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ABSTRACT

Mutant strains of Neurospora have been isolated which
exhiblt nutritional requlrements for aromatic compounds.

Some of these mutants requilre a single nutrient in order to
grow, for example, tryptophan, phenylalanine, or tyrosine.
Others have been found to reguire all three of these amino
aclds, and in addition, p-aminobenzoic acid. It was desired
to ascertain the number of gene changes from wild type which
are responsible for the observed nutritional requirements.
For this purpose, a number of the new strains were subjected
to genetlc analysis.

There was reason to belleve that certain double and triple
mutants would he found to accumulate compounds of interest
which fail to accumulate in culture filtrates of strains con-
taining only one altered gene. Therefore, these double and
triple mutants were prepared by appropriate crosses, and were
found to accumulate a number of compounds of biological inter-
est. In additlon, double and triple mutants have been of
value in determining the order in which some of these genetic
blocks ocecur in a blosynthetlc sequence.

Culture filtrates of the mutant stralns have been exanmined
for the presence of accumulated materials, Evidence 1s pre-
gented that the following compounds occur in filtrates of
various mutants: protocatechuic acld, shikimlec acid, 5-
dehydroshikimic acid, vanillie acild, p-hydroxyphenylacetic
acid, phenylpyruvic acid, anthranilic acid, prephenic acid,



and N°<-acetylkynu?enine.

Shikimic acid, although found to be accumulated in cul-
ture flltrates of one mutant, does not relieve the multiple
reguiremenﬁ for aromatic compounds in other strains. This
suggests that the blosynthesis of aromatic compounds 1n
~Neurospora'may‘involve intermediates different from those'
“elaborated by E. ¢oli, In the latter organism, 5-~dehydro-
shikimic acid has been identified by Davis and co-workers as
an "early" precursor of aromatic compounds, whereas in
Neurospora, it appears that 5-dehydroshlkimic acid may be a
"late" precursor, possibly the last compound that is a com-
mon precursor of all three aromatic amino acids.

It was felt that a method for the detectlon of vicinal
diol compounds on paper chromatograms would ald the ldenti-
rication of such compounds as shikimic acid in culture fil-
 trates of the mutants, Therefore, a method based on periodate
oxidation was developed and found to be of use}in the detec-

tion of various compounds of blologlcal importance.
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I INTRODUCTION

A. Summary of the clagses of aromatic compounds found

in nature,

Living organisms have been found to produce an lmmnense
variety of compounds containing the benzenoid ring. In
stating the problem of how these rings are formed, 1t 1s
perhaps appropriate to list those compounds or classes of
compounds which have actually been detected in natural prod-
ucts. Unforfunately, a complete list would be prohibitively
long. The compounds or groups of compounds enumerated below
represent only those whlch seem to be of unusual interest,

1, tryptophan
2, phenylalanine
3. tyrosine
4, p-aminobenzoic acid
5. riboflavin
6. folle acid
7. vitamin By,
8. vitamin K
%, 1indole acetic acid
10. serotonin
11. adrenalin

12, thyroxin
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13, anthocyanins aﬁd related compounds
14, lignin

15, tannins

16, alkaloids

17. estrogenic hormones

13, chitin

Of these, only the flrst {lve have definiteiy bqen
implicated in the metabolism of Neurospora. The scope of
this thesis will be limited to 2 discussion of the hlosyn-
thesls and metabolism of tryptophan, phenylalénine, tyro-
sine, and p-aminobenzoic acid, With the exception of the
latter four compounds, very little is known about the

crigin of the benzene ring

v ®

B. Discussion of the hlstorical background and of

the recent work of others in this field.

It has long been realized that mammals have only a
very limited capacity to synthesize aromatic compounds
de novo from non-aromatic sources. It 1s clear that the
aromatic amino aci@s can be catavolized with the production
of energy, that phenylalanine can be converted to tyrosine,
that tyrosine can be ﬁransformed intc important products
such as adrenalin, thyroxin, and melanin, and that numerous
other transformatlions can oceur. These, however, do not

constltute de novo synthesls. Some cyclic, non-aromatic cowm-



pounds such as quinic acid (1) and cyclohexane carboxylic
acid {2) have been found to be arcmatized by mammals and
subsequently excreted as hippuric acid. A numbef of other
cyclohexane and cyclohexene derivatives are likewlse aroma-
tized before excretion (3). These transformations appear to
be detoxificétion mechanisms which are probably of rather
glight metabolic importance to a normal animal. With the
poSsible exception of the estrogenlc hormones, there is
perhaps no case in which mammals are able to form benzenoid
rings from acyclic precursors. The inability to synthesize
tryptophan, phenylalanine, riboflavin, and follec acid 1s
reflected in a clear-cut dietary requirement for these com-
pounds.

The above considerations dictate that aromatic blo-
synthesis be studled 1n organisms in which 1£ is known

to oceur, i.e., higher plants, certain fungi, and bacteria.

The Use of Mutants

The work of Beadle and Tatum (4) showed that mubant
strainsg of microorganisms may be obtalned which lack the
ability to carry out particular metabolic conversions, per-
haps due to the absence or inactivity of certain enzymes.
This situation 1s illustrated diagrammatically below:

enzyme 1 enzyme 2 enzyme 3

XZ 2Y 2 2 Z T—T—= essential metabolite
(absent or
inactive)




b

"

Under these circumstances, the "essential metavolite"” at the
end of‘the reaction sequeiice Lecomes a nuitritional reguire-
ment for the strain, and compound Z, which would probably
escape detection in a normal organism, may accumulate in
larre amounts,

This idealized situation is often complicated by one
or a number of the followlng considerations:

A, Compound Z may be highly unstable, may polymerize,
or be otherwlse non-enzymatically altered.

3, Compound Z may be at the "branch polnt" in the
blosynthetlc seguence of two or more essential ﬁetabolites,
and may be drained of{ into production of the other metabo-
lites.

C. The abnormally large concentratlon of Z may call
adaptive detoxification mechanisms into play.

D. The equilibrla of the reactions shown above may
favor accumulation of ¥, or even of X.

E. The unusual concentration of Z may inhibit other
enzymes and thus induce requlrements for essenﬁial metabo-
lites not directly related to Z.

In splte of these complications, the use of mubtant
organisms has been of the greatest value in elucidating the
blosynthesls of aromatic compounds.

A mutant strain of Neurospora, designated as C-86, was
described by Gordon, Haskins, and Mitchell (5). This strain

will grow 1f supplied with any one of the following com-
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pounds: ¢rypoopnhan, indole, anthranilic acld, kynurenine,
nicotinlc acid, phenylalanine, tyrosine, or guinic acid.

Of these, all are aromatic except for the cyclie polyhydroxy
compound, quinic acid;* It is to be noted that nicotinic
acid contalns a pyridine ring rather than a benzene ring.
‘The fact that any one of the above compounds would promote
growth of the strain suggested that gquinic acid is a pre-
cursor of aromatic compounds in Neurospora, and also intro-
duces the possibility that aromatlc compounds may be inter-
convertible,

A strain showing markedly different nutritibnal require-
ments was isolated by Tatum (6). This mutant of Neuros?cra
requires four aromatic compounds (tryptophan, phenylalanine,
tyrosine, and p-aminobenzoic acld), in order bto grow. It
is unable to grow if furnished with only three of %these. It
was found that shikimic acid;*which differs from quinlc acld
only by the elements of water, would relleve all four of
the reguirements., Quinic acid was found to be_inactive for
prowth of this strain. It should be mentioned that shikimic
acid 1s inactive for growth of C-86. These findings, there-
fore, are in sharp contrast.

Davis (7), working with Escherichia coll, succeeded in

isolating a large number of mutant strains which require
various aromatic compounds. Of these, none was found to
use qulnlec acid as a substitute for aromatic amino aclds,

and none was found to make alternative use of the three

*Structural formula is shown on p. 20.
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aromatic amino acids. However, numerous stralns were found
to require all four of the compounds required by Tatum's
Neurospora mutant, and, like the latter, to use shikimic
aclid as a substitute for these. In addition to the guad-
ruple requirement mentioned above, a fifth factor 1s re-
Quired for rapid growth of a number of strains, Thils
material has been found to be p-hydroxybenzoic acid (8).
When such strailna are grown in medium of rather high pH
(7.5), a requirement for a sixth growth factor may be
demonstrated (3). This factor, which 1s present in culture
filtrates of wild-type E. coli, has not es yet been identi-
fied. Both p-hydroxybenzoic acid and the "gixth factor"”
are readily replaced by shikimic acid, On the basis of these
nutritional regquirements, 1t was suggested by Davis (10) that
shikimic acid i1s a normal precursor of these six nutrients.

A slight conmplication has beenblntroduced by the finding
of strains which require only:

A. phenylalanine + tyrosine

B, tryptophan + phenylalanine + tyrosine

C. tryptophan + phenylalanlne + tyrosine + p-amino-
benzolc acid,

Twoe explanations of this phenomenon may be glven.

(1) The differences 1n nutrlitional requirements might
reflect a series of mutant genes. It would then be pre-
dicted that p-hydroxybenzoic acld branches off the main blo-

synthetic sequence first, and that mutants of class C are



hlocked Just distal to this particular branch point. Simi-
larly, p-aminobenzoic acid, and then tryptophan could be
expected to branch off the maln sequence, explaining the
existence of classes B and A, respectively.

{2) The differences in nufritional reguirements could
.be due to different degrees of completeness of the genetic
block, Stralns which are complete’y unable to synthesize
aromatlic compounds would then be expected to require all six
compounds. Those in which a small amount of the common pre-
cursor of these six compounds can he formed might use 1t
preferentially as a substlitute for p-hydroxybenzolic acid,
causling these strains to be classified in C of the previous
page., Thogse in which a somewhat larger amount of the com-
rmon precursor is formed are plctured as being able to satisfy
the above reguirément plus the requirement for E~aminobenzoic
acid, thus explaining the existence of Class B, Strains
which are able tc synthesize a considerable amount of the
common precursor, but not enough to satisfy thelr require-
ments for phenylalanine and tyrosine, fall into Class A,
Thus 1t 1s conceilvable that strains which are allelic with
respect to the metabolic lesion might nevertheless show
qualitatively different nutritional requirements due to a
guantitative difference in the phenotyplec expression of
the alleles,

The latter explanation is the one favored »y Davis (¢},

and a variety of evidence for 1lts correctness has been



obtalned.

Another anomaly is the inablility of some strains to
utilize shikimic acid as a substitute for phenylalanine and
tyrosine, It has been found (10) that the conversion of
shikimlc acld into these two metabolites 1s antagonized by
the presehcé of a precursor of shikimic acid, 5-dehydro-
shikimic acid,

Evidence for the presence of this precursor of shikimic
acid was obtained by Davis in 1051 (7). Culture filtrates
of a nu&ger of mutants were subjected to chromatography, and
the chromatograms inspected by biloassay with a strain which
was known to utilize shikimilc acld for growth, Some of these
filtrates were thus shown to contain two blologically active
compounds, One of these corresponded to shikimic acid, and
the other did not correspond to any known compound. Other
flltrates were seen to contain only the unknown compound.
This compound was 1isolated and identified as S-dehydroshlkimic
acid (11)., It is highly unstable in alkaline solution, but
18 stable in weakly aclidic sclution, Treatment with strong
mineral acid and heat converts 5-dehydroshikimic acid into
protocatechuic acid (3,4 dihydroxybenzoic acid), which is at
the same oxidation level. ThHe latter compound does not pos-
sess activity for growth of any known strain. An enzyme
caprable of converting 5-dehydroshikimic acid to shikimic acid
has been found by Yanlv and Gllvarg (12, 13). This enzyme

has been purified about tenfold, and has been found to be



specilic for TPN as sole cofactor for the reduction of
S-dehydroshikimic acid. The reaction has been shown to be
reversible by coupling oxidatlion of shikimic aclid with reduc-
tion. of oxidized glutathlione.

It seemed logical that stralns which respond to bhoth
shikimic acid and 5-dehydroshikimic acid might accumulate
precursors of the latter compound. When such strains were
tested for crossfeeding, 1t became evident that some strains
accumulated materials which fed ofher strains weakly. This
crossfeeding behavior, however, was so s8light as to be of
only limited value for purposes of bloassay. A lérge num-
ber of cells of a strain showing slight response to the
accumulated precursor were grown in its presence, and a
secondary mutant was obtained which responded well to the
unknown material., This strain was then used as an assay
organism durling the course of purification of the precursor
of 5-dehydroshikimic acid, The material was isdlated and
characterized as S5-dehydroquinic acid (14). It is extremely
lablle in basic solution. When heated in acid solution, 1t
is partly dehydrated to 5-dehydroshikimic acid. Catalytlc
reduction has been shown to yield quiniec acid. Mitsuhashi
and Davis (15) have studied an enzyme found in wild-type
E, coli which 1s capable of dehydrating S5-dehydrogquinic acid
to 5-dehydroshikimic acid. This enzyme has been purifiled
about tenfold. It has been shown to be incapable of dehydrat-

ing quinic acid to shikimic acld, and 1s likewise unable to
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dehydrate mallc acld, citric acld, or isocitric acid. o
cofactor requirement has heen demonsbtrated. The enzyne has
seen named 5~dehy¢?0quinase, and nhas been detected in Aero-
bacter, in an alga, 1n green plants, and In yeast., It could
not be detected in guinea plg liver. t can “e seen that

the distribﬁtion of this enzyme 1s correlated wlth the avllity

to gyntheslze aromatle compounds.

ord

Certain mutants of Aercbacter aerogenes have been foun

i

v

by Davis and Weiss (16) to respond %o quinile acid. These
mutants, however, differ in thelr metabolism from tThe guinic
acid mutant of Neurospora {(see p.s ). Unlike the Neurospora
mutant, they are reminiscent of the mutants of E. coll, in
that they require a plurallity of aromatic compounds in the
asbgence of the appropriete hydroaromatic compounds., In addi-
tion, they respond to shikimic acld, to 5-dehydroshikimlc
acid, and to 5-dehydroguinic acid. The Neurospora mutant
does not respond to shikimlc acld. No mutants of E., eoll
have been found which will utilize gquinic mcld or accumulate
it., Davilis and co-workers have also searched in vain for a

mutant of Aerobacter aerogenes which will utilize S-dehydro-

gquinic acid but not quinic acid. For these reasons, Davis

(13) has sugzested that quinic acid 1s not an obligatory

intermedlate 1n aromatic blosynthesls, but that A. aerogenes
has an "adventitious enzyme," quinic dehydrogenase, which
can introduce quinic acid into the pathway. This enzyme has

been studied by Mitsuhashi and Davis (17) and found to be
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specific for DPN as the carrier of hydrogen. The dehydro-
cenation of quinic acld may ve coupled with the reductlon
of 5-dehydroshikimic acid %o zive the following series of
reactions:

, quinlc dehydrogenase
(1) quinic acid + DPN™ ¢ > dehydroquinic

o acld + DPNH +
H+

> 5.dehydroshikimic
acid + H,0

(2) s-dehydroquinic acid

hH-dehydroguinase

+ transhydrogenase ' +
(3) DPNH + TPN p TPNH -+ DPN

5-dehydroshikinmic

R
1o — reduct88® 5  gpikimic acid + TPN'

{#4) 5-dehydroshikim
' acid + TPNH + H

(=) Overall reaction: gquinic acid T shikimic acld + H,0

Quinlc dehydrogenase hag thus far been found only in
A. aerogenes. It could not be detected in a nuﬁber of other
organisms which are known to synthesize aromatic compounds.
This is consldered added evidence that guinic acid is not an
obliratory intermedlate in blosynthesis of the benzenold ring.

In an attempt %o detect precursors of 5-dehydroquinic
acid, the earliest known compound in this sequence, Davis and
co-workers have looked for crossfeeding behavior between
mutants known to be hlocked before 5-dehydroquinic acid., No
such behavior has been found. This could he due to allelism

of all such mutants, to one or more of the complications
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enumerated on p.4 of this thesis, or to inablliity of accumu-
lated intermedlates to penetrate the cell membrane of assay
strains. In an attempt to resolve this question, Kalan (13)
prepared extracts of a mutant which accumulates 5-dehydro-
shilkimic acld. These extracts were incubated with a culture
filtrate of.a mutant blocked hefore 5-dehydroquinic acid.
Considerable amounts of S-dehydroshikimlic acid were formed,
and this has been ldentified by bioassay wlth the appropri-
ate strains and by chromatography. It is clear, then, that
materials are accurulated by mutants blocked before H-dehydro-
guinic acid, and that these materials, though not detectable
directly by bloassay, may be enzymatically converted to

known precursors of aromatic compounds., The compound inmedi-
ately precedling 5-dehydroquinic acld in the seguence has

been deslignated as V.

The success of this enzymatlec experiment introduced the
possibility that these extracts might effect thé conversion
of carbohydrates to 5H-dehydroshikimic aclid. Kalan and
Sreenivasan (18) incubated such extracts with various sub-
strates and examined the ilncubatlon mixtures for the pres-
ence of 5-dehydroshikimio aclid, The following substrates
were tried: glucose, glucose-b-phosphate, glucose-l-phosphate,
fructose-6-phosphate, hexosediphosphate, ribose-5-phosphate,
6~phosphogluconic;acid, sedoheptulose-~7-phosphate, and
sedoheptulose~l,7-dip%osphate. A1l except 6-phosphogluconic

acld gave rise to measurable amounts of 5-dehydroshikimic
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acid, but sedoheptulose-l,7-dlphosphate was by far the most
efficient of these, In the presence of added DPN, thils
sugar has been converted into S5-dehydroshikimic acid by
erude extracts in a yleld of as high as 60%.

Sedoheptulose is an acyelic, stralght chain susar con-
taining seven carbon atoms. Dehydroshikimic acld is a
cyelic, seven-carbon acid. It 1s tempting to assume that
sedoheptulose-1,7-diphosphate undergoes direct cyclizatilon,
followed by a sSeries of oxldations and dehydratlons to dehydro-
guinic acid and thence toc dehydroshlikimlc acid. Ironically,
evidence has been obtained (1¢) which indilcates that dif-
ferentlally labelled sedoheptulose-l,7-diphosphate is
incorporated into the ring of S5-dehydroshikimic acid only
alter undergoing a cleavage between carbon atoms 3 and 4,
and that the fragments are récombined and the order of the
carbon atoms changed before cyclization occurs.

