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Abstract: The classical roles of plasma vitamin D-binding protein (DBP) are the transport of
vitamin D and its metabolites in blood, as well as because of its actin-binding affinity, the removal
of any actin that escapes into the circulation when cells are damaged or destroyed. It is also apparent
that DBP has functions related to the activity of lymphoid cells that are independent of its role as a
vehicle for delivering vitamin D metabolites around the body. A separate major function of DBP
was revealed with the discovery of the endocytic activity of cell membrane proteins megalin and
cubilin, in internalizing DBP into cells in a number of different organs, particularly the kidney and
skeletal muscle. Within a cell, DBP binds specifically to cytoplasmic actin filaments. Because most
DBP in plasma is in the apo-configuration, that which binds to actin within specific cells, provides
an array of empty binding sites that enable free 25-hydroxyvitamin D (25(OH)D), that diffuses into
those cells, to be retained on the DBP-actin structure. The retention of 25(OH)D diffusing into
proximal tubule cells provides the substrate, after DBP proteolysis, for the 1-hydroxylase which
generates the vitamin D hormone, 1,25-dihydroxyvitamin D (1,25(OH):D). In skeletal muscle cells,
the 25(OH)D that accumulates on the internalized DBP-actin complex, diffuses back to the
circulation when that DBP undergoes proteolysis. This diffusion of 25(OH)D into and out of skeletal
muscle cells, mediated by the internalized apo-DBP mechanism, accounts for the long half-life of
25(OH)D in the circulation and the role this process plays in maintaining vitamin D status.

Keywords: Vitamin D-binding protein; cytoplasmic actin; skeletal muscle; megalin/cubilin;
endocytosis

1. Introduction

Vitamin D-binding protein (DBP) is a member of a closely related family of plasma a-globulins,
which include plasma albumin and a-fetoprotein [1]. Each molecule of DBP has a single binding site
for the vitamin D molecular structure, with highest affinity for 25-hydroxyvitamin D (25(OH)D), and
lower affinities for 1,25-dihydroxyvitamin D (1,25(OH)2D) and for the parent vitamin D. Compared
to other steroid hormone transporting proteins in blood plasma, DBP has two strikingly different
characteristics. The first is that with adequate vitamin D status, the proportion of DBP bearing
vitamin D or one of its metabolites is only 1-2%. More than 95% of the 6 uM DBP in human plasma
is in the apo-configuration [2,3], compared with the plasma transporting proteins for estradiol,
testosterone and cortisol which have 50% or more of their sterol binding sites occupied with their
specific ligand [2]. The second notable feature of DBP is its very rapid turnover in plasma. The t%2 of
DBP in both rabbit [4] and human [5] plasma is about 41 hours, compared to the t%2 of albumin of
about 17 days [6]. Yet the plasma t%2 of 25(OH)D, the main vitamin D substance being transported
by DBP, is typically 2-6 weeks [7] and may be as long as 12-13 weeks [8].

The effect of such a high concentration of apo-DBP in the circulation, with its high binding
affinity for 25(OH)D, is that diffusion of this ligand haphazardly into cells at random is greatly
inhibited. Although this hormone precursor has limited ability to activate the vitamin D endocrine
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processes in cells, it nevertheless is a potent cytotoxic agent when entering cells in an uncontrolled
manner [9]. However, the high retention capacity of DBP in blood plasma for tightly bound 25(OH)D
and also for 1,25(OH)2D, does raise the question as to how these seco-sterols can gain access to the
specific cells where they perform their respective roles as a substrate and as a hormonal regulator of
cell function.

2. DBP and Avian Egg Production

One indication that DBP has a special function related to cells, is the high concentration of
cholecalciferol found in the yolk of eggs of the domestic fowl. The vitamin Ds concentration of 50-100
ng/g yolk is 5-10 times higher than that of vitamin Ds plus its metabolites in the plasma of birds
producing these eggs [10]. Furthermore, the main form of vitamin Ds in avian plasma is 25(OH)Ds,
so some selective concentrating process occurs in the incorporation of vitamin Ds rather than the more
plentiful 25(OH)D:s into egg yolk. The DBP in blood of laying hens occurs in two distinct forms with
approximate molecular weights of 54,000 and 60,000 [11]. The heavier of these two, preferentially
binds vitamin D3 while the lighter protein shows the typical highest binding affinity for 25(OH)Ds.
The two proteins are considered to be genetically the same, with the vitamin Ds-specific protein
having had post-translational modification by incorporation of neuraminic acid, which presumably
has enhanced its specific affinity for vitamin Ds rather than 25(OH)Ds [12]. This modification also
created a specific affinity to the yolk phosphoprotein, phosvitin, secreted by the liver and delivered
via the circulation to the developing yolk in the ovarian follicle. During this transit of phosvitin in
blood, it binds to the vitamin Ds-specific DBP through divalent calcium linkages between the two
proteins, so that this complex is presented to the thecal cells of the ovarian follicle [10]. In this way
vitamin Ds is selectively incorporated into the developing yolk of an egg, using the modified
specificity of the vitamin D-binding site of avian DBP and its additional affinity for phosvitin.

