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Abstract. Mucosal crude microsomes, prepared fromintestine and liver, added two new closely related iso-
proximal rat small intestine, exhibited significant Mg- forms to this extensive gene family (Tanzi et al., 1993;
dependent, Zn-ATPase activity;, ., = 23 pmoles Pi/  Petrukhin et al., 1994; Solioz & Vulpe, 1996; Payne &
mg protein/hrK,, = 160 nv, and Hill Coefficient,n = Gitlin, 1998).
1.5. Partial purification [(10-fold) was achieved by de- Copper and zinc share a number of chemical and
tergent extraction, and centrifugation through 2506 m biochemical properties; they are the prominent trace di-
sucrose: V., = 268 units,K,, = 1 nv, andn = 6.  valent heavy metals intrinsic to the structures and bioac-
In partially purified preparations, the assay was lineartivities of a variety of enzymes, including mixed function
with time to 60 min, and with protein concentration to 1 oxygenases. They share similar mechanisms of incorpo-
png/300wl. Activities at pH 8 and 8.5 were higher than ration in protein structures via chelation by adjacent cys-
at pH 7.2. The ATPK,, was 0.7 nm, with an optimal teine residues (Rotilio et al., 1972; Buhler & Kagi,
ATP/Mg ratio of [(R. Ca elicited ATPase activity but did 1974). And, deficiencies or excess accumulations of ei-
not augment the Zn-dependent activity. In partially pu-ther of these trace metals result in serious and at times
rified preparations, the homologous salts of Co, Cd, Cujethal toxic states (Prasad, 1993; Tanzi et al., 1993; Pe-
and Mn exhibited no detectable activity. Vanadate inhi-trukhin et al., 1994; Cox, 1995; Cuajungco & Lees,
bition studies yielded two component kinetics witiKa ~ 1997). The existence of an active transport system ca-
of 12 pm for the first component, and 9am for the  pable of precise regulation of intestinal absorption of
second component, in partially purified preparations.copper, prompted us to explore the existence and prop-
Tissue distribution analyses revealed gradients of activerties of an analogous Zn-specific ATPase in the rat
ity. In the proximal half of the small intestine, Mg/Zn small intestine.
activity increased progressively from crypt to villus tip. A search of the literature yielded three relevant ear-
In long axis studies, this activity decreased progressivelyier studies. Kowarski and Schachter (1973), reported
from proximal to distal small bowel. significant Zn-dependent, ATPase activity in rat duode-
nal mucosal particulates, with a 4, of 0.7 mv, and
Key words: Zinc — ATPase — intestine — mucosa shortly thereafter documented metabolically-dependent
net mucosal to serosal flux of Zhagainst the potential
gradients in everted rat jejunal sacs (Kowarski, Blair-
Introduction Stanek & Schachter, 1974). Both Zn-ATPase activity
and active Zn transport were in part Vitamin D-
A variety of P-type ATPases mediate energy-dependendependent. Ronquist (1988) recorded significant diva-
cation transport in all species, including bacteria, studiedent metal ion stimulation of ATPase activity in mem-
to date (Pedersen & Carafoli, 1987; Fagan & Saier, 1994brane particulates prepared from human semen. The or-
Lutsenko & Kaplan, 1995). The recent discovery of pu-der of activation was Zn > Mn > Cd > Ba >
tative P-type ATPases involved in copper transport in theSr. Orthovanadate inhibited Zn-ATPase activity with a
K; of 0.5 mw.
- We now report on the partial purification and enzy-
Correspondence td:S. Edelman matic properties of an intestinal, Mg-dependent, Zn-
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activated ATPase, that is vanadate sensitive. Furtheyarious concentrations of sodium dodecyl sulfate (SDS), for 30 min at
characterization included divalent cation specificity, and20°Cina shaklng water bath. After incubation the samples were then
distribution of activity within the mucosa of the proximal transferred into 6- to 10-fold volumes of 25Qunsucrose-30 m Tris

Il intesti din th d the | . Cl (pH 7.2), in centrifuge bottles of the Ti-70 Beckman fixed angle
Small intestine, and In the mucosa down the long axis o otor and centrifuged through the sucrose-Tris HCI solution at 120,000

the small intestine. x g for 30 min at 4°C. The pellets were resuspended in sucrose-Tris
HCI and stored at —20°C.

Materials and Methods
ATPASE AssAY

TISSUE PREPARATION The activity was measured by a modification of the colorimetric
ATPase assay of Cortas and Walser (1971). Tenof crude and
Male Sprague-Dawley rats, 300—-350 g, were used throughout the study..0 g of partially purified enzyme were added to a final volume of
The rats were fed ad libitum overnight and then killed by instantaneous300 wl containing 30 nw Tris HCI buffer (pH 7.2), 0-2.0um of
decapitation. The proximal half of the small intestine was removed bystepwise increments of ZngI10 nm KCI, 5 wg/ml Oligomycin, in the
sharp dissection, and cut into 4 to 5, 12-15 cm sections from theabsence and presence of 8gCl, and pre-incubated at 37°C for 5
proximal duodenum to the mid-jejunum. Each section was flushedmin. The reaction was started by the addition of ATP (Tris salt) to a
once with 50 ml of ice-cold Hanks’ balanced salt solution (HBSS) to final concentration of 3 m, incubated at 37°C, and stopped after
remove the lumen contents. Separate intestinal villus and crypt celBO min by addition of ice-cold 10% trichloroacetic acid (TCA) and
fractions ofV,, V,, V,, V5, and crypt were isolated by a slight modi- immersion in ice. The amount of, Feleased was then measured col-
fication of the method described by Flint et al (1991). orimetrically. In the whole mucosal preparations from the proximal,
middle, and distal segments, 40urTris-HCI, pH 8, and 2 m MgCl,
were used in the assay. The activity of Zn/Mg-ATPase was expressed

