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Phosphorylation of Brain Sodium Channels in the I-11 Linker 
Modulates Channel Function in Xenopus Oocytes 
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Voltage-gated sodium channels, which initiate action potentials 
in mammalian brain neurons, are modulated functionally by 
CAMP-dependent protein kinase A (PKA), resulting in reduced 
sodium current amplitude. Comparing brain and muscle so- 
dium channels, we show that only the brain channel is modu- 
lated by PKA. The brain sodium channel I-II linker is both 
necessary and sufficient for PKA modulation, as shown by 
exchanging the I-II linker regions of the two channels. PKA 
consensus sites in the brain channel I-II linker were eliminated 
by deletion and site-specific mutagenesis. The mutant chan- 

nels demonstrated decreased levels of phosphorylation when 
metabolically labeled in oocytes with [Y-~~P]-ATP, and they did 
not respond with a reduction in current magnitude after PKA 
induction. Modulation of the brain channel by PKA phosphor- 
ylation was mimicked by adding fixed negative charges at the 
PKA consensus sites, suggesting that the decrease in current 
was a direct result of the negative charge at one or more of the 
PKA sites in the I-II linker. 
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Voltage-gated sodium channels mediate the initial rising phase of 
membrane depolarization during action potentials in electrically 
excitable cells. For this reason, modulation of neuronal sodium 
channel activity can have a profound effect on the transmission of 
action potentials in nerve cells. One means by which sodium 
channel activity can be modulated is by phosphorylation. Brain 
sodium channels have been shown to be modulated functionally 
by protein kinase C (PKC) and protein kinase A (PKA). Phos- 
phorylation by PKC at a serine residue (S1.506) in the linker 
region between domains III and IV reduces sodium current mag- 
nitude (Dascal and Lotan, 1991; Numann et al., 1991; Schreib- 
mayer et al., 1991) and slows the rate of fast inactivation (Numann 
et al., 1991). The predominant effect of PKA phosphorylation is to 
diminish sodium current amplitudes (Gershon et al., 1992; Li et 
al., 1992) resulting from a reduction in the open probability of the 
channel (Li et al., 1992). Decreased current amplitudes resulting 
from PKA phosphorylation are observed only when the PKC site 
at SE06 is phosphorylated, demonstrating a convergence between 
modulation by PKC and PKA (Li et al., 1993). In some circum- 
stances, PKA phosphorylation also can increase sodium current 
amplitudes (Smith and Goldin, 1992). The increase was observed 
when PKA activity was maintained at an elevated initial level, and 
then stimulated to very high levels, in Xenopus oocytes (Smith and 
Goldin, 1992). 

The rat brain type IIA sodium channel is comprised of a main 
pore-forming a-subunit and two accessory subunits, /31 and p2. It 
is well established that the rat brain sodium channel Q subunit is 
a substrate for phosphorylation by PKA (Costa et al., 1982; Rossie 
et al., 1987; Rossie and Catterall, 1989). There are five sites 
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located in the linker region between domains I and II of the rat 
brain type IIA sodium channel that match PKA consensus sites 
described by RRXS/T and KRXXS/T (Kemp and Pearson, 1990). 
It has been shown biochemically that PKA phosphorylation of the 
a-subunit of the channel in viva is restricted to four of those sites 
(Murphy et al., 1993). In addition, it has been shown recently that 
the same four sites are dephosphorylated in the brain by phos- 
phatase 2A and calcineurin (Chen et al., 1995). Therefore, the 
level of phosphorylation at those sites is likely to be tightly 
regulated. However, it has not been demonstrated that the func- 
tional effects of PKA activation result from direct phosphorylation 
of the channel at the PKA sites in the I-II linker. 

The muscle SkMl sodium channel I-II linker is substantially 
shorter than the brain IIA linker, and it completely lacks PKA 
consensus sites. We therefore compared the brain and muscle 
sodium channels under conditions of PKA induction to determine 
whether the brain channel I-II linker is involved in PKA modu- 
lation. In the conditions used in this study, sodium currents 
through the brain channel were decreased by PKA induction, but 
currents through the muscle channel were unaffected. By con- 
structing chimeric channels in which the I-II linker was exchanged 
between the brain and muscle channels, we demonstrated that the 
brain I-II linker is both necessary and sufficient for the decrease 
in current size. Removal of the PKA sites by deletion or replace- 
ment of the serines with alanines eliminated the current decrease 
resulting from PKA stimulation. Finally, replacement of the 
serine residues with aspartates resulted in a channel with consti- 
tutively decreased current amplitudes. 

MATERIALS AND METHODS 
Site-directed mutagenesis. The plasmid pVA2580 contains the rat brain 
IIA (RIIA) sodium channel coding region downstream from a T7 RNA 
polvmerase promoter (Auld et al., 1990). The I-II linker region of RIIA. 
as defined by the unique TthlllI.and .$hI restriction sites-in pVA2580; 
was subcloned into mplSA, a version of mp18 with a polylinker region 
that was modified to contain unique restriction sites in the RIIA coding 
region. The plasmid ~1 contains the rat skeletal muscle SkMl coding 
region downstream from a T7 promoter (Trimmer et al., 1989) and was 
generously provided by Dr. Gail Mandel (SUNY Stony Brook). The I-II 
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linker region of SkMl was subcloned into mpl8A using the restriction 
sites BstEII and .Sphl. Ml3 single-strand mutagenesis was used to create 
mutations as described previously (Kunkel, 1985). Uracil-containing, 
single-stranded DNA was isolated from phage grown in the dut- ungm E. 
coli strain RZ1032 in YT media supplemented with 250 pg/ml uridine. 
Oligonucleotide primers were kinased with T4 polynucleotide kinase and 
annealed to templates at a IO:1 molar ratio. The primers were extended 
with T4 DNA polymerase (2.5 units) in the presence of T4 DNA ligase (6 
Weiss units) in a 100 ~1 reaction containing (in mM): Tris-HCI 20, pH 7.5, 
MgCl, 10, dNTPs 0.5, ATP 1, and DTT 2, pH 7.5. Reaction mixtures were 
incubated first on ice for 5 min, then at room temperature for 5 min, and 
finally at 37°C for 2 hr. XL-1 bacteria were transformed with the hetero- 
duplex DNA by electroporation and plated with XL-1 lawn cells. Indi- 
vidual plaques wcrc picked and plaque purified before growing up phage 
to isolate single-stranded DNA, which was used to screen for mutations 
by dideoxynucleotidc scqucncing. Double-stranded RF DNA was isolated 
and digested with appropriate restriction enzymes to ligate the sodium 
channel region containing the mutations back into the plasmid containing 
the full-length coding region. 

