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INTRODUCTION

A major objective of research in pharmacology, hormone and neurotransmitter
action, olfaction, and chemoreception in general, is to understand how specific
cellular receptors are activated. Such a concern is evidenced by the large amount
of work being carried out on receptors today (see 1-21). Much of the research on
receptors deals with molecules of obvious medical importance, such as insulin (1-3),
other peptide hormones (2-6), acetylcholine (7-11), other neurotransmitters (12,
13), and opiates (14, 15). The experimental systems used in most of these investiga-
tions are as complex as the organisms, usually vertebrates, housing those receptors.

Yet it may be possible to find and use simpler and experimentally more amenable
systems if we focus on the primary event common to all receptor systems: the
combination of the activator with the receptor. It seems strange, then, that in the
study of such a fundamental cellular process as receptor activation, there have not
been many systematic searches for organisms free of the complexity of vertebrates.
Some recent notable exceptions are the studies on bacterial chemotaxis of Adler (16)
and Koshland (17-19). We suggest that lower aquatic organisms might serve as
possible fruitful sources of material for research on receptor activation because the
chemical senses, relative to other senses, are highly developed in these organisms.

The objective of this review, therefore, is threefold: (a) to survey the large spec-
trum of biological phenomena initiated by activator molecules in lower aquatic
organisms that may prove useful in receptor research; (6) to present a summary of
results obtained with one such system, the glutathione receptor of hydra, that has
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been used to investigate the activation of cellular receptors; and (c) to present a view
which grew out of studies with a large number of lower animals, and which may
provide insight into the evolutionary development of receptor proteins.

CHEMICAL ACTIVATION IN LOWER ORGANISMS

Since the turn of the century biologists have been intrigued by aquatic invertebrate
behavior in response to chemicals emanating from food, predators, and other envi-
ronmental sources (22). Within the aquatic environment, chemical cues are often
the major stimulus for initiating biological processes.

This interest has led to numerous investigations in which the phenomena ac-
tivated by chemicals have been defined, and in recent years, the activating substances
have been purified, characterized, and, in some cases, identified and synthesized (see
23, 24). Types of activator molecules implicated in stimulating responses include
cations, anions, amino acids, polypeptides, proteins, sugars, glycoproteins, lipo-
proteins, simple alcohols, and steroids (see 23, 25-27).

The phenomena activated by these molecules are diverse (see 23, 25-27). Listed
in Table 1 are the classification of the types of activators, the phenomena controlled
by the chemicals, and references to major reviews covering these topics in depth.
This table does not attempt to be exhaustive but rather it highlights the major types
of events activated by chemicals within the aquatic environment. It should be noted
that we have not made a distinction between interspecific communication (i.e.
between different species as initem V.B. of Table 1) and intraspecific communication
(i.e. between members of the same species as in item V.A. of Table 1). Pheromones
fit this latter classification.

The common features of interest to the pharmacologist and cellular biologist in
all of the examples listed in Table 1 are the binding of a specific activator by cellular
receptors and the activation of those receptors to initiate specific coordinated re-
sponses. It would seem likely, therefore, that among the wide spectrum of aquatic
organisms in which chemical activation of receptors occurs, there exist some in
which the receptors are of such a simple and accessible nature that it is possible to
investigate this basic phenomenon. We find that the freshwater hydra and related
marine cnidarians offer a number of experimental advantages for study of the
activation of cellular receptors.

MECHANISM OF ACTION OF THE GLUTATHIONE RECEPTOR
OF HYDRA

Research on feeding chemoreceptors in the Cnidaria has reached a high level of
sophistication. Not only have specific activators (incitants) been identified in a large
number of species, but also it is possible to make reasonable speculations about the
evolution of receptors in general, and, with hydra, to study the mechanism by which
the receptor is activated.