PREPARATION OF CRUDE MICROSOMES as umoles Ymg protein/hr corrected for basal Mg-ATPase activity.
) Zn/Mg-ATPase kinetics, i.eVmae K, andn (Hill coefficient), were
FractionsV,, and V, were pooled ,,.,), as wereV, andV; (V,,3). estimated by curve fitting with the Ultrafit software package of Biosoft.

To remove surface mucou¥,,,,, V.5, and crypt fractions were sus-
pended separately in ice-cold 50T ris HCI (pH 7.3), 5 nm EDTA,
10 mv 2-mercaptoethanol, and 0.1MmPMSF and centrifuged at Mg SPECIFICITY

1000 x g for 5 min. This step was repeated 3 times, followed by an

additional 3 washes with this solution, except that the EDTA concen-T0 assess the need for Mg in the assay, activities were measured in the
tration was reduced to 1m The cells were homogenized in 10-15 ml presence of Zn alone, Mg alone, Ca alone, and various combinations of
of 250 mm sucrose-30 m Tris HCI (pH 7.2), with 20 strokes in a glass  these salts. The concentrations used wefemlZnCl,, (in mm) 3.2
homogenizer fitted with a Teflon pestle, at 1000 rev./min. The homog-CaClk and 3 MgC}, in medium containing (in m) 40 Tris-HCI, pH 8,
enates were centrifuged at IB& g for 10 min. The sediment was 3 ATP (Tris salt), 10 KCI, and qug/ml oligomycin.

resuspended by homogenization in the original volume of sucrose-Tris

HCI and centrifuged again at 180x g for 10 min. The combined
supernatants were then centrifuged at 66,000 x g for 30 min. The fluffyZn SPECIFICITY

layer was carefully aspirated from the top of the pellet, resuspended i% - . . . - ) -
sucrose-Tris HCI, pH 7.2-7.4, and stored at ~20°C. Protein concen’ critical issue in assessing the significance of a cation-sensitive

; . ) . [ ATPase, is the uniqueness of the metal ion driving the reaction. The
trations of all fractions were determined by Peterson’s modification of " . ) . i N N
. divalent metal ions, Mh", Co'™*, Cd™", and CuU™, were chosen to
the micro-Lowry method (Peterson, 1977).

The intestinal whole mucosal preparations were obtained by Cut_evaluate the specificity of the response to"Zin partially purified

. . . L . preparations. The reaction medium was the same as in thé \Ga
ting the entire small intestine into three approximately equal lengths,” ~7, ) . . . ;

. ) ) - Mg™™" experiments listed above, which contained varying concentra-
proximal, middle and distal, from the proximal duodenum to the end Oftions of MnCh, CoCL, CdCL, CuCk, and ZnC}
the ileum. Each segment was flushed twice with 50 ml of ice-cold ' ' ' ' '
Hanks’ balanced salt solution (HBSS) to remove the lumen contents,
and was sliced open longitudinally with scissors and unfolded onto an\/ \NADATE |NHIBITION
ice chilled glass plate. The entire mucosa was scraped gently with a
microscope slide and collected into a 50-ml centrifuge tube. To re-pjiquots of partially purified enzyme (final concentrationyu protein/
move the surface mucus, the scrapings were washed separately exacgol) in 1 um ZnCl,, 3 mv MgCl,, 5 wg/ml Oligomycin, 10 nw KCI,
as described for th¥,,.,, V.5 and crypt fractions. Crude and partially and 30 nw Tris HCI, pH 7.2, and 0-20Qm NayVO, were vortexed
purified mucosal preparations of proximal, middle and distal intestinal gnd incubated at 37°C for 20 min in a water bath. The ATPase reac-
segments were prepared as described/jar, V,.5 and crypt except  tions were then started by addition of ATP (Tris salt); Zn/Mg-ATPase
that only 1.0 mg SDS/mg protein ratio was used in the extractionactivity was estimated, as described above. The vanadate experiments
procedure geebelow). were carried out in the presence and absence of Mg. The variédate

values for Zn/Mg-ATPase and Mg-ATPase were calculated by fitting

Double Exponential Decay using Ultrafit software of Biosoft.
PARTIAL PURIFICATION OF Zn/Mg-ATPASE

