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C.’iii�ix, STEVEN (1,, HOSENIIEIG, I{0GER N., VANIiEVENTELt, l4:�iuty, ANI) lItIEDRIN,

)ulORit!S : Quinmaz tlimmt’ anitifolates aS inhibitors (if grtavth, dihydrofolate reductase, amid

t113’Iiii(lvhit(’ svmitli(’tast’ of niouse mi(’uroblastomiia (‘(‘115 in culture. .lJol. PIiai’niacol. 10,
194-203 (1974).

Correlatiomis bet \\‘(‘(‘li immimibit ion i if gm’ iivth and m f emi�yiiie a(’t ivit y by several quinaztiline

anlalogu(’s of folic acid have bet’mi niadt’ ivith t\V() hues of C1300 nious�’ lm(’uroblast(inia cells,

onme seuisit ivt’ anul one resist:init to ( luiml:iz mIme :inalogimt’s. �Fhut’ (�imiiiiz( uhimie analogues studied

fell illt(i two classes: 2 ,4-diamnino and 2-aniimio-4-hivdroxv (lerivativt’s. The 2,4-diainino-
quinazoline ammalogimes I )AQ (N-[p-[[(2 ,4-dianiinmti-6-quinazolinyl)mmiethyl ]methylaniinojben-

zoyl]-L-glutaniic acid) amiti methasquin (N-[p-[ (2 , 4-diamnina -5-methiylquimmazolinyl)methvl-

aminolbenzoyl ]-L-aspart ic a(’id) (‘feet ivt’ly inhibited both cell growth and dihydrofolate
reductase activity, wher(’as the 2-ammiint -4-Iiydr ixytiuinazoline analogue AHQ (N-[p-[[ (2-

amimio-4-hydroxy-�-quimiazm dinyl )met hyl Iniiethylaminio Ibenzoyl j-L-glutamuic acid) was less

pot(’nt. Nevertheless, AHQ was ni ire immhibit try toward thymidvlatt’ svnmthetase than I)AQ.
With th(’ 2, 4-diamiminoquimiazoline ammalogues there was a good correlatiomi betweeni inhibition
of growth ami(l (liliydr(if(ilate reductase, but with AHQ growth immhibition seemed to depend

upon the imihibitiomi of both dihydrofolat(’ reductase and thymidylate synthetase. Sensitive
cells could be etunmplt’tely protectt’d against the ttixic effects (if AHQ b�’ either leucovorin or
thymidine; the concentration of leucovorin (0.56 Mi!) necessary to provide 50 #{182}‘� protection
agaimist a lethal dose tif AHQ (30 ,.�ii) \t�5 35 tinimes less thani the amount of thvmidine (21

sin) required ftir 50% protection. Because of its unique poten(’y toward tiiymidylate svnthe-

tase, AHQ may be us(’ful in the chemiiotherapy of mieuroblastoma.

INTROI)UCTIOX The iiiost effective ehemotherapeutic man-

Neuroblastoma is probably the most torn- agememit of metastatic neuroblastoma has

mon of all time solid cancers of (‘hildr(’n (1) been demonstrated to be alternate weekly
administration of vinicristme sulfate and cy-

This invest igatnumi was stupported by (rant clophosphanmide. The over-all response rate

6-444946-58605 frtinn t hue American Cancer Society . .

(to H N H ) mud (in imuts ( � 13269 (t(u H H ) in iieurobl i�tom’i. p itments of all ages m� still
and CA-11449 (tuu M. F.) from the National Canner quite low; reported findimigs show remission
Institute, rates of only 32-38 c’ with a mimean duration
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of 3-12 months (2-4). It is (‘lear that miew

chenmotherapeutic approaches are necessary

to nianage this highly malignant tumor.

The niou,se mmeurol)lastoma C1300 cell line

has provided niuch inforniatiomi about the

morphological amid emizyrnatic differentiat ion

of transformed neuroblasts in cell culture

and might become similarly useful itt design-

ing new pharmiiaeological approaches to

metastatic neuroblastoma in children (5, 6).
In searching for enizym�ie induction as a

marker in neuroblastoma cells grown in
cell culture, it was demonstrated that the
specific activity of thyrnidylate symithetase

was 2.5-fold higher in rapidly dividing (‘ells
than in stationary cells (5), suggesting that

thymidylate synthetase plays an iml)Ortalit

role in the growth of mmeuroblastorna.
We therefore initiat(’d studies with a 2-

anmino-4-hydroxyquinazoline antifolate r(’-
cently reported by Bird ci al. (7) to be a

potent inhibitor of thyrnidylate synthetase
as well as of dihvdrofolate reductase; this
antifolate, called eomiipound II by Bird ci a!.

(7), is here desigruited Park(’, Davis com-

pound 2 or PI)-2. We derived a neuroblas-
tonia cell line resistant to PD-2 and also
studied the effects of P1)-2 on the growth

of sensitive amid PD-2-resistant neuroblas-
toma cells in culture and on the activiti(’s of

thvmidvlate svnthetase amid dihvdrofolate
reductase in extracts from sensitive and

PD-2-resistant cells. Further studies were
carried out with other related quimmazoline
antifolates, such as the 2 , 4-diaminot tmimiaz( i-

line analogue corresponding to PD-2; this

antifolate, called compound V by Bird ci a!.

