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SUMMARY

AUTOR, ANNE P., KASCHNITZ, ROBERT M., HEIDEMA, JOANNE K., AND CooN, MINOR .1.:

Sedimentation and other properties of the reconstituted liver microsomal mixed-
function oxidase system containing cytochrome P-450, reduced triphosphopyridine

nucleotide-cytochrome P-450 reductase, and phosphatidylcholine. ]!ol. Pharmacol. 9,
93-104 (1973).

The effect of phosphatidyicholine, an essential component of the reconstituted liver micro-

somal enzyme system which hydroxylates drugs, on the sedimentation and other properties

of cholate-solubiized cytochrome P-450 was studied. Upon centrifugation of the cytochrome
P450 fraction for 1 hr at 105,000 X g at 5#{176},85-90% of the cytochrome P450 remained in
the supernatant fraction. The apparent sedimentation coefficient of the cytochrome P-430
was 13 5, whether this fraction was centrifuged alone or in the presence of tile reductase

fraction and phosphatidylcholine. When the concentration of bound cholate was reduced by
dialysis to approximately 1 �.sg/mg of protein, corresponding to about 1 mole/mole of cyto-

chrome P450, almost full catalytic activity was retained and an apparent sedimentation

coefficient of 18 5 w-as observed. This value was not altered by the addition of the reductase
fraction and the lipid. The molecular weight of the dialyzed cytochrome P-450 was judged

to be about 350,000 by sedimentation velocity measurements in the ultracentrifuge, sucrose
density gradient centrifugation, and gel exclusion chromatography, but tilis figure must be
considered provisional in view- of the heterogeneity of the preparation. The effect of sedi-

mentation on the distribution of enzyme activity was also determined. After centrifu-
gation of the complete reaction mixture containing the cytochrome P-4110 fraction, the

reductase fraction, phosphatidylcholine, TPNH, and benzphetamine for 1 hr at 105,000 X g,
over 90% of the original hydroxylation activity remained in the supernatant layer. The

resuspended pellet ��-as inactive when supplemented with TPNH and suhstrate. WThemi the
reconstituted enzyme system w-as subjected to gel exclusion chromatography, the cyto-

chrome P-450 and TPNH-cytochrome P-450 reductase w-ere w-eil separated from each other
and from the phospholipid, thereby indicating that these components behave as separate
entities rather than as a tightly associated complex. The solubilized cytochronle P-450
fraction wras examined in the electron microscope and found to have the appearance of
individual protein molecules rather than of highly complex structures. Similarly, a mixture

of tile cytochrome P-450 fraction, the reductase fraction, and phospholipid was devoid of
structures which could be attributed to aggregation. These findings indicate that, although
a dissociable complex containing cytochrome P450, reductase, and phosphatidylcholine may

function in catalysis, the phospholipid exerts its effect on drug hydroxylatiomi without

causmg the formation of aggregates or membrane-like structures.
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INTHOI)VCTI ON

(1vtochrome P-450 has beemi obtained in a

solubilized form from liver microsornes by

Lu and Coomi (1) by treatmemit with deoxv-

cholate in the pres(�mIce of glycerol and
other stabilizing itgemits. This �)igment, in the

pre)u11(e of two additional, obligatory mi-

cros( mal comp� )!Iemlts, TPN H-cytocilrome

P-4.0 reductase amid a heat-stable lipid frac-
tioii. catalyzes the hvdroxylation of fatty

acids and hydrocarbomis (1, 2), drugs (3, 4),
aniline (5, 6), and i)ol�c�’cli(� aromatic car-
cinogens (7, 8). The functional lipid has been
idem it i f ie(1 as pli()sJ)ilati dylcholimie and sliowsi

to by (‘ssetltiSIl for (‘lectron transfer from

TPNH to cytochrome P-450, catalyzed by

the re(luctase, as determined from the ap-

pearall((’ of the reduced carbon nlon()xide
differ� mice speet rum under anaer( )bic condi-

t 10115 (9) . Pr(�surnably , therefore, I)1l051)110

1il)i(l� are an integral conlpomlent of this
hvdr ixylating enzyme system in the emido-

l)lasflhi( reticulun�. (if imiterest in this con-

miecti ii. Chaplin aml(1 \Ianmierimig (10) have

rep )rt ( (1 that l)l105Pl1( )lij)Sts( C’ partially iii-

isibits drug and aniline hydroxylatiomi �viieii

added t( ) liver nlicrosonles, amid Eling tuld

1)iAugustimie (1 1) have found that prior

treat nlent of nhicr( )s( )nles with �)i1ospholi�)ase
C or I ) decreases the denletll\’latiofl of bemiz-

pl1etaniiIl(�.
This paj�er is concerned �vitli sonle of the

plI\Si(�L1 (Ilamarteristics of the rec )mlstituted

liv r IlllcF( )s( )flIal (Irug-Ilydroxylatnlg syst efll.

As j u(lged by sedinlemitation nleasurenl(’nts

and (leetromi microsco�)y, the resolved (vto-

cllr( 011#{128}P-450 has time ProPIties of a

j)rot(in rather tliaii of an aggregated or

miiembmane-bound protein, even in the pres-

(�II(c f the r(�(luctase and till pliospliolipid.

