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Abbreviations: CoA, coenzyme A (CoASH and
CoASSCoA indicate reduced CoA and oxidized
CoA, respectively.); 3'-dephospho-CoA, 3'-
dephospho~coenzyme A; ATP, adenosine 5'-
triphosphate; ADP, adenosine 5'-diphosphate;
3',5'-ADP, 3'-phosphoadenosine 5'-mono-
phosphate; AMP, adennsine 5'-monophosphate;
GTP, guanosine 5'-triphosphate; GDP, guano-
sine 5'-diphosphate; GMP, guanosine 5'-
monophosphate; ITP, imosine 5'-triphosphate;
IMP, inosine 5'-monophosphate; CTP, cytidine
5'-triphosphate; CDP, cytidine 5'-diphos-
phate; CMP, cytidine 5'-monophosphate; UTP,
uridine 5'-triphosphate; UDP, uridine 5'-
diphosphate; UMP, uridine 5'-monophosphate;
NAD, nlcotinamide adenine dinucleotide;
NADP, nicotinamide adenine dinucleotide
phosphate; FAD, flavin adenine dinucleotide;
EDTA, disodium ethylenediamine tetraacetate;
DSS, sodium 2,2-dimethyl-2-silapentane-5-
sulfonate; DBAE~cellulose, diethylaminoethyl
cellulose.



INTRODUCTION

Ten years elapsed between the time,
1936, that pantothenic acid was first
found to participate in carbohydrate
metabolism (1) and the time that the
mechanism of its function was estab-
lished. The realization that panto-
thenic acid 1itself 1is not the function~-
al form of the vitamin began with the
discoveries that a cofactor was involved
in the acetylatlon of choline in ex-
tracts of rabbit braie (2,3) and that
of sulfanilamide in pigeon liver (3,4),
and that this cofactor, named 'coenzyme
A" by Lipmann in 1946 (3), contained a
"bound" pantothenic acid (5). A turn-
ing point in the physiological and
structural studies on CoA was the dis-
covery by Lynen et al. (6,7) in 1951
that "active acetate'" is an acyl mer-
captan. About ten years later, another
turning point in the studiles relating
to CoA was brought from the discovery
that 4'-phosphopantetheine, which also
contains a "bound" pantothenic acid as
well as CoA, functions in fatty acid
synthesis as a protein bound prosthetic
group (8). The mumerous roles played
by these two coenzymes derived from
pantothenic acid in intermediary me-
tabolism have been the subject of in-
tensive research. It has now been
evident that CoA 1is necessary not only
for the activation of acetate but also
for the activation of many other carbo-
xylic acids and for the tramsacylation
in various biological systems, and 4'-
phosphopantetheine is necessary not
only for the elongation of fatty acids
but also for the synthesis of peptides
(9).

As to the biosynthesis of CoA from
pantothenic acid, the first evidence
that cysteine serves as the precursor
of the sulfur-containing fragment of
CoA was supplied by Pierpoint and Hughes
(10). They reported that CoA synthesis
from pantothenic acid by whole cells of
Lactobacillus arabinosus 1is dependent
on the presence of cysteine. This find-
ing was followed by the observation of
Brown and Snell (11) that Proteus
morganii also forms CoA in the presence

of cysteine. In 1954, Levintow and
Novelli (12) and Hoagland and Novelli
(13) proposed a pathway for the biosyn-—
thesis of CoA in mammalian systems, 1n
which pantothenic acid couples with
cysteine to yield pantothenoylcysteine
as the first step, followed by decarbo-
xylation to pantetheine, which is them
phosphorylated to form 4'-phosphopan-
tetheine, and they suggested that the
pathway 1s as follows: pantothenic acid
— pantothenoylcysteine ——pantetheine
— 4'-phosphopantetheine —3“dephospho-
CoA—CoA. 1In 1959, however, Brown
(14) propcsed an alternmative pathgpy
using rat liver, rat kidmey, and Pro-
teus morganii, in which pantothenic
acld is first phosphorylated to yleld
4'-phosphopantothenic acid by the enz-
yme pantothenate kinase prior to coupl-
ing with cysteine. 4'-Phosphopantothe-
nic acid is then condensed withcysteine
in the presence of an enzyme designated
“"coupling enzyme" (4'-phosphopantothen-
oylcysteine synthetase) to yield 4'-
phosphopantothenoylcysteine, which in
turn is decarboxylated to 4'-phospho-
pantetheine by the enzyme &4'-phospho-
pantothenoylcysteine decarboxylase.
4'-Phosphopantetheine is then converted
to CoA with ATP by the enzymes 3'-de-
phospho-CoA pyrophosphorylase and 3'-
dephospho~CoA kinase. The sequence is
summarized as follows: pantothenic acid
— 4'-phosphopantothenic acid—4'-
phosphopantothenoylcysteine——*4'-pho—
sphopantetheine —3'-dephospho-CoA—*
CoA. In these processes 4moles of ATP
are required for one mole of CoA.

Brown (14) also suggested that in both
mammalian and microbial systems this is
the only operative pathway. Later,
Abiko (15,16) and Abiko et al. (17)
revalued these two pathways in detail,
and confirmed that Brown's pathway ope-
rates in rat liver. However, the path-
way envisaged by Novelli may function
in one bacterium, Lactobacillus helvet-
icus. Evidence for this includes (a)
pantothenoylcysteine decarboxylase is
present (14); (b) this organism when
supplied with large amounts of panto-
thenic acid will not accumulate 4'-
phosphopantothenic acid (18); (c) mu-
tants of Lactobacillus helveticus camn



use pantothenoylcysteine as a growth
factor (19). Two other organisms, Lac-
tobacillus bulgaricus and Acetobacter
suboxydans, which can alsc utilize pan-
tothenoylcysteine, possibly alsc follow
Novelli's pathway (19).

The first highly purified preparat-
ions of CoAwere obtained by extracting
it from Streptomyces fradiae (20), and
a series of its selective enzymatic
digestions showed that it contains three
equivalents of phosphate and each one
equivalent of adenosine and sulfur for
each mole of pantothenic acid (21), and
can be accounted for as a pyrophosphate
ester that links the adenosine 3'-mono-
phosphate through its 5'-position to
the 4'-position of pantetheine (7,22-
24). During this same period, isolat-
ion procedures for CoA also had been
Improved by contributions by Beinert et
al. (25) and by Stadtman and Kornberg
(26). Beinert et al. (25) obtained
highly pure CoA from baker's yeast by
coprecipitation with cupper-glutathion.
This was later improved by Reece et al.
(27). On the other hand, the structure
of CoA established on the basis of de-
gradation data was first confirmed by
a total synthesis accomplished by
Moffatt and Khorana (28) in 1959. CoA
has been supplied only by extraction
from microorganisms (20,21,25-27,29)
and chemical synthesis (28,30-32).
However, these methods are not practi-
cal because of their lower vield or
their intricacy. The unsufficient sup-
ply of CoA may give one of the disadva-
ntages in experiments of biochemistry
and clinical medicine.

Developments of seasoning manufact-
ure, especilally in Japan, have now per-
mitted easy supply of a variety of
nuclecsides and nuclectides. By using
them, many investigations on synthesis
of more complex nucleotides, such as
nucleoside triphosphates, sugar nucleo-
tides, nuclectide coenzymes, and so on,
have been done intensively (33). Tochi-
kura et al. (34) have reported an effi-
cient synthesis of ATP from adenosine
or AMP during the fermentation of yeasts.
It is interesting, therefore, to syn-
thesize CoA through the supply of ATP
undér such fermentative conditions.

The compounds which have a close
structural similarity with naturally
occurring vitamins are gemerally known
to possess inhibitory effects on growth
of certain organisms or on actiun of
certain enzymes. Some of these com-
pounds have proven of interest in bio-
chemical studies and in chemotherapy
(35). Pantothenyl alcohol, an alcohol
analog corresponding to pantothenic
acid, has been reported to be convert-—
ed by warm-blooded animals into panto-
thenic acid and to serve as an avail-
able source of the vitamin for these
organisms (36-38), while the analog not
only fs not utilized in place of the
vitamin by lactic acid bacteria, but on
the contrary it prevents competitively
the utilization of pantothenic acid by
these organisms (39,40). However,
little is known of the metabolism of
this alcohol in other microorganisms.
It seems, therefore, to be interesting
to know the microbial response of this
antimetabolite.

In this thesis the author describes
the microbial metabolism of pantothenic
acid and its related compounds. In the
first chapter, searching the ability of
the formation of CoA from pantothenic
acld and cysteine under the coupling
with ATP-generating system of various
microorganisms, and accumulation of CoA
and its blosynthetic intermediates,
then on the basis of the results of
these investigations a new process for
the production of CoA are described.
The mechanism of the accumulation of
these compounds is also discussed. In
the second chapter, some aspects of de-
gradation metabolism of pantothenyl al-
cohol are briefly described.



CHAPTER I
SYNTHESIS OF COENZYME A BY MICROORGANISMS

Section

L.

Distribution of Coenzyme A Accumulating Activity in Microorganisms
and Isolation of Reaction Products®P

The ability of the formatiom of

CoA from pantothenic acid and

cysteine in the presence of AMP or ATP was searched in yeasts and
bacteria. The result of screening showed that the activity was

found in several yeasts and bacteria
Corynebacterium, and Brevibacterium.
ammoniagenes IF0O 12071 accumulated a
of the reaction products, which were
ammoniagenes IFD 12071, were carried

belonging to the genera Sarcina,
Particularly, Brevibacterium
large amount of CoA. Isolation
synthesized by Brevibacterium
out. The isolates were identi-

fied as CoA, 3'-dephospho-CoA, and 4'-phosphopantothenic acid.

INTRODUCTION

The numerous roles that CoA plays in
intermediary metabolism have been dis-
cussed by many investigators, since the
discovery of this compound as a requi-
rement for acetylation of choline and
aromatic amines by Lipmann .(3) in 1946.

CoA has been prepared by extraction
from microorganisms (20,21,25~27,29)
and chemical synthesis (28,30-32).
However, these methods are mot avail-
able becsuse of their lower yield or
their intricacy.

Although studies on the biological
conversion of blosynthetic precursors
including pantothenic acid into CoA
have been reported in vivo and in vitro
(41), little is known of accumulation
of CoA by microbial process. Only it
was reported that a relatively large
amount of CoA was synthesized by the
washed cell suspension of Lactobacillus
arabinosus which was grown in panto-
thenate~deficient medium (10). As de-
monstrated by Brown (14), four moles of
ATP are required during the synthesis
of one mole of CoA from pantothenic
acid. Tochikura et al. (34) have re-
ported that adenosgine or AMP is phos-
phorylated to ATP under the fermentat-
ion process of yeast in the presence of

a high concentration of inorganic phos-
phorus. It is interesting, therefore,
to synthesize CoA through the supply of
ATP under such fermentative conditiona.
In this section, the result of screen-
ing of CoA accumulation by various mi-
croorganisms and isolation of CoA and
its related compounds are described.

MATERTALS AND METBODS

Microorganisms and cultivations.
Baker's yeast was obtained from Orient-
al Yeast Co., Ltd., Tokyo. Other mic-
roorganisms used were the strains pre-
served in the Laboratory of Applied
Microbiology, Department of Agricultu-
ral Chemistry, Kyoto University.

Yeasts were grown in a medium contain-
ing 5 g of glucose, 0.5 g of peptone,
0.1 g of yeast extract, 0.2 g of KH,PO,,
0.1 g of KyHPO,, and 0.02 g of MgSOy-
7H,0 in 100 ml of tap water, pH 6.5.
Bacteria were grown in a medium contain-
ing 1 g of glucese, 1.5 g of peptomne,
0.3 g of KyHPO,, 0.2 g of NaCl, and
0.02 g of MgS50,-7H,0 in 100 ml of tap
water, pH 7.0. Each culture was carri-
ed out with 500 ml medium placed in 2
liter shaking flask under reciprocal
shaking at 28°C for 2-4 days.



Preparation of dried cells. The
cells harvested by centrifugation were
washed with 0.85I NaCl. The paste of
the cells was dried with an electric
fan at room temperature, and then put
in a desiccator over P05 in vacuo at
4°C. The dried cells were stored at
=15°C before used.

Chemicals. CoA was kindly provided
by Dr. E. Ohmura, Takeda Chemical Ind-
ustries Co., Ltd., Osaka, and also ob-
tained from Sigma Chemical Co., St.
Louis. 3'-Dephospho-CoA and 4'-phospho-
pantothenic acid were kindly gifted by
Dr. M. Shimizu, Daiichi Seiyaku Co., Ltd.,
Tokyo. ATP was kindly gifted by Dr.

K. Tanaka, Kyowa Hakko Kogyo Co., Ltd.,
Tokyo. DEAE-cellulose {0.9 meq/g) was
provided from Green Cross Corporation,
Osaka. Phosphotransacetylase of Clost-
ridium kluyveri was purchased from
Boehringer, Mannheim. Phosphodiester—
ase of Crotalus adamanteus and alkaline
phosphatage from calf intestinal mucosa
were from Sigma Chemical Co., St. Louis.
Acetylphosphate was synthesized accord-
ing to the method of Avison (42). All
other reagents were commercial products
of analytical grade of purity.

Screening method. For the screening
of CoA accumulation, the following st~
andard condition was used: The react-
ion mixture which contained 10 umoles
of sodium pantothenate, 10 umoles of
cysteine, 15 umoles of AMP, 167 umoles
of glucose, 200 ymoles of potassium
phosphate buffer, pH 7.0, and 100 mg of
dried cells was incubated at 37°C in a
total volume of 1 ml. For the reaction
in bacterial system, equimolar amounts
of ATP were also added instead of AMP.
For the screening of pantothenate kinase
activity in bacterial cell system, the
following condition was used: The re-
action mixture containing, in 1 ml, 2
umoles of sodium pantothenate, 10 uymoles
of ATP, 150 ymoles of potassium phos-
phate buffer, pEH6.0, 10 ymoles of MgS50,,
and 100 mg of dried cells was incubated
at 37°C for 2 hr. The reactions were
stopped by lmmersing the tubes in boil-
ing water for 5 min. The products were
agsayed after the removal of cells by
centrifugation.

Analytical methods. CoA assays were
mainly performed by the phosphotrans-
acetylase method of Stadtman et al.
(43) using the enzyme of Escherichia
coli Crookes ARU 0001 and also by the
method of Bergmeyer et al. (44) for
characterization of isolated products.
Pantothenic acld was measured microblo-
logically using Lactobacillus plantarum
ATCC 8014 (45) and Saccharomyces carls-
bergensis ATCC 9080 (46) as test organ-
isms. Bound pantothenates were assayed
by the method of Novelli (47). Adenine
content was determined by ultraviolet
absorption in 0.1 M HCl using Ezgq =
15,000 as a standard value. Phosphorus
was measured by the method of Fiske-
Subbarow (48), and sulfhydryl by the
method of Ellman (49). Paper chromato-
graphy by the ascending technique was
performed on Toyo Roshli No.53 paper
using the following solvents: solvent
I, isobutyric acid-0.5 N ammonium hy-
droxide-0.1 M EDTA (100:60:1.6, byvol.);
solvent II, ethanol-1 M ammonium acet-
ate, pH 7.5 (5:2, by vol.); solvent III,
ethanol-0.5 M ammonium acetate buffer,
pH 3.8 (5:2, by vol.); solvent IV, n-
butanol-acetic acid-water (5:2:3, by
vol.); solvent V, n-propanol-287 amm—
onium hydroxide-water (6:3:1, by vol.).
Paper electrophoresis was performed on
Toyo Roshi No.53 paper impregnated with
0.05 M sodium acetate buffer, pH 5.1,
at 40 mA per 15 em (4 KV) for 30 min.
Adenine derivatives were located on the
chromatogram with a UV-lamp. Pantothe-
nlc acid and its phosphorylated comp-
ound were detected by bioautographic
techniques. Phosphorus-containing com-
pounds were located with Hanes and
Isherwood spray (50) followed by ultra-
violet irradiation, and sulfhydryl or
disulfide compounds with Toennies and
Kolb spray (51). B-Alanine was detect-
ed by ninhydrin spray.

Preparation of phosphotransacetylase
from Escherichia coli Crookes AKU 0001.
The washed cells (12 g, dry weight) were
suspended in 100 ml of 0.1 M Tris-HCl
buffer, pH 7.4, and treated with a
Kaijo-Denki 19 kHz ultrasonic oscillat-
or for 10 min. The intact cells and
debris were removed by centrifugation



at 12,000xg for 20 min. To the super-
natant, solid ammonium sulfate was add-
ed to give 30 to 40% saturation. The
precipitated protein was collected by
centrifugation at 12,000xg for 20 min
and was dissolved in 10 ml of the same
buffer containing 10 mg of reduced glu-
tathione amd 10 mg of bovine serum al-
bumin. All the operations were carried
out below 4°C. This protein solution
was used as the phosphotransacetylase
preparation,

RESULTS

Distribution of CoA-accumulating acti-
vity in microorganisms

As shown in Table I, the activity
of the accumulation of CoA from panto-
thenic acid, cystelne, and AMP was
found in some strains of yeasts, e.g.
baker's yeast, Saccharomyces sake AKU

4022, Saccharomyces lactis IFO 1090,
beer yeast ARKU 4037, Torulopsis candida
IF0 0768, Schizosaccharomyces liguefa-
ciens IFQ 0358, and so on. Under the
conditions employed, all of them showed
strong AMP-phosphorylating activity.
However, inspite of their strong acti-
vity to phosphorylate AMP, some yeasts,
such as Hansenula beijerinckii IFO 0981,
Candida utilis IFO 0396, and Brettano-
myces claussenii IFO 0627, did not show
the accumulation of CoA. It was also
observed that yeasts degrading AMP to
adenosine, inosine, adenine, or hypo-
xanthine did not show the accumulation
of CoA. While, neither consumption of
pantothenic acid nor accumulation of
CoA was observed in a similar reaction
system with bacteria. When ATP was
added to the reaction mixture in place
of AMP, the consumption of pantothenic
acid in the reaction mixture was obser-

TABLE I. ACCUMULATION OF CoA BY YEASTS

The reactions were carried out for 5 hr (*3 hr) under the conditions as described in

the text.
Strain CoA found (pg/ml) Metabolites
before reaction after reaction of AMP
Baker's yeast 23 128 ATP, ADP
Distillery yeast M AKU 4006 45 73 "
Beer yeast AKU 4037 58 100%* "
Schizosaccharonyces liquefaciens 1FO 0358 30 a0 "
Saccharomyces sake Kyokai No. 2 31 65 "
" AKU 4017 68 86* "
- " AKU 4022 43 85% "
" lactis 1FO 1090 33 75 "
" rosei 1F0 0252 39 20 "
- chevalieri TFO 0210 64 56 "

" carlsberoensis 1F0 0461 15 6 adenosine
Candida mycoderma IFQ 0164 26 b4* ATP, ADP
" utilis IFO 0396 15 22 "

Torulops.LS candida [FO 0768 28 77 "
sake IFO 0435 18 75 "
- globosa IFO 0953 51 26 e
Hansenula jadinii TFO 0987 24 16 "
" beijerinkii IFC 0981 15 22 "
" matritensis IFO 0945 34 21 hypoxanthine
- anomala AKU 4300 19 43 "
Rhodotorula rubra IF0O 0890 42 28% adenine, adenosine
marina 1FO 0879 30 3 "
Brettanomyces claussenii IF0 0627 41 16 ATP, ADP
Saccharomycodes ludwigii TFG 1043 57 13 AMP
Lipomyces starkeyi IFO 0678 0 6 "
Trigonopsis variabilis IF0 0671 37 k) e
Schwanniomyces occidentalis IF0 0371 30 6 adenine
Debariomyces subglobosus IFD 0794 17 22% adenosine
Kloekera africana IF0O 0633 30 3% "




TABLE I1. ACCUMULATION OF CoA BY BACTERIA

The reactions for CoA formation were carried out for 6 hr under the conditions as des-

cribed in the text.
control run.

The values of each control run are given in parentheses.

The mixture omitting sodium pantothenate and cysteine was used as a

Assay condition

for pantothenate kinase activity is given in the text, and the values obtained are given

as per cent of pantothenic acid consumed.
The values of each control run are given in parentheses.

The mixture omitting ATP was used as a control

run.
Strain Czﬁfggznd 2:§£:}) Pantothenate Metabolites
kinase activity of ATP
reaction reaction
Escherichia coli B AXU 0012 21 11 (5) 0 (0) AMP, adenine

" freundii $-96 AKU 0009 10 18 -a) 0 (0) adenine
Aerobacter aercgenes IF0 3320 48 18 (37) 20 (O AMP
Erwinia aroideae I1FO 3810 63 45 (53) 20 (0) AMP, adenosine
Serratia marcescens IFO 3046 66 58 (44) 15 {0 AMP
Proteus morganii IFO 3838 12 18 (12) 0 (0} AMF, adenosine
Alcaligenes faecalis IAM B-141-1 45 51  (91) o (0 AMP
Achromobacter aceris LFO 3166 30 17 - o (0 -
Flavobacterium fuscum AKU 0140 14 15 (12) o (0) hvpoxanthine
Bacillus subtilis 1F0O 3007 30 25 - n (0 AMP, adenasine
Agrobacterium tumefaciens 1AM B-26-1 25 23 (24) 0 (o adenine
Micrococcus luteus IFO 3763 40 57 (2%) 15 {5 AMP

" sp. No. 431 AKU 0511 56 70 (81) 0 (o0 hypoxanthine
Staphylococcus aureus IFQ 3060 25 26 - - - -
Sarcina aurantiaca 1F0 3064 58 S8 (3%) 55 (10 AMP

" lutea IFO 1099 68 171 (67 75 (15) "

- "~ IF0 3232 64 181 (67} 00 (5)- "

" variabilis IFO 3067 72 89 (97 65 (5) AMP . ADP, ATP

. Corynebacterium glutamicum ATCC 13032 61 53 (62) 80 (25 AMP, ADP

- " ATCC 13059 60 101 (51) 80 (%) AMP

" -~ ATCC 13060 42 108 (40) n (20} "

ol equi LAM 1038 50 60 (61) 25 (1) "
Arthrobacter simplex IFO 3530 39 60 - 40 (0) "
Brevibacterium divaricatum 1627 NRRL 2311 123 98 (85) 70 (5) AMP, ADP

" ammoniagenes 1FO 12071 19 830 (0) 100 (5) '

- " IFO 12072 16 189 (33) 85 (10) "

" sp- Pl45 AKU 0643 125 115 (122) 0 () "

- sp. AKU 0644 109 114 (107) 60 (5) "

” sp. AKU 0645 90 124 (87) 60  (0) "
Bacterium cadaveris IFC 3731 62 18 (12) o0 (0 hypoxanthine
Pseudomonas fluorescens IFO 3461 55 44 {35) 0 (9 AMP

a) not tested.

ved by several strains belonging to the
genera Sarcina, Corynebacterium, and
Brevibacterium (Table II). Among them
Brevibacterium ammoniagenes IF0 12071
showed a remarkable accumulation of CcA.
A typical time course for CoA synthesis
by Brevibacterium ammoniagenes IF0 12071
ig shown in Fig. 1. The amounts of CoA
gynthesized from pantothenic acid and
from pantethine after 8 hr incubation
reached about 1.3 pumoles (1.0 mg) per
ml and 1.7 umoles (1.3 mg) per ml, re-
spectively. The omission of these pan-
tothenate derivatives from the reaction

mixture gave no accumulation of CoA.

An addition of sodium laurylbenzenesul-
fonate brought an increase of the amo-
unt of CoA synthesized. When cysteine
was omitted from the reaction mixture,
more than 95% of pantothenic acid added
disappeared after 8 hr incubation with-
out the accumulation of CoA. The dis-
appearance of pantothenic acid was com-
pletely recovered by the treatment with
alkaline phosphatase, suggesting the
presence of conjugated forms of panto-
thenic acid in the reaction mixture.



CoA formed {umotes/ml)

Reaction time (hr)

FIG. 1. Time Course for CoA Synthesis.

(A) Synthesis from pantothenic acid: The
reaction mixture containing, in 1 ml, 5 umoles
of sodfum pantothenate, 10 umoles of cysteine,
15 pmoles of ATP, 10 umoles of MgSO,, 130
umoles of potassium phosphate buffer, pH 6.0,
and 100 mg of dried cells of Brevibacterium
ammoniagenes IFO 12071 was incubated at 37°C
with (a) or without (b) 2 mg of sodium lauryl-
benzenesulfonate. The mixture without sodium
pantothenate (c) or cysteine {(d and e) was
used as a control run. (The mixture (e} con-
tained 2 mg of sodium laurylbenzenesulfonate.)

(B) Synthesis from pantethine: The reactioa
conditions were the same as those in (A) ex-—
cept for 2.5 umoles of pantethine replacing
sodium pantothenate.

Isolation and characterization of the
reaction products

Isolation of the reaction products.
The reaction mixture containing 3 mmoles
of sodium pantothenate, 6 mmoles of
cysteine, 6 mmoles of ATP, 3 mmoles of
Mg30y, 45 mmoles of potassium phosphate
buffer, pH 6.0, 600 mg of sodium lau-
rylbenzenesulfonate, and 30 g of dried
cells of Brevibacterium ammoniagenes
IFO 12071 in a total volume of 300 ml
was ilncubated for 10 hr at 37°C. Then,
the mixture was immersed for 10 min in
a boiling water and cells were removed
by centrifugation. The supernatant was
placed onto an active charcoal colum
(5.5 x 10 em) after adjusting to pH 3.0
with diluted HCl. The column was wash-
ed with water and the adsorbed materials
vere eluted with ethanol-ammonium hydr-
oxlde~water (50:5:45, by vol.). The
eluate was concentrated to about 100 ml
under reduced pressure below 35°C.

After adjusting to pH 7.0 with ammonium
hydroxide, 25 ml of 2-mercaptoethanol
were added to the concentrate and the
mixture was left overnight at 7°C,
after which it was applied to a column
of DEAE~cellulose, The elution was
carried out as shown in Fig. 2. Each
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FIG. 2. A Typical Elution Pattern of the
Reaction Products from a DEAE-cellulose Column.

Products were eluted from the column (chro—
ride form, 5.5 x 36 cm) with 0.003 M HC1 (1),
0.016 M LiCl in 0.003 M HCl (2), 0.02 M LiCl
in 0.003 M HC1 (3), 0.05 M LiCl in 0.003 MHC1
(4), and 0.2 M LiC1l in 0.003 M HCl (5). Each
fraction contains 18 ml of eluate. Peak I,
free pantothenic acid; Peak III, CoASH; Peak
1V, CoASSCoA; Peak II contains mainly &4'-
phosphopantothenic acid and 3'-~dephospho-CoA.
—— , absorbance at 260 nm; —e—, pantothenate.

pantothenate-containing peak was pooled,
adjusted to pH 4.5 with diluted LiOH,
and evaporated under reduced pressure
below 35°C. To the residue, a small
volume of methanocl and 20 volumes of
acetone were added to give a white pow-
der. After removing LiCl by repeated
extractions with methanol~acetone (1:15,
by vol.), it was dried over P,0g5 in

vacuo to yleld the lithium saltsof pan-
tothenate~containing compounds.

Characterization of the Isclates.
i) CoASH. The isolated sample (Peak
III), 391 mg, was well identical with
authentic CoASH in high wvoltage paper
electrophoresis and paper chromatogra-
phy {(Table III). It gave pantothenic
acid by the procedure of Novelli (47),
and 3',5'-ADP and a sulfhydryl compound



PAPFR CHROMATOGRAPHY AND PAPER
ELECTROPHORESIS

TABLE III.

Rf in solvent Mobility3)

Compound T 11 111 IV V A B
CoASH

authentic  0.57 015 032 024 -P) 1354 14

isolated 0.57 0.15 0.31 0.24 - 154 -
CoASSCoA

authentic 040 001 0.10 - - 171 -

isolated 0-39¢ 001 0.11 - - 17,1 -
DP~-CoASH

autheatic 0.69 041 Q42 - - 107 -

isclated 069 041 040 - - - 107 -
P~PaA

authentic Q.53 - - 0.59 0.33 - 16.4

isolated 0.53 - - 059 0.34 - 16.5
AMP 0.56 0.13 0-29 0-28 0.21 104 8.4
ADP 0.45 003 0-20 019 0.1¢ - -
3',5'-ADP 044 003 019 - - - -
ATP 0-37 002 0.15 0.13 0-15 - -
PaA 0.73 - - 0.79 0.83 - 9.5
Pantethine 084 - - 083 085 - -
Cysteine 060 - - 048 0-48 - -
g-Alanine 0-63 - - 0.50 0.61 - -

a) Migration towards the anode is given in cm.
b) not examined.

Abbreviaticns used: DP-CoASH, 3'-dephospho-
CoASH; P-PaA, 4'-phosphopantothenic acid; PaA,
pantothenic acid.

