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ABSTRACT

Cenetilc and Bilochemlcal Studies of Tyrosinasgse in Neurospora

1) A new form of tyrosinase of Neurospora crassa (Sing-2)

was found, which has different electrophoretic behavior and

s s " . . L
thermostabllity from the three previously known forms (T,

S ana 7RISy,

T

2) The characteristics of the new form are determined
by the single locus, T, which also controls the characteris-
tics of the other forms,.

3) The kinetics of thermal inactivation of the differ-
ent tyrosinases were studlied in detaill at different tempera-
tures.,

L) Two tyrosinaseless genes (ty-1 and ty-2) are inde-
pendent from each other and from the T-locus, and both of
them are epistatic to the T-locus.

5) Heterocaryons of the following genotypes were pro-

duced.
Het.A (T°,hist,ty-1)(T°,ad,ty-17)
Het.B (T, hist,ty-1)(T°,ad,ty-17)
Het.D (T, hist,ty-1)(To82 44 ty-17)
It was found that a) the ty-1 allele is recessive to its

normal form, ty—l+, b) Het.B and Het.D produce a mixture of

both forms of tyrosinase determined by their genotypes, and

¢) the ratio of the two enzyme forms produced corresponds

to the ratio of the two component nuclel in the heterocaryons.
6) The significance of the present findings for the gene-

enzyme relationship is discussed.



Part II

Laccase 1n Neurospora

The 'second phenol oxidase' in Neurospora reported bv
Horowitz and Fling (1953) was further studied.

1) The enzyme was purified, characterized as %o sub-
strate specificity, inhibitor svectrum, and pH optimum, and
identified as a laccase.

2) Production of laccase shows wide variabllity among
different strains of Neurospora and is influenced greatly
by external factors, such as temperature, concentrations
of sulfur and copper of the medium.

3) Immunological studies show that there is no sero-
logical simllarity between laccase and tyrosinase of
Neurospora.

4Y) Inducibility of laccase in Neurospora ig a variable

character, but seemg to be strain specific.
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I. INTRODUCTION

The main problenm in biechemical genetics concerns the
primary functlion of the gene In the gynthesis of an enzyme.
Evidence that there is a correlation between changes in
genes and enzymes {and other proteins) is overwhelming (1,
2). There arve two aspects of evidence in this basic problem,
One has to do with quantitative changes in enzyme activity
indueced by gene mutations--e,g., &8 gense mubation may lead to
the absence of an enzyme (1) or may restore an enszyme
abolished by a previous mutation (suppressors) (3,4). The
other sspect has to do with gualitative changes in the
strugtura of the molecule caused by gene mutation (2).

The instances where these two aspects of gene function
can be analyzed in a single enzyme (or protein) syvstem ave,
however, not many et present, Human hemoglobin is one of
the few cases (5,6) but there are some intrinsic diffi-
culties in the genetic analysis of the systen.

Tyrosinase in Neurospors craspa is another caese., In

1953 Horowitz and Fling (7) reported two qualitatively dif-
ferent forms of tyrosinase, thermosbable (?s) and thermo-
labile (TL), and showed that the difference is determined
by two slleles of a single locug T, The two forms have
also been shown to differ in electrophoretic behavior (8).
Heterocaryons ecarrying the fwo alleles in a common cyto-
plasm produce a nixturve of the two corresponding forms of

tyresingse (9)., These facts are consistent with the idea
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that one gene is responsible for the siructure of this
enzyme (1,7,10).

Two nmore forms of the engyme have been discovered, and
genetic and biochemical analysis of one of them (Tﬁiﬁgg)
will be described in this thesis,

Quantitative variations in tyrosinase gontent have
attracted our attention following the finding of tyrosinase-
less atralns by Dr, ¥ Vestergaard, University of Copen-
hagen (11). Several such strains have been sent to our
laboratory and two of them have been analyged. An important
part of present research lnvolves the analysis of the genetic
behavior of these tyrosinaseless characters in relation to
the T-alleles. The results clarified some aspects ol gene

action on enzyme formation.,
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IX. BSTRAINS AND METHODS

The strains

Strains, 4-121A and 4-137a, have been used. These strains
were isoclated by Horowitz and Fling (7) as the producers of
the thermostable tyrosinase (Tsmform) and the thermolabile
tyroainase (?Lnferm), respectively. A new form of tyrosi-
nage, called Singapore~2, heg been found in a culture gent
{rém Singapore, Anothér form, PR-15, originating in a strain
gsent by Dr. Howard Tears from Puerto Rlico has been charac-~
terized also in our laboratory (12).

The biochemical markéws used in heteroccaryons are re-
isolates of histidineleszs (C-140 or hist-3), adenineless
(35203 or ad-3) and their derivatives. Tyrosinsseless
strains, ty-l and ty-2, are mutants of natural origin and
have been sent by Dr. M. Westergaard, The ty-l has a
morphological characteristlic, ‘"velvet or vi," along with
the absence of tyrosinase production and the two characters
have not besn separable by crossing over so far, The
strains which have been isclated by Dr. Westergaard are
designated by putting "W" before the strain number and those
isolated by the author by "NS," Both tyrosinaseless strains
are female-sterile (11,13).

Culture of Neurospora

The stocks of wild-tyre straing are maintained on com-
plete agar slants and blochemical mubtants on Fries minimal

medium supplemented with the reguired compounds, FPor
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tyrosinase productlon cultures were usually grown for four
days at 25°C on the low sulfur liquid medium deseribed by
Horowitz and Shen (14), 20 wl of which was dispensed in%o
each 125 ml Erlenmyer flssk. The histidineless and adenine-
less strains were supplemented with 2 mg of histidine hydro-
ehloride and 1 mg of adenine hydrochloride respectively.
Produetion of tyrosinase by adenineless mutants takes a 1énger
yaﬁieﬁ of incubation {mix days) and supplementation with 2 mg
gdenine HC1 has recently been found to give higher production,

Extraction and purification of tyrosinage

Crude extracts of tyrosinase were prepared from mycelium
ground in a mortar with sand and 2 ml of 0.1M sodium phoasphate
buffer, pH 6.0, per gram wet weight of mycelium, centrifug-
ing off the sand and debris. A partial purification was
carried out by the wethod of Horowitz and Fling (7). Ten-
to fifty~fold purification was obtained depending on the
initial specific activity of the crude extract. The follow-
ing convenlent way to concentrate the enzyme preparation
was used. The crude extract 18 put in a dialysis bag and
immersed in cold 80 per cent saturated ammonium sulfate
solution. The "dlalysis” was carried out in the refrigerator
for five to twelve hours with occasional stirring. The
volume of the preparation reduces to one fourth to one fifth
of the original volume, and all tyrosinase activity is 1n
the thiok precipitate, which is centrifuged, dissclved in
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the desired volume of buffer, and dialyzed agalinst buffer

ovarnight, changing buffer once,

The assay of tyrosinase activity

Tyrosinase activity was determined colorimetrically
with 3,4-dihydroxy~DL-phenylalanine {DL-DOPA) as the sub-
strate by the Klett-Summerson colorimeter with No. 42
filter (blue) {14). Sodium phosphate buffer of 0.1M pH 6.0,
was used throughout the experiments. One ml of 0,02M DL-DOPA
is added to 4 ml of the sample for assay which has been
egmilibra%@d}aﬁ 30°C for at least five minutes, The red
praduatq@f tée reaction (dopachrome) was measured. An en-
zyme unit is defined as the amount of enzyme that pradueéa
a reading of one colorimeter unit in five minutes under the

above conditions (colorimeter units or c.u.).

Heat treatment
Most of the heat-inactivation experiments were carried

out at 59°C. The fluctuations in the bath temperature were
quite small {+ 0.02), "Two different procedures have been

uged {7). In the first, 0.5 ml aligquotes of the engyme solu-
tion were measured into & geries of Klett-tubes held in a
rack, The tubes were removed at intervals and rapidly
chilled in ice. The samples were diluted to 4 ml with
buffer before a&aa?, In the second procedurs a single S0~-ml
tube containing a relatively large volume of buffer was
brought to temperature equilibrium in the water bath, for

which five minutes were guite engugh f{rom the room tempers-
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ture to 59°%°C., . A small volume of enzyme solution was added
to the tube at zero time. Saumples of 4 ml were removed at
intervals and chilled. The sacond method is referred to

as the "dilution method.”

