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   S'Vhen rice  seedling  roots  were  fed 15N-arnmonium  fbr 1 hr, the amide  nitrQgcn  of

g}utaminc showed  the highest i5N  abundance.  IVIoreover, glutamine amino,  glutamic
acid,  aspartic  acid  and  alanine  showed  higher 15N  abundance  than  ammonium  did.

   In roots  whose  GS  activity  was  inhibited with  MS,  both thc  amount  of  ammenium

and  its i5N  abundance  were  increased. In  contrast,  both the amount  of  all  ercamined

amine  acids  containing  glutamic acid  and  their ibN  abundance  decreased in roots  whose

GS  activity  was  inhibited. From  these results,  it could  be  concluded  that  the first step

of  ammonium  assimilation  in rice  seedling  roots  was  mainly  glutamine synthesis  by GS
and  the secend  was  glutamic acid  formation by  the GOGAT  system.

   The  results  of  an  experiment  using  
i5N-labelled

 glutamine also  supported  this
conclusion.

    Cocking  and  Yemm  showed  (4) that  in intact roots  of  barley seedlings  fed with
i5N-labelled

 ammoniuTn  phosphate, the  amide  and  amino  nitrogen  of  glutamine
were  labelled most  rapidly,  and  suggested  that glutamine  occupied  the key position
in  ammomum  assimilation.

    Recently, we  have  shown  by the  
i5N

 tracer  method  (2) that  glutamine is a

primary product of  ammonium  assirnilation  and  is synthesized  from glutamic acid

and  newly  absorbed  ammenium.  These facts and  the presence of  glutamine:
2-oxoglutarate aminotransferase  (NADPH2 oxidising)  (glutamate synthase,  EC
2.6.l.53) (GOGAT) in several  plants (5, 7, 8, 10) suggest  that the  glutamine
synthetase-glutarnate  synthase  system  is a  main  route  of  entry  of  ainmonium  into
amino  acids  and  amides  under  certain  conditions.

   Investigation of  L-glutamate  : ammonia  ligase (ADP) (glutamine synthetase,

EC  6.3.1.2) (GS) in plant tissues (a 9) showed  that glutamine synthesis  was  closely

related  to the  external  ammonium  concentration.  In those  experiments,  GS  activity

was  reversibly  repressed  by increasing the  external  ammonium  concentration.

   Moreover,  the  GS  activity  of  crude  extract  from rice  seedling  roots  grewn  with

a  high ammonium  concentration  was  increased by  the  addition  of  a-ketoglutaric

acid  (a). Rhodes  et  al. recently  demonstrated  that  GOGAT  activity  showed  a

   Abbreviations: GOGAT,  glutamate synthase;  GS, .crlutamine  synthetase;  MS,  L-methionine

DL-sulfoximine;  GDH,  g]utamate dehydrogenase.
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similar  response  te cxternal  ammonium  cencentration  (iO), On  the other  hand,
the  universal  existence  of  L-grutamate  : NAD(P)  oxidoreductase  (glutamate de-
b.ydrogenase,

 EC  l.4,1.2-4) (GDH) in plants is well  known,  but the physiological
significance  of  this enzyme  is still not  clear,  especially  as  regards  its high Km  to      .
ammomum.

   The  present study  was  carried  out  to  detect the  presence and  the  function of
GS-GOGAT  system  and  GDH  dependent  glutamic acid  synthesis  during ammonium
assimilation  in intact rice  seedling  roots  using  the  15N  tracer method.

Materials and  methods

Plant: Rice seedlings  (Oryaa sativa  L. cv  Koshihikari japonica type)  were  grown
under  natural  light at  300C (day)-250C (night) for 2 weeks  after  germination in
tapwater,

 Seedlings were  transplanted  to ammonium  sulfate  mediurn  (N O.357eq
per liter) and  grown  for2 days under  the same  conditions.  The  culture  solution  was
renewed  every  day and  also  3 hr before GS  inhibition treatment  or  i5N  absorption.

