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SU�OMARY

Adc’nmosiooc’ tnipioosj)hommte and se’ro(otuino (S-hoydroxytnyp(mmnoiooe, 5-HT) fornio noicehlar e’om-

plexes imi sytmaptic s(eonage vesicle’s anud bleooel 1)lmotelcts. Time interaction of ATP with 5-HT
ammd time binding forces nespomosible for nmiccllc fcormation were investigmoted by nuclear nnag-
netic resomoance amid ul(nmiviolc( spcctneoscopy ii! itiro. Time principal bommd is ano ionic itmter-

a-ctiomm bctwccmm (im(’ side c’hoaino amimmo group of 5-HT and time iocga(ively chmangeel pimospimate

of ATP. This results mm(hoc disnuptionm (of ATP s(ac’kimmg timod Ovenitmi) (of time indole and mmdenine

moiety, fcorming a contact chmange’-tnarmsfcr complex w’i(io to low’ topptonc’tm( assoo’iationo constant.
pH amod ionic streiugthm effects ono (‘conopiex fonmatiomo were molso inive’stiga(e’d.

I NTHOI)U(’TION

Serotoimin is ktmowno to be tori inmpontmmnt

neurotraimsmittcr s(onc’d ito s\’tmmipt � ve’siclcs.

Its iiovolvc’mcmmt imm dcprc’ssivc’ state’s anod imo

(hoe mode of moc(ion of (nicychic (hynooh’p(ics

(antidepressanots) limos bec’oo advocate’e! by

several autimons (see’ ref. 1).

5-HT2 storage ongamoelle’s camo be foummd in

synaptosomes as well as ho platelets.

Pletschen and co-w’orkcns (2) itmvcstigated

drug-imoduced chanoges in S-HT storage in

isolated platc’lets anmd platelet storage

organelles. They elemomostrated (3, 4) by

ultracentrifugat iomo s(udies amid ultraviolet

sj)eCtrosCopy that time storage gnamoules con-

This ioovestigati(000 was soopporteol by the
Onotarico 3Ienot oil lleoolt h Footttdoot ion. ( raiit No.

390.
To whono ccorrespooodeoice should be addressed

at Loyola College, Mont real.

2 The abhreviat 1000 used is; 5-UT, serotono ito-

(5-hydroxytryptanoiooe).

taimo hoigim noole’e’ulmmn weight micelles formed

by time associtmtioono of 5-HT wit-h ATP in a
nmc)lan rmmtie� of 2-2.5. TIoc’ size of (lie micehles

is inversely Pnol)(ortionmtol (1-0 (c’nol)ena(ure and

is hocreased by (�a++ tine! Mg�+ ions. Such
micellcs fonno spommttmnoeously in aeiueous solu-

(mobs of 5-HT tiIO(I ATi� mind are specific,

since nmuehi lower apparemot noicehlmon weights

are seen imo noix(unes of ATP with tryptamine

on hois(anoinoc. However, Pletschoer ci al. did

moot exanoine (hoe S-HT-nucicotiele structure

amid bonelimmg in tioese mimicehles.

Time storage mecloanoism of neunotnans..

mittens mm svmoaptic ternmiroais w’as investi-

gated rcccimtly by Snomy(hmics momod co-w’orkers

(5), whoo proPosed! to utoiflee! hoypothesis for
eatecimoiamine amid S-HT storage. On the
basis of nooleculan romoe!els, thmey suggested

staircase-like bimoding of ATP to the gluta-
mate arid aspar(a(e residues of a specific
imelical protein, choromogranin, found in

adrenal cionomaffimo granules. The ATP nmole-
cules, held by hydrogen bonding at the N-i
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and XH�-G site’s of adenuinoo’, forooo time mugs

of moladeio’r mmmde’ano miccononmcoe!mitc’ 4 ca(ce’hmoi-
anmimoc con 2 5-HT noolec’ulc’s by inm(ercalmttiomm

at emocho (unto eof time imelix. Thoe’ side’ c’loain
anminoo grc)ul)s of time’ nme’uneotranosoomit(c’r (‘ouldi

bind to 1)h0�51)hmtt(e on c’aobemuyl groups by

elect novale �io( or loyelnogeni bonoels.

