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                          INTRODUCTION

                                          :-3)                                              ftrst discovered UDPG     In 1949, Leloir and h!s collaborators

as a coenzyme of galaetose phosphate-glucose phosphate transforma-

tion during studtes on the galactose metabolism Å}n Saecharomyces

fragizis. Leloir4)also demonstrated an enzyme in the yeast cata-

lyzing the interconversion of UDPG to UDPGal. At about the same

ttme as Leloir's group isolated uDpG from yeast, park and Johnson5'7)

obtaÅ}ned the evidence for the aecumulation of UDP-N-acetylhexosamine

derivatives in penicillin-treated St(rphyZoeoceus emretts.

     rhe discovery of these uridine diphosphate compounds by the

great pioneering works opened up a new chapter in the metabolism

of carbohydrates and biosynthesis of polysaccharides. Over sÅ}xty

of the siullar class of compounds containing different bases and

sugars or sugar derivatÅ}ves, whÅ}ch are comrnonly defined as sugar

nucleotÅ}des, have been isoXated from natural sources as well as

                          8)                              It has been clearly established thatenzymatically synthesized.

the sugar nucleotides play an important role in transformatÅ}on of

monosacchartdes, transglycosylation to give more complex saccharides,

                                         8,9)and bÅ}osynthesÅ}s of baeterÅ}al eell walls.

                                         78)                                            first diseovered CDP•-     On the other hand, Kennedy and WeÅ}ss

eholÅ}ne and CDP-ethanolamÅ}ne as naturally occurrtng coenzyme forms

of phosphorylcholine and phosphorylethanolarnine. The biologieal

roles of these eytidtne coenzymes in the biosynthesis of phespho-

                               -1•-
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                            79)lipids have been elucidated.

     Recent extensive studies of metabolic pathways and biosynthe-

tic mechanisms have come to stress the signiftcance of purine and

pyrtmidÅ}ne nueleoside diphosphate coenzynes involved in many bio-

logical reactions. The numbers of this class of eompounds as well

as knowledge concerning their functions and chenieal propertÅ}es

have been growing rapidly at the present time. However, in spite

of the wide distribution and biologieal importance of these eoenzymes,

they have been exclusÅ}vely obtained, in a ltmited extent, by chenical

and enzymÅ}c synthesis or by extraction from microorgantsms which

contain a small and variable amount of the coenzymes.

                   10)     Roseman et aZ. synthesized a variety of nueleoside diphos--

phate coenzymes, e.g. UDPG, UDPGal, UDPAG, UDPGA, GDPM, ete., by

condensation of respective nuc!eoside 5'-phosphomorpholidates with

phosphomonoester components. mcheisonil)aiso reported a chemical

method for their synthesis using nueleoside 5'-diphenylpyrophosphate.

                                                                3)     Lelotr and hts coworkers, on the other hand, prepared UDPG,
      12,13)                     14)                        from toluene-autolyzed baker's yeast as             and GDPMUDPAG,

starting material by extraction wÅ}th ethanol. About 20-100 mg of

these coenzynes were isolated from 10 kg of baker's yeast by their

iurproved methods.15) Tt is reported that a small arnount of uDpGal

ts aecumulated in the celis of UDPGal 4-epimeraseless mutants of
                  '                                16,17)SaZjnoneZZa and E6cherichia eoZi                                      grown on galactose. The
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method of isolation of UDPGal from these bacterial cells ts report--

   18,19)                          20)                                      14                                                   14ed.           Smitb and Mtlis                             isolated                                        C-UDPG and                                                      C-UDPAG from

                                                Z4acetone powder of NeurospeTa erassa grown on a C-acetate medtum,
                   21)and Anderson et aZ.                      synthesized enzyTnatically a small amount of

             1414
  C-UDPG and               C-UDPGal from labeled glucose and galactose.

CDP-Choline and CDP-ethanolarnine were isolated from rat 1Å}ver and

      78)                                                           77)          and were also chemically synthesized by Kennedy.yeast,

     All these investigations, however, have dealt with the isola-

tion and preparation of a small arnount of nuc!eoside diphosphate

coenzymes. Current progresses in the field of flavor-enhancing

5'-nucleotide fermentation in this country have led to the extensive

studies on the production and utilization of various nucleotÅ}des,

nucle6stdes and their related compounds. Tochikura et az.22) have

recently reported that 5'-UICP was converted to VDPG ln high yields

by ground-cells of baker's yeast and acetone powder of brewer's

yeast in the presence of glucose and high concentration of inorganÅ}c

phosphate. They also observed that large amounts of GDPM were

forTned from 5'-GMP under the same fermentative condÅ}tions with air-

                             23,24)dried cells of baker's yeast.

     The present study is concerned wÅ}th the fermentative production

and metabolism of biologically tmportant pyrimidtne nucleosÅ}de dt-

phosphate coenzynes by yeasts. [lhe first ehapter deals with a new

preparatÅ}ve method of one of the representative urÅ}dine eoenzymes,
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UDPGal, with air-drted cells of Tor'uZopsis candida IFO 0768, and

Å}ts mechanism of UDPGal fermentation. rt was descrÅ}bed that remark-

able smounts of UDPGal were formed from 5'-UMP when galactose was

incubated, in the presence of inorganic phosphate, with air-dried

eells of the yeast whieh was grown on a galactose or lactose medium.

The various factors affecting UDPGal fennentation by the yeast were

also investigated. It was found that the yield of UDPGal was re-

markably influenced by the water content of the air-dried cells

used as enzyme source, the relationship between the water content

and enzyme activities responsible to UDPGal synthesis being studied.

The author also elucidated the mechanism of UDPGal femhentation by

the yeast with ai.r-dried cells and eell-free system. It was sugge-

sted that the efficient aceumulation of UDPGal utight be brought

about by a concerted inhibition of UDPGal 4-epimerase aetivity by

5'--UMP.at d galactose.

     In the second chapter, the author has investigated the ferTnen-

tative production of UDPAG with air-dried cells of baker's yeast.

It was clarified that UDPAG was accumulated in large amounts frotu

5'-UMP and glucosamine under the fermentative eonditions of hexose

by the yeast. [rhe fundamental reactÅ}on condittons by the yeast as

well as the dÅ}stributÅ}on ef UD?AG formtng aetivity among Qther

gtrains of yeast were investÅ}gated.

     By the applicatÅ}on of the fermentative methods of UDPGal and
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UDPAG studÅ}ed in the preceding chapters, the author described in

the third chapter the preparative methods for CDP-choltne and CDP-

ethanolamLne frorn S'-CMP wÅ}th air-dried eells of brewer's yeast as

enzyne source. rt was observed that large amounts of CDP-choline

were accumulated when the air-dried cells of brewerts yeast were

incubated wtth 5'-CMP and phosphorylcholine in the presence of

glucose and inorgantc phosphate. The effects of several factors

affeeting CDP-choline fermentatÅ}on and the distribution of its

forming activity among various yeasts were investigated. It was

also found that CDP-ethanolamine was forrned when phosphoryleholine

was replaced by phosphorylethanolamÅ}ne in the reaction system for

CDP-choline fermentation.
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     Chapter I. Fermentative Production of UDP-Galactose

                      by TornzZopsi6 candida

      Section 1. UDP-Galactose Formation from 5'-UMP

                           INTRODUCTION

     sÅ}nce uDpGal was isolated from saechavomyces fragais.4)

thÅ}s uridine coenzyne has been shown to be an important intermediate

                                             25)on the Leloir pathway of galactose metabolism.

     The preparation of UDPGal from Gal-1--P wtth calf ltver Gal-1-P

                                     21,26)                                            When UDPGal 4-epimerase-urÅ}dylyltransferase has been reported.

Iess mutants of SaZnieneZZa and Escher'ichia coZi were grown on galactose,

                                                              16,17)a small amount of UDPGal was accumulated Å}n the bacterÅ}al cells,

                                                               18,19)and methods of isolation of UDPGal from such cells were reported.

lhese investigations, however, have dealt exclusively with the Å}sola-

tion of only srnall amount of UDPGal.

     Recentiy, Tochikura et az.27)have reported that several nucleo-

side 5'-monephosphates were phosphorylated to nucleoside 5'-diphos-

phates and nucleoside S'-triphosphates by yeast enzyme preparatÅ}ons

under the ferrnentative condttions of glucose Å}n the presence of htgh

concentration of inorganic phosphate. They also obBerved that when

5'-UM]? or 5'-GMP was incubated under the same reaÅëtlon candÅ}ticns,

uDpG22)or GDpM,23'24)a correspondÅ}ng nucieotide sugar, was aecuun;lated

in the reactÅ}on solutton in good yields.

                               -6-



     rhÅ}s work28)was undertaken to produce uDpGal, an analogous

uridine coenzyme to UDPG, from 5'-UMP with air-dried cells of

ToruZopsis candicla as enzyme source.

                    '

                       IViATERIALS AND METHODS

     Mater,iaZs. 5'--Ulpfi? sodium salt was kindly supplted by Takeda

Chemical Industries, Ltd., and Tanabe SeÅ}yaku Co., Ltd. UDPG, UDPGal,

UTP and UDP were purchased from Sigma Chemical Co. NAD was obtained

from Boehringer and Soehne GmbH, Mannheim. All other chemicals were

commercial products.

     Microorganisms and cuZtivation. Ton`Zopsis candicia IFO 0768

was Teainly used as enzyme source for the production of UDPGal. The

screening test for UDPGal accumulating activity was performed with-

other strains of yeast whieh were capable of utilÅ}zing lactose for

their growth. ALl the yeasts were grown on a medium containing SZ

galactose or lactose, O.S7. peptone, O.2Z yeast extract, O.27e KH2P04,

O•27o (NH4)2HP04 and O•1% MgS04• 7H20. The cultivation was carried out

at 28'C for 24 to 48 hr on a reciprocal shaker with 2 liter-shaking

flask containing 5oo ml of the above medium. The cells harvested by

centrifugation were washed three times wtth tap water and air-dried

at room temperature for 24 to 48 hr with an electrie fan, followed

by desiccation overnight under reduced pressure over NaOH or P20s.

 The air-dried cells were kept at -200C untÅ}1 used.
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     Enayme prepctr7atiens. Acetone-drted eells and ground cells ef

T. candicia were prepared as follows. About 10 g of wet cells were

suspended in small volume of water and the suspenston was put Å}nto

200 ml of -200C acetone and sttrred for 20 min. The cells were

collected by centrifugatton, washed with ether and dried tn a desi-

ccator under reduced pressure. The acetone-drÅ}ed cells were stored

at -20eC unttl used. Ten grams of drÅ}ed ce!ls were ground in a cool-

ing mortar for 20 min wÅ}th 20 g of sea sand and appropriate arnount

of O.05 M phosphate buffer (pH 7,O). Zt was then suspended into 30

rn1 of the same buffer, followed by decantation to remove sea sand.

The supernatant cell suspensÅ}on was used as ground cells..

     UDPG dehydirogenase was purified from acetone powder of bovine

iiver according to the method of wilson.29) The acetone saturated

fractton (fraction IV) was used for the enzymic assay of UDPG through-

out this work. UDPGal 4-epÅ}merase was partially purÅ}fÅ}ed from

Saechar,onnyyees fragiZis by the method of Maxwell and Robichon•-Szul-

        30)
majster.

     Reactton method. The composition of standard reactÅ}on mtxture

for UDPGal formation Å}s shown in Table 1. Unless otherwise stated,

the drted cells of T. cndidn grown on the lactose medium were used

as enzyme seurce. The reaction was carried out at 280C by continuous

 shaking in a test tube. rhe reaction was termtnated by immersing the

 tube in boilÅ}ng water for 3 min, and cooled. The cell debris was
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TABLE I. STANI)ARDREACTION SYSTE)1

5'-UMP sodium salt

D-Galactose

Potasstum phosphate

MgS04. 7H20

Air-dried cells of

 buffer (pH 7.0)

Tor,uZopsis candidn

   per ml

 20 pmoles

200 umoles

200 vmoles

 12 vmoles

100 mg

                        Total volume 2.S ml

removed by centrifugation and the supernatant solutten was submitted

to analysis.

     AnaZyses. Uridine nucleotÅ}des and nucleoside were determined

by paper chromatography. Aliquot of the reaction mixture was spotted

on Toyo Filter Paper No. S3 and developed with a solvent system

                                                             3)eonsÅ}sted of 95Z ethanol-M ainmonium aeetate (7.5:3, pH 7.5).

Ultraviolet absorbing spets were cut off and uridine compounds were

eluted with 5 ml of O.1 N HCI at 30eC for IS hr. The absorbaney at

260 mv was measured by HitachÅ}-Perkin-Elmer speetrophotometer Model

139, and the amounts of each compound were ea!eulated based on a

                                              3molar absorbancy index for uridine of 9.9 x 10 .

     UDPG was detemined enzynatically with VDPG dehydrogenase by

the method of strominger et az.31)wtth a slight modiiication. The

assay mixture contaÅ}ned 1.5 pmoles of NAD, 2SO pmoles of glyeine

buffer (pH 8.6), exeessive amounts of UDPG dehydrogenase (O.2-O.3

ul of fraction !V), and a sample to be assayed in a total volurne of
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3 ml. The reactÅ}on was Å}nitiated in a quarz cell by the addÅ}tion of

the sample contai.ning O.05-O.1 pmole of UDPG. The optical density

at 340 mp was fellowed until no more tncrease in the absorbancy was

observed. The amounts of UDPG were calculated from E34o equivalent

to that of reduced pyridÅ}ne nucleotide formed.

     UDPGal was determÅ}ned as the dÅ}fference between total UDP-sugar

(UDPG + UDPGal) determined by paper chromatography and UDPG assayed

enzymattcally, since these two urtdine coenzymes gave the same Rf

value on a paper ehromatogram with the above solvent.

     The reaction products were separated by column chromatography

                                                             32)with Dowex 1 x 2 (Cl-form) by the method of Cohn and Carter.

Paper chromatography of hexoses was carrÅ}ed out with a solvent system

                                              33)of ethyl aeetate-water-pyridine (4:4:2, vlv),                                                 and an!line hydrogen

                 34)                    was used for their detection. Hexoses were alsophthalate reagent

identifted by colortmetric method wÅ}th carbazole-sulfuric acid

                                                                     36)        35)             RedueÅ}ng sugar was determtned by the method of SomogyÅ}.reagent.

                             RESVLTS

     UPPGctZ forvnation from 5'-UMP cmd D-gaZaetose

     AEter S'-UM]? and galactose were aerobieally incubated, as shown

in Table I, with air-dried cells of T. ccTndidn grown on the galactose

medtum, the reaction products were analyzed by paper chromatography

and enzymic assay. As is shown Å}n Ftg. 1, a rapid consumption of
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Fig. 1. FormatÅ}on of Sugar Nucleotides by Galaetose-

                   Grown T. candida.

The reactÅ}en system was descrÅ}bed in Table r. Galactose-

grown cells were used as enzyme source.
  -o-- Total UDP-hexose determÅ}ned by paper chromatography

  - UDPG determined enzymatically by UDPG dehydrogepase

5t•-UMP oecurred in the earlier period of the reaction wtth foruatton

of a small amount of UDP and UTP. Subsequently, UDP and UTP were

deeTeased, followed by the aceumlat!on of a cempound whose Rf

value was Å}dentical with that of authentic UDPG tn 95Z ethanoi-M

ammonium acetate (7.S:3, pH 7.5) system. But the amount of UDPG

assayed with VDPG dehydrogenase was found to be much smaller than
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that determtned by paper chromatography. [[he result will Buggest

that another compound than UDPG having the same Rf' value in the

above solvent may be aecumulated in the reaction ulxture.

     Then an a!iquot of the reaction mÅ}xture was incubated with

excessÅ}ve UDPG dehydrogenase and NAD to oxÅ}dize completely a small

amount of UDPG present (FÅ}g. 2). ["hen UDPGal 4-epinerase that

catalyzes the conversion of UDPGal to UDPG was added to the tncubation

mLxture at the ttme indicated by the arrew, a further increase Å}n the

optÅ}cal density at 340 my occurred.

               O.10

            g o.os
            s
            n o.o6
            til

            rS O•04 vDpGa1 4-epimerase
            cll
               O.02

Fig.

The

UDPG

and

ml.

                  5 10 IS 20
                Incubation time (min)

 2. Biological Activity of the Reaetion Product by

     UDPG Dehydrogenase-UDPGal 4-Epimerase System.

reaction mixture contaiaed O.S pmole of NAD, O.S7

 dehydrogenase, 200 vmoles of glyeine buffer (pH 8.

aliquot of the reaction solution in a total voZume

 lrhe reaction was carrted out at room temperature.
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     From these observations, Å}t was Etrongly suggested that faÅ}rly

large amounts of UDPGal were formed under the reactÅ}on condÅ}tÅ}on

descrtbed in Table X.

     X6oZation and identification of UDPGictZ

     A large seale incubation was carried out in order to isolate

and identtfy UDPGal. The standard reaction system (Table I) was

used except that the reaction was carried out in three 2 liter-

shaking flasks,each of which contained 500 ml of the reaction

mixture. After 20 hr incubatton by continuous shaktng at 280C, the

reaction was terninated by iimnersÅ}ng fiasks in boiling water for 15

mtn and cell debris was centrifuged off. The supernatant selution

was adjusted te pH 3.8 with 1 N HCI and the precipitate was discard-

ed by centrifugation. To the clear supernatant solution, was added

active carbon to adsorb nucleotides and stirred for hours. Then the

active carbori was collected by filtration and the adsorbed nucleo-

tides were eluted wtth SOZ ethanol solution containtng 5Z NH40H,

and then applied on a columm of Dowex 1 x 2 (Cl-form).

     The.elution pattern of the nucleotides is shown in Fig. 3.

The maÅ}n urtdine derivative was eluted with O.Ol N HCI and O.20 M

NaCl. To thts fractton was added active carbon and the adsorbed

nucleotÅ}de was eluted with ammoniacal ethanol solution. the eluate

was eoncentrated under reduced pressure at 300C and lyophilÅ}zed.

Finally about 6.0 g of UDPGal was obtained as diammonium salt from
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                             -2        Resin: Dowex 1 x 2 (Cl forTn), 200-400 mesh, 19.6 cm

        x S2 cm. One fraction: 20 mi. ElutÅ}on speed: 10 ml/mÅ}n.

13.2 g of S'-UMP sodium salt.

     The tsolated nucleotide was found to have E at 262 mu and
                                              max
EmÅ}n at 230 mp Å}n O•Ol N HCI, the absorption spectrum being identical

with that of uridine. Paper chromatogram of the isolate and its

acid-hydrolyzate is shown in Fig. 4. The Rf value of the isolate

was almost identtcal with that of authentic UDPGal, and UDP was

liberated from the isolate when it was hydroZyzed in O.Ol N HCI at

1000C for 15 min. One mole of UDP was released from one mole of the

isolate by the acid-hydrolysts. ]turtherTaore, a hexese was liberated

by the hydrolysis, whose Rf value was Å}dentical wtth that of authentÅ}c
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Uridine

UDPGal

s'-urcp

   UDP

A: Authentic samples

B: Acid-hydrolyzate

   (O.OIN HCI, 1000C, 15

C: Isolated sample

Solvent: 957. ethanol•-M-

ammonium acetate (7.5:3,

pH 7.5)

min)

               ABC
  Fig. 4. Paper Chromatogram of lsolated UDPGal and Its Acid-

                            Hydrolyzate

galactose (Fig. 5). The amount of galactose released was determined

                         36)by the method of Somogyi.                              About one mole of galactose was 11ber-

ated from one mole of the isolate. The absorption spectrum of the

colored product of the hexose liberated by the hydrolysis was ldenti-

eal with that of authentlc galactose when lt was developed by

                        35)carbazole-H2S04 reaction                           (Fig. 6).

     The NMR spectrum of the isolated nucleotide is shown in Ftg. 7.
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Fig.

Fig.

    O

5. Paper Chromatogram

       O.20

      pt      v      a      tu
     D      N      o O.10      m     e

E

of Sugar

 6. Absorption

A: fructose, B:

D: galactose

A: Sample + glucose

B: Sample + mannose

C: Sample + galactose

D: Sample

E: Glucose + mannose + galaetose

Solvent: ethyl acetate-H20-
   pyrtdÅ}ne (4:4:2, vlv)

Sample: acid-hydrolyzate

   (o.olN Hcl, looOc, ls nin)

  Moiety of rsolated UDPGal.

     A

     B

     c

     D

 400 4SO SOO 550
     Wavelength (mv)

Spectra of Colored Produets

by Carbazole-H2S04 Reaction

glucose, C: sugar moÅ}ety of

         -16-

 600

of SugarB

.

isoZated UD?Gal,



ppm (r)

    6.0

/-

    8,O ii.O '6.0 5.0 4.0 3.0 2.0 1.0 O
                             ppm (S)

          FÅ}g. 7. NMR Spectrum of Isolated UDPGal.

       The spectrum was reaorded on a Varian A-60 spectrometer

       at 60 MHz in D20 with DSS as internal standard.

The signals were assÅ}gned as follows; 6 7.92 d (J6,s = 8tO Hz)

(H-6, one proton), 6 5.96 d (cls,6 = 8.0 Hz) (H-5, one proton), 6

5.97 d Åqcrl,,2, =3.5 Hz) (H-1', one proton), 6 5•63 q (elrr,2" =

3•O Hz,. cTl"ip = 7.0 Hz) (H-1", one proton), 6 4.33-3.68 m (methine

andmetliylen'sprotons of D-rtbose and D-galactose, 11 protons).

These data were in good agreement with those of UDPGal.

     From the results descrtbed so far, it was concluded that the

isolated nueleotide was UDPGal. It was found by enzymie qnd chroma-

tographtcal apalyses that the isolated UDPGal was contaminated by

sma11 amounts of UDPG (5.9Z) and UDP (3.7Z).
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     Effect of vntous i7actors on UDPGaZ fervnentation

     Phosphate buffer concentration. Mie optÅ}mum aoncentratÅ}on of

 phosphate buffer was found between O.1 M and O.4 M, the maxÅ}mum

 yÅ}eld of UDPGal betng about 6SZ based on 5'-U)IP. With Å}ncreastng

 phosphate coneentration, UDP and UTP were tncreased, while the
.

 eonsumption of St-UMP became slower. At lower phosphate concentra-

 tion (O.1 M and O.2 M), UDPG whlch was accumulated in the early

 pertod of the reaction was gradually decreased in the later stage

 of tncubation, whereas higher phosphate concentratton (O.4 M and

 O.8 M) caused a gradual increase of UI)PG.

