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ABSTRACT

The following investigations were carried out to study
several aspects of pyrimidine blosynthesis: 1) A study of
methionine methyl group utilization for thymine biosynthesis
in the rat; 2) A study of the poséibiltty of alphe-amino-
butyric acld utilization for pyrimidine biosynthesis in
Neurosporas; 3) & similar study of aminobutyric acid
utilization in the rat, |

Methionine-methyl=Cl% was administered to rats and
the purines and pyrimidinesof deoxyribonucleic acid were
isclated and their spcc’fie activities determined,

Adenine, guanine and thymine were found to be appreciably
labeled, presumably by way of the "one-carbon pool®., The
radicactivity of thymine appesred to be In the methyl
carbon, since ocytosine was not labeled appreciably and the
iodoform « representing the methyl carbon - obtalned on
degredation of thymine was highly radiocactive, The data
suggeetes that formic mseld is not an intermedlate in con-
version of the methionine methyl group to thymine, but
rather that a hydroxymethyl derivative 1ls involved. The
results indicate that the methyl group of methionine is
not & significant precursor ol the ureilde carbons of the
purines, but its important position in biosynthesls of the
methyl carbon of thymine 1s deflinltely established.,

A pyrimidine~-requiring mutant of Neurospora crassa,

strain 1298, which had previously been shown to utilize

v



alpha~aminobutyric acid for growth, was grown on the 3=-Cl4
labeled amino acld in en effort to determine the reason

for ite pyrimldine-replacing ability,., fThe isclated ribo-
nucleotides were hydrolyzed to thne free purine and pyrimi-
dine bases, and the pyrimidines were foumd to have five
times the specific activity of the purines, A similar dis~-
tribution of activity was found in the acidesoluble nucleo~
tide fraction, A number of amino aelids isolated from the
soluble protein fraction were found to have specific activi-
ties even lower than the purines, with the exceptlion of iso-~
leucine, which was labeled to about the same axtént as the
pyrimidines. The fact that labeled aminobutyric acid - a
known intermediate In lsoleucine blosynthesis -~ gave rise

to 8 similar degree of labeling in isoleucine and the
pyrimidines establishes the importance of aminocbutyric acld
as a pyrimidine precursor in Neurospora. A ten~fold dilu-
tion of the labeled precursor was found to cccur on conver-
slon to the pyrimldines, but a pool of diluted sminobutyric
zeid was found to exist in the mold, suggesting that once
growth begins the organism is able to synthesize amino=
butyric acid. This phenomenon and the nature of the muta-
tion involved are discussed. A poesible pathway of utiliza-
tion of aminobutyric acid for pyrimidine blosynthesis in-
volving homoserine end beta-sspartyl phosphate 1s also

suggested.
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A study of the possible utiligation of aminobutyrie
acid for pyrimidine biosynthesis in the rat was also begun.
The cytosine from isolated deoxyribonucleic aclid was found
to be four times es radiocactive as adenine from the same
source, suggesting that aminobutyric aclid may also be a
pyrimidine precursor in the rat, The low labeling of
thymine indicates that a different pathway for its bio-
synthesis may exlst, However, the generally low level of
radioactivity of the various isolated compounds makes the

interpretation of the data of questionable value,
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INTRODUCT ION

The bioeynthesis of the pyrimidine bases of the
nuclele acids « the major constituents of the genetic
material of the cell and the active principle of virues
particles - has become an increasingly important subject
for research studies, A clear picture of the method of
pyrimldine formation by the cell has become a necessary
goal for any general understanding of nucleic zeid bio-
synthesis,

Farly work on the origin of the carbon stoms of the
pyrimidine ring was carried out by Heinrich and Wilson (1)
wvho demonstrated the origin of the carbon atom at position
2 from carbon dloxide in the rat. Similar results were
2ls0 obtained by Reichard and Lagerkvist (2).

W%ork by Mitchell and Houlahan (3) pointed to a role
for the 4-carbon acids of the cltric acid cyele, slnce
oxalacetlc acld end aminofumaric acld were found effect-
ive in stimulating the growth of pyrimidineleass Neuros-
pors mutants, The findings of Loring and Plerce (4),
showing that nucleosides were utilized more effectlvely
than the free pyrimidine bases by these mutants, suggested
that an acyclic intermediate may be combined with ribose
at some step prior to ring closure. Orotic acid and
uracil were visualized as being utilized by way of ring

rupture and subsequent ribosidation, and Mitchell et al. (5),



after genetic investigations, arrived at the conclusion
thet orotic acid was not & normal intermedlate, but arose
in & side reactlon during pyrimidine blosynthesis.
However, in other orgm isme the importance of orotic
acld seems well established. Reichard {(6) found thatb
N B.labeled orotic acid was extensively incorporated into
the pyrimidines of pelynucleotides of several organs of
the rat, whereas purines were not labeled. Later work
by Weed and Wilson (7) corroborated these findings, since
orotic acid labeled in the 6 position with Cl% was found
to be utilized similarly in the rat. It is interesting
to note that the orotic ascld pathway apparently exists
slso in yeast, as shown by Hdmonds, Delluva, and Wilson (8).

Experiments were also carried out with Lactobacillus bule

garicus 09 by Wright et al. (9, 10) which demonstrated
the requirement of this organism for orotic acid; the re-
guirement could not be replaced by any other pyrimidine.
In addition, further understanding of the pyrimidine blo-
synthetic pathway in this organism was afforded by the
finding that DL-ureidosuccinic aold labeled in the urelde
carbon was as effective a precursor for nucleic acid
pyrimidines as was orotlc acid. Thils relationship vas
algo demonstrated to exist in the rat by Weed and Wilson (11)
who found that DL-ureidosuceinic acld was incorporated into
polynucleotide pyrimidines. |

4 role for aspartic acld as a precursor of the carbm

chaln of pyrimidines was suggested by the work of



Lagerkvist et al. (12), who tested aspartic acid-3-Cli4.cl4
in ret liver slices, The labels were incorporated into the
polynucleotide pyrimidines, though the methylene carbon was
utilized to a greater degree than the carbexyl carbon whioch
suggested cleavage of the carbon chain in the course of
utilization. The authors felt, however, that the molecule
was used as a whole, since the pyrimldines were not de~
graded and there wos thus some question as to the validity
of the C1% ¢o ¢l ratio. The importance of aspartie seid
wag also suggested by the experiments of VWoods, Ravel and
Shive (13) with Lectobacillus arabinosus 17«8, an aspartic
aclderequliring mutant which was shown to be able to utilize
pyrimidines, as well as threonine and lyeine, as a means of
sparing the aspartic acld requirement., This wes taken as

- proof that aspartic acid was involved in pyrimidine bio~-
synthesls.,

The conversion of Le-aspartlic aeld to L-ureldosuccinic
acid in rat liver mitochondria has recenily been demon-
strated by Reichard (14). Aspartic seild, carbon dloxide
and ammonia are converted to ureldosuccinic acid in the
" presence of carbamylglutamlc acid, edenosine triphosphate,
and magnesium lon. The reaction appears to require several
engymes, and the initial step may be formatlion of ecarbamyl
phosphate, The latier has been demonstrated as involved in
the conversion of aspartic aeid to ureldosuccinic scid in

S. fecaells extracte by Jones, Spector, and Lipmann (15).



The entire sequence of reactions from aspartic acid
to pyrimidines has been demonatrated by Lieberman and
Kornberg (16, 17, 18) for Zymobacterium oroticum. An

enzyme called ureldosucclnase converts L-ureidosuccinie
acld (II) to L-aspartic acild (I) with the liberation of
earbon dioxide and emmonia. The next step is reversible
and involves coyclisation and dehydration to L-dihydro-
orotic scld (III) with the involvement of an enzyme culled
dihydroorotase., The dihyydropyrimlidine is then oxidized

to oretic acid (IV) by the action of dihydroorctle de-
hydrogenase. The conversion of aspartie acld to ureido-
succiniec acld appears to require a separate enzyme system,
perhaps involving an engyme such as that found in rat
liver extracts by Lowenstein and Cohen (19). This enzyme -
mey convert c¢arbon dioxide, ammonla, and adenosine triphos-
phete to a reactive ogrboxamida~graup donor such as Care
bamyl phosphate, which then reacts with aspartic acid to

form ureldosuccinice acld.

GogH " Hol | CogH ﬂ~?'~ 0=0 Bl - 0=0
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L=aspartic Le~ureido- L=dlhydroorotic orotic acild
acld suceinic acid acid
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The existence of the orotic acid pathway implies the
initiel formation of the pyrimidine ring followsd by riboe
sidation, and thls seguence of reactions was recently shown
by Lieberman, Kornberg, and Simms (20). Yeast enzymes were
able to convert orotic mcid to orotidine«s!.phosphate (V)
by reaction with H«phosphoribosylpyrophesphate, and then,
by decarboxylation, to sonvert orotidine«St«phosphate to
uridine«i'wphogphate (VI).

HoN » ?ﬂ@ Hell = (=0
I | I
1 I

Heli o CeCOpH Hewlf w (wH
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O O
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In contrast 4o this rather welledsfined diosymthetic
pathway in several bacterla, in yeasts, and in the rat,
pyrimidine biosynthesis in Jeursspora is not clearly underw
stoods The work of Mitchell and Houlahan (3) and of Loring
and Pierce {(4) cvombine to suggest & role for some acycllie
riboce derivative., The occurrence of a second possible

pathway does not seem unilkely since the same sltuation



exists in purine blosynthesisz, where much work by Buchanan (2)
and by Greenberg (22) hes established an acyclic ribose deri-
vative as an intermediate in purine biosynthesis in pigeon
liver, However, Kornberg and coworkers (23) have recently
reported the reaction of purines with S-phosphyribosylpyro-
phosphate to form the nucleotide in yeast extracts. The
two mechanisma, riboslidation before and after ring closurs,
therefore do occur, and it sesms reasonable to suspect that
a similar siﬁu&tieﬁ exists in pyrimidine biosynthesis.
Furnharmbra. & nunber of growth studies also suggest
that éomw,@rganiama may possess a pyrimidine biosynthetic
route dlstinct from that Ilnvolving orotic acid. Woods and
coworkeras (13) were unable to replace the aspartic acid re-

quirement of lLagtobacillus srabingsus 17-0 by either orotic

acld or uruidasuacinie acid, In addition, Fairley (24)

has demonstrated that several pyrimidineless Neurospora

mutants may utilize threonine (VIII) or slpha~aminobutyrie
acid (VIII) for growth., Aspartlc ecid was ineffective, and
later work (25) demonstrated that ureidosuceciniec acid was
likewise not utllized,

Later, evidence was obtained for the involvement of
the "l~carbon-pool™ in the blosynthesis of the 5-methyl
carbon atom of thymine by Totter et al. (26), who found
activity in this group using formic aeld~Cl4 as precursor,
and by Elwyn and Sprinson (27), ﬁho demonstrated the utili-
zation of serine-3-Cl4 and glycine-2-¢l4 for this methyl

carbon, The involvement of metalonine (IX) in the



"legarbon pool™ was indicated by the work of Berg (£3),
vhlch demonstrated the conversion of formic scid to the
methyl group of methicnine in nigeon liver axtracts, and
tuggested an Se-hydroxymethyl derivative as an intermedlate.
in addition, methlonine has besn ghown to be a very importe
ant donor of Intaect methyl groups in transmethylation reace
tions in animels (29},

‘.;% ?ﬁa ?‘fie*&*cﬁg
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|
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butyrio acld
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It therefore sppeared likely that methlonine might be
a significant precursor of the westhyl group of thymine (X},
by way of the "l-garbon pool®, and the possibilibty also
exlsted unﬂb & tranemethyluation t§ the B cerbon of the
pyrimidine ring might be a cignificunt source of the thymine
methyl groups In the present work the possible utilization
of Sl*ﬁm&thylnlabalcﬁ methionine for the bloaynthesis of
the thymine methyl carben of deoxyribonucleic meld in the
pat has therefore been Investigated, The labeling of the
purine bases, adenine (XI) and guanine (XII), of deoxyrlbo-
nuclelic acid was aleco studied as & possible means of com~

parison of the importance of the two posglivilities -



transmethylation, or oxidatlon to a l-carbon intermediate -
snd formle acid-Cl4 wes run in parallel experiments to have

& means of comparison with other published work,

Hw? - ?ﬁ@ N = C-NHp H-R = Cu0
| ! ! |
O=C  C=CHg HC G-N Hpl~C C~N
I I ¥ CaH ) | \C-H
H-N « C-H N - G-N” N = C-N”
thymine adenine guanine
X X1 XI1I1

The previously-mentioned growth studies in which
alpha-aminobutyric acid was found to support the growth
of & pyrimidineless mutant, N, crassa strain 1298, suggeste
ed that this amino scid might be involved in pyrimidine bio-

synthesis in Neurospora. The fact thet the generally accept~

ed pathwey « involving conversion of aspartic acid to the
pyrimidine nucleotides by way of ureldosucecinic acld, di-
hydroorotic acld, and orotic acld ~ does not appear to exist
in this orgenism seems to support this posslblility. The
present work therefore also includes a study of the labele
ing of the pyrimidines - uracil (XIII) and cytosine (XIV) -
and related compounde after growth of N. crassa 1298 on
3«0}4 alphaw~amincbutyric acid, A similar study has also
been started with the rat.

Growth studlies with Neurospora were also carried out

to test & number of possible relationships suggested by
this work and by recent reports of Fink, st al. (30)
and of Grisolla and Wallach (31) that a biosynthetio



pathway involving conversion of beta-alanine (XV) to beta-

ureidopropionic acid (XVI) and subsequent cyclisation may
be involved in pyrimidine blosynthesils.
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EXPERIMENTAL AND RESULTS



EXPERIMENTAL AND RESULTS

Zhe Utillzation of Methionine

liaterials

Two male albino rats weighing about 160 g, were in-
Jeeted intraperitoneally with 1 ml., of a water solution
containing 0.1 me., of methionine-metayl«Cl4, and a second
pair of rats were injected with 0.1 me. of formic acid-Ché™,
This amount of activity was supplied by 20 mg. of radiow
active methionine and by 2.61 mg. of formic acld-Cl4,

The synthesis of methionineemethyl~¢l% was carried
out according to the procedure of du Vignesud, Dyor; and
Harmon (32). This consisted of the reduction of 1 milli-
mole of homoeystine to homocystelne by reection with sodium
in liguid ammonla. The mixbture was contalned in a glass
tube through which nitrogen gas was slowly bubbled to
afford stirring and to maintain en inert atmosphere. A
temperature of approximately -709C was maintained by usze
of 8 dry lee = amcetone bath, One miliimole of 0l%.methyl
jodide (1 ma./hﬂ. activity) was added to the reaction mixe
ture after warming to reoom temperature. The mixture was
econcentrated to a small volume, and the resulting methlionine-

msuhylvcl4 crystallized out., The orystals were washed with

#0btained from the Isotopes Specialtles Company,
Glendale, California
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sold ethanel, then with ether, and dried in vacuoc. The
vyield after rsorystallization from 80 per cent ethancl was
90 per cent of theoretical, The compound melted at
879-280°C,
Isolation of Deoxyribonuelsie Acid

The rats were killed by etherization 24 hours after
injeotion. The total viscera, including hear t, lungs,
kidneys, liver, spleen, stomach, intestines and testes,
was then removed, oclesned, frozen on selid carbon dioxide,
and stored in the deep freeze for 12 hours. The frozen
tissue was diced and then homogenized in a Waring Blendor
with 200 mi., of cold absolute sthanol for five minutes.
The homogenate was transferred to 250 ml., Pyrex centri-
fuge bottles and centrifuged at =-10°C for 20 minutes at
5000 r.petis, using a Model V Intermational centrifuge .
The supernatant was discarded and the residue was exirsct-
ed three times with a bolling 3:1 (v/v) eéthanol-ether mix~
ture for five minutes. The residue from these lipld ex-
tractions was wasned twice with ethsnol, three times with
ether, and was then alr dried.

The dried, lipld-extracted viecera was then placed in
s mortar and mixed with ten per cent (w/v) sodium chloride
solution to meke a pastes Carborundum of 120 mesh size was
then added and grinding carried out for 15 minutes. The
mixture was transferred to a 280 ml. Pyrex centrifuge
pottie, using a sufficient amount of the sodium chloride

golution to make & final volume of 150 ml., The mixture
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was then heated on the stesm bath for 20 minutes, end there-
after stirred slowly for 24 hours at room temperature.
After centrifugation, the remsining solid was re-extracted
with = 100 ml, portion of fresh sodium chloride solution
for 12 hours, and the extracts combined. The residue from
the re~extraction was weshed with 20 ml. of the sodium
chloride solution and the washing sdded to the combined
extracts in a1 liter beaker, Two and one~half volumes

of ethanol were then added %o precipitate the erude sodium
nucleates, which were centrifuged down in 260 ml, centri-
fuge bottlew. After washing with ethanol and ether, the
materlidl was alr dreied and welighed, A typical yield was

1 ge of mixed nucleates.

