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by HSIN-HSIUNG TAI

(Under the supervision of Professor Charles J. S8ih)

3,4-Dihydroxy—9,lO-secoandrosta—1,3,5(10)-triene-
9,17-dione~4,5-dioxygenase was purified to a homogeneous

state from Nocardia restrictus. The molecular weight of

the enzyme was estimated to be around 280,000 from
sedimentaﬁion equilibrium and sedimentation velocity-
diffusion data. The physicochemical properties
described include: sedimentation coefficient
(Szo w = 10.28 s)~ diffusion coefficient (Dgo’w =

o
3,42 x 10~ =7 cn®sec 1) Stokes' radius (a = 62.5 A);
frictional ratio (£/f, = 1.47); and apparent partial
_1)

specific volume (v = 0.733 ml g . The enzyme has an

ultraviolet absorption maximum at 280 mp, and the

0.1%

1 cm) is 0.93. Quantitative

specific absorbance (E
analytical data show 1l.13 g-atom of ferrous iron and

9 half-cystinyl residues per mole of the enzyme.

Metal-chelating agents, including o-phenanthroline,

8-hydroxyquinoline and of yot' =dipyridyl, inhibited the
enzyme, and the inhibition was noncompetitive with
respect to both organic substrate and molecular oxygen.
Sulfhydryl inhibitors also inhibited the enzyme at the

concentration of 1 ml.
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Substrate specificity studies indicated that
substitution of an alkyl group at a position adjacent to
the dihydroxyl group was required for maximal activity.
Introduction of a bulky alkyl group at other positions
rendered the substrate less reactive.

Kinetic studies with steroid dioxygenase gave
intersecting initial velocity plots that conform to a
sequential mechanism. Linear noncompetitive product
inhibition patterns were observed with respect to
either substrates indicating the formation of a dead-end
complex. A structural analog of the organic substrate
inhibited the enzyme competitively with respect to the
organic substrate as expected, but inhibited the enzyme
uncompetitively with respect to molecular oxygen.

These results are consistent with an ordered Bi-Uni

. mechanism where molecular oxygen is added first,
followed by organic substrate, and the product is then
released. Detailed snalysis of the kinetic data
suggest the existence of a dead-end enzyme-oxygen-—

product compiex.
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INTRODUCTION

Among the most important biological conversions in
the initial stages of metabolism of many substrates are
those in which molecular oxygen is incorporated into
substrate molecules.l The enzymes that participate in
these oxygen-fixing reactions are generally termed
oxygenases (1). For convenience, oxygenases can be
divided into two groups. Those which catalyze the
incorporation of a single atom of molecular oxygen into
substrates are termed monooxygenases (2), while those
catalyzing the incorporation of both atoms of molecular

oxygen into substrates are referred to as dioxygenases(ZL

S+02———-) 802

Dioxygenases

S+02+H2A———> SO+H20+A

Monooxygenases

Here S is the substrate and HQA is the reductant. 5
Monooxygenases are involved in the metabolism of a
wide variety of substrates whereas dioxygenases are
primarily concerned with the transformations of aromatic
amino acids and phenolic compounds (3). lMore recently,
several mammalian dioxygenases have been shown to

participate in the biosynthesis of hormones 4),




vitamins (5,6) and other physiologically active
 substances (7). However, the concentration of these
enzymes in tissues is low and, therefore, it is usually
difficult to obtain mammalian dioxygenases in large
quantities. On the other hand, dioxygenases in
_microorganisms are often inducible and thus serve as a
more suitable starting material for énzyme studies.  In
fact, several microbial dioxygenases have been highly
purified, and some of them have even been crystallized.
Although the general properties and the reaction
mechanisms of dioxygenases have been studied in some
detail, the kinetic mechanism—namely the order of
addition of organic substrate and oxygen to the enzyme,
has been a controversial issue.

" This thesis is divided into two parts: Part one
deals with the purification and physicochemical
properties of a steroid dioxygenase; Part two is
concerned with an analysis of the kinetic mechanism of

this enzyme by means of steady state kinetic studies.




LITERATURE

During the course of investigation on the
metabolism of various aromatic compounds, especially
aromatic amino acids, a number of enzymes have been
described which catﬁlyze oxidative cleavage of the rings
of these aromatic compounds. H#jaishi and collaborators
first demonstrated the novel characteristic of such
enzymic reactions through the use of the heavy oxygen
_isotope, ol8 (2). They showed that the cleavage of
catechol by the enzyme pyrocatechase involved the
wtilization of molecular oxygen and not the oxygen of
water. Subsequently, it was established that both
oxygen atoms in the product were derived from the same

oxygen molecule (8).

Although dioxygenases are also capable of
catalyzing the cyclization of unsaturated fatty aéids @)
or the cleavage of alicyclic rings, the majority of
dioxygenases thus far discovered are concerned with the

fission of aromatic rings or "phenolytic" (3).

B




Phenolytic dioxygenases may be divided into three

subclasses according to their substrate structures:

I. Catechol Dioxygenases

When o-dihydroxyphenyl compounds are cleaved by
the action of dioxygenases, two modes of ring fission
have been demonstrated: intradiol or extradiol types
(9,10). Iron has been found to be a sole cofactor in
these dioxygenases, and its role in these reactions has
been extensively studied (9-13). Regardless of the
valency of the iron, it was suggested that iron plays a

catalytic role by interacting with substrates (10,11,15,1#).
A, Intradiol e ocatechase type

This type of enzyme catalyzes ring fission between
two adjacent carbon atoms bearing hydroxyl groups. Two

enzymes of this type have been extensively studied.

1. rocatechase (Catechol 1,2-dio enase

Pyrocatechase was first isolated from

Pseudomonas in 1950 and was shown to produce cis,cis-

muconic acid from catechol (15).

3 : 7~ “tooH
* 03 ~. _LooH




Purification of this enzyme has been obtained by
several groups from different sources (16=20).
Pyrocatechase was found to contain 2 g-atoms of iron
per mole of the enzyme, but the molecular weight (M.W.)
of the enzyme varied from different sources. For
example, 95,000 from P. arvilla (19), 100,000 from P.

~ fluorescens (20) and 78,000 from B. fuscum Q). *The

-

enzyme shows a distinct red color with a broad
absorption peak at 440 mp and a sharp electron spin
resonance (ESR) signal at g = 4.2, which were interpreted
to arise from ferric iron bound to the enzyme (10,11,19,
21). Titration of the enzyme with the substrate,
catechol under anaerobic conditions, suggested that 2
moles of catechol combined with the enzyme (14)., A
reaction mechanism has been proposed by Hayaishi (2,10)
involving a four-membered ring peroxide intermediate and
subsequent shifting of electrons results in the ring
fission product. Km's for catechol and oxygen were

found to be 5 x 10”7 M and 2 x 1072 M, respectively (18).

2. Protocatechuate 3,4-dioxygenase

Protocatechuate 3,4-dioxygenase, first -
studied by Stanier and Ingraham in 1954 (22), catalyzes
a similar oxygenation reaction with protocatechuate to

form p -carboxy-cis,cis-muconic acid.




HoOC,
HoO A ~ XooH
» e 0y >\ cooH

A nuﬁber of investigators have described various

. methods of purifying the enzyme from Pseudomonas (22,23),

Nocardia (24) and Neurospora (25). Crystallization of

.~ this enzyme has been achieved by Hayaishi's group from

P. aeruginosa (26,27).

Protocatechuate 3,4-dioxygenase resembles
pyrocatechase in many aspects such as the visible .
spectrum, the ESR spectrum and the valence state of
iron (14,26,28). The enzyme from P. putida has a IM.W.
around 420,000 (23), while the crystalline one from

~ P. aeruginosa has a M.VW. estimated to be at

700,000 (27). The crystalline enzyme was found %o

~ contain 8 g-atoms of iron per mole of the enzyme.

Both electron microscopy and dissociation in dilute
alkali indicated 8 subunits (9,14). The enzyme

~ exhibited high specificity with respect to proto-

 catechuate, while catechol or its alkyl derivatives were

slightly attacked (27). Km's for.protocatechuate and 0,
were found to be 3.0 x 1072 M and 4.3 x 1072 M (27).




B. Extradiol type (lMeta ocatechase

This type of enzyme catalyzes ring fission of
catechol or its derivatives between a hydroxylated
 carbon and an adjacent carbon atom < bearing hydrogen

 or other groups.
1. Meta ocatechase (Catechol 2,%-dio enase

This type of enzyme was first described by
Dagley and Stopher in 1959 (29) and was found to

catalyze the conversion of catechol %o o =hydroxymuconic—
€ -semialdehyde.

The enzyme from P. arvilla was found to be

~ extremely unstable in the presence of air by Hayaishi's
group and attempts to purify it appeared to be

: hopeless (30)., However, they later reported that low
concentrations of organic solvents such as 10% acetone
-‘could protect the enzyme from inactivation. This key
_observation has led to the crystallization of this




dioxysenase (31,32). Subsequently purification from
other sources was also reported (33). The crystalline
~ enzyme has a M.W. of 140,000 (32) and contains 3
g-atoms of iron per mole (9,10). Dissociation in
dilute alkali, N-terminal determination and titration
with substrate under anaerobic conditions all indicated
3 that the enzyme consisted of 2 to 3 subunits (9,14).

~ All the iron in the native enzyme was shown to be in
the divalent state by ESR and colorimetric determina-
tions (10,34). Rapid inactivation of the enzyme
activity appeared to be due to oxidation of ferrous
iron to the ferric form, which could be reactivated by
: incubation of the enzyme with ferrous iron and a
reducing agent under anaerobic conditions (34).

. Tnactivation could be prevented in the presence of the
substrate, catechol (34). The enzyme contains 12 half-
cystine residues of which 4 were readily titratable by
p-hydroxymercuribenzoate (PHMB) with no concommitant
loss of activity. Chelating agents and nitrogenous
bases protected the enzyme nqt only against oxidizing
agents, but also against inhibition by sulfhydryl
reagents. In addition, these compounds acted as -
competitive inhibitors with respect to the organic
substrate (18,34). All these findings suggested that
iron is not only involved in the activation of

molecular oxygen, but also in the binding of the




substrate, catechol (14,26,34). This hypothesis gained
further support from ESR studies (10,26). Km's for both
:.catechol and oxygen were estimated to be 3 x 10'6 M and
7 x 1076 M, respectively (18).

As to the reaction mechanism, Hayaishi proposed
that oxygen is activated at the ferrous site to form the
. perferryl iron complex, (FeIII-Oa) which reacts with
catechol to form a peroxide intermediate; subsequent
intramolecular rearrangements lead to the formation of
the final product (2,10,26). This sequence of
interactions between substrates and enzyme was recently
questioned by the same group (14,28), since organic
substrate can combine with the enzyme in the presence or
'.absence of oxygen, and oxygenated intermediate of the
enzyme has never been detected as a discernible entity.
As with the case of tryptophan pyrrolase (34), this
enzyme appears to combine with tryptophan first
increasing the reactivity of heme, and it then reacts
with oxygen. On the basis of these observations,
Hayaishi forwarded a general mechanism for dioxygenases
whereby substrate combines with the enzyme first
followed,by molecular oxygen (14,28).

