duction to the formation of endosperm, (ii)
the addition of a second female nucleus to
the second fertilization event, and (iii) the
reduction of the female gametophyte to the
characteristic seven-celled, eight-nucleate
angiosperm embryo sac form.

It is presently unresolved whether the
addition of a second female nucleus to the
second fertilization event occurred before or
after the evolution of an embryo-nourishing
tissue. However, it is likely that the extreme
reduction of the female gametophyte (which
in all nonflowering seed plants is responsible
for the nourishment of the embryo) to the
embryo sac form was predicated upon the
prior evolution of a novel embryo-nourish-
ing tissue. With the evolution of a process of
double fertilization in the ancestors of flow-
ering plants, and the subsequent modifica-
tion of the second fusion product into a
unique nonembryo nutritive tissue (en-
dosperm), the pattern of sexual reproduc-
tion that is characteristic of angiosperms was
established.

separate within the apical portion of the egg cell. In
six additional archegonia, the second sperm nucleus
and ventral canal nucleus were in contact, but did
not appear to be in the process of fusing. Thus, the
second fertilization event, although almost always
initiated, may not always be completed in E. trifurca.
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MA, 1974).

19. In both Ephedra and angiosperms, the second fertil-
ization event involves a fusion of a sperm nucleus
with the sister nucleus of the egg nucleus. In Ephe-
dra, the ventral canal nucleus is the sister nucleus of
the egg nucleus (4-6). In angiosperms with a prim-
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type) [M. F. Willson and N. Burley, Mate Choice in
Plants (Princeton Univ. Press, Princeton, NJ,
1983)], one:of the two polar nuclei with which the
second sperm nucleus fuses is the sister nucleus of
the egg nucleus [R. A. Brink and D. C. Cooper, Bot.
Rev. 13, 423 (1947)].

20. These findings are consistent with an hypothesis
concerning the evolutionary origin and history of
endosperm first proposed in 1900 [E. Sargant, Ann.
Bot. 14, 689 (1900)]. She suggested that subse-

quent to the establishment of a process of double
fertilization in the ancestors of flowering plants, the
second fertilization product originally yielded a su-
pernumerary diploid embryo. Sargant hypothesized
that endosperm later evolved through a modification
of supernumerary embryo development into an ab-
errant non-embryo (endosperm) tissue.

21. Several papers have addressed theoretical aspects of
kin selection and endosperm: E. L. Charnov, Proc.
Natl. Acad. Sci. U.S.A. 76, 2480 (1979); M.
Westoby and B. Rice, Evolution 36, 713 (1982); D.
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Hormones inhibit synthesis of adenosine 3’,5’-monophosphate (cAMP) in most cells
via receptors coupled to pertussis toxin (PTX)—sensitive guanine nucleotide-binding
(G) proteins. Mutationally activated a subunits of G;, (oy,) constitutively inhibit
cAMP accumulation when transfected into cells. Cells have now been transfected with
mutant « subunits of four other G proteins—G,, a PTX-insensitive G protein of
unknown function, and G;,, G;3, and G, which are PTX-sensitive. Mutant e, o;,, and
o3 inhibited cAMP accumulation but e, did not. Moreover, expression of wild-type a,
produced cells in which PTX did not block hormonal inhibition of cAMP accumula-
tion. Thus, G, can trigger an effector pathway in response to hormone receptors that
ordinarily interact with PTX-sensitive G; proteins.

ETEROTRIMERIC G PROTEINS RE-
H ceive biological signals from recep-
tors for hormones and neurotrans-
mitters and transduce them into regulation
of effector enzymes and ion channels. Each
G protein sorts signaling information in a
distinctive pattern. Structural features of the
o subunit allow it to rec=ive incoming infor-
mation from a limited subset of hormone
receptors and to convey that information to
a specific subset of effectors (1). The rapidly
increasing number of new G proteins makes
it desirable to identify the receptors and
effector pathways associated with each.
Point mutations that replace key con-
served amino acids in the a subunits of G
(o) (2) and G;, (ay,) (3, 4) create G pro-
teins that constitutively activate their down-
stream effector pathways—stimulation and
inhibition of cAMP synthesis, respectively.

