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    Deamidating Reaction in NAD  Metabolism,

               in Aspergillus Fungi*
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   Cell-free extracts  of  AEbergilttts niger,  A. atvamori,  A. ttsamii,  A, oryzae  and  A, VTavtLs
showed  nicotinamidc  nucleoside  amidase  activity  which  hydrolyzcs nicotinamide  ribo-

nucleoside  to  form  nicotinic  acid  ribonucleoside.  This enzyme  was  partially purified
from  the  cell-free  extract  of  A. nigen  The enzyme  was  specific  towards  nicotinamide

ribonucleoside  ancl  the  Km  value  for nicotinamide  ribonucleoside  was  calculated  to be
3.6 mM.  The  optimal  pH  of  the  dcamidation of  nicotinamide  ribonucleosidc  was  5.0 to
5,5, Nicotinamide, NMN,  NAD  and  other  nicotinamide  derivatives tested were  inert as
substrates,  indicating the  unsimilarity  of  this  enzyme  to nicotinamidasc  and  NMN
dearnidase. Nicotinamide  nuclcosidc  amidase  activity  was  found in several  strains  other

than  AspergiUus fungi.

  The  authors  reported  previously that  both
niger  and  op,zae:17avtts  groups of  Aspergittus
fungi accumulated  nicetinic  acid  ribonucleo-
side  extracellularly  and  intracellularly when

they  were  grown  in a  radioactive  nicotinic

acid-supplemented  medi,um.i,2}  One  of  the

precursors of  this nucleoside  in A. niger  was

found to be NMN.!}  In this conversion,

nicotinamide  ribonucleoside,  which  is formed
by the  dephosphorylation of  NMN,  might be
deamidated  to give rise to nicotinic  acid

ribonucleoside.  Studies on  mi ¢ robial  de-
amidation  of  nicotinamide  derivatives have
been confined  to nicotinamide3) and  NMN,4)
This paper  deals with  a  novel  deamidase
reaction  conceming  the  conversion  of  NAmR
to  NAR  in Aspergilltts and  oth ¢ r  fungal strains.

        Materials  and  Methods

 Materials  NAD,  NADP  and  NMN  were  the

products of  Sigma.  Nicotinamide-IV-oxide, 6-amino-

nicotinamide  and  NLmethyl  nicotinamide  were  obtained

from  Aldrich, Deamido-NAD,  nicotinic  acid  mono-

nucleetide,  nicotinamide  ribonucleeside  and  nicotinic

acid  Tibonucleoside  were  prepared enzymaticaliy  as

previously described.2,5) DEAE-cellulose and  Sepha-

dex G-200  were  the  products of  Whatman  and  Pharma-

*  Metabolism  of  Pyridine Coenzymes  in Aspergillus

 Fungi (II)

cia,  respectively.  Hydroxyl  apatite  was  obtained

from Scikagaku Kogyo.

 Orgarrisms  and  culture  Fungal  strains  were

provided  by  Professor S, Toyama,  the  Department  of

Agricultural Chemistry, Ryukyu UnivcTsity, Professor
T. Tochikura, the  Department  of  Food  Science and

Technolog)r, Kyoto  University. These strains  were

grown  in a  glucose-peptone modium  as  reported

previously2} on  a  rotary  shaker  at  280C.

 Preparatien  of  call-free  extract  Mycelia  wcre

harvested from  the  culture  after  36 to 48-h incubation

byfiltrationandwashcdwithcoldwater,  Themycelial

mat  was  ground  in a  chilled  mortar  with  sea  sand  and

O.05M  potassium phosphate  buflbr (pH 7,2).
Disrupted mycelia  were  removed  by centrifugation  at

9600xg.  The  supernatant  solution  obtaincd  was

dialyzed against  O.Ol M  phosphate buflbr (pH 7.2) for
use  as  the  enzyrne  preparation.

