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DAYS A F T E R  WOUNDING 

F I G .  3. Tensile strength of healing v-ounds in ra t s  
on ;I S 7 c  casein diet plotted against time. Curve A 
(Group I ) ,  alanine supplrment, healing index ( K )  
= 31; Curve B (Group [I), ethionine and methio- 
nine supplcment, K z 2 1 ;  Curre C (Group III), 
ethioiiiiie and cystine supplement, Ez E 21. Signifi- 
cance bctn-een i i i ~ a i i  values of tensile strength for 

Groups I and I1 is " p" = .01. 

relatively small as compared to the cystine 
requirement. 

Summary. The effect of methionine and 
cystine on the healing index of standard ex- 
perimental wounds in rats was determined. 
Since both amino acids have the same effect, 
per equivalent of sulfur, it is concluded that 
methionine is converted to cystine before be- 
ing used in the healing process. When the 
utilization of methionine is blocked by eth- 
ionine, cystine is ineffective, indicating that 

some methionine, per se, is required for the 
healing of wounds. There appears to be a 
correlation between the healing index and the 
retention of amino acid sulfur in excess of 
that expected on the basis of nitrogen 
retention. 
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Effects of Auxotrophic Mutations on the Adaptation to Inositol Degradation 
in Aerobacter Aerogenes." (19713) 

DAIZO USHIBA~ AND BORIS MAGASANIK. ('Introduced 'by J. Hloward Mueller) 
From the Department of Bacteriology and Immunology, Harvard Medical School, Boston, Mass. 

Enzymatic adaptation and cell division in 
microorganisms are closely allied. Both pro- 
cesses are inhibited by the same agents, and 
in many instances only dividing cells are 
capable of adaptation. When adaptation can 

* Supported by the William F. Milton Fund. 
t Present address: Department of Bacteriology, 

Keio Medical School, Tokyo, Japan. 

occur in the absence of a source of exogenous 
nitrogen, lower levels of adaptive enzymes 
are attained than in media capable of sup- 
porting growth( 1). It has been postulated 
that in resting cells an interconversion of en- 
zymes is responsible for adaptation ( 1 ). On 
the other hand, very recently, evidence has 
been presented that resting yeast cells contain 
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a pool of free amino acids and that adaptation 
can be prevented by amino acid analogues, 
suggesting synthesis of adaptive enzymes from 
a reserve of simple nitrogen compounds ( 2 ) .  
In  addition, the ribonucleilc acids of the cell 
may be involved in adaptation. 

The present paper reports preliminary re- 
sults of an attempt to elucidate some of the 
phases (of the mechanism of enzymatic adapta- 
titon with the use of amino acid, purine and 
p yrimidine-deficien t mutants. 

Previous studies in this laboratory have 
shown that the ability of capsulated strains of 
Aerobacter aerogenes to g r m  on myo-inositol 
as the only source lof carbon is due to the for- 
mation of adaptive enzymes. Resting cell sus- 
pensions (of this organism can adapt to the 
oxidation of inositol in 30-60 minutes( 3). 
The adaptation seems to involve the synthesis 
of several enzymes, acting on a series of clom- 
pounds intermediate in the degradation of 
myo-inositol(3,4). The inlositol system was 
used in ithe present study, in the hope that 
the results would contribute to the under- 
standing of enzymatic adaptation in general, 
as well as to the specific problem of inositol 
metabolism. 

Materials and methods. Myo-inositol (for- 
merly called nzeso-inositol or i-inositol) was 
olbtained from the Clorn Products Refining 
Co. D,L-tryptophane, and L-histidine were 
Merck preparations. D,L-leucine was a prod- 
uct of Hioffmann-LaRoche, and guanine and 
uracil, products of the Nutritional Biochemi- 
cals Corporation. The purity of these com- 
pounds was checked by paper chromatography 
and ultraviolet spectroscopy. 

