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I. INTRODUCTION

"eoo 1f the mysterious influence to which the dissymmetry of
natural products is due should come to change in sense or
direction, the constituting elements of all living beings
would take an inverse dissymmetry. Perhaps a new world would
be presented to us. Who could foresee the organization of
living beings, if the cellulose, which is right, should become
left, if the left alubumen of the blood, should become right?
There are here mysteries which prepare immense labors for the
future, and from this hour invite the most serious mediations
of science." Pasteur (1860), =

A. General Considerations
l. Occurrence of\D-Amino Acids in Peptide‘Antibiotics

Many peptide antibiotics are produced by a variety of
microorganisms and the structures of these antibiotics have
been elucidated by maﬁy investigators. Sevéral common features
are found (1): one or more D-amino acids are present in the
molecules and most of the peptide antibioticé are cyclic
peptides. The distribution ofaD-amino acids in peptide -

antibiotics are shown in Table I. °

1



TABLE I

Occurrence of D-amino acid in peptide antibiotics

[N

Antibiotic producing

D-Amino acid

Antibiotics, organisms
Penicillin Penicillium chrysogenum  valine
Malformin Aspergillus niger valine, cysteine and leucine if

Actinomycin D
Polymixin B
Polymixin D
Circulin

Bacitracin A
Gramicidin S
Tyrocidines>

Gramicidins

Stréptomyces antiblotics

Bacillus pol Xa
—— | _

Eo E@lzgy FX&

B. circulans

A

-

B. licheniformis

B. brevis Nagano or

ATCC 9999

B. brevis ATCC 8185
or 10063 '

B. brevis ATCC 8185
or.loogg

valine
phenylalanine
leucine and serine
leucine

phenylalanine, glutamic acid,
aspartic acid, and ornithine

phenylalanine
phenylalanine and tryptophan

"1eucine and valine




Gramicidin S produced by Bacillus brevis Nagano (2) and B,
brevis ATCC 9999 (%) is known to be a cyclic decapeptide possessing
2 molecules of D-phenylalanine. The tyrothricin produéed by
Bacillus brevis ATCC 8185 is a mi§§ure of gramicidins and tyrocidines
(4). Gramicidins are linear peptide antibiotics containing D-
valine and D-leucine;“whereas tyrocidine, A, B, C and D.are cyclic
decapept%des containing D-phenyl;I;nine and D-tryptqphan. One half
of the struéture of tyrocidines has the(;equence of the five amino

acid of gramicidin S (5). The sequence$ of gramicidin S and

tyrocidines are given in the diagram.
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2 Biosynthesis of Peptide Antibiotics

The incorporation of amino acids into several antibiotics
has been studied with intact cells (6-13) and more recently with
cell-free systems (l#-lS). It is proven from these studies that
the mechanism of biosynthesis of anéibiotic peptides is different
from that responsiblerfor protein biosynthesis.

Therg is evidence for incorporation of the L-isomers or of
both L- and D-amino acids into the D-amino acid moieties of the
peptide antibiotics. L-Valine is more rapidly incorporated into
penicillin by strains of Penicillum or into actinomycin by

Streptomyces antibiotics than is D-valine (19, 7). In addition,

the nitrogen atom of ‘L-valine is retained during incorporation.
in both cases, indicating that there is inversion of the configuration

of L-valine during biosynthesis of/the antibiotics from this amino

acide (19, 20). Since D-leucine inhibited the formation of

L- |
polymixin D~and leucine reversed the inhibition, it was postulated

that L-leucine might be the precursor of the D-leucine residue
of the polymixin D (9). The formation of bacitracin by B,
licheniformis is also inhibited by the addition of D-phenylalanine
and the inhibition can be released by L-phenylalanine (11). It

was observed by Tomino gt al. that in the cell-free system of

B, brevis Nagano D-phenylalanine as well as L-phenylalanine

ey
7Ty
.
4
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served as the.precursor for the.D-phenylalanine residue of
gramicidin S and that at the simultaneous presence of both forms
of phenylalanine the L- form was preferentially incorporated into
gramicidin S (17). The cell-free system of B, brevis Nagano
enzymatically synthesizes the peptides, such as D-phenylalanyl-
L-proline diketopiperazine (DXP) and D-phenylalanyl-L-prolyl-L-
valine and D-phenylalanine amide from'the L- forms of the
égnstitu;nts amino acids (21, 22, 17). The fact that the
configuration of phenylalanine of these peptides and phenylalanine
amide is all the D- form suggests that the inversion of the
configuration of phenylalanine in gramicidin S may occur prior

to the peptidation qf the amino écid. The cell~-free extract of
B. brevis ATCC 8185 also incorporates both D~ and L-phenylalaﬁine
int§ D-phenylalanine residue of tyrocidines (23)., The similar
oeffect of D= and L~1euc;ne and D= and L-cysteine on the incor-

poration into the D~ moieties of malformin is obtained with

an cell-free preparation of Aspergillus niger (14),

It will be concluded that L- rather than D-amino acids is
more efficiently utilized in the formation of peptide antibiotics
and that the free D-amino acid is not an obligatory precursor.
However, the mechanism of the conversion 6f L-amino acid to the

Df enantionmorph has remained obscure in all instances. The
phenomena involved in inversion of the configuration suggest some

1]

more novel enzymology.
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B. Biosynthesis of D-Amino Acids
! 1l General Consliderations

The biosynthesis of D;amino cidg has been stﬁdied only

in:microorganisms;N~D-amino acid ¢an be formed either from

the corresponding L-amino acid by racemization or from the

corresponding keto acid by D-amino acid specific transamination.

Racemases catalyze the format ion of racemic amino acid

from either D- or L-amino acid at equal rates. Thpre is

- evidence for the occurrence of no acid apecifi¢{racemaaes

L
in microorganisms., Alanine racemase was found to be present

in Stfegtococcus faecalis and to involve pyridoxal phosphate
(PALP) as a prosthetic group (24), Both PALP and FAD were

" required for the action of alanine racemase from 2} subtilis

(25). Similar activity is found in a number of other organisms,

including Leuconostoc mesenteroides, Escherichia cbli, and

Pseudomonas fluorescence (26), Other amino acid racemases,

such as glutamic acid racemase, lising racemase, aﬁd proline

! . . .
‘racemase are known (27-29). A prﬁliminary report of threonine

I E
racemase showed that ATP or AMP stimulated its| action (30).

— f

' : \b 3 >
, |
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An alternative formation of D-glutamic acid ffom L-

glutamic -acid was shown by Thorn et al, fn B, |subtilis
Jtal

and B, anthracis (31, 32). The

amino acid transaminases:
" \
L-glutamid\:cid + pyruvate

I-Alanine

‘D-Alanine + a-ketoglutaric acid

!
reaction is ¢ yzed by

‘a coupled enzymic system of alanitixé racemase and L- and D=~

i
Ve

mmte——
F
—A
P

> o G
— Pyruvatg + D glutamic acid

a-ketog]gxtnrfic acid + L-alanine
i {

D-alanir‘e

“ Sum: Leglutamic acid

— .
;"‘_ﬁ D-gluta.nilic | gcid

Several other D-amino acids such as phe‘njrlalai‘nine which are

not present in these bacteria was formed in vitro“;'by this enzyme

system, ]

9



2. Formation of D-~Phenylalanine from L-Phenylalanine

It was reported in 1964 by Yamada, Tomino, and Kurshashi that
L-phenylalanine is converted to D-phenylalanine by a cell-free
extract of B. brevis Nagano and that ATP is essential for the
conversion of L-phenylalanine to the D-isomer (33), Absence of
D-amino acid transaminase in the cell-free extract of B. brevis
Nagano exe¢ludes the possibility of the formation of D~phenylalanine
through fhe coupled enzymic reaction of alanine racemase and D-
and L-transaminases. The enzyme capable of catalyzing the formation
of D~ and L-phenylalanine from each one of the isomers was called
phenylalanine racemase (34),

The recent study on phenylalanine racemase was described
- in the attached paper (Yamada and Kurahashi, 1968)., The paper
dealt with the partial purification and some properties of the
enzyme. The enzyme was partially purified by ultracentrifugation,
ammonium sulfate precipitation and calcium phosphate éel adsorption
and elution. In addition to ATP and magnesium ion, inorganic
pYrophosphate was required for the activity. Higher concentration
of thiol compound, such as dithiothreitol and 2-mercaptoethanol’
stimulated the enzyme activity. The rate of the formation of
D-phenylalanine from the L-isomer was more rapid than that of
L-phenylalanine from the D-isomer under the certain conditions‘and

the equilibrium of the reaction is favorable for the formation of



D-phenylalanine.

also found in B.

This ATP-dependent phenylalanine racemase was

previs ATCC 8185 producing tyrocidines.
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following questzons.

\
syntheais.\\

C Nature of P oblem

A novel enzyme of ATP-dependent phenylalanine-iacemase
was shown to be present in B, brev@g’negano. The énzjme gives

rise to many problems. The auther has tried tg angwer‘the

—

(a) How is phenylalanine converted to the D-iscmer;in dependence |

on ATP? and (b) Whether or noé the racemase is related with the

enzyme systems of gramicidin S syntheais and of tyﬁocidine

i
'
{

The requirement of AEP, Mg and PPi for the racemization
of.phenylalanine‘and the coexistence of L~ and?D-pﬁeﬁylalanine
aetivating activities in the racemass preparation tempted us to

formulate a hypothetical reaction mechanism aslfollows.

L-Phe + ATP + Enz,  —— ‘L-PhesAMPsEnz, + PPy (1)

L-Phe+AMP.Enz, T———=  D~Phe.AMP.Enz. (2)

/ D-Phe.AMP.Enz. + PP <=—== D-Phe + ATP + Enz.  (3)
Sum I-Phe === D-Phe Y

. 1 " :
0n>this scheme the racemization of phenylaieﬁine ocecurs at T
the state of the enzyme bound fhen&lalanyl adenylafe and Le
phepylalanine may be incorporated into D-phenylalanine moiety
of gramicidin S, not passing'through f;ee D-phenylelanine,
because D-phenylalanyl adenylate formed from L_phenylalanine
would be used for‘gramicidin S. This idea is compatible with

the fact that free D-amino acid is not obligatory precursor of
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the D-amino acid moieties of ‘peptide antibiotice. ;

To verify the above hypothesis, the author attempted

successfully to isolate the phenylalanine racemase as &

homogeneous protein from B, brevis Nagano and examined its

characteristics.

the purified preparation‘that the

the phenylalanine racemization.

The purified eample was shown to ‘exert L=

“and D-phenylalanine activating fuction which £a involved in

ft was also demonqtrated with

participated in both granicidinls- and tyrocidines-synthesizing

‘syntems.'

