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The biological activities of some homeosterically related

analogs of dihydrofolic acid have been examined involving

pyrimido[4,5-b][l,4]oxazine (8-oxapteridine() derivatives. It

is anticipated that these compounds might interfere with the

essential intermediary metabolic functions of the vitamin and

thus serve as potential chemotherapeutic agents.

Preliminary toxicity studies in microbial assay systems

were disappointing; however, inhibitory effects were demon-

strated in cell free enzyme systems. A comparison of the

structure/activity relationships was determined using two

folic acid coenzyme systems, dihydrofolate reductase and

thymidylate synthetase.

The 2-amino-4-hydroxy-6-(substituted)-8-oxapteridines

were generally more effective inhibitors than the corresponding

2,4-diamino analogs. The relative biological activity of a

series of 2-amino-4-hydroxy-6-w-phenylalkyl derivatives were

examined, and the most active derivative was the 6-phenylethyl

analog which appears to function as a mixed-type inhibitor

involving partially competitive and partially non-competitive

inhibition.
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INTRODUCTION

The use of folic acid analogs in chemotherapy is well es-

tablished (6). Methotrexate, which is an antimetabolite of

folic acid, is clinically effective in halting the growth of

certain cancer cells and is effective as a chemotherapeutic

agent in other clinical systems. It should be noted that in

X R 0 COOH
N 11H1 I

3N CH2 -N D C-N-CHCH2 CH2 COOH

2
HN 72 NN

1 8

Folic Acid: X OH R H

Methotrexate. X NH2 R = CH3

methotrexate, the 4-hydroxy grouping in the pyrimidine moiety

of folic acid is replaced by an amino group to produce com-

pounds which have strong affinities for dihydrofolic reductase

(11). This type of analog has been termed a "stoichiometric"

inhibitor (29). It is interesting to note that, perhaps

with one recently reported exception (19), all of the ef-

fective classical antimetabolites of folic acid possess a

4-amino structure in lieu of the 4-hydroxy group of the co-

enzyme (23).
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The biological activity of these analogs has been at-

tributed to protonated species of the more basic diamino

structure complexing with acidic sites on the enzyme (2),or

to increased hydrogen bonding between the 4-amino group and

the enzyme (15). 1- and 3-Deazapteridines were subsequently

synthesized and their biological activities compared with

the corresponding pteridines. 3-Deazamethotrexate complexes

with dihydrofolate reductase approximately one-fifth as

effectively as methotrexate, whereas 1-deazamethotrexate is

much less active (18),confirming that the N-1 position is

probably an essential enzymic binding site.

The N-5 position of folic acid is one of the active

coenzymic sites for single carbon transfer reactions, whereas

the N-8 position is not. Indeed, it has been postulated that

the N-8 position may not even contribute to a hydrogen bond-

ing of coenzyme analogs to the apoenzyme structure; rather,

this section of the chemical structure has been termed the

"hydrophobic" region (3).

Folic acid coenzymes are specifically concerned with

biochemical reactions involving the transfer and utilization

of single carbon moiety. Folic acid itself has no coenzyme

activity, but it is converted by reduction into its active

coenzyme form tetrahydrofolic acid (THF) via 7,8-dihydrofolic

acid (DHF) (1, p. 193). These reactions are illustrated in

Figure 1.
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OH

N/\N N CH2NH: CONHCHCOOH-

H 2 N CH2 CH2COOH

Folic Acid

TPNH + H+

Folate
Reductase

TPN+

OH

N CH2NH - CONKCHCQOH

H
H 2NN N.HIN aH 2HC

Dihydrofolic Acid

Dihydrofolate 
TPNH + H+

Reductase

INOTPN+
OH H

NN H 2NH - CONHCHCQoH
H N ~ H

H2 N N H CH2CH 2 COOH
H

Tetrahydrofolic Acid

. Figure 1 - Reduction of folic acid to tetrahydrofolic
acid.
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5, 10-Methylene-THF, which is formed from THF both by

non-enzymic reaction with formaldehyde. and by enzymic

reaction with serine (22), serves as a coenzyme in the

methylation of deoxyuridylic acid (dUMP) to deoxythymidylic

acid (dTMP) (27).

Q 0

HN 5, 10-methylene-THF DHF CH
.. 3

J N thymidylate synthetase, g Q +

Deoxyribo se-p Deoxyribo se -p

dUMP dTMP

This reaction is catalyzed by thymidylate synthetase and

is required for DNA synthesis. Note that 5, 10-methylene-

THF serves both as methyl donor and as hydrogen donor; the

end product is dihydrofolate rather than tetrahydrofolate.

