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Abstract*Structural analogues of ZAPA\ Z!2!ð"aminoiminomethyl#thioŁprop!1!enoic acid\ an iso!
thiouronium analogue of GABA\ are potent GABAA agonists as seen in the isolated guinea!pig ileum and
in the facilitation of ð2HŁdiazepam binding to rat brain membranes[ Compounds with guanidino or amidine
groups replacing the amino functionality of GABA were also found to be active[ The highest activity was
displayed by the isothiouronium salts in which the conformational ~exibility of the molecule is restricted
by a Z!substituted carbonÐcarbon double bond[ A series of bis!isothiouronium compounds was prepared
from aliphatic a\v!bis!thioureas as mixtures of E and Z adducts[ Maximum GABAA agonist activity for
this series was found with a C5ÐC7 carbon chain\ and the results were consistent with an interaction at the
GABAA receptor with only one end of the molecule\ rather than the more potent e}ect expected of a
molecule bridging two active sites[ GABAA antagonist:partial agonist activity was observed on the guinea!
pig isolated ileum for a number of di}erent analogue types\ with the most potent being bis!isothiouronium
derivatives[ None of the substituted derivatives of ZAPA was as active as ZAPA itself\ and maximum
GABAA activity was found in the n!pentyl and n!hexyl analogues[ Þ 0886 Elsevier Science Ltd

ZAPA\ Z!2!ð"aminoiminomethyl#thioŁprop!1!enoic order to explore various structural analogues of
ZAPA for their activity on]acid\ is an isothiouronium analogue of the inhibitory

neurotransmitter GABA\ of restricted conformation
0[ GABAA receptors in the guinea pig ileum^due to the presence of a cis double bond[ ZAPA is a
1[ low a.nity GABAA receptors as assessed by theirselective agonist for low a.nity GABAA receptors

ability to stimulate the binding of diazepam to ratwhich are modulated by benzodiazepines "Allan et al[\
brain membranes^0875b#[ In addition\ it is a substrate for the neuronal

2[ GABA uptake in rat brain slices^ andGABA transport system\ and thus could act in GABA
3[ GABA transamination by extracts of rat brainreplacement therapy "Allan et al[\ 0880#[ However\

mitochondria[ZAPA does not cross the bloodÐbrain barrier\ there!
fore a suitable prodrug would have to be developed

Most successful structural manipulations of thebefore a clinically useful central nervous system agent
GABA molecule "Krogsgaard!Larsen\ 0870^ Johnstoncould emerge from compounds related to ZAPA[
et al[\ 0868# have been con_ned to the carboxyl endNevertheless\ the inability of ZAPA to cross the
of the molecule\ or to additions or alterations to thebloodÐbrain barrier is advantageous\ as ZAPA has
carbon chain "Allan et al[\ 0875a#\ as exempli_eda potent GABA!agonist action in nematodes and is
by compounds such as muscimol\ 2!amino!regarded as an important lead compound for the
propanesulphonic acid and trans!3!aminocrotonicdesign of novel anthelmintics "Holden!Dye and
acid "Allan and Johnston\ 0872#[ Apart from simpleWalker\ 0877#[ The present study was undertaken in
incorporation into a ring system\ as in THIP and 3!

*ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ PIOL "Krogsgaard!Larsen et al[\ 0883#\ manipu!
�To whom all correspondence should be addressed[ lations of the amino group of GABA generally lead
$Present address] Regulatory and Design\ Rydalmere\ to marked decreases in activity "Breckenridge et al[\NSW 1005\ Australia[

0870# unless the amino function is incorporated in%Present address] Australian Governmental Analytical
Laboratories\ Pymble\ NSW 1962\ Australia[ a charge!delocalized system\ such as in guanidino\
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cedure used to assay the inhibition of ð2HŁGABA "1[4 nM#isothioureyl\ imidazolyl and pyridazinyl GABA
uptake into rat brain cortical slices was modi_ed as describedderivatives "Breckenridge et al[\ 0870^ Iversen et al[\
previously "Iversen and Johnston\ 0860^ Allan et al[\ 0875b#[

0868^ Wermuth et al[\ 0876#\ the latter group giving Aliquots of rat cortical slices "099 ml# were preincubated at
rise to important new GABAA antagonists[ Our initial 14>C for 04 min with inhibitors "499 mM for screening# in

09ml of freshly oxygenated phosphate medium[ Fifty micro!investigations into replacement of the amino group
litres of ð2HŁGABA was then added and the incubationof GABA with an isothiouronium group led to the
continued for a further 09 min\ after which the slices werediscovery of ZAPA "Fig[ 0#\ a very potent and selective collected by rapid _ltration on GF:C glass _bre _lters and

agonist for low a.nity GABAA receptors "Allan et the radioactivity counted as described above[ IC49 values
were determined from at least three experiments[al[\ 0875b#[ We report here the synthesis of some struc!