Electrophoresis

The Spinco apparatus of hanging strip paper slectro~
phoresis (Durrum type) was used at 10°C with 0,05¥ sodium
phosphate bulfer, pH 6.0, The procedure which will be
described has been developed by Horowitz and Fling (8),
Pirst, eight paper strips were dipped in 100 ml of 1% bovine
serum albumin (BSA) solutlon in buffer and set on the rack.
The remaining BSA solution was coumbined with 900 ml of
buffer and used in the terminal reservoirs. The amount of
tyrosinase applied onto a strip is 10-30 c¢.u., which cor-
responds to 0,01 - 0,06 ml of enzyme preparation. Ten
milliamperes of electric current were used for about 16
hours, After electrophoresis the strips wevre sprayved with
DL~DOPA solution, 0,02M in 0.1M sodium phosphate buffer,
pH 6.0. The location of the enzyme is easily detected by
a rapid development of red color on the sirip, The color

band is usually navrow {ca 5 mm) and sharp,
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III. A NEW FORM OF TYROSINASE FROM
SINGAPORE-2 STRAIN

Comparisons and characteristics

One of the strains sent {rom Singapore, Singapore-2
strain (Sing-2), produces tyrosinase with different charac-
teristlics from those of other standard types. The thermo-
stablility, energy of heat insctivation and electrophoretic
mobillty of the tyrosinase Irom the Sing-2 strain and other
straing are summarized in Table 1, The electrophoretic
mobility of Bing-2 tyrosinase im quite reproducible and gives
8 uniform value among derived eérainﬁ. The heat stability,
however, varies considerably at 59°C from strain Lo strain
and even from preparation to preparation from the same atrain
with or without purifiecatlion., A similar variability has been
found also in tyrosinase of a few T° derivatives (15). (It
should be noted, however, that the variability is not so
lérge as to cauge difficulty in distinguishing between the
different forms of the enzyme in crosses, except TS &2 y ¢Sy,
Thermostabllities of TSing2~, Tsm, and Thntyraainas@ were,
therefore, analyzed further at different tewperatures., The
dilution method was used and at least four time-points were
taken for each temperature. Kinetiles of the inactivation
for each case was of the first order (Fig. 1). The Arrhenius
plots of the stability of various preparations are shown in

Pigs. 2, 3, and 4, based on the equationt
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Figuré;lz Thermal inactivation of TL—, TS~ and TSiﬂgguforms
» of Neurospora tyrosinase,
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tions, and crosses crude preparations,
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nk = & () +C (1)

where k is the inactivation rate conatant (per

min), R i3 the gas constant (1,987 cal per degres

per mole), T 1s the absolute temperature, A {or p)

i3 the activatlon energy (cal per mole), and ¢ is

a constant,
According to the above eguation, a stralight line should be
obtained when lnk is plotted against 1/7.

The half-life (t£) of the enzyme activity was weasured

from the inactlivation curve on a seml-log graph, The in-

activation rate constant, k, can be caloulated from eqgua-

tion 2,
e = t& =y t&‘- (2)
and Ink from eguation 3,
ink = In(1n2) - Inty = -{0.367 + 1nty) (3)

The actlvation energy of tyrosinase inactivation, i, was

A1 1 ,
& E; g'( @; yg') (4)

where k; and ky are rate constants at Tl and Tg,
regpectively.

The entropy of the activation for the heat insectivation was
caleulated by equation 5 (18) following Sizer's descrip-
tion (17).



e o= ket %?- oB/RT 48R (3)

&

k: the rate constant of Ingctivation,
ks the transmission coefficlent which
can ugsually be assumed to be unity.
K: Boltzmann's constant,
E: the activation energy which in enzyme
reactione 1s essentially sgual to .

48: the entropy of activation,

The following peints are evident {rom the results:
1) both Sing-2- and . forms of Neurosporas tyrosinose
give egsentially similar heat inaetivation kinetics,
2) above 61°C the helf-lives of Sing-2- and T -tyrosinase
preparations from different strains show less vardation
than below 61°C, 3) in the range of 61°-67°C the plots fol-
low Arrhenius kinetics, while below 61°C the slope deviates
towards the labile directlion from that drawn for the data
above 61°C. Arrvhenius plots of & purified preparation of
4137 (?L) show a break at about 528°C, These discontinuitiss
may be interpreted as meaning either that in the lower tem-
perature range some heat-lablle non-dialyezable materlals
make the tyrosinase molecule more lablle than its intrinsle
value (T, = 120 min at 59°C for Sing-2- and T -forms,
obtained from extravolation from the higher temperaturs
range), or that the Arrhenius plots of all forms have dis-
continuities, above and helow the break polunts They have
different energles and entropies of activation (Figs. 2, 3,
and 4)., In the latter possibility the wider variation of

the stability at lower temperabtures for some Sing-2~ and
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Ts»forms may also be Interpreted as indicating the presence
of impurities. Horowitz and Fling (9) have previously
noticed the wider variation in thervmostabllity in Tswfarm
than in TL”ferm and explained 1t on the following basis:
The effective impurity seems to be principally
tyrosine, traces of which are apparently released by
a proteoliytic enzyme which contaminates some of
the tyrosinase preparations, Like other tyrosinases,
Neuroapora tyrosinsse 1s inactivated in reacting with
its substrates, and the presence of tyrosine in the
preparations causes an apparent decrease in the
thermostabllity of the stable form; the labile
form is hardly affected, ainee it is thermally in-
activated too rapldly at 59°C to engage in many
catalytic cyeles.
This is also a probable explanation for the present case,
The possibility of heterogenelty in tyrosinase 1tsell seems
to be excluded by the monomolecular kinetics of the inacti-
vation at each temperature. If a2 new line is drawn in the
range of 57°-59°C for Sing-2- and Tgwfarms {through the
average values of lnk's) and 49°-51°C for T“-form, dif-
ferent values of activation energies and entropies of thermal
inactivation are obtained from those derived at higher tem
peratures (Table 1). Among ¥ gtrains the variation in
tyrosinase stability has been quite small at 59°C. Data

for lower temperatures are, however, not avalladle,

Genetlcs

It 1s known that Tﬁ and TL are alleles and the evidence
that Tpﬁlg is also an allele of the same locus has recently
been obtained in our laboratory (12). To test the possible
allelism of T°1782 with the other forms, the following three
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crosses were planned: To1n82 y ¢S, 751082 y gL .4

TPRIE X TSiﬂgg, The 8Bingapore sbtrain was rather infertile
with the other, Bowever, two genesrations of backerosses were
carried out to improve the fertility. The backeross program
iz shown in Flg. 5. Random spores from the backcrosses were
separately culturad to test the electrophorstic behavior and
only strains with Bing-2 migration were chosen for further
erosses.,

From the cross, To+182 y v8 23 complete asel were dis-
sected into four palrs of ascospores in serial order, and
each spore palr wae cultured and the tyrosinase from i{ was
investigated for slectrophoretic migration. All of the
ascl showed a8 1:1 gegregation for Sing-2 and TS migrations.
Segregation for thermostability was not studied, since the
two forms are practically identical in this respect.

The cross, TSinga X TL, was analyzed in 30 complete msci
both electrophoretically and by heat-inactivation, Differ-
ences in electrophoretic migration of the two forms, To1162
and TL,is so large (ca 11 mm after 17 hours), that the megre-
gations were very clear (Plg. 6). The heat stability was
conveniently tested by the following procedure. A crude
extract was prepared from each atrain., The enzyme activity
was measured, and allguots containing about 100 ¢u, were
pipetted into two tubes. Buffer was added to each tube to
make the volume 0.5 ml. One of the two tubes was not heated

and the other was heated for ten minutes at 50°C, and the
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Pigure ©. Eleectrophoretic behavior of TSin@z, TS, and
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aétiviﬁy remaining was measured., The frequency distribution
of the ratios of aetivity before and after heating are shown
in Table 2. The distribution of the asectivity ratlos separates
into two groups with no overlap, and coincides with the electro-
phoretic behavior, Within each ascus, segregations for heat
stability were obvious, These results clearly show that the
two characters--thermostability and rate of electrophoretic
migration~-gegregate 1:1, and no recombination has besen ob-
served between them. This agrees with the idea that both
characteristics are determined by the T-locus, although the
posgibllity of pseudoallellsm cannot de excluded.

During the analysis of electrophoretic nigrations of the
segregante ef;%h@ pSin82 y pl 41nes 8 peculiar phenomenon has
veen found. Fresh crude extracts from seven out of 60
analyzed Sing-2 type strains showed more than one band of
tyrosinase activity; namely, three stralns gave two bands
and four stralins three bands, One of those bands had a
typical Sing-2 migration. Various experiments have been made
onn this phenomenon, and it has been found that this multiple
band phenomenon is not reproducible among different prepara-
tiens from the same straln and the components with migrations
different from that of 8ing~2 tyrosinase are extremely
labile, Dialysis, freezing and thawing, keeping in refrigera~
tor overnight, purification, brief heat treatment, ste., lead
to the dipappearance of the extra bands,

The croes between TSinga and TPRls was analyzed in
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Table 2. Distribution of ratios of the tyrosinase activity
without heating and the activity after heating
for 10 minutes at 59°C for the progeny strains of
Tﬁiﬂgg X ?L aross .

‘ ) |
Ag:%gity , Electro- Statistics
No, of phoretic Total no, Ave. Ave.
Ayor/Ag strains behavior of strains ratio ty
0.05 iz
' T 60 (}.1537 3.7
0.25 12 +0.00
0.35 1
O.&B 2 7
0,55 2
0,65 11
0.75 12
S ™ 60 0.823 138
0.85 11 +0.021
0.95 14
1.05 6
1:15 2-
1) A ratio higher than unity is probably due to heat-

activation of protyrosinase in crude extracts {(14,18).
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18 complete asci and heat stability was tested. Again the
segregation was 1:1, Segregation for electrophoretic migra-
tion was not studled, for the two forms have a practically
1&@3%1031 rate of migration, These resulls are summarized
in Table 3.

