Toxicology and Applied Pharmacolodgys9, 1-8 (1999)

®
Article ID taap.1999.8706, available online at http://www.idealibrary.corl M%l

ATP-Dependent Silver Transport across the Basolateral
Membrane of Rainbow Trout Gills

N. R. Bury,** M. Grosell,t A. K. Grover,t and C. M. Wood*

*Department of Biological Sciences, Hatherly Laboratories, University of Exeter, Exeter, EX4 4PS, United KiridRizartment of Biology,
Hamilton, Ontario, L8S 4K1, Canada; anDepartment of Biomedical Sciences, McMaster University, Hamilton, Ontario, L8N 3Z5, Canada

Received February 2, 1999; accepted May 19, 1999

ATP-Dependent Silver Transport across the Basolateral Mem-
brane of Rainbow Trout Gills. Bury, N. R, Grosell, M., Grover, A. K.,
and Wood, C. M. (1999). Toxicol. Appl. Pharmacol. 159, 1-8.

Silver has been shown to be extremely toxic to freshwater teleosts,
acting to inhibit Na* uptake at the gills, due to the inactivation of
branchial Na*/K*-ATPase activity. However, the gills are also a
route by which silver may enter the fish. Therefore, this study focuses
on the mechanism of transport of this nonessential metal across the
basolateral membrane of the gill cell, using basolateral membrane
vesicles (BLMV) prepared from the gills of freshwater rainbow trout.
Uptake of silver by BLMV was via a carrier-mediated process, which
was ATP-dependent, reached equilibium over time, and followed
Michaelis-Menten kinetics, with maximal transport capacity (V)
of 14.3 = 5.5 (SE) nmol mg membrane protein™ min™ and an affinity
(Ky,) of 62.6 = 43.7 uM, and was inhibited by 100 uM sodium
orthovanadate (Na;VO,). The ionophore monensin (10 uM) released
transported silver from the BLMV. Acylphosphate intermediates, of
a 104 kDa size, were formed from the BLMV preparations in the
presence of ATP plus Ag. These results demonstrate that there is a
P-type ATPase present in the basolateral membrane of the gills of
rainbow trout that can actively transport silver, a process which will
remove this heavy metal from its site of toxic action, the gill. © 199
Academic Press
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Freshwater fish live in a dilute medium; consequently, the
lose ions to the environment via their integument (principall
the gills) and urine. To maintain ionic balance, they activel
take up ions from the environment via the gills. It is the gills
that are the primary site for acute heavy metal toxicity (Mc
Donald and Wood, 1993). The toxic action of silver to fresh
water rainbow trout is via inhibition of branchial Nand CI
influx (Morganet al,, 1997; Webb and Wood, 1998; Bust
al., 1999a,b). More specifically, silver inhibits the NK *-
ATPase enzyme situated on the basolateral membrane of
gill (Morgan et al,, 1997; Buryet al,, 1999b). The disturbance
to ionoregulation results in perturbed fluid-volume regulatiol
and hemoconcentration, with death occurring due to cardiove
cular collapse (Wooet al., 1996).

Recently, Bury and Wood (1999) showed that silver, prok
ably in the ionic form (Ad), can enter freshwater rainbow
trout via a Nd channel situated on the branchial apical mem
brane In vivo, the silver uptake rate across the gills and into th
body follows Michaelis—Menten kinetics, suggesting that pal
of the uptake process is carrier-mediated. Furthermore, t
temporal pattern of uptake shows an initial accumulation c
silver in the gills prior to its appearance in the body, whict
suggests that the rate-limiting step is extrusion across tl
basolateral membrane.

Silver is considered to be relatively nontoxic to humans and A number of uptake processes have been described

other mammals (Hollinger, 1996), but in the aquatic enviromeavy metals in vertebrate systems. Specific P-type ATPas
ment, the silver ion (Ag) can be extremely toxic. Silver, whenhave been characterized for the transport of copper (Bull al
present as AgNQ has an LC50 value for freshwater fish ofCox, 1994; Dijkstraet al, 1996a, b), and recently a divalent-
between 5 and 7ug Ag L* (Hogstrand and Wood, 1998).cation transporter (DCT1) has been identified which transpor
However, speciation governs toxicity (Hogstrand and Wood, variety of divalent ions including Bg Zn*", Mn*", Co*",
1998), and in the case of rainbow trout, toxicity is associatezt’", Cu**, Ni**, and PB" (Gunshinet al., 1997). In addition,
only with the fraction which is present as the free silver ioheavy metals may mimic other ions in various carrier-mediate
(Ag™ ) and not with silver bound to chloride, dissolved organiprocesses (Clarkson, 1993). For example, intestinal Np-
matter, or other naturally occurring anions (Hogstratdhl, take can occur via an iron transport process (Tallkvist ar
Tjalve, 1998); inorganic heavy metals—bicarbonate complex

