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ABSTRACT

S tu d ies  on th e  b io sy n th e tic  b locks of e ig h t

n o n - a l le l ic  ad e n in e -re q u ir in g  m utants o f

Saccharorayces c e r e v is ia e . by Ju lien n e  M. S i lv e r

A dvisor : P ro f. Norman R. Eaton

The b io sy n th e tic  pathway of adenine i n  Saccharomyces c e re v is ia e  

has been s tu d ie d  w ith  th e  a id  of e ig h t  n o n - a l le l ic  ad en in e -req u ir in g  

m utants a r t i b r a r i l y  numbered ad1 , ad2, ad^, ad^, adg, ad^, adg and ad^.

The presum ptive o rd e rin g  of th e se  m utants along th e  pathway has 

been made by com parisons o f substances d eriv ed  from C ^ -g ly c in e  which 

accum ulate i n  e x t r a c ts  o f th e  m u tan ts, as d e te c te d  by t h i n  la y e r  chro­

m atography.

The in tro d u c tio n  of an ad^ , ad^, adg o r ad^ m arker in to  e i th e r  

an adg o r ad^ s t r a i n  re s u l te d  in  th e  lo s s  o f th e  c h a r a c te r i s t i c  accumu­

la t io n s  of the l a t t e r  two m u tan ts, in d ic a tin g  th a t  adg and ad^ were 

blocked r e l a t iv e ly  l a t e  i n  th e  pathway w ith  re s p e c t  to  th e  above m utan ts.

Since th e  chrom atographic p a t te r n  o f th e  ad.ad_ double m utant resem bled
o 7

th a t  o f th e  adg p a re n t,  i t  was concluded th a t  adg was blocked e a r l i e r

than  ad „ . Using a  s im ila r  approach, adQ was r e fe r r e d  to  a  s te p  i n  th e  
i o

pathway e a r l i e r  than  ad, . The e x a c t lo c a t io n  of th e  ad^ , adQ and ad
h 5 o y

b locks w ith  re s p e c t  to  one an o th e r , could n o t be determ ined by th i s  

method.

The adg and ad^ m utants do n o t accumulate any im idazole  com­

pounds n o t found in  th e  w ild ty p e . In  a d d it io n , th e se  s t r a in s  a re  blocked 

r e l a t i v e ly  l a t e  w ith  re s p e c t  to  a l l  o th e r  m utants te s te d  excep t acL and



adg. This suggested  th a t  ad^ and ad^ a re  b locked a t  s te p s  im m ediately 

p reced ing  r in g  c lo su re  and should  th e re fo re  accum ulate fo rm y lg ly c in a- 

mide r ib o t id e  (FGAR) o r f  orm ylglycinam idine r ib o t id e  (FGAM) • E x tra c ts  

of the m utants were te s te d  fo r  th e  presence of th e se  fo rm ylated  i n t e r ­

m ediates and the p resence  of FGAR i n  bo th  adg and ad^ was confirm ed by 

chrom atographic and enzym atic p ro ced u res . S ince ad^ was shown to  be 

blocked a t  a s te p  l a t e r  th an  ad^ , th e  ad^ b lock  was p laced  a t  the  con­

v e rs io n  of FGAM to  am inoim idazole r ib o t id e  (AIR) and th e  ad b lock  a t
6

FGAR to  FGAM.

Double m utant s tu d ie s  suggested  th a t  ad. , ad , ad and ad were
Ll j  O 7

blocked b efo re  the  fo rm y la tio n  of glycinaraide r ib o t id e  (GAR) to  FGAR. 

Tests f o r  th e  presence of fo rm yla ted  p u rin e  p re cu rso rs  i n  th ese  m utants 

were n e g a tiv e , confirm ing th e  r e s u l t s  ob tained  from double m utant 

s tu d ie s .

Based on t h e i r  a b i l i t y  to  accum ulate C " ^ -g ly c in e - la b e le d  m ater­

i a l s  and on th e  absence of FGAR, the  m utants ad. and ad were t e n ta t iv e -
4 5

ly  assig n ed  to  a  s te p  i n  th e  pathway a f t e r  the  in c o rp o ra tio n  of g ly c in e  

b u t b e fo re  th e  in c o rp o ra tio n  of form ate, although  th e re  i s  only  one r e ­

p o rted  s te p  which would correspond  to  such c r i t e r i a  (Buchanan, I9 6 0 ). 

However only ad^ was found to  accum ulate GAR confirm ing t h a t  t h i s  mutant 

i s  indeed  b locked a t  the conversion  of GAR to  FGAR. The p resence of GAR 

could n o t be dem onstrated i n  e x tr a c ts  of ad^, however, some GAR was

found i n  e x tr a c ts  of th e  ad, adH double m utant. Because o f th ese  con-
h 5

f l i c t i n g  o b serv a tio n s  i t  was n o t p o ss ib le  to  lo c a l iz e  th e  ade b lo ck .
5

Since crude e x tr a c ts  o f  adg and ad^ show com paratively  l i t t l e  

accum ulation of C " ^ -g ly c in e - la b e le d  m a te r ia ls ,  th e se  m utants were te n ta ­

t iv e ly  assigned  to  s te p s  i n  th e  pathway preced ing  th a t  a t  which g ly c in e



i s  in c o rp o ra te d  i . e .  p r io r  to  the conversion  of phosphoribosylam ine 

(PRA) to  GAR. Enzymatic assay s  confirm ed th e  absence of GAR i n  e x tr a c ts  

o f  th ese  m utan ts. Although adg and ad^ a re  b locked e a r ly  i n  th e  pathway, 

i t  i s  u n lik e ly  th a t  th e se  m utants can n o t c a r ry  o u t the conversion  of 

rib o se -5 -p h o sp h a te  to  phosphoribosylpyrophosphate (PRPP), s in c e  th i s  

compound i s  a lso  re q u ire d  f o r  th e  sy n th e s is  of h i s t id in e ,  tryp tophan  

and u r id in e  which a re  n o t re q u ire d  by th e se  m utants fo r  growth.

Of a l l  th e  m utants s tu d ie d  only  ad^ and ad^ accum ulate im idazo les 

n o t found in  th e  w ild ty p e . S pectrophotom etric  an a ly ses  of B ratton-M ar- 

s h a l l  chromophores i n  e x tr a c ts  in d ic a te d  th a t  ad^ was b lock  a t  th e  con­

v e rs io n  of AIR to  5 -am ino-U -im idazo le-carboxylic  a c id  r ib o t id e  (CAIR) 

and ad^ a t  the  conversion  o f CAIR to  5-am ino-U -im idazole-N -succinocar- 

boxamide r ib o t id e  (SAICAR). F u r th e r  evidence t h a t  ad^ i s  b locked befo re  

ad^ i s  p rov ided  by th e  o b se rv a tio n  th a t  -the in tro d u c tio n  of an ad^

m arker in to  an ad s t r a i n  r e s u l t s  i n  th e  e lim in a tio n  of an im idazo le  
1

c h a r a c te r i s t i c  of th e  ad^ m utant.

The d a ta  p resen ted  i n  t h i s  s tu d y  le a d  to  th e  fo llo w in g  assignm ent 

of gene-enzyme r e la t io n s h ip s :

L a d e ^ i ^ - J  ? ad^ ad^

R -5 -P ---------► PRPP — ^— ►- PRA GAR----J— ►■ FGAR-----J-—► FGAM j~

ad2 32^

AIR - 1 > CAIR 1— ►- SAICAR



TABLE OF CONTENTS

A b s trac t

Acknowl edgerae n t

C hapter I .  In tro d u c tio n

C hapter I I .  M ate ria ls  and Methods

Chapter I I I .  F u n c tio n a l b locks of adg and ad^

C hapter IV. F u n c tio n a l b locks o f ad^ and ad^

C hapter V. F u n c tio n a l b locks of adg and ad^

C hapter VI. F u n c tio n a l b locks of ad^ and adg

C hapter V II. D iscu ssio n

Chapter V III .  Suramaiy

L ite ra tu re  C ited



LIST OF TABLES

Page No.

1 . The enzymes ca ta ly z in g  p u rin e  b io sy n th e s is  . . . . . . . .  h

2 . L is t  of ab b re v ia tio n s   ................................................  H

3 . Yeast s t r a i n s .................................................... ....................................... 13

U. Rg2y  ^rom TLC com parison of e x t r a c ts  from C ^ -g ly c in e -a n d

cl^-formate-labeled ad^, in four different solvents . 57

5» TLC-analysis of C ^ -g ly c in e - la b e le d  m a te r ia l  e lu te d  as

peak I I  from e x tr a c ts  of ad^ and ad^  ..................  87

6 . D eterm ination  of FGAR by i t s  enzym atic co n v ersio n  to  AIR . 97

7 . Enzymatic d e te rm in a tio n  of GAR i n  e x tr a c ts  of ad^} ad^,

ad ad^. ad and a d .................................................................   119U 5 8 9



LIST OF FIGURES

1 . R eaction  s te p s  and in te rm e d ia te s  i n  p u rin e  b io s y n th e s is .

2 . O rig in  of p u rin e  n u c le o tid e  atom s.

3* TLC-autoradiogram of an e x t r a c t  of C-^-glycine-labeled ad^.

it. TLC-autoradiogram o f an e x t r a c t  o f C-^-glycine-labeled ady
5>. TLC-autoradiogram of an  a lk a l in e  p h o sp h a ta se - tre a te d  e x tr a c t  of

C -^ -g ly c in e - la b e le d  ad^.

6 . TLC-autoradiogram i l l u s t r a t i n g  th e  e f f e c t  of adenine on th e

accum ulation  o f  C -^ -g ly c in e - la b e le d  m a te r ia l  by ad^.

7 . A com parison of the TL C -pattem s o f e x t r a c ts  from C " ^ -g ly c in e - la b e le d

ad^ , ady and the double m utant ad^ady, re so lv ed  in  th e  PAW s o l­

v en t system .

8 . A com parison of th e  T L C -pattem s of e x t r a c ts  from C ^ --g ly c in e -la b e le d

ad^, ady and th e  double m utant ad^ady, re so lv ed  i n  th e  RAW s o l­

v e n t system .

9 . TLC-comparison of e x t r a c ts  from  C " ^ -g ly c in e - la b e le d  ad ,  ad , and
5 6

ad a d , .
)

10. TLC-ccmparison of e x t r a c ts  from C -g ly c in e - la b e le d  ad ,  ad and
5 7

ad ad .
5 7

11. TLC-comparison of e x t r a c ts  from c ^ - g ly c in e - la b e le d  ad. , ad and
u 6

ad ad .
U 6

12. TLC-comparison of e x tr a c ts  from C ^ -g ly c in e - la b e le d  a d . ,  adQ and
o o

ad ,ad  .
6 8

13. TLC-comparison of e x t r a c ts  from C "^ -g ly c in e - la b e le d  ad . ad and
7 o

adyadQ.



LIST OF FIGURES (c o n t.)

111. TLC-comparison of e x t r a c ts  from C " ^ -g ly c in e - la b e le d  ad^, ad^ and 

ad^ad^.

15. TLC-comparison of e x tr a c ts  from C " ^ -g ly c in e - la b e le d  and C ^ -fo rm a te -

la b e le d  ad^.

16. TLC-comparison of e x tr a c ts  from  C " ^ -g ly c in e - la b e le d  and C ^ -fo rm a te -

la b e le d  ad^.
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1

CHAPTER I  

INTRODUCTION

The pu rin e  b io sy n th e tic  pathway as i t  occurs in  th e  av ian  l i v e r  

system  has been th e  s u b je c t  of r e c e n t review s by Buchanan (I960) and 

Buchanan and Hartman (1959). The r e a c t io n  s te p s  and in te rm e d ia te  com­

pounds a re  shown i n  F ig  1 and th e  enzymes a re  l i s t e d  i n  Table 1 .

The sy n th e s is  of p u rin es  by b a c te r ia  (Magasanik, 1962), and 

normal and n e o p la s tic  mammalian t i s s u e s  (Bennet e t a l ,  1956; Moore and 

Lepage, 1957; Tomisek e t  a l , 1958) appears to  b e a r  a  rem arkable s im ila r ­

i t y  to  th e  pathway d esc rib ed  i n  th e  av ian  l i v e r  system . However, re c e n t 

work in d ic a te s  th a t  th e re  a re  a l t e r n a t iv e  re a c tio n s  fo r  some of the  

s te p s .  For in s ta n c e , i t  has been shown th a t  th e re  are  two independent 

am ido transferase3  b o th  a c tiv e  i n  th e  fo rm ation  of 5-phosphoribosylam ine 

(s te p  I I ,  F ig  1 ) .  Glutamine and PRPP# a re  s u b s tr a te s  f o r  one of th e  

enzymes, w hile r ib o s e -5-phosphate  and ammonia a re  s u b s tr a te s  f o r  th e  

o th e r . Both enzymes occur s im u ltan eo u sly  i n  such d iv e rg e n t forms as 

E sch e rich ia  c o l i  B (LeGal e t  a l , 1967a), E h rlic h  a s c i te s  tumor c e l l s ,  

(H erscovics and Johnstone, 1961;) and i n  wheat germ p re p a ra tio n s  (Kapoor 

and Waygood, 1962), and b o th  appear to  be s e n s i t iv e  to  feedback in h ib i ­

t io n  by th e  end p roducts of the p u rin e  pathway, AMP and GMP (LeGal e t  a l , 

1967a).

Although the  r o le  o f g lu tam ine as th e  donor of p u rin e  n itro g e n  

atoms 3 and 9 (F ig  2) has been emphasized (Buchanan, I9 6 0 ), Kapoor and 

Waygood (1962) dem onstrated th a t  th e  PRPP-am idotransferase of wheat 

germ embryos accep ts  th e  amide group o f asparag in e  more r e a d i ly  than  

*see l i s t  of a b b re v ia tio n s , Table 2 .



R eaction  s te p s  and in te rm e d ia te s  in  

p u rin e  b io sy n th e s is  (from Dorfman, 196Ua).
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Table 1

The enzymes c a ta ly z in g  p u rin e  b io x y n th esis (from Dorfman, 196iia)

R eaction System atic name T r iv ia l  name E.C. No.

5~RP— PRA

PRA ^  GAR

GAR — FGAR

FGAR ~  FGAM

FGAM— AIR

A IR ^  CAIR

CAIR — SAICAR

SAICAR ^  A ICAR 
AMPS ^  AMP

R ibosylam ine-5-phosphate :pyro- 
phosphate phosphoribosy l- 
t r a n s fe ra s e  (g lu tam ate am idating)

5 1-phosphoribosy lam ine: g ly c in e  
l ig a s e  (ADP)

£ 1-phosphoribosyl-N -form ylglyc in e - 
am ide: te t ra h y d ro fo la te  5 > 10-  
fo rm y ltra n sfe ra se

5 ' -p h o sp h o rib o sy l-fo rm y lg ly c in e-  
am ide: L -glutam ine am ido-ligase

5 ' -p h o sp h o rib o sy l-fo rm y lg ly c in e-  
amiding c y c lo lig a se  (ADP)

5 '-phosphoribosy l-5-am ino-U - 
im idazo lecarboxy la te  carboxylase

5 'phosphoribosy l-U -carboxy-5- 
am inoim idazole: I ra s p a r ta te

ad en y lo su cc in a te  AMP-lyase

Am idophosphoribosyl t r a n s fe ra s e  2 . k  • 2 . lU
phosphoribosylpyrophosphate-  
am id o tran sfe rase

p hosphoribosy l-g lycine-am ide 6 . 3 . 1 .3
sy n th e ta se

p h o sphoribosy l-g lyc  ineamide 2 . 1 . 2.2
f  o rm y ltran sfe rase

phosphoribosy l-fo rm ylg lyc  in e -  6 . 3 .5•3
am idine sy n th e ta se

phosphoribosyl-am inoim idazole 6 .3 .3•1
sy n th e ta se

phosphor ibosyl-am inoim idazole 1; .  1 . 1 .21
carboxylase

phosphoribosyl-am inoim idazole-  6 .3 •2 .6
succinocarboxam ide sy n th e ta se

adeny losucc ina te  ly a se  U.3 . 2.2
(ad en y lo su cc in ase )



Table 1

R eaction  System atic name

A ICAR ̂  FAICAR 5 1 -p h o sp h o rib o sy l-5 -f  ormamido-lj-
im idazolecarboxam ide: te tra h y d ro  
f o la te  10-fo rm y ltra n s fe ra se

FAICAR ^  IMP IMP 1 , 2 -hydro lase  (d ecy c liz in g )

I MPAMPS IMP: L -a sp a rta te  l ig a s e  (GDP)

( c o n t . )

T r iv ia l  name

phosphoribosyl-am inoim idazole-  
carboxamide fo rm y ltra n sfe ra se

IMP cyclohydrase ( in o s in ic a s e ) 

adeny losuccina te  sy n th e tase

E.C. No. 

2 .1 .2.3

3 .5 .U .10

6.3.U.U



6

Fig* 2 . O rig in  o f p u rin e  n u c le o tid e  atoms 

(from Buchanan and Hartman, 1959)*
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t h a t  of g lu tam ine , and th a t  carbam yl-phosphate was as a c t iv e  as glutam ine 

as th e  source of N-9  i n  t h i s  p la n t .

In  E. c o l i  B, a sp arag in e  has l i t t l e  n itro g e n  donor a c t i v i t y  in  the 

PR PP-specific am id o tran sfe rase  system  (LeGal e t  a l , 1967a) 'while g lu ta ­

mine and to  a l e s s e r  e x te n t carbam yl-phosphate a r e  a c t iv e .  However, in  

t h i s  organism  when PRA i s  formed d i r e c t ly  from rib o se -5 -p h o sp h a te , 

ammonia i s  the p re fe r re d  donor of N-9 .