2. Protocatechuate 4,5-dioxygenase

Dagley and Patel (35) described the oxidation

of protocatechuate by an iron dependent enzyme. The




: 10
':kpyrocatechase type cleavage of protocatechuate was
Tlcharacteristic of the entire fluorescent group whereaé
imetapyrocatechase type cleavage was confined to some
nonfluorescent organisms (36). The enzyme described by

5 Dagley and Patel catalyzes the conversion of
protocatechuate to ¥ -carboxy=-o ~hydroxy cis,cis-muconic

€ -semialdehyde 37).

HOO H HOOC_~ X\ OH
U Wt C Y
H 4 O0H

Studies on this enzyme have been attempted by a
few groups (38-41). This enzyme has been found to be
extremely unstable (40). Dagley's group have studied
 some of the factors that influenced the activity of this
~ enzyme and have obtained a nearly homogeneous
it preparation (41). Molecular weight was estimated to
 >he 140,000. The enzyme lost activity rapidly when
diluted. Inactivation was partially prevented by
‘ L-cysteine. Apparent Km for protocatechuate was |

4.6 x 10~ M; Km for oxygen was 3.03 x 107% M (41).




11
3. 2,3-Dihydroxybenzoate dioxygenase

This enzyme was first studied by Ribbons in

_13 seudomonas fluorescens (42). Extracts of this strain
_;catalyzed the rapid oxidation of 2,3-dihydroxybenzoate
_-@bo o ~hydroxymuconic- € ~semialdehyde with evolution of

00H
X rOH Co, X rOH
st |
QOH ooH

00H . 5
S
¢ + 0,
\» O0H OOH
0
0 co, 0oH oM
I OOH A I or

e W ) X A0




i

Purification was achieved up to 15-fold by Ribbons,
"“gg al. (43). The enzyme was inactivated rapidly by air,
:Abut the activity may be restored by anaerobic incubation
: 0£ the enzyme with reducing agents or ferrous iron. The
enzyme was noncompetitively inhibited by A 4o ' =dipyridyl
~ and was competitively inhibited by catechol and its

;? derivatives with respect to the substrate. The Km value

~ for 2,3~-dihydroxybenzoate was 7.5 x 107° n (43). 2

4. 3,4-Dihydroxyphenylacetate-2,3-dioxygenase

Senoh, et al. first succeeded in the isolation
and crystallization of this enzyme from p-hydroxyphenyl-
acetate adapted cells of P. ovallis (44-46). This

~ dioxygenase catalyzed the formation of o =hydroxy-d =

carboxymethyl muconic- € -semialdehyde by the oxidative
ring fission of 3,4=-dihydroxyphenylacetic acid at the
2,5-position.

OH H
~~ oo
e B oo R
CH,CO0H CH,CO0H

The M.W. of this enzyme was around 100,000 and it
was dissociable into 3 subunits by prolonged storage
under air or by titration with PHMB (12). The enzyme
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ébntained 4-5 g-atoms of iron per mole and 11 cysteine
residues, of which 6 residues were easily titrated with
PHMB (12,46). o-Phenanthroline and 8-hydroxyquinoline
caused appreciable inhibition, which suggested the
_presence of ferrous iron at the active center (12).

iﬁSR and chemical analysis all confirmed this finding (12).
The release of iron from the enzyme and the

~ decrease in enzyme activity corresponded to the degrée

. of modification with PHMB. This finding indicated the
;ipresence of sulfur-iron linkage which may be responsible
;1£or the aggregation of the subunits (12).

: The enzyme possessed fairly broad substrate

¢§' specificity for 4-substituted catechol derivatives. The

. presence of a carboxyl group and increasing the length

A reaction mechanism similar to that of

ff metapyrocatechase was proposed (12).

5. 2,3-Dihydroxy- B —phenylpropionate-1,2-dioxy-
genase .

This enzyme, first described by Dagley from

Achromobacter (47), catalyzed the foliowing reaction:

H,CH,COOH H,CH,COOH
H
T e g

. cooH
H )



 The enzyme had been purified 18-fold and displayed
absolute requirement for Fe** (47,48); its M.W. was

nd 70,000 as estimated by the Sephadex method. The
yzed reaction depended strongly on the order of
ition of the reactants. Ferrous iron must be added
sfore the organic substrate to assure an immediate and
rapid oxidation (48). Initial velocity studies were
ducted on the partially purified enzyme. An
térsecting pattern was observed. Substrate inhibition
25 observed with molecular oxygen but not with the
canic substrate. These data led Dagley, et al. (48)
to propose a preferred sequence of substrate addition

~ whereby the organic substrate interacted with the enzyme
éfirst followed by oxygen, and the product was then

;ﬂreleased.

6. 4-Dihydro henvlalanine (DOPA)-2,3-dioxy-
genase and 4 ,5-dioxygenase

These two metapyrocatechase type enzymes were
. first demonstrated by Senoh, et al. in their studies on
the biosynthesis of stizolobic and stizolobinic acids

in plants (49,50).

14
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0 “ﬁoocFM oz
HOO! : NH,, |
j = e e
HO S "aH (o] w“

e
»{Hz W2 CHCOOH

I - _— I
HO(:J:D/L -2H 07\~ oo
H™ “oH

: Piattelli, et al. also investigated the
. biogenesis of the pigments of Centrospermae.: They

k'

\

genase was involved in the initial stages of their

Qf biogenesis (51-54).
Thus far, no purification of these enzymes was =

reported.

7. 7,8-Dihydroxykynurenate 8,9-dioxygenase

First description of this enzyme appeared in
the studies of the metabolism of tryptophan in
Pseudomonas by Hayaishi (55,56). The enzyme catalyzes
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BN
+ 0, — |l :
COOH HO” Scoo O0H

 her attempts in the purification of this enzyme

lave not been conducted.
8. Dihydro olynuclear aromatic dio enase(s

i Crude extracts of a Pseudomonas sp. catalyzed the

. ring fission of the following polynuclear aromatic
;;compounds. The positions of cleavage have been

. confirmed by the isolation and.characterization of

~ reaction products (57,58).

OH 4
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" Rogoff (59) suggested that different enzyme

18 were involved with angular phenanthrenes,

‘ﬂar arfanged naphthalenes, and anthracenes, based on

e electron densities at carbon atoms. On the other

:3) Evans, et al. (57) proposed that all these ring
ission reactions were catalyzed by one enzyme based on .
tudies on enzyme induction.

‘ So far, Evans, et al. have demonstrated the

psolute requirement for Fe++, and inactivation can be

gactivated by NaBH4 under anaerobic conditions.

9., 3,4-Dihydroxy 9,10-secoandrosta=1,3%,5(10)~

triene-9,17-dione 4,5-dio enase

This enzyme was first observed by Sih, et al.

HO HO™ oo
H

Crude extracts prepared from N. restrictus has

been shown to cleave the substrate at the 4,5-position




{%e product formed exhibited absorption maxima at
) and 393 mu (60,61).

;‘The reaction was stimulated by the presence of
rrous iron. Aside from steroidal substrates, a
ety of catechol derivatives were studied. Only
-isopropyl catechol and 3-tertiary butyl-5-methyl

echol were significantly metabolized (61).

Phenolic Dioxygenases

Enzymes of this group normally attack phenolic

present in mammalian liver or kidney. Some have also
been found in microorganisms. They absolutely require

_ ferrous iron for activation.

1. i-derozxanthranilate dioxygenase

The enzyme catalyzed the ring fission of
;’E-hydroxyanthranilate between carbons 3 and 4 to yield
5? o —amino- g —carboxymuconic semialdehyde which was not
;; isolated because of ring closure to form either .
i picolinic acid (enzymatically) or quinolinic acid
(spontangoualy) (62-64) .

18
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00H CoH
* Nz BN QOH
0, —> = |
x 4 COOM H
0 6

-Co. *
e\
(IDOH
Ton Xy Lon

Purification of this enzyme was reported by
‘ﬂ‘several groups from beef liver (65-69), and from beef
>jtkidney (70). But no homogeneous enzyme has been
“aobtained. They all showed an absolute requirement for
' ferrous iron and the loss of activity was mainly due to
the oxidation of bound ferrous iron.

Kinetic studies of this dioxygenase was conducted
by Henderson, et al. (70). Initial velocity sfudieé
| showed a parallel pattern which suggested an
irreversible step interrupting the sequential addition
of the two substrates. Picolinic and quinolinic acids

~
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sduced competitive inhibition patterns with respect to
\ydroxyanthranilate, but uncompetitive inhibition
itterns with respect to oxygen. In addition,
phenanthroline showed competitive inhibition with
sspect to 3-hydroxyanthranilate. The order of addition
substrates apparently could not be deduced from these
tic data. Km's for oxygen and 3-hydroxyanthranilate
were 3.1 X 10% M and 4 x 102 M, respectively (70).

2. Homogentisate dioxygenase

The enzyme catalyzed the conversion of
homogentiéic acid to maleylacetoacetate. The product

:"found had only one atom of atmospheric oxygen

H,COOH 3
gy

// \

4
00‘:OOH
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;:The enzyme was found both.in microorganisms and in
mals. Crystalline enzyme has been obtained from
iiuorescens and the M.W. was estimated to be

ﬁEOOO (72). Although no homogeneous enzyme has been
rted from mammalian sources, the bulk of information
railable for this enzyme was derived from studies with
t; mammalian liver enzyme.

- The ferrous iron requirement, originally discovered
by Suda, et al. (73), was studied extensively by
Tokuyama (74-76), Flamm and Crandall (77) and by
‘Takemori, et al. (78). The involvement of -SH residues
f“« the active center as ferrous mercaptans and oxygen

' was activated by this complex were proposed by

wcrandall, et al. (77,79) from kinetic studies.

3 ' Mercurials showed competitive inhibition with respect.
é:to ferrous iron and noncompetitive inhibition with

- respect to homogentisic acid. Ferrous iron showed -
ﬁ competltive activation with respect to oxygen (77,79).
;E The Km for homogentisic acid was 6 X 107* M (in

b bacteria) (72), and the Km for oxygen was 1ix!107 > M

(in memmals) (77).

III. Other Aromatic Dioxygenases

5B piy tophan rolase (T tophan 0O enase

Tryptophan pyrrolase is a heme-containing

dioxygenase which catalyzes the insertion of molecular
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en into the pyrrole ring of tryptophan, yielding
rlkynurenine as the reaction product (80-83).

N NH,
\ 0 120
Cﬂcod‘\ uc “acy\(r
mE e @
N~cHo

Purification of this enzyme has been attempted both
om animal and microbial sources. Homogeneous
reparations have been obfained both by Hayaishi (84)
1and by Feigelson (85) from different species of
;gseudomonas. More extensive characterization of this
‘ienzyme has been done by Feigelson (85). ‘The enzyme has

:: ferriprotoporphyrin IX and only a trace amount of copper
 and nonheme iron per mole of the enzyme (85).

Feigelson, et al. have also demonstrated the

allosteric properties of the enzyme:

1) Catalytic activity was a sigmoidal function of
the tryptophan concentration (86).



