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Abstract-Paraquat and the structurally similar polyamines, such as putrescine and spermidine, are 
accumulated actively and selectively by the alveolar type II cells via the polyamine uptake system. We 
report the uptake kinetics of paraquat and putrescine and their mutual inhibition in freshly isolated rat 
type II cell suspensions. The uptake of paraquat by type II cells exhibited saturation kinetics and could 
be inhibited in a concentration-dependent manner by putrescine. By applying enzyme kinetic analysis 
to our experimental data it was demonstrated that the uptake of paraquat or putrescine is inhibited in 
a partially competitive manner by the respective inhibitor. Thus, we postulate that the polyamine uptake 
pathway in type II cells for paraquat and putrescine has two separate sites, one for each substrate, and 
that binding of one leads to a conformational change in the other. 

The lung is the target organ for paraquat 
(1 ,l’-dimethyl-4,4’-bipyridylium dichloride) toxicity 
because of the active accumulation of this herbicide 
by the alveolar type II cells. This uptake is mediated 
by the polyamine uptake system [l, 21. Intracellular 
paraquat undergoes a well-described redox cycling 
which leads to the biochemical events that cause 
destruction of the type I and II cells [2,3]. As 
demonstrated first by Rose etal. [l], the accumulation 
of paraquat into the lung is energy dependent and 
saturable and the Michaelis constants for the process 
have been reported for lung slices from several 
species [4]. 

Because the lung is composed of as many as 40 
different cell types, of which type II cells account 
for only about 15% of the total cell population [5], 
investigators have turned to the examination of 
paraquat and polyamine uptake by relatively pure 
populations of these target cells. Active uptake of 
paraquat into suspensions of freshly isolated type II 
cells from the rat [6] and rabbit [7] has been observed 
but Michaelis constants were not measured. 
Recently, Oreffo et al. [8] reported the Michaelis 
constants for the uptake of putrescine by type II 
cells maintained in culture for 48 hr. This compound 
is thought to share the same uptake pathway as 
paraquat [9]. However, these investigators could not 
determine the K,,, and V,,,,, for paraquat directly 
“because of variable response at different con- 
centrations of the herbicide”. 

* Corresponding author: Dr N. Chen, Department of 
Medicine, Princess Alexandra Hospital, Ipswich Road, 
Woolloongabba, Queensland, Australia, 4102. Tel. (61) 7 
240 5343; FAX (61) 7 240 5399. 

t Abbreviations: BSA, bovine serum albumin; IgG, 
immunoglobulin G; LDH, lactate dehydrogenase; PBS, 
phosphate-buffered saline; Tricine, N-tris(hydroxymethyl)- 
methylglycine. 

The loss of differentiated function of type II cells 
in culture has been well documented [5]. Because 
of this and our interest in examining the effects of 
possible antidotes to paraquat toxicity in pure 
populations of type II cells, we used freshly isolated 
rat type II cells to study the uptake of paraquat. 
Here we report the Michaelis constants for the 
uptake of paraquat and putrescine by these cells in 
suspension and the kinetics of the inhibition of each 
substrate by the other. 

MATERIALS AND METHODS 

Chemicals. Radiolabelled [methyl-14C]paraquat 
(101 mCi/mmol) was purchased from Cambridge 
Research Biochemicals (Billingham, U.K.) and 
[1,4-14C]putrescine (90.4 mCi/mmol) from New 
EnglandNuclear (MA, U.S.A.). High purity elastase 
(EC 3.4.4.7) was obtained from the Elastin Products 
Co. (MI, U.S.A.), DNAse I from Calbiochem (CA, 
U.S.A.), and fetal calf serum and bovine serum 
albumin (BSAI) from Flow (Seven Hills, Australia). 
Silicone fluid (density = 1.03 g/mL) used in these 
experiments was a mixture of three parts of melting 
point bath oil (high temperature) from Sigma (M- 
9389; MO, U.S.A.) with two parts of 556 cosmetic 
grade fluid from Dow Corning (MI, U.S.A.). Sodium 
pentobarbitone was supplied by Abbott (Asquith, 
Australia) and sodium heparin by David Bull 
Laboratory (Mu&rave, Australia). All other chemi- 
cals used were analytical grade. 