The DHF formed must then again be reduced to THF by the

action of dihydrofolate reductase. As a result, a blockade

of dihydrofolate reductase by a metabolic inhibitor would

prevent the coupled thymidylate synthetase from operating,

leading to a cellular deficiency of dTMP (1, p. 192).

A number of folic acid antagonists owe their biological

effectiveness to the inhibition of dihydrofolate reductase

and thymidylate synthetase (1). The inhibition of these
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enzymes prevents the utilization of THF for essential inter-

mediary metabolic reactions. This may result in an inhibition

of transfer and incorporation of one-carbon units, thereby

resulting in the interference with the biosynthesis of

purines, pyrimidines and amino acids. These inhibitory ef-

fects are particularly pronounced in cases of rapid cellular

growth because of the essential nature of one-carbon transfer

reactions in metabolism. The two folic acid antagonists

which are currently in clinical use, aminopterin and metho-

trexate, are effective agents in prolonging life in leukemic

children and in other metabolic disease systems. Unfortun-

ately, in clinical systems, many of these effects proved to

be transitory with the eventual development of drug resistance.

More recently new therapeutic procedures have been developed

which extend the potential drug action of metabolite analogs,

and have proved to be especially effective in the case of

methotrexate; i.e., after administration of high levels of

the antagonist, folinic acid is administered as a "rescue"

antidote (6). Further, other therapeutic approaches using

metabolite-antimetabolite pairs have been proposed; i.e.,

"metabolic conditioning" and "metabolic actuation" (8).

Accordingly, the search for more effective antimetabolites

of selected natural products is of increasing interest in

the treatment of neoplastic disease systems.
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Homeosteric* replacement of a carbon atom by oxygen

has been quite successful in producing effective antimeta-

bolites in several cases; for example: O-carbamyl-L-serine

is an antimetabolite of L-glutamine (24), 4-oxalysine for

lysine (16) and 6-oxadihydrouracil for uracil (14).

0 0

H2 N--CH 2CH2 -CH-C-OH

NH
2

L-Glutamine

0

IIH2N-CH2 -OH2 -CH2 -OH 2-CH-C-OH

NH
2

Lysine

0

HN

0 N
H

Uracil

0 0
11 11

H2N-C-0-CH--CH-C-OH

NH
2

0-Car]amyl-L-serine

0

H2N-CH2 -CH2-:-CH2 CH-C-OH

NH
2

4- Oxalysine

0

0 N~

H

6-Oxadihydrouracil

A series of pyrimido [4,5-b][1,4]oxazine (8-oxapteri-

dine) derivatives, has been synthesized in these

laboratories (10), which may be represented by the following

general structure:

*The term "homeosteric" is derived from Gr. homoi,
meaning similar. It is thus defined as two or more chemical
moieties which are similar in mass or shape and valence bond
angles (25).

i 
mom" mi"M NOW RNIMP;
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X

N
N 4. R

6

HN H

H2 ' 0R

A biological study of selected oxapteridine structures

possessing an oxygen atom in lieu of the nitrogen in the

8-position might introduce a new series of [olate antimeta-

bolites which are incapable of transferring a carbon atom

even though they may function as a substrate for dihydro-

folate reductase. The biochemical rationale for the

physiological activity of these potential analogs of folic

acid is based on the known function of the vitamin in its

coenzyme form as previously presented.

Comparative biological studies of 13 oxapteridine

derivatives (see Table I) have been carried out using toxi-

city to microbiological growth and inhibition to dihydro-

folate reductase and thymidylate synthetase as assay systems.

For the enzyme studies, the values of [I/S]J0, which is the

ratio of the concentration of inhibitor giving 50% inhibition

to the concentration of the substrate, have been calculated.
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TABLE I

8-OXAPTERIDINE DERIVATIVES

X
N

N o/ R

H N H
2 N O R'

Number X R R

I OH C6 H5  C6 H5

II OH CH3  CH3

III OH C6 H5  CH3

IV OH CH 3  C6H5

V OH C6H5  H

VI OH CH 3  H

VII OH C6H5CH2 - H

VIII OH C6 H5 (CH2 )2 - H

IX OH C6H 5 (CH2 3- H

X OH CH3 (CH2 )4 - H

XI NH2  c6H5  C6H 5

XII NH2  CH3  CH 3

XIII NH2 C6 H5 H



EXPERIMENTAL PROCEDURES

The 8-oxapteridine derivatives were synthesized by

Mr. Danny L. Dunn (10) in our laboratory. Other chemicals

used in these studies were obtained from the indicated

commercial sources: pigeon liver acetone powder from Nutri-

tional Biochemicals Corporation; dihydrofolic acid (sealed

under nitrogen) from Sigma Chemical Company; frozen Escheri-

chia coli B cells (mid log phase) from Miles Company; and

tetrahydrofolic acid (sealed under nitrogen) from Grand

Island Biological Company.