AE2o
8
T
g

 v
 v g lo

"li

8
v't.,

6
rSl

 o

                         rncubation time (hr)

Fig. 8. Effect of Phosphate Concentration on UDPGal FormatÅ}on
                   by Laetose-Gr6wn T. cctndida.

    The reactÅ}on system was descrtbed tn Table r exeept that

    phosphate buffer eoncentratton was varÅ}ed.
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     5t-UMP coneentration. The effect of S'-UM? concentration is

shown tn FÅ}g. 9. The maximum yields of UDPGal at the concentrattons

of 10, 20, 40 and 60 vmoles/ml of. 5'-UMP were 88.0Z, 80.3Z, 79.4Z

and 69.8%, respectively. Sometimes the yields of UDPGal varied from

60Z to 80Z in the standard reactÅ}on system (5'-UMP 20 pmoleslml)

depending on the preparatÅ}on of aÅ}r-dried cells. It can also be

seen that UDPGal once accumulated is very stable even after a long

incubation. On the other hand, UDPG whtch was aceumulated in the

earlier stage of the reaction tended to decrease gradually in the

later stage of the reaction.

     A .o-D 5'-UM? concentratton     "40 cr                                                    (pmoleslul)                                       A10

                                                         -e-10
oH 30e
B
E
a 2o
x
8
e lo

d

et-e-"-t-{

o
T
g
U
es

"iil

x
e

             8 16 24
         Xneubation tkne (hr)

Fig. 9. Effect of 5'-UMP CencentratÅ}on on

               and UDPG by Laetose-Grown T.

The reaction system was described in Table
cancentratÅ}on was varied.
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     dnZaetose eoncentration. As is shown Å}n Fig. 10, the presence

of galactose is essential for the fennentative productÅ}on of UDPGa!.

The accumulation of UDPGal was delayed by the addition of higher

concentratÅ}on of galactose in the early period of the reaction.

About 200 pmoles!ml of galactose was enough to ensure a maxtmum

yield of UDPGal. It is of great interest that in the absence of

galaetose large amounts of UDPG were formed instead of UDPGal (Fig.

11). This result would suggest that UDPG may be biosynthesized from

G-1-P derived from endogenous carbohydrates sueh as intracellular

glycogen of the dried cells used as enzyme souree.

                                      =

do
a
e
T.10
E

Åí

:
x
e

E
=N...,

va
:
o- 10
m
di

vHvo
tu

Ho
s
z

 UDPG
  /

unP+UTP
     k

                      2 hr

               200 400 600 8 16 24
         Galactose added •(vmoles/ml) Incubatton time (hr)
Fig. iJ. Effect of Galactose Con- Fig. 11, UDPG Formation in the

centratton on UDPGal ForTnation by Absence of Galactose by Lactose-

Lactose-Grown T. eandida. Grown T. candida.

The reaction system !n Figs. 10 and 11 was the same as that

described in Table I exeept that galactose coneentratlon was varted.
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     Dr)ied ceZZB coneentration. Table TI shows that more than 75

mglml of the dried cells are requÅ}red for a maximal formation of

UDPGal under the standard reaction condition. UDPGaZ formation was

delayed remarkably at SO mg/ml of the cells, and no UDP-hexose was

formed at 25 mglml.

     TABLE II. EFFECT OF CELL CONCENTRATrON ON UDPGAL
            FORMATZON BY LACTOSE--GROWN t?. ectndtda

Concentration
of dried cells
  (mg/ml)

rncubation
  tlme
  (hr)

Products and substrate found

Uridtne UDPGal               UDPUDPG 5i-UE[P
+

UTP

100

 75

 50

 25

10

15

10

15

10

15

10

IS +

2.0

1.9

2.0

L6
3.3

3.7

2.4

s.o

12.8

12.6

14.0

l3.3

  o

 9.4

  o

  o

2.4

3.S

2.4

2.9

o

LO
o

o

  o

  o

  o

  o

11.1

 4.2

15.1

13.7

o

o

o

o

2.1

2.6

o

o

    Tlie reaetion system was deseribed in Table Z except that

     eell concentratÅ}on was varied.

          '
     Effect of suea? substrate. When galaetose was replaced by
                                                         '
glueoge tn the standard reaction system, only UDPG was aecumulated

Å}n gec}d yiel- ds (Table r:T). On the other hand, in the reaction
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systems eontaining galaetose

sugar substrate, UDPGal was

against gradual decrease of

       TABLE !II. EFFECT OF
               FORI![AT!ON BY

, galactose + glucose, and lactose

mainly accumulated with tncubation

UDPG.

 SUGAR SUBSTR.ATE ON UDP-HEXOSE

taCTOSE-GROWN T. candtda

as

time

Sugar

added

substrates
(vmoles/m!)

UDP--hexose forrned (vmoleslml)

UDPG

4hr 8hr 12 hr

    UDPGal

4hr 8hr 12hr

Glucose

Galactose

Glucose +
Galactose

Lactose

400

400

each 200

200

7.8

6.1

S.l

S.4

10.8

 3.7

 4.7

 4.3

10.0

 L7

 3.1

 2.4

 O 1.1
4.2 9.8

5.2 10.5

7.3 8.9

 O.7

12.2

l2.0

 9.9

       The reaction system was described in Table 1 except that

       sugar substrates and their coneentratÅ}ons were varÅ}ed as

       shown above.

     Effect of aeratton. An aerobÅ}c reaction condition was essenttal

to the ferrnentatÅ}ve produetÅ}on ef UDPCal (Table IV). This observation

seems to be consistent with the absenee of the fermentative ability

              37)of T. cctndida.

     Effeet of ceZZ prepavations. The effect of vartous cell prepa-

rations on UDPGal formatton was investigated (Table V). Net only

air-dried cells but also ground cells were found suttable as enzyrne

sources for the efficÅ}ent formatton of UDPGal. Large amounts of
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TABLE IV. EFFECTOF AERATION ON

LACTOSE-GROWN

UDPGAL FOR)!ATION BY

T. ca7Tdida

Dtameter of
 test tube
   (IMI)

Volume of
reaetÅ}on
solution
  (ml)

UDPGalformed ( lmoles /ml)

Lactose system Galactose system

16

24

 2.5

 2.5

 5.0

 7.5

10.0

 2.S

 5.0

 O,3*

12.0

11.S

 2.6

 O.7

12.3

13.0

 o.

12.

10.

 3.

 1.

11.

11.

3s

6

2

1

4

o

2

k Static reaction The reaetion system was described tn
Table r except that lactose was incubated in the lactose system.

 TABLE V. EFFECT OF CELL PREPARATIONS ON UDPGAL FORMATION BY
                   LACTOSE-GROWN T. eandadct

Cell preparations
Incubation
  time
  (hr)

Products and substrate
       (umoles/ml)

found

Uridine UDPGal UDPG 5'-UbCP

Air-drted cells

Ground cells

Acetone-dried cells

rntact cells

6

8
10

6
8

10

6

8
10

6
8

10

 Ll
 L8
 1.4

 1.7
 1.4
 LO
17.1
16.2
15.8

o
o
o

11.6
l2.0
13.0

11.7
11.1
11.8

o
o
o

o
o
o

2.3
2.2
2.1

3.2
3.6
1.3

o
o
o

o
o
o

o
o
o

o
o
o

o
o
o

19
19
19

.

.

.

6
5
6
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       The reaction system was deseribed in Table 1 except

       that various ceil preparations were used.

uridine were accumulated with acetone-dried ceUs, whereas 5'-UMP

was unchanged wÅ}th intaet eells.

     Distributton of UDPGaZ accunntZating activity in yeasts

     Nineteen strains of yeasts which are able to assinilate lactose

were seleeted for the screening test. The result is shown in Table

Vr. It was found that Sacehavomyees Zaetis, Brettanomyees eZaussenii,

Tor,uZopsis eandida (three strains), T. sphaer'2ca, Candicia inteivnedia

and C. pseudotropieaZis (IFO 0882) accumulated both UDPGal and UDPG

in various amounts. [Miree strains of T. c(vidida accumulated UDPGal

in good yields in the later stage of the reaction. UDPG was formed

in small amounts in later stage of the reaction. rn other strains,

UDPGal was gradually decreased with incubatÅ}on time accompanied by

the increase of UDPG. The other 11 strains could not produce UDPGal

under the reaetton condition. Most of them converted S'-UrdP to

uridine in large amounts. It ts of tnterest to note that Sacehar,o-

                                                     4)myce6 fi,ctgiZis. from which Ul)PGal was first isolated , can not

produee the uridtne coenzyme under the reactien condÅ}tion.
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TABLE Vr. DrSTR[BUTrON OFUDPGALACCumATrNGACTrVX[I]Y IN YEASTS

Stratns
Reactton
  tÅ}me
  (hr)

Products found (pmoles/ml)

-UQRG-.Uzidins-
SaechctT,omyces fragili6
  IFO 0288

Saecharornyces Zaetis
  !FO 1090

Debaryomyces subgZobosus
  IFO 0794

BuZZeva aZba
  IFO 1192

Brettanomyces cZaussenit
  IFO 0627

Tor,uZopsis candida
  IFO 0380

Tor,uZopsis candida
  IFO 0768

ToruZopsis eandicla
  IFO 0405

To?uZopSis sphaeriea
  rFO 0648

eandicia hzmrieola
  :FO 0753

Candicia hutcoZa
  ZFO 0760

4
8

12

4
8

12

4
8

12

4
8

l2

4

8

12

4
B

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

o
e
o

5
1
2

o
o
o

o
o
o

2

2

1

2
8

13

3

12
12

1
3

13

10
4
4

o
o
o

o
o
o

.

.

.

'

'

.

.

.

.

.

'

.

'

'

.

.

.

.

3

6

1

9
1
8

8
9

1

3
6
9

6

o
5

o
7

8

o
o
o

9

14
3

o
o
o

o
o
o

6

2
3

1
2
6

1
s
8

o
o
2

11
6
7

o
o
o

o
o
o

.

.

'

.

-

.

.

-

.

'

.

.

.

.

.

.

3
8
5

3
8
6

3
9
5

8
2
6

8

5
9
9

o
o
o

 1.9
11.4
 9.2

 2.8
 S.9
 5.9

o
o
o

 3.6
 9.9
10.1

 4.8
 2.6
 2.0

 5.5
 4.S
 4.4

 1.1
 L5
 O.9

 S.1
11.7
12.6

o
o
o

o
o
o

o
o
o

2

3

12

1
2

3

o
o
o

9

12
11

1
2

1

2
3
3

o
o
1

4
9
9

o
o
o

o
o
o

.

.

.

.

.

.

.

.

.

.

.

'

.

.

.

.

.

.

.

.

1
4

4

1
7

3

6

1
5

7

8
9

1

o
o

7

3

8
6

5

13.3
17.5
19.8

 1.9
 2.0
 2.1

trace
trace
trace

14.3
17.6
18.3

 7.9
 7.1
 7.1

trace
traee
trace

trace
trace
trace
o

 Ll
 1.3

trace
trace
trace

IS.2
18.0
18.2

12.2
IS.1
16.1

11.3
i4.5
19.1

trace
trace
trace

trace
trace
trace

14.0
18.1
18.0

 4.5
 4,5
 4.8
trade

trace
trace

trace
trace
trace

o
o
o

o
o
o

11.8
14.8
16.4

 9.4
11.9
14.4
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TABLE VI. DISTRIBUTrON OF UDPGAL ACCUMULATrNG ACTIVITY IN YEASTS
(conttnued)

Strains
Reaetion
  ttme
  (hr)

Products found (umoles/ml)

 UDPGal   UDPG Uridine

Can di dn inte me dia
  IFO 0761

Candida maeedoniensts
  rFo og6o

Candidn pseudotroptcaZis
  rFO 0885

Candida pseuciotropiaaZis
  IFO 0617
     -
Canck cla pseuclotropicaZis
  IFO 0882

Candidn pseudbtropieaZis
  var. Zactosa
  IFO OO08
Candida pseuclotTopicaZis
  var. Zactosa
  IFO 0432

Candida tenui6
  IFO 0716

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4

 8
12

4

 8
12

4

 8
12

 6.8
 S,8
 5.4

o
o
o

o
o
o

o
o
o

10.2
o
o

o
o
o

o
o
o

o
o
o

2.

L
L
o
o
o

o
o
o

o
o
o

8.
6.
o

o
o
o

o
o
o

o
o
o

8
9

5

s

7

1
1
1

o
o
o

o
o
o

o
o
o

6
8

1

o
o
o

o
o
o

o
o
o

.1

.1

.6

.7

.5
,9

 9.3
IO.5
11.0

o
o
o

o
o
o

o
o
o

 4.9
 6.0
 7.5

o
o
o

 L6
 4.4
 s.s

o
o
o

trace
traee
trace

14.0
15.4
IS.8

17.1
16,8
18.2

11.9
17.5
20.0

trace
trace
trace

18.4
l9.4
19.S

17.1
17.3
17.7

 7.9
12.6
14.8

trace
trace
trace

 9.3
11.0
10.7

 9.4
10.6
12.1

11.3
17.4
19.0

trace
traee
trace

17.6
19.1
19.8

13.2
13.8
13.7

 6.2
10.4
10.8

A: 5'-UMP + D-galactose system, B: 5!-UM]? + lactose system

The reaction system was the same as that described in Table r

except that 100 mg/ml of dried cells of various yea6ts were
incubated as enzyne source. D-Galactose (400 umoles/ml) and

lactose (400 umoles!ml) were Å}ncubated in the systems of (A)

and (B), respectively.
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                             DISCUSSION

     An Å}nvestÅ}gation of the fermentative productton of UDPGal from

5'-MCP with atr-dried cells ef TonuZop6is candtda was performed Å}n

this sectÅ}on. UDPGal was accumulated in the yteld of 60-80% based

on S'-UMP added. By a large seale Å}ncubation, about 6 g of UDPGal

could be prepared from 13.2 g of 5'-U)CP sodÅ}um salt. Little inform-

ation has been presented coneeming the preparation of UDPGal by

such ferTnentative processes as described Å}n this section.

     TochÅ}kura et az.27) reeently reported that adenostne and s'--AMp

were phosphorylated to ADP and ATP in hÅ}gh yields by various ground

and acetone-dried yeast cells under feumentative conditions of glucose.

They also observed that 5'-UMP and S'-GMP were phosphorylated to form

UDP, UTP, Ul)PG, GDP, GTP and GDPM by baker's and brewer's yeast

             22-24)                     The phosphorylatton of nucleosÅ}de and nucleo-preparattons.

tÅ}de by those yeasts had been considered to be carrÅ}ed out by ATP

which was generated through glycolysls. In this investigatton,

however, ATP which is needed for the phosphorylation of 5'-UMP and

galactose by T. candida might be supplied by oxidative phosphory-

 lation connected wtth respiratton, sÅ}nee an aerobic reaction condi-

 tion was essentÅ}al to UDPGal formation.

     It is lcnown that UDPGal can be synthesized by acttons of enzymes

 such as UDPGa,1 4-epimerase (UDPG .- UDPGal), UDPGal pyrophosphorylase

 (UTP + Gal-1-P = UDPGal + PPÅ}) , and Gal--1--P uridylyltransferase

                                -27-



(Gal-1-P + UDPG Fl UDPGal + G-1-P). The presence of these adapttve
                                                                 4,38)
enzyrnes in Sacchctromyce6 frugiZi6 is reported by several workers,

and their participation in gaZactose metabolisrn in corrrpany with

                                                             25)galactokinase and UDPG pyrophosphorylase has been elarified.

The mechanism of formation and accurnulatton of UDPGal by T. candtclct

observed in this work will be discussed in later seetÅ}on.

                              SUtVtMARY

     An efficient method for the preparatlon of UDPGal frorn 5'-UM?

by fermentative process was described. UDPGal was accumulated in

good yields (60-80Z) when S'-Ul![P and galactose were aerobically

ineubated with air-dried cells of T. eandida grown on galactose or

lactose as enzyme souree. UDPGal was iselated from the reaetion

mixture and identified. The effects of several factors on UDPGal

ferrnentation by the yeast were investigated for establishing opt'imum

reaction conditions. The distribution of UDPGal accumulating aetlvÅ}-

ty in yeasts capable of utiltzing lactose for growth was investigated,

and T. candida was foundi to be the most suitable strain for UDPGal

fermentation.
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      Section 2. Effect of Water Content of Air-Dried Cells

                        on UDP-Hexose Fermentation

                           INTRODUCTION

     In the previous sectton, the author has reperted an efficÅ}ent

method for the fermentatÅ}ve production of UDPGal from 5'-UMP and

galactose with air-dried ceils of Tor7uZopsi6 candidn IFO 0768 as

enzyme source in the presence of high eencentration of inorganic

phosphate. Durtng the course of the study of U])PGal fermentation

by the yeast, it was found that the preduction of Ul)P-hexoses

(UDPGal + UDPG) was remarkably influenced by the water content of

aÅ}r-dried cells of the yeast. It was suggested that the changes of

UDP-hexose fermentation whieh was dependent on the water content of

the air-dried cells might be related to their enzyme acttvities

whieh were responsible to UDP--hexose formation.

     This section39)describes the relation between the water content

of air-dried cells of T. candida and its acttvtty of Ul)P-hexose for-

matton. ,The related enzyTne activities of the yeast includÅ}ng UDPG

pyrophosphorylase, Gal-1-P uridylyltransferase and galactokinase were

 examined wtth the dialyzed cell-free extract which was prepared from

 a!r-dried cells contaÅ}ning different amounts of water.

                                             '

                        tVIATERIALS AND METHODS
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     MateriaZs. UDPG and UTP were prepared by the method of Tochi-

kura et aZ.22) uDpGal was prepared by the method described in the

previous seetion. ATP was purchased from Kokoku Rayon and Pulp Co.,

Ltd., and G-l-P was purchased from Boehringer and Soehne GmbH, Mann--

heim. The other chemicals were commercial products. UDPG dehydro-

genase was prepared from the aeetone powder of bovine liver accord-

                            29)
Å}ng to the method of L"ilson.

     CuZtivation of yeast. TointZopsis ccmdidn rFO 0768 was grown

on a medium contaÅ}ning 57. Iaetose or glucose, O.5"rd peptone, O.2"1.

yeast extract, O.2"A KII2P04, O.2e!. (NH4)2HP04 and O•IZ MgS04,7H20•

[IThe pH of the medium was 6.2. The culttvation was carrÅ}ed out at

28eC for 24-48 hr on a reciprocal shaker (120 rpm) with 2 liter-

shakÅ}ng flask centaining 500 ml of the media. The yeast was also

grown on a large scale in a 20 liter-jar fermentor (Marubishi Labo-

ratory Equipment Co., Ltd.) containing 14 liters of the same media

at 300C for 24 hr. An air flow was set at 20 liters!rntn and agttator

                                                           2speed was 350 rpm under the internal pressure of O.6 kglcm .

      Prepar'ation of clr,ted ceZls. The yeast cells were harvested by

 centrifugatÅ}on and washed three times wtth tap water. [[!he ceils

were then spread over a glass plate and dried at room temperature

 with an electrlc fan for 24 to 36 hr (atr-drÅ}ed eells). For the

 preparatton of drled cells of lower water content, the air-drted

 cells were dried agaÅ}n overnÅ}ght under reduced pressure over P20s.
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     Preparation of ceZZ-free extT,act. Ftve grams of the aÅ}r-dried

cells were suspended Å}n 30 to SO ml of O.1 M potassÅ}um phosphate

buffer (pH 7.0) in a 300 ml-flask and was shaken at 28"C for 4 hr

on a reciprocal shaker. The suspension was then centrÅ}fuged at

10,OOO rpm for 20 mÅ}n and the supernatant solution was dialyzed at

40C overnight against 3 liters of O.Ol M potassium phosphate buffer

(pH 7.0).

      Reaction method for UDP-hexese foxvnation. The reaction system

for UDP+-hexose forrnation by dried eells of T. candicia is shown tn

Table Z. Unless otherwise stated, galactose was incubated with the

lactose-grown cells, and glucose with the glucose-grown cells.

UDP--Hexoses thus forrned were UDPGal and UDPG, respectively, as men-

tÅ}oned Å}n the prevÅ}ous section.

          TABLE I. REACTION SYSTEM FOR UDP-HEXOSE FORMATION

                                        per ml

5'-UMP sodium salt 20 vmoles
Galactose or glueose 200 ymoles
Potassium phosphate buffer (pH 7.0) 200 pmoles

MgS04'7H20 12 umoles
Dried  E;i.:iti'. 8S,,:7;lig.Eg-.$rl,g.!2d'COSe- ioo mg

After

 Total volume 2.S ml, shaking reaction at 28eC

shaking reaction at 28eC, the reaction tube was put in
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boiling water for 3 min, and cell debTis was removed by centrtfuga-

tion. The supernatant solutton was employed for UDP-hexose analysis.

     AnaZyttcaZ method. UDPG and UDPGal were determined by the

method described in the previous section. Protein was estimated by

                          40)                             using egg albumin as standard. Thethe method of Lowry et aZ,

water content of dried cells was determined after drying them at

10SOC for 24 hr. The number of dead yeast cells was esttmated by

staining with methylene blue.

     Assay of enzyme activittes. UDPG pyrophosphorylase was assayed

as follows. The reaction mixture contained 10 pmoles of UTP, 20

vrnoles of G-1--P, 10 vmoles of MgC12, 500 vmoles of glycine buffer

(pH 8.6) and the requisite amounts of eell-free extract Å}n a total

volume of 3 ml. After incubatÅ}on at 37eC for 15 mtn, the reaction

was stopped by iinmersÅ}ng the tube in boiling water for Z mtn and the

precipttate was centrifuged off. An aliquot of the supernatant

solution was analyzed for UDPG by the enzymic assay.

     Gal-1-P uridylyltransferase was assayed tn a similar way with

the incubation mixture containÅ}ng 10 pmoles of UDPGal, 40 ymoles of

G-1-P, 10 vmoles of MgC12, 500 ymoles of glyeÅ}ne buffer (pH 8.6) and

the requÅ}site amounts of cell-free extract in a total volume of 3 ml.

UDPG formed was determined enzynatically as menttoned previously.

A unit of UDPG pyrophosphoryZase or Gal-1-P uridylyltransferase was

deftned as the amount of enzyme catalyzing the formatÅ}on of 1 vmole
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of UDPG per hour under the above reaction condittons.

     Ga!actokinase was assayed with the incubation nixture containing

5 vmoles of galactose, 10 vmoles of ATP, 10 vmoles of MgC12, 250

vmoles of Trts buffer (pH 7.5) and the requistte amounts of cell-

free extract tn a total volume of 3 ml. After ineubatÅ}on at 370C

for i5 min, O.S ml of 5Z ZnS04 and O.3 N Ba(OH)2 were added and mixed.

lhe reducing sugar in the supernatant solution was determined by the

                  36)                       A unit of the enzyme was defined as the amountmethod of Somogyi.

of enzyme eatalyzing the eonsumption of 1 vmole of galaetose per

hour under the reaction condition.

