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Proteomic analysis of native cerebellar iFGF14 complexes
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ABSTRACT
Intracellular Fibroblast Growth Factor 14 (iFGF14) and the other intracellular FGFs (iFGF11-13)
regulate the properties and densities of voltage-gated neuronal and cardiac NaC (Nav) channels.
Recent studies have demonstrated that the iFGFs can also regulate native voltage-gated Ca2C (Cav)
channels. In the present study, a mass spectrometry (MS)-based proteomic approach was used to
identify the components of native cerebellar iFGF14 complexes. Using an anti-iFGF14 antibody,
native iFGF14 complexes were immunoprecipitated from wild type adult mouse cerebellum. Parallel
control experiments were performed on cerebellar proteins isolated from mice (Fgf14¡/¡) harboring
a targeted disruption of the Fgf14 locus. MS analyses of immunoprecipitated proteins demonstrated
that the vast majority of proteins identified in native cerebellar iFGF14 complexes are Nav channel
pore-forming (a) subunits or proteins previously reported to interact with Nav a subunits. In
contrast, no Cav channel a or accessory subunits were revealed in cerebellar iFGF14
immunoprecipitates. Additional experiments were completed using an anti-PanNav antibody to
immunoprecipitate Nav channel complexes from wild type and Fgf14¡/¡ mouse cerebellum.
Western blot and MS analyses revealed that the loss of iFGF14 does not measurably affect the
protein composition or the relative abundance of Nav channel interacting proteins in native adult
mouse cerebellar Nav channel complexes.
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Introduction

Members of the intracellular Fibroblast Growth Factor
(iFGF) family of proteins, which include iFGFs 11-14,
share significant sequence and structural homology
with canonical FGFs, but are functionally unrelated as
they are not secreted and do not activate FGF recep-
tors.1,2 Mutations in iFGF14 in humans have been
linked to spinocerebellar ataxia 27 (SCA27), an auto-
somal-dominant disorder characterized by gait and
movement disorders, nystagmus, and cognitive
impairment.3-7 Mice lacking iFGF14 (Fgf14¡/¡)
exhibit an ataxia phenotype resembling SCA27,8,9

accompanied by marked changes in the excitability of
cerebellar granule and Purkinje neurons.10 Numerous
previous studies have linked iFGFs-mediated effects
on neuronal excitability to the regulation of voltage-
gated NaC (Nav) channels.10-14 Through binding to

the C-terminal domain of Nav channel pore-forming
(a) subunits, iFGFs have most consistently been
reported to increase the availability of Nav channels
by shifting the voltage-dependence of steady-state
inactivation toward depolarized potentials.11,14-17 It
was recently also reported, however, that the iFGFs
also regulate voltage-gated Ca2C (Cav) channels. In
cardiac myocytes, for example, iFGF13 was shown to
modulate Cav current densities and the cell surface
expression of Cav channel a subunits.18 In addition,
iFGF14 was shown to regulate Cav current densities
in (presynaptic) cerebellar granule neurons and syn-
aptic transmission at granule to Purkinje neuron syn-
apses.19 Taken together, these observations suggest
that iFGF14 (and the other iFGFs) may regulate multi-
ple types of ion channels and subserve multiple physi-
ological functions.
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The goals of the studies reported here were to iden-
tify the proteins that co-immunoprecipitate with
iFGF14 from adult wild-type (WT) mouse cerebellum
and to determine if the loss of iFGF14 alters the pro-
tein components of native Nav channel complexes in
adult (Fgf14¡/¡) mouse cerebellum. Native iFGF14
and Nav channel protein complexes were immunopre-
cipitated from adult WT (and Fgf14¡/¡) mouse cere-
bella and the protein components of these complexes
were identified using a mass spectrometry (MS)-based
proteomic approach and Western blotting.

Results

Immunoprecipitation of cerebellar iFGF14 complexes

Initial experiments were focused on optimizing the
experimental conditions for the IP of iFGF14 com-
plexes from adult WT cerebella using an anti-iFGF14
mouse monoclonal antibody (maFGF14) from the
UC Davis/NIH NeuroMab Facility. Brains from ani-
mals (Fgf14¡/¡) harboring a targeted disruption of the
Fgf14 locus (which encodes iFGF14)8 were used as a
control. As illustrated in Figure 1A, Western blots
probed with the rabbit polyclonal anti-FGF14
(RbaFGF14) antiserum revealed robust expression of
iFGF14 in lysates from WT animals and efficient IP of
iFGF14 from WT mouse cerebellum with maFGF14.
Western blot analysis of the IP supernatant revealed
»60% depletion of iFGF14 compared with the starting
cerebellar lysate. No iFGF14 protein was detected in
Western blots of total protein lysates or maFGF14-IPs
from Fgf14¡/¡ cerebella (Fig. 1A, bottom).

To determine the optimal amount of protein for IP
of cerebellar iFGF14 complexes, a constant amount
(20 ml) of pre-conjugated anti-iFGF14 sepharose
beads was used to IP proteins from varying amounts
of WT cerebellar lysates (Fig. 1B). Western blots of
cerebellar lysates and immunoprecipitated proteins
revealed an increase in the amount of immunoprecipi-
tated iFGF14 with the higher lysate inputs, suggesting
that the binding capacity of the maFGF14- beads was
not saturated, even when the largest amount (8 mg) of
lysate was used. To optimize the amount of
maFGF14-bead volume for IP of cerebellar iFGF14
complexes, variable amounts of maFGF14-beads were
used to IP proteins from a constant amount (8 mg) of
WT or Fgf14¡/¡ cerebellar lysates. As illustrated in
Figure 1C, Western blot analyses of WT cerebellar
lysates and immunoprecipitated proteins revealed that

increasing the amount of maFGF14-beads did not
result in detectable increases in the amount of iFGF14
immunoprecipitated. The maximum amount of
iFGF14 was precipitated with 10 ml of maFGF14-
beads. No iFGF14 was detected in the total protein
lysates or in the maFGF14-IPs from Fgf14¡/¡ cere-
bella (Fig. 1C, bottom).

To optimize the relative amounts of maFGF14-
beads and cerebellar lysates, IPs were also performed
using 8 mg WT cerebellar lysates and decreasing
amounts of the maFGF14-conjugated beads (Fig. 1D).
Antibody-conjugated beads were mixed with non-
conjugated control sepharose beads to maintain equal
bead volumes. As illustrated in Figure 1D, Western
blots of WT cerebellar lysates and immunoprecipi-
tated proteins revealed that decreasing the amount of
maFGF14-conjugated beads resulted in reduced IP of
iFGF14. In an effort to improve the yield of iFGF14,
sequential IPs were performed using the post IP
supernatant from the first IP as the input for the sec-
ond IP (Fig. 1E). Western blot analyses of the WT
lysates and the supernatants from the 2 sequential IPs
revealed »85% depletion of iFGF14 in the first IP and
»90% depletion of FGF14 in the second IP. Together,
these observations suggest that 8 mg of cerebellar pro-
tein and 10 ml of maFGF14-conjugated beads are
optimal for robust IP of native iFGF14 complexes, and
these relative amounts were scaled for subsequent
proteomic analyses.

