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SUMMARY

1 The fully reduced form of p-ammo acid oxidase (D-amino acid-O, oxido-
reductase (deaminating), EC 1 4.3 3), which was produced by anaerobic reduction of
the enzyme with excess D-alanine, has been 1solated by crystallization. The color of
the crystals was pale yellow and their shape was a hexagonal prism or hexagonal prism
with bipyramids.

2. The absorption spectra of the crystals and their mother liquor were essentially
identical with the spectrum of the enzyme fully reduced with sodium dithionite. The
crystals were practically diamagnetic The mother hiquor showed a shght anomaly 1n
optical rotatory dispersion, but 1t was farless than that found in the purple intermediate
complex of the enzyme with the substrate

3. The crystals were found to be composed of equimolar amounts of the fully
reduced enzyme and the intact substrate, p-alamne, indicating the exchange of the
product for the intact substrate; a direct evidence for the turnover of substrate on the
surface of the enzyme molecule

4. By mixing the fully reduced enzyme with excess pyruvate and ammonia,
the purple mmtermediate complex was formed On elhminating the pyruvate in the
purple intermediate solution by treatment with hydrogen peroxide, the purple color
faded to pale yellow This indicates the reversible conversion between the purple
complex and the fully reduced form

INTRODUCTION

In the previous paper?, the purple intermediate complex of D-amino acid oxidase
(D-amino acid :0, oxidoreductase (deaminating), EC 1 4 3 3) was crystallized, and 1t
was characterized as a diamagnetic “inner complex” (ref. z) between the enzyme and
the substrate’:4.

In the final step of the anaerobic reaction, however, the enzyme should be fully
reduced by receiving two electrons from the substrate. The main purpose of the present

Abbreviations ORD, optical rotatory dispersion, ESR, electron spin resonance
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study 1s, therefore, to characterize the fully reduced enzyme through its 1solation by
crystallization Another purpose 1s to elucidate the interrelationship between the
mtermediate and the fully reduced states. A part of this study has been preliminarily
reported®

MA1ERIALS AND METHODS

The holoenzyme ot p-amino acid oxidase was prepared according to the method
of Yaar et al

D-Alanine, sodium benzoate and other chemicals were of reagent grade Protein
content 1n the enzyme preparation was estimated by the usual biuret method?.

For the analyses of the constituents of the crystals, a washing technique, which
had been found to be available for the estimation of the constituents of some crystalline
preparations!-%8, was adopted

87mm— -
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Fig 1 Apparatus for washing the crystals Tubes (a), (b) and (c) were made from Pyrex glass

and they are connected by ground joints with each other The chambers (a), (b) and (c) can be
interconnected through apertures (a’) and (b")

To wash the crystals under anaerobic conditions, a special glass apparatus
(Fig 1) was devised The crystalline suspension 1n tube (a) stopped with tube (b) was
centrifuged with an angle centrifuge at 3000 X g for 10 min to separate crystals from
the supernatant After the chamber (b) was evacuated by using stopcock (c), the
supernatant in chamber (a) was sucked out into chamber (b) by opening a small
aperture (a’). Then aperture (a’) was closed, the supernatant transferred into chamber
(b) was removed, and chamber (b) was washed with chilled pyrophosphate butfer
(1 67-1072 M, pH 8 3) three times A definite amount of the chilled buffer was put
into chamber (b) and made oxygen-free by evacuating and flushing argon gas alterna-
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tively with the aid of stopcock (c) The oxygen-free chilled buffer was then transferred
mto chamber (a) by opening aperture (a’), and the crystalline sediment was washed
with the chilled buffer using a small magnetic stirrer The supernatant was removed
as mentioned above The same procedure was repeated

The amounts of low molecular weight substances 1n each washing and 1n the
solution of the crystals were analyzed after deproteinization with trichloroacetic acid
The amount of p-alanine was estimated by the usual ninhydrin technique® The
estimation of pyruvate was made colorimetrically by use ot 2,4-dimitrophenyl-
hydrazine!®

Absorption spectra were recorded using a Beckman DK-2A spectrophotometer
To measure the absorption spectrum of the crystal, an Olympus microspectrophoto-
meter was used Measurements of optical rotatory dispersion (ORD) were made by
use of a JASCO ORD/UV recorder Electron spin resonance (ESR) spectra were
recorded using a JES 3B X-band ESR spectrometer of Japan Electron Optics Labora-
tory Co

All operations were carried out at room temperature. For the anaerobic exper-
ments, a Thunberg-type cuvette was used throughout

RESULTS

1 Isolation by crystallization of the fully reduced form of D-amino acid oxidase

As it was known (e.g , ref 11) that this enzyme could be fully reduced with an
excess amount of its substrate, D-alanine, an attempt was made to crystallize the
fully reduced form of the enzyme after the reduction with this substrate