The investigations of Davis and co—workers'have shed
considefable light on the process by which shikimic acid is
converted into aromatic compounds, It was found that a
number of mutants which accumulate shikimic acid also accu-
mulate a substance deslignated as Zl. This material 1is in
1tself inactive for the growth of all strains tested, but
on heating wlth acid, 1t is converted to an actlve material
which has been identified as shikimlc acld (20). Chromato-
zraphic evidence indicates that Z1 is considerablﬁ less

polar than shlkimlc acid. Since a number of mubants have
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been shown to accumulate large quantities of Z, and only

1
traces of shikimic acld, it has been suggested (13) that
Zl 18 the compound following shikimiec acid in the biosynthe-
tic pathway.
A second compound which yields shikimlc acid on acid
hydrolysis has been detected in the culture riltrates of
all mutants that accumulate shikimic acid, and is piletured
as beilng a side product rather than a true intermedlate (13).
This compound has been identifled as 5-phosphoshikimic acid.
Another compound which 1s in itself not utilized ror
growth of mutants has turned out to be of the utmost interest.
This compound 13 accumulated by a number of mutants which re-
quire phenylalanine or tyrosine. It was observed by Katapiri
and Sato (1) and by Davis (22) that these mubtants accumulate
a substance which can be converted by mild acidity or by
autoclaving into a substance which will replace the phenyl-
alanine requirement of the mutant which accumulates the
material. The derived substance which replaces phenylalanine
was found to be phenylpyruvic acid (22). Weiss et al. (23)
found that an enzyme present in wiid type E. coll would effect
the conversion at room temperature and at neutral pH, but
that thls enzyme is absent in extracts of mutants which accu-
mulate the inactive material. Therelore it has been postu-
lated that the inactivity 1s due to a pgrmeability barrier,
and that thils compound 1s a true intermediate in the bio-

synthesis of phenylalanine. The compound has been 1solated
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Ly Welss et al. (23) as the barium salt. Elementary analysis
suscests the empirical fornula C10H1007Ba. In the presgence
of acids, the material yields an equivalent of phenylpryruvic
acid and one equlvalent of CO?' This transformation takes
nlace in the absence of oxy~en or other electron acceptors;
therefore it 1s evident that ﬁhe.material is at the same
oxidation level as phenylpyruvic acid. The compound»tékes

up between three and four molar equivalents of hydrogsen

in the presence of platinum, indicating the ahsence of an
aromatlc structure, The infrared spectrum is also incompatible
with the notion that the compound contalns an arbmatic ring.,
The substance shows strong end-avsorption in the ultraviolet.
On reductlion with sodium borohydride, which acts on keto
groups but not on double bonds, this end absorptlion 13 de-
creased to a negliglble value., This suggests that the end
absorption is due to the keto eroup rather than to a system
of conjugated double bonds. The product of redﬁction is
unstable to acid, as 1s the parent material, The product

o' acld decarboxylation of the bhorohydride-reduced material
nas been identified as phenyl lactic acid. Heating the
native material with strons alkall converts it quantitatively
into p-hydroxyphenyllactic acid (24), On the basis of these
ohservationa, the following structure of the intermediate

has been suggested, and the material has been named 'pre-

phenic acid."
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It is evident that the structure suggested for prephenilc
acid differs from that of the empirical formula by the
elements of water, There is some evidence that this dis-
crepancy is due to the presence of a molecule of water of .
erystallization in the barium salt. |
' In the opinion of this author, the aspects of the nro-
poseﬁ structure which are least certain are
(1) the position of the hydroxyl group, and
(2) tﬁe attachment of the carboxyl group and the

pyruvyl side chaln to the same carbon atom of

the ring.
Evidence for the placement of the hydroxyl group as shown
rests on the aﬁsence of optiecal actiﬁity, and the base
catalyzed converslon to p-hydroxyphenyllactic acld. ?he
latter eriterlon may be questioned, as it has been shown by
Bamberger (25) that a number of compounds of this general
struoture undergo a great multiplicity of différent rearrange-
ments, often involving shifts of sidechains to new positions
on the ring. The work of Schepartz and Gurin (26) has
indicated that a simllar reactlon occurs inwjhe‘caﬁabolism
of tyrosine, Evidence for the attachment of the l&hilé
carhboxyl grour and the pyruvyl sldechain to the same carbon
atom rests on labelling data which, in the opinion of the
present author, are rather unclear and are subject to a
number of interpretations.

It can be seen from the structure proposed for pre-
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phenic acid that it 1s a reasonable precursor of tyrosine
as well ag of phemylalanine. It is also to he noted that
some ﬁyrosine‘requiring strains accumulate this compound,
As yet, no enzymes have been found to convert prephenic
acid into tyrosine-replacing materials, but Davis haslfe—
ported>that work along these lines 1is 1in progress.

The use of mutants has also been of value in studying
thé anabolism and catabolism of tryptophan. The investiga-
tions of Tatum, Bonner, and Beadle (27), Haskins and
Mitchell (28), and others have given evidence that anthrani-
lic acid is converted, via indole, into tryptophén. The
organlism used in most of thése investigations was Neurospora.
The compounds mentioned as precursors of tryptophan have
since been found by Davis (7) to replace tryptophan in

tryptophan-requiring mutants of E. coli,. |
| The conversion of tryptophan to nicotinic acid has
also been studled in Neurospora. The work of éeadle,
Mitchell, and Nye (2¢), Bonner (30), and others has estab-
lished kynurenine, 3-hydroxykynurenlne, 3~hydrbxyanthranilic
acid, and possibly qﬁinolinic acid as intermediateé in this
conversion, The work of Nyc et al. (31) has(indicateﬂ that
the carboxyl group of anthranilie acid is lost in the process
of conversion to tryptophan and nlcotinic acild.

The biosynthesls of tryptophan and of nicotinilc acid has
been thoroughly discussed in the Doctoral thesis of Haskins
(32) and in a review of Dalgliesh (33).
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It seems appropriate to append a diagram showing the

pathway by which aromatic compounds are syntheslzed accord-
Es [T

ing to Davis {(13). L
V
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The Use of Isotopic Tracers

tudies by several groups of workers have resulted in

a considerable body of isotopic data concerning origin of
the carbon atoms of the aromatic amino acids. Theée data,
while not in themselves indicative of a pathway of blosvnthe-
sis of aromatlc amino acids, do exclude certain possibilitles
from consideration, and must be brought into harmony with
anv complete theory of the origin of aromatic compounds in
nature.

Baddiley et al. (34) have investigated the origin of

tyrosine in the yeast Torulopsis utilis. The strain used

was adapted to acetate as the sole carbon source. The ace-
tate was labelled wilth Cla in the carboxyl carbon and 013 in
the methyl carbon. After growth of the yeast on thils dif-
ferentially labelled carbon source, the proteins were hydro-
lyzed and tyrosine lsolated. By use of very élegant degrada -~
tive procedures, the contribution of the two carbon atoms of
acetate to each of the carton atoms of tyrosine was deter-
mined. The isotopic distribution is essentially aq_pictured
below,

c2c2c®ooH

13 13

> —>—>—>

\%

C"H,C"00H

13 +14 13+14
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I% is to be noted that carbon atoms 3 and 5 of the rin: are
of mixed origin. Due to the symmetry of the ring, these two
carhon atoms are nedessarily isolated together and are indis-
tingulshable. Therefore, 1%t 1s qulte possible that one of
these indistinguishable carbon atoms is derlved entirely
 from the carboxyl group of acetate, and the other from the
methyl group of acetate.

On the bvasls of these {indings, some suggestions-of
possible mechanisms for formatlon of tyrosine were advanced.
These mechanlsme left some of the data unexplained, and re-
quired the postulation of a number of rather improbable reac-
tions. Gllvarg and Bloch (35) have suggested a reinterpre-
tation of the data of Baddlley et al. This alternate
interpretation, which will be discussed helow, has met with
the approval of the latter authors.

Investigations of Gilvarg and Bloch (35) on the synthe-

sis of‘phenylalanine and tyrosine in Saccharomyces cervisiae

have permitted a number of conclusions to be dravn, It was
found that when this yeast was grown on a medium containing
both acetate and glucose, the aromatic amlno acids were de-
rived almost entirely from glucose, It is cleaé‘that this
phenomenon 1s not due to failure of the organism to utilize
acetate, as the fatty acids and a number of acyclic amino

acids were found to derive a substantial portlon ol theilr

carbon from added acetate, Glucose labelled with Cl4 in the

1 position was administered to the yeast. The phenylalanine
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and tyrosine were isolated and degraded to give data on
the individual carbeon atoms. The distribution of radic-

activity was essentially as shown below (36).

?*_ Kec
¢ —_—>— > >
C ;
|
C
{
C
glucose phenylalanine

Here it must be noted that carbon atoms 2 and 6 ofithe
ring are indlstinguishable, and therefore it is possible
that almost all of the Cla is at one of these two positions,
As the 1, 3, 4, and 5 positions of the ring were féund to
contain little fadioacﬁivity, i1t seems clear that the ring
is not formed by condensation of equilibrated two-carbon
units, ’

I, on the other hand, the ring were formed by conden-
sation of two equllibrated triose units, the labelled carbon

atoms would be found either ortho or para to one another. The

observed labelling excludes this possibility. Early work'of
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Gilvarg and Bloch (35) suggested the possibility that hexose
.is cyclized directly to form the benzene rings of phenyl-
alaﬁine and tyrosine, and that the sidechain 1s derived

{from triose. This involves the assumption that the radio-
activity is asymmetrically distributed between carbon atoms
2 and 6 of the ring, and appears to be present 1n both posi-
tions only because of the symmetry of the molecule.  The
hypothesis of direct cyclization of a hexose unit is in
good agreement with the data of Baddiley et al. (34), ir it
is assumed that acetate 1ls converted, vla the tricarboxylic
acid cycle, into pyruvate, and the latter is transformed to
hexose by a reversal of glycolysis, A more recent publica-
tion by Gilvarg and Bloch (36) has emphasized that the
mechanism of direct cylization of hexose fits the observed
labelling of the ring qualltatively but not quantitatively.
In all cases, the specific activities of the rings of phenyl-
alanine and tyrosine were found to be sighificantly lower
thain that of the glucose administered to the yeast. There-
fore, 1t is inferred that one or more of the unlabelled
carbons of the administered‘élucose makes a disproportlon-
ately large contribution in the synthesls of the ring.

The biosynthesls of tyrosine in yeast has been further
investigated by Thomas et al. (37). These investigators
administered pyruvate labelled with Cla in the carbconyl car-
bon, isolated the tyrosine, and subjected it to the usual

degradations, In agreement with previous work, it was con-



cluded that the sidechain is derived from an intact three-
carbon fragment. The ring was found to be lahelled nre-
dominantly in carbon atoms 1, 3, and 5. These data exclude
direct cyclization of hexose formed by reversal of gl?colgsis.
Thomas et al. have suggested that condensation Qf,twmfasymu
metric four-carbon fragments could glve the observed distri-
pution of radioactivityiin the carbons of the ring. These
four-carhon fragments are pictured as arising from pyruvate
by a C3 - C, condensation,

1 | o
Ory and Lyman (38) have studied a strain of lactobacillus

arabinosus which is able to synthesize tyrosine and phenyl-

alanine 1if pyridoxine 1s included in the medium and CGQ is
present in the gas phase over the medium. In the absence of
602, these two amino acids are required for growth of thel
organism. Experiments in which 01302 was included in the
£as phase have demonstrated that the latter does not con-
tribute to the carbon skeleton of tyrosine. Thé authors
have suggested that possibly CO, is the origin of that car-
boxyl group of prephenic acid which is lost during the
aromatization step. It was 3lso reported that shikimic acid
will replace phenylalanine and tyrosine for growth of this
organism in the absence of COQ, an observation which is
consistent with the above interpretation,

The origin of shikimic acid from differentially lavelled
plucose has been investigated by Shigeura et al. (39). The

method consisted of administering radioactive glucose to a
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mutant straln of E. coli which accumulates shikimic acid.
The shikimic acid was isolated and degraded in order %o
determine ﬁhe distribution of radloactivlity in the vaqious
carbon atoms., It has since been found by these authors
that the procedures for degradation of shikimic acld were.
unsatisfactory and that the radlocactivity of individual
carbton atoms could not be accurately estimated., It has been
reported in a personal communication that these authors have
since developed a highly satisfactory method of degrading
shikimic acid, and that data concerning the origin of its
various carbon atoms from glucose are forthcoming.

Isotopic tracers have also been used by two groups
of workers to obtain evidence of the converslon of shilkimilc
acld to aromatic amino acids, Shigeura and Sprinson (40)
administered radiocactive shikimlc acid to a culture of grow-
ing wild-type E. colil and found that 18% of the tyrosine
formed was derived from added shikimic acid. Tatum et al.
(41) grew a shikimic acid-utilizing mutant of Neurospora
on & medlum containing a radiocactive carbhon source and
unlabelled shikimic acid. Tyrosine was isolated and its
specific activity was found to be significantly lowered by
the added shikimic acid, Non-aromatic amino acids were
found to have the expected high speciflc activity. These
data, then, add to the evidence that shikimic acld can be

converted by mlcroorganisms to aromatic amino acids.



7
w27 -

The Use of Metaholic Inhilbitors

It has been found by Beerstecher and Shive (42) that

growth of Escherichla coli 1s inhibited by ./3~thieny1—
alanline, and that this inhibition is relieved by tyrosine.
Another metabolic inhibitor, /3 -phenylserine, was Sbserved
to act in a different manner. Inhibitlion by this latter
compound was found to be relieved by phenylalaniné, but not
‘b, tyrosine, Phenylpyruvlic acid was completely ineffective
in relieving inhibltion br either compound., Beerstecher
and Shive concluded that phenylalanine is converted to
tyrosine by direct oxidatlon, and that the conversion is
inhiblted by ‘[3~thienyla1anine. It was postulated that
/3~phenylser1ne inhibites conversion of a precursor of
phenylalanine to phenylalanine, This is termed the "straight
pathway" of synthesis of aromatic compounds, as opposed to
the "branched pathway" advanced by Davis and co-workers,

Bergmann et al. (43,44) have studied inhibition of
growth of E. coll by a considerable number of substituted
phenylalanines. These workers have interpreted their find-
ings as favoring the "straight pathwal," and have suggested
that tryptophan is converted into phenylalanine, which, in
turn, is converted into tvrosine,

It is felt by this writer that the data ohtained from
inhibitlon analysis are subjJect to a number of interpreta-
tions, and that the evidence in favor df the "branched

pathway" is of a more convinclng sort,
Lo



II EARLY EXPERIMENTAL APPRCACHES USED IN
THIS INVESTIGATION

The Possibility that Seven-carbon Sugars are Related to the

Biosyntheslis of Aromatic Compounds

Wild-type Neurospora cragsa 18 able to grow on a chemi-

cally defined medium containing sucrose as the carbon source.
It ie clear that the proteins of Neurospora contaln aromatic
amino acids. Obviously, then, sucrose can serve-as a 'pre-
cursor" of the aromatic amino acids, as well as "precursor"
of all other organic cellular constituents (other than biotin).

It seems reasonable, then, that early precursors of
aromatic compounds might be acyecllc polyhydric compounds
C1osely related structurally to the carhon source. ' Somewhat
later In the blosynthetic sequence, a cyclie polyhydric com-
pound might be expected., Elimination of water would then
result in the formation of a benzenold ring.

Evidence for the correctness of these general predictions
was furnished by the work of Gordon, Haskins, and Mitchell (5);
these workers found that the arcm;tic requirement éf c-86, a
mutant straln of Neurospora, could be relieved by é seven-
carbon polyhydric acld known as quinic acid. In addition,

Davis (7) found that some mutants strains of Escherichia coli

would use the seven-carbon polyvhydric compound éhikimic aéid
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for this purpose. (See section on Historical PBackground). On
the basls of these observatlons, 1t was suggested by Dr. H, K.
Mitchell that the naturally-occurring seven-carbon sugars
might serve as acyclic precursors for the cyclic compounds
guinic acid and shikimic acid, and thus for the aromaﬁic amino
aclds.

Two seven-carbon sugars are known to occur in nature.
These are sedoheptulose, which is found in guantity in the
leaves of the genus Sedum (45), and mannoheptuldse, which oc-
curs in the leaves, fruit, and seeds of avocados (46),

Structural formulas of these sugars and of quinic acid

and shikimic acid are glven below:

CH,0H CH,OH HOOC OH COOH
€=0 =0 |
HO-C-H HO-C~H
H—Q_OH HO-C':_H HO OH HO OH
H-C-OH H-C-0H v e
H-C-OH  H-C-OH |
CH,OH CH,O0H

D-altroheptulose  D-mannoheptulose quinic acid shikimic acid
(sedoheptulose)



A numbver of speciles of the zenus Sedum were obtained
through the courtesy of the Curator of the Huntington Library
Botanlical Gardens, Sedoheptulose was detected in Juice of
the leaves by paper chromatography as described on p. 64 .

S. rubrltinctum was found to be a particularly rich source.

The Juice of the leaves of this specles (1.0 ml./flask) was
introduced into 125 ml. Erlenmeyer flasks containing 20 ml.
of Fries minimal medium. Plasks of this supplemented medium
were inoculated with wild-type 5257a and with C-86A. After

a week's growth, the medla were subjected tc chromatozraphic
analysls. It was noted that in both cases, the sucrose nad
been completely metabolized, but sedoheptulose appeared to be
undiminished in the medium,

It was desired to try similar tests with mannohentulose.
Unfortunately, this sugar is somewhat less abundant in avo-
cados than 1s sedoheptulose in Sedum. Attempts to make a
purified preparation were not successful,

These lnvestigations were carried out very early in the
training of the aithor; the difficulties encountered in the
isolation of rare sugars from natural materials, and the
fallure of sedoheptulose to be metabolized by wild type
lNeurospora discouraged further work on this project.

Since thils work, the phosphate esters of sedoheptulose
have become known (47), and Kalan et al. (18) have found evi-
dence that sedoheptulose-l,7-diphosphate can be converted bﬁ

extracts of E. coli into compounds known to be precursors of
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aromatic compounds. For discussion of this, see Introduction,
p. 12 .

It seems qulte possible that the same pathway might exist
in Neurospora, and that the failure of ' free sedoheptulose to
be metabollized could be due to the absence ol the requisite

kinases for converting it to the phosphorylated sugar.

The Possibility of Finding Metabolic Inhibitors Which will

Cause the Accumulatior of Precursors to Aromatic Compounds

In a humber of instances, metabolic inhibitors, or "anti-
metabolites" have proved %o be of great value 1n‘e1ucidating
the steps in a blosynthetic pathway. A few examples are the
use of malonate to cause accumulation of succinate in re-
spiring systems (48), the use of fluorocacetate or fluoro-
citrate to cause accumulation of citrate (46), and the use
of sulfonamides to cause accumulation of purlne precursors
{(50). It seemed reasonable to try an analogous.approach to
the problem of synthesis of aromatic compounds in Neurospora,

Seventeen aromatlc compounds which were 1mmediatelﬁ
available to us were tested for ability to inhibii growth of
wild -type 5297&. In the case of each compound, a varlety
of concentrations was employed., The basal growth medium
used was Frles ninimal, Growth was allowed to proceed for
6 hours at 250. At the end of this time, the mycelial pads
were dried and weighed. Those medla in which 57% inhibition

of growth was found to occur were saved.



Of the compounds tested, chloramphenicol, f3~phenylse?ine,
p-hydroxyphenylacetic acld, o<-acetamidoclnnamic acld, o<-phenyl-
elyeine, and mandellc acid did not inhlBit detectably even at
concentrations of 1000 pg./ml. Hydrocaffele acid did not
inhibit growth at the highest concentration employed (500 pg./
ml, ). p-Hydroxybvenzaldehyde appeared to inhlblt very slightly
.at this concentration,

The remalining compounds were f{ound to inhlblt growth at
various concentrations. The concentratlons regquired to give
50% inhibition of growth are shown below,

Concentration for
50% inhibition of

Compound tested prowoh
o-aminocinnamic acld hydrochlorlde 50 pg./@l.
benzole acid 200 pg./al.
o-nitrocinnamic acid 00 pg./ml,
trang-cinnanic acid ' 100 p.fj,/;:zl.
N-methyl anthranilic acld | 100 pe. /ml.
o-coumaric acid 50 e, Sl
o-fluorophenylalanine 2.5 pa./al.
p-fluorophenylalanine about 1.5 pg./mnl,

m-{luorophenylalanine 0.5 pr./al,




Media in which wild type had been allowed to grow under
conditions of 50% inhibition were tested for accumulatlon of
aromatic precursors as described on p. 60 . The assay sbtrain
used was C-86A, which is known %o respond to a wide variety
of aromatlc compounds of biocloglcal interest. Medium to be
ﬁeﬁtedv(z.b ml.) was introduced into 18 ml. of minimal medium,
thereby causing a tenfold dilution of both the inhibiter and
vaaay metaholites which might be present. o-Aminocinnamic
acid hydrochloride, benzole acid, Q;nitrocinnamic acid, trang-
cinnamlc acid, o-coumaric acid, o-fluorophenylalanine,
p-fluorcphenylalanine and m-fluorophenylalanine were not
found to cause accumulation of any materials haVimg bicloglcal
activity for C-86A. However, medium from wild type which had
been inhibitéd by N-methyl anthranilic acid was found td have
appreciable growth promoting properties for the assay straln.

It seemed possible that N-methyl anthrahilic acid might
in itself be utilized by the éssay gtrain at moderate con-
centrations, though inhibitory at higher concentrations. Ac-
cordingly 0«86A was tested at various concentrations of this
compound, and was indeed found to exhiblt this type of be-
haviof. The concentration of N-methyl anthranilic acild
which gave best growth was 50 pg./hl., or about half the
concentration required to give 50% inhibition of wild type.

As this compound was a synthetlc product, it seemed
possible that it could be contaminated with anthranilic acld,

which 1s known to promote growth of C-86A. Both compounds
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are hizhly fluorescent, and it was possible to detect ex-
tremely small amounts of impurities on paper chromatograms.
A solvent contalining three parts t-butanol and one part 1 M
NHAOH was found to separate anthranilic acid and N-methyl

anthranilic acid (R, values were 0.55 and 0,80 respectively).

