posefully grooved and highly polished
specimens of magnetic minerals are of particular interest. It would also be useful for
the archeologist excavating Olmec burials
and offerings to carefully note their alignments and consider them in a geomantic
context.
In addition to the discovery of supporting artifacts, establishment of Olmec primacy of the lodestone compass depends on
the acquisition of the archeomagnetic data
for the Early Formative period. I appeal to
archeologists who find good archeomagnetic samples (burned hearths and postholes) from the Formative periods to
convey this information to R. DuBois of
the University of Oklahoma. In a few
years, the archeomagnetic data should be
available for the last three millennia and
the possibilities are very exciting.
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drawn between regulation in unicellular
prokaryotes and in multicellular eukaryotes, the ideas put forward might also
prove useful for suggesting new experimental approaches to understanding sophisticated control mechanisms in complicated
higher organisms.
Because of the ubiquity of cyclic adenosine monophosphate (cyclic AMP) in biological regulation, considerable attention is
directed toward its function and possible
evolution. Nevertheless, as treated in the
present context it may represent only a
model for other as yet undiscovered intracellular effectors which also operate according to the principles outlined below.
Cyclic AMP, originally discovered during studies on the mechanism of epinephrine action (1), has subsequently been
shown to mediate the intracellular actions
of almost all those hormones that interact
with the cell membrane (2). Cyclic AMP
also controls the "catabolite repression"
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mechanism in bacteria (3) and other microorganisms (4), and more recently together with the related nucleotide cyclic
GMP (cyclic guanosine monophosphate)
has been implicated in the modulation of
growth and development of a large number
of cell types in both prokaryotic and eukaryotic organisms. For example, it has
been suggested that these molecules play
important roles in the immune response
(5), the nervous system (6), and the process
of malignant transformation (7).
Such ubiquity implies one of two explanations. The cyclic nucleotides, by virtue of some intrinsic chemical or physical
properties, could be absolute requirements
for the living state. This seems unlikely,
however, in view of the viability of mutant
organisms lacking adenylate cyclase, the
enzyme that catalyzes the formation of cyclic AMP (8, 9). Alternatively, once the cyclic nucleotides had formed (as the result
of a biosynthetic accident), their universality derived from the adaptive advantages conferred upon descendants of the
organisms in which they first appeared.
In this article I adopt the latter
point of view which, together with other assumptions about the evolutionary origins
of biological control, suggests a model for
the organization and strategy of regulatory
mechanisms in modern unicellular organisms as well as indicating the principles
which underlie intercellular communication in metazoa.

Simple and Complex Regulation
and the Metabolic Code
Even the most ancient molecular assemblies possessing recognizable cellular properties must have been capable of self-duplication, implying the prior existence of
DNA and the machinery necessary for its
replication. Obviously, these organisms
also contained mechanisms for the expression of genetic information. Since both
nucleic acid and protein synthesis are endergonic reactions, primordial cells were
almost certainly endowed with the capacity to capture the necessary energy from
the environment and to transform it into
usable form, presumably ATP (adenosine

