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T H E  CLEAVAGE AND S Y N T H E S I S  OF 

C Y S T A T H I O N I N E  IN W I L D  T Y P E  AND MUTANT STRAINS OF 

NEUROSPORA CRASSA* 

GLENN A. F I S C H E R  

Cali/ornia Institute o/ Technology, Division o/Biology, Pasadena, 
Calil. (U.S.A.) 

Studies on the methionineless mutants of Neurospora have established that methio- 
nine synthesis goes over the pathway: cysteine -4- homoserine --~ cystathionine --~ 
homocysteine ~ methionine 1-3. In this paper, experiments on the enzymic cleavage 
of cystathionine and on the reversibility of the above pathway are reported, and 
a paper chromatographic method for the determination of cystathionine is described. 

MATERIALS AND METHODS 

Cultures for enzyme preparat ions were grown under aeration in carboys containing 8-16 liters 
of the nutr ient  fluid described by HOROWtTZ AND BEADLE 4. Two methods  were used to extract  
the enzymes (Method A and Method B).The preparat ions were kept cold th roughou t  the operations.  

Method A : The mycelium was extracted twice with i ml distilled H , O  per g wet weight of 
mycelium. After grinding in a mor t a r  with sand, the material was centrifuged at  8,ooo g. The 
superna tan t  was decanted and then brought  to 5 ° % of sa turat ion with (NH4)2SO v After 20 
minutes the precipitate was collected by centrifugation and dialyzed with st irring for 3-6 hours  
against  20 volumes of 4 m M  t r i s (hydroxymethyl )aminometbane  (Tris) buffer at  pH 8.6. The 
buffer was renewed and dialysis repeated two times. The dialysate was next  frozen, then thawed 
and the resulting precipitate removed by centrifugation. The superna tan t  was used as a source 
of the enzyme. 

Method B: Mycelium to be extracted was frozen with dry ice and the cell walls broken in 
a blendor. This material was centrifuged at 19,ooo g for i hour  and the precipitate discarded. 
The superna tan t  was dialyzed for 2 hours  against  2o volumes of 4 m M  Tris buffer at  p H  8.6. 
The buffer was renewed and the dialysis repeated two times. The dialysate was used as the source 
of the enzyme. 

"This material  was taken from a thesis submit ted  in partial  fulfilment of the requirements  
for the degree of Doctor of Philosophy, California Ins t i tu te  of Technology, I954. 
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Enzyme incubat ions were carried out  under  cont inuous s t ream of N 2. Each experimental  
incubation, containing enzyme, L-cystathionine, pyridoxal  phosphate  and Tris buffer was matched 
by a control incubation, except tha t  cystathionine was omitted. Cystathionine was added to 
control incubations at the end of the run. Total  disulfide.s were determined by the method of 
KASSEL AND BRAND s. Cystine was determined by the method of SULLIVAN AND IIESS 6. Since 
the enzyme solutions interfered with color formation,  recovery exper iments  with cystine were 
necessary, l lomocyst ine was determined by subtract ing cystine from total disulfide values. 
f 'olorimetric results were confirmed by chromatography  in critical experiments.  

l lomocystine,  cystine and cystathionine were identified by paper  chromatography  before 
and after  ()xidation with H,2Oo .. One developer, 6 n-propanol : 2 12 N HCI : I H20, permit ted the 
separat ion of cystcine, homocvsteine and homocvst ine  from cystine and cystathionine,  as seen 
in Table I. After oxidation with H2()z 7 cystim: and cystathionine were found to separate with 
the propanol  deveh)per. Disulfide and sulfhydryl  were detected bv the method of "I'oExNIESL 
After oxidation with He(). 2 and chromatography,  color was developed with ninhydrin.  Homo- 
cystine was also characterized in a second developer, 2 n -bu tano l :  l glacial acetic acid : t 1t.~O, 
which separates  homoevst ine  from cvstine and cystathionine.  

"I'A BIAL [ 

TI lE  I @ ' S  O F  SEVERAL AMINO ACIDS IN TWO DEVEI.OPING .SOLVENTS 

BEFORE AND AFTER OXIDATION BY" ] t z O  2 

l)erch)ping soh,cnt 

acetic a~id 2 l e  N t lC l  
.' HzO r t I~0  

Oxidized cysta thionine"  
Cystine 
Cystathionine 
Cysteic acid"" 
Homocyst ine  
Methionine 
Homocysteic acid ' "  * 
Cvstine 
Homocysteinc 

• The product  of oxidatiml of cystathionine by H202. 
• " The product  of oxidation of cystine by llaO 2. 