F
 No Ampurity of anthranilic aecid nor of any other fluorescent
compound could be detected in the sample of N-methyl anthrani-
1ic acid. Therefore it 1s concluded that N-methyl anthranilic
acid will support the growth of C-86A. Later it was found to
relieve the tryptophan requirement of a mutant which requires
four aromatic compounds (See p. ¢6 ).

The observation that chloramphenicol and /3~phenylserine
do not inhibit the growth of Neurospora 1ls surprising, in
that they have been reported to he strongly inhibitory for
a number of other organisms (42, 51). This anomaly could be
due to important differences in internal metabblism, or
could he due to failure of the compounds to pehetrate to the
site of actlon,

In summary, no inhibitor was found to cause active accu-
mulation of compounds with biological activity for growth of
C-86A, although the activity of N-methyl anthranilic acid

was observed by this most cilrcuitous route.
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III ISOLATION OF MUTANT STRAINS OF NEUROSPORA CRASSA

As has been observed in the Introduction_of this thesls,
nmutant strains of microorganisms have been of great importance
ig investigating'the blosynthesls of aromatic compounds. The
discovery by Tatum (6) and by Dubes (52) that mutants of
Neurospora may be obtalned which reguire four aromatic con-
pounds encouraged the hope that other mutants might be found
which would be useful in the present study. There were
already avallable a large numbver of strains whicﬁ réquire
tryptophan for growth, one strain (5212) which requires
phenylalanine, and a strain (described in the Introduction of
thls thesis) which makes alternate use of a number of aromatic
compounds. The only mutant availlable to this investigation
which requires more than one aromatic amino acld was that
furnished by Dr. George Dubes. It was desired to obtaln
additional mutants of Neurospora which require aromatic com-
pounds,

The new mutants were isolated by two techniques.

(1) Use was made of the technique of Leln, Mitchell, and
Houlahan (53) in which irradiated conidia are used to ferti-
lize wild btype protoperithecla of the opposite mating type.
Ascospores are collected, germinated on plates, and poorly-
growing cultures transferred to supplemented medium and sub-

sequently tested for nutritional requirements. A slight



modification was used, which consisted of the following:
ordinarily the ascospores are collected on plates of mlnimal
medium, germinated by heat treatment, and the poorly-growing
cultures selected visually. This results in the isolation
of mutants with a wide varlety of nutrlitional requirements,
_bnly 2 small proportion of which can be expected to have
iesions in the synthesis of aromatlc compounds., To elimi-
nate selection of some of these "undesired" mutants, the
spores were germinated on a "complete” agar medium which had
previously been bolled with generous amounts of Norite A to
remove aromatic compounds. This medium was then "minimal”
with respect to aromatic amino acids, hut "complete™ with
respect to a number'of\other compounds.,

(2) A modification of the technique of Woodward et al.
(54,55) was used. This technique conslsts of suspending
irradiated conidia in minlimal medium, incubating, and filter-
ing at intervals for a number of days through sﬁerile cheese-
cloth. Wild-type conidia germinate and put out long hvphae
which become tangled 1n the cheesecloth; but those conidia
which, because of a nutritional requirement are unable to
grow, pass through and become relatively enriched in the
filtrate, After four days of this procedure, the filtrate
contalns only nutritionally mutant conldia and slow-growing
"nutritionally wild-type" conidia. AS thié point the flltrate
1s plated on medium supplemented with the nutrients for which

mutants are desired. This medium contalns sorhose to induce



colonial growth (56),.

As macroconidia are known to be multinucleate, 1t is
clear that, in this procedure, 1t is necessary tc irradlate
the conidia heavily enough so that a proportion of them
will have only one functional nucleus remalnilng.

The reason for using a modification of the published
technigue in thls case was that, at the time of our fiprst
use of this method, 1% had been published only l1la absiract
forn {54). The details as worked out in the present study
turned out to be rather different from those which were later
published (55), and therefore will be described below, The
three experiments that were carried out using thils procedure
differed only 1in small detalls and in scale of operation, so
the second experimen:i (described below) typifies all three
of thnen,

Conidla of wlld-btype 52¢Ta (rom elght slants were sus-
pended in 320 ml. of Fries ninimal medium and filtered
through four layers of cheesecloth to remove blts of nmycelium.
A small sample was removed for plate counts and will be called
0! irradiated sample. The remainder of The conidlal suspeh-
sion was divided between four sterile beakers (250 ml.).
These were irradiated 3', ', ¢!, and 15! with agitation at
a distance of about 10 cm. from an Americanalre Sterilamp.
Small samples were then removed from each heaker for serial
dilutions and plate counts. All plating was done on the

sorvose medium described by Tatum et al., (56). Counts showed



the following concentrations of conidia having at least one

funetional nucleus:

minutes | number of
irradiated conidia/ml, % survival mutants found
6 '
C 3.3(10) (100) -
6 -
3 1.3(10) ho o5
£ Fing 3 5 ]
3 3.5(10) 11 3
9 1.2(10)° 3.6 2
~ - ik '
15 3.2{(10) 1.0 3

Streptomycin and penicillin G were added tc each beaker
to give final concentratlons of 100 ug./ml. and 30 pg./ml.
respectively; this was done to reduce the danger of baéte?ial
conbamination during subsequent manipulaticns."The four
conidial suspensions were incubated four days at 250 in flasks
without agitation. During this time, the suspensions were
tiltered through sterile cheesecloth every twelve hours and
the adhering hyphae discarded, After the last filtration,

1 ml, samples were plated without dilution on medium contain-
ing sorbose and the following: DL-tryptophan, 100 pg./ml.;
DL-phenylalanine, 100 pg./ml.; L-tyrosine, 100 pg./hl.;
p-aminobenzoic acid, 0.5 pg./ml. Piates from each of the

four samples averaged about two colonles per plaﬁe. From
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these plates, 120 colonies were picked up and grown in tubes
of Tries nmedium supplenented as above. The resulting cul-
ures were tested Tor growth on Pries minimal medium as com-
pared with the above supplemented medium. Thirteen of them
did not grow on the minimal medium, and were classified as
éromﬂtic»requi?ing mutants.

The last search for mutants differed from the one de-
scribed above in the following detalls:

(A) Strain C-102A, which is indistinguishable from wild
type at 250, but grows colonially at 35°, was used. Plating

wag therefore done on a non-gorbose containing medium and

2

the plates incubated at 350.

It

(B) Mutants with nutritional requlrements other than
the aromatic compounds were selected for use by other workers.
Accordingly, the plates were supplemented not only with the
‘four cbmpounds used in previocus searches, hut also witﬁ DL.-
1ysina,,diamimopimelic acid, riboflavin, <X -l1lipoic acid,
guanosine, pyridoxine, and fructeosylaspartic acid,

(c) of 580 cultures obtained from this experiment, 106

were clearcut nutritional mutants.
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SUMMARY OF MUTANTS FOUND IN THESE STUDIES

_Experiment # Selection technique Number of mutants found
1 (1) 3
2 (2) u.
3 (2) 13
L (2) 106

Total: 126



CLASSIFICATION OF THE MUTAHNTS

(Pooled data from the four experiments)

&

Nutritlional requirement Hunber of mutants found

sryptophan 20
rhenylalanine 2
%y?asine 4
p~aminobenzoic acid 1
multiple aromatic 26
“C-86 class" (see p.G8 ) 1
iysine 3G
riboflavin 1"
guanosine 2
pyridoxine 1
x~1lipoiec acid 0
fructosyl aspartic acid 0
+

Total: 105

® . . ‘ .

The sole rivoflavin mubtant was found as a double mutant
in combination with a multiple arcmatle-reguiring mutant,
{See p. bog ).

"Tuenty-one straing have been found which will grow a
trace on one or a combinatlion of the above supplements, butb
will not grow at all on minimal medium. To date, these
mutants have not been successfully classifled.
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Use of Crassin, a Funglclidal Antibletic, for
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Mutants of iHeurospora crassa

A substance designated as "erassin” was found by Dr.
H, £, Mltchell as a fungicidal secretlon of a Bacillus, and

138 been purlfied to a powder of high potency. AU hils sup-

Fopd

gestion, we undertook to develop a technlque for isolation
oi’ Neurospora nmutants analogous to the technique which em-~
ploys penleillin for the selectlon of bhacterial nmutants {57).
Conidia of the tewmperature colonial mutant C-102 were
suspended in Fries mlnimal medium, filtered throuch zlass
woel to remove bits of mycelium, and irradiated as pre-
viously deserlbed., The conidia were washed by centrifura-
tion and resuspenslon in fresh medium in order to remove
prowith factors which might have been leached oub of the
killed conidia. Crassin was added to give a concentration
o 200 pg./ﬁl. The suspension was incubated with agitatlon
and samplesg withdrawn at lunicrvals, subjected to serial
dilutions, and plated on a "complete” wedlum., Coloniles
which grew from surviving conidia were picked up and mroun
in tubes. The resuliing cultures were tested on minimal am&

on "complete"” media. Counts of the colonies indicafted the

]

rollowing decrease in titer of viahle conidia as a result

of incubation with crassin.
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Minutes incubation

with crassin Viable conidia/ml, % survival
. 6
0 3.1(10) {(100)
5 u.o(la)ﬁ 130
15 3.5(10)6 110
30 2.0(10)6 65
6
50 1.6(10) 50
, ‘ 5 o
80 6.5(10) 20
120 3.5(10)3 0.1
160 1.2(10)3 5., 0l
200 1.2(10)° 0. 00k
. 1
240 4, (10) 0,001

Pooled results frém a number of eXperiments indicated
that avout 3% of the conidia surviving crassin treatment were
nutritional mutants. This is probably significantly higher
than could be found in the absence of selection, bubt is not
high enough to recommend 1t as an alternate to the methods
previously discussed.

Varying the concentration of crassin, the physiclogical
age of the conidia used in the work, and the conditions of
incubation did not seem to improve the yleld of mutants,

The mutants obtalned during these experiments were dis-

carded,
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Genetic Studies of the New Mutants

An exanmination bf the genetic behavior of the new mutants
was desgirable for the fglléwiag reasons:

(1) In order to demonstrate a itrue metabolic relation-
ship between the aromatic amino acids and the vitamin p-
aminobenzoic acid in Neurospora, 1t seemed lmportant to show
whenever possible that an ohserved biochemical lesion was
thé result of a single gene alteration from wild %type. Even
in cases where only cné requirement was observed, evidence of
thls sort was considered to be of val&é.

(2) Evidence for the allelism of various stralins could
eliminate considerable duplication of work in subseguent
viochemical studies.

(3) The work of Mitchell and Houlahan (58) showed that
double mutants may fregquently be used to estavlish the order
of a serles of mubant genes in a biosynthetlc pathway. In
the present study, this was the most useful method available,
since the multiple aromatic mutants in Neurospora do not
appeayr to cross-feed,

(4) In some cases, double and triple mutants might
he‘expected to secrete gqualltatlvely or quantitatively dif-
ferent substances than are found in any of the component
gtrains,

Because of the rather large number of mutants imvaivedg
it waé necessary to limlt genetic studies to those which

seemed most likely te gilve useful biochemical data.



All ecrosses were made on slants of Westerzagard-Miteohel

>l 50) “””Llemez ed with DL-tryptophan (107 y

(}

s
B

DL»@heﬁylalanine (100 pg./ml.), L-tyrosine (100 pz. /ml, 1, and
p-aminobenzoic acid (0.5 pg./hl.). The crosses were lncubated
untll ripe, and ascil were dissected and germinated Ly heat
treatment on plates of minimal agar (60). In almost all
caﬁe&} the germinated mutant spores could easily be distin-
guished from the wild types by the length of the hyphae after
twelve hours!' growth. This will be called "the visual ori-

terion,”
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CROSSES OF THE NEW MUTANTS TO WILD TYPE OF THE OPPOSITE MATING
TYPE: EVIDENCE THAT THE OBSERVED NUTRITIONAL REQUIREMENTS
OF VARIOUS STRAINS ARE DUE TO A SINGLE GENE ALTERATION
FROM WILD TYPE

Strains Number of Number of
{(grouped as asci contain- asci show-
probatle Total ing more than ing 2nd
alleles number two mutant division
See p. 52 ) of asci spore nalrs segrecation comment
13-II-1A 24 0 5
13-I1-2a 27 C 6
76R9A > 0 1 Fertility
low
6D6a 14 0 1
C-I¥-3a T 0 0 See p. 47
15-1¥-1a 1 o 1 See p. 48
Lia ¢ 0 3
13~-IT-3a 10 0 5 See p, 48

3-I¥V-3a 26 0 20

N
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w
o
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Evidence that the Observed Nubtritlonal Requlrements
£.I¥~3a are Due to a Single Gene Altewﬂtlen from Wild
Type

Strain 6-I¥-3a was classified as a multiple-regquiring
afoéauic mutant, and was found to accumulate protocatechulce
acid. It was erossed to 5256A, The visual criterion for
spores was tested by classifying twenty random fCﬁwiﬂwbeﬂ

&
gpores on plates; these spores were then lsolated, Q?Gdﬂ on
slants, and tested on liguid media to detlermine the nutri-
tional requirements. In each case, the visual criterion was
confirmed.

Fertility was low, and only nine ascl showed the reguired
amount of germlnatlon., O0f these, seven were visually classi-
fled as compatible with the internvetation that a Sﬂ'gi cene

2

alseration was responsitle for the obhsgerved Pequi?emenﬁe.

a

wo ascl appeared o contain three mutant spore palrs and

3

cne wild type spore pailr, suggesﬁing that two genes were
segregating.,

Each spore from the latter two ascl was transferred to
a slant of supplemented Fries agar. It was found that in

P

each oi

these asci, a palr of "mubant” spores failed to grow.
Therefore 1t cannot be said that there is any evidence that
two mutant genes are involved., A possible oxpla@a icn 1s
that in each of these asci a wild-type spore palr started to

cerminate before heat treatment, and that these apores were

=

shien killed by the treatment that was intended to induce theilr
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Bterile” Mutants 13-TI-3a and 15-I¥-lia

Crosses of these two mutants to wild type of the Lamgasite
mating type were ccmpleﬁeiy sterlle., Attempts to overcome
this by using very rich media, and by making crosse s using
the mutant strailns as protoperithecial or as conildial parent

were llkewise unsuccessful., 13-II-3a requires phamW1a lanine,

and is the only strain not foun& to use phenylpyruvie acid
as a substitute. 15-I¥-la was found to resemble C-86 (8) in

its growth requlrenents,

When conildia of these two strains were cent “ifafed Lo~

cether and incubated a wild-type heterccaryon was formed,
his hebtercecaryon crosgsed reasonably well with B25CA.
usable ascl were obtained, and all spores from each ascus
picked up and cultured. Each spore culture was tested on
three liguid media: (1) minimal; {(2) minimal + nicotinamide;
(3) minimal + aromatlc supplement. 13-II-3 will zcvow only
on the aromatic supplement; 15-I¥-1 will grow on aromatic
supplement or on nicotinamide; wild Type will grow on all
three media.

Y

the ascl were Tound

ety

)
&

On the bvasis of these tests, ten of
©o segregate for the 13-I1-3 gene, and one for the 15-TU-1
gene, OFf the ten ascl in the former class, five showed

segregation of the gene 1n the second division. The sole
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than two mutant spore palrs,
Reisolates of fthese mutants were only slightly fertile
with wild type.
Proof that the Obmerved MNutrlticnal Hegulremen
of TEA are Due to the Action of Two 0% More Qage
Alterations from Wild Type :
This mutant requires the usual four aromatic compounds,
and, in addition, the aromatic vitamin rivoflavin, At [first

i% was believed that study of this strain would a monatrate
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The strain was crossed Lo 5247a, Fertllity was noderate,
but the ascus walls deterlorated in all cases belore the
spores ripened. Thefefore it was necessary to plate randonm
sQG?es and make spore countis,

Germination was good under these conditions., Of 406
spores which were observed, 311 were seen to be nutant, and
08 to pe wild type. If two unlinked genes are segregating;
the expected ratio is 3/1. Assuming this ratic, the standard
error is 0.0215, The actual deviaticn 1s 0.0150, or 0.7
times the standard error. This deviation or more would be
expected in about 50% of all cases examined. It i1s clear

chat the probabllity of one gene differvence glving rise to
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this ratio of mutant ¢o wild-type progeny is vanishingly

Random spore cultures were made, and the two nubant
omponents examined, Cultuves requiring only ribaflaviﬂ
were giveﬁ to other workers. Relsolates which required the
three aromatic amino acilds plus p-aminobenzolc acid were
saved for fature study.

“

The above data exemplify the ilmportance of zenetic

analysis of mutants which are to be used in b&QCQQEiqu

Ed

studles, On structural grounds, it 1is tempting to assume

that the aromatlic rings of ribeflavin and of the other com-

pounds under discussion are formed by & common pathway. In

the abgence of genetic analysis, isolation of a mutant re-

[0

all five of these compounds would have been taken as

s
guiring

&

Lo T, &

very strong evidence of their common origin. Clearly, this

conclusion would have been unwarran tcw

Exanivation of the Mutant Strains for Allelism

In a number of cases, two or more mutant strainsg were

found to exhibit the same nutritional reguirements and Lo

e

ot

accunulate the same compounds. Some of these were tes
for allelism (See p. 52

The test consiste& of crossing the strains in gquestion
as previously described, allowing the cross to ripen, and
ccllecting random spores on plates of minimal agar. The

spores were induced to germinate, and alter twelve hours!?
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growth were examined., The presence or absence of
recombinants was determined visually., In crosses

no obvious wild-type spores, 1t was the custom to

setween Tten and forty spores showing the least st

and to test the resulting
ments on liquid media. In no case was any

a result

5]
143/

of the latter procedure,

It must be stated that an absolute proof of

£

two strains is impossible.

a certain probability that any ;

a wild-type recombinant., I{
this probablllity vecomes smaller.
hetween two genes, the probabllity of ﬁ@u@@biﬂ
inerecases with the number of spores examilned,

probability never reaches 1.

PR I 3
unted

cultures for bilochemical

given spore examined

the genes are closely

O even if the genes ar

the alle

11

non-alie

He:ﬂve,, 14

@ unitil

and an extremely large number of spores are examined,

Failure of two stralins to

]

cannot be used asg evidence for allelism, as it is

kenown

P
hyp

Ao whm § G

9, -
nae,

require-

wild type found

lism

If they are non—élleliej there

will

’33-,.@(“'

For any giveﬁ map distance

lism
;

nis

nked

form a wild-type heterccaryon

(61)

that many pairs of strains which are obviously non-allelic

fail to form a wild-type heteroccaryon,



CROSSES

BETWEEN STRAINS

WHICH

AT 3 £
Humer oI

random spores

Humber of
wild-type

WERE SUSPECTED OF DEING ALLELES

Streins crossed observed spores Comment

TOR3a x 13-II-1A - - Steriie.

TERMA x 13-TI-2a - - K

TORUA x 15-I¥-3a - - "

13-I12-1A x 13-II-2a - - Sterile. Relgolates
likewlise sterile.

13-II-1A x 15-I¥-3a - - Sterile,

C-120A % 6Db6a 406 0 Provably alleles

6064 x 6-I¥-3a - - Sterile. Reisolates
likewise sterile.

C-86A x 15-IV-la - - Sterile,

x 1548

= % iE w5
Praobab 1;;

allelesn,

3-I¥-3a

x 734

ailelesn,

3-I¥-3a x T4A 345 O Probanliy alleles.
P5R2a x 654 1527 0 Probally alleles,

¥
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Proof a£ Hon-allelism of 13-IZ-1A and 6D6a: Isolats

of the Double Mutan:t

Protoperithecia of 6DEa were fertilized with conidia of
13-II-14., Three asci gave good germination., One of these

wag seen by the visual criterion to contain four mutant

*S

Bmores and foux wild-type spores, The mutant spores woul

{4

11 be expected to be the double mutant 13-II-1/6D6. The
phenotypes of these eight cultures were confirmed by test-
ing on liguid medisa.

