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teady State Channel Protein Level
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transmembrane segments (S1-S6), a voltage sensor
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The Shaker superfamily encodes voltage-gated po-
assium (Kv) channels. The amino (N) terminus is im-
ortant for channel assembly and mediates fast inac-
ivation. We recently isolated a Kv channel from rabbit
idney, denoted rabKv1.3 (Yao et al., J. Clin. Invest. 97,
525–2533, 1996) and found that deleting a region (T0
omain, amino acids 3–39) proximal to the T1 recogni-
ion domain (a.a 42–185) leads to a 13-fold amplifica-
ion of Kv current as compared to wild type channels
Yao et al., BBRC 249, 492–498). Here we show that
eleting the T0 domain affects neither single channel
onductance nor channel open probability. Instead, it
ncreases the absolute number of channel proteins
resent in the membrane. We conclude that the T0
omain is a previously unrecognized Shaker Kv1.3,
-terminal regulatory region that modulates steady

tate channel protein density in the plasma membrane.
1999 Academic Press

Key Words: ion channel; voltage-gated; Xenopus oo-
yte; patch clamp; cloning; kidney; structure-function;
egulatory domain; T0 domain.

The Shaker gene superfamily encodes voltage-gated
(Kv) channels and consists of at least 7 families

Kv1-Kv7) that can be further categorized into subfam-
lies. For instance, the Kv1 family contains 8 subfam-
lies, Kv1.1-Kv1.8. All Kv genes cloned to date encode
roteins with remarkably similar secondary structures
Fig. 1): intracellular localization of N and C termini, 6
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S4) and a pore (P) region. The S4 segment senses
hanges in membrane voltage (1-4). Ion permeation
ccurs via the P region located between the 5th and 6th
ransmembrane segments (5-8). This is also the region
hat binds the channel blockers tetraethylammonium
TEA) and charybdotoxin (9,10). Since each Kv subfam-
ly has distinctive kinetic properties, structure-
unction relationships of Kv proteins have been exten-
ively studied using naturally occurring isoforms and
utants obtained by site-directed mutagenesis. The

xtreme N terminus mediates fast (type A) inactivation
11,12) in Kv proteins that rapidly inactivate. A more
istal N terminal region known as the T1 domain reg-
lates channel assembly (13-15) by serving as a recog-
ition site for heteromultimeric channel assembly
ithin a family, and by preventing co-assembly be-

ween families.
Kv1.3 is expressed in brain, lymphocytes, and kid-

ey. In T lymphocytes there are excellent data indicat-
ng that the Kv1.3 subfamily mediates the n type cur-
ent (16,17). This current plays an essential role in
-cell proliferation and activation. The n type current

ncreases by up to 20 fold when T cells are activated
18-20). Moreover, Kv1.3 channels studied in either
enopus oocytes or in mammalian expression systems
emonstrate kinetic and pharmacological properties
dentical to those of the n type current of T lympho-
ytes. Furthermore, blockers of n type current inhibit
itogen-induced cell division and secretion of interleu-

in 2. Although the molecular structure of Kv1.3 chan-
els is known, the mechanisms by which n type cur-
ent is stimulated in activated lymphocytes remain
ncompletely understood. However, it is known that
he rise in Kv1.3 current that occurs with T cell acti-
ation is accompanied by an increase in Kv1.3 protein
ensity at the plasma membrane, despite a decrease in
teady state mRNA level (17).
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abKv1.3 may be involved in K1 reabsorption in the
nner medullary collecting duct, and its expression in
he membrane may be modulated by the composition of
he luminal fluid (21). As discussed in the paper, this
ypothesis is based on functional data from the papil-

ary cell line GRBPAP1 and from RNA expression data
n rabbit kidney. To our knowledge there isn’t yet func-
ional evidence for Kv channels in native kidneys.

We recently identified a region at the N terminus of
haker KV1.3, (T0 regulatory domain, amino acids
-39 rabbit KV1.3) which modulates channel expres-
ion. Deletion of the entire region increases whole cell
urrent by more than 10 fold (22). Site-directed mu-
agenesis studies indicate that negatively charged
mino acids are essential components of the T0 do-
ain. Furthermore, gain-of-function mutations do not

ffect clathrin-mediated endocytosis.
In the present study, we examined the molecular
echanisms underlying the gain-of-function muta-

ions in the T0 domain, and find the observed increase
n Kv1.3 current to be caused largely by a dramatic
ncrease in Kv1.3 protein at the plasma membrane.

