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ABSTRACT 

The hormonal actions of 1,25-dihydroxyvitamin D3 (1,25(OH)zD3) are 

mediated by a nuclear 1,25(OH)zD 3 receptor phosphoprotein (VDR). The 

phosphorylation of VDR was characterized in rat osteoblast-like cells (ROS 

1712.S). In these bone cells, rat VDR (rVDR) was phosphorylated in the absence 

of the 1,25(OH)zD3 ligand and became hyperphosphorylated upon binding the 

sterol hormone or a novel, noncalcemic analog, 22-oxa-calcitriol. Treatment of 

ROS 17/2.S cells, transfected with a 1,25(OH)zD3-responsive reporter vector, 

with increasing concentrations of 1 ,25(OH)zD3 indicated a positive correlation 

between the level of receptor phosphorylation and rVDR transcriptional activity. 

Analysis of the deduced amino acid sequence of the rVDR and the human VDR 

(h VDR) revealed several consensus recognition sites for casein kinase II (CK-II), 

a nuclear-localized enzyme. Both of these receptors served as efficient substrates 

for CK-II, in vitro, in 1,25(OH)zDT independent reactions. Evaluation of CK-II-

catalyzed phosphorylation of truncated and point-mutated human receptor 

species, in vitro, and of deletion and site-directed h VDR mutants in transfected 

ROS 1712.S and COS-7 cells revealed that a major site of CK-II phosphorylation 

is Ser20S, a classic CK-II site located in the hormone binding domain of the 

receptor. The h VDR is also hyperphosphorylated at Ser20S in COS-7 cells 

overexpressing human CK-II. Replacement of Ser20S with either glycine or 

alanine does not disrupt the ability of h VDR to bind 1,25(OH)zD3, localize to the 

nucleus, associate specifically with the vitamin D responsive element (VDRE) or 

activate transcription. Significantly, phosphorylation of hVDR at the Ser20S 

target site by CK-II overexpressed in COS-7 cells stimulates 1,25(OH)zDT 

mediated transcriptional activation of a reporter gene without affecting other 
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receptor activities. Therefore, CK-II phosphorylation of h VDR appears to playa 

modulatory rather than obligatory role in receptor function. Conversely, protein 

kinase C (PK-C) phosphorylation ofhVDR at Ser51, located in the DNA binding 

domain, while also not required for receptor functions, results in an attenuation 

of VDRE binding. Finally, cAMP-dependent protein kinase (PK-A) 

phosphorylates h VDR in the "hinge" region of the receptor producing a decrease 

in 1,25(OHhDr stimulated gene activation. Thus, the hVDR appears to be a 

substrate for several protein kinases within distinct functional domains and the 

composite activity of the receptor may be dependent on the convergence of 

integrated inputs from several signal transduction pathways, including those 

involving CK-II, PK-C and PK-A. These results could explain how the 

transcriptional activity of VDR is governed during various stages of cell growth 

and differentiation as well as by "cross-talk" from other hormonal signals in 

specific vitamin D target organs. 
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CHAPTER I 

INTRODUCTION AND BACKGROUND 

1 a,25-Dihydroxyvitamin D3 [1 ,25(OHhD 3] is the active hormonal 

metabolite of vitamin D. This secosteroid hormone binds with high affinity to a 

nuclear-localized 1,25(OHhD3 receptor protein (VDR) which then mediates the 

physiological actions of 1,25(OHhD3 in a number of target tissues. Many, but 

not all, of these biochemical actions are involved in calcium homeostasis. The 

focus of this chapter will be first to provide an overview of the family of 

steroid/thyroid/retinoic acid hormone receptors. The VDR is a member of this 

large gene superfamily and the general proposed molecular structure and 

mechanism of action of these receptors will be presented. In addition, 

phosphorylation will be discussed as a means of regulating the activity of several 

cellular proteins, possibly including the VDR and other steroid/thyroid hormone 

receptors. 

BACKGROUND 

VDR and Other Steroid Hormone Receptors - Structure and Function 

The actions of hormones at their target cells is know to occur 

predominantly through the specific interaction of these chemical messenger 

molecules with receptor proteins. The concept of receptors originated through 

the work of many investigators early in this century, especially the work of 

Langley (1906). The diverse actions of hormones are attributed to the cellular 
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events which are initiated or mediated by the respective receptor molecule for a 

particular hormone. The steroid hormone receptors represent a particular class of 

proteins which bind to hormones derived from a common precursor, namely 

cholesterol (Hadley, 1984). These include receptors for glucocorticoids, 

progestins, estrogens, androgens, mineralocorticoids and 1,25(OHhD3 (Jensen, 

1991). In addition, as discussed later in this chapter, other non-cholesterol 

derived hormones such as thyroid hormone and retinoic acid bind to receptors 

which belong to the same gene family as the steroid hormone receptors. 

The high affinity receptor for vitamin D binds primarily, if not exclusively, 

to the sole active metabolite of vitamin D, 1,25(OHhD3 (Haussler and McCain, 

1977; Haussler, 1986; Haussler et ai., 1988a). 1,25(OHhD 3 is synthesized 

metabolically from vitamin D, which can either be obtained in the diet or formed 

via a photolysis reaction in the skin. The first step of this synthesis involves the 

conversion of 7-dehydrocholesterol to previtamin D3 through the action of 

ultraviolet light. The previtamin D3 equilibrates in the skin with vitamin D3 

(cholecalciferol) via thermal isomerization. Circulating vitamin D3 is then 

converted to 25-hydroxyvitamin D3 in the liver by a constitutively active 25-

hydroxylase enzyme (DeLuca, 1976; Bjorkhem et ai., 1979; Madhok and 

DeLuca, 1979). The 25-hydroxyvitamin D3 is further metabolized to the active 

hormonal form, 1 ,25(OHhD 3, by a regulated la-hydroxylase found 

predominantly in the kidney (Fraser and Kodicek, 1970; Holick et ai., 1971; 

Wong et ai., 1972). 1,25(OHhD3 appears to be the major metabolite responsible 

for the biological actions of vitamin D (Haussler et ai., 1971; Norman et ai., 

1971; Haussler and McCain, 1977; Haussler et ai., 1980; Haussler et ai., 1983; 

Brommage and DeLuca, 1985) 
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1,25(OHhD3, parathyroid hormone (PTH) and calcitonin (CT) serve as the 

primary physiological regulators of serum Ca2+ levels (Haussler et ai., 1988a). 

PTH and CT provide antagonistic regulation of acute Ca2+ levels with PTH 

mobilizing Ca2+ from skeletal stores and increasing reclamation of the ion from 

the kidney in addition to stimulating renal 1 a-hydroxylase activity and thus 

increasing 1 ,25(OHhD3 production. The net effect of these actions is to raise 

serum Ca2+ levels. CT, on the other hand, acts to lower blood Ca2+ by opposing 

PTH-mediated Ca2+ release from bone. This Ca2+-lowering effect of CT is 

probably most important postprandially to maintain blood Ca2+ within a narrow 

range. More chronic regulation of Ca2+ levels is provided by the actions of 

1,25(OHhD3. Under prolonged conditions of high calcium demand or low 

calcium intake, 1,25(OHhD3 spares the actions of PTH to enhance bone 

resorption and renal calcium retention by increasing intestinal calcium 

absorption. Thus, the interplay between 1,25(OHhD3, PTH and CT provides for 

both acute and long-term physiological control of calcium homeostasis 

(Haussler, 1986; Haussler et ai., 1988a). 

Evidence that the active form of vitamin D may function through 

interaction with a receptor protein was obtained by Haussler, et af. (1968) who 

demonstrated that a vitamin D metabolite localized to chicken intestinal mucosa 

chromatin after vitamin D administration in vivo. Further pharmacological and 

biochemical studies including ligand competition experiments, sucrose gradient 

sedimentation and Scatchard analysis confirmed that the nuclear localization aJ'.d 

subsequent chromatin association of the vitamin D metabolite was the result of 

high affinity, specific binding to a receptor-like protein (Haussler and Norman, 

1969; Brumbaugh and Haussler, 1973; Brumbaugh and Haussler, 1974a; 
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Brumbaugh and Haussler, 1974b; Pike, 1982). Furthermore, the putative 

receptor was thought to be a DNA-binding protein and DNA-cellulose 

chromatography was utilized in its subsequent purification (McCain et at., 1978). 

This rare and extremely labile receptor protein was eventually purified to 

approximately 95% homogeneity from chick intestinal mucosa (Pike and 

Haussler, 1979). 

Large scale purification of the VDR from chicken and pig intestinal mucosa 

enabled the production of both polyclonal and monoclonal antibodies to the 

receptor (Pike et at., 1982; Pike et at., 1983; Pike, 1984; Dame et at., 1985). 

Similarly, extensive purification led to the development of polyclonal and 

monoclonal antibodies against other steroid hormone receptors, which had been 

characterized previously by biochemical and pharmacological means, including 

the estrogen receptor (ER) (Greene et at., 1977; Greene et at., 1980), 

progesterone receptor (PR) (Logeat et at., 1981; Renoir et at., 1982; Logeat et 

at., 1983), glucocorticoid receptor (GR) (Eisen, 1980; Okret et at., 1981; 

Westphal et at., 1982; Okret et at., 1984), androgen receptor (AR) (Young et ai., 

1988; Lubahn et at., 1988), mineralocorticoid receptor (MR) (Krozowski et at., 

1989; Lombes et at., 1989; Rundle et at., 1989), thyroid hormone receptor (TR) 

(Fukuda et at., 1988; Nakamura et at., 1989; Luo et at., 1988) and retinoic acid 

receptor (RAR) (Ali et at., 1992; Rochette-Egly et at., 1991; Gaub et at., 1989). 

With the availability of both polyclonal and monoclonal antibodies against 

the steroid/thyroid/retinoic acid hormone receptors, these proteins have been 

cloned from a variety of species. Receptors cloned from expression libraries 

using the cognate antibody as a probe have included the GR (Govindan et at., 

1985; Hollenberg et at., 1985; Miesfeld et at., 1986), ER (Green et at., 1986; 
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Greene et at., 1986; Krust et at., 1986; Maxwell et at., 1987; Weiler et at., 1987), 

PR (Loosfelt et ai., 1986; Conneely et at., 1987; Gronemeyer et at., 1987; 

Misrahi et at., 1987) and the VDR (McDonnell et at., 1987; Baker et ai., 1988; 

Burmester et ai., 1988). The nucleotide sequence of the resulting cDNAs has 

allowed the amino acid sequences of these receptors to be deduced. Examination 

of both the nucleotide and amino acid sequences revealed a high degree of 

homology between these receptors, thus suggesting that they may belong to an 

extended gene family. This homology was exploited in the subsequent low 

stringency cloning of the AR (Chang et ai., 1988; Lubahn et ai., 1988; Tilley et 

at., 1989; Govindan, 1990), MR (Arriza et at., 1987), TRs (Weinberger et ai., 

1986; Benbrook and Pfahl, 1987; Thompson et at., 1987; Hodin et at., 1989) and 

RARs (Giguere et ai., 1987; Petkovich et ai., 1987; Benbrook et ai., 1988; Zelent 

et at., 1989). 

Additional receptor-like proteins whose ligands remain unknown, but 

which share a high degree of homology with steroid hormone receptors have also 

been cloned utilizing low stringency screening techniques (de The et at., 1987; 

Evans, 1988; Giguere et at., 1988; Milbrandt, 1988; Miyajimi et ai., 1988; Oro et 

ai., 1988; Wang et ai., 1989; Mlodzik et ai., 1990; O'Malley, 1990). Some of 

these proteins, referred to as orphan receptors, appear to function as transcription 

factors, but their molecular mechanism of action remains uncharacterized 

(O'Malley and Conneely, 1992). 

Two domains of the steroid/thyroid/retinoic acid hormone receptors exhibit 

a particularly high degree of sequence homology (Figure 1). The more N

terminal of these domains consists of 65-68 amino acids and includes nine 

absolutely and positionally conserved cysteines. It is believed that the first eight 
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FIGURE 1. Schematic diagram of the functional domains in the superfamily of 

steroid/thyroid/retinoic acid hormone receptors and the relative degree of 

conservation within these regions. A schematic representation of the members 

of the steroid/thyroidlretinoic acid hormone receptor superfamily is shown. The 

various domains including the hormone- and DNA-binding region, hinge and 

hypervariable segments are demarcated above the receptors. Other functions 

localized to these individual domains are also indicated: NL, nuclear localization; 

HMD, homodimerization; HTD, heterodimerization. The division of the GR and 

VDR subfamilies is also depicted, with the ER possessing an intermediate 

classification between these two subfamilies as represented by the broken line. 

The percentage of deduced amino acid identity in the DNA- and hormone

binding domains, relative to the GR, between all the members of the superfamily 

is also shown. GR, glucocorticoid receptor; MR, mineralocorticoid receptor; PR, 

progesterone receptor; AR, androgen receptor; ER, estrogen receptor; VDR, 

vitamin D receptor; T3R, thyroid hormone receptor; RAR, retinoic acid receptor. 
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of these cysteine residues tetrahedrally coordinate two zinc molecules to form 

two "zinc finger" DNA binding motifs (Evans and Hollenberg, 1988). Site

specific mutagenesis of these cysteines (Green and Chambon, 1987; Freedman et 

aI., 1988; Severne et aI., 1988) or deletion of this domain (Giguere et al., 1986; 

Green et al., 1986; Godowski et al., 1987) abolishes the DNA binding activity of 

the receptor. These observations are consistent with biochemical data which 

revealed the requirement for a metal ion, most notably zinc, in maintaining the 

DNA binding capacity of steroid hormone receptors (Colvard and Wilson, 1984; 

Sabbah et aI., 1987; Freedman et al., 1988; Haussler et aI., 1988b). The solution 

structure of the GR (Hard et aI., 1990) and ER (Schwabe et al., 1990) DNA 

binding domains and crystallographic analysis of the GR DNA binding domain 

bound to a palindromic glucocorticoid responsive element (GRE) (Luisi et aI., 

1991) have confirmed that this region of the receptor binds to DNA through a 

"zinc finger" motif with an a-helix in the first finger resting in the major grove of 

DNA and an a-helix in the second finger making some phosphate contacts with 

the DNA backbone and also providing the dimerization interface for the second 

monomer in the GR homodimer (Luisi et aI., 1991). 

The other conserved region of the steroid hormone receptor superfamily is 

located C-terminal to the DNA binding domain and contains numerous 

hydrophobic residues. Although this domain is larger than the proposed DNA 

binding region, the amount of sequence homology is considerably lower, 

reflecting the difference in ligand binding specificity among the vanous 

receptors (Evans, 1988; Green and Chambon, 1988; Haussler et aI., 1988b). 

Alterations in this domain have been shown to reduce or eliminate the hormone 

binding activity (both specificity and capacity) of the resulting mutants 
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(Carlstedt-Duke et ai., 1987; Kumar et ai., 1987; Ritchie et ai., 1989; Sakurai et 

ai., 1989; Brown et ai., 1990). These results are entirely consistent with and 

extend earlier biochemical mapping experiments utilizing limited proteolytic 

digestion of partially purified receptor proteins which revealed that C-terminal 

fragments of the protein could retain hormone binding properties (Schrader et ai., 

1981; Carlstedt-Duke et ai., 1982; Allegretto et ai., 1987). In addition to binding 

hormone, this large C-terminal portion of steroid hormone receptors may also 

contain signals (Figure 1) for nuclear localization (Picard and Yamamoto, 1987), 

homo- and heterodimerization (Kumar and Chambon, 1988; Forman et ai., 1989; 

Glass et ai., 1989; Fawell et ai., 1990; Forman and Samuels, 1990; Selmi and 

Samuels, 1991) and transcriptional activation (Kumar et ai., 1987; Miesfeld et 

ai., 1987; Godowski et ai., 1988; Hollenberg and Evans, 1988; Metzger et ai., 

1988; Webster et ai., 1988). Analysis of the deduced amino acid sequence in 

both the DNA and hormone binding domains along with the observation that 

some of the steroid hormone receptors possess a large N-terminal hypervariable 

region (and other evidence discussed below) has led to the division of the 

steroid/thyroid/retinoic acid hormone receptor superfamily into two groups, 

denoted in Figure 1 as the GR and VDR subfamilies. 

The existence of modular and composite functional domains in the 

steroid/thyroid/retinoic acid hormone receptors has led to a proposal for the 

general mechanism of action of these ligand-induced transcription factors 

(Evans, 1988; Beato, 1989; Carson-Jurica et ai., 1990). It is thought that in the 

absence of ligand the receptor exists in an inactive form either localized 

predominantly in the cytosol or in equilibrium with the nuclear compartment. 

Binding of the hormone allows for a shift in this equilibrium towards tight 
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nuclear association. The domains of the receptor which may mediate nuclear 

translocation have been found to reside not only in the C-terminal hormone 

binding domain as in the case of GR (Picard and Yamamoto, 1987; Picard et aI., 

1988), but also in the DNA binding domain as is the case of PR (Guiochon

Mantel et at., 1989). In addition to inducing nuclear localization, binding of the 

ligand also results in receptor activation, also referred to as transformation 

(Grody et at., 1982). The biochemical mechanism of activation is unknown but 

probably involves a multi-step pathway; however, at least in the case of the GR 

subfamily, one component of this transformation process has been identified. 

These receptors are known to interact with a cytosolic 90 kDa heat shock protein 

(HSP90) both in vitro (Joab et aI., 1984; Catelli et aI., 1985; Sanchez et aI., 

1985; Schuh et ai., 1985; Renoir et ai., 1986; Redeuilh et at., 1987; Rafestin

Oblin et aI., 1989; Rebbe et aI., 1989) and in vivo (Howard and Distelhorst, 

1988; Rexin et at., 1988), forming a complex which does not interact with DNA. 

Binding of the cognate ligand to these receptors results in dissociation of HSP90 

(Baulieu et aI., 1990; Pratt, 1990), although additional steps following this 

dissociation are likely required in the activation process since in vitro 

transcription experiments utilizing purified PR devoid of HSP90 revealed a 

requirement for the hormonal ligand for efficient PR-mediated transcriptional 

activation (Bagchi etal., 1990; Bagchi etat., 1991). The mechanism of receptor 

activation for proteins in the VDR subfamily, which probably do not interact 

with heat shock proteins (Dalman et at., 1990; Dalman et at., 1991), is also 

unknown but clearly requires binding of the ligand followed by changes in 

receptor conformation as supported by the observation that antibodies specific 

for the hormone-bound and unbound receptors have been developed (Urda et at., 
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1989; Weigel et aI., 1992a). It is unclear whether or not other biochemical 

events and/or modifications such as phosphorylation may also be involved in the 

activation process. 

Subsequent to hormone binding and activation as discussed above, the 

receptor protein interacts with specific DNA sequences located upstream of 

hormone regulated target genes known as responsive elements which have been 

identified for all of the steroid hormone receptors (Geisse et aI., 1982; Payvar et 

aI., 1983; Karin et aI., 1984; Darbre et at., 1986; Klock et aI., 1987; Strahle et 

aI., 1987; Glass et aI., 1988; Ham et aI., 1988; Umesono et at., 1988; Beato, 

1989; Graupner et aI., 1989; Kerner et aI., 1989; Terpening et aI., 1991). The 

specific DNA sequence of the responsive element recognized by the receptors in 

the GR subfamily is shown in Figure 2 (upper right panel). A significant 

observation apparent from the analysis of the nucleotide sequence of these 

responsive elements is that for those receptors in this subfamily, the consensus 

recognition sequences represent imperfect palindromes or inverted repeats. It 

has been demonstrated that these receptors bind to this inverted repeat motif as 

homodimers (Kumar and Chambon, 1988; Guiochon-Mantel et at., 1989; 

Wrange et at., 1989; Fawell et at., 1990; Forman and Samuels, 1990). The DNA 

sequences of the responsive elements bound by the receptors in the VDR 

subfamily are shown in the lower right panel of Figure 2. These binding sites 

represent imperfect direct repeats and the receptors appear to bind these elements 

as high affinity heterodimers (Murray and Towle, 1989; Glass et aI., 1990; Liao 

et at., 1990; Darling et al., 1991; MacDonald et aI., 1991; Sone et aI., 1991 a) in 

combination with another as yet uncharacterized protein which may be similar or 

identical to the retinoid X receptors (RXRs) (MacDonald et aI., 1991; Sone et aI., 
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Rece12tor Knuckle Region Se!:luence Res120nse Element Recognized 
3 4 .. 

hGR C G S C K V F F K R A G G U C A N3 T G T T C T 
AC(AA)GA 

hPR C G S V F F K R A C K .. 
[ GI",",",'k"'d ""1'"'"' £/"'''"' hMR C G S C K V F F K R A 

hAR C G S C K V F F K R A 

.. ... A C (T G) G A , .... 
hER C E G C K;A;F F K R S A GU C A N3 T G ACe T .. ... 
hTR C E G C K~F F R R T A G (G T) G A N4 A G (G A) C A 

... ... 
hRAR C E G C K G F F R R S G GU TeNs A A (G T) T C 

... ... 
hVDR C E G C K G F F R R S G GU G A N3 A G (G A) C A 

FIGURE 2. Region of the first zinc finger in the steroid/thyroid/retinoic acid 

hormone receptor superfamily responsible for specific DNA binding and the 

respective DNA sequences of the responsive elements for the two receptor 

subfamilies. 
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FIGURE 2. Region of the first zinc finger in the steroidlthyroid/retinoic acid 

hormone receptor superfamily responsible for specific DNA binding and the 

respective DNA sequences of the responsive elements for the two receptor 

subfamilies. The deduced amino acid sequence, starting with the third zinc

coordinating cysteine residue of the first zinc finger, is shown in the left panels 

for the OR (upper panel) and VDR (lower panel) subfamilies. The DNA 

sequences of the hormone responsive elements for the respective subfamilies are 

depicted in the right panels. The circled nucleotides represent the central core 

bases in each responsive element. The number of nucleotide "spacer" residues 

(Nx) between each half element is also shown. 
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1991b; Yu et ai., 1991; Bugge et at., 1992; Kliewer et ai., 1992; Leid et aI., 

1992; Marks et aI., 1992; Ross et aI., 1992; Zhang et at., 1992). In addition, a 

spacing of 3, 4 or 5 nucleotides (Figure 2, lower right panel) between the two 

direct repeats imparts a degree of preference for binding by VDR, TRs and 

RARs, respectively (Naar et at., 1991; Umesono et aI., 1991). The ER, while 

utilizing a responsive element of the type recognized by receptors in the VDR 

subfamily, binds as a homodimer to a vitamin D responsive element (VDRE) 

inverted repeat (Figure 2, lower right panel). Thus, the ER occupies an 

intermediate classification between the GR and VDR subfamilies (see also 

Figure 1). 

The specificity of responsive element interaction is determined by three 

amino acids in the "knuckle" region of the first zinc finger. A glycine, serine and 

valine (boxed residues, Figure 2, upper left panel), which are strictly conserved 

in the receptors of the GR subfamily, specify interaction with the GRE half 

element (AGAACA). Glutamate, glycine and glycine (or alanine), which are 

conserved in the VDR subfamily of receptors (boxed residues, Figure 2, lower 

left panel), specify interaction with the YORE half element (AGGTCA). Thus, 

the steroid hormone receptor superfamily can be divided into two subfamilies 

based not only on deduced amino acid homologies (Figure 1), but also on the 

nature of the utilized responsive element and the distinct amino acids required 

for specific DNA interactions. The YORE depicted in Figure 2 (lower right 

panel) was derived from the 5' region of the rat osteocalcin gene (DeMay et aI., 

1990; Terpening et aI., 1991). This bone matrix protein is synthesized by 

osteoblasts and is transcriptionally regulated, via the YORE, by 1,25(OHh03 

(Pan and Price, 1986; Fraser and Price, 1990). 
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Following high affinity binding to its respective responsive element, the 

activated, ligand bound receptor complex can modulate the transcription of the 

downstream target promoter. The exact nature of the interaction between the 

transcriptional machinery and the activated steroid hormone receptor complex 

has not been defined. However, through the use of deletion mutants and 

chimeric receptor molecules, transcriptional activation domains have been 

mapped to both the C- and N-terminal regions (Figure 1) of the PR (Gronemeyer 

et aI., 1987; Meyer et ai., 1990), ER (Webster et aI., 1988; Tora et ai., 1989) and 

GR (Godowski et aI., 1987; Hollenberg and Evans, 1988; Webster et ai., 1988). 

Current models of transcriptional regulation by steroid hormone receptors 

are based on the assumption that the activated, DNA bound receptor complex can 

interact directly or indirectly, through adaptor proteins, with the basal 

transcriptional machinery. Several factors including RNA polymerase II, 

transcription factors II (TFII) A, B, D, E and F must be assembled at the TAT A 

box promoter and form a pre-initiation complex; the stability and perhaps 

recruitment of the factors in this complex may be enhanced by direct interaction 

with the transcriptional activation domain of the steroid hormone receptors 

(Hawley and Roeder, 1985; Reinberg and Roeder, 1987; Horikoshi et ai., 1988a; 

Horikoshi et aI., 1988b; Stringer et ai., 1990). Alternatively, and perhaps more 

likely, the interface between the steroid hormone receptor transcriptional 

activation domain and the pre-initiation complex is mediated by an adaptor 

protein(s), possibly including the DNA-binding partner of those steroid hormone 

receptors that bind their responsive elements as heterodimers. Such an adaptor 

protein has recently been cloned and shown to act as a bridging factor between 

the transcriptional activator Spl and the TFIID complex (Hoey et ai., 1993). The 
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observation that steroid hormone receptors can compete for factors that mediate 

their activation function (Meyer et al., 1989) and that the two transcriptional 

stimulation domains of these receptors (N- and C-terminal) possess varying 

activities in different cell lines (Bocquel et al., 1989) suggests that other tissue

specific protein factors may be involved in steroid hormone-mediated gene 

regulation. 

PHOSPHORYLATION 

Phosphorylation as a Regulator of Protein Function 

Phosphorylation was first shown to be a critical mediator in cellular 

regulation when phosphorylase kinase was purified to homogeneity (Krebs et al., 

1964). It had previously been discovered that glycogen phosphorylase, the 

enzyme which catalyzes the removal of glycosyl residues from glycogen, was 

phosphorylated and likely regulated by this post-translational modification 

(Fischer and Krebs, 1955; Sutherland and Wosilait, 1955; Jenkins et al., 1981). 

Phosphorylase kinase was then shown to be the enzyme responsible for 

phosphorylating glycogen phosphorylase (Krebs et al., 1964). Furthermore, 

phosphorylase kinase is itself regulated by phosphorylation mediated through 

cyclic adenosine monophosphate (cAMP) (Krebs et al., 1959) by cAMP

dependent protein kinase (PK-A) (Cohen, 1973; Yeaman and Cohen, 1975). 

Other examples of metabolic control at the level of enzyme phosphorylation 

include pyruvate dehydrogenase kinase and pyruvate kinase, two pivotal 

enzymes involved in carbohydrate metabolism. Pyruvate dehydrogenase kinase

catalyzed phosphorylation of pyruvate dehydrogenase results in the deactivation 
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of this enzyme (Yeaman et ai., 1978). Similarly, the L and A isoenzymes of 

pyruvate kinase are also deactivated by phosphorylation (Engstrom, 1978). 

Thus, phosphorylation has been recognized as a mechanism for modulating the 

activity of enzymes and thereby providing metabolic pathways with coordinated 

and elegant regulatory controls. 

The idea that phosphorylation was a significant and ubiquitous mechanism 

in cellular regulation was underscored by the discovery that substrates for 

kinases included not only enzymes but receptors as well. A number of receptors 

are known to be phosphorylated with resultant functional consequences. For 

example, photoreceptors in the rods and cones consist of a transmembrane 

protein, rhodopsin, which is known to undergo phosphorylation by rhodopsin 

kinase (Bownds et ai., 1972; Kuhn and Dreyer, 1972). The phosphorylated form 

of rhodopsin can no longer interact with the protein transducin; as a result, the 

signaling events mediated by transducin in the visual cycle are terminated 

(Stryer, 1986). The ~-adrenergic receptor, which binds to such agonists as 

epinephrine and isoproterenol, can be phosphorylated following exposure to 

these ligands by either PK-A and/or ~-adrenergic receptor kinase (Hausdorff et 

ai., 1990). The phosphorylated receptor can then interact with another protein 

termed ~-arrestin which results in receptor inactivation and leads to 

desensitization (Pippig et at., 1993). 

In addition, a large family of receptors with intrinsic tyrosine kinase activity 

has been recognized (Hunter and Cooper, 1985). Generally, these receptors bind 

molecules that act as mitogens such as the epidermal growth factor (Carpenter, 

1987) and platelet-derived growth factor (Ross et al., 1986). The result of 

binding to their respective ligands is autophosphorylation of the receptor and 
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sustained activation of the intrinsic tyrosine kinase activity which ultimately 

leads to tyrosine phosphorylation of cytoplasmic target substrates (Cooper et aI., 

1982). These phosphorylated substrates presumably mediate, directly or 

indirectly, the effects of the mitogenic "signaling" molecules (Cross and Dexter, 

1991). 

PhosphOlyiation ofSteroid/FhyroidlRetinoic Acid Hormone Receptors 

In addition to the receptors outlined above, research primarily over the last 

decade has revealed that the members of the steroid/thyroid/retinoic acid receptor 

superfamily are also phosphoproteins (Auricchio, 1989; Moudgil, 1990; Ortf et 

ai., 1992). Early studies utilizing GR suggested a link between biochemical 

properties of the receptor and the cellular levels of ATP (Munck and Brinck

Johnsen, 1968; Ishii et ai., 1972; Bell and Munck, 1973; Sloman and Bell, 1976). 