Inhibition of GABA transamination[ Transamination oftural analogues of ZAPA and a structureÐactivity pro!
ð03CŁGABA in the presence of 0 mM compound was carried_le on various GABA!related assays[ The structureÐ
out as described previously\ using extracts of rat brain mito!

activity pro_le of these compounds led to the _ndings chondria "Beart et al[\ 0861#[
that low a.nity GABAA receptors are able to accom!

Chemical synthesismodate relatively large carbon chains\ such as that in
the n!hexyl substituted ZAPA derivative "Compound 0H Nuclear magnetic resonance "NMR# spectra were

obtained on a 89 MHz JEOL FX89Q FT instrument\ and4#[ The bis isothiouronium compounds "39Ð33# were
chemical shift "d# values are given for tetramethylsilane asdeveloped by analogy with the bis quaternary
external reference[ Microanalyses were determined by theammonium cholinergic drugs such as hexamethonium
Australian Microanalytical Service\ Melbourne[ Low res!

and decamethonium[ If two agonist molecules are olution mass spectral data refer to chemical ionization with
involved in the activation of each GABAÐreceptorÐ methane as the reagent gas on a TSQ35 Finnigan:MAT mass

spectrometer[ionophore complex "Sakmann et al[\ 0872#\ then these
The following are new compounds except where indicated{{dimeric|| analogues may have shown a much higher

by a speci_c reference to a literature preparation[
a.nity for the receptors than the simple n!alkyl iso! Derivatives of ZAPA "0Ð19\ 25#[ These were prepared by
thiouronium derivatives[ either of two methods\ based on the addition of thiourea to

propiolic acid "Kataev et al[\ 0858#[

, Method A] The alkyl substituted thiourea "0 mmol# was
EXPERIMENTAL dissolved in glacial acetic acid "4 ml# to which was added

hydrogen bromide "9[0 ml of 49) solution in acetic acid#^
Pharmacolo`y this was stirred while propiolic acid "0 mmol# was added

at room temperature[ The solution was stirred at room
GABAA receptors in the `uinea pi` isolated ileum[ Isolated temperature for 0 h\ then the solvent was allowed to evap!

segments of ileum "1Ð2 cm# from guinea!pigs "149Ð299 g# of orate overnight in a desiccator over potassium hydroxide
either sex were set up in a modi_ed KrebsÐbicarbonate solu! under vacuum[ The oily residue was stirred with ethyl
tion in 14 ml organ baths at 21>C in the same manner as acetate at room temperature and the resulting solution
described previously "Ong and Kerr\ 0872^ Allan et al[\ 0875a\ allowed to stand at 9>C over a period of several days to
0875b#[ Possible GABA antagonist activity was tested by crystallize[ The crystalline material was _ltered o}\ washed
adding the compound to the organ bath 4 min prior to with ethyl acetate and dried[
addition of concentrations of GABA that produced the nor! , Method B] This method was essentially the same as for
mal GABA concentrationÐresponse curve[ All compounds Method A except that 0 M aqueous hydrochloric acid was
were dissolved in distilled water and screened at 499 mM\ and used as the solvent in order to a}ord hydrochlorides[
EC49s were determined using log!probit analysis of at least
four experiments[ "Z#!N!Methyl!2!ð"aminoiminomethyl#thioŁpropenoic

acid hydrochloride "0# Colourless solid m[p[ 039Ð032>C "d#^Facilitation of diazepam bindin` to rat brain membranes[
The preparation of the well washed synaptosomal rat brain 0H!NMR ðD1OŁ] 2[49 "2H\ s#\ 5[67 "0H\ d\ J 09 Hz#\ 7[92 "0H\

d\ J 09 Hz#[membranes and the procedure used to assay the activity of
the GABA analogues on ð2HŁdiazepam binding have been "Z#!N!Ethyl!2!ð"aminoiminomethyl#thioŁpropenoic acid

hydrochloride "1#[ Colourless solid m[p[ 054Ð069>C "d#[described previously "Burch et al[\ 0872^ Allan et al[\ 0875b#[
Essentially\ 49 ml aliquots of ð2HŁdiazepam "9[4Ð9[7 nM# were Anal[ "C5H00N1O1SCl# C\ H\ N[ 0H!NMR ðD1OŁ] 0[69 "2H\

t\ J 6 Hz#\ 2[78 "1H\ q\ J 6 Hz#\ 5[62 "0H\ d\ J 09 Hz#\ 7[99incubated at 19>C for 04 min in 0[34 ml TrisÐHCl bu}er
"49 mM Tris Base\ pH 6[3# with 199 ml of compound at vari! "0H\ d\ J 09 Hz#[

