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ABSTRACT The predominant  K + channel in human T lymphocytes is Kvl.3, which inacti- 
vates by a C-type mechanism. To study assembly of these tetrameric channels in Jurkat, a hu- 
man T-lymphocyte cell line, we have characterized the formation of heterotetrameric chan- 
nels between endogenous wild-type (WT) Kvl.3 subunits and heterologously expressed mu- 
tant (A413V) Kvl.3 subunits. We use a kinetic analysis of C-type inactivation of currents 
produced by homotetrameric channels and heterotetrameric channels to determine the dis- 
tribution of channels with different subunit stoichiometries. The distributions are well- 
described by either a binomial distribution or a binomial distribution plus a fraction of WT 
homotetramers, indicating that subunit assembly is a random process and that tetramers ex- 
pressed in the plasma membrane do not dissociate and reassemble. Additionally, endogenous 
Kvl.3 current is suppressed by a heterologously expressed truncated Kvl.3 that contains the 
amino terminus and the first two transmembrane segments. The time course for suppression, 
which is maximal at 48 h after transfection, overlaps with the time interval for heterotetramer 
formation between heterologously expressed A413V and endogenous WT channels. Our 
findings suggest that diversity o fK  + channel subtypes in a cell is regulated not by spatial segre- 
gation of monomeric pools, but rather by the degree of temporal overlap and the kinetics of 
subunit expression. 

I N T R O D U C T I O N  

H u m a n  T lymphocytes contain voltage-gated K + chan- 
nels (400-750 channels /ce l l  [Cahalan et al., 1985; 
Deutsch et al., 1986; Deutsch et al., 1991]). These chan- 
nels, composed  of  four  identical subunits (MacKinnon, 
1991), are encoded  by the Kvl.3 gene (Cai et al., 1992) 
and  de te rmine  the resting m e m b r a n e  potential  in hu- 
man  T cells (Leonard  et al., 1992). At its resting poten- 
tial of  - 7 0  mV (Deutsch et al., 1979; Rink et al., 1980; 
Gelfand et al., 1984), the T cell has an extremely high 
input  impedance,  ~ 2 0  Gohms,  and thus opening  of  
only one K + channel  is sufficient to drive the mem-  
brane  toward more  negative m e m b r a n e  potentials (Lee 
et al., 1992). At least two impor tan t  functions in the T 
cell depend  on m e m b r a n e  potential.  First, volume reg- 
ulation in response to hypotonic  shock is de te rmined  
by electrochemical driving forces (Grinstein and Smith, 
1990; Deutsch and Chen,  1993), and  second, mitogenic 
interleukin-2 product ion  and proliferation is sensitive 
to m e m b r a n e  potential,  thus implicating a role for 
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Kvl.3 in mitogenesis (Bono et al., 1989; Freedman et 
al., 1992; Lin et al., 1993). There fore  it is impor tan t  to 
unders tand  what governs not  only the biophysical 
propert ies  of  these channels  but  also the format ion  of  
functional K + channels. The  density of  K + channels  at 
the surface of the cell depends  on transcriptional and 
translational regulation of  subunits, their association to 
form tetramers,  and the integrat ion of  these tetramers 
into the plasma membrane .  How and where Kvl.3 sub- 
units assemble is not  known, nor  whether  these tet- 
rameric  channels  in the plasma m e m b r a n e  are in equi- 
l ibrium with m o n o m e r i c  pools of  subunits. For most  
plasma m e m b r a n e  proteins mult imerizat ion occurs 
posttranslationally in the endoplasmic ret iculum (ER) 
and is often a prerequisite for  efficient expor t  of  these 
proteins f rom the ER (Doms et al., 1993; Hurt ley and 
Helenius, 1989). Proper  folding of  protein subunits 
produces  the required topology for specific quaternary 
contacts allowing mult imerizat ion between appropr ia te  
assembly partners.  The  time for assembly of  different 
proteins ranges f rom minutes to hours  after synthesis 
(Carlin and Merlie, 1986). Although the ER is the pri- 
mary site of  multimerization,  o ther  compar tments  later 
in the secretory pathway can host fur ther  assembly re- 
actions (Rotundo,  1984; Sporn et al., 1986). 
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C o m p a r e d  to  o t h e r  m e m b r a n e  p r o t e i n s  (e.g. ,  re-  

c e p t o r s ,  e c t o e n z y m e s ,  v i ra l  a n t i g e n s ,  M H C  a n t i g e n s ,  

Na+,K+-ATPases )  a n d  s e c r e t o r y  a n d  ly sosoma l  p r o t e i n s  

(e,g.,  i m m u n o g l o b u l i n s ,  g l y c o p r o t e i n  h o r m o n e s ,  ex t ra -  

c e l l u l a r  m a t r i x  c o m p o n e n t s ) ,  a s s e m b l y  o f  v o l t a g e - g a t e d  

i o n  c h a n n e l s  in  g e n e r a l ,  a n d  K + c h a n n e l s ,  in  pa r t i cu -  

lar,  has  n o t  b e e n  w e l l - c h a r a c t e r i z e d .  ( H o w e v e r ,  see  Li  

e t  al., 1992; S h e n  e t  al., 1993; Bab i l a  e t  al., 1994; H o p -  

k ins  e t  al., 1994; L e e  e t  al., 1994; S a n t a c r u z - T o l o z a  e t  

al., 1994; S h e n  a n d  P fa f f inge r ,  1995; T u  e t  al., 1995).  

T o  d e t e r m i n e  (a) w h e t h e r  e n d o g e n o u s  s u b u n i t s  c a n  as- 

s e m b l e  wi th  h e t e r o l o g o u s l y  t r a n s f e c t e d  subun i t s ,  (b) 

w h e t h e r  t e t r a m e r i c  c h a n n e l s  in  t h e  p l a s m a  m e m b r a n e  

e v e r  d i s soc ia te ,  a n d  (c) w h e t h e r  a s s e m b l y  o f  e n d o g e -  

n o u s  c h a n n e l s  c a n  be  s u p p r e s s e d  by t r u n c a t e d  K v l . 3  

p e p t i d e s ,  we h a v e  a n a l y z e d  m i x e d  K + c h a n n e l  te t ra-  

m e r s  tha t  a r e  f u n c t i o n a l l y  d i s t i n g u i s h a b l e .  W e  h a v e  p re -  

v ious ly  u s e d  this  a p p r o a c h  to s h o w  tha t  all  f o u r  sub-  

un i t s  o f  t h e  t e t r a m e r i c  K v l . 3  p a r t i c i p a t e  c o o p e r a t i v e l y  

in  C- type  i n a c t i v a t i o n  (Panyi  e t  al., 1995) .  I n  t h e s e  ex-  

p e r i m e n t s ,  wi ld- type  a n d  m u t a n t  K v l . 3  h o m o -  a n d  he t -  

e r o t e t r a m e r i c  c u r r e n t s ,  e a c h  m a n i f e s t i n g  m a r k e d l y  dif- 

f e r e n t  a n d  i d e n t i f i a b l e  i n a c t i v a t i o n  k ine t i cs ,  w e r e  p ro -  

d u c e d  h e t e r o l o g o u s l y  in  a m u r i n e  l y m p h o i d  e x p r e s s i o n  

system. A k ine t i c  analysis  o f  t he se  c u r r e n t s  p e r m i t t e d  

c h a n n e l  s u b u n i t  c o m p o s i t i o n  a n d  its c o n s e q u e n c e s  f o r  

c h a n n e l  g a t i n g  to b e  d e t e r m i n e d .  I n  this  p a p e r ,  we use  

a s imi la r  s t ra tegy  in  J u r k a t  cells,  a h u m a n  T ce l l  l euke -  

m i a  l i ne  t h a t  e x p r e s s e s  e n d o g e n o u s  K v l . 3  ( D e c o u r s e y  

e t  al., 1985),  to  s tudy  K + - c h a n n e l  assembly .  

M A T E R I A L S  A N D  M E T H O D S  

Transfection of Jurkat Cells 

Jurkat cells, transformed with SV-40 large T antigen (TagC15; 
Northrop et al., 1993), were cultured at <1 • 106/ml and pas- 
saged every 2-3 d. Twenty-four hours before transfection, cells 
were transferred to fresh media, and collected in the logarithmic 
phase of growth. Cells were suspended in Hank's-20 mM HEPES 
balanced salt solution +10% FBS (pH = 7.23) at 1.4 • 107 cells/ 
ml, and the appropriate plasmid DNA was added to the cell sus- 
pension (see below). The cell suspension was transferred to elec- 
troporation cuvettes (400 txl/cuvette, 4-mm electrode gap), kept 
on ice for 10 min, and then electroporated using a BTX-elec- 
troporator (San Diego, CA) with settings previously determined 
to give "-~50% viability at 24 h after transfection (875 V/cm,  2200 
ixF, 13D.). The resultant time constants were 24-25 ms. Cells were 
incubated for an additional 10 min on ice, transferred back to 
culture medium at ~0.5 • 10 6 cells/ml, and cultured for 6-72 h 
at 37~ 5% COx. 

For transient transfection of cells with Kvl.3 (A413V), a double- 
gene plasmid encoding the mutant K + channel and a membrane 
surface molecule, human CD20, (pRc/CMV/A413V/CD20, 8.7 
kb) was added to the cell suspension in different concentrations 
(8-25 riM) before electroporation. Construction of the double- 
gene plasmid and the mutation of alanine to valine at position 
413 was described by Panyi et al. (1995). 