' To whom correspondence should be addressed at Department of Biologma?'y .be tranSported via the GHCO exchanger (LOLEt al,
Sciences, Hatherly Laboratories, University of Exeter, Prince of Wales Road?91; Alda and Garay, 1989, 1990) and heavy metal— orgar

Exeter, EX4 4PS, UK. complexes may be transported via an organic anion transpor
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(Ballatori and Clarkson, 1985; Zaulps and Barfuss, 199BM sucrose; 10 mM KN@ 0.8 mM MgSQ, and 0.5 mM N&EDTA. The
Zaulps 1998). In the case of silver. Havela#ral. (1998) standard assay solution contained 250 mM sucrose, 10 mM KNOmM

. e . SO,, 6 MM Na-EDTA, and either 5 mM NaATP or 5 mM Na-ADP. All
recently identified a general heavy metal P type ATPase in tEi%uspension and assay media contained 20 mM Hepes and were adjuste

lysosomal membrane that transported silver. This transportey7 4 with Tris. “*"AgNO, (Amersham International Ltd.) was added to a
differed from the DCT1 because both the divalent ions caébncentration of 8@M (0.02 wCi/ml), except in the kinetic analysis where the
mium and copper competed with the monovalent silver ion fepncentration was varied from 5 to M and the time course analysis where
silver transport. Silver has also been shown to be transporf@‘ﬂco”ce””ation was 20M. When the concentration of salts was adjusted (a:

i described below), the osmolarities of the resuspension and assay medium w
by the copper ATPase (CODB ATPase) of the bacter maintained by the addition of an appropriate concentration of sucrose.

terococcus hiragan enzyme which confers bacterial resistanceg vy siiver uptake was assessed by prewarming 426f assay medium

to this metal. The evidence from our previous study concerniagse°c, after which 3Qul of BLMV preparation total was added and the
silver uptake in rainbow trout suggests that silver may Izelution was mixed on a vortex mixer. Silver uptake was assessed over a 3-r
transported across the basolateral membrane of gills by’n%ybation period, except in the time course experiment. After the appropria

. . incubation period, the BLMV were collected on Schleicher and’8ltiitro-
carrier-mediated process (Bury and Wood, 1999)' COnsc%ﬂulose filters, pore size 0.44m, by rapid filtration. The filters had received

quently, the main aim of this study was to characterize silvgh_min incubation in 250 mM sucrose, 10 mM MgS@0 mM KNO,, 2 mM
uptake using basolateral membrane vesicles prepared fromABRO,, and 20 mM Hepes adjusted to pH 7.4 with Tris to ensure that th
gills of rainbow trout. majority of the silver binding sites on the membrane were occupied with col
Ag. The filtered membranes were washed twice with the aforementioned buff
to displace surface-bount®"Ag. Radioactivity present on the filters was
MATERIALS AND METHODS measured on a gamma counter (Packard Instruments, Downers Grove, IL), :
ATP-dependent silver transport was determined by the equation

Fish husbandry. Rainbow trout Oncorhynchus mykiyswvere obtained
from Spring Valley Hatchery (Petersburg, ON, Canada). Fish were kept in nmol/mg membrane protein/min (FATP — FADP)/SA X [P] X T
dechlorinated Hamilton tap water (in mM: [N 0.5; [CI"], 0.7; [C&"], 1;
[Mg*1], 0.2; [K*], 0.05; pH 7.8—8.0, 13°C) and fed commercial trout foodvhere FATP and FADP are the cpm on the filters in the presence of ATP
(Martin Mills Inc., Tavistock, ON, Canada) at 1.5% of their body weight dailyADP, respectively, SA is the specific activity of the assay media (nmol/Ril), [

Basolateral membrane vesicle preparationBasolateral membrane prep- '€Presents the concentration of BLMV protein filtered (mg), @rié time of

arations followed the methods of Perry and Flik (1989). Briefly, rainbow trodffcubation. The values for FATP and FADP were corrected for nonspecif
(approx. 250 g) were stunned with a blow to the head and killed by severarftigding of silver to the nitrocellulose filters. Nonspecific binding was derive
of the spine. The gills were then perfused with 60 ml of ice cold saline (0.9%™M Performing the same experiment in the absence of BLMV and measuri
NaCl; 0.5 mM Na-EDTA; 20 IU L™ heparin; pH 7.8 adjusted with Tris). All the radioactivity present on the filter. When expressed as a percentage of
subsequent procedures were performed at 4°C or on ice. Gill epitheliufif@! counts, nonspecific binding in the presence of ATP was4.6.4%

devoid of blood, was scraped from the cartilage of the filaments with a glad@éan= STD,N = 18) and in the presence of ADP was 111.4% (mean-