The salt base used in the growth experi- 
ments and as suspending medium in the mano- 
metric experiments clonsisted of Na2HP04 

0.02%) CaClz 0.001%, pH 6.5. 
Aerobacter aeroge-nes 1033, a capsulated 

strain, giving the characteristic biochemical re- 
actions of this group was originally isolated 
from a patient a t  Boston City Hlospital. It 
has lbeen used in biochemical studies of inosi- 
to1 and glycerol metabolism in this labora- 
tory (4,5). The amino acid-deficient mutants 
were obtained after ultraviolet irradiation by 
the penicillin selection method of Davis (6) .$ 

0.54%, KH2P04 1.26%, MgS04 7Hz0 

TABLE I. Growth Requirements of Mutants. 

Level for maximal 
growth on 

Strain Requirement glucose (pg/ml) 

44 Tryptophane 20 
50 Histidine 20 
54 Leucine 90 
P-12 Uracil 20 
P-14 Guanine 20 

The purine and pyrimidine-deficient mutants 
were prepared by an analogous procedure: a 
suspenlsion lof cells of strain 1033 was irradi- 
ated by an ultraviolet lamp, adjusted to kill 
99.976 of the cells. The survivors were cul- 
tured in a medium enriched with beef heart 
infusion at 3 7 O C overnight. Several dilutions 
of the centrifuged cells were then inoculated 
into minimal broth containing 1,500 units of 
penicillin per ml, and incubated at  37"@ fQlr 
5 hours. 

Two series of minimal agar plates contain- 
ing mixtures of purines and pyrimidines and 
their ribonucleosides and nucleotides a t  levels 
'of 8 pg and 0.8 pg per ml were inoculated with 
0.1 ml volumes of the penicillin broths. After 
48 hours of incubation small colonies were 
picked and their requirements determined on 
agar plates and in liquid cultures. Five mu- 
tants were isolated in one irradiation experi- 
ment. 

The minimal level of growth factor re- 
quired for maximal growth was determined 
by shaking the cultures consisting of 50 ml of 
salt base, containing 0.2% glucose, 0.276 
ammonium sulfate, and graded amounts of 
the growth factors, ion a Camp type shaker 
for 16-18 hours at 37"lC. The turbidity of 
the cultures was measured, after appropriate 
dilution, at 590 mp in a Coleman spectre 
photometer, Model 11. The same maximmal 
turbidity was obtained by mutants and wild 
strain. 

The growth requirements of the mutants 
and the amount of enrichment needed for 
maximal growth under these conditions are 
summarized in Table I. The amino acid- 
deficient mutants had requirements that could 
not be replaced by other amino acids; the 

$ W e  are indebted (to Marcus S. Brooke for the 
pqxra t ion  of these mutants. 
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purine and the pyrimidine mutants were less 
exacting: Strain P-12 which was found to ex- 
crete orotic acid, could utilize uracil, cytosine, 
their nucleosides and nucleotides, and thy- 
mine, although growth on the latter was very 
slow. Strain P-14 could grow on guanine, 
guanosine and guanylic acid, but not on 
adenine and its derivatives. ,411 strains were 
maintained by weekly transfers on agar en- 
riched with tryptic digest (amino acid- 
deficient mutants) or with beef heart infusion 
(purine-pyrimidine-deficient mutants) . 

The rates of growth of the mutant strains 
on glucose and on myo-inositol were deter- 
mined in cultures consisting of 50 ml of salt 
base containing 0.27% of the carbon source, 
0.2% (T\;H4)2S04, and the minimal level of 
growth factor listed in Table I ;  3 ml of a 
similar culture, with glucose as carbon source, 
shaken for 16-18 hours at 37"C, served as 
inoculum. The cultures contained in 125 ml 
Erlenmeyer flasks, were shaken a t  3 7 " C ;  
samples were withdrawn a t  half-hourly inter- 
vals and their turbidity measured. 

