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Abstract. Inorganic phosphate (Pi) can regulate the levelZinc (Zn) is an essential trace element and, as such, i
of skeletal alkaline phosphatase (ALP) activity in humanrequired for a variety of metabolic functions including pro-
osteoblast-like cells by stabilizing the enzyme (without af-tein and DNA synthesis, wound healing, taste, and immun
fecting transcription, ALP release from the cell surface, orsystem activity, usually as an essential cofactor in metallo
the amount of ALP protein). These observations suggesénzymes and proteins [1-3]. Although significant amounts
that Pi determines the level of ALP activity by modulating of Zn are stored in bone and muscle, the available pools ar
a process of irreversible inactivation. The current studiegoo small to provide a metabolic buffer [4], so that serum Zn
were intended to examine the hypothesis that this inactivahomeostasis is primarily dependent on the dietary intake
tion of ALP activity is caused by the dissociation of an The nutritional requirement for Zn is 10.1-11.5 mg/day [4]
active center Zn and that Pi inhibits that dissociation. Initialand normal adult human serum contains 40—190iter Zn,
studies showed that Zn, like Pi, could increase ALP specifignost of which is protein bound [6]. Recent data indicate tha
activity in human osteosarcoma SaOS-2 cells in a time- anghjld zn deficiency may be associated with age-relatec
dose-dependent manner (e.g., a 50% increase atfid  changes in diet and/or Zn absorption/excretion. The typica
liter Zn, P < 0.005). This effect was specific for Zn (i.e., N0 dietary intake of Zn decreases from 10 to 15 mg/day in
similar effect was seen with Ca, Fe, Co, Mg, Mn, or Cu), butyoung adults to an estimated average of 7—-10 mg/day i
_not_for Sa0S-2 cells. Zn also increased ALP SpelelC aCth-e|der|y adults [7]’ and it has been Suggested that as many
ity in (human osteosarcoma) MG-63 cells and in cells de-3994 of all women over 65 years of age may suffer from Zn
rived from normal human vertebra® & 0.001 for each).  deficiency [18]. Three observations have also suggested th:
The effect of Zn to increase ALP activity was not associateghis age-related Zn deficiency may be associated with th
with parallel increases in total protein synthesis, collagerjevelopment of osteoporosis: (1) the skeletal content of Z
production, or tartrate-resistant acid phosphatase activityecreases with age, in proportion to the age-dependent d
(no change in any of these indices), net IGF-2 synthesis (grease in bone strength [9]; (2) osteoporotic subjects hav
Zn-dependent decreage< 0.005), or PTH-dependent syn- |ower serum Zn levels than age-matched controls [10]; an
thesis of cCAMP (a biphasic increask, < 0.02). Kinetic  (3) the occurrence of hyperzincuria is greater among ostec
studies of Pi and Zn as co-effectors of ALP activity showedporotic subjects [8].

that Zn was a mixed-type effector with respect to Pi,” Thjs circumstantial linkage between a chronic, age-
whereas Pi was competitive with respect to Zn. Mechanisti¢e|ated zn deficiency and osteoporosis is all the more in:
studies showed that (1) Zn reversed the effect of Pi with+rigying because zn is required for normal bone growth anc
drawal to decrease ALP activity, but not by reactivatingdevelopment [5, 6, 11-14]. Furthermore, animal studie:
inactive ALP protein (the process required protein synthehaye shown that Zn deficiency decreases the number c
sis, without increases in ALP mRNA or the level of ALP gsteoblasts and chondrocytes in bone [15], andtro data
immunoreactive protein); (2) Zn increased the half-life ofingicate that supplemental Zn can increase the number c
ALP activity in intact cells and after a partial purification; myrine osteoblast-like cells (MC3T3E1 cells) in monolayer
and (3) Pi inhibited the process of ALP inactivation by cylture [16]. Zn has also been reported to increase collage
EDTA (which chelates active center Zn). All these findings production in rat femora [17] and calvaria [18], and recent
are consistent with the general hypothesis that Pi '”U‘?as‘g%dies indicate that Zn may act to decrease bone resorptic
the half-life of skeletal ALP by preventing the dissociation [19-21]. Thus, we can hypothesize that chronic Zn defi-
of active center Zn and with a mechanistic model of skeletaLienCy could result in decreased bone formation and/or in

ALP activity in which active center Zn participates in Pi- creased bone resorption, but only if we assume that there a

ester binding and/or hydrolysis. essential Zn-dependent biochemical processes in osteobla:
_ _ and/or osteoclasts.

Key words: Inorganic phosphate — Alkaline phosphate —  One of the most likely candidates for a Zn-dependent

Zinc deficiency-Sa0S-2 cells. activity in osteoblast-line cells is skeletal alkaline phospha-

tase (ALP) which is a Zn-metalloenzyme found on the sur-
face of osteoblasts and in circulation [22—24]. Skeletal ALP
contains 2 molecules of Zn/enzyme monomer, and this en
_— zyme-bound Zn is required for ALP activity; removal of Zn

Correspondence tal. R. Farley, c/o Research Service (151), J.L. by chelation results in an irreversible loss of skeletal ALP
Pettis Memorial Veterans Medical Center activity. Although we do not understand the precise bio-
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chemical function of skeletal ALP, we know that the en- disposable chromatography columns, and protein-dye-binding re
zyme is somehow essential for normal bone formation andggent were purchased from Bio-Rad Laboratories (Hercules, CA)
or mineralization [25-27] and studies of subjects with hy_Goat anti-mouse antibody and nonimmune mouse serum wer

pophosphatasia and recent studies with ALP knock-ouggm iﬁgﬂgogfosyl(s\?x)gg%?dbgfg daggc?gct)lt-ild%z-g r?é‘st"bv‘agg’ewas