slide and placed into 30 ml of a hypotonic solution (25 mM NaCl, 1 mM Hepe§TD* N = 18). Calcu'lations in the time course _study were essentially the san
adjusted to a pH of 8 with Tris). Protease inhibitors were omitted from tH¥ @Pove, with the time component being omitted.
preparation media because of the possibility of these chemicals binding tdVlonensin treatment. The leaking of C& from C&-loaded BLMV after
silver and interfering with the uptake studies. The scrapings were eitiBg addition of the ionophore A23187 has routinely been used to confirm th
homogenized using a polytron homogenizer set at 30% of maximum speedB&MV accumulate C& (for example, Perry and Flik, 1989). There is no
2 min or dispersed with 30 strokes of a loose fitting dounce homogenizer. TRRecific ionophore for Ag. However, the Na ionophore monensin (Chost
solution was adjusted to 45 ml with hypotonic solution and centrifuged aj 55@!., 1974) can act as an ionophore for other cations including Agukube
for 15 min to remove cellular debris. The supernatant was centrifuged aid Sohmiya, 1989). To verify that Adad been transported into the vesicular
5000@ (JA21 Beckman Sorval centrifuge) for 30 min. The resulting pellespace, BLMV were loaded with silver using standard resuspension and as:
consisted of a top fluffy white layer and a firm brownish bottom. The whiteonditions (see above) over a 10-min period, after which eitherulD
fluffy layer was resuspended in an isotonic solution (250 mM sucrose; 5 mmonensin (dissolved in ethanol) or 0.01% ethanol (vehicle control) was adde
MgSO,; 5 mM Hepes adjusted to 7.4 with Tris) by gentle agitation. Thdhe concentration of radiolabeled silver present in the vesicles was measu
resuspended pellet was adjusted to a volume of 20 ml and received 100 stréie$ and then 10 min after this point.
from a tight-fitting dounce homogenizer. The supernatant was centrifuged aCompetition of BLMV silver uptake by N& or K*. For the sodium
100@y for 10 min and then at 100@Gor 10 min, and the final supernatant wascompetition studies, all vesicles were resuspended in standard resuspen:
further centrifuged at 500@0for 20 min. Vesicles were formed from the medium and silver uptake was assessed in either standard assay mediur
resulting pellet by resuspending via 10 passages through a 23-gauge needigaindard assay medium with either 20 or 80 mM o0§$@, added. For the
the appropriate media (see below). Typically, such a procedure yields the Blgdtassium competition studies, the vesicles from five fish were combined a
preparation as 20% inside-out vesicles, 30% right-side out vesicles, and ghit into three aliquots. One aliquot was resuspended in potassium-free res
remaining 50% of membranes as unsealed (Perry and Flik, 1989; Hogstrangension medium and silver uptake studies were then performed in potassiu
al., 1996). The protein concentration was determined by commercial Kiee assay medium. The other two pellets were resuspended in stand
(Bio-Rad) using bovine serum albumin standards and the concentration esbuspension medium and silver uptake was assessed in standard assay or ;
justed to between 1 and 1.5 mg membrane proteitt.riflo confirm the purity medium containing 80 mM KN®
of the BLMV preparz_ition, Fh_e_ NdK “-ATPase activity (_see below for meth-_ BLMV silver uptake in the absence of Mg. Magnesium acts as a
ods) was measured in the |n|t_|a| homogenate and the final BLM\_/, and calCiWBactor for dephosphoryation of ATP by P-type ATPases (Pedersen a
transport was measured using the protocol of Perry and Flik (1989) apdafoli, 1987). Its importance for BLMV silver uptake was assessed b
Hogstrandet al. (1996b). performing transport experiments in the absence of Mg$@r the magne-
Silver uptake studies. The standard resuspension solution, used for th@um-free experiment, vesicles were prepared as described above. Each ve:
kinetic analysis, time course, and monensin treatment studies, consisted of: @&paration was divided and the vesicles were disrupted by an additional
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strokes of a tight dounce homogenizer. These membranes then receiveamson, 1988). The formation of cardiac’CATPase acylphosphate inter-
additional centrifugation at 50,08@or 20 min, and vesicles were formed from mediates is routinely performed in our laboratory and gives a characteris!
one of the pellets in resuspension buffer from which Mg$@d been omitted band at a molecular weight of 104 3 kDa (for example Grover and Samson,
by 10 passages through a 23-gauge needle. Silver uptake was assessed in 24388y
media with no MgSQ The other pellet was resuspended in standard resus-statistical methods. The concentration of silver present in the BLMV after
pension medium and silver uptake was assessed in standard assay mediunh{gggnsin treatment, sodium orthovanadate treatment, or in magnesium-f
above). conditions was compared to the appropriate controls by a Studeess The
BLMV silver uptake in the presence of P-type ATPase inhibitor sodiumstatistical significance of varying the concentrations ofdt Na“ in the assay
orthovanadate. Sodium orthovanadate (W4O,) was prepared as describedmedia on BLMV silver uptake was determined by ANOVA, followed by a
by Gordon (1991). BLMV were resuspended and silver transport was assedsedt significant difference (LSD) test. Michaelis—Menten kinetic constan
in standard medium containing 1@V sodium orthovanadate. Vesicles werewere derived from nonlinear regression analysis and best fit curves we
then incubated fio4 h on ice in thepresence of sodium orthovanadate prior tqgenerated using SPSS 6 computer package.
assessment of silver uptake.

