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aminosalicylic acid appear to exert inhibitory effects 
which are related to some degree to functions of folic 
acid; however, these data do not as yet demonstrate 
an enzymic interaction of the analog at  the site of the 
p-aminobenzoic acid moiety. 
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Spermine reduces the amount of thymidine required for reversal of inhibition of growth of 
Lactobacillus arabinosus 17-5 caused by 2,4-diamino-6,7-diphenylpteridine, aminopterin, or 
sulfanilamide, under conditions of growth-limiting thymidine biosynthesis. Spermine also 
decreases the growth requirement of Pediococcus cerevisiae for folinic acid, and that of L. leich- 
mannii 313 €or folinic acid, thymidine, or thymine. Cells of L. arabinosus grown in the pres- 
ence of diaminodipheiiylpteridine show after approximately 20-24 hours’ growth, if spermine 
is present in the growth medium, enhanced ability to incorporate formate into acid-insoluble 
material, and decreased utilization of exogenous thymidine. These and related results sug- 
gest that spermine is involved directly or indirectly within some area of single carbon unit 
metabolism. 

The ability of spermine to prevent partially the 
toxicity of a benzyl thioester of p-aminobenzoic acid 
(Smith et al., 1963) suggested the possibility of a bio- 
chemical relationship of spermine to coenzymes of the 
folic acid group, but the inability, as indicated in the 
same report, of p-aminobenzoic acid or its coenzymatic 
conjugates to affect the toxicity of the thioester analog 
precluded the use of that system for demonstration of a 
relationship of spermine to single carbon unit metabo- 
lism. Previously, a synergistic effect of certain natural 
extracts in combination with thymidine in preventing 
bacterial growth inhibition caused by diaminodiphenyl- 
pteridine was reported (Lansford et al., 1958), and the 
chemical behavior of the active factors during concen- 
tration steps was found to be consistent with a poly- 
amine structure. In the present study, spermine has 
been found to decrease several fold the amount of 
thymidine required for reversal of growth inhibition of 
Lactobacillus arabinosus in the presence of an inhibitory 
concentration of 2,4-diamino-6,7-diphenylpteridine, or 
of aminopterin. Spermine exerts a similar sparing 
effect upon the folinic acid (5-tormyltetrahydrofolic 
acid) requirement of Pediococcus cerevisiue. These and 
related results involving a stimulation by spermine of 
endogenous thymidine biosynthesis and of formate 
utilization in L. arabinosus suggest a direct or indirect 

* A preliminary report was presented a t  the Robert A. 
Welch Foundation Conference, “Molecular Structure and 
Biochemical Reactions,” December, 1961, Houston, Texas. 

role of spermine within some area of single carbon unit 
metabolism. 

EXPERIMENTAL PROCEDURES 
Culture Media for Bacterial Growth Assays.--A basal 

medium previously described (Lansford and Shive, 
1952) was utilized for experiments with Lactobacillus 
arabinosus 17-5 (ATCC No. 8014) and Pediococcus 
cerevisiae (ATCC No. 8081) with the modification that 
the casein acid hydrolysate used was the salt-free grade 
supplied by the Nutritional Biochemicals Corporation 
(11 g/LGDO ml double strength medium). For study of 
effects J y n  the growth response of L. arabinosus to  
thymirim (Fig. 1) and to folinic acid, the basal medium 
was supplemented with vitamins, purines, pyrimidines, 
formate, and glucose as described for thymidine assay 
using diaminodiphenylpteridine inhibitor (Lansford 
et al., 1958) except that aminopterin replaced the 
pteridine inhibitor where indjcated (Fig. 1). For P. 
cerevisiae no folic or folinic acid was included in the 
vitamin supplement, and to ensure removal of traces 
of these vitamins the medium was treated with acti- 
vated charcoal (200 mg Darco G-60 per 100 ml double 
strength basal medium) before the addition of purine- 
pyrimidine and vitamin supplements. Growth medium 
for Lactobacillus kichmannii 313 (ATCC No. 7830) 
(U. S. Pharmacopeia, Vol. 16, Mack Publishing Co., 
Easton, Pa., p. 888) was supplemented with vitamin 
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Reversal by spermine and thymidine o f  growth 
inhibition of L.  arabirmsus caused by sulfanilamide. lncu- 
bation, 20 hours a t  30:. Medium, same as described in 
Experimental Procedures for the experiment of Figure 1 
except that  purines and pyrimidines were included only as 
follows: uracil and adenine, 10 pg each per ml; and vita- 
mins were modified as follows: p-aminobenzoic acid, 0.02 
p g  ml, no folic or folinic acid; no inhibitor was included 
except sulfanilamide as indicated. 

