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Local Ca2+ signaling occurring within nanometers of voltage-gated
Ca2+ (Cav) channels is crucial for CNS function, yet the molecular
composition of Cav channel nano-environments is largely unre-
solved. Here, we used a proteomic strategy combining knockout-
controlled multiepitope affinity purifications with high-resolution
quantitative MS for comprehensive analysis of the molecular
nano-environments of the Cav2 channel family in the whole rodent
brain. The analysis shows that Cav2 channels, composed of pore-
forming α1 and auxiliary β subunits, are embedded into protein
networks that may be assembled from a pool of ∼200 proteins with
distinct abundance, stability of assembly, and preference for the
three Cav2 subtypes. The majority of these proteins have not pre-
viously been linked to Cav channels; about two-thirds are dedicated
to the control of intracellular Ca2+ concentration, including G protein-
coupled receptor-mediated signaling, to activity-dependent cytoskel-
eton remodeling or Ca2+-dependent effector systems that comprise
a high portion of the priming and release machinery of synaptic
vesicles. The identified protein networks reflect the cellular processes
that can be initiated by Cav2 channel activity and define the molec-
ular framework for organization and operation of local Ca2+ signal-
ing by Cav2 channels in the brain.
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In CNS neurons, voltage-activated calcium (Cav) channels ini-
tiate a multitude of signaling processes by delivering calcium

ions (Ca2+) to the cytoplasm that serve as second messengers
(1, 2). Despite this rather unselective trigger mechanism, Ca2+-
dependent signaling is endowed with high specificity and re-
liability by tightly restricting the Ca2+ signal, a transient increase
in the intracellular Ca2+ concentration ([Ca2+]i) to very local
spatiotemporal domains by means of a variety of Ca2+ buffer
systems (3, 4). Within such local domains, [Ca2+]i drops from
hundreds of micromolar at the inner vestibule of the channel to
values below 10 μM at a distance of several tens of nanometers
from the Cav channel (3–5). Consequently, most Ca2+-depen-
dent signaling systems necessarily reside within these spatial
boundaries (5–7) that may be termed nano-environments.
Nano-environments are of particular relevance for a number of

processes in the dendritic and synaptic compartments, including
neurotransmitter release, regulation of excitability, excitation–
transcription coupling, synaptic plasticity, or axonal growth (5, 8–
11). Many of these and a number of further processes are trig-
gered by the subfamily 2 of Cav channels comprising the three
members Cav2.1, 2.2, and 2.3 that conduct P/Q-type, N-type, and
R-type Ca2+ currents, respectively (12). These channels are
thought to be assembled from pore-forming α1 subunits and two
distinct types of auxiliary subunits, Cavβ1-β4 and α2δ1-δ4;
Cavγ2-γ8 have also been suggested as accessory subunits (13–15).
Although the channel core complex has been extensively studied,
the nano-environments of Cav2 channels have escaped direct

investigation, mostly because of technical limitations precluding
their comprehensive proteomic analysis. Such unbiased analysis,
however, is ultimately required for molecular understanding of
the Cav2-mediated signaling.
Proteomic analysis of membrane-associated signaling networks

represents a major technical challenge, particularly when native
(not genetically manipulated) tissue is used as source material.
Antibody-based affinity purification (AP) combined with quanti-
tative MS is a target-directed approach, which, theoretically, allows
for strong enrichment of both target proteins and more stably as-
sociated partners with tight control of specificity and interaction
stringency (16). In fact, AP-based proteomics were successfully
used for identification of accessory subunits and regulators of var-
ious ion-channel proteins (17–23). Notwithstanding, there remain
several sources of error that are aggravated considerably when
approaching protein networks such as those comprising nano-
environments. First, solubilization conditions, generally a compro-
mise between efficiency and preservation of protein–protein in-
teractions, must be carefully adjusted. Second, specificity and
selection biases of antibodies (ABs) must be well-controlled, be-
cause protein networks offer an increased surface for nonspecific
binding and may obscure access of ABs to their epitopes. Finally,
reliable identification of less-abundant or smaller proteins requires
high-resolution quantitativeMS (24). In the light of these concerns,
previous efforts to identify proteins associated with Cav channels
(25, 26) might have missed important components or contained
false-positive interactors.
Here, we use a proteomic approach that combines a multi-

