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Mutant 84605 vhich vas obtained from wild type Neurospora
crassa following X-ray treatment differs frem wild type by a eingle
gene located 4.8 units from the centromere of thestromi chromosome.

At 25°, the mutant requires both cysteine and tyrosine
for normel growth. At 35° only cysteine is required. The block
in cysteine synthesis is in the step sulfite — thiosulfate.

Bigh tyrosinsse activity vas found in the mutant growm
at 25°, but not vhen grown at 35°, Under the seme conditioms, wild
typo shows little or nc tyrosinase activity.

The addition of cysteine to the medium causes an inhidition
of the growth of wild type, and at the same time a marked incresse
in the tyrosinase activity occurs., The inhibition cean be overcoms
by adding tyrosine to the medium, or by culturing at 35°.

It 1s suggested that the tyrosine requirement is caused
by the high tyrosinsse ectivity and that the latter, in tum,
ies caused by the defect in sulfur metabolism.

Two natural inhiditors of tyrosinase have been found in
Neurospore,

A powerful iphibitor of the growth of wild type accumilates
in cultures of the mmtant.

Experiments designed to test vhether sulfide can serve
as a sulfur source for Neurospore indicate that sulfide is utilized
elightly, if at all. B

Experinments with a double mutant have indicated that the
production of cysteine from methionine by Neurcospora does not involve

simple reversal of the step homocysteine — methionins.
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IRTRODUCTION

The biochemical mutante or Neurospora crassa vhich are induced

by physical or chemical agente have been shown mostly to differ from
the wild type by the change of a single gene. They are unadble to carry
on the normal biological syntheses and hence they fail to grow on the
minimal medium unless the appropriate compounds which the mmtant strains
ocan no longer synthesize are added (3). Evidence has accummlated to
show that many of the chemical reectioms by which the organism can
function and live are under immediate control of the gene. Each gene
is concerned with a specific etep in a chemical reactienﬂ (7). Ima
mutant, a defective geme results in a block of a certain chemical
reaction. Therefore, by use of a number of biochemical mutants blocked
in different steps in a series of chemical reactions, the whole meta-
bolic process can be clearly demomstrated. It has already been pointed
out that a biochemical mmtant gene serves just as rellably as the
radiocactive tracers in the study of intermediate metabolism of organisms.(id)

The methionine synthesis in Neurospora has been studied by
Horowitz and his colleagues. In higher animals, eulfur is usually
supplied in the form of organic compounds, inorganic sulfate being the
end product of much of the mstebolized sulfur. However the normal
strain of Neurospora is able to synthesize cysteine and methionine by
using inorganic sulfate. Cysteinme is a normal intermediate in the
synthesis of meothionine from sulfate. To facilitate reference to
these sulfur mmtants which have loest the ability of synthesizing
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sulfur amino acids, they have been divided into two groups: Those
mitants with a genetic block before cysteine are arbitrarily referred
to as cysteineless mutants, and those mutants which are blocked at
any step between cysteine and methionine are referred to as methionine-
less mutants. In studying cysteine metaboliem in Neurospora, Horowitsz
found that among the cysteineless mutants, same strains camnot reduce
inorganic sulfate to sulfite, others cammot reduce sulfite to thiosulfate,
and still others can use only cysteine or the intermediates between
cysteine end methionine. The unpudblished experiments of Phimney,
Fling and Horowitz show that those mmtants which can use sulfite can
also use cysteic acid. The pathway of cysteine synthesis was suggested
in two possidle ways. It proceeds either through the reduction of
sulfate to sulfite and then to thiosulfate which combines with the
three carbon compound or through the reductiom of sulfate after it
combines with the three carbon ccmpound to form cysteic acid and then
follows a series of reductioms to give rise to cysteine.

Lampen, Roepke and Jones (21) in their studfes of sulfur
metaboliam of Escherichia coli found seme blochemical mutente in vhich

sulfur metobolimm is interfered with in ome wey or ancther. On the
basie of growth experiments on the sulfur mutents in this category,
they suggested that sulfate can be reduced through sulfite to sulfide
vhich ccubines with a three carbon compound to form cysteime, and that
the reactions of cysteine synthesis im E. coll are reversible.

The process of methionine synthesis from cysteine 18 better
kmown than that of cysteine synthesis from inorganic sulfate in Neurospora.
There are a number of specific genes which control the synthetic reactioms.
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Some methicnineless mmtante can use homocyesteine, but others can use
only methionine, even if the medium ie supplemented with humocysteine
Plus choline or betaine. The latter case suggests that the methylation
of homocysteine is blocked in these mmtants. Cystathionine has beean
found accummlated in cultures of one strain with a genetic block detween
cysteine and homooysteine (18). This finding confirms the experiments
of Binkley and Du Vigneaud that cysteine 18 formed from serine and
homocysteine through the intermediate formation of cystathiomins (6).
In Neurospora sSerine is not produced from the direct cleavage of cysta-
thionine, as showm by the fact that the serineless mmtent does not
necessarily require exogenous methionine for growth.

Lampen et 2l present evidence consistent with the idea that
homocysteine is the preénrsor of methionine, and that the conversion
of hamocysteime to cysteine is through cystathionine in E. coli (21).
The bialogical activity of the four possible optically active iscmers
of cystathionine were investigated and found different im differemnt
organiems. Anslow and Du Vigneaud found that both L-cystathionine
and L-allocystathionine can support the growth of the animal on a
diet free of cysteine, while D-cystathionine and D-allocystathionine
were ineffective (1, 2). In Heurospora, Horowitz (18) found that
only L-cystathionine is active for the mmtant strain. Simmonde (32)
reported on hétr work on E. coli K-12 that L-cystathionine and D-allo-
cystathionine are as active as methionine. i

In 1947 Teas, Horowitz (36) showed that a mmtant of Neurospora
requires both threonine and methionine for its optimal growth. Genetic
tests indicate that the mmtant is induced by the change of a single
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gene. Their further experimente bave proved the assumption that the
gene responeible for the synthesis of the coammon precursor of both
threonine and methlonine is defective in the mumtant. Homoserine was
found to promote the growth of the mold in place o:rAthreoninaané.
mothionine, This clearly indicates that in Neurospora the four carbon
fragment of cystathionine originates from homoserine (7 -hydroxy- < -
amino dbutyric acid), and the latter is also surprisingly the precursor
of threonine. Recently Teas (37) found a eimilar cace in the mutents of
Bacillus subtilis. Two mutants of the bacteria require both threcnine
and methionine dbut can utilize homoserine instead. This reeult suggests
that in Bacillus subtilis, as in Neurospora, hamoserine is the precursor
of both methionine and threonine.

The results of investigations so far obtained in Neurospora
craessa indicate that the pathway of methionine synthesis controlled by

& geries of Bpeoiﬁc genes proceeds as follows:
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The original purpose of the present investigation was to
discover the source of the carbon sheletcaokeyeteine. In the course
of thie study, however, a problem of beeic importemce in conmectiom with
the concept of the gene-enzyme relationship was encountered. A mutant
was found which requires cysteine (or certain other sulfur compounds)
plue the unrelated emino acid tyrosine for growth. The further inwasti-

gation of this mmtent forms the main part of this thesis.



PART I
A Mutent Regquiring Both Cysteine and Tyrosine

Mutant Bo. 84605 was obtained by X-irradiation of the asexuwsl
spores of the wild type 4A and isoclated from & cross with the wild type
25a. It wvas originally classified as a cysteineless mutant#, but it
grows very slowly on this aminc acid. If, in addition to cysteine
tyrosine ie supplied, its growth rate approackes that of wild type.

GERETIC STUDY AND RESULTS
1. Evideuce of one gene difference between the mutant and the wild type.

