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Activation of the G Protein G q / l l  Through 
Tyrosine Phsspkosylation of the a Subunit 

Wisashi Umemori, Takafumi Inoue, Shoen Mume, 
Ilaohiro Sekiyarna, Mstoshi Nagao, Hiroshi Itoh, 

Shigetada Nakanishi, Katsuhiho Mikoshiba, Tadashi Yamamoto 

Various receptors coupled to the heterotrimeric guanlne nucleotide-binding protein 
G q l l l  stimulate formation of inositol-l,4,5-trisphosphate (IP,). Activation of these re- 
ceptors also induces protein tyrosine phosphorylation. Formation of IP, in response to 
stimulated receptors that couple to G q l l l  was blocked by protein tyrosine kinase 
~nhib~tors. These inhibitors appeared to act before activation of G q l l l .  Moreover, stim- 
ulation of receptors coupled to G q l l l  induced phosphorylation on a tyrosine residue 
(Tyr356) of the Ga,,, , subunit, and this tyrosine phosphorylation event was essential for 
Gqll 1  activation. Tyrosine phosphorylation of Ga,,,, induced changes in its interaction 
with receptors. Therefore, tyrosine phosphorylation of Ga,,,, appears to regulate the 
activation of G q l l l  protein. 

hi is a seconcl messenger that controls ~~ucleotide-bincii~lg protein ( G  protein)- 
many celll~lar processes bl- cal~sing re leae  of coupled receptors (GPCKs) and h\- recep- 
Ca2+ fro~l l  ~ n t r a c e l l ~ ~ l a r  stores. Formation of tors linked hy tyrosine kinases either ilirect- 
IP, is stimulated bv he te ro t r~~ner i c  puanine I-\. or ~ndirectlv. T h e  tormation of IP, actl- 

v'ateil hy GPCRS i catalyreii by 'phos- 
H. ,menor ar3-.  Yanamoto. Cecaltment of Ohcoog:~. 
I-sttate of I\Ae:lca Scence. Un5~ersiy of -oi:jo Tok:jo 

pholipase CP (PLCP) (1) .  G proteins are 
'08, japan. composed of three polypeptides clenoted a, 
- rol-,e. S X~. r re .  I\Akosbba. Depaltrrert of I\:ioec- P, and y .  T h e  oc sllbunlts, nh ich  h i l ~ d  a~ l i i  
uar Ne~.robiolocy, r s t  t ~ t e o f  ',,led c a  Sc erce, L'rverst:, hy~,,lyZe yuallosille triphosphate ( G T ~ )  
of Tokyo Toiyo 108, Japai 
N. Sekyalna a,id S. Na iar  sb ,  Depadlngrt of B ~ o ~ ~ ~ ~  ( 2 ;  3 ) )  are d i ~ . ~ d e d  into tour classes: Gn., 
Scel-ces X:joto L'nverst). =acuiy of 1\~e31cne ~: joto Goc., Goc ,, and G a l ? .  T h e  Goc subun~ts  that 

L -1 

90E, J a m - .  reyulate PLCP belong to the  Gc1 class (GnL,,  
M Nagao a,id H t o i .  Departnert of B101og1cal Seetic- 
es, Fac~.liy of 61oscierce atid 6iotechnoog:. Tok:jo r -  G a l l ,  Gn14 ,  G n l 5 / 1 6 )  (4 ) .  K'hen an  ag- 
sttute o'-echnoog:. Yoioi-arw 229. Japati onist binds to a GPCR,  the  receptor-llnkei1 

G p r o t e ~ n  dissociates into a Goc subunit and 
a cay i i~mer ,  each of which can activate 

8 ,  

target effectors. Howel-er, the  precise in  
v1~-o mechanisms of rece~~tor-meciiated G 
protein activation r e l u a i ~ ~  to  be eluc~dateil 
(2 .  3 ). Se~.eral G q  or G 11 (Gqil1)-coupled 
receptors induce tyrosine phosphorylation 
of cellular proteins (5 ) .  Here, \ye es;~mlneil  
tile role of tyrosine phosphorylation events 
in IP,-Ca2- signaling through G ~ l i l l - c o ~ ~ .  
pleil receptors. 

