J.

5

v . | | | 5h00-3277-41

TITLE: Mechanisms of Bioluminescence, Chemiluminescnece and of

Their Regulation

CONTRACT NO: E(11-1)3277

PRINCIPAL INVESTIGATOR: H. H. ‘Seliger, Professor of Biology

CONTRACTOR: McCollum-Pratt Institute, Department of Biology
The- Johns Hopkins University :
Baltimore, Maryland 21218

PROGRESS REPORT: One year period through March, 1976.

'SUBMITTED BY

//M_%N

H. H. Seliger
Professor of Biology

NOTICE
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Energy
' h and D A ion, nor any of
| theis employees, nor any of theit contractors,
i b or their ploy makes any
warranty, express or implied, or assumes any legai
liability or responsibility for the N -
! | or usefulness of any information, apparatus, product or
| | process disclosed, ar represents that its use would not
infringe privately owned rights.

MASTER

DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED

|



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



A. During the past year the folloﬁing papers have been written, accepted
for publication, or presented at scientific meetings:‘- o -y

Ward, W. W. and H. H. Seliger " €00-3277-24
Action Spectrum and Quantum Yield Determinations :
for Photoinactivation of Mnemiopsin, A Biolumines~

cent Photoprotein from the Ctenophore em10231s Sp..

Photochem. & Photobiol. 23 (1976)

Seliger, H. H. ' ' R o - C00~3277-28
The Origin of Bioluminescence ' e
Photochem. & Photobiol. 21, 355—361 (1975)

Seliger, H. H. - : . - .€00-3277-31
A Common  Enzyme Mechanlsm for the Production of :
Reactive Chemical Species of Carcinogenic Poly-

cyclic Aromatic Hydrocarbons, Paper presented =

at Ann. Mtg. FASEB, Atlantic City, N.J.

April, 1975; Fed. Proc. 34, 623 (1975).

Hamman, J. P. and H. H. Seliger ' C00-3277-36
Chemiluminescence from Liver Microsomes durlng the
"Hydroxylation of the Carcinogen Benzo[o]pyrene.

Paper at the Ann. Mtg. Amer. Soc. for Photoblol.,

Denverx, Colorado, Feb., 1976.

Hamman, J. P., Biggley, W. H., and H. H. Seliger C00-3277-37
A Kinetic Model for the Photoinhibition of '; ' :

- Mechanically Stimulable Bioluminescence.in Marine
Dinoflagellates and the Implications for the

Measurement of Action Spectra. Paper at the

Anon. Mtg. Amer. Soc. Photobiol., Denver, Colorado,

Feb., 1976.

Seliger, H. H. ' , C00-3277-38
Chemiluminescence from Liver Microsomes durlng

‘Hydroxylation of Carcionogens. Paper at the Michael

Kasha Symposium on Energy Transfer in Organic,

Inorganic and Biological Systems, Tallahassee,

Florida, Jan., 1976.

Hamman, J. P. and H. H. Seliger o €00~3277-39

The Chemical Formation of Excited States During .
Hydroxylation of the Carcinogenic Hydrocarbon
Benzo[alpyrene by Liver Microsomes. Biochem.
Biophys. Res. Commun. accepted.

Seliger, H. H. and J. P. Hamman - : C00-3277-30
The Chemical Production of Excited States:

Chemiluminescence of Carcinogenic Hydrocarbons

Accompanying Their Metabolic Hydrixylation and a

Proposal for Common i Active Site Geometries for

Hydroxylation. J. Phys. Chem. submitted.

Seliger, H. H. nuv.u.onun-:ntal r,‘)coolology. €00-3277-40
Chapter 6,in 1 PHOTOBIOLOGY, ed. XK. C. Smith to be published.
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1. The underlying theme of this research program is the study of the

production and role of excited states invbiological sySteﬁs.

A basic assumption has been that there exist common oxygenated

intermediates in the mechanisms for the conversion of chemical free

energy into electronic excitation energy. Four corollaries of this

assumption follow:

.

- " c.
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d.

Bioluminescence (enzyme—catal&zed.cheﬁilumineséence) in all
species should be the result of similar chemical pathways
involving molecular oxygen as a direct electrqﬁ acceptor. 
The active sites of 1ucife;éses (although.not necessarily the

stereospecificity) and the reactive sites of luciferin molecules

~ : : :
“should be similar for .all bioluminescent species.