B,, (0.01 pg, ml). For Escherichia coli growth experi- 
ments, the medium of Anderson (1946) was used. 

Procedure for Bacterial Growth Assays.---Organisms 
were maintained in stock cultures by monthly trans- 
fers; standard bacteriological procedures were used. 
Inoculum cultures (10 ml) of L. Zeichmannii were pre- 
pared with the growth medium cited above for this 
organism, and of the other lactic acid bacteria with 
enriched medium (McMahan and Snell, 1944). Inocu- 
lum cultures of E .  coli utilized the medium of Anderson 
(1946). The microbiological assay procedure for each 
organism was essentially as previously described for 
thymidine assay with L. arabinosus (Lansford et al., 
1958), except that for certain experiments (Fig. 2, 3) a 
subculture from the initial inoculum culture, in the 
same enriched medium and incubated for 8 hours, was 
used for inoculation of the assay tubes; in all experi- 
ments growth was measured turbidimetrically as dea- 
cribed in the same reference. 

Isotope Uptake Experiments.---- Cultures of L. arabino- 
sus were grown in medium as described for thymidine 
assay (Lansford et al., 1958) containing diaminodi- 
phenylpteridine, except where other supplements are 
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Fig. 3. --Sparing effects of spermine and thymidine upon 
folinic acid requirement for growth of P. cereuisiae. Incuba- 
tion 19 hours a t  37". Medium, same as described in 
Experimental Procedures for the experiment of Figure 1 
except that  purines and pyrimidines were included only as 
follows: adenine, guanine, and uracil. 4 pg each per ml; 
and the vitamin supplement was modified to include 0.02 
pg p-aminobenzoic acid per ml, and no folic or folinic acid. 

indicated below. After 15-24 hours' growth, the cells 
were harvested and resuspended in cold medium of the 
composition desired during subsequent incubation with 
the isotopically labeled compound. Differences in cell 
population density in parallel cultures containing differ- 
ing concentrations of spermine were equalized, after 
turbidimetric determination of cell weight, by appropri- 
ate dilutions so as to provide identical amounts of cells 
(2 mg dry weight per ml, twice the desired final cell 
density). For the subsequent incubation this 2 mg/ml 
cell suspension was then warmed to 27" and mixed 
rapidly with an equal volume of medium at  27" of the 
same composition except the C14 compound was in- 
cluded at  double the desired final concentration. For 
each time point a 2.0-ml aliquot was removed from the 
incubating suspension and mixed with 2.0 ml of 10% 
trichloracetic acid. The precipitate was recovered by 
filtration through a membrane filter; the filters were 
dried and the incorporated isotope was then determined 
by counting with a Nuclear-Chicago thin-window de- 
tector and Model 192A scaler. Isotope incorporation 
into the cold trichloracetic acid precipitate was assumed 
to comprise incorporation into nucleic acid, since in one 
experiment using formate-CL4, an additional set of 
aliquots mixed with trichloracetic acid (5y0 final) and 
heated to go", before filtration and counting of the 
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precipitate, showed negligible incorporation into the 
"hot trichloracetic acid" precipitate. 

