
The plasma membrane transport sytems for the amino acid
L-proline have been characterized in kidney and gastrointestinal
epithelial cells of mammals (Stevens and Wright, 1985), fishes
(Maffia et al., 1990; Vilella et al., 1989) and invertebrates
(Ahearn and Behnke, 1991; Behnke et al., 1990). These studies
indicate that this amino acid is transferred across plasma
membranes by a combination of Na+-dependent and Na+-
independent transport carriers as well as by simple diffusion.
Through the judicious selection of inhibitory substrates, these
studies have shown that the great majority of L-proline transport
across these membranes takes place by the Na+-dependent
IMINO system, with a smaller proportion entering cells by way
of the Na+-dependent ASC system (Ahearn and Behnke, 1991;
Stevens and Wright, 1985). Smaller quantities of radiolabelled
L-proline are absorbed through the Na+-independent L-system
and by diffusion (Ahearn and Behnke, 1991).

Zinc is a trace element with several known biological roles
that involve the activation and regulation of enzymes
controlling a wide variety of functions in animal cells (Prasad,
1979; Vallee and Falchuck, 1993). Zinc is also known to
activate transport proteins involved in moving such substrates
as oligopeptides (Daniel and Adibi, 1995) and amino acids
(Giroux and Henkin, 1972; Wapnir etal., 1983; Wapnir and
Stiel, 1986) across cellular membranes by changing the
binding affinity of the transporter for the substrate. The precise
mechanism whereby the metal increases the binding affinity of
the carrier proteins for these substrates is unclear and may vary
with each transport system.

The epithelium of the crustacean hepatopancreas is a
significant site of nutrient absorption, and much of its function
in these animals is analogous to that of the intestine of
mammals and other vertebrates (Ahearn, 1987, 1988; Ahearn
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Epithelial brush-border membrane vesicles (BBMVs)
from the hepatopancreas of the lobster Homarus
americanus were prepared using a magnesium
precipitation technique and employed in transport
experiments designed to demonstrate the effects of external
and internal divalent cationic heavy metals on the uptake
of L-[3H]proline. When BBMVs were exposed to a high
external concentration (2.5 mmol l−−1) of Cd2+, Cu2+, Fe2+,
Mn2+ or Zn2+, L-[3H]proline (0.5 mmol l−−1) uptake was
significantly (P<0.05) decreased by each metal. However, if
a 30 min pre-incubation period with each metal was used
before incubation of the vesicles with amino acid and metal,
a significant (P<0.05) enhancement of L-[3H]proline
transport occurred. Zinc was the most stimulatory metal of
those tested. Proline influxes (1.0 and 2.5 mmol l−−1) were
hyperbolic functions of bilateral [Zn2+], with a lower
apparent zinc half-saturation constant (Km) at the higher
amino acid concentration. L-[3H]proline influx was a
hyperbolic function of external [L-proline]
(Km=2.10±0.26 mmol l−−1; Jmax=2290±600 pmol mg−−1 protein

10 s−−1) (means ± S.E.M., N=3), and bilateral exposure to zinc
significantly (P<0.05) increased the maximal rate of influx,
Jmax, of proline (Jmax=4890±250 pmol mg−−1 protein 10 s−−1),
but had no effect (P>0.05) on apparent L-[3H]proline
binding to the membranes (Km=1.66±0.23 mmol l−−1) (means
± S.E.M., N=3). In the presence of 0.5 mmol l−−1 l-pipecolate,
bilateral zinc-stimulated, carrier-mediated, L-[3H]proline
influx was abolished. At low external concentrations of zinc
alone (e.g. below 1.0 mmol l−−1), L-[3H]proline influx was
enhanced by the metal. Enhanced amino acid uptake in the
presence of external zinc alone was abolished by L-
pipecolate. A model accounting for external and internal
zinc enhancements of L-[3H]proline influx by the Na+-
dependent L-pipecolate-sensitive IMINO transport system
in these membranes is proposed.

