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SUMMARY

Dihydrofolate reductases have been purified approximately 100-fold from Escherichia
coil, Staphylococcus aureus, and Proteus vu! #{231}jarisand to a lesser degree from rat, rabbitr
guinea pig, and human liver. Average Michaelis constants of 2.3 X 10� �i for dihydro-

folic acid and 1.8 X 10� M for NADPH have been obtained for the three bacterial en-

zymes. NADPH is the preferred reductant but could be replacedl by NADH with about

25% efficiency. pH-activity curves, in the case of the bacterial enzymes, show a single

peak with maximum activity between pH 6.8 and 7.2.
Strong correlations have been found between the binding of a drug by a particular

dihydrofolate reductase and the capacity of that drug to inhibit the source organism in
vitro. In addition, each dihydrofolate reductase was shown to possess a pattern of inhi-

bition that is distinct for the species under investigation. These differences between and
among bacterial and mammalian reductases may be due to changes in amino acid com-

position at the active sites.

INTRODUCTION

Antagonism to the utilization of folates

was recognized a number of years ago as a
general property of 2,4-diaminopyrimidine

derivatives (1. rfl)e synthesis and testing

of a variety of such substances revealed
that consiclerai)le selectivity could be
achieve 1 thl’ougll 1110 lecular moth fleation
of an original active molecule, and a num-
her of these substances have found chemo-

1 Preliminary rej oFt S of this work were pre-

sente(I at the 48th Annual Meeting of the Fetlera-

tion of Societies for Experimental Biology, Clii-

cago, Illinois, 1964, and at tite VIth International

Congress of Biochemistry, New York, 1964.

Abbreviations used : NADPH, re(luce(l form of

nicot inamide aden inc (linucleotil Ic PllosI hate

NADH, reduced form of nicotinamide adeninc

dinucleotide ; pABA, para-aminobenzou aci(l

EDTA, ethylenedianlinetetraacetic acid Tris,

tris(hydroxymetbyl)anlinometllane; K�, Michaelis

constant ; K,, inhibition constant.

therapeutic applications (2). The view that

their selective toxicities depended on a
“differential affinity of the antimetabolite
for the receptors of the pai’asite” (3) was
supported in the main by consiclei’ations of

structure:activity relationships in studies
in vitro and in chemotherapeutic trials. For
example, it could l)e shown that among the
5-benzylpyrimidines, substituents which in-
creased activity against bacteria diminished
that against plasinodia and vice versa (4).

since comparative trials could be carried

out in the same host (the mouse) factors

such as ai)sorption, elimination, metabolic

disposal, and cellular transport were re-

garded as similar, and the selective effects

of the drugs were attributed to their rela-

tive affinities to the cell i’eceptors of the

parasites and the host.
\Ieanwhile a more precise definition of

the cell receptor has become available.

Eai’ly work has shown the small-molecule
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type of “antifolate” to interfere with the

conversion of folic acid to citrovorum fac-

tor (5). The reduction of the pteridine
moiety of folate (or dihydlrofolate) has

been recognized as an essential step in the
process, and the locus of action of the 4-

amino analogs of folate was identified as
the reductase which carries it out (6). The

data presented in this paper similarly

identify dihydlrofolate reductases as the
sites of action of the small molecule type of
antifolate, and they document the large

differences in binding that may occur when
similar reductases from bacterial and mam-

malian species are exposed to the same
inhibitor. Recently, Baker (7) has noted
that the E. coil reductase binds inhibitors

differently than does the similar enzyme

from mouse and pigeon liver; however, no

large differences w’ere observed between the
latter sources.

MATERIALS AND METHODS

Organisms and growth conditions. The

organisms used in this study were: Escher-
ichia coli M48-34, a pABA-requiring mu-

tant (originally from Dr. B. D. Davis),
Staphylococcus aureus, strain 209, and Pro-

teus vulgaris, ATTC 9920. E. coli was
grown initially at 38#{176}for 18 hr in the syn-

thetic medium of Lascelles and Woods
(8) supplemented w’ith pABA (5 �g per

liter). In later expei’iments the organism
was grown on the medium of Brown (9) in

order to obtain better cell yields. Both
media were aerated vigorously. S. aureus

and P. vulgaris were grown for 18 hr at
38#{176}in Brain Heart Infusion Broth (Difco)
without aeration. Slants of the organisms

were maintained on Nutrient Agar (Difco).
Enzyme assay. The assay for dihydro-

folate reductase activity was based on the
decrease in absorbancy at 340 mj.t observed
in the presence of dihydrofolate, NADPH,

and enzyme. The standard reaction system
contained 0.1 M phosphate buffer (Na2HPO4
and KH2PO4 in a molar ratio of 6:4), pH