"Z#!N!Propyl!2!ð"aminoiminomethyl#thioŁpropenoic acidous concentrations\ water or 099 mM diazepam[ Membranes
were collected by rapid _ltration on GF:B glass _bre _lters hydrochloride "2#[ Colourless plates m[p[ 005Ð008>C "d#[

Anal[ C6H02N1O1SCl# C\ H\ N[ 0H!NMR ðD1OŁ] 6[81 "0H\ d\which were soaked for 0 h in 0 ml H1O\ after which scintillant
was added and the radioactivity counted[ All compounds J 09 Hz#\ 5[58 "0H\ d\ J 09 Hz#\ 2[79 "1H\ t\ J 6 Hz#\ 1[02 "1H\

sextet\ J 6 Hz#\ 0[28 "2H\ t\ J 6 Hz#[ Mass spectrum] m:z 078were screened at 099 mM\ then EC49s determined as described
above\ from at least three experiments\ using 499 mM and "M¦\ 0)#\ 060 "07#\ 020 "09#\ 008 "03#\ 092 "099#\ 76 "06#[

"Z#!N!Hexyl!2!ð"aminoiminomethyl#thioŁpropenoic acid099 mM concentrations of each compound as determinants
of the maximum response[ hydrochloride "4#[ This was obtained as a gum which would

not crystallize "isolated as a mixture with 04) of the E!Inhibition of GABA uptake in rat brain slices[ The pro!
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Fig[ 0[ Structure of ZAPA and some structural analogues[
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isomer#[ 0H!NMR ðD1OŁ] 7[09 "0H\ d\ J 05 Hz#\ 5[79 "0H\ d\ 1[97 "5H\ m#\ 1[81 "1H\ t\ J 5 Hz#\ 2[41 "2H\ s#\ 2[65 "1H\ t\ J
J 09 Hz#\ 2[76 "1H\ t\ J 6 Hz#\ 0[79 "7H\ m#\ 0[29 "2H\ t\ J 5 Hz#[ Mass spectrum] m:z 194 "16)#\ 020 "099#\ 004 "03#\
5 Hz#[ Mass spectrum] m:z 120 "0)#\ 102 "8#\ 078 "01#\ 064 86 "07#\ 80 "28#[
"00#\ 050 "099#\ 034 "59#\ 016 "75#\ 094 "31#\ 76 "21#[ "E#!3!ð"Aminoiminomethyl#thioŁ!1!butenoic acid hydro

"Z#!N!Isopropyl!2!ð"aminoiminomethyl#thioŁpropenoic bromide "08#[ This had m[p[ 028Ð030>C[ 0H!NMR ðD1OŁ]
acid hydrochloride "5#[ Colourless solid m[p[ 039Ð035>C "d#[ 3[28 "1H\ dd\ J 5\ 0 Hz#\ 5[44 "0H\ dt\ J 05\0 Hz#\ 6[28 "0H\
0H!NMR ðD1OŁ] 0[61 "5H\ d\ J 6 Hz#\ 3[29 "0H\ septet\ J dt\ J 05\ 5 Hz#[
6 Hz#\ 5[67 "0H\ d\ J09 Hz#\ 7[92 "0H\ d\ J 09 Hz#[ "Z#!3!ð"Aminoiminomethyl#thioŁ!1!chloro!1!butenoic

"Z#!N!Cyclopropyl!2!ð"aminoiminomethyl#thioŁ acid hydrobromide "19#[ This was obtained from 3!bromo!
propenoic acid hydrochloride "6#[ m[p[ 047Ð059>C "d#[ Anal[ 1!chloro!1!butenoic acid "Allan et al[\ 0879# as colourless
"C6H00N1O1SCl# C\ H\ N[ 0H!NMR ðD1OŁ] 6[76 "0H\ d\ J crystals m[p[ 065Ð067>C[ Anal[ "C4H7N1O1SCl Br# C\ H\ N[
09 Hz#\ 5[58 "0H\ d\ J 09 Hz#\ 2[08 "0H\ m#\ 0[23 "3H\ m#[ 0H!NMR ðD1OŁ] 3[42 "1H\ d\ J 7 Hz#\ 6[52 "0H\ t\ J 7 Hz#[
Mass spectrum] m:z 076 "1)#\ 058 "59#\ 030 "03#\ 018 "17#\ Mass spectrum] m:z 018 "7)#\ 006 "41# 094 "04#\ 090 "82#\
006 "17#\ 090 "099#\ 76 "18#[ 66 "099#[