Departments of Pharmacology and Medicine and the
Cardiovascular Research Institute, University of Califor-
nia, San Francisco, CA 94143.

*To whom correspondence should be addressed.

Because these mutations replace amino acids
that are conserved in all known a chains,
cognate mutations in other o subunits
should provide a general approach to deter-
mine whether an individual G protein can
trigger a specific effector pathway. This ap-
proach is independent of receptor activation
and receptor-G protein coupling. Thus,
expression of mutationally activated oy, in
cultured cells constitutively inhibits cAMP
accumulation (4), confirming one of the
putative functions of G;,. We have now
extended this strategy to test whether four
other G protein a chains inhibit cAMP
accumulation.

Mutant o;; and o;; would be expected to
mimic oy, because these proteins resemble
one another in primary structure (~85%
identical amino acid sequences) and because
all three members of the o; family can open
atrial potassium channels (5). The greater
structural difference between a and the o
subunits (~70% identical sequences) sug-
gested that o, (6) would not inhibit cAMP
accumulation. The signaling function of G,
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(7) is unknown; o, is less similar to oy
(~60% identity) than is a, and, unlike o;;.5
and a,, a, does not serve as a substrate for
PTX (8). Thus, mutant o, might not inhibit
cAMP accumulation.

Rat cDNAs encoding the o subunits of
G;1, Giz, G, (9), and G, (7) were mutated to
substitute a leucine codon (L) for a conserved
glutamine codon (Q), cognate to glutamine
227 of a,. The resulting mutant constructs
were designated Q204L for oy, and a3, and
Q205L for a, and a,. The same substitution
at the equivalent position inhibits the guano-
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Fig. 1. Effects of PTX on LPA-induced inhibition
of cAMP accumulation in NIH 3T3 fibroblasts.
G418-selected pools of NIH 3T3 cells infected
with vector (pMV-7) or vector containing o,-WT
or a,-Q205L were labeled with [*H]adenine for
20 hours in the absence or presence of PTX (100
ng/ml). Cyclic AMP accumulation was measured
as described (4). Forskolin was used at 50 pM and
LPA at 100 pM. The results represent the mean
+ SEM of three independent experiments in
triplicate determinations. On bar graph, black
indicates basal; shaded, forskolin; and striped,
forskolin and LPA. *LPA significantly reduced
the forskolin-stimulated activity; paired Bonfer-
roni ¢ test, P < 0.05.

o, WT  a,Q205L

sine triphosphatase (GTPase) activity of o
(2, 10) and constitutively activates effector
regulation by both G; (2, 10) and G, (4).
Wild-type (WT) and mutant G protein o
chains were stably expressed in NIH 3T3
mouse fibroblasts by retroviral infection (11)
or transiently expressed in human embryo
kidney 293 cells (12).

Prostaglandin-E; (PGE,) and forskolin
increase the concentration of cAMP in con-
trol (vector-infected) NIH 3T3 cells by ap-
proximately 4- and 20-fold, respectively,
and lysophosphatidic acid (LPA) inhibits
these responses by 30 to 50%; PTX blocks
the inhibitory effect of LPA (Fig. 1) (4).
Both the stimulatory and inhibitory re-
sponses are unchanged in G418-selected
pools of NIH 3T3 cells infected with WT
o4y, 043, OF o, (Table 1). Expression of the
exogenous a chains was verified by immu-
noblotting with specific antisera (13).

As reported in studies with mutant o
subunits of G, (0;,-Q205L and oy,-
R179C) (4), expression of either ;-
Q204L or o;3;-Q204L constitutively inhib-
ited PGE,- and forskolin-stimulated cAMP
accumulation (Table 1). In these cells, like
NIH 3T3 cells expressing mutant o, (4),
LPA caused little or no further inhibition of
cAMP accumulation (Table 1), suggesting
that the mutant o; subunits had already
maximally activated the inhibitory pathway.
Basal cAMP (cAMP in unstimulated cells),
however, was not changed in cells express-
ing mutant o, or o;z. This may represent a
limitation of the assay we used, because LPA
also failed to lower basal cAMP.