(Rf, 0.65 in solvent I} by hydreclysis
with Crotalus adamanteus phosphodiest-
erase. The latter substance is presum-
ably &4'-phosphopantetheine. The purity
was calculated to be 87% by the method
of Bergmeyer et al. (44). The ultra-
violet absorption spectrum was charact=-
eristic of an adenine-containing comp-
ound (UV Amax in 0.1 M HCl, 259 nm; UV
dmax in 0.1 M NaOH, 260 nm). IR spect-
rum was as follows: IR vmax in KBr pel-
let, 723,800,825,870,955,1085,1125,1245,
1335,1371,1424,1480,1559,1655,16%7,2970,
3330 cm~!. Elemental analysis showed
C,27.04; H,5.05; N,10.42%. Cx;H330N7-
P3SL13+8H20 requires C,27.13; H,5.37;
N,10.54%Z. Ratio of adenosine : panto-
thenic acid : sulfhydryl : phosphorus,
1:0.92:0.92:2.94; required, 1:1:1:3,
11) CoASSCoA. The yield of Peak IV was
153 mg. The purity was calculated to
be 897 from the pantothenate content.
The isolate showed no activity to phos-
photransacetylase of Clostridium kluy-
veri (Fig. 3). Ratio of adenosine :
pantothenic acid : phosphorus was 1:0.92
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FIG. 3. Acetyl CoA Formation by Phosphotrans-
acetylase.

Each 1 cm cuvette contained 260 pmoles of
Tris-HC1 buffer, pH 7.4, 26 umoles of acetyl
phosphate, 30 umoles of (NH4)350,, and 3.3
ug of the enzyme (100 units/mg) in a total
volume of 3 ml with 0.13 umole of the isoclated
CoASH (a); 0.13 umole of the isolated CoASSCoA
(b); both 0.07 umole of the isolated CoASH
and the isolated 3'-dephospho-CoASH (c): or
0.6 umole of the isolated 3'-dephospho-CoASH
d).

:2.88; reqiured, 1:1:3. However, after
the reduction with 2-mercaptoethanol,
it was shown chromatographically to
contain reduced CoA and a little of the
disulfide. Assayed the reduced sample
by the method of Bergmeyer et al. (44),
it now showed 83% activity. Ratio of
adenosine : pantothenic acid : sulfhydryl
phosphorus was 1:0.94:0.86:2.91; re-
quired, 1:1:1:3. Other characteristics
are shown in Table III.
1ii) 4'-Phosphopantothenic acid and 3'-
dephospho-CoASH. Peak 11 was further
purified by DEAE-cellulose column chro-
matography using a 2 liter linear salt
gradient (0-0.05 M LiCl in 0.003 M BCl;
column size, 2.6 x 65 cm; flow rate,
1 ml/min). Two major pantothenate-con-
taining peaks were separated. The fir-
st eluate (after AMP) was worked up as
described above to give a white powder.
It contained phosphorus and neither
sulfhydryl nor disulfide. Behaviors on
paper chromatography and paper electro-



phoresis were almost identical with
synthetic &4'-phosphopantothenic acid
(Table III). This compound supported,
partially, the growth of Lactobaciilus
plantarum ATCC 8014 and that of Sacch-
aromyces carlsbergensis ATCC 9080.

Free pantothenic acid was liberated
from the isolate by the hydrolysis with
alkaline phosphatase. From these re-
sults, the isolate was identified as
4'—phosphopantothenic acid. The yield
was 135 mg. The purity based on panto-
thenic acid was 62%. Another eluate
was obtained as a white powder with the
yleld of 28 mg. It showed about 0.8%
of CoA activity to phosphotransacetyl-
ase of Clostridium kluyveri under the
conditions employed (Fig. 3). Hydroly-
gis of the isolated sample with Crota-
lus adamanteus phosphodiesterase gave
AMP and a sulfhydryl compound (Rf, 0.65
in solvent I). Ratio of adenosine :
pantothenic acid : sulfhydryl : phospho-
rus was 1:0.92:0.91:2,10; required, L:
1:1:2. Other propertles are shown in
Table III.

DISCUSSION

It has now been found that a larger
amount of CoA is able to be synthesized
together with other metabolites of pan-
tothenic acid such as 3'~-dephospho-CoA
and 4'-phosphopantothenic acid in the
reaction mixture containing pantothenic
acid, cysteine, AMP (or ATP), and a
kind of microorganism. This process
may provide an effective method for the
preparation of CoA and its biosynthetic
intermediates. Especlally, when label-
ed CoA is required, it probably provides
more suitable method than the methods
reported by several authors (52-553),
because of its simplicity and its high
conversion rate. Later, this method
was applied to a synthesis of 14c-CoA
(56).

Several yeasts showed the activity
of CoA accumulation upon an addition of
AMP. TIts phosphorylated product, ATP,
whieh 1is necessary for the bilosynthesis
of CoA, might be formed through the
process of glucose fermentation in the
yeasts (34). While, the accumulation
of CoA by bacteria was olserved only

when ATP was added.

Brevibacterium ammoniagenes IFO 12071
used here 1s well known as the organism
which can synthesize not only nucleo-
side monophosphates, but also more com-
plex nucleotides such as ATP, GTP, and
so on {(57,58). Moreover, Nakayama et
al. (59) bave reported a salvage syn-—
*hesis of pyridine coenzymes from nico-
tinic acild or nicotinamide and adenine
in the culture broth using Brevibact-
erium ammoniagenes ATCC 6872. There-
fore, it seems to be possible to accu-
mulate CoA directly from pantothemic
acid, cysteine, and adenine or AMP in
the culture broth using the similar
system used in NAD synthesis. (This
problem will be described im other sec-
tions). '

Recently, Kuno et al. (29) have re-
ported that several hydrocarbon assimi-
lating microorganisms grown in panto-
thenate-supplemented medium accumulate
intracellularly a relatively large am-
ount of CoA. They also improved the
method for the extraction and that for
the purification of CoA. Alberts et
al. (60) reported that the cellular
concentration of CoA in pantothenate-
requiring mutant of Eschrichia coli was
directly related to the concentration
of pantothenic acid in the medium. In
the present study as indicated in Table
11, several bacteria belonging to the
genus of Brevibacterium contained high-
er amount of CoA. Therefore, it would
be also possible to make the accumulat-
ion of CoA in higher level by culturing
such bacteria in suitable pantothenate
medium.



Section II.

Formation of Coenzyme A by Baker’s Yeast?

The possibility for the formation of CoA in a larger amount
from pantothenic acid and cysteine was investigated with baker's

yeast under the condition coupled with ATP-generating system.
of various factors affecting the accumulation of

Effect
CoA was investigated.

Among them, glucose concentration and inorganic phosphorus concen-

tration were the most important factors for its accumulation.
was not accumulated without phosphorylation of AMP to ATP.
cationic surfactants stimulated the accumulation of CoA.

CoA
Several
The amount

of CoA accumulated reached about 200 ug per ml of the reaction mix-
ture under the suitable reaction conditioms.

INTRODUCT ION

Microorganisms, especlally yeasts,
are known to be one of the most sultable
sources of CoA because of their easy
supply in a larger amount at a lower cost.
The extraction and the purification of
CoA from microbial cells have been re-
ported by several workers (20,21,25,29).
However, little has been reported on
the accumulation of CoA with or without
the addition of precursors such as pan-
tothenic acid (10).

ATP is an essential cofactor for the
biosynthesis of CoA from pantothenic
acid (14). The phosphorylation of AMP
has been investigated to obtain the hi-
gher yield of ATP with yeast cells by
Tochikura et al. (34). 1In the preced-
ing section, it has been demonstrated
that several yeasts having the abillity
to phosphorylate AMP te ATP can accumu-
late CoA in the presence of pantothenic
acid, cysteine, and AMP. Resting on
the basils of this finding, the present
investigation is undertaken with baker's
yeast to estimate the conditions of the
accumulation of CoA from pantothenic
acid and cysteine for the coupling with
ATP-generating system.

MATERIALS AND METHODS

Materials. Baker's yeast which was
obtained from Oriental Yeast Co., Ltd.,
Tokyo, was used as an enzyme source
throughout thie work. Air-dried cells
were prepared as described in Section I.
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Acetone~dried cells and ground cells
were prepared according to the method
reported by Tochikura et al. (34). An
enzyme, which catalyzes the acetylation
of sulfanilamide and is used for the
determination of CoA, was prepared from
pigeon liver according to the method of
Novelli (6l1). Surfactants were kindly
gifted from Sanyo Kasei Co., Ltd., Kyo-
to, and from Kao Soap Co., Ltd., Tokyo.
Other chemicals used were the same as
those in Section I.

Standard reaction mixture for CoA
formation. The standard reaction mix-
ture containing 167 pmoles of glucose,
15 uymoles of AMP, 10 umoles of sodium
pantothenate, 10 umoles of cysteine,
200 ymoles of potassium phosphate buf-
fer, pH 7.0, and 100 mg of dried cells
with or without an addition of Cation-S
{cetyldimethylbenzylammonium chloride)
surfactant in a total volume of 1 ml.
The reaction was carried out as descri-
bed in Section I, unless otherwlse sta-
ted.

Analytical methods. CoA was assayed
by the phosphotransacetylase method of
Stadtman et al. (43) using the enzyme
of Eschrichia coli Crookes AKU 0001 as
described in Section I, or by the sul-
fanilamide acetylation method of Kaplan
and Lipmann (62). Glucose, fructose
1,6-diphosphate, and inorganic phospho-
rus were determined by the method of
Somogyi (63), Roe (64), and Takahashi
(63), respectively. Other saasys were



the same as those described in Section
I.

RESULTS AND DISCUSSION

Effect of the preparation method of
cells on the formation of CoA

As shown in Table I, the amount of
CoA in the reaction mixture greatly
increased only in the complete system.
The omissions of each substrate gave
a slight or no increased formation of
CoA. It was found that the amount of
CoA formed differed with yeast prepara-

TABLE 1. REQUIRFMERT OF PANTOTHENIC ACID,
CYSTEINE, GLUCOSE, AND AMP
FOR CoA FORMATION

The complete reaction condition is describ-
ed in the text. The reaction was carried out
for 5.5 hr under the standard conditions ex-
cept that each reaction component was omicted
as indicated.

CoA found (pg/ml)

Condition before after
reaction reaction

Complete 29 134
Omit pantothenic acid 28 25
and cysteine

Omit pantothenic acid 30 i3
Omit cysteine 35 66
it glucose 32 43
Omit AMP 33 60
Omit cells 0 0
Cells in potassium phosphate ,g 20

buffer, pH 7.0

TABLE 11. EFFECT OF PREPARATLON METHOD
OF CELLS ON CoA FORMATION

The reactions were carried out for 6 hr
under the standard conditions except that
cclls as enzyme source used were as indicated.
The surfactant concentration was 1 mg per ml.

d
Cells used (100 mg/ml} CO:;;?:TT
Acetone dried cells 110
Acetone dried cells with Tween 60 105
Acetone dried cells with CPC 211
Intact cells 60
Intact cells with Tween 60 62
Intact cells with CPC 101
Air dried cells 132

Ground cells

CPC: cetylpyridinium chloride.

1

tions which were treated by several me-
theds (Table II). Ground cells, ace-
tone-dried cells, and air-dried cells
could form relatively large amounts of
CoA. 1In the reaction system with int-
act cells, the amount of CoA did not
increase after the incubation. It was
also found that the addition of a cert-
ain surfactant to both systems of int-
act cells and acetone-dried cells was
effective on the accumulation of CoA.

These results may .suggest that the for-
mation of CoA occurred only when the in-

jured cells were used. However, it is not
clear, at present, whether CoA was form-
ed in an extracellular system or not.
Tochikura et al. (66) have obsreved
that some enzymes concerning UDP-hexose
formation from UMP and glucose under
the fermentation conditions of air-dried
cells of Torulopsis candida leak out
into the supernatant of the reaction
mixture. The similarity of the fermen-
tation conditions in the present case
to that of UDP-hexose formation suggests
that the formation of CoA occurred ex-
tracellularly. In the following exper-
iments, acetone-dried cells were used
mainly because of its simplicity for
the obtain of the constantly activepre-
parations.

Effect of substrates on the formation
of CoA

Glucose concentration and other
sugars. The optimum concentration of
glucose for the formation of CoA was 167
to 333 umoles per ml of the reaction
mixture (Fig. 1). At higher levels of
glucose, the AMP added was mainly met-
abolized to yield adenosine and IMP
accompanied with the repressed format-
ion of CoA, although the fermentation
of glucose was very active. The add-
ition of sucrose or fructose as an en-
ergy source showed the same effect as
glucose on the formation of CoA. These
sugars probably entered to glycolytic
pathway and resulted the formation of
ATP. A weak fermentation and neither
formation of ATP nor CoA were observed
by an addition of other sugars such as
galactose, xylose, glycerol, and a~gly-
cerophosphate 1in place of glucose.
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FIG. 1. Time Course for CoA Formation under
Various Glucose Concentrations.

The reaction was carried out under the
standard conditions except that glucose con-
centration was varied as follows: x, without
glucose; A, 83 uymoles/ml; ®, 167 ymoles/ml;
O 333 umoles/ml; a, 1111 ymoles/ml. Cation-S
concentration was 0.5 mg/ml.

Pantothenic acid. The amount of CoA
in the reaction mixture increased with
an increased addition of pantothenic
acid, but the rate of conversion from
pantothenic acid to CoA decreased log-
arithmically. As shown in Table III,
pantethine was about 2Z2.0-fold as active
as pantothenic acid. It seemed that
the phosphorylation of pantethine (pan-
tetheine) might occur and the resulted
product entered to the pathway for the
biosynthesis of CoA.

TABLE 1I1. COMPARISON OF CoA FORMATION FROM
PANTOTHENIC ACID AND PANTETHINE

The reaction was carried out for 7 hr under
the standard conditlonms by an addition of each
compound as indicated instead of pantothenic
acid. Cation-S was also added to the reaction
mixture at the concentration of 0.5 mg per ml.

uod (umoles/ml) CoA formed

(ug/ml)
Pantothenic acid (10} 115
Pantothenic acid (10) + pantethine (5) 270
Pantethine (1.5) 227
Pantethine (5) 225

Cysteine. The optimum concentration
of cysteine for the formation of CoA
was about 10 to 20 umoles per ml of the
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reaction mixture. At higher levels of
cysteine, the consumption of glucose
and the formation of ATP were strongly
inhibited. The decarboxylated product
of cysteine, 2-mercaptoethylamine,
which is also able to couple with 4'-
phosphopantothenic acid to yield 4'-
phosphopantetheine (14), was tested as
a substrate for the CoA synthesis. It
was about two-third as active as cyst-
eine. Brown (14) reported that both of
bacterial and mammalian coupling enzymes,
which catalyze the coupling of 4'-pho-
sphopantothenic acid with cysteine, can
transform 4'-phosphopantothenic acid
and 2-mercaptoethylamine to 4'-phospho-
pantetheine.

AMP concentration and other nucleo-
tides. The amounts of CoA and ATP in
the reaction mixture increased with an
increase of AMP concentration. The am-
ount of CoA reached more than 200 ug
per ml of the reaction mixture with an
addition of 54 umoles per ml. When the
direct precursor of CoA, ATP, was added
instead of AMP at the start of the re-
action, the formation of CoA was great-
ly stimulated., When glucose as an en-
ergy source was omitted, the ATP added
was immediately degraded to IMP and the
formation of CoA did not occur. Sub-
sequently, the effects of other nucleo-
tides and their related compounds on
the formation of CoA were examined.

TABLE IV. PORMATION OF CoA USING SEVERAL
NUCLEOTIDE-RELATED COMPOUNDS

The reaction was carried out for 7 hr under
the standard conditions by an addition of each
compound as indicated instead of AMP. Cation-
S was also added to the reaction mixture at
the concentration of 0.5 mg per ml.

Nucleotide-telated

compound added CoA formed

(10 \moles/ml) (ug/ml)
Adenine 45
Adenosine 99
AMP 126
ADP 163
ATP 175
GMP 94
CMP 36
UMP 35
™P 42




The result is summarized In Table IV.
0f the adenine-containing compounds
tested, ATP was the most effective, and
ADP, AMP, and adenosine, which were well
phosphorylated to ATP, were less effec-
tive than ATP 1in this oder. Neither
the phosphorylation to ATP, nor the
formation of CoA was observed with an
addition of adenine instead of AMP.
Among other nucleotides tested, only
GMP had a little effect on the form~
ation of CoA. In this case, GMP was
well phosphorylated to GIP without the

formation of ATP in a detectable amount.

It might be possible that GTP derived
from GMP functioned as a direct energy
source of CoA synthesis in a similar
manner to the ATP functiom. Brown (14)
reported that CTP is an energy source
for the coupling reaction between 4'-
phosphopantothenic acid and cysteime in
bacterial system. Kitajima et al. (67)
reported that CMP can be phosphorylated
to CTP under the similar fermentaticn
condition of yeasts to that of the pho-
sphorylation of AMP. In order to exa-
mine the supplementary effect of CTP,
both AMP and CMP were added to the re-
actlon mixture. The AMP and the CMP
were well phosphorylated to the corres-
ponding triphosphates, but further in-
creased formation of CoA than that of
AMP-only was not observed. This sugge-
sts that CTP may be specific omly for
bacterial enzyme, and the coupling enz-
yme of yeast may be resemble to mammal-
ian enzyme rather than bacterial enzyme.

Other factors affecting the accumulat-
ion of CoA

The accumulation of CoA was accele-
rated with an increasing concentration
of inorganic phosphorus up to 200 ymoles
per ml of the reaction mixture. The
amount of CoA formed in the reactiom
mixture reached 150 ug per ml at the
concentration of 200 ymocles per ml.

At higher comcentrations of imorganic
phosphorus, the consumption of glucose
was strongly inhibited. While, at the
lower concentrations, deamination of AMP
was very accelerated. The feeding of
inorganic phosphorus during the incuba-
tion did nmot show the influence to the
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accumulation of CoA.

The pH optimum of the reaction was
between 6.5 and 7.0. The complete in-
hibition of glucose fermentation was
observed at the higher pHs. The suit-
able temperature of the reaction for
the accumilation of CoA was about 37°C.
The accumulation of CoA was further ac~
celerated by an aerobical condition ac-
companied with the activation of glucose
fermentation and that of AMP phosphory-
lation.

Effect of divalent cations on the
accumulation of CoA was investigated.
Among the cations tested, Mg?* and Mn2+
showed the stimulative effect on the
accumulation of CoA, and shortened the
reaction period. But caZ*, Cu2+, Zn2+,

and Fe?* were all inhibitory. Magnesium
ion probably acted as a cofactor not

only in the process of the biosynthesis
of CoA, but also in glycolytic pathway.

The results obtained above suggests
that the formationof ATP, which probab-
ly occurred in preference to the accu-
mulation of CoA, was affected by the
factors such as glucose concentration,
magnesium ion, and so on. Then, the
accumulation of CoA might be brought
about secondarily through the accumula-
tion of ATP.

Effect of surfactant on the accumulat-
ion of CoA

A certain surfactant stimulated the
accumulation of CoA as described above.
Then, numerous surfactants which inclu-
ded cationics (12), anionics (8), non-
ionics (14), and amphoterics (4) were
tested using the intact cells and the
acetone-dried cells. It was found that
all the cationics tested were effective
in both yeast preparations. Among them,
cetyltrimethylammoniuz chloride, cetyl-
ethyldimethylammonium bromide, cetyl-
pyridinium chloride, and Cation-5 gave
the higher yields of CoA (Table V).

The optimum concentration of the surf-
actant was observed at 1.0 to 1.2 mg
per ml of the reaction mixture. At hi-
gher concentrations of the surfactant,
both ATP and CoA were not formed because
of its strong inhibitory effect on the
fermentation of glucose. As shown in



TABLE V. EFFECT OF SURFACTANT ON
CoA ACCUMIILATION

The reaction was carried out under the
standard conditions using scetone dried cells
by an addition of each surfactant as indicated.

CoA found (ug/ml)

Surfactant (} mg/ml) gfter
0 4 5.5 7 (hr)

Rone 25 68 95 40
Tween 60 24 74 90 55
Tween 80 3¢ -+ 110 64
Span 60 25 80 45 37
Sodium oleate 25 131 80 55
Sodium stearate 26 55 a7 59
KLS 24 31 36 31
SLP 25 82 60 38
CPC 25 41 - 190
LPC 28 - 55 105
STAC 21 55 135 145
CTAC 24 - 67 202
CTAR 20 133 - 153
LTAC 34 - 90 155
CEMAB 35 - 120 197
Carion-§ 23 52 - 206
Lebon GM 24 45 111 191
Lebon 15 20 110 - 115

* not tested.

Abbreviations used: KLS, potassium lauryl-
sulfate; SLP, sodium laurylphosphate; CPC,
cetylpyridinium chloride; LPC, laurylpyridin-
ium chloride; STAC, stearyltrimethylammonium
chloride; CTAC, cetyltrimethylammonium chlo-—
ride; CTAB, cetyltrimethylammonium bromide;
LTAC, lauryltrimethylammonium chloride;
CEMAB, cetylethyldimethylammonium bromide:
Lebon GM, lauryldimethylbenzylammonium chlo-
ride; Lebon 15, sodium alkyldi (aminoethyl)-
glycine.

Fig. 2, the additions of the surfactant
at early reaction periods was more eff-
ective than those at the later periods.
The stability of pure CoA solution was
not affected by the presence of the
surfactant. It has been reported that
some surfactants bring the serious aff-
ect to enzyme structures or enzyme act-
ions (68-70). It has been also observ-
ed that several surfactants give effec-
tive actions t0 the extraction of com-
pounds from microbial cells (71), and
that some enzymes or some metabolic pro-
ducts leak out in the presence of surf-
actant (72~74). In the present case,
however, it is difficult to decide
which the effect was caused (repression
of enzymatic degradation of CoA? stimu—
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FIG. 2. Bffect of Cation-S Surfactant on CoA
Accumulation.

The reaction was carried out under the stan-
dard conditions except that Cation-S was added
at the time indicated by the arrows at the con-
centration of 1.5 mg/ml (A) and 2.5 mg/ml (B),
respectively.O : control run (without Cation-S).

lation of CoA synthesizing enzymes? or
gimple extractive cffect to the reac-
tion products?).

Time course of the reaction
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FIG. 3. Formation and Consumption of Several
Compounds in the Reaction Mixture.

The reaction was carried out under the
standard conditions with (A) or without (B)
1.5 mg of Cation-§ surfactant. CoA was assay-
ed by the sulfanilamide acetylation method of
Kaplan and Lipmann (62) (a); and by the phos-
pPhotransacetylase method of Stadtman et aj.
(43) (b}. PDP: fructose 1,6-diphosphate.



The time course of the formation of
products and the consumption of subst-
rates in the reaction mixture is shown
in Pig. 3. The consumption of glucose,
inorganic -phosphorus, and AMP occurred
first, then the accumualtion of fructose
1,6-diphosphate and ATP, and finally
CoA accumulation. THe remarkable de-
crease of 1norganic phosphorus in the
reaction mixture prior to the accumula-
tion of CoA suggests that it might be
incorporated into fructose 1,6-diphos-
phate, a key intermediate in the glyco-
lytic pathway, which might be, then,
further metabolized to yield further
ATP.
When the amount of CoA formed in the
reaction mixture was assayed by both of
the phosphotransacetylase method of
Stadtman et al. {(43) and the sulfanil-
amide acetylation method of Kaplan and
Lipmann (62), the amount of CoA detect-
ed was higher in the latter case than
that in the former (Fig. 3). It seems
that the result might be attributed to
the lower specificity of the latter
method for the intermediates of CoA
blosyathesis.



Section III.

Formation of Coenzyme A by Brevibacterium ammon:iagenes I[FO 12071

d)

Several conditions for the formation of CoA from pantothenic
acid and cysteine in the presence of ATP were investigated using

Brevibacterium ammoniagenes IFO 12071.

The higher activity of the

formation of CoA was observed with the cells grown in acetate media.
The effects of the substrate concentration, phosphate buffer concen-
tration, pH, and cell concentration om the formation of CoA were

examined and the amount of CoA formed reached a maximum value of 1.2

mg per ml of the reaction mixture.

Several surfactants belonging to

cationics and anionics brought about 1.8-fold stimulation of CoA

formaticn.

The considerable accumulation of CoA in the culture

broth during the growth was also observed.

INTRODUCTION

In the previous sections, it has
been demonstrated that dried cells of
several kinds of microorganisms, espe-
clally, Brevibacterium ammoniagenes IFO
12071, formed a larger amount of CoA
and its bilosynthetic intermediates from
pantothenic acid and cysteine in the
presence of AMP or ATP. The isclation
and the characterization of CoA, 3'-de-
phospho-CoA, and 4'-phosphopantothenic
acld formed in the reaction mixture were
also described.

In the present section, the effects
of various factors on the formation of
CoA by Brevibacterium ammoniagenes IFO
12071 are investigated.

MATERTALS AND METHODS

Microorganism and cultivation. Bre-
vibacterium ammoniagenes IFC 12071 was
used throughout this work. The culture
techniques were the same as deseribed
in Section I, unless otherwise stated.

Preparation of dried cells. Dried
cells of the bacterium were prepared
as desgcribed in Section I.

Chemicals. 4'-phosphopantothenic
acid and 3'-dephospho-CoA were prepared
as described in Section I. Other chem-
icals used were the same as those des-
cribed in Sectfon T.

Standard reaction condition for CoA
formation. The standard reaction mix-
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ture contained 10 umoles of sodium pan-
tothenate, 10 pmoles of cysteine, 13
umoles of ATP, 10 ymoles of MgS80y, 150
umoles of potassium phosphate buffer,
pH 6.0 or 7.0, and 100 mg of air-dried
cells of Brevibacterium ammoniagenes in
a total volume of 1 ml. All other con-
ditions were the same as those describ-
ed 1n Section I, unless otherwise stat-
ed.

Analytical methods. The analytical
methods employed here were the same as
those described in Section I.

RESULTS
Formation of CoA by air-dried cells

Culture conditioris for the preparat-
ion of cells. In corder to know whether
the activity of CoA synthesils is varied
by growth conditions or not, the cul-
tivations were carriled out with variocus
media. The stronger activity of CoA
formation was found in the cells grown
in glucose media and in acetate media.
Results are summarized in Table I. The
cells from acetate-NH,Cl medium consumed
about 407 of the pantothenic acid added
and accumulated 1.2 mg of CoA per ml of
the reaction mixture (The conversion
rate to the pantothenic acid added was
15.7%.) under the standard conditioms.
However, the growth of the organism in
acetate media was relatively slow and
weak, then the cells grown in glucose-
peptone medium were mainly used in the



TABLE I. EFFECT CF CULTURE CONDITIONS FOR THE
PREPARATION OF CELLS ON CoA FORMATION

The cultivation was carried out aerobically
at 28°C for 60 hr with the medium which compo-
sed of 3 g of carbon source as indicated, 0.5
g of nitrogen source as indicated, 0.2 g of
KzHPOh, 0.1 g of Kﬂzl’oh, 0.2 g of NaCl, 0.02
g of MgS0y-7H20, 0.1 g of yeast extract, and
100 m1 of tap water, pH 7.0. n-Paraffin used
contained Cy3, 0.4%; Cy,, 68.1%; Cy5, 29.9%;
Cyg, 0-8X; and aromatics, 1.3X.

The activity of CoA formatlon was measured
as described in the text with the reaction
time for 5 hr.

} CoA found (ug/ml)

CoA tformed (ugimi) .
B 5 8 & 8

Y 1 1 1 ! 1 {
o 10 20 O 1w 20 0 10 20 30
Concentration (umoles/mt)

FIG. 1. Effect of Substrate Concentration on

CoA Formation.

Each reaction was carried out under the
standard conditions for 5 hr except that pan-
tothenic acid {(A), cysteine (B), or ATP (C)
was varied at the concentration as indicated.

Medium? before after
reaction reaction

Glucose~peptone 15 566
Glucose—urea 15 500
Glucose-NHyCl 10 573
Sodium acetate-peptone 16 790
Sodium acetate-NH,Cl 55 860
Glycerol-peptone 15 265
n-Paraffin-peptone 5 0

a) A very weak growth or nc growth was obserb-
ed in sodium acetate-urea, glycerol-—urea,
glycerol-NH,Cl, n-paraffin-urea, and n-
paraffin-NH,Cl under the conditions tested.

following experiments. The relatioun-
ship between the activity of CoA syn-
thesis and the growth phase of the or-
ganism in glucose-peptone medium was
investigated. For this experiment,
cells were cultivated at 28°C for 15 to
108 hr. The activity of CoA synthesis
was almost constant in the range tested.

Reaction conditions. Several react-
ion conditions for CoA formation were
investigated with the cells grown in
glucose—peptone medium for 24 hr.

i) Bffects of pantothenic acid, cysteine,
and ATP concentration. As shown in
Fig. 1, at the concentration of 1 umole
of pantothenic acid per ml of the re-
action mixture about 85% of the panto-
thenic acid added was converted to CoA.
The amount of CoA increased with am in-
creased addition of pantothenic acid

up to 10 ymoles per ml. Further addition
of pantothenic acid brought a decrease
of CoA formation. Om the other hand,
cysteine requirement for the maximum
formation of CoA was more than 10 umoles
per ml. The amount of CoA formed in
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FIC. 2. Effect of ATP Supplying on CoA Form-
ation.

