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Signaling by guanine nucleotide-binding proteins (C proteins) involves sequen- 
t ial  protein-protein interactions. C protein-by subunit (CPy) interactions with 
phospholipase C-P2 (PLC-P2) were studied t o  determine i f  all CP contacts are 
required for signaling. A peptide encoding CP amino acid residues 8 6  t o  105 
stimulated PLC-P2. Six residues (96 t o  101) within this sequence could transfer 
signals and thus constitute a core signal transfer region. Another peptide, 
encoding CP amino acid residues 115 t o  135, did not substantially stimulate 
PLC-P2 by itself but inhibited CPy stimulation, indicating that residues 115 t o  
135 constitute a general binding domain. Resolution of signal transfer regions 
from general binding domains indicates that all protein-protein contacts are not 
required for signal transfer and that it may be feasible t o  synthesize agonists 
and antagonists that regulate intracellular signal flow. 

Transmembrane signaling in G protein-cou- 
pled systems occurs through protein-protein 
interactions. Agonist-occupied receptors in- 
teract with G proteins to promote nucleotide 
exchange and subunit dissociation. The G a  
subunits and the GPy complex interact with 
and regulate effectors (1).  The GPy complex 
regulates numerous effectors including Kt 
channels, adenylyl cyclase 2. PLC-P2, and 
Ca2+ channels. We designed experiments to 
test whether signal transfer through protein- 
protein interactions requires all of the con- 
tacts between protein partners for informatioil 
flow. 

Residues including amino acids 60 to 150 
of GP have been implicated in effector inter- 
actions (2-5). Because a relatively large area 
of GP participates 111 effector interactions. we 
chose one effector, PLC-P2, and determined 
a nlininlal region of GP required for stimu- 
lation. We also determined whether there are 
regions of GP that take part in effector inter- 
actions but are not required for signal trans- 
fer. Two peptides (6) encoding amino acids 
86 to 105 and 115 to 135 of GP can inhibit 
GPy regulation of AC1 and AC2 (3). We 
tested the effect of the GP 86-105 peptide on 
GPy stimulation of PLC-P2 (7). The GP 
86-105 peptide stimulated PLC-P2 in both 
the absence and presence of GPy. The stim- 
ulation by maximal concentration of peptide 

was not additive with that by GPy (Fig. 1A). 
Substitution of Met for Asp at position 101 
(MlOlN) renders this peptide inactive for 
interactions with AC2 and AC1 (3). The 
M101N peptide did not activate PLC-P2 
(Fig. lA), indicating that the 101 positioil 
could be important for interactions with PLC- 
P2. To detelnlille if the stimulation resulted 
from direct interactions between the peptide 
and PLC-P2, we tested the binding of the GP 
86-105 and GP 86-105 MlOlN peptides to 
PLC-P2 by fluorescent resonance energy 
transfer (FRET) (8 ) .  The GP 86-105 peptide 
bound to PLC-P2 with a dissociation constant 
of about 1 p,M (Fig. lB), whereas the MlOlN 
peptide had no measurable binding. The dif- 
ference in the affinities for biilding and acti- 
vation is probably due to differences between 
the two assay systems. The activity measure- 
ments were done with PLC from cytosolic 
lysates, whereas the binding measurements 
were done with purified PLC. The binding 
experiment was done in the presence and 
absence of phospholipids with identical re- 
sults. indicating that the binding of the pep- 
tide to PLC-P2 is independent of the biilding 
of substrate. 