In this section we focus primarily on the mechanisms by which the tripeptide
reduced glutathione (GSH), activates the GSH receptor of hydra to coordinate the
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Table 1 Classification of external chemical activators and their functions in aquatic
invertebrates

Classification of activator Function.of activator References

I. Feeding 27-31
A. Attractant Stimulates orientation toward food
B. Arrestant Arrests locomotion toward food
C. Incitant Initiates feeding
D. Suppressant Inhibits onset of feeding
E. Stimulant Promotes ingestion and continuation
of feeding
F. Deterrent Prevents or interrupts feeding
II. Symbiosis? 32-36
A. Attractant Orients host-seeking organism toward
potential host
B. Stimulant Induces and maintains the association
after initial contact
C. Repellent Repels host-seeking organism
11I. Habitat-niche selection 23, 37, 38
A. Homing attractant Orients toward habitat by allowing
recognition of previous home or
territory
B. Aggregation and Initiates forming of clusters of
schooling attractant organisms belonging to same species
C. Larval settlement Initiates settlement of larvae on
inducer appropriate substrate
IV. Development 23, 38
A. Metamorphosis Initiates change from larval to sub-
inducer sequent developmental stage
B. Growth inhibitor Suppresses growth of members of
the same species
V. Avoidance responses 23, 25, 3941
A. Alarm activator Initiates response to signal emitted
from members of same species
B. Escape activator Initiates movement away from preda-
tors or in response to environmental
factors (pH, salinity)
C. Defense activator Initiates specific defense mechanisms
VI. Reproduction 23,24
A. Mate attractant Orients toward opposite sex
B. Reproductive Initiates characteristic mating behavior
incitant
C. Spawning inducer Induces and/or synchronizes release of
gametes
D. Gamete attractant Orients sperm toward egg

2Includes. interactions between different species, such as commensalism, mutualism,
and parasitism (see 42).
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animal's movements involved in feeding. This system offers a number of experimen-
tal advantages for receptor research. For one, the molecule GSH itself is complex
enough, though not too large, to allow us to make a sufficient number of analogues
for determining the conformation(s) of GSH necessary to activate the receptor.

A second advantage derives from the very nature of hydra itself: (a) it is of simple
tissue-level structure (see below), () the receptor is on the surface of the outer
epithelium, (c) the biological response can be readily quantified, (d) pure clones of
the animals can be easily grown in the laboratory in kilogram quantities (wet
weight), and (e) the fluid environment (*‘medium) surrounding the receptor can
be accurately controlled within a pH range of about 4 to 8 (see 27).

The animal is shaped like a two-ply hollow tube, about 8 mm by | mm when
extended, made up of both outer (ectodermal) and inner (endodermal) epithelial
layers. At the posterior end of the tube is a basal disc with which the hydra usually
attaches to a surface, and at the anterior end is a mouth surrounded by a ring of
tentacles. The tentacles are armed with many nematocytes, one of the seven cell
types of hydra. The nematocytes contain nematocysts (*‘stinging capsules”) which
start the feeding process by piercing the prey with long spear-like tubules.

In nature, the feeding behavior is initiated by trace amounts of GSH which are
emitted from wounds in the prey caused by the penetrating nematocyst tubule. The
key feature of the behavior is that GSH stimulates the tentacles to writhe and the
mouth to open. It is the duration of this mouth opening that can be quantified and
used as an accurate and reliable bioassay of GSH activity and the activity of its
analogues, and of other factors affecting the feeding behavior.

Evidence for a GSH Surface Receptor

Earlier experiments by Loomis (43) showed that GSH was the substance leaking
from the wounded prey that activated feeding in Hydra littoralis. To eliminate the
possibility of the activity being caused by a contaminant in the GSH preparation,
he showed that chemically synthesized GSH was also active (43). Later work by
Lenhoff (44), investigating the competitive action of GSH analogues, confirmed that
it was the GSH in the prey’s fluids that activated the response. Other early experi-
ments (45) showed that the duration of the response was dependent upon the
concentration of GSH applied to the hydra and that the response would take place
only when GSH remained in the solution. Furthermore, the GSH was neither
consumed nor metabolized. These experiments suggested that on the surface of the
hydra’s outer epithelium, there were receptor sites that would become activated only
in the presence of GSH.