The reaction was carried out under the stan-
dard conditions except that 5 pymoles of ATF
were added at the time indicated by the arrows
in the case of (a). (b) is a control run.

the reaction mixture increased linearly

up to 20 umoles of ATP per ml and reach-
ed a maximm value of 1.2 mg per mi,

It seemed, consequently, ATP concentra-

tion limited the formation of CoA rather

than those of pantothenic acid and cys-
teine under the conditions tested. The

supply of ATP during the incubation br-

ought the increase in the amount of CoA
formed (Fig. 2). Pierpoint et al. (75)

reported that the phosphorylation of



pantothenic acid by dried cells of Lac-
tobacillus arabinosus was 1l.4-fold act-
ivated by an addition of NaF, and they
suggested the presence of ATPases in
the cells. In the present case, how-
ever, the reaction was not affected by
an addition of NaF or KCN as phosphat-
ase inhibitor.

i1) Phosphate buffer concentration.
Relatively higher activity was found
beween 90 and 200 mM of potassium phos-
phate buffer, pH 6.0. At lower phos-
phate concentrations, the conversion of
the ATP added to adenine and adenosine
was observed, while these compounds
were not detected from the reaction
mixture at the concentrations of 90 mM
and over. At the higher concentrations
of phosphate, the ATP added remained
without its utilization for CoA format-
ion.

1ii) pA. It was observed that the re-
action had a pH optimum between 6 and
6.5. Of the buffers used, potassium
phosphate buffer was the most suitable
for the formation of CoA, while Tris
buffers were rather inhibitory.

iv} Cell concentration. The cell con-
centrations of 100 to 150 mg per ml of
the reaction mixture were effective on
the formation of CoA. It seemed that
degradation of the product was caused
at the concentration of 200 mg per ml
and by longer reaction time. The lower
concentrations of the cells (less than
40 mg per ml) gave only negligible for-
mation of CoA. At least, 50 mg of the
cells per ml were required for the for-
mation of CoA.

v) Metal ion requirement. Among the
cations tested, Mgz+ showed a slight
acceleration for the formatjon of CoA.
Magnesium ion is kmown to be a cofactor
throughout the pathway for the biosyn-
thesis of CoA. The result obtained
here may suggest that the sufficient
amount of MgZ?® to synthesize CoA was pr-
esent in the cells. It wasalso observ-
ed that the formation of CoAwas strong-
ly inhibited by the additions of 10
pmoles of Cu?*, Co2?*, and EDTA per ml,
respectively.

vi) Temperature. The optimum temperat-
ure of the reaction was in the range
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from 37 to 42°C. Under higher tempera-
tures than 45°C, the formation of CoA
was completely repressed.

vii) Effect of various compounds relat-
ing to CoaA biosynthesis. Among the
nucleotides tested, only ATP was active
for the formation of CoA. CTP has been
known as an energy source for the coup-
ling of &4'-phosphopantothenic acid with
cysteine in bacterial systems such as
Eschrichia coli and Proteus morganii
(14)., 1In the present case, the supple-
mentary effect of CTP was very slight
when compared with that of ATP-only in
this experiment (Table II). While, &4'-

TABLE I1. EFFECT OF NUCLEOTIDES ON CoA
FORMATION

The reaction was carried out for 6 hr under
the standard conditions by an addition of each
nucleotide instead of ATP.

NMucleotide CoA formed
{(ymoles/ml) (ug/ml)
None 221
ATP (15) 815
ADP (15) 281
AMP (15) 215
GTP (15) 362
GDP {15) 314
CTP (15) 367
UTP (15) 58
ITP (15} 367
ATP (15) + CTP (10) 928
ATP (15) + CTP (5) 896

phosphopantothenic acid was completely
converted to 4'-phosphopantetheine by
the cell suspension of Brevibacterium
ammoniagenes IFO 12071 in the presence
of CTP and cysteine, but not ATP and
cystelne, which will be described in
other sections. Among the sulfhydryl
donor tested, L-cystine was active as
well as L-cysteine, but D-cysteine was
not active. 2-Mercaptoethylamine was
inactive ‘under the conditions tested.
As shown in Table III, pantethine, 4'-
phosphopantothenic acid, and 3'-depho-
s8pho-CoA were also converted to CoA
with higher conversion rates than that
of pantothenic acid. Pantothenyl al-
cohel, which is an alcohel analog corr-
esponding to pantothenic acid, was not
converted to CoA.



TABLE II1. FORMATION OF CoA FROM TABLE IV. EFFECT OF SEVERAL SURPACTANTS ON

PARTOTHERATE DERIVATIVES CoA FORMATION
The reactlon was carried cut for 8 hr under The reaction was carried out under the
the standard conditions by additions of 2 mg standard conditions for 8 hr with an addition
of sodium laurylbenzenesulfonate and of each of each surfactant as indicated.
gubstrate instead of pantothenic acid.
CoA formed Surfactant (1 mg/ml) CoA formed
Compound (imoles/nl) (vg/al) (ug/ml})
None 1025
Pantothenic acid (10} 2051 Span 60 1031
Pantothenyl alcohol (10) 79 Tween 80 1011
Pantethine (5) 2480 Cetylbenzyldimethylammonium chloride 1028
4"-Phosphopantothenic acid (10) 3978 Stearyltrimethylammonium chloride 1086
3'-Dephospho—CoA (10) 6997 Cetylpyridinium chloride 1650
Sodium laurylbenzenesulfonate 1875
Sodium laurylsulfate 1725
Formation of CoA by intact cell system Sodium cetylsulfate 1390
and growing cell system Sodium laurylphosphate 1294
Sodium laurate 1269
Effect of surfactant on several cell
preparations. The stimulative effect
of surfactants on CoA accumulation by ml gave the good CoA accumulation. At
baker's yeast was described in Section the concentration of 2 mg per ml, the
II. 1In this experiment, several surf- amount of CoA formed rose to about
actants were tested. The result is 1.3-fold when compared with no addition
shown in Table IV. The remarkable sti- of surfactant. Further addition of
mulation to the accumulation of CoA by gurfactant caused the inhibitory effect.
some of them belonging to cationics and This stimulative effect of surfactant
anionics was observed. On the other was also observed in intact cell system,
hand, nonionics employed here showed no acetone-dried cell system, and this
gimulative effect. The concentrations effect was most remarkable in intact
of 1 to 2 mg of sodium laurylbenzene- cell system. In intact cell system, it
sulfonate or sodium laurylsulfate per was found that the fomation of CoA and

TABLE V. EFFECT OF SURFACTANT ON SEVERAL CELL PREPARATIONS

The reaction mixture containing 5 pmoles of sodium pantothenate, 10 pmoles of cysteine,
15 ymoles of ATP, 10 umoles of MgSO,, 150 umoles of potassium phosphate buffer, pH 6.0,
and each cell preparation as indicated was incubated with or without 1 mg of sodium lauryl-
gsulfate (SLS) for 6 hr at 37°C in a total volume of 1 ml. The amounts of the cells added
into the reaction mixture were 54 mg, 100 mg, and 100 mg in A, B, and €, respectively. In
the case of D, the reaction mixture containing 0.1 ymole of sodium pantothenate, 5 pmoles
of ATP, 2 umoles of cysteine, 1 umole of MgS0y, 30 umoles of potassium phosphate buffer,
pH 6.0, and 0.3 ml of cell free extract was incubated with or without SLS for 2 hr at 37°C
in a total volume of 1 ml.

Remaining pan-—

SLS
Preparation added Coa f;md tothenic acid Rem(ainifg )ATP
(mg) (ymoles) (umoles) umoles
A. Intact cells 0 0.14 4.80 14.0
" 1.0 1.18 0.60 0.5
B. Alr dried cells 0 1.19 1.30 0.5
" 1.0 2.05 0.20 0.5
C. Acetone dried cells 0 1.60 0.95 0.3
" 1.0 1.75 0.54 0.0
D. Cell free extract 0 0.10 0.00 0.0
" 0.2 0.09 0.00 0.0
" 1.0 0.03 0.05 0.0
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the consumption of ATP did not occur
without the addition of surfactsat. On
the other hand, the addition of surfact-
ant brought rather inhibitory effect to
the formation of CoA 1in cell free sys-
tem {Table V). These facts suggest
that CoA might be accumulated only by
the injured cell preparations. In the
experiment to examine the extracellular
excretion of the enzymes relating to
CoA biosynthesis, the intact cells were
contacted with sodium laurylsulfate in
0.05 M potassium phosphate buffer, pH
6.0 for 2 hr at 37°C, and then the act-
ivity of pantothenate kinase in the sup-
ernatant was measured. But the signi-
ficant activity was not detected.

Direct accumulation of CoA in cult-
ure broth. Because the formation of
CoA occurred using the intact cells
and surfactant system as demonstrated
above, an attempt to accumulate CoA in
the culture broth during the growth
with an addition of adenine derivative
was briefly done. The bacterium produ-
ced a large amount of CoA when it was
grown in the medium containing CoA pre-

TABLE VI. ACCUMULATION OF CoA IN CULTURE
BROTH DURING THE GROWTH

Cultivation was carried out in 500 ml shak-
ing flask containing 20 m! of the medium of
Tanaka et al. (58), which contalned 2 g of
glucose, 0.12 g of urea, 0.2 g of KH,PO,, 0.2
g of KoHPOy,, 0.2 g of MgSOy "7H50, 0.2 g of
yeast extract, 2 mg of CaCl,-2H,0, and 0.6 ug
of biotin. After 3 day cultivation at 28°C,
30 mg of sodium pantothenate, 40 mg of cys-
teine, 40 mg of adenine derivative as indicat-
ed, and 20 mg of cetylpyridinium chloride
(CPC) were added to the medium, except that
in the case of A and D, the adenine derivative
was added before the cultivation, and in the
case of C, CPC was omitted. Then the culti-
vation was continued for a further 2 days.
After boiling the culture for 10 min and re-
moving the cells, CoA in the culture broth
wvas assayed as described in the text.

CoA formed pH after 3 day
Condition (ng/ml) culture
A. adenine 4+ CPC 0.0 7.6
B. adenine + CPC 1.2 6.4
C. AMP 0.3 6.0
D. AMP + CPC 2.9 6.0
E. AMP + CPC 2.1 6.0
F. ATP + CPC 2.5 6.0
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cursors in the presence of cetylpyridi-
pium chloride surfactant as shown in
Table VI. The accumulation of CoA with
the growing cells in the culture broth
will be investigated in detail in the
following section.

DISCUSSION

The amount of CoA formed by the air-
dried cell system of Brevibacterium
ammoniagenes reached & maximum value of
2.0 mg per ml of the reaction mixture
upon an addition of suitable concentra-
tion of surfactant. Furthermore, it
was observed that several mg of CoA per
ml of the culture broth were accumulat-
ed during the growth in the presence of
a surfactant.

As described in the preceding sect-
ion, the formatiomn of CoA with yeast
cell system was stimulated by cationic
surfactants, but not by anionic ones.
While, the stimulation for CoA format-
ion with bacterial cell system was ob-
served not only by an addition of cati-
onic surfactant but also by that of
anionic one. The effects of surfactants
on metabolism of microorganisms have
been reported in several micrebial pro-
cesses such as the glutamic acid ferment-
ation, nucleic acid-related compounds
production, and so on (73,74,76,77)}.
Nara et al. (73) reported the leakage
of ribose 5-phosphate and the enzymes
for salvage synthesis of IMP into the
liquid medium in the presence of cert-
ain cationic surfactant. In the case
presented here, it seemed that the sti-
mulative effect of surfactants on the
formation of CoA was caused by the
changes of the permeability of the sub-
strates and the products rather than
the leakage of CoA synthesizing enzymes.

ATP is required as an essential en-
ergy source and a substrate for the CoA
blosynthesis (14). As demonstrated
above, ATP concentration was one of the
most important factors for the CoA for-
mation in the dried cell system. While,
in growing culture system, the atcumu-
lation of CoA was observed by the addi-
tion of AMP. This suggests that an
efficient accumulation of CoA in the
culture broth was brought through the



regeneration of the ATP used.

The cells grown in acetate media
ghowed the higher activity of CoA for-
mation than those grown in glucose me-
dia. This may be caused by the differ-
ences between the anabolic pathways of
acetic acid and glucose.



Section IV.
An Improved Method for the Fermentative Production of Coenzyme A

from Pantothenic Acid, Cysteine, and 5-AM

Pe.f)

The cultivation of Brevibacterium ammoniagenes IFO 12071 with

pantothenic acid, cysteine, and AMP gave CoA in a high yileld.
organism was stabilized by repeated single colony isoclations.

The
The

culture conditions optimal for the production of CoA were investi-
gated, and the yleld of CoA in the culture broth reached more than

3 mg/ml.

The advantages and disadvantages of the present method

were discussed by comparing them with the original dried cell method.

INTRODUCTION

Several succeasful processes for the
production of various 5iribonucleotides
uging microorganisms have been reported
(78). Kinoshita and his coworkers (58,
59,79-81) have reported that ribotides
of purines, pyrimidines, and their ana-
logs were produced through a salvage
pathway in Brevibacterium ammoniagenes
ATCC 6872 and other bacteria. Ogata,
Tochikura, and their coworkers (82-85)
have reported the producticn of various
nucleotide coenzymes under fermentation
or respiration conditions of yeasts.
These reports strongly suggest the pos-
sibility of a higher production of CoA
with microorganisms. And in the pre-
vious sections, the author has demonst-
rated higher productions of CoA from
pantothenic acid, cysteine, and ATP or
AMP by dried cells of Brevibacterium
ammoniagenes IFO 12071 and by dried
cells of baker's yeast.

This section describes an applicat-
ion of a general and satisfactory pro-
cess for nucleotide production by Kino-
shita et al. to the production of CoA.

MATERIALS AND METHODS

Microorganism. Brevibacterium ammo-
niagenes IFO 12071 was used.

Chemicals. CoA (92X pure) used as.a
standard was prepared by incubating
pantothenic acid, cysteine, and ATP
with dried cells of Brevibacterium amm-
oniagenes IF0 12071 as described in Se-
ction I. Acetylphosphate was preparéd
by the method of Avison (42). Surfact-
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ants were provided by Sanyo Kasei Co.,
Ltd., Kyote; Nikko Chemicals Ce., Ltd.,
Tokyo; and Kao Socap Co., Ltd., Tokyo.
Other chemicals were obtained from com-
mercial sources.

Culture methods. Forty ml of a seed
culture medium containing 0.4 g of glu-
cose, 0.6 g of peptone, 0.12 g of KyHPO,,,
0.08 g of NaCl, and 0.00B g of MgSOy-
7H20, pH 7.0, were poured into a 500 ml
shaking flask and the inoculated medium
was shaken for 24 hr at 28°C. Two ml
of the grown seed were inoculated into
20 ml of the fermentation medium in a
500 ml shaking flask. The fermentation
medium, which was derived from the med-
ium of Tanaka et al. (58), contained 2
g of glucose, 0.12 g of urea, 0.2 g of
yeast extract, 0.4 g of K,HPO,, 0.2 g
of MgSO,-7Hz0, and 0.04 g of AMP in 20
ml of delonized water. The initial pH
of the medium was adjusted to 7.6.

Urea was autoclaved separately, All
fermentations were run at 28°C for 5 to
7 days on a reciprocal shaker (Satake
Ragaku, 951), which was set for 140 os-
cillations per min with an amplitude of
14 cm unless otherwise stated. To the
3 day culture, 0.04 g of calcium panto-
thenate, 0.04 g of cysteine, and 0.02 g
of cetylpyridinium chioride were added,
and the cultivation was continued for

a further 2 to 4 days. The cultured
broth was boiled for 3 min and centri-
fuged. The supernatant was employed in
the determination of the products.

Analytical methods. The analytical
methods employed here were the same as



.those described in Section I.

RESULTS

Selection of an active strain from Bre-
vibacterium ammoniagenes IFC 12071

First, the original strain IF0O 12071,
which produced 1-2 mg/ml of CoA at low
frequency, was stabilized by repeated
single colony selections in order to
obtain a constantly active strain. The
original strain was inoculated on agar-
plates containing the fermentation med-
ium, and incubated at 28°C for 3 days.
One hundred and twenty-five strains
were derived from the original strainm,
and 46 strains produced more than 2
mg/ml of CoA. One of them was found to
produce about 5 mg/ml of CoA (Table I).

TABLE I. SELECTION OF AN ACTIVE STRAIN FROM
BREVIBACTERIUM AMMONTAGENES IFQ 12071 BY
SINGLE CELL ISOLATION

Permentatlon was carried out as described
in the text.

Productivi Number of

CoA mg/ml? strain 1
5.0 - 3.5 2 2
3.4 - 3.0 8 6
2.9 - 2.5 17 14
2.4 - 2.0 19 15
1.9 - 1.5 14 11
1.4 - 1.0 7 [
0.9 - 0.5 3 2
0.4 - 0 55 44
Total 125 100

a) CoA assays were made for 7 day cultures.

Culture conditions

Glucose and other sugars. Figure 1
shows that the optimum level of glucose
in the fermentation medium for the pro-
duction of CoA was about 10-12%. At
lower levele of glucose, production of
ATP and CoA was scarcely observed at
all, though the cell growth was rapid
and strong. A weak growth and mno pro-
duction of CoA was observed when glucose
was replaced by other sugars (sucrose,
fructose, manncse, maltose, and xylose).

Nitrogen sources and nutrients. Se-
veral nitrogen compounds and nutrients

23

25|- -
€ 20} .
k=)
E
‘E 1.5¢ .
2
% 1.0" -
o

0.5 .

0 I ) 1

% & 017 14 16
Glucose {*/a)

FIG. 1. Effect of Glucose Level on Production
of CoA.

Fermentation was carried out as described
in the text except for glucose concentration.
CoA assays were made for 6 day cultures.

listed in Table II were tested for the
production of CoA. Only combinations
of urea and natural nutrients gave a
good production of CoA. Either omiss-
ion of urea or replacement of urea with
other inorganic nitrogen compounds gave
a decreased production of CoA, though
the cell growth was rapid and strong.
Combinatioms of urea and inorganic nit-
rogen compounds as listed in Table II
were also Ineffective for the product-
ion of CoA as well as for the cell gro-
wth., For good production, a 0.6% or
higher level of yeast extract was re-
quired, when the effect of the yeast
extract level on the production of CoA
was examined.

Inorganic phosphate and magnesium
sulfate. The levels of both inorganic
phosphate and magnesium sulfate in the
fermentation medium affected the pro-
duction of CoA. The optimum level of
inorganic phosphate was 1.5-2.0%, and
that of magnesium sulfate was about
1.2%.

Pantothenic acid and cysteine. The
amount of CoA produced increased with
an increased addition of pantothenic



TABLE II. EFFECT OF NITROGEN SOURCES AND NUTRIENTS ON PRODUCTION OF CoA

Fermentation was carried out as described in the text except for nitrogen and nutrient.

CoA formed Growthb)

Fitrogen source or nutrient (%) {mg/ml)a)

Yeast extract (1.0) g-g +t+

Urea (1.6) 0-0 -
" (1.6) + yeast extract (0.1) . .
" {0.1) + " (1.6) 0.2 .
" (0.6} + " (1.0) 2.4 -
"  (0.6) + meat extract (1.0) 3.3 .~
"  (0.6) + corn steep liquor (1.0) 0.1 -
" (0.6) + peptone (1.0) 3.6 -
"  (0.6) + mixed amino acid (1.0) 1.2 N
" (0.6) + (NHQ)zHPO:. (1.0) 0.0 M
" {0.6) + (NHL),S0, (1.0) 0.0 N
" (0.6) + NH,NO3 (1.0) 0.0

a) CoA assays were made for 5 day cultures.

b) Growth was checked for 3 day cultures: ++, strong; +, weak;

acid, and reached a maximum level (4.8
mg/ml) at 2-4 mg/ml of pantothenic acid.
Further addition of pantothenic acid
gave a decreased production of CoA (Fig.

2).

The cysteine requirement for maxi-

mum production of CoA was 1-3 mg/ml

(Fig. 3).

CoA formed (mg/mi)
R &

-
T

A

L

2

4

3 8

Pantothenic acid (mg/ml)
FIG. 2, Bffect of Pantothenic Acid Level on

Produccion of

CoA.

Fermentation was carried out as described
in the text except for calcium pantothenate
CoA assays were made for 5

concentration.

day cultures.

AMP and its related compounds.

As

to the AMP level, the production of CoA
was observed over a wide concentration
range of AMP (1-9 mg/ml), when yeast
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FIG. 3. Effect of Cystelne Level on Production
of CoA.

Fermentation was carried out as described
in the text except for cysteine concentration.
CoA assyas were made for 5 day cultures.

extract was used as a nutrient. On the
other hand, a higher production of CoA
was observed over relatively limited
ranges of AMP (2-3 mg/ml), when poptone
was used as a nutrient, and a maximum
production of CoA (5.5 mg/ml) occurred
at 3 mg/ml of AMP. A mixed addition of
peptone and yeast extract also gave a
higher production of CoA (Fig. &).

The production of CoA with adenine
or adenosine replacing AMP was examined.
Either adenine or adenosine repressed
the cell growth and gave mo production
of CoA, when added before the culture.
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FIG. 4. Effect of AMP Level on Production of
CoA.

Fermentation was carried out as described
in the text except for AMP concentration and
nutrient: a, yeast extract 1.0%; D, peptone
1.0%; ¢, peptone 1.0% + veast extract 0.3%.
CoA assays were made for 5 day cultures.

TABLE II1. PRODUCTION OF CoA FROM
ADENINE OR ADENOSINE

Fermentation was carried out as described
in the text except that AMP was replaced with
adenine or adenosine. AMP-supplemented medium
was used for the control run.

Compound

Addition CoA formed
added
(2 mg/ml) time (mg/ml)a)
Adenine before culture .
after 3 days .
Adenosine

after 3 days

0
1
before culture 0.
1
before culture 2

Control {(AMP)

a) CoA assays were made for 7 day cultures.

However, additions made to 3 day cultures
gave a good production of CoA (Table
III).

Brown (14) reported that CTP is re-
quired for the coupling of 4'-phospho-
pantothenic acid and cysteine in a bac-
terial system. In order to examine the
supplementary effect of CTP, both AMP
and CMP (or CTP) were added to the cul-
ture. But further increased production
of CoA was not observed, though comnsum-—
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ption of pantothenic acid was somewhat
rapid.

Surfactants. The stimulative effect
of surfactants on the production of CoA
by dried cells of baker's yeast and of
Brevibacterium ammoniagenes IF0 12071
was described in the preceding sections.
In this experiment, various surfactants
were tested, and a remarkable stimula~
tion of the production of CoA bycertain
surfactants belonging to the class of
cationics and amphoterics was observed.
One of them, Lebon 15, gave the best
production of CoA (Table IV). The ani-
onics and nonionics employed here were
ineffective, though most anionics were
very effective in the system using dried
cells or washed cells of Brevibacterium
ammoniagenes IF0 12071 (see Section III).

TABLE IV. EFFECT OF SURFACTANT ON
PRODUCTION OF CecA

Fermentation was carried out as described
in the text except for the surfactant.

CoA formed

Surfactant (1 ml

urfactant (1 mg/ml) (mg/ml)a)

No addition 0.0

Cetylpyridinium chloride 2.4

Laurylpyridinium chloride 2.9
1.4

Cetyltrimethylammonium bromide
Cetylethyldimethylammonium chloride
Stearyltrimethylammonium chloride
Cetylbenzyldimethylammonium chloride
Laurylbetaine

Lebon 15%

Sodium laurate

Potassium laurylsulfate

Sodium di-2-ethylhexylsulfosuccinate
Laurylsarcosinate

Tween 20

Tween 80

Span 20

Span 40

.

.

. . .
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.
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a) CoA assays were made for 5 day cultures.
% Sodium alkyldi{aminocethyl)glycine.

Aeration. The strain was cultured
in a 500 ml shaking flask with varying
volumes of the fermentation medium.

The stable production of CoA was ob-
served in flasks containing 10-60 ml of
the medium (Fig. 5). When the fermenta-
tion was carried out at 120 oscillations
per min and an amplitude of 7 cm, the



cell growth and production of CoA were
greatly repressed (Table V).

@

‘CoA formed (mg/ml)
— n

0 020 80 30100
Volume of medium (ml)

FIG. 5. Effect of Culture Volume on Production
of CoA.

Fermentation was carried out as described
in the text except for the volume of medium.
Bach seed volume was 10Z. CoA assayvs were
made for 7 day cultures.

TABLE V. EFFECT OF SHAKING ON
PRODUCTION OF CoA

Fermentation was carried out as described
in the text except for conditions indicated.

Volume

of CoA Growt
Shaking conditfon _ .. = fifmei) (mg/m1) )
(ml) (mg/ml)
Oscillation 140/min 20 2.7 25.0
Amplitude 14 cm 40 2.5 24,5
Oscillation 140/min
Amplitude 7 cu 20 0.2 15.5
Oscillation 120/min
Amplitude 7 cm 20 0.0 8.5
Oscillation 100/min 20 0.0 7.3

Amplitude 7 cm

a) CoA assays were made for 6 day cultures.
b) Growth was checked for 3 day cultures,.

Time course of CoA production

An example of the time course of CoA
production under optimum conditions is
given in Fig. 6. First, phosphorylation
of AMP to ATP, then consumption of pan-
tothenic acid occurred, and finally,
CoA was gradually produced. The maxim-
um accumulation of CoA was attained on
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CoA or ATP formed (mg/ml)
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FIG., 6. Time Course for CoA Production.

Fermentation was carried out as described
in the text except that the nutrients used
were peptone {0.8%), yeast extract (0.5%),
and biotin (30 vg/liter).O—0O, CoA: e,
pantothenic acid; a—a, ATP; x-X, cell growth;
o---0, phH.

the 6th day.

DISCUSSION

General and practical methods for
the synthesis of nucleotide derivatives
from the corresponding base, nucleoside,
or nucleotide, using microorganisms,
fall roughly into two groups: (I) Incu-
bation of dried cells of various micro-
organisms, especially yeasts, with a
high concentration of glucose and in-
organic phosphorus gives nucleoside di-
and triphosphates or sugar nuclecotides
such as ATP (34), UTP and UDP-glucose
(82), GTP and GDP-mannose (83), and so
on, from the corresponding nucleoside
monophosphate in good yields. Examples
of the variations of this method are
the synthesis of CoA as described in
the previous sections and cytidine co-
enzymes (84,85). (II) Cultivation of
microorganisms, especially bacteria, in
a medfum containing high concentrations
of glucose and salts also produces nu-
cleogide mono-, di-, and triphosphates
from the corresponding bases in the
culture broth. Examples of this method
are the synthesis of IMP (79), ATP (58),



NAD (59), and so om.

As to the synthesis of CoA, lncuba-
tion of pantothenic acid, cysteine, and
AMP or ATP with dried cells of baker's
yeast or Brevibacterium ammoniagenes
IFO 12071 gava an excellent yleld of
CoA a8 described in the previous sec-
tions. This method is simple, rapid,
and clean, though it requires the dried
cell preparation as the enzyme source.
The present method described here, which
is an application of the method (II)
to CoA production, gave a higher yield
of CoA under the appropriate fermentat-
ive conditions. This 1s considered to
be very effective for the large scale
production of CoA, though it requires
somewhat tedious purification procedures
when compared with the original dried
cell method, as will be described in a
subsequent sectiomn.

In general, fermentative production
of nucleotides, as described above, are
greatly affected by the cellular per-
meability of the microorganisms used.
The removal of permeability barriers is
given by drying the cells in the method
(I), and by controlling the levels of
trace nutrients or trace metals, or by
the addition of reagents affecting cel-
lular permeability such as surfactants,
antibiotics, and so on, in the method
(II}). In the present experiment, the
gurfactant was one of the most import-
ant factors for the production of CoA.
As described previously, formation of
CoA with yveast cells was stimulated by
the addition of certain cationic surf-
actants. The strong stimulation of CoA
formation by dried cells or washed cells
of Brevibacterium ammoniagenes 1F0 12071
was also observed by the addition of
some anionic~ and cationic surfactants,
Nara et al. (73) reported that the enz-
ymes relating to ribotide synthesis
were excreted into the medium upon the
addition of surfactant. They reported
also that transphosphorylase, catalyz-
ing the phosphorylation of AMP to ATP,
was leaked into the medium together
with the above enzymes (86). These ob-
servations suggest that the CoA synthe-
sizing systems leaked out upon the add-
ition of surfactant, coupled with the
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transphosphorylase system, and then,
at least partly, CcA was accumulated
extracellularly.



Section V.

A New Process for the Production of Coenzyme A

e.qg)

A new process has been described for the preparation of CoA of

high purity from the cultured broth of Bre
The product was obtained in a high yield by the use of

IFO 12071.

vibacterium ammoniagenes

Duoclite S-30, charcoal, and Dowex 1 x2, and identified chemically

and enzymatically.

The method is simple, rapid, and compact, requi-

res no special equipment, and has been shown to be adaptable for
preparing large amounts of highly pure CoA.

INTRODUCTION

The author has previously described
the isolation of CoA in a high yield
from a reaction mixture of dried cells
of Brevibacterium ammoniagenes IF0 12071
by the use of charcoal and DEAE-cellu-
lose (see Sectiom I). Further, it was
found that the organism accumulated 2-
5.5 mg/ml of CoA in the culture broth
(see Section III and IV).

The present section deals with the
igolation and identification of CoA
with the objective of large scale pro-
duction.

