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~ ABST RACT
) lhe transient state kfnetics othhe oxldatlon of _
reduced nlcotlnamlde adenxne dinucleotide (NASH) by . u.‘
horseradlsh peerxdase compounds I and 11 (HRP I and HR? II)
|

were 1nvestlgated as a functlon of pH at 25° c.. The pH
. \

dependence of the ‘second order rate constants 1ndlcates that

t

the oxxdatlon of‘NADH is.influenced by a singleuionization

wy
]

with pKauof‘4;7+0“5‘and‘4 2+ 1.4 at the actlve sltes of HRP-1I
&, } . <
and HRP-II} respectlvely. An apparentlreverslblllty of the
: s

HRP II-NADH reactlon was observed. . ;
\ . g
—--“Carbon monoxide blndJng Wlth both cholesterol free

(low—spln) and cholesterol—bound (hlgh spln) reduced forms
\ . A \ ‘
of purrfled cytochrome P=4504 was Anvestlgated by rapld—

scan and stopped flow spectrometry at 25° C Both "on“ (li'

»

.and off" (k 1) rate constants:are pH independent betweew pH
. ' !
5 and 9. .The values of k. for cholesterol.free and

\A

cholesterol bound P- 450scc are‘almost‘identical, while the
D
value of k_ -1 for the former is about double that of the .

latter. Therefore the reduced—CO complex is somewhat more

ﬁ? unstable in the absence of cholesterol.

"o

liﬁx'/; The formatlon and spontaneous decay of the oxyferrous.,‘
complex of cholesterol-bound cytochrome P—450 were.“

"v_szudled by means of rapzd-scan and stopped-flow spectrometry

-

at 4° C., The rate constants for,oxygen blnding are pH
- ¥ v
independent over the pH range 5 to 9} whlle the rate




Ve —

constant for the decay appears to be 1nfluenced ‘by an acxd

q\ ';31

'group with a pK of 7.1:0 VQ on the oxyferrous complex.“

#
' Reductx09 of choleg&erol bound cytochrome P- 450
A . h} P .
sodxum dxthlonite was studxed By rapld scan and stopped ~flow

spectrometry at 25 C. The’ reductlon reactxon has an 1n1t1a1

scc by

lag phase and occurs by a mechanism involving SO2T as the

£ o -

'reducing specxes. “The second order rate constant is pH' *

. ; ' *

independent over the pH range 'S to 8.

7
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LIST OF ABBREVIATIONS ' ~ !

‘HRP"horeepadish penoxidase (EC 1.11.1.7., donorrﬂzoi

oxidoreddctase)s HRP- I, HRP«II and . HRP III are compohnds I,

IS

I1 and III of HRP (HRP III is also known as oxyperoxidase)

DHF dlhydorxyfumarate- NADH, reduced 5—n13?t1namxde adenxne

dlnucleotldea AHZ,'reduclng substrate- NAD~ and AH., free

radlcal oxldatlon products- SOD,-superoxxde dlsmutase- .app,
! ' &
apparent; obs, observed- P-450gc¢ cytochrome P- 450 speci

for choles:erol sxde chaln cleavage- P- 4SOcam'-

P-450 specxflc for camphor hydroxylation, P~ 450LM2 and

p- 450LM4' rabblt liver m1crosoma1 P—450 spec1es 1nduced by

phenobarbltal and 5,6—benzoflavone, respectlvely; P—4SOPB,
_\ghenobarb;tal Induced P-450 from rat liver microsomes’

e

NADPH, ' reduced 5—n1cot1nam1de -adenine dlnucleotlde,f &

phosphate; Emulgen 913, polyoxyethylene nonyl phenol ether.‘

.
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Peroxidase and Oxygenase . ~

.
' !

Oxygen, one of the most abundant ‘elements on the earth
\

and dlrectly or‘lndxrectly esseng}al for all forms of }Lfe.
has been the sub)ect of intensive studxes by bxochemlsts and.’

0 \

physxologxsts ever since Lavolsxer Anxtxated ‘the - study of
blologxcal ox1dat10n processes some 200 ;:ars ago Since
that time, the mechanlsm by whlch various nutrlents are,
ox1dlzed by living organxsms has remalned among the most
1moortant and 1nterest1ng problems in bxologlcal sc1ence. 

At the turn of the twentleth centuryq Bach and his- coworkers_
(1) proposed that oxygen reacted with an acdeptor, A,‘ln ‘the

prlmary reactlon to. produce an organlc peroxxde, whlch then

reacted w1th a substrate, X, to form an oxrde:

' . . : : C . l’ o) . L
1y ‘ . A + 0, 9x¥genase, A’/I S
. ‘ ‘ o o S o I S ‘ ‘
. 0 K o 4 . ,
23 - Al 4 x p—‘35951—ﬁ‘3>1\o+x~o
e ) .

-The enzymes whlch catalyzed reactlons [1] and [2] were named

.

oxygenase" and peroxldase"‘.respeCt1V91Y° J*'Wﬂ

:The'names oxygenase“ and "peroxldase" are analogous

{

because of‘their strong spec1f1c1ties for peroxxde and

' oxygen, respectlvely. From the p01nt of view of function,.uﬁ'

.

"however,,peroxxdase 1s rather slmxlar to oxldase, the name

" e~

- EE



whlch is now used in a narrow sense for electron transfér
oxldases (2) The term oxygenase is restrlcted to a QFOup
of enzymes that catagyze the 1ncorporat10n of exther one or’
two atomsvof ‘oxygen per molecule of substrate.. The terms

"mono" and “d1" oxygenases are generally asslgned respeCtivea:
. ";’ 0
ly., to the enzyme catalyzlng these - types of reactlons (3) .
- . ) s ‘ N S .

Peroxidases

[

Peroxidases‘are classified as the group of enz?mes‘
'yWhiCh catalyze the. oxldatlon of numerous organlc and

inorganic conpounds by hydrogen peroxlde or other peroxldes

.

of the ROOH type. 1In the plant kingdom they exist 1n every—.
thlng from apples to plneapples, from mlllet to wheat (4)

Peroxldases are also wldely d;strlbuted in anlmal txssues.

Among the most studled are lactoperoxldase, myeloperoxldase

‘and thyr01d peroxldase. Several molds and yeasts also

eontain perox1dase. For example, chloroperoxxdase from the

B mold Caldariomyces fumago 1s efflclent in cata1y21ng the

'oxidatlon of,chlorlde 1ons and most typxcal perox1dase
. t . .

.reactlons (5)

[ . o T X i . . I . .

e

‘Horseradlsh Peroxxdase

Horseradlsh peroxldase. HRP (EC 1 11 1. 7, donor H202,

“Toxidoreductase) 13 one of the better studled peroxldases o

vho

i‘gsince it is found 1n high concentratlon 1n horseradlsh root e

L X A . ' N

N



and_cen therefore be readily isdlated. There are seven

major and thirteen minor isozymes of HRP (6).

The seven major isozymes have been isolated and
characterized with respect to chromatographic behaviour,

/\

electrophoretlc moblllty, spectrophotometrlo pfopertxes,

amlno acxd CompOSltlon amd carbohydrate composxtion (7 8)

i

On the basls of these studles the seven ma]or HRP 1sozymes

‘are categorlzed into three groups. (a) acxdmc lsozymes

(1sozymes A-1, A~2 and A 3); (b) neutral and sllghtly baslu

lsozymes of llttle lower Curbohydrate content (lSOijeS B,

1

c, D and E); and (c) very ba51c (pI>ll) 1sozymes of low
‘carbohydrate‘eontent (HRP Vb) (6, 7 9) The three groups ,of
lsozymeblshow ma:ked dlfferenceS'ln pH Optlma. apec1fmc |
activities and afflnlty toward lnhlbltors (7 8) The
isozyme C of HRP dominates quantltatlvely (36%) among the
1sozymes of HRP and has an 1soelectr1c po1nt close to 9 '
(6). The purlty number (rexnheitzahl or. RZ), the ratioc of
absorbance at, 403 to 28Q nm (cor;espondlng to the’ ratlo of
uhemin-to)proteln absOrbances),,remainSLen exCellen£ IS
i‘efiteribn OE“enzyme pufity t The number should appvoach the
| value of 3 55 as an upper 11m1t (6) l D1scu3310n w1ll be‘
’~11m1ted to the lsozyme Cc whlch 15 the.domlnant 1sozyme
'(10)‘ The prosthetlc group of . HRP and most other T

peroxldases 1s ferrlprotoporphyrln Ix (Fzg. 1. l).J HRP 18 a

se N
L

l.nglycoproteln of molecular wegght a4, 000 (6), ‘a carbohydrate‘
‘ - ‘ ‘ ‘ e L N I
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"

“the path of the normal enzymat1c cycle (26 27):

=

\ o
content of 18% by weight (‘11),"‘-' a\“‘nd‘43% ‘a;he‘li‘cal- structure
(12); Two calcxum zons are present in each ehcyme (13 147);
and a total of 308 amlno acid resldues were found in a
W“;hgle polypeptmde chain, along with exght neutral carbo~
hydrate sxde chalns attached to asparagmne resxdues (6)
Four dxsulphxde ‘and three hlstxdlne residues are present.

! '

The imidazole group of one of‘the histidines occdpieS‘the

fifth coordinahion positidn‘of the heme iron'(15~18)ﬂ ‘There

’

is a controversy over the presence or absence of water 1“.
3 e
the slxth coordlnatlon posxt;on 'NMR results have y;elded‘

—

contradlctory evldence (19 20) The physxcal changes

accompanylng the alkallne transltlon of HRP (pK ~11) were

orlglnally attrxbuted to the conver91on of water 1n the

‘H51xth posxtlon to hydroxide ion (21 22) however, an altern—‘
‘atlve explanatxon has been of fered. . It was suggested that a

dlsQaL‘h1stidlne coordxnates to the ferrlc Lon upon 1on1za—'

tion at pH ~11 (23)

'

' There are' now flve known oxldatlon states of HRP,‘rang-

‘1ng from ferrous to compound III, the latter of wh1ch is the

equlvalent of a, ferrous&molecular oxygen complex'
(2 24 25) The range 1n oxldatlon states 18 therefore from

+2 to +6 1n unlt steps. The 1ntermed1ate oxldacion states

o N .
/

 wfof +3, +5 and +4 are represented by HRP, compound I and

;7ﬁpconpound II, thh the conver310ns in that order representing

.“; ‘,‘
. “'

.8

o F .
N . Gt
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: - HRP + Hy05 . compound 1 + H,O

'

Co'f‘lpé'undal + A”Z + compound 11 4+ .Ati

)

‘-~

L}

Y ‘ L S :
, . compound 11 + giz .+ HRP 4+ «All + “20

[

: \\ WU 20AH . AjH, (or AH-AN).
A " \' . . i
in wh.xch }\Hz 1s a reduclng substrat.e. Dumng aerobic oxida~

tions\of DHE‘ and NADH catalyzed by HRP the enzyrne is

cof’werted to . cornpound 111 (28 30)

L

\NAD-(DHF-) + o2 » NAD*(DHF?) + 0,"

g
P

iy, *;“- . Ce . R

\‘11,‘ S -HRP + 0O + ‘compound Illﬂ ‘

. . ‘ ) f‘ ~
. ' l f;(‘ ‘

Conpound I xs belleved to contain an 1ron(IV) porphyrin

N

—radxcal catlon (31,32), compound I1I contains an iron(1v)

heme (33,34), and compound III has been described ‘as an

»

oxyferr‘ous heme (35—37) - One of the two oxxdlzlng equiva-
. lents in compound I was accounted for by the loss of an

electron from. the iron atom. Thé second OXJ.dJ.ZJ.ng equlva-—‘

»,

lent in coupound I orlglnates in the g~cation radical of the

porp'hyrin (31) The four_spec:.esof horseradxsh peroxx.dase

4 f"c . !
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are easily dlstlngulshed by their Soret and visible absorp-

-tion spectra, as shown in Fig. 1.2.

Cytochromes P~450

Cytochrome P-450 is the term first assigned to proteins ,
. A [

A

with an unusually red-shifted Soret band "of the reduced

n

cerbon‘monoxide complex which occurs in the 450 nm fegion
(38,39).‘ The cytochromes PA4SO'werQ subsequently associated,
with a new class of heme.proteins (40,81). 'These P~450 heme
proteins contain ferriprotoporphyrin IX (Fig. I.1) as the
prosthetic group. They catalyze monoxygehése or "mixed-
funotion" oxidase reactions. A two—electron‘activation of
dioxygen 1eads to formation of‘a moleeuie of water and the
insertion of a singie oxygen atom in azhydrocarbon substrate
(42) . Hence they are also characterxzed as monoxygenases oOr

"mixed—functxon ox1dase5'(43). These unusual properties of

the cytochromes P-450 are due to the 1igation of the

a a

thiolate (S7) of a cysteine residue in the fifth coordina-
. ‘

tion position of the heme iron (44-48). Removal of the

thiolate ligand4 which can be achieved by protonation or use
»

of detergent, will result in ordxnary protoheme protein

spectra ("P 420") (40 41 49). Concomitant with the

- -

transition to P- -420, catalytlc act1v1ty is lost. Tw0'

v

opposing concepts have been proposed concerning the" sixth

ligand trans~to the thiolate ligand. ~ Chevion and his

v
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coworkers (50) deduced that the sixth ligand Qas the
imidazole group of a histidine residueiin the apoprotein by
‘interpreting the EPR data of vario&s cytochromes;P—4§O and
their model complexes in tésms of crystal-fiéld éheof}. In
contrast, Griffin and Peterson (51) suggested the presenqe_
of a water molecule at thé éaxth coordination pésition of
the ferric low-spin form based on the ﬁeaSQrement of'spin ‘
relaxation rate of‘water protons by means of the pulse NMR
£echnique:' Most recent studies provide stroné evidence that
the native sixth ligand of'the ferric low-spin cytochrome
P~450 is oxyge; rather than nitrogen (52"542‘,
The cytochfomes P-450 are Qidely diétribuﬁed isl
nature. They occur in various bacteria (55-57), insects
(58), yeast (59), green plants (60) and severalw%ammalian
‘tis;ues (38,39,61).. In addition to its biological role in
oxygen activation for hydfoxylation reactions, cytochromés
P—4SO pOSseés a number pf unigue prOperties‘which have

attracted the interest of biochemists studying its physical

and chemica} properties, pharmacologists concerned with drug
| ‘ A L | »
metabolism, endocrinologists studying steroid biosynthesis,

élinicians‘interested in bile pigment formation,  and. cell

biologists examining the regulation and control of cellular

hgtabolism (62). \ | 5.

W



11,

Cytochrome P-450, .. . ‘ :

Since‘the.first description‘of the.existence‘of mi t,0+

‘ chondr1a1 cytochrome P—450 in the adren?l cortex, reported
in 1964 by Hard1ng and hls coworkers (61), mucﬁ has been
:learned of its role on essent1a1 steroid hydroxylat;on in
. cort1costero1d bxosynthesxsig The steroid productlon is
"initiated in the mitochondria through the action of cyto-
chrome P-4505,. which catalyzes the cholestérol Side:chain
cleeQage reaction. Subseque?tly, the steroid produced“ t

- .pregnenolone, is first converted to-progesteronef and then
hydroxylated at the C21 posltlon by the mxcrosomalﬂcyto-
chrome P—45021 to form deoxycortlcosterone; The mi to-
chonorial cytochrome P‘450115 catalyzing‘hoth the
llﬁ—hydroxylase and 18- hydroxylase reactlons complete the:

.blosynthe51s of corticosterone and aldosterone, respectively

(63,64). . -
Cytochrome P-450, .. is located in the inner
) |
mxtochondrlal membrane of the adrenal cortex (65 66) It '

}
lf -—

catalyzes the rate-llmltlng step in ster01dogene51s, the
conversion of cholesterolyto preénenolone, which involQes
‘three\consecutive hydroxylatiohs*(67#69) | Each hydroxyla-
tion requlres two electronsh_whlch are furnlshed by NADPH

‘via adrenodoxln reductase and adrenodoxln, and ahe oxygen
molecule (70 71) The st01chlometry for tbe'overall '
reaction{15-(71): |

-

:vi"».l_:. Ji/i



'

cholesterol + 30, + 3NADPH + 3H' .

\ [ e
pregnenolone + isocaproic aldehyde + 3H20 4+ 3NADP

} RPN

A catalytic sequence (FigJ‘IL3) for the CholeSterol

) slde—chaln cleavage reactlon is proposed xn a recent study

(72). Cholesterol flrst blnds to the natlve low-spln ferric ¢

enzyme and 1nduces a prn change to a hlgh spin state, the.
ferrlc—cholesterol complex accepts one’ eleotron to form -a

ferrous-cholesterol complex which in turn.interacts with
i ‘ : ‘ e

molecular oxygen to form a ternary cogplex termed oxygenated

- ¢ytochrome P-450, —cholesﬁerol. This ternary complex

adéepts a second electron to form an:xll deflned 1rrevers—

ible 1nﬁermed1ate whose decay results in the formation of :

- '
o

;22R—hydroxycholesterol, Howeve:. 1nstead of‘product release

'*P—4505cc. 22R—hydroxycholesterol is'retained and a further

and regeneration of the low-spin cholesterol-free ‘cytochroine’

catalytlc cycle produces 20a.22R dlhydroxycholesterol. o

Slmllarly 20a 22R-d1hydroxycholesterol is retalned at the

(o

vactlve 51te of cytochrome P-450 and a thlrd cycle results

in oxxdatlve cleavage to pregnenolone and isocapr01c

aldehyde.' One of the most 1mportant steps 1n thie ptoposed

enzymatic cycle 1s the blndlng of one molecule of oxygen to;

"i

_ the one-electron reduced form of the enzyme (70}73) This Ti”

'»v‘\
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Wy

Ch’utml
4 Cytochrome P450 Chliesterol
. 2 ’.
3+ : % /7 ' B ‘
Cytochrome P450 - W ‘ 18 ISP—F = NADPH
22Rfﬂyatoxych9interol y ‘ ‘ ‘
[}
I, Y2+ '
N : Cy!ochrome P450 - Cho'esterol
o A\ > ‘\ Oxygen}/ CO
NADPM ~—Fp ~—=ISP \
\ ‘ o«r . ' 2+
\ \ 3+ - Cy‘lochrome P450 CO
Cytochrome P450 .
Cholesterol - Cholester ol

" Isocaproic Acid

f lsocapro»c ‘
+ Aldohyde

Pregnenolone -

#y:
A\ ]

Y . R . . o B : . .
“ ) ‘ . ' e v

Flgure I 3 Catalytlc sequences for the cholesterol szde- B

‘h _f cha;n cleavage reactlon. ISP, 1ron sulphur

proteln (adrenodoxxn). p‘ flavoprotexn

’

(adrenodoxln reductase)

"y . . . \ .
. e
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‘step is’ 1nh1b1ted by carbon monoxxde (74)

\ 1

Cytochrome P-4SO has aq molecular weight (M‘)‘of'“

cc

49 000 and con51sts of two domalns thb M 27 000 and
22.000, respectlvely (75) It has been establlshed ‘that’

domain '1 containing a protoheme gronp is the N-terminal’
s C S
’moiety, and domain II, the C-terminal.moietyﬂof thé. poly-

peptlde chaln of cytochrome P- ASOSCC'(76) mhe‘abSOrption

spectra of varlous forms of beef adrenooortlcal‘cytobhrome

* \

?;ASOSCC are given in Appendlx I.

- A . ' The: active s;te of cytOLhrome P-4504 ¢ has been'probed
by %}udles of cholesterol analogues that act ae.Substratea
"and 1nh1b1tors.' In the absence of cholesterol . P 450scc
essentlally completely low- spxn.l Cholesterol comblnes with

w P~ 4505Cc to produce a predomlnantly high-= Spln state (80%)

o

(72, 77) Ootlcal and EPR" spectra prlmar;ly measure the

proportlons of hlgh— and low-spin states. The EPR Bpectra ‘

of high- and‘low—spln heme protelns are distinct: %low-spin‘

\

ferric ?-450 has one unpalred electron and shows narrower&

O

'EPR ébectr.um with g values of 2<.424,. 2 248 and 1. 917 (78),
hlgh sp1n P~ :150Scc sho;s far wlder separatlon between g
values of 8 07, 3. 66 and 1. 70 (78 79) The interartion of
hydroxylated derxvatlves w1th P 450scc depends on. the |
p051tlon of the substltutlon. The effectlvenees in induc1ng

’a hlgh-spln state is’ partlcularly sensatlve in enzymatically

' aet;ve posl#lone--(ZOR 22R)-d1hydroxy>(22R)>20¢>pregnenolone 73

,/‘ T . " i : ' .v t -t ." °
- . . - . ' R .