T h e  metahotropic glutamate receptor I n  
( m G l u R l a )  is a Gcl/ll-coi.~pleii recep- 
tor (6 ) .  Application of glutamate to Chi-  
nese hamster ovary ( C H O )  cells expressing 

mGluKln  (7)  increased tyrosine phospho- 
rylation of cellular protelns within 1 lnin 
(Fig. LA) (8). T h e  tyrosine phosphorylaticln 
event was allnost completely suppressed by 
gen~stem,  a protein tyrosine kinase (PTK) 
i ~ l h ~ h ~ t o r  ( 9 ,  lG), anii was enh,~nceii  hy 
vanadate-H,O,, a protern tyrosine phos- 
phatase (PTP) inhibitor (10) (Fiy. 1B). T h e  
m G l u R l n  itself Lvas i m m u ~ ~ o ~ r e c ~ ~ i t a t e d  
Ivith an t~body  to phosphotyros~ne (anti-PY) 
only from cells treated with glutamate (Fig. 
LC). 

W e  esalllineii t he  poss~ble role of PTKs 
in  C a 2 +  mobilization (1  1 ). Aciciition of 
glutamate (100 p h i )  to  t h e  m G 1 ~ 1 R l a -  
espressing CHO cells ~ncre,rsed the  intra- 
cellular concentration of C a 2 +  ([Ca2-I,). 
However, when cells were incuhateil in  
:he presence of genistein, n o  increase In 
[Ca'-1, was observed [ ~ n e d ~ a n  inhibitory 
concentration (IC,,) -.: 10  p!vf], even in  
cells treated w ~ t h  a h ~ g h  concentr,rtion of 
glutamate ( 1  mM: Fig. 2 A ) .  After 
g e ~ l ~ s t e ~ n  was vr.ashed out ,  t he  Ca2+  re- 
sponse rvas recovered. T o  denlo~lstrate 
that  the  inhihition of Ca2+ release hy PTK 
inhibitors is no t  ,I cell type-specific event,  
11-e recoriied Ca2+-activated C 1  currents 
in  Xi.noptts oocytes illjected with 
mG1~1Klot I ~ K N A  (12) .  C l ~ r r e n t  elicitecl 
hy glutamate was bloclted hy any of three 
PTK inhibitors: gen i s t e~n ,  tyrphostin 
L4G213 (9 ) ,  and A G 6 0  (13)  (Fig. 2B). 
T h e  currents were restoreil after the  drugs 
tvere removeil. Thus,  the  s t ~ l ~ l u l a t ~ o n - i n -  
duced increase in  [Ca2+], in these cells 
apparently requires PTK activity. 

T o  determine whether the  PTK inhih- 
i t o r  act before or after IP, f o r m a t ~ o n ,  we 
esanlined the  for~ilation of IP3 (14)  in the  
presence or ahsei~ce of PTI< inhib~tors .  
Genistein and tyrphostin AG213  allnost 
completely abolished glutamate-s t im~~lat -  
eii IP, formation in mGluR1n-exyreasing 
CHO c e l l  (Fig. 2C) .  T h e  effect of genls- 
teln was c o n c e n t r a t ~ o ~ ~ - d e ~ ~ e n i i e ~ ~ t  (IC5, 
== 10 p M )  (15) .  Daidzeln, a n  allalog of 
genistein tha t  lacks PTK inhihitory activ- 
ity (1 C), h , ~ d  n o  effect o n  IP, formation. A 
protein kinase C (PKC)  inhibitor, H i ,  
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Fig. 1. Tyrosine phosphorylation initiated through 
mGluR1 a. (A) Time course of alutamate-induced 
tyrosine phbsphorylation. CHO cells expressing 
mGluRl a were stimulated with 100 ILM alutamate 
for the indicated time, and cell lvsates were sub- 

A Control 

50 pM Genistein 

Wash 
2.51 

100 pM Glu 1 mM Glu Q 
M I  M3 Brad 

MEF CHO 3T3 

jected to immunoblotting with &ti-PY. Positions B Control Inhibitors Wash Fig. 2. Inhibition of IPS-Ca2+ signaling by PTK in- 
of prestained molecular size markers (Amersham) 
are indicated. (B) Effects of a PTK inhibitor and a Genistein -j,.--- + hibiors. (A) Blockade of Ca2+ response through 

