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Abbreviatione used'are: MCD, magnetie circular dichroiem; CD,‘circularﬂ
dichroism;.EPR% electron paramagnetic reepnéncei P—450‘and P'4SOEam will
be used'to-designate cytochroﬁes P-450 frbm micrOSOhes and E;_Egiigg
respectively, while P-420 and p-420_, . L will refer to the apparently
denatured forms of these enzymes hav1ng carbon monox1de absorpt1on d1f-
_; ference spectra1 maxima near 420 nm. rather than 450 nm; DMBA, 7-12- o

d1methy1benz[a]anthracene; NADH, reduced n1c0t1nam1de adenlne d1nuc]eo—

tide; NADPH, reduced nicotinamide adenine dinucleotide phosphate.
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.ABSTRACT
' Magnetié circuTar dicﬁroism (MCD) spéctra are reborted for ‘the visib]e
;and near UV'spéctral regions of liver micrdsomeé fkom'dimethy]benzanthratene4
'_éreated rats. The sequential addition of'NADH; diﬁhionite, and carbon
" monoxide enables us toldeteﬁmiﬁe c§ntributions to the MCD by cytochromes b5 
and P-450, which dominate the spectra. The MCD of the microsomal prepara-
tion is compared with that of purified oxidized and reduged cytochrome 55'
from pig liver and with the camphor-complexed and camphor-free bxidfied, |
reduced,‘apd reduced carbonmonoxy. cytochrome P—4socam from Pseudoﬁohas
putida. The MCD spéctra of the membrane bound'cytochrome-b5 are Sim%]ar
grto those of the purified protéin, indicating that little ér no a]fération
in the en&ironment of the heme occurs during the isolation procedure; The
  501ub]e bactefial cytochrome P—450cam_alsd appeékévto bé a suitab]e model
 for microsomal P-450, although differences in the MCD intensity éfé.obsérved
fdr the two enzymes. It is conc]uded_that‘MCD will be a ugeful technique

for investfgating redox and structural changes of hemoproteihs in particu-

late systems.
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Several polycyclic aromatic hydrocaroons;'including.common environmental -
carcinogens such as benzo(a)pyrene, are'metabolized ig;!ixg.by an inducible
enzyme systém (Cohney et al., 1957)-which causes hydroxylation to water-
soluble products such as phend]s and dihydrodiols (Sihs; 1970). It is
thought that react1ve 1ntermed1ates produced during thlS reactlon are
responsible for the carc1nogen1c effect shown by ‘some aromat1c hydrocarbons |
(Gelboin netal., 1969). These 1ntermed1ates-may react w1th various ccllular v
components to produce genetic or other iransmissib]e'damage (Kinoshita and
Gelboin, 1972). The aryl hydrocarbon hydroxy]ase enzyme has'been‘stddied
in several tissues such as skin, lung, and espec1a]1y 11Ver, as we]] as
in some t1ssue cu]ture systems (Nebert and Gelboin, 1969; K1nosh1ta and
Ge]boin, 1972). The enzyme is one of the microsomal mixed-function oxi-
dases, a class of enzymés-which plays an important role in the metabo]me'
of several drugs and other exogenous compoundsv(Maso et al., 1965), and
also in tﬁe interconversion and degradation}of endogenoos metabolites such
| as'steroidso(Kuntiman et al., 1964). The cnzyme>which hydroxylates benzo(a}-
pyrene has been shown to be simi]ar to, but distinct-froh, that hydroxy-
lase princﬁpa]]y‘induced by barbiturétes (Gelboin netal. , 1972). These
enzymes generaliy require bbth reduced-pyridine nuc]eotide and molecular
oxygen, as wei] as the hydroxy]étioh substrace, and cohsist of a.flavo~
protein component which'interacts.with the pyridiné nucleotide, and a
heme protein of the P-450 type which interacts with the specffic substrate
(Lu et al., 1972). The role of cytochrome b as an intermediate electron
carrier in the hydroxylase system has received'considerab]e attention but

has not yet been resolved (see Gillette et al., 1972).
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Chemical studies'hayé identified epoxides (Grover et al., 1971),

hydroperoxides (Shaw'and Chéh,'1972); and other reaotive compounds as
possible intermediates; bot so far neither these nor spectroscopic me thods
have succeeded in deiineating the main reaction pathway. We have recently
begun‘an extensive Study of the magnetfc oirou1ar dichroism (MCD]) of a
variety of hemoproteins and their derivatives and of some model heme com-
pounds‘(Vfokery, Nozawa and Saue},:ihﬁbréparation).-’Whi]e the theory for

. the origin of the‘magneto-opfical effects observed for heme complexes

s not yet'well develooed, our results and those offéome earlier workers
': suggest that the MCD spectra of hemoproteins can be used to determine
the redox state, the spin state, and the identity of the axial ligands
to the iron, complementing other experimeniaT approaches . Many components
of the electronic spectrum can be resolved, since the Faraday effect can
have three possible origins, referréd to as A, B, and'g_terms, for a‘gfven
electronic transition: (A) a Zeeman splitting of a degenerate ground or
excited state; (B) mixing of the ground or excited state with other excited
states by the magnetic field; and (C) a temperature-dependent population
difference in groundrstate levels whose degeneracy has been removed by the
. magnetic field; the:Faraday A term is ”S-shaped"vand_resemb]esvthe first.
“derivative of the absorptioo spectrum; in contrast, the B and C terms .are
“bell-shaped" and approximate the shape of the absorption band (see Schatz
and McCaffery, 1969, and Stephens, 1974, for recent rev1ews) While elec-
tron paramagnetic resonance (EPR) studies are a]so useful for 1nvest1gat1ng
heme chemistry, they are restricted to Fe(III) comp]exes; also low tempera-
gures are required due to the rapid spin-lattice re}axation of the iron |

