
a picture of the bonding at different levels in 
the reconstruction. 

On the basis of the data in Fig. lB, the 
Ge( l l1)  surface consists of an outer adatom 
layer and a rest-layer that has a bulk (1 x 1) 
structure. The backbonds that bind these 
adatoms to the rest-layer are known to be 
highly strained (11). After reaction with the 
dangling surface bonds, hydrogen proceeds 
to attack these strained backbonds, which 
results in bond scission. Hydrogen reacts 
with the dangling bonds generated by this 
bond scission, thus stabilizing the (1 x 1) 
bulk rest-layer structure and hydrogenating 
the adatom species. Further reaction with 
this adatom species results in further back- 
bond scission and hydrogenation, and ulti- 
mately GeH, formation. In this manner, the 
adatoms are removed and the underlying 
rest-layer is exposed. However, not all of the 
adatoms react in this manner. Hydrogen 
also facilitates the formation of hydrogenat- 
ed adatom islands on the surface. This is an 
alternative mechanism to relieve the strain in 
the backbonds and results in the formation 
of islands with largely relaxed Ge-Ge bonds. 
Similar mechanisms were observed on the 
Si(l l1)-(7 x 7) surface (9, 12, 13). In each 
case, these reactions serve to expose the un- 
derlying rest-layer and allow it to be directly 
imaged by the STM. On the other hand, 
reaction of the unstrained rest-layer bonds is 
very slow and is not observed under the 
present conditions. In addition to the larger 
barrier associated with this reaction, the com- 
pact (111) structure limits the ability of hy- 
drogen to penetrate the surface (14). 

This technique is not limited to Ge sur- 
faces; the structure of the Si(l l1)-(7 x 7) 
surface can be probed in a similar manner 
(9, 12, 13). The Si ( l l1)  surface also has an 
adatom surface layer but the rest-layer be- 
neath has a nonbulk structure consisting of 
triangular subunits bounded by rows of 
dimers (6). As in the case of the Ge( l l1)  
surface, reaction at room temperature ex- 
poses the rest-layer through SiH, and ada- 
tom island formation. The moderately 
strained dimer bonds do not react under 
these conditions. However, by annealing or 
dosing at 550 K the dimer bonds gradually 
react and the rest-layer slowly adopts a bulk- 
like structure. The elevated reaction temper- 
ature is a reflection of the moderate strain 
associated with these dimer bonds and a 
correspondingly larger barrier to reaction 
(see Fig. 2). Here too the reactivity is con- 
trolled by bond strain, allowing hydrogen to 
sequentially react with, and effectively ti- 
trate, the different surface bonds. 

Although the presence of this strain field 
is an intrinsic property of covalent semicon- 
ductor materials, not all adsorbates serve as 
useful probes of surface structure. The ideal 

adsorbate must be monovalent and form REFERENCES AND NOTES 
strong bonds with semiconductors so that 
the adsorbate can saturate the dangling 
bonds produced by bond scission and stabi- 
lize the exposed surface. The adsorbate 
should be small to avoid interadsorbate in- 
teractions and to penetrate the surface struc- 
ture. Most importantly, however, the ad- 
sorbate must show selectivity between 
bonds with different degrees of strain. It is 
this characteristic that allows hydrogen to 
pick apart the reconstruction. Chlorine fails 
in this regard; both the backbond and di- 
mer-bond reactions on the Si(1 l l )  surface 
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Late Holocene Tectonics and Paleoseismicity, 
Southern Cascadia Subduction Zone 

Holocene deformation indicative of large subduction-zone earthquakes has occurred 
on two large thrust fault systems in the Humboldt Bay region of northern California. 
Displaced stratigraphic markers record three offsets of 5 to 7 meters each on the Little 
Salmon fault during the past 1700 years. Smaller and less frequent Holocene 
displacements have occurred in the Mad River fault zone. Elsewhere, as many as five 
episodes of sudden subsidence of marsh peats and fossil forests and uplift of marine 
terraces are recorded. Carbon-14 dates suggest that the faulting, subsidence, and uplift 
events were synchronous. Relations between magnitude and various fault-offset 
parameters indicate that earthquakes accompanying displacements on the Little 
Salmon fault had magnitudes of at least 7.6 to 7.8. More likely this faulting 
accompanied rupture of the boundary between the Gorda and North American plates, 
and magnitudes were about 8.4 or greater. 