(7), is here designated DAQ,m for diamino-

quinazoline.
An important quinazoline derivative used

in our studies was a preparation of the 2-

amino-4-hydroxyquimiazohimie ant ifolate (5 .5-
deaza- l0-methylfolate) which was obtained

by a synthetic rtiute different from the
Parke, Davis symithesis (5). This preparatitimi

(hereafter called aminohydroxyquimiazohine

or AHQ to distinguish it from the Parke,

The abbreviations used are: 1)AQ, dianuiimuuu-

quiniazoline (.\‘-�p-[[(2 ,4-diamimio-6-quinazolinuvl) -

methyljmethylaminojbenuzoyl]-L-glutamic acid);
AFIQ, anninohydrum�yquinazuiline (.\‘-[p-[[2-ansirmu u-

4 -hydroxy -6 - quimmazolinyl ) niethiyljmethyamino] -

benzoylj -L-gltmt aniic acid).

Davis pr(’paratiomm, PI)-2) was made availa-

1)l(’ to us by Dr. Laurt’miee Plante.2 1mm the

new synthesis , possib)le c(imitaniinat ion by a
2 ,4-dianiino (‘onip(iunld is pr(’clud’d b�’
avoiding the Iis(’ (if a 2 , 4-diarninmo initerni(’-

diate.

From a eomparis(in of the effects of PD-2,

DAQ, amid AHQ on the growth of neuro-

blastoma amid on time emmzvnie activities of

thvniidvlatt’ svmithietase and ohhvdrofolate

reducta.se, it was concluded that (‘yen after
purification by preparative chromat ugraphy
PD-2 contained 93 � AHQ and 7 #{182}‘�I)AQ.3

\\e therefore focust’d our attemition on AHQ,

studying t hi’ relat h inship b)et we� ‘ml t he in-

hibition of growth anmd of thymidylate symi-

thetase and dihvdrofolate reductasc. We also

studied the protective effects of leucovorin

amid thynmidine. It is comicluded that althtiugh
AHQ is less 1)otemit than the diaminoo1uimia-
zohines as an inhibit ir of mieuroblastoma

growth in culture, it may be useful in the

chemot hierapy of i ieun iblast uiia because of

its unique potency toward thymidylate syn-

t hetase.

MATERIALS .�ND METHOt)S

G/temica!s. A Parke, I)avis l)reparatiomi

(PD-2) containing 93(’� AHQ (5,S-deaza-10-
methivlfolic acid) and 7 � of the (‘orrespond-
ing 2 ,4-chiamino amialogue, DAQ (.V-[p-[[ (2,

4- diamimimio -6- quimiazohimivi) methyl] methyla -

mimi( i]hienzoyl] -i�-gltmtamnic acid), as well as

1)itr(’ I)AQ amid methasquinm (_V-[p-[(2,
4- dianiino - 5-methylquinazohinvl) mnethyla -

min( i]bemizt iyl] -L-aspartate), were gifts fromn

Dr. ,John R. I)ice (Parke-Davis amid Comim-

pany), to whom we are greatly indebted.
\ let hot rexate (amet ho ipterin) was obtaimied

froni Lederle; its structure is X-[p-[[(2,4-
diaminio -6- pt(’ridimmyl)inethyl]!mi(’thylamino]-
benizoyl] -i�-ghmtamimati’.

Crude PD-2 was purified by paper chro-
matography as follows: 10 mug of compound

were dissolved in 1 miii of ethamiol-glaeial

acetic acid-water (2:1:1). Aseendimig chro-

2 Details of the synthesis of AHQ will be pub-

hishued elsewhere.

� Calculated by equating the presumed fract ion

D.&Q (X), times its potency (Table 1), plus t he

prestmmed fraction of AIIQ (1 - V) times its

poterucy, with tIme pot enu’.’�’ uf chronmiat ographed

PD-2.
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mnatogra�)hiy \\‘R5 carrit’d out with \Vhiatnmmaii

iNo. 1 pa��er in 1 -I)utan(tl-gla(’ial a(’(’ti(’ tl(’i(l-

water (2: 1 : 1). Pl)-2 with an R� of 0.51 was

(‘htIt(’(l fromim thit’ Pal)(’r �vithi 0.15 N NH4UH.
Ihi(’ (‘hiatt’ ��‘as (‘vaj)oratt’d to (Irynit’ss, amid

the r(’sidue was dissolvt’(l itt 0.33 N HCI.
Time compounid was pr(’(’ipitated l)y the addi-

tiomi of concentrated NFl �( )H to pH 4. The

prt’t’ipitatt’ \VIIS washed l)y rt’suspensitin and
centrifugati( )flwith wat(’r. (‘iirtiniatographt’d

amid original PI)-2 were dnlutt’d with 0.(XJ5 N

Na( )H to equal absorbamice at 31() mmmii to

c(immipar(’ their imihibitory (‘ff(’ctiy(’n(’ss. Chro-

imiattigraphied PI)-2 was mmuore 1)�tt’1it than

crlnd(’ P1)-2 (presumiiablv because of tue re-

mmioval uif nu(ilminuhibitorv ultraviolet-absorb-

inig inupimm’it it’s), hut (‘hin’onmatogn’aplmed P1 )-2
still t’omutainued 7 I)AQ. At pH 7.0 chmronuua-

tographed P1 )-2 has niaxinua at 307 anud 227

mmmii.At pH 10.5 the miiaximmia are at :u 1, 275,

and 227 mum. The ult rayit ih’t al)s( r1)tit in spec’-

truni of AHQ is identical with that of PI)-2.
I)etails of thi(’ novel sviithi(’sis of ptmm’