A saturable receptor was indicated by analysis of plots of the duration of the
feeding response against the concentration of GSH to which the hydra was exposed
(45). An analysis of the resultant curve with concepts borrowed from enzymology
suggests that there is a receptor which is saturated and gives a maximum response
at GSH concentrations of 5 X 10-° M and greater. A maximum response is consid-
ered analogous to the maximum velocity of an enzyme catalyzed reaction; both
occur during saturation of an active site.
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Determination of the Dissociation Constant

The assumptions made in determining the dissociation constant, K 4, between the
activator (A4) and the receptor (R) have been reported elsewhere (46, 47). The effect
of the activation is signified by € and the maximum effect, by €,,. The equation
derived

(A)/€= I/EM (A)+KA/€M 1.

is analogous to the second form of the Lineweaver-Burk (48) plot, the equation
developed by Beidler (49) for mammalian taste chemoreception, and, of course, a
form of the Langmuir adsorption isotherm. This equation is useful in analyzing
chemoreception phenomena because it minimizes deviations in individual animal
responses that occur at very low levels of activator.

Previous data (50) show that this equation can be used to interpret the plot of
(4)/ € against (A); we obtain straight lines at most glutathione concentrations. From
such plots we can determine, for example, at pH 7, a dissociation constant of 106
M. Such a low K, is meaningful from at least three viewpoints: (a) the smallness
of the constant indicates a high affinity of the receptor for glutathione; (4) concen-
trations around 10-° M are well within the physiological range to be expected un-
der natural conditions of feeding; (c) this constant provides a means of character-
izing the receptor—that is, the glutathione receptor of f1. littoralis may be said to
have a dissociation constant of 10-° M under the given conditions. The constant is
a characteristic of the receptor and remains nearly the same no matter what the
nutritional state of the hydra (44, 45). Similarly, experiments in which the buffer
anion is varied alter the maximum response, but not the dissociation constant (50).

In Vivo Determination of pH Profile of Receptor

Changes in the K, with pH can be used to determine the pK’s of the ionizable
groups on glutathione or at the receptor site which are involved in the combination
with glutathione. The pK measurements were made by means analogous to those
used by enzymologists in determining the pK’s of ionizable groups at the active site
of enzymes. For our purposes, we needed an equilibrium equation, like Dixon’s (51)
for enzymes, which would take into account the influence of pH on the dissociation
constant. This modified equation (46, 47, 50) involved the assumption that if the
activator, receptor site, or activator-receptor complex ionizes, then, in the expres-
sion for equilibrium, each component (4, R, AR) equals its concentration multiplied
by a term which is a function of pH. For example, if the activator ionized, then the
total concentration of free activator, 4,, would be 4 times the pH function of 4,
or f, (pH). The logarithimic form of the equation is:

pK 4 = pK{ + log f,, (pH) - log £, (pH) - log f, (pH). 2

Here pK 4 refers to the negative logarithm of the dissociation constant of AR, while
pK is the same constant if none of the components has ionic groups; if no compo-
nent ionizes, then pK, and pK are equal. The derivation of this equation is
explained elsewhere (47).
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The foregoing equation indicates that a plot of pK , against pH will consist of a
series of straight lines joined by short curved parts, and holds true for the gluta-
thione-hydra system. The results (50) followed almost exactly the predictions from
the modified Dixon equations. The following interpretations were made (50): 1.
Ionizable groups at the receptor site participated in binding glutathione, because
significant variationsin pK 4 occurred with change in pH. 2. The concave downward
inflections at pH’s 4.6, 4.8, 6.5, and 7.6 represented pK’s of ionizable groups at the
receptor site. These pK’s probably do not represent ionizable groups of glutathione,
which have pK’s either below pH 4 (2.1 and 3.5) or above pH 8 (8.7 and 9.6)
(52). If the receptor site is protein, then the pK’s determined may represent two
B-carboxyls of peptide aspartic acid (or y-carboxyls of peptide glutamic acid), an
imidazole group, and a terminal a-amino group, respectively. 3. The horizontal lines
indicate pH values that do not affect the combination of glutathione with the
receptor site. 4. The quenching of the charges (53) at about pH 4 and 8 indicated
that receptor-site groups having pX’s of 4.6 and 7.6 may be associated with comple-
mentary charged groups of glutathione.

