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The heterotrimeric guanine nucleotide binding proteins (G proteins) are activated by 
sensory or hormone receptors. In turn, the G proteins activate effector proteins such as 
adenylyl cyclase, cyclic guanosine 3',5'-monophosphate phosphodiesterase (cGMP 
PDE), phospholipase C, and potassium and calcium ion channels by mechanisms that are 
poorly understood. A site on the a subunit of the G protein transducin ( a 3  has been 
identified that interacts with and activates cGMP phosphodiesterase, the effector enzyme 
in rod photoreceptors. A22amino acid peptide, corresponding to residues 293 to 31 4from 
the COOH-terminal region of a, ,  fully mimicked g and potently activated PDE. This region 
is adjacent to the receptor activation domain; thus, the a subunit of this G protein has a o 100 200 400 

site for interaction with both its effector and receptor that maps near the COOH-terminus. Peptide @M) 

Fig. 2. Effects of g peptides on basal PDE 
activity. Peptides at the indicated concentra- 
tions were added to PDE in isotonic buffer (10 

In vertebrate rod cells, the G protein, thiotriphosphate (GTP-y-S), forms a corn- nM); cGMP (4 mM) was then added. PDE 

transducin (G,), couples the photoreceptor plex with Py (9). PDE can also be activated activity was by the proton release 

rhodopsin to the effector cGMP PDE. The by limited trypsin proteolysis, which cleaves (I2) and expressed as a percentage Of 
maximal activity of PDE (10 nM) after limited a subunits of G proteins in the guanosine Py (8). In addition, a, with GDP bound trypsin proteolysis (tPDE activity) = 19,4 

diphosphate (GDP)-bound form bind to (g-GDP) inhibits a,-GTP-y-S-stimulated prnol of cGMP hydrolyzed per second per 
both the py subunit complex and their PDE and trypsinized PDE (tPDE) (1 0). These of PDE, ., peptide 293-314; A, 3 0 ~  
cognate activated receptor (1). Binding to results indicate that a, contains sites of bind- 314; ., all other peptides. The inset shows a 
the activated receptor stimulates replace- ing for Py, Pap, or both. double reciprocal plot of the data; velocity is 
ment of GDP with guanosine triphosphate We synthesized various peptides that cor- equal to rnicrornoles of cGMP hydrolyzed per 
(GTP) at the guanine nucleotide binding respond to specific regions of a, to find sites second per milligram of PDE. 
site of the a subunits, which results in a of interaction with PDE (Fig. 1) (1 1). Syn- 
conformational change in a (2). The a thetic peptides can either block the interac- 
subunits with GTP bound (a-GTP) have tion between two proteins or mimic the second peptide stimulated PDE less (K, - 
decreased affinity for the receptor and for effect of one protein on another. Because a, 40 pM). The presence of membranes allows 
the py subunit (1) and can stimulate effec- has a different conformation depending on optimal activation of PDE by at-GTP-y-S 
tors (3). This alteration of protein to pro- whether GDP or GTP is bound, the a, (6). However, the effect of either peptide 
tein interactions indicates that the confor- peptides could mimic either a,-GDP or at- on PDE was not altered by the presence of 
mation of a-GTP must reveal specific ami- GTP-y-S. Thus, we examined whether syn- urea-washed ROS membranes (which were 
no acid residues that take part in effector thetic a, peptides could mimic a,-GTP-y-S stripped of peripheral proteins) (1 3). 
activation; however, it is uncertain which and directly activate basal PDE, block stim- In our experiments, the K, for a,-GTP- 
residues on the a subunit interact with and ulation of PDE activity by a,-GTP-y-S, or y-S stimulation of PDE in solution was 1 to 
activate the effector. Analysis of chimeras mimic a,-GDP and inhibit active PDE. 2 pM. Phosphodiesterase was activated by 
of the a subunits of G, (ai) and G, (a,) We found that one peptide, correspond- a,-GTP-y-S to a maximum of -40% of the 
showed that the smallest linear stretch of a, ing to residues 293 to 3 14 (peptide 293- activity of tPDE (1 3). Because the effects of 
sufficient to stimulate adenylyl cyclase was a 314), and a truncated analog of this pep- peptide 293-314 and a,-GTP-y-S on PDE 
120-residue segment near the COOH-ter- tide, corresponding to residues 300 to 314 activation were similar and all other pep- 
minus (residues 235 to 356) (4, 5). We (peptide 300-314), activated basal PDE, tides tested, including those with similar 
have determined that a 22-amino acid pep- whereas all other peptides had no effect charge characteristics, did not activate 
tide from within the COOH-terminal re- (12). The maximal activity of PDE stimu- PDE, the effects of this peptide on PDE 
gion of a, is able to activate cGMP PDE. lated by the first peptide was -40% of the appear to be significant. We tested whether 