ATERIALS AND METHODS

Generation of mutant channels. The amino acid (a.a.) sequence
or the N terminus of rabKv1.3 (Genbank accession # U38240) shares
ignificant similarity to its homologues in human, mouse, and rat
21). The polymerase chain reaction (PCR) was employed to create a
eries of deletion mutants at the amino terminus of rabbit Kv1.3
rabKv1.3) (Fig. 1). The NT3-12, NT3-28 deletion mutants produced
urrents indistinguishable from wild type, and these clones were not
tudied further. The NT3-39 mutant was generated by deleting the
NA sequence coding for a.a. 3-39 from wild type rabKV1.3 DNA
sing PCR. The sense primer (GGATCCTAATACGACTCACTAT-
GGGAGGAGCCACCATGACGGAGCAGGAGTGCTGCGGGGAG)

ontained a T7 polymerase site and the coding sequence for a.a. 1-2
nd 40-51. The antisense primer (TTTTTTTTTCCTGTCCTTGATG-
ATGGTCT) contained a stop codon and a polyA tail. NT3-39 was
mplified by PCR using an Air Thermo Cycler 1605 (Idaho Technol-
gies). The amplified product was cloned into pBluescript and se-
uenced by the method of Sanger (23) to confirm that no other
utations besides the 3-39 deletion were introduced during the

mplification process.

Expression in Xenopus oocytes. Stage V-VI Xenopus laevis oo-
ytes were dissected from ovarian lobes and stored in modified
arth’s solution. Oocytes were injected with 50 nl containing either
ng of in vitro-transcribed, 59-capped rabKv1.3 RNA, 5 ng NT3-39
NA, or water as a negative control. Whole cell currents were re-
orded using a standard two-microelectrode voltage clamp (OC-725,
arner Inst.) 1-3 days after injection. Oocytes were impaled with
icroelectrodes filled with 0.5 M KCl (resistance 0.5-5 MV). The bath

ontained (in mM): 88 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 2.5 NaH2CO3,
HEPES, pH 7.4. Amplified currents were filtered at 2 kHz then

ecorded and analyzed using PULSE (HEKA Lambretch, F.R.G.) and
gor-Pro (Wavemetrics).

For ensemble currents, the kinetics of activation and inactivation
f wild type and NT3-39 mutants were examined as previously
escribed (21). Briefly, current traces were elicited by a single-step
ommand voltage protocol (voltage steps from 280 to 180 mV from
holding potential of 280 mV). Activation parameters (fit of current
55
races elicited by voltages ranging from 210 to 180 mV) and inac-
ivation parameters (fit of current traces that inactivated, voltage
teps from 110 to 180 mV) were determined using the Pulse-Fit
rogram (HEKA). The observed currents were fitted to the Hodgkin-
uxley equation according to a Simplex optimization algorithm. The
est fit, judged by visual inspection and by examination of the root
ean square deviation between fit and data (RMS), was obtained
hen the number of activation (m) and inactivation gates (h) was

et at 1 and 2, respectively. The time constants of activation (tact) and
nactivation (tinact) were determined from the fit and plotted against
oltage.
Whole-cell K conductance for each test potential was determined
ith the oocyte in the high K bath (i.e., EK ; 0 mV). After holding at
80 mV for a long enough time to allow complete removal of inacti-

ation, a 50 ms pulse to the test potential to activate the channels
as followed by a post-pulse to 2100 mV. After leak subtraction, the
hole-cell K conductance (GK) at the test potential was calculated as

he tail current (at 2100 mV) divided by 2100 mV. That is,

GK ~mS! 5
Itailat2100mVmA

20.1V

ormalized current (GK/GKmax) was then plotted against voltage.
Single channel currents were amplified with a List EPC-7 patch

lamp amplifier (List Electronics, Darmstadt, Germany). Currents
ere filtered at 1 kHz (8 pole Bessel) and sampled at 2500 s21.
ecords were analyzed using software written in our laboratory (24).
he patch pipette (Corning 7052, 2-4 MV) contained (in mM): 88
aCl, 2 KCl, 1 CaCl2, 1 MgCl2, 2.5 NaH2CO3, 5 HEPES, pH 7.4. The
ath contained (in mM): 88 KCl, 2 NaCl, 1 CaCl2, 1 MgCl2, 2.5
aH2CO3, 5 HEPES, pH 7.4. Voltage was stepped from a holding
otential of 280 mV to the command potential indicated.