Complementary charge interactions are 
often key deteilninants for protein-protein in- 
teractions. The GP86-105 peptide contains 
two charged residues, Lys" and Arg", and 
one histidine, His9'. We evaluated the impor- 
tance of each of these residues for the ~ 6 8 6 -  ' Department of Pharmacology, Mount Sinai School of 
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substitution has a similar effect when made in 
the GP subunit through site-directed mu- 
tagenesis (9). When all three residues were 
substituted, the peptide did not stimulate 
PLC-P2 (Fig. 2B, top panel) and did not 
affect GPy stimulation of PLC-P2 (Fig. 2B, 
bottom panel). These results indicate that 
charge interactions may be crucial for both 
interactions and signal transfer from GPy to 
PLC-P2. To test whether charged peptides 
might nonspecifically activate PLC-P2, we 
measured the effects on PLC-P2 of an unre- 
lated peptide, FLLT; which encodes region 
660 to 688 of adenylyl cyclase 6 but has the 
same overall charge ( f 2  at pH 6.8 to 6.9) as 
the GP 86-105 peptide. The FLLT peptide 
had no measurable stimulatory effect (Fig. 
2C). These results denlollstrate that the stim- 
ulatory effects of the GP 86-105 peptide on 
PLC-P2 are not solely due to the charge of 
the peptide. To ascertain that the GP 86-105 
peptide stimulation of PLC-P2 was selective, 
we tested stimulation of PLC-XP, an isoform 
of PLC-P from Xenop~ts that is stimulated 

MlOlN p 86-105 

10-6 10-5 1 0 4  
Peptide (M) 

B 

-0.5~ I 
10-7 10-6 I 0-5 
Peptide (M) 

Fig. 1. (A) Effects of various concentrations of 
G p  86-105 peptide on PLC-P2 activity. (Top) 
Effects of GP 86-105 peptide on basal and G P y  
(100 nM)-stimulated PLC-P2 activity. (Bottom) 
Effects of G P  86-105 peptide and MlOlN GP 
86-105 peptide on basal activity of PLC-P2. IP,, 
inositol trisphophate. (B) Binding of G P  86-105 
peptide and MlO lN GP 86-105 peptide to 
PLC-62. The y axis is expressed as relative 
energy transfer, which was monitored by the 
loss of the Cascade Blue fluorescence by trans- 
fer to the nonfluorescent acceptor DABMI. 
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poorly by GPy subunits under our assay con- 
ditions. The GP 86-105 peptide stimulated 
PLC-P2 robustly, but it had relatively little 
ability to stimulate PLC-XP (Fig. 2D). Thus, 
the GP 86-105 peptide selectively stinlulates 
an isofom of PLC-P that is regulated by GPy 
subunits. 

Mutants of GP in which Sergs is mutated 
to Ala (S98A) stimulate PLC-P2 more exten- 
sively (5). We studied the effects of four 
types of substitutions at this position. When 
Ser9%as substituted with Ala (Fig. 3, top 
panel), there was about a twofold increase in 
the affinity for PLC-P2. This increase could 
be consistent with the site-directed mutagen- 
esis experiment in GP (5). When both the 
serines were substituted with Arg (S97R and 
S98R), there was a fivefold increase in affin- 
ity of the peptide (Fig. 3, middle panel). In 
contrast, substitutioii with Asp (S97D and 
S98D) resulted in an inactive peptide, where- 
as substitution with Cys (S97C aiid S98C) 
resulted in reduced affinity (Fig. 3, bottonl 
panel). These experiments indicated that the 
region around amino acids 96 to 101 was 
crucial for signal transfer. We tested several 
short peptides, including a 3-amino acid pep- 
tide encoding residues 96 to 98, a 6-amino 
acid peptide encoding residues 96 to 10 1, and 
a 13-amino acid peptide encoding residues 
89 to 101. The 3-amino acid peptide did not 
stimulate PLC-P2, but the 6 and the 13- 
amino acid peptides did stinlulate it (Fig. 
4A). The GP 96-101 6-amino acid peptide 
had lower affinity than the GP 86-105 pep- 

tide (Fig. 4B). However, when the serines 
coi~espondi~ig to positions 97 and 98 were 
substituted by Arg, GP 96-101 stimulated 
with an apparent activation consta~it (KaCt) of 
30 y M  (Fig. 4B, top panel), as compared with 
5 to 10 y M  KaCt for the GP 86-105 peptide 
(Figs. 1 to 3). When the serines were substi- 
tuted with Asp, GP 86-105 did not stiinulate 
PLC-P2 (Fig. 4B, bottom panel). Substitution 
of either Ser with Arg increased affinity of 
stimulation. and substitution at position 97 
resulted in stimulation of PLC with a small 
(less than twofold) but reproducible and high- 
er affinity than the substitution at position 98 
(Fig. 4C). The efficacy of the S97R-substi- 
tuted peptide appears to be similar to that for 
the full-length GP 86-105 peptide (Fig. 4C, 
bottom panel), albeit with lower affinity. 

