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SUMMARY

A nmumber of previously unmreported analogues of adeu-iosine 3’-diplmospliate have been-i

syntimesized in order to evaluate their effects as aggregators of mammalian-i blood platelets.
These compounds include 2-nuethoxyadenosine 5’-diphosplmate, 2-methylthioadeno msine

5’-diphosphate, an-id 2-ethylanninoadentosine 5’-diphospliate, which an sli wnt to be nnore

powerful aggregating agents ti-ian ADP, 2-cimioro-N6-met-hyladennosine 5’-diphosphat
(which is less I)oteflt t-hanm the unmsabstituted nacleotide), at-id 2-cimioroadenosinme 5’-methyl-
enediphosphonate (which is intactive). The 2-methylthio analogue proved to be exceptionally

active and aggregated sheep platelets at concenmtrations 30 times less titan-i eqtniefiective
contcentrations of AI)P. Evidence is presented titat- all these substanices act at the san-i-ic
receptor site. On-i the basis of calculated analogue-receptor affinity constaits and the ob-
served lack of activity of ti-ic two analogues of AI)P in which ti-ic anmhydride oxygen-i is re-

placed by a methylenme group, namely, adcnosin-ie 5’-methylenediphosphon-iate an-id 2-elm loro-
adenosine 5’-mcthylenediphosphon-iate, some specalat-ions concern-iinmg the reqinirernoSn-it-sof

the platelet ADP receptor have been made.

INTRODUCTION

Adenosin-ie 5’-diphosphate is knownn to

cause aggregation of nnanunualian blood plate-

lets both in cilia (1) an-id in vito (2), and it has

been-i suggest-ed that ti-ic n-iincieotide piays a

key role in-i the process of platelet clumpiitg,
w-imich invariably co nntstit-utes the first observ-

able phase of thrombus formation in-i response

to n-tural damage of blood vessels (2-4). Cer-
tain analogues of ADP, sucii as 3’-de-

oxvadenosine 5’ -diphospimato’ ai-id adenosine

1-N-oxide 5’-diphospimate, imave beent shown
to mimic time effects of the parenut compound,
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bat- only at higher dose levels (5), and the

only nnuclcotide so far (lescribeci as being

n-tore active than ADP imas been 2-cimloro-

adcnosine diphospliat-e (6).
A nmurnber of new analogues incor�)oratinmg

modifications of both the adeninme moiety anmd

ti-icdiphosphate side chaint have now beenn
synthesized, and their l)roPerties are re-

ported in-i this communication. Although ti-ic
precise mechanism whereby A1)P and its
conigeners promote the platelet “stickimness”

which is an-itecedent- to aggregation-i remains

tnn-iknown , these compounds afford some in-

sight in-ito the reqmrements of the imypo-

thct ical platelet nacleot ide n ‘em ptor.

MATERIALS AND METHODS

Paper chromatography was carried out in

ti-icfoliowinig solvent systems: 2-proparnoi--
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0.25 � aqueous aniimoniitnn bicarboumate (2 : 1

by voimurne) (solvenit I) anmd isobutyric acid-i

i\I anin-i-ionna (5 : 3 by Vo)il.lnie) (solvent II).

Aden-iosin-io’ 5’ -nneth vienediphosphoniate was

purchased from :�liles Laborat ones, In-ic.

Syn t/i(’liC Pi-oceilu-ics

Tiw �tartinmg mat(rials used were time ap-

Prol)riate adeniosin-ie 5’-nnonophosphate ana-
logues in-i ti-ic form O)f time free acids. The

l)rcParmitiont anm(l characterization-i ( )l 2-chioro-
ard 2-metimyltinio-A\ IP� have beta repo)rte(l
(7, 8) , numd time syuitiioses of 2-nueti�xy- , 2-

ethylannino-, anu(l � I P
��ill bn reported in-i detail elso���imen�o.4 2-

?slethoxy-, 2-met-liylthio-, anmd 2-o’tiiyiamin-io-
Ai\IP \vcno’ allowed to) react wit-im unorpimolinie

in the presence of dicyclohexyicarbodiimide
to form time corresp nnmclmg 5’-phosphon nor-

pholidates, in-i accordanice witim time go’neral

procedure of Moffatt an-id Khoranna (9). Each
phosph rom rpholidate was obtained inn cx-

cellennt yield as its 4-nnorpholinie- N,N’-

dicvch mimexvlcarboxamidinium salt.

2 - Met/mo.ryadenosine 5’ - /)IOOS/)/1O1Olfl 01-

p1w/u/ale. R� in soivenmt I, 0.49.