RESULTS 

Spermine Effects Upon Bacterial Growth Under Condi- 
tions of Limited One-Carbon Transfer.--Under condi- 
tions previously reported (Lansford et al., 1958), growth 
inhibition of Lactobacillus arabinosus 17-5 is caused by 
2,4-diamino-6,7-diphenylpteridine 13 fig/ml) and is 
specifically reversed by low concentrations of thymi- 
dine. Spermine, as typical data in Figure 1 indicate, 
spares a t  least three-fold the amount of thymidine re- 
quired to prevent this inhibition. Growth inhibition 
exerted by the same pteridine analog is reversed also 
by relatively much higher levels of folinic acid (0.2- 
1.0 pg/ml); spermine likewise spares the amount of 
folinic acid required for this reversal of inhibition. 
Spermine alone has little effect upon the inhibition 
exerted by the pteridine analog. In the absence of 
any folic acid antagonist, growth of L. arabinosus was 
not detectably stimulated by spermine (10 fig ml) a t  
any stage of incubation, as determined by turbidi- 
metric measurements a t  2-hour intervals during a total 
incubation period of 24 hours. 

A very similar sparing effect is exerted by spermine 
in the presence of aminopterin (Fig. l), another analog 
structurally related to folic acid which causes growth 
inhibition of L. arabinosus reversible by thymidine. 
Again, spermine a t  a concentration of 10 pg 'ml shows 
little activity, when present without thymidine, in 
reversing the inhibition of growth. 

In separate experiments, inhibition of growth of L. 
arabinosus was measured in the presence of varying 
concentrations of aminopterin. In the presence of 
thymidine, a supplement of spermine (1 fig ml) in- 
creased almost two-fold the concentration of amino- 
pterin necessary for a given degree of growth inhibition. 
Thymidine alone (10 fig/ml) increases approximately 
ten-fold the amount of aminopterin necessary for a 
given degree of inhibition; a supplement of spermine 
without thymidine only slightly increases the amount 
of inhibitor required for a given effect. 

That the effect of spermine is closely related to p- 
aminobenzoic acid metabolism is indicated by results, 
with sulfanilamide as inhibitor, similar to the effects 
obtained with the pterin analog and with aminopterin. 
For L. arabinosus under the conditions of these experi- 
ments, sulfanilamide is specifically a competitive 
antagonist of p-aminobenzoic acid (Shive and Roberts, 
1946). The amount of thymidine (in the concentration 
range 0.1-1.0 pg 'ml) necessary for reversal of the 
growth inhibition of L. arabinosus in the presence of a 
constant inhibitory level of sulfanilamide (10 pg ml) 
is decreased by a supplement of spermine (2 fig, mli. 
As in the case of aminopterin, in experiments in which 
the concentration of sulfanilamide was varied (Fig. 21, 
the amount of sulfanilamide required for inhibition is 
only slightly increased by a spermme supplement in the 
absence of thymidine, but is increased about two-fold 
in the presence of a thymidine supplement. This effect 
is not related to the time or stage of incubation of the 
cultures, since experiments parallel to that of Figure 2 
but incubated 18, 21, and 24 hours each showed a 
similar result. In  these experiments, a t  higher con- 
centrations of sulfanilamide (e.g., 1000 ,.tg ml) at which 
p-aminobenzoic fails to reverse the inhibition, spermine 
in combination with thymidine was also ineffective in 
revdrsiig the inhibition. 

Such sparing effects of spermine occur also with 
organisms having a natural requirement for a member 
of the folic acid vitamin group, rather than a limitation 

in o n e - w b n  unit metabolism artificially induced by 
the p r e n c e  of an antimetabolite. Thus, for Pediococ- 
cus cerevisiae 8081 (Lmconostm citrovorum), which 
requires folinic acid for growth, spermine significmtly 
decreases the amount of folinic acid required for growth 
(Fig. 3) .  As previously reported (Bardos et al., 1949), 
thymidine spares several-fold the amount of folinic acid 
required for growth of this organism, and spermine in 
the presence of thymidine (Fig. 3) further decreases the 
requirement. 

In separate experiments a supplement of spermine 
(20 pg/ml) decreased nearly to one-half the amount of 
folinic acid (in the concentration range 0.05-1.0 mpg/ 
ml) or of thymidine (0.05-2.Opgiml) or thymine (0.05-2.0 
pg/ml), required for growth of Lactobacillus kichmannii 
313 in the presence of a supplement of vitamin BI2. 