Smythoics mind Amitumo (6) also investigated

the binidinog of tryptmimiooc’ (k’nivmttiVeS, in-

clu(hmog 5-FIT, to nmoa’leic mtc’ic!s by fluiones-

ceooc’c� s1)c’e’tr�5c’�i)�’. iNco effect oof pH or

on eOnoOl)le ‘xat 1010 was obse’ovcd ; therefore
iomoic bonmdiiog wmis ruled out amid iiotcrcaimi-
tiono by ho\’clreOphoo)biC bitmchinog i�’as sug-

gested. Fvcmo though time 5-HT-ATP bimodimog
in sylmaj)tic v(’siclcs mmnd (-hue tnyp(amine-
DNA bitme!inog mtppc’ttncd (to be’ clesely related

and (hoe nmeolc’culan fc’ature’s oof (hue’ imotenactimog

species (ATP on l)NA withu trvptanminme

denivativc’s) sce’noc’eI sinmilar , two differemot
bindiiug ommc’c’iutmnisnms-ionic bonids and ioy -

droploobic bomids-were 1)�()h)( osed . No cvi -

deuce other than fluore’scenmce quemochoimog,
pH momoeliono e’ffc’ets, monod mtsl)e’c’ts cof molecular

geometry support 5 (lois 1)ltt usible im�’pot imesis.

INorepinmepninme-ATP comool)lc’xes o�’ere in-

vestiga(e’d imodetail by We’inocn arod Jandetzky
( 7), usimog nuclear magnetic ncs(onmance spec-

troscol)v . By oomc’asunimmg time selective (‘Imange

in relaxtitiomo rate of ring and side chaimo

protons of toorcpinmo’phonimoe’ ho time l)rese’moce of

ATP (see ref. 5), (loc’�’ demonmstnto(ed the

existeumc’c eof a 3 : 1 nooone’pinoc’ploninoo’-AI’P com-
plex mit 1)11 5.6. loomoic bonds bet�vc’c’n (hoe
prototiated side chuaito monmimmogroup mimid the
ATP j)imOsphmmttd’ arid mmmiadditionmal hydrogen
bond betw’ceno the side cimaimo hoydroxyl and
phospiom-ote coxygen s(tibihze time complex.

Thmree st udic’s per(aimoimmg to nucleotide-

neurotnmonsmit ten biiodimmg were published
reccmmtlv by Muno ci al. (9) tonic! by H#{233}l#{232}ne,

Dimicoli and Bn’umm (10, 11), iosioog NMR

methods. Time findimmgs of H#{233}l#{232}omcci al. (11),

(published after (hoe complctieoto of our cx-

penimemots) more’ imi e’xcellen( agreement with
the results outlined imi (lois pmipen.

rFhme cobjec(ives cof time pne’setot study i�’erc

(a) to establish (hoe moa(ure of (hoe’ 5-HT--

AT1� inotenae(iconm in oilro tco o,eonofimno the
micc’lle hOype)tlOc’sis of Plc’tse’hoen and co-

workers, (b) too establisim if ionic or hoydno-

phobic bonds arc immvolve’d, aloe! (c) to
determine �vhuct lien similarity exists between

(hoc’ bimidinug of imorepinmcpimninoe’ timid 5�IIT to

ATI�. Timcse inmvcstiga(ioums feonno a basis for
future studies omi time influcimce eof thymo-
leptics aiod other drugs on intramoeuromoal

5-HT storage arid release.

M ETHODS

NMR sPec(nml w’en(’ recorded at mombient

tcnmpena(ure imm D20 omo a Vanian 220-)�IHz

sI)ec(nonme(er (C’amoae!ian 220-MHz NMR
Center, Simeniclano Pmonk, Ommt-anio) . Sodium

dinmetloyl silapentamoesulfonate was used as

internal st amodanc! . Senot OtOlfl oxalto( c and
ATP 2Na . 41120 were iunc’imased from

Nutritional Biochoenmicals Corporation.

Simoce time N1\IR spc’ctnunm cof ATP is very

seno.sitive (to time Pne’scnce of me(mil ions,

sl)ectra o�’ero’ dc(crniimoed iim ummbuffene’d solu-
tiomis except fior (hoe 1)H amoe! ic)moic stoemog(h

studies, for �vhmieim 0.1 �i Xa-phoosphma(e buffer

o�’as used. i\Icasuned himoe’w’id(hms we’re con-

meet ed for i oos( runoemo(-al bnommdcnoimog aimd are

accurate too ±0.2 Hz.
Tjltnavicolc’( spc’ctra were’ ele’tenmimoed in

aqueous solutions omo a Bccknmami DK-2A

instnunmemo(.