For suppression experiments, a double-gene plasmid encoding 
a truncated K + channel (only the first 866 NH2-terminal bases of  
Kvl.3 corresponding to the NH 2 terminus and the first two trans- 
membrane segments of the channel protein) and a membrane 
surface molecule, mouse CD4 (pRc/CMV/Kvl .3(+866)/mCD4,  
8.8 kb), were added (25 nM) to the cell suspension before elec- 
troporation. Construction of the double-gene plasmid and the 
deletion mutation of Kvl.3 has been described in Tu et al. 
(1995). Control cells for these experiments were transfected with 
25 nM of pRc/CMV/mCD4 (6.8 kb; Tu et al., 1995). Transfec- 
tion of, and current recording from, control samples were shifted 
3 h later than experimental samples to ensure that cells were cul- 
tured for equal periods of time between transfection and current 
recording. 

Electrophysiology 

Jurkat cells were collected from culture and incubated for 30 rain 
on ice with phosphate buffered saline (PBS) supplemented with 
5% fetal bovine serum, which also contained 2% rabbit serum 
and 2% goat serum to block nonspecific Fc receptor binding of 
the antibodies used for selectively adhering the transfected cells. 
Cells expressing human CD20 or mCD4 were adhered to 35-ram 
petri dishes coated with monoclonal mouse ant i-human CD20 
antibody (Immunotech, Westbrook, ME) or monoclonal rat 
anti-mouse CD4 (PharMingen, San Diego, CA), respectively, for 
45 rain at room temperature as described previously (Matteson 
and Deutsch, 1984; Deutsch and Chen, 1993). Dishes were 
washed gently seven times with 1 ml of PBS and twice with 1 ml of 
normal extracellular bath medium (see below). Standard whole- 
cell patch-clamp techniques were used, as described previously 
(Matteson and Deutsch, 1984). Pipettes were made from SG10 
glass (Richland Glass Co., Richland, NJ), coated with Sylgard 184 
(Dow Corning, Midland, MI), and fire-polished to give electrodes 
of 2-3.3 MI~ resistance in the bath. The bath solution was (in 
mM): 145 NaC1, 5 KC1, 1 MgC12, 2.5 CaC12, 5.5 glucose, 10 
HEPES, (pH 7.35, 305 mOsm). The pipette solution was (in 
mM): 130 KF, 11 KzEGTA, 1 CaCI2, 2 MgCI2, and 10 HEPES (pH 
7.20, 282 mOsm). Because of  the large amplitude of  K + currents 
in transfected cells, we used up to 85% compensation of the se- 
ries resistance. Holding potential was -120  mV. Current record- 
ings were started 2-5 rain after achieving the whole-cell configu- 
ration and continued for 12-15 min. In most cases the character- 
istics of the K + current were stable during this recording period. 
All experiments were carried out at room temperature. 

Data Analysis 

Before analysis, current traces were corrected for ohmic leak and 
for voltage error caused by series resistance (program by D. Levy 
and G. Panyi) according to Panyi et al. (1995). Since both peak 
conductance and inactivation kinetics of Kvl.3 are voltage inde- 
pendent  at membrane potentials > + 2 0  mV, the corrected cur- 
rent traces for data obtained at +50 mV can be used to deter- 
mine inactivation time constants. Voltage errors due to series 
resistance were typically < 8 inV. 

The fraction of noninactivated channels (R, Eq. 1) was deter- 
mined from the ratio of steady state to peak current  after a de- 
polarization to +50 inV. However, we had to correct for an aver- 
age 13 pA leakage current  in these Jurkat cells to account for 
the systematic tendency for large measured R values seen with 
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small peak currents (data not shown). After correcting R for 
this leakage current, there was no statistical difference (P = 
0.06, Kruskal-Wallis ANOVA) in R values between WT homotet- 
ramers (median R was 0.029, n = 22), A413V homotetramers 
(median R was 0.016, n = 74), and mixtures of homo- and het- 
erotetramers (median Rwas 0.024, n = 73). 

Inactivation of K + currents at +50 mV was fit, as described in 
Results, according to the cooperative model in Panyi et al. (1995). 
The Marquardt-Levenberg algorithm was used to fit the appropri- 
ate equations to the decaying portion of the current traces. The 
fits were evaluated by the sum of squared differences between the 
measured and calculated data points [SSE = '~(y-~ )2]. 

The distribution of the peak currents and the time constants 
were non-Gaussian (P < 0.05, Kolmogorov-Smirnov test) unless 
otherwise stated. Accordingly, the central tendency and disper- 
sion of the data are reported as the median and the 25 and 75 
percentile values, respectively, and the statistical comparisons 
were made using the appropriate nonparametric tests. 

We classified transfected cells into three types, those express- 
ing predominantly (a) homotetrameric wild-type (WT) Kvl.3, (b) 
homotetrameric A413V mutants, and (c) heterotetramers, using 
criteria based on the expected properties of the homotetramers. 
WT Kvl.3 currents in cells transfected only with mCD4 had inac- 
tivation time constants of 150.8 + 36.3 ms (mean -4- SD). We se- 
lected a lower boundary for the WT time constant of 96 ms, 
which is 1.5 • SD below the mean. This critical value is expected 
to include > 93% of cells expressing only WT channels. The up- 
per range of inactivation time constant for currents produced by 
A413V mutant homotetrameric channels inJurkat cells is 5.48 ms 
(see Results). A sum of two exponential terms were fit to the cur- 
rent traces 

- t/'rf + - t/'r 
l(t) = Af•  A s •  ~+ C, 

and the dominant time constant (i.e., the term containing the 
larger value of A) was compared to the lower and upper limits of 
WT and A413V inactivation time constants, respectively. A cell 
with a dominant inactivation time constant < 5.48 ms or > 96 ms 
was considered to express predominantly A413V or WT homotet- 
ramers, respectively. A dominant inactivation time constant be- 
tween 5.48 ms and 96 ms was an indication that a cell expressed 
heterotetramers of WT and mutant subunits. 

To evaluate the probability that a heterotetramer had a time 
constant outside of this range, we used a bootstrap method to 
estimate the distribution of the fastest and slowest time con- 
stants expected for heterotetramers (i.e., "r~ and "r 1, see Results). 
This method is used to estimate the variance of a parameter de- 
rived from a nonparametric population (Efron and Tibshirani, 
1984). As we show below, the distribution of inactivation time 
constants for A413V homotetramers is non-Gaussian. To esti- 
mate the expected range of heterotetrameric time constants 
from our measured data for homotetramers, we created a so- 
called bootstrap distribution. This distribution was obtained by 
random sampling with replacement of the inactivation time 
constants from cells expressing either homotetrameric A413V 
mutants or WT homotetramers, for each sampled pair of time 
constants and calculating "q and v~ from Eq. 2. Repeating this 
procedure 1,000 times, we generated a bootstrap population of 
1,000 pairs of -r~ and v3. The probability of a heterotetramer 
having an inactivation time constant out of the 5.48-96-ms 
range for this population was < 10 -6. 

R E S U L T S  

Diversity of Currents Exhibited by Jurkat Cells Transfected 
with A 413 V Channel Gene 

T o  d e t e r m i n e  w h e t h e r  e n d o g e n o u s  WT Kvl .3  subuni ts  

can f o r m  h e t e r o t e t r a m e r i c  channe l s  with he te ro lo -  

gously expressed  subunits ,  we have t ransfec ted  Ju rka t  

cells with a d o u b l e - g e n e  p lasmid  e n c o d i n g  b o t h  a mu-  

tant  K + c h a n n e l  (Kvl .3(A413V))  and  a m e m b r a n e - s u r -  

face p ro te in ,  h u m a n  CD20 (hCD20) .  T rans fec t ion  with 

d o u b l e - g e n e  plasmids  maximizes  the  co t rans fec t ion  ef- 

f ic iency o f  an t ibody-se lec ted  cells (Tu et  al., 1995). T h e  

Kvl .3(A413V) K + c h a n n e l  was c h o s e n  because  the  gat- 

ing  p rope r t i e s  o f  this m u t a n t  p e r m i t  func t iona l  t agg ing  

o f  m u t a n t  subuni ts  in the p r e sence  o f W T  Kvl .3  (Panyi 

et  al., 1995). H u m a n  CD20 was c h o s e n  as the cell sur- 

face m a r k e r  because  it is e n d o g e n o u s l y  p r e sen t  only on  

h u m a n  B cells, and  t h e r e f o r e  can be  used  in T cells re- 

gardless o f  species. 

Kvl .3  (A413V) expressed  he t e ro logous ly  in CTLL-2, a 

m o u s e  cytotoxic  T cell  l ine  devo id  o f  e n d o g e n o u s  K + 

channe l s  (Deutsch  a n d  Chen ,  1993), p r o d u c e s  c u r r e n t  

at + 5 0  mV with very fast inact iva t ion  ( inact ivat ion t ime 

constant ,  Tinac t ~ 4  ms) c o m p a r e d  to wild-type Kvl .3  

('rinact ~ 2 0 0  ms).  We have used  this k inet ic  d i f f e rence  to 

d e t e r m i n e  the subun i t  c o m p o s i t i o n  o f  he t e ro logous ly  

expressed  channe l s  de r ived  f r o m  mix tu res  o f  WT a n d  

A413V Kvl .3  subuni ts  in CTLL-2 (Panyi e t  al., 1995). 

