ity, can result in the FCHL phenotype.
Although decreased LDL receptor activity
is not thought to be the primary defect in
human FCHL (I, 2), LDL cholesterol and
APOB amounts appear to be influenced by
LDL receptor activity (21). In APOC3
transgenic mice, hypertriglyceridemia aris-
es from a delay in clearance of VLDL (7),
reflecting an in vivo lipolysis defect (7,
22), which may be caused by decreased
binding of VLDL to endothelial cell pro-
teoglycans, impairing access to LPL (22—
24). It is possible that low LDL receptor
activity results in increased conversion of
accumulating VLDL into IDL and LDL.
Other hypertriglyceridemia genes also
might produce the FCHL phenotype. For
example, deficiency of LPL activity has
been found in some FCHL families (6,
25). Although this is not usually because
of alterations in the LPL gene itself (25),
other genes that diminish LPL activity
might underlie FCHL in some instances.
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Linkage of G Protein-Coupled Receptors to the
MAPK Signaling Pathway Through Pl 3-Kinase v

Marco Lopez-llasaca,” Piero Crespo,” P. Giuseppe Pellici,
J. Silvio Gutkind,T Reinhard Wetzker

The tyrosine kinase class of receptors induces mitogen-activated protein kinase (MAPK)
activation through the sequential interaction of the signaling proteins Grb2, Sos, Ras, Raf,
and MEK. Receptors coupled to heterotrimeric guanine triphosphate-binding protein (G
protein) stimulate MAPK through G, subunits, but the subsequent intervening mole-
cules are still poorly defined. Overexpression of phosphoinositide 3-kinase v (PI3Kry) in
COS-7 cells activated MAPK in a G;_-dependent fashion, and expression of a catalyt-
ically inactive mutant of PI3Ky abolished the stimulation of MAPK by G, or in response
to stimulation of muscarinic (m2) G protein—-coupled receptors. Signaling from PI3Ky to
MAPK appears to require a tyrosine kinase, Shc, Grb2, Sos, Ras, and Raf. These findings
indicate that PI3Ky mediates G -dependent regulation of the MAPK signaling pathway.

The muscarinic receptor m2 was expressed
in COS-7 cells together with an epitope-
tagged MAPK (HA-ERK2) (I). Treatment
of cells with the agonist carbachol induced
activation of MAPK, and wortmannin, an
inhibitor of phosphoinositide 3-kinases
(PI3Ks), nearly abolished this effect (Fig.
1A). Furthermore, MAPK activation in-
duced by transient expression of Gy, or by
coexpression of Gy, and the guanine nucle-
otide exchange factor Sos was also inhibited
by wortmannin (Fig. 1B). In contrast, no
effect of wortmannin was observed when
MAPK was stimulated by epidermal growth
factor (EGF); by a mutationally activated
form of MEK, MEK E; or by a membrane-
targeted form of Sos, myrSos (Fig. 1, A and
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B). These results support an essential role for
wortmannin-sensitive PI3K in signal trans-
duction from G protein—coupled receptors to
MAPK (2), separately from the EGF signal-
ing pathway and upstream of Sos and MEK.

Several species of PI3K have been
cloned and characterized. Heterodimeric
PI3Ka and PI3K, consisting of pl10 cat-
alytic subunits and different p85 adapter
molecules, are regulated by receptors with
intrinsic or associated tyrosine kinase activ-
ity (3). Another PI3K isotype, termed
PI3Kx, can be activated in vitro by both a
and By subunits of heterotrimeric G pro-
teins but does not interact with p85 (4). We
expressed the a and vy forms of PI3K in
COS-7 cells and investigated their ability
to induce MAPK activity (Fig. 2, A and B).
PI3Ky induced a concentration-dependent
stimulation of MAPK. In contrast, expres-
sion of PI3Ka or a mutant of PI3K~y lacking
lipid kinase activity, PI3Ky K799R (5), did
not affect MAPK activity (Fig. 2, B and C).
Stimulation of MAPK by overexpression of
PI3Ky (5) was abolished by wortmannin
(Fig. 2C). These observations indicate that
PI3Ky may mediate the wortmannin-sensi-
tive activation of MAPK by receptors
linked to heterotrimeric G proteins.