To construct the APKA mutant, the region of pVA2580 from AatII to 
BglII was subcloncd into mpl8A. M 13 single-strand mutagenesis was 
used to loop out the coding region for 139 amino acids, which contains 
the PKA sites. The PKACOMP-A mutant was constructed by mutating 
each of the serincs at amino acid positions 554, 555, 573, 610, 623, 686, 
687, and 688 to alanine. The five individual mutations were combined in 
the subclonc Tthl I lI-SphI in pGEMI8A by cutting and ligating DNA 
fragments using the restriction sites Tth 11 1 I, Fokl, TULII, R.raI, XmuI, and 
SphI. The PKACOMP-D mutant was constructed using a simpliticd 
strategy in which all five of the PKA sites were converted together with 
one T4 DNA polymerase second-strand synthesis reaction using five 
mutagenic oligonuclcotidcs. Three of five isolates contained all of the 
serine to aspartatc mutations. The region containing all of the mutations 
was transferred back into the full-length sodium channel using the AatII 
and &III restriction sites. The FLAG eoitooe(DYKDDDDK) (HODD et 
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al., 1988) was incorporated into the amino terminus of the sodium 
channel using Ml3 loop-in insertion mutagenesis. 

The various mutations were constructed using the following 
oligonucleotides: 
APKA: CAAGTCCATAGAGACGTGGTACTCGTAGGTCAATCTA- 
CTTCC 
S554A/D-S555AiD: GACTGGTGCGGA(G/T)CG(G/T)CAAATCTCT- 
TCTC 
S573AiD: AGGCTTGCTCTA(C/T)CGTTGCGTCTT 
S610A/D: GGTACAAATAGA(G/T)CGTCTCTTCTG 
S623AiD: CCTGGCTGACATTG(G/T)CAGGACGCC’ITTCTC S686A/ 
D-S687AiD-S688AiD: GAGACGTGGTAA(G/‘T)CA(G/T)CG(G/T)CTC- 
TCCTCTTCCT 
FLAG insertion: 
GACCGTGCTTTATCGTCATCGTCTITATAGTCCATTCTT- 
TGTCGACG 

Construction of chimeric .sodium channels. To generate the BMB chi- 
mera, the region of pVA2580 from TthlllI to SphI was subcloned into a 
modified version of mpl8A. Silent mutations were created at amino acids 
V424iA425 to product an NruI restriction site and at amino acid V761 to 
create a Sal1 restriction site. The SkMl I-II linker was amplified using the 
polymerase chain reaction, incorporating Nrul and SalI sites at the 
appropriate ends, and inserted into the brain sequence between the NruI 
and Sal1 sites. The region from TlhlllI to SphI, containing BMB se- 
quence, was transfcrrcd back into pVA2580. The MBM chimera was 
created by the inverse strategy. BstEII and .SphI were used to subclone 
SkMl sequcncc into mplSA, and silent mutations were constructed at 
positions V440iA441 and V574 to insert NruI and Sal1 sites at the ends of 
the I-II linker. The polymcrase chain reaction was used to add NruI and 
SalI sites onto the ends of the RIIA I-II linker, which was inserted 
between the NruI and Sal1 sites in the SkMl I-II linker subclone. The 
chimeric I-II linker subclonc was transferred into the plasmid containing 
the full-length SkMl using BstEII and SphI. 

The silent mutations were constructed using the following 
oligonucleotides: 
V424iA425 (NruI site in RIIA): CGTATGGCCATCGCGACCACAG- 
CCA 
V761 (Sal1 site in RIIA): TGGCCAGGTCGACAAATGGAT 
V44OiA441 (NruI site in SkMl): GGCCGTGGTCGCGATGGCGTACG 
V574 (Sal1 site in SkMl): CCCCTTTGTCGACCTGGGTATC 

The primers for the polymerase chain reaction to add restriction sites 
were as follows: 
NruI in RIIA: GCGCTCGCGATGGCCTACGAGGAAC 
Sal1 in RIIA: GCGCGTCGACAAATGGATCCATCAC 
NruI in SkMl: GCGCGCGTCGAGAAAGGGGTCCATG 
Sal1 in SkMl: GCGCGCTCGCGATGGCGTACGCTG 

Trunscription of RNA and expression in Xenopus oocytes. RNA tran- 
scripts were synthesized from linearized DNA templates using a T7 RNA 
polymerase transcription kit (Ambion, Austin, TX). BspDl or Not1 was 
used to linearize plasmid DNA for pVA2580, APKA, PKACOMP-A, 
PKACOMP-D, SkMl, and the BMB and MBM chimeras. BumHI was 
used to linearize the pBART plasmid containing the P-adrenergic recep- 
tor (P-AR) coding region downstream from an SP6 polymerasc promoter 
(White and Reisine, 1990), which was generously provided by Dr. Mike 
White (Medical College of Pennsylvania). To quantify the -amount of 
RNA synthesized. I&‘PlCTP was added to RNA svnthesis reactions tn 
determine the fraction of total cpm incorporated. The yield of RNA was 
calculated by assuming equivalent incorporation of all four ribonucleoti- 
des. Stage V oocytcs wcrc removed from adult female Xerro/~rr.s Iner~is 
frogs and prepared as described previously (Goldin, 1991) and incubated 
in ND-96 media containing (in IllM): NaCl 96, KCI 2, CaCI, 1.8, MgCI, I, 
HEPES 5, pH 7.5, supplcmcnted with 0.1 mgiml gcntamicin, 0.55 mg/ml 

pyruvatc, and 0.5 IllM thcophyllinc. Sodium channel RNA was injcctcd at 
I- 100 pgioocytc, and B-AR RNA was injcctcd at 50 pg/oocytc. After a 40 
hr incubation at 20°C in ND96 sodium currents wcrc rccordcd using a 
two-clcctrodc voltage clamp at I-wm tcmpcraturc, as described previ- 
ously (Patton and Goldin, 1991). The bath recording solution consisted of 
ND-96, and PKA was induced by perfusing oocytcs with 4 FM isoprotcr- 
enol in bath solution for 10 min. Stock solutions of isoprotercnol (Sigma, 
St. Louis, MO) were made at a concentration of 100 mM in water and 
stored at -20°C. The rate of perfusion with bath solution was adjusted 
carefully to 0.1 dropiscc to minimize fluctuations in current amplitude 
resulting from changes in flow rate. 