/

S

phenylalanine racemase
J
i
_ .
| i
i
i t
i : |
4
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II,MATERIALS AND METHODS

A. Chemicals and Isotopes

The following chemicals were obtained commercially_: Sephadex
G-50, Sephadex G-150, Scphadex G=200 and DEAE-Sephadex A-50 medium
(3.1 qeq/g) were ffoﬁ Phaimacia;'TEAE;ccllulose (0ol meq/g) was from Serv#;
nucleoside phosphafes, crystalline bovine serum albumin were a product
of Signma Chemiéal Co; amino acids and the analogucs of phenylalanine
were from Mann Research Laboratories Inc.; DIT from Calbiochem;
tyrocidine-HCl and tyrothricin from Nutritional Biocheﬁicals Corp.;
gramicidin S from MeiJi Seika Kaisha, Ltd; acid alumina from M. Woelm

1k 14

Eschwege; L-phenylalanine~U-"'C. (322 mc/mmole) L-leuczno-U- c

(214 me/mmole), L-tyroc:z.ne-U-l C (118.8 mc/mmole) from Qallchl Pure

| 14

Chemicals Co.; L-tryptophan-B- C (21.4 mc/mmole) and L-valine-U-""C

(208.5 mc/mmole) from New England Nuclear Corp.; L-phenylalanine-

U-lhc was purified by treatment with D-amino acid oiidaée,followod

by column chromatography on Dowex 50 (g%); L—phenylalanino-B-l#C

and D-phenylalanine—B-luc were preparcd fron DL—pheﬁyla;anine-B-luc

(a product of Section Molbécules Marquées Fébriqué par CEA-France, b
10 mc/mmole) by treatment with D- and Leamino acid oxidase, res-
pectively. Resulting keto acld was removed by pa?Slng through a

g Lt 14,

colunn of Dowex 50 (H'); ATP- C (213 mc/muole) and AMP-TU-

;f#ho mc/mmole) from Schwarz Bioresearch and New Engiand Nuclear
! i
Corp, respectlvely, were purxfzed by paper chromatogfaphy as

described below. . ,i i

|
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Streptomycin sulfate was a gift from Mr. I. Yoshimura of
Meiji Seika Kaisha Ltd. ATP-y-"°P was a gift from Dr. T. Horio
of Institute for Protein Research, Osaka University. Phenylaianine
hydroxamic acid was prepared by the rethod of Safir and Villiams
(35) from L-phenylalanine methylestef hydrochloride, which was
kindly given by Dr. S. Sakakibars of Institute for Protein Rescarch,
Osaka U?iversity, aﬁd the prepared phenylalanine hydroxanmic acid
represents a singie spot by paper chromatography in solvents of
sec butanol : formic acid : water (75 : 15 : 10 v/v) (36) and
of n-butanol : acetic acid : water (4 : 1 : 5, v/v) (37). Calcium
phosphate gel was prepéred according ‘to the method of Keilin and
Hartree (38). Salt~freo hydroxylamine was prepared b& the method

of Beinert et al. (39) and stored frozen at -2096;



e

-t
(LN

' { .
B. Growth of Bacteria

1. Bacillus brovis Nagano

E. brevis Nagano was supplied by Dr. S. Otani of Osaka City

Univorsity Medical School., The medium used was nutriont broth-

‘which contained 1 % bolypeptone (Daigo Eiyo Chemical Co.), 1 %

neat éxtfact (Kyokuto pharmacoﬁtical Industrial Co.), 0.25 % NaCl
and chugh NaOH to bring the pH fo.7;2. The organism grown on a
nutrient agar slant was ﬁashod intd 500 nl of the mcdium in a
2-liter Erlenmeyer flask and thé flask was incubated at 370 C for
2 days with rociprocal shaking., One hundred millilitors of the
preculiure werc inoqulated -to 1 litor of the fresh medium in a
Jeliter Erlenmeyer flask and ths flask was incubated overnighé at
37° C with reciprocal shaking., A total volumes of 5 liters of fhe
inoculum was transferred to a 200-liter fermenter containiﬁg 100
liters of the fresh medium. The fermenter was maintained at

37° C and acrated at the rate of 70 liters per minute with .
stirring at 175 revolutions per ﬁinute. The cells were harvested
at the late logarithmic phase of growth (4 to S-hour culture) by
a Sharples centrifuge and washed once with 2 liters of 0.0l M
TEA-HC1 buffer (pH 8.0) containing 0.01 M MgCl . Thé packed cells

were kept frozen at'-20° C.
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2. Bacillus brevis ATCC 9999

B. brevis ATCC 9999 cells grown overnight on a nutrient
agar slant were washod into the same broth as that described in
the growth of B, brevis Nagano., The culture was incubated overnight

at 37° C. Then, 30 ml of overnight culuure were inoculated into

’nine 2=liter Erlenmcycr flaSks'éaéhicdntaining 500 ml of the

'medlum «nd they were 1ncubatcd at 37 C with shaking in a New

Brunsw1ck gyratory lncubator ohaker. Cellu Wero harvested by
centrifugation at 8,000 x g for 15 mlnutes and washed with the

same buffer as used for B. brevis Nagano cells.

3 Bac1llus brovis ATCC 8185

B brevis ATCC 8185 was grown by the meuhod of K. Fuglkawa

et al (23). The organl nm was mulntalned on milk agar slants

and then grovm on mllk-ycast extract mbdlum. Tho fully grown
culturc was 1nocula»ed and growm at 37 C on the nutrlent medium
descrlbcd in B. brevis Nagano CXCLPt that the vzgorous aeratlon
(90 l/mln) and the violent agltatlon (210 revolutlons/hin) we m

needed.
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| C. Enzynmes

1. Preparation of Gramicidin S Synthesizing Systen

Fractlon I and fraction II were preparced from B. brevis
Nagano according to the mcthod of H, Itoh g% 21 (40). The proccdure
condisted of ultracentrifugation, streptomycin treatment, azmonium
" sulfate fractiénatioﬁ, the adsorption and clution on calcium
phosphate gel and the sepération of the calcium phosphate gel
fraction_by Sophadex G-200 into the two complcmonta:y fractions,

fraction I and fraction II.

2+ Preparation of Tyrocidine Synthesizing Systen

The method employed in tho.proparation of tyrocidine
syntheéizingAsystcm\froml§. brevis ATCC 8185 was that deseribed
by K. Fujikawa gg,g;. (23): Cclis were lysed with the action of
muramidase; the lysate was fractionated by ammonium sulfate
saturation (33 % - 41 %5, the sclective precipitation by
protamine sulfate, 2nd ammonium sulfate saturafion (32 % - 38 %)

and resolution of the enzyme system into the cémponont and II

by column chromatography on DEAE-ccllulosec.

i

3. Cell-free Extracts of B. brevis ATCC 9999
qu the preparation of the crude'extract, cells were suspendod
in 4 volumes of 0,01 M TEA-;HCl (pHE 8.0) containing 0,01 M'Mgc.la
and disrupted in 22 ml to 25 ml portions for 5 minutes in'a 10-ke

Kubota sonic oscillator.  The crude extract was obtained on
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centrifugation of the sonicate at 18,000 x g for 20 minutes.

©

L, Inorganic Pyrophosphatas

-~

Inorganic pyrovhosphatase was purified from Zgcherichi

coli K-12 through the 2nd DEAE-cellulose chromatography according

to the method of Josse (41). Ons unit of enzyme activity is

that amount hydrolizing 10 mmoles PPi in 15 minutes at pd 7.5.

5, D-Amino acid Oxidaso
D-Amino acid oxidase was purificd fron the pig kldney
according to the method of Kubo ot al. (42). At the end of the

purification, the benzoic acid was rclecased by the addition of

pL~alanine atd removed by gel filtration on Sephadex G-50

equilibrated — with 0.02 M Nalr -ch buifor (pH 7.2)s The |
lyophilized powdor of the offluent was storcd in a des ator
at 4° C vithout loss of activity at lchst for 20 months., Sone
of the preparation used was & kind gift from Dr. H. Watari‘of_Osaka"
University.

| 6. Catalcse

Crystalline catalase was & kind gift of Dr. T. Ohoka of

Téﬁyg Metroporitan University.

g

?, Snake Venon .

Snake venom)which served as L-anino acid oxidase, was the

kind gift from Dr. T. Suzuki of Inztitute for Protein Research

¥

Osake University.



-u
i

- &

D, Enzyme 4ssays

1, Assay of PhcnylalaninclRacemasc
For routine neasurcment of phcnylalaninc racenase activity,
the amount of D-phonylalanine formed from the L-isomer was
determinod (34). -Tho reaction mixture contained 50 pmoles of
TEA-HG1 buffer (pH 8.6), 1 nmole of ATP (adjusted to pH 7.2

vith NaOH), 1 pmole of MgCl,, 25 puoles of DIT, 0.5 pmole of

P
EDTA (adjusted to pH 7.0 with NaOH), 0.5 pmole of potassium or
sodium pyrophosphate (adjusted to pH 7.0 with KOH or NaOH),

25 mpmoles of L-phenylalanin -ﬁ-lhc (5 uc/pmole), and an
appropriate amount of cnzyme protein in a final volume of

500 pl. The reactiOnrmixturc was incubated for 30 minutes'at

o . . ,
37" C, and the reaction was torminated by dmmorsing the fube

in a boiling water bath for 1.5 minute. The denatured protcih

]

was removed by centrifugation. To a 300-pl portion of the
supernatant fluid were added 20 pl of D-amino,gcid

oxidase (40 mg of lyophilized powder per ml of 0.1 M NgPPi-HCl

_ buffer, pH 8.0) and 3 pl of catalasc (1.7 mg of protein per ul)

together with 50 mpmoles of unlabéled D-phenylalanince as carrier.
After 30 mimutes incubation at 37° C with shaking, 0.1 ml of

0.1 % 2, 4-dinitfophcnylhydrazin¢'in 2 N HC1 was added to the
dolution. The solution ?as allowed to stand for 5 minutes at

37° C, and diluted to 1 ml with 10 % metaphosphoric acid. Tho

S~—

e
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aqueous solution conﬁaining 2, Q—dinitrophonylhydrazone of phenyl-
pyruvlc acid was sho ’cn with 1 nl of cthyl acetate on a test

tube mixer. After brictf centrifugation, 50-1l aliquots of the

ethyl acetatc.laycr were withdrawn and placed on aluminum

‘ lanchets. Tho radloac 4vit was dctermined in gas-flow counter,
b J ,

The r“aloact1v1ty 1“m.nd. was corrocted by subtfaction of the

count% found in the control run which was tréatod similarly
gé‘described‘above except for the omission of D-anmino acid
oxi&asé'troatmcnt. One milli-unit of the phenylalanine racemase
was.dqfined as that amount of onzymo which coﬁvorted 1 ﬁpméle

' Anto. .

of L-phenylalaningvthe D-iscomer per minute under the assay conditions.
Specific activitf of the enzyze was expressed as milli-units por mg of
protein.

The amount of Lephenylalanine formed from the D-isomer was

determined by the treatment with L-amino acid oxidase. The procedure

was the same as that of the determination of D-khenylalanine oxcept

that 20 pl of L-amino acid oxidase (40 ng of the 1yophilized snake
venon in 0.1 M KCl) and the chr“ier of L—nnenylalaalne were uscd.