Phosphate-buffered saline (PBS)-Hepes buffer 
(pH7.4) contained NaCl (140mM), KC1 (5mM), 
Na2HP04 (2.5 mM), Hepes (10mM) and glucose 
(6mM). PBS-Hepes buffer with EGTA (0.2mM 
from Sigma, MO, U.S.A.) is referred to as solution 
I. Solution II consisted of PBS-Hepes buffer 
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with CaClz (2mM) and MgS04 (1.3mM). N- 
Tris(hydroxymethyl)-methylglycine (Tricine) buffer 
(pH 7.4) contained N&l (128 mM), KC1 (4.74 mM), 
K&PO4 (1.18S mM), glucose (6 mM) and Ti-icine 
~1~rnM~. The Percall soiution (density = 1.04 
g/mL) was prepared by mixing 10.8 mL Per&l 
(Uppsala, Sweden) with 4mL of 10 times con- 
centrated PBS-Hepes (pH 7.4) and 25.2 mL HzO. 

Rat immunoglobulin G (IgG) was purified by 
caprylic acid precipitation of serum from normal 
Sprague-Dawley rats using the method of McKirmey 
and Parkinson [lo]. 

Animds. This study was approved by the 
University of Queensland Animal Ethics Committee, 
Female pathogen-free rats of Wistar species (180- 
250 g) were supplied by the Central Animal Breeding 
House of the University of Queensland, Australia 
and were allowed free access to food and water, 

lsobtion ~fa~~e~~~r fype If cells. Petri dishes were 
coated (6 ml/dish) with rat IgG (0.5 mg/mL) in Tris 
buffer (SOmM, pH 9.5). These were kept at 4” 
overnight and on the following day brought to room 
temperature and washed five times with Tricine 
buffer. Three to nine rats were used for each 
experiment. Type II cells were prepared essentially 
according to the method of Dobbs et af. [ll] but 
with the addition of a Pereoll gradient centrifugation 
step described by Rannels et al. [12]. 

Rats were anaesthetized by an intraperitoneal 
injection of sodium pentobarbitone (45 mg/kg) 
mixed with sodium heparin (3750 U/kg) and placed 
supine on an operating table. The trachea was 
cannulated with polyethylene tubing (2 mm) and the 
animal ventilated mechanically (16 breaths/min) 
with a Palmer respirator (London, U.K.). A 
thoracotomy was performed and the inferior vena 
cava isolated and cut. The pulmonary artery was 
cannulated with polyethylene tubing (Zmm) and 
connected to a Masterflex pump (Cole-Parmer, IL, 
U.S.A.) which was attached to a LP-IA motor drive 
(Amicon, MA, U.S.A.). A small incision was made 
in the left ventricle to allow the perfusion fluid to 
drain. The pulmonary circulation was perfused with 
SO mL of solution II (37”) at a rate of 12 mL/min. 
Following perfusion, the lung-heart complex was 
dissected from the thorax, and the lung lavaged eight 
times with solution I (37”) and twice with solution 
II (37”). The lung was then digested by intratracheal 
instillation of 15 mL elastase solution (30 U/mL in 
solution II, 37”) over 17 min and minced with sharp 
scissors to pieces of about 1 mm3 in a petri dish 
containing 10mL fetal calf serum and 3 mg of 
DNAse I. This mixture was filtered through a 
stainless steel screen (20 mesh) and then through a 
Nytal nylon mesh (7 pm, Swiss Screens, Australia}. 
The filtrate was centrifuged at 100 g for 10 min, the 
supernatant discarded and the erythrocytes were 
lysed by osmotic shock. The remaining cell 
suspension was dispensed carefully onto the 10mL 
Percoll solution and gradient ~e~t~fugation was then 
performed at 400 g for 30 min at 4”. The supernatant 
was discarded and the ceil pellet resuspended in 
Tricine buffer and distributed in the IgG-coated 
petri dishes (5 ml/dish). These were maintained at 
37” for 1 hr, following which the dishes were tipped 
back and forth three times, the contents emptied 

into a SO mL centrifuge tube and centrifuged at 100 g 
for 10 min. The supernatant was discarded and the 
cell pellet resuspended in Tricine buffer containing 
1.5% BSA to give a cell density of 2 x lo6 cells/ml. 
The cells were kept at 4” in an ice bath until required. 
Cefl viability was determined by the exclusion of 
Trypan blue and leakage of lactate dehydrogenase 
(LDH) [13]. The purity of the population was 
determined by staining using the modified Papan- 
icolaou method [14], 

Uptake of ~a~~~~r and pmescine by type II cells. 
The uptake of paraquat was studied at extracefluiar 
concentrations of 1CrlOO~M (up to 5.05 &i/mL) 
and concentrations of putrescine of O-l mM. The 
uptake of putrescine was studied at concentrations 
of l-10 PM (up to 0.45 &i/mL) and concentrations 
of paraquat of O-2 mM. Each experiment point was 
determined from at least triplicate measurements. 
To obtain the concentration of the radiolabetled 
substrate in the uptake mixture, and to ensure that 
there was no loss to binding to the glassware, small 
weighed samples (2OpL) of each uptake mixture 
were taken, cells in the samples lysed by the addition 
of 2OOpL of distilled H@ and the radioactivity 
determined. 