mrice Plave srl]Jggehstedh (bult not PfOVdeF‘) that.pyridoxﬁl'from Dupont NEN Research Products (Boston, MA) aihtt
phosphate, phosphoethanolamine, and inorganic pyrophOgggjine was from ICN Biochemicals, Inc. (Irvine, CA). Bovine
phate may be the natural substrates for skeletal ALP [28serum albumin (BSA) was purchased from Fluka (Ronkonkoma
31]. With respect to the role of Zn in skeletal ALP activity, NH). Materials for the murine serum osteocalcin assay (osteoca
a comparison with bacterial ALP suggests that the activein standards,*f>labeled mouse osteocalcin, goat anti-mouse 0s-
center Zn may participate in phosphate-ester binding anteocalcin, nonimmune goat serum, and donkey anti-goat secor
catalysis [32-34]. antibody) were purchased from Biomedical Technologies, Inc.
e Toowing our obsenvatons have et he ypoth-Slugton, WAl Sneymemmineseray S ks oy
?rf)lrit?ﬁé tgr?za(r:rg“e/eg:lg?r{ Zgr:nir?lé(\alle?rglbﬁel_E;T:%%gtliziocé%t[%vits for the quantitation of skeletal ALP immunoreac’tive'protein
that phospha}c/e (F;i) can mgodulate this process by prevénti immunoradiometric assay were purchased from Hybritech (Sa
. . < h ~> / iego, CA).
the dissociation: (1) the concentration of Pi (i.e., in serum- g )
free cell culture) can regulate the level of skeletal ALP
activity in human osteoblast-like cells [35]; (2) this effect of pjaintenance of Cells in Culture
Pi is not mediated by changes in the level of ALP mRNA or
changes in the rate at which skeletal ALP activity is releasegjuman osteosarcoma SaOS-2 cells, MG-63 cells, and osteoblas
from the cell surface [35, 36]; (3) Pi increases the half-lifelike cells derived from normal human bone were maintained in
of skeletal ALP activity in these intact cell cultures [35, 36]; 100-mm diameter dishes in DMEM + 10% fetal calf serum (FCS)
(4) Pi withdrawal (i.e., a transfer to Pi-free medium) de-at 37°C in an atmosphere of 5% G@nd air in a humidified
creases the cellular level of skeletal ALP activity, but notlnCUbat%f-_ SggcolnﬂUent-ltf_ep|'”CgFehCU|tE15f8$g€ofg—7lg/gégup)”\/V/9Fe”_
the level of skeletal ALP immunoreactive protein [37]. To- Prepared in z4-place muftiwell disnes (9U,000-70,000 cellsiweltin
gether, these findings suggest that Pi is affecting the level (ﬂl‘ ml DMEM + 10% FCS) or in 6-place multiwell dishes (500,000~

PR A . 50,000 cells/well in 2 ml DMEM + 10% FCS). After 24-48
skeletal ALP activity in human osteoblast-like cells by hours, the media were replaced with seru%-free)DMEM and, 2-*

modulating a process of irreversible inactivation. Since théoyrs'after that, with serum-free Bgbntaining the effector(s)—

loss of active center Zn (e.g., by chelation) results in an,sually in volumes of 0.5 ml/24-place multiwell and 1.5 ml/6-

irreversible loss of skeletal ALP activity without a change in place multiwell. Incubations were in BGdnedium with Pi and

immunoactivity, we postulate that Pi stabilizes ALP activity effectors as indicated. (Fitton-Jackson modified B@&dium was

by preventing (or retarding) the dissociation of Zn from theprepared without Ca or Pi so those components could be added

active center of skeletal ALP in human osteoblast-like cellsdesired. DMEM contains 1.2 mmol/liter Pi and 1.8 mmol/liter Ca,
The current studies were intended to examine this hyand BG4 normally contains 1.8 mmol/liter Pi, and 1.8 mmol/liter

pothesis and, specifically, to accomplish the following three™~2-

aims: (1) to determine thim vitro effects of Zn, alone and

in combination with Pi, on the level of skeletal ALP activity

in human osteoblast-like cells; (2) to determine whether anyA

such effects of Zn on skeletal ALP activity might be asso- - -

ciated with other effects on the cells (e.g., effects on P-I-H_After the indicated exposures to effectors, the cell-conditionec

) . edia were removed (and saved for analysis as desired) and tl
dependent synthesis of cAMP, collagen production, ”eg:all layers were rinsed with phosphate-buffered saline (PBS) an

IGF-II synthesis); (3) to investigate the mechanism(s) bythen scraped and homogenized in 0.3 or 1 ml of a solution of
which Zn might regulate the level of skeletal ALP activity. 0.01% triton X-100 in 25 mmol/liter NaHCQbuffer, pH 8, con-

We performed most of these studies using human osteosatining 0.005% azide (for 24- and 6-place multiwells, respec-
coma Sa0S-2 cells because that cell line has characteristitigely). As in previous studies [35-37] ALP activity was assessed
of human osteoblasts [38, 39], including high steady-stat®y the time-dependent formation of p-nitrophenolate (which ab-
levels of skeletal ALP activity [40, 41]. Furthermore, be- Sorbs light at 405 nm in alkaline solution) from PNPP. Typically,
cause the amount of skeletal ALP activity in subpopulation%S wl of cell layer extract (diluted as required) was incubated in a

LP Activity

: : otal volume of 0.3 ml containing 10 mmol/liter PNPP, 1 mmol/
of Sa0S-2 cells is proportional to the amounts of collage gCl,, in 150 mmol/liter carbonate buffer, pH 10.3, in a 96-place

production and PTH-dependent synthesis of cAMP [42]icrotiter plate (i.e., one sample in each microtiter well). Each
this cell line was well suited for testing the possible assosample was assessed in duplicate. The reactions were initiated |
ciations between Zn-dependent changes in ALP activity andddition of substrate, and the time-dependent increases in absc
Zn-dependent changes in these other aspects of osteoblasince at 405 nm were measured on a microtiter plate spectroph
activity. tometer (EAR400/340AT, Labinstruments, Vienna, Austria). ALP
activities were calculated as U/mg protein or mU/mg protein,
where 1 unit is defined as lmole of product formed/minute.

