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SUMMARY

Two new analogues of folic acid, isohomofolic acid and isohomoaminopterin, have been
synthesized. Both compounds is-crc prepared by reductive condensation of corresponding

pteridine-6-carboxaldehydes with p-aminomethylbenzoylglutamic acid diethyl ester. Both

compounds proved to be inhibitors of both HeLa and Sarcoma 180 cells in tissue culture,
and also inhibited the growth of Lactobacillus casei a-nd Streptococcusfaecium. Isohomoamino-

pt-cnn penetrated into Sarcoma 180 cells, whereas uptake of isohomofolic acid was not ob-
served. The effects of both compounds on formiminotransferase, tet-rahydrofolate formylase,

dihydrofolate reductase, thymidylat-c synthetase, and the biosynthesis of inosinic acid is-crc
tested. Of all these enzymes only dihydrofolate reductase was inhibited ; the inhibition was
competitive with respect to folate and dihydrofolate. The inhibit-ion by isohomoaminopterin

(K� = 12 us with folate at P11 5.5) was two orders of magnitude greater than that by
isohomofolate.

INTRODUCTION

In order to lreiare specific inhibitors of

folate-interconverting enzymes , es�)ecially

dihydrofolate reduct-ase and t-hymidylate

synthetase, several compounds have been

synthesized in which tlw bridge linking the

pteridine and P-aminobenzoate moieties is

structurally different from the analogous
bridge in the coenzyme, dihydrofolic acid.

The first compounds of this group syn-

thesized is-crc homofolic acid and its tetra-

hydro derivative (1). In an Escheric/iia coli

system homofolic acid is-as reduced by folate

reductase as an artificial substrate, and the
resulting tetrahydro derivative appeared to

be a strong competitive inhibitor of thy-
midylate synthetase from the same source

(2). In contrast, homofolate inhibited the

transport of folate into Streptococcus faecium

(3) and was an artificial substrate for dihy-
drofolate reductase.
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In previous papers (4, 5) ise reported that
1 1-azahomoaminopterin was a iseak inhibitor

of folate reductasc and that its tetrahydro
derivative exerted different inhibitory effects
oh thymidylate svnt.hctases from various
sources.

Similar results showing the importance of

the aliphatic bridge for binding of the
analogues to folate reductase and thymi-
dylat-e syntheta-se were obtained with a
series of 2 , 4-diamino-6-arylalkylpyrimidines

prepared by Baker (6). These compounds
possess a selective group for alkylation of

folate reductase and thymidylate synthetase.

Although they showed irreversible alkylating
activity toward folate reductase and thy-

midylate synt-hetase, in contrast to their

effects on enzymes from liver and L1210

leukemia ceils, their structures is-crc quit-c

different from folate and tetrahydrofolate.

This finding precludes definite statements
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concerning the binding sites of these ana-

logues on the enzyme.
In this paper folate analogues have been

studied, in which the basic structure of the

natural substrate remained unchanged and

only the chain linking the pteridine and

aromatic nuclei was modified. The synthesis
and basic biochemical and biological proper-

ties of two antifolates, isohomofolic acid and

isohomoaminopterin, are the main subject of

this report.

Chemicals

EXPERIMENTAL PROCEDDRE

2 - Amino - 4 - hydroxypteridine - 6 -

carboxaldehyde. This compound was pre-
pared according to Weygand et al. (8).

p-Aminomethylbcnzoic acid was kindly pro-

vided by Dr. .Jar�, Laboratory of Mono-

sacharides, Institute of Chemical Tech-

nology, Prague. Other chemicals were of

commercial origin.

N - (o - Nitrophenylsulfenyl) - p - amino-
methylbenzoic acid. p-Aminomethylbenzoic

acid (13 g, 85 mmoles) was suspended in

70 ml of water and dissolved by addition of
2 N NaOH. After the addition of 70 ml of

dioxane, a solution of 18 g (95 mmoles)

of o-nitrophenylsulfenyl chloride in 1 10 ml
of dioxane is-as added dropwise is-it-h vigorous
mixing at 20#{176}.The pH of the reaction mix-

ture was maintained at about 8 by the con-
tinuous addition of 2 N sodium hydroxide.