                       RESULTS AND DISCUSSION

     Preparative conditions of cZr.ied ceZZs and their UPP-hexose

foTming activities

     The cells of T, eandicla grown on lactose were immedtately air-

dried under several conditions and their activities of UDP-hexose

forrnatton were investigated. As is shown in Table II, the prepara•-

tive conditions of dried cells seemed to be very tmportant for efft-

cient formatÅ}on of UDPGal. It was essential for hÅ}gher yÅ}elds of

UDPGal to use dried-eell preparations which were destccated as fast

 as possÅ}ble, otherwtse uridine formation took p!ace.

      Then, the relation between water eontent of the lactose-grown

 cells and their activÅ}ty of UDPGal foi=natÅ}on was investigated•
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TABLE II. EFFECT OF PREPARATIVE CONDITIONS OF LACTOSE-GROWN

DRIED CELLS OF T. candida ON UDPGAL FORMATION

Preparative conditions

of dried cells

Dried on a large Petri dish
(30 em diameter) in a thin layer

Dried on a small Petri dish
(9 em diameter) in a thin layer

Dried on the same dish in about
0.5 em thick and 4 em across

Dried on the same dish in about
1 em thick and 4 em across

Dried on the same dish in about
1.5 em thick and 4 em across

Dried on the same dish filled
up with wet cells

UDPGal
found

(~moles/ml)

13.6

13.2

11.6

8.2

6.1

o

Uridine
found

(~moles/ml)

3.3

3.6

4.1

6.0

7.4

13.3

The wet cells were dried with an electric fan for about 20 hr at

room temperature and then kept in a desiccator overnight under

reduced pressure. The reaction system was described in Table

I in which galactose was incubated as sugar substrate. The

reaction time was 8 hr.

As can be seen in Fig. l~ the activity was remarkably affected by

the water content of dried cells. The amounts of UDPGal formed by

the lactose-grown cells increased rapidly as their water content

decreased below 20%. A maximal yield was attained by dried cells

containing 5 to 8% water~ while no UDPGal was formed by those con-

taining more than 20% water.
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      Ftg. 1. Effect of Water Content of Lactose-Grown Dried

               Cells on Activtty of UDPGal Formation.

      The reaction system was described in Table I in which

      galactose was incubated as sugar substrate.

     Similar expertment was done with dried cells of T. cctndidn

which was grown on glucose instead of laetose. As is shown in

Fig. 2-(A), it was observed that the actÅ}vity of UDPG formation by

the glucose-grown cells was also affected by changing degree of

desiceatÅ}on of dried eells, but the activtty was less sensitive to

thetr water eontent than that' in the lactose-grown eells as shown

Å}n Fig. 2-(B).

     Effeets of sugar sitbstrates and water eontent of Zaetose-gpoum

eeZZs on UPP-heeose forning aetivities
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Fig. 2. Effect of Water Content of Glucose-Grown and Lactose­

Grown Cells on Activity of UDP-Hexose Formation.

The reaction system was described in Table I in which glucose

was incubated in (A), and galactose in (B). respectively.

The reaction time was 8 hr.

From the results indicated above, it was clear that the activity

of UDP-hexose formation by T. candida was markedly influenced by the

degree of desiccation of the dried cells preparation to be used for

the reaction. It was also shown that the activity of lactose-grown

cells was more sensitive to their water content than that of glucose-

grown cells. Then, the effect of sugar substrates on UDP-hexose

fermentation by lactose-grown cells was investigated to clarify

whether the difference of sensitivity to the water content of the

cells I was really due to the carbon sources for their growth medium.
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As is shown in Fig. 3, 1Å}ttle difference of UDP-hexose forming

actÅ}vity was observed between glucose and galactose us.ed as sugar

substrate irrespective of the water content of the dried cells.

     It is suggested from the above results that the carbon sources

of growth media for the yeast mÅ}ght somewhat affect the structure

of the cell wall and that the permeability of reaction substrates

Å}nto the cells and the extracellular excretion of the enzymes res-

ponsible to UDP-hexose fermentatÅ}on might be changed by the water

content of the dried yeast preparations. Moreover, the degree of

'autolysis during dryÅ}ng process of the eells may cause an inactiva-

tion of some of the related enzynes.

              ?
              h 2o
               o UDPGal              rl               g, 1
              )Ei'

               E
              ,R IO uDpG

               or vx               m               o               x               o               s               t               m               n               p
                            10 20 30
                     Water eontent of drSed cells (Z)

     Fig• 3. Effect of Water Content of Lactose-Grown Drted Cells
                                                           '              on Activity of UDP-Hexose Forrnatien.

     The reaetÅ}on system was described Å}n Table Z Å}n which lactose-
     grc)wn cells were ineubated with galactose (-O-) and glucose
      (-e-), [he reaction ttme was 8 hr.
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     Then, the author examined the percentage of dead cells in

glucose-grown and lactose-grown cells containing different amounts

of water. The relationship between UDP-hexose fonnLng activities

and amounts of protein extracted from cells was investigated. As Å}s

shown in Table III, UDPG foming activity of the glucose-grown cells

which contained 6.07. and 17,IZ water was almost unchanged, but UDPGal

was not formed by the laetose-growri cells when the water content

increased from 7.8Z to 18.17.. Further, it was observed that the
                  '
amount of protein extracted from glucose-grown cells or lactose+-

grown cells was well parallel to the amount of UDP-hexose which was

formed by the respective dried-cell preparations.

    TABLE rll. UDP-HEXOSE FORMING ACTIVITIES, AMOUNTS OF EXTRACT-

       ABLE PROTEIN AND PERCENTAGES OF DEAD CELLS IN GLUCOSE- AND

                    LACTOSE-GROWN DRIED CELL PREPARAT!ONS

Cell preparat!ons and

their water content

       (Z)

UDP-hexose formedee

   (vmoleslml)

UDPG UDPGal

Protein Dead cells
extractedk* found

(mglrn1) (Z)
Glucose-grown cells (6.0) 18.5
Glucose-grown cells (17.1) 17•S

Lactose-grown cells (7.8) -
Lactose-grown cells (18.1) -

 -

18.5

o

3.73

2.75

2.S5

O.46

88

84

55

32

* !lhe reaction time was 8 hr. The reaction system was described
in Table I in which glucose was incubated with glucose-grown cells,
and galactose was with lactose-grown cells.
t* Five g of dried ce!ls weresuspended in SO ml of O.IM potassÅ}um
phosphate buffer (pH 7.0), followed by shaking for 4 hr at 280C.
Mie supernatant solutÅ}on was dialyzed overnight at 4eC.
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Especially, little protein was extracted from the lactose-grown cells

containing 18.1% water by which UDPGal was not formed. It is of

interest that dead cells in larger percentages i are I found in the

dried cells qbtained from glucose medium than those from lactose

medium, irrespective of their water contents. In other words, the

lactose-grown cells had more resistance to desiccation than the

glucose-grown cells from which the enzyme protein was easily extracted.

Water content of lactose-grown cells and en~me activities in

cell-free extract

Table IV shows the relationship between water content of the

lactose-grown cells and some of their enzyme activities responsible

to UDPGal synthesis. The total amounts of protein extracted from

dried cells containing 5.9% and 17.2% water were 147 mg and 44.5 mg,

respectively. UDPGal was not formed by the dried cells having 17.2%

water, the result being in good agreement with that shown in Table

Ill. However, an apparent increase in the amounts of enzyme protein

and specific activities was observed when the water content decreased

from 17.2% to 5.9%. About 2.S-fold increase was found in the specific

activitiy of Gal-l-P uridylyltransferase which catalyzes the reaction:

UDPG + Gal-l-P ~UDPGal + G-l-P.

From these results, it may be concluded that the effect of the

water content of lactose-grown cells on UDPGal fermentation is caused

by the degree of excretion of enzyme proteins which are related to
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TABLE :V. ENZwaACTIVITrES IN

        GROL-JN

CELL-FREE EXTRACT

T. eandtda

OF LACTOSE-

Water content
of dried cells

    (Z)

  UDPG pyro-

phosphory1ase

TV SA

Gal-1-P uridylyl-

   transferase

 TU SA

 Galacto-

  kinase

TU SA
 5.9

17.2

1528

 270

10.4

 6.07

948

113

6.45

2.54

846

197

S.76

4.44

    TU: total units, SA: specific actÅ}vity (unitslmg proteÅ}n)

    ]rhe cell-free'extract was prepared by the method descrtbed in

    Table III.

the synthesÅ}s of UDPGal. It is also suggested that the difference

of UDP-hexose synthesÅ}ztng actÅ}vity between lactose-grown and g!ucose-

grown cells may be due to the carbon sources of the growth media by

which the structure and permeability of the cell wall may have been

changed by the degree of desiccatton of the yeast.

     Lebedew41)found that a glycolytic enzyrne system could be easily

extracted from dried yeast powder with warm water or buffer solution

and that the fermentative activity of the Lebedew juice was weak

unless dried eells underwent partial autolysis. As described in

this work, the UDP-hexose forming activity ef T. ecendida was remark-

ably influeneed by the water eontent of drted-cell prepsration, but

this was overcome by the careful management of drying process of the

eells. As Å}s shown Å}n Table V, it was possible to raÅ}se 5t-U)CP
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concentration up to 140 vmoles/ml tn the reaction mixture and to

eonvert 80Z of the nueleotide to UDP-hexose (UDPGal Sl.S mg and

11.3 mglnl) by the use of well-prepared.dried cells.

    TA[BLE V. EFFECT OF 5'-UMP CONCENTRATXON ON UDP-HEXOSE
          FERb(ENTATION BY rACTOSE-GROwn T. eandtda

UDPG

5'-uMP added

 (vrno1es/ml)

Reaction

  time
  (hr)

  Total
UDP-hexose
  formedde
(vmoleslml)

  UDPG.
  forTned**
(lmio1es/ml)

 UDPGal
  foTmed
(vmoleslml)

20

60

100

14O

8

16

24

8

16

24

 8
16

24

 8
16

24

17.2

 17.5

 17.1

 3S.4

 S4.4

51.0

 46.5

 86.8

 84.7

 28.5

 5L6
112.1

 -

 3.3

 7.8

  '
10.4

20.2

 -

13.7

 -

43.0

 -

74.2

 -

91.7

rhe reaction system Was described in

was incubated as sugar substrate, and

UM? was varied as shown above.

* determtned by paper chromatography

tft detennined by enzymic assay
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                             SUMMARY

     The UDP-hexose fermentation by ToT,uZopsis cczndida was remark-

al)ly tnfluenced by the preparative conditions of dried cells used

as enzyme source. It was necessary to use the lactose-grown eells

which had less than !OZ of water for a maxiTnal formation of UDPGal.

LÅ}ttle aceumulation of UDPGal oceurred when the water content of

dTied cells Å}ncreased to more than 20Z. In case of glucose-grown

cells, the activity of UDPG formation was less sensitive to theÅ}r

water content than that of UDPGal formation observed Å}n the lactose-

grown cells.

     The amounts of extractable protein from glucose-grown and

lactose-grown cells of the yeast were well parallel to the amounts

of UDPG and UDPGal which were formed by the respeetive dried cells.

By lowering the water content of lactose-grown cells from 17.2Z to

5.9Z, an apparent increase oceurred tn the amounts of enzyme protein

and enzyme aetivÅ}ties responsible to UDPGal synthesÅ}s. It was

coneluded from these results that the effect of the water eontent

of lactose-grown cells on UDPGal fermentatÅ}on was due to the degree

of excretion of enzyne proteins whÅ}ch were related to the synthests

of UDPGal.
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     Section 3. Mechanism of UDP-Galactose Ferrnentation

                          INTRODUCTION

    rhe biologÅ}eal importance of UDPGal and UDPG has now been

completely established on the Leloir pathway for galactose metabo-

1Å}sm.25År The bÅ}osynthetic route of these uridÅ}ne coenzymes has a

close relation to galactose metabolism in many organisms and can be

sum[narized as follows:

                     Galactokinase
      Galactose + ATP . Gal-1-P + ADP (1)
                     Gal-1-P uridylyl-
                     transferase
      Gal-1-P + UDPG = UDPGal + G- 1-P (2)

                     UDPGal 4-epimerase
               UDPGal---,------- UDPG (3)
[Ehe foruation of catalytic amount of UDPG needed for the initiatton

of the reaetion (2) is supplied by a forth reactÅ}on:

                 UDPG pyrophosphorylase

, G-1-P+UTP = UDPG+PPi (4)
Another pathway leadÅ}ng to the dÅ}reet formatÅ}on of UDPGal Å}s as

 follcptws :

                 VDPGal pyrophosphorylase
      Ga l- 1-P + UlP = UDPGal + PPÅ} (5)
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     In the prevÅ}ous sections, Å}t was described that a remarkable

amount of UDPGal was formed and aceumulated by air-drted cells of

lactose-grown Tor,uZopsis eandida IFO 0768 when incubated aerobÅ}cally

with 5'-U)tP and galactose or lactose in the presence of high concen-

tration of inorganic phosphate. !t was also found that UDPG was

produced in hÅ}gh yields under the same reaction condÅ}ttons if galaa-

tose or lactose was replaced by glucose.

     It ts of primary interest to try to find out whether UDPGal

formation from 5'-UbCP proceeds along the Leloir pathway and why tt

accumulates efficiently under the reaction eonditions using aiT-dried

cells as enzyme sources. The present work was performed to elucÅ}date

the mechanÅ}sm of UDPGal fermentation by the yeast.

                       MATERIALS AND METHODS

     MateriaZs. Gal-1-P was purchased from Boehringer and Soehne

GmbH, Mannhetm. All other ehemicals were the same as used in the

previous secttons.

     Mieroorgantsm and euZtivation. Tor,uZopsis candida XFO 0768

was used throughout this work. The yeast was cultivated at 280C

for 24 to 48 hr on a medium containing SZ laetose as carbon souree as

described in the previous sectÅ}on. The cells harvested by centrt-

fugatÅ}on were washed three times with tap water, aÅ}r-dried at room

temperature for 24-36 hr, and desÅ}ccated overnight under redueed
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pressure over P20
S

' The dried cells were kept at -20 D e until used.

Enzyme preparations. UDPG dehydrogenase was prepared as describ-

ed in the previous section. The cell-free extract and ammonium 5ul-

fate fraction of T. candida were prepared as follows. To 10 g of

the dried cells, were added 20 g of alumina and 15 rnl of 0.1 M

potassium phosphate buffer (pH 7.2), and ground in a cooling mortar

for 30 min. Then, it was suspended into 40 ml of the same buffer and

subjected to sonication with a 20 Kc Kaijo Denki oscillator at 0-

lODe for 15 min. The debris was removed by centrifugation at 12,000

x g at oDe for 30 min. The supernatant solution which was dialyzed

overnight against O.OlMpotassium phosphate buffer (pH 7.2) contain-

ing O.OS% 2-mercaptoethanol was employed as cell-free extract. The

cell-free extract was brought to 30% saturation with solid ammonium

sulfate and the precipitate was removed by centrifugation. The pre-

cipitate obtained by addition of ammonium sulfate to 80% was dissolved

in 0.01 M potassium phosphate buffer (pH 7.2) containing 0.05% 2-

mercaptoethanol and dialyzed against the same buffer.

Analytical method. UDPG and UDPGal were determined by the methods

described previously. Protein was estimated by the method of Lowry

t
7 40)e a~. Enzyme reactions with cell-free extract and ammonium

sulfate fraction were terminated by immersing the tubes in boiling

water for I min. The reactions with dried cells as enzyme sources

were terminated by immersing the tubes in boiling water for 2 min.
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Each alLquot of the supernatant soiutions was subjected to analyses.

                                                36)                                                   after treatingGalactose was esttmated by the method of Somogyi

the reaction mixture with 5Z ZnS04 and O.3 N Ba(OH)2• Enzyne actt-

vÅ}ties were estimated under the eonditions as described in figures

and tables.

                      RESULTS AND DISCUSSION

     Enzyme acttvities invoZved in gaZaetose metaboZism

     The activation of galactose is initiated through a direct phos--

phorylation at the reducÅ}ng group, giving rise to Gal-1-P as shown

in the reaction (1). The enzyme, galactokinase, was fÅ}rst found by

Leioir and coworkers42)in sacchavomyces fragizis adapted to galact-

ose. Table I shows the presence of the enzyme acttvity in cell-

free extract of T. eandida grown on a lactose medtum. Rapid consump-

tion of galactese was observed only in the presence of ATP. Fluoride

was effective to protect ATP and Gal--1-P from being dephosphorylated

by phosphatase.
                                              38)                                                  catalyzes the     The enzyme, Gal+-1-P uridylyltransferase,

tncorporation of Gal-1-P into UDPG to forTn UDPGal and G-1-P

(reaction 2),the latter being metabolized via glycolytic pathway.

As is shown in Table IZ, U])PG was eonsumed by cell-free extract when

incubated wtth galactose and ATP. The amount of UDPGal formed was

almost equal to that of UDPG consumed. No forrnatÅ}on of UDPGal
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TABLE !. GAIACTOKZNASE ACTIVIrv rN

      OF LACTOSE-GROWN tZ'.

CELL-FREE
candicla

EXTRACT

Reaction system
Galactose eonsumed
     (vmoles)

30 min 60 min

Complete

  TT -ATP

  " -NaF

system

  -NaF'

2.70 T

o

!.87

3.30

o

1.87

[IJhe complete system contained S pmoles of galactose, IO

vmoles of ATP, 60 vmoles of NaF, 10 pmoles of MgC12,

250 pmoles of Tris-•HCI buffer (pH 7.5) and 10 mg

protein of eell--free extract in a final volume of 3 rn1.

rncubation was carried out at 300C for 30 and 60 min,

TABLE Ir. GN-1-P URIDYLnTRANSmaRASE ACTIVZTY IN
           CELL-IMEE EXTRACT OF LACTOSE-GROWN T. candida

Reaction system
  UDPG
consurned
(umoles)

UD?Gal
 formed
(vmo1es)

Complete system

  " -ATP
  " -ATP,-galactose

6.4

O.4

O.3

6.2

o

o

The complete system contained 8 vmoles of

of galactose, 10 vmoles of ATP, 10 vmoles

pmoles of glyeÅ}ne buffer (pH 8.8) and S.3

eell-free extract Å}n a tinal volume of 2.

was carried out at 300C for 60 min.

Ul)PG, 10 ymoles

 of MgC12, 400

 mg protetn ot

5 ml" lncubatÅ}on
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oceurred unless galactose or ATP was present. The results would

strongly suggest the presenee of Gal-1-P uridylyltransferase in the

cell-free extract.

     UDPG pyrophosphorylase catalyzes the transfer of uridylyl group

from UTP to G-1-P with the formation of UDPG and inorganic pyrophos-

phate as shown in the reaction (4). The enzyme was first found tn
                 43)non-adapted yeast                     and is abundant tn many organisms. Analogous

reaction catalyzed by UDPGal pyrophosphorylase proceeds accordtng

to the reaction (5) to form UDPGal and inorganie pyrophesphate, the

                                                                  44)enzyne being considered to play a domtnant role in plant tissues,

though tt was first found in small amounts in galactose-adapted
                          4S)yeast and mammaltan liver.                               Both pyrophosphorylase activities

toward sugar nucleotide formation weTe investigated with ammontum

sulfate fraction of T. eandida, As Å}s shown tn Tab!e rll, UTP was

consumed rapidly with the formation of UDPG when incubated wÅ}th

(]F-1-P, but not with Gal-1-P. Thts data would indicate the presenee

of high UDPG pyrophosphorylase activity and the absence of UDPGal

pyrophosphorylase. It was also eonfirmed by examLning the reverse

reactÅ}on, that Å}s, pyrophosphorolysis of UDPG or UDPGal wÅ}th the

same enzyme preparation. Irhen, appreeiable amounts of UTP were

formed Å}n UDPGal-PPi system, though the rate of its forTnation was

smaller than that tn UDPG-PPt system. [Vherefore, UDPGal pyrophos-

phorylase activity of the yeast can not be neglected from these
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TABLE rll.

      LA.SE

 UDPG PYROPHOSPHORYLASE

ACTrVXT!ES IN AMMONIUM

      LACTOSE-GROWN !IT.

 AND UDPGAL PYROPHOSPHORY-

SUILFATE FRACTION OF

ctvzdtda

Inaubation
   tSme
   (uln)

UDPGpyrophosphory!ase
  activity

UDPGa1pyrophosphorylase
 aetivtty

   UTP
consumed
(vmoles)

 UDPG
formed
(vmoles)

   UTP
consumed
(vmoles)

UDPGa1
formed
(pmoles)

10

20

30

60

90

5

9

9

9

9

.2

.1

.5

.6

.7

 6.2

 9.4

 9.9

10.0

 9 .S

  o

  o

  o

trace

trace

  o

  o

  o

trace

trace

  [rhe Teaction nixture for UDPG pyrophosphorylase centained 10

  pmoles of G-1-P, 17.7 vmoles of UTP, S pmoles of MgC12, 300

  vmoles of glycine buffer (pH 8.8) and 2.5 mg protetn of aTnmo-

  nium sulfate fraction in a final volume of 1.7 ml. The reaation
  nixture for UDPGal pyrophosphorylase was the same as Å}ndicated

   above except that G-1-P was replaced by Gal-1-P. !ncubation

  was carried out at 300C.

results, the detaÅ}ls being under investigation. It is also suggested

from Table Irl that signiftcant amounts of inorganic pyrophosphatase

may be contaminated in the enzyme preparation to push the reactÅ}on

                      'tcfi"ard Ul)PG formation. Experiment was performed to prove this point

and the strong acttvtty was demonstrated as shown in Table IV.
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TABLE rV. rNORGANIC PYROPHOSPHATASE ACTZVITY IN CELL-FREE

           EXTIRACT OF LACTOSE-GROL-JN T. candtda

rncubation time

     (min)
Pi formed
(uaoles)

20

40

16.2

17.1

   The reaction mixture contained 20 pmoles of sodium pyrophosphate,

   20 umoles of MgC12, 200 vmoles of verona! buffer (pH 7.2), and

   7.3 mg protein of cell--free extract tn a fÅ}nal volume of 3 ml.

   As the enzyme solution eontaÅ}ned small amount of inorganic phos-

   phate, control incubation was carried out with enzyne botled at

   1000C for 2 min. rneubation was carried out at 300C. rnorganic
   phosphate was determined by the method of Ftske-subbarow.73)

     Effeets of UDPG and G-1-P on fonnation of UDPdnZ by ceZZ-free

     system

     From the results indicated above, T, eczncliclcz grown on lactose

was found to have enzyme systems related to galactose pathway.

