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CaV2.2 (N-type) calcium channels control the entry of calcium into neurons to regulate essential functions but most notably presynaptic
transmitter release. CaV2.2 channel expression levels are precisely controlled, but we know little of the cellular mechanisms involved. The
ubiquitin proteasome system (UPS) is known to regulate expression of many synaptic proteins, including presynaptic elements, to
optimize synaptic efficiency. However, we have limited information about ubiquitination of CaV2 channels. Here we show that CaV2.2
proteins are ubiquitinated, and that elements in the proximal C terminus of CaV2.2 encoded by exon 37b of the mouse Cacna1b gene
predispose cloned and native channels to downregulation by the UPS. CaV2.2 channels containing e37b are expressed throughout the
mammalian nervous system, but in some cells, notably nociceptors, sometimes e37a—not e37b—is selected during alternative splicing
of CaV2.2 pre-mRNA. By a combination of biochemical and functional analyses we show e37b promotes a form of ubiquitination that is
coupled to reduced CaV2.2 current density and increased sensitivity to the UPS. Cell-specific alternative splicing of e37a in nociceptors
reduces CaV2.2 channel ubiquitination and sensitivity to the UPS, suggesting a role in pain processing.

Introduction
Presynaptic CaV2 channels mediate calcium entry to trigger neu-
rotransmitter release and support synaptic transmission (Catter-
all, 2000). CaV2.2 proteins are the main component of N-type
currents. They are sensitive to regulation by several cellular
mechanisms with distinct temporal characteristics, including
G-protein-coupled receptors, posttranslational modifications,
and protein interactions (Dunlap and Fischbach, 1978; Holz et
al., 1986; Hille et al., 1995; Ikeda and Dunlap, 1999; Dolphin,
2003). Relative to other synaptic proteins particularly postsynap-
tic receptors (Chen and Roche, 2007; Yi and Ehlers, 2007), we
know little about the cellular mechanisms that control surface
expression of presynaptic CaV2.2 channels.

Ubiquitination influences synaptic efficiency by modifying
the trafficking, endocytosis and activity of synaptic receptors and
ion channels (Colledge et al., 2003; Patrick et al., 2003; DiAntonio
and Hicke, 2004; Yi and Ehlers, 2007; Altier et al., 2011; Rotin and
Staub, 2011). Despite functional evidence that ubiquitin-

dependent changes in synaptic efficacy involve presynaptic com-
ponents (Speese et al., 2003; Bingol and Schuman, 2005; Rinetti
and Schweizer, 2010), CaV2 channels were only recently recog-
nized as targets of the ubiquitin proteasome system (UPS)
(Waithe et al., 2011).

Neurons employ alternative pre-mRNA splicing to optimize
CaV2.2 channel activity (Lipscombe, 2005; Liao and Soong,
2010). By comparing the properties of functionally validated
splice isoforms we, and others, have revealed critical structural
domains in CaV2.2 channels that control channel activity and
modulation by signaling molecules (Maximov and Bezproz-
vanny, 2002; Bell et al., 2004; Altier et al., 2007; Raingo et al.,
2007). One site of alternative splicing in CaV2.2 involves a pair of
mutually exclusive exons, e37a and e37b. Each exon encodes a 33
aa sequence of the proximal C terminus of the CaV2.2 channel;
the two sequences differ by 14 aa (Fig. 1A; Bell et al., 2004).
CaV2.2-e37a channels are enriched in nociceptors of dorsal root
ganglia, and they are associated with relatively large CaV2.2 current
densities and greater susceptibility to voltage-independent inhibi-
tion by certain Gi/o protein-coupled receptors (Gi/oPCR). By con-
trast, CaV2.2-e37b channels are expressed widely throughout the
nervous system, are associated with smaller current densities, and
are less susceptible to Gi/oPCR inhibition (Bell et al., 2004;
Castiglioni et al., 2006; Raingo et al., 2007; Andrade et al., 2010).
By comparing CaV2.2 gating currents in cells expressing CaV2.2-
e37a and CaV2.2-e37b clones, we showed selection of e37a over
e37b was associated with significantly more functional channels
at the cell surface (Castiglioni et al., 2006). A partially overlapping
homologous region of postsynaptic CaV1.2 channels was recently
shown to regulate channel density at the plasma membrane
(Altier et al., 2011). In this study Zamponi and colleagues also linked
CaV1.2 expression levels to ubiquitination (Altier et al., 2011).
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We postulated that ubiquitination and
regulation by the UPS might underlie
functional differences in current densities
between e37 splice isoforms of CaV2.2.
We show e37b-specific ubiquitination of
CaV2.2 protein that is absent in e37a chan-
nels and that e37b-specific ubiquitination
is linked to greater sensitivity of channels
to the UPS. Cell-specific alternative splic-
ing to enrich for e37a-containing chan-
nels reduces CaV2.2 ubiquitination and
sensitivity to the UPS.

