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Siebert (1961) has shown that non-aqueous liver nuclei contain gly- 

colytic enzymes and malic and isocitrio dehydrogenoses. Nuclei of rat 

liverandkidneyisolatedin M/4sucrose contain NADH-cytochrome card 

NADH-neotetrazolium reductases, as well as succinoxidase and cytochrome 

oxidase (Hees and Howland, 1961; Rees et al., 1962). Rees and Rowland 

assumed the succinoxldase to be mitochondrial in origin and used it as a 

basis to calculate the mitochondrial contribution to the other act&vi- 

ties. Thus they found that liver nuclei have an apparent ability fo oxi- 

dize NADH andreduced cytochrome c, and theypostulated thatnucleipos- 

sess their own electron transport system. However, nuclei are known to 

be capable of greatly stixiulating mitochondrial oxygen uptake, substrate 

utilization and phosphorylat+ion (Potter et al., 1951 and Johnson md 

Ackennann, 1953). lhelr interaction in dvo has been described also 

(Moses, 1964). We feel that this ability of nuclei and mitochondria to 

interact has been overlooked in previous studies and that, in light of 

this property, nuclear respiratory ability w.only be assessed with va- 

lidityin the absence ofzitochondria. 

This laboratory has been studying aerobic phosphorylations cata- 

lyzed by liver nuclei isolated in dense sucrose (Pennisll et al., 1963, 

196640; Pennisll and Saunders, 1964; Penniall and Qriffin, 1964). The 
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providedby the Upjohn Co.. Kalamazoo, Michigan. lhisworkwillbe sub- 
mitted by W.D.C. in partial fulfU.lment of requiremerhs for the Ph. D. 
degree. 

752 



Vol. 17, No. 6, 1964 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

nuclei are devoid of mitcchondrio, as evidenced by the properties of the 

phosphorylation, and low temperature spectroscopy (Penniall et al., 

1964b). Using such nuclei we have found that they have an inherent ca- 

pa-city to oxidize NADH. Surprisingly, we have found tiat &al activ- 

ity of the nuclear respiration requires the presence of a non-nuclear 

protAn, cytochrome c. 

F&perimental - Liver nuclei and mitochondria were isolated simulta- 

neously in dense sucrose from mature male Sprague-Dawley rats as de- 

scribed previously (Penniall et al., 19644). NAIX-neotetrazolir reduc- 

tase was measured as described by Slater (1959). NAELoxidase was meas- 

ured with the Clark electrode; a GMIZ oxygraph provided a constant vol- 

tage source and recorded changes in oxygen tension. Under the condi- 

tions employed nuclear NADH oxidation was linear with time; the cyto- 

chrome c was not autoxidizable with excess ascorbate. Protein was de- 

termined by the biuretprocedure (Penniall etal., 196ka).fl-NADH and 

cytochrome c were obtained from Sigma Chemical Co., St. Louis, MO. DNA- 

ase was obtained from Worthington Biochemical Corp., Freehold, N. J. 

For electron microscope work, aliquots of nuclei were dried on agar, 

coated with collodion, and examined bothwith andwitboutchromium shad- 

owing using aBardco Alcashi TR?-!YJ electronmicroscope (Sharpuld Beard, 

1952). 

Results - As expect& (McEWn etal., 1963). we have found liver nu- 

clei isolated in 2.2 M sucrose unable to oxidize a variety of NAD-linked 

substrates. Hokever, in exploratory experiments nuclei did exhibit an 

ability tc oxidize NADH with neotetrazolium (NlZ) as an electron accep 

tar. Table I presents an experiment wherein nuclei show NADH-NTZ reduc 

tase, but not succinic-NTZ reductase. It shows also that mitochondria 

retain succinic-NTZ reductase activity; and that, were the NADH-NT2 re- 

ductase of the nuclei due to contaminating mitochondria, then the nuclei 

shouldhave detectable succinic-NTg reductase. 
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Table I 

NAIIi-Neotetrazoliwz heductase of Liver Nuclei aud Mitochondria 

Conditions: 1.0 mg. nuclear protein or 1.3 ng. mitoohondrial protein; 
100 moles Pi, pH 7.4: 1.1 moles NADH or 20 &moles succinate and 1.5 mg. 
or NTZ inl.9ml.wen, incuboted15min~te~ at30°. lhs reactionwas 
stoppedwith TCA; reducedPIZwas extractedwith ethyl acetate andmeas- 
wed at 510 mu. 

*'lheoretical nuclear suocinio-NlZ reductase tobe foundif the nu- 
clear#M)fGN!lZ reductasewasmitochondELalinorisin. 

Abeorbanw at Sl.0 mu 

EnzYme SUCdnot8 

Nuclei 0.53 o (0.065)* 

Mitochomiria 1.75 0.2l 

Inexpetients run coincidentwith the above, nucleihatingno demo= 

strable succimxidase were also found to catalyze oxygen uptake with NADH. 

Table II presents the results of a typical experiment wherein nuclei and 

mitochondriawereisolatedfromthe samehomogenate. Aswith NT'& nuclei 

oxidize NADH butnotsuccinate, andmitochondriaoxldizebotb substrates. 