We found that expression of the mutat-
ed PI3Ky that lacks lipid kinase activity



nearly abolished MAPK activation induced
by expression of m2 receptors and by stimu-
lation with carbachol, or by expression of
Gg, (Fig. 2D). However, no inhibitory effect
by this mutant was observed when MAPK
was stimulated with EGF or in G,_-induced
activation of phospholipase C—8, (PLC-B,)
(Fig. 2E). Thus, the mutated PI3Ky appears
to specifically inhibit the MAPK response to
Gg,- We also expressed a chimeric molecule
combining the extracellular and transmem-
brane domain of CD8 fused to the COOH-
terminal domain of BARK, which includes
the By-binding region (6). This chimeric
molecule expressing the CD8 antigen at the
cell surface and the BARK COOH-terminal
domain at the inner face of the plasma mem-
brane is expected to bind and sequester free
BY, thus blocking By-dependent pathways
(6). As expected, CD8-BARK inhibited ac-
tivation of PLC-3, by GBv (Fig. 2E). Coex-
pression of CD8-BARK with PI3Ky nearly
abolished MAPK activation by PI3Ky,
whereas CD8 alone had no demonstrable

effect (Fig. 2F). CD8-BARK was ineffective
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Fig. 1. Inhibition of MAPK activation in COS-7
cells by wortmannin (Wort.). (A) Effect of wortman-
nin on the stimulation of MAPK induced by the m2
muscarinic receptor and carbachol (m2), EGF, or
MEK E. C, control. Two days after transfection
(78) with expression plasmids of HA-MAPK and,
as indicated, the m2 receptor or MEK E, cells
were treated for 5 min with 1 mM carbachol or
EGF (100 ng/ml) and the indicated concentration
of wortmannin, which was added 20 min before
agonist addition. MAPK activity was assayed in
cellular lysates (79). (B) Wortmannin blocked
MAPK activation induced by Gg,. COS-7 cells
transfected with expression plasmids for the G-
protein subunits (GI31 and Gyz), alone or together
with Sos, or cells transfected with myrSos alone
were treated with wortmannin, and MAPK activ-
ity was assayed.

in inhibiting MAPK activation by PI3Ky
when this kinase was expressed as a myris-
toylated form, upon fusing its coding region
to that of the NH,-terminal myrstoylation,
membrane localization signal from c-Src (7).
These results indicate that one function of
Gg, is to localize PI3Ky to the plasma mem-
brane, thereby allowing access to lipid sub-
strates. We can conclude that PI3Ky has a
critical role linking G protein—coupled re-
ceptors and G, to the MAPK signaling
pathway.

We tested whether the small guanosine
triphospate (GTP)-binding protein Ras par-
ticipates in signal transduction from PI3Ky
to the MAPK cascade. The dominant nega-
tive mutant N17-Ras suppressed the increase
of MAPK activity induced by PI3K«, but the
negative mutants of the small guanosine

