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SURVEY OF BIOLUMINESCENCE RESEARCH
PERTINENT TO EXPLOSIVES DETECTION

I. INTRODUCTION

1. Background. The luminescence of living things is commonly known as bio-
luminescence and is best known in the firefly, glowworm , and many small creatures of
the sea. The ability to glow gives rise to the phosphorescence of the sea. A fairly large
number of groups of organisms in both plant and animal kingdoms are luminous , and
they are scattered in a rather haphazard way on the evolutionary tree of life from the
very simplest forms, mere single cells, to such complicated vertebrates as bony fishes.

Bioluminescence has been viewed as a special case of chemiluminescence.
Chemiluminescence has been viewed as a reaction mechanism in which the energy from
an exergonic chemical reaction is converted to light energy . The emission of light
following its selective absorption is referred to as luminescence. It is a general term for
the emission of light from a molecule following its excitation through the absorption
of any form of energy.

The most interesting and , indeed , necessary aspect of bacterial luminescence
is the low temperature at which It is produced. From the earliest observations of man ,
objects which gave off light without accompanying heat have excited his interest and
comment. Aristotle wrote , “It is the nature of smooth things to shine in the dark ;
e.g., the heads of certain fishes and the juice of the cuttlefish.” We know today that
he was referring to dead animals , all of which may light as a result of the growth of
luminous bacteria on the flesh , which is excellent culture medium. Even prior to
Aristotle , phosphorescence of the sea was compared to thunder and lightning.
Lightning was thought to be a result of an explosion in the clouds , while a similar light
attended the explosion when struck by an oar. Since then , many different and
recurrent explanations have been advanced for this striking phenomenon as science has
progressed. It is now certain that phosphorescence of the sea always comes from one
or another species of luminous animals: some are so small they can be detected only
with a microscope; some are large enough to be easily visible; many are of value for the
chemical study of light production. Three organisms have been of particular value for
chemical work: ( I )  A small marine ostracod crustacean , cypridina , (2) the firefly, and
(3) luminous bacteria also found in the sea. All of these can be obtained in large
quantities and prepared in various ways.

While many examples pertaining to specific species and reactions will be
given , these are not intended to include all such observations but , rather , are intended

Science , American Scientist 45 , 37 2-378 (1957).
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to illustrate the methods being discussed. To further delineate the scope of this review ,
several additional definitions are in order. Chemiluminescence is the emission of radia-
tion from a chemi-excited species; chemi-excitation is a process by which the excited
species are formed as a direct result of the formation of new chemical bonds.
Analogously, bioluminescence is the emission of radiation fro m bio-excited species,
and bio-excitation is the process by which the excited species are formed.

The biochemical pathway leading to the light emission in the sea pansy,
renilla reinfonnis , is fairly well understood. Lucifery l sulfate , an inactive storage form
of luciferi n , is converted to luciferin by the enzyme lucifenn sulfokinase. Luciferin is
oxidized in the presence of oxygen and luciferase (renilla) to CO2 and oxyluciferin in
an electronically excited state. Return to the ground state of oxyluciferin results in
the production of blue light. In addition , the structure determination and the chemical
synthesis of a biologically active form of renila lucifenn has been accomplished by
Hori and Corimer. 2

iajor problem in the study of bioluminescence has been in relating the in
vit r above , to the in vivo bioluminescence. The in vitro reaction produces a

naximum = 490-nanometer band half width = 78 nanometers) which is
ii to the in vivo green emission (maximum 509-nanometer band half width =
20 nanometers). The green in vivo emission has been postulated to be due to the
energy transfer from the electronic excited state of oxyluciferin to a second chro,
mophore. A protein-bound chromophore has been isolated from renilla which exhibits
fluorescence characteristics identical to the in vivo bioluminescence and , thus , must be
in the in vivo emitter.

In the hydrozoan , aequorea , bioluminescence arises from the interaction of
calcium ions and a protein , termed photoprote in luciferase , such as is found in
aequorea. Aequorea does, however , contain lucifery l sulfate and a green fluorescent
protein . A calcium-activated photoprotein has been extracted from renilla. The data ,
then , suggest that a common biological mechanism underlies the bioluminescence in
coelenterates The most recent finding of Hon and Corimer that a compound involved
in the luminescence of aequorea photoprotein is an integral part of the structure of
renilla luciferin reinforces this concept.

It is obvious from the above discussior. that the individual components of
the renilla bioluminescent system leading to light emission in vitro have been isolated
and studied separately. The organization of these compounds into a biological system

2 Kazuo Hon and Milton I. Cormier , “Structure and Synthesis of a Lucifenin Active in the Bioluminescent Systems
in the Sea Pansy (Renilla ) and Certain other Bioluminescent Coelentrates ,” Chemiluminescence and Biolumi-
nescence, Edited by M. I. Cormier , D. M. Hercules , and J. Lee, (Plenum Press : New York-London , 1973),
pp. 361.368.
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which exp lains the production and control of renilla in vivo bioluminescence remains
to be determined. The transfe r of energy from the excited state of oxyluciferin to the
green-emitting chromophore must require protein-protein interaction between the two
proteins involved. Furthermore, the existence of a calcium-activated protein in a cell
requires protection of that protein from cellular supplies of calcium ion.

2. Experimental Observations. Some of the earlier findings of bacterial lumi-
nescence are as follows:

a. Bacterial luminescence is a respiratory phenomenon that has an abso-
lute requirement for 02 . although luminescence is less sensitive to low 02 than respi-
ration (Eymers and Van Schouwenberg, 3 1937; Shoup,4 1929).

b. The light respiration is essentially cyanide insensitive (Harvey, 5 1920),
although various organic compounds , particularly napthoquinones , are strongly inh ibi-
tory to it (Spruit and Schuiling,6 1945; McElro y and Kipnis ,7 1947).

c. Ultraviolet light inhibits luminescence and shows a discrete “inactiva-
tion spectrum ” (Gerrasen ,8 191 5).

d. The light emitted is blue-green in color showing a band with a maxi-
mum at 500 nanometers for a number of species investigated (Spruit-Van de Burg, 9

1950) .

e. Luminescence shows a temperature dependence similar to that of many
respiratory processes (Johnson et al., ’ 0 1942).

f. Pressure-temperature studies show that luminescent systems behave as
a ty pical prot ein enzyme ; that is , bacterial luminescence is independent of oxygen
pressure at pressures of oxygen above I 0_b atmospheres. Temperature studies m di-

.1.6. Fy mers and K. L. Van-Schouwenberg, “On the Lu m inesce nce of Bacte r ia ,” Enzymologia. 1, 328-340(1937).

C. S. Shoup, “The Respiration of Luminous Bacteria and the Effect of Oxygen Tension upon Oxygen Consump.
tion ,” I. Gen. Physiol. 5, 265.275 ( 1929).

F . N. tlarvey. “Is the L uminescence of Cypnidina an Oxidation?” Am. J. Physiol. 51, 580-587 (1920).
6 C. 3. P. Spruit and A. 1. Schuiling, “On the Influence of Napthoqu inones on the Respiration and Ligh t Emission

of Photob acteriuni Phosphoreum ,” Rec. Tray . Chim . 64, 220-228 (1945).

W. 0. Mc Fl roy and 0. M. Kipnis , “The Mechanism of Inhib itation of Bioluminescence by Napthoquinone s ,”
3. Cellular and (‘a mp. Physiol. 30. 359.380 ( 1 947).

8 I- . C. Gerrct sen , “Die l inwirkung des Ultravio letten Lichtes auf Leuchtbakterie n ,” Zbl. Bakt . (Abt. 2)44 , 660.
661 ( 1915).
A. Spruit -Van de Berg. “I mission Spectra of Luminous Bacteria ,” Biochi m et Biophys Acta . 5, 175-178 (1950).

10 
~ ~ Johnson , I). I- . S. Brown , and 0. A. Ma rsiand , “A Basic Mechanism in the Biologit~) Effects of Tempera-
ture , Pressure and Narcotics ,” Scie n ce 95. 200-203 ( 1942).
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cate that an optimum temperature exists above and below which the intensity of lumi-
nescence decreases rap idly (Johnson ,” 1947 ).

g. The yield of lurninescence/0 2 consumed is about 1/ 100 to 1/ 1 ,000
(Van Schouwenberg and Eymers ,’2 1936).

h . Attempts to extract the active functionaries of the luminescent sys-
t~’m , to isolate the identity of its components , and to establish the mechanism and
kinetics of the light-giving substances have until very recent ly been unsuccessfu l and
not capable of confirmation.

Many strictly chemical reactions have been observed to emit light. Some of
those are :

a. Hydration of calcium and barium oxides and of calcium chlorides.

b. Oxidation in solution by hypohalogen (iodite , bromite , or chlorite),
perha logen , or acid pern iangnate as in the case of pyrogallol .

c. Oxidation of organic compounds by heating in air or by heating with
anhydrous alkali in air .

d. Oxidation of higher alcohols , aldehydes , fatty acids , amides , poly-
phenols , sugars , urea , albumin , and a large variety of biological and organic compounds
by ozone , oxygen , or hydrogen peroxide in alka!ine or alcoholic potassium hydroxide
solutions.

e. Action of oxygen or the halogens on vapors of the alkali metals , on
ammonia , on molten palmitic , and on stearic acids and their salts.

1. Neutralization of alkaline oxides with concentrated acids.

g. Cold flames: either vapor preheated to 260° C upon the admission of
air gives a bluish , low-temperature flame. Stearic acid at 280° C; oteic acid , olive oil ,
and paraffi n wax at 310° C; and sulfu r at 180° C also give low-temperature , visible
flames.

h. Gringnard reactions: the react ions between phenylmagnesium bromide
or iodide and chloropicrin.

F. II. Johnson , “Bacterial Luminescence ,” Advances in L nzymo l . 7, 215.264 ( 1947 ).
12 K. L. Van Schouwenberg and J. G. Fymers . “Quantum Relationship of Light-E mitting Process of Luminous

Bacteria,” Nat ur e 138. 245 (1936).
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i. Action of halogen vapors on mercury .

j. Reactions between sodium vapor and vapors of mercuric chloride ,
iodide and cyanide , cadmium iodide , hydrogen chloride , and potassium trichloride.

k. Oxidation in air of phosphorous , phosphorous trichloride , and freshly
cut surfaces of sodium and potassium at 70° C.

I. Oxidation of unsaturated silicon compounds.

m. Recombination of hydrogen atoms and oxygen molecules.

n. Bioluminescence: enzymed catalyzed oxidation by oxv;en of specific
substrate molecules in biological systems.

o. Anodic oxidation in electrolytic cells.

p. Thermal decomposition reactions.

Since the production of light in chemical systems arises from many sources
and parameters and since the origin of bacterial luminescence may be relat ed to a
chemical source , it is not possible to extrapolate from one luminescent system to
another or from the behavior of one lumine~cent organ to that of another. However .
since the emission of light by organisms is not restricted to any one group of animals or
plants , one is led to believe that the cause of luminescence is a chemical reaction funda-
mental to all organisms. Still , the blue-green glow emitted by various species of lumi-
nous bacteria has been for a long time a recurrent object of curiosity among biologists .
chemists , and physicists; more recently, possible applications of a practical nature have
advanced the study and investigations of the phenomena. The biologist has shown
interest in the evolution , selective advantage , and relation of the light pro duction to
other functions of organisms; the chemist concerns himself with the mechanism of
excitation , the chemical identity of the reacting molecules and their prod ucts . a nd the
kinetics of the reaction; whil e the physicist is primaril y interested in the energetic s and
kinetics of the process and the effect of well-d efined c~ivironm enta l variables on the
light emission. Aspects of all three technologies and some ot’ their effects on present-
day knowledge of biolu m inescence , including aspects of military applications , will be
discussed in this report .

Before I953 ,’~ ~ little had been known al out the chemical processes
13 B. L. Strehler , “Lu minescence in Cell-Free E xtracts of Luminous Bacteria and its Activation by l)PN ,” J. A m.

Chem. Soc. 75, 1 264 (1953).
14 B. L. Strehler and M. J. (‘onimer , “Facto rs A ffecting the Luminescence of Cell t ree I’ x tra ct s of the Luminous

Bacte rium Achromobacter F ischen ,” Arch. Bioche m. and Bi ophys 4 7 . 16-33 ( 1953).

5
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connected with the light production except to say that  a substance , luciferin , appeared
to be oxidized by dissolved oxygen in the presence of the enzyme . tciferase. Light
production resulted from this catalytic oxidation. It was chemiluminescence. In the
firefly, another compound , adenosinetriphosp hate , appeared to be necessary. More
recently, it has become clear that there arc many different luciferins in different
organisms and that these lucife rins are totally diffe rent organic compounds. Within the
last few years , (1961) the chemical structure of the luciferin complex has become
known , a second type of luciferin has been isolated in the pure state , and both the luci-
fern and the luciferase of the firefly have been obtained in the crystalline fo rm
(Figure 1).

Whit~ in L ight& Life, W . D. McElroy and
/ ~~ H B. Glass , Eds., Baltimore : The Johns Hop-

HO S’ kins Press , 196 1,p. 183.)
H

These discoveries have placed the chemistry of light production on a fi rm
foundation and have made it possible to discuss the beginning and the evolution of
bioluminescence in a logical and satisfactory manner. What follows immediately is a
presentation on the latest views on the origin and mechanism of bacterial li ght emission.

Chemically, bacterial luciferin appears to be an aldehyde complex of dihydro-
flavin , mononucleotide (FMNH 2 for short) (Figure 2).