A yellow precij)itate was gradually formed

during nit-rophenylsulfenylation. The reac-
tion mixture is-as diluted isith 870 ml of

is-atcr, and the 1)recipitatc was removed by
suction and discarded. The pH of the
filtrate was loiscred to 2 ‘with dilute sulfuric

acid, and the yellow precipitate was removed
by suction, washed with water, and dried in

a desiccator; yield, 20-28 g.

C14HuN2O4S (mol ist 304.33)

Calculated:

C 55.23, H 3.97, X 9.21, S 10.59

Found:

C 55.14, H 3.95, X 9.37, S 10.60

p-Aminoinethylbenzoykjlutamic acid diethyl

ester hydrochloride. N-(o-Nitrophenyl-
sulfcnyl)-p-aminomethvlbenzoic acid (7.5 g,

24.7 mmoles) was sthspended by gradual

mixing with 750 ml of dry ethyl acetate, and
the suspension was heated until the corn-
pound was nearly completely dissolved. A
small amount of unsolved residue was

filtered off.

a , ‘y-Diethyl glutamate (6.25 g, 30.8
mmoles) dissolved in ethyl acetate was added
to the filtrate. Then P5.2 g (23 mmoles) of
solid dicyclohexylcarbodiimide were added,
and the solution is-as chilled at 4#{176}in a mois-
ture-free atmosphere for 2 days. The result-

ing crystals of dicyclohexylurea were ifitered

off and is-ashed with ethyl acetate. The fil-
trate was washed in a separatory funnel suc-

cessively with 100 ml of water, three 100-ml
portions of 0.5 N H2SO� , 100 ml of water,

three 100-ml portions of saturated aqueous
sodium bicarbonate, and finally three times
with 100 ml of water. The ethyl acetate

solution was dried with Na2SO4 , and the

solvent was removed in a flash evaporator.

The remaining yellow, viscous oil was
mixed is-ith 80 ml of ethanol saturated with
HCI. The ins,luble part was removed by

filtration and extracted with pure hot

ethanol. The filtrate and extract were each

poured into 12 volumes of ether, and the
white precipitate of the desired product was
filtered by suction and washed with ether.

The product was purified by dissolution in

ethanol and precipitation with ether. Yield,
2.0-2.5g.

Chromatographic analysis was performed
on Whatman Xo. 3 paper with butanol-
ethanol--water (4 : 2 : 1 , v/v), and the prod-
net-s were detected with ninhydrin. The

product consisted from a mixture of p-
aminomethylbeuzoylglutamate diethyl ester,
the corresponding a- and 7-monoesters, and
free p-aminomethylbenzoic acid in varying
ratios. This crude product is-as used for
further synthesis.

Isoliofliofolic cwi(1 diet/tyl ester. Sodium

bicarbonate (2 g) and 4 g of sodium acetate
were dissolved in 200 ml of water, and 500 mg

of 2-amino-4-hydroxypteridinc-6-carboxal-

dehvde were suspended in this solution. A
solution of 700 mg of p-aminomethyl-

benzoylglutamic acid diethyl ester hydro-

chloride in 200 ml of ethanol and 400 mg of

Adams catalyst (PtO2) was added. After ap-
proximately 180 ml of hydrogen had been
consumed by reductive condensation , plati-
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num was removed by filtration in a carbon

dioxide-filled chamber. 12 , 6.3 g/500 ml of
1.25 % RI, was gradually added to the

flit-rate, until iodine reduction was no longer
apparent (starch reaction) . Part of the crude

product precipitated as a dark brown
material. The entire suspension is-as concen-
t-rated under vacuum to approximately 10 ml
and immediately hydrolyzed.

Is#{252}honiofolic acid. A solution of sodium

hydroxide is-as added to the suspension of
crude isohomofolic acid diet-hyl ester, yield-

ing a final concentration of 0. 1 N. After

heating for 3 mm at 100#{176},the hydrolysate
was removed by filtration and the filtrate

was acidified to pH 3-4 with concentrated

hydrochloric acid. A yellow-brown precipi-

tate, representing the first yield of crude
isohomofolic acid, was separated by filt-ra-

tion and washed with water, ethanol, and

ether.

As the insoluble residue remaining after
alkaline hydrolysis contained a large amount
of nonhydrolyzed isohomofolic acid diethyl
ester, it was dissolved in ethanol-water

(10: 1) ; 2 N NaOH is-as added to a final con-
centration of 0.1 x, and the hydrolysis was
repeated. The filtrate was acidified to pH 3-4

and evaporated to 10 ml. This second

isohomofolic acid product is-as separated by

filtration and dried with ethanol and ether as
described above.