In the cxporlucnys in which the cffect of pH on the racemase
reactlon was exaulned “fuc“ the termination of the raqqpase rcaction,
the pH of the reaction mlv*urc was m“dc up to be optinal (pE 7.2

to pH 7.5) for the action of L—amlno acid oxidase by the addition
|

of TEA or HC1, ' o
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2. 4ssay of D- and I~Phcnjlalanino-activating Activity

The amino acid activation was determined by measuring
phenylalanine hydroxamic acid or phcnylalanino-&epondent
cxchange reaction betwcoen ATP and P

(a) Measurement of Phcnjlalanine Hydroxanic Acid

Thé ﬁéﬁhod'was similar to that used by Davie (43)e Enzyme
was ingubated with 10 umoles of either I- ox D~phonylalanine
at 370 C for 30 minutes, in a final volumo of 1 ] of a rcaction
mlxture containing 10 Bzoles of ATP, 10 pmoles of MgCla, 1000
umoles of salt-free NHZOH 5 units of inorganic Pyrophosphatase,
and 100 pmoles of TEA-HCL, pE 8.0, A control without phenylalanine
was‘fun simultanebusly.- The recaction was stcjpch by tho addition
of 2.3 ml of a solution containing 10 % reCl*, 5 A trichloroacstic
acid, and 2/3 N HCl, The precipitate was ovou by ccntrﬁxugatlon
and the phoﬁylalaninc hydroxamic acid‘formed was‘measurpd in a
Klett-Summerson §hotaclectric colorimeter with aZNo.B#-f;ltor.
One unit of enzymo was defined. as that amount of'énzymc qatalyzing
the synthesis of 1 wmole of phenylalanine h;dfoxamic acid

per minute, -

(b) Measurement of Phenylalanine dependent ATP-PPLi Zxchange

Reaction S
. \J s
The assay relies on the conversion of ‘r-P’2 labbled;;TD
¥ o -
' e
i) 4
e

s
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to a Norit-nonadsorbable form. The assay mixiture included in

0.5 rl: 25 umoles of TLA-HG1 (pH 8.0), 1 umele of ATP containing

Y—DB labeled ATP (23,000 cDu), 1 umolo of MgCla, 5 ﬁmolcs of oo
2-mercaptoethanol, 1 umqlc of NahPZO7’ 1 piole ¢f L- or D=
phﬂnylulanlne und the appropriate amount of enzyme. The rcaction

mlkturo was 1ncubatod for 15 mlnuucu at 3? C with and without

nhenylalanlne.-’The reaction was stopped by the addition of 0.2 ml
- _

.

of I'N ﬂCl and O 3 ml of 5 % Norit 4 suspehslon;» After being

mixed for'several minutes, Norii was sedimented by centrifugation

at o low speed, and the supernatant fluid was obtained. The
peea, Sur ; :

L
fe)
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radioactivity of 50-pl aliquot of the 'p;rnac

-~

Norit-nonadoorbable Y<PPi was}doterminou by counting in a gas-

flow counter,

3. Assay of Gromicidin § Synthosising Activity
The mothod was that doscribed by Itoh ot al. (40). Tho
amount of gramicidin S formed was neasured as fﬁe anount ofy
Ipphenylalaninc-U-l4C incorporatcd‘inﬁo gramicidin S, The'reaction
mixture, 0,11 ml, contained 5 pooles of EA-ECL (pH 8.6),

nmole of ATP, 1 pmolc of MgClz, 1 Hmoie ofEDTT,'ao wumoleo of

- cach of the four unlabeled L-eminc acid (leucine, valine, Ornithine,

and proline), 5 nmuroles of d-pAcny*alanlno U= 1k C (total counts,

40,000 cpu), and appropriate amount 5 of onzyme. After incubation

1. o A ; . : .
for 30 minutes at 37° C,the phenvlal&nlne-U~ C incormorated
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into gramicidin S was precipitated cogctier with 0.1 nl of the

o]

carrier gramicidin S (10 mg per ml in cthancl) eand with 2 ml

-

of 2 % NaCl in 5 % trichloroacetis acid solution. Aftor

%]

cenﬁrifugation, the residuc wes dissolved in 1 ml of ¢thanol,
and the éolution was pasced through a acid alumina célumn( 0.9
x 1.0 cm). Tho column was washed vith 2 =l of cthanol. The
radiogétiv;ty of an aliquot of the combined offluent was

counted in a gas flow counter,.

L, Assay of Tyrocldin cvSynthcsizing Lctivity

The amount of tyrocidine formed was determined by following

14

g

the method of Fujikawa gt al. (23). The amoun’ of L-loucine-Ue

U

C incorporated in the prescnce of the constituent arino acids,

++ . . : . .
ATP and Mg = dinto the fraction which was insoluble in NaCl solution
and nonadsorbable &n the acid alumina column uﬂ“ determined. The

radicactivity was mcasurcd in gas-flow counter.

5. Assay of Catalasec
Catalasc was assayed by following the decrease in the

absorbancy at 240 mp of H202 The reaction mixture, 1.5 ml,

contained 7.5 umoles of K-P04 buffer (pH 7.0), 7.5 pmoles of -

Hzoanand 5 to 10 ul of cnzyme f”ﬂctﬂon. Enzyﬁe activitymﬁas .

expressed as the change of the absorbancy per 20 seconds pcr 5l

of enzyme of cach fractions The decrease in thc absorbaﬁby was

followed in a Cary 14 Recording Snccuron otowever.
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6. 4Assay of Phenylalanine-dependent AMP-ATP Exchange Reaction

The reaction nixture contained 25 umoles of TEA-HCL (pH 8;0),
1 pmole of ATP, 1 pmolc of Mg01é55 tmoles of 2-mexrcaptocthanocl, 1
tmole of AMP containing 1.48 x lO5 cpm; 1 pmole of L-phenylalanine
and eniyme protein in a total vélumc of 0.5 nl. Reaction was
carried out at_3?° C. A 25-1l portion of {the rcaction mixture

.

was removed and applicd onto & Toyo filter paper No. 514 . The |
separaticn of the adenosine nucleotides and the cstization of

the AMP and ATP was carricd out as described below.

&
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E. Analyical Methods

1. Scparation éf Adcnosine Ruclectides

An aliquot of the reaction mixtu:c containingbtho resulting
radioactive ATP, ADP and AMP was:ﬁiﬁod with 0,05 mnmole of ecach
of the unlabelcd adénosiné rucleotides, placed onto a>Toyo filter
paper No,51A (2.5 x 50 em) and developed descendingly with a
solvent of isobutyric acig : ammonia water HZO (66 : 1 : 33,
v/v) at’23-25° C for 12 to 1% hours., Aftenr drying the chromatogran,
the arca of the corresponding nuclpotidcs were located by the ’
ultra-violet absorpfion, cut in pieccsland counted in a liguid
scintillation counter. :

2+ Determination of Molccular Vieight by Sucrose
Density Gradientchntrifugation

Thermolccular weight of phenylalanine racemase was determined
by sucrose density gradient centrifugation according to the mcthod
of Martin and Ames (L&), o

Sucrose gradient : Each of the two chambers of the gradient
forming apparatus was filled with 2.3 nl of sucrosc-buffer solution.
20 % of cold sucrose in 0,05 M Tris-HCl (pE 7.5) containing 0,00B'M
DTT was placed in the mixing chamber and‘S % of cold sucrosc in
0.05 M Tris-HCl (pH 7.5) containing 0.005 M DTT was placed in the
adjacent chamber. The chamber next to the outflow tubcé was bubbled

cwith air,



Layering of samplc : Sample, 0.2 ml, consisicd of 0,18 ml

of phcnylalanine racemase {aboud 1.9 mg protein in 0.001 M

Tris-HC1, pH 7.5, solution)and of 0.02 zl of catalase (2.9 ng
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of protein per ml) and %t
Contrifugation: The swinging bucke: rolor SVW-65 was ‘1**0&;

to tho rnodel L2 S ninec ccntrifugc. The rotor was run at BS,ZObi'
rpm fofil},hours at 2° c. !
Sanmpling : Each fraction of 7 drops was ollcc ted in ? éétal
i

fraction of 36 and used for assay of catalasc, L- and D-phenylalanine
) i

activating enzyme and p“cny alza inc TOCCRASC,. |

3; Disc Ilectrophoresis on Acrylamidc Gel
5isc clectrophoresiz on acryiamidc gel was carricd out -f
according to the method of Ornstein and Davis (45). Thefprbégaure
of saﬁﬁlc appliéation was simplificd as described by Hjef én ét al.
(46). 100 ug protein in Fraction ZIII werc applicd to a polyacrylamide
colunn (0.7 x 8.5 crn) consisting of 7.5 % pore size. Direct current

was applied in the cold at 6 milli- amperes per tube for 60 minutes.

'&z:w' .

Protein was stained with 1 % Amido Black 10 B for 20 minutco'éé :
roon temperature. Dostal ning was currled out by applying’ tno dlrocﬁ
Er R
current at 7 nmilli- ampercs per tube in electrolyte of 7 % achbtic
: _ &

acid for 16 hours in the cold. . i . .



L, Determination of Protein Concentration
Protein was determined by the biurct method (47) with
crystallinc bov1“c serum z2lubuntin as ﬁhe standard. Protein in
20~LT of ¢ach fractlorirom the sucrose density gradient wvas

prcclpltatcd by 5 % trichloroacctic acid and determined by the

method of LOVTJ ot al.(48).

5. leasurcment of Radiocactivit Ly
Radioactivity was determincd as follows:
(a) the radiocactive naterial was placcd onto an alumiaun

planchet as an infinite thinness semple and the radioazctivity was

]

dotormined in a Nucio:r-ﬁiicugo‘ga'~flow counter fitied with a
"micromil" windoﬁ, |

(b) the radioéctivé material on the picces of chromatogran
was put into 5 nl of a tolucno~PPO-diméthyl PO%OP scintillator
solution and the r"dio“celvity_was detormined in a Packard‘Liéuid
seintillation counter. The scintillator soluiibn was composed of

L g.of PPO and 300 ng of dimethyl POPOP in 1 1 of toluecne,



~cells and cellular debris were reroved

IZI RESULTS

A.  Preparation of Phenylelanine Racemase from B. brevis Nagano

. . o
. A1Y operations were carried out at 0-4° C,
> : v

‘*Vstcp“l:' Preparation of Crude Ixtract The frozen cells
(576 £ ) were thawdd and suspendel in 4 vol““cg of 0.01 ¥ TEA-ECL

buffer (pE 8.0) contaiming 0.01 N MgCl,. 2-Mercaptoothansl was

Hy
o
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added ‘to the cell suspension at a final concentration of
The cell suspension was sonicated in 50-ml portions im a 10-ke

Rajtbeon sonic oscillator for 5 minutes at 1.1 Unbroken

b
g
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by centrifugation at 20,000

x g for 20 nminutesa

Step 2: Centrifugation at 78,000 x g The superanatant
fluid at 20,000 x g was centrifuged at 78,000.x g for 60 minutes,
After the addition of a two thousandths volume of 2-mercaptocthanol
to the supernatant, the supernatant liquid was stored overnight at
o° c., , ;

tep 3¢ Streptomycin Sulfaic Treatument

The supernatant

fluid was adjusted to contain 14 mg of protein per ml by the addition

~of 0,01 M TEA-HCL (pX 8. o) containi ng 0.01 M MgCl, and 0,01 M

o

2-mercaptocthanol. A twenticth volumo of 20 % streptomycin sulfate
solution in 0,01 M TEA-HCL (pH 8,0) and 0,01 M MgCl, was added
to the supernatant fluid, Aftcr stirring for 15 minu vos, the -

prec ipit te was removed by cen trlfugation at 18,000 x 3 ’or 15 minutes.
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The enzyme

Step 4: Fractionation oanmmohium Sulfate
solution was brought td 45_% saturatign by the slow addition
of a saturated solution of ammonium sulfate (pH adjusted to 7.2).
After being stirred for 20 minutes, the solution was centrifuged
at 20,000 x g for 25 minutes. The precipitate was dissolved in
a minimum volume of 0,02 M K-POA buffer (pH 7.0) containing
0.01 M 2-mercaptoethanol and the solution was passed through a
Sephadex G-50 column previously equilibrated with 0,02 M K-POA
buffer (pH 7.0J), To the effluent a sixtieth volume of saturated
ammonium sulfate solution (pH 7.2)‘and a thousandth volume of
‘2-mercaptoethanol were added and stored overnight at 0° C;

- Step 5: Adsorption and Elution on Calcium Phosphate Gel=———
The ammonium sulfate fraction wés diluted to contain 10 mg of |
protein per ml, witho.o?M"'*,K-PO4buffer (pH 7.0) containing 0.01 M
2-mercaptoethanol. Calcium phosphate gel suspension (40 mg
dry weight per ml) was added to the enzyme solution at a gele
protein ratio ‘(mg dry weight per mg) of 0.7. The pHE of the
suspensioﬂ was brought to 5.5 by the addition of 1 % acetic acid.
After stirring for 10 minﬁtes, the ge; was collected by centrifugation‘
at 8,000 x g féf 7 minutes and washed once with. 250 ml of 0.02 M
K-Pou Buffer (pH 7.0). The enzyme was eluted with two 250-ml
portions of 0,1 M K-Pou buffer (pH 7.0). To the enzyme solution

2-mercaptoethanol was added at a final concentration of 0.01 M.