Fig. 2. MAPK activation A
by PI3Ky in COS-7 cells.
(A) Stimulation of MAPK
activity by overexpres-
sion of PI3Ky. COS-7
cells were transfected
with  the indicated
amounts of the expres-
sion plasmid pEF-BOS
PI3Ky. After 2days, cells B
were lysed, MAPK activ-
ity was assayed (79), and
protein immunoblot
analysis with antiserum
to PIBKy or with anti-
body to HA (for the HA-
tagged MAPK) was per-
formed (20). (B) Overex-
pression of PI3Ky but
not PI3Ka enhances
MAPK activity. COS-7
cells were transfected
with 1 pg of expression
plasmids for PI3Ky or
PI3Ka. After 2 days, cells c
were lysed, MAPK activ-
ity was assayed (79), and
protein immunoblot
analysis with antiserum
to PI3Ky and PI3Ka was
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performed. Phospholipid analysis revealed a fivefold and twofold
increase in total levels of PIP; in PI3Ka- and PI3Ky-transfected
cells, respectively, as assayed by lipid extraction, deacylation,
and separation by high-performance liquid chromatography (9).
(C) Inhibition of PI3Ky induced MAPK activation by wortmannin.
CQOS-7 cells were transfected with 1 g of expression plasmids
for PI3Ky, PI3Ky K799R (DK) (6), or myrSos. After 48 hours, cells
were treated with wortmannin for 30 min, and MAPK activity was
determined. (D) Effects of a K799R catalytically inactive mutant
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triphosphatases (GTPases) RhoA, Rac, and
Cdc42 did not (Fig. 3, A and B). Expression
of a dominant negative mutant of Raf or a
mutant Sos protein lacking the domain in-
volved in Ras-specific guanine nucleotide
exchange activity, SosAcdc25, also inhibited
MAPK stimulation by PI3K+y without affect-
ing MAPK elevation by the activated form
of MEK, MEK E (Fig. 3, C and D). These
results support a crucial role for Ras, Raf, and
Sos in signaling from G protein—dependent
receptors, Gy, and PI3Ky to the MAPK
pathway.

Finally, we investigated the possible in-
volvement of Shc and Grb2 in this signaling
route. These elements of the receptor tyrosine
kinase—stimulated signaling cascade partici-
pate in Gy -dependent signal transduction

(8). Wortmannin inhibited binding of Shc
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of PI3K-y on MAPK activation induced by carbachol through m2

receptors, G, or EGF. Empty vector or expression plasmids for PI3Ky wild type (WT), the PI3Ky
K799R mutant (6), and the m2 receptor or Gy, were used for transfection. MAPK activity was assayed
after 48 hours. (E) Effects of the K799R catalytically inactive mutant of PI3Ky on phosphatidylinositol
hydrolysis induced by Gg_. IP, inositol phosphates. Empty vector or expression plasmids for PI3Ky WT,

the PI3Ky K799R mutant (DK), G, PLC-B,,, CD8,

or CD8-BARK were used for transfection. Forty-eight

hours later, the accumulation of [°H]IP for 30 min after addition of LiCl was determined (27). (F)
Requirement for interaction of PI3Ky with GI-S? and its possible role in membrane localization, COS-7
cells were cotransfected with different constructs of PI3Kry in the presence or absence of CD8 or the
CDB8-BARK expression plasmid, and the effect on MAPK activity was assayed.
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and Grb2 induced by carbachol (Fig. 4A).
Association of Shc with Grb2 was induced by
expression of PI3Ky in COS-7 cells (9). Ex-
pression of PI3Ky also stimulated tyrosine-
phosphorylation of She (Fig. 4B). Further-

more, a mutant of Shc lacking the tyrosine-
phosphorylation site, Y317F (10), suppressed
the stimulation of MAPK induced by lyso-
phosphatidic acid (LPA), expression of Gaw
carbachol in m2-transfected cells, expression
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Fig. 3. Ras and Sos mediate MAPK activation by PI3Ky. (A)
Inhibition of PI3Ky induced MAPK activation by dominant
negative N17ras. Expression plasmids of PI3Ky WT, PI3Ky
K799R (DK), or MEK E were transfected together with
N17ras (18) and MAPK was assayed (79). (B) Effects of
dominant negative mutants of Rac (N17rac-1), Rho (N19rho-
A), Cdcd?2 (N17cdc42), and Ras N17ras) on MAPK stimula-
tion induced by PI3Ky. Cells were cotransfected with expres-
sion plasmids for PI3Ky and the indicated small GTPases.
Data are from a representative experiment that was repeated
three times with nearly identical results. (C) Inhibition of
PIBKy induced MAPK activation by the dominant negative
SosAcdc25. COS-7 cells were cotransfected with PISK:y
WT, PI3Ky K799R (DK), or MEK E and an expression plasmid
of SosAcdc25. MAPK activity was assayed. (D) Inhibition of
cells were cotransfected with