GS inhibition: After washing  with  tapwater,  intact roots  were  immersed  in a
5 mM  solution  of  L-methionine-DL-sulfoximine  (MS), an  inhibiter of  GS. In the
case  of  crude  extract,  GS  inhibition was  perfbrmed by addition  of  a concentrated

MS  soiution  after  pretreatment with  ATP  as  described by Ronzio et al. (12).
Pmparation ofcrude as: For preparation of  GS  and  GDH,  40 m}c  Tris-HCI (pH
    and  O.3M  Tris-HCI  (pH 8.3) were  used,  respectively.  Washed, excised  roots
7.4)were

 hornogenized with  each  buflbr sQlution  and  fiitrated through  gauze. The
filtratcs were  centrifuged  at  500xg  for IO min.  All procedures were  done at  4CC.
iVeesurement

 of es  and  CDH  actievity: GS  activity  was  determined by a  modifi-

cation  of  the  method  of  Elliott (6). GDH  activity  was  measured  by the O.D. at
340 nm  of  NADH2  or  NADPH2.
Jilaeding

 ze,ith 
i51VLIabelged

 ammonium  or  glutamine: After washing  with  tapwater,
MS-treated  and  untreated  plants were  transplanted  into i5N-mediums  containing;

    A: O.357 meqlliter  15N-ammonium  sulfate

    B; 5mM  
i5N(amido)-glutamine

    C: O.357 meq/liter  
15N-ammonium

 sulfate  and  5 mM  i4N-glutamine

    D: O.357 meqlliter  
i4N-ammonium

 and  5 mM  i5N(amido)-glutamine.

Soparation of amino  acicis  or  ammonium:  After feeding with  i5N-labelled  compounds

for 1 hr, plants were  washed  with tapwater.  Then  the  roots  were  harvested and
homogenized with  hot 80%  ethanel  fbllowed by filtration. Ammonium  was
separated  from the  extract  by the  micro  air-distillation  method  (1) at  400C and

pH  10,0. Amino  acids  were  separated  by 2-dimensional silica  gel thin  layer
chromatography  (TLC) using  phenol-water  (4 : 1 vfv)  and  butanol-acetic acid-
water  (4 :l  :1  vfv/v)  respectively.

 . 
For  determination of  the  

i5N
 abundances  of  glutamine  and  asparagine  amino

nitrogen,  the arnide  fraction was  collected  by 1-dimensional TLC,  After hyclrolysis
of  the  amide  fraction, amino  nitrogen  of  giutamine  and  asparagine  were  separated

each  other  and  recovered  as  glutamic or  aspartic  acid  by 2-dimensional TLC  (2).
Determination of i5Ar:  The  15N  abundances  of  ammonium  and  amino  acids  

were

determined by  the emission  spcctrographic  method  given by Yoneyama  et  al.  (13).
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                       Results and  discussion

    The  inhibition of  GS  activity  in the root  extract  by MS  is given in Table  l,
which  shows  that  treatment  with 5 mM  MS  inhibited GS  activity  up  to 90%  within

2min  and  IOO%  within  5min. .Mter  preincubation with  Tris-HCI alone,  GS
activity  decreased only  slightly  after  MS-treatment.  It seems  that  the  inhibition
of  GS  by MS  requires  preincubation with  ATP  and  Mg++. The  same  trend  was

showR  in sheep  brain GS  by Ronzio et  al. (12).
    Table  2 shows  the  inhibition of  GS  activity  by MS  in intact roots.  GS  activity

of  intact roots  treated with  5mM  MS  for 10min  decreased markedly.  When
plants were  placed in a  medium  without  MS  for 70 min  after  8 min  MS-treatment,
the  inhibition of  GS  activity  increased rather  than  decreased. According to
these results,  we  decided to give 10 min  MS-pretreatment in subsequent  15N  tracer
experiments.

   The  effbcts  of  MS  treatrnent  on  GDH  activities  in intact roots  were  determined.