Key words: brush-border membrane vesicle, BBMV, L-proline,
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et al., 1985, 1992). Although the mechanisms responsible for
L-proline transport by the gut of the starfish (Pycnopodia
helianthoides; Ahearn and Behnke, 1991) and the kidney of the
lobster (Homarus americanus; Behnke et al., 1990) have been
described in recent years, there have been no detailed studies
of epithelial transport of this amino acid in the gastrointestinal
tract of crustaceans, nor have the effects of xenobiotics, such
as heavy metals, upon this transport been clarified. The present
study is an initial investigation of the influence of specific
heavy metals, particularly zinc, on the Na+-dependent IMINO
L-proline transport system of the lobster hepatopancreatic
epithelium. The results indicate that zinc may stimulate L-
proline uptake via this transport protein by increasing the
maximal rate of amino acid transport across the membrane
(Jmax effect) without producing a significant effect on amino
acid binding (Km effect).

Materials and methods
Live Atlantic lobsters (Homarus americanus) were obtained

from commercial dealers in Hawaii and kept at 10 °C in a
filtered seawater tank for up to 7 days before experimentation.

Hepatopancreatic brush-border membrane vesicles
(BBMVs) were prepared using fresh tissue from individual
lobsters. Vesicle preparation utilized a single organ
(approximately 25 g fresh mass) per experiment and was
performed using methods developed for mammalian cells
(Kessler et al., 1978) as modified for crustacean tissues
(Ahearn et al., 1985). The hepatopancreas was removed from
the organism and quickly transferred to 300 ml (60 ml of buffer
+ 240 ml of distilled water) of hypotonic buffer 1 (300 mmol l−1

mannitol, 12 mmol l−1 Tris/HCl, pH 7.4, 1.64 mmol l−1 EGTA
and 1.0 mmol l−1 phenylmethylsulfonylfluoride, PMSF).
Following a high-speed homogenization in a blender, the
mixture was centrifuged at 27 000 g for 30 min. Soluble
enzymes were removed through an additional resuspension,
washing (hypotonic buffer 1) and centrifugation (27 000 g for
30 min). The resulting pellet was resuspended in 300 ml of
diluted buffer 1, to which was added 4.5 mmol l−1 MgCl2, and
left on ice for 15 min. After another centrifugation at 27 000 g
(30 min), the pellet was resuspended in 35 ml of hypotonic
buffer 2 (60 mmol l−1 mannitol, 12 mmol l−1 Tris/HCl,
6 mmol l−1 EGTA at pH 7.4). The magnesium chloride
precipitation step was repeated on this mixture, followed by
two additional centrifugations as described above. The
recovered pellet was resuspended in 10 ml of transport buffer
(usually 100 mmol l−1 mannitol, 100 mmol l−1 potassium
gluconate, 25 mmol l−1 Hepes, pH 7.4) and centrifuged a final
time at 27 000 g for 30 min. The resulting pellet contained
purified BBMVs, as described by Ahearn et al. (1985), and was
resuspended in a small volume of transport buffer.

In most experiments, hepatopancreatic BBMVs were pre-
incubated for 30 min at 24 °C in different concentrations of
heavy metals (Zn2+, Fe2+, Cu2+, Mn2+ or Cd2+) and then
exposed to isotope. Hepatopancreatic BBMV uptake studies
were conducted at 24 °C and were initiated by the addition of

10 µl of vesicles to 40 µl of radiolabelled transport medium
(the composition of which varied with each experiment)
containing L-[3H]proline (as L-[2,3,4,5-3H]proline; specific
activity=3.70 TBq mmol−1; 100 Ci mmol−1) (Amersham Life
Sciences). Following an incubation period of 10 s, the uptake
was terminated by the addition of 2 ml of ice-cold stop solution
(the composition of which varied with each experiment)
lacking L-[3H]proline. The resulting suspension was filtered
using the Millipore filtration techniques of Hopfer et al. (1973).
Filters were added to liquid scintillation cocktail (Ecolume,
Beckman) and counted for radioactivity in a Beckman LS-8100
scintillation counter. ‘Blank’ values, where vesicles and
transport media were added to the stop solution and filtered
without prior mixing, were subtracted to compensate for non-
specific binding of L-[3H]proline to BBMVs. Uptake of L-
[3H]proline is expressed as pmol mg−1 protein. Determination
of protein content was performed using the BioRad technique.
Each point represents the mean of 3 replicates with their
associated standard errors (S.E.M.).