One of the presumptive double mutant cultures ﬁas
exanined genetically to remove all doubt about its constitu-
tion, It was crossed to wild-type 52564 and asci dissected,
Seven ascil showed two mutant and two wild-type spore pailrs,
and three asci showed three mutant and one wild-type spore
palr. The phenotyplc congtitution of one of the latter class
of asci was confirmed by tests on liquid media. Thereflore 1%
iz clear that the presumed double mutant is inée a double
nutant,

Proof of Neon-allelism of 15-I¥-3a and C- 1204, Isclatilon

of the Double Mutant

Protoperithecia of 15-I¥-3a were fertiliéeﬁ with conidia
of C-120A. Of the eight asci which showed satisfactory germi-

1

The three mutant spore pairs of one of these ascl were

studied by crossing to wild type. One did not appear 4o bve

fertile. Of the other two, one yielded asclil contalnlng mor

5

a

two mutant spore pairs., These phenotypes were confirmed by

kS



tests in liguid medium. Clearly this is the doulls muiant,
The remaining cult

a remaining cul
of asecl {rom this

in 2ll spore nalrs.

Proof of the Non-allelism of 44R3a and 52128

Isoclation of the Double Mutant

These two phenylalanine-requirlnz strains were crossed
and ascl dissected. Six asci contained encugh germinated
spores to be usable, 0Of these, one ascus was seen to con-
tain two mutant spore palrs and two wild—typé gpore pailr
The spores {rom this latter ascus were picked up, and the
resulting cultures tested for nutritional requiremenis on
liguid medla. The phenotypes as revealed by these tests
confirmed the visual classiflication. All the zubaﬂb cul-~
tures from this ascus would be expected to have the double
mutant genotype 44/5212., One of the latter was saved for
further stmdy.

This presumed double muéaﬂt WaS crcsSed to wild-type
5256A. . Ascl were dissected, caused to germinate, and
visually examined, HNHumerous asci could be seém to contain
more than two mutant spore pairs. Spores from one of the
ascl which was classified as containing three mubant snore
pairs and one wild-type spore palr were transflerred to indi-
vidual tubes of supprlemented medla, Thé resulting cultures
wore tested for nutritional reguirements on liquld media,

and the phenotynes confirnm



Isolation of the Double HMubtant GDE/C-86

5DOA and C-36a were crossed by simultaneous inocula-
tion. Ascl werevdissecteé, and the spores germinated on
minimal plates. An ascus which was seen to contain two
mutant and tweo wiid-type spore pairs was picked up.v The
visual criterion was confirmed by appropriate tests,

All of the non-wild -type spores in this ascus would
be expected to be double mutants., To verify this, one of
the presumed double mutants was outcrossed to wild -Cype
B2vfa, Only one complete ascus was obtalned, but it could
e seen to contain four mutant spore palrs. These pheno-
types were confirmed by Tests on liquid media., The pre-
sumed double mutant used in this confirmatory cross will
now be referred to as 6D6/C-86,

Isolation of a Tryptophan tyrosine Double Maﬁaﬂt,

75001/3-1¥-3

Protoperithecia of the tryptophan mutant 75001RI1A were
Tertilized with conidia of the tyrosine mutant 3-I¥-3a.

.

Asci were‘disseéted and germinated., Six were found to con-
tain a wild-type spore palr. Spores from three of these
agci were tested on minimal, nminimal + tryptophan, minimal <+
tyrosine, and minimal + tryptophan + tyrosine media, In
each case, one spore pair was found to be wild type, one re-
guired tryptophan, one required {yrosine, and one regquired

tryptophan plus tyrosine, Cultures of the latter class were

saved for further work,



F.

Isclation of a Phenylalarine-tyrosine Double Mutant,
Bl /3-TU-3

44 and 3-I¥-3a were crossed by slmultaneous inccula-
1

ascus had two mutant spores, two ungerminated spores, and
four wild-type spores., The two mutant spores would be ex-
b ]

pected to be the deslred double mutant., The visual elasasl-

fication was confirmed by btests on liguid media, and the two

.4

mutant spores found to require hoth phenylalanine and tyvro-

e

sine. This presumed double mutant was found to be of mabting

type A,

To confirm the genetic constitution, conidla of this
strain were appliled to protopevithecia of 52C7a. 0O thirty
ascl, twenty-one showed three mubant spore palrs and one

wild 4type spore palr; two ascl showed only mutant spores.
It is clear, then, that the straln is the desired double
mutant,
Isclation of a Phenylalanine-tyrosine Double Mutant,
5012/3-T¥-3 ‘

2124 and 3~-T¥-3a were crossed by simultaneous inocu-
lation. One ascus whiech showed complete germination was
seen to contain a pair of wild -type spores. Each of the
spores was picked up. The eizht cultures were tested in
flasks on the following medla: minimal; minimal + tyrosine,

minimal + phenylalanine, minimal + tyrosine 4+ phenylalanine



wild type, one ¥

LXi g

phenylalanine, and a

2 - £ 3 Low &g o P % o, & ATTE PO R e -
pair regulired both tyrosine and phenylalanine, A cultuz

Isolation of a Tryptophan-phenylalanine Double Mutant,
75001 /48 ; Isolation ﬂ” a i“JStO?h&ﬂ«?ﬂ@f“ alanine-
syrosine Triple Mutant, ?”“ﬁl/ﬂé/B—IE-B

L
WA L

Protoperithecia of Bap were fertilized with conidin
75001 /3-I¥-3R3a. The one ascus which was found to cive

germination in all spore pairs contalned one wild-type spore

2,

(1)
(2) phenylalanine (or tyrosine) + tryptophan
(3)
(4) phenylalanine + tryptophan + tyrosine
Mutant 44 is known %o have a tendency to grow on medium
supplemented with tyrosine, so the ambiguous béhavior of

the Becond spore palr is not too surprising. It is clear

that the absolute regquirement of (3) and (4) for tyrosine is
due to the presence of the 3-I¥-3 gene. Similarly, the
presence of the 75001 zene in (2) and {(4) is indicated by
the absolute requirement for tryptophan. Since (3) will
not grow on phenylalanine, and (1) is wild, a process of
elimination further suggests that the 44 gene is present in
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(2) and (4). However, this remains to he established by
zenetic reisolatlon of strain LI from these cultures.

Isolation of a Tryptophan-phenylalanine Double Mutant,

75001/5212; Isolation of a Tryptophan-phenvialanine-

tyrosine Triple Mutant, 75001/5212/3-I¥-3

75001/3-I¥-3R3a and 5212A were crossed by simultaneous
inoculation, Of five asci showing good germination, one
contained a wild-type spore pair. The ascus was classified
as before on liquid culture. The nutritional requirements
of cultures obtained from the spore palrs were as follows:

(1) tryptophan + phenylalanine

(2) tyrosine

(3} none

(4) tryptophan + phenylalanine + tyrosine

Cultures of (1) and (4) were saved for biochemical

studies,



IV METHODS USED FOR DETECTING ACCUMULATION OF COMPOUNDS BY
THE MUTANT STRAINS

Four methods,were used for detection of accumulaﬁeé com-
paunds'in ﬁhe media and In the mycelia of mutants.
| A, Crossfeedinz behavior was studied in order to de-~
tect accumulated materials possessing blological activity,
Thoge mubants of Neurospora which require the three aromatic
amino écids plus p-aminobenzolc acld provide a coavenilent
rioassay for substances aecumuléteﬁ by mutants which have
lesions later in the blosynthetlc pathway. Activities for
the individual metabolites were detected by use of media
whieh were supplemented with three of the four requlred com-
pounda, The concentrations used were 25 pg,/ﬁl.'far amino
acids, and 0.5 pg./ml. for p-aminobenzoic acld. These media,
from which one of the four compounds had bheen aﬁiﬁ%ed; were
autoclaved., One or two milliliters of the raw culbture f£il-
trate to be tested for the presence of bialogiéally active
materials were pipetted inte each of the hot flasks immedi-
ately after autoclaving. This procedure was found to result
very rarely in contamination of the flasks. t was conslidered
a valuarle compromise between autoclaving, which would destroy
any labile compounds, and sterilization by Seitz filtration,
which is very laboriocus when a large number of samples are

oy

to be assayed, and has the added disadvanitage of causing re-
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moval of certain aromatiec compounds by adsorption, This tech-
nique for sterilization of 1abiie compounds has been discussed
by Haskins (32).

Atter the flasks had been allowed to cool, they were in-
oculated with a drop of a conidial suspension of one of
the mutants which require four aromatlic compounds., Of these
mutants, 13-IX-1A, 13-IX-28, and 6D6a were variously used
as assay organisms with no significant difference in results,
The latter strain responds to lower concentrations of metabo-
lites than do the previous two, and is thérefore capable of
detecting smaller guantities of accumulated materials, How-
ever, the low requirements are accompanied by effects of
inoculum size and therefore result in less reproducibility in
quantitative assays, For this reason, 13-II-%a was more
freguently used in these assays, In a few cases, strain 76A
was used. As has béen noted, this double mutant re@uires
riboflavin in addition to the four compounds ih'question.
Therefore, riboflavin (1.0 z./ml.) was included in all assay
media when this strain was emploved. One other strain, C-86A,
was uged for assays in some cases. As this mutant will grow
on any one of a number of compounds, the material itoc be
assayed wés added 4o hot nminimal medium instead of to partially
supplemented medium.

The agsay strain was allowed to grow for OFf hours at
230, Then the mycelial pads, 1f any, were séueeza& hetwesn

filter paper and dried overnicht at §0~11@9. Weleht of the
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pads could be compared to the weight given by growth in the
presence of known amounts of the metabolite in question, The
reproducibility of these assays indicated that with care an
éacmr&cy of + 10% could be achieved.

Mutant strains of bacteria were also used for the detec-
ﬁiom‘&? biocloglieally active materials in the media of Heurospora
mutants., These sﬁfains were made avallable to this study
%hfaugh the generosity of Dr. Bernard Davis. One styaiﬁ of

L, coll, 156-53M2, will utilize only shikimic acid as a sub-

stitute for all of the required aromatic compounds. Another

traln, 83-1, will use either shikimic acld or 5-dehydro-

o}

shikimic acldé for this purpose.

L mubant of Aerobacter aerorenes, Al70-143-81, which will

use elther of the compounds mentioned above, and will respond
to quinic acid and 5-dehydroguinic acid, was also furniched
by Dr. Davis. The specificities of'theSe mutants alloﬁed
classification of any accumulated materials.

The medium used in these tests was that described by
Davis (62). Minimal medium (5 ml.) in six inch test tubes
was supplemented with 0.5 ml, of the HNeurcspora éulture £il-
trate to be tested. The tubes were pasteurized at ?bo for
fifteen minutes and inocculated with the bacterial test strain.
After 24 hours' incubation at 350, growth was noted by in-
spection, Examination of the growih of the strains with
various concentrations of authentic shikimic acid revealed

that the procedure used would detect 10 pg./ml. of this com-



pound in culture filtrates of Neurospora.

i

. A number of the mutants accunmulate materials which

impart an intense blue fluorescence to the medium., These
materials, many of which are not detected by any of the bilolo-
gical tests described above, are easlily observed on chromato-
srams by inépectioﬂ with a Keese Ultraviolet Lamp (Xf&ﬂi

’}'J M. ).

C. Compounds containing the benzene ring exhivili ab-
sorption maxima in the ultraviolet which are characheristic
of tThe compoumd. In numerous cases, accumilation ol such
compounds i3 larse enouch 8o that even the raw culbure £il-
trates have to be dlluted considerably to permit inspection
in the Beckman Model DU Spectrophotometer,

| The case of "prephenic acid” deserves speclal note.

This compound exhibits only end-ahsorntlion in the uliraviolet
and 1s therefore not detected as suech b thishtechniqué,
However, as has heen previously discussed, it 15 rapidly con-
verted by mild acid treatment Iinto nhenylpyruvice aeid, which
absorbs very strongly at 320 mp. in alkaline solubion. Pre-
nhenic acid was, therefope; detected and qﬁamtiﬁabively
assayed by the foliowing procedure, A gample of the
materlal to he assayed was‘quant'tat ively diluted ao as %o
sontaln 30-300 pz./ml, of "prephenic acid.™ An aliquot

1.0 ml,) was pipetted inte each of two six-inch test tubes.

One of the tubes was stored in a refrigerator. To the other

jard

was added 1IN HC1 (1.0 ml.). e latter tube was ineubated at



[

LA
§

359 for a period of two hours, At the end of this time,
1IN NaOH (8.0 ml.) was added to the tube which had been incu-
hated. Similarly, 1N NaOH (8.2 ml.) and 1N HC1 (1.0 =l.)
were mixed and then added to the tube which had been stored
in the refrigerator., Both tubes were allowed to reach roon
éemperatu?é,'ané were then read at 320 mpa. The difference
hetween the two readings indicated the amount of shenylpyruvice
acid formed by incubation of the "prephenate"” with acld, and
was compared with the absorptlon given by a known amount of
pure phenylpyruvic acid. It was found that longer periods
of incubation did not increase the amount of pheﬂylpyruviﬁ
acid which could be produced from a given sample of prephenlc
acld., |

Aromatic compounds frequently exhirit different absorp-
tion spectra in acid and in basic solvents, Therefore 1t
was considered more informative to examine the spectra of
media and of lsolated compounds under both cenditions, In
adaition, 0.1 M KH,PO, (pH = 3.5) was sometimes used as a
solvent in these studies. |

D. A number of materlals cogld be detected en‘pa?e@
chromatograms by sprayving with various reagents. The reagents
which were found to be most useful for this problem were:

1., PFerric chloride for the detectlion of protocatechulce

acid and phenylpyruvic acid (63).

2., Diagzotized sulfanilic acid for the detection of

~

phenolic compounds (64).
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{Reprinted from the Journal of the American Chemical Society, 76, 4187 (1951).] .
Copyright 1954 by the American Chemical Society and reprinted by permission of the copyright owner.

Detection of Periodate-oxidizable Compounds on
Paper Chromatograms!'

By R. L. METZENBERG AND H. XK. MITCHELL
RECEIVED AFPRIL 5, 1954

Buchanan, Dekker and Long? have reported a
method, based on periodate oxidation, for the detec-
tion of various glycols and nucleosides on chromato-
grams. The procedure outlined below is less spe-
cific, but is simpler and, in our experience, more
sensitive.

Experimental

Preparation of the Chromatogram.—Whatman #1 Filter
Paper was used. In some solvent systems, soluble perio-
date-reacting materials in the paper migrate just behind the
solvent front and interfere with the detection of compounds
of high R; value. This problem can be eliminated by wash-
ing the paper with the solvent to be used before applying
the spots.

Solvent Systems.—Use of phenolic solvents interferes
with the sensitivity of the method, as does use of buffered
solvents.

Detection of Periodate-oxidizable Compounds.—The
chromatogram is dried thoroughly to remove any acid or
base remaining after development. It is then sprayed very
lightly and evenly with aqueous KIO; (0.01 M), air-dried
at room temperature for 810 minutes, and then sprayed
with a solution of 359, saturated sodium tétraborate con-
taining 0.89, KI, 0.99, boric acid and 39, soluble starch,
boiled to bring the starch into solution.

On areas of the chromatogram not having any periodate-
oxidizable substances, periodate reacts with iodide ion to
liberate iodine, which in turn gives a blue color with the
starch; but wherever periodate has been reduced to iodate
ion. iodine is not liberated, and no color is observed. There-
fore, white spots are seen on a blue background.

Optimum contrast is usually observed about 10 minutes
after the second spraying. The spots are not permanent,
but may readily be photographed by interposing the wet
chromatogram between two sheets of glass, placing it over
a sheet of high contrast printing paper, exposing to light,

(1) This work was supported in part by a National Science Founda-
tion Predoctoral Fellowship.

(2) J. G. Buchanan, C. A. Dekker and A. G. Long, J. Chem. Soc.,
3162 (1950).

and developmg the print. This has the added advantages of
increasing the contrast somewhat, and giving dark spots on
a light background.

Discussion.—The specificity seems to be es-
sentially that of the well known periodate reaction.?
Of compounds tested, tartaric acid, xylose, glucose,
sucrose, mannitol, inositol, quinic acid, chlorogenie
acid, shikimic acid, glucuronolactone, ascorbic
acid, serine, threonine, methionine, cystine, trypto-
phan, riboflavin, adenosine, guanosine, inosine,
xanthosine, cytidine, uridine, catechol, phloroglu-
cinol, gallic acid, S-phenylserine, anthranilic acid
and protocatechuic acid show periodate-reducing
power. Very weak reactions were given by histi-
dine, tyrosine, aspartic acid, frans-cinnamic acid,
benzoic acid and o-coumaric acid. Compounds
which gave no detectable reaction were arginine,
ornithine, proline, leucine, isoleucine, lysine, aspar-
agine, glycine, alanine, glutamic acid, Na-acetyl-
kynurenine, phenylalanine, glutathione, chloromy-
cetin, guanine, hypoxanthine, xanthine, cytosine,
uracil, thymine, thymidine, uric acid, mandelic
acid, p-hydroxybenzoic acid and vanillin.

Anthranilic acid, gallic acid, chlorogenic acid
and cystine were observed to give transient yel-
low or orange colors after the periodate reagent.
Malic acid, citric acid and fumaric acid gave dark
spots, probably by exceeding the buffer capacity
of the second reagent and causing iodate to react
with iodide.

Under conditions of op’umum sensitivity, the
method will give a barely detectable spot with 0.25
rg. of inositol, or its equivalent in periodate reduc-
ing power. The limiting factor appears to be the
reaction of the periodate with the paper itself.

(3) E. L. Jackson, “‘Organic Reactions,” Vol. 2, John Wiley and
Sons, Inc., New York, N. Y., 1944, p. 341.

KERCKHOFF LABORATORIES OF BroLocy
CALIFORNIA INSTITUTE OF TECHNOLOGY
PasApENA, CALIFORNIA



56~

V ISOLATION AND IDENTIFICATION OF ACCUMULATED SUBSTANCES

A. Isolation and identification of protocatechuic
acid (3,4 dihydroxybenzoic acid) from culture

filtrates of strain 6DGa.

The ultraviolet absorption spectrum of medium in which
this mutant had grown showed strong peaks at 255 mp. and
200 mp, and the medium gave a strong green color when
treated with ferric chloride. Accumulation of this material
was found to be poor in carboys grown under forced aeration.
Therefore, 1100 Erlenmeyer flasks (125 ml.) were charged with
20 ﬁl. each of‘Fries medium contalning DL-tryptophan, DL~
phenylalanine, and L-tyrosine, each at a concentration of
5 pg./ml., and p-aminobenzoic acid at a concentration of
0,1 pg./ml. The flasks were autoclaved and inoculated.

After five days' growth, the culture flltrates were
pooled and agitated with Norite A (21 g.), which completely
removed the characteristic ultraviolet absorption peaks,
The material was eluted in a yield of about 40% by boiling
for ten minutes with 95% ethanol under nitrogén. The etha-
nolic eluate was evaporated in vacuo. The reslidue was taken
up in a little water, and this solution was extracted with
petroleum ether, Evaporation.of the petroleum ether gave

wnite crystals.



The crystalline material was sublined onto 8 dry ice
"cold finger" in vacuo. Repetition of thls gave a product
which was pure enough for chemlcal investigation,

The material failed to react with 2,4-dinitrophenyl-
nydrazine, and was Jjudged not to contalin a carbonyl group.
The Zeisl alkoxyl test was negative. The material reduced
periodate rapldly. 1t was found not to contain nitrogen,

Blementary analysls of the material gave the following re-

&
sglts.
Found Calculated for protocatechulc acid
C = 54,86% C = 54,55%
H= 4,329 H= 3.02%

The ultraviolet absorption spectrum of this material in
C.1 M KH2P04 was found to be identlcal with that of an authen-
tie samplé of protocatechuic acid. Chromatographlc comparison
of theze in three solvent systems and detection‘by‘the ferrie
chleride reagent and by diazotized sulfanilic acid revealed
no differences, |

A sample of the isolated material was recrystallized

from vater.

L]
The author 1s indebted to Mr., G. A. Swinehart of the

California Institute of Technolosy for this analysis.
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Melting polnt of 1isolated material: 201-202° (uncorr.)

