


















nus, and palmitoylation of both residues leads to greater stabil-
ity at the plasma membrane (22). G protein � subunits follow a
two-signal model for targeting to the plasma membrane (23).
For non-myristoylated G proteins, such as G�q, an �-helical
polybasic motif at the N terminus provides the initial signal (24,
25), and this signal, in conjunction with an association with the
G protein �� subunit (G��) (26), allows targeting to the plasma

membrane and subsequent palmitoylation (25). Tethering of
the CaV�2e subunit to the plasma membrane also requires a
polybasic motif at the N terminus (10). However, although the
I-II loop of CaV2.2 contains multiple basic amino acids at the N
terminus (Fig. 4A), this region alone is insufficient to target it to
the plasma membrane, even when it is palmitoylated, in the
absence of CaV� subunits.

FIGURE 7. Full-length CaV2.2 is protected from degradation by mutation of the lysine residues in its I-II loop. A, representative confocal images of tsA-201
cells co-expressing palm mCherry (without CaV�; left panel) and full-length GFP-CaV2.2-HA (middle panel). The top row shows the WT CaV2.2 in the absence of
CaV� and MG132, the middle row shows palm mCherry and GFP-CaV2.2-HA in the presence of MG132 (4 �M), and the third row shows CaV�1b-mCherry with
GFP-CaV2.2-HA. The panel on the right shows the merged image; DAPI was used to visualize the nucleus (blue). The scale bar is 20 �m, and the grayscale
calibration bar is shown below each set of images. B, box and whisker plots showing fluorescence intensity in the absence of MG132 (DMSO control; cyan bar;
n � 415 cells) or in the presence of MG132 (yellow bar; n � 75) of the cells represented in A. The box shows the range of 25–75%, whiskers range from 10 to 90%,
the median is shown as a solid line, and the mean is shown as a dotted line. GFP fluorescence was measured in all cells that were expressing mCherry. Palm
mCherry fluorescence (left) was slightly increased in the presence of MG132 (*, p � 0.046, Student’s t test) with a mean fluorescence �S.E. of 4155 � 210
arbitrary units (a.u.) in DMSO versus 5403 � 898 arbitrary units in MG132, whereas palm CaV2.2 I-II-GFP (right) fluorescence was significantly increased by
MG132 with mean � S.E. of 2609 � 153 (DMSO) and 4973 � 598 arbitrary units (MG132) (***, p � 0.0001, Student’s t test). C, as for A but for cells expressing
CaV2.2 that had all 12 lysine residues in its I-II loop mutated to arginines (K-R). D, box and whisker plots (as in B) showing fluorescence intensity in the absence
of MG132 (DMSO control; cyan bar; n � 269 cells) or in the presence of MG132 (yellow bar; n � 138) of the cells represented in C. Palm mCherry fluorescence (left)
was slightly increased in the presence of MG132 (*, p � 0.02, Student’s t test) with mean fluorescence �S.E. of 3787 � 233 (DMSO) and 4822 � 60 arbitrary units
(MG132), whereas there was no difference in palm CaV2.2 I-II K-R-GFP fluorescence (right; mean � S.E. of 6098 � 449 (DMSO) and 5936 � 520 arbitrary units
(MG132)). E and F, box and whisker plots (as in B) of normalized fluorescence intensity of mCherry and GFP for GFP-CaV2.2-HA WT and GFP-CaV2.2 K-R-HA. Data
are taken from three independent experiments and normalized for mCherry and GFP fluorescence of WT in the presence of CaV�1b-mCherry (shown in F). In
the absence of CaV�1b (E), mCherry fluorescence (left) was not significantly different between WT (light blue; n � 1678 cells) and the K-R mutant (orange; n �
1046) with mean normalized fluorescence values �S.E. of 1.138 � 0.033 and 1.064 � 0.037, whereas normalized GFP fluorescence (right) was significantly lower
for WT than the K-R mutant (***, p � 0.0001, Student’s t test) with mean values of 0.402 � 0.032 and 1.132 � 0.069. In the presence of CaV�1b (F), although
CaV�1b-mCherry expression was slightly lower for K-R mutant (orange; n � 734; mean, 0.841 � 0.033) than WT (light blue; n � 738; mean, 1.00 � 0.039; **, p �
0.0018, Student’s t test), GFP fluorescence was not significantly different (mean values, 1.00 � 0.065 for WT and 0.973 � 0.065 for K-R mutant). ns,
non-significant.
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Binding of CaV� to the AID is thought to induce a dramatic
change in secondary structure of the I-II loop (27). In the
absence of CaV�, circular dichroism (CD) measurements
showed that the AID exists as a random coil (28), whereas in the
presence of CaV�, the AID was shown to have an �-helical
structure (28, 29). Secondary structure predictions suggested
that the entire linker between the last transmembrane domain
of domain I (IS6) and the AID could form a continuous �-helix
(28), and CD measurements showed that this was the case (30).
The helical content was found to be significantly higher for this
region of CaV2.2 than that of CaV1.2 (31). It appears that CaV�
is able to interact with an unfolded I-II loop via its AID, induc-
ing a conformational change and extending the �-helical struc-
ture along the I-II linker toward the IS6 (28). The N terminus of
the I-II loop contains a number of basic amino acids (see Fig.
4A). Fig. 9 shows two helical wheel diagrams of the region of the
I-II linker upstream of the AID (left) and including the AID
(right); formation of an �-helix would allow two clusters of
basic amino acids to align along one side and form a polybasic
region. This may act as a trafficking signal to direct the con-
struct to the plasma membrane and promote stable dipalmitoy-
lation. Interestingly, the Trp-391 residue, which is critical for
the interaction between the I-II loop and the CaV� subunit, is
located along the same face of the helix although beyond the
polybasic regions (Fig. 9).

