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Abstract 55 

Stac protein (named for its SH3 and cysteine rich domains) was first identified in brain 20 years ago, 56 

and is currently known to have three isoforms. Stac2, Stac1 and Stac3 transcripts are found at high, 57 

modest and very low levels, respectively, in the cerebellum and forebrain, but their neuronal functions 58 

have been little investigated. Here, we tested the effects of Stac proteins on neuronal, high-voltage-59 

activated Ca2+ channels.  Over-expression of the three Stac isoforms eliminated Ca2+-dependent 60 

inactivation (CDI) of L-type current in rat neonatal hippocampal neurons (sex unknown), but not CDI 61 

of non-L-type current. Using heterologous expression in tsA201 cells (together with  and 2- 1 62 

auxiliary subunits) we found that CDI for CaV1.2 and CaV1.3 (the predominant, neuronal L-type Ca2+ 63 

channels) was suppressed by all three Stac isoforms, whereas CDI for the P/Q channel, CaV2.1, was 64 

not.  For CaV1.2, the inhibition of CDI by the Stac proteins appeared to involve their direct interaction 65 

with the channel’s C-terminus.  Within the Stac proteins, a weakly conserved segment, containing 66 

~100 residues and linking the structurally conserved PKC C1 and SH3_1 domains, was sufficient to 67 

fully suppress CDI. The presence of CDI for L-type current in control neonatal neurons raised the 68 

possibility that endogenous Stac levels are low in these neurons, and Western blotting indicated that 69 

the expression of Stac2 was substantially increased in adult forebrain and cerebellum compared to 70 

neonate.  Taken together, our results indicate that one likely function of neuronal Stac proteins is to 71 

tune Ca2+ entry via neuronal L-type channels.  72 

  73 
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Significance Statement 74 

Stac protein, first identified 20 years ago in brain, has recently been found to be essential for proper 75 

trafficking and function of the skeletal muscle L-type Ca2+ channel and is the site of mutations causing 76 

a severe, inherited human myopathy. In neurons, however, functions for Stac protein have remained 77 

unexplored.  Here we report that one likely function of neuronal Stac proteins is tuning Ca2+ entry via 78 

L-type, but not that via non-L-type, Ca2+ channels. Moreover, there is a large postnatal increase in 79 

protein levels of the major neuronal isoform (Stac2) in forebrain and cerebellum, which could provide 80 

developmental regulation of L-type channel Ca2+ signaling in these brain regions.   81 

  82 
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Introduction 83 

 Stac, so named because it contains src homology 3 (SH3) and cysteine rich domains, was 84 

first identified as a developmentally regulated brain transcript encoding a ~40 kDa protein of unknown 85 

function (Suzuki et al., 1996).  Subsequently, a data base search identified two related proteins 86 

(Stac2 and Stac3) encoded by distinct genes, and it was shown that Stac1 (i.e., “Stac”) and Stac2 are 87 

differentially expressed in sub-populations of DRG neurons (Legha et al., 2010).  In adult mice, Stac3 88 

transcript levels are high in skeletal muscle and low in cerebellum, forebrain and eye, whereas Stac2 89 

transcripts are found in these same, three, neuronally-rich regions at levels comparable to those of 90 

Stac3 in skeletal muscle; Stac1 transcripts are present in cerebellum, fore/midbrain and eye (at lower 91 

levels than Stac2), and also in the bladder and adrenal gland (Nelson et al., 2013).  Thus, it seems 92 

likely that Stac1, Stac2 and perhaps Stac3 are important for neuronal function. 93 

 The first real insight as to the function of any of the Stac proteins came from observations that 94 

the absence of Stac3 prevented differentiation of skeletal muscle (Bower et al., 2012; Reinholt et al., 95 

2013).  Subsequently, it was shown that the absence of Stac3 resulted in the failure of excitation-96 

contraction (EC) coupling (Horstick et al., 2013; Nelson et al., 2013), and that a point mutation in 97 

Stac3 resulted in a severe, recessively inherited human myopathy (Horstick et al., 2013).   98 

Functionally, Stac3 (i) is required for the ability of CaV1.1 to elicit the intracellular Ca2+ release 99 

underlying EC coupling (Polster et al., 2016; Linsley et al., 2017), and (ii) modifies the gating of 100 

CaV1.1 as an L-type Ca2+ channel (Polster et al., 2015, 2016).   101 

 The interactions found between Stac3 and CaV1.1 (the principle subunit of the skeletal muscle 102 

L-type Ca2+ channel) motivated us to investigate whether functional interactions also occur between 103 

Stac proteins and neuronal voltage-gated calcium channels.  These channels not only contribute to 104 

neuronal electrical activity, but also produce Ca2+ signals important for neurotransmitter release, 105 

synaptic plasticity (Moosmang et al., 2005) and activity-dependent gene regulation (Murphy et al., 106 

1991).  Given these diverse functions, it is not surprising that neuronal calcium channels exist in 107 
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molecular complexes that serve to couple Ca2+ influx to downstream effectors and/or to regulate the 108 

magnitude of this influx (Rettig et al., 1996; Murphy et al., 2014).  A particularly well characterized 109 

example of the latter is Ca2+-dependent inactivation (CDI), in which Ca2+ entry promotes inactivation 110 

of the channel (Brehm and Eckert, 1978; Kass and Sanguinetti, 1984).  This process has been 111 

extensively documented for three types of neuronal calcium channels: the L-type channels CaV1.2 112 

(Peterson et al., 1999; Qin et al., 1999; Zühlke et al., 1999) and CaV1.3 (Yang et al., 2006), the P/Q-113 

type channel CaV2.1 (Lee et al., 1999), and the N-type channel CaV2.2 (Liang et al., 2003).  For all 114 

three types, inactivation is greatly slowed when external Ca2+ is replaced by Ba2+. 115 

 Here we have used neonatal Sprague-Dawley rat hippocampal neurons and tsA201 cells to 116 

examine the ability of Stac1, Stac2 and Stac3 to affect CDI of neuronal, voltage-gated Ca2+ channels.  117 

In control hippocampal neurons, CDI occurred both for L-type currents and for non-L-type currents, 118 

which were isolated from one another pharmacologically.  Expression of all three Stac isoforms 119 

eliminated CDI of the hippocampal L-type Ca2+ currents, but not of the non-L-type currents.  In tsA201 120 

cells, the Stac proteins suppressed CDI of the L-type channels, CaV1.2 and CaV1.3, but not of the P/Q 121 

channel CaV2.1.  Auxiliary subunits were not required for the ability of the Stac proteins to inhibit CDI 122 

via CaV1.2, which appeared to involve an interaction between the C-terminus of the channel and a 123 

segment of the Stac proteins having low homology between the isoforms.  Western blotting indicated 124 

that there is a significant postnatal increase in the levels of Stac2 protein in forebrain and cerebellum, 125 

which may function as a developmental regulator of neuronal calcium signaling within these regions.  126 

 127 

  128 
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Materials & Methods  129 

Molecular Biology. The construction of the expression plasmids for YFP-labelled CaV1.2, 130 

unlabeled 2a, unlabeled 1a, YFP- 1a unlabeled 2- 1, Stac1-YFP, Stac2-YFP, Stac3-YFP, Stac1-131 

tagRFP, Stac2-tagRFP, Stac3-tagRFP, unlabeled Stac1, Stac2, and Stac3, was described previously 132 

(Papadopoulos et al, 2004, Leuranguer et al., 2006; Polster et al., 2015; Polster et al., 2018). The 133 

plasmid YFP-CaV2.1, labeled at its N terminus with enhanced yellow fluorescent protein, was derived 134 

from the original GFP-CaV2.1 plasmid (Grabner et al., 1998) by excising the CaV2.1 encoding 135 

sequence and inserting it into the multiple-cloning site of pEYFP-C1 (Clontech) using the restriction 136 

enzymes SalI and HpaI. Unlabeled CaV1.3 (CaV1.3e[8a,11,31b,Δ32,42a] mut) was a gift from Diane 137 

Lipscombe (Addgene plasmid # 26576, Xu and Lipscombe, 2001; RRID: SCR_002037). The 138 

following is a list of cytoplasmic CaV1.2 domain (fragment) constructs employed in this study, of their 139 

forward (fw) and reverse (rev) primers with the respective enzymes used for restriction, followed by 140 

the range of encoded rabbit CaV1.2 (GenBank number X15539.1; RRID:SCR_002760) amino acid 141 

