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                          INTRODUCTION

     The presence of pyridine nucleotÅ}de coenzymes, the biologi-

cally active forms of nÅ}cottnic actd or nicotinamÅ}de, was first

                             1)suggested by Harden and Young.                                 They discovered that some dia-

lyzable and heat stable substance present in the cell-free extract

of brewerTs yeast was necessary for the fermentation of glucose.

The chemical structure of this substance, named Coenzyme I (NAD)

later, was taken up by many investigators and was well demon-

                                                               2-4)strated by means of chernical and enzymic techniques (Forinula l).

                                        5)On the other hand, Warburg and Christian                                           iselated another co-

enzyrne (CoenzyTne rl, NADP) which is required for the oxidation of

glucose 6-phosphate to 6-phosphogluconate. The structure of this

coenzyTne was clarifted by many investigators to have the simtlar

cornposition to that of NAD except for the presence of the third

                                                              6,7)
phosphoryl group in the adenosine moiety as shown in Fonnula 1.

     Conversion of NAD to NADP, phosphorylation of NAD, is cata-

lyzed by NAD kinasee) This reaetion is the only known pathway

of NAD phosphorylatton and distributes in a variety of organisms.

NADH ts also phosphorylated to NADPH by the enzyTne obtained frorn

                                                               9)
yeast, whereas plant enzyrne is unable to eatalyze this reaction.

                      11)        10)                          indicated that redox states of NAD            and KumadaYamamoto

might control the level of NADP in plant tissues; under anaerobic

condÅ}tions, the oxidatton of NADH was delayed where the inhibttion
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of NAD kinase took place. Recently,a possibility of regu!ation

                                                              12)of NAD k.inase by NADPH and NADP in animal tissues was suggested.

     The present study is concerned with the phosphorylati.on of

NAD by microorganisms ancl with the distribution of the reaction.

In the course of the investigation, the author found that NAD

was phosphorylated by a new phosphotransferring reaction other

than the reaction of NAD kinase. It was also found that this

new phosphotransferring system was limited only in some micro-

organisms, whereas NAD kinase activity distributed wtdely in a

variety of microorganisms. Furthermore,the enzymic properties

of the phosphotransferase preparatton were discussed,

     An enzyme system responsible for NAD biosynthesis from

nicotinic acid or nicotinamide was detailed by Preiss and

Handler13'14) and other investigators15) This pathway has been

                                       16-18)                                                   Ntshizukafound to occur in a number of organisms.

            19-21)                   studied other pathway from tryptophan viaand Hayaishi

quinolinate in animal tissues. The presence of de novo synthetic

pathway of the pyridine coenzymes, in which aspartic acid and

glycerol or thetr dgrivatives are the most likely condensing

                                                          23)                                        22)partners, is proposed by Hadwiger et aZ., Chandler et aZ.

and isquith and Moat?4) Microorganisms seem to contain more

than one biosynthetic pathway of NAD and the pathway given abeve

rnight be regulated by coenzyme levels and physiological conditions.
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 In yeast, the tryptophan pathway operates under aerobic conditions,

whereas the de novo pathway becomes predoTninant under the conditions

in which the tryptophan pathway does not function?5)

     In biological systems,several nicotinamide derivatives

besides NAD, NADP and Nbv[N are involved. In the molecule of bio-

logically active NAD or NADP, the configuration o[ the g!ycoside

bond of nicotinainide riboside moiety is in the B-form. However,a

srnall amount of a-isomers of NAD and NAI)P are present naturally

besides large arnounts of B-isomersZ6) Deamido-NAD and deamido-

NMN, precursors of biosynthesis via Pr.eiss and Handler pathway,

and their or-cenfiguration forms are also contained in bacterial

     27,28)cells.             Some microerganisms such as yeast and Proteus

                                                            29)contain CoenzyTne IZI (nicotinamide riboside 5'-pyrophosphate).

                       30)     Recently, Imai et aZ.                           isolated frorn cells of Azotobaetep

VtneZandii. a new pyridine nucleotide, adenosine-diphosphoribo-

syl-NAD, in which the ADP-ribose is glycosidically linked to

NAD at position 2' or 3' of the nicotinamide mononucleotide

moiety•

                                                             34)                                        33)                    31,32)     Nishizuka et aZ,, Chambon et aZ. and Sugimura et aZ.

concurrently reported that a particulate fraction obtained from

mammarian nuclei was eapable of incorporating the adenosine di-

phosphate ribose moiety of NAD into an acid-insoluble material,

synthesizing homopolyrner of ADP-ribose. The function of thÅ}s
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substance has been obscure yet.

Various pyridine nucleotide analogs have been found to be

synthesized with the aid of enzymic and chemical reactions.

35 36)
It was demonstrated by Kaplan et al.' that NADase of pig

brain catalyzed exchange reactions between various substituted

pyridine compounds and nicotinamide moiety of NM) to form

various analogs of NAD, and some of them showed coenzyme func-

tions on typical dehydrogenases.

In the present study, it was shown that the NADP analog,

of which chemical structure was different from that of NADP,

was formed besides NADP by the new phosphorylating reaction

of NAD. Furthermore,pyridine nucleotides such as NADP, NMN

and NADP analog as well were phosphorylated to form new pyri-

dine nucleotides. Chemical structure of these compounds are

summarized in Formula 2. It is an outstanding feature that

these compounds contain a phosphoryl group in the nicotinamide

riboside moiety.

One of the most important functions of pyridine coenzyme

is their participation in biological oxidoreduction systems.

Pyridine nucleotides are reversibly converted to reduced forms

in the presence of suitable hydrogen donors and enzymes, de-

hydrogenases. Mechanisms of the reduction of pyridine coenzymes

were elucidated with the aid of various kinds of chemical re-

-4-



ducing agents and dehydrogenases. In the reduction of the

 pyridine ring of these coenzymes, two equivalents of hydrogen

per moie are required?7'38) in the bioiogicai systems, there

operate numerous oxidation-reduction processes and the pyridine

coenzyTnes are lnvolved in a varÅ}ety of metabolic pathways such

as glycolysis, tricarboxylic acid cyele, pento$e phosphate cycle,

and other biosynthetic and catabolic metaboltsms,

     Recently,regulatory mechanisms involvtng pyridine coenzymes

have been reported. Xt was suggested that in Eseheriehia aoZi

the level of NADPH was the central eontrol signal for coordi-

nating the activity of a variety of enzymes which utilize oxalo-

acetate or malate as substrates. Malate dehydrogenase?9) NADp-

specific malic enzyrneeO) citrate synthetase4i) and phosphoenoi-

                    42)
pyruvate carboxylase                       were found to be inhibited in an allo-

steric manner by mnH. ADp-glucose pyrophosphorylase ef E. cozi43)

                                                             44)and rtbulose S-phosphate kinase in Rhodopseudomonas sphe"oides

were activated in an allosteric manner.

     Recent progresses in studies of pyridine coenzyTnes have

e!ucÅ}dated tbat these coenzyines possess bÅ}ological functions

other than those mentioned above. Gellert4S) and other investi-

      46,47)
             reported that NAD took part in an enzymÅ}c reactiongators

of repairtngan interrupted strand in a DNA duplex. rn this reaction

NAD functioned as the adenosyl moiety donor toward the enzyine
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protein.

Generally speaking, new pyridine nucleotides obtained in

this experiment showed no or only a slight activity for several

dehydrogenases. Whether these nucleotides are contained in

biological systems and play some biologically active roles are

problems to be discussed.

-6-



  Chapter I, Phosphoryldtion of Pyridine Nucleotides by a

              New Phosphotransferring System

   Section 1. Phosphorylation of NAD

                      INTRODUCT!ON

     The phosphorylation of NAD to NA]D? is catalyzed by NAD

kinase and this reaction has been known to be the sole pathway

of NADP biosynthesis. This enzyTne has been found in several

biological systems sueh as mammalian and avian tissues and micro-

organisms. Properties of the enzyrne have been studies in detail

by many investigatorse'48'49) in this enzyme reaction, the phoS-

phoryl donor is strictly limited to ATP.

     Recentiy,' Mitsugi et az?O'52) reported the phosphoryiation

of nucleoside or nucleoside monophosphate by bacterial nucleo-

side phosphotransferase other than by nucleoside kinase and

ogata et aZ?3) observed the phesphorylation of pyridoxine by

a new phosphotransferringenzyTne different from pyridoxine kinase

in several microorganisms.

     The author observed that when NAD and erganic phosphates

such as p-NPP or nucleoside monophosphate were incubated with

the enzyine preparatton of Prooteus miT,abiZis (IFO 3849), NADP

and an unidentified eompound were formed in the reaction mixture.

In this section, condÅ}ttons for this enzynic phosphorylation of
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NAD are discussed and the tsolatton of NADP is described.

                MATERIALS AND METHODS

     CuZtivatton of bacterta and prepavation of enzyme soZution.

Rroteus mirabiZts (IFO 3849) used in this investigatton was

grown in a liquid medium of the following composition: glucose,

2.0Vrd; peptone, 1.0e!.; yeast extract, O.3Z; (NH4)2S04, O.3el.; NaCl,

O.2%; K2HP04, O.1"1. and MgS04'7H20, O.05Z in tap water, pH was

adjusted to 7.0. Cells were grown in SOO ml of medium in 2

liters flask with shaking for 24 hr at 28eC, harvested by cent-

rifugation and washed with deionized water. Cell were, then,

suspended in O.05 M potassium phosphate buffer (pH 7.0) and

                                        I-.treated with Kaijo Denki ultrasonic oseillator at 15kCfsec for

10 min. The cell debris were removed by centrifugation at 10,OOO

rpm fer 30 min. Amrnonium sulfate was added to the cell-free

extraet so as to give 30 to 80Z saturation. The prectpitated

protein was collected by centrifugation at 10,OOO rpm for 20 :in,

dissolved in O.05 M potassium phosphate buffer (pH 7.0), and

dialyzed against the sarne buffer of O,Ol M. This protein so-

lution was used as the enzyrne preparation.

     The cultiuation and the preparation of cell-free extract

of Eschertchia eoZi 2bT were the same as in Proteus mirabiZis.

     En3yme assay. rn this study, unless otherwise mentioned,

                                 -8-



 the phosphoryl transferring reaction was carried out with the

standard reaction mixture containing 10 pmoles of NAD, 40 vmoles

of phosphoryl donor, 20 pmoles of nicotinamÅ}de, 1 vmole of zinc

sulfate, 300 vmoles of acetate buffer (pH 4,O) and the ammonium

sulfate fraction (5 mg of protein) in a total volume of 1 ml.

After incubation at 370C with occasional stirring, the reaction

was stopped by heating the mixture in boiling water for 3 min.

Denatured protein was removed by centrifugation and the super-

natant was subjected to quantitative analysls of substrates and

products.

     AnaZysas. Substrates and products tn the reaction mix-

ture were determined fiuorometrically by a modified method of
                      54)
Carpenter and Kodicek.                           The substances were separated by paper

chromatography using a solvent system consisting of 10 parts of

isobutyric acid and 6 parts of O.5 N arnmonium hydroxide?5) sub-

stance on thepaper were detected wtth UV lamp. Each spot corre-

sponding to nucleottdes was cut off and extraeted with O.Ol N

hydrochlorie acid for 15 to 20 hr at room ternperature. To 1 ml

of the extract, O.2 ml of inethyl ethyl ketone containing 2 x

  -410 M mangane$e sulfate and O.6 ml of 3,S N sodium hydroxide

solution were added. After standing for 5 mÅ}n at room tempera-

ture, 6.2 m! of O.5 N hydrochlorie acid 'was added and the mixture

was imrnersed into boiling water for 5 min. Generated fluores-
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cence was measured at 460 m~ using a fluorometer attachment of

Hitachi spectrophotometer model EPU-II A. One tenth N sulfuric

acid solution of quinine sulfate was used as the standard of

fluorescence. Nucleotides in the extract were also determined

by measuring the absorbancy at 260 mw with a Hitachi spectro-

meter model EPU-II ~ or Hitachi Perkin-Elmer spectrophotometer

model 139.

NADP could not be determined by usual spectrophotometric

h d · l' . 56) 1 6 hmet 0 s us~ng enzyme SUC1 as lsoc~trate or g ucose -p os-

57)
phate dehydrogenase, because p-NPP and p-NP in the reaction

mixture had a strong absorbancy at 340 m~. In this work, there~

fore, the coenzyme activity was determined by the combined re-

actions of aconitase, isocitrate and glutamate dehydrogenases

of dialyzed cell-free extracts of Escherichia coli 2bT with the

reaction mixture containing 200 ~~oles of sodium citrate, 400

~moles of ammonium chloride, 10 ~moles of magnesium sulfate,

250 ~moles of Tris-HCl buffer (pH 7.4) and the dialyzed cell-

free extract (20 mg of protein) in a total volume of 5 mI.

After incubation for 2 to 4 hr at 37°C, the reaction was stopped

by the addition of equivolume of ethanol. Glutamic acid formed

was separated by circular paper chromatography using a solvent

system consisting of 4 parts of n-butanol, 1 part of acetic acid

and I part of water. The filter paper was sprayed with a 0.5%

-10-
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          Fig. 1. Enzynic Determination of NADP.

             (1) 1 hr incubatton

             (2) 2 hr incubation

             (3) 4 hr incubation

solution of ninhydrin in 75Z ethanol, and after drying, kept at

500C for 30 min. A deep purple spot developed was eut off and

extracted with 5 ml of 75al. ethanol. After 30 min, the absorbancy

at S70 mv was measured by a Hitachi photoelectric photometer

model EPO-B. NiU)P below O.02S vmole was proportional to glu-

tarnate formed as shown in Fig. 1. The activity of glutarnate

dehydrogenase varied with the enzyme preparation and, therefore,
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NADP solutions of known concentration were incubated with the

enzyme in each experiment. The enzyme preparation did not have

any NADP synthesizing activity from NAD and p-NPP under these

conditions.

Preparation of dehydrogenases. Isocitrate dehydrogenase

was prepared from baker's yeast according to the .method of

58)
Kornberg. This preparation showed aconitase activity besides

isocitrate dehydrogenase activity. Glucose 6-phosphate dehydro-

genase of yeast was obtained from Sigma Chemical Co.

RESULTS

I. FOY'l7lation of NADP from NAD and p-NPP by Proteus mirabilis

Time course of the reaction and detection of the products.

When p-NPP was added in the reaction mixture described under

Materials and Methods; an UV abso~bing spot which also showed

fluorescence after exposure to the mixed vapor of methyl ethyl

ketone and ammonia59) was developed below the spot of NAD as

shown in Fig. 2. This spot was eluted with 5 ml of 0.01 N hydro-

chloric acid and determined fluorometrically. NADP was deter-

mined enzymatically using glutamate dehydrogenase. It was demon-

strated that the only small portion (less than 30% yield) of the

products determined as NADP fluorometrically was enzymatically

activeNADP. The results suggested that the product was a mixture

-12-



Front

ADPRk

Base line

NArn , p-NP

p--NPP

(NAD)

(NADP +
   Compound 1)

(Cornpound Ir)

                - p•-NPP + p-NPP
                       Authentic
                         NADP

     Fig. 2. Separation of Reactton Products by Paper

     Chromatography with Isobutyric Acid-Ammonia System.

     Parentheses indicate the spot whtch showed fluorescence

after methyl ethyl ketone treatrnent.

* ADPR was identifted by comparing it with the degradation
                                                60)
  product of NAD by NADase from Neurospora crassa.
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       Fig. 3. Time Course of NAD Phosphorylation.

   H NADP+Compound1(determined fluorometrically)
                                       .   am NADP (determined enzymatically)

   "--e NAD
   o---o NAD (control; minus p-NPP)
  The reaetion Tnixture (S ml) contained 50 pmoles of NAD, 200

umoles of p-NPP, IOO vtuoles of NAm, 5 umoles of ZnS04, 1.5 mmoles

of acetate buffer (pH 4.0) and the armonium sulfate fractionft (25

mg protein). Incubation was carried out at 37eC with occasional

sttrring. ADPR (1.2 - 1.5 vmoles per ml) was detected at O hr with

or without p-NPP but was not shown in the figure.

t See Material and Methods.
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of NADP and an unidentified substance possesstng no coenzyme

activity for glutamate dehydrogenase. The unidentified substance

was expressed as CornPound I in this section. Below Compound I

on the paper chromatogram there was another spot (Compound Ir)

which showed fluorescence by the methyl ethyl ketone treatment.

On the other hand, in the absence of p-NPP, no NADP and Compounds

r and rr was synthesized. Figure 3 shows time course of the

reaction in the presence or absence (control) of p-NPP. The

formation of NADP and Compound I was observed only in the presence

of p-NPP and reaehed a maximum after 2 to 4 hr of the incubation,

then decreased gradually. NADP rnight be produced by the action

of phosphatase as a degradation produet. IJhis degradative reac-

tÅ}on was inhibtted by the addition of p-NPP during the incubation.