Detection of channel expression by immunofluorescence. The pri-
ary antibody used in these studies has been previously character-

zed (25). It is a rabbit polyclonal raised against the first extracellu-
ar domain of human Kv1.3 (hKv1.3) (residues 198-242). This region
s 94% identical to that of rabKv1.3. Pre-immune serum was also
vailable.
Oocytes were injected with either water, 5 ng RNA from wild type

r 5 ng NT3-39. Peak current for each oocyte was measured as
escribed above. The oocyte was then placed in a hypertonic solution
onsisting of 200 mM potassium aspartate, 20 mM KCl, 1 mM MgCl2,
mM EGTA, 10 mM HEPES, pH 7.4 and the vitelline membrane
as mechanically removed. Oocytes were frozen, unfixed, in Tissue-
ek OCT compound (Miles, Elkart, IN) using an isopentane bath in

iquid nitrogen and stored at 270°C. Eight micron sections cut using
cryostat were collected on gelatin coated slides. Before use, tissues
ere fixed in acetone at 220°C for 3 minutes and rehydrated in

FIG. 1. T0 domain mutations. Amino acids 1-44 of wild type
abKv1.3 and the various deletion mutations that were made. The
ingle letter amino acid (a.a.) code is: A, Ala; C, Cys; D, Asp; E, Glu;
, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn, P, Pro;
, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. The T1 domain
ediates subunit interaction.
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hosphate buffered saline (PBS) at room temperature. The slides
ere incubated in PBS containing 0.3% Triton and 0.1% SDS for 15
in at room temperature then washed in PBS and incubated in

FIG. 2. Gain-of-function does not affect ensemble kinetics or voltag
T3-39 rabKv1.3 expressed in Xenopus oocytes shows the gain-of-fu

wo-microelectrode voltage clamp using (inset) 500 ms pulses from 260
20 s interpulse interval to allow channels to recover from inactivation.
F) channels (n 5 36). (d) Current traces were elicited for wild type (�) a
voltage steps from 280 to 180 mV in 10 mV increments from a holdin
btained by fitting current traces elicited by voltages ranging from 210
tting currents traces that inactivated (voltage steps from 110 to 180
56
locking solution (16% goat serum, 0.3% Triton X-100, 0.43 M NaCl,
0 mM NaHPO4, pH 7.4). The slides were incubated overnight at 4°C
ith either the primary antibody (1:100 dilution) or the pre-immune

ependence. Representative whole cell currents for (a) wild type and (b)
tion generated by the NT3-39 mutation. Currents were elicited by
180 mV in 10 mV increments from a holding potential 280 mV with
eak current-voltage relationship for wild type (�) (n 5 19) and NT3-39
T3-39 mutant channels (F) by a single-step command voltage protocol

otential of 280 mV). Time constants of activation (tact, left panel) were
80 mV, and those for inactivation (tinact, right panel) were obtained by

), as described in the Materials and Methods.
e d
nc
to

(c) P
nd N
g p
to 1
mV
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erum (1:100 dilution). The slides were washed in blocking solution,
nd then incubated for 1 h at room temperature with a fluorescein
sothiocyanate (FITC) labeled goat, anti-rabbit secondary antibody
Zymed Laboratories, South San Francisco, CA), at a dilution of
:100. Finally, the slides were washed in PBS, and the signal was
reserved in crystal/mount (Biomeda, Foster City, CA). Sections
ere examined within 4 h using a Zeiss fluorescence microscope and
hotographed at a magnification of 1603.
Fluorescent signals were analyzed using NIH Image software (Na-

ional Institutes of Health, Bethesda, MD). The entire area corre-
ponding to the plasma membrane was selected and the integrated
ensity (corrected for background) of all pixels was measured. To
acilitate comparison, these data were arbitrarily normalized to
0,000 pixels by multiplying each integrated density by 50,000/
# pixels in selected area).

