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Dihydroaminopterin was synthesized by the reduction of purified aminopterin with 
sodium dithonite and isolated by fractional precipitation with acid. This compound 
is 34 to 92 times more potent than aminopterin as a growth inhibitor of Streptococcus 
faecalis and Pediococcus cerevisiae respectively. It has, however, the same activity as 
aminopterin against cultured sarcoma 180 cells and as an inhibitor of folic acid reductase 
from chicken liver or Streptococcus faecalis. Paper chromatographic analysis of a prep- 
aration of tetrahydroaminopterin revealed that the inhibitory activity of this compound 
is mainly due to the presence of some substance in the preparation of the former com- 
pound other than tetrahydroaminopterin itself. It is suggested that this substance is 
dihydroaminopterin. 

The role of different tetrahydrofolate co-factors 
in several biosynthetic reactions has directed in- 
creasing attention to the synthesis of reduced 
analogues of folic acid (pteroylglutamic acid) as 
potential metabolic antagonists. Both synthetic 
and biological work, however, are complicated by 

*This  work was supported in part by research 
grants CY-2906 and CY-4175 from the National 
Cancer Institute of the United States Public Health 
Service. 

the instability of these compounds. Weygand 
et al. (1951) reported that catalytic hydrogenation 
of aminopterin resulted in partial loss of inhibitory 
activity for Pediococcus cereuisiae and Streptococcus 
faecalis. Only the crude reaction mixtures were 
tested in these experiments and the product of the 
reaction was not isolated. Since that time more 
has been learned about the properties of tetrahy- 
dro and dihydrofolic acid and techniques have 
been developed for the isolation and stabilization 
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of these compounds (Jaenicke, 1955; Kisliuk, 
1957; Blakley, 1957, 1958; Hatefi et al., 1960; 
Mathews and Huennekens, 1960; Silverman and 
Noronha, 1961). According to Kisliuk (1960)) 
preparations of tetrahydroaminopterin and tetra- 
hydroamethopterin appeared to be much stronger 
inhibitors of S. faacalis and P. cereuisiae than the 
corresponding unreduced compounds. 

This paper describes the synthesis of dihydro- 
aminopterin and comparison of its properties with 
those of tetrahydroaminopterin. The observa- 
tions reported by Kisliuk with respect to the bio- 
logical activity of tetrahydroaminopterin were not 
confirmed, while dihydroaminopterin was found 
to be a more potent inhibitor than aminopterin in 
certain test systems. Preliminary reports on part 
of this work have been presented (Nichol et al., 
1961; Zakrzewski, 1961). 

METHODS 

Synthesis of Tetrahydroam inopterin. -Commer- 
cial aminopterin was purified by chromatography 
on cellulose N,N-diethylaminoethyl ether. The 
procedure for purification of aminopterin on N,N- 
diethylaminoethyl ether cellulose (Oliverio and 
Loo, 1960) was modified by Werkheiser (unpub- 
lished data) in the following way: 40 g of N,N-  
diethylaminoethyl ether cellulose was suspended 
in 0.1 M NaOH and the slurry was poured into a 
column 4.5 cm in diameter. The cellulose was 
washed with water, then with 0.1 M phosphate 
buffer of pH 5.5, and again with water. Two 
hundred mg of aminopterin waa dissolved in 20 
ml of 1.0 M solution of K2HP0, and this solution 
was allowed to percolate into the column bed. 
The gradient elution was conducted under pres- 
sure with 4 liters of 0.1 M phosphate of pH 5.5 in 
the mixing flask and 4 liters of 0.8 M phosphate of 
pH 5.5 in the reservior. The progress of the 
elution was followed by measuring the optical 
density of the fractions of the eluate at 370 ml.  
The fractions containing aminopterin were com- 
bined and acidified to pH 2.8. After standing 
overnight in the refrigerator the precipitate was 
collected by centrifugation, washed with water, 
and dried with acetone and ether. The yield was 
about 50 5%. Tetrahydroaminopterin was pre- 
pared by hydrogenation of the purified aminop- 
terin (O’Dell et al., 1947) as described by Kisliuk 
(1957). The product of the reaction was stored 
as a suspension in absolute ether. 