The genetic facts favor the possiblility that the four
differvent forms of tyrosinase are determined by four
alleles at the single locus T. The chance that the present
results {no recombination between Sing-2 and the other three
forma of the enzyme) would have been obtained with non-
allelic genes can be calculated by the use of Stevens’
table (19). The results of the calculations are shown in
thé last row of Table 3 , where the upper limits of the pos-
sible recombination fregquencles are given for 95% counfidence

limits.
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Table 3, Summary of genetic analysls of Sing-2 tyrosinase,

Tﬁinge X TS QSingQ X TL TPRlﬁ ¥ Tsinga

No, of complete 23 30 18

ascl analyzed

lst division
segregation 6 8 b

2nd division ,
segregation 17 22 14
Percentage of
ond divigion Th,0 734 77 .8
segregation :

Upper limits @fl) "
map distance e}
possible at 6.1 4.8
5% level

7.7

1) See the text,



IV. TYROSINASELESS STRAINS

Two straine, tyrosinaseless-l and tyrosinaseless-2,
of natural origin which produce 1little or no tyrozinsse wers
sent by Dr. M. Westergaard to our laboratory. Strain ty-1
‘has a morphologleal characteristic ('velvet®) on agar wedium.
This mutant morphology has not been geparable genetically
from the absence of tyrosinase, Both ty~1 and ty-2 behave
ag8 single gene mutants and both are femnle siterile, so that
they ean be used only as conidial parents, The original
strain of ty-l, W913-83, has not produced any detectable
tyrosinase In varicus culture condliions within the sensgi-
tivity of assay, with which one can detect less than 0,19
of the activity of standard strailne,

A, Ly-1

Dr. M. Fling of our laboratory has made some genetie
gtudies of ty-1 by crossing it with the Tn—atrain. The re-
sults sre shown in Fig, 7. Her experiments show clearly,
first, that the ty-1 locus is different from the T-locus
and freely recombines with 1%; second, the blocking of tyro-
sinape production by ty~1 is not specillc for a particular
form of tyrosinase, TS o7 TL; and, third, some ty-l deriva-
tives produce small ama;nts of tyrosinase, which indicates
the incompleteness of the blocking and ite variability in
expression due probably to other genetlc factors., The fol-

lowing questions may be asked about the mode of interactions
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of the T- and ty-1 loci concerning the synthesis of tyro-
sinase: 1) Is the blocking of tyrosinase synthesis by ty-1
an intranuclear phenomenon? 2) Does the ty-1 allele control
the production of an inhibitor of tyrosinase or is it rslated
to the inadblility to produce essential factors for the synthe-
sis of tyrosinase? 3) Is the ty-l allele a dominant charac-
tar? 4) Are any other enzymes also missing in ty-1 strains?
These questions are equally applicable to the other tyro-
ginaseless gene, ty-2.

The first and third questions are genetic ones which
nevertheless cannot be tested by crossing a haploid organism
like Neurospora, but heterccaryons of the type (ml,mg,Ts,tyal)
{mz,mg,‘TL,ty$l+) may give scme clue to these questions,
where my and m, are blochemical markers. This type of experi-
ment will be described in detail later. The second gquestion
has been tested by mixing experiments. The addition of an
extract from the ty-l strain to a preparation of tyrosinase
did not show any indication of the presence ol inhiblitors
in the ty-l extract (15). Although there remains the pos-
81lbility that inhibitlon occurs in the process of enzyme
asynvhesis and not to the enzyme itself, the siwmple inhiblitor
hypothesis 1s excluded. The fourth guestion is an interest-
ing one because i, for example, ty-l has something to do
with the production of prosthetic greup of the enzyme, then
some other enzymes having the game component in thelr mole-

cule may be also nmissing in the same strain, It is known



06

that tyrosinase has copper in 1t as a functional site, so
that other copper-containing enszymes might also be missing

in ty-1 strains. The original strain, W9ol3-83, in fact,
lacks the "second phenol oxidase” (7) whieh is now identified
as the copper-containing enzyme, laccase (20,21)., BMost of
ty-1 straing are deflelent in laccase, but some of them pro-
duce 1t up to the level of good produeing streins, This
indicates that the simultaneous deficiency of the two enzymes
in W913-83 48 fortuitous. Ineildentally, smong 17 wild strains
teated for the production of laccase, seven of them produced
little, Another possible copper-containing enszyme, uricase,
is present in W913-83 {22). The copper uptake from the
mediun has bé@n teated for & ty-l atrain and the wild type
4-121, It is fond that the ty-1 strain takes up copper from
the me@iuﬁ as rapldly as the wild strain, These are nega-
tive results and dalnet axclm@e the possiblillty that ty-1

may have some function in dbloeking the incorporation of cop~
per atoma into the tyrosinase molecule, although the hypothe-

8is in ite simplest sense seems to be unlikely.

B, ty-2

The genetic mnalyaig of ty-2 was initlasted by H. Macleod
and continued by the asuthor. When 1t is erossed with
4-137a(T¥), two members of each tetrad have little tyro-
sinase activity. Among the producling strains, some produce

TL~tyresinaae, while others produce T3~tyrasinaa&, showing
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that ty-2 is independent of the T-locus, and the parental
ty-2 strain, WO13-17, carries the T allele (Table 4).
To test the genetic relation between ty-l and ty-2, the

following cross was made:
Het.B-11A{P, hist, ty-1)(T°,ad, ty-17) X 91-151a(1°, ty-2)

“The slmplest c¢ross, tyr-1 X 3y-2, 18 not feasible, because of
the female sterility of the two mutants. Although the
analysis is preliminary at present, six complete ascil have
been tested (Table 5). The six ascil all contain two histidine-
less and two "velvet” or ty-l strains, showing that fertili-
zation has ocourred between (TL,hist,ty~1) nuclel of the
heterocaryon and ty~2. Among the two %y«l+ strains of each
ascus, the production of tyrosinase is pegregating, This
indicates that the ty-2 is not allelic with ty-1.

The forms of tyrosinase of the producing strains
happened to be all ES@ which was unexpected. Further analy-~
ses are necessary before any conclusions are made on this

point,

C. Heterocaryvosis

Heterccaryons of the following genotypes have been
formed b: inoculating minimal slants with two strains with
different blochemical markers, histidineless and sdenineless,

Het,A fTS,hiaﬁ,+,%y~1)(TS,+,ad,+)

Het B (Yn,hisﬁ,+,ﬁy~1)(TS,+,ad,+)

Het .D (TL;hisﬁ,+,ty~1)(TSin$2,+,ad,+)
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Table 4, Genetic snalysis of ey~2.1)

o1t 6§~811A(@L,ﬁywﬁ+) X WQIB-ITa(T(S),ﬁy~2)

ascus-~l ascua~2
01-111 (T°,ty-2) 0?) 91-131 (17,%6y-2) 2
91-112 (T°,ty-2) 2 91-132 (7%, ty-2*) ko
91~-113 (7%, ty-2") 58 91-133 (17, ty-2) v
91-114 (T°,ty-2") 57 01-134 (75,ty-2*) 29
ascus-3 ascus-i
91-141 (77, ty-2) 4 91-151 (2¢8),¢y-2) )
91-242 (77,ty-2%) 26 o1-152 (7{8),6y.2)
g1-143 (27,6y-2%) 164 91-153 (7%, ty-2") 83
01-184 (T7,ty-2) = 0O o1-154 (7%, ty~2") 129

1) The forms of tyrosinase whieh were deduced from the
pedigree are shown in parenthesis, e.g., T 8 and ?(L),
Cases where no deduction is possible or not tested are
designated as ??.

2) Relative production of tyresinase aetivities,



s

Table 5. Q(enetic analysis of NSE8:
Het.B-11A(TY, hist, ty-1) (15,84, ty-1") X 91-151a(P(8), ty-2).

Velvet Relative Form of
Ascl Strains {ty-1) hist activity tyrosinase
68-511 vt + - -
68-512 S ' ¥ hist - -
ascus-1l g cyg > " 1 -
” 68-514 +  nist 0 -
68611 + + o ~S
aseug.g 09-612 + + 51 T
68~613 ve hist - -
68614 ve hist - -
68"‘?11 Vt o o -
ascus~3 68-712 + hist 2 -
68-713 + hist 0 -
68“?1‘& Vt + - -
68“‘7 21 k' t -+ - -~
aacuaw& 68“722 vt hist - -
68""723 4 + 25 TE’
6B-T24 + hist 130 e
68-731 v hist - -
| 68-732 + + o1 TPs
8BCUS-3  gg.733 vt + - -
68-734 + hist 0 -
68-741 + + 0 -
ascus.E ©0-Th2 + + 43 S
68-743 v hist - -

68~Thi v hist - -
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Thelr vedigree 1 glven in Pig. 8. Only the hebterocarvon
can grew on Qinimal maedium, The homocaryotlc components

of the heterocaryong wers prepared by eréasing the standard
strains (TL, TS, and Tﬁinga) with the necesnsary mutants
{histidineless, adenineless and ty-1) (Pig. 8). The form
of tyrasin&ae produced by ty~1+ strains was teated by heat-~
treatment and electrophoresis, while that of ty-1 strains
was inferved from the pedigree,