N!Allyl!2!ð"aminoiminomethyl#thioŁpropenoic acid hydro 2!ð"Aminoiminomethyl#thioŁ!4!carboxycyclohexanone
chloride "7#[ This was obtained as a 0]0 mixture of E and hydrobromide "25#[ This was prepared from 2!bromo!4!car!
Z isomers m[p[ 059Ð054>C "d#[ 0H!NMR ðD1OŁ] 7[29 "0H\ d\ boxycyclohexanone and thiourea by method A and isolated
J 09 Hz#\ 6[13 "0H\ d\ J 09 Hz#\ 7[19 "0H\ d\ J 05 Hz#\ 5[79 as colourless needles m[p[ 195Ð196>C "d#[ Anal[
"0H\ d\ J 05 Hz#\ 5[20 "0H\ m#\ 4[65 "0H\ m#\ 3[38 "0H\ d\ J "C7H02N1O2SBr# C\ H\ N[ 0H!NMR ðD1OŁ] 3[40 "0H\ bs#\
4 Hz#[ Mass spectrum] m:z 076 "01)#\ 034 "5#\ 006 "13#\ 2[25 "0H\ m#\ 1[79Ð1[49 "5H\ m#[ Mass spectrum] m:z 070
000"01#\ 094 "30#\ 76 "03#\ 72 "099#[ "2)#\ 058 "09#\ 030 "42#\ 094 "19#\ 84 "03#\ 66 "099#[

N!Phenyl!2!ð"aminoiminomethyl#thioŁpropenoic acid N!"2!Carboxypropyl#!3!ð"aminoiminomethyl#thioŁ
hydrobromide "8#[ This was obtained as a crystalline 0]0 mix! propanoic acid hydrochloride "07#[ This isolated as a white
ture of E and Z isomers[ 0H!NMR ðD1OŁ] 5[78 "0H\ d\ J solid m[p[ 024Ð025>C "d#[ Anal[ "C7H04N1O3SCl# C\ H\ N[
05 Hz#\ 7[29 "0H\ d\ J 05 Hz#\ 5[79 "0H\ d\ J 09 Hz#\ 7[96 0H!NMR ðD1OŁ] 2[75 "1H\ t\ J 6 Hz#\ 2[68 "1H\ t\ J 6 Hz#\
"0H\ d\ J 09 Hz#\ 6[85 "4H\ m#[ Mass spectrum] m:z 112 "0)#\ 2[15 "1H\ t\ J 6 Hz#\ 1[81 "1H\ t\ J 6 Hz#\ 1[27 "1H\ quintet\ J
194 "07#\ 054 "00#\ 042 "11#\ 026 "099#\ 094 "17#\ 76 "22#\ 72 6 Hz#[ Mass spectrum] m:z 106 "04)#\ 088 "12#\ 034 "45#\ 017
"12#\ 70 "14#[ "15#\ 000 "56#\ 62 "099#[

"E#!N!Benzyl!2!ð"aminoiminomethyl#thioŁpropenoic acid Guanidines 10Ð15 were prepared by standard procedures
hydrochloride "09#[ This was obtained as a white solid m[p[ involving the addition of amino acids to S!methylisothiourea
064Ð067>C "d#[ Anal[ "C00H02N1O1SCl# C\ H\ N[ 0H!NMR or to O!methylisourea[ Compounds 29Ð21 were prepared
ðD1OŁ] 7[24 "0H\ d\ J 05 Hz#\ 7[99 "4H\ s#\ 5[77 "0H\ d\ J by amine addition to methyl isothiocyanate\ and literature
05 Hz#\ 4[19 "1H\ s#[ Mass spectrum] m:z 126 "0)#\ 108 "2#\ procedures were used for the preparation of compounds 22
084 "4#\ 056 "11#\ 040 "01#\ 022 "09#\ 094 "19# 80 "099#\ 76 "Frahn and Mills\ 0853#\ 23 "Semenenko et al[\ 0864# and 24
"04#[ "Goodman et al[\ 0847#[

"Z#!N!"3!Carboxypropyl#!2!ð"aminoiminomethyl#thioŁ E!2!"Aminoiminomethyl#propenoic acid hydrochloride
propenoic acid "01#[ This was obtained as a gum[ 0H!NMR "17# "Wiley and Daniels\ 0854#[ This was prepared from Z!
ðD1OŁ] 1[42 "1H\ quintet\ J 6 Hz#\ 2[97 "1H\ t\ J 6 Hz#\ 3[91 cyanopropenoic acid "Sauers and Cotter\ 0850# using the
"1H\ t\ J 6 Hz#\ 5[89 "0H\ d\ J 09 Hz#\ 7[09 "0H\ d\ J 09 Hz#[ same procedure as that described by McElvain and"Z#!N\N!Ethylene!2!ð"aminoiminomethyl#thioŁpropenoic

