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SUMMARY

GoLi�I.�N, I. DAviLu, ANI) I’YFE, \IARY ,JO: Th(- nuue-lmamiisnu oil acthuni oil nmo-thoutro’xate.

II. Augnientatiomi by vincristine of imihihition ouf deoxyribcunmucleic acid symuthesis by

methotro-xate in Ehrhieh ascites tumor cells. MO!. Pluarinaeol. 10, 275-282 (1974).

Incorporation ouf dcoxyuridine into DNA persists in I’lrbichm ascites tunnor cells in mitre

even after high-affinity intracellular binding sites have lue-n saturatc-d with nietimotrexate
(MTX). Further suppro-ssioii of deoxyuridine metaboulisnim ro-quires exposure cml (-ebbs tom

extracellular MTX tou achieve intracellular MTX levo-is mm excess of the tigimtiy bounid frac-

tion. Vincnistine (10 �.tsi) augments the steady-state bc-vt-i of intraco-liular MTX, anmd this is
associated with an increased inhibition of deoxyuridiime incorporation into I)NA. F�xposure
of cells to viumcristine in the absence of MTX, our under comiditioums in ovhicim high-affinity
binding sites are completely associated with MTX but intraco-llubar MTX in c-xcess of this
component is not present, did umot alter thc- incorporation (if deouxyuridine into DNA over
35 miii. Tho-se observations relate to other studies which suggest that vincnistine acts as a

metabolic poison to inhibit energy-do-pendent processes which limit the umet accuniulationu (if

MTX, an effect which occurs in the absence of an alto-ration 1mmtho- unidirecthunal influx or

the extracellubar MTX level. These data furthor indicate a crucial role four intrac(-ilular �LTX
in excess cuf the usual tightly bound fraction in the inuhibitiomi oil 1)NA synthesis, amid suggest

a rational basis for the design o)f chenmotherapo-utic r(-gnmmo-s with MTX aimd vimmcni.stine.

INTROI)UCTION

The accompanying Iaper (1) pro-seumted

evidence which suggesto-d that aim inmportarmt
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det eruiminant 0)1 inhmihit ioin i)\’ nio-t hot r(-xat o- of
de )XVtlridiflP iuIc-(urp(uratiomm mitt u i)NA is t lm-

level this agemmt achieves within the intra-

cellular compartniemut iii exco-ss of time anmo)ulmt
required four coonmplo-te missouciatioumi with imigh-

affinity hindinug sito-s. Other studio-s have in-
dic-at o-d t imat t Imis exchamugeabh-3 co mnipo umio-nt

“Exchammgeahle’’ nmet houtrexate will refer (0)

that o.ommuip(umuemut of imutracellular MTX imu exo-ess

of time tightly boommid fra-tiomi. This includes MTX

which is ousmot io-aIiv active amid MTX whioh is

looosely hooumud �vi t hi mu t he c-eli. ‘‘Free’’ MT.\ wit I
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of iiitracelli.ilttr )JTX4 is do-pro-ssed i�’ o-nmergv-

(bo-po-ndent proco-s.so-s, 51flc(� a vmiri(-ty oil in-

lmii)itomrs oil aimaerobic and �mr mio-roubic nuetabom-
lisimi emuimanm(-(- the muet uptak- oil )�ITX amud

prouduco- ml imirgo’ nmc-rease mm time sto-ady-stato
lo-v-l oil o-xciuangeai)le initraco’llular i\l1�)( (2,
3). 1{eoeimtlv Zager et al. (4) obso-rvo-d that

vin(-ristimmo- augnmemmto-d n-t uptako- oil i\ ITX
intom L1210 lo-uk-mmuia cells mmmd inmc-r(-ased the

vtoutooxicity oil �\ITX tom this tummm(ur in 111(1

aml(l in i’ilio. Tlmis imuto-ractionu luetwo-enm \ITXI
mmmcl vimu(-rist mit- mvas furt her (-hara(-t erized
mm t iu(- l’Ahrlio�1m asites tuimior (5) . \�immcristino

mthuhu4�m1rO(I tm mtltor \I’F�X�I uptake immmmnmmtmmimo-r
simmiilar too tlmat oohso-rvo-d foor mm variety mf

miuo-taboulio- juooisomns, oxc(-pt that it (blob imout

alto-r the unuidin-o-tiounal iimflux ouf \li�Xi ; nmet

uiutak- oil o-xo-imamigo-ablo- \I’llX ummis mlssoociatO’(l

�vitlm mmfall inn the umuidirectioummal effluX oil this

ago-mit (5 ). iluis o-ffo-o-t (if vino-ristin- was par-

tinily soleotive, mm that )�lTX uptake iii tho-

L-o-ell immoouso- fibroublmist imas mmmcii lo-ss sen-
sitive tou vimu-ristino’ than in time F.imrlic-Iu