The mother liquors from both purification

steps still contained considerable amount-s of
the product. Therefore activated charcoal

isas added to the combined mother liquors

until the yellow fluorescence disappeared.

The charcoal is-as removed by cent-rifuga-
tion, washed wit-h water, and extracted with
t\V() 50-mi port-ions of ethanol and 2.5 %
aqueous ammonia (1 : 1 by volume). The

yeilo\s--green fluorescent extract was freed of
charcoal by cent rifugation and evaporated

to dryness. This third product was combined

is-ith the first- tiso for final purification.
Isohomofolic acid was purified t-isice by

preparative chromatography on sheet-s of

Whatman No. 3 paper, first is-ith 0.05 N

aqueous ammonia and then with 0. 1 N

acetic acid-2-propanol (3 : 7). After each run
the strips containing the desired product
were eluted with water and freeze-dried.

The lvop}nlized produ(-t was dissolved in a

minimal amount of 0.05 x NH3 , filtered,
mixed with 10 volumes of concentrated

acetic acid, and filtered again. Isohomofolic

acid is-as precipitated by addition of 12-13
volumes of ether. The precipitate was
separated by cent-rifugation, washed with
ether, and dried.

C20H21N7O6 . 3,�H2O mol wt 464.44

Calculated:

Found:

C 51.72, H 4.77, X 21.11

C 51.30, H 4.59, N 23.08

The pathway of synthesis of isohomofolic

acid is depicted in Fig. 1.

Iso/tom oaminopterin. Isohomoaminopterin

was prepared in the same way as isohomofolic

acid, starting with 2 , 4-diaminopteridine-6-

carboxaldehyde and p-aminomethylbenzoyl-
diethylglutamate hydrochloride. The proce-

dure and purification steps were essentially
the same as for isohomofolic acid. Hois-cver,
since isohomoaminopterin is more soluble in

water than isohomofolic acid, the latter
could be crystallized from hot is-ater without
considerable loss. When isohomoaminopterin

was (rystalizcd, a considerable fraction of the

product remained in the mother liquors.

C20H21N805 3H20 (mol � 508.49,

trihydrate)

Calculated:

Found

C 47.24, H 5.55, N 22.05

C 47.80, H 5.61, N 20.73

Enzyme Inhibition Studies

The effect-s of all substances on the
activity of tetrahydrofolate formylase and

formiminotransferase were studied by spec-

trophotometric methods described earlier
(9, 10). Purine biosynthesis was determined

as [‘4C]formate incorporation into inosiic

acid (9). A 5 % aqueous extract of acetone
powder prepared from pigeon liver is-as em-

ploycd for checking the activities of all these
systems.

Reduction of folate was assayed b�’ de-

termination of diazotizable amine (1 1) and
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� -NH � CH2 _/j�_CO_GIu - Et2 �2

OH

Hj4�# N�..N ______

� N:1�. CH2�- NH _cHf.��J�_ CO Glu - It2 �OH �

OH

�

� -Glu #{149}2 EtOH

OH

Fi;. 1 . Synthesis oj� isohoinofolic aei(l

dihydrofolat-e reduction, by the decrease in

absorbance at 340 nm. A 30-65 % saturated

ammonium sulfate fraction of mouse liver

homogenate \\aS employ(’d as the enzyme
preparation.

Thymidylate synthetase was inv(’st-iga-ted

by a modification Of the spectroj)hotometric

met-hod of Wahba and l’riedkin (12) de-

scribed previously (13). As the enzyme
source, an ammonium sulfate fraction (50-

60 % saturation) of calf thymus extract was

employed. Before ammonium sulfate frac-
tionation the crude thvmus extract is-as freed
of nucleic acids by i)recipitat-ioIi with 0.25

volume of 5 % streptomvcin sulfate.
Tissue culture procedures were the same

as described j)reviously (5).