Oxygen uptake was measured in a conven- 
tional Warburg apparatus. The cells were 
grown as described above, on glucose, and with 
the minimal level of growth facttor required 
for maximal growth. It was found that most 
consistent results were obtained in the rnano- 
metric experiments, when 0.5 ml of a 10% 
solution of glucose was added to 50 ml cul- 
tures after overnight growth, and the shaking 
continued for an additional period of 30 
minutes. This treatment apparently re- 
stored the metabolic activities of the cells 
which had suffered from the earlier exhaustion 
of glucose in the growth medium. All cell 
suspensions used in the experiments reported 
here were treated in this manner. 

The cells were collected by centrifugation 
a t  5000 r.p.m. in the cold, and washed twice 
with 0.9% NaCl solution. Tihey were sus- 
pended in the salt base containing, when indi- 
cated, 0.2% (XH4),SO4, and the growth fac- 
tor a t  the levels listed in Table I, or a t  one 
tenth of that level. The concentration of the 
cells was adjusted to an optical density of 1.2 
a t  590 mp; 2.5 ml portions of the cell suspen- 
sion were placed in the main compartment of 
the Warburg vessels and 20 pM of myo-inosi- 

TIME - 60 MINUTES 

FIG. 1. Growth curves of t h e  wild stmin and  of 
the niutaiits on glucose (ful l  line), and on inosi- 
to1 (dotted line), in minimal mediuin with the 

enricliments shown i n  Table I. 

to1 in 0.5 ml of H20 in the side arm. The 
center well contained 0.2 ml of 20% KOH. 

In  all the experiments reported here the 
mutant and the parent strain 1033 were 
tested si,multaneously. -411 Warburg vessels 
contained salt base and cells. Vessels of each 
set varied by containing the following ad- 
ditional materials: 1, none; 2 ,  0.2% 
( S H 4 )  .SO4 ; 3, growth factm (0.1 of minimal 
level) ; 4, 0.2% (h'H4)2S04 + growth factor 
(0.1 of min. level) ; 5, growth factor (min. 
level); 6, 0.2% (NH4)rS04 + growth factor 
(min. level). The vessels were shaken a t  
35OC. Readings were taken at 10-minute in- 
tervals. The oxygen uptake was measured for 
30 minutes, then the myo-inositol was tipped 
in from the side arms, and readings taken folr 
a period of 100 minutes, The cell density was 
determined at the end of the experiment. 

Results and discussion. The growth curves 
of the parent and the mutant strains on glu- 
cose and on myo-inositol are shown in Fig. 1. 
-At the level of growth factor required for 
maximal growth on glucose, the mutants grow 
on glucose, adapt to nzyo-inositol, and grow on 
myo-inositol a t  the same rate as the parent 
strain. The same level of growth was obtained 
on glucose as on inositol in all except the 
histidine requiring mutant, strain 50; in order 
to obtain full growth on inositol it was neces- 
sary to add 600 pg which is 30 times as much 
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FIG. 2. Effect Qf histidine on growth of strain 50. a )  Utilization of histidine. Curve I-Glu- 
cose and 20 pg/ml of histidine; Curve II--Inositol and 20 pg/ml of histidine; Curve III- 
Inositol and 40 pg/ml of histidine. Arrows mark addition of 20 pg/ml of histidine. b) De- 
gradation of histidine. 20 pg/ml of histidine. Glucose ( G ) ,  and histidine (H) added where 
indicated by arrows. c) Growth on 600 pg/ml of histidine. Curve I-with inositol; Curve II- 

without inositol. 