in these compounds, whereas physio1ogica1 temperatures and rapid kinetic
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measurements can be obtained by\the MCD technique, In additibn, MCD
experiﬁents can be c&rried out with less than_micromo]ar'conéentratibns
of hemoprotein. We have shown thaf differénce MCD Speétra.can be uséd-_
‘to follow oxidafion-reduction changeé in a complex mixtdre of cyto--
“chromes in chlorob1ast particles (Vickery et al., 1974).ahd'wish to

report here the app]icafion of MCD to the investigatioh of mickqsoma].'

hemoproteins..

MATERIALS AND METHODS

Two hundre& gram female Sprague-Daw]éy_rats were;gfyén intravenously
three doses of 4,mg.of 7,12-dimethy1benzanthracene'in.éoftonSEed oil |
emulsion (gift of The-Upjohn Co;), at 72-hour intervals. Forty-eight
hours after the 1ést injection, the rats were sacrifiééd‘by decapitation
and the Tivers removed and stored at -70°C. Rats injected with a plain
cottonseed 0i1 emulsion were used as controls.
i The']ivers were thawed, and washed in Tris—éucrdsé.bdffer (0;05 M
Tris-HC1, 0.25 stucrose, pH 7.5). They were fhen hbﬁogenfzed in 20 ml
per Tiver of this buffer (1 mjnhfe at full speed in a Sofva]]_b]ender,
cooling with ice). Cell nﬁciéi and other large débrié were remoyed by
a Tow speed centringation,'GOO x g for 10 minutes (Beckman J-21 centri-
fuge with 20 rotor at 3000 rpm). The mitochondriaT fraction was removed
by centrifugation at 7000 x g for 15 minutes. Fina]}y the microsomal
‘fraction was collected by centrifugafidn at 105;000‘x g forll hour

(Beckman L3-50 ultracentrifuge, 50 rotor). The microsomes were washed

twice by resuspension in Tris-sucrose buffer and centrifugation at
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105,006 Xg. 4Tﬁe miéroSoha] prépar&tibn was resusQended in Tris-sucrose
» buffer and storéd frozenfin airtight vials under}argOn, at -70°C. The ’
sample used foh'MCD.studies had A360.= 1.6 usjng the cohventional.samp1e
_ compartment ih a Cary 14; with the Cary 1462 scattering attachment, the
absorption at 360 nm decreased to;Q,64”for the sample. |
The aryl hYdrocarbbn hydréky]aéé"agsay‘used in all experiments was
the standard f]uor1metr1c est1mat10n of benzo(a)pyrene hydroxylation
products (Nebert and Ge]bo1n, 1968), with the addition of NADH as well as
NADPH. Each assay sample contained between 100 and 150 ug of protein.
Protein concentrations were estimated by the method of Lowry (Lowry g___lL,
1951).. M1crosoma] P-450 concentrations were determined accordjng to
Omura and Sato (1964). | ‘ | N
Purifiedrcytochrome b5 prepared by trypsin tréatment of pig liver
microsomes was kindly supplied by Dr. R. Malkin of ‘the UniversityIOf
-iCa]ifornia,}Berkeley. Concentrations 6f cytochrome by were determined
| according to the published extinction coefficients (Ozd]svand'Strittmgtter,
1964) . The EPR spectrum of this préparation measured in collaboration
with Dr. A. J. Bearden, was essentially identical to that reported by
~other workers (Bois- Poltoratsky and Ehrenberg, 1967 Ikeda et al., 1974).
The visible and near UV natural CD spectra of this samp]e were also in
general agreement with the results for pig liver cytochrome b5 obtained
by Schnellbacher and Lumper, which were presented as reduced, or mean
residue, ellipticity (Schne]]bachér and Lumper, 1971). The Soret region
- CD spectra for the reduced-forms of these preparafions‘as well as calf
1ivér ferbocytochrome b5 (Morgan and Vitkery, unpublished observation)

resemble the first derivative of the Soret absorption band in contrast -
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to thé predomfhant]y negative CD reported for rabbit,ferrocytochrome b5
by Okéda and Okunuki‘(1973). These resQ1ts Contradict'the‘1atter
authors' proposal that b-type hemoproteins"sh0u1d eXhibﬁt only a nega-
tive Cotton effect assdciafed with the Soret transitiqn;v_

A purified preparation of the camphor complex of cytochrome P-450cam

isolated from Pseudomonas.pUtida‘was the.generdus giftAbf Dr. W. T..Morgan,
Scripps Clinic and Research Fouﬁdatioh, La Jolla, Ca]ifofnia. The
A392 nm/A_280 ﬁm raﬁio for.this samp]é was 1.34. 'Sufficfent D~camphor
was added to saturate all Opticalvchanges in studying the camphor complex.
Camphor was rémpved by chromatography on Sephadex G-25}? The:sample was
concenirafed:using ammonium sulfate and then dfa]yzed;' Cohcentrations
were measured using the published extinction vaTues (Gunsé]us et al., 1972).
The ﬁatura] CD resuits Obtainéd with this‘pfépération‘wére.simi]ar to those
reported previously (Peterson, ]971) éxcept thatvthe é]]fpticity_va]ues
given by Peﬁerson shou]d be mu]tip]iea by 100 in order to conform to the
conventionai units of [s] (deg.?cmzjdetimo1e-]). |