'2) Apparent Km for oxygen was minimal at high
tryptophan concentrations. In the presence of
2-methyltryptophan, apparent Km for oxygen was
minimal and was independent of tryptophan

concentration (87).

~ 3) Increased affinity for_CO, CN~ in the presence
of tryptophan or its analog (88-89).

4) High concentration of sodium dodecyl sulfate
was required to dissociate the enzyme when

tryptophan or its enalog was present (85).

Increased reactivity of heme toward heﬁe-binding

fﬂayaishi's group to demonstrate the existence of an

,joxygenated intermediate. Both spectral and rapid

i kinetic measurements suggested the presence of this

niintermediate (28). The Km for oxygen was 4.2 X 102 M

- (8.

2, 2=lMethyl-3-hydro idine=5-carbo .lic acid-
2,3-dioxygenase

The enzyme was shown to catalyze the

. following reaction:

H HOO! COOH
+02+DPNH+H"——-—>‘/3\NI +1>pu’

K : H

25
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This enzyme was discovered by Snell's group in their
lies on the oxidative degradation of vitamin B6 by
a (90). The homogeneous enzyme has a M.W. of

tudies provided evidence that the reaction proceeded
n a concerted fashion via a ternary complex of
*;xwgenasé, NADH and organic substrate; NADPH was
ost as effective as NADH. Among several pyridine
f: oge tested, only S-pyridoxic acid was able to
;5p1ace the natural substrate but was very much less

‘active (91).
A similar dioxygenase, cleaving 5-pyridoxic acid

Qspécific for NADPH was demonstrated by the same

:igroup (92,93). But no purification studies have been

~ conducted. ' .

.; A brief summary of the physicochemical properties
‘1 of the well characterized dioxygenases is listed in

. Table I.



SUMMARY OF PHYSICOCHEMICAL PROPERTIES OF SOME DIOXYGENASES

TABIE I

X Xm for
Number. Km for
mww%www« NM mmo.s uwo.s Iron oouﬂaumu_. EMH mscwww.m.nm o@wg
Dioxygenases Type Name of Dioxygenase M.V, _ (Svedbergs) (x 107cmPsec™l) Gofactor (g-aton mole™™) Subunits = 521077 |
Catechol Intradiol Pyrocatechase 95,000 4,31 4,5 Rttt 2 = 2z 10
Dioxygenases . 53 x 1 o..m
Sty MO0 19 - ottt 7 e
++ 3x Houm 7x Houm
Extradiol Metapyrocatechase 140,000 5,54 3.92 Fe 3 2-3 z
4,6 x HOI m.ow X HOI#
bt W00 5.2 339 B : 1 (ape.)
3 ,4-Dihydroxy- o 2
phenylacetate 100,000 7.19 - Rett 45 5
2,3~dioxygenase :
3 2,3-Dihydroxy- - =5 1.2 x 07 ,
umm&guoﬁgﬁm 70,000 - - Re't = % 2310
1,2-dioxygenase
Steroid " 392100 gy 107
dioxygenase 286,000 10.28 542 Re*t 1 i ( 3-IrC)
Phenolic 3-Hydroxyanthra- =5 dx w0
Dioxygenases nilate dioxy- - - - Pe't - 3 hE >
genase
=1
: = o -
tomtlente poo,0008 " 11.8 : re** - g
Other Tryptophan Fe'tt 4 - 4,2 x 107
Aromatic pyrrolase 120,000 6.2 h78 Proto- -
Dioxygenases . porphyrin
IX
2-Nethyl-3- -5 %
hydroxypyridine- 166,000 7,30 g ) - = 4.8 x 10

S-carboxylic acid
2,3-dioxygenase




PART I

"HIRIFIGATION AND PHYSICOCHEMICAL PROFERTIES OF STEROID
DIOXYGENASE



INTRODUCTION

A number of investigators have described various
thods of purifying the extradiol type of dioxygenases
om different species of Pseudomonas (32,33,41,43,46)

d Achromobacter (47). Only metapyrocatechase (32)

'ﬁ’3,4—dihydroxyphenylacetate-2,3-dioxygenase (46)
e crystallized and well characterized. These two
enzymes show no significant absorption in the visible

renge and contain nonheme iron which appears to be in

the divalent state (10,12). ;
Previous studies in this laboratory (61) have
:FEmonstrated the involvement of an extradiol type of
steroid dioxygenase in the degradative pathway of
}pteroid metabolism in microorganisms. This enzyme has

een shown to catalyze the following conversion:

OH

2=
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LZIn order to deduce the reaction mechanism of this
id dioxygenase, it is necessary to first purify
8 enzyme and examine its physical and chemical
erties.



EXPERIMENTAL PROCEDURE

Materials

Cultures of Nocardia restrictus (ATCC 14887) were

_é‘u in a medium containing 2% dextrose, 1% yeast
xtract and 0.8% nutrient broth. The enzyme was induced
sith progestrone after 30 hours of growth, and the cells
‘;re harvested no later than 15 hours after induction
gsually a 10 to 15 hour induction yielded the highest
{aecific activity). Harvested cells could be stored at

0°C without significant loss of activity.

Chemicals. - 3,4-Dihydroxy-9,10—secoandrosta-

:;1,5,5(10)-triene-9,17—dione was synthesized by the
procedure of Sih, et al. (94). Catechol and
ima-hydroxyquinoline were products of Eastman Kodak
t]Company. 3-Methylcatechol, 4-methylcatechol,

f 3-isopropylcatechol, 4-isopropylcatechol, 4-tert-
octylcatechol, 5-methy1—5-tert—octylcatechol, and
‘B—tert-butyl-s—methylcatechol were purchased from
Gallard-Schlesinger Chemical Manufacturing Corporation,
Garden City, New York. Iodoacetamine, oA &' -dipyridyl,
' o-phenanthroline and dithiothreitol (DTT) were obfained
from Calbiochem. Sodium mersalyl, sodium iodoacetate,
N-ethylmaleimide, 3,4-dihydroxyphenylalanine,
p-hydroxymercuribenzoate, sodium ethylenediamine-
tetraacetate, 5,5'-dithio-p;g-(2-nitrobenzoic acid)
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;f) and diethylaminoethyl cellulose (DEAE, 0.92

) were products of Sigma Chemical Company.
‘iabhthoquinoline and m-phenanthroline were obtained
om Chemical Procurement Laboratories, Inc., Sodium
ide was a product of Matheson Coleman and Bell, Incee
9Ia§sium cyanide was obtained from Fisher Scientific
ompany. Nonionic cellulose was a product of Bio-Rad

aboratories. Calcium phosphate gel-cellulose was

f;pared sccording to the procedure of Kosicki (95).

Methods

Enzyme Assay. - 3-Isopropylcatechol (3-IPC) was
;%outinely used as the substrate because of the scarce

supply of the natural seco-steroid substrate and the

- enzyme h1as a very low Km for the seco-steroid. The

f'enzyme activity was measured by the rate of product
formation at 393 mp (absorption maximum of the reaction

product) in a Gilford Spectrophotometer model 240

. equipped with an automatic recording apparatus. The

assay system contained: 1 pmole of 3-IPC, a suitable

amount of the enzyme, in 3 ml of 0.05 M potassium
phosphate buffer, pH 7.5. One unit of enzyme activity

was defined as that amount of enzyme causing the

R

formation of 1 pmole of product per minute at 20°C,

under the above assay conditions. Specific activity was

30

expressed as the number of enzyme units per mg of protein.

s
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. Protein Determination - Protein concentration was
termined by the Biuret method (96), the Lowry

thod (97) and direct spectrophotometric measurement
Crystalline bovine serum albumin was used as the

orotein standard.

Disc-Gel Electrophoresis - Polyacrylamide disc-gel

electrophoresis was carried out according to Davis (99)

in an electrophoresis apparatus (analytical model,

fﬁere stained for protein with Coomassie Brilliant Blue
v*R.250 and destained in 7% acetic acid as described by

Amino Acid Analysis - The homogeneous enzyme was
desalted by passing through a Sephadex G-25 column,
equilibrated with deionized water. Samples of desalted
benzyme were lyophilized and hydrolyzed in 6 N HC1 at
110°C in evacuated, sealed Pyréx tubes for 24 or 72_
hours. The samples were then placed in a flash
evaporator to remove the HC1 and thg residue was
dissolved in 1 ml of 0.2 N sodium citrate buffer,
pH 2.2. A 0.3 ml portion was gnalyzed in a Beckman
Spinco model 120B amino acid analyzer according to the
method of Moore, et al. (101). The threonine and
serine values were calculated by extrapolation to zero

time. The amide nitrogen value was estimated in a
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ilar manner. Cystine was determined after converting

stine to cysteic acid by performic acid oxidation (102).

yptophan was determined by the method of Beaven and :

liday (103) and the method of Edelboch (104).

Iron Assay - Iron content was determined
pantitatively in a Perkin-Elmer model 303 atomic

f °
sbsorption spectrometer at 248% A, Standard curves were

Optical Spectra - The spectrum of the homogeneous
“enzyme was measured at room temperature with a Cary

i:model 15 recording spectrophotometer.

Gel Permeation Chromatography = The diffusion

 coefficient Doo,u’ of the homogeneous enzyme was

determined chromatographically according to the
procedure of Ackers (106). A column (1.9 x 75.7 cm) of
Sephadex G-200 was equilibrated at 4°C against 0.05 M
botassium phosphate buffer, pH 7.5, and calibrated with
blue dextran 2,000 (ca. 2 mg) and beef liver catalase
(0.3 mg). Steroid dioxygenase (5 mg) was then applied
onto the column along with these standard proﬁeins in
1 ml and the column was eluted with the same buffer.

The eluate was collected in 3 ml fractions at a flow
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ifof 12 ml per hour. Catalase was assayed by the
juction of absorbancy at 240 mu spectrophotometrically
The void volume, Vo, the imbibed volume, Vi, and
e elution volume, Ve, were employed to calculate a

san effective pore radius (r) of the column. Since the

) a 00(2)3 - 8y5
- (1-22 01 - 2.0088) + 2,097 - 0,957
The gel pore radius, T, and the experimental value

5tovqalculafe the Stokes' radius, a, of the enzyme. The
~ diffusion coefficient, D, was calculated from the Stokes'
radius by use of the Stokes-Einstein equation (108).

D = LEE
gﬂ'rl a

 where K is the Boltzman constant, T is the absolute

3 femperature and N is the viscosity.

Analytical Ultracentrifugation - Velocity,

equilibrium, zonal sedimentation and diffusion
experiments were performed in a Spinco model E analytical
ultracentrifuge, equipped with RTIC units. The An-D

rotor was used for all experiments.