Identification of proteins immunoprecipitating with
iFGF14

To identify the protein components of native iFGF14
protein complexes in WT mouse cerebellum, the pro-
teins immunoprecipitating with the maFGF14 anti-
body-conjugated beads were digested with trypsin and
the resulting tryptic peptides were analyzed using 2D-
LC-MS/MS. This in-solution analysis yielded a total of
12 iFGF14 peptides and an amino acid sequence cov-
erage of 59% (51% in average, Fig. 2 and Table 1). A
representative fragmentation spectrum of an iFGF14
tryptic peptide, as well as the amino acid sequence
derived from this spectrum, is illustrated in Figure 2A.
An amino acid sequence alignment of iFGF14B, the
major iFGF14 splice variant in the adult mouse
brain,20,21 with iFGF14A and the other iFGFs,
iFGF11A, iFGF12A and iFGF13A, is depicted in
Figure 2B. Although iFGF14 and the other iFGFs are
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highly homologous, most (10) of the peptides identi-
fied are unique to FGF14. Two (of the 12) peptides,
however, are also present in iFGF12 (Fig. 2B). One
peptide specific to the unique iFGF14B N-terminus
was identified, whereas the other iFGF14 peptides

Figure 1. Optimization of maFGF14 Immunoprecipitations. All
blots were probed (IB) with a RbaFGF14 polyclonal antiserum as
described in Materials and Methods. A. Representative Western
blots of WT (top) and Fgf14¡/¡ (bottom) cerebellar lysates, pro-
teins immunoprecipitated with the mouse monoclonal anti-
iFGF14 (maFGF14) antibody, and the corresponding post immu-
noprecipitation supernatants (post IP sup). The »20 kDa iFGF14
protein is clearly evident in the WT lanes and absent in the
Fgf14¡/¡ lanes. Analyses of these blots revealed approximately
60% depletion of iFGF14 from WT mouse cerebellar lysates fol-
lowing IP with the maFGF14 antibody. B. Western blots of WT
cerebellar lysates before and after IP using variable amounts (1,
2, 4, or 8 mg) of protein lysates and a constant amount (20 ml) of
maFGF14-coupled sepharose beads. Analysis of IP samples
revealed that increasing amounts of iFGF14 were immunoprecipi-
tated from increasing amounts of cerebellar lysate, suggesting
that the binding capacity of the maFGF14 antibody-conjugated
beads was not saturated. C. Western blots of WT (upper) and
Fgf14¡/¡ (lower) cerebellar lysates before and after IPs using
8 mg of cerebellar proteins with variable volumes (10, 20, or
30 ml) of maFGF14 antibody-conjugated beads. Analysis of the IP
samples revealed no significant increase in the amount of iFGF14
immunoprecipitated when the bead volume was increased. D.
Western blot of WT cerebellar lysates and proteins immunopreci-
pitated from 8 mg of cerebellar proteins with decreasing volumes
of maFGF14 antibody-conjugated beads. Non-conjugated control
sepharose beads were used to maintain the bead amount con-
stant; the numbers above the lanes refer to the maFGF14 anti-
body-conjugated bead volumes (left) and the control bead
volumes (right). Decreasing amounts of iFGF14 were immunopre-
cipitated as the maFGF14-antibody-conjugated bead volume was
decreased. E. Western blots of WT and Fgf14¡/¡ cerebellar
lysates, post IP supernatants following sequential maFGF14-IPs
(post IP1 and post IP2), and proteins immunoprecipitated after
IP2; 60% of the IP2 fraction was loaded onto the gel. Analysis of
these blots revealed that approximately 85% depletion of iFGF14
was achieved with the first IP and a 90% depletion was achieved
with the second IP.

Figure 2. Mass Spectrometric Identification of iFGF14 Using
In-Solution 2D-LC-MS/MS. A. Representative MS2 fragmenta-
tion spectrum of one of the identified iFGF14 tryptic pepti-
des, NH2-(K)TKPAAHFLPKPLEVAMYR(E), with the y- (in blue)
and b- (in red) ions highlighted. B. Sequence alignment of
mouse iFGF11A, iFGF12A, iFGF13A, iFGF14A and iFGF14B with
the amino acid sequence coverage for iFGF14 obtained fol-
lowing high resolution LC-MS/MS proteomic analysis of
immunoprecipitated cerebellar iFGF14 complexes shown. All
detected peptides are highlighted in yellow. The identified
peptides that are also present in other iFGFs are also
highlighted in green and the identified peptide that is
unique to the iFGF14B isoform is highlighted in blue. The
peptide identified by the fragmentation spectrum in A is
underlined in red. The iFGF core homology domain is under-
lined in black. Asterisks (�) indicate fully conserved residues,
colons (:) indicate residues with strongly similar properties,
and periods (.) indicate residues with weakly similar
properties.
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could reflect the presence of either iFGF14A or
iFGF14B.

In addition to iFGF14, the Nav a subunits, Nav1.1,
Nav1.2, Nav1.4, and Nav1.6, as well as several pro-
teins previously shown to interact with Nav a subu-
nits, including Navb1, Navb2, Navb4, calmodulin,
synaptotagmin-2, ankyrin G, casein kinase II and
14.3.3,22-27 were also identified (Fig. 3 and Table 1).
Importantly, with the exceptions of calmodulin and
synaptotagmin-2, none of these proteins were present
in the Fgf14¡/¡ control IPs. As illustrated in the pie
chart in Figure 3, the vast majority of peptides identi-
fied were Nav a subunits or previously described Nav
a subunit interacting proteins. The average numbers
of exclusive unique peptides and total spectra, as well
as the average percent amino acid sequence coverage
obtained for each protein are provided in Table 1
(and Table S1).

Proteins immunoprecipitated with the maFGF14
antibody from WT and Fgf14¡/¡ cerebellar lysates
were also analyzed by Western blot (Fig. 4). As illus-
trated previously (Fig. 1), iFGF14 is readily detected

in, and immunoprecipitated from, WT mouse cerebel-
lar lysates, whereas no iFGF14 was present in lysates
or maFGF14 immunoprecipitated samples from
Fgf14¡/¡ mouse cerebellum (Fig. 4A). A high molecu-
lar weight (»250 kDa) band was also detected in the
WT IP with the maFGF14 antibody. This high molec-
ular weight band may reflect iFGF14 bound to Nav a

subunits. Consistent with this suggestion, Western
blots probed with antibodies against the Nav1.1,
Nav1.2 or Nav1.6 revealed high molecular weight
bands at »250 kDa (Fig. 4A). Immunoblots with the
anti-Nav1.1, anti-Nav1.2 and anti-Nav1.6 specific
antibodies revealed no apparent difference in the lev-
els of these Nav a subunit proteins in WT and Fgf14¡/

¡ cerebellar lysates (Fig. 4A). As expected, however,
the various Nav channel a subunits were immunopre-
cipitated with the maFGF14 antibody only from WT,
and not from Fgf14¡/¡, cerebellar lysates (Fig. 4A).

Western blots probed with anti-Nav b subunit
(anti-Navb1, anti-Navb2, anti-Navb3 and anti-
Navb4) specific antibodies revealed no apparent dif-
ferences in the amounts of the Navb subunit proteins

Table 1. Proteins identified in immunoprecipitated cerebellar iFGF14 complexes.