Then, the experiments were perforTned with the cell-free extract to

confirm whether UDPGal formation proceeds in combÅ}nation wtth the

reaetion (2) and the reaction (4) where UDPG or G-1-P is needed as

a eatalyst. To the reaction mbcture composed of exeess Gal-1-P and

UTP, was added either TJDPG or G-1-P in varÅ}ous amounts with the cell-

free extract. The results are gÅ}ven Å}n FÅ}g. 1 and Fig. 2. '
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    As can be seen in Fig. 1-(a), the addÅ}tion ef UDPG affected

the rate of UDPGal formatton remarkably. Although apprecÅ}able

amounts of UDPGai were formed gradually even in the absenee of UDPG,

an apparent tncrease was observed in the initial rate of UDPGal

                                                            -3formation by adding a catalytic amount of UDPG of O.5-5 x 10 M.

Moreover, the amount of UDPGal fermed came to exceed that of UDPG

added with incubation time.
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                30 60 30' 60                                          '        Incubation time (mtn) Incubation ttme (mtn)
Fig• 1. Effect of UDPG on Formation of UDPGal from Gal-1-P
         and UTP by Cell-Free Extract of T. cctndida.

Che reactlon mixture contained 20 vmoles of Gal-1-P, 30 vmoles

of UTP, 300 vmoles'  of potassium phosphate buffer (pH 7.2), 10

vpoles of MgC12, 10.7 mg protein of cell-free extract and

Å}ndÅ}cated amounts of UDPG ln a fina! volume of 1.5 ml.
uDPG added; `o- o, -{}- s x lo-4M, -1 x lo-3M, -o-- s x lo-3M
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 The results indÅ}cate that ZJDPGal forTnation proceeds maÅ}nly by the

  coupling reaction catalyzed by UDPG pyrophosphorylase,and Gal-1-P

  uridylyltransferase, On the other hand, as shown in Fig. 1-(b), a

  gradual increase of UDPG Å}s observed even without initial addition

  of UDPG, which may probably be derived from G--1-P contaminated tn

  the cell-free extract by rneans of UDPG pyrophosphorylase. This

  observatton leads to the suggestion that a small arnount of UDPGal

•LfoniLed in the.fiRF.gnce of UDPG..is noF--gnttF.gly.4dlll':iEhFo UDPGal P.Y..r-O: ;

  phosphorylase but to the eoupling reaction with UDPG pyrophosphory-

  lase and Gal-1-P uridylyltransferase.

       The effect of G-1-P is shown in Fig. 2. By the addÅ}tien of

  eatalytic amounts of G•-1-P to UTP-Gal-1-P system, the rate of VDPGal

  formation was clearly accelerated as eompared to that tn the absence

  of the sugar phosphate as shown in Fig. 2-(a). Cin the other hand,

  Fig. 2-(b) indÅ}cated that in the early stage of incubation relatively
                     -.t."                 "
  higher amounts of UDPG accumulated wÅ}th addttion of G-1-P prÅ}or to .

  the formation of UDPGal, that is, the rate of UDPG forTnatÅ}on Å}n the

  presence of G-1-P was higher than that of UDPGal formation observed

  in the early tncubations. Moreover, when the concentration of UDPC

  attained to a certaÅ}n lebel, it began to dearease again to be used

  for UDPGal synthesis.

       ALl the results indÅ}cated tn Figs. 1 and 2 strongly suggest

  that UDPGal formation by cell-free extraet ef T. cczndada may proceeds
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Fig. 2. Effect of G-1-P on Formation of UDPGal from Gal--1-P
        and UTP bY Cell-Free Extraet of T. eandida.

Zhe reaction nixture contained 20 pmoles of Gal-i-P, 30 vmoles
           'of UTP, 300 umoles of potassium phosphate buffer (pH 7.2), 10

umoles of MgC12, 10.7 mg protein of ceU-free,extract and

Å}n"cated amounts of G-1-P in a ftnal volume of 1.5 ml.
G-i-p added; --o-o, --e- i x io-3M, --o--s x io-3M, --o- i x io-2M

by a eoupling reaction catalyzed by UI)PG pyrophosphorylase and

Gal-1-P uridylyltransferase where a catalytic amount of VDPG or

G-1-P is needed wÅ}th a participation of inorganic pyrophosphatase

to rotate the reaction smoothly.

     UDP(]ctZ fieimientation and inhibition of UDPdnZ 4-epimerase

     A typical time course of UDPGal ferrnentatÅ}on from ST-UM]? and
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galactose by dried cells of lactose-grown T. ecmdida is shown Å}n

Fig. 3. As wa$ already deserÅ}bed Å}n the sectÅ}on 1, 5'--Ul![P was

rapidly deereased, foilowed by the accumulation of UTP, UDP and

UDPG in the early perÅ}od of fermentation. Subsequently, UDPGal

began to appear gradually and reached a maxtmum wÅ}th disappearance

of UTP and UDP.
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(

              2 4 6 8 10 12
                lncubatÅ}on time (hr)

  FÅ}g. 3. Fermentative Production of VDPGal from 5'-UM]?

           and Galaetose by Dried Cells of T. cctndida.

The reactton ulxture contained SO pmoles of 5t-UM?, 500 pmoZes

of galaetose, SOO pmoles of potassÅ}um phosphate buffer (pH 7.4),

25 pmoles of MgC12 and 250 mg of dried cells in a final volpme
of 2.5 ml. The reactton was carried out at 300C by shakÅ}ng.
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The fÅ}naZ yield of UDPGal accumulated was about 70% based on inÅ}tial

5'-UMP added. At the same time a small amount of UDPG (iess than

10Z of trr)PGal) was found to accumulate, though tt tended to decrease

with prolonged incubatton. It is a striking characteristic of thÅ}s

fermentation that UDPGal once accumulated is neither deereased nor

degraded under the reactton condition. rf UDPGal 4-epimerase (re-

actÅ}on 3) is actually operating under the fennentative condition,

the amount of UDPG formed should exceed that of UDPGal after equi!i-

brium is reached, since the epimerase reactton lies so far toward

UDPG, the equilibrium being attaLned with 75Z UDPG and 25Z UDPGal
               4)in S. fragiZis.                   But this was not the case for UDPCal fermentation

by dried cells of T,- candida as mentioned above. Therefore, lt can

be assumed that UDPGal 4-epimerase acttvity of the yeast must be

very low or repressed for some reasons under the reaction condition.

                                  46,47)     lt has recently been reported                                        that 5'-UMP and some speciftc

sugars such as D-galactose, D-fucose and L-arabinose which relate to

tnduetion and repression of the bÅ}osynthesis of VDPGal 4-epimerase

in S. fl'czgiZis, exerted a concerted action on VDPGal 4-epimerase
                                    ,
fluorescence, accompanÅ}ed by a reductÅ}ve Å}nactivatÅ}on of the enzyne.

                   48)It is also reported                      that the catalytic aetivity of the redueed

epimerase of S. fvagiZis caused by a combtnation wtth 5!-Z;?hl? and

galactose is much 1crwer than that of native epimerase.

     Then, an experiment was done to check the epimerase activity
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of T. ccvidtcZa and to elucidate whether the activitywasaffeeted by

5'--UIC? and galactose under the fermentative conditton ustng dried

cells. As is shown in Ftg. 4, about 6SZ of UDPGal is converted to

UDPG in a relatively short incubation time (control systern), whtch

strongly Å}ndicates the presence of UDPGal 4-epimerase in the yeast.

                                  control system

             a6 1
             s

              Åë rl
o
e
e   4
8
ff

L,O
.,

Iiil

g2
,,,i'

+5T-UMP

       +galaetose    K

+S '-UMP+galactose

                         30 60 90
                      Ineubation time (min)

Fig. 4. Effect of 5'-UMP and Calaetose on Conversion of UDPGal
               to UDPG by Drted Cells of T. cczndtda.

The reaction system (control) contained 9.7 pmoles of UDPGal, 200

pmoles of potasstum phosphate buffer (pH 7.0) and 100 mg of dried

cells in a final volume of 1 ml. To the control, was added
eÅ}ther 5'-VMP (20 vmoleslml) or galactose (200 pmoles!ml), or Å}n

eombinatÅ}on. The reactton was carried out at 30eC by shaking.
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 rt was also found that UDPG once accumulated Å}n the ga!actose cont-

 aining system was rapidly consumed agatn. This may probably be due

 to the reaetion (1) catalyzed by galactokinase and the reactton (2)

catalyzed by Gal-1-P uridylyltransferase which were demonstrated in

                                                            t /tcell-free extract of the yeast as deseribed before. However, the '

conversion of UDPCal to UDPG was strikÅ}ngly repressed by incubation

wtth 5T-UMP provided that galactose was also present. Therefore,

it is suggested that the epimerase of the yeast may be unable to

operate under the condition of UDPCal fermentation where both 5'-U)CP

and galactose are present. In other words, the coextstence of 5t-Ul"P

and galactose added as substrates for UDPGal production serves

effÅ}eÅ}ently to protect the product U])PGal against Å}ts reconversion

to UDPG. The details on the nature of a partially purified ToruZopsis

  'ep-merase with respect to inhtbttÅ}on by 5'-Ul!fi? and sugars wÅ}11 be

descrtbed in the next section.

     The concerted effect ef S'-VMP and galactose on the eonversion

of UDPGal to UDPG by the dried eells was investigated with respect to

their coneentration. FÅ}gure S shows the effect of S'-Ule? eoncentra-

tion Å}n the absence or presence of 2 x loel M galactose. The tntttal

rates of the eonversion of UDPGal to UDPG were obvÅ}ously decreased

by the additÅ}on of Å}ncreasing amounts of St-UMP. A maximum inhtbi-

tion of the conversion was attained with the concentrations of 2 x

lo-1  M galactoBe and 2 x lo-2 M sV-uMp. [vhe rates et dtsappearance
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   Fig. S. Effect of S'-UMP Concentration on Conversion of VDPGal
                    to UDPG by Dried Cells of T. candida.

   The reaction mixture contained 9.7 pmoles of UDPGal, 200 umoles

   of potassium phosphate buffer (pH 7.0), 200 ymoles of galactose,

   100 mg of dried celis and indicated amounts of 5'-UMP Å}n a ftnal

   volume of 1 ml. Galaetose was omitted in the control (").
   The reactÅ}on was carried out at 300C ntth shaktng.

Of UDPG became faster wtth decreasing concentration of 5t-UMP,

     The effect of galactose coneentration is shown in Fig. 6. the

rates of UDPG formation also deereased wÅ}th increasÅ}ng concentration

of galactose, a mtnÅ}mum rate being attaÅ}ned at the eoncentration of
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                              -2      -1                                 M 5'-VMP. Xt seems from these        M galactose and 2 x 102x ZO

results that the concentration of St-ua present is more crÅ}tÅ}cal

than that of galactose for the conversÅ}on of UDPGal to UDPG in the

later stage of the reaetion. rn other words, the conversion is to

be inhibited by the presence of a relatively low concentration of

St-UMP, provided that enough galactose is present.
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                      30 60
                   Zneubation time (min)
Fig. 6. ,Efieet of Galactose Concentration

                to Ul)PG by Drted Cells of
The reaction mixture eontaÅ}ned 9.7 pmoles

of potassiun phoBphate buffer (pH 7.0), 20

                            r59-

90

 on ConversÅ}on o.f UD?Gal

 T. eandida.

of VDPGal, 200 umoles

 vmoZes of 5'-UMP, 100



:

    mg of dried cells and indicated amounts of galactose in a fÅ}nal

    volume of 1 ml. 5'-UMP was omitted in the control (")•
    The reaetion was carried out at 300C by shaking.

     From the data described so far, it is concluded that the

fermentative production of UDPGal from 5'-UMP and galactose by drÅ}ed

cells of T. eandida will proceed by the coupling reactions catalyzed

by UDPG pyrophosphorylase and Gal--1-P urÅ}dylyltransferase. The

mechanÅ}sm of UDPGal accumulation might also be explained by a chara-

cteristic nature of UDPGal 4-epimerase of the yeast which undergoes

a concerted inhibitton by the substrates of the fermentatÅ}on, 5'-un

and galactose. The mechanism of VDPGal accumulatÅ}on under the fer--

mentatave condition is illustrated in Fig. 7. As is already described,

5'-UMP is easily phosphorylated to form VTP in the early stage of

the fennentatton by nucleoside monophosphate kinase and nucleoside

dtphosphate kÅ}nase. G-1-P may probably be derived frem glycogen

involved tn the dried cells. rn fact, UDPG accumulates when fer-

mentation is carried out without addition of energy sources, but

this is not the case when the dried cells are prelininarily allowed

to auto--respiration for several hours before they are used as enzyme

sources (unpublished observation). If glucose ts supplied together

with galactose as energy source, G-1-P may generate mere easily via

G--6--P by the catalysis of hexokÅ}nase end phosphoglucomutase. On the

other hand, Gal-1-P is accumulating from galactose or lactose by the
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UDPGal 4-epimerase

Concerted Inhibition

Fig. 7. Mechanism of UDPGal Fermentation by T. candida.

catalysis of galactokinase to be converted to UDPGal. Thus,

Gal-l-P is incorporated into UDPG to form UDPGal and G-l-P by

Gal-l-P uridylyltransferase, the latter sugar phosphate being

utilized again to form UDPG by UDPG pyrophosphorylase. Further, the

action of inorganic pyrophosphatase is also essential to push the

pyrophosphorylase reaction toward UDPG formation. It is a key point

of this UDPGal fermentation that there occurs a concerted inhibi-

tion by 5'-UHF and g~lactose on conversion of UDPGal to UDPG under

the fermentative condition. The enzymic characteristics of UDPGal

4-epimerase of T. candida will be presented in the next section.
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SUMMARY

Enzyme activities involved in the galactose metabolism of

T. candida grown on a lactose medium were investigated with the

cell-free extract and ammonium sulfate fraction. Remarkable

activities of galactokinase. Gal-l-P uridylyltransferase and UDPG

pyrophosphorylase were detected, whereas UDPGal pyrophosphorylase

activity was weak. UDPGal formation proceeded by the cell-free

extract along a coupling reaction catalyzed by UDPG pyrophosphory­

lase and Gal-l-P uridylyltransferase where UDPG or G-l-P acted as

a catalyst.

The mechanism of UDPGal accumulation under the fermentative"

condition could be explained by a concerted inhibition of UDPGal

4-epimerase activity by 5 1-UMP and galactose present as fermentation

substrates.

-62-



      Section 4. NAD-Dependent UDP-Galactose 4-Epimerase and

                   Its Inactivation by 5'-UMP and Galactose

                           INTRODUCTION

     Uridine diphosphate galactese 4-epimerase (UDPGal 4-epimerase

EC S.1.3.2) whÅ}ch catalyzes the reversible conversÅ}on of UDPGal tnto

                                                          4)                                                              [rheUDPG was fÅ}rst found by Leloir in galactose-adapted yeast.

                                                                  49)enzyme is found ln maimnalian systems, yeasts, baeteria and plants.

                                                              26)
It has been partially purified from calf liver acetone powder,

                                                                   30,and highly puriEied from galactose-adapted Saccharomyces fragiZis.

50'Sl)Escheriehia cozi.52-54)bovine mammary giand,55)and wheat gemn.56I

It has also been reported that the calf liver enzyme has an absolute
requirement for NAD,26)whÅ}le neÅ}ther the s. fragizis enzyme30'50)nor

the E. cozi enzyme53)requires exogenous NAD, since the eoenzyme binds

tÅ}ghtly to the enzyme protein.

                                      46-48,S7,58)                                                  have recently re-     On the other hand, Kalckar et aZ.

ported that S'-UM]? and speciftc sugars sueh as D-galaetose, D-fucose

and L-arabinose which relate to Å}nduction and repression of the bio-

synthe3is of UDPGal 4-epimerase, brought about an enhancement of

UI)PGal 4-eplmerase fluoreseence, accompanied by an reduettve tnactÅ}-

 vatÅ}on of the enzyme obtained from S. fragiZis and E. coZC•

      In the previous section, it was found that the conversion of

 UDPGal to UDPG by dried cells of Tor,uZopsis candtcZa was remarkably
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inhibited by 5'-liMP provided that galactose coexisted. This suggest­

ed that an inhibition of UDPGa1 4-epimerase activity of the yeast

took place by the combination of 5 ' -liMP and galactose. Further

investigation on the epimerase showed that a partially purified

UDPGa1 4-epimerase of T. candida required exogenous NAD for the full

activity unlike that of S. fragilis or E. coli.

The present section deals with the nature of the partially

purified epimerase of T. candida with respect to its NAD dependence.

The concerted effects of nucleotides and sugars on the enzyme acti­

vity were also investigated.

MATERIALS AND METHODS

Materials. All the chemicals used in this work were the same

as used in the previous sections.

Preparation of enzyme. Torulopsis candida IFO 0768 was culti­

vated on a lactose medium and air-dried as described previously.

UDPGa1 4-epimerase of the yeast was partially purified as follows.

Ten grams of the dried cells were mixed with 20 g of alumina and

15 ml of 0.1 M potassium phosphate buffer (pH 7.2), and ground in a

cooling mortar for 30 min. It was suspended into 40 ml of the same

buffer and was subjected to sonication with a 20 Kc Kaijo Denki

oscillator at a-10°C for 15 min. The cell debris was removed by

centrifugation at 12,000 x g at DOC for 30 min. The supernatant

-64-



 soiutÅ}on was dtalyzed overnight against 2 liters of O.Ol M potassÅ}um

phosphate buffer (pH 7.2) contaÅ}ning O.05Z 2-mercaptoethanol. The

cell--free extraet (30 ml) was brought to 30Z saturation with solÅ}d

ammonÅ}um sulfate and the precipitate was removed by centrifugatton.

The prectpitate obtained by addttion of ammonium sulfate te 60 7.

was dissolved in 10 ml of O.Ol M potassium phosphate buffer (pH 7.2)

eontatning O.OSX 2-mercaptoethanol and dialyzed overnight agatnst

2 liters of the same buffer. [rhe dialyzed solution was again brought

to 30Z saturation with the salt and the preeipitate was discarded.

The precipÅ}tate obtained by further addttien of ammonium sulfate to

60Z was dtssolved tn 2 ml of the same buffer and dialyzed overnight

agatnst 2 liters of the same buffer. This fraction was used as a

partially purified UDPGal 4-epÅ}merase throughout this work.

     Assay of enzyme activity, UDPGal 4-epimerase activity was

assayed by determÅ}nÅ}ng the amounts of UDPG formed from UDPGal under

the reactÅ}on condltion as descrÅ}bed tn figures and tables. The

incubetion was earried out at 30eC, and termÅ}nated by iTmnersing the

tube in b.oiling water for 1 min. An aliquot of the supernatant

solutÅ}on was estimated for UDPG by VDPG dehydrogenase as described

previous ly.

                              RESULTS

     NAD requirement fo? Tox,uZopsis UDPdaZ 4-epinerase
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     In the prelininary expertment of UDPGal 4-epimerase of T. can-

dida, it was found that the eell-free extract of the yeast had very

weak activity of epimerÅ}zation of UDPGal to UDPG without additton

of NAD. However, the activity was obviously enhanced by the addt-

tÅ}on of exogenous NAD. It has already been reported that the calf

                                                    26)                                                       whereas theliver epÅ}merase has an absolute requtrement for NAD,

enzymes obtained from s. fragizis 30'50)and E. eozi53)do not require

NAD for the activity because NAD binds tightly to their enzyme pro-

tein. As is shown in Fig. 1, the epimerase activity in ar[nnonium

sulfate fractÅ}on of T, candida is highly enhanced by the addition

of NAD at the concentration of 4.5 x 10-3 M, but 1Å}tt!e activity was

observed without NAD. Zn theL presence of NAD, the equilibrÅ}um was

attained at about 70Z VDPG and 30Z UDPGal. The result would suggest

that the epimerase of T. candida, unlÅ}ke that of S. fragiZis or E.

coZi, contains loosely-bound NAD to its apoenzyne. [Vhe ToruZopsis

enzyme seems somewhat iike to that of calf liver and bovÅ}ne mammary

gland whteh depends on the addttion of exogenous NAD for the full

activÅ}ty•

     Figure 2 shows the effeet of NAD concentratÅ}on on enzyme aeti-

vity. The Knt for NA]) calculated from these data aecording to the

method of LÅ}neweaver and BurkS9)is 1.4 x 10-4 M. NAD could not be

replaced by NADP, and NAJ)H dtd not inhibit the epÅ}merase acttvÅ}ty

at the concentratton of s x io-3 M. its eompared to the enzymes from
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     Fig. 1. )UU) Requirement for UDPGal 4-Epimerase Activity.

     The reaetion mtxture contained 9.7 pmoles of UDPGal, 200

     vmoles .of glyctne buffer (pH 8.8), 2.8 mg protein of enzyme

     and 4.5 pmoles of NAD Å}n a final volume of 1 ml. Incubation

     was carried at 30eC.

calf liver and bovine mammary gland (Klrns for NAD are 2 x 10-7 M

and s x io-7 M, respectiveiy)?6'S5) the Toruzopsis enzyme showed

relatively low affÅ}nÅ}ty for NAD.

     The effect of Vl)PGal eoncentration on enzyTne activity is shown

in Ftg, 3. The ]bn for UDPGal calculated from these data is 1.2 x
  -310 M. The linear relatÅ}onshÅ}p between amounts of enzyne and UDPG
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Fig. 2. Effect of NAD Concentration on UDPGal 4-Epimerase

Activity.

The reaction mixture contained 9.7 pmoles of UDPGal, 200 pmoles

of glycine buffer (pH 8.8),1.4 mg protein of enzyme and indicat­

ed amounts of NAD in a final volume of 1 mI. Incubation was

carried out at 30 De for 15 min.

formed during 10 min of incubation is shown in Fig. 4. The re-

lationship between time of incubation and UDPG formed is shown in

Fig. 5. UDPG was increased linearly for about 15 min incubation.
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    Fig. 3. EÅífect of UDPGal Coneentration en UDPGal 4-Epimerase

                              Activity.
    The reaction nixture contained 5 umoles of NAD, 200 vmoles ef

    glycine bufter (pH S.8), 240 vg protein of enzyme and indÅ}cated

    amounts of UDPGal tn a fÅ}nal volume of 1 ml. IncubatÅ}on was

    carried out at 300C for 10 min.