ESULTS AND DISCUSSION

Deletion Mutation at the Amino Terminus
of rabKv1.3 Produces a Gain-of-Function

Rabbit Kv1.3 has a secondary structure and kinetics
roperties similar to other previously cloned Kv1.3
hannels, and the overall sequence identity with hu-
an, mouse and rat Kv1.3 channels is 93.8, 90.9, and

1.3%, respectively (21). We initially chose to mutate
he N terminus because it regulates tetrameric chan-
el assembly as discussed in the Introduction. The
utations shown in Fig. 1 were generated in rabKv1.3

n order to test if the region (amino acids 1-40) imme-

FIG. 2—
57
iately preceding the T1 recognition domain (amino
cids 41-185) was important for channel function. We
easoned that these mutations should not interfere
ith the ability of individual subunits to form either
omo- or heterotetramers since the T1 domain re-
ained intact, nor should they affect inactivation prop-

rties of the channels, since rabKv1.3, like the other
embers of the Kv1.3 subfamily, does not undergo fast

nactivation.
cRNA of wild type or mutants was injected in Xeno-

us oocytes and channel expression was analyzed us-
ng two microelectrode voltage clamp and patch clamp.
eletions of amino acids 3-12, 3-28, caused no detect-
ble changes in whole cell current expression or kinet-
cs: NT3-12 5 2.1 6 0.2 mA, n 5 3, and NT3-28 5 2.0 6
.1 mA, n 5 3. Therefore, these mutations were not
haracterized further. In contrast, as shown in Figs. 2a
nd 2b, deleting amino acids 3-39 (NT3-39 mutant)
esults in a 13-fold increase in whole cell current 3 days
ost injection. The current-voltage (I-V) plot for the
eak currents is shown in Fig. 2c. Peak current at 180
V was 2.13 6 0.42 mA for wild type (n 5 19) as

ompared to 27.7 6 3.5 mA (n 5 36) for NT3-39 mutant
p , 0.0001). The difference in whole cell current be-
ween wild type and NT3-39 mutant was even more
ramatic 24 hours post injection. Indeed, Kv1.3 cur-
ent was never detected in oocytes within 24 hours of
njection with wild type RNA (n . 50), while oocytes

ntinued
Co
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xpressing the NT3-39 mutant had whole cell currents
f 17.7 6 2 mA (n 5 20). Current measured 3 days post
njection in both wild type and mutant correlated di-

FIG. 3. Gain-of-function is recapitulated in membrane patches
ocytes injected either with cRNA for (a) wild-type or (b) NT3-39 ra
anging from 260 mV to 180 mV from a holding potential of 280 m
llow channels to recover from inactivation. (c) Comparison of the
mplification of ensemble current in the NT3-39 mutant relative to w
ere filled with low KCl solution, as described in Materials and Me
58
ectly with the amount of cRNA injected, up to a max-
mum of 10 ng. We were unable to evaluate the effect of
arger amount of cRNA on current expression since

nsemble currents from cell-attached membrane patches made on
v1.3 channels. Currents were elicited by stepping to test potentials
etween steps, the potential was held at 280 mV for at least 60 s to

rrent transient upon stepping to 160 mV shows a nearly 15-fold
-type. Oocytes were bathed in high KCl solution and patch pipettes
ds.
. E
bK
V. B

cu
ild
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ocytes injected with 15 ng NT3-39 cRNA often had
urrents exceeding the capacity of the voltage clamp
100 mA).

These data confirm our previous findings (22). Oth-
rs have reported that deletions at the N terminus of
v1.3 channels caused a decrease in whole cell current

26). These results could be explained by the fact that
he deletion examined in that study included a portion
f the T1 domain.
Since whole cell conductance (G) is given by,

G 5 Po z g z N

everal mechanisms could underlie the gain of function
bserved in the NT3-39 mutant: an increase in 1) chan-
el open probability (Po), 2) single channel conduc-
ance ( g), and/or 3) the number of functional channel
roteins (N) expressed. The experiments that follow
ere designed to test these possibilities.

he Mutation Does Not Significantly Affect
the Kinetics of the Ensemble Current

Whole cell current traces obtained for wild type and
or NT3-39 mutant channels expressed in Xenopus oo-
ytes (see Figs. 2a and 2b) reveals that although the
T3-39 mutation amplifies the magnitude of expressed

urrent, it does not significantly affect the kinetics of
ctivation and inactivation. Indeed, the time con-

