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SUMMARY

Stenic, electrommic, and confornuatiomial requirenuemmts are described for at-malogues of m4-
metimionine essential to timeir fut-mctiomi as substrates or imihmibitors of time muuelimionimme adet-mosyl-

trat-usferase reactiomi (ATP:L-nuetimiot-uine 5-ademmosyltransferase, EC 2.4.2.13). \Vitim time ii(l
of partially purified trat-msferase prepturatiot-ms fronu Eseherichia coli, bakers’ ��east, amid rat
liver, a systematic study of substrate at-malogues imas been ut-mdertaken. It-iimibitors of time en-

zyme fall it-ito tiuree categories: (a) straight carbon chmaimi anmimmo acids, sit-elm as t-4-2-anuino-4-

hexenoic acid (trans but. mmot. time cis isonuer) at-md L-2-amilmo-4-hmexymioic acid, wimicim are time
most potent. it-mimibitors; (b) cyclic amino acids, among wimicim 1-ammuit-mocyelopentat-mecat-boxvhie

acid and ot-ie of time four isonuers of 1-anuit-uo-3-nuetimyleyclopeimtaneeanboxylic acid (chimer time
1R,3R or the 1S,3R isomer) are time most powerful; at-id (c) O-acetyl-L-serit-me, ()-carbarnvl-t-4-
serine, at-id S-carbamyl-L-eysteit-ue. Sit-ice it-mhibitors belongimmg to groups (a) amid (b) possess

considerable eommfornuatiomuai rigidity by virtue of time preset-ice of ummsaturatiot-ms or cyclic
structures, it has beet-i possible to draw cot-uclusiomis with respect to time cot-iformatiot-i of �

methiormimie at time active site of time atlemmosyltramusferase react iot-m. A mmunmber of time it-mimibitors

of tlue methionine ademiosyltransferase reactiomu, such as 1-amit-iocyclopet-it ammecarboxy lie acid
and S-carbamyl-L-eysteine, are known to be inimibitors of time growtim of certait-m nuieroor-

ganisms and tumors. Tlue possibility is suggested timat these inimibitory activities mmmav be

mediated at least in part tiurougiu time immimibit ion of time symmtimesis of S-adet-iosyl-t-4-muiet imionirme.

INTRODUCTION

This paper describes time stenic, electrommic,

and eomiformational features of ammalogues of

These it-mvestigmttions were supported by Pro-

gram-Proj ect Grammt GM 16492 and Trait-ut-mg Grant

GM 1183 from the National Immstitutes of Healtim,
and by grants in aid from the Gustavus at-md Louise

Pfeiffer Foundatiomm, New York, amid the Smith
Kline and French Foundation, Philadelphia. Pre-
liminary reports of these studies have appeared

[Abstr. 158th Nat. Meeting Amer. Chein. Soc. (Neu’

York) 208 (Sept. 1969); Fed. Proc. 29, 681 (1970)1.

nuel imiommimme essent it-il for t Imeir fimt-mct iomm as
substrates on immimibitons of time mmmetimiommimme
adet-mosvlt rat-isf erase react iot-i (AT P: t-�-

nmethmiommimme S-ademmosyltranmsferase, EC 2.
4.2.13). These mumolecular chit-tractenist ics hiave

beet-i explored with partially purified tramus-
fera.se pnepanat lot-ms obt aimmed fronu Ese/aer-

ic/a.ia co/i, bakers’ yeast, at-md rat liver. Time

ultimate goal of these studies is time develop-

muiemmt of selective at-md specific immimibitors of

tluese et-mzvmes at-md timeir exploitation as

pot emit lal ehmenm( )t imerapeut ic agemit S.
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‘fiat’ design oi ammt.agommistic structural

amiaiogues of essential met abolites ima.s been

widely practiced sit-ice t hue ree()gnition thmat
sulfammilamide is a conupetitive ammtagonist of
p-anuimmobemuzoie acid at-md blocks tiue ineor-

porrit 10mm of the hatter iimt.o 5 , 6-diiuydropte-
roie acid in susceptible mmuierobial systems

(1 , 2) . Systematic gui(lehmies for the design
of sit-elm inhibitors were formalized in time

mot-iognaph by Woolley (3). More recently,

efforts at time ratiommal desigmu of cimemotlmena-

pent ie agemits imave poimited to time critical
inupontanee of commomi cot-mfonnuational fea-

tunes amommg effective structural analogues

(4,5).
It is miow abundammtly clean that emizvnues

fronm diverse sources catalyzimig time same

react ion (isofunctional enzymes) nmay display
large differet-mees in tiueir susceptibility to
imiimibitors, at-md I hat suclu diffeneimees nuay be

respot-isible for selective toxicity (6). Time
elt-Lssie work of Burcimail and Hit chings (7)

ot-i several classes of it-mimibitons of fohic

reduet ases hurts enuplmasized that such in-
hibit ors nuay reveal large differences it-u time
active sites of isofut-metiot-mal et-mzynues, amid

that timese differemmees nut-mv be exploited it-i

time desigmm of selective chiemuuotimerapeutie

agents.
\Iethioimimme, an essemitial amiuimmo acid for

mat-munualiaim speeies, participates in a variety
of et-izynuatic react iomms, imm wh micim different
regions of time molecule ummdergo activation

on I ramusfonnuat iot-m. Timese react iot-ms i mave

received little systenuatic study with respect

to t heir immhmibitiomm by st ural at-ialogues of
nuet huiommimme. It is kmmowmu fromum I ime work of
Skit-mimer, Edelsoim, aiud Simive (8) timat time cis

(hut mmot time lraias) isonmer of nt-4-2-anuino-4-
imexet-moic acid is a weak at-itagommist of

nuethmiommimme for lime growthi of E. co/i. In

eommtrast, Mud(l (9) has showt-m timat time trans
(but not time cis) isonmer of nt-4-2-anuimmo-4-

hmexemioic acid is aim imilmibit on of yeast

met imiommimme adenmosvlt rat-isferase. It-i a series

of si it-dies Simive rut-md Skit-it-men (10) prepared a

miumber of structunal ammaiogues of nuethmio-

mmit-ie,lysimme, and other anuimmo acids, imm which

ut-msat urat iomm om. nt-mg si ruct ares inuposed

c� )t- i f )rmatiot-mal rest net iomms. Ti ese workers

put. forward suggestiomms ommlime possible eon-

formatiomm of such amimmo acids at their “sites

of utilizatiomi”. Their conclusions were based

ot-i microbial miutritiomm experiments and could

not define time precise metabolic site for thuese
amitagot-uisnus, because of absence of informa-
tion at that. time on the essential enzymatic

reactions in which time miatunal anuimio acids

participate.
In the preset-it work, a muunuben of struc-

ural at-malogues of mel imiot-mimme,characterized

by confornuational rest nictions resultit-mg from

unsatit-natiomm or nt-mg fornuat ion, and with
varyit-ug degrees of elect ronegativity in the
region of time molecule correspot-uding to that

occupied by thue sulfur atonu in met.hionine,
iiave beet-i used to probe the preferred con-
formation of nuethiommine in the nuetiuiomiine

adenosyltransfera.se neact ion. The mecha-
t-mism of t.luis enzynuatie reaction imas already

been studied extemisively by Cant.oni at-md
I)urell (11), Mudd at-md Cantommi (12),
Mudd (13), at-md Mudd and Mat-mn (14).

More receimtly, Greet-me (15) imas subjected time
yea.st transfera.se to kimietie ammalysis and

establislued the ordered addition of react-

ants. Mechanistic studies of the reaction
imave shown t hut-ut time tot ru dephospimorylat ion

of ATP results in time liberation of time two
int-mernuost pluospimate groups of ATP as
inorganic pyropimosphuate, and of time ternuinal

i )imosph ate as inorganic ort hmophosphate. Time
eimzvme also possesses I nipolypiuosphata.se

activity timat is t-uuarkedlv accelerated by low
cot-ucent rat lOt-iS of S-adeiuosylmet hionine

(16).

EXI’ERIMENTAL PROCEI)URE

Materials

All solutiomms were prepared in deiommized,
glass-distilled water from chemicals of time

best eonunmereial grades available. All corn-

1)�ut-id5 t hat possessed significammt immimibitory

potency or were of particular imitenest were
recrystallized immlimis laboratory. Time sources

of hue cimenuicals were as follows: L-methio-

nit-me, L-mmonleueimme, DL-imonuosenine, L-senirme,
L-leueit-me, L-cvsteit-me, DL-methionimie sulf-

oxide, Dm4-met.hmiOnilme sulfomme, at-md ammo-
t-mium sulfate (special et-mzyme grade) were
supplied by Mat-in Research Laboratories.
D-Etimiot-uimme, L-mmonvahlue, D-norvalimie, 2-

met hyl-nL-nmethiommit-me, D-methionine, S-

etimyl-L-cyst Cit-ic, S-met imyl-L-eysteine, and
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111. I)oshan, manuscript in preparation.

yeast inorganic pyropluospim at rise were ob-

tait-ied from Nutnitiot-ual Bioeimenuicals. The
commercially available calcium salt of 2-

hydroxy-DL-methionmine [DL-2-hmydroxy-4-

(methylthio)butynie acid] was eot-uverted to

the free acid, purified by distillation (b.p.