Results
Effects of pre-incubation with various metals on L-

[3H]proline uptake

Fig. 1 illustrates the effects of various heavy metals (Cd2+,

Cu2+, Fe2+, Mn2+ and Zn2+) at 2.5 mmol l−1 on the uptake of
0.5 mmol l−1 L-[3H]proline. Exposure of vesicles to
radiolabelled proline and metals simultaneously, without prior
metal pre-incubation, universally led to a significant reduction
(P<0.05) in amino acid uptake over 10 s. The most inhibitory
metal in this regard was Cd2+, while the least effective in
reducing L-[3H]proline uptake was Fe2+. When vesicles were
pre-incubated for 30 min in medium containing the individual
metal and then re-exposed to transport medium containing an
equimolar amount of the respective metal, a stimulation of L-
[3H]proline uptake resulted. Although all the metals were
significantly stimulatory (P<0.05), Zn2+ displayed the greatest
difference in enhancing absorption compared with vesicles not
treated with Zn2+ (control). Because Zn2+ was the most
stimulatory metal for L-[3H]proline uptake, additional studies
were conducted with this metal to investigate the nature of its
stimulatory action.

Effects of bilateral zinc pre-incubation on the time course of
L-[3H]proline uptake

To estimate the effects of a zinc pre-incubation on L-
[3H]proline transport by lobster BBMVs, a long-term
experiment examining the uptake of radiolabelled amino acid
was conducted in the presence and absence of Zn2+ in both the
pre-incubation and incubation media. Vesicles were loaded
with 100 mmol l−1 potassium gluconate, 100 mmol l−1

mannitol, 25 mmol l−1 Hepes (pH 7.4), either 0 or 10 mmol l−1

ZnCl2 and 50 µmol l−1 valinomycin. Following a 30 min pre-
incubation, vesicles were subsequently exposed to transport
medium containing 100 mmol l−1 sodium gluconate,
100 mmol l−1 mannitol, 25 mmol l−1 Hepes, 0.5 mmol l−1
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L-[3H]proline and either 0 or 10 mmol l−1 ZnCl2 for 10 s. Fig. 2
shows L-[3H]proline uptake to be significantly greater in
vesicles pre-incubated and incubated in medium containing
ZnCl2 than in medium lacking the metal. Furthermore, the
overshoot phenomenon, illustrating its maximal value at 15 s
incubation and often observed in carrier-mediated transport,
was increased by approximately 60 % when zinc pre-
incubation/incubation was imposed on hepatopancreatic
BBMV preparations. From Fig. 2, 10 s incubations were
chosen to estimate apparent L-[3H]proline influxes in all
subsequent experiments.

Effects of varying bilateral concentrations of zinc on L-
[3H]proline influx

The effects of various concentrations of Zn2+ on the influx
of 1.0 and 2.5 mmol l−1 L-[3H]proline were measured to assess
the nature of the interaction between proline and zinc. In this
experiment, vesicles were preloaded with 100 mmol l−1

potassium gluconate, 100 mmol l−1 mannitol, 25 mmol l−1

Hepes (pH 7.4), 50 µmol l−1 valinomycin and 0–10 mmol l−1

ZnCl2 and allowed to pre-incubate for 30 min. Following this
pre-incubation interval, BBMVs were introduced to uptake
medium composed of 100 mmol l−1 sodium gluconate,
100 mmol l−1 mannitol, 25 mmol l−1 Hepes (pH 7.4), either 1.0
or 2.5 mmol l−1 L-[3H]proline and 0–10 mmol l−1 ZnCl2 for a
period of 10 s.

Fig. 3 indicates the effect of increasing concentrations of
Zn2+ in both pre-incubation and incubation media on the influx
of 1.0 and 2.5 mmol l−1 L-[3H]proline. L-[3H]proline influxes
at both concentrations were hyperbolic functions of Zn2+

concentration. Significant vertical axis intercepts at both
amino acid concentrations at 0 mmol l−1 Zn2+ were obtained,
suggesting the presence of one or more zinc-independent
transport processes in addition to the transport system that was
enhanced by the metal. Maximal uptake values (Jmax) for 1.0
and 2.5 mmol l−1 L-[3H]proline influxes were 758±199 and
777±38 pmol mg−1 protein 10 s−1, respectively, while Km

values of Zn2+ binding at 1.0 and 2.5 mmol l−1 L-[3H]proline
were 6.97±3.73 mmol l−1 and 0.32±0.07 mmol l−1 Zn2+

respectively. The kinetic values clearly indicate an effect on
the apparent binding affinity (Km; zinc half-saturation
constant): 22 times less Zn2+ is required at the higher L-
[3H]proline concentration to achieve half-maximal uptake of
the amino acid.