BLMV Na*/K*-ATPase activity. Rainbow trout basolateral membrane RESULTS
vesicles were prepared as described above. Membranes were resuspended to a
concentration of 1 mg protein miin a solution of 250 mM sucrose, 0.8 mM Rainbow trout basolateral membrane vesicle preparatio‘
MgSOQO;,, 20 mM HEPES and adjusted to pH 7.4 with Tris. BLMV were treate(évere enriched in NgK *-ATPase activity by 9.2 times com-

with saponin (0.2 mg/mg membrane protein) prior to assessing/kNa L LT
ATPase activity. N&/K *-ATPase activity was determined by the method oparEd to the initial homogenate, a value similar to that reporte

Bonting et al. (1961). Briefly, the phosphate liberated by the enzyme in twBY Perry and Flik (1989). Ca transport rate was 0.5 nmol mg
media was assessed. The first medium contained 100 mM NaCl, 10 mM Kembrane proteift min~*. This value is lower than the rate
10 mM MgCk, 5 mM NaATP, 5 mM EDTA, 30 mM imidazole and was reported by Perry and Flik (1989), as well as by Hogstrand
adjusted to pH 7.4 with Hepes. The second medium was similar, except Kgl (1996b) (1.2 and 4.5 nmol mg protéilnminﬂ respective-

was omitted and 1.6 mM ouabain was added. AgM@s added to both media | d fl he f h icl
at various concentrations ranging from 0.1 pM to 1 mM. AlCaliquot of y)' and may reflect the fact that our vesicles were prepare

BLMV was added to 40Qul of assay medium on ice and then incubated awvithout the protease inhibitor aprotonin and thiol-reducin
37°C for 15 min. The reaction was stopped by the addition of 1 ml of ice coldgent DTT.

8.6% (wi) TCA and 1 ml of ice-cold Bonting's color reagent (9.6% Rainbow trout basolateral membrane vesicles exhibited :
FeSQ.6H,0 (whv); 1.15% ammonium heptamolybdate (w/v) in 0.66 MATP_gependent silver uptake mechanism (Fig. 1). The diffe

H,SG,). The inorganic phosphate liberatefel)(was determined colorimetri- in th lati f sil in th f eith
cally at a wavelength of 700 nm. Ouabain sensitive I{a -ATPase activity ence in the accumulation rate of silver in the presence of eit

was calculated from the difference i between the two media. 5 mmol L™* ATP or 5 mmol L* ADP reached equilibrium
Acylphosphates intermediate formation.Trout gills were perfused and OVer time (Fig. 2) and had a maximal transport 'Capadrwaxﬁ

scraped from the cartilage as described above, and all procedures performafat4.3+ 5.5 (SE) nmol mg membrane protéirmin™ and an

4°C or on ice. The initial homogenization procedure was performed as dgffinity (K,,) of 62.6 = 43.7 uM (Fig. 1).

scribed above. However, the hypotonic buffer was supplemented with 1 mM The N&a ionophore monensin has also been shown to act

dithiothreitol (DTT) and 0.5 mM phenylmethylsulphony! fluoride (PMSF)._ . .
The homogenate was centrifuged at §306 remove cellular debris and the an |onophore for AQ (TSUkUbe and SOhmea, 1989)' BLMV

resulting supernatant centrifuged at 10,686r 10 min. The supernatant was WEI€ prgloaded with Sil\/'er; after 3 min Of_ adding_ l‘M
further centrifuged at 50,0@@or 45 min. The resulting pellet was then washednonensin to the preparation, the concentration of silver in tt
with 300 mM sucrose, 20 mM Hepes adjusted to pH 7.4 with Tris angesicles was significantly reduced, and this decrease was m

centrifuged at 10,5@ for 15 min. The pellet received a second wash i’bronounced at 10 min after the addition of monensin (Fig. 3

resuspension buffer (5M EGTA, 20 mM Hepes adjusted to pH 6.8 with L .

