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St has been shown by Sands and Beinert (1960) that the addition of NADH 

to mitochondrie and submitochondrial p&icles elicits an asymmetric EPR 

signal et g = 1.94 (minor ccmrponent at g = 2.00). This signal is distinguish- 

able from a similar one produced by succinate. Since then it has become obvi- 

ous that the type of material represented by asymmetric, stronglytemperature- 

dependent signals et these g values occurs rather widely in organisms and in 

isolated enzyme systems which catalyze aerobic oxidations (Beinert et al., 

l&a). Recent studies3 on such enzyme systems have shown that the kinetic 

behavior of the ccmponent represented by this signal is ccmg&ible with its 

postulated function es a redox catalyst in electron transport. Although 

definitive proof is still lacking, the most plausible assumption at this time 

is that the signals at g = 1.94 and 2.00 indicate a species of reduced non- 

heme iron (Sands andBeinert,196O;Beinert and Sauds,lg6O;Beinert and Lee, 
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1961; Be*9ert et al.,1962a) and, for the sake of brevity, in this paper they 

will be referred to as "Fran signallt. 

While the NAIEX-induced signal at g = 1.94 was seen in all preparations 

in which NADR dehydrogenase was still functionally and structurally' linked 

to respiratory chain cqonents, it was absent (Beinert and Sands, 1959) in 

aci&ethanol extracted preparations, such as the NADR-cytochrcnm reductases 

of Mahler et sl. (1952) and of De Bernard (1957). In a collabmative study -- 

between these two laboratories, initiated in 1961, it was found that highly 

purified NADH dehydrogenase extracted by the phospholipase method (Ringler 

et al., 1963) on the other hand, gives qualitatively the same iron signal' 

on addition of NAEI as do more ccmplex preparations (Beinert and Sands, 

l$O). It will be shown in this paper that the kinetic behavior of the iron 

signal of the purified dehydrogenase is ccm&patible with a catalytic role of 

this component5 and further demonstrated that during the molecular trans- 

formation of NADH dehydrogenase to NADH-cytochrome reductase (Watari et al., 

1962; Cremona et al., 1963) at 35' to 37' catalytic activity ana iron signal 

are lost in a parallel manner. 6 

In order to ascertain whether the rates of appearance and disappesrance 

of the iron signal in NADR dehydrogenase are ccmpatible with the participation 

of the corresponding component in the catalytic cycle of this enzyme, the 

rapid freezing technique3 (Bray, 1961) was utilized. On addition of NADR to 

the enzyme the iron signal is msximzl within 

view of its high efficiency as a substrate. 

4. A typical EPR spectrum of this enzyme is 

8 msec, as would be expected in 

The problems posed by the high 

shown in Fig. 7 of Beinert et al. -- . . -.... (1962a). The signals obtained in the present worK wltll lower enzyme con- 
centkaticks showed a signal to noise ratio l/2 to l/3 of that in the quoted 
figure. 

5. Smilar results were obtained by two of us (H. B. and G. P.) in a study 
of NAlXI-coenzylae Q reductase preparations in collaboration with Drs. 
A. J. Merola and R. Coleman, Madison. 

6. Dr. C. Veeger has kindly informed us that EPR studies on the conversion 
of NADR dehydrogenase into other forms have also been underlxken by 
Dr. Z. Kaniuga of the L.&oratory for Physiological Chemistry, Amsterdam. 
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turnover number of the dehydrogenase (4.1 x 105 moles NADH/min./mole flavin 

at 3o" , pH optimum (Ringler et al., 1963)) and the fact that the time re- 

solution of the Bray apparatus 3 is 8 maec. were circurmrented by the use of 

a slowly oxidized substrate, reduced acetylpyridine adenine dinucleotide 

(AcpyADH), low temperature (lo), and high pH (pH 9.0). We realize that a 

discrepancy of the turnover rate of the iron and that of the enzyme might 

not became apparent if we artificially limit reaction steps preceding iron 

reduction. Nevertheless, the present approach appeared to be the best choice 

in view of the limitations imposed by the technique. Under these conditions, 

with 1 e ferricyanide as the oxidant, the turnover number is 3,24O/min. at 

infinite AcPyADH concentration and 1,5lO/min. (42 msec./turnover) at 2.1 ti- 

AcPyADH. (The measured velocity of the AcPyADH-ferricyanide reaction varies 

only slightly with ferricyanide concentration according to Mindami et al., 

(1963)). By means of a rapid-recording spectrophotometer the same turnover 

number was found in the range of 10 pg. to 11.2 mg. dehydrogenase per ml. 