;thetic boundary cell at a rotor speed of 59,780 rpm
cording to the procedure of Schachman (109).

ieren optics was used for the photography of the
limenting boundaries. The photographic plates were
loped and read with a Gaertner comparator.
Sedimentation coefficients were calculated from plots
.5 log r versus time, where T is the radial distance

from center of rotation to boundary.

b. Sedimentation equilibrium - Sedimentation

;pquilibrium experiments were performed according to the
meniscus depletion method of Yphantis (110). - Ald runs
_'were made in standard double-sector cells with 12-mm
. gluminum filled epoxy resin centerpieces and sapphire

5 windows. Equilibrium was assumed to be attained when

- the fringe displacement between any two radial distances'
4 remained constant for 5 to 10 hours as described by
DPanford (111). After equilibrium was attained, the
Rayleigh interferographs were photographed with the use
of Kodak spectr&scopic II-G plates. Measurements of
vertical fringe displacements, f, against radial
distance, r, were made with a Gaertner Comparator. The
positions of 5 fringes, 3 black and 2 white, were

measured at each value of r and an average displacement,
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2RT dinf

Tw — 5
we(1 - v¢) dr

e v is the partial specific volume of the enzyme,

jvis the solvent density, and w is the angular velocity.

¢. Zonal sedimentation (Vinograd sedimentation) -

;lalytical zone sedimentation was performed according to
the method of Vinograd, et al. (112). Samples (20 pl)
‘were placed in the Vinograd cell-sample chamber. After
f*he cells were assembled, 0.5 ml of the medium of
ksedimentation was placed in the main chamber. The

" mediun consisted of 0.5 KC1 in 0.05 M phosphate buffer,
- pH 7.5. The rotor was accelerated to 59,780 rpm.
?‘Ultraviolet absorption pictures were taken at 8 minute

: intervals at 280 mp with a high intensity ultraviolet
light source. The plates were developed and traced with

a densitometer. The sedimentation coefficient was

calculated from the slope of the plot of log T versus

time.

d. Diffusion - Diffusion studies were done in low
speed runs (10,589 rpm) with the use of the valve type
synthetic boundary cell., At this speed the boundary did
not move appreciably. The apparent diffusion coefficient,
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y was calculated by the maximum ordinate-area method

m the following relationship (113).

D = i ( A )2
app Int Kk Hmax

2 the photographic plate at time, t. H  x is the
jaximum height of that curve. Xk is the magnification

factor along the radial coordinate. Area measurements

equal to that of a rectangle whose height was the
average value of the two sides of the segment. -Usually

15 to 20 narrow segments were taken.

e. Frictional ratio - Frictional ratio, f/f° of

;fproteins was calculated from the following equation (114):

£ it a
T, (%1)1/5 :

Qhere N ié the Avogadro number.

/




. A1l steps of the purification procedure described
‘;rein were carried out at 4°C unless otherwise

specified. The various buffers, used routinely, 1ncluded
) acetone to stabilize the activity of the enzyme.

i: results of a typical purification protocol are

presented in Table T15

b Step 1: Preparation of cell-free extract - Frozen
;g. restrictus cell paste (500 g) was suspended in 750 ml
Ebf 0.01 M potassium phosphate buffer, pH 7.5. The

- suspension in 70 ml portions was sonicated for 10 minutes
gfin an ice-galt bath with a Branson Sonifier (20 KC). The
{(crude extract was freed of'whole cells and debris by

‘;centrifugation at 27,000 x G for 15 minutes.

i Step 2: Acetone fractionation - Acetone, precooled
to -20°C,was added to the cell-free extract to give a

;ﬂ concentration of 55% (v/v). The precipitate was then
'removéd, by centrifuging the mixture at 12,000 x G for

10 minutes at =10°C. The clear supernatant was brought

up to 66% with respect to acetone concentration.

Centrifugation at 12,000 x G at.-10°C for 5 minutes

yielded the active precipitate. A second acetone

-37=



Lydeas
H1 20°9 ¢ e 8° 901 092 -0qemwoIyo 9SOTNITAD ,
-aqeydsoyd wnioTe) °S ,7
¥ b ¢ ~ Lydea303emwoIYD
o¢ 84°S 0'LE't g8 005 oSOINTTS0-TVAd ¥ ,
89 8L°T AR - 7 9°964T A Sutmeys pue SUTZOSIF °¢ ‘
d . o . mm ! mm
2l %6 1 genogcte  9°Ter'e 64 qoﬂmnoﬂomm« s #
00T #1°0 L°26S 7 0°¢¢8*1¢ 006 q0BI3Xe 9pnI) °T
) ) (saTum)y (5m) €L)) HoT308ag
LIan009yg RaTATYOV £94TATYOY uTe301g sumTOp
o1yToedg 18301 :

,m.bm...OHmBMNM FIQEVOON WO¥d ESYNEZDAXOIQ (IOY¥ILS 0 NOIIVOIATIdNd

ol



39
actionation could be repeated if needed. The
recipitate was then dissolved in 50 ml of 0,01 M
'ﬁassium phosphate buffer, pH 7.5, containing 10%
:htone, and the insoluble materials were removed by

,ﬁ-trifugation. This acetone fraction was kept frozen’

overnight.

Step 3: DEAE-cellulose chromatography - The frozen
{~etone fraction was then thawed, and any residual
}recipitate was removed by cen?rifugation. The clear
isupernatant was then applied onto a DEAE-cellulose
" ¢olumn (3.1 x 25 cm), previously equilibrated with
. 0,05 M potassium phosphate puffer, pH 7.5, containing
' 10% acetone (hereafter referred to as acetone buffer).
. The column was then washed with 2% (NH,),80, in acetone
" puffer, adjusted to pH 7.5 with 2.5 N NH,OH until the
7‘ eluate was virtually protein-free (around 8 column
 vyolumes). A linear gradient was used with 450 ml of
puffer in both vessels. The mixing vessel contained
2.5% (NH4)2804 in acetone buffer, pH 7.5, and the
reservoir contained 6.5% (NH,),80, in acetone buffer,
pH 7.5. Fractions of 20 ml,at a flow rate of 80 ml/hr,
were collected. Active fractions were combined and
concentrated by the addition of (NH4)2804 to 60%
saturation. The precipitate was dissolved in 10 ml of
0.001 M potassium phosphate puffer, pH 6.8, containing
10% acetone and was then desalted by passing through’ a




shadex G-25 column, equilibrated with the same buffer.

.} Step 4: Calcium phosphate gel-cellulose
hromatography - The combined desalted DEAE-cellulose
:fction was then applied onto a calcium phosphate
_fl—eellulose column (2.5 x 19 cm), previously
1ibrated with 0.001 M potassium phosphate buffer,
fi 6.8, containing 10% acetone. The gel to protein
iatio was 10. After washing the column with 100 ml of
.3.005 M potassium phosphate buffer, pH 6.8, containing
'10% acetone, the column was eluted with a grédient
consisting of 200 ml of 0.005 M potassium phosphate
*ﬁuffer, pH 6.8, and 200 ml 0.035 M potassium phosphate
Ffbuffer, pH 6.8. Both buffers contained 10% acetone,

" and 10 ml fractions were collected at a flow rate of

.~ 60 ml/hr. The active fractions were combined and

'{ concentrated with (NHL’_)asO4 as above. The precipitate

was dissolved in 5 ml of acetone buffer and stored in

a freezer at =-20°C.

Homogeneity - Disc electrophoresis was run for
.every step in the purification procedure as shown in
Figure 1. The last step had only a single zone with a
trace of contaminant at the front. Electrophoresis on
cellulose polyacetate strips at pH 7.0 and 8.6, both
showed single bands (Figure 2). The Schlieren pattefns
obtained during a sedimentation velocity experiment in




Figure 1.

Disc electrophoresis of steroid

dioxygenase. The steroid dioxygenase
75 pg) in the calcium phosphate gel
fraction, DEAE-cellulose fraction,
acetone fraction and 200 P8 of crude
extract (from left to right) were
separately applied onto a column

(0.5 x 5.5 cm) of polyacrylamide gel,
and electrophoresis was carried out
for 60 minutes at a constant current
of 3.3 ma. Direction of migration was

toward the anode (bottom).
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Figure 2.

Electrophoresis on cellulose polyacetate

strips. Purified steroid dioxygenase
(25 pg) was applied onto cellulose
polyacetate strips (2.5 x 15 cm) at the
center. Electrophoresis was carried out
at 200 volts for 45 minutes in 0.05 M
sodium phosphate buffer, pH 7.0, and for
30 minutes in 0.05 M tris-versene-
borate buffer, pH 8.6. The strips were
stained with 0.25% amido black in 7%

acetic acid.
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e analytical ultracentrifuge were shown in Figure 3.

single, symmetrical boundary was observed.

_ﬁcical Properties of Steroid Dioxygenase

Diffusion coefficient by gel permeation

s — The elution profiles of blue dextran,
satalase and steroid dioxygenase on a column of
Sephadex G-200 (1.9 x 75.7 cm) are depicted in Figure 4.
he elution volume, Vg, of blue dextran (72 ml)
‘corresponds to the void volume, V,, of the column. The
‘elution volume of the standard enzyme catalase, in
combination with its known Stokes' radius, a, gave the
Qvalue of 220.7 A for the column parameter; r, the

~ effective gel pore radius. Using this column
‘fcalibration parameter, together with the elution volume
;.of the enzyme (105 ml), a value of 6245 1 was obtained
fvfor.the Stokes' radius, a, of steroid dioxygenase.

. Substitution of this value into the Stokes-Einstein

equation, a value of 3.42 x 1077 cn®sec™ ! was obtained

for the diffusion coefficient, D20,w" Dao,w’ calculated

by this method is essentially equal .to Dgo ¥ (85).
9,

Diffusion coefficient by analytical ultracentrifu-

gation - The diffusion coefficient of the enzyme was
measured at three different concentrations. A typical
measurement is shown in Figure 5. The diffusion
coefficient decreased with increasing protein



Figure 3.

Sedimentation velocity of steroid

dioxygmenase. The purified enzyme
(8 mg per ml) in 0.05 M potassium
phosphate buffer, pl 7.5, was
centrifuged at 59,780 rpm and the
Schlieren patterns were recorded
(from left to right) at 8, 16, 24,
32, and 40 min after full speed

was reached.



47




| Figure 4. The determination of the diffusion

" coefficient by gel permeation

p chromatography. Blue dextran (1),

| steroid dioxygenase (2), and catalase
(3) were applied onto a column of
Sephadex G-200 (1.9 x 75.7 cm) in

0.05 M potassium phosphate buffer,

pH 7.5. Blue dextran was detected by
monitoring the absorbancy at 280 mu (o).
Catalase was assayed by measuring the
reduction of absorbancy at 240 mu in
the presence of hydrogen peroxide (&),
Steroid dioxygenase was detected by the

standard assay method (4).
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Figure 5.

Determination of diffusion coefficient

by ultracentrifugal method. Purified

steroid dioxygenase (6.78 mg per ml)
was centrifuged at 10,589 rpm for

130 min. (E—%———) was plotted
nax

against t (min).
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mcentrations. The concentration dependence,
culated by the least squares method, is given by the

ollowing expression:

3 (o]
Doo,w = Dao,w (1 - 0.0238 C)

where C is the concentration in mg/ml. Dgo w Was found
]
be 3.55 x 10'7 cm?sec’l.

Figure 6 shows the diffusion coefficient dependence

‘on protein concentration.

