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SUMMARY

GoLi�m.�N, I. D.tvun: Time nmecluanism 0)1 mu-tiouui of nmetimomtro’xmite. I. Into’ractiouni with a

low-affinity intrac-llular site required for maxinmummi inmhibitiomui oil clo’omxvribounnmclo’ic aci(I

synthesis in L-cell mouse fibroblasts. Mol. PIoai-inacol. 10, 257-274 (1974).

L-ceii mo)ust’ fibrouhiasts wt-re loaded with metiuotrexate (MTX) in ri/mo to, � 10’%’(’i \Viui(ii

excec-ded tim(I capacity of high-affinity intracellular biuidimmg sito’s, ioullomwimig ivisit-im NITX iii

excess of time tigiutly h)ouummd fraction was elinminatt-d fro unm t Imo’ mi t rmtco-I I ular minuol cx t rmto-o‘11ular

compartments. Although bimmdimug of NITX was irreversiblo’ ouvo’r timo- sluourt imiterval oil limo-so-
experiments and time nmediunm was free ouf foulates aumd sc’rummu, c--lIs (-ommmtiumuo-d tom mlm(Orj)oirmitt’

deoxyunidine into 1)NA at a rate which was do-pressed by omnulv 27 � . Upoun lurtho’r o’xposuro’

of cells to I\1TX timene was increased inhibition ouf deoxyunidinuo’ inmcorponatiois mnitom l)NA,

which was a hypenbuhic function of the extracellular anud intracellular MTX c-ouno-enmtrmttioumus,

with 50 % inhibition at 0.2 � and 0.2-0.4 z�t, respectively. Time no’t cellular uptake of rmidio-

activity after exposure (if cells to deoxyunidine was characterized by aum immitial rapid uptake
of label, following which the net cellular uptake slowed tom approximmmatelv timo’ rate omf imicon-
poration of label into) cellular constituents which do) not peuietrato’ the ct-Il uno-mmmbrammo’.Tue
net cellular uptako- uf label ouver 5 mm was not deci�eased by a ro’duction of teuulj)eraturo’ from

370 to 23.5#{176}.A 5-mimi exposure of cells to MTX at 37#{176}manko’dly imuimibited umet co’llulan uptake
of radioactivity, but timis process was unaffected by MTX at 2�S.5#{176}(wimen influx mf MTX

was markedly reduced) unless the cells had first 1)0-en loaded witim MTX at 37#{176}.MTX in-
hibited net cellular uptake of radioactivity under cmnditions in whuicim incorporation (if (IC-

oxyuridine into DNA was already negligible, and immhibited imic’orporatkumm omf labo’i into time

tnichioracetic acid supennatant fraction. MTX was not mmmetabolized by L-cells. MTX did
not accelerate time initial rate of (‘flux of a rapid-o-xit (oumiupon(-mmt oil radioactivitv fronm cells
loaded with N5-methyl[’4Cltetrahydrofolate, but (1Uickly displaoed (in lo’s.s timan 17 mini) a

small fraction of a slow-exit component. However, even after o-xposure omfcells to 12 .�r MTX
(sufficieuit four compio’te suppression of deoxyuridine iumc(urpcmratiomnm into I)NA) for 30 miuu (an
immterval which should be sufficient to eliminate displaceablo- emudogenmouus to-tnahvdnofculates for

this MTX level), and under conditions in which the nmediummm siuould imave bet-mi cleared of
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displaced folatt’s, exciiammgeablc’ intracellular MTX in the range of 0.2-0.4 �r still produced

irsarko’d imilmibitiorm of deoxvuridinme imicorporatiomi imito DNA in commiparisoun to cells mm which

all exchangeable iuitraceliular MTX was eliummiumated. These studies suggest that in addition
to tigimt bimmdimig to diimyolrofolate reductase, MTX imihibits a lower-affinity receptor site

necessary for tiut’ maintenance of deoxvuridine mmmetabohisnm.

I NTRODUCTION

Pm(’viouus studies fnomum this laboratory

clmanao’t(’nized aspects of the meo’imamuismmi i�’

�vImicIm timo’ foAate commipouimds miui(l their symi-

thc’t ic analogue mmmethcutrexate travo’nse immanmi-
imialiatu cell mumemmibraimo’s (1-6). Timo’ en(’r-

geti(-s of time uptake process �v�’rc described

(2, 5), amid nmanuifestmitiomms of im(’to’romexeimange

diffusiomm betwo’emm \ ITX2 ammo! time folato’s

wer(’ evaluated mmnol qumiumtitmited (1, 3-5). Iii

this report simm�ilmmm tt’oimnmiqU(’s have 1)(’o’n

utilized to missess time no-latiomushmip hetweo’nm

time imuhibitiommi of 1)NA svmmthesis lmy \ITX,
as deto’nmimmed fromum timo- (‘ifect of this agemmt

(iii time immcoml)(uratmo muu 0 if oleoxvurmohiime immto

1)NA, mmmmcltimo’ l)ii�’5ic�1l stmite (if \I’lX within

tiut’ (eli . [his (‘xpenimmit’uit mu appromich quanmti-

tato’s time into’ractio)mm i)o’tween 1\ITX anol its

initrmto’o’llulmtr target site(s) within time mumihieu

o)f tii(’ imitact cell, which is mmeithmo’n spatially

umon luioc-im(’Iimicallv pentonni)o’d, ammo! provido’s

data whelm o’(ummll)lemmmo’uut stuolics that clefinie

tho’ inmto’nmmctio)mm 1)O’t\VN’mi time drug amid iso-

lated tmirget o’rmzyummo’s mm (‘ell-fn(’e systen�s.

Simmco’ an ammalvsis of the effect of MTX on

1)NA svnuthesis imivomlvo’s immto’ractiomns bo’-

two’emi fluis mtgo’mmt amid thio’ naturally o(-curring

folato ‘�, 1)Otii within t im(’ o-ell , and hct o’ro cx-

(-immsmige phmemm�ummo’mua at the level of their coimi-

uuuoiui muieimmlirmiuit’ ominnio’n, expeninmio’ntal desigrms

w(’r(’ olt’VelOl)(’ol tom discrirniumate bc-two’o’n

theso’ factors.

MTX mumimibit iomi of J)NA svmithesis imas

bo’eum ro’lato’ci t(m its tight bimmdimug to clihyoiro-

blat e ro’duo-t mist’, I u1 uckitug the rego’nenmition of

tet raimyclnofo ulmit o’ ironi dihydnofolat e pro-

oiueo’ol in thie svmitlit’sis oil do’omxythivnmidvlate

frommm (1OomXyumidlylmite (79). Aco-o urdimig to this

sci)(’mmi(’, (a) imitnaco’llulan �ITXi bevoumol thmat

iut’r(’sSmtry fomm saturatu mumof highi-affimuity oh-

ii’v(iro lolate ro-duc-tase sites siuouloi miot �

triiuuto’ dino’etiy tou tiut’ iruhmil)mtiomi (if I)NA.

2 1�lie abbreviat iomni used is MTNI, mud hot mex-

ate, 4-amsuinuo-.V’#{176}-muuet hs�lpt eroylgiut amuuic acid.

symmtho’sis, although it umay be a factor in the

duration of inhibition by immactivating new-

(‘lizvlum(’ as it is symmtho’sizo’d, and (b) since

iuiflux of �s1TX a(’ross the cell memmibnane is
rate-limiting to suhso’quo’mit i)indrng within

time c-o’ll (1, 10). amid cvtotoxicity requires

only Saturatio)ii of these sites, influx is con-

sidero’cl a immajor detennmminammt of the efficacy

t)f timis agent (7). Houweven, resistance to

\ITX mm sonmie cells in whicim i’sITX influx is

do-creased (1 1) cannot be accoummted for by

time alteratiomm in iumflux per se; rather, the

crucial chmaimge immay l)e a depression in the

intnao’o’llular electrtuclieussicmtl potential for

\ITX, a J)amamneto’r commtrolleol by the

lurane transport systemum, which mmmmmycharmge

ill I)Ilnallt’l with o’imauigo’s in imiflux (12).

Studies have suggested that free immtnacellu-

lan 1\ITX immav i)(� required for rnaxinmmuni

inhmui)itiomi of DNA svmuthmesis (13-15), and

the dmuta reported in this amid tho’ accorumpaniy-
iumg paper (16) iumdieato’ that rnaxirnunmm sup-

J)ressioim of DNA synthesis by 1\ITX, at
lemist ovo’r time shourt mumto�r�’als of these expeni-
ments, reoluiro’s time contimmuous exposure of

cells to extracellular MTX imm exo-ess 0)1 6 i�n,

a pheniomum(’mioimi which is nelatc’d to tise ac-

cunmulatiomm of imutracellular \iTX in excess

tif timmit i-equmneoi for commmplo’te ass(uo’iation

���itii higli-aflintity irut rmu-elluiar 1)inding sites

( to lue refo’rned t(i as ‘‘o’xchmansgeablo” \ITX).3
This is of imarticular inmteno’st, simmct’ mmmetabohc

I)0iS0li5 iumcm-emiso’ this (-omiul)onemit of intra-
c-c’llular 1#{176}sITX,presumumal)ly as a no-suit of

inhibitiom i of o’nmergy-depo’mmdo’nit pro mo-t’sses

which limmmit time accumumulat itin of exo-hanmge-

able imitnac(’llular MTX (2, 17). Vimmcristimme

Exchamigeabh’’’ MTX will refer to that corn-

pomuemit (if inutracellular MTX in excess of the

tightly bound fraction. This imucludes MTX which

is osuuiotmcallv active ammd MTX wimiclu is louosely

boumid within time cell. ‘‘Free’’ MTX will refer to

that comnpouniemit which is osmotically active withimu
time imitnacellular water amid t-ontributes to the

i nit r:oo’llul am electmocheumuieal pout emitial
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sulfate appears to act as a nmetal)(mhc poison

(18) to increase MTX uptake into tuunon
cells (18, 19) and imu-reaso’ MTX o-ytotoxieity

(19). In the acconmm�)anmyiflg paper (16) it is

suggested that the basis of the augmented

cytOtoXicitY of MTX by vincnistino’ may h)e
related to time imio,reasod suppr-ssiomi of DNA
syntimesis which acco mnuipammies the virmcrmstmne-

induced augmemmtat iomm of MTX accumula-
tioum within the cell. A brief report omm these

studio’s has 1)een pui)lislmed (20).