C32H4X9O9P . 4H20

Calculated: C 47.34, H 7.69, N 15.53, P3.82

Found: C46.96,H7.33,N 16.31,P4.l0
2 - ]Iethyltlmwadenosine .9’ - /)IWS/)1lO1O-

nwr p/i (111(1ate. R � in-i solvent I, 0.54.

C;eH4X9OPS - 2H20

Calciulatid: C 45.53, H 7.38, N 15.92, P 3.91

Found: (148.09, H 7.43, N 16.50, P 4.05

2 - Et/� ylaininoaden osine 5’ - p/i Os p/i n-i-ow or-

p/i-a/u/ale. R� in-i solvent- 1, 0.62. This material
was not analyzed.

2 The abbreviat ionms mused are: 2-cimloro-AMP,

2-met Imyli hio-AMP, 2-nnet boxy-AMP, 2-ethyl-
aminno-AMP, an(l 2-chloro-.V6-nmethyl-AMP, the

5 ‘-muonophosphat es of 2-chloroadenmosi nie, 2-

met hvli hioadenosimie, 2-methoxvademio.sinie, 2-

et hvlaninioadenosinme, aund 2-chloro-.V6-niwt,hvl-

a(Ienosine; 2-unmet hoxv-ADP, 2-nmet hvlt lmio-Al ) P,

2-ct hvlamino-AI )P, 2-chloro-ADP, and 2-

chloro_.V6�rnethyl_A1)P, the 5’-diphosphates of

2-nnet lmoxvademmosinme, 2-rmmethylthioadenosine, 2-

et hylamiinim madenosinie, 2-chloroadenosimme, amid 2-

chloro-.Y 6-met-hylademo sine.

4G. Cough, M. II. Magmuire amid F. Penmglis,

nmanmuscript in-i PreParationi.

N uci(o )side 5’ - 1)i 1 �i)1 10 )rouTmon-l)i to )iidat e

( 0.15 nnnno)le) was dried by timree successive
addition-is an�i evaporationms of 10 ml of anmhy-

(Irons pyridinme . :�lonno (t ri- it -but ylannnnon-
iinn)orthopimospimate (0.45 nnnnole) was (Iri(d
in-i time sanue way to give an oily residue,
which was dissolved in-i anminvclrous pyridinw

(5 niml) and adled to tine pllo)spl-iorou-i-ior-
pin oiidate . IW( ) farther evaporat ion-is were
carried oint to free the react-ion-i mixture from

traces of water. Time residue was (lissolvod iii

l)Yridine (1.5 nil), an(l the solution was al-
14)\Ved tO) stanl(l at roon temperature for 3

(laYs with exclusion of moisture. Pyridinme

was thenm removed unmder vacuum, anid water

( 10 ml) was added. The cloudy so)lution thuis

obtainmed was applied t(.) a colunun-i of DEAF-

cellulose (2.5 X 20 cnn, bicarbon-iate form)
at-id eluted wit-it a liniear gradient of ammo-
mum bicarbonate (0-0.4 M in-i 3 liters); 15-mi
fractiouns were collected. lit each case t-he
diphosphate emerged as a homogeneous peak
in tubes 80-100. Tine j)001ed fractions were

concentrated to dryness, and ammoniumn

bicarbonate was removed by several addi-

t-ion-ial evaporations of water. Time residue
was subjected to farther purification by

preparative chromatography on simeets of

Whatman No. 3 paper in-i solvent II. At ti-ne

conclusion of each clmromatograpimic ran,

strips containinmg time dipi-iospinates were cut

out an-id washed with 2-propanol to remove

ammonium isobiut vratc; time n-iacleot ide
material was thenm (‘lUted wit-h water. lxo-

pimilization o)f the aqueous eiuates gave the
following products.

2- ]Jetho.r�jadenosin e 5’ -dip/nosp/male, c/jam -

man hun salt. �ield, 70 � -

C11H17N501P2. (NH3)2. 5H.O

Calculate(l: p 10.66, ratio of P to 2-nnetii-
oxy-AMP, 2.00

}oanmd: P 10.62, ratio of P to) 2-met-boxy-

AMP, 2.04

2 - ]Iethyll/i ioadenosin e 5’ - ciip1iosji1i a Ic,

(/ianhlnon-iuln salt. \ieid, 76 �

CiiHi7NnOnoP�S (NH3)� 4H9()

(‘alciniated : P 10.68, ratio of P to 2-nwtii-

ylthio-AMP, 2.00

Found: P 10.65, rat jo of P to 2-methyl-

timio-A1\EP, 2.14
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Paper chromalographic and spectral properties of