[
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‘(80). Substitution~at other‘positions'around the‘
‘cholesterol rings can elther increasa ‘the extent of the
hxgh spln state (7ﬂ OH) or favour the low spln state (25 OH)‘

‘relative to cholesterol (72) The sterold nucleus and

¢

*hydrOphoblc sxde chaxn have dxfferent afflnxty and effect on

spln state of" cytochrome P 450scd (81) _ When tne nucleus
"portlon of steroxd molecule blnds to cytochrome P 450 ce the
low spxn/state is. formed. Conversely by binding of the sxde

chain portion to the heme proteln, the high- Spln state 1s

"1nduced (81). A series ‘of cholesterol analogues contalnlng
amlno substltuents in the slde chaln have also been tested
“for b1nd1ng to cytochrome P-450,.. (82 85) §ubs£1tut10n at ‘
?22—p051t10n produces a hlgh-afflnlty for blndlng,‘potent |
competltlve 1nh1b1tlon of cholesterol sxde-chaln cleavage

d-and a shift 1n tne.Soret absorptlon typlcal of amine .
.complexes with P- 450scc (Amax ‘422 nm 1nstead of 417 nm)
tWhen the ami no substltuent is shlfted 1n elther dxrectlon‘
,along the‘31de cha1n, weaker 1nh1b1tlon and a Shlft of the
vSoret max1mum back to 417 nm results.‘\Thus the heme appears
'jto be located sufflcxently close to thls posxtlon so that‘
"lthe ézn- and Zzs—aminocholesterols compet1t1vely 1nh1b1t the‘
‘irszde-chaln cleavage by occupylng the cholesterol blndlng V

pocket (84.85)6‘ The natqre of‘gytochrome P—450 ‘5V;;g

.,r-’_.

chélesterol 1nteraction has been studled u51ng phospholipld- E

reconstltuted heme protelns (86 87) Several lines of
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evidence. 1nd1cate that the substrate blndlng sxte 13 in the

. phgspholxpld membrane. since cholesterol is extremely .
‘ hydrophoblc and 1t is known to be lntegrated in bxologxcal
membranes (86) - ' - C v
. . | ,
| | q .
a .
: why
. D \‘
\ , i
. “ .
- oo , : v s
. . ' “q‘\, . :
' . .‘ Y 1
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CHAPTER TWO

)

KINETICS OF THE OXIDATION OF REDUCED_NICOTINAMID_P;
ADENINE DINUCLEOTIDE BY ‘HORSERADISH PEROXIDASE

' COMPOUNDS I AND II.!

"'I,A, vefsipn_ 'o"'f'-this‘ *miai:te'r has b'egri' pubalv'ished‘. : 'Kashem, M:A.
and -Dunford, H.B. (1986) Biochem. Cell. Biol. 64, 323-327.
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JIntroduction '

HRP catalyZes the oxxdatxon of a wxde variety of

reducing substrates, AHz.‘by hydrogen peroxxde. The

generally accepted mechanlsm for the enzymatlc cycle i

(1,2): o | T,
(1] | - HRP + Hy05 + HRP-I + Hy0. .
023 © © _ HRP-I + Al, » HRP-II + AH.
3] ‘ HRP~II + AH, '» HRP 4+ AH.

N . ,"
. !‘1 4 . | - . .' - :I ‘ :
This isi'also the case when the”keducing substrate is NADH.
Under aerobic conditions, however, the one electron oxidized

form of NADH (NAD.) reacts with molecular oxygen in the

solutlon (3- S)

43 - . NAD. 4+ 0, » NAD* + O," .

(s1 ~ HRP 4+ 0, » HRP-III.

and a good yield'of HRP-111 isnobtained. 1f the supply. of
_molecular oxygen 1s depleted, then replenlshed in- cycles,'
lthe concentratlons of both HRP III and O, oscxllate 'in a-

H vewy compllcated reaction, whlch probably 1nvolves free
radlcal chalns (6-8). SR : o %f

- The pH dependent klnetlcs of the reactlons of . HRP I and

: HRP II w1th several reduc1ng substrates have been studled in

.our laboratory (for a rev1ew see Ref. 9). The. results



r1nd1cate that an acid group with a pK \around 5. 0 is
importaht 1p HRP I catalyzed reactlons. In HRP- II two
groups, ‘one w1th pK 8.6, the other thh a very low PK,
have varying 1nf1uences upon reactxon rates. The pK valies
of 5.0 in HRP I reactlons‘and 8.6 for HRP - xI‘have been |
conflrmed by spectrophotometrlc tltratxon WLth acid o
alkal1 and pH—stat t1tratron of’the ox1dat10n reductlig:z

\
hYH

~react10n (10 11)

- i

In thls chapter we report for the flrst time the

trans1ent state k1net1cs as a functlon of pH of HRP-1 and

"t

HRP II reactlons using NADH as a reducxng substrate Rate

’

constants at pH 5. 6 were reported prev1ously (8)

Materials ahd Methods

»

HRP was putchased«from Boehrxnger Mannhelm Corp. as an
ammonium sulphate prec1p1tate. "The HRP stock solutlon was
prepared by extensxve d1a1y31s of ammonlum Sulfate

;a: s .
]prec1p1tate agalnst dlstxfled water purlfled by a- Mllll-Q

- —

water purlfxqation system (Mlllipore) ﬂhe HRP solutlon was

RN

ﬁthen flltered through a: Mlllex-GV 0 22 um frlter (Milllpore)“.ﬂ

'1to remove 1nsoluhle materxal._ The ensyme concentratlon was )
jde{ermined from absorbance measurements at 403 nm 08109 a. |
‘molar absorptxvxty of 1 02 x 105 '1 t:m"1 (12) ‘ NADH was h
‘obtained from Slgma Chemical Cbmpany as a diaodium salt.:

.

'fThe NADH concentration was determlned spectrophotometrlcally
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RV

at 340 nm u51ng a- molar absorptxvaty of 6. 2 X 103 -1¢ ‘}
(13) SOD from bov1ne blood contaxnlng 2-5% potassxum
f phosphate buffer salts was also purchased from Slgma |
uChemlcal Company; All other chemxcals were reagent grade
1and used. w1thout further purlflcatlon. | |
‘Routine obserVatlons of the spectra of NADH and of HRP“
;and its compounds, and all rate constants for the HRP 11-
NADH reactlon ‘at pH 6 44 or greater were obtalned at 25.0 =+
FO 2 C on a Cary 219 spectrophotometer equxpped thh )
thermally Jacketted cuvette holders.’ The stopped flow
klnetlc experlments were performed on a Unlon Giken Rapld
Reaction Analyzer model _RA-601 equlpped w1th a 1 cm. Cell‘
; thermostated to 25.0 « 0.2 C', ‘The total ionic strength of
all solutlons ‘was adjusted to 0. 11 u31ng‘pota551um sulphate
as ‘an inert salt 1f necessary. { I
HRP I and HRP II were prepared prior. to each

o N\
experlment:. for HRP-1, by addlng caltdlated amounts of HRP

and hydrogen>perox1de solutlons- for HRP—II, HRP—I and
pota531um ferrocyanlde solutlons (9 14) : To avqad
:denaturatlon of the enzyme 1n experlments belowdpﬂ 5 a pH-t

’ Jump method was used buffer was placed only 1n the drlve
syrlnge conta1n1ng the substrate.f As NADH is unstable at
,‘ac1d1c pH valuesj/the.sample solutlons of NADH were preparedf
_1e1mmed1ate1y before the experlment by dllutlng the stocﬁ th

[solution (~1 mM 1n 10"‘4 M NaOH) 1n buffer of the desired pH gf



v

‘ value. Blank experiments Lndlcated negllglble spontaneous
decomp081t10n of NADH under the cond1t10ns of our,

experiments. At the most ac1d1c pH values a ~2 5~ fold

-excess of SOD relative to HRP was added to the NADH solutxon

/

in order to 1nh1b1t the ﬁérmatlon off HRP-III. (8) The‘x~
*"reaction of HRP 1 wlfh NADH was folfgwed at 411 nm, the

| isosbestic wavelength between HRP 11 and natlve HRP.t The
'HRP 11 reactlon v)lth NADH was followed at 420 nm. _ Blank
,experiments on HRP I and HRP II 1nd1cate? negllglble f
spontaneous‘decompos1t10n durmng the tldélrequirediforﬁthe
;‘experinents; ' | | B

| The enzyme concentratlon for allvklnetlc measurements‘
was 1. 67 pM for HRP 11’ reactlons and 2. 25 pM for HRP- I

reactlons., NADH ggncentratlons were chosen from 12. S to

' 100. 0 pM to, yleld convenlently measurable klnetlcs. For‘the'

\\__‘

above condltlons, all klnetxc curves were found to be'
pseudo-flrst-order (Flg-.II 1, II 2) Rate constants were

determlned from a non-linear least-squares analy81so(15) of :
' R
experlmental curves.\ Between f1ve and slx determlnatlons ofﬁ

rate constants were pe;formed for every NADH concentratlon ﬂ'
'h“and the mean value for the observed rate constant was used

’ .

\'inlthe calculation.e_fij_}“'

iThe solutions were collected after the reactlons and
the pH values were determxned with a Flsher digital pH meterfjfd

model 420 equipped thh a Flsher chroprobe combination
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nce

0.02: aAbsorbance

:fFigﬁfé‘ii.if Absorbance changes with time of the reaction of gﬁ 

‘ NADH w1th HRP-I at pH 6 13 and 25‘C as recorded
ffon the stopped-flow apparatus at 411 nm. Final Ji

' concentratlons were 2 25 pM HRP,I and 100 pM

>
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glass electrode; The pH meter was callbrated to +0.03 pH

'unlt with standard buffers.

‘Resulté

nt

,,7‘, ‘ Co : ‘ ‘ Co b

Klnetlcs qf the HRP-I- VADH reactlon‘

It was found experlmentally that w1th a sufflcxently

large excess of NADH, the reactlon of HRP I at a glven pH 1s.l]

o

cons;steqt w1th the dlfferent;al rate enpresslon

NI . -a(HRP-1] _ . S
Lol o —ac . kl,obs[ﬁRp ;J'._;' S
o e ‘: fo SRR —_

- For all the'bH values'studied.truevsecond—order kinetics are
demonstrated w;thln the 11m1ts of expeilmental error. by

l
‘the 11near1ty ana Zero 1ntercept of the plots (Fxg II.3)

- obey;ng Eqn. [7]:‘ ' o - ““H ' ']‘y't B

-

’ Lo . ‘.“ t N

‘,rThe logarlthm of kl app is plotted versus pH in. Flg..II 4.

o

“t‘The results are in good agreement w1th the follow1ng .

Vmechanlsm!  ’*3 : ‘:'7feV‘“"‘k“u]!‘\“”k o
S ] L+ S ‘+45l4¥g'produétsﬂh

fvtsjtt; .i 'J1“,} ;‘t' :

R = CCEH .+ . /8 ——%93 products.
AR St <
SN ¥ o
A ; - )
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where EH and E represent HRP-I with a catalyﬁically

impqqtant group protonated and deprotonated, Kl is the

R

' ’ = 3 ! '] I} ‘. .‘ - i ‘ . “+
corresponding acid dissociation constant. and k) and k, are

'second-order rate constants. The apparent second-order rate

~

is given by

éongtaﬁt, kl,apﬁ/‘ |
‘ ’,« - ‘ . ) . ‘k2[H+] .
(kl +"_wR;—ff)‘
(9] B kl;qpp = [a']
(1 + K*—‘)'
' 1

o

’ *"l R A . '.'
_which gave a best fit to the experimental data with
; , .
parameter values given in Tahle I1.1. The 'solid line in

Fig. 113¢Qis calculated using the constants?ofTTable‘II.l.

-~

Kinetics o the HﬁP-Ii—NADH reaction

R v ! .« ) e . .
/The kinetic behaviour of the HRP-II reaction with NADH
' d 4 : ‘. S . ’ 1
iéCfoqu to be rather different from that of HRP-1. At all
RN t \ . " . ‘ -
pH-value? gositive»xntercepts in the plqts Of@EQ,obs versus
‘NADH concentration, Fig. I1.5, were observed. These results

" can be fit.by the equation

4

TS

' [_.103. o '\k2.6bs = 'kz.appmm“] +-,‘x_‘2

A pios of the logarithm of K2, app Versus pH is shown in
‘Fig. II.6. The simplest mechaéism that leads to an

‘approximation of the knisép‘déta is given by:
.. . ; N e . . e i o 1‘_ ‘~ ! . :
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TABLE 11.1. Parameters obtained from the pH dependence of

the second-order rate constant for the reduction

,Of HRP-I by NADH.

)

Parameters - ‘ Valuea
Ky (M7losmly o ) (6.240.5) x 102
Kk, (M1 -1 1 (3.3:0.7) x 10°
PKy : 4.710.5

3The errors are ¢+ the relative standard deViation'obtaihéd e

, R .
from the non-linear least-sguares fit.to the experimental

W ?
data.

'S
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0 40 80
108«[NADH] (M)

Pseudo-first order plot of the reactlon of NADH

“Wlth HRP II at. pPH 5.62 and 25°C. The straight~u

»

line is the: welghted least squares best-fit

llne.‘ The HRP- II concentratlon was 1.67 pM.,

. <
»

a
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o 1 1 o I\ 1
4 5 6 7. 8 .. 9 10
, .pH
~Pigure411-6"Plot of the logafiéhm“of'the secdpd?ordeg rate

" constant,

N

X2, app’ fq}-thé'réhctiph-qf.ﬁgp-lx

with NADH vs.'pﬁl ‘The‘éyrpr'limits drawn Qﬁ\"

. the. data poiptsrafehbééed'on the‘§tandqrd '

Aeviation calculatgé.ffom the data. The curve )

was computed.on the basis of ‘best fit

patamétefs obtained for Eqn. [12]..
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. k:
'E -+ .S ——£L+ products -

111 | Ht~4{ K
o 2

El + S ——f—> products '

where EH, and E are two differently protonated forms of
HRP-1I, K, is the corresponding acid dissociation constant,

and k3,‘and k4 ere second-order rate constants. ' The

apparent second-order rate constant, k2 app’ for this scheme ‘
. I .

is' given cy Egn [12]:

k , .
| S (ky ¥ 22 (%))
S . N y
(12] C k2,app - [H+] ,
' o (1 + =) .
Ky

The bes: fit parameters, given in Table I1.2, are used to
calculate the solid line in Fig. 1I.6. A few representative
values of k_, are given in Table II.3.

\

-Discussion.

The preV1ous determnnatlon at a 31ngle ‘pH of rate.

constants for the reactlons of HRPBI and HRP-II’ wlth NADd

¥

(81 are; not in close agreement w1th ours. The comparlson.‘

~

(with the results of Ref. 8, ‘in brackets) is: fbt HRP—I'-ev

NADH (4 0+o 1)x1o4 M-l -1, pH 5.67 compared to (5. 4x103 M‘

-1, pH 5.6) and for HRP-II -.NADH (2 6:0. 1)x1o4 -1 s“lg

”562(80::102»11 -1, pHSG)

PH

—_———~



‘ . : ‘“ . A 'Il."-““m, ‘
TABLE 11.2. Parameters obtained from the pH' dependence of

the second-order rate constant for the reduction’

- of HRP-11 by NADH. "

Parameters L Value?

. - o -
ky (M7 571y 3.0:1.9
kg (MT1s7l) (4.8:2.9) x 105

PK, j o ' 4.211.4

~ 4The - errors are as in Table.II.1.

oA



TAELE'1153; ‘Some values of the apparent reverse rate
fédnstant; k_é, for‘;he,HRP—II - NADH reaciion.‘
(Eq. 10).
' . . " |

e
RAN

P B e k_,(s71)

4.46 2 2.9,0.3
'5.62 + (6.720.3)x107]

'6.66 " (9.8+0.7)x10~3
. ' . -

S
8.71 | (1.4:0.1)x10"3

. ‘ o ) . I
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However, a reasonable support for our results mlght be
found 1n the follow1ng consxderatlon. Avxglianq et al. (AG)".
_have reported that the 1n1t1a1 ox1dat1on rate of NADH 1n the
‘presence of HRP and H,0, are 160 nmol/mxn at pH 5 2 ‘afid 8
'a nmol/nun at pH 7 2 Applying the steady state approx1mat10n
to the peroxldase-oxldase enzymatlc cycle (Eqs 1-3) and
usxng the values o} our rate conetants (kl app and k2 app)
and also 1. 8x107 M -l as the rate’ constamt for reaction 1.
(9), the rate of NADH ox1dat10n is calculated to be 790
‘nmol/mln at pH 5.2 and 6.5 nmol/mln .at pH 7. 2." ~Although: the
pfedlcted value of the NADH oxldatlon rate at pH 7.2 is
‘ , almost 1dent1cal w1th the value of Avxgllano et al., the
;value at pH 5. 2 is about flve ﬂimes‘hlgher., An 1dent1ca1
v‘experlment done in our laboratory yxelded the valueé"of
1n1t1a1 oildatlon rate of: NADH as 564 nmol/mln at pH 5 2 ‘and '

\

5 4 nmol/mln at pH 7 2 wh1ch are - in agreement with the

@ ,
calculated values. It, appears therefOre that the translent

state klnetlc results obtalned by thls study for the
HRP I~ NADH and HRP II-NADH reactlons are con91stent with the~.d

.}51mple enzymat1c cycle (Eqs. 1= 3) | .
| The pKl value\of 4. 7+0 S for a’ catalytlcally activey*b.
‘ Hﬁac1d group in. HRP-I and the lack of reversibility of the;7dh
‘1JiJ‘HRP-I:- NADH reactlon is in complete accord with results,f
\ [f ;obtalned in the reaction of . HRP-I w1th other substrates sudh;??
| l”as ferrocyanzde and.pyamlnobenzoic acid (9) The same i

-

Jr"reaction mechanisms would appear to applyt;;Jfggg“ﬂﬁftf"' i
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The forward reactlon of HRP II thh NADH does not f1t

the pattern observed for most other substrates. However,

the pH—rate proflle does resemble that obta1ned wlﬁﬁ

bisulfite, a: substrate wh1ch attacks the heme after a few‘-

‘reactlon cycles (17 18) . The vaguely deflned value of

- 4, 2+1 4 for pK2 can account for the decrease in rate wlth

1ncreaslng‘pH.‘ The. decrease 1n rate constant for the HRP If

- NADH reactlon w1th decrea81ng pH 1n the reglon of pH 4 ‘may
‘be accounted for by thé ac1d 1on1zat10n of the substrafe
"NADH thh a ph value of 3. 9 (19 20) whlch has . been a551gned
‘to the adenlne—N-j of the dlnucleotlde (21) However this.

mxnor correctlon does not 1mprove the cglculated f1t to the

:data in Flg. II. 6 at hlgher pH. There is a detectable breax

! 1n the pH rate proflle Just below pH 6 (F1g. II 6) This is

‘close to the reglon where ‘we were forced to. SWlt"h from,
rstopped flow'to conventlonal ectrophotometrlc k1net1c

measurements. 'In thls reglon where both types of

T “"u' y

.measurements are’ belng pushed to one of the1r Ilmlts some

__.—

h‘systematlc errors may be 1nvolved.f Therefore we dld not

“‘attempt to f1t the data WIth a more compllcated eqaatlon. *aj

5The more parameters the better the flt but We do not yet

“3fee1 that additzonal parameters are 3ust1f1ed.-

The apparent rever31b11xty of the HRP II reaction wlthwj~“

faiNADH would 1nd1cate that NAD- can oxldxze native HRP to:'f_‘th'“h

"ﬂHRP—II. The reductlon potent1a1 of NAD./NADH couple has




i

> occuzsluhlch,has been explaineduuelng eleven elementary

reactlons and n1ne rate equatlons (6 8) The cycle,

dellberately or by the autox1dat10n of the NADH, passe

‘ ‘ .
been estlmated to be about O 30 \Y at pH 7 O (22 23) The

reductlon potentlals of HRP I/HRP 11 and HRP II/HRP couples‘H

v,

haVe been 1ntenslvely“1nvestlgated as a function of pquslqg
———— [
, ' l

both equlllbrium ‘and klnetlc measurements (24) At(ac dlc ??

\

PH (near pH 6. 3) the reductlon potentlals for both thelf?lﬂd7“?'

couples are almost 1dent1al (~0 96 V) | Above pH 8 6 Jﬂﬁu

(1sozyme C), the HRP.;%HRP II potent1al is constant ( 0 82a"‘

'V), the HRP II/HRP potent1a1 contlnues to decrease and at pH

"12.0 it becomes ~0. 5 V. 'Thus, it becomes easxer to oxldlze {9"

e

nt ‘/

HRP to.HRP-II,at hlgher pH. In accord w1th this, the'rate

R
" 8
[

constant for the ox1datlon of HRP to HRP- II by KzIrCl6 fﬁb“;x-f

“\

¢ SR
1ncreases w1th lncrea31ng pH (24) In contrast, the values ‘ﬁ‘

of X -2 decreases w1th 1ncreas1ng pH (Table II 3) MoreOVer,j

v

the redox potentlal values 1nd1cate that the oxldatlon of

- . !
< '

HRP to. HRP II by NAD. is not a thermodynamlcally ‘f"‘j¢u|*

advantageous process. A possxble explanatlon may be found
s

1n the complexltles of the oxldase reactlon of HRP w1th

P

NADH.,

‘ When HRP 1s mlxed w1th ‘an- oxygenated solutlon of NADH

“',‘ R

through burst, 1nduct10n,:steady state and terminatian

co ey
N t

1n a closed system an. extremely c0mp11cated reactlon cycle f'jf

, l'1n1t1ated by 1ntroduc1ng trace amounts of 3202 either ﬁ;lf3”ff



PR 45 o
t )‘ “‘ ) ! ’
S " . P '{ p A coh
k s knownfto reaqt wlth QQ wlth a rate
B

a L
‘t coﬂstant'of 2} Oxld9 ”} ’1 (3) cher COmpetlng reactlons

N R L -.,,,1 ‘| o
it ! 'h '

”"%have”befn propoSed (8).ﬁ It . would appearhtherefore

“values of k 2}*l'eflect on]y that fractlon of NADolQZ‘l,*'f

bélng consumed elstherefn In th& absence of. mo!ecular~
.sbayenger, the NAD- radlcals dlmerlze (3) [T
L‘ \m . .@ . :

"However these condltlons do hot apply to our expermments.
TR > : L ,
lu/ﬂhe new mranslent s&ate kxnetxc data presented 1n thlS“ .
. . e
chapter deﬁlne accurately the rate constants for two of the ‘

Yy v ! ) ' ! ! -

elementary reactlons 1nvolved 1n the oxldase reaction of HRP"

-

- .
V4 Qe °

w1th NADH as a: functlon of pH. The apparent rever51b111ty

' [
N SR . . :

: of the HRR Ih NADH reactlon has been noted fbr the flrst'
* . %, ‘.Aa
t;me.; These klnetlc constants, of value im théln own rlght,

..0
.

va

vy
- v

o contrlbute to a better understandbng f etalls of the .