MATERIALS AN!) METHOI)S

Cells, media, and ifleUbaliOfl lee/in iques.

L-cell mmmouse fihnohlasts were growum in sirs-

pemmsion culture as prt-viously do’sc-nibo’d (IS).
In preparatiomm for expo’rinmmo-nts, c-lls in bug

phase growtim weno’ so-parated from tho-ir
culturo nmmo-diuimm by cemitnifugation, �vasimecl
twice mm 0#{176}1)uffer (conmposed (if the dee-
trolytes fnonmi time fomllowinmg immediummi), thou
m-esuspendi(’d in Eagbo”s iiiediuni (2 1 ) without

sorumim, mmmt)difio’d to eiummtaimm 10 mmiu glucouse,
no folio’ ac-ic! cm l)h(’lmOmt no-d, ammo! timo- follomwimug
salts: NaC1, 117 imm�; KCI, 5.2 nut; NaH2P�4,

1.2 ium�su; NaHCO3, 13 mmu�i; (1aCl2, 1.8 nm�i;

\IgCl2, 2. 1 mmirsm. Timc’ co-il suspeumsiomis were

inmcui)ated mm specially dt-signiecl flasks whmk-iu

permimit warmo’d, humimidific-d 95 #{176}J�02-5 % (�()2

to jass ouver time sunfao of the suspensiomlu.
Cells w(-ne o-oumtinuously olispersed by go’nitlo

niixinig with a Teflon pmnclchlo’. The pH of the

suspemisiomi was maintained at 7.0-7.4 ovo’r a

1.5-un irmcinbatiouu, timid the teumul)erature was
370 innuioss othierwiso imidio-atod . (‘vtoxnits

were less tiiItfl 4 � i . Cell co�iuimts �vt’re in t ho-

rammgo cml 5-15 X 10� co’lls mmml.
L’xJ)el-ilnenlal tee/u is iq nu’.s and analytical

procedures. Four uumo’asurenmmo-uut of radioactivity

associatt-d with immtact c(-lls, cell suspo’misionus
were exposed to labo’led \ ITX, _V 5-imio-timyl-

tetrahvdrofolate, on oieouxvunidinie. At speci-
fied iuitervals, portioums of time cell suspenmsions
were inijo-cted h�o 10 volummmes of 00 buffered
0.S5�� NaC1, pH 7.4 (to be referred to as

NaCl solutiomi). The cells wo’ro- separated by

centnifugation at 2000 X g for 30-60 see,

then washed twice ivithi 5 mmmlomf the 00 NaCl

solutiomi. Time cell pellets were aspirated inmto

the tip ouf a Pasto-un pipette, extruded ontou
polyethylene tares, ammo! dried overnight at
700. The dried cells were peeled off the

polyc’thybemmc tares amid wo’ighiecl diro’o-tly ours a

Bo’ckumman I�i\ 1800 auto)nmiat io- mmii(-ro ii )almlulo e,

thc-mi transferred to 20-nul liquid s(-imutillatiomn
vials tilted mm a Sl)(’cimtllY designiecl rac-k som

that the suhseoiueimt a(Iditio)Im of 0. 1 nub of I N

I’f)H would colmij)lot(’ly emmo-ommmpmtss the co-il

pellet. After a i-hr digo’stiomum at 70#{176},tIme vials

were cooled, 10 mmmlof a nmmetimauuol-toulueuue

fiucur solution (1 ) wo’ro- middo-ol, ammo! raoliou-

activity was cleto-rummino-d tin a liquid scm-

tillation spectrommmo-ter.

1�hie inc(urpo)ratiomm oii oleoxyuridinuo- insto

DNA i��as do’t-rmmminmt’d by imm(’asuneummenmt of

radioactivity mm tue 0#{176}tnic-hloraci-tic aciol

l)n(-(-iPitat(’ aftor (-xpomsUre of cells tu laluehd
oleoxvuridine. Cells wo’re first washed twi-e

with 0#{176}NmiCl sc)lutiomm. Time co-Il ju-lbo’t �

tho’mu disperso’cI ium 0.5 mmmlof this somlutioni, to
whelm 0.5 umul of 10 � tnicimloracetic mi(-id at 0#{176}

wmis adi(IedI. Altt-r 5 muimi at 0#{176},thit- at-id l)rt’-

cipitat(’ i�mis so’parated 1):i’ o’enitrifugatiomi,

ivasimed twice witim 5 nil ouf 5 � tnichloracetic
acid mtt 0#{176},tiuo-ui tramusfo’rro-d tom polvetimvbemme

t mint’s mimic! pr(uo-o’sso-(i as (lescril)o’dl ItI)OVP 0 X-

(o1)t foir an additioummal immcui)atiomns o-ul time

NOH chigo-st �vitlm 0.5 nil of “NCS” scului)ilizor

(Ammiensimani So-ark-) at 65#{176}for 30 imuiim prior
to the aciditiouni oil th- scintillatiommi fluor.

Finmal -munmtimug o-fficio-mmt-ies establisiuo-d ivitim

[ m4(’ J ammo! [3HJt ouluo’nie ilmt(’rmial standar(is

wo’ro’ mmthio’ rmiuigo- 0)1 75 � �‘ ILfl(! 25 � ; , n(-spc-(--

tivelv.

Iumtrao-elluiar water c-unitemmt � deto’r-
mmminso-d iromnim tiuo- cliffo-ro-mu-o 1)(-tw�(-en tue ivo-t

ammo! dry weight oil a co-lI iuo’llet loss thuo’ I 14(’J

immuliim sI)ao-e as ro-pcurto-cl pro’vioursly ( 1 , 6).

Thit- expenimmiental tt’o-hnsiqiro’s o-mmu�u1omyo’(iill
time mmmt-asuno’mmmo-mst o�f ul)takt- amiol efilux

kinetics have 1)0-0-li d(’so-rii)(-(I (1 , 2, 4) ; do-tails

of o’xpeninmt’ntal obo’siguu are outlinmo-ol unudo-r

RESULTS. Because thmo- ext raeo’llulan to unuupart -

nmmemst is �‘ery large in �-o�nmpmtrisomnm tom the in-

traco’llinlmmn )�5(e, (-Imaulgo-s in time bo-vel of

(-xtrao-ellular subst rato’ durinsg uptakt’ 0

co-lls mvo’re mmo-gligible. Likewise, ho-cause (ml

the low cytocrit amid fro-quo’mit replaoo’numo-mmt of

time uma-(liulmi, aceunimulat join of apprecial ule

levels of substrate mm tho’ extracellulan conum-
part nuiemit durimig unmidiro ct ional efflux or ne-
lated studio-s Was excluded.

Datmi are expressed as muammomobo’s ol nmiohio-

ac’tive laud (our no umsnumo-tmsluolized substrate,
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whemu that was established) per gram of cells,

dry ��t-ight, our per gram of trichboracetic acid

I)n(’o-ipitate, dry weight, on as micromoles
per liter of immtnacellular water. Statistical
anmalvsis of differences betwceii experimental

coumditiomms eumuploved a staimdard paired

t-t(’st. Nummubers of expeniuiients perfonmmied

refer to experiments from different days. In
each o’xpenimm’nt at ht’ast fiv- replicate deter-

minatiomus of each conditiomm were immade, and

the avo-nagc- was o’mmmployed for statistical

analysis . Wimen nmucasurenmients involved

slope ammalysis, each sboupe was deternmuimed

from a least-squares evaluation of a mini-
niunm of six poiimts.

Client icals. [3’.5’-3H]MTX and X5-methyl-

Fm4C]tetrahvclrofolate were ol)t aimmed fnoni

Aiuuenshauim/Seanle . Labeled o� unlal)(’led

1’�1TX was purified Iiy DEAI-o-ellubose iomm-

exchauuge (0)lilmimlm dhmn1)nmatogna�)hy (1). Time

purity of X5-imuetimvl[ ‘4Cjtetralmydrofolate was

verified by a ummodiuicationm of the method of

Noronha and Silvc’rnman (22) as previously

described (4) . N5-Fonmmivbtetrahvdnofolate

amid unlabeled i\ITX were obtained froni
Ledenle Laboratories. Both X5-methvl- and

.r\�5-forumiyltetnaimvdrofolate are racenmic mmmix-

tur(’s , ammcl indicated cono’emmtrations refer
only to the “active” L isomer. [2-3H]Deoxy-
unidiime, [6- ‘4Cjdeoxyunidino-, and [m4Cjinulin
were obtained froumi New Emmgland Nuclear
Conponatioiu.

Recovery of intracellular radioactio ily. Cells

were incubated with [3H]MTX for 50 mm,

timen �vasimed twice with 0#{176}NaCl solution and
suspemuded in 0.1 N NH4HCO3. The cells

were disrupted by sonic oscillation, themi

centnifugated at 9000 X g for 20 imuin at 40,

folbouwimmg which the supernatant fluid was

fractionated on a DEAF-cellulose column
(1). By this tc-c-hnique more than 98 � of the

intracellular laI)el in three o’xpo-niimmo-nts was

recovered iii time MTX-commtaimming fractions.
To determmmine thue conmiposition of radio-

activity in the acid precipitate after cx-

posure to deoxvunidino’, cells were incubated

with 0.1 ILM [2-3H]deoxvunidimme for 1 lmn,

following which the cell fraetioui was washed

twice with 00 NaCh solutioum and then cx-

posed to 0.2 N HC1O4 or 5 #{182}� tnichboracetic

acid, (‘a(-h at 00, as described above. In three

studies, 90-9S % of the radioactivity asso-

ciated with the washed trichionacetic acid

precipitate cur a washed 0.2 N HCIO4 pne-

cipitate was extracted by a 30-mnini incuba-

tion with 0.4 N HCIO4 at 70#{176}.Hence, in
agreement with other mmmv(’stigatons (14), the

nmaj on p(urtiomm of radioactivity associated

with the acid precipitate of L-co’lls is inmcor-

l)Oratcd imuto DNA, and this techmmmique ap-

l)t’ars to 1)0’ a reliable indicator of the rate of
utilizati(mmm of deoxyunidiime liv the imietabolic

pathways l(’adinmg to the synthesis of DNA.