3. DBP Activities Apart from Vitamin D Transport

Although it is apparent that the liver is the source of DBP in the circulation, there is evidence
that much smaller amounts of mRNA for DBP are being produced in other tissues such as the kidney,
testis, and some adipose cells [1,14]. No hypothesis has yet attempted to explain this multi-tissue DBP
gene expression, but the fact that mice with genetically ablated DBP production show minor
decreases in vitamin D metabolite levels but no abnormality in vitamin D metabolism or function
[13,14] does suggest that these traces of DBP in a diversity of cell types are not essential components
of vitamin D physiology.

The key role of DBP is acknowledged to be the transport of vitamin D and its metabolites in
blood. Nevertheless, this protein is also known to have two other roles apparently unrelated to
vitamin D physiology. One of these is the binding of DBP to the cell surface of lymphocytes in the
circulation [15]. Extensive studies of this interaction of DBP with lymphoid cells have shown that this
protein is actually internalized into B-lymphoid cells [16]. The binding of DBP to the membrane of
neutrophils enhances the chemotactic response of these cells to complement peptides [17]. In
addition, DBP is converted into a macrophage activating factor under inflammatory conditions by
the removal of some glucose residues from DBP by the interaction with B and T-lymphoid cells [18].
Thus, DBP has a wide range of associations and functions with cells of the immune system and for
much of these, it appears to be independent of its specific role in binding to the molecular structures
of vitamin D and its metabolites.

4. DBP and Actin

In early explorations about possible functions for vitamin D in different cell types a soluble
cytoplasmic protein with high affinity for 25(OH)Ds was found in a wide range of tissues, including
brain, lung, heart, and pancreas [19]. This binding structure was then found to consist of two
proteins, one of which was plasma DBP. It was concluded at that time that the wide distribution in
different tissues of this DBP complex could be an artifact from plasma contamination allowing DBP
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to mix with cell contents during the cytosol preparation process [20]. Further research revealed that
this protein dimer was formed by the binding of DBP to cytoplasmic filamentous actin [21]. A specific
function of this complexing of DBP with actin then became apparent with the finding that
cytoplasmic actin, released into blood during cell apoptosis or damage, then immediately binds to
DBP and the complex is rapidly cleared from the circulation [22]. Thus, the concept became
established that the actin-binding property of DBP in blood along with that of another protein,
gelsolin, was to provide an actin scavenging mechanism to prevent actin filament formation with
consequent vascular occlusion [23,24]. Evidence for this role of DBP in preventing actin filaments
forming in blood after tissue injury was seen in the decline in plasma DBP concentration in patients
with hip fractures and other joint surgery, as the DBP-actin complexes were rapidly cleared from
blood [25-28].

Nevertheless, the earlier discovery of DBP bound to actin in the cytoplasm of kidney [29] and
skeletal muscle cells [30], still suggested that this intracellular DBP-actin had a function that was
independent of the DBP role in preventing filamentous actin from occluding blood vessels. Although
it was suggested that these cytoplasmic complexes were artifacts of plasma contamination in cytosol
preparation, the direct microinjection of DBP into living fibroblast and muscle cells revealed a pattern
of interaction and disruption of actin filaments throughout the cytoplasm but with no harmful effect
on cell viability [31].

5. DBP Endocytosis by Megalin/Cubilin Activity

A specific mechanism to explain the intracellular location of DBP in cells of the renal proximal
tubule and of skeletal muscle became apparent with studies on the properties and functions of a cell
membrane low density lipoprotein receptor, megalin, also known as LRP-2 or GP330. This large
transmembrane glycoprotein is found in many different tissues, particularly on epithelial cells [32].
In some of those cells it is associated with a peripheral membrane protein, cubilin. These two proteins
are co-receptors for a range of extracellular proteins [33]. When bound to these membrane receptors
these extracellular proteins are transferred into the cell cytoplasm as endosomes and ultimately
undergo proteolysis [34].