Fluorescence meaéurements were made with a Perkin-Eimer'MPF—ZA
Fluorescence SpeétropHOtometer. 'Absorption spectra weré obtained with
a Cary 118 Recording Specfrophbtbmeterk Thevinstrumeht_qsed for MCD
measurements was designed iﬁ this laboratory and has been described
elsewhere (Sutherland et al., 1974). A constant slit width of 0.5 mm fdr
the Cary 14 monochromator was,found.to be sufficient to resolve all bands.
A 1.0 cm pathlength cell was used for all samples, andvpeak absorbances
were not'aliowéd to exceed,].G; An electromagnet operatihg at 14.3 kgauss
was used in these expériments. ;A time bonstant of 0.3 Sec}and a scan

rate of 30 nm per minute were routinely used. Natural CD was corrected
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 for .by re?ersal.Of theedirectieh of thermagnetic field andvsubtracting
the data for the'two direcfions (Sutherland gﬁwgl;, 1974). Under these
conditions the signa]—to-noise ratib of_thé MCD spectra.was significantly
| better than fhetvof-the‘CD spectra, and the 1atter are'not shown. The
CD signals observed'are; however, large enOugh”to make significant con-
tfibutiens'to the opticaj éctivity‘even:ét eonsiderébly'higher magnetic
fields; for this reasqn;“eaUtfonnehOQTd be exefcised‘in cOmpéring»the.
‘units and values usedlhefe and those used by other wbrkers (vide supra).
-'. A1l figures show computer drawh cufves (solid lines) or traces (dashed
1ines) of the:experimental data. The results are'expressed as Ae/H =
e -eR (=:[é]/3,305) with the units‘of (M-cm-Tesl‘a)'1 or as AA/H'= A -Ag

(cmeTesla)™!, where 1 Tesla = 10,000 gauss.

v RESULTS AND .DISCUSSION

Hemoproteihs show ihfense.ane distinctive MCD spectra asSocieted
~with the heme chromophore m-r* and charge transfer transitions in the
visible and near UV regions. - Since the heme group has approXimafely
D4h symmetny; the porphyrin = States are nearly X{y degenerate and Faraday
A terms are predicted for the near UV Soret band;'the Qq,q or 8 bands,
~ the QO,O or a band_and charge Eransfer bands invo]ving the'porphyffn.
in addition, C terms will be found in'baramagnetic derivatives (Briat
et al., 1973, and Vickery, Nozawa and Sauer, in pfeparation). |

Because of the mfxing of thejiren d orbitals with the pdrphyrih_
o syStem; the MCD spectfa of heme compounds, like tﬁe absorption spectra,
are very seﬁsitive to the redox and spin states ahd the axial coordina-

tion of the iron. The MCD spectra are affected to a much lesser degree,
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however, by d1fferences in the prote1n crevice env1ronment-or solvent.
This enables us to characterize heme complexes of unknown structure by
- -comparison with known compounds. The Faraday parameters ano MCD band
shapes expected for each case will be d1scussed in 1nterpret1ng the
MCD spectra of purified cytochrome b5 from pig 11ver'and'cytochrome
P—450 o from P. Qgtlgg_ These’resuits will be'usedvas a guideline for
the assignment of the bands of the MCD spectra of the microsomes . The
mamma11an cytochromes b5 exam1ned thus far have been shown to be very
similar in the1r spectral and chemical’ propert1es, S0 that the pig pro-
tein should serve as a suitable mode] for rat cytochrome b5. The
bacterial cytochrome P-450_, - catalyzes the hydroxylation_of D-camphor
in a reaction Whose mechanisnm is be11eved to be ana]ogous'to the hydroxy-
lation reactions carried out by microsomal cytochromesoPF450, and tne
spectral properties of the soluble bacterial enzyme are eimilar to those
of - the particu]ate mamma]ian enzymes . ContribUtions from these two types
of hemoproteins are expected to dominate the MCD spectra of microsomes,
since the MCDnof-the4other major components of microsomeé are probably
much weaker as,indicated by studiee-on some flavin (To]]jn, 1968, and Bayer'
et al., 1971) and non-heme iron proteins (see‘Marlborough'and Hall, 1969;
Sutherland et al., 1972; and Ulmer et al., 1973).

Cytochrome 95-—The MCD spectra of'oxidized and reduced pig cyto-
chrome b5 are shown in Fig. 1. Essentially identica]:spectra were
obtained with a trypsin-derived calf liver cytochrome bs (Vickery and
Morgan,‘1974). The results for ferricytochrome b5 are in general agree-
ment with thoae reported (Risler and Groudinsky, 1973), except that we