In order to isolate sbtock cultures of the heterocaryons,
conidia from each succesaful combination were inoculated on
minimal agar plates and incubated overnight at 25°C. Hyphal
tips were isolated and inoculated on minimal agar alanis,
giving stock cultures of the heterocaryons., This procedure
excludes the possibiliity of syntrophy of the two homonaryotic
strains (23). The existence of both types of nuclei and
thelir prﬁpavtian in thesge heterocaryons have been investli-~
gated by making reciprocal croasses between heterocaryons
and a wild-type strain (4-137). A sample of random asco-
spores frow each cross was suspended in one ml of sterile
water in a small tube, heated at 60°C for 30 minutes, and
then 0.25 ml aliquots of each suspension were plated on
minimel, histidine-supplemented, and adenine-suwplemented
plates. The plates were incubated at 25°C for 12-14 hours.
Three types of spores--growing, germinated but not growing,
and not germinated--were counted under the microscope up %o

about 500 spores per plate, The results are summarized in
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Mgure 3, Pedigree of the svallable hﬁtaraearywnal)

(Tﬁaﬁd,hynl*) (T{s),hist,ty~l}

Het,A-18 a

NS53-7 a (T°,hist,ty-1)
N353-22 & (T°,ad,ty-1")
Ng53-24 A (1°,ad,ty-1")
NS53-28 4 {T'%),a4,ty-1")
N853-29 & (T°,ad,ty-1")

Hﬁt aB"“ll A

H@t «B“ls A

NS56: Cl40R, a X 31-184 a2) Het.B-17 A

{TL,nzat,ty~1*) (T€£),+,ty~l)
Ns56-13 A (P02, hist, ty-1)
NS61: NS59-1413 a3) X NS53-23 A
(15182 ey 1*) (1187 a4, ty-17) \\\\>
H

NS61-9 A (7191082 44 tyat) et.D-11 A

1} Porus of tyrosinase which cannot be directly tested or
have not been tested are deduced from the pedigree and
designated in parentheses; e.g. T‘ﬁ), T(L’.

2) For a further pedigree of 31-184, see Flg. 7.

3) PFor a further pedigree of NS50-1413, see Pig, 5 .
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Table 6, The germination was in most cases more than 95§
and the proportlionsof the growers and the non-growers dn
minimal plates were nearly 1 to 1 in all cases (Table 7),
which indicates no selection against the spores of dio-
chemical mutants in the present tests. The proportion of
histidineless nuclei iﬁ.a heteroccaryon can be estimated
from the fraction of non-growers among the germinated spores
on the adenine-supplemented medium, and that of adenineless
nuclel from the proportion of non-growers on the histldine-
supplemented medium. In sach cross thaaa\pﬁcparﬁians add
up to ca 508, The results indicate that 1) the heterocaryons
tested do contain both types of nuclel, 2) the histidineless
nuelei are in all cases in excess (Table 8).

The nuclear ratlos of Het.B-1l, Het.B-13, and Het.B-17
‘have alao been estimated by plating conidia on four kinds
of plates; minimal (m), histidine-supplemented (h),
adenine-supplemented (ad), and histidine plus adenine-
supplemented (h+ad), The basiec minimal medium is the same
ap Fries except that 20 gm of sucrose is replaced by 8 gm
of L-gsorbose and 1 gm. of sucrose per liter. A sample of
conidia from a freshly prepared slant of each heterocecaryon
{incubated at 25°C for six days) is added to 80 ml of sterile
water, sheken vigorously, and filtered through glass wool
to remove hyphal fragments, The conidial concentration was
estimated by counting conidia with & hemocytometer and also
by measuring the optleal density in the Klett-Summerson
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Table 6, Number of growing and non-growing ascospores from
reciprocal crosses between heterccaryons and wild-
type strain (4-137) on minimal, histidine-supplemented
and adenine-gupplemented media.

Plates
Crognes Asoospores minimal +higt +ad
growers 2545 433 41z
non-growers 230 72 222
non-germinated 21 12 12
HB-11 X 4-137
Total 496 517 égﬁ
% of germlnation  95.8% 97.7% 98, 2%
growers 254 - g 266
non-grovwers 222 e 127
non-gerninated 148 13 15
4137 X HB-11 ,
Total 490 474 408
% of germination  97,1% 97 «3% 96.3%
gfawara ~ 280 473 313
non-grovers 257 102 189
non-germinated 18 21 13
HB-13 X 4-137 -
Total 555 596 515
¢ of germination 96.5% 96.,5% 97.5%
growers 315 469 452
non-growers 301 62 32%
non-germinated 19 24 1€
% of germination 97 .0% 95,7% 98, 0%
growers 252 136 314
non-grovers 266 Zﬁ 213
non-gerninated 2 3 20
HB-17 X 8-137 oca1 572 55k 5iT
% of germination  95.5¢ 92,2% 96.3%
growers 248 Lok 288
noON-Zrowars 2ko 102 177
, non-gerninated 39 31 18
4137 X HB-17
Total 527 52? 483
R Of gormination 92,68  9%.M%  96.3%
growers 264 472 261
non-growers 257 lg 257
non-germing ted i 6

4-137 X HP-11 R2R=8 557 ToT 51
% of germination 58.9% 92.8% 99.4%

waikions
P
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Table 8., Estimated nuclear proportions in heteroccaryons
from reciprocal croases bebtween heberocaryons and
a wild-type strain {(4-137)

Histldineless Adenineless
Heterocaryons Het.? Het.5  Het.% Het 5
Het,B-11 71% 79% 29% 2%
Hot . B-13 68 78 32 22
Het ,B-17 73 66 a7 34

Het,D-11 - 95 -

iy
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colorimeter with the blue filter (No. 42). The relatiocnship
of the two methods 1s shown in Table 9, The colorimetric
estimation is convenlent and gives satisfactory results,

80 that in later experiments only this method was used., The
suspension was diluted and plated to gilve about 100 conidia
per plate, and the plates were incubated at 25°C for five

to six days, until compact colonies were clearly visible,
The resulis are summarized in Table 11, Theoretically, the
numbers of heterocaryotic, histidineless homocaryotic, and
adenineless homocaryotic colonies calculated from the
colonies on m, h, and ad plates should add up to the number
on h+ad plates, Thisg is the case for Het.B-11l, but there
are some discrepancies for Het ., B-13 and Het,.B-17, which may
suggest the presence of selection against one or both homo-
caryotlic forms of conildia on singly supplemented media,
Nevertheless, 1% is also clear that histidineless nuclei

are the major nuclear type, The actual ratios of the two
types of nuclel cannot be estimated unless the average number
of nuclel per conidium {©) ie obtained by counting them
eytologleally (24). However, the values of B have been
known in macrocinidie oé Neuroaéora £0o be between 2 and 3

in most cases (35,26). If Atwood and Mukai's formula 1is

~e(1 - r)aln - 2r)
a{l - r)

where p is the proportion of type A nuclei (hist),
r is the proportion of heterccaryotic conidia,

a2 that of type A homocaryotic conidia (hist),

and n is the average number of nuclei per coni-
dium (24),

p



Table 9, Relationship between conidlal concentration
and turbidity.

Hemocy bometer 1) colori-
eauntin§ Colorimeter cells / meter
Heterocaryons {per ml, reading unit

EB-11 (1) 5.6 x 10° 7 66,000
(2) 5.1 % 10° 7 73,000
HB-13 3.6 x 10° 6 60,000

1) Kleh$~3ummarsan colorimeter was used with the blue
filter {Ho. 42).
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applied to the present cases for n = 2 and 3, the fre-
guancies of histidineless nuclei are between 62 and 76 per
eent {Table 12), which sgrees fairly well with those values
eatimated by plating ascospores {Table 14),

The growth rate of some heterocaryons have been com-
parsd on 400-mm horizontal growth tubes (27). The growth
rates of heterccaryons, Het.A and Het.B, on minimal medium
were the same ag that of a standard wild type, 4-121, Thie
suggesats that the observed range of nuclear ratios is within
the optimal complementation of histidineless and adenineless
nueled (23). Het.D, however, showed a lag of growth and
a slower rate of growth both on minimal and histidine- or
adenine-supplemented media, The explanation may be the
incomplete compatibllity of the two component strains of
Het.D rather than the insufficiency of adenineless nueclel
{actually 5#) rfor metabolie complementation.

The tyrosinase production of the heterccaryons and
their component strains has been tested, and the results
are summarized in Table 13, DNone of the component ty-1
strains produce any deteotable amount of tyrosinase, and
the ty-17 strains produce 20 to 60 per cent as much as
standard streins 4-121 and 4-137. The low preoduction of
the mutant strains may be due to the culture conditions
of these mutants, a;g. the amount of supplementation of
histidine or adenine and the culture period (four days),
or to thelr genetiec background. In fact, the adenineless
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Table 12. Estimation of the proportion of histidineless
nucliel in heterocaryons ss 3 function of H’i
from the data in Table Q.

Het.B-11
n (1) {2) Het.B~13 Het ,B-17
1 53% 61% 6h% 58%
2 62 72 £9 &7
3 64 76 73 70
4 66 78 T4 7L

1) Caleulations were made using observed values of r

and a (Table 9) for the equation,

r{1-r) + a{n-2r)
n{l-r)

b
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Table 13. Relative production of tyrosinase in hetero-
caryons and their related strains.