Identified
Protein Gene

Average number of
unique peptides
(total spectra)

Average % amino
acid sequence

coverage

WT Fgf14¡/¡
Voltage-gated NaC channel a subunit Nav1.2 Scn2a 58 (158) 0 27
Voltage-gated NaC channel a subunit Nav1.1 Scn1a 35 (73) 0 24
Voltage-gated NaC channel a subunit Nav1.6 Scn8a 23 (45) 0 17
FGF14 Fgf14 10 (26) 0 51
Calmodulin Calm 9 (33) 2 (3) 55
Voltage-gated NaC channel b2 subunit Scn2b 9 (21) 0 35
Voltage-gated NaC channel a subunit Nav1.4 Scn4a 2 (12) 0 3
Synaptotagmin-1 Syt1 2 (3) 0 16
Synaptotagmin-2 Syt2 15 (32) 2 (2) 57
Voltage-gated NaC channel b1 subunit Scn1b 8 (17) 0 28
Ankyrin R Ank1 4 (4) 0 3
Ankyrin G Ank3 9 (10) 0 6
Inositol 1,4,5-trisphosphate receptor type 1 Itpr1 4 (4) 0 2
Voltage-dependent anion-selective channel

protein 1
Vdac1 2 (2) 0 7

Vesicle-associated membrane protein-
associated protein A

Vapa 2 (4) 0 13

Voltage-gated NaC channel b4 subunit Scn4b 2 (3) 0 7
Excitatory amino acid transporter 1 Slc1a3 5 (7) 2 (2) 14
Sarcoplasmic/endoplasmic reticulum calcium

ATPase 2
Atp2a2 2 (3) 0 3

Casein kinase II subunit b Csnk2b 1 (1) 0 5
Guanine nucleotide-binding protein G(I)/G(S)/G

(T) subunit b¡1
Gnb1 1 (1) 0 4

Solute carrier family 12 member 5 Slc12a5 1 (1) 0 1
Protein-glutamine gamma-glutamyltransferase 2 Tgm2 1 (1) 0 3
Neurofascin Nfasc 1 (1) 0 1
14-3-3 protein theta Ywhaq 1 (1) 0 14
Synaptosomal-associated protein 25 Snap25 1 (1) 0 9

Note. The average number of exclusive unique peptides and total spectra as well as the average percent amino acid sequence coverage obtained for each protein
(from a total of 4 runs in each condition) are presented. Rows in bold indicate voltage-gated NaC (Nav) channel a subunits or previously identified Nav channel
interacting proteins.
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present in WT and Fgf14¡/¡ cerebellar lysates
(Fig. 4B). Consistent with the proteomic data, Navb1,
Navb2 and Navb4 were readily identified in the
observed maFGF14-IPs from WT, but not from
Fgf14¡/¡ cerebellum (Fig. 4B). A high molecular
weight (»250 kDa) band was also identified with the
anti-Navb2 antibody, likely reflecting Navb2 bound to
Nav a subunits. Similar to the proteomic findings
(Table 1), Navb3 was not identified in the Western
blot analyses of the proteins that immunoprecipitate
with the maFGF14 antibody-conjugated beads from
WT or from Fgf14¡/¡ cerebellar lysates (Fig. 4B).
Immunoblots with the anti-synaptotagmin-2 (Syt2)
specific antibody revealed no apparent difference in
Syt2 protein expression levels in the WT and the
Fgf14¡/¡ cerebellar lysates (Fig. 4B). Interestingly,
however, and consistent with the MS data (Table 1),
the Syt2 protein was present at a much higher level in
the blot of the proteins immunoprecipitated with
the maFGF14 antibody from WT, compared with
Fgf14¡/¡, cerebellum (Fig. 4B) (see Discussion).

Western blots of Nav a subunit interacting proteins
in WT and Fgf14¡/¡ cerebella

Numerous previous studies have demonstrated that the
iFGFs modulate the densities and the voltage-depen-
dent properties of native and heterologously expressed
Nav channels.10-14,28-31 In addition, it is clear that the
modulatory effects of the iFGFs vary with the cellular
environment in which the Nav channels and iFGFs are
co-expressed,14 suggesting that the iFGFs may affect
the interactions between Nav a and accessory subunits

Figure 3. 2D-LC-MS/MS Proteomic Analysis of maFGF14-IPs. Pie
chart representing the percentages of unique peptides identified
in maFGF14 antibody immunoprecipitated samples from WT cer-
ebellum that are Nav a subunits, Nav channel accessory subunits,
and other, non-Nav channel associated proteins. The vast major-
ity (87%) of the identified peptides correspond to Nav a subunits
or proteins known to associate with Nav a subunits. iFGF14 pep-
tides are not included.

Figure 4. Western Blot Validation of Selected maFGF14 Immuno-
precipitated Proteins Identified by High Resolution 2D-LC-MS/
MS. Representative Western blots of cerebellar lysates from WT
and Fgf14¡/¡ mice before and after IP with the maFGF14 anti-
body. A. maFGF14-IP of iFGF14 and Nav a subunits. Immunoblots
(IB) with RbaFGF14 revealed a 20 kDa band (closed arrowhead) in
the WT lysate and IP, but not the Fgf14¡/¡ lysate or IP. An addi-
tional »250 kDa band (open arrowhead) is present in the WT IP
lane, and likely represents iFGF14 bound to Nav a subunits (see
text). IB with the anti-Nav1.1, anti-Nav1.2 and anti-Nav1.6 anti-
bodies revealed that these Nav a subunits are present at compa-
rable levels in WT and Fgf14¡/¡ cerebellar lysates, but only in IP
with the maFGF14 antibody from WT cerebellum. B. IBs with the
anti-Navb1, anti-Navb2, anti-Navb3, anti-Navb4 and anti-Syt2
antibodies revealed comparable levels of each of these proteins
in the WT and Fgf14¡/¡ cerebellar lysates. Navb1, Navb2 and
Navb4, but not Navb3, were also identified in Western blots fol-
lowing IP with the maFGF14 antibody from WT cerebellar lysates.
Two bands for Navb2 were evident in the WT-IPs, a »37 kDa
band (closed arrowhead) representing Navb2 and a »250 kDa
band (open arrowhead), likely corresponding to Navb2 bound to
Nav a subunits. IB with the anti-Syt2 antibody revealed that the
»60 kDa Syt2 protein (closed arrowhead) was immunoprecipi-
tated with the maFGF14 antibody from WT and Fgf14¡/¡ cere-
bellar lysates, but was present at a higher level in the WT IP. The
anti-Syt2 antibody also recognized an additional »250 kDa band
(open arrowhead) in the WT IP, suggestive of Syt2 bound to Nav
a subunits.
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and/or with other Nav channel regulatory proteins in
assembled Nav channel complexes. Additional experi-
ments were conducted here to explore the impact of
the loss of iFGF14 on the protein components of native
cerebellar Nav channel complexes immunoprecipitated
from WT and Fgf14¡/¡ cerebellar lysates using an
anti-PanNav a subunit-specific mouse monoclonal
(maPanNav) antibody (Fig. 5). WT and Fgf14¡/¡ cere-
bellar lysates were fractionated and probed with the
RbaFGF14, anti-Navb1, anti-Navb2 or anti-Pan-iFGF-
A antibody (Fig. 5A). The intensities of the identified
bands were measured and normalized to the intensities
of the Transferrin Receptor (Transferrin-R) bands on
the same blots. Analysis of the blots probed with the
anti-Navb1 and anti-Navb2 antibodies revealed no sig-
nificant difference in the expression of these proteins
in the WT and Fgf14¡/¡ cerebellar lysates (Fig. 5A).
Although it appears that the intensity of the bands
detected with the anti-pan-iFGF-A antibody, which is
targeted against the common region of the iFGF pro-
teins (Fig. 2B), is higher in the Fgf14¡/¡, than in the
WT, cerebellar samples, quantitation (not illustrated)
revealed that the difference was not statistically
significant.

