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In a recent paper Steele (1963a) alluded to & newly discovered chemilumi-
nescence involving the redox pigment phenazine methosulfate (PMS). When re-
ductants including NADH and AA were added to PMS in the presence of HOOH a
chemiluminescence (CL) was observed lnstrumentally, We feel that the follow-
ing features of these systems warrant our presentatlon of some preliminary
results at this time: a) the importance which PMS has attained as a redox
carrier in biochemical studies (see, e.g., Dickens, 1936; Geller and Gregory,
1956; Singer and Kearney, 1957); b) a chemiluminescence in free solutionm,
non-enzymatic, and “coupled" to known blochemical redox compounds under
physiological conditions; c) the striking resemblance kinetically, with
smaller rate constants, to CL flashes obtained using bioluminescence enzyme
preparations (see Chance et al., 1940, and Schoepfle, 1940, 1941); and d)
the study of such "simple" systems may provide further insights into mecha-

nisms leading to an eventual understanding of CL (bioluminescent) phenomena.

Materisls and Methods. PMS and NADH were Sigms grade. AA was obtalned from

Merck. HOOH was Baker's AR, 30%. CL emissions were measured as described by
Steele (1963a). Absorption spectra were measured with a Perkin-Elmer LOOOA

spectrophotometer.
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Results. We have "solved" our data for the equatlons which describe the CL
"flashes"” (see Steele and Breckinridge, 1963). The emlssions obey series
first order kinetics which, at thls time, we cam ouly wrlte cryptically as
A__iL>B :2_9C .
Fig. 1 shows a typical CL response induced by the injection of NADH into the
PMS-HOCH system. First- and second-order plots of the CL intensity show that
CL decay follows first order kinetics for over 50% of the intensity drop and
then reverts to second order kinetlcs presumebly when some reactant (uniden-
tified) is no longer in excess. This double kinetic behavior reveals effec-
tively the actual pseudo first order character of the k2 rate constant.
Fig. 2 shows the CL response induced.by the injection of AA into the PMS-HOOH
system. The CL response is more prolonged in this system and the pseudo first
order character of k2 was not apparent. We glve below the rate constants for
the serles filrst order equatlons which describe the emlssions for these

systems:
R -1 k2 1
NADH-PMS~HOOH system 0.532 sec. 0.071 sec.”
AA-PMS-HOOH  system O.044 " 0.009 "
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Fig. 1. Chemlluminescence vs time for a PMS~-HOOH system induced by NADH
addition. Decay kinetlcs sh : a) first order plot; b) second order plot.
Final concentrations:uPMB, 107" M; HOOH, 0.017 M3 POy~buffer, 0,05 M, pH,
5.62; NADH, 1.3 x 107" M (1.5 mg. NADH, in 0.3 ml. Ho0, injected at zero time.
Final volume, 15 ml. Temp., 25 C,
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We are presently of the opinion that kl and k2 for both of these systems
are pseudo first order rate constants. It appears that the pseudo first
order character of k2 for the NADH-PMS-HOOH system displays itself due to the
large k; "dumping", as it were, the reactants upon k, so rapidly that one
reactant qulckly became rate limiting. The lower value of kl in the
AA-PMS-HOOH system (Fig. 2) prevented thils overloading of kK, and kept re=-
actants flowlng at a rate slow emough to prevent either specles from becom-
ing rate 1limiting. The series first order kinetics which we have found for

these systems have also been observed by Steele (1963b) for the photo-induced

chemiluminescence of riboflavin in water contailning HOOH.
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Fig, 2. Chemlluminescence vs time forha PMS-HOCH system induced by AA
addition., Final concentrations: PMS, 10~ Mj; HOCH, 0,03 M; PO -buffer, 0,1 M,
pH, 5.53; AA, 3 x 107" M (0.9 ml. of 5 x 1073 M AA was injecteg at zero time),
Finel volume, 15 ml. Temp., 25° C,