7.0; 0.16 j.tmole dihydrofolic acid; 0.24

�mole NADPH, and 33 �mole 2-mercapto-

ethanol, in a final volume of 3.0 ml. Control

reactions consisted of either the complete

reaction system without dihydrofolate or

without NADPH, or the complete reaction

system with 10� �t amethopterin. One unit

of enzyme is defined as that quantity of

l)rotcin which catalyzes the reduction of
1 m1.tmole of dihydrofolate per minute

under assay condhitions and was calculated

according to the method of Blakley (10).

Specific activity is defined as the number
of enzyme units per milligram of protein.

Assay of inhibitors in vitro. The activi-
ties of the inhibitors usedi in this studly were

determined in the following manner: 50 ml
of phenol coefficient agar was poured into

150 X 15 mm petri dishes and allowed to
solidify. An inoeulum of 10 � ml of an 18-hr
culture of the appropriate organism was

mixed thoroughly with 10 ml of the warm

agar and poured in a smooth layer over the
hardened agar base. Paper disks, 10 mm in

diameter, were saturated with a solution
containing 1 mg/mI of the test compound

(approximately 20 p.g per dhsk) and placed

on the surface of the agar. After incubation

overnight the diameter of any clear zone
around the disk was measured. The molecu-
lar weights of the compounds, and hence

the molar concentration of dlrugs, were ap-
proximately equal within each series.

Determination of inhibitor constants (K�

values). The inhibition constants of the

various antimetabohites were determined at
pH 7.0 in the standard assay system except

that the concentration of dihydi’ofolate was
varied over approximately a 5- or 10-fold
range. Two concentrations of each drug

were preincubated with the enzyme and

buffer for 10 mm prior to the addition of

either substrate or cofactor. The K1 values
were calculated from reciprocal plots of
velocity vs. substrate concentration (11).

The concentration of drug required for
50% inhibition of the mammalian reduc-
tases was determined by titration of at

least 5 levels of drug in the standard reac-
tion system after 10 mm preincuhation
with the enzyme and buffer. In the case of

amethopterin all reaction systems contained
approximately the same number of enzyme

units.

Purification of bacterial enzymes. The

procedure below describes the purification

of E. coli and S. aureus dihydrofolate re-
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ductases. For the purification of the P. vu!-
garis enzyme the procedure was modified

as notedl.

Cells were harvested in a Lourdes ST�
centrifuge at 5900 g for 20 mi washed
once with 0.01 M l)hosPhate buffer, pH 7.0,

containing 1 m� EDTA, and resuspended
in sufficient buffei’ to make a thick suspen-
sion. The addition of the chelating agent
was found to be necessary to preserve the

activity of the enzyme during purification.

The cells were broken by 2 passages

through a French pressure cell, and cellular
debris and unbroken cells were removed by
centrifugation in a Servall SS-1 centrifuge

at 14,500 g for 10 mm. Crude extracts of

E. coli were found to contain an NADPH

oxidase of high activity. The specific ac-
tivity of this extract (obtained from 2 liters
of medium) was 1.05 (line 1, Table 1). A

TABLE 1

Purification of E. coli dihydrofolate reductase

Total
Fraction units

Per cent

recovery

Specific

activity

1) Crude extract 240 - 1.05

2) 1% streptomycin 205 85 1 .24
3) 55�-95% 203 75 4.60

(NH4),S04
Sephadex G-75 Eluates:

4) Tube No. 22 56 23 103.0
5) Tube No. 23 60 23 102.0

10% solution of streptornycin sulfate was

then added to the extract in an amount
equal to one-tenth of the volume of the
extract. The brown precipitate which

formed was removed by centrifugation at
14,500 g audI discarded. Solid ammonium

sulfate was now added to the supernatant

solution, with stirring, to a final concentra-
tion of 55%. The gray precipitate which

formed was removed by centrifugation as
before and discarded. Additional am-
monium sulfate was now added to the

supernatant solution, raising the salt con-

centration to 90%. The second white pre-

cipitate was removed by centrifugation, re-

dissolved in a minimum volume of cold

0.001 �r phosphate buffer, pH 7.0, contain-
ing 1 m� EDTA, and dialyzed for several
hours against 100 vol of the same buffer.