residues. 142 

GFP-N-term(CaV1.2), fw 5'-GCAGTCGACCTTCGAGCCCTTGTTCAGCCAG-3', SalI, rev 5'-143 

GGCGGATCCCTATTTCCACTCGACGATGCTTATG-3', BamHI, residues 1-154. 144 

GFP-I-II(CaV1.2), fw 5'-GCAGTCGACGGAGAGTTTTCCAAAGAGAGG-3', SalI, rev 5'-145 

GGCGGATCCCTAGTTCGACTTGACCGCTGCG-3', BamHI, residues 436-554. 146 

GFP-II-III(CaV1.2), fw 5'-GCAGTCGACAACCTGGCTGATGCTGAGAGC-3', SalI, rev 5'-147 

GGCGGATCCCTACGTGTCGTTGACGATACGG-3', BamHI residues 784-930.  148 

GFP-III-IV(CaV1.2), fw 5'-GCAGTCGACGTCACCTTCCAGGAGCAGG-3', SalI, rev 5'-149 

GGCGGATCCCTAGGTGGAGTTGACCACGTAC-3', BamHI residues 1197-1249.  150 

GFP-C-term(CaV1.2), fw 5'-GGAATTCCGACAACTTTGACTACCTGAC-3', EcoRI, rev 5'-151 

GGCGGATCCCTACAGGCTGCTGACGCC-3', BamHI, residues 1507-2171. 152 

 153 
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 154 

 155 

GFP-1507-1839(CaV1.2), fw 5'-GGAATTCCGACAACTTTGACTACCTGAC-3', SalI, rev 5'-156 

GGCGGATCCCTACCATGCTGCCTCCTGTGCC-3', BamHI, residues 1507-1839. 157 

GFP-1840-2171(CaV1.2), fw 5'- GCAGTCGACCCCAATGAGAGTGAGGATAAG -3', SalI, rev 158 

5'-GGCGGATCCCTACAGGCTGCTGACGCCGGCC-3', BamHI, residues 1840-2171. 159 

GFP-1677-2004(CaV1.2), fw 5'-GCAGTCGACGTAGGGAAGCCGGCCCTGGAG-3', SalI, rev 160 

5'-GGCGGATCCCTAGGAGAGTGGCCGAGGGCGG-3', BamHI, residues 1677-2004. 161 

GFP-1580-1636(CaV1.2),  fw 5'-GCAGTCGACCTGAACAGTGACGGGACGGTC-3', SalI, rev 162 

5'-GGCGGATCCCTAGGGCACCACTTGGTCCAGC-3', BamHI, residues 1580-1636. 163 

GFP-1637-1673(CaV1.2), fw 5'-GCAGTCGACCCTGCAGGCGATGATGAGGTC-3', SalI, rev 164 

5'-GGCGGATCCCTAGGGCTTGCCCACAAGCCCTTG-3', BamHI, residues 1637-1673. 165 

 166 

To obtain association with the cell surface, the CaV1.2 I-II-loop sequence was added as 167 

targeting sequence to these GFP-labeled intracellular CaV1.2 domains and fragments as described 168 

before (Polster et al., 2018). CaV1.2 amino acids 1580-1673 (CT1) were transferred from CyPet-CT1 169 

(Ohrtman et al., 2008) into the vehicle vector (GFP-I-II-loop[CaV1.2]) using the restriction enzymes 170 

EcoRI & BamHI.  171 

The expression vectors for Stac1-RFP, Stac2-RFP, and Stac3-RFP (Polster et al., 2018) were 172 

used as templates to amplify and to introduce EcoRI and KpnI sites and a stop codon flanking the 173 

coding sequence of defined domains of Stac protein via standard PCR. Subsequent digestion of the 174 

PCR products at restriction sites introduced at both ends during amplification allowed for later ligation 175 

into the expression plasmid for unlabeled Stac1 (Polster et al., 2018) that had been digested with the 176 

same enzymes. The following is a list of the Stac protein fragment constructs employed in this study, 177 
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the range of amino acid residues refer to encoded mouse Stac1, Stac2, and Stac3 (Gene IDs: 20840, 178 

217154, and 237611, respectively) followed by their forward (fw) and reverse (rev) primers.  179 

Stac1[168-403], fw 5'-GCAGAATTCCGATGTTTCGGCGTTACTACAGC-3', rev 5'-180 

GTGGTACCTACACGTCTACCAGTACATCC-3', 181 

Stac1[286-403], fw 5'-GCAGAATTCCGATGTTACAGATGAACACCTACG-3', rev 5'-182 

GTGGTACCTACACGTCTACCAGTACATCC-3', 183 

Stac1[1-285], fw 5'-GCAGAATTCCGATGATTCCTCCAAGTGGCGCCC-3', rev 5'-184 

GTGGTACCTATGGGTCTTTGGAAAGAGGTCCC-3', 185 

Stac1[1-167], fw 5'-GCAGAATTCCGATGATTCCTCCAAGTGGCGCCC-3', rev 5'-186 

GTGGTACCTATCCCTTTGGCAACTTGCCCATG-3', 187 

Stac1[168-285], fw 5'-GCAGAATTCCGATGTTTCGGCGTTACTACAGC-3', rev 5'-188 

GTGGTACCTATGGGTCTTTGGAAAGAGGTCCC-3', 189 

Stac1[168-217], fw 5'-GCAGAATTCCGATGTTTCGGCGTTACTACAGC-3', rev 5'-190 

GTGGTACCTAGCCCTTCTTCGTTCTCTGGGCC-3', 191 

Stac1[168-240], fw 5'-GCAGAATTCCGATGTTTCGGCGTTACTACAGC-3', rev 5'-192 

GTGGTACCTACTCTTCAGGGACGTCTACAAGC-3', 193 

Stac1[218-285], fw 5'-GCAGAATTCCGATGGGCTCAGGCAGTGGTTCTG-3', rev 5'-194 

GTGGTACCTATGGGTCTTTGGAAAGAGGTCCC-3', 195 

Stac2[169-408], fw 5'-GCAGAATTCCGATGTTTCGACGCAACTTCAGC-3', rev 5'-196 

GTGGTACCTAGATCTCTGCCAAGGAGTCG-3', 197 

Stac2[289-408], fw 5'-GCAGAATTCCGATGGGGCCCATGTACTCCTACG-3', rev 5'-198 

GTGGTACCTAGATCTCTGCCAAGGAGTCG-3', 199 

Stac2[1-288], fw 5'-GCAGAATTCCGATGACCGAAATGAGCGAGAAGG-3', rev 5'-200 

GTGGTACCTACACGTCCTTCCGCAGGGGCAGC-3', 201 



 

11 

 

Stac2[1-168], fw 5'-GCAGAATTCCGATGACCGAAATGAGCGAGAAGG-3', rev 5'-202 

GTGGTACCTAAGATGTGGATGTCTTGCCCGGG-3', 203 

Stac2[169-288], fw 5’-GCAGAATTCCGATGTTTCGACGCAACTTCAGC-3', rev 5'-204 

GTGGTACCTACACGTCCTTCCGCAGGGGCAGC-3', 205 

Stac2[169-221], fw 5'-GCAGAATTCCGATGTTTCGACGCAACTTCAGC-3', rev 5'-206 

GTGGTACCTAGCTGGAACGGTTCATCAGTGCC-3',  207 

Stac2[169-242], fw 5'-GCAGAATTCCGATGTTTCGACGCAACTTCAGC-3', rev 5'-208 

GTGGTACCTAGTCTTCTGTTAGCTCGTCACGC-3', 209 

Stac2[222-288], fw 5'-GCAGAATTCCGATGTTCAGCAGCACATCTGAGTC-3', rev 5'-210 

GTGGTACCTACACGTCCTTCCGCAGGGGCAGC-3', 211 

Stac3[147-360], fw 5′-GCAGAATTCATGTTCCGTCGGGCCTATAGC-3′, rev 5′-212 

GTGGTACCTAAATCTCCTCCAGGAAGTCG-3′, 213 

Stac3[243-360], fw 5'-GCAGAATTCCGATGCAGCAGTCTCATTACTTTG-3', rev 5′-214 

GTGGTACCTAAATCTCCTCCAGGAAGTCG-3′, 215 

Stac3[1-242], fw 5'-GCAGAATTCCGATGACAGAAAAGGAAGTGGTGG-3', rev 5'-216 

GTGGTACCTAGAAGCCAGGCTGCTTGTTTTTG-3',  217 

Stac3[1-146], fw 5'-GCAGAATTCCGATGACAGAAAAGGAAGTGGTGG-3', rev 5'-218 

GTGGTACCTAACCAGGTGGGATCTTGCCGAAG-3', 219 

Stac3[147-242], fw 5'-GCAGAATTCCGATGTTCCGTCGGGCCTATAGC-3', rev 5'-220 

GTGGTACCTAGAAGCCAGGCTGCTTGTTTTTG-3', 221 

Stac3[147-189], fw 5'-GCAGAATTCCGATGTTCCGTCGGGCCTATAGC-3', rev 5'-222 

GTGGTACCTACTTCTTCCGTTCCTTGTTTGCC-3'. 223 

Stac3[147-242], fw 5'-GCAGAATTCCGATGTTCCGTCGGGCCTATAGC-3', rev 5'-224 

GTGGTACCTAGAAGCCAGGCTGCTTGTTTTTG-3', 225 
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Stac3[147-213], fw 5'-GCAGAATTCCGATGTTCCGTCGGGCCTATAGC-3', rev 5'-226 

GTGGTACCTACTCCTCTGGCCTGGCTGACTC-3', 227 

Stac3[190-242], fw 5'-GCAGAATTCCGATGGGGCAGGCAGATAAGAAAAATC-3', rev 5'-228 

GTGGTACCTAGAAGCCAGGCTGCTTGTTTTTG-3', 229 

All constructs were verified by enzyme digestion and sequence analysis (Eton Bioscience, Inc.). 230 

 231 

Cell culture and expression of cDNA for electrophysiology. Primary cultures of neonatal 232 

hippocampal neurons were prepared as described previously (Gomez et al., 2002; Smith et al., 233 

2006). Specifically, hippocampi were dissected from neonatal (P0-P2) Sprague-Dawley rats (RRID: 234 

RGD_734476; sex unknown) and then dissociated. For transfection, the dissociated neurons were 235 

pelleted and resuspended (3.5-4×106 cells per transfection) in AMAXA buffer (Lonza, RRID: 236 

SCR_000377) together with 6-8 μg of cDNA for Stac1-YFP, Stac2-YFP or Stac3-YFP and 237 

electroporated with an AMAXA Nucleofector (Lonza). Neurons (either transfected or not) were plated 238 

at 6-8×105 cells per dish (25 mm with a poly-D-lysine coated glass coverslip bottom) in glutamine-239 

supplemented Minimum Essential Medium (MEM, Thermo Fisher Scientific; RRID: SCR_008452) 240 

plus 10% (vol/vol) fetal bovine serum, which was replaced by fresh medium of the same composition 241 

