm4 gives rise to a novel ion channel complex: the Surl-
Trpm4 channel. The identification of Surl-Trpm4 channels
has broad implications in multiple types of acute CNS injuries.

EXPERIMENTAL PROCEDURES

Molecular Biology—The recombinant proteins used in this
study are listed in Table 1. To construct expression plasmids for
Citrine (Ci)- and Cerulean (Ce)-fused proteins, cDNA
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TABLE 1
Recombinant proteins used in this study
Plasmid” Protein Host vector

pSurl-Ce FLAG-Surl-Cerulean pECE
pCi-Trpm4 Citrine-Myc-Trpm4 pCMV-Tag3C
pTrpm4-Ci Myc-Trpm4-Citrine pCMV-Tag3C
pCi-Kir6.2 Citrine-Myc-Kir6.2 pCMV-Tag3C
pCi-Kir2.1 Citrine-Myc-Kir2.1 pCMV-Tag3C
pcDNA-His,-Surl” Hisg-Surl pcDNA3.1
pECE-FLAG-Surl® FLAG-Surl pECE
pMyc-Trpm4 Myc-Trpmé4 pCMV-Tag3C
pMyc-Kir6.2 Myc-Kir6.2 pCMV-Tag3C
pMyc-Hifla Myc-Hifla pCMV-Tag3C
pTrpm4-EGFP Trpm4-EGFP pEGFP-N1
PIRES-Surl-Trpm4 Hisg-Surl-Trpm4 pEF1a-IRES-AcGFP1
pHygroB-Surl His,-Surl pcDNA-His,-Surl

“ Fusion to the N terminus of Surl or Trpm4 is indicated by listing the adduct
first; fusion to the C terminus of Surl or Trpm4 is indicated by listing the ad-
duct second.

? Gift of Dr. Joseph Bryan, Pacific Northwest Diabetes Research Institute, Seattle,
WA (11, 12).

¢ Gift of Dr. Show-Ling Shyng, Oregon Health and Science University, Portland,
OR.

4 See Gerzanich et al. (28).

sequences of Citrine or Cerulean were amplified by PCR and
inserted into pECE-FLAG-Surl, pMyc-Trpm4, pMyc-Kir6.2,
and pMyc-Kir2.1 at the N or C terminus of each protein. Two
alanine molecules were inserted between the individual full-
length proteins and the fluorescent proteins to give steric flex-
ibility. To construct Myc epitope-fused expression plasmids of
mouse Kir6.2, mouse Kir2.1, mouse Trpm4, and human Hiflq,
each cDNA sequence was cloned into an expression vector,
pCMV-Tag3C (Stratagene, Grand Island, NY). To construct an
expression plasmid encoding a fusion protein of Surl-Trpm4,
the cDNA sequence of Trpm4 was amplified and cloned into
pcDNA-His,-Surl at the C-terminal end of His,-Surl. An 8-a-
mino acid-long glycine linker, GGGSGGGA, was used to con-
nect the two proteins to provide flexibility between their inter-
acting domains. To make a bicistronic expression vector, the
resulting cDNA sequence encoding the Surl-Trpm4 fusion
protein was cloned into pEF1a-IRES-AcGFP1 (Clontech). To
construct an expression vector of Surl with the hygromycin
B-resistant gene (pHygroB-Surl), the cDNA sequence of the
hygromycin B-resistant gene was amplified by PCR and
inserted into the pcDNA-His,-Surl. All plasmids constructed
by PCR amplification were verified by sequencing prior to
transfection. Transfections were performed using Lipo-
fectamine 2000 (Invitrogen).

Cell Culture, Development of Stable Cell Line, and
Transfection—COS-7 and HEK-293 cells were maintained in
Dulbecco’s modified Eagle’s medium with 4.5 and 1.0 g/liter
glucose (Invitrogen), respectively. Rat insulinoma RIN-m5F
cells (ATCC, Manassas, VA) were maintained in Roswell Park
Memorial Institute (RPMI) 1640 medium. All culture media
were supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 ug/ml streptomycin.

To develop stable cell lines that express constitutively high
level of Surl, HEK-293 cells were transfected with the pHy-
groB-Surl plasmid, and colonies were selected from a culture
medium containing 200 ug/ml hygromycin B. Transfections
were performed using Lipofectamine 2000 (Invitrogen).
Expression of Sur1 from the selected cell lines was confirmed by
immunolabeling and immunoblot (see Fig. 8).
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TABLE 2
Anti-Sur1 and anti-Trpm4 antibodies used in this study
sc, Santa Cruz Biotechnology.

Host

Name species Source
Anti-Surl-a Rabbit Custom
Anti-Surl-b Goat Custom
Anti-Trpm4-a Rabbit Custom
Anti-Trpm4-b Chicken Custom
Anti-Trpm4-c Rabbit sc-67125
Anti-Trpm4-d Goat sc-27539
Anti-Trpm4-e Goat sc-27540

Rat Model of Spinal Cord Injury—This study was approved
by the Institutional Animal Care and Use Committee of the
University of Maryland. A spinal cord injury with hemicervical
cord contusion at the seventh cervical vertebra (C7) was per-
formed in rats as described (13). Spinal cords were harvested at
6 h after injury for experiments with co-immunoprecipitation
and at 24 h after injury for experiments with Forster resonance
energy transfer (FRET) analysis.

Antibodies—The anti-Surl and anti-Trpm4 antibodies used
in this study are listed in Table 2. Anti-Myc and anti-HSC70
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-FLAG antibody and anti-calmodulin
antibody were purchased from Cell Signaling Technology (Bev-
erly, MA). Two different sources of both anti-Surl and anti-
Trpm4 antibodies were developed for this study (Table 2). To
construct a bacterial expression vector encoding the intracellu-
lar nucleotide-binding domain 1 of Surl fused with hexahisti-
dine, the corresponding region of the rat Surl cDNA sequence
(amino acids 598 =965 of NP_037171) was cloned into pQE30
(Qiagen, Gaithersburg, MD). The recombinant protein was
purified by using a Ni" -nitrilotriacetic acid-agarose column
and used to raise antibodies in rabbit and in goat, which was
performed by a commercial service (Covance, Princeton, NJ).
Using the same method, anti-Trpm4 antibodies targeting the
N-terminal intracellular domain of mouse Trpm4, correspond-
ing to amino acids 1- 612 (NP_780339), were developed in rab-
bit and in chicken.

The specificity of the antibodies described above was vali-
dated using lysates from the appropriate Surl or Trpm4 expres-
sion systems and spinal cord tissues from wild-type, Trpm4 ',
and Abcc8™ '~ mice. Anti-Surl-b antibody and anti-Trpm4-b
antibody were used to immunoisolate Surl and Trpm4, respec-
tively, from the various lysates. Subsequently, in one experi-
ment, immunoblots of the immunoisolated proteins were per-
formed using anti-Surl-a antibody and anti-Trpm4-a antibody,
respectively (see Fig. 9). In a parallel experiment, electrophore-
sis gels of the immunoisolated proteins were developed with
Coomassie Blue stain, the protein bands at the appropriate
molecular masses were isolated, and peptide fragments were
analyzed by mass spectrometry (Taplin Mass Spectrometry
Facility, Harvard Medical School, Boston, MA), which con-
firmed the identity of Surl and Trpm4.