‘h,normal peroxldatic cycle.‘ ThEy are also relevant to the

AP - . ,' AN
W ! E

Cae
1¢“ actlon of peroxldase as an’ oxldase and to osc111atory‘ : .ﬂi e

: r !

react;ons of HRP.;“ ”ﬁ‘; e

e S | L . . . 4
Vh

2ﬂMSupp1émentary matetlal aVallable:ﬁ“"Fx:,',f.[x:f'fﬁf"' S

. v
RN . .

All rate constants w1th standard devxatlons for the




46
O -

P

TABLE ILA!‘ Kinetic.parameter? for the reaction of NADH
.+ - with HRP-I at 25.0°C and , = 0.11 . |

C B

—

pHOC kg, appa =1l g=1y . . BufferP

‘4.08 . (2.6:0.1)fx-1o5 | A

4.37 “;(1}7§0;1)‘xfio5f . o
. 4.63 ' (1.9:0.1 x. 105
o Y a.ea (1.3:0.1) x 10°
. 4098 (8.3:0.3) x 104
s.21 (6.710.1) ‘104
5.38. - (4.2:0.1) x 104

5.67 (4.0:0.1) x 109
©5.92 . (1.6:0.1) x 10°
L s.98 T (1.3:0.1) x 10%

” 6.13,  (1.2:0.1) x 108

6:33 (5.6:0.4) x 103 |
.6.48  (4.2:0.1) x 103 ‘ X
. 6.89 . (3.1:0.1) x 103

7,20 ©(2:0:0.1) x 103
7.62 . (9.3:0.8) x 102 -
7.96 “(9‘1+b’957““162‘ o

 (8.7:0.4) x 102
[(5-9:0.3) x 102
. (6.020. 2x‘f10?3;. |
e (4:1x002) 1027t
‘5“r(5 6:0. 2) | S

0NAONDE DD YO Ow>>>>>> >»|

eyqﬁi‘

X
X
X
X
X
X
X
X
X
X
X
6.72 ' (3.620.1) x 103
, .
X
X
X
X
X
X
X
x

102*” |
. y ) : ! a ‘,‘ R ‘
l 8 | S " o G

aErrors ‘of rate constants represents the'standard deviation
calnulated from " data at ‘a: given pH. . ‘. ,J;mn_
’Buf fer abbreviations are: A, citric: acxdésodiuq citgate- S
B potassium dxhydrogen phosphate—d;soaxum hydrogen«‘aif*” ROARTRE
phosphate- C,- trls-nitrxc aczd- sodxum bicarbonate-sodxu‘

‘b

hydroxzde.‘;;L3J SRR AT

tea
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S (Nl‘ | 1) o (s 1)'“ M ,:‘-”.'
: 4:06 (4.420.8) % oA (1 1:0: 1) ;l i
429 T (10720009 x0105 L "(1 4.0 2)3;74';‘

“Vg“‘4.§5T “| (2 2~o 1) x 105 ' (2 9»0 3y
A4 (201:0,2) X 105,HLVV (20310, )T
L 4.7a H1/640.1) 7103 J?V°” 2. 6»0 2)
C5L03 T (8,200, 4)'x Yok 1. 9+1 0) x: 10‘1

808 (83103 3), x1104 5 08048Y. X 1
| -Sﬁzewfgfﬁxe‘s*o A¥ % ‘104,‘ 978
«‘Vs.szﬁgf&£k2<s+o 1) x~104 -“%6 740”3) x 10‘1
‘.5,74‘ (1 2*0.J)ux.1o4 o j'(z 8*0 3) x. 10‘1

' (9 70, ) % 103 O 1+o 4). x 10~ 1

(7‘5*0 S) x~ao3 | (4562053} % 107 =1

103 ~(1 o‘o 1) x 10° 2‘

(s 4+o 2).x 1072

“@f 7’0 1) x jo-2°

? (o B30, 7) % 10'3

(4. 9»0,5) x 107 3
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RAPID SPECTRAL SCAN AND STOPPED-FLOW

STUDIES OF CARBON MONOXIDE BINDING TO,

BEEF ADRENOCORTICAL CYTOCHROME P-450_..1

4

1p version of this chapter by Kashem, M.A., Lambeir, A.
and Dunford, H.B. has been accepted for publication in
Biochim. Biophys. Acta. ”
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Introduction -

The cytochromes P-450 are a unique class of hemo-
_proteins that catalyze the hydroxylatlon of a wide varlety
of organic compounds through the activatlon.of.molecular
oxygen (1) "~ In the adrenal cortex cytochrome P- 4504
catalyzes the rate llmltxng step in steroxdogenesls,
cleavage of the side chain of cholesterol‘to produce
pregneno%one (2-3). The reaction requires three oxidative
atepé, utilizing 3 mol of NADPH and 3 mol of bz/molyof
pregnénoloné foroed. Each hydroxylation requires .2
electrohs which are‘furnished by NADPH via adrenodoxin~
rednctase and adrenodoxin (4 7). One of the most important

‘-steps in the propo;cd catalytlc cycle (6) for the

' cholesterol side-chain cleavage reaction is the binding of
one molecule or oxygen to the one—electron-reducéd form ofl
the enzyme (4,7). This step is ihhibited by carbon monoxide
(8). Thus, understanding thc mechanism:of'ligand binding to
reduced cytocJLome P- 450scc',°f importance in its’ own rlght,

1s essentlal to an understandlng .0of the enzymatic reactlon

1

cycle. - o B o —_
Cytochrome P-4SDscc is in many respects similar to the

Pseudomonas putlda cytochrome P-450 am which functions'in

'\the camphor hydroxylation (9 10) Prev1ous studies on

arbon monoxlde blndlng with Pseudomonas‘putlda cytochrome

~

~

,/)P 450 cah 1ndlcate that camphor is bound to ferrous



o

cytochrome P-450, m‘at a site which markedly modifies the
-carbon monoxide (oxygen) bxndxng site on the heme iron (11).
In this chapter we report upon the rapid spectral scan
and transient-state klnetlcs as a functlon of pH of carbon
monoxlde blndlng with the cholesterol frée and cholesterol-
bound forms of reduced cytochrome P- 450 co* Both
cholesterol—free-and cholesterol-bound forms of the enzyme
were.purlfied independently.from beef adrenocOrtical'mito;',
chondria by using two' dlfferent procedures (10,12). Rate
constants at a 51ngle pH have been reported prevxouely (13).

—

Materials and Methods

o ——

Purification of cytochromes P-450, .. .

e

Choleéterol—free.cytochrome P-450g .« was.purified from-
beef adrenocortical mitochondria by’cholate extraction,
octylamine—Sepharose 4B‘affinity chromatography, and '‘DEAE- .
cellulose column chromatography ae.descrihed previously '
(12). The pur1f1ed sample had a spec1f1c concentration of 5‘
nmol of P- 450—heme per mg of proteln. Octylamine- Sepharose
4B gel was prepared by a sllght modlfxcatlon of thevreported
methodology (12) CNBr—actlvated Sepharose 4B was used
1nstead of Sepharose 4B and the coupling react1on was'
‘ carrled out “at room temperature for 2 ... | |

Cholesterol-bound cytochrome P 450scc was purified from

beef adrenocortlcal mltochondrla using deacribed methodology

Y



irO)‘by'cholate extraction, ammonium sulfate fractionatipn,
anilineASepharose 4B'affinity.chromatography, and
adrenodoxin-Sepharose 4B affxnxty chromatography Purified
P-450 -had. an A280/A393 ratio of 1. 2, which corresponds tol
13 nmol P 4SOSCC/mg proteln as determined by the Lowry a;say
:v(14) and the reduced-CO difference spectrum (15) Aniline;‘“
Sepharose 4B was. prepared accordxng to the publxshed
proceduce_440) using CNBr actlvated ‘Sepharose 4B rather than
Sepharose 48. 5 “
Adrenodoxln yps purlfled from beef‘adrenal cortex as.
described prev1busly (10,16) by DEAEAcellulose {DE 52) f
.-chromatograph¥, ammonium sulfate'fractdonation and Sephadex,
. G-iOO and G-SO‘chromatography} The purified proteln had an
AZBO/A414 rat;o of 1.2. Adrenodox;n-Sepharose 4B was |
prepared by the descrlbed procedure (10,17).
| Proteln concentratlons were measured by the Lowry
method (14) with bov1ne serum albumln as a standard. The
concentratlons of cytochrome P- 450 were determlned from
the reduced CO m1nus the reduced dlfference spectrum, u51ng :
| dxfference extlnctlon coeff1c1ent of . 91 mM =1 cm 1 for
A450-A490 (15). The concentratlon of adrenodoxln was
dcalculated uslng an extlnctxon coefflcient of 11 mM‘1 cm'lu

‘ at. 414 nm (18) All opt1ca1 spectra were. recorded on a Cary

- 219 spectrophotometer,_

e



.

Carbon,monoxide binding‘studies

All experlments were performed at 25 C and 1on1c

strength 0.11 M wlth the contrlbutlon of the buffer belng

i

- 0.06. The ionic strength was ad)usted wlth NaCl or KCl,‘and
all buffers contalned 0.1 m1 EDTA.‘ The followlng buffers
'were used: phosphate: for pH'’ s 5- 8, Tris for pH 8 8-9. The,
pH‘was measured after each experlment u51ng a Flsher
‘Mlcroprobe electrode and Fxsher dxgxtal PH meter. |

Rapid scan and stopped £ low experlments were performeAd
vanaerobically in a UniontGiken RAGOI.Rapid-Reaction\ alyzer
‘using the procedures reported elsewherel(l9).' The dead tlme
of’the flow ;pparatus was 4 mSu The absorptlon

spectra were scanned from 390 t0u486.nm for cholesterol-free‘

cytochrome pP- 4505cc,

" and from 378 to 474 nm for cholesterol-
"bound cytochrome'Pr450 ce” . All klnetlc measurements were
performed at .450 nnf, the wavelength of *the reduced Co
absorbance maximum. Sodlum d1th1on1te stock solutlons were
made by addlng a we1ghed amount to 5 mL of anaeroblc l mM
NaOH._- Ferrous prote1n samples were obtalned by addlng Q.~p
mlcrollter amounts of the freshly prepared dxthxonlte stock
solutlon to a- flnal concentratlon of 0. 2 or 0 1 mM. TO" v
av01d denaturatlon of cytochrome P-450&pc below pH 6 0 andr'

-above., pH 8. O (6 20) a pH jump method was used~‘buffer was

;placed only ‘in the drxve syrlnge containing CO. Carbon

' monoxlde-saturated buffer was obtained by bubbling argon- 7%:"
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| ‘flushed buffer with high purity carbon monoxide ('Liquid
‘Carbonic Canada Ltd: ) for about 30 minutes Sample
' solutions of carbon monoxide were obtained by diluting the
,carbon monoxide saturated buffer with argon-flushed buffer
‘;contained in the same syringe. Tbe concentratlon of carbon
‘ monoxide saturated buffer at 25° C taken from the reference
table (21), was 4.64 mM‘> The final cytochrome P-450
concentrations for the rapid scan experiments were 4 pM for
fcholesterol—free enzyme and 3. 2 pM for cholesterol bound
‘zensyme, and for>the stopped flow experlments were 1. O 1.5
" uM. All klnetic curves -were . found to be pseudo first
‘order. A typical trace is glven in Fig 'IIIvl.' Rate
Jconstants were determined from a non-llnear least-squares
analysis (22) ‘of experimental turves.} Between four to s;x -
ideterminations of the rate constants*Wére performed for ,f -

/

every'carbon monoxide concentration and the mean value for
‘ % /

‘”the observed rate constant. was used 1n the calculations.‘
1‘Chem1cals - a8 ut f‘:3' - i ‘fﬂi’ ﬂif'fﬂ;r".:;wg” h
CNBr-aetivated Sepharose 4B. Sephadex G-SO and Sephadexyt%:
.G-100 were purchased from Pharmacia Fine Chemicals._rDEAE L
2r?cellulose was from Whatman. Sodlum cholate,‘sodium pyro-‘
:?;phosphate, dithiothreitol. n—octylamine, anilige were from L

ﬁfSigma. Emulgen 913 was from Kao-Atlas (Tokyob Japan) and

lberum albumin from Pentex (Kankakee/'lllinois).- Allfgufj

nybovine
B ST g
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' Figure III.lthbsorbance changescglth tlme of the reactlon

.

.Qf carbon monoxldefw1th cholesterol £ree fp" e

e reduced cytochrome P 450scc at 25 C as |
T:recorded pn the stopped flow apparatus at 450

g h F1na1 concentrations were 2 34 pM o

cytochrome P 45°scc' 116 pM carbon monoxlde 1n ﬁg

';fupﬁf’fuf'j_f1o mM Na phosphate buffer, pH 7 40. O 1 mM
.‘A{EDTA. and 0 1 M NaCI. ~;af‘7‘~"
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'“ureduced”CO and reGUced‘gholesterol-bouna enzyﬁe are at 433

. "\, BN ) E N ,y\‘ N '... . ) ",‘v ‘ ‘
B R ¥
‘ ‘ e , o :
' " - 1 ‘,‘bl \l‘ .
. e N - .,-..w,.;, / W BN .’ .
other reagents were of the best gnade,avallable fr&m
‘commerciai eources.‘ﬂ‘ fznv;Vynjf o ‘~w‘l7!{"57
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Beef Adrenocortlcal Cytochromes P 4508ccw;;j” ’ ,N

" When'carbon.ﬁonoxide-saturated buffer 1s‘mI£ea witn\hﬁﬁfkwx
d1th10n1te-reduced cholesterol free and cholesterolebouhd\*ﬁﬁiﬂ
, cytochrome é”hsoscc at 25 C the formatlon of the reduced-co 3
Qomplex 1s observed (Flg. III 2) The spectth reatureilofl |
thxe blndlng.érocess; wh1ch occurred w1th1n ~150 ms'efter QLESQL

Y
\

ifare almost identlcal for the two cytochromes

- [

é;ﬁSbscé :the\reduced peak at approx1mately 514 nm 5 o
decreases and the reduced-CO peak appears at 450 nm (Flgs.‘f ‘ﬂ

III 2A and III 2C) leference spectra are recorded versus ?fvﬁ

”“\"L«. o . ",‘ .o \a f‘i, Ty
the reduced enzyme (Flgs III 2B,?III¢2D) The lsosbest1c~
SHRNUEE N ¥ o ‘ o r~_"
pq1nts between reduced-CO‘and reduced choleeterol free

,471 nm (FLg..III 2B).iand between

o
\»'Q Q



Fig. III.2. Spectral changes observed after nuxing carbon w
SRS .
monoxide WIth reduced cholesterol free (A a) | -f”“ﬂ‘

and choleSterol—bound (C D) cytochromes
| P 450scc at PH 7. 40 and 7. 32, respectively.‘
* The spectra were recorded at 25 C. . anal
concentratlons were @ 0 pM cholesterol free

. p- 450

scc; 3 2 pM cholesterol—bound P~ 450

scc'~
200 pM Na d1th1on1te and: 464 pM carbon

monoxlde.‘ The arrows 1nd1cate the dlrectxon
of absorbance change wlth 1ncreasing time. ‘

The rlght-hand scale corresponds to A and' B,

'while the left—hand s1de scale to C and D.t

;jd The followlng spectra are shown-\ (A);Reduced'
e ,'“ ‘cholesterol free cytochrome P 4sosc;,‘tra¢é§ -
‘“h]:”: - recorded 1. 3, 14, 24, 146 ms after m;xing and }°:f|5'n
R lfu”f’ Ehe flnal spectrum. (B) leference spectra i
5}4”*5 g;j?fttSth 1.‘3. 14',24' 146 ms after mlxlng andlb
'ijﬁif:;]”ﬁfﬁlnal s;ectrum versus 1n1t1a1 reduced o
$iﬁf;? ‘f“’”echoiesterol-free spectrum. (C) Reduced ”l‘r;;z

uéhoquterol-bound cytochrome P-4503ccu.traces

'*“ff"fecorded 1._ 6 11. 24, 72. 143 ms °ft°f4?fd

'-ff.m1x1ng“and/the‘f1nal spectrum., (D) D;fference

72,
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Klnetlcs of Formation and Decay of the Reduced-CoO Complex of

\ ) o

Beef Adrenocortlcal Cytochromes P 450 o R ,‘

The klnetlcs of carbon monoxide bxnding to both
cholesterol free and cholesterol-bound reduced cytochrome‘

- P- 450scc were studled between pH 5 and 9 ‘At all pH valuesnﬂ

-

the observed rate cdhstants for the reactlons of reduced‘
cytochromes wlth a sufflclently large excess of CO are found‘

‘to be in good agreement w1th the equatlon.»\

-

‘,f . Xops = kl[CO] + k 1

-~

, where kobs' kl and k -1, are the observed pseudo flrst order,

.rate and off"‘rate constants,.respectlvely Typlcal

l;onCl

plots of kobs versus CO concentratlon are glven in. Flg.

III.3. ‘The values of L3 and kK i, calculated from the slopes”

-—_

and 1ntercepts of such plots by we;ghted llnear 1eaat- ‘
' squares analy31s, are summarlzed 1n Table TII. l.

The mean values dé kl for both cholesterol free

((1 8+0. 2)x105 M™ -1 1) and cholesterol-bound ((l 9+0. 1)x105‘
'1 1) forms of the enzyme are 1dent1ca1 w1th1n the |

" : i S

. experlmental error l1m1ts. whlle the mean value of k?l for -

cholesterol free ((2 3+0 3)x10 8 1) is almost double that d

'L..—--«-——-"" ! i

for the cholesterol-bound enayme ((1 2+0 l)xlo s'l).\ The pHQ
proflles of the CO blnding rate constants kl and k l for
both cholesterol-free and cholesterol—bound reduced

cytochromes P-4508cé are shown 1n Flg. III 4.-\

A . “ R .
"_. " 5 . i ; . -

< R DR S o . L " T

o . N e ‘ LR Lo e :

- : ) ) .. [T . o “ e o I
.
.
s

e




Byt

rFig.

-

o "'106x[c01 (M) BN s

e
‘,\.‘l "

' P

' e T -":,'L‘m ‘»,_ ' m“:. ‘
I11.3. Pseuﬂo-flrst order plots of the reactlon of R

carbon monoxide w1th reducaﬂ (l ) cholesterol-A"7

o  f’¢ free cytochrome P- 450scc at pH 7 06 and (Q)

o
‘G L o

cho1esterol-bqund cytochrome P-450 ¢ at PH ;f f:,




Flgure III 4. Plots of (A) the second-order forwatd rate -

. - . ~
i " N v . N
& .o I

. S ,constant (kl) and (B) flrst-orde: reVerse rate

‘;g constant (k 1) for CO blndxng to reduced




. Table I1IJI.1 Kinetic parameters for carbon monoxide binding
' to reduced gytbchrome P-4504.. ag a function of pH at
L0 25 C.\ " ) C X .

f5;x5(m-1 s~1)a 107 1xk_j(s™H2 ¢
! o )

wu w
k. Z

—

% Low Spin' P-450gcc | - .

