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SUMMARY

Using a techmni(iue i)IISC(! omi time relaxatiomi phuenolumemlonl of nuclear magnetic resonance, time

iiiteractioii of a (!n’ug mind! its receptor site has i)eeIi directly observed mm ami immtact cellular

system. The NMI( spectrum of epimiephrimie is altered by the presemiee of liver cells mm a maim-

ncr characteristic of a I)iml(limlg imiteraction. The spectral chammges permit certaimi conclusions
to be (Irawmi about time imature of time biml(!ing. 1)icimloroisoproterenol, a beto-adremmergic i)hock-
ing agent., comimpetitively inhibits time chamiges mm the epimiephurine spectruni uvhui!e its own

spectruni exhibits evidenmce of binding.

Several years ago a tecimmmique was de-
scribed, makinmg use of time relaxation pime-
nomenomm of mmuciear immagnetic m’esonamuce
spectroscopy, for time study of weak, re-
versil)le bindimug betweenm small mimolecules

and niacromolecules or cell structinres. This
metlmce! was first demmuomustrated usimug time

well-knowmm penicillimu-serum albumin sys-
tenn as aim examimple of this type of bimudimug
(1, 2). Altiuoughi it huts subsequemitly been
applied to a variety of interestimug systems,
including emuzyme-substrate (3) , emmzyrne-
coenmzymmme (3, 4) , and emmzynmme-imuhmibitor (5)

interactiomus, other exammmples of drug-

plasimma proteimm bimmdimmg, amid haptene-anti-
body complexes ( 6) , all previous attempts

to achmieve our uitimnate objective of actu-

ally observing a drug-receptor interaction
in an imutact cellular svstenim have met with

failure. Timis lack of success was due
mimainly to time hinmitatiomu iii seimsitivity of
time available spectronmeters and!, to a cer-

tam extent, to the cimoice of experimnenmt.al
systemus.

This work u�’as slm�)porte(l I)V ITnmite(I States

Public Health Service Grant CA-06519-06.

Timis pm’elimiuinamy report describes time ob-
servatiomi of time iiuteraction bet�veemi epi-
mmephrinue aim(! intact liver cells, a mixed

alpha- and! beta-type ac!renergic interactiomm
ivhuicim leads via time adenyl cyclase system

ultimimately to release of glucose (7) . This
systenm seenmmed to l)e ParticularlY �vehl
simit.e(! for such a study for mammy reasomms:
it is repm’esenmtative of an imumpom’taimt class of

�)imanmumacological effects ; it has been extemi-

sivelv imivestigated h)�’ imidirect classical
mnetimo( Is , immcluding structure-activity amid

immimil)itioim stl.n(lieS ; dlrug i)immd!ing is thuoinghmt

to occur omm time cell memimbraiue ; amid! time

d!Ose-iespommse curve for timis effect seemed
to extenn! to relatively high drug concemmtra-

tioius, appn’oxinimately 10#{176}iu, timins perimaps

ifld!icatimmg that time concentration of recep-
tor sites Woinld! also be relatively gn’eat (8).

A simigle-cell suspeiisiOli of immouse liver

cells was I)rePared by a nmodificatioim of time
mumetimot! of Rappapon’t amid! Howze (9) . Male
C3H mice, 3-4 months of age, were killed
i)1� cervical tramisectiomu. Time livers were

immmuedi ately remumovedl, chuoppei! coarsely,
and! incubated for 2 hr with stirring at

room tenipem’ature in a solutioum containimug
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0.05 �i sucrose, 0.14 �i NaCl, 0.005 �si sodium

iiimospiuate iuffem’ (l)H 7.8) , aIR! 0.003 r�i
sodhjimnim tetn’aphmemmylhon’omm as time dissociat-

hug ageimt. Following immcuhatiomm, sonmue gross
fragmmmenmts of umalissociated liver m’emimainmcd,
but a sinhstammtial pon’tiomm of time pam’emicimy-

mmml cells existed! as siimgie cells (!ish)emse(I
iii time niediumii amid coinl(1 be easily (Irawnm
through a fimme�t.ipped 1)il)ette. Immtact simmgle
cells were harvested fronim time suspension
by cemmtrifugat.iomu. Time cells wen’e l)m’el)am’e(l
for use mm time sl)ectmonmmctem. })y i)eiimg re-
peated!ly \Vasiuedl amid! allowed! to stanud ovei’-

mmight in time pimospimate l)inffem Immmt(Ie w’ithm

D20. Cells prepared imm this way have a
muornmal imuorphuology wiuenm viewed! with time
light nuicroscope, ammt! timey are resistant to

stainuing with tl’y�)ttIi bline dye , a fiumdiimg

ivimicim imas previously corm’elated well with

viability. \Vimen packed! by cemmti’ifugationm,

thuere are a�)proximmmatehy 3 x lO� cells/imml.
N�sIR spectra were obtaimmed usimig a 90-

