
Site of G protein Binding to Rhodopsin Mapped with The effects of these peptides on Gt inter- 

Synthetic Peptides from the a Subunit action with rhodopsin were then measured 
directly by a spectrophotometric assay: Gt 
binding to light-actiiated rhodopsin stabi- 

HEIDI E. W,* DUSANKA DERETIC, ANATOL ARENDT, lizes the active metarhodopsin I1 conforma- 

PAUL A. HARGRAVE, BERND KOENIG, KLAUS P. HOFMANN tion of rhodopsin (8) as measured by its 
characteristic absorbance spectrum. T o  mea- 
sure Gt binding to metarhodopsin 11, 

The interaction between receptors and guanine nucleotide binding (G) proteins leads washed ROS membranes with or without 
to G protein activation and subsequent replation of effector enzfmes. The molecular extract containing Gt were placed in a cu- 
basis of receptor-<; protein interaction has been examined by using the ability of the G vette in a dual-beam flash spectrophotome- 
protein from rods (transducin) to cause a conformational change in rhodopsin as an ter (8) and exposed to a flash of light that 
assay. Synthetic peptides corresponding to two regions near the-carboxyl terminus of bleached 4% b f  the rhodopsin while the 
the G protein a subunit, G I u ~ ~ ~ - v ~ ~ ~ ~ ~  and Ile340-Phe350, compete with G protein for difference of the absorbances at 380 nm 
interaction with rhodopsin. Amino acid substitution studies show that Cys321 is (metarhodopsin I1 peak absorbance) and 
required for this effect. ~ l e ~ ~ ~ - ~ h e ~ ~ ~  and a modified peptide, a c e t y l - G l ~ ~ ~ ~ - L ~ s ~ ~ ~ -  417 nm (isosbestic point with metarhodop- 
amide, mimic G protein effects on rhodopsin conformation, showing that these sin I) was monitored. Tight binding of G, to 
peptides bind to and stabilize the activated conformation of rhodopsin. metarhodopsin I1 shifts the metarhodopsin - - 

I-metarhodopsin I1 equilibrium towardme- 

T HE TRANSDUCTION OF BIOLOGICAL sequences (rhodopsin Phe'3-~ro23, ~ ~ s ~ ~ ~ -  tarhodopsin I1 (8) ,  leading to the formation 
signals such as light, hormones, and Arg252, and A ~ n ~ ' ~ - L e u ~ ~ ' )  were ineffective of more metarhodopsin 11. The synthetic 
neurotransmitters starts by a specific competitors of rnAb 4A binding to Gt (Ta- peptide 31 1-328 completely blocked the 

interaction with and subsequent activation ble 1). Thus the eight amino acids Tyr316 to binding of Gt to rhodopsin (Fig. 1A). The 
of a receptor protein. This causes a confor- Thr323 are required for competition with smaller peptides 311-323 and 316-328 
mational change of the receptor leading to a mAb 4A. Amino acids 311 to 315 consider- both competitively blocked binding, but 
high-affinity interaction with a specific G ably enhance peptide competition, whereas their effects were partial (Fig. 1, B &d C). 
protein and catalysis of guanosine triphos- 324 to 328 are much less important. The peptides 311-319 and 320-328 (Fig. 
phate (GTP)-guanosine diphosphate 
(GDP) exchange on the G protein a sub- 
unit. GTP binding leads in turn to activation Table 1. Summary of competition between G protein and synthetic a subunit peptides for binding to 
of effector molecules and dissociation of the mAb 4A or metarhodopsin 11. Synthetic peptides based on the putative mAb 4A antigenic site (311- 
rece~tor-G ~rote in  com~lex ( I .  2) .  The 328) were used as competitors of mAb 4A binding to G protein (24) or G protein interaction with 

I \ I  I 

car<oxyl ofa is involved in interac- rhodopsin (21). ICso and percent remaining bindmiat m&al inhibition wer; calculated according to 

tion with receptors (3, we have identi- the equation in the legend to Fig. 1. Peptide 8-23 had no ability to block mAb 4A binding; however, a 
non-native peptide, Cys-Tyr-8-23; could block mAb 4A binding at high concentrations. This is similar 

fied regi0n in the a subunit the to the blockade of mAb 4A binding by this peptide in (25) and is interpreted as evidence that mAb 4A 
rod outer segment (ROS) G protein, trans- recognizes the NH-terminal region. This peptide, 8-23, with no extra amino acids, had no effect on 
ducin (G,), ~ 1 ~ ~ ~ ~ - ~ a 1 ~ ~ ~  (311-328), that is mAb 4A-G protein binding. Synthetic peptides made to the GTP-binding region of a, 41-48, and 