EXPERIMENTAL AND RESULTS
Materials

The microorganism used was Brevibac-
terium ammoniagenes IFC 12071. DEAE~
cellulose (0.9 meq/g) was provided from
Green Cross Corporation, Osaka. Phos-
photransacetylase from Clostridium klu-
yverl was purchased from Boehringer,
Mannheim. Alkaline phosphatase from
calf intestinal mucosa and phosphodi-
eaterase from Crotalus adamanteus were
purchased from Sigma Chemical Co., St.
Louis. Other materials and chemicals
were obtained from commercial sources.

Analytical methods

CoA was assayed by the phosphotrans-
acetylase method of Stadtman et al. (43)
using the enzyme of Escherichia coli
Crookes AKJ 0001, and alsc by the method
of Bergmeyer et al. (44) for the chara-
cterization of isolated products., Total
pantothenate was measured by the method
of Novelli (47). Adenine content was
determined by ultraviolet absorption in
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0.1 M HC1l using E;¢¢=15000 as the stan-
dard value. Phosphorus was measured by
the method of Allen (87) and sulfhydryl
by the method of Ellman (49). Paper
chromatography was carried out by the
ascending technique on Toyo Roshil No.533
paper. The solvent systems used were
1, isobutyric acid-C.5 N ammonium hy-
droxide-0.1 M EDTA (100:60:1.6); II,
ethanol-1 M ammonium acetate, pH 7.5
(5:2). - Paper electrophoresis was carr-
ied out on Toyo Roshi No.53 paper im-
pregnated with 0.2 M acetate buffer, pH
3.5, at 35 mA/15 cm (4 KV) for 30 min.
Adenine-containing compounds were locat-
ed with a UV-lamp. Phosphorus-contain-
ing compounds were located with Hanes
and Isherwood spray (50) followed by
vitraviclet irradiation; sulfhydryl and
disulfide compounds were detected with
Toennies and Kolb spray (51).

Process

l) Cultivation. Brevibacterium amm-
oniagenes IF0 12071 was cultivated ae-
robically for 5 days at 28°C. The de-
tails of cultivation have been describ-
ed in the preceding section. The cul-
ture filtrate (about 1000 ml) contained
about 2.5 g of CoA as the disulfide (or
mixed disulfides) and some intermediates
of CoA biosynthesis, such as4'-phospho-
pantothenic acid and 4'-phosphopante-
theine (disulfide or mixed disulfide),
in high concentrations.

2) Purification. Initially the usu-
al bilochemical laboratory method was
employed. The culture filtrate (50 ml)
was applied to a column of charcoal (4
X 4 cm), and the substances adsorbed
were eluted with 40% acetone containing



0.028% ammonia. CoA-containing frac-
tions were well separated from brown
materials (see Fig. 1, (B)). Appropri-
ate fractions containing CoA were com—
bined, concentrated to a small volume
(50 ml) under reduced pressure, and 2-
mercaptoethanol (17 ml) was added. The
mixture was left for 24 hr at 10°C, and
then it was applied to a column of DEAE-
cellulose (chloride form, 3 x 18 cm).
Elution with 0.02 M LiCl in 0.003 M HC1
(1000 ml) removed AMP, 4'-phosphopanto-—
thenic acid, &4'-phosphopantetheine, and
ADP. Then further elution was carried
out by a 4000 ml linear salt gradient
(0.03-0.1 M LiCl in 0.003 M HCl). For
both the initial and gradient elutions
2-mercaptoethanol was present in the
eluting solution at a concentration of
0.1Z. Two major ultraviolet-absorbing
peaks were separated. The first peak
(CoASH) was adjusted to pH 4.5 with
Li0H, and evaporated to dryness. The
residue was dissolved in a small volume
of methanol and the lithium salt of
CoASH was precipitated by the addition
of 20 volumes of acetome. The salt was
collected, and washed repeatedly with
methancl-acetone (1:9). After drying
over P05 in vacuo, the trilithium salt
of CoASH was cobtained as a fine white
powder (40 mg). The product was homo-
geneous with respect to ultraviolet ab-
sorption, sulfhydryl, and phosphorus,
when chromatographed on paper. Venom
phosphodiesterase digestion gave spots
identical with 3',5"'-ADP and 4'-phospho-
pantetheine.* Anal. Caled. for CpiH33~
016N7P33L13'8H202 C,27.l3; H,5.37; N,
10.54%. Adenosine : phosphorus : sulf-
hydryl : pantothenic acid, 1:3:1:1,
Found: C,27.01; H,5.01; N,10.30Z. Ade-
nosine : phosphorus : sulfhydryl : panto-
thenic acid, 1:3.03:1.00:0.99. UV imax
in 0.1 M HC1l, 259 nm; UV imax in 0.1 M
NaOH, 260 nm. Assayed by the phospho-
transacetylase method of Bergmeyer et
al. (44), the product showed a 101X ac-
tivity on the basis of its adenosine
content.

* This compound was prepareéd by the
method as described in a subsequent
section.
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The second peak (ATP) was worked up
as described above to give a lithium
salt of ATP (71.5 mg). The product was
homogeneous with respect to ultraviolet
absorption and phosphorus when chroma-
tographed on paper. The molar ratio of
adenosine : phosphorus was 1:3.10 (Requ-
ired, 1:3). UV imax in 0.1 M HC1, 259
mu; UV Amax in 0.1 M NaOH, 260 om.

Next, a large scale purification was
carried out with the objective of appl-
ication to industrial productiom. The
culture filtrate (1000 ml) was passed
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FIG. 1. Separation of CoA and Brown Materials
on a Charcoal Column.

Fifry ml of the culture filrrate were applied
on a column (4 x & cm) of charcoal after pass—
ing through a column (2 x 5 cm) of Duolite S-
30 (A). (B) is a control run (without Duolite
$-30). Each fraction contains 10 ml of eluate.

through a column of Duolite 5-30 (3 x
20 cm) to remove brown materials, and
the column was washed with water (100
mt). The solution passing through the
column was directly applied to a column
of charcoal (5.5 x 30 cm), and the sub-
stances adsorbed were eluted with 40Z
acetone containing 0.028% ammonia (A
result of a small scale experiment to
know theeffect of Duolite S5-30 and char-
coal on the removal of brown materials
is shown in Fig. 1.). The eluted sol-
ution containing acetone was directly
adsorbed to a column of Dowex 1 x 2
(chloride form, 5.5 x 42.5 cm). The
products were eluted from the column
with solutions of LiCl in HCl. An ex-
ample of the elution pattern is shown
in Fig. 2. In each case, appropriate
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FIG. 2. A Typical Elution Pattern of Nucleo-

tides in Culture Broth from a Dowex 1lx2 Column.

0 i)

Nucleotides were eluted from the column
{chloride form, 2.5 x 25 cm) with 0.0l M HCl
(1), 0.04 M LiCl in 0.01 M HCl (2), 0.2 M
LiCl in 0.01 M HC1l (3), and 0.4 M LiCl in 0.01
M HC1l (4). Each fraction contains 10 ml of
eluate. Peak I, AMP; Peak 1I, ADP; Peak III,
ATP; Peak IV, CoASSCoA.

fractions were combined, adjusted to

pH 4.5 with LiOH, then concentrated to
a small volume, and the lithium salt
was lgolated in the usual way. Yields
were as follows: AMP, 127 mg (Found:
ratio of adenosine : phosphorus, 1:1.05;
Required: 1:1). ADP, 604 mg (Found:
ratio of adenosine : phosphorus, 1:2.15;
Required: 1:2). ATP, 1212 mg (Found:
ratlo of adencsine : phosphorus, 1:3.11;
Required: 1:3). CoASSCoA, 1007 mg
(Found: ratio of adenosine : phosphorus:
pantothenic acid, 1:3.05:0.90; Required:
1:3:1). This disulfide contained a tr—
ace of a contaminating ultraviolet-ab-
sorbing compound (Rf 0.19 in solvent I),
when chromatographed on paper. Assayed
by the phosphotransacetylase method of
Stadtman et al. (43) against purified
CoA (921 by weight) standard, it showed
83-872 activity.

For the purpose of reduction, the
sbove disulfide (250 mg) was dissolved
in water (5 ml) anéd 2-mercaptoethanol
(5 ml) was added. The mixture was left
for 24 hr at 10°C, adjusted to pH 4.5
with LiOH, and worked up as described
above to give a lithium salt (222 mg,
Found: ratio of adenosine : phosphorus :
sulfhydryl : pantothenic acid, 1:3.07:
0.88:0.93; Required: 1:3:1:1), which
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TABLE 1. PAPER CHROMATOGRAPHY AND
PAPER ELECTROPHORESIS

RE

Compound I 1T Flectrophoresis#*
CoASH 0.57 0.16 18.5
CoASSCoA 0.38 0.01 19.5
AMP 0.55 0.13 9.7
ADP 0.44 0.04 16.5
ATP 0.33 0.02 21.0

* Migration towards the anode is given in cm.

was chromatographically shown to contain
only CoASH and alittleof the disulfide.
Assayed by the phosphotransacetylase
method of Bergmeyer et al. (44), it
showed an 84% activity on the basis of
its adenosine content.

A further purified sample was obtain-
ed as the thiol form from the above di-
sulfide by reduction with 2-mercapto-
ethanol followed by Dowex 1 x 2 (chlo-
ride form) column chromatography. The
CoASH was eluted with 0.2 M LiCl in
0.01 M HCl containing 0.1% 2-mercapto-
ethanol. The product was homogeneous
with respect to ultraviolet absorptionm,
phosphorus, and sulfhydryl on paper
chromatogram. Assayed by the phospho-
transacetylase method of Bergmeyer et
al. (44), it now showed a 97%Z activity
on the basls of 1ts adenosine content.

DISCUSSION

CoA has been prepared by extraction
from microorganisms {(20,21,25-27,29)
and by chemical synthesis (28,30-32).
However, these methods are not practi-~
cal because of their lower yield or
their intricacy. A new improved pro-
cess with a microorganism has now been
developed. Incubation of pantothenic
acld, cysteine, and ATP with the dried
cells of Brevibacterium ammonigenes IFO
12071 gave CoA in a high yield. The
product was isolated as the thiol form
at a high level of purity by the use of
charcoal and DEAE~cellulose (see Section
I). Further, cultivation of the organ-
ism with pantothenic acid, cysteine,
AMP, and a surfactant gave a higher
accumulation of CoA (2-5.5 mg/ml) in
the culture broth (see Section IV).



The product in the culture broth was
purified by the use of Duolite $-30,
charcoal, and Dowex 1 x 2, and isolated
as the lithium salt in good yield.

As described in Section I, the pro-
duct was directly isolated as the thiol
form from the reaction mixture without
prior separation of ATP, since the ATP
in the reaction mixture was completely
consumed for the CoA formation. On the
other hand, in the present process it
was necessary to remove ATP in order to
obtain the product in high yield and
high purity. Isolation of the product
directly as the disulfide form rather
than the thiol form brought a complete
separation of ATP, and led to a consi-
derably improved yield. The disulfide
was readily converted to the thiol form
by treatment with 2-mercaptoethanol.

A further improved yield of CoA might
be attained by recovering the mixed di-
sulfides of CoA which might be present
in the culture breth.

The present process 1s simple, rapid,
and compact, and requires no special
equipment. From a practical point of
view, it possesses considerable advan-
tages over any other microblal process
previously reported (20,21,25-27,29) in
that the product can be purified in a
higher yield with a compact plant, with-
out complex purification procedures.
This not only speeds up purification
and isolation but also gives a highly
purified product. Therefore, the pre-
sent process would be suitable for ind-
ustrial production.

A further practical point is that
AMP added as a precursor for CoA form-
ation, can be recovered as ATP or ADP
and the isolation of some intermediates
of CoA biosynthesis such as 4'-phospho-
pantothenic acid and 4'-phosphopante-
theine is possible if necessary. 1In a
similar process, these intermediates
were obtained in higher yields, which
will be described in a subsequent sec-
tiom.
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Section VI,

Microbial Synthesis of Intermediates of Coenzyme A Biosynthesis®

Greater production of &'

phopentetheine by a microorganism were described. '
with washed cells of Brevibacterium ammo-

pantothenic acid and ATP

’

-phosphopantothenic acid and 4'-phos-

The ilncubation of

niagenes IFO 12071 gave 4'-phosphopantothenic acid in a high yield.

Cultivation of the organism W
4'~phosphopantothenic
4'-phosphopantetheine

acid in a high yieid.
was readily obtained in a good yield.

ith pantothenic acid and AMP also gave

In a similar fashonm,
The

products were identified chemically and enzymatically.

INTRODUCTION

Phosphorylation of pantothenic acid
was first found by Plerpoint et al.
(75), and then Brown (14) demonstrated
that 4'-phosphopantothenic acid is the
first metabolite in the biosynthesis of
CcA from pantothenic acid. Brown (14
also demonsatrated that &4'-phosphopante-
theine, the third intermediate from
pantothenic acid to CoA, 1s synthesized
through a coupling of 4'-phosphopanto-
thenic acid and cysteine, followed by
decarboxylation of the cysteine moiety.
As a protein-bound prosthetic group,
4'-phosphopantetheine plays a central
rele in the biosynthesis of fatty acids
(88) and of peptides such as gramici-
din S and tyrocidine (89). These im-
portant compounds (or coenzymes) have
been exclusively prepared by complex
chemical syntheses (28,90-93),

In the previous sections, the author
has demonstrated that CoA and some of
its biosynthetic intermediates can be
synthesized in higher yields by amicro-
bial process. The optimum conditioms
for CoA production and the purification
and isolation of the products were also
described.

This section deals with a new pre-
parative method for the intermediates
of CoA biosynthesis.

MATERIALS AND METHODS

Chemicals. ATP was kindly given by
Kyowa Hakko Kogyo Co., Ltd., Tokyo.
Authentic samples of 4'-phosphopanto-
thenic acid, 4'-phosphopantothenoyleys-
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teine, and 4'-phosphopantetheine (di-
gulfide form) used for paper chromato-
graphy and paper electrophoresis were
the kind gifts of Dr. M. Shimizu, Dai-
ichi Seiyaku Co., Ltd., Tokyo. DEAE=-
cellulose (0.9 meq/g) was provided by
Green Cross Corporation, Osaka. Alka-
line phosphatase from calf intestinal
mucosa and phosphodiesterase from Cro-
talus adamanteus were obtalned from
Sigma Chemical Co., St. Louls. Other
chemicals were obtained from commercial
sources.

Microorganism and cultivation. Bre-
vibacterium ammoniagenes IF0O 12071 was
used. The media for the microorganism
and cultivation techniques were the
same as those described in the previous
sections.

Analytical methods. Pantothenic
acid was measured microbiologically us-
ing Saccharomyces carlsbergensis ATCC
9080 (46) and Lactobacillus plantarum
ATCC 8014 (45). 4'-Phosphopantothenic
acld was measured by following the dis-
appearance of pantothenic acid in the
reaction mixture or culture broth.

This was checked by measuring the reco-
very of pantothenic acid after digest-
ion with alkaline phosphatase. CoA was
measured by the phosphotransacetylase
method of Stadtman et al. (43) using
the enzyme of Escherichia coli Crockes
AKU 0001 as described in Section I.
Total pantothenate was measured by the
method of Novelli (47). The amount of
the intermediates of CoA biosynthesis
(4'-phosphopantothenoylcysteine, 4'-



phosphopantetheine, and 3'-dephespho-
CoA) or &4'-phosphopantetheine was cal-
culated by subtracting pantothenic acid,
4'-phosphopantothenic acid, and CoA
from total pantothenate. In some CA8€s,
4'-phosphopantetheine was also measured
as pantetheine with Lactobacillus bul-
garicus Bl after digesting the sample
with alkaline phosphatase (94). Lacto-
bacillus bulgaricus Bl was a kind gift
of Dr. M. Shimizu, Daiichi Seiyaku Co.,
Ltd., Tokyo. Other assays were the same
as those described in Section I.

RESULTS

Formation of the intermediates of COA
biosynthesis

In order to investigate whether the
intermediates of CoA blosynthesis are
formed from pantothenic acid or 4'~pho-
sphopantothenic acid, several reaction
systems were tested as shown in Table L.
In the complete reaction mixture, CoA

TABLE I. PORMATION OF INTERMEDIATES
OF CoA BIOSYNTHESIS

The complete reaction mixture contained, in
1 ml, 2 ymoles of sodium pantothenate, 4§ umol-
es of cysteine, 10 ymoles of ATP, 10 umoles
of MgSOy, 150 umoles of potassium phosphate
buffer, pH 6.5, 1 mg of sodium laurylisulfate,
and 100 mg of dried cells of Brevibacterium
ammoniagenes. ‘The reactioos were carried out
at 37°C for 6 hr, and terminated by immersing
the tube in boiling water for 5 min. After
adding 3 ml of water, cells were removed by
centrifugation. The supernatant was employed
in the determination of the products.

Compound found (umoles)
Pantothenic acid

Reaction mixture before after CoA
Pase* Pase
diges- diges-
tion tfon
Complete 0.00 0.09 1.30
Without cysteine 0.00 2.01 0.01
With CTP replacing ATP 1.40 1.40 0.01

With 4'-phosphopanto-

thenic acid replacing 0.00 0.00 1.56
pantothenic acid

With 4'-phosphopanto-
thenic acid and CTP
replacing pantothenic
acid and ATP

0.00  0.00

* Page: alkaline phosphatase.
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was formed, as has been already pointed
out in the previous sections. When
cysteine was omicted from the complete
reaction mixture, pantothenic acid com-
pletely disappeared, without the forma-
tion of CoA. It was completely recover—
ed by treatment with alkaline phosphat-
ase, suggesting the presence of the
phosphorylated form of pantothenic acid
in the reaction mixture. When panto=
thenic acid and ATP were respectively
replaced by 4'-phosphopantothenic acid
mdﬂhh%wMWWmmmmuadd
disappeared without any detectable for-
mation of CoA. On the paper chromato-
gram a sulfhydryl-containing spot, dif-
ferent from CoA and cysteine, was de-
tected at Rf 0.65 using a solvent of
n-butanol-acetic acid-water (5:2:3, by
vol.). It was recovered as pantothenic
acid by digestion with a mixture of al-
kaline phosphatase and hog kidney amid-
ase (47), suggesting the presence of a
conjugated form of pantothenic acid and
cysteine in the reaction mixture.

Isolation and identification of the
intermediates of CoA biosynthesis

i) 4'—Phosphopantothenic acid. a)
The reaction mixture (340 ml) contain-
ing 3.4 mmoles of sodium pantothenate,

T m 1 @) ] o3 1 (4)

'950" m o
3 v ;
E"O' 15 8
1:30' ;
G 10
420 3
& a
g 10 >4
& 0

0 500
Fraction number

FIG. 1. Chromatography of the Products in the
Reaction Mixture on a Dowex 1x2 Columm.

Compounds were eluted with water (1), 0.007
M HC1 (2), 0.01 M Licl in 0.01 M HC1 (3), and
0.03 M LiCl in 0.01 M HC1 (4}. Each fractiom
contains 20 ml of eluate. Peak I, adenine
and adenosine; Peak II, free pantothenic acid;
Peak 111, AMP; Peak IV, 4' -phosphopantothenic
acid; Peak V, ADP.



5.1 mmoles of ATP, 3.4 mmoles of MgSOy,
34 mmoles of potassium phosphate buffer,
pH 6.0, 680 mg of sodium laurylsulfate,
and washed cells of Brevibacterium amm-
oniagenes (20.4 g) was incubated for 8§
hr at 37°C. Then, the mixture was imm-
ersed for 10 min in a boiling water
bath and the cella were removed by cen-
trifugation. The supernatant was dilu-
ted to 1000 ml with water and applied
to a column of Dowex 1 x 2 {(chloride
form, 4.2 x 40 cm). The elution was
carrled out as shown in Fig, 1. Elution
with 0.01 M LiCl in 0.01 M HC1 gave a
peak of phosphorylated pantothenic acid.
Appropriate fractions were combined,
adjusted to pH 4.5 with LiOH, and eva-
porated under reduced pressure below
40°C. The final residue was dissolved
in a small volume of methanol and the
lithium salt was precipitated by the
addition of 20 volumes of acetone. The
salt was collected, washed repeatedly
with methanol~acetome (1:10, by vol.),
and dried over P,0g5 in vacuo (yield,
608 mg; purity, based on pantothenic
acld content, 84-88%). For the purpose
of further purification, a portion of
the above lithium salt (60 mg) was dis-
solved in water (10 ml) and applied to
a column of DEAE-cellulose {chloride
form, 2 x 30 em). Elution was carried
out by a 1100 ml linear salt gradient
(0-0.05 M LiCl in 0.003 M HCl). Appro-
priate fractions were combined, and
passed through a column of Amberlite
IR-120 (gt form). The eluate and wash-~
ings were neutralized with Ba(OH), and
evaporated to dryness. The residue was
disgolved in a small volume of methanol,
clarified, and poured into 20 volumes
of acetonme to give a white precipitate.
This was collected, washed, and then
dried (yield, 34 mg). The product was
homogeneous with respect to phosphorus
and pantothenic acid on paper chromato-
gram. Phosphatase digestion gave spots
identical with inorganic phosphate and
pantothenic acid. It was partially
active in enhancing the growth of Sac-
charomyces carlsbergensis ATCC 9080 and
Lactobacillus plantarum ATCC 8014 at
higher levels and became fully active
after phosphatase digestion. IR vmax
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TABLE II. PAPER CHROMATOGRAPHY AND PAPER
ELECTROPHORESIS

Ascending paper chromatography was perform-
ed on Toyo Roshi No. 53 paper using solvent I,
n-butanol-acetic acid-water (5:2:3, by vol.)};
solvent II, isobutyric acid-0.5 N ammonium hy-
droxide-0.1 M EDTA (100:6G:1.6, by vol.).

Paper electrophoresis was performed on
Toyo Roshi No. 53 paper for 30 min (A), or 50
min (B) at 30 mA/15 cm (4 KV) using A, 0.05 M
acetate buffer, pH 3.5; B, 0.05 M borate buf-

fer, pH 9.4. Migration towards the anode 1is
given in cm.
Rf Migration
Coapound T 3
1
4'-Phosphopantothenic 0.59 0.53 12.0 22.3

acid
4'-Phosphopantetheine

. 0.66 4.3 15.5
{thiol ferm) 0.65

4'-Phosphopantetheine a 9.6 14.4
(disulfide form) 0.40 . :
Pantothenic acid 0.79 0.73 - -
CoA 0.24 0.57 13.5 16.1

* not tested.
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FIG. 2. Comparative NMR Spectra of 4'-Phospho-
pantothenic Acid and Pantothenic Acid.

NMR spectra were measured on a Hitachi Per-
kin-Elmer R-22 spectrometer at 90 MHz in D50
with DSS as the internal standard. Top, 4'-
phi:phopantothenic acid; bottom, pantothenic
acid.

in XBr pellet, 3300,2955,2880,1648,1567,
1410,1365,1315,1260,1120,1085,977,805

cm™l. The NMR spectrum of the lithium



salt (84-88% pure) is shown in Fig. 2.
The splitting pattern of the sample 18
consistent with that of pantothenic
acid except that the signals of thed'-
C-protons are shifted to a lower field
than those of pantothenic acid and re-
splitted by coupling with phosphorus.
Anal. Caled. for CgH)5OgNPBa, g5*3H20:
C,19.43; H,3.80; N,2.52%. Phosphorus:
pantothenic acid, 1:1. Found: C,19.7%
H,3.52; N,2.48%X. Phosphorus : panto-
thenic acid, 1:0.97.

b) Brevibacterium ammoniagenes was
cultivated aerobically at 28°C in a
medium composed of 10 g of glucose, 1 g
of peptone, 2 g of KoHPOy,, 1 gof MgS0y-
7H,0, 0.6 g of urea, 0.2 g of AMP, and
100 ml of water, pH 7.6. After 3 days
of cultivation, 0.2 g of calcium panto-
thenate and 0.1 g of cetylpyridinium
chloride were added, then the cultivat-
ion was continued for a further 2 days.
The details of cultivation were describ-
ed in Section IV. The cultured broth
(60 ml), containing about 150 mg of
phosphorylated pantothenic acid, was
boiled for 3 min and centrifuged. The
supernatant, after being treated with
charcoal as described in Section I, was
applied to a2 column of Dowex 1 x 2
{chloride form, 2.5 x 25 cm). Elutions
with 0.01 M LiCl in 0.01 M HC1, 0.03 M
LiCl in 0.01 M HC1l, and 0.2 M of LiCl
in 0.01 M HCl1l gave phosphorylated pan-
tothenic acid, ADP, and ATP, respective-
ly. Each fraction was worked up as de-
scribed above to give the lithium salt’
of the product. Finally, the lithium
salt of 4'-phosphopantothenic acid was
obtained as a yellowish white powder
(yield, 103 mg; purity, based on panto-
thenic acid content, 81-85%). Yields
of ADP and ATP as by-products were 60
mg and 102 mg. The lithium salt of 4'-
phosphopantothenic acid obtained was
further purified. A portionm of the
lithium salt (80 mg) was dissolved in
water (12 ml) and applied to a column
of DEAE-cellulose (chloride form, 2 x
30 em). Elution was carried out by a
1100 ml linear salt gradient (O-0.0S_M
LiCl in 0.003 M HC1), and the trilithium
salt was obtained (yield, 48 mg; Anal.
Caled. for CgHysOgNPLiy-4H50: C,27.78;
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H,5.96; N,3.60%. Phosphorus : pantothe-
nic acid, 1:1. Found: C,27.49; H,6.00;
N,3.62%X. Phosphorus : pantothenic acid,
1:1.04).

ii) 4'-Phosphopantetheine. a) The
reaction mixture (20 ml) containing 150
ymoles of &4'-phosphopantothenic acid
(1ithium salt prepared by the above
method), 300 umoles of cysteine, 300
umoles of CTP, 200 ymoles of MgS50y, 3
mmoles of potassium phosphate buffer,
pH 6.5, 40 mg of sodium laurylsulfate,
and washed cells of Brevibacterium amm-
oniagenes (1.2 g) was incubated for 5
hr at 37°C. Then, the mixture was work-
ed up as described above. Theresultant
supernatant was diluted to 100 ml with
water and applied to a column of Dowex
1 x 2 (chloride form, 2 x 20 ecm), and
the column was washed with water (400
ml). Elution with 0.005 M HCl removed
CHMP. 4'-Phosphopantetheilne was eluted
together with CDP with 0.01 M LiCl in
0.01 M HC1l. Appropriate fractlons were
combined, adjusted to pH 5, and evapo-
rated to dryness. The residue was dis-
solved in a small volume of methanol
and insoluble materials were filtered
out. The clear solution was treated
with Amberlite IR-120 (H' form) and the
acidic eluate was neutralized with
Ca(OH),. This was applied to a column
of DEAE-cellulose (chloride form, 2 x
30 cm). Elution was carriled out by a
1100 ml linear salt gradient (0-0.03 M
CaCl, in 0.003 M HC1l). For both initi-
al and gradient elutions, the eluting
solution contained 0.1% 2-mercaptoetha-
nol. 4'-Phosphopantetheine was well
separated from the remaining CDP. App-
ropriate fracticns were combined, neut-
ralized with Ca(OH),, concentrated to a
small volume, clarified, and then eva-
porated to dryness. The residue was
dissolved in a small volume of ethanol.
Addition of 15 volumes of ether gave
the calcium salt of 4'-phosphopantethe-
ine. The salt was collected, washed,
and then dried (yield, 41 mg). The
product was homogeneous with respect to
phosphorus and sulfhydryl on paper chro-
matogram. Its Rf value was the same as
that of the product of CoA digestion
with venom phosphodiesterase. Treat-



ment with H,0, gave the disulfide,which
shoved an Rf value identical to that

of an authentic 4'-phosphopantetheine
(disulfide form). Hydrolysis of the
igsolated sample with alkaline phosphat-
ase gave a sulfhydryl compound (Rf 0.84
in a solvent system of n-butanol-acetic
acld-water (5:2:3, by vol.)) and inorg-
anic phosphate. Treatment of the di-
gestion product with H;0, gave a disul-
fide which was identical with an authen-
tic pantethine (Rf 0.8l in a solvent
gystem of n-butanol-acetic acid-water
(5:2:3, by vol.)). The isolate was
partially active in enhancing the grow-
th of rLactobacillus bulgaricus Bl with-
out phosphatase digestion, and released
the theoretical amount of pantetheine
after phosphatase digestion. The NMR
gspectrum is shown in Fig. 3. The re-
semblance of the splitting pattern to
that of 4'-phosphopantothenic acid sug-
gests that phosphorus attaches to the
4'~hydroxyl group in the pantothenoyl
moiety. Anal. Calcd. for Cy;H,;07N;SP-
Ca*3H,0: C,29.33; H,6.04; N,6.22Z.
Phosphorus : pantothenic acid : sulfhydryl,
1:1:1. Found: C,28.94; H,5.99; N,6.22%Z
Phosphorus : pantothenic acid : sulfhydryl,
1:0,98:0.92.

b) Brevibacterium ammoniagenes was
cultivated in the same medium as des-
cribed above, (In this case, AMP was
omitted.). After 3 days of cultivation,
0.2 g of calcium pantothenate, 0.2 g of
cysteine, 0.15 g of CMP, 0.15 g of UMP,
and 0.1 g of cetylpyridinium chloride
were added to the culture (100 ml).
Then the culture was continued for a
further 2 days. The cultured broth
(100 ml) was worked up as described
above. The supernatant was applied to
a columm of charcoal (4 x 8 cm), and
the adsorbed substances were eluted
with 40% acetone containing 0.028%7 amm-
onia. The acidic eluate was concentra-
ted to 50 ml. Twenty ml of 2-mercapto-
ethanol were added to the concentrate,
which was then left at 10°C overnight.
The mixture was adjusted to pH 7.5 with
Ca(OH),, diluted to 200 ml, and applied
to a columm of DEAE-cellulose {(chloride
form, 2.5 x 30 cm). Elution was carried
out by a 5000 ml linear salt gradient
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FIG. 3. Comparative NMR Spectra of 4'-Phospho-
pantetheine and Pantethine.
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NMR spectra were measured on a Ritach Per-
kin-Elmer R-22 spectrometer at 90 MHz in D30
with DSS as the internal standard. Top, pan-
tethine; bottom, 4'-phosphopantetheine.