Schroeder "0838# for the preparation of the saturatedacid hydrochloride "02#[ This was obtained as a white crys!
analogue\ and was obtained as a bu} coloured solid aftertalline solid m[p[ 042!044>C "d#[ Anal[ "C5H8N1O1SCl[H1O#
recrystallization from ethanol:ether[ 0H!NMR[ "0H\ d\ JC\ H\ N[ 0H!NMR ðD1OŁ] 6[76 "0H\ d\ J 09 Hz#\ 5[67 "0H\ d\
05 Hz#^ "0H\ d\ J 05 Hz#[J 09 Hz#\ 3[34 "3H\ s#[ Mass spectrum] m:z 062 "2)#\ 044

2!"Aminoiminomethyl#propanoic acid hydrochloride "16#"08#\ 092 "04#\ 76 "099#[
"McElvain and Schroeder\ 0838#[ This was prepared from 17Utilizing the method of Kataev et al[ "0858#\ the following
by hydrogenation in ethanol over palladium on charcoalisothiouronium compounds were prepared from either the
"09)# catalyst until uptake of hydrogen ceased[corresponding acrylic acids or v!haloacids using either thio!

Compounds 26Ð33 were prepared by Method A from theurea or N!methylthiourea[
corresponding bis!thioureas "Takagi et al[\ 0848# using con!N!Methyl!1!ð"aminoiminomethyl#thioŁacetic acid hydro
centrated hydrochloric acid instead of hydrogen bromide[chloride "03#[ This obtained as pale yellow needles m[p[
These compounds were obtained as mixtures of E and Z139Ð131>C[ 0H!NMR ðD1OŁ] 2[65 "2H\ s#\ 3[66 "1H\ s#[
isomers and could not be puri_ed further[ In most cases\N!Methyl!3!ð"aminoiminomethyl#thioŁbutanoic acid
freeze!drying was an important step for obtaining a solidhydrobromide "04#[ This isolated as colourless crystals m[p[
product[ The 0H!NMR spectra indicated that the materials012Ð013>C[ 0H!NMR ðD1OŁ] 1[31 "1H\ quintet\ J 6 Hz#\ 1[87
prepared were quite clean\ and the ratio of the E to Z isomers"1H\ t\ J 6 Hz#\ 2[32 "2H\ s#\ 2[48 "1H\ t\ J 6 Hz#[ Mass
was obtained by comparing the integration of the signals atspectrum] m:z 066 "7)#\ 020 "00#\ 008 "17#\ 092 "15#\ 80 "099#\
d 5[24 "d\ J 05 Hz# and 6[79 "d\ J 05 Hz# to those at d 5[2476 "77#\ 72 "14#\ 70 "14#[
"d\ J 09 Hz# and 6[59 "d\ J 09 Hz#[ Other resonances occurredN!Methyl!4!ð"aminoiminomethyl#thioŁpentanoic acid
at approximately d 0[4 for non!terminal\ and at approx[ dhydrobromide "05#[ This had m[p[ 019Ð010>C[ 0H!NMR
2[3 for terminal\ methylene groups in the correct ratios[ðD1OŁ] 1[04 "3H\ m#\ 1[74 "1H\ t\ J 6 Hz#\ 2[31 "2H\ s#\2[45

0\1!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#ethane"1H\ t\ J 6 Hz#[ Mass spectrum] m:z 080 "42)#\ 006 "099#\
dihydrochloride "26#[ This was obtained as a hydroscopic090 "89#\ 80 "83#\ 72 "82#\ 70 "81#[
white solid E]Z ratio 0]0[N!Methyl!5!ð"aminoiminomethyl#thioŁhexanoic acid

hydrobromide "06#[ This had m[p[ 77Ð82>C[ 0H!NMR ðD1OŁ] 0\2!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#propane
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dihydrochloride "27#[ This was obtained as a hydroscopic guinea!pig isolated ileum similar to those shown for
white solid E]Z ratio 0]2[ GABA and ZAPA in Fig[ 1[ Peak activity was exhi!