tisoites tuniour. 1�lme mmmo-(-hanisnm oil timis effect oil

vino-ristimu- :t�)pom1r((1 too I)( (liflo-ro-nt frounmi its

kmmoo\vmm (\‘tO ito oxic effects : tight 1)indimug to
iuia-ro mttilnilmmr o-lo-immo-iuts (6 ), ivitim imuhihitiomm

o)f#{149}Sj)imudlO f(ornummmtiomn (7-9) mmn(l tho- arro-st of

o-ohI (hVisioli mm nmo-taphmiso- (10, 11).
mm vi-mv oil the apparoimt roolo- oil o-X(hammge-

aluli intrmuo-lltilmtr #{176}IIT�Xmu time immhibitio on of

h-ouxyuridine immetmibolisimm (1 ) mind the iii-

o-remiso- imm this o-ounipouiueimt oil intrao-(-llular

:,�lTx i)V vimmo-ristimmo- (4, .5), studio-s wo-re

uni(l(-rtako-nI t 0 0 cletermimimmo- wlmot luo-r the miug-

nmmemutmit n mm 0 of exc-hamugo-ablo - mit rmu--llular
:�i�:xi Is ao-o-oonmpanio-d by inucro-ased inihibi-

t 10 on o )f (10-0 uxvuridimmo iuico urpo urat iO Oh imutou I)NA

inn time Ehrliciu ascito-s tunmmoir. 1mm additiomn,
t his into-rao-t ionm bet \VN�Im vimm(-ristimmo- ammd

\I TX pr� mvido-d aim expo-rimumo-mmtmil appro mach
jim whi(-Im timo- immtra(-ellular MTX level (-ouuld
bo- imuo-reaso-d umido-r c-ommmditiouims mmwhich timo-

unmidiro-o-t iounmmmlinflux mind time extraco-Ilular
�\ I TX to-vets aro- uim(-lmang-d, po-rimmit timig an

oppomrtiimmity four lurtimo-r vorifiomitiomm mi the

refer to’ t hat o- umnpoommemit whio-h is (osmnout jo-ally no- -

I ive �,it himi the imit racehiulmir water amid (-(omit ribut es

too I he i mit raoell ular elect roo-henmio-al pout emit i oil four

MTX.

Tue mihiureviat toam use(1 is : MTX, mmmclhoot rexat e,

4_ammuimioo_.�ol0_muuethyhpteroylglutamuiic acid.

c-nt ical roulo’ 0 ii o-xchammgeabli- inmt racellular

MTX iii tho- imuhibitiomm oil deuxyuridine

immetabolisni. A i)rief repourt omimth(-se studies
has heemi published (12).

M

Cells, ,nediu,ii , experimental an(/ analytical

techniques. Ehrlich ascites tumour (-(-115 m�’ere
harv-stc’d frcuni Cl”1 immice 7-10 days after

mit raperitomuo-al immouculat ion amud washed at
least thro-e tinmo’s in a bicarboummate-buffo-red
(-10-ct ro ulvte so ulut io )im ti u r(-mmuove (-oimtaminating

ro-d blouomd (Oils amud ro-siduab ascitie fluid as
pro-viomusly described (5, 13). l”omr experi-
imiemmtatioumm, timo- co-lbs wo-re suspo-mided iii

mimoudified Emigbo-’s nmediuni , wit ho mut foulates our

sorunmi (1 ), tou a fimmal (ytocrit oil bess thamm

4 #{182}�. Expc-rimimemmtal designs are immdicated

undc-r RESULTS amud are iurtho-r described
alomug �Vith t ii- analytical t (-(-lmmmiques aimd
met.houds ouf data analysis in the acc-oimi-

panynmg paper (1).

(‘henmicals. Timo- somurce ammd immo-thoods c)l

purificatiouni oil lttl)ebOd amid unmlabebed MTX
have i)eemm cles(-ribed (14). [2-tm4CJ- amid [6-3H]-
Deouxyuridimme wo-re (ubtained frouni New Emig-

lammd Nuclear (1omrporationi amid �vore enm�)l(uyod

at fimmal couneentratiomis oil 0.06 .u�i amid 1.2

MM, respectivo-ly. Vimmcristimme sulfate was sup-
pliod throuugh time go-mmo-rusity oil Dr. Robert

Housbe� oul tho- Eli Lilly Iteso-arcim Lab-

ourmitorios, Indiamuapoulis.

Ident�1ieal ion ((1 int-acelinlar oadioactivity.

It was j)reviouusly demmmoummstrated by DEAE-
o-eblubose (-oulummm chromatography that over

t Imo- mit (-rval 0 if t ho-se experiimmenmt s Ehrlich

ascites tunmiour (-ebbs dom nmomtnmmo-tmiboulize \ITXI
mm eitho-r tlm(- pro-s(-mm(-o- our ahoneiuc-o- oil 10 JiM

vimi(-ristiiue (5). After immc-ui)ati(mnl oil Ehrlich
�iscites tumour co-bbs with lal)elo-d deouxy-
uridimmo- four 1 Imr, immure than 90 � (in three

o-xpo-rnmmo-mmt s) oof t ho- radio ia-t ivity assouciated

with the washed trichlouraco-tic acid precipi-

tate was extra(-to-d by a 30-mmminm imu-ubatiomm

with 0.4 N HC1O1 at 700.