Active Structure of Glutathione

To determine the structure of GSH present at the receptor site, it was necessary to
quantify the ability of different structural analogues of GSH either to activate or
inhibit a response (54, 55). The aforementioned bioassay experiments were used to
determine the effectiveness (K, and €,) of synthetic agonists (44, 54, 55). The
relative ability of analogues that bind but do not activate, i.e. antagonists, was
determined by measuring their ability to inhibit competitively the activity of GSH
in eliciting the feeding response (55).

Data from these investigations established that (@) the thiol is not required for
activation, because ophthalmic acid (7-glu-abu-gly), norophthalmic acid (y-glu-ala-
gly), and S-methyl glutathione (S-me-GSH) also activated the response (54, 55);
(b) activation of the response requires the intact tripeptide backbone of glutathione,
because the just mentioned analogues activated feeding while amino. acids, dipep-
tides, and a number of tripeptide analogues with large and charged substituents at
the sulfhydryl group did not activate (44, 55); (c) the receptor has a high affinity
for the glutamyl part of the tripeptide because glutamic acid and glutamine were
the only amino acids to show competitive inhibition (55) and the tripeptide aspar-
thione (B-asp-cys-gly) did not initiate the response (43, 55); and (d) the a-amino
of glutathione is probably required for association of glutathione with
because glitamic but fiot a-keto glutaric acid competitively inhibited GSH action
(44, 55).

Current research on the specificity of the glutathione receptor of H. attenuata
agrees with data found using H. littoralis. New information was uncovered ‘using
tripeptide analogues with substitution of the glycyl residue. For exarmple, when
either leuciné or tyrosine are ‘substituted for glycine, the resultant tripeptide still
activated a response (56). ,

Currently over 70 analogues are being quantified as to their ability to act as either
agonists or antagonists. Both the published 'and unpublished results indicate that the
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GSH receptor of hydra has a unique and rigid specificity for the tripeptide structure
of GSH.

Other Factors Influencing the Response

The feeding response of hydra is also influenced by a number of external factors,
such as the ionic composition of the medium (46) and certain proteases (57).
Environmental cations, for example, affect the response activated by GSH in many
ways. Without calcium ions, hydra do not respond to reduced glutathione (58). The
requirement for calcium is pH-dependent (H. M. Lenhoff, unpublished), and a
concentration of about 10* M was necessary for a maximum response. Strontium
was the only ion that could substitute for calcium, and even it was much less effective
(58). The chelating agent ethylenediaminetetraacetic acid (EDTA) also inhibited
feeding. This inhibition was completely reversed only by calcium ions, and to some
degree by strontium ions (58). Magnesium ions were not required; in high concen-
trations they inhibited the responses by competing with calcium ions (44, 58).
Sodium likewise competed with calcium, but less effectively than magnesium
(58).

Potassium ions were found to inhibit the feeding response (46), but, unlike mag-
nesium and sodium ions, they did not act by competing with calcium ions. Concen-
trations of potassium ions as low as 10~ M could lower the response to glutathione
significantly, and this inhibition could be reversed by placing the animals in a
potassium-free medium for a few hours (H. M. Lenhoff, unpublished). Since potas-
sium ions play an important role in bioelectric potential, it may be that these ions
act by affecting the cellular membrane potential of hydra. More recent work using
H. attenuata shows that the presence of sodium ions in the environment is an
absolute requirement for the glutathione-mediated feeding response (59).

Temperature effects on the feeding response are complex (44), but they do indicate
that there is a rate-limiting thermochemical step in the effector system that has an
activation energy of about 13,000-14,000 calories (H. M. Lenhoff, unpublished).
This step is thought to involve the consumption of some regenerable substance, such
as ATP.

A number of nontripeptides can activate a feeding response in some coelenterates
in the absence of added GSH (57, 60--62). Of special interest are the proteolytic
enzymes papain, ficin, and trypsin (57) because it is now recognized that numerous
control mechanisms can be activated by proteases (see 63).