0\3!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#butane
bited by the n!hexyl and n!pentyl N!substituteddihydrochloride "28#[ This was obtained as a white solid E]Z
derivatives 4 and 3\ respectively\ which were 6Ð7 timesratio 0]1[

0\4!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#pentane less potent than ZAPA[ Activity was observed to
dihydrochloride "39#[ This was obtained as a white solid E]Z increase when the n!propyl group of 2 was replaced
ratio 0]4[ by a 1!hydroxyethyl group as in compound 00 "EC490\5!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#hexane

03 mM#[ All compounds that produced transient con!dihydrochloride "30#[ The white solid obtained from Method
A was dissolved in water\ _ltered\ then freeze!dried to give tractions in the guinea!pig isolated ileum could be
the _nal product as a white powder\ E]Z ratio 0]3[ antagonized by 05 mM bicuculline\ consistent with

0\7!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#octane these compounds acting at GABAA receptors[
dihydrochloride "31#[ This was obtained as a white powder

Of the guanidino derivatives "10Ð15#\ only the n�0E]Z ratio 1]2[
and 1 compounds "10 and 12\ respectively# showed0\09!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#decane

dihydrochloride "32#[ This was obtained as a white powder appreciable activity\ with peak activity residing in the
E]Z ratio 0]0[ n�1 compound "12\ 17 times less active than ZAPA#\

0\01!Bis"ð"aminoiminomethyl#thioŁpropenoic acid#do! which was of similar potency to the correspondingdecane dihydrochloride "33#[ The white solid obtained from
isothiouronium analogue which is 10 times less activeMethod A was dissolved in water\ _ltered\ and then freeze!

dried to give the _nal product as a white powder\ E]Z ratio than ZAPA^ EC49�02[320[7 mM[ Compound 10
0]1[ showed some activity and was 099 times less potent

than ZAPA "Table 0#\ in contrast to its iso!
thiouronium analogue\ which was not signi_cantlyRESULTS

active at 499 mM[
Effects on GABAA receptors in the `uinea!pi` ileum Within the imidate series of compounds "16Ð18#\

only the saturated C!3 analogue 16 showed substantialThe GABA agonist activity of the compounds in
Fig[ 0 was con_ned mainly to the compounds for activity\ being 64 times less potent than ZAPA

"EC49�3622 mM#[ Compounds 17 and 18 had verywhich EC49 values are listed in Table 0[ Compounds
0Ð6\ 00\ 01\ 10\ 12 and 22 had parallel concentrationÐ weak activity\ with EC49s of 00712152 mM for 18\

and approximately 299 mM for 17[ Low solubility asresponse curves for the transient contraction of the

Table 0[ In vitro activity of GABA\ ZAPA and some ZAPA analogues
—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Facilitation of ð2HŁ
Contraction of guinea!pig diazepam binding EC49 GABA uptake GABA transamination IC49

ileum EC49 "mM#a "mM#b IC49 "mM#c "mM#d

*ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
GABA 1[1029[02 9[3529[95 6[1129[35f NTg

ZAPA 9[5229[96 9[0829[92 6327 NSe

0 4142014 ×099 NSe NS
1 5624 0020 NS NS
2 1922 0[0729[06 ×499 ×0999
3 4[129[4 9[1429[93 NS NS
4 3[729[2 9[0829[92 NS NS
5 2622 3[829[7 NS NS
6 1422 4[2729[54 NS NS

00 03[929[5 17[324[3 NS NS
01 1321 2524 NS NS
08 NSe 0720 NS �0999
10 5923 NSe NS NS
12 07[120[3 1421 �499 NS
22 01728 NS NS NS

—––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aFor contraction of the guinea!pig ileum\ compounds were screened at 499mM and EC49 values for active compounds were determined using

log!probit analysis using at least four di}erent drug concentrations in at least four experiments[
bFor potentiation of ð2HŁdiazepam binding\ compounds were screened at 099mM and EC49 values determined using at least four di}erent drug

concentrations in at least three experiments[
cFor inhibition of GABA uptake\ compounds were screened at 499 mM and IC49 values determined from at least three experiments[
dFor inhibition of GABA transaminase\ compounds were screened at 0999 mM[
eNS\ not signi_cant at the screening concentration[
fIC49 for nipecotic acid[
gNT\ not tested[
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Fig[ 1[ ConcentrationÐresponse curves for the contraction of the isolated guinea!pig ileum by ZAPA ",#\
GABA "Ž#\ and compounds 28 "U#\ 39 "×#\ 30 "�#\ 31 "R#\ 32 "�#\ 33"D#[ Curves are drawn as lines of

best _t for means 2SE mean from at least four experiments[

well as possible decomposition presenting problems GABA!like activity could not be assigned in the nor!
mal way[ However\ they produced contractions of halfin the analysis of the activity of 17[