Tetrahydroaminopterin was analyzed by de- 
scending chromatography on Whatman NO. l 
paper strips with 0.1 M phosphate buffer, pH 6.5, 
containing 1 ’% mercaptoethanol as the solvent. 
Owing to the partial decomposition of tetrahydro- 
aminopterin during the chromatography, several 
fluorescing and ultraviolet-absorbing spots ap- 
peared on the paper. The reduced analogue, 
however, could be located as a purple spot after 
the paper strips were sprayed with reagents for the 
detection of diazotizable amines (Blakley, 1957; 
Zakrzewski and Nichol, 1956). By this technique 

tetrahydroaminopterin was located as a faintly 
ultraviolet-absorbing spot at  RF 0.64. In addi- 
tion, small amounts of a diazotizable amine, pre- 
sumably free p-aminobenzoylglutamic acid, mi- 
grated closely behind the solvent front. Only 
8% of the total diazotizable amine recovered 
from the paper strips was due to free p-amino- 
benzoylglutamic acid. 

Synthesis of Dihydroaminopterin. - Dihydro- 
aminopterin was prepared by the reduction of 
purified aminopterin with sodium dithionite 
under conditions described by Futterman (1957). 
Two compounds were formed which were 
separated by paper chromatography. In con- 
trast, the reduction of folic acid by this procedure 
produces a single product as identified by paper 
chromatography which is presumably 7,8-dihy- 
drofolic acid (Osborn and Huennekens, 1958). 
One of the compounds derived from aminopterin 
appears on the paper chromatograms as a bright 
blue fluorescing spot a t  RF 0.12 when developed 
with 0.1 M phosphate buffer of pH 7.0 containing 
1% mercaptoethanol, and in this respect resem- 
bles dihydrofolic acid. The second compound 
was located by its dark blue fluorescence at  RF 
0.33, and is very unstable even in the presence of 
mercaptoethanol. It loses its fluorescence rapidly 
and at the same time it becomes a UV-absorbing 
yellow compound. The rate of migration of the 
former compound on paper chromatograms and 
ita fluorescence suggest that it is 7,8-dihydro- 
aminopterin. 

The following procedure was used for the 
preparation of pure dihydroaminopterin. Twenty 
mg of purified aminopterin and 500 mg of ascorbic 
acid were dissolved in a mixture of 2.16 ml water 
and 3.84 mll.0 M KOH, giving a solution with p H  
10.5-11.0. To this solution 200 mg sodium 

X m) 
FIG. 1.-Ultraviolet spectra of dihydroaminop- 

terin and dihydrofolic acid in 0.001 M NaOH con- 
taining 0.002% of mercaptoethanol by volume. The 
molar extinction coefficients are based on the as- 
sumption that the products were 10070 pure and their 
molecular weights were calculated as free acids, 
monohydrate. 
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dithionite was added and the mixture was allowed 
to stand a t  room temperature for 15 minutes. 
During this time, a fine precipitate formed. After 
standing in ice fQr 1 hour, the solution was clarified 
by centrifugation in a refrigerated centrifuge and 
the precipitate was discarded. The supernatant 
solution was adjusted to pH 3 with glacial acetic 
acid. A white, partially crystalline precipitate 
formed while the solution was stored in a refrigera- 
tor overnight. This material was collected by 
centrifugation and resuspended twice in ice-cold 
1 % aqueous solution of mercaptoethanol, twice 
in acetone, once in ether, and finally dried a t  
room t,smperature under vacuum. 

The dry powder could be kept a t  -5" with 
little or no change in color for several weeks. 
The product migrated on the paper as a single 
blue fluorescing spot (RF 0.12 in 0.1 M phosphate, 
pH 7.0, containing 1% mercaptoethanol). This 
compound could be oxidized by iodine in alkaline 
but not in acidic solution, and two atoms of iodine 
were used per mole1 of the compound. The 
ultraviolet spectrum of the isolated compound is 
compared with that of dihydrofolic acid in Figure 
1. 

Microbial Inhibition.-The inhibitory activities 
of the reduced analogues of aminopterin were 
determined for two organisms, Streptococcus 
faecalis (8043) and Pediococcus cerevisiae (8081); 
either solid medium (Burchenal et al., 1952) or 
the usual tube assay technique (Flynn et al., 1951) 
was used. In the latter case the solutions of the 
analogues were added aseptically to the auto- 
claved media. All of the test compounds were 
diasolved in 0.1 M solution of Na2HP04 containing 
0.1% of 2-meraptoethanol by volume. Also, 
all of the dilutions were made with 0.1% aqueous 
solution of 2-mercaptoethanol. 

