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ABSTRACT 

Research with special reference to the use of bacterial lumines¬ 

cence as a "tool" in the study of fundamental mechanisms involved in 

the biological action of temperature, hydrostatic pressure, and narcotics 

or other chemical factors, led to a rational basis for the effects of all 

these factors, and the quantitative data were, on the whole, satisfactorily 

accounted for in terms of Eyring's theory of absolute reaction rates. A 

common theoretical basis thus became evident for what had previously been 

considered to be three independently acting factors — temperature, pressure 
and narcotics — and at the same time some previously unknown relationships 

were discovered, including the reversal of effects of certain narcotics by 

increased hydrostatic pressure, as well as the determining effect of 

temperature on the amount and even the direction, i.e., inhibition or 

"stimulation", of the over-all effects of increased hydrostatic pressures 

up to some 10,000 psi. The results of research on the luminescence of 

intact bacterial cells anticipated very similar results in regard to 

pressure-temperature relations of bacterial luminescence in cell-free 

extracts, as well as in regard to the pressure-reversal of narcosis in 

tfidpoles and other animals. The theory arrived at on the basis of 

bacterial luminescence also anticipated diverse phenomena in regard to 

other processes, including rates of bacterial growth and disinfection, 

virus multiplication and inactivation, dénaturation of enzymes and other 

proteins, bacterial oxidative metabolism, molecular basis of narcosis, etc. 

The more purely biochemical advances that have resulted chiefly 

through the collaborative research of Johnson, Shimomura and colleagues 

are summarily reviewed with reference to the light-emitting systems of 

various types of bioluminescent organisms listed below. 

(1) The ostracod crustacean Cypridina hilgendorfii (and the 

seemingly identical systems of certain self-lumincus fishes, Parapriacanthus 

beryciformes and Apogon ellioti, which give reciprocal "cross-reactions" 

with the luciferin and luciferase of Cypridina); determination of the 

chemical structure of the luciferin; purification and properties of the 

luciferase; pathway of luciferin oxidation in aqueous solution catalyzed 

by luciferase, and differences in aprotic solvents; origin of the oxygen 

in the carbon dioxide produced; structure of the oxyluciferin and 

etioluciferin products, and analysis of the mechanism of action of factors 

influencing the quantum yield of luciferin. 

(2) Discovery of a new ("photoprotein") type of luminescence system, 

at first in the hydromedusan jellyfish Aequorea aequorea, extracts of which 

were found to contain a single-organic-component system, i.e., a conjugated 

protein that was given the name "aequorin" which in aqueous solution would 

emit light on addition, practically specifically,of a trace of Ca2+, thereby 

furnishing a means of testing for the presence of this cation in biological 

systems; determination of molecular weight and other properties of aequorin; 

separation, elucidation of chemical structure and synthesis of the light- 

emitting group; pathway of changes in the luminescence reaction, and of 

regeneration of active, Ca^-triggerable aequorin from the spent protein 

moiety plus the synthetic light-emitter. 
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(3) Extraction and purification of a second photoprotein system 

from the "paddle worm" Chaetopterus variopedatus and determination of the 

properties of the crystallized protein, the cofactor requirements and 
quantum yields. 

(4) Extraction and purification of a third photoprotein type of 

system from the euphausiid shrimp Meganyctiphanes norvegica; identification 

of the purified light-emitter as a recycling, fluorescent molecule; and 
quantum yield of the photoprotein. 

(5) Practically complete purification, though only in microgram 

yields, of the luciferin of the "Bermuda fireworm" Odontosyllis enopla, 

and high purification of the luciferase; determination of major properties 

of the luciferin and its chief reactions, including certain aspects of 

the luminescence reaction and the activating effects of small concentrations 
of CN“. 

(6) Extraction, purification and properties of the luminescence 
system of the New Zealand fresh water limpet Latia neritoides; synthesis 

of the luciferin; identification of the light-emitting complex, the pathway 

of the luminescence reaction, including the structure of the products and 
the quantum yield. 

(7) Evidence that fatty aldehydes, required in the luminescence of 

the bacterial system in vitro, are oxidized to the corresponding organic 

acid, with a quantum yield of 0.017 ± 0.01, independently of chain length, 

and that the energy supplied in the oxidation of these acids, added to the 

energy of oxidation of reduced flavine mononucleotide is sufficient for 

radiation of luminescence at the observed frequencies; the aldehydes are 

thus seen as functional equivalents of the luciferin in systems such as 
that of Cypridina. 

(8) Extraction of functional aldehydes from luminescent strains 

of luminous bacteria, but in only insignificant traces from "aldehydeless" 
dark mutants that produce no visible light except by adding exogenous 

aldehydes, and demonstrating that the amounts present in the luminous strains 

are only enough to sustain the steady-state luminescence for about half a 

second, indicating that the aldehydes in living cells are consumed about 
as fast as they are normally produced. 

(9) Discovery of the quantitative significance of photoprotein 

and luciferin-luciferase types of system among various coelenterates, and 

the identical product of the luminescence reaction in virtually all cases. 

(10) Discovery of profound structural similarities in the skeleton 

of key organic components not only of coelenterate luminescence systems, 

but the close relation of these skeletons to those of Cypridlna luciferin 

(and its counterpart in certain fishes), and cf the cephalopod mollusc, 

Watasenia scintillans, the "firefly aquid", or "hotaru-ika" of Japan. 
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I. Introduction 

The primary purpose of this paper is to fulfill the requirement of 

a final report to the Office of Naval Research concerning the investigations 

on Bioluminescence conducted order Contract N00014-67-A-0151-0025, Task Unit 

No. NR 108-860, during the period 1970-74. It seems appropriate and 

potentially useful, however, to take the opportunity offered by this occasion 

to view this research comprehensively, from a mature, in-depth perspective 

that could be achieved only after years of dedicated effort within the same 

area. In order to clarify the picture as a whole, with its interlacing 

details pertaining to specific objectives and pathways of approach, even 

at the very real risk of producing a document that may be considered "too 

long", yet one which could not be substantially shortened without ruthless 

deletion of integral, significant portions of the total panarama, this paper 

undertakes to include the general background and course of development of 

the research that has led into particular investigations dealt with during 

the much more limited period of this contract referred to above. It seems 

appropriate also, to state at once that, despite the inestimable value of 

the support received at one time and another from several Branches of the 

°f Naval Research, the total work reviewed in this paper could not 

have been accomplished without support also from other sources, especially 

the National Science Foundation. There would seem to be no real use in 

trying to attribute separate aspects of accomplishments to precise support 

received from the one rather than the other agency, any more than trying to 

assess the individual efforts of collaborating workers; the total results 

could not have been achieved without the total support and wholehearted 

cooperation for progress towards closely related goals. 

In point of fact, ONR support of the author's scientific endeavors 
goes back to 1950, some 25 years ago, when a modest contract supplementing 

the stipend of a John Simon Guggenheim Memorial Foundation Fellowship helped 

to provide the means of spending 14 continuous months, on a year's leave of 

absence, at the University of Utah, for the purpose of completing a treatise, 

in close collaboration with Professor Henry Eyring, at that time Dean of the 

Graduate School of the University of Utah, following his number of years in 

Princeton as Professor of Chemistry. Eyring and the author had already 

collaborated extensively in Princeton. The project that involved further 

collaboration at Utah was a natural outgrowth of this earlier work, ¿-.nd it 

profoundly influenced the course of the author's work thereafter. In the 

interests of clarity and completeness of this review, it seems desirable to 

make brief reference to the circumstances pertaining to the author's research 

on bioluminescence and the factors responsible for its development in the 
manner described in this review. 

II. Significance of bioluminescence 

This is one of the first, and in many respects most important, 

questions that the non-specialist is naturally prompted to inquire about 

my special line of research. In the present instance, it is an easy 

question to answer from nearly every point of view except one, namely, 

the significance of bioluminescence to any of the many different types of 

organisms, among plants from bacteria to higher fungi, and among animals 

from protozoa to fishes, that have evolved this property. Apart from 

ireflies, whose flashes of light can serve as mating signals and thus 
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promote propagation of the species, and perhaps a few other examples wherein 

luminescence somehow may aid survival of the individual or the race, the 
significance of this phenomenon is so obscure that the naturally anthropomorphic 

interpretations which have been expressed from time to time are apt to appear, 

on critical examination, little more than childishly naive. This seems true 

despite the fact that some highly evolved, complex photogenic organs, such as 

those of euphausiid shrimps, offer fertile ground for speculative imaginetion, 

all the more so in view of the possibility that in some instances the li,,ht 

may be emitted as a laser (Bassot, 1966). 

A. Basic Research 

From the point of view of "pure research , bioluminescence is an 

example par excellence. It has stimulated the curiosity of intellectuals 

both great and small, through the ages of recorded time (cf. Harvey, 1954). 

In our own era we are familiar for the first time not only with light which 

results primarily through heat, as the light of the sun, or a fire, or an 

incandescent light bulb, but also with light associated with phenomena of 
fluorescence and phosphorescence at much lower temperatures than incandescence, 

e.g., the ubiquitous television screen, fluorescent light tubes, phosphorescent 

paints and tapes, etc. The experience of witnessing a natural example of 

"cold light", such as the so-called "phorphorescence of the sea" (in reality 

due to bioluminescent organisms), or light of more obvious biological sources 

such as the flash of a firefly, occurring as a physiological process at 

temperatures of the environment, is nowadays far less shocking than it was 

in, say, the 17th century, when Robert Boyle (1667, 1672) recorded^extensive 

observations and performed ingeneous experiments on "stinking fish and 

"shining fies ", which we now know must have been overgrown with luminous 
bacteria. Boyle was carrying out "purely" basic research uncontaminated 

by any conscious possibility of a practical application — but rather with 

only the incentive of the "wonder and delight" it proffered. Boyle was 

far ahead of his time, inasmuch as he unwittingly discovered that "air 

was essential for the light of shining flesh, that no perceptible heat or 

stink accompanied this light, and that it could be "vanished" not so easily 

by water but quite readily by alcoholic beverages ("pure Spirit of wine ), 

and other chemical agents such as "Oyl of Turpentine", 'strong Spirit of 

Salt", or "weak Spirit of Sal Armoniack" (Boyle, 1667). This was some years 

prior to the time that bacterial micro-organisms were first beheld by man, 

through the lenses and eyes of Antonie van Leeuwenhoek (1683), and over a 

hundred years prior to Lavoisier's and Priestley's (1774-1775) discovery of 

oxygen, the active component of air eventually found necessary for most 

types of bioluminescence. Boyle's observations were, in fact, nearly two 

centuries before luminous bacteria were clearly recognized as such (Heller, 

1853). 

Boyle was not unique among the illustrious personages who, in the 

course of history have devoted more than casual inquiry into one or another 

aspects of bioluminescence; others - to name a few - include, in the first 

century Pliny the Elder, and in more modern times, Francis Bacon, Descartes, 

Sir Humphrey Davy, Michael Faraday, Benjamin Franklin, Charles Darwin, Louis 

Pasteur, and a number of others (cf. Harvey, 1957). All of this merely 

emphasizes one of the main significances of bioluminescence, namely, a 

fascinating phenomenon that justifies basic research for its own sake. 

Apart from the use of certain types of bioluminescent systems as convenient 
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and occasionally unique biochemical assay methods, due to their extraordinary 

sensitivity to particular substances, e.g., bacterial luminescence for 

molecular oxygen, the firefly system for ATP, or the photoprotein aequorin 

for calcium in biological systems (Table I, from Johnson, Eyring and Stover, 

1974), and apart from abortive or purely temporal applications such as the 

suggested use of luminous bacteria as a source of light in miners' safety 

lamps (Dubois, 1903), the use of dried, powdered Cypridina by Japanese 

soldiers (Haneda, 1955), who obtained enough light to read a map in the 

darkness of a jungle during World War II by moistening with saliva some 

of the powder held in the palm of a hand, or the use of luminous bacteria 

as a source of household illumination by Japanese families during "blackouts" 

(Haneda, 1955), research on bioluminescence has yet to result in practical 

consequences of widespread, lasting application. 

B. Significance to ONR 

(1) As basic research 

There was a time, between approximately the time of War II and 

the functioning of the National Science Foundation a few years later^wben 

the U. S. Navy with a wise perspicacity and determined action that might 

seem over and beyond the call of its duty in safeguarding the best interests 

of the nation, but with its traditional dedication and efficiency, organized 

ant’ put into operation the Office of Naval Research, intended as a sort of 

interim or emergency measure, in recognition of the inestimable importance 

of maintaining basic research in virtually all fields of science, and in 

recognition of the undeniable fact, repeatedly demonstrated through the 

history of modern science, that it is through unrestricted basic research, 

without primary objective or even casual thought of practical applications, 

that discoveries resulting in the most revolutionary impact on daily lives, 

and sometimes mis glided means towards wholesale deaths of populations of 

people, have emerged; the Einstein equation for the quantitative equivalence 

of matter and energy has been cited ad nauseum, as one example, but this 

is only one example of many that could be listed in this context, and it 

is obviously in part because of this circumstance that basic research 

continues to receive as much support as it does. This is so despite efforts 

of arm-chair, unfortunately insufficiently enlightened and intellectually 

misguided, but politically skillful and influential administrators, who 

arbitrarily undertake (too often with notable success) to compartmentalize 

research efforts along "mission oriented" lines. What great world-shaking 

advances in science have arisen in such manner? Even the immensely important 

inventions, commonly attributed to persistent, inspired efforts of dedicated 

individuals, e.g., the electric light, the telephone, the electric motor, 

the airplane, were all preceded by theoretical developments in the physics 

of electricity, magnetism, and in aerodynamics, Bernoulli's theorem. The 

role of the Office of Naval Research in fostering and maintaining basic 

research can properly stand, however unsung, as one of the everlasting 

monuments to the Navy's service to the nation, and certainly in this instance, 

to mankind in general. 

Thus, the support of basic research on the phenomenon of bioluminescence 

is appropriate to the traditional policies of the Office of Naval Research. 
But there are additional reasons, beyond fundamental research as such, that 
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TAdLS I* 

Tabic ÍK Luminescence Systems with Properties Potentially Useful in Quantitative or Qualitative Tests for Various 
Sul)slances and Cells" 

Luminescence system Substance 
Estimated limit 
of sensitivit/ Authorfs) 

Bacterial cells Oxygen 10"10 atm in N2 
at 1 atm 

K. P. Meyer (1942) 

Air pollution (photochemical 0.05 ppm 
oxidants) 

Bacterial or fungal cells Rocket fuels (e.g., monomethyl 
hydrazine; unsymmetrieal 
dimethyl hydrazine) 

Bacterial extracts NADH (DPNH, diphospho- 
pyridine nucleotide) 
Metabolic intermediates and 

products (e.g., glucose, malate, 
ammonia, and prostaglandin 
hormones) 

0.1 -1.6 ppm of air 

IO'7 Af 
I0"14 Af 
IO"17 M 

Serai, Budinger, and Mueller 
(1965, 1967); Serat(1969); Serai. 
K y ono, and Mueller ( 1969) 

Sie, Thaiios, and Jordon 
(1966) 

Strehler (1953) 
P. F. Stanley (1971) 
Brc lin et al. (1971, 1972) 
Nicholas and Clark (19^I) 

Firefly extracts ATP (adenosine lO-’Af 
triphosphate) 

ATP 2XI0-" Afc 
ATP 2xl0-,JAf 
Cyclic AMP 7.2x IO"’ Af 

Cells of bacteria and other 100 cells 
microorganisms 

Sea-pansy extracts DPA (3',5'-diphosphoadenosine) IQ-’Af 
Jellyfish pholoprotein Calcium lO"’ Af 

acquorin 
Odontosyllh extracts Cyanide 10'7Af 

Chaetoptcrus extracts Ferrous iron 10“10 Af 

Strehler and Trotter 
(1952); McElroy and Green (1956) 

H. A. Cole. Wimpcnny, and Hughes (1967) 
R. A. Johnson ct al. 

(1970) 
Levin (1964); 

Levin, Usdin, and Slomm (1968) 
Cormier (1962) 
Shimomura, Johnson, and Saiga 

(1962a, 1963b) 
Shimomura, Johnson, and Saiga 
(1963a); Shimomura, Beers, and 
Johnson (1964) 
Shimomura and 

Johnson (1966) 

"Somewhat modified and extended from F. H. Johnson and Shimomura (1972a, p. 322). 
'’Approximate, subject to the sensitivity of the photometric method used. 
fFrom descriptive literature on the DuPont 760 Luminescence Biomctcr; see also the JRB ATP-Photomctcr. 

•Table 2.4, pp, 106-107, in Johnson, Syrin.r; and Stover, 1974. 
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properly contribute to the Navy's interest in this phenomenon in particular, 
as follows. 

(2) As a strategic problem 

It is an open secret that the "phosphorescence" of the sea, for 

the most part unpredictable as to locality of occurrence and intensity of 

manifestation, can assume major proportions as a factor in military strategy. 