On the rod outer segment (ROS) disk activity of tPDE (Fig. 2); the activation peptide 293-314 could activate tPDE that 
membrane, G, in the GTP-bound form constant (K,) was -8.3 pM (Fig. 2). The had been inhibited by exogenous Py. A 
activates its effector, cGMP PDE, which 
cleaves cGMP to 5' GMP and results in 

plasma membrane hyperpolarization (6)- Fig. 1. Localization of the synthetic g peptides a b c d e  f g  h .i-m n 
Bovine PDE consists of two catalytic sub- in relation to a linear map of g. The following Pep'ides- oClDCIC3omlInn 

100 . . , . 2 w . .  . . . ,300 . . 
units, P a  (88 kD) and PP (84 kD) and two peptides were synthesized: (a) residues 1 to 23 at' - - -  - 
identical inhibitory subunits, Py (1 1 kD) (MGAGASAEEKHSRELEKKLKEDA, (b) resi- r G T P  binding 
(7, 8). The a subunit of transducin in the dues 53 to 65 (HQDGYSLEECLEF), (c) mi -  
~ ~ p - b ~ ~ ~ d  form activates PDE by remov- dues 162 to 181 (GWPTEQDVLRSRVKTTGII), (d) residues 189 to 210 (DLNFRMFDVGGQRSERK- 

ing inhibitory constraints imposed by the y KWIHC), (e) residues 201 to 215 (RSERKKWIHCFEGVT), (9 residues 224 to 239 (SAYDMVLVED- 
DEVNRM), (g) residues 242 to 259 (SLHLFNSICNHRYFATTS), (h) residues 265 to 280 (NKKDVF- subunits (6). Bovine at' bound the SEKIKKAHLS), ( i )  residues 288 to 310 (QPNTYEDAGNYIKVQFLELNMRR), (j) residues 293 to 314 

hydrolpble GTP guan0sine-5'-0-(3- (EDAGNYIKVQFLELNMRRDVKE), (k) residues 300 to 314 (KVQFLELNMRRDVKE), ( I )  residues 305 
Department of Physiology and Biophysics, University to 329 (ELNMRRDVKEIYSHMTCATDTQNVK), (rn) residues 31 1 to 329 (DVKEIYSHMTCAT- 
of Illinois College of Medicine at Chicago, Box 6998, DTQNVK), and (n) residues 340 to 350 (IKENLKDCGLF) (1 1 ) .  Abbreviations for the amino acid 
Chicago, IL 60680. residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,  His; I ,  Ile; K, Lys; L, Leu; M ,  Met; N,  
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purified fusion protein of Py (Py)  (14) 
nearly completely inhibited the activity of 
tPDE (Fig. 3A). Addition of peptide 293- 
314 (20 pM) (Fig. 3A) or a,-GTP-y-S (8 
pM) (13) in the presence of P y  restored 
approximately 40% of the activity of tPDE. 

The degree of activation of PDE depends 
reciprocally on the concentrations of a,- 
GTP-y-S and exogenous Py (15). The ef- 
fects of fPy on activation of PDE by peptide 
293-3 14 (Fig. 3B) were similar to the effects 
of Py on stimulation of PDE by a,GTP-y-S 
(15). The P y  protein shifted the dose- 
response curve to the right and changed its 
shape from hyperbolic to sigmoidal. 

The a,GTP-y-S complex activates PDE 
by promoting dissociation of Py from its in- 
hibitory site on the catalytic subunits (1 5). To 
determine whether peptide 293-314 activates 
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Fig. 3. Reciprocal relations between peptide 
293-314 and fPy. (A) Activation of fPy-inhibited 
tPDE by peptide 293-31 4. Upper trace: cGMP 
(4 mM) (cG) was added to tPDE (2.5 nM) in 
isotonic buffer. Lower trace, tPDE (2.5 nM) and 
fPy (5 nM) (fy) were mixed in the reaction vial 
and then cGMP (4 rnM) was added. After 2 rnin, 
peptide 293314 (20 pM) was added. PDE 
activity was measured by the proton release 
assay. (B) Reciprocal effects of peptide 293- 
314 and fPy on PDE activity. PDE activity was 
measured with the inorganic phosphate release 
method (12). The fPy protein was added at the 
indicated concentrations to PDE (0.7 nM),  and 
then various concentrations of peptide 293- 
314 were added. After 3 min of incubation, 
cGMP (1 rnM) was added. PDE activity is 
expressed as a percentage of tPDE activity. 