Inhibition of Mammalian Cell Growth in Culture 
-Sarcoma 180 cells were grown in Eagle's 
medium (Eagle, 1959). Mercaptoethanol was 
found to be toxic to these cells at  concentrations 
above 2.0 Mg per ml (0.0002%). Therefore, when 
the inhibitory effect of dihydroaminopterin was 
tested, a freshly prepared 0.1 m~ solution of the 
inhibitor in 0.1 M Na2HP04 containing 0.05% 
mercaptoethanol was made each day. Further 
dilutions were made in water and added to the 
medium so that the highest final concentration of 

1 Samples of 5 to 10 mg cf dihydroaminopterin 
were suspended in 1.0 ml standardized iodine solu- 
tion, about 0.1 N.  Three drops of 2 M NaOH and 
0.25 ml water were added. The mixture was allowed 
to stand for 15 minutes at room temperature. There- 
after, 5 drops 2 M HC1 were added and the solution 
was titrated with 0.1 N solution of sodium thiosulfate. 

Sample 
Iodine 
Used 

(moles X loK) 
1 .21  2 . 7 7  
1 .40  2 . 7 7  

mercaptoethanol in the medium was one-fourth 
of the tolerated concentration. 

S-180 cella (200,000 cells in 2 cc medium) were 
placed in T-15 culture flasks. After 24 hours 
were allowed for the attachment of the cells to 
the glass, the experimental medium was applied 
and thereafter changed three times during the 
one week of growth. Growth was measured by 
the increase in total protein (Oyama and Eagle, 
1956) over that of the inoculum. 

Inhibition of Folic Acid Reductase.-The prepa- 
ration of the partially purified folic acid reductase 
from chicken liver was described previously 
(Zakrzewski, 1960). An enzyme with similar 
characteristics occurs also in Streptococcus faecalis 
8043 (Zakrzewski, 1960). Since the amethop- 
terin-resistant subline of this organism (S. 
faecalis/A), like amethopterin-resistant lines of 
Sarcoma 180 (Hakala et al., 1961), contains con- 
siderably larger amounts of folic acid reductase 
than the parent cells, the enzyme preparation 
used in these experiments was extracted from S. 
faecalis/A cells which grew well in the presence of 
10 pg/ml of amethopterin. Frozen cells (3 to 5 
g) were mashed in a Hughes press (Rodgers and 
Hughes, 1960). The cell paste was suspended in 
4 volumes of cold 0.9% saline and centrifuged. 
The supernatant solution was dialyzed overnight 
in a refrigerator against 100 volumes of saline 
containing 0.01 M phosphats buffer of pH 6.8. 
Nucleic acids were precipitated with protamine 
(0.15 ml of 2% protamine sulfate per ml of 
dialyzed extract). The supernatant solution ob- 
tained after centrifugation was used as the en- 
zyme preparation. In each case, reductase 
activity was determined after incubation with 
folic acid and TPNH by measurement of the 
diazotizable amine derived from tetrahydrofolate 
by the colorimetric procedure described previously 
(Zakrzewski, 1960). Solutions of dihydro- and 
tetrahydroaminopterin were stabilized by the 
addition of mercaptoethanol, 0.1 % by volume. 
The concentration of mercaptoethanol in the 
reaction mixture did not exceed 0.02%. Mer- 
captoethanol was also added to the vessels incu- 
bated in the presence of aminopterin. 

RESULTS 

Paper chromatograms of tetrahydroaminopterin 
and dihydroaminopterin were placed on agar 
medium seeded with Pediococcus cerevisiae 8081. 
Tracings of the zonea of inhibition are shown in 
Figure 2. When a paper strip with tetrahydro- 
aminopterin freshly developed with 0.1 M phos- 
phate of pH 5.5 in the presence of mercaptoethanol 
was placed on the plate, the main zone of inhibi- 
tion appeared a t  RF 0.12 and not at  RF 0.60 as 
would be expected for tetrahydroaminopterin. 
However, a trailing area of material between the 
main zone and the position where tetrahydro- 
aminopterin should be located indicated that 

2 Nichol, C.A., unpublished data. 
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AMINOPTERIN 

TETRAHYDROAMINOPTERIN 
WET STRIP PLACED DIRECTLY ON THE PLATE 

fl STRIP DRIED FOR 12 HR. 

