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The availability of a sensitive method for the determination of the
succinate dehydrogenase content of heart muscle preparations, based on
bound flavin content and therefore independent of the activity of the en-
zyme (Singer et al., 1962) opened the way for the investigation of several
problems concerning this enzyme. One of these is the question of the turn-—
over number of the enzyme in respiratory chain preparations and in soluble
purified ones. Values in the literature for the soluble enzyme cover a
wide range; CoQ is said to be a better acceptor than phenazine methosul-
fate at least in one type of particle (Ziegler and Doeg, 1959); and the
dehydrogenase has been reported to have a higher turnover number in par-
ticulate than in certain soluble preparations (Ziegler and Doeg, 1962),.

Table I is a compilation of available turnover numbers for heart
succinate dehydrogenase from literature data and unpublished studies in
this laboratory, with activities expressed per mole of bound flavin, With
certain preparations only data based on the manometric phenazine assay are
available, Since it has been recently shown that in this test the reoxi-
dation of the dye may become the limiting factor under certain conditions
(Arrigoni and Singer, 1962) where turnover numbers based on the spectro-
photometric phenazine assay are unavailable, they are regarded as provision-

al, It may be seen in this Table that when turnover numbers are based on

bound flavin content and care is taken to eliminate presently known lim-
itations of the assay procedures, a reasonably constant turnover number

of 11,500 * 1,000 is obtained for all particulate preparations examined.,

*Supported by grants from the National Science Foundation, the American
Heart Association, the U, S, Public Health Service (H-1995) and by con-
tract No. Nonr 1656 {(00) between the Office of Naval Research and this In-
stitute.

TRockefeller Fellowy, on leave of absence from the Department of Botany,
University of Milano,

150



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 9, No. 2, 1962

*(296T) Ioburs pue yeuwdsgy *(956T) *T@ 30 Iobutg

Baoq pue LmﬂmmﬂN@ *41o03er0qR] SIY} wWoay saTnsed paysirqndun

*o3evuIoons { T0°0 ‘0°. Hd e %dmm<m

*@seaoadUl ¢GT 03 QT JO JI3pJo 3yl JO SOATH 8jeuUIsons

5 t(956T) *Te 30 bumn,  *(Z96T)

*ejeUTOONS [ ¢¢0°0 ‘g*. HA 1e »dmm«p

Xew
A 01 931eUTO

-ons J g0°0 WoJF uoT}oeaa0) *safdwes psreariovad oaem (663fo ssousiersa) Lioreaoqel STYl UT paurelqo

SoONTeA *g*/) Hd pue UOCT31BIIUSOUOD 31BRUIIOINS Aﬂ Z0*°0) p®XTI pue o8¢ 03 Jo32a sAesse JTe peojou s® 1dooxy

o) 00,01 o2 002'9g 24p UgmE> $¢qoydoaroads fourzeusyq 5 poulew I9BUTgY pue Ylreuisg
‘q1aevey jyeoq ‘owlzus o1qnyog
Xeu
6 OJN.o 24p A ‘otajewouruw fsurzeusyg 6 poylrsw JsPUTY pue yYlreuiag
jJaeoy Jooq ‘owlzuo aTqnyiog
3 ] [ —— ——
p*J 00T'% 0% 009°¢ xew | mpmsﬂwo:m pue 1 Poyrduw *Je 35 aaburg
2 4&p A toTajouwourw Ssurlzeusyd 1Je0y Jooq ‘suwkzZus STQNIOY
¢ Xeu i ] —— —
e} oo%ty 2 4Ap A Y*aoydoajoads fourzeusyg poylaw °*Te 315 bBuepy
‘paeey Joaq ‘suwizus aTqniog
s 009°% q°4P POXTI ‘oTajowourw ‘outzeusyd sbourew *Ie 30 Huey
tgaeoy B1d ‘owdzus sTgnrog
¢ xew o, s
2 006° 1T | ®4Ap A fr3oydoxyosds fsurzeusuyd " 0 n i u
(¢]
o 00¢ ‘11 Nﬁ%oom 3e) a4p pexiy ¢ HOOO u u u u n
2 o00% 11 a4p A forajewousu faurzeusyd [t u u u i
p 009°* 21 o24p poxty ‘OTpog " n n i .
p 00¢ ¢ TT wpw 23°UTOONS puUe
24p A ‘oTajsuwourw fourzeusyd 3av8Y yooq faseronpoes pod-*oong
14 000°0T 24P poxIy .OﬂOOO u u m
) 00.L%6 93eUTOONS puw
ofp uDNE.\, foTajewouew faurzerueug 1Iesy yosq ‘gra
o 00$%/. o031 00T*¢ (T 2woau00340 +) B5EPTXQ I u a !
w
2 00¢<*TT 01 000%, akp xe A f*roydoazoeds ‘eourlzrwusyg 3aB9Yy JFeoaq ‘ooajaey-urrIeoy
c 3 Xeu
2 000°¢T 01 o001t | 24P A *raoydouzoeds ‘*surlzeuouyyg BIIPUOYD0} TW JIes8y Joog
@ous (UTA®TI punog poyzauw Aessy uoTyreaedaag
~IDJOY wHOE\.:HE
/ @1eutoons soToj)
Jaqunu JIsAouany,

LUVHH WOWJd FSVYNIOOHUAAHAA AILVNIOONS A0 SUFIWNN "YTAONYAL

T ATaVT

151



Vol. 9, No. 2, 1962 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Soluble purified samples of the flavoprotein show lower values, which
vary with the method of isolation. This lower value may be in part due
to inactivation during isolation, in part to the differential loss of
one of the two reaction sites for phenazine methosulfate thought to be
present in all bound forms of the heart enzyme but not in soluble ones
(Giuditta and Singer, 1958)., The loss of this presumed second site
would occur in the alkaline extraction step common to all procedures for
the isolation of the enzyme, since it is at this point that the turnover
number abruptly changes in the phenazine assay., That the inactivation -
or loss of reaction site -~ does not invariably occur in the isolation of
the soluble enzyme is indicated by the fact that in occasional preparations,
as isolated by the method of Bernath and Singer (1962}, the turnover num-
ber is the same as in mitochondria (Table I). Of the three soluble prep-
arations available this also yields the highest turnover number in the
average preparation (Table I).