Isolation of sodium channel protein fionz oocytes. Oocytes were injected 
in batches of 200 with 50 ng/oocyte of RNA encoding the wild-type or 
mutant sodium channel containing the FLAG epitope (DYKDDDDK) at 
the amino terminus. Insertion of FLAG did not alter the functional 
properties of the channel. Half of the oocytes were coinjected with 500 
nCi of [“Slmethionine (DuPont NEN, Boston, MA) at the time of RNA 
injection to determine the total amount of sodium channel protein 
synthesized, and the other half were injected a second time with 500 nCi 
[Y-~*P]ATP (DuPont NEN) 20 hr before isolation of sodium channel 
protein from the oocytes to determine the amount of phosphorylated 
sodium channel protein. Sodium channel protein was purified from 
oocytes by a modification of the method used by Santacrua-Toloza et al. 
(1994) for the purification of the Shaker K’ channel protein. Oocytes 
were solubilized by douncing in 0.5 ml of solution containing 10% sucrose 
and (in mM) NaCl 150, KC1 5, Mg acetate 10, HEPES 20, pH 7.5, 
including protease inhibitors (40 &ml bestatin, 50 &ml antipain, 0.5 
&ml leupeptin, 0.7 pg/ml aprotinin, 25 Kg/ml 4-(amidinophenyl) mcth- 
anesulfonyl fluoride, 0.1 mM EDTA, 0.5 mM PMSF, and 0.5 mM DIT), 
and phosphatase inhibitors (50 mM KF and 5 mM P-glycerophosphate). 
The homogenized samples were overlaid on a sucrose step-gradient 
(10%/20%/50%) in the same buffer and centrifuged at 170,000 X r: for 30 
min at 4°C in a Beckman SW41 rotor. The oocyte membrane fract& was 
isolated from the 20-50% sucrose intcrfacc using a Pastcur pipette. The 
membrane fraction was washed by adding 8 ml of water, followed by 
centrifuging at 100,000 X g for IO min at 4°C. The membrane-bound 
proteins in the pellet were solubilized in 75 mM KCI, 75 mM NaCI, 50 111~ 

sodium phosphate, pH 7.2, 2 mg/ml crude soybean lipids (Avanti Polar 
Lipids, Alabaster, AL), 1% Triton X-100, 1.8 mM CaC12, in addition to 
the protease and phosphatase inhibitors listed previously. Insoluble ma- 
terial was eliminated by centrifuging at 100,000 X g for 30 min at 4°C. 
Sodium channel protein in the supernatant was immunoprecipitated from 
the membrane fraction by adding 2 ~1 of 1.55 mg/ml M2 anti-FLAG 
antibody (VWR, Cerritos, CA) and incubating for 4 hr at 4”C, followed by 
addition of 150 ~1 of hydrated, pH-neutralized, protein-A sepharose 
(Pharmacia LKB, Alameda, CA) and incubating for another 2 hr at 4°C. 
Immune complexes were released from the protein-A Scpharose beads by 
boiling for 3 min in 50 ~1 of SDS PAGE sample loading buffer. The 
proteins were analyzed on a 7.5% SDS polyacrylamide gel with a 3% 
stacking gel. The gel was dried and analyzed by autoradiography (7 d 
exposure), and the “S and “P signals in the bands corresponding to the 
sodium channel proteins were quantified by scanning densitometry. 
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Data analysis. Currents were measured and analyzed using pClamp 
6.0.2 software (Axon Instruments, Foster City, CA). Conductance values 
were calculated using the formula G = I/(V ~ V,.), whcrc G is conduc- 
tance, I is current amplitude, V is the depolarized membrane potential, 
and V,. is the reversal potential for sodium. Reversal potentials were 
estimated individually for each data set by fitting the I-V data as 
described previously (Kontis and Goldin, 1993). Conductance values 
were fit with a two-state Boltzmann equation, G = l/(1 + 
exp[-0.03937 x z x (V - V,,2)]), with z equal to the apparent gating 
charge, V equal to the command potential, and V,,, equal to the voltage 
required for half-maximal activation. The voltage dependence of fast 
inactivation data were fit with a two-state Boltzmann equation, I = 
l/(1 + exp[(V - V,,,)/a]), with I equal to the current amplitude measured 
during the test depolarization, V equal to the inactivating depolarization 
potential, a equal to the slope factor, and If,,* equal to the voltage 
depolarization required for half-maximal inactivation. Sequence compar- 
ison of the RIIA and SkMl I-II linker sequences were made using Clustal 
V multiple sequence alignment software. Gel autoradiographs were 
scanned with a Hewlett Packard Scanjet IIcxiT with a transparency 

Figurr 1. Diagram of chimcric and PKA 
site mutant sodium channels. A, Diagram 
of the rat brain IIA and skclctal muscle 
SkM I sodium cha~mcls, emphasizing the 
prescncc of the five consensus PKA phos- 
phorylation sites (RRXW and KRXXST). 
which arc indicated by a circked I’ on the 
I-11 linker. The BMB chimera contains 
the skclctal muscle channel I-11 linker in 
a brain channel background, and the 
MBM channel contains the brain channel 
I-II linker in a skeletal muscle channel 
background. B, Sequcncc alignment of 
the brain and muscle sodium channel I-II 
linker region amino acid sequences. Pu- 
tative transmcmbrane regions IS6 and 
IZSl arc shown at the ends of the linker. 
The sequence for the brain channel is 
shown on the top, with the sequence for 
the muscle channel shown below. Dashes 
in the muscle sequence indicate that the 
residue at that position is identical to that 
shown for the brain channel sequence. 
The five consensus PKA sites are shown 
in bold. The central region of the brain 
channel linker that was deleted to con- 
struct APKA is indicated by the shaded 
sequence in the boxes. The amino acid 
substitutions that were made to con- 
struct the two composite site mutations, 
PKACOMP-A, with S replaced by A, and 
PKACOMP-D, with S replaced by D, 
arc shown above the sequence. The IUIW 
bm in patvntheses indicate the amino 
acid position for the brain and muscle 
channels. 

adapter, and band densities were quantified using SigmaScan software 
(Jandel, San Rafael, CA). Gel images presented in Figures 4 and 6 (see 
below) were made by converting the labeled, but otherwise unmodilied, 
scanned images to prints. 