Magnesium-dependent, Zinc adenosine triphosphatase (Zn/MgMATERIALS

ATPase) was purified by a modification of the Jorgensen Na, K-

ATPase method (1988). Crude microsomes (1.4 mg/ml) were incu-The conventional chemical reagents, all reagent grades or the highest
bated in (in nm) 3 ATP (Tris salt), 2 EDTA, 30 Tris HCI, pH 7.5 and  purity available, were purchased from Sigma, J.T. Baker, and Fisher
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Fig. 2. Summary of Zn/Mg-ATPase activity of Crud€,.., micro-
Fig. 1. Zinc-dependence of ATPase activity in crudg,, micro- somes. The enzyme assays were performed in the standard medium
somes. Crud¥,,,, microsomes were prepared as described in the text.(seelegend to Fig. 1). Columi, Zn™* only denotes the presence of
Zn dependence was determined at 9 concentrations of,Za€shown  ZnCl, (2 um) in the absence of Mg. Column2, Mg™* only denotes
in the Fig., in the presence of 3urMgCl,, 3 mv ATP (Tris salt), 10  the presence of MggI(3 mm) in the absence of ZiA. Column 3,
mm KCI, 5 ug/ml oligomycin in 30 nm Tris HCI, pH 7.2. ATPase  Zn+Mg denotes the presence of both Zp(@ pum) and MgCl, (3 mv).
activity was corrected for the baseline in the absence of Zn and in theColumn 4, (Zn+Mg)-Mg represents ATPase activity corrected for the
presence of 3 m MgCl,. The best fit was obtained with the Hill Mg** background, by subtractin@) from (3). Each bar and vertical
equation in the Ultrafit package/,.x = 24.4 = 1.1pmoles Rimg line is the mean isem of three different preparations.
protein/hr,K,, = 0.07 = 0.04um, n = 2.0 £ 0.3. Dashed lines are the
95% confidence lines.
shown in Fig. 1, in the presence of 3nMgCl,, a ZnC},
concentration range of 0.1-1;8v yielded significant
Scientific. The Protein Assay Kit (Peterson's modification of the ATPase activity. The curve gave a better statistical fit to
micro-Lowry method), the tris salt of adenosirietphosphate (<0.1% e Hij| equation than the Michaelis-Menten equation.
Na), and the sodium orthovanadate (purity >95%) were supplied by.

Sigma. Manganese chloride, cobalt chloride, cupric chloride, cadmiumThe Hill coefficient h =20% 0'3) |mplles a posmvely

chloride and zinc chloride were the highest purity available and pur—CooDerative reaction, and t"‘en of 70 nv is consistent
chased from Sigma. Calcium chloride (0.0002% heavy metals, 0.0059WVith the expected very low intracellular concentration of
Mg) was supplied by Mallinckrodit. Zn, since it is a trace metal.
To define Mg dependence, and to correct for base-

line Mg-dependent activity, ATPase assays were per-
Results formed in the presence of ZnCand no MgClJ, or in the

presence of MgGland no ZnC}, or in the presence of
To set the standard assay conditions for quantitativéoth. V,,,,0f Zn + Mg was[B-fold greater than with Zn
evaluation of Zn-dependent ATPase activity, a series obnly, and 2.5-fold greater than with Mg only (Fig. 2).
pilot studies were conducted on crude microsomes of th&ubtracting the activity elicited by Mg only from that of
V,,+1 fraction. Preliminary experiments included the Zn + Mg, gave net Zn, Mg-ATPase activity of 19.8 + 2.6
concentrations of Zn and Mg needed to elicit the reacqumoles RYmg protein/hr. This estimate was not cor-
tion, the concentration of oligomycin that minimized Zn- rected for Mg-independent, Zn activity (Zn-only) since
free ATPase (i.e. background) activity, and the concenthis may represent residual activity of the specific Zn
trations of KCl and Tris buffer that augmented the reac-system. The nature of the Mg-only activity was not ad-
tion (data not shown These findings were the basis for dressed. Some of it may represent partial activation of
using 10 nm KCI, 5 pg/ml of oligomycin, and 30 m  the Zn-dependent enzyme. We decided to attempt partial
Tris buffer in the standard assay medium. Tris-ATP purification of the enzyme before extending its charac-
rather than Na-ATP, was chosen as the substrate to avoiérization.
superposition of Na/K-ATPase activity on the Zn- Previous experience with integral membrane pro-
dependent activity. Assessment of pH dependence, angins, such as the Na/K-dependent ATPase, indicated that
linearity with time and protein concentration was de-incubation in chelators and detergents, followed by den-
ferred pending partial purification of the enzyme. As sity gradient centrifugation yielded purification close to
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Table 1. Effect of SDS/Protein ratio oW, K., and Hill coefficient

of Zn/Mg-ATPase 20 Bl S
SDS/Protein Va2 K2 Hill coefficient = %9
Ratio* (mean *sem) (mean *sem) (mean *sem) %
‘D 2507
0 23.3+1.3 0.16 +0.06 15+0.2 §
0.2 32.6+1.6 0.08 +0.04 20+0.3 g; 200+
0.4 68.3+2.9 0.09 +0.04 3.2+05 E
0.6 93.2+34 0.09 +0.03 3.3+04 o 1504
0.8 115.4+25 0.17 +0.03 47+04 3
1.0 262.3+4.0 0.006 +0.003 41+05 E
1.2 268.4+35 0.001£0.001 59%06 2 1007
1.6 2448+9.8 0.04 +0.03 43+0.8 >
2 504
1Unit = mg SDS/mg Protein E
2Unit = wmoles R'mg protein/hr 0 4
SUnit = pm ; . ; . —_— ; ; . . .
Two separaté/,,., crude membrane fractions were incubated at 20°C 00 02 04 06 08 10 12 14 16 18 2.0

for 30 min in 3 mm ATP, 2 mm EDTA, 30 mv Tris HCI, pH 7.5, and
varying concentrations of SDS as shown; followed by centrifugation
through 250 mm sucrose, 30MmTris HCI, pH 7.2 for 30 min at
120,000 x g. Each enzyme assay used 9 concentrations of Zr.0
wM), and the two curves were collapsed into a single curve by point-
to-point averaging at each concentration of Zn. The meanssamsl
were computed with the Hill equation in the Ultra-fit curve-fitting
program.

