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SUMMARY 

I. "i 'ryt)tophan svn the tase  (L-serine hydro- lyase ,  E('  4.2.1.2¢)) has been demon-  
s t r a t ed  in ex t rac t s  from pure cul tures  of Anabaena variabilis, a blue-green alga, and 
('hlorclla cllipsoidca, a green alga. The character is t ics  of these enzymes were compared  
with tha t  of bacter ia  arm Neurospora crassa. 

2. Both the algal  t r yp tophan  svnthe tases  were separa ted  on a S e p h a d e x  G - l o o  
column into two components .  One component  (B) possessed full ac t iv i ty  to form tr.vp- 
tophan  from indole wi thout  the second c . m p o n e n t  (A). A only in combina t ion  with 
B, was able to form t r y p t o p h a n  fl'om indole glycerol~hosphate.  Component  A of the 
t r y p t o p h a n  svnthe tase  from ei ther  Escherich.ia coli or Sahnonella t3'phimurium could 
cmuplement  c(~mp(mexlt B from ei ther  of the two algae in the conversion of indole 
g lwe rophospha t e ,  but  the algal component  A could not coml)lement l)acterial  c .m-  

p -nen t  B. 
3. : \n t i se rum against  Salmonel la  component  I¢ weakly  neutra l ized Anabaena  

trypt ,~phan synthe tase ,  while an t i se rum against  component  B from Neurospora  did 
not.  ()n the c - n t r a r y ,  ( 'hlorel la  t ryp to l )han  svnthe tase  was very weakly  neutra l ized 
by an t i se rum to the Neurospora  enzyme,  but  it was not aft'coted by Salmonel la  ant i -  
serUlll. 

4. Phyh,genet ica l ly  discussed, the two algal enzymes were considered to l)el~mg 
in the bacter ia l  g r . u p  r;tther than in the  fungal group. 

I N TI,IOI)I,'CTIO N 

Tryp tophan  svn the tase  (L-serine hydro- lyase ,  ]:.C 4.2.1.2o) has been s tudied  in 
a fungus Ncurospora crasscP and in various bacter ia  such as Eschcrichia co/i", Nal- 
monella typhimurizon, Scrratia marcesccns a.'~ and lh¢cillus s ubtilis ~. In every case it 
has been s h . w n  to ca ta lyze  three reactions.  

ln(lole ~lyccrol)hosphatt, - .  l.-serine .÷ L-tryptophan 
lmlole -. L-serinc • ~- L-tryptophan 
Indole glycerophosphate -> indolc t- D-gl.vceraklehyde 3-phosphate 

(_,j 

(3} 
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In N. crassa all 3 reactions are catalyzed by a single protein species 6,7. 
The enzyme from another  fungus, Aspcrgillus niger, showed a cross-reaction 

with an t ibody against N. crassa td. I4r  enzyme but not with an t ibody against Sal- 
monella enzyine (KENJI SAKAGUCHI, untmblished results). The same phenomenon 
was observed in the case of Saccharomyces, another Ascomvcetes s. 

The try'ptol)han svnthetase of the above flmr bacterial species was composed 
of two dissociable protein components  termed ;\ and B. Investigations with E. toll, 
N. ty'phimurium and S. marccsccns have shown that  the two pr(~teins are required fi~r 
the maximmn act ivi ty of the above three reacti(ms, and that  component  A (tool. wt. 
about 3 ° ooo) :~ possesses the active center fin Reactiml 3, whereas component  1-~ 
(tool. wt. about IOO ooo) n~ is the site fiw Reaction 2. "l'he physiological reactiml (Re- 
action i) depends on the integrity of both components  aud does not involve free 
indole. The enzyme from B. sublilis was similar in this respect, but its component  B 
effected Reaction 2 without  component  A. 

The structural  similarity" of the enzyme from E. colt, Salmonella and Serratia 
was tested by two methods ~. In conlbining the two components  from the three 
enteric bacteria, no decrease of complementat ion efficiency was observed on Reaction 
2, while the antiserum against E. coli component  A showed a difference of neutralizing 
efficiency compared to the other comp(ment A derived from ,qahnonella and Serratia 
(3o0~, and less than 5".o, respectively). Antiserum against E. coli component  B neutral- 
ized the B component  from the other two species of enteric bacteria with equal ef- 
ficiency, but precipitation in gel by the ()VCHT~.:I~LO.XV 24 technique showed spurs and 
disclosed differences anaong them. 

The peptide pat tern of a-sulmnits (A-proteins) disclosed common peptide 
regions between E. coli, S. typhimurium and A crococcus acro<,cm's, and nearly identical 
pat terns  within E. coli species and Shigclla dysentcriacV', is. 

Tryptq~han sy'nthetases were also demonstra ted in higher green plants vt ~ 
However, their dissociabilitv was not studied, their relationship with bacterial ~,r 
fungal enzyme being unclarified. 

From the genealogical point of view, A. ;'ariabilis, a blue-green alga, and (7. 
cllipsoidea, a representative green alga, were selected and investigated. Both algae 
contain a t ryp tophan  svnthetase dissociable into two components  rather similar to 
the bacterial type. Their properties and c.rrelati(m with fungal or bacterial enzymes 
arc also described. 

MATEI,HAI.S AND ME'rH()I)S 

Culture of ,4. ~'ariabilis 
A pure strain of A. variabilis (Meyer's strain) was received from l)r. Francis 

Haxo 's  laboratorv.  Cells were grown in Kratz-Meyer ' s  inorganic ined iun?L/ \ i r  mixed 
with o.5-3(}i, ( '02 was sterilized through a cotton filter and bubbled into the medium. 
The cultures were irradiated with light from two banks of tluorescent lamps to 5 ° ft- 
candies. Cultures in 4o-1 carboy flasks were carried out at 23 ~ fiw 2 weeks, harvested 
using a Sharples centrifuge and washed with o.I M phosphate buffer (pH 7.8). The 
packed cells were frozen and stored at - 60 °. No loss of e.nzyme act ivi ty was observed 
during 2 months.  