Cyclic Nucleotides

As with higher organisms, cyclic nucleotides are thought to play in lower forms a
similar function as second messengers. The first report that cyclic AMP functions
in such a fashion in cnidarians is that of Gentleman & Mansour (64) in the sea
anemone Anthopleura elegantissima. They showed that on the addition of GSH the
concentration of cCAMP in the oral disc and pharynx tissues increased. Preliminary
work with hydra shows that on the addition of GSH there are rapid changes in the
levels of both cAMP and cGMP (65).
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Summary

In summary, the GSH receptor system of hydra has much in common with the
receptor systems of higher organisms now under study. The hydra receptor shows
a precise specificity for the activator, the combination of the activator with receptor
follows ‘‘saturation kinetics,” and the cyclic nucleotides appear to be involved as
secondary messengers.

The hydra GSH receptor system has a number of advantages that are inherent
in the nature of the GSH molecule and in the hydra itself (see above). But perhaps
the most unique advantage of this system is that it is possible to investigate in vivo
properties of the receptor both while it is carrying out a behavioral response (50)
and while measurements are being made on the binding of either activators or
competitive inhibitors to the whole animal (65).

ON THE EVOLUTIONARY DEVELOPMENT
OF RECEPTOR PROTEINS

The following view on the evolutionary development of receptor proteins is derived
from our analysis of research carried out mostly on feeding activators in lower
forms. We propose that the most primitive of cnidarian receptors responded to a
range of amino acids and peptides, and that from these general receptors, more
specific ones evolved. Furthermore, we propose that receptors in higher forms, such
as those involved in chemoreception and in neurotransmitter and hormone action,
evolved from similar primitive general receptors which originally functioned in
pinocytosis and phagocytosis.

Inspection of Table 2 shows a number of patterns within the Cnidaria which
support our hypotheses. The data show that cnidarians tested from every class and
most families elicit a feeding response to either one or a few small molecules. The
molecules found most commonly to initiate a feeding response are the tripeptide
GSH and the imino acid proline. In the Hydrozoa the feeding response of each
organism investigated was induced by a single specific molecule (41, 65, 66). Proline
is especially prevalent as an activator among the athecate colonial marine hydroids
(61, 67-70 ). For example, all members of these groups thus far tested, i.e. Cordylo-
phora (61), Pennaria (67), Tubularia (69), and Proboscidactyla (68), responded
only to proline. All hydras tested responded only to GSH (41, 65, 66). The only
other hydrozoans tested also responded to GSH (70, 71).

In the Anthozoa we see three trends. In general, although more than one com-
pound may elicit feeding behaviors, the animals exhibit varying ranges of specificity.
For example, the most specificity is seen among the sea anemones: Boloceroides
responds primarily to valine (72), Anthopleura to GSH (73), Haliplanella to leucine
(74), Actinia to glutamic acid (75), and Calliactis to GSH (76). The specificity
broadens when we consider the colonial anemones: whereas Zoanthus responds
primarily to GSH (77), Palythoa responds to relatively high concentrations of either
GSH or proline, or to low amounts of these two activators acting synergistically
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Table 2 Chemical activation of feeding in the Cnidaria

Type of organism Activator References

1. Hydrozoans

A. Hydroids
1. Five species of hydra GSH 43, 65, 66;
H. M. Lenhoff,
unpublished;
W. Heagy,
unpublished
2. Four species of colonial Proline 61, 67-69
marine hydroids (with-
out theca)
3. One species of colonial GSH 70
marine hydroid (with
theca)
B. Siphonophores
Two species (including GSH 70,71
Portuguese man-of-war)
II. Anthozoans
A. Sea anemones
1. Anthopleura GSH 73
2. Boloceroides Valine 72
3. Actinia Glutamate 75
4. Haliplanella Leucine 74
5. Calliactis GSH, proline 76
B. Colonial anemones
1. Palythoa Proline and/or GSH 78
2. Zoanthus GSH 71
C. Corals
1. Six species Proline or GSH 66, 79
2. One species 4 amino acids 80
III. Scyphozoa
One species (large jellyfish) 20 amino acids, GSH, 81

glycylglycine

(78). Lastly, corals seem to respond best to proline alone or GSH alone, as well as
to numerous other amino acids at relatively higher concentrations (66, 79, 80).

Chrysaora, the only example of the large jellyfishes tested, seems to respond to
GSH and to a wide number of amino acids (81). More kinds of these organisms need
to be tested before we can make any generalizations about this group.