: Sedimentation coefficient - The sedimentation
;:velocity of the purified enzyme was also measured at
3rfhree different concentrations. The sedimentation
j;coefficient again decreased with increasing protein
f‘concentrafion. The concentration dependence, calculated
. by the least squares method, is given by the following

] expression:

0
S2O,w = S20,w (1 - 0.033 C)

where C is the concentration in mg/ml. Szo,w was_found
to be 10.35 x 10"13 sec, the value of the sedimentation
coefficient at infinite dilution. Figure 7 shows the
sedimentation coefficient dependence on protein
concentrations. The Szo,w value can be alternatively

obtained by analytical zonal sedimentation velocity



Figure 6.

Diffusion coefficient dependence on

concentration.
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Figure 7. Sedimentation coefficient dependence on

concentration.
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sthod in a single experiment (115). TFigure 8 shows the
from this experiment. The value, 10.28 x 107 13 sec,
as in good agreement with the extrapolated value of P

- calculated from the results of the synthetic

oundary experiments.

Partial specific volume - Partial specific volume
‘*a estimated from the amino acid composition by the

thod of Cohn and Edsall (116) and was found to be
0.73% ml per gram. '

i Molecular weight by sedimentation velocity-diffusion -
Substitution of experimentally determined values of

110.28 x 10712 sec and 3.42 x 10~7 cn®sec™t for the

" sedimentation coefficient, Syq s and the diffusion

20,w? respectively, as well as 0.733 ml g -1

;:coefficient,
b for the partial specific volume into the classical Sved-

~ berg equation (117), a value of 280,000 for the molecular

weight, MS D of the native enzyme was obtained.

Molecular weight by sedimentation equilibrium -

log f versus r2, derived from

Figure 9 shows the plot of
a typical sedimentation equilibrium experiment on the

purified enzyme. Two such experiments on different’

preparations at enzyme concentrations of Q.44 mg/ml and

0.66 mg/ml gave figures of 278,000 and 294,000,

‘respectively. An average value of 286,000 serves as an’

£



Figure 8.

Determination of sedimentation coefficient

by Vinograd sedimentation velocity method.

7
Log r was plotted against © (min).
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Figure 9. Sedimentation equilibrium of steroid
dioxygenase. The purified enzyme
(0.44 mg per ml) was centrifuged at
13,410 rpm at 20°C for 20 hours.
Rayleigh interferograph was taken.
The logarithm of fringe displacement
was plotted against square radial

distance in centimeters.







62
stimate for the anhydrous molecular weight, Mequil, of

he native steroid dioxygenase.

Molecular shape - With the use of the experimentally
established values of 62.5 R and 286,000 for the Stokes'
sfdius and molecular weight, respectively, the molar
frictional ratio, £/f, of the native enzyme was
alculated to be l.47. Assuming a degree of hydration
*f approximately 20% (118), a value of 8 can be
fcalculated for the axial ratio, D, of an assumed prolate
ellip801da1 model for the steroid dioxygenase (119,120).
Thus, this protein appeared to fit: the category of a
icompact, moderately asymmetric macromolecule, into

which most globular proteins fall.

- Chemical Studies of Steroid Dioxygenase

Stability - Crude enzyme and acetone fractions were
i very unstable in the presence of air. Almost 50% of the
activity was lost within a day at 4°C. The preéence of
a low concentration of an organic solvent such as
acetone, ethanol and glycerol partially protected thé
énzyme from inactivation by air. Half-1life of the
enzyme could be prolonged to 3 days in the presenée of
10% of these organic solvents. Although higher
concentration of glycerol (20%) protected the enzyme
from inactivation for longer periods at 4°C (the half-
life was 5 days), the high viscosity of glycerol caused
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ykficulties in column chromatographic procedures. The
nzyme was found to be much more stable in the purified

. Storage at -20°C in the presence of 10% acetone

ed to be the best way to keep the enzyme in an

}tive form for relatively longer periods.

Effect of pH - Oxygen uptake assay of the enzyme

activity at various pH values is shown in Figure 10.

The enzyme had a broad pH optimum from pH 5.8 to pH 7.5.

E Effect of sulfhydryl inhibitors - As shown in
'Qable III, the enzyme was not markedly inhibited

- immediately by SH inhibitors at concentrations of 1 mM.
‘JHowever, prolonged incubation with sodium iodoacetate
~or B-hydroxymercuribenzoate produced significant

. inhibition of dioxygenase activity.

Effect of metal-chelating agents - The effects of

various ferrous and ferric jon chelating agents on the
steroid dioxygenase activity are shown in Table IV. No
appreciable inhibition at 1 mM concentration of various
: chelating agents was observed immediately. On the other
hand, considerable inhibition of the dioxygenase
activity was noted with 8-hydroxyquinoline and o-phenan—
throline after prolonged contact with the enzyme. This
observation suggested that the participating metal may be
iron in the ferrous form. Double reciprocal plots

showed that g—phenanthroline exhibited noncompetitive



Figure 10.

Effect of pH on steroid dioxygenase

activity. Steroid dioxygenase activity
was measured with a Gilson model KM
oxygraph. Reaction mixture contained

1 pmole 3-IFC, 75 P8 of enzyme and
respective buffer in a final volume

of 2.5 ml. The reaction was run at
20°C. 0.05 M Acetate buffer was used
for pH 4.5-5.5; 0.05 M potassium
phosphate buffer was used for

pH 6.,0-8.0; and 0,05 M tris-HC1
puffer was used for pH 8.0-8.5.
The substrate was not stable above

pH 8.5,
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TABLE III

EFFECT OF -SH INHIBITORS ON STEROID
DIOXYGENASE ACTIVITY

Activity
Incubation Incubation
for O min for 10 min

(%) (%)

None 100.0 100.0

3 Additions

E-Hydroxymercuribenzoate 65.7 29.3%
Sodium mersalyl 54.3 41,8
Iodoacetamide 89.8 6243
Sodium iodoacetate 84.0 13.4
N-Ethylmaleimide 80.0 76.0

Tncubation of the enzyme with 1 mM of each of
the compounds listed in the standard reaction
mixture without 3-IPC. After incubation, the
reaction was initiated by the addition of
3-IPC, Enzyme (26 pg) was used.




TABLE IV

DIOXYGENASE ACTIVITY

EFFECTS OF METAL-CHELATING AGENTS ON STEROID

s for O min for 10 min

- Additions % (%

~ None 100.0 100.0
d,d'-Dipyridyl 98.7 61.3
o-Phenanthroline 90.8 32.3
8-Hydroxyquinoline 89.2 9.7
a-Naphthoquinoline (0.5 mM) 104.0 103.0
Q-Phenanthroline ] 95.5 8%.2
Sodium azide 93.6 9.8
Potassium cyanide 95.5 96.8
Ezgziiggdlaminetetra— 98.7 96.8

was initiated by the addition of 3-IPC.
(23 pg) was used.

Incubation of the enzyme with 1 mM of each of the
compounds listed in the standard reaction mixture
without 3-IPC. After incubation, the reaction

Enzyme
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inhibition with respect to both organic substrate

. (Pigure 11) and molecular oxygen (Figure 12).

: Substrate specificity - Several catechol

F'derivatives were tested for their reactivity with the

l enzyme as shown in Table V. Only 3-igopropylcatechol

. and 3-t-butyl-S-methylcatechol were attacked at a

: marked rate by the enzyme. This confirmed our previoué

observations using crude extracts (61).

Absorption spectrum of homogeneous enzyme - The
f;absorption spectrum of homogeneous enzyme (Figure 13)
jfshowed no significant peaks in the visible region, and
‘ano evidence was found for the presence of heme. The

" gpectrum is similar to that of metapyrocatechase,
i'reported by Hayaishi (32). The absorption maximum at
- 280 mu is characterized by a specific absorbance value

(@0 or 0.93.

Amino acid composition - The amino acid composition
 data, obtained as the mean of 24-hour and 72-hour
2bydrolysates of a homogeneous preparation of the enzyme,
;}ie summarized in Table VI. It is noteworthy that this
ihigh molecular weight enzyme contained only 9 residues

:pf either cysteine or cystine equivalent.

Iron determination - A homogeneous preparation of

the enzyme was passed through a Sephadex G;25 column
(1.1 x 10 cm), equilibrated against deionized water, to




Figure 11.

o-Phenanthroline inhibition with 3-IPC
as the variable substrate. The reaction
mixture consisted of 23 P8 of enzyme,
molecular oxygen concentration was

2,80 x 10'4 M, and the indicated
concentrations of g-phenanthroline and
3-IPC in a total volume of 3 ml of

0.05 M potassium phosphate buffer,

oH 7.5, at 20°C. —a—a— 8 x 1070 M;

-s—m— 5 x 1072 M; —e —e— nONE.
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Figure 12. o-Phenanthroline inhibition with oxygen

as the variable substrate. The system

contained 27 P& of enzyme protein,
3-IPC, at the concentration of

1.11 x 10™* M, and the indicated
concentrations of o-phenanthroline and
molecular oxygen in a final volume of
% ml of 0.05 M potassium phosphate
buffer, pH 7.5, at 20°C.—4-4—8 X 1072 M;

—u—n—5 X 1072 M; —e—e—none.

X
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TABLE V
SUBSTRATE SPECIFICITY OF STEROID DIOXYGENASE

Relative

Compounds : A#ngg Km (M)
3-Isopropylcatechol 100.0 L ie Vg
s-Tortlary -butyl-5-methyl=  gp 4 1.8 x 1072
3_Methylcatechol 7.4 4.5 x 107
4-Methyleatechol 4.3 3.4 x 107
Catechol 0.6 1.3 x 107
3-Methyl-5—tertiggz—octyl— 0 »

catechol
4-Tertiarx—octylcatechol 0 -
4-Isopropylcatechol 0 -
5,4-Dihydroxyphenylalanine 0 -

Various catechol derivatives at various
concentrations were assayed in the standard
reaction mixtures. V and Km were then
‘calculated from theirmfgspective Lineweaver and
Burk plots. Relative v for 3-IPC was taken as
100. Enzyme (50 pg) wal?fsed.




Figure 13. Absorption spectrum of steroid

' dioxygenase. Absorption spectrum of

{ the enzyme was measured with a Cary 15
spectrophotometer after passing the

| : enzyme through a Sephadex G-25 column,
equilibrated with 0.05 M potassium
phosphate buffer, pH 7.5. The same
puffer was used as the blank.
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TABLE VI
AMINO ACID COMPOSITION OF STEROID DIOXYGENASE

The purified enzyme (1.29 mg) was hydrolyzed for 24 hours
and 72 hours in 1 ml 6 N HC1, respectively. Corrected
‘composition was used to calculate the nearest integer for
M.W. of 286,000,

Nearest
Corrected Integer
Amino Acid 24 hrs 72 hrs Composition for M.W., of

. Residue (pmole(ggz ngole[gg} ggmole(mg) 286,000
~ Lysine 0.142 0.144 0.143 41
. Histidine 0.252 0.257 0.254 7%
. Ammonia® 0.430 0.492 0.399 114
. Arginine 0.475 0.477 0.476 136
. Aspartic acid  0.771 0.749 0.763 218
. Threonine® 0.479 0.431 0.502 144
. Serine? 0.296 0.252 0.318 91
Glutamic acid  0.716 0.705  0.710 203
Proline 0.451 0,44 0.447 128
Glycine 0.866 0.854 0.860 246
Alanine 0.751 0.742 0.746 213
Half cystine®  0.031 0.031 : 9
Valine® 0.845 0.881 0.881 252
Methionine 0.108 0.106 0.107 31
Isoleucine® 0.237 0.246 0.246 20
Leucine 0.657 0.655 0.656 188
Tyrosine® 0.175 0.173 0.176 50
Phenylalanine 0.428 0.427 0.428 122
Tryptophand 0.127 : 36
TOTAL 2365

8corrected to zero time.
bTaken at 72 hrs due to slow liberation.
Cperformic acid oxidation data.

dSpectrophotometric data.
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ﬂ=move any salts and contaminating metal ions. It was

then analyzed for iron. Using a modified o-phenanthro-

line method, a value of 1.13 g-atom of iron per mole of -

‘the enzyme was obtained, which agreed well with the

'figure of 1.10 g-atom of iron per mole of the enzyme,

}obtained by atomic absorption spectroscopic measurements.