RESULTS

L’Jfeel (if o’inc-ristine on net 11 TX 011)/aLe.

Figuro- 1 illustrates time assouciatioun oil MTX

with Elmrlic-h ascito-s tumour co-lis under the
o-xpo-rnmmo-nital (-ommiditioumus iii who-u the (-ifects
oul vimi(-ristimmo- ammdor �\ITX un do-ouxvuridimie
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FIG. 1. Effect of vimu.(-ri.o(imue on the .steadq-xtale intracellular methotrezate level

Cells were imicubated with 6 M� MTX for 5 mimi at 37#{176},themu separated i)�’ cemmtrifugatiomi, washed twice

with 0#{176}buffer, divided into three portiounis, amid resuspemided in MTX-free miuediunm (A) our niediummi con-

taming 0.12 MM MTX with (C) o�r withcuut (B) 10 MM vincristimie. The imiitial dechimie in the intrmicellular
MTX level was determimmed mu cells exposed to) MTX-free mumediummu. mi the out her suspemisiomis intracellular
MTX was deternmined over the imuterval mi which the subsequemit imicorporatiomm of deoxyuridine imito

DNA would be measured, as mu the protocol described mi the text and Fig. 2. The intracellular MTX level

pri(ur to resuspensiomi (zero-time poimut) is the nueamm ± stamudard error of three determnimiatiomis. The

tightly bound MTX conmponemit was determined fromii the average (if the imitracellimlar MTX values over

57-85 mimi followimig resuspemision imi MTX-free nimediumim.

metabolisnm were suhso-quo-nmtly nneasuro-d (see
next section). Cells wo-re incubated with

6 .u�i MTX four 5 mm at 37#{176},foulbouwing which

the cell fractioumm was separato-d, divided imuto
three equal portions, arud resuspended in

?iITX-free mno-dium (A) our iuiediunm Co)Imtaimm-

ing 0.12 JOM MTX in the presenco- (C) or

absence (B) of 10 �z�t vimmcristimme. Between

20 and 50 mm later the levo-l (if iimtracellular
MTX was deternmined. This procedure prou-

duced ami initial intracellular MTX level

which exceeded the capacity 0)1 the high-

affimmity binding sites, to assure saturatioumm of
these sites, billowing which the extracellular

MTX level was decro-aso-d to permit the
intracellular level to fall to a steady state.
From six such (-xperimo-nts the av-rage in-
itial intraco-llular MTX lo-vel in ex(-o-ss of the

high-affinity binding capa(-ity was 0.93 ±
0.18 z�i. Who-mm extracellular MTX was 0.12

ILM, the avo-rage intraco-ilular MTX level
in excess oil the usual binding capacity was
0.16 ± 0.04 tiM. In the presence oil 0.12 �t

MTX amid 10 JiM vincristine, timis coumuipomu-nut
of intracellular \ITX was doubled to) 0.32 ±

0.07 � Twou intracellular \ITX c(ummip(uno-nmts
can ho- idemmtified froni tiu(- umuidirectiomual

efflux �ol )�ITX inmtou \ITX-fro-e immediunmm:
exchamugeahle intraco-liular MTX, r(-presenited

by the rapid--xit conmpommo-nt (11/2 = 7.02 ±

0.89 miminu), amid time tightly bouund intracellular
fraction. The rate of o-fflux of exchangeable
intracellular \ITX is abouut one-third that

oubserved four IA-cells (1).

Effect of vineristine on IlITA� inhibition

of (leoxy uridine incorporation iii to D�VA.

Figuro- 2 is a r(-preselmtativ(- o-xperimemmt whelm

illustrates the effect oil vimmcristino- oummdeomxy-

uridine num(-tal)oulisnm mm tho- pres(�im(-o- amid ab-

sen-ice oil intraco-llular \ITX. A cell suspo-ni-
sion was divided immtou tmvou p(urtioinis: A, tlm(-

comitrol, amid B, which was o-xpoused tom 6 z�i

\ITX. After a �-mmiini incul)atio)n at 37#{176},the

cell fract io unms �vo-re so-parato-d amid washed,

amid o-ac-im was further subdivided immtou twom

(-(lumil pourtiomus, I and II. BI amid Bil wo-ro-
suspo-mmdo-d imutom mimediunu c-oummtairminmg 0.12 �

MTX, while Al ammd All ivo-r�- agaimm sus-
pended in MTX-lreo nimediuni. Both All ammd

Bil ivero- exposo-d tom 10 .LM vimu-ristinuo-. Tlu-

cell suspemisiouns \v(q�( inmo-uhato-d for 15 mmmiii
at 37#{176},hulliuwing which deo uxyuridine ivas
added tom each suspeimsioumu and the immo-ourpoirmi-

ticunu oil radio uao-t ivit y immt01 the t richboraeetic



2 0
thmo- trichboraco-tio- acid supernatamit fractiomi

(J) < 0.01 immfour o-xpo-rimmments). The results
wero- (lualitat ivelv siimmilmmr whet her [14C]- or

0-
[mHjdoomxvuridimme wmis o-niplomvo-d at thc-ir

I 5

�

ro-spo-o-tive comuco-mut rat ioumus.