also a pan: of the rhodopsin binding site. nonspecific peptides made to other protein sequences (rhodopsin 13-23,231-252, 310-321) have no 
effect on mAb 4A or rhodopsin binding to G protein up to a concentration of 2 mhil. Data shown are A monoclOnal antibody (mAb) the a means (n = 9) for antibody binding; SEM was within 10% ofthe mean. For rhodopsin binding, n = 4; 

subunit of Gt, mAb 4 4  blocks G protein SEM is shown in figures. ND, not determined. 
interaction with rhodopsin (5, 6) and binds 
to the 311-328 sequence of a (7). A syn- 
thetic peptide corresponding to 311-328 
competitively blocked rnAb 4A interaction 
with the G protein (Table 1). T o  further 
define this epitope, a series of smaller syn- 
thetic peptides was tested. Peptide GIu3"- 
Thr323 (311-323) was almost as effective as 
the parent peptide, whereas ~ ~ r ~ ~ ~ - ~ a 1 ~ ~ ~  
(316-328) was 20 times less effective. 
Smaller pe tides, ~ l u ~ l l - ~ e t ~ l ~  (311-319) k' and ~ h r ~ ~  (320-328), as well as 
synthetic peptides corresponding to other 
regions of the a subunit ( ~ e t ' - A l a * ~ ,  Asp8- 
Ala23, and ~ I ~ ~ l - A s n ~ ~ )  and to unrelated 

mAb 4A binding Rhodopsin binding 
Peptide 

Ic50 (mM) % Binding G o  (mM) % Binding 

311-328 
311-323 
316-328 
311-319 
320-328 

ac-31 1-329-NH2 
ac-305-329-NH2 

[Cy~~~~]311-322  
(reduced) 

[Cys3I5]31 1-322 
(cyc11c-t) 

[Phe316]311-323 
[Gln318]3 11-323 
[Ser321]311-328 

8-23 
Cys-Tyr-8-23 
340-350 
340-350 + 

ac-311-329-NH2 
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1, D and E) as well as nonspecific peptides 
(rhodopsin phe13-proz3, L ~ s ~ ~ ~ - A ~  g 252 , and 
Asn310-~eu321) (not shown) have no signifi- 
cant effect. Adding peptides 31 1-319 and 
320-328 together did not change this re- 
sult, showing that the linear sequences alone 
are not enough to have an effect. Thus, the 
central region 316-323 is most important 
for blocking rhodopsin-Gt interaction, 
whereas the flanking regions on both the 
COOH- and NH2-termini of the peptide are 
less important. 

The ability of peptides to compete in 
these assays was analyzed with a computer- 
generated fit of the data with a Michaelis- 
Menten-type equation for a competitive 
inhibitor (Fig. 1, solid lines). The calculated 
concentration for 50% inhibition (ICSo) and 
percent remaining binding at maximal inhi- 
bition are shown in Table 1. Approximately 
200-fold excess of peptide 31 1-328 (IC50, 
49 p,M) was required for half-maximal com- 
petition with mAb 4A, and approximately 
750-fold excess of peptide was required to 
half maximally block binding to metarho- 
dopsin 11. This result is consistent with the 
higher affinity of Gt for metarhodopsin I1 
than for mAb 4A (9, 10). The competitive 
inhibition model fits the data well, which 
show a sigmoid curve in most cases. Howev- 
er, in the case of 311-328 (Fig. 1A) the 
competition curve has an anomalous shape 
and -continues its downward trend at the 
highest peptide concentrations. This indi- 
cates that the interaction is more complex 
than a simple competitive inhibition. 

To examine which amino acids of the 
sequence 311-323 are important for the 
blocking effect, synthetic peptides with sin- 
gle amino acid substitutions were tested 
(Fig. 2A and Table 1). Substitution of Ile315 
by Cys resulted in a peptide that caused 
partial blocking, whereas substitution of 
Tyr316 by Phe had no effect. However, 
substitution of Cys321 with Ser completely 
eliminated the ability of this peptide to 
compete for binding of metarhodopsin I1 
(Fig. 2A). It is unlikely that this conserva- 
tive substitution of a hydroxyl group of Ser 
for a sulfhydryl group of Cys caused a large 
conformational change to the peptide, be- 
cause both the size and charge of the resi- 
dues are similar. Rather, we suspect that this 
Cys may be important for the light-induced 
binding to rhodopsin. There is known to be 
a critical sulfhydryl group close to the tight, 
light-dependent rhodopsin binding site (1 1, 
12) that is not involved in dark binding of 
G+ to the membrane. 