Materials and Methods
Molecular biology and cloning. Construction of
full-length calcium channel clones and accessory
subunits were described previously (Raingo et al.,
2007). The hemagglutinin (HA)-tagged ubiqui-
tin (Ub) HA-Ub clone (in pcDNA3) was a gener-
ous gift from Pietro De Camilli (Yale University,
New Haven CT).

Immunoprecipitation and Western blot anal-
yses. Calcium channel �1 subunits CaV2.2-e37a
or CaV2.2-e37b together with CaV�3, CaV�2�1,
and eGFP were expressed transiently in tsA201
cells as described previously (Raingo et al.,
2007), with HA-Ub cDNAs. We harvested cells
24 h after transfection. For immunoprecipita-
tions (IPs), �1 mg of total protein lysates were
incubated at 4°C overnight with 2 �g of poly-
clonal anti-CaV2.2 and 100 �l of protein A aga-
rose slurry (Sigma, catalog #P3476). Westerns
were performed as described previously (Andrade
et al., 2010). Primary antibodies were: rabbit anti-
CaV2.2 polyclonal (1:200; Alomone, catalog #ACC-
002), mouse anti-ubiquitin monoclonal (1:200;
Cell Signaling Technology, P4D1), and HRP-
conjugated rat anti-HA monoclonal antibodies
(1:7500; Roche, clone 3F10). HRP-labeled don-
key �-rabbit and �-mouse IgG (Jackson ImmunoResearch catalog #711-
036-152 and #715-035-151, respectively) were used at �1:10,000 dilution.
Further details are provided in (Andrade et al., 2010). We demonstrated
antibody specificity by several experiments including (1) the precise overlap
of anti-HA-Ub and anti-Ub signals establishing that antibodies to HA and to
Ub recognize the same protein pool (Fig. 1C); (2) the complete absence of
anti-HA-Ub signal in protein samples from cells lacking CaV2.2 following
immunoprecipitation with anti-CaV2.2—despite strong ubiquitination of
total protein in lysate (lanes 3 in lysate and after CaV2.2 IP; Fig. 1D); and (3)
the absence of anti-CaV2.2 signal in cells lacking CaV2.2.

Electrophysiology. Calcium currents were recorded from tsA201 cells
and acutely isolated nociceptors of dorsal root ganglia (P6 –P9 mice of
both sexes) using standard whole-cell patch-clamp methods as described
previously (Raingo et al., 2007, Andrade et al., 2010). The external solu-
tion contained 1 mM CaCl2 as charge carrier. The pipette solution con-
tained (in mM) 126 CsCl, 10 EGTA, 1 EDTA, 10 HEPES, 4 MgATP, pH
7.2 with CsOH. Cells were maintained in standard growth medium
(DMEM � 10% FBS) supplemented with 5 �M MG132 in 0.1% DMSO
or 0.1% DMSO alone for control 1–3 h before recording. In neurons,
�-conotoxin GVIA subtraction and capsaicin screening were performed
as described previously (Andrade et al., 2010). All recordings were per-
formed at room temperature.