Immediately before use, the type II cells (0.96 mL 
cell suspension/test tube) were pfaced in a water 
bath at 37” for 10 min. The inhibitor or normal saline 
(in 2OpL) was then added and the radiolabelled 
substrate (in 20 &) introduced 10 min later. Aliquot 
samples of the suspension (170 FL), taken at 10,20, 
30 and 4Omin after the addition of the substrate, 
were pipetted into micro-centrifuge tubes containing 
SO ,uL KOH (3 M) overlayed with 6OpL silicone 
fluid. Each tube was spun for 1.5 set in an Eppendorf 
microfuge (Hamburg, Germany) at 16,000g and 
then left at room temperature overnight. The next 
day, the tubes were cut at the level of the s&cone 
oil layer and the contents of the KQH gayer removed 
and neutrahzed with 7S.aL HQ (ZM). The 
concentration of the radioisotope in these solutions 
was determined by liquid scintillation counting. 

In preliminary studies, it was determined by 
measuring LDH release from the cells [133 that the 
optimal extracellular medium for the studies was 
Tricine buffer containing 1.5% BSA. The range of 
BSA concentrations tested was O-3% and the other 
buffer studied, RPM1 1640-Hepes. The LDH release 
(mean 5 SD, % of total) after 60 min incubation in 
the Tricine buffer plus 1.5% BSA was 7.73 + 1.47% 
(N = 3) compared to 9.48 rt: 0.023% (N = 3) in 
RPM1 l&W-Hepes medium plus 1.5% BSA. The 
LDH release assay was also used to demonstrate 
that exposure of the cells for SOmin at 37” to 
paraquat concentrations of 0.5-4mM was nat 
cytotoxic. The LDH release (mean & SD, % of 
total) after 50 min incubation in Tricine buffer plus 
1.5% BSA with 4 mM paraquat was 7.60 f 1.77% 
(N = 3) compared to 7.27 +- 0.82% (N = 3) with 
normal saline. There was no sign&ant difference 
between the two (P > 0.7). 

CaCculatiun of uptake rates and kinetics. The 
accumulation of substrate by the cells was expressed 
as pmoles of substrate/lo6 cells. The uptake rate 
was estimated from the slope of the plot of pmoles 
substrate/l@ cells OS time, determined by linear . 
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regression analysis. The data were analysed according 
to Michaelis-Menten kinetics as described by Dixon 
and Webb [15]. 

RESULTS 

Characteristics of the type II cells 

Of the isolated cells, 94.13 & 2.83% were identified 
by the modified Papanicolaou staining technique as 
alveolar type II cells. The number of type II cells 
obtained per rat was 9.01 ? 2.24 x lo6 (N = 105). 
Cell viability for all preparations that were used in 
subsequent experiments exceeded 95%. The uptake 
studies were performed within 4 hr of isolation of 
the cells which were shown to retain viability (>95% 
by Trypan blue exclusion) over this time. 

Uptake of paraquat and putrescine by the type II cells 

The plots of the uptake of [14C]paraquat and 
[ 14C]putrescine us time, shown in Fig. 1, were linear 
for 40min. The uptake of either paraquat or 
putrescine over 40 min by the cells represented less 
than 0.0056% or 7.4% respectively, of that available 
in the extracellular fluid. 

In Fig. 2 it can be seen that the uptake of paraquat 
was saturable. As shown in Lineweaver-Burk plots 
(Fig. 3), the uptake of paraquat was inhibited in a 
concentration-dependent manner by putrescine and 
vice-versa, and the inhibition was competitive. The 
K,,, (affinity constant for the substrate) and V,,,,, 
(maximum velocity of uptake) for uptake of 
paraquat were 88 ,uM and 2.85 pmol/106 cells/min, 
respectively. Similar studies with putrescine gave a 
K,,, of 2.5 ,FLM and a V,,,,, of 3.33 pmol/106 cells/min. 
These results are presented in Table 1. As shown 

for paraquat uptake in Fig. 4, the inhibition was not 
complete, i.e. paraquat uptake failed to decrease to 
zero in the presence of the inhibitor. Similar results 
were obtained for putrescine in the present study 
(data not shown) and by Oreffo et al. [8]. If we 
define Gap,,. 
1: 

as the apparent K,,, according to Eqn 

1 K 1 _2!!&+_~ I. (I) u v*ax 3 VlW 

partial competitive inhibition is also demonstrated 
when the data are plotted as Kmapp./V_ us the 
concentration of inhibitor (Fig. 5). The slope of both 
lines decreased as the concentration of inhibitor was 
increased. The model that accounts for these kinetics 
[15], shown in Fig. 6, can be described according to 
Eqn 2: 

