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Ammonia  Assimilation by

         Synthase SystemGlutamine

 Synthetase!Glutamate
in Brevibacterium .flavum

HA-CHIN  SuNG, MAKoTo  TAKAHAsHI, HIsANoRI TAMAKI,  TAKAsHI TAcHIKI,

        HiDEmKo  KuMAGAi,  and  TATsuRoKuRo  TocHiKuRA

      Dopartment ofFbod&ience and  71:chnelqgy, j<yoto U)tivcrst'ty, 1<)ote 606, Jopan

   The  formation of  glutamine synthetase  (GS) and  glutamate synthase  (GOGAT)
in Brevibacterium .flavum (ATCC 14067) was  repressed  by ammon{a  in the culture  medium.

Glutarnatc dehydrogenase  (GDH)-defective mutants  could  grow  in ammonia  medium

but glutamate dehydrogenase  (GDH)-glutamine synthetase  (GS) or  glutamate dehydro-

genase (GDH)-glutamate synthase  (GOGAT) double-defective mutants  could  not.

Glutamine  synthetase  (GS) and  glutarnate synthasc  (GOGAT) were  forrned constitutive-

ly in glutamate dehydrogenase (GDH)-defective mutants  which  grew  and  accumulated

a  small  amount  of  glutamic acid  in the glutamatc  fetmentation medium  containing

high concentration  of  arnmonia  as  the main  nitrogen  source.  When  the  cell-free  extract

of  a  glutamate dehydrogenase  (GDH)-defectivc mutant  was  incubatetl with  a  mixture

containing  ammonium  chloride,  citrate  and  other  substances  for the glutamine synthetase

(GS) and  glutamate synthase  (GOGAT) reactions,  significant  amount  of  glutamate was

synthesized.  These  resuks  suggested  that glutamine synthetase  (GS)lglutamate synthase

(GOGAT)  system  could  function for the  assimilation  of  ammenia  into glutamate in

B. .tlavtlm.

 It is now  generally accepted  that  the

glutamine  synthetase  (GS)lglutamate syn-

thase  (GOGAT) system  is a  major  route  of

uptake  of  ammonia  into the  glutamate in
bacteria in the presence of  limited ammonia,
and  glutamate dehydrogenase (GDH) can

function only  when  suMcient  ammonia  is
available.i-S)  We  are  interested in the

function of  the GS!GOGAT  system  in

BrevibacteriumY7avecm, one  of  the  most  powerfu1

glutamate-producing bacterium, because it

has a  high level of  GDH  which  .plays 
an

impertant role  in glutamate  production, and
because the function of  the GSfGOGAT

system  in this  organism  is not  sudiciently

understood.

  Previously we  found that  GS  and  GOGAT

were  present in B. .17avum and  that  their

activities  varied  with  the  nitrogen  sources

in the  culture  medium.4)  We  also  reported

on  the  properties of  GS  and  GOGAT  from
this organism.5,6)  Our  findings suggested

that  the  GSIGOGAT  system  might  partici-
pate in the  assimilation  of  ammonia  at  low

concentration,  even  theugh  there  is some

diflbrence in properties between GOGATs

from B. flavum and  other  sources.5,6}  If thls

system  operates  in B. flavum, it would  be
valuable  in field ef  applied  microbiology  as

well  as  in general microbiology.

  In this study,  we  investigated the  effect  of

nitrogen sources  in the  culture  medium

especially  on  the  formatien of  GS, GOGAT
and  GDH  and  obtained  results  indicating
that  thc  synthesis  of  GS  and  GOGAT  was

repressed  by ammonia  whereas  that  of  GDH
was  not.  We  also  found that  mutants

defective in GDH  could  grow in a  medium

containing  ammonia  as  the  sole  nitrogen

source  but GDH-GS  and  GDH-GOGAT

double-defective mutants  could  not.  These

results  suggested  that  the  GS/GOGAT  system

could  function in ammonia  assimilation  in

B.Y7avum.