H~,,chim. tliophys. Acta, 22o ( t97o)  58o 5()3 



5~2 K. ,'.:,AKA(;17CH I 

Ellz~'~Hc assays 
The ac t i v i t y  of the three reacti<ms was assax'ed by the method  of l.)I.:3Ioss ~s. 

The microassav method  was used t~ detect  the enzx'me activity, for React ions I and 2 
(ref. 5). When the enzymic ac t iv i ty  was too low to be de tec ted  by c~,lorimetric method,  
o. t [tnl¢~le ~f [tl(" i,adole was used in the react ion mixture ,  and the r ad ioac t iv i t \ '  of 
the ~C]tryt>tol>han produced was counted ~u. lndole  glycerol>host>hate was prepared 
enzvmicall\" from anthrani l ic  acid by a procedure  developed by SMITH :\X~) YAXoV- 
sKY z°. Protein  was es t ima ted  by the method of l.ow~¢Y ctal.  2'. The specific ac t iv i ty  
of the enz\ 'me is defined ;is the number  of umoles of try'Im>phan f~rmecl, per the number  
~f/~moles of subs t ra te  uti l ized,  per mg protein  per h. 

Partial purzjicatio~t of ,IJtabae~ta trvptoflha, s3,nthctase 
All ot>erations were perfi~rmed at  o -6  ~. All centr i fugat ions  were carried out  in 

a refr igerated centr ifuge at  13 ooo × g fl>r 2o rain or 3 ° ooo "< g t'~r 15 rain. Thawed 
cells, suspended in o. I .~[ Tris c i t ra te  buffer (pH 7.8) were d i s rup ted  in a French press. 
Af ter  centr i f i lgat ion to remove cell debris,  I. 5 ' '0 p ro tamine  sulfate solution (p l I  7.o) 
was slowly added  to a volume I/7 or I/6 of the superna tan t ,  of which the protein 
concent ra t ion  was around IO mg/ml.  After  s t i r r ing fiw 2o rain the solut ion was centri-  
fuged. The supe rna t an t  was supp lemented  with NaC1 to a final concentra t ion of 1.5 hi, 
I,L-serine to r" io  -4 M, t>yridoxal phosphate, to 4" IO .a 3I, E I )TA to 2 - I O  .t M, and 
(;.qll to 2.  I(> ' M, in order  to s tabi l ize  the enzyme against  heat  t r ea tmen t .  The pI-[ 
was ad jus ted  to 7.8, the solution was heated to 55 .0 in a 9o ° water  ba th  and immedia t e ly  
t ransfer red  to a water  bath  of 55 '  where the t empera tu re  was held :it 55: for 5 rain. 
After  immersi<m in ice, the solution was centrifl lged. The protein p rec ip i ta ted  fl~,in 
the supe rna t an t  between 2o and ()5"£, (NH4)2504 sa tura t ion  was collected. This precip- 
i ta te  could be s tored in the frozen s ta te  if ne<'essarv. 

"l'he prec ip i ta te  was dissolved in a buffer of "Fris c i t ra te  (o.o 5 31 at  pH 7.8), 
supt)h,n~ented with N a ( l  (r. 5 M), pyr idoxal  phost>hate (2 -IO 4 M)and  (;.qH (r • i(> .t M). 
('<~lunm ch roma tog raphy  was carried out  ~,n a 4.5 cm :-< ioo cm column of .qephadex 
(;-IOO which had been equi l ibra ted with the above ment ioned buffer at  4":. 5 -I111 
fract ions were c , I lec ted  appr,>ximately every 5 rain. The elution of protein was 
l~llowed by  al>sorl>ance measurvmeIlt  at  28o rot,. ( ' omponen t  B fractions were esti-  
ma ted  by  the microassa\" meth~d fiw React ion 2, the appr~q>riate fract ions heat-  
t rea ted  at 8 o  fiw IO rain, and the prec ip i ta te  d iscarded af ter  <'entrifllging. Usual ly ,  
a 6o-fold tmritied Anabaena  component  t~ was obta ined.  

(7ullurc of ('. cllipsoidca 
2oo ml of a tmre cul ture of C. ellipsoidca ( ' l ' amiya 's  strain) were received from 

l)r. S. Mivachi  in l)r. A. Benson's  laboratory.  5(> nil of  the cul ture were inoculated 
into 4 1 of Mivachi 's  medium in 5-1 conical flasks, l ight being i r rad ia ted  from the bo t tom 
and both sides to an in tens i ty  of about  2oo ft-candles.  In the ear ly period of growth,  

the light in tens i ty  was diminished.  
The cul ture medium (Miyachi 's  medium) c<mtained KNOa (I.26 g/l), MgSO4 "7 

H.,O (o.63 g/l), KH2PO t (o.31 g/l), FeSO.~ (o.o06 g.,'l) and Kra tz  Mever 's  microelement  
solution I ml/1 (ref. io). Air  mixed with 3~i, CO,, was ster i l ized through a cott<m filter 

and but>bled into the medium. 

l~u,chtm. Humph3:.< Acla. -2o (,<~7 o) 5b;o 5<~.~ 
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(;ells were harvested after culturing fi~r about 5 days. After washing once, the 
packed cells were frozen and stored at 6o °. 