pronged AP using optimized solubilization conditions, multiple
ABs to distinct epitopes, and source material from wild-type
(WT) and knockout animals together with high-resolution quan-
titative nanoflow tandem MS (nano–LC-MS/MS) and a tiered
data-analysis procedure to identify proteins reconstituting the
nano-environments of Cav2 channels in the mammalian brain.
The identified Cav2 channel proteome provides a comprehensive
set of data that serves as a roadmap for ultra-structural and
functional analyses of local Ca2+ signaling by these key channels
of synaptic transmission and plasticity.
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Results
Isolation and Analysis of Cav2 Channel Nano-Environments. The ex-
perimental approach used to determine the nano-environments
of Cav2 channels is illustrated in Fig. 1A.
Plasma membrane-enriched protein fractions were prepared

from total brain of adult rats, WT mice, and mice with targeted
deletions of either Cav2 α1 or Cav β subunits [Cav2.1 (27),
Cav2.2 (28), Cav2.3 (29), Cavβ2 (30), Cavβ3 (31), and Cavβ4
(32)]. To optimize solubilization conditions that retained intact
nano-environments, membrane fractions were solubilized with
a set of detergent buffers of variable stringency (Material and
Methods) and centrifuged under conditions leaving micelles with
an estimated size (diameter) of up to ∼70 nm in the supernatant
(Fig. S1). The yield of solubilized Cav2 α1 protein displayed
a wide range as visualized by Western-probed gel separations.
Thus, digitonin (33) solubilized only small amounts of the Cav2
α1 protein in the membrane fractions, whereas buffers CL-91
and CL-114 solubilized ∼50% and ∼95% of the Cav2 α1 protein,
respectively (Fig. 1B Left). All solubilization conditions were
compatible with subsequent APs; the amounts of Cav2 α1
retained by the affinity matrix in CL-91 and CL-114, however,
exceeded that obtained with digitonin by about 10-fold (Fig. 1B
Right). Because of its efficient yield of Cav2 α1 protein and its
intermediate stringency (22, 34), the solubilization buffer CL-91
was used for most of the APs of Cav2 nano-environments.
For these APs, a set of 14 different ABs was applied, each

directed against distinct epitopes either in the α1 subunits of the
three Cav2 channel subtypes or the four different Cav β subunits
(Fig. 1A, arrows) (Material and Methods); an additional AB

targeted the Cav γ2 and γ3 proteins (anti-γ2/3) (22). This mul-
tiepitope strategy was used to eliminate the errors frequently
introduced into APs of protein complexes by individual ABs
because of their specific binding properties. Thus, ABs are often
selective for complexes of particular subunit compositions over
others, and/or they interfere with the integrity of complexes by
high-affinity interaction with their target epitope (35). Off-target
effects inherent to ABs through direct binding of proteins dif-
ferent from their target (cross-reactivity) were circumvented by
the parallel use of Cav2 subunit knockout animals.
Complete eluates of all APs obtained with the different ABs

from solubilized membrane fractions of WT and knockout ani-
mals were analyzed by high-resolution nano–LC-MS/MS on
a hybrid linear ion trap/Fourier transform mass spectrometer
(LTQ-FTUltra). This provided data on both the identity (through
fragmentation MS/MS spectra recorded by the ion trap) and the
amount (throughMS spectra over time measured in the ICR cell)
of proteins in each of the eluates. The amount of each protein was
quantified from the peak volumes (PVs; integral of MS signal
intensity in the m/z-retention time plane (22, 36) (Fig. 1A) of
multiple tryptic peptides. Values determined for PVs with stan-
dard protein mixtures (ranging from 0.1 to 1,000 femtomoles)
showed that the dynamic range of this label-free quantification
extends over three to four orders of magnitude.
Quantitative data on protein amounts together with the sub-