This phenomenon will be mentioned later.

     PhosphoryZ donor specifielty. Phosphoryl transferrtng

reaction was investigated using NAD and various phosphoryi do-

nors. As shown in Table Z, p-NPP was the most effective for

both NADP and Compound r formation. IAIhen purine nueleottdes

were used as phosphoryl donor, 5'-IMP is the most effective.

2i(3t)-AMP was more effective than 5'-isomer, whereas in GMP no

difference between 5t- and 3'-isomers was observed. On the other

handin•sPyrimidtne nucleotides 3'--isomers were effeetive, whereas
    -- --.h
5'-isomers have almost no activity as phosphory1 donor. From the
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TABLE I. EFFECT OF PHOSPHORYL
PHOSPHORYI.ATION OF NAD

DONOR ON

Phosphory1

  donor

NADP+ Compound I
formed

pmo1es/ml

  NADP
 formed

vmole/ml

5'-AMP

2!(3')-AMP

5t-GMP
2' (3')--GMP

5,-I)(P

5t-CMP

2, (3t)---C MP

5'-UMP

2'(3,)-U)(P

ATP

p-meP

None

O.24

O.S2

O.26

O.28

O.57

o.os

O.45

O.05

O.24

O.05

2.10

O.02

trace

trace

O.Ol

O.Ol

O.03

trace

O.Ol

trace

O.Ol

o

O.22

o

         The reaction mixture (1'.2S ul) contined 12.5 vmoles

     of NAD, 50 pmoles of phosphoryl donor. 1.2S pmoles of zinc

     sulfate and the arrmonium sulfate fraction (6.2S mg protein).

     rncubation was carried out at 370C for 4 hr.

fact that ATP did not serve as phosphory1 donor at al1 it might

be coneluded that this transferring reaction vas apparently diffe-

rent from that cataLyzed by Nal) kinase.

    Effect of pH. Effeet of pH on phosphoryl transferring

reaction between p--NPP and NAD was studied using the ammonium
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  Each buffer was added to a final coneentration

 M. rncubation was carried out for 4 hr at 370C

 standard conditions.
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          e---e Tris-HCI buffer
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     Ftg. 5. Effect of p-NPP Concentration on Phosphorylation

                          of NAD.

          IncubatÅ}on was carried out at 370C for 2 hr.

            H NADP + Compound I o---o NADP

sulfate fraction (see Materials and Methods). As shown in Fig.

4, the optimal pH for both NADP and Compound I formatÅ}on was

below 4.0. In alkaltne pH the transfer reaction decreased greatly,

This may be caused by nonenzyrnatÅ}c degradation of the nicotin-

amide riboside bond. The kinds of the buffer tested did not

affeet on the reaction.

     Effeet of p-IVPP concentration. As shown in Fig. 5, opt-

imal concentration of p-NPP was 40 umoles per ml of the resaction

inixture for the formation of Compound T and 20 umoles for that

of NADP. When more p-NPP was added, the reaction was slightly

inhibited.
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     =

     J. " "     -.- .-

                                                        7.

                         ;,Nl',A1) f/tm"l{,slmI)

     Fig. 6. Effeet of NAD Concentratton of Phosphorylation

                        of NAD.

        H NADP + Compound l O----O NADP
     The reaetion mixture (3 ml) contained various arnounts of

NAD as shown in the figure, 120 pmoles of p-NPP, 450 vmoles of

acetate buffer (pH 4.0) and the armionium sulfate fraction (10

mg protetn). Tncubation was carried out at 370C for 6 hr.

     Effeet of lVAD eoneentr,ation. Under the conditions tested,

the formation of Compound 1 and NADP was approximately propor-

tional to NAD concentratien as shown in Ftg. 6.

     Effeet of enzyme eoneentration ctnd ineubation time.

Effect of enzyTne concentration on NAD phosphorylation was investi-

gated with the ammonium sulfate fraction of P. nirctbiZis• The

results are shown in FÅ}g. 7. When tncubated for 2 hr, the for-
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     Fig. 7. Effect of Enzyme Concentration on Phosphorylation

                            of NAD.

          O--O 2 hr tncubation H 6 hr incubation

             '
mation of NADP and Compound X was proportional to the enzyme

concentratÅ}on. On the other hand, when incubated for 6 hr, the

phosphorylation was maxima1 in the presence of about 3 mg pre-

tein of the enzyme per ml of mixture, and with the higher con-
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centration of enzyrne the secondary degradation of the products

and the regeneration of NAD took place.

rr. IsoZation of IVADP

     Separation of the produets by eoZwnn ehromatography.

For the isolatÅ}on of the :eaetion products, following reaction

system was employed; 600 vmoles of NAD, 2.4 Trunoles of p-NPP, 45

mmoies of acetate buffer (pH 4.0), 60 vmoles of zinc su!fate and

the ammonium sulfate fraction of P. mirabiZis (316 mg of protein)

in a total volume of 60 Tnl, The reaction mtxture was incubated

at 370C for 8 hr with occasional stirring, In order to inhibit

the secondary degradation of the prcducts, 1.2 Tnmoles of p-NPP

were added after 2, 4 and 6 hr incubation. Aliquots of the re-

act!on mixture were taken out hourly and subjected to' quantita-

tive analysis of the products. Time eourse of the reaction is

shown in Fig. 8. After 8 hr tncubatien, reaction was stopped

by heattng the mixture Å}n boilÅ}ng water for 5 min, and denatured

proteÅ}n was removed by centrifugation. The supernatant was

adjusted to pH 6.8 with ammonium hydroxide and placed on a Dowex

1 x 2 (in formate form) eolurnn. After washing with water, the

reaction products were eZuted with increasing concentration of

forrnate buffer (pH 3.4). The optical density of eluates, colle-

eted in IO ml fractions, were read at 260 mv with the spectro-
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Fig. 8. Course of Reaction and Effect of p-NPP Addition.

                 * p-NPP addÅ}tion

          H NADP + Compound l o---o NADP
         e-•-e NAD
                                                    '

photoTneter to follow the appearance of nueleotides. The elutton

pattern is presented in Fig. 9. Th.e amounts of p-NPP and p-NP

were followed by measuring absorbaney at 290 mv and 320 mp res-

pectively; p--)U?P was eluted after ADPR.

     NADP and Compound : fractions were colleeted, adsorbed by
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      Fig. 9. Separation of Reaction Products by Column

                Chromatography on Dowex 1.

          Column: Dowex 1 x 2, formate form, 200-400 mesh,
                  1.7s cm2 x 2s cm.

                                                    .SOO mg of active charcoal and eluted with 200 ml of a mbcture

of pyrtdtne, ethanol and water (10 : 45 : 45). The extraet was

concentrated by a rotary evaporator. After reprecipitation from

cold acetone, 76 mg of white powder was obtained.

    NADP activity of the isoZate. The isolated powder was

disgolved tn water and tested for NADP activity using aconitase

and NAI)P-linked isocitrate dehydrogenase preparations obtained
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Fig. 10. Reduetton of NADP by s:socitrate Dehydrogenase.

     The reaction mixture (3.5 ul) contained 2.S vmoles of

citrate, 167 pmoles of phosphate buffer (pH 7.0), 17 'vmoles

of MgC12, 4 mg of the isolate (a mixture of NADP and Compound

I) and tsocitrate dehydrogenase (2.5 mg protein). :ncubation

was carrted out at room temperature.
  k :ncrease of absorbancy at 340 mv was measured wtth a eell

    of 1.0 cm light path•
 ** 2N hydrochlorie acid was added.
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from baker's yeast. Results are shown in Fig. 10. Remarkable

increase in 'optical density at 340 m~ caused by the enzymic reduc-

tion of NADP was observed. When the reduction was completed, pH

of the reaction mixture was adjusted to 2.0 with hydrochloric

acid. The reduced coenzyme was decomposed and a striking decrease

of the absorbancy was observed. The isolated preparation was

also reduced by glucose 6-phosphate dehydrogenase.

DISCUSSION

It is well known that NADP is synthesized by NAn kinase and

that phosphoryl donor of the reaction is strictly limited to ATP

and other nucleotides can not replace ATP.

O h h h d M 61) d d Ch f£62,63)n t e ot er an, orton an Brawerman an arga

studied the enzymatic synthesis of nucleoside monophosphate by

phosphotransferases other than nucleoside kinase. They observed

the synthesis of nucleotides from nucleosides by phosphoryl

group transfer of organic phosphates, such as phenylphosphate

and nucleoside monophosphates, and suggested that this phosphory-

lating reaction might be one of the general pathway for bio-

synthesis of nucleotides.

The present report suggests that in bacterial system, such

as Proteus mirabiZis, NADP could be synthesized by phospho trans-

ferase other than NAD kinase. When NAD and p-NPP were incubated

-25-



with the enzyme preparation of 1)t'oteus miriabiZis (IFO 3849), NADP

was formed in the reaction mixture. Furthermore, it was shown

that ATP was unable to serve as the phosphoryl donor for NJM)P

formation, whereas nucleoside monopho$phates were effective.

This faet tndieates that phosphotransferase or phosphatase par-

tlcipates in the NAD phosphorylating reaction. rn case of pyrÅ}-

mÅ}dtne nucleottdes 2'(3')-isomers were preferentÅ}ally uttlized

for NADP synthests. Thts might suggest that the phosphoryl group

at 2'(3') posttion of nucleeside monophosphates was easily trans-

ferred to the 2'(3') posttion of adenostne moiety of NAD. Mitsugi

     51,52)     . reported that the enzyme preparatton of P. mirctbiZiset aZ

transferred the phosphoryl group of p-NPP to 2' or 3' positton of

nucleosides and that this organtsm phosphorylated nucleoside-5'-

monophosphate to form nucleoside 2'(er 3'),S'-diphosphate. It

wbuld not be discussed here whether or not thÅ}S NAD phosphorylating

reaction may be catalyzed by the same enzyme.

     Opttmal pH for the NADP formation by phosphoryl transfer

from p--IS[PP or nucleoside monophosphate was below 4.0, but that

for NAD ktnase was around 7.0. Moreover, thts phosphotrans-

ferring enzyme reaction proceeded even ln the absence of magnesium

ion. These facts provtded a strong evidence for the participation

of the phosphotransferase other than NAD kinase in NADP synthests.

     rt was observed that bestdes NADP, Compound I was formed in
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the reactton mixture when the phosphot=ansferase preparatton was

incubated wtth NAD and p-NPP. The yield of NADP formed was

less than 30% of the total phosphorylation products.

     Structure and chemÅ}eal propertÅ}es ef the Compound I will

be discussed in the next seetion.

                         SUxuYRY

     NADP was epzymatically synthesized from NAD and p-NPP or

nucleoside monophosphate with the enzyne preparation of Pteoteus

mir)cxbiZis (IFO 3849). Zn this phosphotransferrÅ}ng reaction,

ATP did not serve as phosphoryl donor.

     In addition to NADP, an unidentified substance (Compound

I) showing fluorescence with rnethyl ethyl ketone and having no

coenzyrne acttvSty to glutamate dehydrogenase was synthesized.

The yield of NADP was usually below 30 Z of Compound I.

     NADP was tsolated from the reaction mixture and its co--

enzyme activtty to some dehydrogenases was demonstrated. .
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    Section 2. Chemical Structure of an NADP Analog

                          INTRODUCTION

     In the previous section, the author showed that NADP was

formed from NAD and p-NPP by the enzyme preparatton of Ilr,oteus

mtrabiZis (rFO 3849). Furthermore, in addition to NADP, a new

derivative of NAD (Compound I), whieh showed the same fluorescence

property as pyridine ceenzyrnes by the treatment with methyl ethyl

ketone, was synthesized.

     This section deals with the isolatton and identificatton of

Cempound I, Compound III which was the degradation product of

Compound I by nucleotide pyrophosphatase of snake venom, and

Compound IV which was formed by phosphorylation of S'-+NMN.

                    MATERIALS AND METHODS

      CuZtivatien of Iheoteus mirabiZis and prepcu'ation of the

enzyme soZution. Cultivation of Proteus mir,abiZis (TFO 3849)

and the preparatiOn of ammonium sulfate fraction of'the enzyme

solution were carried out as described in the previous seetion.

      Separ'ation of pyr'idine coen2ymes. The followtng solvent

 systems were employed for the separation of pyridtne coenzymes

 and the related compounds by paper chromatography: (a) tsobutyrlc

 actd : O.5 N ammoniurn hydroxide = 10 : 6?5) (b) 9sX ethanol :
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                             64)1 M ammonium acetate = 7 : 3, (c) saturated ammontum sulfate

                                                            6S)solutton : O.1 M sodtum acetate : Å}sopropanol = 79 : 19 ; 2.

The substances on paper were detected with an UV lamp and the

methyl ethyl ketone method as mentioned in the previous section.

High voltage paper electrophoresis was carried out with O.2 M

acetate buffer (pH 3.S) or O.1 M borate buffer (pH 9.4); n-

hexane was used as coolant. The apparatus was made by the Shira-

imatsu Mechanical lndustry Co., Ltd.

     AnaZysts. Nicotinarnide ribose linkage in the sample

solutions or in the chromategraphic fractions was assayed flu-

orometrically according to the methyl ethyl ketone method as

rnenttoned in the previous section. Total phosphate was assayed

by determining the tnorganic phosphate after digestion of the

                                                           66)
sample with sulfuric acid by the methods of Fiske-SubbaRow

             67)             . Phosphate ltberated by phosphomonoesterasesand Takahashi

was also determined by these methods. Nicotinamide was assayed

                                                 68)                                                    as follows:by modtfying the cyanogen bromide method of Lamb

sample solution (O.S ml) contatning less than 1.0 vmole of nico-

tinamide was mixed with O.5 ml of O.2 •N sodiuin hydroxlde and

after boiling for 5 min, 4 ul of water, O.S ml of 4Z ethanol

solution of aniline and 3 ml of 2.SZ cyanogen bromide were

added successively. Absorbaney at 420 mp was measured after

4 to 5 min, when the absorbancy reached a maxinum. Nicotinall Lde
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concentration was calculated frem a caltbration curve prepared

with an authentic ntcottnamide solutÅ}on treated with sodium

hydroxide. Ribose was assayed by orcÅ}nol reaettong9) protein

was determined according to the method of LowryZO) and Å}n the

 case of purified phosphomonoesterases, aceording to the method

 of warburg and chrtstianZi)

     Enaymes. NADP spectfÅ}e-isocÅ}trate dehydrogenase was
 prepared from baker's yeast according to the method of Kornberg?8)

                                                    72) 3'-NucleotÅ}dase was prepared from germinating wheat                                                        and the

                                              73) culture broth of BactZZus subtiZis (IA]bC 1193)                                                  was also used

 as the nucleotidase tn some experiments. 5'-Nucleotidase was

 obtained from bull semen according to the method of Heppel et

azZ4) purified nonspeeific phosphomonoesterase prepared from

                                               7S)                                                   and partially human prostatic gland by the method of Schmidt

 purified 3'-nucleotidase from culture broth of B. subtiZis were

 kindly supplied by Dr. Y. Sugino. NADase was obtained from

IVeurospora crassa (rFO 6068) grown in a zinc-deficient medium

 accordtng to the method oi Kaplan et aZ90) Nucleotiae pyrophog-

                                                                 - phatase was purified from lyophtlized powder of MaTrrushi (Agkisi-t--

                                                              'rt1b$Od,on haZys bZomohoffU) venom by modifing the method of Suzuki

-itMaz.76) using column chromatography on DEAE-cellulose and cM'

 cellulose. This pyrophosphatase preparation was found to cata-

 lyze the degradation of both NAD and calcÅ}um bis-p-nitrophenyl

                                 -30-



phosphate, but not of 5'-AMP, Yeast alcohol dehydrogenase was

obtained from C. F. Boehringer and Soehne GrnbH.

                          RESULTS

I. JsoZation of Compound l

     In order to isolate the new derÅ}vatÅ}ve of NAD (Compound r)

the incubation was earried out for 8 hr at 370C ustng the reac--•

tion mixture contained 1 rmole of NAD, 2 mmoles of nicotÅ}namide,

100 vmoles of ztnc sulfate and 4 mmoles of p-NPP. Two rmoles

each of p--NPP were added after 2, 4 and 6 hr of incubation.

The reaction produets were separated by coluun 'ehromatography

on Dowex 1 x 2 in formate form. Stepwise elution was carrted

out with formate buffer (pH.3.5); NADP and Compound I were elu--

ted wÅ}th O.S M forTnate buffer. The fractions were collected

and 3 volumes of cold acetone were added. The precipitates were

collected by centrtfugation, then washed twice with cold acetone

and cold ethyl ether (yield of white powder, 100 mg). The white

powder was dissolved in water and NADP presented in the prepa-

ration was reduced enzymatically. The reaction mixture consisted

of 140 mg ef white powder (mixture of NADP and Cornpound I), 150.

umoles of sodium cttrate, 750 pmoles of magnesium sulfate, 7.S

mmoles of potassium phosphate buffer (pH 7.0) and the isocitrate

dehydrogenase preparation which aise exhibited aconitase activity
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(75 mg as protetn) tn a total volume of 10S ml. The reaetion

was followed by measurÅ}ng the increase !n absorbancy at 340 mv.