observe somewhat weaker MCD intensities in the region of the Soret and
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g bands and a more intensetMCD'aséoeiated With tﬁe:a band. The fS—shapedW
dr derivative-1ike MCD curve in the Soret.region of tue oxidized cytochrome
is typical of low spin ferrihemourotefns end can be used to estimate the
_amount ofilow spin eompohents in situations where éfspin state equilibrium
exists (Vickeky, Nozawa and Sauer, in‘prepafation).- As first reperted
for ferr1cytochrome b, (Br1a et al. , 1973), this band is not a»Faraday.
A term but shows a temperature depeudence 1nd1cat1ve of two over]app1ng
C terms of oppos1te sign and a crossover near the absorpt1on max1mum
vI(VIckery and Morgan, 1974) . The 1nten51ty_of the Soret MCD of ferr1cyto—
chr;ome'b5 is consistent with the iron existing completely in the low spin
form. The Visibie MCD of feuricytochrdme b5 shows C terms-associated with
charge transfer bands in the 440-520 nm region and A and C terms for the Q
bands (Viekery and Morgen; 1974). Because of the effects of:axia] ligation
on the energies of these bandé, 5n empirical analysis of the shape of the |
- MCD curve in this region, ca. ca., 440-570 nm, can be used to character1ze the _
fifth and sixth 11gands to the iron (Vickery, Nozawa and Sauer, 1in prepara-
tion). X-ray crysta]]ographic studies on 1ipase—so1uh111zed calf Tiver
cytochrome b5 shbw that the heme iron'js axia]]yvcoordinated to two ihida-
zole side chains from histidine reéidues (Mathews et al., 1971); eud the
visible MCD of ferricytochreme b5 is very similar'to that of ether bis-
1m1dazo1e heme comp1exes (Vickery, Nozawa and Sauer, in preparat1on)

Chem1ca1 reduct1on of cytochrome b5 results in the 1oss of the stuong
~C terms in the Soret reg1on and the appearance of a sHafp, intense A term
corresponding to the « band, typita] of low spin ferrbhemOproteins;' Over- .
slapping A terms largely cancel one énother in the region of the vibrational.
8 bande. Values of the MCD intensity at selected eitrema aud zefo crossings '

for oxidized and reduced cytochrome b5 are given in Tab]e I.
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Cytochrome P- 450 --MCD spectra of P 450 wereirecordedffirst for

the oxidized and reduced form of the camphor comp]ex-maintained during

the isolation procedure and then for ‘the oxidized, reduced”and reduced-
carbon monoxide-comp]ex of the camphor-free enzyme. Thed}esuitS'dbtained
with the oxidized edzyme are shown in.Fig; 2A. .Invthe absence of substrate
" the enzyme eXists aimost'completelj in the low spin form;xas'evidenCedﬁ
,,i97o;'and Peterson, 1971) and

al.

by EPR (see'GunSaius,»1968;‘Tsai et a
MYssbauer sbectroéeopy (Sharrockbgj gl;3'1973); and has thedcharacferistic
derivative C term MCD for the Soret b nd. Estimation;of'fhe percent Tow

- spin is difficult due to the number of factors affecting the’ 1nten51ty of -
the net C terms for this band (Vickery, Nozawa and Sauer, 1974) The -
visible MCD of the uncomplexed P*450 am 1s similar 1n its genera] shape to
other low spin hemoproteins. Distinct differences 1n the band positions N
and intensities_of the extrema can be seen, however, when'the MCD of
P-4SOcam'is cdmpared with the MCD of_hemoprotein complexes where methionine-
histidine.(see Sutﬂerlahd.andvKleih,'1972; Risler eﬁd.Gkoudinsky; 1973; and
Vickery g;;él;; 1974b),'histidineehistidine (Figure ]_énd,Risler and
-Groudinsky, 1973"Vickefy and Morgan, 1974"and Vickery ei al., 1974) or

lysine- histidine (Vickery, Nozawa and Sauer, in preparation) coordination

to the heme iron has been proposed Mercaptide coordination from a cysteine

residue has been suggested for cytochromes P-450 (Mason et al., 1965;

., 1970) and may account for the

al.

Jefcoate and Gaylor, 1969; and Tsai et
observed differences. Additionally, the preéence of a high spin eomponent
in the sample complicates this interpretation (!jgg_igfgg).

when camphor is complexed with oxidizeva-450camfthe hehe is con-

. verted. to a preddnﬁnantly'high spin form (Cunsa]us, 1968; Tsai et al.,
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1970 Peterson 1971, Kel]e g___l__ 1972, and Sharrock al., 1973).
. This transition is c]ear]y ey1denced by the ]oss of the der1vat1ve like
‘C terms and the appearance of new Avand C terms in the Soret region MCD

| (Fig. 2R). Changes are a]So’observediin the visible region MCD. The

~ visible MCD spectrum is very similar to that of ferrimyoglobin (Bolard
and Garnferi.1972, and Vickery,.Noiawa and Sauer, 1in preoaratiOn),.and
this may indicate a'similar‘COOrdination of the iron by the protein; The
shape of the visible absorption spectrum (Gunsalus et al., 1972) aiso
resembles that of ferrimyoglobin. A change in the»axfaluligand(s) from
‘ mercabtide to'a weaker field 1igand, such as the 1midaone-of the proximal
histidine_in myoglobin, has been suggested as a.methanism of spin state
Echanges upon_substrate binding in cytochromes P-450 (Tsai et al. ]970)
It s signifitant, however, that the Soret transitionvoccnrs at higher
energy in camphor-complexed P-asocam than.in ferrimyoglobin, and the Soret
-MCD differs'in shape and intensity from that of ferrtmyog1obin (Viokery,
~Nozawa and Sauer, in preparation). ' |

The MCD associated with the charge transfer band near 648 nm in the

oamphor complex is considerably weakened but still present in the absence |
of camphor. In the absorption spectrum the peak'at.648 nm with eg%B =5
decreases to a shou]der wi th 5228 2 when camphor is removed, This'bandv
‘may ref]ect the presence of some high spin component in the camphor free
enzyme at room temperature, or possible failure to remove the camphor
| comp1ete1y However, other camphor-free preparations exhibit this absorption
band (Peterson,‘1971);'and Tow field EPR'speetra (Tsai et al., 1970), as

