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Abstract-The influence of 17 putrescine analogues on the uptake of putrescine and/or paraquat by rat 
lung slices has been determined. Most of these compounds are competitive inhibitors of putrescine and/ 
or paraquat uptake, but three show no inhibiting activity. Apparent K, values of the putrescine derivatives 
increAse, and thus the inhibitory effects decrease, with increasing N-methylation. Comparison of N- 
methyl-1,4_diaminobutane (K# = 8 pM) with N,N’-bis-methyl-1,4-diaminobutane (Ki = 25.5 PM) shows 
that a single primary amino group is desirable for high inhibiting activity. Dimethylation at one amino 
function does not greatly decrease inhibitory potential (thus N,N-dimethyl-1,4-diaminobutane has K, = 
11.5 PM). Increasing the size of N-alkyl substituents in putrescine derivatives, decreased their inhibitory 
action on the uptake of putrescine. Investigation of the effect of conformationally-restricted analogues 
of putrescine shows that both (E) and (Z) isomers of 1,4-diaminobut-2-ene are poor inhibitors of 
putrescine uptake. Analogues of putrescine with bulky substituents on the butyl chain, i.e. the meso- 
and rue-isomers of l,l-dichloro-2,3-diaminomethylcyclopropane, do not inhibit putrescine uptake. 
Inhibiting putrescine derivatives which contain aziridine groups are competitive inhibitors of putrescine 
and paraquat uptake. Surprisingly, N-(4-aminobutyl)aziridine is the most effective inhibitor of putrescine 
uptake studied, and is a better inhibitor of paraquat uptake than the endogenous polyamine, putrescine. 
N-(4-AminobutyBaziridine binds reversibly to the polyamine transporter and its inhibitory effects do 
not a pear to be due to any cytotoxic activity of the aziridine. The parameter A (mM)-’ defined as 
1000 P K, (where K, units are ,nM) was taken as a measure of the affinity of a compound for the polyamine 
receptor‘in this paper. 

The uptake of polyamines and their analogues by 
cells is a topic of much current interest [l-3]. 
Polyamines are ubiquitous, having been found in 
every living system investigated [4]. Endogenous 
polyamines appear to be involved in many biological 
processes including DNA replication [5], protein 
synthesis [6], cellular differentiation [7], enzyme 
regulation [8], and membrane stability [9]. 

Cellular uptake of polyamines has been inves- 
tigated using many cell types and uptake involves 
specific polyamine transporters [l, lo]. Little is 
known of the biochemical basis of polyamine uptake 
since no polyamine transport proteins have been 
isolated, although Byers et al. [ll] have recently 
obtained clones of Chinese-hamster ovary cells which 
express human genes for polyamine transport. 

Ingestion of paraquat leads to a selective uptake 
of this herbicide into both rat and human lung tissues 
[12-1.51. The cell types in lung tissue which 
accumulate polyamines and paraquat (1 ,l’-dimethyl- 
4,4-bipyridinium dichloride) are the Clara cells and 
alveolar epithelial type I and type II cells [15]. The 
transport system for the accumulation of paraquat 
in lung slices appears to be identical to that 
for natural polyamines including putrescine (1,4- 
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diaminobutane), spermidine (N-3-aminopropyl-1,4- 
diaminobutane) and spermine (NJ’-bis-3-amino- 
propyl-1 ,Cdiaminobutane) [12]. The process respon- 
sible for the uptake of paraquat into rat and human 
lung slices is saturable, energy dependent, and 
competitively inhibited by endogenous polyamines 
[ 14, 16, 171. Previous studies of the inhibiting action 
of various amines on the uptake of putrescine or 
paraquat by lung slices have shown that effective 
inhibitors require one or preferably two nitrogen- 
containing species, such as amino groups that are 
protonated at physiological pH, separated by at least 
four methylene groups [16]. 

We have investigated the entry of a range of 
polyamine analogues into rat lung slices, in order to 
elucidate the structural requirements necessary in 
molecules for their uptake by this transport system. 
Also, we hoped to prepare one or more compounds 
that would attach specifically to the paraquat-binding 
site of the uptake system, and then covalently bind 
to an amino acid located at or near the binding site. 
The intramolecular distance between the charged 
nitrogen atoms in paraquat and putrescine is 7.02 
and 6.6& respectively. It appears that effective 
inhibitors of the paraquat uptake system should 
have two cationic nitrogen atoms separated by 
approximately this distance [14]. We envisaged that 
the paraquat-binding site in the lung contains two 
anionic groups, presumably carboxylates, separated 
by about 7 A. Therefore, our approach, in the search 
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for an affinity label for the paraquat uptake system, 
was to employ a putrescine analogue containing a 
group with characteristics similar to those of an 
amino group, that would react with carboxylates. 
Both aziridines [18-201 and carbodiimides [21-231 
react with carboxylates and have been widely used 
as affinity labels and enzyme inactivators. Hence. 
we prepared analogues of putrescine, containing 
either aziridine or carbodiimide groups. 

All the inhibiting compounds that we studied 
were competitive inhibitors of putrescine uptake. 
Surprisingly, N-(4-aminobutyl)aziridine (1) was the 
most effective inhibitor of both putrescine and 
paraquat uptake that emerged from these studies. 