The structure of the competing peptides 
may provide some insight into the structure 
of this region of the a subunit that interacts 
with metarhodopsin 11. However, the con- 
centration of the active conformation of the 

peptides must be relatively small, because a 
200- to 1500-fold excess of peptides is 
required to compete with a for binding 
mAb 4A or metarhodopsin 11. To increase 
the peptide's ability to compete, peptides 
predicted to have a more constrained sec- 
ondary structure were synthesized. A cyclic 
peptide without biological activity was pro- 
duced by synthesizing [ ~ ~ s ~ ~ ~ ] - 3 1 1 - 3 2 2  
and cyclizing it by introducing an intramo- 
lecular disulfide bond between Cys315 and 

~~s~~~ (Table 1). In another attempt to 
increase peptide potency, the NH2- and 
COOH-termini were modified (acetyl- 
G1u31 ~ - L ~ S ~ " - N H ~ )  or the arent eptide f k' was elongated (acetyl-GIU~ 5-~ys32  -NH2) 
to include an a helix predicted by Chou- 
Fasman analysis (7). The longer peptide, 
acetyl-305-329-NH2, blocked metarhodop- 
sin 11-Gt interaction with a potency similar 
to that of the parent peptide (Fig. 2B and 
Table 1). Acetyl-31 1-329-NH2 blocked Gt 

Peptide (mM) 

Fig. 1. Competition between synthetic a subunit peptides (P) and G protein for binding to 
metarhodopsin I1 (21). In the absence of G protein, light stimulation causes a control (C) amount of 
metarhodopsin I1 formation (lower B, lower solid line in each panel). In the presence of G protein (G), 
tight binding of G protein to photoexcited rhodopsin stabilizes the metarhodopsin I1 form of 
rhodopsin and a larger amount of metarhodopsin I1 is formed (upper B, upper solid line). The 
spectroscopically observed extra metarhodopsin I1 is a linear measure of the amount of rhodopsin-G 
protein complexes (22). (A) The parent peptide 311-328 completely blocked G, interaction with 
metarhodopsin 11, whereas (B) 311-323 and (C) 316-328 both partially blocked the interaction 
(dotted lines, maximal inhibition predicted by the equation given below). (D and E) The smaller 
peptides have no significant effect. Data shown represent mean f SEM, n = 4. The inhibition of mAb 
4A binding or extra metarhodopsin I1 formation by peptides was analyzed by the computer program 
DATAC (23) with the following equation: [AG] = (KpIKG [GI[&]) I (KplKG [G] + Kp + [PI), 
where A is metarhodopsin I1 or mAb 4A, G is substrate (G,), and P is peptide. The concentration of A 
was approximately 0.25 (LM in both assays. The solid curves are computer fits of this equation to the 
experimental data. K is given in Table 1 as the apparent ICSO of the peptides calculated from the 
equation, and the predicted maximal inhibition is referred to in Table 1 as percent binding. 
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interaction with metarhodopsin I1 at a mo- 
lar excess of 100-fold over metarhodopsin 
11, a 20 times higher potency than 31 1-328. 
This peptide shows a biphasic response and 
causes an increase in metarhodopsin I1 at 
higher concentrations (Fig. 2B), suggesting 
that the peptide could also directly stabilize 
metarhodopsin I1 (see below). Comparison 
of the effects of this peptide with the two 
peptides of similar potency, 311-328 and 
acetyl-305-329-NH2, suggests that the 
acetylated Asp3" is important in determin- 
ing its higher potency. 

To determine the importance of other 
regions of a in binding-to rhodopsin and 
mAb 4A, we tested synthetic peptides corre- 

311 328 

DVKElY SHMTCATDTQNV 
t t  t 
CF S 
r o  

L 4 P  ~ , , ' ' ~ ' I  ' " ~ ' ' ' ' 1  ' -y 
.o 1 

Peptide (mM) 

Fig. 2. (d) Amino acids involved in G, interaction 
with rhodopsin probed by single amino acid 
substitutions of the parent peptide (mean 
+- SEM, n = 4). A, Cy~~'~1311-323. 0, 
[~er~~']311-328.0,  [Phcb6]311-323. (B) E h -  
inating charged groups at the NH2- and COOH- 
terminals increased the potency of the parent 
peptide as a competitor of metarhodopsin 11-G, 
interactions and appeared to mimic (at higher 
concentrations) the effects of G protein binding 
to rhodopsin (acetyl-31 1-329-NH2). Elongating 
the parent peptide does not affect its ability to 
block metarhodopsin 11-G, interaction (acetyl- 
305-329-NH2). ., as in Fig. 1. Data represent 
the mean + SEM. n = 4. 

