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24,25-Dihydroxyvitamin D3 Binds to Catalase

Dennis Larsson, Deryk Anderson, Nathan M. Smith, and Ilka Nemere*

Department of Nutrition and Food Sciences and the Center for Integrated Biosystems, Utah State University,
Logan, Utah 84322

Abstract There is increasing evidence that the vitamin Dmetabolite, 24,25-dihydroxyvitamin D3 (24,25(OH)2D3)
has endocrine actions. In the current work, we report that an endogenous binding protein for 24,25(OH)2D3 is catalase,
based on sequence analysis of the isolated protein. An antibody (Ab 365) generated against equivalent protein recognized
bovine catalase and a 64 kDa band in subcellular fractions of chick intestine. A commercially available anti-catalase
antibody reduced specific [3H]24,25(OH)2D3 binding in subcellular fractions of chick intestine by greater than 65%,
relative to the same fractions treatedwith an unrelated antibody (Ab 099). The same commercially available anti-catalase
was able to block the inhibitory actions of 24,25(OH)2D3 on

32P uptake in isolated intestinal epithelial cell suspensions.
We subsequently characterized binding of steroid to commercially available catalase, and found that between 0 and 5 nM
of enzyme added to subcellular fraction P2 (20,000g, 10-min post-nuclear pellet) resulted in a linear increase in the
amount of [3H]24,25(OH)2D3 specifically bound.Additional studies indicated that 25(OH)D3was an effective competitor
for binding, whereas 1,25(OH)2D3 only poorly displaced [3H]24,25(OH)2D3. Saturation analyses with added catalase
yielded a physiologically relevant affinity constant (KD¼ 5.6� 2.7 nM) and a Bmax¼ 209� 34 fmols/mg protein,
comparable to previous studies using purified basal lateral membranes or vesicular fractions. Moreover, in a study on
subcellular fractions isolated from chickens of varying ages, we found that in females, both specific [3H]24,25(OH)2D3

binding and catalase activity increased from7- to 58-week-old birds,whereas inmales, elevated levels of both parameters
were expressed in preparations of 7- and 58-week-old birds. The data suggest that signal transduction may occur through
modulation of hydrogen peroxide production. J. Cell. Biochem. 97: 1259–1266, 2006. � 2005 Wiley-Liss, Inc.
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Agrowing body of evidence has indicated that
the vitamin D metabolite 24,25-dihydroxyvita-
min D3 (24,25(OH)2D3) has specific, physiologi-
cally significant actions that are distinct from
1,25-dihydroxyvitaminD3 [reviewed in Larsson
andNemere, 2001; Farach-Carson andNemere,

2003]. In theperfused duodenal loop of chick,we
have found that 24,25(OH)2D3 inhibits the
rapid 1,25(OH)2D3-mediated stimulation of
phosphate transport [Nemere, 1996], as well
as calcium transport [Nemere et al., 2002].
While the 24,25(OH)2D3 binding protein is
evident on the cell surface [Nemere et al.,
1994; Larsson et al., 2001], a larger pool of
binding activity was found intracellularly
[Nemere et al., 2002].

In concert with the reports from the white
Leghorn cockerel, putative receptor proteins for
24,25(OH)2D3 in plasma membranes and evi-
dence for physiological functions have been
demonstrated in several other animal species
and tissues [Seo et al., 1996; Kato et al., 1998;
Pedrozo et al., 1999; Larsson et al., 2001, 2003;
Boyan et al., 2002]. The putative receptors
for 24,25(OH)2D3 show allosteric binding to
24,25(OH)2D3, and mediate rapid membrane-
initiated responses regulating calcium home-
ostasis, cell differentiation and maturation,
and trigger second messenger systems in
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chondrocytes, osteoblasts, and intestinal cells
[Lieberherr, 1987; Caffrey and Farach-Carson,
1989; Yukihiro et al., 1994; Larsson et al., 1995,
2001, 2003; Nemere, 1996; Takeuchi and Gug-
gini, 1996; Boyan et al., 2002; Nemere et al.,
2002; Larsson and Nemere, 2003].

In the present study, we report the results of
protein sequence analyses and partial charac-
terization of the binding protein.