Effects of bilateral zinc pre-incubation on the kinetics of L-
[3H]proline influx

To investigate further the stimulatory action of zinc on L-
proline uptake by hepatopancreatic BBMVs, L-[3H]proline
influx over a wide range of amino acid concentrations was
measured in the bilateral presence and absence of Zn2+.
Vesicles were loaded with 100 mmol l−1 potassium gluconate,
100 mmol l−1 mannitol, 25 mmol l−1 Hepes (pH 7.4),
50 µmol l−1 valinomycin and either 0 or 10 mmol l−1 ZnCl2.
Following a 30 min pre-incubation, vesicles were exposed for
10 s to incubation medium containing 100 mmol l−1 sodium
gluconate, 100 mmol l−1 mannitol, 25 mmol l−1 Hepes (pH 7.4),
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Fig. 1. Effects of bilateral pre-incubation in the presence of various
heavy metals on L-[3H]proline uptake by lobster hepatopancreatic
brush-border membrane vesicles. Vesicles were pre-incubated for
30 min in medium containing 150 mmol l−1 potassium gluconate
(inside-negative membrane potential), 2.5 mmol l−1 metal (Cd2+,
Cu2+, Fe2+, Mn2+ or Zn2+), 50 µmol l−1 valinomycin and 25 mmol l−1

Hepes/Tris at pH 7.4. Pre-incubated vesicles were incubated for 15 s
in medium of the same pH containing 150 mmol l−1 sodium
gluconate, 0.5 mmol l−1 L-[3H]proline and 2.5 mmol l−1 of the metal.
Vesicles that were not pre-incubated in metal were exposed for 10 s
to the same external medium as the pre-incubated vesicles. Values
are expressed as means + S.E.M. of three replicates.
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L-[3H]proline uptake by lobster brush-border membrane vesicles.
Vesicles were exposed for a 30 min pre-incubation to medium
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mannitol, either 0 or 10 mmol l−1 Zn2+, 50 µmol l−1 valinomycin and
25 mmol l−1 Hepes/Tris at pH 7.4. Transport was initiated by a
second exposure (5–120 s) to external medium containing
100 mmol l−1 sodium gluconate, 100 mmol l−1 mannitol, 0.5 mmol l−1

L-[3H]proline, 0 or 10 mmol l−1 Zn2+ and 25 mmol l−1 Hepes/Tris at
pH 7.4. Values are expressed as means ± S.E.M. of three replicates.
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the same ZnCl2 concentrations as those of the respective pre-
incubation medium and 0–10 mmol l−1 L-[3H]proline.

Fig. 4 shows that L-[3H]proline influx was a hyperbolic
function of external amino acid concentration both in the
presence and in the absence of bilateral zinc. Addition of the
metal to both the vesicular interior and exterior surfaces
resulted in a doubling of the maximal influx velocity (Jmax)
from 2290±600 to 4890±250 pmol mg−1 protein 10 s−1 without
significantly affecting the apparent binding affinity (Km) of the
transporter for the amino acid. These results suggest that the
overall effect of the metal on the kinetics of amino acid uptake
may be to influence either the number of L-proline transporters
traversing the membrane within a given period or the transfer
rate of a fixed number of these proteins. The apparent
association between the amino acid and the transport system
appears to be unaffected by the presence of the metal.

Effects of L-pipecolate on L-[3H]proline influx in bilaterally
zinc-pre-incubated BBMVs

L-Pipecolate has been shown to be a competitive inhibitor
of the IMINO carrier system for L-proline transport in
mammalian intestinal brush-border membranes (Stevens and
Wright, 1985). To ascertain the primary target of the
stimulatory effect of zinc on L-[3H]proline influx in lobster
hepatopancreatic BBMVs, L-pipecolate was added to the
external incubation medium during the measurement of amino
acid uptake. Vesicles were subjected to the usual 30 min pre-
incubation as in the experiments described in Fig. 4. The

incubation medium was similar to that described in Fig. 4,
except that 0.5 mmol l−1 L-pipecolate was added to the external
medium.