RESULTS

Kinetics of dissociatian of MTX front

L-cells. Figure 1 illustrates an expenimo-nt in

which L-o-clls were loaded with MTX to a

level whicim exceeded the capacity of the

high-affimmity intnaco’llulan 1)indimmg Sit(’S, fol-

bowimmg which the cell fractioim was separated

and resUsp(’flded immi\ITX-free medium, and

the tiumme o-ourse of the ummidinectiomual efflux

of MTX was mmmonitoned. As oiuservo’d for

sevo’ral other cell systemmis (1, 6, 16), two

inmtracellular MTX o-onmpoiments o-an be dis-

timmguished by this techniquo’. Out’ o-omponemmt
rapidhy leaves the cell with a half-time in the

ranmge of 2 mm (the “excimangeable com-

ponent”); time otho’n immtra(’o’llular MTX corn-

pon-nt appears to be tightly bound within
the cell. To evaluate tht’ reversibility of

MTX binding to high-affinity immtnacellular

sites over short intervals under time condi-

40

(5

3-
a: 30
(5

20

E

9

(0

Li

5 10 IS 20 25 30 35 40 45 50 55

MINUTES

Fmn. 1. Time course of uFu(lireclio,mi ef/lux of

MTX

Cells were imucubated with 6 �m MTX for 5 mm
at 37#{176}.The cell fraction was separated by cers-
trifugation, washed ium 0#{176}buffer, then resuspended

imi a large volunue of 37#{176}MTX-free mmmediunm, and the
fall us the imutracellular MTX level was ummomuitored.

The arrow indicates the half -tiumme for efflux of the
exchamsgeable intracellular conupomiemu t.
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tions of these exp(’rinientS, the rate of changt-
in the intracellular \ITX bo-vol was mmiouni-

toned for 25-55 mimi following resuspension
of cells in MTX-fnee medium. In eight such
experiments there was mmo significant loss of

iumtracollular MTX (p > 0.5), and over aum
immto’rval of at beast 30 nun fomhbowimig resins-

pensions in \ITX-frec umuediummi association of
MTX with high-affimmity iumtra-o-llular hitmd-

ing sites was nmore than 99 #{176}� counmiplete.

if TX in/i ibit ion of deoxyuridine inetabo-

lisni; role of exchangeable MTX. In time cx-

penirnemmt of Fig. 2, cells were iumcubated with
6 �tM MTX for 5 mm as descnibc’d in Fig. 1,

then divided into twu portions. Time cell

fractions were sepanato-d and ro-suspemided in

media countaining dcoxyuridinme imi time pres-

cimee or absence of 6 � MTX. Even though

association of MTX with high-affinity initra-

cellular bindinmg sites is niounc- than 99 % cmnm-

plete ummder 1)0th coiuditiommms, withium .5 mini
followimig resuspemisioum a differemmce ium time
rate of th-oxvunidimme immconponation into 1)NA

31

0-
a.
� 0251-

Li
0-

u 020�-

3.
a:
(5

E 0I5�-

0I0�-

I

005-
Li

0

Fma. 2. Deoxyuridioue ioueorporatiomo 100(0 D.V_4

under conditions in u’h ioh exelu a iigeable in.traeellu far

methoirexale is cha ougi uug

Cells were incubated with 6 �in MTX at 370 for

5 nuin, themu divided imitou twoo portiomis. The cell
fractiomms were separated by o-entrifugat iomu,

washed with 00 buffer, and resuspended mu nueoliumuu
containimig 0.05 �mn deoxyuridimie imuthe present-c our

absemsce of 6 �ummMTX. The time course oif time mu-
courpouratioun ouf label intom the trichlorao-et ic acid

(TCA) precipitate was nuuounitoured (represcmitative

cuf five experinments).

camm he ohs-rved, with a mimarked depro’ssioum
imi the o-o-lls resuspo’nded into) time \ITX-

coumtainimmg mimediurmi. Thene is a simimilan dif-
ference i)o-t\veemm limo’ nato’s (if cleoxvunidine

in(-orporation iuitom the tni(-hlonacetic a(-id
supenumatammt fractiomi. The imucro-asing rat(- of

cleoxvunidimme irmcourporat io)fl ouver the initial
10 immimi in cells nt-suspo’mmdo-d in ?dITX-free
mmmc-diunm is related tom time fmillirmg levo’l of cx-

chmammgeable initraco-Ilular \ITX (l”ig. 1) amid

the nisimmg level 0)1 intracellular d(-oxyuridine

amid its metmiboulites (uv(’r this inmtenvmil (see

next sectioumi). Time inmo-r(’asimmg suj)prtssiomm 0)1
deoxyunidinme iumcorp(uratiomm into I )NA iii time

cells resuspended mm �\ITX-commmtainiing me-

diurn is related to the continued cellular

uptake of MTX and the increasinmg exchange-

iiI)lc intracc’llulan lo-vo-l.
The (-xpenimmmeumt c)f 1�ig. 3 conmipanes time

immo-orporation of deoxyuridimie into time tn-
chlonacetic acid precipitate of cells not o’x-

I)050d to i\ITX (limu- �-1), o-o’lls mm whi-im tiu-
higim-affimmity inmtraeellular i)imi(Iinug sito-s \\�(q(�

saturated with MTX 1)ut mueghigible cx-
o-hamigeable \ITX was pro-sent (linme B), amid
ct-lbs in whicim higim-affinmity bimidinug sito�s were

saturat(’d witim \ITX h)ut, in adchitiomm, in-
cn(’asimmg ic-vt-is oil ex-imangcable MTX were

I)roselmt witimini time intracellular and extra-
cellular c-onmpartmmmo’nts (linc’s C-E) . I)eoxy-

uniohinme was o1(lded to thit- co’Ih-t 30 mimi alto-n

resu-q)t’mmsioni ili tim(’ to-st ummodimt to allow

sufficient timmmo- for (‘Xcimanmg(’miblt- immtraco’llular

i\ITX tom oxit froiunu t-o’lls rt’suspendecl in

?oITX-free unediunm (B) and to o’nmsure that
time nutrac-(’llular \ITX li-vel imad achievo’d a
St(’IidV stmito’ iii those o-elbs rt-susl)o’nided in

\1TX�co)umtmImnimimg mmio-diuuim (C-K) . It is c-b-mm

that do’oxvunidine muuotai)obisnum co)ntiuuuo-s
when Imigim-aflimmity bimscbiimg sito’s are assom-
ciato-d \Vithi \ITX h)ut (-xcimamugeai)bt- imstra-
cellmnlan #{176}ITXIis mmegligihbt’ (limue 13). In fivo’

such o-xperinmm(-umts the mumo-mmnudo-pnt-ssiomm oil
dl(’ox\unidimie lmlo’tai)o)lil-unuu ummden t hmeso’ c-onidi -

tiomis was 27.4 ± 10.4 C� (the higim standmirc!

erromr neflt-cts tho’ variability fromumi (la\’ tom

day). This sugg(’sts timmit high-affinity 1)md-
immg sito’s immay nmomt 1)0’ oil nmmajor inmupcurtano-e to

timo- imuco)rporatiomm of cbo-omxyuniclimio- into I)NA

over thus interval (if o-xposure to) MTX.

\\T���q� MTX WItS addt-d to thio- extraco-llular

commmpartnmcmmt tho-re was a progressive no-due -
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FmG. 3. EfJccl of noethotrexate (in (leOxy((ridinc ioucorporation into DA�4 nuder stea(ly-st(zIo u010(IiIioliS for

excha ngeable i�u tracellu far noel hot rexale

A cell suspenusionm was divided into two portions. ()mie was exposed to muiedium contaimiimig 6 jzmn MTX

for 5 nmin, and time otiuer, a commtrol, to) MTX-free miuedium. The cell fractions were separated by cen-
trifugation, washed with 00 buffer, and resuspemuded in fresh nuedium. The control cells (�4) were again
suspended in MTX-free medium, while the other cells were suspended in nmedia in the absence of MTX

(B) or in time presemuce of 0.12 �mm (C), 0.6 �oii (D), our 6.0 �sm MTX (E). After 15 nun time cells were sep-

arated, wmmsimed, amid resuspcnuded in fresh nmedium of time sanue conuposition. After an additional 15 mm
of incubation, when steady-state o-onuditions for intra(-ellular MTX had been achieved, deoxyuridine was

added, amid the rate of incorporatiomi of label into the trichlourucctic acid precipitate was muonitored. The

fimual deoxyuridine level was 1.3 �usi. The results were similar over a deoxyuridinue comucentrationu range of

at least 0.05-1.3 j�it.

tiorm in timo’ rate oil cleoxvcnnidimme ummetabohism
as the extra-ellular MTX level was raised

Irons 0.12 to 6.0 j.u�r. Houwever, at each level

of extraceilular MTX, the rat(’ 0)1 dc-oxyuni-

dine incorporation into DNA was penf(’c-tly

constant with tiumme. Time results of Fig. 3
wc’ne unaltered by 0.35 nm�i cycbolueximide, a

levo’l sufficieimt to abolisim proteini syumthesis.

1mmvio’w- of time brief duration of these o-xperi-
nmemits, tho’ comustaumcv of deoxyunidine iumcor-

poration into DNA wht-n imighm-afflnity bmd-
ing sites are smiturated with MTX (Fig. 3,
liume B), ammd the failure of cycloheximimide to)
alter the results, time possibility that new
svmmthesis ouf dihydrofolate reductase con-

tributes to the sustaimmed nmetabobisnm of
deoxyunidimme in timese experiments caum be
(‘xcluded.