For comparison with the experiments involving 
limiting thymidine biosynthesis, it was desirable to 
investigate possible sparing effects exerted by spermine 
under conditions of limiting purine biosynthesis. In 
complete culture medium without inhibitor, growth of 
L. arabinosus is not dependent upon exogenous purines. 
In the presence of the diaminodiphenylpteridine inhibi- 
tor and exogenous thymidine, however, a purine com- 
pound is required for growth, indicating that the 
pteridine inhibitor prevents also single carbon unit 
incorporation into purines. Under the latter condi- 
tions, the amount of purine compounds required for 
growth is reduced by spermine supplemects, but the 
reduction is somewhat variable, and smaller than in the 
case of the sparing efl'ect upon the thymidine require- 
ment. The sparing effect upon purine requirements 
was most marked in experiments involving relatively 
young inoculum cultures (e.g., 7 hours' growth in en- 
riched inoculum medium). 

Growth inhibition of L. arabinosus exerted by 5- 
fluorouracil, an analog reported to inhibit the biogenesis 
of thymidylate (Hartman and Heidelberger, 1961), is 
not affected by spermine, nor does spermine exert a 
sparing effect upon the amount of thymidine (e.g., 
0.2 pg iml in a typical experiment) required for reversal 
of the inhibition of growth caused by 5-fluorouracil 
(0.2 pug 'ml). 

The requirement for thymine of a mutant strain cf 
Escherichia coli (strain 15T-) was not affected by sup- 
plements of spermine (in the concentration range 
0.5-10.0 pg, ml). 

Effect of Spermine on Utilization of Thymidine for 
DNA Synthesis.-In a series of cultures of L. arabinosus 
in growth media containing graded concentrations of 
thymidine, each level being duplicated with and 
without spermine (2 ,ug ml), the amount of DNA 
synthesized by the time of harvesting of the cells was 
determined in cell suspension aliquots by the colori- 
metric method of Ceriotti (1952). The results sum- 
marized in Table I indicate that the final cellular DNA 
content was approximately the same, 35 ,ug DNA per 
mg cell dry weight, in the culture without spermine 
containing the higher thymidine level (0.1 pg ml), and 
in both cultures that included spermine plus 0.01 or 0.10 
fig thymidine per ml respectively. The cellular DNA 
content was somewhat lower in the culture containing 
the severely growth-limiting thymidine level (0.01 
pug ml) without spermine. Calculations of the Fer 
cent contribution of exogenous thymidine (assuming 
that thymidine added to the medium was completely 
utilized) to the h a 1  yield G f  thymidine bound into 
cellular DNA are included in Table I. The results 
suggest a relatively greater contribution of endogenous 
(biosynthetic) thymidine to the total yield of DNA- 
bound thymidine in cultures supplemented with 
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TABLE I 
DNA PRODUCTION BY L. arabinosus CELM GROWN IN MEDIA OF DIFFERING SPERMINE AND THYMIDINE CONTENT 

Final Maximum 
Thymidine Possible yo 

Final DNA Content Content of Contribution 
Growth Mediuma Supplements Terminal of Culture Culture by Exogenous 

Cell Mass (Bound in Thymidine to 
Spermine Thymidine (mg dry (&mg DNA, calcd.b) Total 

None 0,010 0.059 1.28 21.8 0.24 4.2 
None 0.10 0.125 4.80 3 8 . 5  0.89 11.3 
2 0,010 0.112 4.20 37.5 0.78 1.3 
2 0.10 0.23 8.76 38.1 1.62 6.2 

( r g / d  (Pg/ml) wt./ml) b g / d  dry cells) (pg/ml) DNA-Thymidine 

Medium for growth of cells was the same as for the experiment of Figure 1 (including 3 pg diaminodiphenylpteridine/ml) 
with supplements as tabulated. Calculated on the as- 
sumption that 18.5 % by weight of L. arabinosus DNA consists of thymidine residues; this is equivalent to approximately 
20.5 mole % thymine in relation to the other DNA bases. 

Each individual 125 ml culture was incubated 17 hours at 30'. 

spermine than in cultures without added spermine. 
Thus, considering the two cultures that produced 
approximately equal final yields of DNA (i.e., the cul- 
ture grown with high thymidine only, and that grown 
with low thymidine plus spermine), the data of Table I 
indicate that exogenous thymidine (assuming its w e n -  
tially complete utilization from the medium) contrib- 
uted a nine-fold greater fraction of the total DNA- 
bound thymidine in the culture to which spermine had 
not been added. 