ﬁﬂSZ s'oo o 12.0:0.1 ' 2.3:0.2 '

'6 08 o »‘/ 1.6:0.1 . 2.5:0.3
'6.58 E 1.9+ 0.2 2.1:0.3
; .
7.06 - 1.8:0.1 . 2.0:0.2 .
4 7.40 : 7 1.6£0.2 2.4:0.5 -,
> 8.00 i 2.140.2 1.9:0.2
N \ v, f C \ ~
. 9.00 . | | . 1.8:0.2 . 2.640.4
B. High Spin P-450_..  \ o L
. " L ! ‘ . Sy v '
. 5.01 2.1+0.1 - 13120.2
. . N . . ’ ,\‘ X * . . L . By
.5.98. . 1 . - 1.9:0 Ew o 1.2:0.2 = 7 7.
S . i " / . ‘ ' S ‘ ..
6.51 | S 1. e+o 1 ". . 1.040.2
6.8 " 2l o»o/} o Sl
. 701 oL 9:041 ' 1. 3:0 1

R KT %/0/6*2 ¢ R -

L ,;-&7ﬂ§5  S ,“7.\‘ 2 o2 . 1.2¢0.2 N B
e faeen o aapal

o ';‘.1fi¢6;§ )

‘Etrors of rat constants 'fepres*enta the Kand_ard deviation
ik e | deylati

alculated from data at a givan pH- ?':4 e

3
B r .
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Discussion

The rapid-scan and stopped-flow experiments for carbon
' monoxide binding, with dithionite-reduced cytochrome P-4508‘Cc
suggest the fast and reversible formation of .the carbon

monoxide complex in a simple bimolecular process. This is

-~

in contrast to the two-step CO Binding process consisting of
SN~ \

\ . .
‘bimolecular association followed by a unimolecular
rearrangement step found for cytochromes P~450LM2, P-450LM4

and P~ 450PB (23 24); but is in complete accord with the

-

'monophasic CO binding process observed for cytochrome

-P-450.,n (11), cytochrome P- 450Scc (13) and cytochrome _

P- 450PB (25) It has been suggested that . the observed

\

biphasicity of Cp b1nd1ng to reduced,cytochromeup-l‘lsoPB ie.
due to heterogenelty of the proteins (25) The similariey
of the absolute spectra (Figs. III.2A, III.2C) and tﬂe'
dlfference spectra (IIr.2B, I1I.2D) for the two forms or

P-4505,. is in accord with the previous findings. for
. L ‘. " "‘ MY .
’cytochrome\P-45qtam thet3the absorption spectrum’.of, the

e}

. reduced enzyme is unchanged by ;he.edditfon of camphor

(26).. The‘emeil‘difference observed between the isosbestic

[RYY '

points %f cholesterol free (434 and 471 nm) and cholesterol-
bohnd (433 and 469 nm\ appears w1thin experimental error.' '
‘However, the nonionlc detergent Emulgen 913,\whidh was used

for the puriflcation of cholesterol-free P'45°scc' increases ?

“}kthe extlnction.coefficient of . the spectral peak (at ~450 nm)

e - - .

© K . o0 L. . R

A W
™,
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of the reduced carbon monoxide complex (27). Thus, the
. small shift of isosbestic points"might be due\tg the
presence of Emulgen 913 (~0.02%) in the purified
cholesterol-free P-4505.(-

The second-order "on" rate constants in Table III.1

correspond.well with the rate constants (2.0;(10‘5‘M"l s~1 for
cﬁolesterol-freeland 2.2x10° M“l-s‘l for cholesterol-<bound
P-4505..) reported previously at the single pH value of 7.2
(13). ‘However the Values,of “off“ rate constents are not in
N . close agreement. The comparison (with the results of”’ Ref'
13, in brackets) is: for cholesterol-free (2.3;0.3)x10 s 1{
compared to (0.06 s~1, pH 7.2) and for pnolesterol—bound

P-450, .. (1.240.2)x10 s"1, comparad to (0.15 s~1, pu 7.2).

Y e
1] .

Also the reported results show a two fé14d 1ncrease of “"off"
‘v‘rate constant w1th cholesterol—bLndlng'to the beme iron,
whereas we have observed the opposite trend.»q
However,‘a three—fold decrease in the ofﬁ” rate
‘—_Eonstant for' éarbon mon/*lde blndlq' whenycamphor is bound
with cytochromq‘Pv450;;m at 4°c has been reported (11) In
.another study 1tfw;§ suggested that the reduced carbOn S
7‘monoxide complex in‘the absence of cholesterol (28) is
lunstable.‘ This is consistent with our results, and is l.'
conparable to the (J.) flfteen-fold :.ncrease in the stabz.hty
Qof the oxyferrous conplex at -17‘C when cholesterol is bound

f to cytochrome P-450Bcc (29) and (11) twelve-fold increase ‘in




)
\./

the half- t1me for the autox1datlon of the oxyferrous complex
: D

W

at -20°C in 50% glycol,_when camphor

of cytochrome P~450 cam

is bound (30)

Although the presence of an acid group ‘"with a pK of
6.8 on the cholesterol free cytochrome P- 45045, has
previously been suggested for binding‘of“both cholesterol

and 20(;,22R‘-dihydro‘xy _cholesterols (‘3‘1), Fig. I11.4 and the

data in Table III. 1 shows that ‘both. "on" (k ) and "off" rate

constants (k_l) are independent of pH between the pH rangp

studled for-both cholesterol-free ‘and cholesterol-bound
forms of P-450g,.- ) Other studiee'suggest that the‘rate of.
autoxidatlon of the oxygenaﬁpﬁ cytochrome p“4sosccf
cholesterol complex is influenced by pH (6), and'the heme

midpoint potentiél of cytochrome P-4505cc-chole9terol .

complex is independent of pH from 6 to 8 (32).

1 ) RO C e
. : o~
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CHAPTER FOUR

w

iy
: + ]
|
THE FORMATION AND DECAY OF THE OXYFLRROUS CONPLEX .
! OF BEEF ADRENOCORTICAL CYTOCHROME P—450
{"]Fj RAPID—SCAN AND- STOPPED—FLOW STUDIBS.; .




Introduct1on | L ‘g:lﬁv N whﬁ‘ffﬂﬁ.‘nﬂ T‘Qg.;'*%-'~* S
Adrenocortzcal cytochrome P- 45°scc catalyzee the 51de—‘l

L. .

Ichaln cleavage of cholesterol through three consecutlve'

s . . \‘ . LI

e oxldation cycles on’ the C20 22 bond to y1e1d pregnenolone as"

. the flnad product (1) P 450scc belongs to the dlversg

class of P-450 hemt proteln systems. wh1ch catalyze~the

0

add1tion of oxygen to a. substrate v1a molecular oxygen “.Pf’
actlvatlon (2) The blndlng of molehwlar oxygen to the

ferrous form of the enzyme is an. essentlal step in the

enzymatlc cycle of cytochrome P-450 (3) %’fn' P ‘ ;."
lv'f i ' "

The flrst step 1n ‘the aﬁiivatlon aof molecular oxygen Qy

] ‘A 9.-"

\

cytochrome P-450“1nvolves the formatlon of an oxyferrousA}'”

complex (4) The occurrence of a stable oxyferrous comoler
e Q .

of cytochrome P 450carn from'Pseudomonas putlda has been
&=

reported earlier (5 7) and oxygen blndlng to the\Eeduced \55

¢ o

form of thls enzyme has been studled thoroughly (8 9)

\b"-

L
R4

Oxyferrous complexes of P-450 from mammallan sources have‘t ‘
. ? ‘ e

‘ \' N R ,- Q . o a s e . K
,,\ e w‘ A

been more dxfflcult to characterlze because Sr the rapld

: ‘\

\rate at whlch they autoxldlze. However, optlcal'absorptlon ;VQ
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- A A . ] ot '
‘\ v . . s : Co W
IR Altnqugh autOxldetlon of the oxygenated complex of ;JF

7;"”;cytochromé P 450 had prev1ously been observed et 4 C \f‘

(16), llttie 18 known about the fo:matlon and stebillty of

L thls complex above 0° G.: Ih théﬂpresent 3tudy we have .
: anestlgated ehe fprmeeloo»aﬁé’spontaneous decay of the |
oxyferrous compiex.of purlfleoﬁbeeﬁ‘aorenocorticel | 6' 'Sf¢
N o
‘ cholesterol bound cytOchrome P 4505cc Ln the Soret reglon byu
B means‘of-raplg-scan %pectrometry at 4° C.« We have also .f
, ‘“\ studledwthe‘ﬁraqe;ent state k;net1cs as e functlon of pH of .
‘5 Ce oot S . .
' ;he formation and decay of the oxyferrous qomplex of th1sv'f
hﬁhj“eozyme u51ng ;he stgooed—flow technlque.‘ﬂ‘ S ef{"
‘“.w\\ N S PR LT e, :
WA Lt e L S A SRR ¢’
vy, Materials and Methods " NS ‘ | '

\f Purxflcaflon of Eﬁhyme{,qéf ' ﬁ‘“Q7u :Wﬁp
R : Lo oo . oo
o\‘q- 3§ Cholesterol-bound cytoehrome P-450scc was purlfled from 

K
o 2

beef adrenocort1ca1 mltochondrla usxng reported methodology
. "‘ Sy R L
(17) By cholate extractron,‘ammonlum sulfate fractlonatlon,ﬂf

Tae
i -;' ot

‘n.-.r.,
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-

fractionation, Sephadex G-lOO and G-SO chromatography The;_J
purifled proteln had an, A280/A414 ratlo of 1 2. Anillne-”‘t

Sepharose 4B was prepared by a modlflcatlon of the reported
procedure (17) About 30 g of freeze—drled CNBr-actlvated

‘ ' ‘}& [ .
Sepharose 4B was swelled and- washed wign 1 M HCl (200 mD/g L

| :
’ of drled gel) followed wlth 150 mL of coup11n9 buffer.

L

(NaHCO3, 0 ‘1 M,}pH 8 3, contalnxng 0 5 M NaCl) The gel‘wasid
then transferred to a beaker contalnlng 190 mL of llgand
solutlon (10 mL of freshly dlstllled\anlllne 1n 180 mL of’
coupllng buffer) and gently stlrred forflﬁ h in ‘the cold .
i':rOOm.‘ fhls gel was washed successlvely WIth 500 mL eadh of .

coupllng buffer- water- 50 mM NaOH and water. The anlllne-.‘

. A

: Sepharose was stlrred gently for 1 h at room temperature

w1th an’ equal volume oﬁ blocklng solutlon (1 M glycxneb pH R
S : :
9 0) and then washed alternately w1th three cycles of O l M

._‘\

! ‘. —~——

acetate (pH 4 0) and 0 1 M NaHCO3 (pH 8. 3) each contalnlng

-‘l-02% sodlum‘azlde. Adrenodoxln—Sepharose 4BZ as’f




B

;‘Model RA601,‘the prOpertles of whgch were reported

A;and all klnetlc measurements

Sk

“'coefflclent of 11 mM 1 ‘cm 1 at 414 nm (22)

o o

74
d‘\%u%’ff"" S 1_~"‘ jV o
tratlon of adrenodoxln was calculated u51ng .an extlnctlon -

All optical

1

; spectra were recorded on a Cary 219 spectrophotometer.

LA ‘g . . i N B . , i ‘
' et Lo ' . . .
Lo S - I . ne ' ‘ ‘ o ,

: ] M . N i
, ! . e ’
0 ' ". ' : » ) ' "
Co ) ‘ Do oo

strength 0.11 M,

ms ‘.

Oxygen Blndlngfstudxes

'

-
N ’

All experlments were performed at 4 C and ionxc _ . 3fi‘

-

the contrlbutlon of the buffer be1ng

0 06. The 1on1c~stength .was adjusted w1th KCl and all

q%ffers contalned 0. 1 mM EDTA. The follow1ng buffers were

U§Ed-- phosphate for pH s 5 8 Trls for pH's 8- 9.; ThetpH

was measured after each experlment u51ng a‘Flsher dlgital pH

meter. R o e SR , L

Kl 1

Rap;d—scan and stopped-flow experlments were performed N

Py

lmnanaeroblcally u31ng a Unlon leen Rapld Reactlon Analyzer‘nf

'

(23) The dead t1me of the flow apparatus was 4

\

prev1ously

The absorptlon spectra~were scanned from 378 to 474 hm-'
T L

\
. - ' s

jwe;e performed at 430 nm.‘the *wf
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\

[y

‘} OXygen.- Oxygen solutlons were obtalned by addlng air=-

the enzyme solutions and bubbled through all other

solutions. Solutlons -were handled and transferred by means

of gas tlght Hamllton syrlnges. Sodlum d1th10nrte stock

solutions were made ‘by add;ng a welghed amount to S mL of

.-‘,-..

anaeroblc 1 mM - NaOH.- Ferrous enzyme samples were obtalned

4

by addlng mlcroliter amounts of the freshly prepared

dlthxonlte stock solntxon to a f1na1 concentratlon of 0. 1 o

mM;. To avoxd denaturatron of cytochrome P 4508cc‘below pH

6 0 and above pH 8 0 (16 24) ‘a PH . jump\ etth was used

buffer was placed, only in" the drlve syrlnge cohtalnlng

(‘ . B .
. .

x R

‘;saturatéd\buffer to argon flushed buffer contalned 1n the

.l . , . Y| T
same syrlnge. The concentratlon of oxygen 1n air- saturated

\ . . b

buffer ‘at 4°C was taxen from a standard reference table L

(25) To obtaln anaeroblc condltxons in the 1nstrument thé'

1

drlclng gas (whlch is. 1n contact w1th the solutlon) WQS‘

L v,

replaced by hlgh purlty argon, whmch was also used to flush B

ok R ¢

;the»1nternal flow system before every eXperlment. Tne

»
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curves  were found to bes%séudo~flrst-order. ﬁate constants .

~ ! v“ « \\-"' S

were determxned from, a nonlinear least squaves analysis.
v 4 (' ) '

oo Between four to ﬁ%x determlnatlons of the rate constants"

N . . ( e

4

wer® performed for every oxygen concentration andﬁthe mean

a h N ﬁ A

Nt JQQESS for the observed rate constant was used 1n the b ‘ff
‘ o | ‘ o S oo Te

calculatlons.;‘ jh . wQ" o S 0 '73_

. ; : . “
. : ) . ;o . ,
i Ca . . ; .
o o | [ oy R L Ay
A . S T PR ,
v : . . . o C )
o , . [ ' . [
’ ! ' - . et A ' , v

. DI :

Chemicals . oy e -

V. S " v r

B were purchased from Pharmacla Flne Chemlcalh, ‘DEAEﬁ-u | "#ﬁa

. - e N
';f. cellulose (DE-SZ) was froggWhatmgﬁ. ‘Sodium Choiaté;u,ﬂ"(‘*.f
"ﬂxgdxthloﬂhreltol and anlllne Were from Slgma. Bo;ane serum‘ -

, o albumln‘from Pentex (Kankakee, Illlnoxs) All other lmd:!ui
reagents were of the best grade avallable from commerclal ﬁdr
.aources. REALAN Wﬁmf‘ L Cos ' '

't?; P 4505CGNFS mlxed Wlth I&Wgen at A‘C,two d;fferent processes ﬁ

: are observ\d\(Flg. IV 1 Ivﬁg)' ‘xrprxcess 18 the i

formatlon of mhe oxyferrous complex of cytochrome‘

P 450

scc:} Bétween 1 mg and 40 ms afteﬁ mlxing the‘ferrous y%f
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~—0.2— Absorbance

380 420 460 '
Wavelength (nm)

Figuge 1V.1 Spectrai changes oObserved after mixing sodium
dithionitg~redu0ed chole;:érol—bound cytochrome
P-450, .. with oxygen at pH 7.30 and 4°C. The
arrows indicate the direction 6f the absorbgnce
change'Qith increasing time. Final )
coﬁcentrations were 7.§ uM cytochrome P-4505..:.
t 100 4M sodium dithionite an& 487 pM oxygen.
The following'spectéa are shown: (—) reduced
cytodhrqme P'45°acc' éraces recorded 1, 6, 11

and 40,ms after mixing; and (- -) final

spectrum \ecotﬁed 2 min after mixing.
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—0.05_ Absorbdnce

380 420 460
Wavelength (nm)

Figure IV.2 Formation of oxyferrous complex of cytochrome

P-450 Difference épectra taken 1, 6, 11

scc’
and 40 ms after mixing versus initii} reduced
spectrum. The arrows indicate the Mirection of
the abéorbance change with incréasiné iimé.

R Y : ‘
Experimental conditions were identical with

those described in”Fig. 1. .
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Figure IV.3 Spectral changes observed after mixing sodium
dithionite—reduéed cholesterol-bound cytochrome
P-450,.. with ofyéen at pH 7.30 and 4°C. The
arrows indicate the direcgion of the absorbance
chénge-with increas;q? time. Final concentra-

' tions were 3.9 ,M cytochrome P-450 100 M

scc’

— . sodium dithionite and 487 uM oxygen. Rapid-
scan spectra recorded S0, 110, 170, 360 and.940
ms after mixing, ieading to decay of the

oxyferrous complex, are shown.

b
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Figure IM.4
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o
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A

A

1380 420 460
: Wo'velengih (nm)

Decay of oxyferrous complex of cytochrome

'P—4$OBCC.. Conditions as described in Fig. 3
caption. Differepce spectra tékeﬁ 110, 170,
360 and 940 ms after mixing versus the
oxxferrous complex spectrum (§pect{im‘reporded

50 ms .after mixing).

.
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\

nm and 430 nm (Fig. IV.1 and 1IV.2).. The dxfference spectra

for this process are recorded versus. the ferrous enzxme

g
(Fig. 1IV.2). The 1sosbest1c polnt between ferrous P-450, ..
. S
\‘\ .

The sesond process 1s“tﬁé spontaneous decay\of the

and the oxyferrous complex is at 418 nm.

oxyﬁerrous complex. Theé final spectrum, recorded 1n Fxg

Iv.1 after 2 min of mixing, is the ferrxc form of P~ 450Scc
‘ .

\ _
(cholesterol—bound) with the famxllar peak at ~393 nm. ' The

\

- family of spectra observed between 50 msQ%nd 940 ms after

\

mixing show the conversion of the oxyferrous"complex to ‘

ferrcic cytochrome P=450, . (Fxg..lv.3). Difference spectra

taken versus the spectrum of the okyferrous complex

-

(spectrum recorded at 50 ms) over the 110 ms and 940 mév
range have an isosbestic point at 411 nm (Fig. 1V.4)Q

A serieﬁ-of stopped-flow experiments were performed at

~

4°C over the pH range 5.1-8.8 with ferrous cholesterol—bound

-

-

cytochrome P-450, .. in order to obtain accurate values for
the rate constants of the different steps (formation and

decay of the oxyferrous complex) observed in the rapidJSCen
.
experiments. At all pH values single exponent1a1 traces.

were obtaxned for the formatlon of the oxyferrous complex of
cytochOme P-4504, w1th a suff1c1ent1y large excess of
oxygen.q A typ1ca1 trace is. shown in Figq. IV 5. Also the

-

plots of the observed pseudo=first . order rate constants

versus oxygen concentigéign (Fig. 1IV.6) have a finite

e

——

3

'
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_Eigure IV.5 Absorbance chanqss‘with time for the reaction
~~of ferrous cytochrome P-450,.. with oxygen,
recorded on the stopped-flow appratus at 430

Y 1y . . ‘
- nm, leading to the formation of the oxyferrous

A

éomplex. The trace was fecorded at pH 7.52.and .
» 4°C. Final concentrations were 2.5 uM | |
cytochrome 9‘-456“,:,‘ 100 uM sod\iu‘r_n’ ‘dithionite,
195 pM 6xygen. ‘The dgléy'time of the |

instrument was 63 ms.
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Figure IV.6 The observed pseudo—fifbt order. rate constants - .
| R o ‘ Voo
(kopg) are plo:g@d as a function of oxygen .
pH 7.30 and'4’C.  The ‘
‘ /

concentration

- [
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‘constants varled between 2. 8 s 1 and 12.5 s’ 1; wlth A

jshould be.. stressed that the kyee yalues were obtalned by

values.,

By -

PERY

4 .

[

\

-

4

(1) kops = kon[021-+ Kogg

' The second-order

' il
1 !

¢
"

slopes) and first-order

-

PRY ! 4\

nof‘fu

¢

on” rate constants (obtained frdm the .

-

|"y‘. - 84 R

intercept, which\indicates that the reaction is'reversible.

e

.. The results are in good agreement 'with the 'equatdon .. . R )

n

rate constants (obtalned from

the 1ntercepts) are glven in. Table‘IV 1

.

bound cytochrome P 450

'.oxyged blndlng rate constants k

are shown"in Fig

/

-

«Thegpﬂ‘proflles of

n and koff‘for‘cholesterol—'

"

v, 7.

1

™

The.‘ . )

‘second order “on" rate constant ‘is 1ndependent of pH for the
‘upH range over wh&ch the oxygen b1nd1ng was studled. The .
mean value of. kg is (S 1+O 8)x105 M 1 “The "off" rate ’
. RN

relatﬁvely»larger errors, in a‘random fashlon and v1rtually e

I

\

a

1ndependent of pH ‘over the'pH range of the experlmenth lt'.

.
-

1

cholesterol-bound cytochrome P-450

'incfeasing the delay time of the stopped -flow apparatus from'

v

Thé’spontaneous decay of the oxyferrous compiex of

'extrapolatlon and therefore are. less rellable ‘than the ko

was studled’by

63 ms (which is the mechanlcal delay time of the apparatus

for the generation of the stoppedfflow slgnal) to 110 ms,

‘(Fig. IV 8)

T

1

The decay also occurs in a slngle exponentlal s

-

ve o

4

A,
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TABLE IV.1. K;netxc Parameters for the Forﬁ&saon and Decay

\

N

of Oxyferrous Cdmplex of Beef Adrenocortical

A

)
Cytochrome P- 450Bcc @b a Functlon of pH at a°c.