Microbiological Assays

The growth inhibition of Streptococcus faecalis ATCC

8043 by the test compounds was determined using a turbidi-

metric assay method established by the Association of

Official Agricultural Chemists(A.O.A.C.) (13). The 8-

oxapteridine compounds were prepared for assay by dissolving

them in 5 ml of approximately 0.01 N NaOH and then diluting

to 50 ml with water. To a 5-ml aliquot of this alkaline

solution was added approximately 30 ml of water; the

resulting solution was adjusted to neutrality with HCl solu-

tion and diluted to a total volume of 50 ml. The final

concentrations of the test compounds were between 1 pg to

9
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100 pg per ml, depending on their solubility. The inhibitory

effects of these analogs were determined by placing various

derivatives in a growth medium (13) containing 0.3 mg/ml

of folic acid;and, after being autoclaved at 1210 C for 8

minutes, the assay tubes were inoculated with Streptococcus

faecalis ATCC 8043. Upon incubation for about 16 hours at

300 C, the amount of growth was determined using a Bausch

and Lomb Model 20 spectrophotometer set at 600 my.

Dihydrofolate Reductase Enzyme Assay

Dihydrofolate reductase from pigeon liver was prepared

(Table II) by a previously described method (4) except that

centrifugation was used to separate the precipitates instead

of filtration through celite. Centrifugation was carried

out in an International Refrigerated Centrifuge Model B-20

at 10,000 g and 21 C for one half to one hour. The enzyme

solution prepared by this method was diluted 3-fold before it

was used for assay. 50 pl of this diluted enzyme solution

gave an optical change of 0.0062 units per minute when

assayed as described below.

The dihydrofolate reductase activity was determined

via a spectrophotometric method using a Beckman DB-GT

Spectrophotometer and a Beckman Ten-Inch Laboratory

Potentiometric Recorder. The assay is based on the decrease

in absorbance at 340mp which occurs when TPNH and
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TABLE II

PURIFICATION OF DIHYDROFOLATE REDUCTASE

Total Total Specific
Step Volume P TTn-Tq* Activitv

Crude Extract from ml mg units/mg prote:

Pigeon Liver 33 291 479 1.65

45-90% Ammonium Sulfate
Precipitation 21.5 169 430 2.55

in

*A unit is defined as the amount of enzyme catalyzing

the reduction of 1 pM of DHF per minute under the described

assay condition.

dihydrofolate are converted to TPN and tetrahydrofolate (15,

27). For a typical assay (see Table III) the following com-

ponents were added to both the reference an: sample cuvettes:

50 pl of dihydrofolate reductase enzyme solution, 75 pl (for

reference cuvette) or 100 pl (for sample cuvette) of 0.744

mM TPNH,and sufficient Buffer B solution (Table III) to

make a total volume of 3 ml. The enzymic reaction was

initiated by the addition of 50 pl of dihydrofolate solution

to the sample cuvette ,and the decrease in absorbancy at 340

mp was recorded. The cuvette concentration of dihydrofolate

was either 1.5 or 3 pM, and was determined spectrophoto-

metrically (7,21).

The analogs were prepared for assay either by dissolving

them in 25% N,N-dimethylformamide and adjusting to pH 7.4,

qplpmmwmwmwmmmww "owl" ------------

I L -j- v -j- L
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TABLE III

TYPICAL ASSAY OF DIHYDROFOLATE REDUCTASE

Component
Added
(ml)

Buffer Ba

Inhibitorb
Solvent

Inhibitor
Solution

Dihydrofolate
Reductase

0.744 mM TPNH

Dihydrofolate
Solution

Vo Determination

Reference
Cuvette

Sample
Cuvette

VI Determination

Reference
Cuvette

4 - 4--

1.875

1.000

0.050

0.075

1.800

1.000

0.050

0.100

0.050

Total Volume 3 ml 3 ml 3 ml 3 ml

aBuffer B is prepared by mixing 0.05 M Tris
(pH 7.4), 10 mM mercaptoethanol and 1 mM EDTA.

Buffer

b2 5 % N,N-Dimethylformamide or 0.002 N NaOH.

cX is variable. A maximum of 1 ml of inhibitor solution
was added.

1. 875

l.000-X

cX

0.050

0.075

Sample
Cuvette

1.800

1.000-X

xcXC

0.050

0.100

0.050

-
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or by dissolving them in 0.002 N sodium hydroxide solution.