Since the latter concentration sufficed for EPR studies, catalytic activity 

and iron signals were followed under identical conditions. M9dnnuu develop- 

ment of the iron signal occurred in about 80 msec. and the half-time was 40 

msec. at 2.1 m%JAcPyADH under anaerobic conditions at lo, pH 9.0. Hence, 

maximal development of the iron signal corresponds to two turnovers. This 

agreement between IE'R data and catalytic assays is gratifying, particularly 

since two catalytic cycles would be required if both flavin and one or a 

pair of iron atoms were reduced under these conditions. 

In further agreement with kinetic data (Minakami et al., 1963; Singer, 

1963) the rate-limiting step in the NADH (or AcPyADH)-ferricyanide reaction 

was found to be the reduction of the enzyme by the substrate. Thus in 

enzyme samples previously reduced with excess NADK or AcPyADH (maximal iron 

signal), on rapid anaerobic mixing with low concentrations of ferricyanide 

at lo no iron signal was detected at a msec. An oxidized substrate of 

suitable potential, such as AcPyAD, could replace ferricyanide as the oxidant. 
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The NADH-induced signal was diminished by about 70$ upon the addition of a 

suitable excess of AcPyAD, but the kinetics of this reoxidation have not yet 

been measured. 

Anaerobic titration of the enzyme with NADH suggested that about 5 moles 

of substrate/mole of dehytirogenase (based on total flavin) are required for 

fU.l development of the signal. This is a maximum value since, for instance, 

no provisions were made to remove the NAB produced in the reaction, which is 

a competitive inhibitor (Minakami et al., 1963). 

Since these studies have suggested that the kinetics of the appearance 

and decay of the iron signal given by highly purified NADH dehydrogenase are 

compatible with a possible role in the catalytic cycle, while acid-ethanol 

derivatives of the enzyme (Watari et al., 1962; Cremona et al-, 1963) do not 

give this signal, it was of interest to follow the fate of the iron signal 

during the transformation of NADH dehydrogenase to NADH-cytochrome reductase. 

Studies on the kinetics and mechanism of this transform&ion under the in- 

fluence of heat, organic solvents, acid pH, proteolytic enzymes, urea, and 

thiourea and the properties of the isolated products have been described' 

(Watari et al., 1962; Cremona et al. 1963; Singer and Garney, 1962). In -- 

the present experiments thermal degradation of the dehydrogenase was followed, 

since the rate of this transfonuation is readily controlled by the selection 

of the temperature. It has been shown (Watari et al., 1962; Cremona et al., 

1963; ~inak~mi. et al., 1963) that the incubation of NADH dehydrogenase at 

37' and'pH 7.4 results in gradual loss of its characteristic ferricyauide 

activity, accompanied by the emergence of cytochrome-and dichlorophenol- 

indophenol reductase activities. The product has been isolated (Cremona 

et al., 1963; Singer, 1963) and shown to be essentially indistinguishable 

from the Mahler enzyme (Mahler et al., 1952) and the preparation of King and 

Howard (King and Hazard, 1962a). This thermal transformation has also been 

noted by others (Kaniuga and Veeger, 1962; King and Howard, 196213). 