Role of inli-ac-ellulai- .11 TX in excess of

ti#{231}j/oliy bound fm-ac/ion itt interaction between

.11 TX and vincristine. ‘10) determine whether
L�. � � tlmo- viimcristine-immduo-o-(l augmo-ntati(umm of in-

i� Imibitioun of (leoXyUridinme iiio-tabo�uhisnm by
‘iITX is related to tlm(- � of intra-

,,i: ,

� 0 5�

�
�

0 -� � � I �
D MINUTES �#{176} �

‘ ‘ . . .
F i o . 2. U/eel of mmnero s/i lue on mno/holrexate

. . . . . . . . . .

S muhi ho Ii (010 of (1(�OXu/u1 1.0 (Ii ,,(, u iieorjiorali (ill 1 uu/O I).\ A
‘ . .. . .

t. elms were aiviueu imitoo two poort momnis. A cells
vpn-( sumspemided imi \ITX-free mnediuni, amid B

o-tls were exposed I o 6 �un MTX. After a .5-nnimu

imi(-umtiat ioomi at :37#{176},1 lie cells were separated by

oo-mit rifingat ioomi amu(1 washed t �vice wit h 0#{176}bimifer ;

I luemi each pourtiomu was divideol into two subpoor-

I ioumus, I amid II. BI amid Bil were smmspemided in

muo-olimmmmu commtaimuimig 0.12 .u�u \ITX. Al amid All
� stispemided imi NITX-free muiediommn. Bouth All

amid BIT were cxpoosed to) 10 jiM vmmi(-rmstimue. After
-

a 1.u-nmnmi mnculmat ioon at 3i all t he cell suspemisnons

‘;( n-c �‘upoosed too deou.� uridmne it zerom tmmuue nod

I ho- rate oof imic-ourporatiomi of radioactivity imito the

00 tmi-hhoirao’etio- acid (TCA) preo-ipitmtte �

nuuuumuitoored.

- - - - - .
�i(i(1 jur(-(-mpltato- m�as mimomimtomred e-.�0 mmmiii

. � ,. - . .
lmito-r. 1mm tlmo- mii)S0’ncO out ?sll IX. vuiu-ristine

(li(l nout alto-r tho- rato- oil d-omxyuriclimie imi-
(omrj)ouratiounm inmto DNA. 1’runmm timo- mlv(-rage

immo-ourpouratioumi rmites iii o-ight such -xperimimo-nts,
deoxyuridimme nuo-taboibismum jim tim(- presommc-o- of

vimi(-riStimme alounme (All) wmis 98.16 ± 4.37 %

(01 tin- rate in tluo- absence oil tiuis ageimt (AT),

a diff-reno-e whh-Im is imout sigmnh(-ammt (p > 0.5).
\Vii-nm 0.12 � \ITX wmis pro-so-nut (BI) iii-

0 mri�omr itioun \\ 1’-, 42 62 ± 4 () i ( � 01 that (if

time coumitrul (ells, but immo-tabolisnim of (leoxy-

uridmnu- was mmot c-oumimpleto-ly mihulislmed. In
0 � � . .

time jro-so-ni-- of )OITX aiud 10 �m.�un vincristmne

(1311) there was a further 40.35 ± 4.02 %

reductio)mm iii the rato- oil do-oxyuridimme nm(-tab-
ulisnm as o-o)mmmj)ared to i\ITX allumm(- (BI)

(p < 0.001). Vinmcristimm- alsu immoreased 1\ITX
inhmibitiomm oil deoxyuridine inucorpouratiommu into

(-ellular \ITX mu o-xco-ss (if time usual tightly

bouummd couimmponmo-nt (or requireS only the coum-

1)10-to- associatioiu oil \ITX with high-affimuity
bimudimug sites, tho- foullouwimmg expo-rinment was

o-ounduo-to-d. A. co-Il suspommsioumi mvmis imucuhato-d
iii mnediummi c-omntaiimimmg 1 .4 j.omn \I’F.XI four 6.5
mimimi. This resultc-d in the saturation of high-

- . . . . -
afhmuity bmmidimmg sit-s, but ivithi tho gemmo-ra-

. . -
tion oil less o-xcimammgemil)lo- mmmtra--llular i\I1 X.

.
than iii the protomc-ols do-tmmilo-d mibove. The

o-o-lls were theim washed, divido-d immto two

pourtioumis, aimd ro-suspo-mmdo-d imi mmmo-diunm in the
luro-so-nio-e (B) or ahseimco- (A) of 1 .4 .mii \ITX.
After a 21-mum immcuhmm.tiommm time cells mvere

\vmisho-(l again and resuspended iii fresh

immedia oil the smimlic- respective cummipositions.

