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ABSTRACT. We have expressed the pore-formiags (skeletal muscle isoform) andic (cardiac/brain
isoform) subunits, as well as the accesspsy(cardiac/brain isoform) and,/6 subunits of the L-type,
dihydropyridine-sensitive calcium (Ca) channelsSpodoptera frugiperdansect cells (Sf9 cells) by
infection with recombinant baculoviruses in order to facilitate biochemical studies of these rare,
heteromultimeric membrane proteins. Since the L-type channels are believed to be regulated by protein
phosphorylation, this expression system allowed us to investigate which subunits could act as substrates
for protein kinase A and C (PKA and PKC) and to determine the potential role of subunit interactions in
phosphorylation of the channel proteins. Using purified protein kinaségo, the membrane-associated

ous, 0ic, andfBz4 subunits were demonstrated to be phosphorylated stoichiometrically by PKA. The extent
of phosphorylation of these subunits by PKA was similar whether the subunits were expressed alone or
in combination. In addition, theuc and 24 subunits were phosphorylated stoichiometrically by PKC
when expressed individually. In contrast, tfags subunit, when expressed alone, was a poor substrate

for PKC, despite the fact that this subunit has been shown to be an excellent substrate for PKC in native
skeletal muscle membranes. Interestingly, co-expressionivith the 524 subunit restored the ability

of the a;s subunit to serve as a substrate for PKC. These results strongly suggests that subunit interactions
play an important and potentially differential role in channel regulation by PKC, whereas phosphorylation
of the same subunit by PKA occurs independent of subunit interaction. Furthermore, our results provide
biochemical evidence that, when co-expressedgtldeos, andS2, subunits of L-type C& channels are
excellent substrates for PKA and PKC and support the hypothesis that phosphorylation of each of these
subunits may participate in channel regulation by these kinases.

L-type calcium (Ca) channels are voltage-dependent, the aic, 824 andoy/d subunits, is a textbook example of an
heteromultimeric proteins that allow for Ca entry into a ion channel that is regulated by phosphorylation. However,
variety of cells {, 2). Various isoforms of the pore-forming  detailed biochemical information regarding the protein phos-
as-subunits have been identified and shown to complex with phorylation reactions involved in the regulation of these
the “accessoryti,/6 andj subunits that play critical roles  L-type Ca channels is considerably limited because the
in channel assembly and function. Many studies have shownchannels are rare, complex membrane proteins that have been
that L-type channels can be modulated by neurotransmittersexceedingly difficult to study in native tissues. L-type
and hormones in a variety of tissues via receptor-mediatedchannels are relatively more abundant in skeletal muscle,
activation of signal transduction pathways involving protein and the phosphorylation of the s andg; subunits that are
kinases. Notably, in cardiac and neuronal cells extensive part of the skeletal muscle L-type channels has been
electrophysiological studies have supported the widely held characterized biochemicallg{11). However, there is still
hypothesis that phosphorylation of L-type channels by protein much to learn. For example, little is known about the role
kinases is an important regulatory mechanidn®?. Indeed, of accessory subunit interactions in kinase-mediated regula-
the cardiac L-type channel, which is predicted to contain tion. The structural and functional characteristics of subunits

of L-type Ca channels in skeletal muscle differ significantly

R from those of their relatives in cardiac muscle and neurons.
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whether the truncated forms of the proteins arise as a result
of a post-translational processing event or as an artifact of
cell lysis and protein isolation procedures. Phosphorylation
studies of full-lengthoy subunits have been especially 1
difficult because in most cases this form of the proteins, if
detectable at all, has been observed to constitute only a very
small percentage of the total natige subunit in isolated
membrane preparationd3—16). We have expressed the
cDNAs for several components of cardiac and skeletal
muscle L-channels in insect cells with recombinant bacu-
loviruses in order to allow for detailed biochemical analyses
of these rare membrane proteins. We have obtained new
insights into which subunits may actually serve as substrates
for protein kinases known to regulate L-channel function and
novel information concerning the role of subunit interactions
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MATERIALS AND METHODS
Viruses, Antibodies, and Other Reageng&900I1l serum-

free insect cell media (normal and methionine-free/cysteine-

free) was purchased from Gibco/BRL. All other materials
were from standard or previously described sources.

The cDNAs encoding the;c, 25 anda,/d subunits were
generously provided by Drs. Lutz Birnbaumer, Arthur

Brown, Ed Perez-Reyes, and Xiangyang Wei. To add either

the KT3 T-antigen epitopel{) to the carboxy-terminus of
the 525 OF a/d subunits, or the GluGlu epitopd §) to the
amino-terminus of theosc subunit, primer pairs were

constructed which correspond to 18 nucleotides of the subunit . 107

o170 Ab

|<_ vs. entire o,/8 peptide
1 934
[
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| ————

Alpha2 Ab  *° KT:N
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Ficure 1: Key to subunit-specific and epitope-specific antibodies.
Shown are the regions recognized by the (Sk N, Sk I, and Sk
C), auic (Card | and Card C)32a (82 andfgen), anda/d (a170 and
Alpha2) specific antibodies. Also shown are the positions of the
GluGlu and KT3 epitopes on the;c, 25 anday/d subunits.

were harvested-72 h post-infection. Cells were pelleted
by centrifugation at 10apfor 10 min and resuspended at 1
cells/mL in ice-cold homogenization buffer (SfOHB)

0,/0:

coding sequence. One primer of each pair also Containedcontaining 20 mM Tris-HCI pH 7.4, 5 mM EDTA, 5 mM

the sequence encoding the appropriate epitope tag. DNA
fragments containing the tag sequence were amplified by
PCR before subcloning into the pAcC13 transfer vector. The

e P22 anday/d recombinant baculovirusesi{c BV, S2a
BV, and a,/6 BV) directing expression of the tagged Ca

channel subunits were generated using standard technique

(19). After co-transfection of Sf9 cells with wild-type viral

DNA and the appropriate transfer vector, recombinant viruses

were isolated by plaque purificatioB®. Theous BV was
a generous gift of Dr. Linda Hall.