METHOI)5

J) Ii/)O iat ion of ic.solreil vi iei-v.�nn al coot po-

1l.(’nt.�. Flie ‘FP�\ H-cvto(hr()nle P-450 i’e-

duct O5( � 11’a(t �( )mI �L1l(l lipid (fraction B) �vere

pr� � � r( (1 as pr�vi ( )USIV described from liver
nli(r 5 nles of rats which had beemi treated

�vith imlje(tiOIlS of pliemi�barbita1 amid Isydro-

cortis mw (9). (�-tocln’unle P-4;)0 \sas 50111-

bilized (I(curding to a niudific�ttioti of earlier

pr cedur -s (1, 2, 7). Cyt chr Ime P -450 pre��-

aratu ois made in t his maminer are obtained in

better yield and are more consistently free of

cytochrome P-420 thati earlier preparations

w-hich were solubilized with deox�-cholate

and tilell subjected to column chromatog-

raphy oil DEAE-cellulose (2). The following

operatiomis were carried out at 5#{176}unless
stated otherwise. Microsomes prepared as

described previously (2) w-ere deaerated by

stirring the suspension under reduced pres-

sure for 1 hr, flushed with nitrogen, and

frozen. When stored in this manner the

microsomal drug-demethylatimig enzyme sys-
tern was stable for several months ; this was

judged using benzphetamine as the sub-

strate. Thawed microsomes (800 mg of 1)ro-

tein) were suspended imi a solutinl I)repared

by mixing 14 ml of glycerol, 3.5 ml (if 2 �

Tris-chioride buffer (pH 7.7, measured at

4#{176}),0.7 ml ()f 0.1 �i dithiothreitol, arid water

added to a final volume of (iS ml. The sus-

pensioti was subjected to sonic oscillation

��-itii a 500-W� ultrasonic disintegrator (�\lea-

surimig atid Scientific F( luil)ment Company)

at maximum output for eight 20-sec intervals

while the temj)erature of th(� suspension was

kept below 10#{176}by 115(’ of a salt-ice bath. A

sOlUtiomi of sodium chOlttt(’ was added to give

a. final concentration of 1 nTIg/mg of protein.

The mixture (fimlal volume, 70 ml) was stirred

for 10-20 nun, and solid ammonium sulfate

�vas ad(led to � saturation. Stirring was

(O1)tilitle(1 for 10 n�in, atid the i)reciPitate was

removed by centrifugatiomi and discarded.
Solid ammonium sulfate ��as then added to

so#{231}�saturation and stirring ��as (-ontinued

for 10 triimi. The resulting 1)recil)itate was
removed by cemitrifugation, dissolved in 15
nh of 0. 1 M Tris buffer, pH 7.7, containing

� glycerol amid 0.1 m�i ditiuothreitol, and

dialyzed overnight at 5#{176}against the same
buffer Wlucil 110(1 been flushed with nitrogen.

Tue cytochronle P-450 PreParation �VaS li-

luted to :�o ml with til(� buffer mixture and

subjected to soiiic oscillation in a salt-ice

bath for three 10-sec ititervals. Solid anl-

Ifl()I111.lfll sulfate was added to 40�� saturation
and themi, after removal of the precipitate,

to � saturatn)ml. The fractiomi pre(�ipitat-

imig betweemi 40�� an(1 � saturatiomi was

dissolved in tile buffer mixture, dialyzed

overnight against the satne u )lut a )fl , and

cetitrifugeci at 105,000 X ii for I hr. The
resulting sul)ernatant fractiumi generally con-
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tamed 1.5-3.0 nmoles of cytochrome P-450

per milligram of protein. No cytochrome

P-420 was detectable in this fraction.
Analytical procedures. Unless stated other-

wise, the “standard buffer mixture” was 0.1
M Tris buffer, pH 7.7, containing 10% glyc-
erol and 0.1 mM dithiothreitol. The rate of
hydroxyiation of benzphetamine was deter-

mined at 30#{176}either by substrate-dependent

TPNH oxidation or by formaldehyde forma-

tion, as previously described (4), except that

i\IgCl2 and semicarbazide were omitted from
the reaction mixtures. Formaldehyde was
determined by the method of Nash (12) as
modified by Cochin and Axelrod (13). Benz-
phetamine was kindly donated by Dr. J. W.
unman of the Upjohn Company, and a 1:5
mixture of mono- and dilauroylglyceryl-3-

phosphoryicholine was generously provided

by Dr. W. E. i\I. Lands. Gel exclusion studies
were carried out at 5#{176}using Sepharose 6B
(Pharmacia) in a column 2.5 X 75 cm
equipped with a flow adaptor and equili-
brated with 0.1 i�i Tris buffer, pH 7.7, con-
taming 5% glycerol and 0.1 mM dithiothre-
itol.

For the sucrose density gradient centrifu-
gation procedure, a protein mixture in a
volume not greater than 1 .5 ml was layered

onto 38 ml of a previously prepared 5-15%

gradient of sucrose in 0.1 �u Tris buffer, pH

7.7. After centrifugation at 1�50,000 X g for
14.5 hr at 5#{176}iii an SW 27 rotor, the tubes
were punctured and 1 .0-ml fractions were

collected. The fractions were assayed for

their cytochrome P-450 content by measure-
ment of the reduced CO difference spectrum

and also for their activity in catalyzing drug
demethylation. Escherichia coli 13-galactosid-
ase was obtained from Boehringer, rabbit
muscle aldolase from Pharmacia, and hozse
spleen apoferritin from Mann Re�searcil Lab-
oratories. Pig heart fumarase was kindly
provided by �ls. Marcia S. Flashner, :itid

rabbit muscle pyruvate kinase by Dr.
Michael Flashner.