Partial purification of Chlordla trvptophan svnthctasc 
The pr.cedures were identical to those used to puri~.' the tryptophan synthetase 

of Anabaena, except that the heat treatment was omitted since the Chlorella enzyme 
is heat labile. An extract of the cells was prepared by disrupting the thawed calls 
suspended in o.t 3I Tris citrate buffer (pH 7.8) by passing the cell suspension 3 times 
through a l:rench press. After centrifugation and protamine sulfate treatment to 
remove cell debris and nucleic acid, the protein precipitating from this supernatant 
at 25-7o% (NH4).,SO a saturation was collected. The precipitate was dissolved in a 
lmffer containing 1.5 .M NaC1 in the same mamaer as described flw the purification of the 
Anabaena enzyme and dispensed onto the top of a Sephadex ,G-ioo column. Fractions 
containing the components 13 and A were found by the microassav inethod for Re- 
a c t i o n s  2 a n d  I .  

Mah'rials 
Indole glycerophosphate was prepared according to the method of I)I.:Moss ~s. 

[lff;]Indole was purchased from the International Chemical and Nuclear Corp., City 

T A B L F  1 

"I'HRI'2E R F I A C T I O N S  O F  A N A B A E N A  T R Y P T O P H A N  S Y N T I I E T A S E  

"fo assay Reaction i, 5 o / tmoles  of potassium phosphate  buffer (pH 7.8), 2o/ tg of p.vridoxal 
phosphate,  4 ° t~mnles of L-serine and 0.5 lLmole of indole glycerophosphate were incubated with 
the enzyme preparat ion in a final volume of i.o ml at 37", and t ryp tophan  was assayed ;is des- 
cribed below. To assay Reaction 2, the same procedure was utilized except tha t  o.5/, inole of 
indole was subst i tu ted for the indole glycerophosphate,  and the disappearance of indnle was 
determined as described below. To ass;tv Reaction 3r, 5 ° /*moles of potassium phosphate  butler 
(ptt 7.8), 6.t~/,moles of indole and 6.6/nnoles of glyceraldehyde phosphate  were incubated with 
the enzyme preparation,  and indole glycerophosphate was determined as described below. In 
certain cases 2o leg of pyridoxal phosphate  and 4 ° temoles of L-serine were added to the reaction 
mixture.  The reactions, after the incubation at  37 ° for 3 ° rain., were s topped by heating in b,filmg 
water for 2 min and ice-cooling. The reaction mixture  was then extracted with 4.0 nil of toluene, 
and an al iquot of the toluene layer was assayed for indole bv aci(litied p-dimethylaminobenzal- 
dehyde reagent. The reaction mixture  was extracted again, and t ryp tophan  was determined by 
the t ryp tophanase  procedure ~. Indole glycerophosphate remaining in the aqueous layer was 
assayed by the periodate oxidation procedure ~s. 

Reaction Enzyme .'1 ctivity 
preparation 

I lndoleg lycerophospha te  -:. serine + t ryp tophan  Crude extract  o . o i l / m m l e / h  per nag protein 
2 Indole-;  s e r i n e + t r y p t o p h a n  Crude extract  0.o2 7 /maole/h per nag protein 
3r Indole -: glyceraldehyde phosphate  ~ indole Mixture of o.021 tlnmle/ml per h 

glycerophosphatc  partially 
puritied .X 
and B 
components  

of Industry, Calif. Neurospora tryptophan synthetase antiserum was a generous gift 
from Drs. S. Fmsign and S. Kaplan. Serratia tryptophan synthetase component A 
and the antibody against Salmonella component 13 were supplied through the courtesy 
of I)r. E. Balbinder. 

lliochim. Hiophys..4cta, z2o 097  o) 58o-5c~3 
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R I':S I' I.T~: 

Tryptophan svntln'lasc ,.I .-t. ;'m'iatnlis 
Thrcc rcaclimzs of ..I mdmcmt c~zc.,mc. The crude  ex t rac t s  showed a low a c t i v i t \  

for React ions  I an d  2 {'l'able l), the specific a c t i v i t y  t~eing abou t  (me- ten th  t ha t  of the 
.\'. crassa crude  ex t rac t .  The  rate  (ff Reac t ion  I did not exceed t ha t  of  Reaetior! 2, 
sugges t ing  the  p(>ssil~ility (~1 a t w n - c o m p o n e n t  sx'stem. Since Reac t ion  3 11.11(1 the  
reverse react i(m were \ e r v  slow even whell the rea( ' t ion mixture was supt)lemented 
with high concen t ra t i (ms  (d" ind(lle and  gly.( 'eraldehyde t)host)hate to accelerate  the  
reverse rea¢-tion 1~, pa r t ly  lmri t icd c(m~p(ments A and  13, which were f r , tc t ionated  on 
a Sephadex  G- Ioo  co lumn,  were mixed,  and  their  a c t i v i t y  . n  the reversed Reac t ion  3 
was d e m o n s t r a t e d  ( ' l 'able I, Fig. I). 

( 'hromatography. A typical  p a t t e rn  nf pro te in  and  e n z y m e  ac t iv i t ies  o b t a i n e d  
by chronmt(~grat~hy is shown in Fig. i .  The  c(mq)onent  I ~, a c t i \ i t \  was ol~served (Tubes  
2o 27) w i thou t  Sul>plcnwntat i(m (if comp(men t  A. "['he r e c o v e r \  of Reacti(m 2 m ' t i v i t v  
was . \ ' e r  8()",,. N~mc , f  the  f ract ions  (ff (" mp(}llent l{ were able  to c(111\.'ert indole 
glycerophost lha te  i n ln  t ryphq~han .  