Figure 4 is derived fnonm a coniposite of
four (‘xpenimmmo’uuts similar to Fig. 3 and il-
lust nato-s the percemmtage inhibition of deoxy-
unidine incorporation imito DNA by cx-

chanugo’mii)le 1\ITIXI (immhibitiomm in o’xc-o-ss of

t hat observed when high-affimmit y binding

sites mire saturated but mmo (‘xchalmgeable

i\ITX is i)reso’uut) as a funuctioum of the -xtra-
(-(-bbulmlr \ITXI level. Tho’ (lashed! limmo- mmdi-
cat(’s tlmat 50 � iiihibitioui of this comnmiponent

of deoxyunidine metahohisnmm occurs at an

t’xtnac-ellular MTX level of 0.2 j.�im. Timo’ nela-

t iommsimip 1)etween exchammgo’able iumt raceblular

\ITX amid inmhibitiomi cml deoxvunidimmc’ mimetab-

olismmi is immore complex. Pnevious studies

imavo’ simown that exchangeable iimtnacellular
MTX is a hyperbolic lunmctioim of extracellu-
bar MTX imm L1210 leukemia cells (1). The
data iui labie 1 indicate that the ratio of the
exchangeable intracellular tou extracehlular

MTX level at the steady state in L-cells
also falls as extracellulan MTX is increased.
Tho’ kinetics ouf this nelatiommship was not

oiuaimtitated precisely, scm that the kim-tics of
inhibition of deoxyunidine metabolism as

no-hated to exchangeable intracellular MTX
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is not defimmed; however, this relationship

approxinmates a hyperbolic form similar t(m
that of Fig. 4, in which the intracellular level
of excimangeabie MTX which results in 50 �i

inhibition of deoxvuridino’ nmetabolisnm is in

the range of 0.2-0.4 �
Nature of association of labeled deoxynri-

FIG. 4. Percentage inhibition of deoxyuridine

incorporation into DI’u’A in the presence of exchange-

able intracellular MTX, as a function of extracellu-

lar .TIITX level
This was determined from the percentage de-

pression of deoxyuridine incorporation into DNA
in cells containing exchangeable MTX (lines C-E,
Fig. 3) as compared to cells in which high-affinity

binding sites were saturated with MTX but ex-
changeable intracellular MTX was not present
(line B, Fig. 3). The different symbols represent
four experiments performed on different days.

dine wit/i L-cells and effect of temperature on

M TX inhibition of net cellular uptake of label.

The data (if Fig. 2 amid 3 suggest thmtt ruaxi-

niummi suppressioumi oml oleoxyunidine ii ietal)( m-

lisni by \ITX requires (-xchang(’aiube but ra -

cellular ?mITX. In this ammd the iolbowinmg see-

tioumm alternative j)ossibihtio’s mire o’valuato-d.

Studio’s wer(’ umulo-ntakemu t o (let erummine

whether immhibition oil deoxyunidiuio’ muuo‘tabou-
bism i)v (‘xchangeabbP \ITX mmmnmybe (lilt’ to

inhibition ouf cleoxyunichimu- transport imito time
cell by extnac-eblular )SITX, linmitimug thue

availability of cleoxyunidimme for sutusequo-umt
imitracellular mmmo’tahobisumm, rather timan to ant

iimtc’raction between t-xo-imang-aiult- immtra(-eblu-

bar \ITX ammo! aim inmtnacelluiar targo-t site.
These studies w(’re also umecessmirv tom nimmolor-

stand better time nature ouf time assuo-iatiomm (uf

do-oxvunidine with L-o--lls amid timo’ sigmuifi-
cance of alteratioums ium that proo-o’ss. l’igure
5 illtmstrates the tinm- (-(mum-se of tiuc- nut o-t’lbu-

lan uptake 0)1 label omm exposure oil o-o-lls to

[m4�J our [3H]deoxvunidimme. At tho’ arrows,

pmrticuuis of the cells were separated amsd no--

suspended iii do’oxyuridiume-free mumoti in tim to

detennmmine the o-xit characteristics oil time

label (this is no’pnesentative of foimr such

expeninmc-nts) . Imutraceblular radio imto’tivity

that can leavt- timo- c-o’bl apjut’ars ivitimini the

intracellular commmpantrnemit early in timt up-

take process. However, the major frmsetiomn of

TABLE 1

Relationship between exchangeable intracellular M TX and extracelluular con ceoutratioou U ou(ler steady -slate

conditions

Values are the means ± standard errors of three experinments performed onu 3 differemut days. lii each
experiment the steady-state intracellular MTX level, the tightly bound fraction, and the cell volunue
are the averages of five replicate measurements obtained 40-75 mm after exposure to MTX. -________

[MTX]. Cellular MTX [Mi’X]� [MTXJ/[MTXJ.#{176}

Total Exchangeable�

nnwles/g, dry wi

0.12 2.41 ± 0.28 0.88 ± 0.1s 0.26 ± 0.05 2.01

1.2 5.18 ± 1.29 3.77 ± 0.76 1.12 ± 0.22 0.93

6.0 10.60 ± 1.65 8.86 ± 1.5 2.62 ± 0.47 0.43

a Determined from the difference between total cell MTX and the tightly bound fraction as quanti-

tated from unidirectional efflux measurements as in Fig. 1.

b Determined by dividimug exchangeable cell MTX by the ratio (3.38) of the intracelltmlar water (nuicro-

liters) to dry weight (milligrams) of a cell pellet -

The distribution ratio for MTX, or ratio of eoncemitratioomi of exchangeable intracellular MTX,

[MTX}1, to extracellular MTX, [MTXJI.



D 4-

03

5 02-

01-
4

3�’ 23.5’

r

05

.3

S

� 04

� 03

02

E

4

01

FIG. t. Time course of net uptake of radioactivity ooo exposure of cells to 0.06 jz.1f deoxyuridine at 370 (left)

or 235#{176} (right) iou the presence (0) our absence (�) of 6 �4M MTX

Cells were exposed to MTX 5 miii prior too addition of deoxyuridimue.

5

264 I. DAVID GOLDMAN

intracellular radioao’tivitv cammnot leave thmc

cell, aimd increases rapidly with time. Fnommi
the dotted line which passo-s through points
A, B, and C (these poinmts indicate time levels

of this compono’nt oil immtracellubar radio-

�4S-.u.2.1- �E0�j�1t2�NE 0C30�Y)

: 2 1 20 30 ‘iO �
2 MINLTE3

1’IG. 5. Xci uptake aouol suubsequueiut uuuidirec-

l101u(l1 o�j/fmtx (if radiooielin’ii�j ii, CCli.$ expOSe(l to 0.037

/03! deoxijruidine at zero liiuie

At time arrows, portions of time cell suspensioru

were separated by cemutrifmmgat iuumu, waslued with 00

buffer, and resuspemided mm a large volomnue of deoxy-

uridine-free mnediumui. Points A, B, amid C’ represemut

ho- o’xt rapolat ioummo)f the level uif mitracellular label
wluioh domes nmomtpemuet rate t iue cell ummenubrane, mdi-

t-ated Iuv time iuourizontal doutted lines, tou the tinie

lie (‘eli fractiouns were isuulated frommu the paremmt

smmspemusioomi. Time diagomual dotted line is the slope

o iuroumgh p�imuts A , B, and (‘ amiol indicates the rate

oof imicoirpourat iomi oif radiooact ivit y imutou this intra-

cello ilar conumpo omuenit

activity at the tiumie time c(’ll fractions wene

isolated from the parc-mit suspension), it may

be seen that the rate of increase of this intra-
cellular compomment approximates the rate of
net cellular uptake of radioactivity. The

timime course of the mmet cellular uptake of
label falls slowly over the intc’rval of obser-

vation, amid any line tangent to the n(’t up-

take curve imitercepts tho’ ordinate above the
point 0)1 origin. Witimin 3 nmin after exposure
of cells to deoxyunidimie, the level of intra-

cellular radioactivity that caum h-ave the cell

is more than half the extnacellular deoxy-

unidine concentratiomm. These data are con-
sistemmt with a very rapid initial uptake (uni-

directional influx) of label, which is free to

leave the cell (pnesummmably osmotically active
deoxyunidine), with the rapid buildup of a
i)ackflux (unidirectional efflux) of this corn-
portent of intracellular radioactivity which
slows the resultanmt miet uptake process. The
subsequc-imt miet cellular uj)tak(’ rate is com-

parable to the rat(’ of inmc-onponation of radio-
ao’t ivity into imitracelluban comTlponents which
must ro-presemmt at bo’ast ium part, metabohites
of deoxvunidimme which do mmot pemmetrate the

c-ell mo’nmbrane. Heumce, time data suggest that

afto-r a brief interval of exposure to deoxy-

unidimme unmder these conditions, the intra-

cellular ummo-tabolism oil deoxyunidinme nepre-

st’mits tom a niajor c-xtent time net rate of uptake

of radioactivity immto time cell.

2 3 4 5 0

MINUTES
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N�-fornmyltetrahydrofolate did not alter the net uptake of 0.02 ,� deoxyuridimie (ratio of uptake slope

of control to slope of N5-formyltetrahydrofoiate = 0.98 ± 0.10; p > 0.5).
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When cells at 37#{176}are exposed to MTX 5

mm prior to addition of deoxyuridine, net
uptake of radioactivity is inhibited. Al-

though the net cellular uptake of radio-
activity over 5 nun is unchanged or slightly
increased by a reduction in to-mperature to
23.5#{176},this process is unaffected by MTX
(Fig. 6). The failure cuf MTX to inhibit net

uptake of radioactivity at 23.5#{176}suggests

that MTX does not inhibit the membrane

transport of deoxyuridine. The absence of an
effect of �vITX at the lower temperature is
related to the high temperature coefficient

for the MTX influx process (Q�_�� = 7.1)
and a rate of penetration of MTX into the
cell which is so slow that saturation of the
high-affinity binding sites with the accumula-

tion of sufficieimt exchalmgeable intracellular
1\ITX to inhibit deoxyuridine metabolism

does not occur over the interval of observa-
tion. Over longer intervals of incubation,
however, sufficient intracellular MTX ac-

cumulates to result in inhibition of net up-
take of radioactivity. The lack of an effect of

MTX on deoxyuridine transport is further
supported I)y the obso’rvation that N6-fon-
myltetrahydrofolate, which has a high

affinity for tho’ same transport carrier as
MTX (see next section) but is not an in-
hibitor of deoxyuridine metabolism, does not
alter the net uptake of radioactivity at 37#{176}
(Fig. 7).

The critical role of exchangeable intra-
cellular MTX is further suggested by the
experiment of Fig. 8. Here cells were divided
into three portions. Pontions A and B were

I 2 3 4 5 6 I’ 8

�A � N U T E S

FIG. 8. Role of exchaougeable intracellular nootho-

trexate in the zuuhibitioou. of (leoxyuridine incorpor(1-

lion into 1)_VA

Cells were divided imitoo three pourtions, A, B, and

C. Portions A and B were suspemided in MTX-free

medium, while C was expou.sed to medium (-omit ainm-

ing 6 MM NITX. Followimug a 5-nuin incimbatiomo at
37#{176},the cell fractions were separated by centrifu-

gation and washed with 0#{176}buffer, and all pourtioons

were resuspended in fresh unedia at 25#{176}.Portioui A

was continued in MTX -free muuo’dium, while B and

C were suspended in media o-ountaimuing 6 � MTX.