It takes practically no first hand experience and only a minimum of imagination 

to realize that any large "bloom" of luminescent marine animals such as 

protozoa, jellyfish, ctenophores, and various other types whose light- 

emitting systems are notoriously se jitive to mechanical stimulation, 

would be likely to reveal not only - ship plying the surface of the ocean, 

but also military devices underneath the surface such as mines, submarines, 

"frogmen", or other objects, either in stationary positions where currents 

in the water bring luminous organisms into contact with the object, resulting 

in excitation of luminescence, or mobile objects, not anchored in one position, 

which lead to the same result by moving through the water and striking these 

miniature but numerous sources of bright flashes of light. In principle, 

practical solutions to problems of this kind might result from basic research 

on the biological phenomenon itself, especially from a full understanding of 

the factors which control the intensity and duration of the light^and this 

remains a possibility. The initial support by ONR during the 20 year period 

under discussion was, in fact, for a project entitled "Factors influencing 

the intensity of bioluminescence", and the general objective has remained 

the same throughout, though this has involved excursions, so to speak, into 

the more purely bio- and physical chemical aspects of various systems, as 

necessary prerequisites to arriving at definitive solutions concerning 

mechanisms of rate-controlling reactions in the overall process of light 

emission, the quantum yields, etc. Before summarizing the contributions 

that have resulted from either of these somewhat distinct but closely 

related approaches, it should help clarify the rationale behind the course 

of research as it has been pursued, to delve at least briefly a little 

further into the background, with special reference to a third significance 

of research on bioluminescence, namely, its use as a tool for investigating 

fundamental reaction rate control in biological systems. It should perhaps 

be emphasized explicitly, however, that while this is appropriate to the 

purposes of the present paper, it by no means exhausts the various points 

of view from which research on bioluminescence seems significant; others 

obviously include ecology of species and populations of leminous plants 

and animals; histology, histochemistry, and morphology of photogenic tissues 

and organs; physiology of stimulation and response; et cetera. 

C. Significance as a reaction rate tool 

The phenomenon of bioluminescence lends itself to use as a research 

tool for investigating more general biological phenomena through two distinct 

approaches, namely (1), under steady-state conditions in living cells, e.g., 

the uniform glow of light emanating from a population of non-reproducing 

luminous bacteria, and (2), the extracted, and preferably purified components, 

usually thought of and sought for as a specific substrate, with the general 

designation "lueiferin", and specific enzyme, similarly referred to by the 
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general term "luciferr.se", in vitro. Each approach has its advantages 

and disadvantages; ideally, it is desirable to use both the in vivo and 

in vitro systems from the same source, because many parameters of the 

reaction in living cells not only cannot be controlled at will, but 

often involve details that can scarcely be known, e.g., absolute concen¬ 

trations of the reactants. With the in vitro system, if really pure, the 

concentration of substrate and of enzyme can be readily manipulated and 

data such as the Michaelis-Menten constant can be obtained with some 

assurance (cf. kauzmann. Chase and Brigham, 1949; Shimomura, Johnson and 

Saiga, 1961). However, the kinetics of light-emission of the system in 

vitro can be profoundly influenced by impurities of various sorts, including 

even luciferin itself in a reversibly oxidized state. Moreover, interpre¬ 

tation of the action of various factors that influence the steady-state 

luminescence in living cells is inevitably subject to the sort of uncertainties 

that beset all experiments with intact, living cells. Unfortunately, it was 

not until 1953 that bacterial luminescence in vitro was successfully demonstrated 

out with partly purified preparations and some additional substances 

(Strehler, 1953; McElroy et al., 1953). Prior to that time, essentially 
all experiments with bacterial luminescence in a steady state were limited 

to comparisons between the intensity of the light under one set of conditions 

and the intensity under another, such as before and after adding a narcotic, 

or before and after changing the temperature of the medium. By analogy with 

partially purified luciferin and luciferase components of a different type 

of system, viz., that of the ostracod crustacean Cypridina, it was reasonable 

and logical to assume that the intensity of luminescence in living bacteria 

at any moment was limited by the activity of an enzyme, i.e., a postulated 

"bacterial luciferase", and that under conditions of constant intensity 

over a period of time, the postulated "bacterial luciferin" must be present 

either in great excess or else present in effectively a constant concentration 

due to its formation at a constant rate. Although final proof of the mechanism 

of action had to await extraction and purification of the components of the 

bacterial system, some interesting and significant results were obtained 

with the system in vivo, especially in regard to the effects of narcotics, 

to which the luminescence of bacteria had long been known to be more sensitive 

than other functions, including the rate of total oxygen consumption (Taylor, 

1934). A thorough investigation of the relation between luminescence intensity 

and rate of respiration of luminous bacteria, in relation to oxygen tension, 

oxidizable substrate, effects of cyanide and of narcotics, separately and 

in combination, was contributed by van Schouwenburg (1938), leaving virtually 

no doubt that th'. two overall processes, i.e., luminescence and aerobic 

respiration, of luminous bacteria, are limited by two different, auto- 

oxidizable, intracellular enzymes, one being an especially cyanide-sensitive, 

"heme" catalyst, the other being an especially narcotic-sensitive "luciferase", 

the latter of which was normally responsible for only a minor fraction of 

the total oxygen consumption of the cells. 

Over a period of time it gradually became apparent that in general 

the intensity of steady-state bacterial luminescence could be taken as 

providing an index to the reaction velocity of the underlying catalytic 

system, and this view was strengthened by experiments even with practically 

unpurified luciferin and luciferase extracted from Cypridina, whereby it was 
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shown that, under given favorable conditions, the total light produced 

was proportional to the amount of luciferin, and the rate of production 

was proportional to the amount of luciferase, i.e., the intensity at any 

moment was proportional to the product of (luciferin) X (luciferase). 

The intensity was found to decrease with time Jn accordance with a 

reaction that was first order with respect to substrate concentration 

(Amberson, 1922). The specific rate of the reaction was thus represented 

by the slope of a straight line resulting from plotting the logarithm of 

luminescence intensity against time, and this slope increased with increasing 

concentration of luciferase. It therefore seemed that the intensity of 

bioluminescence really provided an instantaneous index to the reaction 

velocity of the system. 

It was this last-mentioned property that provided a basis for some 

significant advances in the fundamental theory of the biological action 

of temperature, pressure and narcotics in 1941, through collaborative 

research of the author with Professor Dugald Brown and Douglas Marsland 

of New York University. It is interesting to note, in passing, that the 

only financial support for the author's part of this work was a modest 

grant of $500. from the American Philosophical Society for research on 

luminous bacteria, and this fund was practically exhausted before the 

above-mentioned collaboration was begun. Scientifically, the facts were 
briefly as follows. 

At the time (1941), there was no basis in experiment or theory to 

suspect a fundamental relation between as least two, possibly three, 

distinct fields of biological research, namely, pertaining to the influence 

of temperature, hydrostatic pressure, and narcotics. In fact, only a few 

years earlier a comprehensive review on the physiological effects of 

increased hydrostatic pressure (Cattell, 1936), going back to the earliest 

research in this area by Regnard and Certes in the 1880's, included scarcely 

any mention of temperature. Various effects were described, on a completely 

empirical basis, and viewed as a property of the particular tissue or process 

involved. Thus, increased pressure tended to inhib't some processes, whereas 

it tended to accelerate or to "stimulate" other processes, while in still 

others stimulation under moderate increases in pressure was followed, as the 

amount of pressure was increased, by inhibition at the higher pressures. 

Both reversible and irreversible effects of pressure were noted, i.e., in 

some instances complete recovery took place at normal pressure after the 

material had been subjected to fairly high pressures, up to several hundred 

atmospheres, although in some instances evidence of destructive effects was 

found. 

At about the same time as Cattell's (1936) review, a comprehensive 

monograph on "Temperature and Living Matter" (Belehrádek, 1935) was 

published, containing virtually no mention of pressure. Attempts to interpret 

the quantitative effects of temperature on biological processes on a rational, 

or rather semi-rational, basis in terms of the Arrhenius theory of chemical 

reaction rates were partly successful, but for the most part only through a 

limited range of temperature below the normal "optimum" for the process 

involved. Through some such limited ranges, various processes appeared to 

conform, as a whole, to the Arrhenius relation, at least to the extent that 



plotting the logarithm of the observed rate against the reciprocal of 

the absolute temperature yielded a straight line, the slope of which was 

interpreted as indicating the Arrhenius "activation energy" or "u" value 

for some particular, slowest, or pace-setting, or "master reaction" that 

was assumed to limit the rate of the total process. No clear theory was 

available to account for the changing values of p as the temperature was 

increased towards and beyond the "optimum", i.e., the maximum of the 

process under the conditions involved, except for the notion that, at 

sufficiently high temperatures, thermal destruction of essential reactants 

such as enzymes always occurred, characterized by rates that were increasingly 

fast as the temperature was increased. Although explicit reference was made 

to occasional observations indicating that the deleterious effects of high 

temperatures were reversible on cooling, the possibility that such effects 

might involve an equilibrium reaction that was immediately reversible on 

cooling, the more completely so the shorter the exposure to the high 

temperature, was generally not taken into account. The changing, nearly 

always decreasing, numerical values of y as the temperature of the experiment 

was raised towards the optimum, where the observed y became zero, and beyond 

the optimum, where the sign of the observed y was of course reversed, remained 

a mystery. 

At the same period of time, theories of narcosis were woefully 

inadequate, as far as having a sound basis in theoretical chemistry was 

concerned. Partial success was achieved a few years later in interpreting 

the relation between concentration of narcotic and amount of its effect, by 

using equations derived from adsorption isotherms or the law of mass action, 

but only at constant temperature. The possibility of a relation between 

depth of narcosis and hydrostatic pressure was apparently undreamt of, and 

had not been accidentally discovered. The most widely accepted theory at 

the time, and seemingly at present also, was not actually a theory but rather 

a largely empirical correlation, namely, between potency of action and 

solubility in olive oil, a correlation pointed out independently by Meyer 

and Overton at the turn of the century. In a few selected instances, 

changes in potency of action of narcotics qualitatively paralleled changes 

in solubility in oil with changes in temperature (cf. discussion in Johnson, 

Eyring and Stover, 1974, p. 522 ff). Thus, higher concentrations of 

salicylamide, benzamide or monacetin were needed to cause narcosis in frogs 

at 30° than at 3° C, and the distribution coefficient in olive oil-water 

decreased at the higher, as compared to the lower of these temperatures. 

The opposite results, both with respect to t '-ency and distribution coefficient 
in olive oil-water, were found with ethanol, chloral hydrate, and acetone. 

Apart from this limited and rather rough agreement of the "lipid soluble 

theory" of narcotic action with the effects of temperature on partition 

coefficient of the narcotic between olive oil and water, the role of 

temperature remained largely a mystery. A more precise theory was arrived 

at through Warburg's study of the action of narcotics on respiration, cell 

division, etc. in a variety of types of cells, and especially his "charcoal 

model" (Warburg, 1921). The model consisted of animal charcoal with the 

property of catalyzing the oxidation of oxalic acid and certain amino acids 

in a manner that was subject to inhibition by the presence of narcotics. 

The amount of inhibition was satisfactorily In accord with mathematical 

formulations derived from the hypothesis that the narcotic became adsorbed 
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in a monolayer on the active charcoal, thereby displacing the oxidizable 

substance. Although the success of this bit of rigorous theory led to 

some rejoicing among pharmacologists, it was soon recognized (cf. Henderson, 

1930), that the theory was not so clearly applicable to cells as it was to 

charcoal. When the adsorption hypothesis was studied with regard to the 

action of various concentrations of urethane on bacterial luminescence 

(Taylor, 1936), there was no evidence of agreement between the theory and 

the data from experiments; the influence of temperature was not investigated 
at that time. 

It was not until the temperature-pressure-inhibitor parameters of 

narcotic action on bacterial luminescence was extensively studied by 

Johnson, Brown, Marsland, and their associates, beginning in 1941, that a 

rational theory of narcotic action at the molecular level, applicable to the 

catalytic activity of enzymes in homogeneous solution as well as to complex 

physiological functions in animals, became possible. The "keys" that 

suggested a solution to these problems, and at the same time served, in 

principle, to clarify numerous previously observed relationships that had 

been practically without a rational interpretation for many years, were 

found in experiments initially carried out by Brown, Marsland and Johnson 

in 1941 (Johnson, Brown and Marsland, 1942a,b; Brown, Johnson and Marsland, 

1942). The key data are illustrated in figures 1-3, based on their 
collaborative research. 

The profound influence of temperature on the net effect of pressure 

on a given biological process is strikingly apparent in Fig. 1,A, where 

the changes in steady state luminescence intensity are plotted as per cent 

with reference to the intensity at normal pressure arbitrarily taken as 100 

at each temperature. Obviously, this single over-all process, i.e., 

luminescence, in a single species of organisms, exhibited essentially all 

the known effects of increased pressure among various processes, at tempera¬ 

tures that were unspecified. Thus, with rise in pressure, at a relatively 

low temperature, the intensity of luminescence was progressively decreased; 

at a relatively high temperature, it was progressively increased, and at an 

intermediate temperature, increasing pressure had little influence, though 

there was a small "stimulation" followed by a small inhibition with further 

rise in pressure,i.e., when pressure was applied at a temperature that was 

evidently near the "optimum" for the species. The fact that these phenomena 

did not depend on the exact temperature as such, but on the relation of the 

temperature of the experiment to the normal optimum for the process in the 

biological species involved, is made clear by the data in Fig. 1,B, illustrating 

results which might have been anticipated by those of Fig. 1,A. Figure 1,B 

shows that a psychrophilic species. Photobacterium phosphoreum, having a 

relatively low optimum, exhibits an increase in luminescence intensity at a 

temperature of 25°C, a few degrees above the optimum, whereas the reverse is 

true for Achromobacter harveyi, having an optimum temperature a few degrees 

above this same temperature of the experiment, 25°, and finally, that in a 

species, Achromobacter fisheri, having an optimum temperature close to that 

of the experiment, there was little effect of increased pressure. These 

results were quite analogous to those which Brown had already found with 

reference to muscle tension, and the rffects of acclimitization of the animal 
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to the seasonal temperatures of winter and summer; in fact, it was obser¬ 

vations such as these on muscle that led to the investigation of bacterial 

luminescence, as a different process and one which was e isily found among 

different species with different temperature optima. 

The data of Fig. 1 are somewhat more understandable when plotted in 

the manner of Fig. 2, showing the variation in intensity of luminescence 

in a single species of bacteria as a function of the reciprocal of the 

absolute temperature for 3 different hydrostatic pressures. It should be 

kept in mind that these data represent practically instantaneous changes 

in steady state intensity with pressure and with temperature, and that 

they represent changes in the luminescence intensity in a population of 

non-reproducing cells. Moreover, the changes induced by increased pressure 

were fully reversible on decompression, even though momentary overshoots of 

intensity occurred, to an extent and in a manner dependent on both the 

temperature and amount of pressure. Fig. 2 is plotted in accordance with the 

Arrhenius equation, conformity to which would be revealed by a straight line, 

at least for temperatures well below the optimum. Approximate agreement is 

indeed apparent at each pressure. Apparent also are steeper slopes under 

increased than under normal pressure. A value of the Arrhenius activation 

energy y can be readily estimated from the slope of each of these lines in 

the range of temperature where the intensity is between some 10 and 20-30% 

of the maximum. The Arrhenius theory does not contain an explicit expression 

for the relation between chemical reaction rates and hydrostatic pressure, 

and therefore lacks an expression for the influence of this factor on 

activation energies. Moreover, the investigators, along with most physiologists 

and other specialists in biology at the time were unaware of any theoretical 

basis for interpreting the action of increased pressure in enormously 

increasing the intensity of the light at temperatures well above the optimum. 

In fact, the currently held view was that high pressure in general somehow 

denatured proteins and enzymes. Inspection of the data in Fig. 2, however, 

reveals that the increase in luminescence is apparent only in the range of 

temperatures above the optimum, where the intensity has been reduced by the 

unfavorably ligh temperature. Such reductions are familiar characteristics 

of "temperature-activity curves" practically throughout biology; they had 

long been thought to be due, in general, to the thermal destruction of a key 

component of the system. In the present instance, in view of the seeming 

reversal of a destructive reaction simply by increasing the hydrostatic 

pressure, the question naturally arose as to whether or not reversal at 

normal pressure would take place on cooling. Experiments to test this point 

were specially devised, and it was soon discovered that very brief exposures 

to even the highest temperatures, at which the light was practically extinguished 

or greatly dimmed, caused very little damage that was not immediately reversed 

on cooling quickly. The conclusion followed that the reduction in activity at 

high temperatures might be due to a reversible thermal dénaturation of a 

limiting enzyme, an interpretation that appeared all the more reasonable in 

view of evidence that was accumulating at about this time, to the effect 

that in certain conditions the thermal dénaturation of purified proteins, 

including enzymes which exhibited virtually no activity at the high tempera¬ 

tures, underwent spontaneous reversal on cooling. In fact, it had been 

suggested (Anson and Mirsky, 1931) that reversible protein dénaturation might 

be a type of controlling reaction in physiological processes. This idea seemed 
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Fig. 1 

,,1,,, Intensity of luminescence of Pnoiobacterium phosphoreum as a function of 
pressure at various temperatures (Brown. Johnson, and Marsland, 1942). The intensity at 
normal pressure is arbitrarily taken equal to 100 at each temperature w order to show the 
percentage of change in intensity with change in pressure. (B) Influence of increased pressure 
on the luminescence of three different species of bacteria at 25°C. 