MATERIALS AND METHODS

Animals, Surgical Procedures, and Subcellular
Fractionation

All protocols were approved by the Institu-
tional Animal Care andUse Committee at Utah
State University. White Leghorn cockerels or
pullets were obtained on the day of hatch and
raised for 7, 14, 28, and 58 weeks as previously
described [Larsson and Nemere, 2003]. On the
day of use, birds were anesthetized with
chloropent (0.3 ml/100 g body weight), the
duodenal loop surgically removed to ice-cold
saline and chilled for 15 min. The pancreas was
removed, the duodenal segment slit longitudin-
ally, and rinsed in ice-cold saline prior to
collection of mucosa by scraping into 40 ml
of homogenization medium (250 mM sucrose,
5mMhistidine-imidazole, 2mMEGTA, pH 7.0)
[Nemere et al., 1994]. After disruption in a
Potter–Elvejem homogenizer, the post-nuclear
supernatant (1,000g, 20 min, 48C) was further
centrifuged at 20,000g, 10 min (48C) to yield P2.
In some studies, P2 was further resolved on
Percoll gradients [Nemere, 1996] and fractions
1–3 collected for binding- and enzyme-activity
studies.

Cell Isolation and Incubation Protocols

Cells were isolated by citrate chelation as
previously described [Nemere et al., 2004;
Sterling and Nemere, 2005] and collected by
low speed centrifugation at 500g, 5 min (48C).
The pellets were resuspended in 40 ml of room
temperature Gey’s Balanced Salt Solution
(GBSS) lacking bicarbonate [Sterling and
Nemere, 2005]. Fourteen milliliters of cell
suspension were added to 28 mCi of H3

32PO4

(PerkinElmer Life Sciences, Boston, MA) with
mixing, and further divided into four 3.2-ml
aliquots. Three of the aliquots were combined
with anti-catalase (LabFrontiers, Seoul, South
Korea; 1/2,000, final dilution). After removing
100 ml baseline samples at T¼�5 and �1 min,

the remaining suspensions were treated with
either vehicle or steroids. The four incub-
ation conditions were controls (0.05% ethanol,
final concentration) plus anti-catalase, 300 pM
1,25(OH)2D3 plus anti-catalase, 300 pM 1,25
(OH)2D3 plus 6.5 nM 24,25(OH)2D3 plus anti-
catalase, and 300 pM 1,25(OH)2D3 plus 6.5 nM
24,25(OH)2D3. Additional samples were taken
at T¼ 1, 3, 5, 7, and 10 min. Each sample was
pipetted into 900 ml of ice-cold GBSS and
centrifuged at 1,000g, 5 min (48C). Superna-
tants were decanted, and the inside of the tubes
swabbed while still in the inverted position.
Each pellet was dispersed in 500 ml of reagent
grade water and analyzed for protein and
radioactivity. For each sample in the treated
phase, cpm/mg of protein was normalized to the
average basal cpm/mg of protein.

Chromatography

The pellet fraction (P2) containing basal
lateral membranes and intracellular organelles
[Nemere, 1996] was further homogenized in
10 mM Tris, 2 mM EDTA, 1 mM dithiothreitol,
pH7.4 (TED) to extract the binding activity, and
the high speed supernatant fractions (105,000g,
1 h, 48C) filtered using Centricon Plus-20
(Fisher Scientific, Dallas, TX) centrifugal filtra-
tion devices prior to anion exchange chromato-
graphy [Nemere et al., 2002] on a Mono Q HR
5 column (Amersham Pharmacia, Arlington
Heights, IL). Eluted fractions were tested for
specific [3H]24,25(OH)2D3 binding (see below),
and the peak fractions pooled for further
separation by gel filtration [Nemere et al.,
2002] on a Superose 12 column (Amersham
Pharmacia). The eluted fractions were again
tested for specific binding, and peak fractions
pooled and lyophilized.