62-64#{176}at 20 j� of mercury), at-id converted to
its methuyl ester. D- Norleucine, O-aeetyl-L-

sent-me, i-homocysteine tiuiolactomme iuydro-
chloride, trLflUoro-L-met hionine (S-t nifluoro-

methyl - L-homoeySteimie), 0 - carbamyl-L-

sent-me, and 1 -aminocyclopentanecarboxylic
acid were purchased from Cyclo Cimemical

Corporation. N-Aeetyl-DL-nuetlmionit-ie, L-

ethiomiine, L-methionimie etimyl ester imydro-

chloride, N-formyl-DL-met hionine, gluta-

thione, at-id tnis(luydroxymetlmyl)arnino-

methane base were obtained front- Sigma

Chemical Company. DL-\ Iethiot-uinol [nL-2-

amimmo-4-(metimylthio)butan-1-ol], DL-imomo-

cysteine (free base), at-md 0-methyl-DL-serine

were supplied by Pfaltz at-md Bauer. 5-
Carbamyl-L-cysteine, L-metim ionimme methyl

ester imydrociuloride, at-md L-nuethiomne-
S(RS)-sulfoximine were obtained from

Aldrich Chemical Company, Pierce Chmemi-
cal Company, and Calbioehenm, respec-
tively. Adet-iosine 5’-tniphospimate (disodium)

was supplied by P-L Biochenuicais. Radio-

activity was determined with a liquid
scintihlat.ion spectrometer wit hi an efficiency

for 14C of about 60 %. The primary at-id

secondary scintillators PPO (2, 5-diphenyl-
oxazole) and POPOP p-bis[2- (5-pluemiyl-
oxazolyl)]benzemue } were pureima.sed from

New England Nuclear. Spectroseopie quality

p-dioxane and glycerol at-id reagemmt grade

naphthalene were purchmased from Mathmeson,

Coleman, and Bell. Time cation and anion
excimange Dowex resit-is AG 50W-X2 (100-
200 mesh) amid AG 1-X10 (200-400 mesh)

and DEAE-cellulose (Cellex D) were sup-

plied by Bio-Rad Laboratories. 1)isodium
ethylenediaminetetraacet ate was purciunsed

from J. T. Baker. 2-Mercaptoethanol wa.s

purchased from East man Orgat-mic Chemicals

and distilled uimder reduced pressure (b.p.

58-60#{176}at 23 mm of Hg). [‘4C-Methmyl]-L-

methiommit-me (53.6 mCi1/numole) and ademmo-

sit-me 5’-tnipimosphate-8-t-4C tetralitimium (47

mCi/mmole) were time products of Amer-

sham/Seanle Corporatiomm at-md Sehuwarz Bio-

IRe.searcim . Sprague-1)awley fenuale rats (180-
200 g) were purcimased from Huntington
Farnus. 1”leischmaiimu bakers’ ‘vea.st was pur-

eima.sed fronu local food markets. E. coli

strait-i B (midloganitimmic) cells were obtained

frozen from Grain Proeessimug, Muscat it-me,

IOWII. Crystallized bovit-me plasma albunuimu
was a product of Arnuour Pluarmaceutieal

Conupany. \ letimyl 1 -aminocyclopemitamme-
earboxylate, 1-amit-mocycloimexamiecarboxyhic

acid, 1 -amirmocyelohueptaneearboxylic acid,
1 -amimmo-2-etimylcyclopent anecarboxylic acid,
1 -anuino-trans- 1,3- cyclopentanedicarboxyhic
acid, and m)L-2-amimmo-6- (metimylthiio)imexa-

mmoic acid were time kit-id gifts of Drs. H. B.

Wood, Jr., at-md S. Schmepartz of time Cat-meer

Chenuotiuerapy National Service Cet-it en,

Xational Cat-icer Institute, Bethesda, \ Id.
Time 1 -aminocyclopropane- and 1 -amit-mo-

cyclobutat-mecarboxylie acids were gifts of
Dr. W. C. ,J. Ross of time Cimester Beatty

Researclu Institute, Lot-mdon (17). trans-3-De-

hydro-L-methionit-me [L-2-amit-io-4-(metimyl-

tiuio) -trans-3-butenoic acid] was the kit-id

gift of Professor K. Baienmovi#{233}of the Ct-mi-

versity Chemical Laboratory, Zagreb,
Yugoslavia (18). Time syt-itimeses of DL-2-

amino-4-hexymmoic acid, L-2-anuit-uo-4-hmex-
ylauie acid, t-) L-2-arnino-trans-4-hexenoic acid,

DL-2-ammo-cis-4-hmexet-moie acid, at-id I)L-2-

amimio-5-clmloro-trans-4-hexenoic acid have

beet-i described (8, 19, 20). L-2-Amino-4-
pentymmoic acid, DL-2-amimio-4-pemltet-ioic acid,

at-md DL-2-anuit-io-5-(nuethyltimio)pentamloic

acid were prepared according to publisimed

procedures (2 1-23).
Timere are four isonuenic 1-amit-io-3-

nuetlmylcyclopentamiecarboxylic acids (Fig.
4). Time 1R,3R nt-md 1S,3R diastereomers
w-ere prepared it-i this laboratory by Streeker

smitimesis fronu (+ )-3-nuethylcyclopemmtamiot-ue

(3R), and separated by high resolution eat-

ion excimat-ige cimromatograpimy #{149}1Time com-

pout-mds, it-i order of their elution fronu time
eolunmmu, will be referred to as isomers A at-md

B, respectively, altimoughm assignnuemut of rib-
solute configuration cammmmot be nmade at

preset-mt. Time two racemic mixtures (1, 3R
+ iS ,3S) at-id (1S,31t + 1R ,3S) of 1-anmino-
3 -met imylcyclopemitanecarboxyhic acid were
also svt-mthesized in timis laboratory at-md
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sel)ntrntte(l fronu each other.m \Ve are indebted

to 1)r. H. Doshman of thus (Iel)artmet-mt for

gifts of time isomenic 1-anuit-mo-3-met.imyl-
eyclopemmtammeearboxyhic acids. All mmeu� corn-

1)olit-m(ls were charaet enized by t-uuass, it-ufrared,
at-md mmuciear resoimammee spectroscopy. ‘lime
purity of these conmpourmds was establisimed
()t-i aim anuimmo acid analyzer.

]ICthO(lS

Preparation of ileth. ioninc A (lenosyltrans-

ferase

E. co/i strain B. Ti emmzyt-uue was prepared
aceondimmg to time procedure of time Tabors
(24). All operations were conducted at 0-4#{176},

except whuen ot imerwise indicated. A i 50-g

I)ortiomi of frozet-m midlogarithmmic E. co/i

strait-i B cells was thiawecl it-u 350 ml of 10 mui
potassiunu pimospimate buffer (pH 7.0) cot-u-
I nit-mit-mg 5 nyu 2-nuercaptoet imnimmol. St-umall
bat dies of tluis suspensiomm were t hen sot-mi-
cally disrupted for 15 muuimi at 9 he witim nit-i

MSE ultrasomuic disit-mtegrator, model (lOW,
wimile time tenuperature was nuaint aimmed below
10#{176}.Saturated amnmommiunu sulfate soiutiomu
(mieutrahized witim NH.,OH) cot-it rut-mit-mg 5 mM
2-nmercaptocthammol was ridded to give 33 %

fit-ut-il sat uratiomm, at-md time mumixture was nil-

lowed to stir slowly overmmiglmt.. ‘fi precipi-
tate was renmove(I by eemmtmifugatiomm for 20
nmimi at 12,000 X (lax rut-mci discntrded. Neutral

saturated anunuot-miut-mu sulfate sohmtiomm was

ridded to I ime supert-matat-mt flit-id t.o give a

fit-intl sat unit iou of 50 %, rut-md I lie nuixt ure was
allowed to stir for 2 imr and cemmtrifuge(1. The

preeipit rite (33-50 #{182}�anunmot-iiummu sulfate)
\%.t-�5 (hissOlved it-m 10 t-muw Pot assitinu phosPhate
buffer (pH 7.0) cot-mtait-iimmg 5 nm�i 2-nueneapto-

etimammol at-mci allowed to stir slowly overnight.
The supermmatrut-mt fluid was fmnmctiommatecl with

time above ammumumot-miummusulfate solutiomm, and
lie precipitate oil aimiecl between 33 at-mci

38 saturnttiot-i was dissolved iii 10 nyu

l)otassiumuu plmospimntt c--S muuui 2-nmercapto-
et Imammol (pFI 7.0). At-i approximntteiy 40-fold

ptinificntt iot-m Wit ii a reco�erv of about is % of

time totnil emmzvnue activity was achmieved. Time

51)ecific activity was 2.5 ummits (see helow)/
t-mig of prot eimm. At t has stage of 1)urilicat ion

time emmzvmmie is stable for at least (I t-umommthms at.