Bince every chemical reaction in the organism 18 comtrolled
by certain specific genee, it 1s important to kmow vhether the given
strain is differentiated from the wild etrain by a single gere, before
going to the blochemical investigation. A cross was made between the
mutant and the wild type UA, ueing the media described in Westagard
and Mitchell (38). 400 ascospores were isclated at randem and 20
asci in order. The result obtainsd (Table 1) indicated that the
mutant differs from the wild type by a single gene.

2. Evidence of linkage group.

Crosees were made botween the given mmtant and four other
mutants in four different linkage groupe. The results are summarized
in table 2. The data in the first crose, between mutant 84605 and the
sex-linked adenineless purple mutant, show that the frequency of
segregation at ﬂrﬂf melotic divielon of both mutant genes 18 25

among which 10 types of asci are paremtal type and the other 15 new



Table 1

Segregation types resulting from the cross between the cysteine-
tyrosineless mutant 84605a and wild type 4A isolated at random

+ = wild type
cys-t = cysteine-tyrosineless
0 = not germinated

Segregante Fumber
+ 164
oye-t ’ 158
o 78
Total koo

Type of asci resulting from the ocross between 84605a and kA

Spore paire No. of asei
1st 200 34 kth ‘
+ + cys-t  cye-t 16
oys-t cys-t + +

+ cys-t cys-t 4

B w




Table 2

Type of segregation resulting from a cross between matant 84605a and
the sex-linked adeninelese purple mutent 35203-pa5-5A.

cys-t= cysteine-tyrosinelees
ad-p = adenineless purple
+ = wild type allele of cys-t or ed-p

_Spore pairs No. of esci

ist 2nd 3rd Lth

cys-t, ad-p cys-t, ad-p ++ ++ 9
++ ++ cys-t, ad-p cys-t, ad-p 6
eyes-t + cys-t + + ad-p + ad-p T
+ ad-p + ad-p cys-t + cys-t + 3
++ + ad-p cys-t, ad-p cys-t + 2
cys-t + ++ cys-t, ad-p + ad-p ) 8
+ ad-p eys-t + oys-t + + ad-p 35

Indicated centromere distence of cys-t = 5 units



Table 2 (Continued)

Type of segregation resulting from a oross between mmtant 84605e and
the pyrimidineless mutant 37815-120k5-1a.

cys-t = ocysteine~tyrosineless
Pyr = pyrimidineless
+ = wild type allele of cys-t or pyr.

_Spore pairs Wo. of esci

st 2nd 3nd hth

cys-t + cys-t + + pyr + pyr 6
+ pyr + pyr cys-t + cys-t + 3
++ + cys-t, pyr oye-t, pyr 5
cys-t, pyr oys-t, pyr ++ + 3
++ cys-t, pyr + pyr cys-t, pyr 1
++ + DyT cye-t, pyr cys-t + 1
cys-t, pyr cye-t + +~ + pyr 2
cys-t, pyr oys-t + + pyr ++ 2
cys~t, pyr ++ ++ cys-t, pyr 1
cys-t + + + pyr ocys-t, pyr 1
cys-t + cys-t, pyr ++ + pyr 1
+ pyr ++ cys-t + cys-t, pyr 2
cys-t + cys-t, pyr <+ pyr ++ ?%

Indicated centramere distance = 5.2 units



Type of segregation resulting from a cross between mmtant 8&605:; and
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Table 2 (Continued)

the adenineless mmtant kh206a.
cys-t = cysteine-tyrosineless
Ad = adenineless

+ = wild type allele of cys-t or Ad

“Spore pairs Wg. of asol

1st “Zad 3 T

cys-t + cys-t + + Ad + Ad 2
+ Ad + Ad cys-t + cys-t + 1l
+ + cys-t, Ad cys-t, Ad 6
cys-t, Ad cys-t, Ad 4+ ++ 6
cye-t + ++ + Ad cys-t, Ad 1
cys-t + oys-t, Ad + Ad ++ 1l
++ cys-t + cys-t, Ad + Ad 1l
++ + Ad oys~-t, Ad ocye-t + 1l
++ + Ad cys-t + oys-t, Ad 2
++ oys-t, AA + Ad cys-t + 1
4+ cys-t + + Ad oys-t, Ad l
cys-t + + Ad cys-t, Ad 1l
+ Ad ++ cye-t, Ad oys-t + 2
oys-t, Ad ocys-t + ++ + Ad 2’%

Indicated centromere distance = 9.3 unite
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Table 2 (Continued)

Type of segregation resulting from a cross between mutant 846052 and
the riboflavineless mutant 51602a.

cys-t = cysteine-tyrosinslenss
ridb = riboflavineless
+ = wild type allele of cys-t or rid

Spore paire No. of ascl
ist Pnd 3 kth
cys-t + cys-t + + rid + rid 24
+ rid + rid cys-t + cys-t + 1k
+ rib cys-t + cys-t + + ribd 1
cys-t + + + rid oys-t, ridb k%

Indicated centromere distance of cys-t = 2.5 units
Averags centrcmere distance (all data) = 4.8
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recombinations. Therefore mutent 84605 is not linked with mmtant
Ad-p 35203-5A, and hence is not on the sex chromoscme.

4 The second cross, between mutant 84605 and the pyrimidineless
mtant 37815-12945 la, shows that there eare 17 asci of both mutant
genes segregated at the first division of meiosis and that among the
17 asci, 9 show the parental types and the others mew recambinations.
Therefore the cysteinelees mmtant is not linked with the pyrimidineless
mtant and it does not belong to the fourth linkage group.

The third croes, between the cysteinelsss mutant and the
adenineless mmtant 4i206a, shows that both mutant genes segregate at
firet melotic division in 15 asci of the total 27, and that of the
15 ascl three are parental type and the other 12 types of new recom-
bination. These results again imdicate that these two mmtant genes’
are Independently located on different chromoscomes.

In the fourth cross, between mmtant 84605 and the ribo-
flavineless mutant 51602a, 36 asci of the total 40 show first division
gsegregation of both mutant genes, and nome of them are new recom-
binaticn types. Therefore it indicates that the gene of strain 84605
is linked with the geme of riboflavineless mutant 51602 on the second
chromosome .

The data from the five crosses given imn tables 1 and 2 show
that the cysteineless mutant gene segregates from its wild type allele
in the second division in 1% cases out 146, g}ving a cross-over value
between the gene and thecentromere of 4.9%. Since the centromere
distance of the geme of the riboflavineless mutent as shown by Houlshan
ot al 18 about 1.7 (20), end the reccmbination value between the
cysteineless and theriboflavineless ammtant 1s about 1L.25%, it 1s
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probable that the sequence is as follows: centromere-51602-84605.

BIOCHEMICAL STUDY AND RESULTS

Grovth
a. On the Serles of known intermediate substances of methionine
synthesis

The growth was measured as usual by dry wveight of the mycelium
produced by the mold after T2 hours at 25° C in 20 ml. of medium (the
medivm and technigue used are those describded in Horowitz and Beadle, 16).
The mutant was originally claseified as a mtoinbloas matant, since “
ocysteine or methlomine were the only substances tested which gave
growth. When quantitative growth experiments were carried out, however,
it was found that the mutent actually grows very poorly on cysteine.

The known sulfur-containing intermediates in the synthesie of methionine
wvere therefore tested, with the resulte shown in table 3. It 18 seen
that none of them produces normal growth of the strain.

b. On the series of known intermedlate substances of methiomine
gynthesis plus single amino acids.