Tris) to remove the trace amounts of N&*, DTT, and PMSF that may still There Wa_s no S|gn|f|c?nt Change I_n the_ controls. .

have been present. The final pellet was resuspended in 1 ml of resuspensioHlCreasing Na or K" concentrations in the assay mediurr

buffer with a final protein concentration of 4.7 mg BSA equivalents'ml  significantly reduced BLMYV silver uptake in a dose-dependel
All subsequent procedures were performed at 0°C unless otherwise stategnAnner (Fig. 4). The maximal BLMV silver uptake rate wa:s

40-ul aliquot of membrane solution was incubated for 10 min in a solution Qﬁbserved in the absence of I(Fig. 4)_ BLMV silver uptake

20 mM Hepes/Tris pH6.8 containing either 100 or 200 AgNO,, or 10 mM L o .
NaNQ;, with or without 200 mM KNQ, after which, a nominal concentration was 5|gn|f|cantly inhibited by 1OQ“M sodium orthovanadate

of [y-P]ATP was added. After 1 min, the reaction was stopped by t&Nd was reduced, _bUt was not significant'ly different fron
addition of 750ul of TCAP (10% trichloroacetic acid, 50 mM phosphoric acid.controls @ = 0.09), in the absence of Mg (Fig. 5).
and 1 mM ATP). The samples were mixed using a vortex mixer, left for 10 min BLMV Na /K "-ATPase activity was inhibited by AgNGn

on ice, and then centrifuged at 13,008 4°C for 10 min. The supernatant wasy qose-dependent manner. the IC50 value being (BVB
discarded and the pellet washed with 1.25 ml of TCAP and then centrifuged&aNo (Figp 6) ’ 9
3 . .

above, and the pellet was resuspended ipb&f 10 mM Mops, 40 mM DTT, T 2 " . .
1 mM EDTA, 3% sodium dodecyl sulfonic acid, 10% sucrose, adjusted to pH N, Ag"~ and K'-dependent acylphosphate intermediate
5.5 and containing 0.1% of the tracking dye methyl green. The samples wgvere formed and corresponded to a size of 104 kDa, as cc
vo_rtexed vigorously for_lO min and_ electrophoresed in 7.5% polyacrylamidgmed by the well characterized acylphosphate formed by tt
acid gels at pH 4 until the tracking dye reached the gel fror_1t and th%‘hrdiac muscle in the presence of 0.5 mM Qa(@rover and
electrophoresed for a further hour. Teleost acylphosphate formations havegot 1988 Fig. 7). The d f ibh hate int
been demonstrated before, consequently to verify the assay conditions a%mson’ N 9. ) e_ egree o aCYP osp ?‘e n .errr
additional experiment was performed in parallel using'Gadded as cag  diate formation when potassium was administered in conjun

and the rabbit cardiac aATPase (for details of preparation see Grover antion with Na“ or Ag®, was reduced when compared to the
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Ag uptake (nmol / mg protein)

Time (min)

FIG. 2. Time course of silver uptake by rainbow trout gill basolateral
membrane vesicle in the presence ofidd *'*"AgNO;. The line is generated
from the best fit curve to a rectangular hyperbola with an equatign-o&/(b
+ x), wherea = 3.5+ 0.3 (STD) andb = 0.7 = 0.2 (STD). BLMV silver
uptake rate is calculated from the uptake rate in the presence of ATP or AD
represented by the inset graph. The best fit lines also follow the equation f
a rectangular hyperbola, whese= 17 + 0.8 (STD) ancb = 0.6 + 0.1 (STD)
for the ATP data ané = 13.8+ 1 (STD) andb = 0.7 = 0.2 (STD) for the
ADP data. Values are means SEM; N = 4-5.

Ag BLMY uptake (nmol/mg protein/min)

silver concentrations and reached equilibrium over time. |
addition, BLMV silver transport was inhibited by micromolar
5 20 40 60 20 quantities of sodium orthovanadate and acylphosphate intt
[Ag] (M) mediates were forme_d in the presence of ATP and silve
demonstrating that this transporter is probably a P-type AT

FIG. 1. Rainbow trout gill basolateral membrane vesicle ATP-dependeftases (Pedersen and Carafoli, 1987).
silver uptake over a range of silver concentrations (A), calculated from the The accumulation of Ag into the BLMV was confirmed by

difference between the BLMV silver uptake rate in the presence of ATP ; : -
ADP (B). The curve in (A) is generated from the Michaelis—Menten kinetic’is}[]e observation that Ag leaked from vesicles preloaded wi

equationy = V,./(K, + [Ag]), where V.., = 14.3 £ 5.5 (SE) nmol mg
membrane proteit min~* andK,, = 62.6+ 43.7 uM, and the lines in (B) are

based on linear regression lines with equation 0.5x — 0.9,R = 0.99,p <
0.0001, and/ = 0.4x — 1.8,R = 0.98,p = 0.002 for the ATP and ADP data, = 124 I
respectively. Inset of A represents the Eadie/Hofstee plot from the values from -E \I
graph (A), and the line is based on the linear regression line with an equation o
of y = 11.4 — 0.16,R = 0.98,p = 0.002. Values are means SEM; ; 10 4 *\
N =5, g I
5 1
E ¥ %
. . L =
acylphosphate intermediate formation in the presence of only e
either Ag" or Na" (Fig. 7). Acylphosphate formation was g 6 I
greater in BLMV incubated with 200pM AgNO;, compared to = T é
the formation at 10uM AgNO; (Fig. 7). 2 . b