Six ml of the enzyme solution (6 7-10"% M with respect to FAD) were mixed
with triturated D-alanine (3 1072 M 1n final concentration) under anaerobic conditions
The amino acid was quickly brought into the solution with gentle shaking. The yellow
color of the solution changed rather rapidly into purple and then gradually turned to
pale yellow, indicating the enzyme was fully reduced To this pale yellow solution,
powdered ammonium sulfate was added to a final concentration of 2-10-1 M and the
resulting solution was stored at 5° under anaerobic conditions After standing over a
week, a crop of pale yellow crvstals appeared. Microscopic observation revealed that
the shape of the crystals was a hexagonal prism (see Fig 2a), hike the crystals of the
purple intermediate!? Sometimes, crystals having a hexagonal prism shape with

\" - "\* (WO i'&‘ell W - a ; ‘.; | ( (-
Iig 2z Shape of the crystals of the fully reduced form of p-amino acid oxidase (a) Hexagonal

prism (X 200), (b) hexagonal prism with bipyramids ( X 750)
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bipyramids appeared as shown m Fig 2b. This shape was also observed when the
crystallization of the purple intermediate had been achieved!.

To analvze the constituents of the crystals, they were washed 5 times with
o 5 ml of chilled pyrophosphate buffer under anaerobic conditions, and the remaining
crystals were dissolved in the same buffer After the deproteimzation by adding
trichloroacetic acid (59, final concentration), the low molecular weight substances
liberated 1n the supernatant of each washing and of the solution of the crystals were
determined The analytical results on p-alanine and pvruvate indicated that the
molar ratio of alanine to FAD ([Ala]/[FAD]) in the washing drew nearer to unity
with increasing numbers of washings, whereas that of pyruvate to FAD ([pyruvate]/
[FAD]) fell much less than o 1. In the solution of the washed crystals, equumolar
amounts of D-alanime and FAD were found These results would indicate that the
present crystalline preparation 1s a 1.1 complex between the fully reduced enzyme
and the intact substrate, p-alanine

2. Physicochemucal properties

Absorption spectra of the crystals and their mother liquor are shown by Curves 1
and II, respectively, in Fig. 3. No absorption peak was found in the visible range
(400600 mu). These spectra are rather simuilar to the spectrum of the enzyme fully
reduced with dithionite (Curve III in Fig 3), but different apparently from that of
the oxidized, purple intermediate or half-reduced (semiquinoid) state of the enzyme
(ef ref 3)

ESR measurements indicated that the crystalline sample gives no significant
ESR signal

The ORD pattern of the mother hquor is shown by Curve I 1n I1g. 4 This pattern
is essentially 1dentical with that of the fully reduced enzyme reported by Aki et al.!?
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Fig 3. The absorption spectra of the fully reduced form of p-amino acid oxidase I, crystal
of fully reduced form, 11, mother liquor of I, ITI, the enzyme (7 0 103 M with respect to FAD)
fully reduced with excess dithionite, IV, after the aeration of II A part of II was diluted to
an appropriate concentration, and was bubbled with oxygen

Fig 4 The optical rotatory dispersion patterns of the fully reduced enzyme and 1ts related
state I,the enzyme (1 7-10-* M with respect to FAD) fully reduced with p-alanine (5 o-1072 M),
IT, I was mixed with Iithium pyruvate (1 o 10-1M) and ammonum sulfate (5 o 1072 M), 111, the
enzyme (I 7-10~%* M with respect to FAD) fully reduced with sodium dithionite (3 o-10-3 M)
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A shght anomaly found is probably due to the interaction between the apoenzyme and
the fully reduced coenzyme, because the enzyme fully reduced with sodium dithionite,
in which no enzyme-substrate interaction exists, showed the same ORD pattern
(Cuarve I1I 1n Fig. 4)

3 Reactwnity of the fully reduced enzyme

The fully reduced enzyme prepared here reacted with molecular oxygen. On
introducing oxvgen 1nto the mother liquor, 1ts pale yellow color turned, for a moment,
to purple and soon returned to pale yellow Repeating this procedure, the color of the
solution finally became deep yellow. The absorption spectrum of this yellow solution
1s shown by Curve IV in Tig. 3, which 1s 1dentical with that of the enzyme-pyruvate
complex'? Similar changes were observed in the case of the crystals, indicating that
the enzymatic oxidation takes place even 1n the crystals.