MHz Brukei’ HFX-3 speetronmeter with mimi

imut.ermmal lock system. Time cell suspemusiomms
��‘ere contaimmet! imm spinmmuinug sanmmple timbes

13 mmmi in diammueter. Both extei’mmal T�1S1

and internal DSS w’em’e used as time refer-
ence and! lock sigimals. With time large

saimmple tUi)es, easily mmueasum’able signals
could! i)e obtainmed fmoni sinmgle hyd!rogenu

nuclei present in 0.001 M conucemutratiomus,

provided! timat time liime widtims were less thaim

1 Hz. �\TImeim necessary, sigmmal to noise ratio

enimaimeemmuent was acimieved! usiiug a Fabri-
Tek 4096-claim nmel tinmme-averagiiug conipu-

ter ; 5-fold eiuimancenment usually i)m’ove(l to

he comuvemmient.

Time himue \Vi(lthis d!ue to iiuiuommmogeimeity of
the applied mmmagnetic field ovem’ the large

sammuple tubes could! be mimaimutaimiec! at less
t.imamm 1 Hz. For sanmuples cotutainming time cell

suspensiomi, wi(!thms of less than 3-5 Hz
have not heenm acimieved!. It is believed that
timis value is determined by microscopic

field inuhonmogeneities within time sample,
wimicim am’e inhueremmt mu a stm’uctured systenm

sucim as thus. This conuciusion is simppom’tcd

iiy the fact that time solveiut sigmmal aimd the

peaks of other small molecules adidedi to

1 The abbreviations used are: TMS, tetra-

nnethylsilane; DSS, sodium 2,2-dimethyl-2-sila-

pentane .5-smmifonate.

}nG. 1 . .\.Lt1? signa! arisingfrom the phennj! protons

of epin(phrine

Sa’ale chennical shift inn Hertz relative to internal

DSS. a. Epimmephrine. b. Liver cells with 0.01 M

epimiephrimme. (‘. Liver (s.’lIs with 0.005 um epimmephrimme.

time stnSIWImsiOmm all showed hinme widtlms iii

excess of this value ahthmoughm thueir men-

5t11’e(I WidItils iii time solvent alone were
mmmcli less. Comuupounmds chuosemi as conmt.rols,

sucim as penicilliim G, w’hmiciu w’ere not cx-

pected to interact with the cells, 1)roduced

spectra witim timis communion limme wie!thm, a
finding nmost chmaracteristic of such a imon-

specific broadeninug mmmechanism. Time time-

averagimug procedin cc further inc m’eased the

oi)serve(! w’idltims to a mnimuimum of approxi-
nuately 6-8 Hz. For relatively broad himies

this presents little difficulty ; imowevem’, it

dloes imi’evenut. accinrate measuremnents of

sommme of time mmarrow peaks to i)e (Iescribe(!
lucre, amid timus repn’esemmts omue area for

futinre irnprovenueiut in techimiqine.



Pliemmyl Methyl

Hz Hz Hz

Epiniephrine 8-10 618 1 1 (3� 282 < 3 236
Liver cells

+Epinmeplmrinme, 0.001 M 30 606 281 21 236

+Epinephrine, 0.005 ui 22 612 282 17 236

+Epinephrine, 0.01 �m 15 615 280 12 237

+Epinephrine, 0.02 me 12 617 15-18 282 9” 236

+Epinephrine, 0 . 05 M 12 618 13 282 7b 237

+Epinephrine, 0.01 me;
dichloroisoproterenol, 0 . 02 me 12 618 9�’ 238

I’ � width at half-maximum height; �, chemical shift relative to internal DSS.
b Measured values deterimmined primarily by instrument resolution.

422 SHORT COMMUNICATIONS

Mo!. Pharmaco!. 5, 420-431 (1969)

TABLE 1

Chemical shifts and line widths of NMIi� signal from epinephirine

Methvlenme

Systemmm II.” -� II. � ir

rn gemieral experimentmml designi was

similar to that �)m’eviolmsly described for

NMR bimmding studies. Spectm’a of epineph-

rimme alomme, liver cells alonme, anmd time two in

various comuii)immations wem’e obtaimmed. In this

case, however, siimce the concentration of
binding sites, l)roportional to the concentra-
tion of cells, was a limiting factor, time use
of dilute cell suspensions quite predictably
failed to show significant effects evemm at
the lowest drug concentrations whiclu could

he observed.