RESULTS 

The brain sodium channel I-11 linker is a critical 
determinant for modulation by PKA 
The rat brain IIA and muscle SkMl sodium channels differ 
strikingly within the cytoplasmic linker between domains I and II. 
The brain isoform has five PKA sites present in the I-II linker, 
whereas the muscle channel completely lacks PKA sites in that 
region (Fig. L4, B). We therefore compared the effect of PKA 

induction on these two channels in Xenopus oocytes to determine 
whether they are modulated differently by PKA. Oocytes were 
coinjected with RNA encoding the sodium channel and with RNA 
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A 

F&Z 2. The brain sodium channel I-II linker is a critical 
determinant for modulation of the channel. A, Normalized 
peak current amplitudes are shown for representative oo- 
cytes injected with RNA encoding the P-AR and either the g 
brain IIA channel (LILA; circles) or the skeletal muscle z 
channel (SkMI; squares). Currents were elicited by step E 0.8 
depolarizations from a holding potential of ~100 to 
-10 mV at 1 min intervals, and the peak current amplitudes 

g 

were normalized to the peak current amplitude during the 0.7 
first depolarization. PKA was induced by perfusion with 
isoproterenol (+ Iso) for 10 min during the time indicated 0 10 20 30 40 50 
by the bar. B, Normalized peak current amplitudes are 
shown for representative oocytes injected with RNA encod- 

Time (min) 

ing the P-AR and either the skeletal muscle channel (S/&I; 
squares) or the BMR chimera (inverted tn’angles). The exper- 
imental protocol was the same as described for A. C, Nor- 
malized peak current amplitudes are shown for representa- 

C 
tive oocytes injected with RNA encoding the P-AR and 
either the brain IIA channel (RIIA; circks) or the MBM 
chimera (tria&~s). The experimental protocol was the same 
as dcscribcd for A. D, The pcrccnt of current decrcasc 1.5 5 1.0 

min after PKA induction (indicated by the urrowheads on t 

the time axis in A-C) is shown for the brain, muscle, and 0’ 
chimeric sodium channels. The values shown are the aver- u 0.9 

ages for three oocytes (RIIA), four oocytes (MBM), five w 

oocytes (SkMl), and four oocytes (BMB), and the error bars 
i 

indicate the sample SDS. Sodium currents expressed for E 0.8 

SkMl and MBM did not reach steady-state levels, but 4 
increased linearly by 20-4095 over the 50 min interval. In ,.- 

10 20 30 40 50 

Time (min) 

those cases, the beak currents were adjusted by subtracting U./ 

a linear relationship that was fit to data acquired during the 0 
first IO min before PKA stimulation. The adjusted data are 
shown in B and C. 

D 

q SkMl 

v BMB 

I I I I I 

0 10 20 30 40 50 

Time (min) 

RI’IA Mh Sk;, B;B 

encoding the P-adrenergic receptor (P-AR), which couples 
through G, to activate adenylyl cyclase and elevate cytosolic 
CAMP levels, inducing PKA activity. When PKA was induced by 
perfusion with the P-AR agonist isoproterenol, the current 
magnitude of the brain channel declined within 15 min, which 
was followed by a gradual return toward the basal level of 
current (Fig. 24, circles). The average reduction in current 
amplitude 1.5 min after PKA induction was 21 i 5% (Fig. 20). 
A comparable decrease also was observed when CAMP levels 
were increased by perfusion of the oocytes with 25 PM forsko- 
lin, 10 PM isobutylmethylxanthine, 10 PM dibutyryl-CAMP, and 
10 PM chlorophenylthio-CAMP (data not shown), demonstrat- 
ing that the decrease does not result from a secondary effect of 
the P-AR. The decrease is similar to the results obtained by Li 
et al. (1992) and Gerson et al. (1992). The current magnitude 
of the muscle channel, however, was unchanged by induction of 
PKA activity (Fig. 2A, squares, and Fig. 20). These results 
demonstrate that the decrease in current resulting from PKA 
induction is not a general property of sodium channels, but is 
specific to the brain channel. 

To determine whether the different responses of the brain and 
muscle channels after PKA activation are the result of sequence 
differences in the linkers between domains I and II, chimeric 
channels were constructed by exchanging the I-II linkers of the 
brain and muscle sodium channels (Fig. 1A). The brain-muscle- 
brain (BMB) chimera, which was identical to the brain channel 
except for the muscle I-II linker, did not respond to PKA induc- 

tion (Fig. 2B, inverted triangles). The lack of response for the BMB 
chimera was similar to that observed for the muscle channel (Fig. 
2B, 0). This result demonstrates that the I-II linker region of the 
brain channel plays an essential role in the PKA-mediated reduc- 
tion of current magnitude. In contrast, the muscle-brain-muscle 
(MBM) chimeric channel, which is identical to the muscle channel 
except for the brain I-II linker, demonstrated a reduction in 
current within 10 min after PKA induction, followed by a return 
toward the baseline current (Fig. 2C, trim&s). This result was 
similar to that observed for the brain channel and indicates that 
the brain I-II linker also can function as a regulatory domain 
when in the context of the muscle channel. The decrease in 
current for the BMB chimera was smaller than that observed for 
the brain channel, with a decrease of 7 ? 2% for the BMB 
chimera compared with 21 2 5% for the brain channel (Fig. 20). 
Therefore, the brain channel linker does not function as efficiently 
for modulation in the skeletal muscle channel background as it 
does in the brain channel background. Although current levels did 
gradually decrease over time for both the muscle and BMB 
channels, most likely those decreases were attributable to channel 
rundown. In no case did PKA induction cause a decrease in the 
current magnitude for these channels followed by a return back to 
the original current level, as always was seen for the brain and 
MBM channels. Complete recovery from down modulation for 
the brain and MBM channels usually was observed within 80 min 
and most likely was attributable to protein dephosphorylation. 
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Elimination of the I-11 linker PKA sites does not affect 
the electrophysiological properties of the channel 

