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vector with 10 pl of lipofectamine (GIBCO BRL) for 5 
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Simi lar  results were obta ined w i t h  canine, 
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n e l  directly, n o t  t h rough  a n  intermediary 
molecule. 
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t h a t  exogenous F y n  does n o t  induce fur- 

Receptor by Tyrosine Phosphorylation ther  tyrosine phosphorylat ion o f  t he  IP,R 

Thottala Jayaraman, Karol Ondriag, Elena OndriaSova, 
Andrew R. Marks* 

~~rosine'kinases indirectly raise intracellular calcium concentration ([Ca2+],) by acti- 
vating phospholipases that generate inositol 1,4,5-trisphosphate (IP,). IP, activates 
the IP, receptor (IP,R), an intracellular calcium release channel on the endoplasmic 
reticulum. T cell receptor stimulation triggered a physical association between the 
nonreceptor protein tyrosine kinase Fyn and the IP3R, which induced tyrosine phos- 
phorylation of the IP,R. Fyn activated an IPS-gated calcium channel in vitro, and 
tyrosine phosphorylation of the IP3R during T cell activation was reduced in thymo- 
cytes from fyn-I- mice. Thus, activation of the IP,R by tyrosine phosphorylation may 
play a role in regulating [Ca2+],. 

T h e  IP3R forms the  IP3-gated Ca2+ release as w e l l  as in T cells (7, 8). T o  deter- 
channel  o n  the endoplasmic ret iculum in m i n e  whether  tyrosine phosphory la t ion o f  
many ce l l  types, inc lud ing neurons (1) and the  IP3R occurred, we immunoprec ip i -  
T cells (2). T h e  h u m a n  type 1 IP,R (IP,Rl) 
is a 308-kD polypeptide that  conta ins  t w o  
potent ia l  tyrosine phosphorylat ion sites, a t  
residues 482 (Glu-Asp-Leu-Val-Tyr) and  
261 7 ( Asp-Ser-Thr-Glu-Tyr) (2). A m i n o  
acid 482 is adjacent t o  the IP3-binding site 
(3), and  amino acid 2617 is near the 
COOH-terminus (4). 

T h e  IP3R is autophosphorylated o n  
serine a n d  is phosphorylated b y  p ro te in  
kinases A, C, a n d  G a n d  b y  Ca2+-calmod- 
ul in-dependent kinase I1 ( C a M k I I )  in 
v i t r o  ( 5 ) .  Members o f  t h e  Src fami ly  o f  
nonreceptor p ro te in  tyrosine kinases func- 
t i o n  in signal t ransduct ion in the  b r a i n  (6) 

Laboratow for Molecular Cardioloav. ~e~ar tm3-7 of 
~edicine,~ount ~ i n a i  School of ~edicine, ~ e w  ~ o r k ,  NY 
10029, USA. 
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in vi tro.  
T o  determine whether  tyrosine phos- 

phory la t ion o f  t h e  IP3R occurred in vivo, 
we preparedanti-phosphotyrosine immuno-  
blots o f  IP3R immunoprecipi tated f r o m  
unst imulated and  f r o m  TCR-st imula ted 
Jurkat cells. IP3R was detected in b o t h  
act ivated and  unact ivated cells, but ty- 
rosine-phosphorylated IP3R was detected 
o n l y  in TCR-st imula ted cells (Fig. 1C). 
T h i s  f i nd ing  indicated t h a t  tyrosine phos- 
phory la t ion o f  t he  IP3R occurs in in tac t  
cells. 