A maximum of 1 ml of these test solutions ws used in the

enzyme assay. The velocity of the enzyme reaction without

inhibitor, Vo, was obtained by adding a 1-ml sample of the

appropriate solvent (25% N,N-dimethylformamide or 0.002 N

NaOH) to the reaction mixture in place of 1 ml of Buffer B.

The velocity of the reaction in the presence of inhibitor,

VI, was obtained by adding various amount of inhibitor

solution with or without additional solvent to make the

total volume 1 ml. These details are summarized in Table III.

A plot of VO/V1 in the presence of various concentrations of

analog was made in order to determine the 50% inhibition

point (4). The [I/S] 50 value was calculated by dividing

the inhibitor concentration giving 50% inhibition by the di-

hydrofolate concentration.

Thymidylate Synthetase Assay

Thymidylate synthetase was prepared according to the

literature procedure (4, 27) with some modifications. A

sample of 11 g of frozen E. coli B cells (mid-log phase)

was mixed with 22 ml of Buffer B and 4.4 ml of glass beads.

This mixture was treated in a Braun model MSK mechanical cell

homogenizer*, and the bacterial cells were disrupted for 4

minutes. The insoluble particulates were removed by

*Bronwill Scientific Co., Rochester, New York.

-- oNiA* 
" -- -

wrop"" 
1 11



centrifugation at 10,000 g and 20 C for 1 hoursusing an

International Refrigerated Centrifuge Model B-20. The viscous

supernatant fluid (22 ml) was separated and 1.3 ml of 5%

aqueous streptomycin sulfate was added with stirring in an

ice-bath. After being stirred for 10 minutes, the resulting

solution was centrifuged at 10,000 g and 21 C for 30 minutes

and the pellet was discarded. The supernatant (20 ml) was

cooled in an ice-bath and 5.4 g of ammonium sulfate added

with stirring. After 20 minutes, the mixture was centrifuged

TABLE IV

PURIFICATION OF THYMIDYLATE SYNTHETASE

Step Volume Total Total Specific
Protein Units * Activity

ml mg units/mg protein

Cell Disruption 22 215 17.13 0.08

Streptomycin 21 207 16.5 0.08

45-90% Ammonium
Sulfate 9.5 86 14.8 0.17

*A unit is defined as the amount of enzyme catalyzing
the formation of 1.0 pM of thymidylate per hour at 250 C
when assayed by the previously reported procedure (27).

and the precipitate was discarded. A sample of 7 g of ammoni-

um sulfate was then added to the supernatant (21 ml), and the

resulting mixture was stirred for 20 minutes in an ice-bath.

14
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The mixture was finally centrifuged at 10,000 g and 20 C

for 1 hour and the precipitate was collected, dissolved in 8

ml of Buffer B, and used for enzyme assay. A summary of

these procedures is presented in Table IV. The specific

activity of this enzyme solution is 0.17 units per mg pro-

tein when assayed by the previously reported procedure (27).

The inhibitory activities of the test compounds toward

thymidylate synthetase were determined by a previously reported

procedure except that 0.3 ml of an alternate THF mixture

(see Table V) was used in the assay instead of 0.5 ml of

Assay Mix B (4). A typical assay is shown in Table V. The

concentration of 5, 10-methylene-tetrahydrofolic acid in the

THF mixture was determined by a previously described spectro-

photometric method (7;,22). The optical blank in this

determination was prepared by mixing 0.75 ml of 0.3 M for-

maldehyde (pH 7.4), 4.4 ml of 1 M magnesium chloride, 5.45

ml of 1 M mercaptoethanol (pH 7.4) and 7.4 ml of Buffer B.

Analogs were prepared for assay either by dissolving them

in 10% N,N-dimethylformamide and adjusting to pH 7.4, or by

dissolving them in 0.002 N to 0.004 N NaOH. The values of

[I/S] 50 were obtained in the same way as described in dihy-

drofolate reductase assay, except that the data were calculated

based on the concentration of the natural 1 form of 5, 10-

methylene-THF present, rather than the total concentration

of dl-isomer which was actually added (4).
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TABLE V

TYPICAL ASSAY OF THYMIDYLATE SYNTHETASE

Component VO Determination V1 Determination

Added
(ml) Reference Sample Reference Sample

Cuvette Cuvette Cuvette Cuvette

Buffer Ba 1.6 1.5 1.6 1.5

Inhibitor 1.0 1.0 1-Y 1-Y
Solventb

Inhibitor see ye ye
Solution

THF Mixturec 0.3 0.3 0.3 0.3

Thymidylated 0.1 0.1 0.1 0.1
Synthetase

2'-Deoxyuridylate ... 0.1 ... 0.1

Total Volume 3.0 ml 3.0 ml 3.0 ml 3.0 ml

aBuffer B is prepared by mixing 0.05 M Tris Buffer

(pH 7.4), 10 mM mercaptoethanol and 1 mM EDTA.

b1 0 % N,N-Dimethylformamide or 0.002 N NaOH.