Table
 1 GS tt Eibition in {e-e..f.fYfectf bj M:S

   l-1

                                    Ms  treatillent (mff'n5' 

-'
 

"''
 

-"'
                                  ttt ttttttttttttttt tt tt tt                                               t tttt-tttttttt-ttttttt tt                                                          t t tt ttttttttttttttttttttttttt
                              1 2 3 4 s   tttttt     ttt           -t-tt tt                 ttttttt-tt ttttt                                 ...... Ttttttt-t -............                                                      ttttt ttt                                                              ttt- ttt

   Gs  activityb  o. o2s o. oo7 o. oo3 o. oo2 o. ool o. eoo

   Inhibition%  70 72 88 92 96 100

TheMsconcentratl6fi't.a'sMbms!. 

""'
 

'
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'-"
 

''
 

-
 

n"LL-'
 

'---

   1-2

                       . .-.m-....-. rtl[S.f}enF.e.!tration (II.l.M. )                                                      ...-.-r-........
                       0 O.l O.5                                              1.e 2.o s.o  .. ......-..T.ttttt.........                 ttttttt t                              tttt tt-ttttttt t                                          tt t-tt                                                         ttt tt ttttt

   Gs  actiuityb  o.o27 o.o2o e.olo o.e09 (o.o2o)C o.oo6 O.Oo4

   lnhibitien% O 26 68 69 (26 )" 80 85

MS  treatment  was  for 2 min.

"
 All samples  except  C  were  preincubated fbr 10 min  at  370C  with  1O mM  Na-ATP, 20 mM  MgS04

and  40 mM  Tris-Hal  (pH 7.40) before MS-treatment
b
 O. D. 540 nm.

"
 Preincubated only  with  40  mM  Tris-HCI  (pH 7,40) belbre MS  treatment.

TaPi.e
 2 .{.irie. ibittio.n. of9muS-i,l.tn-rg.ct rooi etMS-.-.. ..

                                  MSIrEatmenl'time'k'minY"L' 
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'

o 1 2 4 8 10

   GS  activity  O.036 O.031 O.e32 O.025 0.01S (O.O03)a O.O07

   Inhibition%  O 14 11 31 M  (92 )  ̀ 81
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Table 3 IlliZct ofArs treatmenl ore GDH  activit.y ofintaet roots. ..-Tt....       .--.. . .                 ..-T-t.....                       ttttt-ttt                            ttt t                                 t-                                        '
                                             Coenzyme

.... -  -m.  . ...... .--  -  NADH,'  

'''
 

"
 NA5PHE

       Control O. 042 O. OIO

       MS-trcated O.042 O.OIO
  tt      .-m ... .                    --tttt                        ..-.t.L.                              tt ttt                                       .. . ..-7
Activities are  expressed  as decrease in absorbance  at  340 nm  of  NAIi)(P)H., par ml'n.

rl"he

 results  in Table 8 show  that  GDH  activities  were  not  aflected  by MS-treatment.
The  GDH  activity  of  crude  extract  was  not  afil)cted  by the  addition  of  concentrated

MS  either.

    The  resuits  of  i5N  tracer  experiments  are  shown  in Tables 4-8. The  i･5N  abun-

dances
 of  amino  acids  and  ammonium  in roots  supplied  with  medium  A  are  givenin Table  4,          and  the quantities of  amino  acids  and  ammonium  are  shown  in Table  5.

Ip roots  without  MS-pretreatment,  the amido  nitrogen  of  glutamine showed  the

2i,gdhe.Sf.X･l,.ab\?d.a.",C',IP.i2W,,?di,,R-,Y,ghi.",ta,M,2C,2tiIlids.g,i,:if.rr,i`."f.IM･.ii?･a.aS8.a5ti8.af.ig
 'm.trogen

 were  higher than  that of  ammonium.  These results  are  inexplicable
without

 the  assumption  that there  are  diflerent compartments  containing  ammonium
as  one  of  their components  in rice  seedling  roets.  And  at  least one  of  these  com-

aTnar?tieni:m ,Zllf  i5hAtr 
ttbUndonoes
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AsparagineiZi i::
AlanineSerinc7-Amino
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Tab]e 5 Quantities eU/ree amino  acids  andammenium  in rice seedXing  rootj  treated and  untreated  tvith A4S-..-7 .... .....                  tt                     t ttt ttttt ttt t                                  '                                         -ttt                                            tt tt                                                   ttt
                             (A) (B)