The specific activity at this point had risen

to 4.6 (line 3, Table 1). The contents of the
dialysis sac were applied to G-75 Sephadex
column (2 X 48 cm) previously equili-

brated with 1 m�r EDTA. Dihydirofolate
reductase was eluted from the column with
1 rn�i EDTA. The enzyme activity ap-

peai’ed on the trailing edge of a single pro-

tein peak at between one andl two void

volumes of eluate. The fi’actions in tubes 22

audi 23 (approximately 3 ml of eluate each)
contained 48% of the original activity with
a specific activity of 103 (lines 4 and 5,
Table 1). NADPH oxidase was completely
absent at this stage of purification, and the
preparation was stable for several months
when stored at -20#{176}. The ability of Sepha-

dcx 0-75 to resolve this enzyme is par-
ticulai’ly fortunate since the E. coli (lihy-
dirofolate redluctase, unlike the S. faecalis
reductase isolated by Blakley (10), rapidly

loses activity on contact with DEAE-
cellulose. For the purification of P. vu! garis

dihydrofolate reductase, the concentration
of ammonium sulfate was first raised to
35% (precipitate discardled) and then raised

to 65% diuring the second precipitation.

Mammalian liver extracts. Livers of i’at,
rabbit, and guinea pig were removedi im-

medhately after the animals were killed.

The organs were washed in 0.002 M Tris
buffer, pH 7.8, containing 0.25 M sucrose

and 1 m�i EDTA. The tissue was minced
with scissors into fresh buffer of the same

composition; the final concentration was
between 10 and 50% (w/v). The resulting

preparation was homogenized for 60 sec in
a cold Potter-Elvehjem homogenizer and
then spun for 40 mm at 92000 g in a
Spinco model L centrifuge. Human liver was

removed at autopsy performed within 4
hours after accidental dleath of the individ-

ual. The tissue was sliced into sections ap-

proximately 1 cm thick, quick-frozen, and

delivered within 12 hr. Since human liver

dihydrofolate reductase is exti’emely un-
stable in the frozen state, extracts were
prel)ared as soon after receipt as possible.
Extracts of the enzymes were stable in

the frozen state andi were usually stored
in that form until further purification was

performed.
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Purifica tion of iiia mmalian dihydrofo!ate

reductases. The dihycirofolate reductases

obtainedl from rat, rabbit, guinea pig, and

human � prepared by a modification

(R. Ferone, unpublishedl results) of the

method of Werkheiser (12). TI final

I)ulitY of these enzymes, as well as their
stability (luring purification, was consider-
ably more variable than that of the bac-
terial enzymes. Rat, rabbit, an(I guinea pig

enzymes varied between 25- and 60-fold

l)urifieatiOfl with an average yield of 23%.
Human liver enzyme was obtained in about

25% yield with an average purification of

10- to 23-fold and was the most unstable of

the enzyme preparations studied.

The extt’act, as described in �lethods, was

adjusted to a pH value of 4.3 with dilute

HC1 and recentrifuged in an International

refrigeratedl centrifuge for 13 mm at 1030 g.

The l)H value of the sul)ernatant solution
was adjusted to 7.0 by the addition of dilute