FRET—COS-7 cells were transfected with plasmids for Ceru-
lean- and Citrine-fused Surl and Trpm4, with Kir6.2 and Kir2.1
used as positive and negative controls, respectively. Preliminary
experiments showed that transfection using a plasmid ratio of
16:1 for FLAG-Surl-Cerulean:Citrine-Myc-Trpm4 yielded
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good FRET signals. Cells were studied 24 —48 h after transfec-
tion. Cells were fixed with 4% formaldehyde for 20 min, and
FRET fluorescence imaging was analyzed as described below.
FRET experiments were also performed using fluorophore-
conjugated secondary antibodies. These experiments were car-
ried out using COS-7 cells transfected with FLAG-Surl and
Myc-Trpm4 plasmids, with a plasmid ratio of 16:1 for Surl:
Trpm4, and using rat spinal cord tissues after traumatic injury,
with remote spinal cord tissues from the same rats used as neg-
ative controls. Cells were studied 24—48 h after transfection,
and tissues were studied 24 h after trauma. Immunolabeling
was carried out as described (14). Briefly, cells and tissues were
incubated with a mixture of primary antibodies overnight at
4°C. The primary antibodies were anti-Trpm4-e, directed
against the intracellular N terminus of Trpm4, and anti-Surl-a,
directed against the first intracellular nucleotide-binding
domain (NBD1) of Surl or, as a negative control in COS-7 cells,
rabbit anti-FLAG (Cell Signaling Technology), directed against
the extracellular FLAG fused to the N terminus of Surl. After
washing with PBS, the sections and the cells were incubated
with a mixture of donkey anti-rabbit IgG conjugated with Cy3
and mouse anti-goat IgG conjugated with Cy5 for 1 h.

ERET fluorescence imaging was analyzed on a commercial
laser scanning microscope combination system, LSM510 Meta
(Zeiss, Jena, Germany) with an Axiovert inverted microscope.
The following settings were used throughout the experiments:
(i) for Cerulean: excitation, 458 nm; detection, 480 —520 nm; (ii)
for Citrine: excitation, 514 nm; detection, 525—580 nm; (iii) for
Cy3: excitation, 543 nm; detection, 565—615 nm; and (iv) for
Cyb5: excitation, 633 nm; detection, 650-704 nm. The images
were captured and processed with the LSM Image Examiner
software (Zeiss), with an integration time of 5 ms/pixel.

FRET efficiency was determined by measuring fluorescence
before and after photobleaching (15). The FRET acceptors (Cit-
rine or Cy5) were selectively photobleached by repeatedly scan-
ning regions of interest with the maximum intensity of the laser
until the fluorescence of the acceptors decreased to less than
30% of the original fluorescence. The fluorescence emission
from the FRET donors (Cerulean or Cy3) and the acceptors
were measured sequentially. The FRET efficiency (%) was cal-
culated as E = (In, — Ipp)/Ipa X 100, where I, and Iy rep-
resent the steady-state donor intensity after and before bleach-
ing, respectively. The FRET efficiency was assessed in a
minimum of 30 different regions of interest for a single exper-
imental set.

Immunoprecipitation and Immunoblot Analyses—COS-7
cells were transfected with plasmids for FLAG-Surl and Myc-
Trpm4, with Myc-Kir6.2 and Myc-Hifla used as positive and
negative controls, respectively. In different experiments, we
performed transfections using different plasmid ratios, as indi-
cated, for Surl:Trpm4. Cells were studied 24 —48 h after trans-
fection. Tissues from spinal cord-injured rats were studied 6 h
after trauma.

Total lysates from COS-7 cells transfected with various com-
binations of plasmids and from spinal cord tissues were pre-
pared in lysis buffer (1.5 mm KH,PO,, 8 mm Na,HPO, (pH 7.3),
3 mMm KCl, 137 mm NaCl, and 1% Triton X-100) with freshly
added protease inhibitor mixture (Roche Applied Science). To
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immunoprecipitate Surl, Trpm4, or Myc-fused proteins from
the lysates, samples were incubated with anti-Surl-b antibody,
anti-Trpm4-b antibody, or anti-Myc antibody from mouse
(Santa Cruz Biotechnology) overnight at 4 °C. The immune
complex formed was isolated by protein G-Sepharose for anti-
bodies from goat and mouse, or anti-chicken IgY antibody aga-
rose for the chicken antibody, and washed three times with the
lysis buffer. To remove N-linked glycans, the immunoprecipi-
tated samples were further incubated with peptide:N-glycosi-
dase F (New England Biolabs, Ipswich, MA) for 1 h at 37 °C. To
elute the proteins, the beads were resuspended in 2X NuPAGE
LDS sample buffer (Invitrogen), and boiled for 5 min. The
resulting samples were examined by immunoblot analysis.

For the co-expression experiments, proteins were detected
using anti-Surl-a, anti-Trpm4-a, anti-Myc (Santa Cruz Bio-
technology), anti-calmodulin (Cell Signaling Technology), and
anti-HSC70 (Santa Cruz Biotechnology) antibodies. For the
spinal cord experiments, proteins were detected using anti-
Surl-a, anti-Trpm4-a, anti-Trpm4-b, anti-Trpm4-c, and anti-
Trpm4-d antibodies.

Surface Biotinylation Assay—CQOS-7 cells transfected with
various combinations of plasmids, as indicated, were washed
with ice-cold Dulbecco’s PBS and incubated with 0.5 mg/ml
EZ-Link Sulfo-NHS-Biotin (Pierce) dissolved in Dulbecco’s
PBS for 30 min at 4°C. The biotinylation reaction was
quenched by washing with Tris-buffered saline (50 mm Tris
(pH 7.4) and 150 mm NaCl) for 5 min. Total lysates were pre-
pared from the cells in the lysis buffer (see above) for 1 hat 4 °C
and cleared by centrifugation. Biotinylated proteins were iso-
lated by NeutrAvidin-agarose beads (Pierce), washed three
times with the cell lysis buffer, resuspended in 2X NuPAGE
LDS sample buffer (Invitrogen), and boiled for 5 min. Immuno-
blot analysis of HSC70 was performed to validate the prepara-
tion of the biotinylated proteins.

