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Isolation and characterization of reduced nicotlnamlde ademlne 
dinucleotide phosplmte:ferri cytodwo~~ c oxldoreductaw and identifkation of 

cytochrome M in the liver of humau infants*t 

(Received 20 March 1969; accepted 29 August 1969) 

ALTHOUGH it seems certain that a mixed-function oxidase system is present in human liver, a biochemi 
cal description of its components has not yet been attempted. The enzyme, NADPH: ferri cytochrome 
c oxidoreductase (EC 1.6.2.3), is believed to be the initial step in this microsomal electron transport 
chain.1 We wish to report its isolation from the liver of two infants, one of whom was full-term and 
the other premature. The enxyme has a molecular weight, K, and pH optimum equivalent to that of 
NADPH cytochrome c reductase isolated from rat liver. As an incidental finding, tentative identifica- 
tion of cytochrome b5, but not cytochrome P-450, was made in the human microsomal fractions. 

MATERIALS AND METHODS 
Tissue. Specimen 1 (newborn). The patient was a full-term male infant who had palliative surgery 

for puhnonary atresia on the third day of life. Despite initial improvement, his condition deteriorated 
with closure of the ductus arteriosus. On day 14 of life, he suffered a sudden cardiac arrest at 1.30 p.m. 
He was resuscitated, but died at 4:30 p.m. Intracardiac epinephrine and oxygen were the only drugs 
used, A 5-g liver specimen was obtained 30 min postmortem and immediately placed on ice and 
processed. 

Specimen 2 (premature). The patient was a premature female infant, born at 33-weeks gestation, 
according to dates, weighing 1385 g. She was limp and cyanotic at delivery (Apgar score of 3) and 
died 8 hr later during an apneic episode. Thirty minutes before delivery the mother received meperi- 
dine, secobarbital, hydroxyxine and hydroxyprogesterone caproate. The infant reoeived oxygen and 
sodium bicarbonate. A number of congenital anomalies (talipes equinovarus, low set ears, facial 
asymmetry) were present. A 6.3-g liver specimen was obtained IO hr postmortem and treated as above. 

Rat tissue was obtained from animals of the Sprague-Dawley strain. sacrificed by decapitation. 
Rat livers were perfused with ice cold l-15 %KCl: 

Prepuration offrociions. The human liver was chopped finely with a microtome blade (not necessary 
with rat liver) and homogenized with 20 strokes in a smooth-walled glass homogenizer with teflon 
pestle (Kontes Glass Co., clearance @002 mm), in 5 vol. of buffered sucrose solution (0.2 M sucrose 
in 0.03 M Na-K phosphate buffer, pH 7.5, containing O-001 M tetrasodium EDTA). The homogenate 
was cmttrifuged at 9OtMl g (average) for 25 min at 4”. The resulting pellet was resuspended and again 
sedimented. The original and second supernatant were pooled and centrifuged at 105,000 g for 60 
min to yield a microsomal pellet. This pellet was resuspended in 4 ml of buffered sucrose solution, 
and the microsomes were resedimented. The resulting pellet was washed successively with water and 
I -15 % KC1 by resuspending and sedimenting. 

Soiubilization and isolation. The washed microsomes were treated with crystalline bovine pancreatic 
trypsin (10,000 BAEE units per mg (Sigma Chemical Co.), 1 mg per 100 mg protein, for 30 min with 
stirring at 4”. The suspension was then centrifuged for 120 min at 105,000 g, and the supernatant 
was removed. The pellet was resuspended and resedimented, and the resulting supematants were 
pooled. 

The solubilii enzyme solution was concentrated by pressure dialysis, placed on a 2.5 x 45 cm 
column of Sephadex G-100 and eluted with 0.03 M Na phosphate buffer, containing O*OOl M EDTAr 
pH 7.5. Pooled fractions having a specific activity greater than 1 mole of substrate reduced per min 
per mg were placed on a 1 x 10 cm column of DEAEallulose (Whatman Column Chromedia 
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DE-52) and eluted with a continuous ionic gradient made from 125 ml each of O-1 and 0.4 M Na 
phosphate buffer, pH 6.8. 