FIG. 4. Mutation does not significantly affect the voltage depen
onductance-voltage (G/Gmax-V) relations for (a) wild-type (n 5 3) a
ethods. Similar G/Gmax-V relations indicate that the deletion muta
59
tants of activation (tact) and inactivation (tinact), deter-
ined as described in the Materials and Methods, were

early identical for wild type and NT3-39 mutants
Fig. 2d), and the same as previously reported for
abKv1.3 (21).
Patch-clamp recordings from oocytes recapitulate

he whole-cell findings. Active channels (typically 1 to
) were observed in only ;10% of membrane patches
rom oocytes injected with wild-type RNA (Fig. 3a). In
ontrast, ;80% of membrane patches from oocytes in-
ected with mutant RNA contained numerous active
hannels (Fig. 3b). Thus, the gain-of-function mutation
s reproduced at the level of a membrane patch (Fig.
c). Peak current is ;15-fold higher in patches contain-
ng mutant channels. Channels in the membrane
atches also follow inactivation kinetics similar to
hose seen for the whole-cell (see Fig. 3b). For example,
or mutant channels the time constant of inactivation
tinact) upon depolarizing from 280 mV to 160 mV is
bout 650 ms measured in whole oocytes, and about
00 ms in membrane patches.

he Mutation Does Not Significantly Affect the
Voltage Dependence of the Ensemble Current

The voltage dependence of the ensemble current is
imilar for wild-type and mutant channels (see Fig. 2c).
he activation “threshold” for outward current is be-
ween 240 and 230 mV for both wild type and mutant,
uggesting that the NT3-39 deletion does not greatly

nce of the ensemble conductance. Ensemble conductance/Maximal
(b) NT3-39 (n 5 3) rabKv1.3 obtained as described in Materials and

does not alter the voltage dependence of the ensemble conductance.
de
nd
tion
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oltage of half-maximal activation of peak current oc-
urs at about 0 mV for both channels.

To examine the voltage dependence of the ensemble
onductance in more detail, G/Gmax-V relations were
onstructed using the activation pulse/post-pulse tail
urrent protocol outlined in Materials and Methods.
uch analysis reveals that the shape of the G/Gmax-V
haracteristic for the wild-type channel (Fig. 4a) is
ssentially the same as that for the mutant channel
Fig. 4b), and the voltage at which G/Gmax 5 0.5 is about
37 mV for both.
Since both wild-type and mutant channels exhibit in-

ctivation, the “open probability” peaks at the moment of
epolarization. Thus, to explain the observed gain-of-
unction solely on the basis of open probability would
equire that the Po of the mutant be 13 times that of the
ild-type channel. Given the similar voltage dependence,

ven if Po is assumed to be 1 for the mutant, this would
mply that the Po of the wild-type channel does not exceed
.077 at the moment of depolarization. However, single-
hannel records of wild-type channels suggest Po is well
bove this value just after depolarization (see Fig. 3c and
21)). Indeed, given their similar Boltzmann distribu-
ions, it is likely that both channels have the same “open
robability” prior to inactivation.

he Gain-of-Function in the Mutant Is Not on the
Basis of Single Channel Conductance

The “magnification” of ensemble conductance could
e explained, at least in part, if the underlying unitary
hannel conductance of the mutant was much greater
han that of the wild-type. However, patch-clamp re-
ordings of wild-type (Fig. 5a) and mutant (Fig. 5b)
ingle channels establish that the unitary conductance
s only slightly increased in the mutant. The I-V rela-
ions (Fig. 5c) show that between 240 mV and 140 mV,
wild-type 5 8.7 pS and gmutant 5 10.0 pS. Such an increase
an not explain the 13-fold magnification in whole-cell
onductance. Thus, we conclude that the gain-of-
unction expressed by mutant channels is not primar-
ly on the basis of single-channel conductance.

Taken together, these findings strongly suggest that
he NT3-39 deletion mutation does not significantly alter
he voltage dependence or single channel conductance.

FIG. 5. Gain-of-function in mutant rabKv1.3 is not on the basis o
ell-attached patches made on Xenopus oocytes expressing (a) wild-
onductances are not significantly different. However, the channel d
urrent-voltage relations are nearly identical. A linear fit between 2
ype (�) and NT3-39 (F), respectively. Oocytes were bathed in high
61
Increase in Plasma Membrane Channel Protein
Density