Results
CaV2.2-e37a and CaV2.2-e37b channels only differ in 14 aa (Fig. 1A),
but these few changes result in functional differences in current den-
sity and G-protein modulation. We expressed full-length CaV2.2-
e37a and CaV2.2-e37b channel isoforms in tsA201 cells, a system we

used previously to characterize their different properties. HA-Ub
allowed us to monitor Ub levels with high specificity using anti-HA,
following immunoprecipitation with anti-CaV2.2 (Figs. 1–3). We
showed HA-Ub signals were associated with both CaV2.2 isoforms,
but Ub levels associated with CaV2.2-e37b were consistently greater
compared with CaV2.2-e37a (Figs. 1–3).

We compared the migration of CaV2.2 and Ub-CaV2.2 sig-
nals in the same protein gel by stripping the same membrane
and reprobing using different antibodies. Migrations of the
major anti-Ub and anti-HA-Ub signals were impeded relative to the
major CaV2.2 signal located just above the 250 kDa marker (Fig.
1B,C), consistent with higher molecular masses of ubiquitinated
protein. The anti-CaV2.2 signal is above background over the range
encompassing Ub-CaV2.2 (Fig. 1C) although the major pool of im-
munoprecipitated CaV2.2 protein does not appear to be ubiquiti-
nated. Similar data have been published previously (Altier et al.,
2011; Waithe et al., 2011, see their supplemental data). We quanti-
fied Ub-CaV2.2 signals and found CaV2.2-e37b protein was associ-
ated with �70% greater ubiquitination compared with CaV2.2-e37a
for the same level of total CaV2.2 protein (Student’s t test, p � 0.017;
Fig. 2A,B). E37b-dependent ubiquitination is consistent with the
lower current densities of CaV2.2-e37b isoforms compared with
CaV2.2-e37a (Castiglioni et al., 2006).

In a previous study, we identified an amino acid unique to e37a,
Y1747 (F1747 in e37b), critical for supporting the major functional
differences between CaV2.2 isoforms (Fig. 1A; Raingo et al., 2007).
We showed that replacing Y1747 with F1747 in CaV2.2-e37a

Figure 1. Alternatively spliced exons e37a and e37b influence ubiquitination of CaV2.2 channels. A, Left, Pattern of mutually
exclusive alternative splicing of e37a and e37b in the CaV2.2 encoding gene, Cacna1b. Right, Amino acid sequences of e37a and
e37b aligned; asterisks denote 19 aa conserved between exons. Arrow highlights critical Y1747 in e37a and F1747 in e37b. B–D,
Western blots compare levels of ubiquitin associated with e37a-CaV2.2 and 37b-CaV2.2 protein isolated from tsA201 cells. Cells
were transfected with cDNAs for HA-Ub, CaV�3, and e37a-CaV2.2 (37a) or e37b-CaV2.2 (37b). B, Protein immunoprecipitated with
antibodies to CaV2.2, same membrane probed with anti-HA-Ub (top) then sequentially stripped and reprobed with anti-Ub
(middle), and anti-CaV2.2 (bottom). Black bar is the 250 kDa marker. C, Relative signal intensities for e37a (top) and e37b (bottom)
signals plotted according to migration into the gel and referenced to the 250 kDa marker. Image density analyzed with ImageJ
software. Signal intensities were normalized to the peak of e37a signal for comparison. D, Western blots of protein lysate (left) and
immunoprecipitated using CaV2.2 antibody (right) from tsA201 cells transfected with e37a-CaV2.2, e37b-CaV2.2, or empty vector
(�). Membrane probed with anti-HA-Ub (top) and stripped and reprobed with anti-CaV2.2 (bottom) illustrates the specificity of
both HA-Ub and CaV2.2 antibodies.
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(CaV2.2-e37aY1747F) reduced current densities to levels indistin-
guishable from CaV2.2-e37b (Raingo et al., 2007). We used this sin-
gle point mutant of CaV2.2-e37a to test whether lower current
density is associated with increased ubiquitination. We measured
Ub-CaV2.2-e37aY1747F levels in tsA201 cells and compared with
wild-type channels. We found that the Ub signal associated with
immunoprecipitated CaV2.2-e37aY1747F protein was significantly

greater than wild-type CaV2.2-e37a (Student’s test, p � 0.005) and
statistically indistinguishable from that of CaV2.2-e37b (Student’s t
test, p � 0.54; Fig. 2A,B). These data further support a link between
e37b-dependent ubiquitination, functional channels, and reduced
CaV2.2 current densities (Raingo et al., 2007).