CH 3~~~~f”~~~~ 
N

CH ‘
~~~‘“~~~N 

,,NH Figure 2. Derivation of FMNH 2.

F lavin

OH
H H H  H H H  I

CH 2 — C— C— C— CH 2 — OH CH 2 —C— C— C— CH 2 OP=O
H H H  OH

Riboflavin Ribof lavin- 5’-Phosphate (FMN)

6 
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The compound is allied to riboflavin , which takes part in one of the
imçortant steps in oxidation of foodstuffs in the cell. Bacterial luciferase appears to
belong to the group of flavin enzymes also important in cell respiration. The aldehyde
must be a long chain containing more than six carbon atoms. If FMNH 2 and aldehyde
in aqueous solutions are mixed with a cell-free luciferase solution extracted from lumi-
nous bacteria and containing oxygen , a bright flash of light will appear. The exact part
played by the aldehyde is not fully understood; but , there is little doubt that during
the luminescence FMNH 2 , probably combined with the aldehyde , is oxidized to
FMNH with the emission of light , while the aldehyde passes to an acid with inter-
mediate peroxide formation.

One difference between luminescence in the plant kingdom (bacteria and
fungi , the latter responsible for the light of rotten wood) and the animal kingdom has
to do with the character of the light. Animals light only on stimulation; for example ,
mechanically when disturbed by agitation of the sea or by nerve action as in the flash
of a firefly. Bacteria and fungi emit light all the time quite independent of any stimu-
lation. Since bacteria luminesce continuously, there must be some way to keep the
luminous chemical reaction ~oing on in the bacterial cell. This is done by another
compound , reduced diphosphopyridin nucleotide (DPNH for short), also involved in
respiration. DPNH is important in reducing the FMN to FMNH 2 , thus maintaining a
steady supply of luciferin in the bacterium with constant emission of light. The reac-
tions which proceed in a bacterial cell during the emission of light can be visualized
from the following equations:

a. FMNH 2 +CH 3 - --CHO~~ FMNH 2 -CH 3 - - -CH O

The long-chain aldehydeflavin mononucleotide complex

b. (Luciferin) FMNH 2 CH 3 - - CHO +0 2 FMN + CH 3 - -_ COOH + H 2 0

c. FMN + 2DPNH = FMNH 2 + 2DPN (Figures 3, 4, and 5)

The second step is the light-emitting step, which is catalyzed by luciferase
and probably takes place through the intermediate formation of a peroxide to account
for energy represented by the blue light of the bacteria. The third step represents the
reformation of dihydroflavin mononucleotide , which can again combine with new
long-chain aldehyde and start the cycle again. This step is catalyzed by DPNH oxidase .
When one mixes solutions of FMN , DPNH , aldehyde , and crude bacterial luciferase
extract in water containing oxygen , it is possible to obtain a long-lasting light which
completely mimics the steady bioluminescence of bacteria. At the present time ,
enzymes are the only substances which must be extracted from the living cell. All the
other compounds necessary for luminescence can be synthesized.

7 
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NH 2

H2 \N”~~
\rj/ 

C H ~ \
~~L.~

H
CH 2 OH

~~~~~k0~~4
H\H H/Il

HO— 0
OH OR Figure 4. Adenosine.

H
C 0
/\  II NH 2

HC C— C— NH 2
-O — 0 I I ~~~ ~~~

“ C”

H2 

C
~’N~ HO

o =~oc~>~~~~~j
C C  c”~I~1H OH H 

~H
Diphosphopridine Nucleotide

Adenosine-5’-Phosphate

Figure 5. Adenosine 5’-monophosphoric acid
Figure 3. DPN (cozymase). (adeny l ic  acid).

The chemistry of another luminous animal , the firefly, has been studied
intensely by W . D. McElroy and his group at Johns Hopkins University in Baltimore .
The actual fireflies used for experimentation were caught by small children who were
paid 25 cents/ l OO. The insects were then kept in a deep-freeze unti l  ready for extrac-
tion. Literally tens of thousands have been used in this manner , and the city of Balti-
more was known as the firefly capital of the world.

In the firefly, the mechanism of light production is quite dif fe rent fro m that
of bacteria. Luciferi n , luciferase , adenosine triphosphat e (AlP), magnesium ion , and
oxygen are all necessary. Both lucif eri n and lucifer ase have been crystallized by the
McElroy group, and the elementary composition of the firefly lucif erin is known. The
empirical formula is (‘~3 H ,2 N 2 S2 03. One thing is certain — the firefly luciferin is

8
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quite different from the bacterial luciferin. Harvey and coworkers have also studied
the marine ostracod crustacean , 1/8-inch long, with the complete scientific name
cypridina hilgendortii. 1’his animal was unknown to the ancients except as they may
have seen its luminescence in displays of the mysterious burnings of the sea. Cypridinas
are caught along the coasts of Japan , dried quickly, and sent to Princeton in this dried
condition. They are then ground in a mortar , and the ground powder is extracted by
various solvents for chemical investigation. In -intrast to the luminescent systems of
bacteria and the firefly, in cypridina , only luciferin , luciferase , water , and oxygen are
necessary for luminescence. Again , the luciferin and luciferase differ from the cor-
responding compounds in the firefly and luminous bacteria. Cypridina luciferin is
yellow in color but after oxidation and light emission changes to a colorless oxidation
product. By means of chromatography and countercurrent distribution techniques , it
has been possible to separate a pure organic substance , luciferin — which emits a bright
luminescence of blue color in the presence of purified luciferase — extracted from the
same organism , cypridina. The luciferin of cypridina appears to be chromopolypeptid.
Lucife rase from no other animal except ostracods and no extracts from any non-
luminous animal thus far tested can take the place of cypridina luciferase to produce
light with cypridina luciferin. The latter can be oxidized with a faint luminescence in
the presence of certain peroxides and other oxidants , but this light is weak when coni-
pared for intensity with that emitted in the presence of cypridina luciferase.

Cypridina luciferase oxidizes readily in the presence of dissolved oxygen , and
the oxidation product can be reduced to luciferin again by various methods which add
hydrogen to the oxyluciferin . provided the reduction is carried out without delay.
Otherwise , irreversible oxidation products are formed. Harvey has noted as long ago
as 19 18 this reversibility and stressed the importance of bioluminescence. However .
in the case of cypridina , unlike many other luminous animals , the light production
takes place outside the cell after tIle secretion of the luminous substance into the sea-
water. Such behavior makes this reduction of the oxidati on product unnecessary in
the economy of the animal.  Based on the firmly established chemical evidence of the
last few years . it is not possible to state very definitely that  the light production ot ’
living things is due to chemical reactions in the cells of the animals or plants and to
actually write the chemical equations. It is a slow oxidation , or burning,  like that  of ’
phosphorous ; but phosphorous is not the compound which is burnt  in living organisms ,
as was believed in the earliest part ot’ the 19th century . Luciferin s are organic , many of ’
which are known to emit light when oxidized in the proper manner .  We have seen that
at least three kinds of luc i fer i ns  exist ; and the word must now he used as a class term
rather  than that  of ’ a single , individual substance in the  same way tha t  the word
“vi tamin ” is used.

Organic chemists are familiar with the compound am ino p ht ha l ic  hy dra zid e ,
whose oxidat ion results in blue chemiluminescence. l ) i in e thy ld iac r id in ium ni t rate ,
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another organic compound , emits a yellow light; and some methyl  porphyrin com-
pounds , a red chemiluminescence . All these colors are characteristic of one or the
other luminous animal whose spectral emission corresponds closely to that of a par-
ticular organic chemical. Indeed , the famous “railroad worm ” of South America has
light of two colors - a row of greenish-yellow luminous along its sides and a red light
on its head : hence , the name “railroad worm .” When crawling on the ground, the
“worm ” really resembles a train. This “worm ,” 2 inches (5 centimeters) long, is
actually the larv a of a beetle. It is so rare that the nature of its luciferins is quite
unknown.

How could the light -emitting process have arisen in living matter during the
course of evolution? In particular , how could luminous animals have appeared so fre-
quently at all levels of complexity as life evolved? It cannot be emphasized too
strongly that  many different genera of animals contain luminous species, Moreover ,
one species of a genus may be lum inous , and a closely related species may be non-
luminous. During the course of evolution , a photogen must have appeared , just as in
the evolution of vision a photosensitive pigment was the first step in the development
of the eye with its unbelievable com plexities for forming an image and for adjusting to
lig ht intensities varying over a mi llionfold. Certain deep-saa animals such as the
shrimp , squid , and other fish produce light in lantern-like structures , corresponding to
those of the eye , possessing lenses and reflectors to form a beam of light. In one deep-
sea squid , the color of’ the light from certain of its lanterns is variable , possibly con-
trolled by color screens. This rare species , lycoteuth is diadema , discovered by the

• V a l l i . i a  deep-sea expedition in 1 898 , emits the patriotic colors — red , white , and blue.

lh e  tact that  one species m a y  be luminous and a closely-related species non-
luminous suggests that  the photogen arose suddenly. It also appeared at many diffe r-
ent t imes in man y dif t ’erent groups. There appears to be no direct evolutionary path
leading to more and more complex luminous organs. Many totally unrelated animals
possess luln inous “spots .” groups of luminous cells on the surface of the body. This
chance distr ibut ion suggests that  some slight change , for example , a mutat ion in a
chemical reaction necessary for vital functions ot ’ the cell in general , started the emis-
sion of l ight .  h arvey in 1932 predicted tha t  luminescence would be found to have
evolved in connection wi th  the respiratory chain of ’ reactions necessary for the oxida-
(jOfl  of f ’oo(lsttl ffs . Later studies on luminous  bacteria have amply confirmed this

• prediction since both bacterial lucif erin (F M N H 2 -aldehyde ) and DPN II as well as
bacterial luci t ’ ’rase are allied to cell respiratory substances and enzymes .

Mc llr oy has recently discovered that  there are (lark strains of ’ “ luminous ’’
bacteria which never luminesce because they h ick the  long—chain akl ehyde necessary
for t Im e l ight producing system. If these (lark st ra i n s  are grown on bacteriologica l cul-
ture media , the colonies are dark ; bu t .  it is only necessary to blow the vapors of a long-
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chain aldehyde over the culture to make it luminesce . What more striking experim ent
• than this to illustrate the first beginnings of evolution of a light producing organisnn by

adding a material necessary for a luminescent system! Other types of “dark” bacterial
mutants  lack luciferin and still other types lack luciferase.

Since it is well known that  ti m e intensity of cheiniluminescence of an organic
molecule depends greatly on the particular groups attached to time molecule , it is easy
to imagine how a luminous mutant  of an ordinary dark bacterium might arise. To a
certain compound necessary for cell respiration there was added a particular “photo-
phore ” group which nmade it luminescent. This situation is quite similar to the develop-
ment of color in plants , where it has been demonstrated that  the addition of ’ time proper
chromophore group to an organic compound will produce a blue or red flower instead
of a white blossom. Production of light could have arisen in ti m is way at any stage in
the evolution of various groups , thus accounting for the “spotty, ” or haphazard .
occurrence of luminous species in the animal kingdom. The appearance of such muta-
tions makes it far easier to visualize the beginning of a complicated organ. Darwin had
trouble with the “first beginning ” of a complex structure and in fact wrote “it is
impossible to conceive by what steps these wondrous organs (light organs of insects)
have been produce’) .”5 Today, we are in a far better position to speculate. We can
understand the first beginning of lig lmt production. In fact , recent discoveries concern-
ing bacterial mutants suggest that a luminous m utant might suddenly appear in a well-
known and much-studied bacter iat form such ~as Eschericha cob. Why should not the
various luminous bacteria isolated from fish actually be luminous m utants  or

• saprophytic species , which are normally nonluminous? This possibility could amid
should be tested. Perhaps the goal of an investigation in this field should be the de-
velopment and production of a luminous yeast cell or luminous amoeba.

• If the principle of natura l selection is to be followed and applied , it is
necessary that the ability to luminesce be of some value to the organism. Admi ttedly,
it is practically impossible to point out the use of light to a bacterium or to a fungus
mycelium or to the rnyriads of simple but luminescent organisms w l mic i m float about the
surface of ’ the sea , blown hi ther  and t lmit h er  by time winds. Only wimen the animal
becomes complicated and develops a pattern of behavior can we say witi m certainty that
the light is to attract time sexes (as in the firefly) or to keel) a school of fis lm togetimer in
the dark depths of the ocean or for recognition of the species or to scare away preda-

• tors or to attract food.

Toget hmer with our abi l i ty  to designate a purpose or value for light , we find
that instead of more luminous spots the luminous animals in question have fre qu em mt ly
developed accessory techniques and structures for controlling or directing time lig im t or

15 1 N. h a rv ey . Ameiwan Scientist (a utumn issue), Vol . 45, No. 4 , Sept. 1957 , pp. 372 - 378.
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for concentrating the light into a beam by lenses and retlectors. Indeed , among deep-
sea crustacea , squid , and fish , time most complicated lanterns have been developed
lanterns whose value is unquestioned for life in a sunless world. (‘an natural selection
account for the evolution of highly complicated structures? It seems tha t it can. A
lantern-like luminous organ is no different from an eye in reverse , if the eye wi th  its
perfection of physical optics has evolved t’rom a pigment spot , so, also , the luminous
organs must have developed from a luminous spot.

Whatever immediate steps have been lost , one is amazed at the perl’ection of
the end results and tends to view with incredulity the fact of evolution. However , time
is a powerfu l aid to progress. In the course of millions of years , it must have been
possible by natural selection of small , usefu l mutations for even the most complex light
producing devices to evolve and by quite separate evolutionary path ways for wide-
spread distribution of light production throughout the animal kingdom.