A 
280 m~ ~,mo~s/~- 
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0.3 06 I 
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FiR. i .  , % . p a r a t i u n  (~t" . . \ n a b a c n a t  t r y p t t ) | ) h a n  s \ ' n t h c t 0 . s c  i n t o  t w o  ( ; (Hllp( ln{ql ts  w i t h  , ' ~ c p h a ( l c x  
( ; - l o t )  t '()ltlll 'lll, l"r~lt ' t i( l l l~tlioll  p r o c c ( h l r e  w a s  a s  t icScl-i | )c(l  ill .MATERIAI,S AND Ml.:rl.lt)r)s. ( ~ o l l l p o n e l l t  
1"~ \ \ ; i s  ~lSy;~l'~'l'd ['(11" I { t ' a c t i ( m  2, a l l d  c o n / l ) O l l c n t  , \  \Vil,q ~l.:-;S;l\'t'd ill tilt," pl't?St'llC(? o f  t i l t!  :-;atllrill, illK 
alnount of compolwut 1~ for Reaction [ as dvscribcd in tllc lcgcml of Table I. l"luting Imticr: 
o.,~ 5.M Trim citrate (pll 7.8), 1. 5 .M NaC1. t ' l o a  M I".I)'I'A. l.o.xo :'.Xl pyridoxal l)lmsphatc. 
I -l(~ i M ~lutathionc. 

The d i s t r ibu t i (m of c . m p o n e n t  A activit \"  in Fig. ~ could be de tec ted  ~mlv by 
~Upl l lementa t ion  ,ff c o m p o n e n t  B. C o m p o n e n t  :\  i tself  showed no reac t ion ,  or \ ' e r r  
slight a c t i v i t y  in c o n v e r t i n g  indole  an d  g lyce ra ldehyde  phosl)hate  to indole  glycern-  
phosphatv .  

\Vhet lwr  :\iltl.l)Kella conlpOllellt  l~ is comple te ly  i n d e t ' e n d e n t  for Reac t ion  2 ~,r 
whe thc r  cOUll)Onellt ..\ can c o n t r i b u t e  to the reac t ion  to a n \  e x t e n t  was tested,  S i l l ( ' c  

c o m p o n e n t  B of m e m b e r s  of l£n te robac te r iacvae  have  low ac t i v i t y  for Reac t ion  e, 
which is g rea t ly  enham 'cd  by the add i t i on  of c o m p o n e n t  A (refs. 3, 4). The resul ts  m 
"l'abh'. II indica te  tha t  A n a b a e n a  c o m p o n e n t  13 was fu l l \  ac t ive  in forming t ry tm~phan  
1I-O111 indnle  wi thou t  a n y  addi t i (m of COlllt){~ncnt A. 

]h,,clnm. l¢.,plo'x. .-Iota. zzo (IO7 o) 5so-5o3 
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T A BI.I". I 1 

I N I I E P E N D F N C E  O F  A N A B A E N A  C O M P O N E N T  |{ l,'OR T I I E  R E A C T I O N  OF  I N D O L F  .. BEl l INI ' ;  --+ T R Y I " I ' O -  

t ' I t A N  A C T I V I ' r Y  

T h e  assay" p r o c e d u r e  w a s  ;is d e s c r i b e d  in t h e  l e g e n d  o f  T a b l e  1. A c t i v i t y  is e x p r e s s e d  a s / t  i o e q l  
p t ! r  O. 1 1111. 

( ' 0 m p m w n t  Indolr ---> tryptophan lndMr glyccrophosphatc > tvypt,,pha~ 

. \  0 . 0 0  ¢ ) . 0 0  

B o. 2,S 5 o .oo  
A "  -F B o . 2 0 o  o. tSo  

" :~, S a t l l r ; i t i n  R a m o u n t  o f  c o n l p o l ] C t ] [  m ~v;lg a d d e d  t o  C O l l l p O l i e l l t  ]{. 

The doubt  tha t  component  : \  may  have con tamina ted  tile component  B fraction 
was excluded in this exper iment  by heat ing the component  B fraction to 8o- for io  
inin m 1.5 M NaC1 solution. ()nly component  B could survive this heat  t r ea tmen t  and 
component  A was coInpletely des t royed,  as will be descr ibed later.  Table  I I also shows 
tha t  the physiological  react ion (indole g lycerophospha te  ~ tryptot~han ) was only 
ca ta lyzed  through cooperat i~n of the two conlponents ,  ne i ther  component  having  
any ac t iv i ty  in this react ion by itself. I t  is no tewor thy  tha t  S ( ' I I W A R T Z  AND ] { O N N E R  '5 

repor ted  the independent  ac t iv i ty  of B. sublilis component  B f rac t i ,n  in React ion 2, 
though qua l i t a t ive ly  4. 

Effect of various salts on t/,' acti','itv oJ Reaction 2. The effect of Kal t t ) ( ) , ,  K('I, 
Na('l ,  NH4('I and sodium c i t ra te  on the Anat)aena B component  was tested.  Each 
salt was added  to the react ion mixture  at  a concentra t ion  of o.1-2 M, incubated  for 
2() mm at 3 f ' ,  and  the d i sappearance  of indole assayed.  In the same way, the t ryp to -  
phan syn the tase  from N. crassa td  I41 (an indole-ut i l iz ing mutan t )  was tes ted for 
its s t imula t ion  by salt  concent ra t ion  of 2 M, and only about  a 2o°.i, decrease was 
observed with KaHPO , and NII.~('I at  concent ra t ions  above r M. 