4 hrs later. One day later, the medium was changed to Neurobasal-A medium supplemented with B27 242 

and GlutaMax (all from Thermo Fisher Scientific).  Primary cultures of dysgenic (CaV1.1-null) 243 

myotubes were prepared and injected in single nuclei with plasmid cDNA for YFP-CaV1.2 (150 ng/μl) 244 

as described before (Beam and Franzini-Armstrong, 1997).  245 

tsA201 cells (ATCC Cat# CRL-3216, RRID:CVCL_0063) were propagated in high-glucose 246 

Dulbecco’s modified Eagle medium (DMEM) (Corning Mediatech) supplemented with 10% (vol/vol) 247 

fetal bovine serum and 2 mM glutamine in a humidified incubator with 5% CO2.  Cells were plated at a 248 

density of 2×105 cells in 35-mm dishes and transiently transfected 24 hr later.  Except for experiments 249 
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involving CaV1.3, this was accomplished with jetPRIME (Polyplus-transfection Inc.) and various 250 

combinations of cDNAs: YFP-CaV1.2, YFP-CaV2.1 (1 μg/dish), 1a, 2a, 2- 1, GFP- and CaV1.2 I-II 251 

loop-labeled intracellular CaV1.2 regions, and unlabeled or RFP-labelled Stac protein isoforms or 252 

fragments (0.5 μg/dish). Alternatively, the cells were transfected with lipofectamine 2000 (Thermo 253 

Fisher Scientific) and cDNAs: CaV1.3 (0.5 μg/dish) and YFP- 1a, and 2- 1 alone or in combination 254 

with one of the three Stac isoforms (0.25 μg/dish). Four hours following transfection, cells were 255 

removed from the dish using Trypsin EDTA (Corning Mediatech) and re-plated at ~1×104 cells per 35-256 

mm dish to obtain isolated cells which were used for electrophysiology either ~45 hours or ~25 hours 257 

(experiments on CaV1.3) later. Following replating, 2 μM nifedipine was added to the medium of the 258 

dishes containing cells transfected with CaV1.3, YFP- 1a, 2- 1 and one of the Stac proteins, with the 259 

nifedipine-containing medium replaced by nifedipine-free medium 30-45 min prior to the recording of 260 

currents.  As a control, this same nifedipine pretreatment was also applied to a subset of the cells 261 

transfected only with CaV1.3, YFP- 1a and 2- 1. Cells transfected with any of the three Ca2+ channels 262 

(CaV1.2, CaV1.3, CaV2.1) were selected for recording by the pattern of yellow fluorescence.  263 

Confocal Microscopy, Photobleaching, and Colocalization. tsA201 cells were superfused with 264 

rodent Ringer’s solution, which consisted of (in mM): 146 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, and 10 265 

HEPES, pH 7.4, with NaOH, and examined using a Zeiss LSM 710 confocal microscope. Excitation 266 

and emission (nm) for the fluorescent proteins were: GFP (ex: 488, em: 493-590), and tagRFP (ex: 267 

543, em: 582-754).  Relative to full power output, the excitation was attenuated to ~1% (488 nm) and 268 

~2-4% (543 nm). Images were obtained, with a 40× (1.3 numerical aperture) oil-immersion objective, 269 

as a single, optical slice which was halfway between the substrate and upper cell surface. Cells were 270 

selected for subsequent analysis on the basis of isolation from surrounding cells and an initial mid-271 

level optical scan displaying (i) close association of the tagged cytoplasmic CaV1.2 domain with the 272 

perimeter of the cell, and (ii) high expression of the tagged Stac construct as judged by a uniformly 273 
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strong fluorescence throughout the entire optical section.  The mobile faction of the tagged Stac was 274 

then partially photo-bleached, by repeatedly scanning for 15-45 s, with non-attenuated excitation 275 

within a region of interest that was designated to avoid the cell surface.  A second mid-level scan 276 

acquired afterwards was used to assess co-localization, which was quantified by means of Pearson’s 277 

coefficients as described previously (Polster et al., 2018) using ZEN Blue (ZEN Digital Imaging for 278 

Light Microscopy, RRID:SCR_013672).   279 

 280 

Measurement of ionic currents. All experiments were performed at room temperature 281 

(~25 °C) on cells displaying yellow fluorescence. After 4-5 days in vitro, control neurons and 282 

transfected neurons were whole-cell clamped with heat-polished borosilicate patch pipets of 3-5 MΩ 283 

resistance filled with (in mM): 120 Cs-MeSO3, 30 tetraethylammonium-Cl (TEA-Cl), 10 (L-type 284 

currents) or 0.5 (non-L-type currents) EGTA, 5 MgCl2, 5 Na2ATP and 10 HEPES, pH 7.2 with TEA-285 

OH. The bath solution contained (mM): 125 NaCl, 10 CaCl2 or BaCl2, 5.85 KCl, 22.5 TEA-Cl, 1.2 286 

MgCl2, 10 Na-HEPES, 11 D-glucose, 0.001 tetrodotoxin, pH 7.4 with HCl. Currents were recorded 287 

with an Axopatch 200A amplifier (Molecular Devices), low-pass filtered at 2 kHz, and sampled at 10 288 

kHz using PatchMaster software (HEKA). Analog compensation was used to reduce the effective 289 

series resistance and partially cancel cell capacitance. Data were analysed only if the calculated 290 

series resistance error was < 3 mV. Test currents were recorded first with Ba2+ as the charge carrier 291 

and then with Ca2+, and corrected for residual, linear components of leak current by P/4 subtraction. 292 

Holding potential was -60 mV and currents were evoked by 200- (L-type) or 500- (non-L-type) ms 293 

step depolarizations, once every 15 s. To isolate L-type currents, cells were incubated, just prior to 294 

recording, for 30 min in 1 μM ω-CTx-GVIA and 5 μM ω-CTx-MVIIC to block N- and P/Q-type 295 

channels, and data were collected within 1 hr thereafter (Oliveria et al., 2007). Non-L-type currents 296 

were recorded in the presence of 5 μM nimodipine. 297 
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For tsA201 cells and dysgenic myotubes, pipettes (~2.0 MΩ) were fabricated from borosilicate 298 

glass and were filled with internal solution, which consisted of (in mM): 140 Cs-aspartate, 10 Cs2-299 

EGTA, 5 MgCl2 and 10 HEPES, pH 7.4 with CsOH, except that the Cs-aspartate was increased to 300 

155 mM, and the Cs2-EGTA was reduced to 0.5 mM, for experiments with CaV2.1. The bath solution 301 

contained (mM): 145 TEA-Cl, 10 CaCl2 or 10 BaCl2, and 10 HEPES, pH 7.4 with TEA-OH. Electronic 302 

compensation was used to reduce the effective series resistance (time constant of ~500 μs or less). 303 

Cell capacitance was determined by integration of a transient elicited by stepping from the holding 304 

potential (-80 mV) to -70 mV using pClamp 8.2 (Molecular Devices; RRID: SCR_011323) and was 305 

used to normalize ionic currents (pA/pF). Test currents were obtained by stepping from the holding 306 

potential either directly to 8 varying test potentials (tsA201 cells), or (for myotubes) by stepping from 307 

the holding potential to -30mV for 1s (to inactivate endogenous T-type Ca2+ current), to -50 mV for 25 308 

ms, and then to more positive test potentials. Linear components of leak and capacitive current were 309 

corrected with -P/4 online subtraction protocols. Filtering was at 2-5 kHz and digitization was at 10 310 

kHz. Peak I-V relationships were fitted according to: 311 

 312 

I = Gmax(V - Vrev) / {1 + exp[-(V - V1/2) / kG]},      [Equation 1] 313 

 314 

where I is the peak current for the test potential V, Vrev is the reversal potential, Gmax is the maximum 315 

Ca2+ channel conductance, V1/2 is the half-maximal activation potential and kG is the slope factor. All 316 

data reported from tsA201 cells were obtained from cells in which both Ca2+ and Ba2+ currents were 317 

recorded. For solution changes, ~18 ml of solution was perfused at a rate of ~6 ml min-1. 318 

Western blotting.  To obtain recombinant Stac2-YFP, tsA201 cells were plated at a density of 319 

6×105 per 10 cm plastic tissue culture dish (BD Falcon), grown to 80% confluency and then 320 

transfected with Lipofectamine 2000 (Thermo Fisher Scientific), according to manufacturer’s 321 
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instructions, with 10 μg of the cDNA of interest per 10 cm dish. Sixteen hours post-transfection, 322 

tsA201 cells in 10 cm dishes were washed twice with cold PBS, scraped from the dish, resuspended 323 

in 0.5 ml of ice-cold homogenization buffer (300 mM sucrose, 20 mM Tris-Maleate and 1% (vol/vol) 324 

P8340 protease inhibitor Sigma-Aldrich; RRID: SCR_008988), and subjected to three times 100 325 

strokes (at 3 min intervals) in a Teflon/glass homogenizer on ice.  For brain tissue, mice (sex 326 

unknown) were sacrificed by isoflurane overdose, after which the cerebellum and forebrain were 327 

isolated and frozen on dry ice and stored at -80°C.  Frozen cerebella and forebrains from 4 neonatal 328 