We app l i ed  a s imilar  analysis to establish w h e t h e r  het-  

e r o t e t r a m e r i c  channe l s  are  f o r m e d  in J u r k a t  cells be- 

tween e n d o g e n o u s  Kvl .3 (WT)  and  h e t e r o l o g o u s  Kvl .3  

(A413V). 

Whole-ce l l  c u r r e n t  e l ic i ted  by a depo la r i za t ion  to 

+50  mV is shown in Fig. 1 for  six J u r k a t  cells trans- 

fec ted  with the d o u b l e - g e n e  plasmid.  T h e  t ime courses  

o f  inact iva t ion  for  traces a and  b were  well-fit with a sin- 

g l e - exponen t i a l  f unc t i on  to give inac t iva t ion  t ime  con-  

stants (~'inact) o f  3.5 ms and  161.5 ms, and  are charac ter -  

istic o f  cu r ren t s  p r o d u c e d  by h o m o t e t r a m e r i c  A413V 

and  WT channe ls ,  respect ively (see below).  Traces  c 

and  d show m o n o p h a s i c  inact iva t ion  which,  for  illustra- 

tive purposes  only, was es t ima ted  in each  case by a sin- 

g l e - exponen t i a l  func t ion  to give inact iva t ion  t ime con- 

stants o f  10.6 ms and  31 ms, respectively.  I n t e r m e d i a t e  

inact ivat ion kinetics,  as observed  for  cells c a n d  d, are  

character is t ic  o f  cu r ren t s  ca r r i ed  by mix tu res  o f  h o m o -  

and  h e t e r o t e t r a m e r i c  channe l s  f o r m e d  f r o m  A413V 

and  WT Kvl .3  subuni ts  (Panyi et  al., 1995). By contrast ,  

a m ix tu r e  o f  two separa te  popu la t i ons  o f  h o m o t e t -  

r amer ic  WT and  A413V channe l s  with very d i f fe ren t  in- 
act ivat ion kinet ics  wou ld  p r o d u c e  a c u r r e n t  decay char-  

ac te r ized  by biphasic  kinet ics  a n d  desc r ibed  by the  sum 

o f  two e x p o n e n t i a l  terms,  each  c o n t a i n i n g  inact iva t ion  

t ime constants  character is t ic  for  WT and  A413V. Such 

an e x a m p l e  is shown in e. Finally, f s h o w s  a n o t h e r  type 
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of  biphasic c u r r e n t  that  is qualitatively, bu t  no t  quant i -  

tatively, s imilar  to the trace in  e. The  slow phase of  the 
decay is ident ica l  to that  expec ted  for pu re  WT cur ren t ,  

bu t  the fast c o m p o n e n t  of  the decay is slower t han  ex- 
pec ted  for a pu re  A413V cur ren t .  Fu r the r  analysis of  
this case is p rov ided  below. This wide variety of  inactiva- 

t ion  kinetics, i l lustrated in Fig. 1, a - f  reflects differ- 

ences  in  DNA plasmid  concen t ra t ions ,  efficiency of  
t ranscr ip t ion  a n d  t rans la t ion  he terogenei ty ,  t imes after 

the t ransfect ion,  a n d  d i f fe rent  levels o f  e n d o g e n o u s  
WT c h a n n e l  express ion  (see below a n d  Discussion).  

Analysis of Heterotetrameric Currents 

Using a statistical analysis of  currents  p r o d u c e d  by a 

mix ture  of homo-  a n d  he te ro te t ramer ic  Kvl.3 channe l s  
assembled f rom WT a n d  A413V subuni t s  in  CTLL-2, we 
previously d e m o n s t r a t e d  that  the mix ture  of c h a n n e l  

types in  the  p lasma m e m b r a n e  conforms  to a b inomia l  
d is t r ibut ion  (Parryi et al., 1995). Assuming  a b inomia l  

d is t r ibut ion  for the fo rma t ion  of  he te ro te t ramer ic  chan-  
nels  f rom WT a n d  A413V subuni ts ,  the no rma l i zed  cur- 

r en t  can  be descr ibed by the following equa t ion :  

naa =3.6  ms 

15m$ l 

C 

1;i.=~ =10.6  ms 

<= 

04 

150 ms 
- _  

e 

l:f = 4.7 ms 

~:s = 141 ms 

<~ 

225 ms 

b 
~',naa =161 .5  ms 

d 
~:inact =31 ms 

<= 

04 

~ _  300 ms 

f 
~:f = 8.4 ms 

1: s = 210 ms 

8 
U ' )  

225 ms 

F]~-GURE 1. Whole-cell K + 
currents in J~rkat Tag C15 
cells transferred with Kvl.3 
(A413V). (a-d) Cells were 
transfected with Kvl.3 
(A413V)/CD20 double-gene 
plasmid (25 nM). After 48- 
72 h currents were elicited by 
a voltage step from the hold- 
ing potential of -120 to +50 
raM. The current traces were 
corrected for ohmic leak and 
voltage error caused by series 
resistance as described in the 
Materials and Methods. The 
best fit single-exponential time 
constant ('rm~ct) is indicated 
for each cell. Note difference 
in time and current scales. 
Sampling frequency, cell ca- 
pacitance and series resis- 
tance were (a) 31.25 kHz, 3.1 
pF, and 4.2 MI~; (b) 666 Hz, 
5.7 pF, and 10.2 M~; (c) 2.66 
kHz, 10 pF, and 5.6 Mr; and 
(d) 1 kHz, 12 pF, and 11 MYt, 
respectively. (e-J) Cells were 
transfected with Kv1.3 
(A413V)/CD20 double-gene 
plasmid (8 nM), and cur- 
rents were recorded 6 h after 
the transfection as described 
for a-d. The sum of two expo- 
nential functions was fit to the 
current decays to give the fast 
('r 0 and the slow (%) compo- 
nents of the inactivation, 
which are displayed in the fig- 
ure. Sampling frequency, cell 
capacitance and series resis- 
tance were (e) 3.9 kHz, 2.2 
pF, and 7.5 MI]; ~ 3.9 kHz, 
3.2 pF, and 0.9 MI~, respec- 
tively. R values were 0.027, 
0.027. 0.015, 0.04, 0.004, and 
0.004 for a-f respectively. 
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4 / I ( t )  = ~- '0  54 m -7~ /peak , ( 1 -- R) e + 
(1) 

= 4! m 

where B4,,, m! (4 - m) ! p ( 1 - p) 4-,,., 

p is the estimated fraction of  mutant  subunits in the cell 
membrane;  m indicates the number  of  mutant  (A413V) 
subunits in a given channel; and R is the ratio of  steady 
state current  to peak current  measured for each trace. 
The inactivation time constant characteristic for each 
heterotetramer (~'m) can be calculated from experi- 
mentally determined T o and "r the inactivation time 
constants for WT and A413V homotetrameric  currents, 
respectively, according to Panyi et al. (1995): 

,0 
a" m - where f = 4 �9 (2) 

F d /~T 4 

Although we had previously determined To and "r 4 in 
CTLL-2 cells, it is possible that these time constants are 
different in Jurkat  cells. Therefore, we determined "r 0 
for endogenous  Kvl.3 channels in Jurkat  cells trans- 
fected with mCD4 (control) and r4 as described below. 
The distribution of  % at +50 mV test potential was 
Gaussian (P = 0.75, Kolmogorov-Smirnov test) with a 
mean -+ SD of  150.8 -+ 36.3 ms (n = 46), and a median 
of  151.3 ms. 

Since we cannot  express A413V channels in Jurkat  
cells in isolation due to the presence of  endogenous  
WT genes, we have determined T 4 in ceils where the 
level of  the endogenous  WT current  was negligible as 
compared to the current  carried by transfected A413V 
channels. The peak endogenous  WT current  at +50 
mV in cells transfected with mCD4 (control) had small 
amplitudes with a median of  321 pA (n = 84, 25 per- 
centile = 213 pA, 75 percentile = 525 pA). In cells 
transfected with A413V subunits we were able to record 
currents with at least an order  of  magnitude higher am- 
plitude. To obviate the influence of  heterotetramers on 
the determination of  '1" 4 we considered only those cur- 
rent traces where the peak current  at +50 mV was > 5 
hA. This limit is reasonable, since it is ~15  times higher 
than the median peak current  produced by endoge- 
nous WT channels and approximately three times 
higher  than the highest current  amplitude (1747 pA at 
+50 mV) recorded from control (mCD4-transfected) 
cells. Out  of  23 cells expressing currents > 5 nA, 20 
showed current  with single-exponential inactivation ki- 
netics and three cells showed a biphasic current  decay. 
These three current  traces were each fit with a sum of 
two exponentials to resolve the fast (Tf) and the slow 
(%) components  of  decay, as described in the Materials 
and Methods. In all three cells the inactivation time 
constant for the slow componen t  was greater than 96 
ms, corresponding to WT current  (see Materials and 

Methods section), and the ratio of  the amplitude of  the 
WT componen t  to the fast componen t  was < 0.05. The 
distribution of  the time constants derived from either 
single-exponential fits (20 cells) or double-exponential 
fits (three cells, "~f) had a median of  3.52 ms and a 
range from 2.56 ms to 5.48 ms. These results are in 
good agreement  with our  previous values obtained 
from pure homotetrameric  A413V channels expressed 
in CTLL-2 cells, for which the median of  the inactiva- 
tion time constant was 4.02 ms (Panyi et al., 1995). We 
have compared the distribution of  the time constants 
for pure homotetrameric  A413V currents in CTLL-2 
and Jurkat cells and found no significant difference in 
the median values (P > 0.05, Mann-Whitney U-test). 
Thus, these results indicate that the criterion used to 
determine T 4 accurately identifies currents that are 
pure homotetrameric  A413V. 