The results with the chimeric channels indicated that the differ- 
ences in response to PKA activation were the result of sequence 
differences in the I-II linker. To test specifically whether the PKA 
sites in the I-II linker of the brain channel are involved in the 
response to PKA activation, the five sites were eliminated by 
either deletion or site-directed mutagenesis (Fig. 1B). To remove 
all of the sites, a single deletion of 139 amino acid residues in the 
central portion of the linker was constructed (APKA). Alterna- 
tively, to prevent phosphorylation at all of the sites, site-directed 
mutagenesis was used to collectively replace all of the serine 
residues at the five PKA sites. The serines were replaced with 
alanines, a conservative substitution that should not have a sig- 
nificant impact on protein structure, to generate the PKA com- 
posite alanine mutant (PKACOMP-A). At the two sites where 
more than one serine residue was present (sites 1 and 5), all of the 
serines were replaced with alanincs to prcvcnt phosphorylation at 
a secondary serine, which might occur if only the consensus serine 
were replaced with alanine. In an attempt to mimic the negative 
charges resulting from phosphorylation at the PKA sites, the 
serine residues at the five sites were substituted collectively with 
aspartates, such that all of the sites would be constitutively neg- 
atively charged. This channel was called the PKA composite 
aspartate mutant (PKACOMP-D). 

The electrophysiological properties of the deletion mutant and 
the site-specific mutants were characterized by two-electrode 
voltage-clamp analysis. Representative current traces appear sim- 
ilar with respect to the time course of fast inactivation (Fig. 3A). 
All of the mutants were capable of interacting with the /31 acces- 
sory subunit in a similar manner as the wild-type channel (Isom et 
al., 1992; Patton et al., 1994), as indicated by an accelerated time 
course of fast inactivation (data not shown). Recovery from fast 
inactivation was unaffected, and full recovery was observed for all 
of the channels within 2 set (Fig. 3B). The voltage dependence of 
conductance and fast inactivation were determined, and the re- 
sults are shown in Figure 3C,D. Conductance and inactivation 
data were fit with two-state Boltzmann equations (smooth curves 
in Figs. 3C,D). Membrane depolarizations required for half- 
maximal activation (V,,,) of all of the mutant and wild-type 
channels were -13.4 ? 0.6 mV, and the slope factors (z) were 4.1 
i 0.1. For inactivation, I/,,, values for all of the mutant and 
wild-type channels were -48.7 i 0.9 mV, and the slope factors (a) 
were 7.3 -t 0.3 mV. The finding that all of these properties of the 
mutants were virtually identical to those of the wild-type channel 
indicates that the entire central region of the I-II linker in 
general, which was deleted in APKA, and the PKA sites specifi- 
cally, do not contribute significantly to the process of fast inacti- 
vation or to the voltage dependence of activation or inactivation. 

The sodium channel I-II linker PKA sites are 
phosphorylated by endogenous oocyte protein kinase 

Although it has been shown previously that the PKA sites in the 
I-II linker of the brain channel are phosphorylated by PKA in 
neurons (Costa et al., 1982; Rossie et al., 1987; Rossie and 
Catterall, 1989), it was possible that these residues were not being 
phosphorylated in the oocyte. To determine whether the PKA 
sites in the I-II linker are substrates for phosphorylation by 
endogenous oocyte protein kinases, the wild-type and mutant 
channels were expressed in oocytes, and channel proteins were 
analyzed biochemically. To measure the level of phosphorylation 
of the mutants in comparison to the wild-type channel, the pro- 

teins were radiolabeled in vivo with [y-32P]ATP, immunoprecipi- 
tated, analyzed by SDS polyacrylamide gel electrophoresis, and 
autoradiographed. The resulting profile of “2P-labeled proteins is 
shown in Figure 4A, lanes 7-10. In parallel sets of oocytes, the 
channel proteins were radiolabeled with [““Slmethionine to quan- 
tify the total amount of protein synthesized (Fig. 4A, lanes 2-5). 
The majority of sodium channel protein migrated as a single band 
at -260 kDa (indicated by an asterisk), although some protein 
remained at the interface between the stacking and running gels 
(Upper band). No bands were visible in the control lanes (2 and 7), 
which contain protein immunoprecipitated from oocytes that were 
not injected with sodium channel RNA. Variations in the total 
amount of protein synthesized were controlled by normalizing the 
32P signal to the “5s signal (Fig. 4B). It was important to normalize 
the 72P signal, because the steady-state levels of APKA and 
PKACOMP-A mutant proteins were 3.8 times and 2.4 times 
higher than the level of wild-type protein, as determined by j5S 
label (compare the intensity of the bands indicated by an asterisk 
in lanes 3 and 4 lo that in lane 5). The grcatcr amount of APKA 
protein isolated may reflect cithcr a faster rate of synthesis or a 
dccrcascd rate of APKA protein turnover, tither of which would 
Icad to a higher steady-state lcvcl of protein. The wild-type 
channel was phosphorylated at a level 5 to 10 times greater than 
that of the deletion and composite PKA site mutants (Fig. 4B). 
Because this experiment measured the basal level of phosphory- 
lation in the oocytes, this result dcfincs the minimum difference in 
phosphorylation level between the wild-type and mutant channels. 
After PKA induction, that difference would be even more pro- 
nounced. These results demonstrate that the PKA sites in the I-II 
linker indeed are phosphorylated in the oocyte. Residual phos- 
phorylation of the mutant channels can be attributed to phosphor- 
ylation at other sites in the channel protein by a variety of protein 
kinases. 

Sodium currents expressed from the PKA site mutants 
are not decreased by PKA 

The PKA site mutants were coexpressed with the P-AR in Xeno- 
pus oocytes to determine whether they could be modulated by 
PKA activation. In this experiment, the average reduction in 
current for the wild-type channel was 11% (Fig. 5A,B), compared 
with the 22% reduction observed in the experiment shown in 
Figure 2. This difference results from variability in the oocytes 
from different frogs. All three of the mutants (APKA, 
PKACOMP-A, and PKACOMP-D) did not demonstrate reduc- 
tions in current amplitude after induction of PKA (Fig. SA,B). 
Instead, they all displayed -30% increases in current magni- 
tude. This increase also was observed when CAMP levels were 
increased by perfusion of the oocytes with 25 pM forskolin, 10 PM 

isobutylmethylxanthine, 10 pM dibutyryl-CAMP, and 10 FM 

chlorophenylthio-CAMP (data not shown), demonstrating that the 
increase does not result from a secondary effect of the P-AR. The 
time courses of the current increases for the mutant channels 
paralleled the time course of current decrease for the wild-type 
channel, and in all cases the current magnitudes returned to the 
original level within 80 min. These results indicate that the reduc- 
tion of current magnitude by PKA requires at least a subset of the 
five PKA sites in the I-II linker. 