NaOH. (The enzymes were considerably
more stable at this point than in the frozen

tissue andl could be store(I at -20#{176} for at
least several months.) Solid ammonium

sulfate now was slowly adlded with mechan-
ical stirring to the clarified extract to a final
concentration of 63%. The suspension was

centrifuged in an Servall 55-1 centrifuge,
and the precipitate was discarded. The am-
nionium sulfate concentration now was

raisedl to 90%, the suspension was centri-
fuged as before, and tile precipitate was
dissolved in a minimal volume of 0.1 M

phosphate buffer, p11 7.0, containing 1 mM
EDTA. Originally, h)repa1�atio11s at this

stage of purification w’ere (halyzed against
100 vol of 0.01 M phosphate buffer contain-

ing 1 m�t EDTA, flS \V(9.(� the bacterial

enzymes, but subsequent exj )eriment s

showedl that the enzyme solutions could

be directly applied to the Sephadex G-75

column. As with the bacterial extracts, di-
hydrofolate rediuctase activity appearedl at

the trailing edge of the single protein peak.
Materials. NADPH, folic acid, EDTA,

and streptomycin sulfate were all pllrchasedl

from Calbiochem, Los Angeles, California.
Sephadex G-73 was manufactured by Phar-

macia Fine Chemicals, Uppsala, Swedlen.
Enzyme grade ammonium sulfate was a

product of General Biochemicals, Chagrin

Falls, Ohio. Amethopterin (methotrexate)

�‘as a prodluct of Lederle Laboratories,

Pearl River, New York. All other dihydro-

folate reductase inhil)itors used in this

study were synthesized previously in the

Wellcome Research Laboratories (13 (. 1)i-

hydrofohc acidl was reduced aecor�hng to
the method of Futterman (14) as modified!
by Blakley (13) and stored as a suspension

of 0.003 M IIC1. Protein was 1U(1tsll1�d aC-

cording to the method of Lowry ct a!. (16).

RESULTS

Bacterial Dihydrofolate Reductases

Michaelis constants for dili ydrofola te and

NADPII. Table 2 lists the Michaehis

T.�ni�i.: 2

.�‘I1ieh(ze!i� cotrta’,t� ot �eeral ft jcrt)hu,l

(lih tidrofolute re(l,Ietas(’.s

Drug

\Iicllae lis (()IISttmlt.S (�tm )< 10�)

E. coli S. aureus P. rolgari�

1)ihvdrofolate 2.6 2.0 2.4

NAI)PH 1.0 1.8 2.8

constants obtained for (hilvdrofolate afl(l

XADPH in the presern’e of the appropriate

enzyme. Tile results were calculated by the
method of Lineweaver and Buik (11) . The
Michaehis constants obtained for dihydro-
folate are 2.6, 2.0, an(i 2.33 X 10� M for E.

cob, S. au.reus, and P. l’u!qaris, respectively.

These enzymes cannot be distinguished

from each other by their ability to bind

dihydrofohic acid. It is of interest to note
that when fohic acid at 10 $ � � substi-

tuted for dihydrofohic acid in the standard
assay system in the presence of the E. cob

enzyme no decrease in ai)sori)anev at 340
rn/I. � observed. �Ioreover, no thazotiza-

ble amine was detected by the Bratton-

Marshall reaction after 1 hr of incubation
at 38#{176}in the presence of the above levels

of folic acid and a NAI)PH regenerating
system. It has not l)een l)OsSil)le to (lecide
whether the enzyme cannot catalyze the

reduction of folic acid or merely does so at
an extremely slow rate.
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The K111 \raiues obtained for NADPH are
1.0, 1.02, and 2.78 X 10� M for E. coil, S.

aureus, and P. vu! garis, respectively. Again

it does not appear possible to distinguish
the enzymes from each other on this basis,

although the S. aureus dihydrofolate reduc-

tase may possess a maximum velocity some-

what lower than that of the other two en-
zymes. When NADH was substituted for
NADP11 the reduction of dihydrofolate

proceeded at about 25% of the maximum

rate.

pH optimum. The pH optimum for the

reduction of dihyclrofolic acid was deter-
mined for each enzyme; the results are
shown in Fig. 1. The enzymes exhibit a

differ markedly from the bimodal activa-
tion curves reported for the mammalian

dihydrofolate reductases (17).