 Enzyme  assay  The  standard  assay  mixture  for

nicotinamidc  nueleoside  amidase  contained  O.8"mol
of  nicotinamide  ribonuclcoside,  10"mol  ef  acetate

buffer (pH 5.0) and  erizyme  solution  in a  final volume

of  O,1ml. Incubation was  done  at  37eC. After
reaction  for 1,5 to 3h, an  aliquet  (O.03ml) of  the

mixture  was  applied  on  a  Toyo  filter paper no.  53 and

chrornatographed  using  isobutyric acid:  ammonivm

hydroxide (28%): water  (66:1.7:33, vlv)  (Selvent
A). The portion corTespondlng  to  nicotinic  acid

ribonucleoside  (Rf=O.50) was  extracted  with  5 ml  of

O.OlN  HCI  at  37eC  for 3h  and  the amount  was

calculated  based on  the  absorbance  at  266 nm  using
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the  e value  of  4.3× 103.i) One  unit  of  the  activity  was

defined as  the amount  of  enzyme  whlch  produced  1

limol  of  nicotinic  acid  ribenuclcoside  per  h. Specific
activity was  expresscd  as  units  per mg  of  proteln.
Protein was  determined  by the method  of  Lowry  et  aL6}

or  by  Aeso measurements  on  chromatographic  separatien

of  the enzyme  prcparation. Ammonia  formed  in the

reaction  mixture  was  dctermined by  an  enzymatic  assay

using  bovine liver glutamic  dehydrogenase (Sigma).
Nicotinamidase activity  was  assayed  using  a  reaction

mixture  containing  8 "mol  of  nicotlnamide,  100 ptmol
of  an  appropriate  buflbr and  enzyme  preparation in a
tota1 volume  of  1.0ml. After reaction  for 1.5 to 3h  at

37eC, an  aliquot (O.05 ml)  was  applied  on  a  filter paper
no.  53 and  chromatographed  using  n-butanol  saturated

with3%ammonia(SolventB).  Theportioncontaining

nicotinic  acid  (Rf=O.18) was  extracted  from the

chromatogram  with  e.Ol N  HCI  for 3 h at  37"a and

absorption  at  260 nm  was  measurecl.  The  ameunt  of

niootinic  acid  was  calculated  from  the  calibratiDn  curve.

Formation  of  nicotinic  acid  ribonucleoside  from NMN
or  nicotinic  acicl  mononucleotide  was  dcmonstrated
using  a  reaction  rnixture  containing  4 ptmol of  NMN  or

nicotinic  acid  mononucleotide,  50"mol of  acetate

buflktr (pH 5.0) and  cell-free  cxtract  in a  total volume  of

O.5 ml.  After reaction  for 1,5 to 3 h at  37eC, an  aliquot

(O.05 ml)  of  the mixture  was  chromatographed  using

Solvent A. The  formation of  nicetinic  acid  ribonu-

cleoside  on  a  paper chromatogram  was  demonstrated
by  the UV  absorption  spectrum  of  the extract  of  the

nicotinic  acid  ribenucleoside  portion.

                Results

  Formation  of  nicotinic  acid  ribonucle-

oside  from  nicotinamide  ribonucleoside

by cell-free  extracts  of  Aspergillus fungi
  When  nicotinamide ribonucleoside  was

incubated with  the  dialyzed cell-free  extract

of  A. niger  (AKU  3B02), A. awamori  C3144),
A. usamii  (3205) or  A. ocl,aae (AKU 3301)

at  pH  5.0, the formation ofa  reaction  product
was  detected by paper  chromatography;

the Rf  value  of  the product  was  approximate-

ly O.50 in Solvent A, This product  was

isolated from  the reaction  mixture  of  A. niger
by paper  chromatography  and  colurnn

chromatography  as  described previously.i)
The  Rf  values  of  the  compound  in paper
chromatography  using  three  diflbrent solvent

systems,  Solvents A  and  B  and  ammonium

acetate  (1 M,  pH  5.0):ethanol (3 : 7, vlv)

(Solvent C), and  the  elution  properties in

[J. Ferment. Teclmol.,

Dowex  1× 2 (formate) co)urnn  chromato-

graphy  were  identical with  those  of  nicotinic

acid  ribonucleosidc  obtained  from NMN.
The  absorption  maxtmum  of  the compound

in O.Ol N  HCI  was  266 nm  and  the  addition

of  KCN  gave rise  to maximai  absorption  at

315nm.  These  results  indicated that  the

reaction  product  from  nicotinamide  ribo-

nucleoside  was  identical with  nicotinic  acid

ribonucleoside,  which  was  produced  from
NMN  by the  cell-free  extract  of  A. niger

