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SUMMARY

TAYLOR, PALMER, LWEBUGA-MUKASA, JA3isoN, LAPPI, SHELLEY, AND RADEMACHER,

JAMES : Propidiunu-a fluorescence probe for a peripheral amiionic site on acetyl-
cholinestenase. Mol. Pharmacol. 10, 703-708 (1974).

Propidium (3 , 8-dianuimio-5 , 3’�diethylmet-hylamino-n-propyl-6-phenylphenanthunidiunu) di-

iodide binds with high affinity to a purified acetylcholinestenase isolated by lytic pro-

cedures from Torpedo californica. Complex formation results in 10-fold enhanceniemut of
fluorescence for the higand in the boumid state. The fluorescent ligand cami be dissociated
from the enzyme by back-titration with d-tuhocunanine and gallamine under conditions of
low ionic strength (F/2 � 0.001). At higher ionic strength, in 0.1 u NaCl, 0.04 ur MgCl2,

and 0.01 :u-i Tris-Cl, pH 8.0 (F/2 = 0.23), the above higands are relatively imueffective in
dissociating propidium from the enzyme. Ednophonium, an inhibitor that appears specific
for the active center, does miot dissociate propidium under conditions of high and low- ionic

strength. This specificity is consistent with propidium acting as a fluorescence probe for a
peripheral anionic site on acetylcholinestenase.

Steady-state kinetic studies have revealed
that a wide variety of quaternary ammonium
ligands interact with acet-ylcholinesterase
at one of two available sites, designated the
peripheral anionic site and the anionic
subsite within the active center (1-4)
Recent investigations using fluorescence

spectroscopy have enabled one to examine
directly the ligand binding specificity and

stoichiometry at the two separate sites
(5-8). However, to date fluorescence monitor-
ing of ligand-acetylchohinesterase complex

formation has been based upon either the

greatly diminished ligand quantum yields as-
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sociated with binding (5, 6) or ligand absorp-
tion spectra suitable to effect quenching of
the tryptophanyl fluorescence in acetylcho-
linesterase (7, 8). Ligands which show an

enhancement- of fluorescence upon complex
fonniation possess an inherent advant age,
in that additional information cami be oh-
tamed from the intrinsic fluorescence prop-
erties of the ligand in the bound stat’.

Phenanthnidium derivatives are known to
exhibit changes in fluorescence quamitum
yield when bound to macromolecules (9, 10).

Within this group of compounds, t’thidiurn

bromide has been most extensively studied

since, upon intercalatimug between nucleic

acid base pairs, it gives rise to a largt’ eri
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liancement of fluorescence. Pnopidium (3,8-
dianuillo - 5 , 3’-diethylmethylamino-n-propyl-

6-phienylphuemiamithnidium) diiodide, a conge-

nt’r of etluidium with an additional exocyclic
quatenmuany uuit-rogen (I) , was observed to

l)(’ a l)Oteflt- inhibit-or of acetylcholinestenase,
(‘xhibifimig an affinity that is 1-2 orders of
mimagnitude greaten than ethidium. Thus
propidiumui ap�ieaned to be an excellent
candidate as a fluorescence probe of this

cmizymuue.

Propicliuiuu diiodide was obtained from

Calbiochem amid used without further

punificatiomu . Acet-yleholinesterase from the
electroplax of Torpedo californica was pun-
fit’cl to apparemut hoimogeneity as previously

described (11). TI-it’ enzyme has been desig-
nat-ed as the lytic form, since its dissociation
fronu electnoplax membranes is brought
about bY mild tryptic treatment of the
membralue fractions. Its molecular weight
wa-s esfimuuated to be 330,000 and is composed

of four simnilan, if not ideuutical, subunits (11).
Fiuonest’t’muct’ titrations were carried out

iii either 0.3-cm? cuvettes (0.2-mi total
voliimuit’) or 1 .0-ciii2 cuvet-tes (2-mi total
voiluniti’) at 23#{176}± 0.2#{176}.The sample chamber

of the spect-nofluoroiuuet-er was modified wit-h

a- four-cuvet-t-e rotating turret containing a
refenemuce imi omue posit-ion to correct for

cluaiuges in excitation light intemisity on iminer
filter effects. The excitation wavelemigth was
535 � , alud t’iuission was measured at 602

miii-). Further (let-ails on the fluorescemuce
t-if-m’atiouu pnoc(’dur(’s for acetylcholinest-enase

huav ‘ heeiu presented previously (8) . The

enzviuie activity was assayed by pH-stat
methods. The buffer system used for the
high ionic strength condition was 0.1 iu NaC1

0.04 M MgC12, and 0.01 ti Tnis-Ci, pH 8.0,
while 0.001 :iI Tris-Cl, pH 8.0, was employed

for thue low- ionic strength titnations.