Patch Clamp Electrophysiology—CQOS-7 cells were co-trans-
fected with plasmids for FLAG-Surl and Myc-Trpm4 (along
with pEGFP; experiment of Fig. 5), or FLAG-Surl-Ce and Ci-
Myc-Trpm4 (experiments of Figs. 6 and 7). COS-7 cells were
transfected with the plasmid for the Surl-Trpm4 fusion protein
(experiment of Fig. 6). HEK-293 and Sur1l-HEK-293 cells were
transfected with the plasmid for Ci-Myc-Trpm4 (experiment of
Fig. 8). Fluorescent cells were studied at room temperature
48 —72 h after transfection, as described (16, 17). Membrane
currents were recorded in intact cells using the nystatin-perfo-
rated whole-cell configuration (18) and in cell-free isolated
membrane patches using the inside-out configuration (19). For
whole-cell macroscopic recordings, we used a nystatin-perfo-
rated patch technique with a bath solution containing (in mm):
145 CsCl, 1 CaCl,, 1 MgCl,, 32.5 HEPES, 12.5 glucose, pH 7.4.
The pipette solution contained (in mm): 145 CsCl, 8 MgCl,, and
10 HEPES, pH 7.2. For inside-out patch recording, we used a
bath solution containing (in mm): 145 CsCl, 1.5 CaCl,, 1 MgCl,,
5 EGTA, 32.5 HEPES, 12.5 glucose, pH 7.4. The pipette con-
tained (in mm): 145 CsCl, 1 MgCl,, 0.2 CaCl,, 5 EGTA, 10
HEPES, pH 7.3. For experiments requiring low concentration of
free Ca>" in the bath solution, a Ca>"-EGTA buffered solution
was employed, and free [Ca®"] was calculated using the pro-
gram WEBMAXC v2.10.
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FIGURE 1. Evidence from FRET that Sur1 and Trpm4 co-associate. A, schematic diagram of Sur1 and Trpm4 proteins, showing the positions of Ci and Ce
fluorescent tags. B, fluorescence images (left and middle columns) of each fluorophore and FRET signal (right column) for COS-7 cells expressing FLAG-Sur1-Ce
and Ci-Myc-Kir6.2 (positive control), FLAG-Sur1-Ce and Ci-Myc-Kir2.1 (negative control), FLAG-Sur1-Ce and Ci-Myc-Trpm4, and FLAG-Sur1-Ce and Myc-Trmp4-
Ci; FRET within the cellmembrane is indicated (arrows); results shown are representative of 3-7 replicates. Cand D, average FRET efficiency as a function of time
(O) and at steady state (D) for the four conditions in B; n = 32-45; Sur1:Trpm4 plasmid ratio, 16:1. Error bars indicate mean = S.E. E,immunoblot of COS-7 cells
expressing FLAG-Sur1-Ce and Ci-Myc-Trpm4, or FLAG-Sur1-Ce and Myc-Trmp4-Ci, as indicated. Immunoisolation was performed using anti-Sur1-b antibody
(anti-Sur1-b Ab) or anti-Trpm4-b antibody (anti-Trpm4-b Ab), as indicated, and proteins were detected with anti-Sur1-a antibody. Sur1:Trpm4 plasmid ratio,

13:1.

RESULTS
Sur1 and Trpm4 Co-associate

FRET—W e performed intermolecular FRET analyses to eval-
uate the physical interaction between Surl and Trpm4. Ceru-
lean and Citrine fluorophores were fused to Surl and Trpm4 at
either the N terminus or the C terminus. C terminus-fused Surl
was co-expressed with C terminus-fused Trpm4 or with N ter-
minus-fused Trpm4. N terminus-fused Kir6.2 and N terminus-
fused Kir2.1 served as positive and negative controls, respec-
tively (Fig. 14). FRET imaging microscopy was used to detect
protein-protein interactions in single cells. FRET was detected
when Surl was co-expressed with the positive control, Kir6.2,
as well as with N terminus-fused Trpm4, but not with the neg-
ative control, Kir2.1 (Fig. 1B). FRET was not observed between
C terminus-fused Surl and C terminus-fused Trpm4 (Fig. 1B),
as found previously (20), although the two did co-associate, as
found in co-immunoprecipitation experiments (Fig. 1E).

Co-expression of Surl with N terminus-fused Trpm4 gave
rise to FRET that localized, in part, to the endoplasmic reticu-
lum, consistent with heteromeric assembly of Surl and Trpm4
within this organelle (Fig. 1B). In most cells, FRET was discern-
ible as a contour line demarcating the edge of the cell, consis-
tent with plasma membrane localization of Surl-Trpm4 het-
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eromers (Fig. 1B, arrows). The time course of FRET efficiency in
a typical experiment measured at the plasma membrane during
photobleaching and the average steady-state FRET efficiency
measured at the plasma membrane in multiple experiments are
shown in Fig. 1, C and D. At steady state, efficiencies of 9-10%
were recorded for both Kir6.2 and N terminus-fused Trpm4 as
compared with values of ~0% for Kir2.1 and C terminus-fused
Trpm4. These findings are consistent with an intrinsic capacity
for stable co-association of Surl and Trpm4.
Co-immunoprecipitation—We performed co-immunopre-
cipitation experiments to further evaluate the interaction
between Surl and Trpm4. FLAG-Surl was co-expressed with
Myc-Trpm4. Myc-Kir6.2 and Myc-Hifla were used as positive
and negative controls, respectively. Immunoblot of total lysates
using anti-Myc antibody showed the expected bands for each
condition (Fig. 2A4), including four bands representing Kir6.2
monomers and multimers (multiples of ~38 kDa) (21, 22), a
single band for Hifla, and two closely spaced bands for Trpm4
(135 and 147 kDa) (23), with the more slowly migrating form,
which represents highly glycosylated (HG) Trpm4 (see below),
being dominant. After co-immunoprecipitation using anti-
Surl antibody, immunoblot again showed the four bands
expected for the positive control, Kir6.2, and no band for the
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FIGURE 2. Evidence from co-immunoprecipitation (Co-IP) that Sur1 and
Trpm4 co-associate. A and B, immunoblots of COS-7 cells expressing FLAG-
Sur1 and either Myc-Kir6.2 (positive control) or Myc-Hif1« (negative control)
or Myc-Trpm4. Left and right,immunoblots of total lysate (left) and after Co-IP
(right), with immunoisolation performed using anti-Sur1-a antibody and pro-
tein detected with anti-Myc antibody (A) or with immunoisolation performed
using anti-Myc antibody and protein detected with anti-Sur1-a antibody (B).
HG and CG, highly glycosylated and core-glycosylated Trpm4, respectively.
Results shown are representative of 7 replicates for Sur1-Trpm4 and Sur1-
Kir6.2 and 3 replicates for Hif1a. Sur1:Trpm4 plasmid ratio, 1:1.

negative control, Hif1a. Two bands for Trpm4 were again iden-
tified, but unlike with total lysate, now the faster migrating
form, which represents core-glycosylated (CG) Trpm4 (see
below), was dominant (Fig. 24).

In the same series of experiments, co-immunoprecipitation
using anti-Myc antibody yielded Surl with the positive control,
Kir6.2, no band for the negative control, Hifl@, and a promi-
nent band with Trpm4 (Fig. 2B). The finding that Surl and
Trpm4 co-associated, as illustrated in Fig. 2, A and B, with
immunoprecipitation of Surl and immunoprecipitation of
Trpm4, was replicated in seven independent co-expression
experiments, with Surl:Trpm4 plasmid ratios of 1:1, 3:1, and
9:1.

In the heterologous expression system that we studied, the
surface expression of Surl depended on Trpm4 expression in a
complex way. First, when both were co-expressed, the surface
expression of Surl was inversely related to the amount of
Trpm4 expressed. Optimal surface expression of Surl was
observed with low levels of Trpm4, whereas an overabundance
of Trpm4 was associated with reduced surface expression of
Surl (Fig. 3A). One potential explanation for this was competi-
tion between plasmids.