RESULTS

lio(’ 220-MHz nuclc’an magnoctic nesoimance

spe’c’tnum of 5-HT iii D20 (Fig. 1) allows the
cobsc’nvationo Of cvo’nv pno(omo in the noolecule
( exce’pt OH tonod NH j)no)tons) . Time side

choaini nmetioyle’mme’ group e’amm bc commsidc’red

intermediate bc’twec’to to finst-ondc’n A2X2 amod

to sc’o’omod-ordcr A2132 sI)c’ctntonm. Time side

cimaino protouo sigmomil is mmmiintntie’table multi-

1)le’t at 60 MHz. Wiocum tIme ATI� spectrum
\\‘tos supcmimposc’d, rio ovenlal) of nesommance

limoc’s resulted, amid noost of time’ chemical shift

arid hinocwid(h changes could be evaluated in
nmix(ures con(aiuoinog vanyimog ratios of 5-HT

oxalate amod ATP 2Na .41120. Thme exceptions
are the liiocwidtims cof 11-6 cof 5-HT, which is

a quartet, arid 11-2 and 11-7 at low
5-HT: ATP ratios, wlocne resomoanmce lines
nmengc, nmoaking time nmc’tosuncment of linew’idth
imp( ossible.

Tioc’ MXII spe’ctna of various concentra-
(-ions cof ATP tot pH 2.9-3.2 show some

surpnisimog features (Fig. 2). While the
published spectra of ATP (12) sioow’ shmarp
peaks for botlo adcmoimoe protons, w’ith H-S

sliglmtly widen, it is (he 11-2 proton that be-
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FIG. 1. NMR spectrum at 220 MHz of 75 in-or 5-HT oxalate in D20

For chenoical shifts, couplioog constants, aood liooewidt-hs, see Table 1.

H-2 �

75 mM 150mM

Fio. 2. NMR spec/ruin at 220 MHz of adenine protons of ATP 2.Va#{176}’at different concentrations between

pH 2.9 and 3.2 in D20 at 20#{176}.

comes extremely broadened in our spectra.

All published spectra, however, were re-

corded at- alkaline pH, whereas we used

strongly acidic, unbuffered solutions. Upon
raising the pH of the solution, the very
broad line of the H-2 proton became shoarp.
The addition of EDTA had no such effect;

thus broadening o�’as not due to paramag-

netic impurities (see ref. 13).

To evaluate time interact-ion between

5-HT anmd ATP, the 220-MHz spectra of
mixtures w’ere recorded at 5-HT: ATP molar
ratios between 0.3 and 6.0 w’loere 5-HT was
held conostant- (Table 1).



TABLE 1

Citenticul shifts alt(l observed spin-spin- relaxation- rates front 220-MHz spectra of 5-117’, A TP, aitd their

inixtu res

5-HT protons

2

7 29

7.85 -

.-�IP protoons

46 7 a � 28

7.11 6.89

2.3 o=8.5�

in =2.3

6.91

7.43

8.5

7.85

(‘otncentration 5-H’!’: pH in H2()
.-vI.P

5-HI’ VIP ratio -

?0l%J

75 2.80 .iv (IInio)

.1 (lIz)

- 7�1

150 2.95 iv (ipmoo

T2’
75 3.05 iti (Iolnoo

37.5 3.2() iv (1)pmoo)

75 150 0.5 2.81) iv (lolorto)

T

75 75 1.0 2.80 .iv (t�toi)

75 37.5 2.0 2.S() _iv (p10mb

75 25 3.0 2.8(1 .�v (Iopmio)
1�2�1

75 12.5 6.() 2.81) .iv (plomto

3.33

7.0

9.42

3.12

7.0

6.28

2.86

70.96

2.91

37.99

2.97

28.80

3.02

18.51)