Although MassEy AND GiBsoN™ reported that the purple intermediate of
D-amimo acid oxidase could be prepared by mixing the fully reduced enzyme (reduced
with substrate) with excess amounts of pyruvate and ammonia, the conversion from
the fully reduced form to the purple form was investigated in more detail to confirm
the reversible reaction between the two

As shown m Figs 4 and 5, changes in the absorption spectrum and i ORD were
noticeable when the enzyme fully reduced with p-alanine was mixed with excess
triturated lithrum pyruvate and ammonium sulfate A broad absorption band emerged
in the vicinity of 550 mg (Curve II, in Fig 5), which 1s obviously identical with that
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Fig 5 Reversibilitv of the conversion from the fully reduced state to the intermediate state I,
the enzyme (7 o 10-% M with respect to FAD) fully reduced with p-alanine (5 0 102 M), II, I was
mixed with ithum pyruvate (1 0-107* M) and ammonwm sulfate (50-10-2M), 1II, 11 was
then mixed with hydrogen peroxide (1 o 10-! M), IV, I was mixed with sodium benzoate (ro-
1071 M)

of the purple mtermediate®. Moreover, an extrinsic negative Cotton effect appeared
in the ORD spectrum having a trough at 430 mg, an inflexion pomt close to 400 my
and a peak at 380 mu (Curve II, in Fig. 4) This Cotton effect 1s also identical with
that of the purple intermediate reported previously? In addition, very slow iomzation
of the complex, which could be traced by measuring the increase in paramagnetic
susceptibility®, was observed even without exciting light These facts may indicate
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the formation of an inner complex of the enzyme with substrate moiety through the
reverse reaction

On the other hand, when pyruvate presented in the purple solution was elimi-
nated by the addition of an appropriate amount of hydrogen peroxide, the charge
transfer band? having a peak at 550 my gradually diminished and the trough amphitude
at 430 my m ORD became smaller As shown by Curve III m Fig 5, the shape of the
resulting spectrum was in good accord with that of the fully reduced enzyme, indicating
that the two electrons shared by the enzyme and substrate moieties were completely
transferred to the enzyme. These results suggest that the interconversion between the
mtermediate and the fully reduced states 1s governed by the concentration of the
substrate and the final products in the medium.

This reversibility was further confirmed by demonstrating the relation between
the concentration index (negative logarithm of concentration) of pyruvate added to
the mother liquor under anaerobic conditions and the absorbance of the resulting
muxture at 550 my, which 1s an ndication of the amount of the purple intermediate
As shown by Fig 6, the plot thus obtained appeared to fit a sigmoid curve, and an
inflexion pomnt was found at p[pyruvate] == 17. From this pK’, the dissociation
constant of the purple intermediate into the fully reduced enzyme and pyruvate was
determined to be 2.0-1072 M

When the concentration of the substrate in the medium was decreased to one-
tenth, the spectrum changed from Curve III to Curve IV in Fig 7 upon increasing the
concentration of pyruvate, indicating that i this case the excess pyruvate expelled
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Fig 6 Dependence of enzymatic equilibria on the concentration of a product, pyruvate Open
circles demonstrate the observed amount (%) of the purple intermediate formed from the fully
reduced enzyme by the addition of pyruvate indicated, in the presence of ammonium sulfate
(5 0 1072 M) and p-alamne (5 0-1072 M) The enzyme concentration was 8 2 1o~> M with respect
to FAD The amount of the intermediate was calculated from the absorbance at 550 my, based
upon the assumption that all of the enzyme m the media forms the purple complex when the
absorbance at 550 mu shows 1ts maximal value, m this case, 1t reached the maximum when
the concentration of pyruvate was elevated to 40 107*M The solid line represents the theo-
retical curve of the following proposed equation
[fully reduced enzyme]

[purple mntermediatel

plpyruvate] = pK’ + log

where pR’ 1s assumed to be 1 7

Fig 7 The change in the absorption spectrum of the enzyme with different concentrations of
the substrate and the products I, the enzyme (1 1 10~ M with respect to FAD) fully reduced
with p-alanme (5 o-10-% M), II, I was mixed with lithium pyruvate (1 o 1072 M) and amnionium
sulfate (5 0 10-2 M) The concentration of lithium pyruvate was mncreased to 1 o 1071 M (Curve
ITT) and to 4 0 1071 M (Curve IV)
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the substrate moiety of the purple intermediate complex to form the enzyme-pyruvate
complex Similar phenomena should be observed by adding benzoate to the purple
mtermediate. In fact, the substrate moiety of the purple intermediate was expelled
by the benzoate to form the oxidized enzyme-benzoate complex as occurred previ-
ously3. However, the fully reduced species was not changed to the oxidized enzyme-
benzoate complex upon addition of benzoate (see Curve IV, Fig 5)

As reported previously'®, rhodoflavin 1s formed when the diamagnetic purple
intermediate or semiquinoid enzyme 1s mixed with trichloroacetic acid. In the case of
the fully reduced enzyme, however, rhodoflavin was not found in the degradates,
no ESR signal was detected.