(Pi?;.4.8, p, 301, in Johnson, Syrine;, and Stover, 1974), 

000324 000330 0.00336 0.00342 000348 0.00354 000360 000366 

g* Reciprocal of the absolute temperature 

Ft|/l/6( The brightness of luminescence in Phoiobacterwm phosphoreum as a function of 
temperature at three different hydrostatic pressures. The points represem data from experi¬ 
ments by Brown. Johnson, and Martland (1942). The smooth curves were calculate,! hv 
Eynng and Magee (1942) in accordance with equation 4.11 as discussed in Chapter 4 

(Fife. 1.6, p. 26, in Johnson, Syring, and Stover, 1974) 
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to fit t le process of bacterial luminescence as far as temperature was 

concerned, but it left the influence of pressure still a mystery, all the 

more because, as mentioned above, the effect cf increased hydrostatic pressure 

on proteins was thought to be generally that of causing, not reversing, 

dénaturation. 

In any event, the pressure reversal of the thermal diminution of 

luminescence at high temperatures invited experiments to see if pressure 

would similarly counteract the diminution brought about by various inhibitory 

drugs at the normal optimum temperature, where pressure alone had very little 

effect. The results of an experiment along these lines are illustrated in 

Fig. 3, showing that the inhibitory action of certain drugs, e.g., chloroform, 

ethyl carbamate (urethane), alcohol, and ethyl ether, was susceptible of 

partial to complete reversal under increased pressures of a few thousand 

psi. In other instances, e.g., with inhibitions caused by £-aminobenzoic 

acid or sulfanilamide on this system, and likewise with sodium barbital and 

chloral hydrate, there was no reversal of the inhibition, or even an increase 

in amount of inhibition, with rise in hydrostatic pressure. 

The earlier work by Brown on the pressure-temperature relations of 

muscle tension, publication of which in detail was delayed for a number of 

years by various circumstances (Brown, 1957; Brown, Guthe et. ajL > 1958; 

Guthe, 1957; Guthe and Brown, 1958), had yielded results remarkably like 

those subsequently found with bacterial luminescence, showing that the 

latter was not a unique phenomenon, and suggesting that fundamentally 

similar mechanisms were involved in both instances (cf. Figs. 1, A and A). 

The basic similarity is even more impressive when data for the two processes, 
i.e., muscle tension (M.T.) and luminescence (L.) are plotted in the tame graph 

(Fig. 5) as per cent changes for various amounts of increased pressure. 

Qualitatively, the foregoing phenomena could be reasonably explained 

on the basis of a few simple ideas or assumptions, as follows. The bright¬ 

ness of bacterial luminescence is limited by the activity of an enzyme 

which for convenience and according to convention we may call bacterial 

"luciferase," catalyzing the oxidation of &n unidentified substrate, a type 

of "luciferin". Under steady state conditions wherein the light intensity 

of a population of luminous bacteria remains constant over a period of minutes 

or longer, it seems justified to conclude that the luciferin is in excess. 

At a low temperature the light is relatively dim, limited by the rate of the 

chemical reaction of luciferase with luciferin. With rise in temperature 

the rate increases in approximate accord with the Arrhenius equation, and 

by an amount frequently found with specific enzyme reactions as well as 

more complex biological processes of numerous sorts. In terms of the 

Arrhenius activation energy, the numerical value of p amounts to between 

10 and 20 kilocalories, computed from the slope of the line at temperatures 

relatively low in relation to the optimum, i.e., with reference to the 

temperature of maximum intensity. At temperatures above the optimum, the 

decrease in intensity with rise in temperature is again approximately in 

accord with the Arrhenius equation for a reaction that interferes with, 

rather than giving rise, to luminescence, but with a much higher activation 

energy, between 50 and 100 kilocalories, such as would be expected in the 

thermal dénaturation of many proteins and enzymes. However, this activation 

energy could scarcely represent a rate process of destruction, because 
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Fig. 3 
Influence of hydrostatic pressure on the luminescence of Phoiobacierium 

phosphoreum suspended m phosphate-buffered sodium chloride solution, pH 7.3. at 17 to 
18*C, m the presence of various inhibitors as indicated at the right of the figure. (F. H. 
Johnson. Brown, and Marsland. 1942b). The luminescence of the control, without inhibitor, is 
taken as KW“* at atmospheric pressure. Its intensity varied only slightly with pressure under 
these conditions (cf. Fig. 4.8A). The broken curves represent inhibitions that are not 
appreciably influenced by pressure; the solid curves represent inhibitions that are reduced by 
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Fig. 4 Pressure ipsu 

fwfi J*“>04 developed by tunic auricle in relation to hydrostatic pressure and tem¬ 
perature. Tensior. is expressed as a percentage of the control at atmospheric pressure Dcu 
from three experiments by D. E. S. Brown are plotted (by courtess of Prof. DE* B oani 

(Fig. 4.9, p. 302, in Johnson, Sy**ing, ani Stover, 1974 )< 
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Fig.yí/ÍJJÍ Changes in the intenrity of luminescence (L) in the living cells of a psychrophilic 
species of luminous bactena. Photobacterium phosphoreum, suspended in an isoionic buffered 
salt solution at neutral pH as a function of changes in hydrostatic pressure at various 
temperatures, with and without added drugs in the final concentrations indicated in the figure 
(F. H. Johnson, 1971). Data on muscle tension (M. T.) in excised turtle auricle are also 
included (broken curves) for two temperatures (1 and 20°C) without added drugs. For each 
curve the intensity of a control at normal pressure was arbitrarily taken as 100 lo show clearly 
the relative changes induced by increaaed hydrostatic pressure at different temperature- and 
with added drugs at one temperature: the actual intensity of luminescence or the actual 
tension in the muscle varied in the usual manner with changes in temperature at normal 
pressure. The points shown in this figure are averaged data from experiments by Brown, 
Marsland, and F. H. Johnson, partly in collaborative research, and have been replotted from 
some of the same data illustrated in Fip. 9.8 (p. 310), 9.9 (p. 311), and 10.21 (p. 408) of F. H. 
Johnson, Eynng. and Polissar (1954). (Fig» 1.10, o» 32, in 

Johnson, 3yring an 1 Stover, 1974). 
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throughout a wide range of temperatures from well below to well above 

the optimum, the effects on luminescence were found immediately reversible 

on short exposures to the various temperatures. At the highest range of 

temperature which the stability of the system under the conditions involved 

permitted investigating, a rate process of thermal destruction, also with 

a very high value for the Arrhenius activation energy, was conspicuously 

evident. The diminution at somewhat less than the highest temperatures 

becomes readily understandable in terms of mobile equilibrium, by which 

the native luciferase in its catalytically active state shifts rapidly 

with rise in temperature into a reversibly denatured form that is 

catalytically inactive. The p values computed from the quantitative data 

would then represent heats of reaction, rather than activation energies. 

In sum, at normal pressure, the temperature-activity curve can be 

accounted for in terms of only two chief reactions involving the same 

species of molecules: (1) a rate process of an enzyme-catalyzed oxidation 

leading to the production of light, and (2) a reversible thermal inactivation 

of the enzyme, becoming apparent as the temperature is raised from some 

relatively low level to approach, then exceed, the "optimum". The activation 

energy of the former falls within the range commonly associated with enzyme- 

controlled processes, whereas the heat of reaction of the latter, several 

times that of the activation energy, is in the range typical of protein 

dénaturation. It is such that the light-producing result of the first 

reaction is rendered more and more ineffective by elimination of more and 

more of the active catalyst as the temperature is raised. The influence 

of the inactivation, or dénaturation, is negligible at low temperatures, 

but increases from an equilibrium state where only one part in a million of 

the total enzyme is in a reversibly denatured state, to as much as 1 part in 

2, i.e. half of the total enzyme is in a reversibly denatured state naar the 

optimum temperature; with further rise in temperature beyond the optimum, 

the increase in proportion of enzyme in the denatured state occurs so fast 

with increase in temperature that 9 out of 10 of the total enzyme molecules 

are in a reversibly inactivated state at only a few degrees higher than 

the optimum. This means that under these conditions the over-all speed 

of the reaction and hence the observed brightness of luminescence is only 

about one tenth what it should be without the deleterious influence of the 

dénaturation reaction. These conclusions could have been reached on the 

basis of classical equilibrium theory together with the Arrhenius relation, 

but prior to the research on pressure-temperature relations of bacterial 

luminescence the important influence of a reversible, thermri inactivation 

of a limiting enzyme had not been recognized. 

Investigation of biological processes other than bacterial luminescence 

soon revealed that various phenomena behaved qualitatively in accord with 

the same general interpretations. The high temperature diminution in over¬ 

all rate was found to be often reversible on cooling, and the equation derived 

in accordance with the hypothesis described above for the temperature activity 

curve (at normal pressure) proved to be a satisfactory basis in accounting 

for the data involved. Figures 6-8 are included here to illustrate the more 

general applicability of the theory. At the same time, it should be noted that 

the theory, taking into account only the 2 reactions involving the same species 
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pj^g^ g Reciprocal of the absolute temperature 

Fig. ¿¿Sjf. Influence of temperature on the intensity of luminescence in Achromobaatr 
fischen (F. H. Johnson, Eyhng, and Williams, 1942). The smooth curve was calculated in 
accordance with equation 3.5, with the constants as given in the figure. ( FÍE» 3* 20 

p. 190, in Johnson, Byrine; ani Stover, 1974), 

i 
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Fi ç, 7, Reciprocal of the absolute temperatui* 

Fig Relative rate of osygen consumption (solid curve, solid circles) and of methylene 
blue reduction (broken curve, open circles) by Rhicohium ihfohi (Koffler, Johnson, and 
Wilson. 1947) The turves were calculated in accordance with equation 3 5. with the following 
consunta: for oxygen consumption, c-0 3775e216I, AW1- 13,400 cal, AW, -96,000 cal, and 
AS, - 306 14 eu: for methylene blue reduction, c- 0 3613e21 AW* - 13,600 cal, AW, - 126, 
COO cal. and AS,-399 72 eu ( Fi <r. 3. ti-, p. 193, in Johnson, 

Byring and Stiver, 1974) 
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of molecules, i.e., tne enzyme-catalyzed, rate process reaction and the 

equilibrium reaction between native and reversibly denatured states of 

the enzyme, is over-simplified, inasmuch as other reactions are not 

without influence, especially in living cells. Prominent among other 

reactions that are not specifically included in the temperature-activity 

equation is the irreversible dénaturation of the enzyme that always occurs 

at temperatures sufficiently above the optimum. Also, it should be noted 

that the quantitative formulation does not necessarily describe the measured 

process equally well among different species. For example, the calculated 

curve for luminescence of A. fischeri (Fig. 6) shows impressive agreement 

with the data through a wide range of temperatures, but efforts to do like¬ 

wise with respect to the luminescence of P^. phosphoreum were not so success¬ 

ful; i.e.,for unknown reasons, no combination of reaction rate and equilibrium 

constants was found that agreed satisfactorily in a quantitative sense with 

the observed data. The equation for the tenperature-activity curve, based 

on the hypothesis described above, is included in Fig. 6, along with the 

constants pertaining to the rate and equilibrium constants of the enzyme- 

catalyzed reaction and dénaturation equilibrium. The constant "c" in this 

figure has an arbitrary value, chosen to make the curve go through 100 at 

the maximum, thereby relating all other points to the maximum in convenient 

terms of per cent. In Fig* 7, the same fundamental equation is applied for 

calculating the temperature-activity curves for the overall rate of oxygen 

consumption and, in absence of oxygen, the rate of methylene blue reduction 

by a non-luminescent soecies of bacteria. Both processes were shown to 

undergo a reversible diminution at temperatures above the optimum. Fig. 8 

illustrates application of the same equation to the rate of reproduction 

of bacteria (Iî. coil) under special conditions whereby plate counts of surface 

colonies were made over short periods of time (3 to 4 hours) during the early 

logarithmic growth phase, when the time was sufficiently short and the popu¬ 

lation of cells sufficiently small (usually of the order of 103 to 10^ cells/ml 

at most, that the medium remained essentially constant with regard to concen¬ 

tration of oxygen, nutrients, H-ions, by products, etc. The rate of reproduction 

was constant throughout the period involved, and changed immediately on change 

in temperature in the manner shown by the points along the calculated curve of 
Fig. 8. 

The data of Fig. 8 are replotted in Fig. 9 along with d¿.'ta available 

in the previous literature for various species of micro-organisws representing 

a wide range in normal optimum temperatures, from about 25°C for che psychrophile, 

Sporotrichum carnis, capable of measurable growth below the freezing point of 

water, to about 55°C for the thermophile Bacillus circulaos, capable of reproducing 

at temperatures exceeding 60°C. These data have all been computed in terms of 

per cent, with respect to 100% as the maximum rate. Evidently, the curves drawn 

by inspection are all fundamentally alike, apart from different temperatures for 

the optimum, and apart from minor differences in slopes for temperatures below 

the optimum as well as somewhat greater differences in slopes above the optimum, 

the latter probably being due in part to differences in experimental conditions 

whereby different lengths of time were involved in measuring the rates at the 

higher temperatures, thereby causing greater errors due to irreversible destructive 
reactions whenever longer periods of time were required. In an/ event, the basic 

similarities seem more impressive than the detailed differences. It seems reason¬ 

able to expect that with reliable data pertaining to a sufficient number of 
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Pig, ifc/. Relative rile of multiplicatón ((7) of Escherichia coli in a simple medium as a 
function of temperature (F. H. Johnson and Le win, l»46c). The maximum rate is arbitrarily 
taken as 100. The points are data from experiments, and the solid curve is calculated in 
accordance with the equation and constants shown in the figure. . 
(Fis. .5.25, p. 196, in Johnson, Syrinp ani Stover, i.’74) 

fA/liy Influence of temperature on the rates of growth, relative to the observed 
míiífflum as 100 in each, of vanous species of bacteria and mould (F. H. Johnson, 1957b) 
The data »ere obtained from the following sources: Bacillus circulans, Allen (1953); Lactoba¬ 
cillus delbruekn, Slator (1916); Eschenchia call (solid squares). Barber (1908); E coli (open 
squares). F H Johnson and Lewin, 1946c; a strain of Aerobacter aerogenes. Greene and 
Jeieslu (1954); Sporotrichum camis, Haines (1930) 

(Fir,. 3.??, T). 199, in Johnson, 3yrinr, «n ; Stover, 1^74) 
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different species, an imperceptible graduation in positions of the optimum 

temperature would be revealed. Relatively slight variations in the free 

energy of activation for rates of growth, and in free energy of reaction 

for dénaturation of a limiting enzyme would seem sufficient to displace 

the observed maximum, i.e., "optimum" in either direction along the 

temperature scale. The familiar occurrence of "temperature mutants" in 

many types of biological processes, as well as the fact that reversible 

shifts in the optimum for a given process can be brought about by changes 

in the chemical environment of the cells, e.g., by the presence of narcotics 

or other types of inhibitors (cf. Johnson, Eyring and Stover, 1974), tends 

to eliminate some of the mystery in which such variations as those illus¬ 

trated in Fig. 9 appear at first thought to be shrouded. They also emphasize 

the artificiality of the natural, human tendency to "quantize" the seemingly 

continuous variables in biology by means of an arbitrary classification, in 

the present instance represented by the several ranges of temperature 

commonly referred to as "psychrophilic", "mesophilic", or "thermophilic". 

The same probably is true in reference to pressure, as witnessed by the 

current, rather loose use of the term "barophilic", more according to 

instinct than according to any generally understood, precise definition. 

Interpretation of the influence of pressure on bacterial luminescence, 

and on the effects of narcotics, became possible through active collaboration 

with Professor Eyring and further application of the theory of absolute 

reaction rates. The origin and significance of this theory cannot be 

considered in detail here, beyond the summary statement that the dedicated 

efforts of many theoretical chemists after the turn of the century and 

advent of the quantum theory, culminated in the Eyring theory (Eyring, 1935; 

Glasstone, Laidler and Eyring, 1941). This theory, which has become known 

as the theory of absolute reaction rates, makes it possible for the first 

time, in principle, to calculate the specific rate of a chemical reaction 

from a knowledge of the properties of the reactants and the laws governing 

their behavior. In a word, the theory states that a chemical reaction of 

whatever nature involves the formation of an intermediate, unstable compound, 

the "activated complex" or "transition state" according to a probability 

given by the "free energy of activation", or exp. - AGvRT, where AG^" for 

all practical purposes behaves in a manner that is entirely analogous to the 

AG of a thermodynamic equilibrium. An expression for the relation between 

pressure and reaction rates follows by analogy with the equilibrium quantities, 

i.e., AGt = AH+ -TAS1- = AE^ -pAV+ - TAS + . Qualitatively, the effects of 

increased hydrostatic pressure on bacterial luminescence were now under¬ 

standable simply on the dual basis that first, catalytic activity of the 

enzyme proceeded with a volume increase of activation, which could be 

calculated, at least as a first approximation, from the ratio of luminescence 

intensity at increased as compared to normal pressure, at temperatures well 

below the optimum. The decreases in intensity under pressure can be taken 

to mean that a sizable increase in molecular volume occurs on formation of 

the activated complex. Similarly, the action of pressure in reversing the 

thermal Inactivation of the system at temperatures above the optimum can be 

assumed to indicate that the reversible dénaturation reaction proceeds with 

an even larger molecular volume Increase in the final over that of the initial 

state. At intermediate temperatures, the two reactions, having opposite effects 

on the brightness of luminescence, tend to cancel each other, and they so balance 
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each other at the optimum that practically no effect of moderately increased 

pressures is observed. A somewhat more sophisticated discussion of these 
phenomena is given in Johnson, Eyring and Stover (1974). 