Amino acids 96 to 101 of GP constih~te a 
core signal transfer region (STR) for activa- 
tion of PLC-P2. Other regions of GP that 
interact with PLC-P2 may contribute to the 
overall affinity of the interactions but not be 
involved in signal transfer. If this were the 
case, then a peptide encoding such a region 
should inhibit GPy stimulation of PLC-P2 
but not stimulate PLC-P2 by itself. The GP 
115-135 peptide inhibits GPy modulation of 
both AC2 and AC1 (3). This peptide evoked 
a small (-20% over basal) stiniulation of 
PLC-P2 at saturating concentrations. But, 
when added with GPy, the peptide substan- 
tially (-80%) inhibited GPy stimulation of 
PLC-P2. When the conserved tyrosine at po- 
sition 124 was substihlted. the peptide was 

inactive (Fig. 5A). The GP 115-135 peptide 
inhibited PLC-P2 with an apparent Kact of 5 
KM (Fig 5B). Thus. we conclude that the 
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Fig. 3. Effects of various concentrations o f  GP 
86-105 peptide and (top) S98A C P  86-105 
peptide, (middle) S97R and S98R GP 86-105 
peptides, and (bottom) S97D and S98D and 
S97C and S98C GP 86-105 peptides on  PLC-PZ 
activity. 
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Fig. 2. Effects o f  various concentrat ions o f  GP 86-105 peptide and (A) LysSq + Ala (K89A)-, 
Hisg' -A la  (H91A)-, and Argq6 - Ala (R96A)-subst~tuted peptides o n  PLC-PZ act iv i ty  and (B) 
peptide w i t h  K89A, H91A, and R96A substi tut ions o n  basal (top) and G p y  (100 nM)-st imulated 
(bo t tom)  PLC-62 activi ty. (C) Effects o f  various concentrat ions o f  GP 86-105 peptide and FLLT 
peptide on  PLC-P2 activi ty. (D) Effects o f  100 n M  G P y  and various concentrat ions o f  GP 
86-105 peptide on  PLC-PZ and PLC-XP activi ty. 
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Fig. 5. Effects of C p  115-135 peptide on PLC- 
p2  activity. (A) Effects of 30 p M  CP 115-135 
peptide and T ~ r l * ~  + Val (Y124V) CP 115- 
135 peptide on basal and GPy (100 nM)-stim- 
ulated PLC-P2 activity. Values are given as 
mean = SEM of three experiments. (8) Effect of 
various concentrations of G p  115-135 peptide 
on Cpy-stimulated PLC-P2 activity. 

Fig. 4. Effects of shorter peptides from CP 86-105 
region on PLC-P2 activity. (A) Effects of 600 FM GP 
96-98, GP 96-101, and GP 89-101 peptides on PLC- 
P2 activity. Values are given as mean + SEM of three 
experiments. (B) Effects of various concentrations of 
GP 96-101 peptide and S97R and S98R (top) and 
S97D and S98D (bottom) CP 96-101 peptides on 
PLC-P2 basal activity. (C) Effects of various concen- 
trations of G p  96-101 peptide and GP 96-101 S97R 
and S98R peptides (top) and of GP 86-105 peptide 
and Gp 96-101 S97R and S98R peptides (bottom) on 
PLC-P2 basal activity. 

region of GP containing amino acids 1 IS to 
135 constitutes a general bind~ng domain 
(GBD) that is not required for signal transfer. 