Zn concentration (LM)

Fig. 3. Zn/Mg-ATPase activity of a partially purified preparation. The
V,,+1 Preparation was incubated in 1.2 mg SDS/mg protein, for 30 min
at 20°C and centrifuged through 250unsucrose, 30 m Tris HCI for

30 min at 120,000 x g. The enzyme assay and curve fitting were done
as described in the legend to Fig.\4,,,, = 340.3 + 4.6umoles Rimg
protein/hrK,, = 0.2+0.1m,n = 9.2 +1.0. Dashed lines are the 95%
confidence lines.

homogeneity (Jorgensen, 1988). Accordingly, crude

V,,+1 Microsomes were incubated with or without ATP in

EDTA, with a range of SDS concentrations, and thentivities, lowerKs and remarkably high Hill coefficients.
centrifuged through discontinuous sucrose or glycerolAn enzyme activity graph of one such preparation is
density gradients. These attempts yielded only modesthown in Fig. 3:V,,,, 0of 340 pmoles R'mg protein/hr,
increases in enzyme-specific activity of protein recov-K,, of 0.1 nv, andn of 9.

ered from interfaces in the gradients or the pellefstd Two partially purified preparations (i.e. pre-
not showi. Preparations incubated in 3wrATP and 2  incubation in either 0.8 or 1.0 mg SDS/mg protein) of the
mmvm EDTA without SDS, and centrifuged through V,,,, fraction, with varying specific activities, at an en-
sucrose-Tris HCI for 30 min, increased Zn/Mg-ATPasezyme protein concentration of 1x8/300 wl and under
activity by only 20%, compared to untreated crudeV,,,, conditions, were used to assess linearity of the en-
preparationsdata not showh In contrast, incubation of zyme assay with time of incubation. The assay was pre-
crude preparations with SDS at 0.1-1.6 mg SDS/mg proeisely linear, up to 1 hr, under standard conditions. All
tein (with EDTA and ATP), followed by centrifugation the points fell within the 95% confidence limits for a
through sucrose-Tris HCI, gave progressive increases igtraight line ¢lata not showh

enzyme-specific activity of the pellets (Table 1). The Another requirement for validation of quantitative
optimum SDS/protein ratio was 1.0-1.2, which yieldedenzyme assays is linearity with protein concentrations.
more than a 10-fold increase ., This increase was UnderV,,,, conditions, a partially purified/,,,, prepa-
accompanied by lowering of th€,,, to less than 10 m, ration gave a precisely linear dependence on enzyme
and increases in the Hill coefficient to as high as 6. Toprotein concentration, within the range 0—.@/300ul.
optimize for time of centrifugation, we tried 15, 20, 30, All of the points fall within the 95% confidence limits for
45, 60, and 90 min, at 120,000 x g. Peak activity wasa straight line data not showh

achieved with centrifugation for 20 and 30 min. After 30 Two V,,,, preparations purified by incubation in two
min, the longer the centrifugation time, the lower the different concentrations of SDS were analyzed over a pH
enzyme activity. Compared to 30 min, samples centri+ange from 7.2-8.5 (Fig. 4). The activities at pH 8 were
fuged for 45 min, 60 min, and 90 min gave 95.5%, 85%,1.3- to 1.4-fold greater than at pH 7.2, and marginally
and 79% of the specific activity, respectively. The fall in greater than at pH 8.5.

specific activity on centrifugation for longer than 30 min In earlier experiments on crude membrane prepara-
may result from pelleting of extraneous protein. Subsetions, Zn-dependent ATPase activity was substantially
qguent use of the optimal conditions for partial purifica- augmented by 3 mMgCl,. To define the Mg optimum,
tion yielded preparations with even higher specific ac-activities of a partially purifiedv,,,,; preparation (at an
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) o ) Fig. 5. ATP-dependence of Zn/Mg-ATPase activit,., preparations
Fig. 4. pH dependence of Zn/Mg-ATPase activity,., preparations  ere partially purified by incubation in 1.0 mg SDS/mg protein and
were partlally.punfled by incubation with#{) 0.8 or @) 1.0 mg processed as described in the legend to Fig. 3. The enzyme assays
SDS/mg protein and processed as described in the legend to Fig. 3. Th& ntained 1um ZnCl,, 2 mv MgCl,, Tris buffer (pH 8) and ATP (Tris

enzyme reactions contained 2. ZnCl,, 3 mv MgCl,, 3 v ATP - 5y concentrations of 0—4wm The enzyme reactions for ATP range,
(Tris salt). pH of reaction medium was adjusted to the range, 7.2-8.59 5_g g v, and the range, 1-4w were run separately. Values cor-