Deoxyribonuclelc acid wes isolated from the mixed
sodium nucleates by the method of Hammarsten (33).
Sufficient 0,1 N sodlium hydroxlide waz added to the dried
nueleates in & 200 ml, flask to make a 1 per cent solu-
tion. This was then heated in s bolling water bath for
two hours and acidified to pH £ with 2 N hydrochloric acid.
One~tenth voluwe of 0.1 i lanthanum nitrate was then added
to form the 1lnsoludle lanthanum salt of deoxyribonucleies
eacid, and the mixture was centrifuged in 250 ml. centrifuge
bottles, The precipltate was washed twice with small
amounts of 0,01 ¥ lanthanum nitrate, transferring the solid
to a 15 ml, centrifuge tube in the process. The lanthanum
deoxynucleate preciplitate was finally treated for separation

from contaminating protein by the following procedure. One



ml, of 1 M potassium carbonate and four and one-half ml,

of water was added to the solid, and the mixture heated in
& bot water bath for & minutes. A&fter centrifugation, the
solution was placed in a 100 ml. beaker and the precipltate
re~oxtracted twice with 0.5 ml« of water, The combined
supernatants ieru agidified to pH 5.7 or below with glaclal
acetic acid, and then bolled for five mlnutes to remove
carben dloxides The deoxyribonuclelc acld was precipitated
by the additlon of four volumes of ethanol., The mixture
was placed im the refrigerator for 18 hours, after which

it was centrifuged, and the greyish-white precipitate
washed wlth sthanol, ether, and then alr dried and welghed.
The average yleld from a 16@‘31 rat was about 100 mg, of

deoxyribenuclelic acid.

Isclation of Purine and Pyrimidine Bases

The duaxyr&bohualeic acid was pl&éed in e 10 ml,
volunetric flask and hydrolyzad by the method of Harshek
and Vogel (S4). Two ml. of 7N perchloric aclid was added
and the mixture was heated on the steam bath behind an
explosion ahielﬁkfér one hour with occasional shaking. -
The contents of the flask were then transferred to a 15 ml.
centrifuge tube with 1 ml., of water, and the charred resi-
due washed with one 0.5.-ml. portion of water. The combined
supernatants were placed In a second 15 ml, centrifuge tube
and basified to & pH of 11 by thoe addition of © ¥ potassium

hydroxides. The preciplitate of potassium perchlorate was
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removed by centrifugation, and the supernatant containing
the free purine and pyrimidine bases, usually an amber-
colored liquld due to the presence of suspended colloidal
carbon particles, was placed on s 2.5 by 27 em. Miseo®
column packed with Dowex 1 anlon exchange resin of 50 to
100 mesh size and twelve per cent orossiinking. The wasin
bad previously been converted te the chloride form by treat-
ment with 1 N hydrochloric acid and subsequent washlng to
remove excess acid. After the solution of bases had fil-
tered into the resin, a chromstographiec procedure similar
to that suggested by Cohn (35) was carried outs The pyriw
midine bases were eluted in separate peaks by elutlion at
the rate of two and one~halfl ml. per minute with 0,015 H
smmonium formate buffers of suacemsively lower pH. The
first bulfer to be passsed through the columm was of pH
10.1, and served to elute cytosine in a 75 ml., peak gftor
about 100 ml, of buffer had passed bthrough the column. The
samples were collected in 50 ml. beakers located on the
turntable of a’Niaeo au#amatie fraction ¢ollector, and the
elution of the samples was followed by reading a portion
of the conbtents of each beaker in a Beckman Hodel DU
Spectrophotometer®®, The vatio of optlesl dcnsity
(absorbancy) at 260 mp to that at 280 mp was found mostb

reliable as 8 means of following the elution of the bases

#Microchemical Specialties Co., Berkeley, Californla

#¥National Technical Laboratories, S. Pasadena, Califtenia
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fran the column, After elution of cytosine, the column
was next treated with about 150 ml, of buffer of pH 9.1,
which was' then followed by addition of buffer of pH 8.25
for the removal of thymine. After the passage of about
160 ml.'af the buffer, the pyrimidine appeared as a broad,
symmetrical peak in 200 to 250 mli. of effluent. Pinally,
adenine and guanine were recovered by addition of 200 ml,
of 1 N hydrochloric acid. 7The scid effluent was taken to
dryncas several times in vacueo to remove excess hydro
chloric scid, and the residue, taken up in.a few ml. of
Ol ¥ hydrochleric acid, was allowed to filter into the
resin ved of a-1 by 12 em. column. The resin used was a
Dowex 60 cation exchanger of twelve per cent crosslinking
and 100 to R00D mesh particle size which had been placed

in the hydrogen form by suceesszive acld end water washes
ae deseribed for the preparation of the Dowex 1 column,
The purlne bases were eluted with 3 N hydrochloric acid,
guanine coming off in a 200 ml., volume after 30 ml. of
eluting agent had passed through the column, and adenine
following - after efflux of an addlitional 40 ml, of acid -
in a 200 ml., volume, The elution of the bases was followed
by observation of the ratlo of optlcal densitles at 249

and 260 mu for each fraction,



Cytosine Purification

The ratio of optical densities at two wavelengths of
the cytosine fraction, when compared to the ratio for known
eytosine, indicated considerable contamination, and the
eluate wes therefore evaporated to & small volume, acidie
fled with B drops of consentrated hydrochloric acid, and
placed on 8 1.5 by 23 cm. column packed with Dowex 50
resin in hydrogen Torm. Arfter allowing the sample to
filter In, the column was treated with 2 N hydrochlarie
aeld, again following elution of the cytosine by observa-
tion of the optical densitles at 260 and 280 mp. A value
of 1.5% for the ratio of optical density at 280 mu to
that at 260 mp indicated that the cytosine was satisfac-
torily pure.

Isotope Measurement

One ml. aliguote of the thymine fractions obtained
from the originel Dowex 1 separation and similar alliquots
of the cytoesine fractlons obtained from the Dowex 50
purification were plated on platinum dishes, tHalfle
milliliter aliquots of the purine fractions were simie
larly plated. In all cases the solvents were removed by
slow evaporation over an infrared lamp, and the radio-
activity of the samples determined st infinite thinness
in & Nuclear internal flow Geiger counter. Since the con-
centration of each aliquot was known from optical density

measurements and molar extinection coefficients, the specifie
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sctlvity, expressed as counts per minute per micromole,
could be caleulated. The molar extinction coefficients
for thymine in 0,018 M ammonium formate buffer and for
adenine and guanine in 4 N hydrochloric acid end 3 N
hydrochlorie acld respectively were determined as outlined
in the appendix. The rolar extinetion coefficient of
cytosine in scld solution was obtained from the litera-
ture (356).

Thymine Degradation

In en attempt to establish that the activity of the
thjmino molecule actually reeided in the mcthyl'éarbdn,
the dagradation of the molecule was undertaken.

The method of Baudlsch and Davidson (37), was first
tried, This involved conversion of thymine to S-bromo-4-
hydroxyhydrothymine with bromine water, followed by
hydrolysis in the presence of silver oxide to thymine
glyeol and further hydrolysis with sodlum blcarbonate to
wrea plus acetol, The acetol, representing carbons 4 and
5 and the methyl carbon, was dlstilled ocut of the reac-
tion mizture and converted by lodine In sodium hydroxide
to glycolie acid and lodoform. The latter represented the
original methyl carbon of thymine, In practice the thymine
glycol was not isolated, the hydrolysis being carried out
directly to the acetol stage., Some difficulty was experw
ifenced in obtaining favorable ylelds on the millimolar

scale by this method, and a more direct procedure,
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suggested by Dre. John (. Speck of the Chemistry Department,
was found more useful, Thls conalsted of direct resction
of thymine with iodine im sodium bicarbonate solution,

and gave ylelds of eighty to elghty-five per ocent of
theoretical,

Isolation of thymine from the coluwmm effluent was
found necessary ss a preliminary to the degradabion to
iodoforms Formate lon was found somewhat inhibitory,
probebly by competltion for hypoiedite lon, and ammonium
ion was strongly inhibitory at the concentrations of the
buffer, though studies of the latter effect indiceted no
general inhibiltion of the lodoform reactions Hxperiments
to determine conditlons under which sodium formate buffers
aould“ba substituted for ammonium formate proved frultless,
The eluate was also shaken with Dowex B0 resin in hydrogén
form in an attemplt to remove anmaniuﬁ lon, followed by &
ginmilar treatment with Dowex 1 resin in lodide form to re-
move formate jon, but thymine still would not glve lodoe-
forms It was finally decided to use a colum of Dowex 50
resin, in the event that shaking of the resin with the
eluate did not bring about complete removal of interfering
ione, which were therefore preaegt in sufficlient quantity
to prevent reaction., The procedure was suoccessful in re-
moving ammonium ion, as evidenced by a negatlve test with
Nessler's reagent, and evaporation of this column eluate

to dryness served to remove formate ilon as volatile formic
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aslds ZThe tiynine was transferved to @ 10 wl, voluwetric
flask with O ml, of helfesaturated ecdium blssrbonate solus
tlon and the total of R49) wge wes diluted with twice tals
amount of wnlabeled thymine to give s boted of 58,13 mg.
toe mle of o solution of lodine ln potepsium lodide conw
eloting of 18,7 g. of vosublimed lodine in 26 sl. of water
sontalning 40 ge of potassium Sodlde wor sddeds The Gixe
sure was iucubated at 379(, for ons week, snd the Llodoe
form, which presipitated ae yellew platelete, wes Iiltered
off on & Tritted glass [llters The nreeiplitato was washed
with saturated poltassium loulde molution So remcove conkome
Ineting lodine, and the owrystals Shen dissolived from the
flilter wity chlorofors snd the solublon evaporsited on a
tared wateh glases Tho Sotal yield was .1 wge of iodow
forme AttOmpts Yo purliy the lodelorm by eublimation had
ppoved wsuceessful in teisl experiments due to thermul dew
gonponition o lodine, so without furthey murlfication the
compound wee Seken up in ecdorefors and sade up to b al.
in & glass-abtoppored volunsterls Tlusk.

silguots yeaging feow L0 o BOO wl, wers plsated on
sisbinus Glekes, svaporeated Lo dryness, wond lunedictely
souwnted in the lotersal flow gounter, i% was dlscovered
that todolorm had a guenching aetlon on the countling rete

eaanllude that the larger samples had less acbivity

than the ssaller sasples. Since the largest sanple nlated
was ohly O.8) mges the Yesulte oould not be attridutec to
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self~-absorption, so an attempt was made to obtain & quench~
ing curve of the amount of lodoform versus the activity of
the sample by plating known quantities of radicactive sodium
carbonate mixed with known emounts of unlabeled iodoform,
and determining the effect of the added ifodoform on the
counting rate. This curve should supply a factor by which
the aectivities of corresponding amounts of labeled iodoform
could be multiplied to obtain the actual activity., However,
when this procedure was applied to the radiocactive iodoform
from the thymine of the methionine~fed rat, the specific
setivity determined was double the largest value theoreti-
cally possible, As sn alternative, the remaining labeled
lodoform, smounting to about 0.6 mg.,, was plated and an
attempt was made to count the sample with an end-window
Gelger counter, where no guenching is possible, However,
the count obtained was not sufficlently above background

to be significant. 4 similar result was found for iodo-
form from thymine lsolated from a formute-fed rat., The
solution to this problem thus appeared to lle only in an

increase of the scale of the experiments,

Criteria of Purlty
The fractions obtained in the column separsations of
the various bases were found to be satisfactorily pure as
judged by the ratio of optlcal densitlies at two wavelengths,
In the case of both cytosine and thymine the ratio of
optieal density at 280 mj to that at 260 mp was used,



2l

For oytosine the value is 1,556, and for thymine the value
is 0,564 In the case of the purines the ratio of optical
density at 249 mp to that at £60 mp was employed, and the
values obtained were 1.3 for guanine and 0.8l for adenine.

In addlition, a comparison of radlcaetivity and concen-
tration was also mades Allquots of the chromatographic
fractions whlch conbtalned the labeled bases and also
alliquote of several fractions devold of these compounds
were plated on platinum dishea and counted. The activie
ties of these various fractlions were plotted on the same
axes as & curve of concentration versus volume of eluant,
The colncidence of the radloactivity and concentration
curves substantlated the purity sf_@he isoleted purines
and pyrimidines 1n each case.

Results

The radicactivity of the isolated bases of the
deoxyribonuclelc scld of the rat after injection of formilc
acid~-c+4 ang mahhinnin&~Mchylwclé ig shown in Table I.
The specific activity was expressed as counts pver minubte
per micromole, the calculation of which is shown in the
appendix. |

It ean be seen that appreciable amounts of Isutoplc
carbon appeared in the adenine, guanine and thymine of
deoxyribonucleic acid after administration of elither nre-
cursor. The utiligation of methlonine was poorer than

that of formie acid, as indicated by the dilution values
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in the table. However, it 1s seen that the methionine
precursor suffered & tenfold greater dilution on entering
the purines than did formic acld, but only a two-fold
greater dllutlion upon entering the thymine molecule., If
the dlstribution of activity in the purines and thymine
after methionine administration mey be consldered similar
to that oreviously shown for formic acid, (3) the purines
should be labeled in carbons 2 and 8 and the major activi-
ty of thymine should reside in the methyl carbon, The

low actlvity of the cytozsine landes support to the latter
agsumption. The results indicate that methionine dces not
serve as a slignifiecant precursor of the ureide carbons of
the purines, and therefore does not contribute appreciably
to the pool of "l-carbon unita" at the oxidation state of
formic acid. In contrast, the relatlvely higher incorpora=-
tion of the methionine methyl group inte thymine suggests
that conversion to & "lecarbon unit®™ at the oxidatien
getate of formaldehyde may readlily occur, and that this
derivative may then give rise to the methyl group of
thymine, Transmethylatilon, though a possibility as a
partial explanation of the data, cannot be a significant
mechanism for thymine methyl formatlon because of the

better utilization of formle scid,
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Ihe Utllization of Aminobutyric Acid for
Zyzipidine Bilosynthesis in Neurcspora

Materials

Radioactive alpha-aminobutyrie scid, labeled with ¢14
in the beta savrbon atom, was kindly supplied by Dr. H. Tarver
of the University of Californim., Paper chromatography and
radicautography of the compound by procedures outlined in
a subsequent sectlion (see pages 33 and 54) indicated thab
the amine acid was essentlally radiochemically pure, except
for a slight indicatlon of radiocactive contamination which
wigreted as glyeine and whose concentration was estimated
at less than a tenth of 1 per cent of the total activity.
The specific activity of the aminobutyric acld was given
as 3.1 no/mg., or 3,06 x 10° ¢.p.m./pi, However, the value
actually obtained by guantitative ninhydrin (see page 64)
and radiocsctivity (see page 16) determinations of the
chrometographed ssmple was .41 x 10% e.p.m./pm¢ In order
to obtain & pyrimidine labeling sulitable for counting,
11 mg. of the redicactive compound wag dilubted with 89 mg.
of recrystallized unlabeled aminobutyric acid, and the
final activity of the precursoy was thersfore 4.84 x 104

@opom-/FMl

Organisms

Neurcospora crasss straln 1208, a pyrimidine~requiring

mutant which had been isolated by Beadls and Tatum (38)
and later described in detaill by Loring and Pierce (4), was
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used throughout the present study, e xcept for several
experiments where the wild, nonw-mutated strain was employed.,
The mold was maintained on culture slants consisting of

basal medium contalning 2 per cent sgar and 1 mge of uracil
per ml,

Growth Procedure
The mold was grown in 125 ml, Erlenmeyer flasks to
which was added 12.5 ml, of a baﬁal nutrient medivm heving
the composition shown in Table II. The composition of
800 ml. of the stock trace element aoluﬁiaﬁ; of which only
50 pl. are used per 10 1, of media, is also included in the
table,

| TABLE II
THE COMPOSITION OF THE BASAL NUTRISNT MEDIUH

Calcium chloride 1 ge Trace element solution 50 pl

Ammenium tartrate 80 g. Sodium tetraborate 8.8 g.
Ammonium nitrate = 10 g. Ammonlum molybdate 6.4 g.
Potassium dehydrogen Ferrle chloride 50 g.
phosphate 10 g. Z2ine gsulfate
Magnesium sulfate hevtahwirate 200 g.
heptahydrate 5 Be Guprig sulfate 27 g
Sodiwm chloride 1 g. ganous ¢hloride 4.5 g.
Sucrose 101 g Distilled water to 600 ml.
Biotin 26 ys. Distilled water to 10 1.

Five mg. of the labeled slpha-amincbutyric acid having a
specific activity of 48,000 c.p.m,/pd and & total activity
of 2,38 x 10% counts was added to each flask, and the

flasks were then stoppercd with cotton plugs and autoclaved
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for 20 minutess After cooling, the flasks were innoculated
with 0.2 ml. of = spore suspension of the mold, made by
dispersing two loopfuls of the spores in 10 ml. of sterile
distilled water, Incubation was usually carried out at 259C
for 4 days, at which time sporulation was just commencing.
The contents of the Ilasks were then filtered on e fritted
glass fumel with suction, and the mycelial residue was
washed with & ml, of water and then soaked in 100 ml, of
acetone for 16 minutes, The acetone was removed and the
mycelia placed in & desiccator farl$4 houre. 4 brittie
disc waé thus obteined which was suitable for grinding.