A lte rn a tiv e  donors o f n itro g en -3  (Fig 2 ) , a c t iv e  i n  the conversion  

of FGAR to  FGAM (s te p  V, F ig  1 ) ,  have a lso  been found i n  E. c o l i  B. These 

are  form im ino-glutam ic and a s p a r t ic  a c id s  and form im ino-g lycine. The 

n itro g e n  donor a c t i v i t y  o f form im ino-glutam ic ac id  was s im ila r  to  the  

a c t i v i t y  o f glutam ine (LeGal e t  a l ,1967b). Thus, a  v a r ie ty  o f a l te r n a ­

t iv e  o r a d d it io n a l  s te p s  i n  p u rin e  b io sy n th e s is  may occur, and th e  

f u r th e r  s tu d y  of th e  pathway i n  o th er organism s would th e re fo re  be d e s ir ­

a b le .

The advantages of u s in g  m utants b locked a t  p a r t ic u la r  s te p s  i n  an 

enzym atic pathway f o r  the s tu d y  of th a t  pathway have been w e ll documented. 

For in s ta n c e , th e  e a r ly  su g g estio n  th a t  AICA i s  an in te rm e d ia te  of the  

p u rin e  pathway, th e  f u r th e r  im p lic a tio n  o f g ly c in e  as a  p rec u rso r  of AICA 

and th e  r o le  of f o l i c  ac id  i n  th e  u t i l i z a t i o n  of AICA were a l l  e lu c id a te d  

by th e  use o f p u rin e  and PABA-requiring m utants of E. c o l i  (Gots and Chu, 

1952j Gots and Love, 195U)• Confixm ation of th e  r o le  o f g ly c in e  as a 

p re c u rso r  of p u rin e s  (Schulman e t  a l , 1952) and th e  im portance o f f o l i c  

a c id  d e r iv a t iv e s  (Greenberg, 195b) 'were dem onstrated a lso  i n  th e  pigeon 

l i v e r  system .

The a v a i l a b i l i t y  of a s e r ie s  o f ad en in e -re q u ir in g  m utants o f the 

y e a s t  Saocharomyces c e r e v is ia e ,  o f fe r s  an o p p o rtu n ity  to  compare pu rin e



b io sy n th e s is  i n  t h i s  organism  w ith  t h a t  e lu c id a te d  f o r  o th e r  system s. 

T h irteen  n o n - a l le l ic  adenine m utants a r b i t r a r i l y  numbered 1 through 13 

have been re p o rte d  (von B o rs te l ,  1963) .  Of th ese  only two, ad^ and act,, 

a re  c lo se ly  l in k e d , and fo u r ,  a d ^ - a d ^ , have n o t been mapped.

The m utant ad has an  a b so lu te  req u irem en t f o r  h i s t id in e  as w e ll 
3

as adenine (Roman, 1956; Dorfman, 196U) and appears to  be fu n c tio n a lly  

blocked a t  s te p  X (F ig 1) s in c e  i t  accum ulates AICAR (M azlen, 1968).

Adenine 12 accum ulates in o s in e  and i s  th e re fo re  though t to  be blocked

in  th e  fo rm atio n  o f ad en y lo su cc in a te  s y n th e ta se , (Dorfman, 1968) and 

ad^.j i s  thought to  la c k  adenylosuccinase a c t i v i t y  s in c e  i t  accum ulates 

SAICAR (Dorfman, 1968j Jones, unpub lished ; i n  Von B o rs te l ,  1963)•

Adg and ad^ form a red  pigment as  a r e s u l t  of th e  accum ulation 

of AIR (Friedman and Moat, 1958; Smirnov e t  a l ,  1967). The enzym atic 

b locks o f th ese  m utants were te n ta t iv e ly  p laced  a t  s te p s  VII and V III 

r e s p e c t iv e ly ,  (F ig 1; Dorfman, 1961;). The e x a c t lo c a t io n  o f th e  b locks 

however, were n o t id e n t i f i e d .

The adenine m utants ad^ to  ad^ can u t i l i z e  hypoxanthine fo r  growth 

and do n o t accum ulate any a ry l-am ines o r im idazo les  no t found in  th e  w ild -

type y e a s t .  In  a d d it io n , When any of th e se  m utants (ad^-ad^) are  i n t r o ­

duced in to  e i th e r  of th e  red  m u tan ts, ad^ o r adg, th e  r e s u l t in g  double 

m utant does no t accum ulate the re d  pigment c h a r a c te r i s t i c  o f the  ad^ 

and ad2 p a re n t.  These r e s u l t s  su g g est th a t  ad^, ad^, ad^, ad^, ad^ and 

ad^ a re  e a r ly  m utants b locked b efo re  r in g  c lo su re  ( s te p  VT).

P a s t a ttem pts to  lo c a te  th e  p o in ts  i n  the pathway a t  which th ese  

m utants a re  b locked have been u n su c c e ss fu l. The c l a s s i c a l  approach o f 

feed ing  in te rm e d ia te s  o r accum ulated p roducts  of m utants can n o t be used . 

Dorfman (196Ua) te s te d  ad^-adg f o r  t h e i r  a b i l i t y  to  grow on SAICAR, AICA, 

AICAR and AMPS. With th e  excep tion  of acL, which grew 3l i g h t l y  on SAICAR,



and ad^j which grew a t  h igh  co n ce n tra tio n s  of AICA, no growth of th e  

m utants was ob ta ined  w ith  any of th e  compounds t e s t e d .  E. Jones (un­

pu b lish ed ) found an ad m utant which could grow on AICA provided a
b

second m u ta tio n  a t  an o th er lo cu s  r e s u l t in g  i n  an a l te r e d  "AICA perm ease" 

was a lso  p re s e n t .

These r e s u l t s  in d ic a te  e i th e r  t h a t  th e  i n t a c t  y e a s t c e l l s  a re  im­

permeable to  exogenous in te rm e d ia te s  o r t h e i r  d e r iv a t iv e s  o r th a t  th e  

c e l l s  do n o t p o ssess  th e  enzymes n ecessa ry  to  co n v ert th e  r ib o s id e  or 

f r e e  base d e r iv a t iv e s  to  th e  corresponding  n u c le o tid e  in te rm e d ia te s . 

S im ila r  problems a re  found i n  th e  s tu d y  of p u rin e  b io sy n th e s is  i n  bac­

t e r i a  (l& gasanik , 1962) .

Experim ents w ith  c e l l - f r e e  enzyme system s of y e a s t have a lso  

y ie ld e d  ambiguous r e s u l t s  (Reynolds, 1957)* The a c t i v i t i e s  of th e  y e a s t  

enzymes which c o n tro l  th e  e a r ly  s te p s  o f  th e  p u rin e  pathway are  low er 

than  th o se  o f th e  av ia n  l i v e r  system . In  v i t r o  feed ing  experim ents were 

th e re fo re  n o t con sid e red  to  be a  f r u i t f u l  avenue of in v e s t ig a t io n .

I d e n t i f i c a t io n  and i s o l a t i o n  of th e  in te rm e d ia te s  accum ulating 

as  a  r e s u l t  of b locks e a r ly  in  the p u rin e  pathway a re  made d i f f i c u l t  by 

th e  f a c t  th a t  th e se  e a r ly  in te rm e d ia te s  do no t g ive any c h a r a c te r is t ic  

c o lo r im e tr ic  r e a c t io n s ,  no r do th e y  p o ssess  any c h a r a c te r is t i c  s p e c tro -  

photom etric  p ro p e r tie s  which would enable t h e i r  d e te c tio n  or determ ina­

t io n  i n  crude e x t r a c ts .

The above d i f f i c u l t i e s  were la r g e ly  circum vented i n  t h i s  s tudy  by 

th e  use o f an approach which invo lved  la b e lin g  th e  in te rm e d ia te s  w ith  

ra d io a c tiv e  p rec u rso rs  of the  p u rin e  m olecule (F ig  2 ) .  The products 

accum ulating in  th e  m utants were th e n  examined by chrom atographic te c h n i­

ques, and th e  r e s u l t s  confirm ed i n  some cases  by  enzym atic a ssay s .



Table 2

l i s t  of A bbrev iations

PRPP : 5-phosphoribosylpyrophosphate

PRA ; £-phosphoribosylam i ne 

GAR : glycinam ide r ib o t id e

FGAR : form ylglycinam ide r ib o t id e

FGAM : form ylglycinam idine r ib o t id e

AIR : am inoim idazole r ib o t id e

CAIR : 5 -am ino-U -im idazo le-carboxylic  a c id  r ib o t id e

SAICAR : 5>-am no-U -im idazole-N -succino-carboxam ide r ib o t id e

AICAR : 5-am ino-2;-im idazole-carboxam ide r ib o t id e

FAICAR : £-formamido-U-'.unidaz ole-carboxam ide r ib o t id e

IMP : in o s in ic  ac id

ATP : ad en y lic  ac id

EDTA : e th y le n e d ia m in e te tra a c e ta te

PGA : 3~phosphoglyceric a c id

PABA : p-am inobenzoic ac id



CHAPTER I I  

MATERIALS AND METHODS

Y east s to ck s

The adenine r e q u ir in g  m utants used i n  t h i s  s tu d y  were d eriv ed  

frcni s t r a in s  o r ig in a l ly  su p p lie d  by  D rs. S . F ogel, D. H u rst, R.K. M orti­

mer, and B. Dorfman and H. Roman. The phenotypes of the  s t r a in s  l i s t e d  

i n  Table 3 r e f l e c t  on ly  amino a c id  and n itro g en o u s base  req u irem en ts . 

A lle le s  of m arkers o th e r  than  adenine were n o t te s te d .  Nomenclature 

and symbols f o r  m arkers fo llo w  th e  convention  o f th e  Carbondale Y east 

G enetic Conference (von B o rs te l ,  1963).

Media

Y east E x tra c t  Peptone (YEP) was used f o r  g en e ra l growth purposes, 

a l l e l e  t e s t s ,  c ro sse s  and f o r  s to ra g e  s la n t s .  The medium c o n s is ts  of 

1% y e a s t  e x t r a c t ,  1% b a c to -p ep to n e , 2% d ex tro se  and 2% ag a r . The ag a r 

was om itted  f o r  l iq u id  medium.

S y n th e tic  Complete (SC) The fo llo w in g  n u t r i l i t e s  were added to  

th e  b a s a l  medium of 'Wickerham (19U6). A ll c o n ce n tra tio n s  a re  g iven  on 

a p er l i t e r  b a s is :  adenine 10 mgj u r a c i l  10 mgj L -leu c in e  60 mg; L-

iso le u c in e  30 mgj L -se rin e  10 mgj L -th reo n in e  lqO mg; phen y la lan in e  

20 mg; L -ty ro s in e  f?0 mgj L -tryp tophan  10 mgj L-m ethionine 10 mgj L -as- 

p a r ta te  20 mgj L -glu taraate 20 mgj L -h is t id in e  10 mgj L -a rg in in e  10 mgj 

L -ly s in e  UO mg. The r e s u l t in g  SC medium was used fo r  growing c e l l s  f o r  

accum ulation s tu d ie s .  By om ittin g  s in g le  n u t r i l i t e s  from t h i s  d efin ed  

medium a d ro p -o u t s e r ie s  was o b ta in ed . This was used fo r  t e s t in g  pheno- 

type and a lso  as a  s e le c t iv e  medium.



Table 3

Y east S tra in s

S tr a in  Ad A lle le  Phenotype Source

AS779B a ad le u S .F ogel and D .H urst

A5715C ad^ o< ad le u It ii

315 ^ 2 a ad le u it n

RB ad g a ad H.Roman

AM ad
3

a ad h i n

AM ad^ oi ad h i it

M ad
u

a ad t r R. Mortimer

L391-8B ad,
4

4 ad le u S .Fogel and D. H urst

ad? a ad u r  t r  arg B. Dorfman

RB ad5 ad u r  arg H. Roman

M ad 6 a ad t r R. Mortimer

A6i|B ad6 a ad B.Dorfman

A5U76A adfi ad le u  t h r  t r  arg S .F ogel and D .H urst

M ad? a ad R. Mortimer

M ad? ad it

A373A ad? a ad u r B.Dorfman

A3U15B
^ 8

C< ad le u S .F ogel and D .H urst

S261*9B ad
9

a ad u r  t r ti it

A56U6B ad? ad u r  t r ii it



Table 3 (cont.)

S tra in Ad A lle le Phenotype

A5779D ad^ad,. of ad th r  t r  arg

RB ad. ad^4 5
a ad t r

A£1£ 9C ad, ad , 
h 6 cH ad u r le u

JS a d ^ 4  ad

Zl!il2-3AS1*38C adjadg a ad le u

A5U67D ad5ad6 a ad u r le u  4>ala

a£1*26b a d ^ al ad t r

BC-BB ad^ad„
5 7

a ad

A5620C -adgadg <=} ad

ZllaO*-2cA5W£ ad .ad 
5 9

a ad t r

JS-2AU ad6ad? a ad

A5U70B
aV i 8

<4 ad le u  t r

A5630A ad„adg 4  ad t r

A$$09C ad„ad <3f ad

Source

S .Fogel and D. H urst 

R.Boruvka

S .F ogel and D .H urst 

d e riv ed  from  c ro sses  

S .F ogel and D .H urst

it ti

R.Boruvka

S .F ogel and B .H urst

ti it

d eriv ed  from c ro sses  

S .F ogel and D .H urst

it it

it  i i



Potassium  A ceta te  (KAC) medium o f McLary e t  a l  (1959) 'was used 

f o r  inducing  th e  sp o ru la tio n  of d ip lo id s .  The medium c o n s is ts  of 0.98$ 

potassium  a c e ta te ,  0 . 25$ y e a s t  e x t r a c t ,  0 .1$ g lucose  and 1 .5 $  a g a r .

Methods 

A lle le  Tests

Mutants of o p p o site  m ating type were in o c u la te d  as p a r a l l e l  

s tre a k s  on YEP p la t e s .  A fte r 2U—U8 hours a t  30°C th e  growth on each o f 

th e  p la te s  was r e p l ic a  p la te d  a t  r i g h t  ang les  to  one ano ther on a t h i r d  

YEP p la t e ,  which was then  in cu b a ted  as  above fo r  an a d d it io n a l  2I4.—U8 

ho u rs . The c ro s s - in o c u la te d  p la te  was th en  r e p l ic a  p la te d  to  aden ine- 

l e s s  medium. Growth responses on th e  a d e n in e - le s s  p la te  were recorded  

a re  2h~b8 h o u rs .

Crosses

Double m utants were o b ta in ed  from c ro sses  made by c r o s s - r e p l ic a t ­

ing s tre a k s  on YEP medium as above. A fte r  2U—U8 hours w ild -ty p e  d ip lo id s  

were s e le c te d  by r e p l ic a  p la t in g  to  a d e n in e - le ss  medium. The d ip lo id s  

were th en  sp o ru la ted  on KAC medium. A fte r  d ig e s tio n  w ith  s n a i l  enzyme, 

p repared  by th e  method of Fogel and H urst (1963), a s c i  were d is s e c te d  

by m icrom anipu lation  (Johnston  and M ortimer, 1959). The r e s u l ta n t  a sco - 

spore c u ltu re s  were a l l e l e  te s te d  w ith  adenine te s to r s  by the  technique 

d esc rib ed  above, and scored f o r  n u t r i t io n a l  requ irem ents  by r e p l ic a  

p la t in g  to  a d ro p -o u t s e r i e s .

P re p a ra tio n  of E x tra c ts  fo r  Thin Layer Chromatography (TLC)

Two ml of a  2k hour s t a r t e r  c u ltu re  were in o c u la te d  in to  SC 

medium co n ta in in g  0.025 nC p e r  ml of an a p p ro p ria te , la b e le d  p re c u rso r ,



e .g .  c ^ -  U -  g ly c in e  (60-116 uc p e r  jxM), C ^ -fo rm a te  (5-21 uc p e r  pM), 

o r  c a r r i e r  f r e e  P ^ ,  as  phosphoric a c id  (n e u tra liz e d  w ith  KOH). A fte r  

approx im ate ly  1*8 hours a t  30°C w ith  shaking (excep t i n  th e  case o f ad-^, 

ad^ and th e  double m utant ad-^ad2, which were grown an a e ro b ic a lly )  

samples o f th e  c u l tu r e  were p la te d  on a d e n in e - le ss  medium to  t e s t  f o r  

r e v e r ta n ts ,  and th e  rem ainder was c o lle c te d  by  c e n tr i fu g a t io n  a t  5000 x  

g f o r  10 m inu tes. C u ltu res  having more th a n  1/10^ r e v e r ta n ts  were d is ­

carded . A fte r  two d i s t i l l e d  w ate r washes th e  c e l l s  were t r a n s f e r r e d  to  

a  p reco o led  p re ss  w ith  about 1 ml of w a te r and crushed  accord ing  to  th e  

method d esc rib ed  by  Eaton (1962). The f ro z e n , crushed  mass was thawed 

and c e n tr ifu g e d  a t  l l *,500 x  g f o r  10 m inu tes, and th e  su p e rn a ta n t was 

re c e n tr ifu g e d  a t  th e  same speed f o r  10 m in u tes . The su p e rn a tan t volume 

was measured and 0 .1  ml removed f o r  a d e te rm in a tio n  of t o t a l  p ro te in .

Two volumes of 95% e th an o l were added to  th e  rem ainder and th e  suspen­

s io n s  c e n tr ifu g e d  a t  ll*,500 x  g fo r  10 m in u tes . The su p e rn a tan t was 

decan ted  and th e  p e l l e t  was washed w ith  3 ml o f 70% e th a n o l. The two 

su p e rn a ta n ts  were pooled and ly o p h il iz e d .

In  o th e r  to  s ta n d a rd iz e  the amounts o f m a te ria l;; s p o tte d  on 

chromatograms, th e  volume of d i s t i l l e d  w ater added to  th e  ly o p h iliz e d  

re s id u e s  was determ ined on th e  b a s is  of the p ro te in  co n ten t of th e  

o r ig in a l  e x t r a c t s .  For each 30 mg of p ro te in  in  th e  o r ig in a l  e x t r a c t ,  

0 .1  ml of d i s t i l l e d  w a te r was added to  th e  re s id u e . In  g en era l 10 ml 

o f th e se  s o lu tio n s  were th en  s p o tte d  on chromatograms.