_we11 as quantitation of the low spin EPR signal (Peterson, 1971), have

shown the presence of high spin components at low temperatures .
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Reduétion of P-450_ produces further changes in the MCD spectra
(Fig.'ZB) which -do not admit a simple interpretation. The Soret region
spectra taken in the preséncg and absence of camphor are qpite,similar,‘
indicating that, uniike thévCASe for the oxfdi#ed protein; camphor binding
causes no major changes in the properties of the heme group. In addition,
we obserVed no djfférehcesbin the CD spectra:upoﬁ‘additioh’of camphor, by
contrast'with.fhé $]ight differéhces reported by Peteréon (1971)} For
the camphor—freé enzyme the latter authorvfound an'absdfption shoulder at
443 nm which was not seen in this work or that’Of'others}(Gunsa1us et al.,
1972). We determfned the.ratio A409/A450 to be 2.6 both in the presence
and absence Of’cémphbr. The MCD band shape does not feSemb]e that reported
for any other férrohémoproteins. Thisvmight ref]ect an_ynusua1 coordina- '
tion of the iron, such as by cysteine, in the reduced pEotein. |

Inspectioh of the visible region curves reveals pfpnounced differences
in the shape.and'fntensity of the MCD of the reduced enzyme with and without
camphor (Fig. 2B). The 6rigin of "the changes is not clear, but they may
arise from the‘presencé of some denatured form of thé‘eniyme in the absence
of camphor. Iﬁ is noteworthy that the visible absorption spectrum of the
camphor—free 94450cah used in these experiments possessed a shoulder near
558 nm not ebserved in the camphor;complexed.enzyme'or by‘other workers
‘(Gunsalus et al., 1972);V=Peterson_(1971) observed a shoulder at longer
wavelength which he attributed to a form of CytochrAme P5420C3m, or -denatured
P—450cam, and Yu and Gunsalus (1974) have prepared a férm of P44zocam pos -
sessing an « band at 556 nm by acetone treatment. Since’typicai lTow spin
ferrohemoprateins exhibit an intense A term corresponding'to_a'sharp a
absorptionvhand (seé, fof example, Fig. 1), the éharp component in the

visible MCD of reduced camphorFfree P-450cam_may represent a contaminant..
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wfth an « band close to 558 nm."Evidencé'for the presencé'of»some form
of cytothome P—420c-am in thié'preparationIWas obtained when.CO was added
to the enzyme fkom which camphor had been removed‘(see below and Fig. 2C).
In addition, absorptiohrspectré of the CO complex showed a small peak at -
422 nm on the.sfde of the main 446 nﬁ band, which was reflected by a weak
?S“—shéped éurve:in cD Speéfrum’siﬁi]ar.to that'reported by Peterson (197]).
: The'1a¢k of a characteristic shéfp ) absorption'band and fntense Faradéy
A term in the reduced enzyme (Fig. ZB) may be a‘refleCtion of a high spin,-
.out of p]ane iron in the heme group. This has also been'suggested.pn the

bas1s of room temperature nuclear magnetic resonance (Keller al., 1972)

1973) studies on reduced

al.,

and 1ow:temperature M8ssbauer (Sharrock et
P‘45°¢am ; | | - -
The MCD of the reduced CO complex of P-450Cam has distinct A terms

at 448 nm and 422 nm associated with the Soret peaks of P-450 .. and P-420,
resbectively. These bands are independent of'femperature as expected for
diamagnefic, Tow-spin ferrous héme‘and are similar to the intense Soret

A terms observed in carbbnmonoxv myog]dbin (Vickery, Nozawa and Sauer,

in preparat1on) and carbonmonoxy hemog10b1n (Kobayashi et al., 1970).

The s, or'N, absorption band occurs near 360 nm in carbonmonoxy P—450cah
(Peterson, 1971) and prbbab]y represents a transition from a lower energy
porphyrin = orbital (b2u) to the same x-y degenerate e;(n)orbital excited
state as the Soret transition. We therefore:expect'an A term for this |
band, but reduced in magnitude relative to the Soret MCD since the & band
is weaker and broader. The 345 nm peak and 377 nm trough may represent

an A term associated with the § band and superimposed upon a broader,

negative MCD.
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The visible region spectra are more difficult to 1hterpret. The
absorption spectrum of cafbonmonoxy P'450§am does not exhibit the o and
B bands ‘seen in other CO-hemoproteins and the MCD 1a¢ks“the distinct
A term associated with the o band of carbonmonoxy myoglobin (Bolard and
Garnier, ]972; Snd Vitkery; Nozawa and Sauer,vin”preparation) and hemo-
globin (Kobayashi et al., 1970). Since the intensity of the Faraday A term
is prdportioﬁal;to the'inverse square of the bandwidth, a broadened §r
weakéned a band éould accounf for the small amplitude of the“A term observed..

near 566.nm. The features of the MCD spectra of P-450 . are summarized

m

in Table I. |
Microsomes--The MCD spéctra in the nearvUV and vfsibﬂe spettra]

regions are shown for a microsomal preparation isolated from a DMBA-

treated éat in Fig. 3, with characteristic wavelengths listed in Table II.

The specific arj] hydrocarbon hydroxyTase énzyme actiVity for this prepara-

tion was 1.4 nmoles/mg protein x 30 minutes, represehting'a 1.73-fold

increase in specific actiwity over that of control rats. There was no

increase in the amount of P-450 detéctab]é by absorb_ioh_difference spéc—

troscopy. This is in agreement with the results of Nébert et al. (i972),

who observed that on-induttion of aryl hydrqcarbon hydroxy]ase with 3-methyT-

cholanthrene there was no increése in overall P-450 concentration as deter-

mined by the method of Omuraand Sato (1964).  They dfd, however, detect

an alteration in‘thévtype of P-450 as deduced from the.spin state equili-

brium (as measuréd by n-octylamine titration). The MCD spectra of the

- DMBA-induced microsomes were indistinguishable from those of the control

microsomes, and only the former will be discussed.