Table II 

Oxidative Capabilities of Liver Nuclei and Mito&ondria 

condition8: 9.3 rag, nuclear protein or 0.7 mg. zdtochomkial protein; 
450 pnoles swmse; 180 moles 'Iris, @ 6.9; 36 pmoles IQ&l,; and 0.2 
pie cytochraze c, 1.1 )Isole MADEI and 100 ug. unffractionated liver nu- 
clear histone where indloated: in 5.2 P1. Iucubated at 30°C. 

Nnzyme Substrate Addition muatmsaO/hour/mu DZ-Otein 
cstotie i 

nuclei 81, 305 
Histone 296 

Succ+nata 0 0 
MitOOhOlldl-5A 6100 

Histone 

17100 

2885 
SUCosnate 2810 6540 

lbe NADH oxidaaem or nuclei andPdto&mdriadUferin their sumepti- 

bility to histone inhibition. loIlclear mm 0ddo0e i8 er00bd by 

histone; but-the oxfdase of ~~it~obondria is iuhibited by 53%. either 
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with or without added cytochrome c in the system. Other expetients 

show that nuclear NASH oxidase has optima at pH 6.9 and 3pC and is in- 

hibited 100% and 67% by 0.2 mM NaCB and 0.5 mM chlorpromazine , respec- 

tively. Activity is also eliminated by DNAase treatment, but it may be 

~%sbmad by addition of polyanions such as polyethylene sulfonate or RNA 

to the system. 

By all possible criteria the NADH oxldase is clearly a nuclear ac- 

tivlty. Further proof is provided by electron microscopy and low tern- 

perature spectroscopy. Exemination of the nuclei. of Table II at 1200 to 

60000 magnification showed one suspect mitochondz%on in over 1000 nuclei. 

In addition, col.laboratioe experiments with Dr. W. B. Qliott (1964) 

using ultra-sensitive low temperature spectrophotometry have shown six 

active nuclei preparations to con- only trace amounts of cytochrcmes 

b, c and q, and no b3 or a + a3 (PennLall et al., 1964b). 

!Ihe important point of Table II is that the nuclei of this experi- 

ment require exogenous cytochrane c for mvdmsl activity. In all, some 

fifteen nuclei preparations have shown activity in NADX oxidation. All 

of them t4hed for it have shown no measurable cap;rcity for succinate 

oxidation by either asssy; many preparations show no or only a minimal 

capacity for NAIJH oxidase in the absence of exogenous cytochrome c. The 

requirement by nuclei for exogenous cytochrane c in the presence of an 

endogenous complement of the ensyme seems ancanalous at first considera- 

tion. However, nuclei do b5nd cytochrcme c (Beinert, 19!Sl). It is pee- 

sible therefore that sc+ne or all of the endogenous cytochmme c of nu- 

alei ii3 bound in nonfunctidti state. 

Ihe results of Table III indicate that mitochondria can supply the 

nuclear requiraplent for exogenous cgfochmme c for MDH o&dat&on. The 

rate of NAIR oxidation by nuolei plus mitochondria in the absence of 

cytochrcm3 c 5.8 gmatbr than the sun of the rates of each alone, imU.- 

asking the capaalty for i.nbraaUn reparked by Johnson and Aekexmann 

(1953). mati expe~%men~ Micatn that NADB is not rata limiting in 
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these drcwtanoes and Ihat, when heat denatured at pH 7.0, r&tier 

nuclei normitockondriir retain their oapaeity for this type of inter- 

action. While these expez?kenta do not delineate the predaminant path 

of eleotronflowinthem3md systmu, theyshouthatone camotobtaina 

true rate for electron transport by mmlei in the presence of n&to- 

OhOndri;l. In addition, the effects observed for oytochrome o on nuclear 

activ3.typrovlde tie flrstindicationof apos8iblemeansuherebynuclei 

and mitochondria can interact. 

Table III 

&operative Action of Muclel and Xitoohondria in ISADH OxLdation 

Conditil.onst 9.7mg. nwlearpmteInand/or 2.2111g. mitmhondrialpro- 
t.&1;1.1~leHAE4i; 0.2 ~lecytmhrome~:imubatada8ind%aa~in 
Table II. 

muakmsrrO/hour 
Enw- cstoohm 0 

+ 

Hllaei 
2 

5075 
M%tooholdrlo 
Nuclei + Hztoahondrla 7760 

Ihe remlta verify predoue reporta t&at nuclei oonta5.n IfATS de- 

hJdroge~eand~ahnmeoxidose,rmderrme~i~caloondi~~wh~~ 

110 correotians formitochondrial aotivityhavebetrn applied. Ihe nature 

afthe~ru~ear~Ieandits~rtrmcetonuclbor~ofion~ 

unknuun. Wefeelthekeytoltsunderstandlnglies in wrtingouttho 

pertinentrela~~p8btueenr the 8Smulation ofnuclearaotivityby 

exogenow oytochmre c; the oapao%tyofnuolel (Johnson and Aokenaann, 

Beinqrt, H., J. Blol Chm., m, 287 (19%). 
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