CaV� subunits are required for surface expression of CaV1 and
CaV2 channels (Leroy et al., 2005) and are proposed to protect CaV1
and CaV2 channels from degradation by the UPS (Altier et al., 2011;
Waithe et al., 2011). We tested whether CaV�3 subunits affect
ubiquitination of CaV2.2. In the absence of CaV�3, we found that
both anti-CaV2.2 and anti-HA-Ub signals are reduced. This is
thought to reflect increased rates of degradation of CaV�3-less
CaV2.2 protein that does not reach the plasma membrane
(Waithe et al., 2011). Migration of the Ub-CaV2.2 protein pool
from cells lacking CaV�3 was also impeded relative to protein
from control cells (Fig. 3A). In the absence of CaV�3, Ub signals
associated with e37a and 37b isoforms were not different. There-
fore, our data suggest that e37b-dependent ubiquitination is ob-
served when CaV�3 subunits are coexpressed and when functional
CaV2.2 channels are expressed on the cell surface.

Next we tested whether e37b-depedent ubiquitinated CaV2.2
protein is susceptible to degradation through the UPS. We used
MG132 to inhibit the UPS and compared e37a and e37b associated
Ub signals (Bloom and Pagano, 2005). As shown by others, in the
presence of CaV�3, MG132 did not lead to an increase in bulk CaV2.2
protein levels (Waithe et al., 2011; see Altier et al., 2011 for studies on
CaV1.2; Kim et al., 2011). We did observe a substantial increase in
Ub-CaV2.2 signal intensities of both isoforms consistent with build
up of ubiquitinated protein after blocking the proteasome with
MG132, but under these conditions, isoform-specific differences in
ubiquitination between e37a and e37b channels were lost (Fig. 3B).
Although we show that both isoforms are sensitive to the UPS, this
experiment does not give insight into the functional consequences of
proteasome inhibition, or allow us to establish which pool of ubiqui-
tinated protein is targeted to the UPS.

We therefore assessed the consequences of UPS inhibition on
functional CaV2.2 channels, and compared current densities in
tsA201 cells expressing CaV2.2-e37a and CaV2.2-e37b isoforms
before and after treatment with MG132. CaV2.2 current densities
in tsA201 cells expressing CaV2.2-e37a are significantly larger
than those in cells expressing CaV2.2-e37b (Bell et al., 2004; Cas-
tiglioni et al., 2006; Raingo et al., 2007; Fig. 4A,B). Peak CaV2.2
current densities in cells expressing CaV2.2-e37a were slightly
although not significantly increased following MG132 treatment
(Student’s t test, p � 0.10), by contrast CaV2.2 current densities in
cells expressing CaV2.2-e37b increased by almost 50% relative to
control (Student’s t test, p � 0.016; Fig. 4A,B). These experi-
ments suggest that e37b-specific ubiquitinated CaV2.2 proteins
are downregulated by the UPS influencing the density of func-
tional CaV2.2 channels on the cell surface. It is also interesting
that the difference in CaV2.2 current densities between isoforms
is normalized when the UPS is inhibited (Fig. 4A,B).