Of possible interpretative significance for the mechanlsms of CL for the
PMS-HOOH systems, the riboflavin-HOOH system (Steele, 1963a), and biolumines-
cent systems (Strehler, 1955) is what we believe may be suggestive evidence

for the partilcipation of & semiquinone {SQ) intermediate in the reactions
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leading to (but not participating necessarily directly therein) llght emission.
When NADH is added to PMS anaeroblcally there appears transiently the charac-
teristic green colored intermediate of the PMS-SQ {Swan and Felton, 1957) as
the PMS is reduced to its leuco form. When oxygen is admitted to the system
the leuco PMS 1s oxidized sgain transiently through the green SQ intermediste,
These cyclic redox changes are analogous to those reported by Belnert (1956)
for the reduction and oxidation of riboflavin and its derivatives., These
results for the NADH-PMS system are preseanted in Fig. 3. In contrast to the
reduction of PMS to its leuco form by NADH, 1ts anaerobic reduction by AA,

due essentlally to the almost complete overlap of the AA and PMS potentials
(AA, 0.058 v; PMS, 0.080 v, Clark, 1960), and a proper choice of concentra-
tions, leads to an incomplete reduction of PMS to the leuco form so that the

intermediate SQ 1s stabllized. These findings are recorded in Fig. 4 in

I.OO [ T T - — T

\
90¢ ]
.80 .

7
.70t \ -
.60 -

J1of §

380 390400 225 450 475 500
A, my

Optical Density
0

[N JE TUR N

O O O
f
‘/

2

(]

(o]

(4

l\
)

Fig. 3. Absorption spectra for cyclic redox changes via the semiquinone
(8Q) for PMS induced by reduction (with NADH) and oxidation (with Oy). Sys-
tems made anaeroblc initially be degassing with N,. Curve-l, PMS; curves 2-3,
show reduction, via the 8Q, of PMS following 2 mg. and 1 mg. additions, re-
spectlvely, of NADH; curves L4-10, changes upon gubsequent oxidation by 0O,
additions. Final Concentrat&ons: PMS, 3.4 x 1077 M; PO),-buffer, o.1 M, pH, 5.2;
total NADH added, 1.1 x 107" M. Path length 10 cm. Temp., 25° ¢,
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Fig. 4. PMS-SQ spectra induced by AA additions anaerobically, at differ-
ent pH's in Thgmberg absorption cells of 1 cm. path. Final concentrations:
PMS, 6.9 x 1077 M; pH's indicated on the figure. Systems: a) PMS spectrum at
all pH's used; b) PMS + 0.1 M Pou—buffer, AA, M (excess); c and 4) PMS +
0.21 M POy-buffer, AA, 3.72 x 10-3 M. All volumes, 3.5 ml. AA "tipped" in
from the side arm after 3 min. of oil pump evacuation.

which we 1llustrate also the known pH dependent stabllity of the PMS-S5Q
(Michselis and Hill, 1933), Low pH stabilizes the PMS-SQ catlion. It 1s per-
tinent for the concepts of the mechanisms of CL that we have never observed
CL from the SQ systems in the absence of HOCH. Further, we have no direct
evidence that the 5Q per se 1s a requisite intermedlate. It is our present
conviction, however, that the SQ reacts elther with HOOH to form a reactive
species with a dissociable hydrogen (to account for the pH dependency which
we have found for k2) or that the SQ free radical acts as a reductant, in a
manner analogous to ferrous iron in Fenton’s reagent, with HOOH to generate
OH free radicals which then react with PMS or PMS-SQ to form the molecular

species which interact with light emission. Parenthetically, we should point

out, however, that we have not been able to detect (oy ebsorption spectro-
photometry) the SQ in the riboflavin-HOOH system in which CL has been photo-
induced (Steele, 1963a) though we have been able to demonstrate the photo-

generation of OH free radicals. It may have been, however, that the steady
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state concentrations of S5Q, under the conditions of the experiment, were too
low to measure.

Studies in progress are directed towards clarifying an observed O2 effect

on these systems (there appears to be an optimum concentration), and the use
of "quenchers", e.g., halides, as an ald in identifying reactive intermediates.
When we learn more gbout the reactions for the PMS-HOOH-reductant chemilumi-
nescing systems we plan to resume our previously unsuccessful efforts to

couple NAD-dependent enzymes to the light reaction as an assay technique.
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