Do the Glutathione and Proline Receptors Have a Common Origin?

Fulton (61) has suggested that the evolution of a receptor site for glutathione into
one for the a-imino acid proline may have proceeded by means of slight structural
changes in the receptor site. His postulate was based on the knowledge that one of
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the possible cyclized forms of glutathione in solution is close in structure to an
a-imino acid. Because proline is also present in the fluids released from wounded
prey organisms, the change in structure of the receptor site was not disadvantageous
to Cordylophora but, under some circumstances, advantageous, and so persisted.

In support of Fulton’s suggestion (61) are a number of cases reported in Table
2. For example, let us assume that the earliest cnidarians responded to a wider range
of amino acids and to GSH, as has been reported for Chrysaora (81). Possibly from
these early cnidarians there evolved one whose receptor was modified so that it
would recognize both GSH and proline. Such a receptor might exist in Palythoa
(78), although it is also possible that Palythoa has two distinct receptors, one for
each of those activators. Possibly organisms with this proposed “GSH and proline”
receptor might then have evolved into organisms having two distinct receptors, one
to GSH and another to proline. Such a situation appears to exist in most of the corals
listed in Table 2. And, eventually organisms evolved with only GSH receptors, as
seen in hydra and siphonophores, or proline receptors, as found in the athecate
colonial hydroids.

A similar argument could be constructed regarding the evolution of receptors to
amino acids having apolar side chains. For example, the valine receptor of Bolocer-
oides (72) and the leucine receptor of Haliplanella (74) may have evolved from a
receptor with a specificity for apolar amino acids in general. Possibly receptors for
other amino acids may have followed similar pathways from the original primitive
cnidarian receptor which responded to many amino acids.

Evolution of Cellular Receptor Sites in General

Among the earliest receptor sites to evolve were probably those associated with the
induction of pinocytosis in single cells. In recent years the chemical induction of
pinocytosis has been studied in ameba (82, 83) and in white blood cells (84). Both
kinds of cells respond to a range of small charged molecules; of the amino acids,
aspartate and glutamate are particularly effective (82, 84). In general, it might be
said that single cells depend on external chemical cues that stimulate the uptake of
nutrients from their environment; hence, these cells may have evolved receptor sites
with broad specificity such as might prove useful to guarantee the cell sufficient food
to survive.

It thus seems reasonable to suppose that cnidarian cells utilizing pinocytosis to
take up nutrients from their gastrovascular cavity also respond to a broad range of
molecules. In accord with this supposition is Slautterback’s finding that certain
amino acids could stimulate the immediate formation of a large network of mi-
crovilli at the apical end of the endodermal digestive cells that line the gut of hydra.
Among the most active amino acids were the isomers of tyrosine, with m-tyrosine
the most active. Phenylalanine was ineffective. Other amino acids showing activity
were cysteine and glutamate (D. Slautterback, personal communication).

Slautterback’s finding that tyrosine stimulates microvilli formation in hydra en-
doderm cells takes on particular importance in light of the discovery by Blanquet
& Lenhoff (85). They showed that hydra have a receptor on the surface of cells lining
the gut. When activated by tyrosine, the hydra exhibited a *“‘neck response,” ie. a
constriction of the upper third of the body tube. These neck constrictions apparently
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allow hydra to retain previously ingested food in the gut while swallowing newly
captured prey. No other natural amino acid, including phenylalanine, could substi-
tute for tyrosine (85). It is interesting to note, however that m-tyrosine was more
active than the other tyrosine isomers in activating both the neck response and in
microvilli formation (85).

Recognizing that in response to tyrosine hydra display these two events, a cellular
one and an organismic one, we can pose a number of intriguing questions: Is the
same receptor site used to trigger both events? If not, did the receptor for neck
formation evolve from the receptor for microvilli formation? It would appear sim-
pler for hydra to use an existing receptor for two functions rather than to evolve
another.