    Xnhibitrion of UDPdnZ 4-epimerase by 5'-UMT' and gaZactose

     :n the previous section, it was found that the conversion of

UDPGal tq U])PG by drted eells of tZi. candida was strikingly inhÅ}bited

by the presence of 5t-UMP and galactose. This observation led to the

suggestton that UDPGal. 4-epimerase of the yeast might be inhtbÅ}ted

by the combÅ}natton of 5'-UMP and galactose, and consequently UDPGal

could accumulate tn 1            , arge ameunts wtthout being degraded or-convert-
ed to UDPG under the fennentatton condttÅ}on. rt has reeently been
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Fig. 5. Effect of Incubation

time on UDPGal 4-Epimeras~

Activity.

The reaction mixture in Fig. 4 contained 9.7 ~moles of UDPGal t 5

~moles of NAD t 200 ~moles of glycine buffer (pH 8.8) and indicated

amounts of enzyme in a final volume of 1 mI. Incubation was carried

out at 30°C for 10 min. The reaction mixture in Fig. 5 was the same

as used in Fig. 4 except that 1.4 mg protein was employed.

reported by Kalckar et a~. 47)that native epimerase preparations

obtained from S. fragi~i8 which are specific for NAD t are transformed

into highly fluorescent reduced form (NADH) of epimerase by addition

of 5'-UMP and galactose. They observed that the catalytic activity

of the reduced epimerase was much lower than that of native epimerase

(10-15% of native epimerase) and this reductive inactivation was also
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found in crude epimerase preparations of E. aoli, provided that

48)5'-UMP and galactose were present. In view of these observations,

the effect of 5 '-liMP and galactose on the partially purified enzyme

preparation of T. aandida was investigated. As is shown in Fig. 6,

the enzyme activity was remarkably inhibited by incubation with

5'-UMP, provided that galactose coexisted. Although slight inhibi-

tion of the activity occurred by addition of either galactose or

5 1-liMP, the combination of the both brought about a maximum inhibi-

-2 -1tion at the concentration of 1 x 10 M 5'-UMP and 1 x 10 M galac-

tose.

control

+ 5 '-lIMP

+ galactose

+ 5'-UMP + galactose

10 20 30

Incubation time (min)

Fig. 6. Effect of 5'-liMP and Galactose on UDPGa1 4-Epimerase.

The control mixture (~) contained 9.7 ~moles of UDPGa1, 5
~mo1es of NAn, 200 pmoles of gycine buffer (pH 8.8) and 1.4 mg
protein of enzyme in a final volume of 1 mI. To the control,
was added either 5'-UMP (10 ~moles/ml) or galactose (100 ~moles
Iml), or in combination. They were preincubated with enzyme
NAn and buffer at 30°C for 10 min, followed by addition of ~PGal.
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About 2SZ of aetÅ}vity Å}n the control was found after 30 nin tncuba-

tion.

     The effect of concentrattons of St-VMP and galactose on enzyme

activSty is shown Å}n Table I. rt seems from these data that the

eoncentratÅ}on of St-UMP present Å}s more critical than that of

galactose for the tnhibitÅ}on.

TABLE I. EFFECTOF St-UM[P

  UDPGAL

ANI) GALACTOSE CONCENTrRATZONS

4-EP[]hl!IRASE ACT!VITY

ON

Additions (vmoles/ml)

5,-UM]? Galactose
Enzymeactivity (Z)

o

10

10

10

10

10

o

 o.s

1

s

10

IS

  o

  o

  1

  5

 10

 50

100

100

100

100

100

100

100

 79

 71

 61

 53

 27

 86

 35

 31

 2S

 24

 24

The reaction mÅ}xture eontained 9.7 pmoles of UDPGal, 5 pmoles of
lfiP,i.Z2.0d"M.,O,:(l:,:f.iig?l:ive b"..fSeE.Eg".,gi2'i.is52,::g,psg:::rit: g?d

1 ml. Either 5'-UMP or galactose, or in combÅ}natÅ}on, was pre-
ineubated wtth enzyme, NAD and buffer at 30eC for 15 nin, followed
by the addÅ}tton of UDPGal and Å}ncubated for 30                                             mtn.
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Five ~oles/ml of 5'-UMP was enough to cause 75% inhibition, provided

100 ~oles/ml of galactose coexisted. Taking st-UMP concentration

of 10 ~oles/ml as constant, more than 5 times galactose as much as

S'-UMP was necessary to cause 75% inhibition. That is to say, the

inhibition occurs by the presence of a relatively low concentration

of S'-UHF provided that galactose is present enough. These data

are also well consistent with those obtained in the previous section

where the conversion of UDPGa1 to UDPG by dried cells of the yeast

was extremely inhibited in the presence of 5 ' -UMP and galactose.

It is an interesting problem whether the epimerase inhibition

by 5'-UMP and galactose is reversible or not. As shown in Table II,

85.5% of enzyme activity is recovered by a short dialysis of the

. -2
enzyme preparations preincubated with S'-UMP (2 x 10 M) and gala-

-1ctose (2 x 10 M), whereas only about 50% of activity is retained

without dialysis. However, a strong inhibition was observed again

by incubation with additional 5 ' -UMP and galactose to the preincuba-

ted dialyzed enzyme. These observations suggest that the inhibition.
of epimerase by 5 ' -liMP and galactose may probably be reversible and

perhaps these inhibitors bind loosely to enzyme protein.

The inhibitory effect on enzyme activity was further investi-

gated by using UDP, UTP and glucose other than 5'-liMP and galactose.

As is shown in Fig. 7, a strong inhibition is also observed by

incubating the enzyme with 5 1-UMP, provided that glucose is present
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TAIBLE II. REVERSIBILIIrY OIF' UDPGAL

         BY 5,-Ulb,[P AND

 4-EPma!IRASE INHIBIT!ON

GALACTOSE

Exp. No.
Treatment of enzyrne

    preparations

   Enzyme
eoncentratÅ}on
    m

 Enzyne
activity
   7e

(!)

(2)

(3)

(4)

Not preincubated with
5'-UMP + galactose

Preincubated with 5'-UM]?
+ galactose at 300C for 30 min

Preincubated with 5'-UMP
+ galactose at 300C for 30 min
and dialyzed
Preinaubated with 5'-Ul(P
+ galaetose at 30eC for 30 min
and dialyzed. 5'-UM]? and
galactose were added again to
the enzyne.

3.2S

3.25

3.2S

3.25

100

49.4

85.5

18.2

The reaction rnÅ}xture contained 9.7 umoles eÅí Ul)PGal, 5 vmoles of
NAD, 200 umoles of glycine buffer (pH 8.8) and 3.25 mg protein of
enzyrne in a final volume of 1 ml. The incubation was carried out
at 30eC for 30 min. rn the Exp. (2), (3) and (4), the enzyne was
preineubated with 5'-UMP (2 x 10-2 M) and galactose (2 x 10'1 M)
at 30"C for 30 min. The dialysis of the preineubated enzyme was
carried out at 40C for 3 hr against O.Ol M potasstum phosphate
buffer (pH 7.2) containing O.05Z 2-mercaptoethanol. Zn the Exp.
(4), 5'-UMP (20 vmoles) and galactose (200 pmoles) were added again
to the dtalyzed enzyne prior to the ineubation.

instead of galaetose.

by UDP or

inhibÅ}tory

of the

U!IrP

On the other

Å}n combinatÅ}on with

effeet was observed,

combtnations with UDP

hand, when S'-UMP .was replacdd

galactose or glucose} a slÅ}gbt

but it became to lower tn the

+ hexoses and UTP + hexoses.

order
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Fig. 7•

the

s

1.55 mg

eontrol

100

figure.

at 300c

A1
"ei

fl

8
e
B
e
e
x
e

  contrel

vmo1es

     '
  umoles/ml)

     Evidenee
  ,

the M)PGal

as a eofaator

the addÅ}tion

whereag those

4

3

2

1

 .m'
-
.4)•-

eontrol

+ UTP +
+ UTP +
+ UDP +
+ UDP +

+ 5,-UMP
+ 5i-VMP

galactose
glucose
galactose
glucose

+ glucose
+ galactoE

                     10 20
              Incubation time (min)

 Effeet of Nucleotides and Sugars on UDPGal 4--Epimerase,

    mÅ}xture (-o-) contained 9.7 umoles of UDPGal,

 of )U"), 200 pmoies of glycine buffer (pH 8.8) and

protetn of enzyme tn a final volume of 1 ml. To the
 nucleotides (each 10 pmoles!ml) and sugars (each

       were added in eombinations indicated Å}n the

 [Miey were preincubated with enzyme, NAD and buffer

for 15 rnin, fo!lowed by addÅ}tion of UDPGal.

                 DIscusslqN

   obtained tn a number of laboratories has shown that

4-epimerases obtained from various sources require NAD

. The enzynes isolated from

of a catalytic amount of NAD

 from s. fvagizis 30'SO)and
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NAD, sinee the eoenzyme bÅ}nds tÅ}ghtly to their enzyne protein. The

present work showed that a partially purÅ}fied eptmerase from ToPtt-

Zopsi6 candidn grown on a laetose medÅ}um was highly stimulated by

the addition bf exogenous NAD for the full acttvÅ}ty. The KhT for

                                 -4NAD of the yeast enzyme (1.4 x 10                                    M) was higher than those of

                                                        -7                  --7                                                           M). It                     M) and bovine rnammary gland (5 x 10calf liver (2 x 10

appears likely that the Tor,uZopsis enzyrne contains loosely-bound

NAD to its apoenzyme, unltke those frorn S. fragiZts and E. coZi•

However, further investigation should be performed to clarify

whether the yeast enzyne does really contain NAD Å}n its native

proteÅ}n. [IJhe observation that the activity of the yeast epimerase

undergoes a strong inhibÅ}tion by incubatÅ}on with 5'-UMP and galactose

would suggest that different structural forms of the enzyne may exist

as was reported in the purified epÅ}merase of S, fragiZis in the pre-
                                                                    ,sence ef s'-u)Ep and certaÅ}n specific sugars.47) Kaickar et az.48)

also reported that nattve enzyme preparations from S. fragiZas were

largely composed of NAD-epimerase wÅ}th only 157, to 20"1. in the form

of fluorescent NADH-epimerase and that the addition of 5'-UMP and

galactose was found to transform the epimerase tnto the highly

fluorescent redueed forTn ()LADH) of epimerase whieh was in an inactive

state. [rhey assumed that this inactivation of the rediuced enzyne

mtght be due to the reduced state of the prosthetÅ}c group brought

about by the substrate analogues such as S'-UMP and galetose, or
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                                                           48)
night be due to an alteratÅ}on of the proteÅ}n eonformation.

     Xt Å}s assumed that the inacttvation of the Tor,uZopsis enzyme

may posstbly be brought about in a stullar way as was observed in

the Saacharomyces enzyme. The present tnvestigatÅ}on wÅ}11 also

strongly support the consideration in the prevtous sectton that the

efftcient aceunulatÅ}on of UDPGal from 5'-Vr(]P and galactose by dried

cells of T. candidn may result from the spectfic inhibÅ}tion of UDPGal

4-eptmerase acttvity by the fermentation substrates, 5'-UMP and

galactose.

                               SUMMARY

     A partÅ}ally purÅ}fted preparation of UDPGal 4-epimerase from

lactose-grown ToruZopsis candida was found to requÅ}re exegenous NA])

                                                    -4for the full aetivity. rhe Knt for NAD was 1.4 x iO M, showing a

relatÅ}vely low affÅ}nÅ}ty as compared to the enzymes from marnmalÅ}an

sources. The enzyme activtty was remarkably tnhibited by incubation

with 5V-UMP, provided that galactese was also present. The concen-

tration of S'-U]M[P seemed more crttical than that of galactose on the

Å}nhÅ}bition; it occurred Å}n the presence of low concentratton of 5'-

U)6P, provided that galactose was present enough. The catalyttc

activity was almost recovered by a short dialysis of the enzyme pre-

paratÅ}ons pretncubated with 5'-UMP and galactose. A strong tnacti-

vation of the enzyme activity was also found by the c.n.mbination of

5t-UMP and glucose.
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     Chapter II. Ferrnentative Production of UDP-N-Acetyl-

                         glucosamine by Yeasts

                           rNTRODUCTION

     UDPAG Å}s known to partictpate in the biosynthesis of polymerÅ}c

substances such as bacterÅ}al cell wall peptidoglycan and lipopoly-

saccharÅ}de, and chttin materÅ}al of some fungÅ}. !Miis uridine coenzyme

was first separated and Å}dentÅ}fied from baker's yeast as a eoncomÅ}-

                          13)                              and has been isolated from a varietytant of UDPG preparations,
of organisms including bacteria,60'61) fungi62'63) plants64)and

animals.6S'66) in spite of tts wide distrÅ}bution and bÅ}ological

importance, VDPAG has been prepared at the present ttme by chemical

synthesislO)and by extraction from toluene-autolyzed eells of baker's

                                                                 13,15)yeast which eontaÅ}n small and variable amounts of the nucleotide.

     rn the previous chapter, the author has reported a method for

the fermentative produetion of bÅ}ochevLcally important uridine

coenzyme, UDPGal, from 5'-U)(P and galactose with dried cells of

Tor,ulopsi6 candidn !FO 0768 in the presence of high cencentratÅ}on of

inorganic phosphate.
     The present study67-69)deais wÅ}th a new preparative method for

UDPAG from St-UMP and glucosamÅ}ne by the fermentatÅ}ve proceBs of

hexose by dried cells of bakerts yeast. The isolation and identtfi-

cation of UDPAG were described, and vartous factors tnfluencing
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UDPAG fermentation were also examined.

                       FVXTERIALS AND METHODS

     MaternaZ6. 5'-UMP sodium salt was kindly supplied by Takeda

Cliemical Industries, Ltd., and Tanabe Seiyaku Co., Ltd. UDPG, UDP

and uTP weire prepared by the method reported previously.22) uDpAG

was purchased from BoehrÅ}nger and Soehne GmbH, Mannheim. Prestatic

phosphomonoesterase was generously given by Dr. Y. Sugine ef lnstt-

tute for VÅ}rus Research, Kyoto UniversÅ}ty. Bull semtnal 5'-nucleo•-

tÅ}dase was kindly given by the Research Laboratories of Takeda

Chemical Industries, Ltd.

     Meroo?ganisms cznd cnzZtivation. Baker's yeast obtained from

OrÅ}ental Yeast Co., Ltd., was aLr-dried at room temperature for 24-

36 hr on a filter paper, followed by drying overnight under reduced

pressure in a desiccator eontaining NaOH. For the preparation of

well-drÅ}ed cells, they were dried agaÅ}n over P20s overTright under

reduced pressure. Other straÅ}ns of yeasts were cultivated in a

medium consisted of 5Z glueose, O.5% peptone, O.2Z yeast extract,

O•27o KE2P04, O.2Z (NH4År2HP04, and O.17. MgS04,7H20• They were grown

at 28"C for 24-48 hr on a reciprocal shaker with 2 liter-shaktng

flask containing 500 ml of the medium. The Å}noculum size was IZ of

24 hr culture grown on the same medium. The cells harvested by cen-

                          .trÅ}fugation were washed twiee wtth tap water, dried at room temper4-
                                .
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ture for 24 hT, and desiccated ovemtght under reduced pressure.

[[rhe dried cells were kept at -200C until used.

     StcrphyZoeoeeus aureus rFO 3060 was used for the preparation

and purification of UDPAG pyrophosphorylase. The culture medium

eontained 1% meat extract, 1% peptone, IZ glucose and O.SZ NaCl

(pH 7.0), [[]he cultivatton was carried out at 280C for 18 hr aero-

bÅ}eally with 2 liter-shaking flask centaÅ}ning SOO ul of the above

medÅ}um. Staphyloeoccal UDPAG pyrophosphorylase was parttally puri-

                                           70)fied by the rnethod of Strominger and Smith.

     AnaZyses. UDPAG, UDPG, UTP, UDP, S'-UMP and urÅ}dine were

determined by paper chromatography as deseribed in the first section

of the previous chapter. Nucleotides were separated by column

chromatography usÅ}ng Dowex 1 x 2 (Cl- forrn) accordtng to the method

of cohn and carter.32) paper chromatography of hexosamines was

carried out with ethyl acetate-pyridine-H20 (4:2:4, v/v) and ethyl

                                           33)aeetate-pyridine-NH40H•-H20 (10:5:3:3, v/v), and the Morgan-Elson

reagent was sprayed for sugar detectÅ}cm.7i) For the identiftcation

and determination of N-acetylglucosamd.ne, colorimetric method was

performed accordÅ}ng to ReÅ}ssÅ}g et az.72) Totai phosphate was assayed

by detemintng the inorganic phosphate after dÅ}gestion of the sample

                                                   73)
wtth sulfuric acid by the method oE Fiske-Subbarow.

                              RESULTS
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     Reaetion system for VDPAG foi7nation

     rn order to investigate whether UDPAG Å}s fotued from S'-UMP by

dried cells of baker's yeast, various reaetien systems were devtsed

as shown in Table X. Zt was found that the phosphorylation of added

S'-UM]? to VDP and U[rP took place in all of the reaetion systems.

The time course study showed that UDPG was formed with ineubation

time in fructose-containing systems (tube No. 2,3,4 and 5).

However, in the reaetion systems of tube No. 4 and 5, in which both

fructose and glucosamtne were present, another ultraviolet absorbing

spot dtfferent from UDPG was apparently detected on a paper chroma-

togram. The Rf value of the spot was nearly identLical with that of

authenttc UDPAG.

     TABLE Z. REACTION SYSTEM FOR UDPAG FORMATION BY DRIED CELLS
                              OF BAKER'S YEAST

Additions
 (pmoles)

Tube No.
(1) (2) (3) (4) (5)

5'-UMP Na salt 50

Fruetose 500
GZutarnine 100
Glucosamine 100

+

-

+

+

+

+

+

+

+
+

+

+

+

+
Each tube contained 10 pmoles of MgC12
                 (PH                      .4) and 300 mg o          bufferphosphate                     7
yeast with additions tndieated in the
of 3 ml. The reactton was carried out
by shaktng (280 rpm). +, added; -,
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     A typtcal time course of the reactÅ}on in tube No. 5 is shown

in Fig. 1. At an early stage of the reaction, a rapid decrease of

5'-UMP occurred, followed by an accumulatton of large amount of UDP

and UTP. Following the accumulation of nuclecsÅ}de polyphosphate,

UI)PAG compound began to increase gradually and reached a maxÅ}mum

                                                            'after 10 hr incubation in a yield of about 40% based on 5i-UMP added.

Further incubation, however, brought about a decrease of the nucleo-

tide and a simultaneous appearance of S'-mn.

v==gELH camxv opvo..: - 5
8ETa=vz

30

20

10

UTP +UDP

o

       e

UDPAG componnd

5'- UMP

                4 8 12 16 20 24
                              Time (hr)

Fig. 1. Conversion of 5'-U]ff to UDPAG and UTP + VDP by
                    'Dried Cells of Baker!s Yeast.

The reaction system was tube No. 5 described in Table r,

At the indicated tntervals, nucleotides were determined by

paper chromatography with a solvent of 9SZ ethanol-M ammonLum

acetate (7.S:3, pH 7.5)•
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It is possible that the UDPAG compound formed under the above condÅ}-

                                                             12)tion may be simLlar to a UDPX compound of Paladint and LeloÅ}r

which was eontamLnated in their UDPG preparations from yeast and

                          13)
Å}dentified later as UDPAG.

     .TsoZatton and identification of UDPAG
    -
     For the isolation and identification of UDPAG, a large scale

incubatÅ}on was performed. The reaetion mÅ}xture contained 20 mmoles

of frvetose, 20 mmoles of glucosamine hydrochloride, 2 rnmoles of

5V-UMP, 20 mmoles of potassÅ}um phosphate buffer (pH 7.4), O.S mmole

of MgC12 and 10 g of dried cells of baker's yeast in a total volume

of 100 ml. Ehe reaetion was carrÅ}ed out at 28eC for 10 hr in a 500

mZ-shaking flask by conttnuous shakÅ}ng. [rhe reaction was terminated

by Å}mmersing the flask Å}nto boiling water for 5 min, and cooled.

The supernatant solution was treated with charcoal, followed by

elutien wÅ}th 50Z ethanol solution contatning 5Z NH40H. The eluate

was concentrated by evaporation under reduced pressure and applied

to a coluun of Dowex 1x2 (Cl form). The elutton was earried out

wÅ}th O.Ol N HCI containing increasing amoungs of NaCl.

     Figure 2 shows the elution pattern of the nucleotides. rt was

found that 6 fractions of nueleotÅ}des were separated, each of whÅ}eh

                                         /was tdentified by paper ehromatography and UV ratÅ}o as follows:

A, unidentified; B, S'-U)(P; C, UDPAG compound; D, UDPG; E, UDP; F,

VTP• When an aliquot of each fraction was hydrolyzed at 100eC for
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B

C

O.OIN HCI O.OlN HCI
0.20M NaCl 0.30M NaCl

~ ~

F

50 100 150 200 250

Fraction number (20 ml/tube)

Fig. 2. Separation of Nucleotides by Column Chromatography

with Dowex 1 x 2 (Cl- Form).

The concentrated solution containing about 1260 ~moles of

nucleotides as uridine was applied to the column (2.5 x 22 cm).

The column was washed with distilled water until the absorbancy

of the eluate at 260 m~ fell below 0.1. The elution was done

with HCI-NaCl mixture at the flow rate of 4 ml/min.

15 min in 0.01 N HCI and was subjected to color reaction specific

72)
for acetylhexosamine according to Reissig et at. , only the fraction

(C) showed a positive color reaction. Then, the fraction was collect-

ed and adsorbed on charcoal, followed by elution with ammoniacal

ethanol as described above. The eluate was concentrated by evapora-

tion at 30 DC under reduced pressure and lyophilized. In some cases
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the nucleotide was precipitated as calcturp salt by the addition of

a saturated solution of caleium chlortde Å}n ethanol, followed by

several volumes of ethanol untÅ}1 no more precipitation occurred.

     rhe isoZated nucleotide was found to have E at 262 mu and
                                                max
Enin at 230 mp in O.Ol N HCI, the absorptton spectrum being identÅ}cal

wÅ}th that of uridine. By paper chromatography of the nueleotide

with two different solvent systems, a single spot was obtatned with

the Same Rztrn dine Value as authentic UDPAG, and UDP and UM]? were

formed from the nucleotÅ}de by acid-hydro!ysis. The result is shown

              'in Table rr.