V 
v= 

1 + Km (1; IIKi) (2) 

S(1 + Z/K;) 

where v is the uptake rate; S and Z are the 
concentration of substrate and inhibitor, respectively; 
and Ki and Ki describe the equilibrium association 
constant for the interaction between the inhibitor 
and the polyamine transport system alone, and 
the inhibitor and receptor-substrate complex, 
respectively. 

To investigate the number of classes of binding 
site on the polyamine transport system, the data 
were analysed according to the Hill plot [15]: 

log+= 
max - lJ 

nlogS + logk (3) 
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Fig. 1. Time course of uptake (mean f SE) of paraquat (PQ) (@) (N = 5) and putrescine (PU) (0) 
(N = 4) by alveolar type II cells freshly isolated from rat lung. 
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Paraquat (@M) 

Fig. 2. Uptake rate of paraquat (mean 2 SE, N = 3) at different concentrations of the substrate by 
alveolar type II cells freshly isolated from rat lung. 
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Fig. 3. (A) Lineweaver-Burk plot of paraquat uptake in the absence of inhibitor (0) or in the presence 
of putrescine, O.SflM (0) or l.OpM (V) by alveolar type II cells freshly isolated from rat lung. (B) 
Lineweaver-Burk plot of putrescine uptake in the absence of inhibitor (0) or in the presence of 

paraquat, 250 yM (0) or 500 PM (0) by alveolar type II cells. 

Table 1. Kinetic constants for the uptake of paraquat and putrescine and their 
mutual inhibition in suspensions of type II cells freshly isolated from rat lung 