Effect of Spermine on Thymidine Incorporation into 
L. arabinosus Cells. -In exploratory experiments to 
determine possible effects of spermine on isotopic 
thymidine incorporation, cells cultured in the presence 
of diaminodiphenylpteridine (3 pg/ml) plus thymidine 
(2 pg/ml) in an otherwise complete medium, in parallel 
cultures with and without spermine (10 pg/ml), incu- 
bated 16 hours a t  30°, were harvested by centrifugation 
and resuspended in fresh batches of the same respective 
media that had been present during the growth period 
except that CI4-thymidine was present. During a 
subsequent 40-minute incubation at  27", the rate of 
incorporation by cells grown without spermine was 
3.23 X pmoles thymidine per minute per mg dry 
cell weight. In comparison, cells that had been growh 
in the presence of spermine and then incubated witn 
C14-thymidine in the presence of spermine showed a 
rate of incorporation reduced by approximately 23 %. 
This reduction may possibly be the result of dilution of 
exogenous (labeled) thymidine, incorporated into the 
cells, with endogenous (non-labeled) thymidine that 
was synthesized by the cells a t  an enhanced rate in the 
presence of spermine. 

In  a separate experiment in which thymidine-(='' 
was added a t  the start of the 16-hour growth period, 
and a t  lower, suboptimal concentration (0.03 pg/ml), 
the incorporated isotope at  the end of the 16-hour 
period accounted for approximately 92% of the start- 
ing amount of C14-thymidine in the culture medium. 
This observation supports the assumption in the 
previous section that, in 17-24 hour cultures used for 
study of DNA production, essentially all the exogenous 
thymidine is utilized. 

Effect of Spermine on Formate Incorporation into L. 
arabinosus Cells.-In the following exploratory obser- 
vations of C14-formate incorporation, cells from a series 
of cultures grown in media containing diaminodiphenyl- 
pteridine (3 Mg/ml) plus thymidine (0.1 pg,'ml), with 
and without spermine, were harvested after 16-24 
hours' incubation at  30". The cells were then resus- 
pended in fresh media of the same respective compsi- 
tion except that CI4-formate was included, and the 

amount of incorporation of C14 into cold acid-insoluble 
material was determined. 

When cultures of various ages were used for this 
determination, cells harvested after 20-24 hours' growth 
in the presence of spermine (10 pg/ml) incorporated 
formate a t  rates in the range (in various experiments) 
1.5-3 mpmoles per hour per mg cells, during the 30- 
minute period of incubation with formate-C14 subse- 
quent to the growth period. This rate is from 4 to  8- 
fold greater than the observed rates of incorporation 
(approximately 0.4 mpmole formate per hour per mg 
cells) intJ cells grown in parallel cultures (20-24 
hours) without exogenous spermine. Cells harvested 
from younger cultures (18 hours' growth or less), other- 
wise identical with the 20-hour or older cultures, showed 
no such increases in rate of formate incorporation associ- 
ated with the presence of a spermine supplement 
during growth of the culture. 

A time-course experiment ccnfirmed this dependence 
cf the ability to  incorporate formate upon the duration 
of the cell growth period in the presence of spermine. 
Comparison of parallel cultures, one including spermine 
(10 pgjml) and the other without spermine, indicated 
that the cells grown in the presence of spermine under- 
went a rather rapid rise in their ability to incorporate 
C14-formate; this incorporation rate increased from 
that of cells harvested after 18 hours' growth (approxi- 
mately 0.3 mpmole formate incorporated per hour per 
mg cells) to that of cells incubated for 20 hours (approxi- 
mately 1.7 mpmoles per hour per mg cells). In  con- 
trast, the cells from the parallel culture not supple- 
mented with spermine showed a formate incorporation 
rate remaining in the range 0.3-0.5 mpmole per houi 
per mg cells, when measured for cells incubated 16, 18, 
20, 21, 22, or 23 hours. Both in the culture including 
and that not including spermine, cell growth (as meas- 
ured turbidimetrically) proceeded approximately lin- 
early in the interval between 16 and 24 hours' incuba- 
tion time, except that the increase of cell mass deceler- 
ated somewhat in the culture without spermine after 
the 22nd hour of incubation. 