type-specificity profile of the anti-Cav ABs (Fig. S2) and a three-
staged filter were subsequently used to extract high-confidence
protein constituents of Cav2 nano-environments from the multi-
ple APs with the anti-CavABs (Fig. 1A). First, an abundance filter
(Filter A) excluded all proteins identified in MS analyses by less
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Fig. 1. Proteomic approach used for analysis of Cav2 nano-environments in the mammalian brain. (A) Workflow of the proteomic analysis as detailed in the
main text. (B) Solubilization efficiency of Cav2.2 channels under various conditions (input) and retrieval of Cav2 α1 proteins in subsequent APs (output). (Left)
Solubilized (S) and nonsolubilized (P) protein fractions obtained with buffers CL-91, CL-114, and digitonin (Dig) from rat brain membranes (M), resolved by
SDS/PAGE and Western-probed with the anti–Cav2.2-c antibody. (Right) Relative yield of the Cav2 α1 proteins (mean ± SD) determined by quantitative MS
analysis in five APs using the indicated solubilization buffers and all anti-Cav2 α1 antibodies. (C) Determination of target specificity by abundance thresholds.
Histogram plot summarizing abundance ratios (binned in logarithmic intervals; division of protein amounts obtained with Cav2 subunit-specific ABs in APs
fromWT and the respective knockout brains) of all proteins in all APs. Stacked bars in red are proteins exclusively detected in APs fromWT or knockout brains.
Continuous line represents distribution of the nonspecific proteins as obtained from fitting the sum of two Gaussians to the data; high-confidence threshold
for specificity is indicated by the dashed line in green. (D) Summary of MS analyses used for identification of the protein constituents of Cav2 nano-
environments. (Inset) Distribution of precursor mass error in ppm of all peptides identified by database searches with Mascot; green lines indicate m/z tol-
erance (± 8 ppm) used for PV assignment.
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than two different peptides or that exhibited total PVs of less
than ten times the detection threshold of the mass spectrometer.
For Filter B, the remaining proteins were evaluated for their
target-specific copurification with the anti-Cav ABs using mem-
brane fractions from Cav subunit knockout mice and preimmu-
nization IgGs as negative controls. Target specificity was defined
by threshold values established in abundance-ratio histograms,
which, for each protein, compared its amount in APs with anti-
Cav ABs from WT and the respective target (Cav subunit)
knockout mice (Fig. 1C) and/or its amount in APs (from rat
brain) with anti-Cav ABs and a pool of preimmunization IgGs.
Accordingly, all proteins enriched by more than 25-fold in APs
with anti-Cav ABs versus control IgGs (positive filter) and not
dubbed unspecific by the knockout control (amount in APs from
WT less than 10 times the amount from the respective target
knockout; negative filter) (Fig. 1C) were selected. Finally, Filter
C analyzed the extracted candidate proteins for their consistency
across the Cav2 α1 and Cav β APs. Acceptance of any protein
required its appearance in (i) the majority of APs with at least
one of three sets of α1-directed ABs and in (ii) APs with at least
one of the Cav β-targeting ABs (Cavα-AND-Cavβ criterion);
passing this criterion, thus, implied specific copurification with at
least three different anti-Cav ABs. Accordingly, Filter C elimi-
nated candidates with either lower abundance in the brain or less
stable interaction with Cav2 channel-associated networks and
enriched for candidates that robustly integrate into Cav2 nano-
environments.
In summary, 64 APs were analyzed in 129 nano–LC-MS/MS

runs that identified an average of 240 proteins per AP (with an
average of 1,970 PVs assigned per AP) (Fig. 1D). After the three-
stage filtering outlined above, 207 proteins were annotated as final
constituents of the Cav2 nano-environments in the whole rat brain.

Core of Cav2 Channels. The proteins most effectively purified over
the complete set of anti-Cav ABs were the α1 subunits, Cav2.1–
Cav2.3, and the four Cav β subunits, Cavβ1–Cavβ4. MS retrieved
large numbers of peptides for each of these Cav proteins (98, 93,
and 80 different peptides for Cav2.1–Cav2.3; 25, 25, 22, and 31
peptides for Cavβ1–Cavβ4, respectively), providing extensive cov-
erage of their accessible primary sequences (Fig. 2A and Fig. S3).
Detailed analysis of the protein amounts obtained with a sub-