Overall Distridution of Isotope

The smounts of activity contained in the mycelium, thae
trichloroacetic acid and ethanolwgther axtracté, the riboe-
nucleotides, and the resldual growth medium were determined
in the following manner,

The total amount of aétivity contained in the mycellum “
was deteruined by suspendihg 10 mg. of the total ground
myceliuw in 5 mle of water in a volumetric flask. A 1 ml,
aliquot was then dlluted to 100 ml., and 1 ml. aliquots of
this diluted szample were ﬁhen plated and counted as dew |
scribed previously (see page 16). One milliliter portlions
of the residuel growth medlum, obtained by filtration of
the mycelial pads at the end of the growth period, and
similar portions of the trichloroacetic acid and ethanole

ether extracts, obtained as described in the following
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section, were diluted to 100 ml, with water. One milli-
liter aliquobs were again plated and counted. The ribonu-
cleotide fraction was counted by diluting 100 pl. of the
ribonucleotldes =~ obtained by column purification as
described in the next section - to 6 ml., and again plat-
ing and counting 1 ml. aliquots.

The results of the determinstion of the overall dis-
tribution of radiocarbon in the mutant and the wild strain

are compared in Table III.

TABLE IXII

DISTRIBUTION OF CARBON~14 IN NEUROSPORA
AFTER GROWTH IN THE PRESE?EE
OF AMINOBUTIYRIC ACID»3-CH

Activity as 106 c.p.m.

Fraction or Components Mutant Strain Wild Strain
Aminobutyric Acid-85-Cl4 supplied 47.0 47.0
Growth mediuvm 8.0 2.4
Nycelium 20.0 15.9
TCA=goluble™ 5.0 44,0
Lipids 0.7 0.2
Rivonucleotldes 2,b 1.7
Residue (by difference) 11,8 10,0

Not accounted for
{loss as CO3) 19.0 28,7

#Soluble in 10 per cent trichloroacetic acid
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It ie Interesting to note the much higher activity contained
in the residual growth medium of the mutant; suggesting the
accumulation of one or more radioactlive compounds. Perhaps
the two highly labeled amino acids located on radiocautograms

of chromatograms of the growth medium are these compounds.

Study of Ribonucleotldes

Isolation of Ribonucleotides. The mycelium obtained

from 10 flasks of the mold grown for & days on 5-Clé.
aminobutyric acid was graﬁnd in s mortsr with 120 mesh
carborundum powder for 15 minutes. The resulting powder
was extracted 3 times with 10 ml. of cold, 10 per cent
(w/v) trichloroacetic acid transferring to a 12 ml., Pyrex
centrifuge tube In the process, The solid residue was
washed once with 4 to 1 (v/v) ethanol and was then ex~v
tracted 3 times with boiling & to 1 (v/v) ethanol-ether.
The extractions were carried ocut by suspending the. centri-
fuge tube in a boliling water bath and stirring the contents
oceasionally. The process was carrled out for a half-hour
the first time, and for b minutes the remaining times. The
lipid-extracted residue was then washed twice with ether
gnd air dried. ¥Five milliliters of 1 N potassium hydroxide
was then asdded, and the mixture allowed to stand at room
temperature for 24 hours. After centrifugation, the super-
natant was transferred to a second lé ml. centrifuge tube
cooled on lce, and acldified to a pH of & wlth concentrated

perchloric acid. The resulting precipltate of potassium



perchilorate and protein was allowed to coagulate for Y0
minutes and then wae resoved by centrifugatlon. The Pew
sulting supernatant of pibonucleotides and susnended nrotein
wag filtered torough o layer of tCelite on s fritted glass
filter, end basiflied to a pit of L1 with Y ¥ potassius
hydroxide, The solution of ribonuclectides thus obtained
was allowed o filker into & 1 by 27 om. column gontulning
Dower 1 enloneexchengs resin of 60100 mesh size and 1P
per cent aroseliniing. The column was developsd firet with
800 mle of waber, snd then with 200 »l,. of 2 ¥ hydivoachiorie
aclde The optleal density oI the latter eluate was doterw
mined st 860 wu, aud en spproxivate extinction evelficient
of 10,200 together with en aversge molesulay welght of 350
was used to estimate Sthe eoncentratlion of nized nuclectldes
a8 & mpg. The solubtion wps then evaporeted in vacuo to drye
pets several times bto wewove hydroenloric aclid yilelding @

greyichewnite residue,

acid and tmensfepred to & gluss-stoppered, 10 i ,«volue
medric flask. The mixture was then hlown to drymess by
wopus of & stvoam of charecal-flitersd sir. after carelul
addition of 0.5 mls of concentraved perchlorlie acld, the
flask was heated oo the stean bath behind ea explosion
shield for 40 minubea, Ihe contents of the Ilask were then
tpansferred 50 & 12 ml. centrifuge Sube with the aid of
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ssveral small portions of water, and; after centrifugation
and transfer of the supernatant to a& 5 ml, beaker, the pre-
c¢ipitate was washed and the washinge sdded to the beaker,
The solutlon was then diluted to about 8 ml., to provide
the perchloric acld soncentretion of about 1 X, preparatory
to separation of the mixed beses.

Isolation of the Purine and Pyrimidine Bases. The

solutlon of bases in 1 ¥ perchloric acid was allowed to

filter into the resin bed of a 1 by 27 em. Dowex 50 column
in hydrogen form, Elutlion with 100 ml. of water served to
remove uracil mixed with perchleric acid, Cytosine came
off in an 80 ml, volume after 160 ml., of 2 N hydrochloric
a¢id had been passed through the colum, Guanine was next
eluted by 3 K hydrochloric acid in a 120 ml. volume after
60 ml. of the eluant had passed through the column, and
adenine was then removed by 140 ml, of 4 N hydrochlorie
acid after a fove-run with 60 ml. of scid,

The uracileperchloric acid solution was carefully
taken to 3 ml, volume and basified to a pH of 11 with & N
potessium hydroxide., After removal of the potasslum per-
e¢hlorate precipitate, the solution was placed on a 1 by 10
em, Dowex 1 colwmn in chloride form., After the solution
had filtered into the resin bed, 100 ml. of 0,015 ¥
ammonium formate buffer of a pH of 9,1 was paseed through,
and urscil was then removed in & 76 ml, volume after 75 ml.

of 0,016 ¥ ammonium formate buffer of a pH of 8.0 had
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filtered through the column. It is worthy of note that it
had been found that a elightly more acldic buffer was re-
quired to cbtaln a sharp peak on elution of the elightly
more bazle uracil than with thymine. The difference in pKg
values 1s very small, the value for uracil being 9.46 and
that for thymine being 9.88., The effluent containing uracil
was svaporated to & small volume and placed on & 1 by 27 cm.
Dowex 50 column in hydrogen form for the removal of amnonium
ion. The column was treated with 100 ml, of water~wh1$h
served to wash through all the uracil, the ammonium, len
being retained on the resin. The water selution of uracil
and formic acid was evaporated to dryness to remove the
latter, leaving & white residue of sbout 0.5 mg. of uracil.,

Purificabion of Purine snd Pyrimidine Beses. Aliquots
of the chromatographic fractions from the column separation
of each base were plated and counted as described {for the
methionine~labeling studies, (sse page 16) except that 1 ml,
fractions of all the bases were plated., The procedures for
quantitative determination of the bases by their absorption
characteristlics were likewise the same as those used for the
previous study (see page 16).

Reorystallization. However, the various fractions
proved to be grossly contaminated with other radiocactive
compounds, and rechromatography on both cation and anion-
exchange resins proved of no avail in attempbts at purifi-

cation, The technique of recrystallization to cons tant
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apeciflc activity was therefore tried, making use of the
general insolubility of these amphoteric substances at
neutrality, The adenine, guanine, and eytosine were each
evaporated %o dryness several times to remove hydrochloric
acid, and then all four of the bases were teken up in 0.1 ¥
hydrochlorie acid, transferred. to 26 ml, volumetric flasks
and made up o volume with the sams solvent, The concentra-
tion of each sclution was determined by meassurement of its
optieal denslbty at the characteristic absorption wavelength,
and the compounds wers then diluted with known amounts of
the unlabeled bases. The pyrimidines were diluted with

¢ parte of the unlabeled pyrimidine and the purines, be-
cause of thelr higher concentrations, were diluted with

19 parts of the uniabeled purines, In m@st of the experli-
mente only cytosine and gusnine were used, the other bases
being reteined for fukure degradation stuidles. The scid
solutions of the diluted compounds were then neutralized
with 0.1 N sodiws hydroxide, and then evaporated to 2 ml.
volune and placed in the cold overanlght. The preclpitate
was centrifuged off, taken up in 0.1 N hydrochleric acid,
the aolution made wp to £6 ml, volume, plated on platinum
dishes, and counted, The procedurs was repeated as many &s
four times, bub the specifis activity did not approach a
constant value, and the ratio of optical densities at 260
and 280 mp did not agree with the values determined for

pure samples. Fowever, the specific activity of the
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pyrimldines generally increased with successive recrystdalli-
z8tions toward a meximum value of 6,000 c.p.m./pl, and the
specific activity of the purines generally decreased with

Buccesslve recrystallizations toward a minimum value of

800 G'bP‘um:ﬁ/}tM.

dine bases by the use of a one~dimensional paper chromato-
graphic procedure. A solution of each base in O.,1 N
hydrochloric acld was applied in a narrow band 3,5 inches
from one end of a 7 by 18"atrip of Whatman No. 1 filter
papsr, Careful applleation of a narrow bend was posszible
using & 100 nl, micropipet attached to & hyperdermlic
syringe. Approximately 76 ul of solution wes applied at a
time, the papers belng s tretched between books and aired by
a fan to promote rapid drying. After complete applieation
of the solutions, the papers were folded 1 inch from the
sample end and then in the opposite directlon 2.25 inches
from the same end, The leinch flaps of the paper strips
were then placed in gless troughs and the papers passed up
and over glass rods (each of whleh was above and to the
side of a trough,parallel to it) such that the second folds
coincided with the glass rods and the papers therefore hung
straight down from this point. The btwo troughs were held
at the top of an all-glass rack, and the entire system was

contained in a 12 by 24 inch battery jar. The solvent used,
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& mixture of 2- propanol, water and hydrochloric acid, was
that described by Wyatt (89) for the separation of the purine
end pyrimidine bases of the nuclelic acids. In this solvent,
the Rf values (the Rf value being defined as the ratio of
the distance of migration of the compound being chromstow
grephed %o the distance traveled by the solvent) for the
various bases are sulficiently different to obtain separa-
tion In the event that the contaminante are of this nature,
and, in addition, the distances of migration are of inter=
mediets value, meking possible separations from materials
whioh are slther very scluble in the solvent, and would
thorefore migrate with the solvent front,’ or very insoluble
in the solvent, remaining at the origin during development,
The solvent waes added to each trough In approximately 80 ml,
amounts, and a 100 ml, portion was plsced in the bottom of
the jar, to aid in satursating the etmosphere. The jar was
then covered with a glass plate and the polvent allowed to
f1ow down the paper until it had elmost reached the bote
tem, & process which reguired ebout 24 hours, The papers
were then removed and dried, and viewed with ultraviolet
light from a dineralight® lamp; the so~called guenching
technigues .Thelpyrimidinsﬁ and adenine appeared as dark
blue bands on a iight blue background, and guanine, which
fluoresces slightly, appeared as a light blue band on the

*ﬁltra«?iolat Products, Inc., South Pasadena,
California
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blue baokground; The bands were cut out and eluted by means
of attachment to a filter paper strlp dipping into 0.1 N
hydrochloric acid. The acld traveled down the paper and
then through the band, and was collected in & 50 ml. beaker.
The eluates were evaporated to dryness and rechromatographed
by lon-exchange chromotography. On determination of concen-
tration and radloactivity the fractions were found to be
pure, as judged by the graphing method. (see page 21)

Bpecific Activity Determination. In subsequent experi-
ments the bases were eluted from the paper chromabtograms,
transferred to 25 ml, volumetric flasks, dlluted with 0.1
¥ hydrochloric acid, and the congentration and radicactivity
determined. The concentration was sscertained by measure-
ment of the optical dangity at the wavelength of maximum
absorptlon. Thie value, when divided by the molar exting-
tion coefficlent for the sppropriate compound in 0,1 N
hydrochloric acid, gives the molar concentration., Radio~
activity was determined by plating 1 ml,. aliquots of the
solutione and treating as outlined previously (see page 16).
Uracil md Cytosine had specific activities of about 5000
Gepeit,/nM, whereas the values for the purines were found %o
be about 900 c.p.m./uM.

Localization of Isotope. In an attempt to localize the
redlocarbon of the uracil molecule, the degradatlon procedure
of Helnrieh and Wilson (1) was carried out with the dlluted

compound. In preliminary experiments 10 mg. of twice-
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recrystallized urecil was dissolved in & ml. of hot, carbon
dloxide~free water in the bottom half of a welghing bottle
of about 80 ml, capacity, The bottle was then sealed with
& greased rubber stopper which held a pair of pH electrodes
connected to & portable Beckman model G pH meter®, a pair
of 10 ml. burets, and two glass tubes. One of the tubes
extended almost to the bottom of the bottle, and was con~
nected to a serubbing tower containing 10 ¥ sodium hydrox-
ide, Air from & compressed air line was slowly bubbled
through the tower to he freed of carbon dioxide, and then
passed into the bottle, serving to agitate the contents

and also to carry alr conbtained in the bottle out through
the other glass tube. The outlet tube, which jJust barely
extended into the bottle, served to ¢ arry the alr to a
capilliary which extended to the bottom of a 7-inch test
tube conteining saturated barium hydroxide solution.

After bubbling through this solution the air was allowed

to escape through an outlet in the stopper which covered
the absorption tube, After about ten volumes of alr had
passed through the reactlon bettle, 0.4 N potassium
permangenate was added dropwise by means of one of the
burettes, and 0.5 N sulfuriec acid was added through the
other burette to maintuein a pH of 6, as long as the perman-

ganate was decolorized., Carbon dioxide, presumably

#National Technical Laboratories, S, Pasadena,
California
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representing & mixture of carbon atoms 4 and 6 of the
degraded pyrimidine (40, 41) was swept over into the ab-
sorption tube and trapped as barium carbonete. When no
more precipitate weas formed, the sbsorption tube was re-
moved, the contents tranaferred to a 12 ml. centrifuge
tube and the precipitate ecentrifuged off. The dried bari-
un carbonate weighed 16 mg., or 80 per cent of the theo-
retical value. The reaction bottle was also removed and
the contents treated with 3 per cent (v/v) hydrogen per-
oxide to remove excess permanganate. The nrecipitate of
manganese dlioxlde was filtered off, washed with hot water
and the combined filtrate and washinge transferred to a
50 ml. centrifuge tube and made strongly alkaline with &
drops of 10 per cent (w/v) sodium hydroxide., After heat-
ing in & belling water bath for & minutes to hyurolyze the
oxaluric seid, the tube was removed, the contents neutrale
ized to & pH of 6 with & per cent (v/v) acstic acid, and
caleium oxalabe precipitated by the dropwise addition of
10 per cent (w/v) calelum chloride, After adjusting the
pH of the solution to 7.5 wlth dilute ammonia, the mixture
was cenbtrifuged, and the washed precipltate transferred to
the reaction bottle used previously and dissolved in & ml.
of 2 N sulfuriec acid, After anttaching the bottle to the
system used for the uracil oxidatlon and sweeping out all
cerbon diexide, 0.4 N potasslum permanganate was again

‘adde& wnatil no further dilscolorization oscurred, The carbm



38

dloxide liberated, representing an average of carbon a toms

4 and 5 and carbon atoms 5 and 6 of the original uracil, was
sgain trepped as berium ecarbonate, The yield was 20 nge,

or &0 per cent of the theoretical value. The filtrate ree
malning from the precipitation of calcium oxalate was evap-
orated to 5 mls volume, and a hydrolysie of the urea conw
tained in this solubion wes carried outs The solution was
placed in the reeaction bottle and, after attaching the bottle
to the syatem and sweeplng out all ocarbon dioxide, a suspen~-
sion of 25 mg. of urease powder™ in & ml. of water was added
through the outlet tube. The mixture was warmed in a 50°C,
water bath for 15 minutes, and the resulting ammonium car-
bonate was then d ecomposed by the addition of 10 mly of B N
sulfurle aeids The liberated carbon dioxide was then trapped
as barium carbonate in the sbsorption tube,

Prior to degradation of the labeled uracll, the samples
from the various experiments were pooled, and the total
quantity determined as 0.93 mg. and the specific activity
as 2170 c.p.m./pile One-half of the sample was diluted 20
times with unlabeled uracil, and the resulting 9.3 mg. then
had & specific activity of 108 c.p.m./pli. This sample was
then placed in the reaction bottle and degraded to carbon
dioxide and oxalurie acid by the sction of permanganate.