SDS–PAGE, Sequence Analysis,
and Antibody Production

The lyophilized protein was dissolved in
sample buffer and resolved on 8% polyacryla-
mide gel, followed by staining with Coomassie
Brillant Blue. A major band of 60–64 kDa was
submitted to the Center for Integrated BioSys-
tems (CIB) at Utah State University for tryptic
digestion and sequencing by Edman degrada-
tion. Two equivalent bands in adjacent lanes of
the gel were excised and used to immunize
rabbits. Polyclonal antisera (Ab 365 andAb377)
were generated and collected by CIB staff.
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Western Analysis

Samples of commercially available bovine
catalase (Sigma Chemical Co., St. Louis, MO)
and P2 fractions were resolved on SDS–PAGE
and blotted onto PVDF membranes [Larsson
andNemere, 2003]. After blocking andwashing
[Larsson and Nemere, 2003], the PVDF mem-
branewas incubatedwith primary antibody (Ab
365) at a 1/200 dilution. Subsequent steps were
as previously described [Larsson and Nemere,
2003].

Binding of [3H]24,25(OH)2D3

Fractions were generally incubated at a level
of 100 mg protein and 16 nM [3H]24,25(OH)2D3

unless otherwise indicated. Total binding was
performed in triplicate and nonspecific binding
(in the presence of a 200-fold molar excess of
unlabeledmetabolite) in duplicate as previously
described [Nemere et al., 2002]. Following an
overnight incubation on ice, bound and free
radioactivities were separated by the hydroxy-
lapatite (HAP) assay [Larsson and Nemere,
2003]. Protein bound to HAP was washed three
times with 0.5% Triton in TED, and radio-
activity eluted with ethanol. The ethanol was
evaporated prior to addition of liquid scintilla-
tion cocktail and determination of radioactivity.

Analytical Determinations

Catalase activity was determined spectropho-
tometricallyby themethodofAebi [1984].Protein
was assessed using the Bradford reagent
(BioRad,Hercules, CA) against bovine g-globulin

as standard. Radioactivity was determined by
liquid scintillation spectrophotometry.

RESULTS

Sequence Analysis

Tryptic digestion and sequence determina-
tion by the Edman degradation procedure
produced five peptides corresponding to the
internal sequence of a mutant catalase (acces-
sion number AY040626.1). Figure 1 provides
the 527 amino acid sequence with the tryptic
peptides indicated in bold and underlined.
Western analysis was performed using Ab 365
as primary antibody against samples of bovine
catalase and P2 fractions prepared from chick
intestine.As shown inFigure 2,Ab365, directed
against a protein equivalent to that which was
sequenced, recognized both commercially avail-
able catalase, aswell as a protein inP2 fractions.

Effect of Anti-Catalase Antibody on
[3H]24,25(OH)2D3 Binding in Subcellular

Fractions and on Cellular Response to Steroids

Percoll gradient fractions 1 and 2 were pre-
pared andmixed eitherwithAb 099 (against the
1,25D3-MARRS protein) at a 1/200 dilution or
anti-catalase antibody at a 1/2,000 dilution.
Aliquots were then taken to assess specific
binding of [3H]24,25(OH)2D3. As illustrated in
Figure 3, anti-catalase antibody reduced speci-
fic binding greater than 65%, relative to equiva-
lent fractions pre-incubated with Ab 099.

Using an equivalent dilution of anti-catalase
antibody, we tested whether it could neutralize

1 msdsrdpasd qmkqwkeqra sqrpdvlttg ggnpigdkln imtagsrgpl lvqdvvftde 
rtpia vrfstvages 

rlaqedpdy glrdlfnaia ngnypswtfy iqvmtfkeae tfpfnpfdlt 
kvwphkdypl ipvgklvlnk npvnyfaeve qmafdpsnmp pgiepspdkm lqgrlfaypd 
thrhrlgpny lqipvncpyr arvanyqrdg pmcmhdnqgg apnyypnsfs apeqqrsale 

k 
nftdvhpdyg ariqalldky naekpknaih tytqagshma akgkanl 

Fig. 1. Tryptic peptides of the 24,25(OH)2D3 binding protein
identified in chick (equivalent to mutant mouse catalase,
AY040626.1). Chick mucosal fraction P2 (containing intracel-
lular organelles and basal lateral membranes) was extracted by
homogenization with 10 mM Tris, 2 mM EDTA, 1 mM
dithiothreitol, pH 7.4; TED, subjected to high-speed centrifuga-
tion (100,000g, 1 h, 48C), andfilteredprior to chromatographyon
an anion exchange column. Fractions elutedwith a linear 0–1M
NaCl gradient were analyzed for specific [3H]24,25(OH)2D3

