3. T. H. Heaton and S. H. Hartzell, ibid. 76, 675
(1986).

4. S. H. Clarke, Jr., Geol. Soc. Am. Abstr. Progr. 20,
A382 (1988).

5. G. A. Carver, in Tectonics, Sedimentation, and Evolu-
tion of the Eel River and Other Coastal Basins of
Northern California, H. Schymiczek and R. Such-
land, Eds. (San _Joaquin Geol. Soc. Misc. Publ. 37,
San Joaquin Geological Society, Bakersfield, CA,
1987), pp. 61-72.

6. S. H. Clarke and M. E. Field, in California Conti-
nental Margin Geologic Map Series, H. G. Greene and
M. P. Kennedy, Eds. (Map No. 7A, Geology, Cali-
fornia Division of Mines and Geology, Sacramento,
1989).

7. S. H. Clarke, Jr., Am. Assoc. Petrol. Geol. Bull., in
press.

8. R. C. McPherson, thesis, Humboldt State Univer-
sity, Arcata, CA (1989).

9. H. M. Kelsey and G. A. Carver, J. Geophys. Res.
93, 4797 (1988).

10. G. A. Carver, R. M. Burke, H. M. Kelsey, U.S.
Geol. Surv. Open-File Rep. 86-31, 58 (1985).

11. _____, Geol. Soc. Am. Abstr. Progr. 18,93 (1986).

12. M. Lisowski and W. H. Prescott, Eos 70, 1332
(1989).

13. M. L. Zoback, U.S. Geol. Surv. Open-File Rep.
88-16 (1988), p. 544.

14. D. S. Wilson, J. Geophys. Res. 94, 3065 (1989).

15. T. Atwater, Geol. Soc. Am. Bull. 81, 3513 (1970).

16. D. C. Engebretson, A. Cox, R. G. Gordon, Geol.
Soc. Am. Spec. Pap. 206 (1985).

17. G. A. Carver and R. M. Burke, Geol. Soc. Am.
Abstr. Progr. 19, 614 (1987).

18. ____, Final Report, National Earthquake Hazards
Reduction Program (U.S. Geological Survey, Menlo
Park, CA, 1988).

19. G. S. Vick and G. A. Carver, Geol. Soc. Am. Abstr.
Progr. 20, A232 (1989).

20. G. A. Carver, U.S. Geol. Surv. Open-File Rep.
87-673 (1987), p. 115.

21. M. Stuiver and G. W. Pearson, Radiocarbon 28, 805
(1986).

22. Carbor-14 ages are calibrated as calendar years be-
fore A.D. 1950, and were calculated using a micro-
computer program obtained from the Quaternary
Isotope Laboratory of the University of Washington
[M. Stuiver and P. J. Reimer, Radiocarbon 28, 1022
(1986)]. Laboratory error multipliers used are 1.6
for QL (Quaternary Isotope Laboratory of the
University of Washington) and 2.0 for B (Beta
Analytic, Inc.). Only 20 (95% confidence level)
calibrated age ranges are reported.

23. K. R. Lajoie, A. M. Sarna-Wojcicki, Y. Ota, Geol.
Soc. Am. Abstr. Progr. 14, 178 (1982).

24. G. Berger, R. M. Burke, G. A. Carver, D. ]J.
Easterbrook, Chem. Geol. 87, 21 (1991).

25. G. S. Vick, thesis, Humboldt State University,

Arcata, CA (1989).

26. A. T. Ovenshine, D. E. Lawson, S. R. Bartsch-
Winkler, J. Res. U.S. Geol. Surv. 4, 151 (1976).

27. B. F. Atwater, Science 236, 942 (1987).

28. M. E. Darienzo and C. D. Peterson, Tectonics 9, 1
(1980).

29. G. Plafker, Science 148, 1675 (1965).

30. and J. C. Savage, Geol. Soc. Am. Bull. 81,
1001 (1970).