ADP analogues

Rpm .
Compound solvent OANHCI #{128}

urn - X1O
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Al)P

2-Chloro-A1)P

2-Methoxy-A1)P

2-Met hylthio-ADP;

2-Et-Imylamino-

Al)P

2-Chloro-N#{176}-
methyl-ADP

2-Chloroadenosine
5’-met-hvlenedi -

l)hOsPholmat e

0.43 257 14.9

0.43 266 14.0

0.47 247, 274 7.6, 11.0

0.50 268 15.5

0.68 254.5, 298 12.4, 8.0

0.54 272.5 14.9

0.51 264 12.5

Solvent- II is isobmityric acid-i �m NH4OII(5:3

by volume).

2 - Et/i-y/ain inoadenosine 5’ - c/ip/iosp/ia-te.

Yield, 85 %; crystallizable from aqaeous ace-

tone.

CH0X600P2- (NH3) - 2 - 5H()

Calculated: C 27.07, H 5.30, N 18.42, P
11.64

Fojun-id: C 27.09, H 5.15, N 19.11, P 11.17

Ci-iromatograpimic an-id spectral data for
these compounds are shown in Table 1.

Preparationi of phosphoromorphoiidates
fron-t 2-cimloro analogues of A\IP was compli-

cated by ti-ic formation in significant
quantity of by-products wi-id-i exhibited

blue fluorescence under ultraviolet light (7).

Tl-iese have been-i identified as 2-morpholino
derivatives formed by nacleophilic sabstitu-

tioti of tine chlorine atom at position 2. An
alternative to ti-ic phosphoromorphohdate
procedure was therefore chosen for syntitcsis

of dipluosphates in time case of 2-chloro
analogues. This utilized time formationi of
phosphorimidazolidates as reactive amidat-c
intermediates for pyrophospl-iatc bond syn-
thesis (10). 2-Chloro-N6-mct-imyladenosine

5’-monophosphoric acid (0.15 mmole) was
dissolved in anhydroas pyridine. After time

addition of tri-n-batylamine (36 j.d, 0.15
mmoie), ti-icnuixtare was con-icen-itrated to

dryness an-idfreed from traces of moisture by

coevaporation with j)yridine. Residual py-

ridinne was removed by evaporation with

beuzene. The resulting oil was t-akeiu up in

dry N,N-dimeth-iformannide (1 n-i-il) and

treated wit-h 1 , 1’ -carbonnvldiimidazolc (120
mg, 0.75 nnnnole) . Time nixturc was allowed

to stand overnight at- room temperature in-i a

stoppcrcd flask.

Chromat-ograpiny in-i solvenmt I simowed that

(luanntitative transformation in-ito t hme pimos-
ph()rimidazolidatc (RF 0.77) i-tad taken l)lace.
_\Iethannol (50 �.zl) was added, aund after 30

niuirn tiie soiut-ioru was treated with nnono(t-n-i-

fl - butylannn-noniunn)orthophospimate (0.75

nnnol(, rendcr(d anhyciroats as above) in dry

�V,N-dimctiiy1formamidc (5 ml) . After 24 hr
at. room tenuperatunre w-iti-i exclttsionu of mois-

ture, the ntixtare was filtered. The filtrate

was evaporated to dryness, and the residue
was chromatographed on DEAE-cellulose

as described above. 2�Chloro�NC�metimvi�

adenmosinme 5’-diphosphato ennergeci in-i frac-
tioris 78-96 anmd was finmallv isolated as a

viiite, lyophilized solid (65 % yield) follow-

ing proparat iv( � paper elm romatography.

C11H16C1NO10P- (NH3)2- 4H2O

Calculated: P 10.64, ratio of P to 2-chloro-

N6-n-iethyl-AMP, 2.04

Found: P 10.48, ratio of P to 2�chloro�NC�
methyl-AMP, 2.02

A similar procedure resulted il-i 67 �- yield

of 2-chloroadenosine 3’ -diphospi-iate iden-
tical with an aati-ientic sample prepared as
reported PreviouslY (7).

2 - Chloroa-denosine 5’ - inet/i-ylen edip/ws-

p/ionate. Timis compound was synthesized by

treating 2 - chloro - 2’,3’ - 0 - isopropylidcne

adenosinc (7) with met-hylenediphosphonic

acid in ti-ic presence of dicycloitexylcarbo-
diimide, a method analogous to timat of
Myers et at. (11). After removal of the iso-
propylidenue blocking group and purification
by DEAE an-id 1)reparat ive chron-t-iat ograpimy

as outiin-ied above for the diphosphates, ti-ic

product was isolated as tine lyophulized diam-
moniann salt in-i 70 #{182}�yield.

