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Amino acid deficient bacterial mutants have
been of great value in the elucidation of the bio-
synthesis and the metabolic relationships of
amino acids (Davis, 1952). Similarly, purineless
and pyrimidineless mutants should be of value
for the study of the metabolism of the components
of nucleic acids. However, most purineless mu-
tants isolated have been found to be nonexacting
in their requirements and consequently their
study could throw little light on the metabolism
of purines.
The isolation of a nonexacting purineles

mutant and of a guanineless mutant from the
same parent strain of Aerobacter aerogenes has
been reported from this laboratory (Ushiba
and Magasanik, 1952; Magasanik and Brooke,
1954). The guanineles mutant was capable of
synthesizing the purine ring as shown by the
accumulation of xanthosine in its culture medium
(Magasanik and Brooke, 1954).
This paper presents a comparison of the

growth requirements of these two mutants and
of their probable genetic blocks and discuss
the implications of these observations on the
biosynthesis of nucleic acid adenine and guanine
in A. aerogenes.

MATERIALS AND METHODS

The isolation of the auxotrophic guanineless
mutant, strain P-14, of A. aerogenes by ultra-
violet irradiation of strain 1033 has been de-
scribed previously (Ushiba andMagasanik, 1952).
The purineless mutant strain PD-1 was obtained
from the same parent strain by analogous pro-
cedures (Magan ik and Brooke, 1954). To
obtain back mutants of strain PD-1 the organism

1 This work has been supported in part by the
William F. Milton Fund of Harvard University,
by a grant from the United States Public Health
Service, and by the Eugene Higgins Trust. A pre-
liminary report of part of this work was presented
at the 53rd annual meeting of the Society of Ameri-
can Bacteriologists, San Francisco, August, 1953.

was grown for 30 hours in minimal medium con-
taining 6,g adenine and 25 mjug thiamin per
ml, and an aliquot of this culture was then
streaked out on minimal agar containing thiamin
but no adenine. Back mutants of strain P-14
were obtained by subculturing 3 ml of a 14 hour
culture grown in minimal medium containing
6 jg guanine per ml into 50 ml of mini'mal me-
dium containing 6 Mg guanine per ml. This was
allowed to grow for 24 hours, and an aliquot
then streaked out on minimal medium. Back
mutants of strain PD-1 were obtained frequently
whereas the occurrence of back mutants of
strain P-14 was rare.
The purines, ribosides, and ribotides used

were products of the Nutritional Biochemicals
Corporation, Cleveland, Ohio, with the excep-
tion of 2,6-diaminopurnne which was a product
of the Krishell Laboratories, Portland, Oregon;
the a and b isomers of adenylic acid which were
products of Schwarz Laboratories, Inc., New
York, New York; the isoguanine which was
kindly given to us by Dr. Aaron Bendich of the
Sloan-Kettering Institute for Cancer Research,
New York, New York; and the 4-amino-5-
imidazole carboxamide2 which was kindly given
to us by Dr. Zelma Miller of the Children's
Hospital, Boston, Mass. Inosine-3'-phosphate,
inosine-5'-phosphate, and a mixture of xantho-
sine-2' and 3'-phosphate were prepared from
adenosine-3'-phosphate, adenosine-5'-phosphate,
and yeast guanylic acid, respectively, according
to the method of Shuster and Kaplan (1953).
All of these compounds were tested for purity
by spectrophotometric and chromatographic
methods.
The medium used has been described (Ushiba

and Magasanik, 1952). In experiments with
strain PD-1 the medium was fortified with 25,Mg
vitamin B1 (Nutritional Biochemicals Corpora-

2 For simplicity the term carboxamide will be
used frequently in referring to the 4-amino-5-
imidazole carboxamide.

727



MARCUS S. BROOKE AND BORIS MAGASANIK

TABLE 1
Response of mutant8 PD-I and P-14 to purine8 and

4-amino-5-imidazole carboxamide
The results are expressed in millimicromoles of

nutrilite needed for the production of one unit
of cells.*

Nutrilite Mutant PD-1 Mutant P-14

Isoguanine............. 55.4 :f 6.6t No growth
2,6-Diaminopurine.. ......Nogrowth 37.2 :4 7.4
Xanthine............. 54.1 + 2.1 Nogrowth
Hypoxanthine.......... 49.3 4 1.6 No growth