MATERIALS AND METHODS 

Materials. [ 1 ,4-14C]Putrescine dihydrochloride 
(118 mCi/mmol) and [methyl-*4C]paraquat dich- 
loride (111 mCi/mmol) were both obtained from 
Amersham International Ltd (Amersham, U.K.). 
Putrescine dihydrochlo~de was obtained from the 
Sigma Chemical Co. (Poole, U.K.). Paraquat 
dichloride (99.9%) was obtained from Imperial 
Chemical Industries PLC (Brackneli, U.K.). Hal- 
othane (Fluothane) was supplied by ICI PLC 
(Macclesfield,U.K.). Soluene-350(tissuesolubilizer) 
and Dimilume-30 (liquid scintillation fluid) were 
obtained from Packard Ltd (Poole, U.K.). Optiphase 
MP (liquid scintillation fluid) was obtained from 
FSA Laboratory Supplies Ltd (Loughborough, 
U.K.). The dihydrochloride salts of N-methyl- 
1,4-diaminobutane (Z), N,N-dimethyl-I,4-diam- 
inobutane (3). N,~-dimethyl-1,4-diaminobutane 
(41, N-methyl-~,~-dimethyl-1,4-diaminobutane 
(5), N-propyl-1,4_diaminobutane (7) and N-isobutyl- 
1,Cdiaminobutane (8) were prepared as described 
by Golding et al. [24]. N,N,N’,N’-Tetramethyl-1,4- 
diaminobutane dihydrochloride (6) was prepared 
from 1,6diaminobutane using the Eschweiler- 
Clarke procedure [25]. (Z)-1.6Diaminobut-Zene 
(9) was prepared from (Z)-1,4-dihydroxybut-2-ene 
as described by Fabian0 et al. [26]. (E)-1,4- 
Diaminobut-2-ene (10) was prepared from (2)-l ,4- 
dihydroxybut-2-ene by acetylation to give (Z)-1,4- 
diacetoxybut-2-ene, which was converted into the(E) 
isomer using tetrakis(triphenylphosphine)palladium 
1273, followed by removal of the acetate groups and 
amination of the hydroxy groups [26]. meso-l ,l- 
Dichloro-2.3-diaminomethylcyclopropane (11) was 
prepared from 2,3-dimethyl-4,7-dihydro-1,3-dioxe- 
pin [28] by reaction of this dioxepin with 
dichlorocarbene (generated in situ from chloroform 
and 19 M aqueous sodium hydroxide in the presence 
of the phase transfer catalyst cetyltrime- 
thylammonium bromide), followed by the acid- 
catalysed hydrolysis of the acetal group to give a 
diol, which was then aminated 1263 to give the 
required mesa compound (11). rat-l,l-Dichloro-2,3- 
diaminomethylcyclopropane (12) was prepared from 
(E)-1,4-dihydroxybut-2-ene by first protecting the 
alcohol groups as p-methoxybenzylethers, followed 
by reaction with dichlorocarbene. Removal of the 
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~-methoxybenzyl protecting groups by oxidation 
with cerium (IV) ammonium nitrate,* followed by 
amination [26] of the diol gave the desired rat 
compound (12). N-(4-Aminobutyl)aziridine (1) was 
prepared essentially using the route described by 
Piper et al. [29]. NJ’-Bis(2-bromoethyl)-1,4-di- 
aminobutane was prepared by the reaction of 1,4- 
diaminobutane with ethylene oxide to yield, after 
fractional distillation, N,N’-bis(2-hydroxyethyl)l,4- 
diaminobutane. This diol was reacted with hydro- 
bromic acid to give N,~-bis(2-bromomethyl)-1,4- 
diaminobutane which, at pH 7.4, undergoes ring 
closure to form N,~-bis-azi~dinyl-1,4-butane (13) 
[3]. N-(4-Aminobutyl)-2,3-exo-aziridinonorbornane 
(14) was obtained by reaction of N-phenyl- 
methoxycarbonyl-4-azidobutanamine [24] with nor- 
bornene, followed by silica-gel catalysed decompo- 
sition of the resulting triazoline and removal of the 
phenylmethoxycarbonyl group to give the desired 
aziridine (14). 1-Propyl-3-(4-dimethylaminobutyl)- 
carbodiimide (17) was obtained by the dehydration 
of l-propyl-3-(4-dimethylaminobutyl)urea using p- 
toluenesulphonyl chloride and triethylamine 131. The 
urea was prepared by the reaction of N,N-dimethyl- 
1,6diaminobutane with propyl isocyanate. N-(2- 
Bromoethyl)-1,4-diaminobut[2,3-“H]ane was pre- 
pared from (Z)-1,4-diaminobut-2-ene (9) by reaction 
with ethylene oxide followed by tritiation of the 
double bond by Amersham International PLC 
(Amersham, U.K.). To the resulting tritiated alcohol 
was added unlabelled N-(2-hydroxyethyl)-1 ,bdia- 
minobutane (16). Bromination of this alcohol 
with hydrobromic acid gave N-(2-bromoethyl)- 1,4- 
diaminobut[2.3-~H]ane which was diluted with cold 
N-(2-bromoethyl)-1,4-diaminobutane to give a final 
activity of 0.343 Ci/mmoi. 

Rat lung slice preparation. Slices of rat lung were 
prepared according to the method of Smith et al. 
[ 171. Male Alpk:APfSD (Wistar-derived) specific 
pathogen-free rats (body weight approximately 
2OOg) were killed by inhalation of halothane 
(Fluothane) and the lungs removed immediately 
after cessation of breathing. The lungs were washed 
with modified Krebs-Ringer phosphate buffer (KRP) 
containing sodium chloride (130 mM), potassium 
chloride (5.2 mM), calcium chloride (1.9 mM), 
magnesium sulphate (1.2 mM), disodium hydrogen 
phosphate (10 mM) and glucose (11 mM); the pH 
being adjusted to pH 7.4 by addition of 1 M 
hydrochloric acid. Lung tissue slices 0.5 mm thick. 
were obtained using a McIlwain tissue chopper. 

Measurement of the effect of compounds on the 
uptake ofputrescine. Flasks were prepared containing 
2.0. 5.0. 10 or 50pM [r4C]putrescine (0.3pM 
[“C]putrescine dihydrochloride plus the required 
quantity of unlabelled putrescine dihydrochloride) 
in KRP buffer (3.0 mL). Other flasks contained the 
above. but also contained concentrations of 10, 25 
OT 100pM of the compound under investigation. 
These concentrations were obtained by adding the 
appropriate volume of 10mM aqueous solution of 
test compound. For compounds of low water 
solubility [N-(4-aminobutyl)aziridine (11, N-(4- 
aminobutyl)-2.3~exe-aziridinonorbornane (14) and 
1-propyl-3-(4-dimethylaminobutyl)-carbodiimide 
(17)j ethanol replaces water in the 10 mM solutions. 
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The flasks were incubated at 37” and freshly prepared 
lung slices (20-40 mg) were added to each flask. 
These slices possess ample excess of polyamine 
receptor sites for the kinetic studies. The lung slices 
were incubated in the media at 37”, under air, for 
30 min in a shaking water bath at 70 rpm. 