AHQ by I)m’. Laurence Plante �vihl lit’ pubi-

lished elsewhere. It is iniportant to empha-

size again that a 2 , 4-diarninioquimiazo time is

nmot an int(’rnii(’diate mi the symithesis, as is the
t’ase fttm’ thu(’ Parkt’-I)avis l)n’(’Pam’atimmnu.

(‘cli iine.�’. The nious(’ (Ajax strain) nio’uro-

hilastomiia (11300 tumor was originally ob-

taimu(’d fr inn t he Jackst in Lai)om’att m’it’s, Bar

Han’l i( mr, \ I ainme, amid cit nu’ ( ‘46 was d ‘riyed

frtini a simigle (‘(‘IIelm )nt’d from tissut’ (‘mmltun’e-

adaj)ted c(’hls. ( ‘lonmo’(‘46 was a gift of I)i’.

( ( 0(1011 H. Sat o, [niversitv (if Califi rmuia,

Saim I)iego.

A PI)-2-resistamit toll limie was d(’rived

fronu n(’ur( ihiiastmma (‘46 cells amid is (l(’sig-

nated (C46)PD-2R. Sensitive (commtr tl) (‘46

(‘(‘us wt’re (‘xpm)s(’d to) 2 Mi! PID-2 in I)ul-

bt’t’t’o’s ni(idifit’(i F:�1gl(’’s mimt’(hiUfli with 20
fetal calf sen’umii, and the mmuediuni ctnitaimuinig

P1)-2 was (‘hmammg(’d daily, resultimig jim tii(’ loss

of mieam’lv 99 utf (‘46 (‘(‘115.One no mmutii af’tem’

the initial exposure to P1)-2, small emuloiuies

oml’ cells I o’gami t( I it into al i( mut the few r’emaimi-

hug tolls, aii(l 6 weeks after tht’ immitial o’x-

1)(istmr( cells miiaimitaimi(’d iii mimo’diuni with 2

Mit PI)-2 b(’gan to divido’ rapidly with a gen-
erationi time of’ 24 hr. These ((‘46)PD-2R

co’lls w’(’ro’ niaintained mi 2 ui! P11)-2 for 40
g(’mi(’rmIt bus and comit immuo’d to divide ral)idly,

shmownmg 110 (‘ytotoxic effects. (‘ultures ap-

l)(�i1(�(l to) h)C I 00 (� Vitll)lol by ex(’lusiomi of
nigrosin (0.5 � ) staimi. Karyotvpe amialysis of

o’onitrol and PD-2-resistant (‘1300 cells

showed 1)oitli cell limi(’s to liai,’o’ a tetraploid

miumiibo’r of (‘hiromimoso!iio’s ; no miiarko’r o’hironio-

stinimes wt’re mioted.

(‘u!iure (‘()fl(IiiiOflS. (‘lone (‘46 of niouse

umo’ur bhast onia C 1300 i�’as groiwui in Dul-
h)(’(’t’t)’s mmmoidified I�aglo”s nio’diuuii 1)1115 10 �

fo’tal (‘alf seruni iii 1al(’t)n flasks or Petri

(hish(’s at 37#{176}111 Iii) atnio)sph(’m’(’ (mf 10 �

(‘( )�-90 air at 100 ; humidity. (‘ultures

w(’m’(’r )ut inely check( (1 for (‘()mit amuuimiation by

p leon ipneummionia-like organisnis; all experi-
imu’mits won’t’ p(’m’formi�’d on (‘ultures that were

free of this contamination. To pro’vent con-

tammiii mat it ou, cells i�o’m’e growni iii t lie l)I’t’s(’uice

omf kananuiycin (200 �g uiil) amid sp(’t’timiomy-

ohm (125 �g ml) ml(’ithen’ antib� it be al( inc was

(‘fiO’t’ti\’(’. fli(’ 1)I’(’s(’li(’e (if t hi(’s(’ auitih )it)ticS

in thi(’uimo’(lium (lid not affect th( growth rate

(of thit’uieuroiblastonia (‘(‘115.