P re p a ra tio n  of E x tra c ts  f o r  Column Chromatography

Two ml of a 21* hour s t a r t e r  c u ltu re  were in o c u la te d  in to  2 o r 1*, 

2 .8  l i t e r  Fem bach f la s k s ,  each co n ta in in g  1 l i t e r  of SC medium and in to



a 1 l i t e r  Ehrlenm eyer f la s k  co n ta in in g  200-U00 ml of SC medium to  which 

was added an a p p ro p ria te  la b e le d  p re c u rso r  a t  a  co n c e n tra tio n  of 0.025 

uc p e r  m l. The c u ltu re s  were grown w ith  shaking fo r  approxim ately  1|B 

hours a t  30°C. Samples were p la te d  on a d e n in e - le ss  medium to  determ ine 

th e  number o f r e v e r ta n ts .  The c u l tu re s  were pooled and c o lle c te d  by 

c e n tr i fu g a t io n  a t  5000 x g f o r  10 m inu tes. A fte r  two washes w ith  d is ­

t i l l e d  w ater, an amount o f a  chloroform :m ethanol m ix tu re  (2 :1 , v o l/v o l)  

eq u a l to  1 .5  volumes of packed c e l l s  was added to  th e  p e l l e t s .  C e lls  

were e x tra c te d  by mixing w ith  a v o r te x  m ixer fo r  5 m in u tes, and th e  

r e s u l t in g  suspension  was c e n tr ifu g e d  a t  1U,500 x g f o r  10 m inu tes.

Three la y e rs  r e s u l t  from th e  c e n tr i fu g a t io n .  The to p  (aqueous) la y e r  

o f each was decan ted  and ly o p h i l iz e d . B est e x tr a c t io n  was ob ta ined  when 

th e  volume of th e  c e l l  p e l l e t  was between U«5-5.5 m l. Incom plete mix­

tu re  o f th e  suspensions r e s u l te d  i n  poor e x tr a c t io n .

The ly o p h iliz e d  re s id u e  was d is so lv e d  in  5 o r 10 ml of d i s t i l l e d  

w a te r , depending on th e  number of l i t e r s  of c e l l s  e x tra c te d .

D em onstration of Feedback I n h ib i t io n

M utants were grown to  s ta t io n a r y  phase i n  1 l i t e r  o f SC medium. 

They were th e n  h a rv e s te d  under s t e r i l e  c o n d itio n s , washed tw ice  w ith  

s t e r i l e  w ate r and se p a ra te d  in to  two eq u a l b a tch es  based on n e t w eigh t. 

These were then  each resuspended i n  200 ml of prewarmed and p re a e ra te d  

G ^ -g ly c in e -c o n ta in in g  (5 uc) SC which was e i th e r  a d e n in e - le ss  o r  con­

ta in e d  250 uc adenine p e r  m l. C e ll  d e n s i t ie s  o f th e  r e s u l t a n t  suspen­

s io n s  were determ ined using  a  hem acytom eter. Each had a  c e l l  d e n s ity
Q

of about 3 .7  x  10 c e l l s  p er m l. The suspensions were incu b a ted  w ith  

shaking a t  30°C f o r  1 hour and h a rv e s te d . D ep ro te in ized  e x tr a c ts  f o r



th in  la y e r  chromatography were th en  p repared  as d esc rib ed  above.

When e x t r a c ts  were to  be analyzed  by column chrom atography, c e l l s  

were grown i n  U l i t e r s  o f SC and in o c u la te d  in to  I4.OO ml of SC co n ta in in g  

10 uc C ^ -g ly c in e .^  The r e s u l t a n t  suspension  had a d e n s ity  of about 

7 .5  x  10® c e l l s  p e r  m l. A fte r  shaking fo r  1 hour a t  30°C tne  c e l l s  were 

h a rv ested  by  c e n tr ifu g a tio n  and the p e l l e t s  e x tra c te d  by  th e  chloroform : 

m ethanol method d esc rib ed  above.

Thin Layer Chromatography

MW 300 C ellu lo se  powder (Brinkmann Instrum en ts  In c .)  was used 

th roughout f o r  th e  p re p a ra tio n  of th in  la y e r  p la te s .  One hundred e ig h ty  

ml of d i s t i l l e d  w ater were added to  30 g c e l lu lo s e  and th e  suspension  

was homogenized in  a Waring B lender f o r  3 m in u tes . The m ixture was 

im m ediately coated  on c le a n , d ry  g la s s  p la te s  w ith  an a p p lic a to r  (Model 

S - l l ,  Brinkmann In stru m en ts) which was a d ju s te d  to  produce a la y e r  of 

0«5 mm th ic k n e ss . A ll p la te s  were d r ie d  a t  room tem perature fo r  21* hours 

or lo n g er b e fo re  u se . V aria tio n s  i n  's  no ted  can p robab ly  be a t t r ib u te d  

to  d if fe re n c e s  in  th e  degree of h y d ra tio n  o f th e  c e l lu lo s e  la y e r  (Toraisek 

and A llan , 1961*). Ten p i  samples of e x tr a c ts  p repared  as  d esc rib ed  above 

and s u ita b le  knowns were ap p lied  to  th in  la y e r  p la te s  w ith  Drummond D is­

p o sa l M icrop ipets (Bonus L a b s .) , using  a  S tandard  L abeling Template 

(number 25-09-20, Erinkmann In s tru m e n ts ) .

Hie fo llow ing  so lv e n t system s were used . The r a t io s  a re  i n  volume 

p ro p o rtio n s :

(1) n-propanol : NĤ OH : HgO (70 :10 :20 )j (PAW)

(2) n -b u ta n o l : g la c ia l  a c e t ic  a c id  : Ĥ O (1*0:20:20); (BAW)

(3) iso p ro p an o l : : ION HC1 (66:3351); (iso-H Cl)



(ii.) m ethanol : chlorofoim  : 10$ form ic a c id  ( 3 :3 : l ) j  (MCF)

(5) m ethanol : HgO : conc. form ic ac id  (8 0 :l5 :5 ) j  (MFW)

S olven ts 1 ,2 ,  and 3 were allow ed to  e q u i l ib r a te  o v ern ig h t b e fo re  u se . 

S o lven ts  1* and 5 were g e n e ra lly  used a f t e r  one hour. A ll chromatograms 

were developed by th e  ascending tech n iq u e .

R ad ioac tive  compounds were lo c a te d  on chromatograms by apply ing  

th e  tho rough ly  d r ie d  chromatograms to  Kodak No S creen  M sdical X-Ray Film  

(Eastman Kodak Co.) and in cu b a tin g  them f o r  lli-20  days. Exposed film s  

were developed in  D19 developer (Eastman Kodak) f o r  6-8 m inu tes, r in se d  

i n  w ater and th en  c le a re d  in  Hypo (Eastman Kodak) f o r  30-60 m inutes be­

fo re  washing in  running w ater and d ry in g .

Non-reducing sugars were lo c a te d  by th e  p e r io d a te  method of 

Buchanan e t  a l  (1950). Phosphate compounds were d e te c te d  by th e  method 

d esc rib ed  by D. Waldi (1965). Im idazole compounds were lo c a l iz e d  w ith  

Pauly re a g e n t (Ames and M itc h e ll, 1952), coun tersp rayed  w ith  5$ NagCO^, 

and amino ac id s  w ith  n ih h y d rin  re a g e n t (0 .1  g of n in h y d rin  per 100 ml 

o f n -b u tan o l s a tu ra te d  w ith  1$ a c e t ic  a c id ) .

In  o th e r to  s tan d a rd iz e  th e  R^’s ,  th e  d a ta  a re  p resen ted  as Rg^y, 

d e fin ed  as :

Rf  of sp o t /R f  of g ly c in e  s ta n d a rd  on th e  same p la te .

Column Chromatographic Procedures

D ep ro te in ized  e x tr a c ts  of m utants were chrom atographed on 10 x  

100 mm columns of Dowex-lx8-fo rm ate  (200-1*00 mesh) according  to  the  grad­

i e n t  e lu t io n  procedure of Lepage and Jones (1961). F i f t y  to  100 f r a c ­

t io n s  o f 5 ml each were c o lle c te d  a t  a  speed o f 1 ml p e r m inute. F i f ty



p i  a l iq u o ts  of each f r a c t io n  were p la te d  on aluminum p lan ch e ts  which 

were then  d r ie d  under an in f r a - r e d  lamp, and the  r a d io a c t iv i ty  of each 

re s id u e  measured w ith  a  N uclear Chicago Gas Flow D etec to r (Model Hh7> 

N uclear Chicago C orp.)* R ad ioac tive  f r a c t io n s  were pooled and ly o p h il­

iz e d .

When i t  was n ecessa ry  to  analyze  i n  v i t r o  r e a c t io n  p roducts  by 

th e  an ion  exchange method d esc rib ed  above, th e  r e a c t io n  was stopped by 

removing th e  p r o te in  on Sephadex G-10 columns (10 x  100 mm). The columns 

were e lu te d  w ith  25 ml o f w a te r . The p ro te in ,  which comes o f f  i n  th e  

f i r s t  h  m l, was d isc a rd e d . Subsequent f r a c t io n s  were c o lle c te d , pooled 

and p laced  on D ow ex-l-form ate columns.

The e x t r a c ts  o f adg were p a r t i a l l y  p u r if ie d  on a Sephadex G25 

column (15 x  60 mm). The column was e lu te d  w ith  d i s t i l l e d  w aterj tw en ty - 

f iv e  1 ml f r a c t io n s  were c o l le c te d  a t  a  r a te  of 1 m l/ min.

D eform ylation  Procedures

Crude e th a n o l-d e p ro te in iz e d  e x tr a c ts  of m utants were deform ylated  

by 0.1N HCl a t  100°C f o r  15 or 30 m inutes (Warren and Buchanan, 1957).

The re a c t io n s  were stopped by p la c in g  v e s se ls  i n  i c e .  An e q u iv a le n t 

volume o f 0.1N NaOH was added to  n e u tr a l iz e  th e  m a te r ia l .  The e n t i r e  

m ixture was then  ly o p h iliz e d , re s id u e s  were d isso lv e d  i n  d i s t i l l e d  w ater 

and 10 p i  samples were sp o tted  on th in  la y e r  p la te s  f o r  a n a ly s is  o f the 

p ro d u c ts .

ly o p h iliz e d  ra d io a c tiv e  m a te r ia ls  i s o la te d  from  crude e x tr a c ts  

on Dowex columns were d isso lv ed  i n  w ater and deform ylated  as above.

A fte r  n e u t r a l iz a t io n  th e  s o lu tio n s  were ly o p h iliz e d . The re s id u e s
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were d isso lv e d  i n  d i s t i l l e d  w ate r and th e  p roducts  r e i s o la te d  on the 

Dowex columns.

D ephosphorylati on

Aqueous e x tr a c ts  were dephosphorylated  i n  0.001M T ris  b u f fe r ,  pH 

8 .0 , u sing  B a c te r ia l  A lka line  Phosphatase (W orthington B iochem ical C o rp .) .

C o lo rim etric  Tests

AIR was d e te c te d  by th e  B ra tto n -M arsh a ll t e s t  f o r  a ry l-am ines 

(B ra tto n  and M arshall, 1939) as m odified  by F laks and Lukens (1963), 

a f t e r  tre a tm e n t o f the p re p a ra tio n  w ith  10$ a c e t ic  anhydride f o r  20 min­

u te s .  Potassium  phosphate , 1.33M, a d ju s te d  to  pH l .U  w ith  KOH and con­

ta in in g  20$ trfch lo ro ace tic  a c id  (F laks and Lukens, 1963) was used to  s to p  

re a c tio n s  and to  a c id i fy  th e  s o lu tio n s  p r io r  to  assays f o r  AIR b r CAIR.

AICAR was d e te c te d  by the m o d ific a tio n  of th e  B ra tto n -M arsh all 

t e s t  d esc rib ed  by N ie r lic h  and Magasanik (1965). A s o lu t io n  of 15$ t r i ­

c h lo ro a c e tic  ac id  i n  IN HC1 was used f o r  a c id i f ic a t io n  of f i l t r a t e s .

P ro te in  was determ ined by th e  m ic ro -b iu re t method o f Zamenhoff 

(1957). C ry s ta l l in e  Bovine Albumin (N u tr i t io n a l  B iochem icals C orp.) 

served  as th e  s ta n d a rd .

Phosphate was determ ined by th e  method of F isk e  and Subbarow (1925). 

T o ta l phosphate was measured a f t e r  h ea tin g  0 .5  ml samples f o r  90 m inutes 

a t  150°C i n  conc. HgSO^. For in o rg a n ic  phosphate , samples were added to  

a m ixture of 0 .2  ml conc. HgSO  ̂ and 0 . 1$ which had been p re v io u s ly  

heated  a t  150°C f o r  15 m inutes and then  co o led . Disodium rib o se -5 -p h o s-  

phate  (Sigma Chemical Co.) and Kf^PO^ served  as th e  o rgan ic  and in o rg an ic  

s tan d a rd s  r e s p e c t iv e ly .
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KLbose was d e te c te d , a f t e r  h y d ro ly s is  o f samples i n  1*2N HC1 a t  

100°C f o r  1|0 m inu tes, by th e  method d e sc rib e d  by H u rlb e rt e t  a l  (195>U)• 

The o rc in o l (F ish e r  S c ie n t i f ic  Co.) was r e c r y s ta l l i z e d  3x from benzene 

b e fo re  u se . R ibose-5-phosphate served  as the s tan d a rd .

In  V itro  Assays

FGAR was assayed by a method s im ila r  to  t h a t  of F laks and Lukens 

(1963). The FGAR i s  converted  to  AIR i n  the  p resence  of L-glutam ine 

and ATP, and th e  AIR formed assayed .

Enzymes were p rep ared  as fo llo w s : a  2k hour s t a r t e r  c u ltu re  of

adg was in o c u la te d  in to  UL of YEP medium. The c u ltu re s  were in cu b a ted  

a t  30°C w ith o u t a e ra tio n  i . e .  w ith o u t shak ing . Log phase c u ltu re s  were 

h a rv es ted , washed tw ice and crushed in  a p recoo led  Eaton p r e s s .  Ex­

t r a c t s  p repared  under th ese  growth co n d itio n s  a re  w hite as compared to  

e x tr a c ts  of a e ro b ic a l ly  grown ad^ which are re d . The fro z e n  crushed 

p e l l e t  was suspended i n  0.01M potassium  phosphate b u f fe r ,  pH con­

ta in in g  2M KC1, 5 x 10‘ EDTA, and £ x  10” \ [  L -g lu tam ine. The m ixture 

was c e n tr ifu g e d  2x a t  l i t , ^00 x  g f o r  10 m inu tes. S upernatan ts  were 

b rough t to  12 ml and c e n tr ifu g e d  a t  100,000 x g fo r  1 hour in  a Spinco 

Model L U ltra c e n tr ifu g e . The su p e rn a ta n t was d ia ly zed  overn ight in  

th e  cold  a g a in s t two changes of th e  l i t e r s  each of th e  above b u f f e r .  

P ro te in  c o n c e n tra tio n  of th e  d ia ly s a te  was determ ined by th e  m icro­

b iu r e t  method c i te d  above.

FGAR was is o la te d  as fo llo w s : fo u r  l i t e r s  o f SC medium and 200 ml

o f SC co n ta in in g  5 uc of C ^^-glycine were in o c u la te d  w ith  a  2I4. hour

s t a r t e r  c u l tu re  o f a d . .  An e x t r a c t  was p repared  and t h i s  was ap p lied
6

to  a  D ow ex-l-forraate column. FGAR was e lu te d  as d esc rib ed  by Lepage



and Jones (1961). F ra c tio n s  co n ta in in g  th e  r ib o t id e  were pooled and 

ly o p h il iz e d . The ly o p h iliz e d  re s id u e  d is so lv e d  i n  d i s t i l l e d  w ate r and 

th e  FGAR assayed i n  th e  fo llo w in g  r e a c t io n  m ix tu re : 2 .5  hM potassium  

ATP, 6 .0  joM MgClg, 10 .0  L -g lu tam ine, 10 .0  uM po tassium , 18 .6  mg crude 

d ia ly ze d  ad2 e x t r a c t ,  10.0 uM potassium  phosphate b u f f e r ,  pH 7»h, con­

ta in in g  0 .5  hM EDTA and 0 .5  PM L -g lu tam ine. The t o t a l  volume p e r  tube 

was I .3 6  m l. Tubes were in c lu b a te d  f o r  zero  o r 60 m inutes a t  30°C and 

p laced  i n  ic e  and the  r e a c t io n  was stopped by th e  a d d it io n  of 0 .2  ml 

o f 1.33M potassium  phosphate b u f f e r ,  pH l . l t ,  co n ta in in g  20$ TCA. A fte r  

c e n tr i fu g a t io n  a t  l i t , 500 x  g f o r  15 m inu tes, th e  su p e rn a ta n ts  were 

a c e ty la te d  and AIR determ ined .

GAR was assayed  by th e  procedure of N ie r lic h  and Magasanik 

(1965) w ith  s l i g h t  m o d if ic a tio n s . A 15-30$ e th a n o l f r a c t io n  of ch icken  

l i v e r  was p repared  accord ing  to  th e  method of F laks and Lukens (1963)• 

The ly o p h iliz e d  15-30$ e th a n o l p r e c ip i ta te  was s to re d  a t  -l5°C  and was 

d is so lv e d  in  b u f fe r  im m ediately b efo re  u se .