Materials and Methods

TRAP Activity
Materials

Tartrate-resistant-acid phosphatase (TRAP) activity was also de
Fetal calf serum, p-nitrophenylphosphate (PNPP), 3-isobutyl-1termined in aliquots of the triton X-100 cell layer extracts of rep-
methyl-xanthine (IBMX), concanavalin-A agarose, cycloheximide licate cell cultures (n= 6) that had been exposed to Zn (0, 1, 1.5,
and triton X-100 were from Sigma Chemical Co. (St. Louis, MO). 2, 5, 10, and 2Qumol/liters) in serum-free, Pi-free BGdnedium,
Tissue culture dishes were from Corning (Corning, NY). Trypsin-by the time-dependent increase in the concentration of p:
EDTA and Dulbecco’s minimum essential medium (DMEM), and nitrophenolate in 0.2 ml of a solution containing {LDof sample
Fitton-Jackson modified Biggers-Gwatkin-Jones medium (BGJ (i.e., cell layer extract), 10 mmol/liter PNPP, 80 mmoll/liter tar-
were from GIBCO (Grand Island, NY). Bio-gel P10, Bio-spin trate, and 100 mmol/liter acetate buffer, at pH 5.5. The reactior
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solutions were incubated in the individual wells of 96-well mi- Partial Purification of Skeletal ALP

crotiter plates at 37°C for 60 minutes. The reactions were then

stopped by the addition of 0.1 ml of 0.1 mol/liter NaOH to each Skeletal ALP was prepared from a pool of Ca-free culture mediur
sample. A control was included for each sample to correct forwhich had been conditioned by SaOS-2 cells (24 hours at 37° C
variation in basal absorbance due to variation in protein or othe8 ml/100 mm-diameter culture dish, 150 ml total volume contain-
extract components. TRAP activity was calculated as mU/mg proing 110 units of ALP activity at 1.1 U/mg protein). This pool of
tein, where 1 unit is defined as imole of product formed per ALP was incubated with 1000 units of phospholipase C for 48
minute. hours at 4° C (to convert insoluble, tetrameric, membrane-
anchored ALP to the dimeric, anchor-free, soluble form), then
filtered to remove insoluble material concentrated, and dialyzec
against 25 mmol/liter NaHCObuffer containing 0.005% azide
and 10pmol/liter Zn. (Zn was included to preserve enzyme ac-
tivity during the purification.) The ALP activity was partially pu-
rified by separation on columns of concanavalin A-agarose (elute
with a-methyl mannoside) and sepharose CL-6B200. The overal
d)_urification was 13.4-fold with a recovery of 32%. The ALP was

Protein Assays

Cell layer protein was measured by dye binding [48]-Proline
incorporation into macromolecular material was measured in rep,
licate cultures of SaOS-2 cells (& 6, in 24-place multiwells)

during a 48-hour exposure to Zn (at 0, 1, 1.5, 2, 5, 10, and 2 y ; I
wmolliiter, in Pi-free BGJ containing 0.1% of normal proline) as dialyzed against 25 mmol/liter NaHG®uffer before our stability

an index of effects on protein synthesis. Macromolecilds studies, to remove the free Zn from solution.

proline was assessed by trapping acid-insoluble material on cotton

swabs. Effects of Zn on the synthesis of collagenase-digestible

protein were determined by incubating replicate cultures ofstatistical Analysis

Sa0s-2 cells (in 6-place multiwells) for 56 hours in 1.5 ml/well of

proline-free, Pi-free BGJcontaining ascorbic acid-aminopro- A p activities, TRAP activities, osteocalcin levels, and protein
prionitrile, and Zn (at 0, 1, 1.5, 2, 5, 10, and @@nol/liter) and " |eyels in bone extracts were all determined in duplicate for eact
measuring collagenase-digestiBté-labeled protein, as described sample. Data are presented as the averages of the replicate samy
in previous studies [42]. Skeletal ALP immunoreactive protein wasin each group (usually as mean + SEM). Analytic methods in-
measured in cell layer extracts by radioimmunoassay (RIA) usingjyded one and two-way analysis of variance, linear regressior

in our previous studies [37, 41]. This assay is not affected by thenc, Evanston, IL). Correlations were determined using group
Triton X-100 in our cell layer extracts and shows comparablemean values and individual values.

activity toward tetrameric (insoluble, membrane-anchored) ALP
and dimeric (soluble, anchorless) ALP [37].

Results

IGF-1l Measurements
Characterization of Effect(s) of Zn on ALP Activity
IGF-Il was measured in 48-hour, serum-free, cell-conditioned me-

dium (BGJ, + 0.1% BSA and Zn, at 0, 2, 5, 10, and génol/liter) . . . . .
collected from replicate cultures of Sa0S-2 cells in 100 mm-Preliminary studies showed that a 24-hour incubation ir

diameter dishes (n= 5/group). The medium was concentrated Serum-free BGyJcontaining 10umol/liter Zn increased the
(Speed-Vac centrifugation), resuspended in 1 mol/liter acetic acidgellular level of ALP activity in SaSO-2 cells, both in the
centrifuged on Bio-spin columns to separate free IGF-II from en-absence of Pi (6.99 + 0.18 U/mg cell layer protein, com-
dogenous binding proteins, and quantitated by RIA [44]. IGF-II pared with 2.43 + 0.16 U/mg in 0 Pi, 0 Zn controR,<
production was expressed as ng/mg cell layer protein. 0.001) and in the presence of 1.8 mmol/liter Pi (7.10 + 0.23
U/mg protein, compared with 5.52 + 0.27 U/mg in 0 Zn
controls,P < 0.005). As shown in Figures 1 and 2, addi-
PTH-Dependent Synthesis of cAMP tional studies revealed that the effect of Zn to increase ALF
_ activity in Sa0OS-2 cells was both time and dose dependen
The effects of Zn on PTH-dependent synthesis of cAMP wereFyrthermore, these studies showed that ALP specific activ
determined in replicate cultures of SaOS-2 cells (in 6-place muljty \yas increased at Zn concentrations of 2-&fol/liter
tiwell dishes, n= 6/group) after a 48-hour preincubation with or but cell layer protein was not. In fact, Zn doses of 100’ ano

without Zn (i.e., at 0, 1, 1.5, 2, 5, 10, and gtnol/liter) in serum- : S
free, Pi-free BGJ The cultures were then incubated for 20 min- 200 pmolfliter decreased cell layer protein (i.e., 10 26.3 +