10 12 14 16 18 20

DISCUSSION Time (min)

The identification of an ATP-dependent silver uptake by FIG.3. The accumulation of silver in rainbow trout gill basolateral mem-
basolateral membrane vesicles (BLMV) of the gills of rainbowwrane vesicles after a 10-min incubation WitYAgNO, and after the addition

trout confirms our hypothesis based on eariewrivo obser- of 10 uM monensin O----Q) or the vehicle control (0.01% ethanili—H).
Values are calculated as the difference between the concentration of sil

Ya“O”S that there ?S a _carrier-mediated silver uptake ProC&RRumulated in the presence of ATP or ADP. Values are mea8&M; N =
involved in branchial silver uptake (Bury and Wood, 1999 4 ssignificant difference from the value at the start of treatmert (O

The transport of silver by BLMV saturated over a range ain, p < 0.05,t test)
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FIG. 6. Na'/K'-ATPase activity of rainbow trout gill basolateral mem-

FIG. 4. Rainbow trout gill basolateral membrane vesicle silver uptake ratgane preparations in the presence of increasing concentrations of AgN(
in the presence of 8aM “*"AgNO; and differing concentrations of KNG0, Values are means SEM; N = 5. IC50 = 5.3 uM AgNO;.
10, 80 mM) or NaNQ (20, 60, 180 mM). The values are calculated from the
difference between the silver uptake rate in the presence of ATP or ADP.
V.alu.efs are mgans SEM; N = 4-5. Columns containing different Ie'tter.s. arejs 60X lower (|_e_,Km is h|gher) than that dE. hiraemembrane
S|_gn|f|cantly different from each other (ANOVA followed by a least S|gn|f|can(/(_:‘$iCleS (GZMM compared to 1uM, Solioz and Odermatt,
differences test (LSD)y < 0.05). . . . .

1995). These discrepancies may be explained simply by sy

cies difference, or by the presence of more silver-bindin

Ag after the addition of monensin, a chemical which can act R§0teins in our preparations. Both Solioz and Odermatt (199!
a Ag’ ionophore (Tsukube and Sohmiya, 1989). A similaand Havelaaet al. (1998) highlighted the problems of non-
validation technique was performed by Perry and Flik (198gpecific binding of the free metal to proteins, and in thei
using the ionophore A23187 to verify that rainbow trougtudies an excess of glutathione was required for silver trar
BLMV accumulated C&. The maximum transport velocity Port to be observed. In our studies glutathione was not need
(V.ma) for the silver uptake in rainbow trout gill BLMV prep- for Ag to accumulate in the BLMV. This suggests that the A(
arations was approximately 100-fold greater than that for tfi@nsport process across the gills differs from that in lysosom
bacteriumE. hirae membrane vesicle (14 nmol mgmin~* andE. hirae membranes.

compared to 0.07 nmol mg min*, Solioz and Odermatt, No acylphosphate intermediates have previously been ide
1995) and approximately 70-fold greater compared to lysoddfied in fish gill preparations. The acylphosphates formed i
mal Ag transport (approximately 0.2 nmol rigmin™*, Have-

laaret al., 1998). The affinity of trout gill BLMV Ag transport
1 2 3 4 5 6 7 8

140

120 4

100 |
p" .. . » 104D

80
60
40 | }

20 * .

BLMY Ag uptake as a % of controls

Control 1,00 “]:[t Control Mg ™" free FIG. 7. Acylphophate formation in the presence of 1001 AgNO; (lane

anacate 1), 200M AgNO; (lane 2), 10Q:M AgNO, and 100 mM KNQ (lane 3), 200

FIG.5. Rainbow trout gill basolateral membrane vesicle silver uptake rajgM AgNO; and 100 mM KNQ (lane 4), 10 mM NaN@ (lane 5), 10 mM

in the presence of 8M **"AgNO, expressed as a percentage of controNaNO; and 100 mM KNQ (lane 6), and 100 mM KN@(lane 7). Lane 8