Alternatively, formation of an �-helix may allow another
binding partner to interact with the I-II loop and direct it to the
plasma membrane. The I-II linkers of CaV2.1 (32) and CaV2.2
(33) were found to interact directly with G��. We have previ-
ously shown that CaV� and G�� subunits bind at the same time
and that CaV� must be present for the G�� subunit to induce
voltage-dependent modulation of CaV2.2 (5). Binding of G��
subunits was found to be dependent on the formation of a rigid
IS6-AID linker induced by the binding of CaV� (34). The G
protein G�q has been shown to require an association with G��
before it can be palmitoylated and stabilized at the plasma
membrane (26). To examine whether G�� subunits were
involved in the trafficking of the I-II loop constructs, we
included a minigene derived from the C terminus of �-adrener-
gic receptor kinase (5) to bind and remove free G�� subunits.
Confocal experiments showed that transfection of �-adrener-
gic receptor kinase had no effect on the trafficking of palm
CaV2.2 I-II in the presence of CaV�1b,4 providing no evidence
that G�� binding is involved.

In the absence of CaV�, the I-II loop remains in a misfolded
state. The CaV� subunit is able to act as a molecular chaperone
to induce correct folding of the I-II loop of the CaV�1 subunit.
Misfolded proteins are more likely to aggregate as they have
exposed hydrophobic domains, and a key role of the chaperone
is to interact co-translationally as the nascent protein emerges
from the ribosome and prevent misfolding and aggregation
(35). In the absence of the chaperone, misfolded proteins are
rapidly targeted to the ubiquitin-proteasome system for
degradation.

Substrates for the ubiquitin-proteasome system are tagged
with ubiquitin; addition of ubiquitin moieties is thought to

occur sequentially, one at a time, with the rate-limiting step
being the addition of the first ubiquitin (36). It has previously
been suggested that a chain of four ubiquitins is the minimum
signal for targeting the substrate to the proteasome (37), but
more recently it has been shown that only a single ubiquitin is
needed for small proteins (20 –150 amino acids) (38). Ubiquiti-
nation also has other functions, however, such as protein traf-
ficking (14), endocytosis, and signaling (39), which are indepen-
dent of the proteasome. Our data show that the palmitoylated
I-II loop carries up to four ubiquitins (Fig. 3) even in the pres-
ence of the CaV� subunit and the proteasomal inhibitor
MG132; conditions in which the protein is not degraded. Rele-
vant to this, a mass spectrometry study has shown that in
almost 50% of cases, ubiquitination of proteins has a non-pro-
teasomal function (40).

In the absence of CaV�, the I-II loop was rapidly degraded as
shown in Fig. 2. It has been shown that nascent proteins can be
ubiquitinated co-translationally and targeted for degradation
before translation has finished (41). Ubiquitination does not
necessarily lead to degradation of newly synthesized ubiquiti-
nated proteins; if correct folding does occur with the help of a
chaperone, the ubiquitins may be removed by the action of
deubiquitinating enzymes (42). In this regard, binding of the
CaV� subunit to the ubiquitinated I-II loop clearly rescues it
from degradation, although our evidence does not indicate it
promotes deubiquitination. By contrast, it is possible that oli-
goubiquitination is functionally important for the effect of
CaV� because the full-length CaV2.2 K-R mutant showed
reduced functional expression, possibly reflecting reduced
interaction with the CaV� subunit.