Relative

Strains Genotypes ;gggiigigg
Het .,A~18 {N853-~7a) (NS53~29a) 45
Het ,B-11 (NS53-224 ) (NS56~134) 19
Het,B-13 (NS53-24A ) (NS56-134) 23
Het.B-17 (NS53-284 ) (NS56-134) 2t
Het.D~11 (NS56-134) (NS61-94) 37
NS53-7a (T°,hist, ty=1) o
NS53-22A (75,04, ty-1%) 48
NS53-24A (r°,ad, ty-1") 30
NS53~28A (15,24, 6y-17) -
NS53-29a (5,84, ty-1%) 19
N856-13A (", nist, ty-1) 0
NS61-9A (r5182 a4, ty-1%) 55
4-121A (%) 100
41378 (%) 100
35203R,, (1°,04, t7-1%) 23
C140R, (1%, hist, ty-1*) 63
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stralns do not glve any tyrosinase activity on supplemented
mnedlum with 1 mg of adenine HC1 when cultured for four days,
but they produce 20 to €60% as much as the standard strains
when cultured silx days.

The heterocaryons tested produce Uyrosinase in amounts
of 20 to 50 per cent of the standard strains. These resulis
show that the ty-l allele is recessive to its normal form,
%y~l+, when they are brought together in the same cell,

There is no ¢lear correlation between the yield of engyue
and the propovtion of ﬁy~1* component, Now the question is
whether the sngyme produced by a heterccaryon is 1) the form
which the tyml* component of the heterocaryon produces in the
homocaryotic state, 2) & mixbture of the two forms, determined
by the alleles of the T-locus present in the hetercecaryon,

or 3) an entirely new form or forms of the enzyme. The answer
to these questions turned out %o be the second one; namely
two forms of tyrosinase were produged in simple mixbure,

and these were the two forms determined by the T-alleles
present in the heterocaryons., The identification of the
tyrosinase formg has been made by thermal insctivation and
electrophoresis of extracts of the heterccaryons.

The tyrosinase of Het.A-18 which has the genotype
(?aahist,ty-l){Tg,ad,tynl*) ghowed a first order curve in
heat~inaetivation with a half-life of 40 min in a crude,
and 70 win in 2 partially purified preparation {Figs. O and
10}, and a single band of Tsumehility in the zone electro-
phoresis (Fig. 11), indicating that in spite of the total
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Figure §. Heat-inactivation curves of partially purified
TS-, TL~, and Sing-2 formg of tyrosinase at 59°C,
(0.1 M Na-phosphate buffer, pH 6.0).
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Flgure 10. Heat-inactivation curve of partially purified
tyrosinase from Het.A-18 at 59°C., (0.1 M Na-
phosphate buffer pH 6.0).
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blocking of tyrosinase in homocaryens, the ty-1 allele does
not funetion iﬁ the heterccaryon either in production or
_1n affecting the structural properties of tyrosinase mole-
cules,

The crude and partially purified enzyme preparations
of the three straina of Het.B and Het.D gave a nmarked bending
purve in thermostabllity, which suggests the preéanee of two
forms of tyrosinese, heat-labile and heat-stable (Figs. 12,
13 and 14). Thie has been confirmed in the three strains
of B type heterocaryons by electrophoresis (Fig. 11). They
gave two bandg in paper electrophoresis with Tﬂ and %L migra-
tions, respectively. The thermostability curves made it
possible to estimate the amount of each form of tyrosinase
on the assumpbtion that the labile component has a half-life
of five minutes and the stable one of 70 min, The validity
of these assumptions 1s shown by the excellence of the agree-
ment between calculated and observed thermsl inametivation
curves (Pigs. 13, 14). The amounts of . and TI82_ ooy
at gerc time were eatimated by extrapolating the straight
part {representing respectively the inactivation of the
gtable component, T or To182) or the curve to time zevo,
and that of the Tb~ferm by difference.

When the dllutlion method was used, the first sample was
taken che or two minutes after the addition of ensyme Into
ﬁh& puffer (i.e, after true zerec time) and a correction for
this was made by equation € both for T° or T°1"62 (¢, = 701)
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Figur@ 13, Heat-inactivation curves of partially purified
tyrosinase from three heterocaryons of Het.B type
Resid at 59°C. (0.1 M Na-phosphate buffer, pH 6.0).
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Heat-inactlvation curve of partilally purified
tyrosinase of Het.D-11 at 59°C (0.1 M Na-phosphate
buffer, pH 6.0).

The curve is the theoretical for a mixture con-
taining 14 per cent of tyrosinase of half-l1ife

70 min. and 86 per cent of half-life 5 min.



and ™ form (ty, = 5').

A
in Ké;-m - KT = - Q%égit

o,éggc

Ao =Az X e

(6)

Tt time between the addition of enzyme into
buffer and the drawing of the first saswple,
A: activity,
The correction can also be made graphically.
The estimaten of the component forms of the enzyue
are given in Table 14. 'The comparison of the ratiog of
the two forms with the ratios of hlstidineless and adenine-
less nuclel is most interesting. There 13 an agreement in
that the major nuclear type is (TL,hist,ty~l) and the major
form of tyrosinase 1s the ™.form. It would be very sur-
priging if this correlation is a mere coincidence, because
the four different heterocaryons tested show a slmilar
positive correlation, Moreover, the ty-1l allele which blocks
tyrosinase production by itself 1s in the nucleil of the
major type in all cases, and yet the prevalling form of the
engyme produced 1ls the ?L~fo?m; namely the type of the sawme

meleausg,
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Iv, DISCUSSION

A. QGenetic considerations

The following facts have been obtalned in the present
investigation,

{1) & new form of tyrosinase, Singapore-2, has been
characterized. This form differs from the known three f{forms,
72, TV, ana PIPY5, electrophoretically and in thermostablility,

{2) The characteristics of the 8ing-2 tyrosinase are
apparently determined by the T-locus, which is also responsible
for the other tyrosinase forms mentioned., These tyrosinases
thus form an allelic series,

(3) Strains carrying the gene ty-1 produce no tyrosinase
in most capes, while a small amount 18 produced in a few ty-l
'ﬁarivativ& strains, The loocus of ty-1l is independent of the
®-locus, and ty-1 has no specificity for T or T, i.e., 1t
is eplistatic to both, The absence of tyrosinase sctivity
in straing carrying ty-l is not due to the presence of an
inhivitor (8), Another gene, ty-2, which also causes tyro-
sinase deficlency sesms to occupy an independent locus from
the T and ty-1 loci,

(4) Heterocaryons of the following genotypes have been
produceds

Het.A (T°,hist,+,ty-1){T°,+,8d,ty-1%)
Het.B (T, hist,+,ty-1){T°,+,ad,ty-1")
Het.D (T¥,hist,+,ty-1)(P51P82 4 aq, ty-1%)
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Since the dlscovery of an abnormal human hemoglobin by
Pauling et al, in 1949 (28), a number of examples of gene
controlled modifications of protein molecules have been
reported, Table 15 summarizes the avallable data, The
detalled chemleal differences between the varlant forms of
protein have been investigated in human hemoglobins, A, 8,
and ¢ (29,30,31,32) and it has been found that the 4if-
ferences ave changes in but a single aminoacid residue in
the half moleculs, namely a glutamic acid {A) to valine (8),
and to lysine (). Thus in this case 1t was suggested that
& single mutation vesulted in a single aminoacid change,

Although genetic analyses are not feasible, interspecific
differences in the aminocacid sequence are found in insulin {Lo),
eytochrome C (50), vasopressin {51), and ACTH (52), among
different species of vertebrates.

The four formg of Neurospora tyrosinase are likely
to ghow simllar modifications in aminocacid sequence. In
thls sense, the T-locus could be regarded @#s the primarvy
gene whilch determines the basic structure of the tyrosinase
molecule (10,14,53), Actuasl amounis of tyrosinsse produced
depend, however, upon several other factors, both hereditary
and envirommental., Il has been known that the content of
gulfur in the medium, temperature and air supply of the
eulture influence the quantitative production of the en-
zyme (14). As for the genetic blocking of the tyrosinazse

production, two non-producer genes, ty-1 and ty-2, have been
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A1l produce 20% to 50% as much tyrosinase as the standard
strainsg,

{5} Het.A produces 5 .form of tyrosinase only, Three
heterocaryons of type B produce a mixture of both forms
of the enzyme. The T -rorm 18 in excees of T -form in the
three B-type heteroccaryons tested (?L~form: '67~69%). Het.D
produces both Tﬁn and Sing2« forms in mixture, Again,fnwfarm
is in excess (88%),

{6) The ratlos of the histidine and the adenine nueclei
in the hebterocaryons have been estimated a) by plating asco-
spores from the cross between heteroccaryons and wild type
onto minimal, histidine-, and adenine-supplemented plates,
and b} by plating conidis of heteroccaryous onto minimal,
histlidine~, adenine~-, and histidine plus adenine-supplemented
plates. The results show that in all heterocaryons tested
the histidine nuclei are the majority type (66-95%), Thus
the ratios of the two forms of tyrosinase in Het.B and
Het.D correspond to that of the two kinds of nuclet.