Based on these results we set the upper  limit of  the 
inactivation time constants for homotetrameric  A413V 
current  to 5.48 ms, the slowest time constant that we 
found in cells expressing currents > 5 nA at +50 mV. 
We have tested the validity of  this boundary condition 
experimentally as follows. Since the steady state inacti- 
vation of  current  carried by homotetrameric  A413V 
channels is complete at - 7 0  mV holding potential (G. 
Panyi and C. Deutsch, unpublished results), we have 
compared the current  elicited by depolarizations to 
+50 mV from a holding potential (HP) of  - 1 2 0  mV to 
that elicited from a HP of  - 7 0  mV in seven cells ex- 
pressing current  with Tf < 5.48 ms. A representative ex- 
periment  is shown in Fig. 2 a. Depolarization from a 
HP of  - 7 0  mV produces a current in which the fast in- 
activation rate completely disappears and the slow com- 
ponent  remains unchanged.  In all seven cells the fast 
componen t  of  the current decay at +50 mV vanished 
when the cell was held at - 7 0  mV, indicating that this 
fast componen t  was due primarily to homotetrameric  
A413V channels. Fig. 2 b shows that identical changes 
in the holding potential in a cell expressing only WT 
channels affects neither the current  amplitude nor  the 
inactivation kinetics. 

Using Eq. 2 with T0 = 150.8 ms and T 4 = 3.52 ms, we 
have calculated inactivation time constants "r a = 59 ms, 
T 2 = 23 ms and ~r~ = 9 ms, for channels containing 1, 2, 
and 3 mutant  subunits, respectively. These values along 
with T0 and T 4 were substituted into Eq. 1 and used to fit 
the decaying part of  the normalized current traces 
shown in Fig. 3. The fitted parameter  is p, the fraction 
of  mutant  subunits in the membrane.  Fig. 3 shows that 
Eq. 1. gives good fits for some traces (i.e., a and b) but 
does not fit others (i.e., c and d), indicating that the bi- 
nomial distribution does not  always describe the distri- 
bution of  channel subtypes. The cells in a and b differ 
in the calculated p values, i.e., for the cell shown in a 
the fraction of  mutant  subunits is 0.80 while for the cell 
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a 

HP = - 1 2 0  mV 

4 0  ms 

b 

FIGU~ 2. Separation of the fast and the slow component of the 
current by changing the holding potential. (a-b) Cells were trans- 
fected with Kv1.3(A413V)/CD20 double-gene plasmid (25 nM). 
After 24 (a) or 48 h (b) currents were recorded using whole-cell 
patch clamp, and traces were corrected for ohmic leak and voltage 
error caused by series resistance as described in the Materials and 
Methods. (a) This cell expressed a combination of rapidly and 
slowly inactivating current. Currents were elicited by voltage steps 
to + 50 mV from holding potentials (HP) of - 120 mV or - 70 mV 
as indicated in the figure. Fitting the function 

--t/'rf - t / x  s 

AfXe + A s •  + C  

to the current decay gave "r e = 4.42 ms and "rs = 210 ms inactivation 
time constants for the rapid and slow components, respectively, 
and a ratio of As to Af of 0.065. The current elicited by a step to 
+ 50 mV from -70  mV holding potential could be well-fit with a 
single-exponential function with a time constant of "rinact = 186.5 
ms. Sampling frequency, cell capacitance and series resistance 
were 1 kHz, 3.5 pF and 8.3 MI~, respectively. The R values are 
0.002 and 0.028 for holding potentials of -120 and -70  mV, re- 
spectively. (b) This cell expressed slowly inactivating current only. 
Currents were elicited by voltage steps to +50 mV from HP of 
-120 mV or -70  mV as indicated in the figure. Currents elicited 
from both holding potentials were well-fit by a single-exponential 
function with a time c o n s t a n t  o f" r inac  t = 142 ms (HP = -120 mY) 
and "rinact = 154 ms (HP = -70  mV). Sampling frequency, cell ca- 
pacitance, and series resistance were 666 Hz, 6.6 pF, and 6.8 MII, 
respectively. The R values are 0.06 for both holding potentials of 
-120 and -70  mV. 

shown in b the  f r ac t ion  o f  m u t a n t  subuni t s  is 0.5. Re- 
gard less  o f  the  value  o f  p, the  f u n c t i o n  de r ived  f r o m  a 
b i n o m i a l  d i s t r i bu t i on  gives e x c e l l e n t  fits to the  data .  
However ,  very p o o r  fits were  o b t a i n e d  for  t races  w h e r e  
the  c u r r e n t  inac t iva t ion  h a d  a c lear ly  b iphas i c  charac-  
ter,  as can  be  seen  in  Fig. 3 c. Fi t t ing  a sum o f  two expo-  
nen t i a l  func t ions  to the  t race  r e su l t ed  in a fast c o m p o -  
n e n t  with "rf = 7.7 ms ( >  "r4) a n d  a slow c o m p o n e n t  
with "r 0 = 194 ms, i n d i c a t i n g  the  p r e s e n c e  o f  he t e ro t e t -  
r a me r i c  c h a n n e l s  r e spons ib l e  for  the  fast c o m p o n e n t  o f  
the  decay.  Because  J u r k a t  cells const i tu t ively  express  
e n d o g e n o u s  K + c h a n n e l s  a t  var iab le  levels (see above) ,  
these  c h a n n e l s  may  a l r eady  be  p r e s e n t  in the  p l a s m a  
m e m b r a n e  when  newly f o r m e d  h o m o -  a n d  he t e ro t e t -  
r a m e r i c  c h a n n e l s  a re  i n s e r t e d  in to  the  p l a s m a  m e m -  
b rane .  I f  the  p o r t i o n  o f  these  " p r e f o r m e d "  c h a n n e l s  is 
s ignif icant ,  t hen  a slow inac t iva t ion  phase  will be  ob-  
served.  We have m o d i f i e d  Eq. 1 to i nc lude  a t e rm  d u e  
to the  p r e s e n c e  o f  p r e f o r m e d  W T  channe l s :  

4 / 0 / I (t)  ~ "  - "m 
/peak ( l -  A) ( 1 -  R) e + R 

(3) 

( / + A  ( 1 - R ) e  " ~  , 

whe re  A r e p r e s e n t s  the  f rac t ion  o f  p r e f o r m e d  channe l s .  
F i t t ing  Eq. 3 to the  inac t iva t ing  p h a s e  o f  c u r r e n t  t races  
c a n d  d in  Fig. 3 gave e x c e l l e n t  fits, r ega rd les s  o f  the  
value  o f  A. Fo r  a p p r o x i m a t e l y  the  same d i s t r i bu t ion  o f  
h o m o -  a n d  h e t e r o t e t r a m e r i c  c h a n n e l s  (p = 0.84 a n d  
0.79 for  c a n d  d, respect ively) ,  the  f rac t ion  o f  pre-  
f o r m e d  c h a n n e l s  was 0.22 a n d  0.10, respect ively.  T h e  
f rac t ions  o f  p r e f o r m e d  c h a n n e l s  for  the  cells shown in 
Fig. 3, a a n d  b were  essent ia l ly  0. Us ing  Eq. 3, we have 
successful ly fit h e t e r o t e t r a m e r i c  c u r r e n t s  for  26 cells. 
T h e  p values  r a n g e  f rom 0.19 to 0.88 a n d  the  A values  
r a n g e  f r o m  0 to 0.5. T h e  values o f p  a n d  A a re  h igh ly  re- 
p r o d u c i b l e  wi th in  a s ingle  cell.  Dup l i ca t e  pulses  to + 5 0  
mV, s e p a r a t e d  by 3 min ,  gave cu r r en t s  tha t  c o u l d  be  fit 
with p a n d  A values  tha t  d i f f e red  by 0.007 + 0.011 a n d  
0.006 + 0.006 (+- SEM, n = 15),  respect ively.  