..----
 

-i.S..Pf,ff,t,r,e.a.`g)ie"t
 iLr>1.S..p,r,e/t.r,e.aJp)ent i.BiLxioo

   Ammeniulll' 
'
 46.3 

--"
 

"
 

'ii5.3
 

'
 

'M"ff45
 

-'

   Glutamic  acid  70.8 54.8 77

   Aspartic acid  39.5 29.e 73

   Glutamine  II8.S II.8  IO

   Asparagine 42.0 24.2 58

   Aianinc 23.8 14.0 59

   Serine 16.0 12.9 80

   7-Amino  butyric acid  4.2 1.5 36

   Threonine 1.9 1.2 65

   Valine 6.6 4.9 78

   Leucine I.2 1.I 92

   Isoleucine 1.2 1.0 87..." .        tt            . .... ...7."...--...                            ttt- tt                                  .--t--.....                                               tt tt-- t t                                                          ttt-tttttt                                                                ........-tt.t.t-

partments must  be composed  of  ammonium  which  has a  higher i5N  abundance  than
any  amino  or  amido  nitrogen,

    Asparagine, especially  its amino  nitrogen,  showed  low  i5N  value.  Amido
nitrogens  of  glutamine and  asparagine  showed  remarkably  higher i5N  value  than
their amino  nitrogens.

    In roets  pretreated with  MS, in spite  of  the  decrease in total uptake  of

gmmonium (Table 6), the  quantity and  
i5N

 enrichment  of  ammonium  distinctly
increased

 compared  to roots  not  pretreated with  MS,  We  have  propesed  the
hypothesis (1, 2) that  most  of  the  glutamine is synthesized  adjacent  to the  outer

membrane  or  plasmalemma of  root  cells, through  which  ammonium  with  a  high
i5N

 abundance  permeates  from  the  external  selution.  Accordingly  it can  be
considered  that  the  increase in the  

i5N
 abundan ¢ e  of  ammonium  after  pretreatment

with  MS  might  be due  to enlargement  of  this ammonium  compartrnent  near  the
membrane.

    On  the other  hand, MS  does not  inhibit GDH,  but both the  quantity (Table 5)
and  the  

i5N
 abundance  (Table 4) ofglutamic  acid  decrease, in contrast  to  the case

of  ammonium,  suggesting  that  the main  route  of  glutamic  acid  synthesis  is not  from
ammenium  but from glutamine. Two  cases  are  possible for glutamine-dependent
glutamic acid  synthesis.  In the first case,  glutamic  acid  synthesis  requires  the
amido  radical  of  glutamine  as  a  direct nitrogen  source.  In the  second  case,  glut-

!]tlelai]!e 
6
 . gililrELt e.f. .Ars e.r.e!r.eatnien-t 

on
 .a..m...moniu. .n.z. 

Ttpta-ke
 b.y r.tlc-,ig-,di-i.ngs

            Contrel MS-pretreated
       ttt tt                  .....-..-....tt.Lt-...-.....                                 ttt -tttt                                         ttt                                                .. tL.-.....                                                            t tttttttttt-tt

             10.2 5.2
   t tttt -ttt ttt               tt ttttt-tttttt ttt                       ...--.mtt ....                                     tttt ttttt                                             tttt                                                   tt                                                            tttttt                                                                t t-tttttt
MS-pretreatment was  carried  eut  wilh  5 rnM  MS  for 10 min.  After the  nretreatment,  plants were
placed in a 5 ppm  ammonium  nitrogen  rnedium  for 1 hr. Uptake amouAts  are  expressed  as N  