!7P inhibitor on tyrosine phosphorylation. Cells mGluRl a by a PTKinhibitor in CHO cells. CHO cells 
24 expressing mGluRla were stimulated with 100 pM 

were incubated with 0.1% dimethyl sulfoxide 
(control), 100 pM genistein, or 1 mM vanadate AG213 -k- --a i-- or 1 mM glutamate (Glu) for 10 s (indicated by bars). 

with 3 mM H202 (vanadate) for 10 min and then Responses were measured before (control), during 
(50 pM genistein), and 20 min after (wash) applica- stimulated with glutamate for 3 min. (C) Tyrosine AG60 ; - ; 

phosphorylation involves mGluR1a. Cells were tion of genistein (1 l ) ,  and are expressed as a ratio of 
the emission at 360 nm/380 nm excitation. Ratio 

stimulated with glutamate for the indicated time' values from five cells were averaged. (B) lnhibition of Ca2+-induced CI- currents through mGluRla by 
The cell lysates were immunoprecipitated wih PTK inhibitors in Xenopus oocytes. Typical traces elicited by application of 100 pM glutamate for 10 s 
anti-PY' and the immunoprecipitates were sub- (horizontal bars) on oocytes injected with mGluRla transcripts recorded before (control), during (inhib- 
jected immunoblotting with a' itors), and 10 min after (wash) application of each inhibitor (1 00 pM genistein, 50 pM AG213, or 100 pM 

increased the formation of IP,, which is con- 
sistent with the finding that PKC suppresses 
PLCP activity (16). Therefore, PTK activity 
is specifically required for IP, formation 
through mGluRla. We also analyzed IP3- 
Ca2+ signaling in mouse embryo fibroblast 
(MEF) cells expressing M1 muscarinic ace- 
tylcholine receptor (mAChR) (17), CHO 
cells expressing M3 rnAChR, or Swiss 3T3 
cells that naturally express bradykinin recep- 
tor (1 8). Genistein also inhibited IP, forma- 
tion in response to the activation of M1, M3, 
or bradykinin receptors (Fig. 2D). 

To determine whether the PTK inhibi- 
tors act before or after G protein activation, 
we constructed a GTPase-deficient, consti- 
tutively active form of the G a l l  subunit 
[Gal 1-Q209L (1 9)] and expressed the ac- 
tive form in MEF cells (1 7). In the absence 
of inhibitors, this active form of G a l l  re- 
sulted in an amount'of IP, formation -2.5 
times that elicited by wild-type G a l l  (Fig. 
3). Incubation with 100 pM genistein had 
little effect on the increase in IP, formation 
brought about by the active form of G a l l  
(Fig. 3). Thus, PTK inhibitors act before G 
protein activation. 

The Gas subunit is phosphorylated on 
TyS7 and Ty1377 by Src PTK in vitro (20). 
Ty?77 is the fourth amino acid from the 
COOH-terminus of Gas. Ga, and G a l l  
also have a tyrosine residue at the corre- 
sponding position (Ty1356) (4). Therefore, 
we examined whether the Gad,, subunits 

AG60) are shown. Holding potential, -60 mV. (C) lnhibition of IP, formation through mGluRla by PTK 
inhibitors in CHO cells. The cells were stimulated with 100 pM glutamate (Glu); the formation of IP, is 
expressed as counts per minute (cpm) per well. Drug concentrations used were 300 pM H7, 100 pM 
genistein (Gen), 100 pM daidzein (Daid), or 50 pM AG213. All experiments were done in duplicate or 
triplicate, at least fwe times. The values represent means + SD of all results. (D) lnhibition by genistein 
(100 pM) of IP, formation stimulated through MI mAChR in MEF cells, M3 mAChR in CHO cells, or 
bradykinin receptor (Brad) in Swiss 3T3 cells. The cells were stimulated (Stim) with 100 pM carbachol or 
100 nM bradykinin in the presence (Gen) or absence (Con).of genistein. 