Immunoblots with the maPanNav antibody
revealed no significant difference in Nav a subunits
immunoprecipitated from WT and Fgf14¡/¡ cerebella
(Fig. 5B). No significant differences in the amounts of
Navb1, Navb2 or Navb4 subunits immunoprecipitat-
ing from WT and Fgf14¡/¡ with the maPanNav anti-
body were observed. Consistent with previous reports
that Syt2 directly interacts with Nav a subunits,25

there was no apparent difference in the amount of
Syt2 that could be precipitated from WT versus
Fgf14¡/¡ cerebellar lysates with the maPanNav anti-
body (Fig. 5B). Analyses of the amounts of iFGF-A
immunoprecipitating with the maPanNav antibody
revealed that significantly (P< 0.05) more Nav-bound
iFGF-A immunoprecipitates with the maPanNav
antibody in Fgf14¡/¡ compared with WT cerebellar
lysates (Fig. 5C), suggesting that A-type iFGFs associa-
tion with Nav channels is increased with the loss of
iFGF14 (see Discussion).

Immunoprecipitation of cerebellar Nav channel
complexes

To explore the composition of cerebellar Nav channel
protein complexes, IP conditions using the maPanNav

Figure 5. Western Blot Analysis of Nav Channel a Subunits and
Nav Channel Interacting Proteins in WT and Fgf14¡/¡ Cerebellar
Lysates. A. Representative Western blots of cerebellar lysates
from 3 WT and 3 Fgf14¡/¡ animals. Immunoblots (IB) with the
RbaFGF14 antibody identified iFGF14 in the 3 WT lanes but not
the 3 Fgf14¡/¡ lanes. IB with the anti-Navb1 and anti-Navb2 anti-
bodies revealed no significant difference in the amounts of the
Navb1 and Navb2 proteins in the WT and Fgf14¡/¡ cerebellar
lysates. IB with the anti-pan-iFGF-A antibody revealed no signifi-
cant difference in A-type iFGF expression in WT and Fgf14¡/¡ cer-
ebellar lysates (see text). Closed arrowheads indicate dissociated
protein bands and open arrowheads indicate proteins bound to
Nav a subunits. B. Native Nav channel complexes were immuno-
precipitated from the 3 WT and 3 Fgf14¡/¡ cerebellar lysates
depicted in using a monoclonal anti-PanNav a subunit-specific
(maPanNav) antibody and analyzed by Western blot. Similar
amounts of Nav a subunit proteins immunoprecipitate from WT
and Fgf14¡/¡ cerebellar lysates with the maPanNav antibody. IB
with the anti-Navb1, anti-Navb2, anti-Navb4 and anti-Syt2 anti-
bodies revealed no significant differences in the amounts of the
Navb1, Navb2, Navb4 or Syt2 proteins that co-IP with the
maPanNav antibody from WT and Fgf14¡/¡ cerebellar lysates. IB
with the anti-Pan-iFGF-A antibody revealed that the amount of
A-type iFGFs that co-IP with the maPanNav antibody and that
remain bound to Nav a subunits (~250 kDa; open arrowhead) are
greater in the WT, compared with the Fgf14¡/¡, cerebellar
lysates. The gray arrowheads correspond to IgG heavy chain. C.
Quantification of the intensities of the~250 kDa anti-Pan-iFGF-A
bands, determined from blots such as those in (B), normalized to
the amount of immunoprecipitated Nav a subunits in the same
samples, revealed a significantly increased (�P<0.05) mean §
SEM band intensity in Fgf14¡/¡, compared to WT, IPs.
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antibody and a non-specific mouse immunoglobulin G
(mIgG) as a control were optimized. Initial experi-
ments varying the amounts of maPanNav antibody
were used to immunoprecipitate proteins from a con-
stant amount (0.5 mg) of WT cerebellar lysates. As
illustrated in Figure 6A, Western blot analyses of cere-
bellar lysates and immunoprecipitated proteins probed
with the maPanNav antibody revealed robust IP of
Nav a subunits from WT mouse cerebellar lysates. The

IP of Nav a subunit proteins was specific, as evidenced
by the absence of signals in the mIgG control IPs.
Increasing the amount of the maPanNav antibody
used in the IP increased the amount of Nav a subunit
proteins obtained until a plateau at 3 mg of the anti-
body was reached. Immunoblotting of the post IP
supernatants revealed that about 70% depletion of the
Nav a subunit proteins was achieved with 3 (and with
5) mg of the maPanNav antibody (Fig. 6A, bottom).
To determine the optimal amount of protein input to
use for the IPs, a constant amount (3 mg) of the
maPanNav antibody was used to IP proteins from
varying amounts of WT cerebellar lysates (Fig. 6B).
Analyses of Western blots with the maPanNav anti-
body revealed that increasing the amount of lysate
resulted in increased immunoprecipitated Nav a sub-
unit proteins, with a plateau at 1 mg of lysate. Immu-
noblotting of the post IP supernatants revealed that

Figure 6. Optimization of maPanNav Immunoprecipitations. A.
Western blots of WT cerebellar lysates and proteins immunopre-
cipitated from 0.5 mg of WT cerebellar lysates with variable
amounts of the maPanNav antibody or normal mouse IgG
(mIgG). Immunoblotting (IB) with the maPanNav antibody
showed no apparent increase in the amount of Nav a subunit
proteins precipitating with 3 or 5 mg (compared with 1 mg) of
the maPanNav antibody. Analysis of the corresponding post IP
supernatants (post IP sup) revealed that approximately 70%
depletion of the Nav a subunit proteins was achieved with 3 mg
of antibody. B. Western blots of WT cerebellar lysate and proteins
immunoprecipitated with 3 mg of the maPanNav antibody or
mIgG from variable starting amounts of cerebellar protein. IB
with the maPanNav antibody revealed increasing amounts of
Nav a subunit proteins precipitating from samples ranging from
0.25 mg to 1 mg total protein, but no further increase when the
starting sample was increased to 1.5 mg protein. Analysis of the
corresponding post IP supernatants (post IP sup) revealed that
approximately 70% depletion of Nav a subunit proteins from the
1 mg protein sample was achieved. C. SYPRO Ruby stained gel of
proteins immunoprecipitated with the maPanNav antibody or
mIgG from WT and Fgf14¡/¡ cerebellar lysates. Beads were
eluted first with (1) 2% Rapigest, followed by (2) elution with 1%
SDS. Proteins running at the molecular weight corresponding to
the Nav a subunits (~250 kDa) are clearly evident in maPanNav-
IPs from WT and Fgf14¡/¡ cerebella. D. Silver stained gel of pro-
teins immunoprecipitated with the maPanNav antibody from WT
cerebellum. Precipitated proteins were analyzed from beads
eluted first with 2% Rapigest followed by 1% SDS elution or
beads eluted only with 2% SDS. To estimate the amount of Nav
a subunit proteins in each IP sample, a bovine serum albumin
(BSA) standard curve was also run. Proteins running at the molec-
ular weight corresponding to the Nav a subunits (~250 kDa) are
clearly evident in the Rapigest and 2% SDS elutions. An esti-
mated 50-100 ng of Nav a subunit proteins are present in the
Rapigest elution.
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3 mg maPanNav antibody does not completely clear
the Nav a subunit proteins even at the lowest
(0.25 mg) of lysate tested (Fig. 6B, bottom): approxi-
mately 70% depletion of Nav a subunit proteins from
1 mg of total cerebellar lysate was achieved. These
experiments revealed that 1 mg of cerebellar lysate and
3 mg of maPanNav antibody (or mIgG) are optimal
for robust IP of native Nav channel complexes from
mouse cerebellum.