RESULTS

Effect of resolved components on � �dimenta-
lion pattern of solubilized cytoc! � orne P-450.

The cytochrorne P.450 fraction, judged to be

soluble by the arbitrary cr� tenon tilat it re-

mains in the supernatant fraction after cen-

tnifugation at 105,000 X g for 1 or 2 hr,

otherwise retains the characteristic proper-
ties of the membrane-bound pigment . Thus

the soluble cytochrome P-450 preparation
gives a CO difference spectrum when reduced

enzymatically or chemically (2) and sub-

strate difference spectra in the presence of
substrates such as laurate, hexobarbital,
benzphetamine, and aniline (2, 3, 14). More-

over, the ability to catalyze tile hydroxyla-
tion of a variety of substrates is retained
upon solubilization. The lipid fraction, al-
though essential to the catalytic activity of
the cytochrome P-450, does not alter the

binding of substrates (2, 4). In an effort to
elucidate the function of the lipid conlpo-
nent, its effect on the sedimentation charac-

tenistics of the cytochnome P-450 w-as studied
under a variety of conditions.

In preliminary experiments the cyto-
chrome P-450 fraction (1-10 mg of protein
per milliliter of the standard buffer mixture)

was centrifuged at 105,000 X g at 5� for 1
hr in a Spinco preparative ultracentrifuge,

and the supernatant fraction was found to
contain 85-90% of the cytochrome P-450;
the small pellet which had formed was re-

suspended and found to contain the re-

mainder, including a variable amount of
cytochrome P420. Under similar conditions

the reductase fraction alone yielded no pellet

on centrifugation. Of particular jut crest,

when a mixture of the cytochrome P-450
fraction, reductase fraction, and lauroyl-

GPC2 was centrifuged under similar (omidi-

tions, the results were the same. In other
experiments in which glycerol w-as omitted
from the buffer mixture containing the cyto-

chrome P-450 fraction, the supernatant layer

contained only 40-45% of the cvtochrorne

P-450, and the pellet contained the re-
mainder, more than half of which had been

converted to cytochronle P-420. Since glyc-

erol is necessary to stabilize cytochronle
P-450 in the solubilization and resolution
procedure, these results were not unexpected.

Sedimentation velocity studies were car-

ned out on the cytochrome P-450 prepa-

ration using a Spinco model E analytical

2 The abbreviation used is: lauroyl-GPC, a 1:5
mixture of mono- and dilauroylglyceryl -3-phos-

phoryicholine.
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Fw. 1. Sedimentation pattern of cytochroinc P-450 fraction
The vtochromne P-45() fraction (20 nmoles; 10 mg of protein per milliliter) was cemit rifuged under the

comiditiomis described in the text. The photographs, from left to right, were taken 8, 16, 24, and 32 mm

after full motor speed had beemi attained.

lllt11(( mit rifuge e(lUiJ)1)ed �vith scitlieremi OJ)-

tics . ( ‘( i it rifugatiotis were performed at

250,()00 X �i with a rotor speed of 60,000
rpm ami(l a bar angle of 60 degrees. Tile cyto-

cliromni P-450 fractiomi �va�s centrifuged at

10#{176}in the stan(lar(l buffer mixture umiless

Otii(1\Vis( mIOt(d. TIW sedimnentatiomi (Oeffi-

ci(91t5 I ht�timied were corrected to standard
COIi(liti4)iis of 20#{176}amid water as solvent.
St a i idard Visci )sitV ta bles were used for tue
t (fllj )( i-at nrc (#{149}()rre(t ion ( 15) , amid th( vis-

cositv of the buffer mixture used was mea-

sUl((l at 10#{176}relative to the viscosity of water
by tlS( ()t an Ubbelohde visconleter. The

#{128}litisitv of the bUffer mixture was calculated

tO be 1 .02 g xml. Since the cytochrome P-450

1)rePaIati�t1 is iiot hOmllogemle(JuS as judged
by (lis( gel electrophor(sis, it was allticij)ated

that sev(ral distimict protein peaks �vould be

ohserve(l 111)011 ultracemitrifugatiomi . H )\vever,

the (vtochromc P-450 fraction gave a single

br�al peak, as slio�vii iii Fig. 1. Since the

COlO! m(I)ved with the single peak amid these

Pr(I)amati iis (( )mltaimled OIilV very snIall
anli limits of cvtochromue b5 (0.05 nmole/mug of

pr�tiii. OI� less thami � of the total henle

l)res-tit ). it is (Oliclilded that the (\‘tO-
cliroirit P-450 had the sante sedinlen-

ttitO)1i characteristics as the otlwr pro-

tei i is j)resemlt . ‘Ilie reducta.se fract ion also

gav( a simigle broad I)eak but sedimemited
nluch nl()re sl( )WIV t han the cytochrome

P-45() fraction. The apparent sedimentatiomi

coefliciemit of the tvtochrome P-450 fraction

\�as l2-1�i S �tIi(l that of the reductase frac-

TABm�m� 1

Sedinico tation coefficients of �nicrosonzal components

The components were centrifuged at 60,000 rpm

as described in the text. The concentratiomis were

as follows: cytochrome P-450 fraction, 20-24

mimoles in 10- 12 mg of protein; reductase fraction,

7-10 mg of protein; lauroyl-GPC, 0.08 Ing; TPNH,

0.2 �imole; and benzphetamine, 0.5 ,zmole, imi a final

volume of 1.0 ml.