Similarly, the addition of cyclic nucleotides to cellular extracts of endometrial 

cells resulted in changes in estradiol binding to the ER (Fleming et ai., 1982; 

Fleming et ai., 1983). Attempts to dephosphorylate steroid receptors by alkaline 

phosphatase treatment appeared to inactivate the hormone binding capacity of 

the GR (Nielsen et ai., 1977; Housley et ai., 1982) and the TR (Faure and 

Dussault, 1988) but the binding of dihydrotestosterone to the AR appeared to be 

enhanced by dephosphorylation (Golsteyn et ai., 1989). Direct analysis of the 

receptor proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) indicates that the migration of some of the receptors in these 

denaturing gels is reduced. This observation is usually associated with post

translational modifications of the analyzed protein and has been reported for the 

PR (Horwitz et aI., 1985; Sullivan et aI., 1988a), ER (Golding and Korach, 1988) 
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and VDR (Pike and Sleator, 1985). Indirect evidence that steroid hormone 

receptors exist as phosphoproteins came from studies utilizing purified receptors 

and protein kinases in reconstituted in vitro kinase assays. These experiments 

revealed that PK-A can efficiently phosphorylate both the OR (Singh and 

Moudgil, 1985) and PR (Weigel et al., 1981; Singh et al., 1986; Hurd et al., 

1989) while the VDR is a substrate for protein kinase C-B (Hsieh et al., 1991). 

The PR is also a substrate for a DNA-dependent protein kinase (Weigel et al., 

1992b) and purified epidermal growth factor receptor (Ohosh-Dastidar et al., 

1984). The ER is phosphorylated in vitro by a cytosolic calcium-calmodulin

dependent protein kinase (Migliaccio et al., 1982; Auricchio et al., 1984; 

Migliaccio et al., 1984). The TR is phosphorylated by casein kinase II (CK-II) 

(Olineur et al., 1989) while the AR is phosphorylated by a cAMP-independent 

nuclear kinase (Ooueli et al., 1984). Thus, the steroid/thyroid hormone receptors 

can serve as substrates for a number of kinases, but it should be pointed out that 

in many of these studies a functional effect of phosphorylation on receptor 

activity was neither examined nor demonstrated. 

Direct evidence for phosphorylation of steroid/thyroid hormone receptors 

has come from studies involving metabolic labeling of cultured cells or tissues 

followed by extraction and analysis of the receptor protein. Experiments such as 

these with the PR showed both a basal level of phosphorylation, in the absence of 

progestins, and a rapid, hormone-induced component of receptor 

phosphorylation (Logeat et al., 1985; Denner et al., 1987; Rao et al., 1987; Wei 

et al., 1987; Sheridan et al., 1988; Sullivan et al., 1988a; Sullivan et al., 1988b; 

Sheridan et al., 1989; Nakao and Moudgil, 1989). The exclusive phosphorylated 

residue in the PR appears to be serine (Dougherty et al., 1982; Rao et al., 1987; 
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Sheridan et ai., 1988). In addition to ligand, the phosphorylation state of PR can 

be enhanced by treatment of human breast cancer cells with protein kinase C 

(PK-C) activators (Boyle and van der Walt, 1988). Phosphopeptide mapping 

experiments to localize the phosphorylated residues in PR have been carried out 

with human and chick immunopurified receptor. All of the phosphorylation 

sites, both hormone-dependent and independent, reside in the N-terminal half of 

the protein (Sullivan et ai., 1988a; Sheridan et ai., 1989). More elaborate 

mapping techniques using large quantities of metabolically labeled chicken 

oviduct tissue slices, protease digestion, HPLC purification and gas-phase 

protein microsequencing have identified three major phosphoresidues in the N

terminal domain. Ser211 and 260 are phosphorylated under basal and hormone 

treated conditions and a third site, Ser530, is phosphorylated only in the presence 

of hormone (Denner et ai., 1990a). All of these residues fit the consensus 

sequence for proline-directed protein kinases (Vulliet et ai., 1989; Hall et ai., 

1991), although the involvement of this kinase(s) in PR phosphorylation has not 

been demonstrated. 

Similar to the PR, the GR appears to possess both hormone-dependent and 

independent phosphorylation components. The receptor was first directly 

demonstrated to be a phosphoprotein in intact L-cells incubated with 

[32P]orthophosphate (Housley and Pratt, 1983). Additional experiments 

demonstrated a ligand-induced hyperphosphorylation of GR isolated from a 

variety of cells when treated with glucocorticoid agonists (Hoeck et ai., 1989a; 

Hoeck et ai., 1989b; Orti et ai., 1989; Hoeck and Groner, 1990). As with the PR, 

the major residue phosphorylated under these experimental labeling conditions 

appears to be serine (Housley and Pratt, 1983; Kovacic-Milivojevic and 
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Vedeckis, 1986; Dalman et aI., 1988; Smith et aI., 1989). Utilizing proteolytic 

mapping techniques, sites of GR phosphorylation have been localized to the N

terminal half of the molecule (Dalman et aI., 1988; Hoeck and Groner, 1990). A 

more extensive study using solid-phase peptide sequencing of 32P-Iabeled tryptic 

peptides of GR from mouse WEHI-7 cells recently identified seven sites of 

phosphorylation; all of these residues are located in the N-terminal hypervariable 

domain (Bodwell et aI., 1991). The effect of hormone treatment on the 

phosphorylation of these sites has not yet been studied. Interestingly, all but two 

of these residues are known kinase consensus sites for either proline-directed 

protein kinase, p34cdc2 kinase (Vulliet et al., 1989; Hall et al., 1991) or CK-II 

(Marin et al., 1986). 

The GR and PR represent the best studied receptors in terms of 

phosphorylation. Much less is known about the phosphorylation status and 

location of phosphorylation sites in the other members of this superfamily. The 

TR is phosphorylated by CK-II, in vitro (Glineur et aI., 1989), and 

phosphorylation is stimulated, in vivo, by activators of PK-C and PK-A 

(Goldberg et al., 1988). The hormone dependence of TR phosphorylation has 

not yet been studied. The ER in mouse uterus is phosphorylated on serine 

residues in the absence of estrogen with a resulting hyperphosphorylation upon 

hormone treatment (Washburn et al., 1991). In sharp contrast, Auricchio and his 

coworkers have observed phosphorylation of ER (Migliaccio et aI., 1986; 

Auricchio et aI., 1987; Auricchio et al., 1987; Auricchio, 1989) and GR 

(Auricchio et aI., 1987) on tyrosine residues. Truncation analysis of the ER 

revealed that this tyrosine phosphorylation occurs exclusively within or near the 

hormone binding domain (Migliaccio et aI., 1989). AR isolated from LNCaP 
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cells metabolically labeled with [32P]orthophosphate displays both ligand

dependent and independent levels of phosphorylation (van Laar et ai., 1990; van 

Laar et ai., 1991). Preliminary mapping experiments suggest that the major 

phosphorylation sites may be in the hinge and hormone binding domain. The 

VDR has been reported to undergo hormone-dependent phosphorylation in 

mouse fibroblasts (Pike and Sleator, 1985) and embryonic chick duodenal organ 

culture (Brown and DeLuca, 1990). However, this phosphorylation has not been 

biochemically characterized nor has the domain or site(s) of phosphorylation 

been mapped. 

The functional significance of these receptor phosphorylations is unknown. 

Theoretically, phosphorylation may affect one or more of the several steps 

involved in receptor activation and regulation of target genes such as: 

i) modulation of hormone binding, ii) nuclear localization, iii) specific DNA 

binding, iv) association with a receptor auxiliary factor, v) transcriptional control 

and vi) receptor recycling/processing. However, direct effects of 

phosphorylation on steroid hormone receptor function either in vitro or in vivo 

have only recently been established. For example, the in vitro DNA-binding 

activity of phosphorylated ER from MCF-7 cells is reduced upon treatment of 

the receptor with potato acid phosphatase (Denton et ai., 1992). Dopamine and 

okadaic acid (OA), a phosphatase inhibitor, have been found to activate chicken 

PR-dependent or human ER-dependent transcriptional activation of a reporter 

gene in monkey kidney (CV-l) cells, even in the absence of the cognate ligand 

(Power et ai., 1991b). A similar study with the chicken PR revealed that 

activators of PK-A could enhance PR-dependent transcriptional activation in the 

absence of progesterone (Denner et ai., 1990b). These striking observations 
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suggested that treatment of cells with agents that modulate phosphorylation of 

cellular proteins is sufficient for PR activation. Unfortunately, the 

phosphorylation state of the PR in these studies was not examined and a 

subsequent study utilizing the human PR concluded that: i) progesterone is 

required to observe PK-A-mediated transcriptional stimulation and ii) the extent 

of PR phosphorylation is not altered by activation of PK-A (Beck et at., 1992). 

These data suggest that the effect of PK-A activation in enhancing the 

transcriptional activity of PR is not mediated by direct phosphorylation of the 

receptor. More recently, phosphorylation of human TR-~1 (Lin et ai., 1992b) 

and human OR (Rangarajan et at., 1992) have been correlated with an increase in 

the DNA binding activity of these receptors. 

From the above discussion, it is evident that the biochemical 

characterization of steroid hormone receptor phosphorylation remains incomplete 

and the functional role(s) of this modification is unclear. The balance of this 

dissertation will report novel data concerning the biochemical evaluation of 

phosphorylation of the VDR. Chapter 2 examines the phosphorylation and 

transcriptional activity of endogenous VDR in rat osteoblasts in response to both 

the natural I ,25(OHhD3 ligand and a synthetic, nonca1cemic analog. Chapter 3 

presents data which identify the receptor as a substrate for CK-II and localize the 

target site in hVDR phosphorylated by this enzyme, in vitro. The relevance and 

elucidation of CK-II-catalyzed hVDR phosphorylation, in vivo, are reported in 

transfected mammalian cells in Chapter 4, while the functional consequences of 

CK-II and PK-C phosphorylation with respect to hVDR activity are explored in 

Chapter 5. Finally, Chapter 6 provides a quantitative analysis of hVDR 

phosphorylation and, additionally, identifies the receptor as a novel substrate for 
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PK-A both in vitro and in transfected cells. 



CHAPTER II 

BIOCHEMICAL EVALUATION OF VDR 

PHOSPHORYLATION IN RAT OSTEOBLASTS 

INTRODUCTION 
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As outlined in the previous chapter, several members of the steroid/thyroid 

hormone receptor superfamily are reported to be phosphoproteins including the 

progesterone receptor (Dougherty et ai., 1982), glucocorticoid receptor (Housley 

and Pratt, 1983), thyroid hormone receptor (Goldberg et ai., 1988), estrogen 

receptor (Auricchio et ai., 1987), androgen receptor (Goueli et ai., 1984) as well 

as the VDR itself (Haussler et ai., 1988a; McDonnell et ai., 1989; Brown and 

DeLuca, 1990). Various studies have examined phosphorylation of steroid 

hormone receptors, in vivo, and have found, in the case of the glucocorticoid 

receptor (Orti et ai., 1989), progesterone receptor (Logeat et ai., 1985), estrogen 

receptor (Denton et ai., 1992) and VDR (Pike and Sleator, 1985), that a 

component of the phosphorylation is hormone-dependent. These observations 

suggest that phosphorylation may playa functional role in the hormone-elicited 

actions of these receptors. Previous investigations of VDR phosphorylation have 

analyzed the mouse fibroblast (Pike and Sleator, 1985) and the chicken duodenal 

(Brown and DeLuca, 1990) receptors. The focus of the present chapter is the 

rigorous biochemical characterization and evaluation of VDR phosphorylation in 

a rat osteoblast-like osteosarcoma cell line, ROS 1712.8 (Majeska et ai., 1980). 

Bone is one of the major target tissues for 1,25(OHhD3 and the phosphorylation 
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of VDR has not been examined at this important site. The results demonstrate 

that the endogenous rat VDR (rVDR), present in relatively high concentrations in 

ROS 1712.8 cells, is phosphorylated, in vivo, in the absence of the hormonal 

ligand and is rapidly hyperphosphorylated when these cells are exposed to 

physiological concentrations of 1 ,25(OHhD 3. In addition, in vivo 

phosphorylation induced by either the natural 1,25(OHhD3 hormone or the 

novel, nonca1cemic analog 22-oxa-I,25(OHhD3 (OCT) is correlated positively 

with the transcriptional activity of VDR when analyzed using the VDRE from 

the rat osteoca1cin gene. Taken together, these observations suggest that 

phosphorylation of VDR may be an obligatory and/or regulatory step in the 

pathway leading to VDR-mediated transcriptional regulation of target genes. 

MA TERIALS AND METHODS 

Reagents 

All reagents were of electrophoresis and/or ultrapure molecular biology 

grade. OCT was kindly provided by Drs. Y. Nishii and J. Abe, Chugai 

Pharmaceutical Co., Ltd., Toshima-ku, Tokyo, Japan. 

Cell Culture 

ROS 1712.8 were cultured in Dulbecco's modified Eagle medium and Ham's 

F-12 (DMEM/FI2, 1:1) supplemented with 10% fetal bovine serum (FBS), 100 

J..lg/ml streptomycin, and 100 V/ml penicillin. The cells were incubated in 60 

mm culture dishes in a humidified incubator at 37 0C. 
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Metabolic Labeling 

ROS 1712.8 cells (7 x 105/60 mm plate) were incubated for 16 h as 

described above. The cells were then washed twice with S ml of methionine-free 

or phosphate-free DMEM/F12 followed by incubation in 2.0 ml/plate of either 

methionine-free or phosphate-free DMEM/F12 supplemented with 2% dialyzed 

FBS, O.S mCi [35S]methionine (New England Nuclear, Boston, MA, translation 

grade, 1100 Ci/mmole) or O.S mCi [32P]orthophosphate (New England Nuclear, 

Boston, MA, carrier-free, 8S00-9120 Ci/mmole), and various concentrations of 

1,2S(OHhD3, 10-8 M OCT or ethanol (vehicle) control. The labeling was carried 

out for up to 4 h at 37 0C. The cells were then washed twice in S ml Tris

buffered isotonic saline, pH 7.S, in preparation for processing. 

Preparation of Cellular Lysates 

Cells were lysed directly on plates by incubation in 1.0 ml of high salt lysis 

buffer (0.3 M KC1, 10 mM Tris-HC1, pH 7.4, 1.0 mM EDTA, 0.3 mM ZnCI2, 

O.S% Triton X-100, S mM DTT) for S min. The lysates from 35S-labeled cells 

were cleared by centrifugation at 170,000 x g for 30 min, while lysates from 32p_ 

labeled cells were cleared by centrifugation at 16,000 x g for 30 min. 

Immunoprecipitation and Gel Electrophoresis 

Cell lysates were immunoprecipitated with anti-VDR 4ASy monoclonal 

antibody (mAb) linked to Sepharose beads (Pike et at., 1983). Typically, SOO III 

aliquots of lysate were incubated with 10 III of 4ASy-Sepharose (::::: 1 mg mAb/ml) 

overnight at 4 oC with gentle shaking. Control reactions to identify nonspecific 

binding to 4ASy-Sepharose contained a several-fold excess of free 4ASy mAb. 
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The Sepharose beads were then washed extensively with detergent-based wash 

buffers, essentially as described previously (Mangelsdorf et ai., 1987b). The 

washed beads were either further utilized for in vitro phosphatase reactions or 

resuspended in 30 /-l12X FSB (4% SDS, 10% ~-mercaptoethanol, 0.12S M Tris

HCI, pH 6.8, 20% glycerol), boiled 4 min and electrophoresed on 10% SDS

polyacrylamide gels as described by Laemmli (1970). The gels were fixed in 

30% methanol/lO% trichloroacetic acid/lO% acetic acid, washed in water, 

impregnated with fluor (1 M sodium salicylate), dried and fluorographed at -70 

0C on Kodak X-OMAT AR film. 

111 Vitro Alkaline Phosphatase Reactions 

ROS 1712.8 cells (2 x 106) were labeled with [35S]methionine in the 

presence or absence of 10-8 M 1,2S(OHhD3, lysed and immunoprecipitated as 

described above. After extensive washing, the beads were resuspended in 40 /-ll 

water, S /-ll lOX phosphatase buffer (Promega Corp., Madison, WI) and SO units 

calf intestinal alkaline phosphatase (Promega Corp.) and incubated for various 

times at 37 0C. The beads were washed again and subjected to electrophoresis as 

described above. 

Cell Tramfections and Transcription Assays 

Transcriptional activity of the VDR was measured in ROS 1712.8 cells 

(S x 105 cells/60 mm plate) which had been transfected by calcium phosphate

DNA coprecipitation (Kingston, 1990) with a reporter vector (S /-lg/plate) 

containing the vitamin D responsive element within approximately 1100 base 

pairs of the S'-flanking DNA from the rat osteocalcin gene (rBGPGH), linked 
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upstream of the human growth hormone gene (Terpening et ai., 1991). As a 

control, a similar reporter vector containing only the osteocalcin core promoter 

and 146 base pairs of 5'-flanking DNA (without the VDRE) was utilized 

(P2AGH). Cells were treated for 24 h following transfection with either various 

concentrations of 1,25(OHhD3, 10-8 M OCT or ethanol vehicle. Medium was 

then assayed for human growth hormone by radioimmunoassay using a kit from 

Nichols Institute Diagnostics (San Juan Capistrano, CA). 

RESULTS 

Hormone-dependent Phosphorylation ofVDR. 

The phosphorylation of VDR was examined in ROS 1712.8. These cells 

express a relatively high level of endogenous receptor (:::::: 15,000 receptors/cell), 

and therefore represent a useful system in which to study VDR phosphorylation. 

ROS 1712.8 cells were labeled metabolically with [35S]methionine in the 

presence and absence of 1,25(OHhD3 (Figure 3, left panel). When VDR from 

untreated cells was immunoextracted with anti-VDR mAb 4A5y linked to 

Sepharose, the resulting autoradiogram displayed two prominent 35S-labeled 

protein bands, one migrating at ::::::54 kDa and another band migrating at ::::::43 kDa 

(lane 2). We have previously reported (Jones et ai., 1991) that the 43 kDa 

protein is not VDR-related because its intensity is not reduced in the presence of 

excess free 4A5y mAb during the solid-phase immunoprecipitation. In contrast, 

the intensity of the 54 kDa species is greatly reduced when excess free anti-VDR 

antibody competes for binding with the solid-phase antibody (data not shown; 

see also Jones et al., 1991), confirming that this species (and not the labeled 

protein at 43 kDa) is the rVDR. In the presence of 10-8 M 1,25(OHhD3 (lane 1), 
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FIGURE 3. Hormone-dependent, in vivo phosphorylation of VDR isolated 

from ROS 17/2.8 cells. 
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FIGURE 3. Hormone-dependent, in vivo phosphorylation of VDR isolated 

from ROS 1712.8 cells. ROS 1712.8 cells were labeled metabolically with 0.5 mCi 

of [35S]methionine (lanes 1 and 2) or 0.5 mCi [32P]orthophosphate (lanes 3 and 

4) and treated with 10-8 M 1,25(OHhD3 (lanes 1 and 3) or ethanol vehicle (lanes 

2 and 4) for 4 h as described in Materials and Methods. Cell lysates were 

immunoprecipitated with mAb 4A5y-Sepharose and subjected to 10% SDS

PAGE. The arrowheads indicate the positions of the hyperphosphorylated 

(upper arrow) and hypophosphorylated (lower arrow) forms of rVDR. 
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the 54 kDa band was partially converted to a slower migrating form (",,56 kDa), a 

characteristic observation for many phosphoproteins such as the retinoblastoma 

gene product pl05 (Buchkovich et aI., 1989; DeCaprio et aI., 1989) and c-fos 

(Barber and Verma, 1987). In order to determine if this observation represented 

a phosphorylation event, ROS 17/2.8 cells were similarly labeled with 

[32P]orthophosphate in the absence and presence of 10-8 M 1,25(OHhD3. 

Immunoextraction of VDR revealed that the majority of 32p incorporation into 

the receptor protein band was dependent on the hormone as seen in the right 

hand panel of Figure 3 (compare lanes 3 and 4). This phosphorylated VDR 

species also co-migrated with the slower migrating VDR extracted from 35S

labeled cells treated with the 1,25(OHhD3 hormone (compare lanes 1 and 3). 

Taken together, these observations indicate that the rVDR apparently is 

hyperphosphorylated in response to 1,25(OHhD3 and that this phosphorylation 

reduces the electrophoretic mobility of the receptor in denaturing polyacrylamide 

gels. 

Additional Analysis of VDR PhosphOl)'latioll 

In order to confirm biochemically that the hormone-dependent modification 

of the rVDR and subsequent gel retardation properties are coincident with 

phosphorylation of the receptor, a phosphatase experiment was performed. VDR 

was isolated by immunoprecipitation with 4A5y-Sepharose from ROS 1712.8 

cells that were labeled metabolically with [35S]methionine. The slower 

migrating, putatively hyperphosphorylated form of the receptor isolated from 

1,25(OH)2D r treated cells was converted to a faster migrating, 

hypophosphorylated form by exposure to calf intestinal alkaline phosphatase for 

increasing incubation times (Figure 4). Thus, hyperphosphorylated rVDR 
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FIGURE 4. Phosphatase treatment of in vivo phosphorylated VDR. ROS 

1712.8 cells were labeled metabolically with 0.5 mCi of [35S]methionine in the 

absence (lane 1) or presence (lanes 2-6) of 10-8 M 1,25(OHhD3 for 4 h. Cell 

lysates were immunoprecipitated with mAb 4A5y-Sepharose and incubated 

eiL1er in the absence (lanes 1, 2 and 5) or presence (lanes 3, 4 and 6) of calf 

intestinal alkaline phosphatase (50 U) for 0-60 min at 37 oC as described in 

Materials and Methods. The arrows indicate the positions of the 

hyperphosphorylated (upper arrow) and hypophosphorylated (lower arrow) 

forms of rVDR. 
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isolated from cells exposed to 1,25(OHhD3 hormone can be transformed 

enzymatically to a hypophosphorylated form which co-migrates with receptor 

isolated from untreated cells. These data unequivocally demonstrate that the 

hormone-dependent retardation of rVDR migration in denaturing polyacrylamide 

gels is the result of receptor phosphorylation. 

An experiment to examine the time frame in which hormone-dependent 

phosphorylation occurs was also performed. When ROS 1712.8 cells were 

labeled metabolically with [32P]orthophosphate and treated with 10-8 M 

1,25(OHhD3 for varying times, the immunoextracted VDR was phosphorylated 

as early as 30 min, with maximum 32p incorporation occurring at 2-3 h (Figure 

5). Interestingly, mRNA levels for osteoca1cin, a bone matrix protein 

synthesized by osteoblasts, are elevated 4-8 h following exposure to 

1,25(OHhD3 in ROS 1712.8 cells (data not shown) and in ROS 17/2 cells (Fraser 

and Price, 1990); nuclear run-on analysis has revealed that a 1,25(OHhDr 

mediated increase in osteoca1cin transcription can be detected in as little as 1 h 

and is maximally stimulated at 3 h in ROS 1712 cells (Pan and Price, 1986). 

Thus, phosphorylation of rVDR, in VlVO, IS a rapid event which precedes 

1,25(OHhDrinduced osteocalcin mRNA accumulation and correlates 

temporally with the activation of osteoca1cin gene transcription, suggesting that 

receptor phosphorylation may playa functional role in the biological actions of 

1,25(OHhD3 in bone cells. 

Phosphorylation of and Transcriptional Activation by VDR 

Employing a novel 1,25(OHhD3 analog, plus dose-response studies with 

the native hormone, it was then determined if there was more than a mere 
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FIGURE 5. Time-course of hormone-dependent, in vivo phosphorylation of 

VDR isolated from ROS 17/2.8 cells. ROS 1712.8 cells were labeled 

metabolically with O.S mCi [32P]orthophosphate for 4 h followed by treatment 

with ethanol (lane 1) or 10-8 M 1,2S(OHhD3 for O.S, 1, 2, 3 and 4 h (lanes 2-7). 

Celllysates were immunoprecipitated with mAb 4ASy-Sepharose as described in 

Materials and Methods. Lane 7 included an excess of soluble 4ASy mAb to 

assess nonspecific binding to the 4ASy-Sepharose, and should result in selective 

disappearance of the rVDR band. The arrow indicates the position of the rVDR. 
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temporal relationship between in vivo phosphorylation of the rVDR and the 

ability of the receptor to activate transcription. VDR was first immunoextracted 

from ROS 1712.8 cells labeled metabolically with [32P]orthophosphate (Figure 

6A) in the presence of ethanol control (lanes 1 and 2), 10-8 M 1,25(OHhD3 

(lanes 3 and 4) or 10-8 M 22-oxa-l,25(OHhD3 (lanes 5 and 6), a potent synthetic 

analog of 1,25(OHhD3 with ill vivo bioeffects that differ from those of 

1,25(OHhD3 (Abe et at., 1989). Analysis by SDS-PAGE clearly demonstrated 

that the level of phosphorylation of rVDR and its migratory position in the 

denaturing polyacrylamide gel were nearly identical upon binding to and 

activation by either the 1,25(OHhD3 hormone or its OCT analog (Figure 6A, 

compare lanes 3 and 4 with lanes 5 and 6), while a low level of basal 

phosphorylation was detectable in the absence of either ligand (lanes 1 and 2). In 

addition, ROS 17/2.8 cells were transfected with a reporter vector consisting of 

approximately 1100 base pairs of 5'-flanking DNA from the rat osteocalcin gene 

(Terpening et at., 1991) which contains a vitamin D responsive element. 

Treatment of these transfected cells with either 10-8 M 1,25(OHhD3 or 10-8 M 

OCT resulted in equivalent levels of VDRE-dependent transcriptional activation 

of a human growth hormone reporter gene (Figure 6B), while cells treated with 

ethanol vehicle or cells transfected with a reporter vector lacking the VDRE 

(P2AGH) displayed only basal levels of transcriptional activity (Figure 6B). In a 

similar set of experiments, the degree of phosphorylation of the rVDR (Figure 

7 A) and its ability to activate transcription (Figure 7B) were monitored in 

response to increasing doses of the natural 1,25(OHhD3ligand. Both the level 

of phosphorylation, in vivo, and the ability of VDR to activate transcription of a 

reporter vector increased in parallel in response to higher concentrations of 
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FIGURE 6. (A) Phosphorylation of the VDR in ROS 17/2.8 cells treated with 

I ,25(OHhD3 or OCT. ROS 1712.8 cells were labeled metabolically with 0.5 mCi 

[32P]orthophosphate and treated with ethanol (lanes 1 and 2), 10-8 M 

1,25(OHhD3 (lanes 3 and 4) or 10-8 M OCT (lanes 5 and 6) for 4 h as described 

in Materials and Methods. Cell lysates were immunoprecipitated with mAb 

4A5y-Sepharose and subjected to 10% SDS-PAGE. The arrowhead indicates 

the position of rVDR. (B) VDRE-mediated transcriptional activation of a 

reporter gene in transfected ROS 17/2.8 cells in response to 1 ,25(OHhD3 or 

OCT. ROS 1712.8 cells (5 x 105 cells/plate) were transfected by calcium 

phosphate-DNA coprecipitation with a 1,25(OHhD3-responsive reporter vector 

(5 ~g/plate) containing 1100 base pairs of the 5'-flanking DNA from the rat 

osteocalcin gene (rBGPGH) or only the rat osteocalcin core promoter as a 

control (P2AGH) linked upstream of the human growth hormone gene. After 

transfection, the cells were treated with ethanol, 10-8 M 1,25(OHhD3 or 10-8 M 

OCT for 24 h. Medium was then assayed for human growth hormone by 

radioimmunoassay. The values (mean ± S.D.) represent three independent 

experiments, each with triplicate samples in the various treatment groups. 
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FIGURE 7. (A) Phosphorylation of the VDR in ROS 1712.8 cells treated with 

increasing concentrations of 1,2S(OHhD3. ROS 1712.8 cells were labeled 

metabolically with O.S mCi [32PJorthophosphate and treated with ethanol (lane 

1), or the indicated concentration of 1 ,2S(OHhD 3 (lanes 2-4) for 4 h as 

described in Materials and Methods. Cell lysates were immunoprecipitated with 

mAb 4ASy-Sepharose and subjected to 10% SDS-PAGE. The arrowhead 

indicates the position of rVDR. (B) VDRE-mediated transcriptional activation of 

a reporter gene in transfected ROS 1712.8 cells in response to increasing 

concentrations of 1,2S(OHhD3. ROS 1712.8 cells (S x 105 cells/plate) were 

transfected by calcium phosphate-DNA coprecipitation with a reporter vector (S 

J.lg/plate) containing 1100 base pairs of the S'-flanking DNA from the rat 

osteocalcin gene linked upstream of the human growth hormone gene. After 

transfection, the cells were treated with ethanol, or the indicated concentration 

of 1,2S(OHhD3 for 24 h. Medium was then assayed for human growth hormone 

by radioimmunoassay. The values (mean ± S.D.) represent three independent 

experiments, each with triplicate samples in the various treatment groups. 
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1,25(OHhD3. Therefore, these results demonstrate a positive correlation 

between VDR phosphorylation and transcriptional stimulation in terms of 

activation by two chemically distinct vitamin D receptor ligands, as well as with 

respect to the presumed level of 1,25(OHhD3-occupied receptor. 

DISCUSSION 

Receptor phosphorylation by several distinct kinases is an important 

regulatory mechanism central to a number of signal transduction pathways. 