Twemmtv-oumme immimiutes bato-r timo- wash amid
.

im -�u--po mmsmoumm\\ 0 r ro peato d, A. 111(1 B is ( ro
. . .

� i( h �ubdmvmdo d mmmto)tm�ou ‘�u-�P( im’-dommm’,I and
� amid All amid BII wo-re o-xpouso-d tu 10 p�i

vimmcristinme. All four suspemmsions wero themm

o-xI)ousc-d to deoxvuridinc-, and 7-30 niimm later
time imi(-omrpomratiommmoul deuxyuridinme inito D�NA
was mmicunitouro-cb. Tho- secound wash amid the

. . . .
boummg mimto-rval prior tcu addition oil do-ouxyurm-

.
dummo wero- ro-qumred lii assun- adequate boss

� -xchango-able immtracc-llular and o-xtracellu-

lmir ?mITX mm the group A -o-lls, sin(-e the

o-xit hall-timmic- four this coumnpounmo-mmtis 7 nun.

A ro-preso-ntative experimimo-mmt is illustrated imm

Fig. 3. Iii five such expo-rimmients the rate of

deoxyuridilme mimo-tabolismim iii the absemice of

exo-hangeablc- iimtracebbular I\ITX was uim-

� � to d h\ vmncristmne (p > 0 5 eu compar

immg timc- differo-nc-e betweemu the imicoirporation
. �

(II label iflt(i D\A imm tho- �)ro-semme(- amid ab-
. . . � .

so-mice of vmmicristmne betweo-nm 1$ amid �30 nun

after additimmi (if d-oxyuridimme). However, as

imidicato-d mm both the large graph amid inset

0)1 Fig. 3, whemi o-xchammgo-ablo imitraceblubar

MTX was pro-semmt vimmeristimme produced a
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Cells were imucubated with 1.4 MM MTX for 6.5 nmimi at 37#{176},themi separated by centrifugatiomu, woo_shed

twice with 0#{176}butTer, amid divided imito two porti(onis, A amid B. Portion A woo_s resinspemided imu MTX-free

niediumim; B was suspemuded iii miiediuni comitaimuimig 1.4 �.oim NITX. After 21 nuini of imicuil)mttion at 37#{176},the

cells were separated, washed, amid resuspended in nmedia ouf tlue same counimpositiomis. After an additiomial

incubatiomu at 37#{176}for 21 nuimi, the cells were washed again amid resuspended in sinmilar muieohia. Portiumis A

and B were each divided imito two subportiomis, I amid II. All amid Bli were exposed to 10 �ii vimicristine,

fohlowimig which all somspemisiomis were exposed to deouxyuridimie amid the incorporatiomu of radioaotivity

inmto the 0#{176}trichl(ura(-etic acid (TCA) precipitate was mneastnred. The inset represents ami eXpamiSioru (uf himues

BI amid Bil.
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28.73 ± 1 .95 � fall iii the inuo-ourporatioumm of

deoxyuridimie into) DNA ouver this immto-rval.

rrh do-lay mm this effect is ascribed tou tho-
timmie required for sufficieimt levels of imitra-
cellular MTX to accuniulato- after the adoli-
tioim of vincristimme (5). This figurc- alsou mmdi-
cates that, as observed for L-co-lls (1), cx-
changeablo- intracellular MTX mmmmirko-dly in-

hibits deo uxyuridirmo- inco)rpo)rat io imminto u 1)XA
(BI) in coummmpariscun tou the rate oil metabo-
lism wherm high-affinity hiimding sites are
saturated with MTX but no-gligible cx-

o-hammgeablo- MTX is pro-so-mit (Al).

DISCUSSION

MTX arid the mmaturally oo-c-urriimg foulates
share a (-arrier transport route in nmammy
murmal and nualignant mammalian co-Its.
This trammsport systeni has a high-affimmity for
MTX and the reduced derivativo-s of folic

acid, but a very bow affinity for folic acid
itself (13, 14-20). The accumulation (if

folates within the mt rmuellular coumpart mmio-mmt

appears tom be limito-d by o-no-rgy-depc-mmdo-nut

promc-o-sso-s, simico- fllo-tal)olie j)(uiSOuiIS o-nhanmee

tho- mio-t uptako- oil ‘iITX (2, 3), loulic acid
(20), mind Ni�mmio�thyltetrmuhmydrololmito� (21).