FIG. 1. Lineweaver-Btirk plot of propidium in/ti-

bition of ace/ylchoiines/erase activity nsing acetyl-

choline as substrate

hydrolysis was measu red by pH -st at met hods

at pH 8.0 in 0.1 M NaC1-0.04 M MgCl2 at- 25#{176}.The

purified Torpedo enzyme described in the text was
used. O-O, no inhibitor; #{149}---.#{149}, 1.25 �M

propidium; D-�, 2.� yzii propidium; -----U,

5�M propidium; �-----A, 7.5uM ProPidiunu. Slopes

were deternuined fronu a least-squares analysis of

the data.

Pnopidiurn inhibition of acetylcholines-
tcnasc-catalyzed acetylcholine hydrolysis cx-

hibit-s muoncompetitive kinetic behavior at

high ionic strength (Fig. 1). Similar behavior
also occurs at low- ionic strength, but with a

somewhat higher affinity for propidiurn
(Table 1 ) . While suclu kinetics is consistent
with a peripheral site for propidiurmu binding,
these observations cammot establish that the

pnopidiunu amid substrate binding occur at
nonoverlapping sites. As poimited out by
Krupka and Laidlen (12), preferemitial in-

hibitor binding to the active site of the
acyl-enzynue intermediate can affect the
deacylation rate amid give the appearance of

noncompetitive kinetics for the oven-all
reaction.

Figure 2a shows fluorescence titration

profiles at low ionic strength for propidium
in the absemuce and presence of various con-
centrat-ions of purified acetylchohimuesterase.
The difference in limiting slopes reflects a
10-fold increase in the fluorescence of the
ligauud in the bound state. A fluorescence

enhancement of this magnitude can be
compared with the fluorescence changes

( less f-han 2-fold) that �e have ohst’nved for
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TABLE 1

Fluorescence and steady-s/ate kinetic measurements of dissociation constants for inhibitors

of acetylcholinesterase

The low ionic strength media were 1.0 mm�o Tris-Cl, pH 8.0, for the fluorescence titrations and 1.0 mmii
NaC1 for the kinetic studies. The high ionic strength medium was 100 mr�m NaC1, 40 nur�o MgCl2, and 10

mM Tris-Ci, pH 8.0, for fluorescence studies. For the kinetic measurements no Tris-Cl was present.

Ligand Buffer system KD (fluorescence) K1 (inhibition kinetics)

Propidium Low ionic strength
High ionic strength

M

2.9 x i0-�

3.4 x 10-’

M

3.2 x i0�

3.8 x i0�’

Gallamine Low ionic strength

High ionic strength

3.8 X 10�

>10�

3.0 x 1#{216}-7h, 5.3 x 10-6c

5.0 x 10-ld

>1()�,

d-Tubocurarine Low ionic strength 4.6 x 10-6 3.4 x 106c, 6.5 x 10-7d

a Inhibition constant-s were calculated assunuing noncompetitive behavior.

11 Ref. 1, Torpedo marmorata acetylcholinesterase; low ionic strength r/2 = 0.0()3, high ionic strength
0.2 M MgCl2.

C Ref. 2, Elec/rophorus electricus acetylcholinesterase; low ionic strength F/2 = 0.009.

d Ref. 3, Human erythrocyte acetylcholinesterase; low ionic strength F/2 � 0.002.

propidium ili solvemits of varying dielectric

constants (#{128}= 6.1-78.5). Similar bt’havion
has be(’n noted for ethidium, whent’ a 20-fold
increase in fluorescence has been reported
for the higand when hound to DNA, yet

smaller quantum yield changes i�-ene ob-

served for the fnee ligand in a sent’s of
ahiphatic alcohols amid ethens (9). Thus
fluonescemice quantum yield chamiges of the
magluitude se(’Ii for the associated propidium

cannot- be ascribed simply to a change in

polarity omi the (‘nzyme surface but may be a
consequence of preferential restriction in

motion of one of the ring systenus when
bound to the nuacroniolecule . A shift in
excitation wavelength from 480 to 535 mini

occurs upon conuplexatiomi with acetyl-

chohinestenase, while the emission muuaxinuuni

shifts omily slightly, fnonu 595 to 602 mini
(umuconnected).