Melting point of authentic protocate-

)
chuic acid: 201-202" (uncorr.)
o
Mixed melting poilnt: 201-202° {(uncorr.)
, )
Melting point glven in literature: 200-201

To obtaln further evidence as to the identity of this
compound, a sample was treated with ethereal dlazomethane.
The reaction mixture was kept in an lcebath for thirﬁy minutes,
then was maintained at‘SSO for ten hours. The ether and ex-
cess dlazomethane were evaporated, To the oily residue, 1N
NaOH was added, and the mixture maintailned at 35° over a’
period of two days to hydrolyze the ester. At the end of
~ this time, 1t was heated to 80°, cooled, and acldified with |
HCl. A white precipitate came out of solution. This was
purified by sublimation and recrystallization from aqueous
dioxane, and was presumed tc be veratric acid (3,4-dimethoxy-
benzoic acid). |

For purposes of comparison, veratric acld was syntheslzed
by methylation of vanillin with ethereal diazomethane, as
described above, and oxidation of the reactlon product with
alkaline hypobromite as described by Kostaneckl et al. (68).
Unreacted veratraldehyde was removed by extraction with éther,
and the aqueous phase was acldified. The crystals which
formed were recrystallized from agueous dioxane with a little

Norite A,
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Melting polnt of isolated material after

methylation and hydrolysis: 180° (corr. )
Melting point of synﬁhetic veratric acid:  179° (corr.)
Mixed melting point: 180° (corr,)
Melting point given in literature: 180-181°

On the basis of the above evidence, 1t seems clear that
the material isolated from culture filltrates of 6D6a is proto-

catechule acid.

B. Evidence that culture filtrates of strain 6D6/C-36
contain shikimic acid.

Flasks were charged with Fries medlum supplemented with
DL-tryptophan (25 pg./ml.), DL-phenylalanine (25 pg./ml.),
L-tyrosine (25 pg./ml.), and p-aminobenzolc aéid (0.5 pg./ml. ).
The flasks were inoculated with 6D6/C-86 and aliéwsé to grow

.0
at 25

for five days. The mycella were removed, and culture
rfiltrate (50 ml.) was evaporated in vacuo to dryness and re-
dissolved in water (5.0 ml.). Methanol (50 ml.) was added,
and the precipitate of inorganle salts removed by centrifuga-
tion. The supernatant lliquid was evaporated and the residue
was redissolved in water (1.0 ml.).

This extract was chromatographically compared with an
authentic sample of shiltimic acid. The chromatograms were
cut horizontally into ten equal sections. Each section was
eluted with 2.0 ml. of the medium described by Davis {62),

and supplemented with DL-phenylalanine (25 pg./ml.) and



L-tyrosine (25 pg./ml.) to increase the sensitivity of the

o s o
assay. The tubes were pasteurized at 70 for fifteen

minutes and inoculated with Aerobacter aerogenes Al170-143-81.
The tubes were incubated for one day at 35° and examined for
growth, 2By use of this technique, 1%t was found that the main
body of aétive material accumulated by 6D6/C-86 is chromato-
graphically ldentical with shilltimic acid 1in four solvent sys-
tems, In one of these systems, which consisted of three
parts L-butanol and one part 1N acetic acid, a small amount
of active material was observed (RF ca. 0.15) to he widely
separated from the main body of active material, which cor-
responds to shikimle acid (Rp ca. 0.50). This minor com-
ponent was also clearly separated from 5-dehydroshikimic

acid (RF ca. 0,05). The preparation of concentrates contain-

ing the latter 1is described below.

C. Evidence that culture filtrates of 75001/44/3-T¥-3

contain 5-dehydroshikimic acid.

A culture filtrate of this mutant was Obtéined from the
carboy from whlch protocatechulc aclid was isolated (see p.71 ).
A sample of this filltrate was prepared for chromatography as
described for filtrates of strain 6D6/C-86,

For purposes of comparison, a concentrate containing
5-dehydroshikimic acld was prepared from culture filtrates
of E. goll strain 83-2, which i1s known to accumlate the

latter compound, This strain was generously furnished by
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Dr. Bernard D. Davie, Erlenmeyer flaské (125 ml.) were
charced with 40 ml, of the medium recommended by Salamon
and Davie (11)., The flasks were inoculated with strain
83-2 and incubated at 35° with gentle'agitation for fwc
‘daya. The cells were removed by centrifugation, and the
supernatant medium prepared for chromatography in the same
manner as wefe the other samples. Chromatographlc compari-
son of culture filtrates of 75001/44/3-I¥-3 and of 83-2 in
four solvent systems, and detection of the active material
on chromatograms as previously described, revealed no dif-
ferences in mobility. These activities were wildely separated
from shikimic acid in three of the four solvent systems chosen.
As will be pointed out on p.10¢, culture filtrates of
5001 /44 /3-1¥-3 contain material which is nutritionally ldenti-
cal with 5-dehydroshikimic acid. Evidence 1s presented above
‘that the material 1s also chromatographically identical with

S—dehydroshikimic acid in four solvent systems.

D. Isolation and ldentification of protocatechuie
acid from culture filtrates of 75001/44/3-IV-3.

The straln was grown in fifteen liters of Westergaard-
Mitchell medium (5%) containing 25 pg./ml. each of DL-
tryptophan, DL-phenylalanine, and L-tyroslne. After 3% days
of forced aeration, growth appeared to have ceased. The
carboy was re-supplemented to the above levels with sterile
amino aclds, and growth resumed for 1% days.

At the end of this time, the mycellum was filltered off,
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and the ultraviolet absorption spectrum of the culture fil-
trate was examined in 0.1 N HC1l, C.1 N NaOH, and C.1 ¥
KHQPOM. In all three cases, the spectrum could bhe seen to
bear a close resemblance to that of protocatechulc acid.
The culture flltrate also reacted with ferric chlorilde to
give a brilliant blue-green color,

The flltrate was agltated with Norite A (45 g.) for
several hours., Exanination of the ultraviclet absorption
spectrum at the end of this time revealed that all of the
material in guestion had Leen adsorbed.

The Norite A was reccovered by filtratlon and washed
thoroughly with water. About‘oneethird of 1t was extracted
with methyl formate in a Soxhlet extractor for slx hours.

ihaen the ester was evaporated, crystals were deposited.
These were recrystallizgd twice from dilute acetic acid with

a little HMNorite A to remove colored impurities,

Melting point of the 1solated

o
material: 1¢a7 {uncorr. )

Melting point of authentic o
protocatechuic acid: 200" (uncorr. )

Mixed melting point: 200° (uncorr. )

Chromatographlc comparison of the isolated material with
authentic protocatechuic acid in three solvent systems and
detection by the ferric chlorlde reagent revealed no differ-

ences in behavior.
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E. Isclation and identification of vanilllc acid from

culture filtrates of 75001/44/3-1¥-3,

Mother liquors from isolation and recrystallization of
protocatechuic acid were examined chromatographically for
presence of other compounds. In basic solvent systems, two
compounds could be seen to migrate more rapidly than proto-
catechulc acld. The compounds could be detected on paper
chromatograms by ultraviolet absorption and by diazotized
sulfanilic acid. The material of intermedlate mobLllity
gave an orange color with the latter reagent, whereas that
of greatest mobllity gave a red color.

The compound which gave an orange color with diazo%ized
sulfanilic acid was isolated by preparative paper chvomatof
graphy using Sleicher and Schuell #470 paper. The solvent
system.used conslsted of three parts t-butanol and bne part
1M NHQOH. Guide strips were cut and the position of the
desired materlal determined by spraying with dlazotlzed
sulfanilic acid., The remainder of the material was eluted
and the eluate evaporated to drynesa, The material was
further purifled by vacuum sublimation in a temperature
gradient tube. The properties of the compound did not
appear to be changed by this treatment.

The resulting gumy crystals were recrystallized six
times from dilute t-butanol and once from ligroin-propanol,

The neutralizatlon equivalent was found to be 172. The



specbrum was ldentical witih that of protocatechuic acid in
acidlce solution, but sharply different in Laslc sclution,

It was postulated that the material was vanillic acid
(3-methoxy - U-hydroxybenzoic acid), The neutralization
equivalent of vanillic acid is 168, in reasonably [ood arree-
ment with that obaervéd.

Vanillic acid was synthesized by the method recormended
by Pearl (6¢). The synthetic material was recrystallized in
the same manner as was the isoclated material.

The unknown material was found to migrate ldentically
with the synthetlc vanillic acid in five solvent systems.
The color reaction with diazotized sulfanililc acld was the
same, The spectra of vanllllic acld in acid and in base were
found to be identlcal with those of the isclated material.

Melting polnt of the i1soclated

naterial: 2050 (uncorr. )

Melting polnt of synthetic vanillile

acid: 2687 (uncorr.)
Mixed melting point: 207° (uncors.)
X .0
Melting polnt given in llterature: 207

It seems clear that the isolated materlal is vanillic
acid, The amount of vanillic acild present in the raw medium
is not easy to estimate due to losses during isolation, but
it is conslderably less than the amount of protocatechulc

acld,



T, Evidence that culsure ffiltratves of strain

75001 /8L /3-T¥-3 contain p-hrdroxypnenylacetic acid.
A Ps

It was noted on p.73 that, in additlon to protocate-
chulc acid and vanillic acid, a third compound could he
ohserved in mothef liquors from the isolation of profocate-
chuic acid. This material, which gave a red color with
diazotized sulfanilic acld, was isolated from chromabograns
in the same manner as was vanillic acid. The material was
further purlfied by chromatosravhy in a second solvent sys-
tem, |

The ultraviolet absorption spectrum of thils material
resembled that of authentlc p-hydroxyphenylacetlc acid very
closely., Chromatographlc compafison of the isolated mabverial
with the synthetic material in {ive solvent systems revealed
ne differences in mobility nor in color reactlon with diazo-
tized sulfanlilic acild. The amcunt of material isoclated was
toc small to permlt chenical Investigation, but it seems
clear that it 1s truly thydroxyphehylacetic acid. Evidence
will be presented on p. 110that this material is probanly 2
catabolite of the added tyrosine, and dces not represent an

accunulation of material behind a genetlc bloclk.

G. Isolation and ldentification of phenylpyruviec acid

from culture flltrates of strain 3-IN-3a.

The medium of this mutant was found to have phenylalanine-

replacing activity and tryptophan-replacing activity oy mu-



tants which required the four aromatic compounds under study.
Evidence will be presented below that the former actlvity is
due completely or in part to the presence of phenylpyruvie
acid in the culture {iltrates.
7 The strain‘was grown in a carhoy contalning fifteen

liters of Fries medium of half the usual concentration,
. supplemented with L-tyrosine (5 pg./ml.). After 108 hours!
gfowﬁh under forced aeratipn, the mycelium was {iltered off
and discarded. The culture filtrate was agitated for three
hours with Norite A (15 g.). The Norite A was filtered off
and extracted for four hours in a Soxhlet extractor with
methyl formate in an atmosphere of niltrogen. Evaporation
of the ester ylelded a crop of yellow crystals which gmave
a blue-green color when treated with ferric chloride. The
materlal was purified by sublimation followed by feérystal»
lization from dilute acetic acid and from carbon tetra-
chloride. |

A neutralization equivalent on a small sample gave a
value of about 175, Calculated for phenylpyruﬁic acid: 164,
The small amounts of material avalilable demanded ﬁhat the
titration be run on a semimicro scale, so that these values
are regarded as being within experimental error,

The ﬁaterial dld not contain nitrogen. Analysis for

*
carvon and hydrogen showed the following results,

o

*The avthor wishes to express his gratitude to Mr., G. A.
Swinehart for this analysis.
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Found Calculated for vhenylpyruviec acld

C = 65,80% C = 67,057
H= 5,01% H = UL, obg

For purposes of comparison, vhenylpyruvic aci@ was syn;
thesized by the method of Dakin (70).

vChromatography of'synthetic phenylpyruvic acid and of
the isolated material in five solvents and detectiOn-by
- spraying with\lﬁ FeCl3 revealed no differences.
| The isolated material relieved the phenylalanine re-
guirement of 6Dfa, as did synthetic phenylpyruvic acid.

Helting points were determined on a melting point block,

and both the synthetic material and the 1solated material

showed a very wide variatlon depending on rate of heatinc.

wWwhen the rate of heating was 1O/minute, the foilow;ag melting
points were obtained:

HMelting polnt of isolated o

" material: 129 with decomposition
Melting peint of synthetilc o
phenylpyruviec acid: 1277 with decomposition
o o
Mixed melting point: 127 with decomposition

Zy faster heating, much higher melting points could he ob-
tained, but in no case di1d the mixad melting point show any
depression. Values given in the literature are considerably
higher, but show a wide spread.

Early determlnations of the ultraviolet absorpiion

spectra in 0.1 M KH_PO, revealed a serious discrepancy be-
2 U , g
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Y

tween the isolated material and synthetic phenylpyruviec acid.
Later 1t came to the attention of the author that the spec-
trum of phenylpyruvic acld in acld solution and at neutrality
is éemsitive to time as well as to pH (13, 71), nut that the
spectruﬁ in alkall develops immediately and is sta@le: Since
then, the a?parent discrepaﬁcy in absorptlion spectra has

heen resolved in favor of their ldentity.

i, Evidence that culture filtrates of strain 3-I¥-3a

contain anthranllic acid.

As has already been mentioned, these culture filtrates
A contaln tryptophan-replacing activity. They are, in additlon,
highly fluorescent. Chromatozraphy revealed that this Tlubdr-
egcence 1s due to at least fcur_compounds, of whieh only a
minor amount 1s contributed by anthranilic acid, _

During the isolation of phenylpyruVic acid from medium
of this ﬁutant, a few crystals could be seen to‘separate dur -
>ing evaporation of the methyl formate eluate bvefore the
relatively massive preclplitate of phenylpyruvié acid formed,
These crystals were mechanically separated and wasﬁed'quickly
with ethanol, which dissolved the adhering Syrup much faster
than it did the crystals. |

The amount of crystalline material isolated was so small
that 1t could be studied only chromatographically,

Chromatographié comparison with authentic anthranilic
acid in four solvents revealed no differences except for a

slight fluorescent impurity in the isoclated material.



I, Isolation and identificatlon of anthranilic acid
from culture rfiltrates of the double mutant

5212/3-IV-3

Crossfeeding experiments revealed that this straln accu-
mulates materials which replace tryptophan and phenylaianine.
The culture filltrates could be seen to be intensely fluorescent.
Chromatograrhy revealed that, as with 3-I¥-3a, a humber of
compounds contribute to this fluorescence.

T™wo carboys, each containing fifteen liters of Fries
salts at half the usual concentration, sucrose (15 g./liter),
DL-phenylalanine (25 pg./ml.) and L-tyrosine (25 pg./ml.)
were 1inoculated with this strain and grown six days under
forced aeration,

The culture filtrate was stirred with Norite A (€0 r.).
This was then recovered by filtration aﬁd eluted by-stirrimg
with 10% aqueous aniline at room temperature for two hours.
The pH of the eluate was adjusted to 8.5, and the eluate ex-
tracted several times with ether to remove the aniline. The
agqueous layer was evaporated in vacuo to a dark glassy residue.

This material was dissolved in water, made slightiy alka -
line wilth NHaOH, and poured into the top of a>column of well-
washed Dowex-1l in the chloride form. The column was eluted
with water, then with 4M NaCl. Sixty-three fractions of 100
drops each were collected,

The fractions so obtained were assayed for phenylalanine



and trvptophan-replacing activitles by use of strain 13-II-Pa.
An allquot of 0.1 ml, from each fraction was pipetted into
each assay [lask,

Almost all of the phenylalanine-replacing activity was
found inlfractions 3 and 4 of the sodium chloride eluate.
Tryptophaﬁ~feplacing activity began to appear in fraction 14,
reached a maximum in fraction 16, and trailed slowly, reaching
zero in fraction 33.

Fractions 14-32, containing all of the tryptophan-replac-
ing material, were pooled, acldified, and extfacted with ether,
The ethereal extract was evaporated. The reddish resldue was
sublimed in vacuo onto a "cold finger." The white crystalllre
sublimate was highly fluorescent.

A small sample was resublimed in a temperature gradient
tube in vacuo. The band of crystals was scraped out of the

tube and melting points determined:

Melting polnt of isoclated

material: 1&30 (uncorr, )
Melting point of authentic o |

anthranilic acid: 145~ (uncorr.)
Mixed melting point: 144° (uncorr.)
Meltling peolnt gilven in o

literature: 145

The ultraviolet absorption spectrum df the 1isolated
material was almost identical with that of authentic anthrani-
lic acid when compared in 0,1 N HC1l, 0.1 N NaOH, and 0.1 M
KHQPOQ.



Chromatogrraphilc conpariaor of the isolated material with
authentic anthranilic acid in elght solvent systems showed no

differences.

J. Isolation and identificatlon of prephenic acid (as
the barium salt) from culture filtrates of strain

75001 /5212 /3-I¥-3,

Westergaard-Mitchell medium (15 1iters) was supplemented
with DL-tryptophan (25 pg./ml.), DL-phenylalanine {25 pg./ml.),
and L-tyrosine (25 pg./ml,). Brom-thymol bdblue (ca. 100 m:.)
was added to the medium to allow subsequent adjustment of the
pH. After autoclaving, the carboy of medium was inoculated
with conidia from six 3-day old slants of 75001/5212/3-IV-3.
The culture was grown under forced aeration at 250 for one day
without adjustment of the pH., After this initial growth
period, sterile NaOH (1.0 N) was added in an amount suffi-
cient to turn the indicator a bright green (pH = 6.8 - 7.2).
Addition of alkalil was repeated as often as necessary to
maintain the pH in thils ranpge. As the mass of the mycelium
increased, it was found that more'frequent adjuStménts of the
pH were required., During the fourth day of growth, 1t was
necessary to add alkali at intervals of three hours. It was
found that use of the "constant pH medium" deseribed on p.ol
gave considerable relief from this taék, but had the disad-
vantage of increasing the difficulty of subsequent isolation

procedures, For this reason, the special medium was not used



for isolation of prerhengate. It 1s to he noted that even
temvorary fallure to malntain the pH in the range desipgnated
resulted in serious losses of prephenate, Adjustmentrof the
pH to values greater than 7.5 did not appear to result in
loss of accumulated prephenate, but caused cessation of
growth of the mold, Excessively high pH was foundvéo result
in death of the culture.

~ After four days' growth, the mycelium was removed by
filtration and discarded, The culture flltrate was flash-~
evaporated at a temperature of about 450 to a volume of
600 ml, The concentrated material was filtered to remove
precipitated salts. To the filtrate, 2M barium acetate
(125 ml.) was added, wlth care being taken to maintailn the
pH at 7.0 or higher. The precipitated material was removed
by filtration and discarded. To the fiitrate was added two
“volumes of methanol and three volumes of n-propanol, and the
precipitated materlal was allowed to settle ovefnight at Oo.
The preecipitate, which was found to contain most of the pre-
phenate (as the 5arium salt) was recovered by decantation of
most of the supernatant liquid and removal of the femaining
supernatant by filtration., The precipltate was thoroughly
homogenized wlth water (200 ml.). The resulting suspension
was filtered and the insoluble residue discarded. The deep
yellow filtrate was lyophllized. Assay of this material by
conversion of a weighed sample to phenylpyruviec acid as

previously described indicated a purilty of about 35-40%, It



should be noted that conirol of the pH during all stages
of isolation of this material 1s of extreme importance.,

Attempts to purifly the material further by dissolving
in water and reprecipitation with various alcohois, acetone,
or pyvridine were only moderately successful, It was SOund
that the material which came out of solution first under
these conditions was least pure, and that the last material
to precipitate was found to have a purity of about 50%. The
" most pure material from this fractional precipitatlion was
fractionated two more times In the same fashion. The result-
ing material, which was obtained in very small amounts, was
only S0% pure, Cle&riy, fractional precipitatlon of bvarium
prephenate is an unsatisfactory method of purifying this‘
material from culture filtrates of Neurospora. Isolation of
the prephenate as the lead salt or as the sllver salt was
likewise found to be unsatisfactory.

The barium salt (809 pure) was observed to be amorphous,
and attempts to crystallize 1t were wlthout success; It was
hoped that some other salt of prephenic acid might show a
greater tendency to crystallize and thus allow complete
purification by low-temperature recrystallization. K Various
salts were prepared by allowing barium prephenate to react
with a stoichiometric amount of the sulfaté cr carbonate of
the appropriate catlons, removing the precipltates by centrl-
fupation, and evaporating the supernatant solutions l1n vacuo.