These results permit certain conclusions concerning
the relationship hetween gene and engyme, Simple Mendelian
segregations obtained in crosses involving the structurally
different forms of tyrosinase can be best interpreted on the
basis of a single locus (T-locus) which determines the struc-
ture of the molecule., The fact that all four types--~of
widely different geographical origins--are inherited as
alleles suggests that the T-locus 1s the only locus that

controls the enzyme structure.
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round {54), The strains which carry these alleles can grow
ot minimel medium as rapidly as tyrosinase producling strains,
1ndicating the non-esgentiality of tyrosinase for vegetative
growth of Neurospora, The defect of the mutants is, however,
manilfested in sexual processes. Both ty-1 and ty-2 are
female~sterile, that is, they do not Torm prota@ar&théaia,
while the conidis are perfectly functional in fertilizing
proboperithecia of wild type. This geneblce inhibltlon of
enzyme production is analogous to those cases of tyroginage
in Glomerella (55), of B-galactosidase in Neurospora (58),
of laccase in Neurospora (57), and of xanthine dehydrogenase
in Drosophila {58); namely, more than one gene is responsible
for the production of one enzyme. None of these cases could,
however, provide any critical evidence on the primery func-
tion of genes in the enzyme formation, simply because of

the absence of funetional distinciions between the genes
involved. One possibility 1s that the mode of participation
of thesc genes In enzyme formation may be indirect (55,59},
modifying internal physiology of the cell., Another pos-
s8ibility 1s that esch gene is responsible for the produce
tion of a part of the enzyme molecule. Thus each ecomponent
polypeptide chain in san enzyme wolecule may be conirolled

by a locus, or the synthesis of the preoathetic group of the
enzgyme may be controlled by a seriles of blochemical steps,
corresponding to & serles of loci., These possibilities do

not explaln the apparent specificity, however,



One striking feature of these multli gene-one enzyme
cases 1s that they have been clearly demonstrated only in
enzymes with no indispensable function for growth in minimal
medium, Among indispensable ensymes, no case has been
reported in which more than one chromosomal region blocks
the formation of a single enzyme, but independent mutants
deficient in an enzyme have been shown Lo have muiations
in a single chromosomal reglon (60-64), with a possible
exception of hemoglobin in man (thallassemia) (5). This,
of course, does not exclude the pvea@néa of modifier genes
for enzyme formation. The existence of modifying genes has
been found in & number of instances; for example, several
suppressor genes bring about the restoration of the enzyme
in allelic mutants deficient in tryptophan synthetase (60,64),
and a genetic variation affects the "residual enzyme level”
in leakage of proline-requiring allelic mutants (59),

From the present results of heterocaryon experiments,
it 1s clear that ty-1l is recesslive in nature; and, further-
more, extracts of ty-l mycelium do not show any inhibitory
effect on tyrosinase activity. This suggests that the
abnormallity of ty-1l strains is the lack of enzyme rather
than the accumulation of inhibitorz, It is interesting to
note that ty-l is, therefore, eplistatic to the T-locus and
yet recessive to its allelie form (ty-11). Moreover, ty-1
acts through cytoplasm, because heterocaryons of type

(TL,ty~1)(TS,ﬁy~1*) produce not only T _form but alse T--form.
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A heterocaryon of (TS)(TL) has been reported (%) and it was
found that 1t produces both forms of the enzyme in simple
mixture, without forming hybrid molecules., This lis analo-
gous to the hemoglobin case in which heterozygotes of
ﬁbﬁfﬁbﬁ, Hbﬁ/ﬁbc, Hﬁg/ﬁbc types produce the mixtures of the
'r@ayaativa two forms, and differs from the complementary
’iﬂtafsatian of adenylosuccinase {47) and glutamle acid
dehydropgenase {65) in allelic Neurospore mutants,

The correlation between the nuclear ratio and produc~
tion of the corresponding enzymes can hardly be fortuitous,
for four teated heterocaryons give similar positive cor-
r@l&ti@ﬂ. The nuclear ratio has been tested by plating both
agcospores and conidia with similar results, which indlcates
the real nuclear frequencles in the mycellum are near the
ratiogs of the two nuclear types actually found, Whether this
unequal frequency comes from a physiclogical balance of the
cell concerning the histidine an& adenine production (66), or
from the unequal nuclear frequency in the originally fused
hyphae (67) cannot be decided.

These facts ¢an be interpreted by the following hypothe-
ses: The primery product (T-product) of the T-locus carries
speciflic structural information relating to the tyrosinase
molecule, probably an aminescid seguence. The ty~1+ allele,
the ty~a+ allsle, and probably other undlscoversed genes are
required to provide the right conditions for the funetioning
of the T-product in tyrosinase gynthesis, Thus in hetero~
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caryong, two forms of the T-product are in mixed population
in the cell and tym1+ provides non-specific factors neces-
sary for tyrosinase productlon. The nature of the T-product
ig of course speculative, However, the possibility that the
P-product is protyrosinase (an inactive similar protein) is
not very probable, for the ty-l strain does not contain
'aeralogiaally cross-reactive material (3), Another possibility
is that the T-product is not a related protein but some other
component of the tyrosinase synthesizing system, for example.
miorosomes, The ty-1 type genes, with indirect funetions in
engyne formation, may be numerous, and indeed in Neurospora
tyroginase a second gene, ty-2, is found to have an entirely
different locus., The possibllity that these secondary genes
in tyrosinase production are involved in copper metabolism

is sn attractive one, but there is no evidence for 1%,

The one gene-one enzyme hypothesis is formally incor-
rect in most of the cases of enzyne prcduatimﬁ where multi-
genic modifications are found, However, the basic question
is--what is the primary function of the gene? If the primary
funetlon of the gene is to convey structuralinformation to
the protein molecule {template theory), as & loglcal sequence,
there must be one gene which acts as the template for a
specific protein or polypeptide chain. In this sense the
one gene-one enzyme theory 1s valid also in the present
gage, 'Gnly one locus hag been found in Neurogpora which

affects specifically the structure of tyrosinasge and two
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others affect quantitative aspects of the production of the
enzgyme, Thug each nucleus of the heterocaryon produces a
primary product of its T-loeus and this product has the
information for the structure of the tyrosinazse molecule,
The actual syntﬂeaia of tyrosinase, however, may be several

steps removed from the gene,

B. Some conaiderations regarding thermostablilliy and

glectrophoretic behavior of Neurospora tyrosinase

Thermostabllity

Thermostablility of proteins is in general dependent on
various factors: pH; ilonic strength; kinds of ions; presence
of substrates, other proteins, inhibitors; and other sub-~
gtances; ensyme conceniration; ete, ﬂ@ur@agaﬂa tyrosinase is
no exception {18, 9). The conditions for measuring thermo-
stability have been made as uniform as possible., However,
the macromolecular conteminants in the preperations are not
eagy to remove with any reproducible pattern even by the
same procedure of partial purification, because of the strain
differences in the initial orude extracts, Thus partislly
purified preparations of Sing-2 tyrosinase from various
straing give half-lives of 35 to 110 minutes at 59°C in O,1M
Na-phosphate buffer pH 6.0, although the electrophoretic
migration 18 the same for all, BEven different preparations
from the same strain give different stabllities which cannot

be attributed to experimental errorz of heat treaitment. There
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is clearly, however, less intra-strain variability than
inter-strain variabilit&. This variation did not disturb the
characterization of the segregation within each ascus in
crosses between ToP82, b ang PRID porause of the large
difference in their stabilities. This large variation at
50°C seems, however, to decrease in & higher temperature
range, Arrhenius plots of the data (Figs. 2, 3, and 4) show
that the three forms of Neurosporsa tyrosinase give a similar
pattern of inactivation kinetics. A striking faaﬁura of
the kinetics is that there is a discontinuity in Arrhenius
plots for the three forms; namely at about 61°C for Sing-2
and T -forms and at about 56°C for the TL~farm. The only
detailed thermal inactivation study of an enzyme in the
absence of substrate which the author could find in the
literature is the case of beef liver catalase (1?), This
case also shows a definite break in Arrvhenius plota. Whether
this i s g&naﬁ&l phenomenon for thermal denaturation of
protein or not is not clear, Rate changes of ensyme
catalyzed reactions with a discontinuity of Arrvhenius
plots are known in several instances (68), A number of
explanations for such cases has been suggesated,

Some possible explanations for the present case will
be described.

{1) %wo parallel veactions, e.g. at different sites on
the enzyme with different temperature coefficients, wmay

be inveolved in the insctlivation. The rate of the reaction
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with a higher aaafficien% increages more rapidly with tespera-
ture than the other, and therefore thls reamction predominates
at higher temperatures. It would, therefore, bhe expechted

that the higher activation gnergy would be that observed at
the higher temperatures and the Arrhenius plots should be
concave upwards, which is true in the present case and in

the catalase case,

(2) fThe enzyme mey exist in two forms with different
‘activation energles of denafturation, If the enzyme exista in
two forms in equilibrium with one another, both forms being
active but having different activation energles of insctiva-
tion and 1f the effect of temperature on the change from
ong form to the opther 18 large, & sharp discontinulty will bve
cbaerved,

Beglde these alternative explanstions, another feature
should bs naﬁ&ced'in the case of TS~ and S8ing2-tyrosinase
Tforms, namely that the ilnactivation reaction with the lower
activation energy is modified greatly by other factors in
the preparation, causing a relatively large variation in the
stability of different preparations,

BEleotrophoretic migrations

The methods descoribed in this paper for electrophoresis
of Heurospora tyrosinase were developed by Haorowitz and
Fiing (perscnal communication)., The mobility is quite re-
producible. Crude extracts from mycelia give migrations
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identical to those of the purified pnreparations, and this
has faclilitated the analysls of a large number of strains in
gonetic sxperiments.