Assay of reductase activity 

NADPH Cytochrome c reductase. The method was that of Williams and Kamin,a using 1 pmole 
KCN, 34 rqunoles of cytochrome c (Type III from horse heart, Sigma Chemical Co.), and enzyme 
in @05 M Na-K phosphate buffer, pH 8.2, at 21’. The reaction was started by addition of O-1 pmole 
of NADPH in a 6nal volume of 1-O ml. Increases in the optical density at 550 nq were recorded at 3- 
second intervals for 3 min on a Gilford model 2OW recording spectrophotometer. Nonenxymatic 
reduction was negligible. Specisc activity was calculated by the use of a molar extinction ratio for 
reduced minus oxidized cytochrome c of 18.7 x 10s cma mole-1.3 

Cytochrome b5 andP-450. The method was essentially that of Dallner.4 Microsomal suspensions were 
placed in the cuvettes of a doubk-beam spectrophotometer (Beclcman DB-G). A few mg of sodium 
dithionite (Nas Ss 04) were added to the sample cuvette and it was capped. The instrument was 
balanced at 500 ~JL, and readings were taken at the peak and trough absorbance for b5 determinations. 

The cuvettes were then reversed. Carbon monoxide was bubbled through the sampk for 30 sec. a 
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FIG. 1. Flow-sheet for isolation of NADPH cytochrome c reductase from human liver (specimen 
1). Values in parenthesis are specitic activities in pmoles cytochrome c reduced per min per mg 
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few mg of dithionite added, carbon monoxide again added, and the cuvettes capped. The instrument 
was balanced at 490 rq~ and readings made at 450 nq for P-450 content. 

Prorein. The method of Lowry er ~1.~ was used with bovine serum albumin (BSA) as the standard. 

RESULTS AND DISCUSSION 
Euxymatic activity was found hugely in the 9000g supernatant and resultant microsomal fractions 

(Fig. 1.) The yield of washed microsomal protein was about 14 mg per g wet weight of liver for both 
specimens, which is comparable to the usual yield from adult non-fasted rats. Exposure to trypsin 
for 30 min effected solubi~~tion of about 25% of the microsomal protein and virtually all the 
enzymatic activity. Sohtbilixation was defined as non sedimentation after centrifugation at 105,000 g 
for 2 hr. 

Sephadex column chromatography. The solubilixed enzyme of both species was retarded in Sephadex 
G-100 and eiuted after the initial protein peak (Fig. 2). The ehrtion volume was determined by use of 

I EXa.VSWN texN#E 

FIG. 2. Elution curve of protein and reductase activity from Sephadex G-100 for specimen 1. A 
25 x 45 cm cohunn was employed with 0.03 M sodium phosphate buffer (pH 7.5) containing 
0.001 M tetrasodium EDTA used for equilibration and dution. The Sow rate was 12 ml/hr, and 
fraction volume l-9 ml. Blue Dextran 2000 was used for scion of the exclusion vohtme. 

All operations were carried out in a cold room at 4”. 

Blue Dextran 2000 (Pharmacia Fine Chemicals, Inc.). With specimen 2 (premature), the peak mduc- 
tase activity was ehned at 17.7 for the enzyme from human Iiver and 17-g ml for the rat liver enzyme. 
DEAE cellulose column chromatography. The enzyme was adsorbed onto DEAE-ceilulose at pH 7.6 
in a low ionic strength medium. Elution was accomplished in a linear gradient of Na phosphate 
buffer (pH 68) at a molarity of about O-15 (Fig. 3). 

The specific activities &moles of cytochrome c reduced per min per mg) of the first 2 active fractions 
from specimen 1 from the DE&E column were 37 and 53. The specific activity of the next fraction 
was 80, but because of the low protein concentration (1 &ml), the value must be considered oniy an 
estimate. Assuming a mean value of 50, these fractions were about 100X more active than the micro- 
somes and represent a puritieation of about 6W-fold over that of the 9000 g supematant. The protein 
concentrations of all the DEAE fractions from specimen 2 were too low to permit acoumte calculations 
of specific activities. However, the peak vahres were about 6 ~oles/min/mg, considerably lower than 
that found in the fractions from the full-term infant Iiver. 