CHAPTER I I I

F u n c tio n a l Blocks of AD  ̂ and AD̂

Glycine i s  a  d i r e c t  p re c u rso r  of carbons k and 5 and n itro g e n  7 

of th e  p u rin e  m olecule (F ig  2j Buchanan, I9 6 0 ). As a  p re lim in a ry  

approach to  th e  lo c a l iz a t io n  of the  enzym atic b lo ck s  o f adenine m utan ts, 

one can  c h a ra c te r iz e  t h e i r  a b i l i t y  to  accum ulate C ^ -g ly c in e  in to  p re ­

c u rso rs  o f  aden ine .
l kE x tra c ts  of adenine m utants ad and ad grown i n  C -g ly c in e

6  7
e x h ib i t  marked accum ulations o f C ^ -g ly c in e - la b e le d  m a te r ia ls .  A

heavy sp o t A ,6 F ig  3) i s  c h a r a c te r i s t i c  o f th e  TLC p a t te r n  o f ad^ .

S im ila r ly , heavy accum ulations a t  sp o ts  A, B, and o c c a s io n a lly  a t  C

(F ig  k) a re  c h a r a c te r i s t i c  of th e  TLC -pattern of th e  ad^ m utant.

The presum ptive p u rin e  in te rm e d ia te s  observed on TLC p la te s ,

appear to  be r ib o s id e s  f o r  th e  most p a r t ,  r a th e r  th a n  r ib o t id e s ,  which

are  the  t ru e  in te rm e d ia te s  Treatm ent of an adg e x t r a c t  w ith  a lk a l in e

phosphatase b e fo re  chromatography d id  n o t a l t e r  th e  RgiyS m ost sp o ts
02

(F ig  £)• Phosphate sp rays and TLC p r o f i l e s  of P in c o rp o ra tio n  by ad^ 

confirm  th a t  much of th e  accum ulations observed m ight r e p re s e n t  r ib o ­

s id e  d e r iv a t iv e s  of th e  in te rm e d ia te s .

That th e  dephosphory la tion  of th e  in te rm e d ia te s  must occur in  

v iv o  r a th e r  than  as  a  r e s u l t  o f th e  e x tr a c t io n  p ro cedure , i s  in d ic a te d  

by th e  f a c t  t h a t  th e  a d d it io n  of Na f lu o r id e  to  th e  crush ing  medium 

(16.7  pM p e r  m l), which i s  re p o r te d  to  i n h i b i t  phosphatases (F laks and 

Lukens, 1963), d id  n o t r e s u l t  i n  a marked a l t j r a t i o n  of th e  chromato­

g rap h ic  p a t t e r n s .  F urtherm ore, e x t r a c ts  made by th e  ch loroform -



F ig . 3 TLC-autoradi ogram o f an  e x t r a c t  o f 

C -^ -g ly c in e - la b e le d  adg.

S o lv en t: PAW.



0



F ig . h TLC-autoradiogram o f an e x t r a c t  o f

C -^ -.g ly c in e-lab e led  ad^.

S o lv e n t i PAW
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Fig* $• TLC-autoradiogram o f an a lk a l in e  p h osphatase- 

t r e a te d  e x t r a c t  o f C "^-g lycine la b e le d  adg.

(1) u n tre a te d  e x t r a c t  (2) a lk a l in e  phosphatase- 

t r e a te d  e x t r a c t  (3) C ^ -g ly c in e  s ta n d a rd . 

S o lv e n t: PAW.





m ethanol method, which does n o t a llow  f o r  i n  v i t r o  enzyme a c t i v i t y ,  

showed chrom atographic p r o f i l e s  s im i la r  to  e x t r a c ts  o f  c e l l s  p repared  

by cru sh in g  and d e p ro te in iz in g  w ith  e th a n o l.
i

R egard less of th i s  d ep h o sp h o ry la tio n , th e  accum ulation  by th e  

m u tan ts, ad^ and ady of c h a r a c te r i s t i c  su b stan ces  d e riv e d  from  C"^- 

g ly c in e , a llow s th e  te n ta t iv e  assignm ent of th e  enzym atic b locks of 

th e se  m u tan ts, to  a s te p  in  th e  pathway a f t e r  th a t  a t  which g ly c in e  i s  

in co rp o ra ted  in to  the  m olecule (F ig  1 ) .

I f  th e se  accum ulated su b stan ces  do indeed  re p re s e n t  d e r iv a t iv e s  

of in te rm e d ia te s  of th e  p u rin e  pathway th ey  should  be s u b je c t  to  feed ­

back in h ib i t io n  by th e  end p ro d u c t o f th e  pathway. Burns (196U) demon­

s t r a t e d  th a t  ad en in e , p ro b ab ly  a f t e r  co n v ersio n  to  th e  r ib o t id e ,  

in h ib i t s  th e  fo rm ation  of AIR i n  an ad2 m utant of S . c e r e v is ia e . Ex­

perim ents were th e re fo re  designed  to  t e s t  f o r  feedback  in h ib i t io n  by 

adenine o f C ^ -g ly c in e - la b e le d  m a te r ia l  accum ulated by adg c e l l s .

In  th e  r e s u l t s  shown i n  F ig  6 , a lth o u g h  in c o rp o ra tio n  of th e  

l a b e l  i s  l i g h t ,  s in c e  th e  c e l l s  were in cu b a ted  in  th e  C^-m edium  f o r  

only  one hour, th e  in h ib i t io n  by adenine o f th e  accum ulation  of C^*- 

labe^ed  m a te r ia l  in to  th e  c h a r a c te r i s t i c  ad^ p a t te r n  i s  c l e a r ly  a p p a ren t. 

The id e n t i f y  of th e  h e a v ily  la b e le d  c h a r a c te r i s t i c  sp o t A o f  ad^ i s  th u s  

confirm ed as an aden ine in te rm e d ia te , and by  analogy , th e  h e a v ily  la b e le d  

sp o ts  c h a r a c te r i s t i c  of th e  ady m utant may a lso  be adenine in te rm e d ia te s .

D isappearance of the  c h a r a c te r i s t i c  ad sp o t upon in tro d u c tio n
6

in to  th e  ad^ s t r a i n  o f an a d d it io n a l  adenine m arker would c o n s t i tu te  

f u r th e r  evidence t h a t  th e  sp o t re p re s e n ts  an  in te rm e d ia te  o f th e  adenine 

pathway. I f  th e  a d y  accum ulations behave s im i la r ly ,  one may conclude
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F ig . 6 TLC-autoradiogram i l l u s t r a t i n g  th e  e f f e c t  of 

adenine on th e  accum ulation of C ^ -g ly c in e -  

la b e le d  m a te r ia l by ad^.

(1) re p re s e n ts  th e  C ^ -g ly c in e  s tan d a rd  (2) an

e x t r a c t  from c e l l s  incu b a ted  i n  th e  p resence  of

adenine and (3 ) an e x t r a c t  from c e l l s  in cu b a ted

i n  th e  absence of aden ine . (A) in d ic a te s  th e

c h a r a c te r i s t i c  sp o t of ad .
6

S o lv en t: PAW.
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t h a t  th ey  too  a re  in te rm e d ia te s  o f th e  pathway. F urtherm ore, th e  TLC 

p a t te r n  o f th e  r e s u l t in g  double m utant should  correspond to  th e  TLC 

p a t te r n  o f one o r the  o th e r  s in g ly  d e f ic ie n t  p a re n t.  This p a t te r n ,

■which should  r e p re s e n t  th e  p ro d u c ts  accum ulated by  th e  p a re n t w ith  th e  

e a r l i e r  enzym atic b lo ck , could  th u s  be used to  o rd e r the m utants along 

th e  pathway.

Using th i s  approach, th e  r e l a t iv e  p o s it io n s  o f ad^ and ad^ muta­

t io n s  w ith  r e s p e c t  to  m utants ad , ad^, adQ and a d . ,  and w ith  r e s p e c t
h b o 9

to  one an o th er was a s c e r ta in e d . The d a ta  on th e  v a rio u s  p a irw ise  com­

b in a tio n s  o f adenine m utants a re  p resen ted  below.

The TLC p a t te r n  of th e  ad^ad^ double m utant i n  b o th  th e  PAW and

th e  BAW s o lv e n t system s resem bles t h a t  of th e  a d . p a re n t r a th e r  than
6

t h a t  o f  th e  ad^ p a re n t .  In  th e  PAW s o lv e n t (F ig  7)> the  ad^ad^ double 

m utant has a  heavy accum ulation  in  sp o t A, which i s  a lso  p re s e n t  in ,  

and c h a r a c te r i s t i c  o f ,  th e  ad^ m utant. The ad^ p a re n t has two o r th re e  

heavy o r  m oderate ly  heavy sp o ts  which m ig ra te  to  approxim ate ly  th e  same 

a rea  in  t h i s  s o lv e n t .

In  th e  BAW so lv e n t (F ig  8 ) ,  th e  ad^ad^ double m utant la c k s  the  

compound sp o ts  c h a r a c te r i s t i c  o f th e  ad^ p a re n t b u t  has in s te a d  one 

heavy sp o t s im ila r  to  th e  sp o t a t  A in  th e  ad^ p a re n t.  S ince th e  i n t r o ­

d u c tio n  of an ad^ marker in to  an ad^ s t r a i n  r e s u l t s  i n  a double m utant 

p a t te r n  l ik e  th a t  of th e  ad^ p a re n t ,  one may conclude th a t  ad^ i s  

blocked e a r l i e r  th a n  ad^.

As seen  i n  F ig s  9 and 10, th e  p a t te rn s  o f C ^ -g ly c in e  in co rp o ra ­

t io n  o f th e  ad^ad^ and th e  ad^ad^ double m utants resem ble t h a t  of th e  

ad£ s in g le  m utant and a re  la c k in g  th e  h e a v ily  la b e le d  sp o ts  c h a r a c te r i s t i c
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F ig . 7* A comparison of th e  TLC -patterns o f

e x t r a c ts  from C ^ ^ -g ly c in e -lab e led  ad^,

ad and th e  double m utant a d .ad 7> r e -  
7 o (

so lved  i n  th e  PAW so lv e n t system .





F ig . 8 . A com parison o f th e  TLC-patterns of

e x tr a c ts  from  C " ^ -g ly c in e - la b e le d  ad^j 

ad^ and th e  douhle m utant ad^ad^, r e ­

so lved  i n  th e  BAW s o lv e n t system .
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F ig . 9* TLC-comparison o f e x t r a c ts  from  C ^ -g ly c in e -

la b e le d  ad^, adg and ad^ad^.

The arrow  in d ic a te s  th e  lo c a t io n  o f th e

c h a r a c te r i s t i c  accum ulation  o f a d , .6
S o lv en t: PAW.
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F ig .  10 . TLC-comparLson of e x t r a c ts  from C ^ -g ly c in e

la b e le d  ad^, ad^ and ad^ad^.

The arrow  in d ic a te s  th e  lo c a t io n  o f th e

c h a r a c te r i s t i c  accum ulations o f ad .
7

S o lv en t: PAW.





o f adg (F ig  9) o r of ad^ (F ig 1 0 ) . These r e s u l t s  in d ic a te  th a t th e  ad^ 

b lo ck  i s  b e fo re  th a t  o f adg or a

G lycine in c o rp o ra tio n  by ad. , ad and the  double m utant ad ad
k 6 U 6

a re  compared i n  F ig  11. The c h a r a c te r i s t i c  heavy adg accum ulation  

d isap p e a rs  upon in tro d u c tio n  of th e  ad^ m u ta tio n . Consequently ad^ 

m ust have th e  e a r l i e r  b lo c k . S in ce , as shown above, adg i s  b locked 

b e fo re  ad^ , ad^ p i s t  be b locked  b e fo re  ad^ as w e l l .

Comparisons of th e  double m utants adgadg and ad^adg w ith  th e  

s in g le  m utants adg, ad^ and adg a re  shown i n  F ig s  12 and 13 . The 

c h a r a c te r i s t i c  adg and ad^ sp o ts  a re  lack in g  in  th e  double m u tan ts, 

in d ic a t in g  th a t  adg i s  b locked b e fo re  adg and ad^.

S tu d ie s  o f double m utants c a rry in g  an ad^ m arker a re  somewhat 

ambiguous because of th e  le ak y  n a tu re  of th e  ad^ m utant (see  page 121). 

However, i t  was p o s s ib le  to  dem onstrate  th a t  th e  in tro d u c t io n  o f an 

ad^ m u ta tio n  in to  an adg s t r a i n  does r e s u l t  i n  th e  com plete lo s s  o f the  

c h a r a c te r i s t i c  adg sp o ts  (F ig  l b ) . The ad^ m u ta tio n a l b lo ck  i s  th e re ­

fo re  a t  an  e a r l i e r  s te p  i n  th e  pathway than  th a t  o f adg.
In  summary, th e  TLC s tu d ie s  o f e x t r a c ts  o f C ^ -g ly c in e - la b e le d

ad . and ad  in d ic a te  th a t  th ey  a re  b locked a f t e r  g ly c in e  has been  i n -  
o 7

co rp o ra ted  in to  th e  r ib o t id e  m olecule ( s te p  in, F ig  1 ) .  Comparisons

of C ^ -g ly c in e - la b e le d  s in g le  and double m utant e x t r a c ts  showed th a t

adg and ad^ a re  b locked r e l a t i v e ly  l a t e  i n  th e  pathway w ith  re s p e c t  to

adenine m utants ad^, ad^, adg and ad^ . In  a d d it io n , th e  p resence  of an

adg marker i n  an adgad^ double m utan t, w i l l  p re v e n t the  accum ulation  of

la b e l  in to  TLC sp o ts  c h a r a c te r i s t i c  of th e  ad^ p aren t*  in d ic a t in g  th a t

th e  a d , b lo ck  i s  e a r l i e r  than  th a t  o f ad .6 7
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F ig . 11 . TLC-comparison of e x tr a c ts  from C ^ -g ly c in e

la b e le d  ad^ , adg and ad^adg.

The arrow  in d ic a te s  th e  lo c a t io n  o f th e

c h a r a c te r i s t i c  accum ulation  o f a d . .
6

S o lv en t: PAW.
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Fig# 12 . TLC-comparison of e x t r a c ts  from  C ^ -g ly c in e -  

la b e le d  ad̂ , adg arid ad^adg.

The arrow  in d ic a te s  th e  lo c a t io n  o f th e  

c h a r a c te r i s t i c  accum ulation  o f  ad^ .

S o lv en t: PAW.
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Fig* 13* TLG-ccmparison o f e x t r a c ts  from  C ^^-g ly c in e- 

la b e le d  ad^, a d g  and a d ^ a d g .

The arrow  in d ic a te s  th e  lo c a t io n  of th e  

c h a r a c te r i s t i c  accum ulations o f ad^.

S o lv e n t: PAW.
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Fig* l i t .  TLC-ecsnparison o f e x t r a c ts  from C ^ - g ly c in e -

la b e le d  ad^, ad^ and ad^ad^.

S o lv en t: PAW.





The ad^ and ad^ m utants do n o t accum ulate any im idazole  compounds

n o t found in  th e  -w ildtype, and th ey  must th e re fo re  be b locked b e fo re

r in g  c lo su re  ( s te p  VI, F ig  1 ) .  However, th e y  do occur r e l a t iv e ly  l a t e

w ith  re s p e c t  to  th e  o th e r m utants t e s t e d .  This su g g ests  t h a t  th e y  may

be b locked  im m ediately p reced ing  r in g  c lo su re  (F ig  1 , s te p s  V and V I).

A d d itio n a l in fo rm a tio n  on th e  lo c a t io n  of th e  b locks o f a d . and ad„ was
o 7

o b ta in ed  by th e  s tudy  of th e  in c o rp o ra tio n  of C ^ -fo rm a te .

Formate i s  in c o rp o ra ted  a t  s te p  IV i n  th e  pathway (F ig  1 ) .  M utants

blocked a t  l a t e r  s te p s  would be expected  to  accum ulate in te rm e d ia te s

la b e le d  b y  b o th  C ^ -g ly c in e  and C ^ -fo rm a te . As shown i n  F ig  15> and 16,

th e  C " ^ -g ly c in e - la b e le d  in te rm e d ia te s  accum ulated by ad^ and ad^ a re

a ls o  s tro n g ly  la b e le d  by C ^ - fo rm a te . Moreover, th e  ad^ C ^ -fo rm a te  and

C ^ -g ly c in e  p r o f i l e s  a re  s im ila r  i n  fo u r  d i f f e r e n t  so lv e n ts  (Table 1*),

and a m ix tu re  of e x tr a c ts  from g ly c in e  and form ate la b e le d  c e l l s  has a

TLC p a t te rn  which i s  id e n t i c a l  to  th e  TLC p a t te r n  o f e i th e r  e x t r a c t

alone (F ig  1 7 ) . This su p p o rts  th e  h y p o th esis  th a t  th e se  m utants are

blocked a f t e r  th e  a d d i t io n  of fo rm ate t o  th e  m olecule.

S tu d ie s  on th e  r e l a t iv e  o rd er of th e  a d . and ad_ m utations c i te d
6 7

above f u r th e r  suggest t h a t  ad i s  b locked a t
6

s te p  VI. These m utants should  th e re fo re  accum ulate FGAR and FGAM r e ­

s p e c t iv e ly .  Some FGAR m ight a ls o  be exp ec ted  to  accum ulate in  th e  ad^ 

m utant because i t  i s  a  p re c u rso r  to  FGAM and because of th e  spontaneous 

breakdown of FGAM (Lukens and F la k s , 1963).

s te p  V (F ig  1) and a d , a t



TLC-comparison o f e x t r a c ts  from C ^ -g ly c in e -  

la b e le d  and C ^ -fo rm a te - la b e le d  ad^. (a) g ly -ad^  

C ^ -g ly c in e - la b e le d  e x t r a c t  (b) form -ad^ : C ^ -  

fo rm a te -lab e led  e x t r a c t  (c ) C ^ - g ly  : C ^ -g ly c in e  

s ta n d a rd .