Negative charges at the I-II linker PKA sites decrease 
sodium current 

To examine the importance of phosphorylation at the PKA sites in 
the I-II linker for the establishment of basal current levels in 
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Figure3. Elimination of the I-II linker PKA sites does not affect the clcctrophysiological properties of the channel. A, Rcprcsentativc current traces from 
oocytcs injected with RNA encoding the wild-type brain IIA sodium channel (wikl Type), the mutant channel with the PKA sites eliminated by deletion 
(A/‘&t), or the mutant channels in which the serine residues were replaced with alanincs (PKACUMP-A) or aspartatcs (FWlCOMP-‘-L)). Currents were 
elicited by step depolarizations from -00 to +50 mV in 5 mV increments from a holding potential of - 100 mV. The tracts shown arc for depolarizations 
from -35 to + IO mV. Resistive and capacitive currents were eliminated by subtraction of currents clicitcd by identical pulse protocols in the prescncc 
of 400 nM tetrodotoxin. B, The time course of recovery from inactivation is shown for currents exprcsscd by each of the four sodium channels described 
in A. Oocytes were held at - 100 mV and depolarized to -5 mV for 200 msec (inactivating pulse), followed by a variable recovery interval at - 100 mV 
and a 20 msec test pulse to -5 mV. The peak current amplitude during the test pulse was normalized to the maximal current that was observed after full 
recovery from inactivation. The average value for the normalized current is plotted versus the recovery time (AT) between pulses for the number of 
oocytes shown in parentheses after the channel names on the figure. The error bars indicate the sample SD. C, Normalized conductance versus voltage is 
shown for currents cxprcsscd from each of the four sodium channels described in A. Currents were elicited by membrane depolarization from -90 mV 
to +35 mV in 5 mV increments from a holding potential of -100 mV. Peak current amplitudes were converted to conductance values as described in 
Materials and Methods. The values shown represent the average for the number of oocytes shown inparentlteses after the channel names on the figure. 
The cvor bars indicate the sample SDS, and the snzoolh curves represent fits of the data to a two-state Boltzmann distribution, as described in Materials 
and Methods. D, The voltage dependence of inactivation is shown for currents expressed from each of the four sodium channels described in A. Oocytes 
were held at - 100 mV and depolarized with 200 msec conditioning pulses ranging from - 100 to + 15 mV in 5 mV increments, followed by a test pulse 
to -5 mV. The peak current during the test pulse was normalized to the peak current in the absence of a conditioning pulse and plotted as a function 
of conditioning pulse potential. The values shown represent the average for the number of oocytes shown inparent1zc.re.v after the channel names on the 
figure. The wor harts indicate the sample SDS, and the smooth crllve.7 reprcscnt fits of the data to a two-state Boltzmann distribution, as described in 
Materials and Methods. 
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Figure 4. The sodium channel I-II linker PKA sites are phosphorylated by oocyte protein kinases. A, Oocytes were injected with RNA encoding wild-type 
or mutant sodium channels, and the proteins were labeled with either [?S]methionine or [y-“P]ATP, as described in Materials and Methods. Sodium 
channel proteins were extracted from oocyte membrane fractions, immunoprecipitated, and electrophoresed in an SDS-polyacrylamide gel, followed by 
autoradiography, as described in Materials and Methods. The samples are as follows: lanes 1,6-molecular size markers; lanes 2, 7-control oocytes that 
were not injected; lanes 3, 8--oocytes expressing the PKACOMP-A mutant (serine residues replaced by alanines); lanes 4, 9-oocytes expressing the 
APKA mutant (PKA site deletion mutant); lanes 5, IO-oocytes expressing the wild-type sodium channel. The proteins in lanes 2-5 were labeled with 
[3sS]methionine, and the proteins in lanes 7-10 were labeled with iy-32P]ATP. The asterisks indicate the positions of the sodium channel bands. B, The 
autoradiograph in A was scanned, and the intensities of “S and 3 P in the bands representing sodium channel protein (indicated by an asterisk) were 
quantified. The 32P signals were normalized to the 35S signals to control for the variation in the total amount of sodium channel protein immunopre- 
cipitated from each of the samples. The normalized ‘*P signal is shown for the wild-type sodium channel (wild Type), the PKA site deletion mutant 
(AHU), and the mutant in which serine residues are replaced by alanines (PKACOMP-A). 

oocytes, the wild-type and mutant channels were compared with- 
out induction of PKA activity. Oocytes were injected with the 
same amount of RNA for each of the mutants, and the level of 
sodium current expressed after reaching steady-state levels was 
normalized to the amount of channel protein isolated from oocyte 
membranes. To quantify full-length -6.8 kb RNA transcripts, 
radiolabeled RNA was analyzed by gel electrophoresis, autora- 
diography, and densitometry (Fig. 6A). To measure the amount of 
channel protein translated and inserted into oocyte membranes, 
sodium channel protein was immunoprecipitated from oocyte 
membrane fractions. Bands corresponding to a molecular weight 
of -260 kDa were measured by densitometry (Fig. 6B, awow). 
Before homogenizing the oocytes for immunoprecipitation, 
whole-cell sodium current amplitudes were measured in represen- 
tative oocytes by two-electrode voltage clamping. Peak current 
amplitudes were normalized to the amount of protein isolated. 
Normalized current values are expressed relative to the wild-type 
channel (Fig. 6C). The APKA and PKACOMP-A mutants ex- 
pressed current magnitudes comparable to that observed for 
the wild-type channel (Fig. 6C). This result suggests that basal 
levels of phosphorylation in the oocyte are relatively low, so 
that the PKA sites on the wild-type channel are not phosphor- 
ylated sufficiently to have a dramatic effect. When the negative 
charge of aspartate was positioned at all five of the PKA sites 
to mimic phosphorylation, the sodium current amplitude was 
reduced significantly to 59 t 8% the level of the wild-type 
channel (Fig. 6C). This result suggests that the negative charges 
added to the PKA sites by phosphorylation are responsible for 
decreases in current amplitude and that the negative charges of 
the aspartate residues can mimic phosphorylation at those 
sites. 