in’t lmo’tell o’ultum’e (‘xperini( nt s, o’(‘Ilswere

kept rapidly dividing in monolay(’m’ culture

atlhien’emit tot the surface of l’alconi flasks (75

cumu2). To eumsum’o’ that o’o’lls for experiments

w(’rO’ rapidly tlividimig, 1 X lO ((‘Ils were

platt’d pen’ flask, and 4 days latm’m’, wliu’mi the
�‘ells \\‘O’I’(’ iii tlit’ logarithimmui(’ tilimiso’ (if gm’owth,

tll(’v \vO’r(’ ro’niovo’d from tho’ sun’ta(’(’ by a 10-

uumiii (‘xposure to) 0.25 tn’vpsiui ill I)ulheeeo’s

nilo(lifi(’(I Eagle’s nmediimmiu. Bo’ioro’ o’xposure
to tn’vpsin the nmi(’(lium was reumiovo’d from the

flasks by aspiratiotmi, and th(’ tells were rinsed

(inuc(’ with I)ulbo’cco’s mm mdili(’d l’agle’s miie-

(tutu) salts to remove most mit’ tIme f’o’tal(‘alf

s(’n’Unmu. Trypsin (ligestiomu was cam’u’io’d out by

0(1(111mg5 ml of 0.25 trypsiui in I)ulhiecco’s

ui10(Iifi(’d Eagle’s miie(lnmni too th(’ flask and

then aspiu’atinmg tho’ solutioui imimun(’diat(’ly.

Thio’ flask was then ino’uhiato’d I’m�‘ 10 mimimi at

37#{176},amid the coIls were tappo’(l (iii imu 10 nuilof

fresh mediummi o’ontaimiiumg 10� fetal calf

serunii. Tue dispersed o’ells were o’muumitt’d with

a (‘oulter nit d ‘1 ZB elect m’m0i�O’ (‘(‘1100 munter.

Ati apprttpm’iatt’ (lihllti(iui \V05 tht’mi niado’ with
so’m’uni-o’otmmtaunuimugnmediunui toi giv(’ a susp(’n-

sioim fm’oiniivhuio’halittimotS for plating the ap-

�)n’ipi’iatt’milliiib(’r of cells were takemi. Except
whiere noto’d, time medium was changed (‘very

third (lay.
1)(’i(’I’ill / // (ii ion of (‘ofl (‘en lie! iou 0/ ili’uq in -

/1 thiiW(/ (‘cii qi’oit’i/t bY of) . Thi(’ relative
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growth-inhibitory pot(’ncies of the various

antifolates were conipar(’d in ternims of 1�C�,o

values (9). EC:to refers to the effective �‘omi-
centrationi of drug that produces 50 #{176}� in-

hibition o)f grow’th in the follow’inmg standard
:3-day assay. 1”or each drug 5 X 10� seiisitive

or PD-2-resistamit (‘(‘115 ar(’ inoculated inito
each of a series of 60-toni Falcoimi tissue o’ul-

ture dishes containing graded (‘oiui(’(’mitrations

of drug in 1)ulhecco’s modified Eagle’s tot’-

dium with 10 � fetal calf s(’rum. Each series

consists of S1X or mimore drug conicemitratuons

and a control withi no drug; four plates art’
inoculated at each comieentratuon. Cells are
grown for 3 days and then treato’d with tryp-
sin, dispersed by pipettunig up and dow’n at

00, amid counted in a Coulter counter. The

average (‘(‘11 numimber at o’ach drug (‘oncentra-
titin, expr(’ssed as percentagt’ of control, is
plotted against the logarithm of the drug
concentration to do’terniin(’ the lC�0 value.

Assays of neurob!asioina i/o yin idyiaie syn-

t/oeiase and (li/I ydro/oiaie reciuciase in i/ic pres-

ence and absence of drugs. Determination tif

the effect of quinazoline amitifolates (in thy-

midylate synthetase amid H�-folate reductase

in crude extracts obtained from clone C46

cells was tarried out as follows. A crude ex-
tract was prepared from rapidly dividimig (‘46
cells grown in 150-mm tissw’ culture dishies.
The cells were wash(’d once with 0.9 #{182}NaCl

amid then scruped tiff the dishes w’ith a mi)-

her policeman; the cells w’ert’ suspended mm a
small volume of 50 nut Tris buffer, pH 7.4,

containing 10 mM 2-mereapt tiet han( ii, 1 mit

sodium versenat(’, amid 25 sucrose, and

freeze-thawed three tini(’s (- 7S#{176}-37#{176}).The

sU.sp(’nsion of disrupted (‘(‘115was centrifuged

in a Sorvahl SS-34 rotor at 17,000 X g for
10 miii at 40, yielding a clear supernatant
fluid.

Thvmidvlate svnmtiii’tase was assave(l bv

a modification of the m(’th(id of Roberts (5,
10). In the assay, a typical uncubatioin immix-

ture in(’luded 200 Ml (if cru(Ie ii(’uroiblastoma

cell (‘xtract, 5-25 j.�l of dulutt’d ant ifolate

solutions, substrates, and time I’ris-niercapto-
ethamuol-versenate-sucrose buffer described
above, up to a volume of 315 �.oI. Dihvdro-
folate reductase in mieuroblastoma extracts
was assayed spt’etrophotometricalhv (11).