The theory of absolute reaction rates states that the activated 

complex in any reaction decomposes with a universal frequency -- the same 

for all chemical reactions — given by the expression kT/h, or RT/Nh, where 

k is the Boltzmann constant “R/N, or the gas constant R over Avogadro's 

number N, and T is the absolute temperature. A probability factor k, often 

equal to unity, is introduced to designate the likelihood that formation of 

the activated complex will result in reaction, i.e., the activated complex 

will decompose in the direction of products of the reaction, rather than to 
a reconstitution of the initial reactants. 

The formulation for the temperacure-activity curve for bacterial 

luminescence is a straightforward derivation from the theory briefly outlined 
above. The same is true with respect to luminescence intensity at different 

pressures, except that the close fit of the curves in Fig. 2 to the data from 

experiments required taking into account a temperature dependence of the 

volume changes of activation and of reaction, in the catalytic activity and 

reversible dénaturation, respectively, of the enzyme. The smooth curves in 
Fig. 2 were calculated by Eyring and MaGee (1942) in this manner. 

The action of inhibitors, as illustrated in Fig. 3, was of especial 

interest in view of the fact that there was no previous report of an influence 

of hydrostatic pressure on the effectiveness of a narcotic, nor was there any 

theory that would in any way anticipate the possibility that such an effect 

would be found. In line with what has already been discussed, however, such 

a relationship was understandable on the grounds that the inhibitory action 

of the narcotics exhibiting such sensitivity to pressure in their action must 

be related to the reversible thermal dénaturation which showed a quantitatively 

similar sensitivity to increased hydrostatic pressure. Substantiating evidence 

that such was indeed the case was found in the temperature relationships of 

the inhibition of luminescence caused by the lipid soluble narcotics, on the 

one hand, and by the other drugs such as barbital and sulfanilamide on the other 

hand. The latter appeared to act more in the manner of forming a loose combi¬ 

nation with the catalyst, independently of the thermal dénaturation equilibrium. 

Pressure had little influence on the amount of inhibition in this case, but a 

rise in temperature tended to dissociate the drug-enzyme complex, with the 

net result that the amount of inhibition decreased with rise in temperature. 

This type of inhibition was referred to as "Type I", and designated by the 

symbol , typified by the action of sulfanilamide on the intensity of bacterial 

luminescence, an action that was manifestly different from the action of this 

drug on growth and reproduction of bacteria, which action was known to be 

generally reversible by small concentrations of ¿-aminobcnzoic acid, not true 

of luminescence. With the aid of appropriate formulations, straightforwardly 
derived, it was not difficult to obtain numerical velues for the ratio of 

inhibitorrenzyme molecules, as well as the heat and entropy, in the equilibrium 

reaction involved. The ratio turned out to be close to unity, but the fact 

that the values obtained were not strictly integers showed that the theory was 

somewhat oversimplified. Examples of the data are illustrated in Figs. 10 - 12. 
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Fig. 10 
RrM Influence of temperature on the luminescence intensity of Phoiobacitnum 
phosphortum suspended in photphtte>buffered sodium chloride solution containing various 
concentrations of sulfanilamide (F. H. Johnson et al., 1945). 

5.6,p.¿tío, in donnsun. Byring and Stover, 1974) 

• Reciprocal of the absolute temperature 

Fig. fò* ^Ãily^of the data of Fig. 5 6 in accordance with equations 5.9 and 5.10 for 
relation between inhibition and temperature at various concentrations of sulfanilamide (F 
Johnson et al., 1945). , \ 
(Fig. 5.8, p.390 in Johnson, Syring ani Stover, 19^4) 

Fig. 12 

Figy^/7/ Analysis of the data of Fig. 5.6 in accordance with equations 5.9 and 5.10 for th* 
relation between inhibition (F|) and the concentration of inhibitor at various temperatures 
(F. H. Johnson el al.. 1945). (Fig. 5,7, p. ¿89, in Johnson, 
Eyring and Stover, 1974), 



-22- 

In Fig. 10 it will be noted that there is a slight shift of the "optimum", 

or more strictly the "maximum", to higher temperatures as the concentration 

of sulfanilamide is increased; the observed activation energy also appears 

to increase with concentration of sulfanilamide. All effects produced by 

this drug as illustrated in Fig. 10 are reversible. 

Turning to the lipid-soluble narcotics such as alcohol, chloroform, 

and including also urethane, the temperature relationships of their action 

suggest that these agents act in a manner that promotes the reversible thermal 

dénaturation, in a second type of inhibition, Type II, designated also by the 

symbol . Formulations derived on the postulated basis that such drugs act 

through an equilibrium reaction, characterized by equilibrium constant K3, 
with the reversibly denatured form of the enzyme in the equilibrium reaction 

with constant , seemed largely satisfactory when applied to data from 

experiments. While it is perhaps easier to picture the different equilibria 

in terms of and K3, assuming that the drug combines only with the final 
state, i.e., the denatured form, of the thermally inactivated enzyme, it 

should be pointed out that there is no physical way to distinguish between 

this mechanism and combination with only the native form in accordance with 

the product of and K3, i.e., by KjKo. Data from experiments are illus¬ 

trated in Figs. 13-15, which make it clear that the temperature relations 

of the alcohol inhibition are opposite to those of the sulfanilamide inhibition 

in that alcohol causes a seeming decrease in activation energy of the process 

of luminescence, along with a decrease in temperature of maximum intensity, 

i.e., a lowering of the "optimum". 

These effects again are nearly all reversible, and they favor the 

view that alcohol acts by promoting a reversible thermal tenaturation of 

the catalyst. However, the data reveal some seeming complications: first, 

in Fig. 13, in the presence of alcohol there seems to be a slight "stimulation" 

of luminescence at low temperatures, although this stimulation is overcome by 

the inhibitory effects of the higher concentrations of alcohol at the same 

temperatures; second, with change in temperature there is a pronounced change 

in slopes of the lines in the analytical plot in Fig. 15 of the data in Fig. 

13; and third, the non-integral values of the slopes, indicating ratios of 

2.4 to 3.7 of drug to enzyme molecules in the complex involved; and fourth, 
the tendency for points along the lines in Fig. 14 to fall too high at the 

higher temperatures. 

In regard to the first of the above, the "stimulation" by alcohol 

in low concentrations at low temperatures has no unique explanation, though 

it is not an unusual type of biological effect. The second of the seeming 

complications listed is understandable on the basis that the slopes of the 

lines in Fig. 15 must represent average values pertaining to more than one 

equilibrium. This interpretation could also explain how the slopes of the 

lines change with temperature. Finally, in regard to points tending to fall 

above the lines at the high temperatures in Fig. 14, such an effect .oight be 

expected if alcohol enters into more than one reaction with the enzyme. In 

fact, a study of the time-course of inhibitions caused by alcohol, urethane, etc. 

revealed that the initial inhibitions, especially -c high concentrations of 

the drug, or at high temperatures, increased the kinetics of a first 

order reaction, thus indicating that the same agents which act in the manner 

ttirihi ■Mill Hill III! II ... 
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Fig. 12 
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Rteiproc*! of the absolute temperature 

F«- The mfluanee of temperature on the inhibition of luminescence in Photobaatnum 
aLmT""' by Vlri0U, cooorr‘t^,ltion, of *tbanol under neutral conditions (F. H. Johnson et 

vFig. 5.24, p. 414, in Johnson, Eyring and Stover,1974). 
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Fig. 14 Reciprocal of the absolute temperature 

Figy^^ Analysis of the inhibition of luminescence hy ethanol with respect to temperature 
in accordance with equation 5.16; data from Fig. 5.24. The broken curves indicate the results 
of using equation 5.9 instead of equation 5.16 in the analysis. 

5.?6, p. 41ö, in Johnsm, 3yring nnd Stovor, 1^74), 
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Fig. ÿty/ Antlytis of the inhibition of luminetcence by ethtnol with respect to concentr«- 

uon at vahom temperature«, in accordance with equation 5.16; data from Fig. 5.24. 

(Fig. 5.27, p. 417, in Johnson, Eyring and Stover,1974). 

Fig. 16 Pressure (ps') 

Luminescence intensity of Phoiobaclerium phosphoreum as a function of hydros¬ 
tatic pressure at 17,j°C, in the presence of vanous concentrations of ethanol in the phosphate 
-buffered sodium chloride solution, pH 7, of the suspending medium (F. H. Johnson et al.. 

1945/. (Fig. 5.32, p. 429, in Johnson, Eyring and 
Stover, 1974 

.,.... ...... 



of promoting a reversible dénaturation of the enzyme also promote an 

irreversible destruction. Full details supporting this c -elusion may 

be found in Johnson, Eyring and Stover, 1974, pp. 371-548. 

At the stage described so far in development of the theoretical 

basis for the biological action of temperature, pressure, and narcotics, 

some rather striking aberrancies in traditional views were apparent. 

They included the following: (1), increased pressures of a few hundred 

atmospheres can reverse the thermal dénaturation of enzymes, whereas 

previous evidence was only to the opposite effect, i.e., the destruction, 

or dénaturation of proteins in general under increased pressure; (2), the 

newly discovered relation between increased pressure and amount of 

inhibition of bacterial luminescence by narcotics, a finding that did not 

seem altogether anomalous, inasmuch as there was no previous report of 

such a phenomenon, (3) a reversible thermal dénaturation of enzymes as a 

controlling reaction in a physiological process, and representing a 

fundamental factor in temperature-activity curves. Such a concept, however, 

was not altogether foreign to a few avant-garde biochemists including Anson 

and Mirsky (1931), as already mentioned, but still it was a concept that, 

by and large, appeared to be viewed with skepticism if not suspicion. 

In addition to these seeming anomalies, acceptability of the interpretations 

described, despite the quantitative, theoretically sound evidence on which 

they were based, mlgnt be added another source of objections, namely, on 

the grounds that practically all the data pertained to bacterial luminescence 

and therefore a highly special case, with no obvious bearing on processes in 

organisms as complex as higher animals including man. Furthermore, the 

mere fact that much of the data were obtained in regard to a process that 

was taking place within living cells was sufficient to arouse the determined 

mistrust of all really hard-core biologists who, since the agnostic vitalists 

of Louis Pasteur's era, have rejoiced in the complexities of living systems 

and flaunted their intellectual insecurities in the face of the most 

substantial, convincing experimental evidence and rigorous conformity to 

rational theory. In order to eliminate all doubt generated by the notion 

that bacterial luminescence constituted a source of unique phenomena, rather 

than a useful tool having unique advantages for irvestigating fundamental 

reaction rate controlling mechanisms in living systems, it seemed important 

to study other types of material than luminous bacteria, and include complex 

animals as well as non-living systems such as purified proteins in solution. 

The influence of increased pressure and small concentrations of alcohol 
on the thermal dénaturation of a highly purified protein, viz. human serum 

globulin, in homogeneous solution was among the first examples reported in 

which the rate of dénaturation was retarded by increased pressures up to 

10,000 lbs psi (Fig. 17). The term "dénaturation" is used advisedly here, 

inasmuch as, in its classical meaning, it refers to the property of solubility, 

the denatured protein precipitating from aqueous solution. The kinetics here of 

dénaturation indicates that the process is more complicated than that of a 

first order reaction, the discrepancy possibly being due to heterogeneity of 

the population of serum globulin molecules which were in fact purified from 

the pooled blood of a number of different individuals. Whatever the explanation 

of the kinetics, it is evident (Fig. 17) that: (1), a moderately increased 

hydrostatic pressure greatly retards the rate of thermal dénaturation of this 

NUMtt .... 
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Time (min) 

Fig. 17 
Fig/y!«. Accelcraiion of precipiution of highly purified humm-ienun globulin by ethanol 
md retardation of precipiution by 10,000-pai hydrotutic pressure, at £S°C (F. H. Johnson 
mdCampbeU, 1946). (Fig. 5.45, p. 450, in Johnson, 

Gyring an4 Stover, 1974). 

Fig. 18 
Fig.^. 

(A) (B) 

Influence of increased pressure on the rate of tobacco-mosaic-vinis dénaturation 
at 6sV(A) and at 72.5*0 (B), in solution of pH 7.05 (F. H. Johnson, Baylor, and Fraser, 
1948). The rates at normal pressure and 7000 psi were measured (solid lines in (A)), and the 
remainder (broken lines in (A) and (B)> were computed as described in the text. The points 
represent the percenuge of the initial amount of protein remaining in solution, according to 
Kjeldahl nitrogen determinations of the supe nu.tant after high-speed centrifugation of the 
specimens.(Fig.V3,p.áí;3, in Johnson, Syrin/ anh Stover, 

1974) 
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protein, both with and without alcohol, and (2), small concentrations of 

alcohol accelerate the rate, both at normal and increased hydrostatic 
pressure. 

The thermal dénaturation of other proteins, e.g., tobacco mosaic 

virus (TMV), may take place with the kinetics of a first order reaction, 

under both normal and increased pressure (Fig. 18). Under such conditions, 

analysis of the data is simplified, and reliable quantitative predictions 

are made possible by the theory of absolute reaction rates. In Fig. 18A 

the slopes of the solid lines, pertaining to atmospheric and 7,000 p.s.i., 

were used to compute the volume change of activation, and the value obtained 

was then used to predict the dashed lines for 2,500, 5,000, and 10,000 p.s.i., 

actually in advance of doing the experiments which yielded the points shown 

in the figure. In addition, by using a published value for activation energy 

at normal pressure, together with the same value (close to 100 cc/mole) for 

volume increase of activation, it was possible to predict with considerable 

accuracy the rates at a different temperature and for a different set of 

pressures. The results are illustrated in Fig. 18B, wherein the dashed 

lines were computed in advance, and the points representing the data from 

experiments were then added. The variation in specific rate constant with 

variation in pressure at two temperatures is shown in Fig. 19. 

With reference to the action of chemical agents on these processes, 

the effects of urethane (ethyl carbamate) and ethyl alcohol on bacterial 

luminescence had already indicated that both of these substances act primarily 

by promoting a reversible, but in addition an irreversible, dénaturation of 

the limiting enzyme, in a manner that is partially reversible, or retarded, 

respectively, by increased pressure. It is of interest therefore to find 

analogous effects of alcohol (Fig. 17) and of urethane (Fig. 20) in the 

dénaturation of pure proteins. The data with respect to the action of urethane 

in accelerating the thermal dénaturation of tobacco mosaic virus show that 

urethane acts by more than one reaction in this process. This conclusion 

was reached earlier in regard to living systems (cf. Johnson, et al., 1945). 

The possibility that increased pressure could counteract not only 

the effects of certain narcotics on bacterial luminescence (and the accele¬ 

rating effects of the same narcotics, in particular alcohol and urethane, 

on the process of protein dénaturation in solution), but could counteract also 

a typical narcosis in animals was confirmed in a study with tadpoles. Besides 

being a "classic" animal for research on the action of narcotics, tadpoles 

constitute a type of animal especially suited for research involving increased 

pressure, because they are completely aquatic, having no lungs or other bodily 

spaces unfilled with water. Terrestrial animals that breathe by lungs cannot 

be subjected to hydrostatic pressure while submerged in an aqueous medium for 

obvious reasons, including the crushing of their air spaces under high pressures 

over their entire bodies. The experiments at issue were conducted with small 

tadpoles of the frog Rana sylvatica and with small larvae of the salamander 

Amblystoma maculatum. When specimens were placed in 2 to 3 per cent alcohol, 

or 0.08 M urethane, they underwent full narcosis, with loss of spontaneous 

movement as well as loss of response to gentle mechanical stimulation. This 

narcosis was gradually reversible by transferring the animals to drug-free 



Fig Relation between first-order rate constant and hydrostatic pressure in the dé¬ 
naturation of tobacco mosaic virus (F. H. Johnson, Baylor, and Fraser, 1948). 
(Fip. 4.2-, p. 323, in Johnson, Syrine; ani Stovor, 1974'. 

Fig. 20 Molar concentration of urethane 

Influence of urethane on the rale of dénaturation of pure tobacco mosaic virus in 
phoephate buffer, pH 7.0, at 68 8*C, at normal pressure (circles) and under 7000-psi 
hydrostatic pressure (mangles). The solid curves are calculated according to equation Í.26 

(Fraser, Johnson, and Baker, 1949). , 
(Fig. 5.44, p.4 48, in Johnson, Üyring ani Stover,1974) 
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water. While in the narcotizing eoiutions of alcohol or urethane, however, 

the narcosis was immediately reversible by raising the hydrostatic pressure 

from atmospheric to between 2,000 and 3,000 p.s.i. (Fig. 21). 