Since the mutant grows to only a slight extent on those
sulfur compounds as shown in table 3, it vas suggested that, in additiom,
another substance could be indispensabdle for the optimal g'owth of
this mmtent. Further study of the growth requirement of the mutent
showed that another factor effective for ite growth was present in
casein hydrolysate. Experiments were them carried out with twenty
single amino acide plus cysteine. Tyrosine was found as the only ef-
fective substance in addition to oysteine (Table 4). Tested with other
indispensable sulfur compounds plus tyrosine, the growth of the mutant
is shown in teble 5. ThesSe results confirm those of table 3, namely

that the block is between sulfite and thiosulfate.
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Table 3
Growth of mutant 84605 on 20 ml. minimal mediwm plus sulfur compounds.

Sulfur campound in mg. _Dry weight in mg.
None 0

503 2 0

DL-cysteic acid 1l 0

3202 1 1.8
L-cysteine Hel l 3.2
L-cystathionine 1.5 1.0
m.-;hmoeysteme 2 1.6

thiolactone Hel
Dl-methionine 1 2.0
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Table 4

Effect of single amino acids in addition to cysteine on the
growth of strain 84605

Anino acid 1 mg. in amount Dry weight
in addition to 1 mg. l-cysteine Hel in mg.
None 1.8
Glycine 0.8
Alanine 1.k
Dl-valine 2.0
L-leucine 1.8
Dl-isoleucine 2.8
l-aspartic acid 1.0
D-glutamic acid 1.0
Dl-serine ' 0.6
Dl-threonine 1.8
L-proline 1.k
L-hydroxyproline 1.8
Dl-phenyl alanine 1.k
L-tyrosine 26.h
Dl-tryptophane 3.0
D-arginine 1.0
Dl-lysine 1.0

L-histidine 0.6

—
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Table 5

Effect of l-tyrosine in addition to the sulfur compounds on the
growth of strain 84605.

Supplements in mg. Pry velght
in addition to 1 mg. l-tyrosine in mg.
None 0
s L3
o 2 0
803 1 9.6
1-cysteine Hol 1 29.9
1-cystathionine ' 1.5 28.6
Dl-hemooysteine thiolactene HC1 2 26.4

pl-methionine ' 1 25.0

wonpn
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c. Responses %o tyrosine snd its analogs.

nds were tested for their ability to replace
tyrosine. Among them cnly tyramine and to a lesser extent phenol
are effective for promoting the growth of the mutant (Table 6).
Trans-cimmemic ecid, gquinic acid and shikimic acid found recemtly
by Haskins and Mitchell (15), Gorden (unpublished date) and Tatum
(unpublished data) respectively to replace tyrosine in Heurospora
are not effective. Contrerily tremsoinmemic acid seems inhibitory.
Because of being easily oxidized in the medium, the effect of Dopa
(L-3, 4-dihydroxyphenylalanine) is still not exactly known. Dopa
has been found to replace tyrosine for the growth of a tyrosineless
mutent of B. coli (31). |

In testing for the optimal ratio of cysteine to tyrosinme for
maximm growth of the mmtant, it was found that high concentrations
of cysteine are inhibitory unless the tyrosine concentration is also
proportionally increased. Table 7 indicates the result of different
proportions of cysteine and tyrosine on the growth of mutant. The
effect of equal emounts of tyrosine and sulfur compounds on the growth
of the mutant are shown in Figure 1.

d. Temperature effect.

An experiment was carried out teeting the growth of the
mitant in different temperature oonditions. At 35° C good growth
of the mutant was obtained with thiosulfate or any of the sulfur
compounds following it without the necessity of edding tyrosime (Tsble 8).
This suggests that the mmtant ie only a cysteineless strain and proves
that 1ts requirement for both amino acide at 25° C 18 not due to a

block in the chemical reaction of a common precursor. Figure 2 shows
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Table 6

Effect of tyrosine analogs on the growih of strain 84605 in presence
of cysteine.

Compounds 1in mg. Dry weight
in addition to 1 mg. of cyesteine HC1 in mg.
None 2.8
L-tyrosine 3.0
L-tyramine 22.8
hydroxybenzoic acid 5.0
gallic acid 2.6
phenol 10.8
p-coesol 0.8
catechol 1.0
Dope. 1.0
hydroguinone 1.0
trans-cinnamic acid 0
shikimic acid 3.8

guinic acid h.h
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Table T

Effect of various concentrations of cysteine and tyrosine on
the growth of strain 84605.

L-tyrosine mg.
0 5 1 5 10
0 0 0 0 0 0
é 5 1.k 23.2 23.4 22.0 21.0
§ 1 3.2 30.0 28.4 27.4 28.0
% 5 T.1 kh .2 k2.6 33.6 37.0
-

10 1.8 13.6 1k.0 k2.0 5k ,0
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Table 8
Growth of mutent 84605 on eulfur compound at 35° C.

Campound R Dry veight mg.
None 0
l-tyrosine 1l (s
HagS0, 2 0

Na 5,05 1 60.0
l-cysteins HC1l 1l 51.0
L-cystathionine 1.5 36.0
L-homocysteine thiolactone HC1 1 9.0
dL-methionine 1l 48.8
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Figure 1. Growvth response of mutant 84605 to
equal amounts of tyrosine and sulfur ceupounds.
Circles represent growth with NaoS

L-tyrosine; dots represent growth wi%h L-cystelne
Plus L-tyrosine; and triangles growth with
IL-pethionine plus L-tyrosine.
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the growth response of the mmtant to thiosulfate, cysteine and
methionine at 35° C. |

e. Inhibition by choline of & 1
ol oy ine of the utilization of methicnine

A mixture of B-vitemins was found to exert a significant
inhibition of the growth of the mutent in the medlum with methionine
plus tyroeime at 25° C, but no appreciable effect was detected when
1t vas added to the medium in presence of sodiwm thiosulfate or
cysteine plus tyrosine. HNine vitamins have been tested for their
inhibitory effect upon this mtent. Choline was found to be the
only substance which inhibits the growth of the mutent at 25° C
in the medium supplemented with methionine plus tyrosine (Table ;9).
It is of interest for comperison to mote here that the mutant
reported by Teas et al which i8 blocked in homoserine synthesis
-and vhich requires bdoth threonine and methiomine, can grow to
a certain extent on choline plus threonine instead of methionine
plus threonine (36). Because of the role of choline and methioninme
in the transmethylation system in agilals, 1t wvas suggested that
the inhibition caused by choline could bPe due to the result of a
competitive action between choline and methionine. Experiments
were done, a8 shown in Table 10}, increasing the amount of either
methionine or tyrosine, but this had no effect at all om the
inhibition by choline.

f. Accumlation im the mmtant medium of a substance which
can inhibit the growth of wild type.

An inhibitory substance has been detected in medium

containing 2 mg. or more of cysteine or methionine per 20 ¢¢c in
wvhich the mmtant has grown. The substance decomes detectadle at



23

Table O
Effect of choline om the growth of mmtent 84605,

Compounds Dry weight
2s° ¢ 35° ¢
Minimal 0 -0
methionine lmg. 1.b 56 4
* 4 Letyrosine 1mg. 28.0 67.0
" " 4 inositol 250 Y 21.0 60.0
" " + pantothenic 250 ¥ 22,6 72.0
. ecid
" " + folic acid 250 ¥ 28.b 66.4
" " . PaB 250 Y  25.0 8.4
" = + thiamine 250 v  30.0 67.4
u . + riboflavin 250 Y 3h,0 hh 4
" " + pyridoxine 250 Y 16.0 52.4
" " + nicotinic acid 250 ¥  20.0 53.9

“ " + choline 250 ¥ 1.k 53.6
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Table 10

Growth on various concentrations of -ethigaino and tyrosine of
matant 84605 in pressnce of choline at 25° C.