PI3Ky WT, PI3Ky K799R (DK), or MEK E and an expression plasmid for a dominant negative mutant of

Raf (DN raf) (7). MAPK activity was assayed.
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of association of Shc and Grb2 induced by carba-
chol and m2 receptors. The m2 muscarinic recep-
tors or PI3Ky were expressed together with an
epitope-tagged (HA) Shc in COS-7 cells. The cells
were treated as indicated with wortmannin for 30

HA-MAPK - o o o -

min and lysed. Proteins were immunoprecipitated with antiserum to Grb2, and association with Shc was
assayed by protein immunoblotting with antiserum to Shc (20). (B) PI3Kyy induced increase of phos-
photyrosine in Shc; inhibition by wortmannin. COS-7 cells transfected with PI3Ky or m2 receptors were
treated with the indicated effectors and lysed. Proteins immunoprecipitated with antibodies to Shc were
probed with antibodies to phosphotyrosine (20). (C) Dominant negative Shc Y317F inhibits MAPK
activation induced by LPA, m2 + carbachol, PI3Ky, and activated Fyn (Fyn-c). COS-7 cells were
transfected with the Shc Y317F mutant and constructs for PI3K:yy, the m2 receptor, v-Ras, and Fyn-c
and treated with the indicated effectors; MAPK was then assayed (79).
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of PI3Ky, or expression of the Src-related
tyrosine kinase Fyn (11) (Fig. 4C). In con-
trast, the Shc mutant did not affect MAPK
activation induced by coexpression of v-Ras.
Thus, stimulation of MAPK by PI3Ky appar-
ently requires a tyrosine kinase that, in tumn,
phosphorylates Shc and induces its associa-
tion with Grb2 and leads to a Ras-dependent
activation of MAPK. Consistent with this
conclusion, the nonspecific tyrosine kinase
inhibitor genistein or the Src-like specific in-

-hibitor PP1 (12) potently blocked MAPK ac-

tivation by PI3Ky (9).

The emerging picture is that agonist-
activated G protein—coupled receptors first
cause- the exchange of guanosine diphos-
phate bound to G, for GTP, thereby caus-
ing the dissociation of G, from GTP-
bound G,. Free Gy wouﬁi then recruit
PI3Ky to the plasma membrane, enhancing
the activity of a Src-like kinase (13), which
in turn leads to the activation of the She-
Grb2-Sos-Ras pathway, resultlng in in-
creased MAPK acnvnty
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Uniting Two General Patterns in the
Distribution of Species

llkka Hanski* and Mats Gyllenberg

Two patterns in the distribution of species have become firmly but independently es-
tablished in ecology: the species-area curve, which describes how rapidly the number
of species increases with area, and the positive relation between species’ geographical
distribution and average local abundance. There is no generally agreed explanation of
either pattern, but for both the two main hypotheses are essentially the same: divergence
of species along the ecological specialist-generalist continuum and colonization-
extinction dynamics. A model is described that merges the two mechanisms, predicts
both patterns, and thereby shows how the two general, but formerly disconnected,

patterns are interrelated.

The species-area (SA) curve is one of the
few universally accepted generalizations in
community ecology (I-3), but ecologists
have failed to agree on the mechanisms that
produce this pattern (3). According to the
habitat heterogeneity hypothesis, large ar-
eas have more species than small ones be-
cause of their greater range of distinct re-
sources, which facilitates the occurrence of
ecological specialists (3). As an alternative,
MacArthur and Wilson (2) advanced the
dynamic theory of island biogeography,
which predicts that species richness increas-
es with area owing to decreasing extinction
rate with increasing area.