Bimiding of propidiunu appears stoichio-
metric with a 80,000-90,000 iuuoleculan
weight species (Fig. 2a), which is in good
agreement with our previous estimates of

stoichioniet nv using bisquat ennary inhibitors

and s(’nine-canbanuoylating substrates (11).
Polyacnylamide gel electrophoresis in the
presemice of sodium dodecyl sulfate yields a

subunit speci(’s whose molecular w-eight is
78,000-82,000 (11); thus if appears that a

single pnopidiunu niolecult’ l)inds to each of
the four subunits on the eflZyliie. The dis-

sociation const amut calculat ed from fluones-

ct’nce titrations is iii reasomiable accord with
the K1 est iniat t’d from kimietic nueasurt’iuit’nts

(Table 1 ) . Ednopholiiuni [(3�hydroxy-

pht’nyl )diiuiet hylet hylaninioniumiu ] chloride , a

compet itive inhibit on of act’tylcholint’st erase
that- appears specific for the active center,
fails to cause appreciable dissociation of the
enzynue-pnopidium complex (Fig. 2b). Both
gallanuine [1 , 2 , 3-tnis(2-tniethylamuuiiuoriium
ethoxy)henzene t niiodide] arid d-tuhocura-

nine appear to compete for the propidiunu

binding site (Fig. 2c), and the affinity of
these ligands for the t’nzynue nuay ho’ calcu-

lated from the back-titration (‘urv(’s (13,
14). The dissociation constants so obtained
are of the same nuagnitude as K1 values for
(/-tubocurarine on gallaniilie ililuibi t ion of
acetvlcholinesterases fronu various sources
(Table 1).

At higlu ionic strength the affinity of f-he
propidiunu-acetylcholinestenase couuuplex is

reduced (Fig. 3a) ; howeven, on the basis of
th(� diminished competition by gallamnimue
(Fig. 3c) and d-tubocunanimue (not shown),

the latter ligands would (‘Xhil)it Iii ev(’n

greater n(’duCtiOri in affinity for flit’ pro-

pidiunu bimudimug site at luigh ionic strength.
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Edrophorwum CM x i��)
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Dissoc�ot,ng Liqond (M x O� )

pI�1-’1G. 2. I-’luorescenee ti/rations of propidiuin

(lit o(li(l(-aee/!/lcholines/erase corn plexes in 1 -in �r
Tri.�-Cl, pH 8.0 (F/2 � 0.001)

p�a. Illlorest’elice enhancement of propidiuni

diiodide ill tlue presence of Torpedo californica

a(’etvl(’hollnesterase (lvt ic fornu) . #{149}-�-S, blank
titrat 11)11 ili absence of enzynie; O---�-O, 0.145

mg/lnl t�)f t’IIZVIfle ; #{149}� 0.24 mg/mI ; D-------D,

-0.54 ing/mI; A--A, 0.88 mg/mI.
I). Back-titration of the propidiuni-enzynue

-(‘Olfll)lt’X wit-li edrophoniuni (8.0 pM propidiuni,
0.�2 iug/nil of enzynie) . t. . Bak-t itration of the

propi (I � lifli -enzyme (‘oniplex wit h gal 1aiiui tie

Edrophoiiiuiuu is also imut’ffective in dissoci-

ating pnopidiunu at high 1OD1(’ strength
(Fig. 3b).

A considerable l)odv of evidence support-s

the contention that ednophomuium binds
specifically to the active center of acetyl-

cholimuesterase. Competitive inhibition is

observed, ��rjth a K1 of 3.1 X 10� �i for
acetylcholine hydrolysis (15). Comparative

rates of sulfonylation of the active center
s(’nimue demonstrate that the bound ednopho-

muiurn adopts au “endo” oniemitation con-

sist(’iit with stenic occlusion of the estenatic

serimue (16). More necemutly, equilibrium di-

alysis measurements have shown a high-

affinity binding sift’ (K1 = 2.5 X 10� M)

for edrophomuiunu, with 1 : 1 stoichionuetry
hetweemi higamud himuding sites and phos-

phorylatable active center senines (17).

High-affimiit-y binding of edrophonium is

abolished by nuefluanesulfonation of the

active center esteratic sit(’ (17). In contrast,
kimuetic ITi(’asUr(’Iuiemuts with acyl and car-

banuoyl ester substrates suggest that galla-
mimic amid d-tubocuranine influence acetyl-

cholinesterase activity by their association
with an anionic site that is peripheral to the
active ct’nft’r (1, 2). 1\loreovt’n, these ligands
do not forni affint’ comuuplexes wit-h acetyl�
cholimiesterase at high ionic strength (1-3).
Cluamugeux has ol)senved that- gallamine at

concentrations betweemu 0.1 arid 1 j.�u will

cause partial inhibition of acetylcholinester-

ase, while in the presemuce of 0.2 �ti I’sIgCl2,

0.1-i iu-uu gallamimit’ is required to produce
equivalemut effects o�u enzyme-catalyzed ace-

tyicholine hydrolysis (1 ) . Similar qualitative

behavior is observed for the imufluence of
gallamine oh the (‘arbamt)ylation and de-

canbamoylat-ion rates of the active center
serimie (2).