As shown in Fig. 5, vesicles treated with L-pipecolate and
also exposed to Zn2+ displayed a non-saturable, diffusion-like
influx of L-[3H]proline over the range of amino acid
concentrations used, whereas vesicles not subjected to L-
pipecolate treatment, but exposed to Zn2+, displayed a
hyperbolic influx pattern indicative of carrier-mediated
transport. These transport characteristics suggest that the L-
pipecolate-sensitive IMINO L-proline carrier system is
influenced by Zn2+ and is a likely candidate for mediating the
enhanced amino acid uptake observed in the presence of the
metal. In the presence of L-pipecolate, all other L-[3H]proline
influx pathways appear to be refractory to this heavy metal.

Effects of external zinc only on L-[3H]proline uptake

To determine the locus of the stimulatory action of zinc upon
L-[3H]proline uptake by lobster hepatopancreatic BBMVs, the
influxes of 1.0 and 2.5 mmol l−1 L-[3H]proline were measured
in the presence of several concentrations of the metal added
only to the external medium during the time of transport
measurement. Vesicles were loaded with 100 mmol l−1

potassium gluconate, 100 mmol l−1 mannitol, 25 mmol l−1

Hepes (pH 7.4) and 50 µmol l−1 valinomycin. Vesicles were
then exposed for 10 s to transport medium containing
100 mmol l−1 sodium gluconate, 100 mmol l−1 mannitol,
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Fig. 3. Effects of bilaterally pre-incubated zinc concentration on the
apparent influx of L-[3H]proline into brush-border membrane
vesicles of lobster hepatopancreas. Vesicles were pre-incubated
(30 min) in medium containing 100 mmol l−1 mannitol, 100 mmol l−1

potassium gluconate, 0–10 mmol l−1 Zn2+, 50 µmol l−1 valinomycin
and 25 mmol l−1 Hepes/Tris at pH 7.4. A second exposure for 10 s
was conducted in medium containing 100 mmol l−1 mannitol,
100 mmol l−1 sodium gluconate, either 1 or 2.5 mmol l−1 L-
[3H]proline, 0–10 mmol l−1 Zn2+ and 25 mmol l−1 Hepes/Tris at
pH 7.4. Values are expressed as means ± S.E.M. of three replicates,
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25 mmol l−1 Hepes (pH 7.4), either 1.0 or 2.5 mmol l−1 L-
[3H]proline and 0–10 mmol l−1 ZnCl2.

Fig. 6 shows that 10 s L-[3H]proline influx illustrated a
biphasic response to increasing concentrations of external zinc.
At zinc concentrations between 0.1 and 1.0 mmol l−1,
significant stimulation of L-[3H]proline influx was recorded,
with 0.2 mmol l−1 zinc yielding maximum stimulation. At zinc
concentrations of 2.0 mmol l−1 or greater, significant inhibition
of L-[3H]proline influx was observed. These results suggest
that stimulation of L-[3H]proline influx by zinc occurs not only
at the exterior surface of lobster BBMVs but also within a
specific range of zinc concentrations.

Effects of external zinc and L-pipecolate only on L-[3H]proline
influx

To assess the extent to which the IMINO L-proline transport
system was stimulated by external zinc, the inhibitor L-
pipecolate was added to the external medium simultaneously
with the metal, and the combined effects on the time course of
L-[3H]proline uptake were examined. Vesicles were loaded as
described in Fig. 6. L-[3H]proline influxes were measured over
various periods (0–60 s) in transport medium containing
100 mmol l−1 sodium gluconate, 100 mmol l−1 mannitol,
25 mmol l−1 Hepes (pH 7.4), 1.0 mmol l−1 L-[3H]proline, 0 or
0.2 mmol l−1 Zn2+ and 0 or 0.5 mmol l−1 L-pipecolate.

As Fig. 7 illustrates, vesicles exposed to 0.2 mmol l−1 Zn2+

exhibited enhanced L-[3H]proline uptake, while vesicles
treated with L-pipecolate and either 0 or 0.2 mmol l−1 Zn2+

showed a nearly identical reduction in uptake. These results

suggest that the L-pipecolate-sensitive IMINO L-proline
transport system of lobster BBMVs is influenced by external
application of zinc.