3.07

14.10

6.95 6.58

33.60

7.04 6.71

22.61
7.12 6.85

32.97 14.76

7.1$ 6.93

18.84 11.62

7.24 7.63

14.13 11.62

$46-

125.6

$43

106.8

8.43

94.2

8. 18

59.(’o

S.07�

42.40

7.99

32.97

7.97�

25 26

7.95

2(1.41

8.58

18.05

8.58

11 .93

8.59

11 .00

8.48

14.91

8.45
15.56

8.44

15.56

8.45

11.00

$ .46

11.00

6.43 6.95 3.20

39.25

6.55 7.04 3.21

31.71
6.6$ 7.19 3.24

26.69 24.86

6.74 7.27 3.26

15.7() 18.80

6.83 7.36 3.29

14.13 15.10 -
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(/,eiuiiea/ .‘.i/ti:f1 5111(11(5. hoc’ areonomotie’ l)t�0

t I onus e of’ 5-1-1�F mmmci H -2 oof AT I � slooow cciii-

sieli’rmoble uiofielel shift ito tloo’ � cot’(hoe’

otlo’t roooleo’oole’s,ele’pe’node’not(tti thocit’re’spc’c’-

live tioeolo’fntoo’tieonus.Too itot(’n’l)n(’t eoior. results,

we used time’ Hill o’oiuootitoto ito (hue gc’nmcn:mlize’d

f 0mm

lcog �‘#{176}� = -a bog [5] - bog K

i�huc’rc i is the variable’ i)mot’mmnoe’to’n, S time

substrate’ (‘ooioo’e’nmtrati(oiu, it t hoc Hill c’eoethcicmot

(givemm by (hoc’ slope), moto(! K mm(‘(olostmoiut. Thois

e’ciumitioio (‘mono be’ n’ecogmoizcd mis a foonnm of tho(’
i\ li(’iOmme’lis-i\ I e’mote’no eciumotnomo. lime Hill ceo-
e’ftoc’io’ntit nc’l)rese’tots to noe’oosune eof inmte’nactiomo

between hgtono(ls, timid a sioooplo’ tito’tttieono curve

give’s to hue’ cot’unit sleoioe’ (se’c’ ref. 14).

\Vioc’no (lie’ (!c’riytotivo’ _.�#{244}-(1- .�#{244}) of (hoc’

e’hue’noio’ttl shift ditfcre’noo’e’ be’( we’o’no (hoc’ fn’o’e

mono(l c’conoplc’xed e’onopeounods (.�#{244})feoo each

pnotoono is pI(o((e ci agaitost leog noooohe fraction

(se’noiliogmoo’ithonooio’ Hihl-pleot), tlo(’ ioidtohe’ l)t’o-

t()tos diisl)lmoV ml himuo’oor fit te o (io(’ t’( 1umoticono ( 1”ig.

3) �vimile’ tiO(’ l)l(tt for the’ side e’hmoini l)roteoiis
is c’un�vc,el#{176} � sinoilmu’ t’e’pt’e’so’titmotit oti for the

ooe!o’moiime’po’(ot(onosis nooothinuemtm’e’ithu(’m’(1�ig. 4),

ton-id_i simows to ioeghigiblc’ shift o’lomommge’ of time’

TI-S pnOt(OiO. TI’hme nibose’ hmntotoonus (toeot sioeowmo

iii ‘1�able’ 1) display tucitloen to choammge’ in

ehc’noictoh shift moon signuificamot broomodo’moimog.

\\�itho (hoc’ inod(ole lonote)mos ito 1”ig. 3 slope’s (of

2.9, 1.6, 1.25, momod 0.S0 tine’ found for (in’

11-4, H-7, H-G, and H-2 pneo((onos, n’espce’tivc’lv.

It is neasoomoable to assunoc that time-’ aromtmtic

pnotons of 5-HT arc’ more itovolved ito sttmek-
hog (loan H-2 on time’ skit’ choaiio prtotomms, whoichm

deviate’ freotmo limio’anity. Also, H-2 of ATP is

hke’lv ((0 be’ omoetne itovoolvec! tlomoti H-5, whoic’im

\‘iek!s mm sltopo’ of ze’n o. ibis mossu000pti( on is iii

The too’iginoal Hill iolot is 00 dttttbole hogam’ithoooiie’

ftttio’t into, a ott shootititi give signoooiol cttn’ves. Our dat a

‘ otofon’no too Ihoot shape if plot leo! arco to’ditogly, bitt

we foutoot it nottt’e inostt’uo’tive ttt otso the semihog-

arithnoio graphs showoo.
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FIG. 4. Seinilogarithmic Hill plot of chemical shift dependence of aromatic ATP protons at different