Distribution of  Channel Subtypes 

As d e m o n s t r a t e d  in Figs. 1 a n d  3, cells t r ans fec t ed  with 
the  A413V c h a n n e l  g e n e  express  a diversi ty o f  cur ren t s ,  
wh ich  as shown above,  can  be  stat ist ically ana lyzed  to 
iden t i fy  the  s u b p o p u l a t i o n s  o f  h o m o -  a n d  he t e ro t e t -  
r a m e r i c  channe l s .  T h e  d i s t r i bu t i on  o f  these  s u b p o p u l a -  
t ions  is d e t e r m i n e d  ma in ly  by the  relat ive concen t r a -  
t ion  o f  A413V a n d  W T  subuni ts ,  wh ich  are,  in turn ,  in- 
f l u e n c e d  by the  ini t ia l  D N A  c o n c e n t r a t i o n  used  to 
t ransfec t  the  cells, the  relat ive k ine t ics  a n d  m a g n i t u d e  
o f  s u b u n i t  f o r m a t i o n ,  d e g r a d a t i o n  rates  a n d  the  t ime  
af ter  t ransfec t ion .  T h e s e  factors  mos t  l ikely a c c o u n t  for  

414 K + Channd Assembly in T Cells 

 on M
arch 31, 2009 

jgp.rupress.org
D

ow
nloaded from

 

 Published March 1, 1996

http://jgp.rupress.org


150 ms 

C 

150 ms 

200 ms 

100 ms 

FIGURE 3. Whole-cell currents fromJurkat Tag C15 cells express- 
ing mixtures of WT/A413V homo- and heterotetramers. In a--d 
four different cells were transfected with Kvl.3(A413V)/CD20 
double-gene plasmid (25 nM) and patch-clamped 24-72 h later. 
Currents were elicited by a voltage step to +50 mV from the hold- 
ing potential of -120 mV. The current traces were corrected for 
ohmic leak and voltage error caused by series resistance as de- 
scribed in the Materials and Methods, and were normalized to 
their respective peak ( ). The decaying part of the currents was 
fit using Eq. 3. (a) This cell has a capacitance of 10 pF, series resis- 
tance of 5.6 Mgl, peak current of 848 pA and the sampling fre- 
quency was 2.66 kHz. Eq. 3 gave an excellent fit to the data ( . . . .  ) 
with p = 0.8 and A = 0.03; and the sum of squared errors was 
(SSE) 0.1. Differences in p and A values determined from dupli- 
cate pulses were -0.05 and -0.01, respectively. (b) This cell has a 
capacitance of 12 pF, series resistance of 11 Mg~ and peak current 
of 742 pA. The sampling frequency was 1 kHz. Eq. 3 gave an excel- 
lent fit to the data ( . . . .  ) with p = 0.50, A = 0, and the SSE was 
0.06. When A = 0, Eq. 3 equals Eq. 1; therefore in a and b the 
dashed lines represent both the fits of Eq. 1. or Eq. 3 to the data. 
Differences in p and A values determined from duplicate pulses 
were -0.05 and 0, respectively. (c) This cell has a capacitance of 
4.7 pF, series resistance of 16 MII and peak current of 345 pA. The 
sampling frequency was 2.66 kHz. Eq. 3 gave an excellent fit to the 
data ( . . . .  ) with p = 0.84, A = 0.22, and the SSE was 0.4. IfA = 0, 
then Eq. 3 becomes Eq. 1 and gives a poor fit ( . . . . . .  ) with p = 
0.57 and the SSE was 2.76. Differences in p and A values deter- 
mined from duplicate pulses were 0.01 and 0.01, respectively. (d) 
This cell has a capacitance of 4.4 pF, series resistance of 3.3 MI~/ 
and peak current of 1445 pA. The sampling frequency was 3.9 
kHz. Eq. 3 gave an excellent fit to the data ( . . . .  ) with p = 0.79, 
A = 0.1, and the SSE was 0.09. IfA -- 0, then Eq. 3 becomes Eq. 1 
and gives a poor fit ( . . . . . .  ) with p = 0.67 and the SSE was 1.06. 
Differences in p and A values determined from duplicate pulses 
were 0.06 and 0.02, respectively. The insets in c and d show the in- 
dicated segments of the current traces and fits enlarged by 2.2- 
fold. R values were 0.015, 0.04, 0.054, and 0.002 for a-d, respec- 
tively. 

the  diversi ty o f  c u r r e n t s  in Fig. 1. Ca lcu la t ions  f r o m  the  
b i n o m i a l  d i s t r i bu t i on  ind ica t e  tha t  h e t e r o t e t r a m e r i c  

c h a n n e l s  d o m i n a t e  the  c h a n n e l  d i s t r i bu t ion  i f  the  frac- 
t ion  o f  a m u t a n t  s u b u n i t  in  the  m e m b r a n e ,  p, is be-  
tween 0.84 (i.e., f r ac t ion  o f  A413V h o m o t e t r a m e r i c  
c h a n n e l s  is p4 ~ 0.49) a n d  0.16 (i.e., f r ac t ion  o f W T  ho-  
m o t e t r a m e r i c  channe l s  is (1 _p)4  ~ 0.49). Excessive pro-  
d u c t i o n  o f  e i t h e r  W T  (p < 0.16) o r  A413V (p > 0.84) 
will l e ad  to a p r e d o m i n a n c e  o f  h o m o t e t r a m e r s .  J u r k a t  
Tag  C15 cells express  cons t i tu t ive ly  low levels o f  e n d o g -  
e n o u s  W T  c h a n n e l s  (see above) ;  t h e r e f o r e  the  level o f  
e xp re s s ion  o f  A413V subuni t s  will d e t e r m i n e  n o t  on ly  
the  a m p l i t u d e  o f  the  m e a s u r e d  c u r r e n t  b u t  also the  dis- 
t r i bu t i on  o f  c h a n n e l  subtypes .  Cells exp re s s ing  pre-  
d o m i n a n t l y  h e t e r o t e t r a m e r i c  c h a n n e l s  s h o u l d  have 
c u r r e n t  a m p l i t u d e s  i n t e r m e d i a t e  b e t w e e n  cells express-  
i ng  on ly  W T  a n d  cells e xp re s s ing  on ly  A413V h o m o t e t -  
r amers .  Cells exp re s s ing  m o r e  h e t e r o l o g o u s  subuni t s  
will d i sp lay  m o r e  c u r r e n t  a n d  the  d i s t r i bu t ion  o f  p e a k  
c u r r e n t  a m p l i t u d e s  s h o u l d  be  sh i f ted  toward  tha t  ob- 
t a i n e d  for  cells exp re s s ing  p r e d o m i n a n t l y  A413V ho-  
m o t e t r a m e r s .  

To  e x a m i n e  the  r e l a t i onsh ip  o f  p e a k  c u r r e n t  ampl i -  
tudes  to the  d i s t r i bu t i on  o f  c h a n n e l  s u b p o p u l a t i o n s ,  we 
c o m p a r e d  the  c u r r e n t  a m p l i t u d e  at  + 5 0  mV for  cells 
classif ied as exp re s s ing  p r e d o m i n a n t l y  WT, A413V o r  
h e t e r o t e t r a m e r i c  cu r r en t s  as d e s c r i b e d  in the  Mater ia l s  
a n d  M e t h o d s  sect ion.  Fig. 4 shows the  a m p l i t u d e  histo- 
g r a m  o f  the  p e a k  c u r r e n t  a t  + 5 0  mV for  cells express-  
ing  p r e d o m i n a n t l y  h e t e r o t e t r a m e r i c  c u r r e n t  ( m e d i a n  = 
742 pA, 25 a n d  75 pe rcen t i l e s  a re  424 p A  a n d  1000 pA, 
respect ively,  n = 31) a l o n g  with the  ver t ical  l ines  indi-  
ca t ing  the  m e d i a n s  o f  the  p e a k  c u r r e n t s  for  cells ex- 
p re s s ing  e i t h e r  p r e d o m i n a n t l y  WT h o m o t e t r a m e r s  
( m e d i a n  = 479 pA, 25 a n d  75 p e r c e n t i l e s  a re  325 p A  
a n d  600 pA, respect ively,  n = 23),  p r e d o m i n a n t l y  het-  
e r o t e t r a m e r s ,  o r  p r e d o m i n a n t l y  A413V c u r r e n t  (me- 
d i an  = 2927 pA, 25 a n d  75 pe rcen t i l e s  a re  1162 p A  a n d  
6190 pA, respect ively,  n = 37).  T h e  d i s t r ibu t ions  o f  the  
p e a k  cu r r en t s  were  s ignif icant ly  d i f f e r en t  a m o n g s t  the  
t h r e e  ca t egor i e s  (P  < 0.0001, Krnskal-Wall is  A N O V A  
on  ranks) .  

T h e  d e p e n d e n c e  o f  the  f o r m a t i o n  o f  h e t e r o t e t r a -  
mer i c  c h a n n e l s  o n  the  A413V s u b u n i t  c o n c e n t r a t i o n  
was d i rec t ly  assessed by t r ans fec t ing  cells with A413V 
Kvl .3  at  two d i f f e r en t  p l a smid  c o n c e n t r a t i o n s .  We sam- 
p l e d  37 a n d  40 cells, respect ively,  for  25 a n d  8 nM 
A413V DNA c o n c e n t r a t i o n ,  be tw e e n  6 a n d  18 h af te r  
t ransfec t ion .  T h e  d i s t r ibu t ions  showed  tha t  1, 22, a n d  
14 cells e x p r e s s e d  p r e d o m i n a n t l y  W T  h o m o t e t r a m e r s ,  
A413V h o m o t e t r a m e r s  a n d  h e t e r o t e t r a m e r s ,  respec-  
tively, for  the  h i g h e r  c o n c e n t r a t i o n ,  a n d  1, 10, a n d  29 
cells, respect ively,  for  the  lower  c o n c e n t r a t i o n .  A 3 • 2 
( con t ingency)  Chi  Squa re  test  gave P < 0.01, i n d i c a t i n g  
tha t  at  h igh  levels o f  A413V DNA, h o m o t e t r a m e r i c  
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FIGURE 4. Distribution of the peak currents in cells expressing 
heterotetrameric currents. Cells were transfected with Kvl.3 
(A413V)/CD20 double-gene plasmid (25 nM) and patch-clamped 
24-72 h later. Currents were elicited by a voltage step to +50 mV 
from the holding potential of -120 mV and the peak currents 
were measured after correcting for ohmic leak and voltage error 
caused by series resistance as described in the Materials and Meth- 
ods. The frequency histogram was created from the peak currents 
in cells expressing predominantly heterotetrameric currents (n = 
31) using a class interval of 0.2 hA. The vertical lines indicate the 
median of the peak currents in cells expressing predominantly ho- 
motetrameric WT (479 pA, n = 23), heterotetrameric (742 pA, n = 
31) and homotetrameric A413V currents (2927 pA, n = 37), as in- 
dicated. In all pairwise multiple comparisons (Dunn's Method) 
the peak currents in cells expressing predominantly A413V cur- 
rent were significantly different from those derived from WT or 
heterotetrameric current expressing cells (P < 0.05). 