Compounde Dry weight
g,
Minimal 0
Dl-methicnine 1 mg. 1.k
» 1 mg. + L-tyrosine 1 ng. 24,6
. lmg, + " 1 mg. + choline 100 Y 4.5
" 2 mg. + » lmg. + " 100 ¥ &6
" 3 mg. + " 1lng. + " 100 Y b
- Smg.+ "  lmg.+ " 100 y b b
" 10 mg. + - lmg.+ " 100 v 3.4
" 1mg. + . lmg. + . 100 ¥ W
. 1mg. + " 2mg. + " 100 ¥ %1
- lmg. + " 3mg. + . 100 Y k&
" 1mg. + . 5 mng. + . 100 Y 3.k
. 1ng. + . 0mg. + " 100 ¥ 3.0
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about 14k hours after imoculation at 25° C. From 168 to 192 hours
its inhibitory effect on the growth of wild type is 80 intense that
b ml. of the medium containing the imhibition substance cen completely
stop the growth of the mold (Figure 3). The compositien of the
medium affects the amount of inhiditory esubstamce produced by the
mutant. If the concentration of cysteine or methionine is less
than 2 mg. per 20 co of medium, no appreciable inhibition cam be
detected. If tyrosine is supplemented in addition to cysteine or
methionine, inhibition is also decressed. The inhibitory agemt is
not soluble in ether and is precipitated by alcohol. Its inhibitory
effect caxnot be counteracted by methiomine, cysteine or tyrosine.

g. Inhibition of wild type by cysteine.

As wvas shown before in the growth experiment of the cysteineless
matant 84605 (Table 6), if the concentration of cysteine is increased
to en extent which far offsets the proper ratio of the amount of
cysteine to that of tyrosine mecessary for the optimal growth of
the mold, an inhibition results, Cysteine at high concentrations
also inhibits the growth of the wild type 25a (unpubliched data of
Fling). By using the wild types kA and 1A for experiment, the
inhibition due to cysteine becomes obvious, when the latter is added
in excess of 3 mg. in 20 cc of minimal medium. About 80% imhibition
18 produced when the cysteine concentration resches 10 mgs. per 20
cc., (Figure b).

h. Effect of fyrosine n eystetne imhibition.

The result of the competitive effect of cysteine and tyrosine

_on the optimal growth of the cysteine mutent 84605 suggosted that
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cysteine inhibitiom of the growth of the wild type could be released
by adding sppropriate amounts of tyrosime. The suggestion wvas con-
firmed with the experiment in which the wild types 1A and 4A were
grown with inoreasing comcentrations of both cysteine and tyrosine.
As shown in Figure U tyrosine exerts an effect which overccmes the
inhibiticn by cysteinme.
1. Effect of temperature om cysteime imhibiticm.
The effect of increasing the temperature vhich takes the
Place of adding tyrosine for promoting the grewth of the cysteine-
tyrosinelese mutant has been pointed ocut in the previous experiments.
Similarly, the inhidbitiom by excess of cysteine, which can be releaced
by edding tyrosine can also be diminished by increasing the temperature.
The result of the experiments in which the wild type was grown in
high concentration of cySteins st 35° C indicates that the inhibditory
effect caused by cysteime is decreased to a certain extent by reieing
the temperature. Interestingly enough, temperature plays a similar
role in accelerating the growth of the mmtant blocked In cysteins
synthesis and that of the wild type vhen inhibited dy cysteine. A
comparison detween the effect of increasing tyrosine concentration
and the effect of high temperhture treatment om the growth of wild
type inhibited by cysteine is shown in Teble 11.
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Table 11

Effect of tyrosine and high temperature on the growth of wild type
A inhibited by cysteine.

25° ¢ 3°c
l1-cysteine Dry weight l-cysteine Dry weight l-oysteine dry weight
HCl mg. ng. HC1 + Bg. ECl =g. ng.
L-tyrosine
g, of each
None 59.0 None 59.0 None 57.0
1 60.0 1l 56.4 1 66 .4
2 61.2 2 57.0 2 66.6
3 “61.h 3 61.0 3 67.0
5 k0.1 5 62.2 5 78.6
6 23.8 6 62.0 6 62,2
8 11.0 8 62,0 8 36.0

10 k.0 10 56.6 10 28.0
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2. IEnzyme
a. ZTyrosinase activity of the mmtamt.

As previously pointed out, the mold requires tyroesine in
addition to 1t unsynthesizable sulfur ccmpounds at 25° C, but at
35° ¢ 1t grows pnormally Just like the ordinary cysteineless mmtants
without eny meceseity of adding tyrosine. As a working hypothesis,
an 'auu:ption wae made that the tyrosine requirement of the cysteine-
tyrosineless mutent could be dne either to an interference with
tyrosine synthesis or to a destruction of tyrosime. In his investigatiom
on tyrosinase in Glcmerella, Markert found that envirommentsl and
mtritional conditions exert a significent influence on the tyrosinase
activity (27). The interesting thing that arouses the attentiom is
due to Markert's finding (perscnal commumicaticm) that the high
activity of tyrosinase in certain Glamerella strains was fomnd to
disappear vhen the cultures of the mold were grown at 35° C. It
ﬁe th;refore decided to investigate the tyrosinase activity in the
cysteine-tyrosineless mutant of Neurospora under different comditions,

The #rada enzyme preparaticn was prepared from mycelium
vhich had grown about 7 to 10 days in flask culture at 25° C in
20 cc of medium containing 1 mg. of cysteine or methionine plus &
trace of tyrosine. The mycelial tissue was collected and macerated
by grinding with send, Five cc of distilled HoO was added for each
grem of wet welght of mycelial tissue. The pH wa® maintained at
7.0 by adding one-fourth volume of .25 molar sodium phosphate buffer.
Throughont the process of preparation the material was kept ice
cold. Enzymatic activity was measured by the monometric method om
the basis of the rate of oxygen comsumed during the serobic oxidation
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of the phenclic substrate as catalyzed by the entyme. Two ml. of
enzyme solution were added to the main part of the Warburg flask,
.2 ml. of 206 K0H to the central well, and .25 ml., of the phemolic
substrate was placed in the side am of the flagk, All experiments
vwere run at 30° C. When the contents of the flask reached temperature
equilibrivm the substrate wes tipped from the side amm to the enzyme
solution, | The rate of reaction was meagpured every 10 minutes.
Flgure 5 shows the tyrosinase activity of the mutant when grown
for 7 days in flaek culture at 25° C, The tyrosinese activity is
higher vhen the mold is grown in agar medium for 2 weeks (Figuve 5).
About 2,9 atoms of oxygen were consumed per molecule of dope and |
k.3 atams of oxygen per molecule of tyrosine. The total oxygen
consumption is close to that reported by Masom and Wright (26)
for mashroom tyrosinsse.

In order to study the properties of Neurospora tyrosinase,
the fallowing experiments were done:

(1) e specificity of tyrosinese. Tyroeinase cbtained
from different sources rossess déifferent specific properties.
Generally the enzyme isoclated from plants and lower animsla is
less specific than that from higher animals (24k), The enzyme
prepared from the strain of Neurospore has a higher affinity
toward the substrates tyrosine or dopa than the other phenclic
compounds which have been tested (Figure 6). In this respect,
1t 1s similer to mammelien tyrosinase which oxidizes tyrosine
and dopa much more rapidly than cther substances (22), Hydro-
gquinone is not suppoesed to be oxidized by tyrosinase unless a emall
. amount of catechol is presemt (12). However, tyrosinase from
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Figure 5. The exygun consumed in the oxidation of
L-tyrosine and 3, 4-dihydroxyl-L-phenylalanine catalyzed
by the enzyme from mmtent 84605.

Curve A: substrate dopa, entyme prepared from the

mycelium grown in agar mediwm,

Curve B: seubstrate L-tyrosine, enzyms prepared

from the mycelium grown in agar medium.

Curve C: substrate dopa, enzyme prepared from

the mycelium grovn in-liguid medium.