The epinepimrine spectrum is relatively
easy to inuterpret; sonic of its inmportant

parameters are given in Table 1 . The 3
ring protomms give an incompletely resolved

pattern, shmowmm in Fig. la. Slight broaden-
hug remmuoves time fine structure and pm’odlimces
a single peak 8-10 Hz wide at half-
mmmaxinmurn hueigimt. The methylene protons

produce a doublet with 7-Hz splittimig and
inherent hue widths of approximately 3 Hz.

Again slight broadening produces a single
peak approximately 11 Hz in width. There

is a siiugle nmetimyl l)eak of width less than
3 Hz. Time CH group produces a triplet,
which is oh)scured by the water peak in the
samples containminig cells and is thus not
suitable for nmeasurement. For epinephrine

alone, there is no significant concentration

effect omi eitiuer the line widths or the
chemical siuifts over the range of interest.

The cells alone produce a broad eleva-

tion of the basehinme in time aromatic protoim
region of time spectrum, bint this does not

iimterfere at all with measurements of the
epinephrmmue phenyl peaks. However, a

number of distimmct peaks are present in the

ahiphatic region, which do in fact make the
examinatiomm of the spectra of small mole-

cinles nmuch more difficult. The estimated
accuracy of the line wk!ths is thus 1-2 Hz
iii the aromatic m’egion and! 2-3 Hz in the
aliphatic region.

The results obtained froimm spectra of

Smlniples containing epinephrinme amid packed!
liver cells ale given in Table 1. The epi-

nmephrine commceiutratiomm ranged! from 0.001
to 0.05 M. All the epinephrimue peaks are
broadened. Figure lb amid c shows the effect
omu the piuemmyl peak for two epinephrimme

commcentratiomms. For time metimylene peak time
bm’oadlenuimug is so great that accurate line

widths canimot be determined for drug con-
centratiomms lower than 0.02 �si. Only time

phenyl peak simows a significant change in
chuemical shuift. The finding that these

cimamiges ate gm’eatest for the lowest epi-

muephrine commcemmtrations, and that the ob-
served widthis and shifts approach those of
free epinmephrine as the concentration of time
drug inmereases, is characteristic of the bind-

imig of a large excess of small molecules to

a fixed mmimmber of receptor sites and is
totally inconsistent w’ith any nonspecific

broadening mechanism.
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The presence of dichuloroisoproterenol,
which is tiuougimt to be a competitive in-

hibitor of this actionm of epimiephrine by
virtue of stronger binmding to time same

receptor site, pam’tiahly eliminates time effect

of time cells omu tine epinephrine spectrum.
The dichloroisopm’otenenol pimenyl and
methuyi peaks fom’tummately do not overlap
those of time epimmephmm’imue, althuoughu the
metimylemme I)emtks (10 50 anmd thins canmmot be
evaluatedi for time inmiuii)itiomm studies. Al-
though a full conmcelutratiomm ranmge was mmot

studied with dichuloroisoprotei’enmol, it is in-

teresting thmat even at time relatively high
commeentration used, 0.02 �i, its pimemmyl peaks
showed coimsiderable bm’oademmimmg to 20-30

Hz, and time nmetimy! peaks wem’e almost
completely obliterated ; both finidings are
consistent uvitim stn’olmger binding.

Because of time difficulty inn obt.ainmimug
really accimrate data in a systenm of this
conmplexity, a detailed kinetic study and
analysis, sinchm as was canm’ied! oint for the
origina 1 ien icil liii- ahbuimiimm work , hardly

seems md icate(I. Nevertimeless , time observed!
effects are so strikiiug that several conclu-
sions concen’nimmg the mmatimre of the d!rug-

receptor interaction seenum justified!.

The marked broadening of the phmeluyh
and metimylemue peaks indicates that time
molecule nmimst be boumud botim at the ring

itself and soniewimere distal to time meth-
ylene group on time side chain. Time obvious
choice for tue latter site is, of coinrse, the
nitrogen atoimm, mmmost likely immvolved in

hydirogen bonding. Time large inpfieldl shift
of the phemmyl peak could result only from
proximity to the diamagmietic regiomi of

another unsaturated ring strinctinre. If it
were possible to estimate the aimmount of

change iim time cimenmuical shifts of the sepa-
rate conmmpoiuents of timis conuplex peak, evenm
rnon’e niigimt. 1)�7 leam’mme(I of time geometry of
the commmplex , })lnt liii fortuimately this i)e-
comes inmpossil)le W’it.ii tins degree of broad-
emming. Time effect omu time nuethyl signial is