To determine whether distinct proteins could be
identified in IPs from WT and Fgf14¡/¡ cerebellum,
immunoprecipitated proteins were fractionated on
1D-gels and visualized using SYPRO Ruby (Fig. 6C).
Proteins were first eluted from maPanNav- or mIgG-
conjugated beads using Rapigest (“1”) followed by a
1% SDS elution (“2”). Analysis of the SYPRO Ruby
stained gel revealed several bands that were specific to
the maPanNav-IP and absent from the control mIgG-
IP Rapigest elutions. The most intense band ran at a
high molecular weight, consistent with the size of Nav
a subunits and was present in IPs from both WT and
Fgf14¡/¡ cerebellar lysates. No obvious differences in
the putative Nav a subunit bands or in the many other
bands present in WT and Fgf14¡/¡ maPanNav-IPs
were observed. To estimate the amount of the Nav a

subunit proteins present in the maPanNav-IPs,
immunoprecipitated proteins from a WT IP eluted

with Rapigest (RG) followed by 1% SDS (SDS Elu-
tion2) or a WT IP eluted with 2% SDS only were frac-
tionated on a 1D-gel and visualized by silver staining
(Fig. 6D). For estimation of protein content, BSA
standards were also run. As illustrated in Fig. 6D, the
silver staining revealed robust bands at a molecular
weight (»250 kDa) corresponding to Nav a subunit
proteins. The Rapigest appears to be more efficient at
eluting proteins from maPanNav-beads than the 2%
SDS. Comparison of the band intensities of the BSA
standards with the IP samples provided an estimate of
50 ng of Nav a subunit protein (»250 kDa band) in
the 10% of sample run on the gel, or a total of 0.5 mg
of Nav a subunit proteins in the sample.

Protein components of WT and Fgf14¡/¡ cerebellar
Nav channel complexes

To identify and compare the protein components of
native Nav channel complexes in WT and Fgf14¡/¡

cerebellum, samples were analyzed using 2D-LC-MS/
MS. The most abundant protein identified in the
maPanNav-IPs was Nav1.2 (Table 2). A representative
fragmentation spectrum of a Nav1.2 tryptic peptide, as
well as the amino acid sequence derived from this
spectrum, is illustrated in Figure 7A. This analysis
yielded a total of 18 unique Nav1.2 peptides in the

Table 2. Proteins identified in native WT and Fgf14¡/¡ cerebellar Nav channel complexes.

Identified Protein Gene

Number of unique
peptides

(total spectra)

% amino acid
sequence coverage

from WT (Fgf14¡/¡) IPs

WT Fgf14¡/¡
Voltage-gated NaC channel a subunit Nav1.2 Scn2a 18 (28) 26 (44) 12 (16)
Calmodulin� Calm 8 (27) 8 (29) 31 (31)
Cofilin-1 Cfl1 6 (11) 7 (12) 46 (51)
Microtubule-associated protein 6 Map6 6 (8) 11 (13) 8 (14)
Reticulocalbin-2 Rcn2 4 (4) 5 (7) 20 (25)
Purkinje cell protein 2 Pcp2 3 (5) 3 (4) 32 (32)
Voltage-gated NaC channel b2 subunit Scn2b 3 (3) 3 (3) 16 (16)
Polymerase delta-interacting protein 3 Poldip3 3 (3) 9 (11) 11 (35)
Myosin light polypeptide 6 Myl6 3 (3) 5 (5) 24 (38)
Voltage-gated NaC channel a subunit Nav1.1 Scn1a 2 (3) 4 (4) 2.9 (5)
Tubulin a¡1B chain Tuba1b 2 (3) 3 (5) 6 (10)
ATP synthase-coupling factor 6, mitochondrial Atp5j 2 (3) 2 (3) 35 (35)
ADP/ATP translocase 1 Slc25a4 2 (3) 2 (3) 8 (8)
Coiled-coil-helix-coiled-coil-helix domain-

containing protein 3
Chchd3 2 (2) 0 10 (0)

Translation initiation factor IF-2, mitochondrial Mtif2 1 (1) 2 (3) 2 (4)
78 kDa glucose-regulated protein Hspa5 1 (1) 5 (6) 2 (9)
2-oxoisovalerate dehydrogenase subunit a,

mitochondrial
Bckdha 0 9 (12) 0 (26)

ATP synthase subunit d, mitochondrial Atp5h 0 3 (3) 0 (28)
RNA-binding protein FUS Fus 0 2 (2) 0 (5)

Notes. The number of exclusive unique peptides and total spectra as well as the percent amino acid sequence coverage obtained for each protein are presented.
Rows in bold indicate voltage-gated NaC (Nav) channel a subunits or previously identified Nav channel interacting proteins.

�There were also calmodulin peptides identified in the mIgG-IPs from WT (nD 3 peptides) and Fgf14¡/¡ (nD 2 peptides) cerebellar lysates.
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WT IP and 26 unique peptides in the Fgf14¡/¡ IP,
equivalent to 12% or 16% amino acid sequence cover-
age of the Nav1.2 protein (Fig. 7B and Table 2). Nota-
bly, all identified Nav1.2 peptides are located in the
intracellular cytoplasmic domains; no peptides from
the transmembrane domains were found. These analy-
ses also identified Nav1.1, previously identified Nav
channel interacting proteins, including Navb2 and cal-
modulin, and a number of potentially novel Nav
channel interacting proteins (Table 2). None of these
proteins, with the exception of calmodulin, were iden-
tified in the mIgG control IPs.

The numbers of unique peptides and total spectra
obtained for each protein in the WT and Fgf14¡/¡

maPanNav-IP samples, as well as the amino acid
sequence coverages obtained for each, are provided in
Table 2 (and Table S2). As is evident, the numbers of
peptides identified in the maPanNav-IPs from the
WT and Fgf14¡/¡ samples are similar. Interestingly,
and in contrast with the MS-based proteomic analysis
of the complexes immunoprecipitated from WT cere-
bellar lysates with the maFGF14 antibody, Nav1.6 was
not identified in the maPanNav-IPs from the WT (or
the Fgf14¡/¡) cerebellar lysates (see Discussion).

Discussion

The experiments here used an anti-iFGF14 mouse
monoclonal antibody that provides efficient immuno-
precipitation of the iFGF14 protein from native tissue
to enable the first MS-based analysis of native iFGF14
protein complexes. The results of these experiments
reveal that Nav a subunits and multiple previously
identified and putative Nav a interacting proteins co-
immunoprecipitate with iFGF14 from adult WT
mouse cerebellum. In contrast, no pore-forming a

subunits or accessory subunits of other types of ion
channels were revealed in these experiments. Further
proteomic experiments here revealed that the protein
components of native cerebellar Nav channel com-
plexes in the presence and absence of iFGF14 are quite
similar, suggesting that iFGF14 does not measurably
impact the association between Nav a subunits and
Nav channel interacting proteins.