A summary of the physicochemical properties of

 steroid dioxygenase is listed in Table VIiI.
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DISCUSSION

The steroid dioxygenase from N, restrictus has been

ified virtually to a homogeneous state. No gross

lﬁigns of heterogeneity in preparations of the enzyme

‘were detected by sedimentation velocity analysis in the

analytical ultracentrifuge or electrophoresis on both

ipolyacrylamide gel and cellulose polyacetate strips.

Purification of metapyrocatechase type of

:dioxygenase was greabtly hampered by the instability of

" the enzyme, until Hayaishi, et al. (32) repofted that

. 10% acetone in buffers was successful in protecting

3 metapyrocatechase from inactivation. Although most

extradiol type of dioxygenases could not be stabilizqd

, by acetone, we have observed that acetone was

successful in partially protecting the steroid

dioxygenase from inactivation. Although glycerol was

a better stabilizer, its high viscosity prevented its

use in column chromatography. The purification procedure

herein described could be accomplished within two days

and the purified enzyme could then be kept at -20°C for

ionger periods with a minimum loss of activity.
Molecular weight determinations Dby sedimentation

equilibrium and sedimentation velocity-diffusion methods

agreed very well. Sephadex G-200 chromatography was used

to estimate the diffusion coefficient instead of

-79-
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::olecular weight mainly because of the inaccuracy of
the method. As pointed out by Siegel and lMonty (121),
' the empirical method of Andrews (122) gives good
;correlation with the molecular weight of a protein only
;ﬁwhen the standard and unknown proteins employed have
. quite similar frictional ratios and partial specific
volumes. More recently, it has been shown that
t~molecu1ar sieve data are a measure of the Stokes'
;;radius of a macromolecule, rather than its molecular
 weight (106,123). Once the Stokes' radius is
@ determined from molecular sieve data, it can be used to
| calculate the diffusion coefficient. The diffusion
. coefficient obtained in this way was in good agreement
with that obtained from the ultracentrifugal method.
The sedimentation coefficient, obtained by
analytical zone and synthetic boundary sedimentation
velocity methods, was also in close agreement. This
suggested the applicability of the more economic and
less time-consuming former method for the determination
of 820 a of the protein. However, the usefulness of
this method is limited by the fact that proteins of
1ow molecular weight (such as lysozyme OT myoglobin)
sediment so slowly that diffusion would make it
impossible to locate the peak accurately by the time
the band of sedimenting protein had moved significantly.’



8l

The cause of the instability of the enzyme is not

well understood. Some purified enzyme preparations
_contained low amounts of iron and also possessed low
<specific activities; and the addition of ferrous iron to
these preparations'could increase the enzyme activit{es.
- Thus, the inactivation may be due to the loss of
;loosely bound ferrous iron during column chromatography,
2'or due to the oxidation of pound ferrous iron to the
v‘ferric form which then may be released from the enzyme
as reported by others (13).

The iron content of the homogeneous enzyme was
found to be 1 g-atom per mole of the enzyme. This was
: the highest value we have ever observed. Whether this
- figure corresponds to the natural content of the enzyme
. cannot be as yet ascertained since iron may be lost
during purification as mentioned above. Hayaishi, et al.
(120,13) have recently reported that the iron content and
the specific activity of metapyrocatechase can be varied
under different growth conditions. Although we have
not examined the relationship between iron content and
growth conditions, higher iron content might be obtained
for this high molecular weight enzyme if the
microorganisms were cultivated in a more'suitable
medium.

Based on the observations of several dioxygenases,

Hayaishi, et al. (14) have suggested that the number of
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iron atoms in the dioxygenase coincided with the number

of subunits. Although this assumption was found to be
true for pyrocatechase, metapyrocatechase and proto-
catechuate 3,4-dioxygenase, S

QCrystalllne 3, 4-d1hydroxyphenylacetat

ome exceptions were noted.

e-2,5-dioxygenase

3possessed three subunits in its native state bub

-vcontained 45 g-atom of iron per mole of the enzyme (12,

" 46). Subunit structure of steroid dioxygenase has not
Preliminary experiments

aled that the enzyme could be dissociated in 0.05 N

4 yet been extensively studied.

~ reve
- NaOH into jdentical subunits having sedimentation
;f coefficient of 2.6 S. Reconstitution of the purified

enzyme in the presence of DIT and ferrous iron showed

the iron content could be as high as 7-8 g-atom per mole
yme but the specific activity could not be

It is difficult %o imagine

of the enz

inereased proportionally.

that all of the reconstituted iron atoms in dioxygenases

participate catalytically. It appears more likely that

only one atom of ferrous iron possesses catalytic

function and the rest participate in the aggregation of

ity, as in the case of

Gl "

' gubunits or in some other capac

5, 4-d1hydroxypheny1acetate-2 3-dioxygenase

Hayaishi, et al. (13) found the inactivation of

metapyrocatechase produced by oxidizing agents and

sulfhydryl inhibitors, could be prevented by the

presence of gsubstrate. They suggested that the
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substrate binding site might be closely associated with
ferrous iron and sulfhydryl groups. However, the

steroid dioxygenase did not respond to sulfhydryl
inhibitors immediately and even after prolonged
 incubation the enzyme activity was not completely
abolished.

Titration of the native enzyme with DTNB, a

specific reagent for -SH groups, revealed very few
exposed -SH groups, which suggested the possible

~ existence of an iron mercaptide linkage in the active

- center.

o =Naphthoquinoline and m-phenanthroline were

Elfound to be very potent inhibitors of metapyro-
{catechase, and the inhibitions were found to be
;'competitive with respect to the substrate, catechol.

' Although these nitrogenous bases are very poor iron
Echelators, their inhibitory capacity was even more ﬂ
gpronounced than that . of o-phenanthroline. This led
ZViliaxyzatis;hi_to propose that substrate binding was

- stabilized through some sort of hydrophobic interaction.

- However, in the case of steroid dioxygenase, no

@pparent inhibition could be observed with these two
;bompounds at concentrations of 1 mM. o-Phenanthroline,
‘instead of inhibiting the enzyme competitively with the
Ehrganic substrate as in the case of metapyrocatechase,

inhibited the enzyme noncompetitively with respect to
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poth the organic substrate and molecular oxygen. Thus,
the mechanism of inhibition by g—phenanthroline appeared
to differ for the two enzymes. The noncompetitive i
inhibition, produced by g—phenanthroline, suggested the
presence of two different types of combining sites on
the enzyme. One type is affected by the interacting
vsubstrate while the other type,being at a remote

distance from the substrate combining sites, is
unaffected.

Substrate specificity studies have yielded some
information on the structural requirements for enzyme
 action. Substitution of an alkyl group at position 3
of catechol was required for maximal activity, which
differed from most of the metapyrocatechase type of
dioxygenases. Introduction of a bulky alkyl group at
positions 4 or 5 rendered the substrate molecule
considerably less reactive. Furthermore, the size of
the alkyl substituent at position 3 appeared to be also
important. Apparently, the bulkier the side chain was,
the more reactive the substrate became. This is
reflected from the finding that the natural steroidal
substrate which possesses a Very bulky hydrophobic gide
chain, has a very low Km value. We can, therefore,
visualize the substrate binding site as a hydrophobic
cavity which directs the side chain of the substrate
to situate in such a manner that the two hydroxyl groups



are oriented toward the catalytic center resulting in

~ ring fission.
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PART II

KINETIC STUDIES OF STEROID DIOXYGENASE



INTRODUCTION

The kinetic properties of 3-hydroxyanthranilate

‘Y using initial velocity and inhibition studies. However,
no definitive conclusions were drawn as to the order of
‘i the addition of the substrates to the enzyme. Recently,
‘; Dagley, et al. (48) examined the rate of interaction of
% 2,3-dihydroxy-p-phenylpropionate dioxygenase with its
substrates and proposed that the organic substrate is

: added to the enzyme before molecular oxygen. This

. preposition was reached by these wdrkers on the basis

{ that molecular oxygen produced substrate inhibition

. whereas the organic substrate did not. Although

. Hayaishi (11) first postulated that oxygen is added to
} the extradiol type of dioxygenase prior to the organic
substrate, more recent studies by this group (14,28)
flsuggest that the reversed order of addition is more

~ likely. In view of the conflicting views, this
investigation was undertaken to define the sequence of
. substrate addition through the use of product and

~ dead-end inhibition studies.

' The steroid dioxygenase catalyzes the following

‘reaction:

-87-

. dioxygenase was first examined by Henderson, et al. (70),
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As described in Part I, this enzyme is capable of
catalyzing the oxidative cleavage of several
 substituted catechols pesides its natural seco-

. gteroidal substrate. Among these, 3-1PC was the most

reactive artificial substrate.

OH

Since the seco-steroidal substrate has a very low Km
and in limited supply, 3-IPC was chosen as the organic

substrate for all our subsequent kinetic studies.




EXPERIMENTAL PROCEDURE
 1. Materials

Chemically pure 3-isopropylcatechol and
f‘#—isopropylcatechol were purchased from Gallard=-
. Schlesinger Chemical Manufacturing Cdrp..

f o-Phenanthroline was a product of Calbiochem.

Purified enzyme was prepared as described in Part I.
2, DMethods

a. Preparation of stock solution of enzyme -

Enzyme solution was passed through a Sephadex G-25 column,
equilibrated with 0.05 M potassium phosphate buffer,

pH 7.5 to remove acetone and was diluted with the same
buffer to required concentration. The diluted enzyme

was stable at 0°C at least® during the experimental

period.

