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Highly purified DPNH dehydrogenase has been prepared from preparations of 
DPNH oxidaze. The enzyme has an average molecular weight of 80,000 and contains 
flavin, nonheme iron, and labile sulfide groups in an approximate ratio of 1:2:2, 
respectively. In electron paramagnetic resonance studies the dehydrogenase showed 
a g = 1.93 signal upon reduction with hydrosulfite, but not with DPNH, which sug- 
gests that the iron is not active in the enzymic catalysis. Studies of immunodiffusion 
and of enzyme inhibition with specific antibodies suggest that the DPNH dehy- 
drogenase has not been grossly modified during preparation, and that it and the de- 
hydrogenases prepared by the methods of King and Howard and Cremona and 
Kearney are related to each other and to preparations of DPNH oxidase. 

Previously, several preparations of DPNH 
dehydrogenase have been isolated from heart 
muscle. The dehydrogenases fall into two 
general categories : the smaller soluble prepa- 
rations described by Mahler et al. (l), 
DeBernard (2), King and Howard (3) and 
Mackler (4) (molecular weight 70,000- 
100,000) ; and the larger DPNH dehydrogen- 
ase complexes of Ringler et al. (5) (molecular 
weight about l,OOO,OOO), and Cremona and 
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Kearney (6) (molecular weight about 
550,000). The two types of dehydrogenases 
differ in other properties as well as molecular 
weight, the preparations of Cremona and 
Kearney containing much higher concentra- 
tions of nonheme iron and labile sulfide 
groups, and reacting at different rates with 
artificial acceptors than the preparations 
described by Mackeler and by King and 
Howard. Furthermore, the preparations of 
Ringler et al. and Cremona and Kearney 
can be further purified by a variety of 
treatments (7) yielding smaller, soluble 
dehydrogenases similar to those of the other 
investigators. Since the electron transport 
systems can be fragmented by different 
procedures to yield dehydrogenases of dif- 
ferent characteristics, it is of interest to 
study the relationship of the soluble DPNH 
dehydrogenase prepared in our laboratory 
to the parent enzyme, DPNH oxidase, and 
to other dehydrogenases. This paper de- 
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scribes the results of immunological and 
biochemical studies of the preparations which 
demonstrate a relationship between DPNH 
oxidase and the soluble DPNH dehydrogen- 
ase and suggest that the dehydrogenase is 
produced by fragmentation of DPNH 
oxidase without loss of essential properties. 

MATERIALS AND METHODS 

Beef heart DPNH oxidase (8), yeast electron 
transport particles (ETP) (Q), and yeast DPNH 
dehydrogenase (10) were prepared as described 
previously. DPNH dehydrogenase was prepared 
from 1)PNH oxidase as described by Mackler (4), 
but was fllrt,her purified by final passage of the 
preparation thru a 30 X 1.5cm column of Bio-Gel 
P-60 (obtained from the California Corporation 
for Biochemical Research). The DPNH dehydro- 
genases of King and Howard, and Cremona and 
Kearney were prepared as previously described 
(3,6). Lipoyl dehydrogenase was prepared as de- 
scribed by Massey (II), with some modifications, 
up to t,he electrophoretically pure form. 

Antisera against heart I)PNH dehydrogenase 
and against DPNH oxidase were produced by 
intramuscular injection of the enzymes in Freund’s 
adjuvant in rabbits. Serum was obtained in each 
case from the rabbits before injection of enzyme 
for use as a control. Partially purified antisera and 
control sera were prepared from the rabbit sera 
by addition of a saturated (at 0”) solution of am- 
monium sulfate, pll 7, to SO”/; of the final volume. 
All procedures were performed at O-4”. The sus- 
pension was allowed to st,and with stirring for 10 
minut,es and was then centrifuged for I.5 minutes 
at 40,000 rpm in t.he No. 40 rotor of the Spinco 
model L ultracentrifuge. The residue was taken 
up in a minimum of distilled water, dialyzed 
against 0.9,<, Oi &iaCl for 18 hours, and stored at 
-70”. The final product was demonstrated to con- 
tain a high concentration of gamma globulin by 
immunoelect rophoresis (12). Immunodiff usion 
studies (13) were done in 0.4y0 agarose (Bausch 
and Lomb) in pH 7.2 phosphate buffer. DPNH 
oxidase was suspended in l?<l Tween for better 
resolution of precipitin lines. 