Microsomal components KBr Sn,

present added

Cytochrome P-45() fractiomi

Reductase fraction

Cytochrome P-450 fraction

Cvtochrome P-450 frac tiomi

Cvtochrome P-450 fraction +

reductase fraction + lipid

S

( A muilior l)eak (�n,. 12 5) was also observed;

it was due to the presence of a sinai! amount of

cytochromne P-450 it, sonic of the reductase l)reP-

aratiomis.

tiomi WtlS 3-4 S, as imidicateci in ‘Fable 1 . Since

the cytochrome P-430 fract a )11 c( )nt ains

phOSpiiO1i�MdS (0.04 /1nlole of lipid i)hi( )spIlo-

rus per milligrani of protein, cletermimied on a

2 : 1 chloroform-methanol extract) , the pos-
sibilitv must be considered that it is presemlt

its a lo�v-demisity lipoprutein With a dece[)-
tivelv low s value. The sedimentation of the
cvtochrome P-450 was examimied in the

standard buffer mixture muade either � or

10� in KBr in order to accentuate such a
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possible buoyancy effect (see ref. 16). The
small increase in 820.w which was observed

is probably not significant, and in any case

is in the opposite direction from that pre-
dicted for a low-density lipoprotein. As also

shown in the table, when the cytochrome
P-450 fraction was combined with tile re-
ductase fraction and phosphatidyicholine,

only tile same two peaks were observed ; the

areas umlder the peaks corresponded roughly
to those obtained when the protein fractions
were sedimented separately. In other cx-

periments, not l)reselited here, cytochrome
P-450 preparations made by an earlier pro-
cedune involving sonication, solubilization

by deoxycholate, and DEAE-ccllulose col-

umn chromatography (6) w’ere also examined
in the ultracentnifuge and found to give

simmlar results but to contain significant

amounts of cytochrome P-420, amld were

therefore not studied in detail.
Cliolate content and sedimentation of cyto-

chrome P-450 fraction. In view of the possi-
bility that the cholate content might alter
the sedimentatiomi properties of cytochronle
P-450, this fraction was prepared in the pres-
ence of radioactive sodium cholate and sub-

jected to several l)rocedures designed to re-
move tile detergent . As may be seen in

Table 2, dialysis for 40 hr lowered the cholate

content to 1.0 �g/nlg of protein (correspond-

mg to a 1 : 1 molar ratio of cholate to cyto-

chrome P-450) , but longer dialysis (lid not
further decrease this ratio. The cytochrome

P-450 wai�� not denatured by dialysis, for al-

ITnost full catalytic activity was retained at

40 hi, and the magnitude of the CO differ-
ence spectrum was reduced by only 14%,
even after 60 hr of dialysis. Upomi ultracen-
tnifugatioii and gel chromatography the cho-
late content was decreased almost to the
same extent, but the cytochrome P-450 was

�)artially denatured and the recovery was
only 50% and 70%, respectively. The findimig
of a cholate to cvtochrome P-450 ratio close
to 1.0 does not necessarily imply that tile

detergent was bound to this pigment, since
other proteins in the preparation might also

bind cholate.
Sedimentation studies w-ere then carried

out on a cytochrome P-450 preparation from

which the cholate had been largely removed
by dialysis, with the results shown in Table

TABLE 2

Effect of various treatments on cholate content of

cytochroine P-450 fraction

Sodiumlcarboxyl-”C]cholate (New England Nu-

clear, 46 ,�Ci/,�mole) was diluted with carrier to

a specific activity of 1.8 X 10� cpm/mg and used
in the solubilization amid fractiomiatiomi procedure.

The cytochrome P-450 fraction, which was pre-
pared by the usual steps, includimig centrifugation

at 105,000 x g for 1 hr, contained 13.5 nmoles of
cytochrome P-450 and 6.5 mg of protein per milli-
liter. Imi the procedures indicated, the standard

buffer mixture was used. The solution was changed

at the end of each 20-hr period of dialysis. Ultra-

filtration was carried out using a 10-ml Amicon cell

with a PM-30 membrane. In each step the protein
solutiomi was concemitrated to one-half the original

volume. The Sephadex G-50 column (1.4 X 30 cm)

was equilibrated with the buffer solutiomi before

the protein was applied. Aliqimots (1.5 nil) were
removed at various stages of the fractionation pro-

cedure, mixed with 15 ml of Aquasol (New England

Nuclear), and counted at ambient temperature in

a Unilux scintillation counter.

Sample analyzed Molar ratio,
cholate to cvto-

chrome P450

Experimemit 1

Starting n�aterial

Preparation dialyzed agaimist buf-

fer solut IOU cont ai ning 10’ glyc -

(cr01 for 20 hr

Smime, for 40 hr

Same, for 60 hr

Experiment 2

Starting material

Preparation subjected to ultrafil-

tration iii buffer solution contain-

imig 20�� glycerol, 7 times

Same, 11 times

Experiment 3

Starting material 25.8

Preparation subjected to column

chromatography on Sephadex

G-50
Same, repeated 1.4

3 . Extensive dialysis increased the sedimen-

tation coefficient of tile cvtochrome P-450

fraction to iS S. Longer dialysis or passage

through a gel filtration column prior to the
usual period of dialysis had no additional
effect Oil tile sedimentation coefficient, nor

did the omission of glycerol from the buffer
during dialysis. As also shown in Table 3,
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TABLE 3

Sedimentation of cytochrome P-450 after dialysis

The conditions were as described iii Table 1, except that the cytochrome P-450 and reductase frac-

tions were individually dialyzed for two 20-hr periods at 50 against the standard buffer mixture with a

change of the solution between these periods.