Mass spectrometry-based identification of native
cerebellar iFGF14 complexes

The IP approach of purifying iFGF14 complexes from
mouse cerebellum was efficient, and the optimization

steps allowed us to maximize the amount of iFGF14
protein obtained. Although we were not able to clear
100% of the iFGF14 protein from mouse cerebellar
lysates with a single IP, we routinely achieved 70-80%
depletion. The iFGF14 in the supernatant could be
further depleted with sequential IPs from the same
lysate. The proteomic analyses of native cerebellar
iFGF14 complexes presented here revealed that the

Figure 7. Mass Spectrometric Identification of Nav1.2 Using In-
Solution 2D-LC-MS/MS. A. Representative MS2 fragmentation
spectrum of one of the identified Nav1.2 tryptic peptides, corre-
sponding to the sequence NH2-(R)SSSYHVSMDLLEDPTSR(Q) with
the y- (in blue) and b- (in red) ions highlighted. B. Amino acid
sequence coverage obtained for the mouse Nav1.2 protein fol-
lowing IP of cerebellar Nav channel complexes and LC-MS/MS
proteomic analysis. Detected peptides are highlighted in yellow.
The peptide for which the fragmentation spectrum is shown (in
A) is underlined in red. Transmembrane segments (S1-S6) in each
domain (I-IV) are underlined in black. Interdomain cytoplasmic
loops I-II, II-III, and III-IV, as well as the N-terminal and carboxyl
terminal domains, are also indicated.
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vast majority (87%) of the peptides identified in adult
WT mouse cerebellar iFGF14 complexes reflect Nav
channel a subunits or proteins previously shown,
or suggested, to interact directly with Nav a subu-
nits.22-27 For example, we identified 3 of the 4 major
central nervous system Nav channel a subunits,32

Nav1.1, Nav1.2, and Nav1.6. These findings are in
accordance with previous interaction data13,14,17 and
Nav-iFGF crystal structures15,16 demonstrating that
iFGFs interact directly with the C-terminal domain of
Nav channel a subunits. On a functional point of
view, this large relative representation of Nav channel
a subunits in cerebellar iFGF14 immunoprecipitates is
consistent with the key role of iFGFs in the regulation
of spontaneous and evoked action potential firing in
adult cerebellar granule and Purkinje neurons.11,12 We
also identified Nav1.4, the skeletal muscle Nav channel
a subunit,33 suggesting a role for Nav1.4-encoded
channels in the cerebellum. Interestingly, the finding
that Nav1.4 co-immunoprecipitates with iFGF14
could also be important in light of the muscle weak-
ness phenotype seen in Fgf14¡/¡ animals.8,9

Native cerebellar iFGF14 complexes also contained
numerous proteins previously found to interact with
Nav a subunits, including Navb1, Navb2, Navb4, syn-
aptotagmin-2, calmodulin, ankyrin G, casein kinase II
and 14.3.3.22-27 Further experiments will be needed to
determine whether these proteins immunoprecipitate
with iFGF14 as passenger proteins bound to Nav a

subunits or interact directly with iFGF14. Several
novel, putative iFGF14 interacting proteins were also
identified in native cerebellar iFGF14 complexes,
although peptides from these proteins were much less
abundant that those from Nav a subunits and other
Nav channel associated proteins. Additional biochem-
ical analyses will be necessary to characterize these
interactions and functional assays will be needed to
determine the potential physiologic role of these
interactions.

It was recently reported that iFGF14 regulates cere-
bellar granule neuron to Purkinje neuron synaptic
transmission by modulating the functional density of
presynaptic voltage-gated Ca2C (Cav) channels,
although a direct interaction between iFGF14 and Cav
channels could not be demonstrated.19 It was also
recently reported that iFGF13 regulates the functional
cell surface expression of Cav channels in mouse ven-
tricular myocytes, although, again, no direct interac-
tion between iFGF13 and Cav channel subunits was

found.18 No Cav channel subunits were identified in
the MS-based proteomic analysis of native mouse cer-
ebellar iFGF14 complexes in the present study. Con-
sistent with these findings, a recent proteomic study of
neuronal Cav2 channel complexes isolated from adult
rat/mouse brain did not identify iFGF14 or other
iFGFs as components of native Cav2 channel com-
plexes.34 It is possible that iFGF14 interacts directly
with Cav channel subunits to regulate Cav current
densities in the cerebellum, but that these interactions
are low affinity and do not survive the protein isola-
tion steps used. It is also possible that iFGFs interact
transiently or indirectly with Cav channel subunits.
Interestingly, synaptotagmin-2, one of the most abun-
dant proteins identified in the iFGF14-IPs from WT
cerebellum other than Nav a subunits, has been previ-
ously demonstrated to interact directly with brain Cav
channels.35,36 Thus, a potentially interesting hypothe-
sis is that iFGF14 regulates Cav channels via interac-
tion with synaptotagmins.

Protein components of native WT and Fgf14¡/¡

mouse cerebellar Nav channel complexes

The MS-based proteomic approach offers several
advantages to conventional Western blot analyses
including the fact that it is unbiased and that interac-
tions with multiple channel subunits and accessory
proteins can potentially be assessed at the same time.
We speculated that this approach could also poten-
tially enable determination of the effects of the loss of
iFGF14 on the associations between Nav a subunits
and Nav channel interacting proteins. In this second
scenario, one would expect to identify some interact-
ing proteins present only in Nav channel complexes
from Fgf14¡/¡ cerebella. The analyses identified the
Nav1.2 and Nav1.1 a subunits, as well as Navb2 and
calmodulin, in the maPanNav-IPs, but not in the con-
trol mIgG-IPs, from WT and Fgf14¡/¡ cerebellar
lysates. Interestingly, and in marked contrast with the
MS-based proteomic analysis of the complexes immu-
noprecipitated from WT cerebellar lysates with the
maFGF14 antibody, Nav1.6 was not identified in the
maPanNav-IPs from the WT (or the Fgf14¡/¡) cere-
bellar lysates (Table 2). These findings suggest the
interesting hypothesis that Nav1.6 is enriched in the
maFGF14-IPs because it is preferentially associated
with iFGF14. It is certainly also possible, however,
that the maPanNav antibody has a higher affinity for
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Nav1.2 and Nav1.1 than for Nav1.6, resulting in more
efficient IP of these subunits relative to Nav1.6. Addi-
tional experiments with other, perhaps Nav a sub-
unit-specific antibodies, aimed at exploring these
hypotheses directly will be of interest.

Relatively few differences in the protein composi-
tions of Nav channel complexes isolated from WT vs.
Fgf14¡/¡ cerebella were found, suggesting that FGF14
does not recruit or displace other Nav a subunit inter-
acting proteins. The Western Blot analyses here
revealed that substantially more A-type iFGFs immu-
noprecipitate with Nav a subunits from Fgf14¡/¡,
compared to WT, cerebellar lysates (Fig. 5), suggesting
that the association of A-type iFGFs with Nav chan-
nels is increased with the loss of iFGF14. In addition,
several proteins were identified in the Nav channel
complexes immunoprecipitated from Fgf14¡/¡, but
not WT, cerebella (Table 2), although these were
mostly mitochondrial proteins or proteins involved in
transcription and translation, and it is unclear whether
they actually interact with and regulate neuronal Nav
channels. Additional biochemical and functional stud-
ies will be required to determine the possible physio-
logical roles of these novel proteins.