II. SCIENTIFIC INVESTIGATIONS OF THE LUMINESCENT PROCESS

3. General. Intercellular luminescence , like all biological processes , exhibits
an optimum temperature , that is , a temperature for maximum overall reaction rate.
The actual temperature varies somewhat among different species , and within a single
species it may be reversibly raised or lowered by physical or chemical changes in the
environment of the cells , under given conditions. A reaction of fundamental
importance in determining the optimum temperature and role played by the tempera-

• ture activity curve is the reversible thermal denaturation of an essential enzyme. Quali-
tative evidence for this reaction resides in the ready reversibility by cooling and in t ime

• d iminution in luminescent intensity during momentary exposures to temperatures well
above the normal optimum. Analysis of quantitative data relatin g the amount of
reversible diminution in intensity to various temperature s above the opt imum indicates
that a single reaction characterized by the high heat and entropy typical of protein
denaturation is primarily responsible for thermal diminution. The rapidity of the
changes in intensity on eit lmer lmeating or cooling is indicative of a mobile equilibrium.

The simple organisms such as bacteria , protozoa , coelenterates , clenophores .
and polychaetes are seen eith er to iuminesce continuously or to light up only in
response to external stimuli ;  and it is only in groups with well-developed nervous sys-
tems that  photogeny becomes subject to the precise sort of regulation so well exempti-
lied in the nmati rlg signals of fire flies. The abil i ty  to emit sharply delineated flashes of
light does not depend upon a highly developed nervous system hut upon ai m interc eilu-
lar light productivity.

Time complex chemistry of time living cell is engi ,meered by thousands of
different enzymes , each of which is a catalyst for a t ar t ic ul ar  chemical re acti on . It  hut s
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graduall y become clear that  time cell could not function if it were simply a little bag
tilled with enLyme s in solution. Lvidetmce also exists that the great major ity and per-
hiaps all of the intracellular enzymes f’unction in an environ im m ent resembling a gel or
wh i le adsorbed at interf ’aces or in solid-state assemblages such as exist in mitochondria
and other organd Ies of ti me cell, The arc imitectural distribution of ’ enzymes in the cell
msut be extremely precise : otherwise , time different enzymes , time substrates on which
t hey act , the thousands of reaction products , and the wide variety of substances that
inhibit  special reactions would become mixed chaotically. However , time is a powerfu l
aid to progress.

Time chemist who views the phenon m en a of luminescence concerns himself
wi th  time mechanism of excitation and the chemical identity of the reacting molecules.
The products of’ chemical reactions closely related to and contributory to the chemical
aspects of’ bioluminescence are pressure , temperature , moisture , etc . Two aspects of’
t u e  chemist ry of ’ bioluminescence present themselves immediately : the chemistry of in
vivo luminescence and the chemistry of in vitro luminescence. The main difference
between the Iwo types is that  in the in vivo study of luminescence , the luminescence is
studied prior to disturbance of the bacterial organism , while in vitro luminescence con-
centrat es on time stud y and investigation of selected extracts of the bacterial organism.
In vitro luminescence is according ly time study and analysis of chemiluminescence ,
while in vivo luminescence is the study and chemical analysis of bioluminescence.
Parallel studies and reviews underway on enzymes and on enzyme catalyzed
luminesc ent reactions are in this context studies of chcmn i luminescent reactions. Time
effort ii m th i s  paper ~.‘nmip h :m smi c s  bioluminescent reactions.

l ime in t r ln ic  fascination of cold light shining from living organisms or ,
w~ m t m m i m e l s , f r oimm the sea or decaying wood or fish has inspired more than casual obser-
v atio mm by renowned natural philosophers and scientists at least as t’ar back as the first
century.  Such persons as Pasteur . Darwin , Faraday, and Davy wondered about the
ca uses of such p henomena. Init ial ly , the objectives have been completely uncontami-
nat ed with views toward practical application , and only rarely have unanticipated
discoveries been turned into practical use such as the bioluminescent protein acquerin
fr otmm the jelly fish ; acquore a provide the most sensitive known specifi c chemical test for

• calciu m or s t ront iu m , T ime bioluminescent protein from the marine worm chaetopterus
c,inm he used in perhaps the most sensit ive specifi c test for ferrous iron , and bacterial
luminescence offers a sensitive means of detecting contamination of the atmosphere
inside space vehicies by jet fuels. More recently , a bacteria resembling photobacterium
llscheri , found in time local waters near Los Angeles , has been extensively investigated
as a biosensor for explosives. The investigations included the growth of a culture of
I ui imin c s c uim t  mi cr i-~~ ’j fl isnms on surfaces of ’ suitable liiatr ices and the mutagenic

• growt im of ’ cu It ur c~ ;- u’ ~cssing the r cqtmis: tc specificity and sensi t ivi ty for explosive
vapors imm mi i tr :m tr ’acc .~ 
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The mechanism by which a biosensor generates a signal involves a change in
the constantly emitted light level and is affected by the following parameters : ( I )  The
nature and state of the reactants; (2) the nature and state of the products , (3) tempera-
ture , (4) pressure , (5) presence of catalysts , and (6) concentration of reactants. The
luminescent response can be varied in at least five ways: quality (spectral emission);
intensity ; duration; spacial distribution; and frequency, or repetition. Control of one
or more of these variables normally occurs by animals. Regulation of luminescence is
related to neuro-e fector control in general and involves control of four mechanisms:
( I )  Glandular secretion , (2) muscular contraction , (3) chromophore movement , and
(4) photogeny.

A large share of work in the investigation of time phenomena of luminescence
has been accomplished through the study of extracts obtained from luminous bacteri a.
In a study conducted by Strehler , reported in 1954 , the spectral distribution of the
luminescence of extracts and intact bacteria was compared and found to b’~ identical
(500 nanometers) . Thus , the same reactions are occurring in both instances. The
emitting molecule or molecular configuration is not identified. The broad fluorescent
and chemiluminescent emission may be made up of a transition from two different
excited states , and in certain instances only the most energetic one is formed. Temper-
ature greatly affects the rate of luminescent reactions. This has been observed both in
vitro and in vivo by F. Johnson . ’6 In vitro , the typical effect of temperature is
illustrated by Figure 6, showing a fa irly rapid rise in luminescence to a maximum
followed by an equal decline indicating an optimum temp .erature. In vivo lumines-
cence occurring in A. fischeri is illustrated in Figure 7 , also illustrating a rapid rise to a
maximum at optimum wavelength , followed by a decline. For in vitro P. p .vra lis.
Figure 8 shows the variation of luminescence with temperature . Time actual tempera-
ture varies somewhat among different species , and within tIme same species it may be
reversibly raised or lowered by physical or chemical changes in the environment of the
cell. Under given conditions , a reaction of fundamental importance in determining the
optimum temperature and in part the thermal activity curve is time reversible thermal
denaturation of an essential enzyme. Qualitative evidence for this reaction resides in
the ready reversibility , by cooling, in the diminut ion i m m luminescent intensity during
momentary exposure to temperatures well above time nor mim al optimum. Analyses of
quantitative data relating the amount of reversible diminut ion in luminescent intensity
during momentary exposure to temperatures well above time normal opt imum indicate
that a single reaction characterized by high heat and entropy, typical of’ protein
denaturation , is primarily responsible for the thermal di m i mm utio n .  The rapid ity of the
change in intensity on either heating or cooling is indicat ive of a mobile equi l ibr ium.
The simplest explanation is that  an equil ibr ium exists between time n a t ive (active ) and

16 “The Luminescence of Biological Systcms .~ Amer. Assoc. fo r  the Advan cement of Science (1955) Proceedin gs of
the Conference on Luminescence (Ed . by Frank Johnson). March 21) Ap ril 2 , 1954 , p. 209 .
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Figure 6. Effect of temperature on firefly luminescence. (From McElroy and Strehier ,
Arch. Biochem. & Biophysic 22, 420-433 (1949). Copyright 1955 by the American Asso-
ciation for the Advancement of Science.)

denatured ( inact ive )  form of an enzyme essential to the overall process of light
emission. Sucim an equilibrium coupled with the catalytic reaction of ’ a l i m i t i m mg enzyme
is sufficient to account for a major part of ’ time temperature act ivi t y curve. Figure 9
represents time observed intensity (visual phi otoni etry )  of the steady state luminescence
in a suspension of .1 . Jis e/zc ’ri cells duri m mg brief ’ exposures to various temperatures above
and below time optinmum. Time extrenmely high apparent activatio mm energy observed
cast some doubt on the meaning of this measurement ( t ime presence of some arti l ’act
being indicated ) simmc e such imig lm activation e,mer~y would hardly allow time reaction to
proceed at signi fica im t rates.
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Figure 7. Emission spectra of intact A . f,scher/ and extracts .bwi’ ’, from A f,scheri
(0.5-millimeter cdt width Farrand quartz monochromator) • Emission of ~~cter ua .
0 Emission of extracts. -~~ Extract emission norma lized to bactert& emission at 490
nanometers. The gross reading was not corrected for changes in dispers ion of mono-
chromator or sensitivity of photomultip lier. (From McElroy and Strehier , Arch.
Biochem. & Biophysic 22, 420-433 (1949) Copyright 1955 h~ th’~ American Association
for the Advancement of Science.)

A large amount  of ct’fo rt has been expcndL  du~ k r m g t l ic  sca r s  on the  effects
of ’ pressure on time luminescence of in tac t  lum it m o us h a cterm a . (‘ont r i bmi t  s to this
effort were Johnson , Fyr i n g. and t lmeir  collaborator s . W hen pressurc .~ appli ed to
either intact  bacteria or luminous ext rac t s  obtained t h e r e f r o m , t i m e r . . ~~~ i i un i ed i a t e
increase in time level of luminescence to some h igher l cv ci  wh!c~ slo~ i~ d~ ‘ s ~v cr a

pe riod of ’ seconds or m il mutes to some lower state level .  ~ I cu .c prc~ 0111’ is r c lcj si.’d ,
the exact converse effects occur time luminescence drops in s t a n t l y  In  a lower leve l
a nd th en slow ly rises to time lL ’\cl  of lu i mm in I .’s~ cn~ e ob t ; , in ~~! ~r i I I  a ; I ~ , l I t I ~ fl 01
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Figure 8. Variation with temperature on the in vitro bioluminescence emission spectrum
of P. pyre/is. Reactions measured at a pH of 7.6 in 0,025 M glycy l-glycine. (From “Bio-
luminescence in Progress,” Proceedings of the L umine~~ence Conference, Ed. by F rank H.
Johnson and Yata Haneda, Princeton University Press, Princeton, NJ (1966). Sponsored
by the Japan Society for the Promotion of Science and by the National Science Founda~
tion under the U.S -Japan Cooperative Science Program, September 12-16 , 1965, Hakone
National Park , Kanayawa-Ken, Japan.)
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Figure 9. Influence of temperature on the intensity of luminescence in A. fischeri. The
smooth curve was calculated in accordance with the equation and constants as given in
the figure. (From Johnson, Eyring, and Polissar , 1954, courtesy of John Wiley & Sons;
data of Johnson, Eyring, and Williams , 1942. Copyright 1955 by the American Associa-
tion for the Advar’cement of Science.)
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p ressure. lime nmost s tr iking mu oditier of this action is the long—c lmain aldelmyde. In t ime
absence of long-chain aidel myde , t ime luminescence is v i r tua l ly  unaf fec ted  at subopt mmal
te m pe rat ur es by th e app lication or release of pressure. The effect of pressure on the
steady-state level of luminescence becomes less as time temperature is raised toward time
optimum , and at still higher temperatures the level increases rather timan decreases
under pressure. Over a temperature range of 00 C to 350 C , it is shown in Figure 10(a)
ti mat the steady-state luimiinescen ce of P~ p liospl ior eum at low temperatures is reversibly
decreased where the equilibrium constant is negligibl e. These results are recorded for a
suspension of P. p liosp/ ior eu,n. in Figure 10(b), it is shown that the net observed effect
of ’ pressure at a given t et mmperature depends upon the specifi c biological syst et mm involved.
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Figure 10. (a) Intensity of luminescence of P. phosphoreum as a function of pressure at
different temperatures. The intensity at normal pressures is arbitrarily taken equal to 100
at each temperature in order to show the percent change in intensity with change in pres-
sure. (b) Influence of increased pressure on the luminescence of three different species of
bacteria at 25 .i C. (From Johnson, Eyring, and Polirsar (1954), courtesy of John Wiley &
Sons, Inc.; data of Brown, Johnson, and Marsland (1942) . Copyright 1955 by the Amen -
can Association for the Advancement of Science.)
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There is yet no good data per ta i n i im g to pressure e ffects on well-defined
purified enzyme systems for comparison with t u e  luminescent data. The steady-state
luminescence of P. p lzosp horeum at low temperatures where time equil ibrium constant
is negligible is reversibly reduced by increased pressure. The data indicates that  the
reaction leading to light emission proceeds with  a net volume increase of activation
amounting to about 50 cm 3 /mol at 0° C.

The observed effect of pressure on time steady-state level of luminescence
becomes less as the temperature is raised toward the opt imum , and at still hi gher
temperatures the level will increase rather than decrease under pressure. The family
of curves depicted in Figure 10(a) (taken from Eyring , Polissar , and Johnson , 19 5 4)  is
similar to the type of curves shown for the tension of an auricle muscle as a function of
temperature and pressure. In Figure 10(b), it is shown that  the observed effect of
pressure at a given temperature depends upon the part icular  biological syste imm involved.
The three species represented in this figure normally have a different  te n mperatur e orti-
mum for luminescence: about 20° C in P. p hosphoreu m. 26° C in .1 . J iselieri . and
30° C in A. / iarve ; i. In each case , the effect of pressure is in accordan ce with what
one would expect on the basis that pressure diminis h mes time luminescent in tens i ty  at
temperatures below that of the sp~cifi c optimum and augments the intensi t y  at
temperatures above the specific optimum while having l i t t le  effect at the opt i m u i m m
temperature itself. A pressure /temperature relationship such as t l mis was first
recognized by Brown in studies with muscle tissue.