T HE POTENTIAL FOR LARGE EARTH- 

quakes along the Cascadia subduc- 
tion zone (CSZ) has been controver- 

sial; some (1) have interpreted crustal 
deformation data and the absence of large 
magnitude thrust earthquakes during the 
last 150 years to indicate that plate conver- 
gence averaging 30 to 40 mm/yr (2) is 
accommodated by aseismic slip. Others (2) 
have noted that the lack of large magnitude 
subduction-related earthquakes, the young 
age of the subducted plate, the shallow dip 
of the subduction zone (10" to 15"), and the 
subdued offshore trench are consistent with 

strong coupling between the plates, and sug- 
gest that the CSZ is capable of producing great 
magnitude [M, > 8.5; ( 3 )  J earthquakes. 

The southern Cascadia subduction zone 
(SCSZ) and overlying accretionary prism lie 
partly offshore, but also extend onland in 
northern California (Fig. 1) (4, 5 ) .  As a 
result examination of the offshore structure 
of the subduction margin by acoustic-reflec- 
tion techniques (4, 6) can be integrated with 
paleoseismic studies on land. In this report, 
we use dated fault displacements together 
with evidence of coincident coseismic uplift 
and subsidence to evaluate the Holocene 
seismic activity and earthquake potential of 

S. H. Clarke, Jr., Branch of Pacific Marine Geology, U.S. the SCSZ. 
Geological Survey, 345 Middlefield Road, Mail Stop The accretionary prism of the SCSZ is 85 
999, Menlo Park, CA 94025. 
G. A. Carver. Deoarunent of Geolow. Humboldt State loo km wide and prominent 
University, Arcat;, c A  95521. 
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Fig. 1. Plate tectonic setting of the northwestern 
California continental margin. Arrows indicate 
oceanic-plate motions relative to North American 
plate. Barbed line shows the base of the continen- 
tal slope, the approximate boundary between the 
Gorda (GP) and North American (NAP) plates. 
Half arrows on inset map inlcate relative mo- 
tions along the Blanco fracture zone (BFZ) and 
the Mendocino fault (MF). Other abbreviations 
are: locations: CB, Cape Blanco; CC, Crescent 
City; CM, Cape Mendocino; E, Eureka; P, Petro- 
lia; and TH, Trinidad Head. Structural features: 
CSZ, Cascadia subduction zone; GR, Gorda 
Ridge; LSF, Little Salmon fault; MRFZ, Mad 
River fault zone; MTJ, area of Mendocino triple 
junction; SAF, San Andreas fault; SCSZ, South- 
ern Cascadia subduction zone; PI', Pacific Plate; 
and SD (heavy dotted line), structural discontinu- 
ity mentioned in text. Study sites: CB, Clam 
Beach; LSF, Little Salmon fault; MKF, Mcfin- 
leyville fault; MRF, Mad River fault; and MRS, 
Mad River Slough. 

northeast dipping en echelon thrust faults, 
fault-related anticlines, and broad open syn- 
clines (Fig. 1) (7). This contractional do- 
main is buttressed on the east by the Kla- 
math Mountains. A structural discontinuity 
located 15 to 25 km east of the SCSZ 
deformation front separates north- to north- 
west trending structures to the west from 
northwest trending ones to the east (SD in 
Fig. 1) (7). This discontinuity forms the 
approximate western limit of seismicity on 
the North American plate (8). In the south- 
ern part of the region, structures take on a 
west to northwest trend and extend land- 
ward (Fig. 1). 

Faults of the SCSZ fold-and-thrust belt 
form two or more west-verging imbricate 
thrust fans (Fig. 1) (5, 7). Deep penetration 

seismic-reflection surveys offshore show that 
these fans merge into sole thrust faults that 
extend to or near (-4 to 5.5 krn above) the 
interface between the Gorda and North 
American plates ( 7 ) .  Individual faults com- 
monly extend upward to or near the sea 
floor and terminate in folds that deform 
young strata. Onland, cumulative slip great- 
er than 15 km has been estimated from 
measured vertical separations of lower Pleis- 
tocene sediments across faults (5, 9). These 
relations and displacements of upper Pleis- 
tocene marine terraces (5, 10, 11) indicate 
that the average rate of shortening across the 
belt since thls time is 220 mm/yr. 