as shown, by titration of Tris base with HCI. responding to range 0.2—0.8vmof ATP are the mean of two different
preparations and to range 1-4rof ATP are the mean of four different
SDS/protein ratio of 1.0) were measured in the presenc:greparations. The Qasheq lines are the 9_5% confidence lines, in fitting
of 1 um ZnCl, and MgCl, of 0—4 mu. The low levels of the curve to the Michaelis-Menten equation.
activity recorded in the absence of Mg were subtracted
from all of the results, which adjusted the activity to zero simply the sum of the activities obtained with Zn alone
in the absence of Mg. A peak of activity was obtainedand with Ca alone. The Mg-dependence of the response
between 1-2 m, with modest declines at 3—4vm(data  to Ca implies that a separate Ca-ATPase was present, as
not show). At 3 mm ATP concentration the optimum a minor component, in this preparation, and that Mg is
ATP/Mg ratio was[2. required for optimum Zn-ATPase activity. The possibil-
To explore the relationship between ATP-depen-ity that Ca could compete for the Mg-specific mecha-
dence of the reaction and the Mg concentration furthernism, as an inhibitor, was evaluated by measuring Zn/
and to define the&K,, for ATP, V,,., preparations (par- Mg-ATPase activity under standard conditions, in the
tially purified by incubation at a 1.0 mg SDS/mg protein presence or absence of 3.2r@aCL. As shown in Fig.
ratio) were assayed inlm ZnCl,, 2 mm MgCl,, at pH 6, total ATPase activity was fractionally higher in the
8, and 0 to 4 mun Tris ATP. Optimal activity was presence of both Mg and Ca. If Ca-ATPase was simply
achieved between 3—4nmATP, at ATP/Mg ratios of 2 additive to the Zn/Mg activity the predicted yield would
(Fig. 5). A single curve was obtained by averaging re-be 622 (165 + 457). The experimental yield was 529.
sults at each ATP concentratioseglegend to Fig. 5). Thus, Ca may be a weak inhibitor of the activity.
These data gave a best fit to the Michaelis-Menten equa- Vanadate is a potent inhibitor of P-type ATPases
tion, as indicated by the closeness of the dashed line€Cantley, Cantley & Josephson, 1978; Pedersen & Cara-
(95% confidence limits). The ATR,,was 0.7 £+ 0.3 m.  foli, 1987; Fagan & Saier, 1994; Solioz & Vulpe, 1996).
To evaluate the specificity of Mg dependence, CaTo explore the specificity and sensitivity of vanadate
was chosen for comparison, since it is closely related tanhibition, varying concentrations of vanadate (0-200
Mg in the alkali earth metal series. Accordingly, Zn- um) were pre-incubated with preparations that were par-
ATPase activity was measured in partially purified tially purified by pre-treatment with 1.0 mg SDS/mg pro-
preparations, in the presence and absence of La@l tein. In control experiments, low level ATPase activity,
der the same conditions as with MgQJFig. 6). The inthe absence of Mg, was resistant to inhibition by vana-
activity at V., Obtained with Ca (3.2 m) plus Zn (1  date even at concentrations of 160 (data not showh
M) was less than one-fourth that obtained with Mg (3.0In contrast, Zn/Mg-ATPase was significantly inhibited
mm) plus Zn (1wm). In contrast to the marked augmen- by vanadate in the partially purified preparation in the
tation obtained with Mg, the Ca plus Zn activity was presence of Mg (Fig. 7). Inhibition was characterized by
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only only only +Ca Fig. 7. Effect of vanadate on Zn/Mg-ATPase activity,,., partially

purified microsomes were incubated with ZgCl pum), MgCl, (3 mv)
Fig. 6. Ca- vs Mg-dependence of Zn-ATPase activity. Crude micro- and varying concentrations (0—2f&) of sodium vanadate for 20 min
somes of the,,,, preparation were partially purified by incubation in at 37°C. Partial purification was achieved by incubation in 1.0 mg
1.0 mg SDS/mg protein and processed as described in the legend &DS/mg protein and processing as described in the legend of Fig. 3.
Fig. 3. The enzyme reaction was carried out in the presencepof 1 The composition of the assay medium and enzyme activities were as
ZnCl,, and 3.2 v CaCl, or 3 mu MgCl,, in 40 mu Tris buffer (pH described in the Methods section. The curve was derived by applying
8) containing 3 mu ATP (Tris salt), 10 mn KCI, 5 p.g/ml oligomycin. the double exponential decay equation in the Ultrafit packgevas
Enzyme activities were corrected for the baseline in the absence of Zri;omputed from the decay constantg, from: Kj,, = 0.695A,.. In this

Ca, and Mg. Numbers above bars are the activities. experiment,K;;y = 12.1 pum and K, = 96.3 pm. Each point and
vertical line represents the meansem of 3 different preparations,

assayed separately.

a two component exponential dec#y;for the first com-

ponent, 13.um, for the second component, §é1. Based  rqtein, and assayed undeér,., conditions (Fig. 9). Ex-
on the ratio qf the intercepts, the h_|g_hly sensitive COM-yraction with 1.0 and 1.2 mg SDS/mg protein yielded
ponent constituted 39% of total activity. _ “more than 10-fold increases W, in all three layers.