utes in serum-free DMEM containing 1 mmol/liter IBMX, with or 19 and 2.2 + 0.4% of control, respectivel§,< 0.001 for
without 1 mmol/liter PTH. cAMP was measured in extracts of the €ach), which we interpreted as evidence of a cytotoxic ef
cell layers [42] by EIA. Net cAMP synthesis per culture well was fect. The hyperbolic dose-response curve shown in Figure
normalized to the amount of protein in the extract. indicates a K value for Zn of about Jumol/liter, in the
absence of Pi. A similar K for Zn was also observed for
cells cultured with supplemental BSA (i.e., at 10 mg/ml—
RNA Extraction and Northern Blot Analysis data not shown), indicating that carrier protein did not alter
the effect of Zn to increase ALP specific activity in Sa0S-2
Skeletal ALP mRNA was prepared from replicate cultures ofcells. Although this hyperbolic pattern was not observed in
Sa0sS-2 cells (three 100 mm-diameter dishes for each of threthe presence of 1.8 mmol/liter Pi, ALP activity was none-
replicate extracts from each incubation condition) and measuregheless increased at Zn concentrations of 2 guoh&l/liter
by Northern blot analysis using”-labeled cDNA [36]. The (j e by 25-30%pP < 0.005 for each, compared with the
amounts of ALP mRNA in each of the replicate extracts weregi_omy control, data not shown). Additional studies re-

uantitated by densitometric analysis of the autoradiograms an . .
ﬂormalized toyboth the 18S and z)és 'RNA bands ﬁnrbgn, to ealed that the effect of L0nol/liter Zn to increase ALP

correct for uneven loading. The data are presented as mean + SERPECIfIC activity was also independent of the initial cell den-
of the three replicate mMRNA preparations (with corresponding repSity, at least within the range of 25,000-250,000 SaOS-
licate Northern blot lanes) for each incubation condition, normal-cells/24-place culture well (i.e., 24 hours of Pi withdrawal
ized for B-actin. decreased ALP specific activity by 59-68% and Zn in-
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Fig. 3. Zn is a mixed-type activator of ALP specific activity, with

Fig. 1. Time-dependent effect of Zn on ALP specific activity in respect to the dose of Pi. Replicate cultures of Sa0S-2 cels (n
Sa0s-2 cells. Replicate cultures of SaOS-2 cells=(r6/group)  3/group) were incubated for 24 hours in serum-free B@ddium
were incubated for 12-72 hours in serum-free, Pi-free B86-  containing 0.167, 0.2, 0.25, 0.33, 0.5, 1, or 2 mmol/liter Pi and one
dium containing no additions (i.e., 0 Pi, 0 Zrily; 1.8 mmol/liter  of three Zn concentrations: G{, 0.5 (@), or 10 (@) wmol/liter.
Pi (@); or 10 umol/liter Zn (A). ALP specific activity was mea-  (Note: additional cultures were exposed to the same concentratior
sured in cell layer extracts and expressed as U/mg protein (meangs pj with 2 wmol/liter Zn—data not shown). ALP specific activi-
SEM). *A significant difference from the basal (0 hours) control, ties were measured in cell layer extracts, and average values we
P < 0.001. used to construct the double-reciprocal plot of 1/ALP specific
activity versus 1/[Pi]. The almost horizontal line at génol/liter
Zn implies that Pi has very little effect on ALP specific activity at
a saturating dose of Zn.

350 * * *
300 e e o
S of intersecting straight lines is typical of mixed-type inter-
€ 250 ) actions and the flat line (i.e., slope 0) observed at 10
S * pmol/liter Zn implies that, at saturating Zn, ALP specific
G 200 activity is essentially independent of the Pi concentration
£ The algebraic replots (i.e., of slope and vertical-axis inter-
e 150 cept versus Zn concentration) were nonlinear, indicating «
& partial system in which the interactive effects of Zn and Pi
100 - as determinants of ALP activity approach a common maxi-
mum. KypparenfOr Pi (i.€., the kinetic constant for Pi as a
50 determinant of ALP specific activity) was about 0.15 mmol/
03 ; v o0 liter in the absence of Zn, and undefined at saturating Zn. £

] separate study revealed that the effect of Pi on ALP activity
log Zn Concentration (umol/L) was competitive with respect to Zn (i.e., plots of 1/ALP

Fig. 2. Dose-dependent effects of Zn on ALP specific activity and SPECIfic activity versus 1/[Zn] produced a family of lines

cell layer protein in Sa0S-2 cells. Note the logarithmic scale on thghat intersected on the vertical axis—data not shown), fur

horizontal axis. Replicate cultures of Sa0S-2 cells<(r6/group)  ther indicating that the effect of Pi on ALP activity is only

were incubated for 48 hours in serum-free, Pi-free B@édium  evident at nonsaturating Zn. The value of K, enfor Zn

containing either no additions (i.e., 0 Pi, 0 Zn) or the indicatedapparent was 0.2@mol/liter at 0 Pi and 0.1Jumol/liter at

dose of Zn. Cell layer proteirl{) and ALP specific activity @) 2 mmol/liter Pi.

were measured in cell layer extracts. Data are shown as percent of

minus-Zn controls, mean + SEM. Cell layer protein averaged 57.0

+ 1.8 pg/ml extract in the minus-Zn controls and ALP specific o . .

activit;/kgveraged 2.05 + 0.12 U/mg protein. *A significant%iffer- Specificity of Zn Effect on ALP Activity: Other Osteoblast-like

ence from the minus-Zn contrdp, < 0.005. Cells and Other Divalent Cations

In order to determine whether the observed effect(s) of Zr
to increase ALP specific activity was unique to SaOS-2
creased the level of ALP activity by 25-67%, comparedcells, we assessed the effect of a 24-hour exposure to 1
with the initial values). wmol/liter Zn on ALP specific activity in Sa0OS-2 cells,
To investigate the nature of the interaction between Zrhuman osteosarcoma MG-63 cells, and two normal huma
and Pi (i.e., as effectors of ALP specific activity), replicate osteoblastic cell lines derived from explants of vertebral
cell cultures (n= 3/group) were incubated for 24 hours in tissue (designated as HBV-146 and HBV-155). As shown ir
serum-free medium containing one of four concentrations offable 1, we found that the effect of Zn to increase ALP
Zn (0, 0.5, 2, or 1Qumol/liter) at each of 7 Pi concentrations specific activity was not unique to SaOS-2 cells or to 0s-
(0.167, 0.2, 0.25, 0.33, 0.5, 1, and 2 mmol/liter). ALP spe-teoblast-like cells with high basal ALP levels. The effect of
cific activities were determined in cell extracts and the dataZn was, however, cation specific, since neither Ca, Co, Cu
were analyzed by double-reciprocal replots of 1/ALP spefe, Mg, or Mn had similar effects to increase ALP specific
cific activity versus 1/[Pi], as shown in Figure 3. The patternactivity. We found that a 24 hour exposure to2@ol/liter
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Table 1. Zn increases ALP activity in human osteoblast-like cells