EGTA, and protease inhibitors. Unless otherwise noted,
“protease inhibitors” consist of the following: 184y of
iodoacetamide (IAA)/mL, 17.4g of phenylmethylsulfonyl
fluoride (PMSF)/mL, 10ug of soybean trypsin inhibitor
%SBTI)/mL, 1ug of aprotinin/mL, 1.4ug of pepstatin A/mL,

nd 20ug of leupeptin/mL. Cells were mechanically lysed,
and the homogenate was centrifuged at I0fa® 5 min to
remove nuclei and unlysed cells. The supernatant was
centrifuged at 1000@or 30 min to yield a crude membrane
fraction (pellet) and a cytosolic (supernatant) fraction. The

_ Epitope-tag directed and subunit-specific antibodies used pe|let was resuspended in SfOHB and centrifuged a second
in this study were designed against regions indicated in tjme at 100009 for 30 min. The membrane fraction was
Figure 1. Generation and characterization of the subunit- finally resuspended in a minimal volume of SfOHB. Crude

specific antibodies Sk N, Sk I, Sk C, Card C, Card34,
and fgen have been previously describe@1¢-23). The
monoclonal GluGlu and KT3 antibodiesl{, 1§ were
generously provided by Dr. Gernot Walter. The polyclonal
o170 antibody 24), which recognizes both the, and 6

membrane preparations were either used immediately for
experiments or aliquoted and stored in liquid nitrogen until
use.

SDS-PAGE was performed using standard meth@%. (
For non-reducing conditions, IAA was used in Laemmli

Lazdunski. The polyclonal alpha2 antibody was generated 5 final concentration of 8 mM IAA in samplesWestern

against a peptide comprising amino acid residues-10d%
located in the amino terminus of the, peptide 25).

blot analysis, whole-celPH]PN200-110 binding assays, and
immunofluorescence staining of infected Sf9 cells were

Following peptide coupling to keyhole limpet hemocyanin nerformed as previously describezp),.
(KLH) using standard protocols, the antibody was prepared ' Bijotinylation of Surface ProteinsSurface (plasma mem-
in rabbit using the custom antisera production service of prane) proteins of infected Sf9 cells were labeled with biotin,

Bethyl Laboratories (Montgomery, TX).
Insect Cell Culture and Infectioninsect cells were grown

where indicated, immediately prior to isolation of crude
membranes. Cells were gently pelleted (0B min) and

either in suspension culture or monolayers in Sf900Il serum- resuspended at a concentration of 30 cells/mL in Sf900lIl

free media at 27C and infected using standard procedures media.

(19, 26.

Immunopure Sulfo-NHS-LC-Biotin (Pierce) was
added to the cell suspension at a concentration of 0.56 mg/

Crude Membrane Isolation and Analysis of Expressed mL. Cells were rocked at room temperature for 30 min,

Subunit Proteins Unless otherwise noted, infected Sf9 cells

and then crude membranes were isolated.



Phosphorylation of Expressed Ca Channel Subunits Biochemistry, Vol. 36, No. 31, 1998607

Metabolic Labeling of Expressed Protein€ells were with an equal pellet volume of 4% SDS and ZKIE and
infected as described above and after-a21h incubation heating at 95C for 5 min. The SDS andME were diluted
with virus, the innoculum was aspirated (monolayer cultures) by addition of 9 vol of PDB to final concentrations of 0.2%
or cells were gently pelleted (suspension cultures) ag500 and 0.1%, respectively. Eluted proteins were then precipi-
5 min. Infected cells were then incubated with methionine- tated by incubation with immobilized avidin overnight. The
free/cysteine-free Sf900 media (19/20 of desired final media avidin precipitated proteins were washed, eluted, and ana-
volume) fa 1 h to deplete intracellular Met/Cys stores. lyzed as described above.

Subsequently, 1520 uCi/mL of Expre®®S®®S protein label-
ing mix (Dupont NEN) and 1/20 vol of normal Sf900Il media RESULTS
were added. Cells were harvested afté2 h as described.

In Vitro Phosphorylation StudiesThe catalytic subunit
of protein kinase A was purified to homogeneity from bovine
heart according to2@); protein kinase C was purified from
avian brain as described previousB9]. Crude Sf9 cell
membrane preparations were phosphorylateditro with
PKA and PKC using methods modified from those previ-
ously described forin vitro phosphorylation of channel

The objective of these studies was to establish an heter-
ologous expression system that could facilitate biochemical
studies of the phosphorylation of channel proteins. Before
proceeding with phosphorylation studies, we determined if
channel subunits expressed in insect cells exhibited their
expected biochemical and functional properties. This was
necessary as previous studies of‘addannel expressed with

proteins in rabbit skeletal muscle transverse-tubule prepara-iNe baculovirus expression system yielded a largely insoluble,