         Materhls  and  Methods

 Bacteria, media  and  ¢ ulture

Brevibacterium Jlavum (ATCC l4067) wasconditions used.  To
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 prepare. cell-free  extracts,  cells  were  cultured  in 5QO ml

 of  media  in a' 2Ll Sakaguchi fiask with  shaking  (110
 str?kes  pcr  min)  for 24-48 h at  30"(]. For mutagenesis
 and  investigatien of  growth  characteristics,  cells  wcre

 cultured  in 5 ml  of  medium  in a  16-mm  diameter test-

 tube  with  shaking  or  on  1:5%  agar  plate for 24-48 h at

 30"C. Medium  1 contained  5g  of  glucose,  5g  of

 peptone and  3g  of  yeast extract  per liter of  water,

 pH  7.0. Medium  2 was  composed  of  10g  of  glucose,

 O.2g  of  yeast extract,  O,05g  of  KH2P04,  O,05g of

 K2HP04  and  O.03 g  of  MgS04･7H2O  per litcr of  water,

 pH7.0.  Medium3wa$asyntheticmediumcoritaining

 50g  of  glucose, l.5g  of  KHzP04,  O.6g of  MgS04'

 7HsO,  O.Ol g of  FeS04, O.Ol g of  MnS04,  1.0g  of

casamino  acids  (vitamin free), O.Ol mg  of  folic acid,

O.Ol mg  of  biotin, O.2mg  of  riboflavin,  O.2mg  of

thiamine-HCI,  O,2 mg  of  P-aminobenzoic acid,  O.1 mg
of  pyridoxinc-HCI, O,1 mg  of  calcium  panthothenate,
O.1 mg  ef  nicotinic  acid,  O.02mg of  pyridoxal-HCI,
O.1 mg  of  adenine,  O,1 mg  of guanine, O.1 mg  of  uracil

and  O.1 mg  of  xanthine  per liter of  water,  
'pH

 7.0.
Various nitrogen  sources  were  added  to mcdium  2 or

3. The  glutamate fermentation medium  contained

36 g of  glucose, 1 g of  KHtP04,  1 g of  MgS04'7HeO,
10mg  of  FeS04･7HaO,  10mg  of  )hnS04･4HzO,'

1OO "g  of  thiam{ne-HCI, 2 ug  of  biotin, 6 ml  of  
[`Mieki"

(acid hydrolysate of  soybean  protein) and  15g  of

ammonium  sulfate  per Iitcr of  water,  pH  7,O. Culti-
vation  was  canied  out  in 20ml  of  the  medium  with

l g of  CaCOs  in a  5oo-ml  Sakaguchi flask with  shaking

at  Soec.

  Isolation of  rnutants  GDH-defective  mutants

were  isolated aiter mutagenesis  with  ethylmethane-

sulfonate,  basically according  to the  method  of  Necasek

et al.7} B. .fiLivum cells  cuitured  overnight  in liquid
medium  1 were  harvested by  centrifugation  (12,OOO ×

g), washed  twicc  with ll15M  potassium phosphate
buflbr (pH 7.0) and  resuspended  in 3 ml  of  the buffhr

(OD at  610nm;1,O).  Ethylmethanesulfonate was

added  to a  final cencentration  ofOD5  M.  After shaking
for 20 h at  300C, the  cells  were  collected  and  resuspend-

ed  in O.85% saline.  The  cell  suspension  was  spread  on

agar  plates ef  medium  1 and  incubatecl for Kl h at

30DC. Colonies appeared  on  the  plates were  replicated

on  agar  plates of  medium  2 containing  1 mM  and

3oomMammoniumchroride.  GDH-defectivemutants
wcre  expected  to  grow  on  the medium  with 1 mM
amrnonium  chloride  but not  on  that  with  300mM
ammonium  chlorid6.  The  growth  characteristks  of

the isolated strains  were  further confirmed  by their

respense  to  nitrogen  sources  m  liquid medium  3.
Deficiency ofGDH  was  confirmed  with  cell-free  extracts

by  determination of  GDH  activity  and  by  double
immunodifussion analysis  with  GDH  antibody.