Finally, we assessed the effect of UPS inhibition on native CaV2.2
currents in neurons (Fig. 4C–F). Although we lack antibodies to
discriminate between CaV2.2 isoforms, we have mice that only ex-
pressed e37b-CaV2.2 channels to compare to wild-type that express
both e37a and e37b isoforms. We generated the e37b-only mouse
line by replacing e37a with e37b and creating a Cacna1b gene con-
tained two e37b sequences (Cacna1bb*b/b*b; Andrade et al., 2010).
Nociceptors of dorsal root ganglia normally express both e37a and
e37b isoforms (Bell et al., 2004). Therefore, we compared the actions
of MG132 on CaV2.2 currents in nociceptors of wild-type mice (e37a
� e37b) to those from mice that express a second copy of e37b

Figure 2. Tyrosine 1747 in e37a is critical for reduced ubiquitination of e37a-CaV2.2 chan-
nels compared with e37b-CaV2.2. A, Western blots compare ubiquitin associated with e37a,
e37b, and e37a Y1747F CaV2.2 channels expressed in tsA201 cells. Anti-HA-Ub signals (top) and
anti-CaV2.2 signals (bottom) from the same membrane blots stripped and reprobed. Black bar
is the 250 kDa marker. B, Average intensity of anti-HA-Ub signal normalized to anti-CaV2.2
signal for each experiment. Values are plotted relative to the e37a-CaV2.2 signal for comparison.
Values plotted are means � SEM. E37b and e37a Y1747F averages are significantly �1; p values
were: p � 0.017 (n � 3) and p � 0.005 (n � 3).

Figure 3. Effects of CaV�3 subunit and of inhibiting the proteasome using MG132 on ubiquitina-
tion of CaV2.2. A, Anti-HA-Ub signals for e37a and e37b CaV2.2 protein isoforms isolated from tsA201
cells transfected with (lanes 1–3; solid lines) and without (lanes 4 –5; dashed lines) CaV�3. Cells
expressing CaV�3 but lacking CaV2.2 (empty vector) illustrates the specificity of antibodies (lane 3). B,
Anti-HA-Ub signals for CaV2.2 protein isoforms under control conditions (solid lines) and after incuba-
tion with 10 �M MG132 (dashed lines). A, B, Left, Protein immunoprecipitated with antibodies to
CaV2.2, same membranes probed with anti-HA-Ub (top), then stripped and reprobed with anti-Ub
anti-CaV2.2 (bottom). Black bars are 250 kDa markers. Intensities for e37a (top) and e37b (bottom)
signals plotted according to migration into the gel and referenced to the 250 kDa marker. Image
density analyzed with ImageJ software (Abramoff et al., 2004).
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instead of e37a (e37b* � e37b). We isolated
CaV2.2 currents in nociceptors from all
other calcium currents with the highly selec-
tive CaV2.2 inhibitor, �-conotoxin GIVA
(Andrade et al., 2010). This allowed us to
separate the effects of MG132 on CaV2.2
(toxin-sensitive) from non-CaV2.2 (toxin-
insensitive) channels. CaV2.2 currents in
nociceptors of e37b-only mice increased
41% after MG132 compared with control
(p � 0.0013; Fig. 4D), by contrast, CaV2.2
currents in nociceptors of wild-type mice
that normally express e37a-containing chan-
nels were not significantly different from
control currents when treated with MG132
(p � 0.32; Fig. 4C). MG132 enhanced non-
CaV2.2 currents (toxin-insensitive) in nocice-
ptors of WT mice (58%; p � 0.03) and
e37b-only mice (54%; p � 0.03) by the same
extent (Fig. 4E,F). Our data show that e37b-
CaV2.2 channels, as well as non-CaV2.2 chan-
nels (toxin-insensitive), are susceptible to
downregulation by the UPS in contrast to
e37a-CaV2.2channels thatarerelatively insen-
sitive to UPS inhibition.

Discussion
We show that sequences unique to e37b
promote ubiquitination of CaV2.2. It is
likely that CaV2.2 proteins contain multiple
sites of ubiquitin conjugation that involve
different linkages, but e37b-dependent
ubiquitination is closely correlated with re-
duced expression of functional CaV2.2
channels and sensitivity to the ubiquitin
proteasome system.