DISCUSSION

In the classical studies'®—18, it had been considered that the enzyme 1s capable
of removing two hydrogen atoms from 1its substrate and subsequently transferring
them to molecular oxygen to form hydrogen peroxide The direct product of the
reaction had been supposed to be ¢-amino acid®, which is decomposed to a-keto acid
and ammonia through spontaneous hydrolysis The reactions that had been supposed
to be mvolved are

RCH(NH,)COOH + E — RC(=NH)COOH + EH, (
RC(=NH)COOH + H,0 = RCOCOOH + NH, (2)
EH, * 0,— E + H,0, {

where E represents the enzyme.

The present data on crystalline, fully reduced enzyme indicate the formation
of the complex of the fully reduced enzyme with D-alanine This may be direct evidence
of “turnover” of the substrate The reactions could be expressed as

SH, + E = purple mntermediate & EH,-S (4)
EH,S 4 SH,= EH,-SH, + S (5)

where SH, equals the substrate, S, the product Hence, the formula (1) 15 considered
to be confirmed by the present results so far as the anaerobic reaction 1s concerned

In the anaerobic reaction, the species EH,~SH, should be situated at the final
stage of the reaction sequence However, EH,—SH, could be changed to the purple
mtermediate by the addition of the products and could be again returned to EH,-SH,
by the elimination of pyruvate, indicating the reversibility between the fully reduced
and the purple intermediate states The relation between the concentration index of
pyruvate and the concentration of the purple intermediate indicates that the oxidation-
reduction state of the enzyme is governed by the concentrations of the coexisting
substrate and products It is noted that the decrease of the substrate concentration
and the mcrease of the pyruvate concentration yield the enzyme—pyruvate complex!?
from EH,-SH, These results would confirm the reversibility mcluded in the whole
process 1 formulae (4) and (5)

It is obvious that the fully reduced enzyme prepared here reacts with molecular
oxygen However, this does not always indicate the direct participation of the fully
reduced enzyme in the aerobic oxidation of the substrate, because there are several
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lines of evidencel4,2® indicating that oxygen 1s capable of receiving electrons at an
mtermediate state of the enzyme.

Although many electronic structures of the enzyme-substrate complex could

be postulated as intermediates, the spectroscopically demonstrable intermediate
before the fully reduced state in the anaerobic reaction is undoubtedly the purple
complex Therefore, the reactivity of oxygen with the purple intermediate stage of the
enzyme-substrate complex, where two frontier electrons of the substrate moiety are
not completely transferred to the enzyme, should be elucidated 1n a forthcoming paper

REFERENCES
1 K Yacr anp T Ozawa, Biochim Biophys Acta, 81 (1964) 29
2 R S MuLLIKEN, | Phvs Chem , 56 (1952) Sor

w

Qv

O D W~

—

13
14
15
16
17
18
19
20

K Yaci, K OxaMura, M Naor, N Suctura AND A Kortaxki, Biockim Biophys Adcta, 146
(1967) 77

K Yacl, N Suciura, K OxaMURA aND A KoTaki, Biockum Biophys Acla, 151 (1068) 343
K Yacl aND K OKAMURA, Biochem Brophys Res Commun , 21 {1965) 399

K Yaci, M.Naor, M Harapa, K OxaMmura, H Hmaxa, T Ozawa AND A KOTAKL [
Biochem , 61 (1967) 580

A G GornaLL, C J Barpawirr AND M M Davip, J Biol Chem, 177 (1949) 751

K Yacl aAND M HaraDa, J Biochkem , 57 (1965) 403

S MoorE aAND W H StrIN, | Biol Chem , 176 (1918) 367

T E FrIEDEMAN, mm S P CorLowick anp N O Kapiax, Methods 1n Enzymology, Vol 3,
Academic Press, New York, 1957, p 414

K Yact aAND T Ozawa, Biockim Brophvs Acta, 50 (1902) 420

K Yact, in E C.SvateR, Flavins and Flavoproteins, BBA Library, Vol 8, Elsevier, Amster-
dam, 1966, p 320

K Ax1, T Taxaci, T IsemURa anD T YaMaNo, Biechum Biophys Acta, 122 (1966) 193

V Massev aND Q H GisscN, Fedeialion FProc, 23 (1964) 18

K Yacl, ] Oxkupa aND K OKAMURA, | Biochem , 58 (1965) 300

O WARBURG AND W CHRISTIAN, Biochem Z , 296 (1938) 204

O WARBURG AND W CHRISTIAN, Biochem Z, 298 (1938) 150

F B STRAUB, Biockem [, 33 (1939) 787

F Knoor, Z Physiol Chem , 67 (1910) 489

K YAGI AND K OKAMURA, | Biochem , 58 (1905) 417

—

Brochin. Biophys Acta, 159 (1968) 1-8



