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SUMMARY

1)ilutioim with H20 of aqueous solutioims 0.5 rmi mm norepiimepimrine HC1 aimd 0.123 si mm ATP
(pH ranmge, 3-7) yielded precipitates mm o-10 #{182}�yield. In conmtrast, time products obtained by
lvopimilizationn of either time coneermtrated solutionms or the filtrates from time precipitates
readily dissolved in time original volume of H20. rfime insoluble solid obtanned at pH 7 had
time proper elementary conmposition anmd iimfrared and 1H inuclear magnetic resonanmee spectra
for a 4 : 1 nmorepinmepimrine .ATP complex. The precipitate produced at pH 3 was composed
mostly of time 3 : 1 complex but appeared to coimtain a small amount of time 4 : 1 complex. In

time preparation of these solids, ATP could be used as the 2Na+, Mg++, or 2(CH3)4N+ salt,
but no precipitates were observed wheim imorepinmephrine bitartrate or time hydrochlorides of
epinmepimrnme or a variety of other pimenetimylaminmes were substituted for norepimmeplmrine
HC1. Time maximum soluhihity of the complexes in H20 was estimated at 0.2 ms. This value
was approximately doubled inn 1.5 � NaCl or KCI, and increased about 50 times in MgCl2
or CniCl2 of the same eoneenmtration.

Dilutioim of aqueous solumtions eontaimnimmg nmorepinmephrine aimd ADP precipitated a 3 : 1
complex at pH 7, and a 2 : 1 complex at pH 3. A1\IP also formed an inmsoluble complex.

The 4:1 norepinmephrine� ATP complex was recovered unchanged upon neutralizationn of
a solution inn 0.1 x HCJ. However, longer exposure to acidic coimditions yielded the 3: 1
norepinmepimrine . ADP complex. The 4: 1 norepinephrine .ATP complex was more resistant
to hydrolysis un 0.1 N HC1 thanm was ATP or a nnixture of nmorepinephrine and ATP.

Insoluble complexes of cateeholaminmes and ATP could account for the calculated hy-
pertonicity and the nondiffusibihity of the amines in adrenal medullary granmules.

INTRODUCTION

In the course of spectroscopic studies on
mixtures of mnorepunepimrinne and ATP, it was

inoticed timat the additionn of 4 volumes or
more of water to aqueous solutionis 0.5 M in

time aminme and 0.125 sn in the inueleotide
resulted inn time formation of precipitates.
Aimalysis of these solids has now revealed

This research was supported by United States
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limimiary accoumit has beemi published [Pharma-

cologist 12, 215 (1970)].

tlmat the product obtainmed at pH 7 eontainms
imorepiimephrine amid ATP inn a 4: 1 ratio,
w-imereas the precipitate separated at pH 3

imas a 3:1 aminme to mnueleotide ratio. This

paper describes time properties of timese com-

i)OUnds.

MATERIALS AND METHODS

Norepimmephrine HCI amid time 2Na+ arid
Mg++ salts of ATP were pureimased fronm

Sigma Chmemical Company. Epinnephrine

HC1 was prepared by lyophilization of ann
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a(lul(’ous solumtiomi of th1(� amine cOlmtainiing 1 Eq

of acid. Time 2(CH:t)4N+ salt of ATP was ob-
tainmed fronm 2Na . \‘fJ) by exchmanmg(’ at 0#{176}oh

a Dowex 50 colunnn ; ‘H nuclear nmagnetic
resonance spectroscopy indicated t hunt t lm(’

ratio of (CH3)4N� to ATP was 2 : 1.