A413V channels predominate ,  whereas at low A413V 
DNA levels, he terote t ramer ic  channels predominate .  
There  is a significant difference (P < 0.016, Mann- 
Whitney Rank Sum test) between the peak currents at 
+50 mV measured  in cells transfected at 8 nM 
(median = 1120 pA) and those measured in cells trans- 
fected with 25 nM (median = 1570 pA) of  A413V/ 
CD20 plasmid DNA. 

Suppression of the Endogenous Current 

Efficient expression of  heterotet rameric  current  de- 
rived f rom endogenous  WT and heterologous mutan t  
A413V Kvl.3 is achieved in Jurkat  (~35% of  the cells) 
using a plasmid concentrat ion of  25 nM. These het- 
erotetramers are fo rmed as early as 6 h after the trans- 
fection. We have used this information to carry out  sup- 

pression of  endogenous  Kvl.3 channels in Jurka t  cells. 
We, and others, have shown previously that  t runcated 
NH2-terminal segments of  voltage-gated K + channels 
can specifically suppress the heterologous expression of 
the corresponding full-length K + channel  (Li et al., 
1992; Babila et al., 1994; Tu et al., 1995). In CTLL-2, a 
t runcated sequence containing the first 866 bases of  the 
translated port ion of  the Kvl.3 gene (Kvl.3 (+866))  
completely suppresses the heterologously expressed 
Kvl.3 K + current  (Tu et al., 1995). If  the mechanism of 
suppression involves formation of heterotetramers  com- 
posed of  full-length subunits and truncated channel  
fragments,  then by analogy to the experiments  produc- 
ing endogenous+he te ro logous  hybrid channels, a high 
concentrat ion of t runcated channel  DNA must be used 
in the transfection, and the time of  assay for suppres- 
sion should be appropr ia te  for the kinetics of  expres- 
sion of  t runcated subunits. The  critical de te rminant  for 
suppression is concomitant  degradat ion of  p re formed 
WT channels and format ion of  heterotet rameric  chan- 
nels. This condit ion is met  within the first 18 h after 
transfection, as repor ted  in the previous section. 

Suppression was evaluated by compar ing  peak cur- 
rents recorded  f romJurka t  cells transfected with 25 nM 
of  the double-gene plasmid ( p R c / C M V / K v l . 3 ( + 8 6 6 ) /  
mCD4, experimental)  to peak currents recorded f rom 
cells transfected with 25 nM of mCD4 only (control).  

Fig. 5 shows the ampli tude histogram (a and b) and 
the normalized cumulative ampli tude distribution (c 
and d) of  the peak  currents at +50 mV for exper imen-  
tal and control  samples at 48 h and 72 h after transfec- 
tion. The  difference between the median  of the peak  
current  for control  and Kvl .3(+866)- t ransfected cells 
was significant at 48 h after transfection (P < 0.001, 
Mann-Whitney rank sum test). The median  of  the peak  
current  was 375 pA (n = 33) for control and 150.7 pA 
(n = 36) for cells transfected with Kvl .3(+866)  at 48 h. 
The  difference was not  significant at 72 h after transfec- 
tion, where the median  of the peak  current  was 323.5 
pA (n = 34) for control  and 271.5 pA (n = 38) for cells 
transfected with Kvl .3(+866) .  These results indicate 
that the distribution of  the peak  current  is shifted to 
lower current  ampli tudes in cells transfected with 
Kvl.3 (+866).  

D I S C U S S I O N  

The  spatial and  temporal  domains  in which assembly of  
channels occur  will ultimately de te rmine  the ability of  
endogenous  subunits to interact  with heterologous 
channel  peptides. For instance, if endogenous  subunits 
are processed in segregated compar tments  or  at differ- 
ent  times f rom heterologous peptides, then inter-sub- 
unit  interactions required for suppression or heterotet-  
r amer  format ion  will not  occur. In this paper,  we show 
that  endogenous  Kvl.3 subunits in Jurkat  cells can 
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FIGURE 5. Suppression of endogenous Kvl.3 by truncated Kvl.3 
(+866) in Jurkat Tag C15 cells. Cells were transfected with 
Kvl.3(+866)/mCD4 double-gene plasmid (25 nM) or with mCD4 
(25 nM). The peak current elicited by a voltage step to +50 mV 
from the holding potential of -80 mV was measured 48 and 72 h 
after the transfection. (a and b) The histograms show the distribu- 
tion of the peak currents in cells transfected with the truncated K + 
channel DNA (Kvl.3(+866)/mCD4, shaded bars) and in control 
cells transfected with mouse CD4 (empty bars) at 48 (a) and 72 h 
(b) after the transfection. (c and d) The cumulative normalized dis- 
tributions of the peak currents shown in c and d were constructed 
from a and b, respectively. Symbols �9 and [] indicate the distribu- 
tions for cells transfected with Kvl.3(+866)/mCD4 and mCD4 
(control), respectively. The dotted line indicates 50% of the data 
(median). 

form heterotetramers with heterologously transfected 
mutant  Kvl.3 subunits, indicating that synthesis and as- 
sembly of  subunits occur concomitantly in shared com- 
partments. 

Although the exact compartments  that are shared by 
non-identical monomer ic  subunits were not  directly as- 
sayed, we can deduce some characteristics of  K + chan- 
nel assembly from our  experimental results. Table I in- 
dicates the distribution of  channel  types predicted by 
the models for assembly of  two different subunits (e.g., 
WT and A413V; open and closed circles, respectively) 
based on general features of  whether (a) WT and 
A413V pools are segregated vs. integrated, (b) tet- 
ramerization is an equilibrium vs. irreversible process, 
and (c) irreversibly formed tetramers exist in the 
plasma membrane.  In case I, WT and A413V pools are 
segregated and result in a bimodal distribution of  chan- 

nels. The inactivation kinetics for such a distribution of  
channels will be well-described by a function with two 
exponential  terms, each containing the inactivation 
time constant for WT and A413V homotetramer.  Segre- 
gation can be either spatial or temporal. However, our  
data show that if segregation (bimodality) occurs (e.g., 
Fig. 1 e), it must be temporal because heterotetramers 
are also formed in the same transfected cell popula- 
tion. In case II an integrated monomer ic  pool is in 
equilibrium with heterotetramers. This predicted dis- 
tribution of  channel species is binomial, regardless of  
the presence or absence of  preformed WT homotet-  
ramers. The inactivation kinetics will therefore be de- 
scribed by Eq. 1. In cases III and IV tetramers are irre- 
versibly formed from an integrated pool of  monomers.  
If no preformed WT channels are present, then the 
predicted distribution will be binomial (case III); if pre- 
formed WT channels are present, then the distribution 
will be binomial plus a constant (case IV). The inactiva- 
tion kinetics for case IV will be described by Eq. 3. Al- 
though experimental conditions can be created that 
conform to cases I-III (e.g., Fig. 1, a-e and 3, a-b), a 
channel distribution that is binomial plus a constant 
will occur only if case IV is true. 

Our  findings (see Fig. 3) are consistent with case IV 
and permit the following conclusions to be made re- 
garding K + channel assembly. First, subunits are re- 
cruited randomly from integrated m o n o m e r  pools. 
Therefore, we can infer that Kvl.3 monomers  diffuse 
individually in the ER membrane  before oligomerizing 
and that the four subunits in any given tetramer were 
not  translated and preferentially assembled from the 
same polysome. These conclusions are similar to those 
made for mixed trimer formation of  influenza virus he- 
magglutinin (Boulay et al., 1988) and may be true for 
many oligomeric t ransmembrane proteins. The second 
conclusion from our  results is that tetramers formed 
from integrated m o n o m e r  pools are found in the 
plasma membrane  and do not  dissociate on a time- 
scale of  6-72 h. This is in contrast to the voltage-gated 
sodium channel, which is composed of  one large, 
heavily glycosylated 0~ subunit and one or two smaller 
[~subunits (Hartshorne and Catterall, 1981; Hart- 
shorne et al., 1982; Hartshorne and Catterall, 1984; 
Roberts and Barchi, 1987). One of  the [3 subunits is 
noncovalently associated with the 0L subunit, and oligo- 
merization of  heterologously expressed eL and [3 sub- 
units can occur in the plasma membrane  of  Xenopus oo- 
cytes (Agnew, W., personal communicat ion) .  These 
findings, however, may reflect differential processing of 
some proteins (Ukomadu et al., 1992) in different ex- 
pression systems. For example, when the Na+,K+-ATP- 
ase o~ and [3 subunits are expressed in Xenopus oocytes, 
protein accumulates in the ER until oligomerization is 
complete (Geering et al., 1989; Ackerman and Geer- 
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T A B L E  I 

Models for Assembly and Distribution of Tetrameric K + Channels 
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The symbols O and �9 represent the monomeric Kvl.3 wr and A413V subunits, respectively. 
The vertical line separating the WT and A413V subunits in the segregated model indicates there 
is a barrier between subunit pools. Tetrameric channels are represented as a symmetric arrange- 
ment of four symbols, while random mixture of eight symbols indicates a pool of mixed mono- 
meric subunits. The dashed backward arrows indicate that an equilibrium may exist. 

ing, 1990; Jaunin et al., 1992). However, in Sf-9 insect 
cells, ~ and [3 subunits expressed separately translocate 
to the plasma membrane,  and if cells containing only 
one subunit fuse with cells containing the other sub- 
unit, the different subunits will mix to form functional 
Na +, K+-ATPases (DeTomaso et al., 1994). The lack of  
dissociation of K + channel tetramers in the plasma 
membrane  is similar to what is observed for most mem- 
brane oligomers (Hurtley and Helenius, 1989). How- 
ever, dissociation and reassociation of oligomeric pro- 
tein subunits can occur in the ER. For example, vesicu- 
lar stomatitis virus glycoprotein, a noncovalently linked 
trimer is in equilibrium with monomers  in the ER (Za- 
gouras et al., 1991). 