(0-0.03 M CaCl; in 0.003 M HC1l contain-
ing 0.1% 2-mercaptoethanol). Appropri-
ate fractions were combined, and worked
up a8 described above to give the cal-
cium salt of 4'-phosphopantethelne
(yield, 135 mg; purity, based on panto-
thenic acid content, 74-80%). This was
further purified by a DEAE-cellulose
column (chloride form, 2 x 35 cm) chro-
matography using a 2000 ml linear salt
gradient (0-0.03 M CaCl, in 0.003 M HC1
containing 0.1% 2-mercaptoethancl).
Then finally 4'-phosphopantetheine was
obtained as the calcium salt (yield, 83
mg; Anal. Caled. for CyH,,09N,SPCa+3H,0:
C,29.33; H,6.04; N,6.227. Phosphorus :
pantothenic acid : sulfhydryl, 1:1:1.
Found: C,29.57; H,5.89; N,6.42%. Phos-
phorus : pantothenic acid : sulfhydryl,
1:1.05:0.98).

The mechanism of the accumulation of
the intermediates of CoA biosynthesis
will be discussed in following sections.



Section VIIL

Microbial Formations of the Intermediates of Coenzyme A Biosynr.hesis
and their Control by Nucleotides!)

Microbial formation of &4'-phosphopantothenic acid, 4'-phospho-
pantetheine, and 3'-dephospho-CoA were described in connection with

a higher accumulation of CoA.

Adr dried cells of Brevibacterium ammoniagenes IFO 12071 phos-

phorylated pantothenic acid in the presence of ATF.
substituted for, partly, by ITP, GTP, ADP, UTP, and CTP.

ATP could be
4'-phos-

phopantetheine was converted to CoA only when incubated with ATP.
A1l the other nucleotides tested appeared to lack the ability to

couple with 4'-phosphopantetheine.

4'-Phosphopantetheine, but not

CoA, was accumulated selectively from pantothenic acld, cysteine,

and a nucleotide triphosphate other than ATP.

i1t was alsc accumu-

lated when pantethine was incubated with ITP, GTP, or UTP. In a
similar fashion, &4'-phosphopantothenic acld and &4'-phosphopantetheine
were able to be accumulated in the culture broth of Brevibacterium

ammoniagenes.

3'-Dephospho-Co4 was synthesized by treating the reaction mix-
ture which had accumulated CoA with 3'-nucleotidase of Bacillus sub-

tilis IFO 3032.

Nucleotide specificity of 4'-phosphopantothenoylcysteine syn-
thetase, and that of 3'-dephospho-CoA kinase were investigated using
dried cells of Brevibacterium ammoniagenes.

INTRCDUCT ION

In the preceding sections, microbial
formations of intermediates of CoA syn-
thesis from pantothenic acid withhigher
ylelds were described. They were iso-
lated and identified as 4'-phosphopan-
tothenic acid and 4'-phosphopantetheine.

This section describes some factors
affecting the selective formation of the
intermediates of CoA biosynthesis and
their control by nucleotides in connec—
tion with a higher formation of CoA.

MATERIALS AND METHODS

Chemicals. 4'-Phosphopantothenic
acid, 4'-phosphopantetheine, 3'-dephos-—
pho-CoA, and CoA were synthesized micro-
biologically as described in the previ-
ous sections. ATP, ADP, GTP, GDP, CTP,
and UTP were gifts of Kyowa Hakko Kogyo
Co., Ltd., Tokyo. DEAE-cellulose (0.9
meq/g) was provided by Green Cross Cor-
poration, Osaka. CDP was purchased from
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Seikagaku Kogyo Co., Ltd., Tokyo. Pan-
tethine and intestinal alkaline phos—
phatase (Type I and Type IV) from calf
mucosa were obtained from Sigma Chemi-
cal Co., St. Louls. Acetylphosphate
was prepared by the method of Avison
(42). All other reagents were commer-
cial products of an analytical grade of
purity.

Microorganism and cultivation. Bre-
vibacterium ammoniagenes IFO 12071 was
used. The media for the bacterium and
cultivation techniques have been des-.
cribed previously (see Section I and
).

Preparation of dried cells. Alr
dried cells of the bacterium were pre-
pared according to the method described
previously (see Sectiom I).

Assay of pantothenates. Pantothenic
acid was measured microbiologically with
Saccharomyces carlsbergensis ATCC 9080
(46). 4'-Phosphopantothenic acid was



measured by following the disappearance
of pantothenic acid in the reaction mix-
ture or culture broth, This was check-
ed by measuring the recovery of panto-
thenic acid after digestion with alka-
line phosphatase. CoA was measured by
the phosphotransacetylase method of
Stadtman et al. (43) using the enzyme
of Escherichia coli Crookes AKU 0001 as
described in Section I. Total panto-
thenate was measured by the method of
Novelli (47). The amount of the inter~
mediates of CoA blosynthesis (4'-phos-
phopantothenoylcysteine, 4'-phosphopan-
tetheine, and 3'-dephospho~CoA) or 4'-
phosphopantetheine was calculated by
subtracting pantothenic acid, 4'-phos-
phopantothenic acid, and CoA from the
total pantothenate. In some cases, 4'-
phosphopantetheine was also measured as
pantetheine with Lactobacillus bulgari-
cus Bl (94) after digesting the sample
with alkaline phosphatase,

Paper chromatography. Ascending
paper chromatography was performed on
Toyo Roshi No.53 filter paper using
solvent I, n-butanol-acetic acid-water
(5:2:3, by vol.); solvent 11, n-propan-
01-28% ammonium hydroxide-water (6:3:1,
by vol.); and solvent III, isobutyrie
aci1d-0.5 N ammonium hydroxide-0.1 M
EDTA (100:60:1.6, by vol.). Nucleotides
were located with a UV-lamp. Phospho-
rus—containing compounds were located
with Hanes and Isherwood spray (50)
followed by ultraviolet irradiation;
sulfhydryl and disulfide compounds were
detected with Toennies and Kolb spray
(51). '

Preparation of 3'-nucleotidase. A
crude 3'-nucleotidase of Bacillus sub~
tilis IPO 3032 was prepared according
to the method of Igarashi and Kakinuma
(95).

Other methods. Adenine content was
determined by ultraviolet absorption in
0.1 M HC1 using Eygp = 15,000 as & sta-
ndard value. Phosphorus was measured
by the method of Allen {87) and sulfhy-
dryl by the method of Ellman (49).

RESULTS
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Phosphorylation of pantothenic acid

When cysteine was omitted from the
complete reaction mixture, almost all
the pantothenic acid initially_present
was consumed without the formation of
CoA. It was completely recovered by
treatment with alkaline phosphatase.
This phosphorylaion of pantothenic acid
was dependent on ATP. ATP could be
substituted for, partly, by ITP, GTP,
UTP, ADP, and CTP (Table I). Similar
results were also obtained when each
nucleoside monophosphate as indicated

TABLE I. NUCLEOTIDE REQUIREMENT FOR THE
PHOSPHORYLATION OF PANTOTHENIC ACID

(A} Two ymoles of sodium pantothenate (PaA)
and 10 umoles of nucleotide as indicated were
incubated at 37°C for 6 hr with 10 umoles of
MgS0Oy, 150 umoles of potassium phosphate buf-
fer, pH 6.5, 1 mg of sodium laurylsulfate,
and 100 mg of dried cells of Brevibacterium
ammoniagenes in a total volume of 1 ml.

(B) Brevibacterium ammonlagenes was culti-
vated in the medium as described previcusly
(see Section IV.) except that AMP was omitted.
PaA {calcium salt}, nucleotide as indicated,
and cetylpyridinium chloride were added to
the 3 day cultures at the cencentration of
2 mg/ml, 2 mg/ml, and 1 mg/ml, respectively,
and the cultivation was continued for a fur-
ther 2 days.

After boiling the reaction mixture for 5
win or the cultured broth for 3 min, cells
were removed by centrifugation. The super-
natant was employed in the determination of
PaA.

(A) {B)

Nucleotide PaA Nucleotide PaA
added consumed added consumed
(umoles/ml) (mg/ml)
ATP 2.0 AMP 2.0
ITP 1.9 IMP 1.0
GTP 1.8 GMP 2.0
UTe 1.2 P 1.5
CTP 0.4 CMP 0.7
ADP 1.8 None 0.5
None 0.¢

in Table I angd Pantothenic acid were
added to the culture of Brevibacterium
ammoniagenes. The isolation and iden-
tification of 4'—phosphopantothenic
acid have been deseribed in Section VI.



Synthesis of 4'-phopshopantetheine

coupling of 4'-phosphopantothenic
acid with cysteine. As can be seen in
Table II, 4'-phosphopantothenic acid
was most rapldly coupled with cysteine
when CTP was added to the reaction mix-~
tura. CTP could be substituted for,
partly, by CDF, ATP, and ADP, but GTP,
UTP, and ITP were ineffective under the
conditions tested. The reaction with
CTP, CDP, or ADP gave &4'-phosphopante-
theine, while CoA was the main product
in the reaction mixture with ATP. Iso-
lation and identification of 4'-phospho-
pantetheine have been described in Sec-
tion VI.

TABLE 1II. NUCLEOTIDE REQUIREMENT FOR THE
COUPLING OF 4'-PHOSPHOPANTOTHENIC ACID
WITH CYSTEINE

The resction mixture contained, in 1 ml,
5 umolies of 4'-phosphopantothenic acid (P-Pad),
10 moles of cysteine, 15 pmoles of nucleotide
as indicated, 10 umoles of MgSOy, 150 imoles
of potassium phosphate buffer, pH 6.5, 1 mg
of sodium laurylsulfate, and 60 mg of dried
cells of Brevibacterium ammoniagenes. The
reaction waa carried out for 3 hr at 37°C;
and terminated by immersing the tube in boil-
ing water for S min. After adding 3 ml of
wvater, cells were removed by cemtrifugationm.
The supernatant was employed in the determin-
ation of the products.

Nucleotide P-PaA coupled CoA formed
added (umoles/ml} (ymoles/ml)
CTP 3.4 0.05
CDP 3.2 0.03
ATP 3.1 2.80
ADP 2.1 0.65
GTP 0.1 0.15
ITP 0.0 0.05
UTP 0.3 0.05
None 0.0 0.02

Coupling of 4'-phosphopantetheine
with ATP. 4'-~Phosphopantetheine was
converted to CoA only when incubated
with ATP. All other nucleotides tri-
phogphates seemed to lack the ability
to couple with this substrate (Table
I11).

Synthesis of 4'~phosphopantetheine
from pantothenic acid and cysteine.
Broad specificity for nucleotide in the
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TABLE 1II. COUPLING OF 4 '-PHOSPHOPANTETREINE
WITH NUCLEOTIDE

The reaction mixture contained, im 0.5 ml,
1 umole of 4'-phosphopantetheine (P—PaSH), 5
moles of nucleotide as indicated, 5 ymoles of
cysteine, 5 ymoles of MgS0y, 75 vmoles of pot-
assium phosphate buffer, pi 6.5, 0.5 mg of
sodium laurylsulfate, and 50 mg of dried cells
of Brevibacterium ammoniagenes. The reaction
was carried out for 2 hr at 37°C, and termin-—
ated by immersing the tube in bolling water
for 5 min. After adding 1.5 ml of water,
cells were removed by centrifugation. The
supernatant was employed in the determination
of the products.

P-PaSH consumed®) CoA formed

Kucleotide

added (ymcles/ml) (ymoles/ml)
ATP 2.0 2.03
GTP 0.5 0.16
ITP 0.4 0.15
UTP 0.2 0.05
CTP 0.0 0.03
None 0.0 0.04

a) P-PaSH wvas measured as pantetheine by Lacto-
bacillus bulgaricus Bl (94) after digesting
the mixture with alkaline phosphatase (Type
V).

phosphorylation of pantothenic acid and
its restriction in the coupling of 4'-
phosphopantetheine with ATP strongly
suggest the possibility of synthesizing
4'-phosphopantetheine, but not CoA,
from pantothenic acid and cysteine, if
ATP is absent in the reaction mixture.
As shown in Table IV, pantothenic acid
and cysteine, when incubated with CTP
and GTP, ITP, or UTP, gave 4'-phospho-
pantetheine selectively, while the re-

_action with ATP gave a high accumula-

tion of CoA.

Isolation of 4'-phosphopantetheine
from the reaction mixture with CTP and
ITP was carried out. The reaction mix-
ture (40 ml) containing 300 umoles of
sodium pantothenate, 400 ymoles of cys-
teine, 600 umoles of ITP, 400 umoles of
CTP, 400 umoles of MgS0O,, 6 mmoles of
potassium phoaphate buffer, pH 6.5, 40
mg of sodium laurylsulfate, and 4 g of
dried cells of Brevibacterium ammonia-
genes was incubated for 8 hr at 37°C.
Then, the mixture was immersed for 5
min in boiling water and the cells were
removed by centrifugation. The super-



TABLE IV. NUCLEOTIDE REQUIREMENT POR THE
SYNTHESIS OF 4'-PHOSPHOPANTETHEINE
FROM PANTOTEENIC ACID AND CYSTEINE

Two ymoles of sodium pantothenate (Pad), &
umoles of cysteine, 10 ymoles of MgSOi,, 150
ymoles of potassium phosphate buffer, pH 6.5,
1 mg of sodium laurylsulfate, and 100 mg of
dried cells of Brevibacterium ammoniagenes
were incubated for 6 hr at 37°C with nucleo-
tide as indicated in a total volume of 1 ml.
The reaction was termipnated by immersing the
tube In boiling water for 5 min. After adding
3 ml of water, cells were removed by centri-
fugation. The supernatant was employed in the
determination of the products.

Nucleotide Compound found {(ymoles/ml)
added® PaA + P-PaAb)  P-PaSHC)  CoA
CTP 1.40 0.61 0.01
CTP + ATP 0.09 D0.61 1.30
CTP + GIP 0.38 1.66 0.30
CTP + ITP 0.38 1.66 0.19
CTP + UTP 0.86 1.14 0.08

a) The amounts of nucleotides added were: (TP,
B ymoles; others, 10 umoles.

b} P-PaA: 4'-phosphopantothenic acid.

¢) 4'-Phosphopantetheine (P-PaSH) was measured
as pantetheine by Lactobacillus bulgaricus
Bl (94) after digesting the mixture with
alkaline phosphatase (Type 1I). The phos-
phatase used contains phosphodiesterase
activity, thus it is able to hydrolyze CoA
to yield pantetheine. The values presented
are calculated by subtracting the amount
of CoA produced from that detected as pan-—
tetheine. Therfore, the values are given
as a sum of P-PaSH and 3'-dephospho—CoA.

natant was applied to a column of char-

coal (1.6 x 7 cm), and the adsorbed sub-

stances were eluted with 40% acetone
containing 0.028% ammonia. The acidic
eluate was concentrated to about 20 ml.
2-Mercaptoethanol (10 ml) was added to
the concentrate, which was then left at
10°C overnight. The mixture was adjust-
ed to pH 7.5 with Ca{OH)5, diluted to
100 ml, and applied to a column of DEAE-
cellulose (chloride form, 1.8 x 25 em).
Blution was carried out by a 3000 ml
linear salt gradient (0-0.03 M CaCl, in
0.003 M HC1 containing 0.1% 2-mercapto-
ethanol). 4'-Phosphopantetheine was
eluted, followed by IMP. Appropriate
fractions were combined, and worked up
as described previously (see Section VI)
to give a white powder (yield, 45 mg;
ratio of phosphorus : pantetheine : gyl f-
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hydryl, 1:0.92:0.85 {required, 1:1:1);

Rf in solvent I, 0.66 and in solvent

II, 0.30).
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FIG. 1. Selective Accumulation of &4'-Phospho-
pantetheine in the Culture Broth.

Brevibacterium ammoniagenes was cultivated
in the medium as described in Section IV ex-
cept that AMP was omitted. To the 3 day cul-
ture, calcium pantothenate (2 mg/ml), cysteine
(2 mg/ml), nucleotides (1.5 mg/ml each) as in-
dicated, and cetylpyridinium chloride (1 mg/ml)
were added, and the cultivation was continued.
One ml of the broth was pipetted from the
shaking flask at 24 hr intervals, beiled for
31 min, and centrifuged. The supernatant was
employed in the determination of the products.
The nucleotides added were CMP and AMP (A),
CMP and GMP (B), or CMP and UMP (C). The
amount of 4'-phosphopantetheine was calculated
by subtracting the amounts of CoA, 4'-phospho-
pantothenic acid, and pantothenic acid from
the total pantothenate. Therefore, the values
are given as a sum of 4'-phosphopantetheine,
4'-phosphopantothenoylcysteine, and 3'-de-
phospho-CoA.

This selective synthesis of 4'-phos-
phopantetheine was also observed when
pantothenic acid, cysteine, CMP, and
GMP or UMP were added to the cultures
of Brevibacterium ammoniagenes (Fig. 1).
Isolation and characterization of the
product from the culture broth was deg-
cribed in Section VI.

Another attempt to synthesize 4'-
phosphopantetheine without the formation
of CoA was tried. Incubation of pante-
thine with GTP, ITP, or UTP also gave
4'-phoaphopantetheine, but not CoA.
Isolation of the product from the reac-
tion mixture with ITP was carried out
according to a similar procedure as
described above, and the product was
identified a5 4'-phosphopantetheine.



Synthesis of 3'-dephospho-CoA from pan-
tothenic acid, cysteine, and ATP

Kakinuma and Igarashi (96) reported
that the 3'-nucleotidase of Bacillus
subtilis IFO 3032 attacks the 3'-posi-
tion in the CoA molecule, and Kurocka
et al. (54) applied this enzyme to pre-
pare 3'-dephospho~CoA from commercial
CoA. 1In order to accumulate 3'~dephos-
pho-CoA, the reaction mixture with accu-
mulated CoA was treated with the 3'-
nuclectidase of Bacillus subtilis IFO
3032. The reaction mixture (40 ml) con-
taining 300 ymoles of sodium pantothe-
nate, 400 umoles of cysteine, 600 umoles
of ATP, 400 umoles of MgSO,, 6 mmoles
of Tris-HC1l buffer, pH 7.2, 40 mg of
sodium laurylsulfate, and 4 g of dried
cells of Brevibacterium ammoniagenes
was incubated for 8 hr at 37°C. Then
the mixture was diluted to 80 ml, imm-
ersed for 5 min in boiling water, and
the cells were removed by centrifugation.
The supernatant (70 ml) containing 45
mg of CoA was combined with a solutiom
of crude 3'-nucleotidase {30 ml), then
the mixture was incubated at 37°C. The
CoA initially present in the reaction
mixture was inactivated gradually.
After 6 hr incubation, the mixture was
boiled for 5 min, centrifuged, and app~
lied to a columm of charccal (1.6 x 7
cm), Elution, concentration, and treat-
ment with 2-mercaptoethancl were carried
out as described above. The resultant
solution was adjusted to pH 7.5 with
LiOH, diluted to 100 ml, and applied to
a column of DEAE-cellulose (chloride
form, 1.8 x 25 cm). Elution was carried
out by a 4000 ml linear salt gradient
(0-0.07 M LiCl in 0,003 M HC1l contain-
ing 0.1% 2-mercaptoethanol)}. Appropri-
ate fractions containing 3'-dephospho-
CoA were combined, and worked up as des-
cribed previously (see Section V), to
give the lithium salt (yleld, 33 mg;
ratio of adenosine : phosphorus : sulfhy-
dryl, 1:1.88:0.85, (required, 1:2:1);
Rf in solvent III, 0.67). Elution pro-
files from small scale experiments be-
fore and after treatment with the 3'-
nucleotidase are shown in Fig. 2.
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F1G. 2. Conversion of Formed CoA to 3'-De-~
phospho-CoA by 3'-Nucleotidase of Bacillus
subtilis IFO 3032.

The reaction mixture containing, in 6 ml,
45 ymoles of sodium pantothenate, 60 umoles
of cysteine, 90 umoles of ATP, 60 umoles of
MgS0,, 900 umoles of Tris-HCl buffer, pH 7.2,
6 mg of sodium laurylsulfate, and 600 mg of
dried cells of Brevibacterium ammoniagenes
was Iincubated for 10 hr at 37°C. The react-
ion was terminated by immersing the tube in
boiling water for 5 min, and cells were re-
moved by centrifugation. Two ml of the sup-
ernatant were combined with 2 ml of crude
3'-nucleotidase. The mixture was incubated
for 4 hr at 37°C, boiled for 5 min, centrifug-
ed, treated with 2 wl of 2-mercaptoethanol
for 6 hr at 10°C, diluted to 80 ml with
water, and applied to a colunm of DEAE-cellu-
lose {chloride form, 1.6 x 60 cm). Another
2 ml of the supermatant, not treated with
3'-nucleotidase, was treated with 2 ml of 2-
mercaptoethancl for 6 hr at 10°C, diluted to
80 ml, and applied to a similar columm of
DEAE-cellulose. Elution was carried out by a
1100 ml linear salt gradient (0~0.1 M LiCl in
0.003 M HCl containing 0.1X 2-mercaptoethanol).
Fractions of 3.5 ml each were collected.

Top, before treatment with 3'-nucleotidase;
bottom, after treatment with 3'-nucleotidase.
Peak I, 3'-dephospho-CoA; Peak II, CoA.

Formation of CoA from 3'-dephospho-ColA
with various nucleotides

3'-Dephospho-CoA was converted to
CoA in the presence of ATP. When ATP
was replaced with ADP, GTP, UTP, or CTP,



TABLE V. FORMATION OF CoA FROM
3' -DEPHCSPHO—CoA WITH
VARIOUS NUCLEOTIDES

The reaction mixture contained, in 0.5 ml,
1 umole of 3'~dephospho—CoA, 5 umoles of
nucleotide as indicated, 5 umoles of MgSOs,
75 ymoles of potassium phosphate buffer, pH
6.5, 0.5 mg of sodium laurylsulfate, and 50 mg
of Brevibacterium ammoniagenes. The reaction
was carriedout for 2 hr at 37°C, and terminated
by immersing the tube in boiling water for 5
min. After adding 1.5 ml of water, cells
vere removed by centrifugation, The super-
Datant was employed in the determfnation of
the product.

Rucleotide " CoA formed
added (umoles/ml)
ATP 2.13
ADP 1.34
GTP 1.24
ITP 1.37
iy y 0.45
CTP 0.50
None 0.07

accumulation of CcA was also observed.
The results are given in Table V.

DISCUSSION

A further step in the successful
precess for the production of CoA has
now been given: A large amount of 4'-
phosphopantetheine was selectively acc-
umulated without the formation of CoA
by replacing ATP with other nucleotides.
It was also produced in a higher yield
when Brevibacterium ammoniagenes was
cultivated with pantothenic acid, cys-
teine, CMP, and UMP (or GMP). 3'-De-
phospho-CoA was obtained by converting
the CoA formed by treating it with 3'-
nucleotidase of Bacillus subtilis IFO
3032, The present process described
here might be sultable not only for a
blochemical laboratory method but also
for further large scale production, be-~
cause the process 1s simple and rapid,
and requires no special equipment.

As will be described in the next
section, an interesting Property of the
purified pantothenate kinase of Brevi-
bacterium ammoniagenes is its partial
lack of specificity with regard to the
nucleotide. In the present work, ex-
periments with dried cells and growing
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cells also showed this broad specifici-
ty for the nucleotide. Further, CTP
and ADP, which are inactive nucleotides
with the purified pantothenate kinase
(see the next section), showed activity
with dried cells or growing cells. Om
the contrary, only ATP could couple with
4'-phosphopantetheine and yield CoA.
All other nucleotides tested appeared
to lack the ability to couple with 4'-
phosphopantetheine. The direct and ex-~
clusive accumulation of 4'-phosphopan-
tetheine from pantothenic acid and cys-
teine by the bacterium may be attributed
to the broad specificity for nucleotide
in the phosphorylation of pantothenic
acid and its restriction in the coupl-
ing of 4'-phosphopantetheine with ATP.
Another route for the accumulation of
4'-phosphopantetheine, which was shown
by incubating pantethine with all the
nucleotides tested except ATP, may also
be attributed to the facts as described
above.

Now, including CoA itself, all the
intermediates of CoA biosynthesis from
pantothenic acid, though 4'-phosphopan-
tothenoylcysteine is an exception, have
been able to be synthesized conveniently
by this microbial process.



Section VIII.
Purification and Properties of Pantothenate Kinase

. . . )
from Brevibacterium ammoniagenes IFO 12071

Pantothenate kinase (ATP : pantothenate 4'-phosphotransferase,
E. C. 2.7.1.33) was purified about 200-fold from the cell extract of
Brevibacterium ammoniagenes IFO 12071 by ammonium sulfate fractiona-
tion, DEAE-cellulose chromatography, and Sephadex G-150 gel filtra=

tion.
electrophoresis.
45, 000.

The purified enzyme gave a single band on polyacrylamide gel
The molecular weight was calculated approximately
The enzyme catalyzed the formatiom of &'=-phoaphopantothenic

acid and ADP from pantothenic acid and ATP in the presence of Mgz+,

ATP could be substituted for, partly, by ITP, GTP, and UTP.

The en-

zyme phosphorylated not only pantothenic acid, but also pantothenoyl-

cysteine, pantetheine, and pantothenyl alcohol,

Appareunt Km values

were 6.7 x 1075 M for pantothenic acid, 3.5x 1073H for ATP, and 10~

M for Mg2+.

The reaction was inhibited by the intermediates of CoA

biosynthesis, of which CoA itself was the most effective inhibitor,
Other properties of the enzyme were also investigated.

INTRODUCTION

Phosphorylation of pantothenic acid,
the first step in CoA biosynthesis from
pantothenic acid, has been found in
microorganisms (14,75,97) and mammals
(14,15,98,99). However, most of the
reports published were based on experi-
ments with crude or partially purified
preparations. Difficulty in purifying
this enzyme may be attributed to the
fact that the enzyme is hard to stabi-
lize (99).

In the previous sections, the author
has described a novel production method
for CoA from pantothenic acid, cysteine,
and AMP or ATP with the bacterium Bre-
vibacterium ammoniagenes IF0 12071.
Kow, the author has purified pantothe=-
nate kinase from Brevibacterium ammoni-
agenes a8 a8 homogenecus protein. In
this section, procedures for the puri=
fication of the enzyme, and some of its
characteristics are described, and its
physiological significance in CoA bio=-
syuthesis by this bacterium is briefly
discussed.

MATERIALS AND METHODS

Chemicals. &4'-Phogphopantothenic
acid (trilithium salt), 4'-phoaphopan-
tetheine (calcimm selti, 3'=dephospho-
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CoA (dilithium salt), and CoA (trili-
thium salt) were synthesized microbio-
logically as described In the previocus
sections. Pantothenoylcysteine, and 4'—
plwsphopantothenoyleysteine were kind
gifta of Dr. M. Shimizu, Dalichi Sei=-
yaku Co., Ltd., Tokyo. Sodium ssits of
ATP, ADP, GIP, GDP, ITP, UTP, KAD, HNADP,
aud FAD were given by Kyowa Hakko Ko-
gyo Co., Ltd., Tokyo. DEAE-cellulocse
(0.9 meq/g) was given by Green Cross
Corporation, Osaks. Sephadex G-150

and G-200 were purchased from Pharmacia,
Uppaala. Cytochrome ~ (horse heart},
chymotripsinogen A (bovine pancressj,
albumins (egg and bovine gerum), alco-
hol dehydrogenases (yeast and horse
liver), aldolase {rabbit muscle}, cata=
lase (beef liver), and ferritin were
purchased from Boehringer, Mannhels,
and alkaline phosphatase (caif mucosa)
from Sigma Chemical Co,, 5t, Louils.

All other reagenfsg were commercisl pro-
ducts of snalytical grade of purify.

Bacterial strain and groewth condi-
tions, Brevibscterium ammesnisgenes IFO
12071 was uged. The bacterius wvas cul-
tivated at 28°C for 36 hr under shaking
in z medius compsaed of 10 g of glucose
15 g of peptone, 1 g of ¥ ;HPOy, Z g of
HaCl, 0.2 g of Mg804-TB50, 1 g of yeast



extract, and 1 liter of tap water, pH
7.0. The cells were harvested by cent-
rifugation and washed with (.01 M pota-
ssium phosphate buffer, pH 7.0. The
washed cells were suspended in the same
buffer at a concentration of about 25
mg/ml, and stored at -15°C. The ave-
rage yield of cells was about 5 g (dry
weight) per liter of the medium.