1then the reduction reached maximum, 2 N hydrochlortc acid was

added to degrade NADPH2. After denatured protein was rernoved

by centrtfugation, pH of the supernatant was adjusted to 7.0

wÅ}th ammonium hydroxtde, and the prectpitate formed was centri-

fuged off. The clear supernatant was again applied to the

column of Dowex 1 x 2 in formate form and Compound T was eluted

by O.S N formate buffer. To thts fraction was added S volurnes

oE cold acetone and resulting preeipitate was collected by cent-

rifugation. Ftnally, the prectpitate was washed with cold

acetone and ethyl ether. The yteld of white powder was about

100 mg.

rr. ChemicaZ properties of Compound I

     SpectraZ anaZysis. Compound Z obtaÅ}ned above was disso-

lved tn water and the spectral properttes were investtgated. As

shown tn Fig. 1, this compound has an absorption maximum at 259

mv. By addition of potassÅ}um cyanide, the absorption at 259 mv

was reduced and a new peak at 327 mv appeared. The reduced Com-

pound r has an absorption maximum at 340 mv, All of these spec-

tral characteristics in the UV range were very similar to those

of the other pyridtne coenzymes.
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    Fig. 1. Ultraviolet Absorption Spectra of Compound 1.

              . Oxidized form Reduced form
              ----- Cyanide complex
                                                     s        The concentratlon of Compound 1 was 4.7 x 10- M.
                                                77)    Compound X was reduced by sodium hydrosulfite.                                                     The

    cyantde complex was formed in O.1 M potassium cyanide
 " soiutionZ8)

     For the determÅ}nation of the eoncentration of Compound Z,

several methods were e)camined using NADP as a standard speeimen.

At first, the concentratÅ}on of Compound 1 was determined by mea-

suring the amount of nicotinamide ribose moiety fluorometrÅ}cally.

The values calculated from absorbancy at 260 mp, 340 mp of the
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TA[BLE 1. DETERMINATION OF CO)[POUND I

Calculated from*

Fluoro--

 metry

  Absorb. at

  260 mp of

oxidized form

 Absorb. at

 340 mv of

reduced form

Abserb. at 327 mv

   of cyantde

    comp1ex

1.00 1.02 1.00 O.97

        Ftgures show the ratios of calculated concentration

   agaimst that deterndned fiuorometrically.

   * Estimated based on rnolar extinction eoeffÅ}cients of 18.0
                                           62      x lo6 cm2, 6.2 x io6 cm2 and s.g x lo cm , for oxidÅ}zed,

      reduced forms and cyanide camplex, respectively.

reduced form, and 327 mv of the cyanide complex, were Å}dentical

with that obtained by fiuorometry (Table r).

     EZeetrophoretic behavior of Compound J. As showrt in

Table rl, Compound ! showed the same mobility as NADP in both

actdic and alkaltne eondittons. ThÅ}s fact suggested that the

compound possessed the same electric charge as NADP.

                                                      +    Behavte?s in pcrper chr,omatography. As shown in Table rl,

Compeund ! has the similar Rf values as that of NADP but apparent-

ly has different Rf values from those of the other pyridine deri-

vatives. In solvent (c) Rf values of Compound I and NADP were

slightly dÅ}fferent from each other.
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TABLE :I. BEHAV1ORSoF coMpouNDs r, 11I ANDIV IN PAPER CHROMAITO-

Experi-
.

 ment

  No.

Rf values

Compound Isobutyric acid-ammonia Am-acetate
  ethanol

1

NAD

NADP

compound r

Nicotinamide

Adenostne

5t-AMP

5'-mm

Degradation
products of
NADP

Degradation
produets of
Compound Z

(o

(o

(o

o

o

o

(o

o

(o

(o

o

(o

o

o

.34)

.25)

.24)

.98

.94

.49

.45)

.29 (ADP)

.43) (mm)

. 89) (NAm--R)

.99 (NAm)

.26) (Comp•

.94 (Ad-R)

•99 (NAm)

IIr)

(o

(o

(o

o

o

o

(o

o

(o

(o

o

(o

o

o

.

.

.

.

.

.

.

.

.

.

.

.

.

.

22År

10)

10)

87

66

42

46)

27

44)

69)

88

21)

67

86

2

5'-N)CN

NArn-R*t

Compound III

Compound IV

(o

(o

(o

(o

.50)

.75)

.34)

.33)

(o

(o

(o

(o

.

.

.

'

43)

77)

24)

24)

l

Parentheses tndicate the spot which showed fluorescence by methyl

  de The reaction mixture of the following system was used to prepare

    aeetate buffer (pH 5.5), ISO umoles; prostatic phosphatase, O.48

 ** Plus and minus indieate migration distance in centtmeter to the
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GR.AIPHYAM) HIGHVOLTAGEPAPERELECTROPHORESIS
.

Mobtltttes*

Am-sulfate-Na-acetate-
    tsopropanol

  O.2 M acetate
 buffer, pH 3.5
3KV, 30rnA, 60Tnin

  O.1 M borate
buffer, pH 9.4
3KV, 30mA, 40min

(O.34)

(O.48)

(O.41)

 O.40

 O.18

 O.34

(O.80)

(+

(+

(+

+

 4.0)

13.0)

13.0)

 2.S

 s.s

(+ 9.5)
(+ 11.0)

(+ !1.0)

 + 3.5
 + 11.0

(O.77)

(O.74)

(O.82)

(O.82)

3KV,

   (--

   (+

   (+

12mA,

  o.s)

 .
 13.0)

 13.0)

6Ciniin 3KV,

   (+

   (-

   (+

   (+

2Onut,

 11.0)

  1.5)

 15.0År

 15.0)

30min

ethyl ketone treatment.

nieotinamide rtbosÅ}de: S'-mm, O.Z4 ymole; ]SgS04, 10

mg protetn; total volume, 1.0 ml; incubation at 370C

anode and cathode, respecttvely.
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 Fig. 2. Degradation of NADP and Compound I by NADase,

          - Absorbancy a Fluorescence
     The reaction mixture (2 ml) contained 4.87 vmoles of NADP

or 2.98 vmoles of Compound I, 500 umoles of phosphate buffer

(pH 7.0), and NADase (O,62 mg protein). Incubation was carried
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      out at 37"C for 1.5 hr. 1.2 or l.1 ml of the reaction

     mixture was applied to the colum of Dowex 1x2 (form-
      ate form, o.7g cm2 x n.s cm).

      (1) Water (S) 1.0MFormate buffer
      (2) O.OS M Fonnate buffer (6) 2.0 M Formate buffer
      (3) O.2 M Formate buffer (7) 4.0 M Formate buffer
      (4) O.5 M Formate buffer

        t O.1 N sulfuric actd solution of quinine su]fate.

       k* This fraction was supposed to be ADPR-phosphate.

rTT. Enzynrtc degradation of Compound T and isoZation of the

      produets

     Degr,adation by IVADase. NADP was hydrolyzed cornpletely

after 90 min incubation by NADase, whereas Compound I was deg-

raded only 58Z. The lower activtty of NADase on Compound I

night be due to the difference in chemtcal structure of the

eompound. rhe elution pattern of the reactton mixture from

the colunn is shown in Fig• 2.

     Degi,adation hy snake venom. rt is wel! known that the

                                              79)                                                   (nu'c!eotidesnake venom usually contains phosphodiesterase
                                      80,8 1)               76)                                             which can not                  )and 5'-nucleotidasepyrophosphatase

degrade 5'-phosphoryl group when another phosphory1 group is

bound to the other hydroxyl group of the ribose moiety of nuc-

ieotidese2)

     The degradation products of NADP and Compound I were sepa-
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 (a)(b) The reaction mixture (2 ml) contained 1.98 umoles of

     NADP or 2.38 pmoles of Compound I, 2SO vmoles of Tris-

     HCI buffer (pH 7.2), and 2.5 mg of lyophylized powder of

     snake vonom. rncubation was carried out at 370C fer 2

     hr. The supernatant solutton was applied to a column of
     Dowex 1 x 2 (formate form, o.7s em2 x 12.s cm).

 (c) The reactton mtxture (2.4 ml) eontained 4,5 pmoles of

     Compound I, 300 umoles of Tris-HCI buffer (pH 7.0), and

     purified nucleotide pyrophosphatase (1.2 mg protein).

     rncubatton was carried out at 37eC for 3 hr. The super-

     natant solution was applted to a column of Dowex 1 x 2
                           2     (formate form, O.79 cm x 14.5 em).

   (1) Water (5) O.2MFormate buffer
   (2) e.Ol M formic acid (6) O.5 M Forinate buffer
   (3) O.02 M Formate buffer (7) 1.0 M Formate buffer
   (4) O.OS M Formate buffer (8) 2.0 M Formate buffer

   * O.1 N sulfuric acid solution of quinine sulfate.

     Nicotinamide, nieotinamide riboside, mm, adenosine and

AM]? were identified from the eluted position of the fraction.

Furthermore, each fraetion was adsorbed to charcoal, eluted

with a pyridine-ethanol-water mixture, concentrated and deve-

loped by paper chromatogTaphy. Rf value of each substanee

was cornpared with that of quthentic specimen.

     ADP was identifÅ}ed by the determination of total phos-

phate and UV absorption at 260 mu.
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rated by paper chromatography and column chromatography. Table

rl and Fig. 3 show the RY' values of the degradation products

and the elution pattern obtained by column chromatography, res-

pectively, By the action of venom enzymes, NAD? was degraded

to nicotinamide, NMN, ntcotinamide riboside and adenosine di-

                                       83)phosphate (adenosine 2',5'-diphosphate).                                            On the other hand,

Compound I was degraded to adenosine, nicotinamide and an un-

identified compound (designated as Compound III) which showed

fluorescence by exposure to methyl ethyl ketone-anmionia vapor.

The Rf value of the Compound rrl was different from that of

ntcotinamide riboside and Nl(N. rn column chromatography, the

Compound IXI was eluted with O.05 M buffer and detected fluoro-

metrically. This fraction was not obtained from the digested

products of NADP. The fact that Compound I!I was not formed

from NADP indicated that the chemieal structure of Compound I

apparently differs from that of NADP.

     IseZation of Compound IIJ. Compound III eluted from

the colum wtth O.05 M buffer was adsorbed on active charcoal,

extraeted with a pyridine--ethanol--water (10 : 4S ; 4S) mixture

and then concentrated under reduced pressure. The residue was.

dissolved in a sma11 amount of water and S volumes of cold

acetone was added. The resulting precipitate was collected by

centrifugation and washed with acetone and ethyl ether. For
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lo-5 M for compound Izz, compound IV, N)EN and nieetin-

amide, respectively.
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example, from 30 mg of Compound Z, 4.6 mg of Compound !Ir was

obtained. This substance has an absorption maxtmum between

265.S and 266 mp and shoulders around 257 and 273 mp (Fig. 4).

The absorption spectrum did not change even when dissolved tn

O.Ol N hydrochloric acid instead of water. The spectrum was

sÅ}milar to that of mm but different from that of nicotinamtde

which has an absorp' tion maximum at 261 mv.

IV. AnaZysis of chemieaZ eonrpo6ition of Compounds I and JU

     rn order to determine the chemical constituents of these

eompounds, quantttative analysts of each moiety and degradation

by several phosphomonoesterases were carried out. The eoncent-

ration of Compound I and pyridine coenzynes was ealculated spec-

trophotometrically from molar extinction coeffÅ}cients or fluoro-

metrically, and that of Compound III was determined fluoro-

metrically

     Determiiuation of ntcotinamide. As shown tn Table rll,

Compounds I and IIr eontained one mole of nicottnamide per mole

of each substanee as e)cpected.

     Degtriadation by phosphomonoestera6es a7zd determination of

phosphate. As shown in Table Ir!, Compound I contained 3

moles of phosphate per mole and one of them was liberated by

prostatic phosphomonoesterase; whereas Compound ZIr contained
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TABLE III. AbiiALYSIS OF COblPONENTS

Nicotinarnide
(moles/mole
  of sample)

Phosphate(moies/mole
     of sample)

Total Liberated by
 prostatÅ}c
phosphatase

 Rtbose
(moleslmole
  of sample)

NADP

Compound I

s,-mm
Compound III

Adenosine

5'-AMP

NAD

1.00

1.00

O.99

1.01

3.14

3.03

1.I2

2.08

O.97

1.09

O.99

1.95

1.95

1.17(1.

O.48(1.

1.10

1.79

2.49

oo) rkt

oo)**

   * The reaction mixture (1 ml) eonteined 1.68 vmoles of
    NADP, O.91 pmole of Compound :, 1.63 umoles of S'-mm or 1.60

    umoles of Compound rll, 17 vmoles of MgS04, 166 pmoles oi

    acetate buffer (pH S.5) and prostatic phosphatase (O.65 mg

    protein). Incubatton was carried out at 37"C for 5 hr.

  *t Ftgures Å}n the parentheses indÅ}eate the values obtaÅ}ned

    after treatment with prostatic phosphatase.

2 moles of phosphate and all of them were liberated by the same

treatment Å}ndicating that they are monoesters. These results

suggest that NAD was phosphorylated to Compound Z tn the ntcetin-

amide ribosel motety but not in the ribose of adenosine. The

digestion products of Compounds r and ZT: by the prostatic phos-

phomonoesterase were detected by paper chromatography (Table XV)•

NAD was formed not only from NADP, but also from Compound I.
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TABLEIV.

AND

Rf
rrr

VALUES OF

 TREATED

 DEGRADATION PRODUCTS OF COMPOU'NDS 1

;IXTH PROSTATrC PHOSPHATASE

R values of*
Substrates Products

NAD

NADP

Compound

NMN

Compound

I

IIX

O.22

O.11

O.11

O.42

O.24

O.22

O.22

O.21

O.69

O.69

TABLE

  Reaction system is the same as in Table III.

  * Aimnonium acetate-ethanol system.

V. FOR)CATION OF NA]) FROM COMPOUND 1 BY PROSTATrC

                PHOSPHATASE

NAD formed (umoles)

Substrate Substrate
  added
 (vmoles)

 determined by
alcohol dehydro-
    genase*

   determined by
paper chromatography
  and fluorometry

NADP

Compound I

1.82

1.70

1.37

1.44

1.32*S

1.40

     The reactton rnixture (1 ml) contained substrate, 17 pmoles

MgS04, 166 umoles of acetate buffer (pH 5.5) and prostatic phos-

phatase (O.65 mg protein).. rneubation was carried out at 370C
                                                 'for 4 hr.

* NAD was determined using the following reaction system: pyro-

phosphate-semicarbazide-glycine buffer (pH 8.8), 2.0 ml; 1.74 M

ethanol, O.2 ml; reqctlon mi)cture stated above, O.2 ml; alcohol

dehydrogenase, 30 pg; total volume 3.0 ml. NAD was calculated

frorn absorbancy at 340 mu of reduced NAD.

** Rematnder of NADP, O.46 vmole.
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TABLE

(A)

 VI. DEGRADATION OF COMPOUNDS I AND Irr BY NUCLEOTIDASES

Degradation by seminal 5'-nucleottdase

Substrate Substrate
  added
(vmoles)

Substrate
remaintng
(pmoles)

NAm-R
 formed
(pmoles)

5'-mm
Compound IIr

1.68

1.18

o

1.17

1.46

o

(B)

     The reactton mixture (1.4 ml) contained substrate, 5

prnoles of MgS04, 50 vmoles of Tris-HCI buffer (pH 8.6), and

S'-nucleettdase (O.94 mg protein). Incubatton was carried

out at 37eC for 1 hr.

  Degradation by 3'--nucleotidase

Substrate Substrate
  added
(vrnolesÅr

Phosphate liberated(vmole)

wabth f
Wheat B. 6ubtiZis

S'--NMN

Compound r

Compound r:I

1.22

1.23

1.20

o

o

O.06

O.06

o

o

    The reaetion mixture (1.4 ml) contained substrate, 75 u-

moles of Tris-HCI buffer (pH 8.0) and wheat enzyme (O.27

mg protein) or B. smbtiZis enzyme (O.15 mg protein). Ineu-

bation was carried out at 370C for 1 hr.