Salts of the following catlons were obtained as olls, or as
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amorphous solids: sodium, lithium, ammonium, cyclohexylamine,
brucine, and cobalt hexammine., The suggestion was offered by
Dr, Hugh S. Forrest that amidine salts of carboxylic acilds
Kare-often relatlvely insoluble in water and are readily
crystallized. ‘Accordingly, guanidine prephenate was ?repared
énd'obtained as aﬁ 0il which, when scratched, crystallized
éxtremely slowly as light vellow needles. This pfacesa of
crystallization required about two weeks' storage in the
refrigerator, and even then left{ some thick syrﬁp adhéring

%0 the crystals. Furthermore, all attempts to recrystallize
this material were wilthout success. It was suggesﬁed that
benzamldine prephenate misht possess more favorable proper-
ties, Benzamidine hydrochloride dihydrate was prepared as

described in Orzanic Syntheses (72). The hydrochloride was

converted to the sulfate by passage through a column of
Dowex-1 in the sulfate form. The benzamldine sulfate ob-
tained 1n this maﬁner was recrystalllzed twice from t-~butanol,
Benzamidine prephenate was prepared, and, 11ke_the suanidine
salt, found %to crystallize very slowly. Attempts to recrystal-
lize bengamidine prephenate met with fallure. |

It was felt that esterificatlon of prephénic acld might
‘result in stabilization of the molecule which would greatly
facilitate purification. Attempts to methylate the material
with diazomethane 1n ether and in chloroform were without
~8uccesss because prephenic acid 1is stable only as a s5alt, and

could not he dissolved in these orzanle solvents. Therefore
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vire reactlon had to be trled in a two-piiase cysten. Lnder
shese condltions, esteriiication was found to be siow ov
non-existent. OSynthesis of the ester was attempted with
methyl iodlde and sodium prephenate, in methanol. Because
of’ the instability of prephenate, elevated temper&turé& were
‘hct féaéible, and at 35° the reaction was found to proceed
tao slowly to be ugeful, | |

The following procedure was utilized to obtain barium
prephenate in the crystalline state and in a high de;’»j‘:fe@ of
puriﬁy. Barium prephenate was 1solated in the usual fashion
in a purity of 40%. Nine grams of thils impure matéfial were
iissolved in water (100 ml.) and the pH adjusted to 4.5 with
concentrated ammonium hydroxide, An insoluble resildue was
removed by 1ltration and discarded, The filtrate was ue-
canted into a column of thoroughly washed Dowex-1 in the
‘chloride form., 'ter the material had been allowed to sink
into the resln, the column was agaln thoroughly washed with
water (pH = 7.0). Assay of the wash water indicated that no
prephenate was eluted by this treatment. vThis was {ollowed
by gradient elution. The mixer was charged with'waﬁer (170
mi.), equipped with & magnetic stirring devicé, and a siphon
leading to the reservoir. The reservolr contained ammonium
chloride (1.0 M) adjusted to pH 7.7 with ammonium hydroxide.
A moderate hydrostatic pressure was applied to give a flow
rate of about five drops/minute. Thils relatively - high rate

wag desirable to minimize the decomposition of the prephenate.
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The latter began to appear in the eluate after 160 ml. had
been collected, and continued to be eluted in the next <0 ml.
The recovery of prephenate from the column appeared to be
almost quantitative, The fractions containing prephenate
were pooled, and 2 M varium acetate (7.0 ml.) was added, Thé
solution was cooled in an 1icebath, and two volumes of methanol
followed by three volumes of n-propanol were added from a
buret, with adequate stirring. The preclpitated material was
recovered by centrifugation, redissclved in water, and re-
precipitated in the same manner., The resultingrmaterial was
“dissolved in water, the slight insoluble residue removed by
centrifugation, and the supernatant solution evaporated to
dryness 1n vacuo. The resulting preparation consisted of
white crystals. Assay of this material by conversion of a
welghed sample to phenylpyruvic acld indicated a purity of
05 + 2%. A sample of this was redissolved in water and 1.5
volumes of methanol added. The precipitate, which consisted
of 1mpufe prephenate, was removed. To the supernatant solu-
tlon was added the remaining half volume of methanol and
three volumes of n-propanol. The precipitated material was
collected and crystallized as before. Assay of this material
indicateq a purlty of 07 + 2%. Analysis of this material

gave the following values.

*The author is much indebted to Dr. Adalbert Elek of
Elek Microanalytical Laboratories, Los Angeles, for this
analysis, :
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Found Caleculated for barium prephenate
¢ = 31,20% C = 31,644
H= 2.82% H = 2.66%
Ba = 36,02% Ba = 36,19%

Dr. Elek repofted that the material was strongly hygroscopic,
‘and lost about 4.9% of its welght during drying to constant
welght., It is therefore probable that the material was in
truth nearly 100% pure. It was also predicted by Dr., Elek
that, due to the hygroscoplc properties of the material and
the humid weather on the day of the analysis, the hydrogen
would be slightly high at the expense of barium and carbon.

A sample of barium prephenate of 95 + 2 % purity was
hydrogenated In water over a nmixture of Adams' platinum black
catalyst and 2% palladinized calcium carbonate, prepared
according to the directions of Busch and Stoeve (73). This
mixed catalyst had been found to induce much more rapid up-
take of hydrqgeb than did either component separately. The
catalyst was reduced before introduction of the barium pre-
phenate. Under these conditions, 3.03 mols of hydrogen were
consumed per mol of prephenate added. This presumably cor-
reasponds to hydrogenation of the two double bonds and the keto
group of the pyruvyl sidechain, The product of this hydro- |
genation was found not to react with 2,4 dinitrophenylhydrazine,

The stability of barium prephenate was studied at various
pH values by periodic examination in the spectrbphotometer for

production of phenylpyruvic acid. At OO, the half-1ife of



prephenate was found to be as follows.

pH Half-life (approximate)
6.8 No‘losses detected

5.1 24 hours

4,0 | 7 hours

2,1 5 hours

1.0 1 hour

The evidence given appears to leave little doubt that
the materlal isolated 1s the same material designated by

Davis as barium prephenate.

K. 1Isolation and identiflcation of N°§acetylkynuren1ne

from culture filtrates of 502%a,

Haskins (32) succeeded in isolating kynurenic acld from
culture filtrates of this mutant. The ultraviolet absofption

spectrum in C.,1 M KH was observed by Haskins to have

2P0
absorption maxima at 235 mp. and 245 mp. The presence of
kynurenic acld accounted for the former only, aﬁd it was
clear that the latter was due to the presence of'an unidenti-
fiéd compound.

Accumulation of this unidentifled material was far
superior when the nutant was grown in flasks to when 1t was
grown in a carboy under forced aeration. It was found that

‘accumulation of thils substance was optimal when the strain was

grown at a concentration of nicotinamide of 0.6 pg./ml.
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Pooled culture filtrate from about 800 flasks (125 ml,
Erlenmeyers charged with 20 ml, of medium) was treated with
Norite A (33 g.)_with agltation for two hours, The Norite
A was removed by filtration and boiled for five minutes with
aqueous aniline (10%#). The eluate was extracted three times
@ith‘eﬁher to remove the éniline. The volume was reduced
in vacuo to 30 ml, The pH was adjusted to 3.2, which resulted
in the precipitation of a considerable amount of material,

The preclpitate was dissolved in water, thelpﬁ‘adjusted
to 3.4, and the solution contlnuously extracted wlth ether
for several hours. At the end of ﬁhis tinme, yeliow crystals
had deposited on the walls of the flask containing the efher.
Continued extraction resulted in the recovery of 500 mg. of
these crystals,

Recrystallization from water wlth a lilttle Norite gave
‘1arge élear vellow needles. The spectrum of purified méterial
agreed with that‘reported by Bonnér et al., (74) for N “acetyl-

kynurenine, as did the melting point:

»

o
Melting point of isolated material: 18¢-1¢2
Melting point reported by Bonner: 160-195°

Carbon, hydrogen, and nitrogen analyses gave the following

»*
values:

*The author wishes to thank Mr. G. A. Swinehart for
this analysis. :
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Found Calculated for N acetylkynurenine
C = 57.40% C = 57.59%
H= 5,79 H = 5,64%
N = G.75% N = 11.20%

Some of the material was hydrolyzed with diluté sﬁlfuric
acld as described by Bonner et al. The kynurenine sulfate
chtained was recrystallized from ethanol to glve colofless
- rogetles,

| The material before and after hydrolysis was studied
chromatographically. .Both the native material and its
hydrolysate reacted with nitrous acld followed by naphthyl-
ethylenedlamine to give red spots, proving the presence of
a diazotizable amino group in both compounds. Howevef, a
spot with ninhydrin appeared only after hydrolysis, consistent
with the view than an o{-amino acld had been produced; The
solvent system used for this chromatographic examination con-
tained three parts n-propanol, one part pyridine, one part

water, and one part benzene.



VI METAPOLIC CHARACTERISTICS OF THE MUTANTS

Unless otherwlse stated, the basal medium used for nu-
tritional studies was that described by Fries (75, 76). This
medium contains'sucrose, the carbon source, inorganic salts,
and a small amount of the vitamin blotin, which 1s an essen-
tial nutrient for all known strains of Neurospora. This
medium will be referred to as "minimal."

In some cases, it was desirable to use a medium which
could readily be maintalned at pH 7.0. When Fries medium 18
ugsed, the pH drops rapldly during growth, reaching values as
low a5 4,0 after a few days. It was found that a modifica-
tion of the minimal medium of Westergaard and Mitchell (5¢)
allows good growth and automatically maintains the pH near

7.0, The composition of thls medium 1is as follows.

KNO3 - ———— e e e e 1.0 g.
KH2P04 -------------------- 0.5 g.
KQHPou ———————————————————— 0.5 g.
MgS0y *THy0 ~~-veommommmmon e C.5 g
NaCl —-mmmmmm e 0.15 g.
CaCly, -=-=--mocmmmommeoe e .15 g.
bilotin ~-cvevmmmcmc e 5.0 ug.
trace elements solution --- 1.0 ml,
BUCPOSE ~~wememccm e 12.0 g.
WARELY —-m e e 1.0 liters



The ammonium acetate 1s not autoclaved with the other nutri-
ents, but is sterilized by adding it as the solid or in
solution to the medium immediately after autoclaving. It is
also advisable to add'a smail amount of brom-thymol bilue
indicator to the medium. Thils may be autoclaved with the
ﬁedium prior to addition of the ammonium acetate., Brom-
thymol blue 1is green at pH 7.0,

In a few cases, the pH was observed to drop slightly
during growth even when thls special medium waslemployed.
This situation was readily corrected by immersing the flasks
for a few minutes in a Jar of ammonia vapor untii the indi-
cator turned green.

Unless otherwise noted, all growth tests were run 1n
125 ml, Erlenmeyer flasks charged with 20 ml. of medium,

When a strain is sald to "grow on Compound A, it is
meant that Fries minimal medium supplemented with Compdund
A will support growth of that strain. It is nét meant %o
imply that the compound will act as a sole source of carbon.

A group of sixteen mutants, which will be‘referred to
as the 13-IT-1 class, possess certain common characteristics
which allow them to be considered together. These charac-
teristics are as follows,

A, DNone accumulates material which replaces all or any
of the nutritional requirements of any straln of Heurospora
or of E. coll thus far tested.

B, Culture filtrates of these mutants exhlbhit ultra-
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violet avsorptlion spectra which are indistingulshable from
that of wild-type Neurospora.

C. ALl strains in this class exhibit a multiple aromatic
requirement. The strains do not grow on shikimic acid or
quinic acid.
| D, df a number of crosses between mutants of this

class, all were sterile,

Strain 13-II-1A, from which the group 1s named, requires
tryptophan, phenylalanine, tyrosine, and Efaminobenzoic acid.
Indole, anthranilic acid, and N-(grcarboxyphenyl)glycine were
found to be highly active as substitutes for tryptophan,
N-methyl anthranilic acid shows slight activity. Kynurenine,
H-hydroxyanthranilic acid, shikimlec acid, and quinic acld
show no activity as substitutes for tryptophan., Phenyl-
pyruvic acid acts as a substitute for phenylalanine'in‘the
nutrition of this mutant. |

Strain 13-IT1-2a was frequently used as an assay organ-
ism during the course of this work. This mutant shows no
obvious metabolic differences from 13-II-1A, butris.morpho~
loglcally more convenient than the latter because of its
superlor conidiation. Under the assay condltions described
on p. 59, DL-tryptophan at a concentration of about 12 pg./ml.
allows half-maximal growth when the other nutrients are
supplied in excess. The correspondingrconcentration of DL~

phenylalanine was found tc be about 15 pg./hl. For L-tyro-
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sine, 8 pg./ﬁl. allows half-maximal growth, and for p-amino-
benzole acid, 0.003 ng./ml. suffices, Anthranilic acid was
found to be approximately twice as effective on a molar bagis
as DL-tryptophan. Phenyipyruvic acld appeared to he some-
what less effective than DL-phenylalanlne. Follc acid was
found to substitute for p-aminobenzoic acid, but since com-
‘merciél preparations of the former compound are often con-
taminated with considerable amounts of the latter, this
finding 1s subject %o questlon, The following éompounds were
found to be inactive at concentrations up to 5 pg./ml. in
replacing p-aminobenzoic acid: anthranilic acld, p-hydroxy-~
venzoic acld, quinic acld, aminogallic acid, 2-hydroxy-4-
aminobenzoic acid, 3-hydroxy-4-aminobenzoic acid, 3-amino-li-
hydroxybenzolc acid, 2-amino-5-hydroxybenzolc acid, 2-hydroxy-
5-aminobenzoic acld, and 2-hydroxy-3-aminobenzolc acid.

Strain T6A, as previously discussed, wasg found to‘require
the four aromatlic compounds under investipgation, and in addi-
tion, riboflavin. Quinic acld was found to be lnactlve as
a substitute for any one of the compounds'undef study. Shiki-
mic acld was found to replace tyrosine, but only after a lag
of four or five days, and even then it allowed only about
10% of maximal growth. It was observed to be completely in-
effective 1in replacing tryptophan, phenylalanine, or p-amino-
benzoib acld.

Strains 76R3a, TORBA, and 76RCA were obtained from

crosses of 76A to wild type. These three strains exhibit a



gquadruple requirement, showiﬁg that the quintuple require-
ment of the parent strain 1s due to the presence of more
than one altered gene. These derived strains appesr Lo be
netabolically indistinguishable from 13-IT-14,

Strain 15-I¥-32 reguires only tryptophan, phenylélanine}
éndvt:rosine for growth, It seens probable that the lack of
a requirement for p-aminobenzoic acld is due to preferentilal
conversion of metabolites, as described by Davis (sec p. 7).
In other respects, this mutant conforms to the eriteria of
the 13-II-1 class,

The remaining stralns which were assigned to this class
have not been further examined,

Ten mutant strains, designated as the 6D6 class, have
hbeen grouped together on the basis of the following properties,

A, Culture flltrates of these mutants contain protoca-
‘techulc mcid. The latter may be detected by its characterdis-
tilc ultraviolet absorption spectrum,

B, These strains require tryptophan, phenylalanine,
tyrosline, and p-aminobenzoic acld. Ncne was féund to grow on
shilkimic acid or guinic acid.

‘Strain 6D6a requires approximately 2 pg./ml. of DL-
tryptophan, 3 pg./ml. of DL-phenylalanine, and 2 pg./ml.
of L-tyrosine for half-maximal growth. In the absence of
p~aminobenzole acid, there 1s usually slipght growth cobserv-
able, the amount depending on the size of the inoculum.

Indole, anthranilic acid, N-methyl anthranilic acid, N-{o-
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carboxyphenyl)glycine, lkynurenine, and quinic acid will re-
place tryptophan in the nutrtioﬁ of this mutant. Shikimic
acid was found to be inacti&e {for thils purpose, Phenyl-~
pyruvie acld shows phenylalanine-replacing activity for this
strain. The foliowing compounds were shown to be inactive
,in Peplacing phénylalanine: trans-cinnamic acid, p-hydroxy-
penzole acid, p-hydroxyphenylacetlic acld, gallic acid,
o<;phany1glycine, chlorampheﬁicol, DLiggzgg—l~phenyl-2-amino»
1,3-propanediol,” D-threo-1-(p-nitrophenyl)-2-amino-1,3-
propanédiol,’ DL—I-hydroxy~2—amino—3—phenylpropane,+ 3,4~
dihydroxyphenylalanine,‘2,3»dihydroxyphenylalaniﬁe, and
2,5-dihydroxyphenylalanine. p-Hydroxyphenylpyruvic acld was
found to replace tyrosine in the nutrition of 6D6a.

This strain and others 1n the class accumulate no de-
tectable materials for growth of stralns of the 13-II-1 class,
‘for the two strains of the C-86 class (see p. ©8), or for
one another, Strain 6Dba appears to accumulate material at
the very borderline of detection by E. coli strain 83-1,
which responds to shiklmic acld and S—dehydroshikimic acild.

The uncertalnty of the actual presence of growth-promoting

»

The author wishes to acknowledge the generosity of
Dr. George W. Moersch of karke, Davis & Company in furnish-
ing these compounds.

*The author is much indebted to Dr. D. W. Woolley of
the Rockefeller Institute for Medical htsca”ch for supprlyilng
this compound.
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material has thus far discouraged any attempt to elucidate
its nature.

The isolatlon of protocatechule acid from culture fil-
trates of 6Db6a has bheen described on p. 66. Small amounts
‘of vanillic acid have also been detected on paper chromato-
’grams; The 1attér 15 present in concentrations too low to
-be detected 1h raw culture filtrates, but may easlly be
céncentrated by adsorption on Norite A and subsequent elu-
tion with alcoholic ammonia. |

Strain C-120A, kindly made avallable by Dr. George R.
Duves, requires somewhat higher concentrations 5f ﬁutrien@s
in order to grow than does 6D6a. The "borderline" accumula-
tion of growth factors for E. coll appears to be absent in
C-120A., No other metabolic differences have been noted.
Evidence has been presented that these strains are probably
‘allelic. | |

 Strain 6-I¥-3a accumulates large amounts of protocate-
chuic acid. No material active for growth of any of the
bacterial strains could be detected in culture filtrates of
this mutant.

Other strains that were assigned to the 6D6 class on
the bagis of nutritional requirements and of ultraviolet
absorption spectra, have not been further studied.

The double mutants 13-II-1/6D6 and 15-I¥-3/C-120 were
prepa?ed as describedvon p. 53, MNeilther of these double

mutants accumulates protocatechuic acid. It appears, there-



fore, that the presence of a gene of the 13-I1I-1 class sup-
sresses the accumulation which is characteristic of the 6DG
class. For this reason, the metabolic lesion associated
with the 13-11—; class has been assigned a position earlier
in the biosynthetic sequence than that associated with the

6D6 class., The diagram below illustrates thils situation.

tryptophan
phenylalanine

tyrosine

p-aminobenzolc acld

protocatechule acild

Two strains will be referred to as comprising the C-86
class, Of these, both will grow on a variety of aromatic
compounds; and nelther exhibits a multiple requirement.

C-86 has been described by Gordon et al. (5), and on p. 4

of this thesis. The other strain in this class, 15-I-la,
wag examined for nutritional requirements, Fifty-nine com-
pounds, including the commonly-occurring amino acids, vita-
mins, purines, pyrimidines, nucleosides, and a variety of
aromatic and hydroaromatic compounds were tested for ability

to support the growth of these two mutants. Of these com-
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pounds, tryptophan, anthranilic acid, N “~acetylkynurenine,
quinic acid, phenylalanine, phenylpyruviec acld, tyrosine,
and nicotinamide were found to support the growth of both
mutants., C-806 grows well on indole, whereas 15-I¥-la was
found to grow only a trace under the same conditions.L Con-
versely, béﬁzoic acid was observed o support the growth of
15-I¥-la, but not of C-86. The optimum concentration of
benzole acld for the former strain is about 50 pg./ml. At
higher concentratlons, growth appears to be inhibited. It
is to be noted that even at optlimum concentration, gro&th
on benzole acid is only about 20% of that obtainéble with
tryptophan.