Components present Conditions s,o,�.

S

Cytochromne P-450 fraction 18

Cytochrome P-450 fraction No glycerol present 18�

Cytochrome P-450 fractiomi Passed through Sepharose GB

column before dialysis 18

Cytochrome P-450 fraction + reductase fraction

+ lipid + benzphetamine + TPNH 4, 18

a Although the omission of glycerol had no apparent effect on the sedimentation coefficient, more of

the cytochrome P-450 was found in the pellet, as stated in the text.

5.2 5.3 5.4 5.5 5.6 5.7 5.8

LOG MOLECULAR WEIGhT

Fzo. 2. Estimation of molecular weight of cyto-

chrome P-450 by gel filtration

The logarithm of the molecular weight of the

various proteins is given as a fumiction of the parti-

tiomi coeflicient (KA). The various proteins were

applied to a column of Sepharose 6B and eluted in

0.1 M Tris buffer, pH 7.7, contaimiing 5� glycerol

and 0.1 mM dithiothreitol. The molecular weights

of the standard proteins were as follows : fumarase,

204,000; PYruvate kinase, 240,000; apoferritin,

480,000; and $-galactosidase, 540,000.

centnifugation of a mixture of dialyzed P-450

and similarly dialyzed reductase, along with

pliosphatidylciioline, drug (benzphetamimle),
and TPNH, gave the same two major pro-

tein peaks. The maminer in which dialysis

increases the rate of sedimentation of tile

cytochrome P-450 fraction is not understood.

8 6 24
FRACTION NUMBER

FIG. 3. Sucrose density gradient study of cyto-

chrome P-450

The marker proteins used were $-galactosidase,

pyruvate kinase, and aldolase (mol wt 158,000),
and the procedure was carried out as described in

the text.

Apparent molecular wei(//il of solubilized

cytochronte P-450. Attempts were made to
estimate the molecular weight of the dialyzed
cytochrome P-450 sedimenting at s20,,, =

is S. The diffusion coefficient was deter-

mined using a synthetic boundary cell, and

the D20.� value was calculated to be 4.6 X

10� cm2 sec’. Using the sedimentation and

diffusion coefficients and assuming a partial

specific volume of 0.72 ml,’g, an apparent



Hydroxylation activitY�

A. Centri- B. (‘entri-
fuged at 5#{176}fuged at 20#{176}

PROPERTIES OF SOLUBILIZED CYTOCHROME P-450 99

a ‘l’he niaximal activity (1(X)#{231}) COrreSl)Omm(ls to

4.0 nmoles of formaldehyde produced per minute

TABLE 4

Effect of eentrifugation on hydroxylation activity of

reconstituted inicrosoinal enzyme system

The complete reaction mixture, containing, per
milliliter, cytochrome P-450 fraction (0.4 nmole
and 0.3 mg of protein in experiment A; 0.9 nmole

and 0.4 mg of protein in experiment B), reductase
fraction (0.2 mg of protein in experiment A and

0.1 mg in experiment B; specific activity, 1190

timoles of cytochronle c reduced per minute per

milligram of protein), lauroyl-GPC (0.1 mg), benz-

phetamine (1.0 smnole), TPNH (0.15 jsmole in ex-

periment A and none in experiment B), and phos-

phate buffer, pH 7.7 (100.imoles), was centrifuged

at 105,0(X) x g for 1 hr, at 5#{176}in experiment A and

at 20#{176}in experimemit B, in a Spinco preparative

centrifuge. The supernatant fraction was de-

canted, and the small pellet was resuspended in

1.0 ml of t he standard buffer mixture. The produc-

tion of formaldehyde from bemizphetamine was de-
termined by assaying the fractions in the usual
manner at 3#{216}O� TPNH (0.1 ,�mole) was added in all
cases tO imiltiate the reaction, and benzphetamine
(1.0�nioIe) was added when the resuspended pellet

was assayed t() ensure that the substrate comicen-

t rat ion was saturat ing. Addit ional benzphet amine
had no effect OP the activity of the supertatamit

fraction , nor (lid variati()ns in the TPNH concen-

tration from 0.1 to 0.3 mit. Where indicated, the

superimatatit fractiomi amid resuspended pellet were

supplemented (before assay) with the cytochronie

P-450 atI(l reductase fractions in the same amnounts

as in I he starting reaction mixture. Lauroyl-( PC

was miot added to the supernatant fraction because

the 1)hosPhmitidy’lcholilie (-oncemitration was :11-

ready opt imal , amid addit iomial amounts i nhibi ted

benzphet miniine hydroxylat 11)11.