5-HT:ATP ratios
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FIG. 3. �S’einilogarithmic Hill plot of chemical

shift dependence of 5-HT protons at different

5-HT:A TP ratios

good agreememot w’itho the findings of Dimicoli

and H#{233}l#{232}ne(10).
A more quantitative evaluation of these

data was attempted by utilizing the Foster-
Fyfe modification of the Benesi-lluldebrandt

equation for charge-transfer complex asso-
ciation constants (15):

= -K(� -

w’iocne :�t5 is time cimenmictil simif( of the l)no(olm

ill compound A. atod �AB is time shift differ-

enc,e between time free and eomplexed forms.

If B is preseio(- ito excess, a plot cof .�o/B

agailost �2ic5 should be linear w’itio the sle:ope of
- K. IJnofontuna(ely, omolv (-hoe 11-2 protomo of

ATP fulfilki thoese condi(iomms completely.

\Vbmcn time data are I)lOttcel (Fig. 5), a K

vmtlue’ e)f 1.26 M_t is found, w’hmiclo is some-

what low e(onmpaned with related data siocown

by H#{233}l#{232}iocci al. (10, 11). Since ATP was

mmevcn present in sufficient- cxcc’ss in our cono-

1)lexcs, only atm approximate value of
K � 6.2 �o’ camo be obtained for time immdole

prototos. This, howc’ven, is a more reasonable
vmtlue. Different K values for differenot pro-

tons of time same eoiooplex would be expected

because of (hoe cxis(emmce of eonoplexes in

different noolar ratios in (hoe same solution

(10).

Proton relaxation -rates. Spin-spin rclaxa-

(iomo rates, Ti’, could be estimated relativeiy

easily fronmm liioew’idtios for time aromatic 5-HT

protons, with the exception of H-6, w’ioich is
a quartet. Coiosiderable theoretical and

pnac( icai difficulties w’ere encountered in
determimoing T�’ for the two sidechain

1.0
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1- A&

.6

.4

.2

.2 .3 .4 .5 :6 .7 :8
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FIG. 5. Foster-Fyfe

different 5-HT:ATP ratios

triplets, wioich are moot first-order even at

220 MHz, but are intennoediate between an
A2X2 and A2B2 pat(emno. Time linewidtio was

determined by computer simulation based

on time following assumptions. The coupling
commstant of time triplets is 7.0 Hz and they

are separated by M = 45-75 Hz, which
causes time appearance cof (hoe tw’o distorted

toiplets. The expected hoalf-spectrum (16)

consists of seven lines. A computer program

was devised to simulate time tionee Lonentzian

peaks from time equatiomo

y - (1-+-4/h2)(x - C)2

wloere a is peak height, b is width at- Ioalf

height-, c = noaximunm peak frequency, and

x and y are coordinates on the curve. By
modifyimog and interpolating Corio’s tables

(17), the conobined intensities of eacim peak

in the triplet- w’ere obtained and used for

calculation. It was assumed that- J is con-

stant and the limoewidtlm is (he stmnoc in amoy

one triplet. After correct-ion for baseline
drift, thoe the’one(icaiiy derived and conoputer-
plotted eiovelopc of time tionee peaks was
compared wit-ho time expenimemo(al spectra
(Fig. 6). Tioe linewidtim was obtained by

uSinog a b value yieldimog time least sum of

square’d deviations. Since (hoc sepanatiomo of

the sevenm lines composimog time triplet is sig-

nificamot, time mean value of (his separation

was subtracted from the observed himoewidth.

Time T�’ values shown iim Table 1 for H-a

and H-fl were calculated fnono these data.

As fan as could be observed omo (hoe pseudo-

first -order sicli’ chmtmin spectra , ne) c!iffereiotial

sioifts occur, amid only line bn’omodenimmg is me-

Si)OIosible for time observed effects. The
triplets thoemselves do sioift- as mmresult of ring

current imoteractkomms.