Discussion
The hepatopancreatic epithelium of the lobster Homarus

americanus exhibits a Na+-dependent sugar transport system
(Ahearn et al., 1985) that resembles the familiar SGLT-1
transporter from vertebrates (Wright et al., 1993) and a wide
variety of Na+-dependent and Na+-independent amino acid
transport mechanisms (Ahearn et al., 1983, 1992). The details
of L-proline transport by lobster hepatopancreatic epithelium
have not been previously investigated. However, published L-
[3H]proline influx studies with echinoderm pyloric caeca
(Ahearn and Behnke, 1991) have shown that, in this
invertebrate gastrointestinal diverticulum, there are two Na+-
dependent L-proline transport proteins (the IMINO and ASC
systems) and a single Na+-independent L-proline carrier
process (the L system). This array of L-proline transporters is
similar to that described for vertebrate epithelia (Stevens and
Wright, 1985) and, because of the occurrence of similar
transport mechanisms across phyla, it was thought that the
hepatopancreas of the lobster would exhibit similar
transmembrane transfer processes for this amino acid as
well. This suggestion was strengthened by a published
characterization of a Na+-dependent IMINO transport process
for L-proline in the antennal gland of the lobster with similar
properties to those previously described for other IMINO
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systems in both vertebrates and invertebrates (Behnke et al.,
1990).

The results of the present investigation have shown not only
that a Na+-dependent IMINO transport system exists in the
hepatopancreas but also that this is apparently the L-proline
transporter most influenced by zinc. As suggested by Figs 1
and 2, pre-incubation of hepatopancreatic BBMVs with heavy
metals resulted in an enhanced uptake of L-[3H]proline, and
Zn2+ appeared to be the most stimulatory metal used. While
pre-incubation with heavy metals resulted in a greater amino
acid uptake by vesicles than if no metal were present,
simultaneous incubation of BBMVs with both labelled amino
acid and metal without a pre-incubation period led to
significant inhibition of L-[3H]proline transport (Fig. 1). The
nature of this inhibition is at present unclear and was not
investigated in the present study.

Insight into the mechanism by which zinc stimulated the
transmembrane transfer of L-proline is gleaned from the results
of Fig. 4, which shows that, in the presence of the metal, the
maximal L-[3H]proline transport velocity (Jmax) was doubled,
whereas the apparent binding affinity of the transporter for the
amino acid (Km) was unaffected. These data suggest either that
the metal increased the number of effective L-proline carriers
that transferred the amino acid across the membrane per unit
of time or that there was a metal-induced enhancement of the
translocation rate of a fixed number of transport proteins. At
present, it is not possible to distinguish between these
alternative mechanisms.

The experiments conducted in the present study were carried
out in the presence of an inwardly directed Na+ gradient. Under
these conditions, all three possible identified L-proline
transporters (both Na+-dependent and Na+-independent) could
have been responsible for enhanced amino acid uptake in the
presence of the metal. To determine which L-proline
transporter was stimulated by pre-incubation in zinc, an
experiment was conducted in the presence of an inwardly
directed Na+ gradient, a fixed concentration of metal and the
inhibitor L-pipecolate. By using L-pipecolate, a known specific
inhibitor of the IMINO system (Stevens and Wright, 1985), in
the presence of external zinc, it was shown (Fig. 5) that carrier-
mediated L-proline transport was eliminated, strongly
implicating this L-proline transporter as the protein that was
activated by addition of the metal.

The stimulation of amino acid transport by zinc has been
reported by other investigators. Two differing models
describing proposed mechanisms by which zinc enhances
amino acid absorption have been published: (1) zinc may bind
to the transporter protein itself and activate the transporter
allosterically (Bettger and O’Dell, 1981), or (2) zinc may bind
to the L-proline molecule in solution and produce a combined
substrate that more readily associates with the transport system
than does L-proline alone (Wapnir and Stiel, 1986; Wapnir et
al., 1983). The application of these hypotheses to the current
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Fig. 7. Effect of external zinc and pipecolate added together to the
external medium only on L-[3H]proline uptake into lobster
hepatopancreatic brush-border membrane vesicles. Vesicles were
preloaded with medium identical to that described in Fig. 6.
Transport was initiated by a second exposure (5–60 s) to an external
medium containing 100 mmol l−1 sodium gluconate, 100 mmol l−1

mannitol, 1 mmol l−1 L-[3H]proline, either 0 or 0.2 mmol l−1 zinc,
either 0 or 0.5 mmol l−1 L-pipecolate and 25 mmol l−1 Hepes/Tris at
pH 7.4. Values are expressed as means ± S.E.M. of three replicates.