The resulting berium carbonate was transferred to a 12 ml,

#pmour and Cempany, Chicago, Illinois
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centrifuge tube, centrifuge) and the barium hydroxide super=
natant vemoved. The precipitate was suspended in 10 ml. of
absolute ethancl and 1 ml+ sliquobs were plated on platinum
dishes, evaporated over a heating lamp, and counted in the
flow counters The plates were then weighed and the specific
activity caleulated. The barium carbonate samples obbained
in the oxalate oxidatlon and the urea hydrolysis were treated
similarly. Compensation for self-absorption by the precipi-
tates was effected by plating the same amount of barium
carbonate fer each step of the degradation, The results
could thus be sxpressed as a percentages of the total
activity of the uracil molecule,

The entire procedure was repeated on a larger scale,
using 25 mge of wraclls The other half of the labeled
uracil (04465 g.) was dlluted 50 times by the addltion of
2248 mg, of unlabeled uracil, and the specifiec activity of
the diluted eompound was then 43 c.p.m./pM. One refine-
wment, that of placing the caleium oxalate in the reaction
vessel and flushing the system prior to dissolution in
gsulfuriec acid, was carrled out to obviate the possibility
of isotope loss due to conversion of any side-products to
earbon dioxide by the acld, Two mg. samples of barium car-
bonste were again plated in all steps.

The results of the uracil degradation are shown in
pahle IV. It can be seen that the distrlbution of activity
caleulated on the basis of the utilization of carbon atoms 2,
3 and 4 of aminobutyric acid for the carbon chalin of thg



sTIOBIN JO g-UOQIVD OF OSTX ©ALE PIow
2TI8qNQOUTEE JO @-UOQLBO 38Y3 UoT3dMiesy eyYl WoIJ DPOUTB44o 650U}
exe SONTBRA PRl SIOSTED I °und yome I0J wvean puw ¥pyoe oyTEXO
f9pPTXOTDP UWOAIBT A0J SOTZTAFRO BYPUPIAIDUT JOo ums @v Aq7A790® Yv¥i0L P
2 uoqaw) *9
g uogawy pue (g JO)} § UoQIBy Jo e9vaesy °q
g pus p sUOGIWH JO s8sq0Aay °*w

3*88 898 8% 0*33 o oBeaT

g gs 108 19 g*oF | qpio® orrere

328 16 9*9 0*12 ¥?PIXOTP ToqIeD
| o £'23  (X08 P.ITP) Ttomm 3

388 g*03 o*s 8"sT o¥em

0°gs 3ee 91 0°23 gPIo® oTTeX0

833 ¥ 0¥ 8*s1 g'eT £SPIXOTD TOGIE0
| | 801 | 26 (X023 PiIIP) Tyomamn Y

~ vporee  pmoz  mij-ud-o Sooed é “posn Bn  pwmodwep . -sar
. f3aysoy Tejon g 30w ~dg o T

TIOVHER HY #T~-HO®¥VD 40 HOTINEIYISIA

AT TIEYE



41

pyrimidine does not agree with the pattern found. It was
assumed that carbon atoms 2, 4 and 6 of the nyrinidine ring
would possess the samé degree of random labeling as that
determined for the purines and the protein sminc acids. The
value determined for carbon 2 of the pyrimidine seems to be
in agreement with this aseumption, but the label of the
aninobutyric acid appears ﬁawhavé keen spread over carbons 4,
§ and 6 of the pyrimidine rether than epecifically incorporated
into carbon S« These vesults suggest some type of cleavage
and recombination of the precursoy in such e way that two of
hhs»eazvnn atome of the chain become highly labeled. éhe
possibilities also exist that either the uracil contained a
radioactive impurity or that the degradation did not occur as
supposed,

Study of the Trichlorcacetiec Acld Lxtract
MM of Acld~soluble Hucleptides from the Irichloro-

agetlec Aold Extract. It was of interest to study the solu~-
tion obtained by extraction of the dried Heurospora mycells
with celd 10 per cent (w/v) triahloroaaatie acid, since this
fraction was fauﬁd to contain ons-quarter of the total radio-
activity fixed, The solution was therefore placed in a
100 ml.:saparatory funnel and extracted 3 times with ethyl
ether, The trichlorcacetic acld~-free agqueous solution was
then evaporated to dryness, taken up in water, and & small
portiﬁn’chrmmatographed by a two~dimensional paper chromo-
tographic procedure suggested by the work of Sanger and Tuppy (42)



42

énd of Partridge and Westsll (42), The solvents used were
water-gaturated phenol end butanol - acetlic scid - water.
The attempted separation of this total trichloroscetiec
acid extract by the assending technique was unsucceseful,
but the methods used, which were found very useful in
later experiments, sre described below,

glonal ohromatogrephy. Whatman No. 1 filter
paper sheota (18 by 22 inahma}‘wﬁre ruled 3.5 inches from
the odge on two adjacent sides, and the origin marked at

Twoedime

the point where the lines erossed., The origin was spotted
with the sample while & fan was directed at the naper to
hasten drying. In cases where unbuflered neutral solvents
were to be used for development, ltwas found necessary

to neutralize acidie ssuwples by plecing the stillemoist
apot over a-baukﬁw-af‘mad»ruhely coneentyrated anmonia,

and covering the area with a wateh glass. The samples
were applled in 10 pl. smounts by the use of micropipets
or glass tubes drawn out to a Iine carillary. After the
sample had been applied, the papers were attached by one
of the non-ruled edges to 24-inch glass rods by means of
stainless steel olips. The papers were then hung inte
glass troughs, the bottom edge of each paper having been
folded to form a onew~inech flap which lay In the trough.

4 glass rod was placed on each {lap, to supply tension and
preévent the papers from touching each other slnece two papers

were dipped into each trough, The entire system was



contained in a {hromatocab® type .chromatography chest.

In subsequent studies of the trichloroacetlc scid -
extract, & descending techmique was found more convenient.
The papers were fulded about l.?ﬁ‘inchcé above the flap,
and the troughs were placed at the top of the cabinet,
with the papers dipping into the troughs and then passing
up end over Z2d~inch long glass rods and hanging down
almost to the bottom of the chest. The cheat was &
Chromatocab Medel B™* which was provided with an inner
glass cover with amsll holea through whieh solvent could
be readily added to the troughs.

For reproducible results it was found advisable to
equilibrate the chezt for 18 hours prior to addition of
the solvent to the troughs. This consisted of placing a
dish of the solvent ~ with or without additions such. as
potassium cyanide, ammonia, ebc. - in the bottom of the
ehest, and then preparing all the materials for addition
of the solvent. The system was then closed and the atmos~
.phara allewed to become saturated fer the 18~hour period.

The solvent was then added to the troughs either by
the use of & leng tHube which wes passed in through a hole
near the bottom of the chest - in the case of the sscending
setup - or was aedded by passing the outlet of a separatory

#Chromatography Division, Universlty Apparatus Co.,
Berkeley, California
#Regearch Equipment Corporation, Oakland, California



funnel through holes in the inner cover of the chest, as

in the descending technique. The solvent generally required
ahaut‘ﬁi hours to travel the length of the papers, at which
time they were removed and dried in & forced draft of ceol
air. After rinsing to remove excess solvent 1f necessary,
the papera were rotated through 90 degrees 1in order that
the second ruled eide could be folded and dipped into the
troughss After equilibration, the second solvent was

added to the troughs and allowed to travel almost the full
length of the pepers. The papers were then removed and
dried in a forced draft of cool air as before, preparatory
to localigsation of spote by ultraviolet quenching of by
spraying with the appropriate color reagents.

Jon~exchange Chromotography., In subszequent experie
ments the ether-sxtracted solutlon of the trichlorcacetic
acid extract was basified to s pH of 11 and placed on a
1 by 87 cm. column packed with Dowex 1 reain of 12 per
cent orosslinking and 100 to 200 mesh size whlch had been
previously converted to the chloride form. The colunm was
eluted with 90 ml, of water, followed by 160 ml, of 2 N
‘hydrochloric acid. Fractions of 15 ml. voluwe were collect-
'ué, end the ultraviolet-absorbing materials were found to
pe eluted im the first 60 ml. of the 2 N hydrochlorie
acid effluant, The peak absorption of these compounda

was In the 260 mp range .
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Soparation of 2 Uridine Hugcleotide. Sinece it appeared
most probable that the purine nucleotides would predominate
in this extract, 1t was declded to hydrolyze a portion with
1 N hydrechloric acid for one hour on the steam bath, a
procedure suggested by the work of Smith and Markhem (44).
Since the pyrimidine nucleotides are much more atable %o
acid hygralysis than the purine nucleotides, the former
should be wnaffected and the latter should appear as the
free purine bases, which are readlly separated from nucleo~
tides in & variety of solvents, Accordingly, half of the
rezidue obtained by evaporation of the 60 ml, volune con-
talnling the nuclestides was taken up in 2 ml. of 1L N
hydrochloric acid and placed in a glass-stoppered 2 ml,
volumetric flask. The mixture was heated on the s team
bath for 1 hour, then evaporated to drynese to remove
hydrochloric acid and both hydrolyzed and unhydrolyzed
mixtures apéttad on Whatmen No. 1 sheets to be developed
by the two-dimensional descending technique. The solvent
used for the first direction was 2- propanol~hydrochloric
scid -~ water, as da,sarihed by Wyatbt (agg. and the s econd
golvent was butmél - water ~ anmonie, as described by
Eof:-ahkiaa (46) and epplied to aucleot’s.de separations by
Wyatt (46), By ultraviolet quenching two dark blue areas
were discernible in the qhmmatogrm of the hydrolyzed
extract, one of Rf @ and the other of Rf 7 Iin isopro-
panol~hydroshloric acid. Both were located on the base



line of the butanol + water - ammenia development, and
hence could be nucleotides, since these subastances do

not migrate in the latter solvent, Spots were also dls-
eernible at Rf vslues corresponding to sdenine and guano-
sine, and several very faint spots were detected in the
area to which free pyrimidines and their nucleosides would
migrates The two spots contalning possible nucleotides
were cut out and eluted with 0.1 N hydrochloric acid.

Ad jJaceny areas were also cut out and eluted with 0,1 N
hydrochloriec 20ld to serve es blanks for the determina-
tion of concentration, The ultravioclet absorption curve
as reocorded by the Beckman Ultraviolet Recording Spectro-
photometerst indisated a peak absorption at 264 mp for the
material of Bf .7 in Z2-propanocl = hydrochloric acid, and
indle¢ated only end-absorbing material for the spot of

Rf ,9s In contrast, the chromatogram for the unhydrolyszed
extract ylelded four possible nucleotide spots at RF
values of 8, .4, «75, and .9 in 1sopropanocl - hydrochlorie
acid, snd the spot for adenipe*waa of tonsiderably de-
creased sizes These results, coupled with approximate
agreement of the Rf value with that of a known urldylic
acid semple, strongly suggested that the nucleotide of

R 7 waz a uridine nucleotides Slnce data was evail-

shle on the behavior of the 5'~nuclsotides of uridine,

#yational Technical Laboratories, S. Pasadena,
¢alifornla
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oytidine, and adenosine (47) in lsobutyric acld - ammonls
(the values being .23, «88, and .45 respectively), and
because Magasanick gt gl. (48) had studied the nucleic
acid nucleotides in this solvent, it was decided %o apply
one«dimensionsl s trip chromatogravhy, as described Pre-
viously (see page 53), using this sclvents The nucleo-
tide materisl of Rf ,76 from the two-dimensional chromat-
ogrem of the wnhydrolysed extract weas eluted with 0.1 N
hydrochloric acid, the eluate was evaporated to dryness,
and taken up in a small amount of Q.1 N hydrochlorie

acids The solutions of the presumed uridine nucleotides
were then spotied 8,26 inches in from the edge of the 7~
ineh paper strips, and known uridine, uridyliec acid and
adenyllc acid were spotted 2,206 inches in from the
opposite edge. Uridine-5'-phosphate was not available

for chromatography at this time, The papers were de-
veloped until the solvent had almost rr eached the end of
the atrips and then removed and dried in a hood. By

the ultraviolet guenching technique aspois were discernible
&t Rf (18 for the unhydrolysged nuecleotlde, and at Rf .19
for the hydrolyeed nucleotlide, These compared with a
published value of .23 for urldine-5'-phosphate, which
appeared to be rather good agreement since the lknown com-
pounds were found to have Rf values also slightly less
than those in the literature. Other ultravioclet-absorbing
aress w ere found at Kf values of .62 and (66. The various

gpots were cut out and eluted with 0.1 N hydrochloric acld.
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The eluates were made up to 25 ml. and the optical densi-
ties determined for each over the range from 235 to 280 mu,
The compounds of Rf ,18 and .19 were the only materilals
showing the typical nucleotide absorption curve, the peak
in both cases being at 262 mu, the maximum absorption
characteristic of uridine nucleotides. Adjecent areas

for these spots were ocut out and eluted with O.1 N
hydrochloric scld to serve as blanks for cemparison, and
the opbical density at this wavelength was used to deter-
mine the concentration of the d¢ompound, using the molar
extinotion coefficient for uridine~H'~phosphate, One ml.
aligquots of the various solutions were also plated and -
counted as described vreviously (see page 18), The
specific setivity was found to be 4000 o.p.m./nM.
Charscterization of Uridine-6'-phosphate. An attempt

was also made to definlitely establlish the position of the
phosphate group in this uwrldine nucleotide by means of the
phosphate~liberating action of the speeific 5' nucleotl~
dase of rattlesnake vencm™ described by Gulland and
Jackson (49), A sample of this crystalline venom was
kindly supplied by Dr. H. A, Lillevik. Eight ml. of the
solution of the nucleotide of RI .18, containing Q.4 pii,

or approximately 0.35 mg., was svaporated to dryneas and

taken up in 0.3 ml, of a sodium carbonate solution

¥Ross Allen Reptile Institute, Silver Springs, Florida
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eontaining 0.1 ml. of half-saturated sodium carbonate
solution. A known sample of 0,6 mg. of uridine-5'-
rhosphate was trested similarly. Five mg, of snake venom
was added to each sample in a 5 ml. glass-stoppered volu-
metric flask, and this was followed by addition of 3 ml.
of O« H sodium borate buffer of a pH of 8.7. Chloroferm
was then added to esch flask in 250 pl, amounts, a&nd the
flasks were stoppered and incubated at 379C for 3 hours.
The mixtures were then evaporated te dryness in vacuo ami
the residues transferred to 12 ml, centrifuge tubes with
the aid of 0.1 N hydrochlorie acld. After centrifugation,
the supsrnatants for known and unknown were spotted on
separate whatman No, 1 strips and developed with iscbutyric
acld - smmonia solvent, Enown uridine~5t'~phosphate and
uridine samples were also chromatographed with and withe
out added borate buffer, The latter had been concentrated
to simnlate the salt concentration of the ensyme~treated
seniples, The developed chromatograms, after drying, were
found by ultraviolet gquenching to contain ultraviolet-
absorbing material only near the solvent front, suggesting
that complete conversion tu bases had somehow cccurred.
The poor definlition of the spote on these chromatograms
prompted a declsion to repeat the process with the other
pyrimidine nucleotlde sample, of Rf «18, The results with
the developed papers from this experiment were again in-

conelusive in the case of the unimown, (there being a



fluorescent spot at Rf .18 but no nucleoside spot) but
were conclusive in establishing the setivity of the enzyme
end the valldity of the procedure since the kmown uridine-
b'~phosphate gave a strong spot at the Rf value for
urldine and & faint spot for the residual, unhydrolyzed
nueleotide. The known Rf values to which these results
were compared were those wihich had been determined by
addition of concentrated borate buffer to known uridine
.nnd uridine~5t-phosphate prior to chromatography. It
seemed possible that some impurity in the isolated nu~
cleotide might be elther disrupting the nommal course of
reaction with snale venom 5'-nucleotldese or radically
altering the rate of mligretion of the products,

| Therefore, the entire lacletion procedure was re-
peated, using a fresh trichlorocacetic aeld extract ob-
teined from the myceliasl growth from 20 flasks of the
aminocbutyric acid-fed mutant, as described in an earlier
section (see pages 41 to ¢4). Two~dimensional psper
chromatography ylelded uliravliclet~absorbing spots of
nucleotide character at Rf values .54 and .6 in isopro-
panolehydrochloriec acld. A fraction of each was agzain
hydrolyzed, and the various portions rechromatographed

on Whatman No. 1 strips 1n lsobubtyric aeid - anmonia.
After drying the developed chromatograms, they were view-
ed by ultraviolet guenching and the apot of Rf ,18 again

found In each case, The nucleotides were then removed
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with 0.1 N hydrochloric acid and placed on other Whatman
Nes 1 strips for chromatography in tertiary butenol -
hydrochloric acld ~ water, a solvent described by Smith
and Markham (44), After developmanb; spots were found

at Rf values .36 and .75, the latter value comparing with
& spot for known urldine~6'-phosphate. After elution, the
material of the lower Rf value, which alsoc contained a
fluorescent fraction, was endeabsorbing when studied as
to ultraviolet absorption over the 236 to 280 mp rangs.
The nucleptide of Rf ,75 read versus a blank obtained by
elution of areas surrounding the spot showed & pesk opti-
cal density reading of .360 at 262 mu, and the typical ab-
sorption curve of uridine~&'-phosphate, Aliguots of the
eluate were also plated and counted as de;&ribed earlier
(see page 16). The apéaifie activity was found to be
1400 c.p.m./pl. The hydrolysis of the 5'wphosphate group
by means of snske venom carried out with this purified
nucleotide gave a falnt spot for uridine on subseqguent
rechromatography in the same solvent, On the basils of
chromatographic behavior, ultraviolet absorption and B!
nuclesotidase treatment, it wae therelfore concluded that

the unknown pyrimidine nucleotide was urldine«&'«phosphate.