Components added to
assay mixture

% maxin mel rate

Supernatamit fraction

None 93 80

Cyt � )rl1I-( one P-450

fr:ot li)fl 101

14e(lu(t use fraction 119

Pellet
None 0 11

Cytochrome P-45()
fract ion 0

Reductase fraction 15
Pellet + supernatant

fractiomi 104 99

molecular weight of 350,000 was calculated

for the cytocllrome P450. Tile molecular
weight range was confirmed by two addi-
tional methods. As shown in Fig. 2, the
cytochrome P-450 fraction was subjected to

gel filtration in the presence of other proteins

of known molecular weight . By this method
it showed ai� apparent molecular weight of

360,000. In additiomi, sucrose density gradi-

ent centrifugation was carried out with pro-
teins of knowmi molecular weight as markers,
an(1, as imidicated by the data in Fig. 3, tue
cytochrome P-450 was estimated to have a

molecular weight of 330,0(10. Despite tue
good agreement itt the values determined by

these methods, it must be emphasized that
the apparent molecular �veiglit ��-as deter-

mined on preparatn)ns containing both lipid
and contaminatimig proteins amid that, with
all three techniques used, the cytochronie
P-450 fraction gave a broad peak. Altilough

the molecular weight must ti)erefore be con-

sidered provisi�tial, the evidemice clearly in-

dicates that the resolved! cvtoehrome P-450

behaves as a soluble l)roteimi rather thami as

membrane-bound or part iculat e material.

I)i.stiibutton Of (IrufJ-Ilydroxylatin(/ activity

a j)O1t ccli trifuf/atton . Alt hi( iugh exanlinat a

of t he rec()nst ituted mi(ros� )nlal SyMt(Ill by

ultracentrifugation indicated that no gross
change iii the structural properties of the

solubilized cvtoch ron�e P-450 � )ccurred upon

the addition of the lipi(1 fraction, it was

imj)ortant to ascert:titi �vhether the by-
droxylating activity also remllaine(! in the
supermiatamit. fracti )ti . liii results ( )btaimi(d

ivhen a (Ofllplete rca(ti( )n niixt nrc comitaiti-
ing the cytochrome l’-45() fractiomi, re(luctase

fractiomi, lipid, TPNH, and substrate (benz-

phetamine) was pre�ared at F()O� teni-

perature �tn(l cemitrifuged for 1 hr at 105,()00

x g at 5#{176}and the resulting supermiatamit
fraction amal l)(�ll(t \\ere themi (Xaillimie(l for

catalytic activity are showmi in ‘Iai)le 4,
experi memit A. As j U(Iged by formaldehyde

l)ro(lucti()mi, the sul)ermnttalit fraction Fe-

at 3t)#{176}in exj)erimellt A amid 3.6 in experiment B in

reaction miiixtures Wlli(lI ivere kept at the tenipera-

- ture indicated for 1 hr but is-crc miot (-emit rifuged.

No significant anu)mmnt of fomnialdehvde was pro-

duced (luring t he cent rifitgat ions.
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tamed almost all the drug-demethylating
activity. Supplementation of the super-

natant fraction with cytochrome P-450

gave only slightly greater activity, whereas
supplementation with reductase gave sig-

thficant stimulation. In experiments not
presented here it w-as show-n that the

reductase, unlike the cytochrome P-450,

is somewhat unstable umider the conditions
of centrifugation. Accordingly, it may be-
come the rate-limiting component in such

expenments. The resuspended pellet was
devoid of activity in this experiment, amid in

other similar experiments no more than 15%
of the original activity has ever been

recovered in this fraction. The data also
show that supplementation of the resus-

pended pellet with cytochrome P-450 was
without effect, w-hereas supplementation

with reductase gave slight but significant

activity. Finally, the combination of pellet
and supernatant fraction was not sig-

nificantly better than tile supernatant frac-
tion alone. These results are believed to rule
out the possibility that the function of the

lipid is to generate a sedimentable aggregate
or membrane-like structure w-hich might be
postulated as essential for hydroxylation

activity.

Iii experiment B a mixture of the cyto-

chrome P-450 fraction, reductase fraction,

and lipid �vas centrifuged for 60 mimi at 20#{176}.

The supernatant. fraction exhibited 50% of

the origmal benzphetamiuie demethylation
activity, and the suspended pellet only
1 1%. Apparently, therefore, a lipid-initiated

aggregation of cytochrome P-450 occurs

neither at this higher temperature, at which
significant catalytic activity occurs, nor hi
the cold. At 20#{176}this reconstituted system

exhibits 65% of the activity observed at
30#{176}.Sedimentation studies w-ere not carried
out at 30#{176}because of the extensive loss of

activity when the complete enzyme system

is kept at this temperature for 1 hr or

longer.
Distribution of drug-/tydroxylating activity

upon gel exclusion chromatography. The
possibility of the occurrence of lipid-induced

aggregation w-as also examined by the tech-
nique of gel filtration. The cytochrome P450
fraction , reductase fraction, amid mierosomal
lipid, in proportions closely approximating
those used in catalytic assay mixtures, w-ere
combined and incubated at 30#{176}for 30 mm.
The mixture was then applied to a Sepharose
6B colunrn at 4#{176},and the fractions eluted
w-ere analyzed for protein, cytochronie P-450,

and TPNH-cytochrome c reductase, with
tile results shown in Fig. 4. The void volume

a

FIG. 4. Gel chromatography of reconstituted microsornal enzyme system

A mixture of the cytochrome P-450 fraction (60 nmoles; 31 mg of protein), reductase fraction (2.6 mg

of protein), and microsonial lipid from which deoxycholate had largely been removed by cholestvramine
treatment (9) (6.2 mg) in a final volume of 5.0 ml was incubated at 30#{176}for 30 mm. The mixture was
then applied to a Sepharose GB column at 4#{176}and eluted with 0.1 M Tris buffer, pH 7.7, containing 5%

glycerol and 0.1 m�t dithiothreitol. Fractions of 4.8 ml each were collected and analyzed for cytochrome

P-450, TPNH-cytochrome c reductase activity (measured as �Ammo), and protein (measured as A�so).