binding (see below). Fractions with the highest specific binding

activity were pooled, subjected to gel filtration chromatography,
and the fractions again analyzed for specific binding. Those
eluting at 50–60 kDa were pooled and lyophilized until further
use. The lyophilized material was dissolved in SDS–PAGE
sample buffer resolved by electrophoresis, and the greatly
enriched band of appropriate molecular weight excised for
tryptic digestion and sequencing by Edman degradation. Amino
acid sequences in bold and underlined, correspond to peptide
sequences obtained from the chick protein.
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the inhibitory effect of 24,25(OH)2D3 on
1,25(OH)2D3-stimulated phosphate uptake. As
shown in Figure 4, 300 pM 1,25(OH)2D3

enhanced cellular 32Puptake to200%of controls

after 10 min of treatment (P< 0.05), while co-
incubation of cells with both steroids resulted in
32P levels equivalent to controls. However,
inclusion of anti-catalase antibody effectively
negated 24,25(OH)2D3-induced inhibition,
resulting after 10 min in 32P levels that were
230% of uptake in cells incubated with both
steroids but without antibody (P< 0.05; Fig. 4).

Binding of [3H]24,25(OH)2D3 to Catalase

To further characterize binding, knownquan-
tities of commercially available catalase mono-
mer were added to P2 pellet fractions (which
provided nonspecific binding components) and
specific binding of [3H]24,25(OH)2D3 deter-
mined. As shown in Figure 5, specific binding
of [3H]24,25(OH)2D3 increased with catalase
addition, and was essentially linear between
0 and 5 nM catalase monomer added to P2

(R2¼ 0.95).
Additional studies were conducted with 1 nM

catalase added to P2. Figure 6 illustrates the
results of competition studies, in which specific
binding in incubations with 16 nM [3H]24,25
(OH)2D3 was set to 100%. Incubation of 1 nM
catalase in P2 and 3,200 nM unlabeled 25
(OH)D3 resulted in essentially complete competi-
tion, whereas 3,200 nM unlabeled 1,25(OH)2D3

yielded only 40% competition (Fig. 6).

Fig. 2. Western analysis with Ab 365. Protein from the SDS–
PAGEdescribed in the legend to Figure 1was excised andused to
generate a polyclonal Ab 365, subsequently used in Western
analysis of 12.5 mg of bovine catalase (lane 1), and two
independent preparations of chick intestinal fraction P2
(20,000g post-nuclear pellet; lanes 2, 3, each 25 mg of protein).
[Color figure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]

Fig. 3. Anti-catalase antibody inhibits specific binding of
[3H]24,25(OH)2D3. Post-nuclear P2 was further separated on
Percoll gradients, fractions 1 and 2 collected and pooled.
Aliquots were mixed with TED and either Ab 099 (to the
1,25D3-MARRS protein) at a 1/200 dilution, or anti-catalase at a
1/2,000 dilution (Ab cat). Samples were incubated (overnight on
ice) in triplicate with 16 nM [3H]24,25(OH)2D3 (total binding)
and in duplicate with radioactively labeled steroid in the
presence of a 200-fold molar excess of unlabeled metabolite
(nonspecific binding). The following morning, bound and
free steroid were separated with hydroxylapatite (HAP),
washed with 0.5% Triton X-100 in TED, and steroid eluted
with ethanol. Ethanol was evaporated prior to liquid scintillation
counting. Values represent average� range for two independent
experiments.
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Fig. 4. Anti-catalase neutralization of the 24,25(OH)2D3