The solutions of the bases were sterilized by
autoclaving, and those of the ribosides, ribotides,
and carboxamide were sterilized by filtration or
prepared aseptically and added to the medium
subsequent to its being autoclaved. The inocu-
lated flasks were shaken on a Brunswick rotary
action flask shaker, model V, at 37 C for 18 hours.
The turbidity of the cultures was then measured
at 590 mu in a Coleman spectrophotometer,
model 14.

RESULTS

Ldenine 52.4 A 0.2 No growth Purines. Strain P-14 requires guanine, guano-
Juanine.47.5 1 0.5 38.8 4 8.5 sine, guanylic acid, or 2,6-diaxinopuine for
.arboxamide 10,300 No growth growth. Adenine, hypoxanthine, xanthine, the

* A unit is defined as the number of cells con- corresponding ribosides and ribotides, isoguanine,
ained in 1.0 ml of a suspension of an optical or 4-amino-5-imidazole carboxamide all fail to
Iensity of 1.0 at 590 mp determined in a square support the growth of this mutant. Stramin PD-1
uvette (light path 13mm) in a Coleman Universal is a nonexacting purineless mutant which grows
,pectrophotometer, model 14. A unit contained on adenine, hypoxanthine, guanine, the corre-
sbout 9 X 108'viable cells and 50 jg of bacterial sponding ribosides or ribotides, isoguanine,
itrogen. xanthine, or 4-amino-5-imidazole carboxamide.

t Standard deviation. It cannot grow on xanthosine, xanthosine-2'
and 3'-phosphate, or 2,6-diaminopurine. The

0.) P- 'IO b.) PD i c , quantitative response of mutants P-14 and PD-1
.5

o.)P-t4 ,,° b. PD-I C ) PO-I ^A-37 to the purines and their derivatives is shown in

GA . table 1 and figure 1. It will be noted that in
G. A.

.
/ G. a. ,"G. experiments with strain PD-1 vitamin B1 had to

1.0 Y G A kA , / be added to the medium beforema m wth
was obtained. In the absence of this vitamin no

/B15/ matter how much purine or purine derivative
l.> A/f{ : _ was added to the medium, poor growth (optical
It/f9oo density circa 0.1 as opposed to an optical density
o 510 0 050522~3txof 1.8 which represents full growth) resulted.

5 10 0 S 0 0 5 10 IS 20 2 5 Growth of mutant P-14 on 2,6-aminopurine
y BASE ML. was clumpy, and the results variable. These

[Figure 1. Growth of mutants P-14 and PD-1 on equivocal results might be due to a disturbance
uanine (G.)andguanylicacid (GA.) andofmutant of the guanine to adenine ratio in the cell, it
'D-1 on adenine (A.), adenosine-5'-phosphate being assumed (vide infra) that 2 ,6-diamino-
A-5'), adenosine-3'-phosphate (A-3'), and adeno- purine is used solely for the synthesis of nucleic
ine-2'-phosphate (A-2'). acid guanine and not of nucleic acid adenine. Such

an effect has been suggested by Bendich et al.
ion) per liter, or maximum growth was not (1950). It was usually observed that for a given
btained. growth increment strain PD-1 required more
To determine the bacterial growth about 107 guanine than did strain P-14 (table 1 and

ells were taken from the growth on a tryptic- figure 1). The amount of carboxamide required
ligest agar slant, suspended in distilled water, by strain PD-1 for a standard increase of growth
Lnd inoculated into a 125 ml Erleumeyer flask was several hundred times greater than the
ontaining 20 ml of basal medium plus varying amount of other nutrilites required for the same
Lmounts of the growth factors. All compounds growth increment. This is in agreement with
vere tested in concentrations as high as 100 the findings of other workers (Bergmann et al.,
cg per ml with the exception of the carboxamide 1952; Gots, 1950).
vhich was tested at levels up to 600 yg per ml. Purine ribosides. The results with the ribosides
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of adenine, hypoxanthine, guanine, and xan-
thine were, both qualitatively and quantitatively,
essentially the same as those with the free bases
except that strain PD-1 did not grow on xantho-
sine.