(~5 day) and 3 adult mice (~6 month) were finely minced with a razor blade, disrupted with a polytron 329 

tissue homogenizer (Ultra-Turrax T25, IKA) at 9500 rpm for 30 s, and then subjected to Teflon/glass 330 

homogenization as described for the tsA201 cells.  The homogenates (both tsA201 cells and nervous 331 

tissue) were placed in an ultrasonic water bath for 15 s and then centrifuged for 10 min at 5,000 g, 332 

retaining the supernatant for subsequent analysis. Protein concentration was determined with the 333 

bicinchoninic acid (BCA) assay (BCA kit, Thermo Fisher Scientific) using bovine serum albumin as 334 

the standard.  335 

 Proteins in the ts201, forebrain and cerebellar homogenates were separated by SDS-PAGE 336 

on a continuous-gradient 4-15% gel (Mini protean TGX, Bio-Rad Laboratories; RRID: SCR_008426), 337 

followed either by staining with Coomassie Blue R-250 (Thermo Fisher Scientific) or transfer onto 338 

polyvinylidene difluoride membranes (Bio-Rad Laboratories).  The membranes were incubated for 1 339 

hr in “TBS-T” (20 mM Tris, 500 mM NaCl, pH 7.4, plus 0.1% [vol/vol] Tween 20) plus 5% (wt/vol) non-340 

fat dry milk (Bio-Rad Laboratories), washed with TBS-T, incubated overnight at 4°C in a 1:1,000 341 

dilution of rabbit polyclonal anti-Stac2 (N-terminal region; Aviva Systems Biology, Cat# 342 

ARP69675_P050, RRID:AB_2737299) washed with TBS-T, and then incubated 1 hr at room 343 

temperature with a 1:10,000 dilution of HRP conjugated goat anti-rabbit (Thermo Fisher Scientific). 344 

Immunoreactive proteins were detected via enhanced chemiluminescence (SuperSignal® West 345 

Femto substrate, Thermo Fisher Scientific). In some cases, the anti-Stac2 antibody was pre-346 



 

17 

 

incubated 3 hours at room temperature with a 30-fold molar excess of its immunogenic peptide (Aviva 347 

Systems Biology , Cat# AAP69675) as the blocking control.  348 

Analysis. SigmaPlot (version 11.0; SYSTAT Software; RRID: SCR_003210) was used for curve 349 

fitting and preparation of figures. Unless otherwise specified, all data are presented as mean ± SEM.  350 

Statistical significance was assessed with one-way ANOVA.  351 
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Results  352 

In neurons, Stac proteins suppress CDI of L-type Ca2+ currents but not of non-L-type currents 353 

Our previous experiments using heterologous expression in tsA201 cells (Polster et al., 2015) 354 

showed that the expression of either Stac2 or Stac3 slowed the inactivation of Ca2+ current via 355 

CaV1.2, which is the predominant isoform (~75%) of neuronal L-type Ca2+ channel in cerebral cortex 356 

and hippocampus (Hell et al., 1993).  Here we tested whether the over-expression of the Stac 357 

proteins would similarly affect endogenous L-type channels in hippocampal neurons isolated from 358 

neonatal rats and maintained several days in culture.  L-type currents were isolated by pre-treatment 359 

with ω-CTx-GVIA and ω-CTx-MVIIC (Oliveria et al., 2007), and were measured both in control cells 360 

and in cells that had been transfected with Stac1-YFP, Stac2-YFP or Stac3-YFP. Figure 1 compares 361 

representative currents at +10 mV (A), and fraction of peak current remaining 150 ms after the peak 362 

(R150, B) of whole-cell Ca2+ and Ba2+ currents in neurons either without, or with, Stac1, Stac2, or 363 

Stac3 (left to right, respectively).  In the absence of any co-expressed Stac protein, the Ca2+ currents 364 

decayed to a greater extent than the Ba2+ currents, a difference that was greatest at test potentials of 365 

around +10 mV, and which became progressively smaller for both weaker and stronger test 366 

depolarizations (Fig. 1, leftmost panels).  This “U-shaped” voltage dependence of fractional decay 367 

with Ca2+ as charge carrier, and its significant suppression by Ba2+, are characteristic of calcium-368 

dependent inactivation (CDI).  In contrast to the situation for control neurons, the decay of Ca2+ and 369 

Ba2+ currents was almost identical in neurons expressing Stac1-YFP, Stac2-YFP or Stac3-YFP 370 

(rightmost three panels in Fig. 1A, B), indicating that all three Stac proteins suppressed the Ca2+-371 

dependent inactivation of the L-type channels present in these neonatal hippocampal neurons. 372 

 To test the effects of the Stac proteins on high-voltage-activated, neuronal Ca2+ channels that 373 

were not L-type, we recorded currents with 5 M nimodipine present.  With this treatment, and the 374 

use of a holding potential of -60 mV, the measured Ca2+ channel currents should have arisen mainly 375 
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from CaV2.1 (P/Q-type) and CaV2.2 (N-type).  These have both been reported to undergo Ca2+-376 

dependent inactivation, although weaker than that for L-type channels (DeMaria et al., 2001; Liang et 377 

al., 2003). Accordingly, we reduced the EGTA concentration of the pipette solution (from 10 to 0.5 378 

mM) and increased the test pulse duration (from 200 to 500 ms).  Under these conditions, the non-L-379 

type currents displayed prominent calcium-dependent inactivation both in control hippocampal 380 

neurons and in neurons expressing Stac1-YFP, Stac2-YFP or Stac3-YFP (Fig. 2).  Thus, the Stac 381 

proteins did not appear to affect the Ca2+-dependent inactivation of non-L-type channels expressed 382 

endogenously in hippocampal neurons. 383 

 384 

Stac proteins suppress calcium-dependent inactivation (CDI) of the L-type channel CaV1.2 in tsA201 385 

cells 386 

 In order to obtain information about the effects of the Stac proteins on Ca2+ channels of known 387 

molecular composition, we used heterologous expression in tsA201 cells.  Figure 3 compares 388 

representative peak currents (A), fraction of peak current remaining 150 ms after the peak (R150, B) 389 

and peak I-V relationships (C) of whole-cell Ca2+ and Ba2+ currents in tsA201 cells transfected with 390 

YFP-CaV1.2, 2a and 2- 1, either without, or with, Stac1, Stac2, or Stac3 (left to right, respectively).  391 

The behavior of the currents in the tsA201 cells expressing CaV1.2 was qualitatively similar to that of 392 

the L-type currents in the hippocampal neurons.  Thus, in the cells transfected with YFP-CaV1.2, 2a 393 

and 2- 1 without any Stac protein, the Ca2+ current decayed to a greater extent than the Ba2+ current, 394 

as evident both in the peak currents (A) and in the R150 values across a range of test potentials (B).  395 

Moreover, R150 for Ca2+ reached a minimum at approximately the same potential as that eliciting the 396 

maximal inward current (C).  By contrast, in cells transfected with YFP-CaV1.2, 2a and 2- 1 together 397 

with any one of the three Stac isoforms, the peak Ca2+ and Ba2+ currents had a similar time course 398 

(Fig. 3A) and the values of R150 for Ca2+ did not differ greatly from those for Ba2+ (Fig. 3B).  All three 399 
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Stac isoforms appeared to be essentially equivalent at suppressing calcium-dependent inactivation.  400 

However, peak current densities were about ~30% smaller for Stac3 than without Stac or than with 401 

Stac1 or Stac2 (Fig. 3C). 402 

 403 

Stac proteins suppress calcium-dependent inactivation of CaV1.3 in tsA201 cells 404 

 Although less abundant than CaV1.2, CaV1.3 also comprises a significant fraction (~20%) of L-405 

type channels in cerebral cortex and hippocampus (Hell et al., 1993).  Moreover, the more negative 406 

activation range of CaV1.3 (Koschak et al., 2001) might be expected to amplify its relative contribution 407 

to the L-type currents illustrated for hippocampal neurons in Figure 1.  Thus, we also tested the 408 

effects of Stac proteins on CaV1.3. Figure 4 compares representative peak currents (A), fraction of 409 

peak current remaining 150 ms after the peak (R150, B) and peak I-V relationships (C) of whole-cell 410 

Ca2+ and Ba2+ currents in tsA201 cells transfected with CaV1.3, YFP- 1a and 2- 1 either alone, or 411 

with, Stac1, Stac2, or Stac3 (left to right, respectively). As for CaV1.2 in the presence of 2a and 2- 1 412 

(Fig.3), the Ca2+ current of CaV1.3 decayed to a greater extent than the Ba2+ current, as evident both 413 

in the peak currents (A) and in the R150 values which had a U-shaped dependence on test potential 414 

(B) that mirrored the peak I-V relationship (C). This behavior of currents via CaV1.3 is similar to that 415 

described in previous work (Yang et al., 2006). Unlike the rapid decay of Ca2+ current observed in 416 

cells transfected only with CaV1.3, YFP 1a and 2- 1, there was little inactivation of Ca2+ currents in 417 

cells transfected with this channel complex plus Stac1, Stac2 or Stac3 and the peak Ca2+ and Ba2+ 418 

currents had a similar time course and the values of R150 for Ca2+ did not differ from those for Ba2+ 419 

(Fig. 4A, B). Thus, all three Stac proteins appeared to be similar in suppressing Ca2+-dependent 420 

inactivation of both CaV1.2 and CaV1.3. 421 

 As described in the Methods section, the cells co-transfected with CaV1.3 and Stac proteins 422 

were maintained in a medium containing 2 μM nifedipine, which was then washed away prior to 423 
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recording.  Without this pretreatment, we found it very difficult to obtain cells producing measureable 424 

currents, which we hypothesize was a consequence of Ca2+-induced cell death that resulted from (i) 425 

the loss of inactivation produced by the Stac proteins, (ii) the leftward shift of activation of CaV1.3 426 