triphosphate).
The biosynthetic capabilities of primitive cells were, however, probably quite
limited. Changes in the environment which
diminished the supply either of the monomeric units required for polymer synthesis,
or compromised the formation of ATP
might have easily proven lethal. Survival
The author was professor of biochemistry and biophysics, at the University of California, San Francisco
94143. This article was completed shortly before his
death on 22 July 1975.
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would therefore have required the evolution of regulatory mechanisms that could
maintain a relatively constant intracellular
environment in the face of changes in external conditions.
In this discussion, I shall define two
modes of regulation, "simple" and "complex," both present in modern organisms,
which differ from each other in their relative sophistication as well as, most likely,
the order in which they evolved.
The essential feature of simple regulation is a direct chemical relationship between the regulatory effector molecules
and their effects. Thus, substrates or end
products affect their own metabolism, independent of the biochemical mechanism
employed. Simple regulation may be positive, as in enzyme induction, or negative, as
in feedback inhibition of enzyme activity
and repression of enzyme biosynthesis.
If regulation were limited only to simple
mechanisms, survival might be tenuous,
since the regulatory effector molecules are
themselves important metabolic intermediates. Dramatic changes in the intracellular environment could therefore follow rapid depletion or replenishment of essential nutrients. However, present-day organisms also display more sophisticated
regulatory behavior, presumably of later
evolutionary origin than the simple mechanisms, which confer greater stability on the
internal environment. I define these as
"complex" control mechanisms.
Complex regulation is characterized by
two entities not operating in simple mechanisms: metabolic "symbols" and their "domains." The term "symbol" refers to a
specific intracellular effector molecule
which accumulates when a cell is exposed
to a particular environment (10). For example, cyclic AMP in most microorganisms acts as a symbol for carbon-source
starvation, and ppGpp (guanosine 5'-diphosphate 3'-diphosphate) (11), a symbol
for nitrogen or amino acid deficiency.
Metabolic symbols need bear no structural relationship to the molecules which
promote their accumulation in a nutritional or metabolic crisis (that is, cyclic
AMP is not a chemical analog of glucose).
Another important propety of intracellular
symbols is metabolic lability, which allows
their concentrations to fluctuate quickly in
response to environmental change. For instance, cyclic AMP and ppGpp are both
rapidly formed and inactivated by specific
enzymic reactions (12, 13).
Since a particular environmental condition is correlated with a corresponding intracellular symbol, the relationship between the extra- and intracellular events
may be considered as a "metabolic code"
in which a specific symbol represents a
unique state of the environment.

A second essential concept in complex
regulation is that of the "domain" of a
symbol, defined as all the metabolic processes controlled by the symbol. For instance, the responses of a glucose-starved

Escherichia coli constitute the domain of

cyclic AMP in this organism, and the reactions of the "stringent response" (14) of
amino acid-deprived bacteria form the domain of ppGpp. A comparison of these responses illustrates that the biochemical re-

actions included in the domain of a symbol
related by their biological effects rather
than their chemical mechanisms. Thus,
ppGpp may interact with a variety of cellular macromolecules to coordinate the reactions involved in the stringent response;
these reactions include gene transcription
(15), membrane transport (16), and a variety of enzyme-catalyzed metabolic interconversions (17). Cyclic AMP, on the other hand, may interact with only a single
bacterial receptor protein (CRP) which, in
turn, associates with specific DNA sequences regulating the transcription of
genes under catabolite repression control
are

(18).
In E. coli, flagellin synthesis requires cyclic AMP (19). As a result, bacteria become

motile, presumably as an adaptation

to nutritional stress. The catabolite repres-

sion domain therefore contains elements
that affect gross aspects of bacterial behavior as well as metabolism. Furthermore, a
given process may be included in a particular domain under only special circumstances. For instance, the transcription of
an inducible, catabolite-repressible operon
will take place only in the presence both of
its specific inducer as well as of cyclic
AMP. Moreover, a given process might be
part of several different domains. These
considerations indicate that the symboldomain relationship endows a cell with
considerable regulatory sophistication, allowing a relatively simple environmental
change to bring about a complex coordinated cellular response.