Purine ribotides. The response of both strains
to guanylic acid was similar to that to guanine
(figure 1). Strain PD-1 grew poorly on low levels
(up to 3 ug per ml) of adenosine-5'-phosphate,
but subsequently the response to increasing
amounts of the ribotide was similar to that
obtained with the free base. Analogous but
accentuated results were obtained with adeno-
sine-2'-phosphate and adenosine-3'-phosphate,
*the response to these compounds being poor
until more than 12,ug per ml of nutrilite was
added to the medium. Similar results were
obtained with inosine-3'-phosphate and inosine-
5'-phosphate. The poor growth response at low
levels of these compounds remains unexplained.
It is possible that under these conditions the
growth rate is slower, either because the nutrilite
cannot easily penetrate the cell or because it has
to be dephosphorylated before it can be used.
It was not possible to extend the period of growth
to see whether higher levels of growth could be
reached with smaller amounts of nutrilite because
the emergence of back mutants obscured the
results.

Sparing effect of 2,6-diaminopurine. Strain
PD-1 could not grow in a minimal medium sup-
plemented only with 2,6-diaminopurine. How-
ever, 2,6-diaminopurine spared adenine when
the latter compound was used to support the
growth of the organism as illustrated in figure 2.
It can be seen that 2 ,6-diaminopurine had quan-
titatively the same growth promoting activity
as adenine, but full growth could not be obtained
with less than about 5,g per ml of adeiine, ir-
respective of the amount of 2,6-diaminopurine
used. Guanine could be substituted for adenine
with the same results. 2,6-Diaminopurine did
not inhibit the growth of strain PD-1 or of the
parent strain 1033 when added to the medium in
a concentration of 25 ug per ml.

Inhibitory effects. Strain P-14 will grow on
guanine but not on adenine; however, when
both guanine and adenine are supplied in the
medium, growth is inhibited, a mixture of 6,g
of guanine and 1 ,ug of adenine per ml of culture
fluid resulting in approximately 80 per cent
inhibition. Similar results were obtained when
hypoxanthine was used instead of adenine. When

adenine was supplied as adenosine rather than
as the free base, 3 ug per ml of adenine were
needed to obtain 80 per cent inhibition. Adeno-
sine-3'-phosphate or adenosine-5'-phosphate in
concentrations equivalent to 12 ug per ml of
adenine failed to cause any inhibition. The same
results were obtained when guanosine, guanylic
acid, or 2,6-diaminopurine was substituted in
these experiments for guanine. In no case was
the inhibition relieved by increasing the con-
centration of guanine, guanosine, guanylic acid,
or 2 ,6-diaminopurine. The results of these experi-
ments were reproducible only if an inoculum of
standard size was used (107 celLs per flask).
Large inocula (i.e., 109 cells of an 18 hour culture)
obscured the hiibition. Fries (1949) using a
mutant of Ophiostoma multiannulatum obtained
similar results with guanine and guanosine, on
the one hand, and adenine or hypoxanthine, on
the other hand, although the inhibitions he ob-

y 2,6-DIAMINOPURINE/ML.
Figure B. Growth of mutant PD-1 in a medium

containing adenine supplemented with 2,6-di-
aminopurine.
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tained were not as marked as those obtained
in the present work.

Accumulation of compounds. In culture fluids
of strain P-14 a compound strongly absorbing
ultraviolet light was observed, isolated, and
characterized as xanthosine (Magasanik and
Brooke, 1954). Until now, no compound has
been found to accumulate in culture fluids of
strain PD-1; the Bratton-Marshall test which
would detect the presence of 4-amino-5-imidazole
carboxamide, its riboside, or ribotide (Gots and
Chu, 1952) was negative.