We also examined the surface expression of Surl, with versus
without Trpm4 co-expression. Under these conditions, the sur-
face expression of Surl was completely dependent on co-ex-
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Surface expression of Surl was assessed using biotinylation of surface
proteins, with HSC70 used as a negative control for surface proteins. Note
that overexpression of Trpm4 yields a less favorable ratio of Sur1 to Trpm4
at the surface (asterisks). Results shown are representative of 3 replicates;
immunoblot was performed using anti-Sur1-a antibody and anti-Trpm4-a
antibody. B, immunoblot of COS-7 cells expressing Hisg-Surl with and
without co-expression of Myc-Trpm4, as indicated. Left two lanes, total
expression of Surl; right two lanes, surface expression of Surl; surface
expression was assessed as in A. Note that Trpm4 expression is required
for appreciable surface expression of Surl; immunoblot was performed
using anti-Sur1-a antibody. Sur1:Trpm4 plasmid ratio, 8:1. C, densitomet-
ric analysis of the experiment in B showing the surface-to-total expression
ratio (mean = S.E.) for Sur1 without and with co-expression of Trpm4; n =
3. For comparison, the surface-to-total expression ratio for Sur1 in insuli-
noma cells (Ins) is also shown.n = 2;**, p < 0.01. D, immunoblots of COS-7
cells expressing Myc-Trpm4 with and without co-expression of Hisg-Sur1,
as indicated. Left two lanes, total expression of Trpm4; right two lanes,
surface expression of Trpm4; surface expression was assessed as in A. Note
that Sur1 expression has no effect on surface expression of Trpm4. Results
shown are representative of 4 replicates; immunoblot was performed
using anti-Trpm4-a antibody. Sur1:Trpm4 plasmid ratio, 2:1.
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FIGURE 4. Co-associated Sur1 and Trpm4 are predominantly core-glyco-
sylated. A, immunoblot for Trpm4 of total lysate from COS-7 cells expressing
Myc-Trpm4, before (left lane) and after (right lane) deglycosylation with pep-
tide:N-glycosidase F (DG). Note the occurrence of both HG (147 kDa) and CG
(135 kDa) forms of Trpm4. Immunoblot was performed using anti-Trpm4-a
antibody; results shown are representative of 7 replicates. B, immunoblot for
Sur1 of total lysate from COS-7 cells co-expressing FLAG-Sur1 and Myc-Kir6.2,
or FLAG-Sur1 and Myc-Trpm4, as indicated, before (three left lanes) and after
(far right lane) deglycosylation with peptide:N-glycosidase F (DG). Note the
occurrence of both highly glycosylated (HG; 165 kDa) and core-glycosylated
(CG; 150 kDa) forms of Sur1 when co-expressed with Kir6.2, but the occur-
rence of only the CG form of Sur1 when co-expressed with Trpm4. Immuno-
blot was performed using anti-Sur1-a antibody; results shown are represent-
ative of 3-7 replicates. Surl:Trpm4 plasmid ratio, 1:1. C, immunoblot of
surface Sur1 from COS-7 cells co-expressing Hisg-Sur1 and Myc-Kir6.2, or His,-
Sur1 and Myc-Trpm4, as indicated. The third lane is of total lysate after degly-
cosylation with peptide:N-glycosidase F (DG). Note that with Kir6.2, both gly-
cosylation forms are present at the surface, whereas with Trpm4, the CG form
of Sur1 is dominant at the surface. Surface expression of Sur1 was assessed
using biotinylation of surface proteins; immunoblot was performed using
anti-Sur1-a antibody. Sur1:Trpm4 plasmid ratio, 1.5:1.

pression of Trpm4 (Fig. 3B), as is observed with Kir6.2 (24, 25).
The result of this experiment indicated that competition
between plasmids could not account for the finding of Fig. 34,
that overabundant expression of Trpm4 leads to less surface
expression of Surl. The requirement for Trpm4 for surface
expression of Surl suggested that, by co-associating, Trpm4
apparently can shield the endoplasmic reticulum retention sig-
nal of Surl to promote its trafficking to the plasma membrane.
Under optimal conditions of Surl and Trpm4 co-expression,
the ratio of surface-to-total expression of Surl was similar to
levels in insulinoma cells (Fig. 3C).

Trpm4 forms functional membrane channels by itself (1, 4).
As expected, the surface expression of Trpm4 was not affected
by co-expression of Surl (Fig. 3D).
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FIGURE 5. Co-expression with Sur1 endows Trpm4 with sensitivity to the
Sur1 activator, diazoxide. A, single channel recordings (left) and single
channel conductances (right) from inside-out patches from COS-7 cells
expressing Myc-Trpm4 alone or co-expressing FLAG-Sur1 and Myc-Trpm4.
Conditions were as follows: 11-15 patches per condition; Ca®*, 1 um; ATP, 0;
charge carrier, Cs*. h.p., holding potential; pS, picosiemens. B, representative
whole-cell membrane currents in COS-7 cells co-expressing FLAG-Sur1 and
Myc-Trpm4, or expressing Myc-Trpm4 alone, as indicated, before and after
exposure to diazoxide and, for Trpm4 alone, after ATP depletion. Left and
right, currents shown at low (left) and high (right) temporal resolution during
ramp pulses (=100 to +100 mV in 500 ms, repeated every 15 s; holding
potential, —50 mV). CTR, control cells without transfection. C, magnitude
(mean = S.E.) of the inward current at —50 mV activated by diazoxide (left) or
by ATP depletion (right) during experiments performed as in B, in control cells
without transfection (CTR), cells expressing Myc-Trpm4 alone, FLAG-Sur1
alone or co-expressing FLAG-Sur1 and Myc-Trpm4; n denotes number of cells
tested. The currents were activated by diazoxide (100 um) or by an ATP-de-
pleting mixture (sodium azide (NaAz), 1 mm plus 2-deoxyglucose (2DG), 10
mwm). Charge carrier, Cs™; **, p < 0.01; for all experiments. Sur1:Trpm4 plasmid
ratio, 2.3:1.

Glycosylation—Two forms of Trpm4 were recognized in
total lysates of COS-7 cells, a CG form and an HG form (Figs. 24
and 4A). The one that co-associated with Surl was predomi-
nantly the CG form (Fig. 24).

Surl also is found in CG and HG forms (21, 26, 27). When
co-expressed with Kir6.2, both forms of Surl were identified
(150 and 165 kDa) in total lysate (Fig. 4B), but when co-ex-
pressed with Trpm4, CG Surl was dominant in total lysate

VOLUME 288+NUMBER 5-FEBRUARY 1, 2013



A

Sur1 + Trpm4
IC,, =

HHH ‘ £ 20%] 850 M

I "
400 pA . . 0%
: Glibenclamide 100 1000 nM
Glibenclamide
C HP = -50 mV

A23187 B 6% I
I
g
3
-
IS

Glibenclamide

e
A L
,,,,, Rl (il J
Ul
0.2 sec
D 1234 123456
anti-Sur1 anti-Trpm4
- -

220 kDa - s

220kDa-'

L] o=
120 kDa - we 120 kDa - @
— -

E HP =-50 mV

Biotin

Glibenclamide

n

3 100% - | I
¢ 1 Trpm4 o 80% T\[\[
- 2 [ Sur1+Trpm4 e
& — g g 0%
g T 40% —O—Trpm4
5 1 £ —O— Sur1+Trpm4
z Z° 20% —e—FP