Evolution and Universality of the
Metabolic Code
To explore these ideas further, and in
particular to extend them to intercellular
communication, it is useful to speculate
about the evolutionary basis of complex
regulation. Despite the virtual impossibility of obtaining relevant experimental data
about historical origins, an examination of
present-day biochemical reactions suggests
reasonable possibilities. For example,
ppGpp is made from GTP (guanosine triphosphate) during the "idling" of protein
synthesis (20), while the ribosome-messenger complex is temporarily deprived of the
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amino acid specified by a particular codon
(21). This mechanism also suggests the
evolutionary origin of ppGpp. Since GTP
is used extensively in protein synthesis,
inhibition of this process by amino acid
starvation of a primitive organism could
have led to the formation of ppGpp, which
for accidental (but genetically determined)
reasons had favorable regulatory consequences for the organism in question and
its progeny.
Similarly, cyclic AMP might have become associated with carbon-source starvation as a result of the "idling" of a primordial kinase which normally catalyzed
the phosphorylation of glucose with ATP.
In the absence of glucose, ATP might have
been converted to the cyclic phosphate,
again with favorable evolutionary consequences for the descendants of the organism in which it originally occurred.
The origins of the domains are equally
obscure. However, one might assume that
when cyclic AMP or ppGpp first appeared
in evolution, nucleotide binding sites on
proteins (22) already existed. As analogs of
the nucleoside tr*phosphates, the regulatory molecules would thus have had a
number of potential enzyme binding sites,
interaction with which might have simultaneously influenced a number of biochemical reactions. The aggregate of those modulations that proved adaptively useful
would ultimately have evolved into the
complex regulatory domains.
By whatever means, complex domains
probably evolved initially by the gradual
accretion of new elements. Having once attained a certain level of complexity, however, they may have undergone significant
changes in the rate and manner of their
evolution. As illustrated by the universality
of the genetic code (23), biological networks that interconnect a number of important cellular processes tend to attain
evolutionary stability (24). This arises because mutations damaging one element of
a system have pleiotropic effects that
might imperil the entire organism. If this
reasoning is applied to the symbol-domain
relationship of the metabolic code, then
once a domain has reached a certain degree of complexity at least some of its regulatory interactions would become constant with respect to evolutionary change.
This stability might be one of the explanations not only for the ubiquity of the
cyclic nucleotides but also for an apparent
geSerality of the metabolic code. For instance, cyclic AMP symbolizes carbonsource starvation in E. coli, whereas glucagon and epinephrine, hormones which
stimulate cyclic AMP production in vertebrates, mobiiize metabolic stores such as
glycogen (2) and triglycerides (25) as if
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these organisms were also subjected to
acute starvation. These aspects of the
mammalian and bacterial responses to cyclic AMP seem quite similar. This and other apparent similarities between prokaryotic and eukaryotic regulation (26) indeed
suggest a sort of universality in metabolic
coding.

Intercellular Transfer of Metabolic
Information: Origin of Hormones

According to the ideas already presented, the overall functional state of any cell is
determined by the activities of the reactions in the various domains. In a colony of
unicellular organisms, each individual cell
responds independently to the environment
by generating appropriate intracellular
metabolic symbols. In most multicellular
organisms, however, only certain cells are
stimulated directly by the environment.
These in turn secrete specific effector molecules, the hormones, which signal other
cells (perhaps insulated from the environment) to respond metabolically to the initial stimulus. In higher organisms, such a
chain of cellular communication may involve many intermediate steps. For example, in vertebrates, many environmental
conditions are processed as nerve impulses
impinging on the hypothalamus, from
which hormones travel to the pituitary.
From there, other hormones are transmitted to a variety of different cells, many
of which manufacture specific products in
response to the initial stimulus originating
in the nervous system. Here I propose a
mechanism by which metabolic coding in
unicellular organisms might have evolved
into the endocrine system of the metazoa.
Dictyostelium discoidium, a cellular
slime mold, serves as an excellent model
for how the transition might have come
about. Given sufficient nutrients, this organism exists as independent myxamoebas.
Upon starvation, they generate cyclic
AMP and release it into the surrounding
medium (27). This substance serves as a
chemical attractant that causes the aggregation of a large number of myxamoebas
(28) to form a multicellular "slug." In this
case, as in E. coli, cyclic AMP acts as an
intracellular symbol of carbon-source starvation. In addition, however, the cyclic nucleotide is released from the Dictyostelium
cells in which it is formed and diffuses to
other nearby cells, promoting the aggregation response. Cyclic AMP thus acts in
these organisms both as an intracellular
symbol of starvation and as a hormone
which carries this metabolic information
from one cell to another.
These phenomena raise the question of