Assay of pantothenic acid. The amo-
unt of pantothenic acid was measured
microbiologically using Saccharomyces
carlsbergensis ATCC 9080 as a test or-
ganism (46).

Assay of pantothenate kinase. A
mixture containing 12.5 nmoles of cal-
cium pantothenate, 1.25 umoles of ATP,
0.25 umole of MgCl,, 7.5 umoles of po-
tagsium phosphate buffer, pH 6.5, and
the enzyme, in a total volume of 0.25
ml was incubated at 37°C for 5-30 min.
The activity of pantothenate kinase was
measured as the difference between the
amount of pantothenic acid initially
present and that the remaining after
the reaction. This was checked by mea-
suring the recovery of pantothenic acid
after digestion with intestinal alkaline
phosphatase. One unit of the activity
is defined as the amount of the enzyme
which catalyzes the decrease of 1 nmole
of pantothenic acid per min under the
above conditions. Specific activity is
defined as units per mg of protein,

Polyacrylamide gel electrophoresis.
Electrophoresis was performed using a
modified method of Ornstein and Davis
(100) in 7.5 polyacrylamide gel at 4°C
in Tris-glycine buffer, pH 8.3, with a
current of 3 mA per tube. Instead of
preparing space gel, samples dissolved
in the reservoir buffer containing 10%
sucrose were layered on coarse gel.

The position of the proteinm bands was
detected by staining the gel with Amido
Black.

Cellulose acetate electrophoresis.
Electrophoresis on cellulose acetate
membrane {Carl Schleicher and Schiill,
Dassel) was performed at 3 mA/3 cm
(300 v) on cooling plates for 1 hr with
0.01 M potassium phosphate buffer, pH
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7.0, according to the procedure of Kohn
(101). The amount of protein spotted
wag about 80 ug (5 ul). The position
of the protein bands was detected by
staining the membrane with Amido Black.

Estimation of molecular weight by
gel filtration. The molecular weight
of pantothenate kinase was determined
by Sephadex G-200 gel filtration, acc-
ording to the method of Andrews (102).
The column (0.9 x 30 cm) was equilibra-
ted with 0.01 M potassium phosphate
buffer, pH 7.0. The elution of the
proteins was performed, using the same
buffer, at a flow rate of 1 drop per
4~-5 min. The proteins used as standards
were ugsed In various combinations, usu-
ally two at a time, to calibrate the
column. The amounts employed for each
protein were about 0.1-0.3 mg ina total
volume of 0.2 mi. Elution volume for
both yeast and liver alcohol dehydroge-
nase, catalase, and aldolase were obta-
ined by measurement of their catalytic
activities as described by Racker (103),
Chance and Maehly (104), and Taylor
(105), respectively, while those for
both egg and serum albumins, chymotry-
psinogen A, ferritin, and cytochrome ¢
were determined from the absorption
measurement at 280 nm or 412 nm.

Stoichiometry. A reaction mixture
containing 110 nmoles of calcium panto-
thenate, 0.19 umcle of ATP, 0.25 umole
of MgClp, 7.5 umoles of potassium phos-
phate buffer, pH 6.5, and 215 ug of the
purified enzyme (specific activity, 31
nmoles/mg/min) in a total volume of
0.25 ml was incubated for 30 min at 37°C.
A mixture omitting the enzyme was taken
as a control run. The reaction was
stopped by boiling the tube for 1 min
and 50 pl of the mixture was spotted on
Toyo Roshi No.53 filter paper. Compounds
were separated by paper chromatography,
using as solvent isobutyric acid-0.5 N
ammonium hydroxide (5:3, by vol.), and
each spot corresponding to ATP and ADP
was eluted with 5 ml of 0.1 M HCl. The
amounts of ATP and ADP were measured by
the absorbance at 260 nm.

Identification of reaction products.
Paper chromatography for the identifi-



cation of reactlion products was perform
ed using the following solvents: I, n-
butanol-acetic acid-water (5:2:3, by
vol.); and II, 1sobutyric acid-0.5 N
ammonium hydroxide (5:3, by vol.). ATP
and ADP were located with a UV-lamp.
Phosphorus—-containing compounds were
located with Hanes and Isherwood spray
(50) followed byultraviolet irradiation;
sulfhydryl compounds were detected with
Teennies and Kolb spray (51). For spe-
cial purposes, pantothenate-containing
compounds were detected by the use of
bioautographic techniques.

Assay of phosphatases. Phosphatase
activities in the kinase fraction were
checked as follows: p-Nitrophenylphos-
phatase activity was checked by measur-
ing the p-nitrophenol released (106).
Phosphatase against 4’'-phosphopantothe-
nic acid was checked by measuring the
pantothenic acid released (99), and
that against ATP by measuring the ADP
and AMP formed using paper chromatogra-
phy followed by the absorption measur-
ment at 260 nm.

Other methods. Protein was determin-
ed by the method of Lowery et al. (107)
with egg albumin as a standard. For
special purposes, the concentration was
also determined spectrophotometrically
from the absorbance at 280 nm. The ab-
sorbance of a solution of 1 mg/ml, de-
termined by the method of Lowry et al.
(107) was about 1.15 at 280 nminalecm
cuvette with 0.01 M potassium phosphate
buffer, pH 7.0.

RESULTS
Purification of the enzyme

All operations were performed at O-
5°C throughout the purification proce-
dures. In these procedures, centrifu-
gation was carried out at 12,000 x ¢
for 30 min, and potassium phosphate
buffer, pH 7.0, was used.

Preparation of crude extract. Fro-
zen cell suspension (about 25 g as dry
matter in 500 ml of 0.01 M buffer) was
thawed, disrupted with a Kaijo-Denki 19
kHz ultrasonic oscillator for 4 hr,
centrifuged, and the clear supernatant
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was obtained.

Ammonium sulfate fractionation.
Three lots of the above supernatant
were combined, then the solution was
brought to 0.6 saturation by adding
solid ammonium sulfate slowly and with
stirring. The pH of the solution was
maintained at 7.0 with 7.5 N ammonium
hydroxide. After stirring for a fur-
ther 30 min, the precipitate was coll-
ected by centrifugation, and dissolved
in 0.0l M buffer. The solution was
then dialyzed overnight (16 hr) against
two changes of 5 liter volumes of the
same buffer.

Chromatography on DEAE~cellulose.
The dialyzed solution was applied to a
column (5.5 x 40 cm) of DEAE-cellulose
previously equilibrated with 0.01 M
buffer. After washing with 2 liters of
0.02 M buffer, the enzyme was eluted
with 0.05 M buffer at a flow rate of
about 300 ml/hr. Fractions were coll-
ected, and those with an activity great-
er than 15 units per fraction (5 ml)
were pooled and concentrated to about
1 m]l within 12 hr using a collodion bag
(Carl Schleicher and Schiill, Dassel).

A typical elution profile for pantothe~-
nate kinase 1s shown in Fig. 1.
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FIG. 1. Profile for the Elution of Protein and

Enzyme from the Columm of DEAE—cellulose.

Each fraction contains 5 ml of eluate.
Details are given in the text. Scolid line,
enzyme activity; broken line, absorbance at

280 mm.

Chromatography on Sephadex G-150.
The concentrated enzyme solution was
passed through a column (1.8 x 60 cm)



of Sephaden G-150 equilibrated with
0.01 M buffer, and the enzyme was elut-
ed with the same buffer at a flow rate
of-10 mi/hr, Fractions (Nos. 22-26)
with a specific sctivity of 3133 were
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FI6, 2. Profile for the Blution of Proteln and
Enzyme from the Columm of Sephadex G-150.

Each fraction coptains 2.8 ml of sluste.
Details are given lo the text.

pooled, and concentrated to 1 ml using
a collodion bag. A typical elutiocn
profille for the enzyme ds shown in Fig.
2.

4 summary of the vields and specific
activities of the various fractions ob~
tadred during the purification procedure
is given dn Table 1. The enzyme has
beep purified approximatelv 200-fold
over the crude extract,

TABLE I, SUMMARY OF YIELDS AND SPECIVIC
ACTIVITIES OF FRACTIONS DETAINED DURING THE
PURIFICATION OF PANTOTHENATE EINASE FROM
BEEVIBACTERIUN AMNONIAGENES TFO12071

Total Total Specific
Praction protein scrivity  activity

(mg) {onits)  {units/mg)
Cell extract 11305 2035 0,18
Aoponium sulfate B750 1488 1,17
DEAR-cellulone 5.4 18504 A7.55
Sephadex =150 2.4 2.4 34,31
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Activities of phosphatases in the
cell extract were negligible in degree,
and they were completely separated from
the kinase by the chromatography on
DEAE~cellulose.

Throughout the purification proced-
ures, rapid operations were required in
order to achieve better purificatiom.
Usually, the above process was complet-
ed within 3-4 days. Stagnation in the
process and further scale-up of the
purification brought considerable loss
of the activity. In some cases, a-scale
of one~third that described sbove was
performed, and good results were obtain-
ad.

Properties of the enzyme

polyacrylamide gel and cellulose

apetate membrane electrophoresis. The
purified enzyme gave a single band on
disc gel electrophoresis, while the en-~
zyme preparation whithout gel filtration
on Sevhadex G-150 showed one major band
having the activity and three minor bands
{Fig. 3}, On cellulose acetate membrane,

PIG. 3. Polyacrylamide Gel Electrophoresis of
Pantothenate Kinase.

Top, before Sephadex G-150 gel filtration (s}
bottom, after Sephadex 0~150 gel filtration (bh
The eneymes applied were about 100 up (a) and
150w (b).  Details are given in the text.

both the enzyme preparations gave a
gingle band.

Molecular weight. The molecular wei-
ght of pantothenate kinase was determin-
aé by the method of Andrews {102) (Fig.
é}. From the figure, a value of appro-~
ximately 45,000 was calculated.
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FIG. 4. Estimation of the Molecular Weight of
Pantothenate Kinase by Gel Filtration.

The proteins used were: 1, pantothenate
kinase: 2, cytochrome ¢ (13,000); 3, chymo-
tripsinogen A (25,000); 4, egg albumin (45,000)%
5, serum albumin (67,000); 6, liver alcohol
dehydrogenase (84,000); 7, aldolase (147,000);
8, yeast alcohol dehydrogenase (151,000); 9,
catalase (240,000); 10, ferritin (540,000).
The amount of pantothenate kinase appllied was
about 250 ug, and the activity was detected
as described in the text. The numbered in
parenthesis represents the molecular weight
of each protein. Detailed conditions are givm
in the text.

Absorption spectrum. The absorption
spectrum of the enzyme in 0.01 M pota-
ssium phosphate buffer, pH 7.0, showed
a maximum of absorbance only at 279 nm
with a small shoulder at 285-290 nm.

A solution of 1 mg enzyme per ml in a
1 cm cuvette exhibited an absorbance of
1.04 at 280 nm.

Stability. The purified pantothen-
ate kinase was considerably unstable at
4°C at a protein concentration of 2 mg
per ml of 0.01 M potassium phosphate
tuffer, pH 7.0, and lost all of its ac-
tivity within 4 days. The enzyme after
the DEAE-cellulose step was alsoc inac-
tivated completely within a week. ATP
and sucrose, which stabilize the kinase
of rat liver (99), were ineffective.
The purified enzyme (12.2 ug in 5 ul of
0.01 M potassium phosphate buffer, pH
7.0) was incubated at various temperat-
ures for 10 min, and the remaining act-
ivity was measured. All the intial ac-
tivity remained below 30°C, but 707 of
the initial activity was lost at 37°C,
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and at 43°C the enzyme was completely
inactivated. The enzyme (12.2 ug in 50
ul of 0.01 M potassium phosphate buffer)
was stable at pH 7.0 when incubated at
30°C for 10 min, but 50%, 10Z, and 20%
of the initial activity was lost at pH
6.5, 7.5, and 8.0, respectively.

Substrate specificity. The enzyme
catalyzed not only the phosphorylation
of pantothenic acid, but also. that of
pantothenoylcysteine, pantetheine (pan-
thethine plus cysteine), and pantothenyl
alcohol. The products of phosphorylat-
ion of pantothenic acid, pantothenoyl-
cysteine, pantetheine, and pantothenyl
alcohol were identical with 4'-phospho-
pentothenic acid (Rf 0.59 in solvent
1), &4'-phosphopantothenoylcysteine (Rf
0.42 1in solvent I), 4'-phosphopante-
theine (Rf 0.66 in solvent I), and pho-
sphopantothenyl alcohol* (Rf 0.38 in
solvent I), respectively.

Nucleotide requirement. Phosphory-
lation of pantothenic acid by the en-
zyme was completely dependent on ATP
and Mg2*. ATP could be substituted for,
partly, by ITP, GTP, and UTP. However,
CTP was ineffective under the conditions
employed (Table II).

TABLE TI. NUCLEOTIDE SPECIFICITY OF
PANTOTHENATE KINASE

The enzyme (12.2 ug; specific activity,
34.3 mmoles/mg/min) was incubated at 37°C for
15 min with 12.5 umoles of calcium pantothen-
ate, 0.25 ymole of MgCly, 7.5 umoles of pota-
ssium phosphate buffer, pH 6.5, and 1.25
mmoles of mucleoside triphosphate as indicated.
Details are given in the text.

Fucleotide

Relative activity
ATP 100
ITP 46
GIP 28
UT? 18
CT?P 0
Rone 0

% This was prepared microbiologically
from pantothenyl alcohol according to a
similar procedure to that for the pre-
paration of 4'-phosphopantothenic acid
as described in Section VI.



Effect of divalent metal ions. The
enzyme required H32+ for the activity.
MnSOy, CoClp, NiCly;, and ZnCl, were 821,
76X, 55%, and 52X as effective, respec-
tively, as MgCl,. CaClp, CdCly, BaCly,
PbCl,, FeSO,, and CuSQ, were ineffective.
The phosphoryaltion of pantothenic acid
was iphibited by the additioms (1073 M)
of BaCly, PbCl,, FeS0,, and CuSOy. The
activities obtained with these catlons
were 56%, 537, 9%, and 3% of that of
the complete system (MgCl, only), res-
pectively. MnS0;, CoClp, NiCl,, ZnCl,,
CaCly, and CdCl, showed no inhibitory
effect.

Stoichiometry. When calclum panto-
thenate and ATP were incubated with the
enzyme, 68 nmoles of pantothenic acid
and 75 nmoles of ATP were consumed, and
70 nmoles of ADP were formed. The pan-
tothenlc acid was completely recovered
by phosphatase digestion.

It appeared that the reaction proce-
eded most rapidly toward the formation
of 4'-phosphopantothenic acid, since no
evidence for reversibility could be ob-
tained on incubation of small amounts
of 4'-phosphopantothenic acid with ADP.

Inhibition by the intermediates of
CoA biosynthesis and their related
compounds. As shown in Table II1, CoA
and its biosynthetic precursors inhibi-
ted the phosphorylation of pantothenic
acid, and CoA, especially, was a very
effective inhibitor. Such inhibitions
were also observed in the experiments

with rat liver pantothenate kinase (98,

99). Inhibitions by these compounds
seemed to be uncompetitive with panto-
thenic acid, accordimg to the double
reciprocal plots. The apparent Ki
values for these compounds are alsc
given in Table III. Pantothenoylcys-
teine, pantetheine, and pantothenyl
alcohol, which were possible substrates
for the kinase as described above, also
inhibited the phosphorylation of panto-
thenic acid competitively. The appar-
ent Xi values for pantothenoylcysteine,
pantetheine, and pantothenyl alcohol
were 0.31 mM, 0.20 mM, and 0.095 mM,
respectively. 3',5'-ADP, ADP, 3'-AMP,
AMP, GTP, GDP, ITP, UTP, CTP, NAD, NADP,
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TABLE T11. INHIBITORY EFFECT OF IPTI'ERY.!'ICEAT.!rI.]:AgNBS
OF CoA BIOSYNTHESIS ON THE PHOSPHOR
OF PANTOTHENATE

The enzyme (12.2 ug; specific activity,

.3 moles/mg/min) wae incubated for 25 min
3:ti various gnnceutrations of intermediates
as indicated. Other conditfons are given in
the text.

For obtaining the xi values, the enzyme
(8.1 ug; specific activity, 41.1 nmoles/mg/
min) was Incubated at 37*Cc for 15 min with
various amounts of pantothenate, ranging from
5 to 40 mmoles, in the presence and absence
of the intermediates. The amounts of the
intermediates added were as follows: 12.5
amoles of 4'-phosphopantothenic acid, 6.25
mmoles of 4'-phosphopantetheine, 6.25 nmoles
of 3'-dephospho—CoA, 6.25 mmoles of CoASH,
and 3.13 nmoles of CoASSCoA.

Inhibition (1) at Ki

Intermediate TaM 250 uM SOpM (M)
4" -Phospho— 8.8 3.8 125
pantothenic acid 18.8

4'-Phosphopanto- _a) 6.3 0 _
thenoylcysteine

4'-Phospho- 60.1 33.0 2.1 37
pantetheine

3' -pephoapho-CoA  42.5 18.8 2.5 83
CoASH 68.8 50.0 2.5 33
CoASSCoA®) 42.5 23.8 8.8 67

a) pot examined.
b) An equivalent amount to that of CoASH was

added .

and FAD showed no inhibitory effect at
a concentration of 1 mM.

Kinetics. The pH optimum and the
temperature optimum for the kinase re-
action were found to be 6.5-7.0, and
30-37°C, respectively.

Double reciprocal plots of the reac-
tion velocity versus varying concent-
rations of one substrate and a fixed
concentration of the other substrate
gave apparent Kkm values of 0.067 mM for
pantothenic acid (vmax, 61.6 nmoles/mg/
min), 0.035 mM for ATP, and 1.0 mM for
Mg2*. A Km value for the ATP-Mg2* 1:1
mixture was 1.0 mM. Substrate inhibi-
tion was observed with respect to pan-

tothenic acid at concentrations above
0.5 mM.

Effect of inhibitors. The enzyme
(12.2 ug) was not inactivated by 1 mM
monoiodoacetate, 1 mM p-chloromercuric



benzoate, 1 M a,a'-dipyridyl, 1 mM
citrate, and 10 mM KCN, when incubated
in 100 ul of 0.015Mpotassium phosphate
buffer, pH 6.5, at 10°C for 15 min.
While the presence of 1 mM EDTA, 0.1 mM
HgCl,, 0.1 mM Na,HAsSO,, and 1 mM AlCl;
decreased the original activity by 83%,
100%, 77%, and 917, respectively.

Ammonium ion alsc inhibited the re-
action. NHyCl at 0.1 mM, 1 mM, and 10
mM inhibited the activity by 22%, 35Z,
and 507, while (NH,),S50, at 0.05 mM, 0.5
mM, and 5 mM inhibited it by 17%, 407,
and 66%, respectively.

DISCUSSTION

This section describes the purifica-
tion and properties of the pantothenate
kinase of Brevibacterium ammonliagenes
IFO 12071. The enzyme was purified as
a homogeneous protein with a specific
activity of more than 30 mmoles/mg/min
from the cell extract of the bacterium.
Experiments with the purified enzyme
showed that the enzyme catalyzes the
formation of 4'-phosphopantothenic acid
and ADP from pantothenlc acid and ATP
in the presence of Mg2+.

Cell extract of Brevibacterium amm-
oniagenes 1s a much richer source of
pantothenate kinase than liver extracts
used by Karasawa et al. (98) and by
Abiko et al. (15,99). It seems pro-
bably that phosphatase activities are
very week in this bacterium. Possibly
this initial advantage is reflected
also in gaining preparations of panto-
thenate kinase of much higher specific
activity than those reported by Abiko
et al. (99) for liver pantothenate ki-
nase.

Although bacterial pantothenate ki-
nase and liver pantothenate kinase are
broadly similar, their properties diff-
er in detail. Both the enzymes are
gimilar in that both phosphorylate not
only pantothenic acid but also panto-
thenoyleysteine, pantetheine, and pan-
tothenyl alcohol, and that the reaction
is inhibited by CoA and its biosynthe-
tic intermediates. Both the enzymes are
considerably unstable. The liver enzyme
was relatively stable in the presence
of 1 mM ATP and 102 sucrose. However,
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these compounds were ineffective for

the bacterial enzyme. Difficulty in
purifying the enzyme may be attributed
to the fact that the enzyme is hard to
stabilize. In the present case, with
increasing purity a decrease in stabili-
ty was brought about. The purified en-
zyme was inactivated very rapidly even
at 4°C. The loss of the activity was
apparently irreversible.

As previously described, incubation
of pantothenic acid, cysteine, and ATP
with dried cells of Brevibacterium amm-
oniagenes gave CoA in high yields.
Further, cultivation of the bacterium
with pantothenic acid, cysteine, AMP,
and a surfactant gave a higher accumu-
lation of CoA (2-5.5 mg/ml), and that
with UMP and CMP replacing AMP gave an
accumulation of 4'-phosphopantetheine,
but not CoA, in the culture broth. The
author initiated the present investiga-
tion in order to clear up the mechanism
of this higher accumulation of CoA by
the bacterium. Unexpectedly, it was
observed in the bacterium as well as in
rat liver, that phosphorylation of pan-
tothenic acid, the first step in CoA
biosynthesis, was strongly inhibited by
CoA as the end product. Karasawa et
al. (98) and Abilko et al. (99) have su-~
ggested that the inhibition of the ki-
nase by CoA may be involved in regulat-
ing the CoA level in rat liver. The
physioclogical significance of this in-
hibition may be appreciated from the
standpoint of the control of CoA bio-
synthesis. However, the overproduction
of CoA by the bacterium and this regu-
lation mechanism in the bacterium seem
to contradict each other, In this con-
nection, further detailed investigation
would be required. Another interesting
property of the enzyme is its partia.
lack of specificity with regard to the
nucleotide. Accumulation of 4'-phospho-
pantetheine, but not CoA, from panto-
thenic acid, cysteine, UMP, and CMP by
the bacterium may be attributed to this
broad specificity of the nucleotide for
the phosphorylation of pantothenic acid
(see Section VII).



Section IX.
Some Aspects of the Enzyme Activities Involved in Coenzyme A

Biosynthesis in Various Microorganisms*)

The distribution of the enzyme activities relating to CoA bio-
synthesis from pantothenic acid in various microorganisms and the
effect of CoA on these activities are described.

High activities of partial reactions involved in CoA biosynthe-
8is were surveyed in various type culture strains involving bacteria,
actinomycetes, lactic acid bacteria, molds, and yeasts. Generally,
higher activities were found in bacteria. CoA inhibited the phospho-
rylation of pantothenic acid, and resulted in a decrease of CoA pro-
duction in all the CoA producing strains, while only a little inhi-
bition by CoA was observed in the other reactions, and CoA production

from 4'-phosphopantothenic acid by Brevibacterium ammoniagenes IFOQ

12071 was not repressed even In the presence of 4 mM of CoA.

Extra-

cellular excretion of the enzymes of CoA biosynthesis was observed

when cells were in contact with sodium laurylsulfate.

Degrading

activity against CoA and that against AMP were relatively lower in
CoA producing strains when compared with those in other strains.

It was confirmed that Brown's route of CoA blosynthesis operates in
Brevibacterium ammoniagenes IF0O 12071.

INTRODUCTION

In the previous sections, the author
has described a higher production of
CoA from pantothenic acid, cysteine,
and AMP or ATP by Brevibacterium ammo~
niagenes IF0 12071, and has established

a new process for the production of CoA.

Further, including CoA itself, all the
intermediates of CoA bilosynthesis from
pantothenic scid, though 4'-phosphopan~
tothenoylcysteine is an exception, have
been synthesized freely with highyields
by the microbial process.

This section describes some aspects
of the enzyme activities relating to
CoA biosynthesis from the viewpoint of
higher accumulation  of CoA.

MATERTALS AND METHODS

Chemicals. Pantothenoylcysteine and
4'-phosphopantothenoylcysteine were the
kind gifts of Dr. M. Shimizu, Daiichi
Seiyaku Co., Ltd., Tokyo. All other
reagents used were the same as those in
the preceding section.

Microorganisms and cultivations. Br-
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evibacterium ammoniagenes IF0 12071 and
other strains used were strains preserv-
ed in the laberatory of Applied Micro-
biology, Department of Agricultural
Chemistry, Kyoto University. The media
for bacteria and yeasts were the same
as described in Section I. Molds were
grown in a medium composed of 3 g of
sucrose, 0.3 g of yeast extract, 0.2 g
of NaNOj, 0.05 g of MgSO,*7H,0, 0.05 g
of KC1, 0.01 g of FeSO,+7H,0, and 100
wl of tap water, pH 6.2. Actinomycetes
were grown in a medium composed of 1 g
of peptone, 0.1 g of meat extract, 0.1
g of yeast extract, 0.5 g of NaCl, and
100 ml of tap water, pH 7.0. Lactic
acid bacteria were grown in a medium
composed of 1 g of glucose, 1 g of pep-
tone, 1 g of yeast extract, 1 g of sod-
ium acetate, 0.05 g of KH,PO,, 0.05 g
of K2HP0|,H 0.02 g of HSSOQ'7H20, 0.001
g of FeS0,°7H,0, 0.001 g of MnS0y « 46
Hy0, 0.001 g of NaCl, and 100 ml of tap
water, pH 7.0. All the cultivations
were carried out with shaking for 2-4
days at.28°C, except for lactic acid
bacteria, which were cultured without
shaking.



Preparation of dried cells. Dried
cells of various microorganisms were
prepared according to the method des-
cribed previously (see Section I).

Preparation of cell extract. Enzyme
extraction was carried out as follows:
(A) Washed cells of Brevibacterium amm-
oniagenes IF0 12071 (700 mg as dry mat-
ter) were suspended in 20 ml of 0.01 M
potassium phosphate buffer, pH 7.0, con
taining 0.03% 2-mercaptoethancvl, dis-
rupted by a Kaijo-Denki 19 kHz ultra-
sonic oscillator for 10 min below 10°C,
and centrifuged. The supernatant was
dialyzed overnight against 2 liter vol-
umes of the same buffer at 4°C, which
wag then diluted to a protein concen-
tration of 6.6 mg per ml with the same
buffer and used as the enzyme. (B) The
washed cells (700 mg as dry matter), l4
mg of sodium laurylsulfate, and 350
umoles of potassium phosphate buffer,
pH 7.0 were incubated for 1 hr at 20°C
in a total volume of 7 ml, and the cells
were removed by centrifugation. The
supernatant was used as the enzyme.

Reactions and activity measurements.
The reaction mixture for the synthesis
of CoA from pantcthenic acid contained,
in 0.5 ml, 1 umole of sodium pantothe-
nate, 2 umcles of cysteine, 5 umoles of
ATP, 75 umoles of potassium phosphate
buffer, pH 6.5, 5 umoles of MgS0,, 0.5
mg of sodium laurylsulfate, and 50 mg
of dried cella. The activity was mea-
sured by measuring CoA formed with the
phosphotransacetylase method of Stadt-
man et al. (43) using the enzyme of
Escherichia coli Crookes AKU 000l as
described previocusly (see Section I).
The mixture, with cysteine omitted, was
used for the phosphorylation of panto-
thenic acid. The activity was measured
by following the disappearance of panto-
thenic acid with Saccharomyces carls-
bergensis ATCC 9080 (46). This was
checked by measuring the recovery of
pantothenic acid after digestion with
alkaline phosphatase (calf intestinal
mucosa). The reaction mixture for the
coupling reaction between 4'-phospho-
pantothenic acid and cysteine contained,
in 0.5 ml, 1 umole of 4'-phosphopanto-
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thenic acid, 2 umoles of cysteine, 5
ymoles of CTP or ATP, 5 umoles of MgsOy,
75 umoles of potassium phosphate buffer,
pR 6.5, 0.5 mg of sodium laurylsulfate,
and 50 mg of dried cells. The actlvity
wvas measured as the difference between
the amount of 4'-phosphopantothenic acid
initially present and that remaining
after the reaction. The reaction mix-
ture for the synthesis of CoA from 4'-
phosphopantetheine contained, in 0.5 ml,
1 umole of 4'-phosphopantetheine, 5
ymoles of ATP, 5 umoles of MgSOy, 753
umoles of potassium phosphate buffer,
pH 6.5, 0.5 mg of sodium laurylsulfate,
and 50 mg of dried cells. A mixture

in which 4'-phosphopantetheine was re-
placed with an equimolar amount of 3'-
dephospho-CoA was used for the synthe-
sis of CoA from 3'-dephospho-CoA. Both
the activities were measured by measur-
ing the CoA formed. The assay mixture
for CoA degrading activity contained,
in 0.5 ml, 0.5 ymole of CoA, 5 umoles
of MgSOy, 75 umoles of potassium phos-
phate buffer, pH 6.5, 0.5 mg of sodium
laurylsulfate, and 30 mg of dried cells,
and the activity was measured by follow-
ing the disappearance of CoA in the re-
action mixture. The assay mixture for
AMP degrading activity contained, in
0.5 ml, 5 umoles of AMP, 5 umoles of
MgSOy, 75 umoles of potassium phosphate
buffer, pH 6.5, 0.5 mg of sodium lauryl-
sulfate, snd 50 mg of dried cells. The
activity was checked by measuring the
AMP remaining, using paper chromatogra-
phy followed by absorpticn measurement
at 260 nm. The solvent used was iso-
butyric acid-0.5 N ammonium hydroxide-
0.1 M EDTA (100:60:1.6, by vol.}. In
all the cases, the reaction was carried
out at 37°C in a total volume of 0.5 ml,
and terminated by immersing the tube in
boiling water for 5 min. After 1.5 ml
of water was added, cells were removed
by centrifugation. The supernatant was
employed in the determination of the
substrate remaining or the product for-
med .