Step.6: 'ﬁltracentrifugation at 269,000 x g The protein

of calcium phosphate gel fraction was precipitated by 45 % saturation
with regard to ammonium sulfate and the precipitate was dissolved

in a miﬁium volume of 0,02 M K-PO, buffer (pE 7.0) containing

O.1 M KC1, 1 mM EDTA and 1 mM DTT, The enzyme solution was

dialyzed against 2 1 of the same buffer for 18 hours. The
dialyzed.enzyme solution was centrifuged at 269,000 x g for 2 hours.

The supernatant was pooled and the tubea and the surface of

precipitate were washed twice with 0.5 ml of the buffer used

for the dialysis. The supernatant and washings were combined

and stored overnight at o° c.

Step 7: Gel-Filtration on éephadex Gul5Q === The column
(6 x 98 cm, volume of 2.8 1) of‘Sephadex G-150 was equilibrated
with 0,02 M K-POu buffer (pH 7.0) containing 0.1 M KC1, 1 mM
EDTA and O.1 mM DTT for 4 days. Thirty two ml of the combined
enzyme fraction were layered on theitop of thesgglumn and sunk

in the gel. Then, the protein was gel-filtrated with 0.02 M

K-PO, buffer (pH 7.0) containing 0.1 M KC1, 1 mM EDTA, and 0.6 mM

DTT. Each fraction, 20 ml, was collécted at 12 minuteé intervals

in a time-regulated fraction collector. Acti?e fractions were pooled
and concentrated by ultrafiltratidn,through tﬁe cellophan  tube
mounted in a vacuum chamber, The concentratedvfraction was stored

at 0° C. '



Step 8: Chromatography on DEAE-Sephadex A-50 The
column (2 x 25 cm) of DEAE-Sephadex A-50 was equilibrated overnight
with 0,02 M K-PO) buffer (pH 6.5) containing 10 % glycerol (v/v) -
and 0.65 M KC1, 68 ml of Fraction VII containing 221 mg of protein
were diluted to 102 ml by the addition of 20 ml of each of glycerol
andeater. The diluted solution was flaced on the top of the

JCPEAE;Sephadex. The column was successively washed with 0.05 M KC1
cc;iitaifzing 0.02 M K~PO, buffer (pH 6.5), 10 % glycerol, 5 mM
2-mercp§tbethanol and 1 mM EDTA, and with 0.2 M KC1l containing
0,02 M K-PO“+ buffer (pH 6.5), 10 % glycerol, 5 mM 2-mercaptoethanol
énd 1 oM EDTA. Enzyme protein was eluted with a linear gradient
between 400 ml of 0,2 M KC1 containing 10 % glycerol, 0,02 M K~PO,,
buffer (pH 6.5), 5 mM 2-mercaptoethanol,and 1 mM EDTA and 400 ml
of 0.5 M KC1 of the same solvent. Each fraction (13 ml) was
collected at 15 minutes intervals. Elution jattern was shown in
Fige 1. Active fractions were pooled and concentrated by ultrafiltration
through  dialysis membrane. The concentrated enzyme solution was
brought to 50 % (v/v) with respeét to glycerol and the solution was
stored at -20° C without significant logs of activity for several
months, The results of the fractionatian are shown in Table II.
The purified racemase had‘avspecifid acéivity 250-fold higher than
the crude extract, The overali yie%d was 15 %. |

g o :

4
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PHE RAC (units/ml)

f .

Fig. 1.i Chromatography of phenylalaﬁin; racemase on DEAE-
Sephadek A-50, |

Prétein (221 mg) comprising the active fraction from the
Sephade£ G-150 column was placed on a DEAE-Sephadex column
(2 x 25‘cm), and.washed with 65 ml of O;OS M KCl-buffer solution
and 130 ml of 0.2 M KCl-buffer solution; The enzyme protein
was elu%qd with a linear gradient offKCi concentration between
0.2 M and 0.5 M. The fiow rate was 50-58 ml/hour and 13-
14 ml fractions were collected. Each f?action was tested for racemase

activity by adding 20-1l samples to tubgs of the standard reaction

mixture. O , absopancy at 280 ..m#; ©® , racemase activity.

1000
5004

FRACTION NUMBER : , g o
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section except that KF (10 umoles) was added.

\
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TABLE II

Purification of Phenylalanine racemase

of Bacillug brevis Nagano

Assay conditions were the same as dgscribed in the method

i

. ‘ Total Specific
. Toﬂal protein activity activity
Fraction ' (ug) (milli-units) (milli-units/
- : mg protein)
I. Crude extract ‘92;400? 5,544 0.06
II. 78,000 x g supernatant 45,600 5,472 0.12
III, Streptomycin treatment | | 5,344
IV. (NH,)_50,, 0-45 % saturation . 7,500 4,500 0.60
V. Cay(PO,), gel eluate 1,980 3,018 1.57
VI, 269,000 x g supernatant 582 2,014 3,46
VII, Gel filtration on Sephadex 226 1,418 6.26
G-150
VIII. Chromatography on DEAE- 58

Sephadex

879

15,16




B, Characterization of Phenylalanine Racemase
1,Homogeneity of Purified Phenylalanine Racemase

When the phenylalanine racemase was purified by chromatography
on DEAE-Sephadex; a single band of protein was elut?d with a
gradient of 0,2 M to.O.S M KC1 (Fig. 1). The enzyme activity
closely paralled the protein, as expected of a pure enzyme.

The purified phenylalanine racemase sedimented as a single
homogeneous protein on a sucrose density gradient (Fig. 2). The
520, w determined for the racemaée was 6.1 § using catalase as
a standard with 80'725 11.3 S. An apparent molecular weight of

20, w
the racemase was calculated to be 100,000, Purity of the purified

enzyme was also demonstrated electrophoreticaly by dises élécﬁrophoreSia_
on acrylamide gel (Fig. 3). There were observed the main band
corresponding to the racemase and other faint bands., These

findings indicate that the purified enzyme is near homogeneous.
“ X
o

.

NG

Y
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Fig. 2. Sucrose density gradient centrifugation of a mixture
of phenylalanine racemase and catalase.
See the method section for the experimental details. Fige

2a. Phenylalanine racemase, D- and L-phenylalanine activating

activity and catalase were determined. Fig. 2b, For the

scanty of the amount of each fraction supplied for the
measurements of four enzyme activities, the other one of the
three tubes was used for the determination of the protein

(after Lowry et al.) and the activating activity. It will be

shown in the text that the racemase is identical with the protein

capable of cafalyzing the activation of phenylalanine.
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Fig. 3. Polyacrylamide gel electrophoresis.

100-ug protein from Fraction VIII was applied to a

polyacrylamide column (0.7 x 8.5 cm). Electrophoresis was

carried out for 60 minutes at 6 milliamperes per tube. See

the text for the experimental de tails.,
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2. Effect of Temperature on Reaction Rate
i : _Théihitidlrate was maximum at 37° C and began to fall at
42° ¢, The activation energy of L-phenylalanine racemization was
estimated at temperature between 22° andv37° C. When the
| llogarithm of initial rate (log v) was plotted against the reciﬁrocal

of the absolute temperature (1/T), a straight line was obtained. .

The activation energy was calculated from the slope of the line

(Fig. 4). A value of 10.9 x 10° cal/mole was obtained.

\\
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Fig. 4. Arrhenius plbt of the rate of the racemization reaction -
of Le-phenylalanine as a fuctionm of reciprocal absolute temperatures,

12.5 ug of Fraction VIII were used.
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C. Properties of Phenylalanine Racemase

1. Linearity of the Reaction with Enzyme Concentration

The propoftionarity of the reaction with enzyme concentration
is showh in Fig, 5. The linear relation persisted up to 0.225 mg
of protein and then it leveled off,

. 2, Time Course of the Racemization.ReaCtiOhk

Fig. 6 represents the relationship between the incubation
time and the racemization reaction with i— or D-phenylalanine aq
substrate. When th; conversion of L-phenylalanine fo the D;isomer
was measured, the reaction was fairly linear with time up to
30 minutes and theh it leveled off gradually. When the conversion
of D-phenylalanine to the L-isomer was measured, the reaction
proceeded at slower rate'than the conversion of L-phenylalanine tq
the D-isomer,

3. Phenylalanine Saturation Curve

When initial velocity was plotted against the increasing
concentration of L-phenylalanine, the hyperbolic curve was
obtained (Fig. 7). The enzyme was saturated at the concentration
of 5 x 10 M, The value of Km for L-phenylalanine was calculated
to be 2 x 102 M from the Lineweaver-Burk plot.

Lk, Effect of ATP
In Fig. 8, the relation between the enzyme activity and ATP

concentration is shdwn. In the absenceof ATP no enzyme activity
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Fige 5. Propotionality of reaction rate to enzyme concentration.
¢ The assay conditions were the éame as those in the method

section except for 0.05 M TEA-HC1 (pH 7.8) used; The amounts

of enzyme of the calcium phosphaﬁe éel fraction‘were used as

indicated.

s T | B T

0-PHENYLALANINE FORMED ( mumoles/30 min )

‘ 0 L 1 1
0 625 25 225 360
ENZYME PROTEIN (pg)



Fig. 6. Dependency of the racemiz&tion reaction on incubation
time, .

The reaction mixture contaihéd 125 pmoles of TEA-HCL
(pH 8.0), 5 umoles of ATP, 5 umoles of MgCla, 125 umoles of
DIT, 2.5 wmoles of EDTA, 2.5 umoies of PPi, 1.125(mg of enzyme
protein from the calcium phosphate gel fraction and 125 mumoles
of L—phenylalanine-U—luc for 125_mumoles of D-phenylalanine-Bflhc
in a final volume of 2.5 ml., BOO-ﬁl portions of the reaction
mixture were removed at the times indicated, and the amount of
D- and L-phenylalanine formed was determined by;D-amino-acid
oxidase  or Leamino-acid oxidase, respectively,
- ®- D-Phenylalanine formed per 0.5 ml of reaction mixﬁure

- O~ L-Phenylalanine formed per 0.5 ml of reaction mixture
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Fig. 7. L-Phenylalanine saturation curve,

’ Assay conditions were the same as described in the text
except for the L-phenylalanine c‘oncentration as indicated.
12,5 ug of Fraction VIII was used.
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Fig. 8. Effect of ATP concentration on enzyme activity,
Assay conditions were the same as described in the method
section except that the ATP concentration was indicated, 12.5

#g of Fraction VIII were used.
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Kwae detected and activity increased with the increasing amounts

N
of ATP. Higher concentrations (up to 10 mM) of ATP showed no

N
inhibitony effect. The value of Km for ATP in the racemase
‘ 4

reaction was calculated to be 1.5 x 10" M from the Lineweaver-

Burk plot. Of the nucleoside phosphates tested, ATP was found to

 be most effective in the reaction (Table III)., ADP was effective,

but the degree of activation was only 15 % of that of ATP., In

the presence of 5 mM KF, which was an inhibitor of adenylate

kinase, the effect of ADP decreased to 10 % of that of ATP,

Other nucleotides, such as AMP, GTP, CTP, UTP, and TTP, was

feund to be inac¢tive in this reaction., Since the enzyme
preparation (calcium phosphatevgel fnaction) contained adenylate
kinase, it may be concluded-thationlf ATPLwas the active nucleotide

for the reaction.