- 1.)

J�akers’ ijea..sl. ‘Fimis mumetimiommna’ ridemmosvl-

trammsferase wnis PreI)arecl by modifleatiomi of

the procedure of Stekol (25). Dried Fleiseii-

mat-mt-i’s yeast (600 g) was homogenized with

1800 ml of 67 m�i Kt-HPO4 containing 3.6 g

of m)L-nuethiiot-mine in ni cooled (O-4#{176})Gifford-

Wood mill for 15 mit-i at 30 V with a 0.005-
inmchm aperture. The mixture was then lit-cu-

bated for 4 hr rut 32#{176},cooled, and centrifuged
at. 4900 X y�, for 20 miii in a Servall GSA
cent nifuge imenid . At-i acetone fract.ionat iomm

was performed, rut-id time precipitate obtait-med

bet.weet-i 24 rut-md 45 % nicetone (by volume)
was suspet-u(ie(l in 20 mui potassium pimos-

phate buffer (pH 6.6) and then dialyzed
ovenmmigimt. nigaimmst 25 volumes of 1 mn potas-
siunm phospimate (pH 7.0) contaimuing 5 m�i

2-nmercaptoetimat-mol. Time dialyzed material

was elmromnttograpiuecl ot-i a column (2.5 X

47 em) packed witim DEAE-cellulose previ-

ously washmed by time procedure of Peterson

at-mci Sober (26), rind timemi equilibrated with 1

m�m1 potassiunu pluospimate buffer (pH 7.0)
cot-itaimuimig 5 nuiut 2-mercaptoetiuaniol. An
elutioni gradient, was get-merated witlu a eomm-
stat-mt volunue nmiximmg chit-umber contain it-mg
800 ml of the equihibrat it-mg buffer, connected

to a reservoir containing 0.4 M potassium

pimosphate (pH 7.0) and 3 m�i 2-mercapto-

ethamiol. Fnaetioims (S ml) containing sigmiifi-

cant quantities of enmzynue with high specific

act ivity were conubimied and fractionated
with a sniturate(i mmeutralized ammommiunu

sulfate solution. The precipitate (50-75 %
satunatiomm witim at-munmonium sulfate) iu�t-m�
dissolved it-i 1 m� potassium phospimate (pH

7.0)-S mxt 2-mercaptoethammol. At this stage

it is critical to nuea.sure and adjust the pro-
tein concentration of the enmzyme solution to
approximat ely 10 t-mug/rnl before a series of

mmegat ive bet-ut onit e adsorptioims are ummder-

I akemm. Beimtonite wa.s added in four different

stages wit im const nit-it mommit onimug of time

emmzvnie activity. For eacim milliliter of

emmzynue solution, 30 rug of bet-mt ommit e were

ridded, the nuixtune was si inneci for 20 miii

at-mci centrifuged for 10 nmimm at 12,000 X �

and time precipitatt� was discarded. This step

was repeated three t-mmore times with 15 mg

of bemmtommite �)et-� mmmilhihiter of enmzyme. rflme

bet-mt onmit c’ reduced time prot cit-u coneent rations

to about 3 nug’nmi without significantly

nedueimmg I ime et-mzymmme nietivity. Tiue enzyme
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was t heni fractionated with saturated t-ueut nt-il
ammonium sulfate. The fraction precipitat -

ing between 53 and 84 % saturation w-as dis-

solved it-i 1 m� potassium phospluate (pH
7.0)-S m� 2-mercaptoethanol and could be

stored for at least 6 mot-uths at - 15#{176}.An
approximately 180-fold purification over time
initial homogenate was obtained with a re-

covery of about 13 % of the total enzynue
activity. The specific activity was 5.2 units/
mg of protein.

Rat liver. The preparation of time methio-
nine adenosyltransferase from rat liver fol-

lowed essentially the procedures of Cantoni

and Durell (11) and Pan and Tarver (27).
From female Sprague-Dawley rats, weighit-ig

approximately 180-200 g, 78 g of liver were
obt.ainmed and homogenized in 0.01 N acetic
acid and then centrifuged at 27,000 X g�

for 30 mm. Time supermuatant. fluid was frac-
tionated with saturated ammonium sulfate
(pH 7.0) containing 5 m�i 2-mercaptoethaiuol

and 0.2 m�t EDTA. The fraction precipitat-

ing between 33 and 45 % sat.urat.ioiu was then

dissolved in, and dialyzed for S imr against,

50 nuul potassium piuosphate buffer (pH 7.0)

cot-utntining 5 mM 2-mercaptoethanol and 0.2

mM EDTA. The dialyzed et-mzyme solution

was mixed with giycerol to a fit-mal concentra-

tion of 20 % of glycerol by volume at-id timen

fractiot-mated on a DEAE-eellulose eolunun

(2.7 X 40 cm) previously equilibrated with

50 mt-ti potassium phosphate (pH 7.0) con-

taining 5 mM 2-nuereaptoethanol, 0.2 m�i

EDTA, and 20 % glycerol. The gradient ui-as

generated by means of a constant volunue

mixing chamber of 800 ml eontaiimiiug time

�quiibratit-ig buffer, and was connected to a

reservoir containit-mg buffer of the same coin-

positiomm but. 0.2 M w’itiu respect. to potassium

pimosphate (pH 7.0). Time eluted fraetiomms (7

ml each) containing significant. quantities of

enzyme activity with high specific activity

were stored at - 15#{176}and were stable for at

least 6 nmonths under timese eommditiomms. Time

specific activity of the enzynue is approxi-

mately 6.0 ut-mits/nug of proteit-i rut-md repre-

sents about. a 40-fold punifleatiomi with a

recovery of 40 ‘� of time initial emmzynme ac-

tivity.

Enzynmatic A ssays

Metiuionine ademmosyll rrtmmsferase a.ssays as

described by Cantoni nut-md Durell (11) were

carried out in a fit-mt-il volume of 0.25 t-uml, con-
taimmmg (in nuieronuoles) KC1, 50; ATP, 3-5;

L-methioniime, 0.00938, 0. 1 , or 3.0, depemmdinmg
upoim the purpose of time experiment ; Tnis-
HC1 of pH 7.6, 40; MgC12, 75; glutatimione,
2; rind enzyme, which was used to imiitiate
time reaction. The incubatiot-is were carried
out in giass-stoppered tubes at 37#{176}with

agitrition. One ut-mit of emmzyme activity
produces 1 �mole of S-adenosylmethmionine
in 30 mm uimder timese cot-mditions (11).

The onigit-mal assay of Cantoni and Durell

(11), utilizing an anion exeimange resin which
quantitatively removed unreact.ed ATP,

thus leaving S-adet-iosyinuetiuioninie in solu-

tiomi to be analyzed spectropiuotometnically
at 236 mj�, was not employed because of high

optical det-usity blanks caused by self-per-
petuating impurities it-i time resin. Tluis
met hmod is also mmot adequate for inhibition

studies, as it eat-mt-uot detect time formatiomi of
low- levels of �S-adenosylmethiomuimme uvhen

very low metimionine cot-mceimtrations are used.

Therefore, S-aderuosylnmetlmiommit-me format.ion
was determined by one of time two followimmg

methods, both tnt-king advantage of time

positive charge on the sulfonium atom. First,
a modification of time procedure of Mudd

el a!. (28) utilized radioactive i�-nuethionine
as substrate. In timis huighly sensitive assay
time incubation is tennuimmated by dilutiimg time
incubation nuixture with a large volunue (10
ml) of cold water and passing time solution

througlu Dowex AG 50W-X2 (100-200 mesh)
eolunmns (6 X 30 num) it-i time amnmommium
fonnu. Time ‘4C-L-nmethmiolmimme does mmot ex-

cimange witim the resin at mmeutnal pH rut-md

passes througim time colummuum in time water
wnusim (100 mmml). S-Ademmosylnmethiommimme is
absorbed ot-mto time resin at-md may be quninti-
tatiyely eluted with two ahiquots (3 ml eacim)

of cot-meet-mt rated anumonium huydroxide,

rather than 3 N amnuommiunu imydroxide as

described by Mudd et a!. (28). To each 5-t-nl
aliquot of eoneent rated ammoniunu iuydrox-

ide, 15 ml of Bray’s scit-mtillation fluid (29)
are raided, and the total radioactivity is

determined in a liquid scimmtillat.ion eoummter.