In contrast to the o; subunits, a-Q205L
did not inhibit cAMP accumulation in NIH
3T3 cells; although PGE, -stimulated cAMP
accumulation was slightly reduced, respons-
es to forskolin and LPA were fully retained
(Table 1). Studies have also shown that

purified bovine brain o, but not a,, inhibits
adenylyl cyclase in biochemical reconstitution
systems that use resolved components (14).

Surprisingly, expression of o,-Q205L in-
hibited cAMP accumulation. Agonist-stim-
ulated cAMP accumulation was attenuated,
and the inhibitory response to LPA was lost
(Table 1). Because G, lacks the cysteine
residue that is adenosine diphosphate—ribo-
sylated by PTX in o; and a,, (7, 8), ligands
for receptors that activate o, should inhibit
cAMP accumulation in a PTX-insensitive
fashion. To determine whether LPA recep-
tors in NIH 3T3 cells can activate G,, we
assessed the effect of LPA on forskolin-
stimulated cAMP accumulation in vector- or
o,-WT-infected cells that had been treated
with PTX. PTX prevented LPA from inhib-
iting cAMP accumulation in vector-infected
cells (Fig. 1), indicating that LPA acts by an
endogenous PTX substrate, probably a G;
protein. In cells expressing o,-WT, howev-
er, PTX did not abolish the inhibitory effect
of LPA (Fig. 1). This result shows that the
LPA receptor can interact with o, and con-
firms the conclusion, drawn from effects of
mutant o, that G, can inhibit cAAMP accu-
mulation. To rule out the possibility that
o,-WT produced its effect by preventing
PTX-catalyzed modification of endogenous
o;, we prepared particulate extracts from
PTX-treated cells expressing recombinant
o,-WT; treatment of these extracts with
PTX and 3?P-labeled nicotinamide adenine
dinucleotide revealed no residual PTX sub-
strate proteins (15).

We have previously used human embry-
onic kidney 293 cells transiently coexpress-
ing (12) a luteinizing hormone receptor
(LHR) (16), an a,-adrenoceptor (a,-AR)
(17), and WT or mutant oy, to investigate G
protein—mediated inhibition of cAMP syn-
thesis (4). In such cells, human chorionic

Table 1. Intracellular cAMP accumulation in G418-selected pools of NIH 3T3 infectants. NIH 3T3 fibroblasts, infected either with vector alone (pMV-
7) or with vectors containing the indicated cDNA, were labeled with [*H]adenine (2 wCi/ml for 20 to 24 hours). We estimated intracellular [*H]cAMP
content in response to various drugs in the presence of 1 mM 1-methyl-3-isobutylxanthine (IBMX) by determining the ratios of cAMP to total ATP
and ADP pools (4). Where indicated, cells were treated with PGE, (50 pM), forskolin (50 wM), or LPA (100 uM) for 30 min at 37°C. Values
represent the mean + SEM of three to five independent experiments in triplicate determinations.

cAMP/(ATP + ADP) (10~3)

Vector

Basal PGE, * PGE, + LPAY Forskolin* Forskoun +
pMV-7 20=x0.1 7.7 0.3 48+0.1 50+ 5.7 33+43
o;-WT 1.7+0.2 6.8 04 4203 48 £ 2.2 27 £3.2
o;,-Q204L 1.5+0.1 34 £ 04%F 3.3x04§ 28 = 2.8% 27 = 2.0§
a;3-WT 1.7 £0.2 69 *0.3 45=x0.1 42 +47 26 =33
a;3-Q204L 1901 32 x0.3F 2.5 +0.3§ 23 = 3.2% 20 = 1.9§
a,-WT 20=x0.1 6.2 =0.6 3.7+0.5 44 +5.0 30 3.8
a,-Q205L 19%0.1 4.6 £ 0.5¢% 3.8 £0.3§ 47 = 3.8 3327
o,-WT 1.8 +0.2 79 x0.7 4.7+ 0.6 46 = 2.8 23+53
a,-Q205L 21=x0.1 3.7 £ 0.5 3.7 = 0.4§ 24 = 1.9¢% 21 = 3.3§
*Stimulatory responses to PGE, or forskolin were significantly higher than the corresponding basal values; paired ¢ test with Bonferroni correction, P < 0.05.  {Unless
otherwise stated, responses to PGE, or forskolin were significantly inhibited in the presence of LPA; paired ¢ test with Bonferroni correction, P < 0.05.  1Significantly different