spondiig to the NH2- and COOK-terminal 
regions of a ,  A S ~ ' - A ~ ~ * ~  (8-23) and 11e~~O- 
 he^^^ (340-350). The NH2-terminal pep- 
tide 8-23 had no effect on the interaction of 
mAb 4A with Gt in the competition en- 
zyme-linked irnmunosorbent assay (ELISA) 
(Table 1). By contrast, 8-23 was an effective 
competitor of Gt bindig to rhodopsin (Fig. 
3A and Table 1). The COOH-terminal pep- 
tide 340-350 competitively blocked mAb 
4A binding (Table l ) ,  showing that the 
COOH-terminus also plays a part in the 
mAb 4A antigenic site. I'eptide 340-350 
had a biphasic effect on Gt rhodopsin bind- 
ing, causing inhibition at low concentra- 
tions but causing increased binding at high- 
er concentrations. This mixed effect is analo- 
gous to the one for the modified 311-329 
peptide. It competed with Gt at even lower 
concentrations than acetyl-31 1-329-NH2 
and restored the full metarhodopsin I1 sig- 
nal at 200 FM. In addition, if this peptide 
was presented in combination with acetyl- 
31 1-329-NH2, a more than additive poten- 
cy of inhibition was obtained (IC50, 1 FM) 
(Table 1). 

The peptides that exhibited biphasic re- 
sponses, acetyl-3 1 1-329-NH2 and 340- 
350, could directly stabilize metarhodopsin 
I1 in a manner similar to stabilization by Gt 
binding (Fig. 3B). A full metarhodopsin I1 
signal was induced by 200 FM 340-350, 
and 50% of the signal was induced by 700 
FM acetyl-31 1-329-NH2 peptide. The 
NH2-terminal peptide 8-23 had no direct 
effect on metarhodopsin I1 in the rneasur- 
able range of concentration (Fig. 3B). The 
other peptides of the 31 1-328 series, 31 1- 
328, 311-323, 316-328, 311-319, 320- 
328, and [Ser321]-311-328 also had no 
effect. Thus, it appears that the regions from 
amino acid 3 11 to 329 and from amino acid 
340 to 350 of a are able to mimic Gt effects 
on rhodopsin if presented in an appropriate 
conformation. 

Our data provide evidence that a se- 
quences 311 to 329 and 340 to 350 bind to 
rhodopsin. Synthetic peptides from this re- 
gion can block Gt binding to metarhodopsin 
I1 at low concentration (Figs. 2B and 3A) 
and mimic that binding at higher concentra- 
tion (Fig. 3B). These two parts of a must be 
close to each other in the three-dimensional 
structure, since both regions are part of the 
rnAb 4A binding site. Their physical prox- 
imity may be related to their synergistic 
action in competition for G protein binding 
(Table 1). There is significant sequence ho- 
mology between these regions and arrestin, 
another protein that binds rhodopsin and 
hct ions  in the turnoff of the photoreceptor 
excitation cascade (13). Peptide Lys313- 
~ i s ~ l '  is 85% identical with arrestin Lys2"- 
His216, and G 1 ~ ~ ~ ~ - P h e ~ ~ ~  is 55% conserved 

with arrestin G ~ u ~ ~ ~ - T ~ ~ ~ ~ ~  (14). This se- 
quence homology may be the basis for the 
competitive inhibition between these pro- 
teins for binding to rhodopsin (15) and 
implies that they bind to a similar binding 
pocket on metarhodopsin 11. Thus we sug- 
gest that ~ 1 ~ ~ ~ ~ - ~ h e ~ ~ ~ ,  the 5-kD COOH- 
terminal tryptic fragment, constitutes the 
receptor binding domain of a. 