Standard assays were carried out on partially puri-tpe V,,., preparation exhibited two-fold higher ac-
fied V,,., preparations (extracted with 1.0 mg SDS/mgtjyity than V,,,. The lowest activity was recorded
protein), with a series of homologous, divalent cations;with the crypt preparation. The Hill coefficients were
Co™, Cd™", Cu™, Mn"" and Zri™. Atisomolar concen- essentially the same in all three partially purified villus
trations, 0-2.0um, as chloride salts, no significant ac- |ayers.

tivity was detected for C8, Cd™*, Cu'", and Mr™ (Fig. To explore the distribution of Zn/Mg-ATPase activ-
8). These results indicate that the Zn activity is highlyity along the long axis, the small intestine was divided
specific. into three approximately equal segments. The proxi-

To explore the intestinal distribution of the enzyme, mal segment included the entire duodenum as well
two sets of studies were undertaken; the activity yieldas a part of the adjacent jejunum, the middle segment
within the mucosa, from tip to crypt of the proximiglof ~ consisted mainly of the jejunum, and the distal seg-
the small intestine, and the yield from duodenum to thement consisted chiefly of the ileum. In these experi-
terminus of the ileum, along the long axis. The mucosalments, the entire mucosa was assayed. As summarized
epithelium of the small intestine is infolded in the form in Table 2, in partially purified mucosal preparations
of villi, with absorptive activity maximal at the tips and (i.e., preincubation in 1.0 mg SDS/mg proteiR),, of
cellular replication maximal in the crypts (Van Corven, the proximal segment was 256 unit¥,,,, of the
De Jong & Van Os, 1986; Flint et al., 1991; Ferraris & mid-segment was 57% and that of the distal segment
Diamond, 1993). Thus, there may be a gradient in theonly 9% of that in the proximal segment. No differences
distribution of Zn/Mg-ATPase activity which in future were noted in thek,, for Zn or the Hill Coefficients
studies may correlate with a transport capacity gradientbetween the three segments. These experiments gave
Accordingly, the mucosa was divided into three frac-lower Hill Coefficients (2.5-3.8) than in partially puri-
tions; V.1, V.3, Crypt. These three fractions were par- fied preparations of th&,,., fraction CompareTables
tially purified by extraction with 0 to 1.2 mg SDS/mg 1 and 2).
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Fig. 8. Divalent cation specificity of Zn/Mg-ATPase Thé,., prepa- Fig. 9. Zn/Mg-ATPase activity in partially purified preparations_ from
ration was partially purified by incubation in 1.0 mg SDS/mg protein three mucosal levels/,,.; (O), V.5 (L), and crypt () preparations
and processed as described in the legend to Fig. 3. The enzyme assa}/§re partially purified by extraction with 0-1.2 mg of SDS/mg of
were carried out under standard conditions (see legend to Fig. 1) exceffotein and assayed under standard conditions (see legend to Fig. 1).
for Tris buffer (pH 8), in the presence of the indicated concentrations=ach point is the mean sewm of two independent preparations derived
of ZnCl, or one of the other divalent cation compounds: MRCloCL, from two curves that were coIIapse_d into a single curve by point-to-
CuCl, CdCl,. Enzyme activities were corrected for the baseline in the POINt averaging at each concentration of ZuCl

presence of Mg and in the absence of Zn or other divalent cations. In

partially purified preparations Zn yielded\&,,,0f 251 + 3.16pmoles ) o ) )

P/mg protein/hr, &, of 0.02 + 0.01um and a Hill coefficient of 3.2 12bl€ 2. Vina, Kiy, and Hill coefficient of Zn/Mg-ATPase in partially
+0.23. None of the other divalent cations gave any detectable activityPurified mucosal preparations along the long axis of the small

intestines.
. . Segments AV K, 2 Hill coefficient
Discussion g max "
) . ) ) ) . . Proximal 256.0 £ 24.9 0.08 £0.08 25+£0.9
Zinc is a crucially important trace element in biological middle 151.7 £17.2 0.72+0.27 25+05
systems with a range of functions; structural, catalyticDistal 234+ 21 0.49+0.23 3.8+1.0

and regulatory, as an intrinsic component of oxygenases, — '
proteases, and transcription factors, as well as othergJnit = pmoles Rimg protein/hr
(Angel et al., 1987; Cuajungco & Lees, 1997). The po- UMt =pm . o .

