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rate of emission of these pulses makes 
the approach suitable for the well 
developed, high-speed electronic sam- 
pling techniques and provides the con- 
venience of instantaneous readout par- 
ticularly useful for measurements at 
cryogenic temperatures (8). 
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New Light-Sensitive Cofactor Required for Oxidation of 

Succinate by Mycobacterium phlei 

Abstract. Irradiation of the electron transport particles of Mycobacterium phlei 
with light at a wavelength of 360 manometers resulted in a loss of oxidase activi- 

ties of succinate and the reduced form of nicotinamide adenine dinucleotide. The 

lesion in the two pathways caused by irradiation of the particles differs. The suc- 
cinoxidase pathway was more labile to irradiation than the pathway linked to 

nicotinamide adenine dinucleotide. Restoration of succinoxidase activity (up to 

50 to 60 percent) occurred on addition of a thermostable, water-soluble material 

obtained from Mycobacterium phlei cells or with an extract of mitochondria from 
boiled rat liver. Other known cofactors, such as flavine adenine dinucleotide, 

flavine mononucleotide, benzo- and naphthoquinones, as well as sulfhydryl agents, 

failed to restore succinoxidase activity after irradiation. Water-soluble material 

from Mycobacterium phlei appears to function between the flavoprotein and cyto- 
chrome b on the succinoxidase pathway. In contrast to the requirements for res- 

toration of the pathway linked to nicotinamide adenine dinucleotide, restoration 

of succinoxidase does not occur with quinones or other cofactors such as flavine 
adenine dinucleotide. 
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strates linked to nicotinamide adenine 
dinucleotide (NAD+) by the addition 
of vitamin K1, the naturally occurring 
naphthoquinone [vitamin Kg (II H)] or 
closely related homologs. In contrast, 
neither naphtho- nor benzoquinones re- 
stored oxidative phosphorylation on 
succinate, indicating that a light-sensi- 
tive factor other than the known qui- 
nones is required for electron transport 
from succinate (2). Since knowledge of 
the components and sequence of car- 
riers of the respiratory chain is neces- 
sary for an understanding of the bio- 
energetic process, a study was under- 
taken of the nature and role of this 
new light-sensitive factor required for 
succinoxidase activity. 

Light (360 nm) exerted a differential 
effect on the succinate and NAD+- 
linked pathways; results observed in 
particles exposed to light for various 
periods are shown in Fig. 1. Although 
both the succinate and NAD +-linked 
pathways were labile to irradiation, the 
succinoxidase pathway was more sensi- 
tive than that observed with the gen- 
erated reduced form of nicotinamide 
adenine dinucleotide (NADH). Up to 
80 percent of the succinoxidase activity 
of the particles was lost after 5 minutes 
of irradiation, whereas only 20 per- 
cent of the NADH oxidase activity 
was lost during this period. The ac- 
tivity lost with NADH was restored by 
the addition of vitamin K1; succinoxi- 
dase activity was restored only by ad- 
dition of a preparation made from the 
supernatant fraction or the material 
obtained from boiled whole cells. The 
degree of restoration of succinoxidase 
activity by the factor was dependent 
on the amount of damage to the parti- 
cles. Little or no restoration occurred 
with preparations in which the succin- 
oxidase activity was completely de- 
stroyed and only 50 to 60 percent res- 
toration occurred with preparations that 
had lost 80 percent of this activity. 
Length of exposure of the particles to 
light was thus very critical with re- 
spect to recovery of the activity lost 
on irradiation. 

The factor required for restoration 
of succinoxidase activity in irradiated 
particles was prepared from the super- 
natant fraction (obtained after removal 
of the particles) from whole cells of 
M. phlei and from rat liver mitochon- 
dria. After fractionation with ammoni- 
um sulfate, the factor was found in the 
fractions obtained between 25 to 65 
percent saturation; at this stage it was 
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Table 1. Effect of the factor on succinate 
oxidation by particles of Mycobacterium phlei. 
Reaction mixture in a final volume of 3.5 to 
4.25 ml contained 150 ,tmole of tris-HCl 
buffer (pH 7.4), 30 ,mole of MgCl2, 40 
A,mole of succinate, and particles equivalent 
to 3 to 6 mg of protein. Additions when made 
were as follows: 0.5 ml of M. phlei factor or 
extract of boiled liver mitochondria, potas- 
sium cyanide (2.3 X 10-3M), and 2 Ag of 
2-n-nonylhydroxyquinoline N-oxide (NHQNO) 
per milligram of protein. Oxygen uptake 
(10-9 g-atom per minute per milligram of 
protein) was measured polarographically (4). 