The v&es found with speoimen 1 are higher than those found in the rat. The highest specific 
activity reported for the purified rat enxyme is 20 ~0~/~~6 In 8 isolations from rat Iiver, we 
found a specific activity of 144 f O-9 (S.E.M.). Rats pretreated with phenobarbital had signifiamtIy 
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hieher values (25.6 & 1.6, N = 5). Similarly, values for the non-solubilixed enzyme (9000 g super- 
natants and microsomes) were 25-50 per cent lower (depending upon the aga of the rats) than those 
noted for the fuB-term infant liver. 

Kinetic studies 

Kinetic studies were performed on DEAE tractions from human liver. Concentrations of NADPH 
varied from 2 x 104 to 1 x lo-sM, in the presence of an excess of cytochrome c. The reciprocal 

25 !%I ml 

Fro. 3. Elution from DEAE-cellulose of active fractions from Sephadex G-100 column of specimen 
1. Fractions with a specific activity lpeater than 1 pmole/minjm8 were pooled and placed on a 
1 x 10 cm column of DEAE cellulose (Whatman Chromedia DE-52) equilibrated with 0.03 M 
sodium phosphate buffer contain& WOO1 M tetrasodium EDTA. The column was washed 
several times with O-1 M sodium phosphate buffer (PH 6.8). For elution, a gradient was prepared 
by use of 125 ml each of O-1 and 0.4 M sodium phosphate buffer (pH 6.8) in a gradient elution 

apparatus (Kontes Glass Co.). 

FIG. 4. Lineweaver-Burk plot of kinetic studies of human NADPH cytochrome c reduotase. The 
enzyme (0.55 rg protein per cuvette) was obtained after DEAE chromatography and had a speoitic 
activity of 3.6 ~moles/min/mg. Eleven concentrations of NADPH were used, ran& from 1 to 
200 pl of a 1 rmole!ml solution. Cytochrome c was present in exam. The graph is a double 

reciprocal plot of A OD 550 in 2 min vs. [NADPH]. 
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plot of Lineweaver-Burke yielded a K, value of 3.6 x 10-W (Fig. 4). This was equal to that cab- 
lated for cytochrome c reductase isolated from rat liver. Phillips and Langdone found a I& of 1 x 10-e 
M for the purified rat enzyme. 

Molecular weight undpH optima: An estimate of molecular weight was made by determining the 
elution volume from columns of Sephadex G-100 and G-200, calibrated with proreins of known 
molecular weight. The ran reductase was eluted from both gels in the same volume as BSA (average 
molecular weight, 67,000). Typical data are illustrated in Fig. 5. This value is compatible with that of 

40 100 UO I40 
VOLUME 

Fro. 5. Estimation of molecular weight by gel filtration. The elution volume of proteins of known 
molecular weight (Mann Research Laboratories) relative to that of Blue Dextran 2000 was 
determined on columns of Sephadex G-100 and G-200. This figure illustrates a typical experi- 
ment. NADPH cytochrome c reductase consistently eluted immediately before or with BSA 

(average molecular weight, 67,000). 

Phillips and Langdons who, on the basis of sedimentation and diffusion coef%cients, calculated a 
molecular weight of 57,700 for impure reductase preparations (species not indicated). Their diffusion 
coe5cient was almost identical to that of BSA (l-04). Likewise, by sedimentation velocity, Williams 
and Kamins calculated the molecular weight of a highly purified (beef or pork) reductase to be 
approximately 68,ooO. However, in a later report,’ a minimum molecular weight of 40-60,OOO was 
found, based on Kjeldahl and amino acid analyses. 

The pH optimum of human enzyme lay between pH 7.9 and 8.5 and was equivalent to the pH 
optimum of rat enzyme. 

Microsomd cytochromes. The microsomal suspension from specimen 1, upon reduction with 
sodium dithionite, exhibited a peak at 426-429 rnp with a trough at 409 w A similar spectrum was 
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found with microsomes from specimen 2, except that the peak was at 432 rnp (Fig. 6). With rat micro- 
somal suspensions, the peak after reduction was consistently at 423-426 w with the trough at 409 nut. 