C-iH6C1N0P- (NH3)2 -2 - 5H0

Calculated: C 24.52, H 3.06, N 18.20, P
11.49

Found: C 25.00, H 4.81, N 18.80, P 10.97
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Platelet A (/(/1e(/atWfl

lime aggregatu)nI I )f iii((J) piatolots iii

eit rate(1 I)lat(1(t -rich I)lasina �vas studio(l
using a tecimnuqine based cn tho tturbidinetric

nflethlO)(I O)f l�)rnm (12). lhi( IT1()difie(l Pro)co-
(lure and t ime i)noPanat it )li 0 )f � )htltOl(t -nicl i

I)lasna imave beeni descnihed iI� (ietaii oiso-
�vhere (6, 1 3) . (1hmaniges in-i time optical (lenisity

of Platelet-rich-i j)iasu�a inn(luced by tine vani-

Otis aggregators vere nwasured usinmg a po-

toimtiometric reconoler. Inn order to (inuan-ititate

platelet clun-i-iping, tine inuitial ra-to of aggrega-
tioni (slope of time nthsonbammce ciin-vo tlurinmg

time first 30 see) at 37#{176}was used to plo)t log

do )s(-resI)( �nise cun�’es for each aggn-ogato )n..
(1oniparativo exj)en-in(nts to) (1(t(’n1fliflo time

PotenmcY of macli anmalogue reiativo to A1)P
\\�(�( always carrie(1 ottit Oil til( sanio bateim
of j)iasma.

RESULTS

_.-\_ilthue analogues of ��1)P possossinmg ann

tnn-in�)diho(1 (lil)ilo)si)ilatO’ side chainn caused

aggregat-ioit of simoel) bh � l)iato1ts. Tint

clunping inmduced by lt)\V (lusos of (acm of time

annalogues was reversible, and doses winicim

elicited a maximal responmse caused irrevers-

ible aggregation. Time tinne conurse o)f the

nesponmse to 2-metiuyitiuio-A l)h� was some-

wlmat nnore j)roiounged timan tint-it- of AI)P, as

a- co)mparisont of aggrogationn curves typical

of tine two mnucleotides inmdicatos (Fig. 1).

2-\ let-hoxy-, 2-etiuylaminmo-, anal 2-cinioro-
.N1-nnethvl-Al)P also olisplaved so)me\Vimat

extemmded aggregati( mu time emmursos, which

\�(� intermediate bet �ve(n t hose 0 )f Al)P

and 2-methyltiiio-A1)P. Inn con-it rast, platelet
aggregation mediated by 2-eli luro-Al)P hmad
a time course similar to) tinat of AI)P (6).

The potemmcv of Al)P itself was arbitrarily
assignned a value o)f nunnity, anal time potenmcies

of time antaiogues relative to tinei)arimt nucico-

ti(le are slnownm in Table 2 togetimon- with re-

stilts obtainned wit hi the met hivleuedipiios-

pi-ionmate analogues of AI)P aumd 2-cimloro-
_\..I)P. ‘linese two suhstanncos (lid not innitiate

aggrega-tio)nm, Iu)r (lid tiny po)tontiate or indmi-

bit the (fleet of Al)15 or 2-cinloro-Al)P in-i
comicenntrationns tIj) to) 200 �m (14).

I )at a obtain-it d fro )Ifl aggnm gat io)im st u(liOs

OIl time \�tffi�fl� substitut((l nmucleoti(lis aro

oXi)rossed iii tin forum of log (los(-n(sl)omise

mm

Fuo. 1 . .4 t/t,ref/alion of sheep 1)100(1 /)1(It(l(15

induced by ADP �zn�l 2-inethijllhio-.4DP

Aggregation-i SVRS followed by recundinmg time

chanmge in-i opt icuml density which occmnrred after 1 ime

addition of A1)P or 2-nimethvlt bin--Al )P to simeep

platelet -ricin plasnna, as described prevn- unsly (6.
i3). Aggregat ors were ad(led at zero Imime In- au -

qiuots of the sammme batcim of platelet-rich l)lasmua.