The Anabaena  enzy.'me showed a slight increase of its ac t iv i ty  at  i and 2 M NaC1 
and sodium ci t rate .  However ,  this effect is far I)el.w the cat ionic effect on E. coil 
and B. subtilis t r y p t o p h a n  synthe tase ,  fi)r which about  a 3-fl~ld increase of React ion 2 
ac t i v i t y  was shown with ~ M NHIC1 and KC1, respectively-'~, "a. Neurospora  enzyme 
did not show any  im'rease in ac t iv i ty  with addi t ion  of salts. In this respect,  Anabaena  
enzyme did not resemble the en terobac ter ia l  enzyme.  

F.Jfvct of .VaC;l on th,' hcat stability of componcJd B. The increase of React ion  2 
ac t i v i t y  by  NaCl suggests a change in the thermosta l ) i l i ty  of component  B with 
s:dt e ,m 'en t r a t ion .  Component  I3 of A. ",'ariabilis, which has a ra ther  high op t imal  
growth  t empera tu re  of 37 ~, was s table  on heat  t r ea tmen t  at  7 o~ fi)r Io min in ¢).¢)5 M 
Tris buffer (pH 7.8). The inclusion of t. 5 .Xl NaCI enhanced the heat  s t ab i l i t y  of COln- 
ponent  t~ against  heat ing at  8( )  fl)r 3 ° rain and also its tolerance to freezing and 
I hawing. This enhanced s t ab i l i ty  was an advan tage  for the puri t icat ion of this enzyme.  

()n the o ther  hand,  component  A of this algal enzyme was coinph: tely des t royed  
by heat ing at  7 ¢` for ro rain, even with the addi t ion  of r.5 M Na('l .  

l'hcrmal im~cliration cur;'e of compom'nl B. Thermal  inac t iva t ion  of compone.nt B 
was examined  in an a t t e m p t  to ('onfirn~ tha t  component  ,.\ was not required fi)r 
React ion 2. E. coli and Salmonel la  component  13 could express only about  one-hun- 

ll*.ch~m. Hi.phys. .4Ha, 22o (197o) 5So-5~L~ 
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(hcd th  of their  full a c t i v i t y  wi thou t  c o m p o n e n t  A. I f A n a b a c n a  conq)onen t  1~ requi red  
its c o m p o n e n t  : \  fl)r full cxp rcs s i . n  of its act ivi ty ' ,  a t w o - c o m p o n e n t  t he rma l  inac- 
t i va t i on  curve  sh~mld have been ~4)served. It  is t~ I)c rcIIleinl)crcd t ha t  und~'r the test 
condi t ions ,  the algal comp~mcnt  A was far m - r e  labile t h a n  c,,mt)om~nt B, ;tnd the 
algal c n z v m c  s h - w e d  ,rely a small  increase in its a c t i v i t y  by  the s u p p h , m c n t a t i t m  ~fl 
N a ( l .  Fig. 2 ~hows tha t  the  heat-stat) le  c o m p . n c n t  in the  t!ilz\'I]lC sohl t ion  was less 
t han  2%,  and  this  was t m , b a b l y  caused by the visible agg lu t ina t i ,  m - f  the pro te in  
f - l lowing hea t ing  at r)o . Icroln this  curve,  al/d f w m  the rcsul ts  . b t a i n c d  b \  chr tmla to-  

too 

i 10 ~\\ 

16  \ 

z t 

0 1  i 0 10 .2'0 ~ 40 50 6'0 70 
PRE-INCUBAIION TiME (ram) 

Vi~4. 2. lh:at inactivation t)f ;\no.l'KlCllO. tryptophan synthetase componunt ]'k "['hc £()Illt)oncllt 
was prcincubatcd at 9o  for thcmdicatud pcriod, coolcd in ice, and the remainingcnzynlcactiv~tv 
flJr Rcactitm 2 was assayed as usual. Reaction: indolc -: scr inc-+trvptophan.  Condition: q o  
in o.o 5 M Tris-citratc buffer (pIl 7.8), T. 5 M NaCI. I ' It)-3 ~l I-I)T.\, .t . 1¢) s M pyridoxal phos- 
phate. I • to :, M glutathione. 

g raphic  s epa ra t ion  of the  two c o mp o n e n t s ,  it was conc luded  tha t  c o m p o n e n t  B of the 
A n a b a e n a  enzvnw, was i n d e p e n d e n t  from c o m p o n e n t  A in Reac t ion  2, in f , , rming 

t r y p t o p h a n  from indole. 
Complemcntalion of :lm~bacna tyyptophan svuthetasc compom'nts a'ith bacterial 

compom'~zts. Since we have  c o m p o n e n t s  A an d  lg of A n a b a e n a  enzyme ,  it is possible 
to compare  the i r  re la t ive  a t t lni t ies  wi th  bac te r ia l  c o m p o n e n t  t~ or A 1)x" s a t u r a t i o n  
exper imen t s .  In c o m p l e m e n t i n g  a l imi ted  am~,unt of . ; \nal)acna c o m p o n e n t  B with 
var ious  a m o u n t s  of Sa lmone l l a  c o m p o n e n t  A, a s a t u r a t i o n  curve  in Reac t ion  I was 
o b t a i n e d  as p resen ted  in Fig. 3- o. i  un i t  of  Sa lmone l la  c o m p o n e n t  : \  man i f l ' s t ed  on ly  
o.oo 7 un i t  of  l¢.cacti4m I a c t i v i t y  when  it was mixed  wi th  0.~ un i t  of  A n a b a c n a  com- 

p, men t  B. 
The  low aff ini ty  of the bac ter ia l  a n d  algal c o m p t m e n t s  was d e m o n s t r a t e d  in 

ano the r  way.  In  mix ing  ~ un i t  of  Sahnone l l a  c o m p o n e n t  B with o.I un i t  ()f A n a b a c n a  
c<)mp()ncnt A, the  e n z y m e  a c t i v i t y  reached s a t u r a t i o n  and  s taved  at 5 3 %  "f  the 
a c t i v i t y  (~xl)ressed by  th(' no rma l  algal comt>onents.  This  ra t io  ()f ( '()mt>h'mentati,)n 

l¢iochim, lCmphys. ..tcta, z ,_o (197 o) 38o-593 
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Component A unJts o d a e d  