D u r i n g  T ce l l  act ivat ion, F y n  physical- 
l y  associates w i t h  the  TCR (10) and  t h e  
IP3R cocaps w i t h  the  TCR (1 1). T o  de- 
termine whether  F y n  physically associated 
w i t h  the  IP3R dur ing T c e l l  act ivat ion, we 
used ant i - IP3R1 o r  F y n  mAb t o  immuno-  

A 
Brain 

8 
T cells 

C 

$4 $ IP 
NRS alP3R1 P 8 ++ 8 dP3R1 antibody - -- --- - 

Fvn + + - - +  + + - +  
S;c . - + -  - - - + -  

- + - + - + - + Activated 

$ $' Blot 
8 antibody 

Fig. 1. Tyrosine phospholylation of the 
-300-kD IP3R in brain and T lympho- 
cytes (Jurkat) by Src and Fyn. IP3R was 
immunoprecipitated from canine brain 
microsomes (A) and from lysates of un- 
activated Jurkat cells or cells activated 
with CD3 rnAb (B). lmmunoprecipitated 
proteins or pu~if~ed IP3R (P) were used in 
kinase assays with or without exoge- 
nous Fyn or Src (21). Preimmune serum 
(NRS) or affinity-pulified anti-IP3Rl 
(alP3R1) were used for immunoprecipi- 
tations (21). (C) lmmunoprecipitated 
IP3R from activated or unactivated Jur- 
kat cells was immunoblotted with anti- 
phosphotyrosine ( a m )  (4G10) and 
then, after stripping, with anti-IP3R1 as 
described (2). 
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precipitate proteins from lysates of activat- IP3-gated channel (n = 3, Fig. 3D), which creased the P, of the purified IP3R (n = 3, 
ed and unactivated Jurkat cells or murine suggested that the kinase activity of the Fig. 3E), which suggested that t h ~ s  activa- 
th~mocytes. IP,R and Fyn coimmunopre- enzyme is required for its effects on the p, tion results from direct phosphorylation of 
cipitated from activated Jurkat cells and from of the channel. Addition of Fyn also in- the channel itself rather than from an 
thyrnocytes, but not from unactivated cells 
(Fig. 2, A, B, and D). No Fyn was detected in FQ. z ~ h y s i d  associa- A 
immunoprecipitates prepared with anti- tion between Fyn and 

B C D 
alP3R1 Blot 

IP,Rl from lysates of IP3R1-deficient Jurkat IP3R1 in activated T lym- 
aFyn aFyn alP3R1 aFyn antibody --- 

cells (12) that had been stimulated with ~ y e s .  IP3R and Fyn + 4' ~ Z I P  
CD3 mAb (Fig. 2C), and no CD3 mAb was ;g 1 ~ ' ~ ~ ~ ~  - -  $GJ?$*' --- $GJ?$+' -- $ 3 ~ ~  -- $'$+* -- ~ ' $ 4 ~  

detected by immunoblot in lysates from + - + - +  + - + - +  + +  + . + .  + .+ .  Activated vated or activated Jurkat l p , ~  7 - TCR-stimulated Jurkat cells (9). Thus, im- cells fractionated by + a -  ?' 
munoprecipitation of Fyn by anti-IP3Rl was SDS-PAGE (6% gels), and b m e  kD 
dependent on the presence of IP3Rl in the transferred to nitrocellu- b - 205 
cell and did not result from contamination lose as described (2). 
with the CD3 mAb that was used to activate Identical immunoblots 
the cells. were probed with anti- - 116.5 

To determine whether tyrosine phos- IP3R1 (alP3Rl) (A) or with 
phorylation of IP,R had a functional effect Fyn mAb (aFyn) (B) and 
on the channel, we made single-channel detected with chemilumi- - 80 
measurements on IP3-gated channels in nescence. (C) IP3R and 

Fyn were immunorn'pi- 
cerebellar microsomes fused to planar lipid tated from lysates of acti- 
bilayers (Fig. 3). The IP3-gated channel vated 1p3~1-deficient J ~ ~ -  - m - - -  eFyn 
was activated by IP, (2 to 5 FM) and had katcells(72)and immune- 
a CaZ+ conductance of 54 * 3 pS (with 53 blotted with anti-IP3R1 or Fyn mAb. (D) IP3R and Fyn were immunoprecipitated from unactivated and 
mM CaZ+ in the trans chamber at 0 mV), activated wild-type murine thymcqtes and immunoblotted with anti-IP3R1 or Fyn mAb. 
with a mean open time ( T ~ )  of 2.6 ms (all 
channel openings were used to calculate 
conductance and T). The channel was A 0 2 ,  