The NH2-terminal peptide (8-23) can 
competitively inhibit rhodopsin-Gt interac- 
tion (Fig. 3A), but it does not mimic Gt 
effects on metarhodopsin I1 formation (Fig. 
3B). This may be because the synthetic 
NH2-terminal peptide can disrupt interac- 
tion between the a and py subunits of Gt, 
an interaction which is necessary for Gt 
interaction with rhodopsin (16). However, 
these data do not rule out the possibility of 
direct NH2-terminal involvement in rho- 
dopsin binding. The fact that acetyl-311- 
329-NH2 and 340-350 both cause direct 

1 ' ' " " 1  .o 1 , " 1 ' I l l d  1 

Peptide (mM) 

Flg. 3. Other regions of a involved in interaction 
with rhodopsin (mean f SEM, n = 4). (A) 
Blockade of metarhodopsin 11-GI interaction. 
Peptide 8-23 (A) blocked binding. Peptide 340- 
350 (0) had a biphasic effect, blocking binding at 
low concentrations and increasing it at higher 
concentrations. (B) Effect of synthetic peptides 
from a on rhodopsin conformation in the absence 
of GI. 
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effects on rhodopsin suggests that their ac- 
tion is not via disruption of a-py interac- 
tion. 

The methods described here for probing 
receptor-G protein interaction could be 
used to explore sites involved in other pro- 
tein-protein interactions. Similar studies will 
be usehl to probe the specificity and cross 
talk of G protein interactions with other 
receptors. The 40 COOH-terminal amino 
acids are quite conserved among the family 
of guanine nucleotide binding proteins and 
are involved in binding to receptors. Mono- 
clonal antibody 4A can cross-react with and 
block the activation of the a subunits of 
stimulatory and inhibitory G proteins, as 
(17), ai (17), and ak (18). Therefore, syn- 
thetic peptides to homologous regions of ai 
and a, may have similar blocking effects. 
Such peptides could potentially be useful as 
tools to block selectively specific receptor- 
mediated cellular activities. 
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Requirement for Glycine in Activation of NMDA- 
Receptors Expressed in Xenopus Oocytes 

Receptors for N-methyl-D-aspartate (NMDA) are involved in many plastic and 
pathological processes in the brain. Glycine has been reported to potentiate NMDA 
responses in neurons and in Xenopus oocytes injected with rat brain messenger RNA. 
Glycine is now shown to be absolutely required for activation of NMDA receptors in 
oocytes. In voltage-clamped oocytes, neither perfusion nor rapid pressure application 
of NMDA onto messenger RNA-injected oocytes caused a distinct ionic current 
without added glycine. When glycine was added, however, NMDA evoked large 
inward currents. The concentration of glycine required to produce a half-maximal 
response was 670 nanomolar, and the glycine dose-response curve extrapolated to zero 
in the absence of glycine. Several analogs of glycine could substitute for glycine, among 
which D-serine and D-alanine were the most effective. The observation that >amino 
acids are effective will be important in developing drugs targeted at the glycine site. 

TRYCHNINE-INSENSITIVE GLYCINE 

binding sites that co-localize with 
NMDA binding sites in the brain (1) 

are now thought to be responsible for the 
potentiation of NMDA receptor responses 
by glycine. This effect of glycine was first 
observed in mouse brain neurons (2) and 
has also been observed in Xenopus oocytes 
induced to express NMDA receptors by 
injection of rat brain mRNA (3). The poten- 
tiation is specific for the NMDA receptor 
because no effect was seen on kainate or 
quisqualate currents in neurons (2). Glycine 
also enhanced the glutamate- or NMDA- 
dependent binding of the open channel 
blockers [ 3 ~ ]  ~-(1-[2-thien~l]c~clohex~l)- 
3,4-piperadine ( [ 3 ~ ] ~ ~ ~ )  and [ 3 ~ ] ~ ~ -  
801 to the NMDA receptor (4-7). The 
potentiation of the NMDA receptor re- 
sponse by glycine has been likened to the 
potentiation of the y-aminobutyric acid A 
(GABAA) receptor by benzodiazepines (2, 
4, 5) .  However, the GABAA receptor, when 

cloned and expressed in Xenopus oocytes, is 
still hnctional in the absence of benzodiaze- 
pines (8). We now present evidence that, in 
contrast to the be&diazepine-~AB~ re- 
ceptor relation, glycine is required for 
NMDA receptor activation in oocytes in- 
jected with rat brain mRNA. 

Xenopus oocytes were voltage-clamped 
with one or two microelectrodes, and drugs 
were applied by perfusion or pressure ejec- 
tion in medium similar to that used for 
culturing the oocytes (9). Messenger RNA 
extracted from rat brain encodes NMDA 
receptors that contain both the known reg- 
ulatory components of the native neuro- 
nal receptor-voltage-dependent block by 
~g~~ and potentiation by glycine (3). At a 
holding potential of -60 mV in nominally 
~ g ~ + - f r e e  medium, application of 300 pM 
NMDA elicited a large inward current in the 
presence of 3 pM glycine (66 r 13 nA, 
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