The bis isothiouronium analogues "26Ð33# were the the maximal response achieved by GABA at con!
centrations of approx[ 599 and 099 mM\ respectively[_nal compounds of the series shown in Fig[ 0 to exhibit

GABA!like activity on the guinea!pig isolated ileum[ Compounds 26 and 27 did not produce signi_cant
contractions at concentrations of 499 mM[The only compounds to have parallel concentrationÐ

response curves with GABA and ZAPA were the C4\ GABAA receptor antagonist activity was observed
for the following] compounds 4\ 7 and 8\ which couldC5 and C7 compounds "39\ 30 and 31\ respectively#\

with the concentrationÐresponse curve for the C7 only be obtained as mixtures of E and Z isomers^ the
E isomer of 09^ and compounds 04\ 05\ 06\ 08\ 11\ 14\deviating from parallel at lower concentrations "Fig[

1#[ For the C3\ C09 and C01 analogues "28\ 32 and 15\ 28\ 30Ð33[ Compound 39 was not tested due to
insu.cient sample[ The bis compounds 28 and 30Ð3333\ respectively# the concentrationÐresponse curves

did not follow the characteristic shape observed for were the most potent[ Compound 28\ at a con!
centration of 59 mM\ reduced the 099 mM GABAthe other compounds[ Compound 28 was con!

siderably weaker\ compounds 32 and 33 had decreased response by 49)\ while the other bis compounds 30Ð
33 totally blocked the 099 mM GABA response whenslopes\ and compounds 28 and 33 at the maximum

concentration of 0 mM did not produce the same administered to the organ bath at a concentration of
59 mM[ The remaining antagonist compounds reducedmaximum contraction as that observed with GABA[

EC49s\ as calculated by log!probit analysis for at least the 099 mM GABA response to 69Ð79) when added
to the bath at a concentration of 299 mM\ and thusn�4 experiments\ are 2[829[3\ 7[029[6\ 19[021 and

11[521[3 mM for 31\ 30\ 32 and 39\ respectively[ EC49s were considerably weaker than the bis compounds or
bicuculline\ which totally blocked the 099 mM GABAfor compounds 28 and 33 that would relate to their



Structural analogue of ZAPA 478

response at a concentration of 05 mM[ None of these Effects on GABA uptake and transamination in rat
braincompounds showed activity as antagonists of ace!

tylcholine!induced contractions of the ileum[ Practically all the compounds shown in Fig[ 0 had
little or no activity on the inhibition of ð2HŁGABA

Effects on the bindin` of ð2HŁdiazepam uptake into rat brain slices or on the enzyme degra!
Generally\ the activity of the compounds for the dation of ð03CŁGABA in rat brain mitochondrial prep!

facilitation of ð2HŁdiazepam binding to rat brain mem! arations[ Some signi_cant\ but weak\ activity on
branes parallelled their activity pro_le for transient GABA uptake "EC49s×499 mM# was seen by com!
contractions of the guinea!pig ileum\ with the excep! pounds 2 "27) inhibition at 499 mM#\ 12 "48)#\ 14
tion of compounds 08\ 10 and 22[ Compound 08 had "41)#\ 16 "28)# and 17 "29)#[ Compounds 2 "14)
no signi_cant agonist activity on the guinea!pig ileum\ inhibition at 0 mM#\ 08 "37)# and 19 "47)# showed
yet displayed moderate ability to augment the binding weak ability to inhibit the transamination of GABA[
of ð2HŁdiazepam\ being 84 times less active than ZAPA Compounds 26Ð33 were not tested on these assays[
"Table 0#[ Compounds 10 and 22 were active on the
guinea!pig isolated ileum but inactive on ð2HŁdi!
azepam binding at 099 mM[

DISCUSSION
Of the bis compounds 26Ð33\ all but 26 showed

some ability to interact with the benzodiazepine site of Replacement of the amino functionality of GABA
with the planar isothiouronium or guanidino groupsGABA[ However\ at higher concentrations "099mM#\

the facilitation of ð2HŁdiazepam binding decreased and leads to active GABAA receptor agonists[ In the series
of simple v!guanidino carboxylic acids\ maximumdirect inhibition of binding occurred[ This complex

activity observed with the bis compounds is illustrated activity resides in compound 12\ which has a 1 carbon
chain between the zwitterionic groups "EC49 07 mM onin Fig[ 2\ and may re~ect partial agonist actions of

varying e.cacy[ the guinea!pig isolated ileum#[ A similar result applies

Fig[ 2[ E}ects on ð2HŁdiazepam binding of compounds 27Ð33[ 27 ",#\ 28 "Ž#\ 39 "R#\ 30 "�#\ 31 "�#\ 32