Kinetic constant Paraquat uptake Putrescine uptake 

&$Z) 87.98 2.46 

K: (PM) 2;:: 
86.31 

1010.89 
K:, (PM) 1187.75 28.78 

~~~ol/min/106 cells) 2.85 3.33 
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Fig. 4. Uptake rate (mean + SE, N = 3) of paraquat (100~~M) by alveolar type II cells freshly isolated 
from rat lung in the presence of the inhibitor putrescine. 
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Fig. 5. Relationship between K,_,/V,, and the concentration of the respective inhibitor putrescine 
(A) and paraquat (B). 

where v is the uptake rate of the substrate in the 
absence of inhibitor and n is the number of classes 
of binding site for the substrate. This number, 
determined by calculating the slope of the plot of 
log]u/(Vlnax - v)] us log S (Fig. 7), was unity for 
both paraquat and putrescine. 

DISCUSSION 

We used two purification steps during the isolation 
of type II cells, gradient centrifugation and removal 
of macrophages and lymphocytes by “panning” in 
dishes coated with IgG. These were performed in 

order to obtain cell suspensions of high viability and 
homogeneity that could be used immediately for the 
uptake studies. However, this resulted in the yield 
of cells being lower than that reported by others 
PII. 

The parameters of paraquat uptake demonstrated 
here by freshly isolated type II cells are consistent 
with those reported by others (Table 2). The uptake 
constants estimated by Smith and Wyatt [16] in rat 
lung slices (70 PM) and by Oreffo et al. [8] in cultured 
type II cells (69 $4) are similar to that reported in 
the current study. Karl and Friedman [17] obtained 
a higher K,,, of 119pM but used Sprague-Dawley 
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Fig. 6. Schematic representation of a functional model of 
the paraquat (PQ) and putrescine (PU) uptake pathways 
(parameters in parentheses refer to putrescine uptake and 

R represents the receptor). 

rats rather than Wistar which could account for the 
difference. As observed in the lung slice study of 
Karl and Friedman [17], our cell suspension study 
demonstrated that the V,,,, values for paraquat 
uptake and putrescine uptake are similar. 

Our results for the uptake of putrescine are also 
consistent with those reported by others (Table 2). 
Although we did not measure the DNA content of 
each cell preparation used in the current study, it 
was determined subsequently in similar preparations 
in our laboratory by the method of Cesarone et al. 
[18] to be 5.97 2 1.24pgDNA/106 cells (mean 4 
SD, N = 9). We used this value and the 4.14pg 
protein/pg DNA suggested by Lewis 1191 to convert 

1 .o 

0.5 

3 0.0 

I 

P 
t. 

/ 

> -0.5 

3 q 

-1.0 

-1.5 

some V,,, values to the units of pmol/pM DNA/hr 
and enable comparisons between the various studies 
(Table 2). 

In contrast to the difficulties experienced by some 
workers [8,19], we have been able to determine the 
kinetics of paraquat uptake by type II cells 
successfully. This can probably be attributed to 
the preservation of function in freshly isolated 
suspensions of the cells in contrast to cultured cells. 
We also used [14C]paraquat with a high specific 
activity (101 mCi/mmol) to obtain reliable uptake 
data. 

Although it is assumed that paraquat and 
putrescine share the same polyamine uptake 
pathway(s) in the membrane of the type II cells [9], 
few studies have examined the mutual inhibition of 
these two substrates. Smith and Wyatt [16] 
demonstrated this inhibition in rat lung slices but 
did not derive any values for Ki or examine the 
nature of the interaction. Karl and Friedman [17] 
showed in their lung slice study that the affinity of 
the transport system was much greater for putrescine 
than for paraquat. They also suggested that paraquat 
and putrescine are accumulated by the same cell 
type. Recently, Oreffo et al. [8] reported that 
paraquat was a partial competitive inhibitor of the 
accumulation of putrescine by cultured type II cells. 
Our results for the inhibition of paraquat by 
putrescine are essentially the mirror image of theirs. 
The kinetic analyses used in the current study and 
by Oreffo et al. [8] are directly analogous to those 
used in enzyme kinetics and can be interpreted 
similarly. A fully competitive inhibition usually 
indicates that the inhibitor binds to the same site on 
the receptor as the substrate. However, in partially 
competitive inhibition, the substrate and inhibitor 

0.0 0.5 1.0 1.5 2.0 2.5 

J&? [Sl 

Fig. 7. Hill plots of log [u/Vmnx-u] vs log S. The slope of the plot for paraquat uptake (0) is 1.019 (r = 
0.9999) and for putrescine uptake (0), 0.988 (r = 0.9940). 
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Table 2. Kinetic constants for the uptake of paraquat and putresdne by various preparations from the 
lung reported in the current study and in the literature* 

Paraquat uptake Putrescine uptake 
Strain of 

& (FM) V,,, &, (PM) V,, rat 

Lung slices 7 5.5$ Wistar 
12-18 Wistar derived 
13.5 11.97$ Wistar 
30,6 14.5$ W&tar derived 

70 5# Wistar derived 
119 10.6$ 7.98 S.Ol$ Sprague-Dawley 

Cultured cells 5.9 170 Wistar derived 
8.12 580 CD 

% 
Wistar 

14.7 130P CD 
Cell Suspensions 88 28.64$ 2.46 33.47s Wistar 

* The units of some values were converted as described in the text. 
t The value was determined indirectly. 
5 Units are nmol/g fungfmin. 
I Units are pmol/pM DNA/hr. 

Reference 

‘ii{ 
PI 
[23j 

‘r:;4’ 
[l91 
[241 

$1 
Current study 

bind to different sites in such a way that the binding 
of either one causes a conformation change in the 
receptor. This decreases the ability of the receptor 
to bind the competing substrate. The observed 
similarity between the K,,, for paraquat and its Kf 
for inhibition of putrescine uptake (Table 1; Fig. 6) 
must be due to rate-limiting transport of paraquat 
from the receptor into the cell. The corollary holds 
for the uptake of putrescine and its inhibition b 
paraquat. Assuming that K,/KL = &fK/ 115 , r 
then K; can be calculated. These values, which are 
presented in Table 1, are also similar for the same 
reason. 

Although it is probable that there are multiple 
pathways for the uptake of various polyamines by 
the type II and other cells [20,21], the number of 
pathways involved in the uptake of paraquat has not 
been de&red. On the basis of studies in Chinese 
hamster ovary cells, some of which were normal and 
others of which were deficient in the uptake pathway 
for paraquat and the polyamine methylglyoxal 
bis~guanylhydr~one~, Byers et at. 1201 suggested 
that paraquat was taken up by at least one but not 
by all of the polyamine uptake pathways. Our data 
and those of Orrefo ef af. [$I lead us to reach 
a similar conclusion and to accept the most 
parsimonious uptake model, one which involves a 
single uptake pathway for paraquat by the type II 
cells. 
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