First motions of earthquakes on the 
North American plate north of the Mendo- 
cino triple junction (MTJ) (8) and interpre- 

tations from geodetic (12) and borehole 
breakout (13) data are also consistent with 
northeast-directed compression. This com- 
pression is nearly parallel to the convergence 
vector between the Gorda and North Amer- 
ican plates (Fig. 1) (12), and accommodates 
more than half of the overall plate conver- 
gence (14-16). The shortening associated 
with growth of the fold-and-thrust belt to- 
gether with the obvious youth of the struc- 
tures implies that coupling across the sub- 
duction zone is strong and that con- 
vergence-related compressive deformation 
of the North American plate margin is ac- 
tive. Such interplate coupling is compatible 
with the buoyancy of the young Gorda plate 
(<6 Ma) where it enters the SCSZ. This 
evidence is bolstered by acoustic-reflection 
profiles that show clear evidence of compres- 
sive deformation and incipient thrust fault- 
ing in Pliocene and younger cover sediments 
in the Gorda basin along the western edge of 
the SCSZ [figure 7 in (7)]. 

Holocene sedlments and landforms in the 
Humboldt Bay region record deformation 
resulting from sudden slip on several major 
thrust faults, sudden uplift of sections of the 
coast north of the MTJ, and sudden subsid- 
ence of the axis of a prominent fold, the 
Freshwater syncline (Fig. 1) (17-19). 
Trenches across three principal thrust faults 
have exposed sequences of deformed sedi- 
ments from which we have interpreted Ho- 
locene paleoseismicity (17, 18). At trench 
locations on the McKinleyville and Mad 
River faults of the Mad River fault zone 
(Fig. l ) ,  upper Pleistocene fluvial and ma- 
rine terrace sedlments are thrust over scarp- 
derived colluvium. Several 14C ages from 

A q e r  hole 2 
OL4184: 2149-4802 yBP 

Fig. 2. Generalized cross section across the west trace of the Little Salmon fault 
in Little Salmon Creek valley (Fig. 1). Datum is the level of the highest middle 
Holocene (<6951 to 7247 yBP) lacustrine sediments. The 29,650 year date is 
reported in radiocarbon years (RCBP); all other I4C ages are in years before 
present (21, 22). Onlap of the floodplain sediments and buried soils on the 
flank of the fold provide stratigraphic markers that record progressively greater 
deformation from individual slip events (buried soils 1 through 4), as do the 
dipping lacustrine deposits (L). 

Pond silt and charcoal 

Late Soils 1,2,3, and 4 

0 Silt, overbank deposits 
Holocene Laminated clay, silt, 

Middle 
very fine sand; lacusbine (L) 

0 Medium and coarse sand 
-----  

Late 
('.rl Pebbly sandy colluvium (Hc) 

Ple~stocene Marine sand and gravel (QH) 

10 JANUARY 1992 REPORTS 189 



QL4317: 0-284 yBP 

Burled soil 

charcoal contained in preserved wedges of 
faulted colluvium beneath the overriding 
thrust tips indicate that both faults have 
experienced at least two displacement 
events, each resulting in at least 3.5 m of dip 
slip in the Holocene (18, 20). 

Trenches across two imbricate strands of 
the Little Salmon fault (Fig. 1) in the Salm- 
on and Little Salmon Creek valleys near the 
southeast margin of Humboldt Bay have 
exposed sequences of faulted and folded 
upper ~ o l o c e n e  overbank floodplain depos- 
its and buried soils. Multiple slip events are 
indicated by increased displacement and 
folding of older floodplain deposits and 
onlapping of younger overbank silt on the 
toes of the fault scarps. We found evidence 
for three faulting events, each resulting in 
3.6 to 4.5 m of dip slip, in trench exposures 
on the western of the two imbricate faults 
(Fig. 2). Carbon-14 dating of the upper- 
most deformed sediments in these trenches 