less stnikiimg anm(l is cOlumpatil)le with this
group’s retaininug considerable fn’eedorn of
nmotionu even when tue complex is fom’med.
Since this pom’tioim of time receptor site seems
adequate to accept isopropyl gm’oups, this is
not. a surprisinug result.. Interestimugly, time

mimeasureinents of time dichloroisoprotercnmol

Inethmyl peaks, while incomplete, seem to

ihmdhcate mumuch mmmom’erestrictioim of time immo-

tiomi of thus bulkier group.
These comuclusions concen’muing time nature

of time drug-receptor commuplex are muot un-
comisistemut witim timose timat imave evolved
fn’orn time classic structure-activity deter-

mumimmatiomis ( 10) . It simoul(1 i�’ove nmost

l)rofitable to exl)anl(1 these studies to inn-
clud!e exanuples of tine otimem’ types of ad-
remuei’gic receptors, somime of uvhicim probably
will prove to be quite diffeienmt.

Exammuples of investigations of dn’ug-
receptor immten’actions inuvolving direct l)imYs-
ica l-chmemmmica 1 nueasumenmemut� of time conmmplcx

ill systcmmms ceimtainminmg immtaet viable cells
muuimst l)C rare, if imudee(l any others (ho exist.

‘Fiue t imeon’etical commsiderat ionms reSi)OIisih )li
for timis sitmmatioim amid time ciman’acteristics of

N1\1R sI)cCtfl)scoI)v Wimi(’h mmimuke it inmuiquely

sUited! for such studies imave i’eccimtly 1)eeml
n’eview’e(! ( I I ) . [Timlike nmost commmmomm spec-

troscopic mmmetimo(ls, N�\IR is caI’ried! out mit

a freqmmency for which mmmost biological mmmi-

terials show’ little backgn’ound mti)sorptionm.

Furtiuernmuoi’e, tine tecimmmiqime described ai)ov&

I)m’O\’i( I(�5 d!etailc(! inufom’imuatiomm al)olmt tine
nmature of tine inmteractioiu, w’hiclm cmtmmhardly
l)e (!lnphicate(! i)y any otiuer mmuetiuod! eveti imm
time siimmphest of expen’inmemmtal syst.enms. Time

results l)nesente(I hmei’e elearl�’ imm(hcate that

(Ii’ug-1’ece�)tor iimtem’mtctions canm 1)e studied
�vitlm time iiustruimmeimtatiomm now availal)le.

Certainmly thmei’e exist inmlmunmerai)le exammuples

iii all fleids of plmarimmacology whuicim would
iuow 1)e suitah)le for sincim studies.
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SUMMARY

Bovine adrenal rneduhiarv slices were incubated at 300 mm Locke’s solution conitaimiing
orthophosphate-32P (50 �.aCi/rnl) with amid �vitimout Ca++, flni(! were stiniulatec! with acetyl-

chuolimie (lO_i �i) mi the presence of eserimie (10-s �u).
The omission of Ca++, as expected, abolished time increnienit imi catecholaniine secretion

due to acetvlchohinie stinmulmitioni.

Acetylcholimie stimulation increa.sed! the imicorporationi of 32P imito phiOsphohipi(IS, I)am�-

ticularly into j)iiOspiiat i(!ic acid amid into phosphatidyhimmosit ol , mi botli the presemice amid
absence of Ca++. Thus, a lack of correlation between catechiolamuuine release and 12P mm-

corporation into PiiOsPhmOhil)ids upon acetylcimolinie st imnulation w’as ohserve(!.

It has been demonstrated that acetyl-
chohimme stimulation increases time imucorpo-

ration of 32P into the phuospimolipids of the
adrenal medulla (1, 2) , particularly phios-
phatidic acid and phosphatidyhinositol.

Thus effect of acetylcimohine was due to an
increase in the turnover of phosphorus in

Tlmis research was supported 1)1’ a Quebec

Medical Researcim Council grant and by Grant

MA-3214 from the Medical Research Council

of Canada.

tiuese t�vo l)imosl)hati(!es, rathuer tlman to

secommdary cimanuges in time specific activ-

ity of pm’ecursors (2) . Simmce 32P inmcorpo-
ratiomi into phospholipids is also inucreased
in otimem’ tissues where acetylcimohimme seems

to be the imatum’ally occun’ring transmitter
(3-6) , it was postulated that phosphuolipids

nmay play an active role mi the secretory

Process (1, 3, 6). Time results published imm
a previous paper (2,� , simowing that follow-
mug acetylcimohiime stimulatiomi time 32P