{
i

5. Effect of Magnesium and Other Metals g
Fige 9 shows that the addition of increasing amgunts of
Mg++ up to 0.5 mM to the reaction mixture increased the reaction
velocity. The enzyme activity in the absenceiof added Mg++.was
.less than 5 % of the actiVity in, the presence of Mg }m
Mn** ion had a similar level of activationmas Mg++.
++

The addition of metal ions (2 mM), snch as Ca**, m* , Zn*t,

CO++

Fe++

’ ) Al+++, and Fe+++, to'the reaction mixture‘containing :

HEY

Mg++ showed no stimulation of enzyme activity but rather

inhibitory effects (Table IV), f -53
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TABLE ITI

Effect of nucleoside phosphates on thg rate of phenylalanine
racemization |

The reaction mixture was that described in the method
 section except that TEA-HCL (pH 7.8) was used and the indicated

nucleotides were added. 0,225 mg of protein of calcium phosphate

gel fraction was used.

Additions . D-Phenylalanine formed

(pmoles) ! - (mumoles/30 min)
None T =0:03: :
ATP, 1 | 5,10
P, 1 | - © 0.83
P, 1 and KF, 2,5 | | 0,59
AVP, 1 | 0.00
GTP, 1 0.0k
CTP, 1 0.0k
UTP, 1 0.16
TP, 1 0,03




Fig. 9. BEffect of Mg+f concentration on enzyme activity
Assay conditions were the same as described in legend
of Fig., 5 except for MgCl2 concentration as indicated.

0.225 mg of enzyme protein from the calecium phosphate gél fraction

was used,
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TABLE IV

Effect of various metal ions on racemase reaction

N Assay conditions were the same as described in Table III

5
exaggf for the additions of various metal lons. 0.225 mg

protein\qf calcium phosphate gel fraction was used.

\\
D-Phenylalanine
Additions ' . ( formed )
(umole) mpmoles/30 min
" None 1.77
EDTA, 0.5 ' A ' 0.26
MgCl., O.1 S 5,45
2" 1.0 | P ke
MnCl,, O.1 3  5.55
1.0 | o Y 5.30
~ Mgll,, 1.0 _ N
plus CaCl,, 1.0 o kg,
" CuSO,, 1.0 a7
" NSO, 1.0 RN 2.90
" ZnS0,, 1.0 S 0,33
" CoCl,, 1.0 o 2.k
" L : ‘ '
FeSOh(Hﬁh)asol“ .0 1.27
" ) . N
“2(504)3(NH4)ZS°4’ 1o 0.03

" F°Cl3’ 1.0 | i ; r 1.84
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6. DLffcct of pH

In Fig. 10, the reaction velocities of D= and L-phenylalanine
fornation from each of the isomers in TEA buffer are plotted
against the pH of the reaction mixture, The pH of the reaction
mixture was determined by a Beckmaﬁ pid meter with a ane-drop
electrode, The reacfion*of the formation of D—phenyialaﬁine from
‘the L-isemer had a pH opfimum between pH 8,2 and pH 8.5 and the
velocify incréased with pH upto 8;4, while.on the formation
of L-phenylalanine from the D-isomer the velocity was not so
much affected by pH changes and the reaction had a pH optimum

between pH 7.6 and pH 8.0.

\

7. Activation by.PPi and AMP

Iﬁ the assay in which the reaction was carried out without the
addition of PPi and KF (33), the enzyme activi%y was veryvﬁeak in the
crude extract and varied from preparation to ﬁreparationa‘ As shown
in Table V, the addition of PPi together with KF increased the
enzyme activity 8~-fold, indicating that inorganicépyrophoséha%ase
in the crude extract might be interfering withzthé reaction, In
another experiment with the use of the purified en?yme (Téﬁle V),
it was observed that the addition of PPi increased. the enzyme
activity appreciably, and that the simultancous présence of
PPi and inorganic pyrophosphatase diminished the activity;to

30 % of that in the absence of inorganic pyrophosph%tase. .
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Fige 10. Effect of PH on theArate of the D-phenylalanine
formé.tion and of the L-phenylalanine formation, -

The assay conditions were bthe same as described in the
text exc\ep\t fdr the TEA-HC]. buffer used and L-phenylalanine-

U-ll'c or,D-phenylalanine-}th used. 18.8 ug of Fraction

VIIT were used.
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TABLE V

Requirement of inorganic pyrophosphate for phenylalanine
racemization
Assay conditions were the same as described in the text

except for the additions indicated.

- R D~Phenylalanine -
Additions
Exp. Enzyme prep. . formed
(umoles) (mumoles/30 min)
PPi, 0.5 0.53
PPi, 0.5 and KF, 2.5 3.62
: grgd; extract ppi, 0.5 and KF, 10,0 3,95
;°t°§n° ‘" PPi, 0.5'and KF, 20.0 2,52
P PPi, 0.5 and KF, 30,0 ‘ 0.23
'KF, 10.0 2.36 -
'none . %
DEAE-Sephadex PPi, 0.5 © 5,98
fraction PPi, 0.5 and boiled ' 6 13"
II  18.8 ug of - PPasel’, 0,2 unit i
protein PPi, 0.5 and PPase 0.2 unit 3621
| , 2,0 unit 1.73
PPi, 0.5 and KF 10 6.89
PPi, 0.5, KF, 10 and 7.39.

PPase, 2.0 units

1) The tube containing PPase was immersed for a Bgiliné‘water
bath for 30 minutes. Bovine serum albumin (100 wg of jﬁotein)

did not inhibit the racemase in another series ofréxperiments.

[}
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Addition of KF released the inhibition by ihorganic pyrophos=
phatase. The boiled inorganic pyrophosphatase and bovine serum
albumin did not replace inorganic pyrophosphatase. These results
indicate that the enzyme action was activated by PPi. The optimum
concentration of PPi was found to be 0.2 mM to 2 mM (Fig, 11).
The excess amount of PPi was found rather inhibitory.

It'is seen from Fig, 12 that AMP as well as PPi had the
effect on the racemase activity, but that ADP or Pi did not.

When the racemase activity was determined at the lower
cohcentration of DTT and at the lower pH, the enzyme activity is
negligible. The addition of PPL or AMP to this reaction mixture
cauged the séveral\fold enhancement in the enzyme activity. In
the simultaneous presence of AMP and PPi, the enzyme activity
was enhanced remarkably and beqame near to or higher‘thgg the
activity under the usual assay conditions where the higher
concentration of DTT (0.05 M) and the higher pH (pH 8.6) were
used. The stimulation by AMP in the presence of PPi shifted
to the low concentrations of AMP, This finding showed that

there occurred the co~operative interaction between AMP gnd PPi.
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Fig. 11. Effect of potassium pyrophosphate concentration

on enzyme activity,

Assay conditions were the same as described in the legend

of Fig. 5 except for the PPi concentration as indicated.

0.225 mg of enzyme protein from the calcium phosphate gel

fraction was used.
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Fig. 12. Effect of ADP, AMP, PPi, and Pi concentrations on the

‘reaction rate.

Assay conditions were the same as described in the text

except that 0.1 M TEA-HC1 (pH 7.8) and 0.005 M DTT were used
with increasing concentrations of ADP, AMP, PPi or Pi or AMP

in the presence of the constant amount of 1“mM PPi.
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8, Effect of Thiol Compounds

The effect of thiol compounds on enzyme activity is shown
in Fig. 13. As DTT was added in increasing améunts to the
feaction mixture, a 5.8-fold activation of the velocity of
D-phenylalanineifo:matidn from.the Lmisomervattained at 0.1 M
DTT, When the formation of Léphenylalaniﬁe fiom the D~isomer
was m§asured in varying’amounts of DIT, the velocity was maxinmum
at fh; similar concentration of DTT to that of the D-phenylalanine
- formation, whereas the stimulation by DIT is not so profound as
that in D-phenylalanine formation. Higher‘concentrations of
- DTT had an inhibitory effect on the reaction., Of DIT and 2-

mercaptoethanol tested, DIT was more effeciive (34,

" 9. Influence of pH and Thiel Compound 6n the Ratio

of D= to L~Phenylalanine at Equilibrium of the Reaction

It was described above that.the initial'velocities of
D-phenylalanine formation from the L-isomer were considerably
affected by the concentrations of DIT and pH changes (Fig. 10,
13),7but that the velocities of L-phenylalanine formatidn‘from
the D-isomer were not affected by these variables. These
findings indicate that D/L-phenylalanine ratio will vary 'according

to the assay conditions and this led us to determine D/L-
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Fig., 13, Effect of DIT concentratioﬁ on the rates of D=
phenylalanine formation and of L-phenylalanine formation.
The assay conditions ﬁere th;_same as described in the
text except fof the concentration of DTT as indicated and
0.1 M TEA-HC1 (pE 7.8) used.
, D-phenylalanine formed from L-phenylalanine;

, L-phenjylalanine formed from D-phenylalanine.

5.0

D-PHE

(mpmoles/ 30 min)

PHE FORMED

-0 -4 .3 -2 - o
THIOL COMPOUND CONCENTRATION(logM):



phenylalanine ratio at equilbria of the reaction under the

various assay conditions. When the enzyme catalyzed the formation

of Le and D-phenylalanine from each of the isomers in the experiment

in which the reaction mixture consisted of 0.05 M TEA—HCl>(pH 8.0),

2 mM ATP, 2 mM MgClZ, 0.0I.M 2-mercaptoecthanol, the enzyme and

0.05 mM of L~ or D-phenylalanihe, the racemic mixture of L- and
D-phenfialanine was formed at the equal rate from both isomers

(Table VI), Thus the value of the D/L ratio was 1 under theses conditions.
When the enzyme was incubated with 0.05 M TEA-HC1 buffer (pH 7.8),

2 mM ATP, 2 mM MgCl,, 0.05 M DTT, 1 wM EDTA (pH 7.0), 1 mM PPi

(pH 7.0) and 0.05 ?M of L-phenylalanine, the initial velocity of
D=phenylalanine formation was faster than that of L-phenylaiénine
formation and the D/L-phenylalanine ratio was defermined;to be

7/3, at equilibrium of the reaction (Table VII). When the reactipﬁ
reached equilibrium in the experiment in which the reaction mixture
contained 0.1 M TEA-HC1 buffer (pH 8.6), 2 mM ATP, 2 qM Mgc12
0.05 M DTT, 1 mM EDTA (pg 7.0), 1 mM Na4P207 (pH 7.0), D= or
L-phenylalanine.and an appropriate amount of;enzyme,‘thefinitial
velocity of D-phenylalanine formation was fas?er than that of L-
phenylalanine formation and at equilibiium thquesulting_mixture

of D~ and L-phenylalanine was composed of the-D/L—phenylglanine

ratio of 8/2 (Table VIII).
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TABLE VI
mic equilibrium of phenylalanine racemization

Reaction mixture was 5 times larger than the one as

described in the text. 2.92 mg prqtein of 2nd calcium phosphate
gel fraction which was obtained by purifying the calcium phosphate
gel fraction with alumina gel Cr and 2nd calcium phosphate gel
treatments.
Time D-Phenylalanine formedl) . L~Phenylalanine formedZ)
(min) (mpmoles)B) (%) (mpmoles)B) (%)
0 0.2 "~ 0.8 0.2 0.8
15 Q.O 16.0 6.1 b 4
30 8.3 32.2 8.4 33,6
60 12.5 50.0 9.7 38.8
90 12,9 51.5 12.5 50,0
120 13,7 54,7 11.6 L.k
1) L-Phenylalanine-U—th (5 pc/pmole) served as substrate.
2) D-Phehylalanine-}-l#C (10 pc/ymole) was used as substrate
3) The value was expressed as the amount of phenylalanine

per 0.5 ml of the reaction mixture.