At zero time the cells were exposed to 0.1 MM ole-

oxyuridine, amid the mmet cellular uptake of radioo-

activity was monitored.

suspended in MTX-free ummediunm while C was
expOs(-d to 6 �m MTX. F’ombbowing a 5-mm
incubation at 37#{176},duniuig which high-affinmity

binding sit(-s mmportioumi C were saturated

with MTX amid exchangeable mnmtnac-ellular
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INITX acc’uumuulated. all time cell fractiomis
�vo-re s(’parate(l and resuspended imi fresh

nmedia at 25#{176}.Pontioum A was commtimmued imm
i\ITX-fnoe mmiediunmm, while B and C were cx-

posed to 6 j.�r�m i\ITX, amid the net uptake of
radioactivity after addition of deox\’unidine

was nmomiitonecl oven tiue uucxt 7 mmmin. \Iarked

suppressioumi cml muet uptako- oil radioactivity

ouc’(-urred omumly in tluose (-eli first incubated
with MTX at 37#{176};i.e., tiiose (‘ellS which

\V(mllld (-(ummtaiui excliaumgeaiule \ITX ium the

i nit raco-l lular o-o)mmipant umm(’umt. Hcmwever, t he

I )(i551 1)ilit3,� t ima t timis l)ho-umomuicuioui is rela ted
t(u IiIi increased loss (ml imutra(’elbular tetra-
liy(Irofolat (‘S (bUrl mmg t im(’ 37 #{176}pri�)n imicul )ation

�vitim I\TTX rather than to the subsequo’mmt

preso’umce (if exc-hammgeable immtraceblulan ‘oIT�Xi
(binning o-xposure ouf (O’llS to deoxyuriclnme

(‘ttumuiOi)t be ex(-ludc’d, amid is evaluated in time

uiext sectiomi. �Fiic- \‘er\’ pu-onmiumo-umt early fall

in time rate (if uiet cellular uptake ouf radio-

activity imi tIme preso-muce of 1\ ITX (F’igs. 6 ammd

8) is attributed to time rapid 1)uildup and

luackflux of radioactivity, umuden o-mnditiomms

mi \vlmich timo’ nmi(�tabOli5Im1 (if clo’oxyuridylate

is r(-dllcecl, ammo! radioactivity which is free to

b-ave tue cell represents mo larger tluaum usual

o-ouuuul)omm(’umt 0 ii total o-o’l 1ulam madiouct ivitv

(mvo’r tho’ immto’nval of (ul)so’u-vatiomn.

Altiuouglm (‘luammges in tue umet uptake of

na(lioa(-tivity are mm(-gligiiulo’ with mmre(luctioli

(if tenmipo-ratuno- to 23.5#{176}(I’ig. 6), ilicourpo)na-

tnmum oil m�micIiootto-tivitv imutom time tm-ic-iilo)m-ao-t-tic

no-id luue(-il)itate is (-ounuplo’telv al)omlishecl at

this to-miupem-ature o�’o’u- amm ilmt(-rVal (uI cx-

1u��t�r(’ to cle(uxyuridimm(- ouf at least 5 mm.
Tiuis has abscu iueen nepomrto’d lou- o)tbmo�r cell

svsto’mmms (23, 24). Indo-o’d, omver this imitenvab

immc-onpooration of radioao’tivity into the acid
precipitato- is a small conuponemit cml time total

c-o-blulam- m-adioactivity o’veum at 37#{176},amid ac-

counmts for ouulv a smmmall portioum of time iumtra-

co-llular radioactivity wlmic’h cboc’s umout pene-

tnate time co-lb membrammo’ (ant averag(’ of 16%
in timree expeninmemits). II(-flce imihibitiomi of
net cellular uptake of radioactivity by MTX

at 25#{176}(1�ig. 8) on over brief inmtervals of

exposure to deoxyuridinmo’ at 37#{176}(Fig. 6)

must ho (hUe to a bloc-k mm time mmmetabohismmi of

a labelo’d derivative of do-cmxyunmdmne prior to

tlm(’ imicorl)oratmomm of cleomxvthvmmmidylato- immto

DNA.

I-Ielcroc.xc/uan ge and olisplaeeno efll phe-

noinena. Studies were ummdertakemm to exclude

the possibility that MTX inhibition of deoxy-
unidinie nmetabolisumm is related to the presence
of extraceblular MTX with MTX-folate
heteroexchange pimenomena at the level of

their couunmiiOIi mmmernbramme canrio-n amid to
explore the mechanism by which exchange-
able imitracebbulan �t1TX immiiibits cleoxvuni-

dine ummetabolisni.
MTX, N5-formmmyltetnahydnololate, and N5-

immetimybtetnalmydrofoubate share a conimnon

canri(’r transport system in several mitam-

nmabiaum c’elbs (1 , 4, 6, 25). This was also

observ-cl for the L-celb. Extnacellular N5-

fornuvbtetnaimvdrolobate immhiiuits the uni-

directional influx of MTX and results in a
fall in the o-lectrochemmiicab pomtential for

intra(-elluban i�\1TX �vimemm added to cells at
the steady state with MTX (coummtentnamms-

port). Extracellular MTX or N5-lormyl-

tetrahyciroufolate imuimii)its the unidiro-ctio)mial

imiflux of ‘V#{176}-ntethybtetnaimydlr(mfolato’. Time

folbowimmg studies evaluate whether 1\ITX

depr-ssion of deoxyunidine niet ai)omlisnm is

r(’bat(-d to a tna.nmscommcemmtration phemmoummiemiomi,

in �vim-ii an ac(-eleration of the earni-r-
immo-oliateci effi ux of tetralmvclro)fomlate colactor

sto)mo-s fiomii �vitiiimi the ilitlao-(’blUlmul comn-

partuumcnt is imiduced 1:uy tho ‘ sinmmult aneous

(-nutrv oil extracellular ?sITX into tho- co-li

via time sammie c-ammo-I-. _V5_i\1ethyb{14C�tetra_

iiydlro)folate was enmmploy(’dl as time t racer

coimmpound (see DIsCUsSION). Cells were

loaded imm the � c)l 1 .uu ,V5-nmethyl-
tetraiiydrofolat 0’ for 1 bin, fo ullowimmg which
the (‘eli fractiomi was separated aimd resus-

j)euudo-d in a largo- vO)ltInlm(’ of _V5-uimethyl-
tetnaim\-dnofolate-freo - m(-diummm mm time pnes-

euice or ahsenoo’ O)f 1.2 �M \ITX, a level at

least 10 tiimmes that necessary to augniemit

suppressiomi ouf deoxyuridiuue nmetabohismn

(Fig. 3, line C). Exit of radioactivity is char-

acterized by a rapid and a slow comimponent
(Fig. 9). 1mm fivc- suchm expenimmm(’nts, 1.2 j.mM

MTX did muot significamitby alto-n th(- exit ouf

either componeumts (p > 0.5, p > 0. 1, re-

sp(’ct ively). Iiu live otimer cxp(-rinmmo-mmts (Fig.

10) tIme 100-sec immitial umnchro’c-tiommal efflux

0)1 radioactivity was nout alt(’red by 6 �t

\ITXI (p > 0.5), a level (if MTX wimich

coummipletely inhibits cleouxyuniobimio- mnconhuoura-

ti()nm immto DNA (Fig. 4).

Figure 11 illustrates tho- effect o)f 6 j�I
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Fin. 9. Effect of 1 .� j.i3f mnethotrexatc on the mini-

direo’tioooai cf/lox of label from cells loaded with

�V5-meth til[’4Cllelrahydrofolale

Cells were incubated with 1 ;iM .\‘5-methvl[’#{176}Cb-
tetrahydrofolate at 37#{176}for 1 hr. The cell fractionm

was then separated by centrifugationm, washed

twice with 0#{176}buffer, and resuspended in a large

volume of �\ 5-methyltet rahydrofolate-free mediunui

at 370 i�m the presence (0) or absence (#{149})of 1.2

pM MTX, and the unidirectional efliux of radio-

activity was nmonitored. The arrow indicates the

half-tinme for efilux of the rapid-exit conuporuent.

The zeio-time poinmt indicates the cellular radio-

activity prior to resuspension.

l\ITX oh the slow-exit c-olmmp(unm(-mmtof iimtra-
cellular radioactivity . 1’obh mwilmg indui)ati(mmm

of cells with X5-nmethyltetnahvdrofobate, time
cell fraction was washed anmd incubatc-d iii

fresh X5-metlmvbtetralmvdrofolate-free mmio’-

dium for 17 ummiim. Time wash ammo! 17-immimi
incubatioum \�(-ne repeatc-d , folbowimmg which

the cells were washed, divided into two

portions, and resuspended in immediti iii the

presence or absence (ml 6 bL�i MTX. MTX

reduced the level of intracellular radio-
activity 1)y 1.134 ± 0.078 nnmoles, g, dry

weight (p < 0.01 in five expeninm(’muts). The
frequent washes, replacemeimt of time nut--

dium, arid long incubation prior to exposure
to MTX should result in time loss oil nuoro-

tlman 99.9 #{182}‘�of the rapid-exit compoummcuit

amid elimmmnmate the possibility that time boss
of radioactivity was clue to (-ouumtertrans-

port of free iumtnacelbuban radiomactivity which
might remain in the c(-lb in equilihniummm with
snmall anmouumts of residual ext raeo’llular

�V5-rnetImyltetnahydrofolate. Time loss of co-lb

radioactivity was not clue to dispbac’enmmemmt

S
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� (On,00ol 1ee1) EFFLUX ONTO MEDIUM

WITH 6pM MTX

FIG. 10. Evaluation of a possible MTX-Ietra-

h ydrofolate cofactor tra nsCon cell tra I ion ph cnomeouo ii

Cells were incubated with 2 p�i N5-nuetluvl[1#{176}CJ-

tetrahydrofolate for 1 hr. washed as described in
Fig. 9, and (liVided imuto 15 eqinrol portiomis imu 15-mi

conical (-emitriftmge ttmbes. After centrifimgao iomm at

250 x g four 1 mimi, the supernatamut fluid was as-

pirated o-onupletely, time tubes were gassed with

95(�� ( )�_5(;; (‘( )2 anm(l oapped , amud t he 0 ip of 0 he

tube o-omitaimmimig the o-eil pellet was kept imi ami ice-

water batim. The level of cell radiouactivitv priour to

efilux WI)S deternuimied ins fivo- tubes. For nueasure-

uumenmt 0)f t he uimuidimect ionmal efilux rates , 0 he t ube

was renmouveci frimmmu the ic-c luath and inminuuersc(l ins a
370 hatlu for 20 sec too warnm the glass amid po’llet.
Followimug this, 2 nil of uuuedimnni at 370 (cit her -omu-

troul our comutaimuimug 6 psi �ITX) were rapidly mu-

je-ted, time cell pellet was thouroutmghiy dispersed by

three vigoirous muuanual shakes amid a Vortex ruuix,

arid 0 lie t utue was mmmec-haruio-allv agitated at high

speed in amu lberbach shaker broth at 370 four 1(H)

sec. ‘l’he efilux reacti(un � stoipped by imujectioun

of 10 mmii (Of NaCI soolutiomu at 0O. Five replicate

deternnimiat ioumus were muua(le s�’it h our wit hunt �1’1’.N..