PDE by a similar mechanism, we used gel 
filtration high-performance liquid chromatog- 
raphy (HPLC) to examine the effect of this 
peptide on the binding of '',I-labeled P y  to 
tPDE (1 6) ; two other a, peptides, correspond- 
ing to residues 53 to 65 (peptide 53-65) and 
residues 265 to 280 (peptide 265-280), that 
did not activate PDE were used as controls. 
1251-Py added to tPDE comigrated with tPDE 
(Fig. 4). When 1251-fPy was incubated with 
tPDE in the presence of peptide 293-314 (50 
pM), the amount of 1251-fPy bound to tPDE 
after gel filtration was decreased. Peptide 293- 
3 14 caused a dose-dependent decrease in the 
amount of lZ5I-fPy bound to tPDE (Fig. 4). 
The concentration of the peptide (10 pM) 
near its K, (8.3 pM) reduced the amount of 
1251-Py bound to tPDE by about 54%. 
Peptides 5 3 4 5  and 265-280 (each at 50 
pM) had no effect. These results suggest that 
peptide 293-314 activates PDE by lowering 
the affinity of Py for the catalytic subunits. 

Each a, peptide was also tested for effects 
on at-GTP-y-S-stimulated PDE and tPDE 
activity (1 7). Peptide 53-65 maximally in- 
hibited at-GTP-y-S-stimulated PDE activ- 
ity by 60% with an IC,, (concentration 
required to inhibit the activity of PDE by 
50%) equal to 60 pM and inhibited tPDE 
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Fig. 4. Peptide 293314 decreased binding of 
lZ51-fPy to tPDE. The Iz51-fPy (40 pmol) was 
preincubated with tPDE (40 prnol) alone or in 
the presence of 10 pM, 25 pM, or 50 pM 
peptide 293-314 and eluted with Buffer B at a 
flow rate of 0.7 rnllrnin. Typical radioactivity 
profiles after HPLC gel filtration of tPDE prein- 
cubated with '251-fPy alone (solid line) or in the 
presence of peptide 293-314 (50 pM) (dashed 
line). Inset: relative amounts of lZ51-fPy bound 
to tPDE in the presence of increasing concen- 
trations of peptide 293314 (100% equals the 
amount of Iz51-fPy bound to tPDE in the ab- 
sence of peptide). Molecular weight standards: 
blue dextran (2000 kD), bovine serum albumin 
(67 kD), and cytochrorne c (12.4 kD). 

by 75% with an IC,, equal to 80 pM. 
Another peptide, corresponding to residues 
201 to 215 (peptide 201-215), inhibited 
only tPDE activity by 60% with an IC,, 
equal to 100 pM. All the other peptides 
had no effect. These data suggest that re- 
gions corresponding to residues 53 to 65 
and 201 to 215 on a, may interact with the 
catalytic subunits of PDE. 

The a, peptide 293-314 (as well a trun- 
cated analog of this peptide) directly activated 
PDE. Peptide 293-314 activated PDE with a 
K, value (8.3 pM) (Fig. 2) that was w i t h  
one order of magnitude of that for a,-GTP- 
y-S (Ka = - 1 to 2 pM). In addition, peptide 
293-314 decreased the binding of 12'1-fPy to 
tPDE. With K, in the micromolar range, this 
peptide weakened interaction between the 
PDE y subunit or subunits and PDEoLP, an 
interaction with an affinity in the picomolar 
range (15). Because the peptide was added 
after the addition of '"1-fPy, the decreased 
binding of 1251-fPy to tPDE was probably a 
result of an increase in the rate of dissociation 
of 1251-fPy from tPDE. T h s  suggests that the 
peptide causes a conformational change in the 
PDE holoenzyme complex that decreases the 
affinity of fPy for tPDE. 

Peptide 293-314 appears to mimic a, in 
the GTP-y-%bound form and activates PDE 
by reversing the inhibitory effect of Py. This 
implies that this region on a, is a site for PDE 
binding and is involved in PDE activation. 
The smallest known region on or, capable of 
activating adenylyl cyclase lies between resi- 
dues 235 to 356 (4, 5), which corresponds to 
residues 208 to 314 of a, (if q and a, amino 
acid sequences are aligned by their conserved 
GTP binding domains). Peptide 293-3 14 lies 
within this region. Thus, this region may be 
an essential part of the effector activation 
domain for many G proteins. 

Other regions of a subunits may partic- 
ipate in G protein binding to effectors. In 
G,, residues Trp263, Leu268, and Arg269 are 
critical in the determination of the affinity 
of a, for adenylyl cyclase (1 8). Our data 
suggest that other regions on a, may also 
interact with the effector PDE. The corre- 
spondence between the studies on the ai-4 
chimeras and our finding that peptide 293- 
314 activates PDE suggest that similar sites 
on G protein a subunits are involved in 
effector activation even though there does 
not seem to be strong conservation of ami- 
no acid sequences among G protein-regu- 
lated effector enzymes and channels. 

Note added in proof: One of the a, regions 
required for activation of adenylyl cyclase 
(residues 349 to 356) corresponds to resi- 
dues 307 to 314 on a, (19). 
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