Rc-commtly vimmcristine was mmoted to immero-aso-
imet uptako- oil MTX immto the L1210 li-uko--

iiuia -o-ll (4), amid the nmo--hamiismmm oil this

effo-ct was characto-rizo-d in the l�imr1ichm
ascites t tinier (5) . The similarit io-s bet weo-mm

the (ff((tS ouf virn-ristino’ (5) and kmiown

immo-taboulie poisouns (2), suclm as azido-, ioudu-

aco-tato-, ammd amimiorol)io)Sis, ouni \ITX uptake,
as well as the oubso-rvatioumm that stimmmulathumm
of mmo-t ‘iITX uptake by vimmcristimme is par-

tially ro-vers(-d bi enmergy substrate, sug-

gc-sto-d that vimucristine acts iii this comutoxt mis

a miio-taholic pc)isounm tou inhibit thouso- prou(-o-sses
which Iimmiit the ac(-umumulati(un oil \ITX
withimm thmo- c(-ll (5). Th- smimo- ro-port (5) sug-
gested further timat thmo- mo-chammisnm by which

vimucristirme eimhanco-s MTX uptako- is differ-
emit froum the nmo-chammisni by which this
agemmt prouduco-s mitotic arrest: tight bind-
ing tou flmicro)tubular o-lo-mo-muts (6) witim the

inhibitioun oil spirmdlo- fourniatioinm (7-9). �rhm
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was baso-d upoumm the ombs-rvatiommms timat the

eff-c-t oil viimoristimme \\.��5 redu((d iii tho-

pro-semm(-o- (if gbucusc- amid timat vincristinu- did
nout milto-r timo- no-t uptake oil )�lTXi iii L-co-lls

mit a cmncenmtratioun at uvhmich co-Il r(-pli(-mttioumi
(emised (5).

The mu-- uumpani�’ing 1)aP(-r ( 1 ) deimmoinst rato-s
that deoxvuridine imio-omrporationu imutou DNA
1mm L---Ils eoummtimitmo-s o-vo-nm after imigh-affiumity
inutrmmo-o-llular luimmdimig sito-s havo- ho-o-nm satu-

rated witlu \ITX, amid tlmmit o-omnul)lo-t(- sup-

1)m.o�Ssi( iii 0 of do-o uxyuricliime i mmourpourat moin can
1)e mt0hiove(! oinmly msiu-ii oells aro- exposed tou

o-xtra(-o-llular )JTX bo-vels suffio-io-nt tou i�ro-

(mOP inmtrmn-o-llular i\ITX in o-xo-o-ss ouf this

mmnmmoount . Sinuo-o- alteratioumus in o-x(-hmangeablc-

inutrao--llular )dTX r(-quir(-d counmmparab1o- al-

t(-ratiomnls mm timo- (-xtrac(-llular \ITX lev-l,

exls-rinmuo-nmt at ap�)ro)acho-s � do-vo-loupo-d too
yen f� t Imat t lie depressioumi mm do-o uxyuridimio-

ImmetmthouliSnmu � ro-lated to) the lreso-mm-o- of

o-xchmammgo-abbo- mit ra(-o-llular ratimo-r t luau o-x-

t ra(-o-llimlmlr � rrx . Thomso- st udio-s suggesto-d

that thuo- -xit rato- ouf intrac-o-llular totrahmv-

droufoulmito- o(ufa(-tors was mmut immcro-as(-d by

o-xt rao-o-1 lulmir \ ITXI, p ro uvidinig -vidnmco
a.gainost a t ranus- unmc -mit rat io mu j)ho11 unmo-mmomm

amid (0 uuimto-rt ramuspo)rt l)o-t � m ext ra(-o-llular

\l�FXi ammd immtra-ellular t-trahiydroufolato-s milso

apjuo-aro-d too bo 0x(ltm(led. Timo- data sugg-stcd
tiiat o-xtra(-(-llular i\ITX did muout dopro-ss timo-
mmm(nmml)raml(- tranisluourt oil choxyuridimio (1).

()ur juro-so-mut finodings immdi-mtto- that Fhrlich
ascito-s tumumour o-o-lls alsom ro-oluiro- sustainmed
(X1)0 usuro t 0 i :� i �FX fo ur immaxinmunmm suppro-ssic)mm

of de( oxvuridine iiiO( urpourat ion imit( u I)NA.,

amid emumpimasiz- tiu- c-riti(-al rol(- (hf inmtraco-llu-
bar )sITX, siim(-o- the iniero-mtS(- imm mmet i\ITX
l11)tmtke inmtm lhmrhic-h misoites tunmmor c-o-lls
inmduo-ed by vimmo-rist limo- m�as aeeoiimpmmnuied by

a fall mm tIme rato- (of do-oxvuridinme miuetaboulisni

umuder (-omnudit io mis in mvhic-h the o-xtraco-llular
MTX lo-vel wmms unmchanmgo-d. Furthermmmoure,

sinmo-c vimuc-ristino- domes hoot alter tho- uni-
(lirectioonlmil imiflux oil MTX in Ehrhich ascites

cells (5) amid deouxyuridinme iimcourpomratioim
immtoo l)N\. imas mmmeasuro-ob umider nuo-arly