Relation of Inhibitor Binding to Antibac-

terial Activity

Table 3 shows the inhibition constants

(K1 values) of several diaminopyriniidine
inhibitors determined! against the bacterial

dihydrofolate reductases and compares
these values to the antibacterial activity of
the compounds in vitro. Each compound

possesses approximately the same activity

against each species of microorganism.
Thus, compounds BW 48-210 and BW 48-
224 show no activity against any of the

I I I I ( I ( I I t I

5.0 6.0 7.0 8.0 9.0 5.0 6.0 7.0 8.0 9.0

pH

5.0 6.0 7.0 8.0 9.0

Fia. 1. The effect of pH on the activity of the bacterial dihydrofolate reductases

The reaction mixtures contained the components of the complete system described in Materials and

Methods except for the buffer systems as indicated: #{149},0.1 M phosphate; D� 0.1 M acetate; �, 0.1 M

borate buffer.

strong similarity in this respect also. Each three organisms. These inhibition constants

enzyme has a single peak of maximum ac- range from 95 to 690 X 10� �i. Trimetho-
tivity at approximately pH 7.0. These pat- prim, on the other hand, possesses high
terns are similar to those reported for the antibacterial activity and binds very
S. faecalis dihydrofolate reductase (10) and strongly to the purified enzymes as mdi-
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TABLE 3

Growth vs. inhibition of dihydrofolate red net ase

Substituents E. coti S.

Zone

aureus P. vulgaris

ZoneZonea

Compound 5 6 (mm) K� X 10’ (mm) K% X 10’ (mm) K, X 10’

2,4-Diantinopyriwidines

B\V48-210 OC,H5C1 CH3 10 5100 10 6900 10 4900

BW 48-224 CHIC,H5 H 10 3400 10 2310 10 950

BW 56-72 CH2C,Hb(OCH,), H 34 2.6 26 3.9 28 1.5

2,4-Diaminoquinazolines

BW 57-192 5,6-trimethylene 36 4.4 16 144 33 2.2

B\V 55-200 H CH2CH, 32 68 27 16 26 27.9

2,4-Diaoiinopyrido(2,3-d)pyri,nidines

BW 58-283 CII, sec. C4H, 34 1.05 23 30 26 1
BW 58-265 Cl!3 n C4H, 31 3.8 20 34.5 22 2

BW 60-205 CH, CH2C6H5 31 6.7 24 30 25 1
BW 60-385 H CH2C5H5 24 17.4 32 1.65 17 10
BWGO-212 H nC4H, 22 50.0 26 18.3 11 72

a Diameter of zone of inhibition produced by a 10-mm disk containing ca. 20 �ig of compound on agar plate.

cated by its low inhibition constant.
Similarly, two dliaminoquinazol ines

showed excellent antibacterial activity in

the plating test and extremely low inhibi-
tion constants. It is particularly pertinent

to note tile low antibacterial activity of
compound BW 57-192 against tile puI�ified

S. aureus reductase. This inactivity is

parallel to tile weak bin(hng of the inhibitor

to this reductase as silown by the inlnl)ition

constant which is 32- and 65-fold higher

than those of the E. coil and P. vul#{231}jaris

dihydrofolate re(illetaSes, respectively. rfhlis

observation strongly suggests that tile S.
aureus enzyme differs from the other two
en zvmes.

In certain cireulllstanCes the dp.lmnazo-

lines showed lligller ?n vitro activity than

would have been predicted from a knowl-

edge of their inilibition constants. rfluls the

quinazolme BW 55-200 produces an inhibi-
tion zone against P. vulgaris tilat is equal
to that of the pyridopyrimidine BW 58-283

(26 nun) although the inhibition constant

of the quinazoline is almost 30 times higher
than that of the pyridopyrimidine. Tile

behavior of the quinazolines in thus regard!

suggests the possibility of unique properties

or !oci of action which nuay be worth fur-
thuer investigation.

Further evidence of the dissiniilarities

among the bacterial enzymes is seen in the

series of 2,4-diaminopyrido (2,3-d) pyrimi-

dines listed in decreasing order of activity
in vitro. A remarkably precise correlation

can be seen between these activities alid the
binding of the compounds by the particular

dihydro fol ate reductases. Equally impor-

taut is the pattern of the binding revealed

in thus series which projects an “inhibitor

profile’ characteristic of each particular
(lihydirofOlate reductase. The 6-benzyl de-
rivative is most active against S. aureus

while its analog, the �)-nletIIyl-6-1)enzyl

derivative, is more effective against L. coli

and P. vu!gaiis and less active against S.
aureims. ihe 6-n-butyl derivative is nlost

effective against S. aureus whereas its 5-

methyl analog is most. effective against E.
coli and P. vulgaris.