set of anti-Cav ABs using PVs normalized to the number of MS-
accessible amino acids (abundancenorm; SI Materials and Meth-
ods) showed that Cav2 α1 and Cav β subunits were purified in
about equimolar ratios and that this robust copurification was
independent of the AB and buffer system used for solubilization
(Fig. 2B). In contrast, the α2δ proteins α2δ1–3 were identified
(by MS/MS spectra) only in APs using digitonin for solubiliza-
tion, where their molar abundance was less than 10% of that
obtained for the Cav2 α1 and Cav β subunits (Fig. 2B). In APs
with the CL buffers, evaluation of PVs corresponding to peptide
signals identified in digitonin APs revealed molar ratios for α2δ
to Cav2 α1 or Cav β proteins of 0.1–1% (Fig. 2B). The supposed
Cav γ subunits, γ2–γ8, were not detected in any of the APs
performed (Fig. 2B). Accordingly, the anti-γ2/3 AB, targeting the
most abundant Cav γ isoforms in the rat brain, failed to copurify
any Cav2 α1 or Cav β subunits, but rather purified with high-
efficiency AMPA-type glutamate receptor complexes (22). These
results indicate that the core of Cav2 channels in the rodent
brain is composed of a pore-forming α1 and an auxiliary β sub-
unit (Fig. 3). Within this framework, heterogeneity is generated
by distinct assembly profiles between these subunits and/or by
splice variations (Fig. S3). Thus, relative quantification of the
Cav β proteins in all α1-directed APs showed that Cav2.1–Cav2.3
are distinctly assembled with Cavβ1–Cavβ3, whereas Cavβ4 is the
most abundant auxiliary subunit of all Cav2 channel subtypes
(Fig. 2C), in good agreement with a previous report using radio-
labeled toxins (37).

Proteome of Cav2 Channel Nano-Environments. In addition to the
channel core, our proteomic analysis identified another 200
proteins as constituents of the Cav2 channel nano-environments
in the whole rat brain (Fig. 3 and Table 1). All these partner
proteins were specifically and consistently copurified with the
Cav2 channels (passing Filters A–C) (Fig. 1A), although at dif-
ferent abundance (relative abundance in Table 1) and with
distinct profiles for association with the Cav2 channel subtypes
Cav2.1–Cav.2.3 (subtype preference in Table 1). The abundan-
cenorm values determined for the copurified proteins (over APs
with all 14 anti-Cav ABs) ranged over more than three orders of
magnitude, putting them into four categories related to the aver-
age amount of the Cav2 α1 proteins (used as reference). Thus, 40
proteins were copurified at amounts within one-half an order of
magnitude of the reference (20%; marked = in rel. abundance in
Table 1), 157 exhibited abundancenorm values more than 3-fold
beyond that of Cav2 α1 [designated < (109 proteins; 54.5%) or <<
(48 proteins; 24%) in Table 1], and only three extensively poly-
merizing tubulins (1.5%) exceeded the amount of Cav2 α1 by
more than 3.3-fold (designated > in Table 1). An additional set of
proteins copurified at similarly ranged abundancenorm values but
failing the consistency criterion (Filter C) were excluded from the
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final annotation of the Cav2 nano-environments (Table 1) and
listed separately (Table S1).
Investigation of the subtype preference showed that the nano-

environments of the three types of Cav2 channels are assembled
from different pools of proteins (Fig. 4A): (i) those uniquely
identified with either Cav2.1, Cav2.2, or Cav2.3 (68 of 204 pro-
teins), (ii) those retrieved with at least two different types of
Cav2 channels (84 proteins), and (iii) those common to all Cav2
channel subtypes (52 proteins). Accordingly, two-thirds of the

nano-environment constituents are shared among Cav2.1–Cav2.3,
whereas one-third is uniquely found with individual subtypes.
The largest overlap was observed between Cav2.1 and Cav2.2 (99
of a total of 134 and 161 proteins, respectively) (Fig. 4A), in line
with the shared role of both channels in presynaptic transmitter
release (38).
Classification according to subcellular localization and topology

as indicated in public databases (SwissProt, PubMed, and EMBL
database) showed that more than one-half of the identified pro-
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Fig. 3. Composition of the Cav2 channel nano-
environments in the brain. Proteins identified
by the proteomic approach with CL-91 solubi-
lized membrane fractions categorized accord-
ing to their primary biochemical function. Red
font marks proteins copurified also under high-
stringency conditions (CL-114). The Cav2 chan-
nel core made up from one α1 (Cav2.×) and one
β subunit (Cavβ1–4) is depicted as a structural
model in space-filling mode (generated with
the Maya platform; Materials and Methods and
Table S3).
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tein constituents of the Cav2 nano-environments are resident at
membranes (Fig. 4B), most of them at the plasma membrane (89
of 207 proteins) (Table S2) and some at the ER/Golgi compart-
ments (9) or in intracellular and synaptic vesicles (11). Many
of these proteins are, in fact, membrane proteins (85 of 207),
either integral to the membrane (78%) or membrane-associated
through lipid anchors (22%). The remaining constituents of the
Cav2 nano-environments are annotated as nonmembrane pro-
teins mostly localized to the cytoplasm (87 of 207 proteins) (Fig.
4B), or they lack annotation of subcellular localizations (11 of 207
proteins). Proteins from other compartments, including nucleus,
mitochondria, or lysosomes, that are frequently observed in pro-
teomic work (16, 24) did not come through the three-tiered fil-
tering as partners in Cav2-associated protein networks.
Analysis of their primary (biochemical) function showed that