Separvation of an Adenine Nucleotide. Small portions
of the original hydrolyzed and unhydrolyzed, trichloro-
acetic acid-free extracts were also banded on Whatman No.1l

strips and chromatographed 1ln butanol = formic acid - water,
a solvent described by lkerkham and Smith (60), Arlter
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development, ultraviolet quenching indicated a band at

the origin which apparently consisted of nucleotides,
since these compounds do not migrate in this solvent.
Bands were also detected at Rf ,08, which probably was due
to action between hydrochloric ascid and the vaper, and at
Rf +15 and .18, which was most probably a purine base or
nucleoside band, The pattern was essentially the same

for both hydrolyzed and unhydrolyzed samples,

To establish that the bandas at the origin were ine
desd nucleotides, the phosphorus determination of Hanes
snd Isherwood (51) was applied to a portiocn of each
chromatogram, The strips were sprayed at a rate of 1 ml,
per 100 s8q. cm,., with a solution containing & ml. €0 per
cent perchloric acid, 10 ml., 1 K hydrochloric acid, 20 ml.
of 4 per cent (w/v) ammonium molybdate, and water to make
100 ml, The papers were then heated to 86°C in & chrome~
tography oven for 7 minutes, and finally pleced in a
graduated cylinder containing hydrogen sulfide. Unfor-
tunately, the entire paper turned black suggesting that
metal ions, especially lead or copper, were present in
the paper. An attempt was therefore made to use a stan-
nous chloride spray for reduction of the phosphomolybdate
complex, but the entire atrip turned blue, making differ-
entlation of the nucleotide band impossible. Apparently

ecid-washed papers were needed for a successful phosphorus

analysis.



zation of Adenosine-8'-phosphate. The
nucleotide band from the remaining portion of each chroma-

togram wae therefore cut out and eluted with 0,1 N hydro=
chloric acid, The eluntes were taken bto dryness, the com-
pounds banded on Whatman No. 1 strips, and the chromato-
grams. developed with tertlary butanol-hydrochloric ecid -
water (44). After development, there sppeared only one
ultraviolet-absorbing band, at Rf ,3, which corresponded

to a purine nucleotide, In the chromatogram of the
nucleotide freetion which had been hydrolyszed, the band

was very much attenuated, compatidle with the expected
degtruction or,purine nucleotides under these eonditlions,
Furthermore,. the fact that this compound appeared to possess
some degree of seld stabllity suggested that it wam a &'~
nucleotide, since Ochoa (52) has demonstrated the much
greater acid stability of the purine-b'-nuclectides under
these hydrolytic conditions compared %o purine nucleotides
having phosphate attached at the 2' and 3' positions of the
sugar moiety., Ite ultraviolet absorption spectrum in 0.1

N hydrochloric acid showsed a maximum at 256 mp, and other-
wise agreed exactly wlth the absorption curve of the
adenine mononucleotides., From these several lines of
evidencs the conclusion was therefore reached that the iso-
lated nucleotide was adenoeine-5'-phosphate. Concentration
and redioactivity measursments were carried out in the same

manner as with the isolated uridine-B'-phosphate., The
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specific motivity was found to be 8OO c.p.m./pi.

A parallel study was made of the nucleotides of the
trichloroacetic acid extract after growing the mutant
strein on unlabeled uridine rather than labeled amino-
butyric acld. The pattern of nucleotides and bases showed

no radical differences,

Radlosutography of Paper Chromatograms, Sheets and
strips to be radiosutographed were taped to 14 by 17 inch

sheets of Kodak Blue Brand X-ray film.® It was found
helpful to place several spote of a radicactive solution
8t marked position= on the papers to serve as a key in
order that the developed films and the corresponding
chromatograms could later he correctly matched. The
films, with attached papers, were placed between pkywodd
boards which were then clamped tightly together to insure
ecloge contact of chromstograms end films, Pleces of thin
cardboard were found sufficlent as separators between the
various radioautograms. Alter a period of 3 weeks the
chromatograns were removed and the filus were developed
for four minutes with Kodak D~19 Developer, then placed
in a stop bath of 1 per cent (w/v) acetic acid for 10
seconds, end left in a fixer aolﬁtion of sodium thio=
sulfate for at least 10 minutes. The films were then

washed in cold tap water for appreximetely 1 hour, and

-

%pagtman Kodak Compsny, Rochester, New York
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then hung by elips to dry., An amber Kodak Safelight,

Series €~B, was found useful for the darkroom procedures.

Isolation of Amino Acids from the Trichloroacetic Acid
Extracts. Duplicates of the butanol - formic acld - water
chromategrams‘or the trichloroscetic acid extracts of the
mold which were prepared in studles of the acid-soluble
nucleotides {see page 51) were sprayed with 0.02 per cent
{(w/v) ninhydrin in water-saturated butanol. Several nin-
hydrinepositive spote were obtained, one of which had the
Rf value .27, the value for slpha~amincbutyric acld in
this seolvent. Since this spot was present in simllar
emounts in chromatograms of both the hydrolyzed and non-
hydrolyzed extracts, 1t was probably not a peptide, This
material wag eluted from the paper and its concentration
and radiosctivity determined. The high specific activity
suggested that this might indeed be the precursor, amino=
butyric aozd; and purification of this compound was there-
fore undertaken, On chromatography in both rhenol - water -
cupron and in butanol - water - ammonis, the Rf value of
the compound compared precisely with known alpha-aminobu~
tyric acid, The emust#nay of the specific sotivities of
the sluates of the spots at each stage of purificetion
indicated that the compound was essentially radiochemiocally
pure after the final chromatography. The specific actlivity
determined from the finel measurements of concentration and
redioactivity was found to be 2300 c.p.m./uM. Other



radloactive spots of the acid-soluble pool were tentatively
identified by chromatographiec procedures as isoleucine,
methlonine sulfone, snd bete-alanine.

An investligation of the oceurrence and quantity of
the amino acids of the acid~soluble pool of the wild strain,
grown without alpha-aminobutyric acid, was also carried out.
¢hromatography on long strips of Whatman No. 3 paper gave
a separation of eight ninhydrin-positive spots, one of
whlch coinclided with a known spot of alpha-amincbutyric
acid, The normal mold thus appears to possess an amino=-
butyric acld pool,

The smaller size of the spot for aminobutyric acid
of the wild straln as compared to the corresponding spot
for the mutent suggests that the pool size of this amino
ecld is normally emall, but that a relatively large pool

exists in the mutant when grown on aminobutyric asecld,

Studv of the Amino Aclds
of the Soluble Proteins
Isplation and Hydrolysis of the Soluble Proteins. The
alkaline hydrolysis treatment for the separation of ribo-
nucleotides (see page 28) also served to extract the
poluble proteins from the mycelia. The precipitate cb=
taeined by scidification of this extract with concentrated
perchloric acid in the cold therefore contained proteins,
as well as potassium perchlorate and some polysaccharides.

The proteins and polysaccharides were redissolved by
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stirring the precipitate with 1 N sodium hydroxide for 12
hours. The residual potassium perchlorate was centrifuged
off, snd the dissolved meterials reprecipitated with 1 X
hydreochloric acid. On attempting to dry the protein by
meens of an ethanol wash, the major portion of the mix~
ture diauclva?, leaving & small amount of a light brown
gelatinous precipitate, The latter was centrifuged down,
and the supernatant was evaporated %o dryndsa, yielding a
white, smorphous precipiltate weighing 76 mg., and pre-
sumably eonslsting mainly of alcoholwsoluble protein.

This precipitate was next transferred to & 12 ml.
centrifuge tube and hydrolyzed with 4 ml, of 6 N hydro=-
chloric acid on the steam bath for 24 hours to bring sbout
nydrolysis of the protein to the constituent amino acids.
The mixture was then flltered, and the aolution was evap-
orated to dryness several times to remove hydrochloric
acid, The residue was taken up in water, transferred to
a 12 ml, centrifuge tube, and evaporated to 0,5 ml, for

chromotography .

Segaragioﬁ and Purification of Probein Amino Acids,
Preliminary sxperiments, carried out with the hydrolysate
from an unlabeled protein sample, demonstrated that a two-
dimensional paper chromatographic technique was capablo of
resolving the amino acids of the crude hydrolysate without
pricr purification on lon exchange resins, The technigue

which wag used followed very closely the procedure outlined



for the separation of the acid-soluble nucleotides (see
pege 42)s The solvents used were phenol - water and
butanel - scetlc acld - water, both of which were desoribed
by Sanger and Tuppy (48). It is important to note that the
hydrolysate had to be neutralized with ammonia, as mentioned
previcusly, when using an unbuffered neutral solvent such
as phenol - water, to prevent the streaking of the acidie
amino acids. The e 1librating liquid consisted of 0.5 g.
potessium cyanide and 20,8 ml, of concentrated aumonia in
suffisient water %o make ﬁ‘litera. After development in
the phenol « water solvent, using the sscending technique,
the sheets were removed, dried, and then rinsed with an-
hydrous ethyl ether to remove residusl phenol, The sheets,
while still clipped to the glase rods, were hung over a
aink and rinsed with ether from & wash bottle, while a fan
carried the vapors to a nearby hood. After the papers head
dried, the bottom € inches of the papera were removed, and
the chromatograms were then turned through 90 degrees and
equilibrated for the second solvent, The equilibrating
solution in this case was the lower layer from the butanol -
aeetic ecid - water mixture. After 18 hours of equilibra-
tion, the solvent was added and the papers developed for
the ususl 24-hour period, After drying in an oven at
46°C for 6 hours in & forced draft, the papers were
developed with & 0,02 per cent (w/v) solutlon of ninhy-
drin in water-saturated butanol, The solution was sprayed

on the paper in an even film - but not enough to run -
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while the pepers hung, with the origin at the top, in a
hood. The papers were then heated to 85°C, in a chromat-
ography oven, and spots for & variety of amino acide be-
came evident in 15 minutes, Several amounts of hydrolysate
were tried. The heavier samples produced somewhat diffuse
end elongated spots, but the lower concentrations gave
reasonably clear separations, especially of the neutral
and acidic amino eclde. The coneentration of proline
appeared quite high, and corroborated a suspiclon, prompted
by the alechol solubility, that the predominant base~

soluble proteins of the leurospora mycella are prolamine

in neture. Clear spots were also obtained for the isoe
leucine « lsucine mixture, for aspsrtic and glutamic sclids,
and for valine. Spots for serine, glyéine and threonine

were somewhat dirfuse. Radloautograms of these chromato-
grame, made ag described in the previous sectlon (see vage 54)
indicated high labeling of the isoleucine - leucine mixtwe,
some labeling of the proline fractlon - probably explained

by its high concentration - and of the glutamle aeid, but
1ittle activity in aspartic acld or in the serine -

threonine -~ glycine mixture.

A leng-strip paper chromatographie procedure was also
found useful for the separation of the amino aclds of the
protein hydrolysate. The hydrolysate was first placed on
e 2 by 30 cm, Dowex 50 column, which was then washed with

water, and the amino acids then ramoved by elution with
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2 X hydrochloric scid.. The eluste was evaporated to dry-
neas to remove hydrochloric acid, preparatory to paper
chromatography. The 42-inch long papers wers prepared as
outlined for the paper strip chromatography used in connec-
tion with the studies of the purine and pyrimidine bases
(see page 53). Heavy Whatmen No. 3 paper was svailable,
and, in conjunction with the banding technique, enabled
the separstion of much larger emounts of material, The
long paper strips were dipped into troughs at the top of

a double~length rack which astood in & 12 by 24-inch .
battery Jjar. A second jJar, 12 by 18 inches, was inverted
over the first after the solvent hed been added, and the
point of jJoining waas thon .sealed with maeking tape. The
solvent in the troughs usually hed to be replenished once
in the course of development, This was accomplished by
breaking the seal between the jars and ralaing the upper
Jar sufficiently to attach a funnel of solvent to tubes
sxtending up to each troughe. The solvent found most use~
ful was butenol - formic acid - water (50) used earlier

in connsetion with nucleotide separations. Ondevelopment
and comparison with known compounds, 1t was found that the
besic amino acids, which were of low concentration, remained
at the origin. Proceeding out from the origin, aspartic
acid was obtained in a relatively well-separated band led
by glutamio acid mixed with serine and glycine. A band of
threonine was next, followed by a wide, heavy band of pro-

iine, yellow in color, and then, after a gap of several Rf
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units, a wide band of valine and a wider band of mixed
leusine ~ imoleucine, The valine and isoleucine - lsucine
bands were well separated,

The spote for the leucine - lsoleucine mixture and
for both aspartic and glutamic acids from the two-dimen-
slonal chromatograms used for the separation of the hye
drolysate of the first isolated proteins were cut out and
eluted with water,

The leucline ~ isoleucine mixture was treated by the
method of Steln and Moore usling cationsexchange chromato-
graphy (83). The method, though unsuccessful for the
separation of the labeled mixture, was successful in
separating a lmown sample of 1 mg. each of leucine and
izoleucine, The following modification of the method
is therefore presented because of its ease and simplicity.
A 0.9 by 100 om, column was completely jacketed with a 3 om,
wide glass tube which wss in bturn wound with a long heating
tape. A variable resistance attached to the tape completed
a simplified apparatus for control of the temperature of
the column, This was found quite ocapsble of maintaining
the required temperature to within balf a degree in the
course of the separation, The column was packed with
Dowex 50 cation-exchange resin of 1£ per cent crosslink-
ing and 100 to 200 mesh particle size by forming a slurry
of the resin - previously nlaced in the sodium form by
washing in 1 N sodlum hydroxide and then in water - in 0.1 U
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sodium cltrate buffer of a pH of 3,41 snd pouring this
mixture into the column with gentle suction. A mixzture

of 1 wmg. each of leucine and isolsucine in 1 ml. 0.1 N
hydrochloric acld was mixed with 2 ml. of the citrate
buffer to give a final PH of 2.6 te 5, and the amino acids
were then allowed to fllter into the column. HElution wae
begun at the rate of 4 ml. per hour with the same cltrate
buffer after the column temperature had been adjusted to
379C. This slow rate of elution was controlled by a
stopeock attached to the column outlet. After 215 ml. of
the eluant had passed through the cclumn, eluticn with 0.l
K sodium citrate buffer of a pH of 4.85 was begun, and the
temperature was increased to 50°C., Two ninhydrinepcsitive
peaks, as located by the quantitative determination of
eminoe acilde suggested by lMoore and Stein (54) (see page 64),
appeared after b5 fractions of 2 ml. each had been collected,
using an autometic fraction collector, One amino acld-free
tube occurred between the peaks, s8¢0 the procedure was deemed
useful for the smeparation of the labeled mixture of leucine
and isoleucine. It ls imporbtant to note that the bulfers
had to be made up with bolled water just prior to use in
order to avold bubble formation on passage into the heated
column, The column wag then repacked, Iresh buffers were
made, the labeled mixture was acidlified and filtered

into the resin, and elution with the first solvent begun. How-

ever, in the course of the night the elunant chenneled throvgh the
stopcock and the reesulting high flow rate apvarently spread



the amino aecids through the column, The mixture could not
e locsted, but a second labeled sanple, obtained by the
strlp chromatographic procedure, was successfully separa-
ted by paper chromatography.

The leucine - isoleueine band from the butanol -
formie scid ~ water separation of the protein hydrolysate
was located by the ninhydrin method and was then cut out
and eluted with water, The sclution was evaporated to
048 ml., banded on the 42«inch long Whatmen No. 3 strips,
and chromatographed in the double batteéry jar apparatus
deserived for strip chromatography of the protein hydroly=-
sate. {see page 59) The solvent chosen for the separation
of these very similar amino asclds was water-saturatsd
butanol, (56), in which leucine has an RI value of .46
and isoleucine & value of 41, The end of the papers had
been cut to form & sawbooth edge and the solvent wase
allowed to drip from the end of the etrips, thereby in-
ereasing the dlastance of travel of the bands and alding
the separatione. The bottom of the tank was laysred with
& solution of the solvent containing 3 ver cent {w/v) ammon~
ias After development the papers were dried and treated
with ninhydrin. %he bands of leucine and isoleucine were
clearly defined, though not completely separated. There~
fors, the trailing edge of the isoleucine band and the
leading edge of the lsuclne band were cut out and eluted

with water, The eluates were made up to 25 nl, and 0.1 ml.
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sanples teken for quantitative ninhydrin determination by
the method. of hoore and Stein (54). The samples, and iso-
leucline standards as well, were each mixed with 1 ml. of

& ninhydrin reagent consisting of 0.8 g. of stannous
ehloride, 500 ml., of 0,1 M sodium citrate buffer of a pH
of B, 20 g« of ninhydrin, and 500 ml. of methyl cellosolve.
The reagent was stored under nitrogen in the dark. The
mixztures of samples and reagent, in 4-inch test tubes,

were heated for B0 minutes in a bolling water bath and
then transferred to the cells of & Klett-Summerson® color-
imeter and diluted with 5 ml, of & 1 to 1 (v/v) mixture of
water and n-propancol. The absorption of light, using a
green filter (8§70 mp), was measured for eash sample versus
& blank of distilled water and resgent which had been
carried through the entire procedure. The ebsorption
valuez of the known iscleucine samples were plotted
against concentration to obtain a standard curve from which
the concentration of the isolabed amino acide could be de-
termined. Aliquots of the eluates were alsoc plated and
counted as described earlier {ses page 16). Isoleucine

was found to have 8 #peeifia activity of 7000 cepem./uM,
wheress leucine was labeled to the extent of 1500 c.p.m.fiM.
The remainder of each eluate was evaporated to dryness and

rechromatographed with butanol - formic acld - water. The

#Klett Manufacturing Company, New York
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quantitative determination and radiosetivity measurements
were repeated for the eluates from these chrome tOgrRmS +

In eddition, radioautographs were made of duplicates of
the original leucine - isoleucine smeparation made with
butanol - water. A portion of the iscleucine senmple was
&lso chromatographed with phenol « water - cupron, e
solvent consisting of wateresaturated phenol containing
Osl per cent (w/v) alpha - bensoinoxime {cupron) (55),

end & second portlon was mixed with the known compound,
chromatographed in ethanol ~ ether - water - amnonla (68)
and radiocautographed. The specific aetivity of isoleucine
from the chromatograplyy in phencl was found to be 1880
e«pems/uM, The identity of the isolated compound with iso-
leucine was proved by migzration of the mixture as one nine-
hydrinepositive spot which sppesred ss the only radioactive
area on radicaubtography.