B 

blocked by heparin (50 ~glml) ,  consistent (3 FW UI~I) 
with the behavior of IP3-gated Caz+ chan- 
nels. These properties were comparable to 
those reported for the cerebellar IP,-gated 
channel (13). The single-channel conduc- 
tance of 54 + 3 pS represented the full o 1 
conductance of the channel. We also ob- 

a b d Dwell time (ms) 
served subconductance states, although C +FF, -IP, 
>90% of channel openings were to the 
full conductance, as previously reported ) LCI*Y 

(14, 1.5). 
Addition of Fyn (3 U/ml, where 3 U - 

1 ~g of Fyn that transfers 1 fmol of P042- +Heparin 

150 ms ' ""I t p  per minute to the substrate) increased the 
average open probability (p,) of the chan- I- ~ ~ w ~ ~ ~ u * * r r w l l i r r b n . .  I 1 *,k+-CI( 
nel to 3.5 times that of untreated channels b c d 

(P < 0.001, n = 5, Fig. 3A) but did not * 
E -IPS -ATP. +IP3 alter the conductance or the mean open 

time (Fig. 3B). The increased p, of the +IP, - 
IP,R occurred after addition of the same 128 rns 

-UUL 2 - 
+Fyn. -ATP, +IPS 

amount of Fyn that caused tyrosine phos- 
phorylation of the channel (Fig. 1A). +Fyn. + I P ~  m dl--&&& +Fyn. +IPS, +ATP 

Heparin (50 ~ g l m l )  blocked the channel -- I 1 ~ ~ & ~ 1 ~ ~ \ ! ~ & !  
after activation by Fyn plus IP, (Fig. 3A). +* ~ . I h ~ ~ b 1  
Fyn added before IP3 did not activate Fig. 3. Activation of the IPS-gated Ca2+ channel by Fyn. (A) Upper panel: Open probability @J plotted 
channels, which indicated that the IP,R against time for the IPS-gated Ca2+ channel in a planar lipid bilayer. Downward arrows indicate the 
must first be activated by IP, before it addit~on of reagents to the cis or cytoplasmic chamber. Lower panel: Tracings show representative 
can be modulated by Fyn (n = 3, Fig. channel openings at the indicated time points [(a) to (d)] in compressed and expanded time scales, taken 
3 ~ ) .  F~~ that had been boiled for 5 min from one continuous recording of currents passing through a single channel. The free [Ca2+] was 750 

did not activate the ~ p ~ - ~ ~ ~ ~ d  caz+ ,-ban- nM in the cis chamber. (B) Open-time distribution of the IPS-gated Ca2+ channel after incubation with 

riel (,, = 3), and addition of the kinase Fyn. Fitting with two exponentials yielded mean open times of 7, = 2.6 ms and 7, = 6.2 ms, and the 
single-channel conductance was 56 -C 4 pS; these values are comparable to those for the unphospho- 

inhibitor genistein ( I  p") before Fyn Mated channel. (C) Requirement of IPS for the effects of Fyn on thep, of the channel. (D) Requirement 
the effect the kinase (n = 3). of MgATP for the effects of Fyn (3 Wml). (E) Activation of purified IP3R by Fyn (3 U/ml). Breaks in the top 

When Mg-de~endent adenosine tri~hos- tracing are points where stining artifacts occurred during addition of reagents. Tracings in (A), (C), (D), 
phate (MgATP) was omitted from the bi- and (E) were recorded from separate experiments. howheads indicate the closed state of the channel; 
layer chamber, Fyn had no effect on the channel openings are in the upward direction (22). 
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intermediary molecule. ATP activates the 
IP,-gated channel (1 6); however, the in- 
crease in pc, after addition of Fyn was 
apparently not caused by ATP, because in 
each experiment the p,, of the channel was 
stable for at least 3 min before the addi- 
tion of Fyn. Similar results were obtained 
when T cell microsomes were examined. 
The IP3-gated CaZ+ channel from Jurkat 
cells had a CaZ+ conductance of 50 pS, 
with T = 3 ms and p,  = 2%; addition of 
Fyn (3 U/ml) increased the p,, from 2 to 
12% (P  < 0.01, n = 3)  (17). 