Inifrared 5P(’ctl’tt mm-crc recorded with a
Perkin-Elmer niodel 257 instrumenmt, and

ultraviolet spectra, with a Becknman DK-2

spectrometer. N NIH nmeasurement s were
mmmdc �vitim a Bruckimer 90-Hz instrunment.
(‘imenmical simifts \V(’r(� nmeasured froni time

C(’nmter of a sinngle peak or groups of peaks.

lime initegrationn of proton signals was tic-

connplisimed by tracing time gra�)imieal record
and weigiminng individual peaks or conistella-
tiO!1S of peaks cut from time paper (1). All

pH values were determined with a Beckman

Zeronmatic nmeter With a Timonmas unniversal

glass electrode. Elenmenitary analyses were

p(�rfornmed by the Sehmwarzkopf i�%1icroan-
alyt ieal Laboratory . Emission spectroscopy
w.as commducted at tue Lilly Research Labora-

tories, Indianapolis, througim the courtesy of

Dr. I. H. Slater.
Inorgamnic pimospimat e derived from ATP

or time 4: 1 norepinmepimrinme ATP complex was

nmeasuired by time eolorimetric method of
Fiske and Subballow (2). Time results were
corrected for a small amount of green color

generated by the eatecimolaminme. Conmtrol

experiments proved that adenmosine did not

interfere with time metimod.

RESULTS

Preparation of norepinep/irine . A TP corn-

plexes. The origihnal metimod for obtainming

solid complexes was to adjust to pH 7.0 a

solution 0.3 xi in nnorepinnephrune HC1 aimd
0.123 xi in 2Na�ATP anmd add it dropwise

witin stirriimg to 4-20 volumes of H20 at

room tenmperature. In time course of a few

minutes time milky suspemnsion was resolved
iimto ann amorpimous, wimite precipitate and a

clear supernatant solution. Time solid, col-
lected by sedimentation iim a clinical centri-
fuge, was washed several times witim H2O,
thmenn with acetone, and finally withm ether.
After dryinmg in a vacuum desiccator time

product had a grayish-yellow tint. clime
yield ranged from 5 to 10 %. Somewimnmt

larger yields (10-IS %) were obtained by time

slomv ad(litu)mm, mvitli stilI’iIlg anm(l commtihmuous
a(ljUtnmehlt of j)H, of 0.3 u niore�)i!ieph1IiIie
HCI to 0.005 mi 2Na . %cj�J) \Vlmeni (‘itii(’r of

timese j)roce(lun(’s \Vtl5 conalulcte(l nit 1)11 3, a

solid of sinmilar appeai’annce but (hifferent
chenmical conml)osition (see below-) w-as ob-

tainned in about time same yield as at pH 7.

All t hese nmet iu )(Is produced precipit at en
wheit time \lg� or 2(CH3),N� salts of ATP

were substituted for the 2Na+ salt, but
failed whelm itoi’epiimepiiritie bitartrate on’ t lie

i mvdroelm bride of �‘pi imephmi’inie, dopanmume,

t vranimimie , oi� pimenyl(’t Imnmlmolamine �vas used
iii place of norepinepimrine HICI.

Ana/yses. Iii time idenmtificatioin of the solid

conmmplexes, time l)riInmar� nmethod was infra-
red analysis, altimougim ultraviolet and NI’�lR
sj)ect roscopy amid elementary analysis were

aLso utilized. The usual i)roc(’dure in imifra-

red analysis wa� to conmpare inn KBr pellets

the spectra of time solids w�itim timose of lyo-

pimilize(l solutions cont aining mmorepnmepimrimme
HCI and 2Na . ATP Di various quaimtities.

Onn time basis of their pimosphate absorption
freqineimcies (see ref. 3) and timeir great
solubilitv iii H20, th( iyopimihized products

�)robably Iel)m’esenit mixtures of NaC1 amid
simple norepinepimrimme salts of ATP. Figure
1 simown that time insoluble solid obtained at

l)H 7 yielded a spectrum practically identi-
cal mvitim that of a 4 : 1 imorepinmephrune-ATP

solution taken to dryness. Likewise, time

spectrum of time solid that precipitated at

PH 3 was ainnost time same an that of a
Ivopimilized solution of time aminme and time

nucleoti(le ill a molar Fttti() of 3 : I (Fig. 2).
However, the relative inteiisities of the
mnorepine�)lmrine N-H and time adeninne (�=N
bands suggested time presence of a small
amoummt of time 4: 1 complex. Figure 3 depicts
the alteratnoims inn these bands caused by

changes inn pH anmd the molar ratio of

cateeholaminme amid ATP. Inn accordance with
timeory (4), time C=N stretching band had a

imigher frequency at time low-er j)H (1695-
1700 cm’ vs. 1630-1660 enr’). This slmift

cain be attribumted to protonation of time
adeninie ring (5).