Both the extent and kinetics of  heterotetramer for- 
mation and suppression of  endogenous  Kvl.3 depend 
on the relative product ion of  endogenous  vs. heterolo- 
gous subunits at any given time. This, in turn, is depen- 
dent  on the corresponding synthesis and degradation 
rates of  endogenous  WT Kvl.3 and of  heterologous 
gene products. These rates may be influenced by cell 
cycle. Evidence that Kvl.3 channel number  can be up- 
and down-regulated with cell cycle progression has 
been demonstrated at the plasma membrane  level 
(Deutsch et al., 1986; Lee et al., 1986; Decoursey et al., 
1987) and at the mRNA level (Cai et al., 1992; al- 
though, see Price et al., 1993). Endogenous and heter- 
ologous Kvl.3 genes are differentially regulated under  
different promoter  control, with transcription of  the 
heterologous genes regulated by a CMV promoter.  In 

mammalian cells, vis-a-vis oocytes, it is possible to study 
the mechanisms by which the relative kinetics of en- 
dogenous and heterologous expression are regulated 
to effect heterotetramerization a n d / o r  suppression, es- 
pecially since some of these mechanisms may be a func- 
tion of  cell cycle. 

Even within the same lymphoid expression system, 
there may be different factors that will determine kinet- 
ics for heterotetramer formation and suppression of  
endogenous  channels. We have observed that het- 
erotetramer formation and suppression may occur with 
dissimilar kinetics (data not shown). The heterologous 
Kvl.3 gene used in each case is different: in heterotet- 
ramer formation experiments, the heterologous gene 
is a full-length A413V mutant  Kvl.3, whereas in sup- 
pression experiments, the heterologous gene is a trun- 
cated Kvl.3. Other  considerations include relative rate 
constants for tetramer formation and stability of  tet- 
ramer vs. monomer- t runcated complexes, cell cycle, 
concentrations of  monomer  A413V vs. truncated Kvl.3. 
Moreover, synthesis and degradation of truncated Kvl.3, 
which may be recognized as incorrectly folded, may be 
much faster than synthesis and degradation of the full- 
length A413V monomer .  

We show here that constitutively expressed endoge- 
nous Kvl.3 channels can be suppressed by truncated 
Kvl.3 peptides. Previously we showed that up-regulated 
endogenous Shaker - l i ke  currents in GH3 cells (an ante- 
rior pituitary cell line) can be suppressed (Tu et al., 
1995). In both GH3 andJurkat  cells, however, constitu- 
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tively expressed K + channels could not  be suppressed 
by t runcated Kvl.3. Three  reasons for the previous fail- 
ure to observe suppression in Jurkat  are that (a) the 
sampling size for  control  and experimental  groups was 
too small, (b) the concentrat ion o f  plasmid was too low, 
and (c) the time at which suppression was assayed by 
electrophysiological recording was too late after trans- 
fection and at a time when truncated peptide concen- 
tration was too low to cause suppression. 

Our  findings have implications for the regulation of  
diversity of  K + channel  expression in mammalian cells. 
The  amount  of  mixing o f  subunit  pools within subfami- 
lies depends on the respective kinedcs of  expression. 
Different monomers  will remain as separate, segre- 
gated pools if subunit  synthesis of  the different iso- 
forms is separated in time. To keep two isoforms of  the 

same subfamily separate, for example, during selective 
up-regulation of  one  isoform vs. ano ther  (e.g., as oc- 
curs with h o rm o n e  stimulation of  pituitary and cardiac 
cells [Attardi et al., 1993; Takimoto et al., 1995; Takim- 
oto and Levitan, 1994]) the cell cannot  use separate 
spatial compartments.  It must adjust the relative times 
and rates of  subunit expression. On the other  hand, 
heterotetrameric  channels of  the Shaker subfamily have 
been detected in mammalian neurons in vivo (Wang et 
al., 1993; Sheng et al., 1993). These channels must as- 
semble from concurrently translated subunits. Since 
the heterotetramers are only a fraction of  the K + chan- 
nels in these cells, translation need only overlap tempo- 
rally for a short time. The degree of  temporal  overlap 
will determine the propor t ion of  hetero- and homotet-  
ramers. 

We thank LiWei Tu and ZuFang Sheng for constructing the pRc/CMV/A413V/CD20, pRc/CMV/  
Kvl .3(+866)/mCD4,  and pRc/CMV/mCD4 plasmids. We thank Richard Horn, Robert Doms, and 
Daniel Levy for their critical reading of the manuscript. 

This work was supported by National Institutes of Health Grant GM 52302 and Grant No. FO5 TWO 
5079 from the Fogarty International Center (FIC), National Institutes of Health (NIH). The contents of 
the publication are solely the responsibility of the authors and do not necessarily represent the official 
views of the FIC, NIH. 

Received for publication 2 November 1995 and accepted version received 8 December 1995. 

R E F E R E N C E S  

Ackermann, U., and K. Geering. 1990. Mutual dependence of Na, 
K-ATPase c~- and [3-subunit for correct posttranslational process- 
ing and intracellular transport. FEBS Lett. 269:105-108. 

Attardi, B., K. Takimoto, R. Gealy, C. Severns, and E.S. Levitan. 
1993. Glucocordcoid induced up-regulation of a pituitary K + 
channel mRNA in vitro and in vivo. Recept. Channels. 1:287-293. 

Babila, T., A. Moscucci, H. Wang, F.E. Weaver, and G. Koren. 1994. 
Assembly of mammalian voltage-gated potassium channels: evi- 
dence for an important role of the first transmembrane segment. 
Neuron. 12:615--626. 

Bono, M.R., V. Simon, and M.S. Rosemblatt. 1989. Blocking of hu- 
man T lymphocyte activation by channel antagonists. Cell Bio- 
chem. Funct. 7:219-226. 

Boulay, F., R.W. Doms, R.G. Webster, and A. Helenius. 1988. Post- 
translational oligomerizadon and cooperative acid activation of 
mixed influenza hemagglutinin trimers.J. Cell Biol. 106:629--639. 

Cahalan, M.D., K.G. Chandy, T.E. Decoursey, and S. Gupta. 1985. A 
voltage-gated potassium channel in human T lymphocytes. J. 
PhysioL (Lond.). 358:197-237. 

Cai, Y.C., P.B. Osborne, R.A. North, D.C. Dooley, andJ.  Douglass. 
1992. Characterization and functional expression of genomic 
DNA encoding the human lymphocyte type n potassium chan- 
nel. DNA Cell Biol. 11:163-172. 

Carlin, B.E., andJ.P. Merlie. 1986. Assembly of multisubunit mem- 
brane proteins. In Protein Compartmentalization. A.W. Strauss, 
I. Boime, and G. Kreil, editors. Springer-Verlag, NY. 71-86. 

Decoursey, T.E., K.G. Chandy, S. Gupta, and M.D. Cahalan. 1985. 

419 PANYI AND DEUTSCH 

Voltage-dependent ion channels in T-lymphocytes.J. Neuroimmu- 
nol. 10:71-95. 

Decoursey, T.E., K.G. Chandy, S. Gupta, and M.D. Cahalan. 1987. 
Mitogen induction of ion channels in routine T lymphocytes. J. 
Gen. Physiol. 89:405-420. 

DeTomaso, A.W., G, Blanco, and R.W. Mercer. 1994. The et and [3 
subunits of the Na,K-ATPase can assemble at the plasma mem- 
brane into functional enzyme.J. CellBiol. 127:55-69. 

Deutsch, C., and L. Chen. 1993. Heterologous expression of spe- 
cific K + channels in T lymphocytes: functional consequences for 
volume regulation. Proc. Natl. Acad. Sci. USA. 90:10036--10040. 

Deutsch, C,, A. Holian, S.K. Holian, R.P. Daniele, and D.F. Wilson. 
1979. Transmembrane electrical and pH gradients across human 
erythrocytes and human peripheral lymphocytes. J. Cell. Physiol. 
99:79-93, 

Deutsch, C., D. Krause, and S.C. Lee. 1986. Voltage-gated potas- 
sium conductance in human T lymphocytes stimulated with 
phorbol ester.J. Physiol. (Lond.). 372:405-423. 