In_the absence of added reductants we assumed all components to be

in a predominantly oxidized state since the terminal electron acceptor,
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cytochrome'P-450,vis'aif—bxidizab]e. ‘In order to'separate the cohtribu—
tions Qf cyquhrome bS and cytochrOmefP-450 to the oVera]] MCD spectra,:
we. used a stepwise reduction énd cdmp]ex formation procedure. NADH was}
'_introduced”to reduce cytochrome b5 fo]TOwed by dithionite and carbon
- monoxide addition to reduce and comp]ex cytochrome §—450} |

The MCD Spehtrhm of the oxidized microsomes has an S-shaped Band in
the Soret region (Fig. 3A and'Tablg_II); This‘band contains C tefm con-
tributions primarily from 1§W:spin fer,_ricytoéhromeb5 (compare with Fig. 1
and Table I) and cytochrome P-450 (compare with Fig. 2A and T&b]e_I).-
The spectrum between 450 and 550 nm shows no distinct features; the trough
at 580 nm probably correspohds to a low-spin or substrate—freelform of
cytochrome P-450 (compare Fig. 2A).

The.addition of NADH réduces cytothrome b5 as_evidencéd by the loss
of intensity'of the brdad.derivative-shaped band in the Soret regioh and
the appearance of the narrow derivative-shaped A term in the'visibie
regioh (Figf 3B). The small, positive extremum near 426 nm probably
corresponds to the peak seen in the MCD df'purified ;érrocytochrome b5
(Fig. 1). The A term characteristic wavélengfhs of the o« band MCD are
~ also idéntica] for the soluble énd particuiate reduced cytochrome (compare
Table II with 'ferrocytochromé bs, Table I). In addition, the fi nebs‘tructure |
in the g band MCD at 511, 520 ‘and 527vnm aréhapparent in'bofh (compafé
" Fig. 1 and Téb]e I wfth Fig. 3B, C'and D). From the intensity of the o
band A term and“ihe 1055 of the Soret MCD upon NADH addition, thé liver
microsomal cytochrome b5 concentration can be estiméted to be 0.6 to 0.7
.uM, or approiimate]y»O.B‘umo]es/mg“protein. This is in good agreement with

the value of 0.7 yM caléu}ated from the microsomal difference absorption
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spectrum (Fig,.4) with EmM for reduced minus'dxidized Cytochrome b5
~of 17 ét‘557'nm and 110 at 424 nm as determined for thé.purified'cyto—
chrome, Thé:simf]arities in the MCD spectral propertfesvméy indicate
both that the heme_group in rgt cytochrome b5 is in éh:environment véry |
similar to t;_hat of the pig (Fig. 1) and calf (Vickery and Morgan, 1974)
proteins, and that removal of the cytochrome from the membrane does not
result in'CHangéé in the heme'cﬁromthore. | |

The residué]lS—éhaped é term MCD in the Soret region (Fig. 3B) nhas
a peak and crossover near 410 and 418 nm, respective]y,;as observed for
oXidizeva-4SQcam. Although contributionsgfromvférrocyto;hromé be overlap
cbnsiderab1y;:the_concentratiOn of microsomal P-450 can be estimatéd to be
about 1 uM in this preparation assuming that the Soret MCD of the rat
enzyme is similar to that of the bacteria] enzyme. Cbmparison éf the
intenéity of the 580 nm troﬁgh in>the two systems, howeVef, yields a
microsomal P-450 conqeﬁtkation closer to 2 uM;‘ The disagreement of the
two methods of céltu]ation may arise from difference$ between the rat
enzyme and the bdcterfa] model or, possibly, from thg presence of P-420.
When dithionite is added, the S-shaped Soret MCD i$ transformed into

a band shape_résembling high;sbin'ferrous P-4socam (Fié. 3C and Table I).
 The trough ét 580 nm is a]sb lost. A small increase in tHe amount of -
reduced cytochrome bs-a]so éeems to occur as judged'from'the intensity
of the a.band A term. NoteWorthy is the lack of én inténse'positive MCD
neaf 434'nm, where deoxy hemoglobin exhibits a stfong peak (Djerassi
'gg_gl;} 1971; Kobayashi et al., 1973). Contamination Qf_microsoma1
preparations with hemoglobin can be readi]y detecfed in fhis manner, -as .