(AKU 3302).i)

  Formation of  nicotinic  acid  ribonucleoside

from nicotinamide ribonucleoside  suggested

the prescnce of  a  deamidase activity  which  is

capable  of  acting  on  nicotinamide ribo-

nucleoside  in Aspergilttcs fungj. The  cell-free

extract  ef  A. niger  contained  nicotinamidase,

whose  activity  was  maximal  at  pH  8.5,

whereas  the  activity  of  formation of  nicotinic

acid  ribonucleoside was  maximal  around

2.0

-toEL.m-boE"

o

.o

         34sG7eg  lo

              pH

Fig. 1. Nicotinamidase and  nicotinamide  nucleoside

   amidase  activities  ofA.  niger  (AKU S302).
   -o-,  Nicotinamide  nucleoside  amidase  activity

         (formation of  nicotinic  acid  ribonuclcoside

         from nicotinamide  ribonucleoside).

   
-e-,

 Nicotinamidase activ{ty  (formation of  ni-

         cotinic acid  frorn nicotinamide).
   A  dialyzed solution  of  prccipitatcd protein, obtain-
   ed from a  cell-free  extract  to  which  was  added

   arnmoniurn  sulfate  to 65 to 950/. saturation,  was

   used  as  an  enzymc  preparatien,  Pretein was

   added  to a  reaction  mixture  (see lhterlals and

   Mlrthods) at  a  concentratien  of  2.7 mg  in a  total

   volume  of  1.0ml, The  reaction  was  caTried  out

   at  37eC  for 1 h. The  fo11owing buflbrs were  used:

   glycine-HCI (pH 3.0), acetate  (pH 4,O to  5.5),

   potassium phosphate (pH 5.5 to 7.5), Tris-HC}

   (pH 7.5 to  9.0) and  glycine-NaOH  (pH 10.0).
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pH  5.5 (Fig. 1). This result  indicated that

deamidation  of  nicotinamide  ribonuc!eoside

was  catalyzed  by an  enzyme  which  was

distinct from the  knewn  nicotinarnidase.3)

  Cell-free extracts  of  A, att,amori  (3144),
A. usamii  (32e5), A. e,lyzae (AKU 3301) and

A.J7avus (1179) formed  nicotinic  acid  ribo-

nucleoside  frem NMN  at  pH5.5  as in the

case  of  A. niger  (AKU 3302). These  enzyme

preparations alse  accumulated  nicotinic  acid

ribonucleoside  from  nicotinic  acid  mononu-

cleotide  ; nicetinic  acid  mononucleotide  might

be subjected  to the degradation by acid  phos-
phatase to form nicetinic acid  ribonucleoside.
The  presense of  nicotinic  acid  ribonucleoside

in tlte mixture  was  demonstrated by paper
chromatography;  the Rf  values  ofthe  products
were  approximately  e.e5, O.04 and  g,82 with

Solvents A, B  and  C, respectively.  The

absorption  maximum  of  the  product extracted
from the  chromatograms  was  266 nm,  indicat-
ing the  identity of  the product with  nicotlnic

acid  ribonucleoside.

  Partial  purification  of  nicotinamide-

nucleoside  amidase  Purification of  the

enzyme  ofA.  niger  (AKU  33e2) was  attempted.

All steps  were  carried  eut  at  O-50C and  the

buflers contained  IO mM  2-rnercaptoethanol.

  Mycelia  of  a  2-day culture  were  ground  in

a  chilled  mortar  with  sea  sand  and  25 mM

Tris-HCI buffer (pH 7,2). Cell debris was

removed  by centrifugation  at  17,OOOxg  and

the  supernatant  solution  was  obtained  [Step
1].

  One  and  five ml  of  1%  protamine sulfhte

solution  (pH 7.0) per 100 mg  of  protein was

added  to the crude  extract  with  stirring.

After SOmin,  the prccipitate was  removed

by centrifugation  and  the supernatantsolution

obtained  was  dialyzed against  25 mM  Tris-
HCI  bufler (pH 7.2) [Step 2].