(compared to CaV1.2) which resulted in persistent Ca2+ entry due to the relatively depolarized resting 427 

potentials of tsA201 cells.  In control experiments on cells transfected with CaV1.3, YFP- 1a and 2- 1 428 

without Stacs, we found that the nifedipine pre-treatment had no effect on inactivation (Fig. 4-1). 429 

 430 

Stac proteins do not affect calcium-dependent inactivation of CaV2.1 in tsA201 cells 431 

 As shown in Figure 2, Stac proteins did not noticeably affect the calcium-dependent 432 

inactivation of the non-L-type, high-voltage-activated Ca2+ channels that were present in neonatal 433 

hippocampal neurons.  Figure 5 illustrates an experiment to test whether similar behavior occurred for 434 

one representative of these channels, CaV2.1, after heterologous expression together with 1a and 2-435 

1.  Because Ca2+ dependent inactivation for CaV2.1 (DeMaria et al., 2001) is much slower than for 436 

the L-type channels, the duration of the test depolarizations was increased from 200 to 500 ms, and 437 

the extent of inactivation was quantified as the fraction of peak current remaining 400 ms after the 438 

peak (R400).  With the longer test pulses, it was evident that the peak Ca2+ current via CaV2.1 439 

inactivated more rapidly than the peak Ba2+ current, whether or not it was co-transfected with any one 440 

of the three Stac proteins (Fig. 5A).  Furthermore, the relationship between R400 and test potential, 441 

both for Ca2+ and for Ba2+, was little affected by whether or not a Stac protein was also transfected 442 

(Fig. 5B, C).  Thus, the Stac proteins did not appear to alter calcium-dependent inactivation of 443 

CaV2.1. 444 

  445 
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An interaction between the Stac proteins and cytoplasmic domains of CaV1.2 appears to be 446 

responsible for the suppression of calcium-dependent inactivation 447 

To determine whether the auxiliary 2a and 2- 1 subunits were required for the ability of Stac 448 

proteins to suppress calcium-dependent inactivation of CaV1.2, we removed their cDNAs from the 449 

transfection mixtures. Figure 6 compares representative peak currents (A), fraction of peak current 450 

remaining 150 ms after the peak (R150, B) and peak I-V relationships (C) of whole-cell Ca2+ and Ba2+ 451 

currents in tsA201 cells transfected with YFP-CaV1.2 either alone, or with, Stac1, Stac2, or Stac3 (left 452 

to right, respectively). Consistent with previous work on tsA201 cells (Zong et al. 1994, Perez-Garcia 453 

et al. 1995), expression of CaV1.2 without auxiliary subunits resulted in small amplitude currents (Fig. 454 

6A, C). Despite this (~10-fold) reduced current density, calcium-dependent inactivation for YFP-455 

CaV1.2 alone differed little from that of YFP-CaV1.2 plus 2a and 2- 1 (left-most panels of Fig. 6A, B 456 

and Fig. 3 A, B, respectively).  The additional transfection of Stac1, Stac2 or Stac3 was very effective 457 

in eliminating the calcium-dependent inactivation of CaV1.2 lacking auxiliary subunits (rightmost three 458 

panels, Fig. 6A, B).  Additionally, Stac2 and Stac3 caused a ~50% increase in the Ba2+ current 459 

density (Fig. 6C).   460 

Based on the results illustrated in Figure 6, it seemed likely that all three Stac proteins interact 461 

directly with CaV1.2 to suppress its calcium-dependent inactivation.  To identify potential sites of 462 

interaction, we tested whether the Stac proteins co-localized in tsA201 cells with specific cytoplasmic 463 

domains of CaV1.2.  For this, the CaV1.2 cytoplasmic domains were linked at their N-termini to a 464 

surface-targeting sequence, the GFP-tagged I-II loop of CaV1.2 (Polster et al., 2018), tagRFP was 465 

linked to the C-termini of the Stac proteins, and the mobile pool of the RFP labeled Stac proteins was 466 

partially photo-bleached by intense illumination of a region of interest in the cell interior.  Figure 7 467 

illustrates the results of such an experiment for Stac1, which associated with the surface-localized II-468 

III loop and C-terminus of CaV1.2, but not with the other cytoplasmic domains.  Stac2 displayed a 469 
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similar association with the II-III loop -- in agreement with the observation of Wong King Yuen et al. 470 

(2017) that the isolated SH3 tandem from Stac2 interacts with a core segment of the CaV1.2 II-III loop 471 

-- and with the C-terminus (Fig. 7-1).  Of these two domains, an interaction with the II-III loop seems 472 

less likely to be important for the ability of the Stac proteins to suppress calcium-dependent 473 

inactivation because Stac3 appeared only to associate with the CaV1.2 C-terminus and not with the II-474 

III loop (Fig. 7-2). Pearson’s colocalization coefficients for each of the three Stac proteins and 475 

cytoplasmic CaV1.2 domains are provided in Figure 7-3. Our previous work (Polster et al., 2018) had 476 

also shown that Stac3 fails to associate with the CaV1.2 II-III loop, either as an isolated fragment in 477 

tsA201 cells or when substituted for the II-III loop of CaV1.1 in myotubes.  478 

In an attempt to identify sub-regions of the CaV1.2 C-terminus important for its interaction with 479 

the Stac proteins, we applied the approach described above to the fragments of the C-terminus, 480 

which are illustrated schematically in Fig. 7-4A.  We began with large, overlapping fragments 481 

corresponding to the N-terminal half (rabbit CaV1.2 residues 1507-1839), center (residues 1674-482 

2004), or C-terminal half (residues 1840-2171).  For each of the Stac isoforms, the Pearson’s 483 

coefficients for these three large fragments are grouped together beneath the corresponding 484 

coefficient for the full-length C-terminus (Fig. 7-4B).  Although displaying variability between the Stac 485 

isoforms, the Pearson’s coefficients for the N-terminal half (residues 1507-1839) were closer in value 486 

to those for the full-length C-terminal than for the other large fragments.  Thus, we next tested three 487 

smaller N-terminal fragments containing one or more of the regions (“pre-IQ”, “IQ”) which other 488 

studies have shown to be important for calcium-dependent inactivation (Peterson et al., 1999; Pate et 489 

al, 2000; Pitt et al, 2001; Van Petegem et al., 2005; Kim et al., 2010). These fragments were also of 490 

interest because Campiglio et al. (2018) found that the co-localization of Stac3 with CaV2.1/CaV1.2 491 

chimeras in dysgenic myotubes depended on CaV1.2 sequence within the IQ domain. We found that 492 

for a given Stac isoform, the Pearson’s coefficients were similar to one another for the three small 493 

fragments whether or not the IQ domain was present.  Additionally, we found that the Pearson’s 494 
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coefficients for the N-terminal fragments were smaller than the coefficient for the larger, N-terminal 495 

half construct.  Thus our results are consistent with the idea that Stac binding involves multiple 496 

regions of the CaV1.2 C-terminus, including the IQ domain. 497 

Within the Stac proteins, the region of ~100 residues, which links the PKC C1 and SH3_1 domains, is 498 

sufficient to suppress calcium-dependent inactivation of CaV1.2 499 

Having found that an interaction with the CaV1.2 C-terminus most likely accounts for the ability 500 

of all three Stac isoforms to suppress calcium-dependent inactivation, we next attempted to identify 501 

the region(s) of the Stac proteins required for this suppression.  Toward this end, we measured Ca2+ 502 

and Ba2+ currents in tsA201 cells after expression of YFP-CaV1.2, 2a and 2- 1, together with Stac 503 

constructs lacking one or more regions of the full-length proteins: the N-terminal region, a PKC C1 504 

domain, a linking region, and two SH3 domains.  Results with this approach for Stac1 are illustrated 505 

in Figure 8.  The only region which was required for inhibition of calcium-dependent inactivation was 506 

the region linking the PKC C1 and tandem SH3 domains, and a construct of this region alone (118 507 

residues in Stac1) was also sufficient for this inhibition (Fig. 8B-F).  Similarly for Stac2 and Stac3, the 508 

region linking the PKC C1 and tandem SH3 domains (120 and 96 residues, respectively) was 509 

sufficient for the inhibition of calcium-dependent inactivation (Figs. 8-1 and 8-2), and, as for Stac1, 510 

neither the PKC C1 domain, nor the two SH3 domains, appeared to be important for such inhibition. 511 

Amino acid alignment of the three Stac isoforms reveals only weak conservation within the 512 

PKC C1-to-SH3_1 linker regions (Fig. 8-3A), making it difficult to infer which elements within this 513 

region are likely to be important for inhibiting the calcium-dependent inactivation of CaV1.2.  Thus, 514 

somewhat arbitrarily, we divided the linker into two halves, with the first and second half indicated, 515 

respectively, by the orange and teal lines in Fig. 8-3A. Calcium-dependent inactivation was not 516 

noticeably affected by either the first half, which contained the majority of the 517 

conserved/identical/residues, or the second half, which contained substantially fewer conserved 518 
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residues (Fig. 8-3B-G).   Thus, we extended the first-half segment to produce a construct (pink line in 519 

8-3A) which contained all but two of the identical/conserved residues of the linker.  Although this 520 

extended construct failed to produce the essentially complete suppression of calcium-dependent 521 

inactivation produced by the full-length linker (Figs. 8, 8-1 and 8-2), it did produce a partial inhibition 522 

(Fig. 8-3H-K).  Apparently, this suppression depends upon structural features of the PKC C1-to-523 

SH3_1 linker which are not apparent from the sequence alignment. 524 

Postnatal increase of Stac2 in forebrain and cerebellum. 525 

 Based on qPCR, levels of Stac2 transcript in adult mouse forebrain exceed those of Stac3 in 526 

skeletal muscle (Nelson et al., 2013), where Stac3 is required for the function of CaV1.1 in excitation-527 

contraction coupling (Polster et al., 2016; Linsley et al., 2017).  Thus, the qPCR indicates the likely 528 

importance of Stac2 in forebrain function but also raises a conundrum.  In particular, the level of 529 