were phosphorylated on tyrosine upon stim- 
ulation of Gq/l 1-coupled receptors. Stimu- 
lation by carbachol of MEF cells expressing 
M 1 mAChR (8, 1 7) induced tyrosine phos- 
phorylation of both Ga, and G a l l  (Fig. 
4A); -2 to 5% of Gadll was phosphoryl- 
ated on tyrosine (1 5). We prepared G a l  1 
with a Ty256 + Phe (Y356F) mutation 
(1 9); when G a l  1-Y356F was expressed 
with M1 mAChR in MEF cells (8, 17), no 
increase in tyrosine phosphorylation was 
observed after agonist stimulation (Fig. 4B). 
Thus, stimulation of Gq/ll-coupled recep- 
tors appears to induce tyrosine phosphoryl- 
ation on T y ~ 5 6  of Gad,,. 

We examined whether tyrosine phospho- 
rylation of the Gadll subunit is involved in 
the formation of IP,. When M1 mAChR 
was expressed with Gall-Y356F, carba- 
chol-induced IP, formation was reduced 
(33.6 2 3%) relative to that in cells ex- 
pressed with wild-type G a l  1 or nansfected 
with empty vector (Fig. 4C) (14, 17). The 
mechanism for the effect of G a l  1-Y356F is 
still unknown, and Gall-Y356F could fail 
to interact with the receptor. However, be- 
cause Ga14, whose corresponding residue is 

phenylalanine, can interact with receptors 
(4, 21), it is likely that Gall-Y356F also 
can interact with the receptor. Therefore, 
tyrosine phosphorylation on Ty256 of 
G a l l  appears to be essential for GPCR- 
mediated formation of IP,. We also exam- 

Fig. 3. IP, formation in MEF cells expressing wild- 
type (Gal 1 -WT) or a constitutively active form 
(Gal 1 -Q209L) of Gal 1. The cells were incubated 
with 100 pM genistein or stimulated with 100 pM 
carbachol (Carb); the formation of IP, is ex- 
pressed as counts per minute per well. All exper- 
iments were done in duplicate or triplicate, at least 
three times. The values represent means 2 SD of 
all results. 
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Fig. 4. Role of tyro- 
sine phosphorylation on 
Ty1356 of the Gal 1 sub- 
unit in MI mAChR-medi- 
ated activation of GI 1. (A) 
Tyrosine phosphorylation 
of Ga, and Gal 1 in re- 
sponse to MI mAChR 
stimulation. MI rnAChR 
was expressed in MEF 
cells, which were stimulat- 
ed with 100 pM carbachol 
for 3 min. Ga, and Gal 1 
were immunoprecipitated 
from the cell lysates (8) 
and subjected to immu- 

A D 
IP G~rg Ga l l  

Cab- -  + - + 

PY 

Gall 

b = b  fk - 
Gal I-WT G=Il-Y356F -- 

- + - + Carb F ~~~ - - - - 

PY -4 - - + - + - + Carb 

noblotting with anti-PY or 30 I 

antibodies to the respec- kD 

tive proteins. (B) Tyrosine 
phosphorylation on T@56 of Gal 1 after MI mAChR stimulation. Wild-type (Gal 1 -WT) or mutated (Gal 1 - 
Y356F) Gal 1 were expressed with MI mAChR in MEF cells and stimulated with 100 pM carbachol for 3 min. 
Gal 1 was immunoprecipitated and subjected to immunoblotting with anti-W or anti-Gal 1. The amount of 
expression of the transfected Gal 1 was at least 10 times that of the endogenous Gal 1 (15). (C) Role of 
phosphorylation on TyP6 of Gal 1 for MI mAChR-mediated formation of IP,. MI mAChR was expressed 
with empty vector (pCMV5), Gal 1 -WT, or Gal 1 -Y356F in MEF cells, and the formation of IP, was measured. 
All experiments were done in duplicate or triplicate, at least three times. The values represent means 2 SD of 
all results. (D) Phosphorylation on T@56 of Gal 1 is not essential for the activity of constitutively active 
Gal 1 -Q209L. Wild type (WT), Q209L-mutated, or Q209L- and Y356F-mutated Gal 1 were expressed in 
MEF cells, and the formation of IP, was measured. (E) Tyrosine phosphorylation of cellular proteins occurs 
independently of Gqll 1 ac t i i .  Wild type (WT), Y356F-mutated, or Q209L-mutated Gal 1 were expressed 
with MI mAChR in MEF cells and stimulated with 100 pM carbachol for 3 min. The same amounts of lysates 
were tested for phosphotyrosine. Positions of prestained molecular size markers are indicated. 