The opposite effect of pressure at high and low temperatures as i l lustrated in
Fig. 10(a) shows that the limiting reactions are not the same at these different tempera-
tures. Since the increase in steady-state luminescence under pressure becomes gr .’ut er
as the equilibrium constant of the reversible denaturation becomes greater wi th  rise in

temperature , the simplest interpretation is that the pressure causes a partial reversal of
the denaturation of the enzyme involved. The equilibrium change fro nm native to
reversibly denatured form s of the enzyme is accomp :inied by a volume incre ase ot reac-
tion. The data indicate that the value of ~~V in this reaction amoun t s  to about  (~5
cm 3 /mol at 35° C. It appears that there are two reactions primarily l imi t ing  the u~er-
all luminescent reaction , viz , the catalytic reaction of a l imit ing enzyme and t I me rever -
sible denaturation equilibrium. It shows in Figure 11 that  the max imum in t en s i t s  of
luminescence remains practically the same at different pressures but the  t emp er at u r e
at which the maximum occurs is higher und er increased pressure than  at a t ino sn im er ie
pressure . Frazer and Johnson report that highly purified tryp sin w i t l m casein :is i sub-
strate undergoes a reversible thermal denatur ation accomp anied by a con si d era hi e
volume increase of react ion. ul

F) . Frase r and I , I I .  Johnson. J. Blot Chem /90 . 4 17-4 21 ( 1951) .
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Figure 11. The brightness of luminescence in P. phosphoreum as a function of tempera-
ture at three different hydrostatic pressures. The points represent data from experiments
by Brown , Johnson, and Mansland (1942). The smooth curves were calculated by Eyning
and Magee (1942). (After Johnso n, Eyning, and Polissar (John Wiley & Sons: 1954).
Copyright 1955 by the American Association for the Advancement of Science.)

4. Structure . The elucidation of the c lmemic al s tructure of lucifer ins is not an
insur im ioun table problen i . The diff icul ty  arises I’rom t h e  tren m endous eff ’ort required to
obtain small anmo u nts  of purified material. For example , fro tmm about I ton of sea
pansie s ( ren ill a re n i form is ) ,  obtai ned by dredging the ocean bot tom at d ep t lms of ’ 10 t O

20 meters , one can obtain about I mi l l igram of pure renil la luc i l er in .

I ro i mm about  a ha l l  mi l l i gra i mm ot pure lu e it ’erin and the  data obtained t iier e-
from , s t ruc tu re  I . Figure I 2 ( a ) ,  was obtained lor reni l la luciferin.  Because of t i me
sample site and the  lact  t l m a t  t ime conmpo un d is easily aut o—o xidi , .ab le . it was i immposs ib k ’
to ohta i t m NM R data .  This fact made it d i f f icu l t  to decide between al ternate  structures.
l)r s Sh im omu ra  and Jo lmnson of Princeton have made a i mu t m ih er  of ob serva t ions which
lead to t ime selection 01 a prelere n ce structure .
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Fi gure 12. Possible structures of renilla lucifenin. (From K. Hun and M. T. Co’rvier ,
“Structure and Synthesis of a Luciferin Active in the Bioluminescent Systems of the Sea
Pansy (Renilla) and Certain Other Bioluminscent Coelesterates ,” 2nd International Con-
ference on Chemiluminescence, University of Georgia (197 2).)

A structure of AF 350 (structure II , Figure 12 (h))  was recently reported , iS

and this structure was confirmed b y synthesis . i9 It can be noted that the structure of ’
Figure 1 2(a) with minor  modificat ions allows time structure of AF 350 (structure II)  to
become an integral part. For example , a (‘8 U 7 N fragment found in the nmass spect runm

18 C. Shin sornura and F .  II. Johnso n , Biochemistry.! ) , t602.1608 (1972 ) .
19 V. Kishi , II. Tanino , and 1. Got o , Tetrahedron Letters , 20. 1609 -16 10(1969).
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could be explained either by an indole nucleus as shown in structure I or by a h enzy l
moiety as shown in structure I l l .  Figure 1 2(c). Further , there are restrictions placed
on structure s involved in luminescent reactions. These restrictions are based in part on
considerations of energy requirements for the creation of an electronically excited
state . For these reasons and others already mentioned , the ring structure for renilla
lucife rin would involve fuzing an imidazole ring to structure 11, thus converting it to
structure Ill. On the assumption that the R group of structure Ill  would not signifi-
cantly affect its biological activity, the compound was synthesized where R is meti myl.
Structure III was found to be biologically active. Additional properties of this material
are described in later sections. (See pH effects and references by Hon and Cormier 20 .)

Based on structure Il l  and the mechanism of the luminescent reaction in
renilla employing i8~~ , by DeLuca et al., a mechanism of the luminescent reaction con-
sistent with the results and whicim adequately predicts the structure of time emitter
(oxylucife nin) is shown in Figure 13. The hydrolysis of the peptide bond in oxyluci-
fenin would lead to the fo rnm ation of AF 350 (structure 11) .

Preliminary results on the chemiluminescence of structure I l l  in organic sol-
vents show that oxyluciferin is , indeed , the product of the clm errmi lunminesc enc e reac-
tion and that emission occurs from the monoanion of oxyluciferin as shown in
Figure 13.

5. Thermal Effects. The luminescence of P. ph osphoreum as a function of
temperature at three different pressures is shown in Figure 14. it is seen that the maxi-
mum intensity of luminescence remains practically the same at different pressures ,
but the temperature at which the maximu m intensit y occurs is higher under increased
pressure than at atmospheri c pressure. At temperatures above the normal optimum ,
the luminescent system is destroyed at rates that increase rapid ly with rises in tempera-
ture ; these rates generally have the characteristics of first-order reactions , a nd the i r
increase with temperature resembles the first-order thermal decomposition of proteins.
At a given temperature , the rate decreases with rises in pressure by an amount indica-
tive of a volume increase of activi tation of about 70 cm 3/mo l. Thus , it appears not
only that pressure acts to reverse the equilibrium change from native to denatured
states of an essential enzyme but also that pressure retards time rate of t l iernma l destruc-
tion . The influence of various hydrostatic pressures on the relative destruction rates
of the luminescent system P. pho sp izoreum suspended in a phosphate buffered sodiuimm
chloride solution of neutral p 11 at 34° C is shown in Figure 14.

20 Kazuo Itor i and Milton I. (‘ormi er , “Structure and Synthesis of a Lueiferln Active in the Bio lum inesce nt Svs-
(ems of the Sea Pansy (Renhlta) and Certain Other Bioluminescent Coelcntcrates ,” ( ‘hem j iumine.ceem , and
Rioluminescence. Edited by J.  I. (‘orn i ler . I) . M. Hercules . and J . Lee Plcnum Press ; New York-London , I 97.i
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Figure 13. Mechanism of the renilla bioluminescent reaction.

Most of the work reported herein was performed on extracts of bacteria.
There are two main reasons for the utilization of extracts: ( I )  Adequate amounts of
the sanmp le can be acquired at once for extended periods of laboratory investigation ,
and ( 2 )  there is an assurance of the reproducibility of the samples for these tests and
eva luations. In Figure 1 5 ,  a comparison is made of the emission spectra of intact

I J Is ( Iu ’r I ami extracts  obtained from the same batch of A. fis e/n ’ri. The results slmow
t h at w i t h i n  t ime experimental  area time two spectra are iden tical.  This finding along with
other ~.i r : i l le his m s between in vivo and in vitro luimminescence make it almost certain
that  the same reactions are occurring under both conditions. It seems probable t lmat
Ilav in in assoc i a t ion  wi th  luci l ’erase and long—chain aldel myde is time l ight— emit t ing
comp lex~ t i te  difference tha t  exists hetweerm time enmission maxima ex lmihited by ribo-
Ilavin fluorescence and c imen m iluminescence on the one hand aimd time enmission of time
bacterial extracts on the other is a pu zzling and , possibly, crucial point.
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Fi gure 14. The influence of hydrostatic pressure on the relative rate of destruction of the
luminescent system of P. phosphoreum suspended in phosphate-buffered sodium chloride
of neutral pH at 34” C. (From Johnson, Eyning, and Polissa r (courtesy of John Wiley &
Sons: 1954); after John~~n et al ., 1945. Copyright 1955 by the American Association
for the Advancement of Science.)
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Figure 15. Emission spectra of intact A. fischeri and extracts obtained from A. fischeri
(0.5-millimeter slit width Farrand quartz monochromator) . • Emission of bacteria.
o Emission of extracts. ~ Extract emission normalized to bacterial emission at 490
nanometers . The gross reading was not corrected for changes in dispersion of monochro-
mator or sensitivity of photomultiplier. (From B. L. Strehler , The Luminescence of Bio-
logical Systems, AAAS Pub. No. 41 (1955). Copyright 1955 by the American Associa-
tion for the Advancement of Science.)

6. pH Effects. ( ‘lm enmica l activity greatly influences time act ivi ty of time lunm i -
nescent specimens. Time effect of acidity or p11 on dialyzed bacterial extract is simown
in Figure 16. Time extract was dia lyzed for 15 hours against distilled water at 0° (‘.

Facim vessel contained 50 rnicrogra !m 1s of i)P i -1N 2 ,  0.2 nmi l l i l i ter  of enzyme , and 0.2
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milliliter of NAI-12 PD4 (0.OI M) titrated in turn to time desired pH with lNNaO iI
(0 .OIM) at 23° C (total volume 0.5 mill i l i ter) ,  The double optima may be due to
the purified nature of time system , but duplication occurs when crude acetonized
extracts are used in the presence of DPNH 2 .

40
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Figure 16. Effect of pH on dialyzed bacterial extract luminescence. (From B. L. Streh-
len , The Luminescence of Biological Systems, AAAS Pub. No. 41 (1955). Copyright
1955 by the American Association for the Advancement of Science.)

The effect of pH in the in vitro emission spectrum of ’? p vrulis luciferase is

shown in Figure 17. It can be seen that as the pH of time I’. py ruli s extract is lowered ,
the intensity of the yellow-green (5 ,500- to 5,800-angstrom) biolunminescence decreases
leaving a dull brick orange glow as observed by McElroy and Seliger. As can be seetm .
at neutral and alkaline pH , there is a single emission band in t ime yellow-green ; at i imter-
mediate pH values , a red emission band appears at about o i l  tmanometers and at p11
values below 5.5 , the yellow-green emission is completely suppressed , and only the red
band is evident. At acid pit , time number of light quanta emitted per luciferin nmole-
cule oxidized is m arkedly lower than I and indicat es a predominantly dark reaction.
However , at alkaline pit , although the rate of light emission is reduced to a fraction of
the rate at a pH of 7.6 , the quantum yield is essentially un i ty .  Since the red emission
is known to be due to the monoanion fo rm ot’ time product emitter , th is suggests that
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Figure 17. Effect of pH on the in vitro emission spectrum of P. pyra/is luciferase (a — pH
7.6, b — pH 6.5, c — pH 5.0). (From “Bioluminescence in Progress,” Proceedings of the
Luminescence Conference, Ed. by Frank H. Johnson and Yata Haneda, Princeton Univer-
sity Press, Princeton, NJ (1966).)

the pH change must be affecting a group of the enzyme concerned with time ab strat ion
of a proton from carbon 5; the pH for the appearance of red light is approximately
6.8. This suggests the strong possibility that a histidine residue in the enzyme is time
active group responsible for the proton abstraction. Except for time partial denatura-
tion of the enzyme in acidic buffer , the pH effect on time emission spectrum simift is
completely reversible. A reversible red shift in emission spectra can be observed ~
increasing and t imen decreasing the temperature ot’ the reaction by carrying out time
reaction irm 0 .2M urea at normal pit values (7.6) in g ycy lg lycide buffe r or by adding
snmai l comm e entr a t ions  of Z im~ ”/ Cd~~ cations as chlorides.

7 . Substrate Structure . The observations no ted above ar e su ppo r tive o1 t i m e
idea t hat time color ot’ the ermmitted light depends upon time nature of time b indin g of time
reaction imnm ediat e  to t ime enzy i m m e. I t scents l ikely ,  t im erel or e , t i m at  a change itt th~’
st ruc tu r e  ol the  i~~~t r~~T L  iii oleeu les ( luc i t ’~r in or adenosin e t r iph os phate  ( A l  P1) ~~~
alte r time b inding at md. in turn , a ff ect t im e co l or of ’ the light.  Unfor tuna te ly .  ii i~ not
;)Oss ii ) le to eimane e grt ’at lv the lucifer in s t ructure  ami d st i l l  obtain a ligl l t—e m mmit t i mm)!  su b —
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strate. It turns out that  the 6 ’-at mm m nob e imz t l t i a z o i e compound is a r m active substrate , a m m .
in th i s case a red emission instead of ’ the yellow-green is observed even at neutral  p 11.
The emission at neutral and alkaline p11 is red-peaking at 605 nanometers , very Jose to

the bioluminescence emission of firefly luciferin at acid pH. More significantl y,  time
color of time 6’-aminoiucife r in bioluminescence is entirely independent  of pH from
below 6 to above 10 in exactly the range where native firefly luciferin shows the
remarkable color shift s outlined above. Since phenols are stronger acids than an i lmne s .
this observation is supportive of the idea that  it is the phenoluate ion firefly l ue i l e r um
that  is involved in the normal yellow-green bioluminescence. Time results lur t i mer
suggest that time amino group has a strong effect 0m m time abil i ty of time enzynme to
abstract a proton from carbon 5.