A potential limitation of these analyses is that the
protein content of the IP samples obtained with the
maPanNav used here appears to be quite a bit lower
than what was obtained in the maFGF14-IP samples.
For example, in the samples immunoprecipitated with
the anti-iFGF14 antibody, we obtained 158 total spec-
tra corresponding to Nav1.2 peptides, whereas we
only obtained about 30 with the maPanNav antibody.
This lower IP yield also certainly explains the fact that
no iFGF proteins were detected in the maPanNav-IPs.
Although the yield of Nav channel complexes could
potentially have been increased by using additional
cerebellar lysates, the high cost of the maPanNav anti-
body was limiting. Generation of a monoclonal or
polyclonal anti-Nav a subunit specific antibody that
more efficiently immunoprecipitates native Nav chan-
nel complexes, however, might be a more productive
experimental strategy for further analyses of the com-
ponents of native Nav channel complexes.

Materials and methods

Animals

Wild type (WT) and Fgf14¡/¡ mice8 in the C57BL/6J
background were used in the experiments presented

here. Animals were handled in accordance with the
Guide for the Care and Use of Laboratory Animals
(NIH), and all protocols were approved by the Wash-
ington University Animal Studies Committee.

Preparation of anti-iFGF14 or anti-PanNav a subunit
antibody-coupled beads

A mouse monoclonal anti-iFGF14 antibody
(maFGF14, UC Davis/NIH NeuroMab Facility,
clone N56/21), special ordered in Phosphate Buff-
ered Saline (PBS) and coupled to CNBr-activated
sepharose 4B beads (GE Healthcare) according to
the manufacturer’s instructions, was used for IP of
iFGF14. Briefly, 1 g lyophilized CNBr-activated
sepharose beads were suspended in 5 ml of dilute
(1 mM) HCl, transferred to a sintered glass filter
with medium porosity and washed with 200 ml
dilute HCl over 15 min. 1.5 ml of washed sepharose
beads were transferred to a 5 ml round bottom
tube and incubated with 1 mg maFGF14 antibody
and 2 ml coupling buffer containing 0.1 M
NaHCO3, 0.5 M NaCl, pH 8.3 overnight at 4�C with
rotational mixing. Following incubation, beads were
washed with 5 gel volumes of coupling buffer.
Residual coupling sites were blocked by incubation
in one gel volume of 0.1 M Tris-HCl (pH 8.0) for
4 h at 4�C with rotational mixing. Sepharose beads
were then washed with 3 cycles (alternating pH) of
buffer consisting of 5 gel volumes of 0.1 M acetic
acid, 0.5 M NaCl, at pH 4.0 followed by 5 gel vol-
umes of buffer containing 0.1 M Tris-HCl, 0.5 M
NaCl, at pH 8.0. Sepharose beads were stored in IP
buffer (20 mM Tris, 150 mM NaCl, pH 7.4 with 1%
Triton X-100) containing 0.02% NaN3. For controls,
the sepharose was hydrated with dilute HCl as
above and coupling sites were quenched in 0.1 M
Tris-HCl, pH 8.0 at 4�C. Control beads were washed
and stored in IP buffer containing 0.02% NaN3.

A mouse monoclonal anti-PanNav a subunit-
specific (maPanNav, Sigma, #S8809) antibody was
conjugated to Protein G Dynabeads (Thermo Fisher
Scientific). Briefly, following washing with PBS,
beads were suspended in 500 ml PBS containing the
maPanNav antibody and incubated with rotational
mixing for 1 h at room temperature (RT). For
Western blot experiments, 3 mg of the maPanNav
antibody and 20 ml protein G Dynabeads were
used for each IP, unless noted otherwise. For
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proteomic experiments, 25 mg of the maPanNav
antibody and 166 ml of protein G Dynabeads were
used. Control IgG beads were prepared using the
same amounts (3 mg or 25 mg) of normal mouse
IgG (mIgG, Santa Cruz Biotechnology, Inc.) instead
of the maPanNav antibody. Following incubation
with the antibody or mIgG, beads were washed
3 times with 1 ml PBS containing 0.1% Tween-20
(PBST) and twice with 1 ml of cross-linking buffer
containing 0.2 M triethanolamine, pH 8.2. Antibod-
ies were cross-linked to beads by incubation with
20 mM dimethyl pimelimidate (DMP, Thermo
Fisher Scientific) in cross-linking buffer for 30 min
at RT with rotational mixing. The cross-linking
reaction was stopped by the addition of 50 mM
Tris-HCl (pH 7.5). After mixing for 15 min, the
beads were washed as follows: 1) once with PBS; 2)
once with 0.1 M citrate, pH 3.0; 3) once with
0.1 M Na-phosphate buffer, pH 8.1; 4) twice with
PBST; and 5) twice with PBS. Beads were stored
(up to 1 week) in PBS with 0.02% NaN3.

Immunoprecipitation of cerebellar iFGF14 or Nav
channel complexes

Cerebella from 2-7 month-old male and female WT or
Fgf14¡/¡ mice were combined and homogenized in
ice cold lysis buffer containing 20 mM Tris (pH 7.4),
150 mM NaCl, 1% Triton X-100, 1 mM phenylme-
thylsulfonyl fluoride (PMSF) and 1:100 protease
inhibitor cocktail (Protease Inhibitor Cocktail Set III,
EDTA-Free, Merck Millipore). Homogenates were
incubated for 15 min at 4�C with rotational mixing
and centrifuged at 3000 rpm at 4�C for 10 min to
remove the insoluble fraction. Protein concentrations
were measured with the BCA assay (Thermo Fisher
Scientific).

For mass spectrometric analysis of proteins immu-
noprecipitated with the maFGF14-coupled beads, cer-
ebella obtained from 25 WT and 25 Fgf14¡/¡ mice
were pooled. The pooled cerebellar lysates were pre-
cleared with 200 ml of control sepharose beads for 1 h
at 4�C with rotational mixing. Each of the cleared
lysates (8 mg) was added to 10 ml of maFGF14-cou-
pled sepharose beads in 4 replicates and incubated
with rotational mixing overnight at 4�C. Beads were
washed 4 times with ice cold lysis buffer and twice
with ice cold PBS. Proteins were eluted from the beads

in 2% Rapigest (Waters), 8 M urea (Sigma), 100 mM
Tris (pH 8.5) at 37 �C for 30 min.

For mass spectrometric analysis of immunoprecipi-
tated Nav channel proteins, cerebella from 4 WT and
4 Fgf14¡/¡ mice were pooled. Protein lysates were pre-
cleared with 322 ml Protein G Dynabeads, and 8 mg of
the cleared cerebellar protein lysate was added to
166 ml maPanNav- or mIgG-coupled Protein G
Dynabeads. IPs, washing, and elution of beads were
performed as above.

For Western blot analyses of proteins co-immuno-
precipitating with iFGF14 or Nav a subunits, 1-3 mg
of cerebellar proteins was added to 10 ml of
maFGF14-coupled sepharose beads or 20 ml of
maPanNav-coupled Dynabeads for each IP, unless
otherwise noted. Beads were washed 3 times with ice
cold lysis buffer and proteins were eluted in 2%
sodium dodecyl sulfate (SDS) at 55�C for 15-20 min
or 85�C for 5 min.