Aliquots (0.1 mL) of each of the incubation media 
were then collected. The slices were removed from 
the media, washed with KRP and dissolved by 
warming with Soluene-350. Water (0.9 mL) and then 
Optiphase MP (10 mL) was added to each of the 
aliquots of incubation media. Dimilume-30 (10 mL) 
was added to the solutions containing dissolved slices 
at room temperature. The disintegrations per minute 
of each sample were measured by liquid scintillation 
spectroscopy. 

For each compound under assay this procedure 
was repeated three times using one rat for each 
procedure (i.e. three rats per compound). 

Measurement of the effect of compounds on the 
uptake of paruquat. The same procedure as that 
used to measure the effect of compounds on the 
uptake of putrescine was used but [14C]putrescine 
was replaced by [14C]paraquat dichloride. A 
[r4C]paraquat dichloride concentration of 5.0, 10, 
20, 50 or 100,uM (0.3 ,nM [14C]paraquat plus the 
required amount of unlabelled paraquat) was added 
to the media and the lung slices were incubated at 
37” at 70 rpm for 2 hr. 

Measurement of the effect of N,N’-bisaziridinyl- 
1,4-diaminobutane (13) on putrescine uptake. N,N- 
Bis(Zbromoethyl)-1,Cdiaminobutane was incu- 
bated at 37” in KRP buffer (10 mL) for 1.5 hr, which 
resulted in the formation of NJ’-bisaziridinyl-1,4- 
diaminobutane (13) [3]. Then quantities of this 
aziridine (13) solution were used in the uptake assays 
as described previously. 

The effect of preincubating lung slices in the 
presence of N-(4-aminobutylhzziridine (1) on the 
subsequent uptake of putrescine. Lung slices, 
prepared as described previously, were incubated at 
37” in a shaking water bath at 70 rpm for 15 min in 
KRP buffer (3.0mL) containing ethanol (3OpL). 
putrescine dihydrochloride (100 PM) and ethanol 
(30 pL), or aziridine (1) (100 PM added as 30 PL of 
a 10 mM solution in ethanol). The lung slices were 
then removed, washed with KRP buffer and 
transferred to flasks containing 2.0, 5.0, 10, 20 or 
50 PM [14C]putrescine (0.3 PM [14C]putrescine plus 
the required amount of unlabelled putrescine) in 
KRP buffer (3.0 mL). The flasks were incubated at 
37” at 70 rpm for 30 min and the samples were then 
treated in the same way as that used to measure the 
effect of compounds on the uptake of putrescine. 

Calculation of inhibitor constant Ki and affinity A. 
The ratio of the disintegrations per min per 100 mg 
of lung slice divided by the DPM per 100 PL of 
media for each incubated flask was calculated. This 
ratio multiplied by the concentration (PM) of 
[14C]putrescine or [14C]paraquat in each flask gave 
u (nmol putrescine/g wet weight lung/30 min or, 
nmol paraquat/g wet weight lung/2 hr). The u values 
were used to plot Lineweaver-Burk graphs, i.e. l/v 
against l/[S], where [S] is the concentration of 
putrescine or paraquar in PM with the intercept on 
the x-axis giving -l/K,,,. The intercept on the 

l/[fl-axis, of a Lineweaver-Burk plot for each 
concentration [fl (PM) of a competitive inhibitor, 
gives -l/K,. The Kj of each competitive inhibitor 
is calculated from the equation: 

-1 

and, if the units for Ki are PM, then A = 1000/K, 
has the units (mM)-‘. 

RESULTS 

An aim of this study was to explore the systematic 
changes of the putrescine structure on the uptake of 
these compounds ‘into rat lung slices, with the 
intention of defining the groups important in 
substrate recognition. We also envisaged that 
putrescine analogues containing aziridine or car- 
bodiimide groups might covalently bind to the 
receptor. Hence, the results are presented as studies 
using putrescine derivatives, conformationally- 
restricted analogues of putrescine, and aziridine- and 
carbodiimide-containing derivatives of putrescine. 

The K,,, (Michaelis-Menten constant) values for 
the uptake of [14C]putrescine, in the absence of any 
inhibitor, in eleven uptake studies, varied from 12 
to 18 PM. This range in K, values for putrescine is 
an indication of the variation that can occur in 
uptake studies. 

The effects of derivatives of putrescine on the uptake 
of putrescine by rat lung slices 

The K, and A values for the putrescine derivatives 
studied, when acting as inhibitors against the uptake 
of [14C]putrescine by rat lung slices are shown in 
Table 1. Relative inhibitory power is given directly 
by affinity A. All compounds displayed competitive 
inhibition of putrescine uptake, as determined by 
Lineweaver-Burk plots, i.e. V,,, had the same value 
when obtained in the presence or absence of all 
compounds tested. In this section, the best inhibitor 
of putrescine uptake is N-methyl-1,4_diaminobutane 
(2) (Fig. l), structurally close to the substrate, 
putrescine and with a Ki of 8. Dimethylation at one 
of the amino groups appears not to influence greatly 
the uptake of the compound, i.e. the K, values of 
N-methyl-1,4-diaminobutane (2) and N,N-dimethyl- 
1,4-diaminobutane (3) are of similar magnitude. 
N,N’-Disubstituted derivatives of putrescine are 
much poorer inhibitors than mono-substituted 
derivatives, i.e. the A value of N,N-‘-dimethyl-1,4- 
diaminobutane (4) is half that of N-methyl-1,4- 
diaminobutane (2). Increasing the number of groups 
attached to the amino groups of 1,4_diaminobutane, 
decreases the inhibitory potential of these 
compounds, i.e. the A value of N-methyl-NJ’- 
dimethyl-1,4_diaminobutane (5) is 24 whereas, that 
for N,N,N’,N’-tetramethyl-1,Cdiaminobutane (6) is 
10 (mM)-‘. 