Ubiquitin covalently attaches to in-
tracellular lysines of target proteins and
depending on the type of conjugate,
monoubiquitination or polyubiquitina-
tion, it can promote internalization,
modify protein function, or target protein
for degradation via the UPS (DiAntonio
and Hicke, 2004; Macgurn et al., 2012). It
is likely that the Ub-CaV2.2 signal represents a combinatorial mix
of different types of ubiquitin conjugates but because of its large
size (�260 kDa) relative to ubiquitin (8.5 kDa), it is not possible
to draw conclusions from the position and pattern of the Ub-
CaV2.2 signal in Western blots. As shown in Figures 1–3, and
recently by others studying CaV1.2 and CaV2.2 (Altier et al., 2011;
Waithe et al., 2011), the Ub-CaV2.2 signal is diffuse and spans a
wide size range. Cav2.2 was recently identified as a target of ubiq-
uitin based on a large-scale proteomics analysis of diGly-
modified lysine residues of proteins expressed in the HCT116 cell
line (Kim et al., 2011). Only one of three modified lysines iden-
tified in this screen is predicted to be intracellular, in the III-IV
linker, and may be a candidate site of ubiquitin conjugation to
Cav2.2 independent of e37b.

E37b-dependent ubiquitination of CaV2.2 does not necessarily
occur within the e37b sequence although it is notable that lysines,
K1751 and K1762, in e37b are absent in e37a (Fig. 1A). An overlap-
ping region in the C terminus of CaV2.2 and a homologous region of
CaV1.2 was shown recently to be critical in retaining proteins in the

endoplasmic reticulum, preventing their trafficking to the plasma
membrane (Altier et al., 2011). Therefore, the proximal region of the
C terminus of CaV2.2 and particularly e37, commands a unique role
in regulating channel expression levels.

CaV� subunits are critical for trafficking CaV2.2 and CaV1.2
channels to the cell surface, and recent evidence suggests that part
of their role is to protect CaV2.2 and CaV1.2 channel proteins
from ubiquitin-dependent degradation by the UPS (Altier et al.,
2011; Waithe et al., 2011). Consistent with these reports, we ob-
served reduced levels of bulk CaV2.2 protein as well as Ub-CaV2.2
protein in the absence of CaV�. It would be interesting to test the
possibility that sequences unique to e37b destabilize the CaV2.2/
CaV�3 subunit interaction thereby leading increased ubiquitina-
tion and degradation by the UPS.

It is striking that mutating Y1747 to F1747 in e37a not only re-
duces CaV2.2 current densities but also abolished Gi/o-mediated
voltage-independent inhibition of CaV2.2 channels (Raingo et al.,
2007). This raises the possibility that e37b-dependent ubiquitination
of CaV2.2 and Gi/o-mediated voltage-independent inhibition of

Figure 4. InhibitionoftheproteasomeincreasesCaV2.2currentdensities intsA201cellsexpressinge37bclonesandinnociceptors from
mice that express only e37b-CaV2.2 not e37a-CaV2.2 isoforms. A, B, I–V relationships for CaV2.2 currents in tsA201 cells expressing recom-
binant e37a (A) and e37b (B) CaV2.2 channels in control (solid circles) and after 3 h treatment with 5 �M MG132 (open circles). A, Peak
average e37a currents in control were �133.9 � 7.4 pA/pF, n � 10, and 145.2 � 13.4 pA/pF, n � 11, after MG132 (Student’s t
test, p � 0.10). B, Peak average e37b currents in control were �93.5 � 11.3 pA/pF, n � 11, and �134.7 � 16.8 pA/pF, n � 11, after
MG132treatment(Student’s ttest;p�0.016).Exemplarcurrentsareshown.Calibration:50pA/pF,10ms.C,D, I–Vrelationshipsfornative
currents recorded from nociceptors from wild-type (C, E) and from e37b*/e37b (D, F ) mice in control (closed circles) and after 1 h treatment
with5�M MG132(opencircles).CaV2.2currentsare�-conotoxinGVIA-sensitive(C,D)andnon-CaV2.2currentsaretoxin-insensitive(E,F ).
C, Peak average current density of CaV2.2 current in wild-type neurons (37a � e37b) was �75.1 � 6.8 pA/pF, n � 6 in control and
�85.8 � 10.0 pA/pF, n � 13 after MG132 treatment (Student’s t test, p � 0.32). D, Peak average current density of CaV2.2 current in
neurons from e37b only mice was�74.5�6.2 pA/pF, n�7 in control, and�104.5�13.5 pA/pF, n�13 after MG132 (Student’s t test,
p�0.0013). E, F, Peak average current density of non-CaV2.2 currents in neurons from wild-type mice (e37a�e37b) was�44.4�2.8
pA/pF in control and �70.1 � 10.9 pA/pF after MG132 treatment (E), and from e37b-only-expressing mice was �52.5 � 5.1 pA/pF in
control and �81.0 � 5.9 pA/pF after MG132 (F ). Calibrations: 50 pA/pF, 5 ms.