Mutation of the 12 lysine residues in the I-II loop of the
full-length CaV2.2 channel protected the channel from degra-
dation. The full-length K-R mutant channel still contains mul-
tiple internal lysine residues that were not mutated and were
therefore available as ubiquitination sites. However, the fact
that the K-R channel was less degraded than WT shows that the
12 lysines within the I-II loop have a critical role in ubiquitina-
tion and degradation.

Trafficking of the palmitoylated CaV2.2 I-II loop to the
plasma membrane required the presence of the palmitoylation
signal, the I-II loop, and the CaV� subunit. Although the palmi-
toylated K-R mutant I-II loop was no longer ubiquitinated and
degraded, it also was not trafficked to the plasma membrane in
the absence of the CaV� subunit; trafficking was restored when
CaV� was also co-expressed. It is possible that correct folding,
which is only achieved in the presence of the CaV� subunit,
exposes a trafficking signal. Typical trafficking signals have
been identified as short linear amino acid sequences, but it has
been shown that export of the Kir2.1 channel from the Golgi to
the plasma membrane requires the correctly folded N and C
termini of the channel (43). The trafficking signal was only
exposed when two separate domains were folded correctly in
the tertiary structure of the channel.

In conclusion, our experiments indicate that, in the absence
of CaV� subunit, the I-II loop of CaV2.2 is directly ubiquitinated
and rapidly degraded by the proteasome system. When CaV� is
present, it is able to bind to the I-II loop even if the loop is
already ubiquitinated. Binding appears to induce a conforma-4 K. M. Page, unpublished observations.
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FIGURE 8. Full-length GFP-CaV2.2-HA containing 12 lysine-to-arginine mutations in the I-II loop is still trafficked and functionally active in the
presence of CaV�1b. A, representative confocal images of tsA-201 cells expressing full-length GFP-CaV2.2-HA with CaV�1b and CaV�2�-1 and showing WT
(top) and K-R mutant (bottom). Cells were non-permeabilized and incubated with rat anti-HA antibody overnight to show extracellular HA staining on the
plasma membrane (left panels; grayscale) to be compared with intracellular GFP fluorescence (middle panels; grayscale). Merged images are shown on the right;
DAPI was used to stain the nuclei (blue). Scale bars are 20 �m, and the grayscale calibration bar is shown below. B, box and whisker plots showing normalized
fluorescence intensities of the images represented in B with intracellular GFP (left) for WT GFP-CaV2.2-HA (light blue; n � 1048 cells) and GFP-CaV2.2 K-R-HA
(orange; n � 998 cells) and extracellular HA staining at the plasma membrane (right). GFP fluorescence at the plasma membrane (overlapping with membrane
HA labeling) was excluded from the analysis to give intracellular GFP rather than total GFP. Data have been taken from three separate experiments involving
three transfections. Although intracellular GFP fluorescence may be slightly increased for the K-R mutant compared with WT (mean fluorescent values �S.E. of
1.000 � 0.069 for WT and 1.263 � 0.092 for K-R; *, p � 0.022, Student’s t test), extracellular HA staining is unchanged (mean values, 1.000 � 0.025 for WT and
1.003 � 0.029 for K-R). C, current-voltage relationships of full-length WT and K-R mutant CaV2.2 channels co-expressed with CaV�1b-GFP and CaV�2�-1 in
tsA-201 cells. Top, example traces of WT CaV2.2/�1b-GFP/�2�-1 (	40 to �10 mV in 5-mV increments; black traces) and K-R CaV2.2/�1b-GFP/�2�-1 currents (	40
to �15 mV in 5-mV increments; red traces) recorded from a holding potential of 	80 mV. The charge carrier was 1 mM Ba2�. Cells expressing wild-type or the
K-R mutant channel had the same holding currents of 	3 � 4 pA (n � 12) and 	3 � 4 pA (n � 13), respectively. The scale bars refer to both traces. Bottom, mean
current density-voltage relationships (pA/pF) were calculated from current amplitude (pA) measurements taken 15 ms into a 50-s depolarizing voltage pulse.
Error bars represent S.E. IBa at �5 mV was 277 � 36 pA/pF (n � 12) and 148 � 27 pA/pF (n � 13) for WT and K-R CaV2.2, respectively (p � 0.0081, Student’s t test).
D, characteristic properties of the current density-voltage relationships of WT CaV2.2 and the K-R mutant channel. Values were derived from modified
Boltzmann fits of individual current density-voltage plots describing WT and K-R CaV2.2 currents. Left, Gmax was 7.7 � 0.9 nS/pF (mean (solid line) � S.E.; n � 12)
and 4.5 � 0.7 nS/pF (n � 13) for WT and K-R CaV2.2, respectively (**, p � 0.0079, Student’s t test). Right, V50 values were 	4.7 � 1.6 (n � 12) and 1.3 � 1.3 mV
(n � 13) for WT and K-R CaV2.2, respectively (**, p � 0.0071, Student’s t test). ns, non-significant.
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tional change and the formation of an �-helix in the I-II loop,
thereby allowing the construct to associate with the plasma
membrane.