The bars imidicate t lie macamos ± st amudard errors of

time average values froomu five sincim experinuemuts.

The luigher loading level ouf �\‘ 5-nmet hyitet rahydro-

folate � emmuployed to increase the fract ion mf the
total o-ellular radioactivity assouciated wit Lu the

rapid-exit co)nupo)nent to fao-ilit ate t he ro-rogmuit ioori

of snuuali c’hrmmiges mi this coomumpounerut (see uums’us-

SION).

fronu hinclimug sit(’s (mumtime co-Il simm-fact-, sinu-e

ho buss of radioactivity resultc-d ivhmmm (-o-lls
werc’ (‘Xpoisecl to) 6 pt� �olTX at 0#{176}onnoler time
con(litioumms oil Fig. I I . bum five sin-lu -xpeni-

immeimts at 0#{176},thc- (hffo-ro-mlo-o- bo-tweo-ni time
cellular ic-vol 0)1 radiouactivitv with and

ivitimout MTX was 0.069 ± 0.079 nummobes�g,

dry weight, a valuo- moot signiificanmtly differ-
c-itt from zo-ro (p >0.2) ammcl ouimly 6#{176}oil time

amuuounmt lost at 37#{176}.Timis loss of the slow

conmpounmenut of imut rmn-o-llulam- u-adioaet ivity by
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FIG. 11. Displacement of 6 pM met hot rexate of slowly exchanging label from cells loaded with N5-methyl-

[morbtetrahydrofolate

Cells were imicuhated with 2 pM X5-methyl[’#{176}Cltetrahydrofolate for 1 hr then resusperuded in fresh
medium as described in Fig. 9. At arrow 1 the cells were separated, washed, and resuspended in fresh

mediumu. At arrow 2 this was repeated, but now half the cells were resuspended in medium containing
6 pM MTX (0), while the other half remainued in MTX-free medium (S). From 17 to 50 mm later the
level of cell radioactivity was mneasured.
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MTX ummay have b)(-c-n due to displacement

of labeled tetnahydrofobates from b)iimding

sites within tim(’ cell or to inhibitioum of the

reutilizati(un (amid subsequent efflux) of a
porti(un (II the lal)ii(- [‘4Cjnmethyl nmoiety

wh-nm to-trahydrofolato- synthesis was in-

hibited. 1mm any event, the reduction of
intrac(-hlular radioactivity by MTX was

rapid and was essemmtially coumpbete witlmin 17

nminm aftr exposure to MTX, since the ratio

of time slopes of the slow exit componc-nts,

MTX (-onutrol, � 0.93 ± 0.28, a value
not siguiificantby different front 1 (p > 0.5
fronmu five experinmc’nts such as Fig. 11).

The o’xpeninm(’mit (ml Fig. 12 is based upon

the data of Figs. 4 amid 11 and was designed

to cleterummimme whether possible displacenment
of intracellular tetrahydrololates from intra-
cellular binding sit(’s by exchangeable imitra-

cellular MTX couuld be aim important factor
in time inohibitioim (if deoxyunidine metabolism

by this ageumt. Cells were incubated with 12

�&�i MTX Ion 30 mimi to achieve total asso-
ciationi of MTX with high-affimmity bimmding
sites amid to generate ami exchangeable initra-

cellular level sufficienut to produce maximum

suppression of deoxyunidine metabolism

(sce Fig. 4). Displacement of intracellular

tetrahydrofolates four this level of MTX
should have been comumplete over this interval
of incubation (Fig. 11 ; see DISCUSSION).

The cells were timemi washed twice with 0�
buffer to remove extnacelbular MTX and
fobates which had left the intracellular corn-

partment. The cell fraction � divided into
two portions and resuspended in fresh MTX-

free medium (A) or mmmedium containing 0.2
.uM MTX (B). Incubation was continued for

20 mimi, during which exchangeable intra-
cellular MTX left the A cells and the ex-

changeable intracellular MTX level fell to
a steady state in the B cells. The cells were
again washed twice with 00 buffer. Portion

A celLs were again suspemmded in fresh MTX-
free medium. B � divided inmto two por-

tions, one resuspemuded in MTX-free medium
(B) and the other in immediuni with 0.2 j�i

MTX (C). After art additional 17 mm of

incubation the cells were washed and re-
suspended in fresh media of the same re-
spective compositions, deoxyuridine was

added, and metabolism w-as nmonitored over
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FuG. 12. Evaluation of the role of (lispla(-eouelut

of intracellular tetrah ydrofoloule.s- by noelholrexuto

on methotrexate uth ib it ion of 1),VA symuthesis.

Cells were incubated with 12 p58 MTX for 30
nmimu. The cells were washed twice with 0#{176}buffer,

divided imit(m two portions, amid resuspemuded in time
presemice (Ill) or absence (A ) of 0.2 pM MTX . After

a 20-nuimu imucuhationu the cells were washed again.

Portion A was suspemded imu fresh MTX-free

nmediunm, while B was divided imuto two portions:

B, which was muow suspended iii i\ITX-free muiediumnum,

amid C, suspemuded mu fresh nuediunu with 0.2 p�r

MTX. After 17 nminm time cells were washed againo

amud resuspended imu ummedia of time sanme comp(usm-

tiomus; deoxvuridine (final level, 3 pM) was added,

arid time incorporatu)nl of radioactivity into tue
trichiouracetic acid (TCA) l)recipitate was moni-

toreci.

35 nmimm. There was no sigumificant diffo-neimce

(p > 0.5) in deoxyuridine iumcorporation imito
DNA iii the B as commmpano-d to the A cells.
There was, however, a imuarked depro-ssioui
in t lie rate of deoxvuridimme nietabobisnmm
in C as conmpared to B cells (71.68 ± 5.05 �

in five o-xpeninmc’nts; p < 0.001). This is

related to tiic- couitimmuecl presemmce oil o’x-

chammgeabbo’ imitracelluban MTX in the C
cells and the loss cuf o’xchamigeable immtraceblu-

tar \ITIXI from time B c-o-bls uumcler commditions

in which displacenmemut of t et rahydrofobates

should have been completed mind the ohs-
placed tetrahydrofi mbat c-s should have bc-c-mi

eliminated prior to thuo divisiouui (if o-ells into

B aimcb C media.

m)IsCUssmoN

When ((‘llS are loaded with i\ITX to a

level ivliichu oxcee(ls tim(’ o-apacitv (ml imigh-

affinity immtrac-ellulan binding sites, following
which exchmango-able inutracellular anud o-xtra-

cellular MTX is (-himuminmated, thc-ne is oumbv a

snmabb (lepressiOlm in th(- rate of incorporation

of cbc-cmxvunidinme into DNA. \ITX binmdiumg

to higim-aflinity sites is esseumtially irreversible
ovo’n time immto-rval o�f timese studi-s, anmd satu-

ratiomi of these sites mmmust l)e at least 99 %
(-onmpbete. I”oubates or so-ruumm were mmot included

in time imm-diummm, aumd time results precludo-d a
romle for niois svmmt hi-sis O)f cliimvdr ufoiate

r(-dluo-t aso’ (seo- RESULTS) . H(-uuco-, riustaimmed
nmetal)omhismmm 0 ml cleoxvunidiume uumdo-r t imese

commmditioims is related tom conmtinuc-d (-atalvtic
regen(-rat iou i of tet rmlimVOIlr(ufOlates 0ur t he
intilizatiomm (if immtracellular to-t rahmvdrofulate

(0fmI(t or sto mro’s. (‘ unuplo’t o- suppn(’ssio in of

deoxvuridimmo’ ummc-tahuo ulisnm was achievo-d only

after furtlmo’r addition oil MTX to timo- mmmc--

diuumm amid timo- accunumulatiorm of initra(-c-llular
:ICITx in o’xo’ess omf timo’ tightly b)omummdl 0�o)1mt-

pouiemmt . IFim(- hlvJ)erbo uhic r(’latioummsimij) of this
furtim-r suppr(-ssiomm (if cleoxytnricbine mumetab-

obismmm 1my o’xchammgeal uli’ iiit nacehlular (in cx-

trac-lluIan 1\ITX witim 50 � ; inmhuib)ition at an
int.rac-(-llular i�ilTX level of 0.2-0.4 �rti mmdi-
cates timat this j)im(-mlouuuueniun is related to

bindiimg ouf i\ITX to) mmlow-affinity imltrac-(’hlu-

Ian site rather than tom the further assmo-iatioum

O)f i\ITX with time less thamm 1 � oil time high-

affimuitv sites uvhicim mmuigimt remain lno’o in the

abseuuce of o’xcimammg ‘abl(- intracellular 1\ ITIX
Time poissibilitv that a (-oimmmpommo-nt 0)1 imigim-

affinity clilivdr ufob�ito’ ro-duc-taso- is isoilated
in ami mimtraco-llular coummijuartummcuit anmcl is ounily

sboiviv mio-o-(’ssibleto time loadimmg lo’vo’ls oil

MTX is excluded. First, it is uumliko’ly timat

aft(-n ml 30-mum immo-ubatiommi with 12 pin MTX

the sinbsequeumt expomsuro’ oil co-Ils to 0.2 pM

i\ ITX would furt imer p-umet rate a o-oummpart-

niemut to l)rodllc-e a large lahl in tho- rate of

deomxvunidimme mo’tabomlism our tIuat thus o-ffect
woubcI luc rapidly reversible (Fig. 12). $econd,
if sustaimmo’cb o-xpousuro- oil c-ells to) MTX is

ncqimirecl for I)enio’trati(on of a cellular corn-
partummenmt, thu-n, mit a givemi ext rmmcellubar
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:‘�ITx lev-b which pno)duc-es a subummaxinial
del)u-essiomm 0 if deoxyunichine mmietal)obism, time
rate of iuuccurporatiomm oil radioactivity into
DNA shomuld decrease as a funotiomm of time.