I�enetrat lOll Stvdies

The peiietrat lot i of isohon�oaminopteriii

and isohomofolic acid � deterniined using
Sarcoma 180 ascitic cells. The tumors were
transplanted every 7 days using 0.2 ml of

tumor cell silHJ)etlSiOIi diluted with an equa-l

volunl( of 5.3 ‘� glucose solution, into 6-10-
week-old male SPF�-H mice. The ascitic fluid

was wit-hdrawii into 10.7 m�i sodium phos-

l)hate buffer, pH 7.4, containing 95 mu
NaC1, 6.1 mit KCI, arid 10 mu EI)TA. The
susl)eIlsic)I1 is-as (-eDt rifuged , and t he conceIt-

tration of (elis � adjusted tO 15 #{182}Z�vith the
same buffer. Each tube contained 1.8 ml of

the cell suspension and 0.2 ml of the iso-

h()fl1( )f( )lic a(i(l ( ir 15( )homoa mi nopt erin soiti -

tion, 1)()t-h were Itdd(’(l after 10 miii of incuba-

tion at 37#{176}.At intervals the cells were cooled

and washed three t.i!T1(’s �vith ice-cold l)uffer.

The Pellet was extracted three tinies fox

5 111111 each, using 1 ml of 0.1 u citrate buffer,

1)111 5.5, in a 1)oiling water 1)ath. The uptake
of iS( )llOfllOfOliC acid arid isohomoaminopterill

was determined fron� the fluorescence in the

extract , using a Shi nmdzu spect ropli )t omet er

with a fluorescence accessory. The concen-

trat-ion of the compound in the medium was

0.134 mix, aIi(l uptake was determined after

40 miii of incubation.
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l’(lluC.S
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Synthesis

RESULTS

Both isohomoaminopt-erin and isohomo-

folic acid are yellow, microcrystalline pow-

dent, slightly soluble in water and easily

soluble in alkali, forming yellow-green
fluorescent salt-s.

The absorption spectrum of isohomofolic
acid showed peaks at 255 aIld 385 tim in

0.1 N NaOH and at 229, 278, 333, and 391
nm in 0.1 N HC1 (Fig. 2A). Isohomoaminop-

term displayed absorption maxima at 249,

261, and 410 nm in 0.1 N NaOH and at 255
and 400 nm in 0.1 N HC1 (Fig. 2B).

The fluorescence spectrum of isohomofolic
acid showed a maximum at 488 nm at pH 12

and at 474 rim at 1)11 2, using excitation at
254 nm (Fig. 3A). Isohomoaminopterin cx-

hibited maximal fluorescence at- 494 nm in

A
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Fic. 2. A bsorp/ion speetra of i.�oh-oniofolic aid

0.1 N NaOH and at 474 nm in 0.1 N HC1 at

the same wavelengt-h of excitation (Fig. 3B).
The structures of both compounds were

confirmed by both elemental and chromat-
ographic analysis of the products obtained

by hydrolysis with 0.5 N HC1 and 0.5 N

NaOH at 100#{176}for 4 hr. In both acidic and
alkaline media with isohomofolic acid, the
glutamate residue was predominantly split

off. Therefore isohomopteroic acid appeared
as the main product of hydrolysis. Iso-

homoaminopterin gave isohomofolic acid as

the product of hydrolysis ; 4-aminoiso-

homopteroic acid was also detectable.
Alkaline hydrolysis proceeded more rapidly

than acidic but gave principally the same

products. In addition, an unidentified
pteridine was formed, is-liich is-as detected
using 0.05 N aqueous ammonia as the

solvent.

Hoisever, in a butanol-acetic acid-isater
mixt tire (4 : 1 : 4 by volume) , several com-

i)0U11d5 reacting is-ith ninhydrin were de-
tected , i . e. , glutamate, /)-aminomethyl-
benzoate, and /)-aminomethylbenzoylgluta-

A

0.8

0.7

0.6

0.5 -

0.4

0.3

0.2

0_i

0

45 40 35 30 25 20

x 103 cm1

(A ) and isohoinoatiiinoplerin (B) at (lifjerenl p11
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mate, if hydrolysis was carried out in 0.5 N

sodium hydroxide. The ninhydrin-reactive

products of acid hydrolysis were glutamate

and a small amount of p-aminomethyl-

benzoylglutamate.

Cleavage using powdered zinc in 1 N HC1

240 300 360 4;O 480 540 #{243}OOnm

240 300 360 420 480 540 600 nm

FIG. 3. Flourescent spectra of isohoinofolic acid

(A) and isohornoaininoplerin (B) at different pH

values

- - -, j)H 12; .---, �j:j 2; - . . - , PH 7.

yielded only one or tis-o unidentified flu�oes-
cent compounds. Chromatography _ , is-ith
butanol-acetic acid-water yielded a larger
ninhydrin spot of p-aminomethylbenzoyl-
glutamate and a smaller one of p-amino-

met-hylbenzoate.