    Determination of substrate and nicotinamide riboside
              .
was carried out by paper chromatography in an amrnonium

acetate-ethanol systan and fluorometry.
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Thts was also demonstrated wÅ}th alcohol dehydrogenase as shown

in Table V. The tneubation of Compound rrr wtth the prostattc

phosphatase gave one rnole of nicotinamide riboside and two moles

of phosphate. In order to decÅ}de the positÅ}on of phosphomono-

ester bond of Compounds r and IIX, the action of 3'- and S'-

nucleotidases on the compounds was tnvestigated. Results are

shown in Table VI. By semtnal 5'-nueleotidase, N)Ol was degraded

to ntcotinamide riboside, whereas Compound !II was not. Since

semtnal S'-nucleotidase ts known to have little activity on 3',

5'-dÅ}phosphate or 2',5'-diphosphate?4) there is a possibility

that a phosphoryl group exists at 2' or 3' position besides the

5' posttion of hydroxyl groups of the nicotinamide riboside.

Therefore, the degradation by 3'-nucleotidases was exainined.

By the action of nuÅëZeottdase preparations of wheat and B.6ubtiZis,

neÅ}ther Cempound T nor IXI was degraded.

     Detemination of ribose. The amounts of ribose in Com-
                              .
pounds I and III were tentatively determined by the orcinol

method. One mole of Compound T gave rise to 1.95 moles of

ribose; on the other hand, in case of Compound III, only O.48

mole of rÅ}bose was detected. Zt ts known that the intensity

of eolor develepment in the orcinol method is greatly influenced

by the binding of phosphates or the position of phosphate lin-

kage in rtbose moiety to be tested99'85'86) Therefore, ribose
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moiety of mm and Compound Irl was assayed after the digestion

by prostatÅ}e phosphatase. As presented tn Table III, the same

amounts of ribose was detected both in NMN and Compound III.

V. PhosphoryZatton of 5'-Nua

     lsoZation of the rectction product. As mentioned above,

phosphorylation of NAD by the bacterial transferring system

might occure at 2'- or 3'-position of the nteotinamide ribose

moiety tn NAD. Therefore, phosphorylation of 5'-mm was inves-

tigated in the following way. Incubation was carried out with

a reaction mixture containing 10 pmoles of S'-NMN, 40 umoles ef

p-NPP, 20 pmoles of nicotinamide, 1 vrnole of zinc sulfate and

atmnonium sulfate fraction of P. mir'ctbiZts (4.5 mg as protein)
                                            .
in a total volume ef 1 ml. As a control experiment, 5'-NMN was

incubated without p-NPP. After 2 hr tncubation at 370C, the

reaction was stopped by heatÅ}ng tn boiltng water for 3 min and

the precipttated protein was removed by eentrifugation. An ali-

quot of O.02S ml was spotted on a filter paper and developed in

isobutyric acid-ammonia system. In the reaction system contatning

p--ISll?P, a new spot (Compound rV) which showed fluorescence by the

treatment with a mixed vapor of methyl ethyl ketone and ammonia

was developed below NMN on the paper. The amount of the Compound

ZV (4.l umoles per ml of the reaction mixture) was determined
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             (1) Water (S) O.SMFormate buff.er
             (2) O.Ol M Formic acid (6) 1.0 M Formate buffer

             (3) O.OS M Formate buffer (7) 2.0 M Formate buffer

             (4) O.2 M Formate buffer (8) 4.0 M Formate buffer

         deO.l N sulfuric acid solution of quinine sulfate.

fluorometrically. Then, O.5 ml of the reaction mixture was app-

lied on a Dowex 1 x 2 (forrnate form) eolumn and eluted with formic

                                     'acid and formate buffer. The elution,pat,ternS'are presented in
                                     m" .. . tttP
Ftg. 5, which shows that Compound IV can be eluted with O.05 M

buffer. This fractton was collected, adsorbed to 100 mg active

charcoal and then extracted with 50 ml of pyridine-ethanol-water

mixture. The extract was dried up with a rotary evaporator and

the residue was dissolved in 1 ml of water. To remove a small

amount of contaminating p-NP, the solution was washed 4 tÅ}mes

with 4 ml of ethy! acetate and twice with 2 rn1 of ethyl ether.

The aqueous layer was dtluted and subjected to spectral analysis.

Figure 4 shows that the absorptton spectrum of Compound rV is

                                                                    ivery similar to that of Compound III and S'-NlylN and has a maxÅ}mum

at 265 mv.

     The behaviors of Compound IV were investigated using paper

chromatography and high voltage paper electrophorests. The

results are shown in Table U. Compounds Irl and IV have the

same Rf values in three different solvent systerns and the same
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mobilities in paper eleetrophoresis. Higher mobiltty of these

compounds to anode comparing with that of NMN suggested that

these compounds had the higher negative charge which might be

caused•by the second phosphoryl group introduced to N)(N.

     Degradation of Compound IV by nueZeotidases. In order

to deterrnine the numbers and the position of phesphoric ester

linkage, degradation of Compound IV was carried out with several

phosphomonoesterases. Compound !V used in this experiment was

prepared from 5' -NMN using the reaction system mentioned above,

except that nicotinamide was omitted. The results are shown in

Table VII. Sinee 2 moles of phosphate were detected per mole

of Cornpound IV with the nonspecific phosphatase (a little or no

liberation of phosphate took place with either S'- or 3'-pucleo-

tidase), all of the phosphoryl groupings were of monoester lin-

kage. These results agree well with the facts obtained from the

similar experiments with Compound II!.

                       DISCUSSION
                                                '
     This section demonstrated that the phosphorylation of NAD

by the enzyme preparation from P. mirabiZis gave rise to at least

two compounds when p-NPP was used as a phosphoryl donor. There
                                                          '
are two possible positions in the ribose of NAD to which the

phosphate of p-NPP or nucleoside menophosphate may be introduced.
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TABLEVII. DEGRAI)ATrON OFCO}t[POUND IV BYPHOSPHOMONOESTERASES

Substrate*1 Total phosphate
(moleslmole of
   substrate)

Phosphate liberated
     of substrate)

 (moles/mole
by

 Prestatic
phosphatase*2

5'-Nucleo-
 tidaset3

3'-Nueleo-
 tidase*"

Compound IV
5'-blMN

1.85

O.96

1.75

1.00

o

O.77

O.05

O.04

* 1 Concentration of substrate was determined fluorometrically.
* 2 The reaetion mixture (i ml) contatned O.48 vmole of Compound

     IV or O.96 umole of NMN, 10 umoles of MgS04, 200 vmoles of

     acetate buffer (pH 5.5) and prostattc phesphatase (O.2 mg

     protein). Incubation was carried out at 370C for 2.5 hr.

* 3 The reaetion mixture (1 ml) contained O.96 pmole of Compound

     IV or O.96 vrnole of mm, 10 umoles of MgS04, 100 vmoles of

     Tris-HCI buffer (pH 8•5) and 5'-nucleotidase (O.9 rng protein).

     Incubation was carried out at 370C for 2 hr.

t 4 The reaction mixture (1 ml) contained O.96 vmole of Compound

     IV or O.96 umole of mm, 100 pmoles of Tris-HCI buffer (pH

     7.2) and 3'-nucleottdase from B. subtiZis (O.8 mg protein).

     Xncubatton was carried out at 37eC for 2 hr.

NADP is formed by phosphotransferring reaction to 2' position of

the adenosine of NAD. shuster87) reported that 2'-phosphate of

NADP migrated to 3' position in acidic conditions. On the other

hand, Mitsugi et az?i' 52) reported that the phosphate of p-Npp

was transferred to 2' or 3' position of adenosime and 5'-AbfP by

the nueleoside phosphotransferase of bacteria ineluding P. mira--

biZis. However, in the present experiments any conclusive data

                               -S2•-



on 3'-NADP formation was obtaÅ}ned. There is another possSbtlity

that the phosphate of p-NPP or nueleoside monophosphate may be

transferred to 2' or 3' position of nicotÅ}namide ribose of NAD.

Although Compound T showed the same behavÅ}ers as NADP in electro-

phoresis and chemtcal analysÅ}s of the constituents, its degrada-

tion praducts by snake venom was apparently different from those

of NADP. With the preparation from Mamushi venom, NADP was deg-

raded to adenostne 2',S'-diphosphate and NMN, amd subsequently

the latter was dephosphorylated to nicotinamide riboside. Nico-

tinamide mtght be forTned by the successÅ}ve action of nucleotidase

and nucleosidase after the degradation of pyrophosphate bond of

                                     88)                                          in the venom preparation.NAD, beeause of the absence of NADase

On the other hand, after the degradation of Compound I with iyo-

phylÅ}z,ed snake venom or the purified nucleotide pyrophosphatase,

Compound IrX, whieh was not found in the degradation products of

NADP, was formed besides adenosine or ne and a small amount of

nieotinamide.

     It is obvious that, of the two phosphates Qf Compound rll,

the one is located at 5' position, since this substanee was formed

by the action of nucleottde pyrophosphatase. However, this phos-

phate was not liberated by seminal 5'-nucleotidase. Presence of

another phosphate is also suggested by the fact that 5'-nucleo-

tidases of antmal origin have no activity on nueleoside 2',5'-
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                           NK, År

                    O-CH                             2
                              o

                 HO-P=O

                             OH OH
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             ll Ho--i-o O, [lilllll2' l

             ' O-CH 1

             l g•-.--v--•?-g, l
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          Fig. 6. Structure of Compound 1 (NADP Analog).

              The part surrounded by a broken line indicates

         the structure of Compound III or ZV (nicotinamide

         riboside diphosphate)•

or 3',s'-diphosphateei'84) The result that the iiberatÅ}on of

phosphate did not oceure by 3'-nucleottdase obtained from wheat

or B. subtiZis suggested the oecurrence of the phosphate bond

at 2' positton ef nicotinamide ribose.
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     On the other hand, S'-)IMN was phosphorylated by the sarne

enzyrne preparation of P, mirabtZis to form Cornpound rV. This

substance showed stmilar properttes to Compound III in column

chromatography, paper chromatography and high voltage pap'er

electrophoresis. One mole of Compound rV liberated 2 moles of

phosphate by nonspeciftc phosphomonoesterase but no phosphate

by 5'- and 3'-nucleotidases. These results suggested that Com-

pound rll and Compound XV were the same substance, namely nico-

tonamtde ribose dtphosphate.

     The problem whether the phosphate linkage other than that

in 5' position is really located in 2' position, and therefore

not in 3' position should be deternined by the other chemical

proeedures. Based on the resuits obtained in the present ex-

periments, structures of Cornpounds ! and r!I (or IV) may be

shown as tn Fig. 6.

                         SUMMARY

     A new derivative of NAD (Compound I).synthesized from NAD

and p-NPP by the enzyme preparation ef Ppoteus mtrabiZis (IFO

3849), was isolated from the reaction mixture.

     After degradation of this eompound with snake venom nucleo-

tide pyrophosphatase, Compound IIr was obtained. 5'-NMN was

phosphorylated to Compound rV by the same enzyme preparation
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of P. mirabiZis. By the determination of chemical constitu-

ents and the degradatÅ}on wÅ}th phosphomonoesterases, Compounds

III and ZV were identified as nicotinarnÅ}de riboside 2' (3'),

5'-dtphosphate, and CoTnpound Z was Å}dentified as NADP analog

which was formed by phosphorylation at the 2' or 3' posÅ}tion

of the ntcotinamide ribose moiety, not at the 2' position of

adenostne moiety of NAD.

, :,
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    Section 3. Phosphorylation of NADP and NADP Analog

                         INTRODUCTION

     rt was reported in the prevÅ}ous chapters that when NAD and

p-NPP were ineubated with the enzyne preparation of Pr,oteus

nrirabiZis (:FO 3849) under acidic conditions, NADP and NADP

analog, a new NAD derivative, were synthesized. Biochemical

analysis demonstrated that in the structure of NADP analog the

phosphoryl group tntroduced was located at 2' (or 3') posÅ}tion

in the nicetinamide ribose moiety. Nicotinamide rtboside 2'

(or 3'),S'-diphosphate,which was given after the degradation

of NAI)P analog with nucleotide pyrophosphatase, was formed

also by the phosphorylation of S'-mm.

     This section deals with the phosphorylation of NADP or

NADP analog and identification of the products.

                   IVtATERIALS AND METHODS

     CuZture of Ftr,oteus mdrabiUs and preparation of the enzyme
                                 '
soZution. Culture of P. mtrccbiZis (ZFO 3849) and the prepa-

ration of amnonium sulfate fractton of enzyme solution were

carrÅ}ed out according to the methods described in Section 1.

     Stcxnclard reaction system. The phosphotransferring re-

action was investtgated under the standard reaction system con-
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taining 7 - 10 umoles of phosphoryl acceptor, 40 vmoles of p•-NPP,

20 vmoles of ntcotinamide, 1 pmole of zinc sulfate, 300 vmoles

of acetate buffer (pH 4.0) and 5 mg of enzyme protein per ml of

the mixture. After incubatÅ}on at 370C, the reaction was stopped

by heating the mixture in a boiling water bath for 3 min and

the preeipitate forined was centrifuged off.

     Sepctration of pyridine coenzymes. An aliquot of the

supernatant solution of the reactÅ}on mixture was plaeed on Toyo

filter paper No 53 and paper ehromatography by the deseending

technique was performed with several solvent systerns: (a) iso-

                                                 55)butyrÅ}c aeid : O.5 N ammonium hydroxtde = 10 :6 (b) 95Z
ethanoi : 1 M ammonium acetate = 7 : 3 (pH s.o)64) (c) saturated

ammontum sulfate solution : O.1 M sodtum acetate : isopropanol

              += 7g : lg : 2.65) isobutyric aeid system was rather satisfactory

for the separation of NAD and Å}ts derÅ}vatives, and employed for

the determination of these compounds. High voltage paper eleetro-

phoresÅ}s was performed With both buffer systems of O.2 M acetate

(pH 3•SÅr and O.1 M borate (pH .9.4). Pyridine nucleotides were

distinguished from other base derivatives by development of. flu-

                                               S9)                                                   Colurnn chroraato-orescent spot on methyl ethyl ketone treatment.

graphy ustng Dowex 1 x 2 (fomate forrn) was earrÅ}ed out to isolate

the reaction products.

     AnaZysis. Pyridine nucleottdes in the reactton mÅ}xture
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was separated by paper chromatography with the isobutyric acid

systern. Substances on the paper were detected by Manasuru UV

lamp. Each spot corresponding to pyridtne nucleotides were cut

off and extracted with O.Ol N hydrochloric acid and determined

fluerometrtcally aceording to the methyl ethyl ketone method

using quinine sulfate as the standard of fluorescence. Ntcotin-

amide riboside linkage in the chromatographic fractions was

also determined fluorometrically. Coneentration of NAD and

NMN derivatives in the solution was also determined fluorometri-

cally using NADP as the standard specimen. These fluorometric

techniques are described in the previous sections. Conveniently

                                                      62the molar extimction coefficients for NADP (18.0 x 10 cm at

26o mp) and mm (4.6x lo6 cm2 at 266 mv) were used tenLa-

tively for the ealculation of the concentration of NAD and NMN

dertvatives respectively, because the coeffieients for these

derivatives obtained tn this experiments were not decided. Total

phosphate was assayed by determing the inorganic phosphate

after digestion of the sample with sulfurtc. aeid according to

the method of Fiske-subbaRow96) phesphate liberated by phospha-

monoesterases was also determined by this method. Protein was
determined by the method of LowryZO)

              "",y     Spectral.E, palysts of NADP derivatives was performed by

Shimazu MultÅ}purpose Spectrophotometer Model 50L.
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     NueZeotides. NADP analog and nicotlnamtde riboside 2'

(3'),5'-dÅ}phosphate were obtained by the enzymic phosphorylation

of NAD and 5'-ISfiYM respectively as described in the previous

seetion. Adenosine 2'(3'),S'-diphosphate was prepared by the

phosphorylation of 5'-Aly[P according to the method of Mitsugt

et az;2) using cen-free extract of pr'oteus mirabizis as the

               'enzyrne preparatlon.
                                                        ''' 7, fl, -
     Enzymes. Lyophilyzed powder of )(aTnusht (Agkistr'odon' hatZys.i
                                                        -L-' '/ t .-.-J
bZomhoffii) venem was ernployed as the preparation of nucleotide

pyrophosphataseZ6) ALkaiine phosphatase of calf inte$tine

(degree of purity I) was obtained from C. F. 'Boehringer and

Soehen GmbH. 3'-Nucleotidase from culture broth of BcteiZZus

subtiZis was kindly presented by Dr. Sugino of Tnstitute for
.

Virus Research, Kyoto University.

                   RESULTS AND DISCUSSION

     Enzymie synthesis of new IVAD derpivatives. When NADP was

ineubated with the enzyme preparation of P. mirabiZis under the

standard reactton system, a product (Compound V) was synthesized

which migrated slower than NADP by the paper chromatography with

the isobutyric acid system and gave fluorescenee on treatment

with methyl ethyl ketone-ammonia vapor (Fig. 1). I"hen NADP analog
          '
was incubated with the enzyme, a product (Compound Vl) was formed
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 Fig. 1. Separation of Reaction Products by Paper
Chromatography with Isobutyric Acid-Ammonia System.