From the knowledge of the mechanism of chemiluminesceﬁce one
can infer the catalytic functions of 1ﬁciferase moleculeé and
also their role in the subsequentvlight émission from the
excited state luciferin product molecule.

Since oxygenase reactions.by hydroxylase enzymes: and 02_
released during osidase reactions can produce product molecules

in excited electronic states, there should be an Adventitious

Chemiluminescence from all biological systems. - This Adventitious

Chemiluminescence differs from Bioluminescence in that it is

~incidental to the biochemical function in the organism.

A second basic assumption is that there exist similar membrane

mechanisms for achieving initial triggered responses to external stimuli,

whether these stimuli be light in the case of vision, stereospecific



‘chemicals in the casé of olfacti§n, préssure'in the case éf heériﬁg or
~sheaf forcéésgn the case of mechanicaliy stimﬁlabie Bioiumiﬁeéééqée of ;~”
'1 | "_dindflaéellates. | | | | |
| | ,Thé research objectives éfe therefores
i) to examine the detailed mechanisms of cheﬁiluminéséence, bio-~

- luminescence, and Adverititious Chemiluminescence using techniques

of absolute measurement of'light-intensities and‘spectral compo-
..sition. | | | |
ii) to develob the techniques for measﬁring absolutébénd relative
spectral intensities of ultraweak sourcészéf lumiﬁéscence as well
asvof fapid flashes of chemilumineséencé.

iii) to ascertain the relevance of Adventitious Chemiluminescence

'Afrom~microsomal extracts, from the action of leukocytes on

e

pﬁégocytiied bacteria and from rapidly grbwing cells, to hydroxylase
enzyme function. More specifically to ascertain whether the

Adventitious Chemiluminescence emitted during the’ig_vitro

enzymaﬁié hydroxylation of polycyclic aromatic hydrocarbons (PAH)
1s the reéult of an enzyme—catalyzea internal Qxidation ring
splitting or a non-specific attack by superoxide radicalé.

iv) to study the role of luciferase excited state ﬁroduct binding

’y on the color (energy levels) of the bioluminescencé.

v) to study the relationship between the chemistry of the biolum-
inescent reaction, the membrane triggering System for biolumineé;
éence and the action of external light intenéities on.the
regulation of the triggering mechanism. All of this is possible

in the single celled dinoflagellates.



- We can ask a number of questions: . l..

a). Can the general COncept-of‘"photébrotein" be appiied to systemé.-‘

other than Johnson's aeqﬁorin‘and halistaﬁrin? is‘this a
semantic term related iny to the stabiiity‘(binding) of.an
intermediate required for chemiluminescence?' Canjthis explain
the apparent lack of a requirement for moleculaf bxfgen?v

b) Is the 'environment' of a chemically-formed préduct molecule_,-
the same as a photo-excited product mélecule? :Ate‘theré cage
effects in bioluminescence or in chémiluﬁinéécence?

c)  Is it necessary that the stepwiSé‘biolgmihescent oxidation
mechanism be identical with the chemiluminescent okidatibn
e.g., for the latter in aprotic solvents? -

d)§MHpat is the mechanism of photoinhibition of.a shear-sensitive
receptor? Is this a general mechanism that can also be applied
to taxis and tropism? How_do excited moleculés react in enzyme-
coupled systems?

e) How do primitive "nerve" networks (as in the single-celled
dinoflagellates) trigger the bioluminescent syétem? How are
primitive "nerve" ﬁetworks themselves triggered? What is the
mechanism of the Ca++ activation of a photoprotein?

f) What is the mechanism of photoinhibition of bioluminescence
in the marine dinoflagellates? How is this related to photo-

- synthesis? Where are the pigments located?

g) What is the relationship of particulate bioluminescent systems

"to soluble gioluminescent systems? Are soluble bioluminescent

systems in vitro artifacts of the purification procedure? Are



-,Q;aa;thérarticulate vesicles themselves.an artifact of the extrac- =
- tiﬁh pfbcedure? | |

ﬁ)' How can we compare‘groﬁnd state‘(vibrationél)‘chemistry excited |

state (élecfroni§ le&él) cheﬁistry and enzyme;cétalyzed'(charge
'  or group transfer) chemistry?

i) The detection of iight emiésion aé the result ofvchemical reac-
tiqns.permits the observation of as few as 50-100Vphotons per
second. TUnder optimum conditions this amountsuto éheﬁicél'
reactions of the order of lO_22 mole sgc_l. ‘This sensitivity
is sufficient to observe light emission from almost any chemicalv