Ultraviolet spectra of time solid complexes

were measured in aqueous soiutionm at l)H

6.3. Botim substances yielded a single broad

absorptioni band, wi ucim represents comitribu-
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FIG. 1. Infrared spectra of KBr pellets containing a lyophilized pH 7.0 solution

HC1 and 0.125 .ir in 2Na#{149}ATP (upper curve) and solid obtained by dilution with

ame composition (lower curve)
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FIG. 2. Infrared spectra of KBr pellets containing a lyophilized pH 3.0 solution 0.375 ir in norepinephrine

HC1 and 0.125 .1! in 2Na�A TP (upper curve) and the solid obtained by dilution with H20 of a pH 3 solution

0.5 .m� in norepinephrine HC1 and 0.125 .v in 2�VaATP (lower curve)

tions of botim the ademmine rinmg and the
catechol groups. A comparisonm of the pH 7
solid with timat of a 4:1 mixture of more-
pinneplmrine annd ATP revealed slight dif-
ferences inn the absorptioni maxima and

minima (261 vs. 263 nm and 245 vs. 242 urn,
respectively). However, alkalimnization

caused time absorption maxima of the two

solutionms to shift to longer wavelengtims at

the same rate. This change can be attributed
to the oxidation of the catechol moieties. A

comparison of the pH 3 solid with a 3:1
nnixture of norepinepimrine and ATP re-
vealed mucim time same similarities and dif-

ferences.
Time pH 7 solid was subjected to ‘H
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FIG. 3. Infrared absorption bands used to estimate

i,molar ratios of norepinephrine and A TV in corn-

plexes of amine (mFm(l nucleotide

Betweemi 1 amid 5 l�(j of miorepimieplmrimme IICl
were added to 0.125 �m 2Na .ATP. Afier adj ustnmemmt

of the pH, the solutiomis were lyophilized and

pressed immto KBr pellets. The bands to the left
of the numnerical ratios were obtained at pH 7.0,
ami(l timose on the right, at pH 3.0. Notice that the
decrease in pH shifted the adenine C=N absorp-

lion from 1650-1660 cmir’ to1695-1700 cnmm and

that the mmorepinephrine N-H band (1600-1610
cmii’) imicreased proportiomially to its concemit ration

in time solution.

NMIt speetroseopy in 0.1 xi DC! (l�ig. 4).
It(’SOnance peaks, expressed inn parts per
rnilhionn with reference to HOD, were ob-

served at -3.53, -3.35, -1.88 (multiplet),
- 1.10 (doublet), +0.66 (multiplet), aind

+ 1.79 (doublet). These peaks were idenmti-
fled as adenine H-S, adenine H-2, pimenyl H,

ribose H-i’, ribose H-2’, 3’, 4’, 5’, 3”, and

nnorepinephrine CH2, respectively. Time nor-
epinepimrine CH peak was obscured by time
HOD peak. Time respective integratiomn ratios
of adenine H-8, adenine H-2, phenyl H, and
norepinephrine CH2 were 1:1:13:7.5. Time
timeoretical immtegrat ion values for a 4: 1
norepnmephrme� ATP complex are 1:1:12:8.
Time experimental data are in excelle!mt

agreement with theory jim view of the fact

that the insolubility of time compound re-

Fna. 4 ‘II .VMR spectra in 0.1 xi DC! of a 4:1

,,tixture of ncrepinephrinc and A TP (upper curve)

and the pH 7 norepinephrine .4 773 complex (lower

curve)

The commcemmtration of time complex was 1(X)

mng/nml . lime nmixture was 0.336 mmin miorepinel)llrimie
HCI ami(l 0.084 mu in 2NaATP.

quure(l that time observations be nmade in
dilute solution.