      Parentheses indicate the spot which showed fluor-

escence after methyl ethyl ketone treatment.
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2 hr incubation, about 28Z of NADP was converted to Compound V,

whereas only 16Z of NADP analog was to Compound VI. In order

to obtain. sufficient quantities of Compound V for the investi-

gation on chemieal properties, relatively large scaie reactive

mtxture was usdd contaÅ}ning 200 pmoles of NADP, 800 vmole$ of

p-NPP, 400 vmoles of nicotinamide, 20 ymoles of zinc sulfate, 6

mmoles of acetate buffer (pH 4.0) and 96 mg of enzyrne protein of

aTrmioniurn sulfate Åíraction in a total volume of 20 ml. The incu-

bation was carried out for 4 hr at 370C Four hundreds vmoles

P-NPP were added after 2 hr incubation in order to prevent the

degradation of the product, The reaction was stopped by boiling

the reaction mixture for 5 min and the precipitate formed was

                                 .centrifuged off. The supernatant lsolution was adjusted to pH

6.8 wtth ammonÅ}um hydroxide and introduced on a Dowex 1 x 2 (

forrnate forrn) column. Stepwise elution wtth increasing concent-

rations of forrnate buffer (pH 3.4) was earried out. The elution

pattern is presented in Fig. 3. Compound V was eluted wÅ}th 1.0 M

buffer in a single peak and detected fluorometrically. This

material in the fraction was adsorbed on 400 mg of active char-

coal, and was extracted from the charcoal with 200 ml of pyridine-

ethanol-water (10 : 4S : 45) mixture. The extracts were concent-

rated by a rotary evaporator under reduced pressure. By repeating

of precipitation from cold acetone, 21.7 mg of white powder of
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      Fig. 4. SeparatÅ}on of Compound VT by Column Chromatography

                            on Dowex 1.

           - Absorbaney = Fluoreseence
    Th,e reaction mixture (4 ml) contained 40 pmoles of NADP analog,

160 pmoles of p-NPP, 80 umoles of nicotinamide, 4 vmoles of zinc

sulfate, 1.2 mmoles of acetate buffer (pH 4.0), and ammonium

sulfate fraetton (19.2 mg protein). The incubation was carried out
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at 370C for 4 hr. Eighty pmoles of p-NPP was added after 2 hr.

tncubation. The supernatant solution was applied to a column
of Dowex 1 x 2 (formate fonn, o.s7 cm2 x ls.s cm).

      (1) Water (4) O.5MFormate buffer
      (2) O.OS M Forrnate buffer (5) 1.0 M Formate buffer

      (3) O.1 M Formate buÅífer

 Compound V was obtained. From the reaction mixture contatning

 NADP analog as the substrate, 1.8 vmoles of Compound Vr was iso-

 lated by the sarne prodedure as Å}n Compound V (Fig. 4) but this

 compound was obt,,ained as an aqueous solution.

      Determination of totaZ phosphqte and degr,ctdation by phospho-

 monoesterases. As shown in Table 1 (Experirnent 1), 4 moles of

 phosphate were detected per mole of Compound V and VI. The incu-

 bation of these compounds with phosphomoesterase (alkaline pho$-

 phatase) gave two moles of phosphates. This result suggests

 that NADP and NADP analog were phosphorylated to NAD dipho-

 sphate (Compound V) and NADP analog phosphate (Compound Vr)

 respecttvely, and phosphoryl group Å}ntroduced was of monoester

 linkage. The fact that a portion of the phosphates was libe-

 rated by the incubation of Compound VI with 3'-nucleQtidase

 indicates that this compound contatns 3'-phosphoryl group in

 the molecular structure.

      SpeetraZ anaZysis. Spectral properties of Compounds V
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TABLE r. DEGRADATrON OF COMPOUNDS V, Vr, A, B, C AND

            D BY PHOSPHOMONOESTERASES

Experi--

 ment

  No.

            Total phosphate
Substratekl (moleslmole of

                 substrate)

Phosphate

   mole of

liberated(rnoles!

 substrate) by

 alkaline
phosphatasek2

3'-Nucleo-
 tidase*3

1

Compound V

Compound VZ

NADP

3.8S

3.89

3.02

1.82

1.8S

O.97

O.09

O.24

2

Compound A

Compound B

Compound C

Compound D

3'-AMP

1.97

1.99

1.87

2.07

1.82

1.80

1.85

1.91

O.96

O.Ol

O.03

O.03

O,28

O.95

*1)

Å}2)

Concentrations of Cornpounds V, VI, A and B were determined flu-

orornetrieally using NADP as standard speeimen. Concentratioms

of Compounds C and D was calculated using rnolar extinction co-
efficient for ADp, ls x io6cm2 at 26o mv.

Experiment 1: The reactton mixture (O.5 ml) contained O.28

pmole of Compound V, O.27 pmole of Cornpound VI or O.53 pmole

of NADP, 50 uTnoles of glycine-NaOH buffer (pH 10.S), O.S ymole

of MgC12, O.05 vmole of ZnS04 and enzyme (O.8 pg protein).

rncubation was carried out at 370C for 30 min.

Expertment 2: The reaction mixture (1.55 ml) contained O.8S

umole of Compound A, O.74 pmole of Cornpound B, O.82 pmole of

Compound C, O.61 vmole of Cornpound D or 1.43 umoles of 3'-AMP,

ISO pmoles of glycine-•NaOH buffer (pH 10.5), 1.5 umoles of

MgC12, O.IS pmole of ZnS04 and enzyme (50 yg protein).
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     lncubation was carried out at 370C for i hr.

*3) Experiment 1: The reactÅ}on mixture (1 ml) contaÅ}ned O,83

     vmole of Compound V or O.81 pmole of Compound VI, ISO pmolesof

     Tris-HCI buffer (pH 7.2) and enzyme (O,7 Eng protein).

     Incubation was carried out at 370C for 4 hr.

     Experirnent 2: The reaction mixture (1.S ml) contained 1.70

     pmoles of Compound A, 1.47 vmoles of Compound B, O.82 prnole

     of Compound C, O.88 pmole of Compound D or 1.43 vrnoles of

     3'-AMP, ISO umoles of TrÅ}s-HCI buffer (pH 7.2) and enzyme

     (O.14 mg protein). Ineubation was carried out at 370C for

     3 hr.

and VI in aqueous solution were examined. As shown in Fig. S,

absorption spectra of these compounds were identical with that

of pyridine coenzyTrtes such as NADP and showed maximum at 2S9 mv,

     Behaviors in paper ehraomatogrcrphy and high voZtage paper

eZeetrophoresis. As presented in Table II, the cornpounds

isolated here showed similar behaviors with three solvent

systems. In electrophorests with two buffer systems, Cornpounds

V and Vr migrated much rnore rapidly to the anode than NADP er

NADP analog owing to the higher electro--negativity brought

about by the phosphoryl group introduced.

     Degraclation of Compettnds V and VLr. rn order to investi-

gate chemical structures of Compound V and VZ, degradation by

snake venom nucleottde pyrophosphatase was examined (see Fig.

6)• After the'ineubation, the supernatant solutton of each
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TABLE rZ. BEHAVIORS OF COMPOUNDS V, VI, A, B, C AND D, IN

Compound  Isobutyrie actd- Am-acetate
     ammonia ethanol

NADP

NADP analog

Compound V

Compound VI

st-)qM)l

Nicotinautide rÅ}boside
dtphosphate
Adenostne 2'(3'),5'-diphosphate

       '
?sg.iaS".s;ge.grsducts I:g:i:::: 2

?;g.Ea2a.sSg:.gre:ucts (:Z::g".:: ,B

O.38

O.40

O.24

O.26

O.Sl

O.31

O.41

O.32

O.38

O.31

O.41

O.02

O.02

O.Ol

O.Ol

O.28

O.09

O.09

O.09

O.10

O.09

O.09

t indieate migration distance in centimeter to the anode

reaction mixture was adjusted to pH 6.8 with ammonium hydroxide

and applied to the column of Dowex ,1 x 2 (formate form). Step--

wise elutÅ}on with formate buffer (pH 3.S`) was perferrned as pre-

sented in Fig. 6. With e.OS M formate buffer, the degradation

product which. revealed fluorescence by the methyl ethyl ketone
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PAPERCHROIYLA,TOGRAIPHYANDHTGH VOLTAGEPAPERELECTROPHORESrS

Mobilitiesk

Am-sulfate-Na-aeetate
    isopropanol

O. acetate
 buffer, pH 3.S
3KV, 15mA, SOmin

   . M borate
 buffer, pH 9.4
3KV, 2SmA, 30mtn

O.32

O.40

O.S4

O.52

O.78

O.82

O.40

O.81

O.44

O.82

O.39

14.5

14.5

25.S

26.0

 O.5

16.S

20.0

16.5

20.0

16.S

20.0

l6.0

15.5

18.S

18.5

14.5

20.5

18.S

20,5

18.S

20.5

18.0

method was eluted (Cornpound A or B).

to acttve charcoal and extracted with

mÅ}xture. The extract was concentrated

and the syrup was dissolved in asmall

O•5 M buffer, the substance which has

This compound was adsorbed

pyridine-ethanol--water

 under reduced pressure

amount of water. With

absorption maximum at
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.

 (a) The reaction mixture (2 mZ) contained 2.5 vmoles of Compound

      V, 250 pmoles of Tris-HCI buffer (pH 7.2), and 2.5 mg of

      lyophylÅ}zed powder of snake venom. rncubatton was carried

      out at 37eC for 16 hr. The supernatant solution was applied
      to a dolumn of Dowex 1 x 2 (formate form, o.7s cm2 x 12.s cm)

 (b) The reactton rnixture (3 ml) eontained 2.2 pmoles of Compeund

      VZ, 385 pmoles of Tris-HCI buffer (pH 7.2), and 3.75 mg of

      lyophylized powder of snake venom. rncubation was carried

      out at 37eC for 16 hr. The supernatant solution was applied
      to a column of Dowex 1 x 2 (formate form, o.7s cm2 x 17 cm).

    (1) Water
                                   (5) O.1 M Formate buffer
    (2) O.Ol M Formic aeid'
                                   (6) O.5 M Formate buffer
    (3) O.02 M Formate buffer                                   (7) 1.0 M Formate buffer
    (4) O.05 M Formate buffer

259 mv was eluted (Compound C or D). This substance was also

obtained by treatment with acttve charcoal, elutien with pyridine-

ethanol-water mÅ}xture and condensation under reduced pressure.

     Each aliquot of the solutions obtained above was subjected

to paper chromatography and high voltage paper e!ectrophoresis.

The degradatton products which were eluted with O.OS M (Compounds

A and B) and O.5 M (Compounds C and D) buffer have the same

mobility as those of nicotinamide riboside dÅ}phosphate and ade-

nosine 2'(3'),S'-diphosphate respectively (Table rl). UV spectra

of the degradation products in O.Ol N hydrochlerie acid are

presented in Fig. 7. Compounds A and B have absorption maximum
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around 266 mu, simtlar wtth that of nicotinamide riboside di-

phosphate. On the other hand, Compounds C and D ,have the same

spectral property as that of adenosÅ}ne 2'(3'),5'-diphosphate.

     Other baehes of Compounds A, B, C and D were subjected to

the determÅ}nation of phosphate content and degradation by phos-

phomonoesterases. As shown in Table I (Experiment 2), two moles

of phosphate were contalned per rnole of Compounds A, B, C and D.

All of these phosphates were liberated by the incubation with

alkaline phosphatase, By 3'-nucleotidase almost no liberation

of phosphate from Compounds A, B and C was observed. These

results suggest tbat two moles of monoester-bond phosphates

are located at 2' and 5' position of the ribose; Compound A

or B is nicotinamide riboside 2',5'-diphosphate and Compound C

is adenosine 2',S'-diphosphate. From Compound D, 3'-phosphate

was liberated; this fact suggests that this compound is the

mixture of adenosine 2',S'- amd 3',5'-diphosphate.

     These results indicate that the ntcotlnamide ribese rnoiety

of NADP was phosphorylated to give NADP phosphate (Compound V)•

The NADP analog phosphate (Compound VI) was, however, formed by

the phosphorylation of adenosine moiety, but not of the nicotin-

amÅ}de moiety, in NADP analog. Furthermore, tt was suggested

that Compound VT may be the mixture of the compounds in which

the phosphoryl group is located at 2' or 3' position of the
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   Fig. 8. Structure of Compound V or Vr (NAD diphosphate)

ribose of adenosine. Consequently, the chemical structures of

NADP diphosphate and NADP analog phosphate Tnay be sÅ}milar each

other as presented in FÅ}g. 8. Zt is also pressumed that Compound

II which was formed besides NAD? and NAI)P analog by the phosphory-

lation of NAD (see Seetion 1) rnay be identtcal with these deri-

vatÅ}ves.
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                           SUMIVtARY

     NADP and NADP analog were phosphorylated to NAD diphos-

phate,and NADP analog phosphate, respectively, by an enzyme

preparatÅ}on of llr:oteue nrir,cti5iZis CrFO 3849). The degradation

products from NAD-dtphosphate and NADP analog phosphate by

the snake venora nueleetide pyrophosphatase were Å}dentical

wLth nicotinamide ribostde diphosphate and adenosine 2'(3'),

5'-dtphosphate.

-77-



    Chapter II. Reaction of an NADP Analog and NAD Diphosphate

                        with Dehydrogenases

                          INTRODUCTION

      rn the previous chapter, it was shown that under acidic
                                                            P
 eonditÅ}ons NAD was phosphorylated enzymatÅ}cally to NADP (IS[RPPtUt)*

                       P
 and the NADP analog (Nta?PRA) which contains a monoester phosphate

 group at the 2' or 3' position of nicotÅ}namide riboside. NADP

 and the NADP analog were also phosphorylated to form NAD diphos-
         PP
  phate (NtLPPtLA).

      Kaplan et ale9-91) reported that NADase obtained from pÅ}g

 brain was capable of catalyzing and exchange reaction between

 various substituted pyridine compounds and NAD to form analogs

  of NAD, and'that some of them showed coenzyrnic activity toward
                                   87)
  dehydrogenases. Shuster and Kaplan showed that the 2' phos-

  phate of NADP was interconverted to its 3' posltion ang that

  3' NAI)P formed thus was reduced by some dehydrogenasesystems.

       Zn this chapter experiments wtth the NAD? analog and NAD

  diphosphate were studied in various dehydrogenase system in

  order to determine their ability to replace NAD or NADP as co-

   t N, A, R and P designate nicotinamtde, adenine, ribose and
                                            9
  Phosphate moieties.respectively; NADP = NRPPIIA; NADP analog =

  NRPPRA; NAD dÅ}phosphate = NRPPRA.
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enzymes. The inhibitng effect of two new NAD dertvatives on

pyrÅ}dÅ}ne coenzy[nes was also dtscussed.

                      MATERIALS AND METHODS

     Prepar,atton of IVADP anaZog and NAD diphosphate. The

NADP analog and NAD diphosphate were obtained aecording to the

method descrtbed in the previous chapter using armnonium sulfate

30 - 80 % saturated fraction of cell-free extract from Pr7oteus

miieabiZis (IFO 3849). Redueed NADP analog was prepared accor-

                                        87)                                            emp!oying sodiumding to the method of Shuster and Kaplan

hydrosulfite as the reducing agent. The same amount of NAD

was also reduced in this manner to use as a control.

     DeteT7nination of eoenzyme aetivity. The reduction or

oxidation of each of coenzynes and their derÅ}vatives was followed

by change in absorbancy at 340 mv on Shimazu multipurpose spec-

trophotometer model SOL. The amount of reduced or oxidized co-

enzymes after inittal 3 min reaction were calculated from the

molecular extinction coefficient of ls.o x lo6 or 6.22 x lo6

  2em for oxidized or reduced form respectively.

     Detemiuation of inhibiting activtty. Znhibiting

acttvity of the NAD? analog and NAD diphosphate on dehydro-

genase was estimated by measurÅ}ng the initial rate of reduc-

tion or oxidation of coenzymes in the presence or absence of
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the coenzyne derivatÅ}ves.

     Enzymes. Glucose 6-phosphate dehydrogenase (G6PDH) of yeast,

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of rabbit muscle,

tsocitrate dehydrogenase (rCDH) of pig heart, malate dehydrogenase

(MDH) of pig heart and alcohol dehydrogenase (ADH) of yeast were

obtained from C. F. Boehringer and Sb'hne GmbH. Lactate dehydrogenase

(LDH) of pig heart and UDPG dehydrogenase (UDPGDH) of bovine liver

were the products of Sigma Chemtcal Co. NADP-dependent isocitrate

dehydrogenase was prepared from bakerts yeast according to the method

           58)              ; glucose 6-phosphate dehydrogenase from beuconostocof Kornberg
mesenteroides(IFo 3o76) according to DeMoss92); glutamate dehydre-

genase CGIDH) from eorynebaete?iwn gZutcmTiezvn (ATCC 13059), accor-

dÅ}ng to oshima et az.93); uDpG dehydrogenase from bovine liver,

                    94)
accordtng to Wilson.