Endoprotease digestions

Peptides were generated from proteins eluted from
antibody bead IPs by endoprotease digestion under
denaturing conditions. The eluted proteins were pre-
cipitated using the 2D protein clean up kit (GE
Healthcare). The resulting pellets were dissolved in
8 M urea, 100 mM Tris (pH 8.5), reduced with 5 mM
TCEP (Tris(2-carboxyethyl)phosphine hydrochloride,
pH 8.0) for 30 min at RT, and alkylated with 10 mM
iodoacetamide (Bio-Rad) for 30 min at RT. Samples
were then digested with 1 mg of endoproteinase Lys-C
(Roche) overnight at 37�C, followed by trypsin (4 mg)
(Sigma) overnight at 37�C. The digests were acidified
with formic acid to a final concentration of 1%,
extracted with NuTip porous graphite carbon wedge
tips (Glygen), and eluted with aqueous acetonitrile
(60%) containing formic acid (0.1%). The extracted
peptides were dried, dissolved in aqueous acetonitrile/
formic acid (1%/1%), stored at ¡80�C and analyzed
using LC-MS.

Nano-liquid chromatography-mass spectrometry
(LC-MS)

A 2D Plus (Eksigent) LC with a Nanoflex module and
AS2 autosampler were coupled to a TripleTOF

�

5600C mass spectrometer (SCIEX). The 2D LC sys-
tem was configured to load samples in tandem. The
cHiPLC

�
columns (ChromXP C18 200 mm X 15 cm;
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particle size 3 mm, 120 A
�
) were equilibrated in aque-

ous acetonitrile (1%) containing 1% formic acid, sol-
vent A (99% water/1% acetonitrile). The samples were
loaded in a volume of 10 ml at a flow rate of 1.5 ml/
min followed by organic gradient elution of peptides
at a flow rate of 800 nl/min. The organic acetonitrile
gradient was produced by increasing the proportion
of solvent B (1% formic acid in 99% acetonitrile) rela-
tive to solvent A as follows: at 0 time, 98% solvent A,
2% solvent B; at 5 min, 2% A, 98% B; at 415 min, 65%
A, 35% B; and, at 440 min, 20% A, 80% B. The initial
chromatographic conditions were restored in 5 min
and maintained for 20 min.

MS data acquisition was performed with a
TripleTOF

�
5600C mass spectrometer (SCIEX) inter-

faced to the nano-chromatography with a Digital
Picoview Nanospray source (New Objective, Inc.) via
a 10 mm Silica PicoTip emitter (New Objective) and
operated with a resolution of > 30,000fwhm for
TOFMS scans. Data were acquired with the ion spray
voltage at 2.9 kV, curtain gas at 10 PSI, nebulizer gas
at 14 psi, and the interface heater temperature of
175 �C. For data-dependent acquisition, survey scans
were acquired in 250 ms; from these, 50 product ion
scans were selected for MS2 acquisition with a dwell
time of 20 ms. Four time bins were summed for each
scan at a frequency of 15.4 kHz (through monitoring
of the 40 GHz multichannel TDC detector with 4-
anode/channel detection). A rolling collision energy
was applied to all precursor ions for collision-induced
dissociation using the equation: CE D slope � m/z C
intercept, where the slope for all charge states above
C2 is 0.0625 and the intercept is ¡3,¡5 and ¡6 for
C2, C3 and C4, respectively.

MS data processing

Data were processed using the SCIEX MS Data Con-
verter v 1.3 (SCIEX), converting the raw data files (�.
wiff) to mgf files for protein database searching. The
UNIPROT mouse protein database (downloaded
April 21, 2011, with 105,706 sequences) was searched
using Mascot software (ver. 2.2.04), allowing for up to
4 missed cleavages. The parent and product mass
search tolerances were set at 0.8 Da and 20 millimass
units, respectively. Carbamidomethyl was set as a fixed
modification for cysteine residues and methionine res-
idue oxidation was allowed as a variable modification.
The protein database searches were analyzed using

Scaffold (ver. 3_00_07) and proteins were identified
using Prophet37,38 with protein and peptide thresholds
of 99% and 90%, respectively. Tables S1 and S2 pro-
vide the complete list of identified peptides and pro-
teins in the maFGF14- and maPanNav-IPs,
respectively, and Figure S1 provides the annotated
spectra of one hit proteins.

Gel electrophoresis and western blot analyses

Prior to electrophoresis, 50 mM TCEP (Thermo
Fisher Scientific) was added and proteins were heated
to 55�C for 15 min. Proteins were electrophoresed on
4-15% precast polyacrylamide gels (Bio-Rad) and ana-
lyzed by SYPRO Ruby staining (Thermo Fisher Scien-
tific), silver staining (SilverQuest, Thermo Fisher
Scientific) or Western blotting. SYPRO Ruby and sil-
ver staining were performed according to manufac-
turer’s instructions. For Western blots, resolved
proteins were transferred to PVDF membranes
(Merck Millipore) for 1.5 h at 4�C and blocked for 1h
at RT in PBS with 3% nonfat dry milk and 0.1%
Tween-20. Membranes were incubated in primary
antibodies diluted in PBS with 0.5% nonfat dry milk
and 0.1% Tween-20 for 2 h at RT or overnight at 4�C.
Washed membranes were incubated with goat-anti-
mouse-HRP or goat-anti-rabbit-HRP (1:5000, Santa
Cruz Biotechnology) and visualized with the Super
Signal Femto chemiluminescence substrate (Thermo
Fisher Scientific). In some Western blot experiments,
membranes were stripped and reprobed with a second
primary antibody.

The following primary antibodies were used: mouse
monoclonal anti-panNav a subunit-specific
(maPanNav, 1:1000, Sigma, #S8809); mouse monoclo-
nal anti-Nav1.1 (1:1000, UC Davis/NIH NeuroMab
Facility, clone K74/71); mouse monoclonal anti-Nav1.2
(1:1000 UC Davis/NIH NeuroMab Facility, clone K69/
3); rabbit polyclonal anti-Nav1.6 (1:300, gift from J.
Trimmer); mouse monoclonal anti-znp1 (1:5000,
Zebrafish International Resource Center) which recog-
nizes mouse synaptotagmin-239; rabbit polyclonal anti-
Navb1 (1:5000)40; rabbit polyclonal anti-Navb2
(1:1000)40; rabbit polyclonal anti-Navb3 (1:1000)40; rab-
bit polyclonal anti-Navb4 (1:4000)40; mouse monoclo-
nal anti-transferrin receptor (1:500, Thermo Fisher
Scientific, #13-6890); mouse monoclonal anti-pan-
iFGF-A (1:1000, UC Davis/NIH NeuroMab, clone
N253/22); and, rabbit polyclonal anti-FGF14 (1:1000).
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The rabbit polyclonal antibody against iFGF14
(RbaFGF14) was generated by inoculating rabbits with
an iFGF14 peptide; raw antiserum was used for
immunoblotting.14

Statistics

Results in Fig. 5C are expressed as means § SEM, and
the statistical analysis was performed using the Mann-
Whitney test. Identification probabilities for proteins
(in Tables S1 and S2) were obtained in Scaffold using
Prophet.38

Abbreviations
iFGF intracellular Fibroblast Growth Factor
IP Immunoprecipitation
MS Mass Spectrometry
maFGF14 Anti-Fibroblast Growth Factor 14 monoclonal

antibody
maPanNav Anti-NaV a subunit monoclonal antibody
mIgG Mouse Immunoglobulin G
NaV a subunit Voltage-gated NaC (NaV) channel pore-form-

ing (a) subunit
WT Wild-Type
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