15 2 0  

I 
40 

Fig.  3, S a t u r a t i o n  c u r v e  o f  . \ m t b a c n a  c o m p o n e n t  I a, w i t h  . - \ n a b a e n a  a n d  S a l m o n e l l a  c o m p o n e n t  A. 
O.I llllit  o f  Alla[J;LcI1R COll lponcl l t  1~ w a s  StlpplelTlente(1 with  var ious  itlllOlllltS o f  mlli!.ll;.lella Of 
S a l m o n e l l a  c o m p o n e n t  .,\, an(1 i t s  a c t i v i t y  for  R e a c t i o n  ] w a s  a s s a y e d .  

can be an index of relative affinity between two try'ptophan svnthetases from diflerent 
sources (Fig. 3). 

This ratio was assayed by combining Anal)aena component A or B with over 
a 2o-fold excess of Salmonella, E. coli component B or A,  and with 5. marcesceus 

component A. The three bacteria are members of the Enterobacteriaceae, and in 
Reaction i, Anabaena eomt)onent 1_3 complemented the three bacterial A components, 
but their complementation ratios after saturation were all about 5o%, showing 
similarity between the algal and bacterial B component. On the other hand, these data 
suggest the similarity of the A componeilts of the three enteric l)acteria mentioned 
above, since their complementation ratios were almost the same (Table III) .  

The algal comp(ment A was far more unrelated to the bat'terial A components. 
This minor half of the Anabaena tryt)tol)han synthetase (lid not show any activity 
in forming t ryptophan from indole glycerol)host)hate when mixed with a large excess 
of l)acterial B components (Table I II). Although this phenomenon does not require 

"I'A IH. I ;  I I I  

CO.MPLI,'MEN'TATION OF" :~NABAENA COMI'OXI,~NT ,.\ OR ]3 x, VITll  ,'~AL.MOSI-;LLA, ]-. co/i ,  ~ERRATIA 
COMPONENT 13 OR A 

b~eact ion I a c t i v i t y  w a s  c o m p a r e d ,  t a k i n g  t h e  c o m b i n a t i o n  o f  A n a b a e n a  c o m t ~ o n e n t s  . \  a n d  I~ 
;iS 100~Io. 

A n a b a c n a  
A 

A n a b a e n a .  
B 

.,1 nabaena Salmonella I-. c, l i  No'ratia 

,4 t'/ .4 H A H A 

I o o  o o 

o o  5 3  5 [ 4 7  

l~mchim. Hi .phys .  Acta, 220 (I97O) 5 8 o - 5 9 3  
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1".\ I~l.l- IV 

INHII~I 'I ' ION ()F .\N,X|~,AEXA I'P.YI'I 'OPII. 'xN ~YNTItETA.qI ' ;  .\CTIVITXf "O.'I'I'H ~AI .MONEI . I .A "kND ~ I ' ~ t ' R ~ -  
b;I'()RA TRX/I 'TOP|IAN ~qx,'.NTIII';T.\SI,~ AN'II,'qERI.'M 

' I ' l l ( '  . \ l l l t l )~t t ' l l0 .  c o m p o n t ' l ~ t ~  w t . r c  m i x e d  w i t h  e a c h  ~;t~rtllll, k e p t  i l l  i t '( '  f o r  [ o  i l l i n  ;Ln(l t i lL ' l |  ~t~,~l\'~'d 
l~I- Roacti{m -. 

.'1 1¢ 

.1 Hti.~tFltill .\',,1 add~ d Salm,mclla .\'clt~ospora .\',,t added .\'cltros/~.iu 
(It~ttl.~) " a~d l -  1¢ a~tti.<c~ t tm  a~tt iscrlo~l  

(.5..5) ( ' . )  ( -o) 

l.~nzvmc actix'itv (unit) 
for Reaction - . .  ]1 t).2,~ o.  [-I (~.4 [ 0 . 4 4  

Ncutralizatitm'" 
tt(i':lCiCllCV (']~,) 2 . 0  o o 

• 1 U l l i ~  ; I I] t i~uFIIIH f l i t '  ; l l~] ( l l l l l t  ()t" ; l l l t i s ~ ' r U l l l  w h i c h  ntrtltFit l iz( '~ 1 t l l l i t  t~f ho l ] lO]O~Ol l~  
L'llZVll](!. 

"" Nrutr~tliz;~tion rflicit'tlcv (" . )  (unit of c.zymc activity inhilfited):(unit t~l" antiserum 

a comph.tc, difl\'rcnce l>t~twcen the tw~ kinds of A-protein, at least s~)me large diffcrem'e 
in their conf(>rnmti.n and amino acid st!qUellCt, is stlggcstc(l. 