ined the effect of Y356F mutation on IP, 
formation stimulated by the constitutively 
active form of G a l  1 ( G a l  1-Q209L). The 
Y356F mutation did not affect the G a l l -  
Q209L-mediated increase in IP3 forma- 
tion (14, 17) (Fig. 4D), suggesting that 
phosphorylation on Tyt356 of G a l  1 is not 
required for the activity of the constitu- 
tively active form of G a l l .  Thus, phos- 
phorylation on Ty?56 of Gaq,,, is appar- 
ently essential for the activation of Gq/ l l  
by agonist stimulation. 

Tyrosine phosphorylation events are 
induced after G protein activation (22). 
To  demonstrate that tyrosine phosphoryl- 
ation events occur before activation of 
Gq / l l  as well, we examined the carba- 
chol-dependent tyrosine phosphorylation 
of cellular proteins in the presence of var- 
ious G a l l  mutants in M1 mAChR-ex- 
pressing MEF cells (8, 17). Carbachol- 
dependent tyrosine ph~sphor~la t ion of 
cellular proteins was observed in the pres- 
ence of either the wild-type or Y356F- 
mutated G a l l  (Fig. 4E). Because phos- 
phorylation occurred comparably even in 
the presence ofGa11-Y356F, tyrosine phos- 
phorylation of cellular proteins occurs in- 
dependently of phosphorylation of Ty?56 
of G a l  1, which suggests that tyrosine phos- 
phorylation of some proteins may precede 
the activation of G11. In cells expressing 
G a l  1-Q209L, tyrosine phosphorylation 
was increased without agonist stimulation 

(Fig. 4E), suggesting that tyrosine phos- 
phorylation is enhanced as a consequence 
of activation of Gal l1  as well (22). . . 

We examined receptor= protein inter- 
actions after aeonist stimulation or tvrosine - 
phosphorylation of the Gaqlll subunit. To  
do so, we expressed M1 mAChRs with or 
without a constitutively active form of the 
PTK Fyn (active Fyn) in MEF cells (17, 
23), stimulated them with carbachol, and 
measured the Gad,,-associated binding 
activity of [3H]quinuclidinyl benzilate 
(13H]QNB), an M1 mAChR antagonist (24- 
26). The [,H]QNB binding activity associated 
with Gadll  from carbachol-stimulated cells 
was -50% of that from unstimulated cells 
(Fig. 5A). Thus, agonist binding results in 
receptor4 protein dissociation or confonna- 
tional changes that prevent the antibody to 
Gad,., from accessing its epitope (25). Active 
Fyn increased tyrosine phosphorylation of 
Gor,,, without changing the amount of M1 
mAChR expression (15) (Fig. 5B). When 
active Fyn was expressed in the cells, the 
Gad,,-associated 13H]QNB binding activity 
was reduced even without carbachol stimula- 
tion (Fig. 5A). These results suggest that ty- 
rosine phosphorylation of the Gad,, subunit 
regulates the interaction between receptors 
and Gq/ll. Taken together, our results dem- 
onstrate that tyrosine phosphorylation of the 
G w l l  subunit by PTKs contributes to 
GPCR-mediated activation of Gq/ll. 

In vitro, the Gq class of proteins can 

- Active Fyn 

4dive Fyn 
:arbachol 

Fig. 5. Effect of tyrosine phosphorylation of the 
Ga,,, subunit on interaction with MI mAChRs. 
(A) Gaul1-as~ociated PHIQNB binding activity. 
Empty vector (-) or active Fyn (+) was expressed 
with MI mAChR in MEF cells, which were stimu- 
lated with 100 pM carbachol for 3 min. Gaul, 
was immunoprecipitated with anti-Gaul, and as- 
sayed for PHIQNB binding activity. All experi- 
ments were done in duplicate or triplicate, at least 
five times. The values represent means 2 SD of all 
results. Similar results were obtained when we 
used anti-Ga, and anti-Gal 1 for immunoprecipi- 
tation (15). (B) Tyrosine phosphorylation of the 
Gaul, subunits. lmmunoprecipitated Gaul , was 
blotted with anti-PY or anti-Ga,,, , . 