Each of the diaminoheterocycles used in
the above study was observed to be a

competitive inhiI)itor of the nuicrobial dihy-
drofolate reductases. Reciprocal plots of

enz�nue activity versus dihydrofolate con-

centration are shown in Fig. 2 for flue P.
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Fic. 2. Reciprocal of the reaction velocity versus the reciprocal of the concentration of thhydrofolic

acid

The reaction systems were identical with those described in Materials amud MetilOds except for the

conceiutration of dihvdrofolic acid and tlue addition of the inluihitor as explained below. Source of en-

zynue: P. vu!garis diluydrofolate reductase. Graph 1: B\V 58-265 (2,4-diamnino-5-nlethyl-6-butylpyrido-

pyrinui(iine), 0 = 3 x 10�’ �i; = 3 X 10� �i; = no drug. Graph 2: BW 57-192 (2,4-diamino-5,6-

trimetiuylenequinazoline), 0 = 1 x 10’ M; E = 5 x 10#{176}�r; S = no rlmmmg. Graph 3: BW 56-72 [2,4-

dianuino-5-(3’,4’,5’-trimethoxyhenzvl)pvrinuidinej, 0 = 1 X 10�� M� � = 5 x 10#{176}�i; #{149}= iuo drug.

vul#{231}jam-is enzyme in the presence of a
diaiuuinopyrimidine, quinazoline, pyridopy-

rimidine or without drug. In no case does

the presence of drug lower the nuaxinuunu
reaction velocity. All three lines in each
plot have a conunuon intercept on the

ordinate.

Anuethopterin also appears to act as a

competitive inlui hi tor. Reciprocal plots of
E. coil reductase activity vs. substrate con-

centration at two levels of amethuopterin are

shown in Fig. 3 (upper figure). The inhibi-
tion curves iass tiurough a coiuuiuuon inter-

cept on the ordinate axis, suggesting that
ametllopterin is a competitive ratluer tluan

a noncoml)etitive iniuibitor. Calculation of

the inhibition constant yieldls a K1 value of
4.1 X 10� �r. Evidence that amethopterin
is a reversible inhibitor of E. coli dihydro-
folate reduetase is also obtained when the
results of a titration of enzyme vs. activity

are plotted! according to the method of
Ackernuann and! Potter (18) (Fig. 3, lower
portion). Plots of botlu the inhibited and

uninhibited! reaction systenus present

straigiut lines passing through the origin.

Irreversible inhibition results, on the other

hand, in a line with a slope the same as

thuat of the control but an intercept on the

x-axis which is displaced by an amount

proportioiual to the concentration of the

inhuibitor.

Binding of Inhibitors to Mammalian D ihy-

drofolate Reductases

The dissimilarity of time bacterial inllibi-

tor profiles suggested that the inhii)itor

profile analysis nuigiut also distinguish
anuong mammalian (lihuydlrofolate reduc-
tases. Partially purified enzymes were pie-

pared from rat, rabbit, guinea pig, and
human liver (see Materials and Methods).
Five imuhibitors were tested against each
enzyme: anuethuopterin (the 2,4-dlialuuino-

N#{176}#{176}-methyianalog of folic acid), 2,4-

diamino- 5-methyl- 6 -1)enzylpyrido (2,3- d) -

pyrimidine, 2,4-diamino-5-p-chloropluenyi-
6-ethylpyrinuidine, 2,4-diamino-6-butylpyr-

ido (2, 3-d )-pyrimidline, and 1-( p-butyi-

phenyl) -1, 2-diiuydro-2, 2-dlimethyl-4, 6-di-



100

50

AMETHOPTERIN (i�9M)

INHIBITOR

I

INHI BITION

ETHOPTERIN

(2 x109M)

.10 .20 .30

ANALYSIS OF DIIIYDROFOLATE BEDUCTASES 133

Mo!. Pharmaco!. 1, 126-136 (1965)

10 20 30 40 50 60

1 x1Q4M1

S

ML. ENZYME (DILUTED 1:10)

FIG. 3. Inhibition of E. coli dihydrofolate reductase by amethopterin (upper figure)

Reciprocal of time reaction velocity versus the reciprocal of time concentration of dihydrofolic acid in
the presence of arnethopterin at lO� M, i�#{176}�i, and without drug. The reaction systems containe(l the
components of tile complete systenu (lescmibed in Materials and Methods except for the coiuccntration

of dihydrofolie acid.