L s R
pH 10 "xkqp E Koff - Xdecay
comtlsTha o (gmLha (s71)e
3 ~
) -

5.07 5:120.3 - 12. 546 52 9.7:0.4

5.22 A R 10.240.2

5.45 4.2:0.5 2.8:0.9 10.310.2

5.74 - \ ay 10.6:+0. 2

6.03 & 5.4:0.5 |2-9:1.0 9.910.2

t ! o
6.29 - - \ o= 9.050.1
‘ .\ \

6.53 . 6.5:0.6 6.9:1.2 8.720.1

6.79 | - - - - 8.4+0.1
X TR 5.420.2 " 4.6:0.4 18.1:0.1

’ 7.30 s, 1:' .2 9.8:2.9 7.2:0.2

7.52 3.8:0.3 ! 4.7:2.5 6.3:0.2

~7.98 ¢ 4.8:0.4 10.124.9 " . ' 6.0:0.2
8178 © 5.3:0.5.1 - 4.1:0.8 .. 5.5:0.2 .

aErrors of rate constants represent the standard devxation

R
calculated froM’data at a glven pH.
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Figure IV.7

Plot of the second-ordet forward rate constant
. \ ‘ A L . ’
(ko) for the formation of oxyferrdﬁs complex

of cytbchreme P-4505, _as a-function of pH at

.4°C. The 1nset shows the pH dependence of the

-

reverse rate constant (koff) The error 11m1ts:

~

:drawn on the data points are based on the

‘standard dev1ation calcﬁiated from the data.
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Decay of'onyefrous complex of cytochrome

P-4505,.- Time dependence of the absorbance

'..changes after, mlxlng 3.5 pM ferrous cytochrome-

P-450 w1th 487 pM oxygen at pH 5. 74 and 4° C

scc
(N‘azszo4 < 100 pM), Traces were reco;ﬁed at
430 nm,on the stbpped-fléw apparatus yith delay

shlfted vertxcally/for clarlty The~ineet

shows a fxrst-gfder plot of the rate of decay L

of oxyferrou; complex as a function of oxygen'

\

concentrat{;n at pH 5 74 and 4 C.
/ u .

.—h-/

R —

.Traces are
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Y
s

7 .
process, and the decay rate co&%tants (kdecay) are .

independent of the oxygen concentratlon (Flg. Iv. 8) \ Thue;

N
. the oveFail process for oxygen blnd;ng to.ferroqe-

‘ choles&efolebohnd cytochrome P-450 .. CFe2+) is given by

L)

: K S Ky ‘ .
T2+ on 2+ decay 3+ - -
(2] Fe -+ 0, *KS—E‘ Fe”.0, ———» Fe o O2

A
The decay rate constants (kdecay) decrease with the 1ncrease

of py over the .pH range of the study (Table Iv. 1) The

logarithm of kdecay Ais plotted versus pH in Flg. Iv. 9. The

results are in good agreemeht with the followlng slmple

mechartism: N A ‘f;
‘ kg o
. ‘ EH ~————» products ,
[3] K jﬁ}ﬂ* |
a O ‘
o coky | | ~
1 'E  ————— products o C .

where EH and E represent the oxyferrous complex of
cytochrome P- 450scc (Fe .02) w1th a catalytlcally 1mportant
'group protonated and deprotonated.‘Ké is the corresponding

ac1d d1ssociatlon constant, and kl and k2 are the flrst—

‘ order rate constants. The observed flrst-order rate

: constant (kdecay) is giVen by

k2K + k [H ]

Ce1

kdecay

. » . [T I .. i . .
. . . . e Nt
)

'The,bestffitxéaf&metete,;giyenVin;?abiefIVJZ; were used to = -

"
u
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Figure 1IV.9 .Plot df logarithh of first—order rate‘censtant
for the decay of oxyferrous complex of ///*f

—~ .

"cytochrome P-450 (k ) versus pH at
scc. decay ,_____,P

4° C. The error 11m1ts drawn ‘on the data poihts

are based on the standard deviatlon calculated

\
\

ffrom the data. “ The curve~was.computed on”the‘7

w

basls of best fit parameters dbtaidsd from a

‘“least-squares f1t of the data to eq 4.'
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TABLE IV.2. Parameters Obtajined from the pH\Dependencé of

4
the First~Order Rate Constant for the Decay of

Oxyferrous Complex of Beef Adrenocortical

Cytochrome P-4504 ., at 4-c

Parameters Value®
L \
X, (s71) 10.1:0.2
ky (s71) 5.4+ 0.1
PK, 7.1+0.1

a

®The errors are pPlus or minus the relative standard

deviation obtained from the nonlinear least-squares fit to

the experimental data. :
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calculate the solid line in Fig. IV.9.

Discussion

Formation of the oxyferrous complex of cholesterol-
bound cytochrome P~4505.., as observed in tbf rapid-scan
experiments, occurs within 40 ms of mixing at 4°C. This
complex is unstable and spontaneously decays to the ferric
cholesterol~bound cytochrome P~4505,,-and, presumably,

')
superoxide. The spectrum of the oxyferrous complex of
cytochrome P-450,.. (Fig. IV.1) closely resembles those
reported for the same enzyme at sub-zero temperatures

. .

(12,13), cytochrome P-450,,n (6-8)., cytochrome P-450LM
(10,11,14) and Rhizobium cytochromes P-450 (15). The
position of the Soret peak around 420 nm is characteristic
of all the oxyferrous complexes of the cytochromes P-450 as
‘well as those of other heme proteins. For example, horse-
radish peroxidase compound 111 and oxymyoggdbin both have a
peak at 418 nm  (26,27).

The mean value of the second order "on" rate constants,

(5l830.8)x105 M‘% s~1 over the pH range which oxygen binding
to cholesterol-bound ferrous cytochrome P-4505.. was
studied, corresponds well with the preViously reported

values for different cytochromes P-450 (5,7,28) and chloro-

' peroxidase (29) measured under similar conditions, ‘all

ranging between 5x10° M~1 5~1 ana 7x105 M~1 g-1, The values
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of koff (Table IV.1l) are comparable to those of 1.1 s—1 (at

4°C and pH 7.4) for cytochrome P-450,,, (7), and 8 s”l to 32
afl (o;efkthe pt range 3.5-6.0 at 4°C) for chloroperoxidase
(29). Also, as expected from the temperature dependence, a
higher k,fg value of X@OO s™! was observed for cytochrome
P-450g5., at pH 7.2 and 25°C (28). The results displayed in
Fig. 1V.8 suggest that both k . and kogg for oxygen binding
to choleszerol—bound ferroﬁs cytochrome P~4505,. are
’Iﬁagbéﬁdent of pH over the pH range of the study. Similar
observations of\BH-indebendence of k,, and kogg for carbon
monoxide binding to ﬁoth cholesterol-free and cholesterol~
bound ferrons—ey&oehfomés P-4504.4 have béen made i» our
earlier studies (Kashem, M.A., Lambeir, A.-M. and Dunford,
H.B., submitted fo; publication).
The cholesterol-bound oxyferrous complex of cytochrome

Al

P-4504.. decayed to the ferric enzyme by a first order

N
mqpophagic reaction (Fig. IV.7). This is in ‘contrast to the
oxyferrous éomplexes of Rhizobium‘cytochromes P-430-(15),
liver microsomal cytochromes P—450LM4 and P-450LM3b (14),
and chloroperoxidase (29) which decay in a biphasic manner;
but closely resembles‘thé first order monophasic decay of

the oxyferrous‘complex of cytochrome P—4SOcam (7.8).

]
Although we have not detected superoxide as a product of the

\

\ . Co
decay of the '‘oxyferrous complex of cytochrome P-450scc

superoxide formation is impfied by the electron balance of

— e



the reaction. The production of superoxide from the .very

\

similaf decay process of the cytochrome Piqsocam derivative
is well documented (9,14).

Results of the present study suggest that the rate of
decay of the oxyferrous complex is influenced by an acid

group with a PK, of 7.1 (Table 1V.2)‘6n the oxyferrous

complex of cholesterol-~-bound cytochrome P-~4504.,, and kdecay
increases with the decrease of pH (Fig. 1V.9). Tnis is in
complete accord with the previous observation that binding

of cholesterol and 20q,22R~dihydroxy cholesterol to

14

cholesterol-free cytochrome P-450,.. is accompanied by an

uptake of a proton by a group with a pK, of 6.8, and that
lowered pH produces an increase in the fraction of

cytochrome P-450 in the high-spin form (30). Other

scc
‘vestigators have indicated that hydrogen ion concentration
| reases the first order decay rate dfamatically of the

oxyferrous complexes of cytochromes P-450 (7.8) and

cam

© P-450 below pH 7 (16).

scc
The observed first order decay rate constants (Table
IV.1) are considerably higher than the réportea value of
9}.3)(10‘3‘,5"1 (at same téhpegature but at lower'ionic
strength,‘0.0G M) fpr the oxjferrous‘complex of bovine
aaéenbcdrtical cytochrome P-4505.. (16). 1In fact, the decay
rate constant iqcreases wiﬁh the increase of ionic strength

A

‘Qf the reaction medium (7,16). This may partly be

‘¢



attributable to the observed higher kdecay values in Table
IV.1 (obtained at ionic strength greater than 0.06 Mj.
Differences in the charecteristic; of the interection of
cholesterol with cytochrome P-450,.. in beef adrenal
mitochondria and ln rat adrenal mitochondria have been |
reported (31). Consequently, caﬁtion must” be exercised in
extending conclusions made from studies using one tissue‘to
another. Furthermore, the decay rate constants reported for
the multxphasxc decay processes of the oxyferrous complexes

of Rhizobium cytochromes P-450 (15) are comparable to our
ﬁl - .

results.

O
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‘lntroduction

‘The mechanism of the reductxon of . cytochrome P—450 by

NADPH~P-450 reductase (enzymic red&ctxon) and sodlum x

‘dlchlonxte‘has been a subject of cogsxderable interest in"“
recent years (1A8).' It is now Qellfﬁstablished that durinj
the stero;dogenlc electron transfer adrenodoxln,gan irone
sulfgr protein, forms 1: 1 complexes wlth both NADPH—
adrenodoxin reductase (flavoprotein) (9,10) and cytochrome‘

P~450

sco (11-13). Adrenodoxin first forms its complex with

and accepts.an«electron from the flavoprotein, then the

complek dissociates.,. 'Finally it forms a 1:1 complex with

.and transférs an electron to cytochrome P-450 cor

Dlthlonxte ion is an ;mportant and w1de1y used reddcxng
‘agent in bxochemlstry It is 1nterest1ng klnetlcally 1n
that it is able; to ‘react either as the 82042‘ ion-or as the
cdxssoc1ated 802 radical anion- (14 15) . ‘,Prev1ous repoxts
have - 1nd1cated ‘that the rpductlon of~cytochrome P 450, | am PY
‘sodlum dlthlonlte is cons1stent w1th a monOpha51c process
1nvolv1ng 802 aS‘che reduc1ng‘spec1es.(5), 1n‘contrast w1th 
itne blpha51c process found for cytochrome P—4SOPB (6) and ‘

‘P 450 (2); A blpha31c reductlon process was also

scc
observed for the NADPH—dependent reductlon of 11ver
‘mlcrosomal cytochrome P‘4SOPB' cytochrome P—450LM2 nd'
cytochrome P-450LM (6 8) wh11e a sxngle phaee one-electron

jreductlon process was observed for cytochrome P-4508cc>(2)
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Although the reductlon reactlon of cytochrome | 4505cc‘

‘has been studled by NADPH and dlthxonlte titratlons (2) ®he

“mechanism of the reaq}lon is not fully understood

Moreover, there are no klnetlc pa!ameters avallable for thls

reactlon In the present study we have 1nvestlgated the

‘tran81ent state klnetlcs as a functlon of pH. for the

{dlthlonlte reductlon of purlfled beef adrenocortlcal

‘ncholesterol-bound cytochrome P- 450

Materials and Methods

Cholesterol bound cytochrome pP- 450 o was purlfled frOm

~

beef adrenocortlcal mltochondrla as descrlbed prevxously

'(16) The procedure 1nvolved cholate extractlon, ammonium

'

sulfatelfractlonatlon, an111ne~Sepharose 4B and. adrenodox1n—

Sepharose 4B afflnlty chromatography Purlfled P—450 cc has

i

an A280/A393 ratlo of 1. 2, whlch corresponds to 13 nmol

P=- 4505cc/m9 proteln as. determlned by the Lowry assay (17)

_and the reduced~CO dlfference spectrum (18) Adrenodoxln

' was purlfied from beef adrenal cortex usxng,descrlbed

methodology (16 19) | Anlllne Sepharose 4B and adrenodoxln—

. ‘Sepharose 4B were prepared accordlng to the publlshed

‘procedures (16) u81ng CNBr-actlvated Sepharose 4B rather

4han Sepharose 4B.

ff/.

- \ 'b‘
SN

. \

~A experlments were performed in 10 mM potasslumv -

v .F

phosphate buffer at 25 C and 1onic strength 0 11 M. 3The'3~” R

[
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ionic strength was edjusted‘with KCl;.end‘all-buffers

contained O.J‘mM EDTA.. The pH was measured after each

A

experlment us;ng a Flsher chroprobe electrode and Flsher

dlgltal ptli meter. Rapid- scan "and stopped flow experlments‘
. “ ey

were carrled out in a Unlon Gikén RA601 Rapid Reactlon‘”'

¢
Analyzer. Solutions were made anaeroblc by flushing with .

hlgh—purlty argon (zero gas, Canadlan quuld Axr) purified
by passage through an oxygen trap (Oxypurge N, Altech

A55001ates). ‘Argon was flushed over the surface of the

P

. enzyme solutidns and bubbled through all other solutions.

Solutlons were handled and transferred by means Of gas~tlght

[

Hamllton syrlnges. Sodlum dlthlonlte stock solutions were
made by addlng a welghed amount’ to 5 mL anaeroblc buffer pH

6.8 (or 1 mM NaOH) The concentratlonvof the d1th10n1te:was'

‘determlned by the reéctionrwith pOtassidm,ferricyanide

(5). The flnal cytochrome P~ 450 P concentratmpns for the

'

rapld—scan experlments were 5 uM and for ‘the stopped flow

experlments'were 2.0-2.5 pM- The kinetics of the‘reduction
~

of cholesterol bound cytochrome P 4505, were. followed at

ey

418 nm (the 1sosbest1c wavelength between the ferrous and

joxyferrous complexes of P- 45050c), and, ‘es‘a»check -at 393f”

v

nm (dlsappearance of oxxdlzed P- 4SOSCC) - Conslstent results
werevobtalned. To av01d denaturat1on of cytochrome P 4505cc‘k
below pH 6 0 (20) a pH Jump method was used buffer was

.placed only 1n the drlve syr1nge contalnlng dithionite.‘,ﬂlluf
O

o . M ) N B
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klnetlc curves were found to be pseudo—flrst order with an

. n

dinitial 1ag (of varxable length) " Rate constants were‘
determined from a non~- llnear 1east squares analysls.‘
‘Between three to flve determxnat1ons of the rate constants
‘were performed for every dxthxonxte Concentratlon and the
‘mean vaLue for the observed rate: constant was used ‘in the

Py

calculat1ons . - ‘ ‘ . ‘

‘Results “ ‘ ‘ l .

The spectral changes observed durlng the reactlon of
'~cholester01—bound cytodhrome p- 456 thh sodxum dithionite
are shown in Flgs. V.1 and V 2. The reductlon was very slow
'rand no spectral changes were observed for the 1n1t1a1 five
‘seconds (spectra not shown) 'The spectra in Figs. V.l“and
V.2 revealed no 1ntermed1ates apart from the‘native.ferrio
and‘ferrouS'cholestero;-bound cytochrome P-4sogé§. The
largest changes in ahsorbanoe occurlin,the vicinity of 393
nm and 420 nm (Flg. V 2) w1th an 1sosbest1c p01nt at 408.nm;‘

The klnetics of reductlon of cholesterol-bound |
“cytochrome P—450scc were studled between pH 5.2 and 7 9. ‘At
'iall pH values the reductlon kinetlcs were found to be | .

:assoc1ated w1th an 1n1t1a1 lag phase (of variable length)
gnfollowed by a ;1ngle exponent1a1~f1rst order process (Flg.
;rﬂV 3) The linear dependence of the obsetved flrst order

”);rate constant (kobs) on the square root o the dithionxte
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Figufewv.l o Sbectral chahgee esédeiated Qith'tﬁe reductionﬁ
| . of cholesterol—bou;e cytochrome P- 4503CC by
*dlthlonlte at pH 7.34 and 25° C.' The arrOWS
'indlcate the dlrectlon of the absorbance
”change-w1th tlme, The f1na1 concehtrations.ﬁf
".fwere 5. 2 pM cytochrome P-450 -and 3f3 mM.
o ie"Jdlthlonlte.n The epeEtra presented here are
e‘ferrlc cholesterol-bound thochrome P 4509c;,:3‘
ueanQ‘t:aceS:reﬁoqded 8, 30.‘60 and 120 s after‘

N 0
S

- mixing.” o
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Figure V.3

Time dependénce of the absorbance changes

“ - l « '

after mixipg 3.3 mM dithionite with 5.2 M
&

cholesterplfbognd cytochrome P-450g5.. at pH

6.87 and 25°C. Traces were recorded at 418 nm

3

.on fthe stopped-flow apparatus with delay times

63 ms (A) andTB.S s (B). Traces are shifted

vertically for clarity.



anjg} ancentration extrapolates through zero in each case

and impliéates S0,+ as the reducing specieﬁJ(Fig. V.4).
Theoretically cytochrome P-4504., could Yeact.directl}

with 82042‘ or‘wiﬁﬁ the sozf radical. The correspénding

pseudo-first order rate constant for reduction contains two

terms (15):

\

[ )

, o L
(1] kops = a0$504270 + bl5,0,27] 2 .

The results in Fig. V.4 indicate that the first term is

-

negligibly small and cytochrome. P-450, .. reacts

preferentially with SO,¢ according to the mechanism

. K .
2~ 1 -
7

X —_ k . #
[3]1 50,7 + P-450 . (Fe3*)——2, 50, + P-450, . (Fe?")

where Kl'(M) is the dissociation constant of 82042‘. The

) are

observed pseudo-first order rate constants (kobs

related to the true second order rate constant (ké) by

[4]  kopg = kK, 72[5,0,271 %2.
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0 1 2 3 4 &
102x [Na,S,0,1% (M*)

-

Figure V.4 The obser&ed pseuGOinrst'ofder rate constants
(kops) are plotted as'a‘fuﬁction of the squarg_
root of the dithionite concentration at .pH .
7.34 and 25°C. The cytocﬁrome P-4504..
concentration was 2.5 uM, and the straight

line is the weighted leést'squapes best-fit

line.
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With a K; value of 1.4x1072 (M) (at 0.11 M ionic strengtlr
and 25°C)  (14), the values of k, were calculated from the
. kD

slopes of the plots (Fig. V.4). The resufts are summarized

in Table V.1 °,

Discussion

From the results reported in this wérk, it can be
concluded that the reduction of cholesterol-bound cytochrome
P-450, .. by 59dium dithionite occurs by a meéhanism

congistent with SO,+ as the redgéing species. The‘mechanism
cofresponds‘to a single electron—tfansfer reaction, ‘
according‘to eq.3. This is in good agreement with the
observation made for the diphionite reduction of cytochrome
P-450,,, (5). metmyoglobin (15), horseradish peroxidase (21)
and chloroperoxidase (22). In contrast a stoichiometry of
two_electrbns pef P-450 molecule was’ found in a titfatioﬁ of
cholesterol-bound c¥ytochrome P-4505 .. with sodium dithionite
(2). ‘The‘séme Qorkers obtained a stoichiométry oonne,\when

cytochrome P-450g.. was titrated with NADPH in the_preéence

of adrenodoxin reductase and adrenodoxin. Most recent

" studies using electrochemical titration methods revealed

that all cytochromes P-450 have a redox.stoigﬁicme;ry of
unity (4). o =

The presence of an initial lag was also observed during . .

dithionite titration of cytochrome P-450... (2), and the:

e

J%//'
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Table V.1 Rate constants for the reduction of cholesterol-
bound cytochrome P-4505,. by sodium dithionite as

a function of pH at 25°C.

pH . T 107%k, (u7) 571
5.23 , 1.7+0.1
5.94 ' " 1.940.3

G , X \
6.87 . I . 2.2+0.2
‘ 7.34 f 1.4+0.2
.7.93 " 2.0:0.1

I3 \ ’ ‘

aErrors_of raté,gonstants represent the standarg deviation

-
4 ~ -

calculated from .data at a;given‘pH.‘ o :
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- reduction of cytochrome P-450,.. by NADPH in the presence. of

phenazine Methosuifatej(3).: Tworposeibilit}es exist:for‘
this initial lag phase: the presence'of a email amount of
residual onygen (2), and/or the formation of an intermediate
cpnplex between the reductant and cytochrOme pP- 450SCC (3).
However, the latter p0551b111ty can be excluded slnce no’

intermedlate was’ detected in the rapld—scan experxment (Fig.

V.1 and V.2). Furthermore, there was no accompahylng

V]

-absorbance changes assoclated wlth the lag phase.