Culture filtrates of C-86 and of 15-I¥-la were found to
possess no nutritional activity for any of the requirements
of 13-II-1A, 13-II-2a, 7GA, or GDGa; the culture filtrates
were observed to be similarly inactive for theﬁbacteriai
assay strains.

Isolation of the double mutant 6D6/C-86 has been dis-
cussed on p,.55. The double mutant shows the nutfitional re-
quirements characteristic of the 6D6 class, and shows no
growth on quinic acid. The double mutant accumulates proto-
catechulc acid. On the basis of these observations, the
lesion associated with the 6D6 class was tentatively placed
before that of the C-86 class in the biosynthetic seqﬁence.
More recently, 1t has been found that culture filtrates of

this mutant will relieve the tyrosine requirement of strain
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76A in the same manner as does shikimic acid (see p. <4 ).
When these culture flltrates were tested with the bacterial
assay strains, an abundant accumlation of material with

the nutritional properties of shikimic acid was noted.
Chromatographic evidence has been presented on p. 69 that
this maﬁeéial is indeed shikimic acid. As was mentioned,
small amounts of a second material could also be detected.
In view of the fact that 6D6a accumulates, at most, traces
of activity for the bacterial strains, and C-86 and 15-I¥-la
accumulate none, the behavior of the double mutant is Qiffi-
cult to interpret.

A Neurospora mutant, ?5001, which requlres only trypto-
phan, was avallable at the beginning of these studies.. This
strain will grow on anthranilic acid or indole, and is
therefore considered to have its metabollc lesion raéher
‘earlyfin the blosynthetic pathway of tryptophan, but after
the branch point at which synthesis of the arométic meta -
bolites diverges. Culture filtrates of this mutant con-
tain small amounts of material which will‘replace phenyl-
alanine in the nutrition of 13-II-2a. When strain 75001
was grown in neutral medium as described on p.cGl and the
culture flltrates assayed for prephenic aclid as described
on p. 62, the latter compound appeared to be present in
anmounts of about 80 pg./hl. Phenylpyruvic acid was also
detected as such in slightly lesser amounts, It is extremely

likely that the former compound would be completely converted



to the latter under the conditilong of hiological assay. The
accumulation of phenylalanine precurscors by a tryptophan
mutant is difficult to interpret at present, bhut i1s prohably
dre to some secondary upset in metabolle halance, rather
than to the usual relationship Hetﬁpew 8 metabolic lesio
_a 4 an accumulation of biolnglcally active material (see p. 3).

Straln &&A grows maximally on DL-phenylalanine at a
ﬂoncentraticn of 50 e, 1, and half maximally at roughly
half{ this concentration., This mutant will also.grow abouﬁ
half-maximally on L-tyrosine at a concentration of 25 pg J/al.,
but growth 1s not increased by increasing the concentratiom
of L-tyrosine. When both DL-phenylalanine and L %tyrosine
are furnished, half-maximal growth occurs at much lower con-
centrations, although the exact levels have not been deter-
mined, There is some doubt, Lherefawe, as to whether the
‘mutant should be classifled as a phenylalanine«weqvlninﬁ
strain, or a phenylalanine + syrosine-requiring straln. For
purposes of nomenclature, it has been arbiltrarily been classi-
fied as the former, Phenlevruv1c acld was found ﬁo satisfy
the nutritional requirements of this strain. |

Culture filtrates of this strain were observed to be
inactive in relieving any cof the nutritional requirements of
13-II-2a or THAA. These filtrates also falled %to promote the
growth of any of the bacteﬂial assay strain% No fluorescence
or ultraviolet-absorbing matevialq vere de*ected After six

days' growth, culture flltrates were treated with M rite A,
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and the adscrbed materials eluted with aleocholic amonia,

Chromatographic study of this eluate revealed shat traces of
vanlllle acld were present, No other acvamuléted materials
vere detected in these ilbtrates,

A mutant designated as 5212 was avallable to these
lstudiés ffom thelr inception. This strain, which grovs half-
maximally on DL~phenyla1aninc at a concentration ol about
E'pg./ml., has been described previously (32), BStrain {212
vag found %o accumulate materlals whieh satisfy‘the t?y@te4
phan regqulrement and the phenylalanine requirenment of 13-II-2a,
TOA, and 6DGa., Culture filtrates of 5212 were noL observed
to contain materlals which’could replace all the nutritional
requirements of the hacterial assay stralns, /

The filtrates had been found by Haskins (32) to contain
fluorescent materials, and evidence was ziven that anthranilic
acid 1s present, explaining the tryotophan-rep Ta Ing aétivity
of'the’filﬁrates. In addition, the mutant was observed by
Haskins to exhiblt self-feeding, 1l.e., to accumulate materlals
which are used by the mutant itself for srowth, This necu-
liar situatlon becomes more easily undewstcod by growing, the
muetant in medium of pH 7. Under these conditions, 1% 4ig
found that prephenic acid 1s present in the culture filtrates
in amounts up to 200 pg”ﬂnl. Under normal condltions of pH
(m1ldly aecid), this compound is rapldly converted t@yﬁhenylu
pyruvic acld in the medlum. Phenylpyruvie acid has been

found to satlsfly the phenylalanine reculrenent of this strain.
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Therefore 1t may be hypotheslized that the metabolic lesion
is due to the absence or inactivity of the enzyme which
normally convefts prephenic acid into phenylpyruvic acid.
It seems probable, then, that this strain does not actually
accunulate materials which can be used as such in 1ts nutri-
tion, but rather excretes accumulated material into the
ﬁedium, where 1t is rapidly converted non-enzymatically into
a éompaand that can be utilized for growth of the strain.
The double mutant M4/5212 was 1lsolated as described on
p. 54, It was found not to accumulate any fluorescent ma-
terial, nor any phenylpyruviec acld or prephenic écid. It was
also found that this double mutant resembles strain 444 in
1ts Inability to accumuilate any materials active in replac-
ing the tryptophan or phenylalanine requirements of strains
of the 13-II-1 class, On these grounds, it was felt that
-the métabclié lesion assoclated with the U44A zene is earlier
in the blosynthetic pathway of phenylalanine than is the
leslon associated with the 5212 gene., More recently, it
has been found that the double mutant accUmulaﬁes consider-
able amounts of material which will satisfy all of the nutri-
tional requirements of the two bhacterial strailns that will
respond to 5-dehydroshikimic acld, Under these conditlons,
the strain which 1s specific for shikimic acid shows no
growﬁh, and it thereforec seems clear that the former coé-
nound,; or something that is nutritionally similar, is accu-

mulated by the doubhle mutant. The significance of the accu-
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mulation of this compound 1s difficult to assess, but 1%

appears that there ls some confllict with Davis'®! interpreta-

o

tion ol the data obtained from E, coli strains, As has been
noted, o-dehydroshikimlc acid has been pletured as occwrring
rather early in the blosynthetic pathway of the aromatic
émiﬁo écids, and several steps before the branch point.
" one st designated as 13-II-3a, has been classified
as a phenylalanine-reguiring mutant. This stra iz reguires &
concentration of DL-phenylalanine of about 25 ng./ml, for
half-maximal growth. The mutant shows slight grcwtb on
tyrosine at lower concentrations, but this effect is not
increased by increasing the concentration. Of a variety of
other compounds tested, none was found to satisfiy the nutri-
tional requirements of this mutant. Ihenylpyruvic acid was
coserved to be totally inactive in pvomoting mrowti. ‘This
is he only st rain among twelve tested thau faiﬁs to u izize
phsnvlpyruvic acid as a substitute for phenylalanine. This
characteristic has heen considered sufficient to set 13-II-3a
in a separate class. It appears that this mutant may e
lacking the transaminase which normally converts phenyl-
pyruvic acid into phenylalanine. For this re&son, i3-II-3a
has tentatively been assumed to possess a lesilon later in
the pathway of phenylalanine synthesls than does 52172,

It must be noted that 13-II-3a accumulates no materials
active for the nutrition of 13-II-2a, 76A, 6DBa, C-86, or

the bacterial assay strains. The ultraviclet absorption
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gpecitrun of culture filltrates of 13-II-3a is identical

with that of wild-type Neurospora. It 18 perhaps surprising
that this strain, presumed to be blocked in the conversion

of phenylpyruvic acid into phenylalanine, does not accumu-~
late the former compound. The relative infertility of thisg
mutant in crosses has hampered attempts to examine the pos-
3ibility of allellsm of this strain with other pﬁenylalanine~
requlring mutants. Its deslignation as a separate class must
therefore remegin provisional, pénding further information on
its metabollc capacities and genetic behavior. ‘

A pgroup of four strains, designated as the 3-I¥-3 class,
were found to requlre tyrosine. Evidence has been presented
on p. 52 that these strains (3-I¥-3a, 16A, 73A, and THA) are
probably alleles, For this reason, only 3-I¥-3a has been
studied,

This mutant was found to grow half-maximally at a
tyrosine concentration of 2 Pg./hl. p-Hydroxyphenylpyruvic
acid was found to be an effective substitute for tyrosine.

It was noted that the growth of this straln was somewhat
inhiblted by the other aromatic amino acids at concentrations
of 50 pg./hl. Therefore, the mutant was tested for growth
and for inhlvitlon of growth by a varlety of amino acids,
vitamins, and mlscellaneous compounds. The "basal” medium
for these tests contained 0.5 pg./ml, of tyrosine, which
allows about 25% of maximal growth. Therefore, either

stimulation or inhibition of growth could bve detected. No



~106-

compounds except tyrosine and p-hydroxyphenylpyruvic acld

were found to stimulate growth, but tryptophan, phenylalanine,
serine, glutamic acld, cyastine, arginine, alanine, methlionine,
isoleucine, leucine, glyclne, asparagline, ornithine, cltrul-
line, phenylserine, 3,4-dihydroxyphenylalanine, o¢-phenyl-
glycine, gquinic acid, and protocatechulc acid were found %o
.inhibit growth at concentrations of 50 pg./ml. The imino
aclds, proline and hydroiyproline, were found not to inhibilt
growth of 3-I¥-3a. The vitamins, at concentrations of 5 pg./
ml,, were observed to be non-inhibitory. This behavior
closely resembles that of a tyrosine-requiring strain de-
scribed by DeBusk and VWagner (77).

Strain 3-I¥-3 was found to accumulate materials which
would replace tryptophan and phenylalanine in the nutrition
of 13-II-1 class mutants and 6DGCa. The medium was found %o
be highly blue-green fluorescent, Evidence has been pre-
sented on p. 78 that some of the flucréscence can be attri-
buted to the presence of anthranilic acid. The latter also
accounts for the tryptophan-replacing material observed to
be present in the medium. The phenylalanine-replacing
activity appears to be due almost entirely to the presence of
phenylpyruvic acid in the medium, Isolation of the latter
from culture filtrates of this mutant has been described on
p. 75. 1t was desired to know whether the phenylpyruvic
acld in the culture flltrates 1is formed from excreted pre-
phenate by the acldlty of the medium, or whether phenyl-

pyruviec acid 1s excreted as such. The strain was grown at
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neutrality as previously described and the culture i'lltrates
examined fqr the presence of these two compounds. It appears
that, in the case of 3-I¥-3a, phenylpyruvic aclid is excreted
as sﬁch, and that there is little, if any, prephenlc acid
‘accumulated by this mutant. ‘
 The double.mﬁtant 75001 /44 was isolated as described
én pl 57. This strain accumulates no materials active for
thé nutrition of 76A or of the bacterial assay strains, The
.ultraviolet absorption spectra of culture.filtrétes show ﬁo
differences from thoSe of wild type. Traces of vanlillic acid
could be detected by the methods previously descfibed. |

Isolation of the double mutant 75001/5212 has been dis-
cussed on p., 58. It was found that this strain accumulates
material which will replace only phenylalanine in the nutri-
tion of 13-II-2a and 76A. Strain 75001/5212 was grown in
‘neutral medium as previously described.v Under these céndi~
tidhs, prephenic acld was found in the culture flltrates
in concentrations of approximately 100 pg./ml. Little if
anj phénylpyruvic acid is accumulated as Such by this
strain, Culture filtrates of 75001/5212 were exémiﬂed for
accumulation of materials active for the multiple require-
ment of the bacterial assay strains. No such material was
fmund.

The preparation of the tryptophan~tyrosine-requiring
double mutant 75001/3-I¥-3 has been described on p. 55.

This straln accumulates material which will replace phenyl-
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alanine in the nutrition of 13-II-2a and 76A. It accumu-
lates no {luorescent materials, nor does 1t accumulate
material which will satisfy the multiple requirement of
bacterial assay strains. Growth of ?5001/3-13«3 in mediun
of pH 7 and_an&lyéis of culture filtrates as previcusiy de-
.scribéd has shown that little or no prephenic acid 1s accu-
mulated, but that phenylpyruvie acild is accumulated as such
in concentrations of approximately 250 pg./hl.

‘Preparation of the double mutant &4/3—1I~3.has been
described on p. 56. This strain does not accumulate fluor-
escent material, nor does it accumulate any materiél actlive
for the nutriltion of 13-II-2a or 76A. Culture filirates
of U4/3-I¥-3 contain material which relieves the muiulple
requirement of two of *he three bacterial assay stralins,
and this material is therefore belileved to be 5-dehydro-
shikimic acid. Culture filtrates of this double mutant
after four days' growth exhiblt ultraviolet absorption spectra
which differ only slighﬁly from those of Wild~type Neurospora.,
However, after six days!' growth, filtrates of’ this strain
can be seen (o contaln considerable quantities of protocate-
chuic acld. Vanillic acid has also been detected in these
flltrates by methods previously describhed,

The double mutant 5212/3-I¥-3 was 1sclated as described
on p. 56. It was noted that this sirain accumulates intensely
fluorescent materials, as do both the parent strains, Cul-

ture filtrates contaln materials which replace tryptophan



and phenylalanine in the nutrition of all the Neurospora
assay strains. Isolation of anthranilic acid from these
filtrates has been discussed on p. 7%. Chromatography of
culture flltrates has shown the presence of phenyvlpyruvic
acid, a comppund‘known to be accumulated by both pareﬁt
vStPains, It was desired to know whether this compound is
accumulated as such by the double mutant, or whether. it is
thé result of degradation of prephenic acld by the acidity
of the medium; Unfortunately, this strain grows 80 poorly
in neutral medium that 1t has not been possible to resolve
this question. However, it may be surmised that the presence
of the 5212 gene in this strain wouid favor the accumulation
of_prephenic acid rather than phenylpyruvic acid.

Preparatioﬁ of the triple mutant 75001/44/3-I¥-3 has
been discussed on p. 57. This strain does not accumulate
‘materials which satisfy any of the nutritional’fequirements
of NeurQSpora strains 13-I1-2a or TO6A, However; it aceumu-~
lates a consliderable amount of material which satisfies 2ll
the mitritional requirements of two of the three bacterial
assay strains. Chromatographic evidence has heen b@esented
on p. 70 that this material is 5-dehydroshikimic acid. After
five days! growth in either flasks or in carboyvs under forced
aeration, protocatechulc acid could be observed in large
amounts in the culture filtrates, Isolation and identifica-
tion of the latter compound and of vanillic acid from culture

filtrates of this strain have been described on p. 71 ané on
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3 respectively., Evlidence has bveen given on p. 75 vhat
n-nrdroxyphenylacetic acld 1s also present in these Iiltrates.
As this compound is known to he 2 catabolite of tyrosine in
certain organisms (73), it was desired to know whether its

presence in these filtrates is due to sccumulatlion hehind a

metabollie 1esion or to catabolism of added tyrosine, Five
1?w ml, Erlenmeyer flasks were charged with 20 ml., of Fries

medium containing DL-tryptophan (25 pg./ml.), and DL-phenyl-
alanine (25 pu-/ﬁ . This basal medium was supplemenﬁed
with L-tyrosine at ive different concentrations. The {lasks
were inoculated with strain 75001/44/3-IV-3 and allowed %o
srow for O6 hours at 250. At the end of this time, the
mycelium was removed, pressed, dried, and welghed., The cul-
ture filtrates from the four flasks In which growth occurred
were poured into small columns containing 40C mg. of Norite A
and 1600 mg. of Hi-flo Supercel, The columns were washed
with water to remove non-aromatic materials. They were then
eluted with alcoholic ammonia {10 ml.). The elustes were
vaporated, dissolved in water (0.2 ml.), and subjected to
chromategraphy. The chromatograms were sprayed with diazo-
tized suvlfanilic acid. It was'ohserved that all the proto-
catechuic acild had heen oxildized during the elution with
alcoholic ammonia, but vanilliec acld and p-hydroxyphenylacetic
acld could readlly be observed. The relative amounts present
in the different eluatee were noted by inspection of the chro-

matosrams. The resulis are gilven below,
-}



‘ p-Hydroxy-
Concentration Weight of Vanillie phenylacetic

Flask # of tyrosine mycelium acid acid
1 10 pg./ml. 25 mg. QR tl
2 25 pg./ml. 35 mg. e+t +
3 50 pg./ml. 41 mg. 4+ R
4 100 pg./ml. 41 mg. o+ g
5 250 ug./ml., trace - .

It will be noted that the straln did not grow at the nhilghest
concentration of tyrosine. Vanillic acid shows behavior
typlcal of an accumulatlon, in that there 1ls less of it pres-
ent when the organism 1s replete with respect to one or more
of its nutrients. p-Hydroxyphenylacetic acid, on thé other
'hand, is present in amounts which vary directly as the concen-
‘traticn of tyrosine., For this reascn, it is belie#ed that
it is a catabolite of tyrosine. This éhenomenon has not yet
been studied with wild-type Neurospora. Final proof that
this is a éafabolite of tyrosine awalts studies with radio-
active tyrosine. | 7

It was desired to find if therewre any abnormal accumu-
lations in the mycella of {thls strain. For ﬁhis purpose,
mycelium (92 g. wet welght) from the cafboy from which proto-
catechulce acid was isolated, was frozen in dry ice and
homogenized 1In a dry lce-cooled Osterizer. The frozen homore-
nate was carefully added to boiling ©5% ethanol (380 ml.).

The precipitadted material was discarded and the filtrate saved
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‘Por future study. Mycellal extracts of wild-type 52¢7a were
prepared under identical conditions for purposes of compari-
son. Chromatography of these extracts and detection df com-~
pounds with the Hanes-Isherwood spray for phosphates, the
periédate spray, and ninhydrin showed no significant dif-
ferences between extracts of the mutant and of wild type.
However, it was noted that acidification of extracts of
mutant mycelium resulted in a copious precipitate which did
" not appear on acidificaﬁion of wild-type extracts. This
material was found to be insol&ble in watef, moderately sol-
uble in alcohol, and easily soluble in ether and in ligroin.
It was found to dissolve slowly in 1N NaOH. The nature of
this material has not been further investigated, and 1ts sig-
nificance 1s difficult to assess at this time.

The triple mutant 75001/5212/3-I¥-3 was obtained as de-
seribed on p., 53, This mutant does not accumulate materials
which can act as precursors of tryptophan for the Neurospora
assay stfains, but accumulates very large amounts of a
material which satisfies the phenylalaninefrequirement of
13-II-2a, 76A, and 6Dba. When this strain is grown in Fries
medium, the accumulated material can be identifiled as phenyl~-
pyruvic aclid by ultraviolet absorption spectra in acid and
base, by a green color reaction with ferric chloride, and by
chromatography. Growth of the étrain in neutral medium as
previously described results in accumulation of prephenic

acid in the culture filtrates in ccncentrations'of up to
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350 pg./ml. This is by far the largest accumulation of this
compound observed in any of the available strains. The iso~
lation of prephenic acid from culture filtrates of this mu-
tant has been described on p. 81, Under conditions of gzrowth
in carboys, as described for isolatlon of this compouﬁd, con-
éentrations as high as 600 pg./hl. may be attained in the
culture filtrates. |

This strain was found to accumulate material which satis-
fies all the nutritional requirements of two of ﬁhe thfee
bacterial assay strains; this material 1s therefore nutrition-
ally identlical with 5-dehydroshikimic acid. The cohcentration
of this material in culture filtrates of 75001/5212/3-IV-3
seems to be smaller than in culture filtrates of 75001/ﬁ4/3~II—3.