The high 4,�, readings in tubes 28-34 are not significant because of the turbidity present (see the text).
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(tubes 25-34) contained only small amounts

of cytoehrome P-450 and the reductase and

was somewhat turbid, whereas all sub-
sequent samples w-ere clear. Most of the

cytoehrome P-450 was eluted later in a

broad peak along with some reductase.

Reductase of lower molecular weight was
subsequently eluted in a peak which Was

free of cvtocrome P-450.

The ability of the components separated

OIl the column to support hydroxylatioii

activity was determined as follows. Frac-

tions A (tubes 30-33), B (tubes 46-60),
and C (tubes 62-72) w-ere concentrated in

an Amicon ultrafiltration apparatus, sup-

plemented with benzphetamine and TPNH,

and assayed for formaldehyde production.
Fraction A required supplementation by

phosphatidyicholme and TPNH-cytochrome

P-450 reductase for activity, and then cx-
hibited a specific activity of 1 .9 iimoles of
formaldehyde produced per minute per
nanomole of cytochrome P-450. 1’raction B

was similarly dependent U1)OR these two

added components and then had a specific
activity of 6.7. Clearly, therefore, the higher
molecular w-eight cytochrome P-450 in

fraction A was much less active than the

lower molecular weight material in fraction

B. Fractions B and C, w-hen combined in

equal amounts of protein, had a specific

activity of 1 .2 and were entirely dependent
upon added lipid. It is apparent that, of the
two major cytoclirome c rcductase peaks,
omily the one in fraction C possessed cyto-

chrome P-450-reducing ability as wcll. In
confirmation of the sedimentation data

already presented, these results obtained by
gel exclusion chromatography support the
concept that tile resolved microsomal corn-

l)onents behave as separate entities rather
than as a tightly associated complex.

Electoni microscopy. Enzyme preparations
were subjected to negative staining as

described by Valentine et al. (17), except
that 2% piiosphotumigstate was used at

pH 7.4 and 0#{176}.Wt are grateful to Dr.

Robert H. Gray, Who examined the prepara-

tiOI)s iii an AEI E\I-6B electron microscope.

As shown in Fig. 3�t, the microsomal sus-

pensiomi had tile typical a�pearamice of

negatively staimied membranes, but the

resolvedl cvtochrome P-450 fraction cx-

liibit1 oiilv much snialler stru(tural fea-

tures, 1)rinlarily j)arti(le �vitIi a (Iiflfll(t (1’

of about 10 nmi�, w-liicli \\-oul(l corresj)ond
roughly t ( ) t he apl)arent nioleritla t� i�tight

as (let(rfl�iIi(�(l by sedimentation �itid gel

filtration. The electron micrograj)hs of the
cvtochronie P-450 fraction (Fig. Sb) mmsemble

those of other detergent-soluhihize(l rntni-
br:tiie proteins, e.g., the Na�- �tmi(l K � -
activated! ATPase of brain miii (rosomes

( 18). Of particular interest, as silinvn in

Fig. Sc, a niixture of the cytochlr(:)me P-450
fraction , reductase fract ion , am 1(1 � )IR)sJ )hO-

lipi(l Itt concentrations equal to those (mu-
ployed imi the usual catalytic assay for

hv(lroxvlation activity shiowe(l about t he

same I)article size as the (yto(hlronic P-450

fraction aioiie. Similar results \V(I�(’ ObtttiIie(l

Whetl a cytochrome P-450 preparati()!1 solu-
bilized with deoxycholate and subjected

to column chromatography on I)EAE-cel-

lulose (1) was substitutd for the (holate-

solubilized preparation (lescrib((I in the
present i�a�er. Furthermore, electron micros-

copy gave no in(licatioml of Iu(mllbramie

formation in a reconstituted etizvme svstenl

to ivhicii bemizpiletanline amid TPN H had

been added or which had been incubated

for 30 mimi at 25#{176}prior to negative staining.
These results are in accord with the other

evidence already presented omi the I)ilYsical

properties of the preparations.

DISCUSSION

Tile results presented provide no in(Ii(a-
tion t hat pilospilatidylchol lime en lisPs t i IC

resolved cytochrome P-450 to form ag-

gregates or membrane-like st ructures. I � �omi
ultracentnifugation of the re(onstituted
enzyme system, almost all this pignlemlt

remained in the supernatant fraction, as (lid
the drug hydroxylation activity. 1-�urt her-

more, examination of the cytochrome P�450

fractiomi ()F of the reconstituted system by

electron microscopy revealed n� structural

features other tiiami those expected of soluble

proteins. A mixture of cytochrorne P-450,

reductase, amid lipid was readily separated
imito its (ofllI)m1(mlts by ion-exchange (iwo-

n�atography as (lescnibed previously (1),

or on the basis of niolecular weight (lifer-
enees by gel exclusion (lironlatograpily, as
siioivii iti th( j)res(mit Stli(lies. ()ii the other



lu;. 5. Elctron nlierograp/l.s of (a) ,nicro.w,nal suspension (4.1 mg of protein per milliliter of O.�5 it

sucro.sc), (h) c��tochrmne P-450 fraction (1.3 mnoles or 1.0 mg of protein per milliliter of standard buffer
flux! IC), (i,!! (e) (z inixtnre of (-!,‘ocl(rome P-450 fraction (0.6 ninole or 0.3 ing of protein,), reductase fraction

(0.04 mug of protein), amid lanroyl-GPC (0.09 mg/nil of 0.1 .if potassium phosphate buffer, ph 7.7).