N-Propyl-1 ,Cdiaminobutane (7) is a notably better 
inhibitor of putrescine uptake than N-isobutyl-1,4- 
diaminobutane (8). This difference must relate to 
the greater steric bulk of the isobutyl group compared 
to the propyl group. N-(ZHydroxyethyl)-1,4- 
diaminobutane (16) is a slightly better inhibitor than 
the propyl derivative (7) and this may be related to 
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Table 1. Inhibitory effects of putrescine derivatives on the uptake of putrescine into rat lung slices 

Inhibitor constant Affinity for receptor 
K, (PM) A (mM))’ 

HrN(CHr),NHCH, .2HCl 8 125 
H,N(CH2),N(CH&. 2HCl 11.5 87 
CH3NH(CH&,NHCHJ. 2HCl 25.5 39 
CH3NH(CH&,N(CH,),. 2HCI 41.5 24 
(CHr)zN(CH2)4N(CH&. 2HCI 100 10 
H2N(CH2),NHCH2CH2CH2. 2HCl 23 43 
H,N(CHr),NHCHrCH(CH& .2HCI 51 20 
H2N(CH2),NHCH2CH20H 14 71 

Lung slices were incubated at 37” for 30min in buffer containing 2.0, 5.0, 10. 20 or 50,uM 
[“‘C]putrescine (0.3 PM [‘%]putrescine plus the required amount of unlabelled putrescine) and the 
compound under study (0, 10, 2.5 or 1OOpM). The accumulation of “C-label into the lung slices was 
measured. This procedure was repeated using three animals for each compound being studied. The 
mean value from three rats at each compound concentration was calculated. The K, at each 
concentration of the compound being studied was determined from Lineweaver-Burk plots and the 
mean value is listed in the table. 
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Fig. 1. The effect of N-methyl-1,4-diaminobutane dihydrochloride (2) on the uptake of [‘Clputrescine. 
Lineweaver-Burk plot of the uptake of [i4C]putrescine into rat lung slices after 30 min at 37”, at 70 rpm. 
in buffer, in the presence of OpM (Cl), 10pM (Cl), 25pM (0) and 1OOpM (m) of N-methyl-1.4- 
diaminobutane dihydrochloride (2). The values shown represent mean values plus or minus the standard 
error of the mean of three observations. Where the standard error is not shown, it did not extend 

beyond the point plotted. 

the slightly smaller steric bulk of the hydroxyethyl 
compared to the propyl group. 

The effects of conformationally restricted derivatives 
of putrescine on the uptake of putrescine into rat lung 
slices 

Both the (Z) and (E) isomers of 1,4-diaminobut- 
2-ene (9) and (lo), respectively, are poorer 
competitive inhibitors of putrescine uptake than N- 
methyl- (2), N,N-dimethyl- (3), N,N’-dimethyl- 
(4), N-(Zhydroxyethyl) (16) and N-propyl-1,C 
diaminobutane (7) (Table 2). The difference between 
the Ki values of the (Z) and (E) isomers of 1,4- 
diaminobut-Zene may not be significant and are 
within the margin of experimental error. 

Both meso- and rat-l,l-dichloro-2,3-diamino- 
methylcyclopropanes (11) and (12) respectively, do 
not inhibit the uptake of putrescine by the receptor. 

The effects of some aziridines and a carbodiimide on 
the uptake of putrescine orparaquat by rat lung slices 

All the inhibiting compounds studied were 
competitive inhibitors of putrescine or paraquat 
uptake. 

N-(2-Bromoethyl)-1,4-diaminobutane (15) (Table 
3) appears to be a better competitive inhibitor of 
putrescine uptake than its hydroxyl precursor (16) 
(Table 1). We have shown, by proton NMR studies 
[3], that in the buffer conditions used for the uptake 
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Table 2. Inhibitory effects of conformationally restricted analogues of putrescine on the uptake 
of putrescine into rat lung slices 

Inhibitor constant 
K (PM) 

Affinity for receptor 
A (mM)-’ 

(9) d . 2HCI 40 25 

(IO) H$W&X+Ne . 2HCI 31 32 

No inhibition 0 

NO inhibition 0 

See footnote to Table 1. 

Table 3. Inhibitory effects of some aziridines and I-propyl-3-(4-dimethylaminobutyl)carbodiimide (17) on the uptake of 
putrescine or paraquat into rat lung slices 

Inhibition of putrescine uptake 
K (PM) A (mM)-’ 

Inhibition of paraquat uptake 
K (PM) A (mM)-’ 

(15) 

(1) 

03) 

(14) 

07) 

H2N(CH2)4NH2 2HCI 10 100 

H2N(CH2)qNHCH2CH2Br . PHBr 9 111 

HPJ(CH2)4N 3 7.5 133 5 200 

r WH2)4N 3 31.5 32 

& N(CH2)4Wz 197 5 

CH$CH2)2N=C=N(CH2)4N(CH3)2 No inhibition 0 

For details see footnote to Table 1. In addition, for paraquat uptake studies, lung slices were incubated at 37” at 
70 rpm for 2 hr in buffer containing 5.0, 10, 20, 50 or 100 PM of [%]paraquat (0.3 PM [14C]paraquat plus the required 
amount of unlabelled paraquat) and the compound under study (0, 10, 25 or 100 PM). 

assays, bromide (15) forms N-(Caminobutyl)- 
aziridine (1). Hence, the effect measured is due to 
a mixture of bromide (15) and aziridine (1). 

The most potent inhibitor studied is N-(4- 
aminobutyl)aziridine (1) (Fig. 2) and this aziridine 
appears to be a better competitive inhibitor of 
paraquat uptake than the endogenous polyamine, 
putrescine. The modest difference in A values 
between N-(4-aminobutyl)aziridine (1) and N- 
methyl-1,4-diaminobutane (2) suggests that the 
inhibitory effects of aziridine (1) may not be due to 
the reactivity ofthe aziridine ring. N,N’-Bisaziridinyl- 
1,4-butane (13) is a much less effective inhibitor 

than N-(4-aminobutyl)aziridine (1). This isconsistent 
with the results obtained from the methyl derivatives 
of putrescine, indicating that effective inhibitors 
require one primary amino group. However, N,N’- 
bisaziridinyl-1,Cbutane (13) is a much better 
inhibitor than N,N,N’,N’-tetramethyl-l,Cdiam- 
inobutane (6). The aziridine group has a stronger 
affinity for the substrate binding site than the N,N- 
dimethyl group. 