ALP specific activity with the indicated effectors (percent of plus-Pi control)

Cell type  Minus-Pi, minus-Zn Minus-Pi, plus-Zn Plus-Pi, plus-Zn
Sa0s-2 50.5 £ 0.67 1275+2.4 123.0+2.3
MG-63 349+28 1447+ 2.6 141.2+2.¢%
HBV-146 205+1.% 131.7+1.% 132.3+2.%2
HBV-155 95.7+2.7 138.7 £ 3% 146.0+ 4.2

Replicate cultures (n= 6/treatment group) of human osteosarcoma cell lines SaOS-2 and
MG-63 and normal human bone cells prepared from vertebral tissue (designated HBV-146
and HBV-155) were incubated for 24 hours in serum-free, Pi-free,B@&Hium containing

no additions (minus-Pi); 1.8 mmol/liter Pi (the plus-Pi control);@ol/liter Zn (minus-Pi,
plus-Zn); or 1.8 mmol/liter Pi and 1@mol/liter Zn (plus-Pi, plus-Zn). ALP specific activity

(U/mg protein) was measured in cell layer extracts and expressed as a percentage (mean *
SEM) of the average value observed in the plus-Pi controls

2 A significant difference compared with plus-Pi contrBl< 0.001. ALP specific activity in

the plus-Pi controls averaged 10.1, 0.04, 0.06, and 0.01 U/mg for the SaOS-2 cells, MG-63
cells, HBV-146 cells, and HBV-155 cells, respectively

Zn increased ALP specific activity (in Ca-free, Pi-free BGJ of ALP activity in SaOS-2 cells (Table 3). In order to de-
medium), compared with the Ca-free, 1.8 mmol/liter Pi con-termine whether this effect of Zn required new protein syn-
trol (i.e., 11.5 £ 0.2 versus 7.0 + 0.4 U/mg cell layer protein, thesis or reflected a recovery of ALP activity that was lost
P < 0.001), whereas parallel exposures tou2fol/liter Ca,  during Pi withdrawal, Sa0S-2 cells were preincubated fol
Co, Cu, Fe, Mg, and Mn (also in Ca-free, Pi-free BGJ 48 hours in Pi-free, Zn-free BGand then transferred to
medium) each decreased ALP specific activity (i.e., to 4.3 Hresh medium containing either Pi (1.8 mmol/liter), Zn (10
0.1,35+0.2,01+0.01,1.2+0.03, 4.0 £ 0.1, and 4.6 £ymol/liter), the combination of Pi and Zn, or no additions
0.2 U/mg cell layer protein, respectivelf, < 0.001 for  (j.e., the minus Pi control), for an additional 24 hours. These
each). Similar results were seen with 48-hour exposures tgtudies were conducted in the presence of cycloheximide (
the same selection of cations at concentrations of 2, 10, angdmol/liter) to inhibit protein synthesis. (Parallel studies
20 pmol/liter. measuring3H-proline incorporation into TCA-insoluble
material confirmed that the cycloheximide decreased pro
tein synthesis by more than 90%, in each treatment group
We found that protein synthesis was required for the Zn-
dependent increase in ALP activity (i.e., after Pi-

: : ithdrawal) and from this we concluded that Zn was not
To determine whether the observed effect of Zn to increas eactivating inactive ALP protein (Table 4). Although the

ALP activity in Sa0S-2 cells might be associated with con- ffect of Zn 10 | ALP activit od prote:
comitant and/or parallel effects on other indices of osteo®€Ct O d% 0 Increase ALF activi y'reg\tlée Bﬁ’:'& syrrl-
blast activity, we assessed the effects of a 48-hour exposuf8esis it did not require an increase in MRNA. North-

to Zn (at concentrations ranging from 0 to gfnol/liter) on ~ €/n_blot analysis of ALP mRNA in replicate extracts of
total protein synthesis, collagen synthesis, net IGF-2 SynSaOS—Z cells that had incubated for 48 hours in Pi-free

thesis, PTH-dependent synthesis of CAMP, and TRAP spe3GJ, medium containing no additions, 1.8 mmol/liter Pi, 10
cific activity (each with a parallel assessment of ALP spe-mol/liter Zn, or the combination of Pi and Zn (a three
cific activity as a positive control). The results of these €xtracts and three corresponding Northern blot sample:
studies showed that Zn had no effect on total protein syngroup) showed no difference in ALP mRNA (i.e., 0.81 +
thesis, collagen production, or TRAP specific activity (data0-06, 1.00 +0.08, 0.93 +0.03, and 0.98 + 0.07 densitometri
not shown). However, as summarized in Table 2, Zn causeHnits, normalized fo3-actin, for no addition, + Pi, + Zn,

a dose-dependent decrease in the net production of IGF-I@nd the + Pi + Zn combination, respectively).

Net IGF-II synthesis was also negatively correlated with the  To determine whether Zn was increasing the level of
amounts of ALP activity in the cell layer extracts & ALP activity in SaOS-2 cells by inhibiting release from the
-0.384,P < 0.05) and in the cell-conditioned media#  cell surface (i.e., into the culture medium), we measured th
-0.481,P < 0.01). A 48-hour preincubation with Zn also dose-dependent effect(s) of Zn on ALP specific activity in
increased PTH-dependent synthesis of cAMP in a biphasi®a0S-2 cells and in the serum-free medium after a 28-hot
(convex) manner, increasing cAMP at Zn concentrations ofXposure to various doses of Zn. As shown in Figure 4, Zr
1.5 and 2umol/liter (Table 2). Together these data indicatehad an even greater effect to increase ALP activity in the
that, although the effects of Zn on Sa0S-2 cells were nogell-conditioned medium than it did in the cell layer. To test
limited to the dose-dependent increase in ALP specific acthe assumption that Zn was increasing ALP activity by in-
tivity, Zn was not causing parallel changes in ALP activity creasing the abundance of the enzyme, we also measur

and any other tested index of osteoblast activity. the cellular level of ALP immunoreactive protein in the
same cell extracts. Surprisingly, those studies showed th:

Zn increased the level of ALP activity in SaOS-2 cells but
Mechanistic Studies of the Effect of Zn to Increase ALP not the level of skeletal ALP protein (Fig. 4).
Specific Activity Together, these data indicate that itheitro effect of Zn

to increase ALP specific activity in SaOS-2 cells did not
Zn reversed the effect of Pi withdrawal to decrease the leveleflect a decrease in the rate of ALP release from the cel

Specificity of Zn Effect on ALP Activity: Other Indices of
Osteoblast Function
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Table 2. Zn effects on indices of osteoblast activity

Index assessed in response to Zn

ALP specific Net IGF-II PTH-dependent
Characteristic activity synthesis cAMP
Pattern of response Hyperbolic (positive) Linear (negative) Biphasic (convex)
Maximum effective dose  2@umol/liter 20 pwmol/liter 1.5 wmol/liter
Maximum response +209% -18% +689%8
Correlation coefficient r= 0.802 r = -051¢ r = —-0.048

Replicate cultures (r= 6/group) of Sa0OS-2 cells incubated for 48 hours at Zn doses of 0, 2,

5, 10, and 2Qumol/liter for IGF-2 synthesis and 0, 1, 1.5, 2, 5, 10, andu20ol/liter Zn for
PTH-dependent synthesis of CAMP. Each dose range was also used for parallel assessments
of Zn effects on ALP specific activity. ALP specific activity was measured in cell layer
extracts, IGF-2 was measured in the cell-conditioned culture medium, and PTH-dependent
synthesis of CAMP was measured during a 20-minute incubation at the end of the 48-hour
exposure to Zn (see Methods for descriptions of each assay). The pattern of response refers
to plots of the index versus Zn dose. The maximum observed response is shown as percent
of untreated control at the maximum effective Zn dose (i.e., within the tested range). The
correlation coefficient reflects the results of a linear correlation of index versus Zn dose

2 A significant difference, compared with the minus-Zn control (by ANOVA) and/or a sig-
nificant correlation (by linear regressior,< 0.02

PP < 0.005

Table 3. Zn reverses the effects of Pi withdrawal to decrease ALPtor, we assessed the effect of Zn on the stability of ALP
specific activity activity that had been partially purified from cell-

conditioned medium (i.e., ALP activity that had been re-
leased from the surface of cells and, presumably, separat
from any such cofactors during the purification). As shown

ALP specific activity at indicated
time (U/mg protein)

Effector(s) 24 Hours 48 Hours in Table 5, we found that Zn prevented (or inhibited) the
inactivation of partially purified skeletal ALP activity. In-

0 Pi, 0 zn 1.04 +0.07 125+0.13 organic Pi also mimicked the effect of Zn in this cell-free

1.8 mmol/liter Pi 1.74+0.0%4 2.32+0.09 stability study. In order to test the hypothesis that Pi was
10 wmol/liter Zn 2.39+0.08 3.42+0.08 preserving skeletal ALP activity by preventing (or inhibit-

1.8 mmol/liter Pi + 10 ing) the irreversible dissociation of Zn from the enzyme

pmol/liter Zn 2.48+0.08 3.17+0.06 active center, we examined the dose-dependent interactic

Replicate cultures of Sa0S-2 cells (n 6/group) were preincu- Petween Pi, which increases ALP activity, and EDTA,
bated for 24 hours in serum-free, Pi-free BGdedium (to de- ~ Which inhibits the enzyme by removing (chelating) active
crease the cellular level of ALP activity), then transferred for ancenter Zn. Pireduced the time-dependent effect of EDTA tc
additional 24- or 48-hour incubation in serum-free, Pi-free mediuminactivate ALP (Fig. 6). Kinetic studies further showed that
containing no additions, 1.8 mmol/liter Pi, L0nol/liter Zn, orthe ~ EDTA was a noncompetitive, irreversible inhibitor of ALP
combination of Pi and Zn. ALP specific activity was measured in activity with respect to the concentration of Pi [i.e., after 24
cell layer extracts and expressed as mean + SEM exposure to Pi concentrations of 0.167, 0.2, 0.25, 0.33, 0.t
@A difference from the specific activity observed at the end of thely and 2 mmol/liter and EDTA doses of 0, 2.5, 5, and 10
24-hour Pi-free preincubation (i.e., 0.79 + 0.04 U/mg) pmol/liter (data not shown)]. In other words, these studies
showed that EDTA decreased the maximal level of ALP
activity without affecting the dose-dependence for Pi stabi-
o ) ) lization. The estimated value of Kfor Pi was 0.17 mmol/
surface, nor did it reflect an increase in the level of ALPiter in the absence of EDTA and 0.16 mmol/liter at 10
protein. In other words, Zn was acting by increasing theymol/liter EDTA. Replots of slope and intercept (i.e., of
ratio of ALP activity to ALP immunoreactive protein. Since 1/ALP specific activity versus 1/[Pi]) versus EDTA concen-
our data also showed that Zn was not restoring activity taration revealed Kvalues for EDTA of 7 and gumol/liter,
inactive ALP protein, we hypothesized that Zn might berespectively.
increasing the half-life of ALP activity. We also hypoth-
esized that if this was a direct effect of Zn it should not pigcyssion
require any other component in the cell layer or in the
cell-conditioned medium. As shown in Figure 5, we found The current studies were intended to accomplish three sp
that Zn was, indeed, increasing the level of ALP activity in cific aims: (1) to define then vitro effect of Zn alone and
Sa0sS-2 cells by stabilizing ALP activity. Consistent with in combination with Pi, as a presumptive determinant of
previous data [33], Pi also increased the half-life of ALP ALP specific activity in human osteoblast-like cells; (2) to
activity in Sa0OS-2 cells, but not as effectively as Zn (i.e.,determine whether any such effect of Zn on ALP specific
t,,» for ALP activity was about 3 hours in Pi-free medium, activity might be associated with proportional and/or con-
30-36 hours with 1.8 mmol/liter Pi, and >72 hours with 10 comitant effects on other aspects of osteoblast cell functior
wmol/liter Zn). (3) to assess the biochemical and/or kinetic mechanism(:
To determine whether the effect of Zn to stabilize ALP by which Zn and Pi might interact to regulate the level of
activity was dependent on a medium- or cell-derived cofacALP activity in human osteoblast-like cells. In these studies
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Table 4. Cycloheximide inhibits the Zn-dependent increase in ALP specific activity