Other method. Proteln was determin-
ed by the method of Lowry et al. (107).



RESULTS

Distribution of the enzyme activities
relating to CoA biosynthesis in various
microorganisms and the effect of CoA on
the activities

In Section I, it has been shown that
Brevibacterium ammoniagenes IFO 12071
and several bacteria are able to syn-
thesize CoA from pantothenic acid, cys-
teine, and ATP with high yields. 1In
the present experiment, higher activi-
ties of the partial reactions involved
in CoA biosynthesis were surveyed in
further varieties of microorganisms,
which involved 29 strains of bacteria,
22 strains of actinomycetes, 21 strains
of lactic acid bacteria, 15 strains of
molds, and 31 strains of yeasts. High
activities for the phosphorylation of
pantothenic acid were found in 12 st-
rains of bacteria, 2 strains of actino-
mycetes, and 1 strain of mold, by which
more than 40X of the pantothenic acid
added was phosphorylated. Wide dis-
tribution of the coupling activity bet-
ween 4'-phosphopantothenic acid and

cysteine was found, In 22 strains of
bacteria, 6 strains of actinomycetes,

5 strains of lactic acid bacteria, and
2 strains of molds, more than 407 of
the 4'-phosphopantothenic acid added
coupled with cysteine in the presence
of CTP. CTP was a more preferential
energy source than ATP in almost all
the strains tested, as pointed out by
Brown (14) in Proteus morganii. But,
Bacillus megaterium NI 8100 and Bacil-
lus subtilis IFO 3007 showed a higher
activity with ATP than with CTP. Ele-
ven strains of bacteria, 2 strains of
actinomycetes, 2 strains of lactic acid
bacteria, and 1 strain of mold produced
CoA from 4'-phosphopantetheine with
more than 402 yield. Thirteen strains
of bacteria, 3 strains of actinomycetes,
2 strains of lactic acid bacteria, and
2 strains of molds converted more than
40%Z of the 3'-dephospho-CoA added to
CoA. Among them, 2 strains of Brevi-
bacterium ammoniagenes IF0O 12071 and
IFO 12072, and Corynebacterium glutami-
cum ATCC 13060 gave an almost quanti-
tative conversion of 3'~dephospho-CoA

TABLE I. ACTIVITIES OF THE ENZYMES INVOLVED IN CoA BIOSYNTHESIS IN SEVERAL

MICROORGANISMS AND THE EFFECT OF

All the reactions were carried out for 4 hr with or without CoA.

The amount of CoA supplemented was 0.5 umole.
formed or the substrate consumed in
in each reaction are given in the right hand column of the table.

described in the text.
as umcle of the product
The activities with CoA

CoA

Other conditions are
Activities are glven
0.5 ml of the reaction mixture.

Enzvme activity

Paa PaA P-~Papa) P-PaSH DP-CoA
Strain .
N ~ ~ ~N
CoA P-PaA P-PaCySH CoA Co4
Brevibacterium ammoniagenes IFQ 12071 1.0 0.5 1.0 0.8 1.0 1.0 1.0 1.0 1.0 0.9
" " IF0 12072 0.7 0.3 0.9 0.8 1.0 1.0 0.8 0.8 1.0.0.9
. sp. AKU 0644 6.4 0.1 0.6 0,2 0.9 1.p 0.6 0.5 1.0 0.9
Corynebacterium glutamicum ATCC 13059 0.5 0.1 0.8 0.4 0.9 0.9 0.7 0.6 0.9 0.9
" " ATCC 13032 0.4 0.1 0.8 0.4 0.7 0.8 0.7 0.5 0.8 0.8
Sarcina lutea IFO 3232 0.5 0.2 0.7 0.4 0.7 0.6 0.6 0.7 0.9 0.9
Micrococeus luteus IFQO 3763 0.6 0.3 0.7 0.5 1.0 1.0 0.8 0.7 0.7 0.5
Nocardia corallina IFO 3338 0.4 0.1 0.6 0.4 0.8 0.6 0.6 0.5 1.0 0.7
Escherichia freundii K1 AKU 0011 el er  troer 0.9 0.9 0.2 er o1 on
Flavobacterium fuscum AKU 0140 tr tr tr tr 0.8 0.9 0.1 ¢r 0:5 0.3
Bacillus subtilis IFO 3007 tr tr tr tr tr tr tr tr tr t;
Aspergillus niger IF0 4091 tr tr 0.5 0.5 0.1 0.1 0.4 0.4 0.5 0.5

a) Activities were measured in the reaction mixture with CTP.

b) tr: trace.
Abbreviations used: Paa
4'-phosphopantothenoylcysteine; P-PaSH, 4'

» pantothenic acid; P-Paa, 4°
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—phosphopantothenic acid; P-PaCysH,

—phosphopantetheine; DP-CoA, 3'—dephospho-Coa.



to CoA up to a concentration of 8 mM.
As to the over all reaction to produce
CoA from pantothenic acid, cysteine,
and ATP, higher activities were shownm
by 8 strains of bacteria and 1 strain
of actinomycete, which accumulated CoA
at a concentration of more than 0.5 mg
per ml. A part of the results is shown
in Table I. Table I also shows the
effect of CoA on the activities of the
enzymes 1nvolved in CoA bilosynthesis in
several microorganisms. CoA inhibited
the phosphorylation of pantothenic acid,
and resulted in the decrease of CoA pro-
duction in all the strains tested, while
no significant inhibitien was observed
in the formation of CoA from 4'-phospho~
pantetheine and from 3'-dephospho-CoA,
and in the coupling between 4'-phospho-
pantothenic acid and cysteine. Degrad-
ing activity against CoA and that again-
st AMP were relatively lower in CoA
producing strains when compared with
those in other strains, as shown in
Table II.

TABLE 11. CoA— AND AMP-DEGRADING ACTIVITIES
IN SEVERAL MICROORGANISMS

The reaction was carried out as described
in the text. Activities are given as umoles
of the substrate degraded in 0.5 ml of the re-
action mixture.

Degrading activity
against
CoAd)  AMPD)

Strain

-
v

Br. ammoniagenes IF0 12071
" IFO 12072

" 8p. AKD 0644

C. glutamicum ATCC 13059

- - ATCC 13032

.
o
wn

S. lutea IFO 3232

N. luteus IFD 13763

N. corallina IFO 3338
E. freundii K1 AKU 0011
F

B

A

.
o
w

.

. fuscum AKU 0140
. subtilis IFO 3007
. niger IFO 4091
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a) The reaction time was 2 hr.
b) The reaction time was J hr.

Activities for the phosphorylation
of pantothenic acid and the accumulation
of CoA in the culture broth were tested,
using several CoA producing straims.
The strains were adapted to the fermen-
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TABLE II1. PHOSPHORYLATION OF PANTOTHENIC ACID
AND ACCUMULATIOR CF CoA IN THE CULTURE
BROTH BY SEVERAL BACTERIA

All the cultivations were carried out as de-
scribed previously (see Section IV.), except
that cysteine was omitted in the case of the
phosphorylation of pantothenic acid yielding
4'-phosphopantothenic acid (P-Fad). Assays of
CoA and P-PaA were made for 6 day cultures.
Growth was checked for 3 day cultures.

Product
Strain formeda) Growthb)
P-PaA CcA
Br. ammoniagenes IF0 12071 2.0 3.3 0.71
" - IFO 12072 1.4 1.0 0.64
* 8p. AKU 0644 1.7 0.8 0.65
" sp. AKU 0645 1.0 0.3 0.69
C. glutamicum ATCC 13059 0.9 0.1 0.54
- " ATCC 13060 1.2 0.4 0.57
" - ATCC 13032 0.4 0.1 0.41
S. lutea 1F0 3232 0.8 0.1 0.60
M. luteus IPO 3763 0.1 0 0.35

a) Values are given as mg per ml. The amount
of P-PaA formed is given as pantothenic
acild consumed.

b) A half ml of broth was diluted to 50 ml,
and the turbidity at 610 nm was read.
Growth check was made only in the case of
CoA formation.

tation medium used for CoA production
by Brevibacterium ammoniagenes 1F0 12071
by repeated single colony selections,
and cultivated in the fermentation med-
ium as described previously (see Section
IV). Brevibacterium ammoniagenes IFO
12072 and Brevibacterium sp. AKU 0644
gave CoA accumulation (Table III).

Effect of CoA concentration on the acc-
unmulation of CoA

It has been previously observed that
a purified pantothenate kinase of Bre-
vibacterium ammoniagenes IFQ0 12071, as
well as that of rat liver (98,99), is
strongly inhibited by CoA as the end
product (see Section VIII). As shown
in Fig. 1, a CoA dependent inhibition
of the phosphorylation of pantothenic
acld was also observed in a system with
dried cells of this bacterium, while
only a little inhibition was observed
in the coupling between 4'-phosphopan-
tothenic acid and cysteine and that
between 4'-phosphopantetheine and ATP,
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FIG. 1. Effect of CoA Concentration on the

Reactions Involved in CoA Biosynthesis.

(A) Phosphorylation of pantothenic acid: The
reaction was carried out for 3 hr (a), 5.5 hr
(b), or 8 hr (c) with or without CoA as indi-
cated. Other conditions were the same as those
described in the text except that the panto-
thenic acid and ATP added were 2.5 and 7.5
umoles, respectively.

(B) Coupling of &4'-phosphopantothenic acid
with cysteine in the presence of CTP {a) or
ATP (b): The reaction was carried out for 5.5
hr with or without CoA as indicated. Other
conditions were the same as those described in
the text except that the 4'-phosphopantothenic
acid, cysteine, and CTP (or ATP) added were
2.5, 5, and 7.5 umoles, respectively.

{C) Conversion of 4'-phosphopantetheine to
CoA: The reaction was carried out for 3 hr (a)
and 5.5 hr (b) with or without CoA as indicat-
ed. Other conditions were the same as those
described in the text except that the 4'-
pbosphopantetheine and ATP added were 2.5 and
7.5 ymoles, respectively.

even when 5 mM of CoA were present in
the reaction mixture. The CoA synthesis
from pantothenic acid was almost comp-
letely repressed when 4 mM of CoA were
present. This inhibition could be part-
ly overcome by increasing the concen-
tration of the dried cells. On the
other hand, the synthesis from 4'-phos-
phopantothenic acid was not repressed
significantly, even when 4 mM of CoA
were present (Fig. 2).

Stability of the enzyme activities in-
volved in CoA biosynthesis

The enzyme activities of Coa biocsyn~
thesis in dried cells of Brevibacterium
ammoniagenes IFQ 12071 were consider-
ably stable when stored at -15°C, and
loss of the activities was within i62
after 3 years storage (Table IV).
Similar results were obtained with the
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FIG. 2. Time Course for the Syntheslis of CoA
in the Presence of CoA.

(A) Synthesis from pantothenic acid: The
reaction was carried out with 1 umole (a) or
2 moles (b) of CoA. Other conditions were
the same as those described in the text except
that the pantothenic acid, cysteine, and ATP
added were 2.5, 5, and 7.5 umoles, respective-
ly. The mixture without CoA was used as a
contrel run {c).

(B) Synthesis from 4'-phosphopantothenic
acid: The reaction was carried out with 1
umole (a) or 2 umoles (b) of CoA. Other con-
ditions were the same as those described in
the text except that the 4'-phosphopantothe-
nic acid, cysteine, and ATP added were 2.5,

5, and 7.5 ymoles, respectively. The mixture
without CoA was used as a control rum {(c).

experiment with washed cells.

Bffect of surfactant on the enzyme ac-
tivities involved in CoA biosynthesis

The author has previously observed
the great stimulation of CoA accumula-
tion by the addition of certain surf-
actants (see Sectiom II, 1II, and V).
As shown in Table V, extracellular ex-
cretion of the enzymes of CoA biosyn-
thesis was observed, when the washed
cells of Brevibacterium ammoniagenes
IFO 12071 were treated with sodium lau-
rylsulfate. However, the proteins
which leaked out were a very small amo-
unt when compared with that in cells
which were treated with ultrasonic osc-
ilation, and substantial activity re-
mained in the cells. The dialyzed cell
extract contained activities of panto-
thenate kinase, 4'-phosphopantothenoyl-
cysteine synthetase, 4'-phosphopanto-
thenoylcysteine decarboxylase, 3'-de-



TABLE IV. EFFECT OF STORAGE TIME ON THE
ENZYME ACTIVITIES OF CoA BIOSYNTHESIS
IN DRIED CELLS

The reaction for the phosphorylation of
pantothenic acld (PaA) was carried out for §
hr as described in the text, except that PaA
and ATP added were in the amounts of 2.5 and
7.5 umoles, respectively. The reaction for
the coupling of &4'-phosphopantothenic acid
(P-PaA) with cysteine ylelding 4'-phospho-~
pantothenoylcysteine (P-PaCySH) was carried
out for 3 hr as described in the text, except
that the P-PaA, cysteine, CTP, and dried cells
added were 2.5, 5, 7.5 umoles, and 30 mg, re-
spectively. The reaction for the synthesis
of CoA from PaA was carried out for 5 hr as
described in the text, except that the Pal,
cysteine, and ATP added were 2.5, 5, and 7.5
umoles, respectively.

Activity remaining (X)

Storage time PaA P-PaA PaA
(year) Ny ™~ N
P-PaA  P-PaCySH CoA
0 100 -a) 100
1 95 100 Q7
2 90 100 100
3 88 100 B84

a) not tested.

phospho—CoA pyrophosphorylase, and 3'-
dephospho-CoA kinase, which are neces-
sary for the operation of Brown's path-
way of CoA biosynthesis, but pantothe-
nelysysteine decarboxylase activity,
which converts pantothenoylcysteine to
pantetheine, could not be detected.

DISCUSSION

In 1954 Levintow and Novelli (12)
and Hoagland and Novelli (13) proposed
a pathway for the biosynthesis of CoA
in animals, in which pantothenic acid
couples with cysteine to yleld panto-
thenoylcysteine as the first step, fol-
lowed by decarboxylation to pantetheine,
which is then phosphorylated to form
4'-phosphopantetheine, and they suggest-
ed that the pathway is as follows: pan-—
tothenic acid-— pantothenoylcysteine—
pantetheine — 4'-phosphopantetheine —
3'-dephospho-CoA— CoA. In 1959, How-
ever, Brown (14) proposed an altermat-
ive pathway using rat liver, rat kidney,
and Proteus morganii, in which panto-
thenic acid is first phosphorylated to
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TABLE V. ENZYME ACTIVITIES OF CoA BIOSYNTHESIS
ARD THEIR LEAKAGE FROM THE CELLS
BY SURFACTANT TREATMENT

Enzyme extraction was carried out as des-
cribed in the text. Twenty—five mmoles of
each subastrate were incubated for 30 min at
37°C with 2.5 ymoles of ATP, 0.25 ymole of
MgCl,, 15 umoles of potassium phosphate buffer,
pH 7.0, and 0.225 ml of the supernatant as the
enzyme in a total volume of 0.25 ml, except as
indicated in the footnotes. The reaction was
terminated by boiling the tube for 1 min and
the mixture was employed in the determination
of the substrate or the product. Activities
are given as mmoles of the substrate consumed
or the product formed per 30 min.

Enzyme Activity extracted by
and ultrasonic )
reaction oscillarion -L° buffer
PaA ki

N 15.5 4 0

(PaA — P-PaA)

P-PaCySH synthetasea)

(P-PaA— P-PaCySH) 2> 16.5 4
P-PaCySH

decarboxylaaeb) 25 &)
(P-PaCySH — P-PaSH)

DP—-CoA pyro-

phosphorylase and . 17.5 7 0

DP-CoA kinase

{P~PaSH — CoA)

DP-CoA kinase 19
{DP-CoA — CoA) )
PaCySH decarboxylasec 0
{PaCySH—PaSH)

6.5 1.5

a) A half ymole cof cysteine was supplemented
and ATP was replaced by an equimolar amount
of CTP.

b) ATP was omitted. The activity was checked
by measuring the P-PaSH formed by Lacto-
bacillus bulgaricus Bl (94) after digest-
ing the sample with alkaline phosphatase.

c) ATP was omitted. The activity was checked
by the same method as described in the
footnote b).

d) The extraction conditions were the same as
those with SLS except for omitting SLS.

e) not tested.

Abbreviation used: PaCySH, pantothenoyl-
cysteipne; PaSH, pantetheine; SLS, sodium lau-
rylsulfate. Other abbreviations used here are
the same as those in Table I.

yield 4'-phosphopantothenic acid prior
to coupling with cysteine, and conclud-
ed that the pathway is as follows: pan-
tothenic acid —4’'~phosphopantothenic
acid—4'-phosphopantothenoylcysteine
— 4'-phosphopantetheine — 3'-dephospho-
CoA— CoA. He also suggested that in



many systems 1t is the only operative
route. Later, Abiko (15,16) and Abiko
et al. (17} revalued these two routes in
detail, and confirmed that Brown's
route operates in rat liver,

The studies described in the preced-
ing sections and the present studies
showed that a CoA producing strain, Br-
vibacterium ammoniagenes IFO0 12071, ‘is
able to accumulate4'-phosphopantothenic
acid and 4'-phosphopantetheine, which
are the intermediates of Brown's route,
and contains all the enzymes, pantothe-
nate kinase, 4'-phosphopantothenoylcys-
teine synthetase, and 4'-phosphopanto-
thenoylcysteine decarboxylase, necessa-
ary for the operation of this route.
These observations suggest that Brown's
route operates in this bacterium. An-
other result which supports this con-
clusion is that no pantothenoylcysteine
decarboxylase activity could be detect-
ed in the bacterium. It 15 considered
that Brown's route also operates in a
wide variety of microorganisms because
many of those tested centained at least
one or two of the enzyme activities in-
volved only in this route.

It was observed in many microorgan-
1sms tested, as well as in Brevibacte-
rium ammoniagenes 1FO 12071 (see Sec-
tion VIII) and in rat liver (98,99),
that phosphorylation of pantothenic
acid was strongly inhibited by CoA as
the end product. This suggesta that a
feedback inhibition of pantothenate ki-
nase by CoA may be involved in regulat-
ing the intracellular CoA level as a
general regulation mechaniem. And its
occurrence in wide distribution sugge-
ste that it may play a significant role
in the control of CoA biosynthesis.
However, the presence of this inhibi-
tion mechanism is considered an unde-
sirble feature for obtaining CoA in a
high yield. Possibly this disadvantage
is reflected in the difficulty in obta-
ining a much higher accumulation of Coa
than that the author previously attain-
ed (3~5 mg pe ml, see Section IV).

Some device to avoid it may be possible:
Derivation of a mutant lacking the con-
trol mechanism or development of a me-
thod for the specific removal of the
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product from the synthesizing system
may bring & much higher accumulation of
CoA. The interesting finding presented
in this section is that the other enz-
ymes involved in CoA bilosynthesis were:
less sensitive against CoA. The higher
accumulation of CoA from 4'-phosphopan-
tothenic acid and cysteine in the pre-
sence of CoA may be attributed to this
less-sensitiveness of the enzymes.

This route for synthesizing CoA 18 pro-
bably one of the available routes for
avoiding the feedback inhibition.

Another interesting finding is that
all the CoA producing strains possess
considerably low degrading activities
against CoA and AMP. This seems to be
one of the improtant features necessary
for the production of CoA. Probably
this may be partly reflected in the
synthesizing activities of CoA as indi-
cated in Table I.

The removal of permeability barriers
of the cells was confirmed by the leak-
age of the enzymes of CoA biosynthesis
from the cells upon the addition of a
surfactant. This suggests that CoA
synthesis occurs partly extracellularly.

A high stability of the dried cells
seems to give an advantage for its pra-
ctical use as an enzyme source for the
production of CoA.



CHAPTER 1II.
DEGRADATION OF PANTOTHENYL ALCOHOL

BY MICROORGANISMS"

Several wmicroorganisms isolated from soil were found to grow in
the medium containing pantothenyl alcohol. The results of the inve-
stigation of the degradative metabolism of this compound demonstrat-
ed that there are two different inducible pathways.

The experiments with strain 1041 showed that 3~aminopropanol
appeared in the early stage of culture, and B-alanine in the statio-
nary phase of growth without accumulation of pantothenic acid. 3-
Aminopropanol plus pantoate, as well as pantothenyl alcohol, support-
ed the growth of the induced culture. Rapid hydrolysis of panto-
thenyl alcohol was produced by incubating with either washed cells
or cell extract of this bacterium grown on pantothenyl alcohol,
while no oxidation of this substrate to pantothenic acid was observ-
ed. When 3-aminopropanol was incubated with the washed cells or
cell extract, only B-alanine was a major product. Isoclatiom and
identification of the products were performed. These results led to
the conclusion that pantothenyl alcohol is hydrolyzed to pantoic
acid and 3-aminopropanol as the first step, which is then followed
by oxidation to B-alanine.

Strain 1091 produced pantothenic acld, but not 3-aminopropanol,
from pantothenyl alcohol. R-Alanine plus pantoate, as well as pan-
tothenyl alcohol, supported the growth of the induced culture, while
3~aminopropanol plus pantoate did not support it. No degradation of
3-aminopropanol was observed. Isolation and identification of pan-
tothenic acid and a 3-methyl-2-benzothiazolone hydrazone derivative
of the aldehyde from pantothenyl alcohol were performed. From the
results, it was confirmed that pantothenyl alcohol 1s first oxidized
to pantothenic acid, which 1s then hydrolyzed to B-alanine and pan~
tolc acid.

Pantothenyl alcohol was also oxidized to pantothenic acid by
Bacillus roseus AKU 0208. The eazyme was not induced in the presence

of pantothenyl alcohol.

INTRODUCTION

It has been reported that pantothenyl
aleohol, an alcohol analog correspond-
ing to pantothenic acid, is a growth
inhibitor of some pantothenic acid-re-
quiring bacteria (39,40), although it
has a pantothenic acid-like activity in
mammals (36-38,108-111). Abiko et al.
(110) investigated the metabolismof this
compound using rats and demonstrated
its oxidative conversion to pantothenic
acid by liver alcohol dehydrogenase.
However, little is known of the metabo-
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lism of this alcohol in microorganisms.
It seems, therefore, to be interesting

to know the microbial response of this

antimetabolite. This chapter describes
some aspects of the degradation of pan-
tothenyl alcohecl by microorganisms.

MATERIALS AND METHCDS

Chemicals. Potassium D-pantoate was
prepared according to the method of
Stansly and Schlosser (112). Potassium
pantothenate was prepared from the cal-
cium salt according to the procedure of



Goodhue and Snell (113). Other chemi-
cals were from commercial sources.

Media. The basal medium was compos-
ed of 0.05 g of Kp;HPO,, 0.05 g of MgSOyu-
7H,0, 1 ml of vitamin solution contain-
ing, per liter, 1 mg of thiamine-HCl,

1 mg of riboflavin, 1 mg of nicotinic
acid, 0.2 mg of p-aminobenzoic acid,
0.01 mg of folic acid, and 0.0l mg of
biotin, and 99 ml of water. It was ad-
justed to pH 6.8~7.0 with KOH and ste-
rilized by autoclaving at 120°C for 10
min. The pantothenyl alcohol medium
was prepared by adding a concentrated,
filter-sterilized solution of D-panto-
thenyl alcohol to the sterilized basal
medium to supply 0.5 g per 100 ml.
Pantothenyl alcohol-agar was prepared
by solidifying pantothenyl alcohol med-
fum with 2% agar. The medium used for
the screening of the strains accumulat-
ing pantothenic acid from pantothenyl
alcohol was composed of 0.5 gof peptone,
0.5 g of meat extract, 0.05 g of yeast
extract, 0.2 g of NaCl, and 100 ml of
water. For yeasts the medium supple-
mented with 2 g of glucose was also
used. The pH of the medium was adjust-~
ed to 6.8-7.0 for bacteria and actino-
mycetes, and to 5.5-6.0 for yeasts and
molds. After autoclaving at 120°C for
15 min, filter-sterilized D-pantothenyl
alcohol was added to supply 0.02 g per
100 ml.

Isolation of pantothenyl alcohol de-

grading strains. After the enriclment
cultures on pantothenyl alcohol medium’

for three times, the cultures were st-
reaked on pantothenyl alcohol-agar plates.
Colonies of distinctly different app-
earance were picked into the liquid
pantothenyl alcohol medium. These plat-
ing and shaking processes were each re-
peated 3 times, and 14 apparently dif-
ferent strains were obtained. Stock
cultures were maintained by culturing
for 4 days at 28°C on pantothenyl alco-~
hol-agar stants, them storing at S5°C
for 1.5 months. In the studies des-
cribed herein strains 1041 and 1091
were mainly used.

Culture procedures. For small scale
experiments, cultures in 5 ml of liquid
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medium contained in 16.5x160mm test
tubes were grown from 2% (by vol.) 1ino-
culum at 28°C on a reciprocal shaker
(Iwashiya, RTR-1), which was set for 240
rpm with a tube angle of 20°. Larger
volumes (100 ml or 500 ml) were grown
in 0.5 liter or 2 liter volume of shak-
ing flasks on a reciprocal shaker (Iwa-
shiya, RLR~5), which was set for 120
oscillations per min with an amplitude
of 7 cm. Growth was measured turbidime
trically at 610 mm, and cell yield was
determined by means of a culture relat-
ing absorbance to dry cell weight.

Screening for pantothenic acid accu-
mulating strains. Type culture strains
preserved in the Laboratory of Applied
Microbiology, Department of Agricultural
Chemistry, Kyoto University, and the
isolates utilizing pantothenyl alcohol
were grown in the medium described
above for 2 days at 28°C on a recipro-
cal shaker. After boiling the tube,
the pantothenic acid in the broth was
assayed.

Preparation of washed cell suspen-
sions. Usually the cells of the ex-
ponential phase of growth were harvested
by centrifugation, washed twice with
0.85%Z NaCl, suspended in 0.01 M potas-
sium phosphate buffer, pH7.0, and stored
at 0°C until used.

Preparation of cell extracts. Twen-
ty-five ml of each cell suspension,
contalning approximately 300 mg of cells
(dry weight) per ml, were disrupted
with a Kaijo-Denki 19 kHz ultrasonic
oscillator for 10 min below 10°C and
clarified by centrifugation at 12,000 x
g for 15 min at 0°C, and the supernatant
(protein concentration, 10-30 mg/ml)
was dialyzed overnight against two changes
of 2 liter volumes of 0.0l M potassium
phosphate buffer, pH 7.0.

Chromatographies and electrophoresis.
Paper chromatography (PPC) was carried
out by the ascending technique on Toyo
Roshi No.53 paper. The solvent systems
used were: I, n-butanol-acetic acid-
water (5:2:3, by vol.); II, isobutyric
acid-0.5 N ammonium hydroxide {(5:3, by
vol.); and III, n-propanol-28% ammonium



hydroxide-water (6:3:1, by vol.). Thin
layer chromatography (TLC) on Eastman
Chromagram Sheet 6065 was carried out
using the following solvents: I, n-bu-
tanol-acetic acid-water (5:2:3, byvol.)
11, 992 ethanol-water (6:4, by vol.);
and I1I, methanol-n-butanol (3:1, by
vol.). Paper electrophoresis (PEP) was
carried out on Toyo Roshi No.53 paper
impregnated with 0.02 M acetate buffer,
pH 3.5 at 0.5 mA/3 cm (500 volts) for
60 min. 3-Aminopropanol, B-alanine,
and other amino acids were detected by
ninhydrin (0.25Z in acetone) spray.
B-Alanine was also detected by bicauto-
graphic techniques using Saccharomyces
carlsbergensis ATCC 9080 (46). Pantoic
acld and other nonvolatile acids were
detected by sugar-aniline reagent (114)

in the earlier experiments. Pantothenyl
alcohol was detected by bioautographic

techniques using Leuconostoc mesente-
roides P~60 ATCC 8042 (115,116), and
pantothenic acid with Saccharemyces
carlsbergensis ATCC 9080 (46) or Lacto-
bacillus plantarum ATCC 8014 (45).

Determination of pantothenyl alcohol.
Pantothenyl alcohol was separated by
the electrophoretic method described
above, eluted from the paper, and deter-
mined microbiologically with lLeucono-
stoc mesentercides P-60 ATCC 8042 (115,
118).

Determination of 3-amincpropanol and
B-alanine. 3-Aminopropanocl or B-alanine
was separated by PPC with solvent I.
The corresponding ninhydrin-reactive
zones were cut out, and the color was
extracted with methanol and estimated
by reading the absorption at 600 nm
against similarly treated standards of
3-aminopropanol or B-alanine. B-Ala-
nine was also determined microbiologi-
cally with Saccharomyces carlsbergensis
ATCC 9080 (46) after separating by PPC
and eluting from the paper.