Unt i l  recently , only ATP was shown to be active for the enzymatic  reaction
lending to light emission. Unidine Triphosphate (UTP ), Cytid ine 5’-t r ip imo sphat e
(CTP) . and Adenosine 5’-phosphosulfate (ADP) and other pyrophosp imates containing
nucleotides were inactive. Recently, Leonard and his associates2 ’ prepared an ATP
with  the ribose attached to the 3-position of time adenine ring (3-iso-ATP). Thi s
compound exhibits activity 10 to IS percent of that normal to ATP in time light reac-
tion. It is also observed that at a pH of 7.5 a significant portion of the light emitted is
red when 3-iso-AlP is used. Thus , the nature (stereochemistry ) of time nucleotide
attachment to the enzyme is also of importance in determining the color of ’ l ig lmt.

Secrist , Barrio , and Leonard 22 have prepared a modified ATP called E-ATP .
The structural alterations are due to the addition of an aldehyde group which couples
the 6-amino group of adenine to the number 2 nitrogen , thus making a fo u r-menihered
ring at time position of the purine moiety. The E-ATP is completely inactive for
initiating the light reaction. When E-ATP is used as a substrate to make LU 2 -l - .ATI’ .
the latter is active for lig ht emission and the emission is red instead of time usual ye ilo~-
green. The results indicate that the 6-amino group on time purine ring is essential for
time activation reaction. This result is in agreement with the observation that ITP is
ineffective as a substitute for AlP in the light reaction. In addition , the nature of t ime
binding of the 6-amino group to the enzyme also influences the structure of t h e
excited product in a manner which determines whether red or yellow-green is emitted.

The results from the E-ATP , E-AMP , and iso-ATP indicate t im a t  the h indin ~’
of time adermylate to the enzyme induces changes in time enzyme structure timat  must be
sustained during the subsequent decarboxylation that leads to time enzyme-product
complex excited state. If this were not true , th en time structure 01’ the AMP should m m ol
a ffect the color of’ the light since it nmust be re m oved lrom LU 2 before time final crea-
tion of the excited state accordi mmg to all proposed mec imanisms.
2 1 N. .1 . I.cu nard et al. . Scien ce 177 . 279 ( 1972 ) .
22 Ibid.
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F gure 18. Absorption spectrum of methanol solutions of renitla luciterin as a tunction
of pH. (Solid line, pH 7.0; dashed line, pH 1.0; dotted line, pH 11.0) (From Chemilumi~
nescence and Bioluminescence, edited by M. J. Cormier , D. M. Hercules, and J. Lee
(1973), p. 364.)

The absorption spectra of native renilla luciferin at diffe rent pH values is
shown in Figure 18. At neutral pH and in methanol , the mi li imolar ext inct ion coeffi-
cients at 265 and 433 nanometers were found to be 22.8 and 9.0, respectively. As
shown in Figure 19 , the absorption properties of synthetic luciferin (structure I l l .
Figure 12(c)) are similar to those of the native compound. Identical phi shifts as noted
in Figure 18 are also observed with synthet ic  luciferin. in addit io r m . t ime two com-
pounds have similar extinction coefficients for the two tra imsit ions listed above.
Furthermore , both conmpounds exhibit  identical yellow-green fluorescence ( A 1 =
nanometers).

Both synthetic luciferin (structure I l l )  and cyprid ina lucikr in contain a
pyrazine nucleus with a fuzed imidazole ring. Time side chains , however , are consider-
ably different.  Side chains derived from trypto ph an and arginine in cyprindi na luci-
ferin 23 are replaced by t lmo se from tryosine and pimenylalanine in structure I l l .  Since

23 M. 3. Corm ie r and J. R. Totter , Ann. Rev . Iliochem., 33431 (1964).
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Figure 19. Comparison of absorption spectra of native renilla luciferin , synthetic luci-
ferin , and cypridina luciferin . (From Chemi/uminescence and Bio /u,ninescence, edited by

M. J . Cormier , D. M. Hercules , and J. Lee: New York , Plenum Press (1973), p. 365.)

the heterocyc lic ring structure of both conmpounds is time same , it is not surprising that
we noted similar striking similarities in their absorption properties (Figure 19). The
fluorescence characteristic of ’ both compounds as well as that of native luciferin are
also similar.

The mass spectral pat tern of ’ s tructure I l l  was found to he ider mtica l to that
of native luciferin up to a mass of 331 nmass uni ts . wimic im represents t I me molecu lar ion
of structure i l l .  Although time R group in native luc i ferin is bulky ( 19 7  mass uni t s ) ,  it
does not influence the spectral characteristic of time compound as judged by time absorp-
tion , fluorescence , and biolun m ine scence emission of native lueifer in wimen compared
with time synthetic compound.

Synthet ic  luciferin of structure I l l  was found to he biologically active , while
structure Il was totally inactive.  When structure III was added to reni l la luciferase ,
lig imt production occurred. When equal amounts of both native and synthetic luci t ’erins
were used . the kinetics of time corresponding bioluminescence were similar. Furt imer ,
time color of bioluminescence was identical in hotim cases, as shown in Figure 20.
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Figure 20. Comparison of the color of bioluminescence upon initiation of the reaction with syn
thetic luciferin (A) and native renilia luciferin (B). (From Chemi/ u minescence and Bioluminescence,
edited by M. .1. Cormier, D. M. Hercules , and .1. Lee, New York : Plenum Press (1973), p. 36.)
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By using the flash peak as a measure of initial  in tens i ty ,  structure i l l  was
found to be 10 percent as active as native Iuc ife rin in producing li ght wit im renil l a
luciferase . h i s  differei mce in activities imiust reside iii time R-group of iucif ’erin. Fli c
nm ethy l at e d form of luci ferin structure I l l  was tota lly ii mact ive in producin g lm g i mt w i th
Luc iferase ; upo tm del mle thylat ion , bio logica l act iv i ty was re st ored.

8. Problem Area s. Every child has eimjoyed the spectacle of fl asimin g gree rm-
yellow lig lmts t’rom fireflie s on warimm sumimier nights; imow , the cim e immic al ima ture of this

light production. kn o w im :i~ h io iui mminesc ence , has en abled on e t o app ly th i s 1) lmel momi m e-

non of cold li ght to im iaIi ~ fie lds , and timis includes the det er immin ation of the presence

and qua imt i t y  of ’ ba cter ia , ti m e detect io n of ex p losives, ami d scientific immeasure m ents in

oceammo grap imy.  F ~ip l~~ ‘~m c basic i n vestiga t ion s of h a rv ey ( 1965 ) 24  ex t en s Ive  aimd

Im unmer ous in~ ‘st i ~ ,i1 0) 15 of lum ir m e sce imc e displayed by organis imis in imear ly evcr\

ph mylon i of time li~ lug world . Mc i - l roy and Imis associates ( 1969) 2 5  ai md su h se que r mt

~ ork er s extr acted the l~ ’h~ producing substances from t’iretlies aimd described time reac-

tion immecima i mis m and k i n c t i L s  as follows: (Plant et a!26 1968) .

F + L I I ,  + A l P  ~ F L i l 2 ,\ Ml ~ + PP . ai md

I ‘ Lit 2 - ,\MP + 0, F + A M P + (‘02 + hi~ + I .

w h e r e  -

F = tiref ly lucifer ase .
LU 2 = reduced luci f ’e rm im .
AlP = Adenos itie tr ip lmosp l mate .
AM P = Aden os imme tn otmo pl mo sp hia te .
PP = pyrop imos p im a te .

= Timiazo linone. and
1w = light (550 nanometers ) .

The amount of li ght p roduced is proportional to t ime reactants  when each is

l imitin g.  A light immeasure r mment capability could be used as an assa\ method for an~ ot ’

the reactants. Since ATP is a metaho lite signit ’ic ar mt ii ’m all ei mergy excha nges wit im l i vi img

cel l s, i ts assay imas imp lic ’a ti oi m s for many parameters t i m a t  describe th e  hiot a P is

known to be present in all t ’ornm s of i if ’e . so its nme asur c could e s ta bl t sh  t i me presence or

I- . N . l la rv ey.  l,ic i ng l ight. New York.  I lad n er P ubl i shing (‘o. . In c .  ( 1965 ) .
25 w. 1 .  SicI-troy . II. I I .  Seli nger . and I - I I .  White . l ’hnIo.hc m . I ’hotobiol . JO I S 7-1 7)) ( I  ~)( - I  ) -

26 p. .r . Plant . I - It . Wl i i ( c . and tV I). tlel roy , 1(iochern. I)io rhvs . Res .(’ omm. 21 95-1(13 ( I  ~~~
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absence of living things. Any element or s t imulu s that  has an effect on life or on
responses generated by living things can he measured quanti tat ivel y by a nmethod that
measures its effect on AlP . By purify ing a luciferase extract and adding all the
necessary chemicals except ATP in excess , ar m assay for ATP can be perfor m ed by
measuring time amount of light produced when a sa r mmple containing ATP is introduced.
By this rmieans or a variation thereo f , the e ffect of explosive vapors or other introduced
substances can be determined. When an anmount of a s am mmp l e (TNT vapor for example)
is exposed to a living luminescent organism , a measure of the resultant light indicates
the amount of time sample. Within groups of luminescent organisms , their ATP content
is relatively constant; then , the lucerifase ini t ia ted ii g imt can be used to estimate the
quant i ty  of the sample. This method ima s been used to quanti tate  bacteria by NASA
personnel. 27

NASA personnel developed procedures for time determination of life on
other planets several years ago and , subsequently ,  evolved a program for applying these
technological developments to public sector needs , particularly in time sector of health
care deli very .

Many types of photometric i r m st ru m e nts  are in existence for quantiating
light. Those suitable for discrimina ting cim an ge~ ir m low-level light as emitted by th e
small anmounts of ATP present in bacteria. picomoies ( l0~ im m ole ) of ATP , employ a
sensitive ph otomul t ip l ier  (PM ) tube as a detector and a d .c. amplifier or equivalent.
These instruments are manufactured by several conmp anies. Some investigators have
assembled t imeir own instruments from off-the-shelf anmp iifiers and photomultipliers.
A very sensitive instrument has been produced t imat uses pulse counting. In some
iim st a nces , time PM tube can be cooled to improve the sigmma l-t o-noi se ratio. In one sys-
tern , “Diogenes .” the PM tube can he cooled to improve t ime signal-to-noise ratio in
connection witim an automatic injection system , and there is a selection of aima log or
digita l readout. 27 Wit im th is instrument , iO~ microgram of ATP prod u ces a sig n a l
abo v e ti m e no ise leve l . II ’ there is a 1- 1 molar reaction , t his system allows the detection
of I 0~ r mm i crogra n m of time corresponding affected sample . Because the light t’rom
u n k n o w n  saimmp l e com mi b in ation s may vary by several decades , an automat ic  electronic
am p i if icat io m m switchin g capabili ty or a digital readout in several digits is use ful arid
el iminates  tim e use ol’ several samples of time luminescent  react ion agent .  in s t rume r mts
tha t  provide t i mi s capabili ty are available fro nm i )upo imt . Aimco . and I lc~ - l e t t - Pa cka r d
H ewlett-Packard also immakes a p icoaimm m eter with automat ic  ranging timat  ca im be coup led
wit h a p lmotom i i lt ip l i er  t u b e  arid its power suppl y.

In the laboratory environment , whe r m reacting laborator y sa i mmp les wi th  A I P
time l ight  productio r m upon ir mject i on of a s ai mm p l e c o nt ai i m ii mg A ri’ i i mt o  a l uc iferase

27 I ~~ - (‘happelle and ( , V - levin, The l b - s ig n and 1 aliri ca tion of an instrument J i r  the l) etei ’tum o) .4dcn,,s,n, ’
i r ip / uicp hate (. 1 I I ’ )  - N A S S  (‘ I( 4 1 1 ( 1 9 6 6 )  -
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environnment rises to a niaxt mumn intensity then decays exponentially. Bot im time maxi-
mum intensity and the total output  are proportion al to the quant i ty  of ATP added.
Several types of display are accordingly suitable. When the proper display is used in
conjunction with a capacitance circuit , the peak height can be sampled and a digital
output produced and recorded. A rate function can be produ ced on a strip-c imart
recorder , and a peak height m a y  be measured. Analog circuitry can be introduced ,
dig itized , and printed to show the light output .  Both the scintillation counter ari d a
version of the JRB Co. AlP instrument provide an attachment for making this modifi-
cation and , also , for reading the peak light.

9. Applications. Numerous areas of application are appropriate for using time
luciferase assay for ATP itself as well as to measure organism levels. Some reactions are
specifi c for ATP and can be performed in the presence of other compounds. It does
not require isolation of ATP, so it can be measured in cell extracts and in body fluids.
The ATP level is an indicator of metabolic changes in living organisms and , therefore ,
can serve as a monitor of cell integrity, genetic variants substrate utilization , attack by
a virus , and cell growth. With subsequent research , these types of measurenments could
have wide applications in cancer research and immunology as well as in organ and
tissue viability and transplant rejection.

When used as a measure of bacteria levels , ATP assay can be used for pohlu-
tion monitoring in air and water supplies , such as drinking water , sewage treatnient
effluent , river/ stream pollution levels , and industrial water supplies and effluents.
When used in air pollution monitoring, it can serve as a trace-gas detector for explo-
sives or for other effluvia associated with the production and processing of explosives :
closed environmental monitoring could be performed for spacecraft , space stations ,
clean rooms , operating rooms, etc. Microbe levels could be measured in dried foods ,
cereals , spices, milk , bee r , wine , liquors , canned and bottled foods , pha rmaceuticals .
cosmetics , ointments , creams, paints , gasolines , and oils. Agricultural uses include
determination of fertility levels , spore viabil i ty,  and sterility of soils , p lants , and
animals. Oceanographic monitoring can be performed to determine bionmass and
effects of pollutants. Medical applications include ir m fection levels ir m blood, urine .
cerebrospinal fluid wound excretion , joint fluid , and iuimg and pleural fluid.  Fva lua -
tion of antibiotic levels in body fluids could be done using the luciferase assay methods.