inhibitory effect on 32P uptake. Intestinal epithelial cells were
isolated by citrate chelation and resuspended in GBSS, and a
portion mixed with 32P to give 2 mCi/ml. Cells were then treated
as follows: (1) Controls were exposed to anti-catalase (1/2,000
final dilution) at T¼�10 min, and vehicle (0.05% ethanol, final
concentration) at T¼ 0; (2) exposed to anti-catalase (1/2,000final
dilution) at T¼�10 min and 300 pM 1,25(OH)2D3 at T¼0; (3)
exposed to anti-catalase (1/2,000 final dilution) at T¼�10 min
and 300 pM 1,25(OH)2D3 in combination with 6.5 nM
24,25(OH)2D3 at T¼ 0; (4) the steroid combination without
pretreatment with antibody. Samples (100 ml) were taken at the
indicated times and pipetted into ice-cold GBSS, then centri-
fuged at 1,000g, 5min, 48C. The supernatantswere decanted, the
insides of the tubes swabbed, and the pellets resuspended in
water for determination of radioactivity and protein. Values
represent mean� SEM for four independent experiments.
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Saturation analyses were then performed
using 1 nM catalase monomer added to P2.
Results of these studies indicated that binding
was saturable (Fig. 7). Under the conditions
used, the results could be fitted to a rectangular
hyperbola, with KD calculated as 5.6 nM and
Bmax¼ 209 fmol/mg protein (Fig. 7).

Comparison of Catalase Activity In Vivo
With Specific [3H]24,25(OH)2D3 Binding

as a Function of Age

Previous work had indicated that the highest
levels of specific [3H]24,25(OH)2D3 binding in
subcellular fractions of chick intestinal mucosa

were observed in the densest fractions 1 and 2,
with decreased binding in fraction 3 [Nemere
et al., 2002]. Thiswas also found to be the case in
female chickens of ages 7, 14, 28, and 58 weeks
of age (Fig. 8, top panel). However, there was
also a striking increase in specific binding
activity with age: in fractions 1 and 2, an
approximate four- to fivefold increase occurred
between 7 and 58 weeks of age (Fig. 8, top
panel). Catalase specific activity roughly paral-
leled binding activity (Fig. 8, bottom panel).
Catalase specific activity did not decline as
precipitously in fraction 3 as did metabolite
binding; however, an age-dependent increase in
the peroxisomal marker enzyme was observed
in that catalytic activity was lowest in fractions
prepared from mucosa of 7-week-old female
chicks, increasing nearly twofold in prepara-
tions from 28- to 58-week-old birds.

Similar studieswere conductedwith fractions
prepared from 7- to 58-week-old male birds,
representing the two extremes in ages. Again,
specific [3H]24,25(OH)2D3 binding was higher
in fractions 1 and 2 of Percoll gradients (Fig. 9,
top panel). However, these fractions exhibited
elevated levels of binding in preparations from
duodenal mucosa of 7-week-old chicks, com-
pared to equivalent preparations from female
chicks (compare Figs. 8 and 9, top panels).
Catalase specific activities in preparations from
male birds likewise did not show an age-related
difference (Fig. 9, bottom panel), but were also
quite elevated relative to preparations from
female chickens (compare with Fig. 8, bottom
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Fig. 5. Specific binding of [3H]24,25(OH)2D3 to increasing
concentrations of catalase. Commercially available enzymewas
added to P2 fractions (100mg of protein). Bindingwas determined
as described in the legend to Figure 3 and found to be linear
(R2¼0.95) between 0 and 5 nM of added catalase. Values
represent mean� SEM for six independent determinations.

Fig. 6. Analyses of binding specificity. Fractions of P2 contain-
ing 1 nM of catalase were incubated with 16 nM
[3H]24,25(OH)2D3 in triplicate in the absence of competitor,
and in triplicate in the presence of a 200-fold molar excess of
either 24,25(OH)2D3, 25(OH)D3, or 1,25(OH)2D3. After over-
night incubation on ice, bound and free steroids were separated
by HAP as described in the legend to Figure 3. Results represent
mean� SEM for six independent experiments.
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Fig. 7. Saturation analyses of 1 nM catalase added to P2.
Samples were incubated with increasing concentrations of
[3H]24,25(OH)2D3 in the absence or presence of a 200-fold
excess of unlabeled steroid, and processed as described in the
legend to Figure 3. Values represent mean� SEM for three
independent experiments.
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panel). Thus, preparations from female birds
exhibited an age-dependent increase in both
specific [3H]24,25(OH)2D3 binding and catalase
activity with age, whereas equivalent prepara-
tions from duodenal mucosa of male birds
exhibited quite high levels of both metabolite
binding and catalase activity regardless of age.