' . The values of the second order rate cdnstant (ké) for
the recuction of cholesterol—bound‘cytochrome P44SO';C by
é (Table V. 1) are consxderablxwemaller than for '
metmyog}obln or horseradlsh peroxxdase (15 21) (w1th rate
constants of 2;7x106 M=l s~1 ang 5.0x105 m~1 s'x, ] |
respectively). It Qas reported earlier that complete
reductlon of cytochrome P-450 by sodlum dlthlonlte required

2 to 5 min, and ‘the rate of the reductlon was slow compared"

- to other heme protelns (23). However the values of k2

11sted in Table V.1l are COmparable to those of 1. 6x104 M'l

VS -1 for camphor—bound cytochrome P~ 450cam (5), and 7 7x104 -

fl-s 1 for chloroperoxldase (22)

The reductlon klnetlcs of cholesterol-bound cytochrome;

. P=- 450scc by . 802o appear to be pH independent w1th a second

: order rate. constant of (1 8+0 3)x104 M~1 g-1 (Table AR 1)

fover the pH range of the study (5 2 to 7. 9) . This is in

- .4
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complete accord with the previous finding that the midpoint

, g . :
potentialiof the cytochrome P-450, . ~substrate complex (—28?

'mV) is independent of pH from 6 to 8 (2). Similar pH
independent kinetic behaviour was observed for the reductibn"
of cy tochrome P-450.am by dithionite (5). .

.} )
an . . "/

W
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‘system, an extremely coupl1cated reactlon cycle occurs,m

115
Transxent state klnetlcs provides a powerful tool in -
the elucldatlon of the reactlon mechanism of enzymes. This

thesxs descrxbes the k;netxcs of reactxons of two different

‘heme enzymes, horseradlsh peroxldase (HRPr and cytochrome

1
1 '

P-450, These two enzymes have‘several poxnts in

common. The chemicaloand physiological properties of the

‘two enzymes have been summar1Zed Ln the Lntroductory

'Chapter. ‘ R S . ‘ :.

The mechanxsm of oxidation of NADH by HRP is of

'y
A

importance in peroxidaSe‘chemistry because it is the single

.known reaction of. HRP which oscillates (1,2). Vhen an.

aeroblc solutlon of NADH is mixed with .HRP in a closed'

.\‘W‘ﬁﬁ

-

[ d B
Wh;eh*passes thrOugh 1nductlon,.1n1t1a1 burst, steady statg

and termlnatlon phases (1, 2) The start of tne reaction

‘lrequlres a small amount of H202' Whlch in fact;‘can be
present in the NADH solutlon owing to a slow autoxldatlon

‘process. In Chapter 11, the observed pH dependent translent

state " klnetlcs of oxldatlon of NADH by HRP 1 and HRP 11 have

been dlscussed.

At all pH values the HRP I-NADH reactlon obeys a second
order klnetlcs- thls ‘is 1nd1cated by the linearlty and zero

[

1ntercept of the plots of pseudo-flrst order rate constant :

versus NADH concentratlon.a On the other hand. a poaitive f'

vlntercept 1n the plots for the HRP II-NADH reaction suggests
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that the readtionris reversible As mentioned in Chaptir

11, the reduction potentral of ’ ﬁAD-/NADH couple is estlmated
‘to be ‘about +0.30 vV at pH 7 0 (3, 4) 'The reductxon |
‘potentxal of HRP~II/HRP couple is pH dependent (5) and
_varxes from 0.97 V (pH‘6.0) to‘O.SO‘V‘(Zﬁ“jz.O). Thus,-it
appears that HRP II/HRP couple has more positive reduothn
potentlal than NAD- NADH" couple Thxs means that the
transport of electron from HRP to NAD- is not a thermo-
dynamlcally advantageous process However, the obServed
‘reversxbxlxty of HRP ~II-NADH reactxon 1ndxcates that HRP ;s,
in fact,‘oxldlzed by NADo. Also the values of reverse rate
'constant (k_2) (Table I1.5) decreases w;thhlncrea51ng,pﬂf
dwhiéh is contrary to thelpH dependence of the R |
oxldatlon/reductlon potential of the HRP—II/HRP couple
',(5);" Thls behav1our 1s not. clearly understood. However, it
is belleved to be related to the complexxtxes of the. ox1dase’
reactlon of HRP- w1th NADH. It has also bee&yreported that
n1n enzyme reactlons 1nvolv1ng NADH several factors, euch as
1oca1 pH and polarlty of the molecular\anylronment of the
NADH, affect the reductlon potentlal and electron transfer
varocess (3) | | o

| ’ The second order rate constant for the HRP I-NADH

-1

"‘,reaction varles from 2 6x105 to 5 6x102 s"1 and for the

HRP-II-NADH reaction from 4 4x104 to 4 1 M 1 1 at 25°C

ifover the‘pﬂ range 4 to 10 An ana1y31s of the pH dependence




P ' 117

of the second order rate constants revealed that an
xonlzable group on' the enzyme thh a PK4 of 4. 7+0 5 for
HRP-I and”a pK, of 4. 24 1.4 for HRP II is meortant in the
ox;datlon process. The pK, of 4. 740.5 for HRP I is in
complete accord with ‘the value of ~5 obtalned prevxously
w;th several reducing substrates (6). ‘In‘contrastzthe PKg
va}ue‘of 4.2+1.4 fdr.HRpell is nbt ‘in agreement with‘either‘”.

two values'~0 and 8.6 reported for most other

Iy

. . However the pﬁerate proflle of HRP- IIHNADH

substrates (6)

reaction (Fig I11. 6) closely resembles ‘that obtaxned for the

'reattlon of HRP II with blSUlflte, a substrate whlch attacks

the heme after a. few reactlon cycles (7 8) An acxd group

on HRP II thh a pK, of 3 9 appeared to be lmportant for the

N

latter react;on (7)- The reactlon of HRP—II thh reduclng
‘ substrate is nsually‘rate llmitlng The data 1n Table II Q

and II 5 show that the rate constants for both HRP-T-~ NADH

[/

.,,urand HRP~II—NADH reactxons are almost Slmllar below PH 6.

o\

However, ‘at hlgher pH the’ rate constants for HRP- I—NADH

LR

' reaction are 31gn1f1cantly hxgher than for HRP-I1- NADH o

reactlon.n Prev1ous reports 1nd1cate that at low pH, .
p-amlnobenz01c ac1d has almOst 51m11ar rate constants for ~
the reductlon of both HRP-T and HRP II (9) The protein.
resldue of PK, ~5 obta1ned in' all pH dependent reactlons of
HRP ‘I, has been suggested to be the d15ta1 His-42 (10).. It,i

ls p0531b1e that the same- group may be responsible for the

i
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observed pH-dependent kinetics of HRP-11-NADH reaction (pK,

of@4{2+1.4). The adid group corresponding to pK, of ~8.6,

/obtaxned previously for the reaction of several reducing

- ,
substrates (p-cresol, p-aminobenzoic acid and ferrocyanide)

is also & distal group (6).. Afrg-38, Leu-39, His~40, Phe-41,
His~-42 and Asp-43 are potential candidates (10,11).

Chapter ITI describes the first intensive studies of

——

the kxnetlcs of carbon monoxide binding to both cholesterol-~
-%%
free and cholestérol-bound forms of cytochrome P-450_ ..

These two forms of P-4505.. were purified from beef adreno-

cortical mitochondria using different prpcedures. Carbon
(
monoxlde blndlng was 1nvestlgated by means of rapxd scan and
i N
‘stOpped—flow spectrometry at 25°C. Rapid-scan spectra in

[

the Soret reglon 1ndicated the reversible formation of

~.

reduced—CO complex without any intermediates. Isdsbestickga

points occurred at' the follow1ng wavelengths. between R ,&

reduced CO and reduced cholesterol free P~450 cc at 434 and

\J

471 nm; between reduced-CoO and reduced,cholesterol—bdund

'P-450; .. at 433 and 469 nm. - Carbon monoxlde blndlng for °

-

both forms of P-450,.. is found to be a 31mp1e monopha31c

‘\ )

bimoleculaé%?rocess and is con81stent with that Obserged for .

[ 4

cytochromes P-45004n (12), P-450.c (13)‘and P-450p5 (14).”
The prevxously reported b1phasxc co blndlng process fﬁr
cytochromes P‘4SOLM2' P-450LM4 "and P-4SOPB (15, 16) was

suggested b03be due to heterogenelty of’ the protein
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preparations (14).
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Both "on" (kl) and "off" (Kﬂl) rate constants for CO

binding to cytochromes P-450g .

pH 5 and 9. The mean values

are pll indepéndent between

of Kl for cholesterol~freq

((l.8:0.2)x10S m~1 s’l) and cholesterol~bound ((l~910-1)x105

M~ 1 sﬁl) P-45045 .., are almost

identical, and are in close

agreement with the reported values at a single pH 7.2

’

(13) . Contrary to the reported values at a sihgie pH (13),

the mean value of k_) for cholesterol-free P-4505 o ~

\

((2.3+0.3)x10 s”l) is almost
bound P-450,.., ((1.2:0.1)x10
éeneral P~450 behaviour that

is kinetically stabilized by

< Recently, the technique

double to that for cholesterol-

s'l). The data fit to the

4
L

the reduced-CO (oxygen) complex
substrate binding (17-19).

of resonance Raman spectroscopy

has been applied to characterize the carbon monoxide complex

of cytochromes P-450

e%?een reported that the Fe-CO

cam (20),

(21,22). It has

arid P—450SCC

stretching frequency in the

cholesterol-free cytochrome P-4504.,-CO compiex lies at 477

cem~ L. Upon addition of substrate, cholesterol, the Fe-CO

stretching frequency shifted

to 483 cm~! (22). A similar

Fe-CO stretching frequency shift was also observed for the

[
t

>~

resonance Raman spectra of cytoéhrome P-450

cam (20). This

finding- indicates that 'the bound substrate interacts

predominarntly with the Fe-CO portion of the enzyme molecule

(20,22). "In addition, an enhanced stability of the native
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form ("P-450") was observed in the presence of cholestrol
(22). Without éholestérol thé CO éomplex of cytochrome
P—4SOscc became its denatured form (CO complex of P-420).
To the contrary, in thév?resence of cholesterol, the CO
complex of cytochromé'P—ASQscc was found to be extfemely
stable for more than several hours when kept irradiated}by
laser light at room éempératuréL~nThe latter observation;is
consistent with our kinetic results\

The formation of the oxy ferrous complex of cytochrome
P-450 is the initial step in the enzyme activétion of
molecular oxygen. The rapid-scan and stopped~flow results
_dbtaiﬁed for thé formation and épontanebus decay of the
oxyferrous complex of cholestefolﬂbound thochrome P-450_
are pfesented in Chapter 1V. A significant finding of this
s tudy is the detection of tﬁélgxyferréas complex of
"cholesterol -bound P-—4SO§Cc for the‘first time ébove 0°C (at
4°C), the‘spectral characteristics of which are~codsis;ent
with those gbserved previously at sub-zero uémperatures‘for

P-450, .. (18,23), P-450_,, (19) and P-450,y, (24,25). The

s§CC

oxyferrous cbmplex, the formatlon of which occurs within 40
ms with a Soret ‘peak at 4é2 nm, is uﬁstable aﬁd:auto*idizes
to the ferfic"cholesterol—bou3§ P-4505 - Isosbestic points
voccurreé at‘4LQ nm between fefréus and Q}yferrous c0mplex
and at 411 nm betweén oxyferrous and ferficvf—4508cc-

The OVerall kinetics is found to be consistent with the
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equation:! ‘

: K K
L2t on 2+ decay 34+ -
Fe + O2 TRZ;;; Fe . O2 —_— s Fe + 92.

- -

In agreement\wi;h“the‘CO binding results;‘ooth‘kbn and Kof £
for oxygen biqding are pH independene. The mean value of -
\ -
kon.at‘4°c is \5.140 8)x10S M-l -1 over the pH range 5 to
9, which corresPonds well wlth the values reported for other
cytochromes P—4§P (13,26,27) and choloroperoxidase (28)

measured under identical conditions. The rate constant for

appears to be influenced by an

the second process, kdecay

acxd group-wlth a pK of 7.1:0.1 at the active site of the
\ ‘ ,

oxy ferrous complex.\ A dramatic increase in kdecay below pH

7 was observed earlxer for cytochromes pP- 430cam (19, ,27) and

sce (29). 1In th;s connection 1t is of interest to note

P-450
ehat,cholesterol plays\a critical role on the stability of

~ the oxyferrous complex \f cyﬁochrome P-450 . 1t was not
p0551b1e to detect a s%able oxyferrous complex of
‘cholesce;oi free cytochrof? P-450 . under the conditions of
this study. Thls observaS&on extends the evidence that the

~Substrate kinetlcally stabi ;zes the reduced-CO (oxygen)

complex.
Earlier studles also 1nd'cate that the ~binding of

-cholesterol to cytochrome P—45 sce causes a 15-fold increase

us complex of P<450

in the stablllty of the oxyferq_ scc at
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-17°C (18); and a 12-fold increase in ﬁhe half—eime fof the
autoxidation of the oxyferrous complex of P-450_,. a£ ~20°C
.in 50% ethylene glycol, when camphor is bound (19) .
Interestingly, the binding of the hydroxycholesterol
intermediates to cytochrome P-4SOSCC causes a further
3-17-fold increase in the stability of the oxyferrous
complex in the ordery20«,22R—dihydrex§chblesterol>22R7
hydroxycholesterol>29a—hydroxycholesterol?cholesnerol

le). However, the analqgous‘carbon mdnoxgde complex of

'p-:;sosc.c is destabilized by 150- and 300-fold, inéicetigg a
unique interaction between the 22R~hydroxyl end oxygeﬂ;J
wﬁile the same substituent interferes with carbon monoxide
'conélex formatien. This stabilization of the oxyferrous
COmﬁlex defi?es froa 150- to 1000-fold decrease in the
;dissocietion rates of the respective cemplexes that more
than offset slewer association.rates (13). The mechanism by
which the hydroxypholesterols mafkedly-change the kinetic
constants for‘oxygen and carbon monoxide is';nknOWn. A
close ptOXimiEy of ‘the cholesterol side chain end heme -bound
exygen has been bredicted based on’the‘positions WHere
hydroxylatioh occurs. There is sbme e&idence that an amino

group at the 22—pos1t10n of the side chaln of cholesterol

- can coordlnate directly to the heme iron (30)
Flnally, in ChaQter V ‘the klnetlcs of" dlthlonlte

teductlon of cholesterol-bound cytochrome P-4508cc, studiedf
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by rapid-scan and stopped-flow spectrometry at 25°C, has
.been described. The reactxon has an inxtxal 1ag, whlch was
also found durxng dlthxonlte titration of cytochrome
P-~4SOscc (31). *The processes responsihlehfor this lag phase

are not clearly understood. Herver the possibility of

complex formatlon between the reductant and P- 4505, is

ruled out by the rapxd—scan experxment ‘whlchylndlcates‘no
‘1ntermedxates apart from ferrlc and ferrous 9-450506. Qne \
_possible;explanation: the laq i%‘caused by thelpresence of%
residuai'oxygen.

Under the pseudo-first order condltxons usedtthroughout
this 1nvestlgatlon, Kops is found to be linearly dependent
on the square root of the'concentration of sodium
. dithionite. Thlswls consistent with a single electron,
transfer mechanlsm 1nvolvxng dithionite anion radlcal, 502.,
as the reduc1ng species. A 91m11ar kinetic pattern was
observed for the drthlonlte reductlon of cytochrome P~ 450cam
(32), meﬁmyoglobln (33), horseradish peroxldase (34) and
_ chloroperoxldase (28). The presence of S0,7 at low

I
concentratlons ‘in solutlons of dlthlonlte has been well

documented (33, 35) The rate constant for monomerizatlon of
dlthlonlte anion vary widely from 1.7 s~1 (33) to 42 5 8 -1
(36);depend1ng on experlmental condltlons. The lowest of

these reported values for monomerizatlon is. 20 to 100 tlmes

: greater than the ‘rate of reductlon of P 450scc by 302"



124
Iwhxch suggests that ‘the transfer of the 51ngle electron from
Sozo‘to P-450 ce 15 the rate lxmltlng step.- The observed
second order rate constant is pH 1ndependent and ls in
complete accord” w1th the flndlng that the heme m1d~poxnt
potent1a1 of P 4SOSCC—cholesterol complex is independent of
pH (31).> Also . the mean value of the second order rate.§li2
_constants; -(1.8+0.3)x104 M1 g-1 over the pH range 5 to 8,
is comparable to the values reported for cytochrome P~ 450
(32) and chloroperoxidase (28). The ev1dence presented‘
provxde an additional confirmatlon that cytochrome P-450, ..~
cholesterol is an one- electron acceptor. |

—

Although the klnetlcs of dithionite reduction'of»
<cholesterol—free~cytochrome‘P-4505cé has:not been
investigated by‘this'study, it is interesting to note that
Lambeth and Pember (31) have observed that enzymatic i
reductlon occurs only in the case of the cholesterol—bouni
cytochrome P-450 .7 The prn state of the heme 1ron of
"dlfferent forms of cytochrome P 450 has a 31gn1f1cant effect
on the rate and degree of reduct1on (37) The reductlon
potentlal of low-spln cholesterol free P-450 | would seem
to p%eclude reductlon because its: potent1a1 1s'-412 mV
‘(38) Q However, the potent1a1 of the hlgh~sp1n, cholesterol- :

jbound P-450 é is -305 mv (38) Thzs dramatlc Bhlft 1n the
hreductlon petentlal is belleved to order the reactzon cycle
<;fin the case of p- 450scc (31, 37) Slmllar shlfts in the

a .

&
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reduction potent1a1 of bacterlal cytochrome p- 450 ce have

been demonstrated (39)

o

Problems for the Future

L 0

As described throughout thls the51s, the key step in
the catalytlgscycle of cholesterol sxde chaxn cleavage
reaction is the formatlon of the oxyferrous complex of
P—450 Q Little is known about the chemlcal ‘and bio- .
chemlcal propertxes of this species of P- 4JOSCC.A A thoroughi
1nvestlgat10n of the effects of cholesterol and analogues on
the’ klnetxcs of formation and decay of thls specles will |

help us to fully understand the chemical mechanism of the

reactlon cycle of P~ 450 . Another area related to this .

b

a step of oxygen act;ﬂgtlon will be to study the klnetlcs of

,

‘one electron reductlon of’ P 4SOSCC by phy51ologlc reductant
(NADPH in the presence of adrenodoxin angd’ adrenodox1n
reductase) Electron transfer from NADPH to cytochrome
'P—450 cc appears to occur via three sequentlal processes'
'(1) the 1nteract10n of adrenodoxln reductase with NADPH and
“reductlon of flavo-prote1n- (ii) electron transfer from
L, .
reduced adrenodox1n reductase to adrenodoxln-‘(lll) electron
transfer from reduced adrenodoxln to cytochrome P—450’8cc |
‘9Rap1d-scan and tran51ent state klnetlc experiments w1ll

prov1de more exc1t1ng 1nformat10n about thls complex

electron transfer process and the 1ntermed1ates 1nvolved.

- L ——

e
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APPENDIX I

s

PURIFICATION OF CYTOCHROMES’P—4SOSAC‘

AND ADRENODOXIN*

'

" *These proteins were purified from beef adrenal glands  for
. the first time in this laboratory.by using established -
¥ p;océdures_reported;elsewhere.v In this ®*section the author
v‘ﬁdsfdQchibed,the‘details’of;thg purification procedures
_which might be of tfemend9051béhe£it‘for‘any}futufef”u
investigation. L e T T

—

S : '

o s



-~

-

' was carrled out at 0-4°C. Forty beef adrenal glands from

s

Purlflcatlon of . Cholesterol free Cytochrome P-450

N

Low-spin cholesterol free cytochrome P—4SO c was

o

purlfled from beef adrenocortlcal mltochondrla accordlng to

_the prevxously descrlbed procedure (l) The purlflcatlon

A

ffreshly slaughtered anlmals were collected Qt a local

»,-

‘slaughterhouse and brought to the laboratory on Lce . Fat

as carefully remoVed from the surface ‘of each gland whxch
as- then blsected longltudlnally, lald on alumlnum foxlp
”pslde down on lce.q The medulla (llght yellow coloured)’was
craped off . wlth a scalpel Followlng thls, the cortex was'"
craped and dut 1n ~l L of - O 25 MgsucrOse,'lo mM’ Na
phosphate, pH 7. 4< contalnlng 0.1 mM. EDTA (kept on ice).

The scraplngs were stlrred wlth a. glass rod and allowed to

stand for a while. . The supernatant sucrose solutlon was

v
N

dralned and more sucrose solutlon adged; this washlng

¢

'procedure was repeated for three or more tlmes to remove the

.