Each of these areas and applications represents areas wimere more research is
needed into the problem involved in I m m ak in g  time luciferase assay applicab le. Timcse
include sampling, sensit ivity,  and background. ‘Fime advantages would he speed and
specificity.

10. Kinetics and Thermodynamics. Reactions involving lu m ir mesc el mt response ’
to st imuli  are enzyme -cata ly ied and involve a temperature opt i i mmu m . Time Arr i me r m i us  
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equat ion pre ul icts tha t  an elementary reactio n will speed up exponen tial l y wii l (
te i m iperature over time entire te nmper ature range. Biological reactions showing t i c
customary ten mperature must be complex. Bioluminescen ce reactions arc typ ical of th e
oxidation reactions : and typical examples are the firefly, the glowworm , and various
typ es o f ium ti mes ce r m t organisms i r m time sea. Take , for  example, (‘ypr idina and Reni l la
about 40 of ’ these creatures cover an average t hunmhn a i l . A cold extract of crus h ed
cypridina lurmm irmesces for a while , timen fades out. A imot extract gives no l ig lmt hut  if
cooled and added to the spent cold extract lig ht is again emitted.

Time cold extract when purified yields time enzynm e . luciferase , wit h a mole-
cular weight of about 70 ,000 as shown by (‘hase and L~angridge .2S Since the con-
sti tuent amino acid has a molecular weight of about 100 , the enzyme is a linear
polymer of ’ about 700 units coiled in rope-like fashion it mto a imelix with slightly under
four monomers to a turn. The enzyme is folded so timat its polar groups exten d out
into the water and time hydrophobic groups ~re buried inside t ime coils making contact
with adjacent hydrophobic groups.

If the temper ature is raised , the enzyme molecule unfolds , losing its catalyti c
activity and is said to be denatured. From a hot extract , througim purificatio n , luciferin
can be abstracted. Luciferin prepare d from different species differs; for examp le ,
cypridina luciferin has the empirical formula C 12 F12 02 N 2 2HCL , aii d the pro-
visional formula given by Johnson 29 is shown in Figure 21 .

0
I
H~~~~~~~~~~~~~~~ H

CU 3 C 2 H c

Figure  21 . Luciferin .

5. ( iase .ii d K. I angr idg c , “ I I i i ’ .Scd mien (a lion ( o n  sl ant  and 51 olec ul ar St ci gli I of ( s  p rid in .s I u~ 1 i ra  55’A r cls Itiocheni - Biophys. 88, 294 -297 II -11.5 1
-‘.5— I - I f  Johns on , et a! , 1. (‘elluLir ( si rs! ;  (‘ ‘ ss ~~~ 55 I I
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Marm y varieties of sitm g le cells lurn inesce. Exceptions are photobacterium
pimospi iore umi m m . v lbrm o phosphoresce rmce , and ;l fi scher, among others. in Figure 22 . the
effect  of press u re and temperature on tim e iuniinescenc e of pimotobacterium phosPimo-
rescence is compared witim theory . The results are good.

• 0
~~~~~ 

LU t- -~~~~~~~ --~~~.~L) £

LUc~)C,,
LU r
~~~6 F

L1~ 4 -
0

a
LU

LU -, /

I-.

1 I I I

0.00324 0.00330 0.00336 0.00342 0.00348 0.00354 0.00360 0.00366
RECIPROCAL OF THE ABSOLUTE TEMPERATURE

Figure 22. The brightness of luminescence in P. phosphoreum as a function of tempera.
ture at three different hydrostatic pressures. The points represent data from experiments
by Brown, Johnson, and Marsiand (1942). The smooth curves were calculated by Eyring
and Magee (1942). (From Johnson, Eyring, and Polissar . The Kinetic Basis of Molecular
Biology, New York: John Wiley & Sons (1954), p. 274 Copyright 1955 by the American
Association for the Advancement of Science.)

A theory of luminescence can be developed. Since lurmminescence is an
enzynme-cata lyze d reaction involving time oxidation of lucife rin UI 2 by t he active
hucifer ase A~ , it follows that time light intensity I is proportional to time concentration

• of reactants. Timis is true except for oxyge lm. Bacterial lumirmesc ence is ind epen dei mt of
oxygen pressure at pressures of ’ 02 above ab out  lO~ ° atmospheres. At higher
pressures . wim ere lunmines cence is Ind ependent  of oxy cen . luciferin can acquire oxygen
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molecules faster than it acquires the luciferin which is to be oxidized. This considera-
tion leads to the equation :

l = b k ’ (A~ ) ( L H 2 ) ,  ‘ ( I )

where k ’ is the specific rate constant for the reactions and b is a proportionality factor
determined by the units used and by the fact that about every tenth molecule of luci-
ferin which is oxidized emits radiation.

To explain the observed luminescent intensity, it must be assumed tha t the
total concentration of luciferase (A0 ) consists of a concentration (A n ) of the native
variety and denatured concentration (Ad ). Accordingly, the conservation equation has
the form :

(AO )= (A
fl
)+ (A d ). (2)

And since native and denature d luciferase are in equilibrium ,

“

the equation for equilibrium is:

Ad /A fl 
= K. (3)

Or , substituting equation (3) into equation (2) gives:

(A 0)(A0)(A~)+K (A~) ;o r A~ = 
I + K  

(4)

Substituting again , equation (4) into equation (1), gives:

bk ’ (A ) (LH 2 )
1 =  . ( 5 )

l + K

From previous work ,3° the equation for k ’ is:

All0
1 

AV 1 ( p - I )
kT i~~~ K° RIk g —- — e e e . (6)

M) Henry Eyri ng and Edward I’ y ring, Modern Chemical Kinetics . Reinhold Pubtishing (‘o ., New Yor k and london
(1963).
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and
All0 AS0 (p -1 )~~~

K e  RI e R e RI (7)

Substituting equations (6) and (7) into equation (5) gives:
All0 AV 1 ( p - 1)

T RI e RTa e 
. (8)

A l l0 AS0 (p 1) A’s’

l + e  RI e R e RI

Here ,
AS0

1

a= ~(LH 2)(A )~ e R

is a constant which must be chosen to fit the data.

To obtain the agreement shown in Figure 22 , the following values were
found by Eyring and Magee:3’

± = 1 7.22 kilocalories ,

t~H~ 
= 55.26 kilocalories ,

= 546.4 — 1 .81 3T milliliters ,

= -922.8 + 3.206T milliliters , and

= 184 e~z.

A reasonable picture of the react ion leading to luminescence is that below
the optimum temperature the enzyme is folded and in the native state. There must be
two active sites on the enzyme; the oxygen must absorb on one site with the luciferin
on a neighboring site. As the luciferin releases protons into the solution , time electrons
are taken up by the oxygen with the aid of the enzyme. About 9 times out of 10 time
outermost electrons are captured by the oxygen. The tenth time , an inner electron is
removed ; and the rema in ing out er electro n drops in to the empty level beneatim . t i mus
emitting a photon. When the enzyn m e unfolds due to imeating or because of the
presence of a denaturing agent the confo rmation shifts , making time enzyme ineffective
as a catalyst.

Henry Eyring and J. L. Magee , “Applications of the Theory of Ab solute Reaction Rates to }iac lerj al Lumi-
nescence ,” J .Celiular Cnmp. Physiol. 20, 169-I 77 (1942) ,
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When narcotics such as alcoimol , ethers , or ketones or explosives such as
TNT or DNT are added to luminescent bacteria , their light is dimmed ; all of these
agents have a hydrophobic hydrocarbon portion joined to a hydrogen bond formation
section. The dimming of the luminescence results from the inactivation of the luci-
ferase as it forms hydrophob ic bonds with abou t three molecules of an alcohol or other
active agent; such bonds shift the enzyme equilibrium from the native to the denatured
state by lowering the surface tension at the interface between the enzyme and solvent
and , so, favoring the extended denatured state. This diminution of luminescence by
a narcotic N results from the forming of an additional inactive enzyme species. The
new species containing s narcotic molecules must be taken account of in the conserva-
tion equation thus:

(A O ) = ( A
fl

) + ( A d ) + ( A d N S ). ( 9)

Further , we have:

A0 =SN ~~ Ad N S ( 10)

for which the equilibrium constant is K 3. and

Ad N S = K 3(A d ) (N)3 = K 3 K(A d ) (N)s . ( I I )

Hence ,

A0 = A 11 + K ( A ~ ) + K 3 K(A ) (N S), ( 1 2 )

or
• A

J K K K ( N 3 . ( 1 3 )

The light intensity, I~~, in the presence of narcotic is , therefore ,

— 
hk ’LH 2 (A 0In - r+~~~~ kR~~ 

. ( 14 )

Thus ,

1 / 1 = . ( I S )n l + K

Or,
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Qn - I) (Lf~)~ = Q K~ + SQn(N)

MI3 ~S3= -—~~ + — -—— +~~Q~~~ ( 161

When one plots the experimental quanti ty on the left of equation (16) against 4. anti

against QnN , one determines ~ H 3 and s, respectively. Finally, ~S3 is obtained from time
remainder. For 0.4M in alcohol solutions containing photobacterium phosphoreun m ,
Johnson et a!. 32 found S 2.7 , ~ H 3 = -37 kilocalories , and ~S3 = -128 e.t.

If photobacterium phosphoreum are inhibited by alcohol and then sub-
jected to a few hundred atmospheres pressure, the light comes on just as it does whet
heated-denatured bacteria are subjected to hydrostatic pressure. Incidental ly ,  much
of the effect of alcohol and ether on people is caused by partial inactivation of t l i
oxidative enzymes concerned with the respiration of the brain and , timerefore , wi L l
consciousness. Salamanders and tadpoles can be nmade dru imk with alcohol and cal l
then be sobered instantly by applying hydrostatic pressure. However , when the pr e&
sure is released, they instantly sink back into a drunken stupor.

Intracellular luminescence , like all biological processes, exhibits  an opti-
mum temperature or temperatures for nm aximunm overall reaction rate. The actual
temperature varies somewhat for dif ferent  species , and within a single species it f l i t s  1

— 
reversibly raised or lowered by physical or chemical changes in the en v i ro r mr mmen r 01 t u e

cells. Under given conditions , a reaction of fundamental  importance in d et er mII m ir l ~
the optimum temperature and in part time temperature activity curve is time rever ihi .
t imerma l denaturation of an essential enzynme. Qualitative evidence for this r eaLt i
resides in ready reversibility, by cooling, of the diminution in lumi rmescent i imtens i t ~
during momentary exposures to temperatures well above the nor nmal op t i r mmu m
Analyses of quantitative data relating the amount of reversib le diminut ion in in t e n s i l ’t
to various temperatures above the optirnunm indicate that a single reaction charact er -
ized by the high heat and entropy typical of protein denaturatio n is pr irm ma r1i ~
responsible for thermal diminut ion.  The rapidity of the change in intensity on eith ~’r

heating or cooling is indicative of a mobile equilibrium. The simplest explanat ior:  i~

that equilibrium exists between the native (active ) and denatured ( inact ive )  fornm of an
enzyme essential to time overall process of light emission. Timis equi l ibr ium reaet i
together with the catalytic reactio rm of a li m iting eniyme are sufficient to accou lmt for

32 i~. ~ Johnson. el a!., The Nature and Control of Reactions in Biolumineseence. J . ( en. Phy siol .  .~~~ 4

(1945 ).
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major part of the temperature activity curve. If one designates the equilibrium
constant for the reversible denaturation as 

~~ and the specifi c rate constant of time
catalytic reaction as k 1, Figure 23 iI~ustrates the observed intensity (by visual
photometry) of steady-state luminescence in a suspension of A. fisc izeri cells during
brief exposures to Eenmperature s above and below the optimum. The solid line is a
curve calculated in accordance with the equation and constants given in the figure ,
assuming only the two reactions with constants K 1 and k 1 referred to above.
Although the theory is oversimplified , the curv e fits the data within limits of experi-
mental error except at the highest temperatur e , where destruction reactions with high
temperature coefficients complicate the simplified picture. With some other species of
bacteri a , it has not proved possible to describe corresponding data with the same
accuracy, showing again that the theory is oversimplified in not including additional
reactions which apparently influence the quantitative variation of the overall process
with temperature.

Among other processes , the simplified theory describes with considerable
accuracy the rate of reproduction of Escheric/zia C’oli as a function of temperature
from somewhat above to well below the normal optimum of 37° C to 39° C under time
conditions involved. 33 Bacteriostasis occurs at about 45° C, but growth is immediately
resumed on cooling to 370 C. Anal ysis of the data indicates that more than one equili-
brium reaction is involved in the reversible bacteriostasis at high temperature , althoug h
most of  the temperature-activity curve can be accounted f or on the same basis as that
of bacterial luminescence.

Ill .  SUMMARY

11. Discussion and Conclusions. This study of the molecular mechanisnm of time
conversion of the energy of chemical bond formation into light still poses interesting
questions. In bioluminescence , what role does the enzyme play, first , in catalyzing the
attack by molecular oxygen and , second , in the emission of light? Is the stereospecifi-
city of enzymes important only in choosing time proper substrate , or does time enzyme
structure add something special not found in ordinary organic chemiluminescence ’~
Does the enzyme itself participate in the emission of light? Can an excited state
molecular species be represented as an enzyme com plex (EP ± )? Is enzyme co imfigur a-
tion important in bioluminescence , and might one be able to deduce information about
relative enzyme configuration from bioluminescence measurements? Is there a direct
analogy between the different values of Xmax ,  time wavelength of peak visual semmsitivity
observed in certain species , say isolated from fish , and the different values of time wave-
lengths of peak intensity for different firefl y species and for different lu imminous
bacteria?