TABLE VII

Racemic equilibrium of phenylalanine racemization

Reaction mixture was 10 times larger than the one as
described in the text., 4.5 mg protein of calcium phosphate
gel fraction were uéed. 300 1l portions were withdrawn at times
indicated and L-phenylalanine remaining and D-phenylalanine formed

were determined as described in the method section.

Time L-Phenylalanine remaining D-Phenylalanine formed
(min) (mumoles)l) (%) (mpmoles)l) (%)
0] 23,6 ol 0.3 1
15 16.5 66 8.1 32
30 11.5 Le - 12.8 51
60 8.2 33 16.6 66
120 7.1 28 ' 17.4 ' 70
180 ' A 17.4 70

2ko . 7.5 30 18.2 73

1) The value was expressed as the amount of phenylalanine per

0e¢5 ml of’the reaction mixture.



TABLE VIII-I
Racemic equilibrium of phenylalanine racemization
Reaction mixture was 10 times larger than the one as
described in the text. 0.5 mg of enzyme of Fraction VIII was
used. At 63 mihutes, 0,125 mg of enzyme protein was futher
added. 500-pl portions of the reaction mixture were withdrawn

at the indicated times. L—Phenylalanine-U-lhc (5 pc/pmole)

was used.
Time . L-Phenylalanine remaining D-Phenylalanine formed
(min) (mumoles L) (%) (numeles )3‘) (%)

0 26.7 © 91.0 0.35 1.4
15 15.3 61.4 o 8.4 33.7
30 8.k 33.5 15,6 62.3
120 L,g 19.5 20.8 83.1
180 L,1: 16.4 . 21.1 84,6

240 5.0 2Q.2 21l. 4 85.5

1) The value was expressed as the amount of phenylalanine per 0.5

ml of the reaction mixture.

A



TABLE VIII-II

Racemic equilibrium of phenylalanine racemization
The assay condition was the same as described in TABLE
VIII-I except that D-phenylalanine-}-lhc (10 pc/pmole) was

used as substrate.

Time D-Phenylalanine remaining L-Phenylalanine formed
(min) (mpmoles)t) (%) (mpmoles)™’ (%)
0 2k.7 97.k4 | 0.65 2.6
15 23.9 89.9 2.7 10.1
30 22.8 88.2 3,0 11,8
60 20.2 83.5 | k.0 16.5
120 19.2 78,5 5.3 21.5
180 19.9 82,0 k4 18,0
240 - 18.8 - 77.6 5.5 22.5

1) The value was expressed as the amount of phenylalanine per

0.5 ml of the reaction mixture,

g e
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These reiylts indicate that the ratio ‘of D/L-phenylalanine
;t eéuilibriumkof the reaction qhahges with the assay conditions,
that.is, the initial velocities pf D=~ and L-phenylalanine.formation which are
dependent mainly on the concentrations of thiol compound and the

pH of the buffer.,

:10. Substrate Specificity of Phenylalanine Racemase

| The phenyialanine racemase cat%lyzed only the dopversion
of L-phenylalanine to the D-isomer and vice versa. 'L-Trypt§phan,
Latyrosine, L-valine, and L;leucine%were not converted to the

D-isomers by the enzyme (Table IX). The enzyme seems to be

speciflc for phenylalanlne.;

11. ;Fate of ATP during tﬁe Reaction of the Racemization
The hypothetical :eactéon mechgnism of ATP-dependenf phenyl-

alanin? racemase described‘in "INTRdDﬁCTiON" suggests that the
amount;of ATP will not decr%ase with the feaction of phenylaianine
racemization. To.elucidatejfhe rea@tion,mechanism, it.was
examinéd whether ATP would Qe ;onsumeé during the reaction of
phenylalanine racemization Jr not .? ?ablé £ presents evidence
that l;molecule of AMP was formed with 1 molecule of D-phenylalanine
formatibn. The data are consxstent w1th the assumptlon that
ATP is used to activate the phenylalanine to theyactlvated

phenylalanine such as phenylalanyl adenylate which is to undergo

the racemization.



TABLE IX.

Substrate specificity for the racemization reaction

The reaction.mixture was the sane asldescribediin the
text except for 25 mpmoles of each of the following amino acid .
used as a substrate;.L—phenylalanine-U-luc (5 wc/ypmole), L-
tryptophan-}-lgc (10 pc/umole), L-tyrosine—U-140 (11.8 pc/wmole),
L—valiﬁe-U-luC (5 uc/umole) and L—l;uéine-U-luC (5 ne/pmole).

18.8 ng of Fraction VIII were used.

D-Isomer formed

Substrate  (mpmoles/30 min)
L}?henylalanine | :_% 6,48
L-Tryptophan . 0.00 |
L-Tyrosine ‘ 0.00
L-Valine ' | | 0.00

L-Leucine S . 0.00
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TABLE X
Fate of ATP during the racemase reaction

Reaction mixture contained in a total volume of 0.5 ml

‘the followings: 25 hmoles of TEA-HCL buffer (pH 8.6), 0.572

proles of ATP (517,920 cpm), 1 umole of MgCl,, 0.5 mmole of
EDTA (pH 7.0), 25 wmoles DTT, 0.5 umole of PPi, with and without
225 mpmoies of | L-phenylalaﬁine-U-l4C (103,000 cpm)

| * 72.5 pmoles of KFﬁand 250 ug of enzyme protein of
Fraction VIII. Reaction time was 30 minutes. D-Phenylalanine

formed and the amount of ATP, ADP and AMP were determined as

described in the method section.

\ Adenine nucleotides

Input formed Recovery of D=Phe
Conditions ATP ATP DP AMP nucleotide formed
(mpmoles) (mpmoles) (%) (mpmoles)
Without Phe 572 480,8 24,9 1.8 88.8
Without Enzyme 572 L86,2 26.4 6.6 90,8
~ mean: 572 483.5 25.7 4.2
Completé 572 433,9 31.3 52.2 91.9 1646
Sum: 572 49.6 5.6 48.0  46.6
Ratio: ATP ADP AMP
D-Phe D-Phe D-Phe

o, 12
1.06 ©+6% 1.03
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‘12, Effect of Inhibitors of Pyridoxal Phosphate

4As described previously, phenylalanine racemase requires .
ATP for its action, whereas other racemases are known to require
pyridoxal phosphate, or FAD, or both for their action. Thus the
effect on phenylalanine raeemase of various inhibitors of
pyridoxal_phosphate-containing enzymes was studied. As shown
in Table'XI, the presence of the inhibitors did not have any
inhibitory effect on this reactién. Therefores it seems
unlikely that pyridoxal phosphate is involved in the phenylalanine

racemase reaction,
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TABLE XI

Effect of inhibitors of pyridoxal phosphafe-enzyme on phenyl-
alaniﬁ§ racemase reaction.

Iﬁéubation time was 30 minutesiat 37° C. Before the
reaction was started by the addition of L-phenylélanine,
preincubation was carried out for 15 minutes at 37° C with
the various inhibitors. 0.225 mg of enzyme protein of the

calciun phosphate gel fraction was used. -

Aﬁditions D-Phenylalanine formed
(M) ‘ ‘ (mumoles)
None ) L,s5h
Phenylhydrazine 2 x 10™° , 3,20
Isonicotinylhydrazide 2 x 10~ L, 22
Hydroxylamine 2 x 10~ 4;70
Cysteine 2 x 10™7 - 3457

KCN 2 x 107 4,27
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D. Properties of Phenylalanine Activation Reaction

In the previous sectiom III C 11 it was shown that phenyl-
alanine was activated by ATP to undergo the racemization. Thus
I examined some pfoperties of the activation reaction of
phenylalanine as the first step responsible for the racémizatioﬁ
of phenylalanine. It is described here that some of the properties
of activalion reaction is separated from that of the overall
racemization reaction of phenylalanine.

'Activation reaction was measured by phenylalanine-dependent
ATP-PPi exchange reaction.

1. Time Course

The ATP-PPi excﬁange reactioﬁ proceeded linearly up to 20
minutes with L- or D-phenylalanine (Fig. 14). The velocity of
the excgange reaction dependent on D~phenylalanine was 60 to
70 % that dependent on L-phénylalanine. When both the D= and
L-phenylalanine were simultaneously present in the reaction
mixture, the enzyme catalalyzed - the exchange reaction at -
a rate slightly lower than that dependent on L-phenylalanine alone.
This result indicates that a single pfotein‘is responsible for
both L~ and D-phenylalanine activations. |

Fhenylalanine-dependent AMP-ATP exchange reaction was not

detected under the same conditions (Fig. 15).

LY



.

Fig. 14, Influence of incubation time on the ATP-PPi
exchange reaction. |

) ' The experimental conditions were described in the
metisaxggction,O.E ml of the reaction mixture was incubated
and lOO—ﬁi"q}iquots of the reaction mixture were withdrawn
at the iwmdicated times. DNon adsorbable P32 on the charcol
was determined as described in the text. The value of the

32

exchange reaction was expressed as the amount of PPi formed

per 0.5 ml reaction mixture. 6.283ug of Fraction VIII were used,
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i‘ Fige 15. Absence of AMP-ATP exchange reaction.
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1 See the method section for the experimental detalls.
a The value of the exchange reaction was expre‘ssed as the
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2. Effect of D- and L-Phenylalanine Concentration

As the concentration of L- and D-phenylalanine was increased,
the initial velocity of the exchange reaction was incfeased and
the maximum reaction velocity was attained at 5 x 10'“ M phenyl-
alanine (Fig., 16). The Km value for phenylalanine was determined

“the -
fromIineweaver-Burk plot. .The values of Km for IL-phenylalanine

and D-phenylalanine were 6.3 x'lO"5 M, and 2.2 x 10-4 M,
respect;vely. The value of Km for the D-isomer was 3.5 times
as large as that for the L-isomer. In addition, the value of

Km for the L-isomer in the exchange reaction is the same

magnitude as that for the L-isomer in the racemase reaction.

v 3, Effect of pH
The velocity of the reaction dependent on L-phenylalaniﬁe
was plotted aéainst the pH of the buffers used. It is seen from
Fig. 17 that the reaction had a optimum pH between pH 7.4 and
pH 7.8 with TEA-HC1 buffer, wherease the enzyme catalyzed
optimally the reactionte-pH 6.2 and 7.2 with K-PO, buffer.
It is noticed that an optimum pH of the activation:reaction

is differeht from that of the overall conversion of L-phenylalanine

to the D-isomer under routine assay conditions (pH 8.6).
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Fig, 16Q\ Effect of D= or L-phenylalanine concentration on

the ATP-PPi exchange reaction,

The assay conditions were those described in the

method section excezit for D or L-phenylalanine concentration

ATP-PP EXCHANGE REACTION ( mpmoles/ISmin)

as indicated., 6.28 g of Fraction VIII were used.
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Fig. 17. Effect of pH on the L-phenylalanine dependent ATP-
PPi exchange feaction.