31. D. B. Slemmons and C. M. Depolo, in Active
Tectonics (National Academy Press, Washington,
DC, 1986), pp. 45-62.

32. M. Wyss, Geology 7, 336 (1979).

33. R. S. Cockerham, Seismol. Soc. Am. Bull. 74, 569
(1984).

34. D. E. Byrne, D. M. Davis, L. Sykes, Tectonics 70,
833 (1988).

35. W. C. Grant et al., Eos 70, 1331 (1989).

36. J. Bourgeois and M. A. Reinhart, ibid., p. 1331.

37. J. Adams, Tectonics 9, 569 (1990).

38. We are grateful to B. F. Atwater and G. Plafker for
their thoughtful reviews of the original manuscript.
Paleoseismicity investigations have benefited from
support by U.S. Geological Survey National Earth-
quake Hazards Reduction Program grant number
14-08-0001-G1082 and National Sea Grant number
NA89AA-D-SG138.

22 July 1991; accepted 19 November 1991

GAP Domains Responsible for Ras p21-Dependent
Inhibition of Muscarinic Atrial K* Channel Currents

GEORGE A. MARTIN, ATSUKO YATANI, ROBIN CLARK, LEAH CONROY,
PAauL Porakis, ARTHUR M. BROwWN, FRANK MCCORMICK

The interaction between the low molecular weight G protein ras p21 and a guanosine
triphosphatase activating protein (GAP) uncouples a heterotrimeric G protein (Gy)
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.

HE SIGNALING PATHWAY BETWEEN

atrial muscarinic (M2) cholinergic

receptors, heterotrimeric G proteins
(Gy, probably G;, or G;3), and single mus-
carinic K™ channels (K*[ACh]) can be in-
terrupted in vitro by ras p21 or one of its
guanosine triphosphatase (GTPase) activat-
ing proteins (GAPs) (7). 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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functonal 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, rapl A 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 pl90 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 (12), the major species of GAP ex-
pressed in most tissues (13). Three domains
are of particular interest: (i) the NH, termi-
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-vy, the p85 subunit
of PI 3’ kinase, and the crk proto-oncogene
(14-19); and (iii) the catalytic 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 II GAP, a splicing variant expressed at
high concentrations in human placental tissue
(12, 13). This protein lacks the hydrophobic
NH,-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 K*[ACh] currents was tested as
described (1, 21). The efficiency of full-length
type I GAP, which contains the KT3 epitope,
was 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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both cases inhibition was due to a reduction
in the frequency of opening of the channels;
neither mean open time nor unitary conduc-
tance was altered. Functioning channels were
still present in the patch because application
of guanosine-5'-O-(3-thiotriphosphate) (GTP-
¥-S) produced activation, as described pre-
viously (7). Hence, the addition of eight
amino acids to the COOH-terminus does
not affect GAP function in this assay.
GAP240 (Fig. 2) and GAP34 (Fig. 3),
which lack the first SH2 site and the SH3
site, were considerably less effective in inhib-
iting K*[ACh] currents than GAP17, with
GAP240 requiring nearly ten times as much

protein as GAP17 to give the full effect (Fig.
2D). GAP14, which consists only of the
catalytic region, had little if any effect on
K*[ACh] currents (Fig. 2D) as we have
reported (1). On the other hand, GAP35,
which lacks the second SH2 site, was almost
as potent as the wild-type proteins GAP16
and GAP17 (Fig. 3). The effects of type I
GAP on K*[ACh] currents are inhibited by
the anti-ras p21 monoclonal antibody Y13-
259 (1). This observation indicates that GAP
requires interaction with ras p21 to exert its
effects. We were therefore surprised to find
that GAP32 (Fig. 3, B and D) and GAP37,
which lack the region of ras p21 interaction,