why the cyclic nucleotides do not commonly play extracellular, hormonal roles in organisms more complex than the slime
mold. Although it has been suggested (29)
that these compounds mediate some shortrange intercellular transactions, their locus
of action is largely intracellular, while
long-range chemical communication between cells is effected by other types of
molecules. One reason for the predominantly intracellular action of the cyclic nucleotides may be their metabolic
lability. It was pointed out above that the
rapid turnover of intracellular symbols is
advantageous for adaptation in unicellular
organisms. Because of their sensitivity
to hydrolysis the extracellular lifetime
of the cyclic nucleotides is probably not
long enough to allow them to travel the
relatively long distances required for intercellular communication in large metazoa.
It has been argued (30) that an increase in
the size of organisms is favored by evolution. If this be the case, metabolic information must be transmissible over longer and
longer distances (up to several meters in
large vertebrates). Because of the unsuitability of intracellular symbols for this
purpose, I propose that the hormones,
which are more metabolically stable, took
on this role.
These substances carry information
from "sensor" cells in direct contact with
environmental signals, to more sequestered
responder cells. Specifically, the metabolic
state of a sensor cell, represented by the
levels of its intracellular symbols, is "encoded" by the synthesis and secretion of
corresponding levels of hormones. When
the hormones reach responder cells, the
metabolic message is "decoded" into corresponding primary intracellular symbols.
Thus, hormones apprise responder cells of
the concentrations of intracellular symbols
in the sensor cells, allowing relatively protected internal organs to respond coordinately to external perturbations.
These reactions are clearly illustrated in
the vertebrate endocrine system. Pituitary
cells generate intracellular cyclic AMP in
response to the polypeptide "releasing factors" from the hypothalamus (31). The cyclic AMP, in turn, stimulates the pituitary
cells to release specific trophic hormones
such as ACTH (adrenocorticotrophic hormone) or TSH (thyroid-stimulating hormone) (32). These diffuse to their target
cells (adrenal or thyroid, for instance)
where, after interaction with specific membrane receptor proteins, they stimulate the
production of cyclic AMP. Depending on
the nature of the target cell, the stimulation may cause the release of yet other
hormones (steroids or thyroxin). In this
way, endocrine cells act as both sensors
SCIENCE, VOL. 189

ample, with the origins and significance of
the steroids or thyroxin.
These molecules act as hormones in the
sense that they transmit information about
cyclic AMP levels from the sensor cells
where they are produced to specific responder cells. Nevertheless, the effectors
Neural Transmitters as Hormones
themselves appear to function primarily as
direct intracellular modulators of gene acIn many organisms the nervous and en- tivity in responder cells (34, 35). Thus, like
docrine systems are intimately connected, cyclic AMP in D. discoidium, steroids and
and hormone release is often activated by thyroxin act as both hormone and intraneural stimulation. Moreover, intercellular cellular symbols. Their effects tend to be
communication within the nervous system more protracted than those of the memis mediated by hormones, the neurotrans- brane-bound hormones which regulate cymitters, that operate over very short dis- clic AMP concentrations, perhaps because
tances. In view of the previous discussion, of relatively slow breakdown in the reit is interesting to speculate on the possible sponder cells. Clearly, further work is remetabolic origins and significance of the quired to begin to understand the evolutransmitters. Some of these substances, tionary and metabolic significance of the
such as acetylcholine, occur in organisms thyroid hormones and the steroids.
under circumstances where they serve no
A further difficulty relates to the fact
apparent neural function (33). This sug- that, although I have frequently referred to
gests that the evolutionary appearance of "symbols" in the plural, the only subthe transmitters preceded that of the ner- stances that might legitimately be so
vous system. Their hormonal function in termed in eukaryotic cells at the present
modern organisms implies that they might are the cyclic nucleotides. Nevertheless,
have arisen as regulatory molecules - per- there are increasing indications that other
haps metabolic symbols, in the sense de- substances including certain ions (Ca2+,
fined here. A possible clue to the biochemi- Na+, and K+) might also function in this
cal origins of the neurotransmitters is pro- way (36).
vided by the fact that all the compounds
Despite these evident deficiencies, it
currently accepted as transmitters are ei- seems to me that there are significant adther amino acid metabolites for example, vantages in presenting a general hypothesis
the catecholamines, serotonin, -y-aminobu- at this time. One is that a great deal of
tyric acid, acetylcholine-or are them- heretofore unrelated information is unified
selves amino acids (for example, glycine). for pedagogical reasons. Another is based
Thus, perhaps the transmitters acted in on the likelihood that both the molecular
primitive cells as intracellular symbols mechanisms and overall strategy of regurepresenting changes in environmental lation will be understood first in simple oramino acid concentration. Eventually, ganisms. If this is the case, then the general
these primordial nerve cells might have scheme outlined here might suggest new
utilized the symbols in short-range inter- experimental approaches to the study of
cellular (hormonal) roles, originally con- intercellular communication in more comcerned with transducing information re- plex organisms.
lated to amino acid accumulation, and
gradually with many other aspects of the
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the scheme. Nowhere have I dealt, for ex-