S o lv en t: PAW.
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F ig . 16 . TLC-comparison of e x t r a c ts  from C ^ -g ly c in e -

la b e le d  and C "^ -fo rm ate-lab e led  ady . (a) g ly -ady  : 

C ̂ - g ly c in e - la b e le d  e x t r a c t  (b) form-ady ! C ^ -  

fo rm a te -la b e le d  e x t r a c t  (c) C ^ - g ly  : C ^ -g ly c in e  

s ta n d a rd .

S o lv en t: PAW.
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TABLE 1*

Comparison of C ^ -g ly c in e  and C ^ -fo rm a te - la b e le d  

ad^ e x t r a c ts  u s in g  TLC.

*

t o

Solven ts PAW

C ^ -g ly c in e  C^^-form ate

a  5”
0.1l*±

CVJ0. MH (10) 0 .151 .02 MH (U)

0.27± .03 MH (13) 0.25± .03 MH (3)

- 0 .3 1 1 VL (1)

0.9l|+ .06 M-VH (13) 0 .871

000. MH (li)
1 .0 5  ± .01* L-VL (U) 1.0l*± .06 L (li)
1 . 1*61 .11 VH (Hi) 1.55 ± .10 VH (li)
1.57  + .03 VL (2) -

1 .88  + .05 WL (3) 1.88±

00. WL (3)

S o lv en t: MFW

0,1*2 M (1)

0.63 M (1)

0.81* H (1)

0.96± .01* MH (2)

0.1*2 MH (1)

0.61*± .01* M-H (2)

0 .76  M (1)

0 .80  VH (1)

1.03+ *00 MH (2)



TABLE ij ( c o n t .)

Solvents RAW

C ^ -g ly c in e  C ^ - f  onnate

0.10+ .00 LM (3) 0.17+ .03 M (2)

0.26+ .03 LM (S)
0.31 L (1)

0 .38 ML (1)

0 .1*5+ .00 L (2) 0.1:2+ .01 M (2)

0 .5 7 ± .01 L (3) -

0.68± .01 M (3) 0.68+ .01 M (2)

0 .82±  .01 LM (3)
0 .92 M (1)

0.98± .01 MH (3)

1 .0 9 -  .05 VH (*) 1 .1 6 - .03 VH (3)

S o lv en t: MCF

0.08±  .03 M (3) -

0 .22±  .01 H (S) -

0.U2+ .02 L-M (3) -

0 .6 1 MH (1) 0.61± .00 MH (2)

0 .7 1  ± .02 M-L (2) 0.72+ .02 M (2)

0.98+  .05 VH (5) 1 .0 3 -  .05 VH (2)

1 .08 H (1) 1 . 16+ .Oil VH (2)

(a ) l e t t e r s  r e f e r  to  q u a l i t a t iv e  e s tim a te  o f th e  degree o f in c o rp o ra tio n  
o f th e  la b e l  as fo llo w s : WL: t r a c e j  VL: v e ry  l i g h t j  L: l i g h t ;
M: m oderate; H: heavy; VH: v e ry  heavy.

(b ) th e  number i n  b ra c k e ts  in d ic a te s  th e  number of tim es t h i s  sp o t was 
observed .

*  see m a te r ia ls  and methods



F ig . 17. Cochromatography o f C ^ -g ly c in e - la b e le d  and 

C ^ - f o rn a te - la b e le d  e x tr a c ts  o f ad^ , i n  th e  

PAW s o lv e n t system . (1) R epresen ts  th e  mixed 

ad^ e x t r a c t s ,  (2) th e  C ^ -g ly c in e  s tan d a rd . 

A ll  o th e r  m arkings may be d is re g a rd e d .
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FGAR, ‘which i s  n in h y d rin  n e g a tiv e , can be d efonny la ted  by m ild 

a c id  h y d ro ly s is  to  GAR, which i s  n in h y d rin  p o s i t iv e  ( Warren and 

Buchanan, 1957)* An e x t r a c t  o f C " ^ -g ly c in e - la b e le d  c e l l s  t r e a te d  i n  

t h i s  way, i s  compared in  F ig  18 w ith  an u n tre a te d  e x t r a c t .  With de­

fo rm u la tio n  th e  h e a v ily  la b e le d  unique accum ulation of a d . ,  A d isa p p e a rs ,
o ~

w ith  th e  concom itant appearance of a  h e a v ily  la b e le d  n in h y d rin  p o s i t iv e

band, B a t  a d i f f e r e n t  Rgjy

S im ila r  tre a tm e n t of an e x t r a c t  la b e le d  w ith  C ^ -fo rm a te , r e s u l t s

i n  th e  appearance of a  s tro n g ly  n in h y d rin  p o s i t iv e  band a t  B (F ig  18)

w ith  the  sim ulataneous lo s s  of th e  c h a r a c te r i s t i c  C" ^ - l a b e l e d  m a te r ia l .

This n in h y d rin  p o s it iv e  band i s  n o t la b e le d . These r e s u l t s  are  con-

s i s t a n t  w ith  th e  h y p o th esis  th a t  ad accum ulates FGAR.
6

A d d itio n a l c h a ra c te r iz a tio n  of th e  in te rm e d ia te s  accum ulated by

ad^ and ad^, and con firm ation  o f the  above r e s u l t s  was accom plished by

th e  use of Dowex-l-form ate columns. E x tra c ts  o f adg and

w ith  C "^-g lycine  were analyzed f o r  th e  p resence  of GAR and FGAR by the

procedure of Lepage and Jones (1961), which allow s c le a r  s e p a ra tio n  of

th e se  two in te rm e d ia te s . In  c o n tr a s t  to  t h in  la y e r  chromatography

w hich, f o r  th e  m ost p a r t ,  p e rm itte d  r e s o lu t io n  on ly  o f th e  r ib o s id e s ,

th e  anion-exchange method s e p a ra te s  th e  r ib o t id e s .

Both th e  ad . and ad_ e x tr a c ts  have a  ra d io a c tiv e  peak i n  th e  
o 7

re g io n  re p o rte d  to  be th a t  i n  which GAR i s  e lu te d  (p eak lj F ig s  19 and

2 0 ). In  some in s ta n c e s ,  peak I  was re so lv e d  in to  two components
*1 )

(F ig 2 1 ). E x tra c ts  of b o th  m utants a ls o  have a C -peak  in  th e  reg io n  

d esc rib ed  as th a t  i n  which FGAR i s  e lu te d  (peak n ) .  Among a l l  of th e  

m utants te s te d  and th e  w ild type s t r a i n ,  th e  m a te r ia l  appearing  i n  the
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Fig* 18 . TLC-auto rad iogram  of C " ^ -g ly c in e - la b e le d  and C ^ -  

fo rm a te -la b e le d  e x t r a c ts  o f ad^ b e fo re  and a f t e r  

defo rm yation . D eform ylation  was c a r r ie d  o u t by 

m ild  a c id  h y d ro ly s is  i n  0 .1  N HC1. (1) R epresen ts 

th e  C " ^ - g l y c i n e - l a b e l e d  u n tre a te d  c o n tro l,  ( 2 )  C^*- 

g ly c in e - la g e le d  e x t r a c t ,  hydrolyzed 1$ m inu tes, (3)

C "^ -g ly c in e -la b e le d  e x t r a c t ,  hydrolyzed 30 m inu tes,

(U) C ^^-fo rm ate-lab eled  e x t r a c t ,  hydrolyzed  1$ m in u tes, 

(£) - fo rm a te - la b e le d  u n tre a te d  c o n tro l ,  (A) i s  th e  

lo c a t io n  of the c h a r a c te r i s t i c  n in h y d rin  n e g a tiv e  i n ­

te rm e d ia te  which accum ulates i n  ad^ c e l l s ,  and (B) i s  

the  lo c a t io n  of th e  n in h y d rin  p o s i t iv e  band which 

forms on d efo rm y la tio n  of an ad , e x t r a c t .





F ig . 19 . Ion-exchange chrom atography of ad^. The

e x t r a c t  was made from c e l l s  grown i n  SC con­

ta in in g  10 jiC of C ^ - g ly c in e .
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F ig . 20. Ion-exchange chrom atography of ad^.

The e x t r a c t  was made from c e l l s  grown 

in  SC co n ta in in g  10 jiC of C ^ - g ly c in e .
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F ig . 21. Ion-exchange chrom atography o f C -g ly c in e -

la b e le d  and C ^ -fo rm a te - la b e le d  e x tr a c ts  o f ad^.

The e x t r a c ts  w ere made from c e l l s  grown in  SC
Ik , . . lU

c o n ta in in g  e i t h e r  C -g ly c in e  (5 jiCj o f  C -

form ate (£ jiC ). Each e x t r a c t  was chromatographed

s e p a ra te ly .  0----------- 0, g ly c in e - la b e le d  e x t r a c t ,

□ ----------□  fo rm a te -lab e led  e x t r a c t .
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FGAR re g io n  was observed only  i n  e x t r a c ts  o f ad^ and ady (F igs 22-26), 

In  addi t i  on to  FGAR ad^ would be expected to  accum ulate FGAM,

f o r  which no e lu t io n  p a t te r n  under th e se  c o n d itio n s  has been d e sc rib e d .

I t  was th e re fo re  n ecessa ry  to  id e n t i f y  th e  C ^ -m a te r ia l  i n  peak I I  of

th e  a d y  p r o f i l e .

On two t r i a l s ,  m ix tures of an ad , and an ad_ peak I I  could  n o t
o 7

be se p a ra te d  from one ano ther when th e  m ixture was rechrom atographed 

on R ow ex-l-form ate (F ig  2 7 ). F urtherm ore , a  m ix ture  of peak I I  m a te r ia l  

from ad^ and ady , su b je c te d  to  th e  d e fo rm y la tio n  procedure d iscu ssed  

above, behaved id e n t i c a l ly  to  peak I I  m a te r ia l  o f  adg which had been sub­

je c te d  to  th e  same tre a tm e n t (F ig 2 8 ) . F in a l ly ,  when peak n  m a te r ia l

from each of the  a d , and ad m utants i s  ly o p h il iz e d  and compared by TLC,o i
th e  R ,  o f th e  C ^ -m a te r ia l  from each m utant i s  s im ila r  i n  fo u r  d i f f e r -  

g iy s
e n t  so lv e n ts  (F ig 29 and Table £ )•  I t  seems u n lik e ly  t h a t  FGAR and FGAM

should  f a i l  t o  se p a ra te  in  any o f th e  fo u r  d i f f e r e n t  so lv e n t system s.

One may conclude, th e re fo re ,  th a t  th e  C ^ - la b e le d  m a te r ia l  i n  peak I I

of a  chrom atographed ady e x t r a c t  i s  id e n t i c a l  to  th a t  i n  peak I I  o f a

s im i la r ly  t r e a te d  ad^ e x t r a c t .  I t  has n o t y e t  been p o ss ib le  to  i s o l a t e

FGAM from e x tr a c ts  of a d y .

I f  th e se  C ^ - la b e le d  peaks r e p re s e n t  p u rin e  pathway in te rm e d ia te s ,

t h e i r  p resence  i n  th e  ad and ad e x t r a c t  should be s u b je c t  to  feedback
6 I

in h ib i t io n .  The r e s u l t s  shown i n  F ig  30 and 31 show th a t  th e  m a te r ia l  

i s o la te d  as  peak I I  from the ad^ and ady m utants i s  s u b je c t  to  feedback 

in h ib i t io n  by adenine and th e re fo re  i s  indeed an in te rm e d ia te  i n  pu rine  

b io s y n th e s is .  No feedback in h ib i t io n  of th e  accum ulation o f m a te r ia l  

e lu te d  i n  th e  GAR re g io n  was o b ta in e d . The n a tu re  of th e  m a te r ia l



F ig . 22. Ion-exchange chrom atography o f ad^. The 

e x t r a c t  was made from c e l l s  grown i n  SC 

co n ta in in g  10 pC of C ^ - g l y c i n e .
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F ig . 23. Ion-exchange chrom atography of ad^. The 

e x t r a c t  was made from  c e l l s  grown i n  SC 

c o n ta in in g  10 pC of C ^ - g l y c i n e .
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F ig . 21;. Ion-exchange chrom atography of adQ.o
The e x t r a c t  was made from  c e l l s  grown 

in  SC co n ta in in g  5 pC of C ^ - g l y c i n e .
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F ig . 23>. Ion-exchange chrom atography of ad ^ . The 

e x t r a c t  was made from c e l l s  .grown i n  SC 

co n ta in in g  5 hC of C ^ -g ly c in e .
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F ig . 26 Ion-exchange chrom atography o f th e  m id  ty p e . 

The e x t r a c t  was made from c e l l s  grown i n  SC 

c o n ta in in g  10 jiC of C ^ -g ly c in e .
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F ig . 27* Ion-exchange chrom atography of a m ix ture  o f

peak I I  m a te r ia l  from ad^ and ad^ . C ^ -g ly c in e -  

la b e le d  e x t r a c ts  o f each m utant were chromato­

graphed on Dowex-lX8-formate columns and peak H  

m a te r ia l  i s o la te d  from each. The peak I I  m ater­

i a l s  from each m utant were poo led , ly o p h iliz e d , 

d is so lv e d  in  w a te r and rechrom atographed on 

D ow ex-lX 8-fornate colum ns.
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F ig . 28. Ion-exchange chrom atography of deforraylated  peak 

I I  m a te r ia l .  Peak I I  m a te r ia l  la b e le d  w ith  C ^ -  

g ly c in e , i s o la te d  from adg and ad^ was deformy- 

la te d  by m ild ac id  h y d ro ly s is  i n  0.1N HG1 and r e ­

chrom atographed on D ow ex-lX 8-fornate. (A) i s  th e  

e lu t io n  p r o f i l e  o f deform ylated  peak I I  m a te r ia l 

from  ad^, (B) th e  e lu t io n  p r o f i l e  o f deform ylated  

peak I I  from ady and (C) th e  e lu t io n  p r o f i l e  of a  

deform ylated  m ix tu re  of adg and ad^ peak I I  m a te r ia l .
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F ig . 29 • TLC-comparison of C " ^ -g ly c in e - la b e le d  peak n  

m a te r ia l  from ad^ and 

Iso-H Cl, (C) PAW and (D) BAW, (1) i s  peak I I  

m a te r ia l  from ad^ (2) peak I I  m a te r ia l  from 

ad^ and (3) the  C ^ -g ly c in e  s ta n d a rd . In  

so lv e n t (B) MCF, (1) i s  th e  C "^ -g ly c in e  s ta n ­

dard  (2) peak I I  m a te r ia l  from ad^ and (3) 

peak I I  m a te r ia l  from ady.

a o . .  In  so lv e n ts  (A)
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TABLE $

TLC a n a ly s is  of C " ^ -g ly c in e - la b e le d  m a te r ia l  

e lu te d  as peak I I  from  e x tr a c ts  o f ad^ and ad,

S o lven t:

Rgly:

i t sugar phosphate n in h y d rin

ad6 ad? ad
6

ad
7

ad
6

ad
7

ad ad
6 7

BAW 0 »hh o . ia + •  •  • •  •  • •  ♦ •  •  •  •

PAW 0.23 0.23 i •  •  • •  •  • •  •  •  •  •  •

MCF 0.88 0.8$ •  •  • •  •  • •  •  * •  •  • -

Iso-H Cl 1 .3 1 .3 # •  • •  •  • •  •  •  •  •  •

(1) The C1*1 on each p la te  was lo c a l iz e d  by au to rad io g rap h y . 

The p la te s  were su b seq u en tly  sprayed w ith  c o lo r im e tr ic  

re a g e n ts  and the r e s u l t s  in d ic a te d  by a  (4 ) o r ( - )  s ig n .
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F ig . 30. Feedback in h ib i t io n  by adenine o f  the accum ulation 

o f peak I I  m a te r ia l  in  ad^. E x tra c ts  were made 

from c e l l s  incubated  in  SC medium co n ta in in g  10 »C
lUof C -g ly c in e  and which was e i th e r  a d e n in e - le ss  

0-------------0, o r  con ta in ed  2$0 )ig adenine p e r  ml

D - ----------p .
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F ig . 31* Feedback in h ib i t io n  by adenine of th e  accum ula­

t io n  o f  peak II m a te r ia l in  ad ^ . E x tra c ts  were 

made from c e l l s  in cu b a ted  in  SC medium c o n ta in ­

ing 10 nC o f C ^ g ly c in e - and which was e i th e r

a d e n in e - le ss  0-----------0 , o r co n ta in ed  2$0 ng

adenine p e r  ml □ -----------
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e lu te d  as  peak I  -w ill be d iscu ssed  elsew here (see  Chapt IV ). A d d itio n a l 

ev idence th a t  th e  in te rm e d ia te  i s o la te d  as peak I I  i n  FGAR i s  p rovided  

by  the  fo llo w in g  o b se rv a tio n s : The m a te r ia l  co n ta in s  su g ar and phos­

p h a te , i s  n in h y d rin  n eg a tiv e  and i s  la b e le d  by C ^ - f o rn a te  (Table 

F ig  2 1 ).

TIYhen peak n  o f ad^, peak II of ad^ and a  m ix tu re  o f th e  two a re  

defo rm ylated , each g iv es  r i s e  to  two new peaks (peak l a  and lb ,  F ig  2 8 ). 

Peak l a  behaves ch rom atograph ica lly  as GAR (Lepage and Jones, 1961); 

peak lb  i s  e lu te d  somewhat l a t e r .

The form ylated  in te rm e d ia te  (n a tiv e  peak I I )  and th e  deforray- 

la te d  p ro d u c ts  (peak l a  and lb )  o f th e  adg and ady m utants were compared 

on th in  la y e r  chromatograms. The chromatograms were developed i n  two 

d i f f e r e n t  so lv e n ts  (BAW and MCF) and sprayed w ith  n in h y d rin  re a g e n t.