Strains 25A and 65A reguire guanine or guanosine, Guanylic
acld, kindly purified for this workrby Dr, Paul R, Whitféld,
‘dpes ﬁot support growth of these mutants. Evidence has been
presented that these strains are.probably allelic (seé p. 52)
and thereforeronly strain 25A was studied;furtherf The exact
concenirations of nutrients required for growth has not been
determined, but it was noted that strain 25A wili grow luxurl-
antly in medlum supplemented wilth guanine at a concentration
of only 1 pg./hl. This strain shows perceptible growth on
minimal after several days. The amount of this growth shows
some proportionality to the size of the inoculum, In view of
the low reguirement for guanine, it was found advisable to

carry the stock on slants containing guanine at a concentra-
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tion of 1 pg./ml. This strain fails to grow on adenine,
adenosine, uridine, cytidine, thymidine, or a wide variety
of amino écids and vitamins, Slow growth was observed in
the presence of phenylalanine, tryptophan, riboflavin, and
thiamin hydrochloride, but these effects were spofadic and
.nct'aiways reprbducible.

Examination of the ultraviolet absorption specﬁya of
culture Tiltrates of P58 in acid and in base revealed no dif-
ferences from wild type.

To the knowledge of this author, guanine mutants in
Neurospora have not been previously described, and:far this
reason, the above discussion has been included in this thesis.
However, 1t 1s recognized that these observations are prob-
ably not germane to the problem of the bilosynthesis of
aromatic compounds.

In conclusion of this section, 1t'shou1d.be mentioned
that the Involvement of phosphorylated intermediates that
do0 not escape from the mycelium might explain gome of the
observedAanomalies in crossfeeding behavior, In order to
test this hypothesis, strains 5297a (wild type); 13-II-1A,
13-II-2a, 15-IV-3a, 6D6a, 6-IV-3a, C-86a, 15-I¥-la, 75001A,
52124, 13-II-3A, 3-IV-3a, 75001/5212, 75001/3-I¥-3, 5212/3-I¥-3,
and 75001/5212/3-IV-3 were grown on Fries medium supplemented
with DL-tryptophan (25 pg./ml.), DL-phenylalanine (25 pg./ml.),
L-tyrosine (25 pg./ml.), and p-aminobenzolc acid (0.1 pg./ml.)

under the usual conditions. After four days' growth the
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mycelia were squeezed dry,, ground with sand under 707
cohanol, and the homosenates heated 1n a bollin water bHath
for one minute. The coagulated material wags removed hy
centrifugation, and the supernatant solutions evaporated
and redissolved in a small volume of water, These extracts
were sutjected to chromatography in a solvent system consist-
Tnm of parts 5% ethanol, one part n-amyl alcohol, and
one.ra rt 1H acetic acid. The dried chromatograns were
aprayed with the Hanes-Isherwood reagent for detection of
nhosphates, In no case was any rmutant found to accurmlate
phosphsrua-contalining compounds not pregent in wild-ﬁype
Nourosspora,., G wever, 1t should be noted that the sensitlivity
of the method leaves much to be desired, and that heavier
cadln; of the chromatograms results 1ln smearing. These re-
snaltg indicate that there are no oross abnormal accumulations
ol phosphorylabed 1Intermedlates In the mycelia of Thess mu-
tants, It 1is prchable that small accumulations of suelh com-

1

nounds would have escarped detection,



-116-

VII DISCUSEION

'Evidence presented 1ln previous sectlons of this tﬁesis
makes it appear that the blosynthesls of aromatic compounds
in Neurosporé shows both similarities and contrasts with
biosynﬁhesis of the same compounds in bacterla. Comparison
of the blosynthetlc pathways as visuallzed by Davis (13) in
E. gg;g_and as visualized by the present author in Neurospora
are shown diagrammatically helow,
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The characteristics of the mutant strains of Neurospora
which resemble those of E. coli may be summarized as follows.

(a) Mutants may be obtailned whilch exhibit nutritional
requirenents for tryptophan, phenylalanine, tyrosine, and
p-aminobenzolc acid. -
| (B) Under certain conditions, materials identifled as
éhikimic acid, 5-dehydroshikimic acid, and prephénic acld
are found to be accumulated by some of the mutant strains.

Those features of aromatic blosynthesis in Neurospora
whicn differ most sharply from the pathway in g.‘gggi suggested
by Davis are enumerated helow,

(A) Strains of the 13-II-1 class and of the 6D6 class
have been shown to be non-allelic with respect to the altered
gene, yet do not exhibit crossfeeding behavior. A number of
bacterial mutants showing comparable nutritional béquirements
‘have been found to crossfeed abundantly.

(B) Of 26 strains found to require a multiple aromatic
supplement, none was found to utilize shikimic acid as a sub-
stitute for this multiple aromatig supplement. it is evident
that no Neurospora mutant of the type describedrby Tatum (6)
has been obtained 1in the present investigatibn.

(C) sStrains of the C-86 class will utilize quinic acid
as the sole supplement, No strain of bacteria showing the
nutritional properties of C-86 has been isolated,

(D) The compound designated as 5-dehydroshikimic acid

appears to be located at (or near) the point in the pathway



~11C-

at which synthesls of the various aromatic metabolites diverges.
In the strains of bacteria investigated by Davis and co-workers,
5-dehydroshikimic acild has been identified as a precursor of
shikinic acid, and therefore as a relatively "early" precursor
ol the aromatlc metabolites,

{E) Prephehic acid has been found in culture flltrates
of & tryptophan-requiring strain, a phenylalanine-requiring
strain, and certain double and triple mutants. In E. coli,
prephenic acld has been found in culture filtraﬁés of phenyl-
alanine-requiring strains, and tyrosine-requiring stralns,

It seems fitting to discuss the above differences in
somewhat greater detail.

The reason for the lack of crossfeeding between stralns
of the 13-II-1 class and those of the 6D6 class is not knowm.
It seems possible that one or more of the complications men-
tioned on p. 4 is in operation. It is also to be noted that
if these mutants do indeed accumulate compounds Ghioh, due
to considerations of permeability, do not cause crossfeeding
of the Neurospora strains, these compounds are blearly not
shikkinmic acid, G-dehydroshikimic acld, 5-dehydrogquinic acid,
or quinic acid. The latter four compounds would have been
detected by assay of the culture filtrates with the bacterial
strains provided by Davis. |

The data resulting from the present investigatich suggest

that shikimlc acid 1s not an obllgatory lntermediate 1n the

blosynthesls of aromatic compounds in Neurospora. It has been
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ohserved (see p. “4) that under certain conditions, shilkimic
acid may he slowly utilized as a substitute for tyrosine,

In the same straln, however, 1t does not satliefy any of the
other nutritional requirements. The fact that it may bve

used as a substitute for tyrosine, a major metabolite; and

yvet does not relieve the relatively minute requirement for
p-aminobenzole acld makes 1t appear unlikely that'the fallure
of shikimic acid to satisfy all the nutritional requirements
of this strain i1s due to its fallure to enter the cell, The
substitution of shikinmie acid for single metabolites in other
strains has not been investigated. The accumulation of shikl-
mic acid by strain 6D6/C-B86 has already been discussed briefly.
This observation implicates shikimlc acid in the blosynthesls
of aromatic compounds by Neurospora, but does not seem suffi-
cient evidence to warrant its classiflcation as an obligatory
intermediate. One may speculate that 6D6 accumulates an un-
known intermediate which 18 normally detoxlified by dehydro-
genatlon to protocatechulc acid. Evidence obtained by

Haskins (32) indicates that C-86 probably has a partial block
‘in the conversion of tryptophan into nicotinic acid. There-
fore it seems possible that 6D6/C-86 has a relatively low
supply of nicotiniec acld and hence a low supply of the pyri-
dine nucleotides whilch would be needed for dehydrogenation

of the unknown intermedlate to prontocatechulc acid. For this
:eason, an appreciable amount ¢of the unknown material might be

detoxifled by conversion into shikimic acld., The author wilshes



to emphasize that he fully appreciates the speculative nature
of thils interpretation, and suggests that the hypothesls might
he experimentally tested by growing strain 6D6/C-36 on medium
supplemented with tryptophan, phenylalanine, tyrosine, p-
aminohenzoic acld, and in addition, nlcotinic acid or nicotin-
amlide, Culture filtrates of the mutant grown in the above
medium would then be assayed with the bacterial strains for
the presence of shikimic acid. If the hypothesis l1ls correct,
additlion of nicotinlec acid or nicotinamide to the medlun |
should favor dehydrogenation of the unknown material %o
rrotocatechule acid, and therefore the accumulation of shiki-
mic acid should be suppressed,

The nutritional requirements of strains of the €-36 class
are difficult to reconcille with those of strains wvhich re-
quire four aromatic compounds. The followling hypothesis,
based larrely on the work of Haskins (32) and Gordon, Haskins,
and Mitchell (5) is offered, pending further in&estigation
of this problem, It is presumed that C-86 and 15-I¥-1 are
partially blocked in the catabolism of tryptophan, and that
the true metabolic lesion is the result of a dearth of nico-
tinamide and of the coenzymes which contain this vitamin.
Because the block 18 incomplete, any farctor which tends to
increase the amount of precursor accumuleting behind the
hlocked reaction will, by mass actlon, increase the "leakage"
through the block and thus allow increased synthesis of nico-

tiniec aclid, This explains the fact that nutants of this
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class wlll grow on nicotinamide at low concentration, but
raequire a much larger concentratlon of tryptophan. These
strains have also been noted to grow on phenylalanine and
on tyrosine, though less rapidly than on tryptophan. It
seems reasonable that additlon of phenylalanine or'tyfosine
1o Ehe'grcwth medium would tend to divert common aromatic
ﬁ?ecursors into the synthesis of tryptophan, and thus pro-
moete the synthesis of nicotlinic acid in the same manner as
does tryptophan, although less directly. The gréwth of the
C-86 class mutants on quinic acid may be interpreted in a
number of ways. The observation that quinic acid will re-
lieve the tryptophan requirement of 6D6a suggests that quinile
acid may, at least uﬁderlcertain conditions, be converted
into tryptophan, or into a compound with tryptophan-sparing
ability. The growth of the C-86 class mutants on gulnic acid
might therefore be due to the occurrence of this conversion,
I% has been noted that 15-I¥-1 showus appreciablé.growth on
benzole acid.  As the latter compound was of primary standard
purity, 1t seems hlghlvy unlikely that thils surpfising effect
is due to fhe presence of biologically active 1mpuriﬁies. As
vet, not even the most speculati&e hypothesis has been devised
to explaln the partlicipation of benzole acid in the bioéynthe—
gis of aromatic compounds.

The accumulation of 5-dehydroshikimic acild presents sonme
problems of interpretation, It will be noted that thls com-

pound does not appear in the culture flltrates of any strain



containing only one metabolic lesion, but appears in filtrates
of both triple mutants investigated, and In filtrates of several
of the double mutants. For thls reason, 1t 1s felt that 5-de-
hydroshikimiec acld may be the compound at the branch polnt, as
shown on p. 117.

| It must bve admitted that culture filtrates contalning
this compound do not satisfy any of the amlno acid require-
ménts of strains 13-II-2a or 76A. However, 1t is possible
that this material fails to enter the cell, In fresh Fries
medium (pH ca. 5.5), S-dehydroshikimic acid would presumably
he almost totally dissociated, If the anlon doeé not enter
the Neurospora cell, it 1s not contradlctory to find that this
material is nutritionally inert for Neurospora. It: would per-
haps be of interest to investlgate the activity of this pos-
sible "branch point compound" for the Neurospors assay stralns
at the lower limit of pH tolerance of Neurospora. It is pos-
sible that under {these conditlons, culture filtrates of a mu-
tant such as 75001/44/3-IV-3 would support the growth of such
assay strains as 13-II-1. _

The accumulation of protocatechuic acid by 75001/44/3-I¥-3
has been mentioned. The latter compound can be seen to dif-
fer from 5-dehydroshikimic acid by the elements of water., It
is probable that the protocatechulc acid accumulated by this
strain 1s formed by dehydration of S5-dehydroshikimic acld,
perhaps as a detoxification mechaniam,

It has been noted that the tryptophan-reguliring strain

75001 accumulates detectable amounts of prephenlc acid and
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phenylpyruvic acid. This does not appear sufficlent grounds
for classifying these compounds as tryptophan precursors. It
seems more likely that the lack of production of tryptophan
causes increased amounts of the common precursors to be dil-
verted toward the productlon of phenvlalanine, and that the
_bonversion of prephenic acid into phenylpyruvie acid and of
the latter into phenylalanine are rate-limiting reactions under
these conditions, Welss et gl. (23) have reported that pre-
phenlc acid 1is accumulated by certain tyrosine ﬁutants, and
have concluded that prephenic acid is probably a precursor
of tyrosine as well as of phenylalanine. In the-opinion of
this author, such a conclusion is somewhat premature. In
order to interpret these data as establishing that prephepic
acld is a precursor of tyrosine, one must also concede that
the former is a precursor of tryptorhan., On structural
grounds, this seems unlikely.

Similarly, the accumulation of anthranilic acid by the
phenylalanine-requiring strain 5212 and by the tyrosine-
requlring strain 3-I¥-3a should not be taken as evidence that
anthranilic acid 1s a precursor of phenylalanine and tyrosine.
It seems more likely that anthranilic acid 1s accumulated by
these mutants as the result of increased amounts of common
precursors being channeled intc the production of tfyptophany
and that removal of anthranilic acid hecomes the rate-limitiny
reaction in this "overloaded” pathway. The same explanation

1s favored for accumulation of phenylpyruvie acid vy 3-I¥-3a
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and 75001/3-1¥-3,

It should be mentioned that the presence of the 75001
gene in any straln completely suppresses accumulation of
tryptophan-replacing metabolites. t seems possible that
the metabolic lesion in this strain occurs immediately after
the branch poinﬁ, and that the equilibria and dynamics of
the system favors converslon of the "branch point‘campound"
into such materials as prephenic acld and phenylpyruvic acid.
Intrdduction of the 5212 gene suppresses converéion cf the
former compound to the latter, and causes prephenic acid to
be accumulated. The presence of the Ll gene supﬁrésses all
accumulation of tryptophan-replacing material, and of phenyl-
alanine-replacing material, The reason for the suppression
ol’ the accumulation of anthranilic acid by the presence of

this gene 13 not clear. One may suppose that possibly the
introduction of this gene alters the cdmplex dynamic eéuili—
bria which, in its absence, result in the accumulation of
anthranilic acid., It is noteworthy that 3-I¥-3a accumulates
no detectable tyrosine-replacing material; nor do'other
strains. The accumulation of shikimic acid by 6D6/C-86 and
its very slow utilization by 7€A as a substitute for tyrosine
may be taken as an exception to the above statement, but it
is probable that even this crossfeeding would escape detec-
tion in an ordinary four day growth test, It seems likely
that 3-I¥-3a is blocked in the synthesis of tyrosine fairly

close to the branch point. The strong sparing effect exefted



by tyrosine in the nutrition of 44A has led to the beliefl
that the latiter nmutant has a partial blcock in the synthesis
of tyrosine as well as of phenylalanine., Various considera-
tions already discussed have led to the hypothesis that this
block occurs very soon after the branch point.

I% séems fitting to place the 3-IV-3a block immediately
after the partial block in tyrosine synthesis caused by the
4 zene,

The accumulation of vanillic acld by some of the mutants
is of interest. It is probahly formed by methylation of proto-
catechuic acid, perhaps as a detoxification of the latter.
Methylation of phenolic compounds probably is a reaction of
relatively minor importance in Neuprospora, hut 1s of con-
siderable interest 1in the blogynthesis of anthocyanins snd
alkaloids in higher plants. It is possible that further
study of the formation of vanillic acid In Neurospora would
shed some light on analogous reactlons in the biosynthesis of
other compounds containing the methoxy group.

In concluding the discussion of the data ﬁresented in
this thesis, it is perhaps appropriate to consider some pos-
sible approaches in future investigation of the préblem of
bviocsynthesis of aromatic comﬁounds in Neurospora. First,
it is clear that there are many more reactlong in this bio-
synthetic pathway than are represented by the number of
genetlcally distinct mutants ovtained in this study. It 1s

by no means certain that the twenty-seven avallable mutants



which reguire a multiple aromatic supplement fall into only

el

two genetic classes. Limltations of time have thus far pro-
hicited a thorough Investigation of these, but it seems
possible that examination of some of these sirains for hetero-
caryosis might, with a more modest investment of lab T, re-
veal the presence of more classes of mﬁtaats than have as
veb been‘damonstrateﬁ. t would also be of considerable
interest to obtalin new examples of strains requiring phenyl-
alanine or tyrosine, It has been noted that only one class
of mutant requirlng only tyrosine has been found in these
studies. The author belisves that new mutants regulring
these amino acids will allow new insights into their biosyn-
thesis. Techniques for seleciion of mutants of Neurospora
have been discussed in an earliler section of thisvthesis,
and it will be appreciated that mutants can now be obtained
~in large numbers with relatively 1ittle labor. It is felt
that many new mutanté would be obﬁainéd from 8 small selec-
tion program, and that the information to be gained from
study of these mutants would be well worth the trouble of
iselating then.

| Another approach that might be considered iz the prebara«
tion of addltional double and triple mutants. Only two triple
‘mutants, 75001/44/3-IV-3 and 75001/5212/3-I¥-3, have been pre-
pared. It 1s evident that only one ﬁryptophan—requiring
strain, one tyrosine-requiring strain, and two phenylalanine-

requiring strains are represented in these ftriple nutants,
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The nutritional properties and the materials accumulated by
such multiple mutants as C-86/75001, C-86/4kL, C-06/5212,
C-86/3-I¥-3, C-86/44/3-IV-3 and €-86/5212/3-I¥-3 might be
of conslderable interest. Other strains requiring trypta»
phan, phenylalanine, or tyrosine might lilkewise bhe ircorpcw-
'ated into-multiple mutants and result in the discovery of
new intermedilates in the blosynthesis of aromatic amino
acids, In addition, straina which require the vitamin p-
aminobenzoic acid are available, These might be crossed to
triple mutants to give guadruple mutants of interest,

Two nutritionally inactive compounds, desién&ﬁed by
Davis as 2, and 5-phosphoshikimic acid (see pp; 13, 1&)vhave
heen found in culture filtrates of ¥, coli. As vet, no
attempt has been made to detect these materilals in filtrates
of the Neurospora mutants. It 1s felt that this question is
worthy of investigation.

En"vmablo studies of the Neurospora mutants have nob
been attempted. Extracts of various mutants mighﬁ eiffect
some very Interesting transformations of such compgunds as
S5~-dehydroshikimic acid and 5-dehydroguinic acid, which, due
to permeability barriers, have thus far not been noted. It
seems possible that extracts of the triple mutant 75001/5212/
3~1¥-3 nmight be capable of condensing 5- dthG“oshiklr o acid
with pyruvic acid or a similar three-carbon compound to form
prephenic acld. Thus enzymatic analysis mlght be a very
valuable complement to the iu vivo studies which have been

initiated.
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Last of all, it must be emphasized that althoush knowl-
edre nas been galned through study of mutants of bhacthteria and

Pyl

Neurospora, the lafgest and most important group of corzanisms
shilechh caryy out these ayntheses--the higher'plants~wremaiﬁ
virtually unexamined. The great variety of aromatic éam«
éoun&svfound in the higher plants assures that an untold num-

ber of interesting reactions will be availlable for study.

RS

7
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VIITI PERMANENT NOMENCLATURE OF THE NEW MUTANT STRAINS
RESULTING FROM THIS INVESTIGATION

A number of the newly isolated strains are being saved
for possible future work by other investigators. These strains

have been assigned official numbers, which are glven below.

Nomenclature used Permanent
in this theslils nomenclature Nutritional requirements

13-I7-1A C-161A tryptophan, phenylalanine,
tyrosine, p-aminobenzoic acid

15-I¥-3a C-162a tryptophan, phenylalanine,
tyrosine ‘

6Dba, C~-163a tryptophan, phenylalanine,
tyrosine, p-aminobenzolc acld

15-IV-la C-164a "C-86 type requireménts”

Lap - £-165A phenylalanine

13-II-3a C-166a phenylalanine

3-IV¥-3a C-167a tyrosine

*
T6RT ~ €-168"  rivoflavin
254 C-16GA guanine

*The mating type of this culture has not been determined.
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