Time pHI 7 SOhi(I imad time elenmentary coni-

I)ositiolm expeet.e(l in a 4 : I nnorepiinephrine

ATP connplex.
(1 T-J (i �V 1)

‘-.,z[I6o’-J25� 91 3

Calculated: C 42.61, H 5.10, N 10.64, P 7.88
I�ounnd: C 42.87, H 5.23, N 10.60, P 7.06

\\Time!m it ivan subjected to emission speetros-

copy, Olil’V Al, Mg, Cu, Fe, ammd Ba could be
detected. Noine of tlmese elements amounted
to more timan 10 ppnm. lurtimer evidence that
time funmetioning of tine coniplex does not

depennd on time presenice of nnetahs mi-as pro-

vided by time observatiomi that time solid
could be precipitated fronm 23 mxi EDTA.

Solubility of time complexes. Time most re-

nmarkable property of the solid conmplexes
was their insolubility in H20. A slow rate of

dissolution, coupled witim imistability in very
dilute solutionms, precluded precise measure-

memnts of solubihity constants. However, on
time basis of ultraviolet spectroncopy, time
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Liberation of orthophosphate by the 4:1

norepineph rine .A TP complex

Two milligrams of the complex or equivalemmt

amounts of 2Na ATP or mmorepinephrimie HCI, or
both, were dissolved imi 2 ml of 0.1 N HCI
and heated at 100#{176}for the specified periods. Time

origimmal and final pH values of all solutions were

1.54 ± 0.01. Orthophospimate was deternmi,med by

the method of Fiske and SubbaRow (2). The results

were corrected for a small absorption attributable

to miorepinephrine.

Orthophosphate yield

Preparation \\eight � �- _________________
� 0mm 2mm 5mm

nm� (( (� �

2NaATP 1.053 � 1.0 � 31 � 58

2Na#{149}ATP �
miorepineph-

rime HCI

4 : 1 norepimieplm-
rine- ATJ�

nmaximummm solubilitv was estimated at 0.2
nmmn. rflmi value was approximately doubled
mm 1.3 % NaC1 or IcCl, and was increased

about 30 times by time sanme concentration of
MgCI2 or CaCl2. Inn connection wit hi the
solubilizing effects of time alkaline eartim

metals, it is interestimmg that imigim concen-

trationis of Mg� (e.g., 0.3 xi) prevented

precipitation of time eonmplexes from mix-
tures of norepinmepimrinme and ATP. Increased
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T�mmI.E 1

Phosphate absorption frequencies in -1 DI� and its .soli(l complexes wit/i norepinephrmne

The SOli(l complexes, precipitated at p11 7.0 or 3.0, or time hvophilized products from 0.125 mmsolimt ions

of Ai)P (i11 7.0 or 3.0) were incorporated immto KBr l)ellels.

Preparation 1)H P=O � �O PO� P 0 --P

c?ii’ CflZ1 C)?l�

3:1 miorepinmephrimieA1)P 7 1200-1205

A1)P 3 1220-1230 1075 960 910-915

1100

2:1 mmorepimiepimrine AI)P 3 1205-1210 1065 960 910-915
1095

TABLE 2 conmcentratiomns of H+ or 0H also greatly

augnmented time solubility of botim solids.
i\Iarked insolubility in beimzenne , chloroforni,

etimer, acetonme, and etimannol was noted but

not quantified.

Complexes of other ii ucleotides. Dilution
witim H2O of solutions 0.125 xi in 2Na#{149}ADP
or Na . AMP and 0.3 xi in norepinnephrine
HCI also led to time precipitation of amorpim-

ous solids at both pH 7 amid 3. Infrared
speetroscopy inndicated timat ADI� bomnd 3
molecules of m)orepinephmine at pH 7, aimd 2

molecules at pH 3. Surprisingly, AMP ap-

peared to forum the same product at botim

pH values. Whether timis complex conntained

1 or 2 molecules of the amine could not be

decided, because of inconnsistencies in time
relative intenmsities of the adenine C=X aimd
inorepinepimrine N-H bands . The phosphate

-‘ - � bamid frequencies of ADP and its complexes
1.Oo.3 0.a 31 � �8 . r�
1 .389 � are prese�mted mmnI able 1 . TI imese data suggest