Stac3 in skeletal muscle appears to be sufficient to suppress the Ca2+-dependent inactivation of 530 

CaV1.2 after its expression in dysgenic (CaV1.1-null) myotubes (Fig. 9), whereas the L-type current in 531 

control, neonatal hippocampal neurons displayed prominent Ca2+-dependent inactivation (Fig. 1, 532 

leftmost panels).  One way to accommodate these results would be to postulate that the high levels of 533 

Stac2 present in adult forebrain are not present in neonatal forebrain.   We tested this idea by 534 

Western blotting for Stac2 protein in forebrain and also cerebellum, another brain region having high 535 

levels of Stac2 transcript in the adult (Nelson et al., 2013).  To allow comparison with existing data 536 

from qPCR and in situ hybridization, these two brain regions were obtained from neonatal and adult 537 

mice.  Figure 10A illustrates a Western blot probing developmental changes in Stac2 protein in 538 

forebrain and cerebellar homogenates, in which the total protein loaded per gel lane was calculated 539 

from the measured protein concentration in those homogenates.  Coomassie blue staining of a 540 

similarly loaded gel indicated that this procedure provided a good estimate of the protein loaded per 541 

lane (Fig. 10B).   Figure 10A reveals that Stac2, relative to total protein, increased substantially in 542 
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both cerebellum and forebrain between neonate and adult.  Densitometric analysis of the Western 543 

blot shown in Figure 10A, and of two additional Western blots, indicated that Stac2 relative to total 544 

protein increased between neonate and adult by 3.84 ± 2.32 fold (mean ± sd) in cerebellum, and by 545 

4.78 ± 1.44 fold in forebrain.  Control experiments for the specificity of the Stac2 antibody are 546 

illustrated in Figure 10-1. 547 

548 
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Discussion  549 

Here we have examined the effects of Stac proteins on high-voltage activated Ca2+ channels 550 

both in neonatal rat hippocampal neurons and after heterologous expression in tsA201 cells.  In 551 

control neurons, both L-type (Fig. 1) and non-L-type Ca2+ channels (Fig. 2) displayed calcium-552 

dependent inactivation: with Ca2+ as charge carrier the extent of current decay showed a U-shaped 553 

dependence on test potential and the extent of decay was greatly reduced when Ba2+ was the charge 554 

carrier.  Overexpression of the Stac proteins in neonatal rat hippocampal neurons suppressed 555 

calcium-dependent inactivation of the L-type current, but did not affect the calcium-dependent 556 

inactivation of the non-L type current.  This differential effect of the Stac proteins on L-type and non-L-557 

type channels in hippocampal neurons was also observed after heterologous expression in tsA201 558 

cells:  all three Stac isoforms eliminated calcium-dependent inactivation of the L-type channels 559 

CaV1.2 (Fig. 3) and CaV1.3 (Fig. 4) but not that of the non-L-type channel CaV2.1 (Fig. 5).  Because 560 

the Stac proteins suppressed the calcium-dependent inactivation of CaV1.2 expressed without 561 

auxiliary subunits (Fig. 6), it seems likely this suppression involves a direct interaction with CaV1.2 562 

itself.  In support of this idea, all three Stac proteins interacted with one or more cytoplasmic domains 563 

of CaV1.2 expressed in tsA201 cells as isolated fragments attached to a surface-targeting construct.  564 

Specifically, Stac1 (Fig. 7) and Stac2 (Fig. 7-1) co-localized with both the II-III loop and C-terminus of 565 

CaV1.2, whereas Stac3 (Fig. 7-2) appeared only to associate with the C-terminus. A variety of 566 

evidence, discussed below, indicates that the interaction with the C-terminus is the one that is 567 

relevant for suppressing calcium-dependent inactivation.  Surprisingly, the ability of the Stac proteins 568 

to suppress calcium-dependent inactivation appeared to reside in the segment linking the PKC C1 569 

domain to the SH3 domains (Figs. 8, 8-1, and 8-2).  This segment is short (118, 120 and 96 residues 570 

in Stac1, Stac2 and Stac3, respectively), lacks obvious structure and is only weakly conserved 571 

between the Stac isoforms.  572 
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Although CaV1.2 displayed calcium-dependent inactivation in transfected tsA201 cells, it did 573 

not do so in dysgenic myotubes (Fig. 9), which can be attributed to the presence of endogenously 574 

expressed Stac3 in these cultured muscle cells.  By contrast the endogenous levels of Stac proteins 575 

were sufficiently low in neonatal rat hippocampal neurons that L-type currents in these cells displayed 576 

prominent calcium-dependent inactivation (Fig. 1).  Western blots revealed that protein levels of 577 

Stac2, the Stac isoform with the most abundant transcript in adult mouse brain (Nelson et al., 2013), 578 

were substantially higher in adult mouse forebrain and cerebellum, compared to neonate (Fig. 10).  In 579 

principle, this increased expression might cause a reduced calcium-dependent inactivation of L-type 580 

currents in adult brain, but this remains an open question.  In particular, calcium-dependent 581 

inactivation has been documented in dissociated hippocampal pyramidal neurons of adult rats 582 

(Johnson and Byerly, 1994) and guinea pigs (Kay, 1991), but these studies did not determine whether 583 

or not this arose from L-type channels.  Moreover, developmental changes, which were unrelated to 584 

Stac proteins could also affect calcium-dependent inactivation, including channel clustering and 585 

expression of endogenous calcium buffers. The importance of the latter is highlighted by the finding of 586 

Campiglio et al. (2018) that the concentration of exogenous buffer affected the ability of Stac1 and 587 

Stac2 to inhibit the calcium-dependent inactivation of CaV1.2 expressed in tsA201 cells: the extent of 588 

inhibition was much lower for 0.5 mM EGTA compared to 10.0 mM EGTA. 589 

Structural and functional interactions between Stac proteins and voltage-gated Ca2+ channels. 590 

To date, at least three different categories of functional interactions have been reported to occur 591 

between Stac proteins and CaV channels: regulation of CaV1.1 trafficking and function, inhibition of 592 

calcium-dependent inactivation of CaV1.2 and CaV1.3, and increased membrane trafficking of CaV3.2.  593 

These functional interactions appear to depend on distinct cytoplasmic regions of the CaV channels 594 

and also upon distinct domains of the Stac proteins, which consist of (1) an N-terminal region, (2) a 595 

PKC C1 domain, (3) a linking region, and (4) tandem SH3 domains (SH3_1 and SH3_2).  The 596 

functional interaction between Stac3 and CaV1.1 results in increased membrane trafficking of CaV1.1 597 
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(Polster et al., 2015, 2016; Linsley et al., 2017), alters the kinetics and amplitude of the L-type current 598 

that CaV1.1 produces (Polster et al., 2015, 2016), and is required for the ability of CaV1.1 to mediate 599 

skeletal-type EC coupling (Horstick et al., 2013; Nelson et al., 2013; Polster et al., 2016; Linsley et al., 600 

2017).  A primary structural determinant for these effects is an interaction between the SH3_1 domain 601 

of Stac3 and a poly-proline domain in the II-III loop of CaV1.1 (Wong King Yuen et al., 2017; Polster et 602 

al., 2018).  However, this II-III loop interaction does not appear to be important for the ability of the 603 

Stac proteins to suppress calcium-dependent inhibition of CaV1.2.  In particular, Stac3 abolishes 604 

calcium-dependent inactivation of CaV1.2 (Fig. 3; Campiglio et al., 2018) but does not appear to bind 605 

to the CaV1.2 II-III loop (Wong King Yuen et al., 2017; Polster et al., 2018). Moreover, calcium-606 

dependent inactivation of CaV1.2 was effectively inhibited by a Stac3 construct which consisted of the 607 

N-term, PKC C1 and linking domain, but which lacked the SH3 domains important for interacting with 608 

the II-III loop (Wong King Yuen et al., 2017).  In fact, we found that even smaller Stac constructs, 609 

consisting only of the linking domain, were effective at inhibiting calcium-dependent inactivation (Figs. 610 

8, 8-1, and 8-2).  611 

Different groups using different methodologies have arrived at different conclusions about the 612 

site(s) of interaction between the Stac proteins and the CaV1 C-terminus.  Campiglio et al. (2018) 613 

found that co-localization of Stac3-GFP with CaV2.1/ CaV1.2 chimeras expressed in dysgenic 614 

myotubes (which express endogenous Stac3) depended on the presence of the 22 residues 615 

constituting the IQ motif of CaV1.2.  By contrast, Niu et al. (2018) found with a FRET assay of tagged 616 

constructs expressed in HEK293 cells, that Stac3 interacted with the EF hand motif of CaV1.1 (the 617 

position of the EF hand relative to the IQ and pre-IQ motifs is illustrated in Fig. 7-4).  In our previous 618 

and present work, using a co-localization assay in tsA201 cells, we found that the interactions varied 619 

between Stac proteins and differed between CaV1.1 (Figs. 4, S2 and S3 of Polster et al., 2018) and 620 

CaV1.2 (Figs. 7, 7-1, 7-2, 7-3).  Despite these discrepancies, all these studies indicate that 621 

interactions occur near or at the IQ motif.  This motif is identical in CaV1.2 and CaV1.3 (Fujita et al., 622 
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1993), and has to be important for binding of calmodulin and hence essential for calcium-dependent 623 

inactivation (Peterson et al., 1999; Qin et al., 1999; Zühlke et al., 1999; Yang et al., 2006).  Thus, it is 624 

reasonable to suggest (Campiglio et al., 2018) that interaction of Stac3 with this region alters the 625 

interactions of calmodulin with the channel that are necessary for calcium-dependent inactivation.  626 