values [0) in the presence of 10@M sodium orthovanadate or in magnesiumcontains the acylphosphate formed by the cardiac hedrt-&&Pase in the
free conditions ). Values are meanss SEM; N = 4-5. *Significant presence of 0.5 mM Cagl(Grover and Samson, 1988); this acted as ar
difference from controlsf < 0.05,t test). internal control and molecular marker, the band corresponding to 104 kDa
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the presence of ATP and NipAg ™, or K™ correspond to a size, ing acylphosphate intermediates in the present study used m
104 kDa, similar to the acylphosphates formed by dhgub- classical methods where the proteins are precipitated usi
unit of the Na /K *-ATPase (Yoda and Yoda, 1986) and’Ga trichloroacetic acid. Consequently, if the silver transport prc
ATPase (Grover and Samson, 1988). It is unclear what ttesn is in fact a copper ATPase, then this enzyme, based on t
other fainter bands of smaller size represent, but they may ¢@nditions for acylphosphate formation, would differ from the
a consequence of proteolysis. There are three possibilities kdenke's ATPase. This does not rule out the possibility the
the decrease in the intensity of the band formed in the presesdeer is transported via a Cu-ATPase which has differer
of Na* plus K*, as well as Ag plus K". First, the reduction characteristics from those of the Menke's ATPase, but fc
may be due to the availability of the substrates required for therification more evidence is required for the presence of th
complete cycle of the sodium pump (Yoda and Yoda, 198&nzyme in the gills of fish.

Second, K may compete with either Naor Ag" at their

binding sites and therefore this'kenzyme complex is unable Ca’*-ATPase

to undergo a conformatipnal change. F?nally, the converse MSitver specifically inhibits N& influx (Morganet al,, 1997;
also occur. Thus, K, on its own, would induce acylphosphate{N

formation, and the weaker band observed in the presence o‘?bb and Wood, 1998; Burgt al, 1999a,b) and does not

A : + perturb calcium influx rates in fish (Woaet al., 1996), illus-
Na' plus K*, as well as Ag plus K", may also be a conse-; _.. ) T N
e : trating that silver discriminates between the proteins involve
quence of competition between the ions.

At present, there are no specific transport processes icpe-Nal+ and C4" transport. Increasing water €adoes not
P ' P port p duce silver uptake rates (Bury and Wood, 1999). In additiol

scribed for silver, but there are a number of possible candidage - °© ; . )
: . ionic silver is monovalent (Ag) and is unlikely to replace the
P-type ATPases including the general heavy metal transporger L : .
) . : ivalent calcium ion (C&) in the branchial Ca-ATPase, and
described in lysosomal preparations (Havekdtal.,, 1998) and is thus probably not transported by such a system
the CopB ATPase oE. hirae (Solioz and Odermatt, 1995). '
The merits and drawbacks of these enzymes as candidates,jor_
silver transport in fish, as well as other P-type ATPases (Na
K*-, C&"- and Na-ATPase) which have been identified in Silver has been shown to enter the fish via the apicél-Na
fish gills (Pfeiler and Kirschener, 1972; Pfeiler, 1978; Karnakghannel (Bury and Wood, 1999), and thus silver could als
et al, 1976; Flik et al, 1993) are discussed below in themimic Na" at the extrusion step across the basolateral mer
context of our present results. brane. Na/K "-ATPase is the major enzyme identified in te-
leost gill involved in basolateral extrusion of Nésee reviews
by Perry, 1997 and Flilet al,, 1997). However, there are also
reports of ouabain-insensitive Nactivated ATPase activity
Evidence that silver may replace copper in a transport prio- gill homogenates (Pfeiler and Kirschener, 1972; Pfeilel
cess comes from the bacteiia hirae (Solioz and Odermatt, 1978; Borgattiet al, 1985). An increase in [K] and [Na']
1995), where Ag is transported by the CopB ATPase. Cu alseduced BLMYV silver uptake, but both ions are present in larg
competitively inhibits Ag uptake into lysosomes, but this Agxcess (1008 greater than the concentrations of silver), whict
transport is also inhibited by Cd, indicating that enzyme imay indicate that the reduction in silver uptake may be sole
probably a general heavy metal P-type ATPase (Havedaardue to nonspecific binding of Kand Na™ at the transport site.
al,, 1998). No Cu ATPase has been identified in teleostdnfortunately, it was not possible to use ouabain (a specif
However, fish possess enzymes that require copper, and fréshibitor of Na'/K "-ATPase), due to the uncertainty as tc
water rainbow trout accumulate copper from the water via thehether this chemical binds silver. However, the maxime
gills (Grosell et al, 1997); thus, there is circumstantial eviBLMV silver uptake was observed in the absence of, K
dence for a branchial copper uptake mechanism. It is not cleailggesting that uptake is unlikely to be via the "N@"-
whether Cu crosses the gills as an ion (Qu CU**) or as an ATPase. Furthermore, it is unlikely, but not impossijkileat
inorganic or organic complex. However, the need for ATP failver would be transported by an enzyme (& -ATPase)
BLMV Ag uptake indicates that if Ag were transported by a Cwhich it actually poisons. Silver inhibits the activity of the
transport system, it would probably be via a Cu-ATPase. Na'/K'-ATPase in these BLMV preparations in a dose-deper
Acylphosphate intermediate formation in the presence dént manner, with an IC50 of 58M AgNO.. A similar IC50
silver and ATP demonstrates the presence of a functionalue was obtained for silver inhibition of N& "-ATPase
enzyme. Recently, Solioz and Camakaris (1997) showadtivity in crude gill homogenates (Morgatal., 1997), but is
acylphosphate formation by Menke's copper ATPase, but &olot higher than the IC50 for a purified dog kidney & "-
visualize the phosphorylation of the Menke’s ATPase, an ikTPase preparation (IC56= 9 nM; Hussainet al, 1994).
munoprecipitation step had to be included prior to electr&onsequently, if Ag is mimicking Nain extrusion across the
phoresis. If this step was omitted, then the Menke’s ATPabasolateral membrane, then it is probably via a different ATF
formed irreversible aggregations. The procedure for visualidependent Na uptake pathway than N& "-ATPase.