Both ad^ and ady n a tiv e  peak n m a te r ia ls  were n in h y d rin  n e g a tiv e . One 

n in h y d rin  p o s it iv e  sp o t was observed i n  th e  chromatograms o f peak la  

from b o th  adg and ady , and some n in h y d rin  p o s i t iv e  m a te r ia l  remained a t  

th e  o r ig in .  Peak lb  m a te r ia l  which i s  formed i n  r e l a t iv e ly  sm all amounts 

gave a  v a r ia b le  n in h y d rin  re a c t io n  and was n o t in v e s t ig a te d  f u r th e r .

Radioautograms of n a tiv e  and deform ylated  peak I I  o f ad^, chromato 

graphed in  fo u r  d i f f e r e n t  s o lv e n ts ,  a re  shown i n  F ig s  32 and 33* The 

n a tiv e  peak I I  and peak l a  showed c o in c id e n t sp o ts  o f C ^ ,  phosphate and 

su g ar. Peak lb  showed c o in c id e n t sp o ts  of G ^ - and phosphate , however 

th e  su g a r r e a c t io n  of t h i s  peak was n e g a tiv e .

C o n s is ten t w ith  the d a ta  above, w hich su g g ests  th a t  peak I I  i s

FGAR, i s  th e  f a c t  t h a t  ad peak I I  m a te r ia l  can be converted  to  AIR by
6

a crude enzyme p re p a ra tio n  from adg (Table 6 ) .  The a c t i v i t y  o f th e
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F ig . 32. TIC -autoradiogram s o f n a t iv e  and deform ylated

peak I I  m a te r ia l  o f adg chrom atographed in  th e  

PAW and the  MCF so lv e n t system s.

(A) PAW, (B) MCF, (1) n a t iv e  peak I I  m a te r ia l ,

(2) peak l a  m a te r ia l (3) peak lb  m a te r ia l  (Jj.)

C ^ -g ly c in e  s ta n d a rd .
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F ig . 33 • TLC-autoradiograms o f n a tiv e  and deform ylated

peak I I  of ad , chromatographed in  th e  Iso-HCl 
6

and BAW s o lv e n t system s.

(A) Iso-H C l, (B) BAW, (1) n a tiv e  peak I I  mat­

e r i a l ,  (2) peak l a  m a te r ia l ,  (3) peak lb  mat­

e r i a l  (U) C ^ -g ly c in e  s ta n d a rd .





TABLE 6

Enzymatic conversion  of peak I I  m a te r ia l  to  AIR.

R eaction  m ixture
2 ^ o o

mp
( a f t e r  a c e ty la t io n )

ze ro -tim e , complete 0.162

no s u b s tr a te  (peak I I ) 0.157

no ATP 0.173

no glutam ine 0.197

60 m inute, complete 0.192

Each re a c t io n  v e s s e l  co n ta in ed  th e  fo llo w in g : 2 .5  pM potassium  

ATP, 6 .0  pM MSgCl2j 10 .0  juM L -g lu tam ine, 10 .0  PM potassium  PGA, 18 .6  mg 

crude d ia ly ze d  adg e x t r a c t ,  10 .0  PM potassium  phosphate b u f fe r ,  pH 7.1i, 

co n ta in in g  0 .5  PM EDTA and 0 .5  PM L -glu tam ine. Omissions o f compounds 

from th e  c o n tro l  r e a c t io n  m ix tu res  were made as in d ic a te d  i n  th e  ta b le .  

The zero -tim e and 60 m inute v e s s e ls  con ta ined  complete r e a c t io n  m ix tu re s , 

however, 0 .2  ml o f 1 .33  M potassium  phosphate b u f fe r ,  pH l .U , co n ta in in g  

20$ TCA was added to  th e  zero -tim e v e s s e l  b e fo re  the  a d d it io n  o f enzyme. 

A ll v e s s e ls  were in cu b a ted  60 m inutes a t  30°. AIR was assayed a s  de­

sc rib e d  i n  Mater i a l s  and Methods.



crude enzyme system  was low as seen by th e  sm all in c re a se  i n  B ra tto n -  

M arshall p o s i t iv e  m a te r ia l  observed i n  th e  60 m inute r e a c t io n  m ix tu re . 

F lak s  and Lukens (1963) r e p o r t  th a t  i n  Neurospora n e g lig ib le  enzym atic 

a c t i v i t y  of th e  p u rin e  pathway enzymes can be dem onstrated  w ith o u t a 

p re lim in a ry  f r a c t io n a t io n  of th e  crude e x t r a c t .  S ince no f r a c t io n a t io n  

o f th e  y e a s t  enzymes was a ttem pted , t h i s  may e x p la in  th e  low a c tiv ity -  

observed. No glutam ine dependence of th e  r e a c t io n  could be dem onstrated , 

s in c e  th e  procedure fo llow ed  ( c f .  F lak s  and Lukens, 1963) c a l l s  f o r  the  

a d d it io n  of L-glutam ine to  th e  b u f fe r  i n  which th e  enzymes a re  p rep ared . 

N ev e rth e le ss , as  shown i n  F ig  3k> th e  a b so rp tio n  spectrum  o f th e  non- 

a c e ty la ta b le  B ra tto n -M arsh a ll p o s i t iv e  m a te r ia l  formed i n  th e  r e a c t io n  

i s  t h a t  of AIR and re p re s e n ts  an in c re a s e  i n  B ra tto n -M arsh a ll p o s i t iv e  

m a te r ia l  over th e  c o n tro l  re a c tio n  m ix tu re s . Although th e  adg enzymes 

a re  d ia ly z e d , some AIR does a p p a re n tly  rem ain t i g h t l y  bound to  the  

enzyme and accoun ts  f o r  th e  B ra tto n -M arsh a ll chromophore observed i n  

th e  zero -h o u r sample (F ig  3k)  •

F u rth e r  i d e n t i f i c a t io n  of peak I I  as FGAR, was c a r r ie d  o u t as 

fo llo w s : C ^ -g ly c in e - la b e le d  FGAR (peak I I )  was i s o la te d  on a Dowex-1- 

fo rm ate column. The FGAR was su b jec te d  to  the  defo rm y la tio n  procedure 

d esc rib ed  above, rechrom atographed, and th e  m a te r ia l  e lu te d  i n  f r a c ­

t io n s  U-7 was c o lle c te d  and ly o p h il iz e d . The ly o p h il iz e d  re s id u e  was 

d isso lv e d  in  w ater and assayed f o r  th e  p resence of GAR by the  procedure 

of N Lerlich and Magasanik (1961). The AICAR formed as a r e s u l t  of th e  

d eg rad a tio n  o f IMP was assayed  by the  B ra tto n -M arsh a ll p rocedure de­

sc rib e d  by th ese  a u th o rs . 'While th e  zero -hour c o n tro l con ta ined  no 

B ra tto n -M arsh a ll p o s i t iv e  m a te r ia l ,  th e  B ra tto n -M arsh a ll chromophore
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F ig . 3k» A bsorption  spectrum  of n o n -a c e ty la ta b le  B ra tto n -

M arshall p o s i t iv e  m a te r ia l  formed in  th e  enzym atic 

conversion  of peak I I  m a te r ia l  to  AIR.

(A) 60 m inute com plete r e a c t io n  v e s s e l  (B) zero  

m inute com plete r e a c t io n  v e s s e l .
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found, i n  th e  su p e rn a ta n t o f th e  k$ m inute r e a c t io n  m ix tu re , has th e  

a b so rp tio n  spectrum  o f th a t  o f AICAR (Fig 3 5 ).

In  summary, peak I I ,  which can be la b e le d  b o th  by C -^ -g ly c in e  

and C ^ -fo rm a te , i s  s u b je c t  to  feedback in h ib i t io n  by aden ine. This 

in te rm e d ia te  i s  n in h y d rin  n e g a tiv e , co n ta in s  sugar and phosphate and 

can be converted  to  AIR by y e a s t  enzymes. In  a d d it io n , th e  in te rm e d ia te  

can be deform ylated  to  a  n in h y d rin  p o s i t iv e  m a te r ia l which has th e  chro­

m atographic p ro p e r t ie s  of GAR. One may conclude th e re fo re  t h a t  the  

m a te r ia l  i s o la te d  as peak I I  i s  FGAR.

The dem onstra tion  of FGAR as th e  in te rm e d ia te  of p u rin e  b io ­

s y n th e s is  which accum ulates i n  th e  ad m utant, confirm s th e  above p ro -
6

p o sa l th a t  t h i s  m utant i s  b locked a t  th e  conversion  o f FGAR to  FGAM 

(s te p  V, F ig  1 ) .  S ince ad^ a lso  accum ulates FGAR, b u t  was shown to  be 

b locked  a t  a  s te p  l a t e r  th a n  ad^, th e  ad~, m utant la c k s  the  a b i l i t y  to  

c o n v e rt FGAM to  AIR (s te p  VI, F ig  1 ) .



F ig . 35>» A bsorp tion  spectrum  of th e  B ra tto n -M arsh a ll

chromophore formed i n  th e  GAR a ssa y  : deform y- 

l a te d  peak I I  m a te r ia l .  Peak I I  m a te r ia l  was 

i s o la te d  on a  Dowex-lX8-formate column, deform y- 

la te d ,  rechrom atographed and th e  m a te r ia l  e lu te d  

i n  f r a c t io n s  U-7 was c o lle c te d  and ly o p h il iz e d . 

The ly o p h iliz e d  re s id u e  was d is so lv e d  i n  w ater 

and assayed f o r  th e  p resence o f GAR by th e  p ro ­

cedure o f N ie r lic h  and M agasanik.
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CHAPTER IV

F u n c tio n a l Blocks o f AD, and AD̂
u 5

Since c h a ra c te r iz a tio n  of th e  accum ulated C "^ -g ly c in e -lab e led  

in te rm e d ia te s  was used su c c e ss fu lly  to  lo c a l iz e  the  fu n c tio n a l  b locks 

of m utants ad^ and ady (Chapt I I I ) ,  a  s im ila r  approach was used to  s tu d y  

th e  m utants ad^ and ad,.. The m utants were grown in  SC medium co n ta in ­

ing  C ^ -g ly c in e ,  e th a n o l-d e p ro te in iz e d  e x t r a c ts  w ere made and th e se  were 

compared by TLC i n  th e  PAW s o lv e n t (Fig 3 6 ) . In  c o n tr a s t  to  th e  r e s u l t s

o b ta in ed  w ith  e x t r a c ts  o f a d . and ad_, a lthough  some h e a v ily  la b e le do 7
m a te r ia ls  a re  p re s e n t ,  th e  e x tr a c ts  of ad^ and ad^ con ta in ed  no id e n t i ­

f ia b le  c h a r a c te r i s t i c  s p o ts .

An a ttem p t was made to  determ ine w hether any of th e  C "^ -g ly c in e- 

la b e le d  m a te r ia ls  observed i n  th ese  e x tr a c ts  re p re se n te d  p u rin e  i n t e r ­

m ed ia tes, u s in g  th e  c r i t e r i o n  of feedback  in h ib i t io n .  Some su g g estio n  

was found of feedback  in h ib i t io n  of th e  accum ulation of la b e le d  m a te r ia l 

i n  th e  ad^ e x t r a c t  (F ig 37)* The e x t r a c t  of ad^ , however, could  n o t be 

re so lv ed  in to  a  d is c r e te  p a t te r n .  Thus, no d e te rm in a tio n  o f feedback 

in h ib i t io n  could be made i n  th i s  m utant.

F u r th e r  ev idence th a t  th e  la b e le d  m a te r ia ls  which accum ulate in  

ad^ re p re s e n t adenine pathway in te rm e d ia te s  i s  su p p lie d  by th e  observa­

t io n  th a t  th e  in tro d u c tio n  of an ad Q marker in to  an ad. s t r a i n  w i l l
8 h

cause an a l t e r a t io n  in  th e  TLC -pattern of the  l a t t e r  (F ig  3 8 ) . On the

o th e r  hand, a  s im ila r  procedure w ith  ad_, g ives no marked re d u c tio n  in
5

th e  accum ulation  of C ^ -g ly c in e - la b e le d  m a te r ia l  by th e  ad^ m utant 

(F ig  39) • The above procedure su g g ests  t h a t  some of th e  C " ^ -g ly c in e -



F ig . 36. TLC-autoradiograms of e x t r a c ts  o f C ^ -g ly c in e -  

la b e le d  ad, and ad .. The chromatograms were
U 5

developed i n  th e  PAW so lv e n t system .





Fig* 37* Feedback in h ib i t io n  by adenine of th e  accumu­

la t i o n  of C - ^ - g l y c i n e - la b e le d  m a te r ia l  i n  ad .
4

(1) r e p re s e n ts  th e  C ^ -g ly e in e  s tan d a rd  (2) an 

e x t r a c t  of c e l l s  in cu b a ted  i n  th e  absence of 

adenine and (3) an e x t r a c t  o f c e l l s  in cu b a ted  

in  th e  p resence  of aden ine .
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F ig . 38 TLC-comparison o f e x t r a c ts  from C ^ -g y c in e ' 

la b e le d  ad^ , adg and ad^adg.

S o lv en t: PAW.
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Fig# 39# TLC-comparison o f e x t r a c ts  from C ^ -g ly c in e -  

la b e le d  ad^, ad^ and ad^ad^.

S o lven t: PAW.
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la b e le d  p ro d u c ts  i n  th e  ad^ e x t r a c t  a re  p u rin e  pathway in te rm e d ia te s ,

and th e  double m utant s tu d ie s  p la c e  th e  adQ m u ta tio n a l b lock  e a r l i e ro
in  the  pathway than  th a t  o f ad^.

i n  an ad. a d . double m utant le d  to
k $

ambiguous r e s u l t s  (Fig 1|0).

Evidence p resen ted  in  Chapt I I I ,  showed th a t  b o th  th e  ad^ and 

ad^ m utants are b locked b e fo re  ad^ and ad^, and th e re fo re  occur a t ,  o r 

b e fo re , th e  s te p s  a t  which fo rm yla ted  in te rm e d ia te s  a re  sy n th es ized  

( i . e .  b e fo re  s te p  IV, F ig  1 ) .  N ev erth e less , a t e s t  f o r  the  p resence of 

FGAR i n  th e  ad^ and ad^ m utants was made by chrom atographing e x tr a c ts  

of each, u s in g  th e  ion-exchange procedure d esc rib ed  in  Chapt I I I .  No 

r a d io a c t iv i ty  was e lu te d  i n  th e  FGAR re g io n  i n  e i th e r  c a se , nor from 

e x tr a c ts  of the  w ild -ty p e  c e l l s  (F igs 22, 23 and 2 6 ). This i s  c o n s is te n t  

w ith  th e  p reced ing  d a ta  which in d ic a te d  t h a t  th e se  m utants a re  blocked 

a t ,  o r  b e fo re ,  s te p  IV.

Based on t h e i r  a b i l i t y  to  in c o rp o ra te  C ^ -g ly c in e  and on th e  ab­

sence o f FGAR, th e  m utants ad^ and ad^ were though t to  be blocked a f t e r  

s te p  I I I  i n  th e  pathway b u t b e fo re  th e  in c o rp o ra tio n  of form ate." In  the  

pigeon l i v e r  system  (F ig  1 ) ,  th e re  i s  only  one s te p  a f t e r  th e  in co rp o ra ­

t io n  of g ly c in e  ( s te p  I I I )  b u t b e fo re  th e  in c o rp o ra tio n  of form ate (s te p  

IV ), and a  m utant blocked a t  th i s  s te p  would be expected  to  accum ulate 

GAR. Although th e re  a r e  a t  l e a s t  two reasons f o r  a n wi n a b i l i t y  to  c a rry  

o u t the fo rm y la tio n  o f GAR, i . e .  th e  lack  of c o fa c to r  (N^N^°methenyl 

THFA) o r a  la c k  of GAR tran sfo rm y lase  a c t i v i t y ,  e i th e r  d e f ic ie n c y  should 

r e s u l t  i n  th e  accumulation of GAR. Accumulation of t h i s  in te rm e d ia te  was 

th e re fo re  in v e s t ig a te d  i n  bo th  ad^ and ad^.

Attem pts to  o rd e r ad^ and acL
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F ig . 1*0. TLC-comparison of e x t r a c ts  from C ^ - g ly c in e -

la b e le d  ad^, ad^ and ad^ad^. 

S o lv en t: BAW





R esu lts  of a ttem p ts  to  d e te c t  GAR by ion-exchange chrom atography, 

showed th a t  ad^ and ad^ have a C " ^ -g ly c in e - la b e le d  peak i n  th e  GAR 

re g io n  (F igs 22 and 2 3 ). However, t h i s  peak was p re se n t a lso  i n  a l l  

of th e  o th e r adenine m utants te s te d  (ad^, ad^, adg and ad^) as w ell 

as i n  th e  w ild  type (F igs 19, 20, 2U, 2$ and 2 6 ).

Although th e re  i s  some in d ic a t io n  t h a t  sm all amounts of GAR are  

e lu te d  in  t h i s  re g io n  u s in g  an ad^ e x t r a c t  (Mazlen, 1968), no feedback 

in h ib i t io n  o f th e  accum ulation of C ^ -g ly c in e - la b e le d  m a te r ia l  could 

be dem onstrated i n  e i th e r  ad^ o r  ad^. S ince th e  w ild ty p e , which should 

accum ulate th e  pu rin e  pathway in te rm e d ia te , a lso  has a  C ^ -p e a k  i n  t h i s  

re g io n , one may conclude t h a t  a t  l e a s t  p a r t  of th e  m a te r ia l  e la te d  in  

th e  GAR re g io n  i s  n o t an in te rm e d ia te  o f th e  p u rin e  pathway. I t  i s  

p o ss ib le  t h a t  th e  p resence  o f t h i s  C ^ -g ly c in e - la b e le d  compound o f un­

known id e n t i ty  masks any in h ib i t in g  e f f e c t  th a t  adenine may have.