Since the effects of the NT3-39 deletion mutant on
hannel behavior and conductance did not appear suf-
cient to explain the observed “magnification” of
hole-cell conductance, we reasoned that the gain-of-

unction must be primarily due to an increase in chan-
el protein expression on the plasma membrane. We
ombined electrophysiological methods with immuno-
uorescence to investigate this possibility. Xenopus oo-
ytes were injected with either water or wild type or
T3-39 mutant cRNA, and whole cell current was mea-

ured. Subsequently, channel protein density in the
lasma membrane of the same oocytes was assessed by
mmunofluorescence using a Kv1.3-specific polyclonal
ntibody as described in the Materials and Methods.
Water injected control oocytes did not express Kv

urrent and the Kv1.3-specific antibody did not label
heir plasma membrane (Fig. 6). In contrast, the anti-
ody did specifically label the plasma membrane of
ocytes injected with wild type cRNA (Fig. 6b) that had
xpressed Kv1.3 current. Furthermore, in oocytes ex-
ressing NT3-39 mutant channels, the immunofluores-
ence signal in the plasma membrane was dramati-
ally intensified (Fig. 6c).
A summary of the immunofluorescence and electro-

hysiological results for the three groups of oocytes is
hown in Fig. 6d. Water injected oocytes show negligi-
le current (0.16 6 0.02 mA at 160 mV, n 5 6 cells) and
inimal fluorescence (22.0 6 8.7, n 5 6 cells) when

ompared to oocytes injected with wild type Kv1.3
1.22 6 0.09 mA at 160 mV and fluorescence: 70.0 6
4.9, n 5 6 cells). However, oocytes injected with mu-
ant Kv1.3 show a seven-fold increase in current (8.5 6
.6 mA at 160 mV, n 5 6 cells) and exhibit a five-fold
ncrease in fluorescence (341.4 6 69.5, n 5 6 cells)
hen compared to the wild type. These data strongly

uggest that the mutation leads to a marked increase
n the density of functional channel proteins (N) in the
lasma membrane.
From these data we conclude that the NT3-39 mu-

ation increases whole cell current by up-regulat-
ng the density of channel protein in the plasma

embrane.

ngle channel conductance. Steady-state single channel records from
e or (b) NT3-39 mutant rabKv1.3 channels show that their unitary
sity appears to be higher in oocytes expressing the mutant. (c) The
mV and 140 mV yields a conductance of 8.7 pS and 10.0 pS for wild
l solution and patch pipettes were filled with low KCl solution.
f si
typ
en

40
KC
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ffect of Cytochalasin D, PKA, and PKC on Channel
Activity

Cytochalasin D: It is possible that, in vivo, Kv1.3
hannel protein density in the membrane is dynami-
ally regulated by intracellular signals that modulate
he phosphorylation state of the N terminus or its
nteraction with either the cytoskeleton or with as yet
nknown intracellular proteins. Since it is reasonable
o hypothesize that such a signal(s) would regulate
ild type and mutant channel activity differently, we

ested the effect of disrupting the actin cytoskeleton
ith cytochalasin D (5 mM). The data show that both
ild type (98.2 6 1%, at 180 mV, n 5 4) and NT3-39
utant channels (98.1 6 1%, at 180 mV, n 5 4) were

nhibited.

FIG. 7. NT3-39 mutant channels are regulated differently than wild
0 mM FK plus 1 mM IBMX) has an inhibitory effect on (a) wild type ch
enopus oocytes were injected with either 5 ng of wild type or NT3-39 m

he addition the indicated compounds. Currents were elicited by two-m
0 mV increments from a holding potential 280 mV with a 20 s interp

FIG. 6. Gain-in-function is due to an increase in channel prote
xpression in Xenopus oocytes was detected by immunofluorescence
s described in the Materials and Methods. Incubation with preimm
ild type or NT3-39 RNA injected oocytes (not shown). Representati
easured at Vcommand 5 160 mV for each individual oocyte are also ind

njected with 50 nl water yielded minimal voltage-gated current (0.1
ng wild type RNA; peak current of 1.22 6 0.09 mA (n 5 6 cells). (

n 5 6 cells). (d) Summary of immunofluorescence and current data
ignificantly more fluorescence (341.4 6 69.5 vs. 70 6 24.9, p , 0.00
5 6 cells) than those injected with wild type Kv1.3.
63
We also tested the effect of phosphorylation by pro-
ein kinase C (PKC) and protein kinase A (PKA) on
hole cell currents of oocytes injected with either wild

ype or NT3-39 mutant RNA.
PKC: Stimulation of endogenous PKC by 10 nM PMA

phorbol 12-myristate 13-acetate) led to a similar de-
rease in whole cell current of oocytes injected with either
ild type (94.6 6 1%, at 180 mV, n 5 4) or NT3-39 RNA