. Substrate and inhibitor concentrations - The

absorption maxima and the molar extinction coefficients
of B-isopropylcatechol and 4-isopropylcatechol were

275 mp (€y = 2.2 x 10%), 278 mp (Ey = 2.24 X 107),
respectively (124). -

¢. Protein concentration - Protein was estimated
spectrophotometrically by usins'the formula

1.55 ODpgy = 0.76 ODpgq = mg/ml (98) or by the Biuret
method (96).

=80=
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d. Preparation of reaction product - Acetone

vfraction was first prepared from crude extracts of

fg. restrictus and was then passed through a Sephadex

G-25 column, equilibrated with 0.05 M potassium phosphate
- buffer, pH 7.5, to remove colored, low molecular weight

. materials. 3-IPC (13.5 mg), dissolved in 2 ml 0.05 M
potassium phosphate buffer, pH 7.5, was incubated with

_’ 2 ml of Sephadex-treated acetone fraction (27 mg protein)
? at 30°C with continuous shaking. A 0.0% ml aliquot of
the reaction mixture was removed occasionally and
diluted to 3 ml with the same buffer to check the
increase in absorbancy at 393% mP until the theoretical
value was reached (i.e., all the substrate converted to’
product). After the incubation period, the reaction
mixture was immediately passed through a Sephadex G-25
column, (1.5 x 30 cm), pre-equilibrated with the same
puffer, to obtain the pure product. The concentrétion
of the product was determined spectrophotometrically

at 393 mp (y-= 1285 % 104). The product was prepared

and used immediately.

e. Oxygen concentration - The concentration of
dissolved oxygen was measured by a Clark oxygen-
electrode, fitted with an automafic recording apparatus.
The instrument was calibrated by measuring the

electrode current, first for a’ known concentration of 02.




A blank reading was taken by exhausting oxygen with

dithionite. A linear relationship was obtained between
concentrations of O2 and currents. The concentration

of O2 in water exposed to water saturated air at 20°C
was taken to be 0.28 mM (125) and in water saturated
with pure 02, 1.25 mM. The concentrationsof O2

: required in reactions were obtained by gassing the
buffer in situ with O,-N, mixtures to attain the desired

recorder readings.

f. Kinetic determinations - The reaction was

followed by measuring the appearance of product at
593 mp with a Gilford Spectrophotometer model 240,
attached with an automatic recording apparatus. lMost
kinetic experiments were carried out using a 3.0 ml
reaction mixture in 1 cm silica cuvettes at 20°C. The
: cuvettes were filled with solutions containing
substrates. The reaction was initiated by the ‘addition
of 0.03 ml of the enzyme. Initial velocities were
determined by measuring the tangent to the recorded
f*curve extrapolated to the time of enzyme addition.
[.Each experimental point was determined in duplicate.
:,Eéch experiment was repeated twice to establish a
consistent pattern (i.e., competitive, noncompetitive,

~etc.).
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g. Data processing - The nomenclature used herein

is that of Cleland (126,127). Reciprocal velocities
were plotted graphically against the reciprocal of
‘substrate concentrations and any point which deviated
greatly from a linear relationship was discarded. The

remaining data were fitted to equation (3)

v o- oo (3)
Reciprocal plots of initial velocity, product inhibition

and dead-end inhibiﬁion data were examined to determine

the pattern, (i.e., intersecting, competitive inhibition,

~ etc.) and the slopes (K/V) and intercepts were plotted
graphically against either the reciprocal of the

non-varied substrate concentration (for initial velocity
experiments) or the inhibitor concentration (for i
 inhibition experiments) to determine the linearity of

~ these replots. Data conforming tb.a sequential initial
; velocity pattern, a linear competitive inhibition

1 pattern, a linear uncompetitive and a linear noncompeti-

tive inhibition pattern were fitted to equations 4, 5,

6, and 7, respectively.

VAB (&)

by K Ky + KB + K& + IB

VA
Vo= pxrv 1K+ R (5)




~ VA
V " KFFKI+ 1K) (6)

4 VA
YV r RO TIA + KT ¥ 1K) 7

In equations 5 through 7, K and Kii are apparent

is
'é inhibition constants for slope and intercept. All

Vf fitting of experimental data to the respective
equations were carried out by the least squares method,
: assuming equal variance for the velocities (129). A1l
~ least square fits reported herein were performed by a

; digital computer, using the Fortran programs. of

~ Cleland (128,130). These programs provide values for
the constants in a fitted equation, the standard errors

 of their estimates, and weighing factors for further

- analysis. ' -




RESULTS

Tnitial velocity studies - The initial velocity

, patterns for the reaction are shown in Figures 1 and 2.
~ When 3-isopropylcatechol (3-IPC) was plotted as the
 variable substrate with different concentrations of

~ oxygen as the varied fixed substrate (Figure 1), ‘an
intersecting pattern was obtained. When oxygen was
plotted as the variable substrate, with different
concentrations of 3-IPC as the changing fixed
substrate, an intersecting pattern was again observed.
When the data were fitted to equation 4, the Michaelis
constants for 3-IPC (Ka) and oxygen'(Kb) were found to
be 3.7 ¥ 10-4 M and 1.8 x 10'4 M, respectively. The
dissociation constant for 3-IPC (K;, ) was 3.64 X 1074 M.
The closeness of values between Ka and K is reflected
from the fact that the intersecting point is almost on
the horizontal axis. The plot also showed substrate
inhibition by 3-IPC, which was qbservable at high

3-IPC concentrations.

Product inhibition studies - Product inhibition
patterns and their replots are shown in Figures 3
through 7. With 3-IFPC as the variable substrate, and
oxygen concentration lower than its Km, linear
noncompetitive product inhibition pattern was observed.

(Figures 3 and 5). When the oxygen concentration was

~O4—




Figure 1.

Tnitial velocity plots with 3-IPC as

the variable substrate. The reaction
was carried out in 0.05 M potassium
phosphate buffer, pH 75, dn ‘o final
volume of 3 ml at 20°C. Oxygen
concentration from ftop to bottom:
8.40 x 1075 M; 1.67 x 107" M; and
2.80 x 10~* M. Enzyme, 23 pg per

cuvette.
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Figure 2.

Initial velocity plots with oxygen as

the variable substrate. The reaction

conditions were the same as those of
Figure 1. 3-IPC concentration from
top to bottom: 3.90 x 1072 M;

8.26 x 10~2 M; 1.35 x 10~F M; and
2.06 x 107+ M.
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Figure 3.

Product inhibition with 3-IPC as the

" yariable substrate at low oxygen

concentration (1.4 x 107% M). The

reaction conditions were the same as
those of Figure 1. Concentration of
product from bottom to top: (e

2,10 x 1072 M; 1.42 x 107% My

2.13 x 10~% M,

and
Enzyme, 23 pg per

cuvette.
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Figure 4.

Product inhibition with 3-IPC as the
variable substrate at high oxygen
concentration (2.8 x 107% M). The

reaction conditions were the same as
those of Figure 1. Concentration of
product from bottom to top: O;

6.94 x 1072 M3 1.39 x 10~* M; and
2.08 x 10"4 M. Enzyme, 50 P& per

cuvette.
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Figure 5. Replots from Figure 3 of slopes and

intercepts versus product concentration.
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Figure 6.

Product inhibition with oxygen as the

variable substrate. The reaction

systems were similar to those of
Figure 1, except 1.95 x 10'4 M of
3-IPC was the fixed substrate. Product
concentration from bottom to top: Oj
9.46 x 1072 M; 1.51 x 10+ M; and

4 M,

2.08 x 10 Enzyme, 27 pe per

cuvette.
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Figure 7. Replots from Figure 6 of slopes and

intercepts versus product concentration.
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raised, the intersecting point lies closer to the vertical
axis (Figure 4) reminiscent of a competitive inhibition
pattern. ‘With oxygen as the variable substrate the
product also gave linear noncompetitive inhibition

(Figures 6 and 7).

Dead-end inhibition studies - Since the observed
product inhibition pattern failed to yield an unequivocal
answer as to the order of the addition of substrates,
dead-end inhibition studies were undertaken in an
attempt to unravel the problem. The structural analog,
4-isopropylcatechol (4-IPC), was selected as the dead-end
inhibitor since it had been established that this
compound was not oxidized at a significant rate by the
enzyme. Using 3-IPC as the variable substrate, 4-IFPC
gave a competitive inhibition pattern as expected
(Figure 8). However, when oxygen was used as the
variable substrate, 4-IPC gave a uncompetitive inhibition

pattern (Figure 9).




* Figure 8.

Dead—end inhibition by 4-IPC with 3-IPC

as the variable substrate at fixed

concentration of oxygen (2.8 x T M)

The reaction conditions were the same

as those of Figure 1. 4-IPC concentra-

tion from bottom to top: O3 1.65 x 10'4 M

5.30 x 10~ M; and 6.60 x 10" M.

.
[

Enzyme, 27 pe per cuvette.
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Figure 9.

Dead-end inhibition by 4-IPC with oxygen

as the variable substrate at fixed

concantrabion of BLTRC) (1,085 107 M)

4-TIPC concentration from bottom to top:
0; 3.55 x 10~% M; 5.68 x 10~+ M; and
8.525% 10'4 M. Enzyme, 31 pg per

cuvette.
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DISCUSSION

The initial velocity, product inhibition and dead-
end inhibition patterns are consistent with the

following sequential ordered Bi-Uni mechanism:

P
kq ky k§ ky k6 I k7
EP

5 (8)
E EA EAB E» E
5
k8 k9
Ilor P

This mechanism requires that both substrates be
added to the enzyme before the product is released, and
that the addition of substrates follows an obligatory
order. The interconversidn of central complexes is
virtually irreversible for this type of oxygenation.

Derivation of the stéady-state rate equation for
mechanism 8 can be obtained from Figure 10, an alternate
_expression of mechanism 8, by application of the King.

and Altman method (131).

gﬁl (P)
les &
k
2
k6 k7P k4 kEB Figure 10

x
EP «——2—— EAB
a1 10
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The steady-state rate equation for the above
mechanism can be written in the form of equation 9.
i s KiaKb Ka Kb 32
K Ky * KA+ KB + AB + Kip P+ K;pBP + K;;AI

By assuming the concentrations of product and
inhibitor equal To zero, equation 9 becomes the familiar

Bi-substrate sequential initial velocity equation 10.

VAB
v = (10)
K;agb + KbA + Kaﬁ + AB

Taking the reciprocal form of equation 10 and after
rearranging, one obtains equations 11 and 12: B is the

changing fixed substrate when A is varied.

ia’ b

X K
1.5#a- -K——x%) ) (11)

A is the changing fixed substrate when B is varied.

4l

K. K
R E@ g (12)

The slope of the two equations is respectively

K K
WFQ (1 + —%Eﬁ—)
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for A or B as the variable substrate. These slopes are
a function of the non-varied substrate. Therefore,
intersecting reciprdcal plots will be observed. Figures
1 and 2 show intersecting patterns for varying 3-1PC and
02, and thus they are compatibie with a sequential
mechanism for this enzyme as would be expected for this
type of oxygenase reaction. It is noteworthy that
Kia/Ka.:: 1, as evidenced Dby the appearance of the
intersecting point virtually being on the horizontal
axis. This suggests that the apparent Michaelis constant
is independent of the concentration of the :ixed
substrate used or the apparent Michaelis constant is
equal to the limiting Michaelis constant.

It is more convenient o analyze the product and
dead-end inhibition data, Dby converting equation 9 into
its reciprocal form (equations 13.and 14).

A varies

. K K. . K K
- ia’b i a5 g b i
S = (1 + —KZE_)(l + K;;)(I) * 3 (1+g (1 + KZZ)]

(13)



K
1+ ?i) + —-— (1 + K_—)] (E) + — + i; (1 + B )]
5
(14)

When we are dealing with simple product inhibition,
we can set I = O in equations 13 and 14 to yield the
corresponding equations 15 and 16.