Thus, in effect the fundamental phenomena discovered first with 

regard to bacterial luminescence were duplicated in an amphibian animal: 

the experiments involved can be looked upon as among the most important 

ones ever carried out in reference to the theory of narcosis. And they 

could hardly fail to dis’urb the smug complacency of any die-hard biologist 

who so enjoys being an intellectual recluse that he automatically refuses 

to accept a relatively simple theory in even partial explanation of a very 
complicated phenomenon. 

"Warum es einfach machen, wenn es auch so komplizierte geht." 

III. Results of ONR-Sponsored Research, 1954-1974 

The foregoing account has been intended to outline the background 

of the research which led up to support by the Office of Naval Research. 

This seemingly long account might be made briefer, but inevitably at the 

expense of clarity and documentation. As it stands, it is by no means 

complete — a more nearly complete account is available in the recent 

monograph by Johnson, Eyring and Stover (1974), of how the research on 

bacterial luminescence ushered in new concepts, which brought together 

previously unrelated fields of inquiry, viz., the biological action of 

temperature, pressure and narcotics, on the rational basis provided by 

the theory of absolute reaction rates, a theory which itself had only a 

few years earlier crowned the efforts Of more than one generation of 

brilliant theoretical chemists, finally culminating in the complete theory 

set forth by Henry Eyring in 1935. The 1974 monograph referred to above 

is based in large part on an earlier one by Johnson, Eyring and Polissar 

(1954), but with so much revision, updating, and more uniform theoretical 

approach that it was appropriately given a new title, namely, "The Theory 

of Rate Processes in Biology and Medicine", rather than the earlier title 

of "The Kinetic Basi^ of Molecular Biology". The earlier book could not 

have been written without the support of ONR, Physiology Branch, which made 

it possible for the present author to spend full time on the task of completing 

the manuscript while on leave of absence from Princeton in order to collaborate 

with Professor Eyring of the University of Utah during the academic year 

1950-51 plus the preceding summer and the summer which followed. Academic 

responsibilities in Princeton were then resumed for a year, until another 

one-year's leave of absence was devoted to a tour of duty as a staff member 

of the newly bom National Science Foundation, during 1952-53. It was at 

the end of this absence that laboratory research was taken up again in 

earnest, this time with support from the Biology Branch of the Office of 

Naval Research for the investigation of "Factors Which Influence the Intensity 

of Bioluminescence." Achievements under ONR support, modest in amount but 

important for what it made possible for the next some 20 years under several 

different Branches, can perhaps be most clearly and concisely reviewed separately 

with reference to each type of the number of different types of luminescence 
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systeras which have been included. It should be pointed out that collateral 

support for studying aspects related to those sponsored by ONR has been 

received through grants from the National Science Foundation. It seems 

appropriate from not only a chronological, but from other, more significant 
points of view, to begin with the bacterial system. 

A. Bacterial Luminescerce 

While "The Kinetic Basis of Molecular Biology" was in Press, the 

first well-substantiated report of luminescence in cell-free extracts of 

(luminous) bacteria was published by B. L. Strehler (1953), who noted its 

dependence on reduced duphosphopyridine nucleotide (DPNH). Very soon 

thereafter, McElroy and collaborators (McElroy et al., 1953) reported evidence 

that thus luminescence depended also on the presence of flavine mononucleotide 

(FMN). In addition, Strehler and his colleague M. J. Cormier discovered that 

a substance in dried kidney cortex wts an exceedingly potent factor in promoting 

a bright, lasting luminescence of partially purified bacterial "luciferase", 

provided an adequate amount of DPNH and FMN were also present. The active 

factor from dried kidney cortex was first referred to as "KCF". It was 

later identified as palmitic aldehyde (Cormier and Strehler, 1953), and 

further investigation of the effectiveness of aldehydes revealed that 

straight chain, unsubstituted aldehydes having more than 7 carbons were 

effective to varying extents, the ¿onger chain lengths being generally 

more effective until solubility in water became limiting (Strehler and 

Cormier, 1954). The function of the aldehyde was a matter of speculation, 

and remained so for many years, especially because no one succeeded in 

extracting any compounds of the same type from the cells themselves. 

The availability of luminescent extracts offered a means of obtaining 
further evidence concerning the possible role of cell integrity in the 

extensive data derived from the research on the influence of pressure, 

temperature and narcotics as well as other chemical agents on the luminescence 

of intact cells. With the cooperation of Dr. Strehler, who furnished acetonized 

powders of the species known as Achromobacter fischeri, some key experiments 

were carried out in the Princeton laboratories concerning the effects of the 

above variables on steady-state luminescence of extracts. The enzyme prepa¬ 

ration consisted simply of an aqueous extract of the acetonized powders, with 

particulate matter removed by centrifugation at 70,000 x g for one hour. It 

was apparent practically at once that the steady state luminescence of extracts 

behaved in fundamentally the same manner as the steady state luminescence of 

the living cells in regard to changes in pressure and temperature (Fig. 22). 

A difference was noted in the time required for the change from one steady 

state to the other, when pressure was suddenly applied or released, the 

transition being much faster in the living cells than in the extracts, but 

otherwise the observed phenomena were very similar, even quantitatively so. 

Because of various circumstances, a prolonged investigation did not prove 

possible at that time, but suggestive evidence was obtained that alcohol and 

urethane acted to inhibit the luminescence of extracts in essentially the 

same manner as had been found with cells. Unfortunately, the only partially 

purified enzyme preparations available at the time did not invite a detailed 

study in effort to find, with assurance, the precise step that was most sensitive 
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to increased pressure in the chain of reactions leading to light-emission. 

Even now, this problem remains unsettled. The chief importance of the 

study of the influence of pressure and temperature on luminescence in 

extracts was its demonstration that the effects were much like those in 

the prior study of these factors on the luminescence of living cells, and 

therefore the effects were not due indirectly to some vague mechanism 

existing within the complexity of an intact cell, but were on the luminescence 
system itself. 

With particular reference to the action of temperature, pressure and 

narcotics on bacterial luminescence, the fact that increased pressure would 

reverse the alcohol or urethane narcosis of tadpoles was not convincing to 

the minds of unimaginative, over-cautious, intellectually hidebound conser¬ 

vatives that the interpretation regarding the molecular mechanism was correct. 

Evidence that might be taken as supporting the view of similar basic molecular 

mechanisms in the limiting reaction of bacterial luminescence and in activity 

of nerves,however, was found in research by Tasaki and Spyropoulos (1957) on 

the activity of isolated nerves of the squid (Figs. 2A and 25). Thus, 

reduction in action potentials due to ethanol was found to be counteracted 

by increased pressure at 22° (Fig. 23). Moreover, reduction in action 

potentials by alcohol at 22° was largely counteracted by simply lowering the 
temperature to 4°, all at normal pressure (Fig. 24). 

Finally, in reference to the same phenomenon, the pioneering study 

that was published in 1951 by Johnson and Flagler on the pressure reversal of 

alcohol narcosis of tadpoles by increased hydrostatic pressure lay buried in 

the literature for some 20 years — sufficiently buried, at any rate, that 

it failed to prompt any outspoken perturbation in the thoughts of pharma¬ 

cologists, who continued to dwell on the Meyer-Overton "theory" based on the 

correlation between narcotic potency and lipid solubility. A renew'd interest 

in the fundamental action of narcotics arose in the 1960's, stimulated perhaps 

by the theory proposed independently by S. L. Miller and Linus Pauling in 1961, 

based on the correlation between potency of anesthetics and their hydrate 

dissociation pressure at 0oC. This correlation, was found to be not as close 

as the correlation with lipid solubility. Moreover, a more satisfactory theory 

of the action of anesthetics and narcotics, at the molecular level as well as 

the level of nerve physiology, has been proposed by Eyring and collaborators 

(cf. Eyring, Woodbury, and D'Arrigo, 1973; Ueda and Kamaya, 1973; Johnson, 
Eyring and Stover, 1974). 

The same theory provides a basis for understanding the action of 

increased pressure in reversing the effects of narcotics and anesthetics. 

Thus, it is of special interest to note that in very recent years the relation 

between pressure and narcosis, discovered in regard to bacterial luminescence 

then first demonstrated in animals in tadpoles (Fig. 22), has been confirmed 

both in aquatic and in air-breathing animals (mice) through studies of the 

Influence of increased helium pressures on the narcotic action of a variety 

of agents (Lever et al., 1971). Some quantitative data concerning the effects 

of helium pressure on the nitrogen narcosis of newts are illustrated in Fig. 
25. 
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perature(pig, 2, p. tilO, in Strehler ani Johnson, 1954).
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Pip. 79
Fig. Records showing the counteraction of ethanol narcosis with high pressure
iSpvTopoulos, 1957b). A glas»i>ipette internal electrode was used. The axon was stimulated 
rear its cut end with two steel wires. The glass pipette recorded the conducted response. 
Ethanol concentraUon 3%; temperature 22°C. The vertical bar at right subtends 100 mV. 
Tune marking 1 msec. (Pi,'',. 1.11, p. 33, in Johnson, ’ilyrinf’, 

and Stover, 1974),
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2i'C varied with the inteuiity of the stimulus. At 4”C the fiber fired spontaneously. The 
record at 4°C was obtained by electrical stimulation with the internal wire electrode. 
Concentration of ethanol 3*^. Time marking S kHz. (Fig, 1,12, p, 33, in 

Johnson, Syring ani Stovor, 1974),

Fig, Tg

Figy^^. Rolling response (in terms of percent of normal, i.e., of unanestheuzed specimens) 
in newts as a function of helium ptmsure in the presence of 34 atm of nitrogen and a partial 
pressure of 1 atm of oxygen (Lever et al., 1971). ^or bars indicate the 9S% confidence limits. 
Ten animals were used in the experiments. The temperature was 20°C and the roution speed 
was4rpm. (Fig,5,68, p,530, in Johnson, Syring and 

Stover, 1974),
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Following the demonstration of essentially similar pressure- 

temperature relations of steady-state luminescence intensity in intact 

cells and in extracts (Fig. 22), research on the bacterial system became 

more and more biochemically-oriented. Procedures were developed chiefly 

by Hastings and hi; associates and by Cormier and his associates (cf. 

Chapter 2, in Johnson, Eyring and Stover, 1974) for purification of 

bacterial luciferase. Evidence was sought and schemes consistent therewith 

were proposed regarding intermediary reactions involved in the light-emitting 

process, especially in bacterial extracts. Further study of the bacterial 

system in Princeton, however, was not undertaken in depth until the early 

1970's. In the meantime, the luminescence system of the New Zealand fresh 

water limpet Latia neritoides had been studied (Shimomura, Johnson and 

Haneda, 1966) with the result that the luciferin component had been 

isolated. Shortly thereafter its chemical structure was determined 

(Shimomura and Johnson, 1968a), followed by total synthesis (Frascheboud 

et al., 1969). Purification and determination of the properties of Latia 

luciferase (Shimomura and Johnson, 1968b) and its cofactor requirements 

were also accomplished. Although the limpet and luminous bacteria are 

hardly more closely related biologically than that they are both species 

of living organisms, the luminescence system of the two was found to share 

certain common oroperties, including the following: (1), in Latia, the 

"luciferin" component consisted of a colorless, hydrophobic enol-formate 

of an aliphatic aldehyde, analogous to the long-known requirement of a 

colorless, hydrophobic aliphatic aldehyde in the luminescence of bacterial 

extracts, and (2), the known requirement of a flavin in bacterial lumines¬ 

cence and probably also in the Latia system as judged by a newly discovered 

(Shimomura and Johnson, 1968) correspondence between the spectral distribution 

of the bioluminescence reaction and the fluorescence emission of flavin. 

Further research on these two systems (Shimomura, Johnson and Kohama, 1972) 

provided evidence that b.terial extracts emitted light through a flavoprotein- 

catalyzed oxidation of fattv aldehydes with a photon yield of 0.17 * 0.01 

photons per molecule of aldehyde oxidized, independently of chain length 

from 9 to 14 carbons. The long debated role of the aldehyde in luminescence 

of bacterial extracts was thus cast into the function of a "luciferin", 

though more direct evidence of the necessity of such aldehydes in luminescence 

of bacterial cells remained to be established through a later study in which 

the aldehydes were isolated from luminous strains, whereas they were scarcely 

extractable from visually dark mutants (Shimomura, Johnson and Morise, 1974). 

This is where the problem stands at present. 

B. The New Zealand luminescent species: limpet Latia, glowworm Arachnocamp; 

and earthworm Octochaetus 

From 1960 to 1963, research on the biochemistry of luminescent syst» ms 

was carried on in Princeton in collaboration with Dr. 0. Shimomura, earlier 

of Nagoya University, Japan. This collaboration was made possible by grants 

from the National Science Foundation. Because of visa regulations, Dr. 

Shimomura returned to Japan in 1963 and spent the ensuing two years at Nagoyr, 

after which he returned to Princeton under the same auspicies as before, and 

rose to the rank of Senior Research Biochemist , equivalent to the rank of full 

professor but without guarantee of salary which continued to depend on a grant 

or other suitable source of support from outside the University. During the 



..-...... ... 

-36- 

period 1963-1965, limited collaboration between the author and Dr. 

Shimomura was continued by mail. In 1965, a grant through the U.S.-Japan 

Cooperative Research Program, by joint action of the U.S. National Science 

Foundation and the Japan Society for the Promotion of Science, made it 

possible for full collaboration between the author and Japanese colleagues 

to take place again. This included field work in New Zealand, laboratory 

research at the University of Nagoya, and an International Conference on 

the subject of Bioluminescence. The conference papers were published in 

1966 by the Princeton University Press, under the title of "Bioluminescence 

in Progress", edited by F. H. Johnson and Y. Haneda, with modest financial 

aid from both the U. S. and Japanese side towards the cost of publication. 

Three types of luminescent organisms were collected in New Zealand: 

the fresh-water limpet Latia neritoides, the larvae of the "New Zealand 

Glowworm" Arachnocampa luminosa, and the large earthworm Octochaetus 

multiporus. The limpet was found c]inging to rocks in cold mountain streams 

in the Waitakere range outside of Auckland, the glowworm larvae in caves, 

tunnels and deep ravines, and the earthworms at various depths in dense clay 

below the surface soil in southern parts of the North Island. With the aid 

of graduate students of the University of Auckland, and with the cooperation 

of several officials of the New Zealand O.S.R.D. (Office of Scientific Research 

and Development) in Auckland and in Palmerston North, a small stockpile of 

limpets was gathered and the specimens were preserved with dry ice. 

The glowworms were more difficult to come by, and some reluctance 

was encountered among graduate students who, despite the offer of what 

seemed to be generous financial rewards, simply did not take to the idea 

of going into the depths of unexplored caves with slippery floors and deep, 

dark crevices in an effort to obtain specimens that were mostly out of 

convenient reach on the ceilings. The author and Dr. Haneda went some 

distance down a water conduit tunnel, with a kerosene lamp and the assurance 

of workmen at a local sub-station of the water department that if we were not 

back by a specified time, they would come dig us out. As it happened, there 

was no cave-in on this occasion, but only a limited number of specimens were 

obtained, near the far end of the tunnel. From this, and from a cave near 

Waipu, north of Auckland, a total of at most a few thousand specimens was 

obtained and preserved in dry ice. 

A few luminescent earthworms were collected at an O.S.R.D. soil 

laboratory east of Wellington, with the help of Dr. Lee. Most of the 

specimens were kept alive until used in experiments by the author at the 

O.S.R.D. labs at Palmerston North; a few others were frozen with dry ice 

and transported by Dr. Shimomura to Japan, along with frozen specimens of 

Latia and glowworms. 

At Nagoya, isolation of Latia luciferin and partial purification of 

the luciferase was achieved and the properties of these substances were studied 

sufficiently to report them at the Luminescence Conference (Shimomura, Johnson 

and Haneda, 1966a). Some results of the research on the glowworm (Shimomura, 
Johnson and Haneda, 1966b) and on the earthworm (Johnson, Shimomura and Haneda, 

1966) were also reported at the Conference, but because of limitations in 

amount of specimens as well as the short time available for research on them 

in Japan, these reaults must be regarded as largely preliminary. 
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Subsequent to the Conference, Dr. Shimomura came to Princeton and 

resumed collaboration with the author. Despite some difficulties, several 

shipments of specimens of Latia preserved with dry ice were successfully 

made to Princeton. The supply proved adequate to determine the structural 

formula (Shimomura and Johnson, 1968a), followed by synthesis (Frascheboud 

et al., 1969) of Latia luciferin. The enzyme ("luciferase") component was 

purified and its properties studied, revealing thereby the necessity for 

organic cofactors (Shimomura and Johnson, 1968b), of as yet unknown identity. 

Evidence fcr the flavin nature of the enzyme was found in the research done 

in conjunction with the bacterial system, already referred to in the 

preceding section. 