sto-mmoIv-stmito- o-oumuclitioumis four irmtrao-o-llular

\ITX, thmo- vimirristimmo- effo-ct is r-lated mmo-itImer

tom alto-ratioumms in tho rate ouf MTX immflux into

timo- ooll nour, on timo-saimm- basis, tO) arm immcroase

in tin- o-xit rate of to-trahmvdrofolato-s. Inudeed,

simmce � i TX amid t h- to-t rahvdro uloulates appear

toi share thmo- same tramusport (-arri(-r amid re-

S1)0)nd similarly tom rnetabulic I)0i501mS (2, 3, 20,
21 ), it is likely that timo- o-xit oil intracellular

to-trahydrofoulates is sb uwo-d by vincristine;

timis is unider furtho-r studs-. Tho- effo--t of

vincrim-tt mno 0 iii deo mxvuridine motabo ilismn is not

r(-lato-d to) irmhibition oil deoxyuridim- tramis-

Port ilmt(u thmo- co-Il, 5111(0’ do-ouxyuridiruo- mo-tab-
oulism is not inhibited by vimmcristimio- in the

abso-nmo-e ouf \ITX. Vimmcristimmo- do-s mm(ut r(-sult

ml m-tmmbolisnm oil iITX (5), -ui that its o-ffo-cts
cannot b- r(-lato-d too th- ao-cunuulatioumm cuf

nuetabolit-s oil tli�X. Alteratioinms in time

m(-tabo ulism 0 if do- oxyuridino- by vincrist inc
emummuout be duo- tom charig-s ill thmo- influx (ml

folates imitou tho- cell, sinmo--, as iii time studies

with L--o-lls (b ), time m-diuni was freo- oil

folates, and viric-ristinu- don-s niout alto-r this
transpoirt pmtranmo-to-r oil this cmirrior svsto-m

(5). Although high lo-vo-ls ouf vinblmistino’

mvo-rt- repourto-d tou imuhmibit irmcmrpouratioumm ouf
thvm.idino- into) DNA (22), vimmc-ristimme did
nout alto-r do-omxyuridino- nio-tabomlisni mm tin-
absenco- oil )IETX or wh(-mm the unly )dTX

prc-so-mmt mvithinm the co-ll was tightly bound.
It is 1u0)58ib10, liowevo-r, timat tim- vincristine

effo-ct oumm d-ouxyuridinmo- mo-tabouhism could

bo’ due tom immhiibitmonm oil tin- utihizatiouni

of to-trahydroufolato- (ouftictoir stouro-s ratho-r

thami toi timo- miugnmo-ntation oil thm- umo-t in-

trac-o-llular \ITX li-vol lo-r so-. Timis o-ffo--t

nmight mmout bo mmmc-asural)lo- who-mi tho-ro- is

abumidamut symmt ho-sis o l to-t raimvdro uloulates, but

0mmlv beco utile ap�)aro-nt win-mm o-x(-hammgeahlo-

inut raceblular � ITX is pr(-s(-nt , tet rahydn�u-

foulate pr(iductiounm is rcduoed, amid thmo utiliza-

tiomi ouf co-llular stores i)oPonies critical.
Ilmtrac(-llular MTX mu e�ces� oil the tightly

bouund fractimnm was assunmmed tou be free and

osnmoutically activc- withminm the inutrac-llular

water (14). Houwc-vo-r, time apparo-nt inter-
actioumi betwo-o-nm �1TX anud a huw-affimmity in-

traco-llular site, mvhh-ii r-sults mm imuhibition
oil doouxyiiridimuo miietmil)oulislmm (1 ), indicates
t imat a 0�0mnmpo unmenmt oil o-xchango-able imitra-

-elluhar \l1’X� is bomund amid douo-s muot con-

tributc- tou timo- fro-o- inmtrmmo-o-lbular poc)l. The

inu-reased muo-t uptako- oil o-xchangeable MTX

by vincristinie our azido- was attril)uted to the

mit racellular ao--ummiulatiumm of free MTX (2,

5), anmd the o-ffo--t oil theso- agents was ro-lated



METHOTREXATE. II. VINCRISTINE AUGMENTATION OF INHIBITION 281

to an alteration in energy co)uphng to) tin-
membrane transport systenu (2, 5, 16). A
model to) account for uphill transport of
�IITX (-v(-n mu the pro-senco- oil mo-tabolic

poisons was proposed (16). The augmenta-
tion of MTX inhibition (if do-oxyuridino-

nietabcdism by vimucristine may be ro-latc-d to

the inhibition of an energy-dependent exit
mechanism, with an incr(-ase in the l(-vo-l of
free intracellular MTX resulting imu time asso-
ciatiomn uf a small conmp(inemmt of the toutal
exchamugeabbe intraco-ilular 2mITX with a

low-affinity targo-t sito-. Altermuativo-ly, yin-

cristimio- our uther nmo-tabulic poisons immay
increaso- the affinity oil this target sito- for

iI\ITX, with tho- immcreased Io-vel of iumtrac-ellu-

bar \ITX due, to) a large o-xt-nt, toi intra-

cellular bimmdimmg. Immdeo-d, tho- o-xit kimuetics

for i\ITX (2) ur lolic acid (20) mm L1210 b-u-
kemia co-lbs in the pro-so-nc-c of azido- is o-onm-

patibli- with increaso-d bindimmg to a low-
affimiity site, although then- would still be
an increase, albeit snmalbo-r, mm tho- fro-e co)mui-

ponemit (2).: Immtracellular bimiding 0)1 MTX
could be related t(i tho- -o-llular (uxidatioumm-
reductiomu pcmtemitial. The affinity oil dihy-
drofolato- r-ductaso- for \ITX in somo- cell-
free systems dopo-nds upommu missociatio in with