Many DNA-binding proteins have, in recent years, been identified as important 

targets for regulation by phosphorylation (Hunter and Karin, 1992). The VDR 

belongs to this general class of DNA-binding proteins and, in this chapter, the 

first extensive biochemical evaluation of phosphorylation of this receptor 

isolated from the rat osteosarcoma osteoblast-like cell line, ROS 17/2.8, is 

presented. Previous reports have demonstrated 1,25(OHhD3 hormone

dependent phosphorylation of the endogenous mouse VDR in cultured 

fibroblasts (Pike and Sleator, 1985) and of endogenous chicken VDR in 

embryonic chick duodenal organ culture (Brown and DeLuca, 1990), the latter 

posttranslational modification taking place prior to significant 1,25(OHhD3-

induced calcium binding protein (Mr 28,000) mRNA accumulation. These 

observations have been extended to include the rat VDR and it has further been 

determined that: i) phosphorylation is a rapid event which temporally correlates 

with 1,25(OHhD3-induced transcription and precedes mRNA accumulation of 

osteocalcin, a bone matrix protein whose synthesis is transcriptionally regulated 

by 1 ,25(OHhD3 and ii) the phosphorylation is reversible by in vitro phosphatase 
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treatment of the hyperphosphorylated receptor isolated from 1,25(OHhDr 

treated cells. Furthermore, this study represents the first evaluation of the effects 

of OCT, an analog of 1,25(OHhD3 which contains an oxygen atom substituted 

for the methylene group at carbon 22, on VDR phosphorylation. While OCT 

binds to the VDR in ROS 17/2.8 cells with a Kd which is indistinguishable from 

that of 1,25(OHhD3 (Pernalete et aI., 1991) and can inhibit parathyroid hormone 

mRNA levels as effectively as the natural 1,25(OHhD3 hormone (Brown et aI., 

1989), this analog is at least 100 times less ca1cemic than 1,25(OHhD3 in mice 

(Abe et aI., 1989). Interestingly, both of these ligands induce a similar level of 

phosphorylation of the rVDR (Figure 6A) and can elicit a comparable increase in 

VDRE-dependent transcriptional activity by the receptor (Figure 6B). 

Furthermore, both phosphorylation of the rVDR and its associated transcriptional 

activity increase identically in response to increasing levels of 1,25(OHhD3 

(Figures 7 A and 7B). These observations suggest not only that hormone

dependent phosphorylation may be an important component of the molecular 

pathway leading to gene activation, but also that VDR phosphorylation is 

probably not responsible for the differential biological actions of 1,25(OHhD3 

and OCT. Thus, these studies confirm and extend those of Morrison and Eisman 

(1991) who reported that 1,25(OHhD3 and OCT similarly induce human 

osteocalcin transcription. Taken together, the data therefore point to other 

mechanisms for the selective actions of OCT, such as different binding 

characteristics for the serum vitamin D binding protein, rapid clearance from the 

circulation, and possibly differential target tissue metabolism and/or catabolism. 

In the case of other members of the steroid/thyroid hormone receptor 

superfamily, both the glucocorticoid and progesterone receptors are 
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phosphorylated, in vivo, in the absence of their ligands while addition of ligand 

results in hyperphosphorylation (Logeat et aI., 1985; Sullivan et al., 1988a; 

Hoeck et al., 1989b; Orti et al., 1989). Examination of the residues 

phosphorylated in the mouse glucocorticoid (Bodwell et aI., 1991) and chicken 

progesterone receptors (Denner et al., 1990a), in vivo, reveals that four of these 

seven sites in the glucocorticoid receptor and all three of the sites in the 

progesterone receptor fit the criteria of sites for either the p34cdc2 catalytic 

subunit (Draetta, 1990; Hall et al., 1991) or the mitogen-activated protein kinases 

(Boulton et aI., 1991; Rossomando et aI., 1991). In addition, phosphorylation of 

the progesterone and thyroid hormone receptors, in vitro, by PK-A is 

independent of the presence of the cognate hormone (Goldberg et aI., 1988; Hurd 

et al., 1989). The rVDR also appears to possess a low level of basal, ligand

independent phosphorylation (Figures 3, 5, 6A and 7 A), while 1,25(OHhD3 

hormone treatment results in receptor hyperphosphorylation. Thus, the present 

results along with previous steroid hormone receptor phosphorylation studies 

suggest that ligand-dependent and independent phosphorylation may be a 

common feature of several members of the steroid/thyroid hormone receptor 

superfamily, including the VDRs, and imply that a functional role may be 

associated with these post-translational modification events. 

Although the experiments described in this chapter do not address 

completely the functional significance of VDR phosphorylation, the 

identification of both ligand-dependent and independent patterns of VDR 

phosphorylation provides a framework for the rational design of future 

experiments which would investigate the mechanistic contribution of these 

different classes of phosphorylations to receptor activity. Relatively few studies 
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have established a direct link between steroid hormone receptor phosphorylation 

and function. However, recent reports have suggested that phosphorylation of 

the human estrogen (Denton et aI., 1992), thyroid ~1 (Lin et aI., 1992b) and 

glucocorticoid receptors (Rangarajan et aI., 1992) increases their DNA-binding 

activity. Furthermore, it is intriguing to note that with both the glucocorticoid 

and progesterone receptors, which possess a ligand-induced component of total 

phosphorylation, almost all of the residues which are hyperphosphorylated in 

response to the cognate hormone are localized to regions defined previously as 

transcriptional activation domains (Denner et at., 1990a; Hoeck and Groner, 

1990; Bodwell et aI., 1991). Given the following observations: i) a temporal 

relationship exists within osteoblasts between hormone-dependent 

phosphorylation of the rVDR (Figure 5) and the induction of transcription of the 

rat osteoca1cin gene (Fraser and Price, 1990), ii) ligand-induced phosphorylation 

is localized to transcriptional activation domains of other steroid hormone 

receptors, iii) ligands that are chemically and biologically distinct induce 

phosphorylation of the rVDR in concert with their activation of osteoca1cin 

transcription (Figures 6A and 6B), iv) the extent of rVDR phosphorylation 

correlates well with the ability of the receptor to stimulate transcription (Figures 

7 A and 7B), it is tempting to speculate that phosphorylation of the VDR in 

response to 1 ,25(OHhD3 or OCT may be an integral element in the mechanism 

of VDR-dependent transcriptional activation. 

It will be necessary to further define the functional role of VDR 

phosphorylation by identifying the specific amino acids in VDR that are 

phosphorylated by 1,25(OHhD3 hormone-dependent and independent kinases. 

Site-directed mutational analysis of these residues should result in a 
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comprehensive understanding of the contribution of each of these classes of 

phosphorylation events to VDR activity. The results reported in this chapter 

should facilitate further evaluation and elucidation of the role of VDR 

phosphorylation and of its functional relevance to the mechanism of 

1,25(OHhDT mediated gene regulation in bone cells. These data also provide a 

rationale for further investigation of VDR phosphorylation by kinases, in vitro, 

and a basis for the site-directed mutagenesis studies detailed in subsequent 

chapters. 
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CHAPTER III 

PHOSPHORYLATION OF VDR BY CASEIN KINASE II, IN VITRO 

INTRODUCTION 

As described in the previous chapter, the VDR exists as a phosphoprotein in 

intact cells, similar to other members of the steroid/thyroid/retinoic acid hormone 

receptor superfamily. Considerable interest and effort have been expended in 

attempting to identify the kinases which may be responsible for both hormone

dependent and independent patterns of steroid hormone receptor 

phosphorylation. Studies have focused on which kinases may catalyze receptor 

phosphorylation by examining phosphorylation reactions, in vitro. Both the 

progesterone (Weigel et al., 1981; Singh et al., 1986; Hurd et al., 1989) and 

glucocorticoid receptors (Singh and Moudgil, 1985) can be effectively 

phosphorylated in vitro by PK-A. The PR is also a substrate for a DNA

dependent protein kinase (Weigel et al., 1992b) and purified epidermal growth 

factor receptor (Ghosh-Dastidar et al., 1984) while the ER is phosphorylated in 

vitro by a cytosolic calcium-calmodulin-dependent protein kinase (Migliaccio et 

al., 1982; Auricchio et al., 1984; Migliaccio et al., 1984). Another kinase of 

potential significance in terms of steroid hormone receptor phosphorylation is 

CK-II. This predominantly nuclear-localized kinase (Krek et al., 1992) is 

present in a wide variety of eucaryotic cells (Tuazon and Traugh, 1991) and is 

known to phosphorylate nuclear oncogene products and a number of proteins 

involved in gene expression including RNA polymerases I and II (Dahmus, 
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1981; Stetler and Rose, 1982), topoisomerases I and II (Durban et ai., 1985; 

Ackerman et at., 1988), c-myc (LUscher et ai., 1989), c-myb (LUscher et ai., 

1990) and max (Berberich and Cole, 1992). The c-erbAa-encoded thyroid 

hormone receptor also appears to be a substrate for CK-II, in vitro (Glineur et ai., 

1989). Therefore, the possibility exists that one or more of several kinases may 

phosphorylate the VDR and the present chapter describes the use of kinase 

consensus recognition site analysis in studying VDR phosphorylation, in vitro. 

The results reveal that both the rat and human VDRs can serve as substrates for 

CK-II. In addition, utilization of truncation methodology and site-directed 

mutagenesis has led to the identification of a single serine residue in the human 

VDR, Ser208, as the predominant site phosphorylated by CK-II, in vitro. 

MATERIALS AND METHODS 

Metabolic Labeling 

ROS 1712.8 (7 x 105/60 mm plate) were cultured in Dulbecco's modified 

Eagle medium and Ham's F-12 (1: 1) supplemented with 10% fetal bovine serum, 

100 /-Lg/ml streptomycin, and 100 Vlml penicillin. The cells were incubated in 60 

mm culture dishes in a humidified incubator at 37 0C for 16 h then washed twice 

with 5 ml of methionine-free or phosphate-free DMEM/F12 followed by 

incubation in 2.0 ml/plate of either methionine-free or phosphate-free 

DMEM/F12 supplemented with 2% dialyzed FBS, 0.5 mCi [35S]methionine 

(New England Nuclear, Boston, MA, translation grade, 1100 Ci/mmole) or 0.5 

mCi [32P]orthophosphate (New England Nuclear, Boston, MA, carrier-free, 

8500-9120 Cilmmole). The cells were then treated with 10-8 M 1,25(OHhD3or 
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ethanol (vehicle) control. The labeling was carried out for 4 h at 37 0C. The 

cells were then washed twice in 5 ml Tris-buffered isotonic saline, pH 7.5, in 

preparation for processing. 

Preparation of Cellular Lysates 

Cells were lysed directly on plates by incubation in 1.0 ml of high salt lysis 

buffer (0.3 M KCI, 10 mM Tris-HCI, pH 7.4, 1.0 mM EDTA, 0.3 mM ZnCI2, 

0.5% Triton X-100, 5 mM DTT) for 5 min. The lysates from 35S-labeled cells 

were cleared by centrifugation at 170,000 x g for 30 min, while lysates from 

32P-Iabeled cells were cleared by centrifugation at 16,000 x g for 30 min. 

Construction of TrUl1cated hVDR cDNA Templates 

The cDNA encoding the human (Baker et ai., 1988) VDR (hVDR) was 

removed from the pGEM4 plasmid (Promega Corp., Madison, WI) by digestion 

with Bgi I and EcoRI and recloned into the pTZ18U plasmid (U.S. Biochemical 

Corp., Cleveland, OH) downstream of the T7 viral promoter. This h VDR 

template lacks the first two codons of the natural gene, but, as has been shown 

previously, produces a nearly full-length hVDR protein, in vitro (Terpening and 

Haussler, 1990), and in transfected cells (Baker et al., 1988), indicating that the 

fourth methionine can be used as a translational start site. 

The pTZ18U-hVDR plasmid was digested with restriction endonucleases 

Sau96-1, Fok I, Ksp632-1 and Tth111-1 in separate reactions. Cleavage by these 

enzymes truncated the hVDR template within the coding region (see Figure 11) 

without compromising the T7 promoter. The template fragments containing the 

hVDR coding region (or portion thereof) linked to the T7 promoter were purified 
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by electrophoresis in 0.8% agarose gels. 

In vitro Transcriptionrrranslation 

RNA transcripts were prepared from pTZ18U-hVDR templates using a 

Riboprobe kit (Promega Corp.). DNA templates either were linearized with 

BamHI (leaving the h VDR coding region intact), or were truncated within the 

coding region as described above. One pmole of purified DNA template 

(ranging from 2.9 /1-g of the full-length linear pTZ18U-hVDR to 0.6 /1-g of the 

856 bp Ksp632-1 fragment) was used in a preparative-scale reaction according to 

a protocol from the supplier. Briefly, the template was incubated with T7 

polymerase in the presence of all four nucleotide triphosphates (4 mM each) and 

GpppG (to obtain a capped transcript) in a 100 /1-1 reaction at 37 0C for two 

hours. The DNA template was removed with RQ1 DNAse. In vitro translations 

were performed using a rabbit reticulocyte lysate kit (Promega Corp.). RNA 

transcripts (3-10 /1-g) were incubated with lysate and a supplied amino acid 

mixture (which lacked methionine) in the presence of either 40-50 /1-Ci of 

[35S]methionine (1200 Ci/mmole; supplied by NEN/Du Pont, Boston, MA) or 

unlabeled methionine (0.85 /1-g/ml final concentration) for 90 minutes at 30 oc. 

Production ofhVDR in a Baculovirus-mediated Insect System 

For one set of experiments, h VDR was produced in a baculovirus 

overexpression system (MacDonald et al., 1991) in order to provide non

antibody-bound substrate for phosphorylation. Twenty-five million Sf-9 insect 

cells (1 x 106 cells/ml) were infected with either wild type baculovirus or virus 

containing h VDR eDNA inserted into the polyhedrin gene as described 
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previously (MacDonald et aI., 1991). Forty hours post-infection, cells were 

harvested and disrupted by sonication in a buffer containing 0.3 M KCI, 1 mM 

EDTA, 10 mM Tris-HCI, pH 7.4, 0.3 mM ZnS04, and S mM DTT (KETZD-O.3 

buffer). Sonicates were centrifuged at 200,000 x g for 30 min. The supernatant 

was then diluted with two volumes of the same buffer without KCI and 

centrifuged again at 20,000 x g for IS min. Clarified hVDR-containing or 

control supernatants were then applied to two separate 10 ml columns of blue 

dextran Sepharose (Pharmacia Biochemicals, Milwaukee, WI) equilibrated with 

the same buffer components at 0.1 M KCI (KETZD-O.1). The columns were 

washed with two volumes of this buffer, then eluted with buffer containing 0.8 M 

KCI (KETZD-0.8). Peak fractions were desalted on PD-I0 columns (Pharmacia 

Biochemicals) equilibrated with KETZD-O.l containing 20% glycerol, then 

snap-frozen in liquid nitrogen and stored at -70 oc. 

Immulloprecipitation 

Isolation of h VDR species from in vitro translation mixtures or rVDR from 

ROS 1712.8 cell extracts was performed essentially as described previously 

(Jones et at., 1991) using the monoclonal anti-VDR antibody 4ASy (Pike et aI., 

1983) linked to Sepharose beads (see also Chapter 2). Briefly, either 9 J..lI of 

labeled or 40 J..lI of unlabeled lysate reaction were combined with 10 J..lI of 4ASy

Sepharose and adjusted to SOO J..lI total volume by the addition of KETZD-0.3 

containing O.S% Triton X-IOO, then incubated overnight at 4 0C. Duplicate 

aliquots of lysate were incubated with 4ASy-Sepharose in the presence of a 

several-fold excess of unbound antibody to assess non-specific binding. After 

overnight incubation, the beads were extensively washed as described 
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(Mangelsdorf et aI., 1987b). 

In vitro Phosphorylation 

Washed 4A5y-Sepharose beads bearing unlabeled VDR were resuspended 

in 0.15 M KC1, 50 mM Tris-HC1, pH 7.4, 15 mM MgCl2 and 5 mM DTT (kinase 

buffer). In some experiments, immunoprecipitates were first treated with 10-8 M 

1 ,25(OHhD3 or ethanol for 2 h at 4 0C prior to the addition of 35 IlCi of 

[y_32P]ATP (NEN/Du Pont, 23 Ci/mmole) and 3 x 10-4 U of highly purified 

CK-II from bovine testis, a generous gift from Drs. D.W. Litchfield and E.G. 

Krebs, Univ. of Washington (Litchfield et aI., 1990). One unit of CK-II activity 

is defined as the amount of enzyme required to transfer 1 Ilmole/min of 

phosphate from ATP to a synthetic peptide substrate at 30 0C (Litchfield et aI., 

1990). After a 30-min incubation at 30 oC, the beads were washed twice with 

buffer containing 0.5 M KC1, 10 mM Tris-HC1, pH 7.4, 1 % deoxycholate, 1 % 

NP-40, 0.5% Tween-20 and 0.1 % SDS, then twice with Tris buffer alone. 

Phosphorylation of partially purified, baculovirus-expressed hVDR was 

performed by preincubating 2 III aliquots of concentrated peak fractions with 

10-7 M 1,25(OHhD3 or ethanol control in 30 III kinase buffer for one hour at 

4 oC, then adding 3 x 10-4 U of highly purified CK-II along with 50 IlCi of 

[y-32P]ATP. The reaction was allowed to proceed for 15 minutes at 30 oC, then 

was adjusted to a 500 III volume and immunoprecipitated as described above. 

Alteration of Specific Amino Acid Residues by Site-directed Mutagenesis 

Specific serine or threonine residues were altered by site-directed 

mutagenesis of codons in the hVDR1I3 cDNA by the method of Kunkel et al. 
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(1987) usmg the Muta-Gene kit (Bio-Rad Laboratories, Richmond, CA) 

according to the manufacturer's instructions. Briefly, the hVDR1I3 cDNA was 

inserted into the EcoRI site of the phagemid vector pSG5 (Green et aI., 1988), 

which contains an M 13 phage origin of replication. Single-stranded phagemid 

containing the hVDR1I3 cDNA was then produced and annealed to 

oligonucleotides complementary to the region of interest in the h VDR 113 

sequence. These oligonucleotides, usually 21 to 25 nucleotides in length, 

contained bases in the central portion of their sequence which mismatched with 

the natural h VDR sequences, creating altered amino acid codons. After 

annealing of these mutagenic oligonucleotides, the second strand of the pSG5-

hVDR1I3 phagemid was completed using T4 DNA polymerase in an in vitro 

reaction. Double-stranded phagemid was then propagated in a bacterial host and 

isolated colonies were screened for the presence of pSG5-hVDR1I3 phagemids 

containing the desired mutation by DNA sequencing. 

Transfection of COS-7 Cells and Expression ofh VDR Proteins 

COS-7 monkey kidney epithelial cells (Gluzman, 1981) were obtained from 

the American Type Culture Collection and maintained in Dulbecco's Modified 

Eagle's Medium supplemented with 10% fetal bovine serum, 100 /-lg/ml 

streptomycin and 100 Vlml penicillin. Cells were plated at 500,000-800,000 

cells per 60 mm culture dish and transfected with 15 /-lg of pSG5-hVDR1I3 

plasmid using the calcium phosphate coprecipitation technique without glycerol 

shock (Kingston, 1990). Sixteen hours after transfection, cells were washed and 

incubated for a further 48 hours to allow for expression of h VDR prior to further 

manipulations. 
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Western Immunoblotting ofCOS-7 Lysates 

COS-7 cells expressing h VDR proteins were washed twice in isotonic 

buffer, aspirated dry and lysed in 0.1-1 ml of 2% SDS, 5% ~-mercaptoethanol, 

125 mM Tris-HCl, pH 6.8 and 20% glycerol. Lysates were collected by 

scraping, transferred to screw-top microfuge tubes, sheared through sterile 25-

gauge needles (six passes), and boiled for one minute. If protein assays were to 

be performed, ~-mercaptoethanol was omitted from the formulation, a 25-50 /-ll 

aliquot was removed after shearing, and ~-mercaptoethanol was added before 

boiling. Prior to loading portions of the lysate onto 5-15% linear gradient SDS

polyacrylamide gels, 4.5 /-ll of 0.2% bromophenol blue tracking dye was added 

per 100 /-ll of lysate. 

After electrophoretic fractionation, proteins were electro transferred to 

Immobilon membranes (Millipore Corp., Bedford, MA) using a Transblot 

apparatus (Bio-Rad Laboratories) filled with 25 mM Tris-HCI, pH 7.4, 192 mM 

glycine, 0.001 % SDS and 20% methanol. Immunodetection of bound hVDR 

proteins was then performed using the 9A 7"( monoclonal anti-VDR antibody 

(Pike et ai., 1983) in an immunoblotting protocol as previously described for 

chicken calbindin28k (Mangelsdorf et al., 1987a) except that a goat anti-rat IgO 

second antibody was employed as a bridge to iodinated protein A because 9A 7"( 

does not react well with the latter. 

Visualization of Labeled h VDR 

Washed beads bearing either 35S- or 32P-Iabeled VDR peptides were 

resuspended in 30 /-ll of loading buffer (0.125 M Tris-HCl, pH 6.8, 20% glycerol, 
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10% p-mercaptoethanol and 4% SDS), boiled for four minutes and subjected to 

electrophoresis on 10% or 5-15% gradient SDS-polyacrylamide gels. Gels were 

fixed in 30% methanol, 10% trichloroacetic acid and 10% acetic acid, 

impregnated with 1 M sodium salicylate, dried and fluorographed at -70 oC on 

Kodak X-OMAT AR film. 

Densitometric Analysis of VDR Bands on Autoradiographic Images 

Electrophoretically separated VDR bands, either 32P-Iabeled (dried gels) or 

1251-labeled (after Western blotting on Immobilon membranes) were exposed to 

Hyperfilm-MP (Amersham Corp .. Arlington Heights, IL). Photographic images 

were then digitized using an Abaton scanner (Everex Systems, Inc., Fremont, 

CA) and analyzed with Scan Analysis software (BioSoft, Milltown, NJ). 

Normalization of VDR 32P-Iabeling to the amount of VDR expression as 

indicated by Western blotting (performed on the same or parallel samples) was 

performed as follows: I) both the 32p and 1251 densitometry values were 

corrected for the volumes of lysate loaded on the respective gels; 2) the 32p 

values were divided by the 1251 (Western) values; 3) the result of the calculation 

in step 2 for each mutant was then divided by the corresponding result for the 

wild type control included in each experiment and plotted as "% wild type 

phosphorylation" . 
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RESULTS 

Phosphorylation of rVDR, In Vitro, by Casein Kinase II. 

An analysis of the deduced amino acid sequence of the rVDR (Burmester et 

aI., 1988) for the presence of theoretical consensus recognition sites for several 

protein kinases revealed a number of minimal CK-II consensus recognition sites 

(Figure 8B) of the type (Ser/Thr)-X-X-(Asp/Glu)-X-(Asp/Glu) (Marin et aI., 

1986) where either the +3 or the +5 position possess an acidic residue (Figure 

8A), while classical consensus sites for several other major protein kinases were 

not present. Most intriguing were two clusters of CK-II sites near or within the 

hormone binding domain, one consisting of Ser 178, 180, 188, 198 and Thr 187 

and the other cluster including Ser 261, 273 and Thr 250 and 275. Therefore, the 

ability of the rVDR to serve as a substrate for a highly purified preparation of 

CK-II was tested. The VDR was immunoextracted from vehicle-treated ROS 

1712.8 cells and the mAb-Sepharose-VDR complex was incubated with 10-8 M 

1,25(OHhD3 for 2 h followed by addition of 6 x 10-4 units of CK-II. As shown 

in Figure 9, the rVDR is an efficient substrate for CK-II, in vitro. The 32p_ 

labeled band which appears at :::::28 kDa in lanes 3 and 4 represents 

autophosphorylation of the CK-II ~-subunit (Hathaway and Traugh, 1982) and 

its intensity is not reduced by inclusion of excess free 4A5y mAb in the 

immunoprecipitation reaction (data not shown). Quantitative densitometric 

scanning of the 32p_ VDR images depicted in Figure 9 and in repeat experiments 

indicates that the presence of 1,25(OHhD3 does not appear to significantly 

modulate VDR phosphorylation (Figure 9, compare lanes 3 and 4). Incubation 

of the rVDR with 1 ,25(OHhD3 prior to immunoprecipitation also reveals no 

significant effect of the hormonal sterol on rVDR phosphorylation by CK-II 
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FIGURE 8. Schematic view of potential CK-II phosphorylation sites in rVDR 

and hVDR in relation to the DNA- and hormone-binding domains of the 

receptor. 
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FIGURE 8. Schematic view of potential CK-II phosphorylation sites in rVDR 

and hVDR in relation to the DNA- and hormone-binding domains of the 

receptor. (A) The set of optimal CK-II recognition sequences as determined by 

Marin et al. (1986); "X" can be any residue. (B) The location of sixteen serines 

and threonines in rVDR that fit the minimal criterion of an acidic residue at the 

+3 or the +5 position for phosphorylation by CK-II. The dotted area (residues 

89-105) represents the epitope for monoclonal anti-VDR 9A7yas determined by 

Pike et al. (1988). The binding of monoclonal antibodies 4A5y and 9A7y to the 

VDR is mutually exclusive, indicating that these two antibodies recognize 

similar or overlapping epitopes (Pike, 1984). (C) The location of eighteen 

serines and threonines in h VDR that fit the minimal criterion of an acidic residue 

at the +3 or the +5 position for phosphorylation by CK-II. 



kDa 

66 

45 

31 

CKll 
1,25 

1 2 

+ 

3 4 

. ~ 

+ + 
+ 

" 

FIGURE 9. Phosphorylation of immunopurified rVDR by CK-II. 

76 



77 

FIGURE 9. Phosphorylation of immunopurified rVDR by CK-II. Lysates were 

prepared from ROS 1712.8 cells (2 x 106) grown in the absence of 1,25(OHhD3 

and VDR was immunoprecipitated with mAb 4A5yas described in Materials and 

Methods. The immunoprecipitates were resuspended in 35 III KTMD 0.15 

(kinase buffer) and incubated with 10-8 M 1,25(OHhD3 (lanes 2 and 4) or 

ethanol (lanes 1 and 3) for 2 h, followed by incubation with 40 IlCi [y_32P]ATP 

in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 6 x 10-4 units 

purified CK-II for 30 min at 30 0C. The immunoprecipitates were then washed 

and subjected to 10% SDS-PAGE. The spot at approximately 28 kDa in lane 2 

is an artifact resulting from a contaminated region of the polyacrylamide gel. An 

arrow indicates the position of the rVDR. 
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(data not shown). Furthermore, incubation of partially purified rVDR in 

solution, free from the mAb-Sepharose complex, with CK-II results in efficient, 

1,25(OHhD3 hormone-independent phosphorylation (data not shown). 

The potential relationship between rVDR phosphorylation in intact cells 

(Chapter 2) and that catalyzed by CK-II, in vitro, was also addressed by 

examining the electrophoretic mobility of in vivo and in vitro phosphorylated 

receptor. 35S-labeled VDR was immunoextracted from ROS 17/2.8 cells 

incubated in the absence or presence of hormone; as expected, the receptor 

phosphorylated in response to 1,25(OHhD3 in intact cells was retarded in its 

migration compared to hypophosphorylated VDR extracted from ethanol treated 

cells (Figure lOA, lanes 1 and 2). However, the in vivo phosphorylated receptor 

species (lane 2) migrated slightly more rapidly in these denaturing 

polyacrylamide gels than did VDR phosphorylated by CK-II, in vitro (lane 3), 

suggesting either a different distribution of target sites for CK-II or a more 

extensive phosphorylation of VDR by this enzyme, in vitro. Because the 

perceived differences in migration were very small between the 1,25(OHhD3-

dependent hyperphosphorylated receptor in intact cells and that resulting from 

reaction with CK-II, in vitro, an independent repeat experiment was carried out 

and the lanes were organized differently to allow clear visual resolution of the 

various species of receptor. Results from this additional experiment (Figure 

lOB) again revealed that the VDR phosphorylated by CK-II, ill vitro, (lane 2) 

consistently displayed retarded migration as compared to the ill vivo 

phosphorylated receptor species (lane 3). These data suggest that the pattern of 

CK-II-catalyzed, ill vitro phosphorylation may be distinct from that occurring in 

response to 1,25(OHhD3' in vivo, and are therefore consistent with the 
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FIGURE 10. (B) Independent analysis of in vivo and in vitro phosphorylation 

ofVDR. 
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FIGURE 10. (A) Comparison of in vivo and in vitro phosphorylation of rVDR. 

VDR from [35S]methionine-Iabeled ROS 1712.8 cells treated with ethanol (lane 1) 

or 10-8 M 1,25(OHhD3 (lane 2) for 4 h was immunoprecipitated as in Figure 3, or 

phosphorylated by CK-II, in vitro, as in Figure 9 (lane 3). The resulting 

immunoprecipitates were subjected to 10% SDS-PAGE as described in Materials 

and Methods. The three arrows indicate the position of in vivo 

hypophosphorylated (lane 1), in vivo hyperphosphorylated (lane 2) or in vitro, 

CK-II-phosphorylated VDR (lane 3). (ll) Independent analysis of in vivo and in 

vitro phosphorylation of VDR. VDR was isolated and analyzed as in A. The 

order of lanes 2 and 3 in A was intentionally reversed in B to permit a more 

definitive visual evaluation of the relative migration of the receptor species. The 

three arrows indicate the position of in vivo hypophosphorylated (lane 1), in 

vitro, CK-II-phosphorylated (lane 2) or in vivo hyperphosphorylated VDR (lane 

3). 
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observation that CK-II-catalyzed phosphorylation of rVDR is not dependent on 

the 1,2S(OHhD3 ligand. 

Phosphorylation of Full Length h VDR, In Vitro, by Casein Kinase II 

To further examine VDR phosphorylation, an analysis of the deduced 

amino acid sequence of the human receptor (Baker et aI., 1988) for known kinase 

recognition sites was carried out. This survey also revealed several consensus 

sites for CK-II which exhibited a pattern of distribution similar to that of rVDR 

(Figures 8C and IIA). The possibility that the VDR from distinct species is 

phosphorylated by CK-II suggests that this modification may be functionally 

significant. The availability in our laboratory of cDNA encoding the human 

VDR enabled the testing of this receptor as a substrate for phosphorylation by 

CK-II. VDR produced from cloned hVDR cDNA by in vitro 

transcription/translation was phosphorylated in in vitro reactions similar to those 

utilized for rVDR. Figure 12A displays the products of a phosphorylation 

reaction performed on antibody-bound h VDR which had been immunopurified 

from the rabbit reticulocyte lysate by extraction with 4ASy-Sepharose beads. The 

antibody-bound material itself is essentially free of detectable kinase activity, as 

seen from the fluorography pattern in lane I. In the presence of CK-II, however, 

several 32P-Iabeled bands appear, one of which, at ::::48,000 Mp is dramatically 

reduced when excess free 4ASy antibody is included in the immunoextraction 

mixture (lane 3). The relative migration of this band at ::::48 kDa is consistent 

with the predicted size of the h VDR at 47.9 kDa. Lane 4 contains the product of 

an [35S]methionine-containing in vitro translation reaction, which was also 

immunoextracted with 4ASy-Sepharose beads. The comigration of this band 
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FIGURE 11. Schematic view of potential CK-II phosphorylation sites in h VDR 

in relation to truncation sites and depiction of site-directed mutants. 
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FIGURE 11. Schematic view of potential CK-II phosphorylation sites in hVDR 

in relation to truncation sites and depiction of site-directed mutants. (A) The 

location of eighteen serines and threonines in h VDR that fit the minimal criterion 

of an acidic residue at the +3 or the +5 position for phosphorylation by CK-II. 