Assays for enzymic activity were carried out at 
either 30” or 38” with 2,6-dichlorophenolindo- 
phenol (indophenol), ferricyanide, cytochrome c, 
and oxygen as acceptors, as described previorrsly 
(4, 9, 12, 14). For studies of antiserum inhibition 
of enzyme activity, enzyme, antiserum, and the 
appropriate assay buffer were preincllbated in 
cuvettes at the reaction temperature for 5 minutes. 
DPNH and, where called for, cyanide and versene, 
were then added, and the reaction was started by 
addition of the appropriate electron acceptor. In 

studies of DPNH oxidase activity the reactions 
were begun by addition of DPNH. Control serum 
was substituted for antiserum in control experi- 
ments, and except as noted had no effect on the 
enzymic reactions. Sodium chloride, in amounts 
present in the preparations of antiserum, did not 
influence enzymic activities. Preincubation of the 
enzymes with antiserum for periods of 10 minutes 
or more did not produce a significant increase in 
inhibiton of enzymic activity by the antiserum. 

Sources of chemicals were as follows: DPNII 
and cytochrome c from Sigma Biochemical Com- 
pany; 2,6-dichlorophenolindophenol from East.- 
man Chemical Co., sodium barbital from Mallirl- 
ckrodt; and Freund’s adjuvant from Difco Lahora- 
tories. Fleischmann’s yeast, obtained as a gift, 
from Standard Brands, Inc., was used for prepa- 
ration of the enzymes from yeast. The flavin, 
nonheme iron, labile sulfide, and protein contents 
of the preparations were determined as described 
previously (9, 15). 

Electron paramagnetic resonance (EPR) 
spectra were obtained with a Varian V-4500 x- 
band EPR spectrometer equipped with a special 
accessory that permitted operation in t,he tem- 
perature range 17”-76°K (Palmer and Sands, to bc 
published). Full details are given in the legend 
to Fig. 2. 

RESULTS 

Properties ancl composition of DPNH 
clehyclrogenase. Preparations of soluble 
DPNH dehydrogenase of the highest purity 
catalyzed the oxidation of 95, 80, and 6.3 
pmoles of DPNH per minute per milligram 
of enzyme protein with ferricyanide, indo- 
phenol, and cytochrome c, respectively as 
electron acceptors. When such preparations 
were st’udied in the Spinco model E analyt- 
ical ultracentrifuge by velocity sedimenta- 
tion techniques, the protein moved as a 
single symmetrical peak as shown in Fig. 1, 
and was estimated to be over 95% homoge- 
nous by calculation of the relative area 
distribution. The enzyme was calculated to 
have an average molecular weight of approx- 
imately 80,000 (~~0,~ 4.8) in other studies 
in the ultracentrifuge performed by equi- 
librium techniques (16). 

Preparations of enzyme contained flavin, 
nonheme iron, and labile sulfide groups in 
the amounts shown in Table I. Based upon 

4 We are indebted to Mr. Roger Wade, Depart- 
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FIG. 1. Analytical ultracentrifuge pattern of velocity studies of DPNH dehydrogenase. 
Sedimentation is from right to left at 0: 8, 16, 24, 32, and 40 minutes. 60,000 rpm; 8”; 3 mg 
protein/ml. 

TABLE I 

COMPOSITION OF l>PNH DEHYDROGENASI~: 

Preparation 
T  abile sulfide 

1 0.9 2 .r, 2.0 
2 0.7 2.9 1.8 
3 0.7 2.5 2.2 
4 0.9 2.3 1.2 
5 1.1 1.6 1.8 

Average 0.9 2.4 1.8 d x” 
d I-I 

a molecular weight of 80,000 for the de- 
hydrogenase (as determined from studies in 
the ultracentrifuge), the components are 
present in concentrations of 0.9, 2.4, and 
1.8 moles of flavin, iron, and labile sulfide 
groups, respectively, per mole of enzyme. 
The flavin component has been identified 
previously (17, 18) as riboflavin (FMN). 
Other 5’-phosphate studies performed by 
EPR (see METHODS) showed the presence 
of a prominent signal at g = 1.93 upon 
reduction of the enzyme with dithionite 
(see Fig. 2). This is due to the nonheme iron 
component of the enzyme as described 
previously for other preparations by Beinert 
et al. (19) and Der Vartanian et al. (20). 
However, when the dehydrogenase prepa- 
rations were reduced anerobically by addi- 
tion of an excess of DPNH, only a small 
signal at g = 1.93 was observed. This was 
approximately 5% of the magnitude of the 
signal found after addition of dithionite. 
The shape of the EPR spectrum deserves 
special comment. It is typical of a spin 
doublet in a rhombically distorted axial 
ligand field. This is indicated by the marked 
shoulder to t’he low-field side of the promi- 
nent high-field trough. Furthermore. the 