                           RESULTS

     Reaetion of the NADP (maZog with NAP-dependent dehydro-

genases.

     The NADP analog was not reduced in the dehydrogenase

systems, which required NAD as coenzyme, such as aleohol dehydro-

genase of yeast, lactate dehydrogenase of ptg heart and UDPG

dehydrogenase of bovine liver. The Å}nitial rate of NAD reduc-
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TABLE r, REACTrON OF THE NADP ANALOG WITH

Coenzyne activity test

Enzyme Origin Experi--

ment No.

AdditÅ}on
     -4(x 10       M)

 Reduced*
    -4(x 10      M)

ADH Yeast (1) NAD

Analog

1.2

1

s

O,97

o

o

MH Pig heart (3) NAD

Ana1og

1

1

O.77

o

UDPGDH Bovine
liver

(5) NAD

Ana1og

1

1

5

O.23

o

o

GAPDH Rat liver (7) NAD

Analog

1

1

1.0

O.32

MDH Pig heart (8) NADH 1    2
AnalogH2 1.2

Oxidized

 O.22

o

          k during 3 min *t per initial 1 min
     Each reaction was carrted out in the following systems in a

total volume of 3 ml at room temperature.

ADH: ethanol, 20 umoles; pyrophesphate buffer (pH 8.8), 160 umoles;
  plusf(1) NAD, O•36 vmole or analog, O.3 or l.5 umoles; ADHt,60 ug.

      t(2) NAD, O.36 pmole; analog, O.3 or 1.5 vmoles; ADH, 1.2 ug.

LJ)H: Na-lactate, 100 umoles; glycine buffer (pH 10.0), 200 vmoles;

  piusl(3) NAD or analog, O.3 pmole; rDH, loo ug.

      t(4) NAD, O.3 vmole; analog, 1.5 vmoles; LDH, O.S pg.

UDPGDH: UDPG, 2.4 pmoles; glycine buffer (pH 8.6), 300 ymoles;

  plus{(5) NAD, O•3 vmole of analog, O.3 or 1.4 umoles; uDpGDH, s3o

      `(6) NAD, O.3 umole; analog, O.3 or 1.5 umoles; UDPGDH, 530 ug
vg.
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NAD-DEPENDENrDEHYDROGENASES.

InhÅ}bitng activity test
ExperÅ}-
ment No.

Plus

 (x

 analog
  -4   M)10

NAD

 (x

reducedt*
  -410   M)

(2) o

1

s

O.065

O.063

O.070
(4) o

5

O.025

O.026
(6) o

1

5

O.093

O.093

O.092

(9) o

1.2

Oxidized

 O.O77•

 O.072

GAPDH: (7) glyceraldehyde 3-phosphate, 1.

       (pH 8.5), 300 umoles; Na-arsenate,

       60 umoles; L-cystetne, 10 uTnoles;

       GAPDH, 100 vg.

MDH: oxaloacetate, 2.5 pmoles; phosphate

     pmoles;

,,..i[g,' :A,,D:il glli ::gi,g,Og.::g,ifi:e26
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15 pmoles; Tris-HCI buffer

 Sl vmoles; Na-fluoride,

NAD or analog, O.3 vmole;

buffer (pH 7.S), 300

 O.15 umole; 1(DH, S yg.

.15 vmole; MDH, 5 vg.
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    Ftg. 1•

    lhe reaction

    Table T.

tion by these

of the same or

Only with high

            246         :ncubation time Åqntn)

Reaetion of the NADP Ana!og with Glyceraldehyde

     3-phosphate Dehydrogenase.

    system was the same as in reaetion (7) of

 dehydrogenases was not Å}nfluenced by the addition

  5-fold amounts of the NIYDP analog (Table X).

  coneentration (100 yg per 3 ml) of rat ltver
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   TABLE XX. EFFECT OF PREZNC JBATION ON THE REDUCTION OF

THE NADP ANALOG BY GLYCERAZDEIIYDE 3-PHOSPHATE DEHYDROGENASE.

NADP analog reduced

                         tl)Control (No pretncubation)

                   *2)Preincubation system

after 6 min     -4(x 10      M)
O.31

O.31

il) The reaction mixture (3 ml) contained 1.2 vmoles of glycer-

aldehyde 3-phesphate, 300 umoles of Tris-HCI buffer (pH 8.5), 51

vmoles of Na+-arsenate, 60 pmoles of Na-fluoride, 20 pmoles of

L-cystein, O.3 pmole of the NADP analog and 100 vg of GAPDH.

The reaction was carried out at room temperature for 6 min.

*2) The NADP analog was incubated with the enzyme preparation

in the reaction system shown above without glyceraldehyde 3-

phosphate. After 15 min, the substrate was added to the system

and an increase of abserbancy at 340 mv during successive 6 min

incubation was measured.

g!yceraldehyde 3-phosphate dehydrogenase, reduction of the NADP

analog was observed as showrz in Fig. 1, whereas with low enzyme

concentration (2 ug addition), the analeg showed no detectable

activity durlng the reaction intervals tested. Ihis 'enzyme

preparatton showed no activtty of degrading NADP analog to NAD

and an increase of absorbancy at 340 mv was caused by the net

reductionli of the NADP analog. ThÅ}s was deTnonstrated from the

faet that the arnount of reduced Nal)P analog in the control sys-

tem was equal to that in the preincubation system as shown in
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TABLE IZT.

 ANALOG BY

 EFFECT OF pH
GLYCERALDEHYI)E

ON THE REDUCTrON OF THE NADP

 3-PHOSPHATE DEHYDROGENASE

pH

 NADP

after

analog

3 min

 reduced
     -4(x 10       M)

4.0*

o

7.2*k

O.33

8

o

.5*de

.45

*

(7)

acetate buffer **
  The reaction system

 of Table I with each

Tris-HCI buffer

was the same as in the

buffer solution.
reactÅ}on

                    1/[Analog] [M] 10 S •

     Ftg. 2. Effect of concentration of the NADP Analog

      Glyceraldehyde 3-phosphate dehydrogenase activity.

     The reaction system was the same as in reactton (7)
r with each concentration of the NADp analog (lo-S - lo-3
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Table rl. The alkaline condition was optimal for the reduction

of the NADP analog (Table rr!). The effect of the analog con-

centration on the activity of this enzyne was investigated and

Km value was calculated from Lineweaver-Burk plot as shown in

Ftg. 2. The Krn value for the NADP analog was found to be 4.4

x lo-5M and was nearzy equal to that for NAD (6.7 x lot5)(5,

which was obtained under low enzyme concentration systems.

     Reoxtdation of the chemically reduced analog by malate

dehydrogenase was tested ustng oxaloacetate as a substrate.

The analog was found to be ineffecttve in this system and had

no inhibiting activity on the oxidation of NADH2•

     Reaction of the NADP ctnaZeg with NADP-dependent dehydro-

geuases.

     The NADP analog was not reduced by NADP-dependent dehydro-

genases such as glucose 6-phosphate dehydrogenases of yeast and

Leuconostoc mesenteroides. isocitrate dehydrogenases of pig

heart and baker's yeast and glutamate dehydrogenase of Coryne-

bacter,iwn gZutaTnieum as shown in Table rV. The reduction of

NADP by these enzymes was not inhibited by the NADP analog.

     Reaction of IVAD diphosphate with IVAD- or NADP-dependent

dehycZr,ogenas es .
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TABLE IV. REACTION OF THE NADP ANALOG WrTH

Coenzyme activity test

Enzyme Origin Experi-

ment No.

Additton
     -4(x 10       M)

Reducedk
    -4(x 10      M)

G6PDH Yeast
(1)

NADP 1.2
Analog 1
        5

O.97

o

o

L. mesente7-
?oides

(3) NADP 1.2
Analeg 1
        5

O.20

o

o

rcDH Pig heart (s) NADP O.86
Analog O.46
        2.9

O.58

o

o

Yeast (7) NADP 1
Analog 1
        3.3

O.44

o

o

GIDH C. g Zu ta-

 .mzcnvn
(9) NADP 1

Analog 1
        5

O.33

o

o

       * during 3 mln k* per initial 1 min
     Each reactien was carrted out in the following systems in a

total volume of 3 ml at room ternperature.

G6PDH (yeast): glucose 6-phosphate, 5 vmoles; Tris-HCI buffer (pH

   7.4), 300 vmoles; MgS04, 10 pmoles;

 plust (1) NADP, O•36 pmole or analog, O.3 or 1.s vmoles; G6pDH, 2o

     t (2) NADP, O.36pomol; analog, O.3 or 1.S pmoles; G6PDH, 1 vg.

G6PDH (L.mesentex'oides) ".glucose 6-phosphate, 5'umoles; Tris-HCI

   buffer(pH 7.4), 300 pmoles; MgS04, 10 pmoles;

     t (3) NA])P, O•35 umole or analog, O.3 or 1.5 urnoles; G6PDH, 1.7
Pl"S L (4) NADp, o.3s ptmoles; analog, o.3 or 1.5 pmoles; G6PDH, 1.7

pg•

 tug.

mg.
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NADP-DEPENDENT DEHYDROGENASES

Inhibiting activity test

Experi- Plus analog NADP reduced**

ment No. (x 10-4M) (x 10-4M)

(2) 0 0.065

1 0.063

5 0.070

(4) 0 0.065

1 0.057

5 0.061

(6) 0 0.21

0.46 0.20

2.9 0.20

(8) 0 0.22

1 0.22

3.3 0.22

(10) 0 0.12

1 0.12

5 0.13

ICDH (pig heart): dZ-~socitrate, 0.6 ~mole; Tris-HCl buffer (pH 7.2),

75 ~moles; MnS0
4

, 10 ~moles;

\(5) NADP, 0.25 ~mole or analog, 0.14 or 0.87 ~mole; lCDH, 1.2 mg.
plus'\. (6) NADP, 0.25 ~mole; analog, 0.14 or 0.87 ~mole; ICDH, 1.2 mg.

ICDH (yeast): dZ-isocitrate, 016 ~mole; Tris-HCl buffer (pH 7.2), 75

~moles; MgS04' 5 ~mo1es;

{
(7) NADP, 0.3 or analog, 0.3 or 1.0 ~mole; lCDH, 1.2 mg.

plus (8) NADP, 0.3 ~mole; analog, 0.3 or 1.0 ~mole; lCDH, 1.2 mg.

GID~: Na-glutamate, 100 ~moles; phosphate buffer (pH 8.5), 600 ~moles;

I (9) NADP, 0.3 ~mole or analog, 0.3 or 1.5 ~moles; GlDH, 0.3 mg.

plus~lO) NADP, 0.3 ~mo1e; analog, 0.3 or 1.5 ~moles; GlDH, 0.3.mg.
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TABLE V. REACTION OF NADDIPHOSPHATE

Coenzymeactivity test

Enzyne Origin Experi-

ment No.

Addition
     -4       M)(x 10

Reduced*
     -4       M)(x 10

G6PDH Yeast (1) NADP

NAD-PP

1

1

10

O.96

o

o

rCDH PÅ}g heart (3) NADP

NAD-PP

1

1

10

O,80

o

o

ADH Yeast (5) NADP

NAD-PP

1

1

10

O.98

o

o

MH Pig heart (7) NAD

NAD-PP

1

1

10

O.91

o

o

UDPGDH Bovine
liver

(9) NAD

NAD-PP

1

1

O.S3

o

   * during 3 min ** NAD diphosphate rk** per initial 1 mÅ}n

     Each reaction was carried ouc in the following systems in a

total volume of O.6 ml at 28 C.

G6PDH: glucose 6-phosphate, ]vmole; Trts-HCI buffer (pH 7.4), 90

   MgS04, 2 vmoles;
,i.,{[B :2:il 8lg2i::l2,Ok.,N"-D,:P6.ggOg.08.2•S.ZM,:le6,SS ?"6

ICDH: dZ-isocitrate, O.175 umole; Tris-HCI buffer (pH 7.2), 6.2S

          2.5 v moles;   MnSO       4'
pius{[il :jll];l glg2 ::gl:l. Rli.NiP;P:I,:•g2 8T,OJ.6.IM.?,i:&,:?D:l
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WrTHDEHYDROGENASES

tnhÅ}biting activity test

ExperÅ}-

ment No.

Plus NAD-PP** Coenzyme reduced***
         -4    (x 10           M)

(2) o

1

10

O.39

O.39

O.39

(4) o

1

10

O.39

O.40

O.36

(6) o

1

IO

O.34

O.30

O.31

(8) o

1

10

O.23

O.26

O.24

(IO) o

1

O.21

O.21

ADH: ethanol, 40

 piusi[:] :21]l :

LDH: Na-lactate,

      (7) NAD, e plus(
      (8) NAD, O

UI)PGDH: UDPG, 2.

,,..
i,(g]:l]Ig

 umoles; pyrophosphate buffer (pH 8.8), 32 umoles;

.06 vmole or NAD-PP, O.06 or O.6 umole; ADH, 60 ug.

.06 umole; NAD-PP, O.06 or O.6 umole; ADH, 1 pg.

 25 vmoles; glycine buffer (pH 10.0), 40 umoles;

.06 vmole or NAD-PP, O.06 or O.6 umole; LDH, 50 vg•

.06 vmole; NAD-PP, O.06 or O.6 vmole;.LDH, 7 pg.

35vmoles; glycine buffer (pH 8.6), 150 vmoles;

.06 pmole of NA!)-PP, O.06 umole; UDPGDH, 333 vg.

.06 pmole; NAD-PP,.O.06 vmole; UDPGDH, 333 vg.
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     NAD dÅ}phosphate was not reduced by NAI)P-dependent dehydro-

genases such as glucose 6-phosphate dehydrogenase of yeast

and Å}socttrate dehydrogenase of pig heart. This substance did

not also react with NAD-dependent enzymes such as aleohel de-

hydrogenase of yeast, lactate dehydrogenase of pig heart and

UDPG dehydrogenase of bovtne liver. The reductton of coenzynes

by these dehydrogenases was not inhibited by NAD diphosphate.

These results are shown in Table V.

                        DISCUSSION

     The study of the oxidoreduction of NAD derivatives with

various dehydrogenases offered some insight into the relation

between chemical structure of pyridine coenzyTnes and their co-

enzyme activity. It was found in this investigation that the
NADp anaiog (NllppRA) and NAD diphosphate (Nllpplltt) showed no

or slight coenzyme activity for dehydrogenases tested. By

the introduction of monoester-phosphoryl group on the nicotin-

arnide riboside or on both nicotinamide riboside and adenostne,

NAD lost almost its coenzyme activity for NAD-dependent dehydro-
                                                  ,
genases. Only glyceraldehyde 3-phosphate dehydrogenase system

reduced slightly the NADP analog. However, it was suggested

that the anaolg has a lower affinÅ}ty toward this enzyme than

NAD. It appears from these results that changes of the position
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of phesphoryl group in pyridÅ}ne eoenzyneB bring about pronounced

effects on coenzyme activity. The phosphoryl group in adenostne

metety may be essential for NADP specific dehydrogenase acttvity.

                  87)Shuster and Kaplan                      have shown that 3'NADP tn whieh the phos-

phoryl group is located at the 3' positton of adenosine moiety
                                .
react with enzyrnes capable of functioning with both of NAD and

NADP, but net with enzynes whtch are strtctly speeific for one

of these coenzynes. ThÅ}s observation seems to support the

results mentioned in the present paper.

     The relatÅ}onship between the ring strueture and the coenzyme

activity has been discussed by Kaplan and the associates36'91)

and tt was shown that the nteotinamide group was not essenttal

for NAD aetÅ}vity. In the series of pyrÅ}dtne-substituted NAD

analogs, the pyridine-3-aldehyde analog ts not only tnactive

for the triosephosphate dehydrogenase, but also a rnarked inhibi-

tor toward this enzyme system. However, the NADP analog and

NAD-dÅ}phosphate showed no inhibiting aetÅ}vity toward glyeerfi

aldehyde 3-phosphate dehydrogenase.
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                          SUMMARY

     The NADP analog and NAD diphosphate were tested fer the

coenzyme or inhibiting activity toward various dehydrogenases.

Little or no activity of these NAD derÅ}vatives was observed

for most of dehydrogenases tested. Only glyeeraldehyde 3-

phosphate dehydrogenase reduced the NAI)P analog under the high

enzyrne concentration system, These NAD derlvatives showed no

inhibiting effect toward the reduation or oxidation of pyridine

eoenzymes.