Agpartic and glutamic acilds wers obtalned from two~-
dimensional chromatograms and also from atrip chromatow
grams of the protein hydrolysates., The samples were band ed
on Whatman Ho. & strips and chromatographed in phenol ~
water - cupron. Goncentration and radlcactivity were de~
termined s before, Aspartic acld had s specific activity
of %00 c.p.me/3i, and glutemic acld has a specific activity
of 85O ¢.p e/l

Valine, obtained from the same sources, Wwas treated

similarly, but with an added purification by rechromato-
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graphy in butanol - water in a 3 per cent (w/v) ammonia
atmoaphere., The specific activity of thie amino acid
wes 200 cop.m./pM,

Threonine from long strip chromatograms was purlfied
by strlp chromatogrephy in phenol ~ water = cupron and
its concentration and radloactivity likewlse dstermined.
The specific activity was determined as 300 c.p.m./yuils

Methlonine was not located in the protein hydroly-
sate, .

The results of the specific activity determinations
for the various isolated compounds are summsrized in
Tables V and VI, Table V contains the values found for

the compounds isolated from the Heurcospore wmycelium after

the wold had been grown for 4 days on (l%clabeled el pha~
aminobutyric acld, Table VI contains the specilic activity
valuez determined for compounds isoleted from the mold
myceliun after & days growth. The distinetlion is nec~
cessary since & considerable dilutlon of the labeled com=
pound occurred in the longer growth period, and results
were consldered comparable only if the time ol growth of
the mold mycellie from which the compounds were isolated
was the same.

It cen be seen thet the aminobutyric acld 1is indeed
& pyrimidine. precursor since a selective incorporation
inte the pyrimidine occurs, though the label 1s diluted
10 times in the course of growth. The pattern also
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OF AMINOBUTYRIC ACIDw3=C

amibpes Wwwmw e e or ot b «m-wm e assvmmmiimn

Speeific Aehivity

CARBON-14 CONTENT OF COMPOUNDS OF NEUROSPOR
AFTER 4 DAYS GROWTI IN THE PRE%W -

- ﬁompmmd N : (Qipam;/w,)
Mutant wila
Strain Strain

Hucleic Acld Components

Adenine 850 600
Guanine 200
Uracil 4800 1650
Cytosine 5000
Hucleotides of &cld-8cluble Fraction
Adenosine-5'-~Fhosphate 800
Uridine~6f~Fhosphate 4000
Amino Aclds of the Soluble Proteins
Aspartic Acld 300
Glutamic Acid 550
Threonine 300
Leucine 1000
Isoleucine 85000
43000

Aminobutyric Acld Supplied 48000
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TABLE VI

CARBON-14 CONTENT OF COMPOUNDS OF NEUROSPORA 1298
AFTER 6 DAYS GROWTH IN THﬁ‘%ﬁEﬁ%ﬁEﬁ“bp
ARINOBUTYRIC ACID-3-014

) - . Bpesilie Activity
Nuclele 4cid Components e.pem./uM
Adenine 1000
Uracil 1700
Acid«Boluble Fraction
Uridine~B! «phoaphate 1400
Aninobutyric Acld 28300
Amino Acids of the Soluble Proteins
Aspartic Acid 850
Glutamic Acld 680
Threonine 300
Valine 200
Isoleucine 16860
Aminobutyrie Acid Supplied 48000

appears similar in the acid-soluble nucleotlde fraction.
Furthermore, the route of utiligation appears to be a
normel one, since the pyrimidines of the wild strain are
aiso labeled.

The labeling of the isoleucine ls not unexpected
since Adelberg, Coughlin and Barratt (87) have shown that



69

salnobutyric acid is an intermediate in isoleucine blo~
synthesis in Neurospora. The low labeling of valine also
lends support to the suggestion by these authors that
sminobutyrie acld is not involved in valine blosynthesis.
The lew labeling of aspartic acid precludes the possibility
of 1ts involvement as such in the conversion of amino-
butyric acid to pyrimidines. |

The finding that sminobutyric acid of a specifiec
activity comparable to the pyrimidines is present in the

acid~soluble fraction of Neurcspore exnlains the observed

dilution of the precursor on eopvcraian to pyrimidine. It
appears that once growth begins, the mold can then make
additional acinobutyric acld, and this endogencus acid
dilutes the precursor and therefore also the pyrimidines,

Btudy of the Final Nutrient Media

The nutrient medium remaining after growth of the
mold on labeled aminobutyric acid was evapérated to dry-
ness after the addition of caprylic alcohol as an antie
fosming agent. That part of the residue which would dis-
solve in 0.1 N hydrochloric acid was transferred to & 1 by
30 em. column containing Dowex 650 resin in hydrogen form,
The column was eluted with water and then 2 ¥ hrdrochloric
acid, and the eluates worevevaporatad to dryness, taken up
in 0.1 N hydrochloric acid, and chromatographed on paper
strips in butanol - formic acid - water., The chromatogram

of the hydrochloriec acid eluate showed no an inobutyric acid,



but ninhydrin-positive spots ocourred at Rf valueg of .42

" end 474+ These spots wers shown to he strongly radloactive
on subsequent radiocautography., The water eluate, which
probably consisted largely of sugars, did not resolve on
ehromatography .

Study of the SQpanif;able Lipid Fraction

The ethmﬁnlwathar axtréet of the mycellum was taken
to dryness in a 100 ml, round-bottomed flask preparatory
to saponifisation by the method of Weygend (58). It was
estimeted that the maximum amount of saponifisble lipids
in 1 g« of myselium was 100 mg+y Md the residue was
therelfore treated with 3 txmgs ﬁh& theoretlcal amount of
aleoholic potassium hydroxide, or 60 mg. of the base,
& reflux condenser was connected and the mizxture was re-
fluxed for one hour, af which time the contents of the
flask were tranaferred to a 100 ml. separatory funnel
with the a&id of & swall amount of ether, and extracted
with water. The water extract was acldified with hydroe
chloric acld, then ether extracted, and the ether extract
made up %0 a 200 ml, voelume in a glass-sbtoppered volumetric
flasks & 1 ml, aliguot was diluted to 25 ml, &nd 1 ml,
aliéunba of thls dlluted sample plated for counting. The
remaining ether solution was evaporated to dryness and the
weight of the remaining fatty acids determined., The pro-
cedure was carried out for the ethanol-ether extract of

the mycelium of both the mutant and the wild straing after
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growth of each on labeled aminobutyric acids The total
welght of saponifisble 1ipids in the case of the mutant
was found teo be 9.2 mg., and the specific activity was
determined using this value in conjunction with the
molecular welght of palmitioc acid, The latter was
assumed to approximete the average molecular weight of

the fatty aclids of the natural fats of this organism,

Study of Neurospora Deoxyribonucleic Acid

An attempt was mede to isolate deoxyribonucleic acid
with & view toward the study of the pyrimidine labeling in
thie fracﬁion. It was considered prodadble that the basie
hydrolysis step for the liberation of the ribonucleotides
diaaelvad net only the aaluhia protelns but also deoxyw
ribonucleic acld., Several attempts were therefore made
to extract the latbter compound from the precipltate of
proteins and polysaccharides obtalned after removal of
potassium perchlorate (see page £8), Extraction with
10 per can@l(w/v) sodiuwe chloride and subsequent precipli~
tation with 4 volumes of sthanol gave & white precipitate
which was freed of protein ap described earlier (see
page 12) and then hydrolyzed with concentrated perchloric
acid, The hydrolysate, when treated for the separation of
purine and pyrimidine bases (see page 30) gave a large
amount of end-absorbing material on elution with water and
a very slight peak at 260 mp after 20 ml. of 2 N hydrochloriec
acid had passed through the column, Since the bulk of the



material appeared to be polysaccharide in nature, an
alternate procedurs was therefore sought,

It was decided to start with the intact mycelium and
to apply the method of deoxyribonuclelc acld extraction
suggested by Chargaff and Zamenhof (59) from bakers yeast,
It was hoped that the content of deaxyribonucleic acid in
Jeurospors would be greater than in yeasts, where the over-
all yield is only 0,15 pér.uonc. Ihe mycelium, after
soaking in 0.1 ¥ sodium citrate buffer of a pH of 7.3 to
lnhibit.dsoxyribanualeasa was grounﬁ:wiﬁh liquid nitrogen,
and the resulting powder was suspended in 15 ml. of the
¢itrate buffer and centrifuged at 4,000 r.p.m. for 2 hours
in a Servall refrigerated centrifuge®, The procedure,
called differential centrifugation, was expected to glve
three layers, thé middle layer consisting of fragmented
colls and nuclei. This situstion was not realirzed, how-
ever, probably because of insufficlent cell breakage
during the grinding. The total solids were therefore
sentrifuged off at 10,000 r.p.m. and extracted with 1 M
sodium chloride for 79 hours in the refrigerator. The
supernatant obtained from a second centrifugatlion at 4,000
r.p.m. for 2 hours did not give the characteristic poly~
meric threads of deexyribanueloie acid on additlon of
4 volumes of ethanol. The apparent low concentration of

deoxyribonucleic acid in the mycelium prompted a decision

#ivan Sorvall Inc., New York
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to forege the investigation of more efficlent grinding
methods,

The Effects of Related Substances on
Growth of the Heurcspora Mutant

In the course of the labeling studies a number of
poasible metabollc relationships suggested themselves.
These were tested by growing the pyrimidine-requiring
mutent in besel medls, as desoribed previously (see page
26}, and adding the compounds to be studlied to the flasks.
Additions of heat-stable materials were made orior to
sterilization by auteclaving, and heatesensitive substances
wore added aseptically after filtration through a fritted
glass bacteriologloal fllter, The cultures, generally run
in triplicate, were incubated at 26°C for 6 days. The
mycelial mat of each flask was then removed, rinsed with
distilled water, squeszed to remove most of the water,
dried in a 550C oven for & hours, and weighed.

Experiments were run in which alpha-hydroxybutyriec
acld was the only additive, 1ln the event that alipha-
aminobutyric acid might be utillzed by way of the hydroxy-
acid, Alpha~hydroxybubyric ascid was synthesized from buty-
ric acld by the Hell~Volhard-Zellnsky procedure (60).
Twenty~-five g. of butyric acid was placed in a 250 ml,
pound-bottomed flask eguipped with a roeflux condenser,

Two grams of red phosphorus were then added followed by
gradual additié;iéf the theoretical amount of bromine.
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The flask was cooled in an ice bath until the reaction sub-
slded, and the mixture was then placed on the steam bath
for the completion of the reaction, The entire bromination
process required 4 hours, The resulting alpha-bromobutyrie
acid was slowly dropped with shaking Into 100 ml. of hot
water in & 250 ml. flask over a l«hour nericd. The orgenic
layer was distilled at 10 mm, and the 78 to 84°C frection
retained for hydrolysis, Ten g. of the alpha-bromobutyric
acld was treated with 8,3 g, of potessium carbonate in 50
ml, of water, After & hours the mixture was acldifled to
& pH of 8, evaporated almost to dryness, extracted 4 times
with ether, and the ether exbtract evaporated to small vole
unse The oily liguid resulting was distllled in vacuo and
erystallized in the receiver as long white needles. Be-
sause of the hygroscoplc nature of the compound, & melt-
ing point was not obtainable,

Another experiment was prompted by the studies of
Jones, Spector, and Lipmenn (15) on carbamyl phosphate,
the syntheslis of which was carried out as follows. One~
tenth mole (13.6 g.) of potassium dihydrogen phosphate and
0.1 mole (8,1 g.) of potassium cyanate were dissolved in
100 ml, of weter and heated to 30°¢ for 30 minutes. The
mixture was then cooled on ice and 0.2 moles of perchloric
geld containing 0.3 moles of lithium hydroxlde was added.
The white precipitate of potassium perchlorate and lithium
phosphate was removed by flltration, and the solution of
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lithlum carbamyl phosphate was orecipltated by slow addi-
tion of an equal volume of ethanol. The orystals were
filtered off, redissolved, repreciplbated by ethanol, re-
filtered, and dried in a dessicator over calcium chloride.
The yleld was 7,1 g., 48 per cent of the theoretical value.
The effect of this compound on the rate of growth of the
mutant on aminobutyric acid was studied in the event that
carbamyl phosphate might donate & carbamyl group to this
acid in the formation of the pyrimidine ring., Further-
more, Fairley (25) hed demonstrated the powerful inhibi=
tory effect of arginine on the growth of this mutant on
aminobutyric acid, and it was of interest to see if added
carbamyl phosphate overcame this inhibition. The work of
Grisolia and Wallach (31) also implicated carbamyl phos-
phate as the donor of & carbamyl group to beta-alanine

to form beta-ureldopropionic acid, a pyrimidine precursor,
and the mutant was therefore grown with various combina-
tions of these substances. The synthesls of betaw
ureidopropionle acid was carried out by the reaction of
potassium oyanate with betawalanine, as described by
Lengfeld and Eﬁiéglltz (61). Two g« of beta-slanine and
1.85 g, of potassium cyanate were simply placed in an evap-
orating dish and evaporated on the steam bath to a syrup.
This residue was transferred to a small beaker and placed
in the refrigerator. The resulting crystals were separated,

redissolved in hot water, filtered, and the solutlion again
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placed in the regrigerator. The ¥ield of beta-ureidopro=-
plonic acid wae 1.6 8¢y & 62 per cent yleld., The melting
point was 169.170°¢,

A series of vitamins, including folic acld, pyridoxine,
thlamine, and vit&mln Elﬁ were also studied as to thelr
effect on the growth of the mutant on uracil, aminobutyrie
acid, and uridine, Follie acid and thiamine were of particu=-
lar interest because of the possession of a pyrimidine struc-
ture in the molecule, and vitemin Bjp was implicated by the
work of Jukes ot al. (68), |

The results of the grauth atudiea are presented in
Tahln Vi, It can be seen that alpha-hydroxybutyric acid

does not replama the pyrimidine requirement of Neurospora

1298, Purthermmore, carbamyl phosphate does not stimulate
growth on eminobutyric acid nor does 1t overcome the in-
hibitory effect of arginine. The ogmbination of betaw
alanine and carbamyl phoephate was also ineffective in
replacing the pyrimidine requirement. The vitamin studies
suggest that thiamine and vitamin Big have no effect on
the utilization of aminobubyrie acid.' However, folic acid
has a marked stimulatory effect on grqwth with both amino=
butyric acid and uracil, and not with uridine, though the
effect 1s noted only at low levels of either precursor.
Pyridoxine has a surprising inhibitory activity in the

case of growth on aminobutyric acid.
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TABLE VII

THE EFFECT OF VARIOUS COMPOUNDS OF GROWTH

OF NE HROS;_?ORA 1298

b mg« hydroxybutyric acld 0
2 Hone 0
S mg. aminobutyric acid 30
" n " »2 mg. carbamyl
| phosphate 31
2 mg. carbamyl phosphate 0
3 DlNone 0
5 mg, aminobutyrlic acld 28
" n #® ¢

) " ® -gngargénine
- 2 mg. carbamyl phosphate

®  gminebutyrie acid « 6§ ug. arginine
- 20 mg. carbamyl phosphate

4 Hone 0
5 mg. aminobubtyric acid 32
® " " . 2 mg. carbamyl

phogphate >4
*  peta-alanine 0

" " - 2 mg, carbamyl phos-
phate 0
g " carbamyl phosphate ' 0
§ ® bpetae-ureidoproplonlc acid 0
8 ot incbutyri id g

o nobutyric acid

1 Ree AminoRgH * - 1 ng Vitamin By &
" ® n .0 »g ] 12
5" " " 27
" n " LI " " 21
"o " ", W% " " 34
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THE EFFECT OF VARIOUS COMPOUNDS ON GROWTH
OF NEURCSPORA 1298 (CONT.)

Expta Sunolement to 1 L , “§=bwth a5 mE.