0 = 0% ¢

20 sec 1 min 1 10 uM

after Glibenclamide Glibenclamide

FIGURE 6. Co-expression with Sur1 endows Trpm4 with sensitivity to the
Sur1 inhibitor, glibenclamide. A, representative whole-cell current from a
COS-7 cell co-expressing FLAG-Sur1-Ce and Ci-Myc-Trpm4; the current was
activated by A23187 (10 um) and was inhibited by subsequent application of
glibenclamide (1 um). B, concentration-response data (mean = S.E., filled
squares) for glibenclamide inhibition in COS-7 cells co-expressing FLAG-
Sur1-Ce and Ci-Myc-Trpm4 were obtained from whole-cell recordings and
were fitted with a standard logistic equation with IC5, = 850 nm; 5-7 cells at
each concentration. The empty circle shows the inhibitory effect of 1 um glib-
enclamide in cells that expressed Ci-Myc-Trpm4 alone. Whole-cell currents
were activated by A23187 (10 um). Charge carrier, Cs™; HP, holding potential.
Sur1:Trpm4 plasmid ratio, 12:1. C, single channel activity in a responsive
inside-out patch from a COS-7 cell co-expressing FLAG-Sur1-Ce and Ci-Myc-
Trpm4, before and after application of glibenclamide (5 wm), shown at low
and high (box insets) temporal resolution. Conditions were as follows: Ca**, 1
um; ATP, 0; charge carrier, Cs™*. D, immunoblots of total lysate from COS-7 cells
expressing Hisg-Sur1 alone (lane 2), Myc-Trpm4 alone (lane 3), or the Hisg-
Sur1-Trpm4 fusion protein (lane 4), labeled with anti-Sur1 antibody-a (left
panel) or anti-Trpm4-a antibody (right panel); also shown is surface expression
(Biotin) of Trpm4 alone (lane 5) and of the Sur1-Trpm4 fusion protein (lane 6).
Surface expression was assessed using biotinylation of surface proteins;
results shown are representative of 4 replicates. E, single channel activity inan
inside-out patch from a COS-7 cell expressing the Hisg-Sur1-Trpm4 fusion
protein, before and after application of glibenclamide (5 um). Conditions
were as follows: Ca®", 1 um; ATP, 0; charge carrier, Cs *. F, the effect of gliben-
clamide (1 or 5 um) on open channel probability (nPo) at 20 s and at 1 min after
application of glibenclamide to COS-7 cells expressing Ci-Myc-Trpm4 alone
(empty bars), co-expressing FLAG-Sur1-Ce and Ci-Myc-Trpm4 (gray bars), or
expressing the Hisg-Sur1-Trpm4 fusion protein (FP, black bars); 3-5 patches
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(Figs. 2B and 4B). We also examined the glycosylation state of
surface Surl. When co-expressed with Kir6.2, both glycosyla-
tion forms of Surl were found on the surface (Fig. 4C) (21, 26),
but when co-expressed with Trpm4, only CG Surl was identi-
fied at the surface (Fig. 4C).

Functional Implications of Sur1 Trpom4 Co-assembly

Surl-Trpm4 Channels—We used patch clamp electrophysi-
ology to determine whether Surl-Trpm4 heteromers would co-
assemble to form functional Surl-Trpm4 channel complexes
with predicted biophysical and pharmacological properties (16,
17). Cesium was used as the charge carrier to block all K* chan-
nels, including K, 1, channels. Either expression of Trpmé4
alone or co-expression of Surl and Trpm4 gave rise to mem-
brane currents with biophysical properties characteristic of
Trpm4 (2, 5, 28); in both cases, single channel recordings of
inside-out patches demonstrated permeability to Cs™, with a
single channel conductance of 23-25 picosiemens (Fig. 5A).
Also, in cells expressing Trpm4 alone, as well as cells co-ex-
pressing Surl and Trpm4, whole-cell membrane currents were
activated by depleting ATP (Fig. 5, B and C).

We used whole-cell recordings to study the response to the
Surl activator, diazoxide (29). In cells that co-expressed Surl
and Trpm4, diazoxide activated an inward Cs™ current at phys-
iological potentials that reversed near 0 mV (Fig. 5B). Diazoxide
was without effect in cells expressing either Surl alone or
Trpm4 alone (Fig. 5, B and C). Because diazoxide has no effect
on Trpm4 alone, channel activation by diazoxide under condi-
tions of Surl and Trpm4 co-expression is consistent with the
presence of functional Surl-Trpm4 channel complexes at the
cell membrane.

We used whole-cell recordings to study the response to the
Surl inhibitor, glibenclamide (30, 31). Whole-cell currents
were activated by increasing the intracellular Ca®>* concentra-
tion, which yielded an inward Cs™ current that was indistin-
guishable from that activated by diazoxide or ATP depletion. In
cells that co-expressed Surl and Trpm4, this current was
blocked by glibenclamide in a concentration-dependent man-
ner (Fig. 6, A and B). The apparent potency of glibenclamide in
the Surl-Trpm4 co-expression system (IC;,, 850 nm) was less
than that reported for native Surl-Trpm4 channels (IC,, 48
nM) (17), but was significantly greater than that for Trpm4
alone (5% block with 1 um, Fig. 6B; 70% block with 100 um (32)).

We examined the effect of glibenclamide on inside-out
patches from cells that co-expressed Surl and Trpm4. In some
patches, glibenclamide (1 or 5 um) had little or no effect on a
25-picosiemen Ca>* -sensitive conductance (not shown). How-
ever, in “responsive” patches, the addition of glibenclamide (1
or 5 uM) resulted in >90% channel inhibition (Fig. 6, C and G).
These experiments also showed that in responsive patches,
glibenclamide was not acting as an open channel blocker, but
instead reduced the open channel probability (Fig. 6C). A

for each condition. G, concentration-response data (mean = S.E.) for steady-
state glibenclamide inhibition in COS-7 cells expressing Ci-Myc-Trpm4 alone
(empty circles), co-expressing FLAG-Sur1-Ce and Ci-Myc-Trpm4 (gray circles),
or expressing the Hisg-Sur1-Trpm4 fusion protein (black circles). The same
patches as in F plus additional patches for Ci-Myc-Trpm4 alone were used.
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reduction in open channel probability, as reported for sulfony-
lurea drugs with native Surl-Trpm4 channels (17), as well as
with K,1p channels (33), is consistent with an effect via the
known molecular interaction between glibenclamide and Surl
(30).

We hypothesized that the lower potency of glibenclamide
blockade observed in the whole-cell experiments, as well as the
absence of block in some inside-out patches, might be due to
the presence at the membrane not only of Surl-Trpm4 chan-
nels, which are expected to be highly sensitive to glibenclamide,
but also of nonassociated Trpm4 channels, which are relatively
insensitive to glibenclamide. To examine this hypothesis, we
constructed a Surl-Trpmé4 fusion protein, similar to that
reported for Surl-Kir6.2 (21). When expressed by itself, the
Surl-Trpm4 fusion protein would preclude nonassociated
Trpm4 from being present at the membrane. The fusion pro-
tein of Surl (150 kDa) and Trpm4 (135 and 147 kDa, CG and
HG, respectively (Fig. 4, A and B)) had the expected mass of
~290 kDa and was identified using both anti-Surl and anti-
Trpm4 antibodies (Fig. 6D). Notably, the Surl-Trpm4 fusion
protein also was identified at the surface membrane (Fig. 6D).