  The  enzyme  solution  was  applied  to a

DEAE-cellulose column  (3.0× 27 cm)  equili-

brated with  the dialysis buflbr. After wash-

ing with  the same  bufler, the  enzyme  was

eluted  with  stepwisc  increment of  KCI
concentration  in the  buflbr. The  active

fraction was  ebtained  on  elution  with

O.l5M  KCI. These fractions were  pooled

and  concentrated  about  8-fbld in an  Amicon

ultrafiltration  cell  equipped  wlth  a  ultra-

filtration membrane  (Diaflo pM  30). This
concentrate  was  dialyzed against  25mM
Tris-HCI  bufrbr (pH 7.2) [Step 3].
  The  enzyme  solution  was  applied  to a

DEAE-cellulose column  (2.0× 40 cm)  equil-

ibrated with  the  dialysis buflt:r. After the

column  was  washed  with  the same  buflbr,

the  enzyme  was  eluted  with  a  linear gradient
of  from O to O.3 M  KCI, The  active  fractions

were  pooled and  concentrated  about  12-fold

by ultrafiltration.  The  cencentrate  was  di-
alyzed  against  1 mM  potassium phosphate
bufller (pH 7.2) [Step 4].
  The  enzyme  solution  was  applied  to

a  hydroxyl  apatite  column  (l.b cm × l3 cm)

equilibrated  with  the  same  buffer. After

the  column  was  washed  with  the  same  bufler,

the enzyme  was  eluted  with  1O mM  potassium

phosphate buflbr (pH 7.2). The  active

fractions were  pooled and  concentrated  about

5-fbld by ultrafi1tration.  The  concentrate

was  dialyzed against  25 mM  Tris-HCI bufler

(pH 7.2) [Step 5].
  The  enzyme  solution  was  applied  te a

Sephadex  G-200  column  (1.4× 73 cm)  equi-

libratedwiththedialysisbufler. Theenzyme

fractions eluted  with  the  same  buflbr were

pooled and  concentrated  about  4-fold by
ultrafiltration  [Step 6].
  Table  1 summarizes  the yields and  specific

activities  during a  purification procedure.
Approximately 162-fold partial purification
was  achieved  with  a  yield of  24%.  Further

purification was  unsuccessfu!  because of  the

unstability  of  the  enzyme  activity.  Addition
ofSH  reagents  or  the substrate  nicotinamide

ribonucleoside  and  other  nicotinic  acid  deriv-

atives  to the enzyme  solution  was  unsucces-

sfu1  for improving the  stability  of  the enzyme
activity.  Disc gel electrophoresis  indicated
that  the enzyrne  preparation of  Step 6

contained  at  least 5 protein components

showingdiffbrentmobilities.  Nicotinamidase
activity  was  removed  completely  from nico-

tinamidenucleoside  amidase  activity  at  Step
4. Acid  phosphatase  activity,  assayed  using

P-nitrophenyl phosphate  as  a  substrate,7>
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Table1.  Partial purification nicotinamide  nucleoside  amidase  from  A. niger  (AKU  3302).

Step Total protein
   (mg)Totalunits  

SP?:l.fiiCtsati//YitY
 

YkfeGld

I. arude  extract

2, Protamine  treatment

3. FirstDEAE-cellulosechrematography

4. SecondDEAE-celluloscchromatography
5. Hydroxyl  apatite  chromatography

6. Sephadex  G-200 chromatography

1672634139

 39

 16

  2,5

234237IB513710856O. !4O.

 S7

 1. 333.

 826.

 9322.

 70

1001017959os24

of  the enzyme  of  Step 6 was  found to be less
than  O.l%  of  that  in the  original  cell-free

extract.

  Properties of  nicotinamide  nucleoside

amidase  The  deamidation of  nicotina-

Table  2. Distribution of  nicotinamide nucleoside

   amidase  activity  in AspergiUus and  other  fungi.