the proteins in the Cav2 nano-environments may be subdivided
into 12 different categories with distinct numerical representa-
tion (Fig. 3): ion channels and transporters (44 of 207 proteins;
21.3%), G protein-coupled receptors (GPCRs, 13; 6.3%), mod-
ulators or small GTPases (21; 10.1%), members of the SNARE
family of proteins (6; 2.9%), proteins with enzymatic activity (9;
4.3%), kinases and phosphatases (20; 9.7%), mediators of protein
trafficking (12; 5.8%), proteins participating in the cytoskeleton
(18; 8.7%), proteins of the cytomatrix (10; 4.8%), proteins con-
tributing to extracellular matrix/cell adhesion (4; 1.9%), adaptor
proteins (20; 9.7%), and proteins without annotated function(s)
(30; 14.5%). Of this broad spectrum, several have been implicated
in Ca2+-dependent processes, predominantly in the synaptic
compartment (8, 39), such as Ca2+-triggered ion flux and enzymatic
activities or the processing and fusion of synaptic vesicles; however,
the vast majority of these proteins has not been linked to the nano-
environments of Cav2 channels. Vice versa, proteins for which di-
rect protein–protein interactions with Cav2 channels have been
reported, including the SNARE proteins syntaxin-1 and SNAP-25
(40), CASK (41), DPYL2 (CRMP-2) (42), CaMKII (43), BKCa
channels (KCa1.1) (17), and RIM1 (44), were all found effectively
coassembled into the Cav2 nano-environments (Fig. 3, Table 1, and
Table S4). In addition, thepreferredGPCR-mediateddepressionof
N-type Cav channels (over P/Q type) seen in functional studies (38)
is reflected by the respective subtype preference found for the
GPCRs in Cav2 nano-environments (Table 1). Interestingly, this
preferred association with Cav2.2 was not only preserved through
the integralGPCRsubunits butalso found for therecently identified
auxiliary subunits of GABAB receptors, the potassium-channel
tetramerization domain-containing (KCTD) proteins 8, 12, and 16
(34) (Table 1).

Stability and Connections of Cav2 Channel Nano-Environments. For
protein networks, it is intrinsically difficult to determine which
constituents are connected directly or indirectly and how stable are
individual protein–protein interactions. Two further approaches
were, therefore, used to gain insight into the formation of Cav2
nano-environments: APs under solubilization conditions of largely
increased stringency and correlation analyses of all identified nano-
environment constituents over all APs.
For APs under high-stringency conditions, a subset of six anti-

Cav ABs (the same as in Fig. 2B) was used with the solubilization
buffer CL-114, which, compared with CL-91, contained an in-
creased concentration of an anionic detergent at a higher ionic
strength (4-fold increase). Respective abundance ratios for CL-
114 vs. CL-91 revealed values >0.25 for 60 proteins (Fig. 3, red
and Table 1, bold), whereas for 147 proteins, CL-114 reduced
protein abundance by more than 4-fold (Fig. 3, black and Table 1,
regular). Thus, ∼30% of the annotated proteins remained tightly
associated with the Cav2 channel core, even when significant
portions of the network, including most of the cytoskeleton and
the tubulins, were removed (Fig. 3).

Correlation analysis of protein abundances across the 20 dif-
ferent anti-Cav APs performed on rat brain membranes (Mate-
rials and Methods) (Fig. S4A) revealed numerous connections
between individual constituents of the Cav2 nano-environments
and identified a series of subclusters forming within the network
(Fig. 4C and Fig. S4B). Together with protein-interaction data
from literature (mostly based on one-to-one interactions of pro-
teins or protein domains), these connections provide a roadmap
for the assembly of Cav2 nano-environments (Fig. 4).