The fiuial niagmiificat ion was 9),(XX). The imiserted bars in the photographs represemit 10 pm.
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hamid, tile existence of ii dissociable complex

of these components during catalysis is not

ruled out by the evidemice available. i-�or

example, such a complex contaimmig 1

molecule each of cytocilrome P-450 and

reductase amid! 1 or more molecules of phos-

phohipid would not have been detected by

the methods so far applied, particularly if
ass( )ciIitiOti-disSOCitlti( )ti were a rapid process.

Tile sedirnentatim )mi coefhciemits and tue

apparemit molecular weight of the r(solved

cytochrome P-450, i.e., 350,000, must be
comisidered provisional in view of the fact

that \�c are dealing with a coml)lex system

and with heterogeneous enzyme fractions.

The ilighly purified! cytochrome P-450 of

Pseudoinanas Putida has a molecular weight

of 46,000 (19), but Triton N-l01-solubihized
adrenal mitochondrial cytochrome P-450

also iitts an a�)parent molecular weight in

the 300,000 range, as judged by gel filtra-
tiomi.3

A number of emizyme systems are known

to require lipid for catalytic activity. Im�

some imistan((s the requirement was demon-

strated by depleting membranes of lipids

(20), and in others the enzyme systems have

been solubilized or resolvc{1 and shown to

require one or more ad(le(1 lipids, usuahly

phospholipids, for restoration of function.

For example, Kagaiva amid Racker (21
have demonstrated a requirement for phos-

piU)lij)i(I as well as cou�)himIg factors in tiit

restoration of P1-ATP ex(hange activity in

fragmemits of bovine luart mitochondria,
which is accompanied by the formation of

vesicular structures. Rothfield et a!. (22)

have shown that the galactosyl transferase

system of Salmonella typhi;nuriuin forms

a catalvt icallv act ive monomolecular fluni
in the presemic( of phoimphatidylethanolamine
and a 1)Iirific(I lipopolvsaccharidc. In other
cases, however, tile lipid may exert its
effect without causing aggregation, as shown

by Cunningham IiIi(l Hager (23) for the
soluble E. coli pyruvate oxidase, which
requires phospholipid as an �tlli)St 1Fi(� effec -

tor. The reconstituted liver microsornal
nmixed-function oxidase, as shown in the

present paper, is an unusual example in

which an enzyme syst em originally bound

to nienibranes exhibits a 1)hiOsPhloliPid

requi renlent \\ii(li S( )lltbiiiZ(d but does tiot
un(Iergo r(aggregati()n when the s3’stemu is

recm )Iistit litedi.

Shoenlami et a!. (24) iiave reported that
St(Itl)sifl-SOllibilize(il (ytochronle P-420 fom

rat liver rnicros )tfles forms aggregates whemi

desal te(l Illidi comicemit rat ccl . The aggregates,

iviiicii (OIit�tiIl((I large miunibers of tubular

elenlemits, gave (iIItFIIcteFiStiC (Iifferemm(e

spectra with drugs hut apparently were tiot
ctll)able of catalyzing (Irug hydroxylati )Ii.

\lort recently tiiey have stated iii a brief

rei�m )rt (25) that n i nhi(r( )SOflittl fractiomis

Pr(ul)are(l by our earlier l)roce(Iure the hil)i(l
(IUiSe(l the cvtochrornc P-450 to foini an

aggregate and that up mmitemitrifugat ion t he

level of �V-(I(n�(thiylas( activity was I(lmtt(i(1

to tile cvtocilroflle P-450 (oliteilt of the

pehl(t. The results givemi in the prmseiit

I)aPer indicate that, under tile (oml(lit ions

described , aggregation is nm )t iieccssary for

hydroxylation activity.
()ur earlier studies have shiowmi that

phosphati(lvlclI( )li tie is (ssemitiItl for eli st n mu

transfer from TPNII to tvtochronie P-450

(6) as ivell a.s for tue hvdroxvlatim )ti of

various substrates (1 , 2, 4). The piiospho-
lipid is also required for hydroxylation

activit y iviien a Photochenhical or ci i z�- tuat ic
svsttni (tI)�tble ()f gen(ratimig sup(roxi(l( is

coupled witil (Vt( (hrOIlle P-450 in t he

absemice Of �FPNH ami(l ti�� re(lu(tas( (5,

26). &lthough the j)resemit stu(lies imi(Ii(ate

that 1)hi�5PiiittidlYl(ii0limie is tss(mitimti for
catalysis ulidler (omidlitiomis whi(hI tl� not

lead to aggregatiomi )r n�tmubramie f rni�tti )II,

the niammner in ivhich the piios�)hohi�)id

exerts this effect remains to be (Stmtbhisii((1.
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