CTHF Mixture was prepared as follows: to 0.45 ml of

the tetrahydrofolate master solution (5 mg/ml) (4) was added
0.75 ml of 0.3 M formaldehyde (pH 7.4), 4.4 ml of 1 M
magnesium chloride, 5 ml of 1 M mercaptoethanol (pH 7.4)
and 7.4 ml of Buffer B. The final concentration of THF in

the cuvette was 24 pM.

dWhen 10% N,N-dimethylformamide was used as inhibitor

solvent, 0.2 ml of thymidylate synthetase was added since

3% N,N-dimethylformamide (the final concentration in the

cuvette) decreased the Vo to about one half (4).

ey is variable amount. A maximum of 1 ml of inhibitor

solution was added.



RESULTS AND DISCUSSION

The primary objective in this study is to examine the

biological activities of some homeosterically related ana-

logs of folic acid and dihydrofolic acid. The specific

chemical structure change involves a modification in the

pyrazine portion of the pteridine moiety. It was antici-

pated that such derivatives might interfere with the essential

OH OH
N

N RHN H

2 N N 2 N N Q

pteridine 8-oxapteridine

intermediary metabolic functions of the vitamin and thus

serve as a potential chemotherapeutic agent. It is the

pyrazine moiety which is directly involved in a covalent

reaction with a single carbon unit which ultimately permits

the various enzymic reactions of the molecule. However,

prior to performing its catalytic function, this portion

of the molecule must be reduced to a tetrahydro form. Pre-

vious homeosteric substitution studies in this portion of

the molecule have been confined primarily to carbon-for-

nitrogen exchanges.

17
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Folic acid analogs which have been used in chemotherapy

(6) include a variety of structural alterations in the basic

vitamin structure to produce both classical and nonclassical

antimetabolites (5). From a clinical viewpoint (12), the

two most widely studied classical antimetabolites of folic

acid include methotrexate and,to a lesser extentaminopterin.

At the molecular level, techniques for the examination

of the biochemical properties of folate analogsare well

established,using previously characterized enzyme systems

(4). Homeosteric deaza analogs of the pteridine nucleus

have been prepared and examined (i.e., carbon for nitrogen)

for antifolate activity, but few have been found to be

effective (17). It is possible that the carbocyclic analogs

may lack the necessary nonbonding electrons which are present

in the corresponding nitrogen atom of the vitamin, whereas

the oxygen homeostere located in a position comparable to

the N8 position in the vitamin does possess nonbonding

electrons. Further, the 8-oxapteridine derivatives are in

effect analogs of the dihydrofolate structure rather than

the completely aromatic or reduced pteridine ring system.

It has been observed in the folate reductase system that

dihydrofolate analogs are often more effective antagonists

than tetrahydrofolate compounds (31).

Initially, toxicity studies were carried out in

microbial assay systems. Unfortunately, none of the analogs,
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at the limit of their solubilities (ca. 10 pg/ml),demonstrated

any toxic effects to the growth of Streptococcus faecAlis

ATCC 8043; whereas, methotrexate completely inhibited the

bacterial growth at the concentration of 1 mg per ml. In

a subsequent study, the 8-oxapteridines were aseptically

added to the assay tubes after the medium had been autoclaved.

However, the compounds still did not inhibit bacterial growth.

The latter experimental finding excludes the possibility

that inactivity of the compounds might result from thermal

degradation during autoclaving. A possible explanation for

this lack of toxicity might be due to an inability of the

analogs to pass through the bacterial cell wall, since it

has been proposed that the glutamate moiety of folic acid

may be necessary for active transport (28).

The desired specific analog of dihydrofolic acid, 8-

oxadihydrofolate, was unavailable for biological testing

during the time period in which these studies were in prog-

ress. However, a series of enzymatic studies was' initiated

using selected oxapteridine derivatives in an effort to

determine if the ring system has physiological activity.

Cell-free enzymic studies would eliminate the problem of

cell wall transport, and permit a direct answer as to the

potential binding ability of the oxapteridine ring with

active enzymic sites. Further, the ability of folate, or its



20

derivatives, to reverse any inhibitory biological effects

might suggest the mode of action of the desired homeosteric

analog of folic acid.