Time anuout-mt of S-ademiosylmethioni ne
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formed in time reaction eat-i be calculated

fronu the original specific activity of the

[14C-metimylj-i�-methionit-me.
Inhibition studies were generally carried

out with time radioactive t-muethionine assay

because of its sensitivity (it is capable of

nueasuning less than 1 nu/2nuole of 5-adenosyl-
methionine), which permits lowering of the

methionit-me concentration far belouv time
recorded (12, 15, 27) Km values of approxi-

mately 0.4-2.5 miii (depending upon the
source of enzyme). Unless otimerwise noted,
in time inhibitiomi studies the metimionine con-

centration was 37.5 �miit- at-md eacim reaction
vessel cot-mt ained approximately 380,000
epm.

A secot-md met luod designued it-u this labora-

tory is also nu modification of the original

speetnophotometnic metimod of Cantoni and
Durell (11) but employs radioactive ATP.
In this procedure ATP-S-’4C (250,000 epm)
is used in the stat-mdard incubation mixture.
The reaction is terminated by addition of 2
ml of a 67 % slurry (v1/v) of Dowex AG
1-X1O (200-400 mesh) it-u time chloride cycle
(neutral pH) at-id sufficient water to give a
final volume of 10 ml. The contents are
siuaken and centrifuged, nut-md at-i ahictuot. of
the supernatant fluid is counted. Time radio-
active ATP is taken up by time anion cx-
chat-mge resin while the naciioactive product,
S-adenosylmet.imionimue, remains it-u solution.

Time quantity of S-adenosylmethionine
formed may timen be calculated oim time basis
of the specific activity of time ATP-14C.

The purification of the transfenases from
yeast, E. coli, and rat liver was monitored
with the radioactive ATP assay procedure,
since it was considerably less time-consuming
than the radioactive metimionine assay. The
assay systems used to follow the purifica-
tion were incubated for 30 ruin. In the assay

of t.he rat liver enzyme, 3 ut-uits of yeast
inorganic pyropimosphatase were routinely
added to the incubation mixture (11). Inor-

ganic pyrophosphatase was t-mot. added for

the inhibitor studies (37.5 �mM ‘4C-L-methio-

nine), as time amout-it of pyrophosphate

formed was very low and inorganic pyro-

phosphatase had no stinuulating effect.

In the inhibition studies all three enzymes

were diluted with boviime serum albumin

(10 nug/nml) containing 5 miii 2-mercapto-

ethanol.

Protein Determinations

Protein ui-as determined eit.her by the
biuret methuod (30) with bovine serum

albumin as standard or by the ultraviolet

absorption nuetluod of Warburg and Chris-
tian (31).

RESULTS

Substrate Specificity of Met hi anine Adeno-

syltransferase

Sulfur-containing analogues of met hi on me
as substrates. Several studies of the amino

acid specificities of yeast and liver methio-
nine adenosyltransferase have been reported
(11, 12, 27, 32). In order to define the struc-

tural features required for substrate ac-
tivity, a systematic examination of a it-umber

of sulfur analogues of methionine was under-
taken (Table 1). Since radioactive com-
pounds were not readily available, the tests
were carried out with ATP-8-’4C, at a final

concentration of 12 miii, and time potential
substrates were tested at 20 at-id 40 miii for

L- and DL-cOmpOundS, respectively. The
reaction velocities were compared witiu tiue
rates obtained with 20 mM L-met.hiOnine for

yeast, E. co/i, and rat liver enzymes.
The methyl and ethyl esters and the N-

formyl derivatives of methionine are sub-
strates for all three transferases. N-acetyl-

DL-methionine is a substrate for the E. coli

and rat liver enzymes, but is not a substrate
for the yeast system, as has already been
reported by Mudd and Cantoni (12). The

possible, although unlikely, hydrolysis of
these derivatives to metimionine in the
course of the incubation has not been ruled
out, since the products were not identified.

We have confirmed that L-ethionine is a

substrate for the yeast (12) and liver eu-

zymes (27), but is barely active witim the
E. coli enzyme (33).

In addition, seleno-L-methionine at-id
seleno-L-ethiOnine, while not tested in this

laboratory, have been shown to be activated
by the yeast and liver enzymes (27, 34, 35),

but no information on these eonupouiids is
available for the E. coli enzyme.

Sulfur-containing analogues qf mel/non iite
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TABLE 1

Analogues of nmethionine as substrates of inethionine adenosyltransferase

The assays were performed with ATP�8�14C in the system described under Methods, except timat time

final ATP comicentration was 12 miii. Reaction mixtures were it-mcubated for 30 nun with 45.7, 144, and 15
�ig of the yeast, E. coli, and rat liver enzymes, respectively. The amounts of S-adet-mosyl-L-methionine

formed by the above enzymes in the commtrol it-mcuhations were 0.252, 0.370, at-md 0.102 hnmoie, respectively.

c t-� t-� Relative reaction velocity
Compound

Yeast E. coli Rat liver

‘fl_if

L-Methionit-me 20 100 100 100

L-Methiot-mine methyl ester 20 38 56 80

L-Methionine ethyl ester 20 14 30 31
N-Formyl-DL-methionimme 40 39 5,3 65

N-Acetyl-DL-methionimme 40 0 23 8
L-Ethionine 20 16 4 30

that are neither substrates nor inhibitors. A
number of sulfur-containing analogues of

methionine were examined in the above
assay systems and were found to be in-
capable of replacing L-methionine, at least
at the level of detection (about 5% of the
activity of L-methionine). The following

compounds were all inactive in the three
enzyme systems: 2-methyl-DL-met.imionine,
2- hydroxy - DL - methionine, 2- hydroxy - DL -

methionine methyl ester, trans-3-dehydro-L-
methionine, DL -2- amino -4- (methylt.hio)-
butan- 1 -ol (methioninoh), D-methionine,2

2 It was previously reported that D-methiouuifle

and D-ethionine are converted to the correspond-
ing S-adenosyl derivatives (27, 36, 37). Pan and
Tarver (27) observed with partially purified rat
liver transf erase that the Km for D-methionimme was

47 times higher than that for L-methionine, and
that the rate of activatiot-m of the lu-isomer was

only 13% of that for the L-isomer when both were

tested at 10 miii. The Km for D-ethionimme was riot
determined, because of low activity; however, D-

ethionit-me at a 20 mai commcet-mtration reacted at 8%
of the rate of L-methionine (10 nuis). Schleimk aimd
DePalma (36) have extracted S-adenosyl-D -me-

thiot-mit-me from Torulopsis Wills that had beemm cul-

tured jim the presence of D-methionine. Upot-i de-

gradation of the isolated S-adenosylmethionine by

base hydrolysis and lu-amino acid oxidase, it was

established that the lu-isomer of methiommine was
preset-mt in the S-adenosylmethionine. Stekol et al.

(37) reported that “Fleischmat-mn’s baker’s yeast
synthesizes only about one-tenth as nmuch 8-

adenosylmethionine or 8-adenosylethionine from
D-methionine or D-et.hionine, respectively, as it

n-ethionine,t- DL-methiot-uine sulfoxide, DL

methionine sulfone, L-methionine-S(RS)-
sulfoximine, L-homoeysteine (thiolact omme
and free base), L-eysteine, and S-ethyl-L-

eysteine. Also, DL-2-amino-5-(methylthio)-
pent anoic acid (homonmet.hionine) at-id
DL -2-amino -6- (t.hiomethyl)hexanoie acid

(bishomomethionine) cannot replace methio-
nine. The former finding confirms the report
of Stekol (38). S-Isoamylhomoeysteine at-md

S-n-propylhomocysteine have been reported

by Stekol (32) to be inactive with time liver

enzyme.
These compounds, nuany of whicim nine

close structural analoglmes of metimionine,
also appear to be unable to bind to the active
site of the enzyme since they did not. it-mimibit
the activation of L-methionrne. Time nuajorit.y

of determinations of inhibitory potemicy were
made using 12 miii ATP-8-’4C rind 0.4 mmmiii
L-methionine, with the potential inhibitors at.

20 miii (D- or L-cOnmpoundS) and 40 t-uuiui

(DL-eompounds).

Inhibitors of Methian mae A de-nosylt ran sferase

Conditions of assay. It-i order to detect
event- weak inhibitors of the enzynme, t-mot-i-
saturating levels of ‘4C-L-nmethionine (37.5

does from the correspoimdi rig L-elmantiot-uuorphs.”

The discrepancies between our findings at-md those

of other authors might be ascribed to a variety of

factors, such as differences it-mthe purities or prop-

erties of et-mzynues at-md emmantionmorphic purities of

substrates.
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uvere used in time stammdard assay systenu.

Time formumatiomi of product was linear with

respect to time for more that-i 45 mm in the
case of the E. coli enzyme, and for less than
10 mimi for time liver and yeast enzymes (Fig.