Our studies demonstrate that all of the 
contacts behveen tlvo proteins are not re- 
quired for signal transfer. In the case of Cipy 

and PLC-P2. our data show that a relatively 
short stretch of six amino acids, 96 to 101. 
appears to be sufficient to transfer the signal. 
that is. actilate the enzyme. Substitution of 
residues within the six-amino acid peptide 
produces a more potent peptide than the nat- 
urally occurring sequence. The naturally oc- 
curring residues in STRs may not be opti- 
mized for this particular set of interactions. 
Such suboptimal interactions may be one 
mechanism to achieve regulated rcvcrsibility. 
It should also be noted that the GP 86-105 
peptide does not stimulate AC2  in the pres- 
ence of Ciois(.3). suggesting that there may be 
different STRs on GP for different effectors. 
Cip 115-135 minimally stimulates PLC-P2 
but is effective In inhibiting G P y  stimulation 
of PLC-02.  7111s lndlcates that the 1 IS to 135 
region of tip is pan of a GBD that partici- 
pates in interactions with PLC-P2. 

Vhat is the relexance of such a functional 
resolution betlveen STRs and CiBDs withln 
the o\erall intcract~ons area'? From the pcr- 
spectile of protein engineering, it offers a 
built-in capabil~t> to regulate the affinity of 
interaction bctlvcen the proteln partners and 
thus make re\ crsibility feasible. Peptidc hor- 
mones ha\ e distinct address and message re- 
gions ( 1 0 )  that mediate binding interactions 
lvith receptors and actilation of intracellular 
signaling pathways. respecti\ely. This filnc- 
tional resolution of pcptide hormones has 
been ~ised for the design of peptidomimetic 

antagonists (11). Similarly. our resolution of 
an STR from GBD for interactions between 
intracellular proteins provides an approach to 
identifying molecular interactions relevant 
for the development of agonists and antago- 
nists at intracellular protein interaction sites. 
The interactions between the STR peptide 
and PLC-P2 could form the basis for synthe- 
sis of agonists that mimic receptor-dependent 
activation of PLC-02.  In contrast. the inter- 
actions between the GBD peptide and PLC-  
0 2  lvould form the basis for synthesis of 
antagonists that block receptor-dependent ac- 
tivation of PLC-P2. Signaling pathways are 
major targets for therapeutic agents. Up to 
now, agonists and antagonists have largely 
been focused on extracellular receptor sites: 
our studies indicate that it may be feasible to 
design agonists and antagonists directed at 
the interface between signaling components 
inside the cell. 
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Chlamydia Infections and Heart Immunization with a 30-amino acid pep- 
tide (amino acids 614 to 643) of the cardiac- 

Disease Linked Through specific a myosin heavy chain molecule 
[amhc(614-643)] induces severe inflammato- 
ry heart disease in BALBIc mice (8). The first 

Antigenic Mimicry 16 amino acids [amhc(614-629) SLKLMA- 
TLFSTYASAD] constituted a dominant auto- 

Kurt Bachmaier,'r2 Nikolaus ~ e u , ~  Luis M. de La M a ~ a , ~  aggressive epitoie that lvas designated M7Aa 

Sukumar Pa[,4 Andrew Hessel,' Josef M. penningerls2* (Table 1 and Fig. 1A) (IO). In contrast. the 
homologous region of the P myosin heavy 

Chlamydia infections are epidemiologically linked t o  human heart disease. A chain isoform. designated M7AP. did not in- 
peptide from the murine heart muscle-specific a myosin heavy chain that has duce disease (Table 1 and Fig. 1B). The intro- 
sequence homology t o  the 60-kilodalton cysteine-rich outer membrane pro- duction of single amino acid substitutions into 
teins of Chlamydia pneumoniae, C, psittaci, and C. trachomatis was shown t o  M7Aa fiuther revealed that the residues xxx- 
induce .autoimmune inflammatory heart disease in mice. Injection of the ho- MAxxxSTxxx (where x is any amino acid) 
mologous Chlamydia peptides into mice also induced perivascular inflamma- were important for the pathogenicity of M7Aa 
tion, fibrotic changes, and blood vessel occlusion in  the heart, as well as in vivo (11). These immunogenic amino acids 
triggering T and B cell reactivity t o  the homologous endogenous heart muscle- are conserved between murine and human a 