I~. II. Johnson and I. Lewin, “The Growth Rate of F. Coil in Relation to lemperatuse . Quinine and (‘ocnlyme ,”
J. Cellular and Comp. Physiol. 28, 47 -75 (1946).
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RECIPROCAL OF THE ABSOLUTE TEMPERATURE
Figure 23. Influence of temperature on the intensity of luminescence in A. fischeri. The
smooth curve was calculated in accordance with the equation and constants as given in
the figure. (From Johnson, Eyring, and Polissar, The Kinetic Basis of Molecular Biology,
New York : John Wi ley & Sons (1954); data of Johnson, Eyring, and Williams (1942),
p. 270. Copyright 1955 by the American Association for the Advancement of Science.)
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It has been simown by Wald t i mat in fishes the visual pigment is porp imyro p sin
in which the prosthetic group is the I 1-Cis form of retinene. Muntz 34 has showrm t imat
the peak wavelengths of the main visual pig imlents in fishes correlate with their habi ta ts :
buthypa lagic fishes have Xmax around 480 nanometers , surface palagic fis lme s imave
Xmax around 490 nanometers , and rocky shore fishes around 500 nanometers. Timese
wavelengths correspond closely with time peak wavelengths of transn m itted light through
ocean waters. At 200 meters , the X max of transmitted light is around 475 nanometers ,
and near the surface it approaches 500 nanometers. It is conceivable , then , that time
complexing of the same visual pigment with the sliglmt ly different opsins of different
species could give rise to “porphyropsins” with slightly different absorption spectra
to account for the species’ differences in visual sensitivity. It has been shown that
aJ-nong firefly species there are variation s in Xmax of the in vivo bioluminescence
emission spectrunm .35 The color of the in vitro luminescence is the same as that mea-
sured in vivo ; further , in the in vitro reaction with synthetically prepared photinus
pyralis lucife rin the X maX depends upon time specific luciferase isolated. 36 Thus , in the
case of bioluminescence , it is quite definite that the enzyme plays a role in time color of
the light emission , the converse of the visual process where we postulate that time
enzyme affects the absorption spectrum of the pigment complexed to it.

In the in vitro bioluminescent reaction , it has also been established t l mat p1-I
and metal cations influence the color of the light emission.37 - These same factors are
known to effect changes in the configuration of other proteins as measured by cimanges
in optical rotatory dispersion. An example ot’ the type or’ color change is shown in
Figure 24. The normalized emission spectra for P . pyralis in vitro bioluminescence are
plotted at various concentrations and at p 1-I ’s of 7.6 and 5 .0 with no metal ions added
ami d at Zn~~ - nd Cd~~ concentrations with a p11 of 7.6 such t imat time no r nma l yellow-
green cmission is completely absent and replaced by a red emission. These arc nor-
malized spectra to demonstrate the color change; time intensities anti actual quantum
yields of the red emission are lower than those of the very efficient yellow-green
emission. Changes in the emission spectra are also observed for pyrophorus
p iagiophtha lamus dorsal and ventral organ luciferas e. 38 These changes do imot coi tmc ide
with phot inus pyralis changes under the same conditions of p11 or metal-ion concen-
tration. Timis is not surprising ir m view of the fact t lmat  phyrop horus p lagiop ht l ma la nmus
lucifer .tses precipitate in different ammonium sulfate fractions and Im av e entirely differ-
emi t disc electrophoretic patterns, the  peak emissio rm for P. py ralis is 502 nanonmeter s .

I- - W . %luntz . The Photosensitive Retinal Pigments of Marine and Eas.vhalcine Teleost Fishes. Phi) Thesis , L(’LA .
I l l

15 11 H. Selinger and W . I) . McE lroy, A rch. Hioch eni. ltiop hys 88, 136 (1964).v 
~ Se linger and W . U. Mci-:lroy. Proc Sat ’!. Acad. Sd . US 52. 75 (i964) .

W 1) Mc l-iro ~ - II. Ii. Selinger .and M . Deluca . in V . ltr yso n m d  Iii. Voge l (eds. ) . t. rolt ’mng (;e,:c ’s and Proteins .
Aca dem ic Press , New York . ( I  96 5), p. 319 .
W I). McI- lrt~v .mnd II. II. Sclmger , “I- ucllv Itj o lurnj nescence ,” in Bioluminescence in Progress , I-rank J ohnson
tn.l Y t a  lljneda . cds.. Py inccto ~ L’ nivcr it~ I’ress ) I
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WAVELENGTH (ANGSTROMS)
Figure 24. Maximum effects of pH , Zfl~

1
~, and Cd~~ on the bioluminescence emission

spectrum of Photinus pyralis in vitro reactions: (a) pH 7.6, no added metal ions; (b) pH
5.0, no added metal ions; (c) pH 7.6 , 2.3 x i0 3 M Zn~

.
~; (d) pH 7.6, 1.2 x 10.2 M Cd~~.

(From ‘ Bioluminescence in Progress,” Proceedings of the Luminescence Conference, Ed.
by Frank H. Johnson and Yata Haneda, Princeton University Press, Princeton, NJ (1966).)

As an absolute mininmum , the energy requirement for the light reaction is 57 kca l/mo l .
Since the color of light emitted in in vitro reactions can be altered and since other
fireflies show different peak emissions, studies of the chemilunm inescence reactions
under various conditions are usefu l in the interpretation of color changes. Not only do
the yellow-green and red eimiissions from P . pvr a lis show different pH optima but also
th ey show different temperature optinma . 39 In Figure 25 . it is seen timat time nature of
the emission changes is tim e same as that observed for both p11 arid metal cations.
There are two separately excited nmolecu lar species , one emit t ing in the yellow-green
region and time oilier em m i it t i r m g in time red region. When time ph . time immetal cation con-
centration , or the temperature is changed, timere is riot a gradual shift froimm a 5 ,5(’S-
angstrom peak to a (~, l 00-angstrom peak . Rather , the intensity of red emission is rela-
tively constant while time yellow-green in tens i ty  (a imd quantum yie ld )  decreases rapidly.
The temperature at which the emission occurs , then , determines to a great exte r m t time

~9 H. II. Selinger and W. 1). McElroy, Arch. Hiochem. Itiophys. 88. 136 (1960).
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Figure 25. Variation with temperature of the in vitro luminescence emission spectrum of
P. pyralis. Readings were taken at pH 7.6 in 0.025 M glycyl-glycine. (From H. H. Selin~ger and W. 0. McElroy, in Bioluminescence in Progress, F. Johnson and V . Haneda, eds.,
Princeton, NJ.: Princeton University Press (1960), p. 410.)

emission maxima. Selinger and McElr oy 4° report that in the chemiluminescent oxida-
tion of luminol in dimethylsulfoxide the fluorescence emission spectrum of completely
reacted solution is identical with the cimemiluminescenc e emission spectrum. W imite 4 ’
has demonstrated a recovery as aminophtha lic acid of approximatel y 90 percent of the
init ial  luminol oxidized. It appears that the luminol chemiluminescence is direct

40 H. II. Selinger and W . D. Mc Elr oy, in Bioluminescence in Progress. I- . Johnson and V. Haneda , eds. . Princeton .
N. J. : Princeton University Press (1960).

4 i
~ .. H. White , in Ligh t and Life. W . D. McElroy and B. Glass . cds ., Baltimore: The Johns Hopkins Press . p. 183.
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cimemilu nmi r mescence ; time eheimmistry of bio lurmmine sc ence of firef ly luci fe r in and luci le ras e
appears to be more complicated. Fluorescence has not been observed corresponding
to ti m e observed bioluminescence in conmpkte ly reacted solution. Ti mis n egat ive  result
could indicate:  ( I )  Time product nmo lecu le on the enzyme is uns t ab le  suhs eq uermt to
light em ission and gives rise to one or nmore chemical products w i mic i m are not
fluorescent; and ( 2 )  the catalysis by time enzy im ie and the concor imitant redistr ibution of
cimarge of the enzyme-substrate and the subsequent excited-enzyme product allow a
transie n t ionic configuration for the excited product molecule t i mat has a Imig h
fluo rc~ce’nt ~ie1d. The subsequent relaxation of the enzyme configuration would then
~ d l  time p ro’1uct molecule in a nonfluorescent ionic configuration. Since the relaxa-
tion t i nme for large enzy nmme molecules is on time order of 10-8 second , wi m il e the life-
t inm c s ~ t exc ited singl e states are of t ime order of l0~ second , fluorescent emission
from a transient  configuration could occur wi th  h igim probability.

i - or  a long time , research on bioluminescence has been a prime example of
pure science for wimich the cimief incentive has been time wonder and delight it proffers.
The initial objectives were always non-cont anmini ated with view s toward immediate
practical  application , and only rarely have unant ic i pated d iscove ri es been t urne d to
immediate practical use such as time currently well- Lnown sensit ive and specific assay
method for ATP by luminescence of the firefly system. In pr inciple , other lun i i-
nescence systems could be turned to practical use . e.g. : the bioluminescent protein .
acquori n , from the jellyfish provides the basis of ti r e most sensitive know rm ci me i mmica l
test for calcium or strontium; the bioluminescent protein from the marin e wor imi
Chaetopteru s can be used in perhaps the most sensitive known specific chemical test
for fe rrous iron; bacterial luminescence offers a sensitive means ot detecting conta immi-
nation of the atmosphere inside of space vehicles by jet fuels and for time detection of
explosives by bioluminescent marine micro-organisms. Yet , by a n d large , ti m e p ract ical
importance of bioluminescence is not immediately obvious; it is usually of ’ unclear , if
not seriously doubtfu l , significance even to time organism whicim possesses it. Partly
because of this reason , relatively few investigators at any one period of t ime imave
devoted their major research efforts to proh lenms pertai r ming to lu imminous organ is rmm s armd
the light they emit.

With reference to the more general significance , noteworthy is time use ol’
bioluminescence as a “tool” for investigating time kinetic enzyme and other reac t io t ms of
biological importance. For this purpose . luminescence has unique adv :irmtages , tor it is
time only living process in time world that has a natural  visible ir md ica t or , v i ’ . t ime in t e im-
sity of enmitted light in the rate— l i i mmiti r m g step. Time intensi t y is pro p ortio rmal to
instantaneous velocity, the light intensity can he e;isily and accurate ly measured , ar md
under appropriate conditions the sa imme indicator can be used for time reaction ei t I mer m m
l iving cells or in purified , cell-free extracts. Bacterial  iunmi n esce r mc e , in part icular . h a s
proved useful as such a tool and in fact imas provided a key to the understanding of
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certai rm aspects of time influence of temperature , hydrostatic pressure , narcotics , explo-
sives , and sonme other chemical agents on time rate of biological processes.

The great majority of bio lunmin e sce nmt systems are chemically unidentified.
In time biochemistry of luminescence , the problems w l mi cl m remain are man ifold .
challenging, and involve certain special difficulties - - not time least of ’ wh ici m is t im e di f l’i-
culty of getting an adequate amount of raw material .  lhe  progr es.~ in re~.earch on bio-
lumirmescence througi m the last few years imas riot bee rm gratif ying,  becaus e for the nmost
studied system , the firefly, t he answer to time quest ion “why does it flasim ’?” i mas eiu ’ .ed
explanation.
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APPENDIX

BIOLUMINESCENT DETECTION OF EXPLOSIVES

In 1970 , MERADCOM became interested in developing a trace-gas detector for
explosives employing bioluminescent properties. It was initially observed that when
photobacteria furnished by the RPC Corporation were exposed to selected vapors in
the laboratory , a change in the light level could be observed visually. The vapors
exposed to the bacteria included methyl alcoimol , xylene , chloroform , water , acetone ,
ether , dinitrotoluene , and trinitrotoluene. Each one of these materials caused some
easily observable change in the light output when exposed to the bacteria except
that in the case of TNT vapors it was necessary to heat the solid TNT to 100 0 C to
observe a change. It was further observed that the observed responses were reprodu-
cible and that exposure to highly toxic vapors such as methanol and xylene did not
impair the reproducibility of the responses. Out of these observations ca imme the ini-
tial effort at MERADCOM for tim e development of a mine/ explosives detector. A
$25 ,000 feasibility contract was awarded to the RPC (‘orporation of El Segundo ,
California , to co’~.mence the effort. The time allowed for completion of this initial
feasibility study contract was 6 months.

A limited number of marine micro-organisms were selected arid investigated.
The investigation included selecting micro-organisms with increasing sensitivity to TNT
vapors and developing nutrients for their growth , production , and retention. Timis
study resulted in the development of some cultures that exhibited a change in light
level when exposed to TNT vapors of ambient conditions. The apparent sensitivity of
the cultures to TNT vapors had been increased.

The feasibility phase of this effort was successful in that the selection and
quantitative evaluation of selected luminescent micro-organisms had produced speci-
mens exhibiting increased sensitivities to explosives; thus , t imere was the possibility timat
it would be possible to develop a man-portable detector of concealed explosives and/or
mines employing bioluminescent sensors.