Because of the low activity of the extracts
from semmsitive mit’uroblastonia cells amid time

turbidity (‘aused i)\’ usimig large anmouuits of

pr(itein mi th(� H2-folate redu(’tas(’ assay, it
be(’arne n(’(’t’ssarv toi purify the H�-folate me-

ductase from senisitive (‘ells h)ef(ire 115StIV ; the

H2-folate rt’ductase frouii PI)-2-resistant

mieurohlastomiia ((‘115 was sufficienitlv active

to a’sa�’ directly. The (‘rude (‘xtra(’ts \ver(’

purified h�’ first adding streptomvcimi sulfate
t(i 0.7 �; ; after (‘euutrifugatitiui of the resultant

\Viiit(’ 1)r(’(’ipitat (‘, aiiumiio iniuni sot fate yp�

added to the supermiatant fluid to 40 � sat-

uration and cent ri ftmgt’d agaimi. Aummnu mniiurn

sulfate ��‘as themi added to SO ‘ saturation,

which precipitated the H2- ft ihat(‘ reduct misc

activity. The preciputat(’ u�’as dissolved in 2

volumes of 0.05 ii Tris, pH 7.5, cointainiing
0.01 M mercaptoethanol. Prott’in was det(’r-

mined by the method of Lowry ci a!. (12).

RESULTS

Relai ne j)oien cies of’ q muin azoiin �j! aim tofoiaies

as inhibitors of scnsuiio’e and PD-2-rcsisiani
neurobiastoina growl/i in (‘nil nrc and i/� yin id-
yiaie syii i/ieiase an (1 (li/i ydrofoiaie red U(’Iase

aeiu’iiies in edro. As sh(iwn in Table 1, the

2 , 4-diaminoquinazolimmvl anuti6 ilates 1)AQ

amid moethasquin are niueh uii(ir(’ potenut in-
hibitors of semisitive e(’ll growth timid H2-folate

r(’ductase than PI)-2. Methotrexate, a 2,4-
dianiinopteridiniyl anitifolate, inihibits (‘(‘11
growth somiiewhiat less than thit’ 2 , 4-diamimio-
quinmazolimiyl antifolate.s, but it is still 3.2
times as potent as chiromat igraphied I �1 )-2,

whiichm, in t urmi, is s(iniewhat nit tre (‘ffe(’t ni’e

than crude P1)-2 (presumimablv i)ecause of tue

ciiromatographie removal (if ultravioiet-ab-

sorhing material that is miot inihib!�itory).

\ I (‘t htit rexate has alit iut t he same pot ‘ney

as nnethasquimi and I)AQ as au inihibitor of

H2- folate reductase. AHQ, t he immd(’p(’ndemit ly

svnithesized i)Uri’ 2-aniino-4-hvdroxvquiuiaz-
olummyl o’oimpoimnd, is 55 times less pot(’nit than

chr imatographed P1 )-2 in inhibiting sensi-
tive cell growth. AHQ is at least 15 times as

inhui)itory as DAQ toward neuroblast t ima

thvnu(lylate svuit hetase and 95-fold less 5()

toiivard H2-folate re(Iuctase. A similar pat-

temuu of potencies is found in the PD-2-resis-

ttmnit (‘(‘hIs.
Tue cells uiiade resistamit to crude P1)-2

are im ire resistamit to) both met hasquin (20-
fold) and miiethotrexatc (11-fold) than to

PD-2 (7.5-fold). Time degrees of resistance to
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crude PD-2, chromatographically purified

PD-2, and DAQ are almost identical. How-

ever, PD-2-resistant cells are only 3.6 times

more resistant to AHQ than sensitive cells.
Concentrations of PD-2, DAQ, and AHQ

causing 50% inhibition of ihymidyiaie syn-

thetase and dihydrofol-ale reduciase from sensi-

tive and PD-2-resislant neuroblaslonia cells.

The original crude sample of 2-amino-4-hy-

droxyquinazoline (PD-2) received front
Parke,Davis inhibited thyniidylate syn-

thetase from Escherichia coli at micromolar

concentrations, in confirmation of the results

of Bird ci al. (7). After partial purification by

paper chromatography (see MATERIALS AND

METHODS) PD-2 caused 50% inhibition of

thymidylate synthetase from neuroblastoma

at 0.18 �i whereas the diamino analogue

DAQ was approximately 11 times less in-
hibitory, with an EC50 of 2 �oiO (Table 1).

AHQ synthesized by a method which pre-
cluded the presence of contaminating DAQ
showed an EC,a0 of 0.14 �ii. Since the con-
centration of dl-H4-folate in the thymidylate
synthetase assay mixture was 0.46 m�n, the
ratio of active H4-folate diastereoisonier to

AHQ for 50% inhibition was approximately
1643:1, compared with a ratio of 140:1 re-

ported by Bird ci al. (7) for thymidylate syn-
thetase from E. coli. Thus the 2-amino-4-hy-
droxyquinazoline analogue is a remarkably

potent inhibitor of neuroblastoma thymid-

ylate synthetase.
H2-folate reductase from neurobla.stoma

was inhibited 50% by approximately 0.002

MM DAQ and methotrexate; both analogues
were twice as potent as methasquin. Most
of the inhibitory action of PD-2 with an
EC50 of 0.02 MM is attributed to contaminat-
ing DAQ, since AHQ, the major constituent

of PD-2, showed an EC50 enzyme value of
0.18 mi, compared with a value of 0.002

MM for DAQ.
We are well aware of the difficulties of

comparing percentage inhibitions by di-

aminofolate analogues that have such a high
affinity for H2-folate reductase (14, 15).
Even with highly purified H2-folate reduc-

ta.se, the kinetics is complex and not amen-
able to simple interpretation (16, 17).
Nevertheless, since we were testing a series
of chemically related analogues and condi-
tions for the assays were uniform throughout

( the same amount of emizynie was used for
all assays amid H2-folate was always added

last), the values for 50 �‘ inhibitiomu are iui-

formative, providing an approxiiiiation of

potency. As can be seen from the relative
potency data presented in Table 1 , the cor-
relations b)etween (‘nzyme inhibiti uu aunt

growth inhibition were reasonably got iii.