MAGNETIC FIELD (GAUSS) 

FIG. 2. Electron paramagnetic resonance spec- 
trum of DPNH dehydrogenase (4.4 mg/ml) re- 
duced with a few grains of solid dithionite. Spec- 
trum was recorded at 58°K by using the following 
instrumental settings: microwave power, 15 mW; 
modulation amplitude, 12 gauss; microwave fre- 
quency, 9.214 GHz; field scan rate, 400 gauss/ 
minute; time constant, 1 second. 

g value of the high-field trough was measured 
as 1.93. Both the shape of the spectrum and 
this g value are similar to the EPR of re- 
duced succinic dehydrogenase (21). How- 
ever, flavin analyses show that the prepa- 
ration does not contain any succinic dehy- 
drogenase flavin (17). The two explanations 
for the nonheme iron EPR are therefore 
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(a) either the DPNH dehydrogenase iron 
has become modified during purification 
so that very lit,tle is not reduced by DPNH 
and its EPR spect’rum fort’uitously resembles 
t)hat observed with reduced succinic de- 
hydrogenase, or (b) the preparabion contains 
the iron component of succinic dehydro- 
genase. We are unable to resolve these two 
alternatives at this time. 

Imlnunologic tests of antisera and enzymes. 
Antisera prepared as described in METHODS 
against DPNH oxidase and DPNH dehy- 
drogenase of heart muscle were studied by 
the double-diffusion method against both 
the heart DPNH dehydrogenase and DPNH 
oxidase. Two precipitin lines were formed 
in the immunodiffusion studies of the oxidase 
preparation with oxidase antiserum, and 
three precipitin lines formed in similar 
studies of the dehydrogenase with dehydro- 
genase antiserum, suggesting that the en- 
zyme preparations were not homogeneous. 
In other studies two precipit’in lines were 
formed when each enzyme preparation 
was tested with heterologous antiserum, 
e.g., oxidase with dehydrogenase antiserum. 
With both antisera the precipitin lines fused 
with lines formed against t,he specific 
enzyme preparations, and suggested that 
the DPNH dehydrogenase and DPNH 
oxidase preparations share common antigens. 

Immunodiffusion studies were also per- 
formed with other types of mitochondrial 
enzyme preparations. No precipitin lines 
were formed in st’udies of lipoyl dehydro- 
genase wit’h either the oxidase or dehydro- 
genase antisera. The soluble DPNH 
dehydrogenase prepared as described by 
King and Howard (3) was also studied by 
immunodiffusion, and no precipitin lines 
were found with the DPNH oxidase anti- 
serum. However, one precipitin line was 
formed with the DPNH dehydrogenase 
antiserum which fused in a reaction of 
identity with one of the lines formed against 
our DPNH dehydrogenase preparation, 
suggesting that the two dehydrogenase 
preparations share a common antigen. In 
similar studies with the DPNH dehydro- 
genase complex prepared as described by 
Cremona and Kearney (S), two precipitin 
lines were formed with t’he DPNH oxidase 
ant,iserum and one precipitin line was formed 
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FIG. 3. Inhibition of various activities of 
DPNH dehydrogenase from hearr muscle by an 
antiserum prepared against the dehydrogenase. 
Assays were performed at 30” in a Gilford auto- 
matic spectrophotometer as described in METHODS. 
0, Cytochrome c; 0,indophenol; A, ferricyanide. 

with the DPNH dehydrogenase anti-serum. 
Thus the DPNH dehydrogenase complex of 
Singer appears to share common antigens 
with both the DPNH oxidase and the 
DPNH dehydrogenase preparations. In 
other studies the antisera prepared against 
t’he DPNH oxidase and dehydrogenase 
preparations of heart muscle were tested 
against preparations of ETP (electron 
transport particles) and DPNH dehydrogen- 
ase from Xaccharonzyces cerevisiae, but no 
reaction could be demonstrated betlveen 
the antisera and the yeast preparat’ions by 
immunoelectrophoresis or by the method of 
Ouchterlony. 