as was necessary for full growth on glucose. 
This unexpected consequence of the inability 
of a mutant to synthesize histidine was one of 
the most striking observations made ia the 
present study. The increased level of his- 
tidine 'was required by adapting as well as by 
previously adapted cells as shown by the ex- 
periment in Fig. 2.  In  this experiment the 
addition of histidine to the medium in which 
growth on inlositol had ceased, resulted in an 
immediate resumption of growth which, how- 
ever, came to a halt after an increase in cell 
density similar to that attained in the first 
period of growth. This cessation of growth 
was 'due to the exhaustion of histidine, be- 

quirement in cells growing on inositol may be 
due to the production of inositol degrading 
enzymes excessively rich in histidine. In that 
case, inositol grown cells should contain many 
times as much histidine as glucose grown 
cells. However, histidine does not seem to 
be stored to an appreciable extent in either 
glucose or inositol grown cells, as shown by 
their inability to grow on glucose in the ab- 
sence of histidine. Yet, glucose grown cells 
are able to fo'rm adaptive enzyme for inositol 
degradati'on in the absence of histidine (Fig, 
4). The increased requirement for histidine 
by cells growing on inositol thus does not 
seem to be due to a utilization of histitline in 

cause addition of fresh ahistidine lresulted again large amounts for the production of inositol 
in immediate growth. In  the absence of a degrading enzymes, but rather to be connected 
source of carbon, histidine was not broken with some aspect of inositol metabolism. 
down during the first 150 minutes. When Myo-inositol which is degraded by a pathway 
glucose was added during this time interval distinct from that by \which glucose is broken 
as much growth was obtained as in the case down(4), may fail to provide a building 
when both histidine and glucose had been block which can be formed from histidine. 
present from the beginning (Fig. 2 ) .  Ex- This interesting relationship between inositol 
posure of histidine to the cells beyond 150 and histidine metabolism will be further in- 
minutes apparently caused adaptive degrada- vestigated. 
tion of histidine. Lower levels of growth The results of the manometric experiments 
were reached when glucose was added after are illustrated in Fig. 3 and 4. Fig. 3 com- 
this time interval, and growth occurred with pares the kinetics of adaptation of the wild 
histidine at 600 pg per ml as the only source strain and the tryptophane requiring mutant, 
of carbon (Fig. 2 ) .  strain 44, and Fig. 4 summarizes the results 

The enormous increase in the histidine re- obtained with all the strains. The results ex- 
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FIG. 3. Rate of oxygen uptake on inositol by strains 1033 (full line) and 44 (dotted line). 
Additions: I-Xone, 11-( SH,) 2S0,, 111-2 pg/ml tryptophane, IV-(NH,),S04 + 2 pg/ml 
tryptophane, V--20 pg/ml tryptopliane, VI-( SH,) *SO4 .+ 20 pg/ml tryptophane. Original 

optical density of the cell siispensinns was 1. 

0 0 2 20 0 2 20 0 10100 0 2 20 0 2 20 
pG OF GROWTH FACTORlML 

WITHOUT NITROGEN WITH NITROGEN 
FIG. 4. Effect of addition of growth factor and of exogenous nitrogen on production of adap- 
tive enzyme. Amount of adaptive enzyme formed by 3 ml of a cell suspension with an optical 
density of 1 is expressed in pL of (oxygen taken up in one hr, and was calculated from: Rloo/ 
D~oo-RJD~, where R stands for rate of oxygen uptake and D for cell density, at the time of 

addition of inositnl and at  100 niin. 

pected by analogy with other adaptive 
processes in bacteria and yeasts were observed 
with the parent strain 1033. Adaptation took 
place in the absence of added (NH4)2SOq, 
but considerably higher levels of adaptive 
enzyme were attained in its presence. Cnder 
the latter condition an increase in cell density 
was observed, but was insufficient to account 
for the increase in the concentration of adap- 
tive enzyme, as shown in Fig. 4. The addition 
of the growth facbors to the wild strain, either 
in the absence or presence of (XH4)2S04, had 
no appreciable effect on the adaptation. 

The auxotrophic mutants, on the other 

hand, could achieve similarly high levels of 
adaptive enzyme in an ( NH,) ,SO4 containing 
medium only when the individual growth 
factor was also supplied, that is, the highest 
levels of adaptive enzyme were attained only 
by dividing cells. This relation between cell 
division and adaptation is well illustrated by 
the behavior of the histidineless mutant, 
strain 50. The level of histidine supplied was 
insufficient for growth as discussed previously, 
and similarly inadequate flor the production 
of large amounts of adaptive enzyme. 