Fig. 1. Representation of SH2 (1) SH2(2)

the genetically engineered Hydrophobic St MM

GAPs used in this study. GAP17 116kD  aa 1-1047
Changes in the amino acid (GA:) %%e h
sequence (A aa) are noted to GAP16 Ry A(&p-,ype 1n
the right (MM = molecular  gap240 81kD Aaa1-350
mass). GAP14 and GAP37

were constructed by poly- GAP14 38kD Aaai-713
merase chain reaction (PCR)

with oligonucleotides that GAP34 940 Aaa181-350
had added restrictionsitesin  gppae : 105kD A aa 344-447
both the upstream and

downstream primers. The  GAP32 . 795kD  Aaa724-1047
downstream primer also AP Y 291KD Aaai-180

contained the sequence en-
coding the KT3 epitope

A aa 447-1047

(20). The resulting PCR products were subcloned into the baculovirus vector pAcC4 (36). GAP17 and

GAP16 were assembled by fusing the cDNA that encodes GAP

I or GAP type II, respectively, to

GAP14 at a unique Xba I site. The coding regions of GAP240, GAP34, GAP35, and GAP32 (Y = Tyr
and F = Phe) were engineered by oligonucleotide-directed in vitro mutagenesis in M13mpl8 (37) and

then subcloning of the mutated sequences into

pAcC4. All alterations in DNA sequences were

confirmed by dideoxynucleotide chain-termination sequencing. With the exception of GAP32 and
GAP37, all GAPs depicted here can activate the GTPase of ras p2l. Recombinant GAPs were
immunoaffinity-purified on KT3 affinity matrices (38, 39).

Fig. 2. Uncoupling of M2 muscar-
inic receptor from atrial muscarinic
K*[ACh] channels by purified,, re-
combinant GAP mutants. Single-

GTP w
A [1oouM f GAP161nM ;
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channel currents were activated by Carb 20s
GTP (100 pM) in the bath (34). GTP . GAP14 GTP+-S 100 uM
(A) GAP16 was as effective as wild- B | 1001M “TUF | - GAP16 1M

type GAP or GAP17 but (B)
GAP14 and (C) GAP240 were less
effective on block of K*[ACh] cur-
rents. Carbachol (Carb) (10 wM)
was added to the patch solution in
(B) and (C). Holding potential was
—80 mV. Records were direct

Carb
GTP

Cc (1'0011""1' R
TP

GAP240

GAPIBIOM [ GTP-¢-S 100 uM

readouts from the videocassette re-
corder (VCR) on a chart record. p
Washing time (W) was 1 min, and
the time in minutes (') after appli-
cation of GAPs is indicated. (D)
Concentration-response curves for
the effects of (@) GAP17, (A)
GAP16, (A) GAP240, and (O)
GAP14 on K*[ACh] currents ([M]
= concentration of mutant). Cu-
mulative currents for 20-s periods
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°

Relative activity
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(4]
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were compared before and 60 s 1
after addition of each concentration
of GAP. Pooled data were with and

10 9 8 7
-log [M]

without carbachol in the patch pipette and were means from four to six experiments. Percent inhibition
at 1 nM for GAP17 and GAP16, GAP240, and GAP14 were 91.88 = 3.03 (n = 9), 64.0 = 2.98 (n

=5),and 5.75 * 2.17 (n = 4).
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were able to inhibit K*[ACh] currents. The
effects of these proteins, however, could not
be blocked by Y13-259 (Fig. 3C).

Figure 3E summarizes the results of this
mutational analysis of GAP domains neces-
sary for uncoupling M2 muscarinic receptors
from Gy. It appears that the regions of GAP
required for this effect are similar to those
required for interaction of GAP with phos-
phoproteins, namely the NH,,-terminal SH2-
SH3 region, and that the ability of these
regions to exert their effects is mediated by ras
p21. On the basis of these results, we propose
the following model (Fig. 4). The inhibition
of receptor-coupling by GAP requires the
first SH2 domain or the SH3 domain. Pre-
sumably this coupling involves interaction of
these domains with phosphoproteins on the
atrial membranes. The COOH-terminal re-
gion of GAP (the “ras p21-binding domain”)
inhibits efficient interaction of GAP with
these phosphoproteins. This inhibition is
overcome by ras p2l, which we propose
causes a conformational change that exposes
the SH2-SH3 region. A mutant form of GAP
that lacks the catalytic domain does not re-
quire ras p21 to exert its effects. In this model,
the ras-binding domain of GAP is analogous
to regulatory domains of protein kinases such
as protein kinase C (22) and the c-raf proto-
oncogene (23), in which removal of the reg-
ulatory domain results in constitutive activa-
tion of the kinase.