Houwever, ummdon conditions imi wimich cells
ar(- at ii. steady state with different levels of

exti-a(’c’llular MTX, the rates of deoxyuni-

dine immetabolisimi are quito- cotistant with

tinmue (1igs. 3 aimd 12).
rUlie (In ta suggest t imat free intracellular

MTX interacts with a bow-affimuity target
site to mmmaxiummallv iuilmii)it dc-oxyunidimie in-
corpo)ratio)n into J)NA. Ilmwo-ver, to effect

changes jim tluo- inmtraco-llular 1\ITX bevc-l

nequiro-ci (-onni)arabbe mmmamupulaticmmus of the

o’xtraco’llubar I1\ITX bevel. Imi time miecouiupany-
iumg 1)ai)0� (1 6) time (-rucimib role (ii excimange-
mil)lo mnitna(-(-llular \ITX is su�)ported by time

oubso’rvatiomm timat vimic-ristine augnmemmts the

ui(’t ttl)takd cmi \ITX inmto Ehnlichi ascitcs

tunmmor o’ehls amid -nuhiauui-o-s inlmibitiomn (if de-

d)xvlinidlimio ino-ourporat iomi into I)NA I�’
:i\1,1,x without (-hamigimug eitlu-r tin- uni-

direc-tionmal iumflux cur the extracebbular 1\ITX

love!. Tiio’ data for L-cehls also appear to
-xclude several ummechaumisuns by whicim extra-

(-(-Ilular \ITX mmiigimt iumhibit do’ouxyunidine

Imuetal)ohsumm.

1. �\1TX does miot alto-n tim- imieummbralie

t raimsport of do ‘o:uxvunidhimio. Immimibitiomi i)V

:1ulIr1�x of time mio’t c’o-bbulan uptak(- cmi radio-

a(-tivitv alto-n exposuro- of cells to deoxyuri-
dun- is related to inimibithmn oil immcorporatiomi

of madhmactivit� iimto:m co-llulam- c(unstitueumts

mvhio-h do mmo�it iuo-nietrato- thu (-(‘Il mumemmmi)raume.
2. Bet (-roexchange iuimo-mioumuieima bo-t iveemi

cxtmmio’o’blular \ITX timid to-traimvdrofolates at
their eoummnmouu uno-mmmbramuo- carrier couuld re-
duce the availability omf tetrahydrofobate
c-ofactors four timymmmidvlate symmthmesis by
several nmmechanmismmms: (a) iimhibition of tetna-

hydromfolate cofactor iuuflux immto time cell, (b)
do-pression mi the miet level of free intra-

cellular t et rahydrofobat c-s because of the

imuitial asvmmmnmmetnical distributmoin of MTX
acn uss t lie cell ummemmulurano- coummtertraumsport
(1, 5, 26), ur (r) acceleratiomi of the carrier-

mmm(-clmatc-il umuidirectiomual c-fflux rate cmi free

inmtraco-llulan tetrahvdrof olates as MTX

c-ritens the cell cmii tin- saumue carrier- -tramms-

counoo-mmtratiomm effect (4, 5, 2.5, 27). M(’ch-

aumismuus (a) amid (b) are excluded because

no exogemmous folates were added to time
mediunm and intracellular folates free to
leave the cell were ebinminated from time
intracellular and extracellular conipartnients

by the use of very barge extracebiular vol-
unmes iii comparison to the imitraeellular

space, frequent rej)lacement of the medium,

arid bommg iumcubatiomms prior to addition of

deoxvunidiime (Fig. 12). A transc-oncentra-

tioim effect (c) is excluded by the deummonstra-
tion that 6 pM MTX did not alter the imiitial
ummidirectioumab efflux oil radioactivity froni
dells pro-viously inmcul)ated uvitim �Vm_mmmethyl_

[m4Cjtetraimvdrofoiat e. Furth-rnmore, a traims-

comi(-entratiomm effect would 1)e of little imum-
portance, since time rate of efflux �ul the rapid

exit conmpomment is so fast eveim in tho- Iii)-

seumce of Il\ITX (11,3 < 5 mmmiii) that ummore

than 99.9 #{182}of this fractiomm of imitraceliubar

tetrahvdrofolates siiould have left time (‘0-115

prior to time additioum oil do-oxyuridino- (see
Fig. 12). Fiumally, a stiniulatoury o-ffect by

MTX ott the ummidirec-tiomial efflux rates of

intrac-llular tetrahvdroilolates either should

be constaumt with tiummo-, since time extracellu-

Ian MTX bevel reummaimms c-ommstant, on should

decrease as MTX euitc-rs the cell and c-oumm-

l)c-tes ivithm tiio- tetraiivdnofolates at the imumier
(ebb mmmeummbrano’ for efflux on the membrane

carrier. However, prior to the achievement
ol steady-state comiditiomus for imutracelbubar

MTX, u�’hemi time Inc-c- intracellular MTX level

is risiumg l)tit time extraceblular MTX bevel is
comistant, inhibition of deoxvuridine inc-or-

poration into DNA by MTX increases with
tiumme (Fig. 2). Tu-amis-stinmulation (uf the uni-
directional o’fflux of radioactivity from

L1210 leukenmmia cc-lbs loaded with X5-forrnvl-

tetnahydrofobate by higher levels (20 prum) of
extracellular MTX has been reported (25).

it is possible that conditions could be

achieved tou demonstrate this pimemmoumieimon
in L-cebls, but this would not be relevant
to the couumditiomms under which MTX in-

hibited deoxyunidimie iumetabobisnm iii these

oxpenimmmemmts.
Possible imeteroexcimange phelmonmenma be-

tween MTX amid timc’ folates comimplicated

immtenpretatiomm of previc)us studies. The coin-

petitive mmature of time protective effect of
�V5-fonrnybtetrahydnof elate on aimmimmoptenin

toxicity to mimic-c (28-30) or MTX toxicity
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tim L-cebl miiouse fibm’ohbasts ium cell culture

(31) iimav ho- accomumited loin, at least in part,

on the l)asis of competitive interactions at
the cell mmm(-mmmi)ramiethat himumit, jim a conipeti-

tive way, the availability of tetrahydro-
folate colactors for thymmmidvlate synthesis
under conditions in which endogenous tetra-
hydrofolate synthesis is hlockcd. Likewise,

the reduced toxicity of )JTX to mice (32)
and the reduced chemotherapeutic efficacy

of i\ITX iii L1210 leukemia-beanimmg mice

when administered sirnultammeouslv with

rather than prior to N5-formybtetraimydro-

folate (:33) immay he relatc-d in part to the
competitive inhibition of MTX influx into

the cell. The dose-dependemmt effects of MTX
on mortality in mice (15) and on inhibition
of deoxyuridine metabolism in vivo (13, 15)
under c-ommditiorms iim which dihydrofolate

reductasc- was presummied to he iumactivated

(see below) could 1)e relat(-d to competitive

inhibition 1)\ MTX of tho- influx oil circulat-
ing tetraimydrofolates into and inimil)ition of

their no-t accumulation within cells. The in-
creased immhibitiomm of deoxyuridine incorpora-
tic)n into DNA in mmmomuso’leukenmia cells in

vitro witim inmc-reased extracellular levels of
?sITX uumden (-onditioiis in wiiich the high-
affinity 1)immdinug sites should have b(-o’n

saturated witim this agemmt c(uuld be rebatod

to immhibitioumi O)f immflux ouf tc-traimydnofolate
cofactors pro-sent in time 25 #{176} imourse serum

in the mmiediumii (13). Finally, time omh)servati(un
that MTX inmhibitc-d deoxyunidimme incorpora-
tion into DNA imm h-cells, even after tim(-
cells had 1)0-c-mi boadd with N5-fonmuiybtetra-

hydrolobate for 15 mmmiii, could be accomummted

for by rapid c-ounto-rtraimsport of tetrahydro-
folate c’ofactors from the iumtracellular commi -

partm-mmt, wit ii the subsequent mmmarked imi-
hihitiomi of their influx iimto the cell (14).

The louw-mmffinity intracellular target sito-

with wimicim MTX interacts to suppro-ss ole-

oxyunidimme ummc-tabolisnm is ummcertain, but time
data are commsisteumt witim a block in time

syntimesis of deoxythy mmiidylate from decmxv-

unidylate, simmc-e N�- ‘#{176}-ummethyleuietetrahydro-

folate is required for timis reaction auud MTX

inhibits deoxyunidiiue immconpc)ration immto timo-

trichloracetic acid supernatanit frac-tiomm and

inhibits time mmet cc-llular uptake of radio-

activity ummcler conditiomis in which irmcorpora-

tiomm 0)1 cleoxvuridine into time triciilonacetic

ac-id precij)itat(- is mmegbigil)bo-. There mire
several possil)le fliechaliismmms by which ex-

chaimgeable iimtracellubar i\ITX ummay immhibit

deoxvunidiume mnetab)obismmi.

I . It is 1)(u55ib10 that (-ontinmuo’d to-tra-
hvdrololate svmmthmesis wider cimnditions mm
which hugh-affinity bindiumg sites mire satu-

rated with MTX nmav be related to the

pnesc-mmcc- omf dihydrofolate reductase species

ivhicim loosely hind i\ITX and are activ- imi

the aI)seumce of appreciable levels of fr-e
intracellulam- MTX. The constant rate of

deoxyuridine immcorporation into DNA with
timmie under thesc- coimditiomms is more corn�

patibbe with count immued tetrahydrofolate
synthesis than w-itim the utilization ammo! de-
plet icnm of emmdogenous tc-t rahydnofoiate co-
factor stores. Multiple forms ol dihydro-

folate reductase imave t)eo-n isolated from

bacteria (9, 34, 35) aimd immammmmmmaliaum(-(-115
(9, 36, 37). The affinity of dihydrofolate
reduc-tase loin MTX (38-40) or irreversible

inimibitors (41) is ro-clucc-d in time ab)s(-uuo-e of

TPNH, i)Ut it is unc-lo-ar whether low-affinmity

forumms of this emmzyumie unmassociated with

T1�NH arc- pneso-nt withimu time immta(-t ummaumm-
umiaiimmn cell. rI�hc- nmo-mtsuremum(’nmt oil tetrahydro-

folate syimtlmosis uumc!o-r thu-se (-xpo-riumuo-nitab

comnmdit icuns womuld (-larilv whuet im(-r dilmvdro-

fobmit e r(-ductase mu-t ivity po-rsists wimo-nm

higim-affinity bimiding sit(-s mmro saturated

with MTX (42).
I’cmllowiimg adimiimmistratioin c)f \ITX in rico,

decuxyuridine metai)olisuii c(uumtinuo-s imu gas-

tro)iImtdstiImab o’pitim(-lial tissues (15, 43) amid
mmm(ul_lse beukemmiia cells (13), ev-ni under c�un-

ditions in which dihmyclncu6mlmite reductase

activity (iii (‘c-lb imoulm(mg(-mmat(-s) is um(’gligible.