tions @, 4). The differences from previous techniques were nonfunctional protein30, 31.
that membrane proteins were phosphorylated on ice for 30 Expression of theuc and aus Subunits. The auc subunit,
min at 0.5 mg of protein/mL final concentration for PKA believed to be the pore-forming channel subunits of L-type
reactions and for 60 min at 0.2 mg of protein/mL final channels in heart, smooth muscle, and brain, was expressed
concentration for PKC reactions. Phosphorylation was testedWith the GluGlu epitope at its amino-terminus (Figure 1)
at multiple temperatures, including between room temper- and recognized by the GluGlu antibody as a protein present
ature and 30C with no observed differences in the extent in crude membrane preparations fraat BV infected cells
of phosphorylation. However higher temperatures did result (Figure 2a, lane 2) but not in preparations from non-infected
in increased background phosphorylation in the “no kinase cells (Figure 2a, lane 1). The molecular mass of the
added” reaction probably as a result of activation of €Xxpressedc subunit protein was calculated to be 240 kDa
endogenous kinases present in the crude membrane prepardy Ferguson plot analysi82) (data not shown). This result
tion. Since crude membrane fractions were being used,agrees well with the 242 771 Da molecular mass predicted
incubations on ice for longer periods of time were used in for aucfromits cODNA (33). Two additional antibodies, Card
order to minimize proteolysis and minimize background C and Card I, specific for carboxyl-terminal and internal
phosphorylation. Membranes were then pelleted by cen- regions of thea,c protein respectively (see Figure 1), also
trifugation at 100000 for 30 min and resuspended in 200 recognized the same 240 kDa protein frame BV infected
uL of 2x phosphoprotein homogenization buffer(ZPHB) cells (Figure 2a, lanes 3 and 4). Pre-immune antisera for
containing 40 mM Tris-HCI, pH 7.4, 100 mM NaF, 50 mM Card | and Card C, as well as membrane proteins from non-
NaKPQ, 10 mM EDTA, 10 mM EGTA, X protease infected or wild-type virus infected Sf9 cells, were non-
inhibitors. Membranes were solubilized by addition of 200 reactive (data not shown). These results demonstrated that
uL of 2% SDS for 5 min followed by dilution to 0.2% SDS  the auc BV directed expression of a full-lengtin.c subunit
with phosphoprotein dilution buffer (PDB) containingk1 ~ Protein. Further evidence that the epitope tag ane
PHB plus 0.8% digitonin, 0.25% sodium cholate, 500 mM specific antibodies were reacting with the same expressed
NaCl. Insoluble material was removed by centrifugation at Protein came from immunohistochemical studies. Dual-
5000y for 10 min. Soluble proteins were immunoprecipitated Staining ofauc BV infected Sf9 cells with both the GluGlu
overnight with the appropriate antibody (Card | fore, Sk and Card C antibodies resulted in identical patterns of
N for aus, andfgenfor f22) precoupled to immobilized protein ~ reactivity (Figure 2b). Peak expression @fc was deter-
G. The immunoprecipitation complex was pelleted by brief mined to occur between 60 and 84 h post-infection (data
centrifugation and washed 5 times with at least 10 pellet Not shown). In subsequent experiments, infected cells were
volumes of cold PDB per wash. The immunoprecipitated harvested 72 h post-infection unless otherwise indicated. Both
proteins were eluted by addition of 3 vol of PDB and 1 vol ionic and nonionic detergents, including digitonin (6.5
of Laemmli buffer, heated at 95C for 5-10 min, and  1.0%) and CHAPS (0:51.0%), proved capable of solubi-
analyzed by SDSPAGE, Western blotting, and phosphor- lizing a significant fraction ofa,c from the insect cell
imaging. With co-expressed subunit proteins, two sequentialmembranes (data not shown), in contrast to what was
immunoprecipitations were used to isolate the subunit Observed upon expression of & khannel in Sf9 cells30,
proteins. For example, in the case of co-expressednd 31).
B2a Subunits, the supernatant (non-precipitated proteins) after We metabolically labeled;c BV infected Sf9 cells with
immunoprecipitation with the Card | antibody was subse- [3*S]methionine and®S]cysteine in order to quantitate levels
quently incubated 412 h with thefqenantibody precoupled  of expressed;c protein. After immunoprecipitation of the
to immobilized protein G. Immunoprecipitation complexes [**S]oyc with the Card | antibody varying amounts were
were washed, eluted, and analyzed as described. analyzed by phosphorimaging and Western blotting with the
For some experiments, membranes from biotin-labeled Card C antibody (Figure 2c). By guantitation of tFRS-
cells were used so that surface expressesubunit protein label it was determined that Sf9 cells express approximately
could be separated and analyzed. After immunoprecipitation2 pmol ofauc per mg of crude membrane fraction, which is
and washing, precipitated proteins were eluted by incubation 10—50-fold higher than the amount expressed in heart and
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Ficure 3: Expression of the L-channel;s subunit in Sf9 cells.
i Membrane fractions from non-infected cells (lanes 1 andxyy,
C. %8-image Western biot BV infected cells (lanes 2, 4, and 6), and rabbit skeletal muscle
' transverse tubules (lanes 3 and 5) are shown stained with the Sk N
e > | h n w M h (lanes 1 and 2, and left-half of lane 3), Sk | (right-half of lane 3,
lane 4, and left-half of lane 5), and Sk C (right-half of lane 5, and
> lanes 6 and 7) antibodies. Note that lanes 3 and 5 were cut down
i - the middle (indicated by arrowheads) and each half-lane was stained

d i with the indicated antibody. Arrows show the positions of the
. Standard curve for conversion of Card C Ab .

staining to pmol . subunit protein expressed (closed arrow) and native, truncated (open angyv)

o subunits.
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FiGure 2: Expression of L-channel;c subunits in Sf9 cells. (a)
Western blot analysis of crude membrane fraction from non-infected MOI: 0.05 0.1 05 1 5 10 50 100

(lane 1) orouc BV infected (lanes 24) Sf9 cells. Shown is staining  pgyre 4: Expression of the L-channghs subunit in Sf9 cells.
with the GluGlu (lanes 1 and 2), Card | (lane 3), and Card C (lane \yestern blot of crude membrane proteins from cells infected with

4) antibodies. The GluGlu antibody also stained 270 kDa 12 BV at increasing multiplicities of infection. Immunostaining is
protein in both infected and non-infected cells that likely represents \yith anti-KT3 antibody.

non-specific reactivity. (b) Immunohistochemical analysisugf

BV infected Sf9 cells stained with the Card C Ab (left) or the f f . bbit skeletal | bul
GluGlu Ab (center). Card C Ab staining was detected using [0rM Of aus In rabbit skeletal muscle transverse tubules

fluorescein-tagged anti-rabbit secondary antibody and GluGlu Ab (Figure 3, compare lanes 2, 4, and 6 with lanes 3 and 5).
staining was detected using rhodamine-tagged anti-mouse secondariote the truncated natiwe;s reacted with the Sk N and Sk
antibody. Light micrograph of stained cell is shown on the right. | gntibodies but not with the Sk C antibody (Figure 3, lanes

(c) After immunoprecipitation with the Card | Ab, increasing N . . 2
amounts (from left to right following arrows) of labelegc subunit 3 and 5), confirming previous observations that it is truncated

protein was analyzed BS-imaging and immunostaining with the ~ @t the carboxyl-terminusl@, 16, 2). Thus the aberrant
Card C Ab. (d) Standard curve generated from data in panel c migration of the expressed s at 185 kDa, which is below

relating picomoles obuc subunit to intensity of Card C staining.  jts predictedM,, is consistent with that noted for the native

brain. The quantitation of Card C immunostaining by ©isProtein @6).
densitometry allowed the generation of a standard curve EXxpression of th@,. Subunit. The 5., BV was designed
relating Card C staining to pmol afi;c subunit protein to direct the expression of a KT3 epitope-tagg@egsubunit
(Figure 2d), which was valuable for determining the stoi- protein (see Figure 1). On Western blots, monoclonal anti-
chiometries of phosphorylation (see below). KT3 antibodies recognized an70 kDa protein in crude