A more specific role of some of the growth 
factors in adaptation could be demonstrated 
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by experiments in which cell suspensions of 
the \mutants were exposed to inositol in media 
incapable of supporting growth. I t  was found 
(Fig. 3 )  that the loss of the ability to syn- 
thesize tryptophane in strain 44 reduced the 
amount of adaptive enzyme formed by this 
strain to about one-third of that formed by 
the wild strain. The ability of strain 44 to 
produce adaptive enzyme in the absence of 
growth could be restored by the addition of 
tryptophane, but not by the addition of 
(NH4)&04. 

Other experiments provided evidence that 
lack of added tryptophane interfered neither 
with the oxidation of glucose nor, in adapted 
cells, with the oxidation of inositol; regard- 
less of the absence or presence of trypto- 
phane the oxygen uptake on either glucose or 
inositol amounted to the theoretical one 
(6 M/M) in 0.0001 M 2,4-dinitrophenol, but 
was lower ( 3  M/M) without dinitrophenol. 
This latter finding shows that the normally 
occurring loxidative assimilation, which ac- 
counts for the low oxygen uptake (7),  does not 
depend on the presence of the growth factor. 
The demonstration that assimilation, an 
energy requiring process, can take place in 
the absence of added tryptophane, makes it 
unlikely that the inability lof mutant 44 to 
adapt under these conditions is due to an 
impairment of the energy metabolism of the 
cell. 

The ability iof the leucineless and the his- 
tidineless mutant to adapt in the absence of 
added growth factor was only slightly less 
than that of the wild strain. Still, addition of 
leucine and of histidine, respectively, stimu- 
lated adaptive enzyme formation, while addi- 
tiion of (NH4)2S04 alone was without effect. 

In  contrast to these findings are the ob- 
servations made on the adaptation of the 
pyrimidineless and the guanineless strains. 
Ammonium sulfate alone caused a small in- 
crease in the productilon of adaptive enzyme; 
addition of uracil alone to strain P-12 was 
without significant effect, and addition of 
guanine alone to strain P-14 was less effective 
than addition of ammionium sulfate; the im- 
provement in adaptation caused by the addi- 
tion of guanine might be explained by the 
ability of guanine to act as an amino donolr. 

As was observed with the amino acid requiring 
mutants, the highest levels of  adaptive enzyme 
were tattained only when cell division could 
occur, i.e., in the presence of both ammonium 
sulfate an'd growth factor. 

The observations on the adaptation of 
auxotrophs in media not capable of supporting 
growth may be summarized as follows: while 
the synthesis of adaptive enzyme is limited 
by the lack of the specific growth factor in 
the amino acidless mutants, it is limited by the 
lack of an exogenous source of nitrogen in the 
guanine- and the pyrimidineless mutants. 

The bearing of these findings on the prob- 
lem of adaptive enzyme synthesis may now be 
considered briefly. The stimulation of adapta- 
tion by the amino acids required for growth 
seems to suggest that even in the absence of 
cell division adaptive enzymes are synthesized 
de n o w  from amino acids, The ability of the 
amino acid auxotrophs to form adaptive en- 
zyme, though in smaller amount, in the ab- 
sence of the required growth factor, may be 
due either to the storage of the amino acid or 
perhaps to the liberation of the amino acid 
from proteins by hydrolysis. Such an indirect 
utilization of proteins for formation of new 
enzymes might explain the competitive inter- 
actions {observed in non-proliferating cells ( 1 ). 

Uracil and guanine do not seem to be di- 
rectly involved in the synthesis of adaptive 
enzyme. The stimulation of adaptation in 
these auxlotrophs by ammonium sulfate in the 
absence of growth clonstitutes further evidence 
for the biosynthesis of new enzyme from sim- 
ple nitrogen compounds. 