 TABLE rr• R.rn dine VALUES OF ISOZATED NVCLEOTrDE AND ITs

                         ACID-HYDROLYZATES

Compounds
R         values unt dine

Solvent I Solvent II

Au thentie

    tl

    tt

    IT

    tt

Sample A

  11B
  ,,c

UDPAG

UDPG
5t-tJMP

UDP

VTP

O.58

O.44

O.33

O.18

O.11

O.58

O.18

O.31

O.40

O.27

O.57

O.11

O.39

O.56

Samp 1e
1000c
     'Solvent
Solvent

A; isolated nueleottde, B; actd-hydrolyzate (O•                                               OIN HCI,
10 min), C; acÅ}d-hydrolyzate (IN HCI, 100eC, 20 uln)
 r; 95Z ethanol-M ammonium acetate (7.5:3, pH 7•5)
 rr; 95Z ethanol-M ammonium acetate buffer (7.S:3, pH3.8)
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The uridÅ}ne monophosphate liberated from the isolated nucleotÅ}de

was hydrolyzed by buu seninal s'-nucieotidase,74) yielding equal

amounts of inorganÅ}c phosphorus and a eompound havtng the sarne Rf

value as uridine. For the deterrnlnation of the sugar motety of the

isolated nucleotide, Å}t was hydrolyzed Å}n O.Ol N HCI at 1000C for

ZO min and the hydrolyzate was submitted to paper chromatography

wtth ethyl acetate-pyrÅ}dine-NH40H-H20 (10;5:3:3, v!v) and Morgan-

Elson spray reagent. A single purple-red spot was detected with

the same Rf value as authenttc N-acetylglucosamine, whereas a cherry-

red spot with the same Rf value as authentic glucosamine was detected

when hydrolyzed in 2 N HCI at 1000C for 2 hr. The colored product

of the sugar moiety liberated on mÅ}ld hydrolysts, when treated wtth

alkaline EhrlÅ}ch's reagent, had maximal absorption at 545 mu and

585 mu, and minimal absorption at 570 mv, the spectrum beÅ}ng speciftc

                                  72)
for authentic N-acetylglucosamine.
     It was also found that one mole of the isolated nucleotide

calculated as urÅ}dine had two meles of phosphorus, one of whÅ}ch was

acid-labile, and ene mole of N-aeetylglucosamine. The results were -

well identical with theoretical values of authentic UDPAG.

     rme btologtcal activity of the Å}solated nueleotide was Å}nvestt-

gated wÅ}th UDPAG pyrophosphorylase purifÅ}ed from StaphyZococcus

aureus.70) Table z!r shows that the tsolated nucleotide is enzyma-

tically degraded to U[P only in the presence of pyrophosphate, but
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not in the absence of pyrophosphate. The amount of N-acetylgluco--

samine formed after treatment with prostatic phosphomonoesterase was

nearly equal to that of UTP. The results obtained here strongly

suggest that VTP and N-acetylglucosamÅ}ne-1-phosphate may be formed

from the Å}solated nucleotide by pyrophosphorolysis wtth the bacterial

enzyne,

    TABLE UI. PYROPHOSPHOROLYTIC CLEAVAGE OF ISOLATED UDPAG

    BY STAPHYLOCOCCAL UDPAG PYROPHOSPHORYLASE

Reaction system
UDPAG

eonsumed
(vmoles)

 UTP N-Acetyiglucosamine
formed formed
(vmoles) (pmoles)

Zsolated UDPAG

Isolated UDPAG + PPi

trace

 8.1

o

8.7

o

7.6

Trhe tncubation mtxture contained 13.4 pmoles of the isolated UDPAG,

100 umoles of sodium pyrophosphate, iOO umoles of TrÅ}s buffer (pH

7.2), 5 pmoles of MgC12 and 2.1 mg protein of staphyloeoccal UDPAG

pyrophosphorylase in a total volume of 5 ml. As a eontrol, pyro-

phosphate was oultted from the incubatÅ}on mixture. After incubation
at 370C for 60 min, the reactÅ}on mÅ}xture was chromatographed beith

neutral ethanol-ammonium aeetate solvent to determine VDPAG and

UTP. N-Acetylglucosamine was detemined after incubatÅ}on with

prostatÅ}e phosphatase. The Å}ncubation mixture with the phosphatase

eontained O.SS ml of the above reaetton solution, 100 pmoles of

acetate buffer (pH 5.0), 1 umole of MgC12 and O.05 ml of prostatic

phosphatase in a total volume of 1.2 ml. The ineubation was earried

out at 370C for 60 min.
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The IR spectra of the isolated nucleotide and authentic UDPAG

were compared and found to be identical as shown in Fig. 3.
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Fig. 3. IR Spectra of Isolated Nucleotide and Authentic UDPAG.

I: Authentic UDPAG t II: Isolated nucleotide

The NMR spectrum of the isolated nucleotide is ,shown in Fig. 4.

The signals show the presence of protons of H-5 and H-6 in uracil,

H'-l in ribose, H"-l in glucosamine and methyl protons in N-acety1

residue. The result was in good agreement with that reported by

Onodera and Hirano. 75 ) Anal. Found Ct 27.63; Ht 4.52; N, 5.58%.

Calcd. for Cl7H25N30l7P2Ca.5~O:C, 27.75; H, 4.76; N, 5.71%.

From the results described above, it was concluded that the
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Fig. 4. NMR Spectrum of Isolated Nucleotide.

The spectrum was recorded on a Varian A-60 spectrometer at

60 MHz in deutrium oxide with DSS as internal standard.

isolated nucleotide was UDPAG.

Various factoX's influencing VDPAG fermentation

The standard reaction system for UDPAG formation is shown in

Table IV. The effects of concentration of the reaction components,

pH, sugar specificity and the water content of air-dried cells on

the accumulation of UDPAG·were investigated.

Glucoscurrine concentmtion. Figure 5 showed that no UDPAG accu-
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TABLE IV. STANDARD REACTION SYSTE"( FOR UDPAG

              FORH[ATION BY BIIKER,S YEAST

5'-VMP sodtum salt

GlueosamÅ}ne hydrochlorÅ}de

Fructose

Potassium phosphate buffer (pH 7.4)

Mgc12• 6H20

Dried cells of bakerts yeast

Total volume except dried cells

 50 Pmoles

 50 umoles

200 umoies

500 umoles

 10 pmoles

300 mg

  3 ml

     The reaction was started by the adgition of dried cells.

     The shaking reaetion (280 rpm) was earrÅ}ed out at 28eC for

     8 and 12 hr Å}n test tubes. The reaction was terninated by

     immersÅ}ng the tubes Å}n boilÅ}ng water for 2 nin and cooled

     immediately. The reaction mixture was centrifuged and an

     altquot of the supernatant solutÅ}on was submitted to paper

     ehromatography with 9SZ ethanol-M ammonÅ}um acetate (7.5:3,

     pH 7•5)•

mulated wtthout the addition of glueosamine and that a maxtmal

formation of UDPAG was attained at 40-50 vmoles of glucosamÅ}ne!3 ml

with a yield of 36Z based on the inÅ}tial S'-Ultl? added. rt seems,

however, that the higher concentration of glucosamÅ}ne tends to lower

the formatÅ}on of UDPAG.

     Fruetose concentration. A considerable amount of UDPAG (12

vmoles13 ml) was formed even in the absence of fructose, but it Å}n--

creased by addlng fructose exogenously. The fÅ}nal eoncentratÅ}on of
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 Fig. S. Effect of GlucosamLne Concentration on UDPAG Formatton.

        rhe reaction system was the same as described in Table !V

        except that glucosamine eoncentration was changed as shown

        in the fÅ}gure.

fructose for a miximal fermatÅ}on was about O.1 M (Fig. 6). The

aecumulatÅ}on of UDPAG by the yeast Å}n the absence of the hexose may

possÅ}bly odcur by the utilization of endogenous substances such as

glycogen as energy sources.

     5t-lva) concentitttion. Mie amount of uDPAG was found te increase

with tncreasing amount of S'-VMP up to 60 vmoles/3 ml of the reaetion
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  Ftg. 6. Effect of Fruetose Concentration on UDPAG Fortnation.

    The reaction system wasthe same as described in Table IV except

    that fructose concentration was ehanged as shown tn the figure.

mixture,but the yield based on the added nucleottde was rather low-

ered (Fig. 7).

     Phosphate buffer concentration. The formation of Ul)PAG was

remarkably tnfluenced by the concentratton of phosphate buffer used

as shown in FÅ}g. 8. Amaxtmal accumulation was observed at the

concentratton of about O.2 M. However, little amount of UDPAG was

formed when phosphate buffer concentratÅ}on was extremely htgh or low.
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    Fig. 7. Effecr of 5'-UMI? Concentration on UDPAG Forrnation.

    rhe reaction system was the same as descrtbed in Table rV exeept
    that S'-UMI? eoncentratÅ}on was changed as shown in the figure.

Zn the ease of higher phosphate buffer coneentration, the added

nucleottde was not phosphorylated to UTP and, in the case of the

lower concentration, the nueleotÅ}de was degraded to form urtdÅ}ne.

     Effeet of pH. The effect of initial pH of the reactÅ}on mtxture

on UDPAG formation is shcJwn in FÅ}g. 9. Alkaline conditÅ}on was favor-

ed ior tTDPAG formaticrn, the optirmJm pH being 8.0-8•5.

     Znted ceZZ eoncentratrtcm. The concentratÅ}on of drÅ}ed eells of
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     FÅ}g. 8. Effect of Phosphate Buffer Concentration on

                           UDPAG Formation.

     The reactton system was the same as described Å}n Table IV

     except that phosphate buffer concentration was changed as

     shown in the figure.

bakerts yeast used as enzyme source was ehanged as shown in Ftg. 10.

UDPAG was tncreased linearly wtth amounts ef dried cells up to about

200 mg13 ml of the reactton mixture, but was decreased gradually as

Lhe concentration of drted cells became higher than 200 mg/3 rn1.

          'At the concentration of 600 mg/3 ml, the yÅ}eld of UDPAG was 40Z.
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      Ftg. 9. Effect of pH on UDPAG Formation.

      The reactton system was the same as deseribed in Table IV

      except that pH of phosphate buffer was ehanged as shown in

      the fÅ}gure. The pH (S.O, 5.6, 8.5 and 9.0) of phosphate

      buffer was adjusted with HCI or NaOH just before the experiment.

    'Effect of var,ious cctr?bohyclr,ates. The effect of several mono-

and disaceharides as energy sources on UDPAC format!on was investi-

gated (Table V). Although a considerable amount ef UDPAG was found

to be aceumlated even when no carbohydrate was added, the amounts

were inreased by the additÅ}on of fruetose, glueose, mannose, maltose
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  Fig. 10. Effect of Dried Ce!1 Concentration on UDPAG Forrnation.

  The reaction system was the same as described in Table IV except

  that dried cell concentration was changed as shown in the figure.

and suerose, respectÅ}vely. rt seemed that fructose and Tnannose were

more effective than glucose and that rnaltose was the most suÅ}table

carbohydrate arnong the sugars tested.

     Effect of he:osamines. UDPAG was forrned only when glucosamine

was used tn the reactton mixture, though trace amounts of VDPAG were

detected even in the absence of the hexosamine. Neither galactosa-
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TABLE V. EEF:ECT OF VAR[OUS CARBOHYDRATES ON UDPAG FORbMTrON

Carbohydrates incubated
VDPAG found

(umoles!3 ml)

8 hr 12 hr

None

D-Fructo3ek

D-Glucose

D-Glucase + D-Fructose

D-Mannose

D-Galaetose

Maltose

Sucrose

Lactose

 7.6

 9.6

 8.7

 8.3

 9.7

 7.9

10.1

 9.6

 6.8

10.3

14.7

13.2

13.9

14.9

12.2

16.4

13.6

11.0

     The reactÅ}on system was the same as described in Table IV

     except that 200 vmoles of various carbohydrates13 ml of the

     reaction mixture wereincubated in place of D-fructose.
     * Standard reaction system.

mtne nor N-acetylglucosamine could serve as a donor of the hoxosarnine

resÅ}due of UDPAG under the reactÅ}on condition (Tabie VI).

     Effeet of water eontent of dned ceZZs. It has already been

described in the prevlous chapter that the fermentative produetion

of VDPGal by TontZopsis candidn grown on a lactose medium was remar-

kably Å}nfZuenced by the water eontent of dried cells of the yeast

used as enzyme source. The same phenomenon has recently been observed

tn the formation of GDpM by dried cens of baker'g yeast.24)

     As is shown in Table VU, the amount of VDPAG was obvtously
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TABLE VX. EFFECT OF HEXOSA)vrrNES ON IJI)PAG FORMATZON

Hexosamines incubated
UDPAG found

(vmoles/3 ml)

8 hr 12 hr

None
                           Å}D-Glucosamine hydrochloride

D-Galactosamine hydrochloride

N-Acetyl-D-glucosamine

o

9.6

o

2.1

traee

 14.7

traee

  2.1

       The reaction system was the same as described tn Table

       ZV except that 50 vmoles of D-galactosairE[ne hydrochlo-

       ride or N-acetyl-D-glucosanine13 ml of the reaction

       mixture was Å}ncubated in plaee of D-glueosamine hydro-

       chloride. * Standard reaction system.

increased with dried-eell preparations of baker's yeast whÅ}ch were

drted again over P20s, With the best preparation of 4.97. water

content, the yield of UDPAG was about 66Z after incubation of 12 hr.

It seems necessary and favorable fot the efficient formation of

UDPAG to use well-dried cells of baker's yeast as in the case of the

formation of UDPGal and GDPM•

     Distribution of UDPAG forming acttvity in yeasts

     The dtstribution of UDPAG foming activity was investigated

wtth 42 strains of yeasts other than baker's yeast, the results being

sumrnarized in Table Vrrl. It is of interest that relatively strong

activttÅ}es are found to be dÅ}stributed specÅ}fically among Deba!?yo-
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TABLEVIZ. EFFECT OF WA[IER CONIENT OF
                   ,
         BAKER'S YEtAST ON UDPAG

CELL PREPARATIONS OF

FORMATrON

Water
dried

content of
cells (Z)

Reaction
   PH

UDPAG found
(umoles/3 ml)

6 hr 8 hr 12 hr

(A)

'(B)

(c)

12.0

 S.4

 4.9

7.2
7.7

7.2
7,7

7.2
7.7

 8.3
13.3

17.i
16.0

20.6
23.4

  i 9i. 1
  1IS.O

17.2
18.5

22.7
28.1

13.3
l7.4

20.9
2L5
33.0
32.8

   The reaction system was the same as described in Table TV

   except that 300 mg/3 nl of dried cells of different water
   eontentwereiineubated at pH 7.2 and 7.7 as shown above.

   The dried cells of lower water content ((B) and (C)) were

   prepared by drying (A) over P20s under reduced pressure.

nzyees species. In D. subgZobosus, D. gZobosus and D. cantctr,eZZii,

33-40Z of S'-UMP was converted to UDPAG. Other stratns of the

same genus such as D. a' aponicus and D. hansenii accumulated UDPAG

in about 14Z yield. Small amounts of UDPAG were produced Å}n

Saceharvmyees Zactis. Saccharomycodes Zuduigii, Candida tropieaZis

and Tox'uZop6is versatiZis. However, many other strains had 11ttle

or no UDPAG Eoming activtty; some of thern degrading Si-UMP to

urÅ}dine, the other phosphorylating S'-UM]? to UDP and UTP under the

reactlon condttions.
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TABLEvrl!. FERMiEN rATIVEPRODUCTION OF UDPAGBY YEASTS

Strains
ReactÅ}on
  tÅ}me
  (hr)

Preduets found (ymoleslml)

UDPAG UrÅ}dine UTP +UDP

lindomyees
  :FO OI04

Eh(lomyces
  ZFO OI02

horclei

decipiens

EVzdomycopsts
  IFO 0672

eapsuZnts

Zygo6accharonzyees
  rFo o4gs

Saccharonyces
  IFO 1090

Sacchar'or!7y
  rFO 0288

Saecharomy
  IFO 06-44].

Saccharon"l
  LAb( 4369

Pichia p
  IFO OI

ces

ees

ees

soe'a

Zactis

frug iZis

carZsbergensis

rousti

oZymoxpha
95

HansenuZa
  Airu 4300

EcrnsenuZa
  rRO 0721

ancrma la

eapsuZata

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
B

12

4
8

12

4
8

12

o
o
o

o
o
o

o
o
o

o
o
o

L6
2.S
2.8

o
o
o

o
o
o

o
o
o

o
o
o

o
o
o

o

o
o

 6.3
12.5
15.3

11.8
14.0
17.S

16.0
17.3
l7.1

 2.4
 8.5
15.3

 S.4
 8.1
10.0

 6.5
13.3
14.0

 2.8
12.3
 7.8

o
o
8.5

1.9
4.0
3.8

2.4
4.0
4.6

o
4.5
4.5

o
3.
2.

2.
4.
3.

5
o

8
1
1

2.9
S.8
trace
o

L4
o

S.8
3.0
2.1

o
o
o

o
o
2.6

o
o
o

o
o
o

3.3
o
o

o
o
o
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TABZE VXIr.
(conttnued)

FEumATZVE?RODUCTZON OFUDPAG BYISIEASTS

StraÅ}ns
Reection
  ttme
  (hr)

Products found (vmoles lTn L)

UDPA( Vrtdine UTP + UDP

HcznBenuZa "'adinii
  IFO 0987

l)ebcn!yonnyuceB g' aponicus
  rFo oo3g

Debarlyomyces haneenii
  IFO O023

Debczryemyce6 cantcnaeZZii
  IFO l189

iie llcFti'yo gz$lges eastezzii

Debctr,yewnyces gZobosus
  rFo      OO16

De2fioyt?Ttgzes subgzobosus

Saecharomycocles Zuclu7tgti
      4400  AKU

fiCt l gFeongfglgova vazbyensis

Nadgonia eZongata
  rFo      0665

Ncuisonia ' j"UZveseens
  :FO 0666

 4
 8
12

 4
 8
12

 4
 8
12

 4
 8
12

 4
8

12

4
8

12

4
8

12

4
8

12

4
8

l2

4
8

12

4
8

12

 o
 o
 o

 trace
 3.9
 3.5

 o
 1.8
 3.1

 7.0
 8.3
 8.0

o
o
o

 5.1
 7.5
 9.0

 2.8
 7.5
10.0

o
 1.6
 2.0

 trace
 1.5
 2.0

o
o
o

o
o
o

 o
 2.5
 4.1
 o
 4.5
 6.0

 trace
 3.5
 L3
 2.0
 3.1
 4.8

 5.3
 8.1
10.0

 5.4
 6.3
 6.8

 traee
 trace

o

 6.8
l2.0
13.3

 8.3
12.0
17.5

 4e9
 7.9
12.8

19.6
17.2
16.0

o
o
o

7.1
4.S
3.1

o
6.8
9.6

4.8
4.1
6.6

8.1
6.0
trace
4.5
2.3
o

8.1
4.0
4.1

1.8
2.1
2.8

2.4
1.8
1.1

2.5
1.5
3.4

traee
trace
traee
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TABLE VZII.
(conttnued)

]nlRMINTATIVEPRODUCTION OFUDPAG BYYEASTS

Stratns Reaction
  time
  (hr)

Products found (lmioles/ul)

UDPAG UridÅ}ne urP + UDP

Liponnyy ee s Zipo fe ma

  rFO 0673

iEiporobotomyaes roseus
  rFo lo4o

SPoroboloniyces roseus
  :FO 110S

Cryptococcms aZbidus
  ZFO 0378

(Zt'yptococcus ZctuTentii
  IFO 0372

Tor,uZopsis candida
  :FO 0768

ToT,ulcrpsis frmta
  TFO 1084

TorntZopsis versatiZis
  IFO 0652

ToruZopeds sphcve?ica
  TFO 0648

Brettcnzomyces ctnontczZus
  rFO 0642

Brettanomyees eZaussenii
  :FO 0627

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

trace
trace
trace
o
o
o

o
o
o'

o
o

traee

o
o
o

L4
1.8

o

L3
o

1.3
3.0
2.3

o
o

traee

traee
1.3
L8
o
o
o

 8.6
11.0
12.5

 5.5
 7.6
 9.1

18.0
17.8
17.1

 8.3
13.0
12.5

 trace
 3.5
 5.1

 trace
 1.6
 2.0

 8.4
 8.S
13.8

 trace
 L3
 5.8

 5.5
 9.3
12.5

 7.4
 8.5
 8.3

 5.8
 7.3
 8.4

o
o
o

o
o

 o,

o
o
o

 1.8
o
o

 trace
 4.3
 4,6

10.5
ll.5
12.8

o
o
o

 8.5
 8.5
 3.1

 trace
 trace
 traee

 trace
 trace
 trace

 trace
 trace
 trace
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TABLE VII!. FER)t[ENtaTIVE
(continued)

PRODUCTrON OFUDPAG BYYEASTS

StraÅ}nB
ReactÅ}on
  tÅ}me
  (hr)

Products found (umoles/ml)

UDPAG UrÅ}dÅ}ne VTP + UDP

Candidu utiZis
  TFO 0396

Candida kmaei
  rFo oo13

Candida tropieaZis
  IFO OO06

Candida hmieoZa
  ZFO 0760

Candida pseudotropicaZis
  ZFO 0617

Candida inter7nedia
  IFO 0761

KZoeekera crpicntlata
  rFo ols4

tTEr.tgonopsis var,iabiZis
  ZFO 0671

Rhocloto?ula gZutints
  rFO 0389

 4
 8
12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

l2

o
o
o

o
trace
Ll
2.8
1.9
trace
o
o
o

o
o
1.1

1.4
trace
trace
o

trace
traee
e
trace
LO
o
o
o

 trace
 6.S
 trace
 S.1
 6.S
 6.8

 3.8
 4.4
 6.9

 7.1
 8.8
11.0

 8.6
 8.8
12.8

 2.5
 4.1
 5.5

12.5
16.5
16.3

 8.1
12.8
14.3

 7.8
11.3
11.5

trace
trace
trace

trace
2.1
traee
3.9
trace
o

o
traee
trace
o
1.8
traee
4.6
2.6
2.0

o
o
o

o
o
1.0

o
o
trace

The reaction system was the same

except that 75 pmoles of 5'-U)EP,

phosphate buffer (pH 8.0) and 300

yeasts were used per 3 ml of the
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                           DISCUSSION

     The biologieal tmportance ef UDPAG in the bÅ}osynthesÅ}s of

                                                               s)baeterÅ}al cell walls has been eluetdated since Park and Johnson

discovered U])P-N-acetylrrruramic actd and UDP-N-acetylmuramic acid

peptides in pentcillin-treated StcrphyZocoe(nts cttcr,eus. UDPAG has

                                                       10)
been prepared at the present time by cheulcal synthests                                                           and

by extraction from toluene-autolyzed baker's yeast.13,15)

     In thÅ}s report, a new preparative method of UDPAG is described.