- well as by obéekVation of the o band A term of oxyhemoglobin centered

.at 575 nm.
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The addition_df'carbOn-monbxide'td'the.fu]]y reduced sample causes
further changes'in the P;4SO MCD but shou1d not affectvcytochrome_bs. The
A terms with crossovers at 452 and 421 nm (Flg 3D) prohab]y'correspond'to
P-450 and P- 420, respectlvely If mlcrosomal carbonmonoxy P-450 and P-420
‘are. assumed to have Soret A terms equal in 1ntens1ty'to that of P-450Cam
then thevconcentration of P-450 and P-420 each appears to be»aboutvOiS th
AnaTysis Of'the abSorption difference spectrum for the reduced carbonmonoxy_’
- minus reduced microsomes shown in Fig.-S, on the‘dther hand, yields a P-450 |
concentration of 0;6 uM, with the amount of P-420 being congiderab]y']oWer.
Thus the.shape and the intensity of the Soret MCDvof,microsemelﬁcarbon-
monoxy P-450 is similar to that of_carbonmonoxy Pe450cam} It also appeare'
that the Soret MCD of miCrosomal_carbonmonoxy P—420*must be morexintense
than that of carb onmonoxy'P-450. -However; measurement of the 1evelslof
. P-420 by MCD are comp]1cated both by overlap of the Soret spectrum with
that of reduced cytochrome b5 and by the Tack of a su1tab1e mode] system, and
difference absorption spectroscopy tends to underestimate the amount of
P-420 (Fujita e et al. al., :973). As 'was found for’oxidiied P—450, a higher
estimate of the ampunt’of the hemoprotein of'approximately 2 uM is pbtained
by comparféon‘of the 580 nm MCD.trough in the microsome spectra with that
of~P—450 m’ indicating a d1fference between the MCD intensity of the micro-

soma1 and bacter1a1 enzynes

The results shown in Figs. 3-5 were obtained at room temperature
using a microscomal preparation which had been subJected to freez1ng and
thawing prior to treatment. A]] spectra‘were stab]e during the course of
the experiments and gave no eyidence of time-dependent denaturations; |
Essentially identica] MCD spectra were a]sc_observed when freshly prepared

microsomes were utilized and all experiments were carried out at 4°. Under
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these eonditions as well, no effect of treatment of the rats with DMBA
could be determined from the MCD spectra. o |

'Conc1usions--These'stddies illustrate the'uti]itytof MCD as a sensi-
tive optica1'probe for the investigation of membranefboynd hemoproteins
in particulate systems. The MCD spectra of oxidized and reduced cyto-
chromes’bs, P-450 and P-420 can be clearly identified tnjthe crhde rat
liver micregdhe spectra, énd these cytochromes seem to ateount for all of
the méjor'speetra1 features observed. There did not appear tovbe‘any con-
tributions to the MCD Spectra from other microsomal.combonents or from |
extraneoue hemoproteins. | | |

The effect of treatment with the carc1nogen, DMBA, on these cyto-
chromes was investigated by compar1son ‘of the MCD spectra of microsomes
isolated from treated and control rats. Administration of polycyclic
hydrocarbons is generally observed to cause the inductfoh of a new type
of P 450 hemoprote1n referred to as P] -450 by S]adek and Mannering (1966)
or as P-448 by Alvares et a] (1967) because of its blue shifted CO-
difference spectrum. N0'd1fferences_cou1d-be detected, however, between |
~ the MCD spectra of the induced and control prepafations. This may simply
reflect a failure of DMBA to induce sufficient quantities of new P-450
rather than an insenéitivity of the MCD spectra to changee in the hemo-
protein, since no changes were 6bserved in absorption difference spectra
either. The greater cytotoxtcity of DMBA relative to-other polycyclic
hydrocarbons such as 3-methylcholanthrene (D. W. Nebert, personal communi-
cation) may have prevented the induction of‘SUfficient_P-448 type hemoprqtein
for .a difference to be detected spectrophotometrica]ly.'élthough an increase
~of 70% in enzyme activity was observed. The use of higher magnetic fields

to increase the MCD signal intensity as well as further signal averaging in
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spectral reg1ons where changes are ant1c1pated shou]d prove useful for
detecting small chanqes 1n the spectra
We have a]so compared the propert1es of the membrane bound cytochromes

with those of the related solubilized eytochromes 1n‘order_to determine
whether the fso]ated.proteins‘retain‘the same heme'sfructure as the bound
"fdrms. Cytochrome‘b5 is an amphfpatnic protein constting of a hydro-l
..'phy]ic “head" group'and'a hydrophobicl”tai1" regibn;.the heme-containing
head bortjon is cleaved from the tail in the course of enzymatic extrac¥.
tions, but the intact molecule can be isolated withidefergents.(lto and
Sato, 1968; Spatz and Strittmatter, 1971). vThe protease and'detergent
eolubilized cytochromes b5 have'eesentially identica] absorption spectra
"(Ho andeate, 1968;’$patz and Strittmatter, 1971), redok potentials (Ito
and Sato,']968), and CD spectra in the Soret region (Okada and Qkunuki,
1973), indicating that the tail peptide hae 1itt1e effect dn'the protein
conformation surrounding the heme group.'ane nonpolar tail, however,vis '
- responsible for binding of cytochrome bg to the microsomal membrane
(Strittmatter et al., 1773; Enomoto and Sato, 1973), This suggests that

- the polar, heme-containing portion may be oriented away from tne membrane
lipid matrix at the membrane surface (Strittmatterjgj_gl#, 1972). If the
head group of thercytochrome‘was embedded within the menbrane of the endo-
. plasmic reticulum, it.might be expected that itS'remoVal and_transfer to -
‘an aqueous environment would cause conformational cnanges in the proteinv
which would lead to altered properties of the heme.greup. The MCD results.
obtained for the membrane—bound oxidized and reduced cytochrome b5 are
.essentia1]y identical to those of the solubilized prdtein with respect to

both wave]ength;positions and e11ipticities. This is consistent with the
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proposed 1oca11zat1on of the cata]yt1c portlon of cytochrome b5 at the
membrane surface but cou]d also simply reflect the stab111ty of the
hemoprotein. Compar1son of the EPR s1gna] near g=3 of the soluble pig
(Bois-Poltoratsky and Ehrenberg, 1967; lkeda et al., 1974) and calf cyto-
chromes (Bearden and Vickéfy, unpublished) with the micrbsoma] cytochromes
bslof pig (Ehrgnberg ahd Bois-PbitOrafsky, 1968) and ratv(Sier et al.,
1973) also sQégéSt that ét least the 1ow spin oxidized component present
in the membrané is largely unaffected by éxtraction. Neberf and Kon (1973),
however,-havé attribUted to cytochrome bs an EPR signal observed in mouse -