I @  I 
DIHYDROAMINOPTERIN 

I I I I I I I 1 I I I 
R f  0.2 0.4 0.6 0.8 I .o 

FIG. 2.-Tracings of bioautographs of aminopterin, 
tetrahydroaminopterin, and dihydroaminopterin. Test 
organism: Pediococcus cerevisiae 8081. 

an inhibitory compound was formed during 
chromatography. Only after the developed paper 
strip was allowed to dry for 12 hours a t  room 
temperature and then placed on an agar plate 
did the main zone of inhibition appear a t  R, 
0.61. The secondary zone was still preaent a t  
RF 0.12. Under these conditions aminopterin 
moved to RF 0.22. Dihydroaminopterin ap- 
peared as a single zone located a t  RF 0.12. Simi- 
lar results were obtained when Streptococcus 
faecalis 8043 was used as the test organism. 
These experiments indicated that the inhibitory 
activity of tetrahydroaminopterin preparation in 
these biological test systems is due to the presence 
of some substance other than tetrahydroaminop- 
terin itself or aminopterin. 

The effect of tetrahydroaminopterin on the 
growth of S .  faecalis and P. cerevisiae was deter- 
mined by the pad-plate assay based on the 
diameter of zones of inhibition. The results ob- 
tained by this technique were very inconsistent 
and varied greatly from experiment to experi- 
ment. In general, the inhibitory potency of 
tetrahydroaminopterin as compared to that of 
aminopterin was much lower in S. faecalis assays 
and somewhat higher in P .  cerevzkiae assays. In 
contrast, the results obtained with dihydro- 
aminopterin were quite reproducible in both solid 
and liquid medium assays. As shown in Table 

TABLE I 
COMPARISON OF INHIBITORY POTENCY OF 
AMINOPTERIN AND DIHYDROAMINOFTERIN 

AGAINST Streptococcus faecalis, Pediococcus cereuisiae, 
and CULTURED SARCOMA 180 

Dihydro- 
Organism Aminopterin aminopterin 

(mgg/ml for 50% inhibition) 
S .  faecalisa 2 . 7 2  0 .08  
P .  cerevisiaeb 182.0 1 .99  
S-180@ 2 . 9  2 . 5  

a Grown in the presence of folic acid. * Grown in 
the presence of folinic acid (5-formyl-tetrahydrofolic 
acid). 

0 DIHYDROAMINOPTERIN 
0 AMNWTERIN 

REDUCTASE FROM 
A 0 . 3  CHICKEN LIVER 

'0 0.2 
cl 
0 

0. I 

CONCENTRATION Mx10* 

FIG. 3.-Comparison of aminopterin and dihydro- 
aminopterin by titration with folic acid reductase 
preparations from chicken liver and Streptococcus 
faecalis. The conditions for incubation of the chicken 
liver enzyme and the analytical procedures were the 
same as described previously (Hakala et al., 1961). 
The reductase preparation from S. faecalis/A (144 gg 
of protein) was added to a medium containing 
1 X l o w 4  M folate and 3.8 X M TPNH in 0. IM 
citrate buffer of pH 6 along with aminopterin or 
dihydroaminopterin, as indicated, in a total volume of 
0.5 mi. The incubation was continued for 30 qinutes 
at 37" under helium and was terminated by the 
addition of 0.1 ml of 5 N HC1. 

I, dihydroaminopterin was a much more powerful 
inhibitor than aminopterin for S.  faecalis and P. 
cerevisiae. In cultures of sarcoma 180, its inhit,- 
tory potency was equal to that of aminopterin. 

Dihydroaminopterin has the same potency as 
aminopterin as an inhibitor of folic acid reductase 
obtained from chicken liver or S.  faecalis (Fig. 3). 
Both compounds inhibited the reductase prepara- 
tions stoichiometrically (Werkheiser, 1961), and 
the same amount of each antagonist was required 
for complete inhibition of a given amount of the 
enzyme. In contrast, tetrahydroaminopterin had 
only 40% of the expected activity in comparison 
with aminopterin on a molar basis. 