(Lower figure) Ackermnaun-Potter plot of the reaction velocity versus amount of purified E. coli di-
hydrofolate reductase (in! of 1:10 di!ution) in the presence of amethopterin at 2 x 10#{176}M and U it/lout

drug

amino-s-triazine. Time �1ichaehis constants

for dihuydrofolate were extrenueiy low (e.g.,
human enzyme: <i0 �i) for time enzymes

studied and could not be determined with

accuracy by the optical assay em�)loyed.
Therefore, the results are preseluted as the

molar concentrations of tiue conupounds re-
quired to reduce the activity to 50% of the
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TABLE 4

Gomparatire binding of diaminoheterocycles by bacteria! and lnammalia’l dihyrirofolate reductase.s

Concentration (X 108 M ) for 50� inhibition

Guinea

Compound#{176} Human pig Rat Rabbit E. coli S. aureus P. rulgari�s

BW 50-63 180 3 70 50 2,500 300 1,500

Ametlmopterin 9 1 9 6 0.6 0. 1 0.5

13W 60-212 95 4 46 40 50 4 50

13W 58-265 24 0.7 26 9 2 7 1

BW 37-43 55 4 14 16 10,000 30,000 :3,ooo
BW 56-72 30,000 - 26,000 37,000 0.5 0.5 0.4

a BW 50-63: 2,4-diamiimo-5-p-chlorophenyl-6-ethylpyrimidimie (1)araprim, pyrinuetluamine).

Ametimopt erlim: 2,4-diamino-X’#{176}-methvlpteroylglutamate (nuct hot rexate).

BW 60-212: 2,4-diamino-6-butylpyrido(2,3-d)pyrirnidimie.

13W 58-265: 2,4-diamino-5-nuetluyl-6-butylpyrido(2,3-d)pyrimidimme.

13W 57-43: 1-(p-butylphenyl)-1,2-dihydro-2,2-dimetimyl-4,6 diamimmo-s-triazine.

BW 56-72: 2,4-diamino-5-(3’,4’,5’-trimethoxybenzyl)pyrimidine (trimethoprinu).

control value in thue standard assay (Table

4). Of all time enzymes investigated that of
tlue guinea �ig is thue most sensitive to time

inhibitors listed. Ametimopterin is thue most

potent inhibitor of all species except flue
guinea pig, where tlue 2,4-diamino-5-methmyl-

6-butylpyrido (2,3-d) -pyrimidine is the

most active. The 2,4-dliamino-6-butylpyr-
idopyrimidine also is active for all the

species studied but is either equally or less

inhuibitory than its 5-nmethuyl analog imu all

species except 1S. aureus. Time dlihydrofolate

reductases of all the mammalian species
tested proved extrsmnely illsensitive to tn-
methopninu (aver:ge concentration of 50%
inluibition = 3 X 10 �‘) while the same
compound pl’odlueed 50% inhibitiomu of the

isolated bacterial enzymes at 5 X 10�� �i.

Exactly the opposite specificity can be seen

in time action of time dihydrotriazine, BW
57-43, wluichm inhibits tiue nuaiuunmahian re-

ductases at approxinmately thue same con-
centrations as (10 the pynidopyritmuidines hut
sluows extremmuely poor binding to time bac-

terial enzymes. Thue otimer antimalarial conu-
poumud, BW 50-63, pynimethuanuine, exiuibits

a pattern of selective binding similar to

that of thue dihydrotniazine.