Modern high marsh 
Modern peat 

Sandy mud 

1-2 cm sand 

Peaty mud-peat 

Grey mud 

Peat with grey 
mud laminae 

Grey mud 

Peat 
Grey mud 

Peat 
Mud and sand 

Peat and wood 
Grey mud 

Sand 

Fig. 4. Composite stratigraphic column through 
late Holocene deposits at Mad River Slough (Fig. 
1). Datum is the modern high marsh surface. 
Intertidal mud (dashed) that abruptly overlies 
marsh peat (vemcal lines) indicates abrupt, episodic 
submergence at four or five different times during 
the past 1423 to 1690 years. Each submergence 
probably resulted from coseismic subsidence. 

Fig. 3. Diagrammatic cross sec- 
tion through Holocene deposits 
at Clam Beach (Fig. 1). Datum 
is mean higher high water level 
(MHHW). The abrasion plat- 
form is cut into folded and 
faulted upper Pleistocene shal- 
low-marine strata and is over- 
lain by Holocene beach and 
dune deposits. The dune sand 
records two coseismic uplift 
events during the past 960 to 
1257 years. 

shows that the three events occurred during 
about the last 1700 years; the most recent 
event was about 260 years before present 
(yBP) (18, 21, 22). Displacements of 1 to 2 
m per event that have occurred on the 
smaller eastern fault strand may be synchro- 
nous with these events. 

Faulted earlier Holocene sediments ex- 
posed in the trenches exhibit greater 
amounts of deformation. Overbank flood- 
plain silt that has a 14C age of 2149 to 4802 
yBP is displaced about 18 m across the 
western fault (Fig. 2), and fluvial sand and 
gravel of similar age have been displaced at 
least 8 m across the adjacent eastern fault. 
These displacements suggest that the com- 
bined late Holocene slip rate is 6 to 12 
mm/vr for the Little Salmon fault. 

~ h s e d  beaches along several sections of the 
coast north of the MTJ provide evidence of 
repeated episodes of late Holocene uplift. 
Fossil mollusk shells from raised beaches and 
shore platforms at Cape Mendocino (Fig. l ) ,  
just north of the MTJ, have 14C ages of 3100 
to 3700 yBP (23). The fossil mollusk shells 
are in growth position, suggesting that uplift 
was sudden and coseismic. 

A low emergent terrace, known locally as 
Clam Beach (Fig. l ) ,  demonstrates that late 
Holocene coseismic uplift occurred along 
the coast north of Humboldt Bay. This 
terrace is bounded on the landward side by a 
former sea cliff about 35 m high. The shore- 
line angle, abrasion platform, and terrace 
cover sediments are exposed in stream-cut 
banks at the mouth of the Mad River. The 
shoreline angle and abrasion platform are 
cut into folded and faulted shallow-marine 
deposits of late Pleistocene age (Fig. 3) (24). 
The abrasion platform is currently about 1 
m above mean high water and about 3 m 
above mean tide level-too high to have 
been formed at present sea level. This rela- 
tion indicates that the terrace has been tec- 
tonically raised. The terrace cover sediments 
consist of a thin (1  to 2 m thick) pebbly 
beach sand overlain by two eolian dune 
sequences that are separated by a weakly 
developed buried soil. Driftwood collected 

from the beach sand directly above the 
abrasion surface yielded a 14C age of 960 to 
1257 yBP. The only source for these dune 
sands is the adjacent seafloor, which became 
emergent following sudden uplift and local 
regression of the shoreline. The buried soil 
represents weathering of the dune surface 
during interseismic stabilization of the 
dunes. Entombed in the upper dune se- 
quence, which was probably deposited fol- 
lowing a second episode of coseismic uplift, 
are trees that are rooted in the buried dunes 
and in peat that accumulated in back-dune 
hollows during the interseismic interval. 
The 14C ages from these trees and peat 
range from about 250 to 300 yBP. The 
amount of uplift recorded at Clam Beach is 
not known. Because modern shoreline an- 
gles and wave-cut platforms in similar poor- 
ly consolidated sediments in this region are 
being cut several meters below sea level, 
each of the events at Clam Beach may have 
involved at least several meters of uplift. 