5 SEPTEMBER 1975

2. G. A. Robison, R. W. Butcher, E. W. Sutherland,
Cyclic A MP (Academic Press, New York, 1971).
3. R. L. Perlman, B. de Crombrugghe, 1. Pastan, Nature (Lond.) 223, 810 (1969); B. de Crombrugghe,
R. L. Perlman, H. E. Varmus, 1. Pastan, J. Biol.
Chem. 244,5828 (1969).
4. R. Van Wijk and T. Konijn, FEBS (Fed. Eur. Biochem. Soc.) Lett. 13, 184 (1971); J. Sy and D. Richter, Biochemistry 11, 2788 (1972); G. Schlanderer
and H. Dellweg, Eur. J. Biochem. 49, 305 (1974).
5. W. Braun, L. M. Lichtenstein, C. W. Parker, Eds.,
Cyclic AMP, Cell Growth, and the Immune Response (Springer-Verlag, New York, 1974).
6. A. G. Gilman and M. Nirenberg, Nature (Lond.)
234, 356 (1971); P. Furmanski, D. J. Silverman,
M. Lubin, ibid. 233, 413 (1971); K. N. Prasad and
A. Vemadakis, Exp. Cell Res. 70,27 (1972).
7. J. Otten, J. Bader, G. Johnson, 1. Pastan, J. Biol.
Chem. 247, 1632 (1972); J. R. Sheppard, Nat. New
Biol. 236, 14 (1972).

8. R. Perlman and 1. Pastan, Biochemn. Bioph vs. Res.
Commun. 37, 151 (1969).
9. H. R. Boume, P. Coffino, G. M. Tomkins, Science
187 750(1975).
10. Many of the ideas on the role of these indicator
molecules in bacterial cells originated from discussions with B. N. Ames. He calls these molecules
"alarmones' (J. C. Stephens, S. W. Artz, B. N.
Ames, Proc. Natl. Acad. Sci. U.S.A., in press) and
considers them in detail in B. N. Ames and S. W.
Artz, in preparation.
11. M. Cashel and T. J. Gallant, Nature (Lond.) 221,
838 (1969); M. Cashel, J. Biol. Chem. 244, 3133
and B. Kalbacher, ibid. 245, 2309
(1969);

(1970).

12. E. W. Sutherland, T. W. Rall, T. Menon, J. Biol.
Chem. 237, 1220 (1962); E. W. Sutherland and T.
W. Rail, ibid. 232, 1077 (1958).
13. W. A. Haseltine, R. Block, W. Gilbert, K. Weber,
Nature (Lond.) 238, 381 (1972); J. Sy, Y. Ogawa,
F. Lipmann, Proc. Natl. A cad. Sci. U.S.A. 70,
2145 (1973); T. Laffler and J. Gallant, Cell 1, 27
(1974); G. Stamminger and R. A. Lazzarini, ibid.,
p. 85.
14. G. S. Stent and S. Brenner, Proc. Natil. Acad. Sci.
U.S.A. 47, 2005 (1961); A. M. Ryan and E. Borek,
Prog. Nucleic Acid Res. Mol. Biol. 11, 193 (1971).
15. R. A. Lazzarini and A. E. Dahlberg,J. Biol. C'hem.
246, 420 (1971); J. Gallant and G. Margason, ibid.
247, 2289 (1972).
16. G. Edlin and J. Neuhard, J. Mol. Biol. 24, 225
(1967); D. P. Nierlich, Proc. NVatl. Acad. Sci.
U.S.A. 60 1345 (1968); Y. Sokawa and Y. Kaziro,
Biochenm. Biophys. Res. Commun. 34, 99 (1969).
17. Y. Sokawa, E. Nakao, Y. Kaziro, Biochem.
Bioph ys. Res. Commun. 33, 108 (1968); J. lrr and
J. Gallant, J. Biol. Chem. 244, 2233 (1969); Y. Sokawa, J. Sokawa, Y. Kaziro, Nat. New Biol.