Immunologica l  difference between bacterial amt  f unga l  trvptophmz xv~/hctasc. In 
~.rdcr to compare the general s t ructural  s imilari ty (~f the two kinds of Wotein,  thc 
immun. logica l  method was upplied. The cr .ss-reaction between Anal~aena enz \ lm '  
and ant iserum against Neurosp~wa enz\ 'me was testcd by prccipitat ion in agar g(.I 
in a PRI:.I-R 23 tube and by the ()t'CHTEI~LONY 2'1 mcth(Jd. The enzville solutioa used 

was a crude extract  (}f Allal)itcn.~t ('ells. Its (.nz\'lllt~ (lad 0. specific act ivi ty  ~}f o.44 unit .  
"l'hc ant iseruiu against the purified enzyme from N. crassa td I4I was a gift tr~m~ 
l)r. S. Kaplan ~,':'. No ('r~)ss-reaction was ~bservt,d between the :\nal)m,na t.nzx'mc 
and tilt' fungal ant iserunl  by these techniques. 

Neutral izat ion of the algal enzvnlt, with the bacterial ant iserum was also m)t 
,fi>serxe(l, zts sh~xvn in "Fable IV. l-l.wcver, a weak but  detinite neu t ra l i za t i -n  efl\wt 
was manifested in zqq>lying the ant iserum against Sahn-nel la  conwoncnt  1~; ~m Ana- 
l)at.n;( ei'|z\'mc. Tlw m.utral ization t'fficienc3', which was dcAined ;ts the |)tqccl'~tage of 
a unit  ~q" (:llZ\nlt' a c t iv i t \  inhibi ted per unit of ~mtiserum added, was as h~w as 2.9",,, 
whih. a neutral izing t't~ciencv of 3o" .  was ~)bserved in combining %almtmella om| -  
pt,m.at A with an t i . c rum against E. coli c o m p . n e n t  A. It is c .nsidered that  this value 
can l)e :tn index o t the  similari ty l)etween t'.v~ proteins . | ) t amed  t 'r.m different sources. 

To ,p tophan  .s3'nthch,.sc of  ('. cllipsoidca 
"l']lt' crude extract  ~t (7. cllipsoidca, prepared ats described in .MATFIC.IAI.S .\NI) 

M I'FI'IiOI)S, elicited tilt' tille(' reacti()ns of t ryp tophan  sx.ilt]l(,tastt ('Fable V). Its scpu- 
rati,m int~ tw .  c(mq>t~ncnt~ was made by following the n le th .d  applied to the Anu- 
bztcna eVil(h, extract.  The act ivit\ '  ..f c o l l l t ) o n t q l t  1{ x,'¢zts In(,;.tStll-t2d in tile l cmt i tm form- 
in~ t ryptopl tan frona in(h~lc, m~ im'reasc in activit\" I)eing observed by supplcnxcnting 
Chlorella or E. coli component  A. ()n the other hand. the ('hlortdla comtxment A was 
dt 'tcctcd only in the |westwl('(' of ('hhwella ~)r :\l~at)aena c~mp(mellt l{ in l¢.eacti~Jn I. 

I(t,,,hzm. I~t,,phvs..4eta, 2-,c> (107(fl 58o. 503 
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"['A IILI'; V 

"I ' t IREE R E A C T I O N S  OF C .  ellipsoidca T R Y P T O P I I A N  S Y N T I I E r A S E  

( ' rude e x t r a c t  was used as the  enzy,ne solut ion and assayed  as descr ibed in the legend of Table  I. 

I?cactio~l 

i Indole g lyce rophospha te  + serine ---> t r y p t o p h a l l  
z l ndo le  + s e r i n e - >  t r y p t o p h a n  
3r Indole  + g lyce rah tchyde  p h o s p h a t e  ---> indole g lyce rophospha te  

A ctiwty 
(tonole/h 
per mg 
protein7) 

0 . 0 2 0  

0 . 0 2 2  

O.O0 7 

No act iv i ty  of  the three reactions was observed using component A alone. An 
a t tempt  to complement Chlorella component A with bacterial component B gave a 
negative result, as in the case of Anabaena component A. Fig. 4 shows that  a good 
separation of the two components of ('hlorella enzyme was obtained using the Sephadex 
G-ioo column eluted with 1.5 M salted buffer. Component B was larger than com- 
ponent A, as is found with bacteria and Anabaena. It is noteworthy that the two algal 
enzymes had the same type, a two-component system, which was complemented by 
bacterial component A but not by bacterial component B, and characterized by the 
independence of component B in forming t ryptophan from indole. Also, the two com- 
ponents of the two algal enzymes complemented each other efficiently, especially in 
combining with Anabaena component A, the Chlorella component B proceeding in 
Reaction r more effectively than its original A component. 

Immunological tests. Immunochemical experiments were carried out on Chh)- 
rella enzyme using antisera against purified Neurospora td x4r enzyme and against 
Salmonella component B, fl)llowing the method applied to Anabaena. In the neutral- 

A 2 ~0 rn~ 

02 

I 
, ~  'hl 

< 

CO5 

O 

f • ° 

/ > -  ..... 0m 

J \ ...... ...-'7=o=°".': . . . . .  . -  

0 i 5 20 25 50 35 40 45 

Tube number 

Fig. 4. Separa t ion  of Chlorel la  t r y p t o p h a n  s y n t h e t a s e  in to  two componen t s  wi th  Sephadex  
( ; - Ioo  column.  The procedurcs  were ident ica l  to those descr ibed in Table  I. Componen t  A was 
assayed  for Reac t ion  i in the presence of a s a t u r a t i n g  a m o u n t  of componen t  B. 