The dotted area (residues 89-105) represents the epitope for monoclonal anti

VDR 9A 7y as determined by Pike et al. (1988). Also shown are the predicted 

termination points for truncated VDR peptides produced from templates 

digested with the indicated enzyme: Sau96-1 digestion should yield a peptide 

terminating at Leu120; Fok I, Ksp632-1 and Tthlll-1 digestions should generate 

peptides ending at Asn 160, Ser194 and Asp232, respectively. (B) The amino 

acid alterations introduced by site-directed mutagenesis in the present 

experiments are shown below the sequence; note that these changes are in the 

form of three single codon changes, one double mutant and one triple mutant. 

The four serines and one threonine in this region which fit the criteria of CK-II 

sites are indicated by a ("') symbol. 
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FIGURE 12. In vitro phosphorylation by casein kinase II of h VDR generated 

by in vitro transcription/translation or by overexpression in insect cells. (A) 

Reaction with antibody-bound h VDR synthesized by in vitro 

transcription/translation. 
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FIGURE 12. In vitro phosphorylation by casein kinase II of h VDR generated 

by in vitro transcription/translation or by overexpression in insect cells. (B) 

Reaction with free h VDR from a baculovirus overexpression system. 
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FIGURE 12. In vitro phosphorylation by casein kinase II of hVDR generated 

by in vitro transcription/translation or by overexpression in insect cells. (A) 

Reaction with antibody-bound h VDR synthesized by in vitro 

transcription/translation. The synthesis of h VDR was performed either in the 

presence (lane 4) or absence of [35S]methionine as described in Methods. The 

h VDR was then isolated by immunoextraction with solid-phase monoclonal 

antibody (4A5y). The immunoextraction shown in lane 3 was competed by 

excess free monoclonal antibody. Lanes 2 and 3 represent the products of an 

incubation of antibody-bound hVDR with purified CK-II and [y_32P]ATP. The 

control reaction in Lane I was performed with radioactive ATP but without 

enzyme. (B) Reaction with free h VDR from a baculovirus overexpression 

system. A partially purified h VDR preparation was obtained as described in 

Methods. Lanes 1-8 show the products of incubations including [y-32P]ATP 

and, if indicated, CK-II, 1,25(OHhD3 (10-7 M), and hYDRo After the 

phosphorylation reaction, the eight samples were further purified by 

immunoprecipitation with 4A5y-Sepharose. All samples were subjected to 

electrophoresis on 10% polyacrylamide denaturing gels. Dried gels were 

exposed to X-OMAT AR film for one to 8 h at -70 oc. 
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with the competed 32P-Iabeled species confirms its identity as the h VDR, but 

also suggests that, in contrast to murine VDR (Haussler et aI., 1988a) and rVDR 

(Chapter 2), the electrophoretic mobility of human VDR is not reduced upon 

phosphorylation. The 32P-Iabeled band which appears at ::::.26 kDa represents 

autophosphorylation of the CK-II B-subunit (Hathaway and Traugh, 1982). This 

band therefore serves to confirm the activity of the CK-II enzyme in all 

reactions. 

Figure 12B shows the results of a similar phosphorylation reaction 

performed on partially purified h VDR from a baculovirus overexpression 

system, followed by further immunopurification of the h VDR after the kinase 

reaction. A prominent 32P-Iabeled species is present at 48 kDa and is dependent 

on the presence of both hVDR and CK-II in the reaction. The small amount of 

labeling seen in the absence of CK-II is due to the activity of an unknown 

endogenous kinase in the partially purified preparation from the insect cells and 

appears to be dependent on the presence of 1,25(OHhD3 (compare lanes 3 and 

4). In contrast, the phosphorylation of hVDR by CK-II does not appear to be 

hormone dependent (compare lanes 5 and 6 with lanes 7 and 8). The 

interpretation of hormone dependence is complicated in this system by the well

documented lability of the unliganded VDR (McCain et aI., 1978). It is likely 

that the species which migrates at ::::.46 kDa in lanes 5 and 6 is a degradation 

product of hVDR, since it is not seen in any reactions lacking the hYDRo 

Densitometric scanning revealed that, if both the 46 and 48 kDa bands are 

summed for lanes 5 and 6, the average value obtained is approximately 97% of 

that obtained for the single 48 kDa species in lanes 7 and 8, indicating that 

phosphorylation of hVDR by CK-II was essentially equal in the presence or 
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absence of 1,25(OHhD3 hormone. These data are consistent with the rVDR 

where phosphorylation by CK-II is also independent of the hormonal ligand 

(Figure 9). 

Pho.~1)11Orylation of Truncated hVDRs 

Localization of the site(s) in VDR phosphorylated by CK-II, in vitro, was 

then carried out. The availability of the cDNA for the human VDR in our 

laboratory allowed the subsequent analysis of VDR phosphorylation to focus on 

this receptor. The full-length hVDR cDNA or cDNA which had been truncated 

by digestion with restriction enzymes at unique sites within the coding region 

(see Figure llA for truncation sites) was transcribed and translated, in vitro, 

followed by immunopurification of the resulting peptides. Figure 13 shows the 

relative ability of immunoprecipitated, truncated hVDR species to serve as CK-II 

substrates. The first three lanes of Figure 13A include the full length h VDR 

product (similar to Figure 12A). Truncation of the hVDR cDNA template at the 

Tth 111-1 site, within the Leu233 codon, results in an 35S-labeled translation 

product which is close to the predicted size of 28.9 kDa; a comigrating species is 

intensely 32P-Iabeled after incubation with CK-II (compare Figure 13A, first two 

Tthlll-1 lanes). Because the Tthlll-1 truncation is much more efficiently 

phosphorylated than the wild type h VDR, it is likely that truncation elicits a 

conformational change which renders the resulting peptide an enhanced substrate 

for CK-II. This phenomenon could come about because either the authentic 

phosphorylation site(s) is more accessible in the truncated peptide or because a 

cryptic CK-II site(s) is exposed in the first 232 amino acids following truncation, 

or both. This band is greatly reduced when excess free anti-VDR antibody 
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FIGURE 13. Purified CK-II-catalyzed phosphorylation of truncated h VDR 

species produced by in vitro transcription/translation. (B) Continuation of the 

truncation series to include h VDR peptides produced from templates cleaved at 

the Fok I and Sau96-I sites. 
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FIGURE 13. Purified CK-II-catalyzed phosphorylation of truncated hVDR 

species produced by in vitro transcription/translation. Immunoprecipitations, 

reactions with CK-II, and SDS-PAGE were as described for Figure 12A. (A) 

Comparison of full-length receptor to truncated species produced from 

templates cleaved at the Tthl11-1 and Ksp632-1 sites. The three lanes shown for 

each species are: first, receptor labeled by inclusion of [35S]methionine in the 

translation mixture, then isolated by immunoprecipitation; second, receptor 

synthesized without radioactive methionine, then immunoprecipitated and 

reacted while antibody-bound with purified CK-II and [y_32P]ATP; and third, 

CK-II reactions performed after immunoprecipitations in the presence of excess 

competing soluble antibody. (B) Continuation of the truncation series to 

include h VDR peptides produced from templates cleaved at the Fok I and 

Sau96-1 sites. An extra lane is included for 35S-labeled Fok I and Sau96-1 

translation products immunoprecipitated in the presence of excess free 

antibody. Denaturing electrophoresis was performed on a 10% polyacrylamide 

gel (A) or a 5-15% gradient gel (B). 
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competes for binding with the solid-phase antibody (last Tth 111-I lane), 

confirming that this species is the truncated h VDR. As shown in the balance of 

panel 12A, further C-terminal truncation to the Ksp632-I site (at Ser194, 

predicted size 21.6 kDa), generates a striking reduction in CK-II-catalyzed 

phosphorylation. The reduction in phosphorylation observed between Leu233 

and Ser194 may be significant in that these truncations are similar in size. 

Nevertheless, the phosphorylation level of the Ser194 truncation is still higher 

than that of the wild type receptor, indicating that the high background of h VDR 

phosphorylation resulting from the process of truncation is in part occurring at 

residues N-terminal to Ser194. As shown in Figure 13B, a decrease in 

phosphorylation is especially apparent with the successive Fok I (at Asp161, 18.4 

kDa) and Sau96-I (at Arg121, 13.6 kDa) truncations. These observations are 

consistent with an interpretation that the major site(s) of CK-II-catalyzed 

phosphorylation resides between Asp232 and Arg121. However, because of the 

enhanced phosphorylation of some of the h VDR truncations, it is difficult with 

these data alone to localize a definitive region of phosphorylation by CK-II, in 

vitro. Therefore, as outlined below, site-directed mutagenesis was utilized as an 

independent strategy to extend these data. 

Phosphorylation of Mutated h VDR Proteins Immunopurified ii'om Transfected 

Cells 

The residues in the region between Asp232 and Arg121 (Figure IlA) that 

might serve as the most likely sites for CK-II phosphorylation based upon the 

known CK-II consensus sequence (Marin et ai., 1986) were selected and site

directed mutants were constructed (Figure lIB). The mutants consisted of three 
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single alterations, S203G, S208G and S208A in which serine codons were 

changed to glycine or alanine; a double mutant, TI92QISI93G, in which Thr192 

was altered to glutamine and the adjacent serine altered to glycine; and a triple 

mutant, in which three successive serines at positions 199-201 were altered to 

alanine, alanine and glycine, respectively (Figure lIB). The expression of these 

mutated hVDR proteins in transfected COS-7 cells was monitored by Western 

blotting and it was observed that the introduced changes did not appear to alter 

their stability (Figure 14E). The expression of VDR in untransfected COS-7 and 

CV -1 cells is undetectable by immunological analysis (data not shown; see also 

Hsieh et ai, 1991, Figure 2B). In vitro phosphorylation by CK-II of 

immunopurified h VDR mutant proteins was then visualized by autoradiography 

of dried SDS-polyacrylamide gels (Figure 14, panels A-D). Each hVDR mutant 

was tested in parallel with an intact, wild type h VDR control. As can be seen in 

panel 13D, the S208G mutant showed a dramatic loss of phosphorylation, in 

contrast to the other mutants tested. To eliminate the possibility that the 

replacement of serine with glycine at position 208 may result in secondary or 

tertiary structural aberrations which might reduce phosphorylation of the 

authentic CK-II site(s), another mutant (S208A) was constructed which contains 

an alanine residue at this position (Figure lIB). The reduction in 

phosphorylation by CK-II, in vitro, of the S208A mutant is similar to that of the 

S208G mutant when compared to the level of phosphorylation of the wild type 

receptor and the Thr192/Ser193 control mutant (Figure 15). These data 

definitively identify Ser208 as the predominant amino acid phosphorylated by 

CK-II, in vitro, at least within the constraints of point mutagenesis methodology. 

Summarized in Figure 16 are results from quantitative densitometric scanning of 
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FIGURE 14. Phosphorylation of point-mutated hVDR proteins by CK-II in an 

in vitro reaction. (A) Phosphorylation of the Thr192/Ser193 double mutant in 

direct comparison with intact (wt) hYDRo 
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FIGURE 14. Phosphorylation of point-mutated hVDR proteins by CK-II in an 

in vitro reaction. (B) Phosphorylation of the Ser199/Ser200/Ser20 1 triple 

mutant in direct comparison with intact (wt) h VDR. 
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c. wthVDR 203 

II 
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FIGURE 14. Phosphorylation of point-mutated hVDR proteins by CK-II in an 

in vitro reaction. (C) Phosphorylation of the Ser203 single mutant in direct 

comparison with intact (wt) h VDR. 
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FIGURE 14. Phosphorylation of point-mutated hVDR proteins by CK-II in an 

in vitro reaction. (D) Phosphorylation of the Ser208 single mutant in direct 

comparison with intact (wt) h VDR. 
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E. 
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FIGURE 14. Phosphorylation of point-mutated hVDR proteins by CK-II in an 

in vitro reaction. (E) Expression of point mutant h VDR proteins in transfected 

COS-7 cells. 
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FIGURE 14. Phosphorylation of point-mutated hVDR proteins by CK-II in an 

in vitro reaction. COS-7 cells were transfected with the indicated mutant, 

washed in phosphate-buffered saline, and lysed in 7S0 JlI of 0.3 M KCI, 10 mM 

Tris-HCI, pH 7.4,1 mM EDTA, 0.3 mM ZnCh, O.S% Triton X-IOO and S mM DTT 

as previously described (Jones et ai., 1991), but in the absence of phosphatase 

inhibitors. Immunoextractions were then performed and the antibody-bound 

hVDR proteins were incubated with highly purified CK-II as described in 

Materials and Methods. (A) Phosphorylation of the Thr192/Ser193 double 

mutant in direct comparison with intact (wt) hYDRo Visualization of 

immunoextracted and 32P-labeled hVDR proteins was for O.S h at -70 0C. An 

aliquot of the transfected cell lysates was subjected to Western blot analysis 

(see panel E for example) for normalization of hVDR expression. (B), (C) and 

(D): Relative phosphorylation of the Ser199/Ser200/Ser201 triple mutant, the 

Ser203 single mutant and the Ser208 single mutant, respectively. Exposure 

times for autoradiography ranged from 1-2 h. (E) Expression of point mutant 

h VDR proteins in transfected COS-7 cells. Cells were transfected with the 

indicated mutant hVDR in the pSGS expression vector, lysed and subjected to 

Western immunoblot analysis as described in Materials and Methods. Forty JlI 

of lysate from duplicate samples were loaded onto each lane and 125I-labeled 

h VDR band was visualized by autoradiography for 6 h at -70 0C. 
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FIGURE 15. Independent analysis of phosphorylation of point-mutated 

h VDRs by CK-II in an in vitro reaction. 
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FIGURE 15. Independent analysis of phosphorylation of point-mutated 

hVDRs by CK-II in an in vitro reaction. COS-7 cells transfected with wild type 

h VDR or the indicated mutant were processed and analyzed as described in the 

legend to Figure 14. Visualization of immunoextracted and 32P-Iabeled hVDR 

proteins was for 1.5 h at -70 0C. 
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FIGURE 16. Comparison of the relative levels of in vitro phosphorylation by 

CK-II among site-directed hVDR mutants. 
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FIGURE 16. Comparison of the relative levels of in vitro phosphorylation by 

CK-II among site-directed hVDR mutants. Autoradiograms from experiments, 

including the ones shown in Figure 14, panels A-D, and Figure 15 were 

analyzed by densitometric scanning, and the arbitrary density values were then 

normalized for hVDR expression for each mutant as monitored by Western 

blotting. Final values for each mutant are the average of two independent 

experiments performed in duplicate (three independent trials in the case of the 

S208G mutant). 
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the 32p_ VDR images from two to three independent experiments including the 

ones pictured in Figure 14A-D and Figure 15, each individually normalized for 

expression of the relevant hVDR species as measured by Western blotting. All 

alterations had at least modest effects on hVDR phosphorylation by CK-II: 

levels of 32p incorporation into the Thr192/Ser193 double mutant, the 

Ser199/Ser200/Ser201 triple mutant, and the Ser203 single mutant were 73%, 

78% and 63% of intact hVDR incorporation, respectively. The Ser208 to glycine 

and Ser208 to alanine mutants both showed a striking reduction III 

phosphorylation by CK-II, down to approximately 20% of wild type control. 

DISCUSSION 

The VDR, like other members of the steroid/thyroid hormone receptor 

superfamily is a phosphoprotein and the data in the present chapter clearly 

demonstrate that both the rVDR and hVDR are phosphorylated in vitro by CK-II, 

either in the absence or presence of 1,25(OHhD3. Analysis of the in vitro 

phosphorylated rVDR by SDS-PAGE (Figure 10) reveals that this hormone

independent phosphorylation may be distinct from that taking place in response 

to the 1,25(OHhD3ligand in intact cells. In addition, a significant portion of this 

phosphorylation in the human VDR is localized to a single residue, Ser208. The 

sequence flanking this site (-NLDLS20S(P)EEDSDD-) represents a classic 

consensus CK-II recognition site. Ser208 is positionally conserved together with 

its acidic determinants in the published sequence of the chicken VDR (Haussler 

et aI., 1988b), but is absent in the rat VDR (Figure 8), with an asparagine residue 

in its place (Burmester et ai., 1988). The fact that the rat VDR lacks a 
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corresponding serine but is still a substrate for CK-II indicates that a different 

target site(s) for phosphorylation by CK-II is present in the rVDR. A form of the 

chicken thyroid hormone receptor has also been shown to be phosphorylated by 

CK-II in an N-terminal domain (Glineur et ai., 1989) and one of the seven in vivo 

phosphorylation sites in the mouse glucocorticoid receptor (Bodwell et ai., 1991) 

fits the criteria for a theoretical CK-II site. Therefore, the results to date 

concerning the phosphorylation of members of the steroid/thyroid/retinoid 

receptors raise the possibility that CK-II may playa general role, as yet 

unknown, in the regulation of this superfamily of nuclear receptor proteins. 

It is interesting that an acidic/hydrophobic domain containing CK-II sites is 

a feature of the transcription activating domain(s) in several proteins. The region 

surrounding Ser208 exhibits this property: the residues on either side are 

predominantly negatively charged or hydrophobic. Such acidic/hydrophobic 

domains have been postulated to be important in the transcriptional activation 

function of the yeast proteins GCN4 and GAL4 (Struhl, 1987), as well as in the 

transformation function of the SV -40 large T antigen (Prives, 1990). 

Homologous regions in adenovirus EIA and several myc oncoproteins have also 

been proposed to be crucial for transformation (Figge et ai., 1988). However, 

recent experiments with GAL4 have challenged the acidic domain hypothesis by 

showing that it is not acidic residues, per se, that determine transcriptional 

activation functions, but rather a ~-sheet secondary structure in GAL4 (Leuther 

et ai., 1993; Van Hoy et ai., 1993). 

The present experiments utilized the following two approaches to identify 

the residue in h VDR that is phosphorylated by CK-II: i) in vitro phosphorylation 

of truncated h VDR proteins by CK-II and ii) site-directed mutagenesis of 
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theoretical CK-II consensus sites of phosphorylation within the domain of 

interest. Although phosphopeptide analysis of h VDR will be required to provide 

absolute confirmation of these results, site-directed mutagenesis is a very 

powerful procedure for pinpointing specific amino acid modifications and/or 

functions within a protein. Nevertheless, an alternate interpretation of the data 

could be that the serine to glycine substitution at position 208 of the h VDR 

induces a conformational change which could influence phosphorylation at a 

distant site(s). However, three observations can be cited as evidence that the 

alteration introduced by this mutation does not have deleterious effects on 

receptor conformation: i) the S208G mutant can bind to the 9A 7y and 4ASy 

monoclonal antibodies, and the quantitation of this binding is similar to that seen 

with the wild type hVDR (Figure 14E); ii) the S208G mutant can bind the 

1,2S(OHhD3 hormone with a KI indistinguishable from that of the wild type 

hVDR (data not shown; see Chapter S); and iii) a reduction of hVDR 

phosphorylation by CK-II, in vitro, similar to that seen for the S208G mutant is 

observed when Ser208 is altered to an alanine, a residue shown to better maintain 

certain secondary structures such as the a-helix (Chakrabartty et aI., 1991; 

Serrano et at., 1992), instead of to a glycine (Figure IS). Therefore, the use of 

site-directed mutagenesis in the present experiments offers a relatively rigorous 

method of localizing single amino acid residues that are a target for 

phosphory lation. 

The current chapter does not address the involvement of specific kinases 

other than CK-II in the phosphorylation of VDR. Protein kinase C was 

previously shown by 1.-C. Hsieh in collaboration with the author and others in 

our laboratory to phosphorylate the h VDR on SerSl, a residue situated between 
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the two zinc finger DNA-binding motifs, in vitro, and in response to phorbol 

esters in transfected CV-l cells (Hsieh et aI., 1991). In addition, the VDR may 

also be phosphorylated by PK-A (see Chapter 6). Thus, the emerging pattern of 

h VDR phosphorylation is reminiscent of the thyroid receptor, which is not only a 

substrate for CK-II and possibly PK-A, but has also been shown to become 

hyperphosphorylated upon treatment of cells with phorbol esters (Glineur et aI., 

1989), although the direct involvement of protein kinase C has not been 

demonstrated in this case (Glineur et ai., 1989; Glineur et ai., 1990). The 

reported phosphorylation sites in the chicken progesterone receptor (Denner et 

aI., 1990a) as well as the mouse glucocorticoid receptor (Bodwell et al., 1991) 

point to yet a third class of serine/threonine kinases with apparent importance: 

four of the seven in vivo phosphorylation sites in the mouse glucocorticoid 

receptor and all three of the sites described in the chicken progesterone receptor 

fit the criteria of sites for either the p34cdc2 catalytic subunit (Hall et ai., 1991; 

Draetta, 1990) or the mitogen-activated protein kinases (Boulton et ai., 1991; 

Rossomando et aI., 1991). It should also be pointed out that CK-II itself has 

recently been shown to be a substrate for phosphorylation by the p34cdc2 kinase 

(Litchfield et ai., 1991), suggesting that the VDR may be regulated by a cell

cycle dependent protein phosphorylation cascade. 

The functional significance of h VDR phosphorylation at either Ser208 or 

Ser51 is not defined at present. In fact, a clear functional role has yet to be 

assigned for any of the steroid/thyroid hormone receptor phosphorylation sites 

described to date, although two phorbol ester-sensitive phosphorylation sites in 

the v-erbA protein have been shown to be required for oncogenic function 

(Glineur et ai., 1990). Power et ai. (1991a,b) have also reported that treatment 
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with either okadaic acid or dopamine can convert the chicken progesterone 

receptor from an inactive form to a form capable of activating transcription in 

transfected CV -1 cells. Surprisingly, the receptor can be rendered 

transcriptionally active in the total absence of ligand, suggesting that 

phosphorylation is not only necessary, but also sufficient, for transcriptional 

activation by the receptor. These authors extended their discussion to other 

receptors, including the hVDR (Power et at., 1991a), although no data were 

presented to show this effect with the hYDRo Treatment of hVDR-transfected 

COS-7 cells with either okadaic acid or dopamine, using doses up to toxic levels, 

does not significantly evoke hVDR-mediated transcriptional activation (data not 

shown); nonetheless, the demonstration of such an effect with another member of 

the steroid/thyroid hormone receptor superfamily makes an examination of the 

relationship between transcriptional activation and phosphorylation imperative in 

the case of VDR. 

A previously reported aspect of VDR phosphorylation which is not fully 

explained by the current results is the marked dependence on the presence of 

1,25(OHhD3 observed with phosphorylation of the murine VDR in 3T6 

fibroblasts (Haussler et at., 1988a) and the rat VDR in ROS 1712.8 cells (Chapter 

2). Addition of 1,25(OHhD3 to the in vitro reactions shown here did not appear 

to affect the level of rVDR and hVDR phosphorylation by CK-II, and similar 

results have also been seen in the case of protein kinase C phosphorylation of 

hVDR (data not shown). Therefore, the phosphorylation of VDR by CK-II and 

PK-C is not dependent on the 1,25(OHhD3ligand, and represents a distinct class 

of phosphorylation events. 
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CK-II, a predominantly nuclear-localized kinase (Krek et aI., 1992), has 

been shown to phosphorylate several proteins involved in gene expression 

(Dahmus, 1981; Ackerman et aI., 1988; Luscher et aI., 1989). For example, 

phosphorylation of the c-jun and max homodimers by CK-II results in decreased 

DNA-binding activity of these proteins (Lin et aI., 1992a; Berberich and Cole, 

1992) while phosphorylation of serum response factor increases its DNA-binding 

activity (Manak and Prywes, 1991). Thus, CK-II-mediated phosphorylation of 

DNA-binding proteins appears to influence their function and it is tempting to 

speculate that phosphorylation of both hVDR on Ser208 and rVDR at an 

unidentified site(s) by casein kinase II may modulate the transcriptional 

activation capacity of these receptors under cellular conditions which effect CK

II activity. Thus, elucidation of the functional role of VDR phosphorylation and 

identification of all the kinases involved may add new and unsuspected 

regulatory dimensions to our understanding of the molecular actions of the 

1,2S(OHhD3 hormone. 
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Data presented in the previous chapter demonstrated that both the rat and 

human VDRs are in vitro substrates for the serine/threonine kinase, CK-II. 

Furthermore, truncated h VDRs produced by in vitro transcription/translation 

were used to show that most of the residues phosphorylated by CK-II in the 

human VDR reside between Asn160 and Asp232, and analysis of site-directed 

mutants revealed that a majority of the CK-II-catalyzed phosphorylation, in vitro, 

is localized to Ser20S. Although, the VDR has been shown to be a substrate for 

CK-II, in vitro, the relevance of this phosphorylation, in vivo, has not been 

examined. Therefore, the present chapter investigates the phosphorylation of 

h VDR overexpressed in intact mammalian cells. The results demonstrate that 

the receptor is phosphorylated when transfected into rat osteosarcoma cells (ROS 

1712.S) and monkey kidney epithelial cells (COS-7). In addition, experiments 

employing transfected, internally deleted h VDR mutants also show that removal 

of residues between Met197 and Val234 abolishes phosphorylation by the 

endogenous kinase(s), and that phosphorylation of the receptor is attenuated 

significantly by replacement of the serine residue at position 20S with either 

glycine or alanine. This residue is identical to the one identified as the 

predominant target site for phosphorylation by CK-II, in vitro. These results are 
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therefore consistent with the proposal that the VDR is modified, in vivo, by CK

II or a CK-II-like enzyme. 

MATERIALS AND METHODS 

Recombinant DNA Manipulations 

Unless indicated otherwise, all DNA manipulations were carried out using 

standard protocols. Restriction endonucleases, DNA modifying enzymes and 

mung bean nuclease were obtained from Boehringer Mannheim or Promega 

Corp. Exonuclease III and the Sequenase DNA sequencing kits used in this 

study were from U.S. Biochemical Corp. Plasmid constructions were 

transformed into a DHSa. bacterial host according to the method of Hanahan et 

al. (1983), and plasmid DNA was then prepared by an alkaline lysis procedure, 

followed by two cesium chloride gradient centrifugations (Sambrook et ai., 

1989). The purity of all DNA preparations to be used in transfection 

experiments was assessed on a Beckman model 322 dual-pump HPLC using a 10 

cm Waters Gen-Pak Fax column following the protocol of Merrion and Warren 

(1989). 

Construction of Expression Vectors with Internally Deleted hVDR Templates 

The cDNA encoding hVDR (described in Baker et al., 1988, where it is 

denoted hVDRl/3) was removed from the pGEM4 (Promega) plasmid by 

digestion with EcoRI, and Hind III linkers were attached. The linearized cDNA 

was then digested with Pvu II to give a final product with a 5' Hind III overhang 

and a 3' blunt end. The pSV2-dhfr plasmid (Subramani et ai., 1981) was 
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linearized with Bgl II and treated with Klenow enzyme in the presence of all four 

deoxynucleotide triphosphates to produce blunt ends. Subsequent removal of the 

dihydrofolate reductase cDNA insert with Hind III and gel purification yielded 

the parent plasmid, which was ligated to the hVDR cDNA to give pSV2-hVDR. 

This expression plasmid was used in preliminary experiments, and was shown by 

a filter binding assay (McCain et ai., 1978) to produce several thousand copies of 

biologically active h VDR/cell when transfected into the rat osteosarcoma cell 

lineROS 1712.8. 

The pRSV -h VDR vector used in the studies shown here was constructed as 

follows: 1) The pSV2-hVDR construct was digested with Hind III and BamHI, 

releasing the hVDR cDNA along with an attached portion of the SV40 small t 

intron. 2) The same two enzymes were used to remove an analogous section of 

the pRSV -CAT vector (Gorman et ai., 1982), including the chloramphenicol 

acetyltransferase gene and the same portion of the SV40 intron down to the 

BamHI site. 3) Insertion of the hVDR cDNA into the pRSV vector using the 

compatible Hind III and BamHI ends resulted in pRSV -h VDR, which was shown 

by a filter binding assay to produce several thousand copies of biologically active 

h VDRlcell when transfected into the mammalian cell line ROS 1712.8. 

The pRSV-hVDR vector contains a unique Tth111-1 site within the Leu233 

codon of the hVDR cDNA. Since this represents approximately the 3' border of 

the region of interest for study by deletion analysis, the following method was 

used to generate unidirectional deletions of varying length extending in a 5'-ward 

direction (Le. towards the N terminus of h VDR). First, a portion of the pGEM 

7Zf (Promega Corp.) poly linker from the Apa I to the Sac I site was inserted by 

blunt end ligation at the Tth1l1-1 site. (Both vector and polylinker fragment 
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were treated with mung bean nuclease to create blunt ends.) Next, this construct 

was digested with two enzymes whose sites are unique to the polylinker, Sac I 

and Xba I, resulting in a linearized product with a 3' overhanging end at the 5' 

(C-terminal) side and a 5' overhanging end at the 3' (N-terminal) side. Digestion 

with exonuclease III (U.S. Biochemical Corp.) was performed according to the 

manufacturers instructions and portions of the digest reaction were terminated at 

timed intervals (one to six min). Aliquots of digested DNA were heated to 70 0C 

to inactivate exonuclease III, then treated with mung bean nuclease and ligated to 

reform closed plasmids. After transformation into a bacterial host and 

preparation of supercoiled plasmid DNA from individual ampicillin-resistant 

colonies, digestions were performed with Nde I and Nco I (with unique sites 

flanking the 5' end of the hVDR insert and the Tthill-I site, respectively) to 

assess the extent of deletion in each clone. A range of deletions was selected and 

sequenced to determine not only the exact extent of the deletion, but whether or 

not the reading frame was preserved to allow for translation of codons 

downstream of the Tthill-I site. To perform these sequencing reactions, an 

antisense oligonucleotide complementary to codons Leu263 to Ile268 was 

synthesized and used as a sequencing primer. 