DISCUSSION 

The I-II linker is a critical determinant for modulation 
of the brain sodium channel by PKA 
We have shown that the rat brain IIA sodium channel can be 
modulated by PKA to result in decreased current amplitudes, but 
that the rat skeletal muscle channel is not affected by PKA induction. 
We demonstrated also that PKA-mediated reduction of brain so- 
dium channel current amplitude requires phosphorylation of the 
PKA consensus sites located in the linker region between domains I 
and II of the (Y subunit. We showed initially that the brain I-II linker 
is a necessary determinant for modulation by PKA. This was indi- 
cated by the BMB chimera, which has the muscle I-II linker in a 
brain channel background, and completely failed to respond to PKA 
activation. Conversely, replacement of the muscle sodium channel 
I-II linker with the brain channel I-II linker (MBM chimera) was 
sufficient to cause the muscle channel to be modulated by PKA, 
similar to the brain sodium channel. Because the magnitude of 
current decrease observed for the MBM chimera was significantly 
less than that observed for the brain channel, it is apparent that the 
brain I-II linker does not function as efficiently in the context of the 
muscle channel, indicating that other regions of the sodium channel 
molecule are important to bring about full modulation. The finding 
that the brain channels respond to PKA induction and the muscle 
channels does not suggest that there may be important physiological 
differences in the regulation of electrical excitability in the tissues in 
which these channels are expressed. 

PKA modulation of the sodium channel involves 
phosphorylation at the I-II linker PKA consensus sites 
We further demonstrated that phosphorylation of the I-II linker 
PKA sites is required for PKA mediated reduction of sodium 
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F@r,r 5. Reduction of sodium current amplitude by PKA involves phos- 
phorylation at the I-11 linker PKA consensus sites. A, Normalized peak 
current amplitudes arc shown for representative oocytes injcctcd with 
RNA encoding the B-AR and tither the brain IIA channel (RIIA; civ~le~), 
the PKA site dclction mutant (AH&I; .S~LIC~ES), the composite mutant in 
which the scrincs arc rcplaccd by alanincs (PKACOMP-A; tvicrqq/e.s), or the 
composite mutant in which the serincs arc rcplaccd by aspartatcs 
(PKACOMP-D; inver?ed /ricrr7g/es). Currents wcrc clicitcd by step dcpolar- 
izations from :I holding potential of - 100 to -10 mV at I min intervals, 
and the peak current amplitudes wcrc normalized to the peak current 
amplitude during the first depolarization. PKA was induced by perfusion 
with Iso (+ Iso) for IO min during the time indicated by the bar. B, The 
pcrccnt of current change 20 min after PKA induction (indicated hy the 
rrvrowl~crtl on the time axis in A) is shown for the wild-type and mutant 
sodium channels. The values shown arc the avcragcs for three oocytcs 
(RIIA), four oocytcs (APIA), six oocytcs (PKACOM/‘-A), and three 
oocytcs (PKACOMP-[-I)), and the UIOY htrr.s indicate the sample SDS. 

current magnitude. First, WC showed that the sites are substrates 

for phosphorylation by PKA in the oocyte, by demonstrating a S- 
to lo-fold grcatcr -“P incorporation into the wild-type channel 
protein compared with the mutant channel proteins. Because 
these sites in the 1-11 linker serve as substrates for PKA in oocytes 
with basal lcvcls of PKA activity, it would be expected that the 
same sites would be phosphorylated to a greater extent after PKA 
stimulation. Second, when the five sites were deleted or phosphor- 
ylation at the sites was prevented, sodium current amplitude was 
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no longer diminished by PKA activation. Other functional prop- 
erties of the channel, including fast inactivation, recovery from 
inactivation, and the voltage-dependence of conductance and 
inactivation, were not affected by mutations at the PKA sites. 
These results are consistent with previous observations that these 
channel properties are not altered by PKA phosphorylation (Ger- 
shon et al., 1992; Li et al., 1992; Smith and Goldin, 1992; Li et al., 
1993). The absence of any significant alterations in these elcctro- 
physiological properties supports the assumption that replace- 
ment of the serines with either alanines or aspartates does not 
alter the structure of the channel protein significantly. In fact, 
even deletion of 139 amino acids from the Iinkcr (APKA) appar- 
ently has no effect on these electrophysiological properties of the 
channel. The finding that the wild-type channel is down- 
modulated by PKA activation in oocytcs indicates that the PKC 
site at S1506 in the III-IV linker normally must be phosphory- 

lated in oocytes, bccausc modulation by PKA dots not occm 
unless there is a negative charge at that site (Li ct al., 1093). 

Negative charge at the I-11 linker PKA sites is sufficient 
to modulate the channel 
Based on our results, it seems likely that the molecular mccbanism 

by which the channel is modulated by phosphoryl~ltion involves 
charge interactions bctwccn the ncgativc charge of the phosphate 
groups at the PKA sites and other regions of the channel. XW~/~US 
oocytcs have been mcasurcd to have an internal pH of 7.5 (Sasaki 
ct al., 1992). At that pH, the phosphate groups on phosphoscrinc 
would have a charge of - 1, based on their pK>, of 6. I (Hoffmann 
ct al., 1994). Similarly, aspartate rcsiducs, which have a pK,, of 4.5, 
would have a charge of - 1. Therefore, an aspartate residue is very 
similar to phosphoscrinc, at least with respect to charge, and 
replacement of serines with aspartates has been used successfully 
to mimic phosphorylation (Li ct al., 1993; Rich et al., 1993). When 

the negative charge of aspartate was positioned at each of the five 
PKA sites in the PKACOMP-D mutant, the sodium current 

amplitude was reduced, similar to the result observed when the 
sites were phosphorylated by PKA activation. The mechanism by 
which the negative charges cause a decrease in current is un- 
known. It is unlikely that the reduction of current amplitude was 
caused by disruption of the channel’s structure, bccausc the clec- 
trophysiological properties of the PKACOMP-D mutant wcrc 
similar to those of the wild-type channel. In addition, we have 

confirmed that the PKACOMP-D mutant is translated and in- 
serted into the membrane as eficicntly as the wild-type channel by 
comparing the amount of sodium channel protein immunoprc- 
cipitatcd from oocytes. The most likely explanation is that the 
negatively charged phosphates interact with other regions of the 
channel molcculc through salt bridges or by clcctrostatic ctt’ccts. 
resulting in a decrease in cithcr the single channel conductance OI 
the probability of opening. 