,ubcr

per  plant･1 hr,
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amine  has the  roie  of  transporting  ammonium  to the site of  glutamic acid  synthesis

by GDH.  In this case,  the site  of  glutamic  acid  synthesis  is separated  from the

site of  glutamine synthesis,  and  glutamic acid  must  be carried  back to the site of

glutamine synthesis  as its precursor. Considering the  active  synthesis  ofglutarnine

under  certain  conditions  and  the low  permiability of  glutamic  acid,  it is not  likely
that  the  second  case  is dominant in the  glutamine-dependent glutamic acid  synthesis

observed  here. The  
i5N

 abundances  ofglutamic  and  aspartic  acid  does not  decrease
as  much  as  it does in the  case  of  amido  nitrogen  after  MS  pretreatment (Table 4),

suggesting  that  glutamic acid  synthesis  partially depends on  the  GDH  system

using  ammonium  with  a  high 
i5N

 abundanee  in roots  pretreated with  MS.  Con-
sequently,  it ceuld  be concluded  that  the  GS-GOGAT  system  is the  dominant path
ofglutamic  acid  synthesis  in rice  seedling  roots  and,  at  least under  certain  conditions

such  as  high ammonium  concentration  in the  roots  due to MS-treatment, the

GDH  system  partially contributes  to its synthesis.

    The  i5N  abundances  ofamino  nitrogen  of  glutamine and  asparagine  remarkably

decreased after  pretreatment  with  MS.  This is probably  due to  the  inhibition of

glutamine  synthesis  and  decrease of  the 15N  abundances  of  glutamic and  aspartic

acid.  Moreover, it is noteworty  that  the  i5N  abundance  of  a$paragine  amido

decreased remarkably  after  pretreatment with  MS,  in spite  of  the  increase of  the
i5N

 abundance  of  ammonium  (Table 4). This suggests  that  glutamine has a

certain  role  in asparagine  synthesis.  It has already  been shown  (2) that, in rice

seedling  roots,  incorporation of  
i5N-labelled

 ammonium  into asparagine  had a  lag-
time  whereas  incorporation into glutamine and  ammonium  did not.  Hence,  it is
thought  that  asparagine  is synthesized  getting its amido  nitregen  mainly  from

glutamine  amido  directly. It is conspicuous  that  the  i5N  abundances  Qf  many

amino  acids  becamc much  lower than  that of  glutamic  acid  aftcr  prctrcatment  with

MS.

    Table 7 shows  the  i5N  abundances  of  free amino  acids  and  ammonium  in rice

seedling  reots  after  1 hr absorption  of  
i5N(amido)-glutamine.

 As shown  in 1"able
7, asparagine  amido  has much  a  higher i5N  abundance  than  that  of  ammonium  in
roets  not  pretreated with  MS,  Although in roots  pretreated with  MS  the  

i5N

abundance  ofglutamine  amido  decreased, these of  asparagine  amido  and  ammonium

were  11%  and  138%  higher respectively  than  in the  case  ofuntreated  roots.  These
results  also  suggest  the  predominance of  glutamine-dependent asparagine  synthesis

and  a  minor  synthesis  depending  on  ammonium.  Accordingly, it could  be assumed
that  L-aspartate  : L-glutamine  amido-ligase  (EC 6.3.5.4) exists  in rice  seedlings.

Rognes has recently  demonstrated its existence  in Lzipinus luteus (11).
    Moreover, Table 7 shows  that, in roots  not  pretreated with  MS,  the  i5N  abun-

dances of  glutamic acid,  aspartic  acid,  asparagine  amido,  alanine  and  glutamine
amino  were  higher than  that ofammonium.  In this experiment,  external  ammoni-

um  was  not  supplied.  In this case,  glutamine-dependent glutamic  acid  synthesis

might  play a  more  impertant  role  in supplying  the  amino  nitregen  to other  ainino

acids  than  in the  case  of  ammonium-feeding  experiments.  Data  presented in
Table 7 show  that  the  

i5N
 abundance  ef  glutamic  acid  is more  than  2 times  higher

than  that  of  ammonium,  and  this ratio  is larger than  that  in the  ammonium-feeding

experiment  in Table  4. From  these  censiderations  also,  it could  be concluded

that glutamic acid  synthesis  is mainly  GOGAT-dependent,
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Table 7 71Ee i5AT  abuntinnces  effree  amino  acids  and  a7nmonittm  in rice seediing  reots  ofiter
i5AJ