ALP specific activity (U/mg protein)

Significance of

Minus Plus difference +
Effector(s) cycloheximide cycloheximide cycloheximide
0 Pi, 0 Zn 0.58 £ 0.05 0.23+0.62 P < 0.001
1.8 mmol/liter Pi, 0 Zn 2.01+0.05 1.01£0.09 P < 0.001
0 Pi, 10 wmol/liter Zn 3.60+0.18 1.73+£0.07 P < 0.001
1.8 mmol/liter Pi, 10
wmol/liter Zn 3.52+0.08 1.70+£0.08 P < 0.001

Replicate cultures of Sa0S-2 cells én 6/treatment group) were preincubated for 48 hours

in serum-free, Pi-free B@dmedium (to decrease the cellular level of ALP activity) and then
transferred for an additional 24 hours incubation, with or without cycloheximide (a&l/

liter to inhibit protein synthesis), in medium containing no additions (0 Pi, 0 Zn); 1.8
mmol/liter Pi; 10 wmol/liter Zn; or 1.8 mmol/liter Pi plus 1Qwmol/liter Zn. ALP specific
activity (U/mg protein) was measured in cell layer extracts and expressed as mean + SEM
2 A significance difference compared with the cellular ALP level at the end of the Pi-free
preincubation (i.e., a specific activity of 0.97 £ 0.09 U/mg cell layer protein)

900 2.5
'S 800 . * )
] £ ,
§ 700 =
c 600 2
N 2 15
g 500 2
= 1)
S 400 s 1
5 3
3 300 g
2 200 o 05
- -
& 100 X
0 0
o1 1 1o 0 5 10 15 20 25 30

log Zn Concentration (umol/L) Incubation Time (hours)
Fig. 4. Dose-dependent effects of Zn on ALP specific activity,
ALP release, and ALP immunoreactive protein. (Note the loga, ated for 0—30 hours in serum-free, Pi-free BGkdium contain-
rltl‘lllmlc scale on the horizontal axis.) Replicate cultures of SaOS- g 3 pmollliter cycloheximide (to inhibit protein synthesis) and
cells (n = 6/group) were incubated for 28 hours in serum-free, ', itions (i.e., 0 Pi, 0 ZM); 1.8 mmoliliter Pi &); 10 mol/
Pi-free BGJ medium with Zn at the indicated concentration. ALP liter Zn (@) or the combination of 1.8 mmol/liter Pi and f@nol/

activity and ALP immunoreactive protein were measured in cellIiter Zn (V). ALP specific activity was measured in cell layer

I(%/neéitiec;(rgreadctrsﬁ e?jri]L?mALAl\DII fﬂg'%a\ﬂ'j’g z?,lvseor emﬁ(?r?#;ﬁg elcri] ftgf Ccee””'extracts and shown as mean + SEM. *A significant difference from

layer protein and expressed as percent of control (mean + SEM}.he 0 hour controlsP < 0.001.

Control (i.e., minus Zn) values for ALP activity in the cell-

conditioned medium@®), ALP activity in the cells &), and ALP

immunoreactive protein in the celllj averaged & + 4 mU/mg . .

protein, 1.57 + 0.04 U/mg protein, and 0.54 + 0.03 ng/mg protein,two cell lines established from outgrowths of normal human

respectively. *A significant difference from the minus-Zn controls, vertebral tissue. Our dose-dependence studies of the inte
P < 0.001. action(s) between Zn and Pi as determinants of ALP activity
in Sa0S-2 cells revealed that Zn was a mixed-type effecto
with respect to Pi whereas Pi was competitive with respec
to Zn. This pattern of interaction implied that Zn could
we assumed that ALP activity at pH 10.3, using PNPP as increase ALP specific activity at any given dose of Pi, but
substrate, was reflective of (and proportional to) ALP ac-Pi could not increase ALP specific activity at a saturating
tivity at physiological pH, with physiological substrates. (i.e., micromolar) dose of Zn. The effect of Zn to increase
Our initial studies showed that Zn caused time- andALP specific activity in the absence of Pi was half-maximal
dose-dependent increases in ALP specific activity inat about lumol/liter, even with albumin present, and our
Sa0sS-2 cells, and prevented the effect of Pi withdrawal testudies of Pi and Zn interactions indicateq Kalues (i.e.,
decrease the cellular level of ALP activity. This Zn- from slope and intercept replots) for Zn of 0.11 and 0.26
dependent increase in ALP specific activity was apparentlyumol/liter. Thesein vitro values are consistent with the
unique to Zn [i.e., no similar effect was seen with othernormal range of Zn in human serum (i.e., 0.6—&ol/
divalent cations (Ca, Mn, Mg, Fe, Co, or Cu)], but not liter) and are therefore consistent with the general hypoth
unique to Sa0S-2 cells. Zn also increased the cellular levedsis that Zn may determine tivevivo level of skeletal ALP
of ALP activity in human osteosarcoma MG-63 cells and inactivity in bone cells and/or serum. This idea is also sup-

Fig. 5. Zn increases ALP specific activity by increasing the half-
life of the enzyme. Replicate cultures of SaOS-2 cells were incu:
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Table 5. Effects of Zn and Pi on the stability of partially purified formation [47—49], and since we had previously shown [42]
ALP activity. that subpopulations of SaOS-2 cells with different steady-
state levels of ALP activity showed corresponding (propor-
tional) differences in two other characteristics of osteoblas

Time-dependent changes in partially-purified
ALP activity (mU/mL) in the presence of the

indicated effector function (i.e., collagen production and PTH-dependent syn

Incubation thesis of cCAMP), we wanted to determine whether the effec
(hours) 0Pi,02n 1.8 mmol/L Pi  1Qumol/L Zn  of Zn to increase the cellular level of ALP activity might be

associated with proportional and/or concomitant increase

g A gng%g zeéoé4+¢00.22 2%8é7+100'22 in other aspects of osteoblast function. The results of thos