Curve D: substrate L-tyrosine, enzyme prepared

from the myceliwm grovn in liquid medium.
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Reurospora cen oxidize hydroquinone to a slight extent; cn the other
bhand, catechol 1s not easily oxidized by the enzyme. This is possibly
due to the presemce of laccase which can oxidize cmly hydroguinone
instead of other orthoquineoid compounds in the crude enzyme preparationm.

(11) Effect of pH on reaction rate.

Because dopa is easily autooxidized when the reaction mixture
is brought to above pH 7.0, l-tyrosine was used as the substrate to
evaluate the effect of pH on the tyrosinase activity. The optimal
pH for the oxidation of tyrosinase by the enzyme 1s 6 %o 7. At pH 5
the oxidation rate is decreased; when the pH 1s increased above 7 .0,
the induction period is prolonged (Figure 7). This is in agreement with
the observation of Bordner and Nelsom (9), and Gaubard and Nelson (12)
on the enzymatic oxidation of p—msoli that the length of the induction
is a function of the pH of the reaction mixture.

(111) Effect of enzyme concentration on total oxygen uptake.

In the oxidation of a fixed weight of dope or tyrosine an increase
in the amount of tyrosinase leads to an increase in the total amount of
oxygen consumed. Figure 8 shows the results obtained when .916 mg. of
dopa and .985 mg. of tyrosine were oxidized in the presence of increasing
amounts of enzyme at pH 7.0. Two ml. of enzyme solution catalyzed the
consumption of oxygen to 152 ml. in the oxidation of dopa and to 223 ml.
in the oxidation of tyrosine within 180 minutes; with the half volume
of the enzyme solution the oxygen consumption dropped to 92ml. and 155
ml. respectively. Chenge of the totsl amount wof oxygen consumption
by the variation of mmahroom tyrosinase concentration has been clearly

shown by Mason and Wright (26).
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Figure 7. PH effect on tyrosinase activity.
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(iv) Michaelis and Menten dissociation constant.

The dissoclation constant Km was evaluated according to
the equation, 1/v = Kn/V max + & + 1/V max (25, 28), vhere v =
initial rate, s= substrate concentration and V max = maximum rate.
When 1/v 1s plotted against 1/s, the ordinate intercept is 1/V max,
and the slope of the straight line is Kn/V max. In order to eliminate
complications dwe to the induction period in the oxildation of tyrosine,
the initial velocity, v, was measured after 20 minutes from the
beginning of the reaction by the term of oxygen uptake within 20 minutes.
The range of substrate concentration, s, varied from .b mg. to 1.4 mg.
for 2.25 ml. Figure 9 indicates:

1/V max = .66
En/V max = .216
Thus Km = .216 x 1.5 = .324 mg./2.25 ml. =00079 M.
(v) Temperature effect on tyrosinase activity in the mycelium.
The tyrosinase activity fluctuates to a certain extent in
different preparations grown under the same conditions. Temperature
apparently exerts the iost ai@iﬂeaht influence upon the activity
of tyrosinase in the present mutant. High activity of tyrosinase has
only been obtained from the culture grown at 25° C. The mold shows no
enzyme activity at all when it 18 grown at 35° C. Figure 10 shows the
decrease in tyrosinase activity when the culture was transferred on the
fourth day from 25° C to 35° C for an additional 72 hours. It should
be added here that temperature does not produce such a noticeable effect
on the crude mycelial extract. The enzyme seems stable toward the

change of temperature in vitro.
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Maure 9. Evaluation of ¥m and ¥V max in the
oxidation of L-tyrosine by tyrosginase.
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Figure 10. Oxygen consumed in the oxidation of
0.98 mg. of dopa catalyzed by tyrosinase:

A.o prepared from the mycelium grown at
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(vi) The natural imhibitor of tyrosinsse.

Tyrosinsse activity cannot be demonstrated in the wild
type under the same conditions in which the mutant shows strong
enzyme activity. Likewlise, in the submerged culture of the mmtant,
tyrosinage act:lv:ltj is also greatly decreased as compared with
cultures grown on agar or on the surface of liguid medium. The
same activity of tyrosimese under both conditions might be due
to the absence of certain substances which are necessary for the
conversion of the enzyme from an inactive to an active form. An
experiment wes carried out to find out whether tyrosinase is present,
but in its inactive formm, in the wild type or in the mutent of a
submerged culture. A emell amount of crude enzyme preparetion with
strong tyrosinase activity was added to the myceliel extract of
the wild type or that prepared from the mycelia of a young submerged
culture of the matant. The result of the experiment was entirely
different from expectation. Such a mixture of mycelial extract
not only fails to show any sign of increased tyrosinase activity
but the small amount of tyrosinase added becomes inhibited. Results
of further experiments to confirm the presence of such an inhibitory
substence in extracts of the wild type as well as in extracts of
the young mycelial tissue from submerged culture of the mutant
are shown in Figure 1ll. The inhibitory substance present in
extracts of the wild type or of the submerged culture of the
matant strain is more effective in 1nh1b1t1n; the oxidation of
tyrosine than of dopa by the enzyme. The inhibitory substance is
thermostable and not dialyzable. The mycelial extract of the wild
type which contains as usual the inhibitory agent was boiled

until the proteins in the extract became coagulated. After
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Figure 11. Inhibition of tyrosinase activity by
mycelial extract.
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* - S us .
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t o
. Dg: paiau enzyme plus extract of mmtent 84605

gromn in submerged culture.
. - ine plus enzyme plus extract of mmtent
¥ Eu25§° ;rompi'n subnargasl culture.
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centrifuging, the coagulated protein precipitate ani the super-
natant solution were separately tested for their inhibitory functiom.
As shown in Figure 12, only the protein part of the mycelial
extract posséases the inhibitory primciple.
(vi1) Induction pericd im the oxidation of tyresinase.
When the tyrosinase reacts on tyrosine in the presence

of oxygen, a lag periocd is observed. If dopa is used as the sub-
strete instead of tyrosine, there is no imduction period (22). The
induction period of mouse melanocma tyrosinase can be shortened by
adding & small amount of dopa or compounds related to dopa to the
tyrosinase-tyrosine system (22, 23), In Neurospora the inductiom
period of the tyrosiaase-tmsim reaction cen be offectively
shortened by 2dding a small amownt of a powerful sulhydryl
inhidbitor, sodium-p-chloromercuribenzoate (Figure 13). Rothmen

et 2l (2h) demonstrated that the acticn of the imhibitory substance
on plant tyrosinase found in human gkin cen be counteracted by
adding p-chloromercuribenzoic acid. Probably the leg period of
tyrosine oxidation in Neurcspora is due to the presence of some
sulfhydryl compound which inhidbite the tyrosinase activity
specifically in its oxidation of tyroeine. Frequently tyrosinase
prepered from the mold wnder standard conditions showed high
activity on dopa, but none on tyrosine at all, even vhen the
mixture of the entyme and tyrosine was incubated for more than

12 hours., In such & case p-chloromercuribengoate effectively
eesumes 1te function of restoring the tyrosinmss ectivity on

tyrosine.
To sumarize, two naturelly cccurring irhiditors of

tyrosinase have been found in Neurospore extracts, The first of



240~

200

60—

»
(=]
I

OXYG EN GONSUMETION m m3
[«]
T

| ] ] I | 1 1 ]
o] 20 40 60 80 100 120 140 160 i80

MINUTES

Figare 12. Effect of dboiling on the inhibitor
of tyrosinase.
A. L-tyrosine plus 1 ml. enzyme.
-Bs L-tyrosine plus 1 ml. enzyme plus 1 ml.
: bolled extract of wild type 25a.
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supernatant of boiled extract.
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precipitate of boiled extract.
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Figure 13. Effect of Ne-p-chloromercuribengoate
on tyrosinase activity.
A. Dopa plus enzyme.
B. L-tyrosine plus enzyme.
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k6

these inhibite the oxidation of both tyrosine and dope. It is
found in wild type cultures, but not in cultures of the mutent
except when the latter is grown under conditions of limiting Op
supply. The second inhibitor has no effect on dopa oxidation
but inhidbite tyrosine oxidatiom. It is found both in wild type
and mtent extracts and is presumed to contain en -SH group,
gince it is overcome by the resgent p-chloromercuridenzoate.
The soc&ul inhibitor is wsuelly present in oxﬁracta of the mutent
grovn in 1iquid medium, but ia usually absent from mmtant cultures
grovn on solid medium,

b. Tyrosinase sctivity of wild type.