Alteration of Specific Amino Acid Residues by Site-directed Mutagenesis 

Specific serine or threonine residues were altered by site-directed 

mutagenesis of codons in the hVDR1I3 cDNA by the method of Kunkel et al. 

(1987) using the Muta-Gene kit (Bio-Rad Laboratories, Richmond, CA) 

according to the manufacturer's instructions. Briefly, the hVDR1I3 cDNA was 

inserted into the EcoRI site of the phagemid vector pSG5 (Green et aI., 1988), 
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which contains an M 13 phage origin of replication. Single-stranded phagemid 

containing the hVDR1I3 cDNA was then produced and annealed to 

oligonucleotides complementary to the region of interest in the h VDR 113 

sequence. These oligonucleotides, usually 21 to 25 nucleotides in length, 

contained bases in the central portion of their sequence which mismatched with 

the natural h VDR sequences, creating altered amino acid codons. After 

annealing of these mutagenic oligonucleotides, the second strand of the pSG5-

hVDR1I3 phagemid was completed using T4 DNA polymerase in an in vitro 

reaction. Double-stranded phagemid was then propagated in a bacterial host and 

isolated colonies were screened for the presence of pSG5-hVDRII3 phagemids 

containing the desired mutation by DNA sequencing. 

Transfection of ROS 1712.8 Cells 

The ROS 1712.8 rat osteosarcoma cell line was maintained in Dulbecco's 

Modified Eagle's Medium:Ham's F-12 (1: 1) supplemented with 5% newborn and 

5% fetal calf sera. Media and serum were obtained from Irvine Scientific and 

Gemini Bioproducts, respectively, and were supplemented with 100 Vlml 

penicillin and 100 Jlg/ml of streptomycin (both antibiotics from Eli Lilly). 

Transfection was by the calcium phosphate DNA co-precipitation technique 

(Kingston, 1990), using cells plated 24 hours previously at 760,000 cells/60 mm 

dish. Cells were routinely cotransfected with 12 Jlg pRSV-hVDR (wild type) or 

deletion mutants, and 0.5 Jlg pRSV-GH DNA (containing the human growth 

hormone gene, supplied by the Nichols Institute, under the direction of the Rous 

Sarcoma Virus promoter) as an indicator of transfection efficiency. The 

precipitate was washed off with fresh medium 16 hours post-transfection. Forty-
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eight hours later, media were sampled for growth hormone using a human 

growth hormone RIA kit (Nichols Institute) and cells were labeled with 

[32P]orthophosphate or [35S]methionine. 

Transfection of COS-7 Cells and Expression of h VDR Proteins 

COS-7 monkey kidney epithelial cells (Gluzman, 1981) were obtained from 

the American Type Culture Collection and maintained in Dulbecco's Modified 

Eagle's Medium supplemented with 10% fetal bovine serum, 100 j..lg/ml 

streptomycin and 100 D/ml penicillin. Cells were plated at 500,000-800,000 

cells per 60 mm culture dish and transfected with 15 j..lg of pSG5-hVDR1I3 

plasmid (wild type) or mutant hVDRs as described above. Sixteen hours after 

transfection, cells were washed and incubated for a further 48 hours to allow for 

expression of h VDR prior to further manipulations. 

Labeling of ROS 17/2.8 and COS-7 Cells with [32Pjorthophosphate and 

[35Sjmethionine 

Transfected ROS 17/2.8 cells were washed twice with phosphate-free or 

methionine-free DMEM/F12 (Gibco) 48 hours post transfection, then the same 

medium supplemented with 2% dialyzed fetal bovine serum was added to each 

plate. Either 0.5 mCi [32P]orthophosphate (New England Nuclear, carrier-free, 

8500-9120 Cilmmole) or 0.125-0.5 mCi [35S]methionine (New England Nuclear, 

translation grade, 1100 Cilmmole) was added to each plate. After two hours of 

incubation at 37 oC, 10-8 M 1,25(OHhD3 or, in control plates, ethanol vehicle 

alone, was added to the culture medium. After a further two hours of incubation, 

cells were washed twice with Tris-buffered saline (10 mM Tris-HCI pH 7.4, 150 

mM NaCI, 3 mM KCI) before adding 1.0 ml KETZD-0.3 buffer (0.3 M KCI, 10 
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mM Tris-HCI pH 7.4, I mM EDTA, 0.3 mM ZnCI2, 0.5% Triton X-IOO, 5 mM 

DTT) supplemented with phosphatase inhibitors (20 mM sodium fluoride, 10 

mM sodium molybdate, 100 J.lM sodium ortho-vanadate) and protease inhibitors 

(2 J.lg/ml aprotinin, 0.5 J.lg/ml leupeptin, 50 J.lg/ml trypsin inhibitor). Lysates 

were clarified by centrifugation at 4 oC: 32P-Iabeled lysates were spun at 

12,000 x g in a microfuge for 15 min, while 35S-labeled lysates were spun at 

314,000 x g for 25 min in a Beckman Ty65 rotor. 

COS-7 cells were transfected with wild type or site-directed mutants as 

described above. Forty-eight hours post-transfection, the cells were labeled 

similarly to ROS 17/2.8 cells with [32P]orthophosphate except that the 

preincubation time with orthophosphate was 30 min followed by one hour of 

15 nM 1,25(OHhD3 or ethanol treatment. Cells were then lysed in KETZD-0.3 

buffer, and the lysates were centrifuged followed by immunoprecipitation as 

described below. 

Immunoprecipitation and Visualization of Labeled hVDR 

The wild type h VDR or mutant receptors were purified from transfected cell 

lysates by immunoprecipitation as follows: 10 J.lI of monoclonal antibody 4A5y 

(Pike, 1984), bound to Sepharose beads (~ 1.0 mg mAb/ml), were added to 500 

J.lI of either [35S]methionine-Iabeled or [32P]orthophosphate-Iabeled lysate and 

incubated overnight at 4 oC with gentle shaking. Control reactions for 

nonspecific background contained a several-fold excess of free 4A5y antibody. 

The beads were washed extensively, essentially as described previously 

(Mangelsdorf et aI., 1987b). The beads carrying 35S- or 32P-Iabeled peptides 

were boiled for four min in sample buffer containing 0.125 M Tris-HCI pH 6.8, 
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20% glycerol, 4% SDS and 10% p-mercaptoethanol, and electrophoresed side by 

side on 10% SDS-polyacrylamide gels. The gels were fixed in 30% 

methanolll 0% trichloroacetic acidll 0% acetic acid, washed in water, 

impregnated with a fluor (1 M sodium salicylate), dried, and fluorographed at 

-70 oC on Kodak X-OMAT AR film. 

Western Immunobiotting ofCOS-7 Lysates 

COS-7 cells expressing h VDR proteins were washed twice in isotonic 

buffer, aspirated dry and lysed in 0.1-1 ml of 2% SDS, 5% p-mercaptoethanol, 

125 mM Tris-HC1, pH 6.8 and 20% glycerol. Lysates were collected by 

scraping, transferred to screw-top microfuge tubes, sheared through sterile 25-

gauge needles (six passes), and boiled for one min. If protein assays were to be 

performed, p-mercaptoethanol was omitted from the formulation, a 25-50 III 

aliquot was removed after shearing, and p-mercaptoethanol was added before 

boiling. Prior to loading portions of the lysate onto 5-15% linear gradient SDS

polyacrylamide gels, 4.5 III of 0.2% bromophenol blue tracking dye was added 

per 100 III of lysate. 

After electrophoretic fractionation, proteins were electro transferred to 

Immobilon membranes (Millipore Corp., Bedford, MA) using a Transblot 

apparatus (Bio-Rad Laboratories) filled with 25 mM Tris-HC1, pH 7.4, 192 mM 

glycine, 0.001 % SDS and 20% methanol. Immunodetection of bound hVDR 

proteins was then performed using the 9A 7"{ monoclonal anti-VDR antibody 

(Pike et ai., 1983) and a goat anti-rat IgG bridge second antibody in an 1251_ 

Protein A immunoblotting protocol as previously described for chicken 

calbindin28k (Mangelsdorf et ai., 1987a). In some experiments a modified 
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immunoblotting procedure utilizing a biotin-alkaline phosphatase detection 

scheme was performed. This protocol is similar to the one described above 

except after primary antibody treatment, the Immobilon-P membrane was 

washed and treated at room temperature for 3 h with goat anti-rat IgG conjugated 

to biotin. The blot was then incubated with avidin-alkaline phosphatase for 2 h 

at room temperature and washed with biotin blot buffer (0.1 M Tris-HCI, pH 9.5, 

0.1 M NaCI, 2 mM MgCh, 0.05% Triton X-100). Finally, the blot was exposed 

to color reagent containing 50 /-lg/ml of 5-bromo-4-chloro-3-indolyl-phosphate 

and 100 /-lg/ml of 4-nitroblue tetrazolium chloride. The color reaction was 

terminated by washing the membrane with distilled water. 

Assay of Receptor 1,25(OHhD3 Binding in Transfected Cells 

The ability of h VDR deletion mutants to bind ligand was assessed by a 

filter-binding assay (McCain et aI., 1978), using 1 ,25(OHh[26,27 -methyl-3H]D3 

(180 Ci/mmole, Amersham Corp.). Cells were grown in 100 mm dishes to near 

confluence, harvested by trypsinization, counted using a hemacytometer and 

lysed by sonication in 700 /-lllplate of 0.3 M KCI, 10 mM Tris-HCI pH 7.4, 5 mM 

DTT. Lysates were clarified by centrifugation at 314,000 x g for 25 min in a 

Beckman Ty65 rotor. Aliquots of this lysate were taken for a Bradford protein 

assay (Bradford, 1976). 250 J.lI portions of each lysate were then incubated with 

either 2.5 pmoles of labeled hormone or this amount of labeled hormone plus a 

100-fold excess of unlabeled 1,25(OHhD3. After a four-hour incubation at 4 oC, 

each assay mixture was allowed to bind to a 2.5 em DE-81 filter disk (Whatman 

Paper, Ltd.) by unit-gravity sedimentation through a 1225 Sampling Manifold 

(Millipore Corp.). Filters were then washed three times with two ml portions of 
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10 mM Tris-HCI pH 7.5, 1 % Triton X-I00, transferred to 10 ml scintillation 

vials, incubated with 5 ml acetone for 5 min and dried. After the addition of 10 

ml scintillation cocktail, each filter was counted in a Beckman 5801 scintillation 

counter. Counting efficiency averaged 44%, and the number of receptors per 

plate was calculated from the dpm bound using the specific activity of the 

labeled 1 ,25(OHhD 3, then expressed as either receptors/J.lg protein or 

receptors/cell. 

RESULTS 

Construction of h VDR Expression Plasmids with Internal Deletions 

Exonuclease III-digested h VDR expression plasmids were transformed into 

a bacterial host, propagated as individual clones and sequenced. A series of 

internal deletions was obtained extending varying distances 5' from the point of 

insertion of the poly linker within the Leu233 codon (see Methods). Four clones 

containing in-frame deletions were chosen for the present study. As seen in 

Figure 17, the deleted regions in these mutants partly or completely remove two 

clusters of theoretical CK-II sites. Each of these constructs contains a 

nonhomologous GIn codon as a link between the two homologous codons on 

either side of the deletion. In addition, a second nonhomologous codon was 

present just N-terminal to the GIn in the three longer deletions: an Ala codon in 

~130, a Ser in ~185 and a Thr in ~240. The number of hVDR codons deleted 

ranged from only two in the case of the #23 mutant, to 69 in the ~240 mutant. 
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FIGURE 17. Schematic representation of internally deleted hVDRs used for 

analysis in transfected ROS 1712.8 cells. 
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FIGURE 17. Schematic representation of internally deleted hVDRs used for 

analysis in transfected ROS 1712.8 cells. The coding region of the h VDR eDNA 

is displayed schematically: the two functional domains (DNA and hormone 

binding) are indicated in the un shaded regions, the epitope for the monoclonal 

antibodies 4A5y and 9A7y (Pike et ai., 1988; Pike, 1984) is the stippled area 

from amino acid residue 89 to 105, and the dark shading refers to regions of the 

h VDR to which no function has been ascribed to date. Serine and threonine 

residues fitting the criteria of CK-II recognition sites are indicated by an "S" 

inside a circle or a "T" inside a box. The location of these residues, numbered 

from the N-terminus, is indicated immediately below. Also shown (arrows) are 

the termination points for truncations used previously (Chapter 3) to define the 

region of hVDR phosphorylation by CK-II, in vitro. As described in Methods, a 

polylinker was inserted at a unique Tthll1-1 site within the Leu233 codon and 

unidirectional deletions were created by exonuclease III digestion. Sequencing 

revealed that these four constructs contain in-frame deletions. The #23 

construct represents a very limited digestion in which only two h VDR codons 

were destroyed, resulting in a replacement of the homologous Asp232 and 

Leu233 codons by a non-homologous GIn codon. The other three constructs, 

Ll130, Ll185 and Ll240, were more extensively digested in a 5' direction, such 

that the last homologous codons are Met197, His189 and Gly164, respectively. 

Like #23, all three also have a nonhomologous GIn codon inserted in frame at 

the site of polylinker insertion. 



123 

Phosphorylation of hVDR in Transfected ROS 1712.8 Cells in the Presence and 

Absence of 1, 25(OHhD3 

The phosphorylation status of the hVDR was assessed in ROS 17/2.8 cells 

after transfection with either the pRSV -h VDR or the #23 mutant, followed by 

metabolic labeling (Figure 18). Simultaneous cultures, transfected under 

identical conditions, were labeled with either [35S]methionine (Panel A) or 

[32P]orthophosphate (Panel B). In addition, the effect of incubation with ligand 

was investigated by performing the metabolic labelings on duplicate cultures in 

the presence or absence of 10-8 M 1,25(OHhD3. As can be seen in Panel A, an 

35S-labeled species is present at approximately 48 kDa, corresponding to the 

predicted size of both the wild type (47, 974 Da) and the #23 mutant (47,874 

Da). Control immunoextractions were performed in the presence of excess 

soluble antibody, which competes with the solid-phase antibody for receptor 

binding (lanes 3, 6, 9 and 12). The absence of the 48 kDa band in these control 

extractions confirms the identity of this species, and not the other labeled 

proteins, as the h VDR. (The endogenous rat VDR is often visible at 54 kDa, but 

is not visible in this short exposure - see Figure 19). Thus, the h VDR and #23 

mutant are well expressed in the transfection system. Panel B displays the 

companion set of immunoextractions from cultures labeled with 

[32P]orthophosphate. Both the wild type and #23 hVDRs are clearly 

phosphorylated in these intact cells. The presence of 1,25(OHhD3 appears to 

stimulate the incorporation of 32p label into the full-length hVDR (compare lanes 

1 and 2 with lanes 4 and 5) as previously reported (McDonnell et al., 1989), 

although the effect is modest. Phosphorylation of the #23 mutant is similar to 

that of the full-length receptor in the absence of 1 ,25(OHhD 3, but the 



124 

A 
hVDRl/3 #23 

II 
1 2 3 4 5 6 7 8 9 10 11 12 kDa 

l,25(OH)2D3 

FreemAb 

GH (Ilg/plate) 10.4 14.6 

• 

+ + + 
+ + 

13.2 14.3 

66 

31 

+ + + 
+ + 

8.76 12.3 12.7 9.38 

FIGURE 18. Metabolic labeling of h VDR species expressed in transfected cells. 

(A) Immunoextracted proteins from [35S]methionine-Iabeled cultures. 
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FIGURE 18. Metabolic labeling of h VDR species expressed in transfected cells. 

(B) Immunoextracted proteins from [32P]orthophosphate-Iabeled cultures. 
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FIGURE 18. Metabolic labeling of h VDR species expressed in transfected cells. 

ROS 1712.8 cells were plated and transfected by the calcium phosphate 

technique with either pRSV -h VDR or the #23 h VDR mutant, in which codons 

Asp232 and Leu233 have been replaced by a single in-frame GIn codon. Forty

eight hours post-transfection, cells were washed and labeled with either 

[35S]methionine or [32P]orthophosphate for two hours, after which 10-8 M 

1,25(OHhD3 or ethanol control was added, as indicated beneath each lane. 

Incubation proceeded for an additional two hours, and cells were washed and 

lysed. Clarified lysates were then immunoextracted using the monoclonal anti
VDR antibody 4A5y bound to Sepharose beads as described in Methods. (A) 

Immunoextracted proteins from [35S]methionine-Iabeled cultures were resolved 

on a 10% polyacrylamide gel and visualized by autoradiography for two days at 

-70 0C. The position of the h VDR at approximately 48 kDa is indicated by an 

arrow in the left margin (see also size markers in right margin). Adjacent lanes 

represent lysates from duplicate plates. Underneath each lane is indicated the 
Jlg of growth hormone measured in medium collected from the cultures 48 hours 

post-transfection, but before the labeling period began: this value, resulting 
from the inclusion of 0.5 Jlg of pRSV-GH plasmid in each calcium phosphate 

precipitation, is a measure of the efficiency of transfection into that particular 

plate of cells. The specificity of immunoextraction is demonstrated in every third 

lane, in which equal half-portions of the two duplicate lysates are mixed, then 
immunoextracted with 4A5y beads in the presence of excess soluble 4A5y 

antibody. (B) Lysates from parallel cultures labeled with [32P]orthophosphate 

were immunoextracted, resolved by gel electrophoresis, and visualized by 

autoradiography as above. Exposure at -70 oC was for seven days. Sequence 

of lanes is the same as seen in Panel A. 
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1,25(OHhD3-dependent increase in phosphorylation IS apparently lacking 

(compare lanes 7 and 8 with lanes 10 and 11). 

Elimination of Phosphorylation by Internal Deletions in the h VDR 

Having established a system for phosphorylation of transfected h VDR, 

several internal deletants of the receptor were evaluated for their ability to be 

phosphorylated in these transfected cells. The deletants were engineered to 

progressively remove segments of a region of h VDR which had previously been 

shown to be phosphorylated in vitro by CK-II (Chapter 3). This region, from 

amino acids 121 to 232, contains a cluster of seven recognition sites for CK-II 

(from Ser183 to Ser 208; see Figure 17). The effects on hVDR expression and 

phosphorylation of a deletion which removes this entire region (from 165 to 233) 

can be seen in Figure 19, in which the ~240 mutant is subjected to analysis by 

transfection and metabolic labeling. Immunoextracts from [35S]methionine

labeled cultures (Panel A) clearly demonstrate that both the #23 control and 

~240 VDR proteins are expressed in transfected ROS 1712.8 cells and migrate to 

their expected positions in SDS-polyacrylamide gels (approximately 47.9 and 

40.7 kDa, respectively). Immunoextracts from [32P]orthophosphate-Iabeled 

cultures show, however, that only the #23 protein is phosphorylated (compare 

lanes 4 and 5 with lanes 10 and 11), even though the efficiency of transfection of 

~240 is high, as indicated by both the growth hormone (GH) values and the 

appearance of the 35S-labeled ~240 protein in panel A. Thus, the deletion of 

these residues appears to prevent h VDR phosphorylation in ROS 17/2.8 cells. 

Three additional points should be made about these results: 1) The endogenous 

rat receptor, which migrates more slowly than the #23 mutant (see arrow at 
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FIGURE 19. Elimination of phosphorylation in the d240 hVDR mutant lacking 

residues 165 to 233. (A) Immunoextracted proteins from [35S]methionine

labeled cultures. 
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FIGURE 19. Elimination of phosphorylation in the d240 hVDR mutant lacking 

residues 165 to 233. The #23 and d240 mutants were transfected into ROS 

17/2.8 cells and metabolically labeled as described in the legend to Figure 18, 

and Methods, except that 1 ,25(OHhD 3 was added at the same time as 

[35S]methionine or [32P]orthophosphate (i.e., four hours prior to cell lysis). (A) 

Immunoextracted proteins from cultures labeled with [35S]methionine. Cultures 

were treated during the four-hour labeling period with either 10-8 M 

1 ,25(OHhD3 or ethanol vehicle, as indicated. Time of autoradiography was 66 

hours at -70 0C. (B) The companion experiment to Panel A, in which the 

cultures were labeled with [32P]orthophosphate prior to preparation of the cell 

lysate and immunoextraction. The predicted positions of the VDR species 

produced by the #23 and d240 mutant plasmids are indicated by arrows in the 

left margin. This gel was exposed for 6 days at -70 0C. 
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approximately 54 kDa), is visible on both of these gels, particularly in Panel B, 

and, as expected, its phosphorylation appears to be dependent on the presence of 

1,25(OHhD3 (compare lanes 2 and 5). 2) This ligand-dependent 

phosphorylation of the endogenous rat receptor serves as a convenient internal 

positive control for the metabolic labeling procedure in cultured ROS 17/2.8 

cells. In some experiments, however, (e.g. Figures 18 and 20) the efficiency of 

transfection is sufficiently high that the labeled human VDR completely 

overshadows the endogenous rat receptor. 3) The apparent increase in the 

phosphorylation of the #23 species when 1,25(OHhD3 is present (Panel B, 

compare lanes 1 and 2 with lanes 4 and 5) is probably not due to the presence of 

1,25(OHhD3 so much as to the much higher efficiency of transfection in these 

plates, as indicated by the growth hormone values shown underneath each lane. 

A similar analysis of internal deletions which remove a smaller number of 

amino acid residues was performed next. The il185 mutant contains a deletion 

of 44 amino acids and lacks five of the seven consensus CK-II sites; the il130 

mutant is missing 36 amino acids and four of the seven consensus sites (see 

Figure 17). Panel A of Figure 20 shows the results of metabolic labeling with 

[35S]methionine. In addition to the band at 48 kDa (#23), hVDR species are 

seen at approximately 43 kDa (il130), 42 kDa (ilI85) and 39 kDa (il240). These 

size estimates (obtained from semilog plots of Rr values using the size markers 

in the last lane as standards [not shown]) are in good agreement with the 

estimated sizes of these deleted h VDRs obtained from their deduced sequences: 

44.3 kDa (il130), 43.4 kDa (ilI85) and 40.7 kDa (il240). Intensities of the bands 

suggest that each mutant is expressed at comparable levels in the transfected 

ROS 1712.8 cells. The slightly reduced intensities of the il130, il185 and il240 
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species may reflect the loss of methionyl residues: of sixteen total methionines 

in the deduced amino acid sequence of hVDR, one is lost in the ~130 mutant, 

while three each are lost in the ~185 and .1240 deletions. Figure 20B shows the 

results after labeling with [32P]orthophosphate in cultures transfected 

simultaneously and under the same conditions as those in Panel A. Only the #23 

mutant shows detectable 32p label, indicating that the level of phosphorylation of 

the other mutants is abolished, or at least drastically reduced. 

The observation that the .1130 mutant was not phosphorylated in this 

system implicates the region between Met197 and Val234 as the location of 

h VDR phosphorylation in transfected ROS 1712.8 cells. Figure 21 displays the 

amino acid sequence of this region, highlighting the location of potential CK-II 

sites. Residues surrounded by bold circles fit the criteria of consensus CK-II 

recognition sites, as described by Marin et af. (1986), who used synthetic 

pep tides to determine the optimal set of sites (peptides with acidic residues at the 

+3 and +5 positions relative to the serine/threonine were found to be the best 

substrates). The CK-II sites eliminated by the ~130 mutation include the serines 

at positions 193 (resulting from the loss of Asp 198), 201, 203 and 208. Ser200 

(inside a lighter circle) could be considered as a potential CK-II site, dependent 

on prior phosphorylation of Ser203. Ser212, also shown within a lighter circle, 

does not fit the strict consensus criteria for CK-II phosphorylation, yet may be a 

substrate for this enzyme due to the preponderance of negatively-charged 

residues on either side. Recognition motifs for other widely-distributed 

serine/threonine kinases, such as cAMP-dependent protein kinase, protein kinase 

C, cGMP-dependent kinase or Ca++/calmodulin-dependent protein kinase, are 

not present in this region. 
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FIGURE 20. Expression and phosphorylation of internally deleted h VDRs in 

transfected cells. (A) Immunoextracted proteins from [35S]methionine-Iabeled 

cultures. 
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FIGURE 20. Expression and phosphorylation of internally deleted h VDRs in 

transfected cells. Experimental protocols were as in Figure 18, except that all 

metabolic labeling was performed in the absence of 1,25(OHhD3' Transfected 

plasmids expressing hVDR included, in addition to the #23 mutant, the ~130, 

~185 and .1240 mutants, which contain significant internal deletions (see Figure 

17). (A) Lysates from cultures labeled with [35S]methionine were 

immunoextracted, resolved by gel electrophoresis, and visualized by 

autoradiography as described in the legend to Figure 18 and in Methods. 

Exposure at -70 oC was for 46 hours. (B) Lysates from cultures transfected 

simultaneously with those shown in Panel A, then labeled with 

[32P] orthophosphate. Autoradiography of the dried gel was for seven days at 

-70 0C. Positions corresponding to the migration of [35S]methionine-Iabeled 

h VDR species from Panel A are indicated by arrows. 
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Secondary Structure Considerations 

Another feature of this region with a possible implication for kinase 

recognition, in vivo, is the predicted presence of three ~-turns. A strong 

parallelism has been reported between the actual phosphorylation of potential 

CK-II sites in bovine caseins and their location within or near predicted ~-turns 

(Pinna et aI., 1979). At the bottom of Figure 21 are shown the ~-turn 

probabilities for each residue in graphical form, with probabilities greater than 

1.08 considered significant. Ser193 is the first residue of a ~-turn with 

probability = 1.64; Ser200 and Ser201 are the third and fourth residues, 

respectively, of a predicted turn with probability = 2.71; Ser203 is the fourth 

residue in a turn with a probability of 1.15; Ser208 is followed immediately by 

two significant potential ~-turns; Ser212 is the second residue of a turn with 

probability = 2.96; and Ser216 is the third residue in a turn with probability = 
2.93. The predicted ~-turns do not necessarily correspond to the actual in vivo 

conformation of the h VDR, but their presence in the region which is 

phosphorylated in vitro by CK-II is consistent with the secondary structure 

criteria for this enzyme. 

Analysis of the Region Deleted in 11130 by Site-directed Mutagenesis 

The region deleted in the Lll30 mutant contains Ser208, a major target site 

for phosphorylation by CK-II, in vitro (Chapter 3). To ascertain whether Ser208 

can also serve as a phosphoacceptor site in intact cells, a mutant which contains a 

glycine residue at position 208 (S208G) was transfected into COS-7 cells and 

these cells were then incubated with [32P]orthophosphate. As can be seen in 

Figure 22, the level of 32p incorporation into the S208G mutant is reduced 
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FIGURE 21. Amino acid sequence of the hVDR region deleted in the .1.130 

mutant, showing location of predicted kinase sites and ~-turns. 
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FIGURE 21. Amino acid sequence of the hVDR region deleted in the ~130 

mutant, showing location of predicted kinase sites and ~-turns. Residues 

encircled in bold meet the consensus criteria of CK-II sites; Ser212, within a 

lighter circle, may be a CK-II site due to the numerous surrounding acidic 

residues, even though it does not fit the strict criteria set forth by Marin et ai. 

(1986). Ser200, likewise within a lighter circle, would become a CK-II site upon 

phosphorylation of Ser203. Italic letters below the sequence refer to the extent 

of conservation of the serine and threonine residues among the three known 

VDR sequences: a: found only in human, b: found in human and rat, c: found in 

human and chicken and d: found in all three known sequences. Shown below 

the sequence is a predicted secondary structure profile for ~-turns, a structure 

reported to be an important determinant of CK-II sites (Pinna et ai., 1979). This 

analysis was performed on a V AX minicomputer using the programs Pepplot and 

PeptideStructure (Gribskov et at., 1986), contained in the Genetics Computer 

Group package from the University of Wisconsin (Devereux et at., 1984). The 

scale shown at either end of each panel represents the probability that the 

residue shown directly above in the h VDR sequence resides in a four-residue 

turn. Probabilities above 1.08 are considered significant. 
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FIGURE 22. In vivo phosphorylation of wild type h VDR and the Ser208 to 

glycine mutant in transfected COS-7 cells. 
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FIGURE 22. In vivo phosphorylation of wild type h VDR and the Ser208 to 

glycine mutant in transfected COS-7 cells. Transfections were performed as 

detailed in Materials and Methods. Intact cells were then labeled with 

[32P]orthophosphate for 30 min, treated with 15 nM 1,25(OHhD3 or ethanol 

(vehicle) control for one hour as indicated, and then lysed in the presence of 

phosphatase inhibitors as described in Material and Methods. After 

immunoprecipitation with 4A5y-Sepharose beads, 32P-Iabeled h VDR proteins 

were resolved by electrophoresis on 10% denaturing polyacrylamide gels and 

visualized by autoradiography for 14 h at ambient temperature. 
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compared with the incorporation into the intact hVDR control (compare lanes 1 

and 2 with lanes 7 and 8). When normalized to expression as monitored by 
, 

Western blotting (data not shown), it was calculated from quantitative 

densitometric scanning of 32p_ VDR images seen in Figure 22 that approximately 

40% of the wild type phosphorylation was lost in the S208G mutant. In addition, 

treatment of cells transfected with either wild type or the S208G mutant with 

1,25(OH)2D3 results in a two-fold, hormone-dependent increase in 

phosphorylation (Figure 22). Because the replacement of Ser208 with glycine 

does not attenuate hormone-dependent phosphorylation (compare lanes 7 and 8 

with lanes 10 and 11), it is likely that Ser208 does not contribute a significant 

component of ligand-dependent phosphorylation, in vivo. These findings are 

consistent with the results shown in Figure 12 (Chapter 3) which argued against a 

role for 1,25(OH)zD3 in CK-II-catalyzed phosphorylation of hVDR, in vitro. 