10368 • J. Neurosci., July 25, 2012 • 32(30):10365–10369 Marangoudakis et al. • Isoform-Specific Ubiquitination of CaV2.2



CaV2.2 might converge on a common mechanism. Others have
shown that activated G-protein-coupled receptors can induce ubiq-
uitination of ion channel substrate proteins through signaling-
induced E3 Ub ligase binding sites (Shukla et al., 2010).

Monitoring functional channels in addition to assessing their
biochemical properties was essential because inhibition of the UPS,
while substantially increasing Ub-CaV2.2 signals, did not change
bulk CaV2.2 protein levels. The lack of effect of MG132 on bulk
CaV2.2 protein levels at first appears incongruent with our func-
tional studies, but this apparently paradoxical finding is typical par-
ticularly for proteins with relatively longer half lives. Results by
Waithe et al., (2011, see their supplemental data) studying CaV2.2
and Altier et al. (2011) studying CaV1.2 match our findings. Simi-
larly, in their analysis of the ubiquitinome by quantitative proteom-
ics, Gygi and colleagues observe dramatic increases in ubiquitination
events in the absence of changes in protein abundance (Kim et al.,
2011). Our data showing that e37b-containing CaV2.2 channels are
disproportionately affected by UPS inhibition are consistent with
low stoichiometric posttranslational modifications having large ef-
fects on protein function (Kim et al., 2011).

Several groups studying both invertebrate and vertebrate prepa-
rations have shown that UPS inhibition leads to increases in synaptic
efficacy through substantial presynaptic involvement (Speese et al.,
2003; Bingol and Schuman, 2005; Rinetti and Schweizer, 2010).
Acute inhibition of the UPS can also enhance neurotransmission in
mammalian neurons, suggesting that presynaptic proteins and syn-
aptic transmission are dynamically influenced by ubiquitination
(Rinetti and Schweizer, 2010). Our findings suggest that CaV2.2 and
potentially other CaV2 channels are important potential targets of
inhibitors of the UPS. We show that CaV2.2 current density increases
�40%whentheUPSisinhibited,achangethatcouldaltertheefficacyof
excitation-secretion coupling given the steep relationship between pre-
synaptic calcium entry and transmitter release (Bollmann et al., 2000;
Schneggenburger and Neher, 2000, 2005). A similar change in the den-
sityofpostsynapticAMPAandNMDAreceptorsmediatedbyubiquiti-
nation has a marked effect on neuronal morphology and synaptic
plasticity (Colledge et al., 2003; Speese et al., 2003).

E37b-containing mRNAs represent the major pool of CaV2.2
mRNAs expressed throughout the nervous system; therefore, our
findings suggest that CaV2.2 channels in most neurons are under
tonic control by the UPS. In some cells, including nociceptors,
cell-specific selection of e37a over e37b during alternative pre-
mRNA splicing protects CaV2.2 channels from ubiquitination,
suggesting some advantage for pain processing.
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