No tyroeimase sotivity has been detected in wild types
25a and TA under the seme conditions in which the mmtant exhibits
1ts active tyrosinase. Wild type MA occasionally shows some slight
tyrosinase activity. In their investigation of L-amino acid
oxidage of Neurospore, Bender and Krebs (5) using en old cnlturfor
25a, found that with tyrosine as the substrete more oxygen was
consumed thean is expected for oxidative deamination and the final
solution beceme dark., This suggests that old culturee of 25a
mey also produce small amounts of tyrosinage.

In the growth experiments with wild type, vhen the
concentration of cysteine added to the culture medium exceeds
3 mg, per 30 cc, the growth of the mold is inhibited. The inhibition
can only be overcome by adding appropriate emounts of l-tyrosine
at 25° C. The role of tyrosine and high temperature on cysteine
inhibition of wild type growth seems similar to the case for
optimal growth of the cysteineless mmtant 84605, hence they are
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Possibly related to tyrosinage activity induced directly or
indirectly by an excess of cysteine. The aasumption that cysteine
inhibition in the growth of wild type is due to its induction of
tyresinase sctivity in the wild type was tested by experiments,
When the wild type kA wes grown in minimal media at 25° C for 7
days, only minimel tyrosinase ectivity was detected. If cysteine
vas added up to 5 mg. per 20 cc, which concentration is sufficient
to inhibit the growth, & high tyrosinase activity wes found as
expected, but when the cysteine concentretion was increased to

10 mg. per 20 cc, the tyrosinase activity was decreesed agein
(Figure 1%). To avoid the poseible interference of excess cysteine
on tyrosinase sctivity, the enzyme soluticns were dialyzed sgainst
distilled water over night in the cold and then treated with
scdivm-p-chloromercuribenzcate. For comparison of the tyrosinase
activity of kA grown in media with different concemtratioms of
cysteine with that of mutent 84605, the ectivity of the enzyme
was expressed as Q0,, using the amount of oxygen absorbed by the
sysiem within a half hour (Table 12),
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Figure 1k, Effect of cysteine on tyrosinasproduction by wild type LA.

A, Oxidation of dopa by extract of culture grown on minimal
medium,

B. Oxidation of tyrosine by extract of culture grown on
minimal medium.

C. Oxidation of dopa by extract of culture grown on minimal
medium containing 5 mg. L-cysteine per 20 ml.

D. Oxidation of tyroeine by extract of culture grown on

minimel medium conteining 5 mg. L-cysteine per 20 ml.

E. Oxidetion of dopa by extract of culture grown on minimel
medium containing 10 mg. L-cysteine per 20 ml.

F. Oxidation of tyrosine by extract of culture grown on
minimal medium containing 10 mg. L-tysteine per 20 ml.
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Teble 12
Strain __ Media Qo2/.916 mg. of tyrosine/30 min.
84605 l-cysteine plus trace of 202.6
tyrosine

Y minimal 14.02

ba 1-cysteine 5 mg./20 ml. 48.29

kA l-cysteine 10 mg./20 ml, 16.ko

Qo, = _Ogmd d= dry weight of the total heat precipitated

d x hrs Protein of the enzyme solution.



50

DISCUSSION
To review the above investigatioms, the characteristics of the
cysteine-tyrosineless strain 84605 can be summarized in the following

table:
°
25 C 35 _C
Growth requirement
(emino acids)
V114 type | nome | nome

Matant | 326§ or cysteine 8293, or cystelne
etc. + L-tyrosine| ete.

Tyrosinase activity

wild type inactive or inactive
I slightly active

Mutent l very active linactive

In addition to the indispensable sulfur compound, the given
mutant requires l-tyrosine for growth. At 35° C it grows normally like the
ordinary cysteineless mmtants without the need of tyrosine. Investigations
on the tyrosinase activity showd the opposite effect. High tyrosinase
activity of the mutant has heen demomstrated in the mycelium grown at
25° 0. No tyrosinase activity can be detected from the culture grown
at 35° C. Furthermore, the wild type Neurospora so far investigated shows
almost no tyrosinase activity at all. These cohtrary but compatible facts
offer a possible interpretation of the meteboliesm of the double requirement
of the cysteineless mmtant; that is, the requirement for tyrosine by the

mutant could be due to the high activity of tyrosinase.
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It is generally assumed that a block occurring in the biochemical
reaction is due to the absence or inactivity of a specific enzyme which
is controlled by the gene responsible for its function. Many examples
in Neurospora as well as in other plants have given reliable evidence
for the concept of the gene and enzyme relationship. The mmtant of the
rresent investigation was genetically different by the change of a eingle
geno vwhich is essential for the reduction of sulfite to thiosulfate in
the chain of cysteine synthesis. How can the gene which controls the
cysteine synthesis also function in directing the activity of tyrosinase
in the mutant? This is the question important to those who are interested
in the gona-enzm hypothesias. The following hypotheses are an attempt
to answer this question briefly on the besis of the relationship of gene
and enzyme.

(1) The gene responsible for the reducticn of sulfite to
thiosulfate at the same time comtrols directly the activity of tyrosinase
or the synthesis of it. This indicates that a single gene performs two
different chemicel reactions. According to Horowitz (19) in his receat
discussion on the mumber of functions per gene, this explanation seems
unlikely.

(2) The strain 84605 could be a double mmtant. The position
of the gene controlling a stp in cysteine synthesis to that of the gene
responsible for the activity or synthesis of tyrosinase in the chromosome
might be 80 close that separation of one from the other becomes almost
impossible. Therefore phenotypically two enzymatic reactions would
appear to be controlled by a single gense.

In the present study, no recombinatioms of the cystelneless
and tyrosineless characters were observed in 1lh6 ascospores dissected
in order end 400 spores taken at reandom. If these characters are assumed
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to be detamined. by two genes one unit apart, the probabdbility that no
recombinations between them would be observed in 146 asci amd 400
random ascospores is as follows:

Py = 0.981"6 x o.99h0° =0.000902
If it 15 assumed that the genes are 0.1 unit apart, the probability
of no recombination is as follows:

Py = .99811‘6 x .9991‘Oo = 0.512
It is concluded that the data effectively excluded the poesibility that
the two characters are determined by genes more than one map unit
apart, although they do not exclude the possibility that they are closer
than one unit. The simplest hypothesis, especially in view of the
blochemical evidence, is that the characters are determined by a single
locus.

(3) The high activity of tyrosinase in the strain 84605
is due to the secondary effect of the gene which is primarily concerned
with cysteine synthesis. Similar suggestions have been given to other
single geme mutants requiring two entirely different substances. Bonner
(7, 8) found a mutant etrain 16117, differing from the normal by a
single gene which requires the two amino aclds, isoleucine and veline
for growth. This strain cannot use the keto acid analog of isoleucine,
but it can use the keto acid analog of valine. On the other hand,
the keto acid analog of isoleucine inhibits the conversion of £ -keto-
isovaleric acid to valine. Bonner suggests that the strain 16117 is
actually an isoleucineless mutant and that the,’ accumulation of « -keto-
B-methyl-n-valeric acid, resulting from a gemetic block before iscleucine,
inhibits the biological conversion of « -ketovaleric to valine. Tatum

and Bell also found two double requirement thlamineless mutants; both
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strains require thiazole and pyrimidine and produce a biologically

thiamine-like compound (35). It was suggested that the formation of
the thiamine-like campound at the expense of the normal precursors
of thiamine results in the need for exogemous pyrimidine and thiazole
for growth..