The application of glibenclamide to inside-out patches with
the Surl-Trpm4 fusion protein resulted in an initial brief tran-
sient increase in open channel probability that was followed by
a stable reduction in open probability (Fig. 6, E-G). In patches
with the fusion protein, 1 or 5 uM glibenclamide reduced the
open channel probability >90% (Fig. 6G), similar to the effect
observed in responsive patches from the co-expression system
(Fig. 6G) and similar to that observed with native channels (17).
Notably, a transient increase in open probability was never
observed with Surl-Trpm4 channels in the co-expression sys-
tem (Fig. 6, C and F) or with native channels, leading us to
believe that the transient increase in open probability observed
with the fusion protein may have been due to the linker that we
used, which may have impaired the transition between confor-
mational states. Regardless, the finding that “forced co-associ-
ation” between Surl and Trpm4 yielded a functional channel
complex with pharmacological properties of Surl and biophys-
ical properties of Trpm4 gave further evidence that “free co-as-
sociation” could lead to functional Surl-Trpm4 channels and,
moreover, indicated that 1:1 stoichiometry between Surl and
Trpm4 is appropriate for the formation of functional channels.

Mg -ATP—Co-assembly of Surl with Trpm4 is predicted
to confer sensitivity to Mg>"-ATP. With the K, p channel,
ATP interacts directly with Kir6.2 to inhibit the channel, but in
the presence of Mg>*, ATP activates the channel through an
interaction with the nucleotide-binding folds of Surl (7, 35).
Like Kir6.2, Trpm4 is directly inhibited by ATP (4). We sought
to determine whether coupling with Surl would impart upon
Trpm4 sensitivity to activation by Mg>*-ATP.

In the absence of Mg®>", and with a low concentration of
ATP, the open channel probability was modest and was indis-
tinguishable in patches with Trpm4 alone versus patches with
Surl-Trpm4 channels (Fig. 7). The addition of Mg>", without
changing the concentration of ATP, resulted in a doubling of
the open probability for patches with Trpm4 alone (2), but
resulted in a 10-fold increase in the open probability for patches
with Surl-Trpm4 channels (Fig. 7). More striking, when ATP
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FIGURE 7. Co-expression with Sur1 changes the sensitivity of Trpm4 to
Mg?*. A, single channel recordings of inside-out patches from COS-7 cells
expressing Ci-Myc-Trpm4 alone or co-expressing FLAG-Sur1-Ce and Ci-Myc-
Trpm4, as indicated. Patches were exposed first to Na,-ATP (100 um), then to
Mg?*-ATP (100 um), and then to 0 ATP. All solutions contained Ca®* (1 um).
B, bar graph showing the mean (*S.E.) open channel probability (nPo) rela-
tive to that in Na,-ATP for the three conditions in A, as indicated. Conditions
were as follows: charge carrier, Cs*; 10 patches per condition. Surl:Trpm4
plasmid ratio, 12:1; *, p < 0.05; **, p < 0.01.

was removed, patches with Trpm4 alone showed minimal
change in open probability, whereas patches with Surl-
Trpm4 channels exhibited a 30-fold increase in open proba-
bility (Fig. 7).

Calmodulin—The experiment with Mg>*-ATP, which was
carried out in the presence of a constant concentration of Ca®*
(1 um), suggested that the apparent sensitivity of Trpm4 to
intracellular Ca®>* might be increased by co-association with
Surl. The intrinsic sensitivity of Trpm4 to Ca>* is mediated by
an interaction between calmodulin (CaM) and four CaM-bind-
ing sites located at the C terminus of Trpm4 (2). We performed
co-immunoprecipitation experiments to assess the effect of
Surl on the Trpm4-CaM interaction. We studied HEK-293
cells versus a stable line of HEK-293 cells that constitutively
overexpresses Surl (hereafter, Surl-HEK-293 cells) (Fig. 8, A
and B). By using these two cell lines, both could be treated
identically with transient transfection of one plasmid to express
Trpm4, avoiding the potential imbalance introduced by
co-transfection. In cells that expressed Surl, the apparent affin-
ity of Trpm4 for CaM was double that observed in cells that did
not express Surl (Fig. 8B).

We assessed the functional implication of an increase in
apparent affinity for CaM using HEK-293 versus Sur1-HEK-293
cells. To circumvent problems with desensitization of Trpmé4
(2), channel activity was measured immediately after forming
inside-out patches in a bath solution containing 1 um Ca®>*, and
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FIGURE 8. Co-expression with Sur1 increases the sensitivity of Trpm4 to
Ca%*. A, immunolabeling for Surl in Hisg-Surl-overexpressing HEK-293
(Sur1-HEK-293) cells, showing prominent expression in all cells (right panel) as
compared with nontransfected HEK-293 cells (left panel). The nuclei were
labeled with 4’-6-diamidino-2-phenylindole (DAPI; blue). B,immunoblots for
Sur1, Trpm4, and CaM from HEK-293 cells or Sur1-HEK-293 cells transiently
transfected to express Myc-Trpm4. Note that the abundance of calmodulin
associated with Myc-Trpm4 (CaM Co-IP) is greater in cells co-expressing Sur1
and Trpm4 (lanes 2 and 4; replicate experiments) as compared with cells
expressing Trpm4 alone (lanes 1 and 3). Sur1 was immunoblotted using total
lysate, and was detected using anti-Sur1-a antibody. Myc-Trpm4 was immu-
noisolated using anti-Myc antibody, and immunoisolated proteins were
detected using anti-Trpm4-a antibody and anti-CaM antibody. Bar graph:
densitometric analysis showing the mean (=S.E.) abundance of calmodulin
co-immunoprecipitated with Trpm4, normalized to the total amount of
Trpm4, in the absence and presence of Sur1 co-expression; n = 6; **,p < 0.01.
C, single channel recordings of inside-out patches from HEK-293 cells or Sur1-
HEK-293 cells transiently transfected to express Ci-Myc-Trpm4; patches were
pulled in a bath solution containing 1 um Ca>* to record base-line channel
activity, after which the bath solution was changed to one containing 2 mm
Ca?* to maximally activate all channels. The patches were studied using the
voltage clamp protocol depicted. Bar graph, mean (£S.E.) open channel
probability of Trpm4, observed at +100 mV and at —100 mV, in 1 um Ca?*
relative to thatin 2 mmCa?*, in cells expressing Trpm4 alone or co-expressing
Sur1 and Trpm4. Charge carrier, Cs™; **, p < 0.01.

activity was normalized to subsequent activity at the saturating
concentration of 2 mm Ca*>* (2). Patches from cells expressing
Trpm4 alone typically showed activity from 1-3 channels
simultaneously, whereas patches from cells expressing both
Surl and Trpm4 typically showed simultaneous activity from
twice this number of channels (Fig. 8C). Normalized currents in
patches from cells expressing both Surl and Trpm4 were twice
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as large as those in patches from cells expressing Trpm4 alone
(Fig. 8C).