Simice the H2-folate reduetase activity of

the sensitive line of uieimroblastoma was quite
low’, �weliminary kinetic iuihibitiomm studies
were carried oUt with the PD-2-resistant

line, which t’xhihited 6.5 times the H2-
folate r(’cluctase activity of PD-2-sensitive
cells. Although double-reciprocal plots (in

which bothi dihydrofolate amid quinmazoline
concentrations were varit’d) resemimbled the-
oretical plots for reversible competitive
inhibition, it was impossible to obtaini comi-
sistent values for K1 with the crud(’ t’xtracts
employed in our studies. As emphasized by

Morrison (14), accurate estimates oif dis-

sociation constants can be uiuade (iDly if

equilibria among enzyme, substrates, and

inhibitor are attained at a sufficieuutlv rapid
rate to attain steady-state initial velocities.

Umutil large-scale tissue culture of !iCUrO-

blastoma cells can make available (‘Dough
material for preparation of purified H2-folate
reducta.se, precise estiniates of affinity (‘Ofl

stauits are not possible.
Tim yin idylaie syni/ieiase and H2-foiaie re-

duclase levels in PD-2-resislant neurobiaslouna

cells. Cultures (‘ontaining 2 X 106 sensitive

or PD-2-resistamit cells were begun in 150-mum
Petri dishes containuing Dulbecco’s uuuodified
Eagle’s medium with 20 % fetal calf serum.

PD-2-resistamut cells w’ere also grow’ui in dishes
containing control medium plus 2.2 MM

PD-2. After 4 days in culture, duplicate

cultures were assayed for thymidylate syn-

theta.se and dihydrofolate reducta.se activ-

ities. Thymidylate synthetase activities were

about the same in the three series: SO ±

2.9 units/mg of protein for sensitive cells

grown in control medium, 8.8 ± 3.6 units/

nig for resistant cells grown in PD-2-con-

taming medium, and 8.0 ± 3.2 units/mg

for resistant cells grown in control medium.

Dihydrofolate reductase activity was 6.5

times greater in the resistant cells grown in

control medium (840 ± 113 units/mg of
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FIG. 1. Lctommort II al/Cl lit y?l(i(lilme prolcclioim (1�O? I/RI butt (ffe(’l.’C of AJJQ
Senlsit ive C46 mieuroblastmmmna tells (17 X 10�) were plated mm 35-mumnmu tissue culture dishes (‘ommitaimuimug

1.5 mnl mmf iuieditnmn with 1O� fet a! calf serum and 200 /zg/muil (if kanamycina, 125 �g/ml of spect inmimycin,

amiol 2.5 �ag mmmlmmfanmphotern’imi B, stmpplenmemmted as inidicated. Four dishes were plated with each combina-

I imum mmf drugs, mmmdthe cells were grmmwmm fmmr 3 days in culture with medium o’hammges on days 1 amid 2. Cell

mntnmnht’rs were determined mmmiday 3 by dissmmciating the adherent cells for 10 mimi witlu � trypsin in

muw(limnmui (wit hoant serum) as described umuder MATERIALS AND METHODS anud commntimug the dissociated cells

mma (‘mmmnlter mmmdcl Zmtmelect rmmmuiccell coumiter. The fotmr plmttes for each c(iluibimlatiomm were pooled prior to

coumit mug. The results are expressed as a percenutage (mf the cmtmutrol with rum liypoxanthinie, leucovorimi, or

I lmvnuidinme,

proteium) as in semusitivt’ (‘(‘115 grown in t’onttrol
mmieduunm (128 ± 49 units mug).

L(’u(’oroi’in an (1 lii yin idinc proteci ion against
torn’ m�fJ’ccts of AHQ. As show’mi in Fig. 1,
both leucovorin amid thuyniidine protect
senisitive micuroblastonia cells against the

lethal effects of AHQ at a concemitration

(30 Mit) that nioruuialiy iniiii)its groiwth by
88 #{182}�in a typical 3-day assay. Hypoxan-

thine, however, does uiot afford any protec-
tion. Leucovorin gives partial protection at
0.11 �ii and gives comnplete l)rot(’ctiOfl at
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2.8 MM. The protection hit’ thynuidiuie is coin-
plicated b�’ time fiumding that thymidine seenms

to be toxic for mu(’urohlastoma above 20 �.iii;

the EC50 for recrystallized thymidine is 93

MM. Thymuuidine does not i)egin to give sig-
nificant 1)rot(’ction until 16 MM. At 32 Mit

there is evemi greater protection, although at

this concentratiomi it muianifests Sonmo’ toxi(’ity.

At 160 Mit tiivuuuidinie there is imo differenet’

between time cointrol and thymuuidimie plus 30

MM AHQ, but thynuidine alone causes 55 �‘

inhibition tif growth. The imihibition by 160

MM thynuidinie is mint chauiged by either

leucovorin t ir hvpoxanthine.