from vector-infected cells; ¢ test with Bonferroni correction, P < 0.05.
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§Inhibitory responses produced by LPA were statistically insignificant; ¢ test.
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Fig. 2. Cyclic AMP accumulation in transfected
293 cells. Inhibition of the stimulatory effect of
hCG (5 ng/ml) by wild-type and mutant « sub-
units in cells cotransfected with DNA-encoding
LHR (0.5 pg of DNA per 10° cells) and the
indicated amounts of DNA containing o;,-WT,
ail'Q204Ls “is‘WT, ais'Q2’04La %'WT, Ly
Q205L, o,-WT, or a,-Q205L. Transfected cells
were labeled with [*H]adenine for 24 hours and
cAMP accumulation was assayed (48 hours after
transfection), in the presence of 1 mM IBMX and
hCG (5 ng/ml), as described (4). Results are
expressed as a percentage of the hCG-stimulated
activity as compared to that measured in cells

100} sz Q/MWT;
& 50 o
§ 4 O
Q 0 /L /L.
2 ~7" 7
g100r & dR | A WT
]
fé‘ 50 QL QL
Oj3 0z
,{I . asimad 47;1_. - . "l
0700101 1 1 10 0.001.00.1 110
DNA (ug)

transfected with LHR alone. Actual values for cAMP (as a ratio, X10~3, of radiolabeled cAMP to
cAMP + ATP) (4) were 0.6 to 1.0 and 16 to 20 in the absence and presence, respectively, of hCG. The
data represent triplicate determinations in one experiment; two additional experiments gave similar

results.

gonadotropin (hCG) stimulates and UK-
14304 inhibits cAMP accumulation by acti-
vating the LHR and «,-AR, respectively;
coexpression of mutationally activated o,
reduces hCG-stimulated cAMP accumula-
tion (4). In transient studies, inhibition of
basal cAMP accumulation is difficult, if not
impossible, to detect because only a small
subset of the cell population expresses the
recombinant proteins. Thus, hCG stimula-
tion of the coexpressed LHR serves to target
the cell population that expresses recombi-
nant receptors and G protein subunits.
The effects of WT and mutant o subunits
in 293 cells (Figs. 2 and 3) precisely parallel
those found (Table 1 and Fig. 1) in NIH
3T3 cells. Specifically, mutationally activat-
ed o, @3, and o, inhibited hCG-stimulated
cAMP accumulation, whereas mutant o, did
not (Fig. 2). The extent of inhibition de-
pended on the amount of DNA transfected,
and the maximal inhibition (~60%) was
similar to that produced by mutant oy, (4).
The specificity of the inhibitory responses
was shown by the failure of transfection
with WT a-subunit DNAs (Fig. 2) and
bovine prolactin DNA (18) to inhibit hCG-
stimulated cAMP accumulation. At high