In a similar fashiongys BV infected cells expressed an membrane fractions froifi,, BV infected Sf9 cells (Figure
~185 kDa full-length form of the skeletal musalgs subunit 4) but not from non-infected cells (data not shown). The
protein as assessed by Western blot analysis with the Sk N,molecular mass of the expresggdprotein agreed well with
Sk C, and Sk | antibodies (Figure 3, lanes 2, 4, and 6), which that predicted by th8.,cDNA, 68 191 Da 85). However,
were generated versus the amino, carboxyl, and internalall of the expressed protein was found to be associated with
portions ofoys (see Figure 1). Membranes from non-infected the particulate fraction; at lower multiplicities of infection
cells were unreactive (Figure 3, lanes 1 and 7). ®he (MOls), increased resolution of immunostaining revealed
cDNA predicts a protein of~212 kDa (4). However, multiple isoforms of the express@d, subunit protein (Figure
previous studies in native skeletal muscle have demonstratedt) as has been observed previously in mammalian expression
that both full-length and truncated;s proteins migrate  systemsZ2). At higher MOls, thg32a subunit was expressed
aberrantly on SDS geld ). The expressed full-lengity s at very high levels and was readily visualized as a major
migrated similarly to the~190 kDa full-length nativen;s band after Coomassie Blue staining of membrane proteins
which was shown by Ferguson analysis to be 214 K. ( (data not shown). Quantitation 8§, subunit expression by
Indeed, the expresseds migrated slower than the truncated 2°S-labeling (shown in Figure 7) revealed that Sf9 cells
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FIGURE 5: Expression of L-channel,/d subunit in Sf9 cells. (a) Western blot analysis of expressed and natidesubunit after reducing

(lanes 1-3) and non-reducing (lanes 4 and 5) SEFFAGE. Lane 1, expressath/d subunit with anti-KT3 Ab staining. Lanes 2 and 4,
expressedt /0 subunit withal70 Ab staining. Lanes 3 and 5, natieg/d subunit from rabbit skeletal muscle t-tubule witt170 Ab

staining. In both panels the proposed "pro-form" of tb& subunit (open arrow) and the "mature", processed peptides (closed arrows) are
indicated. (b) Western blot showing staining of expresdezlibunits. Expressed,/d subunit was subjected to reducing SEFFAGE

followed by Western blot analysis using thé70 Ab. Stained protein bands are labeled as described for panel a. (c) Western blot showing
effects of tunicamycin treatment on expressiomgd subunit in Sf9 cells. Cells were infected wiita/0 BV and either left untreated (lane

1) or incubated with 10 mg of tunicamycin/mL at 22 h (lane 2) or 46 h (lane 3) post-infection. Crude membrane proteins were isolated at
70 h post-infection and subjected to Western blot analysis with the alpha2 Ab. Stained protein bands were labeled as described for panel

a.

express up to 200 pmol gk, protein/mg of crude membrane
proteins.
Expression of thew,/6 Subunit. The nativeo,/é subunit

kDa disulfide-linkeda,/d subunit which, under reducing
conditions, dissociated to an140 kDao, peptide andd
peptides of 2932 kDa. This corresponds well with the

is the product of a single gene which predicts a protein of behavior of the native,/6 subunit. (Reasons for the lack

~120 kDa @5, 36, 3]. Evidence suggests that the product

of staining of the expressedpeptides by the KT3 antibody

of the a,/0 gene undergoes extensive post-translational and inconsistent staining by thel 70 antibody are unclear

processing resulting in a heavily glycosylated peptide
disulfide bonded to a membrane-anchoringeptide 86—

but may be due to reduced immunoreactivity resulting from
aberrant glycosylation of these peptides as suggested by

38). Theo, andd peptides are separated under the reducing molecular masses slightly higher than were expected.)

conditions normally used in SBSPAGE and migrate as
proteins of 140 and 2626 kDa, respectively.

The expressed,/o protein was analyzed by reducing and
non-reducing SDSPAGE (Figure 5a) and compared to the
native ap/d protein from rabbit skeletal muscle t-tubules.
Both the KT3 andal70 antibodies stained an expressed
protein of~120 kDa under reducing conditions (Figure 5a,
lanes 1 and 2). In addition, thel70 antibody stained an
expressed protein 0f£140 kDa (Figure 5a, lane 2). Ex-
pressed proteins 6£29—32 kDa were also stained by the

170 antibody (Figure 5b) however, staining of these proteins

Co-Expression of L-Channel Subunitén order to co-
express the L-channel subunits, Sf9 cells were simultaneously
infected with the desired combination of recombinant viruses.
Western blot analysis of crude membrane fractions showed
that Sf9 cells were able to co-express various combinations
of channel subunit proteins (Figure 6a). Immunohistochemi-
cal analysis demonstrated co-expression of the subunit
proteins in single cells (data not shown), although cells
expressing only one subunit were also detected (data not
shown).

Numerous studies in mammalian cells have established

was inconsistent (not seen in lane 2 of Figure 5a). The nativethat co-expression of channel subunits can modulate the

t-tubulea/d subunit migrated as am, peptide at~140 kDa
and o peptides at 2626 kDa (Figure 5a, lane 3). Under
non-reducing conditions thel70 antibody stained expressed
proteins of~120 and~170 kDa (Figure 5a, lane 4) while
the native t-tubulex,/6 migrated at~170 kDa (Figure 5a,
lane 5). (Nonspecific staining of &195 kDa protein by

ability of the a; subunit to bind dihydropyridines (DHPs), a
class of drugs that specifically target L-type Ca chanrizs (
35, 39-42). We therefore performed DHP binding studies
to obtain an indication that the expressed subunits formed
functional complexes in the Sf9 cells. When expressed alone
the ayc subunit displayed no measurable binding of the

o170 was observed under both reducing and non-reducingradiolabeled DHP antagonisBH]PN200-110, at concentra-
conditions, Figure 5a, lanes 2 and 4, and Figure 5b.) Similar tions of up to 10 nM in either membrane or whole cell

results were obtained with anothet-specific antibody

binding assays. However, whernc was co-expressed with

(Figure 5c¢, lane 1). We observed that expression of the both thea,/d andf,, subunits, HJPN200-110 binding was