• * * The product  of oxidation of homocvst ine by t t20  ~. 

o.19 
O.21 

0.35 
o.69 

o.l 3 
o. I9 
0 . 2 2  

o.3q 
0.43 
o.47 
0.52 
O.SG 
O.02 

To s tudy the biosynthesis  (*f cystathionine,  a paper  chromatographic  method for its determi- 
nation was developed. Cultures were grown in quadrupl icate  by s tandard methods  4 for 72 hours. 
Solutions for chromatography  were prepared by separately extract ing 2 cultures with 1 ml hot 
t120 per g wet weight. The two remaining cultures were separately dried and weighed. The 
solutions for chromatography  were deproteinized with 5 % trichloracetic acid. The extracts  and 
s tandard  cystathionine solutions were applied to W h a t m a n  No. t paper  in spots  of cons tant  
diameter  {3 mm). Cystathionine was oxidized with H20~ ~ and separated from other  amino acids 
with the propanol  developer (Table I). The dry  chromatograms  were dipped in a pyridine solution 
containing 0. 4 % ninhydrin and the cystathionine content  determined by visual comparison of 
the area and intensi ty of ninhydrin spots produced by known and unknown cystathionine solutions 
in the range of o.2 to 0.5 mg per ml, with the results presented in Table II .  

RESUI.TS 

Extracts of Neurospora were found to catalyze the cleavage of cystathionine to homo- 
cysteine and to cysteine as indicated in ]'able n I .  The production of homocysteine 
was of primary interest, since this is a step in tile biosynthetic pathway of methionine 1. 
This enzyme will be called cystathionase II since it is genetically separable from the 
cysteine-producing enzyme, cystathionase I. When extracts of a mutant (4894) 
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T A B L E  I I  

THE QUANTITATIVE DETERMINATION OF CYSTATHIONINE AFTER OXIDATION WITH H20 , 
AND PAPER CHROMATOGRAPHY IN 6 N-PROPANOL : 2 I2 N HCI : i HsO 

Cystathionine conccntralion in mg/ml 

Actual Determined Me.an 

0.400 0.5, 0.4, 0-4, 0.4 0. 4 __ 0.080 
0 . 3 6 , 0 . 4 ,  0.5, 0.25 

0.333 0.4, o.33, o.28, 0.45 o.34 :~ o .o66 
0.3, o.33, o.37, 0.25 

0.4oo 0.2, o.45, o.33, o.36 o.325 _.- o.o85 
o. 4 , o.25, o.25, o.36 

o.333 o.3, 0.33, 0.25, 0.3 o .3o7 ": o .o44 
0.25 , o.33 , 0.4, 0. 3 

0 .240 0.2, 0.3, 0.4, 0.3 0.325 -~ 0 .066 
o.37, o.4, 0.33, 0.3 

T A B L E  I I I  

CYSTATHIONINE CLEAVAGE IN WILD TYPE AND MUTANT STRAINS OF Neurospora  

C o l u m n s  6 and 7 give  an es t imate  of the  a m o u n t  of ac t iv i ty  which could have  been present  and 
not  detected.  Vessels contained 4 - 7 Y  pyridoxal  phosphate  (Ca +* salt) per ml,  o. i2--o.  I8  m g  
L-cystathionine per rnl. Ac t iv i ty  is expressed as pmole s  indicated product  p e r  IO g wet wt.  

m y c e l i u m  p e r  h. No  H s S  was detected.  React ion  t ime,  2 -  4 hours.  

Strain No. 
Prep. Activity Minimum deflectable activity 

method Sul/kydryl Cysteine Homocysteine Cysteime Homocysteine 

H 9 8  /3 0.247 0.245 o o . o i 6  
4894 A o. i  5 o o. i  5 0.02 
H 9 8 - R I  ~ A 0.07 0.08 0.03 
4 8 9 4 - R  t " B 0.402 o 0.402 o .o t  
5256 A 0.23 0.06 o . i  7 

* Re-isolate  after cross to wi ld t ype .  

blocked between cystine and cystathionine were examined for capacity to cleave 
cystathionine, it was found that homocysteine, but not cysteine, was produced. 
Consequently, cystathionase II was characterized using extracts obtained from this 
mutant. 