Oxygen Additions uptake 

Particles before irradiation 
None 62.0 
Factor 62.0 

Particles after 10 minutes of irradiation 
None 10.9 
Factor 20.0 
Factor + KCN 0.0 
Factor + NHQNO 1.8 
Extract of boiled liver 

mitochondria 17.8 
Methanol-chloroform 

extract of M. phlei 10.9 

protein-bound and labile to short pe- 
riods of irradiation. The factor required 
for restoration of succinoxidase activity 
was thermostable and water-soluble. 
The dialyzed ammonium sulfate frac- 
tion containing 150mM KCI and 
20 mM 2-mercaptoethanol was held in 
a boiling water bath for 10 minutes. 
After removal of the denatured protein 
the supernatant was capable of restor- 
ing succinoxidase activity; in the ab- 
sence of the factor, 2-mercaptoethanol 
failed to restore succinoxidase activity. 

2O l 

c5 

Irradiation time (min) 

Fig. 1. Effect of time of irradiation on 
oxidation of succinate (curve 1) and gen- 
erated NADH (curve 2) by Mycobac- 
terium phlei particles. Restoration of suc- 
cinoxidase by the factor and restoration 
of NADH oxidase by vitamin Kr are 
represented in curves 3 and 4, respectively. 
Oxygen uptake (10-9 g-atom per minute 
per milligram of protein) was measured 
at 30?C by use of Clark's oxygen elec- 
trode (4). 

In contrast to the protein-bound 
form, the factor obtained by boiling 
and removal of the protein was resist- 
ant to irradiation; at least 5 to 6 hours 
of irradiation (360 nm) was required to 
destroy the thermostable factor. Expo- 
sure of the protein-bound factor to light 
(60 to 90 minutes) prior to heating re- 
sulted in its loss, the destruction being 
more pronounced when the irradiation 
was carried out in 2-mercaptoethanol. 
In addition, the protein-bound factor 
was resistant to tryptic digestion. These 
results suggest that the binding of the 
factor to protein renders it more labile 
to irradiation damage than it is in its 
free form. 

The absorption spectrum of the pro- 
tein-bound and thermostable forms of 
the succinoxidase factor is shown in 
Fig. 2A. The spectrum of both mate- 
rials was similar, major absorption 
peaks being at 257 and 405 nm with a 
shoulder at 385 nm. After irradiation 
the major peaks were unaffected, but 
the shoulder at 385 nm was lost. The 
addition of borohydride failed to af- 
fect the 275-nm peak; however, with 
hydrosulfite the peak at 405 nm was 
found to shift to 415 nm, and the 
shoulder at 385 nm disappeared. Aera- 
tion of the hydrosulfite-treated sample 
resulted in the reappearance of the 
shoulder at 385 nm and in a shift of 
the peak from 415 to 405 nm (Fig. 2B). 

The activity and site of interaction 
of the factor was investigated with dyes 
which "tap" electrons at different sites 
in the succinoxidase pathway and with 
inhibitors. Irradiation (360 nm) of the 
particulate fraction resulted in a loss 
of succinoxidase and NAD +-linked 
oxidation. The succinoxidase factor 
failed to restore NADH oxidation, 
whereas vitamin K1 suspended in leci- 
thin was capable of restoring 50 to 
60 percent of the NADH oxidase ac- 
tivity. Although the succinoxidase fac- 
tor was capable of restoring succinate 
oxidation to irradiated particles, neither 
flavine mononucleotide, flavine adenine 
dinucleotide, vitamin K1, coenzyme Q, 
nor a methanol-chloroform extract of 
M. phlei replaced the water-soluble suc- 
cinoxidase factor. The restored activ- 
ity, like untreated preparations, was 
sensitive to 2 j/g of 2-n-nonylhydroxy- 
quinoline-N-oxide per milligram of pro- 
tein and cyanide (10-3M) (Table 1). A 
similar inhibition of activity was ob- 
served with the succinoxidase activity 
restored by the factor obtained from 
nlammalian mitochondria. 
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Table 2. Effect of the factor on reduction of artificial electron acceptors by Mycobactelriun 
phlei particles in the presence of succinate. Abbreviations: SDH, succinate dehydrogenase; 
PMS, phenazine methosulfate; DCIP, dichlorophenol indophenol; and MTT, thiazolyl blue 
tetrazolium. 