Oxidative cleavage with potassium per-
manganate at pH 3-4 yielded no components

of use in confirming the structure.

Basic Biological Properties

Isohomoaminopterin inhibited the growth

of Lactobacillus case i and Streptococcus

faeciwn by about 50 % at concentrations of

1 pu and 1 nu, respectively. Isohomofolic
acid is-as more than 100 times weaker than
isohomoaminopterin in inhibiting L. casei

growth, and more than 10-fold weaker for

S. faccium (Table 1).

In HeLa cells cultured in Eagle’s medium,

isohomofolic acid produced growth inhibition

at 1 /.LM, which reached 50 % at 0.1 mu.

Isohomoaminopterin inhibited HeLa cells

under the same conditions, the inhibitory

effect- being observed at 0. 1 pu ; 50 % inhibi-

tion was observed at 10 j�u.

The growth of Sarcoma 180 cells was

inhibited 50 % by 0. 1 mu isohomofolic acid

and by 50 pM isohomoaminopterin. Mor-

phological changes were similar to those

due to the action of aminopterin or metho-

trexate : appearence of pycnotic nuclei, pro-

TAttLE 1

inhibition of growth of strain-s of L. casci and

As.faeciu-rn

Microorganisms were cultivated on l)ifco

medium. The level of folic acid was 0.2 �zg-’inl in
the medium for L. casci and 3 �zg,”ml in that for

S. faeciuni.

Antimetabolite Half-maxima 1 inhibition

L. casei ATCC
7830

S. faeciurn
ATCC 8043

.�f .1!

Aminopteiin 6.0 X 10-’� 9.0 >< 10�

Isohomoarnino- 1 .4 X 1012 1 .6 X 10’

pterin

Isohomofolic 4 X l0’ 1.0 X 10�

acid



Permeation Studies

Permeation by both compounds was fol-

loised spectrophotometrically. Permeation

by isohomofolic acid could not be observed at

concentrations varying from 5 to 50 �M.

Isohomoaminopterin entered the cells, as

shown in Fig. 5, and its influx was enhanced

by increasing the temperature (Fig. 6). Thus

the temperature quotient, Qio , between 25#{176}

and 35#{176},was determined to be 10.5 kcal/

mole.

S

Ip

S
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nounced vacuolization, hyperpla.sia, and

finally growth inhibition.

Reversal of the inhibitory effect of iso-

homoaminopterin by either N5-formyltctra-
hydrofolate or folate was studied using the

latter agents at 100 and 10 j�u each. Iso-

homoaminopterin was used at a concentra-
tion is-hich exerts about 50 % growth
inhibition. The inhibitory effect of iso-

homoaminopterm was reversed by N5-

form.vltetrahydrofolate. Folic acid reversed

the inhibition to a lesser extent under the
same conditions (Fig. 4).

FIG. 4. Cytostatic effects of various agents

A. Isohomoaminopterin (10 EM). B. Isohomofolic acid (10 ,�sx). C. Isohomoaminopterin (10 jiM) plus
N5-formvltetrahvdrofolate (lOOzM). 1). Isohomoaminopterin (10j.i�t) plus folic acid (lOOj.tM). E. Culture

of ucLa cells without any inhibitor. Giemsa stain (magnification 150 x).
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Isohomofolic acid and isohomoa mino-

pterin arc cytostatics but are less potent

-L-- than aminopterin against L. casei and
90 mm. S. faecium. Both isohomofolic acid and iso-

homoaminopterin also inhibit HeLa and
Sarcoma 180 cells in tissue culture to a lesser
extent, but the morphological chaiiges are
principally the same as those observed with

mcthotrcxate. Penetration into Sarcoma 180
cells could be observed only with isohomo-
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Enzyme In/i- ibit -ion

Both isohomofolic acid and isohomoamino-

pterin were tested as potential inhibitors of

enzymes involved in folate and tetrahydro-

folat-e interconversion. Using folate reductase
partially purified from mouse liver, both
compounds is-crc competitive inhibitors. The

K2 values are summarized in Table 2. The
reduction of folate in citrate buffer, pH 5.5,
is-as inhibited by isohomofolic acid competi-

tively is-ith respect- to folate (Fig. 7a), the
K being 4 ZM. The inhibition of dihydro-
folat-e reductase at pH 7.5 is-as lower and

was also competitive is-ith respect t-o dihydro-

folate (Fig. 7b). Isohomoaminopterin ap-
peared to be a considerably stronger
inhibitor of folate reductase (K1 = 12 mi).