After reduction and addition of carbon monoxide, a small peak was noted at 450 rnp only with 
specimen 1. Its magnitude was not increased when a more- concentrated suspension was employed, 
making its identification as cytochrome P-450 doubtful. After carbon monoxide, microsomal suspen- 
sions from both specimens exhibited a trough at 430 ~-IJ.L and a peak at 417-420 m (Fig. 6). The 420 m 
peak could represent hemoglobin contamination or the inactivated form of cytocluome P-450, 
namely P-420.8 
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FIG. 6. Absorbance spectrum of human microsomes (specimen 2) after reduction with sodium 
dithionite and addition of carbon monoxide. Microsomes were sedimented from the 9000 g 
supematant, washed with Ha0 and l*lS’A KC1 and resuspended in buffered sucrose solution. 

Each cuvette contained 1 ml of a @73 mg/ml suspension. 

Physiologic significance. The ma&cd similarity of NAJDPH cytochrome c reductase, isolated from 
humanand rat liver, suggests that data accumulated from animal studies as to subcellular localiza- 
tion, characteristics and regulation may be applicable to man. Horecker in 19500 first isolated this 
enzyme from an acetone powder of porcine liver, and subsequently it has been solubilized by various 
workers.s*s*m-14 Studies indicated that this enzyme was localized in the endoplasmic reticulum,~JsJ6 
and the function of it is not related to cytochrome c, which is con&& to the mitochondria. Cyto- 
chrome c is utilii simply as a convenient electron acoeptor in the assay of its activity. Physiologi- 
cally, the enzyme participates in hepatic mixed-function oxidations of a large number of drugs* 
chemicals and endogenous substrates, such as adrenal and gonadal steroids, fatty acids, thyroxine, 
etc. The aetivityrrJs and amouatrs of enzyme in the liver of experimental animals are subject to 
control by environmental, hormonal, genetic and nutritional factors.1 Amount and activity are 
particularly sensitive to exposure to a number of drugs, polycyclic hydrocarbons and chlorinated 
insecticides. For these reasons, it seems possible that NADPH cytochrome c oxidoreductase may 
play a role in regulating the rate of the mixed-function oxidations. 

Developmental aspects. Our data indicate that NADPH cytochrome c reductase is present in human 
liver as early as the 33rd week of gestation. Since this premature infant was severely depressed and 
hypoxic and died within a few hours of birth, it is unlikely that postnatal synthesis or activation 
account for its presence. In the rat, La&a found reductase activity in whole liver homogenates at 12 
days of gestation. Dallier et af.20 also detected activity in hepatic microsomes 3 days before delivery. 
We have found that the activity in hepatic 9000 g supematants from rals 4 days prior to delivery 
equals that on the day of birth.* Moreover, reductase activity was present in whole homogenates of 
chick embryo liver as early as 6 days of incubati0n.t These data suggest that NADPH cytochrome c 
reductase is present and presumably active in utero in several mammalian species. 

*t L. F. Soyka, unpublished observations. 
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Note added in proof-Alvares and coworkers [Cfin. Pharm. Ther. 10, 655 (I959)] have recently 
demonstrated the presence of cytochromes P-450 and b5 in human liver microsomes from three 
adults. 

Lt. Joseph P. Kennedy, Jr. L&oratories for Molecular Medicine, 
Department of Pediatrics, 

LEuIzu F. SOYKA 

Stanford University School of Medicine, 
Stanford, Calif. 
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Comparison of liver microfwme eazymesystemsamlbarbituratesleeptbnes 
Ln rats caged hdividualiy or commmmlly 

(Received 3 July 1969; accepted 29 August 1969) 

PROLONOED individual caging of Wistar Strain rats has been reportedl~a to induce behavioral and 
physiological changes. After 4 weeks of individual cagii, the rats were observed to be irritabie and 
aggressive in comparison with community caged animals. After a period of 13 weeks, individually 
caged rats had larger adrenal and thyroid glands but smaller spleens and thymus glands when com- 
pared with community caged controls. This phenomenon has been referred to as isolation stress3~4 
The toxicologic significance of isolation has been demonstrated by Balam et aI.6 Rats individually 
caged for 13 weeks showed an increased sensitivity to the cardiotoxic effects of isoprotemnol. In 
subsequent studies, other investigators6 reported shorter pentobarbital sleep time in male rats which 
had been caged individually from 6 to 14 weeks. They suggested the possibility that an induction of 
liver microsomal drug metabolizing enxyme activity might account for this phenomenon. Similar 
effects of isolation on the response to barbiturates have been observed in the mouse.’ 