7. H. Watari, E. B. Kearney and T. P. Singer, submitted to J. Biol. Chem. 
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Although ferricyauide activity am% FPR signals were lost at the same 

rate at 35' as well as 37', the process was too rapid at the higher temper- 

ature for convenient masurements. In view of lib large energy of activation 

of the process (Cremma et ,dU 1963), lowering the temperature to 35' was 

sufficient to permit accurate sanrpling even during the initial, rapid phase 

of the transformation. As illustrated in Fig. 1, the disappearance of the 

NADH-ferricyanide activity on incubation of the enzyme at 35' is closely 

paralleled by the loss of substrate-induced iron signal. As &mxlously re- 
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1 
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Figure 1, Time course of inactivation of I?ADEI dehydrogenase, emergence of cyto- 
chrome reductase, and decay of substrate-induced EPR signal at g = I..*. The 
enzyme (27.3 =./ml., specific activity = 324) in 0.03 ~_phosphste, pi 7.8, ~a8 
incubated aerobically at 34.9' in the dark. Samples removed at the times in- 
dicated were rapidly cooled In ice. Aliquotswere assayedsft;erappropriate 
dilution with 0.06 M triethanolmine-15 serum albumin (w/v), pR 7.8, for NADR- 
ferricyanide activity by the modified method (triethanolamine, pR 7.8, Ringler 
et de, 1963) and for cytochrome reductase activity (Minakad et al., 1963). 
Resultswere cslctitedfor infinite concentration of electronacceptor. Ferri- 
cyadde activity is qressed as $ of initial activity and cytochrame reductase 
as$ ofnadmal activity emerging. Aliquots of 0.20 ml. were placed in anaerobic 
quartz tubes (Beiuert and Sands, 1961), 0.02ml. lgglyclne, pR 9,was added and 
the tubes were repeated3y evacim teaarlafilleawithpKlfiea~. 0.01ml. of 
0.1 MNADRwas added uder a flow of N2; the sanq?les were frozen lminute after 
I&& and the EPR was measured at -1760 (Beinert et al., l&b) at 25 mu&t 
microwave power and19gauss modulationsmplitude. The sampleswerethenthawed, 
atrace of solidhydrosulfitewasaddeduderB 

E' 
the ssmpleawererefrozenagain 

after 15 minutes at 22O and tested for EPR as a ove. The $ of the initial peak- 
to-peak sn@itude of'the g = 1.9 signal (first derivative) is plotted. 

ported (Cremona et al., 1963; Singer and Kearney,1$2)the appearance of cyto- 

chrome reductase activity, being a secondary manifestation of structural break- 

down, lags behind the loss of ferricyanide activity. Ekaminaticm of the kinetics 
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of the appearance of the iron sign8l in a ssmple removed at the half-way point 

during the transfonoation indicated no material difference from the kinetic 

properties of the u&rested enzyme. Fig. 1 further shows that the decsy of 

the hydrosulfite-reducible iron signal initially also follows the loss of cata- 

lytic activity but that a deviation between the two processes occurs in the 

later phase. 

In connection with the close agreement shown between the loss of NADH- 

ferricyanide activity and of substrste-induced iron sign8l during therm8l 

breakdown of the dehydrogenase, it may be noted that under these same conditions 

considerable labilization of non-heme iron and loss of spectral characteristics 

attributed to iron are known to occur (Cremon8 et al., 1963; Singer and Kearney, 

1962), although the iron atoms involved in these phenomena are not necessarily 

the same. 

It was further noted thst the presence of NADH in aaaerobiosis protected 

the dehydrogenase fram thermal breakdown. Thus while in one hour at 37', 

pH 7.8, 85s of the substrate-reduced Fran signal and $Y$ of the ferricyanide 

activity were lost, with 5 d-N&XX under N2 only 1% of the iron signal and 

some 30$ of the ferricyanide activity disappeared under these conditions esd 

the formation of cytochrome reductase sctivity was correspondingly prevented. 

Aerobic incubation with NADH even at room temperature inactivates, rather than 

protects, the enzyme. 

In contrast to the clean-cut g = 1.94 signals observed with untreated 

NADH dehydrogeaase on reduction with substrate, NADH elicits no marked changes 

in free radical signal intensity in the enzyme. Considersble changes, however, 

were induced by addition of substrate at the end of the thermal degradation 

ana dS0 tn the 8Cia-&hELUOl prodUCt (&inert ad SandS, 19%). 
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