The effect of spermine in increasing the rate of for- 
mate incorporation into cells from diaminodiphenyl- 
pteridine-inhibited, relatively old cultures requires the 
presence of spermine during the growth period (of 20 
hours or more), and does not occur when spermine is 
added only during the short period of incubation with 
formate-C14. In experiments in which spermine was 
omitted completely during the incubation with formate- 
C14, increases in rate of formate incorporation were ob- 
served with cella that had been grown in the presence 
of spermine prior to incubation with formate-Cl4. 
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Cells grown in complete medium containing neither the 
pteridine inhibitor nor thymidine showed a much 
higher rate of formate-C1* incorporation, in the range 
5-10 mpmoles formate per hour per mg cells, than 
cells grown in the presence of the pteridine inhibitor 
and thymidine either with or without spermine. 

DISCUSSION 

Limitations in one-carbon transfer reactions imposed 
by the presence of a folic acid antagonist (e.g., diamino- 
diphenylpteridine, aminoFterin) are manifested, in the 
case of L. arabinosus, as a growth inhibition specifically 
reversible (a )  by thymidine, provided purines and all 
other products of one-carbon transfer reactions are 
supplied in the medium, or (b) by purines, provided 
thymidine is supplied. The amount of thymidine re- 
quired for such prevention of inhibition is significantly 
decreased by spermine. However, the amount of 
purines required is decreased to a lesser extent by 
spermine, which is somewhat variable in its effect on 
the purine requirement. These results suggest a closer 
biochemical relationship of spermine to thymidine 
than to purines, although an additional effect on folic 
acid coenzyme metabolism, other than in the biogenesis 
of the thymidine moiety, is suggested. Evidence of 
this additional effect is afforded by the experiments with 
P. cerevisiae, in which spermine decreases the require- 
ment for folinic acid, either alone or in combination 
with thymidine. 

Although the present observations are compatible 
with a direct effect of spermine upon single-carbon unit 
metabolism, an alternative possibility is that spermine 
may promote more rapid biogenesis of DNA, or en- 
hance the biological quality and effectiveness, or con- 
servation, of the polymerized product in relation to 
subsequent protein synthesis so as to overcome the 
effect of limiting one-carbon unit transfer reactions. 
The final net effect of such an indirect action of spermine 
would be an apparent enhancement of the biogenesis 
of the thymidine moiety. Such an indirect effect ap- 
pears compatible with observations indicating that 
equal final concentrations of DNA were produced in 
cultures of cells that attained the same growth level 
whether growth was stimulated by thymidine or by a 
combination of thymidine with spermine, as well as 
with observations of enhancement by spermine of for- 
mate utilization after a relatively prolonged growth 
period, in the presence of a folic acid antagonist. 

The inability of spermine to af€ect the thymidine 
requirement for reversal of inhibition of growth of 
L. arubinoslls caused by 5-fluorouracil, an inhibitor of 
thymidylate synthetase activity, suggests that more 
than a simple sparing effect upon the thymidine require- 
ment is involved. Spermine effects upon thymidine 
requirements are noted only under conditions of limit- 
ing folic acid coenzymes. Thus, a possible dual role of 
spermine is suggested, both in stimulating one-carbon 
unit incorporation reactions and also directly or in- 
directly in the biochemical functions of thymidine, to 
account for the sparing effect on thymidine observed 
under these specific conditions. Since the thymine 
requirement of a strain of E.  coli (a Gram-negative 
organism) was not reduced by spermine, i t  is also 
interesting to note that polyamines have been found 
in highest concentration in Gram-negative species, in 
bacterial dlstribution studies (references in Tabor et al., 
1961); spermine effects in the present study have all 
involved lactk acid bacteria (Gram-positive organisms), 
which are relatively deficient as a class in polyamine 
content, and which may therefore more readily exhibit 
cellular responses to exogenous spermine. 
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