Differences in mobility between 8ingl2-form and o or
Twa@rmwhava been confirmed by electrophoresis of mixtures
of the two forms. The electrophoresis of the mixture
separates the %wo components, giving two bandes eorresponding
to those of the component forms., The two component forms
of tyrosinase (T§~ end ?L«forms) from Het.B have been
also separated by electrophoresis,

The reason for the appearance of more than one band
among a few T 982 _gapvepants of the cross, TIPE2 y ol 44
not clear, The phenomenon is, however, not reproducible and
the extra bands are extremely lablle; for example, keeping
the crude extract in the freezer, purificestion, dialysis
against 0.1M phosphate buffer, pH 6, and brief heating lead

to the disappearance of the extra bands.
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PART IIX



T Qe
I, INTRODUCTION

In their study of Neurospora tyrosinase, Horowltz and
Fiing (1) desmcrived the presence of & "second phenol oxidase"
in the culture of N. g¢rassa which had several different
characteristlcs from tyrosinase, The enzyme rapidly catalyzed
~ the oxidation of DL-DOPA but had llttle effeect on the oxida-
tlon of tyrosine., The enzyme wap mors thermostable than
eny forms of the Uyrosinase which they had been working onj
the productlion of the enzyme was higher when Neurospora was
cultured at 35°C than at 25°C; and the enzyme was found
chiefly in the culture medium,

Studies on this enzyme were continued by Stadler (2).

On the basis of its substrate specificity and the spectrum
of inhibitors, the "second phencl oxidase” was tentatively
ldentified as a laccase. Two forms of Neurospora tyrosinase,
thermostable (T°) and thermolabile {T”), were known to be
determined by a single locus. The possibility that this
locus also determined the thermostability of the laccase

was examined, but no evidence was found for this,

Further studles on this enzyme have been carried out
by the author in order Lo look for structural variations of
the engyme and study thelr genetic relationship., The general
importance of the problem has been discussed in the first
part of the present thesls, The enzymology of lamccase has

been discussed in several reviews (3,4) and a brief summary



wlll be presented here,

Laccase was flrst observed by Yoshida in 1883 (5) from
the latex of the Japanese lacquer tree, and named as such by
G. Bertrand (6) working on the enzyme from the latex of the
Indo-Chinese lacquer tree. In 1939 Keilin and Mann (7)
?a%%ﬁally purified it and showed that the engyme contained
copper a8 the prosthetic group. This point was further supe~
ported by Tissleres (8) who split the copper from laccase by
eyanide and restored the engymatic activity by adding copper.

The enzyme ogours widely in plants: e.g, potatoes,
gugar beets, apples, cabbages, varioua mushrooms, ete., An
engyme which has similar substrate specificity hes been found
in human serum and called ceruloplasmin (9).

Laccase from lacquer trees catalyzes the mercble oxida-
tion of various polyphenols and related compounds such as
gualacol, hydroquinone, catechol, pyrogallol, p-phenylene
diamine and Nadl reagent, but does not oxidize monophenols
guch ag tyrosine, p-cregol, or resorcinol, The activity of
~ the purified laccase is inhibited by potasaium cyanide,
hydrogen sulflde, sodium agzide and diethyldithiocarbamate.

However, carbon monoxide is not effective on the enzyne.



A, Assay of lscosse acbivity

. The enzyme activity was assayed colorimetriocally using
DL-DOPA or guaiscol with the same prosedure as for Cyrosinasge
described in Part I of the present thesis., The final con-
centration of DOPA and guaiscol was 0.004M, Phosphate buffer,
0,1M, pH 6.0, was used throughout the experiments, unless
otherwise notified. The relation between the amount of en-
gyme and the rate of reaction 18 linear In the range of 0 to
150 colorimeter units per 5 minutes for both substrates.
Gualacol has the followling advantages over DL-DOPA as the
substrate for laccase: 1t 1s about nine times ag sensitive
as DL-DOPA; 1t 1s quite stable at pH 6.0 and can be kept for
weeks in the refrigerator without appreciable autoxidation;
Neurospora tyrosinase has no effect on theroxidation of this

compound,

B. FProduction of laccase
Twenty ml of the culture medium is dispensed 4n each

125 milliliter Erlenmyer f{lask, autoelaved, inoculated with
conidia and incubated at 35°C for nine to twelve days.
Amounts of sulfur and copper in Fries miﬁimal medium were
varded and optimal amounts for the production of laccase
{100 mg of MgS0y, .7 Ho0 and 0.5 mg of Cu per liter) were
used for later work., Oxidation of L-tyrosine by 1ll-days-old

culture medium is none or little, which indicates the presence
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of little tyrosinase on the medlum.

The mode of enzyme appearance during the incubation is
shown in Fig. 1. The growth of Neurospora and pH change of
the medium are glven in Fig. 2., Iaccase appears in the medium
on the aixth day of incubatlon and increases for sgveral days,
while the dry welght of mycelium starts to decrease on the
firfth or sixth day. The hydrogen ion concentration of the
medium also begins to decrease rapldly on the sixth day. The
enzyme productlon of various strains was tested and is shown

in Table 1.

C. Purification

Partial purification of Neurogpora laccase wag achleved
through ethanel and ammonium sulfate fractionations, Twelve
days old eultures were filtered to remove mycelis, snd the
gollected medium was concentrated in one of two ways, First,
one liter of the medium was put in a five~liter flask and
concentrated under reduced pressure in a water bath (55%-60°C)
to about 100 ml, A congiderable amount of precipitation
ocourred, but all lsccase activiiy remained in the dark brown
supernatant, Sixty-six gm of solid ammonium sulfate (90%
saturation) was added and the precipitate was centrifuged
down and dissolved in fan ml of buffer, This method was
uped for larger amounts of medium {more than one liter).
Second, 100 ml of the medium was put into a dislysis bag
and dialyzed overnight at room temperature against 500 ml

of saturated ammonium sulfate solution with surplus of
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Flgure 1. Laccase production of NS16-612,

(For culture conditions, see text,)
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Table 1. Production of laccase in wild strains of
Neurospora grassa., (Substrate: DL-DOPA)

Strain Duration of culture {days)

6 g 11 13 16 18
PR~122 ‘ - 0 o 1 -
PR~18a - 0 1 6 1 -
FR-164 - 20 9 41 - -
PR-20A - 2 1 0 2 -
PR-154 - 1 o o 3 -
NA-1A , -~ 16 &9 61 - -
NA~28 - 2 1 1 1 -
kA 38 57 88 118 - -
854a - 51 21 25 - -
6374 - 3 1 3 22 -
5297a 1 5 - - € 2
412148 1 4] - - 2 1
4-137a 1 0 - - 3 1
1A 1 O - - 23 2

NS16-612 2k 57 122 210 - -
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armmonium sulfate in the bottom of the beaker. The precipi-
tate in the dlalyeis bag was centrifuged, dissolved in 5 ml
of buffer, and dialyzed overnight ggainst 500 ml of buffer,
The concenbtrated preparation was fractionated with
dthanol at -10°C. The precipitate of the 508 to 60F ethanol
fraction was dissolved in 5 ml of buffer, and dialyzed
againat 50C ml of buffer overnight. The preparation was
further fractionated with ammonium sulfate at 0°C, the
activity appesring in the 55%-70% saturation fractilon,
Twenty to fifty-fold pwrification of the enzyme wag obtained.
Protein determinations were made by measurling optical den-

sities at 260 mp and 280 mu (10).

D. Substrate specificity and inhibitors

The substirate speclificity of partially purifled laccase
is summarized in Table 2, These relative rates of color
development of various substrates do not, however, repressnt
stolehiometrically comparative valueg of reaction rates,
because of the different molar sbsorbances of colored
products., An extreme cage ls found in hydroguinone, which
does not give eny color in the presence of laccase and yet
a rapid oxidation of it is detected by nanomebric measurs-
ments.