Two different folic acid coenzyme systems were chosen

for comparative studies, dihydrofolate reductase (1) and

thymidylate synthetase (27). Baker and his coworkers have

used such an approach in an effort to evaluate a number of

potential antifolate analogs (1). An extensive series of

studies has resulted in an overall viewpoint defining the

structural features necessary for antimetabolite activity of

folate analogs (1). For example, it was proposed that the

pyrimidine moiety of aminopterin and methotrexate complexes

with dihydrofolate reductase either by ionic bonding (1) or

by hydrogen bonding (30). This enzymic binding on dihydro-

folate reductase is markedly increased by the presence of

alkyl or aryl side chains at position 5- of selected pyrimis4-

dine analogs, or at position 1- of 1,2-dihydro-s-triazines (1).

Accordingly, it was proposed that for dihydrofolate reductase

a hydrophobic bonding region is present in the apoenzyme

which is probably not in the area where dihydrofolate is com-

plexed; rather, this region may be a nonfunctional part of

the enzyme adjacent to the active site (3). It has been

proposed that this hydrophobic region occurs either near the

4-oxo group or the N8 group of dihydrofolic acid when the

latter is complexed to the enzyme (1, p. 227).
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Thymidylate synthetase was isolated from frozen-E. coli

B cells obtained from Miles Company,using the general pro-

cedure of Wahba and Friedkin (27). Initial attempts to re-

cover active enzyme from stationary phase cells were

unsuccessful. However, using mid-log phase cells, an active

crude preparation was obtained which had a specific activity

of 0.17 units per mg protein. The published technique used

a grinding procedure to break the cell walls; however, in

our laboratory, I found that cell disruption by a MSK mech-

anical cell homogenizer was very effective.

The poor solubility of the 8-oxapteridine derivatives

in the assay medium did not permit biological testing of the

compounds over a wide range of concentrations. For example,

in the thymidylate synthetase system, the minimum concentra-

tion of 5, 10-methylene-THF which would give a measurable

rate of optical density change under the enzyme assay condi-

tion was 24 yjM. The maximum concentration which could be

obtained for all but four of oxapteridine derivatives was

about 240 }M (see Table VI); therefore, it was impossible to

obtain a ratio of inhibitor to substrate concentration

greater than 10. It was encouraging to note that the two more

soluble analogs did give a. measurable inhibition at their

maximum concentrations; i.e., Compound II produced a 33%

inhibition at 1034 pM, and VII produced a 23% inhibition

at 744 pM (Table VI). The occurrence of this biological
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activity suggest that the desired 8-oxadihydrofolic acid

may have significant physiological activity. For comparison,

a 100 pM sample of methotrexate gave 50% inhibition under

identical assay conditions.

A more extensive enzymic study was carried out using

dihydrofolate reductase which was isolated from pigeon 
liver

acetone powder. The latter was obtained from Nutritional

Biochemicals Corporationand the crude enzyme was recovered

using a modification of the previously reported procedure 
(4).

A specific activity of 2.55 units per mg protein was obtained

for this active crude preparation CTable II). Initially,

filtration through celite (4) was used to separate the pre-

cipitate, but both the total protein content and enzyme

activity recovered were only about one tenth that which 
was

subsequently obtained by centrifugation. It is possible

that the loss in activity may be due to the adsorption 
of

the enzyme protein by the celite sample which was available

in the- laboratories.

For dihydrofolate recuctase assay, 75 pl of 0.744 mM

TPNH was added to the reference cuvette and 100 p1 of 0.744

mM TPNH was added to the sample cuvette (see Table III).

This differentiation in concentrations was necessary in

order to observe readily the decrease in optical density

during the reaction. Since there was an excess amount of

TPNH in both cuvettes, and since the substrate was added

,W w - I . low 1"MR, I'M 9 11
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to the sample cuvette only after the system was optically

balanced, it is assumed that any optical density changes are

due to the enzymic reduction of DHF to THF.

The results of the inhibitory activities of these com-

pounds in the dihydrofolate reductase assay system are

summarized in Table VI. By comparing biological activity

of Compound I with XI, II with XII, and V with XIII, it

would appear that the 2-amino-4-hydroxy 8-oxapteridines are

generally more effective inhibitors of dihydrofolate 
reductase

than the corresponding 2,4-diamino analogs. These data are

N N R

N

H2N N Q2

Compound X R R L 1 5 0

I OH C6 H5  C6 H5  see Table VI

XI NH2  C6H5 C6 H5  see Table VI

II OH CH3  CH3  377

XII NH2  CH3  CH3  903

V OH C6H5 H 57

XII T NH2  C 6H5  H 168

consistent with the results obtained in the thymidylate

synthetase assay ,wher einCompound II gave a 33% inhibition of

thymidylate synthetase activity at 1034p M, and Compound

XII was not effective at the limit of its solubility (2100
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pM). However, these results are in contrast to biological

data which has been reported on other active 
antifolates

wherein the majority of the active compounds 
possess a

diamino pyrimidine structure (1).