"~ 1iver microsomes shifted to significanfly 1ower field from_the cytochromes
of other speéiés._ Studiés on the effect of incorporation of a detergent
solubilized cyfqdhrome'bs into artificial phosphatidy] thO{ine vesicles
did not févea] any changes in the properties of the hemoprotein, and also
indicated that the heme portion of the'mblecule was exposed to an aqueous
environment (Su]]iQanvand Holloway, 1973). .

The soluble bacteriéi cytochrome P-450 has béen‘used as a model

can

for mammalian cytochrome P-450: absorption spectra o* P"450cém are very
similar to those of microscomal P-450l(Kétagiri et al., 1968), and the EPR

spectra of P- 450 _ (Gunsalus, 1968; Tsai et al., 1970; Peterson, 1971)

cam
resemble both the Tow spin (Mason et al., 1965) and_high'spih (Jeffcoate
and'Gaylorg 1969) signals seen in microsomes; Attempts to analyze the
contribution.of P-450 to the MCD sbectfa of the microsohes, however, sug-
gest that significant differences exist between the relative ellipticities
in the So}et:and visible regions of microsomal P-450vahva-450cam, although
the presence of P-420-and residual bound DMBA may comp1itate the ihterpre-,

tation of these-fesu]ts., The origin of the apparent increased MCD intensity
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in the viSibte:of micrbsoma] P—450 compéred to P-450 .. 1s not yet'c]éar
We are currently investigating th1s d1fference as we]] as the effects of
_501ub111zat1on and substrate b1nd1ng on the MCD of the m1crosoma1 ary]

hydrocarbon hydroxy]ase
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- TABLE I: MCD Spectra of ‘Pig Liver Cytochrome b, and P. putida P-450__

* Soret T Visible
_-AbsQrLtion - " MCD - Absorption HMCD
Sample A (nm)  almm) Ae/H o oA (nm)  A(nm)  Ae/H
max* T (M-cm-T) 1 mgx (M-cm-T) ]
Ferri-cytochrome bs 413 406 68 532 553 9
| v 413 0 (562) 562 0
419 88 570  -14
Ferro-cytochrome by 423 ~ 415 -9 657 . 553 185
426 20 | 557 0
438 -6 561  -185
Ferri-p-450_ .~ 417 410 28 | 537 560
| 418 . 0 . 570 568
427 -26 645 579 -13
| | 645
659
|+ camphor - 391 378 4 510 531
| - 397 -18 - (540) 540 0
416 5 648 555 -5
| 645 0
657 -3
| | | |
Ferro-P-450,, 09 42 23 543 585 <11
+ camphor 410 423 -32 - 544 583 -5
Ferro-P-450 .+ CO 447 442 63 | 551 530 6
w8 0 s 0

455  -43 o  Ha 581 -12
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TABLE II: MCD Spectral CharacteriStiés of DMBA-induced Rat Liver Microsbmes

o ____Soret Visible
Additions : r(nm) aA/H_y ‘ _A(nm)v o AA/H_]
_ : (cm-T)» o - (cmrT}_ |
None a0 82 560 - 13
| a3 o s o0
421 -80 | 580 -35
NADH o 410 26 553 . 117
| - a7 o0 557 0
| 561 -100
580 . -33
NADH + dithionite = 422 -20 553 . 127
| | | 557 0
561 -113
NADH + dithionite + CO 414 30 553 123
| a0 se71 0
425 15 561 o8
4 20 s 22
Cas3 o

460 -10




| -29-
| . FIGURE LEGENDS
FIG. 1. MCD spectra of pig liver cytdchf&me bé;. Solvent: 0.1 M sodium
| phoﬁphate, pH‘7.5; (- - ;)_tkace of gomputekfdrawn curve for oxidized form;
(——) computer plot 6f data for dithionite-reduced form; room témperatufe;'
_Note'that the.SpectrUm of ferricytochrome b5 in the 450-600 nm region has

been multiplied by 10.

FIG, 2. MCD spectra of P. putida cytochrome P-450(cam). Solvent:
0.1 M sodium phosphate, pH 7.0; (- - -) in the presence of excess D-camphor;

_(————0 camphor femoved;.room temperature.

FIG. 3. MCD spectra of DMBA-induced rat liverbmicrosomes. Microsomes
were suspended at a protein concentration of 0.8 mg/ml in 0.05 M Tris-HCT,

. '0.25 M sucrose, pH 7.5, and spectra recorded at ambient'température (near

22°).

FIG. 4. Difference absorption spectra of NADH-treated versus untreated

DMBA-1induced rat liver microsomes. Samp1e and conditions as Fig. 3.

FIG. 5. Difference'absorption spectra of dithionite-CO-treated versus
~ dithionite-treated DMBA-induced rat liver microsomes. Sample and condi-

tions as Fig. 3.
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LEGAL NOTICE

This report was prepared as an account.of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




2 e —-r

TECHNICAL INFORMATION DIVISION

LAWRENCE BERKELEY LABORATORY -
UNIVERSITY OF CALIFORNIA

BERKELEY, CALIFORNIA 94720