The activity of cystathionase II was increased by the addition of pyridoxal 
phosphate, as reported by BINKLEY AND HUDGKL~S 9. Optimal activity was found at 
pH 7.8. Activity was not increased by the addition of magnesium ion or reducing 
agents. Homocysteine was identified as a product by chromatography. Extracts of 
a strain (H98), blocked between cystathionine and homocysteine had no cystathionase 
II activity. The same preparation did produce cysteine from cystathionine (Table III). 
The colorimetric results were confirmed by chromatography. Similar results have been 
reported by WIJERSUNDERA AND WOODS TM who found that a homocysteine-requiring 
strain of E. coli has no cystathionase II activity. 
Re[erences p. 55.  
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To test the possibility tha t  the absence of cysta thionase  I I  ac t iv i ty  in m u t a n t  

H98 might  be due to an inhibi tor  in the extracts ,  they  were mixed with an act ive  

cystathionase preparat ion.  As seen in Table IV, no inhibit ion of cysta thionase  II  was 

found. Continued dialysis failed to produce any cysta thionase  I I  ac t iv i ty  in ext rac ts  

of H98 nor did the addi t ion of a known cofactor,  pyr idoxal  phosphate.  

A single gene suppressor of H98 was obta ined  through the courtesy of Doctor  

NORMAN H. GILES. The suppressor par t ly  abolishes the methionine  requi rement  of 

the m u t a n t  n. Suppressed H98 was found to have a low cysta thionase II  act ivi ty ,  

as seen in Table V. 

The same suppressor also removes  the block in strain 4894 (blocked between 

cysteine and cystathionine).  When extracts  of suppressed 4894 were examined,  
cystathionasc I ac t iv i ty  was found. 

TABLE IV 

NON-INHIBITION OF CYSTATHIONASE II BY EXTRACTS OF MUTANT H 9 8  

Enzymes were prepared according to method B. Disulfide values alone were determined. Eight ml 
of enzyme solution was incubated with 1.5 mg L-cystathionine, 7 7 pyridoxal phosphate per ml 
at pH 8.o5 for 2 hours. Activity is expressed as #moles disulfide per IO g fresh wt. mycelium per h. 

f",nzyme (ml) Activit), 

H98 .1894 Found E.tpecttd 

8 0.25 
8 0.40 

5 3 o.3i 0.30 
4 4 0.29 o.33 
3 5 o.33 o.34 

TABLE V 

CYSTATHIONASE I I  ACTIVITY IN STRAINS CARRYING THE SUPPRESSOR 

6 Y pyridoxal phosphate per ml, o.i6 nag L-cystathionine per ml. Activity is expressed as #mole.~ 
indicated product per IO g wet wt. per h. Enzymes were obtained by method A. No HzS was 

detected. 

Time o/ Activity 
Genotyp¢ o] strain incubat ion Disulf ide . . . . . . . . . . . . . .  

(hours) (ysteln¢ ffortumysteine 

~- 1 * 2 0 .05  ¢).03 O.02 
%- 1 m e - 2 " "  0 o. t 03 o .o  i • o . o 8 5  
S- I  m e - z * *  o 0 .072  o . o 3 3  o . o 3 o  
S-1 me-3.i * * * 0 0.034 O.Ol 2 0.022 

* Strain carrying the suppressor alone. 
" Strain carrying the suppressor and the gene for homocysteine requirement. 

* ~ *  Strain carrying the suppressor and the gene for cystathionine requirement. 

To determine  whether  cysta thionine can be synthesized from methionine  over  
a pa thway  tha t  does not  include cysteine a paper chromatographic  me thod  for its 
de te rmina t ion  was used. "['he occurrence of L-cystathionine in par t ia l ly  purified ex- 
t racts  of wild type Neurospora was also de termined  by a cys ta th ionine-requir ing 
m u t a n t  of Neurospora (36104) and found to agree with levels de termined by chro- 
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matography. The preparation did not support the growth of the homocysteine- 
requiring mutant (H98), indicating the absence of homocysteine and methionine. The 
results of study of the biosynthesis of cystathionine are presented in Table VI. The 
production of cystathionine in mutant 4894 growing in the presence of methionine 
is not dependent upon the presence of sulfate in the medium. Wild type Neurospara 
(5256) shows similar behavior, cystathionine production being independent of sulfate. 
Extracts of wild type Neurospora which can cleave cystathionine to cysteine and to 
homocysteine appear to convert homocysteine to cysteine in the presence of serine 
and pyridoxal phosphate. In these experiments, cysteine was detected by the method 
of SULLIVAN ,aND HESS e. These findings indicate that transsulfuration in Neurospora 
is reversible. 