The assay conditions wereithe same &5 those described
in the method section except for TEA-HC1 buffer or K—PO#

buffer as indicated. 6.28 ¥g of Fraction VIII were incubated.
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A

R L, Effect of DTT Concentration

- ‘

The‘addition of increasing amounts of DTT did not enhance
significantly the exchange reaction (data not’presented).
5. Substrate Specificity

Berg et al. reported that DL-p-fluorophenylalanine replaced'.
completely phenylalanine in the synthesis of gfamicidin S and
that P-thienylserine inhibited the gramicidin S formation as
the phenylalanine antagonist.

Fujikawa et al. reported that, of four possitions of the
phenylalanine in tyrocidine E, three.phenylalanine could repiace
the other aromatic amino acids, tryptophan and tyrosine. The
~ finding indicates thaé the activation of three phenylalanine of.
four is not specific for phenylalanine and that substrate
specificity of activating enzyme(s) may be‘ambiguous with respect
to aromatic amino acids, phenylalanine, tyrosine and tryptophan.
Table XII shows tﬁat the purified en?yme is highly specific for
IL- and D-phenylalanine and their an#logues: DL_p-flﬁorophenyl-
alanine, P-2-thienylalanine, and DL-phenylserine. But the
enzyme did not catalyze the exchange reaction dependent oh:
benzoic acid, phenylacetic acid, L-tryptophan’L-tyrosine, L

proline, L-valine, L-ornithine and L-leucine. N
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TABLE XII
Substrate specificity of amino acid-dependent ATP-PPi exchange
reaction
The assay conditions were that described in the method
sectﬁ%ﬁ%%%%/the substrate indicated, 6.25 ug of protein

at Fraction VIII step -were used.

Substrate o PPi formed
“(umoles) (mpmoles/15 min) .

- L-Phenylalaﬁine 1 - 153
D-Phenylalanine 1 133
DL-Phenylalanine' 2 106
DL-P-Fluorophenylalanine 2 55
B-Z—Thienylalanine 2 59
DL-p-Phenylserine 2 L2
.Benzoic acid 1 -3
Phenylacetic>acid_ : 1 -3
L-Tryptophan 1 ' h -3

. L-Tyrosine O.h 3
L-Proline 1l -2
L-Valine 1 -3
L-Ornithine 1 -3
L-Leucine 1 0




(&4

E, Evidence for the Identical Entity of two Activities:

the Activation Reaction and the Racemization Reaction

In the preceding sections, it was noted that activation
reaction of phenylalanine was involved in the racemase reaction.
It is helpful to the understanding of the reaction mechanism to
know whether or ndt the activation step and the overall racemization
reaction are catalyzed by a single enzyme proteln. The following
several lines of evidence indicate that the activation reactidn
of D-‘éﬁd L-phenylalanine is a constituent step in the series of
reaction leading to racemization, which are catalyzed by a single
enzyme

The enzyme, which was proven to be homogenous és jﬁdged by‘
ultracentrifugation, disc electrophoresis and chromatography,
catalalyées both phenylalanine-dependent exchange réaction and

racemization reaction.

1

TR

i

Fig. 2 showed that three enzyme activities sedimented

with
a superimposable éingle peak on a sucrose'density gradient., and
that the ratio of three enzyme activities'wgs constant throughout
the fractions. | |

When the enzyme was exposed to h9.5° C, the th?ee eniyme
activities decrease with time (Fig. 18). The curve followpa

typical first order kinetics. The inactivation kinetics of the

three activities are undistipguishable. 3
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Fig. 18. Inactivation kinetics of phenylalanine racemase and

OATP’-PPi exchange enzyme. 0.22ml1 of Fraction VIII consisting of

5§b\ug of protein, 50 % (v/v) glycerol, 0.02 M'K-P04 buffer

(pH 7.0), 0.2 M KC1 and 1 mM DTT was diluted to 2.2 ml by the

addition of\l.98 ml of the solution containing 0.1 M KC1,

0.02 M K-PO, buffer (pH 7.0) and 1 mM EDTA (7.0)s The test

tube containing the diluted eﬁzyme solution was immersed into

a 49.5° C water bath.

After equilibration for 30 seconds, the

sampling started, Every 200-pl aliquot was withdrawn at times

indicated and quickly chilled at 0° C. The heated aliquots were

then assayed for the three activities of racémase and D- and L-

phenylalanine-dependent ATP-PPi exchange reaction as described

in the method section.

REMAINING ENZME ACTIVIT (%)

100

5

L-PHE DEPENDENT ATP-PPEX.(0)

. - - 9 [ I ] ' "
20k . D-PHE T (o)
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L \ \
0 5 10 |5
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The'enzyme was subjected to TEAE-cellulose chromatography
and L-phenylalanine-dependent ATP-PPi exchange and the racemase
acfivities were determined on the eluates. It is noted from the
elution profiles in two activities that there was virtual
coincidence of two activities (Fig;‘}9).

It follows from these findings that phenylalanine racemase
as}ivity aﬁd L- and D-phenylalanine activating abilities reside

in a single enzyme entity.
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Fig. 19. Cochromatography of phenylalanine racemase and
L—phenylalanine-dependent ATP-PPi exchange activities on
.TEAE-cellulose;l

23 mg protein of Fraction VIiI were placed on the column
(1.3 x 10,5 cm) of TEAE-cellulose which was previously
equilibrated with 0.05 M KC1l containing 0.02 M Tris-HC1l buffer
(pH 7.4), 20 % (v/v) glycerol, 1 mM EDTA and 5 mM 2-mercaptoethanol.
The 6olumn was then washed with 24 ml of the starting_solution
and with 42 ml of 0.1 M KCl in the same buffer system., The
protein was eluted with a linear gradient between 75 ml of
0.1 M KGl in the above buffer system and 75 ml of O.4 M KO1
in the above buffer solvent system. A flow rate was 24 m1/
hour, and 6.1 ml fraction, each, was collected in & time-
regulated fraction collector. Fractions were’assayed for the
respective activities by the usual methods. The elution profile

of protein agrees with both of the enzyme activities.,
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F., Formation of Phenylalanine Racehase during the
Growth of B. brevis cells .

When the activity of phenylalanine racemase was followed
during the growth,lthe racemase began to appear at the nmiddle
of the logarithmic phase of growth and increased towards the
end of the logarithmic phase., The activity was maintained
at its maximum for 1 to l.5~hour peri§d and disappeared rapidly
when the cells entered the stationary phase as shown in.Fig. 20,
The changes in D- and L-phenylalanihe-acpivating activities
during the growth paralleled to that in phenylalanine racemase.
The results of measurement of gramicidin S synthesizing activity and
gramicidin S prgdugtig‘n during the ‘growth are also included in
the figure.

The parallel appearance and disappearance of the racemase
and the gramicidin S synthesizing system during the growth
resulted in one o?fthe indications that the racemase might be
closely related with the biosynthesis of the antibiotic.

When the calcium phosphate gel fraction purified from the
crude extract of the cells at the late logarifhmic phase wag
mixed with the crude extract of the cells at thé.stationarxb
phase, the enzyme activity of the gel fraction was not inhibited
by the addition of the latter extracts (Table XIII). This

finding indicated the absence, of inhibitors in the extracts of



latter cells or activators in the former cells for the reaction
of the phenylalanine racemase. The decrease in the enzyme activities
at the stationary phase of the cell growth may be attributed to

the degradation or inactivation of the enzyme. Fujikawa et al.
also reported in B. brevis ATCC 8185 the appearance of the
tﬁyocidine synthesizing system at the latevlogarithmic phase and
the Ebrupt disappearance of the system on entering the stationary
phase of the growth (23). It seems to be general phenomena that
the formation}gnd breakdown of the antibiotic synthesizing enzymes

coordinate with the production of antibiotics.

A
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Fig. 20 Change of activities of phenylalanine racemase, D- and
L-phenylalanine activating enzyme, gramicidin S synthesizing
enzyme activity, and of gramicidin S production during the
growth of B. brevis cells.

B. brevis Nagano was grown on a nutrient broth at 370 c
with shaking in a New Brunswick gyratory incubator shaker.
The details of the cultivation condition of the cells were
described in the method section. At the indicated times,
an aliquot of the culture was removed énd centrifuged at
gﬁood‘x g for 10 minutes. For the preparation of crude extract,
ceiiE\wgre suspended in 4 volumes of 0,01 M TEA-HC1l buffer,
(pH 8.0):v09ntaini£g 0.01L M Mgciz and disrupted in 22-ml
portions for,5 minutes in a 10-kc Kubota sonic oscillator,
After sonication, the extract was centrifuged at 105,000 x g
for 60 minutes to remove the intact cells, céll debris, and the
particulate\fraction. The supernatant atVIOS?OOO X g was
used as an enzyme source for the assay of the various enzyme
activities. For the determination of the amount of gramicidin
S'in the cells gramicidin S was extracted from the cellslwith
ethanol and bioassayed. The grow£h‘of bacteria was followed by
detefmining the increase of the turbidity in a Klett-Summerson

photoelectric colorimeter with a No; 66 filter. The assay

)
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A

conditions of phenylalanine racemase were the same as those described
in Table III, D- and L-Phenylalanine activating activity was
determined by measuring the amount of the hydroxamic acid formed.

The gramicidin S-synthesizing activity was assayed according to .

Tomino et al. (17).

e ——
H
_40 ¥ v Y v 1
g gt
w | »ﬁﬁ
2= 25
Q2 Q%
xd =
; 359 0 3%
| i w
a 55 AN
€ 23
& €
o 5353
iz :
¥ ol
3 £
€2
23 00— o
Gt
gg 60001-
T |&3
o TR . g
4 ol mo?
.‘:'0"'::'24@“ U?
S8y 35
S olE 2008 3
§ g”E.S ; n.'s
N c n
g |lne 5
Z 853 2000- EZ
L §§ 100 O 2
i
A
OL%E . . Jo
£ 0 4 6 8 0
~ TIME (hours)



"

TABLE XIII

Mixing of extract of l-hr old culture with
_ crude extract of 10-hr o0ld ciilture
The reaction mixture was the same as described in the

Table III except that indicated fractions were added and KF

(2.5 umoles) was used. Reaction time was 30 minutes.

D-Phenylalanine formed

Enzyme fraction (mpmoles/30 min)

Crude extract of 105hr old culture

(1.6 mg of protein) 011
Extractl) of L«hr o0ld culture |
(0.225 mg) | - ha77

Boiled crude extract of 10=-

hr old culture plus

1) | L,55

extract™’ of 4-hr old culture

Crude extract of 10-hr

old culture plus ) :
extract™’ of Linr o0ld culture :

1) Calcium phosphate gel fraction purified from the crude

extract of L4~hr o0ld culture

i)



G, Occurrenéeof Phenylalanine Racemase in Other Strains
Producing Gramicidin S and Tyrocidines

As described in INTRODUCTION, gramicidin S and tyrocidine
contain D-phenylalanine residues in their molecules. The
survey study on the distribution of‘ATP-dependent phenylalanine
racemase was undertaken by routine measurement in the presence
and absence of 'ATP,

It is seen from Table XIV that B. brewis ATCC 9999 producing
gramicidin S and B, brevis ATCC 8185 producing tyrocidine possessed
the AQ?-dependent phenylalanine racemase. Each of enzyme.preparation
did not catalyze any formation of D-phenylalanine from the L-isomer
in the abscence of 'ATP and MgCILZ'. In both cases, inorganic
pyrophosphate stimulated appreciably the reaction. The amounts
of pﬁenylalanine racemase activity catalyzed By two kindsfof
preparations are comperable to the amount of gramicidin §3forming
activity, and tyrocidine forming activity, respectively.