B fat, About 2 L of the accumulatéﬂ eucrose solutlon was

/l

added to the cortex scraplngs andlhomogenlzed 1n a- Waring

-

Blendor for 90 s.\ The homogenate was centrifuged at 2 200

i,

rpm for 10 m1n wlth a Sorvall GSA rotor to remove cellular

debrxs and unbroken cells. The resulting supernatant was‘

passed through three layers of cheesecloth and further

\

centrlfuged at 7 500 rpm for 30 m1n uslng the same rotor.,

P

The supernatant was then decanted with a. plpette and lipxds B



o
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"attached on the centrlfuge tube sides were wlped out by
) \

using KlmWipeS. The preclpitated mxtochondrlal frahtlon wus

.suspended in 10 mM Na phosphate, pt 7.4, 0.1 mM ETDA with a

Teflon‘homogenlter. This suspensxon wad_ allowed to stand for,

10 min and centrifuged. again'at 9,250 rpm for 20 min (using

N \
a Sorvall GSA rotor). Supernatant was decanted and

discarded. The mitochondrial pellet was resuspended in
0.1 M Na pyrophosphate, pH 7.4, with a Tefloh homogenizer.

The resultlng suspensiOn was allowed to stand for 10 min and

centrlfuged at 9 250 rpm»for 20 min. The supernatant was

discarded This procedure was repeated.onée. the pyro-

phosphatedﬁreatment was reported to remove almost all of tﬁe -
\contamihatiﬁo hemoglobin from liver.microsomes (2). The

resultiné mitochondrial precipitates were suspended in 10 mM

T |
Na phosphate, pH.7.4, 0.1 mM EDTA and centrifuged once again

as~above (at 9,250 rpn for 20 min). The precxpltates were

f1na11y respspended in the same buffer to a fxnal protein

’ i

concentratlbn of 25-30 mg/mL. Proteln concentration was

!

determined bytthe Lowry method (3). The purlfled
/

\ -

mitochondrla were then frozen in llquxd n1trogen and stored

at -20°C. - - | | '

.

Frozen mitochondrla (150 mL) containing .30 mg of

proteLn/mL were thawed and homogenlzed by using a. Teflon

»

homogenizer.‘ Protein concentratlon was ad]usted to 20 mg/mL

by 10 mM Na phosphate, PH 7 .4, 0 1 mM EDTA. The suspension

, L]
- . . . . o o



133

was then sonicated with a Branson Sonifier 350, in 80 mL
portions for 3 min. mDubinghsonication, the beaker was kept
on ice but thHe temperature rose to 21°C at the end of
sgnicatizn. A 10% neutralized Na cholate solution was added
d;OPWise with stirring to thg sonicate to a final cholate
concenﬂration of 1% (w/v) (O.§ mg of cholate/mg of

protein). The turbid mixture was stirred for an additional
60 min in the éold roém. This mixture was then centrifuged
with a Beckmgq L5-75 Ultracentrifuge using a’Type 42.1 rotor
at 37,000 fém for 60 min. fhree layefs were observed in the
ceqtrifuée tubes. - Supernatants were carefully callected and
saved, leaving the deeplx ¢ol§ured; fluffy, and tightly
packed sediment layers at” the bottom of the tubes. The

. My N ’
combined supernatants dtre called cholate extract (160 mL,

i

2145 mg of brotein).
The éholate extfact was diluted with an equal volume of
10 mM Na phosphate, pH 7.4, 0.1 mM EDTA. It was then placed
on a octylamine—Sepharoge column (2.6x13 cm)( préviously
equilibrated in 10 mM Na phosphate, pH 7.4, 0.1 mM EDTA.
The column was washed with 10 mM Na phosphate, pH 7.4,
c;ntéining'o.l mM EDTA and 0.5% cholate until no material
absorbing at thé 280 nm regiqn came out in the column
wash. Cytochrome P-4éo$cc was then eluted with 100 mM Na
phosphate, pH 7.4, 1 mM EDTA, 0.5% cholate, and 0.1% Emulgen

913. Fig. A.1l shows the first octylamine-Sepharose *column
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0 20 40 60

~ Fraction Number
Flrst Octylamlne Sepharose column elution
profile of drenocortlcal cholesterol free cfto~
chrome P- 4SQscc The solid line represents

'absorbance at 416 nm and the dotted line, the

| Pf4505cc assay. Cytochrome P-450, ., was eluted

(indicated by the arrqw) with“lOO mM Na

_.phosphate buffer;(pﬂ.7i4,‘l mM.pDTA, 0.1% A.

Emplgen §13, and 0.5% cholate. Fractions of"

14.3 mL were collected (0 95 mL/m1n) and the

active fractxons marked wlth the horlzontal bar

-

were pooled. For detalls see purxflcatlon of

cholesterol-free CYtochrome P-450 ; T

e
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elution profile of P-450 The eluted enzyme was

scc*
concentrated to a desired volume (10 mL) using an Amicon

PM30 ‘membrane at 25 psi niurOgen" The resulting concentrate
was then centrifuged at 20,000 rpm for 30 min (Sorvall S834
rotor) to remove the turbid material ‘which was formed durlng
concentration. The Clear supernatant was collected and
glycerol was added to give‘a'final concentration of 20%
(v/y). The solution was then dialyzed overnight against.l L
©f 10 mM Na phosphate, pH 7.4, 0.1 mM EDTA, 1 m
dithiothfeitol; and.20% glycerol. The resulting dialysate

is called the first column eluate (12.5 mL, 157.7 mg of
protein).‘ | .

The firsu column eluate was .placed on a seoono
o~tylamine~-Sepharase column (2.6x3.5'cmi whichAwas
equilibrated in 10 mM Na phosphate, pH 7 4, 0.1 mM EDTA and
20% glycerol. The column was washed extensxvely with the
same buffer until no absorbance>at 276 nm due to Emuloen 913”
was detected in the'washing.' The coiuﬁn'waswwashed again |
w1th the same buffer plus 0.5% cholate unt11 no protein was
'detected in the washing.: Fxnay};,oc}tgchrome P=-4505.. Qasl
eluted with 100 mM Na phosphate,- pu‘ 7.4, 1.0 mM EDTA, o}.sl%:
| cholaﬁe,‘o;i% Emulgen 913, and 20%'glycefol and the active
:fractions were oooled. The second octylamlne-éepharose

column elution profile of cytochrome P-450 c 18 presented

in Fig. 'A.2. The eluted P-450scc was then concentk&ted on
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Figure A.2 Second bctylaéipe—Sepharose column elution
profile of adrenocortical cholesterol-free

5 cytochrome P-450 c* “The solid 11ne represents
the absorbance at 416 nm and the dotted llne,‘
the P-450 assay. ' Cytochrome P—450‘ ae‘f
eluted (1nd1cated by the arrow) with 100 mM Na
phosphate buffer, PH 7.4 1 mM EDTA, 0.5% ‘
cholate, 20% glyceroi and 0.1% Emulgen 913.
Fractions of 7.6 mL were collected (O 76 mL/mln)ﬁ
and the actxve fractlons marked with the ”d,fﬂ
horizontal bar were pooled. See purifxcatlon of

cholesterol free cytochrome P- 450scc for -

detaila.i

a‘ P
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an Amicon PM30 membrane. The‘resulting céncentrate was

dialyzed overnight against 1 L of 10 mM Na phosphate, pH

‘7.4, 0.1 mM EDTA, 1 mM dlthlothrextol ‘and 20% glycerol.

The*dtaly“ate (6 mL), termed second column eluate‘(opcically
clear), was assayed for P-450 and proteln contents Second
column eluate was 1n a very few cases contamlnated with
P~420.. P-420 was removed by pa531ng the eluate through a |

short DEAP—cellulose (DE 52) colunn (1x8 cm) which was

previously equlllbrated with 10 mM  Na phosphate, pH 7.4,

.-

contalnlng 0.1 mM EDTA and 20% glycerol ,Purxfled

.cytochrome.P 4505 .. (5 nmol/mg of proteln),was stored‘under_

liguid nitrogen and retained essentially all its activity

after thawing. : e

?urification of Cholesterol—bound Cytochrome P-4SOSCC‘

ngh spln cholesterol-bound cytochrome P- 4505, was
purlfled from beef adrenocortlcal mltochondrla using
descr1bed methodology (4-5). 'All manlpulatlons were carrled
out at 0-4’6. Beef adrenocortlcal scraplngs (~1 kg froH 80
adrenal glands) were washed wlth several lltres of O 25 M
sucrose and homogenlzed with Warlng'blendor for 90 s. The
homogenate ua; centr1fuged at 2, 200 rpm for 10 mln w1th
Sorvall GSA rotor to .remove cellular debrls and unbroken .

cells. The resu1t1ng supernatant was passed through three )

layers of cheesecloth and centr1fuged agaln at 9 900 rpm for
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10 min‘(eame rotor). This supernatant, called SNADX
afterwards, was decanted and stored under liquid nitrogen
‘for adrenodoxin purlflcatlon.. The‘mutochondrial pellet was'
euspended to a f1na1 proteln concentratlon S6f 30- 40 mg/mL ln
_100 mM K phosphate, pH 7.3, 200 uM EDTA, left overnight in
'the‘cold'room.‘ The euspenslon]was then eonicated (Branson
sonifier 350) in 50 mL portions in ; lOO‘nL‘beaker kept on
" ice-for 5 min. The sonicated shepension:was centrifuged at
fll,OOO'rpm (Sorvall:GSA rotor) for 60'min}l The supernatant
. was discarded. The‘pellet was suspended in 100 mM K |
phosphate, pH 7.3, 200 pM EDTA by using a Teflon homogenizer
to a fxnal protein concentratlon of 20-30 mg/mL and stored
in 30 50 mL portlons under 1liquid nltrogen. oo

’ The mitochondrial pellet -(2,450 mg of protein) was
thawed and solubllized‘ln SOlmM K phosphate, pH 7.3,-100 pﬁ
EDTA, 100 yM dlthlothreltol (buffer A) at 15. mg proteln/mL
by dropwise addltlon of 10% neutrallzed Na cholate to’ a‘
final cholate concentratlon of 1% (w/v) (0 5 mg of.
cholate/mg of proteln) "The turbld mlxture was stlrred for
an addltlonal 1.5 h in thevcdld room.' Thls suspenslon Qas

centtlfuged w1th Beckman LS 75 Ultracentrlfure uslng a Type'

f42 1 rotor at 37 000 rpm for 60 m1n.“ Three layers were,

o o
observed in the centrlfuge tub 5 Supernatants were

leav1ng the deeply coloured,
i

-fluffy, and tlghtly packed sedlment layers at the bottom of,'

*carefully collected and saved,
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the tubes The combxned supernatants, were. called cholate
extract (170 mL, 1125 mg of proteln) .
Thls cholate extract was dlluted with an equal volume
of ice—cold water and placed on an anlllne Sepharose column
(2. 6x16 cm), previously equlllbrated thh buffer A. The

column was washed wlth 100 mL of buffer A and then w1th

100 mL of buffer A + 0. 3% cholate +.50 mM KCl Tne red band

mln the top quarter of the column was not shxfted whlle the

eluate contain hemoproteln wlth A at 414 nm. ' Cytochrome

max
P—450 c was then eluted from the column wlth buffer

(3N

A+ O 3% cholate + 1 M KCl fhe first aniline-Sepharose

column elutlon proflle of P- 450 gc 18 shown in Fig. A.3,
Fractions w1th Rrgo/A393 = 3.0 or less were pooled (71 mL,
590 nmol) and fractionated with ammonium. sulfate (25-45%).

pH.waslmainkained at 7.3 by dropwise addtion of 2 M NH,OH.

'Epr 25% saturation 9.514 g of ammonium sulfate.(134 g/L). was

added to the P 450Scc solutlon with stlrr1ng over a period

2
of 20 mln.‘ The suspen51on was centrlfuged at. 10 000 rpm

(Sorvall SS 34 rotor) for 10 min. Supernatant ‘was decanted

']172 mL) and then ‘made to 45% saturatlon by addlng 8 280 g of

‘ammonlum sulfate (115 g/L) The resultlng suspenszon was

centrlfuged agaln as above, the supernatant was d1scarded

nd the pellet was suspended in 10 mL buffer A+ 10%

l-glycerol. The solutlon (15 mL) was then dialyzed overnlght

. aga;nst 1L of the same buffer. -

&x

134"

\
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Fractnon Number

Firét an111ne—Seph§<:se column elution profile

140

of adrenocortical ch lesterol-bound cytochrome‘

,P 450 c+  The solid 11ne represents absorbance
at 280 nm and the dotted 11ne. at’ 393 nm. -
Cytochrome P—450 ‘was eluted (1nd1cated by the ,]v
‘arrow) w1th buffer A + 0 3% cholate + 1 M KCl.n
'Fractlons of 6. 5 mL were collected (1. 0 mL/mln)

.eand the fractlons w1th A280/A393 = 3 0 or less .

(marked w1th the horlzontal bar) were pooled.

'.:For deta1ls see purzflcatlon of cholesterol-

”f[' bound cytochrome P'45°scc°”

L]
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The resulting dialysate (324 nmol of 9‘45°§cc) was 1

applled on to second an111ne~5epharose column (1 6x10 cm)

y
\

“whiéh had been equlllbrated with buffer A + 10% glycerol
.Cytochrome pP- 450 co bound as a t1ght red band was - eluted
w;th buffer A +° O 2% cholate + 0.2 M KCl Fig. A 4 shows R
the second anlllne -~Sepharose ‘column, elution profxle of

cytochrome‘P—450 Fractlons wlth A280/A393 = 1. . 7- or less

scc*®

were pooled (36 mL, LSO nmol), dxalyzed overnlght agalnst

2 L of buffer A + 10% glycerol and-stored at -20 c.’

i

when-p—450 '. was: needed 10 15 mL of the above solutlon»b

‘was thawed and applled on . to an’ adrenodoxln Sepharose column
r
(0. 9x10 cm), prevlously equlllbratei with buffer A +,.10%

glycerol.‘ The:column was washeduwlth SOSmL of the same .
. : ) g ‘,. K . ; i L . o !
buffer and‘tnen P-450gcc was eluted with buffer A + 10%

| glycerol +.0. 4 M KCl collectlng 1.5 m fractxons. The

¢

ZEelutlon profxle of thls column is presented in Flg. A. 5.

“
* v

'ngractlons Wlth A280/A393 = 1.2 or less were comblned and’

'

‘f:concentrated to a desired volume u51ng an Amlcon PM 30'

— P

W*~“membrane (?5 p51 nltrogen) ' The resulting concentrate was

;‘mxdlalyzed for 3—4 h agalnst 100 volumes of buffer A+ 10% _°d‘

p

glycerol.. F1na11y,'P-450 concentratlon was determlned\

and the enzyme was stored at -20 C.,‘ﬂ“ U_3 .
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” ‘.F'r(:cti'on | Number

Figure'A.4 Second anlllne Sepharose column elutlon proflle

of adrenocortlcal cholesterol-bound cytochrome

Y

P—4"0scc ‘ The solld llne represents absorbance ﬁ’

dat 280 nm and the dotted llne. at 393 nm.
dCytochrome P—450 r‘was eluted (1nd1cated by the

Aarrow) w1th buffer A+ 0 2% cholat% + 0 2 M ‘/,
kKCl. Fractlons of 3 O mL were collected .

'(O 5 mL/mln) and the¢£ract1ons wlth A280/A393 —,;‘
1 7 or less (marked w1th the horxzontal bar)

were pooled. See pur1f1catxon of cholesterol-

'y

bOund cytochromé P 450scc for detalls._'ﬁlcdﬂf»-“
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Figure A.S. Adrenodox1n Sepharose column elutlon proflle of
‘adrenocortlcal cholesterol-bound cytochrome
- ’ / v,
o | 450 «.‘ The solid 11ne represents absorbance
¢ b o '
. i ‘at 280 nm and the dotted 11ne,/at 393 nm. -
(PR
e %}f 'Cytochrome P—450 was eluted (1nd1cated by the
N —,w‘ﬁ o .
- 5 N V.arrow) w1th buffer A + 10% glycerol + 0 4 M e
VFKCI. Fractlons of 1 5 mL were collected :
' ' . i3
O *~(0 5 mL/mln) and the fractlons with A280/A393
: ”u__l 2 or less (marked with the horizontal bar) f;~§
‘g‘~fr,gwere pooled.' For detalls see puriflcation of o
RN ”fcholesterol-bound cytochrome P-45050c., R
',‘ | “l‘ (\ i‘l ‘v;‘~“§ ‘v: ‘y ‘ ;-. ;.. l',-: . " “.v‘:.‘:,‘“.:"-‘ ‘I \ ’;".
-v,I ;‘ \‘ ‘;I“ . B K T ‘I, P RN . ~l ! " "A ) N - .
. \

143




144

‘Purifgcation of Adrenodoxxn : “ R “ o

Adrenodoxin (ADx) was purlfled from beef adrenal glands
as descrlbed previously (5 6) The purlflcatlon was tarrled
out at 0—4 C- The frozen supernatant SNADX' (2 300 mL),
obtalned from the mltochondrla preparatlon for cholesterol~
bound cytochrome P~ 4505bc, was thawed in the cold rooum And
'suspended 1n 0.05 M K phosphate, pH 7. A. . The suspenslon was

’ flltered through double 1ayers ‘of cheeseoloth to remove fat

|

. and then sonlcated (Branson Sonlfler 350) in 150 mL portlons

+

in a- 200 mL beaker kept on 1ce for 1 mln. The sonlcated
'suspenslon was flltered through double layers of cheese~

, [cloth. To the‘fllv%ate 300 mL packed volume of prepared

\

‘4
.HDEAF-cellulose (DE 52) were added and stlrred overnlght in

‘the.cold-room.f The cellulose wlth ADX was recovered by

A

 centrifugation at 2 200 rpm (Sorvall GSA rotor) The

prec1p1tated cellulose mass .was then suspended 1n l L of

10 mM . Trls, pH 7. S, lOO mM KCl and centrlfuged agaln as
vabove.d‘The resultant precxpltate was resuspended in 1 L of
" the same buffer and flltered through Buchner funnel (u51ngl

10 cm Whatman #541 fllter paper) under vacuum.' Absorbed ADx

fﬁwas washed w1th 2 L of 10 ‘™ Trls, pH 7 5,‘100 mM KCl, untll e

’lthe wash was colourless and flnally, ADX was eluted wlth
,.10 mM Tris, pH 7 S.‘O 5 M KCl. The dark brown coloured
9ieffluant was collected (1 300 mL),,stored overnight 1n the

:”cold room, and then dlluted four-fold w1th 1ce-cold

./.‘,‘
i et
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'd%stllled water and loaded on to a DE 52 column (2 6x17 cm)

w?xch was prevlously equxlxb:ated th@ 10 m Tris, pH 7. 5
. 1bo M Kel. The column was washed with 400 ML of 10 M

Trls, pH 7. 5, 125 mM KCI, and the brown proteln ‘was then

1

/ eluted wlth 10 mM Tris, pH 7. 5, 350 mM KQl

"\\ o The eluate (370 mL)"~ was stored overnxght in the cold
\x\om and fract;onated thh ammonium- sulfate (50-95%

]sa{uraxgon) (p1 was malntaxned at, 7.5 by dropwlse addxtlon
o‘of 2 M QNAOH) For SO% saturatlon 107 67 g, ammonium' sulfate

(291 g/L) {was added over a perlod of 20 mxnlend the - "
»lsuspenslon was centrlfuged at 11 OOO rpm’for 10 mln (Sorvall

GSA rotor). The supernatant (415 mL) was then made 95% 'g‘Lf

saturatlon by addlng 127 82 9 ammoni um sulfate (308 g/L) and

centrlfuged aga-q as above.‘ The pellet was suspended in o
. : mo

'ﬂ1zo mL of 20 mM- Trl ; pH 7. 5,,125 mM KCl and the s%?penslon .

dA(QB.O mlL) was loa ed on to a Sephadex G~100 column‘ M
 (2 6x60 cm), pr‘vxpuslj equ}lxbrated wlth 200 mL of 20 mM
‘Trls, pH 7.5, 1}5ﬂﬁﬂ"KC1 and was eluted w1th the same buffer
collectlng 4 5 mb,fn@ctlons. Theiﬂarkest fractlons were
pooled (55 mL) and dlluted wath equal volume of 1ce-cold
. Yo
. dlstllled water;neADx solutrbn was loaded on to second DE 52,

'|a column (0 9x10 cm), prev1ously equ111brated w1th 10 m Trls,uuv

7:”‘pn 7. s, 62 5 mM xc1. on was eluted w1th 10 mM Ttls,‘pH

‘7 S 0 5 M KCl dxrectly on to a ;ephadex G-SO colpmn g

‘}(1 6x85 cm) whlch had been equ111brated w1th the same:
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buffer. The brown protein was eluted with 10 M Trls, pH

7.5, 0.5 M KC1, and l ‘4 mL frattions were collected at 20 cm

head pressure Colou}ed fractxons were, numbered (1-25) ‘and

fractions with A280/A415 = \.5-2. S were pooled (20 'mL),
‘

.dL&uted flve—fold with 10 mM Tris,«pH 7. 5 ~and then loaded

on to third DE 52 column (0.9x7 cm) equxlxbrated with the
eame buffer. ADX wds eluted from this column with 10 mM

Tris, pH 7.5, awS M KCl1 d4i ctly Oon to 'second Sephadex G- 50

column (the same column“ué'#>before), prevxously

; »’

%equllxbrated wlth the above buffer. 'ADX was_eluted using

the same buffer and 1.4 mL fractions were collected This

procedure was nepeated dnce more with third Sephadex G-50"

column.. Flnally, ADX fractlons (eluttng from’ the third G-50

.

cS}umn) wlth AQBO/A415 1 3 or less were pooled (6.2 mL) .