+

-93-



   Chapter III. Distribution and Properties of NAD Phosphorylating

                            Reaction

                          INTRODUCTION

     rn Chapter I it was shown that NAD was enzymatically phos-

phorylated to NADP and an NADP analog by a new phosphotrans-

ferring system in acidic conditions and that NAD kinase did not

partÅ}cipate in thts transferrÅ}ng reaction. Phosphorylating pro-
         •1
ducts of other pyridine nucleotides were also obtained with the

same system.

     rt has been shown that alcohols, sugars and sugar deriva•-

tives were phosphory!ated by phosphatase53'95'96)or phosphotrans.

ferase?Oi97'98) phosphorylation of pyridÅ}ne nucleotides was con"

sidered to be catalyzed by these enzyrnes.

     In thts chapter, distribution of a new NAD phosphorylating

system, designated tentattvely as phosphotransferase, and NAD

kinase was investigated in a variety of microorganisms. General

properties of phosphotransferase were also dÅ}scussed employing the

partially purified enzyme preparation obtained frorn Phr7oteus mira-

bilisi

                   IV[ATERIALS AND METHODS

     Microorganisms and enayme pyeparation. All the micro-
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 organisms used in thts experiment were the strains preserved in

 the Laboratory of ApplÅ}ed MicTobiology, Department of Agricul-

 tural Chernistry, Kyoto UnÅ}versity.

     BaeterÅ}a and actlnomycetes were grown in a liquid medÅ}um

 of the following ecmiposition: glucose, 2.07.; peptone, 1.0Z;

yeast extract, O.S"X; (NH4)2S04, O.37.; NaCl, O.27.;. K2HP04, O.IZ;

MgS04' 7H20, O•05Z• Final pH was adjusted to 7.0. Culture was

carried out in 500 rn1 of the medÅ}um Å}n 2L Shaking flapk fith a'r.e..-

 ciprocSl shaker for 24 to 48 hr at 280c. Acetobacter subocidcttzti`

    9..
was grown in a medium of the following compositÅ}on: glycerol, 5.0Z;

yeast extract, O.5Z; KH2P04, O.25%; CaC03, 2.0Z. Final pH was

adjusted to 6.0. The eulture was carrÅ}ed out !n SOO ml ef the

medium in 2L Shaking flask with a re" eiprecal shaker for 48 hr at
             ''ni'' -- -'"/
28 C. Clostridia was grown Å}n a medtum of the following compo-

sÅ}tion: glucose, 3.0Z; peptone, O.5Z; K2HP04, O.37o; MgS04' 7H20,

O.02Z; MnS04' xH20 , O.OOIZ; NaCl, O.OOIZ; yeast extract, O.1"K.

Final pH was adjusted to 7.0. 0ne pereent of CaC03 was added to

the medium before inoculation. The culture was carried out in 5L

of the medium in 5L Ehrermeyer flask for 36.hr at 280C stationary.

Lactic ac'Å}d bacteria were grown in a medium of the following com-

position: glucose, 1.IZ; Na-acetate, 1.0Z; peptone, O.8Z; yeast

extract, O.8Z; KH2P04, O•03Z; K2HP04, O•02SZ; MgS04`7H20,

O.OIZ; MnS04. xH20, O.OIZ; FeS04' 7H20, O.OOOSZ. Thtrty per cent
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 (v!v) of hot water extraet of tcnnato puree was added to the

medium and pH was adjusted to 7.0. The eulture was carrted

 out Å}n 2L of the medium in 3L Ehrenmeyer flask for 8 hr at 28"c

stationary.

     Cells were harvested by centrifugation, washed twice with

O.850A NaCl solution and suspended in O.05 M Tris-HCI buffer (

pH 7.0). The cell suspension was treated wtth Kaijo Denki

ultrasonic oscilator at 20 Hz for 10 rnin. Cell debris were re-

moved by centrtfugation and the supernatant cell-free extract

was dialyzed against deionized water at 40c for 24 hr. This

dialyzed solutÅ}on was employed as the enzyme preparatÅ}on.

     Molds were grown in a medium of the following composition:

glucose, 5.07.; peptone, O.5Z; yeast extract, O.2Z; KH2P04, O.2Z;

(NII4)2S04, O•2Z; MgS04 7H20, O.IZ. Final pH was adjusted to 6.0.

The culture was earried out in 500 ml of the medium in 2L shaking

flask for 24 to 48 hr at 280c wÅ}th reciproeal shakeT. Mycelta

were eollected by fÅ}ltration and dried with electrie fan. Fine

pewder of crushed mycelia were used as the enzyTne preparation.

     Pd-rtial pmfieation of phesphotransferr,ing eney7ne of

Pr'oteus mirabiZis. All operations were performed in the

cold.

     Procedure 1. Results of a typtcal experiment are sumarized

in Table !.
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TABLE T. PARTIAL PURrFICATZON OFPHOSPHOTRANSFERASE

Step Procedure
 Total
protein

  mg

Total activity

Phosphatase

wÅ}thout NAD with NAD

Phosphotrans-
   ferase

1

2

3

4

Cell-free 17SS
extTact

ProtamÅ}ne 610
treatment

Polyethylene 28S
glycol
treatrnent

DEAE- 32.5Sephadex

4080

4020

2300

2220

3190

2900

1760

1705

1330

1070

 7IS

 S95

     The reaction was earried out with Mtxture 3.

     Step 1: Cells (2•6g as dried weight) suspended in 9S ml of

O.Ol M Tris-HCI buffer (pH 7.0) were disrupted with Kaijo Denki

ultrasonÅ}c oscillator at 20 Hz for 15 mÅ}n. Cell debrÅ}s were re-

moved by centrifugation at 14,OOO x g for 40 min and the super--

natant solutton (75 ml) was obtained.

     Step 2: To this solution 10.2 ml of 5Z protamine solutÅ}on

(adjusted to pH 7.0) was added wtth stirring. About 3 mg of pro-

tamine sulfate was added for every 10 mg of protein. After stirr-

ing for 1 hr, the precipttates were removed by eentrifugation at

14,OOO x g for 15 min and the supernatant solution (74 ml) was

obtained.
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ANDPHOSPHATASE

Spectftc activtty

Phosphatase Phosphotrans-
   ferase

Transferring
   ratio*

without NAD wtth NAD

2

6

8

68

.

'

.

'

3

6

1

2

1

4

6

52

.

.

.

.

8

8

2

6

 O.8

 1.8

 2.5

18.3

O.42

O.37

O.40

O.3S

* Molar ratio NADP plus NADP analog formed to p-NP liberated

     Step 3: The solution was brought to a O.OS M magnesium chlo-

ride concentiration by the addition of 3.4 ml of molar magnesium

chleride. To the solution, 15 g of solid polyethylene glycol

6000 was added gradually so as to bring about 20 Z (w/v) of the

polymer. The precipitates were colleeted by centrifugation at

14,OOO x g for IS min and suspended in 15 ml of O.05 M Tris-HCI

buffer (pH 7.0). The supernatant solution was obtained by centri-

fugation at 14,OOO x g for 10 rnin after continuous stirring over-

night .

     Step 4: This solution (15.S ml) was applied to aDEAE- '

Sephadex column (1.2 cm x 35 cm) previously equilibrated with
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O.05 M Tris--HCI buffer (pH 7•O). After the column was washed

with O.OS M TrÅ}s-HCI buffer (pH 7.0), protein was eluted with

the same buffer solution containing O.05, O.1 and O.15 M of NaCl

tn a stepwise manner. Fractions of 10 ml were collected and

assayed for protetn, phosphotransferase and phosphatase actlvities.

Elution pattern is shown in Fig. 1. Phosphotransferase and phos-

phatase activities were eluted by O.1 M NaCl. The fractions

whieh showed the activities (fraction 53 to 73) were conbtned and,

after dialysis against deionized water, stored in the frozen

state.

     Procedure 2. Preparation of Step 2 of Procedure 1 was app-

lied to a DEAE-Sephadex colutnn previously equil!brated with O.05

M Tris-HCI buffer and protein was eluted by increasing NaCl eon-

centration in a stepwise manner as in Step 4 of Procedure 1.

Phosphatase and phosphotransferase were eluted by the addition

of O.1 M NaCl. Fractions which showed the enzyrne activities

were conbined and polyethylene glycol was added to brtng about

20el. (wlv) solution of the polymer in the presence of O.05 M of

magnesium chloride. The protein which was adsorbed to the pre-

cipitates was extracted with O.05 M Tris-HCI buffer (pH 7.0)

and the extract was dialyzed against deionized water.

    Enzyme assay. Reaction mixture 1: ln the investigation

on distribution of phosphotransferase activity, each assay mixture

                                 -99-



1.0

O.8

g

8 o.6
N
ues

hU
pt
as

np
o
co

pÅq

O.4

O.2

O.05M
Trts-HCI

O OSM
 HCI
O.05M

Tris-
+
NaCl

O.05 M Tris--HCI

 + MNaCl
O.05
  HC1
OISM

+
Tris-

laCl

20 40 60 80 100 120

300

200

100

xv.År

."
uv
tu

Hdi

"oe

Fraction No. (10 Tnl/tube)

Fig .L Chromatography of Phosphotransferase on DEAE-SephadexCo1umn.

Protein "---e Phosphatase activity

Phosphotransferase activity

-100-

'



contained 10 urnoles of NAD, 40 umoles of p-NPP, 20 vmoles of

nicotinarnide, 1 pmole of ztnc sulfate, 300 ymoles of acetate

buffer (pH 4.0) and S mg of enzyrne protein of bacteria or 10

mg of dried mycelia of molds in a total volume of 1 ml. Unless

otherwise mentioned, reaction was carried out at 370C for 2 or

6 hr with bacteria er poldi enzyina, respeetively.

     Reaction mixture 2: In the investÅ}gation of properteis

of the partially purified enzyme preparations, each assay mixture

contained 40 umoles of phosphoryl donor, 10 urnoles of phosphoryl

aeeeptor, lvmole of cupper sulfate, 3eO umoles of acetate buffer

(pH 4.0) .and enzymes in a total volume of 1 ml.

     Reaetion mixture 3: PreparatÅ}ons obtained in each purlfieat-

ion step were assayed for both transferase and phesphatase activi-

ties with the assay mixture eontaining 40 vrnoles of p-NPP, 10 vmoles

of NAD, 1 vmole of cupper sulfate; 300vmoles of acetate buffer

(pH 4.0) and enzyme protein in a total volurne of 1 rn1. Incubation

was carried out for 30 min at 370C. The amount of enzyrne to be

                 ,•"added was adjusted                  tolbe within the lineaT range of product for-

matton.

     Fractions eluted from the column of DEAE-Sephadex were assayed

also for both transferase and phesphatase aetivities. In the assay

of phosphotransferase activity inosine was added as a phosphoryl

acceptor.
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     Portions of O.1 to O.5 Tnl of the reaetion mixture (Reaction

mixture 1, 2 and 3) were taken for the estimation of p-NP accor-
                            99)
ding to the method of Ornori.                                 The nueleotides for[ned in O.05

ml of the reaction mixture were separated by paper chromatography

in a solvent system consisted of isobutyric acid and O.S N ammortium

                       S5)hydroxide (10 : 6, v/v),                            followed by spectrophotometry in the

ultraviolet for nucleotides and by fluorometry with methyl ethyl

ketone for pyridine nucleotides mentioned in Chapner r.

     Reaction mixture 4: !n the investigation on distribution of

NAD kinase, each assay ntxture contained 2.S vmoles of NAD, 10

vmoles of ATP, 15 pmoles of MgS04, 100 pmoles of potassium phos-

                                                                'phate buffer (pH 7.0) and 1 mg of enzyrne prote!n.

     NADP formed Å}n the reaction mixture (Reaction mixture 4) was

determined enzymatically employing a assay mÅ}xture containing 5

umoles of dZ-isocitrate, 75 ymoles of Tris-HCI buffer (pH 7.2),

5 pmoles of MgS04, 1 mg of isocttrate dehydrogenase and suitable

aliquot of the supernatant solution of ReactÅ}on mixture 4 whieh

was adjusted to eontain within O.5 prnole of N4DP in a total volume

of l ml. An inerease of absorbancy at 340 mv was measured with

1.0 cm ltght path on Hitachi-Perkin-Eliner spectrophotometer model

139. The reactton mixture was incubated about for 30 min at

rocrm temperature until absorbancy at 340 mv reached a maxtmum.

NADP redueed was calculated frcnn the molar extinction coefftcient
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            62of 6.22 x 10 cm .

     Eapression of enzyme activtty. One unit of phosphotrans-

ferase and phosphotase activities was defined as the amount which

formed 1 prnole of phosphorylation product and p-NP, respectively.

Speeifie activity was expressed as units per mg of protein.

Protein was esttmated aceording to the method of Lowry70) end to

                                   71)the method of Warburg and Christian                                      for the preparatien of

purification steps 3 and 4.

     ChenrieaZs crnd enzyme. p-NPP was the gift from Ajinornoto

Co Ltd. NADP-specific isocitrate dehydrogenase of pig heart

was the product of Sigma Chemical Co. Other chemicals were ob-

tained from commercial sources.

                        RESULTS

r. Dtstpibutien of NAD phosphorlyZatine activity

     NAD phosphorylating activities were searehed for various

strains of microorganisms. Results are shown in Table II.

     NAD kinase activity was distributed rather widely tn bacteria

belongÅ}ng to genera Esehe?iehia. Aerobacter. Ilrooteus, BaciZZus,

Aerobctete7.iLun. nteroeoccms. Bacteriztm. Acetobaeter and Pseudomonas.

However, slight or no activity was observed under the eonditions

mentioned in the Methods and Materials in the strains belonging to

genera Serratia. FZavobactei'ium. Coraynebacterizan, LaetobaciZlus.
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TABLE Tr. DZSTRTBUTION OF NAD PHOSPHORYLATXNG

      :N 1,[[CROOR(taNZSMS

ACTIVITIES

Strain   NAD

NADP    '

kinase

umole/ml

Phosphotransferase

NADP + Analog,
         pmoles!ml

Esche?iehia eoZi Crooks

Escheriehia coZi 2bT

Eseher,iehia coZi IU2 IFO 3208

Eseher,iehin freundii S-96

Escher,iehia intennedia A-21

Aerobacter aerogenes !FO 3320

Aer,obacter ctoacae

Serratia mapeeBeenee rFO 3167

Proteus vuZgaZis ZFO 3045
RT2oteus mir,abilis IFO "3849

llrioteus moi7ganii rFO 3848

AZaaZigenes faecaZis ]A)6

AZcaZigenes viscoZaetis rAM

Ptctvobacterium fZavescenee IFO

PZavobneterium arboreseens XFO

BndZZus megaterium

ButZZus subtiZis IFO 3007
Aerobacter,ium tzonefutens au
Aerobaeter.ium rediobacter XAbt

Mierococeus urea ZAM 1010
llfierocoecus fZavus IFO 3242

Microeoccus gZutanrieus ATCC

StaphyZocoecus nveus IFO
Sar,cina curentica rFO 3064

Saredna lvtea ULM 1099

B-141-1

   l517

      3085

      1100

B-26-1

1526

 13032
3061

O.11

O.16

O.14

O.21

O.25

O.I9

O.18

O.18

O.21

O.20

O.29

O.07

o

   o

   O.02

O.02

O.08•

   O.IS

   O.08

O.06

O.04

O.28

O.02

O.09

O.06

O.02

O.Ol

O.05

O.03

O.06

O.24

O.06

O.13

O.23

1.37

O.03

o

o

o

o

o

o

o

o

o

O.06

o

O.16

o

o
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                   (continued)

Cor!ynebczcter,izpn sepedeni(nen IFO 3306

Corynebaeteritmi equi llAM I038 O.

Arthrobaeter simpZea IF0 3530 O
Brevibacter,izan anvnoniagene6 IFO 12071

Bacterium eacZciveris TF0 3731 O.29

Bacter,itan eucednicvan O.07
Pseudomonas fZuoTescens IFO 3461 O.14

Pseudomonas ovaZis lF0 3738 O.05
Xcmthomoncts maZeescenee IFO 33B3 O.05

Acetobaeter 6ubopydans IFO 3172 O.10

CZostriditan kainantoi O
Leueonostoe mesenter}oides rFO 3426

LactobaciZZus pZantainmi IFO 3070 O.Ol

LaetobaeilZus heZveticus IFO 3219 O.04

LaetobaeiZZus fermenti O
M2fcobacteinwn avium rF0 3154 O.02
iVocardia asteroides IF0 3424 O.Ol
AIoeardia coraZZina rF0 3338 O.04
Strept(rmyces eoeZieDZor, TFO 3226 O

Streptoenycee aureofaciens-IFO 3305

Streptomyces cuaaeus ZF0 3175 O
Sti7eptomyces g?iseus !F0 3122 O
PenieiZZiien notatum

AspeTgilZus nige?