TI�NH (23-26). 11r(�o� MTX may 1)e requiro-d

S Efliux oof exchamigeahhe mt racelhmlar �‘iITX in

cells loaded with MTX in the presence ouf azide

consists of tVo(i (-oompcunienits (Figs. 8 amid 9 uf ref.

2). In the amualysis of these data it was suggested

that both exit o-ompounients represemit free MTX,

but from cells with differemut capmu-ities four main-

tainming high gradiemits acrouss the (-eli mimenmbramie.

Ahtermiatively, the slow-exit (-(ulnp000-mmt aught be

dime tou show dissoiciatioumi frounm low-affimiitv sites

within the ell. Hcmwever, even accourdimug tom this

analysis, the level of free jut ra-ehluhar I�uITX (rapid-
exit coumpommemut) is inucreased by azide lou a level

about 3 times greater thanm that predi-ted for a

passive systemu, 5(1 that the data (-(ontimiue to) 51mg-

gest that azide augments uphill tramispourt ouf MTX
ilmtoi the cell, amid the nuodel previouusly proposed

wouuld still bo’ rehevammt (2, 16). Earlier work stmg-

gested that azide (2) amid vino-ristimue (i) miiay

reversibly ino-rease a small, tightly bouumid, intra-

cellular MTX commmponent. This nmay, houwever,

be related to smuall residual amommmuts of MTX imi

the extracellular compartment during washomut

studies, with concurremut residual loose bimidimmg

or uphill transport of MTX withimi the cell. This

is umider imivestigatioumi.

four mmmaxinmunm inmhihitionm ouf d-ouxyuridinme

inmcorporati(un mt ou I)XA by 1)o-rIiiit t imig hummd-

ing to) dihydrololato- ro-duo-taso- specio-s unu-

associato-d with T1�NH. It is po)ssil)l(- that
au immcro-aso- in tho- levo-l of r(-duo-o-d (-oo-nzvnmio-s

due tou tho- depressive effc-cts oil vino-ristiumo- eu

aeroubic o-nergy immc-tai)oulisimi (5, 27) nmmay
result imman imicr(-mise in the affimmitv oul diimv-
drouloulate ro-ductase spo-cio-s four \ITX or an
increase iii the toutal nurnho-r (if binding sitos

which nm.ay a.sso uoiate wit h 1\ I TX . Hoiwevor,

the relo-vammo,o- 0)1 thu-se oubso-rvmitioumms tou the

T1�NH lowc-ls and dihydnufoulato- roductase

sl)o-c�es immtho immtao-t mmmammmmmmalimmnco-Il has mmo)t
beon o-stablished.

Thmo-se studio-ms univ be ro-ho-vant tom tiu-

climmical use oil \ITIXI amid vinu-ristine. Our

oul)s(-ryatioumms prouvido- a ratiounal btisis for tho-

do-sigmi oil ammticaiuco-r regiumm(-miS with MTX

arud viumcristimmo- ammd nuam’ a(-o-ouummt four the

incro-as(-d toxio-itv uf MTX to) tho- L1210
lo-ukenmia with tho- coummihimied uso of timese
agemmts (4). TIme touxicity oml timo- Vinea alka-

buds is related tom bindiimg to) s1ueoihO’ microu-

tubular o-lo-mo-nts, an o-ffo-ct whmi(-h may mmot

be tho- basis ouf tho- alterations immduoed imi
the uptakc- (if )ITX (5) ; hmo-muco- I inca

mimmaloguos niay bo- ido-ntified whio-iu lack

toxicity tou mmmarrouw our no-rv tissuo but ro-taimm
the o-apacity tom augmmmo-mit MTX I11)take.
1’�immally, as suggo-ste(i previouusly (5), the

diffo-reimt semmsitiviti(-s oil tho L-o-ell ammd Ehr-
lich ascites tunmomr to) time o-ffo-o-ts oil vimucristimmo-

Oii )LTX uptako- raiso- the l)oussi1)ilit� that
thoro- mumay i)e s(-lo-(-tivo- effo-o-ts oumi \ITX
uptake iii lmo)st-vs.-tunmour tissuo-s wimi(-im o-amm

ho- o-xplouitc-d iii tho- (linmi(-al uso- of timo-se

agents.
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