An evaluation of the change in biological activity

with respect to various substituent groups at 
the C6 and/or

C7 position of the oxapteridine nucleus is of interest as a

guide to the synthesis of additional 
new potential anti-

folates. If one choses the 6-methyl analog as a basis of

reference in the dihydrofolate reductase system, R = CH3 "

OH

N R

H

Hl2  N 0

It is clear from Table VI that replacement of the methyl

group by phenyl results in a four-fold increase in the,

inhibitory effect. Further, the insertion of a benzyl

group in lieu of the methyl group was still 
more effective

in producing an inhibitory analog. Accordingly, the bio-

logical activities of a series of 6-w-phenylalkyl 
deriva-

tives were examined,

Off

N CC2n1

& H
H2 N 0 H
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and the most active derivative was the phenylethyl analog

(n = 2). It may be noted that the phenylethyl grouping is

homeosteric with the corresponding N-methylaniline moiety

in the folic acid structure. The mode of enzymic binding

(if any) in this portion of the molecule may be primarily

of a hydrophobic nature, since the corresponding 6-n--pentyl

oxapteridine is also a very effective antagonist, with an

[I/S] 5 0 value of 11. Higher alkyl derivatives of the

oxapteridine analogs are now being synthesized for further

study.

The substitution of an additional methyl or a phenyl

group at the C7 position of the oxapteridine nucleus results

in a loss of inhibitory activity. This is exemplified by

comparing Compound IV with VI, II with VI, IIIwith V, and

I with V. OH

H.. H

H2 N N O

Compound R RI/]50

IV CH3  C6 H5  740

II CH3  CH 3  377

VI CH3  H 242

I C6 H5  C6 H5

III C 6 H5  CH3  >80

V C 6H5 H 57
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It is interesting to note that the introduction of a sub-

stituent group at the C7 position also reduces the inhibitory

activity of 2,4-diamino oxapteridines as well as the 2-

amino-4-hydroxy derivatives. The fact that a phenyl sub-

stituent (Compound IV) decreases the binding effectiveness

to a greater extent than a methyl substituent (Compound II)

suggests a steric effect. A bulky group at the C7 position

may interfere with the binding of the analog at the site

corresponding to the N8 portion of folic acid.

Reversible inhibitors of enzyme reactions may be

demonstrated either by an effect on the apparent Km or by

altering the maximum velocity, V. Those antagonists which

act by increasing the effective Km, but have no effect on

V, are termed "competitive inhibitors," and those which

have no effect on Km, but act simply by reducing V, are

termed "non-competitive inhibitors" (9). Inhibitors

which effect both the Km and V are termed "mixed types."

There are two major classifications for competitive

inhibitors. For the purely competitive type, the inhibitor

and the substrate combine with an enzyme at the same site,

whereas, for the partially competitive type, it has been

proposed that the inhibitor combines at a different site

which is sufficiently close to substrate-binding site to

reduce -the affinity of the enzyme for the substrate (9).
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For non-competitive enzyme inhibitors, the antagonist

combines with the enzyme at a site which is relatively distant

from the substrate-binding site. Accordingly, the inhibitor

does not affect the affinity of the substrate for the

enzyme, but does alter the maximum velocity of the enzymic

reaction. There are also two possible major classifications

of non-competitive inhibitions. For the purely non-

competitive type, the enzyme-inhibitor-substrate complex

(EIS) may not break down at all and the velocity of the

enzymic reaction is entirely the rate of breakdown of

enzyme-substrate complex (ES). For a partially non-competi-

tive type, EIS complex may break down at a slower velocity

than the ES complex, and the overall velocity observed is

the sum of the two reaction rates (9).

I
E + S ES EIS

S
E + I EI EIS

ES E + P

EIS X-> EI + P for purely non-competitive

EIS k2 EI + P k2 < k1 for partially non-competitive

These various types of inhibition may be determined by

graphic representation of the experimental data. For

example, a plot of 1/V versus I for Compound VII and VIII

gives a hyperbolic curve (Figures 2 and 3) ,which suggests

that they function as either partially competitive or

AVOW-
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Figure 2 -- The inhibitory effect of 2-amino-4-hydroxy-

6-phenylmethyl-8-oxapteridine on dihydrofolate reductase in

the presence of 3.6 pM of dihydrofolic acid. V is expressed

in optical density change per minute.
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Figure 3 -- The inhibitory effect of 2-amino-4-hydroxy-