specific peptide. Chlamydia DNA functioned as an adjuvant in  the triggering of myosin heavy chains. and injection of the hu- 
peptide-induced inflammatory heart disease. Infection wi th  C. trachomatis led man M7Aa homolog into BALBIc mice also 
t o  the production of autoantibodies t o  heart muscle-specific epitopes. Thus, induced inflammatory heart disease (I I). 
Chlamydia-mediated heart disease is induced by antigenic mimicry of a heart After identification of the crucial patho- 
muscle-specific protein. genic amino acids within the M7Aa peptide. 

we screened public databases for viral and 
Cardiovascular diseases are the major cause CD4+ T cells that recognize a heart muscle- bacterial sequences containing the MAxxxST 
of death in Western societies. Various risk specific peptide in association with self major motif (12). Peptide sequences from the 60-kD 
factors have been associated with the patho- histocompatibilty complex (MHC) class I1 cysteine-rich outer membrane protein (CRP) 
genesis of heart diseases, including increased molecules (7). Various peptides of the a my- from different serovars of C. tvachornatis 
cholesterol levels, smoking, stress, high osin heavy chain protein have been identified matched the M7Aa motif and were designat- 
blood pressure, obesity, and hyperglycemia that can induce autoimmune myocarditis in ed ChTRl (serovar E), ChTR2 (serovar C), 
(1). Bacterial infections may be a causative mice (8, 9). and ChTR3 (serovars L1, L2, and L3) (13). 
event in the development of heart diseases (2, 
3). Clzlanzydia infections cause pneumonia, Table 1. Sequence align- 

conjunctivitis in children, and are a primary ment o f  Chlamydia pep- Peptide Amino A C I ~  Sequence Prevalence (%) Severity 
cause of sexuallv transmitted diseases and tides, the immunogenic 

female infertility (4). The mechanism by 
which Chlamydia causes cardiovascular dis- 
ease is unknown (5).  

Inflammatorv heart diseases and dilated 
cardiomyopathy in humans can be repro- 
duced in mice by immunization with heart 
muscle myosin (6 ) .  Cardiac myosin-induced 
autoimmune myocarditis is dependent on 
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mouse M 7 A a  moti f ,  M ~ A ~  (614.629): 
and the  nonimmuno- 

S L K L M A T L F  S T Y A S A D  18121 (86%) 2.9k0.7 
I I I I  

genic mouse M 7 A p  mo-  ChTR1 (25-40): V L E T S ~ A E F T ~ ~ N V I S  12115 (80%) 1.4k0.4 

t if. Prevalence and se- 
ver i ty o f  inf lammatory ChTR2 (25-40): V L E T S ~ 1 E S L i ! N V l S  718 (88%) 1.3 * 0.5 

heart disease as deter- 
mined w i t h  these Dee- ChTR3 (25-40): VLETS b '  A E F l  B '  T N V l S  718 (88%) 1 1 k 0.6 

8 8 

tides are indicated. Six- 
week-old BALBIc mice ChPN (25-40): 

were immunized tw ice ChPS (25-40): : I  : I  
K I E A A A A E S L A T R F I A  5110 (50%) 1 0 k 0.0 

a t  a 7-day interval with I  I I j  the  indicated peptides 
ChTR pll (1-14): M G S M A F H K S R L F L T  

, , 
418 (50%) 1.Ok 0.0 

(50 kg  per mouse] i n  , . . , , , , , , , 
FCA and analyzed 2 1  M7AP (614.629). SLKL  i s  N L F A N Y A S A D  0119 (0%) 
days after the initial im-  
munization for the pres- 
ence and severity o f  
myocarditis. Histological grading o f  severity was as follows: 0, no infi ltration i n  heart muscle; 1, up t o  5% of 
histological cross section is infiltrated; 2 ,6  t o  10%; 3, 11 t o  20%; 4, >20%. Mean values o f  disease severity 5 
SD are indicated (6, 10). 
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