~120 kDa protein preceeded that of tkd 40 kDa protein
(data not shown) and incubation of infected cells with
tunicamycin, a widely used inhibitor of N-linked glycosyl-
ation, resulted in no detection of thel40 kDa protein and
increased levels of the 120 kDa protein (Figure 5c¢, lanes
2 and 3). On the basis of these results th# subunit
appeared to be expressed asd?0 kDa “pro-form” (non-
glycosylated, non-processed) and was processedtdl@n

restored with affinity nearly equivalent to that of native
channels43, 44. Results from Scatchard analyses gave a
Kg 0of 0.204+ 0.06 nM ( = 5). TheBmax values calculated

for these five experiments were 40, 116, 154, 648, and 1240
fmol per milligram of whole-cell protein. The variability

in Bmax data may reflect differences in co-infection efficiency
between experiments. Limited binding studies were also
performed for thex;s subunit. A low level of saturable DHP
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FiIGURE 6: Co-expression of L-channel, a,/d, andf2, subunits = """"'_"_ﬂ e -.-Ill
in Sf9 cells. (a) Western blot analysis of membrane proteins from Time: oo T2 61020 * 0081 25 1020
cells co-expressing Ca channel subunits. Shown isttgesubunit (min)
co-expressed with thé,, subunit (lane 1) or both the,/0 andfza s{ v era
subunits (lane 2). Lanes 1 and 2 were simultaneously stained with = PKC
the Card Cf,, and alpha2 antibodies. Also shown is thg subunit 4]] * NKA)
co-expressed with th@z, subunit (lane 3). Lane 3 was simulta- 4 NK©)

neously stained with the Sk N anfd, antibodies. (b) Co-
immunoprecipitation of co-expressed L-channel subunits. Lane 1,
Western blot of crude membrane starting material prior to solubi-
lization and immunoprecipitation showing co-expression of both
o1c andfz, subunits. The Card C an} antibodies were used for
immunostaining. Shown is 1/10 (100g) of the total crude
membrane starting material used for the co-immunoprecipitation
assay. One mg of the crude membrane proteins shown in lane 1 O 2 50 75 100 35 ite s =m0 %
was solubilized with 1% digitonin followed by immunoprecipitation Time (min)

with the Bq4en Ab only. In lane 2, the entire immunoprecipitation

Stoichiometry
(mol P/mol protein)
N Jm

d FiGUre 7: In vitro phosphorylation of expressgti, subunits by

pellet was analyzed by Western blot. Immunostaining with the Car .
PR ~ initeted PKA and PKC. (a) Membranes were prepared figypexpressing
€ andf, antibodies shows presence of co-immunoprecipit Sf9 cells after metabolic labeling wit®8]methionine and subse-

subunit in addition to directly precipitatgtl, subunit (lane 2). Since o - e
the f3,a subunit expressed at higher levels (see text for details), the dUENtly used inn uitro kinase assays with either PKA or PKC as
immunoprecipitate likely containggbs subunit complexed withuc indicated. Shown is a phosphorimage with (left) and without (right)

as well as free, noncomplexgda as was suggested by the relative P10CKing of *S-label (see text for details). The "no kinase” (NK)
intensities of immunostaining by the Card C ahdantibodies in  |2ne containing only*S-labeled membranes is shown as a control
lane 2 for the blocking procedure. (b) Time course @f, subunit

phosphorylationin vitro by PKA (inverted triangles) and PKC

FE ; (squares). Results from control (no kinase added) reactions are
binding was observed when thes subunit was expressed shown for both PKA (diamonds) and PKC (triangles). Inset,

alone, and co-expression with tffg, subunit resulted in @ phosphorimage data used to generate time course curves.
10-fold increase in thBmax (data not shown). These results
suggested that the co-expressed channel subunits interactebdecause thexic and (2, subunits have been extremely
and were able to display properties of functional channel difficult to detect in native tissues. Previous studies,
complexes in the Sf9 cell membranes. including two recent ones, have examined phosphorylation
Results from co-immunoprecipitation studies also sup- of the oic subunitin witro by PKA; however, in each of
ported this conclusion. Th@ge, antibody was used to these thexc protein was firstimmunopurified before being
precipitate digitonin solubilized proteins fromc¢ BV and phosphorylated rather than being studied in its membrane-
f2a BV infected Sf9 cells. Immunoblot analysis of the associated state, and, in one report, only the carboxy-terminus
precipitated proteins with the Card C aigd antibodies of theayc protein was studied after its expression as a fusion
showed that, in addition to thg&, subunit protein, thetc protein (L5, 45-47). In addition, little has been reported
subunit was also precipitated by tj#g., antibody (Figure regardingouc as a substrate for PKC, and phosphorylation
6b, lane 2). Thegenantibody was unable to precipitate the of the .. subunit is virtually unstudied. Lastly, several
expressedy c subunit withou3,, subunit co-expression (data  electrophysiological studies have suggested that subunit
not shown). interactions may be necessary for certain phosphorylation
Phosphorylation of thenc, aus and B2a Subunits by  reactions to occur, but this has not been directly investigated
Protein Kinases A and CL-type channebt; andf subunits in biochemical studiesd8—52). We investigated the ability
contain consensus sites for phosphorylation by the cAMP- of the expressed, membrane-associaigg ous, and f2a
dependent protein kinase (PKA) and/or protein kinase C subunits to serve as substrates, alone or in combination, for
(PKC) and thus represent potential targets through which PKA and PKCin vitro. (Note all phosphorylation reactions
regulation of channel function by phosphorylation may occur. described here were performeduitro.)
In contrast, the “universalti,/d subunit does not appear to The f2a subunit is predicted by sequence analysis to
be a target of phosphorylation. While the regulation of contain PKA and PKC phosphorylation sites and, indeed,
L-type channels by protein kinases has been extensivelywhen expressed alone was found to be an excellent substrate
studied using electrophysiological techniques, very few for PKA and PKCin wuitro (Figure 7). The stoichiometry
biochemical studies have determined the ability of channel of phosphorylation of th@,, subunit was determined using
proteins to act as substrates for these enzymes, largelya dual-labeling method. After metabolic labeling of the
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expresseg,, subunit with f°S]methionine, crude membrane 3.

preparations were phosphorylaiaditro with PKA or PKC. Phosphorimage Immunoblot
Since ar®®S signal can be easily blocked with a thin plastic T 2 3 4 5 6 7 8
sheet, it was possible to quantitate both¥seand®?P signals PKA  + - - - + - - -
from the 3,4 subunit by phosphorimaging with and without PKC - - + - - - + -
blocking of the®*S signal (Figure 7a). After conversion of d