Time c’s(-inomotio)to of time 11-2 ammel H-s nclaxa-

tiono rates in time ATP spectruno Posed

amootimen (hfficultv : because of the expeni-

noen(al conditions, (hoe himmewid(io of the

ATP lnco(oios i�’as vem’y broad (Fig. 2) and

was root suitable for time detennmimmatioio of

linewidtlos tot inofinite diiimtiomo, toecessary for

calculating 12(free) . A5 caim be seemo from

Table 1 tomoel Fig. 7, time widths of time

ademoine protonos be’comc imannower witlo jim-

creasimog ratios of 5-HT. This js obviously

due to the disruptioio of ATP stacks. Theme-

fore time limiting linewic!tho was calculated by

extrapolatimog time hinew’id(io t(0 zero nmole

fractiomo of ATP in time 5-HT-ATP complex.

Tlois sloould theoretically inch tide limme

broadening due to bimoding witim .5-HT, but is
reasoimably close to limoewidtios obtained by

extrapolating time aromatic protcon himoew’idths

of ATP at pH 7 to infinite dilution (11-2 =

4.5 Hz aiod H-S = 2.9 Hz were used).

Liimewidths obtained by these c’alcuia(ioims
were use’d imo the rI�i�t values givetm in Table 1.

Time nclaxatioim rates of (hoc bound species,
hmeiowc’ve’n, c’oulcl hot- be ctilcuhatcd usimmg time

rclmmt it on

,.,-,i- 4 P711- /-� 4 \ ri,-1

_I 2 (ohs) = .�11 2 (t)OUfld) ‘1” �1 ti)1 2 (free

dcvc’lcopcd by Jande(zky aimd %Vade-

,Jandetzky (18), simoce it is mipplicable to a

fast cxe�hmaimgc rmm(e betweemi time free and

bounod forms, wboicio nmay root bo’ time case here.

Relative nelaxatiomi mates, 7’2��1,� -- 72(free ),

caicula(ed ticcording tco (hoe noetlooel of

Htmnomes mimid Tallnmamm (19), shmoiwed a shiglot

prefememotial immobilization (of time side cloain

pnot omms. However, (hoe pnesemit k noowledge of

5-HT-ATP interacticomo does moot justify a

quaim(i(ti(ivc trca(mcimt, and it was (imoughmt
best to avoid it.
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FIG. 6. 5-HT side chain proton t’esonances at different 5-11’I’: A TI’ roztio.s’ at 220 .l!Hz

For 5-IFI’ al(onoe, see Fig. 1. The liooewielths were derived by (‘eooooptttc’l’ sioiottlatioto (see thue
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text).

Ultraviolet spectroscopy of the 5-li ?‘-I TP

complex. Since cloamge-tntmnsfcm c’oonmple’x
formatiomo betw’een (he’ irudole’ monoel toelc’noino(’

rings cammmooot be c’xclude’d, we imove’stigti(e’d

the ul(ravicole( spectra (of 5-HT, ATP, tonic!

their mixture’s. Thc’ mthsorptiooo spc’ctrmu oof tIme

mixture’s slocow’ (hoc’ cloantoe’tcnis(io’s of thoc

additive’ curve’ conoly, e’xc’ludimmg tommy true

chmarge-( ransfer in(cnmie’t iton at (‘e)noe’c’mmtnmotions
of 10�-10’#{176} M. \Vioemo (hoe’ abseorbatoee eof (lie’

complex at the absoorptioio miximum
(263 mom) is plotted mis a funetiomo eof (hoc

molar ratio of the c(omponmc’mmts, a- simple �Job

plot- (20) is obtaimmc’d with mm wc’ak mtoximurn

tot to tOOol(’ ttttio eof 2.5 3. Thois se’e’roosto iomdi-

c’ato’ thomot noultiple (‘( oniophe’x specie’s re’pne-

sc’notioog oliffe’rc’tot noeohtor ratios more’ prescoot ito

solu(ieoro.

1)tS(’USSIc)N

Time’ itote’O’I)OetmOtil oh tol (-hoc’ 5-Hi�-;��f P

nmtcnmtc’tioono bmoseci on tout’ dmotmo shows sinmilao-

i(ics to eeotoc’lusionos oe’ac’loec.i by \Veioie’r timid

.Jardetzkv (7) tOiO Oo(ore’pinoe’j)honinOc’-ATP bind-

ing amid (loose’ published by H#{233}R’noe,Dimic’eoli,

amod c’o-wonkc’rs (10, 11) tori tIme (rvptmonoioue’

nucleic moc’id svstenm.