This model leads to several interesting
predictions. The first SH2 site of GAP has
been shown to bind tightly to activated
PDGF and EGF receptors (10, 11). We
speculate that this interaction, like the inter-
action of GAP with unidentified compo-
nents of atrial membranes described here,
may be constrained in full-length GAP and
that this constraint may also be relieved by
ras p21 in the active, GTP-bound state. This
scenario would suggest that ras p21 is nec-
essary for efficient binding of GAP to these
receptors and possibly to other proteins that
interact with the SH2-SH3 region of GAP,
such as the GAP-associated proteins p190
and p62 (8, 10, 11). We do not know what
components of the cell membrane GAP in-
teracts with in the patch-clamp system de-
scribed here, but phosphoproteins are likely
involved, because all known SH2 interac-
tions involve proteins of this class. Consis-
tent with this suggestion is our recent detec-
tion of a phosphoprotein of approximately
90 kD in guinea pig atrial cell membrane
fractions that binds to the noncatalytic re-
gions of GAP in vitro (data not shown).

In summary, we have determined that the
region of GAP that is responsible for uncou-
pling the muscarinic receptor from G, in a
cell-free system consists of the SH2-SH3
region that directs GAP and other proteins
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Fig. 3. Relative impor- Carb
tance of SH2 domains [ oTP
and COOH-terminus. A e f

(A) GAP35 was more
effective on K*[ACh]
currents than GAP34.
(B) GAP32 produced a
block and (C) the block
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those observed with

P T T
D

GAP32, although at
twice the concentrations.
Recording  conditions
were identical to those in
Fig: 2. (D) The change
in cumulative NP after
exposure to GAP32. (E)
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of 1 nM. The relative inhibition of K*[ACh] currents was measured as in (D). GAP32 effects were also
compared in the presence of anti-ras (Y13-259) at a concentration of 660 pM (7). Data were means

from four to eight experiments.

to interact with phosphoproteins. The ef-
fects of GAP in this system are dependent on
ras p21: we propose that ras p21 causes a
conformational change in GAP that relieves
a negative constraint that normally prevents
GAP from interacting with its target.

The ras-related protein rapl A reverts trans-
formation of mammalian cells by oncogenic
K-ras p21 (24). The mechanism for this effect
may relate to the ability of raplA to bind
tightly to GAP, thus preventing access of ras
p21 to this putative effector (3). Consistent
with this is the recent demonstration that
rapl A competitively inhibits the ability of ras
p21 and GAP to inhibit muscarinic K* chan-
nels (25). The physiological significance of
ras-GAP inhibition is unclear. It is intriguing
to imagine that GAP is involved in regulating
G-protein function as well as involved in ras

T

Inactive GAP
SH2 SH3 SH2

SNl

ras p21-binding
domain

Active GAP
SH2 SH3 SH2

‘ ‘»..A -
S

ras p21-binding
domain

Fig. 4. A model for the inhibition of receptor-
coupling by GAP. The first SH2 or SH3 domain
is required for GAP action. The COOH-terminal
domain of GAP (the “ras p21-binding domain™)
blocks GAP action. The binding of ras p21 relieves
this block, allowing GAP to interact with compo-
nents of the cell membrane, which results in the
uncoupling of the receptor from the G protein.
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p21 and phosphoprotein interactions, but
there is, as yet, little biological evidence to
support this hypothesis. However, a number
of recent reports have shown that G protein
signaling pathways activate tyrosine phos-
phorylation of cellular proteins (26-28). We
therefore think it likely that physiologically
relevant connections between these pathways
do exist and that the nature of these connec-
tions will soon be elucidated.
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