The work at RPC Corporation continued by contract (dated 21 June 197 1) .  In
the extended effort , RPC Corporation was funded to continue to select , develop, and
quantitatively evaluate luminescent micro-organisms. Time emphasis in the strain
development program was increased sensitiv ity, with the u l t inmate goal b eirmg time detec-
tion of explosives by their signature characteristics. Sensors were to be screened
against the military explosives TNT , RDX , and Composition B. Engineering effort was
introduced at this stage directed toward detector components , including time design of
the reqUisite-optics , electronics , and mechanical configuration of critica l conmpon ents.
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Enmphasizing the biosensor as the heart of the detector , the development of ancillary
apparatus was initiated to avoid conditions when hardware development lagged behind
time microbiological development. The additional effort extended the contract for 8
months at an increased cost of $79 ,357.

The completed work after this effort showed additional progress; a breadboard
model , six-channel photochemical sensor unit was constructed to speed the process of
biosensor screening. The use of the short-pulse response of the biosensor through the
use of a photomultiplier coupled with breadboard electronics was investigated as the
detector circuitry and compared to a previous CdS photocell arrangement , new bio-
sensors were prepared and developed from wild strains obtained through the procure-
ment of new bacterial isolates from various marine sources, and mutant strains were
obtained through increased metagenic effort. New strains were evaluated (mutant  ari d
wild) for specificity and sensitivity to the Government-furnished military explosives ,
TNT , RDX , and Composition B. Investigations were made into the capability of
preservation for long periods of time and freedom from the effects of interference.
Nutritional parameters were studied , including the effects of pH , water vapor , and
composition and their effects on stability, performance , and longevity. Also , provided
by this effort were 12 lyophilized preparations of each superior biosensor culture with
activation procedures for use in “in-house” laboratory investigations.

Additional effort was placed on the development of biosensors and related de-
tector parameters by the addition of about $100,000 in new effort. The additional
effort added some 1 2 additional months to the contract. The increased effort pro-
vided for the continued development and refinement of biosensors through (a) isola-
tion of new wild strains from the natural environment , (b) mutagenic effort to increase
biosensor sensitivity to the explosive effluents of interest , and (c) preservation by
lyophilization of the best strains developed. During the course of these investigations ,
technical instruction was furnished to Government personnel relative to initiation of
in-house work. Optimization of biosensor performance continued ; the biochemical
variables , pH , nutritional requirements , and substrate gel were thorough ly investi-
gated. Tim e effect of carrier gas change was studied as were modifications of the bio-
sensor uni t  toward enhancing vapor capture. A six-channel photochemical sensor unit
(PSU) was improved , and a laboratory demonstration unit (LDU- l)  was provided to
the Government as part of this expanded effort. Calibration stan dards were prep ared ,
and the laboratory calibration unit  was furnisimed as part of a laboratory demonstration.
A study was also initiated to determin e time metabolic and chemical charmges produced
in the micro-organisms when in time presence of explosive vapors. Considerable
progress was made in developing new strains , increasing sensitivities , and adapting a
photochernical sensing unit to th e observation of changes in l ig lmt during the exposure
to explosive vapors. A total of $200 ,000 imad been expended for time work at this t ime ,
and this period represented a ‘major effort in tIme development of tim e explosive detector
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employing bioluminescent micro-organisms.

At this point , hundreds of strains had been developed , the PSU had been
improved , the sensitivity had been enhanced , and a volunminous amount of data had
bee mm collected. There seemed to persist , however , a lack of reproducibility whether
from strain development or instrument development. The performance of the system
in the presence of explosive vapors was not the same when exposure was made at the
contractor ’s facility (West Coast) and at the Government facility (East Coast). Isola-
tion of the causes of this discrepancy was elusive. The strains developed also showed a
sensitivity to many chemicals including water vapor.

Additional effort was placed with the contractor through a $155 ,000 addition to
the contract. This additional effort was directed to developing and jso lating potential
strains; increasing sensitivity by means of mutagenesis; selecting and lyophilizing the
best strains; optimizing the biosensor environment~ and developing two-channel photo-
sensor testing for specificity against impurities , functional groups , etc. The same type
of technical difficulties were encountered in this effort. The parameters contributory
to malfunctions in the system were never completely overcome. The final addition to
this funded effort was $48,000. All technical effort was conmpleted in 2QFY73.
Developed systems were delivered; these included a laboratory demonstration unit ,
a six-channel photochemical sensor unit (PSU), and lyophi lized strains. The total
effort was $400,000 and about 3 years of experimental and technical effort.

Some indication of the lack of sensitivity and selectivity of the responses of typi-
cal bioluminescent systems is shown in Table I ,42 Threshold sensitivities for two
instruments against EGDN and acetic anhy dride are shown in Table 2 . A value of
0.1 p/b (extrapolated) for EGDN at 10 percent scale sensitivity was observed on an
ITI Model 58 explosive detector. A reading of 15 p/b at a 3: 1 signal ratio was observed
for EGDN , and a measurement of 24 p/b was observed for acetic anhydride , measured
directly. In 1972 , MERADCOM exposed a W. S. Bonita strain on gelatin and dis-
covered a peak emission at 4,750 angstroms within the range 4,700 to 4,850 angstroms
(Figure 26). Negative results were obtained on tim e response of RPC biosensors in the
presence of explosives.43 MERADCOM further reports no spectral shift s in the
emitted light when the sensors are exposed to various trace gases (vap ors of heptane.
acetone , methanol , and henzaldehyde) .

42 Willia m A. Wall and h erbert M. Gage, Evaluation of the PRC Dual.Channel Biosensor System and the IT! Model
38 Explosive Detector for the Detection of TNT and Other Compounds, Technical Memorandum 74- 14 , U.s.
Army Land Warfare Laboratory , Aberdeen Proving Ground, Maryland, May 1974.
G. I. Spangler, and l)avid Loenta l, A Preliminary Spectroscopic Study of the RPC Bioluminescent Sensors,
Technical Memorandum 16, U.S. Army Mobility I.quipnicnt Research and Development Center , Fort Belvoir ,
Virginia. January 1972.
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Table 1. RPC Bioluminescent Detector Test Results, Complete
TNT Dynamite Acetic Acid

Chemical Compounds of Interest Negative Negative Positive Negative Positive
Sensor Sensor Sensor Sensor Sensor

Dnsp
Cocaine 0 0 0 + +
Heroin + + - +

Heroin (Street) 0 0 0 -, + +
Marijuana + + + + +
Morphine Sulphate + 0 0 0 0

Explosives
Black Powder - - +, - + +
C-3 -, + -, 1’ -, + -, + -, +
C-4 -, + -, + - - 0
Comp B -, + -, + + , - + , - + , -

Dynamite -, + -, + .1. , - -,+ -, +
Dynamite,Gelatin,40% -, + - + , - + -, +
Dynamite,Gelatin,50% - - 1’ , - +
Dynamite, Gelatin, 60% - - + , - -, + -, +
Dynamite, Red Cross - -, + + , - -, + -, +
F l ex—X 0 + + + +
Ethylene Glycol Di-Nitrate (EGDN) - - + , - + -, +
Octol - + , -, + + , - -, + -, +
PE-2 0 +, - + + +
PEIN 0 + + 0 0
Pentot ite +, - + + , - + +
PETN 0 + + + +
PL-NP-10 0 + + + +
RDX, Comp A-3 0 + + + +
RDX (BRL) + + + + +SEMTEX-H +, - + + + +
Tetryl +, - + + + +
Tetryl,British + + + + +
TNT (BRL) - + + + +
TNT , Granular - + + + +
Nitroglycerine on Lactose - - + , - + +

Common Compounds
Citrus Fruit, Grapefruit + 0 + + +
Fertilizer, 10-8-7 , Liquid + + + +
Gasoline (ARCO Regular) (Getty) -, + -, + +, - -, + + , -
HeatingOil + + + + +
Water , Distilled + , - + + + +, -

Silicone Compound, MIL-S-8660B - - + + +
Gun Related Compounds -
Cleaner., Preseivatives, Coatings

Compound, Heavy + 0 0 + +
Corrosive Protective Compound (MIL.C-l6l30) - , + - 0 0 +
Cosinoline 0 0 0 + +
Grease. Automotive & Art illery (MIL(’-10924) 0 0 0 + +

Gun Oil 0 + + + +
Gun Slick (1 0 0 + +
Rust Inhibiting Grease , RIG Universal - 0 0 + 4

Solvent , Nitro-Powder Hoppe ’s - . + -, + - -, • - , +
Ace t ic Acid (Glacial ) - ‘ . - ‘ - -. + +
Acetic Anhy dr ide - - - -. + . -
Acetone * 4 - +

Ammomum Hydro,ude -.• -, ‘ -, -, + - .
* - - .~~ - . •(‘Itn,, ~~~ 0 0

l) imct h~ I SuIt u~ i,k -. ‘ — +
I ther . _,.

I t h~ I 4,l~,,h ,*I + - ii ‘ — . .
ruv1~ A c-id + * . . -
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Table 2. Detector Response to Quantitative Tests for
Additional Compounds of Interest

Detector Compound Concentration and Response Comments

Model 58 Explosive 0.1 p/b EGDN 10% Scale Deflection , Extrapolated
Range (xl)

Model 16 Biosensor 15 p/b EGDN — 3: 1 Signal to Noise Measured Directly
System (RPC)

24 p/b Acetic Anhydride — 3:1 Signal Measured Directly
to Noise

4750 A°

I ~ W.S. BONITO STRAIN•
La.II-.

-~~~~ ~~~~
- F.W.H.M.= 700 A°

Li.I

0
I I I

3500 4000 4500 5000 5500 6000 6500

WAVEL ENGTH A°
Figure 26. Spectral distribution of bioluminescent strain W. S. Bonita on gelatin (RPC
Corporation), showing range of emission . (From G. F. Spang ler and David Loenta l , A
Preliminary Spec troscopic Study of the RPC Bioluminescent Sensors , Technical Memo-
randum 16, U.S. Army Mobility Equipment Research and Development Center , Fort
Belvoir , VA, January 1972.)
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All efforts to increase the sensitivity of the bioluminescent bacteria by selection
of better strains, by creation of new stra ins via mutagenesis and by optimizing the
nutritional , pFl and temperature conditions had very limited success. The TNT detec-
tion sensitivity remained within the same order of magnitude as determined employing
the RPC supplied instrument by the COR (Capt Hollis) at MERADCOM and was less
than the sensitivities of commercially available explosive detectors . In addition , the
light output of the bioluminescent bacteria was affected by the presence of many other
substances. For these reasons , it was concluded that bioluminescent bacteria could not
be developed into a sensing system useful for explosive detection and all efforts were
terminated.

Goodson , Jacobs , and Wells44 conducted an investigation directed toward the use
of photobacteria and their enzyme systems in the detection of military explosives.
Four explosives detection systems were devised based on ( 1) suspensions of photo-
bacteri a in a flowing system ; (2) a cell-free luciferase system; (3) a starch-gel , immobil-
ized luciferase system; and (4) a starch-gel , immobilized photobacterial cell system in
which entrapped cells are bathed in 3 percent saline solution. All of these systems
were used to detect TNT and DNT — about one-tenth of the 25 ° C equilibrium con-
centration of these explosive vapors. These systems are insensitive to changes in
humidity ; they were not specific to explosive vapors as shown by their responses to
rubber , gasoline , and cyclohexanon. It was found that the attainable sensitivity to
explosive vapors was as follows: RDX could be detected at its equilibrium concentra-
tion ; military TNT , pure TNT , 2.4 DNT , and 2.6 DNT gave responses sufficiently
above the back ground noise so that they would be detectable at about one-tenth the
equilibrium concentration of the explosive vapor at 25° C.

The purpose of the effort by Goodson , et al., was to determine the mechanism
responsible for changes in the bioluminescence of certain bacteria when exposed to
effluents from military explosives. Goodson , et al., found that not only the in vivo
bioluminescence of the bacteria but also the in vitro bacterial bioluminescence re-
action was affected by vapors of explosives. This indicated that the lucifera se enzyme
itself was inhibited. The detection sensitivities ari d specificities found by Goodson ,
et at., were not satisfactory , and signi ficant improvem ents could not be expected.
Thus , these authors concluded that the USC of biolumines cence for explosive detection
was not promising enough to warrant more work. The same conclusion had been
reached by ME RADCOM and all efforts to use the etTects of explosive vapors on in
vivo or in vitro bioluminescence were termin ated.

L. Gt,,.d~ .n. V, B. Jacobs , and I’ - F. Well s , Mechanism of Bioluminescent Detection of Explosive Vapors (Report
%‘o. 19), Midwest Research Institute , for U.S. Army Mobility I-quipment Research and Development Center .
I ..rt ltelv.*ir , Virginia . 1-inal Repo rl. July 1974 .
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GLOSSARY OF TERM S

Aerobically — Requiring oxygen or not destroyed by oxygen.

ADP — Adenosine 5’-diphosphate.

Aequorea — Luminous tissues of bioluminescent jellyfish.

AMP — Adenosine 5’-monophosphate.

Anaerobically — Requiring absence of free oxygen or not destroyed by its
absence.

Antigenic — A substance which when introduced into animal tissue causes
antibodies.

ATP — Adenosine 5 ’-triphosphate.

CTP — Cytidine 5’-triphosphate.

DPNH — Diphosphosphopyridine nucleotide reduced fo rm (cozymase).

FMN — Riboflavin , Riboflavin 5’-phosphate.

FMN H 2 — Reduced flavin mononucteotide (tiavin) .

Gram-Negative — Upon application of biological stain , will lose the stain to the
decolorizer .

Gram-Positive — Upon application of biological stain , will retain the stain.

LU 2 — Luciferine (general).

Luciferin — Oxidizable substance supplying material capable of absorbing
enough energy to emit in the visible region for those lumi-
nous organisms requiring dissolved molecular oxygen for
luminescence.

- _ 
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Lyophilized -- Freeze dried.

Parasitic Bacteria — Causing infection of various living animals.

Saprophytic Bacteria — Living on such dead matter as fish and meat.
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