Mutants with PKA sites eliminated respond to PKA 
induction with current magnitude increases 

Elimination of the brain sodium channel I-II linker PKA sites 
resulted in mutants that responded to PKA induction with in- 
creases in sodium current magnitude, rather than the decrease 
observed for the wild-type channel. The mechanism leading to the 
increase is completely independent of the PKA sites in the I-II 
linker, as the effect is observed for mutants in which all of the sites 
have been eliminated (PKACOMP-A, PKACOMP-D, and 
APKA). It is likely that this incrcasc in sodium current normally is 
not seen, because it is masked by the dccrcasc resulting from 
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A negative charge at the I-II linker PK.4 sites is sufficient to 
d&ease sodium currents. A, RNA was transcribed in vitro for the wild- 
type and mutant sodium channels, using [w~‘P]CTP to label the RNA, 
and samples of each were treated with glyoxal and electrophoresed on a 
1% agarose gel. The gel was exposed to x-ray film, and the resulting 
autoradiograph is shown. The autoradiograph was scanned, and the in- 
tensity of the band indicating full-length sodium channel RNA was quan- 
tified. B, Sodium channel protein was immunoprecipitated from oocytes. 
Equivalent amounts of RNA (25 ng) and [35S]methionine (250 nCi) were 
injected into oocytes and incubated at 20°C for 40 hr for the wild-type and 
mutant channels. Control oocytes were injected with [35S]methionine 
alone. Sodium channel proteins were extracted from oocyte membrane 
fractions, immunoprecipitated, and electrophoresed on an SDS- 
polyacrylamide gel, followed by autoradiography, as described in Materi- 
als and Methods. The protein bands with M, = 260 kDa @wow) were 
scanned and quantified. C, Current amplitudes were measured in repre- 
sentative oocytes before extraction of protein and are normalized to the 
amount of protein that was isolated subsequently by immunoprecipitation. 

phosphorylation at the PKA sites in the I-II linker. The mecha- 
nism leading to the increase in current is not understood at this 
time. The increase was not observed for the skeletal muscle 
sodium channel, indicating that it is specific for the brain channel. 
Similarly, the BMB chimera did not display an increase in current 
magnitude after PKA induction in this study. These results sug- 
gest that the increase in current may be associated with the I-II 
linker of the brain channel, involving amino acid sequences up- 
stream or downstream of the region deleted in the APKA mutant. 
Schreibmayer et al. (1994) have reported a similar PKA-mediated 
increase in sodium current expressed from the rat cardiac sodium 
channel in Xenopus oocytes. 

We reported previously that PKA phosphorylation in oocytes 
could enhance sodium current levels expressed from the brain IIA 
sodium channel, and that this increase was prevented by inhibiting 
PKA activity with protein kinase inhibitor (Smith and Goldin, 
1992). The difference between our previous studies, in which an 
increase in sodium currents was observed, and our current study, 
in which a decrease is observed, is the level of expression of the 
P-AR. The previous studies were performed with the P-AR ex- 
pressed at a level loo-fold higher than was used in the current 
study. At that higher level of expression, there is an endogenous 
stimulation of PKA activity in the absence of isoproterenol per- 
fusion (Uezono et al., 1993), which most likely results in phos- 
phorylation of the PKA sites in the I-II linker of the sodium 
channel, reducing the amplitude of the current. Stimulation with 
isoproterenol then would result in an even higher level of PICA 
activity, causing the increase in sodium currents by a mechanism 
completely independent of phosphorylation at the PICA sites in 
the I-II linker. That increase is the only effect of PKA stimulation 
when the five PKA sites in the I-II linker have been eliminated. 

The next step: understanding the individual roles of 
each of the PKA sites 
The obvious next step is to examine how each of the PKA sites in 
the I-II linker participate in PICA modulation of the sodium 
channel. Murphy et al. (1993) demonstrated that four of the PKA 
sites in the I-II linker (S573, S610, S623, and S686/S687) are 
phosphorylated to a detectable level in vivo using biochemical 
techniques. Hebert et al. (1994) implicated the PKA site at posi- 
tion S686/S687 as being involved in sodium current reduction. 
However, prevention of phosphorylation by replacing the serines 
at S686 and S687 with alanines does not eliminate the decrease in 
current after stimulation of PKA activity (Smith and Goldin, 
unpublished results). Therefore, at least part of the decreased 
current amplitudes after PKA induction results from the presence 
of a negative charge at some other site in the I-II linker. It is quite 
possible that multiple sites are involved in the decrease of sodium 

In ND-96 bath solution, the current levels in these oocytes was -50 PA. 
To maintain voltage control using a two-electrode voltage clamp with 
oocytes expressing such high levels of sodium current, sodium in the bath 
was reduced by substituting with choline. Peak sodium current amplitudes 
were measured by depolarizing to -20 mV from a holding potential of 
-100 mV. The average peak current amplitudes from individual oocytes 
were normalized to the average peak current amplitude for the wild-type 
channel. The average normalized current measured from 15 oocytes for 
each of the mutant and wild-type channels is shown, and the error bars 
indicate one sample SD. The normalized current amplitude for 
PKACOMP-D was significantly different from that of the wild-type, 
APKA, and PKACOMP-A mutants (p <0.05), as determined by using a 
one-way ANOVA. The normalized current amplitudes for the wild-type, 
APKA, and PKACOMP-A mutants were not significantly different from 
each other. 
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channel currents by PICA phosphorylation, which would imply 
that sodium current amplitudes could be variably modulated 
depending on the level of PICA and phosphatase activity in the 
cell. It has become increasingly clear that regulation of the sodium 
channel in viva by PKA phosphorylation involves a complex as- 
semblage of protein kinases and phosphatases that appear to 
precisely modulate sodium current amplitudes in electrically ex- 
citable cells. 
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