The final aziridine assayed, N-(4-aminobutyl)-2,3- 
aziridinonorbornane (14) is a poor inhibitor of 
putrescine uptake and has low affinity for the 
polyamine receptor. 
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Fig. 2. The effect of N-(4-aminobutyl)aziridine (1) on the uptake of [“C]putrescine. Lineweaver-Burk 
plot of the uptake of [“Clputrescine into rat lung slices after 30 min at 37”. at 70 rpm in buffer, in the 
presence of OpM (0). 10pM (0). 2.5 PM (0) or 1OOpM (*) of N-(J-aminobutyl)aziridine (1). The 
values shown represent mean values plus or minus the standard error of the mean of three observations. 

Where the standard error is not shown. it did not extend beyond the point plotted. 

1 - Propyl- 3 - (4-dimethylaminobutyl)carbodiimide 
(17), with no primary amino group, did not inhibit 
the uptake of putrescine. 

The effect of pre-incubating rat lung slices on the 
subsequent uptake of putrescine 

Rat lung slices were pre-incubated for 15 min in 
buffer containing either N-(4-aminobutyl)aziridine 
(1) (100 PM) in ethanol (3OpL). or putrescine 
(100 PM) and ethanol (30 ,uL), or ethanol (30 ,uL). 
The lung slices were then removed, washed, and the 
uptake of putrescine into these lung slices was 
measured by incubating these lung slices in buffer 
containing [14C]putrescine (2.0,5.0, lo,20 or 50 PM) 
at 37” with shaking for 30 min. The uptake of labelled 
putrescine was then determined in the same way as 
described for the other uptake studies. The K,,, value 
of putrescine uptake in lung slices that had been 
pre-incubated with 100pM putrescine was 16,uM, 
for lung slices pre-incubated with 100pM N-(4- 
aminobutyl)aziridine was 14 PM and for lung slices 
pre-incubated with 3OpL ethanol was 11 PM (Fig. 
3). 

DISCUSSION 

Most of the compounds that we assayed reduce 
the uptake of [14C]putrescine and/or [14C]paraquat 
into rat lung slices indicating that these compounds 
inhibit putrescine or paraquat transportation into 
cells by the polyamine uptake mechanism. The 
Lineweaver-Burk plots show that all our tested 
inhibitors of putrescine or paraquat uptake display 
competitive inhibition. Thus, the inhibition is 
reversible and none of the inhibiting molecules 
covalently bind to the polyamine transporter. 

Smith et al. [17] have shown previously that 
measurement of carbon-14 is an acceptable method 
for determining the amount of [14C]putrescine or 

[‘%]paraquat in lung slices. In the present assays, 
the lung slices were washed with buffer, after 
incubation with [“Clputrescine or [“Clparaquat. 
The work of Gordonsmith and coworkers [16] 
suggests that some of the 14C-labelled compound, 
measured in our assays, arises from diffusion rather 
than from receptor-mediated uptake. The amount 
of 14C-labelled compound that was accumulated in 
the lung slices because of diffusion is probably a 
constant factor in all of our determinations. No 
correction for this factor was deemed to be necessary 
as we sought only comparable Ki values for the 
inhibitors. 

Assuming that the K, values of test compounds 
inversely reflect their affinity for the polyamine 
receptor in rat lung slices under the experimental 
conditions used, then A = 1000/K, will be a measure 
of this affinity. If K, is in PM units, A will be in 
(mM)-’ units. The data for N-alkyl derivatives of 
putrescine (Table 1) indicates that the larger the 
steric size of the alkyl group, the poorer the 
association of the compound with the substrate- 
binding site of the receptor. This is illustrated by the 
sequence: N-methyl-1,4-diaminobutane (2) (A = 
125), N-propyl-1.4-diaminobutane (7) (A = 43) and 
N-isobutyl-1,4-diaminobutane (8) (A = 20). Also, 
increasing the number of substituents on the amino 
groups of putrescine decreases the uptake of the 
compound. as can be seen by the large drop in A 
values on increasing the number of N-methyl groups 
fromN-methyl-1,4-diaminobutane (2) to N,N,N’,N’- 
tetramethyl-1,4-diaminobutane (6). The ratio of A 
values for N-methyl- (2) and N,N-dimethyl-l,l- 
diaminobutane (3) is 1.44, whereas, the ratio for N- 
methyl-l ,4-diaminobutane (2) and the N,N’-dimethyl 
compound (4) is 3.2. Therefore, increasing the 
methyl substituents at one amino group of putrescine 
has a minor effect on affinity and inhibitory potential. 
but methylation at both amino groups has a more 
marked effect. 
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Fig. 3. The effect of pre-incubati6n of lung slices in buffer containing N-(4-aminobutyl)aziridine (1) 
(100 PM) or putrescine (100 PM) on the subsequent uptake of [‘4C]putrescine. Rat lung slices were 
incubated at 37”, at 70 rpm for 15 min in buffer containing 30 PL ethanol (O), 100 PM putrescine 
dihydrochloride and 30 PL ethanol (0). or 100 PM N-(4-aminobutyl)aziridine (1) (added as 30 PL of a 
10 mM solution in ethanol) (m). The lung slices were then washed with buffer. Lineweaver-Burk plot 
of the subsequent uptake of [“Clputrescine into the lung slices after 30min. at 70rpm in buffer 
containing [14C]putrescine (2.0. 5.0, 10, 20 or 5OpM). The values shown represent mean values plus 
or minus the standard error of the mean of three observations. Where the standard error is not shown, 

it did not extend beyond the point plotted. 