The upper I racinugs simosv time responses to the

followinmg c(mncenmt rat ions of Al)P: .4 , 2.64 �m

II, 1.32 �n; C. 0.66 �n; 1), 0.33 �m; K, 0.16 J2M. The

lower t racinigs depict the currespunndi ng respommses

to 2-nnet-lmvlthio-AI)P: A, 46 nm\1; B, 23 n�m; C,

11.4 nm; 1), 5.7 ui�m; E, 2.9 nM.

curves in-i Fig. 2. Affinity constanits (K,) of

tine analogues fun- time l)itLt(l(t Al )P I-(Cei)tOn

were also calculated fronn these data as (Ic-
scn-ibed by Maguire anal Michual (6), and arm
included in-i Table 2. Tin absolute values of

K� given hen-c for Al)P and 2-chulon-o-A I )P

tti�(’ s()Inowlnat lowen thRill thmOs( l)I(ViolISiV



TulLE 2

Potency of A DP aualogues as aggregu foes o sheep

blood platelets

‘Fime nm-in-Iar p( )t ency of ea(h A I) P anmali )gi me wit Im

respect to AD!? was calculated fr-nm tine log (lose-

response cmurves for each bat cm of plasma, as

described in-i the text. The affinity coast nuts,

K,, of AI)P and tine Al )P analognues for tIe plate-

let ADP receptor were obtained similarly; Ka

eoimnals the reciprocal of time nmolar conmcent rat ion

of the oompoumuds which elicited 50( ,�. o)f tie mmlxi-

nunnn-iaggregation response (5).

Compound - Molar j)otenmcy’ K,

±SL xIo� (±.SL

Al)? 1 1.14 ± 0.04

2-Chloro-V6-

methyl-Al)? 0.62 ± 0.05 - 0.7S ± (lOS

2-Et inylaminmo-AI)P 2.97 ± 0. 19 3.07 ± 0.05

2-Methoxv-AI)P 5.10 ± 0.20 5.44 ± 0.42

2-ChIn-ru-AD? 7.62 ± 0.08 9.49 ± 0.41

2-Metiuvlthio-AI)P 30.71 ± iSO 33.15 ± 2.M0

Adenuosinne 5’- -
net ImVI(nmedi -

phosphmonmateh 0
2-(’hmh )r( madenosi nme

5’-numet-invlcnnedi-

Pimosl)hmn-natet’ 1

a Timese values are nmeanms (if nun- fewer t han

I inree (Ieternunmat ions.

I�esnnlts of Micimal (14).

rep )nte(i (�) . However, the potenncy i-atio amid
relative affinity of 2-chihoro-A1)P witim re-

spect to A1)P remainm very similar to valuos
obtained from the (arhor experiments, an(i
the variat-ioni probably reflects a change of

unnknownt mature in t inc sennsit-ivitv (If tine

j)latolo’tS thennselvos.

I)LSCUSS ION

A mnumher of hypotheses inavc boen ad-
vanmced iii attompt4 t() dolinleat( time nil(cha-

nism by wiuich ADP in thno presence (If

calciunn iorns causes the aggr(gation-i of mam-

maiianm blood platelets, Fh-iese have been cc-
viewed by Mustard and Packimam (15), am-id
ranmge from time early conncept (If platelet-

platolot bridges via AI)P, calcium, and a
i)lot(inm cofactor (5) to imypothoses innvoivimmg
A..1)P in mnnergy-producinng reactions at tIne

platolot nuombn-ane. Tin possible prosenc of
a- jmitttclet (‘llZ�)’fll( �hnicii iuydroiyzcs �1)P to

I 74 (�OVGH ET AL.

F�. 1�emmglis, munil)(ui)Iishme(l observations.

A:’ttI1� to) pno(Iuce time omun-gy to ciumni) plate-

let-s was s1ngg(sto�(I by Spaet- aimol Le�imio’ks

(16). Salzn�utnn et al. (17) found timat j)latelet
(cto-AfPas( was innimibited by ADP, ama!
hlVpOtinesizO(i that- tine actio-)n of this ATPaso

mnaintainme(1 tIne j)latelOt- il-i a nnon-mticky stat-c.
Hecenmt o)bservatiomns, i)articiiiariY tho)se (lu-

cidating tiu( alt ra-it met ural I)ro)i)enties o

I)lat(l(’ts (18, 19) , hnave nostilt-((I in-i a mone
(letaiied un(lerstann(ling of thie i)hnnonlenn0fl

of platelet aggregatiom, and in-i a refnnunn(nmt
(_)f tlno- earlier hVl)Ot-imeses of tine nn(chan-iisu�

of A1)P-inmduced l)lateiet aggregationm. ‘line
aggregation-i of blood platelets is no\v kno�vn
to take l)lac( iii tinree stages. lime first- is a
shape change in-i -ivhmichm time discOi(-I. platelet