Thoe’ 5-F1I�F: ATP ratieo ito(be’ eonmplixe’s has
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FIG. 7. A TV adenine proton reseo,oances at different 5-IIT:ATP ratios at 220 .11Hz

ml Pr ft otonool itifIuc’ioc’e’ ( 000 t ht ‘ ebueomoic’mih simif(s

of the’ ton’ooiototie’ 5-1-1,-i’ j)Ooteotos 000(1 11-2 eof

A�FP hut homos hit I he’ e’ffc’o’t � on t lot’ 5-Hi’ side’

chomoiro boo�eotIonos noel h0(000(’ tot toi1 (000 11-5 oof

�\�fP. Since’ toll shoifts oo’eur iopfic’lci, tiO(’

nomottome ‘ t of t his itot e’rmtotie ooo (‘tori he’ (bc’fiouc’d as

ring eumnc’nut efle’cts. �fiiis niust be clue to cbs-

I’tui)t it oro I of’ ATFP st mocking totod (ho’ feornooa(icno
eof tooixc’el 5-Hi� --- ATP stmoc’ks. This eeonoee’p( is

ilhustnmote’d h Fig. 7, whic’ho shoe ows notonrow’iiog

of t he’ 11-2 nest ooomttoe’e’ (of ATP as (hoc 5-Hi’

ceonoc’e’nmt ntot ion inuc’remmse’s. The H-S l)ro(Oii

sc’c’noos leo be eoutsicle’ (he’ stacking morc’a amid

e’xioibit s noc’ithoe’o shift e’bominogc’s nocon hue

nutinno owiomg.

“l’iois hue’ notoroeowinog eof (hoe’ ATP resoooanees

is ac’o’oompmonie’(! by a sinouhttmnocous upfield

shift, to sonie’�vhotot puzzhnug effect. It can be
inut(’rprc’t(’d by assuming that seomc line

bnoaelc’nminug of thi(’ .�\‘I’1� j)reotclonos c)d’(’urs be-

o�ause’ of 5-HT--ATP binding, but (lois is far

eoutwe’igbme’el by (lie’ eic’cre’asc’ clue’ t() d!iso”()(’ia-

(1000 eof tioe’ ATP-A’i’P stmtc’ks. Sinoilarlv, a dc’-

crease’ eof ATP so’lf-tosscoe’iatiomm dcoe’s toot-

clominmg(’ (hoe’ value’s eof time e’boe’nmic’tml shifts of

11-2 tonic! H-S (mms sioownm in (hoe ATP c’eonoceum-

(natieono sc’nic’s jIm Tmoble’ 1 tmnud Fig. 2) while’ (he

feornuatieno cof 5-HT-ATP stacks doe’s result

in momoupfic’ld shoift . TIme over-all result is line

Imannowimog acccimpanmicd by upfield shifts.

Simoe’c’ bco(lo 5-Hi’ mont! ATP arc g(oe)d

elc’e( reomo domocons, (hoe’ stacks tore’ held toge’(her

by ring current inot(’n’mid’tioono amoci tie)t by

cioamge’-tntimosfen e’oomphc’x fconnia(iomo; lie) sig-

mmifictmnot shifts oof thue ul(navicole(- absorption

noaxinomi were se’c’no. Time c!c(ermimotl(iono of

mossoeiatieonm coums(mooots was attempted from

(he change’s ito e’lmc’mic’til shifts c)f time imidole



NaCI

doownfield shmifts mmti(i line’ nmioneowioog can be

obse’nvee! iii ti 2: 1 5-HT-,&TP e’oomplex

(Table 2).
These’ (obse’nvto(iooos itmc!ic’mitc’ (limit ionic

binmciimmg cof (hoe’ chomorgc’d 5-Hi’ tonmitio gncoup

to) time Ai’P I)hiOsI)hmmtte’s is (hoc’ primary bind-
________ inog force’. This re’suhts ito (lot’ preoxinmity e)f the

4 7 a + �t iimc!eolc amid tidl(’tOiOOe’ nirogs, fomomoioig mixe-�d
------ ------ - ----- - - _______________�-�- stacks held teoge(he’r by �vetok ini(e’mnoeoleeular

.1! forces, as sioeavnm by time’ coootac’t shoifs e)f the
‘ - - moroonoatic’ preottomos bitt (lot’ noue’ho weaker

0 �\v(ppni) o.& i .19 .3.10 . . , . .