Flg. 3. PTX-insensitive, receptor-mediated inhi-
bition of hCG-stimulated cAMP accumulation in
a,-WT—transfected 293 cells. The 293 cells (10°
cells in 60-mm culture dishes) were cotransfected
with 0.5 pg of DNA encoding the LHR and one
of three other receptor DNAs: 0.1 ug of a,-AR in
pCMV4, 1 pg of D,-R in pcDNAIL, or 1 pg of
A;-R in CDM6XL. Each set of receptor DNAs
was cotransfected with or without 0.3 pg of
a,-WT. The total amount of DNA used per
transfection was made up to 2 pg with bovine
prolactin DNA. Transfected cells were assayed for

doses of DNA (>0.3 pg per transfection),
o,-WT weakly inhibited cAMP accumula-
tion. The fact that this inhibitory effect was
more pronounced than that produced by
other WT a subunits (Fig. 2) may reflect the
remarkably slow rate of GTP hydrolysis
reported for recombinant e, in vitro, a rate
(ke = 0.05 min~!') much slower than
observed with other o chains (8). Why is a,
activated by a mutation that presumably
makes this already sluggish GTPase even
slower? We cannot rule out the possibility
that a, in vivo hydrolyzes GTP at a much
faster rate, which might be inhibited by
mutation. Such a speculation is not neces-
sary, however, because the rate at which
GTP replaces guanosine diphosphate
(GDP) bound to recombinant o, (kg Gpp
= 0.001 min~! at 5 mM Mg>*) (8) is even
slower than the reported rate of GTP hydrol-
ysis. If both rates apply to o, in vivo, most of
the WT q, in cells would be GDP-bound and
hence inactive; consequently, a mutation that
reduces k., grp 100-fold, as reported for
o,-Q227L (10), would substantially increase
the GTP-bound fraction of o, and stimulate
the appropriate effector pathway.

By treating the transfected 293 cells with

Inhibition of
hCG response (%)

o -WT: - + - + - +
Agonist: UK-14304 Dopamine PIA

cAMP accumulation as described in the legend to Table 1, in the presence of 1 mM IBMX and hCG
(5 ng/ml) with or without inhibitory agonists; 10 nM UK-14304, 1 uM dopamine, and 10 uM PIA
were used as the inhibitory agonist for a,-AR, D,-R, and A,-R, respectively. Results are expressed as
percent inhibition of the hCG-stimulated activity in the presence of added drugs, compared to that
measured in the presence of hCG alone. Actual values for cAMP (as a ratio, X1073, of radiolabeled
cAMP to cAMP + ATP) (4) were 0.7 to 1.0 and 14 to 19 in the absence and presence, respectively,
of hCG. The data represent triplicate determinations in a single experiment; two independent
experiments yielded similar results. *PTX significantly reduced the ability of inhibitory agonists to
inhibit hCG-stimulated activity; paired Bonferroni ¢ test, P < 0.05.
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PTX to inactivate endogenous o, we tested
the ability of o,,-WT to respond to stimula-
tion by well-defined recombinant receptors
(Fig. 3). In cells coexpressing the LHR with
either the a,-AR, the human dopaminergic
D, receptor (D,-R) (19), or the rat adeno-
sine A} receptor (A;-R) (20), the hCG-
stimulated cAMP accumulation was inhibit-
ed by the inhibitory agonists UK-14304,
dopamine, or (+)-N°-(2-phenylisopropyl)-
adenosine (PIA), respectively (Fig. 3). In
each case the inhibition was PTX-sensitive
and was not observed in cells transfected
with the LHR alone. Coexpression of -
WT with any one of the inhibitory receptors
and the LHR, however, produced cells in
which PTX treatment had no effect on inhi-
bition of cAMP accumulation by the corre-
sponding inhibitory agonist (Fig. 3). These
results indicate that receptors of the class
that ordinarily activates G; proteins can also
activate G,. This conclusion is in agreement
with a recent report that a receptor of this
class, the human muscarinic m,-acetylcho-
line receptor, could promote binding of
guanosine-5'-O-(3-thiotriphosphate) (GTP-
¥-S) to G, (21).

The greater expression of o, in brain
compared to other tissues (8, 22) suggests
that PTX-insensitive inhibition of cAMP
synthesis should be found in neural cells and
membranes. However, we know of only one
report of PTX-insensitive hormonal inhibi-
tion of cAMP accumulation, and that was
observed in rat aortic smooth muscle rather
than neural tissues (23).