activate PLCP by agonist stimulation 
when reconstituted in lipid vesicles with 
purified receptors (27). Tyrosine-phospho- 
rylated Gad,, is more active in stimulat- 
ing PLCP in vitro (28). Thus, PTKs may 
act to facilitate receptor-mediated G pro- 
tein activation. In vivo, receptor-G pro- 
tein coupling and G protein activation 
may be more tightly regulated than in 
vitro (2, 21, 29). Such regulation may be 
controlled at least in part through tyrosine 
phosphorylation of Gaqlll. 

Many G a  subunits have tyrosine resi- 
dues near their COOH-termini (4), and 
the G a ,  and Ga,  families of proteins can 
be tyrosine-phosphorylated in vitro (30). 
Their activities may also be regulated by 
tyrosine phosphorylation. We suggest that 
tyrosine phosphorylation of the G a  sub- 
units is one mechanism by which recep- 
tor-G protein coupling and G protein ac- 
tivation are regulated in vivo. 
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Estimating Chaos in an Insect Population 

R. F. Costantlno et al. ( 1 )  state that their 
laboratory data of the populatton dynam- 
~ c s  of the flour beetle Tribolzz~m castaneum 
show con\.incing evidence of transitions 
to chaos. Their ~nethodology was similar 
to earlier studies ( 2 )  that assessed the 
population dynamics of a time series by 
fitting some mechanistic or emptrical 
model and then inspecting realizations 
from the deterministic skeleton of the fit- 
ted model. However, Ellner and Turchtn 
(3) argued powerfully that such an ap- 
proach was flawed because ~t d ~ d  not allow 
for a random component in the dynamics 
and might lead to the misidentification of 
series dynamics. 

Ellner and Turchin identify three 
sources of variation that might influence 
the sensiti\.ity of the system to initial con- 
ditions-endogenous dynamics, exoge- 
nous dynamics, and measurement error- 
and ask how fluctuations can be catego- 
rized as stochastic or dynamic if the tneth- 
odology assumes the absence of noise. 
They presented methods for calculation of 
the Lyapunov exponent that allow for dy- 
namlc noise; these methods halve now 
been supplemented by associated random- 
ization tests that indicate the variability of 
Lyapunov exponents under t ~ . o  popula- 
tion dynalntc hypotheses (4) .  Whtle this 
new methodology cannot disentangle the 
relative contributions of measurement er- 
ror (which is us~~ally assumed to be small) 
from exogenous dynamtcs, it does identify 
the effects of the exogenous dynamics, 
wh~ch  1s usually the aim of the exerclse. 

The estimates of the Lyapunol. exponents 
given by Costantino et al. must be shown to be 
robust to the presence of noise [that the au- 
thors themselves estimate in their x7arlance- 
col~ariance matrix sum (Z)] if a valid charac- 
terization of the Tnboliurn dynarnics is to be 
obtained. We urge Costantino et al. to provide 
such estimates for the stochastic \version of 
their model and then to compare their data 

wlth such output, rather than to use estllnates 
from the deterministic skeleton. 
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Response: We agree with Perry et al. that more 
st~ldy is needed of nonlinear dynamics in the 
presence of noise. We have colxlputed the 
Lyapuno~. exponents (LE) for both the deter- 
ministic and stochastic \.ersions of our model 
(Table 1)  by using our published estimates for 
the model parameters and variance-covarl- 
ance matrix. If one accepts a positi\.e stochas- 
ttc LE as a hallmark of chaos, then these 
results delno~~strate that our statements about 
chaos are "robust to the presence of nolse." 

We remain unconvinced, however, that 
the stochastic LE (2 )  advocated by Perry et 
al. should be viewed as an objective hall- 
mark of chaos. Consider, for instance, a 
population model in which population size, 
N,, obeys a stochastic Rlcker (discrete time 
logistic)   nod el 
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