Holocene coseismic subsidence is appar- 
ent from submerged and buried marshes and 
forests around the northern margin of 
Humboldt Bay. At the Mad River Slough 
(Fig. l ) ,  located near the axis of the Fresh- 
water syncline, at least four, and possibly 
five, stacked buried marsh or forest horizons 
represent the uppermost Holocene (Fig. 4) 
(25). Each horizon consists of a sequence of 
intertidal mud and fine sand about a meter 
thick that is capped by a 10- to 30-cm-thick 
layer of peat. The peat layers contain fossil 
remains of salt marsh plants indicative of 
uppermost intertidal and supratidal environ- 
ments. Around the outer margin of the bay, 
the youngest of these buried marsh peats 
grades into buried soils containing many 
rooted stumps of fossil Sitka spruce. Each 
intertidal mud sequence rests in sharp con- 
tact with the underlying peat; such a contact 
is indicative of coseismic submergence. AL1 
of these salt-marsh-peat and fossil-forest ho- 
rizons are within or below the modern 
intertidal zone. 

These buried marshes and forests are sim- 
ilar to sedimentary sequences that are cur- 
rently forming in bay margins along the 
coast of Alaska as a consequence of coseis- 
mic subsidence resulting from the great 
1964 Alaskan subduction zone earthquake 
(26). These deposits also resemble buried 
marsh sequences found in several bays and 
estuaries along the coast of Oregon and 
Washington (27, 28) that have been inter- 
preted as resulting from coseismic subsid- 
ence. Calibrated 14C ages for the buried 
marsh peat layers and fossil trees in the Mad 
River Slough are about 250 to 300, 950 to 
1250,950 to 1350, and 1450 to 1650 yBP 
(Fig. 4); an additional weakly developed 
and locally absent peat beneath the upper 
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buried horizon has been dated at about 550 
to 1250 yBP. Several of these ages corre- 
spond (within standard errors) to the events 
identified at Clam Beach and on the Little 
Salmon fault (Fig. 5). 

We thus infer that the SCSZ is active, that 
major thrust faults in the accretionary prism 
are genetically related to the subduction 
process, and that late Holocene displace- 
ment, uplift, and subsidence are associated 
with two such zones of faulting, the Little 
Salmon fault and the Mad River fault zone. 
The magnitude and distribution of deforma- 
tion are similar to those observed from great 
historic subduction zone earthquakes in Ja- 
pan (3), Alaska (29), and Chile (30), and 
suggest that the SCSZ has repeatedly pro- 
duced large subduction earthquakes during 
the Holocene. These inferences permit esti- 
mates to be made of the magnitudes of these 
paleoseismic events. 

Measurements of stratigraphically brack- 
eted slip on the west trace of the Little 
Salmon fault and 14C dating of bracketing 
layers indicate that the fault has generated at 
least three large surface displacements (3.6 
to 4.5 m per event) during the past 1700 
years and has an average late Holocene slip 
rate of about 7 mm/yr. The east fault strand, 
located a few hundred meters from the west 
strand, has produced surface displacements 
of about 1 to 2 m per event that may be 
synchronous with these three events and has 
an average late Holocene slip rate of about 2 
to 3 mm/yr. Combined, surface displacements 

on both strands have been as much as 4.6 to 
6.5 m per event. The recurrence interval is 
300 to 560 years, and the late Holocene slip 
rate is 6 to 12 mm/yr. The fault has a length 
of about 100 km, and we estimate that the 
area of the related earthquake-producing rup- 
ture surface is about 4000 km2. Regression 
relations between magnitude and rupture 
length, surface displacement, and recurrence 
interval and slip rate (31) suggest that the 
magnitudes for these events would have been 
at least M, = 7.6. Relations between rupture 
area ( A  = 4000 krn2) and magnitude [M = 
log A + 4.15 (32)] suggest that magnitudes 
were about 7.8. 