 (amidb)-glvtapninea

                     -"..Jt. MS  .pretrgaSI/I/}ent 

'---:
 

-M-S
 piEtreatment

  (A)atom%ex.indexb

Ammonium

GIutamic  acid

Aspartic  acid

Glutamine [#:l.::
Asparagine[#l l.ndOo
AlanineSerine7-Amino

 butyric acid

Threonine

ProlineTyrosine

Cysteic acid

ValineLcucine.
 Isoleucine

2.505.

 645.

 309.

 242.21S.

 791.0S3.

 651.56O.

 94O.
 63O.
 58O.

 37O.
 65O.
 39O.

 28

1 hr absoiptien  of

44Ioo941643967236528

 17

 11

 10
 712

 7
 5

  (B)atom%ex.

a
 isN  4g.6 atorn%  ekcess  

'ifi-ifil"dL.
 IIr/lrog'e-i.

b
 Glutamic acid=100.

indexb
(B)-

× loo
(A)

5. 954.

 283.
 627.
 93O.

 304.
 21O.57L81L07N.D.0.

 51O.

 21O.07ND.O.

 10O.12

IS91oo85185

 798

 134225

 12

 5

 2

 2

 3

238

 76
 68

 86

 14ill

 55

 50

 69

 81

 36

 19

 26

 43

    Table 7 showed  that, in roots  pretreated with  MS,  ammonium  had  a  much
higher i5N

 abundance  than  in untreated  roots,  suggesting  active  relea$e  from
glu!amine  amido  and  reincorporation  into it. All amino  acids  except  asparagine

amido  and  ammonlum  in roots  pretreated with  MS  showed  lower 15N  abundances

than  in untreated  roots.  But the  decrease in these  i5N  abundances  after  MS-
treatment (Table 7) was  less than  that  in the ammonium-fed  experiment  (Table 4).
Hence, exogenous  .crlutamine  could  be assumed  to partially corripensate  for the de-
crease  of  glutamine  synthesis  after  MS-treatment,

    The results  ofexperiments  in which  plants were  supplied  with  15N-ammonium

and  
14N-glutamine

 (medium C), and  
i4N-ammonium

 and  i5N(amido)-glutamine

(medium D) are  given in Table 8. The  chemical  composition  ef  both  media  were

equal;  hence the nitrogen  metabelism  should  be the  same.

    In roots  unpretreated  with  MS,  the  i5N  abundances  of  all exarnined  nitro-

geneous compounds  were  higher in roots  fed medium  C, showing  that  the  ammonium

is absorbed  more  easily  than  glutamine.

    Generally, the  pattern of  
i5N

 abundance  indexes (glutamic acid==100)  are

similar  fer roots  unpretreated  with  MS  in both media,  indicating that ammonium
and  glutamine amido  nitrogen  are  mainly  metabolized  through  the  same  pathway.
In roots  fed medium  C, a  remarkable  increase in the  i5N  abundance  of  ammonium

compared  to other  amino  acids,  as  well  as  a  relatively  small  decrease in the  i5N

abundances  of  glutamic and  aspartic  acids  after  MS-pretreatment were  observed.
In

 roots  fed medium  D, the  
i5N

 abundance  of  ammonium  decreased, and  those  of
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   'ammo
 acids,  except  7-aminobutyric  acid,  valine  and  amino  nitrogen  ol' glutamine

and  asparagine,  increased after  MS-pretreatment.  This might  indicate that  thc
i4N-ammonium

 in the  roots  increased, and  the  incorporation of  i4N-ammoniurn

into amino  acids  via  the  GS-GOGAT  pathway decreased due  to GS  inhibition,
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