Fig. 8. Working model describing possible mechanisms by which
external and internal zinc may influence the transmembrane transport
of L-[3H]proline by the Na+-dependent IMINO system in the lobster
hepatopancreatic epithelial brush-border membrane. The model
describes the allosteric activation of the IMINO system following
binding of Zn2+ to an internal regulator site on the transport protein
after passage of the metal across the membrane by an independent
route such as an ion channel. It also describes transmembrane
transport of both metal and amino acid following complexation
between the solutes in the external medium to produce new
combined substrates that move across the membrane more rapidly
than the independent native solutes.



3009Zinc stimulates proline uptake in lobster epithelia

investigation of zinc stimulation of L-[3H]proline transport by
lobster hepatopancreatic BBMVs is illustrated in the model
shown as Fig. 8. This model proposes a possible dual function
for zinc on the Na+-dependent IMINO L-proline transport
system. In one of its two roles, zinc acts as a potential allosteric
activator of the transporter by binding to a putative intracellular
binding site after passage through the membrane by a channel
or pore independent of an L-proline transport system. The
maximal transport velocity of the IMINO system is enhanced
by the metal transforming the carrier protein into an activated
conformation that could more readily accelerate the
transmembrane transfer of the amino acid. In its second
function, zinc stimulates L-proline transport through the
IMINO system by complexation between the metal and amino
acid in solution to form a combined substrate that more readily
associates with the transport protein than does the native amino
acid alone. In this instance, the more Zn2+/proline complexes
there are in solution, the greater will be the number of L-proline
molecules transported per unit of time. As discussed below, it
is likely that both these roles of zinc, operating simultaneously,
could account for the enhanced L-proline influx Jmax (Fig. 4)
and for the hyperbolic stimulatory effect of zinc at a fixed
amino acid concentration (Fig. 3) seen in the present study.

Support for the idea that zinc acts externally to enhance the
uptake of L-[3H]proline is presented in Figs 6 and 7. In these
experiments, vesicles were exposed to external Zn2+ only
during transport measurement, and the resulting enhanced
amino acid uptake is interpreted as reflecting an external effect
of the metal as a likely result of complexation between the
substrates in solution. In Fig. 6, external zinc had two opposing
actions. At low concentrations, zinc enhanced L-proline influx,
while at higher concentrations Zn2+ inhibited L-proline influx.
Stimulation of L-[3H]proline influx is believed to occur at
lower metal concentrations because Zn2+ at these
concentrations produces optimal numbers of Zn2+/proline
complexes in solution.

Although the nature of zinc inhibition of L-[3H]proline
influx at higher metal concentrations is not known, a previous
study of the electrogenic 2Na+/1H+ antiporter of lobster
hepatopancreatic BBMVs showed that metals, including zinc,
inhibited 22Na+/H+ exchange by this transporter as a result of
competitive inhibition between Zn2+ and Na+ at the external
cation-binding site (Ahearn, 1996; Ahearn et al., 1994).
Therefore, at elevated concentrations of zinc in solution,
complexation between the metal and proline may still occur,
but more free zinc is available to potentially inhibit Na+

binding to its cotransport binding site on the IMINO transport
system. If Na+ is not able to power the transmembrane transfer
of L-[3H]proline by way of the Na+-dependent IMINO system
because of competitive inhibition by zinc, an overall reduction
in the rate of amino acid uptake in the presence of elevated
external zinc concentrations would be observed. This
hypothesis is also supported by the results in Fig. 1, in which
simultaneous exposure of BBMVs to L-[3H]proline and to
2.5 mmol l−1 zinc without pre-incubation led to a pronounced
inhibition of amino acid influx.

Most of the experiments in the present investigation were
performed with equimolar bilateral zinc concentrations
established by a 30 min pre-incubation period. In all cases, a
pre-incubation in the presence of metal, even at elevated metal
concentrations, resulted in stimulated L-[3H]proline influx.
This interesting result probably occurred because pre-
incubation in the presence of metal allowed access of zinc to
an intracellular allosteric metal activation site on the IMINO
transporter. Consistent stimulation of L-[3H]proline influx in
the presence of elevated Zn2+ concentrations, following a pre-
incubation period, suggests that intracellular allosteric
activation of the IMINO system in concert with enhanced
metal/amino acid complex formation in solution is able to
overcome competitive inhibitory interactions between external
Zn2+ and Na+ acting at the external cotransport site on the
carrier protein.

This investigation was supported by grants from the US
National Science Foundation (IBN93-17230 and IBN97-
30874) and the US Environmental Protection Agency (R-
823068-01-0).
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