1). Under comuditions of incubation which

gave lit-mean product fornuation with time,
the fornuation of S-ademuosvlmet.hionine as a

funetiomm of protein concentration is shown in
Fig. 2. On time basis of timese findit-mgs, the

incubatiot-m times were ehosemu to be 5 mm for
both yeast and liver enzymes, and 30 ruin for

li. co/i. To each reactiomi vessel uvere added 5
�g of each of tiue former enzynues and 2.5 �g

of purified E. co/i protein.
Determination of inhibitory potency. Since

kinetic analysis of the relation between reac-
tionu velocity and methiommine concentration

gave significant deviations from linearity in

double-reciprocal plots for eaeiu of time timree
enzynues, it was not possible to determine the
Km for L-nuetimiot-iimue in a sinuple manner, at-md
consequently K1 values were t-uot accurately
obtait-mabie. For time purpose of time present
studies, inhibitors were tested at. a series of

coneemmtrnitiomms it-i time presemuce of 37.5 �M

FmG. 1. Time course of formation of 8-adenosyl-

me/h/on me (SAM) at lou concentrations of L-

met hion me

Immcuhatiomms were carried out with 37.5 ,.�im 14C_

L-nmethiot-line (380,000 cpm). For conditiomms, see

Methods. Time amoummts of eimzymne protein in the in-

cmt-bation systems were 4.6 �g (yeast), 4.6 �g (liver),

mund 2.4 ,�g (L’. coli).

FIG. 2. Relation between forniation of S-adeno-

syimethionine (&4M) and protein concentration at

low concentrations of L -niethionine

Incubations were carried out with 37.5 �M 14C

nmethionimme (380,000 cpm). For conditions, see

Methods. Incubations were conducted for 5 mm

(yeast), 5 mm (rat liver), amid 30 mm (E. coil).

‘4C-L-methionine, and the reaction rates

were related (as a pereenit.age) to tluose ob-

tained in the absence of inhibit.or. By plot-

timig the activity or its reciprocal (39) against
inhibitor coneenutrat ion, tiue � (the concen-
tration of it-uhibitor giving 50 % of control

activity) could be determined graphically
(Fig. 3A and B). It was noted that at low

colieemitrat.iomus of inuhibitors the activity of

the liver enzynue was stinuulated by many
iniuibitors.

Inhibition by S-trmfi uorometh yl-L-hom ocys-

teine. This compound (also known as tn-
fluoro-L-metimionine) was first prepared by
Dat-unley and Taborsky (40). It has been
claimed by Stekol (32) that it can serve as a
substrate for rat liver nuethionine adenosyl-

tramisfem’a.se. However, we were unable to
obtain any detectable activation of this
compounud with any of time three enzyme
systems. S-Tni.fluorometlmyi-L-homoeysteine

ui-as a reasonably good iimhibiton of the
methionine adenosvlt ramusfenase of yeast
(I�� = 11 miii) and of nat liver (It-t- = 11.4
mM) but less effective witim E. co/i (I5� =

34 miii). This compound has beet-u described
as an inhibitor of nuetiuionine adenmo.syl-
transferase of Saint- onella typhim urium by

Cox and Smith (41).

A/kane, aikene, and alkyne analogues of

met hi onin.e as inhibitors. Skinnier et al. (8)
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FmG. 3. Inhibit ion of me/h/on/ne adenosyltransferase by vario us concentrations of DL -2-amino-4-hexy-

noic acid
The assays were carried out with 37.5 j�im ‘4C-L-methiolmit-ie and 0.5-40 mmmiiinhibitor mmthe react ion sys-

tem described under Methods. Yeast, 4.6/2g of proteiim, 5-mimi incubation; liver, 4.6kg of protein, 5-mum it-m-

cubatiot-i; E. colt, 2.4 �g of proteit-i, 30-mit-i it-ucubation.

A. Plot of activity (as a percentage of control) with respect to it-mhibitor commcet-mtration. B. Same re-
sults as A, plotted as a reciprocal of activity with respect to inhibitor concentration (Dixon plot)

reported in 1961 that 1)L-2-anuimmo-cis-4-
hexenoic acid was a weak inhibitor of time
growtim of E. co/i, competitive with metimio-
nine, rind timat at. a ratio of inmhibitor to

metimionimme of about 50:1, 50 � it-iimibition of
growths was observed. Since time trans isonuer

was almost inactive as an inhmibitor, timese
autimors concluded that time confornuatiomi of

methionine at tiue unknowmm site(s) of utilizni-

tiomu spatially resembled time cis isonmer.
However, when Mudd (9) exanuimied both

geometnieril isonuers of DL-2-amimmo-4-imexe-

nome sucid rus inhibitors of time metimiot-uimie

ademiosyltranisferase of yeast, hue found time

DL-trans isonuer to be an inmhibitor competi-
tive uvith methionine whereas the cis isomuuer

had mininual imihibitorv activity. Timese
studies were commupheated by the fact timat time

cis isomer prepared by time procedure of

Skinner et a/. (�) was contanuinated by

deiuydroisoleueine at-id deimydroalloisoleucinie.

We imave confimnued timat the trans isonuer of
DL-2-numinlo-4-imexemioic acid is a fan more
potet-mt inhuibitor of nuetiuiomuine adenuosyl-

transferase of yeast than the cis form. Table
2 also simows that the Imomoiogous enzymes

fnonm E. co/i and rat liver are likewise it-u-

hibited by this eompout-md. Time correspond-
ing saturated stnaigimt chait-i amino acid,

imorleucine (2-aminohuexammoic acid), was a

very much weaker inimibitor, but interest�
ingly time L-isomer was commsiderably more

potent than its antipode.

The aeetvlenic DL-2-ammo-4-hexynioie

acid proved to be alnuost tw-ice as powerful

an inhibitor as time DL-2-amino-tran.s-4-

iuexenoie acid. Upon resolution of time

acetylenie amino acid, it. was evident that time
inimibitory property resided almost emit irely

in time L-isomen. Time 5-chlono derivative of
DL-2-anuino-tran.s-4-hmexenoic acid is imuter-

nuediate in inhmibitory potenmey between time

trans double-bommded nut-md time aeetvlenie

amimio acids.
In addition to time unsatunation which

introduces electronegativity at time C-4 to
C-S region, the ternuit-mal nuetimyl group also

appears to be inmpont ant. for it-ihibitory

properties. Thus, DL-2-anuino-4-pent enoie
acid at-id L-2-amino-4-pentvnoic acid are

muehm less effective immimibitors that-u tiueir

6-carbon analogues (Table 2). Minion differ-
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TABLE 2

Inhibition of ,nethioninc adenosyltransferase of yeast, E. coil, and (-at liver by 2-aininoaikane, -alkene,

and -alkyne carboxyiic acids with 5 and 6 carbon atoms

The nuetimionirme ademiosvltrat-msferase was mimeasured with 37.5 jul ‘tmC-methiommimme ummder cot-md itions de-

scribed under Methods.

Inhibitor
Concentratio n required for 5 0% inhibition

Yeast E. coli Rat liver

,n_if )fl.lf mn

6-Carbon conmpout-mds

L-Leucmlme 40” 45” 70#{176}

n-Norleucine 170” 118” 310”

L-Norleucit-Ie 56’ 38’ 23#{176}

DL-2-Amimmo-czs-4-hexenoic acid 170#{176} 55#{176} 80#{176}

muL-2-Anmit-mo-trans-4-hexet-momc acid 11 12.5 6.5

DL-2-Amimso-5-chloro-trans-4-hexet-moic acid 8.5 8-5 5.3
DL-2-Ammno-4-hexynoic acid 5.2 7.3 4.2

L-2-Amino-4-hexymmoic acid 2.7 3.5 1.8

5-Carbon comj)ounds
D-Norvalille 122#{176} 45” 76”

L-Norvahne 144#{176} 45#{176} 124”

DL-2-Anmmno-4-pelmtemuoic acid 110” 27#{176} 65”
L-2-Ammno-4-pet-mtynoic acid 26 9 20.5

tiomus.
These values were determined by extrapolation and were muot bracketed by experimental observa-

enees in inhibitory power have been observed
w-ith the enzymes derived from different
sources.

Inhibition by serine and cysteine deriva-

tives. A series of substituted cvsteine and

serine analogues were foummd to be relatively
potent inhibitors of the methionimme adenosyl-

transfera�se reaction. Wimereas L-Senine and
L-cysteifle are quite weak imihibitors of the
enzyme, O-methyl-DL-senine and S-methyl-

L-cysteine are somewhat more powerful, and

DL-hmomosenine and L-homoeySteimme are con-
siderably more active in this respect. The
substituted derivatives, 0 - carbamyl - L -

sent-me, 0-acetyl-L-senine, rind S-carbamyl-L-
cysteine, are inhibitors of activity compa-
rable to DL-2-anuinO-trans-4-heXenOic acid
(Table 3).

Inhibitory cyclic analogues of mnethionine.