Our findimigs that ednopluornumuu does not

dissociate ProPidiulu froiuu acetyleholinesten-

(0 --- -0) or d-tubti’iirarine (�--�) (7.2 .�M

pr�pidiuiii, 0.�2 rug/nil (hf enzynie). All titrations
were (‘arried out- at 25#{176}.The excitation wavelength

was �3.5 nni, and enIissi(in was Iliensured at- 602 nm.

Iii t he back-t-it rat ions t he fluorescence tif unbound

I)r(iI)idiuliu and t he light- s(’at ter (‘ont ribut ion of
the e�izvnue were subtracted from the tot-al fluo-

resten(’e sigiitil . Scat t er (omit ributions usually

aliiounted tO less than %(� � the total signal.
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FIG. 3. Fluorescence ti/ration ofpropidiuni duo-

dide with- ace/ylcholines/erase in. 0.1 M NaC1, 0.04

M MgCl, , and 10 Pt)! Tris-Ci, pH 8.0 (F/2 = 0.225)

a. Fluorescence in the presence (O-O) and

absence (�-�) of 0.76 mg/nul of enzvnue. b.
Back-titration of the propidium-enzyme conuplex
with edrophonium (21.5 �iM propidium, 0.88 aug nil

of enzyme). c. Back-titration with gallanuine

(O-------O) (21.5 MM propidiunu, 0.88 nig/iiul (if en-

zyme). Other conditions were the sanue as those

given in Fig. 2.

ase amid that gallaiuuint’ amid t’I-f ubocuranimit’

only do SO when flit’ ionic strength is low
would indicate that pnt)pidiunu prefenenti-

ally associates with a peripheral anionic

sit(’ OIl tho’ emizvme. Conupetitive titration
studies, when couplt’d with fluonescemuce life-
time measurt’nuemits, should further delimueafe

the binding sl)(’cificit� for various higands
oh the niultiplt’ bimidimig sites (if acetylcholin-

eSt(’rase. \Iont’t)v(’r, with the appropniat e

ligands, energy transfer measur(’nlt’muts may
enable one to calculate distances between

the n(’spective bimuding sites on the acefyl-

cholinesterase molecule (8).

Finally, it is of sonic intent’sf that flit’

pniluuary pharnuat’ological iuuamiift’stati in in-

i’it’o of agents such as gallanuint’, (i-tubt)-

cunanint’, amid pamicuromiiuiuu , whiichu asso it’imif(’

wit hi a P(’nil)heral sift’ on ac(’t ylcholinest t ‘ruse

( 1 , 2), is comiipetitiv(’ mi(’uronuuscular l)lock-

ado’ rather fhati acefylchuoliiiesferast�’ inhuibi-

tiomi . Propidium adnuinistered suhcut an(’-

ouslv to mic(’ also caus(’s flaccid paralysis.
Usimig an inclin(’d scnt’t’n test , �vt’ foutid an

ED50 for propidiumuu in thue Swiss-\Vt’bstem

strain of 4.3 muug/kg, which indicates that
its pott’micy is less tluami ((-tuhocuranint’ but

conuparablo’ to gallamine. The avian response

to nt’uronuuscular hlockadt’ allows out’ to

distinguish depolarizing fnciiui (‘t inul)(’t if ive
l)loclung agemuts. The fornut’n t’hicit t’xtt’nsion
of the himiubs amid retraction of flit’ neck,

w-liile t he lat t en pno(luct’ a. flac(’i(l l)aral�sis

( 1 8) . Propidiuni , when imujt’cted intrav(’-
nouslv to clucks, product’s flact’id paralysis,

as do gallanuine amid (i-f ubicunarine, whereas

with (lecanuef luomiiunu flit’ extensor rt’sponse

\\-as observed. \%(‘ (‘0111(1 dt’fect �)artilysiS
with 1.2 mg/kg of propidiunu. Thest’ initial
ohservatioius indicate tluat certaimi pht’nami-

flunidiumui (lenivativ(’s niav also serve as useful

fluorescence pr(il)(’s for flit’ isolated Iii(’(itiluie

nt’cepfor. A rect’nt study on thie irit(’nactiomi
bet wt’(’n dansylchohine and elt ‘cf r( iplax nieiui-

brane fnagnut’mits comitaimiirig chiohinergic rt’-
c’ptors shuowed ligand dissociaf ion co inst a mit s

bt’tweeru is amid 45 /2:\l, valut’s luiu(’hi higher

than thiotso’ observed for nuost liictitinic

agt)nisfs amid mintagonists (19). A fluort’st’t’mice

probe for the chohin(’ngic receptor with a
lower diss(iciatiomi constant \v(iul(I also luive
a numribt’r of imuuporfamif a�)phi(’atiomis.
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