and Na' /K*"-ATPase

Copper Transport Processes
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A General Heavy Metal Transport Protein calcium, and dissolved organic carbon on silver toxicity: Comparisor
) between rainbow trout and fathead minnowswviron. Toxicol. Cheml8,
Recently two heavy metal transport proteins have beers6-62.
shown to be able to utilize a number of different metals asiry, N. R., McGeer, J. C., and Wood, C. M. (1999b). Effects of alterinc
substrates, for example, the DCT1 transports a number offeshwater chemistry on physiological responses of rainbow trout to silve
divalent ions (Gunshiret al, 1997), while the general heavy exPosureEnviron. Toxicol. Chemlg, 49-55.
metal ion transporter of the lysosomal membrane does rﬁb‘!{ N. R-vka”s W‘_’OS- C. M. ,(19_99)5 The meCha”'lsg Pgu bra”ICh'a' apice
discriminate between divalent and monovalent ions (Havelaaf!/¢" UPtake by rainbow troutis via the proton-coupled keannel Am. J.
. . hysiol. (Regulatory, Integrative and Comparative Physiolpdg press.
et al, 1998). The characteristics of BLMV silver transport are .
diff £ h f the sil Y | hoy, E., Evans, D. F., and Cussler, E. L.. (1974). Selective membrane f
Ifferent from those of the silver trans.port 0 ysosom‘?‘ mem'transporting sodium ions against its concentration gradietm. Chenmd6,
branes (Havelaagt al,, 1998). BLMV silver transport did not  7085-7090.
require glutathione, was inhibited by sodium orthovanadai@arkson, T. w. (1993). Molecular and ionic mimicry of toxic metaisinu.
and occurred across a plasma membrane. It remains to be seBav. Pharmacol. ToxicoB2, 545-571.
if the BLMV silver transport system is in fact via a generabijkstra, M., van den Berg, G. J., Wolters, H., In’t Veld, G., Sloof, M. J. H.,

heavy metal transport protein or another ATP-dependent trangdeymans, H. S. A, Kuipers, F., and Vonk, R. J. (1996a). Adenosin
port process in the giIIs of fish. triphosphate-dependent copper transport in human livkerslepatol. 25,

In conclusion, we have demonstrated that there is an ATP-37_42'

. - . . iikstra, M., Vonk, R. J. and Kuipers, F. (1996b). How does copper get int
dependent ,Sllver transport me_Ch,ar,“_Sm in the g'|||S of freShwaPe ile? New insights into the mechanism(s) of hepatobiliary copper transpo
adapted rainbow trout. The inhibition by sodium orthovana- j nepatol.24, 109-120.

date, and acylphosphate for.ma'\tion in the presence of ATP qfﬁg G., Kaneko, T. Greco, A. M., Li, J., and Fenwick, J. C. (1997). Sodiur
Ag, suggest that this protein is a P-type ATPase. Howeverdependent ion transporters in trout giléish Physiol. Biochem17, 385—
further studies are required to identify the enzyme responsibl&96.
for silver transport. The prospect of either a fortuitous dflik, G., Van der Velden, J. A., Dechring, K. J., Verbost, P. M., Scheonmaker
specific heavy metal transport process in the gills of fish raised- J- M-, K_O'a; Z. I‘if and We”de'faf%: Bonga, SH E. (1993):'Gand Mg™
a number of important toxicological questions. Heavy metals@1sPort in the gills and gut of tilapizdreochromis mossambicus

. . . L . _review.J. Exp. Zool.265,365-378.
are known to exert their acute toxic action by inhibiting certain o
. . . . alvez, F., and Wood, C. M. (1997). The relative importance of water hardne
ion transport processes in the gills of fish (McDonald an%

> and chloride levels on modifying the acute toxicity of silver to rainbow trout
Wood, 1993). Branchial heavy metal transport would removeoncorhynchus mykissEnviron. Toxicol. Cheml6, 2363-2368.

the incriminating metal and thus may be a defense mechaniggiqon, J. A. (1991). Use of vanadate as protein-phosphotyrosine phosphat
against toxicity. inhibitor. Methods EnzymoR01,477—482.
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