Although no dem onstra tion  o f GAR was achieved by th e  chromato­

g raph ic  p ro ced u res , th e  p resence  of GAR was assayed i n  crude e x tr a c ts  

o f ad ^ , ad^ and th e  double m utant ad^ad^, by th e  m odified  procedure o f 

N ie rlic h  and Magasanik (1961). E x tra c ts  o f m utants adg and ad^, which 

a re  n o t  expected to  accum ulate GAR (see  Chapt se re  used as  c o n tro ls .  

The r e s u l t s  are  p re sen ted  i n  Table 7• C onfirm ation o f th e  fo rm atio n  

of AICAR, expected  from th e  r e a c t io n  when GAR i s  p re s e n t ,  was o b ta ined  

by exam ination of ab so rp tio n  s p e c tra  o f th e  B ra tto n -M arsh a ll r e a c t io n  

p roducts  (F ig  1*1). These r e s u l t s  show th a t  ad^ does indeed  accum ulate 

GAR, and sug g ests  th a t  t h i s  m utant i s  b locked a t  s te p  IV. No GAR 

accum ulates i n  ad^ , ad^ or ad ^ . The f a c t  th a t  ad^ does n o t accum ulate 

GAR su g g ests  th a t  i t  i s  b locked befo re  ad^ . S u rp r is in g ly , however,
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F ig . U l. A bsorption sp e c tra  o f B ra tton -M arshall chromophores 

formed in  th e  GAR a s s a y s : crude e x t r a c ts  o f  ad^ and 

ad^ad^.

GAR was assayed  by th e  procedure o f N ie r l ic h  and 

M agasanik. The curves re p re s e n t the d iffe re n c e  

between th e  U|?-minute re a c t io n  v e s s e l  and the z e ro -  

tim e c o n tro l .
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TABLE 7

Enzymatic d e te rm in a tio n  of GAR i n  crude e x t r a c ts  

of v a r io u s  adenine m utan ts.

ad^ ad
5

M utant:

^ 8
ad

9
ad, ad^ 

1* 5

aO.B. a t  
51*0 mp 0.906 0.018 0.065 (—).038 0.761*

AO.D./gram^ 0.21*8 0.003 0.016 ( - ) .0 l3 0.168

GAR was assayed  by  th e  procedure of IB-erlich and M agasanik.

a .  aO.D. re p re s e n ts  th e  d if fe re n c e  in  th e  o p t ic a l  d e n s ity  between

th e  1*5 m inute and zero  tim e sam ples.

b .  AO.D./gram i s  the  o p t ic a l  d e n s ity  of each sample s ta n d a rd iz e d

to  one gram (wet w eight) of c e l l s .



GAR was p re s e n t  i n  th e  e x t r a c t  of th e  double m utant ad^ad^. The b a s is  

f o r  th e  accum ulation  of GAR by th e  double m utant i s  n o t c le a r .  One 

p o ss ib le  e x p la n a tio n  f o r  t h i s  i s  t h a t  th e  ad^ m arker in  th e  double 

m utant i s  le a k y . This would a llo w  the accum ulation  of some GAR. I t  

should be noted  t h a t  th e  amount o f GAR i n  th e  double m utant i s  approx i­

m ately  h a l f  th a t  found i n  ad^(Table 7 ) .  This r e s u l t  m ight be expected

i f  ad . were on ly  p a r t i a l l y  b lo ck ed . S ince th e  ad_, p a re n t used to  con- 
5 ?

s t r u c t  t h i s  p a r t i c u l a r  ad. a d . double m utant was n o t t e s te d ,  no d e f in i t e
a  5

co n c lu sio n  can be drawn w ith  r e s p e c t  to  th e  lo c a t io n  of the  b lo ck  i n  ad^.



CHAPTER V

F u n c tio n a l Blocks of AD0 and AD„o 9

The approaches used i n  c h a ra c te r iz in g  th e  accum ulating pro­

d u c ts  of th e  m utants d iscu ssed  i n  th e  p reced ing  c h ap te rs  were ap p lied  

as  w e ll  to  th e  s tu d y  of th e  adenine m utants adg and ad^« Unlike th e

o u te r  adenine m utants te s te d  however, adQ and ad_ in c o rp o ra te  only
o 9

sm all amounts of C ^ -g ly c in e  in to  compounds which can be re so lv ed  by 

TLC (F ig  1*2). This b eh av io r i s  c o n s is te n t  w ith  the  t e n ta t iv e  a ss ig n ­

ment o f ad and ad to  s te p s  i n  th e  pathway p reced ing  th a t  a t  which
0  7

g ly c in e  i s  in co rp o ra te d  ( i . e .  s te p  I I I , F i g  1 ) .

The la c k  o f s ig n i f i c a n t  in c o rp o ra tio n  of C ^ -g ly c in e  by ad
8

and ad^ p recluded  t h e i r  te s t in g  f o r  feedback in h ib i t io n .

A d d itio n a l evidence th a t  ad_ i s  b locked a t  a  r e l a t iv e ly  e a r ly
o

s te p  i n  th e  pathway i s  su p p lied  by th e  f a c t  t h a t  th e  in tro d u c tio n  o f an

adg m arker in to  th e  ad^, ad^ o r an ad^ s t r a i n ,  r e s u l t s  i n  a  re d u c tio n

i n  th e  accum ulation of C ^ -g ly c in e - la b e le d  in te rm e d ia te s  c h a r a c te r i s t i c

of th e  l a t t e r  s t r a in s  (F igs 12, 13 and 3 8 ). The p o s i t io n  o f th e  ad„
o

m uta tion  w ith  r e s p e c t  to  ad^ and ad^ however, could n o t be a s c e r ta in e d .

S tu d ie s  of double m utants c a rry in g  an ad^ m arker a re  com pli­

ca ted  by th e  "leaky" n a tu re  o f  t h i s  m utant. In  l iq u id  SC medium, no 

growth of t h i s  m utant i s  observed u n t i l  approxim ately  £0 h o u rs , a t  which 

time th e  c u ltu re  e n te r s  lo g  phase (F ig  1*3 )• S ta tio n a ry  phase i s  n o t 

reached u n t i l  approx im ate ly  100 h o u rs . E x tra c ts  from s ta t io n a r y  phase 

c u ltu re s  give c h a r a c te r i s t i c  ad^ TLC p a t te r n s ,  i . e . ,  th e re  i s  l i t t l e  

o r no accum ulation of C ̂ - g ly c in e - la b e le d  m a te r ia l .  However, i t  should
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F ig . U2. TLC-comparison of e x t r a c ts  from C ^ - g l y c i n e -  

la b e le d  ad^, adg and ad^ .

S o lv en t: PAW.
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F ig . U3» Growth curves o f ad^ and ad ^ . The c e l l s  

were grown in  SC medium w ith  shak ing  a t  

30°C.
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be noted  th a t  a t  t h i s  tim e the  c u ltu re  co n ta in s  la rg e  numbers of adenine

independent r e v e r ta n ts ,  and a f t e r  72 hours on a d e n in e - le ss  ag a r p la t e s ,

th e  e n t i r e  p o p u la tio n  appears to  lo se  i t s  adenine req u irem en t. Because

of t h i s  b eh av io r , the lo s s  o f th e  e f f e c t  of th e  ad^ marker from a  double

m utant can no t be s t r i c t l y  c o n tro lle d , and i n  m ost cases  th e  double

m utant p a t te r n  o b ta in ed  from  chrom atographs appeared s im ila r  to  th e

p a t te r n  of th e  o th e r  adenine m arker. In  th e  ad ,ad  double m utan t, how-
6 9

ev e r , (F ig  lU ) , th e  com plete lo s s  of th e  c h a r a c te r i s t i c  ad sp o ts  was
o

observed. Although th e  b a s is  o f  th e  adenine requ irem ent in  ad^ i s  n o t 

w e ll understood, s in c e  t h i s  m utant in c o rp o ra te s  g ly c in e  p o o rly  i t  i s  

co n sid e red  to  be blocked b e fo re  s te p  I I I  (F ig  1 ) .

Double m utant s tu d ie s  in d ic a te d  t h a t  adg and ad^ c o n ta in  r e l a t iv e ­

l y  e a r ly  b lo c k s . Furtherm ore, when te s te d  on Dow ex-l-form ate columns, no 

FGAR could  be d e te c te d  (F ig 2h and 2 5 ). In  a d d itio n , i n  c o n tr a s t  to  the  

ad^ m utan t, th e  p resence of GAR could n o t be dem onstrated i n  e x t r a c ts  o f 

adg and ad^ (see  page 116, Chapt IV ). This su p p o rts  th e  view  th a t  th ese  

m utants a re  b locked e a r ly  in  th e  pathway ( i . e .  b e fo re  s te p  H I ) .



CHAPTER VI

F u n c tio n a l Blocks of AD̂  and ADg

The assignm ent of th e  b io s y n th e t ic  s te p s  to  "which th e  adenine 

m utants ad^ and ad^ correspond , has n o t y e t  been confirm ed. R eports 

to  d a te  have depended upon th e  i d e n t i f i c a t i o n  of AIR and CAIR, which 

y ie ld  B ra tto n -M arsh a ll chromophores w ith  ab so rp tio n  maxima o f 500 and 

520 mji r e s p e c t iv e ly  (Lukens and Buchanan, 1959), as  th e  in te rm e d ia te s  

accum ulated by th e se  m utan ts.

C onsiderab le  d i f f i c u l t y  in  th e  s tu d y  of th e se  two m utants a r i s e s  

from th e  f a c t  th a t  b o th  may accum ulate AIR as  a  r e s u l t  of a  b lock  e i th e r  

a t  s te p  V III o r  a t  s te p  VII (F ig  1 ) ,  and AIR. may a ls o  be formed by th e  

breakdown of CAIR# which i s  re p o rte d  to  be l a b i l e  (Lukens and Buchanan,

1959). In  a d d it io n , i n  th e  p resence  o f  oxygen AIR w i l l  polym erize to  

form a dark  red  pigm ent, which can in te r e f e r e  b o th  w ith  the  spectrophotO ' 

m e tric  a n a ly s is  and w ith  th e  chrom atographic r e s o lu t io n  of components 

o f c e l l  e x t r a c t s .  Smirnov e t a l  (1967), f o r  example, r e p o r t  th a t  th e  

pigm ent i n  ad^ has a b so rp tio n  maxima a t  h90 and 51*0 1191 and a  B ra tto n -  

M arshall r e a c tio n  p ro d u c t which g iv es  an ab so rp tio n  maximum a t  515 mu. 

F u rth e r  d i f f i c u l t y  may r e s u l t  from a la c k  of s t r i c t  c o n tro l  of th e  pH 

a t  which th e  B ra tto n -M arsh a ll t e s t  i s  c a r r ie d  o u t. Lukens and Buchanan 

(1959) re p o rte d  th a t  th e  B ra tto n -M arsh a ll chromophores o f AIR and CAIR 

have a b so rp tio n  maxima a t  500 and 520 mp re s p e c t iv e ly  a t  pH l.U» At a 

more a c id  pH however, the  ab so rp tio n  maximum o f AIR may s h i f t  to  wave­

le n g th s  even la r g e r  th an  th a t  o f CAIR.



I t  has been  re p o rte d  by Porfman (19610, th a t  no im idazo les were 

d e te c te d  i n  ad and ad when th e se  m utants were grown a n a e ro b ic a lly . In  

th i s  la b o ra to ry , however, th e  same p a t te r n  of Pauly p o s i t iv e  sp o ts  was 

o b ta ined  in  chrom atographed e x tr a c ts  from c e l l s  grown a e ro b ic a l ly  o r 

a n a e ro b ic a lly , i n  e i t h e r  YEP or SC medium. The only  d if fe re n c e  found 

was i n  th e  co lo r o f the i n i t i a l  e x t r a c t s ,  a l l  o f which became an equiva­

l e n t  deep re d  c o lo r  when s to re d  under ae ro b ic  c o n d itio n s . This depen­

dence on oxygen f o r  the p o ly m eriza tio n  of AIR has a lso  been re p o rte d  by 

Smirnov e t a l  (1967).

I t  was considered  d e s ira b le  to  r e in v e s t ig a te  th e  n a tu re  o f the  

ad^ and adg m u ta tio n a l b lo c k s , u s in g  co n d itio n s  which avoid  sane of th e  

above d i f f i c u l t i e s .  E x tra c ts  o f ad^ and adg, which were to  be analyzed 

by ab so rp tio n  sp e c tra  of th e  B ra tto n -M arsh a ll r e a c tio n  p ro d u c ts , were 

th e re fo re  made from c e l l s  grown a n a e ro b ic a lly , s in c e  le s s  in te r f e r in g  

pigm ent i s  formed under th e se  c o n d itio n s , and a l l  B ra tto n -M arsh a ll r e ­

a c tio n s  were c a r r ie d  o u t a t  a  pH of 1*U» The r e s u l t s  a re  shown i n  F ig  lilu 

The a b so rp tio n  maximum of th e  B ra tto n -M arsh a ll chromophore of adg ex­

t r a c t s  i s  c lo se  to  th e  range of 000-502 mp. re p o rte d  f o r  AIR (B e rn s te in , 

1961), whereas th a t  of the  ad^ e x t r a c t  i s  i d e n t ic a l  to  th a t  re p o rte d  f o r  

CAIR (520 mp; Lukens and Buchanan, 1959) • To ensure th e  com plete removal 

of p o ss ib le  in te r f e r in g  pigm ent, th e  e x t r a c t  o f adg was su b je c te d  to  g e l 

f i l t r a t i o n  on a Sephadex G-25 column. The im idazo les  e lu te d  i n  f r a c t io n s  

w e ll sep a ra te d  from th e  pigment y ie ld e d  a  B ra tto n -M arsh a ll re a c t io n  pro­

du c t which had an a b so rp tio n  maximum of 505 mp, thus confirm ing t h a t  adg 

accum ulates AIR. These d a ta  in d ic a te  t h a t  adg i s  b locked a t  th e  conver­

s io n  of AIR to  CAIR and th a t  ad^ i s  blocked a t  th e  co n v ersio n  of CAIR to



F ig . Uw A bsorption  s p e c tra  o f B ra tto n -M arsh a ll 

chromophores i n  e x t r a c ts  of ad^ and ad^

(A) i s  the  ab so rp tio n  spectrum  o f th e  

B ra tto n -M arsh a ll chromophore in  ad^

(B) i s  th e  a b so rp tio n  spectrum  o f  th e  

B ra tto n -M arsh a ll chromophore in  ad^
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SAICAR. A s im ila r  con clu sio n  was te n ta t iv e ly  reached  by  Dorfman (196U), 

who found th a t  a c id i f ic a t io n  o f an ad^ e x t r a c t  caused th e  ab so rp tio n  

maximum o f th e  B ra tto n -M arsh a ll d e r iv a t iv e  of t h i s  m utant to  approach 

th e  ab so rp tio n  maximum c h a r a c te r i s t i c  of AIR, w hile  t h a t  o f th e  adg 

d e r iv a t iv e  rem ained th e  same. This b eh av io r o f th e  m a te r ia l  i n  th e  ad^ 

e x t r a c t  i s  c o n s is te n t  w ith  th a t  expected  of CAIR which i s  decarboxy la ted  

by ac id  to  AIR (Lukens and Buchanan, 1959)*

F u rth e r  su p p o rt f o r  th e  id e a  th a t  th e  b lo ck  o f adg precedes 

th a t  o f ad^ i s  ob ta ined  from  th e  s tu d ie s  o f th e  acL^adg double m utan t.

The in tro d u c tio n  of an adg marker in to  an ad^ s t r a i n  r e s u l t s  in  th e  

e lim in a tio n  of a  C ^ -g ly c in e - la b e le d y Pauly p o s i t iv e  compound which i s  

c h a r a c te r i s t i c  o f th e  ad^ s t r a i n  (F ig  l £ ) .  These and th e  fo reg o in g  d a ta  

su g g est th a t  adg i s  b locked  a t  s te p  V II, and ad^ a t  s te p  V III .
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0

"11
Fig* U5* TLC-comparison of e x t r a c ts  o f C -g ly c in e -  

la b e le d  ad^ , adg and ad^adg.

The arrow  in d ic a te s  th e  lo c a t io n  o f a  C ^ -  

g ly c in e - la b e le d  im idazo le  c h a r a c te r i s t i c  

of ad^.

S o lv en t: BAW.
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CHAPTER VII 

DISCUSSION

The p u r in e -re q u ir in g  m utants d iscu ssed  i n  th e  fo reg o in g  ch ap te rs  

were s tu d ie d  i n  o rd e r t o  p erm it t h e i r  assignm ent to  th e  r e s p e c tiv e  s te p s  

i n  th e  pathway a t  which they  a re  b locked . The p u rin e  pathway d esc rib ed  

f o r  av ian  l i v e r  was used  i n  t h i s  study  as a  p o in t  o f r e fe re n c e , although  

th e re  i s  no a p r io r i  rea so n  f o r  assum ing th a t  th e  pathway i n  Saccharomy- 

ces i s  e x a c tly  th e  same.

The p o ss ib le  approaches which m ight be ap p lied  to  a  s tu d y  of t h i s  

n a tu re  were l im ite d  by s e v e ra l f a c to r s .  S ince th e  y e a s t  c e l l s  appear 

to  be impermeable to  exogenously su p p lied  p u rin e  in te rm e d ia te s  (Dorfman, 

196Ua) c l a s s i c a l  feed in g  experim ents were n o t u sed . F urtherm ore, i n  

v i t r o  assay s  of th e  enzymes invo lved  i n  th e  de novo sy n th e s is  o f p u rin e s  

i n  Saccharomyces have been  la r g e ly  u n su cc ess fu l. Presum ptive o rdering  

o f th e  m utants was made p o s s ib le  by u s in g  an approach which invo lved  

c h a ra c te r iz in g  th e  p u rin e  p rec u rso rs  accum ulating i n  th e  s t r a i n s .  I t  

should be emphasized t h a t  th e  r e s u l t s  of th e se  s tu d ie s  le a d  to  th e  

lo c a l iz a t io n  of a  fu n c tio n a l  b lock  i n  th e  o p e ra tio n  of th e  pathway, b u t  

can prov ide no evidence as to  th e  n a tu re  o f th e  d e f e c t .  However i t  does 

p rov ide  a  b a s is  fo r  th e  f u r th e r  exam ination of th e  p ro te in s  in v o lv ed .