[J. Ferment. Technol.,

  GDH-GS  and  GDH-GOGAT  double-defective
mutants  were  derived from GDH-defective  mutant

8D.  After mutagenesis  and  replica-plating  in the same
manner  as  above,  cells  which  could  grow  on  the  agar

plate of  medium  3 supplemented  with  30  mM  sodium

glutamate Plus O.18mM  glutamine but neither  with

50 mM  ammonium  chloride  nor  with  30 mM  sodium

g]utamate were  isola!ed as  GDH-GS  defective mutants.

Likewise, cells  which  eould  grow  on  the medium  with

30mM  sodium  g]utamate but not  with  50mM  am-

monium  chloride  were  picked up  as  GDH-GOGAT
defective-mutants, Their grcrwth characteristics  and

immunological protcin detection were  confitmed  in the
sarrte  manner  as  those  of  the aDH  defective mutant,

  Enzyme  assay  Preparation of  cell-free  extracts

and  determination of  the enzyme  activities  were  carried

out  as  described previDusly.4) One  unit  of  GOGAT
and  GDH  activity  was  defined as  the amount  which

oxidizes  1 psmol  of  NADPH  per min,  and  that  of  GS  as

thc amount  which  required  for the  synthesls  of  ] "mol
of  7-glutamylhydToxamate  per min.

 Immunologlcal  test  Homogencous GDH  and

GS  and  their antibodies  were  prepared as  described
previously.e) Double  immunodifussion analysis  was

carried  out  according  to  the  method  of  Ouchterlony.S)

 Assays  Protein was  determined by the methocl

of  Lowry  et al. with  egg  albumin  as  the standard.e)

Amine acids  in the  culture  broth or  in the reaction

mixture  were  detemined by  papcr chromategraphy.iO)

a-Keto  acids  in the culture  broth was  dctermined by  the
rnethecl

 of  Friedemann and  Haugenii} with  a-keto-

glutarate (a-KGA) as  thc standard.  Bacterial growth
in liquid m6clium  was  expressed  as  turbidity  at  61O nm,

 Chemicals
 Pyruvate kinase was  from Sigma

ahemical  Co. All other  reagerits  "ere  the highest
grade commercial  products. All amino  acids  werc

the  L-isomers.

       Results and  Discussion

  Efuct  of  nitrogen  sources  on  the
enzyme  level We  previously found that
B. Y7avum cells  grown  on  medium  2 with

1,12%  (60 mM)  sodium  glutamate as  a  major -mtrogen

 source  contained  high levels of  GS
and  GOGAT.4}  When  peptone  or  yeast
extract  was  substituted  for sodium  glutamate,
the  activity  of  GOGAT  decreased･but there
was  no  significant  change  in that  of  GS,
even  though  GS  activity  was  reduced  in
other  bacteria grown  in nutrient-broth.2,i2)

The  activities  of  both GS  and  GOGAT
decreased in the  culture  medium  containing

amrnonia.  GDH  level did not  vary  with
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nitrogen  source.  However,  the findings

with  medium  2 do not  allow  discussion of

the function of  the  GS/GOGAT  system  in
B. .17avum, because cell  growth in this medium
was  very  poor compared  with  that  in the

glutamate ferme'ntation medium.  On  the

other  hand, during  the  investigation of  the

cultural  conditions  fbr GOGAT  production,5)
we  found that  the  extent  of  cell  growth  ip
medium  2 supplemented  with  O.28%  yeast
extract  and  O.56%  (30mM) sodium  gluta-
mate  reached  almost  the  same  level as  that

in the  glutamate  fermentation medium.

Moreover the  !evel of  GOGAT  was  further
increased by addition  of  EDTA-Fe  to this

yeast extract  and  glutamate  medium  (Table
1, Exp. A).