. reaction. It is evén possible to observevthe spontaneous
chemiluminescencé of reactants which by.anaiytical chemical
\\ﬂssays are consideredvto be stable., It is pqséibie to observe
low-level luminescence in biological systems. Iﬁva recent paper
I suggested that the.méasurement of the low-level chemilumines-~
cence accompanying chemical reactions might have industrial .
applicétions in process control or in feed back, régulating
complex synthesis steps (Seliger{(COO—3277—14)). Codld not
this same approach be used to monitor somevaspects of the
biological system? What is the origin of these low-level
luminescent reactions? |
2.‘a)‘I cén now report what I consider to be a major achieveﬁent of our
research program. Based on our work over the past 10 years on the

mechanisms of bioluminescence and chemiluminescence I developed a new

—t

hypothesis for the origin of bioluminescence, the central focus of which

is the mixed function oxygenase reaction. On this basis I predicted a




éhemiéél'meqhanism for #he l;w;ievelvchemiluﬁinés@enée‘observed»for_
qxidiziné réacfions in cells énd tiséue e%;racts. This.igd furtﬁer
I to.the pfopésai fdr common geometries for hydrbﬁylatidﬁ'ofvcarciﬁogenic
aromatic hydrocarbons and the prediction that éhemiluminescéﬁcé should
 vaccompanyvthe metabolic hydroxylation of carcinogens guch és benzé[a]

pyrene.'.

As can be.seen from the attached preprints C00-3277-30 and C00-3277-39

we have been able to verify the prediction gi'chemiluminescenceﬂof carqinoé
2génic polycyclic‘ardmatic hydrocafbons as the result of enzymatic hydroxyl—
étion. The mechanism of 6iygenation aS well as’ the geometries for the
original hydroxylatioﬁs are completely.consistént With the‘present

evidenée for the mutagenicity of the epoxidesf In both of the abo&é

papers we show that the kineﬁics of the chemiluminescence are'consistent

with the spontaneous oxygenation of a fraction of the epoxides which

rearrange to the phenol.

N

/0

\\74
Excited State Product

"

For a long time I have wondered whether biochemical reactions could
be different from hoﬁbgeneous chemical reactions. Obviously specificity --
‘ charge and geometry -- are basic to enzyme reactions. It is obvious also

B .- . &



that the standard condensation, hydrdtion,;oxidation reactions carried

out by enzymes can be repfoduced.in the non-enzymatic test tube.’ The

»

difference is a_subtle one aﬁd only»becéméé_obvious when we-conéidé;

the complete-enzymé mechanism. If Qé want to add grpyp_G'to ajpértic— -
ular atom of a Substrate S chemically, we place removable”protectingv
groups G' at the other reéctive sites on S, react G with S and.then
remove the G!' groups, leaving SG. >In many cases the enZyﬁe E can bind

G and S sterically so'that'G can ohly’reaqt with the correct atom of S.

In order to do this the enzyme is '"designed" around the function to be

performed. E is put together so that a binding site oan E will bind a

binding site on S, and likewise for group G, so that the reactive sites

of S and G are favored to.react to form SG. .This is nothing new.
However, start at this point and ask the mode of action of primitive
luciferases, the present day oxygenases, the oxldative carboxylyases

and the amino acid oxidases. A few of the latter two are quite substrate

specific. A carboxylyase from Proteus vulgaris works on valine, isoleucine

and nonpolar amino acids. In animal tissues there are carboxylyases
which operate on aromatic amino acids. Most amino acid oxidases are

generally non-specific. The primitive luciferases and the detoxifying

--—--oxygenases -were not designed ‘to be extremely specific. There is a lack

bf specificify of bacterial luciferase for aldeﬁyde chain length (we can
even fool firefly 1uciferase with 6—émino luciferin).

The requirement for metabolic oxidation of avﬁareﬂt carcinogenic
aromatic hydrocarbon relates both to the bindiﬁg to the éryl hydrocarb;n

hydroxylase and to the subsequent reaction or reactionms with molecular

oxygen.