� � tlmat !iOrepiliepimrinie reacts mvitim time pimos-

2.000 1.0 8.5 31 pimate anmions to form ionic complexes sta-
bilized by imydrogeim bonding betweenm time
etimanolaminne imydroxyl groups and time P=()

groups (see ref. 3).
�Stabtiity of the complexes. Inn order to de-

termitme the stability of the solid complexes,

2 nmg of the pH 7 imorepinephriime� ATP eonm-

plex were treated witlm 1 nml of 0.1 N H(’l
unmder a variety of eonditionms. After 10 nmin

at room temperature time addition of simf-
ficienmt NaHCO3 to bring the PH to 7.0

caused ainnost quanmtitative precipitatioin of

time ulmchanged complex. A similar solution
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I)rel)ane(l by (lissOlVilmg tlOt’(l)itl(l)Imtitl( and
A.’FP rim 0. 1 N Ii(1l (lid Imot deposit a pre-

cipitate uI)OI� imeut rahizatiotm. Exposure of t he
complex to aci(l for 48 imr led to time fornma-

tionm of time 3: 1 Imorepinmeplmrume . ADP conm-

i)l(’X, �vhmic1m was isolate(l un good yield.
_\eutrahizatR)tm of time product Ohtaine(l i)y
hmeatnmg time reactiohi mixtumre at 100#{176}for 1 mr

eaumsed time S(’l)artttiO!m of a !i(’\V substahmee,
which lacked phiospimate haimds anmd time C�==N

absorption hand of time adeimume ring. Thmis

eonmpound was tiot studied in detail, but it

��-as timougimt to 1)e 3 , 5 , 6-trilmvdroxyindole.
\Vlmeim it \vats treated mvitim acetic atmimvdride

lIm [)vridimme it Viel(led 3 , 3 ,6-triacetoxvindole,

idenmtified by conmparison of its infrared and

‘H N�\l1t spectra with timose of time product

ohtaiimed by the �icetvIatioim of imoradreimo-

cimronme (6, 7). An attenmj)t to I)rePnlr� nun

acetvltited (lerivative of the j)I1 7 complex
by simakinmg it for �3 dnl\-s �vitii a mixture of

acetic aImhnV(lride atmd l)�ri(liIme also viehde(I
3 , 3 , 6-triacetoxvilmdole.

1mmorder to deterniimie �vhmetiier the i)indilmg
of catecimolanmitmes stabilizes the t ripimosphate

nmoietv of A’FP, time getmeratio!m of orthmo-
plmO5pimat(� i)y the ImuCl(�)ti(le and time complex

�vas conmj)ared. As slmo�vim jim TaI)le 2, ex-

j)osur’ to 0.1 N HCI at 100#{176}colmVerte(I 3i ‘

of the i)iiospimoru,s of ��TP to ortlmophmos-

I)imate in 2 nmiim, �vhmereas .) nuli mvere required
to ohtainm tue same yield from the conmplex.
1�hme nmai’kecl (liffere!mCe in rate during the
first 2 nmin anmd the Suhse(luemmt 3 milm sug-

gests timat the early J)erio(l of imeatnmg was

occupied largely liv disorgalmization of time

eonmplex to expose time triplmospimate moiety.

t)ISCUSSION

The accoImm�)aImyi!mg P:ti)er (3) 1)roVi(led

inmfrared spectroscopie (lata iimdicat jug time
existence in solution of ioimic conmplexes

i)etweehm ImOrepifleplmrihme aimd ATP, I)ut evi -

deinee timat all time imegative cimarges in a

nmueleotide caim he mmeutralized has been

laeki!mg. Time isolatioim of time ATP . aimd
Al) P imorepnmepimrimme conmplexes described

ai)oVe repairs this deficiency. Timese corn-

Pl(’X(’s differed from simple salts of catecimol-
aminmes and ATP hi their marked inmsoluhilitv
iii \Vtit(’1�. Ii property � showmm imot to

depemmd 011 the ilmcorporatio!m of nietals.