The urtdine eoenzyTne was accumulated ln the reaetion system consi-

sting of 5'-un, glucosamine, fructose, tnorganic phosphate, magne-

sÅ}um ion and dried cells of baker's yeast as enzyme source. The

final yield of UDPAG based on 5'-UMP added was about 40-667. when

several ferrnentative conditions were optimtzed. [The prevtous

works22-24'28)have shawn that vDpG, uDpGal and GDp)( are able to

be prepared in high yields from corresponding nucleoside S'-mono-

phosphates by the fertnentation and respiratton of hexo$es by various

yeasts. The present method for the preparation of VDPAG also seems

to be available for the practical purposes.

     Zt is known that some yeasts ineluding Stzceharomyces aerevi-

                                                        76)
siae contain chitin-like substances in their cell walls.

It seems to be an interesting problem to clarify the mechanism of

UDPAGJ accurnulation by bakeris yeast under the specÅ}fied conditions

examlned in thÅ}s work, and to investigate the relatÅ}on between the
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 content of yeast ehitÅ}n and activÅ}ty of UDPAG synthesÅ}s.

                            SUMIVIARY

     The ferTnentative production of VDPAG from 5t-UMP and glucosa-

mine by dried cells of baker's yeast was investtgated. UDPAG was

found to accurnulate Å}n a reactton system contaÅ}ning 5'-U)(P, gluco-

samine, fructose, inorganÅ}c phosphate and magnesiu:n ions wÅ}th air-

dried eells of bakerts yeast as enzyme source. UDPAG was separated

from the reaction mixture by means of anion exchange colunm chro-

matography and was identified by several biochemieal metheds.

     The reaction conditions for the fermentative production of

UDPAG were examÅ}ned. The yield of UDPAG was about 40-66Z based

on S'-UMP when fermentative conditions were optimized. The eoncen-

tratÅ}ons of glueosamine and potasstum phosphate buffer, and pH

as well as the water content of dried eells greatly affected the

formatton of UDPAG. [!The distribution of UDPAG foming actÅ}vtty

among other yeasts was investigated. Relatively strong activitÅ}es

were found Å}n some Debar2femyees species by which 33-40Z of 5'-UMP

was converted to UDPAG.

-105-



     Chapter III. Fermentative Production of Cytidine

                         Coenzymes by Yeasts

      Section 1. Ferrnentative Production of CDP-Choline

                          INTRODUCTION

                                                            77)     CDP-CholÅ}ne was first synthesized chemically by Kennedy

and was found to be an important intermediate tn the biosynthetic

                  78,79)
pathway of lipids.                          This compound is widely dÅ}stributed among

animals, plants and ulcroorganisms. Though some stratns of yeasts

contatned large amounts of the cytidine eoenzyme, it was only endo-

genously synthesized. By the applicatton of the fermentative method

of uridine coenzymes described in the previous chapters, the author

has succeeded in converting 5'-CMP to CDP-choline Å}n good yÅ}elds.

     This section80'81)deals with the isolation and identification

of CDP-choline formed under the fermentative eonditÅ}on of glueose

by brewer's yeast. As the production of CDP-choline depended on
  t
many factors, the opttmum condittons for the reaction were investi-

gated. The author also describes the strainB of yeasts which are

able to convert S'-CMP to CDP-cholÅ}ne Å}n good yields.

                      MATERIALS AND METHODS

     Mater,iaZs. 5'-CMP sodium salt was kindly supplied by Takeda

Chemical Industrles, Ltd. Authentic CDP•-choline was purehased
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 from Boehringer and Soehne (imbH, ]Y[annheÅ}m. All other chenicals

were commercial products. 5'-Nucleottdase was prepared from bull

                74)                     Lyophtlized powder of snake venom (Agkistr,oclonsemLnal plasma.
                                                      82)haZys, Mamushi) was used as nucleottde pyrophosphatase.

ProstatÅ}c non-speeific phosphatase was kindly supplÅ}ed by Dr. Y.

Sugino of the Instttute for Virus Research, Kyoto University.

     Mieroo?ganism6 and euZtivatien. Brewer's yeast (Saechavomyees

ear,Zsber,gensis) was obtatned from Kirin Brewery Co., Ltd. The wet

yeast was dried by an electrtc fan for 12 hr at room temperature.

The air-dried cells were eompletely dried over P20s for 24 hr in

vaauo. The dried cells were kept at -200C untU used as enzyme

souree. Other strains ofyeastswere obtained from the Znstitute

for Fermentation, Osaka. Their growth medium centained 5,O% glueose,

O.5Z peptone, O.27. yeast extract, O.27o (NH4)2HP04, O•2Z KH2P04 and

O.IZ MgS04' 7H20• CultÅ}vation was carried out at 280C for 24--48 hr

on a reciprocal shaker with a 2 liter-shaking flask eontaining 500

rnl of the medÅ}um. After harvesting by centrifugation, cells were

washed three times wÅ}th water, then dried with an electric fan to

prepare air-dried cells.

     AnaZyses. 5'-CMP, CDP, CTP and CDP-choline were determÅ}ned

by measuring their optical densitÅ}es at 260 mu after extracting

their spots with O.Z N HCI from paper chromatograms. Paper chro-

matography was earrted out on Toyo Filter Paper No. S3 wÅ}th 95Z
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                                          3)ethanol-M ammonium acetate (7.5:3, pH 7.S).

     Reaction products were separated by coluTrEn ehromategraphy wÅ}th

Dowex 1x2 (ciforrn) by the method of cohn and carter.32) cDp-

Choline was eluted with O.OOI N HCI, and 5'-CMP with O.O02 N HCI.
                       s
Inorganic phosphate was determÅ}ned by the method of Fiske and

                                                                   83)        73)           after the deeompesition of sarnples by Nakamura's method,Subbarow

or by other methods with vartous enzymes. CDP-Choline was identified

by the results of various enzyme reactions, whieh were carried out

at 370C for 2 hr.

     Reactien system. The compositton of the reaction ulxture is

shcmo in Table r. The total reaction nixture of 2.0 ml was shaken

at 28eC for several hours. [[he reactton was teminated by immers-

ing the reaetion tube tn boiling water for 3 nin. After additiOn

of 2.0 ml of water, cell debris was removed by centrifugatien at

3500 rpm for 5 nin and the resulting supernatant solution was

subjected to analysis. The screening mtxture for CDP-choline

formatton by yeasts was the same as described tn Table r except

that 200 pmoles of potassium phosphate buffer (pH 8.0), 100 umoles

of phosphoryleholine and 100 mg of dried cells of various yeasts

per ml of the reaction nixture were used.

                      RESULTS AND DISCUSSION

     Conversion of 5'-C7ifP to CDP-choZine by brewer's yeast
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t TABLE !. COMPOSITXON OF REACr!ONmxmure

                  J
5'-CM[P sodium salt

Glucose

Phosphorylcholine calcium salt "

Potassium phosphate buffer (pH 7.0)

MgS04• 7H20

Mr-dried cells of brewer's yeast

  per ul
 20 vmoles

400 vmoles

 SO umoles

200 umoles

 12 umoles

100 mg

         Total reaction mLxture of 2.0 ml was put !n a test

         tube and reactton was carried out at 280C with shaking.

     After incubation with the reaction mixture shown in Table Z,

the products were analyzed by paper chromatography. Three uv-

absorbing spots havÅ}ng Rf values different from that of 5'-CMP

were detected on a paper ehromatogram (FÅ}g. 1). Two of them were

identifted, by theÅ}r Rf values on the paper ehromatogram, as CDP

and CTP. The other showed the largest Rf value, which was identica

with that of authenttc CDP-choline. [Ehe third cytidine derivative

was not synthesÅ}zed when any one of 5'-CMP, phosphorylcholine, or

the air-dried cells was omttted from the reaction nixture.

     A typical time course of the reactÅ}on is shown in Fig. 2.

Zn the earlier stages of the reactÅ}on, 5'-CMP is consumed rapidly

in aceordance with the formatÅ}on of CDP and CTP. On longer incu-

bation, CDP and CTP decrease with forrnation of the third cytidine

dertvatÅ}ve. The cytidine derivative accumulated was stable even
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                                                     pt
`

   of phosphorylcholtne, 4 mmoles of potaBsium phosphate buffer

   (pH 7,O), 12 rmnoles of glucose, 200 umoles of MgC12 and 2 g

   of dried cells of brewer's yeast in a total volume of 20 ml.

   The reactton was carried out at 280C in a 300 ml-flask wtth

   shaking.

after 12 hr incubation.

     IsoZation and icZentifiaation of CDP-ehoZine

     :n order to isolate the third eytidine derivative, the reaction

was carried out on a large scale. The reaction mixture consisted

of 400 pmoles of 5'-CMP, 2 mmole$ of phosphorylcholine, 4 mmoles

of potassium phosphate buffer (pH 7.0), 12 mmoles of glucose, 200

vmoles of MgC12 and 2 g of dried brewer's yeast Å}n a total volune

of 20 ml. After incubation at 280C for 10 hr by shaking, the cells

were centrlfuged off. The supernatant solution was acidified with

1 N HCI to pH 3.8 and the preeipitated protein was eentrifuged

and discarded. Activated carbon was added to the supernatant

solutton to absorb nucleotides, which were eluted with ethanol-

NH40H'H20 (50:5:45, v/v) ,solution. The eluate was con'centrated to

half its volume at 30eC under reduced pressure. The concentrated

eluate, after pH was addusted to 8.0 wÅ}th 1 N NH40H, was treated

on a eolum of Dowex 1x2 (Cl-form). The elution pattern for a

typical small scale reaetlon ndxture is shawn in FÅ}g. 3. The maÅ}n

cytidÅ}ne dertvatÅ}ve was eluted with O.OOI N HCI. By the addttton
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 CDP-choline
S'-CM]?

                    10 20 30 40 SO 60
                           Fraction number (5 ml!tube)

  FÅ}g. 3. Separatton of CDP-Choline by Dowex l x 2 (Cl Forrn)

                        Column Chromatography.

           Column sÅ}ze: 1 x 19 cm

of activated earbon to the effluent, the nucleotide was absorbed,

followed by elution with ammoniaeal ethanol solution. The eluate

was concentrated to a small volume at 300C under reduced pressure

and lyophiiized. About 25 mg of the purified cytÅ}dine derivative

was obtatned as tts ammonium salt.

     Paper chTomatogram o-f the isolated eytÅ}dine derivative and

its components is' shown in Ftg. 4. The Rf value of the derivative

was Å}dentical with that of authentic CDP-choline. The hydrolyzate

(1 N HCI, 100eC, 80 nin) of the sample did not eontain free inorganÅ}c

phosphate, but contained 5'--CMP and phosphoryleholÅ}ne. The former
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CytidÅ}ne

CDP-chol!ne

5,-CMP

             A B C D E
     Fig. 4. Paper Chromatogram for Identification of Isolated

                            CDP-CholÅ}ne.

     Solvent: 95Z ethanol-M amnonium acetate (7.S:3, pH 7.S)
                                    .     A: authenttc cytidtne, B: acid-hydrolyzate of isolated

     CDP-cholÅ}ne tTeated with bull seminal 5'-nucleotidase, C:

     tsolated CDP-eholÅ}ne, D: acid-hydrolyzate of isolated

     CDP-cholÅ}ne (1 N HCI, 1000C, 80 min), E: authentic 5'-

     c)fp.

was conftrmed by paper chromatography and by treatment wÅ}th S'-
                                  '
nucleotidase, and the latter was proved by spraying with Dragen-

dor`g zeagent en paper ehromatograms. On treatment wÅ}th non-speeific

phosphatase the isolated phosphorylcholÅ}ne released one mole of

phosphorus per mole of choline, which was detennined as reineckate

by the method of Ackeruiari and salmon.84) Total phosphorus was

detemined after decomposttion with sulfuric acÅ}d.83) rhe dertva-
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ttve contained two moles of phosphorus per mole of eyttdtne. On

treatment of the hydrolyzate wtth S'-nucleottdase the derivative

released one mole of phosphorus per mole of cytidine, whereas byJ

treatment with non-specifii phosphatase tt released two tholes of

phsphorus. The derivative liberated one mole of phosphorus when

                                                      82)treated with snake venom (Agkistr,odbn haZys, Mamushi),                                                          which

is known to contaÅ}n pyrophosphatase and 5'-nucleotidase. These

experiments showi that in thts cytÅ}dtne derivative S'-CMI? and

phosphorylaholine are bound through pyrophosphate Iinkage. Ihe

results are suTmnarized in Table Ir.

     The identification of the derivative was further confÅ}rmed

by physicocheutca! analyses. The iR and UV speetra of the derÅ}va-

tive-were identical with those of authentic CDP-choltne. The ma

spectrum of the derivative Å}s shown in Fig. 5. The signals show

the presence of the protons in positions of 5 and 6 in the pyriul-

dine ring and of the protons of the methyl group attached to the

quaternary anmionium in the choline. The ratÅ}o of the numbers of

these protons was 1 : l : 9, which tE!!tEf!!LSA!9gtdÅ}Catedkthe presence of the

pyriuldine ring and choline in the ratio oE Z : 1. From these

results, the cytidine derivative was identified as CDP•-choline.

     Factors affeettng, CPP-choZine fermientatton

     As the fermentatton of CDP-choline by brewer's yeast may be

influenced by several facgors, the opttmum reaction condttÅ}ons
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TABLE ZI. IDENTXFZCATIONOF ISOLATED•CDP-CHOLZNE

(1) Total phosphates
                                PÅ} found*-

    5,-CM]? 1.02
    CDP-choline 1.94
    Sarnple 1.96
(2) Hydrolysis wÅ}th HCI (1 N, 100eC 80 min)

                                CZ"P found*

    CDP-choline 1.01
 (2-a) Treatment with S'-nucleotidase (370C, 2 hr)

                                PÅ} foundÅ}

       5,--CMP O.93
       CDP-choline 1.0S
       Hydrolyzate 1.08
 (2-b) Treatment with non-specific phosphatase

       (37ec, 2 hr)

                                PÅ} found

       Phosphorylcholine 1•03**
       CDP-choline 2.16*
       Hydrolyzate 1.84t
(3) Treatment wÅ}th snake venom (pyrophosphatase,and
    5LnucleotÅ}dase)

                           Pt found CytÅ}dtne found*

    Phosphorylcholine O** -
    S'-CMP 1.28* 1.21
    CDP-eholine O.91rk 1.18
     Sample O.90* O.87

(conttnued)
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(4) Measurement of choline
    phosphorylcholtne

     Phosphorylcholine

     Samp1e
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tO.O 9.0
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 Spectrum of lsolated CDP-Choline.
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were tnvesttgated wÅ}th respect to pH and coneentratÅ}ons of

substrafes.

     Effect ef pH. The formation of CDP-eholine proeeeded

ently at pH of more than 7.0, as shown in Fig. 6. Even at

the formatton of CDP-cholÅ}ne was•obBerved, Vhese pH values

the tnÅ}tial ones, whteh decreased to 6.0--6.4 by the end of

reactÅ}on.

effici-

pH 9.74,

 were

the

'

Ag i5
:.

g
e
v 10
e
a
:

nss
v
p8

OON

!
  7

9

06

                2' 4 6 8 10
                     rneubation time (hr)

Ftg. 6. Effect of pH on Formation of CDP-Choline.

trhe reaction system was the same as that described in

'Mable : except t•hat the pH of the phosphate buffeT was

varied as shcrmi tn the ftgure.
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     GZucose eoncentration. Glucose Å}s

factors Å}n thÅ}s ktnd of energy-consuulng

of 600-800 vmoles/ml of glueose brought

cholÅ}ne (Fig.,7).

one of the most Å}mportant

 reaction. [lhe addÅ}tion

about a hÅ}gh yield of CDP-

     :
     H 20
     x     8
     T
     g ls
     v
     8
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     o 10
     -
     Åë     a     -     H     oS     T`O:

     &
     g

                    200 400 600 800
                  Glucose concentration (vmoles/ml)

Ftg. 7. Effeet of Glucose Concentratton on Formatton

                       enP-omoline.

The reaction system was the same as that descrÅ}bed in

I except that the gLueose coneentration was varied as

Å}n the figure. The incubatton time was 7 hr.

of

Table

shown

                                .     Phosphate buffer concentration.

of urtdine coenzyrnes descrÅ}bea in the

vely high coneentrati(nt of phosphate
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element, since under ordinary (low) phosphate concentrations,

nucleosÅ}de-S'-monophosphate'was not phosphorylated, but rather

decomposed. FÅ}gure 8 Bhows that the optimum phosphate buffer

eoncentraLtion for CDP-cheline formation Å}s near 200 umoleslul.

Au
'" tl;

fl

8
e
8
e
a
g
il

2
Y
Ne

20

15

10

s

                   200 400 600 800
              Phosphate buffer coneentration (ymoles/ml)
Fig. 8. Effect of Phosphate Buffer Concentration on

               Formation of CDP-CholÅ}ne.

The reaction system was the samb as that described in Table

Z except that the concentration of potassÅ}um phosphate buffer

(pH 7.0) was varied aB shc}wn in the figure. The Å}ncubation

time was 7 hr.

     iVzospherylehoZine eencentt,ation.

showed that phosphorylcholÅ}ne was the
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 for the fermentative production of CDP-•choline. Then•, the effect

of phosphorylcholtne coneentration was Å}nvestigated. As ts shown

in Fig. 9, the increase of phosphorylcholtne concentration accele-

rated the fonnation of CDP7eholine. The data show that•100 umoles

per ml of phosphorylcholine is still more.effective for CDP-choline

 formation. Without phosphorylcholine, 1Å}ttle formation of the

 cytidÅ}ne coenzyme oceurred.
-'-

i
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                 246
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 9. Effect of Phosphorylcholine Concentration on

          Formation of CDP-CholÅ}ne.

reaction system was the same as that described ln Table

-120--



     1 except that 30 umoles/ml of S'-CZM[P and the Å}ndicated

    amounts of phosphorylcholÅ}ne were tncubated.

     Distr,ibutton of CDP--choZine acrczanz`Zating aetivity in yeaste

     All the experiments descrÅ}bed above were carried out wÅ}th

aÅ}r-drÅ}ed cells of brewer's yeast. Subsequently, the actÅ}vity for

formation of CDP-cholÅ}ne was Å}nvestÅ}gated among various yeasts

                                                              eunder the conditions described in Materials and Methods. Table!vaE

Å}ndicated that 33 stralns (76.7Z) out of 43 straÅ}ns tested had

the abiltty to ferm CDP-cholÅ}ne, and that in partieular 8 strains

(18.6Z) converted more than 50% of avaiZable 5'-CIM]? to CDP-cho"ne.

Saecharomyees roLuti rAb( 4309 and Zygosaccharomyees so"'a (Sacchcex'o-

rnyeee routi) IFO 049S as well as brewer's yeast formed CDP-choline

in good yields (about 80X) in the later stages of the reaction.
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TABLE ZIZ. DISTRIBU!IrXON OFCDP-CIIOLrNEFORMrNGACTIV[TY IN YEASTS

Stratns
ReactÅ}on ProductB and substrate(#moles/ul)

ttme CDP- eheline S'-CMP CDP +CTP

Saccimoayces
  IFO 0288

Sacchc r7amyce6
  rFO 0641

Sacchar:on41ces raui
  IA)f 4309

Sctccharornyees Zactis
  ZFO I090

imdomyces hordei
  ZFO OI04

Endomyees deedptens
  TFO OI02

ZygoBaceimolnyceB so"'a
  rFO 0495

l'i ehia poZymoxpha
  ZFO O195

llÅriclomyeopsis ccrp6uZcu'is

  rFO 0672

EctnsenuZa anomaZa
  AKU 4300

HanBenuZa e'adin"
  rFO 0987

f?agi Zis

car}Zsbergensis

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4

8
12

4
B

12

4
8

12

4
8

12

 3.60
 4.68
 3.80

10.2O
11.80
11.40

14.20
15.S2
16.40

 4.24
 8.40
 6.80

 1.80
 2.80
 3.00

o
o
o

 4.80
12.60
16.20

 trace
 trace
 trace
 3.60
 4.68
 3.80

 trace
 L60
 2.60

 7.00
 7.20
 7.12

 7.20
 9.60
11.60

 2.60
 3.12
 3.72

 2.68
 S.72
 8.20

 8.00
 1.36
 O.92

 2.48
 2.96
 2.oe

11.10
 8.20
10.80

 2.80
 4,OO
 2.40

16.80
16.00
16.80

 2.88
 2.32
 2.08

11.70
14.80
10.80

 4.6O'
 6.20
 S.88

 7.12
 7.88
 8.60

 6.56
 S.28
 6.88

 6.88
 3.68
 3.20

 2.76
 S.72
 6.12

 3.28
 trace
 trace

o
o
o

11.30
 6.24
 3.76

 trace
 trace
 trace

 trace
 trace
 trace
 2.60
 S.36
 4.86

 3.12
 1.68
 1.68
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VUILE rII. DZSTR[BUrZON
(conttnued)

OF CDP-CHOL:NEFORMINGAcTrvrTy rN YEASTS

St.ra Lns
Reaction Products and substrate(ptnoles/ml)

time CDP-choltne 5,-C ![P CDP +CTP

Ha7zsenuZa eapsuZata
  rFO 0721

bebatryonlycee a'aponicnts
  zFo eo3g

Debctryonnyyces hansenii
  TFO O023

bebctryonzyces gZobosus
  IFO OO16

bebczryonlyces eia)gZobosus
  IFO 0794

bebczr,yomyces cantareZZii
  ZFO 1189
            '
DebcxrllomyceB easteZZii
  IFO 1359

Debaryonnyyces coudertii
  IFO 1381

Debar,yomyces vina
  AKU 4356

Saccha!,amycodes Zuchoigii
  A)ru 4400

HanBeniaspora vaZbyensis
  !FO OI15

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

 4.40
 5.00
 5.20

o
o
o

 5.20
 8.20
10.00

 S.28
10.00
11.80

 6.32
10.40
11.40

 trace
 1.22
 1.40

 traee
 trace
 1.80

 1.60
 2.60
 2.60

 8.80
12.60
13.80

 traee
 trace
 traee

 traee
 trace
 traee

 2.36
 6.80
10F40

 8.20
 6.24
 6.60

 1.70
 1.76
 1.80

 4.80
 2.48
 6.56

 2.48
 3.00
 3.48

15.20
19.80
12.80

15.90
17.20
17.20

15.80
12.40
12.10

 1.88
 4.08
10.40

 2.60
 4.20
 4.40

 2.72
 6.40
 3.80

12.80
12.00
 8.60

 3.60
 2.08
 4.88

10.10
 9.28
 7.60

 5.40
 8.20
10.70

12.00
 8.84
 8.20

 1.08
 2.72
 8.32

 7.32
 9.00
 8.28

 O.56
 2.20
 2.96

 7.80
 7.60
 2.20

17.80
17.60
17.60

20.40
16.20
IS.60
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TABLE UI.
(continued)

DI S TIRJIZ BU CION OF CDP-CHOLINEFOR)C[INGACTrVITY IN YEASTS

Strains Reaction Products and substrate(limo1es1m1)
time
(hr) CDP-eholine 5i-C)fP CDP +CTP

Nadsonta eZongata
  IFO 0665

"pomyces Ztpoferus
  IFO 0673

SporoboZom!fces roseus
  !FO 1037

Spo"oboZomyees roseus
  IFO 1105

SPoroboZomyees saZmonicoZor
  IFO 0374

Trigonopsis variabtZis
  rFO 0671
 '

Cryptoeocaus aZbidus
  IFO 0378

Tor7uZopsi6 candida
  IFO 0768

ToruZepsts sphaex,ica
  IFO 0648

TornzZopsis famata
  IFO 1084

'RhodotoruZa gZutinis
  IFO 0389

4
8

12

4
8

12

4
8

12

4

8
12

4
8

12

4
8

12

4

8

12

4
8

12

4
8

12

4
8

12

4

 8
12

 trace
 trace
 trace

 3.72
 S.12
 6.12

 1.36
 1.72
 2.20

 trace
 trace
 trace

 2.48
 4.00
 7.20

 trace
 2.40
 2.40

 O.80
 2.28
 2.88

 6.20
11.80
15.10

 1.48
 2.68
 3.12

o
o
o

 1.00
 2.00
 1.60

14.
11.
11.