An unexpected finding was time inhibitory
power of 1-aminoeyclopemutanecarboxylic

acid (cycloleucine). This compounmd iuas been
used as a nonmetabolizable amino acid

transport, monitor (42-44), at-md was dis-

covered to be a tumor inhibitor during
routine screeiminmg programs (45-47). It has

beemm reported timat imuimibition of bacterial
grow-t h by 1 -anuinocyelopent ammecarboxylic
acid is reversed by L-metimiommine (48). Table

4 shows that this conupound is almost as
efficient an inhibitor of met hiommine adenosyl-

transferase as L-2-aminO-4-hexynOic acid in
all three enzyme systems. It is interestit-ig
that this inhibition is critically dependent
on ring size and on the presence of ring

substit uents. Thus, 1 -aminocyclopropane-
carboxyhic acid, 1 -amimmoeyclobut anecar-

boxylic acid, and 1-aminocyclohexaneear-
boxyhic acid are very muciu weaker inhibitors,
and 1 -aminocyclohept anecarboxyhic acid is

virtually inactive (Table 4). Moreover,
1-amino-2-ethylcyelopenmtammeearboxylic acid
is not inhibitory.

Since elimination of the terminal nuethuyl
group of the 6-carbon alkane, alkene, and
alkyne analogues of L-methionine markedly
reduces inhibitory activity (Table 2), vari-
ous isomers of 1-amino-3-metlmylcyeiopen-

tanecarboxyhie acid were prepared omu the
assumptiomu that the methyl ring substituent
might occupy a spatial position correspond-
ing to timat of the terminal methyl group of



INHIBITORS OF 5-ADENOMYLMETHIONINE SYNTHESt-S 491

methmiot-mimie. Tuvo of the four isomers are four isomers of 1-anuit-mo-3-nmetlmvleyelo-

available as stenic entities, amud the other pemitanecarboxylie acid and tlueir relation
two only as racemates (see Methods). Figure t.o time conformation of L-methiolmine whichm
4 simows the spatial eonfiguratiomms of time most. closely eorrespommds to tlue ethmvienic,

TABLE 3

Inhibition of nmethionine adenosyltransferase of yeast, E. coil, and rat liver by serine and

cysteine analogues of inethionine

The enzyme activity was measured with 37.5 MM ‘4C-L-methionilue ummder conditions described under

21!ethods.

Concentration required for 50’� � inhibiton
Inhibitor - - -�

Yeast E. coil Rat liver

,,zif nil! in.)!

L-Serimme 510#{176} 200’ 440#{176}

O-Methyl-DL-serine 410#{176}(205) 78#{176}(39) 260’ (130)
DL-Homoserine 78#{176}(39) 65’ (33) 70’ (35)

O-Acetyl-L-serine 10 15 8.3

O-Carbamyl-L-serimme 13.5 4 15.2

L-Cysteuie 310’ 60’ 186’

S-Methyl-L-cysteine 144’ 65’ 97#{176}

DL-Honmocysteine (free l)ase) 44’ (22) 34#{176}(17)

i�-Ilomocysteine thiolactone 33#{176} 46#{176} 29#{176}

S-Carbanmyl-L-cysteine 27 12.5 22

These values were determined by extrapolation and were not bracketed by experimental observa-

tiomms. The figures in parentheses refer to the probable values for time L-isomer,omm the assumptiot-m that the

D-lsonmer is inactive.

TABLE 4

11) h/bit/on of niethionine adenosyitransferase of yeast, E. coli, and rat liver

by cyclic analogues of rnethionine

The mmiethionine ademmosyltraimsferase was measured with 37.5 MM ‘4C-L-methiolmine under conditiomms

described under Methods.

Concentration required for 50% inhibition
Inhibitor -�-- ______-------�- _______ --

Yeast E. co!i Rat liver

,fl.1! (flit in.)!

1-Ammminocyclopropanecarboxylic acid 132’ 35’ 97’
1-Ammuit-tocyclobutamsecarboxyhic acid 32 9.2 20
1-Amiiiocyclopet-mtanecarboxylic acid 5.7 4.1 2.4

1-At-nit l( �cyclohexanecarboxylmc acid 110#{176} 83’ 56#{176}
1-Aminocyclolmeptanecarboxylic acid Inactive Inactive Inactive

1-Amiimo-3-nmethylcyclopentanecarboxylic acid, isomer A
(1S,31t or 1R,3R) 6.0 4.3 3.2

1-Anmimmo-3-mmmethylcyclopentanecarboxylic acid, (± ) -

isomer A 12.3 5.7 5.2
1-Amnino -3-mnethylcyclopentat-mecarboxyhic acid, isot-mmer B

(1S,3R or lit,3R) 14.6 28 4.9
1-Amino-3-t-imetimvlcvclopet-mtammecarboxvlicacid, (± )-

isomer B 31.5 27 9.2

- a These values were determined by extrapolation and were not bracketed by experimental observa-

tions.
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H2N - COOH liver enzynmes time racemic nuixtures of

isonuers A at-id B were alnuost exactly one-

half as active as time optically active forms

derived from the 3R ket one. Commsequently,
it seems likely that botim time 3S isonmers are
virtually inactive as immimibitors. Time E. coli

emuzyme appears to be less discniminat it-mg in
tiuis regard. These findings inmdierite timat

timere exist serious stenic linuitatiot-ms on sub-

stituet-mt tolerance at position 3 of 1-amino-

cyclopent anecarboxylic acid, if inbmibitory
properties are to be retait-med.

FmG. 4. Structures of the four isomeric 1-amino-

3-methyicyciopentanecarboxylic acids

The absolute comifiguratiot-ms of each compound

(1S,3S; 1R,3S; 1S,3R; 1R,3R) are designated

within the cyclopeimtane rings. The relationship of

these structures to the confornuation of L-me-

thionine deduced from the inhibitor studies is

shown. Each compout-id is displayed so that the
amino and carboxyl groups are all oriented in the
same way.

acet ylenic, and cyclic inimibitons. Although

the comuformatiomu of time termimmal methyl
group cannot be ascertained from timese

inhibitor studies, time rather strong in-
hibitory properties of L-2-amino-4-imexynoic

acid suggest that time terminal meilmyl group
may be in the sanme pianue as C-2, C-3, C-4,
and the sulfur atom of L-nuethionilme.

Isomer A is muchu more hmighly inimibitory

for time enzyme thmamm isonuen B (Table 4),
at-id sit-ice correspomidence of time nuethyl
group to time positiot-i of time S-methyl group
of metiuioniiue in time cot-mfornuation required
by time other it-ilmibitons (see DISCUSSt-ON and

Fig. 4) occurs ommly wit Ii time 1, 311 diaster-

eonmer, we are iflelinmedi temutatively to assign
the configuration 111 , 311 to isonuer A, and
tlue eonfigunatiomu 18 , 311 to isomer B, both
of whmichm were prepared fnom time (+)-3-

metlmyleyclopemmtaimone (3R). With yeast at-md

Substrates

Time structural requirements for nietiva-
tionu aiud for binding to the mumethuiot-iine

adeimosvlt raimsfernise are a thmioethmer sulfur
atom located at a critical distammee of two
nuethylene groups fronu a eanbomm atomum bear-
imug a free imydrogen, an amnuo group in the
L-eommflguration, at-md a carboxyi group or its

ester. Time optical specificity is rigid. Substi-
tution of time anmino group by arm N-formyl
or to a lesser extent an N-acetyi group

appears to be tolerated. However, reduction
of time carboxyl group to at-i alcohmol, substitu-
tion of tiue a-hydrogen by a metimyl group,

or replacement of time anmit-mo group by a

hydroxyl moiety null lend to compounds

which are imeither substrates mmon inhibitors
for the reaction. Timese structural amid stenic
requirements are sumnmninized sehmematieally
it-u Fig. 5. A metimyl group substituemmt on time

sulfur atom nmust be present, sit-ice L-honuo-

cysteimme is not appreciably activated and
omily very poorly bound. If time alkyl sub-

stituent is enmlarged to rut-u etimyl group

(etimionimue), time mute of activatiorm of time
compout-md fails off (27, 32), especiruily with
time E. co/i et-mzyme (33). Furtimermore,

Stekol (32) imas reported thmnit S-n-propyl-
iuomocysteine at-md S-isoamyllmonmocvsteimme
are not activated by time liver et-mzyme. It is

also kt-iown t imat selemmonmet hmiot-uimme nit-md

selenoethionimue are activated by met imiotmimme

ademmosyltrarusferase (27, 34, 35, 3�). As

nuigimt be anticipated, time oxidation state of

time sulfur atonu is nulso critical, sit-mce metlmio-

nine suifot-me, suifoxide, nut-id sulfoxit-muimme are

mmot activated.
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Rt- -COOH; -COOCH.3; -COOCH2CH3

Rt-� CH2OH;H

FIG. 5. Schematic representation of the structural

requirements for substrates of the inethionine adeno-
syltransferase reaction

For L-methiolmit-me R1 = COOH, R� = L-NH2,

R3 = CH3, R4 = II, at-md n = 2. Those structural

changes of the substituet-mts R�, R2, Em, and R.1

which lead to active substrates are desigimated as

=, whereas those that produce irmactive com-

pounds are shown as �.

t R3 may be -C2H5 for the yeast and rat liver
enzymes, but not for E. coil.