This reasoning may be stretched even further to postulate that there exists a direct
line of evolution of receptor sites from those found on single cells inducing pinocyto-
sis or phagocytosis, to those coordinating feeding responses in such simple *tissue-
level”” organisms as cnidarians, and finally to the receptors for neurotransmitters and
peptide hormones in higher organisms. For example, because dopamine and norepi-
nephrine are formed directly from tyrosine, it seems simpler and more efficient from
an evolutionary standpoint for organisms to retain and utilize modifications of a
primitive tyrosine receptor to recognize structurally related compounds rather than
to evolve new receptor sites for each of these “analogues.”

Would not the same argument apply to the evolution of receptors for such
neurotransmitters as glutamic acid or glycine? Are there similar evolutionary rela-
tionships between the glutathione receptors involved in activating the cnidarian
feeding response, and the glutathione site associated with the y-glutamyl transpepti-
dase mechanism of amino acid transport (86) (see below)? In any of these cases, it
would seem simpler for organisms during evolution to modify existing receptors to
control new tasks rather than to develop completely new receptor-effector systems.

Summary and Future Directions

We feel the current information justifies these speculations on the evolution of
receptor proteins because such views are analogous to our ideas of the conservative
view of the evolution of proteins in general. The difficulty, of course, lies in proving
these speculations. Actually, there are a number of ways in which evidence can be
obtained. These ways, however, depend upon the development of methods for
investigating receptors. One method, for example, would involve the isolation of
receptor proteins and the analysis of their amino acid sequence. Based upon the
current status of receptor purification, however, such an approach will not be
possible for years. A second approach would consist of a search for different kinds
of receptors to amino acids and neurotransmitters among members from all the
phyla. From such a comparative study it might be possible to determine at which
point in evolution the different receptors arose.

We are using a third approach, that of comparing the relative activities of two
proteins that might be related to each other, with analogues. In our case, we are
interested in proteins that recognize the tripeptide reduced glutathione. Previously
we have reported (see 62) that the GSH receptor of hydra is specific for the
Y-glutamyl moiety of GSH and can tolerate some changes in the thiol of the
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cysteinyl moiety. Hydra, for example, can respond to GSH which has its thiol
methylated. At that time, no other protein combining with GSH was known to
have such an unusual specificity for the molecule. Recent work with the enzyme
y-glutamyl transpeptidase (“GTP”’), however, has shown a similar specificity of this
enzyme for GSH (87).

We were intrigued by this similar specificity of GTP, especially since this enzyme
is implied to act in the transport of amino acids into cells (86). Could it be that the
GSH receptor of hydra evolved from the GTP thought to be used in amino acid
transport? Could they be the same protein? Next we analyzed hydra for this enzyme
(56, 88). We found it present in significant concentrations (see also 89), and its
requirement for amino acid acceptors similar to that reported for the same enzyme
activity as found elsewhere (56, 88).

To answer the question of whether or not the GSH receptor and the GTP from
hydra are the same, we decided to look deeper into their relative specificities for
GSH. Using analogues synthesized by our colleagues M. H. Cobb and G. Marshall
of Washington University, together with J. Danner we were able to distinguish
between the two activities. Whereas both proteins had about the same specificity for
the y-glutamyl-cysteinyl part of GSH, they differed with respect to their activities
with analogues having substitutions at the glycine moiety; on one hand the GTP
reacted poorly with analogues having amino acids with large side chains substituted
for the glycine in GSH, while on the other hand, the GSH receptor of hydra was
activated by those same analogues (56).

Such experiments show how those two proteins in hydra have similar and yet
different specificities for GSH. Possibly the GSH receptor evolved from a mutation
in a repeating unit of a gene controlling the synthesis of GTP.

CONCLUSIONS

The above speculations, like most concerning evolution, are difficult to prove. But
they may help to make us aware that unifying concepts, tacitly assumed in the case
of enzymes and cell organelles, also may apply to the basic aspects of chemorecep-
tion. Specifically, such speculations emphasize that the behavioral responses of
lower invertebrates to a peptide or an amino acid may have many fundamental
features in common with some hormonal and neurotransmitter responses in higher
organisms. By focusing on the primary events of the combination of the activator
with the receptor to initiate a series of coordinated activities, we may find new
approaches and new insights into universal, yet little understood, chemical control
mechanisms.
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