355 and?®*?P signals to moles of,, protein and moles of i

phosphate, respectively, the stoichiometry of phosphorylation %c = . ! " ‘ 1' . e
was calculated. When no purified exogenous kinase was ' '

added to phosphorylation reactions that contained the

supplementary reagents for either PKA or PKC phosphoryl-

ation, approximately one mole of phosphate per mole of b. Phosphorimage Immunoblot
protein was incorporated into the expresggd subunit
(Figure 7b) by endogenous Sf9 cell kinase(s) in the crude
membrane preparation. Addition of PKA or PKC increased PKA  + 4+ =T + + - -
phosphorylation over the basal phosphorylation. The net PKC - -+ o+ a T
increase in stoichiometry was2 mol of phosphate per mole

of protein for PKA and 2 mol of phosphate per mole of

protein for PKC. Time courses of phosphorylation showed  o,g =

. F - p—
that both kinases rapidly phosphorylated the expregsgd Aoryg => PO h H -y ~ h

1 2 3 4 5 6 7 8

subunit (Figure 7b). PKC was observed to induce a mobility
shift in the 2, subunit (Figure 7b, inset).
The membrane-associatedc subunit, expressed alone,
was revealed to be an excellent substrate for both PKA andFiGure 8: In vitro phosphorylation of;c and oss subunits by
PKC. Large increases in phosphorylation were observed PKA and PKC. (a) Phosphorimage (lanes4) and corresponding
Western blot (lanes-58) of expressed.;c subunit phosphorylated

when either kinase was added to phosphorylation react|0nsby PKA (lanes 1 and 5) or PKC (lanes 3 and 7). Results from

containingauc in Sf9 cell membranes compared to reactions conrol (no kinase added) assays are also shown (lanes 2, 4, 6, and
with no added kinase (Figure 8a). The stoichiometry of 8). The Card C Ab was used for immunostaining. (b) Phosphor-
phosphorylation of expresseadc by both PKA and PKC image (lanes +4) and corresponding Western blot (lanes3} of

was determined using membrane preparations in which cell¢1s Subunit phosphorylated by PKA (lanes 1, 2, 5, and 6) or PKC

. . (lanes 3, 4, 7, and 8). Odd-numbered lanes contain expressed
surfaceasc could be isolated as a consequence of biotinyl- subunit while even-numbered lanes contain nativesubunit from

ation. Cell surface expressedc was specifically separated  rappit skeletal muscle. Sk N Ab was used for immunostaining.
and studied because we felt that it represented the most

appropriately processed or “native-like” fraction of the to Western blot signals were used to determine the phos-
expressedyc and because we wished to avoid studying phorylation of a channel subunit protein by a purified kinase.

that was being processed by either biosynthetic or degrada-In general, differences in phosphorimage signals are directly
tion pathways. We reasoned that this approach would allow dependent on the amounts of protein present, the specific
for accurate determination of stoichiometries of phosphor- activity of the label used, and the exposure time of the

ylation as the sites available for phosphorylation in the phosphorimage. It is important to note that in all cases the
membrane-associated protein are most likely to be availablephosphorylation observed when no kinase was added con-
physiologically. In particular, it was important to assess the stituted a small percentage of the phosphorylation observed
phosphorylation potential of the membrane-localiaggland when purified kinases were added to reactions. Furthermore,
to compare results to studies in which sites might be exposedwhen quantifying the responses the “no kinase added”
or occluded when studies are performed on immunoprecipi- phosphorylation was subtracted from the corresponding
tated proteinsi5, 45-47). Using a Card C standard curve “kinase added” phosphorylation to give the phosphorylation

such as that shown in Figure 2b, the stoichiometries of solely attributable to that mediated by the added purified

phosphorylation for the expressedc subunit were found  kinase. Phosphorylation of channel subunit proteins were
to be 1 mol of phosphate per mole of protein after compared after being converted to moles of phosphate per

phosphorylation by PKAn uitro (n = 2) and 2-3 mol of mole of protein thereby accounting for differences in amounts
phosphate per mole of protein after phosphorylation by PKC of protein, specific activity of the label, and phosphorimage
in sitro (n = 3). Standard curves relating moles afc exposure times from experiment to experiment. Given the

subunit protein to Card C antibody staining intensity were controls used, the results were very reproducible.
generated for each experiment to account for variability from  In contrast to theouc subunit, theoys subunit, when
experiment to experiment. The variability results from expressed alone, showed a slightly different and interesting
variability that arises in immunoprecipitation. Indeed the pattern of phosphorylation im vitro studies. The expressed
Western blots were performed to allow us to control for this ouswas readily phosphorylated by PKA (Figure 8b, lane 1)
variability in the quantitations. We assume that the diffuse and to a greater extent than the native carboxy-terminal
nature of the bands in the phosphorimage relate to the diffusetruncated form ofx;s from skeletal muscle (Figure 8b, lane
migration of theo, proteins. This is seen with expressed 2). To calculate the stoichiometries of phosphorylation, the
a; subunits as well as withy; subunits from native tissue  amounts of expresseths subunit protein were also deter-
and may be due to post-translational modifications of the mined using quantitative immunoblotting. The amount of
oy protein such as glycosylation. For the purposes of native oys in skeletal muscle t-tubule membranes was
analysis, only phosphorimage signals directly corresponding quantified by DHP binding and these values were used to
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generate standard curves relating antibody staining intensity
to pmol of a5 (data not shown). From this analysis it was
determined that phosphorylation by PKA vitro resulted

in incorporation of 6-7 mol of phosphate per mole of Sf9
expressedys subunit, while the native t-tubule;s incor-
porated 23 mol of phosphate per mole of protein. This
result was expected since additional phosphorylation sites
are predicted to be present in the carboxyl-terminus of the
full-length expressedy;s protein that are missing in the
carboxy-terminal truncated protein present in the t-tubule
membrane preparatiori§, 34). However, somewhat sur-
prisingly, theous subunit expressed alone failed to serve as
a substrate for PKC (Figure 8b, lane 3) while the truncated
ous from t-tubule was phosphorylated (Figure 8b, lane 4).
This suggested that the full-lengthys might contain
sequences that inhibited phosphorylation by PKC and/or that
other subunits might need to associate witk in order for

it to be a substrate for PKC (note that the native skeletal
musclea,sis truncated and complexed with theg/do andg;
subunits). We addressed these possibilities below.