��iiotimer inmpressi�e feature of time 4: 1 imo,-

(l)ihl(l)hlIiIle . #{149}%�‘[�J)connplex \\nts its t�esistatI(�e

to acid-catalyzed lmvdrolvsis of t me tripimos-

[)hmttt(�nmoietv. \eitimer the iimsoluhilitv imor

t he (‘Imimniliced stal)ihitV of t lie (� tmml)leX imas
I)eehi fu1l�- elucidated, h)ut it aj)j)(ars lil�ly

thmat a conml)inatiomm of hmvdn)geim i)otmditmg aial

riimg stacking nmav he involve(l. 1lIy(Irogemi

bohmding hetweemm time etiiammolanmume imy(lrOXyl

groups and the P==() nmoiety imas been de-

teeted by immfrared spect roscopy. �\ loreover,
mvork still imm progress (8) hitis delmmotmstl’ate(l

stnlggere(I stacking bet �veeim the cateclmol
rimmgs num(I the !l(I(!mimme FI-2 mmmoiety.

11 hiniitation of tine forimmatiotm of iii-

sohiihle ctit eeim( )la!Tli ime � a(lemmi ImP Il LlCl(�)t i(le

complexes to Iiorej)hmepimri!ie FhI(’l catmimot be
conipletely explained. It s(’eflis l)ossihle t hat

time I)itart rate almi()Ii l)1eVelmte(l i)1(Cil)ittmt 1( )tl

by cOfl1�)etimmg w-itim A_cFP for time imorepilme-

l)hrihle cation. Ihe failure of epiimephrimme
F1(1l coukl I(Si(l( jIm ti \Veak(l afhnitv of the

cation for time tttmionic sites, owitmg to St(iiC

himmdrammce liv time nmetimvl grout). ‘lime imm-

ability of dopanmitme to fornm ilmsolul)le corn-

pl(�x(’s ca’m 1)e ttttiil)1lte(l to time lack of a �3-

imvdroxvl gi�)ui�) alm(l time consequenmt inmpos-

sihihitv of fornmilmg imvdrogen botnis �vithm time

P==() nmoieties of time miulcleoti(leS. lime failure

of l)1m(’Im�l(’t lialmoliummihme FI(’l to substit Ut e fi
Imorepilmej)hmrimme FI(’l suggests timat time

catechmol hvdroxv 1 grcu��s are inmi� rtalmt i im

colmferring iimsoliihihity on time coimmplexes.

Time (luesti�Im of nmechammis�im nmiist ti\�ntit

furtimer ihivestigat iou.

Time fornmatioim of l)recipitates by (hilution

of aqueous solnmtionms �vitim mvniter can be

hmarmonized mvitim t ime h!m(lnmgs of i�er,meis num(l

co-ivoikeis (9) that in imigim coimcetmtratiotis

mixtures of catecimolaminmes and Imucleot ides

i!mvOlVe macronmoleeular aggregates. I )isrup-

tion by (hlution is a \vehl-estai)lisime(l J)m�)1)i’It\-

of colloidal nmieelles ( 10) . However, t lie exact

relatiOlmsimih) of t lie iImsOlllh)le mmorel)ilmel)iirilme

imucleot ide conmplexes to the aggregat m’s of
l3ernmeis el al. is obscure. It is worth noting
timat epinepimrinme a!md dopanmitme readily forum

rnieehles, but nmot solid precipitates.
\Vimethmer solid complexes of umucleotides

anmd catecholarnumes occur iii adremmal mmmedul-

lary granules is not known. As far as imore-

Piuiel)imli!me is coumcerumed, time comiditionis

�vitimimm these suhcehhumlar particles w-ould seem

suitable for time precipitatioum of ATP corn-
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pl(’X(’5. If fOIflme(l, au insoluble solid would

S(tV( ev(tm l)etf(r thoum ()llonl:Ll nucmhhes to

reduce hot ii imvpertouncitv and diffusibi hity.

It is conceivaimle timat time postulated mmon-

diffumsible coimditiomm of hiogeumic amiumes ill

some subeehlular particles (11) may involve
solid complexes of umucleotides.
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