DISCUSSION

The present work identifies and partially
characterizes a binding protein for the vitamin
D metabolite, 24,25(OH)2D3, which shares
sequence homology with a mutant catalase
described in mouse [Wang et al., 2001]. It is
not knownwhether the [3H]24,25(OH)2D3 bind-
ing protein identified in chick duodenal mucosa

has catalytic activity or not: Wang et al. [2001]
found reduced activity due to a point mutation
inwhichAsp at position 439was changed to Ser;
the mutation reduced activity and interfered
with tetramerization.

Studies using added bovine catalase demon-
strated that addition of 1 nM increased specific
[3H]24,25(OH)2D3 binding by somewhat less
than 0.5 pM. The lack of 1:1 stoichiometry could
be due to lack of tetramerization, either attri-
butable to effects of prior lyophilization, or
interaction of the monomer with other cellular
components. Both possibilities have merit.
In competition studies, a large molar excess
of 1,25(OH)2D3 only weakly displaced binding
of [3H]24,25(OH)2D3, as previously reported
[Nemere et al., 2002]. In contrast, 25(OH)D3

Fig. 8. Age-dependent increase in specific [3H]24,25(OH)2D3

binding and catalase activity in organelles prepared from female
chickens. Female chickenswere raised for 7, 14, 28, or 58weeks
prior to collection of intestinal mucosa for subcellular fractiona-
tion. P2 fractions were further resolved on Percoll gradients, and
fractions 1–3 analyzed for specific binding (upper panel) and
catalase specific activity (lower panel), the latter by the decrease
in the absorbance of 20 mM H2O2 at 240 nM. Values represent
mean� SEM of three independent experiments.

Fig. 9. Lack of an age-dependent effect on specific
[3H]24,25(OH)2D3 binding and catalase activity in organelles
prepared from male chickens. Percoll gradient fractions were
prepared from P2 of intestinal mucosa obtained from 7- and
58-week-old male chickens. Fractions 1–3 were assayed for
specific [3H]24,25(OH)2D3 binding (upper panel) as described
in the legend for Figure 3 and catalase specific activity, as
described in the legend to Figure8.Values representmean�SEM
of three independent experiments.
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yielded complete competition in the current
study, yet was less effective with native pre-
parations [Nemere et al., 2002]. In a physiolo-
gical context, both 24,25(OH)2D3 and 25(OH)
D3 have been found to inhibit the rapid
1,25(OH)2D3-mediated stimulation of intestinal
phosphate transport [Nemere, 1996].
Saturation analyses with exogenous catalase

yielded an affinity comparable to that observed
for native preparations of dense gradient frac-
tions and purified basal lateral membranes
[Nemere et al., 2002], which moreover are in
agreement with values obtained for carp and
cod basal lateral membranes [Larsson et al.,
2001]. The number of binding sites determined
in the presentwork is also comparable to earlier
reports [Larsson et al., 2001; Nemere et al.,
2002]. Perhaps a significant difference is that
we did not detect cooperativity in the present
analyses, whereas positive cooperativity was
previously observed in basal lateral mem-
branes, and negative cooperativity was found
in intracellular organelle preparations [Nemere
et al., 2002]. During the purification process, it
was observed that binding activity elutedwith a
wide range of salt concentrations during anion
exchange chromatography, but yielded a single
molecular weight peak on gel filtration. Thus,
the site-specific, cooperative binding properties
observed with different subcellular fractions
may be due to interaction with heterologous
components. In this context, it should be noted
that catalase has been found tightly bound to
the cell surface in other tissues [Watanabe et al.,
2003]. Thus, catalase may act as the membrane
recognition moiety that subsequently directs
the steroid to intracellular organelles [Nemere
et al., 2002]. This is supported by the findings
that (1) anti-catalase antibody inhibits
[3H]24,25(OH)2D3binding to vesicular fractions
in vitro, and (2) addition of the same antibody
to intact intestinal epithelial cells abrogates
the inhibitory effects of 24,25(OH)2D3 on
1,25(OH)2D3-stimulated phosphate uptake.
Our observations on binding activity versus