The present mutant has been shown to be evidently a cysteine-
less mutant. The genetic block between sulfite and thiosulfate
Presumably causes the accumlation of a certain campound which initiates
the activity of tyrosinase.

This view 1is supported by the growth experiments with wild
type Neurospora on high concentrations of cysteine. These experiments
indicate that cysteine inhibition of the growth of the mold can be
released by either adding tyroeine or raising the temperature. The
results of the investigation on tyrosinase activity in wild type show
that cysteine, when it reaches certain high concentrations, can accelerate
the activity or synthesis of tyrosinase. It appears, therefore, that
high tyrosinase activity and an accompanying tyrosine requirement
may result from derangement of the sulfur metabolism. This derangement
can result either from a genetic block in cysteine synthesis, or from
the presence of excess cysteine in the medium. The simplest view
would appear to be that in both cases the increased tyrosinase
activity is induced by the presence of abnormally high concentrations
of certain sulfur compounds. In the case of the mutant, this accumm-
lation is assumed to bde the result of the gen;tic block., Numerous
precedents have already shown the accummlation of intermediates in

Neurospora matants.
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The mechanism of the incresse in tyrosinase activity may
be related to the inhibitor of tyrosinase which hes been found in
wild type. This inhibitor has not been found in the mutant, except
in young submerged cultures. If the inhibitor is active in viwfo,
then its intracellular concentration may determine the rate of
tyrosine oxidation in the living cell, and im its turn may be deter-
mined by the intracellular concentration of certain sulfur compounds.
On this hypothesis one would expect by fractiomation procedures to
be able to demonstrate tyrosinase in extracts of wild type cultures
grovn on minimal medium. One might also expect a decrease in the
tyrosine requirement of the mutant grown in submerged culture. Several
attempts to fractionate wild type extracts, wsing acetone and ammonium
sulfate, have failed to inocrease the enzyms activity. Experiments
on the tyrosine requirement of submerged cultures of the mutant have
not been done.

Other hypothetical possibilities relating to the possible
effect of sulfur compounds on the rate of tyrosinase synthesis or
destruction can be suggested, but in view of the lack of any con-
clusive evidence, they will not be discussed here.

The experiments have also indicated a strong temperature
effect on the tyrosinase activity of the mutant and of the wild type
grovn on cysteine medium. Enzyme activity in vivo and in vitro is
demonstrable in cultures grown at 25°, but not at 35°. Extracts of
cultures grown at 25° show no loss of tyrosin;ae activity when
incubated at 35°, while extracts of cultures grown at 35° develop
no tyroeinase activity when held at room temperature. It would

appear, therefore, that tyrosinase synthesis is inhibited at 35°.
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The temperature effect on tyrosinase activity is of considerable

interest, especially in view of the fact that a similar phenomenon is
well known in connection with the development of melanin in mammals.
Melanic pigmentation and tyrosinase activity in the guinea pig, in

the Himaleyan rebbit end in the Siamese cat, are also inhibited at

skin temperatures above 33° (4, 40). It appears very likely that in

all of these cases the seme fundamental phepomenon is involved. Cystelne
has also been implicated in melanin production in mammals. Pavcek

and Baum (29) found that the effect of pantothemic acid in restoring

hair pigmentation in deficlent rats is augmented by cysteine.
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PART IT
Experimente on cystéine Synthesis

1. Utilization of hydrogen sulfide.

It has been shown in higher animals that cysteine sulfur
can be split off the organic molecule in the form of hydrogen sulfide.
This desulfuration reaction is due to the presence of an enzyme,
cysteine desulfhydrase (11, 33). Using radiosctive sulfur, Smythe (3k)
vas able to demonstrate that sulfur of hydrogen sulfide was incor-
porated into cysteine under the catalysis of cyeteine desulfhydrase
in vitro. Lampen et 8l suggest that in E. coli cysteins could by
synthesized from hydrogen sulfide and the requisite organic compound
by desulfhydrase (21). The enzyme has also been found by Horowitz
in Neurospora (unpublished experiments). To test for the utilization
of hydrogen sulfide in Neurospora, wild type 5297 was used. It was
grovn in a sulfur free medium to which hydrogen sulfide was added
as the only sulfur source. The amount of hydrogen sulfide was deter-
mined by lodometric titration. Because of its being easily oxidized
hydrogen sulfide was added to the autoclaved sulfur free medium as
a sterilely filtered solution. 250 cc¢ Erlemmeyer flasks with glass
stoppers vere used for the experiments. The utilization of hydrogen
sulfide in comparison with that of sulfate by the mold is shown in
Table 13. The growth effect of hydrogen sulfide in sulfur free medium
and in medium containing sulfate is shown in Table 1%. In both cases
hydrogen sulfide exerts its inhibitory effect when its concentration

reaches 100 Y per 20 ml.
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Table 13

Growth respomse of wild type 5297 to S in comparison with its
response to sulfete 8 in sulfur free mel medisa.

[8) v /20 m.

None
10
20

30
ko
60
8o
100
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Table 14

Utilization of HoS 8 by wild type 5297 grown in the minimal medium
with and without sulfate.

Dry weight in mg.

edded 8 Y /20ml. ‘ "355“34" _ 80," 8
0 6.2 22,2

2 8.6 24,0

b 9.2 30.6

6 9.1 2k,6

8 9.1 24.6

10 10,1 26.0

50 10.4 26.0

100 0 0
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Other experiments have been carried out to test the possibility
that the asmall amount of H,S used by the mold might have first been
oxidized by the air. Two kinds of minimal medium were prepared. One
contained sulfate and the other was supposedly free from sulfur.
Both were devoid of the trace elements except for a emall amount of
iron. After the introduction of H S8 the media were kept at 25° C for
three days in the glass stoppered flasks. On the fourth day, HyS
wes eliminated by bubbling nitrogen through the media. The glass
8toppers were then replaced by cotton plugs, and the media were
inoculeted with the mold. The growth was determined as usual after
three days' incubation. The results obtained (Table 15) fail to
anewer conclusively the question of whether H,8 is oxidized spon-
teneously in the media during the three day imcubation. Since the
mold is inhibited when grown in the sulfate containing minimsl media
previously treated with HoS, the resulie cbtained in the case of the
sulfur free media in the previous experiments can be explained either
by saying that the H,8 is not oxidized in the media and is slightly
utilized by the mold or that the HyS 1s oxidized but the growth
effect of the oxidized form of HpS is counteracted by the inhibitory
effect of the H,S vhich remains in the medis.
2. The pathway of the conversion of methionine to cysteine.

All the lmown cysteineless mutants of Neurospora can grow
if methionine, heuocysteme , or cystathionine 1s supplied instead of
cysteine. Since in higher animals methionine is converted to cysteine
through the intermediates hamocysteine and cystathiomine (2, 6), it
seems possible in Neurospora that the conversion of methionine to

cysteine 18 the reverse of the reactions of methionine synthesis from
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Table 15
Growth of wild type 5297 in the minimal media pretreated with H S,

__ 817 weight mg,

gs‘pi/ mg, medium with SO~ _medium vithout SO4°
none 75.6 8.1
0.% 66.0 8,0
0.8 57.0 7.4

1.0 55.8 7.2
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cysteine. In order to study the path of the conversion of methionine
to cysteine in Neurospore the double mutents with one block before
cysteine and another before methiomine were sought. The possibility
of cenverting methionine to cysteine Dy reversal of the reaction
homocysteine — methionine, or by oxidatica of methionine sulfur to
sulfate which in turn 1s converted to cysteine, is eliminated in the
double mmtant.