The observation that dividing cells can 
attain a level of adaptive enzyme several 
times as high as that attained by resting cells 
(Fig. 4) suggests that still other factors in 
addition to the inducing agent, the building 
blocks, and energy are involved in the con- 
trol of adaptation. 

Finally, the preliminary nature of the re- 
sults reported here must be emphasized: 
only one substance, myo-inositol, has been 
used to induce adaptation and the responses 
of only 5 auxotvophs have been recorded. We 
hope to test the usefulness of this approach 
and the general validity of the conclusions 
drawn by extending this study to other un- 
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related systems and to additional mutants of 
different types. 

Summary. The ability of amino acid and 
of purine and pyrimidine auxotrophs of 
Aerobacter acrogenes to form adaptive en- 
zymes for the degradation of nzyo-inositol has 
been investigated. It was found that adaptive 
enzyme synthesis by the amino acid auxo- 
trophs could be stimulated in the absence of 
growth by addition of the required nutrilite, 
but not by addition of (T\;H4),S04. I n  con- 
trast, adaptation in the guanine and pyra- 
midine auxotrophs was enhanced by addition 
of ( X H 4 ) ? S O 4  alone. I n  all cases, dividing 
cells attained higher levels of adaptive enzyme 
than resting cells. The bearing of these re- 
sults on the mechanism of adaptation is dis- 

cussed. The polor utilization of histidine by 
strain 50 for growth on inositol does not seem 
to be due to the effect of histidine on adapta- 
tion, but rather seems to suggest a metabolic 
relationship between inositol and histidine. 
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Response of X-irradiated Mice to Intravenous Inoculation of Intestinal 
Bacteria.* (19714) 

11. H. HATCH, H. B. CHASE, I). F. FENTON, W. MONTAGNA, AND J. M'. WILSON. 
From the Department of Biology, Brown University, Providence, R. I .  

The possibility that infection by bacteria 
of intestinal origin plays a significant role in 
death following exposure to ionizing radiation 
has been suggested by a number of abserva- 
tions. Bacteria common to the lower intes- 
tinal tract have been found in blood and 
organs of animals after total body X-irradia- 
tion( 1-4) .  Miller et al.  ( 5 , 6 )  showed a high 
incidence of bacteremia identified with normal 
intestinal inhabitants in mice during the sec- 
ond week after exposure to 450 or 600 r total 
body X-irradiation. This was the period of 
greatest mortality. Furthermore, it has been 
possible to reduce mortality among irradiated 
animals by the administration of various anti- 
biotics( 7,8). The protective effect was con- 
siderably reduced in mice if there was a 
prevalence of invading intestinal bacteria 
which were relatively insensitive to the anti- 
biotics( 7 ) .  Increased susceptibility of mice 
to inoculation with Escherichia coli following 

*This work was conducted under Contract No. 
AT (30-1)-1123 between the U. S. Atomic Energy 
Commission and Brown University, Providence, R. I. 

sublethal total body X-irradiation was shown 
by Shechmeister et al. (9,lO). Subcutaneous 
or intraperitoneal injection of E. coli caused 
much higher mortality among irradiated mice 
than among normal animals receiving the 
same inoculum. 

The present experiments were undertaken 
to study the effect in mice of intravenous in- 
oculation of another normal intestinal or- 
ganism, a memlber of the genus Proteus, after 
moderate total body X-irradiation. 

Experimental procedure. C3H mice, 60-90 
days of age, were subjected to total bo'dy X- 
irradiation in groups of 3 in plastic (Styron) 
containers. The radiation was delivered from 
a 2 0  kv Picker-Waite X-ray therapy machine 
loperating a t  20 ma and a distance of 20 cm. 
The  filters consisted of 0.5 rnm Cu and 1.0 
mm A l .  Doses ranged from 400 to 550 r, 
given a t  a rate of 230 r per minute. Non- 
irradiated controls were kept in the plastic 
containers for the same length of time as the 
irradiated animals. Thle mice were housed in 
plastic cages in groups of 6 in an  air-condi- 


