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We.have previously shmn by EPR spectroscopy that at least part of the 

iron contained in a DPNH cytochmme 2 reductase preparation is reducible by 

substrate (Beinert and Sands, 1959). It was our aimto extendthese studies 

to more Integrated preparations of DPNR dehydrogenase and to other electron 

transport enzymes containing non-hem iron (NHI) in order to assess the pas- 

sible significauce of the earlier observations and to detect changes in these 

preparations on o+dation-reduction, which can be studied by EPR. 

Data on the preparations used are given in Table I. They were tested aero- 

bically and anaerobicslly at -lOO". Fig. 1 shows the anaerobic titration of (I) 

WithDPNIi. First a free radical appears which increases while the ferric iron 

(signal at ~4.3) Is reduced. This iron represents about 1% of the total NH1 

and occurs at a molar NHI:flavin ratio of 1:4. At the point of madual. radical 

foxmation (Fig. lc,d) a new asymmetric signal appears at g 
II 

52.00, g d.94, 
I 

which increases on further addition of DRdR. Dithionite leads to a small addi- 

tional. rise after excess DPNR has been added. Reoxidatlon by ferricyauide re- 

verses these changes completely. DPN at a 5-fold excess over the DPNH present 

is unable to reoxidize the component indicated by the new signal. 

Fig. 2 shows the anaerobic titration of two separate samples of (II) with 

DFNH and succinate, respectively. DPNE promptly reduces the iron (g&3) which 

* This investigation was supported by the National Institutes of Health 
(RG-5073 
Pro& 147. 

a-6762 and ~-2512) and the Atomic Energy ConmissIon [KC( IL-l) -p, 
w e are indebted to Drs. D. M. Ziegler and Y. Ratefl for generous 

gifts o? enzyme preparations and helpful discussions. 
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Table I. 

AUdyti~al Data on Enzyme Preparations 

'reparation 

‘0. Function Ref. 

DPNB cyt. c reductase Hatefi et 
(particul.aZe) SJ.. ,196o 

I DFRB and succinic 
cyt. c reductase 
(part&ulate) 

Rabinowitz 
and DeBer- 
=a,1957 

II Succinic Co& 
reductase 

Ziegler 
and Doeg, 
1959 

v succinic dehydrog- 
enase 

Singer et 
al. ~956 

' Succinic dehydrog- 
enase 

Basford et 
al* rl957 

Quantity 
used in 
0.3 ml 

Iw I m@oles/mg 

27 0.9 16 

25 0.6 7 

24.5 

36.0 

P 

3.4 

1.0 

4 

32 

4.7 

8 

1.1 

1.1 

4 

--- 

me- 

0.8 

0.65 

-em- 

-m_-  

- - - -  

in this preparation represents about 16 of thctatal NHIpresent. There are 

tvo non-equivalent iron signals visible which show by different width. A free 

radical appears and fades as *reduction proceeds. A weak signal similar to that 

seen with (I) at g 
1 

~1.94 is also visible. It is only on addition of succinate 

after DPNR, however, that this signal develops significantly (Fig. 2f). The 

free radical signsl at g=2.003 can be differentiated by changing the incident 

microwave energy. The new signal contains structure not seen in the signal 

given by reduced (I) (Fig. 1). In contrast to DFEB, succimte is unable to 

reduce the iron represented by the signal at g&.3. Only partial reduction 

is apparent after an hour's incubation with excess succinate at 0' (Fig. 2j). 

Succinate, when added to (II) in the absence of DPRB also produces the new sig- 

nal just described (Fig. 28-i). It may be noted that on reduction of (I) with 
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L-2 
loo gauss 

J -DPNH 

Fig. 1 27 mg of (I) in 0.3 ml of 15% sucrose, 0.05 M in Tris chloride of pH 
7.8. Total lqrmoles of enzymatically reduced DPNH added: a,O; b,57; c,ll4; 
a,171; e,228; f,X)OO; g, excess of IVa2E$OV Tracing of a 6nd upper trac- 
ing of b at g=2 recorded at -gab, others at -15 db. F'rozen x) seconds 
after additions. 

DpNH the new si& appears when the free radical concentration has reached a 

maximum and starts to decline, while during the reduction of (II) by succinate 

the radical signal and the new signal develop almost simultaneously until the 

radical starts to decline on further reduction. 