Experimental Procedures

Molecular Biology—The calcium channels used were rabbit
CaV2.2 (GenBank Accession number D14157), rat CaV�2�-1
(M86621), and rat CaV�1b (X61394), all expressed in the pMT2
vector. The green fluorescent protein mut3bGFP (GFP) (44) or
mCherry was fused to the C terminus of CaV�1b. GFP-Ub and
GFP-UbKO (18) were obtained from Addgene. The first
intracellular loop of CaV2.2 (amino acids 356 – 483, beginning
ESGEF . . . and ending . . . KAQ) had a palmitoylation
sequence, MTLESIMACCL, added to the N terminus and an
HA tag (TSYPYDVPDYA) added to the C terminus to give a
construct termed palm CaV2.2 I-II-HA in this study. Further
constructs were made where the HA tag was substituted with
GFP or mCherry. The mutant palm CaV2.2 I-II K-R-HA was
made by mutating all 12 lysine residues in the I-II loop to argin-
ines, and two further constructs were made by mutating either
the first four (palm CaV2.2 I-II 5� K-R-HA) or the last eight
(palm CaV2.2 I-II 3� K-R-HA) lysines to arginines. The I-II loop
containing the 12 lysine-to-arginine substitutions was inserted
into the full-length CaV2.2, which also contained an extracellu-
lar HA tag (6) and GFP fused to the N terminus to give GFP-
CaV2.2 K-R-HA. The sequences of all constructs were con-
firmed by DNA sequencing.

Cell Culture and Transfection—tsA-201 cells (European Col-
lection of Authenticated Cell Cultures (ECACC)) were cultured
in Dulbecco’s modified Eagle’s medium in the presence of 10%
fetal bovine serum, penicillin, streptomycin, and 2% GlutaMAX
(Invitrogen). For immunocytochemistry and co-immunopre-
cipitation experiments, transfections were carried out using
PolyJet (SignaGen) according to the manufacturer’s instruc-
tions using equal ratios of constructs unless otherwise stated.
When included, the protease inhibitor MG132 (Calbiochem)
was added at a concentration of 4 �M 24 h after transfection,

and the cells were harvested or fixed a further 16 –18 h after-
ward. At the concentration of MG132 used (4 �M) and the time
of incubation (16 –18 h), MG132 was found to be effective at
inhibiting proteasomal degradation without being detrimental
to cell survival. Total protein yields from transfections in the
absence and presence of MG132 were measured (for Western
blotting and co-immunoprecipitation analysis) and found to be
similar. For electrophysiological experiments, transfections
were performed using FuGENE 6 (Promega) with GFP-CaV2.2-
HA, CaV�2�-1, and CaV�1b subunits in a ratio of 3:2:2.

Immunocytochemistry—Cells were transfected on polyly-
sine-coated coverslips and fixed with 4% paraformaldehyde in
Tris-buffered saline (TBS; 20 mM Tris, 150 mM NaCl, pH 7.4)
for 5 min. 4�,6-Diamidino-2�-phenylindole dihydrochloride
(DAPI) was used to stain the nuclei. When used, the plasma
membrane stain CM-DiI (ThermoFisher Scientific) was used at
a dilution of 1:200 for 20 min at room temperature. Coverslips
were mounted in VectaShield (Vector Laboratories). When
anti-HA staining was used, cells were incubated with blocking
buffer (20% goat serum, 4% BSA in TBS) for 1 h at room tem-
perature before being incubated with rat anti-HA (Roche
Applied Science) diluted 1:200 in 0.5� blocking buffer at 4 °C
overnight. After washing, samples were incubated with second-
ary antibody anti-rat Alexa Fluor 594 at a dilution of 1:500 for
1 h at room temperature before being stained with DAPI and
mounted. Samples were viewed on an LSM 780 confocal micro-
scope (Zeiss) using a 63�/1.4 numerical aperture oil immersion
objective in 16-bit mode. The tile function (3 � 3 tiles; each tile
consisting of 1024 � 1024 pixels) was used, and every trans-
fected cell within the image was analyzed to remove collection
bias. Confocal optical sections were 1 �m, and acquisition set-
tings were kept constant. Images were analyzed using NIH
ImageJ. Images that were analyzed were not saturated.