8




- The quantumvmechanical calculations for K fegiqns of ?AH moleculesys

may not necessarily be correlated with carcinogenicity.” ‘It is the site® -

for attack by oxygen, after the K.region has bound to the oxygenase,

B

which relates to the carcinogenicity of a PAH. '~ In homogeneous non-

enzymatic test tube chemistry and infpﬁotochemiétry the réattion with
-oxygen will generally be at the K region site. Here then is the major
~ distinction between chemistry and.biocﬁemistry.
b) Relative Spectral Anaiyzer |
We hévevuéed this téchnique to &emonstfate that dhring'the spontaneous'
che@iluminéscence (CL) of cigarette smoke extra;ts iﬁ dimethylfofﬁamide
(DMF) there are at least two comﬁoneﬁts to the CL. Tﬁe blue emission
decays at a more rapid rafe than the green emission. The instrument has
been calibrated absolutely for photon:detecfion using the Luminol,
'vchemiluminescent reaction (Lee and Seliger; Photochem. Photobiol. 12;227‘
(1972)). We have developed a diffusing geométry so that we can use the
RSA for measuring the bioluminescent emission'speqtra of single dinof
flagellates. | |
c).Bioluminescence
We have developed a éimple.set of kinetic 1ineér equationS'wﬁich
~are -consistent with all of the observations on the light—inhibitién of
’ fhe mechaniéélly stimulable bioluminescent system in the dinoflagellates.
With these we can account for a lag, a saturation effect, a threshold of
intensity and most important of all, the dependence of the inhibitién on

" the logarithm of the light intensity. We have found a minimum of four

different types of response of dinoflagellate species to inhibiting light.

e ‘Our major effort has been on the Pyrocystis (Dissodinium) lurula species

\ and an action spectrum paper is in préparatibn.
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d) We‘have set up to re—meésﬁre'thé-qmiésion speétfa.qf:single #

"Jamaicap,chick beetles and to compare by HPLC the lucifefins extracted # .
from the individual light organs. It has been postulatea by J. W.

- Hastings at Harvard University and ourseiﬁés that the ig_zizg Siolumin—
escent system was the parﬁiculaﬁe'systém. The observatioﬁs that supported
this hypothesis were 1) the kinetics of the'ig;gigzg_acid stimulable
particulate flash and thé in vivo flash are similar, 2) the emission
spectrum of the in vitro particulate‘reaction and_the'ig;zizg emission
are the same, 3)'the‘ighziszé_particulate:can be recharged after gcid
stimulation by incubation with soluBle luciferiﬁ at pH 8; 4) a Soluble
luciferase, luciferin, and luciferin binding prqteiﬁ that binds luciférin_
at pH 8 But not at pH 6 can be extracﬁed from the particuléte syétem
from G. polyedra, 5) image intensification showed the lighf émitted from

~discrete points in vivo. New observationé we have made lead us to believe

‘that the in vitro particulate system may be an artifact of the éxtraction
procedure. These observations are summarized below. 1) An acid stimulable
soluble system can be extracted from morphologically altered D. iunula
with yields 100 to 1000 times the particulate yield,.Z) luciferin binding
protein is only found in the Gonyaulax sPeéies, 3) fx_'om protease
digestion and radiolabeling with 125I.and_lactopefoxidase, the luciferase
ﬁppears to be 1ocatéd on the outside of the particulate vesicle ektracted
from D. lunula. Our present view of the in vivo bioluminescent system .
has aggregates of luciferase moleéules attached to membranes in the cell
with luciferin weakly bound to nonspecific sites. The light emission is

controlled by the avéilability of hydrogen ions which activate the luciferase

and release the luciferin.



e) We' have 1solated by high pressure liquid chromatography the K

'active fractlons of c1garette smoke extracts whlch give rise to the

observed chemiluminescence (see Seliger et E&:’ Science 185 253(1974))

We are in the process of character121ng these by chemiluminescence emission

spectra and fluorescence.

We have been able to isolate by HPLC the metabolites of the
microsomal oxidation of benzo[a] pyrene, in agreement with what has been
reported in.the literature. These isolated metabolites-exhibit‘a‘further
'low—ienel spontaneous chemiluminescence which can'be enhanced in strong
base.: Since we can identify metabolic products~by HPLC our next step is
to produce and\isolate the specific products referred to in our paper
C00-3277-30 and to compare the chemiluminescence and fluorescence'emission
' spectra with those observed.from microsomalvextracts directly.

f) We have -learned the techniques for and are now using the Ames'
strains of Salmonella histidine mutants to perform nhat.we consider.to
be definitive experinents comparing the mutagenicity of epoxides with
the mutagenicity of that small fraction of those sane-epoxides which
are spontaneously oxygenated and which produce excited states.

ig) We have continued with the measurement of the spontaneoos and
base—stimulated chemiluminescence of urine. Our indications are that
these values, normalized to creatinine concentrations, are different for

smokers and non-smokers.
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