: L ._Mucosal preparations were partially purified and assayed as described
tentlgl tOX'C'tY of Zn a; a, heavy metal, and t_he essentia n Methods. Each value is the mearsem of three different prepara-
role it plays in a multiplicity of pathways dictates the iigns.
need for precise regulation of absorption of dietary Zn, as
well as its distribution among body compartments. Over
the last 40 years, Na/K, H/K, and Ca transport ATPasesnd Zn prompted us to explore the possible presence of
(P-type), have been extensively described at the molecia Zn-specific ATPase in intestinal epithelia.
lar and physiological levels (Pedersen & Carafoli, 1987; Bacterial cation-specific, P-type ATPases have been
Fagan & Saier, 1994; Lutsenko & Kaplan, 1995). Re-described recently with specificities for ZaZr{T A), Cd
cently two variants of a Cu-specific, P-type ATPase were(Cad A), and Cu (Cop A, Cop B) (Rensing, Mitra &
discovered by genetic analysis of Menkes’ Disease, a CiRosen, 1997). A common feature is the presence of 1-6
absorption defect, and Wilson’s Disease, a Cu exceshl-terminal GXXCXXC motifs that are putative metal
disorder (Tanzi et al., 1993; Petrukhin et al., 1994; Soliozbinding domains (Solioz & Vulpe, 1996; Rensing et al.,
& Vulpe, 1996; Payne & Gitlin, 1998). A distinguishing 1997). The Zn-enzym&nTA, was identified as a trans-
feature of the Menkes’ and Wilson’s type Cu-ATPases islocator by ATP-dependent, vanadate-inhibitable Zn ef-
the tandem binding of 5/6 atoms of Cu by Cys-4 chelat-flux from everted vesicles prepared frof coli (Ren-
ing mechanisms, near the amino-terminus (Petrukhin esing et al., 1997). Evolutionary relationships among Cop
al.,, 1994; Payne & Gitlin, 1998). The similarities in A, Cop B, Cad A, and the mammalian Menkes’ and
some of the chemical and biochemical properties of CuVilson’s Cu-ATPases are indicated by the following ho-
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mologies, {) putative heavy metal ion binding sites in the Cu™, and Mn™ in the partially purified preparations
polar N-terminal region,ii) a uniqgue number of trans- attests to the metal ion specificity of Zn in the activation
membrane helices,iii() a conserved intramembranous of this ATPase.
CPC or CPx motif that is a distinguishing feature of Four features in our study are consistent with the
heavy metal transport ATPases, aid the conserved possibility that the Zn enzyme is a P-type ATPase: stable
sequence of the phosphorylation domain, DKTGT,integration in membranes, Mg-dependence, specificity of
which is common to all P-type ATPases (Odermatt et al.Zn, and vanadate inhibition. Stable integration is indi-
1993; Fagan & Saier, 1994; Solioz & Vulpe, 1996). cated by the resistance to extraction with SDS/protein
A similar comparison oZnT A with mammalian Zn- ratios as high as 1.6. The specificity of Mg-dependence
ATPase awaits cloning and sequencing of the latter. (i.e., comparison to dependence on Ca) is documented in
In the earlier studies of Schachter and colleagueshe present study. Zn is the unique activator in compari-
(Kowarski & Schachter, 1973; Kowarski et al., 1974), son to a panel of other divalent heavy metals. Vanadate
and Ronquist (1988K,,s for Zn of 0.5 nm and 0.4 nm, inhibition is a common feature of P-type ATPases, typi-
respectively, were reported. These values are surpriszally in wmolar concentrations (Cantley et al., 1978; Fa-
ingly high in view of the trace concentrations of Zn in gan & Saier, 1994; Solioz & Vulpe, 1996). In partially
mammalian cells (Cuajungco & Lees, 1997). In our purified preparations, vanadate inhibition was character-
studies, the crude preparations gave &Zjof 0.16 um,  ized by two components witk;s of 12 um, and 96um,
and in partially purified preparations, a value of 1.n respectively. Although the basis for the heterogeneity in
This 1,000-fold decrease i, with partial purification  sensitivity to vanadate is unresolved, these results are
may be a consequence of extraction of bound zinc duringn accord with the properties of cation-transporting
purification. The fall inK,,, was accompanied by marked ATPases (Fagan & Saier, 1994; Solioz & Vulpe, 1996).
increases in the apparent Hill coefficient, which also isVanadate inhibition also exhibited biphasic kinetics in
consistent with exposure of more Zn binding sites dur-the prostasome experiments, with an overall half-
ing purification. The tandem Cu-binding sites in the maximal inhibition at 50Qum (Ronquist, 1988).
Menkes'/Wilson’s Cu-ATPases (Petrukhin et al., 1994; The mucosa of the proximal small bowel consists of
Lutsenko et al., 1997; Payne & Gitlin, 1998) raise thereplicating crypt cells that migrate to the surface of the
possibility of the existence of similar, multiple Zn bind- villi, and in the process mature into more highly absorp-
ing sites in the Mg-activated, Zn-ATPase, detected in outive epithelial cells, at the tip (Van Corven et al., 1986;
preparations. The exceptionally high Hill coefficients ( Flint et al., 1991; Ferraris & Diamond, 1993). In accord
with a mean value of 6, in the combined group) afterwith the expectation of highest Zn absorptive activity at
extraction with high concentrations of SDS, is consistenthe tip, Zn-ATPase activity, &,,,, was highest in the
with the existence of a multiplicity of Zn binding sites. outer fraction, intermediate in the middle fraction and
An alternative explanation could be the presence of deast in the crypt fraction. The properties of these activi-
large number of interacting subunits in an enzyme comiies were indistinguishable in terms Kf,s for Zn, Hill
plex. coefficients, and fold-increases in activities on partial
A gene family, widely expressed in mammalian or- purification. If in future studies the intra-villus distribu-
gans and tissues, has recently been identified as Zn transen of the Zn transport capacities of these cell layers
porters and designated ZnT-1, -2, -3, and -4 (Palmiter &roves to be proportionate to the gradient of Zn enzyme
Findley, 1995; Palmiter, Cole & Findley, 1996a; Pal- activity, it would contribute to its identification as a
miter et al., 1996b; Huang & Gitschier, 1997). Their transport system.
respective roles in Zn transport have been inferred from  Our results document decreasing Zn enzyme activi-
a variety of studies. All of the Zn transporters are highlyties, in partially purified whole mucosal preparations,
homologous in DNA sequence to each other, and to twalong the long axis of the small intestine. No differences
yeast proteins, ZRC1 and COT2, and a bacterial proteinin the kinetic properties of the enzyme were noted in
czcD. It is unlikely that the Zn transporters mediate ac-these assays, implying only differences in abundance.
tive rather than facilitated transport. None have beerEarlier studies on the sites of zinc absorption in the small
shown to have Zn-dependent, ATPase activity, and theimtestine in both animals and human, however, reported
sequences do not exhibit the major structural features afonflicting results. Methfessel and Spencer (1973),
P-type ATPases. Davies (1980), and Jackson et al. (1981) found that in the
The divalent metals, C6, Cd™, Cu™, Mn*", and  rat, zinc absorption was significantly higher in the duo-
Zn*" constitute a homologous series, with similar chemi-denum or the upper small intestine than in distal seg-
cal properties (Williams, 1989). These salts were usednents. But Antonson et al. (1979) reported that zinc
as a stringent test of the specificity of Znas the sub- absorption wasB-fold higher in the ileum than in the
strate for the ATPase activity. The complete absence ofejunum or the duodenum of the rat. In humans, Lee et
activity with isomolar concentrations of Cg Cd™,  al. (1989) noted that the proximal jejunum had the high-
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est rate of zinc absorption, followed in decreasing order bacteria: sequence analyses and construction of phylogenetic trees.
by the duodenum, and the ileum. Until the basis for J- Mol. Evol.38:57-99 -