Biochim. Biophys. Acta, 22o (i~)7o) 580-593 
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ization experiment, the enzyme activity was assayed using '.~4C)indole as a substrate. 
The precipitation reactions of crude extract of the Chlorella with the fungal and 

bacte,'ial antisera were both negative when tested by the agar gel diffusion methods 
of  OI;CH'I'F.RLONV 2a and  PREI'.'R 23. However, a slight neutralizing effect was observed 
when the antiserum against Neurost)ora enzyme was applied to tile (Thlorella com- 
p.nent  B. Its neutralization efficiency against tile units of tile antiserum was less than 
I'li,, but evidently the reaction was positive in duplicate experiments, one assayed 
by radioisot(ipe counting and the other by o~lorimetric assay. Ill both cases, the anti- 
serum against Sahnonella enzyme and the neutr:.tl serunl failed to inhibit tile Chh)rella 
enzyme. This inay suggest a partial similarity of the molecular shape between ('hlorella 
component B and ~x,.'. crassa enzyme. A.11 other experiments tested showed that 
('. clliflsoidea, a typical green alg% had the same bacterial type of trvptot)han synthet- 
ase as tile blue-green algae. Also, the two algal enzynles had much more similarity 
to each other than to the bacterial enzyme. The results in this report art' suminarized 
in Table VI. 

DISCUSSION 

Tryptophan synthetase is one of the enzymes with which tile most elaborate 
biochenaical, genetical and immunochenaical investigations were carried out, both in 
fungi and bacteria, providing good foundation to use the tryptophan synthetase of 
different organisms as the evolutionary parameter from the biochenaical stand point. 

The two algae, A. variabilis, a blue-green alga, and C. ellipsoidea, a green alga, 
are in general, considered as intermediates between unicellular and nonphotosynthetic 
microorganisms and higher plants. The blue-gree.n algae have especially been con- 
sidered to have many morphoh)gical and taxonomical correlations with bacteria such 
as their mode of fission, size and shape and their cellular constitution. The green algae 
such as Chlorella has advanced cellular constitutions like grana, mitochondria and so 
on, and undergoes photosynthesis by chlorophyll. 

The fact that both algal t ryptophan synthetases have two-component systems 
and their B components can complement with A components of enterobacterial 
enzymes indicates that the t ryptophan synthetase of blue-green and green algae are 
more similar to tttat of bacteria than that of fungi. The independence of the two algal B 
components to proceed in Reaction 2 indicates that they are more similar to B. subtilis 
try'ptophan synthetase than enterobacterial enzwnes. 

The unexpected phenomenon that the ('hlorella enzwne was weakly but signi- 
ficantly inhibited by Neurospora antiserum, but not by Salmonella antiserum, is 
really tile only one divergence from the general relatedness of the two algal t ryptophan 
synthetases from file bacterial type. One can accept this fact as a revealed token of 
tile relationship of (~hlorella enzyme with that of fungi, but it also can be considered 
as an accidental copy of an enzymatically active configuration of fungal t ryptophan 
synthetase, which has occurred through nlanx. mutations during tile process of evo- 
lution. In general, it is doubtless that C. ellipsoidra has an enzyme of bacterial tendency. 

17rom these facts, one can postulate a map of evolutJonal correlation between 
bacterial, fungal and algal t ryptophan synthetases, by following the scheme of BOXXER 
ctal. 4 with minor modifications (Fig. 5)- The general princit)le of this map is that the 
kind of an enzvnm within the related species is the same type. This principh~ has been 

t~iochim. Biophys. Acta, 220 ( t97o)  58,0 593  
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"l'ryptophan s.vnthctasc of 
green algae 
tw( ]  ('0111 p(.)llL'nt s 
p a r t i a l l y  i ndependen t  
,¢('. , l h p s o M c a )  

Tryptophan synthctase of 
l)lut>grccn alRae 
tWO COI]] pOIIt'll t,% 
partially indt.pcildt.nt 
{.4. ~ 'ar zabd t s )  

Tl'vl)t()i)hall SX'llthotalst, of  
bacilli type 
two c{~nlpontqlts 
partially illdt'pelItlelll. 
I B . . , u b t d i s )  

i 
"l'ryptol)han synthcta>t, of Tryptophan synthctasc of 
cllterol)acteri;d type fung;tl type 
txvo COlllpOllcnts single conlpOllt:llt 
colnplctcly dcpen(h'nt .\'. c r a s s a  
1-. ro l l  S .  ccrct '~slac 
N. t y p h t m l l r i u m  .q. n ig , ' r  
.%" ~Jl(~t'(jg'g('[ l?N 

I"i~ 5. t'~\'oh,tional relationship (,t tryptophan synthetascs obtained from algae, bacteria, and 
ttll)~i. 

xt:rified on the lysine biosynthetic pathway by \'OGVL "6, on phosphoglucomutase by 
,]oSttl ct al. 27, on cvtochrome c by ~IARGOI.IASH AND ,'~.MI'I'H 28, on dehydrogenases by 
I{.AI'I,AN'-'' and on aldolase by RtTTI.:R a°. The tryl)tophan synthetase also contributes 
support to this principle. 

This map coincides on nlany points with the phylogenetic studies based on 
nlorl)hological taxonomyat, aa, but several new features arise. First, the blue-green 
algae are mort)hoh)gically close to bacteria, and had been considered apart from green 
algae which is doubtless an ancestor of higher plants. However, present results show 
that the tryt)tophan s\'nthetase from both algae can complement each other much 
better than bacterial tryptophan synthetase does, and the two algal proteins are 
highly related in many points. Similar results were obtained fr(ml the biochemical 
taxonom\" of the lysine biosynthetic pathway bv VO(;F,I, 'a6. 

Secondly, Bacillus or prohably ~ther gram-positive bacteria have a tryptophan 
svnthetase nlore related to the algal one than to the enterobaeterial enzyme. "l'his 
may suggest a group of ancestral bacteria to algae. 
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