DISCUSSION 
Paper chromatography of the product derived 

from aminopterin by catalytic hydrogenation 
demonstrated a t  &st a lack of inhibition on the 
bioautogram a t  the location of tetrahydroaminop- 
terin. The appearance of an inhibitory zone on 
bioautograxls a t  the RF of tetrahydroaminopterin 
which occurred when the developed paper strips 
were dried overnight can be easily explained when 
the assumption is made that the behavior of re- 
duced derivatives of aminopterin is similar to that 
of the reduced derivative of folic acid. Both 
dihydrofolic acid and tetrahydrofolic acid are un- 
stable when exposed to air (O'Dell et al., 1947). 
Both compounds, however, can be stabilized con- 
siderably in the presence of reducing agents such 
as mercaptoethanol, dimercaptopropanol, or ascor- 
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bate (Blakley, 1958; Hatefi et al., 1960; Mathews 
and Huennekens, 1960; Silverman and Noronha, 
1961). When an unprotected solution of tetra- 
hydrofolic acid is exposed to air a t  neutral pH, 
the ultraviolet spectrum of the former compound 
changes gradually to that of dihydrofolic acid 
(Osborn and Huennekens, 1958). Dihydrofolic 
acid, although more stable than tetrahydrofolic 
acid, is in turn oxidized further to folic acid and 
degradation products (Blakley, 1957). Thus, it 
is suggested that the formation of an inhibitory 
zone a t  RF 0.6 is due to the oxidation of tetra- 
hydroaminopterin to dihydroaminopterin. A t  
the same time small quantities of dihydroaminop- 
terin originally present in the preparation of 
tetrahydroaminopterin gradually decompose to 
biologically less active or inactive products. 
Such events are consistent with the observed 
decrease in the size of the zone at RF 0.12. 
Whether tetrahydroaminopterin possesses only 
weak inhibitory activity or none cannot be con- 
cluded with certainty because of the difficulty of 
excluding the presence of dihydroaminopterin. 
Tetrahydroaminopterin was much weaker than 
aminopterin as an inhibitor of folic acid reductase. 

Kisli~di (1960) observed that tetrahydroaminop- 
terin preparations were more potent than aminop- 
terin when standard microbial assays (Flynn et al., 
1951) were performed with S. faecalis and P .  
cerevisiae in liquid medium. In this laboratory, 
the results of Kisliuk could not be confirmed when 
a solid medium technique was used (Burchenal 
et al., 1952). The inconsistent results obtained 
in microbial assays with tetrahydroaminopterin 
were most likely due to the varying amounts of 
dihydroaminopterin formed in the course of 
decomposition of the former compound. 

The reduction of folic acid with dithionite yields 
a single compound, presumably the 7,8-dihydro- 
isomer (Futterman, 1957; Osborn and Huenne- 
kens, 1958). When aminopterin is reduced by 
dithionite under identical conditions a t  least two 
compounds are formed. The properties of one of 
the products closely resemble those of dihydrofolic 
acid and accordingly it is most likely to be the 7,8- 
dihydroisomer. 

Since dihydroaminopterin is no more potent 
than aminopterin as an inhibitor of folic acid 
reductase from S. faecalis, different rates of pene- 
tration of some cellular barrier may account for 
the marked difference in the toxicity of the two 
compounds for this organism. More rapid trans- 
port of dihydroaminopterin into cells may also be 
a major factor in its greater potency than aminop- 
terin for P. cerevisiae. Preliminary tests indicate 
that both compounds are of similar potency for a 
subline of this organism which has much greater 
capacity than the parent line to take up C14-folic 
acid and CL4-aminopterin. 

Preparations of tetrahydroamethopterin were 
reported to be about 10 to 20 times more toxic 

than amethopterin in mice (Mead et al., 1961) 
and chickens (Kisliuk and Fox, 1961). In com- 
parison with aminopterin (which is considerably 
more toxic for rodents than amethopterin), di- 
hydroaminopterin was about twice as toxic in 
preliminary trials in mice. Although tetrahydro- 
aminopterin preparations had less activity than 
aminopterin in inhibiting folic acid reductase, 
analogues of tetrahydrofolic acid deserve further 
attention as potential inhibitors of one-carbon 
transfer reactions. 
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