Although CaV2.1 also contains an IQ motif, its structure is sufficiently different that (i) bound CaM has 627 

the opposite orientation than in CaV1.2 (Kim et al., 2008), and (ii) Stac3 does not bind to it.  628 

  As described above, the Stac proteins appear to interact with at least two distinct regions of 629 

the L-type channels.  As discussed above, we can ascribe functions to the interaction of the three 630 

Stac proteins with the C-terminus of CaV1.2 (and probably CaV1.3), that of suppressing calcium-631 

dependent inactivation, and also to the interaction of Stac3 with the II-III loop of CaV1.1 (increased 632 

membrane trafficking and altered channel function).  However, we are not currently able to ascribe an 633 

obvious function to the interaction of Stac1 and Stac2 with the II-III loop of CaV1.2.  Yet another CaV 634 

cytoplasmic domain appears to be important for an interaction between Stac1 and the low-voltage-635 

activated channel, CaV3.2.  In particular, Stac1 co-immunoprecipitates with residues 50-100 of the 636 

CaV3.2 N-terminus and increases the current density of full-length CaV3.2 heterologously expressed 637 

in tsA201 cells (Rzhepetskyy et al., 2016).   638 

 Although calcium channels appear to be one important target for neuronally expressed Stac 639 

proteins, they seem unlikely to be the only target given the diversity of interaction sites that have 640 

already been identified.  As a recent example, Jeong et al. (2018) demonstrated that Stac2 negatively 641 

regulates osteoclast formation by interaction with “RANK,” a protein which affects signaling cascades 642 

that include gene-transcription factors.  This effect of Stac2 appeared to involve interaction with the 643 

sequence IVVY (residues 535-538) in RANK (Jeong et al., 2018), a sequence not present in the three 644 

regions of CaV channels to which the Stac proteins appear to bind.  The regulation of transcription 645 

factors by Stac2 is intriguing given that in neurons Stac2 interacts with L-type Ca2+ channels, which 646 

themselves regulate nuclear signaling via several transcription factors including cAMP/Ca2+-response 647 



 

31 

 

element binding protein (CREB), nuclear factor of activated T-cells (NFAT), myocyte enhancer factor 648 

2 (MEF2) and CREB-regulated transcription co-activator 1 (CRTC1) (Bading et al., 1993; Graef et al., 649 

1999; Mao et al., 1999; Ch’ng et al., 2012).  Thus, an important goal for future research will be to 650 

determine whether Stac2 can impact neuronal transcription independent of its effects on L-type Ca2+ 651 

channels. 652 

  653 
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Figure legends 797 

Figure 1. Stac proteins suppress Ca2+-dependent inactivation of L-type Ca2+ currents in 798 

neonatal rat hippocampal neurons. Representative whole-cell Ca2+ (red, vertically scaled by 799 

indicated factors) and Ba2+ (black) currents at +10 mV (A), and fraction of peak current remaining 150 800 

ms after the peak (R150) as a function of test potential (B) are shown for either control neurons or 801 

neurons transfected with Stac1-, Stac2-, or Stac3-YFP (left to right, respectively). L-type currents 802 

were isolated by pharmacological blockade of non-L-type currents (see Methods). Numbers of cells 803 

(Ca2+, Ba2+): (9,4), (7,6), (6,3), and (6,4) for control, Stac1-, Stac2- and Stac3-transfected cells, 804 

respectively. Here and in subsequent figures, the error bars indicate ±SEM. Calibrations in (A): 10 805 

pA/pF (unscaled Ba2+ currents, vertical), 50 ms (horizontal). 806 

Figure 2. Stac proteins do not affect Ca2+-dependent inactivation of non-L-type Ca2+ currents in 807 

neonatal rat hippocampal neurons. Representative whole-cell Ca2+ (red, vertically scaled by 808 

indicated factors) and Ba2+ (black) currents at +10 mV (A), and ratio of current-400-ms-after-the-809 

peakinward-current to the peak-inward-current (R400) as a function of test potential (B) are shown for 810 

control neurons and neurons transfected with Stac1-, Stac2-, or Stac3-YFP (left to right, respectively). 811 

Non-L-type currents were isolated by the presence of 5 μM nimodipine in the bathing solution. 812 

Numbers of cells (Ca2+, Ba2+): (5,6), (6,5), (6,5) and (6,7) for control, Stac1-, Stac2- and Stac3-813 

transfected cells, respectively. Calibrations in (A): 10 pA/pF (vertical, unscaled Ba2+ currents), 100 ms 814 

(horizontal). 815 

 816 

Figure 3. Stac proteins eliminate Ca2+-dependent inactivation of the L-type channel CaV1.2. 817 

Representative peak Ca2+ (red, vertically scaled by indicated factors) and Ba2+ (black) currents (A), 818 

fraction of peak current remaining 150 ms after the peak (R150) as a function of test potential (B), and 819 

peak I-V relationships (C) in tsA201 cells transfected with YFP-CaV1.2, 2a, and 2- 1 either without, 820 
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or with, Stac1, Stac2, or Stac3 (left to right, respectively). In (A), test potentials for Ca2+ were +20 mV 821 

(without Stacs) or +30 mV (with Stac1, 2 or 3); the test potentials for Ba2+ were +10 mV (without 822 

Stacs, with Stac1 or 2) or +20 mV (with Stac3). Calibrations: 10 pA/pF (unscaled Ba2+ currents, 823 

vertical), 50 ms (horizontal). 824 

 825 

Figure 4. Stac proteins suppress Ca2+-dependent inactivation of the L-type channel CaV1.3. 826 

Representative peak Ca2+ (red, vertically scaled by indicated factors) and Ba2+ (black) currents (A), 827 

fraction of peak current remaining 150 ms after the peak (R150) as a function of test potential (B), and 828 

peak I-V relationships (C) in tsA201 cells transfected with CaV1.3, YFP- 1a, and 2- 1 either without, 829 

or with, Stac1, Stac2, or Stac3 (left to right, respectively). In (A), test potentials for Ca2+ were +10 mV 830 

(with or without Stac proteins); the test potentials for Ba2+ were 0 mV (without Stacs or with Stac1) or 831 

-10 mV (with Stac2 or Stac3). Calibrations: 10 pA/pF (unscaled Ba2+ currents, vertical), 50 ms 832 

(horizontal). All cells transfected with Stac proteins were bathed for 24 hours in medium containing 2 833 

μM nifedipine. Recordings were obtained ~30 min after washing off the nifedipine. Fig. 4-1 compares 834 

R150 values obtained from control cells either with, or without, this pretreatment with nifedipine.  835 

Figure 4-1. Nifedipine pre-treatment does not alter the fractional inactivation of Ca2+ current in 836 

tsA201 cells transfected with CaV1.3, YFP- 1a, and 2- 1. R150 plotted as a function of test potential 837 

for 3 cells pre-treated with 2 μM nifedipine (see Methods) and 3 cells not pre-treated with nifedipine. 838 

 839 

Figure 5. Stac proteins do not affect Ca2+-dependent inactivation of the P/Q-type channel 840 

CaV2.1. Representative peak Ca2+ (red, vertically scaled by indicated factors) and Ba2+ (black) 841 

currents (A), fraction of peak current remaining 400 ms after the peak (R400) as a function of test 842 

potential (B), and peak I-V relationships (C) in tsA201 cells transfected with YFP-CaV2.1, 1a, and 2-843 

1 either without, or with, Stac1, Stac2, or Stac3 (left to right, respectively). Ca2+ and Ba2+ test 844 
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potentials in (A): +25 mV and +10 mV, respectively. Calibrations in (A): 5 pA/pF (unscaled Ba2+ 845 

currents, vertical), 100 ms (horizontal). 846 

 847 

Figure 6. Stac proteins inhibit Ca2+-dependent inactivation of CaV1.2 in the absence of auxiliary 848 

subunits. Representative peak Ca2+ (red, vertically scaled by indicated factors) and Ba2+ (black) 849 

currents (A), ratio of current-150-ms-after-the-peak-inward-current to the peak-inward-current (R150) 850 

plotted as a function of test potential (B), and peak I-V relationships (C) in tsA201 cells transfected 851 

with YFP-CaV1.2 (in the absence of auxiliary subunits) either without, or with, Stac1, Stac2, or Stac3 852 

(left to right, respectively). Ca2+ test potentials in (A): +40 mV. Ba2+ test potentials in (A): +30 mV 853 

(without Stacs or with Stac3) or +20 mV (with Stac1 or Stac2). Calibrations in (A): 2 pA/pF (unscaled 854 

Ba2+ currents, vertical), 50 ms (horizontal).  855 

 856 

Figure 7. Association of Stac1 with cytoplasmic CaV1.2 domains in tsA201 cells. Representative 857 

images are shown of cells co-transfected with Stac1-tagRFP and the indicated cytoplasmic domains 858 

of CaV1.2, which were targeted to the cell surface by being linked at the N-terminal to the GFP-tagged 859 

I-II loop of CaV1.2 (Polster et al 2018). The images were obtained after partial photo-bleaching of the 860 

mobile pool of Stac1-tagRFP by repeated scans within the indicated regions of interest with non-861 

attenuated excitation at 543 nm.  Bars, 5 μm. Figures 7-1 and 7-2 illustrate similarly obtained images 862 

for Stac2 and Stac3, Figures 7-3 and 7-4 present the Pearson co-localization coefficients for the 863 

different combinations of Stac proteins and cytoplasmic CaV1.2 domains or CaV1.2 C-terminus 864 

segments. 865 

 866 

Figure 7-1. Association of Stac2 with cytoplasmic CaV1.2 domains in tsA201 cells. 867 