Western Blotting Analysis—Transfected tsA-201 cells were
harvested in phosphate-buffered saline (PBS) containing prote-
ase inhibitors (Complete tablet from Roche Applied Science).
Cells were lysed by sonication for 10 s with 1% Igepal in PBS in
the presence of protease inhibitors followed by incubation on
ice for 30 min, and whole cell lysates (WCLs) were collected
after centrifugation (14,000 � g for 30 min at 4 °C). Samples
were incubated for 15 min at 55 °C with 100 mM dithiothreitol
and 2� Laemmli sample buffer, and proteins were separated by
SDS-PAGE on 4 –12% Bis-Tris gels and then transferred to
polyvinylidene fluoride membranes. Membranes were incu-
bated in blocking buffer (10 mM Tris, pH 7.4, 500 mM NaCl,
0.5% Igepal, 3% BSA) for 1 h followed by incubation with the
primary antibody. The following primary antibodies were used:
rat anti-HA (Roche Applied Science) at 1:1000 overnight,
mouse anti-ubiquitin (P4D1, Santa Cruz Biotechnology) at
1:500 overnight, and mouse anti-GFP (Roche Applied Science)
at 1:1000 for 1 h, all at 4 °C. The appropriate secondary antibod-
ies coupled to horseradish peroxidase were incubated at a dilu-
tion of 1:2000 for 1 h at room temperature. Proteins were
detected using the enhanced ECL Plus reagent (GE Healthcare)
on a Typhoon 9410 scanner (GE Healthcare). Quantification of
Western blotting was carried out using the gel analysis tool of
ImageJ. A rectangular section was placed over the entire lane,
and each selected lane was plotted as a line profile. The peak

FIGURE 9. �-Helical model of the 5� region of the CaV2.2 I-II loop. �-Helical
wheel models of the 5� region of the CaV2.2 I-II loop after the IS6 transmem-
brane domain and immediately preceding the AID (left) and the subsequent
sequence including the AID (right; in the same orientation) show two clusters
of basic amino acids along one face of the helix. Basic residues are shown in
blue, acidic residues are shown in red, and the remainder are shown in white.
Residues involved in the interaction with CaV� subunits lie along the dotted
line; Trp-391, Ile-392, and Tyr-388, which are critical for this interaction (29),
are labeled with asterisks.
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band intensities above background were measured. This allows
the changes in background along the length of the lane to be
taken into account and accurately subtracted.

Immunoprecipitation—The total protein concentration was
determined (Bradford assay, Bio-Rad) for each sample, and 1
mg of WCL was precleared on 50 �g of protein A-Sepharose
(GE Healthcare) for 2 h at 4 °C. Sepharose beads were dis-
carded, and supernatants were incubated with rabbit anti-HA
(Sigma) or rabbit anti-GFP (Clontech) at a dilution of 1:200
overnight at 4 °C. Immunoprecipitated proteins were captured
on 60 �g of protein A-Sepharose beads for 2 h at 4 °C. Beads
were washed five times with PBS containing 0.1% Igepal and
incubated for 15 min at 55 °C with 100 mM dithiothreitol and
2� Laemmli sample buffer. Eluted proteins were then resolved
by SDS-PAGE.

Electrophysiology—Whole cell voltage clamp recordings
were performed on tsA-201 cells at room temperature (20 –
24 °C). Single cells were clamped using an Axopatch 200B patch
clamp amplifier (Axon instruments). Borosilicate glass patch
pipettes were filled with a solution containing 140 mM cesium
aspartate, 5 mM EGTA, 2 mM MgCl2, 0.1 mM CaCl2, 2 mM

K2ATP, and 10 mM HEPES. CsOH was added to achieve pH 7.2.
The external solution contained 150 mM tetraethylammonium
bromide, 3 mM KCl, 1 mM NaHCO3, 1 mM MgCl2, 10 mM

HEPES, 4 mM glucose, and 1 mM BaCl2. pH was adjusted to 7.4
with Tris base. Current density-voltage relationships were fit-
ted with a modified Boltzmann equation as follows: I � Gmax �
(V 	 Vrev)/(1 � exp(	(V 	 V50, act)/k)) where I is the current
density (in pA/pF), Gmax is the maximum conductance (in
nS/pF), Vrev is the reversal potential, V50, act is the midpoint
voltage for current activation, and k is the slope factor.
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