It may be noted that in suitable respiratory chain preparations the
CoQ and phenazine assays yield about the same turnover number, This is
the only indication that these methods may be measuring the full rate of
the substrate-flavoprotein interaction, Oxidation via the resgpiratory
chain in Keilin~Hartree preparations measures a much lower activity,
Hence in this preparation the activity of the dehydrogenase outstrips that
of the overall system,

The ready inactivation of the succinate-phenazine reaction without

loss of activity in the fumarate—-FMNH_ assay on storage and other manip-

2
ulations of soluble preparations (Singer et al, 1957) and on incubation
of particulate ones with CN  (Giuditta and Singer, 1958) suggested that
FMNH2 might provide a more reliable measure of the basal activity of the
dehydrogenase than does phenazine methosulfate, When the turnover num-
bers in the FMNH2 assay per mole of bound flavin were examined, however,
the surprising fact emerged that this value is not constant and, in fact,
may increase abruptly on purification of the enzyme. It is variable even
in multi-enzyme preparations. The following values were obtained for
the beef heart enzyme at pH 7.6, 38° (Vmax with respect to FMNHZ): mi-—
tochondria, 230 to 290; Keilin-Hartree preparation, 290; succinate
C 7 reductase complex, 475 to 586; Wang et al. (1956) soluble enzyme,

43 Singer et al., (1956) soluble enzyme, 40O to 475; Bernath and

inger (1962) soluble enzyme, 690 to 700, It appears that the reaction
3 FMNH2 with the bound flavin is inhibited by steric factors and that
detachment from the respiratory chain and preparative modification may

remove this barrier. In line with this reasoning an increase in turn-
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over number occurs during the alkaline extraction step and of the three
soluble preparations examined the one extracted at the lowest pH (Singer
et al., 1956) shows the smallest increase, Thus an increase in the turn-
over number in the FMNH2 assay might be diagnostic of structural modifi-
cation in the vicinity of the flavin and even particulate preparations
retaining full activity with CoQ (e.g., the reductase) may be somewhat
modified.

Another problem open to solution with the availability of the bound
flavin method is the mechanism of the reactivation ('"reconstitution") of
succinoxidase on the addition of soluble succinate dehydrogenase to al-
kali~inactivated preparations (Keilin and King, 1958). 1In this report
the mechanism of the alkali-inactivation of succinoxidase was suggested
to be some type of "displacement" of the dehydrogenase, but later King
(1962) claimed that an actual dissociation of the dehydrogenase from
the respiratory chain occurred and that the alkali~-treated sample was
devoid of the dehydrogenase. From this the hypothesis was elaborated
that the dehydrogenase is held by simple ionic bonds to the respiratory
chain. These speculations were based on catalytic activity, not on the
measurement of dehydrogenase content, It was clearly desirable to fol-
low the content of bound flavin through the cycle of inactivation and
reactivation.,.

Numerous experiments of the type shown in Table II have led to the
following conclusions. (1) Under the experimental conditions used by
Keilin and King (1958) alkali inactivates succinate dehydrogenase but
does not dissociate it., Even a modest dissociation (solubilization) of
the dehydrogenase without prior treatment with organic solvents requires
considerably more alkaline pH values. This is in accerd with previous
findings in this (Singer et al., 1957) and other laboratories (Basford
et al., 1957; Wang et al., 1956). (2) Contrary to King's (1962) report,
it makes no difference in our experiments whether the alkali-treated par-
ticles are centrifuged before or after neutralization (cf. expts. 2 and
3) Slight differences appear only if the inactivation is carried out
at a much more alkaline pH than is required for complete inactivation
of the dehydrogenase and oxidase in a relatively short time. Thus the
results cannot be explained as a re—association of dissociated dehydro-
genase on neutralization, (3) On treatment with soluble succinate de—
hydrogenase partial, sometimes complete, reactivation of succinoxidase
occurs, as reported by Keilin and King (1958), This is indeed accom-
panied by an increase in bound flavin content, which suggests some type

of association with the alkali-treated particles. Thus far, however,
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no correlation has been found between the degree of reactivation and the

increase in bound flavin content. In all experiments, regardless of
degree of reactivation, the "reconstituted" sample had a higher content
of succinate dehydrogenase than the untreated one and is, hence, not
identical with the original one,

Studies by Arrigoni (Arrigoni et al., 1962; Singer and Kearney,
1962 ) have further shown that the various catalytic activities of suc-—
cinate dehydrogenase disappear at different rates on alkaline incuba-
tion and that the reactivated material differs from the original in sev-
eral respects. Thus while the experimental findings of Keilin and King
(1958) have been confirmed, the later interpretation that this is a re-
constitution of the intact respiratory chain seems somewhat premature.
It may be, perhaps, more proper to consider the phenomenon a reversible
inactivation, The suggestion that this type of reincorporation is a
more physiological test of succinate dehydrogenase than catalytic assays

(King, 1961b) presently lacks experimental basis.
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