It competitively inhibited the reduction of
folate at pH 5.5 is-ith respect to folate as iseli

as the reduction of dihvdrofolate at pH 7.5
is-ith respect to dihydrofolate (Fig. Sa and b).

Neither isohomofolate nor isohomoamino-

pterin served as a substrate of folate
reductase.

The reduction of dihydrofolate was in-

hibited by both isohomofolate and iso-
homoaminopterin between pH 4.5 and 7.5.
Figure 9a shows that the inhibition was not

strongly pH-dependent. In contrast-, the re-

duction of folate was strongly pH-dependent,

with a maximum at I)H 6 for isohomoammo-

-5x 10 moles ________________--
per I

5

time of incubation

FIG. 5. Time course of isohornoarninopterin up-

take into Sarcoma 180 cells at S7�

The extracellular concentration of inhibitor was

0.134 mat. The intracellular concentration of the

drug was calculated per liter of packed cells.

FIG. 6. Effect of temperature on uptake of iso-

homoarninopterin into Sarcoma I 80 cells

Cells were incubated in the presence of iso-

homoaminopterin (0.134 nist) for 40 mitt. The

intracellular concentration of the drug was caleti-

lated per liter of packed cells.

pterin and a maximum at about pH 5. 5 for
isohomofolate. Above pH 6 the inhibition

dropped rapidly to nearly zero for both
inhibitors (Fig. 9b).

Other enzymes converting tetraliydro-

folate to its coenzymc forms, i.e., scrine

hydroxymethylasc, formiminotransferase,

and tetrahydrofolate formylase, is-crc not in-
hibited at a 0.1 mu concentration of either

compound if an acetone pois-der extract

prepared from pigeon liver was employed as
the enzyme source. Inhibition of i�uriiLe svn-
thesis, followed by incorporation of [‘4C]-

formate, was also riot observed with the
same enzyme �I epration.

Isohomoaminopterin and isohomofolate

did not exert any inhibitory effect on thy-
midvlate synthet-ase prepared from

Escheric/xia coli, calf thymus, or Sarcoma

180 cells, but their tetrahydro derivatives in

a crude form displayed inhibition of the calf

thvmus enzyme, a-s report-ed earlier (5).

DISCUSSION
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TABLE 2

Inhibition of dihydrofolate reductase from mouse liver with various substrates

The complete system for folate reduction at pH 5.5 contained 0.1 �imole of folate, 0.125 smole of

NADPH, 10�smoles of MnCl, , 100�smo1es of sodium citrate, and 0.1 ml of enzyme preparation in a total
volume of 0.8 ml. Incubation was carried out at 37#{176}for 1 hr. The complete system for dihydrofolate

reduction at pH 7.5 contained 0.3 jsmole of dihydrofolate, 0.375 jsmole of NADPH, 300 pmoles of sodium

citrate, and 0.2 ml of enzyme preparation in a total volume of 3 ml. The decrease in absorbance at 340
nm was measured after 10 mm of incubation at room temperature.

Antimetabolite

Folate at pH 5.5 Dih ydrofolate at pH 7.5

‘50 K� I�o K�

M M M M

Isohomoaminopterin 2.4 X 10� 1.2 X 10�

Competitive
5.7 X 10� 1.1

Competitive
X 10�

Isohomofolic acid 2.6 X 10-i 4.0 X 10�

Competitive

75 X 10� 5.6
Competitive

X 10�

Methotrexate 1.7 X 10�

Stoichiometric (uncompetit ive)

1.8 X 10� 4.0

Competitive

X 10�

I 2
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FIG. 7. inhibition of fo!ate and dihydrofolate

reduction by isohoinofolic acid, plotted according to

Lineu’eaver an(l Burk

it. Folic acid (F) was used as the substrate, at

l�’� 5.5. Concentration of inhibit-or used: S, none;

O,25,�M; �,50I�M.