This mmmav be due to (-(-blular t(-trahvdlr(ufobate
cofactours imm time assay mmiodiuin, ur tim(- (-(mum-

chitiourus of time enzyme �ss�y may uiomt bo- coum-

parable to time intact (-0-11,i.e. dihvdroufoulate
reductase activity in rice reimmaimis. The oh)-

servation that diluvdrofoilato- reverses time
let iuality of MTX t(u mumice in vivo suggested

sustaimied dihydrofolate ro’du(-tase activity

(44); imowever, reduo-tioui ouf clihydrololate

uiiav be related to isolatiomi of uumbound

c-nzvmmme in o-o-llular eonmmpartuuients or to

tetrahvdrololate symmthesis by intestimmal flora.

with subse lw-mit absmrptioui.
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2. �irrixi um�t� immluibit utilizatioum of c-ui-

dogo’mm(uus tet naimydroufoulates 1�m�- imuhibiting

thmo-iu r-lo-aso’ frourn storage sites, or, as sug-

gesto’d in sev(’ral reports, by inhibitimig

t huy nuidylat 0’ sy mit imet ase. Jim crudo- emmzyuiio

pro-juaratioums �vhi-im (‘o)Imtmuiuu botii clihydrom-

blat c- nc-duct misc- ammo! t hv ummidvlate sv mmthetase,

amiminuomptenimu imuimiluits timyimmiolybato synthesis

oimlv if tetnaimydrofolate levels are bo�v and a
redw-tamit nmuo-lc-otide is pro’s(-um t , suggest hug

timmit inimibitiomm is no-hated to) olepressiomm of

dihvdrofolato- neductase natimen t hmammthynmi-
dylmite svumtiuo-tase tu-tivit�- (45). Hence the

1)asis of time immhibitiomm (uf timvmiuidvbate svn-

thesis imm iuommmougo’mmmmtes of (�CR1’-CE�\l N-lbs

is -entaium (46). \ITX iumhmil)itiomm cml deox�-

unidylate c-o:mnyersi(umi t 0 oli-oxvthmvnmidv late

was cdummij)O-titive mvith t et naimydro ufmlat e iii

isoulates of Eimrhicim misc-ito’s turno)r c-oils (K =

14 jr�n) amuci Esc/meiichia c-eli (K1 = 23 p�I),

eumuploviuug mm ohialvzed, 30-50 #{176}� amuimmmoummiummm

sulfmite-preci�uitato’ol fra(’tiouum ( I 4). Iumhihitioun

(20 � ) of thmymmmidvlate symmthetaso- with 50 j.til

i�ITX was denuomustrateol in a furthmem- purified

J�.,,,. (Dli 1)uo-Iumirati(uuu, hitit 50 pM mmmmmiimoptenimm

lmad umo effeo’t (47). 1mmminotiier study 100 pmr

mimumium(ipterimm ro-sulted imi 50 � immimibitioum of

E. �olt thmvmmmi(lviato’ svmlthi(’taso’ (48). If time

bmw affinity ui thvmumidvlate svumthc-taso- for

1\ITIXI in (0’ll-flO’e s�stenms is o-ouimparahile to

tue inta(-t L-o’ell or timo’ J#{176}imnlicimmiscites tummmor

( 16), then it is doubtful that this c-mimiacc-ouuuut

for tiuo’ inhil)iti(mmm of do ‘oxvunidino’ nuo-t tibet -

isimm 1u� thuo’ low bevo-ls of o-x(’iutmlmgcmmi)le immtna-

co-blular i�\lT1X (0.2-0.4 pmn) which m’esultc’cI in

50 � clepro’ssiommm oil do’ouxyuri(himmo- imm(’O)l’l)Ol’a-

ticmu initom 1)�\A mmtimo-so- studies. It is pcissii)le,

of o’oiurse, timat the afhmmitv (of this o’nzvnie for

MTX iii tin- immtao-t cell is greater.

3. MTX (6 prim) caused a buss (ml a show-

-xit (‘o)mmmp(umueumtoil m-midiomic-tivitv fioimi cells

wimich luad buo-emilomaoheoi in time preseimco’ of

\�-m11etIuy1[m4CJt(’tm.ahmyolm.ofolate This immav

1-(-pm-eseumt displaceummo’mmt oil tot nmoimydrofolate

cofactours fmommu luimmdimmg sit(-s. with their sub-

sec�uent o-xit fnoiuum time o’ell. Tiouwever, it is

tmmilikely t hat mm displao’o’ummo’nt iihuc’mmcumeimoim

o’oubd hue aim immmportaimt factor mm time iumhibi-

tioun of oleoxvuridimmo’ mmmctahohsimm by cx-

ciuango’mmbbe iiutnmio-ebbulmtm’1\I’IFIXI. \t ammo- level

oil �\ ITX wiuicim proucluc-o-s submaximumal in-

hibition oil oleoxyunidimmo’ mmmo-taboulisumm time rate

of immcorpomratiomm 0 if� olo-o mxyunidinie into D�N-\.

is o-mimstammt ummdei- steady -state o’ouumditiounim.

Homic-e, if the basis oil tlmis immhibition is a dis-
placo’ummc-mmt of mt rac-(’bbulam- tc-traimydrofobate

comfactors, this proi(-(’ss immust b(- co)nipleted

rapidly at o-acim MTX (-ouumcentration, a con-

clusu)im which is (-onlpatil)le with the obser-

vat ionu t hat displaceumment of intnac(-llular

nadiuactivity by MTX is ccmmmipleto- withimm 17
mmmiii (Fig. 1 1 ). However, evemm altor exposure

of (-c-lbs to 12 pii MTX (a level sufficient to

immhmil)it deoxvuridine nmetai)cubisnm completely)

for 30 mimi, which is bug o’mmough to c-ompbete

displacernont oil emmdomgemmous to-trahydro-

fobates, uimden o-cmmuditiomis in which the me-

diuni simould havo- I)eemi cleared ol displaced
folates, an exclmaimgc-abbo’ intracellular i\ITX

bo-vel in time rammge of 0.2 pM still produced

marked inimibit iou of deoxy unidlium(- iumcorpo-
rataun into DNA (F’ig. 12).

\i\1(tim\.h[l4C]tc-trah\.drofolatc- was c-nm-

I)1(iYc-d as a ‘tracer” imm these studies. It is
t ime only commercially available to-trahydro-

folate coufao’ton timid is n it an ideal tracer for

-fflux studies. It ummust be assummmed timat time

raj)id exit c-omimmpommiomut m-cl)res(-mits efflux of
ummc-hammged _Y u�muo�t imylt etrahydroifolat o our re-

imtto’d o-oummipoiuniols. This is likely, sinico’ time

ummajour imm(’tai)ObitO’s of _V5-formnyi{ ‘4C�tetrahy-

drofo)late iii L1210 (-(‘115 over simoirt imicuba-
tiomus amo’ other bal)(-led tetm-aimydrofobatc-s

(25) . Although _\5 , ‘-uuietimybo’mio-tetraimydro-

folato is required for symmtii-sis of thyrni-

dybate, it is a reasoimal)bo- assummiptionu from

otimeu studies (1, 4, 5, 25) that the tetraimy-

drofolate cofac-t ours beimmi�’o simimil mmlv in t c-mis

o�f their trmtmmspomt across time co-li uumeiumb)ramie.

Fiumalby, time [14C]immethyl ummoio’ty is lab)ile amid

is I)ro)bmibby iml(-orporato’dl into unidentified

muic-tabohito’s who-li hcmuo’trate the cell mmmcmii-

bramme slcuwly (5) and mmmay represent time
nummjour portion ouf the imutracellular radioac-

tivity; timein boss fmommm the c-c-li is related to

the slow-exit conmmpomio’nt. Heno-o’ abteratiomms

imi the rapid exit of radioactivity or a snmall

p(mrtio)mm oil time slouw-exit o-omump(mmment require
diso-rimmmim mation from t he mmmcii larger total

((‘11 radioactivity.

Tho-se studies ro-lato’ tom the chimmical use ol

1\ITX. Fho’ o-mmd point four timem-apy with MTX
immav imot 1)0- tho’ saturation of higim-affimmity

binding sites witim time gemiermmtiomn of only a
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suimall (Xcess (if free intracellular MTX to
inactivatc- imeovly s�-nmth-sized dihydrololate

reductase. Rather, the end point to achieve
complete suppression of deoxyunidine inc-or-

poration into DNA may be the generation of
miiuch higher levels of intracellular MTX.

The high levels of exchangeable intracellular

MTX that would he maintained during pro-

longed infusions, as with the “rescue” proto-
cobs, may be an important factor in the effi-
cacy of these procedures (49-53). Possible

differences between free intracellular MTX
levels in host and tumor tis.sues may be a
determinant of the therapeutic indo-x for this
agent. These considerations may be relevant
to the development of new folate analogues,
in that the goal of structural design may be
to enhance the electrochemical potential
that an “antifol” achieves within the intra-
cellular compartment or to enhance its in-

teraction with target(s) in addition to high-

affinity dihydrofolate reductase-binding

sites. Finally, this and other studies continue
to indicate that the mechanism by which

MTX inhibits DNA synthesis is a complex
process which is miot yet clearly understood

and warrants continued investigation. Like-
wise, the r(-bationship between inhibition of
DNA synthesis by exchaimgeable MTX amid

the cytotoxic effects of this agent, as well as
the effects of exchangeable MTX on puniuie
synthesis, require further clarification.
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