Fig. 3 shows the anaerobic titration of (III) with succinate. The se- 

quence of developnent of signals is similar to that in Fig. 2g-k. The new 

signel observed when (II) is reduced by succinate appears also with (III). 

Again this signal and a free radical signal initially flw almost sirmdkaueous- 

lY* The iron indicated by the signal at g-4.3 is only partly reduced by excess 

of succinate. This iron does not represent more than l$ of the total NXI pre- 

sent and occurs in this enzyme at a mlar ratio to flavin of only about 1:lO. 
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a 
b 

974 
DPNH 

p=2 

i Y 

j lr 
\ \ 

0 

k 

-v-k 

IOO~SS 

M-6: 

Fig. 2 25 mg of (II) in 0.3 ml of 5% sucrose, 0.025 14 in phosphate of pH 7.4. 
Total q.unoles of DPNH added: 
2.5 qoles of succinate. 

a,O; b,69; c,345; a and e,3480; f,34&l plus 
Total ml.LmDles of succinate added: g,O; h-j,J; 

k, excess of Na2S 
minutes,. and j, 6e 

b,c, and h, frozen 23 seconds; e,f, and i, 15 
Lutes after additions, Incubations at Oo. 

We muld therefore not like to attribute any sigcificance to the parti& re- 

duction of this iron. It is of interest that fumarate added at a 7.5-fold ex- 

cess over the succinate present is able to reoxidize the material represented 

by the new signal psrtly (Fig. 3e). This material is immediately and com- 

pletely reoxidized by Coenzyme C& and ferricyanide. The sign& of Fig. 3g was 

obtained in the liquid state at 25OC. It was not possible in preliminary ex- 

periments to ascertain whether this signal represented both the free radical 

and the new signal observed in the frozen'state or only the free radical signal.. 

The succinic dehydrogenase preparations (IV) and (V) shoved essentially 

the EPR pattern of preparation (III), when they were reduced by succinate. In 

each case the new sign& at g -2.00, g =l.94 appeared. There was some varia- 
II _L 

tion, however, as to the quantity of this material which was reducible by succin-. 
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a 

b 

d 

\ 

7 

2 \ 9 
D - Succ. 

FQ. 3 24.5 mg of (III) in 10s sucrose, 0.1 M in phosphate of pH 7.4. Total 
pmoles of succinate added: a,O; b,0.4; c,0.8; d,2; e,2 plus 15 of fuma- 
rate; f, excess of Na&&; Frozen 20 seconds after additions; g,l6.5 
mg of (III) dissolved in 0.2 ml of sucrose-phosphate plus 10 wles of 
succinate at 25Oc. 

ate compared to that which was reducible by dithionite. In every case (I-V) this 

material was present at a molar concentration of the order of the flavin 

concentration. 

We conclude from these experwnts that DPNR specifically reduces the fer- 

ric iron of ~4.3. The molar concentration of this iron in the DPNR dehydrogen- 

ase (II) is about equivalent to the flavin concentration, while it is less in (I). 

Free radicals, probably flavin semiquinones, are readily formed on reduction or 

reoxidation of all DEWR or succinic dehydrogenases studied. Reduction by succin- 

ate and by DPNR of unknown components in these enzymes is indicated by the new 
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type of signal observed at g t2.00, g 11.94. 
II 1. 

The appearance of this signal on i 

extensive reduction, its position in the EPR spectrum, its structure and its be- 

havior, when the incident microwave energy is varied, indicate that it is probab- 

ly not due to a free radical.but more likely to a paraswnetic ion. According 

to chemical analysis iron is the only transition metal occurring in siepificant 

amounts in the preparations studied. It appears therefore possible that the 

appearance of the new signal indicates reduction of iron in sites other than 

those yLelding the signsl at g--4.3. To our kuowledgeno aualogies fromsimple 

model complexes are available*. If iron should indeed be the material indica- 

ted by the new signal, EPR spectroscopy can furnish information on structurally 

and functionally different iron in these preparations. 

We would like to emphasize that the titration technique which we have used 

does not petit us to state whether the intermediates or components which are in- 

dicated by ERR are true intermediates on the main pathway of the reactions cata- 

lyzed by the enzymes studied. Our work does, however, establish that reducing 

or oxidizing equivalents are taken up by these components and that they must be 

considered as branching points for side reactions if not as true bkmdiates 

on the main path. 
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