Representative images are shown of cells co-transfected with Stac2-tagRFP and the indicated 868 
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cytoplasmic domains of CaV1.2, which were targeted to the cell surface by being linked at the N-869 

terminal to the GFP-tagged I-II loop of CaV1.2. The images were obtained after partial photo-870 

bleaching of the mobile pool of Stac1-tagRFP by repeated scans within the indicated regions of 871 

interest with non-attenuated excitation at 543 nm. Bars, 5 μm. 872 

 873 

Figure 7-2. Association of Stac3 with cytoplasmic CaV1.2 domains in tsA201 cells.  874 

Representative images are shown of cells co-transfected with Stac3-tagRFP and the indicated 875 

cytoplasmic domains of CaV1.2, which were targeted to the cell surface by being linked at the N-876 

terminal to the GFP-tagged I-II loop of CaV1.2. The images were obtained after partial photo-877 

bleaching of the mobile pool of Stac1-tagRFP and GFP-tagged CaV1.2 C-terminus by repeated scans 878 

within the indicated regions of interest with non-attenuated excitation at 543 nm and 515 nm, 879 

respectively. Bars, 5 μm. 880 

 881 

Figure 7-3. Pearson’s coefficients (mean ± SEM) for colocalization of the Stac proteins and the 882 

cytoplasmic domains of CaV1.2.  The number of images analyzed is indicated for each combination 883 

of constructs. ***, P < 0.001 by one-way ANOVA.  884 

 885 

Figure 7-4. The interaction between Stac proteins and the CaV1.2 C-terminus. (A) Schematic 886 

representation and domain architecture (not to scale) of the full length C-terminus of rabbit CaV1.2 887 

(top, residues 1507-2171) and different sub-segments (numbers refer to the first and last residues of 888 

CaV1.2 sequence) tested for Stac protein interaction, with several regions indicated that have been 889 

implicated as important for calcium-dependent inactivation (EF hand motif, pre-IQ region consisting of 890 

regions A and C, IQ domain; for references, see Results), (B) Pearson’s coefficients (mean ± SEM) 891 
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for co-localization of indicated CaV1.2 C-terminus segments (linked to the GFP-tagged I-II loop of 892 

CaV1.2) and RFP-labelled Stac proteins after cotransfection in tsA201 cells (the number of images 893 

analyzed is indicated for each combination of constructs).  894 

 895 

Figure 8. The unstructured region of Stac1 (residues 168-285), which links the PKC C1 and 896 

SH3_1 domains, is sufficient to suppress calcium-dependent inactivation of CaV1.2. (A), 897 

Schematic representation and domain architecture of full-length mouse Stac1 (residue numbers 898 

adapted from UniProt).  (B-D) for tsA201 cells transfected with CaV1.2, 2a, 2- 1 and the indicated 899 

Stac1 construct, the top row illustrates representative peak currents carried by Ca2+ (red, vertically 900 

scaled by indicated factors, test potential of +30 mV except +20 mV for D) or Ba2+ (black, test 901 

potential of +10 mV), the middle row shows the fraction of peak current remaining 150 ms after the 902 

peak (R150) as a function of test potential, and the bottom row illustrates the peak I-V relationships.  903 

Calibrations: 10 pA/pF (unscaled Ba2+ currents, vertical), 50 ms (horizontal).  Figures 8-1 and 8-2 904 

show that the region linking the PKC C1 and SH3_1 domains of both Stac2 and Stac3, respectively, 905 

is also sufficient to completely suppress calcium-dependent inactivation, and Figure 8-3 shows that 906 

smaller, N- or C-terminal segments of this region either do not, or only partially, suppress calcium-907 

dependent inactivation. 908 

 909 

Figure 8-1. The unstructured region of Stac2 (residues 169-288), which links the PKC C1 and 910 

SH3_1 domains, is sufficient to suppress calcium-dependent inactivation of CaV1.2.  (A) 911 

Schematic representation and domain architecture of full-length mouse Stac2 (residue numbers 912 

adapted from UniProt).  (B-D) for tsA201 cells transfected with CaV1.2, 2a, 2- 1 and the indicated 913 

Stac2 construct, the top row illustrates representative peak currents carried by Ca2+ (red, vertically 914 

scaled by indicated factors, test potential of +20 mV) or Ba2+ (black, test potential of +10 mV), the 915 
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middle row shows the fraction of peak current remaining 150 ms after the peak (R150) as a function of 916 

test potential, and the bottom row illustrates the peak I-V relationships.  Calibrations: 10 pA/pF 917 

(unscaled Ba2+ currents, vertical), 50 ms (horizontal). 918 

 919 

Figure 8-2.  The unstructured region of Stac3 (residues 147-242), which links the PKC C1 and 920 

SH3_1 domains, is sufficient to suppress calcium-dependent inactivation of CaV1.2. (A)  921 

Schematic representation and domain architecture of full-length mouse Stac3 (residue numbers 922 

adapted from UniProt).  (B-D) for tsA201 cells transfected with CaV1.2, 2a, 2- 1 and the indicated 923 

Stac3 construct, the top row illustrates representative peak currents carried by Ca2+ (red, vertically 924 

scaled by indicated factors, test potential of +20 mV for B and D, and +30 mV for C, E and F) or Ba2+ 925 

(black, test potential of +10 mV), the middle row shows the fraction of peak current remaining 150 ms 926 

after the peak (R150) as a function of test potential, and the bottom row illustrates the peak I-V 927 

relationships.  Calibrations: 10 pA/pF (unscaled Ba2+ currents, vertical), 50 ms (horizontal).   928 

 929 

Figure 8-3. Effect on calcium-dependent inactivation of subdivisions of the unstructured 930 

region between the PKC C1 and SH3_1 domains of Stac1, Stac2 and Stac3.  (A) Alignment is 931 

shown of the PKC C1-SH3_1 linker region of mouse Stac1 (top, residues 168-285, Gene ID 20840), 932 

and the corresponding sequences of mouse Stac2 (middle, residues 169-288, Gene ID 217154), and 933 

mouse Stac3 (bottom, residues 147-242, Gene ID 237611). Identical residues are shown in white font 934 

on a black background and conserved residues are shown in black on a gray background.  The 935 

colored lines underneath the sequences indicate segments of the PKC C1-SH3_1 linker regions 936 

tested for their effects on calcium-dependent inactivation.  (B-K) The top row illustrates representative 937 

peak Ba2+ currents (black) and peak Ca2+ currents (vertically scaled by indicated factors, colors 938 

corresponding to underlined segments). The middle row plots the fraction of peak current remaining 939 

150 ms after the peak (R150) as a function of test potential, and the bottom row illustrates and peak I-V 940 
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relationships. Data from tsA201 cells transfected with YFP-CaV1.2, 2a and 2- 1 either with 941 

Stac1[168-217] (B), Stac2[169-221] (C), Stac3[147-189] (D), Stac1[218-285] (E), Stac2[222-288] (F), 942 

Stac3[190-242] (G),  Stac1[168-240] (H), Stac2[169-242] (I), or Stac3[147-213] (K). In (B-K), test 943 

potentials for Ca2+ and Ba2+ were +20 mV and +10 mV, respectively. Calibrations: 10 pA/pF (unscaled 944 

Ba2+ currents, vertical), 50 ms (horizontal). 945 

 946 

Figure 9. Endogenous Stac3 in myotubes eliminates Ca2+-dependent inactivation of 947 

heterologously expressed CaV1.2. Superimposed peak Ca2+ (red, vertically scaled by indicated 948 

factor) and Ba2+ (black) currents (A) and R150 vs. test potential (B) are shown for dysgenic (CaV1.1-949 

null) myotubes expressing YFP-CaV1.2. In A, test potentials were +30 mV and +10 mV for Ca2+ and 950 

Ba2+, respectively. Calibrations: 10 pA/pF (unscaled Ba2+ currents, vertical) and 50 ms (horizontal). 951 

 952 

Figure 10. Expression of Stac2 protein in mouse cerebellum and forebrain increases greatly 953 

during postnatal development. Western blotting for Stac2 revealed a ~42 kDa band which was 954 

present at much higher levels in homogenates of adult (~6 mo) mouse cerebellum and forebrain than 955 

in the corresponding neonatal (~5 d) homogenates (A). Based on a BCA assay of the homogenates, 956 

the protein loaded per lane differed little between neonate and adult (56 and 50 μg/ lane, respectively, 957 

for cerebellum and 32 and 31 μg/lane, respectively, for forebrain). The BCA assay was additionally 958 

confirmed by Coomassie blue staining of the same four samples (20 μg loaded per lane, B). Figure 959 

10-1 illustrates the effects of pre-incubating the anti-Stac2 antibody with its immunogenic peptide. 960 

 961 

Figure 10-1. Immunogenic peptide blocks anti-Stac2 binding in Western blots of both tsA201 962 

cells heterologously expressing Stac2-YFP and native tissue. In the absence of the blocking 963 
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peptide, a polyclonal antibody against Stac2 did not produce a band in non-transfected tsA201 cells 964 

(lane 1) but gave bands of the expected ~72 and ~42 kDa, respectively, in homogenates of tsA201 965 

cells transfected with Stac2-YFP (lane 2) and adult mouse forebrain (lane 3). Prior incubation of the 966 

anti-Stac2 antibody with its immunogenic peptide eliminated both the Stac2-YFP band in transfected 967 

tsA201 cells (lane 4) and the presumptive Stac2 band in forebrain (lane 5). 968 






