Uy,

F&g. A.6 shows the chromatography of adrenodox1n on Sephadex

: G—SO. The purxfled ADX was dialyzed against 1.2 L of 10 mM

-

Trls. pH 7. 5,, for 6 h and stored under lxquxd nltTogen Th%e

- . ‘
concengratlon of ADX was established using an extinction

coefficient of 11 mM~ cmj;“at 414 nm (7).

™. . o, IR
A N - -

.

—~Other Procedures . - \ : N N

D \ . ~
.g: ! .

Synthesis of ociylamine;Sepharose 4B .

Octylamine-Sepharose geluyas prepared by a modlflcatlon

- of the described procedure (l). CNBr-actlvated Sepharose 4B
* . {4
‘was used as a starting gel 1natead of Sepharose 4B. 25 g ©of

-~ ’.

v . N .
. N *

LS. . PS
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Figure A.6 Chromatography‘of adrenodoxin on Sephadex G-56?
The solid lines represent absorbaqce at 280 nm
and the dotted lines, at 415 nm. Procedures ére
described under purificatién'of adrenod&xin. A,

»B and C are the first, second and thlrd Sephadex
K G—SO columns elution profiles, respectlvely, of
adrenodoxln. Actlve fractlons marked with the .

hOtlzontal bars. were pooled.



148
freeze drieu CNBr-activated Sepharose 4B powder was weighed
out and swelled for 15 .min in 150 mL of 1 mM HC1 at room
' temperature. The suspension was washed with 4 L of 1 mM HC1
in‘several additons on a Buchner funnel (sintered glass,
porosity D) followed by 150 mL of coupling buffer (40%
dioxane, 60% 0.1 M NaHCO5, pH 9.0) and transferred |
1mmed1ately to a beaker containing 200 mL of ligand solutlon

(1 M octylamine, 40% dioxane, 60% 0.1 M NaHCO,, pH 9.0).

temperature.

The gel was gently stirred for 2 h at roo
Octylamine-Sepharose gel was then wash successively with

500 mL each of 40% dioxane solution; wa i 0.1 M NaHCO3, pH

4 |

9.0; 50 mM NaOH and water. To this washed gel, an equal
volume of blocking solution (1 M glycine in 0.1 M NaHCOé
buffer, pH 9.0) was added and the suspension was stirred at
room teméerature férui:ﬁ ée/;eaet with thelresidual
activated Sepharose. Tue gel was waéhed;alteruately with
three cycles of 0:1 acetate‘(pﬂ 4.0) and 0.1 M NaHCO3 (pH
9.0) vbuffers containing 0.5 M ‘NaCl. Fiually, the
_bctjlamineASepharose gel was’ekteusively washed with water
and stored in 10 mM Na phosphate, pH 7.4, 0.1 mM EDTA, 0 02%

codiur azide in ‘the cold room.

.
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Synthesis of Aniline—quhérose?4B
' Aniliné—sépﬁhrose was‘prepared according to the
described methodology (5) by a slight modification for‘CNBr~
. activated ‘Sepharose 4B. 30 g of freeze-dried CNBr-activated
Sepharose 4B powder was weighed out and- swelled for' 15 miﬁ
in 200 mL of 1 mM HC1 at room'iemperature. The suspensibn
‘was washed with 6 L of 0.1 mM HCl in several additions on a
Buchner funnel (sintered glass, porosiiy D) followed by

200 mL of coupling buffer (0.1‘M NaHCO3, pH 8.3, Q.S~M NacCl)
aﬁd‘then transferred to a beaker coﬁtaining 200 mL of ligand
solution (10 mL fre;hly dicstilled aniline in 190 mL bf__
c&upling buffer)- After étirring overnight in g%e cold
room, the An}line—Sepharose gel was washed successively with
500 mL each of coupling buffer, water and'cqupling Suffer.
This washed gel was transferéed to a begker containing

500 mL of blocking solution (1 M giycine, Q;l M NaHCO,, .pH
B.3) and gently stirred at room temperature for 1 h to reéct
with the residual - actlvated Sepharose. The'préduct was then
washed alternately wlth three cycles of 0.1.M acetate.(pH

4.0) and 0.1 M NaHCO3 (pH 8.3) buffers contalnlng 0.5 M

NaCl. Flnally, the anlllne Sepharose was washed extensively

- —

with water and stored. in the,cpld room in 50 mM K phosphate,
pH 7.3, 0.02% sodium azide.

e g
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4_ynthesis of Adrenodoxln-Sepharose 4B

Adrenodoxxn(ADx)-Sepharose was prepared by usxné/CNBr—
actlvated Sepharose 4B accordlng to the prevxously descrlbed‘
procedure (5.8). 2 g of»freeze;drled CNBr-activated =~ o’
Sepharose pOWJer was swelled for 15 m1n in 20 mL of 0 1 mM 7
HCl at room temperature. The suspension was washed with | -
400 mL Qﬁ 1 WM HC1 1n”8everal additions on ahBuchner funnel
(sineered glase, porosity b) followed by 30 mL of coupling
buf;er (0.1 M NaHCO3, pH 7.8, 0 4 M NaCl) The.gel’was.then '
transferred to a beéﬁer contalnlng 25 mL of coupllng
buffer.‘ Meanwhlle a solution of ADX (6 .mL, 1.9 pmol with_
A280/A414'= 1.2) was dialyzed against 500 mL of 0.1 M
NaHCOg, pH 7.8, 0.4 M NaCl for 16 h .in the cold room. This
dialyzed ADx—solutxon was added to the beaker contalnxng the
gel and the. coupllng was performed in the cold room w1th
' gentle stlrrlng for 40 h." The slurry was then filtered‘
under vacuum and washed with 50 mL of coupllng buffer.

After flltratlon, the gel was stlrred w1th 30 mL of blocklng
solution (O 5 M glyclne, 0. 1M NaHCO3; pH 7. 8) for .4 h in |
the cold room. ADX-Sepharose was washed alternately w1th
three cycles of 0.1 M acetate (pH 4. 0) and 0.1 M NaHCO4 (pH

7. 8) buffers and then w1th water.’ Flnally, the gelwas -

'stored in the cold room in 10 mM Tris, pH 7.5, 0 5 M KC1,

'0,02% sodlum azlde.



151

‘Ihﬁediately after using a column, 10 mM‘Tris, pH 7.5,
0.5 M KCl, 0.02% sodium azxde, was . run through the column to
| prevent bacterial growth.

-

Assay of’ Cytochrome P 4'50scc

A few grains of sodium dithionite were added to a
‘ sample of P-4504.. in a‘buffered solution containing 10 mM
Na(K) phosphate, pH ‘7.4, and 0.1 M EDTA. The resulting

Lo
'rednced,P—4SOscc was divided into two cuvettes and dne of
the cuvettes was then bubbled with carbon monoxide for about
30 s. The‘difference spectrcm.was'recorded on a Cary 2&9

spectrophotometer{.and the concentration of‘P-450 was

ccC
then calculated with the use of an ‘extinction coeffxclent of

!,

21 m"l—l cm -1 for A450—A490 (9)

. >
0 ' L]
f

Determination of Protein Concentration; by the Lowryb
N

Method (3)

Reagent A, 2 percent Na carbonate in 0.1 M Na'
hydroxxé%’ Reagent B, 0. 5% copper sulfate (CuSO4-5H20) in
1.0% K tartrate. Reagent C, Folln-C1oca1teu 8 phenol
reagent. Standard protein solutlon (8. 36 mg bov1ne serum

” albumln/mL) | .
‘ N~
- Ten dlfferent worklng standard solutlons were prepar‘ﬂ
from the standard proteln solutlon diluted to. 1- to-

10-fold. 2. 5 mL of reagent A and IOO-uL protein solutlon .
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were added to 2.5 mL ofvreagent B'in a test tube After lO
Jmln 0.25 mL of Folln reagent (reagent C) was- added to the
'test tube ‘and allowed to stand‘for 30 nun. The absorbance
of. thls solution at 500. nm was then determlned on a Cary 219
spectrophotometer. The procedure was repeated Wlth each of
the above standard protein solutlons and then a standard |
curve (Fig. A.7) was constructed by plotting the absorbance‘
Ias a functlon of the concentratlon of the protein (mg/mL)
’By u51ng tn> same’ procedure the absorbance due to the
unknown protein solutlon ;was determlned under 1dentical

‘ condltxons.‘ The concentration of ‘the protein was then

calculated from the standard curve.
. \-, * ' “‘ ' . ) o

Removal of Emulgen 913 from the Purified Chdlesterol-free

Cytochfome P-4SO

Before the removal of Emulgen §l3,.the cholesterol free
cytochrome P--450Bcc sample was 1n pure low—spln form as —_
Judged by a v131b1e absorptlon spectrum._ In thls stage, thev
'a enzyme could’not be converted to hlgh—spln form e,gn 1f a’
saturated amouhtiof cholesterol was added. Thxs is due to
" the inhlbitory~effect of Emulgen 913 agalnst substrate B
x;tbindlng (10) Thus. 1t was necessary to remove Emulgen 913

vifrom the purified cholesterol-free cytochrome P-450Bcc to

o

.study the effect of cholesterol blndlng. : f;‘ "f;"’ﬁ s
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s

Standard curve- standard solutxons of bov1ne

serum albumln lO 836 mg/mL - 8 36 mg/mL) were f

us d*igaconstruct the curve by plottlng the

.absorbance at 500 nm .as a function of protelnlv'

vcontent (mg/mL) dj o L Qﬂ‘
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Emulgen 913 1n the purlfled cholesterol free sample was
;removed by treatment with Blo—Beads SM2 a natural porous
styrene*d1v1nylbenzene copolymer (11 12) Pr1or to use,_the
b‘oeads were yashed‘w1th 2—3 bed volumes of lOO‘mM Na; :
pnosphate, 1ymM EDTA, 20% giyceral.(ps 7.4) rollowedrby‘2—3
hed‘molumes of water."lo,g of these moist headSVWere‘pached
in a column‘(lrzo‘cm) avolding formation‘of‘air pookets.
éonCentrated‘P—450 cc Solution was;then placed on thevtop of
1.the‘col0mn. Cytochrome pP- 450scc was eluted wlth 100 mM. Na
phosphate, PH 7. 4 contaxnlng 1 mM EDTA.YZO% glycerol; The
resuiting'P—450 ce fractions were concentrated in the Amlcon
cell w1th a PM30 membrane to desired volume and stored under

fllquid nltrogen. Thls sample was ' in a pure low spln

-

_cholesterol -free form and practlcally free from’ Bmulgen 213
as Judged by the absorptlon spectra in the u1trav1olet
reglon (1 e.h absorbance at 276 nm due to Emulgen 913)

C .

‘sPreparation‘othEAE;Cellulosep‘Sephadex G-100‘éha G-50

..i‘ DEAE-cellulose (DE 52) ‘was prepared by suspendlng 60 g
kof DE 52 (preswollen, m1crogranular, Whatman) in. 1 L of 1M
‘fTrls. pH 7 5, for 15 mln. The pH of the slurry was adjusted-:
to 7.5 u31ng Trls-base. The suspen51on was then washed wlth*

"several litres of 10 mM Trls, pH 7.5, u81ng Buchner

““_funnel. F1nally. the slurry was equlllbrated with 10 mM

“f‘Trxs. pH 7 5. 100 mM xc1. s,vh'.-w:.‘=f'.-n’f : ”-‘ Col ‘I‘\



125 mM KCI by heatlng 20 g of the gel (superflne Sephadex

lQO Pharmacla Frne Chemlcals) 1n a boxlxng water bath for

. .V'— ' ' . . Lo K .
. W - ' S O ' . "
. . T ," ' s [ . : :
‘
. by
1

[N

'ﬂﬂﬁa‘ﬁi Sephadex G- 50 was prepared in- 10 mM Trls, pH 7 5 by

X

heating ~20. g of the gel (superflne) in a boilxng water bath

'n
'

i fOf 1 h’. e 4 ' ‘ o l. "
“Materials °* . = . . ' oo e .
“—**r“‘—r ‘ . o

CNBr-actlvated SepharOSe 4B Sephadex G 50 and Sephadex

i

'“‘G 100 were purchased from Pharmac1a Fine' Chemlcals.‘

Iy

B;OoBeads SM2 and DFAE-cellulose were from Bio-Rad
T

i

‘; anxlxne, and Folln Clocalteu s phenol reagent were - from

Slgma.‘ Emulgen 913 was . from Kao-Atlas (Tokyo, Japan) and

Arbovlne serum albumln from Pentex (Kankakee, Illanls) All

Cholesterol free cytochrome P 4505cc‘are shown in Fig.

A 8.‘ In the spectrum of tbe oxrdlzed form, a maximum was

P o

3 o
} R :

, : SV L
DA | Lo 155
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Lk o . .
et Sephadex G- 100 was prepared in 20 i Trxs, pH 7 5, i”'
SR \ |
\

‘,

"f Laboratorles (Callfornla) and Whatman, reSpectlvely. ‘SodiUm‘

other reagents were of the best grade avallable from7 .
commerc1al sources..ﬁ. m*h_ﬁ.‘?‘*fV' . ’
ﬂ Absofptlon Spectra of Purlfxed Cytochromes P- 450scc ‘and |
?g Adrenodoxln:ﬁf *"Tthfﬁvtf;" ;;E;fymsn,;q;t”‘ T y
The absoiute spectra of varxous forms of the purifxed

'

cholate, sodlum pyrophosphate, dlthlothrextol n—octylamlne,‘~
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°Abos~:zéo soo
Wavelength (nm )

Absorption spectra of varlous forms of purlfled v

”cholesterol free cytochrome P—450Bcc (0 51 pM)
= at 25 C 1n 10 mM Na phosphate buffer. pH 7 4,

’f}and 0 1 mM EDTA-'(a) ferrlc cholesterol freef"[

form. (b) dlthionite reduced form. and

(c) ferrous carbon monoxide-complexed form. rj"

el



'

seen at 416 nm in' the Soret reglon.‘ Upon reduction of the
proteln by SOlld sodxum dlthlonlte, the absorbapce of the‘
. BN . , !

"Soret band was decreased wlthout shlftlng the maximum"

|
.

‘wavelength. The spectrum of the CO complex of the reduced

o ‘\,_\. ..r

‘P-4SOS ‘showed a peak at 450 nm wlthra sllght shoulder at

o

J\f4?0’nm.. Thls shoulder was not detected 1n therreduced co

]

. !
, "dlfference spectrum (Flg. A. 9) . Addltlon of cholesterol to‘

‘ N
l'cholesterol free cytochrome P- 4‘30scc (Emulgen 913 depleted)

resulted in a decrease ﬂ/\gbsorbance at 416 nm and an
o ' o

filncrease 1n absorbance at 393 nm with 1sosbest1c points at
'406\nm and 457 nm (Flg. A. 10)h produc1ng cytochrome P 450

fin the hlgh spin state.h These data are in falr agreement

( a
»

'-'with those reported earller (1 13)
\ " )
e Flg.»A 11 shows the absolute Spectrum of purlfled

PR

cholesterol bound cytochrome P 450 w1th absorptlon

maxlmum at 393 nm 1n the Soret reglon and an A280/A393 ratlo

v
i

of 1. 2 e The absorbance ratlo of 1 2 corresponds to 13 nmol

P 4SOSCF/mg proteln as determlned by the Lowry assay (3) and
l;the reduced-co dlfference spectrum (9) ' Thls data 1s in_
fgood agreement wlth those reported elsewhere (5 14)

Q

;j The abéorptlon spect;:;/aﬁ pur1f1ed adrenodoxln 1s

"“ presented in. Flg.‘A 12.“ ere are. absorptlon maxima atr

‘? 455 nm and 415 nm, wlth\a broad maxlmum at 320 nm.,:

L
' ok \
SO )

«
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“400 750 500"
Wavelength (nm)

i'Flgure A 9 leference spectrum of carbon monoxlde-complexedf"

”Fversus reduced cholesterol free cytochrome Lo

£ e —

”'"p 450Bcc (o 51 pM) at 25° c ;n 10 mM Na phosphate; o

\ “;buffer. pH 7. 4.,and o 1 mM EDTA
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Absorban ce

AOO 5@0‘

@ Wavelength (nm)

Flgure A.10 Spectral chahges on addrtlon of cholesterof toj

'low—spln cytochrome P-—450 ce at 25°C., Fivnal

concentratlons were 1. 76 uM. cytochrome P~ 450§éc,*

r"[ gI‘ B ~"20 pM cholesterol. Spectrum (a) low—spln
| cholesterol-free cytochrome P 450scc and

\(b) hlgh—spln cholesterol-bound cytochrome

"P-450 »were recorded after 1ncqbat10n for 17

\)

| “vhoursﬂ 2t 25°C in 10 w1 Na: phosphate buffer. pu ;
o 7 4 and 0 1 mM EDTA.ﬁ': fjer“ - .

YR
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.

= Absorbance: °

102

/
cytochrome P-450

300" %00 soo'
WaV?thgth (nm ) -

. Fxgute A 11 Absorptlon spectrum of ferr;c cholesterol-bound

//\

S - (0.69 pM) at .25°C in. 10 mM K
 1 ) Phosphate. pH ‘7, 32, 0.1 mM EDTA. = .. o
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' Figure A.12 Ab:sorptior_l spectrum of purified adrenodoxin

(21.8 uM) in 10 mM Tris, pH 7.5.
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APPENDIX 11

_BASIC" EQUATION FOR PSEUDO-FIRST

ORDER KINETIC MEASUREMENTS

-
«
P
¢
‘.
t
\
&
-
- "\
"
)
v
. .
-
\
’ : >
A e



| . o 1S

) : -~ ’ L
ALL klnetxc experiments, descrxbed in this thesls,,Were

»performed on the stopped- flow spectrophotometer under

pseudo-first order condltxons;--The basic kinetics‘can be

[

explained by considering the reversible formation of a

complex, ES, between an enzyme, E, and a substrate, St

|4l

ok W
1] B + Sz===.ES
-1 “‘I(" . A A
. . o RV,

(2 - %522 = % (EI(s] - x_,[ES]

If the total sibstrate éoncentrat;on, [S]O,vls much greater
than the totél enzyme concentratlon,,[BJ it can be as;umed”
to remain const;ht durlng the‘course of 'the reactlon. The

. it f
reactLon ROW beEOmes ps;ugo—flrst.ogder, and the pgeudo—

‘first order rate consténﬁﬂ\ki‘=_ki[51{ Then equation [2]

. . - - '
bhecomes . . . - .
631 - d[ET] = k;[E] (ES] LT <
dt - 1 : -
.At,eQQii}brium;' - dgfj = 0-and ‘ ~ ) ,
I L
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k! [ES] . '
(5] Ko=g™ =g .
-1 Pt

also,from stoichiometry,
(el ~ (), + [es], = [E] + [(ES]_ = [E] + [ES]

. : -
 Substitution offequationslfsﬁ‘and [6] into [3], and

rearrangement - affords the relation:

C_QLE) e
Integration betwee®the. 1“imit|£s' (frorn t.=o0 to t = t) gives
tE} - [E]_ D .

(8] ©o4n [E} [E] = -(k +'k_r)t

i ' .
- . d .
- . . : . ot ' /
. | .. . . . . - ' . ) '
‘ . MR v S

ta 2 - .
R AN S : . . . e P . A
! ’.‘;“"\" ! . - ' v e Y . .
M N

In thé stopped-flow experlment, the férmatlon or: decay of a
‘gs:.ngle relactant specxesnls observed by measurlng the
. l -
"’,absorbance as a funct1on of tlme.. 'I'he absorbance, A, is
“élrectly prOportlonallto concentratlon,‘ ",c” accordmg to

Beer s law. ‘:"“A abc, s:.nce "a",’fthe molar absorpt:.v:.ty,,. 1s

?a constant, and»? "b" ; the path length through the&solutLOn,

. ﬂ
: 'v

_'13 also constant. 'l‘hen equatlon [8] becomes
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A-A . o
| Aan g = ok ke
J , o - ©
/ ;
"‘or.
. ' ‘ ! . a ‘. l D ‘ con
(since ki = kl‘[S])' . K | ‘ 1 | B .
" Equation [9] can also be Writf_enpas L "
! . - . 1 o " \
. - ! , . “ .“ | ‘v N ‘pl 1 ‘
, . ' . - , + _ .
1_ o AAt = AAO e (klfS] "k,--l)t
) ~ ’ o \ ‘ i@:
or . .
{10] = pAA e Kobs *t , where ! ’
i o .
.l/ | i : ! - 'Y 1Y ‘\
‘F}}J kobsvl klESJ" k—l IS
/ . R ) “ | -, . ) “ | ) . - " | ‘.- "
» et ! ' N N ' ‘\ .

The observed rate constaﬁt kobs' 1s calculated from the

N t1me dependence of the absorbance changes by non-linear

"ﬁleast squares analysxs of ‘e uation [10] ' The values of

-

) \

reverge rate constant,-k;l, are then calculated from the

~

&

slope andf1ntercept,‘reepectively, oﬁ the plot of kobs