It has been reported that glycine residues can reduce the propensity of a 

protein region to maintain an a-helical structure (Blaber et al., 1993). If the 

region around Ser208 is in fact a-helical, then introduction of the glycine residue 

at this position in the S208G mutant may result in secondary structure alterations 

which could render a nearby authentic CK-II site less accessible to 

phosphorylation. To eliminate this possibility, another mutant was constructed 

which contained an alanine residue at position 208 (S208A). Alanine residues 

are generally less disruptive to protein secondary structure and maintain a-

helical segments intact (Chakrabartty et al., 1991; Serrano et al., 1992). Results 

from an experiment performed as described for the S208G mutant (above) are 

shown in Figure 23. The expression of the wild type and mutant hVDRs is 

essentially equivalent (Panel A). However, the level of 32p incorporation into 
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FIGURE 23. In vivo expression and phosphorylation of wild type hVDR and 

the Ser208 to glycine and Ser208 to alanine mutants in transfected COS-7 cells. 
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FIGURE 23. In vivo expression and phosphorylation of wild type h VDR and 

the Ser208 to glycine and Ser208 to alanine mutants in transfected COS-7 cells. 

Transfections were performed as detailed in Materials and Methods. (A) 

Expression of h VDR proteins in transfected COS-7 cells. Transfected cells were 

lysed and extracts containing 30 Ilg of total protein were analyzed by 

immunoblotting utilizing the biotin-alkaline phosphatase procedure described in 

Materials and Methods. (B) Phosphorylation of hVDR proteins in transfected 

COS-7 cells. Transfected cells were labeled with [32P]orthophosphate for 30 

min, treated with 15 nM 1,25(OHhD3 or ethanol (vehicle) control for one hour 

as indicated, and then lysed in the presence of phosphatase inhibitors as 

described in Material and Methods. After immunoprecipitation with 4A5y

Sepharose beads, 32P-Iabeled h VDR proteins were resolved by electrophoresis 

on 10% denaturing polyacrylamide gels and visualized by autoradiography for 

12 h at ambient temperature. 
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both the S208G (lanes 5-8) and S208A (lanes 9-12) mutants is reduced to nearly 

the same extent when compared to the wild type receptor (lanes 1-4). As a 

further control to rule out the possibility that any site-specific mutagenesis in this 

region has a general effect in reducing the phosphorylation capacity of the VDR, 

another serine residue in proximity to Ser208, namely Ser203, was altered to a 

glycine (S203G). As shown in Figure 24, the S203G mutant retained wild type 

levels of phosphorylation (Panel A) after correction for minor differences in 

expression (Panel B) in transfected COS-7 cells. Taken together, these data not 

only confirm that Ser208 is a major target for phosphorylation in intact cells but 

also suggest that the receptor is likely phosphorylated in vivo by CK-II or a CK

II-like enzyme at this site. 

DISCUSSION 

Previous studies (Chapter 3) had localized the site(s) of in vitro 

phosphorylation of the hVDR by CK-II between Arg121 and Asp232, with the 

subsequent identification of Ser208 as the major phosphorylation site. 

Therefore, it was of interest to investigate the in vivo relevance of this 

observation by examining the phosphorylation of internally deleted and point

mutated h VDRs in transfected cells. The results in this chapter reveal that the 

site(s) of phosphorylation in h VDR transfected into ROS 17/2.8 cells is 

eliminated by an internal deletion between Met197 and Va1234, and that a major 

phosphorylated residue in h VDR overexpressed in COS-7 cells is Ser208. This 

region of sequence contains the necessary primary (Figure l1A, Chapter 3) and 

secondary (Figure 21) structural characteristics to serve as a substrate for CK-II. 
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FIGURE 24. In vivo expression and phosphorylation of wild type h VDR and 

the Ser203 to glycine mutant in transfected COS-7 cells. 
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FIGURE 24. In vivo expression and phosphorylation of wild type hVDR and 

the Ser203 to glycine mutant in transfected COS-7 cells. (A) Phosphorylation 

of h VDR proteins in transfected COS-7 cells. Transfected cells were labeled 

with [32P]orthophosphate for 30 min, treated with 15 nM 1,25(OHhD3 or 

ethanol (vehicle) control for one hour, and then lysed in the presence of 

phosphatase inhibitors as described in Material and Methods. After 

immunoprecipitation with 4A5y-Sepharose beads, 32P-Iabeled h VDR proteins 

were resolved by electrophoresis on 10% denaturing polyacrylamide gels and 

visualized by autoradiography for 5 h at -70 0C. (B) Expression of h VDR 

proteins in transfected COS-7 cells. Transfected cells were lysed and extracts 

containing 40 ~g of total protein were analyzed by immunoblotting utilizing the 

125I-Protein A protocol (Mangelsdorf et ai., 1987a) described in Materials and 

Methods. Proteins were resolved by electrophoresis on 10% denaturing 

polyacrylamide gels and visualized by autoradiography for 15 h at -70 °C. 
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These findings are thus fully consistent with the in vitro data, and support a 

possible in vivo role for this enzyme. 

The data presented here represent an initial mapping of the phosphorylation 

sites in h VDR. A complete analysis utilizing phosphopeptide mapping of VDR 

phosphorylated by CK-II, in vitro, and of phosphorylated receptor extracted from 

intact cells will be required to unequivocally demonstrate the involvement of 

CK-II in phosphorylating hVDR, in vivo. The time frame of the labeling 

protocol, which was chosen after optimization of incorporation of 32p into the 

VDR, may not be ideal for detecting certain sites, such as those with very rapid 

or very slow turnover of phosphate. Another caveat is that the internal deletions 

created in this study may have sufficiently disrupted the secondary or tertiary 

structure of the h VDR so as to make phosphorylation sites, even those distant 

from the mutated region, inaccessible to the endogenous rat kinase(s). In this 

regard, the identification of SerSI in hVDR as a target site for phosphorylation 

by PK-C, in vitro, and in response to phorbol ester treatment of transfected CV-l 

cells (Hsieh et aI., 1991) suggests that the phosphorylation of this residue, 

located in the DNA-binding domain, may be precluded by the use of large 

internal deletants since no detectable phosphorylation was evident with these 

mutants in transfected ROS 1712.S cells (Figure 20). Another possibility is that 

phosphorylation of hVDR at SerSI does not occur to the same extent in ROS 

1712.S cells as in CV -1 cells. Multiple phosphorylation sites appear to exist in 

h VDR transfected into COS-7 cells since alteration of Ser20S to glycine or 

alanine does not abolish but rather reduces phosphorylation of the receptor in this 

cell line (Figures 22 and 23). Thus, the extent and localization of 

phosphorylation sites in h VDR may be cell and/or species specific. 
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Although our results do not prove the in vivo involvement of CK-II, this 

kinase has already been proposed to be an important regulator of DNA-binding 

and transcription-modulating proteins (Krebs et ai., 1988). Examples of such 

proteins which have been reported to be substrates for CK-II include 

topoisomerases I and II (Durban et ai., 1985; Ackerman et ai., 1988), RNA 

polymerases I and II (Dahmus, 1981; Stetler and Rose, 1982), and the nuclear 

oncoproteins c-myc (LUscher et ai., 1989) and c-myb (LUscher et ai., 1990) and 

C-jWl (Lin et ai., 1992a). The observation that a form of the chicken thyroid 

hormone receptor, encoded by the c-erbAa gene, is phosphorylated by CK-II 

(Glineur et ai., 1989) raises the additional possibility that CK-II may be 

involved, in an as yet unknown way, in the regulation of the subclass of 

steroid/thyroid hormone receptors to which the VDR and the thyroid hormone 

receptor belong (Beato, 1989). 

Figge et ai. (1988) discovered by computer analysis of amino acid 

sequences that two known CK-II substrates, the large T antigen and c-myc, share 

a structural motif also found in the adenovirus EIA proteins. The significance of 

this observation was enhanced by the conservation of similar motifs between all 

members of the myc and E 1 A families, as well as by the fact that the motif 

occurs within a domain thought to playa crucial role in transformation by these 

proteins. The structural motif consists, in part, of a ~-turn containing one or 

more consensus CK-II sites (Figge et ai., 1988). The region in the hVDR from 

residues 190 to 210 possesses primary and secondary characteristics with striking 

similarity to this motif. Moreover, separate reports from other laboratories have 

now shown that one or more of these CK-II sites are actually phosphorylated in 

the large T antigen and myc proteins (LUscher et ai., 1989; Grasser et ai., 1988). 
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Another feature which the three species of VDR share with these other 

proteins is the location of the CK-II sites within regions rich in acidic and 

hydrophobic residues. Accordingly, the amino acid composition of the region 

deleted in the .1130 mutant bears a strong net negative charge and is interspersed 

with numerous hydrophobic residues (see Figure 21). This common feature 

raises the possibility that creation of phosphoserines by kinase action may play 

some regulatory role in the function of these acidic/hydrophobic domains, which 

have been shown to mediate transcriptional activation function in some 

eucaryotic systems (Struhl, 1987). 

The possible connection between phosphorylation and transcriptional 

activation in the family of steroid/thyroid hormone receptors receives some 

support from a report by Denner et al. (l990b), which implicated 

kinase/phosphatase activity as important in the conversion of the chicken 

progesterone receptor from an inactive to a transcriptionally active form. A 

previous report by these authors had determined that Ser530 of the chicken 

progesterone receptor is phosphorylated in a manner dependent on the binding of 

the progesterone ligand (Denner et al., 1990a). In this particular case, a role of 

casein kinase II is improbable, since this serine does not reside within a 

consensus recognition site for this enzyme. However, the region surrounding 

Ser530 does contain several of the features discussed above, including a ~-turn, 

the presence of numerous serine/threonine and hydrophobic residues, and, after 

conversion of Ser530 to a phosphoserine, a local net negative charge of -2. An 

association between receptor phosphorylation and transcriptional activation has 

also been proposed for the glucocorticoid receptor (Hoeck et al., 1989b; Hoeck 

and Groner, 1990). 



ISO 

It is possible that phosphorylation has other functional roles for the VDR, 

such as modulating its ability to bind DNA. As a precedent for this concept is 

the intriguing observation that the DNA binding activity of c-jull is negatively 

regulated by CK-II-catalyzed phosphorylation of this protein (Lin et af., 1992a). 

Other conceivable functional effects of phosphorylation would be to alter the 

VOR'S ability to bind hormone, dimerize, form complexes with other nuclear or 

cytoplasmic proteins, or to regulate metabolic stability. Functional testing of the 

region highlighted by this study is complicated, however, by the fact that this 

region overlaps the hormone binding domain, as it has been defined by 

McDonnell et af. (1989). Experiments which tested the 1 ,2S(OHhD3 hormone 

binding capacity of the wild type and deletion mutant receptors revealed that any 

alteration in this region, even the minor change introduced in the #23 mutant, 

abolishes binding of 1,2S(OHhD3 (data not shown), rendering the concomitant 

loss of any other function difficult to interpret. In fact, a preliminary experiment 

was performed in which the internal deletions were individually cotransfected 

into VDR-deficient CV -1 cells along with a reporter gene linked to a vitamin 0 

responsive rat osteocalcin gene promoter (Terpening et af., 1991). Measurement 

of reporter gene expression indicated that none of these deletants, including the 

#23, were capable of activating transcription in this system, even though the wild 

type h VDR was able to boost transcription by 4-S fold (data not shown). 

Whether this result is due to the loss of key residues involved in transcriptional 

activation, or simply due to the loss of hormone binding, cannot be determined 

using these mutants. Thus, functional testing in terms of transcriptional 

activation of site-directed phosphorylation mutants, like S2080 and S208A, will 

also require the testing of ligand binding activity in these mutants as discussed in 
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Chapter 5. 

As suggested by the chicken progesterone receptor and h VDR studies cited 

above, CK-II is likely not the only kinase capable of acting on members of the 

steroid/thyroid hormone receptor superfamily. In fact, Denner et ai. (1990a) 

present an amino acid sequence comparison showing that Ser530 in the PR has a 

positionally conserved counterpart in many other steroid/thyroid hormone 

receptors of the type -S-P-, corresponding to the recognition site of proline

directed protein kinase(s) (Vulliet et ai., 1989). However, only one such serine

proline sequence is present in the h VDR and it is located further C-terminal at 

residues 340 and 341. Likewise, PK-A has been implicated in the 

phosphorylation of both the progesterone and glucocorticoid receptors (Singh 

and Moudgil, 1985; Hurd et ai., 1989; Weigel et ai., 1981). Similarly, PK-C has 

been discovered as a receptor kinase, at least for the thyroid hormone receptor 

(Goldberg et ai., 1988). Therefore, subsequent studies described in Chapter 6 

will examine the composite phosphorylation array of VDR and attempt to 

identify additional kinases involved, perhaps opening up new perspectives into 

how the VDR is influenced by other regulatory pathways. In the case of CK-II

catalyzed phosphorylation of the receptor, the next chapter will first report the 

analysis of the potential functional implications of this intriguing post

translational modification. 
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FUNCTIONAL EVALUATION OF CK·II·MEDIATED hVDR 

PHOSPHORYLATION 

INTRODUCTION 
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Phosphorylation is recognized as a significant mechanism in the regulation 

of cellular proteins and is known to modulate the activity of various enzymes in 

metabolic pathways (Cohen, 1973; Yeaman et aI., 1978) as well as the activity of 

several receptor proteins (Hausdorff et at., 1990; Cooper et aI., 1982). As 

discussed earlier, members of the steroid/thyroid hormone receptor superfamily 

have all been shown to exist as phosphoproteins. However, the functional 

implications of steroid hormone receptor phosphorylation remain poorly defined. 

Studies with PR in intact cells (Denner et aI., 1990b) have revealed a stimulatory 

effect of protein kinase activators on PR-mediated transcriptional activation, yet 

these activators did not appear to stimulate the phosphorylation of PR (Beck et 

aI., 1992). Some recent investigations utilizing the ER (Denton et at., 1992), OR 

(Rangarajan et at., 1992) and TR (Lin et at., 1992b) have suggested that the 

phosphorylation state of these receptors may influence their DNA binding 

activity. However, direct evidence that phosphorylation of a steroid hormone 

receptor by a particular kinase can modulate the activity of the protein has been 

difficult to demonstrate. 

The present chapter describes studies which analyzed the functional 

consequences of CK-II-mediated phosphorylation of hVDR both in vivo and in 
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vitro. The receptor appears to be an efficient substrate for CK -II in COS-7 cells 

transfected with the catalytic subunit of this enzyme. In addition, 

phosphorylation of hVDR in this transfected cell system leads to stimulation of 

1 ,2S(OHhD3-mediated transcriptional activation. In contrast to phosphorylation 

by PK-C, which appears to decrease the DNA-binding activity of hVDR, CK-II

catalyzed phosphorylation of the receptor does not alter hormone- and DNA

binding or nuclear localization. Therefore, these observations suggest that CK-II 

phosphorylation of h VDR may enhance the interaction of the receptor with a 

factor(s) necessary for transcriptional stimulation. 

MATERIALS AND METHODS 

Transfection of COS-7 Cells 

COS-7 monkey kidney epithelial cells (Gluzman, 1981) were obtained from 

the American Type Culture Collection and maintained in Dulbecco's Modified 

Eagle's Medium supplemented with 10% fetal bovine serum, 100 Ilg/ml 

streptomycin and 100 U/ml penicillin. Cells were plated at various densities (see 

below) and transfected with I-IS Ilg of pSGS-hVDRl/3 (wild type) or mutant 

hVDRs and/or O.OS-1.S Ilg pSGS-CK-IIa (containing the cDNA encoding the 

catalytic a subunit of human CK-II; a gift from Dr. H. Meisner, University of 

Massachusetts, Worcester, MA) using the calcium phosphate-DNA 

coprecipitation technique without glycerol shock (Kingston, 1990). Twelve 

hours after transfection, cells were washed and incubated for a further 48 hours 

to allow for expression of hVDR and/or CK-II prior to further manipulations as 

described below. 
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Phosphorylation ofhVDR in COS-7 Cells Overexpressing CK-l/ 

COS-7 cells (5 x 105 cells/60 mm plate) were cotransfected with 15 ~g of 

pSG5-hVDR1I3 or the pSG5-S208G mutant receptor and either 1.5 ~g pSG5-

CK-Ila. or pTZ18U carrier DNA. Forty-eight hours post-transfection the cells 

were washed twice with phosphate-free DMEM/F12 (Gibco), then the same 

medium supplemented with 2% dialyzed fetal bovine serum was added to each 

plate. Each plate was then supplemented with 0.5 mCi [32P]orthophosphate 

(New England Nuclear, carrier-free, 8500-9120 Ci/mmole) followed by a 30 min 

orthophosphate preincubation at 37 0C. Ethanol (vehicle) was then added to the 

culture medium and the cells were incubated for an additional 1.5 h at 37 0C. 

The cells were then washed twice with Tris-buffered saline (10 mM Tris-HCI, 

pH 7.4, 150 mM NaCI, 3 mM KCl) before adding 1.0 ml KETZD-0.3 buffer (0.3 

M KCI, 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.3 mM ZnCI2, 5 mM OTT) 

containing 0.5% Triton X-I 00 and supplemented with phosphatase inhibitors (20 

mM sodium fluoride, 10 mM sodium molybdate, 100 ~M sodium ortho

vanadate) and protease inhibitors (2 ~g/ml aprotinin, 0.5 ~g/ml leupeptin, 50 

~g/ml trypsin inhibitor). Lysates were clarified by centrifugation for 15 min at 

16,000 x g at 4 oC followed by immunoprecipitation. 

Immunoprecipitation and Visualization of hVDR from Metabolically Labeled 

Cells 

Isolation of h VDR species from transfected cell lysates was performed 

essentially as described previously (Jones et aI., 1991) using the monoclonal 

anti-VDR antibody 4A5y (Pike et aI., 1983) linked to agarose beads (see also 

Chapter 2). Briefly, the hVDR proteins were purified by immunoprecipitation as 
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follows: 10 JlI of monoclonal antibody 4ASy (Pike, 1984), bound to agarose 

beads (~ 1.0 mg mAb/ml agarose), were added to 500 JlI of [32P]orthophosphate

labeled lysate and incubated overnight at 4 oC with gentle shaking. Control 

reactions for nonspecific background contained a several-fold excess of free 

4ASyantibody. The beads were washed extensively, essentially as described 

previously (Mangelsdorf et al., 1987b). The beads carrying 32P-Iabeled proteins 

were boiled for four min in sample buffer containing 0.125 M Tris-HCI, pH 6.8, 

20% glycerol, 4% SDS and 1 0% ~-mercaptoethanol, and electrophoresed side by 

side on 10% SDS-polyacrylamide gels. The gels were fixed in 30% 

methanolll 0% trichloroacetic acidll 0% acetic acid, washed in water, 

impregnated with a fluor (l M sodium salicylate), dried, and fluorographed at 

-70 0C on Kodak X-OMAT AR film. 

Assay of h VDR Transcriptional Activity 

Transcriptional activity of the h VDR was measured in COS-7 cells (5 x 105 

cells/60 mm plate) which had been transfected with 5 Jlg of pSG5-hVDR1I3 or 

mutant hVDRs and either 0.OS-0.5 Jlg pSG5-CK-IIa or pTZ18U carrier DNA 

and a reporter vector (S Jlg/plate) containing 4 copies of the vitamin D responsive 

element linked upstream of the thymidine kinase core promoter driving the 

expression of the human growth hormone gene (Terpening et ai., 1991). As a 

control, a similar reporter vector containing only the thymidine kinase core 

promoter without the VDRE was employed. Additional experiments, performed 

as described for hVDR above, were also carried out utilizing a mouse GR 

(Dieken et al., 1990) expression plasmid (pSGS-mGR) and a reporter vector 

containing the GRE derived from the long terminal repeat of the mouse 
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mammary tumor virus (Scheidereit et at., 1983) also linked upstream of the 

thymidine kinase promoter driving the expression of the human growth hormone 

gene. Cells were treated for 24 h following transfection with 10-8 M 

1,25(OHhD3, 10-6 M dexamethasone or ethanol vehicle. Medium was then 

assayed for human growth hormone by radioimmunoassay using a kit from 

Nichols Institute Diagnostics (San Juan Capistrano, CA). The level of growth 

hormone serves as an index of h VDR or mGR transcriptional activation capacity. 

1,25(OHhD3 Ligand Binding Assay 

COS-7 cells (8 x 105 cells/60 mm plate) were cotransfected with 1.0 /lg of 

pSG5-hVDR1I3 or mutant hVDRs and either 0.10 /lg pSG5-CK-IIa or pTZ18U 

carrier DNA. Forty-eight hours post-transfection the cells were washed twice 

with Tris-buffered saline and then suspended and sonicated in KETZD-0.3 buffer 

containing phosphatase and protease inhibitors. The extract was centrifuged at 

231,000 x g for 25 min at 4 oC and aliquots of the h VDR-containing supernatant 

were incubated with 0.1, 0.2, 0.5, 1.0 and 2.0 nM 1,25(OHh[3H]D3 (18 

Ci/mmol, Amersham, Arlington Heights, IL) for 6 hours at 4 oC in the presence 

or absence of a 400-fold molar excess of unlabeled 1,25(OHhD3 for saturation 

and Scatchard analysis. Bound and free ligand were separated with Dextran

coated charcoal (Dokoh et at., 1981). Specific binding was calculated by 

subtraction of non-specific binding from total binding. 

Purification of PKC-fJ and Phosphorylation Reactions 

Purification of PKC-~ from mouse brain (Samuels and Shimizu, 1992) and 

in vitro PKC-~ phosphorylation reactions of hVDR were performed by standard 
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procedures as described previously (Hsieh et at., 1991). Recently, hVDR has 

been successfully overexpressed and purified from E. coli cultures (Hsieh et at., 

1992). To test the influence of PKC-~ catalyzed phosphorylation on the DNA 

binding activity of the receptor, purified, E. coli-expressed h VDR (200 ng) was 

incubated with different amounts of purified PKC-~ and 1 mM nonradioactive 

A TP in solution at room temperature for SO min followed by either gel mobility 

shift assay or immunoblotting. 

Gel Mobility Shift Assay 

Synthesized rat osteoca1cin VDRE (S'-AGCTGCACTGGGTGAAT 

GAGGACATTACA-3', denoted CTS) was labeled with [a-32P]-dCTP (3000 

Cilmmol, New England Nuclear, Boston, MA) at S'-overhanging ends with 

Klenow fragment. COS-7 cells (1 x 106 cells/60 mm plate) were cotransfected 

with IS.0 J-lg of pSGS-hVDRl/3 or mutant hVDRs and either I.S J-lg pSGS-CK

IIa or pTZ18U carrier DNA. Forty-eight hours post-transfection the cells were 

washed twice with Tris-buffered saline and a cellular extract containing h VDR 

was prepared by sonicating these cells in KETZD-0.3 buffer containing 10% 

glycerol and phosphatase and protease inhibitors, followed by centrifugation at 

231,000 x g for 2S min at 4 0C. Various amounts of the hVDR-containing 

extract, or purified, E. coli-expressed hVDR were incubated in DNA binding 

buffer (10 mM Tris-HCl, pH 7.6, 100 mM KCI, 2 J-lg bovine serum albumin, 

1 J-lg poly-(dIdC» with O.S ng of 32P-labeled CTS oligonucleotide for 30 min at 

22 0C. Reactions containing E. coli-expressed h VDR were supplemented with 

rat liver nuclear extract containing 1.0 J-lg total protein as a source of receptor 

auxiliary factor which is required for high-affinity VDRE binding (MacDonald et 
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aI., 1991). Rat liver nuclear extract alone does not form complexes with the 

VDRE (Nakajima et al., 1992). For binding inhibition or competition 

experiments, a monoclonal antibody to VDR (9A7y) or a 50- to 100-fold molar 

excess of unlabeled CT5 was added to the hVDR-containing extracts in DNA 

binding buffer for 15 min at 22 oC followed by the addition of 0.5 ng of 32p_ 

labeled CT5 oligonucleotide and further incubation at 22 oC for 15 min. The 

reaction mixtures were then loaded onto 4% non-denaturing polyacrylamide gels 

in 0.25 X TBE (11 mM Tris, 0.5 mM EDTA, 11 mM borate). Gels were run at 

10 rnA for 70 min, dried and exposed for autoradiography. 

Isolation of h VDR from Cytosolic and Nuclear Compartments ill Tramfected 

COS-7 Cells 

COS-7 cells (1.5 x 106 cellsll 00 mm plate) were cotransfected with 10 Jlg 

of pSG5-hVDRl/3 or the pSG5-S208G mutant hVDR and either 1.0 Jlg pSG5-

CK-lla or pTZ18U carrier DNA. Forty-eight hours post-transfection the cells 

were treated with 100 nM 1,25(OHhD3 for 1.5 h at 37 oC. The cells were then 

harvested by trypsinization and washed twice in Tris-buffered saline followed by 

resuspension in 1.5 ml hypotonic buffer (10 mM Tris-HCI, pH 7.5, 2 mM EDTA, 

0.5 mM EGTA, 0.15 mM spermine, 0.5 mM spermidine, 5 mM DTT) and 

incubation on ice for 10 min. The cells were then lysed by disruption in a glass 

(Dounce) homogenizer with pestle and the extract was centrifuged at 1100 x g 

for 15 min at 4 oC. The supernatant, referred to as the "cytosolic fraction", was 

collected and analyzed by immunoblotting. The pellet was resuspended in 0.3 

ml KETD-0.3 buffer (10 mM Tris-HCI, pH 7.6,1 mM EDTA, 0.3 M KCI, 10% 

glycerol, 5 mM DTT) and incubated on ice for 30 min. The suspension was then 
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centrifuged at 16,000 x g for 15 min at 4 oC and the supernatant, referred to as 

the "nuclear fraction", was collected and analyzed by immunoblotting. 

Immunoblotting of Extracts from Transfected COS-7 Cells 

COS-7 cells expressing h VDR proteins were washed twice in isotonic buffer, 

aspirated dry and lysed in 0.1-1 ml of 2% SDS, 5% ~-mercaptoethanol, 125 mM 

Tris-HCI, pH 6.8 and 20% glycerol. Lysates were collected by scraping, 

transferred to screw-top microfuge tubes, sheared through sterile 25-gauge 

needles (six passes), and boiled for one minute. If protein assays were to be 

performed, ~-mercaptoethanol was omitted from the formulation, a 25-50 ~l 

aliquot was removed after shearing, and ~-mercaptoethanol was added before 

boiling. Prior to loading portions of the lysate onto 5-15% linear gradient SDS

polyacrylamide gels, 4.5 ~l of 0.2% bromophenol blue tracking dye was added 

per 1 00 ~l of lysate. 

After electrophoretic fractionation, proteins were electro transferred to 

Immobilon-P membranes (Millipore Corp., Bedford, MA) using a Transblot 

apparatus (Bio-Rad Laboratories) filled with 25 mM Tris-HCI, pH 7.4, 192 mM 

glycine, 0.001 % SDS and 20% methanol. Immunodetection of bound hVDR 

proteins was then performed using the 9A 7y monoclonal anti-VDR antibody 

(Pike et at., 1983) in an immunoblotting protocol as previously described for 

chicken calbindin28k (Mangelsdorf et at., 1987a) except after primary antibody 

treatment, the Immobilon-P membrane was washed and treated at room 

temperature for 3 h with goat anti-rat IgG conjugated to biotin. The blot was 

then incubated with avidin-alkaline phosphatase for 2 h at room temperature and 

washed with biotin blot buffer (0.1 M Tris-HCI, pH 9.5, 0.1 M NaCI, 2 mM 
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MgCb, 0.05% Triton X-100). Finally, the blot was exposed to color reagent 

containing 50 Ilg/ml of 5-bromo-4-chloro-3-indolyl-phosphate and 100 Ilg/ml of 

4-nitroblue tetrazolium chloride. The color reaction was terminated by washing 

the membrane with distilled water. 

RESULTS 

Phosphorylation ofhVDR in COS-7 Cells Overexpressing CK-l/ 

Phosphorylation ofhVDR, in vitro, by CK-II at Ser208 and identification of 

this same residue as a significant site of phosphorylation in COS-7 cells 

implicates CK-II as one of the protein kinases involved in the phosphorylation of 

hVDR, in vivo. To further investigate this possibility, the catalytic a subunit of 

human CK-II was cotransfected with the hVDR into COS-7 cells. As can be 

seen in Figure 25, in the absence of transfected CK-II, the wild type, transfected 

h VDR exists as a phosphoprotein in COS-7 cells (lanes 1 and 2). Mutation of 

Ser208 to glycine results in an approximately 40% reduction in the level of 

phosphorylation of the receptor based upon quantitative densitometric scanning 

of the [32P]-VDR images (compare lanes 1 and 2 with lanes 5 and 6; see also 

Figure 22). Coexpression of CK-II enhances the phosphorylation of the wild 

type h VDR by about 20-fold. In sharp contrast, phosphorylation of the Ser208 

mutant is only elevated 2-3 fold under identical transfection and labeling 

conditions. Immunoblot analysis revealed that the level of h VDR expression 

was unaffected by CK-II phosphorylation (data not shown). This experiment 

demonstrates clearly that the hVDR can be phosphorylated by CK-II in intact 

cells predominantly at Ser208. Apparently other, perhaps cryptic, CK-II sites are 
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FIGURE 25. Phosphorylation of wild type hVDR and the Ser208 to glycine 

mutant in transfected COS-7 cells overexpressing CK-II. 
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FIGURE 25. Phosphorylation of wild type hVDR and the Ser208 to glycine 

mutant in transfected COS-7 cells overexpressing CK-II. COS-7 cells were 

cotransfected with 15 Ilg of the wild type hVDR expression plasmid, pSG5-

hVDR1I3 (lanes 1-4), or an expression vector encoding the Ser208 to glycine 

mutant receptor (S208G; lanes 5-8) and either 1.5 Ilg of the catalytic a subunit 

of human CK-II (pSG5-CK-IIa; lanes 3, 4, 7 and 8) or pTZ18U carrier DNA 

(lanes 1, 2, 5 and 6). Forty-eight hours post-transfection, the cells were 

metabolically labeled with [32P]orthophosphate for 2 h at 37 0C. h VDR was 

then immunoextracted and analyzed by 10% SDS/PAGE as described in 

Materials and Methods. The dried polyacrylamide gel was exposed to film for 

1.0 h at -70 0C. The arrowhead indicates the migration position of the wild type 

and mutant receptor. Each distinct experimental parameter was analyzed (and is 

shown) in duplicate. 
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phosphorylated in hVDR when it is co-expressed in the presence of excess CK

II, although these sites are of minor quantitative significance when compared to 

Ser208. 