Two lines of reasoning suggest that the 
Little Salmon fault moved during larger 
megathrust events and that these magni- 
tudes are too low. Half or more of the 
convergence between the Gorda and North 
American plates, estimated at 30 to 40 mm/ 
yr (4, is apparently expressed as compres- 
sional deformation across the North Amer- 
ican plate margin (5). Earthquakes yielding 
average late Holocene slip of 6 to 12  mm/yr 
(Little Salmon fault zone) and 5 to 7 mm/yr 
[Mad River fault zone (5)] would relieve 
only part of the convergence-related elastic 
strain. The remainder must be relieved by 
displacements on other faults, as yet uniden- 
tified by field and seismicity studies, or by 
displacement on the underlying SCSZ 
megathrust. Second, similar thrust faulting 
in accretionary prisms elsewhere is com- 
monly in direct response to movement on 

Mad river 
Years I slough I CB 1 LSF 1 1 I I I I 

d 
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Fig. 5. Summary chart showing age 
estimates and recurrence intervals for 
late Holocene paleoseismic events from 
the Humboldt Bay region. Dashed 
lines show averages of the most prob- 
able calibrated ages (26, 27) of individ- 
ual events. Lengths of arrows indicate 
2u calibrated age determinations for 
individual events. Upward directed ar- 
rows are maximum limiting ages. 
Downward lrected arrows are mini- 
mum limiting ages. Numbered boxes 
refer to the stratigraphic positions of 
paleoseismic horizons at the localities 
specified. Carbon-14 age estimates for 
paleoseismic events at the three sites 
discussed provide a preliminary chro- 
nology for five large earthquakes (A 
through E) during the past 1690 years, 
with recurrence intervals ranging from 
92 to 561 years. The most recent event 
occurred about 150 to 277 yBP, with 
the most probable age about 260 yBP. 

the underlying subduction zone (3). Hence, 
we suspect that movement on the Little 
Salmon and Mad River fault zones is asso- 
ciated with large paleoseismic events on the 
CSZ megathrust. 

If the CSZ is segmented, rupture on the 
SCSZ megathrust between the Blanco frac- 
ture zone and the MTJ (Fig. 1) would be 
approximately 240 km long and 70 to 80 
km wide. We estimate this width by assum- 
ing that rupture would extend seaward to 
the western limit of strong coupling be- 
tween the Gorda and North American plates 
(SD in Fig. 1) (7) and landward to where 
the dip of the downgoing plate increases 
from -11" to -25" (8, 33). This area cor- 
responds to the region of shallow crustal 
seismicity, which is the region between the 
seismic &d aseismic fronts(34) in the accre- 
tionary margin of the NO* k e r i c a n  plate. 
The resulting rupture area-about 17,000 
to 19,000 km2-would correspond to an 
earthquake of magnitude 8.4 (32). 

If elastic strain is accumulating along the 
entire length of the CSZ (1200 km), events 
as large as the 1960 Chilean earthquake (M, 
= 9.5), which ruptured an area of similar 
dimension, may be possible (3). Large sub- 
duction zone ruptures elsewhere have been 
known to propagate across apparent struc- 
tural boundaries, such as fracture zones in 
the subducting plate (3). Furthermore, com- 
parison of thk ages of paleoseismic evidence 
from central Washington to northern Cali- 
fornia (27, 28, 35-37) shows that much or 
all of the CSZ has ru~tured  within time 
intervals shorter than the range of uncertain- 
ties for the 14C age estimates. This suggests 
that either events on CSZ segments have 
been temporally clustered, or long parts of 
the subduction zone have ruptured in single 
giant earthquakes. 

Although the seismic potential of the CSZ 
is not yet resolved, the, preponderant geologic 
evidence now supports the interpretation that 
great subduction-related earthquakes have oc- 
&red in this region in the recent past and 
presumably will r e 9  in the future. Our 
studies indicate that maximum events in the 
7.6 to 7.8 magnitude range are less probable 
than those having magnitudes in therange of 
8.4 or larger. Characterization of these earth- 
quakes, particularly with respect to recurrence 
ihterval-and structural segmentation of the 
CSZ, is vital because subduction zone earth- 
quakes of the magnitudes suggested are well 
known to generate extensive damage from 
ground shaking, liquefaction, ground failure, 
and large tsunamis. 
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GAP Domains Responsible for Ras p21-Dependent 
Inhibition of Muscarinic Atrial K+ Channel Currents 