10.
 3.
 6.

 9.
 8.
 7.

Il.
12.
10.

 6.
10.
 7.

 4..

 4.
I9.

 9.
 6.
 4.

 1.
 2.
 3.

 2.
 4.
 2.

12.
 7.
 3.

11.
12.
 8.

20
60
40

30
08
48

40
oo
40

so
70
80

40
60
20

32
88
80

40
20
12

60
40
20

oo
oo
oo

80
20
20

60
70
oo

 5.80
10.80
 8.00

 3.04
 9.00
 9.20

 traee
 trace
 trace
 1.28
 2.00
 O.96

13.00
 2.60
 4.40

12.20
13.90
 2.S2

 5.36
 4.80
 2.00

12.40
 8.80
 7.60

 6.72
 6.28
12.00

 trace
 traee
 trace

 Z72
 4.32
 3.12

-124-



TABLE rlZ. DZSTRIBUTION OF CDP-CHOLINE FORMING ACTIVrTY IN YEASTS
(continued)

Strains
Reaction Products and substrate(ucnoles/ml)

time
(hr) CDP-choltne 5'-(MP CDP + CTP

Brettanonzyees cZctussenii
  IFO 0627

Candidn uti Zis
  IFO 0396

Cc[ndida hz"nicoZa
  IFO 0760

Candidu krusei
  rFo oo13

Candida tropieaZis
  IFO OO06

Candtdn inter7nedia
  ZFO 0761

Candida pavapeiZosis
  IFO 0708

Ctnzdidn pseu(lotropicaZis
  !FO 0617

KZQeekera apicuZata
  IFO O154

Baker's yeast

4
 8
12

4
8

12

4

8
12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

4
8

12

 2
4

 8
5
5
4

 o
o
o

8
8
7

6

8
7

o
2
2

5
7

6

7

9
8

o
o
o

5
12
10

.

.

.

.

.

.

'

.

.

.

'

.

.

.

.

.

.

.

.

'

.

.

'

.

80
28
68

20
40
68

20
20
48

16
oo
oo

80
28
88

86
20
40

20
60
60

28
60
60

 3.40
 6.20
 4.20

16.10
19.00
16.80

12.30
10.40
 8.08

 2.24
13.50
13.20

 trace
 3.40
 4.08

10.00
 6.60
 S.44

 1.60
 5.00
 8.20

 S.08
 6.88
 9.20

 6.20
 2.68
 2.20

 3.28
 3.Z2
 6.20

16.40
17.00
19.40

 traee
 traee
 trace

 trace
 trace
 trace

 12.00
  3.28
  4.20

 11.80
  8.52
  9.40

  1.60
  1.56
  2.16

  9.44
  7.80
  6.S2

  8.60
  9.00
 11.80

  o
  o
 o
 11.00
  8.60
  8.60

"125-



                             SUMMARY

     Large amounts of a eytÅ}dine derivative were formed when aÅ}r-

dried cells of brewer's yeast (100 mg/ml) were incubated with S'`

CMP (20 vmoleslml) and phosphorylcholÅ}ne (SO pmoles/ml) i'n the

presence of glucose and phosphate buffer. The cytidime compound

was tsolated from the reaction nixture by Å}on exchange coluT[m

chromatography with Dowex 1 x 2 (Cl forin) and identified as CDP-

choline by several enzymic and physicochemical methods.

     The effects of several factors affecting CDP-choltne fermen-

tation by brewer's yeast were investigated with respect to reaction

pH and concentrations of substrates.

     The dÅ}stribution of CDP-choline accumulating activity was

tested among various yeasts other than brewer's yeast. Out of 43

strains, 33 strains showed the ability to form CDP-choline, and

8 strains transformed 5'-CMP to CDP-choliue in more than 5G"1. yield.

Saecharomyces rou:ii IAM 4309 and Zygosacehar,ornyees so"'a (Saccharo-

myees rouarti) IFO 0495 converted about 80"rd of S'-CbfP to C)P-choline.
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      Section 2. Fermentative Production of CDP-Ethanolamine

                           INTRODUCTION

     CDP-Ethanolarnine is an analogous cytidine coenzyne to CDP-

                                                 78)choltne and was first found by Kennedy and Weiss                                                    to be an import-

ant intermediate in the biosynthesis of phosphatidylethanolamLne.

rn the previous section, the author has described the preparative

method of CDP-choltne from 5T-CMP and phosphorylcholine with air-

dried cells of brewer's yeast. ThÅ}s section deals with the produc-

tion of CPP-ethanolaTnine by the application ef the fermentative

method of CD?-choline.

                      MATERIALS AND METHODS

     MateriaZs. Authentic CDP-ethanolamine was purchased from

Boehringer and Soehne GmbH, Mannheim. ALl other chemicals used

in this study were the same as described in the previous section.

      --     MtcToorganTsrn. Brewer's yeast obtained from Kirin Brewery

Co-, Ltd. was air-dried by the met' hod described in the previous

section. The dried cells were used for CDP-ethanolamine formation

as enzyme source.

     AnaZyses. Cytidine compounds lneZuding 5'-CMP, CDP, CTP and

CDP-ethanolamine were determined by paper chromatography as des-

cribed in the previous seetion. Anion exchange column chromato'
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graphy with Dowex 1 x 2 (formate form) was carried out for the

separation of CDP-ethanolamÅ}ne from the reactton mixture. The

stepwise elution was performed with formic acid-ainmonÅ}um formate

system. Before applyÅ}ng to the column, the react•ien mixture was

eoncentrated by treatnent with charcoal, followed by elution with

ethanol-NH40H-H20 (50:5:45, v/v) mixture. Inorganic phosphate was

                                              73)determÅ}ned by the method of Fiske and Subbarow                                                 after degradation

of tsolated CDP-ethanolamLne with sulfuric acid and various enzwnes.

Phosphorylethanolanine was detemined colorimetrically as DNP-deri-

                                          85)vative by the method of Nojima and Utsugi.

     Reaetion system. The eomposition of the reaction rnixture for

C)P-ethanolamine formation is shown tn Table I. ![he reaetton was

teminated by tumiersing the tube in boiling water for 3 nin and the

supernatant solution was submitted to analyses.

          TABLE !. COMPOSITrON OF REACTION MIXTURE

5'-CMP sodium salt

Phospherylethanolamine

Potassium phos' phate buffer (pH 7.4)

Glucose

Calcium chloride
ALr-dried eells of brewer's yeast

  per ml
 20 pmoles

 50 vmoles

200 vmoles

400 umoles

 50 pmoles

100 mg

put in a test
2s"c wÅ}th

-

Total reaction mtxture of 2.0 ml was

tube and reactÅ}on was carried out at

shaking.
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                  RESULTS AND DISCUSSION
                         t
  Conversion of 5'-CM' to CDP-ethanoZanTine by brewer,'s yea6t

  After Å}neubation utth the reactÅ}on mÅ}xture shown in Table r,
      '
 produets were analyzed by paper chromatography. As is shown

Fig. 1, an ultravÅ}olet absorbing spot having the same Rf value

authentic CDP-ethanolamtne was detected with incubation tÅ}me.

CDP-ethanol-
amÅ}ne

5,-CMP

cDp + c lp

        O 4 6 8 IO AuthentÅ}c
                                         samp1es             ReactÅ}on time (hr)

Ng. 1. FormatÅ}on of CDP-Ethanolamine from 5'-C)(P by
         '                  DrÅ}ed Cells of Brewer's Yeast.

The reaction system was the same as that descrlbed in Table

r• At the time indicated above, an aliquet OPi the reactton

solution was subultted to analysis by paper chromatography

wtth 95Z ethanol-NH40H-M ammonÅ}um acetate (10: 4: 1, vlv).
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     IBolation and identification oÅí cr)P-ethanoZa7rrine

     In order to isolate and identify thts compound, a large scale

Å}ncubation was carried out. The reaetion mÅ}xture contained 2 mmoles

of 5t-(MP sodium salt, 20 mmoles of phosphorylethanolaulne, 20 mmoles

of potassÅ}urn phosphate buEfer (pH 7.4), 120 mmoles of glucose, 10

Tmnoles of calctum chloride and 20 g of dried eells ' brewerts yeast

in a final volume of 200 mZ. The reaetton was carrted out at 280C

in a 2 liter•-flask with conttnuous $haking. After incubatÅ}on for

10 hr, the flask was irmnersed Å}n boÅ}ltng water for S mLn and cooled.

[the cells were centrtfuged off, and to the supernatant solution

(total opttcal densÅ}ty at 260 mp was 3 x lo4) was added ls g of

chareoal and stood for 60 ntn with sttrring. Then, the solution was

filtered and the charcoal was washed with O.OOI N HCI. The adsorbed

nucleotÅ}des were eluted with 50Z ethanol contaÅ}ning 5Z NH40H• The

eluate was eoncentrated at 300C to a small volume under reduced

pressure. rt was adjusted to pH 8.0 wÅ}th NaOH and applied to a

colurnn of Dowex 1 x 2 (formate form, 2.5 x 100 em, resin volume

340 ml). The stepwLse elution was carrÅ}ed out with formic acid-

ammonÅ}um formate system. The elution pattern of the nueleotides Å}s

shown Å}n Fig. 2. Each fraction was analyzed by paper chromatogra-

phy and found to be as follows: A, CDP-choltne;.B, Cn)P-ethanolamtne

compound; C, S'-(MP; D, CDP + CTP, Then the fractÅ}on (B) was

eollected and treated agatn wÅ}th charcoal as described above.
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   Fig. 2. Separation of CDP-Ethanolamine by Dowex 1 x 2 (Formate

                    Form) Columm Chromatography.

   Colum size : 2.5 x 100 em, Bed volume: 340 ml

The eluate with ammonÅ}acal ethanol solution was coneentrated by

evaporation at 30eC under redueed pressure and lyophilized.

Finally, about 200 mg of lyophilized powder was obtained. The

pcywder was used for the identÅ}fication for CDP-ethanolamÅ}ne.

     Paper chromatography of the tsolated cytidine derivatÅ}ve and

Å}ts aeid-hydrolyzate was carried out wtth three kinds of solvent

systems• As is shown Å}n Table Il, the Rf value of the Å}solated

sample was almest identical with that of authentÅ}c CDP-ethanolamine

both in UV-absorbtng and ninhydrin-positive spots. HydrolysÅ}s
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TABLE I!. PAPER-CHROMATOGReU])HY OF ISOLATED

AMZNE A)il) rTS ACID-HYDROLYZATE

CDP-E CHA)iOL-

Rf values

Solvent I Solvent II Solvent Izr

uv-absorbing spot

  CDP-ethanolanine O.38

  5t-C]ifP O.25
  Sample O.38
  Hydrolyzate O.25
NÅ}nhydrin-posittve spot

  CDP-ethanolanine O.38
  Phosphorylethanolaulne O.

  Ethanolamine O.66
  Sample O.38
  HydroZyzate O.37

37

O.17

O.24

O.17

O.24

O.I7

O.28

O.54

O.17

O.28

o

o

o

o

o

o

o

o

o

.

.

.

.

'

'

.

'

.

48

57

48

S5

48

60

57

48

58

      Solvent I: 9SZ ethanol-M aTnmonium acetate (7.5; 3, pH 7.5)

      Solvent II: O.02 N aeetic acid Å}n 607. ethanol

      Solvent III: Isobutyric aeid-O.5 N NH40H (S:3, vfv)

of the sample in 1 N HCI at 1000C for 40 nin gave two compounds;

one was tdentical withsS'-CMP, and the other was identÅ}cal with

authentic phosphorylethanolamÅ}ne by paper chromatography. rt was

also found that equimolar amount of S'-C)d? and phosphorylethanol-

amine was released from one mole of the sample by the hydrolysis.

Table III shows the results of phosphate analysÅ}s. Two moles of

phosphorus were released from one mole of the sample after decom-
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positÅ}on by sulfuric actd. When acÅ}d-hydrolyzate (1 N HCI, 100"C,

40 nin) o-f the Bample was treated with bull seninal 5i-nucleottdase

ene mole•of phosphorus and one mole of cytidtne were liberated.

On treatment of the sample wÅ}th snake venom (Agkistzr)odon haZys.

Mamushi),82) whieh contaÅ}ned nucleotide pyrophosPhatase and s'-

nucleotÅ}dase, the sample liberated one mole of phosphorus. These

data show that the Å}solated cytidine derivatlve ts composed of 5'-

CMP and phosphorylethanolamtne, which are bound through pyrophos-

phate 1Å}nkage.

  TABLE Irl. PHOSPHATE ANALYSIS OF ISOLATED CDP-ETHANOLAMINE

  /
  /
  !

  /

  1/

s

Pi foundS
(umoles)

Theoretical
   value

Total phosphates

Treatment with S'-nueleotidase
after actd-hydrolysis**

Treatment with snake venom
(nucleotide pyrophosphatase
and 5'-nueleotidase)

2.03

O.93

1.08

2

1

1

.oo

.oo

.oo

    Å} pmoles per vmoles of isolated CDP-ethanolaTnine

    ** 1N Hcl, looOc, 4o min

     The IR and NMR speetra of the isolated sample are

                                     'FÅ}g. 3 and Fig. 4. The rR spectrum of the sample was

with that of authentÅ}c CDP-ethanelamtne. The sÅ}gnals

spectrum showed the presence of protons oÅí H-5 and H-6
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dÅ}ne base, H-lt tn ribose, and two protons attached to the teminal

carbon atom of ethanolamine restdue.

     Anal.. Found c, 23.89; H, 4.Sl; N, 10•10Z• Caled• for CuHls

OuN4P2Ca'4H20: C, 23•80; H, 4•68; N, 10.087..

     From the Tesults described above, it was coneluded that the

isolated eytÅ}dine compound was CDP-ethanolami.ne. A typical time

course of CDP-ethanolamtne formation from 5'-CMP and phosphoryl-

ethanolamine by dried cells ef brewer's yeast is shown in Fig. 5.

alo
g
8
Hgs
e
E
g6
-
m

.e;

:4:
T
:Z2

Fig. S. Time

The reaction

! except that

,`,•

5i-CMP

f CDP

CDP-ethanolamLne

          Incubation time (hr)
 Course of Formation of Cytidine Derivatives.

system was the same as that described in Table
 10 vmoles!ml of S'-CMP was Å}ncubated.
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     Simtlarly to the fermentative process of CDP-cholÅ}ne described

in the previous sectton, 5'-CN]? was rapÅ}dly converted to CDP and

CM? in the earlier stage of the reaction, followed by gradua1 accu-

mulatÅ}on of CI)P-ethanolarnine. The cytidine coenzyme was'accumulated

with about SSZ yteld based on 5t-CMP after tncubatLon for 10 hr.

                              SUMMARY

     CDP-EthanolamLne, an analogous cyttdtne eoenzyme to CDP-choline,

was formed when the air-dried ceils of brewerts yeast were incubated

vith 5'-CIM]?, phosphorylethanolamine, phosphate buffer, glucose and

calcium ion. The cytidine coenzyme was isolated frorn the reactÅ}on

mtxture by ion exchange column chromatography with Dowex 1 x 2

(forznate form). The compound was identifted as CDP-ethanolamine

by paper chromatography and phosphate analyses. rt was also demon-

strated by several enzyToic and physÅ}eochemical methods. CDP-Ethanol-

arnine was accumulated with about 55Z yield based on S'-CM? after

incubatÅ}on for 10 hr.
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                             CONCLUSION

     rn thÅ}s study, the author has Å}nvestigqted the fermentative

production and metabolism of btologÅ}eally tmportant pyrimtdine

nucleoside diphosphate coenzymes by yeasts.

     Xn the first chapter, it was described that large amounts of

Ul)PGal were aceumulated when the air-dried cells of Tor'uZopsis

candicla !FO 0768 grown on a galaetose or lactose medium were incu-

bated aerobieally with S'-VM]? and galactose (or lactose) in the

presence of high concentration of inorganic phosphate. UDPGal was

isolated from the reaction solution by,treatment with charcoal and

Å}on exchange column ehromatography, and identtfied by several

methods. Various factors on UDPGal fermentatten by the yeast were

investigated, the maximal yields being 60-80Z when the fermentative

condttions were optiulzed. By investtgating the distribution of

UDPGal foming activity in varÅ}ous yeasts, T. eandida was found to

be the most suitable strain for UDPGal accumulation.

     One of the most tmportant factors that affected the fermenta-

tive production of UDPGal was the water content of the dried cells

used as enzyne sourae. Little accumulation of UDPGal occurred by

the use of the lactose-grewn dried cells having more than 207. water.

Zt was essential fer a maximal accumulation of UDPGal to use well-

desiccated cells having less than 10Z water, in contrast to the

observations in UDPG formation by glucose-grown cells. rt was
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concluded that the above effect on UDPGal fer-ventatÅ}on mLght be

brought about by the changing degree of excretion of the enzynes

responsible to UDPGal synthesis from drÅ}ed cells of different water

contents.

     The ehzyne activtties whieh were responsÅ}ble to the synthests

of UD?Gal by lactose-grcswri T. cctndida were tnvestigated wLth the

cell-free extract and amrnonium sulfate fraction. The presence of

galactokinase, Gal-1-P uridylyltransferase, UDPGal 4-eptmerase and

UDPG pyrophosphorylase was: demonstTated, but UDPGal pyrophosphory-

lase was very weak. It was elucidated with the cell-free system

that the formation of UDPGal proceeded by a eoupling reaction with

UDPG pyrophosphorylase and Gal-1-P uridylyltransferase, in whtch

UDPG or G-1-P acted as a catalyst.

     :t was also observed that the conversian of UDPCal to UDPG by

air-dried cells of T. candida was remarkably inhibited by the co-

existence of 5'-UMP and galactose. This fact strongly suggested

that VDPGal 4-epimerase activity of the yeast might be inhibited

by 5'-Ul(P and galactose. rn fact, a partially purified 1n)Pda1 4-

epimerase from T. candida was markedly tnhibited by 5'-ua, provÅ}ded

that galactose was'  also present. Therefore, it was concluded that

the mechanism of UDPGal accumulation under the fermentative condi-

 tion was due to a concerted tnhibition of the eptmerase by 5'-UMP

and galactose served as substrates for the fermentation.
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     1inrtheremore, UDPGal 4-eptmerase of the yeast was found to

require exogenous NAD for the full activity, unlike that reported

in mLcrobial sources such as Saceharomyees fraeiZis and Escherichia

coZi. The K)ns were 1.4 x lo-4 M for NAD, and 1.2 x lo'3 M for

UDPGal, respecttvely. About 7SZ of the enzyne activÅ}ty was lost

in the presence of s'-u)cp (s x lo'"3 M) and galactose (1 x lo-1 M).

Tt was also observed that the catalytÅ}c aetivLty was alabst recovered

by a short dialysis of the enzyme preparation which was inacttvated

by 5i-UMP and galactose. A strong inaetivation of the enzyme aetÅ}-

Vity was found with the combination of 5'-Ul!ll? and glucose.

     Xn the second chapter, the author has investigated the fermen-

tative produetion of UDPAG from 5'-UMP and glucosamine with air-

dried cells of-baker's yeast as enzyme source, It was found that

UDPAG was accumulated Å}n good yields when air-dried cells of baker's

yeastwerelincubated aerobtcally with 5'-UMP, glucosamine and fructose

in the presenee of inorganic phosphate. UDPAG was iselated from

the reaction mixture by means of anion exchange column chromatography

and identified by several biochemical methods. lrhe reaction condi-

tions for the productÅ}on of VDPAG were investigated. The final

yield of UDPAG was about 40-66Z based on 5'-VItfP when the fermentatÅ}ve

conditions were optimized. The concentrations of glucosamine and

phosphate buffer, and pH as well as the water content of aÅ}r-dried

cells of bakeris yeast greatly affected UDPAG fermentatton.

                                                        '
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     rhe distrÅ}bution of UDPAG foming aetivtty tn other yeasts

was.inves.tÅ}gated under the same reactÅ}on condÅ}tions as employed

with baker's yeast. rt was found that several Debar,yomyees species

showed relatively strong activtty of UDPAG formatton with 33-40Z

yields .

     By the appltcatÅ}on of the fermentative production of uridtne

coenzymes described in the precedipg chapters, the author has

Å}nvestigated tn the last chapter the preparattve method for CDP-

choline and CDP-ethanolarnine from 5'-.CMP. Large amounts of CDP-

choline were fomned when atr-dried cells of brewer's yeast were

incubated with S'-CMP and phosphorylcholÅ}ne in the presence of

glucose and phosphate buffer. CDP-Choline was isolated from the

reaction rnixture by anion exchange columm chromatography and iden-

ttfied by enzymic and physicochemtcal methods. The effects of

several faetors affectÅ}ng CDP-choline fermentation were studied.

About 80Z of 5t-CIC? was converted to CDP-choline under the optimal

ferTnentative conditions. It was also found that many stTains of
  '
yeast tested had the abÅ}ltty to forui CDP-choline in good yields,

especially two strains of Saccharomyces raui (ZAM 4309 and ZFO

0495) cenverted about 80Z of 5'-CMP to CDP-choline.

     On the other hand, CDP-ethanolamtne was formed when phospho-

rylcholine was replaced by phosphorylethanolamine in the reactton

system for ( )P-choline formation. The isolation and tdentificatton
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