these discrepancies in rates of zinc absorption have beéf§raris, R.P., Diamond, J.M. 1993. Crypthillus site of substrate-
elucidated or resolved, no meaningful comparisons can dependent regulation of mouse intestinal glucose transporters.

be made to our estimates of Zn enzyme activity along th Proc. Nat. Acad. Sci. USB0:5868-5872
. . . y y 9 %Iint, N., Cove, F.L., Evans, G.S. 1991. A low-temperature method for
long axis of the small intestine.

. . . the isolation of small-intestinal epithelium along the crypt-villus
In all of the preparations divided from tip to crypt,  .yis.Biochem. J280:331-334

normal to the mucosal surface, partial purification of theHuang, L., Gitschier, J. 1997. A novel gene involved in zinc transport

zinc enzyme resulted in marked increases in the Hill s deficient in the lethal milk mous&at. Genet17:292-297

coefficient, generally as high as 6. This was not the casejackson, M.J., Jones, D.A., Edwards, R.H. 1981. Zinc absorption in the

however, with full mucosal thickness preparations, in the rat.Br. J. Nutr. 46:15-27

long axis experiments. These high Hill coefficients may Jorgensen, P.L. 1988. Purification of Ni&*-ATPase: enzyme sources,

reflect multiple in tandem Zn binding sites, by analogy to  preparative problems, and preparation from mammalian kidney.

the Menkes- and Wilson-type Cu-ATPases (Petrukhin et Method. Enzymol15629-43

al., 1994; Lutsenko et al., 1997; Payne & Gitlin, 1998). Kowarski, S., Blair-Stanek, C.S., Schachter, . 1974. Active transport

If so, our failure to record similar increases in the Hill of zinc and |dent|f|c_at|on 9f zinc-binding protein in rat jejunal
- . . . . . mucosaAm. J. Physiol226:401-407

coefficients in the. long axis studies, with full thickness Kowarski, S., Schachter, D. 1973. Vitamin D and adenosine triphos-

mucosal preparatlpns, may be a ConsequenC?_Of !esser phatase dependent on divalent cations in rat intestinal mudosa.

degrees of extraction of bound zinc during purification,  gjin. invest.52:2765-2773

as compared to the fractionated preparations. Lee, H.H., Prasad, A.S., Brewer, G.J., Owyang, C. 1989. Zinc absorp-
Earlier studies by Davies (1980) and Jackson et al. tion in human small intestinédm. J. Physiol 256:G87-91

(1981) are consistent with a two-step mechanism of in{ utsenko, S., Kaplan, J.H. 1995. Organization of P-type ATPases:

testinal Zn absorption, possibly passive entry across the significance of structural diversitBiochem.34:15607-15613

apical surface and active extrusion by a basal-lateral Zmutsenko, S., Petrukhin, K., Cooper, M.J., Gilliam, C.T., Kaplan, J.H.

pump. The Mg-dependent, Zn-ATPase may prove to be 1997. N-terminal domains of human copper-transporting adenosine

the enzymatic expression of a Cation-transporting triphosphatases (the Wilson’s and Menkes’ disease proteins) bind
ATPase copper selectively in vivo and in vitro with stoichiometry of one

copper per metal-binding repedt. Biol. Chem272:18939-18944

Methfessel, A.H., Spencer, H. 1973. Zinc metabolism in the rat. I.
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