The interaction between the low molecular weight G protein ras p21 and a guanosine 
triphosphatase activating protein (GAP) uncouples a heterotrirneric G protein (G,) 
from muscarinic receptors. Through the use of isolated atrial cell membranes and 
genetically engineered GAP deletion mutants, the src homology regions (SH2-SH3) at 
the amino terminus of GAP have been identified as the domains responsible for this 
effect. Deletion of the domain required to stimulate the guanosine triphosphatase 
activity of ras p21 relieves the requirement for ras p21 in this system. A model is 
presented that suggests that ras p21 induces a conformational change in GAP, which 
allows the SH2-SH3 regions of GAP to function. 

T HE SIGNALING PATHWAY BETWEEN 

atrial muscarinic (M2) cholinergic 
receptors, heterotrimeric G proteins 

(Gk, probably Gi2 or G,,), and single mus- 
carinic Kf channels (Kt[ACh]) can be in- 
terrupted in vitro by ras p21 or one of its 
!guanbsine triphosphatase ( G ~ ~ a s e )  activat- 
ing proteins (GAPs) (1). Interruption oc- 
curs by uncoupling of the receptor from the 
G protein rather than uncoupling of the G 
protein from the channel. The biochemical 
basis of the effect is not yet understood, but 
it serves as a sensitive assay for ras p21 and 
GAP function in a cell-free system. The 
function of ras p21 depends on interaction 
with GAP, and vice versa, suggesting that a 
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functional complex forms between these 
two proteins and that this complex is re- 
sponsible for interrupting the muscarinic 
signaling pathway (1). 

GAP interacts with a number of proteins 
in vitro. A COOH-terminal domain is re- 
sponsible for binding H-ras, N-ras, K-ras, 
and R-ras p21 proteins and for stimulating 
their GTPase activities (2). This domain also 
binds tightly to the product of the K-rev1 
gene, raplA p21, but in this case no stimu- 
lation of GTPase activity occurs (3). GAP 
binds to phosphoproteins, such as platelet- 
derived growth factor (PDGF) and epider- 
mal growth factor (EGF) receptors, v-src, 
and two unidentified phosphoproteins re- 
ferred to as p190 and p62 (4-9). These 
interactions are mediated by the SH2 re- 
gions of GAP (10, 11). GAP therefore has 
the ability to bind two classes of signaling 
proteins, ras p21 proteins and phosphopro- 
teins, and may serve as a functional link 

between these signaling pathways. We have 
now used genetically engineered GAP mu- 
tants to identify the GAP domains required 
for the ras-dependent inhibition of musca- 
rinic receptor coupling to G,. 

The structures of the mutant GAPs used 
are shown in Fig. 1. GAP17 contains the 
complete coding-sequence of human type I 
GAP (14,  the major species of GAP ex- 
pressed in most tissues (13). Three domains 
are of particular interest: (i) the NH, terrni- 
nus, which contains a hydrophobic region of 
about 180 amino acids (12); (ii) the SH2- 
SH3 domains, regions of homology with 
regulatory sequences of non-receptor tyrosine 
kinases, phospholipase C-y, the p85 subunit 
of PI 3' kinase, and the crk proto-oncogene 
(14-19); and (iii) the cataly& domain, the 
region sufficient to stimulate ras p21 GTPase 
activity (2). At the COOH-terminus of each 
GAP mutant, eight amino acids correspond- 
ing to the COOH-terminus of SV40 T-anti- 
gen were added to facilitate purification of 
recombinant proteins by the KT3 monoclo- 
nal antibody (20). GAP16 corresponds to 
type 11 GAP, a splicing variant expressed at 
high concentrations in human placental tissue 
(12, 13). This protein lacks the hydrophobic 
NH2-terminus characteristic of type I GAP 
but is otherwise identical. 

The ability of these affinity-purified pro- 
teins and of the truncated derivatives (Fig. 1) 
to inhibit Kt[ACh] currents was tested as 
described (1, 21). The efficiency of M-length 
type I GAP, which contains the KT3 epitope, 
&& compared with the GAP preparation 
used in the previous study. The proteins were 
equally efficient in preventing receptor-medi- 
ated channel opening (data not shown). In 
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