'DISCUSSION

The two purineless mutants of A. aerogene8,
strain 1033, produced by ultraviolet irradiation
differ in several respects from the parent strain.
Strain PD-1 expresses its changed genotype by
being unable to grow in the absence of purines,
ribosides, ribotides, or 4-amino-5-imidazole
carboxamide, and by being unable to reach full
growth in the absence of thiamin. It is nonexact-
ing in its purine requirement; of all the purines
and their derivatives used in this work only
xanthosine, xanthosine-2' and 3'-phosphate, and
2,6-diaminopurine failed to support its growth.
The latter compound could, however, spare the
organism's requirement for guanine or adenine.

Strain P-14 differs from the wild type by
being unable to grow unless provided with gua-
nine, guanosine, guanylic acid, or 2,6-diamino-
purine; by accumulating xanthosine in its
culture medium; and by its sensitivity to adenine,
to hypoxanthine and, to a lesser degree, to adeno-
sine.

According to the hypothesis that ultraviolet
irradiation causes mutation by the absorption of
a single quantum of energy by an affected cell,
the metabolic changes observed in these auxo-
trophic mutants should be the consequences of a
single genetic change resulting in the deletion of
one discrete enzymatic step. The isolation from
both mutant P-14 and mutant PD-1 of back
mutants, which phenotypically were identical
with the wild strain 1033, supports this view.
The back mutant from strain P-14 did not ac-
cumulate xanthosine and was not inhibited by
adenine. The back mutant from strain PD-1,
although selected on a medium containing thi-
amin, did not require this vitamin for growth.
At present, not all the changes observed can
be correlated with the loss of a single enzyme.

However, the observations made give a reason-
ably good indication of the position of the
metabolic blocks in mutants PD-1 and P-14.
The study of the biosynthesis of the purine

components of nucleic acid in bacteria (Sutton
and Werkman, 1953; Koch et al., 1952), yeast
(Abrams et al., 1948), and higher organisms
(Barnes and Schoenheimer, 1943; Heinrich and
Wilson, 1950) has provided convincing evidence
that both the guanine and adenine of both types
of nucleic acids arise from common precursors of
small molecular size, and that a derivative, pre-
sumably the riboside-5'-phosphate of 4-amino-5-
imidazole carboxamide, is a key intermediate in
their synthesis (Greenberg, 1953a,b; Gots, 1953).
The free carboxamide can be used for the syn-
thesis of nucleic acids by some micro- and higher
organisms although much less efficiently than
the purine bases (Bergmann et al., 1952; Gots,
1950). The finding that strain PD-1 responds
to comparatively large quantities of the carbox-
amide agrees with these results and suggests
that the genetic block in this mutant is before
the biosynthesis of the carboxamide derivative.
This organism thus is not capable of any de novo
synthesis of nucleic acid purines and must use
the preformed purines, supplied in the medium,
for the synthesis of both nucleic acid guanine
and nucleic acid adenine. Growth of this mutant
on adenine, guanine, hypoxanthine, or xanthine
is evidence of its ability to convert any one of
these compounds to both the purines of nucleic
acids (table 1). The interconversion of guanine
to nucleic acid adenine and of adenine to nucleic
acid guanine varies, both qualitatively and quan-
titatively, in different species of microorganisms,
and a complete spectrum of purine interchange
has been observed. This has been reviewed re-
cently by Brown (1953). Thus, some micro-
organisms (Tetrahymena geleii and Lactobacius
leichmannii) can grow only on guanine which they
convert to nucleic acid adenine whereas others
(Toulope8i uWili) can grow only on adenine which
they convert to nucleic acid guanine. The present
results agree with the observation that A.
aerogenes (Hamilton et al., 1952) and the closely
related E8cherichia coli (Koch et al., 1952; Bolton
and Reynard, 1954) interconvert both adenine
and guanine although with different degrees of
efficiency.
In contrast to the other purines, 2,6-diamino-