93 6 2%, at 180 mV, n 5 4). In contrast, 4a-phorbol-
2,13-didecanoate (10 nM, an inactive analogue of PMA),
ad no significant effect on currents in oocytes injected
ith either wild type (decreased by 9.5 6 4.9%, n 5 4) or
T3-39 RNA (decreased by 1.7 6 1.7%, n 5 4).
PKA: In contrast to PKC, stimulation of endogenous

KA activity by 10 mM forskolin and 1 mM IBMX

e channels. Stimulation of the cAMP second messenger pathway (with
nels (n 5 3), but tends to activate (b) NT3-39 mutant channels (n 5 3).
nt RNA. Peak current-voltage relationships are shown before and after
electrode voltage clamp using 500 ms pulses from 260 to 180 mV in

e interval to allow the channel to recover from inactivation.

density. Wild-type and NT3-39 mutant rabKv1.3 channel protein
ng a Kv1.3-specific primary antibody and a FITC-labeled secondary
e serum resulted in no detectable labeling of water injected control,
results obtained with immune serum are shown, and peak currents
ed. The scale bar in each panel represents 50 mm. (a) Control oocytes

0.02 mA) and fluorescence (n 5 6 cells). (b) Oocytes injected with
ocytes injected with 5 ng NT3-39 RNA; peak current 8.5 6 0.6 mA

three groups of oocytes. Oocytes injected with the mutant expressed
n 5 6 cells) and current (8.5 6 0.6 mA vs. 1.22 6 0.09 mA, p , 1026,
typ
an
uta
icro
uls
in
usi
un
ve
icat
6 6

c) O
for
5,
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urrent of oocytes expressing wild type channels (Fig.
a), but had no significant effect on oocytes expressing
T3-39 mutant channels (Fig. 7b). In contrast, an in-
ctive analog of forskolin (1,9 dideoxy-forskolin, 10
M) had no significant effect on currents in oocytes

njected with either wild type (decreased by 3.3 6 4.3%,
5 4) or NT3-39 RNA (decreased by 6.3 6 7.9%, n 5 4).
These data suggest, unlike NT3-39 mutant, wild type
v1.3 channel activity is down regulated because of

hannel phosphorylation or interaction of a phosphory-
ated protein with the channel. The gain-of-function in
T3-39 mutant could be partly due to the lack of consti-

utive inhibition by PKA, in which case one would expect
KA inhibitors to increase wild type channel current and

o have no effect on NT3-39 channels. That appears to be
he case since wild type Kv1.3 current increases by
5 6 3.1% in oocytes incubated for 20 min membrane
ermeant PKA inhibitors (H-8 5 mM, n 5 3 and H-89 200
M, n 5 3), while NT3-39 current remains unchanged.
owever, since the magnitude of the effect of PKA-
ependent phosphorylation processes on wild type chan-
el activity is small, we conclude that they play a minor
ole in the gain-of-function of the NT3-39 mutant.

ONCLUSION

We have discovered a region, T0 domain, at the N
erminus of rabKv1.3 (a.a. 3-39) that appears to regulate
teady state channel protein density in the plasma mem-
rane. Compared to wild type, deleting the T0 domain
eads to a 13-fold amplification of whole cell Kv current,
t least in part by increasing the absolute number of
hannel proteins present in the membrane but without
ffecting single channel conductance. It is important to
ote that a small increase in the open probability of
utant channels can not be excluded. This deletion does
ot affect inhibition of channel activity by PKC, but at-
enuates inhibition by PKA. We previoulsy excluded a
ole for clathrin-mediated endocytosis. but did not exam-
ne non-clathrin mediated endocytosis or changes in the
ates of insertion. Further studies are necessary to estab-
ish the precise mechanism(s) by which deletions in the N
erminus result in higher steady state channel density in
he membrane.

Our findings suggest that functional modulation of the
terminus of Kv1.3 may in part underlie the increase in
type current that occurs when T lymphocytes become

ctivated. In renal epithelia, rabKv1.3 may be involved in
1 reabsorption in the inner medullary collecting duct

IMCD). We have proposed that rabKv1.3 is localized to
he basolateral membrane (BLM) of IMCD cells where it
llows K1 exit and recycling under conditions when the
TP-sensitive K1 (KATP) channels in the BLM are closed

21). By affecting trafficking and/or lifetime of Kv1.3 in
he membrane, the N terminus of Kv1.3 may influence
64
els in the BLM.
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