oxtemnds l)s(li(iOI)oalia (19, 20). It is tniggorod
by ADP, has 110 calciiim� ro(luminonummt (21),

anmd is followod rapidly by tIme seconud stage,

t mat Of r over sibie aggrogati )n, whniclm requires

calciunn (22), an-id wlmicim mnorges il-ito) the

third stage, the reieas( reaction. Tnt this
stage a contractile wave witimin the l)latOlet
results in-i time extn-usiomn of a(lenine unun-

cleo)tides aln(i itnfliflo’S ann(i in-i irn-(versible ag-

gregationn of thit j)lat(letS (23-23).

Flie imnitiatiingstinnuhns inntine aggn(gatio)n

i)roc(Ss is tint’ imntoractio)n of AI)P witin tin’
plat(iot-. i-�)ru-i (21 ) imas stngg(sted timat- this
interaction-i occurs via specific Ai)P receptor

sites out tiu plat(lot no-’nibrante, aiRl results

in-i on-i(rgy-r((�uiriu-ig changes in-i tin platelet
-itrunctiuros �vlmich are rosponmsibie for nain-

tainminmg the disc sinape of nornnai I)latelet-s.
Tint parallel nmatnnro of tiw log dose-resl)onms(

curves for AI)P and the aggregating
analogues of AI)15 (iescribed in this connninummi-

cation iln(iicates tinat. these analogues also act

at. tl-i� AI)P receptor site, triggering slnape
clnarlges anal sinbsoo�ueut aggregation. Tine
great- differenmces observed in-i the potencies

of th(1� comnpo)unmds can be ascribed to) differ-
ennces in-i timeir aflinities for t-im(’ A.DP n-ecoptor

site anal nnot to (lifferemmces il-i efficacy, as all
anmali guos, like A I) P, elicited nnaxinnal plate-
let aggno’gation. Inn our st-u(lies o)mn sine(I)

I)lat(l(’t clnnmnpimmg, it. has nlot-beemi possibi(
to ist)lat( time shmapo clmanmge fronu the othner
st(’ps �vlmich l(’a(l finmaily to irreversible ag-

gregat it )I -i , but- \vt )1k i i-i � gress sin ( )W5 t-lnat

time relativ( pot(nm(-ies of t-hnoso anmalogunes mn
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FIG. 2. Log do.�e-re.s’ponze curves of A DP and A liP analogues os platelet aggregalors

The log (lose -respomise curves for ti-ic aggregat in-mmof sineel) pint (let -rich I)lasmlma by Al )P ( ) , 2-numet inyl-

thin--Al)? (A)� 2-cimlorn--Al )P (0), 2-nm-net Imoxv-A.I)P oK ) , 2-ct imvlamimmn--Ai )P (U), amid 2-chloro-.V6-

maci hvl-AI)P (�) were obtained by time t urilidimel nc techmmique described i mmI hue text . I nil ml rates ()f ag-

gregatn)nm were obtainmed from the slopes musing ti-ic first 30 sec of ti-ne aggregationu curves. Tine points

ommeacim curve represenmt meanis of no fewer titami timnee expenimi-nemmts . Time st anmdan’ol errors n-f ti-icimmeanus

am-c immdicated by time vent iomd limmes, hut wimeme t inese were too small 1(1 he showni grapimicmnllv t lucy imave

been omitted.

N EW’ PLATELET-AGGREGATING A NALOGUES OF ADP 175

e M. H. Maguire and M. K. Sim, unpublisimed

results.
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eiicitinmg sinape cinan-iges in-i rabbit platelets

arc similar to timose reported mere for sheep

platelet aggregationn.
All ti-ic Al)? analogues with substituents

only at positiont 2 of ti-ic adeninme moiety had
greater aggregating properties tin an-i A D1�
it-self. However, NC_mothylation of 2-cinloro-
ADP caused a 12-fold reduct-iomn inn tine

Potency of t-hnis aggregator, suggestinmg timat
ti-icfannct ioimal integrity of the 6-amino group
is a prerequisite for strong activity. Tine

enhanncinmg effect of tine 2-substitunont- tam tino
aggregatinng potemcy of AD? is, inn ranmk
order, metinylthio > cimloro > mot-Inoxy >

ethylaminto, anmd may be conmsidered in-i terms

of time spacc-filhnmg properties of tint sub-

stitaentts an-id tineir offects on ti-ic electron-ic
structure of t-hme purinme rinmg. In spite of ti-ic

space-filling an-id conforn-tatiot-iai differences
amoitg ti-ic groups, a general trend ii decreas-
ing size of tine sabstituentt is ethylanniunt) >

methyltlnio > methoxv > cubIt); thus trend

does not correlate with tint rannk ordor of

potency of the analogues.