Functions and Dynamics of the Cav2 Nano-Environments. Finally, the
identified protein constituents (Fig. 3 and Table 1) were used
together with data on their structure, function, and roles in cell
physiology, as assessed from public databases and scientific lit-
erature, to derive a general concept for the operation and sig-
naling by Cav2 nano-environments in the brain (Fig. 5).
Accordingly, the protein constituents of the Cav2 nano-envi-

ronments may be subdivided into six functional groups (Fig. 5 Left)
that closely cooperate to integrate the local Ca2+ signal and de-
termine the output of a nano-environment. First, activation of the
Cav2 channels leads to an initial increase in [Ca2+]i, whose dy-
namics are subsequently controlled by positive or negative feedback
loops exerted through some of the Ca2+-dependent effector sys-
tems and the dynamics of the [Ca2+]i group of proteins, which, in
turn, are supported by homeostasis proteins (Fig. 5 Right). These
feedback loops seem to be predominantly mediated by transport of
Ca2+ ions (through Ca2+-ATPases and Na+-Ca2+ exchangers) and
the control of Cav channel activity through changes in membrane
potential (electrical signaling), posttranslational modification (in-
cluding phosphorylation), and signaling through GPCRs. The level
of [Ca2+]i resulting from these activities subsequently regulates
a number of Ca2+-dependent effectors (Fig. 5 and Table S2), which
may either induce changes in the local architecture andmorphology
(including cytoskeleton remodeling) or drive second-messenger
processes such as changes in the membrane potential (through
BKCa channels), protein phosphorylation and dephosphorylation
(through PKC, CaMKII, or PP2B), generation of nitric oxide
(through NOS), or release of neurotransmitters. Together, these
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Fig. 5. Representation of cellular functions and operation circuitry of Cav2
nano-environments. (Left) Identified protein constituents of the Cav2 nano-
environments grouped into six classes (boxed, numbers denoting relative
participation) reflecting their functional significance for the signaling and
operation of Cav2 networks. Bars illustrate representation of the respective
function in the Cav2 proteome (Table S2). (Right) Operation of Cav2 nano-
environments as a functional entity. Arrows in red and green represent
positive and negative feedback of or onto free Ca2+ ions provided by the
Cav2 channels, respectively; arrows in black denote modulatory activity be-
tween proteins of the respective functional groups. Details on organization
and circuitry are discussed in the main text.
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effector processes may be regarded as the output of the network
that carries the locally integrated Ca2+ signal beyond the bound-
aries of the nano-environments (Fig. 5 Right, external effectors).

Discussion
There is emerging evidence that understanding signal transduction
by ion channels (and most likely, other membrane proteins)
requires comprehensive analysis of their molecular environment
beyond the interaction of pore-forming and auxiliary subunits. So
far, however, experimental procedures enabling unbiased and
comprehensive access to the environment of membrane proteins
have been missing or have just begun to evolve (17–23, 34).
The proteomic approach developed here for identification of

the nano-environments of Cav2 channels relied on three key
elements: (i) appropriate solubilization of protein networks
from brain membranes, (ii) stringently controlled multiepitope
APs together with high-resolution quantitative MS, and (iii)

a three-tiered analysis filter to extract the constituents of Cav2
networks. At each step, the approach maintains comprehen-
siveness while minimizing false-positive protein candidates.
Solubilization of Cav2 channels is intrinsically difficult (33),

likely because of their integration into extended protein networks,
requiring thorough optimization with quantitative assessment of
efficiency (Fig. 1). Digitonin, although an effective solvent of
Cav1 channels in skeletal muscle, apparently selected for readily
soluble subpopulations of Cav2 channels not integrated into pro-
tein networks, as indicated by the low yield of affinity-purified
Cav2 protein (Fig. 1B) and the appreciable amount of copurified
α2δ reportedly interacting with Cav2 channels primarily during
ER-Golgi trafficking (15, 45). In contrast, CL-91 specifically cop-
urified at least 200 different proteins, which, according to database
annotations, originated from assembly with Cav2 channels in both
plasmamembrane andmembrane vesicles (Fig. 3 andTable 1).This
complexity is specific for Cav2 channels, because rather limited sets
of partner proteins were obtained under the same conditions for
other ion channels (17, 22, 23). CL-114, a buffer with increased
stringency, seemingly interfered with the integrity of protein net-
works, stripping away the less tightly integrated components.
All APs were performed under conditions of minimized dis-