* R2 may be ammacetyl group for E. coli and livei
enzynmes, but the reactivity with the yeast enzyme

is very poor.

Inhibitors

Time compoumids whiclm hiave beet-u found

to inhibit metimionimue rudenosylt rammsfennuse
fall into three structural categories: time

straight carbon ehuain amimmo acids, time

senine rind cysteine derivatives, rind time

cyclic amino acids. Time ommly close structural
analogue of methmionine that lmas so fan been
found to be an inmhibitor is S-tnifluoronuethyi-

L-hOmOcyst cit-me.
Straight carbon c/sam COlfl pounds. Wimereas

the C6 saturated amit-uo acid norleucine is a

poor inhibitor, time introduction of a double
bond at C-4 comiverts this compound into a
relatively potent inhibitor provided that time

geometrical configumatiomi is trans at-md t-mot
cis. Althmougiu methuionine can assume time

conformation of either cis or trans isomers

of L-2-afluinO-4-imeXet-ioic acid (Fig. 6, panel
I), these findings stnommgly suggest timat time

conformation of L-methionimme at the active

enzyme site resembles that of L-2-anuinmo-
trans-4-imexenoic acid (Fig. 6, panel I). Timis

is consistent witim the propositiomm timat time
electronegative region nurout-md the double

bond lies in a position structurally analogous
to time sulfur atom of methioninme, and timis
view is reinforced by time findit-mg tluat L-2-

amit-mo-4-hexynoie acid, wlmieh can only
assume an extemmded conformation, is at-i

even nuore powerful it-mimibitor timami time
trans olefinic amino acid. If we assume thirst
time eleetnoimegative regiot-m of ummsaturatiomu

eomnespot-uds to the sulfur atonu of L-metimio-
nine, the increase it-i eheetrot-megativity pro-

duces more powerful inhibitors, and even time
bulky elmionine gnoum�� of DL-2-anminmo-5-

ehloro-/rans-4-imexet-ioie acid appears to pro-

vide some enhamieememmt of immhibit ory

1)Ot ct-icy.
Furtiuermore, studies witiu timese conm-

pounds not only considerably restrict time
probable commformnit ion of L-metimiOt-ut-me nt
the nuetivating site of time emmzynue, but nulso
poimmt to the importance of the S-metimyl
group for inhibitiomm. Thus all time C5 conu-

pounds (L-norvaline, D-mmorvalilme, m)L-2-
amino-4-pentenoic niei(l, amm(l L-2-anuimmo-4-

pentyiioic acid) are nuueh less powerful it-i-

luibitors t.han time nut-maiogues beaninmg a
temnuinal metimyl substituemmt; imowever, it-i time

C5 series, as in time C#{128}series, a progressive
increase in inhibitory Iouver is nuiso observed

as the degree of ummsaturation increases

(Table 2). Time Courtauld models (Fig. 6,

panels II and III) ihlusi rate the eomrespoimd-

ence of the regiomu of unsaturat ion it-u L-2-

anmino-trans-4-hexenoie acid at-md in n�-2-

amino-4-imexynoie acid to the sulfur region

of L-methuiOnine and time general similarities
in the sizes and simapes of thmese molecules.

Cyclic amino acids. Time surpnisit-ig finmding

that 1 -aminoeyelopemit nit-ueearboxyiic acid is
an inhibitor nivahimug L-2-amino-4-luexynoic
acid it-u potency is of considerable it-mtcrest.

Since this cyclic ammo acid lacks ru region of
elect rommegat ivit.y amid huts iio alkyl group

which corresponds in space to time S-nmetimyl
group of methiommit-ue (Fig. 6, panels II at-md
III), it must be assunmed that time rigid

cyclic structure provides thme possibility for

highly efficient van diem Waals binding timat

can compensate for time lack of time two

above-mentioned features. Timis view is

reinforced by the fact timat the mit-mg size of

cyclic compounds is absoiuteiy critical (lime

1 -ammuit-mocyclopropamme-, 1 -anmimmocyclobut nit-ic-,,
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1 -ninmit-i( )cvclohmexat-me- , nut-m(l 1 -amit-moevclo-

imept at-mecanboxyhic nueids are mucim

weaker inhmibit ()rs or essenmt mmliv not-mimmimibi -

tory) , nut-md this suggests a close comrespot-id-

ence of each carbon of time cyclic nt-mg to a

complemument any binding site. It-i timis con-
t-mection, it nuiglmt be memmtioned tiuat 2-
nuetiiyl-DL-nuetimionimie is imot. bout-id to time

emuzvnme surface, yet time nmethvl substituemit
on C-2 could assunue a posit iomu commespomud-
ing to one of time nuetimylemie groups of time
cyciopemitane nit-mg.Thus time nuere lresence

of such a carbon nutonu is not sufficient for

bimmdimmg, and time cyclic structure presumably
exerts its effect by eneatimmg a rigid mit-mg

systet-um, several compot-uemits of which rune

closely complememmtary to time binding sur-
face. A nunubem of substituted derivatives of
1 -anuit-i( scyclopent at-mecarboxylic acid, such
as time t-umetimyl ester rut-id time N-nuethyl, time
3 -canboxvl, rind t lie 2-ethyl derivatives, rune

null conmpletely inactive nus inhibitors (t-uo
result � i)nt’seiml ed).

As mummy be seen fnonu Table 4, isonuer A
of I -at-umino-3-niethmyieyclopemmt amuecarboxylie
acid (probably time 1R,3R emiantiomnem) is no

mumore powerful as aim immimibiton than time
uimsubstit utecl cyclic cot-umpout-id, althuoughm its
nmetimyl grout-p is it-i time proper position to

correspond to time S-nuet.imyl group of nuetimio-
mmiime. It is possible that time relnutively rigidly

oniemited nuetimyl sub�iitueimt, wimiciu is at an

ammgle to time plane of the cyclopentamme nit-mg,
cntt-mmmotnussut-muetime nequired conformation

comrespot-mdiimg to time 5-mumethyl group of
nmethionnue on I hue et-mzviuue surface. Alterna-
tively, time rigid nit-mg systenm is able to

et-uimat-mce time bimmding affit-mity to sucim a degree
thnut time terminmal metimyl group does not
contribute a signifleamut increment it-i bit-mdimug

st remmgt im. Count nuuld nmodels of 1 -aminocyclo-

pet-mtanecanboxyhc acid are simowmm it-i Fig. 6
(II aiid III) I o display time get-ieral sinuilnunity

to time inimibitory aevclic compounds alrenudy

discussed. L-MethmiOnit-ie in time conformation

required to correspond to these inimibitors

may be regarded as formimmg a partial 5-
membered nit-mg conuposed of C-2, C-3, C-4,

and time sulfur atom.
Serin.e and cysteine (/erivatives. It can be

seen from Table 3 that both L-serimie and

L-cysteine are very weak ituhuibitors of

nuethionimme ademmosyltransferase at-id that. time
iuigimer imomologues, imomosenimme amid imomo-

evsteine, are 2-10 tinues more potent

it-mimibitons, again suggestit-mg thme need for an

elect rommegative cet-iter in a position closely

corresponding to that occupied by the sulfur

atom of metimiot-mimue. 0- or S-Methyl substi-

tutiot-i of sent-me and cysteine, respectively,
results it-u a 2-3-fold further improvement in
inhibitory potency over time unsubst.it ut ed
parent compounds. However, sigimificantly
better inhibitors are obtait-med when a
carboxyl-camryit-mg substit uet-it, such as eitimer

a carbamyl on acetyl group, is present ot-i the

oxygen or sulfur atoms of serine or eysteine.
Thuis finding might be rationalized on tue

basis that time carbon atom of the earbonmyl

group whelm now lies in a positiomu corre-
sponding to time sulfur of met.imiommine i�
finunked by electronegative atoms (sulfur or
oxygen). Moreover, the general size at-md

shape of these compounds resemble L-

methionine eonfommationahly (Fig. 6, panel

Ifl.

0-Carbanuylsenine is a somewhat better

it-mhibit or thmami S-earbamylcysteine, and this

observation might be related to time fact
timat the earbon-oxygemm bond dist at-ice is
1.43 A whereas the earbomm-sulfun bond length

is 1.Sl A. Commsequently, 0-carbamyl-L-
senine eat-i assume a better fit that-u tiue
S-carbamyl-L-cysteine to the ring of 1-

aminocyclopemut.anecanboxylie acid (carbon-
carbomu bond length = 1.54 A).