An example of the practical consequences of this process acting on DBP can be seen in the liver.
Some of the cells of this organ are targets for the endocrine role of 1,25(OH):D. In dietary calcium
deficiency [35] or primary hyperparathyroidism [7,36] the increased secretion of parathyroid
hormone acts on the kidney to stimulate the renal secretion of 1,25(OH)2D. The action of 1,25(OH)2D
on some liver cells results in increased uptake of 25(OH)D from the circulation and its subsequent
catabolism. The cells causing this depletion of 25(OH)D from blood are the hepatic stellate cells. They
respond to 1,25(OH):D by increasing the uptake of DBP by megalin-mediated endocytosis. The
internalized DBP then binds to cytoplasmic actin [37]. However, because more than 95% of plasma
DBP is in the apo-configuration, that which links to actin in the stellate cells provides an intracellular
array of vacant high affinity binding sites for 25(OH)D. Therefore, according to the free-steroid
hormone hypothesis [38], the traces of unbound 25(OH)D that diffuse into stellate cells will
accumulate on the DBP actin complex. When the DBP ultimately undergoes proteolysis the bound
25(OH)D is released and becomes available to hepatic catabolic enzymes.

A comparable process has now been described in the kidney. Some plasma albumin and other
plasma proteins of similar molecular size can leak into the glomerular filtrate [39]. The presence of
megalin and cubilin on the luminal surface of the proximal tubule cells binds these filtered proteins
and incorporates them into the cytoplasm of these cells of the nephron where they undergo
proteolytic degradation [40]. DBP is one such protein and it is claimed that this endocytosis is a means
of delivering 25(OH)D, bound to DBP, to the 1-hydroxylase enzyme (CYP27B1) in the proximal
tubule cells [41]. However, because more than 95% of the DBP in plasma is in the apo- configuration,
very little 25(OH)D would enter the cells via this route. Furthermore, the reports of DBP bound to
cytoplasmic actin in kidney cells [1,14] are now explained by the endocytosis of DBP from the
glomerular filtrate by the megalin/cubilin mechanism. This DBP-actin complex in the cytoplasm of
these cells would bind any free 25(OH)D diffusing in from blood. This retained 25(OH)D would
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become available as substrate for the 1-hydroxylase, after the imminent proteolytic destruction of the
DBP to which it was bound.

6. DBP Endocytosis in Skeletal Muscle

The presence of both megalin and cubilin on C2 myotube cultures and on primary rat muscle
fibers has also been demonstrated [42]. When fluorescently labelled DBP was incubated with mature
muscle cell preparations, the DBP was incorporated into the myocytes and could be visualized in a
distributed pattern throughout the cytoplasm. Cytoplasmic preparations showed that the
endocytosed DBP was bound to actin filaments. The uptake in vitro of 25(OH)D from the incubation
medium by mature muscle cells, with megalin and cubilin on their plasma membrane and DBP
bound to actin in their cytoplasm, was considerably greater than in immature myoblasts [42]. The
uptake of DBP by skeletal muscle cells is therefore a differentiated function which develops as
myoblasts mature.

Evidence that humans who take regular physical exercise have a prolonged half-life of 25(OH)D
in the circulation compared to more sedentary subjects [43,44], suggests that skeletal muscle has some
role in the maintenance of vitamin D status. Experiments with mice demonstrated that those housed
with long-term access to voluntary exercise wheels had significantly longer plasma 25(OH)D half-
lives than control mice in standard cages [42]. Because DBP bound to actin in skeletal muscle cells
eventually undergoes proteolysis [4], any 25(OH)D bound to that cytoplasmic DBP-actin complex
would then be released and could diffuse back into the circulation under the influence of the high
concentration of apo-DBP in plasma. Therefore, the repeated uptake and release of 25(OH)D into and
out of skeletal muscle cells would prolong the time that these molecules persist in the circulation.
Such a process, if regulated, could maintain adequate concentrations of 25(OH)D in circumstances
such as during the months of winter, when vitamin D supply is inadequate. Muscle biopsies from
sheep showed that when the circulating concentration of 25(OH)D was falling in winter, the
concentration of 25(OH)D in skeletal muscle increased. When vitamin D supply was increasing, as in
the months of summer, the intramuscular concentration of 25(OH)D declined to a basal level [47].
Such changes are compatible with an increased uptake of DBP by skeletal muscle cells as vitamin D
status declines. The effect of this would be increased cycling of 25(OH)D into and out of muscle cells
as the cytoplasmic DBP on actin ultimately undergoes proteolysis. This diminishes the quantity of
unbound 25(OH)D in the circulation available for diffusion into hepatic cells where it undergoes
catabolic destruction.