Another general pattern in the distribu-
tion of species has been well documented
only during the past 15 years (4, 5): species
with wide distributions tend to be locally
more abundant than species with narrow
distributions. We call this relation the dis-
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tribution-abundance (DA) curve. The two
most widely recognized explanations of the
DA curve are Brown’s niche breadth hy-
pothesis and metapopulation dynamics. Ac-
cording to Brown’s hypothesis (5), general-
ist species, or species using ubiquitous re-
sources (6), are both locally common and
widely distributed, whereas specialists are
constrained to have narrow distribution and
tend to be locally uncommon. Metapopula-
tion dynamic models predict that locally
common species become widely distributed
because of their low extinction rates and
high colonization rates (7, 8). High migra-
tion rates from existing large populations
may additionally “rescue” small populations
from extinction, in which case a wide dis-
tribution with many large populations tends
to enhance average local abundance (7).
Surprisingly, although the two main hy-
potheses about the SA and DA curves are
strikingly similar, the two patterns them-
selves have been studied without any refer-
ence to each other (9). To bring conceptual
unity to this area of ecology, we demon-
strate that the SA and DA curves are both
predicted by the same model, which fur-
thermore merges the two “competing” hy-
SCIENCE =

VOL. 275 + 17 JANUARY 1997

with a MAPK-specific antiserum.

20. Lysates of total cellular protein or anti-HA immunopre-
cipitates were analyzed by protein immunoblotting after
SDS-PAGE with the corresponding rabbit antiserum or
mouse MADb. Immunocomplexes were visualized by en-
hanced chemiluminescence detection (Amersham) with
the use of goat antiserum to rabbit or mouse immuno-
globulin G coupled to horseradish peroxidase (Cappel,
West Chester, PA), Mouse mAbs to the HA epitope
12CAS were purchased from Babco. Rabbit polyclonal
antisera to ¢-Src, Shc, and Grb2 were purchased from
Santa Cruz Laboratories (Santa Cruz, CA) or Upstate
Biotechnology (Lake Placid, NY).

21. S.Zhang, O. A. Coso, R. Collins, J. S. Gutkind, W. F.
Simonds, J. Biol. Chem. 271, 20208 (1996).

22. We thank A. Gazit and A. Levitzki for supplying PP1.
M.L.I. and R.W. are supported by grants SFB 197
and We 1565/1-2 from the Deutsche Forschungs-
gemeinschaft.

31 July 1996; accepted 22 November 1396

potheses, namely, ecological specialization
(habitat heterogeneity) and extinction-col-
onization dynamics.

To construct the model, consider a set of
R islands (10) populated by a “pool” of Q
species. The islands differ in area; we de-
note by m, and o,’ the mean and the
variance of the logarithm of island areas
(base e is used throughout this report). Like-
wise, the species differ in their abundances
per unit area (density), with m,, and (rwZ
denoting the mean and the variance of the
logarithm of species densities (11). By def-
inition, the “carrying capacity” (equilibrium
population size) of species i on island j is
given by K, = w; A, where w, is the density
of species i and A, is the area of island j.

Following the standard approach to
modeling metapopulation dynamics (7), we
model changes in the probability p(t) of
species i being present on island j at time t,
in the absence of interspecific interactions,
as

db,

% =G0l — Pij] -
where C(t) is the colonization rate of emp-
ty islands and p; is the extinction rate of
extant populations. Empirical studies sug-
gest that ., is roughly proportional to 1/K;
(12, 13), and we use this approximation
below. The appropriate expression for C,(t)
is different for two fundamentally different
scenarios. In a mainland-island situation,
the presence of species on islands is depen-
dent on colonization from a permanent
mainland community, where the density of
species i is w,. In this case, C(t) is given by
cw,, where the value of parameter ¢ de-
creases with increasing distance to the
mainland. In contrast, in the classical
metapopulation there is no external main-
land, and the empty islands are colonized
from other occupied islands (7, 14). Here
it is reasonable to assume that the coloni-
zation rate of empty islands is proportional

Wby (1)
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