catalase activity in vivo further support the
identification of the peroxisomal enzyme as
an endogenous binding protein for 24,25
(OH)2D3. In female chickens, both specific
[3H]24,25(OH)2D3 binding and enzyme activity
increased with age, whereas in males, both
activities were elevated regardless of age. The
incomplete correlation between catalase activ-
ity and binding ofmetabolite could be attributed

to either differences in isozyme content, or the
presence of a mutant catalase.

Finally, identification of catalase as an endo-
genous 24,25(OH)2D3 binding protein suggests a
mechanism for signal transduction. The perox-
isomal marker enzyme is best known for its
ability to remove hydrogen peroxide. Hydrogen
peroxide, in turn, has recently been implicated as
a newly found signal transducer [Waypa et al.,
2002; Yano and Yano, 2002; Watanabe et al.,
2003; Wood et al., 2003]. Studies to address this
possibility are under way.

ACKNOWLEDGMENTS

We thank Benton Perry and Brian Boston for
technical assistance. 24R,25(OH)2D3 and
[3H]24,25(OH)2D3 were the generous gift of
Kureha Chemical Co., Ltd., Tokyo, Japan. This
work was supported in part by the Swedish
Foundation for International Cooperation in
Research and Higher Education 99/820 (D.L.),
USDA NRI-CSREES grant 2004-35206-14134
(I.N.), CURI grant from the College of Agricul-
ture, Utah StateUniversity (I.N.), and theUtah
Agricultural Experiment Station. Approved as
journal paper no.7708.

REFERENCES

Aebi H. 1984. Catalase in vitro. Methods Enzymol 105:121–
126.

Boyan BD, Bonewald LF, Sylvia VL, Nemere I, Larsson D,
Norman AW, Rosser J, Dean DD, Schwartz Z. 2002.
Evidence for distinct membrane receptors for 1 alpha,25-
(OH)2D3 and 24R,25-(OH)2D3 in osteoblasts. Steroids
67:235–246.

Caffrey JM, Farach-Carson MC. 1989. Vitamin D3 meta-
bolites modulate dihydropyridine-sensitive calcium cur-
rents in clonal rat osteosarcoma cells. J Biol Chem
264:20265–20274.

Farach-Carson MC, Nemere I. 2003. Membrane receptors
for vitamin D steroid hormones: Potential new drug
targets. Curr Drug Targets 4:67–76.

Kato A, Seo EG, Einhorn TA, Bishop JE, Norman AW.
1998. Studies on 24R,25-dihydroxyvitamin D3: Evidence
for a nonnuclear membrane receptor in the chick tibial
fracture-healing callus. Bone 23:141–146.

Larsson D, Nemere I. 2001. 24,25-Dihydroxyvitamin D3

and intestinal calcium transport: From receptors to
physiological response. Recent Res Dev Endocrinol
2:183–198.

Larsson B, Nemere I. 2003. Effect of growth and matura-
tion on membrane-initiated actions of 1,25-dihydroxyvi-
tamin D3. I. Calcium transport, receptor kinetics, and
signal transduction in intestine of male chickens.
Endocrinology 144:1726–1735.

Larsson D, Björnsson BTh, Sundell K. 1995. Physiological
concentrations of 24,25-dihydroxyvitamin D3 rapidly
decrease the in vitro intestinal calcium uptake in

24,25(OH)2D3 Binding Protein 1265



Atlantic cod. Gadus morhua. Gen Comp Endocrinol
100:211–217.

Larsson D, Nemere I, Sundell K. 2001. Putative basal
lateral membrane receptors for 24,25-dihydroxyvitamin
D3 in carp and Atlantic cod enterocytes: Characterization
of binding and 24R,25-dihydroxyvitamin D3 and 24S,25-
dihydroxyvitamin D3 dependent effects on intracellular
calcium regulation. J Cell Biochem 83:171–186.