Transcriptional Activity of h VDR Phosphorylated by CK-l/ in Tramfected COS-7 

Cells 

To examme the possible functional consequences of CK-II-catalyzed 

phosphory lation on h VDR in transfected COS-7 cells, the transcriptional 

activation capacity of both the wild type and mutant receptors in the absence and 

presence of coexpressed CK-II was measured. COS-7 cells were transfected 

with a reporter vector containing four copies of the vitamin D responsive element 

linked upstream of the thymidine kinase core promoter driving the expression of 

the human growth hormone gene (Terpening et al., 1991). The level of growth 

hormone expression in the presence of 10-8 M 1,25(OHhD3 served as an index 

of the level of transcriptional stimulation by the receptor. The transfection of 

increasing amounts of the CK-II catalytic subunit resulted in a corresponding 

increase in transcriptional activation stimulated by 1,25(OHhD3 (Figure 26, right 

panel) without modulating the level of h VDR expression as monitored by 

immunoblotting (data not shown). In control experiments, the activity of the 

thymidine kinase core promoter, without the VDRE, was not affected 

significantly by transfection of even the highest amount of CK-II (Figure 26, left 

panel), thus indicating that the effect of CK-II is mediated through the vitamin D 

responsive element, and that CK-II does not enhance basal promoter activity. In 

a parallel set of experiments, the Ser208 to glycine and Ser203 to alanine 

mutants were tested under similar conditions. The results indicate that the 
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FIGURE 26. 1,25(OHhD3-Mediated transcriptional activation of a VDRE

linked reporter gene in COS-7 cells cotransfected with CK-II and wild type 

hYDR. 
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FIGURE 26. 1,25(OHhD3-Mediated transcriptional activation of a VDRE

linked reporter gene in COS-7 cells cotransfected with CK-II and wild type 

h VDR. COS-7 cells were cotransfected by calcium phosphate-DNA 

coprecipitation as described in Materials and Methods with the indicated 

amount of wild type hVDR and human CK-II expression plasmids and 5 Jlg of a 

reporter vector containing four copies of the VDRE linked upstream of the 

human growth hormone gene (right panel), or a similar reporter vector without 

the VDRE (left panel). The cells were incubated with either 10-8 M 1,25(OHhD3 

or ethanol vehicle for 24 h post-transfection. The level of growth hormone 

secreted into the medium, which serves as an index of transcriptional activity, 

was measured by radioimmunoassay. The 1,25(OHhD3-stimulated 

transcriptional activation measured in the absence of CK-II was set at 100% in 

both the right and left panels. All values constitute 1,25(OHhD3-mediated 

transcriptional activation under the conditions indicated and are the average (± 

S.D.) of three independent experiments, with triplicate samples in each of the 

various treatment groups in the three sets of data. Treatment of cells with 

1 ,25(OHhD3 resulted in a 7 to I5-fold transcriptional enhancement over the 

vehicle-treated controls. The difference in transcriptional activation measured in 

the absence and presence of CK-II was statistically significant (at least P < 

0.008 for all levels of CK-II). 
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transcriptional activation capacity of the S208G mutant does not increase in 

response to increasing levels of cotransfected CK-II (Figure 27, left panel). 

However, it is interesting to note that there is a slight (20%) reduction in trans

activation by 1,2S(OHhD3 in the S208G mutant when compared to the wild type 

hYDRo Similar results m·e obtained with the Ser208 to alanine mutant (data not 

shown) in that CK-II does not enhance the transcriptional activation by 

1 ,2S(OHhD3 but the transcriptional activity of this mutant relative to the wild 

type receptor was not suppressed by 20% as was the S208G mutant. In contrast, 

trans-activation of a new mutant in which a residue in the immediate vicinity of 

Ser208, namely Ser203, was altered to an alanine (S203A) is elevated in 

response to increasing expression of CK-II similarly to that of the wild type 

hVDR (Figure 27, right panel). Phosphorylation of hVDR by CK-II is 

dramatically blunted in the S208G mutant in transfected COS-7 cells (Figure 2S) 

and in the S208A mutant, in vitro (Figure IS), while the replacement of serine 

203 with glycine or alanine has little effect on phosphorylation of the receptor by 

CK-II, ill vitro (Figure 14C and data not shown), or in transfected COS-7 cells 

(Figure 24 and data not shown). Thus, taken together, these observations 

illustrate a correlation between the extent of CK-II-catalyzed h VDR 

phosphorylation and the level of CK-II-mediated enhancement of hVDR 

transcriptional activity. As an additional control, the transcriptional activation of 

the mouse GR was tested in the absence and presence of cotransfected CK-II in 

COS-7 cells utilizing a GRE-linked growth hormone reporter vector similar to 

the one described above for the VDRE reporter plasmid (see Methods). As 

depicted in Figure 28, increasing amounts of transfected CK-II have no 

significant effect on dexamethasone-mediated transcriptional activation (right 
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S203A mutant h VDRs. 
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FIGURE 27. 1,25(OHhD3-Mediated transcriptional activation of a VDRE

linked reporter gene in COS-7 cells cotransfected with CK-II and the S2080 or 

S203A mutant h VDRs. COS-7 cells were cotransfected with 5 !J,g of a VDRE

linked growth hormone reporter vector (see Figure 26), increasing amounts of 

an expression plasmid encoding human CK-II and either 5 !J,g of the Ser208 to 

glycine (left panel) or Ser203 to alanine (right panel) mutant h VDRs. The cells 

were incubated with either 10-8 M 1,25(OHhD3 or ethanol vehicle for 24 h post

transfection. The level of growth hormone secreted into the medium was 

measured by radioimmunoassay. The 1,25(OHhD3-stimulated transcriptional 

activation of wild type hVDR measured in the absence of CK-II (Figure 26, right 

panel) was set at 100% in both the right and left panels. All values constitute 

1,25(OHhD3-mediated transcriptional activation under the conditions indicated 

and are the average (± S.D.) of three independent experiments, with triplicate 

samples in each of the various treatment groups in the three sets of data. 

Treatment of cells with 1,25(OHhD3 resulted in a 7 to 15-fold transcriptional 

enhancement over the vehicle-treated controls. The difference in transcriptional 

activation measured in the absence and presence of CK-II was statistically 

significant (at least P < 0.01 for all levels of CK-II). 
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FIGURE 28. Dexamethasone-mediated transcriptional activation of a ORE

linked reporter gene in COS-7 cells cotransfected with CK-II and wild type OR. 

COS-7 cells were cotransfected by calcium phosphate-DNA coprecipitation as 

described in Materials and Methods with the indicated amount of wild type 

mouse OR and human CK-II expression plasmids. Also included were 5 Ilg of a 

reporter vector containing a ORE derived from the long terminal repeat region 

of the mouse mammary tumor virus (Scheidereit et aI., 1983) linked upstream of 

the human growth hormone gene (right panel), or a similar reporter vector 

without the ORE (left panel). The cells were incubated with either 10-6 M 

dexamethasone or ethanol vehicle for 24 h post-transfection. The level of 

growth hormone secreted into the medium was measured by radioimmunoassay. 

The dexamethasone-stimulated transcriptional activation measured in the 

absence of CK-II was set at 100% in both the right and left panels. All values 

constitute dexamethasone-mediated transcriptional activation under the 

conditions indicated and are the average (± S.D.) of three independent 

experiments, with triplicate samples in each of the various treatment groups in 

the three sets of data. Treatment of cells with dexamethasone resulted in a 22-

fold transcriptional enhancement over the vehicle-treated controls. 
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panel) or on basal thymidine kinase promoter activity (without the GRE - left 

panel). Immunoblot analysis indicated that CK-II overexpression did not effect 

the level of GR (data not shown). Thus, the CK-II-mediated stimulation of 

transcriptional activation may be specific for the VDR or limited to only those 

receptors in the VDR subfamily. 

DNA-binding Activity ofhVDR Phosphorylated by CK-/l in Transfected COS-7 

Cells 

Since coexpression of CK-II leads to a modulation of transcriptional 

activation by the hVDR, the DNA-binding activity of the wild type and mutant 

receptors was examined to determine if this effect could be attributed to an 

enhancement of the interaction between the hVDR and its DNA responsive 

element. Figure 29 depicts the results from a gel mobility shift assay in which 

the wild type or mutant receptors were transfected into COS-7 cells and whole 

cell extracts from these transfectants were incubated with a 32P-Iabeled rat 

osteocalcin VDRE. Untransfected cells contain very little endogenous VOR 

(lane 1) while extracts from cells transfected with the wild type receptor form a 

prominent heterodimeric complex (lane 2) consisting of the VDRE, VDR and 

endogenous receptor auxiliary factor (RAF) which is necessary for high-affinity 

VDRE binding (MacDonald et aI., 1991). This complex is inhibited by 

preincubation of the h VDR-containing extract with a mAb against the receptor 

whose epitope lies just C-terminal of the DNA-binding domain (lane 3) or by 

including a 50- or 1 DO-fold excess of unlabeled YORE in the binding reaction 

(lanes 4 and 5, respectively). The level of complex formation is similar to that of 

the wild type when equal h VDR protein equivalents of extract from cells 
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FIGURE 29. Gel mobility shift analysis of the wild type, Ser203 and Ser208 

mutant h VDRs expressed in transfected COS-7 cells. 
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FIGURE 29. Gel mobility shift analysis of the wild type, Ser203 and Ser208 

mutant h VDRs expressed in transfected COS-7 cells. Cellular extracts from 

untransfected COS-7 cells (lane 1) or cells transfected with 15 J..lg of wild type 

h VDR (lanes 2-5) or the indicated mutant receptors (lanes 6-9) were incubated 

with a 32P-Iabeled rat osteocalcin VDRE for 30 min at 22 0C. Control reactions 

included 1.0 J..lg of anti-VDR mAb 9A7 (lane 3) or a 50- and 100-fold molar 

excess of unlabeled VDRE (lanes 4 and 5, respectively). The reactions were 

then electrophoresed on a 4% non-denaturing polyacrylamide gel, dried and 

exposed to film for 16 h at -70 0C. 
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transfected with the indicated mutant are employed (lanes 6-9). These results 

reveal that replacement of Ser203 or 208 with either glycine or alanine does not 

significantly impact the specific interaction of the receptor with its responsive 

element. 

In a companion experiment, the DNA-binding activity of the wild type or 

S208G mutant receptor in the presence or absence of CK-II was tested. 

Incubation of the VDRE and increasing amounts of extract from cells transfected 

with either the wild type or S208G mutant h VDR leads to a corresponding and 

equivalent increase of the VDR:VDRE:RAF complex (Figure 30, compare lanes 

2 and 3 with lanes 7 and 8). In a control reaction, preincubation of the wild type

containing extract with anti-VDR mAb inhibits the shifted complex, confirming 

that this shift is dependent on the presence of VDR (lane 4). When extracts from 

cells transfected with either the wild type or S208G mutant h VDR and the 

catalytic subunit of CK-II are employed, the extent of complex formation is 

similar for both the wild type and S208G receptors (Figure 30, compare lanes 5 

and 6 with lanes 9 and 10) and, importantly, the VDRE-binding activity of the 

wild type receptor is not significantly affected by CK-II-catalyzed 

phosphorylation (compare lanes 2 and 3 with lanes 5 and 6). 

PKC-f3 Phosphorylates E. coli-expressed hVDR and Inhibits its DNA Binding, In 

Vitro 

Recently, our laboratory has successfully overexpressed hVDR in E. coli 

and purified the protein to near homogeneity (Hsieh et ai., 1992). The E. coli

expressed hVDR, like that expressed in CV-1 cells (Hsieh et ai., 1991) or in a 

baculovirus expression system (see Chapter 6, Figure 36), is an effective 
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FIGURE 30. Gel mobility shift analysis of the wild type h VDR and the Ser208 

to glycine mutant in the presence or absence of overexpressed CK-II in 

transfected COS-7 cells. 
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FIGURE 30. Gel mobility shift analysis of the wild type h VDR and the Ser208 

to glycine mutant in the presence or absence of overexpressed CK-II in 

transfected COS-7 cells. Cellular extracts from untransfected COS-7 cells (lane 

1) or cells cotransfected with 151lg of wild type hVDR (lanes 2-6) or the Ser208 

to glycine mutant (lanes 7-10) and either 1.5 Ilg of an expression vector 

encoding the catalytic subunit of human CK-II (lanes 5, 6, 9 and 10) or pTZ18U 

carrier DNA (lanes 1-4, 7 and 8) were incubated with a 32P-Iabeled rat 

osteocalcin VDRE for 30 min at 22 oC. Control reactions included 1.0 Ilg of 

anti-VDR mAb 9A7 (lane 4). The reactions were then electrophoresed on a 4% 

non-denaturing polyacrylamide gel, dried and exposed to film for 16 h at -70 

oC. 
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substrate for PKC-P phosphorylation at the Ser51 target site (data not shown; see 

also Hsieh et at., 1993). To investigate the functional consequences of 

phosphorylation of Ser51, purified, E. coli-expressed hVDR was preincubated at 

room temperature for 50 min in the presence or absence of PKC-P, and the 

ability of the receptor to associate with the VDRE was assessed by gel mobility 

shift assay. As shown in Figure 31A, there is a concentration-dependent, 

inhibitory effect of PKC-P treatment on h VDR specific DNA-binding activity 

(lanes 1-3). From the examination of immunoblots (Figure 31B), this decrease in 

VDRE association was not the result of degradation of the h VDR protein. 

Finally, as illustrated in lane 4 (Figure 31A), the shifted complexes contain 

h VDR because they are specifically decreased in the presence of anti-VDR mAb 

9A7y. These results are consistent with the observation that a Ser51 to aspartate 

mutant hVDR exhibits a dramatic loss in DNA binding activity (data not shown) 

and suggest that, unlike CK-II-catalyzed h VDR phosphorylation, one of the roles 

of PK-C phosphorylation of h VDR is to attenuate interaction with the VDRE by 

phosphorylating Ser51. 

1, 25( OH)2D 3 Hormone-binding and Subcellular Distribution of h VDR 

Phosphorylated by CK-l/ in Transfected COS-7 Cells 

The increase in hVDR transcriptional activation elicited by CK-II-mediated 

phosphorylation does not appear to result from a stimulation in hVDR:VDRE 

association, thus other receptor activities which may serve as targets for 

modulation by phosphorylation were assayed. Whole cell extracts from COS-7 

cells transfected with either the wild type or S2080 mutant receptor were 

incubated with increasing concentrations of radiolabeled 1,25(OHh[3H]D3 for 6 
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FIGURE 31. Effect of PKC-~ phosphorylation on the binding of E. coli

expressed hVDR to the VDRE, in vitro. 
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FIGURE 31. Effect of PKC-~ phosphorylation on the binding of E. coli

expressed h VDR to the VDRE, in vitro. (A) Purified, E. coli-expressed h VDR 

(200 ng) was preincubated with 0 (lane 1),4 (lane 2), or 8 (lane 3) units of PKC

~, or hVDR-specific monoclonal antibody 9A7y in the absence of PKC-~ (lane 

4) at room temperature for 50 min prior to a gel mobility shift assay. Arrows 

indicate the positions of h VDR-VDRE complexes. (B) Quantitation of h VDR by 

immunoblotting of the PKC-~-treated h VDR in A. Lanes 1-3 represent the same 

order as in A. This Figure was taken from Hsieh, J.-C., Jurutka, P.W., Nakajima, 

S. et al., 1993. 
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hat 4 oC to obtain saturation ligand binding data (Figure 32). Transformation of 

these data followed by Scatchard analysis revealed a dissociation constant (Kd) 

for the wild type receptor and S208G mutant of 0.52 nM (Panel A) and 0.55 nM 

(Panel B), respectively, within the range of previously reported KdS for hVDR 

(Haussler, 1986). In a parallel set of experiments, under identical conditions, 

transformation of saturation data from experiments utilizing extracts from cells 

cotransfected with either the wild type or S208G mutant hVDR and CK-II 

(Figure 33) yielded Kd values of 0.36 nM (Panel A) and 0.40 nM (Panel B), 

respectively. Thus, these results demonstrate that phosphorylation of hVDR by 

CK-II does not appreciably modulate the affinity of the receptor for the 

1,25(OHhD3 hormone, in vitro, and that alteration of the Ser208 residue to 

glycine does not significantly affect ligand binding affinity. 

Finally, the sub-cellular distribution of the receptor was examined. 

Cytosolic and nuclear extracts were prepared from COS-7 cells transfected with 

either the wild type or S208G mutant h VDR in the absence or presence of 

cotransfected CK-II. These experiments employed immunoblotting analysis of 

equal protein equivalents from the cytosolic and nuclear extracts and therefore 

represent the specific activity rather than total abundance of h VDR in each of 

these compartments. Quantitative densitometric scanning of the images depicted 

in Figure 34 and in repeat experiments (data not shown) revealed that the specific 

activity of the wild type receptor was approximately 2.3-fold greater in the 

nuclear compartment relative to the cytosolic activity (compare lanes 6 and 8). 

In the case of the S208G mutant, the specific activity was 1.7-fold greater in the 

nucleus relative to the specific activity in the cytosol (compare lanes 2 and 4). 

Most importantly, the coexpression of CK-II did not alter the specific activity of 
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FIGURE 32. Saturation and Scatchard analysis of the wild type h VDR and the 

Ser208 to glycine mutant expressed in transfected COS-7 cells. 
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FIGURE 32. Saturation and Scatchard analysis of the wild type h VDR and the 

Ser208 to glycine mutant expressed in transfected COS-7 cells. Cellular 

extracts from COS-7 cells transfected with either 1.0 Ilg of the wild type h VDR 

(Panel A) or the Ser208 to glycine mutant (Panel B) were incubated with the 

indicated concentrations of 1,25(OHh[3H]D3 for 6 h at 4 oC in the absence and 

presence of a 400-fold molar excess of unlabeled 1 ,25(OHhD3 for saturation 

(left panels) and Scatchard analyses of specific binding (right panels). Bound 

and free ligand were separated by Dextran-coated charcoal. Specific binding 

was calculated by subtraction of non-specific binding from total binding. 
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FIGURE 33. Saturation and Scatchard analysis of the wild type h VDR and the 

Ser208 to glycine mutant isolated from transfected COS-7 cells overexpressing 

CK-II. 
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FIGURE 33. Saturation and Scatchard analysis of the wild type h VDR and the 

Ser208 to glycine mutant isolated from transfected COS-7 cells overexpressing 

CK-II. COS-7 cells were cotransfected with either 1.0 Jlg of the wild type h VDR 

(Panel A) or the Ser208 to glycine mutant (Panel B) and 0.10 Jlg of the catalytic 

a subunit of human CK-II. Cellular extracts from these transfectants were 

incubated with the indicated concentrations of 1,25(OHh[3H]D3 for 6 h at 4 oC 

in the absence and presence of a 400-fold molar excess of unlabeled 

1,25(OHhD3 for saturation (left panels) and Scatchard analyses (right panels) as 

described in the legend to Figure 32. 
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FIGURE 34. Subcellular distribution in COS-7 cells of the wild type and 

Ser208 to glycine mutant receptors in the presence and absence of 

overexpressed CK-II. 
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FIGURE 34. Subcellular distribution in COS-7 cells of the wild type and 

Ser208 to glycine mutant receptors in the presence and absence of 

overexpressed CK-II. Cytosolic (C) and nuclear (N) fractions were isolated as 

described in Materials and Methods from COS-7 cells cotransfected with 10 J1,g 

of the wild type hVDR (lanes 5-8) or S208G mutant (lanes 1-4) expression 

plasmids and either 1.0 J1,g pSG5-CK-IIa. (lanes 1,3,5 and 7) or pTZ18U carrier 

DNA (lanes 2, 4, 6 and 8). The specific activity of the receptor in each 

compartment was determined by analysis of equal protein equivalents of these 

fractions on 10% SDS/P AGE followed by immunoblotting. The arrowhead at 

approximately 48 kDa depicts the migration position of the h VDR proteins. 
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either the wild type (compare lanes 5 and 6; lanes 7 and 8) or S208G receptors 

(compare lanes 1 and 2; lanes 3 and 4) in either subcellular compartment. 

Therefore, taken together, these results suggest that stimulation of h VDR 

transcriptional activity via CK-II-catalyzed receptor phosphorylation is not 

accompanied by a significant increase in 1,25(OHhD3 hormone binding affinity 

or changes in h VDR nuclear transport. 

DISCUSSION 

It has been demonstrated previously that the human VDR is efficiently 

phosphorylated by CK-II, in vitro, predominantly at serine 208 (Chapter 3) and 

that this same residue represents a significant target for phosphorylation of the 

receptor in intact cells (Chapter 4). In the present chapter, it is shown that 

expression of the catalytic a. subunit of human CK-II in transfected cells leads to 

a dramatic stimulation of hVDR phosphorylation at Ser208. While the DNA

and hormone-binding and nuclear localization functions of hVDR appeared 

unaffected by CK-II-catalyzed phosphorylation, the 1,25(OHhD3-mediated 

transcriptional activation capacity of the receptor was elevated by this post

translational modification. In contrast, association of h VDR with the VDRE is 

attenuated by PK-C phosphorylation of the receptor. 

Previous reports on steroid hormone receptor phosphorylation have shown 

effects of phosphorylation on both nuclear localization (DeFranco et al., 1991; 

Power et ai., 1991b; van Laar et ai., 1991) and hormone binding (Golsteyn et al., 

1989; Migliaccio et al., 1989). The data presented here suggest that replacement 

of Ser208 with glycine may slightly (20-25%) suppress nuclear transport of 
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h VDR and this may account for the 20% attenuation in the transcriptional 

activity of this mutant (Figure 27, left panel). However, phosphorylation of the 

receptor by CK-II does not significantly influence nuclear localization or 

1,25(OHhD3 hormone binding affinity. It should be noted that the subcellular 

partitioning studies presented here represent only an approximation of receptor 

distribution between the nuclear and cytosolic compartments because they are 

based on biochemical analysis of h VDR specific activity rather than on total 

receptor abundance. More definitive studies utilizing immunocytochemical 

technology will be required to assess potentially subtle differences in nuclear 

transport of CK-II phosphorylated hYDRo Another possible explanation for the 

increased transcriptional activity of the h VDR is that under the conditions of the 

transcription assay (Le. at 37 oC in intact cells), the hormone-binding activity of 

the receptor differs from its activity at 4 oC, in vitro, under the 1,25(OHhD3 

ligand binding assay conditions. Future experiments employing an in vivo ligand 

binding protocol will be needed to explore this possibility. 

It was also determined that phosphorylation of hVDR by PK-C at Ser51, a 

residue located between the two tetrahedrally-coordinated zinc DNA binding 

fingers, results in a PK-C-dependent decrease in the specific interaction between 

the receptor and the VDRE (Figure 31). This does not appear to be the case with 

CK-II-catalyzed phosphorylation of hVDR at Ser208. Thus, while 

transcriptional activation in the presence of the 1,25(OHhD3 hormone is 

stimulated by phosphorylation of the receptor by CK-II, the enzyme has no 

detectable effects on other activities of h VDR. These observations suggest that 

phosphorylation at Ser208 may playa role in the enhanced recruitment of a 

transcription factor(s) necessary for 1,25(OHhD3-stimulated gene activation. 
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Recent studies with Myf-5, MyoD (Winter et aI., 1993) and the ER (Ali et aI., 

1993) provide precedents for such an interpretation. Myf-5 and MyoD, both 

DNA-binding proteins involved in transcriptional activation of muscle-specific 

genes, are phosphorylated, in vitro, by PK-A. Overexpression of the catalytic 

subunit of PK-A in intact cells repressed the transcriptional activation of muscle

specific genes by these myogenic regulator proteins without affecting their DNA 

binding activity (Winter et aI., 1993). These results suggest that phosphorylation 

of Myf-5 and MyoD interferes with their activity at a step subsequent to DNA 

binding. Similarly, phosphorylation of human ER at Ser118 by an unknown 

kinase is thought to be important in the transcriptional activation function of the 

receptor, but phosphorylation of that residue is not crucial for DNA-binding or 

nuclear localization (Ali et ai., 1993). Thus, like other transcription factors, 

phosphorylation of hVDR by CK-II may affect the ability of the receptor to 

interface with components of the transcriptional machinery and thereby modulate 

target gene activity. 

Phosphorylation of hVDR by CK-II or PK-C is not dependent on the 

1,25(OHhD3 hormone (Chapters 3 and 4; Hsieh et aI., 1991). In addition, 

replacement of Ser208 with glycine or alanine does not disrupt the ability of the 

receptor to bind the 1,25(OHhD3ligand, to interact with the VDRE or to activate 

transcription. Similarly, mutation of Ser51 to alanine does not diminish any of 

these receptor functions (Hsieh et at., 1993). Thus, post-translational 

modification of serines 208 or 51 is not obligatory for VDR function but rather 

these phosphorylations represent 1,25(OHhD3-independent positive (CK-II) and 

negative (PK-C) modulatory mechanisms that probably govern receptor activity. 

It is interesting to note that the activity of other transcription factors can also be 
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either stimulated or inhibited by phosphorylation. For example, the interaction 

of serum response factor with its DNA binding element is increased after 

phosphorylation of the protein at Ser83 and 85 by CK-II (Manak and Prywes, 

1991). In contrast, the DNA-binding activity of myogenin, a helix-loop-helix 

myogenic protein, is repressed by PK-C-mediated phosphorylation (Li et ai., 

1992). Moreover, CK-II-mediated stimulation of transcriptional activity has 

recently been reported for PU.l, a transcription factor whose expression is 

restricted to macrophages and B cells and may be important in the regulation of 

immunoglobulin genes (Pongubala et ai., 1993). Because CK-II- and PK-C

catalyzed phosphorylation of h VDR appear to produce antagonistic modulatory 

effects on receptor function, the composite activity of h VDR may depend on the 

convergence of integrated inputs from several signal transduction pathways, 

including CK-II and PK-C, through "cross-talk" mediated by phosphorylation. 

The effect of PK-C-catalyzed phosphorylation on the DNA-binding activity 

of h VDR is not surprising because Ser51 is located in a putative a-helical region 

of the receptor which is thought to interact with the major groove of DNA. 

Phosphorylation of this domain may result in electrostatic repulsion between the 

hVDR and the DNA phosphate backbone. Future experiments employing 

overexpression of PKC-P will be required in order to demonstrate an expected 

decrease in the transcriptional activation capacity of h VDR under conditions of 

elevated PK-C activity, thus establishing a definitive link between attenuated 

receptor trans-activation and decreased DNA binding in intact cells. 

It will be necessary to further define the role of CK-II- and PK-C-catalyzed 

phosphorylation of h VDR and to dissect the molecular mechanisms which are 

responsible for modulation of receptor activity via phosphorylation. The nature 
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of these modulatory systems will better help define the interplay between VDR

mediated gene regulation and other signal transduction pathways. 
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CHAPTER VI 

ADDITIONAL ANALYSIS OF h VDR PHOSPHORYLATION AND 

IDENTIFICATION OF THE RECEPTOR AS A SUBSTRATE FOR PK-A 

INTRODUCTION 

In previous chapters, evidence has been presented which implicates CK-II 

and PK-C as catalysts of hVDR phosphorylation both in vitro and in vivo. Both 

of these kinases have been shown to phosphorylate other members of the 

steroid/thyroid hormone receptor superfamily (Glineur et aI., 1989; Goldberg et 

at., 1988). The functional effects of these phosphorylation events on hVDR 

appear to be either a stimulation (CK-II) or inhibition (PK-C) of receptor 

activity. In addition, the GR (Singh and Moudgil, 1985), PR (Hurd et aI., 1989) 

and TR (Goldberg et aI., 1988) are also thought to be phosphorylated by PK-A. 

The present chapter examines the phosphorylation of hVDR by CK-II and PK-C 

in more detail by quantitating the phosphorylation catalyzed by each kinase 

relative to the total phosphorylation array of the receptor in transfected COS-7 

cells. It is also shown, for the first time, that the h VDR can serve as an efficient 

substrate for phosphorylation by PK-A both in vitro and in transfected cells. 

Significantly, the purpose of this post-translational modification appears to be an 

attenuation of h VDR transcriptional activity. 
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MATERIALS AND METHODS 

Construction ofhVDR Vectors. 

The cDNA encoding hVDR (Baker et at., 1988) was inserted into the EcoRI 

site of the pSGS vector (Green et at., 1988) creating pSGS-hVDR1I3, a wild-type 

hVDR expression vector. Truncated hVDR mutants were generated through 

introduction of an opal stop codon into pSGS-hVDR1I3 at the codons for Phe202 

(pSGS-i1202) and Ile134 (pSGS-i1134) by site-directed mutagenesis utilizing the 

method of Kunkel et al. (1987); point mutants in which SerSI and/or Ser208 

were replaced by glycine residues were also generated using this method. An 

expression plasmid (pMT-CEV) encoding the catalytic subunit of murine PK-A, 

under the control of the mouse metallothionein MT -1 promoter, was a gift from 

Dr. Stanley McKnight, University of Washington. 

Cell Culture and Transfections. 