sociation (of nano-environments); that is, APs used incubation
times of ≤2 h at 4 °C and physiological ionic strength. These
conditions favor copurification of stably interacting proteins
while disfavoring more dynamic protein–protein interactions.
Nevertheless, the latter may well be detected by our approach,
unless the amount of the remaining fraction(s) drops below
a total of ∼0.5% of the amount of Cav2 α1.
Target specificity and comprehensiveness are the most critical

issues in AP analyses of protein networks. For the Cav2 nano-
environments, these issues were effectively addressed by the use of
multiple ABs with distinct (and orthogonal) epitopes and a three-
tiered filtering, combining thresholds for protein abundance, tar-
get specificity, and consistency among different APs (Fig. 1A). In
addition, APs from target knockout membranes proved to be very
effective negative controls, eliminating more than 70% of all cop-
urified proteins as target-independent background (Fig. 1C). Fil-
tering for consistency further eliminated biases introduced by
individual ABs and promoted annotation of proteins robustly
copurified with the individual Cav2 channel subtypes (207 of 1,317
relevant proteins) (Fig. 1D). The validity of this procedure is em-
phasized by the absence of common background proteins, such as
nuclear, mitochondrial, or other abundant housekeeping proteins,
without introductionof anyobviousbias to certain typesandclasses of
proteins (Figs. 3 and 4 and Table 1). In addition, our approach con-
firmed themajority of proteins reliably identified as direct interactors
of Cav2 channels (Table S4, upper half). It should be noted, however,
that our filtering operated on the cost of completeness, which means
that it likely discarded a portion of true-positive members of
Cav2 networks. Thus, proteins with higher interaction dynamics (e.g.,
Ca2+-dependent interactions), promiscuous binding properties (e.g.,
proteins interacting with cytoskeletal scaffolds) (46), low expression
levels, and/or strong Cav2 subtype preference may have been elimi-
nated. For example, the prototypicCa2+-binding protein calmodulin,
although detected in individual APs, failed the consistency criterion,
strongly suggesting that it interacts with Cav2 channels on a more
dynamic basis as recently suggested (47) or alternatively, binds to
background proteins equivalently well as to Cav2 channels. In addi-
tion, lower affinity interactions that may indeed be physiologically
used by Cav2 channels might be missed with our approach.
Nevertheless, the Cav2 proteome presented in this study is

a comprehensive and unprejudiced analysis of the molecular en-
vironments of the P/Q-type, N-type, and R-type Cav channels in
the mammalian CNS and extends far beyond previous studies. Of
the 200 identified proteins, less than 10% have been biochemically
linked to Cav2 channels (Table S4). Moreover, the present pro-
teome provides information on protein isoforms, abundance of
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Fig. 6. Molecular modeling of Cav2 nano-environments in the presynapse.
Selected proteins of the Cav2 channel proteome with documented locali-
zation to the presynaptic compartment arranged to reflect their function (as
obtained from public databases), molecular structure (pdb database) (Table
S3), abundance (Table 1), and clustering (Fig. 4C). All proteins are repre-
sented as space-filling models, and the BKCa-Cav2 complex (A, left side; ∼1.6
MDa) (17) may serve as size reference. SV, releasable synaptic vesicle. Views
in A–C are related to each other by the indicated rotations around an axis
perpendicular to the membrane; (C) is additionally rotated by ∼60° around
a horizontal axis. (Inset) Projection of the nano-environment into a small
synapse (diameter = 1 μm).
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copurification, and preference for assembly with the individual
Cav2 subtypes (Fig. 4A and Table 1). Correlation analyses using
these quantitative data identified a number of connections and
protein clusters within Cav2 networks and provided links to spe-
cific subcellular compartments (Fig. 4C and Fig. S5). All of this
information has been organized as protein datasheets (Fig. S5,
sample sheet) on a publicly available platform (http://www.chan-
nel-proteomes.com) that may serve as a roadmap for ultrastruc-
tural and functional analyses of Ca2+-dependent processes and
Cav2-mediated signaling in the mammalian brain.
To further promote such investigations, we formulated a mo-

lecular model of Cav2 channel-associated networks in the pre-
synaptic compartment, the predominant localization of Cav2
channels in CNS neurons (48, 49), using the spatial constraints
set forth by functional and proteomic data. We used a subset of
36 proteins from the Cav2 proteome (Fig. 3 and Table 1) with
known presynaptic localization together with database annota-
tions on their structure, function, and protein interactions as
well as the biochemical information obtained from this study
(Table 1) and experimental constraints (micelles used in our APs
had dimensions of ≤70 nm) to generate the 3D model depicted
in Fig. 6. Because presynaptic P/Q-type and N-type channels
supply the Ca2+ for Ca2+-dependent synchronous release of