  Experiment B  in Table l shows  that  the

activities  of  both GS  and  GOGAT  decreased
with  increase of  ammonia  concentration  in

the  medium,  as  has been observed  in other

bacteria possessing a  functional GSIGOGAT
system  under  ammonia-limited  conditions.2)

  Ammonia  assimilation  by  mutants

defective  in the  enzymes  involved  in

glutamate  biosynthesis  Table  2 dem-
onstrates  that  GDH-defective  mutants  (Fig.
1) could  assimilate  ammonia  as  the  sole

nitrogen  source,  even  if the  growth was  not  so

good as  the  wild-type.  It alsQ indicates that
the  levels of  GS  and  GOGAT  in the  mutants,

especially  grown  on  ammonium  chloride,

were  higher than  those  in the  wild-type  strain.'As
 the  fbrmation of  GS  was  repressed  by

ammonla  and  that  of  GOGAT  by yeast
extract  and  ammonia  in wild-type  strain

grown  on  medium  2,4} this finding suggested

some  change  in the regulation  system  for the
synthesis  of  GS  and  GOGAT,  respectively

in the mutants.  Table 3 indicates growth  of

the  mutants  in the  media  containing  diflbrent
amounts  of  ammonia  as  the  sole  nitrogen

source  and  shows  that  the GDH-defective
mutant  8D,  as  weH  as  other  strains  (data not
shown),  grew  similarly  to the  wild-type

strain  in the  media  with  lower concentration

of  ammonia  (1ess than  lmM,  14ppm
nitrogen).  The  growth  decreased with  in-

Table ]. Eff1:ct ofnitrogen  sourccs  and  EDTA-Fe  in medium  on  the  levels of

   GS, GOGAT  and  GDH.

Cell growth GSGOGAT  GDH
Supplemcnt

(OD at  610 nm) (unitslmgprotein)

Exp. A

   O.28%  Yeast extract

   O.56%  (3e rnM)  Soclium glutamate

   O.28% Yeast extract  and

   O.56%  sodium  glutamate

   O.56%  Sedium  glutamate and

   o,Ol%  EDTA-Fe

   e.28% Yeast extract,

   O.56%  sodium  glutamate and

   O.Ol% EDTA-Fe
Exp.  B

   Ammoniumchloride  OmM

                   1mM
                   5mM

                  10mM

                  30mM

2.B

 L816.4

 L5

17.8

17.B16.

 216.
 418.

 417.
 0

3. 764.
 oo3.

 94

4. 50

S. 56

2. 422.

 023.
 30O.

 35e.

 4o

O. O04O.

 035O.

 029

O. 027

O. 065

O. 060O.

 047O.O17o,

 eolO.
 OOI

O. 90O.
 891.41

O. 70

1. 32

O. 91O.
 91L

 141.

 02O.
 93

Exp. A:  Mcdium  2 was  supplernented  as  indicated in the  Table.
Exp. B: Various arnounts  of  ammonium  chloride  wcrc  added  to medium  2 sup-

      plemented  with  O.28% yeast erctract,  O.56%  sodium  glutamate and  O.Ol

      %  EDTA-Fe.
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Fig. !. Irmu!,odifussion rurtiens  of sutibody  rpecific fbr GDH  (A) atHl GS pa) with
  ccil-free  extracts  of  the wild-type  strain  and  mutants  ofB.Jiazzaon.  ･

   (A) GDH  antibody  (50ptg) was  plaoed in oentcr  welI. WelI 1 contzined  Sptg of
  GDH.  Wells 2, 3, 4,5 and  6 oantained  35 irg, 38 pg, 30 "g, 40 1,g and  37 "g  of

  protcin of  cel1-free  e)ttracts  of  8D  (GDH-clcfective), wild-type  strain,  059 (GDH-
  GOGAT  doubie-defbctivt), 89 (GDH-defective> and  Sl3 (GDH-GS double-defective),
  respectivtily.  (B) GS  antibody  C50 pg) was  placed in center  well. Wel1 l contained
  5 pg  of GS. Wells 2, 3, 4, 5 and  6 contained  38 s,g, 28 s(g, S6 -`g, 30 pg  and  35 lg
  of  pretein af  ceU-im  atracts  of  wild-typc  strain,  8D  (GDH  dtfective), os9 (GDH-
  (X>GAT  doubie-defbctive), 89  (GDH-defgetiye) and  Sl3  (GDH-GS deuble-dofective),
  reepectively.