DISCUSSION

Tiue present paper demonstrates that dif-

ferences in time i)inding sites of enzymes

fromn differeiut souices can be detected

timrougiu thue effects of a spectriiimm of inhuibi-
tors. Thue resuitamut “inimibition profile” is a

phmenotypic chuaracteristic of time species tiuat
is independent of flue stage of purification

of time enzyiuue and the particular individual

tlmat served as its source. The magnitudle of

time differences in binding may be exceed-

ingly large. For exanuple tnimethopnim pro-

duces 50% inhibition of time P. vulgar-is

dihydrofolate redluctase at a concentration

of 4 X 10#{176}M while a simmuilar inhibition of

the rat liver reductase occurs only wluen the

concentration is raised! to 3.6 X 10’ M. In

contrast the dihuydrotniazine, BWT 57-43, is
bound more tigiutly by a factor of almost
2000 to thue rat liver enzyme. These, and
other bindhing values, correlate extreimiely
well witim the biological data. Tnimethmopnim
is an active antibacterial bothu in vitro and
in li VO (19) whuile the (lihydrotniazine is

toxic to mice and ineffective against bac-

teria, aithougim it possesses activity against

plasmuuodial infectioims in cluicks and mice.
Thue correlation betweetu enzyme binding
amull activity imu bacterial plating tests is

especially remarkable wimen omue considers

time multiplicity of factors that nuigiut ob-

scum-c timis relationslmip. Variations in the
imutracehluhar levels of folate cofactors, drug

transport, and degradation nuiglut be cx-

pectedl to exert modifying roles.
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The finding that anuethoptenin competi-

tively inhibits flue bacterial reductases was
unexpected since Blakley ant! McDougall

(10) reported tluat thuis compound inluibited

tlue same enzynmc from S. faecalis noiucom-

petitively. It is difficult to compare these
observations since tlue S. faecalis study was
performed at piT 6.3 aiud the E. coil study

was at pH 7.0. In mammalian systems (17),

anuetluopterin is more tightly bound at piT
6.3 timan at thue luigluer PH. In addition, time
Miciuaelis colustant for dihydrofolate is five
times lower for time S. faecalis enzyme thuan

for flue E. coli re(luctase.

Experinuetuts witim whole cells (20) huave

showiu that whereas S. facca!is requires in

tlue order of several rn/Lg/Imml of ametimop-

term for inimibitiomu, quantities in tlue order

of 1tg/nul are necessary to inluihit E. coli.
It appears likely timat this effect is due to

differential permeability of these two
organisms to aimuethoptenin; however, time

possibility cannot be excluded! thuat time
qualitative nature of ametluoptenin binding

to (lilmydrofolic reductase influences tlme de-
gree of its inhibition.

Thue pynimidine reductase inhibitors dif-

fer strikingly from the structural analogs of

folic acid in several respects. Tlmey appear
to pass cell membramues without obvious

hindrance, whuere time structural analogs re-

quire active transport sinuilar to thuat of

folate, and thuerefore in general inhibit only

folate-requining species (20). The structural
analogs possess the full complement of

binding sites of the parent metabohite mole-
cule, and tluus exiuibit very little difference
in binding to enzymes from different

sources, whuich above all must be capable

of binding the natural substrate. Tiue small

molecule, on the other luand, is capable of

seeking out and exploiting differences be-
tween enzymes in intermediate regions tluat

may be less important to the binding of the

substrate.

The precise nature of the species differ-

ences in dihydrofolate reductases has not

yet been established, but it is plausible that

these are due to differences in primary

(amino acid) structure in regions at or near

the active center. Variations in the primary
structure of proteins and enzymes from

various species now have been recorded for

luemoglobin (21), cytochromes (22), aldo-
lases (23), anti lactic acid deluydrogenases

(24). Wolf and ilotehkiss (25) an(1 Pato
and Brown (26 ( huave related resistance

to sul foluamides to mutatiomual chmanges
in folate-synthiesizing enzymmues. Recently
Sirotnak et ai. (27) have reported (liffer-

emuces in binding of methmotrexate to time (Ii-

hvdrofolate reductases of selusitive and re-
sistant straimus of Diplococcus pneumnoi�ia�.

It is a matter of considerable importance

to estai)lisiu time nature of suelm differences

on a more precise basis.

Note adlded in proof:

An error imas beeiu found in time experi-

Iuuents with metimotrexate reported lmerein.

Decomposition (phiotolysis?) of dilutiomus
of the stock solutions of nietimotrexate mip-

pears to lmave been progressively gm-eater as
flue dihution increased. Both time type of

inimibition and time inimii)itory concentrations

are subject to revisiomu o�u flue basis of

experinueluts iuow iiu progress.
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