Time inaltnctiv( effect of tin substituents mm

the adenninmo moiety (If Al)? will be similar to
time effect t mat- the groups exert n ademnirme
itself when substitutod on position 2. Tine

pK11 of ademunue is 4.12 (26), and 2-nnethyl-
timioadennin-ie and 2-cit loroadenine have pN0l
values of 3.26 and loss titan 2, respectively

(27). 2-Aminoadeninne has a PI\(,2 of .5.05

(27), anmd the 2-ethyiamino group will be

evonu ntore base-st rengt heninmg. The p K, of

2-methoxv-N#{176}-metimvladennin-ie is 3.70, tin-id
that of 2-metinvlt-hio-N#{176}-methvladeninn is

3#{149}54,6 inndicating timat- in-i AD? itself thm( 2-

met boxy subst-ituont vill be less base-weak-

en-iing ti-ian-i tin 2-methyitimio substituenut. The

inmductive influenmce of the four suhstituennt
groups on the elcctronnic structure of tine

pun-inc n-inmg of Al)? will inmcrease in time (11-0101-

ethylaminto < metinoxy < methvltlnio <

chioro. Tino inncneasing potentcy of uttly th nec

(If ti-to Al)? ammalo)guos, 2-etimylaminno-, 2-

n-iethoxy-, amn(I 2-chmloro-ADP, cain thus he
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coinnmlat d �vit hi t he inlcn-(asinlg in-idtuct ive

cimaractmr, an-id the dccreasinng size, of the

2-suhst-it-uent. It would appear t-inat tine
t(Ij)Ograpiny O)f tho �\1)l� roceptor inn tine plate-
l(t nlienflbrann( is such ti-tat A!)? arnaloguos

��-itin cort.aimm substituemmts O)It position 2 of

thn(’ i)�mru-ie rinmg actitally nncot the binmdiumg
r((llnir(mn(nts (If ti-ic no’col)to)r botter tinanu
AD? itself.

fin(’mxtronw affinmitv o�f 2-nnethvlthio-Al)P

for the Al)P r(coptor app(ars to be announ-

aloims, ItS it camnmot be included in-i time trenmd
((tabhisimc(l for tine ot-iner ti-trot agonnists.

However, tino potonncy of 2-nnethyithio-Al)P

nav be accoun-ited for by thie high polariz-
ability (If th( sulfur atom, and by free

rotation-i of tl-i( nnethylt-ini() grotn�� about ti-ic
sulfur-purinu bomnmd, �vhicin would ailo�v a(lop-

tionm of a confornnation in-i which steric inmter-

ference by tho n�t1nyl group wonnl(1 be

minimal.

Al)P-mediated piatelot- aggr(gatio)n is

inninibited by AMP (S, 12), annd tint gr(at(r

aggrmgatimmg potency conmferred ont 2-metimyl-
t-imio-Al)P by tine inethylt-hio group can-i be
coImnpar(’d witin tine influennce of tlmis subst-it-

uonmt umm tint inhibitory poten-icy of 2-
nn(’thmylthio-AMP, wimich inas 20 times tine

pot-enncv of AMP as aim ininibitor of Al)?-

rno(liat-((Ishn((i) I)latelet aggregat a �n, antd
which appears also to act at tint AD!?

recojnt-or (S).
Tim(’ 5h(’ej) platelet ADP recepto)r appears

toi he extremely sensitive to aiteratuonns in time

pyrophosphate nTh)ietV of Al)!?. Thnus the
5’ - metinylennedipin(Ispino)nmat-e annalogues o)f

Al)!? and 2-cinioro-AD? were devoid of ag-
gregatinng activity. As tine 5’-met-imylencdi-

phosj )imonates cannot be inydroiyzcd to AMP

or 2-cimloro-AMP because (If tine great
stability of tue carbon-pinosphorus bonnd (2S,

29), t-im(’st finmdings may appear to) support- tine

P�0)l)t Isa-i of Spact and Lcjnmieks (16) tinat tino
broakdownn of Al)!? to AMP anmd inorganic

pino spinatt is a key enmergy-providing reaction

in platelet aggro’gationn, even tintnngim tit Fi-

drolysis of Al)? is mlot mmormaily an-i energy

source in-i biological systems. Ho avover, if

resist-annce to) hnydroiytic cleavage wero tint

only factor involved in-i tine lack (If aggregat-

ing activity (If thi( 5’-metinylennodipiiosphonn-

ates, t}nev would be oxpecte(i to act as

com-ih)(titiv( inhibitors of ADP. TIne observa-

tit)nm ti-tat they do not- in(licates that tiuese

compounds have been-i renndered unacceptable
t-o) tine receptor.