48 510+02 221404 286408 studies revealed no such Zn-dependent increases and ve

72 184408 216408 574403 few effects. In our monolayer cultures of human osteoblast

like cells, Zn had no effect on total protein synthesis, col-
Replicate aliquots = 4/group) of partially purified skeletal ALP  lagen production, or TRAP specific activity. Zn did have a
activity were incubated at room temperature (22°C) in serum-freemodest, biphasic effect to increase PTH-dependent synth
Pi-free BGJ containing: no additions (0 Pi, 0 Zn); 1.8 mmol/L Pi; sjs of cAMP, but it was not proportional to the observed
or 10 pmol/L Zn. Aliquots of each solution were removed at the offect of Zn on ALP specific activity. The only dose-

indicated times for determination of remaining ALP activity (data - . ‘
shown as mean + SEM). dependent effect of Zn that was associated with a concom

3ndicates a significant decrease from the 0 Pi, 0 Zn, time 0 controltant Zn-dependent increase in ALP specific activity was the

P < 0.001. unexpected finding that Zn decreased the net synthesis
IGF-2 in a dose-dependent manner. This finding was ir
1.25 contrast to previous studies showing that Zn deficiency de

creased serum IGF-1 levels in rats [50] and that supplemer
tal Zn increased the production of IGF-1 by murine osteo-
1 blastic MC3T3-EL1 cells [51], but consistent with the obser-
vation that human osteoblast-like cells with higher cellular
levels of ALP activity had lower cellular levels of IGF-2
mRNA [52]. Resolution of these discordant results will re-
quire additional studies, but additional studies will not be
required to answer our primary question as to whether th
effect of Zn to increase ALP activity was associated with
parallel, concomitant increases in other characteristics c
osteoblast function. It was not. Although threvitro action

0.5

ALP Specific Activity (U/mg)
2
[¢,3

0.25 —= of Zn on human osteoblast-like cells was not strictly limited
) to the dose-dependent increase in ALP activity, no teste
0 5 10 15 20 25 characteristic was altered to the same extent or in a propol
Incubation Time (hours) tional manner. Thus, we conclude that the effect of Zn to

Fig. 6. Piinhibits the effect of EDTA to inactivate ALP. Replicate Increase the specific activity of skeletal ALP was relatively
cultures of Sa0S-2 cells were incubated for 0-24 hours in serumsSpPecific for that enzyme in these cells.
free BGJ medium containing 1@mol/liter EDTA and O Pi M), But how does Zn have this effect? What can we deduct
1 mmol/liter Pi (W), or 3 mmol/liter Pi @). ALP specific activity ~ from out data regarding the biochemical mechanism of the
was measured in cell layer extracts and expressed as mean + SEMn-dependent increase in skeletal ALP specific activity?
ALP specific activity was significantly decreasddi< 0.001) atall  Qur data are consistent with the general hypothesis that Z
tlmt'est aﬂee{sls%%ufr‘b ;23e:}?ga:tg‘;u2attr']%“p‘;gggm:°e”2} ﬁlc;tF;n Slpgﬁg'%fstabilizes existing skeletal ALP activity. The observed ef-
activity was signincantly gt ! : ect of Zn to increase ALP specific activity (and reverse the
gfgjooll/_"te'r Pi, compared with O Pi, at all times after 0.5 haRrs decrease in ALP specific activity that occurred with Pi with-
drawal) was dependent on new protein synthesis and ther:
fore did not reflect a reactivation of inactive ALP. However,
this effect of Zn was not associated with an increase in ALF
ported by previous animal studies which showed increasesIRNA or an increase in the level of ALP-immunoreactive
in skeletal ALP activity in the femoral diaphyses of rats thatprotein, suggesting that (1) the total level of skeletal ALP
had been fed a Zn-rich diet [17, 18], a decrease in skeletgrotein was constant; (2) some, but not all, of the ALP
ALP activity in the bones of Zn-deficient rats [45], and a immunoreactive protein in these human osteoblast-like cell
dose-dependent relationship between dietary Zn and skelvas enzymatically active; and (3) Zn was increasing the
etal ALP in the serum and tibia of adult female mice [46]. fraction of active ALP protein. Since our studies also
With regard to the effect of ;Pwe interpret our data as showed that that Zn was increasing the half-life of skeleta
evidence that fbinding to the active center of skeletal ALP ALP activity, both in monolayer cell cultures and in a so-
prevents or inhibits the irreversible dissociation of Zn. Thislution of partially purified enzyme, we have favored the
is mechanistic information that may or may not be relevanthypothesis of a direct effect of Zn on skeletal ALP protein
to the physiological function of skeletal ALP. Althoughi®  and a direct interaction between Zn and Pi at nonsaturatin
an inhibitor of ALP activity, it binds to the active center in Zn. (Further studies are required to assess the possibility
a competitive manner with phosphoryl substrates. Our prea Zn-dependent co-factor that copurifies with skeletal ALP
vious data suggested that phosphoryl substrates also imctivity, at least, through our partial purification.)
creased the half-life of ALP activity [35, 37], presumably by ~ We had previously shown that Pi (and phosphoryl sub-
preventing the irreversible dissociation of Zn. strates) could increase ALP specific activity in human os-
Since the level of skeletal ALP activity in bone cells and teoblast-like cells [37], and hypothesized that this was du
in serum can provide a useful index of the rate of boneto an effect of Pi to bind to the enzyme (at or near the
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catalytic center) and prevent the irreversible dissociation of
active-center Zn. This hypothesis is supported by our cur-
rent observations that Pi could offer a partial protection
against inactivation by EDTA, and that tirevitro effect of

Pi to stabilize skeletal ALP activity was obscured by the
effect of Zn. But if Zn stabilizes the enzyme by inhibiting
the irreversible inactivation that follows the dissociation of

ALP-bound Zn, that dissociation must be, at least partly,17.

reversible. Therefore, we now hypothesize that one or both
of the two active center molecules of Zn in skeletal ALP is

reversibly dissociable, and that the loss of Zn results in ard8.

irreversible inactivation of ALP by one of the following

processes: (1) the irreversible dissociation of the secon
active center Zn; (2) an irreversible structural change thai
follows the dissociation of the first or second active center

Zn (i.e., with a time constant that allows for reassociation);>q.

or (3) Zn binding to an allosteric site that prevents such
dissociation from the enzyme active center.

21.
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