purine does not support the growth of strain
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PD-1 but spares guanine or adenine when either
of the latter compounds is supplied in the me-
dium. This observation suggests that 2,6-di-
aminopurine can be used for the synthesis of
either nucleic acid adenine or nucleic acid gua-
nine, but not for both. The present finding that
2,6-diaminopurine alone supports the growth of
the guanineless mutant P-14, as well as the re-
sults of Bendich and Brown (1948) showing that
2,6-diaminopurine is incorporated into nucleic
acid guanine but not into nucleic acid adenine
in the rat, makes it highly probable that in the
nonexacting mutant PD-1, 2,6-diaminopurine is
used only for the synthesis of nucleic acid gua-
nine and not for that of nucleic acid adenine.
An alternative theory is that 2 ,6-diaminopurine
is inhibitory and that the inhibition is relieved
by the addition of adenine or of guanine. Such
inhibitions are known (Elion and Hitchings,
1950; Balis et al., 1952) but are unlikely to be in
effect because the wild strain, 1033, is not in-
hibited by 2,6-diaminopurine and increasing
the amount of 2,6-diaminopurine to the rela-
tively high level of 25,ug per ml in the presence
of adenine or guanine in cultures of strain PD-1
did not cause inhibition.
The observation that strain P-14 accumulates

xanthosine (Magasanik and Brooke, 1954) is
proof of its ability to synthesize the purine ring.
This, together with the finding that the organ-
ism grows only on guanine, guanosine, guanylic
acid, or 2,6-diaminopurine, suggests that it
cannot make nucleic acid guanine. We postulate,
however, that there is a de novo synthesis of
nucleic acid adenine. The observation that the
response of this strain to guanine is more efficient
than that of strain PD-1 supports this hypothesis
(figures 1 and 2).
The foregoing results are the basis of the ten-

tative scheme for the biosynthesis of purines in
A. aerogens in figure 3.
The synthesis of purines is thought to proceed

via the ribotide of 4-amino-5-imidazole carbox-
amide (Greenberg, 1953a; Buchanan and Schul-
man, 1953; Williams and Buchanan, 1953). The
reasons for assuming the genetic block in mutant
PD-1 to be before the carboxamide have already
been discussed. It is proposed that the genetic
block in mutant P-14 is caused by the lack of an
enzyme which converts a derivative of xantho-
sine to one of guanosine. Xanthosine itself is
unlikely to be the true intermediate as strain

PD-1 cannot utilize this compound nor xantho-
sine-2' and 3'-phosphate. The possibility remains
that the active intermediate is in reality xantho-
sine-5'-phosphate and that the accumulation of
xanthosine is the result of phosphatase activity.
A similar finding is the accumulation of carbox-
amide-riboside in strains of E. coli inhibited by
sulfonamides rather than of the biologically ac-
tive carboxamide-ribotide (Greenberg, 1953b).
On the assumption now discussed that a

derivative of xanthosine is intermediate between
inosinic acid and nucleic acid guanine, it appears
that stemming from inosinic acid there is a dichot-
omy, one branch leading to nucleic acid adenine
and the other to nucleic acid guanine. On chem-
ical grounds the conversion of inosinic acid to a
derivative of adenine by amination and of inosinic
acid to a derivative of xanthine by oxidation is
most plausible. The biological activity of the
carboxamide-ribotide and the accumulation of
xanthosine support the assumption that the free
purine bases are not normal intermediates of the
biosynthesis of nucleic acids. The bases may be
expected to exert their growth promoting activi-
ties by being converted to one of the active
intermediates shown in the scheme (figure 3).
The existence of an enzyme which will form
riboside-5'-phosphate from the free base and
ribose-1 ,5-diphosphate has been described by
Saffran and Scarano (1953). Bacterial enzymes
are known to convert adenine to hypoxanthine
(Friedman and Gots, 1953), and isoguanine to
xanthine (Friedman and Gots, 1951). 2,6-Di-
aminopurine, on the other hand, would seem to
enter the scheme very close to nucleic acid