Strain

Aspergillus niger  <AKU  3302)

Aspergilltts niger  <3127)
AipergiUus niger  <3123)
Aspergiitus awamon'  (3IK)
A£pergiUus awamori  (3146)
AspergiUus awamori  (3I49)
Aspergiltus ttsamii  (3200)
AtPergiUus usamii  (3203)
Aspergiltus usamii  (3204)
AspergiUus ;tsamii  (3205)
Aspergiltus oryzae  (AKU  S301)

A!pargillus orvzae  (l1oo)
Aspergillus eryzae  (1116)
AspergiUtts orvzae  (1151>
Aptrgillus onyzae  (1311)
Aspergillus.fiavus (e433)
AsPergiUusj7avas (1179)
AspergiUusYlavus (l406)
AspergiUusJldvtts (1424)
PlandeiUium cnp,sqgenum  (AKU  3oo7)

Cbrticium roLfiii

Absidia orehidis  (AKU  3153>

2Vleurospora tetrasperma (AKU  3559)

Gliocladium delig:tescens (AKU  3835)

fiZtsarium e)E7sporum  (AKU  3702)

Rhizoptts orvzae  (2231)
Rhizopus chinensi's  (AKU  3102>

Rhizopttsjaponictts (AKU  SI07)

MacorJ'avaniceas (AKU 3009)

Mucer  raaernesus  (AKU  3002)

Specific activity
  (unitslmg)O.

 31O.
 32O.
 16O.
 54traceO.

 07traceO,

 !6O.
 45O.
 34O.
 25o.
 oaO.
 15Oa
 29O.
 09O.
 10O.
 33traceO.

 10traceO.

 40ooO.

 64O.
 I1O.
 I6oooo

mide  ribonucleoside  proceeded  stoichiometri-

cally  with  the formation of  nicotinic  acid

ribonucleoside and  ammonia.  The  enzyme

shewed  maximum  reactivity  in the  pH  range

of  5.0 to 5.5. The  activity was  stable  from

pH  5.0 to 6.0 on  30 min  incubation at  37aC.
The  maximal  reaction  rate  was  obtained  at

450C, approximately  1.6 times  higher than

thatat370C.  TheactivitywasspecifictQward
nicotinamide  ribonucleoside.  Deamidation

products of  NMN,  NAD,  NADP,  nicotina-

mide-N-oxide,  6-aminonicotinamide  and  IV-
methyi  nicotinamide  were  not  detected by

paper chromatography.  The  K.  value  for
nicotfnamide  ribonucleoside  was  calculated  to

be 3,6mM  from a  Lineweaver-Burk plot of  the

reaction.  HgC12  at  a  concentration  of  1 mM
caused  52%  inhibition and  other  divalentions

(Ca2+, Mg2+, Mn2+, Zn2+,,Ba2+, Fe2+, Co2+,
Cd2+ and  Cu2+) did not  aflect  the enzyme

activity.  P-Hydroxymercurobenzoatecaused
26%  inhibition at  a  concentration  of  I mM.

Sodium  ethylenediaminetetraacetate,  sodium

fluoride, sodium  arsenate,  sodium  pyro-
phosphate, iodoacetic acid  and  urea,  each  at

1 mM,  did not  inhibit the  activity.

  Distribution  of  nicotinarnidenucleo-

side  amidase  activity  in fungi Fungal
strains  were  tested for the activity  ofnicotin-

amide  nucleosicle  amidase.  As  shown  in
Table 2, many  strains  of  AsPergiUus fungi
showed  the  enzyme  activity.  The  activity

was  aLso  found  Sn several  fungl other  than

Aspergittus.

             Discussion

  The  enzyme  system  which  is involved in
the  formation of  nicotinic  acid  ribenucleoside
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by AspergiltzLs was  investigated in this study.

As  reported  previously, growing  mycelia  of

A, niger,  A. awamori,  A. !tsamii,  A. ot),zae  and

A. Y7avus accumulated  nicotinic  acid  ribo-
nucleoside  as  a  metabolite  of  nicotinic  acid.ii2}

NMN  was  shown  to be one  of  the precursors
ef  nicotinic  acid  ribonucleoside  using  cell-free

extracts  of  A. nigeri) and  other  Aspergilltcs fungi.
Direct formation of  nicotinic  acid  ribonucleo-
side  from nicotinamide  ribonucleoside  was

also  demonstrated in these  fungi in this exper-
iment. These  results suggested  the presence
of  the  fo11owing metabolic  sequence  Ieading
to nicotinic  acid  ribonucleoside:  NMN-
nicotinamide  ribonucleoside--nicotinic  acid

ribonueleoside.  BesidesNMN,nicotinicacid

mononucleotide  was  also  a  substrate  for the

formation of  nicotinic  acid  ribonucleoside;

intense activity  of  acid  phosphatase was

thought  to be involved in the dephosphoryla-

tion of  nicotinic acid  mononucleotide.