Although the mechanism by which a,
inhibits cAMP accumulation is unknown,
comparison of a-chain amino acid sequences
(24) indicates that o, resembles the o; sub-
family (which includes o, and «,) more
closely than it resembles other a chains such
as o and o, This resemblance probably
indicates a close evolutionary relationship
between «, and o; proteins, which may
account for the overlap in signaling func-
tion. It remains to be shown whether G,
inhibits cAMP accumulation directly or
indirectly through other signaling path-
ways (25). G; proteins are also reported to
regulate other effectors, including phos-
pholipases A, (26) and C (27) and potas-
sium (5) and sodium (28) channels; G,
might also substitute for G; in regulating
these effectors.
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Quantum Conversion and Image Detection by a
Bacteriorhodopsin-Based Artificial Photoreceptor

Tsutomu MivasakA,* KorcHI Koyama, Isamu ItoH

A thin film (50 to 500 angstroms thick) comprising fragments of bacteriorhodopsin
(bR)-containing purple membrane was formed on an SnO, conductive electrode by the
Langmuir-Blodgett method. The film was put into contact with a thin, aqueous
electrolyte gel to construct an electrochemical sandwich-type photocell with a junction
structure SnO,/bR/electrolyte/Au electrode. Under visible light irradiation, the bR-
based photocell produced an efficient rectified photocurrent that proved to have
unique differential responsivity to light intensity, which is characteristic of in vivo
biological photoreceptors. An artificial photoreceptor comprising a pixel network of
the bR photocell was fabricated in an attempt to study image-detecting and processing

abilities of bR.

ACTERIORHODOPSIN (BR) 1S A PRO-
B tein existing in the halobacterial pur-

ple membrane (PM), which is ex-
tremely stable as a visual pigment analog in
vitro against light. Photochemistry of in
vitro bR has recently stimulated extensive
study of its potential application to the
design of molecular electronic devices (1)
and optical computers and memories (2, 3).
The photovoltaic behavior of in vitro bR has
been of particular interest in the field of
bioelectronics and has been well elucidated
with the use of dry PM films electrodepos-
ited on conductive electrodes (4-6). In a
manner similar to other photoconductive
dyes in open-circuit voltaic cells (7), in vitro
bR in dry films produces a steady-state
photovoltage accompanied by an initial
transient component. The photovoltage and
concomitant photocurrent (normally very
small) result from the displacement of
charge in the bR molecule initiated by rapid
photoisomerization of the chromophore ret-
inal. Under direct contact between bR and
electrode, the photoelectric response time of
bR can thus reach the order of 107! s (6).
However, the photoelectric behavior of dry
PM films in contact with electrodes is inev-
itably affected significantly by the presence
of water or ambient humidity (4, 5), reflect-
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ing the direct effect of water on the proton-
pumping reaction cycle of bR.

In this study we attempted to construct a
bR-incorporated electrochemical photocell
with bR molecules in direct contact with
both a conductive electrode as well as an
aqueous medium of electrolyte. This photo-
cell, having an ultrathin wet film of PM at
the interface of electrode and electrolyte, can
convert incident quanta to electric current at
high efficiency with excellent linearity of
output current against light intensity. As a
light sensor, the bR photocell was found to
have differential responsivity to light inten-
sity, which is characteristic of in vivo bio-
logical photoreceptors. As an extended ap-
plication, we fabricated an image-sensing
photoreceptor based on this differential
sensing type bR photocell. The bR photo-
receptor, which is the first example of an
artificial photoreceptor (image sensor) with
immobilized biological materials, proved ca-
pable of detecting and processing an optical
image in a manner similar to that of visual
functions.

Purple membrane was purified from the
S-9 strain of Halobacterium halobium by the
method of Oesterhelt and Stoeckenius (8).
PM was suspended in pure water and emul-
sified by mixing with N, N-dimethylforma-
mide (DMF) and n-hexane to yield an
opaque dispersion. The dispersion was care-
fully applied on a surface of pure water in a
Langmuir film balance to form a film con-
sisting of a two-dimensional array of PM
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