Assay of pantothenyl alcohol cleav-
ing activity. The cleaving activitywas
determined routinely by measuring the
disappearance of pantothenyl alcohol in
the reaction mixture. This was checked
by measuring the 3-aminopropanol formed.
The reaction mixture contained 0.5 pmole
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of pantothenyl alcohol, 25 umoles of
potassium phosphate buffer, pH 7.0, and
the appropriately diluted enzyme in a
total volume of 0.5 ml. The mixture was
incubated at 37°C for 20-60 min and the
reaction was terminated by boiling the
tube for 1 min.

Assay of pantothenyl alcohol oxidiz-
ing activity, The oxidizing activity
was determined routinely by measuring
the pantothenic acid formed. The reac-
tion conditions were the same as those
for the assay of pantothenyl alcohol
cleaving activity. For special purposes,
the aldehyde (pantothenyl aldehyde?)
formed was measured by the 3-methyl-2-
benzothiazolone hydrazone (MBTH) method
of Sawicki et al. (117).

Assay of 3-aminopropanol oxidizing
activity. The activity was determined
routinely by measuring the B-alanine
formed. The reaction system used was
the same as described above except that
pantothenyl alcohol was replaced with
an equimolar amount of 3-aminopropanol.

Assay of pantothenic acid cleaving
activity. The activity was determined
by measuring the disappearance of pan-
tothenic acid in the reaction mixture
which initially contained 0.5 umole of
potassium pantothenate. Other condi-
tions were the same as those for the
assay of pantothenyl alcohol cleaving
activity.

Other methods. Pantothenic acid was
determined wicrobiclogically by Lacto-
bacillus plantarum ATCC 8014 (45), for
which pantoic acid, pantolactone, and
B~alanine are inactive. Pantothenyl
alcohol did not inhibit for the growth
of this organism under the conditions
employed here. Pantoic acid was deter-
mined according to the method of Nurmi-
kko et al. (118).. Protein was measured
by the method of Lowry et al. (107).
Sulfur contents of the MBTH derivatives

‘'were determined by the Schininger com-

bustion method (119). NMR spectra were
measured on a Varian A-60 spectrometer
at 60 MHz or a Hitachi Perkin-Elmer
R-22 spectrometer at 90 MHz in D0 with
DSS as an internal standard.



RESULTS
Studies with isolated strains

Characterization of cultures. Cul-
ture 1041 was Gram—-negative rod (0.5~
0.8 x 2-3 y), oxidative in Hugh and Lei-
feon's medium (120), and Kovacs' oxidase
(121) positive, and produced diffusible
fluorescent pigmenta. On pantothenyl
alcohol-agar it formed yellow, glisten-
ing, and emocoth colonies. Culture 1091
was also Gram-negative rod (0.5-0.8 x
1-2 u), oxidative in Hugh and Leifson's
medium (120), and Kovacs' oxidase (121)
positive. It produced diffusible red-
brown pigments on King's A medium (122),
but no fluorescence on King's B medium
(122). On pantothenyl alcohol-agar it
formed cream-colored and glistening
colonies. Both the strains are presum-
ably placed in the genus Pseudomonas.

Growth response of the isclated st-
rains to pantothenyl alcohol and its
related compounds. The comparative

1.0 (A)

Growth {mg/mi}

[+
Culture time (hr)

FIG. 1. Growth Response of the lsolated Strainms
on Pantothenyl Alcohol and its Related Compounds.

Strain 1041 (A) and strain 1091 (B) were
cultivated in 500 ml shaking flasks containing
100 ml of each medium as indicated below.
Growth curves wvere obtained in the basal med-
ium plus: @, pantothenyl alcohol (25 mM); O,
potaseium pantothenate (25 mM); A, potassium
pantoate (25 mM) plus B-alanine (25 mM);a,
potassium pantoate (25 mwM) plus NH,CL (25 mM);
X, B-alanine (25 mM); D, potassium pantoate
(25 mM) plus 3-aminopropancl (25 mM}; ®, 3~
aminopropanol (25 wmM). All cultures were ino-
culated with 4 mg (dry weight) of washed cells
grown in pantothenyl alcohol medfum. Other
conditions are given in the text.

growth rates of strain 1041 and those
of strain 1091 on pantothenyl alcohol
and its nydrolyzed and oxidized products
are shown in Fig. 1. In both strains,
growth with pantothenate was slightly
superior to that with equimolar amounts
of pantothenyl alcohol itself. Both
grew well with pantoate plus f-alanine,
B-alanine, or pantoate plus NHyCl, as
carbon and nitrogen source. Strain 1041
also grew with pantoate plus 3-amino~
propanol or with 3-aminopropanol alone,
but these were not utilized by strain
1091 during the time studied here (144
hr). The growth patterns of other st-
rains isolated were similar to that of
strain 1091.

Metabolic products formed from pan-
tothenyl alcohol by strain 1041. Fifty
ul of the filtrate from a culture of
strain 1041 grown on pantothenyl alcchol
medium were spotted on Toyo Roshi No.53
paper, which was then developed with
either solvent I or II. After drying
the papers, the products were detected
by the methods described in the text.

A prominent ninhydrin-reactive zone co-
rresponding in position to 3-aminopro-
panol appeared when the filtrate from

35 hr culture was applied. When the
filtrate from 50 hr culture was applied,
however, two prominent ninhydrin-reac-
tive zones appeared. One of them, cor-
responding in position to B-alanine,

was active in enhancing the growth of
Saccharomyces carlsbergensis ATCC 9080
(Rf 0.50 and 0.65, respectively, in sol-
vents I and II), and the other, corres-
ponding in position to 3-aminopropanol,
was inactive (Rf 0.61 and 0.77, respec~
tively, in solvents I and II). However,
no detectable amounts of pantothenic
acid were found.

The cells harvested from pantothenyl
alcohol medium during the early logarith-
mic pbase of growth(40 hr) rapidly cleaved
pantothenyl alcohol to yield pantoic
acid and 3-aminopropanol. 3~-Aminopro~
panol was igolated through the follow-
ing procedures: A mixture, containing
1.2 mmoles of pantothenyl alcohol, 2
mmoles of potassium phosphate buffer,

PH 7.0, and 200 mg (dry weight) of wash-
ed cells from the early logarithmic



phase of growth (40 hr) in a total vol-
ume of 40 ml, was shaken for 18 hr at
28°C, bolled for 3 min, and centrifuged.
The supernatant was applied to a column
of Dowex 50Wx 8 (H* form, 1.8 x20 cm).
After washing the column with 0.01 M
HCl, 3-aminopropanol was eluted with 0.15
M HCl. Appropriate fractions were co-
llected, treated with Dowex 1x2 (OH7),
adjusted to pH 3.0 with HCl, concentrat-
ed to small volume, and lyophilized
(yield, 35mg; PPC, Rf0.60, 0.79, and 0.73,
respectively, in soclventsI, II, and II1;
TLC, Rf 0.63 and 0.78, respectively, in
solvents I and II; PEP, migration to-
wards the cathode, 11 cm; NMR at 90 MHz,
(6 ppm): 1.63 (2H, p, J=3.5Hz), 2.64
(24, t), 3.61 (2H, t)). Formation of
pantoic acid was demonstrated by the
ferric hydroxamate spray (118) (PPC,

Rf 0.52 in solvent I). Pantothenate,
as well as pantothenyl alcohol, was
also cleaved by the same cells. Cells
of the same organism, grown with either
3-aminopropanol plus pantoate, or with
pantothenate, did not cleave pantothe-
nyl alcohol. The cells from glucose
plus NH,C]l medium were also inactive in
cleaving this substrate. When 3-amino-
propanol was incubated with the cells
grown for 50 hr with pantothenyl alco-
hol, B-alanine was produced. The pro-
duct was isolated through the follow-
ing procedures: A mixture, containing
1.2 mmoles of 3-aminopropanol, 2 mmoles
of potassium phosphate buffer, pH 7.0,
and 200 mg (dry weight) of the washed
cells in a total volume of 40 ml, was
shaken for 22 hr at 2B°C, boiled for 3
min, and centrifuged. The supernatant
was passed through a column of Dowex
500x8 (H' form, 1.6x20 cm). After
washing the column with 0.01 M HCl, the
passings and washings were combined and
passed through a column of Dowex 1x2
(chlioride form, 1.6 x 20 ¢m), which was
then washed with 0.01 M HCl. Appropri-
ate fractions containing B-alanine were
pooled and concentrated, and B-—alanine was
crystallized from ethanol (yield, 38 mg;
PPC, Rf 0.53, 0.65, and 0.52, respectively,
in solvents I, 1I, and III; TLC, Rf 0.63
and 0.62, respectively, in solvents I
and II; PEP, migration towards cathode,
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-0.5 cm; MMR at 90 MHz (6 ppm): 2.54
(2H, t), 3.18 (2H, t)).

When dislyzed crude extract from the
cells grown with pantothenyl alcohol
was lncubated with this substrate, a
clear ninhydrin~reactive zone of 3-ami-
nopropancl appeared on chromatograms
in addition to a faint ninhydrin-react-
ive zone of B-alanine. Similarly, pan-
tolc acid was readily detected by the
ferric hydroxamate spray (118). The
extract from the cells of the early lo-
garithmic growth phase (35 hr) had the
highest activity of pantothenyl alcohol
¢leavage (38 nmoles pantothenyl alcohol
decomposed per mg per hr). The activi-
ties of the cells grown for 45 hr, 55
hr, and 70 hr were 73%, 58%, and 277,
respectively, of that of the cells grown
for 35 hr. Pantothenic acid was not
produced from pantothenyl alcohol, though
it was cleaved to form B-alanine and
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FIG. 2. Reactions Involved in the Degradation
of Pantothenyl Alecohol by Strain 1041.

(A) Degradation of pantothenyl alcchol: The
reaction was carried out with 4.15 mg of the
crude enzyme. Other conditions are given in
the text. Top, remaining pantothenyl alcohol;
bottom, ®, pantothenic acid found; O, J-amino-
propanocl found.

(B) Oxidation of 3-aminopropanol to B-alanine:
The reaction was carried out with 4.15 mg of
the crude enzyme. Other conditions are given
in the text. Top, remaining 3-aminopropancl;
bottom, B-alanine found.

{(C) Degradation of pantothenic acid: The
reaction was carried out with 1.25 mg of the
crude enzyme. Other conditions are given in
the text. Top, remaining pantothenic acid;
bottom, B-alanine found.

The crude enzyme was prepared from the cells
grown with pantothenyl alcohol for 40 hr acc-
ording to the method as described in the text.




pantoic acid. 3-Aminopropanol product-
ion from DL-pantothenyl alcohol was
about 50% of that from D-pantothenyl
alcohol under conditions in which the
cleavage of D-pantothenyl alcohol was
complete, 3-Aminopropanol was oxidized
to f-alanine; for the oxidation, neither
NAD nor NADP was required in either the
dialyzed crude extract or the precipi-
tates with ammonium sulfate (0,25-0.50
saturation). Part of the results ob-
tained from the experiments with crude
extract is shown in Fig. 2.

Metabolic products formed from pan-
totenyl alcohol by strain 1091. Strain
1091 accumulated pantothenic acid in
the culture broth when grown in panto-
thenyl alcohol medium. The accumulation
occurred after the first 30 hr and in-
creased linearly with increasing the
cell growth. The pantothenic acid form-
ed disappeared rapidly during the stat-
ionary phase of growth. The maximum
accumulation was 1.5 pmolesa/ml, obtain-
ed from 44 hr culture. A ninhydrin-
reactive zone corresponding in position
to f-alanine, but not 3-aminopropanol,
appeared on paper chromatograms, when
the filtrate from 50 hr culture was
applied (Rf 0.65 and 0.53, respectively,
in solvents II and ITI). This was act-
ive in enhancing the growth of Saccharo-
myces carlsbergensis ATCC 9080.

The washed cells grown with panto-
thenyl alcohol for 40 hr rapidly oxi-
dized this substrate to pantothenic acid,
which was isolated as follows: A mix-
ture, containing 0.8 mmole of panto-
thenyl alcohol, 2 mmoles of potassium
phosphate buffer, pH 7.0, and 200 mg
(dry weight) of washed cells from the
early logarithmic growth phase (35 hr)
in a total volume of 40 ml, was shaken
for 15 hr at 28°C, boiled for 3 min,
and centrifuged. The supernatant was
applied to a column of Dowex 1x2 (chlo-
ride form, 1.6 x20cm). After washing
the column with water, pantothenilc acid
was eluted with 0.007 M HCl., Appropri-
ate fractions were collected, neutra-
lized with Ca(0OH),, and concentrated to
dryness. The residue was dissolved in
a small volume of water and insoluble
materials were centrifuged off. The
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supernatant was evaporated and the re-
aidue was again dissolved in a small
volume of water. These operatlons were
repeated until a clear solution was
obtained. This solution was evaporated
to reduced volume, and the calcium salt
of pantothenic acld was precipitated

by adding ether (yield, 103 mg; PPC, Rf
0.85, 0.74, and 0.80, respectively, in
solvents I, II, and III; NMR at 60 MHz
(6§ ppm): 0.90 (3H, 8), 0.93 (3H, 8), 2.42
(2H, t, J=7 Hz), 3.44 (24, t, J=7 Hz), 3.44
(24, t), 3.98 (1H, 8)). In order to de-
tect the formation of the aldehyde from
pantothenyl alcohol, the supernatant
from a similar reaction mixture {40 ml)
was passed through columns of Dowex 1x 2
(O, 18 ml) and then Dowex 50Wx 8 (u*,
20 ml). The passings and washings were
concentrated to small volume, part of
which was applied to TLC. A single
blue zone was obtained after treating
with MBTH spray reagent (117) (Rf 0.83
in solvent I). No blue zone was detec-
ted when pantothenyl alcohol or panto-
thenate was applied. The MBTE deriva-
tive of the aldehyde was isoclated from
the above concentrated solution as fol-
lows: The solution was combined with 5
ml of 0.1 M of free MBTH sclution, left
for 3 hr, and concentrated to drymess.
The residue was dissclved in a small
volume of ethanol, insoluble materials
were filtered off, and the filtrate was
concentrated to dryness. The residue
was dissolved in a small volume of
water, and the azine crystallized was
collected, and recrystallized twice
from water (yield, 28 mg; UV Amax in 10%
ethanol, 314 nm; PPC, Rf 0.38 in so0l-
vent I; TLC, Rf 0.73 in solvent III).
Hydrolysis with 0.1 M KOH and with 0.1
M HC1l gave pantoic acid and pantolac-
tone, respectively. Color yield of the
MBTH derivative after oxidation with
FeClz (Sawicki reaction (117)) was ob-
served (Amax: 618, 668 nm). Neither
pantothenyl alcohol plus MBTH, nor pan-
tothenate plus MBTH yielded the color.
The same cells also cleaved pantothenate
to yleld f-alanine and pantoic acid,
which were identified by use of similar
methods to those described in the ex-
periments with strain 1041. Cells of



the same organism grown either with
pantothenate or with glucose did not
oxildlze pantothenyl alcohol to panto-
thenic acid.

Dialyzed crude extract from thecells
grown with pantothenyl alcohol oxidized
this substrate to pantothenic acid.

But oxidaticn of 3-aminopropanol to B~
alanine was not catalyzed by the same
extract under the conditions employed.
The extract from the cells from the
early logarithmic growth phase (35 hr)
had the highest activity (65 nmoles
pantothenyl alcohol oxidized per mg per
hr) of the oxidation, and the activity
gradually decreased with growth of the
cellg, The activities with the cells
grown for 45 hr, 55 hr, 70 hr, and 100
hr were 64, 42X, 30Z, and 131, respec-
tively, of that with the cells grown
for 35 hr. MNeither NAD nor NADP was
required for the oxidation. When the
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FIG. 3. Reactions Involved in the Degradation
of Pantothenyl Alcohol by 3train 1091,

(A) Oxidation of pantothenyl alcohcl to pan-

tothenic acid: The reaction was carried out
with 3.05 mg of the crude enzyme. Other con-
ditions are given in the text.
pantothenyl alcohol; bottom, @, pantothenic
acid found; ©, 3-aminopropanol found.

Top, remaining

(B) Degradation of 3-aminopropanol: The reac-
tion was carried out with 4.55 mg of the crude

enzyme. Other conditions are given in the
text.
B-alanine found.

(C) Degradation of pantothenic acid: The
reaction was carried out with 1.05 mg of the
crude enzyme. Other conditions are given in
the text. Top, remaining pantothenic acid;

bottom, B-alanine found.

Top, remaining 3-aminopropanocl; bottom,

The crude enzyme was prepared from the cells

grown with pantothenyl alcohol for 40 hr acc-

ording to the method as described in the text.
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aldehyde formation was assayed by Saw-
icki reaction (117), the increase in
abgorbance at 570 nm with elapse of
reaction time was observed. No increase
in absorbance was observed in either of
the mixtures without pantothenyl alco-
hol or with pantothenate substituted
for pantothenyl alcohol. The same ext-
ract contained a pantothenate-hydrolyz-
ing activity, and B-alanine formatiom
from DL-pantothenate was about 50% of
that from D-pantothenate under condi-
tions giving complete cleavage of D-
pantothenate. Part of the results ob-
tained from the experiments with crude
extract is shown in Fig. 3.

Conversion of pantothenyl alcohol to
pantothenic acid by Bacillus roseus
AKU 0208 and other strains

Activities of the accumulation of
pantothenic acid from pantothenyl alco-
hol were surveyed in various microorg-
anisms; 138 strains of bacteria, 205
strains of actinomycetes, 111 strains
of molde, and 195 strains of yeasts.
Among them Bacillus roseus AKU (208 and
Serratia plymuthicum AXKU 0062 quantita-
tively converted it to pantothenic acid.
Nocardia corallina IFQ 3338, Strepto-
myces sp. AKU 2505, and Sarcina lutea
IFO 3232 also showed high accumulation
of pantothenic acid. However, strain
1091 and other pantothenyl alcohol uti-
lizing strains showed relatively lower
accumulating activity under the condi-
tions tested. In the following experi-
ments, Bacillus roseus AKU 0208 was
used.

Bacillus roseus AKU 0208 did not
grow on pantothenyl alcohol medium.
Neither pantothenate nor its hydrolyzed
products was utilized as carbon and
nitrogen source. The whole broth and
the washed cells rapidly counverted pan-
tothenyl alcohol to pantothenic acid.
The converting activity in the cell was
independent of pantothenyl alcohel sup-
plement to the medium. No degradation
of pantothenate was observed chough
contact with the washed cells or cell
extract for 6 hr at 28°C. Isolatiomn
of pantothenate was carried out as fol-
lows: A mixture, containing 3 mmoles of



pantothenyl alcohol, 1.26 mmoles of po-
tassium phosphate buffer, pH 7.0, and
258 mg (dry weight) of washed cells in
a total volume of 60 ml, was shaken for
48 hr at 28°C. The supernatant from
the reaction mixture was treated as de-
scribed above to give the calcium salt
{yield, 466 mg; PPC, Rf 0.84, 0.74, and
0.79, respectively, in solvents I, II,
and III; NMR at 60 MHz (& ppm) , 0.90
(34, 8), 0.93 (3H, 8), 2.42 (28, t, J=7 Hz),
3.44 (2H, t, J=7 Hz), 3.44 (2H,t), 3.98
(1H, 8)). For the isolation of the
aldehyde from pantothenyl alcohol, the
same mixture, supplemented with 1.3
mmoles of free MBTH, was shaken for 40
hr at 28°C. After removing the cells
by centrifugation, the supernatant was
boiled for 1 min, cooled, concentrated
to small volume, and left at 5°C over-
night. The crystalline MBTH derivative
of the aldehyde formed was collected
and recrystallized twice from water
(yield, 236 mg; UV Amax in 10% ethanol,
314 nm; PPC, Rf 0.35 in solvent I; TLC,
Rf 0.70 in sclvent III; sulfur content,
8.762 (required, 8.80X)).

DISCUSSION

Pantothenyl alcohel, an alcohol ana-
log of pantothenic acid was reported to
inhibit the growth of pantothenic acid-
requiring bacteria (39,40), but several
strains isolated from soil were found
to be capable of growing in the medium
containing it as a scle carbon and ni-
trogen source as described here. The -
results of the investigation on the de-
gradative metabolism of this compound
in these strains demonstrated that there
are two different inducible pathways.

The experiments with strain 1041
showed that 3-aminopropanol appeared
in the early stage of the culture, and
f~alanine in the statiomary phase of
growth without accumulation of panto-
thenic acid. These, together with the
observation that 3-aminopropancl plus
pantoate, as well as pantothenyl alco-
hol, supported the growth of the indu-
ced culture suggest that pantothenyl
alcohol is hydrolyzed to yield 3-amino-
propanol and pantoic acid as the first
step. Another result supporting this
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conclusion is that rapid hydrolysis of
pantothenyl alcohol occurred during in-
cubation with either washed cell sus-
pension or cell extract of the bacterium
grown on pantothenyl alcohol, while no
oxidation of this substrate to panto-—
thenic acid was observed. When 3-ami-
nopropanol was incubated with the wash-
ed cells or cell extract, only B-ala-
nine was detected as a major product.
This observation suggests that the oxi-
dation of 3-aminopropamol to B-alanine
is nessesary for the further metaboliem
of 3-aminopropanol.

On the other hand, the degradative
pathway operating in strain 1091 seems
to be different from that operating in
strain 1041. In the filtrate from cul-
tures of strain 1091 grown in pantothe-
nyl alcohol medium no 3-aminopropanol
appeared, while both pantcthenic acid
and B-alanine were easily detected.
Pantothenate and its hydrolytic pro-
duets, i.e. f-alanine or B-alanine plus
pantoate, as well as pantothenyl alco-
hol, supported the induced culture of
the bacterium. However, 3-aminopropanol
or 3-aminopropancl plus pantoate, the
hydrolytic products of pantothenyl alec-
ohol, did not support the growth of the
same organism. The cell extract and the
washed cell suspension rapidly oxidized
pantothenyl alcohol to pantothenic acid.
These observations strongly suggest
that pantothenyl alcohol is first oxi-
dized to pantothenic acid, which is
then hydrolyzed to B-alanine and panto-
ic acid. Isolation of the aldehyde as
the intermediate in the oxidation of
pantothenyl alcohol to pantothenic acid
may give another piece of evidence for
this conclusion.

The further metabolism of pantoic
acld and B-alanine formed from panto-
thenyl alcohol in these organisms has
not been investigated, since the meta-
bolic fate of these compounds in other
organisms is rather well known (123-130).

Puisto and Nurmikkoe (131) and Mant-
sala and Nurmikko (132) reported that
Pseudomonas fluorescens P-2 contains an
inducible amidase, pantothenate hydro-
lase, which hydrolyzes pantothenate to
pantoic acid and B-alanine. The enzyme



was induced in the presence of panto-
thenate. But pantothenyl alcohol was
ineffective either as an inducer or as
a substrate for the enzyme. Conversely,
as shown in Table I, cell extract of

TABLE 1. HYDROLASE ACTIVITIES AGAINST
PANTOTHENYL ALCOHOL AND PANTOTHENIC
ACID IN STRAIN 1041

The cultivation was carried out as described
in Fig. 1 except for carbon and nitrogen sou-
rces, and cells of logarithmic phase of growth
wvere harvested. The method for the preparat-
ion of the crude extract is described in the
text. Activities are given as mnmoles/mg/hr.

Hydrolase activity

Carbon and against

nitrogen source pantothenyl pantothenic
alcohol acid

Pantothenyl

alcohol (25 mM) 32 73

Pantothenic

acid (25 =) 0 97

Glucose (25 mM) o 15

+ NHyCl (25 mM)

gtrain 1041 grown with pantothenyl al-
cohol hydrolyzed not only this compound
but also pantothenate, while that grown
with pantothenate did not attack pan-
tothenyl alcohol. Probably pantothenyl
alcohol hydrolase and pantothenate hy-
drolase are different from each other.
It is uncertain, however, whether the
former can also attack pantothenate,
since both enzymes were separated from
each other in the present experiment.

Pantothenyl alcohol was also oxidiz-
ed to pantothenic acid by Bacillus ro-
seus AKU 0208. This organism did not
grow on either pantothenyl alcchol ot
pantothenate. The enzyme was not in-
duced in the presence of pantothenyl
alcohol. In the preliminary experiments,
it was observed that this enzyme acts
on several primary alcohols including
methanol, ethanol, and so on. Detalls
will appear eleswhere.
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CONCLUSION

Metabolic mechanism of microbial
conversion of pantothenic acid to CoA
has been investigated. Resting on the
basis of the results, a new process for
the production of CoA and its blosyn-
thetic intermediates has been estab-
lished. Presence of two different in-
ducible routes for the degradatiom of
pantothenyl alcohol has also been shown.

The activity of CoA accumulation was
searched in various microorganisms..
The result of screening showed that
several yeasts and bacteria accumulate
CoA in high yields from pantothenic
acid, cysteine, and AMP or ATP. Among
them, Brevibacterium ammoniagenes IFO
12071 was found to be the most excellent
CoA producer. Theyield was about 1 mg/ml.
Baker's yeast also accumulated CoA
(200 pg/ml) from pantothenic acid and
cysteine under the condition coupled
with ATP-generating system of the yeast.

Using dried cells of Brevibacterium
ammoniagenes IF0 12071, the reaction
conditions for CoA accumulation were
estimated. The cells grown with acetic
acid had the highest activity. Addition
of surfactants to the reaction mixture
brought a great acceleration of CoA
accumulation. Under the suitable con-
dition, the amount of CoA accumilated
reached 2 mg/ml. CoA was obtained with
a high yield from the reaction mixture.
3'-Dephospho—CoA and 4'-phosphopanto-
thenic acid were also i1solated as by-
products. Further, including CoA itself,
all the intermediates of CoA blosynthe-
sis, though 4'-phosphopantothenoylcys—

teine is an exception, were synthesized .

with high yields: When cysteine was
omitted from the reaction mixture, only
4'-phosphopantothenic acid was accumu=-
lated. 4&4'-Phosphopantothenic acid cou-
pled with cysteine in the presence of
CTP, and yielded 4'-phosphopantetheine.
The direct and exclusive accumulation
of 4'-phosphopantetheine, but mot CoA,
from pantothenic acid and cystelne was
also shown. This was confirmed to be
due to the broad specificity for the
nucleotide in the phosphorylation of
pantothenic acid and its restriction in
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the coupling of 4'-phosphopantetheine
with ATP. 3'-Dephospho-CoA was obtain-
ed by treating the reaction mixture
which had accumulated CoA with 3'-nue-
leotidase of Bacillus subtilis IF0 3032.

Cell extract of Brevibacterium ammo-
niagenes IFO 12071 contained all the
enzymes necessary for the operation of
Brown's pathway for the biosynthesis of
CoA. Pantothenmoylcysteine decarboxyl-
ase, an enzyme in Novelli's pathway,
did not detected. These observations
led to the conclusion that Brown's
pathway operates in this bacterium. It
was considered that - Brown's pathway
also operates in a wide variety of micro-
organisms.

Pantothenate kinase, the enzyme cata-

lyzing the first step in CoA biosynthe-
sis, has been purified as a homogeneous
protein from Brevibacterium ammoniagenes
IFO 12071. The enzyme activity was in-
hibited by CoA and its binsynthetic in-
termediates. In many microorganisms
tested, as well as Brevibacterium ammo-—
niagenes IFO 12071, CoA inhibited the
phosphorylation of pantothenic acid,
and resulted in a decrease of CoA pro-
duction. These results led to the su-
ggestion that a feedback inhibition of
pantothenate kinase by CoA may be in-
volved in regulating the intracellular
CoA level as a general regulation me-
chanism. On the contrary, in all the
CoA producing strains, only little in-
hibition by CoA was observed in other
reactions involved in CoA biosynthesis,
and CoA production from &4'-phosphopan-
tothenic acid by Brevibacterium ammo-
niagenes IFO 12071 was not repressed
even in the presence of 4 mM of CoA.
It was concluded that the higher accu-
mulation of CoA from 4'-phosphopanto-
thenic acid may be attributed to this
less-sensitiveness of the enzymes.

The removal of permeability barriers
of the cells by addition of surfactants
vas confirmed by leakage of the enzymes
of CoA biosynthesis from the cells, and
it was shown that CoA synthesis occurr-
ed partly extracellularly. All the
CoA producing strains had considerably
lov degrading activities against CoA
and AMP. This seemed to be one of the
important features necessary for the



production of CoA.

On the baais of these results, a new
process has been established for the
production of CoA. Pantothenic acid,
cysteine, and AMP when added to cultures
of Brevibacterium ammoniagenes IFQ
12071 gave CoA in a high yield. The
product was obtained by using Duolite
S-30, charcoal, and Dowex 1x2., The
process has been shown to be adaptable
for preparing large amounts of highly
pure CoA, because it is simple, rapid,
and compact, and requires no special
equipment. Similarly, 4'~phosphopanto-
thenic acid and 4'-phosphopantetheine
were readily obtained in good yields.

Several microorganisms isolated from
soil were feund to grow in the medium
containing pantothenyl alcohol as a
sole carbon and nitrogen source. The
results of the investigation of the
degradative metabolism of this compound
demonstrated that there are two diffe-~
rent inducible pathways. In the path-
way operating in straim 1041, panto-
thenyl alcohol was first hydrolyzed to
pantoic acid and 3-aminopropanol, which
was then followed by oxidation to B-
alanine. In strain 1091, pantothenyl
alcohol was first oxidized to panto-
thenic acid which was then hydrolyzed
to pantoic acid and B-alanine.
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