TABLE VI 
CYSTATHIONINE ACCUMULATION BY DIFFERENT STRAINS OF N e u r o s p o r a  IN 72 HOUR CULTURES 

Growth conditions 

rt~ mg 
NatSO , Methionine 

per culture per culture 

Strain number and genotype 

rne- z (H98-R) Wild type (5a56) me-3.1 (4894-R) 
Cystalhionine c o n l e n g  Cystathionin¢ conlent Cystalhionine content 

mg dry wt. t'er cent mg dry wt. Per cent rag dry wt. Per cent 
ol culture o! culture o! culture 

o r .2 77 .0  o. 13 65 .0  o. 13 64.5  o. 15 
5 .6  1.2 71 .25  1.5 68 .25  o . I  3 59 .o  o .26  
5 .6  0 .6  58 .25  1.8 64 .25  0 . 0 7 8  53 .75  o. I4 
5 .6  0.3 46 .o  2.2 63 .25  0 .051 38. 75 o. 19 
5 .6  o . I  5 33 .0  2. 4 58 .75  o . o 2 I  

The cystathionine content of growing cultures of H98 increases as the methionine 
content of the growth medium is decreased. The increased accumulation by bio- 
chemical mutants of metabolites when the nutritional requirement is limited has been 
reported ~2. It is possible that methionine regulates its own synthesis by an inhibition 
of cystathionine synthesis, analogous to the feed-backsystem proposed byUMBARGER 13 
and others. However, this effect is complicated by differences in growth rate of the 
cultures in various levels of methionine, and by the fact that cystathionine slowly 
disappears from the mycelium of aging cultures. 

DISCUSSION 

The hypothesis that each gene has a primary product which controls a chemical 
process of the cell has been supported by the observation that single gene nutritional 
mutants commonly have but a single nutritional requirement 1.. In addition it has 
been found in a number of cases that the enzyme that synthesizes the required 
metabolite is missing in the mutant 15. The present data add two examples of this 
effect. 

The return of cystathionase II activity in suppressed strains indicates that the 
S-I gene operates by reopening the original pathway of methionine synthesis, and 
not some alternative pathway. The results concerning cystathionase II are similar to 
those of YANOFSKY TM who found that a suppressed tryptophanless mutant contained 
tryptophan desmolase activity. 

R e f e r e n c e s  p.  55 .  
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The production of cystathionine found with 4894 mutan t  growing in the presence 
of methionine indicates that  cystathionine can be synthesized from methionine, over 
a pa thway  that  does not include cysteine. The apparent  conversion of homocysteine 
to cvsteine by enzyme extracts  and the absence of cystathionase I act ivi ty in a me- 3 
mutan t  with its return in the, suppressed strain suggests tha t  transsulfuration in 
.Veurospora is a reversible process. 
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5[,:31MAIC, Y 

\Vild ty'pe Neurospora was found to  c leave cys t a th ion ine  to cys te ine  and to homocys te ine .  A 
m u t a n t  which requires  homocys te ine  for gr~wth  was found to have  no enzyme  for the p roduc t ion  
of homocys te ine  from cys ta th ion ine .  A eys t a th ion ine - r equ i r ing  m u t a n t  was found to be 
deficient  in the  cys te ine -p roduc ing  enzyme.  I t  was found t h a t  a suppressor ,  ob ta ined  by GILES, 
which causes these  m u t a n t s  to grow on m in im a l  medium,  re tu rns  enzyme  a c t i v i t y  to  the  m u t a n t s .  

A paper  ch roma tog r a ph i c  me thod  for the  d e t e r m i n a t i o n  of c y s t a t h i o n i n e  is described.  
Ev idence  is presented  t h a t  t r anssu l fu ra t ion  in Neurospora is a revers ible  process. 
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