"D#\ 33"×#[ The points are means from three to _ve experiments with error bars omitted for clarity[
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to the saturated isothiouronium series where 2!ð"ami! group to the amino replacement group[ These results
indicate that\ in designing GABA antagonists\ twonoiminomethyl#thioŁpropanoic acid is slightly more

potent ðEC49 02 mM^ Allan et al[ "0875b#Ł[ This factors can contribute to activity^ _rstly\ an increased
distance between the zwitterionic groups\ andrelationship between chain length and activity is car!

ried through to the imidate series where\ from the secondly\ a bulky substituent such as an aromatic
group on the cationic end of the molecule[ Partialavailable compounds\ the analogue with a similar

chain length "16# possesses considerable activity "EC49 agonists of GABAA receptors\ particularly those of
relatively low e.cacy\ show promise as therapeutic36 mM#[ Considering the compounds with one carbon

less\ the guanidino derivative "10# has moderate agents "Krogsgaard!Larsen et al[\ 0883#[
activity in contrast to the corresponding iso!
thiouronium compound which gave no signi_cant Acknowled`ements*We are grateful to the National Health

and Medical Research Council of Australia for _nancialcontraction of the guinea!pig isolated ileum at
support of this work and Ms Ann McGregor for her assist!499 mM[
ance in preparing this manuscript[While incorporation of a conformationally restrict!

ing double bond into a two carbon chain results in
unstable guanidino derivatives\ unsaturated imidates REFERENCES

such as 17 "Wiley and Daniels\ 0854# and a much wider
Allan\ R[ D[ and Johnston\ G[ A[ R[ "0872# Synthetic analogsvariety of unsaturated isothiouronium analogues can

for the study of GABA as a neurotransmitter[ Med[ Res[be prepared[ The a.nity of guanidino\ iso!
Rev[ 2\ 80Ð007[

thiouronium and imidate replacement groups is prob! Allan\ R[ D[\ Johnston\ G[ A[ R[ and Twitchin\ B[ "0879#
ably related to their planar nature and the Synthesis of analogues of GABA[ V trans and cis Isomers

of some 3!amino!2!halogenobut!1!enoic acids[ Aust[ J[delocalization of the positive charge[ These two fac!
Chem[ 22\ 0004Ð0011[tors have previously been the basis for the devel!

Allan\ R[ D[\ Dickenson\ H[ W[ and Fong\ J[ "0875a# Struc!opment of other GABA receptor agents "Allan et al[\ tureÐactivity studies on the activity of a series of cyclo!
0875b^ Wermuth et al[\ 0876#[ Within the iso! pentane GABA analogues on GABAA receptors and

GABA uptake[ Eur[ J[ Pharmac[ 011\ 228Ð237[thiouronium analogues\ those in the Z conformation
Allan\ R[ D[\ Dickenson\ H[ W[\ Hiern\ B[ P[\ Johnston\ G[were by far the most active as GABAA agonists\ while

A[ R[ and Kazlauskas\ R[ "0875b# Isothiouronium com!those in the E conformation tended to exhibit antag!
pounds as g!aminobutyric acid agonists[ Br[ J[ Pharmac[

onist activity[ The low activity of N!methyl ZAPA "0# 77\ 268Ð276[
is surprising[ Table 0 shows that\ for agonist activity of Allan\ R[ D[\ Dickenson\ H[ W[\ Duke\ R[ K[ and Johnston\

G[ A[ R[ "0880# ZAPA\ a substrate for the neuronal highthe N!substituted ZAPA derivatives\ activity increases
a.nity GABA uptake system in rat brain slices[ Neur!dramatically up to the hexyl compound[ Attempted
ochem[ Int[ 07\ 52Ð56[preparation of higher homologues resulted in impure Beart\ P[ M[\ Uhr\ M[ L[ and Johnston\ G[ A[ R[ "0861#

mixtures of E and Z isomers which were di.cult to Inhibition of GABA transaminase activity by 3!ami!
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Burch\ T[ P[\ Thyagarajan\ R[ and Ticku\ M[ K[ "0872#compounds increases to n�7\ maximum agonist
Group!selective reagent modi_cation of the benzo!activity is achieved and the EC49 for the contraction
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12\ 0843Ð0847[pig ileum preparation was seen in three groups of

Holden!Dye\ L[ and Walker\ R[ J[ "0877# ZAPA\compounds] the bis analogues^ E analogues of ZAPA "Z#!2!ð"aminoiminomethyl#thioŁ!1!propenoic acid hydro!
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