The data are compatible with the fact that the phgqylalanine
racemase is involved in gramiciéin-s-and typocidine-syntbesizing |

systems.
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TABLE XIV

Occurrence of phenylalanine racemase in B. brevis ATCC 9999 producing
gramicidin S and B. brevis 8185 producing tyrocidine |
The reaction mixture was the same as described in the text
except that 25 umoles of TEA-HC1 (pH 7.8), 10 umoles of KF and
the indicated enzyme fraction were used. Incubation time was

30 minutes.

Omissions D-Phenylalanine

Exp. Enzyme source s formed
and additions (mpmoles/30 min)

Crude extract none 5.70
I of B, brevis 9999 minus PPi _ 2.90 .
(1.5 mg of protein) "o OATP 0.00
" MgCl ' 0,00
2
1 st Ammonium none?’ 4,85
11 sulfate fraction of minus ATP 0.07 .
B, brevis 8185 1) minus MgCl 0.3l
T{0.63 mg of protein) plus PPi e ;
, 0.0l umole 5.37
, 0,05 " 4,21
0.50 " 1.26
none3) . ) 3.13 ..
plus PPase, 2.4 units>’ 0.48 :

1) Equivalent to the amount of enzyme synthesizing 2.17 mumole
of tyrocidine in 30 minutes at 300 c
2) Essentially the same as in "Exp. I" except for the omissions

of KF and PPi

- noa
3

3) Ehzyme was preincubated with and without inorganic pyro-
phosphatase (PPase) for 15 minutes at 37° C. . Then, the reaction

was started by the addition of other ingredients.
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‘H, Role of the Phenylalanine Racemase in Gramicidin S~

and Tyrocidine-Syntheses

The following lines of evidence suggested the functional
aéséciation of phenylalanine racemase with gramicidin S bio-
synthesis: (1) ATP-dépendent phenylalanine racemase is present
in B. breyis Nagano, 9999 and 8185; (2) phenylalanine racemase
formation is closely related with the formation of gramicidin S-
‘synthesizing system. (3) Gramicidin S-synthesizing system is
separated into the two complementary fractions, I and II. The
fraction II contains only L- and D-phenylalanine activating
enzyme activity and fhe other is responsible for that activation
of the rest of the constituent amino acids (L0).

However, the direct inwolvemen% of phenylalanine racemase
in gramicidin S-synthesizing system should comeiﬁo be proven.

The purified racemase preparation, the separation of
gramicidin S-forming system into the fractions, I and II and
thevresolution of tyrocidine-éynthesizing system into the two
components, I and II promoted to reconsitute the antibiotic
synthesizing system from the two complementary fractions or
componénts and the racemase.

It is seen from Table XV and XVI that the raéemase purified

from the gramicidin 5 producing bacteria could replace completely
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the fraction II for the gramicidin S synthesis and the component

I responsible for the biosynthesis of tyrocidine. Phenylalanine
racemase and each of the two fractions_for gramicidin S synthesis
and for tyrocidine synthesis alone did not catalyze 'anything
of gramicidin S and tyrocidine. The combined system consisting

of the racemase from B. brevis Nagano and of the component II from
B, brevis, ATCC 8185 did catalyze tyrocidine formation, but not
gramicidin S. The product was tyrocidine which was verified by
paper electrophoresis of the product with gramicidin S and tyrocidine
as markers., In the abscence of glutamine in the reaction mixture,
no incorporation of L—leucine—lhc was observed, indicating also

that the product is tyrogidine,
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TABLE XV

Replacement of fraction II by the phenylalanine racemase
for gramicidin S synthesis
The assay conditions were that described in the text
excep% for the enzyme fraction indicated; fraction I (31.1 ug),

fraction B3I (30.3 ug) and racemase'(FractiQn VIII 6,3 ug).

L-Phenylalanine-U-lQC incorporated
Enzymes }into gramicidin S

(upmoles/30 min)

kY

Fraction I and fractisn IT | 339

Fraction I and racémase 220
Fraction II and racemase o 2k
Fracti;n I ' : | 5
Fraction II ' 10

Racemase . ‘ 7.5




TABLE XVI

Replacement of component I by the phenylalanine
facemése for tyrocidine synthesis
The assay conditions were the same as described in the
text except for the enzyme indicated; component I (DEAE-fraction),
450 pg of component IT (hydroxylapitite) and 25 ug of phenylalanine
racemase® (Fraction VIII) purified from B, brevis Nagano. Incubation

time was 30 minutes at 30° C.

L-Leucine incorporated into
Enzymes . tyrocidine

) ' : (mpmoles/BO-min)

Component II . 0.06
Component I and component II - k4,26
Component II and racemase 4,77

Component II and racemase

without glutamine 0.26
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IV, DISCUSSION

A. Participation of Phenylalanine Racemase in
Gramicidin S Synthesis and Tyrocidine Synthesis
Many studies weré undertaken in an effort to understand the
formation of D-amiho acids contained in antibiotics. Any

- information, however, have not been obtained about the biochemical

O

formations of D-amino acids coupled with the biosynthesis of
antibiotics.

The discovery of the existence of the ATP-dependent
ﬁhenylalanine racemase in the gramicidin S producing bacteria
.2’ brevia Nagano and ATCC 9999 and the tyrocidine producing B.
brevis ATCC 8185 have shed light on the understanding of thé
biochemical aspect of the D-amino acids formation in the
antibiotics. Conclusive evidence for the participation of
the racemase fraction in the syntheses of gramicidin S and
tyrocidine was obtained by the recombination of the racemase
with each one of the two complémentary fractions of the gramicidin
S-and tyrocidine-syntheskzing systems.

Tyrocidine A and B contain 2 moles of D-phenylalanine)in
their molecules (See diagram): one of ﬁ-phenylalanine is adjacent
to L-leucine and the other follows Inphenylalanine. The former

is not replaced by other aromatic amino acid, whereas the latter

1
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could be replaced by D-tryptophan as #een%in the strﬁcture of
of tyfgcidine C and D, The spbstitut;on " D=tryptophan for
D-phenylalanine and vice versa is det?rmined by the relative
concentrations of phenylalanine and t%yptophan available on the
tyrocidine synthesis. 4s it is knownjthat the racemase from
B. brevis Nagano have the strict specificity for phenylalanine,
bu£ not for tryptophan, the ATP-dependent phenylalanine racemase
ﬁaybe take part in only the formation of the D-phenylalaniné
adjacent to L-leucine on the tyrdcidine synthesis. An alt;rf_
native pathway may exist for the formation of the other D-; |
phenylalanine or D-tryptophan. I

The amount of the production of gramicidin S is coordinated
with the formation c\f the raoemaéo during the growth Qf the
cells. It is not known whether the amouﬁt of both two fractions

<

of the antibiotic forming system is regulated by the_biﬁ-
synthesis and breakdown of the enzyme syétem or not. The ébs:nqe
of activator of the racemase in the crude extract suggest théf
there may occur the de nove synthesis of the racemase withéthe
increase of the enzyme activity., \The absence of the inhibitor
of the racemase in bacterial cells at the stationary phase of

the growth rises the problem on the mechanism of the abrupt

disapperance of the racemase on entering the stationary phase;

.of the growth. The mechanism on the regulation of the bidsynﬁhesiﬁ

3
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and destruction of gramicidin S sy

be elucidated.

nthesizing system remains to
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B. Mechanism of ATP-Dependent Phenylalanine
‘Racemase Reaction
For each mole of ATP and L-phenylalanine utilized,a mole
of each of AMP, PPi and D-phenylalanine is formed‘during the
racemase reaction. The equatiOn of the overall reaction will

be described as follows:

> D-Phe + AMP + PPi
+4
Mg

L-Phe + ATP
The presence of D- and L-phenylalanine-dependent exchange
reaction and the absence of D- and L-phenylalanine dependent
. AMP-ATP exchange reaction indicate that L-phenylalanine is
activated to L-phenylalanyl aﬁenylate-enzyme complex, and that
the activated cbmi:;lex is not a pyrophosphorylated compound..
The activation reactioﬁ in th; facemase reaction is specific
for both the optical isqmers of phenylalanine, which is
probably catalyzed bf the same site on the facémase.
It is assumed that the racémase reaction proceeds as
follows:
the lst reaction; L-phggiialanine is activatgé to L-Phe-
AMP+Enz complex.
\the 2nd reaction; L-phe AMP Enz complex is converted to
' D-Phe. AMP.Enz complex,

the 3%rd reaction; D-Phe.AMP«Enz complex is broken down
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to free D-phenylalanine, AMP and enzyme.

The 2nd or 3rd reaction will be enhanced by DTT at higher
concentration (0,05 M to 0.1 M) and of the alkaline range of
pH (pH 8.2 to pH 8.5) or by the effects of the co-operative
interactions of PPi and AMP on the state of PheesAMP«Enz. complexo
In the presence of PPi and AMP, in which the formation of
gramicidin S is inhibited, the racemase activity is markedly
enhanced, while in the absence of PPi and.AMP; in which the
formation of gramicidin S proceeds optimally, the racemase
reaction does not proceed. The data are compatible with the
assumption that the activated D-Phes AMP, Enz, ¢+ complex is non-
enzymatically releaked with the formation of D-phenylalanine
and AMP by the artificial factors described above. If the other
one of the two complementary fractions is accessible to the
utilization of the D-phenylalanyleAMP.Enz, complex in the
presence of the other constituent amino acids and ATP, D=
phenylalanine of the activated complex is incorporated directly

into gramicidin S of tyrocidines.
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V. SUMMARY

In "INTRODUCTION" the developement of the biosynthesis'of D=
amiﬁo acid in conjuction with the biosynthesis of the antibiotics
WS described. | | »

‘Kﬁecqnt developement concerning the ATP-dependent phenyl-

alanine rademase, the mechanism of the enzyme reaction and its

‘relation %o the antibiotic biosynthesis was also discussed.

The phenylalanine racemase was purified to a near homogeneous
state from B. brevis Nagano. The study on the properties of the
enzyme has revealed that the racemase reaction consists of the
activation reaction of phenylalanine and the subsequent racemization
of the actiyated phenylalanine complex and its breakdown to free
phenylalanine. The racemase reaction of D-phenylalanine frémation
from the L-isomer is activated by the:higher concentration of
DTT and the alkaline buffer or by the simultaneous presence of PPi
and AMP, and D-phenylalanine formation is not affected, while
the activation reaction responsible%fqr tée racemization of
rhenylalanine is not affected appfeciably‘by DTT and the alkaline
buffer. ' : |
The D/L-phenylalanine fatio atJequilibrium of”the reaction is
dependent on the initial velocity of ﬁ-phqnylalapine formation
which is markedly affected by the variablq of the ﬁTT concentration

5 Lo ‘ '

3
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{Qnd‘pH of buffer or by the variable of AMP, PPi and the both,
L . .
The racemase is specific for both optical isomers of
phenylalanine and the phenylalanine analogues. L-Tryptophan,

L-tyrosine, i—leucine, L-valine, and L-ornithine do not serve

. as substrate,

In the study of the distributioﬁ of the ATP-dependent
phenylaianine racemase, it was found that the gramicidin S
producing bacteria,'gL brevis Nagand and 2} brevis ATCC 9999
and the tyrocidine producing bacterium, B. brevis ATCC 8185
pdssessed the enzyme activity. ‘

The racemase has the direct relations with the biosynthesis
of gramicidin S ané tyrocidine.\ Thq racemase could completely
replace the one of the two'complementarx'fractions or components
responsible for gramicidin S of tyrdcidiﬁe biosyntheses, respectively.

'The mechanism of action oﬁ tﬁis%en;yme énd the substrate |

specificity were discussed ﬁith i&s %elgtion,to ?Peébiosyntheses

I

of gramicidin S and tyrocidines.
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