1). l)ihvdrofolic acid (FH2) was used as the

sul)strate, at pH 7.5. Concentration of inhibitor

used: S, none; 0, SOMM, �, 0.1 inst.

The assay system was identical with that de-

sciibed in Table 2.

ammopterin. This supports the concept that
modification of the bridge in isohomofolate

prevents it-s penetration through the cell wall
at the concentrations investigated, in con-

trast to folate and methotrexate. However,

if the 4-hydroxyl group is substituted by a
4-amino group, this phenomenon cannot be

observed ; i.e. , isohomoaminopterin pene-

trat-es. The temperature dependence of iso-

homoaminopterin intake, which permits cal-

culation of the energy of transport, strongly

FIG. 8. inhibition offolate and dihydrofolate re-

duction by isohomoatninopterin, plotted according

to Lineweaver and Burk
a. Folic acid was used as the substrate, at

pH 5.5. Concentration of inhibitor used: �, none;

0, 62.5 nM; c:�, 78 flM.

b. l)ihydrofolic acid was used as the substrate,

at pH 7.5. Concentration of inhibitor used:

., none; 0, 0.33 �isi; and �, 0.66 j.�M.

The assay system was identical with that de-

scribed in Table 2.

supports the presumption that this substance
is transported actively through the cell wall,

perhaps with the aid of a specific transport
protein which usually is employed in the

transport of folic acid and its conventional
analogues. The cytostatic effect of iso-
homofolate in tissue culture could be cx-
plained by its inhibition of folate permeation
through the cell wall. However, there is no

direct experimental evidence for this idea.
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FIG. 9. Effect of pH on inhibition of dihydrofolate

(a) and fo!ate reduction (b) caused by isohornofo!ic

acid (0) and isohornoaininopterin #{149})
a. Isohomofolate was used in concentrations of

6.2 X 10� M for folate reduction and 1 X l0� for
dihydrofolate reduction.

b. Isohomoaminopterin was used in concentra-

tions of 2.5 X 1Q-� M for folat-e reduction and

7.5 X 10-v M for dihydrofolate reduction.
The substrate concentrations for the assay sys-

tem were the same as shown in Table 2.

The single target enzyme of these new

folat-e analogues seems to be dihydrofolate
reductase. Comparison of the effects of
isohomofolate and isohomoaminopterin with
those of aminopterin and methotrexate leads

to the following conclusions.

1. The modification of the aliphatic bridge

of folat-e eliminates its substrate activity for

mouse liver folate reductase and leads to
inhibition. Substitution of the 4-hydroxyl by

a 4-amino group on the pteridine nucleus
enhances the inhibitory effect, as observed
is-ith isohomoaminopterin.

2. In contrast to methotrexate, the inhibi-

tion exerted by isohomoaminopterin is com-

petitive is-ith respect to folate at pH 5.5. This

provides evidence that modification of the
aliphatic bridge eliminates the “stoichio-

metric” character of inhibition well known

in classical antifolates. Therefore substantial
parts of the molecule participating in bind-
ing to the enzyme, i.e., the 2 , 4-diamino-

pyriml(line ring, aromatic nucleus, and

glutamate carboxyls, may be bound revers-
ibly to the binding site for folate or dihydro-

folate, respectively. This change in the type

of inhibition could be due to elongation of the
bridge but, in contrast to homofolic acid,

which is an artificial substrate for dihydro-

folate reductase, isohomofolic acid loses its
substrate properties (at least for the mouse

liver enzyme).
3. The small pH dependence of the inhibi-

tion of dihydrofolate reduction contrasts
with the sharp drop in inhibition of folate

reduction with increasing pH. Because
Bertino et al. (14) suggested that both sub-

strates are bound on the same active site of

the enzyme, a different mode of binding for
folate and dihydrofolate to the enzyme seems
very probable. Both inhibitors tested com-

pete with both folate and dihydrofolate for
the active site. Both these facts could explain
the differential dependence of inhibition on
pH with folate and dihydrofolate as sub-

strates. A more detailed explanation of these
observations requires additional experi-

mental support.
The availability of only a small quantity

of each compounds has so far prevented their

use as chemotherapeutic agents in experi-

mental leukemias and the determination of

their toxicity. Nevertheless it would be of

interest to test these compounds against a

methotrexate-resistant strain of mouse leu-

kemia.
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