1)JSCUS5ION

The rej)tirt of Bird ci al. (7) that a quinazo-

line analogue tif fohic acid (PD-2) is a potemut
iuihibitor of t h’+’midvlate svnt bet ase from E.

coli promnpte(l us tt iuivestigate its effects as

well as tiioise of AHQ amid DAQ omu growth,
thymidylat (‘ synt hetas(’, amid H4-ft ilate r(’-
ductase of mnouse umeuroblastonma. Our studit’s

confirumi the fiuudiumg of Bird ci al. (7) that
PD-2 is a pott’mit imihibitor oif thvmidvlate

synthetase mu addition to imuhibitimug H2-
folate reductase. \ li )reover, it effectively

iumhihits tIme growth of C1300 mmuouse neuro-

blast ima cells mm culture.

Our study iumitialhv was based omm the (‘Ort-

cept that P1)-2 inhibited the grtiwth of

neuroil ilastoma t’o’lls because it immhihited

thymidvlate syuithetase. T1i’ d(’v(’loipmulent

of a PD-2-resistauit hue was (‘arried out

with this in mimmd. It sooui became apparent

that the action tif PI)-2 was more (‘(insistent

wit hi imuiuibitioum (if H2-folate reductase t han
of thivmidvlate Svuitii(’tase; this mad(’ us

suspect that Pl)-2 might ha’ couttaminuated

with DAQ. The PD-2-resistammt limie of

neuroblastoma derived iii this study is 7.5-

fold rt’sistant to PD-2 (Table 1) and has a

6.5-ft ild elevated level of H2-fo )lat t’ rt’du(’t ase,
but its thymidvlatt’ svntiuetase activity is
the sanue as that of sensitive cells, Mor(’over,

PD-2-resistanit cells are en ss-rt’sistauit to

other 2 , 4-dianuiuioquimuazoiliuuvl amid j)teri-
dinyl auitifolates such as 1)AQ (7.3-fold),

methasquin (20-f ihd), and meth it rexat e
(11-fold); in fact, th(’ cells probably becamuie

resistant to the ctiuitamimiatiuig DAQ pres(’mit

in PD-2. ()ur data with mieuroblastoma comi-

firm the general pattern seen with mouse

leukenuias amid Chinese hauuuster (‘(‘115 (1S,
19), in that there is a general (‘orrt’lation

h)Ct’aV(’(’li imihibition of growth aui(I of H2-

folate reductase, alt hiiiumgh this correlat mum is
uiot perfect. Time data for PI)-2, 1)AQ,
nietliasquin, and nmt’thotr(’xutte are b’st cx-
plained in ternis of iuuhibition of H2-folate

r(’ductase. However, time (lata for AHQ can

be ‘xplaimied only 1)artiahl� 0)11 thu basis of

112-folate reductase inihuibitiomt. If thi’ cross-

r(’sistance of PD-2R cells to AHQ mvo’re due
entirely to H2-folate rcductase t’lo’vatioui, oiuie

would expect PI)-2-resistaumt umeuroiblast tuna
cells to have the sammue degree tif resistaumce

to AHQ as the�’ (iti t(i Pl)-2 and l)AQ.
Siuice the resistamit (‘(‘Ilsare ouilv half as

resistant to AHQ (3.6-fold resistant) as they

ar(’ toi PD-2 amid I)AQ (7.5-fold rt’sistauit),

it is possible that time inhibitioum (ii nmt’uro-

blastomuma growth by AHQ ummay 1)0’ (lint’ mi

l)art to time inhibitioin of thvuni(lylate svn-
thetase (50 #{182}�iuuiuil)itioiui at 0.14 Mit; Table 1).

Tue observation that h)oith leucovoriui

and thvmidine caui l)rott’(’t neuroblastoumma
agaiuist the lethal effects of AHQ (Fig. 1) is

(‘(insist(’uitwith thit’ view that AHQ owes its

lethal effects to mt (‘rfereui(’(’ wit ii ft mlic at’i(l
mnetabohisni iii umeun iblastoma tells. I )enii-

onstrationi of (‘ffects of AHQ in tiirtu omm H2-
foilate reductase amid thvnuidvlato’ svnmthuetase

obviously focuses atteuitionm out thu’se two

enizvnues as possib)l(’ targets of AHQ action.

Time oibserved appar(’uit lack of 1)rott’o’tion i)y

Iiypo uxanthine, coupled ivit hi t hie t’onisider-
able proteo’tioum by t hvunidint’, 5111)1)0 )rt 5 t hue

view that 1)0th these eumzymmmes may be in-
volved in the at’tioni of AHQ on uu’urohlas-

tomuia growth. Based only omi the iniiuibitioui

of H2-folate rt’ductase, stinme proteo’tioum by

hvpoxanthine wouuld be exp(’ct(’tl. Also, omit’
would nout expt’ct thvmidine to pn’ott’ct

mieurobhastoma against AHQ as well as it
dotes, smuice thmvmumidiuie svuuthiesis is ouilv one

of s ey’u’al key rt’act it uns iimv ulviuig rt ‘dint ‘d

folato’,

Bo’cause of the iumhuibut it iii of uieurt d ulast unma
cell grtiwth by th miuidine alt umme at c ummeemi-

trations above 20 uim, it is mint pt)ssii)le to

state unt’quivocallv that thuyuuuidinie conu-

plett’Iy protects time tells againust AHQ. With
160 jAil thvnuidnie tht’ miumbt’r of cells sur-

vivimug after 3 (lays is the samin’ with or withu-
out time additioui of 30 jAil AHQ, but it is
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results.

omuly 45 % of the control with no thymuidine.