‘ : myceliun
-6  None 0
. B nge aminobutyrie acid 22

. : " . 0.1 mg. folis acid 31

" -~ '02 s " 23

m§ folic acid 0
0.@2 oo 0
7 lone &)
g mg. aminobutyric acid 26
S " w Osl mge folic acid 28

" " " «0,6" thiamine 27
" “ " « 0,6 " pyridoxine 11
2 mg., . " . 13
" by " « 0. " folic acld 24
" " " o« 0.6" thiamine 13
" " " w 0.8 " pyridoxine 4

¥  upaeil 37

" n » 0.1 " folic acid 61

" " w086 Y thiamine 38

" " - 08 ¥ pyridoxine 41
0.2 mg. uridine 18
" " « 0el ¥ foliec acid 14

: : w 0.8 % thiamine 13

- 0.5 " pyridoxine 13

1t should be noted that negative results such as those
obtained with carbamyl phosphate and ureidopropionie acid
are difficult to interpret, since the possibility always
exists, especially with charged compounds, that a permeabil-

ity barrier is responsible for the non-utilization of the

compound tested.
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Ihe Utilization of Aminobutyric Acid for
Pyrimidine Biosynthesis in the Rat

st

Haterials
One male albino rat weighing 200 g. was injected
intraperitoneally with 1 ml, of a water solution contain-
ing 0.1 me. (0.1 mM) of 3-¢l4 glphawaminocbutyric acid
wileh was obtained commersially¥,

Isolation of Deoxyribonuclelec Acid
The method of isolation was the same as that used in

the sarlier methionine study (see page 11).

Isolation of Purine and Fyrimidine Bases
The hydrolysis of the deoxyribonucleic acld was
carried cut as before {(see page 13) but the resulting per-
chloric aecid solution of the purine and pyrimidine bases
was treated by the method outlined on page 30 since this

had been found %0 be a more useful procedure,

Purification of the Purine and Pyrimidine Bases
The fractions from the column separations were banded
on Teinch sheets of Whatmen No. 1 filter paper and chromat-

ographed in isopropanol - water as outlined earlier (see

page 33),

#0alifornia Foundation for Biochemical Research,

Los Angeles, California



Concentration ang Radiocamctivity ideasurements
The bases were treated exactly as outlined meviously

(see page 35) for the determination of specific activity,

Results

The sctivities of the purine and pyrimidine bases
ére shown in Pable VIII, Itis seen that alpha-amino-
butyric acid iz not a precursor in the rat under these
experimental conditions. Thne relatively higher labeling
in the ecytosine might suggest that the routes of synthesis
for thymine and cytosine are differant; but the order of
sctivity 1s so low that the validity of any such inter-
pretatlon of the date is highly questionable.

TABLE VIIIX

INCORPORATION OF AMINOBUTYRIC ACIDw3-clé
INTO RAT DNA COMPONENTS

Bpecific Activity
SaP.ol

Compound Isolated —

Adenine 42
Thymine 24
Cytosine 180
Aminobutyric

acld supplied 1.7 =x 106
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DIBCUSSION

Zhe Utilization of Methionine for

Thymine Biosynthesis
The results of the study of the utilization of methyle

lebeled methlonine for the blosynthesis of the purines and
pyrimldines of deoxyribonucleic acid indicate that the
methionine methyl carbon is indeed a vrecursor of the
ureide carbons of the purines and of the methyl group of
thymine, This conclusion is based on the observation of
significant labeling of theese compounds after methionine
administration, It has héen asgumed that the distribution
of actlvity is the same for methionine-methyl inocorpora~
tion as that found for formic secld incorporation into uric
acid by Sonne, Buchanan, and Delluva {(63) and into nucleic
acid purines and thymine by Totter, Volkin, and Carter (26).
Support for the velidity of thle assumption is supplled by
the experimental finding of extremely low amounts of iso-
tope in cytosine., The labeling of thymine and the purines
must, therefore, have been accomplished by means of a
specific process, rather than by random labeling which
would have been accompanied by labeling of the cytosine

as well, In addition, that fact that both methionine and
formic acid gave rise to thymine which en degradation gave
highly labeled iodoform substantiates the view that the
activity was located in the methyl carbon in each case.



The metebolic interrelationship of formic scid and methio=~
nine has also been demonstrated by the work of Berg (28),
whio has shown the conversion of formie acid to metnionine
in pigeon liver, and by Weinhouse and Friedmann (64), who,
by a formate~trgpping procedure, have found that methyle
labeled methionine rapidly gives rlse to labeled formate
in the urine of rats, These studles clarified earlier
work by du Vigneaud ¢t al. (65, 66) wherein it was demon~
strated that formate and formaldehyde could be converted
to a variety of *labile" methyl-group donors inocluding
ereatine, choline, and methionine, The latter is there-
fore clearly involved in the pool of "active one-carbon
unita® described by Tarver (67).

Hewever, it should be noted from the dilution values
that formic acld was used for purine synthesls to about
ten times the extent to which the methyl group of meth~
ionine wasz used., On the other hand, & comparison of in-
corporation of the two precursors into thymine indicates
only & two-fold greater utilizetion of formle acld. It
muet therefore be concluded that methionine was utilized
for thymine synthesis by some route not involving free
formic scid., Further evidence for an alternate pathway
1s supplied by the work of Elwyn and Sprinson (27) where-
in it was demonstrated that the beta-carbon atom of serine
1s converted readily to the methyl group of thymine by a

mochenism allowing the retention of both hydrogen atoms



originelly bound to this carbon atom, an impossibility

it the beta~carbon atom had been oxidized to formic acid.
These results suggest conversion of both serine and meth~
lonine to some active one-carbon unit: at the oxidation state
of formeldshyde which may be readily converted to the methyl
group of thymine. Berg (28), on the basis of the increase
of formate ineorporetion into both methionine and serine
eaused by homooysteine, postulated an S-hydroxymethyl
derivative of this compound ag the active intermediate.
However, a considerable amount of work points to a role
for a hydroxymethyl derivative of tetrahydrofolic acid.

By the single addition of tetrahydrofolio acid, Kisliuk
end Sakami (68) have been able.to restore the ability of
Dowex l-treated dieslyzed pigeon liver extracte, to combine
labeled formaldehyde and glyolne to form lsebelsd serine,
Formle acld conld replace formaldehyde im this reacstion
by the addition of edenosine triphosvhate, diphosphopyri-
dine nuecleotide, glucose~8-phosphate, magnesium ion and
tetrahydrofolie acid. These results suggest that formal-
dehyde reacts readlly with tetrahydrofolic acild to give &
hydroxymethyl derivative, presumably N5«hyﬁraxymsthyl-
tetrahydrofolle acid, the sctive one-carbon unit at this
oxidation state, but that formate must first react in the
presence of adenosine triphosphate te form & formyl deri-
vative of tetrahydrofolic acid which is then reduced by a

diphesphopyrldine nucleoctide enzyme system to the
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hydroxymethyl derivative., Hamill (69) has supplied
further wvidence for the involvement of this intermediate
since labeled formaldenyde was found to be st least as
g00d a precursor of Yhymine as is formate in the rat,
Sueh a route would eopear unlikely if the sole route of
incorporation of formeldshyde required preliminary oxidae-
tien to formic acid. 7The finding, by Lowry, Hrom, and
Rachele {70), that one denteriws atowm 1s loet on utilize~
tion of dideutero~0ifelabelsd formaldehyds for synthesis
of the thymine methy) group in the rat was explained as an
isotops efifecty The direct interaction of formaldehyde
and tetrahydrofolic socld has in fact recently been demone
strated by Kisliuk (71), fThe preduct has besn found to
funotion as the active one-oarbon donor in the conversion
of glycine to serine, and appsare, therefore, to de the
intermedliate through which both serine and methlionlne are
utilized for the synthesis of the thymine methyl group,

It is interesting to note that hydreoxymethyl deriva-
tives of uracil (72) cytosine (785) md oytidine (74},
which mey represent the produsts of reastion of these
substances with the tetrahydrofolic acid derivative, have
been isolated from natural sources.

The other possible mechanism of lnvolvement of
methlonine in thymine blosynthesis, involving direct btrans-
fer of the wethyl group, can not be & quantitatively imparte
ant route for thymine synthesls since formic acld, formale

dehyde snd serine are all utilized to a greater extent than
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is the methyl group of methionine, These compounds are,
therefore, not utilized by prior conversion to methionine,
However, the reservation must be made that it is difficult
to determine the extent to which each of these metabolites
is utilized under normal conditions, The sizes of the
metabolic pools of the various precursors may differ
widely, in which case a comparison of the incorporation
of isotopie carbon contained in these compounds 1is a
questionable measure of the relative value of these sub-
stances as precursors of the compound studied.

Keeping this reservation in mind, it may be concluded
that methionine is a minor source of carbon atoms £ and
8 of the purines of deoxyribonuclelc scid. The data for
thymine, however, suggests that methlonine may play a
significant role in the bloasynthesis of the methyl group
of this pyrimidine,

The Utilization of Aminobutyric Acid for
Pyrimidine @;asyntgegié in Neurospora
The study of the labeling of the purines and pyriml-

dines of the ribonucleic aeid of Neurospora crassa strain

1298 after growth on alpha-aminobutyric acid=3-C14 indi-
cates a specific utilization of this precursoer for blo-
synthesis of the pyrimidine ring in this organism, It
may be seen in Teble V that sfter the four-day growth
period the igsolated pyrimidines, urecil end cytosine, had
specific activitles in the reglon of 5000 ¢opante/pife



whereas the purlnes, adenine and guanine, had specifie
activivies of 1000 c,pum./}Ms The same labeling pattern
wes also found in the nucleotides of the acld-soluble
fractlon, the pyrimidine nucleotide; uridine-6'-phosphate,
being labeled to the extent of 4000 c.p.m./uM and the
purine nucleatide, adenosine~b'-phosphate, having a
specific actlvity of 800 c.p.m./uM. The values for the
purines are about what would be expected if the labeled
aminobutyric acld wes belng utilized as & carbon mource
at the same relstive rate as the other carbon sources of
the medium - sucrose and tartrate., This low order of
getivity was likewlse found for aspartic aeid; glutamic
acid, and threonine isclated from the soluble proteins of
this organism,

The high order of labeling in protein isoleuuina;
isolated from the wild strain after four days growth and
from the mutant after & six~day growth perlod, ls what
would be expected since Abelson and Vogel (75) and
Adelberg gt al., (67)had demenstrated that aminobutyrie
acid 1s a normal intermedliate in isoleucine blosynthesis
in Neu ors, The mechanism of 1ts utilization, as pro-
posed by the latter authors and also by Strassman, Thomas,
and Weinhouse (76), involves & ketone condensation between
alpha-ketobutyric acid (obtained from the amino acid by
deamination) and some activated form of acetsldehyde
followed by & pinacol-type rearrangement and then amination

to give isoleucine,
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Another result of this study is the corroboration of
the postulate of Adelberg et al, (§7) that lsoleucine and
valine are formed by different routes in Neurospora, The
low labeling found in valine from the soluble proteins
indieatez that aminobutyric acid 1s not a valine precursor,
vhereas, as mentioned previously, the high labeling of
isoleucine established the involvement of aminobutyric
acld in isoleucine blosynthesis,

However, as may be seen in Table V, the labeling of
pyrimidines and iscleucine was only one«tenth the value
of the precursor, eminobutyric acides But this dilution of
the lsctope in the course of its utilization 1is explained
by the finding that the specific activity of aminobutyric
acid in the acid-soluble fraction 1s also greatly decreassd,
the value being 2500 c.p.m./uli at the end of the six-day
growth periods This spesific activity compares favorably
with the labeling observed 1ln both uracil and isoleucine
obtained in the same experiment. The dilution of the iso-
tope is therefore explained by a corresponding dilution
of the precursor in the course of growth, apparently by
endogenous aminobutyric acid.

In regard to the mutation in N. crassa 12988 which
brings about its pyrimidine requirement, it may be noted
that Mitchell and Houlahan (3) have described a number of
"sartial block” mutants of Neurospora. The organisms are
suggested as being deficlent in a single reaction stev,
perhaps through a decreased affinity of enzyme for substrate,
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This barrier in the metabolic pathway is surmountable by
means of a large excess of the substrate or by incubation
at & lower temperature, the latter being explained on the
basls of the heat-sensitivity of the engyme. In the pres-
ent study it seems plausible that the large excess of amino-
butyric acid at the start of the incubatlion periocd enables
sufficient accumulation of the precursor to bring about
reaction at the partially-blocked step. Once growth be-
gins the organism can presumably synthesigze lta own
aminobutyric acid, and therefore the pocl of this pre-
cursor is subsequently diluted, with & consequent dilue
tion in the labeling of uracil and cytosine. This phenome=
non of an organism having the requirement of a substance
for growth and yet the ability to synthesize the substance
in the course of growth has also been demonstrated by
Bonner, Yanofsky and Partridge (77) in tryptophaneless
mutants of Neurospors. The authors describe tnls ocour-
rence as "leakage", and Haldane (78) suggests that such

a phenomenon proves the over-similicity of the "metabolic
block" ides.

T™is combination of a "partial block" of some reactlon
step on the route to pyrimidines with the "l eakage"™ phenome-
non as an explanation for the behavior of this Neurospora
mutent is not, however, without its uncertainties. It has
been noted that the labeling of the aminobutyric acid re-
covered from the mycelium after alx days growth was of the
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same order of magnitude as the labeling of the pyrimidines.
1t might be expected that the formation of pyrimidines
and of amincbutyric acld would be processes occurring in
relatively constent proportions throughout the growth
period. Under these conditions it would be expected that
the labeling of the nyrimidines would be higher than the
labeling of the aminobutyric acld, since some of the
pyrimidines would be formed at aariier steges of growth,
when the aminobutyric acid pool had not been diluted to
the final extent. The fact that this result is not obe
talned suggests, therefore, the greater part of the
dilution ocecurred at a stage in growth before much
pyrimidine blosynthesis had occurred,

The suggestion might be made that aminobubtyric acid
or some closely related derivative posseeses an additional
role as a catalytic factor, The greater-than-additive
effect of combined urazell and aminobutyric eacid on the
growth of the mutant, noted in earlier work (24) suggests
a dusl role for this amino escid., In addlition, the much
greater growth response of the mutant to uridine suggests
that the latter, or some closely related derivative, mey
be the catalytic factor to which aminobutyric acid is con~
verted. The importance of uridine-containing coenzymes
in metabolism has been suggesbed by the demonstratlon of &
whole series of naturally-occurring uridine diphosphate
derivatives where the latter is combined with glucose (79),

galactose (80), acetylglucosamine (81), and an amino sugar
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which 1s 1n turn Joined to a series of amino acids (82).
A group of compounds similer to the last have also been
demonstrated by Binkley (83) to result by the digestion of
hog kidney with a proteolytic enzyme. The faect that these
substances alsc hed enzymatic aotivity suggosts that uri-
dine derivatives may form the core of some enzy mes, and
that therefore the involvement of such substances in
enzyme synthesis may not be due sgolely to their function
a8 nucleic acid constituents, A catalytic role of amino-
butyric acid may thus result by virtue of its initial
conversion to a uridine~containing compound which may
eilther act as a cofactor or become & part of an enzyme
involved elther directly or indirsctly in aminobutyric
acid synthesis. This additional effect might therefore
explain the synergism noted .in growth of the mutant on
combined uracil and aminobutyric acid, It also satisfies
the reguirement of early dilution of the precursor, men-
tioned previously as the probable explanation of the
similar specific activitles of aminobutyric acid and
pyrimidines., If aminobutyric ecid was also acting in
an sutocatalytic manner to form more aminobutyric acld,
early dilution of the precursor would certainly occur.
Granted that aminobutyriec aclid is & precursor of
pyrimldines in Neurospors, it then becomes of interest to
consider the possible reactions for converslion of the

amino aeld to the pyrimidine ring.
The low labeling found for protein aspartic acid in
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all experimente precludes the pogalibllity of conversion
of aminobutyric acid to aspartic acid as the route of its
utilization, If this amino acid or a closely related
derivative were involved, the labeling of the aspartic
acid pool should be of the same order of magnitude as
the smincbutyric acid - shown to have e specifie activity
of 2800 ¢+p.m,/uM, The aspartic acid pool should also
- be in equilibrium with the Neurospora proteins, and the
aspartic acid of the latter should therefore alszo be
highly labeled. 8ince this is not found to be the case,
& specific activity of 3500 cep.ms/uli being found instead,
froe aspartic acid ie apperently not an intermediate in
the conversion of eaminobutyric acid to pyrimidines.
However, the selectlive labeling of the pyrimidine
bagses and nucleotides is in agreement with the posslibility
that the carbon chain of aminobutyric acid s utilized
a8 a source of the pyftmidin@ ring., If aminobutyric acid
may be consldered to be ubilized in a mamner similar to
that demonstrated for aspartie acid in Z. oroticum by
Lisberman and Kormberg (84), the labeled beta ecarbon atom
should eppear as carbon 5, the middle carbon atom of the
three~carbon chain of the pyrimidines, However, degrada-
tion of the isolated uracil indicates that the label,
though concentrated in the carbon chain, is distributed
ghout equally between two carbon atoms of the chain. This

pesult does not appear reasonable, though Lagerkvist et al.