A oross was made between the cysteineless mutant 36106
vhich bas a block just before cysteine and the methionineless mutant
29627 which bas a block before methionine. Only 1l mature aseci were
found from this oross, two being identified as the asci of the recom-
bination type. Table 16 shows the growth of ascospores of the two
ascl resulting from the cross. The double mutents, 4-1, 7-3 end
9-3 (abbrevistion for the first spore pair of the fourth ascus and
third epore pair of the seventh ascus, otc.) grow on methionine only
about half as well as they do on methionine plus cysteine. However
the double mmtant 9-7 segregated from the seme ascus as 9-3 cam grow
on methionine Jjust as wéll as on methionine plus cysteine.} Further
experiments to test the growth of the double mutants 9-3 and 9-7
with different proportions of methionine and cysteine are shown in
Table 17. Methionine is necessary for the growth of double mmtant
9-3, but in addition cysteine is indispemsable for its optimal growth,
wvhereas in the case of 9-7, the growth of vhicfn depends solely upon
the exogenous methionine, cysteine dces mot show any effect on growth.
It is interesting to note that cysteine inhibition in these double

ﬁutants can be slightly overcome by increasing methionine.
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Table 17

Growth of double mmtants 9-3 and 9-7 on the various concentrations

of cysteine and methionine.

Compounds mg, /20 ml, Dry weight in mg,
-3 2-1
None (3} 0
l-cysteine HC1 1 0 0
dl-methionine R 7.4 6.8
. 1.0 9.0 22,0
- 2,0 10.% 22.8
" b0 11.0 26.%
» 8.0 1.0 23.0
» .4 plus l-cysteine .4 10.0 10.0
" .. * 1.0 12.8 11.0
- .- - * 20 16.4 11.0
» » * 30 19.8 3.0
. L * 8.0 0 0
" 1.0 * - M 1k.6 22.6
. L * 1.0 19.6 21,0
" . ® " 20 25.0 21.6
. . - N W 33.4 22,2
- = e * 8.0 0 0
. 2.0 * R | 146 25.8
» " " " 1.0 18.0 24,8
" . ® * 2.0 31.0 25.0
. L " 4,0 33.8 25.6
" L * 8.0 0 6.4
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Table 17 (Continued)

Compounds mg. /20 ml.. Dry weight in mg.
9-3 9-7

dl-methionine 4.0 plus l-cysteine .4 13.8 26.4

n ... “ 1,0 19.0 25,6

- 8w 2.0 28.0 25.8

" woo. “ 4,0 36.0 24,8

" S “ 8,0 12,8 11.6

@ 8.0 * “ 4 22,8 27.4

" o “ 1.0 29.8 25.6

" “ “ & 2.0 30.0 26.0

" . a “ 4,0 35.6 23,8

" . " - 8.0 14,0 13.0




65

Homocysteine end cystathionine were tested for their effect
in promoting the growth of double mutants 9-3 and h-l. Neither is
active by itself, but both can replace cysteine for these strains.
Homocystelne seems more effective than cystathionine in replacing
cysteine (Table 18).

Of the four optical isamers of cystathionine tested, L-cysta-
thionine has some effect in replacing cysteine in the growth of the two
double mutants; D-cystathionine and L-cystathionine are slightly
effective, whereas D-allocystathionine inhibits growth. The results
are shown in Table 19.

Temperature exerts an effect on the conversion of methionine
to cysteine. The double mutants, T7-3, 9-3 and 9-7 were inoculated
in the media supplemented only with methionine at 35° C. The double
mutants 7-3 and 9-3 which uwsually require cysteine in addition to
methionine for optimal growth at 25° C, can grow as well as the double
mutant 9-7 which grows regularly in methionine at both ranges of
temperature (Table 20). The experiments lead to the conclusion that
the cysteine-methionineless double mutants are able to convert meth-
ionine to cysteine, but the two strains of the double mutants differ

in the rate of the conversion.



Table 18

Effect of L-homocysteine and L-cystathionine on the growth of
double mmtents 7-3 and 9-3

| Dy welght in mg.
Amino acids 7-3 9-3
None O 0
I.-chat_eine HCl 1 mg. 0 0
L-cystathionine 1.4 mg. 0 0
L-homocysteine 0.9 mg. 0 o
m.;-methioMne 1 mg. 8.9 9.0
IL-msthionine 2 mg. 15.4 10.6
DL -methionine .5 mg. plus L-cysteine HC1l .5 mg. 21.0 2Q.h
IL-methionine .5 mg. plus L-cystathionine .7h mg. 15.4 10.6
m;nethionine .5 mg. plus L-homocysteine .45 mg. 30.0 21.0
DL-methionine 1 mg. plus L-cysteine HC1l 1 mg. 35.0 25.7
m.;-nethionino 1 mg. plus L-cystathionine 1.4 mg. 2h.6 19.0

TL-methionine 1 mg. plus L-homocysteine .9 mg. 34.6 25.6
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Table 19

Activity of cystathionine on cysteine-methionineless double mutants.

Dry weight in mg.
Amino acids 7-3 9&3
None 0 ]
IL-methionine 12.0 9.8
DL-methionine 13.8 11.%
DL-methionine 1 mg. plus L-cystathionine 1.4 mg. 19.8 15.8
IL-methionine 1 mg. plus D-cystathionine 1.k mg. 13.8 12.8
TL-methionine 1 mg. plus L-allocystathionine 12.8 13.8
1.4 ng.
L -methionine 1 mg. plus D-allocystethionine 7.6 8.4
1.k mg.
IL-methionine 1 mg. plus L-cysteine HC1 1 mg. 31.k 25.0
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Table 20

Growth of cysteine-methionineless double mutants at 35° C.

.;:1/1218 ;ﬁd % weigt:; :mJ n%}_
None 0 o o

L-cysteine 1 0 o o
IL.-methionine 1 30.0 k4 2h.0
IL-methionine 2 30.0 3k.5 34,6

IL-methionine 3 L6 36,4 36.8




69

DISCUSSION

The knowledge about how a sulfur campound combines with
a 03 compound to form .cystei.ne in the lower organisms which are able
to synthesize cystelne from inorganic sulfur compounds is very rudi-
mentary. However, the results of the above experimente indicate that
hydrogen sulfide is not, as had been believed for some time, the
form of sulfur which represents the intermediate product in the
reduction of thiosulfate to cysteine.

As regards the question of the conversion of methionine
to cysteine Iin Neurospora, it has been established by the growth
experiments of the double mutants that methionine S can be converted
to cysteine S without prior oxidation to 50, and without simple
reversal of the reaction, hamocysteine —> methionine. A mmber
of possibilities for the mechaniam of the conversiom exist. The
double mutant 9-7 can convert methionine to cysteine normally, but
the other two do 8o rather slowly except at high temperature. The
following possibilities for the pathway of the conversion of methionine
to cysteine are suggested: (1) Methionine is converted through a
different path back to homocysteins which then goes reversidly to
cysteine through cystathionine; (2) Methionine is converted to
cystathionine which gives rise to cysteine by cleavage; (3) Meth-
ionine is directly converted to cysteine or to an organic precursor
of cysteine through an entirely different pathway.

Because elther homocysteine or cystathionine can take the
place of cysteine in promoting the growth of those double mutants

for which cysteine 18 necessary in addition to methionine for optimal
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growth, the reactions from homocysteine through cystathionine to
cysteine (the reversal of the synthetic path) seems to occur. The
converaion of methionine to cysteline in Hemspora posslibly can take
Place by both means, namely by the reverse of the reactions of Meth-

icnine synthesis or by any ome of the three possible new paths as
suggested above.
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