,iv1-2(Hz) 4.7 8.5 18 � � � tOl ( 1(’ .)- Stc e’ (‘ muonni prottomis, w one’ o
(1(0 nitot c’x�)e’nre’tie’c’ rung (urncout c’tte’e’(s.

1 �ii’ (Ipooo) (i . 93 7 . �30 :3 . 1(’o Sitie’c’ seve’nmoh bitoehitug I)hienOt ooot’nomi t occur
..ivi � (Liz ) 4 . 4 7 . 4 16 simiiltanic#{176}coitsl�’ , it is too ot unone’toseoooabh’ tco

mossume (hoe c’xistcruc’e of multiple’ (‘otlOpht’X

2 ..x� (ppno ) 7 . 02 7 . 34 3 . 16 spc’e’ies mis we’ll , ito �vbmicbm chc’ct r osta ic moomd
�Vo 2(hlz) 3.8 7.0 16 stae’kinug c’ffcc’ts c’oooobiooc’ (to diffe’oeout e’x(t’nots.

Simme’e’ to unmiolue’ itute’rpme’ta(ieoou oooav 000)t bt’
3 _iv (ppm) 7.04 7.36 3.18 possiblc’ at this time’, a ejumontita(ivc (remit-

.iv112(Hz) 3.4 6.9 1(0 - me’nmt eof (hoc’ c!a(a limos moot bc’c’no PIlO’stoeei.
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TABLE 2

Effect of NaC1 on chemical sit ift.s and li,teu’idths of a

2:1 5-HT-A TV complex

5-lIT, 75 no�t; ATP, 37.5 mmt. 1)ata were oh-

taioieol at 60 Mhz ito utobtiflered solutitori at- 38#{176}.

5-HT protons -

pmo((omms and ATP H-2, tonic! values eof 6.2 tonic!
1.2 �o’ ��‘eme e’alcula(ed. H#{233}l#{232}moeet al. (11)

ob(miiioed 6.4 :�i-’ (mit P1� = 4.9) fcon (hoe

tnvl)tamimme-A\IP system, mmvalue vc’r�’ clc)sc’

tco ours. TIme leowen misseocia(iomm (‘eomos(ant
shown by (hoe’ ATP pno)(eomm nuight be’ (hoc’

result of (hoc’ cc)cxistcnm(’(’ of ATP-ATI-� aooci

3-HT-ATP stacks. Time self-stacking of

ATP w’ouki chmaiogc’ time’ melar rati(o ho time

3-HT-ATP ccomplc’x w�i( iocout bc’comitog

noticeable iii chemical shift vtolue’s eof ATP,
since these are imot semositive to conm(’enmtna(ionm
chamoges (see Table 1). This assump(ieon scenis

to be supported by (he deviatiomo of (hoc

ATP j)rotdonms from linemmni(y iii time’ sc’mi-

logarithmic’ Hill plot (Fig. 4) , whoile time

aromatic protons of 5-HT give’ stnmiigiot limit’s
when plotted this way (Fig. 3).

Spin-spino relaxation mate data inmc!icatc mm

hoigher degree of immobilizatioto for tloo’
3-HT side choaimo pro(ooos thamo fon- time ninmg

protons. Electrostatic interaction betwc’c’mi
(he charged amine greoup oof 5-HT aimd time’
pioosphate ionos of ATP may bc’ rc’spommsibic

for this effect, as alnc’ady poinoted out- by

H#{233}i#{232}neet al. (11). Tbois is fun(bocn supported

by the weak imotenactionu of 5-hydnoxyindolc’
with ATP, in wimiclm no lotild’ immtenactiono is

Possible. Iii time’ pnesc’nce o)f XaCl ooetic’c’abho’

A(’ KNO\VLEI)GM ENTS

l’he val1000l)le help tof 1)t’. :�i. I I ogheto t f I hoe

(loenoist tv I )epotrt tooeto I , I�oyooloo ( ‘ ollege, i to t he’

c(otuI)toteo’ sitoiitlott (oto of 5-1 1�F sped rot ottul o’otlctoloo-

t into of litoe�’it1t los is gt’otl efttlly otcktooow’le’dgetl
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