{12) have reported results which suggest s much greater
utilization of the methylene carbon than the carboxyl
carbon of aspartic acid-3-Cl8.4.¢l4 for pyrimidine bio-
synthesls in the rats It is possible that cleavage of the
earbon chain of elther four-sarbon precursor occurs to

give twe two~carbon fragments, and that the part congisting
of carbon atoms 3 end 4 then combines with & like fragment
to give the doubly-labeled chain, In the case of amino-
butyric acid, cleavage might be precsded by conversion to
threonine by means of dehydrogenation and subseguent hy-
dration of the resulting bete~gamma unsaturated acid,
Threonine might then glve rise tc acetaldehyde, a reaction
doemonstrated in Neurospora by Wagner and Bergqulet (85).
However, the selective recombination of fragments to give

& doubly-labeled compound must be regarded with considera-
ble doubt., On the contrary, the results of considerable
metabolie study point to an interrelationship between amino
acld metaboliem and pyrimidine biosynthesls sueh that amino-
butyric acld would be expected to give rise to the S5~labeled
pyrimidine. The degradation results might thus be explained
on bases such as the presence of an impurlity in the pyrimidine
or the unreliablility of the degradatlon procedure. The for-
mer possibility seems unlikely 1ln view of the conformity of
the absorption ratios of the isolated compounds to those of
known compounds, because of the close agreement of radlo-

sctivity and concentration of the column eluates, and by



23

virtue of the constancy of specifie activity after repeated
paper chromatography in several diffevent solvent eystems.
The results therefore seem to case some doubt on the re-
1lability of the degradation procedure, at least when
sarrlied out on this small scale,

The work of Witchell and Houlahan (7) implicated
oxalacetlic acld and sminofumaric ecid as pyrimidine pre-
cursors in Neurospora, and subsequent studies by Lagerkvist
ot al. (12) and by Woods, Ravel, and Shive (13) demonstrated
the lavolvement of aspartic acid in pyrimidine bilosynthesis.
The mutant under investigation in the present work, N. oras-
88 atrain 1298, has been shown to utilize, in addition to
aminobutyric acid, either threonine or homoserine but not
aspartic acid for growth (24, 25), The central role of
homoserine in the blosynthesis of mathionin9 and threonine
was suggested by the work of Teas, Horowitz, and Fling (86)
wherein homoserine was found to replace the joint threonine=
méthionine requlrement of & Neuveepors mutant., More recet-
1y Abelson and Vogel (75), by the use of an lsotope-competi-
tion technique, have demonstrated a blosynthetlc sequence
in Neurospora consisting of aspartic acid, homoserine,
threonine, slpha~ketobutyric¢ acid, alpha~keto-beta-
methylvaleric acid, and isoleucine. Homoserine was also
found to be convertsd to methionlne. In additionm, the meta-
polic formetion .of homoserine and eminmobutyrlc acid from

methionine has been demonstrated by Matsuo and Oreenberg (397).
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The relationship between aminobutyric acid, homo-
serine and threonine explains ths abllity of N, orassa
1298 to utilize any of these three amino acids for
pyrimldine blosynthesiss 1In eddition, since the magni-
tude of the growth responss was similar for all three
compounds, and since aminobutyric scid was showmn in the
present work to be & pyrimidine precursor, the possibility
existe that all three amino acilds may be converted to a
common intermedlate in the course of pyrimidine blosynthe-
sis, Teas gt al. (86) have suggested that threonine may
be converted to homoserine by dehydration to the beta-gamma
unsaturated acid and subsequent hydration of the double
bonds A similar dehydration veactlon has been suggested
by Chergeff and Sprinson (88) as involved in the deamina-
tion of eerine. The utllizaticon of amlnobutyriec acid
might proceed by dehydrogenation to the beta-gamma un-
saturated acid followed by hydration to homoserine.
Furthermore, the reversible conversion of homoserine to
agpartic acid has recently been demonstrated ln yeast
extracts by Black and Wright (89). The primary alcohol
group of homoserine is oxidized to an aldehyde group,
glving aspartic acld beta~-semisldehyde,  This compound is
then oxidized in the presence of inorganic phosvhate to
the corresponding acyl phosphate, beta aspartyl phosphate,
and the latter is subsequently dephosvhorylated to give
aspartic acid, The final gtep in this sequence of reac~
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tions can not, however, seour revereibly in Neurospora,

The fact that in the present study aspartic scid from the
soluble proteins is only randomly labeled while the amino-
butyric acid pool has a specifie activity of 2300 c.p.m./ud.
is not aompatible with the 1dea of a rapld interconverszion
of the two metabolites, The comclusion therefore seems
reascnable that the ensyme for one of the steps in the
reaction sequence from homoserine to aspartic acid is
not present in Neurospora.

The route of utilization of amincbutyrisc acid for
pyrimidine biosynthesis in Neurcspora may therefore in-

volve homoserine and also one or more of the previously-
mentioned aspartic acid derivetivess A reactive compound
such 23 beta-aspartyl phosphate may readily resct with
carbon dioxide and smmonia by cleavage of the phosphate
bond to give ureidesucoinic acld. The latter might then
undergo oyclisation to dihydroorotic acid and then oxida-
tion to orotlie acid, as demonstrated in Z. oroticum by
Lieberman and Kornberg (84).

The low labeling found for threonine from the soluble
proteins suggests thet aminobutyriec acid is not readily
convertible to threonine under these experimentel condi-
tions, but that hydration of the beta-gamma unsaturated
intermediate may oceur in such a mamner as to give only
homoserine. The possibility also exists that the unsatura~

ted intermediate may not undergo hydration to either



hemoserine or threonine in this organism, but that this
reactive compound is instead in some way directly utilized
for the formation of the pyrimidine ring. However, in
lieu of the Imown role of homoserine as a methionine pre-
eursor in Ne ora, the tentative identification of
highly labeled methicnine sulfone in the acide-soluble
fraction of N. erasse 1208 in the present work suggests
that conversion of aminobutyric scid to homoserine must
aotually occur in this organism.

Another poasible pathway whereby aminobutyric acid
ray be utlilized for pyrimlidine bilosynthesis 1s suggested
by the studies of Fink et al. (30, 90) wherein it was
demonstrated that dlhydropyrimidines, beta-ureido acids
and beta~amino aclids result as reductlon products of
thymine and uracil in rat liver, These authors suggested
that this may represent not only a degradative pathway
for pyrimidines but also a method for thelr synthesis.
This suggestlion was strengthened by the reeent work of
Grisolis and Walla ch {31) in.which they demonstrate the
reversible conversion of dihydrouracil and beta-ureldo-
propionic acid in beef liver extraots. Furthermore, orude
extracts were shown slso to convert beta-ureidopropionic
acid to betawalanine, and these authors were also able to
demenstrate the reverse reactlion ln rat liver mitochone
drial preparations and in bacterial extracts (91) upon the
addition of carbamyl phosphate. It would therefore appear
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that beta-alanine mey bs a precursor of the pyrimidine
ring.

8ince beta-alanine has been shown to arise by the
decarboxylation of aspartic acld in Gl. welchii (92),
the mediation of the. previously~menticned beta-aspartyl
phogphats in eminobutyriec acid utilization seems quite
possible, Aminobutyric acld might be converted to
hoemoserine and then to beta-aspartyl phosphate, and the
latter might then undergo decarboxylation of the carboxyl
group representing carbon 1 to give a phosphorylated de-
rivative of beta-alanine. Addition of carbon dioxide and
spmonis, perhaps es carbamyl. phosphate, if necessary,
would yield bstaw-ureidopropionic acid, which could then
be oyelisized and oxidized to form the pyrimidine ring.
In the present study, the attempt to replace the pyrimidine
requirement of N« crassa 1206 with s mlxture of carbamyl
phosphate and beta-alanine was unsuccessful. Woods, Ravel,
and Shive (13) noted a similar inability on the part of
thé aspartic aclderejriring L. arabinosus 17-5 to utilize
either beta-alanine or ureidosuceinic acid. However, these
negative results are of little significance since they quite
poesibly may have been due to the inabllity of the compounds
to pass through the cell wall of the organism. Such per-
meability barriers are known to be significant where highly

charged and polar substances are concerned.
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The concluslon therefore seems reasonable that amino-
butyrie acid is utilized for pyrimldine blosynthesis by
converslon to homoserine followed by oxidation and perhaps
phosphorylation of the gamme carbon atom to give a reac-
tive intermediate such as Sota-gapartyl phosphate. The
latter may then proceed to pyrimidines directly by reac-
tion with carbon dioxide and ammonia with subsequent
eyclisation and oxidation, Alternatively, beta-aspartyl
phosphate might undergo decarboxylation to form a deriva-
tive of beta~alanine which might then reaet with c¢arbon
dioxlde and ammonia to form betea-ureidopropionic acid
followed by cyeclisation and oxldation to give the pyrimi-
dine rlng.

In connectlon with this suggestlon of a different
route for pyrimidine blosynthesis in Neurospora, it might
be noted that Davis (93) has observed that lysine bio=-
synthesis in.ﬁggggggggg'invalyea an entirely different
pathway from that which exists in E. coli, He has demon-
strated that diaminonimelic ecld is an tntevmsdiate in
lysine biosynthesis in E, coll, whereas Good, Hellbronner
and Mitchell (94) have shown alpha-aminoadipic aclid to be
involved in lysine blosynthesis in Neurospora. The same
aifference has also been noted between T. utllus and XN.
crassa by Abelson and Vogel (78). Furthermore, the obser-
vation by Woods, Ravel, and Shive (13) that lysine - in
addition to threonine and pyrimidines - spares the aspartic
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acid requirement of L. arsbinosus 17-5 suggested to those
authors that lysine was involved in pyrimidine biosynthesis,
Mitchell and Houlshen (95) had earlier demonstrated the
sesumulation of pyrimidines by lysineless mutants of
Neurospora, and Doermann reported an inhibitory effect
of arginine in Neurospora similar to that observed by
Pairley (25) with the pyrimidinelese mutant used in the
present work. |

The fact that a definite difference exists between
Neurospora and other organisms in regerd to lysine bio-
synthesis, when coupled with the observed pyrimidine-
lysine relationshilp, suggests that the unusuasl biosynthe-
tic pathway for both pyrimidines and lyesine in Neurospora
may be attributable to some alteration in an intermediate
common to both pathways. The studies of Abelson et al, (96),
wherein lysine was shown by 1sohopie competition experiments
to be an aspartic acld metabolite, indicates that aspartic
acid or some derivative may be this commén intermediate,
The involvement of such an intermediate ig lysine blosyn-
theeis remains to be clearly demonstrated, but the lyeine-
pyrimidine relationship at least serves to demonstirate the
existence of real differences in blosynthetlic pathways in
different types of living things.

As may be seen in Table V, the labeling of the purines
snd pyrimidines of the wlld strain, while not as markedly
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different as in the case of the mutant, nevertheéless
demonstrates that anlnobutyric acid is a normal precursor
of pyrimidines Ain this orgenism, The Tinding of amino-
butyric acid es a component of the free amino acid pool
of the wild strain - grown without aminobutyric asid -
also supportes this suggeation,

However, regardle ss of the pathway of utilization
of aminobutyric scid for pyrimidine synthesis, it seems
reaponable to conclude that this mmino asid must be a
significant precursor of these nucleic acid constituents
in Heurospora. The fact that the labeling of isoleucine =~
for which aminobutyric scid is a known precursor « is
similar in magnitude to that of the pyrimidines must be
regarded as strong support for a prominent position for
aminobutyric aeid in pyrimidine biosynthesis in W.

The Utilization of Aminobutyric Acid for
Pyrimidine Biosynthesis in the Het

The finding that aminobutyric acid is not readily
utilize& for pyrimidine biosynthesls in the rat is not
unexpected since the previous study strongly suggests a
speeial situation for pyrimldine biosynthesis in Neuros-
pora.
| The pathway involving aspartic acld, demonsirated by
Lieberman and Kornberg (17, 84) in Z. oroticum, is undoubt-

edly also the major route for pyrimidine blosynthesls in
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the rat. Weed and Wilson were able to demonstrate utiliza-
tion of orotic acid (7) and of ureidesuceinic acid (11)

for the synthesis of polynucleotide pyrimidines in rat
spleen, and Helchard (14) recently reported that rat liver
mltochrondria are eapable of converting aspartic acid,
carbon dioxide, and ammonia to ureldosuecinic acid,

The dilution of isotopic sminobutyric acid on cone
verslon to rat deoxyribonuclelic acid cytosine in the
present astudy 1s approximetely ten times as great a s that
found in earlier studies of methlonine utilization for
thymine blosyntheslis. This represents a dilution by about
5000 times in the course of utilization, whereas methionine
wag diluted over £5,000 times in the course of conversion
of the labeled methyl group to the ring carbons of cytosine.
There thus appears to be some slight selectivity in the use
of aminobutyric ascid in the rat, particularly since cyto-
#ine was labeled to four ttmag the extent of adenine, The
lower specific activity of isolated thymine suggests a
different route of pyrimidine biosynthesis for the two
ma jor deoxyribonucleic pyrimidines, thymine and cytosine. .

However, the specific activities of the lsolated com-
ponente are so low that the above interpretation must be
regarded &8s extremely tentative. A more definite conclu-

sion must await further study of am inobutyric acid and

pyrimidine blosynthesis in the rat,
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S UMMARY

1. Methionine-methyl-C}% ham been shown to give risze to

2.

signiflcant labeling of the purines and thymine of
deoxyribonucleic acid in the rat. The data suggests
that utiiization of the methionine methyl carbon
ocgurs by way of the "lecarbon pool", but that formic
acid is not an intermedlate in this process, Ratheyr,
an intermedliate at the oxidation state of formaldehyde
appears more llkely. By comparison with formmice scid,
the methionine methyl group appears to be of negligible
importance in purine blosynthesls, but the date for the
pyrimidines suggests that the methyl gyoup of methio
nine serves as a significant precursor of the thymine

methyl carbon.

A pyrimidineless mutant of Neurospora grassa has been

shown to utilize alphs-aminobutyric acid=3-Cl4 for
pyrimidine blosynthesls, The data suggests that free
aspartic acld is not an intermedlate in this conversion,
but an aspartic acid derivative, derived from amino~-
butyric acid by way of homoserine, appears as & reason«
able cholce for one of the lntermedlates involved. The
importance of amincbutyric acid as & pyrimidine precur-
sor in ieurcspora is indicated by the simllar magnitude
of the labeling of isolsucine and the pyrimidines. The
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biochemical nature of the mutation possessed by N.
erassa 1298 and posslble reasons for the ten-fold
dilution noted on conversion of the precursor to the

pyrimidine are discussed.

S+ Alpha-sminobutyric acld-3-C1% was also studied as a
possible pyrimidine precursor in the rat. Some
selectivity in utilization of the lsotope for cyto-
sine synthesis was found, though the specific activi-
ties of the compounds isolated were of such a low
order of magnitude that any interpretatlon of the
date must be gqualified as highly tentative.
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APPENLIX

&, The molar extinction coafficienta for thymine and the
purines 1in the sluting solvents were éétermined aa follows,
In the case of thymine a 156 mg, aample of the recrys-
tallized base” was dissolved in 28 ml., of O.1 N hydrochlorie
acids One 5 ml. aliquot wae diluted %o 100 ml. with O.1 N
hydrechloria acld and the optical density determined at
260 mp. A second 5 ml. aliguot wae dilubed to 100 ml, in
0,016 § ammonium formate buffer of pH 8‘é5, and the optical
density at 260 mp alsc determined, The.melar'oxtinction
coefficlent was then calculable by the following relation-
shipas |

ky » Ky x Ju_
Dﬁ

where k, = molar extinction coefficlent in eluting
salvent bulfer of pH 5,88

k. = molar extinction coefficlent in 0.1 X
® " nydrochloric acid

Dy = optical density at 260 mp in 0.1 N
hydrochloric acld

2 optiéal density at 260 mp in eluting
gsolvent

The procedure for adenine was similar except that

¥wutritionsl Biochemicels Corp., Cleveland, Chie
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10 mg. of adenine sulphate* was dissolved in 25 ml. of

O.1 H hydrogchloric asid and dilutions were made to 100

ml., with 0.1 N hydroschloric acid and 4 N hydrochloric
acid. The optical densitles were sgaln determined at

260 mp. For guanine, 10 mg. of guanine hydrochloride®®
was dissolved in 28 ml, of 0.1 N hydroehloric acid, and
dilution was made with 0,1 N and 3 N hydrochloriec acid.

in this case the optical densities were measured at 249 mp,
the wavelength of maximum absorption for guanine in acid

solution.

B. The formula used to convert the observed counts of
the purines and pyrimidines to specific activity.

Co x“k x 1000 ml,

S — s
* D x 103

where 8 » specific activity (counts/minute/micromole)
Co = observed counts (counts/minute/ml.of sample)
k » molar extinction coefflclient
D # optical density of sample counted
108a factor to conver£ moles to micromoles
Sample calenlation: thymine
Co w 104 cepems/mle of sample k = 7 x 10° (260mp,pH 8426)

D a Q.69
104 x 7 x J»()"5 x 1000

® 0.605 x 106

= 1050 c.p.m./pil

#pios Laboratories, New York
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