6-phenylethyl-8-oxapteridine on dihydrofolate reductase in

the presence of 3.3 yM of dihydrofolic acid. V is expressed

in optical density change per minute.
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partially non-competitive inhibitors in the dihydrofolate

reductase system. Purely competitive and purely non-

competitive cases yield a straight line when 1/V is plotted

against 1 (9). For a partially competitive or partially

non-competitive type, the inhibition does not increase

indefinitely with increase of inhibitor concentration;

rather, the effect increases to a definite limit when all

the enzyme is combined with inhibitor, and then becomes

constant (9). It should be noted that a straight line was

obtained when the appropriate data were plotted using I/V

against I for the other eleven 8-oxapteridine derivatives.

However, since a more detailed study of these effects

could not be carried out over a range of inhibitor concen-

trations,due to their poor solubilities, it is not possible

to clearly define the mode of action of every derivative.

Fortunately, Compound VIII is sufficiently soluble to

permit a more extensive study of its mechanism of action.

It is anticipated that since all of these analogs have com-

parable chemical structures, it is probable that all of these

antagonists function in the same biological manner.

Using the dihydrofolate reductase assay system, the

effect on the enzyme reaction velocity was determined by

varying the substrate concentration at the presence of 15

}M, 31 -pM and 62 pM of Compound VIII. A reciprocal plot of

the data obtained (Figure 4) indicates that Compound VIII

"WAN.
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Figure 4-- Lineweaver-Burk reciprocal plot of the

effect of 2-amino-4-hydroxy-6-phenylethyl-8-oxapteridine
on dihydrofolate reductase. Reaction velocities (V) were

determined in the presence of dihydrofolic acid (S), using

15 PM (A), 31 pM (M ) and 62 p1M (0 ) of inhibitor V is

expressed in optical density change per minute.
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functions as a mixed-type inhibitor. Three straight lines

were obtained using the three different inhibitor 
concen-

trations which neither intersect on the vertical 
axis nor

on the base line (9, p. 326). Based on the data presented

in Figure 3 and Figure 4, it may be concluded that Compound

VIII acts as a mixed-type inhibitor involving partially

competitive and partially non-competitive inhibition.

Another explanation for these results is that the inhibitor

might divert the reaction flux to an alternate 
and slower

pathway (6). Since the reaction mechanism of dihydrofolate

reductase is yet not clear (6), it is not possible to draw a

definite conclusion on the mechanism of the inhibition.

The inhibitory effect of methotrexate on the chicken

liver dihydrofolate reductase has been examined by 
Osborn

et al. (20). It was concluded that methotrexate acts non-

competitively rather than competitively, based on the result

that the inhibitor curves in the reciprocal plot did not

pass through a common intercept on the vertical 
axis.

Werkheiser (29) subsequently proposed that th-e inhibition

of methotrexate on dihydrofolate reductase of rat liver is

proportional to the amount of methotrexate present; 
that is,

the enzyme is being titrated by the compound. The dissocia-

tion constant of the enzyme-inhibitor complex is small

compared to the enzyme concentration,and thus, at concen-

trations of inhibitor inadequate to cause complete inhibition
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of the enzyme, practically all of the inhibitor 
is enzyme-

bound. This inhibition type was termed "stoichiometric.1"

Since in the treatment of inhibition 
given by Lineweaver

and Burk it is assumed that all inhibitor is free, Werk-

heiser suggested that these classical 
equations are not

appropriate for stoichiometric inhibition. 
It was also

proposed that all types of stoichiometric 
inhibition give

an equation formally similar to the classical equation 
des-

cribing non-competitive inhibition. A reciprocal plot

therefore cannot distinguish between classical non-competi-

tive inhibition and stoichiometric inhibition. 
From out

data, 1.5 x 10- pM of methotrexate produced a 50% inhi-

bition of dihydrofolate reductase in the presence of 3.8

pM of dihydrofolic acid. Since the affinity of Compound

VIII for the enzyme ([I/S]50 = 3.5) is significantly less

than methotrexate, it is assumed that Compound VIII is not

a stoichiometric inhibitor.

The 8-oxapteridine nucleus, even without the p-amino-

benzoylglutamic moiety comparable to folic acid, 
has

significant biological activity 
as an antifolate in the

dihydrofolate reductase system and 
to a lesser extent in

thymidylate synthetase system. These data suggest that

this heterocyclic structure is sufficiently 
similar to the

pteridine nucleus to potentially produce 
a functionally

effective chemotherapeutic agent. A final decision on this
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point must,, however, await the synthesis 
and biological

testing of the direct 8-oxa analog of dihydrofolic acid.
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