Phosphorylation of Co-Expressed L-Type Channel Sub-
units by Protein Kinases A and An order to directly test
whether co-expression of subunits altered their ability to
serve as substrates for PKA and PKC, we performed
phosphorylation studies with theic or a;s subunits co-
expressed witlff,, in parallel with studies of the; subunits
expressed alone. Phosphorylation of éhe subunit by both
PKA and PKC was not changed upon co-expression with
the 524 subunit (Figure 9a); the stoichiometry of phosphoryl-
ation was identical to that obtained faic alone. Theoys
subunit also remained an excellent substrate for PKA when
co-expressed with th&, subunit in Sf9 cells with no change
in the stoichiometry of phosphorylation (Figure 9b, lane 3).
In contrast, thea;s subunit became an excellent substrate
for PKCin vitro when expressed with thi, subunit (Figure
9b, lane 1). The expresseds subunit was phosphorylated
to a stoichiometry of 23 mol of phosphate/mole of protein
by PKC. This extent of phosphorylation was very similar
to that obtained for the native truncateds (which is
associated with the natiyg subunit) from skeletal muscle

Puri et al.
a. 1 2 4 5 6 7 8
PKC: + - + - PKA: + - + -
S - - ! =W u
" ] i
Phosphor- Immuno- Phosphor- Immuno-
image blot image blot
b- 1 2 3 4 5 6 7 8
PKC + + - - + + - -
PKA - -+ o+ - - + +
; f= | Pl | il
Olyg mpp H H s
Aoyg => Bl bl § H ‘A
*
Phosphorimage Immunoblot
C. 1 2 3 4 5 6 7 8
PKC: + - + - PKA: + - + -
Boa > l - - . @ = H e
Phosphor- Immuno- Phosphor- Immuno-
image blot image blot

FiGure 9: In witro phosphorylation of co-expressed L-channel
subunits by PKA and PKC. (a) Membrane proteins from Sf9 cells
co-expressingric and 32, subunits were phosphorylatéa vitro

with either PKC (lanes 1 and 3) or PKA (lanes 5 and 7). Results
from control (no kinase added) assays are also shown (lanes 2, 4,
6, and 8). Thenyc subunit was immunoprecipitated and analyzed
by phosphorimaging (lanes 1, 2, 5, and 6) or Western blot (lanes
3,4,7,and 8). The Card C antibody was used for immunostaining.
(b) Phosphorimage (lanes-#) and corresponding Western blot
(lanes 5-8) of a;s subunit phosphorylated by PKC (lanes 1, 2, 5,
and 6) or PKA (lanes 3, 4, 7, and 8). Odd-numbered lanes show
results from experiments using s subunit co-expressed wifp,
subunit from Sf9 cells while even-numbered lanes contain native
os subunit from rabbit skeletal muscle. Asterisk highlights observed
phosphorylation oéi;sby PKC upon co-expression with, subunit
(compare with Figure 8b). Sk N Ab was used for immunostaining.
(c) Membrane proteins from Sf9 cells co-expressing and 324

(Figure 9b, compare lanes 1 and 2). This result demonstratessubunits were phosphorylatéd vitro with either PKC (lanes 1

a necessity for subunit interaction to occur in order to allow
for PKC-mediated phosphorylation afs whereas a similar
interaction does not appear to be required dgg phos-
phorylation by PKC. In addition, the results suggest that

and 3), PKA (lanes 5 and 7) or no exogenous kinase (lanes 2, 4, 6,
and 8). Thel,, subunit was immunoprecipitated, and analyzed by
phosphorimaging (lanes 1, 2, 5, and 6) or Western blot (lanes 3, 4,
7, and 8). The3, antibody was used for immunostaining.

the PKC sites are located proximal to the site of truncation particular, we provide the first evidence that (i) tffga

in the a5 carboxy-terminus as no additional sites for PKC subunit can be stoichiometrically phosphorylaieditro by
phosphorylation are contained in the full-length versus the both PKA and PKC, and by an endogenous membrane kinase
truncated versions af;s, in marked contrast to the situation in Sf9 cells; (ii) the membrane-bounahc subunit can be

for the sites of PKA phosphorylation in this subunit. stoichiometrically phosphorylated at two or three sites

Finally, we investigated whether co-expression affected ¢Itr0 by PKC; and (iii) phosphorylation of thess subunit
the ability of thef,, subunit to serve as a substrate for PKA by PKC requires association wnh_[hsgbunlt. In addltlon,_
or PKC. When co-expressed with toec subunit, thefsa here we report the first chz_iractenzatlon_of phqsphorylgtlon
subunit remained an excellent substrate for both kinases®! the f_uII-Iengthalc subunit by PKA while maintained in
(Figure 9c) and the stoichiometry of phosphorylation was the native environment of the plasma membrane. A number

identical to that obtained whefb was expressed alone.  Of Previous studies have detected phosphorylatiomeby
PKA,; however, in each case phosphorylation was performed

after immunopurification of the proteii$, 45-47). These

studies did not address the potential concern that sites of
The development of methods to successfully expressphosphorylation are exposed as a result of solubilization with

subunits of L-type Ca channels with recombinant baculovirus detergent, or occluded as a result of the interaction.,ef

has allowed for new insights into the events associated with with the precipitating antibody. While some information

regulation of these channels by protein phosphorylation. In existed about the phosphorylation of thes subunit from

DISCUSSION
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native skeletal muscle membrane3—(1), nothing was
known about the contribution of the other subunits to modify
ous phosphorylation.

When purified from native tissues, a significant fraction
of all L-type o; subunit isoforms have been shown to be, or
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recognition by PKC. When contrasted with studies of the
ouc subunit these results suggest that subunit interactions
may play differential roles in the regulation of distinct
channel isoforms by protein kinase mediated phosphoryl-
ation. Interestingly, in previous studies, we found that the

are postulated to be, truncated at their carboxyl-termini and, PKC-mediated phosphorylation of thes subunit in purified
as a consequence, lack one or more potential PKA and PKCand reconstituted skeletal muscle channels (consisting of

phosphorylation sitesl@, 15, 16, 45 Indeed, the majority
of the native a;c subunit purified from heart or brain

truncateduys, B1, v, andod) required a particular composi-
tion of lipids in the reconstitution mixture, while the PKC-

migrated on SDS gels as a carboxy-terminal truncated proteinmediated phosphorylation of tifesubunit had less stringent

of 195 kDa and failed to serve as a substrate for PK2, (

15, 45. In contrast, for reasons that are not clear, biochemi-

cal analyses of heterologously expressed L-charnel

requirements@0). Taken together with the present results,
the data suggest that phosphorylation ofdhesubunit may
be conformation sensitive. The effect of tiesubunit to

subunits have demonstrated expression of full-length proteinsmodify phosphorylation is also interesting in light of the