Pharmacological activities of inhibitors of

methionine adenosyltran�ferase. It is of some

FIG. 6. Courta old models of L-methionine and analogues that inhibit the met hionine adenosyltransferase

reaction, shown to emphasize conformational similarities

The carbon atot-ns are black, muitrogeti blue, oxygen red, hydroget-u white, at-md sulfur yellow. Panel I:
(a) i-metimiot-mit-ie at-id (b) L-2-amilmo-trans-4-hexenoic acid, both showt-i itm extended conformatiot-m; (c� L-

meihmionimme aiim! (d) L-2-amniflo-c/s-4-hexermoic acid, both shown i mmfolded conformation. Panels

II at-id III: two views of (a) 1-amninocyclopetitanecarboxylic acid, (b) L-2-amimmo-trans-4-hexet-moic acid,
(c) L-niethionine, and (d) t-�-2-anuino-4-hexyiioic acid. Paimel IV: (a) 1-Aminocyclopentanecarboxylic

acid, (b) i-met hiomuine, (c) O-carbanmyl-i-serimie, and (d) S-carbamyl-i-cysteimme.
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interest that a imunuber of time conupoummds

which have been fout-md to be immhibitons of

metimionine adenosyit rnut-msfemnuse rid ivit y nine

kmmowt-m t 0 l)055e5s inmpont rut-mt pim nmnmacological

proPert ies. 1 -Amit-mocyelopet-mt rut-uecarboxylic
acid has been showt-m by Absimire et al. (4�)

to be a conupetitive at-mtrugommist of L-nuetiuio-
nit-me for the growtim of E. coli. These authors

showed timat time toxicity of lime cyclic nunmit-mo

acid could be nittnibuted mmeitimer to iimhmibitiot-m
of time et-mtry of essemmtirui at-nit-mo rucids it-mb time

cells nor to facihitatiomi of time exit of nmetimio-

nuine, phenmylaianit-me, at-md! vahimue. Timus, it wnus

assumed thuat time nmecimnunism of toxicity of

this compound niust immvolve time it-mhmibitiomm
of at-i essenmtial immtmnuceilular biosymutimet ie
pathway. Upoim furtimen it-ivestigationi of time

t oxicity of 1 -nunuinoeyelopentamuecanboxyhie
acid for E. co/i 9723, Abshine rut-mci Pit-menu

(49) found timat L-Vnulit-ie immsmnuiler quat-mtities

than L-metimiot-mit-me eat-m reverse time delet cmi-
ous effects of thus cyclic runmimmo rucid. It imnus

nulso beet-m reported (50) lit-nut 1-anmimmocyclo-

pet-mt anecarboxylie nucid toxicity it-i time
chuickeim cat-i be reversed by L-valit-me.

1-Amimmoeyclopet-mtat-meearboxyiic acid imnus

beet-i found to be at-u inimibitor of time growth

of Novikoff imepnttoma (45) rut-md Walker

carcinoma 256 (46) it-i time rat, at-md Sarcoma
180, Carcinoma 735, amid Leukenuia L1210
tumors (47) it-i time mouse. Altimougim this
compound is nu powerful tunmor it-mhibitor, time
high doses wimicim nine required cause nuppre-

eiable toxicity at-md loss of weighmt to time

animal. Gregory ci at. (51) imruve observed

that L-Vaiit-me ct-ut-i reverse thme rut-mtileukenmie

action nut-id toxicity of 1-amit-mocyclopenutamme-

carboxyiie nieid it-u mice wilim Leukenmiru
L1210, timus agnuimi suggest it-mg rut-i rut-mtnugommis-

tic action to rut-i anuit-mo rucid otimer timnun

methiot-mimme. A nmecimnimmisnu of rut-mtit unmor
actiomi linus beet-u proposed by Benlimmgimet ci al.

(32), wimo observed timat 1-amimmocyclo-

pet-it ammeerunboxylic acid prevemmt s time cii ring-

ing of L-vahnme to tRXA nit-md may thins it-item-

fere with proteimi syt-utimesis. Climmienul tests
wit ii 1 -nunmit-mocyciopent nummeenurboxylic acid

have givemi mixed results (33-35). Sonic
multiple myeioma l)rut iet-mt s report ed subj cc-
tive improvememut nufter treatmet-mt. 1mm a

large mmumber of cyclic numino acids sereemmed
as tumor it-mimibitors, this nuetivil y uvnus

strictly depemmdemmt upon nit-mg size, sit-ice

conmj)ounds (�Ot-ml nit-mit-mg nimmgs suumnuller or

inunger timrut-i cyclol)et-mlnume \V(’t-�e toinully it-mnuc-

t i\�c . 1\ loreom’er, subnmt it uemit s ()t-i 1 lie ring

imeanlv ummiversnilly clest nn-e(i rut-mtit ut-muon

net ivity (nit imotmgim t ime I -nunmit-mo-3-nmeilmvl-
cyclopemit rit-mecnunboxylic nucids imnuve t-mot beet-m

t est ccl) . Sit-ice t Ime it-mimibit ionu of nmel it-jot-mit-me

nmdeimosvltmrummsferruse is nuiso emit icnuhl’v (he-

l)(’mm(i(’t-mt t1l)�t-m ru 5-nmeimubered nit-mg (i’:uble 4)

nit-m(i it-mhiibit ony 1)r�Pert ies nine dest royeci by nu

t-munmber of nit-mg subst ituul iot-ms, we suggest t lie

j)ossibility timnut Ot-me nmechmrummism of I lie nut-mti-

tunmor aetiomu of time cyclic runuimmo nicid mmunuv

be tii1�)ug1m lime it-mimibitiomm of mS’-nudeimosyl-

fl’i(’t imiomminie svmmt hmesis. ilmis I)rol)osnul is

supported by our tit-mding lit-at time levels of

nuet hmiomminme nudemiosylt nnut-msfernuse net ivity rune

(1tiitt� low (3-10 � ) it-m I he \Vnuhken 256 numm(l

IA”(ViS hit-mg I Ut-liOi’5 nummd jim time 13-16 nuelnu-

mmonmnu, uvimeum cot-npnut-’eci to liver imon’uogemmrit i’s
fronm I he sanme ammimnuls. ( )un findit-mgs cot-mt must

uvitim thmose of Hnuncock (5(i) nit-md Sheid nit-md

Bihik (37), Wii() � ummruble to detect
nuet imiot-minme ru(lemmosylt mnut-msferase net ivit y iim

nuouse imepnutonma BW 7756 rut-id Xovikoff
mit imepatomnu it-u solid rut-md nuseites forms. Time

low (‘mmzvme commtet-mtmm tumors at-md time imuhi-

bition of time et-mzvme by 1-anmimmocyclo-

pet-it ruimecanboxylic rucid t-mmnuy nuecoummt for time

eimemot imernupeut ie net ion of this conmpound.

It nmniy be mmoted limat �S-cnurbanuyl-t-�-cysteinme,

whmicim is :unoiimen it-mimibiton of time tmrut-msfemrmse,
is ruiso nu tunmon immimibitom(38). It would be

cienmnhy worth exanuimmimmg time possible chenmo-
timenapeut ic pm’opert ies of a nmunmbem of time
nuethiot-mimme nudet-mosyltrammsfennuse it-mimibitoms

described it-i timis pa��’t-�

S-Tmifluononmet imyl-DL-imomocyst elt-me it-i-

imibil ed time growl im of various microorgamm-
isms, nut-md iii sonme immstnut-mces time immimibition

could be reversed by nmeiimiommit-me (39).
S-Cnurbamyi-i�-cyst cine is nu gnowt it-it-mit-ibiton
of Streptococcus lad is at-md Lactobaci/lus

arahinosus (60), bit-t the immiuibitiomms nine ommly

part irul rind rune t-mot competitively prevemmt ed
by glutamit-me. Timis observnttionm is it-i eomutrast

t0 0-enunbanuyi-L-senine, wimieim is nuiso a

growl Ii nummtagot-mist of the Iwo nubove micro-
orgrut-misnms nis well as li. co/i, but wimose

nut-it rigonist ic properties nine compel it ively
reversed by L-glutanuinue in S. lactis (61).

1 -Anmimmocyelopentanecarboxvlic nucki (also

kmuown nus eycloleucine) imas received exten-
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siye nutI ct-mt 1(ilm nus ru t-mot-mt-mmctnubohiznublc nunmit-mo

ntci(I I Fntt-isj)Omi it-mo(l(’l. _�l�’do nuli(l (1imt-ist et-i-

set-i (42) foist-md limit this commmpoummd l)1�bnIbly
siman’s ru conut-imoim I mnut-msport nuedliat or uvithi
vruhit-me nut-m(lt-mmctimiot-mit-meit-i time mit immtest it-me.

Stenlimmg nit-m(l I”Iet-m(lersomm (62) observe(l I it-nut

1 -nummimmocyci( )j)(’mit nut-mecnurboxyhic nicid it-i-

imibit ed I lie I mrut-msponl of mmnilunrml nunmino nucids

into ruscites I ut-hot cells. (‘imnistemmset-m nit-md

.Jot-mes (43) hmnuye nulso simo�vt-m t lit-ut tills conm-

pout-md is mmol mmmclruboiized by I lie rat rut-m(l t imrut
upimihl t ubuinur menubsonpt iot-m alnmost cent nuit-uly

occurs for thus rmnmit-mo acid, sit-ice it is clenured

from lime bod very slowly.
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