We investigated the inhibitory action of some 
conformationally-restricted analogues of putrescine 
and showed that both the (E) and (Z) isomers of 
l,Cdiaminobut-Zene [(lo) and (9)], were relatively 
poor competitive inhibitors of [‘4C]putrescine uptake 
(Table 2). l,CDiaminobut-Zenes are not only less 
flexible than putrescine, but as carbon-carbon double 
bonds are shorter than carbonxarbon single bonds 
(bond lengths. C=C (ethylene) 1.34A [30], C-C 
(ethane) 1.54 A [31]) the distance between the amino 
groups in 1,4-diaminobut-2-enes is less than in 
putrescine. Either or both of these factors may 
account for the lower affinity of 1,4-diaminobut-2- 
ene than that of putrescine for the receptor. Work 
carried out by Heston et al. [32] on the uptake of 
[ 14C]putrescine and its derivatives into Dunning 
R3327 MAT-LU rat prostate-derived tumour cells 
supports this result. 

Another class of conformationally restricted 
analogues of putrescine that we investigated were 
l,l-dichloro-2,3-diaminomethylcyclopropanes. The 
distance between the amino groups in both meso- 
(11) and rut-l,l-dichloro-2,3-diaminomethylcyclo- 
propane (12) is similar to the distance between the 
amino groups of the extended conformation of 
putrescine. 1,3_Diaminopropane and 1,2-diamino- 
ethane are poor inhibitors of putrescine uptake into 
rat lung slices [16], indicating that putrescine, in its 
extended conformation, binds to the polyamine 
transporter. Neither meso- (11) nor rac-l,l-dichloro- 
2,3-diaminomethylcyclopropane (12) were found to 
inhibit the uptake of putrescine. This inactivity may 
relate to conformational rigidity in these molecules 
in comparison with putrescine or the bulk of the two 
chlorine substituents in the cyclopropane ring may 

prevent these molecules fitting into the putrescine- 
binding receptor site. 

In attempts to label covalently the paraquat and 
polyamine transporter, we investigated the uptake 
of polyamine analogues, containing an aziridine 
or a carbodiimide function. The carbodiimide- 
containing analogue of putrescine, l-propyl-3-(4- 
dimethylaminobutyl)carbodiimide (17), failed to 
inhibit the uptake of putrescine, probably because 
of the absence of a primary amino group. (N.B. 
the t&N-substituted diimide (17) was synthetically 
accessible, compared to analogues lacking one or 
more N-alkyl substituents.) Compounds containing 
one primary amino group have been shown to be 
poor inhibitors of putrescine uptake [16], and the 
carbodiimide (17) has just a single (tertiary) amino 
group. The presence of the single dimethylamino 
group confers no affinity for the receptor in this 
case. 

The least effective aziridine studied was N-(4- 
aminobutyl)-2,3_aziridinonorbornane (14), indi- 
cating that the substrate-binding site cannot tolerate 
the bulky norbornyl group. 

Both N-(4-aminobutyl)aziridine (1) and N,N’-bis- 
aziridinyl-1,4-butane (13) are competitive inhibitors 
of putrescine and/or paraquat uptake. The mono- 
aziridine (1) is a better inhibitor than N,N-dimethyl- 
1,Cdiaminobutane (3) and the bisaziridine (13) 
more effective than N,N,N’,N’-tetramethyl-1,4- 
diaminobutane (6)) indicating that the aziridine 
group has a stronger affinity for the substrate binding 
site than the N,N-dimethylamino group. 

A surprising result is that N-(Camino- 
butyl)aziridine (1) appears to be a better substrate 
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for the uptake system than putrescine, and is the 
most effective inhibitor we studied. 

N-(4-Aminobutyl)aziridine (1) might covalently 
bind to the receptor to hinder, but not totally block, 
the transport of putrescine and paraquat. This is 
consistent with the kinetics, but to eliminate this 
possibility, we pre-incubated lung slices in buffer 
containing either putrescine (100 ,uM) or aziridine 
(1) (1OOyM) for 1.5 min. The uptake of 
[‘%]putrescine into these lung slices was then 
measured. There was very little difference in the 
subsequent uptake of [“C]putrescine in lung slices 
that had been pre-incubated with either putrescine 
or N-(4-aminobutyl)aziridine. This indicates that the 
aziridine binding is readily reversible and confirms 
that the aziridine does not covalently bind to the 
receptor. 

In order to elucidate further the reasons for the 
inhibitory action of N-(4-aminobutyl)aziridine (1) 
on the uptake of putrescine and paraquat, 
we prepared N-(2-bromoethyl)-1,4-diaminobut[2,3- 
3H]ane. We have shown that in an aqueous medium 
at pH 7.4, the conditions used for the uptake studies, 
N-(Z-bromoethyl)-1.4-diaminobutane (15) ring clo- 
ses to form N-(4-aminobutyl)aziridine (1) [3]. 
The use of N-(2-bromoethyl)-1,4-diaminobutane 
(conveniently as its crystalline dihydrobromide) 
renders much safer the handling of the aziridine. 
which is expected to be very toxic [33]. The N-(2- 
bromoethyl)-l,4-diaminobut[2,3-3H]ane was diluted 
with N-(Zbromoethyl)-1,Cdiaminobutane (15) to 
give a mixture of specific activity 0.343 Ci/mmol. 
The resulting mixture was found to have a K,,, value 
of 12.2 +- 3.1 PM and a V,,,,, of 203.8 2 12 nmol (g 
wet weight hmg)-1 hr-’ (unpublished results, I. 
Wyatt and R. Moore). The rC, values for the uptake 
of competitive inhibitors into rat lung slices appears 
to be equivalent to the K, values of these inhibitors 
against putrescine uptake 1341 and whereas A = 
1000/K, by definition, A is also given approximately 
by 1000/Km. The Ki value of N-(2-bromoethyl)-1,4- 
diaminobutane (15) (9 PM) against putrescine uptake 
is similar to the K, value obtained for the tritiated 
compound. The V,,, value of the tritiated bromide 
is significantly less than the V,,, value of 1000 nmol 
(g wet weight)-’ hr-i reported for putrescine uptake 

1341. 
Autoradiography studies of rat lung slices which 

have been incubated with tritiated aziridine (1) 
indicate thatthiscompoundisselectivelyaccumulated 
into Clara cells and Type I and Type II epithelial 
cells (unpublished results, I. Wyatt and A. Soames). 
These are the cell types that have been shown 
previously to accumulate putrescine and paraquat in 
rat lungs [15]. These results confirm that N-(4- 
aminobutyl)aziridine (1) is a substrate for the 
polyamine transporter. 