234,7 (1971).

18. M. Emmer, B. de Crombrugghe, 1. Pastan, R. Perlmann, Proc. Natil. Acad. Sci. '.S..1 66, 480
(1970); G. Zubay, D. Schwartz, J. Beckwith, ibid.
p. 104.
19. T. Yokota and J. S. Gots, J. Bacteriol. 103, 513

(1970).
(1968).

20. M. Cashel and J. Gallant, J. Mol. Biol. 34, 317

21. W. A. Haseltine and R. Block, Proc. Natl. Acad.
Sci. U.S.A. 70, 1564 (1973); F. S. Pedersen, E.
Lund, N. 0. Kjeldgaard, Nat. New Biol. 243, 13

(1973).
(Lond.) 250, 194 (1974).
C. R. Woese, The Genetic Code (Harper & Row,
New York, 1967).
C. H. Waddington, Organisers and Gene.s (Cambridge Univ. Press, London, 1940); The Strategij
of the Genes (Allen & Unwin, London, 1957).
M. Vaughan and D. Steinberg, J. Lipid Res. 4, 193
(1963).
A. Hershko, P. Mamont, R. Shields, G. M. Tomkins, Nat. New Biol. 232, 206(1971).
D. S. Barklev, Science 165, 1133 (1969); T. M.
Konijn, J. Bacteriol. 99, 503 (1969).
T. M. Konijn, J. G. C. van de Meene, J. T. Bonner,
D. S. Barkley, Proc. Natil. 4cad. Sci. L.S.A. 58,
1152 (1967); J. T. Bonner, Annu. Rev. Microbiol
25,75(1971).
D. B. P. Goodman, F. F. Bloom, E. R. Battenberg,
H. Rasmussen, W. L. Davis, Science 188, 1023
(1975).
J. T. Bonner, On Developmrtent (Harvard Univ.
Press, Cambridge, Mass., 1974).
F. Labrie et al. Ads. CYclic Nucleot.de Re.s. 5,
787 (1975).
J. F. Wilber, G. T. Peake, R. D. Utiger, Endocrinologv 84, 758 (1969); N. Fleischer, R. A. Donald.

22. M. G. Rossmann, D. Moras. K. W. Olsen, Nature
23.
24.

25.
26.

27.
28.

29.
30.
3!.
32.

R. W. Butcher, Am. J. Ph .vsio.l 217, 1287 (1969).
33. G. A. Buznikov, 1. V. Chudakova, L. V. Berdysheva, N. M. Vyazmina, J. Embrol. EYp. Morphol. 20, 119 (1968); T. Gustafson, in Cellular Recognition, R. T. Smith and R. A. Good, Eds. (Appleton-Century-Crofts, New York, 1969), pp. 47
60; G. A. Buznikov, B. N. Manukhin, A. V. Sakharova, L. N. Markova, Sov. J. Dev. Biol. (EngI.
Transl. Ontogenez) 3, 257 (1972).
34. J. H. Oppenheimer, D. Koerner, H. L. Schwartz,
M. 1. Surks, J. Clin. Endoc-rinol. Metab. 35, 330
(1972); H. H. Samuels and J. S. Tsai, Proc. Natl.
A cad. Sci. U.S.A. 70, 3488 (1973).
35. R. J. B. King and W. 1. P. Mainwaring, SteroidCell Interactions (University Park Press, Baltimore, 1974).
36. H. Rasmussen, Science 170, 404 (1970); D.
McMahon, ibid. 185, 1012 (1974).

763