Deutsch, C., M. Price, S. Lee, V.F. King, and M.L. Garcia. 1991. 
Characterization of high affinity binding sites for charybdotoxin 
in human T lymphocytes. Evidence for association with the volt- 
age-gated K + channel.J. BioL Chem. 266:3668--3674. 

Doms, R.W., R.A. Lamb, J.K. Rose, and A. Helenius. 1993. Folding 
and assembly of viral membrane proteins. Virology. 193:545-562. 

Efron, B., and R. Tibshirani. 1984. Bootstrap methods for standard 
errors, confidence intervals, and other measures of statistical ac- 
curacy. Statistical Sci. 1:54-77. 

 on M
arch 31, 2009 

jgp.rupress.org
D

ow
nloaded from

 

 Published March 1, 1996

http://jgp.rupress.org


Freedman, B.D., M. Price, and C. Deutsch. 1992. Evidence for volt- 
age modulation of IL2 production by human blood lymphocytes. 
J. Immunol. 149:3784-3794. 

Geering, K., I. Theulaz, F. Verrey, M.T. ttaupfle, and B.C. Rossier. 
1989. A role for the [3-subunit in the expression of functional 
Na,K-ATPase in Xenopus oocytes. Am.J. Physiol. 257:C851-C858. 

Gelfand, E.W., R.K. Cheung, and S. Grinstein. 1984. Role of mem- 
brane potential in the regulation of lectin-induced calcium up- 
take.J. Cell. Physiol. 121:533-539. 

Grinstein, S., and J.D. Smith. 1990. Calcium-independent cell vol- 
ume regulation in human  T lymphocytes. Inhibition by charyb- 
dotoxin.J. Gen. Physiol. 95:97-120. 

Hartshorne, R.P., and W.A. Catterall. 1981. Purification of the sax- 
itoxin receptor of the sodium channel  from rat brain. Proc. Natl. 
Acad. Sci. USA. 78:4620-4624. 

Hartshorne, R.P., and W.A. Catterall. 1984. The sodium channel  
from rat brain. Purification and subunit  composition. J. Biol. 
Chem. 259:1667-1675. 

Hartshorne, R.P., D.J. Messner, J.C. Coppersmith, and W.A. Catter- 
all. 1982. The saxitoxin receptor of the sodium channel  from rat 
brain. Evidence for two nonidentical beta subunits.J. Biol. Chem. 
257:13888-13891. 

Hopkins, W.F., V. Demas, and B.L. Tempel. 1994. Both N- and 
C-terminal regions contribute to the assembly and functional ex- 
pression of homo- and heteromultimeric voltage-gated K + chan- 
nels. J. Neurosci. 14:1385-1393. 

Hurtley, S.M., and A. Helenius. 1989. Protein oligomerization in 
the endoplasmic reticulum. Ann. Rev. Cell Biol. 5:277-307. 

Jaunin,  P., J.-D. Horisberger, K. Richter, P.J. Good, B.C. Rossier, 
and K. Geering. 1992. Processing, intracellular transport, and 
functional expression of endogenous and exogenous ~-[3 Na,K- 
ATPase complexes in Xenopus oocytes. J. Biol. Chem. 267:577- 
585. 

Lee, S.C., D.I. Levy, and C. Deutsch. 1992. Diverse K + channels in 
primary human T lymphocytes. J. Gen. Physiol. 99:771-793. 

Lee, S.C., D.E. Sabath, C. Deutsch, and M.B. Prystowsky. 1986. In- 
creased voltage-gated potassium conductance during interleukin 
2-stimulated proliferation of a mouse helper T lymphocyte clone. 
J. Cell Biol. 102:1200-1208. 

Lee, T.E., L.H. Phillipson, A. Kuznetsov, and D.J. Nelson. 1994. 
Structural determinant  for assembly of mammalian K + channels. 
Biophys. J. 66:667-673. 

Leonard, R., M.L. Garcia, R.S. Slaughter, andJ.P. Reuben. 1992. Se- 
lective blockers of voltage-gated K + channels depolarize human  
T lymphocytes: mechanism of the antiproliferative effect of 
charybdotoxin. Proc. Natl. Acad. Sci. USA. 89:10094-10098. 

Li, M., Y.N. Jan, and L.Y. Jan. 1992. Specification of subunit  assem- 
bly by the hydrophilic amino-terminal domain of the Shaker po- 
tassium channels. Science (Wash. DC). 257:1225-1230. 

Lin, C.S., R.C. Boltz, J.T. Blake, M. Nguyen, A. Talento, P.A. Fis- 
cher, M.S. Springer, N.H. Sigal, R.S. Slaughter, M.L. Garcia et al. 
1993. Voltage-gated potassium channels regulate calcium-depen- 
dent  pathways involved in human  T lymphocyte activation.J. Exp. 
Meal. 177:637-645. 

MacKinnon, R. 1991. Determination of the subnnit stoichiometry of 

a voltage-activated potassium channel. Nature (Lond.). 350:232-235. 
Matteson, D.R., and C. Deutsch. 1984. K + channels in T lympho- 

cytes: a patch clamp study using monoclonal antibody adhesion. 
Nature ( Lond. ). 307:468-471. 

Northrop, J.P., K.S. Ullman, and G.R. Crabtree. 1993. Characteriza- 
tion of the nuclear and cytoplasmic components  of the lym- 
phoid-specific nuclear factor of activated T cells (NF-AT) com- 
plex.J. Biol. Chem. 268:2917-2923. 

Panyi, G., Z. Sheng, L.-W. Tu, and C. Deutsch. 1995. C-type inactiva- 
tion of a voltage-gated K + channel  occurs by a cooperative mech- 
anism. Biophys. J. 69:896-904. 

Price, M., B.D. Freedman, R.A. Swanson, K. Folander, and C. Deut- 
sch. 1993. Modulation ofK + channel  mRNA in primary human T 
lymphocytes. Biophys. J. 67:A197 (Abstr.). 

Rink, T.J., C. Montecucco, T.R. Hesketh, and R.Y. Tsien. 1980. 
Lymphocyte membrane  potential assessed with fluorescent 
probes. Biochim. Biophys. Acta. 595:15-30. 

Roberts, R.H., and R.L. Barchi. 1987. The voltage-sensitive sodium 
channel  from rabbit skeletal muscle. J. Biol. Chem. 262:2298- 
2303. 

Rotundo, R.L. 1984. Asymmetric acetylcholinesterase is assembled 
in the Golgi apparatus. Proc. Natl. Acad. Sci. USA. 81:479-483. 

Santacruz-Toloza, L., Y. Huang, S.A. John,  and D.M. Papazian. 
1994. Glycosylation of Shaker potassium channel  protein in insect 
cell culture and in Xenopus oocytes. Biochemistry. 33:5607-5613. 

Shen, N.V., X. Chen, M.M. Boyer, and P. Pfaffinger. 1993. Deletion 
analysis of K § channel  assembly. Neuron. 11:67-76. 

Shen, N.V. and P.J. Pfaffinger. 1995. Molecular recognition and as- 
sembly sequences involved in the subfamily-specific assembly of 
voltage-gated K + channel  subunit  proteins. Neuron. 14:625-633. 

Sheng, M., Y.L. Liao, Y.N. Jan, and L.Y. Jan. 1993. Presynaptic 
A-current based on heteromultimeric K § channels detected in 
vivo. Nature (Lond. ). 365:72-75. 

Sporn, L.A., V.J. Marder, and D.D. Wagner. 1986. Inducible secre- 
tion of large, biologically potent  von Willebrand factor multi- 
mers. Cell. 46:185-190. 

Takimoto, K., R. Gealy, A.F. Fomina, J.S. Trimmer, and E.S. Levi- 
tan. 1995. Inhibition of voltage-gated K + channel  gene expres- 
sion by the neuropeptide thyrotropin-reteasing hormone.J .  Neu- 
rosci. 15:449-457. 

Takimoto, K., and E.S. Levitan. 1994. Glucocorticoid induction of 
Kvl.5 K + channel  gene expression in ventricle of rat heart. Cire. 
Res. 75:1006-1013. 

Tu, L.-W., V. Santarelli, and C. Deutsch. 1995. Truncated K + chan- 
nel DNA sequences specifically suppress lymphocyte K + channel  
gene expression. Biophys. J. 68:147-156. 

Ukomadu, C.,J. Zhou, F.J. Sigworth, and W.S. Agnew. 1992. IxI Na + 
channels expressed transiently in human  embryonic kidney cells: 
biochemical and biophysical properties. Neuron. 8:663-676. 

Wang, H., D.D. Kunkel, T.M. Martin, P.A. Schwartzkroin, and B.L. 
Tempel. 1993. Heteromultimeric K + channels in terminal and 
juxtaparanodal regions of neurons. Nature (Lond.). 365:75-79. 

Zagouras, P., A. Ruusala, andJ.K. Rose. 1991. Dissociation and reas- 
sociation of oligomeric viral glycoprotein subunits in the endo- 
plasmic reticulum.J. Virol. 65:1976-1984. 

420 K + Channel Assembly in T Cells 

 on M
arch 31, 2009 

jgp.rupress.org
D

ow
nloaded from

 

 Published March 1, 1996

http://jgp.rupress.org