  In the conversion  of  nicotinamide  ribo-

nucleoside  to nicotinic  acid  ribonucieoside,

a  sort  of  deamidase  (amidase) was  supposed

to be involved. The  first candidate  is nico-

tinamidase,  which  participates essentially  in
the first step  of  NAD  synthesis  from nicotin-

amide  by dearnidation of  this precursor to

nicotinic  acid,  Since this  enzyme  was  first
demonstrated in lactic acid  bacteria,8) the

enzyme  has been  identified in several  micro-

organisms.9LiO  The  fungal enzyme  was  first
found in A. niger.3) However, the partially
purified enzyme  preparation was  specific

towards  nicetinamide  and  did not  deamidate
NAD  or  other  pyridine nucleotides.  NMN
deamidase found in Propionibacterittm shertnanii4>

is the  only  example  of  the  deamidation  at

the  nucleotide  level, and  specified  by the

activity  towards  NMN,  Although the en-

zyme  was  inactive on  free nicetinamide and

NAD,  it was  not  clarified  if this enzyme

deamidated  nicotinamide  ribonucleoside  or

not.  BecausetheactivityofNMNdeamidase
was  net  detected in A, niger,  the  possibility of
the  presence of  the  metabolic  sequence  NMN
-nicotinic  acid  mononucleotide.nicotinic

acid  ribonucleoside  can  be excluded.

  Our  experiment  showed  the presence of

Nicotinamide  Ribonucleoside Deaminase 65

        atooH-tT oceNH2

  Cp-COOa' CffcooH.,.-2 0cou,2
   i l l

   Re  R  R

  NaMN  NAR  NkmR

    K  o-coeH"m.. ocoNHV
         ) 1
         RcoR-Ad  ReeR-Ad

        Dtamido-NAO  NAD

Fig. 2. Formation  of nicotinic  acid  ribonucleoside  in
   the  nicotinic  acid  metabolism  of  Aspergillus fungi.

   The  abbreviat{ons:  NaMN,  nicotinic  acid  mono-

   nucleotide;  NAmR,  nicotinamide  ribonucleoside;

   NAR,  nicotinic  acid  ribonuclcoside;  R, ribosyl

   moiety;  @, phosphoryl moiety;  Ad, adeninc.

   *1  nicotinamidase

   *2 nicotinamide  nucleoside  amidase

the third  type  ef  deamidation in the nlcotin-
amide  metabolism  of  microorganisms  con-

cerning  the  conversion  of  nicotinamide

ribonucleoside  to nicotinic  acid  ribonucleo-

side.  During the purification procedure of

the enzyme  from  mycelium  of  A. niger,

nicotinamidase  activity  was  separated  com-

pletely from  nicotinamide nucleoside  amidase.

The  partially purified enzyme  preparation
was  specific  towards  nicotinarnide  ribo-

nucleoside,  whereas  nicotinamide,  NAD  and

other  pyridine nucleotides  tested were  inert
as  substrates.  As  shown  in Table  2, this

enzyme  is thought  to be widely  distributed in
fungi.

  It is supposed  from  this  experiment  that

a  kind  of  pyridine nucleetide  cycle,  in which
nicotinic  acid  ribonucleoside  is involved, is
operating  in Aspergittus fungi as  shown  in
Fig. 2. It is known  that  Escherichia cotii2)

and  Sblmonelta E)tPhimuriumi3) possess an  NAD
cycle  in which  nicotinamide  formed from
NAD  by the  action  of  NAD  glycohydrolase
is reutilized  via  a  salvage  pathway. P.
shermanii  was  suggested  to possess another

type  of  NAD  cycle  in which  deamidation of

NMN  to nicotinic  acid  mononucleotide  was

involved,4) It is necessary  to  demonstrate
the presence of  the  activity  to  phosphorylate
nicotinic acid  ribonucleoside  te nicotinic

acid  mononucleotide  for the completion  of
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the noveL  NAD  cycle  in AspergiUus fungi.
However,  attempts  to show  regeneration  of

nicotinic  acid'mononucleotide  from nicotinic

icid ribonucleoside  have been unsuccessfuI  so

fa=
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