Thymidine at 16 jAM does not slow growth

and provides 34 % prote(’tiomi against 30
jIM AHQ, while 32 jAil th\’iuuidine only

slightly arrests growth (14 �) and provides
61 % protection (calculated as a percentage

of the difference betweeui time control with
no AHQ or thymidimie and that with AHQ
alone). High concentrations of thyniidine
have beeui slmoivmm to arrest time growth of
many cells in tissrme culture.4 This PhenOIui

euion has been used to obtain synchronous
cultures of mammalian cells (20, 21), al-

though gemmerally at higher thymidine (‘0mm-
ceuitrations (2 mmiii).

‘The quantitative diffo’renee between the

con(’eumtrations of leucovorin (0.56 jAM) and

thymidine (21 jAil) required to achieve 50 #{182}�

lurtito’ction against 30 � AHQ cant best be
t’xplained buy noting that leuctivorin prol)-

ably prtutet’ts i)y prtuviding LI soure(’ of H1-

folate cofactor and hence is only needed in

(‘atalyti(’ anioumuts, whert’as th miudimit’ pro-

to’o’ts nierely luy pm’ouvidinmg aum alternuative

of TMP for l)NA synthesis.

AHQ is a i’ery l)o)t(’nlt inhibitor of thy-

midylate svutt hietast’, ililuil)it imig t hue t’uizynie

fm’onim semisitive mieum’oblastm unmma cells lui 50

at a o’oincentration of 0.14 jAm. Since it eon-

tainus 93 1 � AHQ, PD-2 is also a pott’mtt in-

huihuittur t uf thvmidvlato’ svnithietast’. 1mm mieuro-

Iulastt tuna cells thvmidylatt’ svnmthetaso’ in-

hiiluitiomn by Pl)-2 is overshadowed by the

strouuiger H2-folate ro’dut’tase iuihul)itioinm l)r�-

duced by time 7 � DAQ contanuiinanit. On

the other hamid, Bird ci al. (7) reported that

Pl)-2 and 1)AQ arc alnmiost et�ually effective

mi iumhiluiting growth, eyeum though l)AQ is
500 times more effective as an H2-folate

redut’tase inhmibitor. H(’r(’ thymid late syn-

thetase inhibition by P1)-2 seems to con-

tribute significantly to the inhibition of

growth. rfho,st, results caum hue recomiciled with
ours by mit uting that with time bacterial en-

zynues the conuceumtrations of PD-2 neeoled

to cause 50 � imihibition of both tiuvmidvlate
synthetase and H2-folate reductase are of

the saumme order of magniutude. With the
neurol ulastoma emizynies the concent ration

of PD-2 causimig 50 #{182}�inhibition of 112-

J. Lever amid J. E. Seegniiller, unpublished

folate reductase is 10 tunes lower than that

required to inhibit thymidylate synthetase

to the same extent. AHQ, however, inhibited
neuroblastoma thymuuidylate synthetase and

H2-folate rt’ductase equally well. Thus it

appears that for the inhibition of thyrnidy-
late symithetase by an antifolate to be sig-

nificant in time inhibition of cell growth, the

affinity of the drug for thynmidylate synthe-
tase must be at least of the same order of
magnitude as its affinity for H2-folate re-

ductase.

This agrees with the hypothesis of Borsa
and Whitmore (22), who suggested that in-

hibition of H2-folate reductase initerferes
with expressiomu of the deleterious effects of
thyunidylate synthetase inhibition by pre-

venting timt’ conditioins necessary for thy-

nuinehess death (naumiely, unaltered protein

and RNA synthesis). Ac(’ording to Borsa
and Whituumore, an inhibitor that does not
require aim enzyme f(ur activation (as does
fiuorodeoxyuridine) and that blocks thymi-
dylate synthetase without also) blocking
H2-folate reductase (auud hence purine and
RNA synthesis) would he ideal f(ir producing
thvmnimmeless death in canner cells. To our
kuiowhedge, AHQ Prt’st�11tlY conies the clost’st

to this ideal, simice it does not require an
enzymne for activation to the inhibitory form
and has a relatively high potency toward

thynmidylate synthetase combined with a

relatively low poteno’v toward H2-folate

reductase.
Because of its unique potency toward

thyunidylate synthetase and its ability to

inhibit time growth of neuroblastoma cells in

deciuuiicromnolar anntiunts, we plan to extend

our study of AHQ to experiumuental anmuals.

Although AHQ is less effective thami the

diamimmoquiruazolimies as an inhibitor of

neuroblastoma c(’ll grow-tim in culture, its

solubility in organic solvents suggests greater

solubihity in lipid membranes. This may

lead to patterns of body distribution and

toxicity that differ markedly from the

diaumiines.
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