Surl-Trpm4 Heteromers in Spinal Cord Injury—In spinal
cord injury, Surl and Trpm4 are transcriptionally up-regulated
and play critical pathological roles (13, 28, 36). The phenotype
observed after spinal cord injury in Abcc8 '~ mice is exactly the
same as in Trpm4 '~ mice, with both showing equivalent pro-
tection from the autodestructive process termed “progressive
hemorrhagic necrosis,” which is marked by secondary hemor-
rhage due to fragmentation of microvessels. These observations
led to the hypothesis that Surl and Trpm4 co-associate in vivo
following traumatic CNS injury.

To extend FRET imaging microscopy to tissues after spinal
cord injury, we developed an antibody-based method using
Cy3- and Cy5-conjugated secondary antibodies as the chro-
mophores (Fig. 9, A-D). Control experiments were carried out
on cultured cells that co-expressed Surl and Trpm4, using pri-
mary antibodies directed against the intracellular N terminus
of Trpm4 and against the intracellular nucleotide-binding
domain (NBD1) of Surl or, as a negative control, against the
FLAG-fused extracellular N terminus of Surl (Fig. 9A4). At
steady state, a FRET efficiency of ~11% was recorded when
using the two intracellularly directed antibodies as compared
with a value ~0% when the antibody against Surl was directed
to the extracellular epitope (Fig. 9D).

We used this antibody-based FRET technique to evaluate rat
spinal cord tissues before and after injury. In uninjured spinal
cord, Surl and Trpm4 immunolabeling was minimal (28, 36),
and FRET signals were absent (not shown). However, 24 h after
spinal cord injury, Surl and Trpm4 immunolabeling was prom-
inent, immunolabeling for Surl and Trpm4 co-localized, and
FRET signals were detected in various cellular structures,
including microvessels (Fig. 9E).

We also performed co-immunoprecipitation experiments to
evaluate tissues after spinal cord injury. Immunoprecipitation
showed abundant Surl and Trpm4 (Fig. 10, A and B). Co-im-
munoprecipitation using anti-Trpm4 antibody yielded Surl,
and co-immunoprecipitation using anti-Surl antibody yielded
Trpm4 (Fig. 10, A and B). In these experiments, we used four
different anti-Trpm4 antibodies to detect Trpm4 after immu-
noisolation with anti-Surl antibody, and all four detected the
same band, two examples of which are shown in Fig. 10. Impor-
tantly, co-immunoprecipitation using anti-Surl antibody
yielded Trpm4 only after spinal cord injury, not in uninjured
spinal cord (Fig. 10, D and E). Together, these findings with
co-immunoprecipitation and FRET are consistent with co-as-
sembly of Surl and Trpm4 in vivo following spinal cord injury.

DISCUSSION

The principal finding of the present study is that Surl and
Trpm4 have an intrinsic capacity for stable co-association, as
shown by our experiments with co-immunoprecipitation, as
well as with FRET based on N terminus-, but not C terminus-
fused Trpm4. This intrinsic capacity for co-association resem-
bles the association between Surl and Kir6.2 in forming
Surl-regulated K ,p (Surl-Kir6.2) channels, but important dif-
ferences are evident. Surl-regulated K, channels are consti-
tutively expressed, both in pancreatic 8 cells and in neurons,
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FIGURE 9. FRET analysis of Sur1-Trpm4 heteromers in spinal cord tissue after injury. A, schematic diagrams of Sur1 and Trpm4 proteins, showing the
positions of epitopes for various antibodies (Ab) that were studied. B, COS-7 cells co-expressing FLAG-Sur1 and Myc-Trpm4, or expressing either one alone, as
indicated, were incubated with both anti-Sur1-a and anti-Trpm4-e antibodies followed by both anti-rabbit Cy3-conjugated and anti-goat Cy5-conjugated
secondary antibodies. Left and middle columns, fluorescence images of the two chromophores; right column, FRET images of the two chromophores. Results
shown are representative of 6 replicates. Note that primary antibodies against Sur1 and Trpm4 do not cross-react. C, spinal cord tissue lysates were obtained
from wild-type (WT), Trom4/~, and Abcc8 "/~ mice, as indicated. Anti-Surl-b antibody and anti-Trpm4-b antibody were used to immunoisolate Sur1 and
Trpm4, respectively, from the various tissue lysates; immunoisolated proteins were detected using anti-Sur1-a antibody (anti-Surl Ab) and anti-Trpm4-a
antibody (anti-Trom4 Ab). Note that primary antibodies against Sur1 and Trpm4 do not cross-react. D, average FRET efficiencies at steady state for the
experimentin Busing anti-Trpm4-e antibody (Ab7), detected with anti-goat Cy5-conjugated antibody versus intracellularly directed anti-Sur1-a antibody (Ab2)
or extracellularly directed anti-FLAG antibody (Ab3), detected with Cy3-conjugated antibody, in COS-7 cells transfected to express FLAG-Sur1 and Myc-Trpm4;
n = 58-64. E,immunolabeling and FRET images of a microvessel 24 h after spinal cord injury. Immunolabeling as in B; results shown are representative of 4

replicates.

but to date, Surl-Trpm4 channels have been identified in neu-
rons, astrocytes, and endothelial cells only under conditions of
CNS injury, where they are transcriptionally up-regulated dur-
ing the acute phase after injury (10).

Native Kir6.2 possesses an endoplasmic reticulum retention
signal that precludes its independent trafficking to the cell
membrane without Surl (9). Trpm4 has no such constraint and
thus readily traffics by itself to the cell membrane to form func-
tional channels (1, 4). Our findings are in accord with these
observations, showing that co-expression of Surl with Trpm4
did not influence trafficking of Trpm4 to the cell membrane,
but it facilitated trafficking of Sur1 to the cell membrane. Many
details remain to be resolved about the association between
Surl and Trpm4, but the observation that the endoplasmic
reticulum retention signal on Surl apparently was shielded by
co-association with Trpm4 suggests that the domain(s) of Surl
that interacts with Trpm4 may be similar to that which inter-
acts with Kir6.2.