‘I’hnt aliphatic I)iloSl)inonnicacids arc usually

�veaker ti-ian-i tineir phwsphate isosteres (28).
1mmke(j)ing with this gen(’ral rule, Myers et al.

( 11) founud tinat- time P1”a of the secondary

I )il( Is)i-ionnyl hydroxyl group of adenosine
.5’ -n-i-itt i-ivlenmediphmosphnonnate was S.0, while

that of the anal(Igous group of Al)P was 7.0.
Tinus, at ti-ic pH of the citratcd J)latelct-riclt

Plasma used inn these studies, 7.4-7.6, 73 X
of ADP was fulls’ ionized, but only 25 (7 of

I hmo nnethylenodiphosphonmates was j)rt’scnt in

tIne forn t)f thno trianmion. Born (21) siiowed
tinat. the rate and maximum olf the AD!?-

induced 1)latelot simap( ciman-ige �vere unmaiter(d

iii thio 1)H rannge 5.8-9.2, irmdicatinng that botun

thne (h-anmd triarmionbc forms olf AD!? ar(
eqtnallv accoptablt to) thit Al)? rocoptor.

‘I1hnortfore it is unlikely ti-tat the weaker

aci(litV of tint inetiivlenedipinospinonates is

rcsI)t)nnubl( for thneir lack (If agonist. or antag-

onist activity.

Calcium io)nns aro (ss(nntial for platelet ag-

grogatit)nn, and calcium-bound AD!? has been

postulated to be an active entity in the ag-
gregatitam process (30). The inmactivity of the
mcthvlo-nmedipinosphmonates may J)t)ssibi�’ be

(1U( to a decrease iii tineir binding capacity

for calcium compared to) ti-nat of Al)P. How-

evor, sticit an explanationm is unlikely, fon- tue

following reasonms. Although a st-ability con-

stantt for calcium adernosine ;5’-nntthylennedi-

plnospinonat( has n-tot bten-i roported, corn-
parison mf thue apparennt- binding constan-its

of AT? and its �, -y-motinvlenme isostere for

calcium at pH 7.4, 1800 �n’ and 4800 �r’

respectively (31), inndicatcs ti-tat tine methyl-
onn(dipimo)sphalmnat( analogues will actually
bind calcium somewhat bettor than AD!?
it-soif. Moroover, calciunn is nnolt a require-

nuenmt for time inmitial sinap( cinan-ige in-iduced

by AD?, and rtcent evidence (32) suggest-s

that. Al)? netd nm()t be complexed wit-in cal-

(‘itlIn fun- i)articipationn in I)lattltt- aggro’-

gationm.

Tim( most likely rtasonu for thuo inactivity

omftimemnethnvienmodij)iiolspinonatesis t-inattinesc

compountds do ntot bind to the Al)? receptor,

citiu’r bo’causo timo nnotinyiene group imposes
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Solile steric (iistortio)n o)n tie I)hmoIsl)hnato

ci-iain, as has beeni d(’nloln-istrat(d for tine /3,
y-rnetiiylene iso)stOn(’ of Ai�P (33) , o)r bo’cause

tine chain 1)o)ssess(s a hnydrophobic group in-i

place of tine oxyg(’il (If the nmo)rnal agt)nnst-.
Tine results Of tint’ inmvestigatit)ims of the

platelet-aggregating l)rop(rties of ti-ic seven

ADP anmalogues roported inert i(rld support

to Borum’s hypothosis of specific ADP recep-

tors onm the platelet membrane (21), and inavc
allowed some advannce in-i tine detinmitiont of the

binding requirememnts of the sheep platelet
AD!? receptor site. Fhose analogues winich

are potent aggregators sho)uld prove valuable

tools in-i platelet studies, an-id they poinmt the

way to ti-ic cxcitimmg possibility of affinity

labeling (34) o)f the AD!? receptor. Thus sub-

stitution of alkylatiumg groups, such-i as iodo-
acetamide, at position-i 2 of AD1� silould give

compounds whicin will still bin-id to the recep-

tor, but winichn may also result in-i irreversible

alkvlat-iomm of the receptor (35).
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