creasc  in ammonia  concentratien  but was

observed  even  in the  maximum,  3oornM
ammonia  medium.  The  mutant  8D  also

grew in the glutamate fermentatien mediumis}
which  contains  a  high concentration  of

ammonia  as  a  rmajor  nitrogen source,  and

accumulated  significant amount  of  glutamat¢
and  a-keto  acids  (Fig. 2). Enzyme  activity

of  the  mutant  grown  on  glutamate fermen-
tation  medium  was  almost the  same  as  in
Tahle 2 (data not  shown).  Table 3 also
shows  that  neitber  the GDH-GS  double-
defective mutant  SIS (see Fig. 1) nor  the

GDH-GOGAT  double-defbctive mutant  059

which  contained  GOGAT  at  10%  ef  the
levcl of  the  wi!d-type strain, could  grow  at

any  concentration  of  ammonia.

  [[he.finding that the  GDH-clofective
mutants  could  grow  in the  mediurn  with

high concentration  of  ammonia  was  un-

expected,  because in the  wild-type strain  tlre

forrnation of  GS and  GOGAT  was  repressecl

under  this condition  (Table 1). [he  reason

for this assimilation  of  ammonia  sbould  be
diseussed in rdation to  the change  of  the
regulation  system  for the  errzyme  synthesis.

That  aside,  the results  of  this study  suggestod

that GS  and  GOGAT  played  a  role  in

Table 2. Grcwth and  enzymc  aetivities in the witd-typc  strain and  GDH7defbctive mutants

  of  B. jlavttni grown on  airllnonia or  yeast cxtract  as a  rnajQr  nitregen source.  ･

Strain Mtrogoi scnirce
Cle11 grcrwth GS  coCArr  GDH

(OD at 610 nm) (unitsimg protein)

Wild-type

8D  (GDHdefective)

8F (GDH-defective)

89 (GDH-deibctfve)

Ammonium  chloride
Yreast e][tract

Ammenium  chlaride

Ytast esEtract

Ammonium  chloride
Yeast extract
Ammanium  ch!crckle

Yeast extract

1. 501eeq32a97q

 27a95a

 soq87

O. 592.
 121.

 70z
 osz

 pa3.
 011.
 so1.
 28

Q  O06QOIIO.

 051Q
 05BQ

 090Q
 e29Q

 g79Q
 068

1. 171.
 08oooooo

Thc  organistns  were  grown at  Se"a ft" 24 h on  medium  2 supplerrientecS with  ammonium

chlaride (5 mM}  er  yeast ecctract  (O.48%) as  the sole  nitrogen souroe.
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Table  3. Growth  response  to ammonia  cencentration

  of  thc  wild-type  strain  and  mutants  defective in

  one  or  more  enzymes  in glutamate biosynthesis in

   chloride  
-i--

 
-'n--

    (mM) Wild  8D*  S13* 059*
tTt ."  T-t.t"  L-

                        O. 02                             O. Ol             O. 03                  O. 02     o

     O.5 O. 33 O. 32 O. Ol O. Ol

     1 O. 45 O. 40 O. 02 O.Ol

     s 1. oe o, 4o o. o2 o. o2

     10 1. 10 O. 40 O. 02 O. 02

    100 O. 90  O. 35 O. OI O. Ol

    300  O. 30 O. 10 O. Ol O. Ol
              ."  A.m  tttttrm"tt*8D

 : GDH-defective
 S13 : GDH-GS  deuble-defective
 059  : GDH-GOGAT  double-defective
Thc  organisms  were  grown  at  300C  for 24 h on  medium