transmitters, a synaptic vesicle was placed immediately on top of
four Cav2 channels (estimate from refs. 4, 50, and 51). Because
of inherent structural constraints, only a small number of partner
proteins are able to directly interact with the core of individual
Cav2 channels. Consequently, Cav2 channels will coassemble
with distinct sets of partners, and these core assemblies, poten-
tially involving different Cav2 subtypes, may interact biochemi-
cally and functionally to form nano-environments. Within these
networks, multiple attachment points may exist, such as between
Cav2 channels and the synaptic vesicles, thus generating a high
degree of redundancy that enables transmitter release even if
single-protein constituents are defective or absent (52). The
marked number of connections would require coordinated ac-
tivities of multiple partners to accomplish complex processes and
provides a molecular explanation for the reliability and diversity
of Cav2-dependent Ca2+ signaling processes.

Materials and Methods
The proteomic approach, including preparation of source material, affinity
purification, and high-resolution quantitative nano–LC-MS/MS, were done as
described in refs. 22, 23, and 34. Specifications and further details, as well as
an extended description of the data-evaluation procedure and correlation
analysis, are provided in SI Materials and Methods.

Table 1. Protein constituents of Cav2 channel nano-environments in the brain
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Q62768 Munc13-1

P61107 Rab14

P10536 Rab1B

Q6AXT5 Rab21

P05712 Rab2A

P62824 Rab3C

P35289 Rab15
Q5EB77 Rab18

Q63941 Rab3B

Q8BHD0 Rab39A
O35963 Rab33B

Q62770 Munc-13-3

P48768 NaCaExchanger-2 (NCX-2)

P06686 NaKATPase alpha-2
P07340 NaKATPase beta-1

P55161 Nck-associated protein 1
Q63372 Neurexin-1 alpha
Q5FVQ8 NLRX1
P29476 NOS1
O88588 PACS1
Q01062 PDE2A
Q63716 Peroxiredoxin-1
P35704 Peroxiredoxin-2

P42356 PI4-kinase
Q9JKS6 Piccolo
P05696 PKC alpha
P68403 PKC beta
P63319 PKC gamma
P11505 PMCaATPase-1
P11506 PMCaATPase-2
Q64568 PMCaATPase-3
Q64542 PMCaATPase-4
P62024 PP1 and actin regulator 1

Q76MZ3 PP2A-PR65
P63329 PP2B alpha (calcineurin)

Q8BPN8 Rabconnectin-3
P47709 Rabphilin-3A

Q01728 NaCaExchanger-1 (NCX-1)

P06685 NaKATPase alpha-1

P54900 Nav beta-2
P04775 Nav1.2

P47860 PFkinase-C
P47858 PFkinase-M

P62142 PP1B

Q9EPU0 RENT1

Q9JK11 Reticulon-4/Nogo protein
P61589 RhoA
P84096 RhoG

Q64548 Reticulon-1
Q62703 Reticulocalbin-2

Q5FVC2 RhoGEF-2

PP1B

Q5XXR3 RhoGEF-6
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Proteins specifically and consistently identified in APswith anti-CavABs (Fig. 1A) using CL-91 as solubilization buffer listed in alphabetic order; accession numbers
(Acc. No.) refer to the UniProtKB/SwissProt database. Proteins in bold were also identified in APs with CL-114. Molar abundance of proteins relative to the average
amountofCav2α1usedas reference (rel. abundance)was classifiedas> ifmore than3.3-fold referenceamount, =whenbetween0.33-fold and3.3-foldof reference,
< when between 0.033-fold and 0.33-fold of reference, and << when less than 0.033-fold reference amount. Association of proteins with Cav2.1–2.3 (subtype
preference) is given in a three-letter codewith A, B, and E denoting Cav2.1 (α1A), Cav2.2 (α1B), and Cav2.3 (α1E), respectively; capital and normal letters reflect very
high [(AP(WT)/[AP(IgG)])≥25]andhigh [(AP(WT)/[AP(IgG)])≥10]enrichmentby themajorityofCav2subtype-specificantibodies, respectively,anddots reflect specific
identification with individual antibodies only
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