E$ect of DPNH dehydrogenase antiserum 
on enzyrnic activity. As shown in Fig. 3, 
t.he DPNH dehydrogenase antiserum in- 
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TABLE II Studies were not performed with indophenol 
EFFECTS OF PURIFIED DEHYDROGENASE 

ANTISERUM ON VARIOUS ACTIVITIES 
as acceptor, since this activity of DPNH 

OF DPNH OXIDASE 
oxidase was markedly inhibited by the 
partially purified control serum. 

Activitya S/E 
hvmp)b 

Inhibition 
(%I 

DPNH --) 02 1800 0 
DPNH + cyt. c 400 0 
DPNH + Fe(CN)i- 800 16 

1900 73 

a Assays were performed at 38”. 
b Mg of protein of antiserum/mg protein DPNH 

dehydrogenase. 

TABLE III 

INHIBITION OF VARIOUS ACTIVITIES OF DPNH 
OXIDASE BY PURIFIED DPNH 

OXIDASE ANTISERUM 

Activity= S/E 
hg./md b 

Inhibition 
(%) 

DPNH --f 02 1950 38 
DPNH -+ cyt. c 370 <50 

330 41 
DPNH + Fe(CN):- 900 16 

1800 73 

a Assays were performed at 38”. 
bMg of antiserum protein/mg of enzyme pro- 

tein. 

hibited all activities of the heart DPNH 
dehydrogenase but at different concentra- 
tions of antiserum; the reaction with cyto- 
chrome c was more sensitive to inhibition 
than the reactions with indophenol or ferri- 
cyanide. Fifty percent inhibition of enzymic 
activity was obtained with 96, 310, and 340 
mg of antiserum per milligram enzyme when 
cytochrome c, indophenol, and ferricyanide, 
respectively, were used as acceptors in the 
enzymic catalysis. On the other hand, the 
antiserum did not inhibit the activity of 
preparations of DPNH oxidase when oxy- 
gen and cytochrome c were used as electron 
accept’ors, but inhibited ferricyanide re- 
ductase activity at high levels of antiserum 
(Table II). However, only relatively low 
ratios of antiserum to DPNH oxidase 
could be used in the cytochrome c reductase 
studies due to the large amounts of enzyme 
which are necessary for the assay procedure. 

E$ect of DPNH oxidase antiserum on 
enxymic activity. Table III shows the effects 
of the DPNH oxidase antiserum on the 
various activities catalyzed by DPNH oxi- 
dase. Although all activities of the enzyme 
were affected by the antiserum, the cyto- 
chrome c reductase activity of the DPNH 
oxidase preparations was more sensitive 
to inhibition by the antiserum than were 
the DPNH oxidase or ferricyanide re- 
ductase activities. As mentioned earlier, 
inhibition of indophenol activity could not 
be studied because of the marked inhibition 
of activity by the control serum. The DPNH 
oxidase antiserum affected only the cyto- 
chrome c reductase activity of the DPNH 
dehydrogenase, and produced 22 and 33% 
inhibition at levels of antiserum of 2000 
and 4000 mg of protein, respectively, per 
milligram of enzyme protein; this is a much 
higher ratio of antiserum to enzyme than 
was required for inhibition of activity of 
DPNH oxidase. The indophenol and ferri- 
cyanide reductase activities of the dehy- 
drogenase were unaffected by the antiserum 
at levels of 2000 mg of antiserum per milli- 
gram of enzyme. 

In other studies the antisera prepared 
against the preparations of heart muscle 
DPNH oxidase and dehydrogenase were 
tested against preparations of ETP and 
DPNH dehydrogenase from X. cerevisiae, 
but no effects of the antisera could be 
demonstrated on any of the activities of 
eit’her of the enzymes at levels of over 
2000 mg of antiserum protein per milli- 
gram of enzyme protein. 

DISCUSSION 

Preparations of DPNH dehydrogenase of 
the highest activity appear to be over 95% 
homogeneous in studies in the ultracen- 
trifuge, and have an average molecular 
weight of approximately 80,000, which is in 
good agreement with the minimal molecular 
weight calculated from the flavin content 
nf the enzyme. The preparations contain 
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