2 supplemented  with  various  concentration  of  ammo-

nium  chloride  as  the  solc  nitrogen  source.

ammonia  assimilation  in B. flavum under  the

amrnonia-limited  condition  and  that  both

enzymes  werc  indispensable for glutamate
formation in GDH-defective mutants,  as

 -
 E40fcl2."..'.V2ov

 9
    o

   60sssoEeee50

o

60S
 s
 s.3o

 8
 e
 lo"

          t2 24 56 4B 60 72

           Cultivotlon time (h}

Fig. 2, Growth of  and  formation of  glutamate and

   a-keto  acids  by thc  wild-type strain  and  GDH-

   defective mutant  8D  of  B. .i7avum in thc  glutamate
   fermentation medium.

   (A) aell gTowth. Symbols:  -o-,  wild-type

   strain;  
-e-,

 8D  (GDH-defective).
   (B) Formation of  glutamate and  a-keto  acids.

   Symbols:  -O-,  glutarnate by  wild-type  strain;

   -e-,  glutamate  by  8D  (GDH-defective) ; -A-,

   a-KGA  by  wild-type  strain  ; -i-,  a-KGA  by 8D
   (GDH-clefective).

          GIutamate
    Citrate Ammonia

       x

        k,T,:P, eeenr  
Gs

 
II;

     cx-KGA  
GIutamine

 
pi
 

PEP

Fig. 3. Synthesis of  glutarnate by the  GSIGOGAT
   system,

has been  reported  with GDH-defective
mutants  of  Eschen'chia colii4) and  Bcrciltus

magaten'um.i5)  Theseindicationswerestrong-
ly supported  by  the  demonstration of  the

eonsecutive  reactions  of  GS  and  GOGAT

(illustrated in Fig. 3) in the cell-firee  extracts

of  the  GDH-defective mutant  (Fig. 4).
During  the  reactions,  NADPH  was  re-

generated by the  TCA  cycle  for the  synthesis

i3s

g2
g
:tl

        O l 2 5

             tncubation (h･)
Fig. 4. Formation  of  glutamate from  ammonia  and

   citratc  by cell-free  extracts  of  GDH-clofective
   mutant  8D.
   The reaction  mixture  contained  25 mM  ammoni-

   um  chloride,  7mM  citrate,  1,3rnM glutamate,
   1 mM  ATP,  O.1 mM  NADPH,  30 mM  MgC12,

   1mM  CoClt, ISmM  phosphoenolpyruvatc, 25
   unitstml  of  pyruvate kinase, 50mM  Tris-HCI

   buffbr (pH 7.5) and  3,O mgiml  of  protein of  cell-

   free extracts,  Incubation was  carried  out  at

   300C,

   Symbols:  H[)-,  glutamate; 
--e-,

 glutamine;
   -A-,  glutamate  in the  control  mixture  (minus
   pyruvatekinase-phosphoenolpyruvatesystem).
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of  a-KGA  from citrate,  and  ATP  by the

pyruvate  kinase-phosphoenol  pyruvate sys-

tem.  Addition  of  a  small  amount  of  gluta-
mate  was  necessary  as  the  initial substrate

for GS  to start  the  reactions.

  The  nonrepressive  formation of  GS  and

GOGAT  in the  wild-type  strain  under  the
ammonia  limited-condition and  the  grewth
characteristics  of  the  mutants  defective in
GDH,  GS  and  GOGAT  revealed  the  im-
portant role  of  GS/GOGAT  system  in
ammonia  assimilation  by B. 

.X7avum.
 How-

ever,  it should  be noted  that  most  of  the

present resuks  were  obtained  with  mutants

which  synthesized  GS  and  GOGAT  consti-

tutively. Deepcr insight might  be affbrded

by analyzing  the change  in peol of  amino

acids,  especially  glutamine  and  glutamate,
with  ammonia  ConcentrationiSii?) and  the

growth  characteristios  of  mutants  impaired
only  in thc  GS/GOGAT  system.
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