C. The Ostracod Crustacean, Cypridina hilgendorfii. 

The first noteworthy chemical study of the luminescent system of this 

tiny, primitive crustacean was done in 1916 at the Misaki Marine Station in 

Japan by the late Professor E. Newton Harvey of Princeton University. 

Although he studied many other kinds of luminescent organisms, plants as well 

as animals, during the next 40 years, when he retired in 1950 and became 

Henry Fairfield Osborne Professor Emeritus of Biology, Cypridina, or the 

"Umi-hotaru" ("Sea firefly") as it was known in Japan, remained his favorite 

above all others, and he maintained this interest to the end of life in 1959. 

Many kilograms of dried specimens were shipped to Princeton from Japan for 

this purpose. Luminescent material remained remarkably stable so that when 

moistened with water it sprang into activity with the emission of a spectacular 

blue luminescence. Despite dedicated efforts of his own, along with the 

capable help of several associates, chiefly Doctors Hubert S. Anderson, 

Aurin M. Chase, Howard Mason, and Fred I. Tsuji, efforts to obtain the 

essential components of the luminescent system, i.e., the specific substrate 

Cypridina luciferin and specific enzyme Cypridina luciferase in pure prepara¬ 

tions, neither component was ever fully isolated. The most highly purified 

luciferin preparations had an estimated potency of about 2,000 times that 

of the starting material. 

One of the major difficulties in trying to isolate Cypridina luciferin 

was its extreme instability in solution in the presence of oxygen. Another 

difficulty was a tendency to believe the amount of luciferin present in the 

raw material to be much greater than it actually was, perhaps because the 

brightness of the light made it easy to overestimate the true amount. This, 

together with the need to conserve the dried raw material from Japan, may 

have been largely responsible for the understandable reluctance to "invest" 

large amounts of material in any one set of experiments. From what we now 

know, it seems practically impossible that success in isolating the luciferin 

in a significant amount could ever have been achieved with the amount of 

starting material used. When a few milligrams of pure, crystalline luciferin 

were finally obtained by Shimomura et al. in 1957, 500 grams of dry Cypridina 

powder was used at the start, i.e., about 10 times the quantity ever used by 
Harvey and his colleagues at one time? the increase in potency was ca. 40,000 times. 

The author elected to carry on research on some of the biochemical 

aspects of luminescence in which Harvey had been most active before he retired 

in 1956. In the summer of 1957 the author went to Japan for the purpose of 

experimenting with live specimens of Cypridina on the premise that, with the 
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aid of suitable precedures, it might be possible to separate and purify 

the luciferin and luciferase components from, say, luminescent slime 

secreted by the living specimens, rather than from whole, dried specimens 

as was customary. The customary procedure is somewhat like trying to 

purify the thyroid hormone by starting with whole cows rather than their 

thyroid glands alone. This was before it was known that Shimomura et al. 

(1957) had just succeeded in crystallizing pure luciferin from the dried 

specimens. The attempt to isolate the luciferin from live specimens was 

not successful, but it resulted in improved methods of extraction, using 

live rather than dried specimens at the start, and simply plunging them 

in an adequate amount into methanol cooled to around -40° C by dry ice; 

the yield was several times that of dried material, and the procedure 

of maintaining solutions free of oxygen was greatly simplified by -’topping 

chunks of dry ice into the solutions. 

On this occasion (1957) the author and Dr. Haneda discovered that 

the excised photogenic organs of a small, medium-depth fish, Parapriacanthus 

beryciformes could be extracted with boiling and with cold water which on 

mixing at room temperature gave a bright light, due to the presence of the 

relatively heat-stable and heat-labile components, luciferin and luciferase, 

respectively. This became the first well established example of a "luciferin- 

luciferase reaction" in extracts of a fish. It also became unusually note¬ 

worthy in some other respects, as follows. 

Throughout his long career of active research, on other things 

but none so dedicated as on luminescence, Harvey tested at every opportunity 

the possibility that separate extracts containing, or possibly containing, 

the luciferin and luciferase components from one type of luminescent organism 

might react with light emission when mixed with those of another type. Such 

a "cross reaction" was indeed found to occur in a few instances when, but only 

when the two were biologically closely related, in a strict sense not really 

"different types", e.g., different species, or even different genera of 

fireflies. As a different type, Cypridina extracts were routinely tested 

for a cross reaction with the other organism at issue. Except for some 

misleading results in his earliest research, no cross reaction was ever 

observed with components of biologically only distantly related luminous 

species. It was astounding, therefore, when it was discovered (Haneda, 

Johnson and Sie, 1958; Johnson, Haneda and Sie, 1960; Johnson, Sie and 

Haneda, 1961) that partially purified extracts containing luciferin and 

others containing luciferase from the fish gave a brightly luminescent cross¬ 

reaction with those of Cypridina. When told informally of this, Harvey 

replied simply "I don’t believe it." Confronted later with the same detailed 

evidence, he seemed convinced that it was so, even though unexpected from the 

previous, extensive experience of his own. 

In due course, crystalline luciferin was prepared from the fish 

Parapriacanthus and found to be identical to that from Cypridina in its 

major chemical properties (absorption spectrum, chromatographic behavior, 

etc.) (Johnson, Sugiyama, Shimomura, Saiga and Haneda, 1961). In the course 

of dissecting out the internal photogenic organs of several thousand specimens 

of this fish, two accidental but interesting observations were made: first, 

the stomachs of a few specimens contained dead Cypridinae which were still 
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emitting light, and second, the five, fairly large pyloric caeca attached 

to the stomach were rich in luciferin that was active in light emission 

with Cypridina luciferase. These observations naturally raised the question 

as to the origin of the fish's luciferin and luciferase. If these components 

had been somehow harvested from Cypridina taken in as food, the seeming 

cross-reaction was not real. In that event, however, the mechanism whereby 

the usually unstable luciferin became stored and remained active in the 

pyloric caeca remained unexplained, and likewise the mechanism whereby the 

luciferase component of ingested Cypridina became localized in the photogenic 

organs to which it would presumably have to be transported via the circulatory 

system. On the other hand, it would seem no less amazing to find in two 

species of animals no more closely related than this primitive crustacean 

and highly evolved teleost fish, an unusual, specific oxidative enzyme. 

The problem is not yet finally solved in its entirety. Unequivocal evidence 

may require raising some of these fish from eggs to adult in known, certain 

absence of Cypridina, to see if they would still be luminous by virtue of 

luciferin and luciferase of their own manufacture. In the meantime, some 

immunological and other differences have been reported for the luciferase 

components of the two species (Tsuji and Haneda, 1966; cf. also, Haneda, 
Johnson and Shimomura, 1966). 

The luciferase component was purified from dried Cypridina, and its 

properties determined, by Shimomura, Johnson and Saiga (1961). By mutual 

agreement between authors, this work was reported in the same issue of the 

Journal of Cellular and Comparative Physiology with a report by Tsuji and 

Sowinski (1961). The methods of purification were not the same, but the 

properties of the luciferase described in these two independent reports 

were in fair agreement, except for molecular weight, which Tsuji and Sowinski 

found to be considerably higher than the value of about 60,000 found by 
Shimomura et al. 

The structure of Cypridina luciferin was solved through cooperation 

of two groups of investigators, one in Nagoya (Kishi, Goto and Hirata) and 

the other in Princeton (Shimomura and Johnson) (1936). Total synthesis soon 

followed (Kishi et al., 1966). Thus far, however, synthetic luciferin cannot 

be produced more conveniently or more economically than natural luciferin. 

In the foreseeable future this situation may change due to the progressively 

decreasing population of Cypridina, inasmuch as these organisms have all but 

disappeared from certain regions of Japan where they once occurred in abundance. 

The reason seems to be the increasing pollution of the waters. 

The availability of pure luciferin and pure luciferase has made it 

possible to obtain definitive data concerning various important properties 

of the system and the mechanism of the light emitting reaction. Carbon 

dioxide was identified as a product of the aerobic oxidation of Cypridina 

luciferin with Cypridina luciferase (Stone, 1968). The actual light-emitter 

wat ’dentified as the oxyluciferin-luciferase complex, by the precise corres¬ 

pondence between the fluorescence emission spectrum of the complex and the 

emission spectrum of the bioluminescent reaction itself (Shimomura, Johnson 

and Masugi, 1969). Both the complex and the product oxyluciferin of the 

light-emitting reaction catalyzed by luciferase emit a strong blue fluorescence 
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under ultraviolet light, but only the former has the same spectral distri¬ 

bution as the light produced in the enzyme catalyzed reaction. Luciferin 

itself is strongly fluorescent in the yellow, whereas two degradation 

products, namely oxyluciferin and etioluciferin, the latter being a 

hydrolytic product of the former, are both blue fluorescent. The emission 

maxima and relative intensities are summarized in Table II. 

A study of factors influencing the quantum yield (Table III) indicated 

that the maximum quantum yield (einsteins per mole of luciferin oxidized) 

in the luciferase-catalyzed reaction in water amounted to 0.31, which was 
very slightly less than the yield of 0.33 found under similar conditions 

except that the solvent was 99% D2O (Shimomura and Johnson, 1970). In 

aprotic solvents such as dimethylsulfoxide or diglyme, in the presence of 

oxygen, Cypridina luciferin is spontaneously luminescent, as are a variety 

of indol derivatives (Johnson, Stachel, Taylor and Shimomura, 1966; Sugiyama, 

Akutagawa, Gasha and Saiga, 1966). The mechanism involved in the low quantum 

yield in aprotic solvents was found to be the relatively low proportion of 

molecules attaining the excited state. 

At least 3 pathways of luciferin degradation can occur, depending 

upon the solvent; one pathway, catalyzed by luciferase certainly leads to 

luminescence (Fig. 26 A and Fig. 27 A), but it has not been established 

whether or not any appreciable light emission results from the other two 

(Fig. 27, B and C). The pathway diagrammed in Fig. 27 is in accordance 

with the hypothesis of a dioxytane intermediate, originally proposed by 

McCapra and Chang (1967, cf. also, McCapra, Chang and Francois, 1968) in 

connection with a study of the oxidation of an analogue of Cypridina 

luciferin. More recent considerations, however, have shed some doubt on 

this otherwise attractive hypothesis. 

18 18 
By a tracer method, using On and H2 0, it has been shown that the 

oxygens incorporated in the carbon dioxide produced in the luciferase- 

catalyzed luminescent oxidation comes from molecular oxygen rather than from 

water, whereas the opposite has been reported for the firefly and sea-pansy 

(Renilla) systems (Q Luca and Dempsey, 1970; DeLuca et al., 1971). It is 

possible, however, chat the data for the firefly and sea pansy were 

misinterpreted. Because of the influence of factors unknown at the time, 

namely, concentration of the substrate luciferin as well as pH and buffer 

system employed, all of which markedly affect the rate of exchange of solvent 

oxygen and the oxygen in the carbon dioxide product of the reaction (Shimomura 

and Johnson, 1975). 

D. The hydromedusan jellyfish Aequorca 

Prior to the initial collaboration between Dr. Shimomura and the 

author in Princeton, the latter had undertaken to investigate the biochemistry 

of the luminescent system of Aequorea, a jellyfish which occurs in great 

abundance every summer in the Pacific Northwest. Previous studies by Harvey 

and others (cf. Harvey, 1952) had always failed to yield extracts that would 

give a light emitting reaction in vitro; in fact, as Harvey noted, there 

appeared to be no means of reversibly inhibiting the reaction. When the photo¬ 

genic tissue is placed in a solution of saponin or even distilled water alone, 
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Table II
V, Table 1.) Fluorescence emission maximums (nanometers) and intensities (in arbitrary units 

shown in parentheses) for luciferin and reaction producu, at 2 X at 25°C, measured,
at the indicated wavelength, with an Aminco-Bowman ipectrophotofluorometer.

Solvent
Luciferin 
430 nm 

(nm)

Oxyluciferin 
360 nm 
(nm)

Etioluciferin 
360 nm 

(nm)

O.OSM Sodium phosphate- 
O.IM NaCl, pH 7.4

53S(17) 510(1) 503 (5)

n-Butanol 535 (18) 477 (103) 470(180)
O.OSAf Sodium phosphate— 

O.lAf NaCl. pH 7.4 with 
6 X 10-*M luciferase

535 (18)* 465 (lOO)t 480 (65)

* In the presence of sodium hydrosulflte to stop the luminescence reaction. (Visual observation indi­
cated similar results srith a vacuum.) tThe solvent, containing luciferase (4 X tO-*M), was chilled 
in a cuvette to 0"C, and measurement was made within 10 seconds after osyluciferin was mixed in, 
to minimiie error due to hydrolysis to etioluciferin.
(Table l) in Shinomura, Johnr.on, anl Kohama's article in 
SCIENCE, n June 1969. volume 164. pages 1299-1300

, tuciferasn •NHCORy
+0C2+ hy

Ovluclferln

Ri ■ 3-lndolyl
Nt - -{CHs)i,NHC(4MI*fe
R,-cH(oyov3(, +nfiocH

Fig. 2ti EUoluclfenn
(Fig. 1.) Degradation of luciferin by 
luciferase. (Fron Shiinonura at al, 
Science,164. p, 1299, 1969)
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and even when dissolved oxygen has been rigorously removed, a bright flash 

of light results at once, and that's the end . On the other hand, when such 

tissues, or whole organisms, are placed in the sun they dry to an extremely thin, 

gelatinous film which emits light, though rather weakly, when moistened with 

water. The author was attracted to this chemically unknown system primarily 

because of the two properties, first, that the system was at least somewhat 

stable to drying, and second, that it could emit light in virtually the 

complete absence of oxygen, an unusual property, indeed, among bioluminescent 

systems. In addition, the luminescence was impressively bright and the 

potential supply of specimens was practically unlimited. 

The author spent the summer of 1959 at the Friday Harbor Laboratories 

of the University of Washington, on San Juan Island in the Straits of Juan 

de Fuca, experimenting with Aequorea. Consistent with previously reported 

results, no method was found that would yield luminescent extracts. On the 

other hand, it was found possible to reversibly inhibit the light-emitting 

process by high concentrations (of the order of 6 molar) of urea and certain 
other agents, including 60 to 70% saturation with (^4)2804, and including 
acid at certain ranges of coitettration. Such experiments were carried out 

with a "brei" obtained by first excising the circumoral ring containing the 

photogenic tissue, then squeezing a number of such rings through a pocket 

handerchief. The brei would emit a dim luminescence when left standing for 

as long as hours, but would give a bright luminescence when poured into 

distilled water. The initial light could be extinguished at once by adding 

urea or ammonium sulfate. With the latter, the tissue would then settle 

out, much as if precipitated in the manner of a protein from solution. The 

salt solution could be decanted and the residue, conveniently concentrated 

in this manner, gave a very bright flash of light when distilled water was 

added. Moreover, this light was green, resembling the light emitted from the 

intact photogenic organs, in contrast to the distinctly blue light of the 

slime that can be rubbed off the living specimen. As we now know, the green 

light must have indicated the presence of the "green fluorescent protein" in 

close association with the primary light-emitter. The probability, therefore, 

is that neither component was actually in solution, but that the two were 

still bound within the photogenic organs (or organelles ?) or else held 

together somehow in the close proximity required for an intermolecular 

energy transfer (Morise, Shimomura, Johnson and Winant, 1974). 

The active component responsible for luminescence in Aequorea was 

successfully extracted in collaborative work of Dr. Shimomura and the author 

in the summer of 1961 at the Friday Harbor Laboratories. It was thought at 

first that it was a "luciferin-luciferase system" because a mild (acetic) 

acid extract of the circumoral rings could be neutralized and would then 

emit light on addition of boiled jellyfish tissues. However, it was found 

that tap water would elicit a luminescent reaction from such extracts. 

This led to the testing of every inorganic salt in the laboratory stockroom 

for activity of the sort shown with tap water. It was soon learned that only 

calcium or strontium salts showed any activity. The idea followed that the 

light emitting reaction could be inhibited by chelating these salts during 

the extraction, and EDTA was indeed found to be effective in this way. The 

yield was thus increas -d several fold over that of the acetic acid method. 
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With the aid of column chromatography on DEAE cellulose a pure protein 

was finally obtained. It responded with luminescence to the addition of 

calcium salts in amounts that were equal to or in excess of the moles of 

EDTA present during isolation. To all appearances, it was a single organic 

cojpjonent system whose light was triggered by Ca , or to a less extent 

Sr . No enzyme activity seemed to directly involved, and quantitatively 

the same amount of light was omitted in solutions equilibrated with pure 

hydrogen, pure oxygen, or air. The protein w»s named aequorin (Shimomura, 

Johnson and Saiga, 1962), and later referred to as one of several systems, 

including those of the paddleworm Ct aetopterus and the shrimp Meganyctiphanes 
as a type of "photoprotein". (Shimomura and Johnson, 1966). 