SDH activity Reduction of dyest 
Test system Additions 

PMS- Ferri- PM DCIPt cyanide MTT DCIP 

Particles None 29.0 12.5 47.0 1.2 1.7 
Factor 29.0 47.0 2.3 3.4 

Particles irradiated None 29.0 12.6 47.0 0.17 0.8 
10 minutes Factor 29.0 .60 2.8 

Irradiated factor .16 0.8 
Extract of boiled 

liver mitochondria .65 2.60 

* Activity assayed by measurement of oxygen uptake (5) (10-9 g-atom per minute per milligram of pro- 
tein). ' Assayed spectrophotometrically (6) and expressed as nanomoles of dichlorophenol indo- 
phenol reduced per minute per milligram of protein. $ Expressed as nanomoles of dye reduced per 
minute per milligram of protein. 

Previous studies indicated that the 
lesion caused by irradiation occurred 
between the flavoprotein and cyto- 
chrome b on the succinoxidase path- 
way (3). The thermostable form of the 
factor also appears to interact in this 

region of the chain, since the factor 
was not required for succinic dehy- 

drogenase activity as assayed with phe- 
nazine methosulfate or phenazine meth- 
osulfate and dichlorophenol indophenol 
but was required for restoration of the 
reduction of dyes (thiazolyl blue tetra- 
zolium and dichlorophenol indophenol) 
which "tap" electrons at the level of 
cytochrome c (Table 2). Succinic de- 

350 

Wavelength (nm) 

Fig. 2. Absorption spectra of the factor prepared from Mycobacteriumz phlei and 
extract of mitochondria from boiled rat liver. The preparations were diluted 100 fold 
with water for measurement of the absorption spectra. For measurement of optical 
density in the 350 to 450 nm region, the protein-bound form of factor was used and 
contained 5 mg of protein per milliliter. (A) M. phlei factor; solid triangles, M. phlei 
after borohydride reduction; dashed line, extract of mitochondria from boiled rat liver; 
and open triangles, the same extract after borohydride reduction. (B) Curve 1, 
M. phlei factor before irradiation; curve 2, M. phlei factor plus Na2S204; curve 3, 
M. phlei factor plus Na2S204 after aerial oxidation of Na2S204; curve 4, M. phlei 
factor after 5 hours of irradiation; and curve 5, M. phlei factor plus Na2S204 after 
irradiation. 
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hydrogenase was not lost after irradi- 
ation of the particles; however, such 
treatment resulted in an inhibition of 
the reduction of cytochromes b, c, and 
a + aa. Addition of the succinoxidase 
factor was required for reduction of 
the cytochromes after irradiation. In 
a number of experiments the ability to 
restore reductase activity of dichloro- 
phenol indophenol after irradiation was 
completely restored by the addition of 
the succinoxidase factor. 

In conclusion, irradiation of M. phlei 
particles with light at 360 nm resulted 
in a loss of succinoxidase and NADH 
oxidase activities. In contrast to the 
lesion on the NAD+-linked pathway, 
which appeared on the loss of the en- 
dogenous quinone, the lesion in the 
succinoxidase pathway occurred in a 
component that interacted between the 
flavoprotein and cytochrome b. The 
protein-bound factor was dissociated 
into a thermostable component that re- 
tained the ability to restore succinoxi- 
dase activity after irradiation of the 
particulate fraction. Although the spec- 
trum of the component remains con- 
stant after purification, it is not known 
whether the active material exhibits ab- 
sorption in the ultraviolet and visible 
regions. The chemical nature of the 
thermostable component requires fur- 
ther study. 
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