It is known that N-(4-aminobutyl)aziridine is 
cytotoxic 13.51, and its affinity A might be high not 
just because it fits the uptake system better than 
putrescine but, perhaps, the aziridine enters the cell 
and its subsequent cytotoxic activity causes the 
uptake system to be impaired. However, we have 
shown that 15 min exposure to N-(4-amino- 
butyl)aziridine (1) does not unduly influence 
subsequent uptake of putrescine into lung slices and. 

R 

A p._--~--‘. 0 

I i 

\ 
Possible approaches far 

H nucleophile to achieve 

aziridine ring opening 

Fig. 4. Hypothesis concerning the interactions between N- 
(4-aminobutyl)aziridine (I) and the substrate binding site 

of the paraquat uptake system. 

therefore, the cytotoxic activity of the aziridine (1) 
either does not damage the polyamine uptake 
system, or damage takes longer than 15 min to 
become apparent. Since the uptake studies we 
performed involved lung slices incubated with N-(4- 
aminobutyl)aziridine (1) for 30 min, this longer 
period needs consideration. 

N-(4-Aminobutyl)aziridine (1) might be pro- 
tonated to form an aziridinium ion near the substrate- 
binding site of the polyamine uptake system. 
Aziridinium ions are reactive towards nucleophilic 
species [34] and we envisaged that one of the putative 
carboxylate groups of the substrate-binding site 
would react with one of the methylene groups of 
the aziridinium ion, causing ring opening with 
concomitant formation of a covalent bond. A 
possible explanation for the lack of covalent binding 
of N-(4-aminobutyl)aziridine to the receptor is shown 
in Fig. 4. The aziridine (1) might fit into the substrate- 
binding site of the receptor in a particular 
conformation. Nucleophilic attack to induce the 
formation of a covalent bond is a SN2 reaction and 
has to come from a specific direction [36]. If the 
substrate-binding site of the receptor does not 
contain any suitable nucleophiles in positions which 
can result in ring opening, a covalent bond will not 
form. 

Our results for N-(4.aminobutyl)aziridine (1) and 
N,N’-bisaziridinyl-1,4-butane (13) using lung slices 
are in general agreement with the results published 
by Heston ef al. [35] using PC-3 human prostatic 
carcinoma cells. They showed that the K, for N-(4- 
aminobutyl)aziridine (1) against putrescine uptake 
was 1.0 pM, and for N,N~-bisaziridinyl-1 ,Cbutane 
(13) was 43OpM. Both compounds displayed 
competitive inhibition, whereas, the apparent K,, 
for putrescine was 3.3 FM. They obtained K, 
values for N,N-diethyl-1,Cdiaminobutane and N,N’- 
diethyl-1.4-diaminobutane of 2.0 and 135 PM. 
respectively. The conclusion reached was in 
agreement with our observations that di-N-alkyl 
substitution of both nitrogens of putrescine produces 
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compounds that are much less effective competitive 
inhibitors of putrescine uptake than substitutions on 
just one nitrogen. 14. 

Porter et al. [37] have suggested that as cellular 
uptake of polyamine molecules is carrier mediated, 
polyamine analogues, containing antineoplastic 15 
groups, might be useful vehicles for delivering an ’ 
antineoplastic function into tumour cells. Also, 
certain polyamine analogues, utilizing the polyamine 
transport system, might accumulate in cells and 16. 
interfere with polyamine metabolism and function. 
In consequence they might act as antiproliferatives 
[37]. The sequence of affinities for the polyamine 
receptors of rat lung and the molecular structure- 17. 

affinity relations developed in this paper help in the 
formulation of molecular structures of potential 
therapeutic value. 

18. 

Acknowledgements-We thank R. Moore for providing 
dataon the uptake of ‘H-labelled N-(4-aminobutyl)aziridine 

19. 

and A. Soames for autoradiography studies of rat lung 
slices incubated with this tritiated aziridine. Also, our 
thanks to D. G. O’Sullivan for help in preparing this 
manuscript. 20 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12 

13 

REFERENCES 

Pegg AE, Polyamine metabolism and its importance in 
neoplastic growth and as a target for chemotherapy. 

2l 

Cancer Res 48: 759-774, 1988. 
Bergeron RJ, Neims AH, McManis JS, Hawthorne ?? 

Yamada H. Imoto T and Noshita S, Modification of 
catalytic groups in lysozyme with ethylenimine. 
Biochemistry 21: 2187-2192. 1982. 
Monsma FJ, Katzenellenbogen BS, Miller MA, Ziegler 
TS and Katzenellenbogen JA, Characterization of the 
estrogen receptor and its dynamics in MCF-7 human 
breast cance; cells using a covalently attaching 
antiestrogen. Endocrinoloav 115: 14>153. 1984. 
Zablocki- JA, KatzenelleTbogen JA, Carlson KE, 
Norman MJ and Katzenellenbogen BS, Estrogenic 
affinity labels: synthesis, irreversible receptor binding, 
and bioactivity of aziridine-substituted hexestrol 
derivatives. J Med Chem 30: 829-838, 1987. 
Banks TE. Blossey BK and Shafer JA, Inactivation of 
a-chymotrypsin by a water soluble carbodiimide. J Biol 
Chem 244: 6323-6333, 1969. 