Several factors likely account for the relatively selective con-
ditions that we found were required for demonstrating surface
expression of Surl-Trpm4 channels in a heterologous co-ex-
pression system, including possible differences in transfection
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efficiency for different plasmids, differences in protein turnover
rates, and the ability of Trpm4 to traffic to the cell membrane
without Surl. We studied different expression conditions,
including Surl:Trpm4 plasmid ratios ranging from 1:1 to 16:1.
Although co-immunoprecipitation from total lysate was
observed under all conditions, higher ratios of Surl:Trpm4
were required to observe FRET and to obtain surface expres-
sion of Surl. Overabundant expression of Trpm4 led to a dom-
inance of Trpm4 at the cell membrane that was associated with
reduced surface expression of Surl. These observations likely
account for the failure to demonstrate Surl-Trpm4 channels in
a recently published study (20). In that study, the expression
conditions used were such that Trpm4 currents were very large.
Our data suggest that under such conditions, the likelihood of
detecting Surl-Trpm4 channels would be low. The other major
finding of the study by Sala-Rabanal et al. (20) was that FRET
does not occur when fluorescent tags are placed on the C ter-
minus of both Surl and Trpm4. Our data corroborated this
finding, but expanded upon it by showing that Surl with C
terminus-fused Cerulean and Trpm4 with C terminus-fused
Citrine do co-associate, as shown in co-immunoprecipitation
experiments. However, when Cerulean was fused to the C ter-
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FIGURE 10. Co-immunoprecipitation of Sur1-Trpm4 heteromers from spi-
nal cord tissue after injury. A, immunoblot using anti-Sur1-a antibody of
protein immunoisolated from insulinoma cells (Ins, positive control) and from
spinal cord 6 h after injury using anti-Sur1-b antibody (SC/ IP) or anti-Trpm4-b
antibody (SCI Co-IP), and protein immunoisolated from insulinoma cells after
treatment with peptide:N-glycosidase F (Ins DG). B, immunoblot using anti-
Trpm4-a antibody of total lysate from COS-7 cells expressing Myc-Trpm4 (PC,
positive control), of protein immunoisolated from small intestine (Sml, posi-
tive control) and spinal cord 6 h after injury using anti-Trpm4-b antibody (SC/
IP) or anti-Sur1-b antibody (SC/ Co-IP), and protein immunoisolated from
small intestine after treatment with peptide:N-glycosidase F (Sm/ DG).
C,immunoblot using anti-Trpm4-d antibody of proteinimmunoisolated from
spinal cord 6 h after injury using anti-Trpm4-b antibody (SC/ IP) or anti-Sur1-b
antibody (SC/ Co-IP), before and after treatment with peptide:N-glycosidase F
(DG). Similar results were obtained using anti-Trpm4-b and antiTrpm4-c anti-
bodies for detection. D, immunoblot using anti-Trpm4-a antibody of protein
immunoisolated from uninjured spinal cord (CTR) or spinal cord 6 h after
injury (SC/) using anti-Trpm4-b antibody (/P) or anti-Sur1-b antibody (Co-IP).
Note that co-associated Sur1-Trpm4 is found only after spinal cord injury.
E, densitometric analysis showing the mean (£S.E.) abundance of Trpm4
associated with Sur1 in the uninjured spinal cord versus 6 h after spinal cord
injury (SCI) (n = 3;**, p < 0.01).

minus of Surl and Citrine was fused to the N terminus of
Trpm4, we detected excellent FRET signals. These findings,
combined with the findings from our co-immunoprecipitation
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experiments, confirm the intrinsic capacity for stable co-asso-
ciation between Surl and Trpm4.

The ability of Trpm4 to traffic to the cell membrane without
Surl also complicated our experiments on glibenclamide
blockade. Even when using conditions that we found to be opti-
mal for detecting Surl-Trpm4 channels in the co-expression
system, we encountered situations that were best explained by
hypothesizing that both Surl-Trpm4 heteromers and Trpm4
homomers were present at the cell membrane. In one series of
experiments, we studied channel blockade using whole-cell
recordings in which channels were activated by increasing the
intracellular Ca®>* concentration. Although both Surl-associ-
ated and nonassociated Trpm4 channels are activated by Ca>™,
the application of a modest concentration of glibenclamide
(1-5 uMm) would be expected to affect predominantly the Surl-
Trpm4 heteromers, not the Trpm4 homomers, which are rela-
tively insensitive to glibenclamide. In another series of experi-
ments, we studied channel blockade using inside-out patches.
In some cases, we found no effect of glibenclamide, whereas in
other cases, we found a potent blocking effect. When the prob-
lem of nonassociated Trpm4 was eliminated by studying the
Surl-Trpm4 fusion protein, we found the expected high sensi-
tivity to glibenclamide, with >90% block with 1-5 um gliben-
clamide, as reported for native channels (17), and significantly
greater than the ~5% block produced by the same concentra-
tions of glibenclamide with Trpm4 alone. Because the Surl
activator, diazoxide, is without effect on Trpm4, co-expression
experiments in which closed channels were activated using
diazoxide were not confounded by nonassociated Trpm4. An
important question for future experiments will be to determine
how it is in nature that Surl-associated Trpm4 is favored over
unassociated Trpm4 in conditions of CNS injury, as implied by
the high sensitivity to glibenclamide (IC;,, 48 nm) reported for
native Surl-Trpm4 channels in astrocytes from hypoxic gliotic
capsule and neurons from ischemic cortex (17, 37).

The favored glycosylation states for the subunits of K 5.1, and
Surl-Trpm4 channels appear to be different. Kir6.2 lacks
N-linked glycosylation sites, but Surl (21, 26) and Trpm4 (38)
are found in two glycosylation states, core-glycosylated and
highly glycosylated. With K, , channels, co-association of
Surl with Kir6.2 promotes glycosylation of Surl (21), and gly-
cosylation is required for efficient surface expression (26). By
contrast, with Surl-Trpm4 channels, co-association of Surl
with Trpm4 appears to favor noncomplex glycosylation. Co-
immunoprecipitation of Surl and Trpm4 revealed predomi-
nantly core-glycosylated forms of both proteins, not only in the
heterologous COS-7 co-expression system but also in tissues
from spinal cord injury. Because complex glycosylation occurs
in the Golgi apparatus, the finding that co-associated Surl and
Trpm4 are only core-glycosylated suggests that they associate
in the endoplasmic reticulum, before transit to the Golgi, and
that co-association hinders complex glycosylation of the
assembled Surl-Trpm4 channel.

Our patch clamp experiments demonstrated that co-assem-
bly of Surl with Trpm4 has important functional implications.
By co-assembling with Surl, Trpm4 gained sensitivity to
diazoxide and to sulfonylurea drugs such as glibenclamide.
Also, Trpm4 doubled its apparent affinity for CaM, resulting in
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a doubling of its sensitivity to physiological concentrations of
intracellular Ca>". Given that the primary identified function
of Trpm4 is to act as negative feedback on Ca** influx (4, 5), we
speculate that the increase in sensitivity to Ca>* may be the
principal adaptive advantage conveyed by the association with
Surl. To date, Surl coupling with Trpm4 has been identified
only under conditions of acute CNS injury, suggesting that de
novo up-regulation of Surl-Trpm4 channels may serve a role in
protecting cells from the excess Ca®" influx frequently encoun-
tered under pathological conditions involving the CNS.

The co-association of Trpm4 with Sur1 also confers sensitiv-
ity to Mg>*-ATP. As compared with Trpm4 alone, exposure of
Surl-Trpm4 channels to Mg " greatly amplified the effect of a
subsequent decrease in the intracellular ATP concentration.
This effect of Surl coupling may be of biological significance in
CNS ischemia/hypoxia or other conditions associated with
severe ATP depletion, wherein the unchecked influx of mon-
ovalent cations resulting from ATP depletion would predispose
to oncotic cell swelling and necrotic cell death (28, 34, 37). This
specific effect of coupling Surl and Trpm4 may account for the
observations that pharmacological inhibition or gene suppres-
sion of either Surl or Trpm4 is highly protective in a variety of
CNS injuries (10); the presence of either Surl or Trpm4 alone is
not harmful, but when they co-associate, there is a much
greater likelihood that ATP depletion will have a rapid, deadly
effect on the cell.
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