The adenine pathway i n  Saccharomyces has been th e  su b je c t of 

numerous g e n e tic  a n a ly se s . For example, Roman (1956), C o s te llo  and Beven 

(196U) and Dorfman 196Ua, 19614b) s tu d ie d  th e  ad^ and ad^ l o c i .  S ince 

th e se  two lo c i  a re  v e ry  c lo s e ly  lin k e d  and y ie ld  spontaneous m utations 

which f a i l  to  complement e i th e r  ad^ o r ady (Roman, 1956), th e  p o s s ib i l i t y  

was suggested  th a t  th e se  m utants c o n tro l th e  same enzym atic a c t i v i t y



(C o s te llo  and Bevan, 196ii). The r e s u l t s  of s tu d ie s  on m eio tic  recombi­

n a tio n  and com plem entation, however, le d  to  th e  su g g estio n  th a t  ad^ and 

ad^ were g e n e t ic a l ly  and fu n c t io n a lly  d is c r e te  and th e  o b se rv a tio n  th a t

th e  spon taneously  a r is in g  acLad double m utants were p o in t m utations
5 (

mapping in  th e  ad^ reg io n  (Dorfman, 196Ub). I t  was deduced t h a t  the

ad and ad c is t r o n s  were read  as a  u n i t  and th a t  th e se  p o in t  m u tations
5 7

were f ra m e -s h if t  o r  nonsense m utations which s im u ltaneously  a f fe c te d  

b o th  c is t r o n s .  S ince m utants c o n ta in in g  a  b lo ck  a f f e c t in g  th e  same s te p  

in  the  pathway should accum ulate th e  same in te rm e d ia te s , th e  absence in  

ad^ of th e  fo rm yla ted  in te rm e d ia te s  found in  ad^ supports  th e  view  th a t  

th ese  lo c i  are  fu n c t io n a lly  d i s c r e t e .  The v e r i f i c a t io n  by  biochem ical 

methods of a  model p re d ic te d  from g e n e tic  s tu d ie s  su p p o rts  th e  u s e fu l­

ness of such s tu d ie s  in  a t ta in in g  in fo rm atio n  on th e  fu n c tio n a l  r e l a ­

t io n s h ip  of g e n e tic  l o c i .

The lo c a t io n  of th e  b io sy n th e tic  b lo ck  of ad^ could n o t be

p re c is e ly  determ ined . Based on th e  a b i l i t y  of ad to  accum ulate h eav ily
5

la b e le d  m a te r ia ls  d eriv ed  from  C ^ -g ly c in e  and on th e  absence of FGAR,

i n i t i a l l y  th is  m utant was t e n ta t iv e ly  p laced  a t  a  s te p  i n  th e  pathway

a f t e r  th e  in c o rp o ra tio n  of g ly c in e  b u t b e fo re  th a t  of fo rm ate. However,

although  th e  in tro d u c tio n  o f an adg m arker in to  an ad̂ , ad^ o r ad^

s t r a i n  caused th e  a l t e r a t io n  i n  th e  p a t te r n  o f  g ly c in e  in c o rp o ra tio n  of

th e  l a t t e r  s t r a in s  a  s im i la r  approach w ith  a d .  gave no marked re d u c tio n

i n  th e  accum ulation of C -g ly c in e - la b e le d  m a te r ia ls  by th e  ad^ m utant.

Furtherm ore no d a ta  could be ob ta ined  on feedback in h ib i t io n  o f t h e i r

accum ulation . I t  th e re fo re  seems most l i k e l y  th a t  th e  m a te r ia ls  derived

from  la b e le d  g ly c in e  accum ulated by th e  ad . m utant a re  n o t in te rm e d ia te s
5



of adenine b io s y th e s is .

Although no GAR was d e te c te d  i n  e x tr a c ts  of ad^, GAR was p re s e n t  

i n  th e  e x tr a c ts  o f b o th  ad^ and th e  double m utant ad^ad^. The b a s is  

f o r  th e  accum ulation  o f GAR by th e  double m utant has two p o s s ib le  ex­

p la n a t io n s .  I£  th e  ad^ marker i n  th e  double m utant were le a k y , even

i f  th e  b lo ck  were e a r l i e r  th an  th a t  i n  ad some GAR m ight accum ulate.
U

This p o s s i b i l i t y  i s  supported  b y  th e  f a c t  t h a t  th e  amount o f GAR i n  th e  

double m utant i s  approxim ately  h a l f  t h a t  found i n  ad^ (Table 7)* I t  i s  

a lso  conceivab le  t h a t  th e  p resence  of GAR i n  th e  double m utant r e s u l t s  

from a  b lo ck  i n  ad^ lo c a te d  a f t e r  t h a t  o f ad^ . I f  th e  pathways i n  

p igeon l i v e r  and Saccharomyces a re  th e  same th i s  e x p lan a tio n  i s  u n lik e ly ,  

s in c e  th e re  i s  no re p o rte d  s te p  in  th e  pathway i n  p igeon  l i v e r  which 

would correspond to  such a  m utan t. On th e  o th e r  hand th e  p o s s i b i l i t y  

e x i s t s  t h a t  th e  pathways a re  n o t  i d e n t i c a l  and th a t  th e re  i s  an add i­

t i o n a l  s te p  in  th e  pathway of adenine b io sy n th e s is  in  Saccharomyces.

S ince adg and ad^ accum ulate on ly  sm all amounts o f m a te r ia ls  

d e riv ed  from  C ^ -g ly c in e  th ese  m utants were t e n ta t iv e ly  a ssig n ed  to  

s te p s  i n  th e  pathway p reced ing  th a t  a t  which g ly c in e  i s  in c o rp o ra te d . 

A d d itio n a l ev idence t h a t  adg co n ta in s  an e a r ly  b lo ck  i s  p rovided by th e  

f a c t  t h a t  th e  in tro d u c tio n  of an adg m arker in to  an  ad^ , adg or 

s t r a i n  p rev en ts  th e  accum ulation  of c h a r a c te r is t i c  in te rm e d ia te s  i n  ex­

t r a c t s  o f th e  l a t t e r  s t r a in s .

S tu d ie s  o f double m utants co n ta in in g  an ad^ marker can  n o t be 

p r e c is e ly  c o n tro l le d .  Ad^ has a  50 hour la g  phase when grown i n  l iq u id  

S .C . S ta t io n a ry  phase i s  n o t reached u n t i l  approxim ately  100 h o urs, a t  

which tim e th e  c u l tu re  co n ta in s  la rg e  numbers of adenine independent c e l l s .



In  a d d it io n  th e  adenine req u irem en t of ad^ appears to  be removed a f t e r  

72 hours on a d e n in e - le ss  a g a r . Because of t h i s  b eh av io r th e  e f f e c t  of 

th e  ad^ marker i n  the  double m utant may be l o s t .  I t  was p o s s ib le ,  how­

e v e r , to  dem onstrate  th a t  th e  ad^ marker p reven ted  the  accum ulation  of 

in te rm e d ia te s  c h a r a c te r i s t i c  of ad^ when ad^ was p re s e n t  in  an ad^ad^ 

double m utan t. This i s  c o n s is te n t  w ith  th e  evidence su g g estin g  an e a r ly  

b lo ck  i n  ad^ .

The lo c a l iz a t io n  of th e  b lo ck s  o f adg , ad^ and p o s s ib ly  t h a t  of 

ad^ to  s te p s  befo re  the  fo rm atio n  of GAR, im p lie s  th a t  one m utant should  

be unsb l e  to  form PRPP, an o th er should be unable to  co n v ert PRPP to  PRA 

and th e  t h i r d  should  be b locked a t  the fo rm atio n  of GAR. Phophoribosyl- 

pyrophosphate, however, i s  re q u ire d  f o r  the b io sy n th e s is  o f h i s t id in e ,  

tryp to p h an  and u r id in e  as w e ll  as  ad en in e . S ince th e se  mutfiints do n o t 

have an ab so lu te  requ irem ent f o r  th e se  n u t r ie n ts  i t  seems u n lik e ly  th a t  

they  can n o t carzy  ou t th e  co n v ersio n  o f rib ose-5 -phoephate  to  PRPP.

This leav es  only two s te p s  to  which th re e  m utants m ight be a ss ig n ed , 

ag a in  su g g estin g  th e  p o s s i b i l i t y  o f an a d d i t io n a l  s te p  in  th e  p u rin e  

pathway of y e a s t .  On the  o th e r  hand, th e  p e c u l ia r  growth c h a r a c te r is t i c s  

o f ad^ su g g ests  t h a t  th e  d e fe c tiv e  lo cu s  i n  t h i s  m utant may n o t d i r e c t ly  

c o n tro l  e i th e r  o f th e  two s te p s .  I f ,  however, ad^ does r e p re s e n t  a  p r i ­

mary b lo ck , i t ' s  behav io r m ight be exp la in ed  by a  f a u l ty  PRPP-amidotrans- 

f e ra s e  which competes in e f f e c t iv e ly  f o r  PRPP w ith  enzymes of o th e r  p a th ­

ways. The adenine requ irem ent o f ad^ m ight be removed as s ta t io n a ry  

phase i s  approached, e i th e r  as s u b s tr a te s  o f competing r e a c tio n s  become 

l im i t in g ,  o r a l t e r n a t iv e ly ,  as accum ulating end-products e x e r t  feedback 

in h ib i t io n  on competing r e a c t io n s .  Phosphoribosylpyrophosphate th u s



would become a v a i la b le  f o r  p u rin e  b io sy n th e s is  and th e  requ irem en t f o r  

adenine would be removed. Com petition o f t h i s  n a tu re  f o r  PRPP has 

been c i te d  by Rajalakshm i and Handschumacher (1968). The v a l i d i t y  of 

t h i s  model m ight be determ ined by  a t e s t  o f sp a rin g  e f f e c t s  on th e  

adenine req u irem en t in  response to  end-products of known competing r e ­

a c t io n s .

The approaches used i n  th i s  s tu d y  were m ost s u c c e ss fu l i n  

id e n t i fy in g  m u ta tio n a l b locks a f t e r  g ly c in e  in c o rp o ra tio n . Comparisons 

of in te rm e d ia te s  accum ulating in  s in g le  and double m utants enab led  the  

assignm ent of th e  r e l a t iv e  p o s it io n s  of th e  b locks i n  ad^, adgj ad^,

a d . and ad_. In  a d d it io n , th e  p resence of CAIR i n  e x tr a c ts  o f ad , ando 7 1
AIR i n  e x t r a c ts  o f ad^ was dem onstrated  by sp ec tro p h o to m etric  an a ly se s .

The expected  p resen ce  of FGAR i n  e x tr a c ts  o f ad . and ad and GAR i n  ex-
6 7

t r a c t s  of ad^, was subsequen tly  confirm ed by chrom atographic and enzyma­

t i c  p roced u res . A summary of th e se  r e s u l t s  appears i n  F ig  U6.



F ig . U6 Summary of gene-enzyme r e la t io n s h ip s  of 

e ig h t  n o n - a l le l ic  a d e n in e -re q u ir in g  m utants 

of Saccharomyces c e r e v is ia e .
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CHAPTER VIII

SUMMARY

The b io s y n th e tic  pathway of adenine i n  Saccharomyces c e re v is ia e  

has been s tu d ie d  w ith  th e  a id  o f e ig h t n o n - a l le l ic  a d e n in e -re q u ir in g  

m utants a r b i t r a r i l y  numbered ad^ , adg, ad^, ad^, ad^ , ad^, adg and ad^.

The presum ptive o rd e rin g  of th e s e  m utants along th e  pathway 

has been  made by  com parisons o f su b stan ces  d e riv ed  from  C ^ -g ly c in e  

which accum ulate i n  e x t r a c ts  of th e  m u tan ts, as d e te c te d  by th in  la y e r  

chrom atography.

The in tro d u c tio n  o f  an ad^ , ad^, adg ^  aĉ  m arker in to  e i th e r  

an adg o r ad^ s t r a i n  r e s u l te d  i n  th e  lo s s  o f th e  c h a r a c te r i s t i c  accumu­

la t io n s  o f th e  l a t t e r  two m u tan ts, in d ic a t in g  t h a t  adg and ad^ were 

b locked r e l a t i v e ly  l a t e  in  th e  pathway w ith  r e s p e c t  to  th e  above m utan ts. 

S ince th e  chrom atographic p a t te r n  of th e  adgad^ double m utant resem bled 

th a t  o f th e  ad^ p a re n t,  i t  was concluded t h a t  adg i s  blocked e a r l i e r  

th an  ad^. Using a s im i la r  approach, adg was r e fe r r e d  to  a  s te p  i n  th e  

pathway e a r l i e r  th a n  ad^. The e x ac t lo c a t io n  o f th e  ad^ , adg and ad^ 

b lo ck s  w ith  r e s p e c t  to  one a n o th e r , could n o t be determ ined  by t h i s  

method.

The adg and ad^ m utants do n o t accum ulate any im idazo les no t 

found i n  th e  w ild ty p e . In  a d d it io n , th e se  s t r a in s  are  b locked r e l a t iv e ­

l y  l a t e  w ith  r e s p e c t  to  a l l  o th e r  m utants te s te d  ex cep t ad^ and ad2 »

This suggested  t h a t  ad  and ad a re  b locked a t  s te p s  im m ediately p re -
6 7

ceding r in g  c lo su re  and should  th e re fo re  accum ulate FGAR o r FGAM. Ex­

t r a c t s  of the  m utants were te s te d  f o r  th e  p resence o f  th e se  fo n n y la ted



in te rm e d ia te s  and th e  p resence of FGAR i n  bo th  adg and ad^ confirm ed 

by chrom atographic and enzym atic s tu d ie s .  S ince ad^ was shown to  be 

blocked a t  a  s te p  l a t e r  th an  adg , th e  ad^ b lo ck  was p laced  a t  s te p  VI

(F ig  1) and th e  adg b lo ck  a t  s te p  V.

Double mutant s tu d ie s  suggested  th a t  ad, , a d ., ad0 and ad_
k  5 o 9

were b locked a t  o r b e fo re  s te p  IV o f th e  pathway. T ests f o r  th e  

presence of fo rm ylated  p u rin e  p re c u rso rs  i n  th e se  m utants were n e g a tiv e , 

confirm ing th e  r e s u l t s  o b ta in ed  from  double m utant s tu d ie s .

Based on t h e i r  a b i l i t y  to  accum ulate C " ^ -g ly c in e - la b e le d  m ater­

i a l s  and on th e  absence of FGAR, th e  m utants ad, and ad_ were t e n ta t iv e -
k 5

l y  assig n ed  to  a  s te p  i n  the  pathway a f t e r  th e  in c o rp o ra tio n  of g ly c in e  

b u t b e fo re  th e  in c o rp o ra tio n  of fo rm ate , a lthough  th e re  i s  only  one r e ­

p o rte d  s te p  ( s te p  IV) which would correspond to  such c r i t e r i a  (Buchanan,

I9 6 0 ). However, only  ad^ was found to  accum ulate GAR, confirm ing t h a t  

t h i s  m utant i s  indeed  blocked a t  s te p  IV . The p resence of GAR could

n o t be dem onstrated  i n  e x t r a c ts  o f ad . B ut, some GAR was found i n
5

e x tr a c ts  o f  th e  ad, ad . double m utan t. Because of th ese  c o n f l ic t in g
U 5

o b se rv a tio n s  i t  was n o t p o ss ib le  to  lo c a l iz e  th e  adg b lo ck .

S ince crude e x tr a c ts  of adg and ad^ show com paratively  l i t t l e  

accum ulation o f  C " ^ -g ly c in e - la b e le d  m a te r ia ls ,  th e s e  m utants were te n ta ­

t iv e ly  assig n ed  to  s te p s  in  th e  pathway p reced ing  th a t  a t  which g ly c in e  

i s  in c o rp o ra ted  ( i . e .  p r io r  to  s te p  I I I ,  f ig  1 ) .  Enzymatic assay s  con­

firm ed  th e  absence of GAR i n  e x tr a c ts  o f th e se  m u tan ts. A lthough ad
8

and ad^ a re  b locked e a r ly  i n  the  pathway, i t  i s  u n l ik e ly  t h a t  th e se  

m utants can n o t c a r ry  o u t th e  conversion  of r ib o se -5 -p h o sp h a te  to  PRPP, 

s in c e  t h i s  compound i s  a lso  re q u ire d  f o r  th e  s y n th e s is  o f h i s t id in e ,



try p to p h an  and u r id in e  which a re  n o t re q u ire d  b y  th e se  m utants f o r  

grow th.

Of a l l  the m utants s tu d ie d  o n ly  ad^ and ad^ accum ulate Pauly 

p o s i t iv e  compounds n o t found i n  th e  w ild  ty p e . S pectropho tom etrie  

an a ly ses  o f B ra tto n -M arsh a ll r e a c t io n  p ro d u c ts  from e x tr a c ts  o f anaero­

b ic a l ly  grown c e l l s  in d ic a te d  t h a t  ad was b locked  a t  s te p  V II and ad
^ 1

a t  s te p  V II I .  F u r th e r  ev idence t h a t  ad^ i s  b locked  b e fo re  ad^ i s  p ro ­

v id ed  by th e  o b se rv a tio n  th a t  th e  in tro d u c tio n  o f  an ad^ m arker in to  

an ad^ s t r a i n  r e s u l t s  i n  th e  e lim in a tio n  o f  a  Pauly  p o s i t iv e  sp o t 

c h a r a c te r i s t i c  of th e  ad^ m utant.

The d a ta  p re se n ted  i n  t h i s  s tudy  le a d  to  th e  assignm ent o f th e  

gene-enzyme r e la t io n s h ip s  which a re  summarized in  F ig  2i6.
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