P inhibiting, A varies

K
- g Qs 1aKb) (1w K—)(I) RN };9) (15)

4=

P inhibiting, B varies

p i By Ka 3
Seyt [1 + ——— (1+ K——)] (B) + v 1+ I— (1 + KZ;)]

(16)

Equation 15 predicts linear competitive inhibition ab
fixed levels of B whereas equation 16 predicts linear
noncompetitive inhibition at fixed levels of A. The
product inhibition pattern observed in Figure 5 or
Figure 6 apparently does not conform to that predicted
by equation 15, indicating that the mechanism is

considerably more complicated.
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Dead-end inhibition by product(s) has been observed

in many cases, especially when the product is

structurally similar to one of the substrates.

Cleland (127,132) has dealt with this type of mixed

dead-end and pr

appears that the produc

enzyme form,

E, but is also comp

oduct inhibition kinetically. Thus,

t not only combines with the

it

eting for another enzyme

form with the substrate, giving rise to dead-end

inhibition.

On the basis

assume A is

(3-IPC) and set I = P in equations

-

of the above considerations, if we

molecular OXygen, B, the organic substrate

P inhibiting, A varies

K
dia vg (1 +

v

KiaKb

e (g @
a ip

P inhibiting, B varies

K
ai b P
- =7 [(1 s ) +
v V Kilp

Equations 17 and 18 both predict linear nonco
inhibition pat

K.
—%(1+-£1-’->1 ORE L e
ip

K

1 b

13 and 14, we obtain

+V[1+E_(l+r7)]

X

(18)

P

(1+K-5—-—
P

mpetitive

terns abt unsaturated levels of the fixed

)3
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substrate. The product inhibition patterns observed in
Figures 3 through 7 do conform to the patterns predicted
by equatlons 17 and 18.

At low oxygen concentration (1.4 x 10 M),
equivalent %o 0.8-fold of Km, the pattern is clearly
noncompetitive (Figure %), When the oxygen concentration
is raised to 2.8 X 10—4 M, equivalent to 1l.6-fold of Km,
the pattern now changes over To a competitive pattern.
Replot of slopes and intercepts are all linear functions.
The symmetry of equations between equation 17 and 18
allows the same interpretation for the reverse order of
substrate additions, but the product in this case would
be the dead-end inhibitor for E-3-IPC, which is quite
unlikely. This possibility is eliminated by the dead-end
inhibition studies. Both the slopes and the intercepts
are linear functions of the product concentrations
rather than parabolic functions, as observed in other
examples of mixed dead-end product inhibitions (133-135) ,
pecause the ring fission reaction is virtually an
irreversible process. !

For dead-end inhibition, simply set P = O into
equations 13 and 14.

A varies, B is constant,

1a b

— s-v— (1 + X5 )(I) + — [1+ ;h (1 + iﬁ;)]‘ (19)
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B varies, A is constant,
X, K K
; b r_ia I i a
e S S srth- Y At w) (20)

Equation 19 predicts linear uncompetitive inhibition
whereas equation 20 predicts linear competitive inhibi- :
tion. The dead-end inhibition patterns observed in
Figures 8 and 9 are consistent with the above
predictions only if A is molecular oxygen and B is the
organic substrate.

The possibility of the dead-end inhibitor, 4-TPC,
combining with the central complex, EAB, is ruled out by
the prediction that linear uncompetitive patterns will -
be observed for either substrates as the variable
substrate. The possibility of the product combining
with the central complex, EAB, in addition %o E, is
also ruled out by the prediction that noncompetitive.
inhibition will be observed with respect to the first
substrate added, and uncompetitive inhibition will Dbe
observed with respect to the other substrate.

The kinetic mechanism actually can be further
substantiated by the use of dead-end inhibitors,
competitive to molecular oxygen. This kind of
inhibitor should yield noncompetitive patterns with
respect to the organic substrate. g-Phenanthroline, a

ferrous ion chelator, was expected %o compete with
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molecular oxygen for the ferrous iron site. However, the
observed kinetic pattern is actually noncompetitive with
respect to both oxygen and organic substrate, and it
remains to be clarified whether g-phenanthroline
combines with the ferrous iron site of the enzyme.

Aside from organic compounds, we have been
searching for a gas which would be competitive to
oxygen. Carbon monoxide, a ferrous iron binding gas in
hemoproteins, was tested, but no inhibition was observed.
This is not surprising since steroid dioxygenase is a
nonheme iron enzyme, which may differ in behavior from
heme-containing oxygenases.

Nitric oxide (NO), has one electron in one of its
antibonding orbitals, which is expected to behave very
similarly to oxygen (oxygen has two parallel spin
electrons in the antibonding orbitals). Recently,

Senoh, et al. (1%6) have demonstrated NO could exhibit
similar ESR signal in the presence of organic substrate
to that produced by oxygen in their studies with
5,4—dihydroxyphenylacetate-2,3—dioxygenase.
Unfortunately, the reaction between NO and O2 in
buffered solutions is 8O rapid that no steady-state
kinetic éxperiments can be conducted.

In order to prove that the mechanism of steroid
dioxygenase is indeed ordered as depicted in mechanism 8,

it is necessary bto examine all other possible mechanisms
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giving a rate equation similar to equation 9 and

eliminate them from consideration.

Simple Theorell-Chance mechanism is ruled out simply
because no competitive product inhibition pattern is
observed with respect to either substrate. Equation 9

is also given by a Theorell-Chance mechanism in which
dead-end EAB and EAP ternary complexes are formed.

However, they do not partiéipate in the reaction, 5ut

can only break down again to EA.

42;:::::::::$ 4?¢;EAB

Ew EA
£ B EAP

EP

In view of the high improbability of the absence
of central complexes, this mechanism seems unlikely.
Nevertheless, there is no way of distinguishing this
mechanism from the ordered one by steady-state kinetics.
Rapid equilibrium random mechanism is also k
unlikely because no competitive product inhibition
pattern is observed with either substrates as the
variable substrate.

Random mechanism is another possibility for this
dioxygenase catalyzed preaction. As pointed out by
Cleland (126,135), reciprocal plofs for the Bi-substrate

random mechanism are always 2/1 functions, and the
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product inhibition patterns aré always noncompetitive
with respect to either substrate regardless of the
saturation level of the other. Although there are some
indications of curvature near the vertical axis in the
present case, replots are linear functions of the product,
and nearly competitive product inhibition is noted at
high concentrations of oxygen. These results are not
consistent with a random mechanism at least at the
concentration range studied. Most enzymic reactions
have some percentage of randomness; evidently, this
enzyme 1is no exception. Particularly at high
concentrations of organic substrate, an alternate
reaction sequence could be operating. It is probably
valid to say for the case discussed here that the
mechanism is predominantly ordered and that the
contribution of random addition is small.

Another possible ordered mechanism, Iso-ordered *
Bi-Uni can also Dbe ruled out by the following

consideration.

E EA EAB — E'P E! E EA

Simple Iso-ordered Bi-Uni mechanism predicts

noncompetitive product inhibition with respect to
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either substrates as observed, but raising fhe
concentration of oxygen should change the noncompetitive
pattern into an uncompetitive pattern, which is not what
we observed.

Iso-ordered Bi-Uni mechanism with dead-end complex
EAP also predicts nonconpetitive inhibition with respect
to either substrate, but the inhibition pattern should &
change to uncompetitive when oxygen concentration is
raised, but this again is not what is observed.

From the above discussions, it is reasonable to
conclude that the most probable kinetic mechanism'for
steroid dioxygenase is an ordered Bi-Uni mechanism where
oxygen is added first, followed by the organic substrate,
and the product is then released, as depicted in
mechanism 8 or Figure 10.

Recently, Hayaishi has suggested that the reverse
order of addition of substrates is more likely for
-dioxygenases in general based on binding experiments
for metapyrocatechase (14,28) and fas® reaction kinetics
for tryptophan pyrrolase (28).' As pointed out by |
Hayaishi (28), the primary site of substrate binding
‘does not seem to involve iron itself and the initial
binding of the organic substrate to the enzyme ﬁay
render the iron more accessible to molecular OXygene.
However, this proposition does not necessarily mean
that the organic substrate has to be added first at the

catalytic site. It is possible that the organic
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substrate generates a conformational change, SO that the
catalytic center can be properly oriented to activate'
incoming oxygen and substrate. ESR studies with
3 ,4—dihydroxyphenylacetate—2 ,3-dioxygenase (12,136)
along with pinding experiments with metapyrocatechase
(14,28) seem to support this observation. The native
enzyme does not show any typical signal in either the
presence or absence of oxygen, nor does it show any
signal (g = 4.2) under strictly anaerobic conditions in
the presence of the organic substrate. Once the organic
substrate is present in excess, introduction of limited
amounts of oxygen intermittently could repeatedly
éxhibit the g = 4.2 signal.

As to the reaction mechanism concerning the
activation of oxygen (or substrate), the nature of
reaction (free radical or ionic) and the structure of
intermediate(s), no definitive conclusion can be drawn
as yet.

A majority of dioxygenases are involved in the
oxidative cleavage of aromatic nuclei. They contain
either heme or nonheme iron in their active center and
it has been tacitly agsumed that oxygen binds with iron
and is activated in some manner. From ESR studies, .
Hayaishi (2) proposed a radical mechanism for the
metapyrocatechase reaction which may be envisaged as

follows:
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©

0°

CE H ) < OH

L _— ? —_—

Fe 0 OH

/7 @

\Fé
(S,

The so-called "active oxygen" in his mechanism is
the perferryl iron complex, FeIII-Oe— (formally FeVI)
and the reaction proceeds via a four-membered ring
peroxide intermediate. But Hamilton (137) claims that
_such an intermediate seems energetically unfavorable,
for not only is the aromatic resonance lost but the
strain in the four-membered ring would be Very large.
Based on chemical analogy of intramolecular

rearrangement of peresters (138), Hamilton (137)

proposed an jonic mechanism involving ferrous iron
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acting as an acid in withdrawing electrons from OXygzZen,
which in turn withdraws electrons from aromatic
substrates. A similar mechanism is preferred by us,
which can be written for steroid dioxygenase, but it
does not involve a seven-membered ring lactone

intermediate, as suggested by Hamilton.

0 0
o
\\\ +//' +H* l N
Ve Fer- otk 0.0
M H ™, J
Enz. b ?::pe::

Enz.




128

In view of the resemblances between the action of
some dioxygenases and photosensitized oxygenations, an
alternative possibility would be the involvement of
singlet oxygen as the reactive species (139-143).
Although the lowest singlet level, ‘a - lies some
23 Kcal above the ground state (144), it would not be
unreasonable to assume that the high energy requirement
and spin change could be overcome by complexation of the
oxygen with the metal of the enzyme. However, it is
difficult to envisage the dissociation of enzymatically
bound oxygen in order to generate the highly reactive,
singlet oxygen. On the other hand, the enzymatically
pound oxygen may well be diamagnetic in character.
Collman (145) has shown that diamagnetic oxygen
complexes can oxygenate substrates under unusually mild

conditions.
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