AspergiZZus flavuB

AspergiZZus o7yzae
Rhiaopus g' aponieuB

Mticor g'ai)anieue

htsatzrm Zine

Oospora viseoea

o

O.04

O.06

O.Ol
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Fig. 2. Effeet of pH on Phosphotransferase and NAI) Kinase Activities.

                    H Acetate buffer H Tris-Maleate buffer
                    e-----t) Tris-HCI buffer O----"O Phosphate buffer

  ILigcobacteriwn. Nocardia and Streptoinyces.

        On the other hand, phosphotransferase activity was observed

   only in a few genera such as Ilr,oteus. Aerobaeter. Bacter,ium and

                        '  Streptomyees. In bacterta tested, Rr,otetts mirabiZis shoved the

   highest activity. Thls organism contained NAD kinase aetivity

   besides phosphotransferase actiuity. EEfect of pH on both NAD

   phosphorylating activities was discussed enployÅ}ng the cell-free

   extract of the organismsas the enzyme preparation (Ftg. 2).
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       Fig. 3. Effect of pH on Phosphotransferase Activity.

rn the condition of pH 4.0, enzyme preparatton showed tuaxi:nal

activity of phosphotransferase, whereas no NAD kinase activity

was demonstrated. On the other hand, in weak acidic and neutral

conditions,either NAD kinase or phosphotransferase were operative.

     Strai.ns of molds tested showed no phosphotransferase activity

(Table IT); only degradatÅ}on of NAD was observed.

U. Ilr,ope?ties ofphosphot?ctnsferase.

     Properties of phosphotransferase activtty were investigated

using the preparations of Step 4 of Procedure 1 and Procedure 2.

     Effeet of pH. Effect of pH on the phosphorylat'ion of NAD

                                             '
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          Fig. 4. Effect of p-NPP Concentration.

The reaction was carrÅ}ed out in Reaction mixture 2 with various
concentrations of p-NPP.

and the formation of p-NP was examined throughout the range from

pH 3 to 10 (Fig. 3). In the pH range in which the enzyme prepa-

ration showed high phosphotransferring activity (below pH 5.0),

the transferring ratio (see Table !) was ainost constant, it.

being from O.33 to O.39. The optimal pH for the phosphorylatton

of NAD and the formation of P-NP Å}n the presence of NAD was found

to be about 3.0 to 4.0.

     Effeet of p-ATPP eoneentratton. Effect of p-NPP concent-

ration on the phosphotransferase activÅ}ty was examined ustng NAD

Or inosÅ}ne as phosphory1 acceptor (FÅ}g. 4). The formation of Nal)P

plus NADP analog increased with the cbncengration of p-NPP. !n

the systems in which p-NPP was added more than 40 umoles per ml
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          rnosine (umoles/ml) NAD `(vmoles!ml)

         Ftg. 5. Effect of Aeceptor Concentration.

The reaction was earried out in Reaction mixture 2 with various

eoncentrations of inosine or rUli).

  of the reaction mixture, the phosphorylation of NtV) was rather in-

                                        -' t' "'  hibited. Synthesis of IMP reached a maximum under the condÅ}tions

  in which 80 vmoles of p-NPP was added per ml of the mixture.

  Effect of p-NPP concentration on phosphatase was also examÅ}ned.

  p-NPP was hydrolyzed by the enzyme preparation rapidly and the

  activity reached Em,axtmum- with lower coneentrations of the sub-

  strate than that in the aosenee of NAD or inosine. Km value for

                                     -3  p-NPP was calculated to be 4.0 x 10                                       M by the Hofstee plot.

       Effect of aeceptor ceneentration. The formation of IMP

  reaehed a maximum on the addition of more than 5 pmoles of inosine
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TABLE III. DONORspEcrFrcr[ry

Donor
NADP + Analog
 (vrnoleslml)

2T-me
3'-AMP

5,-AMP

2i(3t)•-GMP

S'-GMP

5T-TMP

2, (3t)-um

S'-UMP

2,(3t)--C)([P

5 t -C),[P

ATP

p-NPP

Phenyl-P

G-6-P

None

O.8

O.2

O.l

O.2

 O.2

 O.5

 O.2

trace

 O.5

 O.1

trace

 L7
 O.8

 o
o

        The reactÅ}on was carried out with Reaction m':'Lxture 2

        using the preparation of Procedure 2.

(Fig. 5). Synthesis of NADP plus NADP analog proceeded maxÅ}mally

on the addition of more than 10 urnoles of NAD. Kta values for

inosine and NAD were ealculated by Lineweaver-Burk plot to be

g.g x lo'2 M and 4.2 x lod2 M,respecttvely.

     Donor specificity. Various organÅ}c phosphate were tested

for the abilÅ}ty to act as phosphory1 donor to blA]). As shown in

Table ITr, p-NPP was the most excellent donor. Various nucleotides
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TABLE !V. ACCEPTORSPECrFICITY

Acceptor
Phosphotransferase
     acttvity

Product vmoles!ml

 Phosphatase
   acttvity
p-NP, umoles!ml

Adenosine
2t-•A)C[P

3'--AMP

St-A)fi?

Guanostne

2'(3t)-GMP

5'--GMP

Inostne
5,-])dP

UrÅ}dine

2'(3')-UMP

5,--UMP

Cytidine

2,(3,)-CMfP

5'-CMP

NAD

None

  AMP

  AR-diP

  AR-diP

  AR-diP

  (MP

  GR-diP

  GR-diP

  ne
  HR-diP
  u)ff,

  UR-dtP

  UR-diP

  cml)

  CR-diP

  CR-diP

NADP + Analog

 O.2

trace

traae

 1.6

 1.7

 O.5

 2.9

 1.5

 Ll
 1.0

 O.2

 1.1

 L2
 O.1

 Ll
 O.8

2.1

O.7

O.4

2.8

2.5

O.6

3.6

2.2

3.3
1.3

O.l

1.3

1.7

O.2

1.7

2.9

3.7

     The reaction was carried out with Reaction mixture 2

     using the preparation of Procedure 2.

served also as donor, Generally, 2'(or3') isomers were more

effeetive than 5' istmers. In the three isomers of AM]?, 3' isomer

was the most effieient. Sugar phosphate such as glucose 6-phos--

phate, 5t isomers of UMP and CMP and ATP were nearly or enttrely

                               -111-



TABLE V EFFECT OF)c[ETAL :ONS

ron*
Phosphotransferase
     aetivÅ}ty

  (NADP+Analog
    pmole/ml)

  Phosphatase
    activity
(P-NP, umoleslml)

w[th NAD wtthout Nt[D

  2+
cu

  2+Zn

  2+Mn
  2+Mg

  2+NÅ}

  2+Co

  2+?e

  3+
Fe

  2+Sn

  +Ag

  2+Ba

   2-MoO   4
  2+Hg2

1st)TA

None

 O.8

 O.2

 O.1

 O.2

 O.2

 O.2

trace

trace

 Oel

 O.1

 O.1

 O.1

 O.1

 O.1

 O.1

2.3

O.7

O.5

O.7

O.9

O.7

O.2

O.1

O.1

O.4

P.4

O.2

Oe3

O.4

O.4

3.9

O.9

O.9

1.3

2.1

1.2

O.2

O.1

O.1

o.s

O.4

O.3

o.s

O.1

o.s

    The reactÅ}on was

using the preparation
       -3   * 10          M

carried out

 of Step 4

 utth Reaction

of Proeedure 1.

mixture 2
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inactive.

     Aeceptor' specijficity. Phosphoryl acceptor specificity was

exarnÅ}ned using nucleosides and nucleotides as acceptors and p-NPP

as donor.(Table IV), Generally, nucleosides and nucleotides

served as acceptor and in the series of nucleotides, 5' tsorners

were better acceptor. rt was also found that phosphatase activity

was inhibtted by the additÅ}on of each acceptor. Acceptors inactive

in phosphoryl transfer were the intense inhibttor for phosphatase

activity.

    Effect of metaZ ions. Effect of metal ions and EDTA on

phosphotransferase and phosphatase activities was examined. As

shown in Table v, cu2+ stirnulate both activittes of phosphotrans-

                                        2+ 2+ 2+                                                           2+                                                              andferase and phosphatase extensively. Zn , Mn , Mg , Ni
                                               2+                                                          3+                                                                  2-                                                     3+  2+Co , had slso the stimulattng effect, while Fe Fe, Sn , )(o04

and EDTA suppressed the activities.

                         DISCUSSION

     As indÅ}cated in Chapter 1, NAD was phosphorylated by the

enzyme preparation of Pr,eteus mi?ctbiZis (IFO 3849) through a

new phosphotransferrÅ}ng reaction (designated as phosphotrans--

ferase tentatively in this chapter) other than NAD kinase. rn

this experiment the distribution of two pathways eoncerntng

phosphorylation of NAD was investigated.
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                                                        100)                                   50,96-98)     Phosphorylation of nucleosides                                            and vitamins                                                             by

phosphatase or phosphotransferase was reported by several investi-
                       101)gators. Mitsugi et aZ.                           reported the distribution of nueleo-

stde phosphotransferase in mtcroorganisms and classified bacteria

into two groups; narnely one group synthesized 5'-isomers of nucleo-

tide from nucleoside and the ether synthesized 2' (or 3') tsomers.

                      62)                          indicated that phosphotransferase wasBrawerman and Chargaff

distributed widely in plant, bacteria, protozoa and vertebrates

and that this enzyme actÅ}vity was an attribute of growing cells.

They also indicated that phosphotransferase activity of Escher,iehia

coZi showed significant change during growth; the phosphorylating

ratio increased sharply in the log phase of growth and declined

steeply with the decrease of growth. AJthough biological signifi-

cance of this' phosphorylating mechanism has not been elucidated,

this fact suggest that the enzyme may participates in nucleotide

synthesis. It is noteworthy that the enzyme showed the most

intense activity in the phase of rapid growth, that is in the

perÅ}od ef maximal nucleic acÅ}d synthesis. Evidenee for the actual

operation of phosphorylation of NAD through the phosphotransferase

besides NAD kinase in physiologieal conditions has not been provided.

However, it may be possible that the phosphorylation of NAD by

 thÅ}s enzyme is operative especÅ}ally in the period of rapid growth

 to supply NADP. Furthermore, the author has observed that P•
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nTirabiZis showed high NAD phosphorylattng activity in the early

 period of gromth.

     Tn this experÅ}ment partial purification of the phosphotrans-

 ferase was atternpted and it was shown that the phosphotransferase

preparation possessed high aetivity of phosphatase. rn the sepa-

ration of enzymes with DEAE-Sephadex column, phosphotransferase

and phosphatase activities were eluted in the same fractions.

Furtheraore, the enzyme preparation in each purification step
          '
showed a!rnost constant phosphorylating ratio (O.35 to O.42) for

the phosphorylation of NAD. These results may indicate that

phosphoryl transfer and hydrolysis of P.-NPP are eatalyzed by the
                                     9'8)
sarne enzyme. Brunngraber and Chargaff                                         separated phosphatase

and phosphotransferase from the extract of carrot and indtcated

that phosphorylation of nucleos!des was catalyzed by nucleoside

phosphotransferase which exhibited hydrolase activity mainly

because phosphoryl transfer was favored over hydrolysis.

     Optimal pH for phosphoryl transfer was reported to be 5.0

with the enzymes of carrot and E. cozii02) and 6.o with those of

prostate and E. fretindii. The preparatÅ}on of P. miTctbilis showed

lower pH value, 4.0, for the phosphorylation of NAD. The fact

that in weak acÅ}dÅ}c or neutral conditions a phosphoryl group was

transferred from p-NPP or nucleotÅ}es to NAD suggest the signifi-

cance of this reaction tn NADP synthe$is.
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     Through the experiments concerning phosphory1 donor and

aeceptor, it was shown that a phesphate group at 2' (or 3')

posÅ}tion of nucleotide transferred easily to nucleosides and

nucleotides, and of the sertes of nucleotÅ}es, 5' isomers were

phosphorylated more rapidly than other isomers. On the other

hand, not only p-NPP but also various nucleotides eould serve

as phosphoryl donor for the phosphorylatton ef NAD. Tnese re-

sults suggest the possÅ}bÅ}lity of the occurranee of NAD phosphor

rylating system other than NAD kinase in microbÅ}al eeZls.

                         survtrvlARy

     Distribution of NAD phosphorylating reactions, phosphorylation

through NAD kinase and phosphotransferase, was investigated. NAD

kinase activity was distributed rather widely in baeterial, whereas,

the phosphotransferase activtty wÅ}th p-NPP and lsual) was 1imited to

                                                ,a few genera. Proteus nrirabiZis showed strong aqtivity of the phos-

photransferase besides NAI) kinase activity.

     Partial purification of the phosphotransferase was attempted.

The enzyme preparation possessed phosphatase activity as well as

phosphotransferase activity. PhosphorylatÅ}on of NAD proceeded

                                                2+maximaly under the conditÅ}ons below pH 4.0. Cu showed stimu-

latÅ}ng effect on the activity. Besides p-NPP and phenylphosphate

various nucleotides, especially 2' (or 3') isomers, served as
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excellent phosphory1 donor, and various kinds of

nualeottes were phospbprylat.ed to form nucleoside

or nucleoside S',2'(or 3')-diphosphates.

nucleosides and

 momophosphates

'
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                       CONCLUSION

     It has been shown that synthesis of NADP, phosphorylation of

NAD, is catalyzed by NAD kinase and this enzyne is distributed

widely in organisms. rn this study, it was dernonstrated that NAD

was phosphorylated by the enzyine preparation of Ppoteus mirabiZis

under actdtc conditions. Besides p-NPP, various nucleotides

served as the phosphoryZ donor, whereas ATP, a phosphory1 donor

of NAD kinase, was ineffective. En this phosphorylating reaction,

an NADP analog which showed no coenzyme aetivity for isocitrate

dehydrogenase was formed. After the decomposition of eoexisting

NADP, this eompound was separated and isolated by column ehromato-

graphy. In 'the NADP analog, a phosphoryl group incorporated was

located at 2' or 3' position of nicotinamide riboside, whereas in

NADP a phosph'ate group was located at 2' position of adenosine

moiety. Thts structural properties was demonstrated by the aid of

various enzymic and chemical rnethods. Nicotinamide riboside 2'

(3'),5'-diphosphate was obtained on the degradation of the analog

with phosphodiesterase. The positien o[ its phosphate group

was deeided employing several phosphomonoesterase preparattons.

Other pyridine nucleotides, Nl(N and NADP, were phosphorylated to

form nicotinamide riboside 2'(3'),5'-dtphosphate and NAD diphos-

phate under the same condttion. The latter cornpounds was also

forTned by the phosphorylation of the NADP analog.
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      One of the most important functtons of pyridine coenzymes is

 their participation in biological oxido-reduetion systems, that

 is, in coenzyme activity for dehydrogenases. Pyridine nucleotides

 obtained in this experiment were tested for the coenzyme activity

 toward various dehydrogenases. The results obtained in this study

 suggest the relationshtp between the possition of phosphate in

 pyridtne nueleotide and coenzyme function. NADP analog was re-

 duced only by glyeeraldehyde 3-phosphate dehydrogenase under the

 conditÅ}on of high enzyme concentration. NADP analog and NAD di-

phosphate showed a]most no activity for other enzymes which were

specÅ}fic to NAD or NADP, and possibility ef antagonistic effect

on dehydrogenases was discussed. Rate of reduction of NAD or NADP

with dehydrogenases was not affected by the additÅ}on of NADP analog

or NAD diphosphate.

     Distribution of Nlll) phosphorylating activities, NAD kinase

and phosphoryl transferring activity wtth p-NPP (designated as

phosphotransferase), were diseussed. NAD kinase activity was

rather widely distributed in genera of bacteria, whereas phos-

photransferase aetivity was 1inited to a few genera. P. nrirabiZis

showed striking activity of phosphotransferase.

     PurÅ}ftcation of phosphotransferase of P. nrimbiZi6 was carried

out and partially purified enzyme preparation was obtained through

tTeatuent wÅ}th protamine sulfate, prectpitation wLth polyethylene
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glycol and separation with DEtlll-Sephadex colum chromatography.

Enzyme preparations in each purtficatien steps showed both phos-

phatase and phosphotransferase aetÅ}vitÅ}es. [lhis result suggest

that phosphoryl transfer and hydrolysis of p-NPP may be catalyzed

by the same enzyme. General properties of the enzyme activity

were studÅ}ed. Optimal pH for phosphory1 transfer was below 4.0.

                                                            ,Cupric ion stimulated both actÅ}vÅ}ties of phoBphotransferase and

phosphatase. Not only p-NPP, but also nucleottdes were available

as phosphoryl donor. Furthermore, nueleosides and nucleotides as

well as pyridine coenzymes were phosphorylated. These results

may indieate the possibÅ}lity that a transferase is involved in

the phesphorylation of NAD.

.
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