One endocrine factor that could regulate the cycling of 25(OH)D in skeletal muscle is
parathyroid hormone (PTH), the secretion of which increases as the plasma concentration of 25(OH)D
falls during winter. Skeletal muscle cells were shown to have a specific receptor for PTH and when
PTH was added to myotube cultures in vitro the uptake and release of 25(OH)D was modified [45].
In similar experiments, the addition of 1,25(OH)2D to myotube cultures and preparation of primary
skeletal muscle fibers, modified the uptake of both DBP and 25(OH)D [46].

The response to these 2 hormones added to in vitro preparations of skeletal muscle cells indicates
that the process of uptake and release of 25(OH)D is able to be regulated. However, the way in which
these endocrine factors control this process in vivo has yet to be defined. Nevertheless, regulated
uptake and release of 25(OH)D which is dependent on DBP-actin complexes in skeletal muscle cell
cytoplasm would result in prolonging the t¥4 of 25(OH)D in the circulation and would effectively
prolong the time of adequate vitamin D status when vitamin D supply is declining [47].

There is however a problem to explain how 25(OH)D molecules could diffuse out of skeletal
muscle cells when the DBP that is retaining these molecules undergoes proteolysis. If DBP from the
extracellular fluid were continuously being incorporated into the cell cytoplasm, the 25(OH)D
molecules released by proteolysis of that DBP already bound to cytoplasmic actin, would
immediately bind to incoming DBP which would thus prevent free 25(OH)D from returning to the
circulation. It is well established that muscle protein turnover is not continuous but shows a circadian
pattern of increase and decrease related to the diurnal pattern of physical activity [48]. Because the
amino acids released from DBP proteolysis would be used for muscle cell protein synthesis, if cellular
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uptake of DBP were to cease during the phase of skeletal muscle protein synthesis, then the 25(OH)D
set free by DBP proteolysis would readily diffuse back to the extracellular fluid. Studies of plasma
concentrations of 25(OH)D and DBP in humans [49], show a diurnal pattern of rise and fall that would
be compatible with diurnal changes in DBP muscle cell uptake that would allow cytoplasmic free
25(0OH)D to diffuse from muscle cells.

7. Conclusions

The presence of megalin and cubilin on the plasma membrane of cells in many different tissues
indicates that endocytosis of extracellular proteins is a widespread phenomenon throughout the
body. The uptake of DBP by megalin/cubilin endocytosis into proximal tubule cells of the kidney and
into skeletal muscle cells, with its subsequent binding to cytoplasmic actin, provides a mechanism
for the very low concentration of free 25(OH)D in extracellular fluid to be retained after diffusing into
those cells, illustrated in Figure 1. This process could apply to other cell types such as in the
parathyroid gland where 25(OH)D has a role in the function of those cells.

¢ 9 ¢ C,,

< 25(0OH)D = g

" DBP
C Megalin

® Cubilin <

Cytoplasmic
Actin Filament

Figure 1. A representation of DBP endocytosis and 25(OH)D retention in a schematic cell.
Extracellular apo-DBP is internalized into the cell cytoplasm by the megalin/cubilin endocytosis
process, where it binds to cytoplasmic actin filaments. The empty vitamin D-specific binding sites on
the DBP-actin complex provide a mechanism to retain the free 25(OH)D that diffuses into the cell
from the extracellular environment.

The high proportion of DBP in the apo- configuration in plasma would clearly limit the amount
of unbound 25(OH)D from diffusing at random into cells. This high concentration does however
ensure that there is ample supply of DBP for the mechanism that allows 25(OH)D to be retained in
those cells where 25(OH)D has a specific function. The quantity of DBP endocytosed and
subsequently undergoing proteolysis in skeletal muscle, which represents about 40% of total body
weight, also indicates why DBP has such a short half-life in the circulation.
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