TR, Vinson JRT, Bortell R and Ingeno MJ, Synthetic 
polyamine analogues as antineoplastics. J Med Chem 
31: 1183-1190, 1988. 
O’Sullivan MC. Ph.D. Thesis (University of Newcastle 
Upon Tyne. U.K.), 1989. 
Tabor CW and Tabor H. Polvamines. Annu Rev 
Biochem 53: 749-790, 1984: ’ 
Geiger LE and Morris DR. Stimulation of deoxy- 
ribonucleic acid replication fork movement by 
spermidine analogues in polyamine-deficient Esch- 
erichia coli. J Bacterial 141: 1192-1198, 1980. 
Slocum RD, Kaur-Sawhney R and Galston AW, The 
physiology and biochemistry of polyamines in plants. 
Arch Biochem Biophys 235: 283-303. 1984. 
Fozard JR, Part M, Prakash NJ, Grove J, Schechter 
PJ, Sjoerdsma A and Koch-Weser J, L-Ornithine 
decarboxylase: an essential role in early mammalian 
embryogenesis. Science 208: 505-508, 1980. 
Gellert M, Mizuuchi K, O’Dea MH and Nash H, DNA 
Gyrase: an enzyme that introduces superhelical turns 
into DNA. Proc Nat1 Acad Sci USA 73: 3872-3876. 
1976. 
Altman A, Kaur-Sawhney R and Galston AW, 
Stabilisation of oat leaf protoplasts through polyamine- 
mediated inhibition of senescence. Planf Physiol 60: 
570-574, 1977. 
Van Den Bosch L, De Smedt H, Missiaen L, Parys JB 
and Borghgraef R, Transport systems for polyamines 
in the established renal cell line LLC-PK,. Biochem J 
265: 609-612, 1990. 
Bvers TL. Wechter R. Nuttall ME and Pegt! AE. 
Eipression of a human gene for polyamine t&port 
in Chinese-hamster ovary cells. Biochem J 263: 745- 
752, 1989. 
Smith LL, The identification of an accumulation system 
for diamines and polyamines into the lung and its 
relevance to paraquat toxicity. Arch Toxicol Suppl 5: 
l-14. 1982. 
Smith LL. Pratt I, Elliott C and Wyatt I. The 
accumulation of putrescine and paraquat into lung 

LL. Williams A and Ibrahim IT, Carbodiimide chemistry: 
recent advances. Chem Rev 81: 589-636. 1981. 

23. Walker B, Blumsom NL and Elmore DT, Putative 
irreversible inhibitors of trypsin-like enzymes: ana- 
logues of basic amino acids bearing a carbodi-imide 
moiety. Biochem Sot Tram 15: 513-514. 1987. 

24. Golding BT. O’Sullivan MC and Smith LL, Convenient 
routes to alkyl-substituted polyamines. Tetrahedron 
Lett 29: 6651-6654. 1988. 

slices taken from BHT treated mice. Toxicology 27: l- 
13, 1983. 
Brooke-Taylor S, Smith LL and Cohen GM, The 
accumulation of polyamines and paraquat by human 
peripheral lung. Biochem Pharmacol 32: 717-720, 
1983. 
Wyatt I, Soames AR, Clay MF and Smith LL, 
The accumulation and localisation of putrescine, 
spermidine, spermine and paraquat in the rat lung. 
Biochem Pharmacol37: 1909-1918, 1988. 
Gordonsmith RH, Brooke-Taylor S, Smith LL and 
Cohen GM, Structural requirements of compounds to 
inhibit pulmonary diamine accumulation. Biochem 
Pharmacol32: 3701-3709, 1983. 
Smith LL and Wyatt I, The accumulation of diamines 
and polyamines into rat lung slices. Biochem Pharmacol 
31: 3029-3033, 1982. 

25. Moore ML, The Leuckart reaction. Organic Reactions 
New York 5: 301-325, 1941. 

26. Fabian0 E, Golding BT and Sadeghi MM, A simple 
conversion of alcohols into amines. Synthesis 190-192. 
1987. 

27. Crilley MML. Golding BT and Pierpoint C. Palla- 
dium(II)-catalysed rearrangements of allylic acetates in 
the syntheses of methyl (lo.??. 12Z)-9-hydroxyoctadeca- 
10.12-dienoate (a-dimorphecolate) and (2E, 4Z)-deca- 
2,4-dienal. J Chem Sot Perkin Trans 1: 2061-2067, 
1988. 

28. Elliott WJ and Fried J, Maytansinoids synthesis of a 
fragment of known absolute configuration involving 
chiral centers C-6 and C-7. J Org Chem 41: 2469-2475, 
1976. 

29. Piper JR, Stringfellow CR, Elliott RD and Johnston 
TP, S-2-(w-Aminoalkylamino)ethyl dihydrogen phos- 
phorothioates and related compounds as potential 
antiradiation agents. J Med Chem 12: 236-243, 1969. 

30. Costain CC and Stoicheff BP, Microwave spectrum, 
molecular structure of vinyl cyanide and a summary of 
CC, CH bond lengths in simple molecules. J Chem 
Phys 30: 777-782, 1959. 

31. Somayajulu GR. Lengths of CC single bonds and radii 
of hybrid orbitals of carbon. J Chem Phys 31: 919-921, 
1959. 

32. Heston WD, Kadmon D, Covey DF and Fair WR, 
Differential effect of a-difluoromethylornthine on the 
in vivo uptake of %labeled polyamines and 
methylglyoxal bis(guanylhydrazone) by a rat prostate- 
derived tumour. Cancer Res 44: 1034-1040, 1984. 



1848 M. C. O’SULLIVAN et al. 

33. Dermer 0 and Ham G, Ethylenimine and Other and growth of prostatic cancer cells in uitro. Biochem 
Aziridines. Academic Press, New York, 1969. Pharmncol36: 1849-1852, 1987. 

34. Wyatt I, Moore RB and Smith LL, Competition for 36. Tenud L, Farooq S, Seibl J and Eschenmoser A, 
polyamine uptake into rat lung slices by WR2721 and Endocyclische S,-reaktionen am gesattigten kohlen- 
analogues. Int .l Radiat Biot 55: 463-472, 1989. stoff. Helv Chim Actu 53: 2059-2069, 1970. 

35. Heston WDW, Watanabe KA, Pankiewicz KW and 37. Porter CW, Cavanaugh PF, Stolowich N, Ganis B, 
Covey DF, Cytotoxic and non-cytotoxic N-alkyl Kelly E and Bergeron RJ, Biological properties of N4- 
derivatives of putrescine: effect on polyamine uptake and Nr,N*-spermidine derivatives in cultured L1210 

leukemia cells. Cancer Res 45: 2050-2057. 1985. 