PRECURSORS -i-- CSX-RI1BOSE-S'-P -- HX-RISE-P

ADENINE-X XANTHINE-X

| === == P-14

GUANINE-X

I
NUCLEIC ACID NUCLEIC ACID

ADENINE GUANINE

Figure S. The pathway of nucleic acid synthesis
in Aerobacter aerogenes. CBX = 4-amino-5-
imidazole carboxamide; HX - hypoxanthine;
-X = an active intermediate. The purines of
desoxyribonucleic acid (DNA) and ribonucleic
acid (RNA) are presumably formed by the same
pathway (Balis and Lark, 1954). The dotted double
lines represent the genetic blocks.
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guanine and not to be converted to nucleic
acid adenine or one of the earlier derivatives.
The suggestion that the active intermediates

are identical with the riboside-5'-phosphates finds
some support in the observation that growth of
strain PD-1 on adenosine-5'-phosphate is better
than growth on the 2'- or 3'-phosphate. However,
this may be a question of permeability, particu-
larly as yeast guanylic acid (a mixture of the
2'- and 3'-phosphates) was utilized as efficiently
as guanine or adenosine-5'-phosphate. Further,
the finding that the riboside-5'-phosphate sup-
ports growth better than the riboside-2'- or
3'-phosphate is by no means a general observa-
tion. With mutants of BaciUlus subtilis Guthrie
and Lu (1953) obtained as good growth on adeno-
sine-3'-phosphate as on adenosine-5'-phosphate;
growth on adenosine-2'-phosphate was poor.
Balis et al. (1953) and Elion et al. (1953) working
with the wild strain of Lactobacillus casei and a
2,6-diaminopurine resistant mutant of L. casei,
respectively, obtained poor growth with adeno-
sine-2'-phosphate and poorer growth with adeno-
sine-5'-phosphate. The best results were obtained
with the 3'-isomer.
The inhibition of strain P-14 by adenine and

hypoxanthine and the requirement of strain
PD-1 for thiamin remain unexplained. Neither
of these phenomena is unique. Fries (1949) found
that guanineless mutants of Ophiostoma multi-
annulatum were inhibited by adenine or hypoxan-
thine. Pomper (1952) reported that guanine in-
hibited the growth of Saccharomyces cerevisiae
mutants requiring adenine or hypoxanthine.
Mutants of B. subtilis which grew on 2,6-di-
aminopurine were inhibited by adenine (Guthrie
and Lu, 1953).
The requirement by strain PD-1 of thiamin

in addition to purines is analogous to the observa-
tions of Lederberg (1952) and Davis (1954,
personal communication) with purineless mutants
of E. coli and of Cheng and Pratt (1954, personal
communication) with a purineless mutant of
Mycobacterium phlei. These problems will be the
subjects of further investigations.

SUMMARY

Two purineless mutants of Aerobacter aerog-
enes, strain 1033, were isolated. Strain P-14 is a
guanineless mutant which will grow only on
guanine, guanosine, guanylic acid, or 2, 6-di-
aminopurine. Strain PD-1 is nonexacting in its

purine requirement and grew on all the purines,
ribosides, and ribotides used in this work with
the exception of 2,6-diaminopurine, xanthosine,
and xanthylic acid. It also grew on 4-amino-5-
imidazole carboxamide. Although it will not
grow on 2,6-diaminopurine alone, this compound
spares guanine or adenine when either of the
latter compounds is present in the culture me-
dium. In order to obtain maximum growth of
strain PD-1 thiamin was required. Strain P-14
accumulates xanthosine in culture fluids, and its
growth on guanine, guanosine, guanylic acid, or
2,6-diaminopurine is inhibited by adenine or
hypoxanthine and to a lesser extent by adenosine.
It is not inhibited, at the levels tested, by either
adenosine-3'-phosphate or adenosine-5'-phos-
phate. On the basis of these results the genetic
blocks in both these mutants are postulated,
and the pathway of purine synthesis in A. aerog-
enes is tentatively suggested.
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