Because of the combined circumstance of the practically ubiquitous 
presence of calcium (as a constituent of glass, or as a contaminant in 

pure chemicals and in distilled water)and the extraordinary sensitivity 

of aequorin luminescence to traces of da^, misleading results may be 

easily obtained with respect to the specificity of the aequorin reaction, 

unless rigorous precautions are taken to avoid spurious results, e.g., 

using only acid-washed plastic vessels, pipettes, and specially purified, 

de-ionized water distilled in a quartz still, etc. Thus some of the 

results reported by Izutsu et al (1972), to the effect that a variety of 

metal ions were active in triggering the luminescence reaction, were 

apparently due to insufficiently controlled sources of error such as those 

mentioned above. On the other hand, at certain hydrogen ion concentrations 

and concentrations of divalent cations, a few ions other than Ca^+ and Sr^ 

have been found active (Shimomura and Johnson, 1973). Thus at pH of 6, 

but only to slight extent at pH of 8, Pb2+ and Cd2+ showed considerable 

activity. At pH 6, the rare earths, and La had activities almost 

as great as Ca , but at higher concentrations and pH 8 the rare earths 

showed quenching activity. The use of aequorin to test for Ca2+ in biological 

systems, as suggested by Shimomura, Johnson and Saiga (1963), can be relied 

upon for specificity if the pH is regulated to between 7.5 and 8.0, and if 

rare earth metal ions and Sr2+ are absent, Figs. 28, 29 and 30 illustrate 

examples of the use of aequorin to detect Ca2* in biological systems. 

Considerable time and effort were spent investigating the properties 
of pure aequorin and mechanism of the light emitting reaction (see 

Shimomura and Johnson, 1969, 1970, 1972, 1973, 1975a, 1975b; Shimomura, 

Johnson and Morise, 1974; Morise, Shimomura, Johnson and Winant, 1974). The 

details can be found in the references just cited; it seems appropriate 

to mention only a few salient aspects here. They may be brief1: summarized 
as follows. 

First, the "green fluorescent protein" or "GFP", intimately associated 

with aequorin in the photogenic organs, was separated and crystallized 

(Fig. 31). It evidently occurs in the form of polymers of a monomeric 

form with molecular weight 17,000. When co-adsorbed with aequorin on DEAE- 

eelluiose or DEAE-Sephadex, the energy of excitation, following addition of 

Ca , is transferred by F8rster-type mechanism to GFP. which then radiates 

with an emission spectrum identical to that of the luminescence reaction 

vivo (Fig. 32). Substantial evidence indicates that the same energy transfer 

takes place in vivo, accounting for the green light observed in the photogenic 
organs, rather than the blue light of pure aequorin iji vitro. This noteworthy 

situation, especially because it is the only example, except for photosynthetic 
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systems, where this so-t of energy transfer has been proved to take place 

in a living organism. It is interesting to note, further, that the energy 

transfer that occurs from excited aequorin to a fluorescent molecule such 

as FMN co-adsorbed with aequorin on DEAE-cellulose or DEAE-Sephadex results 

in an emission spectrum charcteristic of the fluorescent molecule (Fig. 32). 

For some time it was thought that the light-emitting reaction of 

aequorin was irreversible due to destruction of the protein moiety of the 

system. Normally the reaction is irreversible, but it now seems that this 

is not due to destruction of the protein but rather to destruction of a 

much smaller molecule attached to the protein and being the actual light-emitter. 

Determination of the structure of this group has revealed some surprising 

similarities in the chemistry of luminescent systems among coelenterates 

(Fig. 33), and extending in part even to crustaceans, specifically the 

ostracod Cypridina and to molluscs, specifically the cephalopod, Watasenia 

and also to fish (Parapriacanthus). Among coelenterates, two types of 

systems occur, with varying significance from a quantitative point of view: 

(1) , photoprotein type, which can generally be triggered by Ca2+, and 

(2) , a luciferin-luciferase type. Aequorea contains luciferyl sulphate, 

as in the sea pansy Renilla, but Aequorea lacks luciferase. The functional 

system in this latter organism is therefore entirely photoprotein. In 

certain other species, however, the two types of systems appear to be 

equally important in production of light (Cavemularia), whereas in still 

others the luciferin-luciferase type apparently predomonates (Renilla) 

(Table III). The product in the light-emitting reaction, viz., 

2-(£-hydroxyphc:nylacetyl)amino-3-benzyl-5-(£-hydroxyphenyl) pyrazine, is 

the actual light-emitter, whether it occurs in a Ca^+-triggered photoprotein 

type of luminescence or in a luciferin-luciferase type. This product is 

structurally identical among the different classes of coelenterates: 

Hydrozoa (Aequorea), Anthozoa (Cavemularia, Renilla, Leioptilus) and very 

likely also the Scyphozoa (Pelagia) (Shimomura and Johnson, 1975b). 

2+ 
The reaction pathway in the reaction triggered by Ca is diagrammed 

in Fig. 34, where YC stands for a yellow compound which has been isolated 

but which has an as yet unknown structure. When coelenteramide (Fig. 33, la) 

is added to a spent reaction mixture, the protein moiety of spent aequorin 

acts in the manner of an enzyme and regenerates active, calcium-triggered 

aequorin. The regeneration requires the presence of molecular oxygen but 

not calcium. In the absence of calcium the regeneration reaction continues 

over a long period of time, resulting in a gradual accumulation of aequorin. 

If calcium is present during regeneration, it is consumed in the light-emitting 

reaction as fast as it is regenerated. Since the regeneration process is 

very slow compared to the light-emitting reaction, the result, when Ca^+ is 

present, is a long-sustained, dim glow of light (Shimomura and Johnson, 1975c). 

The coelenterazine used in these experiments was purely synthetic, kindly 
furnished by Drs. Goto and Inoue of Nagoya, Japan. 

This is where the aequorin problem stood at the termination of the 

control. The mechanism of the triggering of luminescence by calcium, as well 

as the structure and precise role of the yellow compound YC remain to be 

elucidated. Further research will be limited by availability of specimens 

of Aequorea, for which there are no definite prospects at the moment. 



Figure 33 

Lop;eni: 
la Coelenteranide (the li^ht-emitter) 

b Oxyluciferin of Cormier 
c. "AF-350" 

Ha. Chromophore of native aequc^rin 
b. Venilla luciferyl sulfate (Cormier) 
c. Bnol sulfate of coelenterazine (Ilia) 

Ilia. Coelenterazine (skeleton resembles Cypri-iina 
b. Venilla luoiferin (Cormier) 

9 
lb R= -C-X 

Ic R= -H 

R2 = -protein 

üb R, = -X 
R2 = — S O3 

Día R 

Sib R 

Fiç. 33. 

luciferin) 



-48- 

AEQUORIN B F P 

( n ) 

Fig. 34. Luminosoenoa reaction pathway and regeneration of the photoprotein 

aequorin. (From Shimomura and Johnson, 1975c, Fig. 1). 

light 
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TiwJL¿ III* 

Amount of Ca^ -triggered luminescence activity, compounu lie, 

and compound la extractable after in vivo luminescence, in coelenterates. 

Species 
2+ 

(g) in vivo 

(photons) 

luminescence 

(nmol) 

Body weight Luminescence Ca -triggered Compound lie Compound I.:, 

b , ,-c (nmol) after in vivo 

luminescence 

(nmol) 

Acquorea aequorea 0.6 9 x 10 

Cavernularla obesa 30 3.5 x 10 

Leloptilus 70 f 

(Ptllosarcas gruneyi) 

Renilla mlillerl 6 f 

Rent11a kollikerl 5 f 

Stylatula-llke species 5 0 

(nonluminescent) 

Leptogorgia virgúlate 10-40 0 

(nonluminescent) 

13 

14 e 

0.7 

1.5 

0.7 

0.14 

0.07 

0 

0.03 

2 

2.8 

1 

0.6 

0 

0.6 

6 

16 

0.5 

0.3 

0 

aData for a single average-sized specimen of each species, it, the contracted state. 

bBy stimulation with KC1, without mechanical stimulation. 

luminescence due to photoproteins and luciferin binding proteins are included in these data. 

Quantum yields of all Ca-triggered luminescence reactions are assumed to be the same as that 

1A 
of aequorin, i.e., 1 nmol emits 1.3 x 10 photons (2). 

dThis refers only to a thin strip cut off from the margin of umbrella. The weight 

of a whole body is approximately 50 g. 

eThe sample was pigmented and not transparent, thus a considerable loss of photons 

due to absorption would be expected. 

fData not obtained due to inadequate excitation by KCl. 

)f ;>hir.-> n r. r. 197ó|a . 
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E. The "paddle worm" Chaetopterus 

This is a marine annelid worm which lives in self made, parchment¬ 

like tubes on the sea floor, often entangled amongst algae and other growth, 

where they are collectable by SCUBA divers a few feet below the surface. 

A more or less steady stream of sea water is swept through the tube, bringing 

in dissolved oxygen, particles of food, and sweeping out wastes. Two types of 

luminescence are present, both of which can be quite bright when observed in 

individuals removed from their tubes: one is a luminescent slime secreted 

from the aliform notopodia near the anterior end, the other is a luminescent 

flash, not accompanied by noticeable secretion, emitted from the tips of the 

paired notopodia on each of the segments extending posteriorly throughout 

the length of the body. This species is one of the outstanding difficulties 

in accounting for a useful function of the property of luminescence, since 

the tube in which the worm lives provides a thick, dark shade against the 

light being easily visible from the outside, at the same time that it offers 

something of a protective shelter for the animal inside. 

Attempts to demonstrate a luciferin-luciferase reaction with hot and 

cold extracts of the luminescent tissues, and in other ways, by the present 

author and others met with the usual failure. Information as to the 

biochemical nature of the system was sought in a study by the author in 

1955 at the Hawaii Marine Station, Cocoanut Island, Honolulu, using a small 

variety of Chaetopterus variopedatus whose tubes had to be hewn from coral 

rock in which they were embedded. This study was based primarily on experi¬ 

ments with the secreted slime, inasmuch as this was the only way to obtain 

practically cell free luminous material at that time. A drop or two of such 

slime could be obtained on repeated occasions from a single individual, 

simply by mechanically stimulating while holding the specimen just above 

the mouth of a suitable receptacle. 

The light of sucn slime decayed with a half time of only a couple 

of minutes at room temperature, but this was not too fast to test the 

effects of a variety of factors on it. For example, if the freshly secreted 

slime were added to one or more volumes of ammonium sulfate the light was 

promptly dimmed, but it would brighten on dilution with distilled or sea 

water, then decay giving a total light roughly equal to a similar specimen 

that had not been treated with ammonium sulfate. The addition of factors 

that favorably influence the luminescence of bacterial extracts, i.e., 

DPiy^MN and DPNH, separately or in combination, had little effect on the 

luminescence of the secreted slime, but small concentrations of decaldehyde 

or 8 volumes of distilled water caused considerable increases in rates of 

decay of luminescence at the cost of total light produced. The rate of 

decay of light in slime initially caught in a small volume of 0.4 M urethane 

did not appear to be greatly affected, though it seemed faster than similar 

specimens in sea water. On addition of 2 volumes of sea water, however, 

the brightness quickly increased several fold, then resumed decaying. The 

kinetics of decay was never more than roughly first order. This fact, plus 

an inability to obtain identical specimens of slime by the available procedure, 

makes quantitative data of limited signficance only. However, experiments 

involving dilution with water, with spent slime, etc. offered no real evidence 

of dealing with an enzyme substrate system in the usual sense. Reversible 
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inhibitions of brightness, by urethane, for example, were suggestive of 

action on an enzyme svstem, but the fact that the same agents that reduced 

the instantaneous brigi *-ness might cause an acceleration in rate of decay 

argues against a lucifenn-luciferase system as being the basis of this 

luminescence. It should be mentioned in passing that diisopropylfluoro- 

phosphate ("DFP") in final concentrations of 0.0002 to 0.0017 M caused 

sudden decreases in brightness, followed by sudden increases on addition 

of an equal volume of sea water. The evidence was not sufficient to conclude 
that this drug caused a reversible, i.e., by dilution, inhibition of luminescence 

as was found with bacterial luminescence (Johnson and Plough, 1959). 

Investigation of the pressure-temperature-inhibitor relations of luminescence 

in both secreted slime and in electrically stimulated, excised notopodia 

(Sie, Chang and Johnson, 1958) gave some interesting results without, 

however, yielding any clear evidence of any direct involvement of luciferin- 

luciferase system in the process of light production. The same is true of 

an investigation from the same point of view in regard to the luminescence 

system of the ctenophore Mnemiopsis, in homogenates ("Squeezates") of whole 

specimens, and in electrically stimulated, excised portions containing 2 to 4 

comb plates from the meridonal canals (Chang and Johnson, 1959; Johnson, 

Eyring and Chang, 1959). These studies, of course, were prior to the 

discovery of the photoprotein type of system in Aequorea. 

Successful extraction and purification of the Chaetopterus system had to 

await adequate supplies of suitable raw material and a feasible method of 

reversibly inhibiting the activity of the luminescence system during the 

process of extraction and purification. The most likely favorable raw 

material seemed to consist of the aliform notopodia, and the only sure way 

to reversibly inhibit the luminescence reaction seemed to be to exclude 

oxygen. Both aspects guaranteed a troublesome procedure, but the procedure 
adopted involved them inasmuch as there seemed no alternative at that time. 

Specimens of Chaetopterus available from Woods Hole or other East 

Coast suppliers were quite large and quite expensive. Fortunately, although 

the West Coast specimens in the Los Angeles area were much smaller, they 

could be obtained in large quantities at much less expense, and shipped by 

air to arrive within half a day at Newark Airport. Upwards of 10,000 specimens 

were obtained in this manner for the study. On arrival they were processed 

as promptly as possible as follows. Each specimen was removed from its tube, 

cut open with a pair of scissors. The aliform notopodia were cut off and 

placed at once in a cellophane bag on dry ice. Several helpers had to be 

employed for this task in order to complete it in the short time before the 

specimens went bad. The initial steps in extraction, including first of all 

homogenizing an aliquot of tissues, were carried out in an oxygen-free 

controlled atmosphere box. Details of the procedure and requirements for 

luminescence, which included a peroxide as well as oxygen, are set forth 

in the paper by Shimomura and Johnson (1966). The originally exceedingly 

troublesome procedure was later replaced by a somewhat more convenient 

method, when study of the pure system revealed the requirement of ferrous 

iron for light emission, and the use of oxine (8-hydroxyquinoline) to 

reversibly inhibit the luminescence process by chelating the iron. With the 

aid of precipitation by ammonium sulfate and other conventional methods, the 
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active material was finally purified and crystallized (Fig. 35, Shimomura 

and Johnson, 1968). It turned out to be a photoprotein in that the total 

light was found proportional to the amount of protein involved, and in 

that no enzyme action appeared to be directly involved in the luminescence 

reaction itself. However, because of significantly decreasing activity 

with increasing purification, the need for cofactors in the complete system 

was suspected. Two were found: (1), a macromolecule resembling a nucleo- 

protein, and (2), a substance present in impure extracts and also in partially 

purified preparations of hyaluronidase, with properties of a lipid. Thus, 

the complete system requires the specific photoprotein, plus ferrous iron, 

oxygen, 2 organic cofactors, and a hydroperoxide. The kinetics and total 

lights encountered with varying concentration of the above components were 

found to be complicated and unsatisfactory for arriving at a clear and 

convincing reaction scheme, which obviously depends now on future investi¬ 

gations . 

F. The deep-sea euphausiid shrimp Meganyctiphanes norvegica. 

This species occurs in great abundance in certain parts of the world, 

living at considerable depths of the sea or at the bottom of fjords, and 

coming up towards the surface at night. It is known by the common name 

"krill", a chief source of food for whales in regions where the two occur. 

All the euphausiid shrimps are luminous, with the single exception of 

Bentheuphausia. foreover, the light-producing organs are perhaps the most 

highly evolved of any type of luminescent animal; they are so complex and 

precise, in fact, that it is difficult to believe that they do not subserve 

some important function whatever it may be. The photogenic organ has parts 

analogous to certain parts of the vertebrate eye, including a large lens 

with muscles attached in a manner suggestive of providing a means of focusing, 

a pigment layer at the back, a reflecting layer, and a large number of very 

precisely formed and oriented "rods" which conceivably take part in converting 

the bioluminescence into the form of a laser (Bassot, 1966). 

Some preliminary studies of this species were made at the Kristineberg s 

Zoological Station, Fiskebäckill, Sweden, which is located near the mouth of 

Sweden's only true fjord. Although this fjord abounded with specimens of the 

luminescent sea pen Pennatula phosphorea (which we were also interested in 

studying), it was soon evident that the number of specimens of Meganyctiphanes 

obtainable locally would be far too few to undertake any extensive investi¬ 

gation from a biochemical point of view. Through Dr. Bertil Svedmark, 

Director of the Kristineberg Laboratory, however, we learned that a much 

larger quantity of the desired specimens might be obtained at the Norwegian 

laboratory in Bergen, or at the Scottish Marine Laboratory at Millport, Isle 

of Cumbrae, near the mouth of the Clyde River. The latter was not far from 

the International airport at Presswick. Arrangements were made whereby frozen 

specimens would be sent from Bergeo to Presswick, to be picked up there. In 

the meantime, Dr. Shimomura and the author spent a few days at Millport, 

practically directly on the way of the return trip to the U.S., and with the 

very generous cooperation of the Scottish Marine Biological Association staff 

of the Millport Laboratory, succeeded in collecting some 10 kilograms of 
Meganyctiphanes, preserved with dry ice almost from the moment of collection. 
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Specimens were also received as planned from Bergen, Norway, but they were 

not so suitable for the purposes in view because they had apparently been 

stored for some while in a freezer, whereas dry ice was required in order 

to preserve the suspended activity of the luminescence system. Despite 

some near disasters, due to breakdown of the taxi en route to the airport, 

and to delayed flight schedules, the Millport specimens were transported 

successfully to Princeton, where the light-emitting system was extracted 
and characterized. 