(15, 22, 41, 42, 47, 53 Given the possibility that the full-

results of recent electrophysiological studies in which certain

length o, subunits are components of functional channels neuronal voltage-dependent calcium channels requfred
in native tissues, and that the potential phosphorylation sitessubunit co-expression for PKC modulation of channel

located in the carboxyl-terminus may play critical roles in
channel regulation, we reasoned that the full-length

function to occur %2). Also, in other recent studies, it was
suggested thaB subunits play an important role in the

subunits expressed by the Sf9 cells provided an importantvoltage- dependent facilitation of channel activity, a process
opportunity to characterize the phosphorylation of these in which PKA has been suggested to play a ro®)(
normally rare and elusive membrane proteins. Recent studiesHowever, in none of these studies was phosphorylation of

have presented evidence suggesting®3an the carboxyl-
terminus of thea,c subunit to be a site of PKA phos-
phorylation @6, 47, 54. Itis likely that this site corresponds
to that which we have identified to be stoichiometrically
phosphorylateéh vitro in this study, since the truncatedc

is not a substrate for PKALR, 15, 45. PKC phosphorylated
the a;c subunit to a stoichiometry of-23 mol of phosphate

the channel proteins directly monitored. Thus, it was not
known if the requirement for thg subunits was to allow
for phosphorylation ofo; subunits, or for other reasons.
While further studies will be required to dissect out the
important contributions of each subunit, the present results
highlight the importance of monitoring the actual phos-
phorylation reactions in order to understand how subunit

per mole of protein. Several previous studies have suggestednteractions may modulate channel regulation by protein
that PKC regulates channels that are predicted to containkinases.

the ouc subunit @5, 49, 51, 5557). Additionally, a recent

The ouc and 22 subunits each served as excellent

study has implicated PKC phosphorylation of the neuronal substrates for PKA and PKC whether expressed alone or
a1 Subunit as an important regulatory mechanism in channeltogether, suggesting that phosphorylation of either subunit

modulation by G-protein subunit$®). Identification of
specific sites phosphorylated on thg: subunit by PKC will
be an important focus of future studies.

The phosphorylation data shown here with fhgsubunit

by these two kinases can occur independently. However,
the data do not yet provide insights into the question of

whether one or both subunits must be phosphorylated in order
to achieve channel regulation. Our results support the

are the first to clearly characterize this protein as a kinase hypothesis that regulation ofic containing (cardiac, smooth

substratein vitro. Stoichiometric phosphorylation of this

muscle, or brain) L-channels by protein kinases such as PKA

subunit by both PKA and PKC as well as the endogenous and PKC occurs as a result of direct phosphorylation of either
Sf9 cell kinase lends credence to the possibility that this or both thea,c and 5., subunits.

subunit may play an important role in channel regulation
(48, 51, 52, 59 Phosphorylation of thg subunit could be
particularly critical if theouc subunit is truncated in native

The phosphorylation studies described here were made
possible by the use of recombinant baculoviruses. Relatively
modest levels of expression were achieved for the pore-

cells and lacks the phosphorylation sites located in its forming oy subunits in Sf9 cells probably due to the fact

carboxyl-terminus. Future studies will focus on revealing
the phosphorylation sites on tifesubunit and their roles in
channel regulation.

Several previous studies using electrophysiological ap-

that these are very large hydrophobic proteins. However the
expression levels were in excess of those achieved in native
tissues and, by using cells grown in suspension culture, we
were able to produce protein amounts appropriate for

proaches have suggested that combinations of channebiochemical studies. In contrast, Sf9 cells express high levels
subunits might be necessary for phosphorylation to occur of multiple, membrane-localized isoforms of thg subunit.

(48—52). Here we present the first direct test of the ability
of the channel subunits to act as kinase substiategro

Expression of thew/d subunit in Sf9 cells and the observa-
tion of the non-glycosylated, non-processed, pro-form of the

when expressed alone and in combination. Of interest wasprotein provides a unique opportunity to study the processing

the finding that thex, s subunit could only serve as a substrate
for PKC in vitro when co-expressed with th#, subunit,
providing the first direct biochemical demonstration of a role
for subunit interactions in modulation of channel phos-
phorylation. At this point we do not understand the
requirement for thegg subunit at the molecular level. It is
possible that association with tifiesubunit allows thex;s

events involved in generation of the mature subunit protein.
Our data suggests that glycosylation might be an important
signal for the processing of the protein into the and o
peptides since the 120 kDa pro- form did not dissociate into
the o, andd peptides under reducing conditions (Figure 5a).
Further studies will be necessary to ascertain the validity of
this hypothesis. The role of this accessory subunit in channel

subunit to assume a conformation necessary to allow for function has been only sparsely characteriZé®i @0, 53.
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In the Sf9 cells, co-expression of tleg/d andS,, subunits
with the o subunit restored high-affinity DHP binding to
levels comparable to that of nativec containing L-type
channels. This result was important since, together with
results from immunoprecipitation studies in which co-
expressed subunits were successfully co-immunoprecipitated,
it suggested to us that Sf9 cells are able to appropriately

17.
18.

19.

assemble co-expressed subunits such that they are able to20

display properties of functional channel complexes.

In summary, we have shown that infection of Sf9 insect
cells with recombinant baculoviruses is an excellent method
to produce heterologously expressed L-channel subunits. This
system has allowed for previously difficult, if not impossible,
biochemical studies of phosphorylation of full-length channel
subunits in native membrane environments by PKA and PKC
in vitro. Future studies need to elucidate the functional role
of phosphorylation of each subunit in channel regulation,
further investigate the role of subunit interactions in regula-
tion of channels by protein phosphorylation, and conclusively
determine the status of the; subunits as full-length or
truncated proteins in native tissues. In the latter case, the
expressed, full-lengtlw; subunit proteins can be used to
assess mechanisms of truncation of the carboxyl-terminus
including screening experiments to identify the cellular
protease(s) responsible for cleavage. This expression system
should prove useful in the biochemical investigation of these
and other important questions regarding the function and
regulation of L-type Ca channels.
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