The spectrum of the substrate specifiecity sgrees with
reported laccases from the other sources; Japanese lacquer

tree (%), Indo-Chinese lacquer tree (6), and mushrooms {11),
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Table 2. Substrate specificity of Neurospora laccase, €X-
pressed by the relative rates of color development
of r@aeﬁianh§?®duat$, and by relative consumptions
of oxygen in manometric measuremenis,

Relative

Color of rate of Relative
Substrates reaction color de- uplake of
produets  velopment oxygen
3,4-DL-dihydroxyphenylalanine  red 1,00 1.00
' p,3-Dl-dihydroxyphenylalanine  red 0.78 -
2,5-DL-dihydroxyphenylalanine - 0,00 -
Pyrocatechol yellow 2.40 1.83
Hydrogulinone - 0.01 2.12
Pyrogallol yellow 0.89 -
Gallic acid green 0.94 -
Guaiéeal orange 9,14 -
p-Phernylene dlanmine purple 4,00 -
3,5-L~diiodotyrosine orange 0.03 -
m-Tyrosine - 0.00 -
o-Tyrogine - 0,00 -
p-i-Tyrosine - 0.00 -
p~Cresol turbid 0,13 -
I~Hydroxyanthranilic acid - 9,60 -
3~-Hydroxykynurenine yellow 2.40 -
Protocatechuic aecid yellow 1.56 -
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Inhibition of Neurospora laccase by cyanlde is shouwn
in Table 3, and the effect of other inhibitors in Table 4,

E. gaeeaaalasg‘atvaans'
The strain, Wo13-83, sent from Dr, Westergaard,

niversity of Copenhagen, 18 a morphological mutant which
bas a velvety appearance and le designated vt (also ty-1
in Part I of this thesis). This strain does not produce
lacease nor tyrosinase. A cross was made between a vi
gtrain, 31-224, and a good producer atrain NA-1, Plve
complete ascl were analyzed for laccase production and the
results are shown in Table 5 with the production of other
vt derivatives., There is no clear-cut one to one segrega-
tion regarding the production of laccase. It may be said
that the amount of laccase 18 modified by more than one
gene; nevertheless there is a correlation between éhﬁ vt

character and low production of laccasea,

F. Imsunological studles
Strain NS16-612 which produces the highest amount of

laccase among the knhown strains In ocur laboratory and
Strain ﬁ516m61&,' 8 laccaseless strain, were cultured for

13 days at 35°C in 160 flasks and 120 flaske respectively.,
The culture medium of each strain was collected and dialyzed

againgt saturated ammonium sulfate solution in dialysis bags

*sa@ Table 5.
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Table 3, Inhibition of laccase by coyanide,

Concentration of

godiunm cyanide Percentage of inhibition
10~y 2,0
10™"y 2,2
105 40,2
10™3u 90.8

10”2y 100
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Table 4, Effect of inhibitors on lacease activity.

Compounds Perceuntage of inhibition

103y 1072y
Diethylthiourea 28,5 % 100 &
Sodium agzide 84,5 99.6
Fhenylthiourea 54,5 99,3
Sodium Cyanide 0.8 100

Carbon monoxide: Bubbling €O through a laccase preparation
in 0.1iM phosphate buffer pH 6,0 for ten
minutes did not inhlibit the enzyme activity.




Table 5, Laccase production of the progeny of the eross
HS16 ﬁawléi) X Bl*aﬁﬁa(vt),g and some other vt
derivatives., The activity of laccase is expresased
in e.u. per ml of the medium (12 day old culture)
with DL-DOPA as the substrate.

Morphologlesl faccase

- , character activity
- B 1 z
11, v '
aseus -1 NS16-11 34 + 101
NS16-118a + 62
mem L 3
ascus-2 NS16-123a vt 3
NS16-120s + 160
mean
, , 162 + 15
ascus-3 NS16-21 vt 2
N916-21 vt 7
H916-221A + 53
ascus-4 No16-20m vt 3
z»fslmaega v 4
meay  n
_ ; ~612 + 149
ascus-5 N§16-61 vt 2
NS16-61ha + 0
NS56-13A vt 320
H853-7a vt 2
H853-12 , vt I

l) A strain sent from North Afriea,

2) For the progeny of 31-22Ua see Fig, 7 of Part I
of the present thesis,
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overnight, The precipitates were centrifuged down, dis-
solved in 30 ml of 0.0lM phosphate buffer (pH 6.0) and
dialyzed against the same buffer overnight. The ecloudy
preciplitates were centrifuged down and the supernatants
were lyophilyzed, Light brown powder welghing 159 mg which
had 650 c.u, (DOPA) per mg was obtained from NS16-612
medium and 67 mg of white powder without any enzymatic ac-
tivity from NS16-618 medium. Five mg of each protein powder
was injected into a rabbit three times 2 week for three
weeks (total 45 mg). Twelve days after the last injection,
50 »l of blood was taken by cardlal puncture from each rab-
bit and the serum was separated. The serum (0.5 ml) and a
purified laccase soiution (0.5 ml) were mixed and incubated
for one hour at 30°C. The mixture was kept in the refrigera-~
tor overnight, centrifuged, and supernatant and precipltate
were Lested separstely for residual activities colorimetrically
using DL-DOPA as substrate {Owen et gl.,14). The result is
given in Table 6,

The anti-NS16-612 serum inactivates the enzyme about
90% and anti-NS16~614 serum does not inactivate it more than
normal serum does., These results indicate the absence of
cross reactive material with laccase in the culture medium
of N316-614 strain which produces little laccase.

An antiserum against tyrosinase had been prepared by
Horowitz, Fling and Owen (12). A test for anti-laccase

activity of thils serum was made and no antibody sctivity was
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Table 6. Antilaccase metivity on purified laccase,
DL~-DOPA was used as subsirate,
Normal Anti Anti No
serum NS16.612 N316-614 serunm
sup. ppt. sup, ppt. aup. ppt. sup, ppt.
Exp. 1 102 13 i6 107 4 128 -
76 O 1 8 78 2 88 ——

3@43‘2
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detected against purified laccase. Definite antibvody
activity of anti-N316-614 serum against purified tyrosinase
(60% inactivation of tyrosinase activity) was, however,
detected. This fact was interpreted as indieating that the
antiserum against the medium protein of NS16-612 contained
anti~-tyrosinase antivody mixed with anti-lacoase anﬁib@dy
pather than a structural similarity of laccase and tyrosinase
for the following reasons.

1. A partially purified tyrosinase preparvation can
absorb almost all anti-tyrosinase activity without alffecting
the antl-laccase activity of the serum,

2. The medium protein of NS16-612 does contain tyro-
ginase oxidizing activity, although purified preparations
of laccase lack this asctivity.

3. Anti-tyrosinase antiserum does not lnactivate
laccase,

It may be coneluded that there is no serological simi-
larity betwsen the structures of tyrosinase and laccase

G. Induelbility of laccase formatlon
In 1953 Flhraeus and Lindebersz reported that various

monophenols can inerease laccage production of mushrooms,

Polyporus gonatug and P. versicolor (13), Therefore, the

induelbility of lacoase in Neurospora ocrassa was investi-

gated.
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The mode of response of Neurospora strains to p-cresol
(1@“3m) falla into four groups: nanwinducible,l) indif-
ferent,ﬂ) inhibitery,S) and indueibla,&) Prom repeated
experiments it was felt that although the mode of response
is variable, in general the response pattern of each strain
seemg to be specific, Possible genetlc control of inducl-
bility was suspected and a cross between an inducibdle strailn
and an indifferent strain was made. The segregation of
the character was, hnwevef, not clear~cut, The varilation of

laccase production from flask to flask was large.

H. Heat stabllity and paper electrophoresis

Ag the search for possible variant forms of laccase

anong different strains of Neurospora crasga was the main

purpose of this inveatigation, the largest effort was made
along this line, The results were, however, not promising.
The following points will describe the facts.

1., Thermal inactivation curves of the both crude and
purified enzyme are not, in most casgs, of first order,
although various kinde of buffer of different concentration

and pH were tried.

13&&&@&&& ig not produced with or without the lnducer,
Q)Lacaaae is produced with or without the inducer,
3)1accase production is inhibited by the inducer.
g)naasa&e is induced by the inducer.
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2. Heat stability changes greatly with purification;
e.z., the half-1life of #A-laccase at T1°C with cltrate
phosphate buffer (pH 6,0) varies from 15 minutes (crude)
to 8 minutes (16-fold purified), and that of 4-137 varies
from 36 minutes to 10 minutes.

' '3, Paper electrophoresis using the Spinco Durrum type
' apparatus did not give sharp bands in spite of numercus
trials in changing conditlons,

4, None of the strains which have been collected in
our laboratory gave marked differences in thermostability
or electrophoretic migration,
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III. DISCUSSION AND CONCLUSION

The "second phenol oxidase"” of Neurospora crassa (1)

was tentatively called laccase (2) on the basis of its sub-
strate range. The present results gilve further support to
the identification from both the substrate specificity and
the spectrum of inhibitors,

Bxbernal factors greatly influence the production of
laccase; for example, temperature and concentration of sul-
fur and copper in the medium, Interstrain variations in
amounta of the engyme produced are very large, which sug-
gests that more than one gene 18 responsible for the quanii-
tative aspectis of laccase formation,

The possibility that laccase might have a common struc-
tural origin with tyrosinase may be ruled out from the
following facta, PFirst, the geneitic locus which controls
the structural character of tyrosinase has no effeet on the
heat stabllity of laccase (2). S8econd, there is no serologi-
cal cross reaction between the two enzymes. The amounts of
tyroainase and laccase produced by various wild strains of
N. grasaa are not correlated.

Inducibility of lacesmse in N, grassga seems to be strain
spacific. The considerable variability of the character,
however, obscures the genetic variation.

Genetle varlations in the structure of laccase were

not revealed. Nevertheless, the author does not exclude
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the poseibility of existence of such a variation among

the avallable strains in our lsboratory, The fallure to
find them might be due elther to the heterogeneity of the
engyme pé@paratien or to the insufficiency in purifiecation,
Complexity of heat inactivation kinetics and spreading in
papér electrophoresis may indicate heterogeneity. The
long ineubation (9-12 days) at relatively high temperature
(35°C) may cause partial denaturations of the enzyme.
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