As already intimated, this system turned out to be the third 

example we had found of a photoprotein type (Shimomura and Johnson, 1967). 

Like all bioluminescenee systems, so far as is known, the Meganyctiphanes 

system involves a specific protein, in this instance apparently in the 

form of polymers of a monomeric unit of molecular weight about 200,000. 

The polymer was separated by gel filtration into 2 components, the first 

with molecular weight of 900,000 and the second of 360,000, the former 

possibly representing a dimer or trimer of the latter. The quantum yields, 

i.e.(number of photons emitted)/(number of photoprotein molecules reacted), 

based on the above molecular weights amounted to 0.55 for the first component 
and 0.22 for the second (Shimomura and Johnson, 1968). 

An utterly amazing aspect of this system is the role of a relatively 

low molecular weight, diffusible fluorescent molecule separated out during 

the course of purification. We have referred to this component simply as 

the fluorescent molecule", or "F" for short. The luminescence reaction began 
at once on mixing a solution of "F" with the photoprotein. The evidence is 

that F is the light-emitter, with a fluorescence emission spectrum corres¬ 

ponding exactly in its peak intensity to that of the bioluminescence maximum, 

and with a closely similar distribution of intensities as a function of 

wavelength (Fig. 35). The most extraordinary feature is that the quantum 

yield of the fluorescent substance is 10 or more, showing that it recycles. 

Thus, this system appears to be just the opposite to that of an ordinary 

substrate-enzyme system wherein a protein molecule recycles in the process 

of catalyzing the chemical alteration of a much smaller, diffusible molecule; 

in this luminescence system, the smaller, diffusible molecule recycles as 

the protein decomposes, presumably thereby furnishing the energy for the 
light that is emitted during the process. 

The Meganyctiphanes photoprotein is extraordinarily unstable at 
ordinary temperatures and even at 0°C. The luminescence reaction is 

extraordinarily sensitive to pH. In regard to the latter property, in 

phosphate buffer the maximum initial intensity on mixing photoprotein and 

fluorescent substance took place at a pH close to 7.6. Under similar 

conditions but at pH of 7.3 practically no light at all was produced 

(Shimomura and Johnson, 1967). The mechanism of the luminescence reaction 

and the chemical structure of the fluorescent substance remain to be elucidated. 

At the moment, some of the important properties of the system, and a good 

method of extracting and purifying the essential components have been 

established. The essential components for light emission include the photo¬ 
protein, the fluorescent compound, and oxygen. 
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G. Odcntosyllis enopla 

This species of a marine polychaete annelid worm is indigenous 

to the waters around Bermuda and some other regions of the West Indies. 

It is said to have been seen by Columbus in the 1490's. If so, he must 

have been on the look-out an hour or so after sunset during the first 

few days following a full moon, as that is the only time when the 

specimens are visible at the surface. They are there in numbers for a 

period of not more than about an hour on such occasions, although local 

observers say that a few specimens may appear in early evening throughout 

the month. Swarming at the surface after each full moon no doubt is 

related to the breeding habits, but not all species of Odontosyllis seem to 

share this property of lunar periodicity, e.g., 0. phosphorea which was 

prevalent in the Pacific Northwest some years ago could be found at any 

time during the month in roughly similar abundance, according to the 

observations made at Nanaimo, B. C. For unknown reasons, these worms 

seem now to have disappeared from their former habitat in that region. 

To collect specimens in Bermuda, the only feasible method devised 

so far involves enlisting the cooperation of as many people as possible 

to go out in small boats at the strategic times, armed with hand nets and 

flashlights. The female worms appear at the surface and swim around in 

circles, emitting a luminous blue green slime. The light attracts the 

males, which are much smaller in size, about 1 cm long by about 1 mm in 

diameter. It seems, however, that the males cannot tell a female from a 

flashlight and they will swim just as readily towards the beam of a 

flashlight (or "torch" as it is called in Bermuda), much to the convenience 

of the collectors, who quickly scoop them up, hopefully several at a time, 

and transfer them to a bucket or tub of sea water in the boat. Back at the 

laboratory the specimens are concentrated on cloth in a large funnel and 

transferred to be quick-frozen on a layer of cellophane on dry ice. With 

luck and a large number of cooperating friends, a few grams of frozen worms 

can thus be obtained in one evening. 

With an estimated total of some 50,000 individual specimens, a 

very small amount of highly purified luciferin was obtained. Some highly 

purified luciferase was also prepared in a small amount. These preparations 

were sufficient to determine some of the chief properties of the system, 

including identification of the light-emitter, which as in various other 

systems turned out to be the product of the oxidative reaction (Fig. 36). 

An interesting observation also was that the product of the light emitting reaction 

catalyzed by Odontosyllis luciferase was the same, as judged by the 

fluorescence emission spectrum, as the product of oxidation of Odontosyllis 

luciferin catalyzed by OS2O4 plus H2O2, which was also accompa '.led by light 

emission (Shimomura, Johnson and Saiga, 1963). 

Reasonably convincing evidence was obtained that small concentrations 

of cyanide specifically activated the luminescence reaction in vitro. 

Dialysis of purified components resulted in loss of activity in a manner 

that could be restored by adding cyanide in a final concentration of between 

10“^ and 10-^ M (Fig. 37). Efforts to detect cyanide in homogenates of worms 
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were handicapped by the sensitivity of methods for detecting very low 

concentrations of cyanide. Suggestive, but not entirely conclusive, 

evidence for the presence of cyanide in such low concentrations was 

obtained (Shimomura, Beers and Johnson, 1964). 

At the present time, this system appears ripe for some definitive 

research on the structure of the luciferin and the mechanism of the light 

emitting reaction. The primary needs are, first, a supply of specimens, 

amounting to an estimated minimum of 500 grams (frozen), and second, 

financial support to obtain the specimens and carry out the experiments. 

A few grams were obtained in the fall of 1974 through the efforts of an 

undergraduate, Alex Knisely, in connection with his departmental senior 

thesis work. After keeping with dry ice for 4 to 5 months, tests for 

luminescence activity showed that it had decreased to about half the 

initial value. Some of the frozen material was sent to Dr. Y. Kishi at 

Harvard for chemical studies last fall, and the remainder of the material 

at hand has now been extracted for its luciferin in order to better preserve 

this component and to seek evidence concerning its chemical nature to the 

extent possible. 

IV. Sumnary of Extracted Systems and Reaction Schemes as of 1973-74. 

Tables IV md V provide a convenient summary of the various types 

of "luciferin-luciferase" systems and "photoprotein" systems, respectively, 

as they stood in the period 1973-74. Complete references are available 

in their source (Johnson, Eyring and Stover, 1974). Since these tables 

were compiled, notable advances have been made towards elucidation of the 

luminescent systems of coelenterates, as indicated in the text of the 

present paper, and in detail in papers by Shimomura and Johnson, 1975. 

More specifically, it should perhaps be mentioned explicitly here that 

certain coelenterates apparently have both types of luminescence, one 
seeming to conform to the concept of a luciferin-luciferase type, referred 

to in Table IV as "Enzymic Luminescence", and the other referred to in 
Table V as "Photoprotein". In certain instances, e.g., the hydrozoa, the 

photoprotein type predominates, or at least it is vastly more significant 

from the point of view of brightness and total amount of light produced. 

Among the anthozoa, the relative importance of the two types of luminescence 

varies with the species, in some instances they seem to be about equal. It 

should perhaps be pointed out explicitly also that a fantastic similarity 

in structure of the light-emitting molecules among the coelenterates, 

including the active moiety of photoproteins, has been recently discovered 

(Shimomura and Johnson, 1975), and that the same skeleton is found in the 

product of the light-emitting reaction of luminescent species that are 

as remotely related biologically as coelenterates, ostracod crustácea, 

cephalopod molluscs, and teleost fishes. 

Figure 38 diagrams the reaction schemes of various systems about 

which sufficient chemical information was available in 1973-74 to propose 

a definite scheme including at least partial chemical structure of some 

of the essential reactants. As in the tables, some updating of the reaction 

schemes is now desirable, especially in regard to the coelenterate Aequorea, 

and probably also some modification should be made in the dioxetane pathways 
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rep resen ted. Among impressive aspects of this figure, in any event, is 

the widely distributed essential components containing a pyrazine group 

N; 

0 
It is perhaps significant that amino-pyrazines, in particular, have 

apparently never been found in nature except in compounds essential to, 
or associated with, bioluminescent systems. 
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TABLF !?•

Enzymic BMu Ke—Synopals of Extracted, Cell-Free Luciferin-Luclfcnise Systems'*

Type of organism and 
3^>ecific examplc(s) Luaferin

Molecular
weight Uiciferase

Molecular
weight

Additional
requirements

Light*emiumg
moleculeis) Quantum yield^

A. BACTERIA AND FUNGI 
1. SCHIZOMYCETES VSnoUS 

species: Phorobactehum 
/itchtrrt, Ph. phosphurrum

R-CHO — Pure

2. U>siDioMYCi TLs various 
species: Arm. 'hma. CoHybia, 
Ontphaha. etc.

B PROTOZOA
DiNOf LAGbLLATb 
tjtmyiUiia x •

Soluble system 
Particulate system

C. COI LENT MRAllS 
Amiio/oa 
Pi nnail 1 Ai'ivs 

1 .11

Hi’iullu*
/ tUupHlUM*
Pftltuitulii'

I). ANNhUU WORMS
1. POIVCHALTL 0(loniot\'lhi 

("IlermuJa lirewoiiu")
2. Oi KKX'liAUI Oipbxurdta 

(earthworm)

Pure(?) Partly purified 
(partiGU)aie)

79.000 O}. FMNH,

O,

FMNH* FMN r< cycles 
R—C;iO; 0.17

Highly purine 
Highly purified

Highly purified 
Highly punfied

35.000 O2. salU
— 02.H*

Patlly puriftcd 
l*urc
Partly purified 
Partly |niiifa*d

Piirlly put died 
Pore
Partly purified 
Partly imrifud

la.uxr'
U^.llPA' 
O^.DPA' 
O,. DPA' 
O,. DPA*^

Osylticiicriii

Highly punfied 
Partly purified

Highly purified^ 
Parity punfied

O2. CN" 
H2O,

Oxylucifehn

1: MOl.LUSKS
1. Gasthopod Lana (limpet)
2. CcPHALOPOD Watesenia 

(“lireny squiJ'*)

pure Hignly purified 173.000 Oj. purple protein f lavin 
— Oj.AlP. Mg'* —

O.UI2i«*C)

F. CRUS1ACEA
I OSTHAroD OjinV/mo*

2 DrcAPOD Hoplaphorus 
c; iNsrcTS

IniioprruA L.impyndac 
and other families: various species: 
pfiotmux. P/HHuhs. and other 
fireflies

H HEMICHORDATES
Balanoflosms (•‘acorn worm**)

Pure

Nearly pure^ 
Pure 2S0

Pure

Highly punfied^ 
Pure

53.000

150.000

100.000'

O.

O,

O,. AT M, Mg'*

Oxyluciferin-L-tse
Complea

.3<25T>

Oxylucirerin 0.9 (pi I 7.8)

Partly purified

I. VERTEBRATES* 
(TCI.EOST FISHES)

1. PhMruHRiO. Perapria- 
canthus

2. AroooNiD; Apogon

Partly purified 
(peroxidase)

— H,0:

3. Batraciioid. Porirhthyi

pure (same as F.l) 
Partly purified 
Partly purified

Partly purified. 
Partly purifiecF 
Partly purified ^

O,

O,

Presumably same Ihcsumably same 
as F.l as F.l

Presumably same Presumably same 
as F.l as I* I

Presumably s.imc Presumably same 
oaF.I as F.l

•Somewhat modified and updated from F.H. Johnson and Shimomura (1972a. pp. .102-303).
* Photons cmilied per molecules reacted.
'I uiirrnti nnd liicifer.sse inicrchangenble in iuminrscciice reaction.
^Monomer “Native" Rtnilta iucifernse may have a molecular ueighi of 34.000.
'3 . 5* Diphosphnadenosine (DPA) and a suifnkinase arc normally needed in order to form active luciferin from luiifcryMulfaie.
^Only esiremety smalt quantities have become available due to lack of raw matenal
■Unpublished data from expenmenis by O. Shimomura at Uo/u. Japan. 1970. Ccll*frcc. active sotiilions were obtained, but scp.-iraie vduiions of liicifenn an<t liicifrrasc wetc 
not <tbi.iincil in these experiments.
■l.utifcnn and lucifcrasc compi»ncnta from all these sources react mtcrchangcbly. giving a luminescence reaction.
*Molccul.ir weight of monomer 50.000.
^Luciferascs of Apogon and Cypndma arc immunologically distinguishable.

• Table 2.2, pp. 94 & 85, in Johnson, -lyrir.g ani Stover,(1374).
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TABLE 7* 

Synopsis of Extracted, Cell-Free Photoprotein Systems 

Type of orjaniiwi und Molecular Additional l.ighl-emilling 
specific rxample(s) Photoprotein weight requirements molecule 

A. COF.LENTF.RATES 
!. Hyorozoa: 

Àriftiiirra (medusae) 

UMia, etc. 
(hydroids) 

2. Scypiiozoa: 
Pelagia (medusae) 

D. CTENOPHORES 
Mnemiopsis 

C. ANNELID WORMS 
Chacloptcnu 

D. MOLLUSKS 
Pi.i.ECYPon: 

Pholas 

E. CRUSTACEA 
liuriiAusiiDsiiKiMi': 

Mcganyctiphancs 

Pure prolein 20,000-31100IV'■‘, CaJ+ 
(acqiionn) 

Partly purified -20.000(^ CaI+ 

Partly purified -20,000(7)* a1+ 

Partly purified - 20,000(7)* CaI+ 

Blue-fluorescent 
protein produrt 
with 3 CnJ ' 

Pure proteins, in 
an amorphous and in 
a crystalline form 

Highly purified 

120,000 (amorphous) Oj, Pc1*, hydroperoxide, 
180,000 (crystalline) and two organic cofactors 

A second protein from 
47,500 P/io/a*;orFes++HjO,; 

or Pe2* +complcxing 
agents (POj*. CN ", 
or EDTA) 

Highly purified: 
monomer and dimer 
or trimer 

360,000 (monomer) 
900,000 (dimer or 

trimer) 

Separated fluorescent 
substance “F” 

,.r.. 

(recycles) 

Quantum yield" 

0.23 (25°C) 

0.009 (Amorphous) 

0.014 (crystalline) 

(25<’C) 

Protein: 0 22 
0.55 

•^•’>10 

"Photons emitted per molecules reacted. 
'’The value of approximately 20.000 is based on gel-filtration data from studies by several authors Most of the available evidence favors a value of 

31.000 for acquorin (see Kohama, Shimomura, and Johnson, 1971). 
cThc molecular weight of the light-emitting moiety is 277; the molecular weight of the whole functional group in spent aequorm is 411 (Shimomura and 
Johnson. 1973d). 

♦(Table 2.3, p. 89, in Johnson, Eyring ani Stover, 1974). 
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Fig. 38 
fng Á/i Reaction mechanisms according lo the evidence and theories discussed in the text. (A) on analog of C'yprkhna luctferin: (0) Cypridimi 
lucifenn oxidation catalysed by CypriJina luciferase; (C) Renilla lucifenn (proposed partial structure) oxrdiicd wilh Ranlhi lucifcrase; (Ul the bacteria! 
system. The proposed partial structure of Renilla lucifenn (C) is shown as revised by Hori and Cormier (1973), as mentioned in the footnote on page 67. 

(E) the limpet taifa; (F) the photoprotein aequorin; (G) the firefly system, with alternative hypotheses indicated by the 
alternative pathways, with the two different structures, the upper formula having a dioxclane ring, and the lower one without the formation of this type 
of ring. The product shown in G has been synthesbed by Sueulri and Goto (1971) and established as the liaht emiitor I vidcncc to hr published 

by Shimoimira, Johnson and Morise In 1974 Indicates that In T, Caz+ reacts simultaneously wilh an Initial (native) chrninopbcre liasini: an imnlaro 

pyrazinc skeleton like that of Cyprldinn luclfcrin and with a yellow compound and a hydroperoxide group bound tightly ami closely adiau-iu in 
aequorin, and that the final products remarkably resemble those of the luminescent oxidation of Cyprhlinc lucifcrm. 

(Fig. 2.12, p. 103, in Johnson, Byring and Stover, 1374). 
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