The decrease in the activating effect of 
Fyn over several minutes (Fig. 3A) was 
probably not the result of dephosphoryl- 
ation of the channel because under the 
same conditions as those in the bilayer 
chamber, no dephosphorylation of the 
IP,R was detected within the first 5 min 
after the addition of kinase (9). Activa- 
tion of the IP3R by Fyn was observed when 
[Ca2+], was as high as 750 nM (Fig. 3A). 
Maximal activation of the IP3R occurs 
when [Ca2+], .J 300 nM, and at [Ca2+], = 
750 nM the channel activity is reduced 

(1 4). The observation that tyrosine-phos- 
phorylated IP3R has increased activity (in- 
creased p,) at higher [CaZ+], suggests that 
tyrosine phosphorylation could have the 
effect of shifting the Ca2+ dependence for 
inactivation to higher values of [Ca2+Ii. 
Such a shift might permit the channel to 
remain open during the sustained eleva- 
tion of [Caz+Ii associated with T cell ac- 
tivation. 

Several nonrecemor ~ r o t e i n  tvrosine 
kinases, including Fyn, have important 
roles in T cell signaling (8). Inhibition of 
tyrosine kinase activity blocks TCR-medi- 
ated signal transduction and alters CaZ+ 
fluxes (1 8). Overexpression of p59FvnT in 
immature CD4+ CD8 + thymocytes in- 
creases intracellular CaZ+ release (7). . ., 
whereas thymocytes from fyn-I- mice have 
defective TCR signaling with reduced in- 
tracellular CaZ+ release ( 19, 20). Relative 
to wild-type thymocytes, thymocytes from 
fyn-I- mice (19) exhibited one-third as 
much tyrosine phosphorylation of the 
IP,R during TCR stimulation with CD3 
mAb (Fig. 4). Taken together, these find- 
ings suggest that reduced tyrosine phos- 
phorylation of the IP3R in thymocytes 
from fyn-I- mice may contribute to defec- 
tive intracellular CaZ+ release during TCR 
stimulation. Our results show that tyrosine 
phosphorylation of the IP3R, probably by 
nonreceptor protein tyrosine kinases, in- 
creases the p,, of the channel. Thus, non- 
receptor protein tyrosine kinases appear to 
be capable of modulating intracellular 
Ca2+ release by activation of the IP3R 
through tyrosine phosphorylation of the 
channel. 

- -&B * Phosphotyrosine blot 

- - r lP3R blot 

Fig. 4. Decreased tyrosine phosphorylation of 
IP3R in activated thymocytes from fyn-I- mice. 
Thymocytes were isolated from wild-type and 
fyn-I- mice. Proteins immunoprecipitated with 
anti-IP3R1 from lysates of unactivated or activat- 
ed cells were immunoblotted with anti-phospho- 
tyrosine and then, after stripping, with anti-IP3R1 
(21). Upper panel: Amount of tyrosine-phospho- 
rylated IP3R as determined by densitometric 
scanning of the band that comigrated with IP3R. 
Results are presented as densitometric units 
normalized to the value for unstimulated control 
thvmocvtes. Error bars reoresent SEM. Lower 

~e~resentative imm"noblots of IP3Rl im- 
muno~reci~itated from unactivated and activat- 
ed wil'd-type and fyn-I- thymocytes blotted with 
anti-IP3R1 or anti-phosphotyrosine. 
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