Larsson D, Nemere I, Aksnes L, Sundell K. 2003. Environ-
mental salinity regulates receptor expression, cellular
effects, and circulating levels of two antagonizing
hormones, 1,25-dihydroxyvitamin D3 and 24,25-dihy-
droxyvitamin D3, in rainbow trout. Endocrinology
144:559–566.

Lieberherr M. 1987. Effects of vitamin D metabolites on
cytosolic free calcium in confluent mouse osteoblasts. J
Biol Chem 262:13168–13173.

Nemere I. 1996. Apparent non-nuclear regulation of
intestinal phosphate transport: Effects of 1,25-dihydrox-
yvitamin D3, 24,25-dihydroxyvitamin D3, and 25-hydro-
xyvitamin D3. Endocrinology 137:2254–2261.

Nemere I, Dormanen MC, Hammond MW, Okamura
WH, Norman AW. 1994. Identification of a specific
binding protein for 1,25-dihydroxyvitamin D3 in basal-
lateral membranes of chick intestinal epithelium and
relationship to transcaltachia. J Biol Chem 269:23750–
23756.

Nemere I, Yazzie-Atkinson D, Johns D, Larsson D. 2002.
Biochemical characterization and purification of a bind-
ing protein for 24,25-dihydroxyvitamin D3 from chick
intestine. J Endocrinol 172:211–219.

Nemere I, Farach-Carson MC, Rohe B, Sterling TM,
Norman AW, Boyan BD, Safford SE. 2004. Ribozyme
knockdown functionally links a 1.25(OH)2D3 membrane
binding protein (1.25D3-MARRS) and phosphate uptake
in intestinal cells. Proc Natl Acad Sci 101:7392–7397.

Pedrozo HA, Schwartz Z, Rimes S, Sylvia VL, Nemere I,
Posner G, Dean DD, Boyan BD. 1999. Physiological

importance of the 1,25(OH)2D3 membrane receptor
and evidence for a membrane receptor specific for
24,25(OH)2D3. J Bone Miner Res 14:856–867.

Seo EG, Kato A, Norman AW. 1996. Evidence for a
24R,25(OH)2-vitamin D3 receptor/binding protein in a
membrane fraction isolated from a chick tibial fracture
healing callus. Biochem Biophys Res Commun 225:203–
208.

Sterling TM, Nemere I. 2005. 1,25-Dihydroxyvitamin D3

stimulates vesicular transport within 5 sec in polarized
intestinal epithelial cells. J Endocrinol 185:81–91.

Takeuchi K, Guggini S. 1996. 24R,25-(OH)2 vitamin D3

inhibits 1a,25(OH)2 vitamin D3 and testosterone poten-
tiation of calcium channels in osteosarcoma cells. J Biol
Chem 271:33335–33343.

Wang DH, Tsutsui K, Sano K, Masuoka N, Kira S. 2001.
cDNA cloning and expression of mutant catalase
from the hypocatalasemic mouse: Comparison with the
acatalasemic mutant. Biochim Biophys Acta 1522:217–
220.

Watanabe N, Iwamoto T, Bowen KD, Dickinson DA, Torres
M, Forman HJ. 2003. Bio-effectiveness of Tat-catalase
conjugate: A potential tool for identification of H2O2-
dependent cellular signal transduction pathways. Bio-
chem Biophys Res Commun 303:287–293.

Waypa GB, Marks JD, Mack MM, Boriboun C, Mungai PT,
Schumacker PT. 2002. Mitochondrial reactive oxygen
species trigger calcium increases during hypoxia in
pulmonary arterial myocytes. Circ Res 18:719–726.

Wood Z, Poole LB, Karplus PA. 2003. Peroxiredoxin
evolution and the regulation of hydrogen peroxide
signaling. Science 300:650–653.

Yano S, Yano Y. 2002. Regulation of catalase enzyme
activity by cell signaling molecules. Mol Cell Biochem
240:119–130.

Yukihiro S, Posner GH, Guggino SE. 1994. Vitamin D3

analogs stimulate calcium currents in rat osteosarcoma
cells. J Biol Chem 269:23889–23893.

1266 Larsson et al.