COS-7 monkey kidney epithelial cells (Gluzman, 1981) were obtained from 

the American Type Culture Collection and maintained in Dulbecco's Modified 

Eagle Medium supplemented with 10% fetal bovine serum, 100 Jlg/ml 

streptomycin and 100 U/ml penicillin. Cells were plated at SOO,OOO cells per 60 

mm culture dish and transfected with 0.1-2S Jlg of pSGS-hVDR1I3, truncated or 

site-directed mutant hVDR plasmids, and/or pMT-CEV, using the calcium 

phosphate-DNA coprecipitation technique without glycerol shock (Kingston, 

1990). Twelve hours after transfection, cells were washed and incubated for a 

further 24 h to allow for expression of the relevant proteins prior to further 

manipUlations. Induction of PK-A was achieved by including 100 JlM ZnS04 in 
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the culture medium during this 24 h incubation. 

Transcription Assays. 

Transcriptional activity of the h VDR was measured in COS-7 cells 

transfected (as described above) with 1.0 ~g pSG5-hVDR1I3, 0.1-25 ~g pMT

CEV and 7.5 ~g of a reporter vector containing four copies of the VDRE linked 

upstream of the thymidine kinase promoter driving the expression of the human 

growth hormone gene (Terpening et ai., 1991). Cells were treated for 24 h 

following transfection with either 10-8 M 1,25(OHhD3, 100 ~M ZnS04 (to 

induce the expression of PK-A) or ethanol vehicle. Medium was then assayed 

for human growth hormone by radioimmunoassay using a kit from Nichols 

Institute Diagnostics (San Juan Capistrano, CA). 

Immulloprecipitations and Immunobiotting. 

Transfected COS-7 cells were lysed in 700 ~l immunoprecipitation buffer 

(10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.3 mM ZnS04, 0.3 M KCI, 0.5% 

Triton X-100) and a 500 ~l aliquot was incubated overnight at 4 oC with anti

VDR mAb 4A5y linked to agarose beads followed by extensive washing 

essentially as described (Jones et al., 1991). For immunoblotting, h VDR

containing lysates were mixed with 2X final sample buffer (4% sodium dodecyl 

sulfate, 10% p-mercaptoethanol, 0.125 M Tris-HCI, pH 7.4,20% glycerol) and 

boiled for 2 min. The proteins were then fractionated electrophoretic ally (as 

described below), transferred to an Immobilon-P membrane (Millipore Corp., 

Bedford, MA) and immunodetected using the anti-VDR mAb 9A 7y, whose 

epitope overlaps and/or is identical to that of 4A5y (Pike, 1984), essentially as 
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described (Mangelsdorf et al., 1987a) except after primary antibody treatment, 

the Immobilon-P membrane was washed and treated at room temperature for 3 h 

with goat anti-rat IgG conjugated to biotin. The blot was then incubated with 

avidin-alkaline phosphatase for 2 h at room temperature and washed with biotin 

blot buffer (0.1 M Tris-HCI, pH 9.5, 0.1 M NaCI, 2 mM MgCh, 0.05% Triton X-

100). Finally, the blot was exposed to color reagent containing 50 Jlg/ml of 5-

bromo-4-chloro-3-indolyl-phosphate and 100 Jlg/ml of 4-nitroblue tetrazolium 

chloride. The color reaction was terminated by washing the membrane with 

distilled water. 

Production and Purification of h VDR from a Baculovirus-mediated Insect 

System 

Human VDR for in vitro kinase reactions was produced in a baculovirus 

overexpression system (MacDonald et ai., 1991). Twenty-five million Sf-9 

insect cells (1 x 106 cells/ml) were infected with either wild type baculovirus or 

virus containing hVDR eDNA inserted into the polyhedrin gene as described 

previously (MacDonald et ai., 1991). Forty hours post-infection, cells were 

harvested and disrupted by sonication in a buffer containing 0.3 M Kel, 1 mM 

EDTA, 10 mM Tris-HCI, pH 7.4,0.3 mM ZnS04, and 5 mM DTT (KETZD-0.3 

buffer). Sonicates were centrifuged at 200,000 x g for 30 min. The supernatant 

was then diluted with two volumes of the same buffer without KCI and 

centrifuged again at 20,000 x g for 15 min. Clarified hVDR-containing or 

control supernatants were then applied to two separate 10 ml columns of blue 

dextran Sepharose (Pharmacia Biochemicals, Milwaukee, WI) equilibrated with 

the same buffer components at 0.1 M KCI (KETZD-O.l). The columns were 



196 

washed with two volumes of this buffer, then eluted with buffer containing 0.8 M 

KCI (KETZD-0.8). Peak fractions were desalted on PD-I0 columns (Pharmacia 

Biochemicals) equilibrated with KETZD-O.l containing 20% glycerol, then 

snap-frozen in liquid nitrogen and stored at -70 0C. 

In Vitro Kinase Assays. 

Washed 4A5y-agarose bearing wild-type or truncated hVDR peptides was 

incubated for 1 h at room temperature with 100 nM 1,25(OHhD3 or ethanol 

vehicle. The beads were then washed twice in PK-A buffer (10 mM Tris-HCI, 

pH 7.4, 25 mM MgCh, 5 mM DTT), resuspended in 40 J.lI PK-A buffer and 

incubated with 20 J.lCi [y_32P]ATP (New England Nuclear, Boston, MA, 30 

Ci/mmole, 2 J.lCi/J.ll) and 25 units purified bovine heart PK-A, catalytic subunit 

(Sigma Chemical Co., St. Louis, MO), for 1-20 min at 30 0C. One unit of PK-A 

is defined as the amount of enzyme that catalyzes the transfer of 1.0 pmol of 

phosphate from ATP into casein per min at 30 0C. PKC-~ was purified as 

described previously (Hsieh et aI., 1991). One unit of PKC-~ is defined as the 

amount of enzyme required to catalyze the transfer of 1.0 pmol of phosphate 

from ATP to a histone substrate per min at 30 oC (Samuels and Shimizu, 1992). 

Purified CK-II was a gift from Drs. D.W. Litchfield and E.G. Krebs, Univ. of 

Washington (Litchfield et aI., 1990). One unit of CK-II activity is defined as the 

amount of enzyme required to transfer 1 pmole/min of phosphate from A TP to a 

synthetic peptide substrate at 30 0C (Litchfield et aI., 1990). 

One J.lI of a peak fraction containing h VDR produced in a baculovirus 

overexpression system and purified as described above was incubated with 

various amounts of either PK-A, PK-C or CK-II in 50 J.lI PK-A buffer, PK-C 
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buffer (20 mM Tris-HCl, pH 7.5, 1 mM MgCb, 0.1 mM CaCI2, 25 /-lg/ml 

phosphatidylserine, 100 ng/ml PMA) or CK-II buffer (0.15 M KCl, 50 mM Tris

HCl, pH 7.4, 15 mM MgCl2 and 5 mM OTT), respectively. The reactions were 

initiated by the addition of 40 /-lCi [y_32PJATP and allowed to proceed for 5 min 

at 30 oc. The assays were terminated by the addition of 2X final sample buffer. 

Metabolic Labeling and Gel Electrophoresis. 

Transfected COS-7 cells were washed with phosphate-free medium; then 

fresh phosphate-free medium containing [32PJorthophosphate (New England 

Nuclear, Boston, MA, carrier-free, 8500-9120 Ci/mmole) was added and the 

cells were incubated for 4 h at 37 oc. Cellular lysates were then prepared and 

immunoprecipitated as described above, and analyzed by 10% SOS/PAGE 

essentially as described by Laemmli (1970). 

RESULTS 

Quantitation of h VDR Phosphorylation in Intact Cells 

As depicted in Figure 35, when an h VOR expression plasmid is transfected 

into COS-7 cells, the h VOR protein is significantly phosphorylated during a 4 h 

exposure of the cells to [32PJorthophosphate. Mutation of Ser51 to glycine 

(S51G), the target site for PK-C (Hsieh et ai., 1991), abolishes approximately 

50% of the phosphorylation of wild type hVOR based upon quantitative 

densitometric scanning of the [32PJ-VDR images (Figure 35, compare lanes 1 

and 3; lanes 2 and 4), indicating that PKC-catalyzed phosphorylation of Ser51 

constitutes a significant proportion of the phosphorylation of hVDR in intact 
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FIGURE 35. Phosphorylation of wild-type and mutant h VDRs in intact cells. 
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FIGURE 35. Phosphorylation of wild-type and mutant h VDRs in intact cells. 

COS-7 cells were transfected with either wild-type (lanes 1 and 2), S51 G (lanes 

3 and 4), S208G (lanes 5 and 6) or S51G/S208G hVDR cDNA, labeled for 4 h at 

37 oC with [32P]orthophosphate in the absence (lanes 2, 4, 6 and 8) or presence 

(lanes 1, 3, 5 and 7) of 10 nM 1 ,25(OHhD 3, lysed, and subjected to 

immunoprecipitation as described in Materials and Methods. The 

immunoprecipitates were analyzed by SDS/PAGE followed by autoradiography 

for 15 h at -70 0C. The arrow indicates the migration position of the h VDR. 
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cells. Replacement of Ser208, the residue phosphorylated by CK-II, with glycine 

(S208G) abolishes approximately 40% of the phosphorylation of wild type 

hVDR (compare lanes 1 and 5; lanes 2 and 6), while a double mutant 

(S51 GIS208G) retains only 10% of the wild type level of phosphorylation 

(compare lanes 1 and 7; lanes 2 and 8) after correction for minor variations in 

mutant receptor expression levels as assessed by immunoblotting (data not 

shown). In addition, when cells expressing the wild-type or mutant h VDRs are 

exposed to 1,25(OHhD3 (odd numbered lanes), phosphorylation is slightly 

stimulated in most cases. The stimulation in the presence of sterol ligand is 

blunted in this particular experiment by the high level of h VDR, because in 

transfected cells with lower levels of h VDR expression, the stimulation of 

phosphorylation by 1,25(OHhD3 is consistently as high as two-fold (McDonnell 

et at., 1989; Jones et at., 1991; see also Figures 22-24). Nevertheless, because 

alteration of the Ser51 PK-C site or the Ser208 CK-II site does not diminish the 

slight increase in hVDR phosphorylation occurring in the presence of 

1,25(OHhD3, this suggests that PKC- and CK-II-mediated phosphorylation of 

hVDR is independent of the presence of the 1,25(OHhD3 hormone. This 

conclusion is further supported by data presented earlier (Figure 12) that 

phosphorylation of hVDR by CK-II, in vitro, is not influenced by 1,25(OHhD3. 

Taken together, the observations in Figure 35 reveal that phosphorylation of 

Ser51 and Ser208 represents approximately 90% of the total phosphate 

incorporation into the h VDR in transfected COS-7 cells during a 4 hour labeling 

period. However, at least two additional phosphoacceptor sites may exist in the 

receptor since the double mutant (S51 GIS208G) is still phosphorylated in the 

absence of the 1 ,25(OHhD3 hormone (lane 8), while the addition of ligand 
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results in a further enhancement of phosphorylation (lane 7). 

Phosphorylation of Purified h VDR Produced in a Baculovirus Overexpression 

System 

h VDR produced in an in vitro transcription/translation system or 

overexpressed in COS-7 cells was previously shown to be phosphorylated by 

CK-II, in vitro (Chapter 3, Figures 13 and 14). In addition, hVDR expressed in 

CV -1 cells (Hsieh et at., 1991) or overexpressed in E. coli (Hsieh et at., 1993) 

serves as a substrate for phosphorylation by PK-C, in vitro. In order to 

determine if the h VDR obtained from a single source could serve as a substrate 

for these kinases and to test the receptor as a substrate for PK-A, partially 

purified, baculovirus-expressed h VDR was utilized as a substrate for 

phosphorylation, in vitro, by PK-A, PK-C and CK-II. As depicted in Figure 36, 

not only is the receptor efficiently phosphorylated by PK-C (lane 4) and CK-II 

(lane 6), but the protein can also serve as a novel substrate for PK-A (lane 2). 

Analysis of hVDR Phosphorylation by PK-A, In Vitro. 

The phosphorylation of h VDR by PK-A was further analyzed by employing 

a COS-7 overexpression system. Immunoextraction of untransfected COS-7 cell 

lysates with anti-VDR mAb 4A5y linked to agarose beads and subsequent 

incubation of the 4A5y beads with PK-A resulted ill a low level of 32p 

incorporation into endogenous VDR (Figure 37, lane 1). In contrast, 

immunoextraction of hVDR-transfected cell lysates and treatment with PK-A 

generated an intensely labeled h VDR protein band (Figure 37, lanes 4 and 5). 

This PK-A-mediated phosphorylation of h VDR was not affected by the addition 
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FIGURE 36. Phosphorylation of partially purified, baculovirus-derived hVDR 

by PK-A, PK-C and CK-II, in vitro. Human VDR produced in a baculovirus 

overexpression system was partially purified as described in Materials and 

Methods. One!ll of the peak fraction containing hVDR was incubated with 

either 0.10 units purified bovine heart PK-A (lane 2), 0.30 units mouse brain PK

C (lane 4) or 0.01 units bovine testis CK-II (lane 6), Mock-incubated samples 

contained all assay components except the indicated enzyme (lanes 1, 3 and 5). 

The reactions were allowed to proceed for 5 min at 30 oC in the presence of 40 

!lCi [y_32P]ATP and then terminated by addition of 2X final sample buffer. The 

samples were then analyzed by 10% SDS/P AGE and the dried gel was exposed 

to film for 0.5 h at -70 0C. The CK-II phosphorylated samples (lanes 5 and 6) 

were exposed to film for 2 h at -70 0C. The upper and lower arrows indicate the 

migration positions of hVDR and the autophosphorylated ~ subunit of CK-II, 

respectively. 
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FIGURE 37. Phosphorylation of hVDR, immunoextracted from transfected 

COS-7 cells, by PK-A, in vitro. COS-7 cells were transfected with 15 ~g wild 

type hVDR expression vector (lanes 2-5) or carrier DNA (lane 1) by calcium 

phosphate-DNA coprecipitation. The hVDR was then immunoextracted with 

mAb 4A5y-agarose as described in Materials and Methods. The washed 4A5y

agarose beads bearing hVDR were resuspended in 40 ~l PK-A buffer and 

incubated for 1 h at room temperature with 100 nM 1,25(OHhD3 (lanes 1, 3 and 

5) or ethanol vehicle (lanes 2 and 4) followed by incubation with 20 ~Ci [y-

32P]ATP and either 25 units purified bovine heart PK-A (lanes 1, 4 and 5) or PK

A buffer (lanes 2 and 3) for 10 min at 30 oc. The 4A5y-agarose was then boiled 

4 min in 2X final sample buffer and analyzed by 10% SDS/PAGE. The dried 

polyacrylamide gel was exposed to Kodak X-OMAT AR film for 8h at -70 0C. 
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of the 1,25(OHhD3 hormone prior to incubation with PK-A (compare lanes 4 

and 5). Immunoextracted h VDR did not possess an intrinsic or contaminating 

kinase activity since omission of PK-A from the kinase assay resulted in 

undetectable levels of hVDR phosphorylation (Figure 37, lanes 2 and 3). When 

immunoextracted hVDR was incubated with PK-A for various times, the 

receptor was phosphorylated in as little as one min and extensive 

phosphorylation occurred by 20 min (Figure 38). In the experiments depicted in 

Figures 37 and 38, an excess of soluble 4A5y mAb which competes for h VDR 

binding with the solid-phase antibody reduced the intensity of only the 48 kDa 

band, confirming that this species (and not the labeled protein at 38 kDa) is the 

hVDR (data not shown; also see Figure 39B, lane 8). Taken together, these 

observations indicate that the authentic hVDR protein is an efficient substrate for 

rapid 1 ,25(OHhD3 hormone-independent phosphorylation by PK-A, in vitro. 

Localization ofPK-A Phosphorylation Sites Utilizing Truncation Methodology. 

The domain of h VDR phosphorylated by PK-A, in vitro, was next 

examined, at least within the constraints of truncation methodology which 

potentially can expose cryptic sites of phosphorylation at the novel C-termini. 

COS-7 cells were transfected with either the wild type h VDR, or two truncated 

receptor species, ~202 or ~134 (see Methods). Immunoblot analysis of duplicate 

transfected cell extracts indicated nearly equivalent expression of all species 

tested (Figure 39A). Immunoextraction of hVDR from aliquots of these 

duplicate extracts followed by PK-A-catalyzed phosphorylation, in vitro, 

revealed that a vast majority of this phosphorylation occurred between residues 

201 and 133 (Figure 39B, compare lanes 3 and 4 to lanes 5 and 6). Addition of a 
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FIGURE 38. Time-course of hVDR phosphorylation catalyzed by PK-A, in 

vitro. COS-7 cells were transfected with 15 /-lg wild type h VDR expression 

vector followed by immunoextraction of the receptor as described in Materials 

and Methods. The hVDR was then incubated with PK-A for the indicated times 

and analyzed by 10% SDS/PAGE as described in the legend to Figure 37. The 

dried polyacrylamide gel was exposed to Kodak X-OMAT AR film for 8h at -70 

°C. 
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terminally-truncated h VDR in transfected COS-7 cells. 
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FIGURE 39. (A) Expression of wild type and C-terminally-truncated hVDR in 

transfected COS-7 cells. COS-7 cells were transfected with either wild type 

hVDR (lanes 1, 2, 7 and 8), the ~202 (lanes 3 and 4) or the ~I34 (lanes Sand 6) 

h VDR truncations and 40 ~g portions of cellular protein were analyzed by 

immunoblotting as described in Materials and Methods. (B) Phosphorylation of 

wild type and C-terminally-truncated h VDR immunoextracted from transfected 

COS-7 cells. An aliquot of each cellular extract obtained in Panel A was 

immunoprecipitated with 4ASy-agarose and subsequently incubated with PK-A 

and analyzed by 10% SDS/PAGE as described in the legend to Figure 37. Lane 

7 included a several fold excess of a PK-A substrate peptide competitor 

(-RRKASGP-) during the kinase reaction. Lane 8 included a IO-fold excess of 

soluble 4ASy mAb which competes for h VDR binding with the solid-phase 

antibody. The dried polyacrylamide gel was exposed to Kodak X-OMAT AR 

film for O.S h at -70 oc. 
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several fold excess of an authentic PK-A substrate peptide which competes with 

the wild type h VDR substrate during the kinase reaction markedly attenuated 

PK-A-catalyzed phosphorylation of the receptor (Figure 39B, lane 7). 

PK-A-mediated Phosphorylation of hVDR in Transfected COS-7 Cells and 

Evaluation of Effects on Receptor Activity. 

Finally, the ability of the hVDR to act as a substrate for PK-A in intact cells 

was analyzed. COS-7 cells were incubated for 4 h with [32P]orthophosphate 

after being cotransfected with a wild type h VDR expression plasmid and/or an 

expression vector containing the catalytic subunit of murine PK-A under the 

control of a metallothionein promoter. Immunoextracted receptor from cells 

transfected with only hVDR (Figure 40, lane 1), or from cells transfected with 

hVDR and PK-A but not treated with Zn+2 to induce expression of the kinase 

(Figure 40, lane 2), displayed basal levels of h VDR phosphorylation, in vivo. In 

contrast, PK-A transfected, Zn+2-treated cells exhibited a dramatic increase in 

receptor phosphorylation (Figure 40, lane 3). To address the potential functional 

significance of PK-A-mediated h VDR phosphorylation, a similar set of 

cotransfection experiments was carried out utilizing a reporter gene containing 

four upstream copies of the VDRE from the rat osteoca1cin gene (Terpening et 

al., 1991). These data revealed that increasing levels of transfected, expressed 

(Zn+2-induced) PK-A results in a striking 75% reduction in 1,25(OHhD3-

stimulated transcriptional activation of the VDRE-linked reporter gene (Figure 

41). Significantly, in control experiments, basal levels of hVDR transcriptional 

activity in the absence of the 1,25(OHhD3 ligand, or basal levels of thymidine 

kinase promoter activity in the absence of the h VDR protein, were not attenuated 
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FIGURE 40. Phosphorylation of hVDR by PK-A in transfected COS-7 cells. 

COS-7 cells were transfected with 15 Jig wild type hVDR (lanes 1-3) vector and 

25 Jig of the catalytic subunit of PK-A under the control of the Zn+2-inducible 

mouse metallothionein MT-l promoter (lanes 2 and 3) or carrier DNA (lane 1). 

Transfected cells were incubated in the absence (lanes 1 and 2) or presence 

(lane 3) of 100 JiM Zn+2 for 24 h and then labeled metabolically with 

[32P]orthophosphate for 4 h. h VDR was then immunoextracted and analyzed 

by 10% SDS/PAGE as described in Materials and Methods. The dried 

polyacrylamide gel was exposed to film for 16 h at -70 0C. 
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FIGURE 41. 1,25(OHhD3-Mediated transcriptional activation of a reporter 

gene in COS-7 cells cotransfected with PK-A and hYDRo COS-7 cells were 

transfected with 1.0 Jlg of h VDR expression plasmid, 7.5 Jlg of a reporter vector 

containing four copies of the VDRE linked upstream of the human growth 

hormone gene (Terpening et ai., 1991), and the indicated amount of a PK-A 

expression vector. The cells were incubated either in the absence or presence of 

100 JlM Zn+2 and 10-8 M 1,25(OHhD3 or ethanol vehicle for 24 h post

transfection. The 1,25(OHhD3-stimulated transcriptional activity measured in 

the absence of PK-A and Zn+2 was set at 100%. All values constitute 

1,25(OHhD3-mediated transcriptional activation under the conditions indicated 

and are the average (± S.D.) of three independent experiments, with triplicate 

samples in each of the various treatment groups in the three sets of data. The 

difference in transcriptional activation measured in the absence of PK-A and in 

the presence of 5 and 25 Jlg of PK-A was statistically significant (P < 0.001). 



216 

but were, in fact, slightly elevated in response to overexpression of PK-A (data 

not shown). 

DISCUSSION 

Regulation of the activity of several DNA-binding proteins is known to be 

mediated by phosphorylation (Hunter and Karin, 1992). This chapter describes 

the phosphorylation of hVDR, a DNA binding protein which regulates the 

activity of 1,25(OHhD3-controlled genes such as calcium binding protein 

(Christakos et al., 1989; Haussler et al., 1991) and osteocalcin (Haussler et aI., 

1991; Pike, 1990). The receptor, purified from a baculovirus overexpression 

system, is efficiently phosphorylated, in vitro, by CK-II, PK-C and PK-A and in 

transfected COS-7 cells by mammalian PK-A. Moreover, phosphorylation of 

h VDR in these transfected cells results in a dramatic, PK-A concentration

dependent attenuation of 1,25(OHhD3-induced transcriptional activity. Initial 

localization experiments suggest that the in vitro phosphorylation site(s) for PK

A resides between Ala133 and Ser201, within the "hinge" domain ofhVDR. 

These data are consistent with and extend the observation that other 

members of the steroid/thyroid hormone receptor superfamily are also 

phosphorylated by PK-A, CK-II or PK-C, in vitro, including both the 

mammalian (Hurd et al., 1989) and avian (Weigel et al., 1981) PR, the 

mammalian GR (Singh and Moudgil, 1985), the avian TR (Goldberg et al., 1988; 

Glineur et al., 1989) and the hVDR (Hsieh et aI., 1991). The PK-C- and CK-II

catalyzed phosphorylation of hVDR represents a hormone-independent 

mechanism for modification of the receptor and together accounts for 
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approximately 90% of the total protein phosphorylation in intact cells (Figure 

35). Additionally, another ligand-independent phosphorylation site(s) (possibly 

representing a target for PK-A) as well as a hormone-sensitive site(s) is also 

present in the h VDR (Figure 35), suggesting that the receptor is phosphorylated 

at a minimum of four residues by at least four distinct kinases. 

The PK-A-catalyzed phosphorylation of hVDR (Figure 37), PR or GR, in 

vitro, does not appear to be significantly affected by the presence of the cognate 

hormone, suggesting that this phosphorylation may playa modulatory rather than 

obligatory role in hormone-stimulated receptor activation. Along with the in 

vitro data, the results in intact cells (Figure 40) implicate the involvement of PK

A in phosphorylation of hVDR, in vivo. However, the possibility that PK-A 

phosphorylates another downstream kinase(s) resulting in a phosphorylation 

cascade culminating in the phosphorylation of h VDR cannot be completely ruled 

out. Phosphopeptide mapping along with identification of the PK-A 

phosphorylation site(s) utilizing site-specific mutagenesis will be required to 

unequivocally demonstrate the direct involvement of PK-A in the 

phosphorylation of h VDR, in vivo. 

The apparent effect of PK-A-catalyzed phosphorylation of hVDR in 

transfected COS-7 cells is a suppression of 1,25(OHhD3-stimulated, h VDR

dependent transcriptional activity (Figure 41). In contrast, hormone-stimulated 

transcriptional activation by both the GR (Rangarajan et ai., 1992) and PR 

(Denner et ai., 1990b; Beck et ai., 1992) is enhanced by treatment of cells with 

either 8-bromo-cyclic adenosine monophosphate, an activator of PK-A, or by 

coexpression of the PK-A catalytic subunit. In the case of the GR, this 

transcriptional enhancement is correlated with an increase in the ability of this 
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receptor to bind DNA (Rangarajan et al., 1992). Thus, the functional 

consequences of PK-A-mediated steroid hormone receptor phosphorylation may 

be distinct between the ORIPR and VDR subfamilies. It is tempting to speculate 

that this differential effect of phosphorylation on transcriptional activity may be 

related to the requirement for a receptor auxiliary factor and subsequent 

heterodimer formation on the steroid response element in the VDR subfamily 

(Yu et aI., 1991; Kliewer et aI., 1992), while the OR and PR function as 

homodimers (Tsai et aI., 1988). Recent reports have demonstrated that activators 

of PK-A increase PR-dependent transcriptional activation of a progesterone 

responsive element-linked reporter gene without a detectable increase in PR 

phosphorylation (Beck et al., 1993; Sartorius et aI., 1993). These data suggest 

that the cAMP-mediated increase observed in these systems may be the result of 

phosphorylation of an "adaptor" protein in the transcriptional pre-initiation 

complex. Thus, direct phosphorylation of a steroid hormone receptor by PK-A 

(e.g. hVDR) may attenuate transcriptional activation, while PK-A-catalyzed 

phosphorylation of distinct steroid hormone-associated transcription factors may 

stimulate gene activation. 

The hVDR is phosphorylated by protein kinase C in its DNA binding 

domain and by casein kinase II in its hormone binding domain, in vivo (Figure 

35), and in vitro (Figure 36). Thus, like other members of the steroid/thyroid 

hormone receptor superfamily (Orti et aI., 1992), the hVDR is phosphorylated by 

mUltiple kinases in selective functional domains. The discovery of PK-A

catalyzed hVDR phosphorylation, apparently in the "hinge" region of the 

receptor, as reported in the present chapter should facilitate our understanding of 

the overall mechanism involved in h VDR function and of the interplay between 
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these multiple phosphorylation sites in the protein. 
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CHAPTER VII 

GENERAL DISCUSSION AND CONCLUSIONS 

Protein phosphorylation has long been recognized as an important 

mechanism in cellular regulation. In the last decade, the characterization and 

eventual cloning of a wide array of genes whose nuclear protein products are 

directly involved III transcriptional regulation, including the 

steroid/thyroid/retinoic acid hormone receptor superfamily, has revealed that 

almost all of these transcription factors exist as phosphoproteins. This 

observation suggests that phosphorylation may represent one of the most 

significant and diverse mechanism for controlling metabolic and cellular activity, 

as well as growth and differentiation. 

The regulatory diversity of phosphorylation derives mainly from its ability 

to target several distinct levels at which transcription factors function. One 

possibility is that the metabolic stability or turnover of the protein is altered by 

phosphorylation. This may come about because phosphorylation "tags" the 

protein for a particular degradation pathway. In the case of those transcription 

factors which are dependent on hormone binding for activity, another possibility 

is that phosphorylation could modulate the ability of these proteins to interact 

with their cognate ligand. Examples of this type have been reported for several 

members of the steroid/thyroid hormone receptor superfamily (Auricchio et ai., 

1984; Grandics et at., 1984; Singh and Moudgil, 1985; Faure and Dussault, 

1988; Golsteyn et ai., 1989). 
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The nucleus is the target site of action for transcription factors, thus 

regulating the access of the protein to this compartment represents another level 

of control which can be exerted through phosphorylation. A well studied 

example of this type of regulation is SWI5, a protein which is involved in mating 

type switching in S. cerevisiae. The protein is phosphorylated near the basic 

nuclear localization signal by the yeast homologue of the cell cycle dependent 

p34cdc2 kinase (Nasmyth et aI., 1990; Moll et ai., 1991). The resulting 

phosphoprotein is no longer efficiently transported into the nucleus and is 

thereby retained in the cytosol. When the p34cdc2 kinase is inactivated (during 

the M phase of the cell cycle), the now hypophosphorylated SWI5 is again 

shuttled into the nuclear compartment. Another example of this type of 

regulation involves the transcription factor NF-KB and a family of related 

proteins. These proteins are retained in the cytoplasm as an inactive complex 

with another inhibitory protein, IKB. Upon appropriate stimulation, it appears 

that IKB is phosphorylated resulting in release of NF-KB from the inhibitory 

complex and subsequent migration into the nucleus (Baeuerle and Baltimore, 

1988b; Baeuerle and Baltimore, 1988a; Ghosh and Baltimore, 1990). 

The regulation of DNA-binding constitutes another level of transcription 

factor modulation via phosphorylation. Both an increase or decrease in the 

ability of transcription factors to bind to their specific DNA recognition 

sequences upon protein phosphorylation are theoretically possible, although 

many more examples of inhibition are known. Some notable examples are c-myb 

and C-jUll, which are both phosphorylated by CK-II with a consequent decrease 

in their DNA binding activity (Luscher et ai., 1990; Boyle et aI., 1991; Lin et at., 

1992a). Myogenin, a basic-helix-Ioop-helix protein, is phosphorylated by PK-C, 
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also producing attenuated DNA binding (Li et at., 1992). Interestingly, max, 

another basic-helix-Ioop-helix protein, which can bind DNA as a homodimer or a 

heterodimer in combination with c-myc, is phosphorylated by CK-II. The result 

of this phosphoryktion event is a decrease in the DNA binding activity of the 

homodimer, while c-myc:max heterodimer binding appears unaffected (Berberich 

and Cole, 1992). This observation may have important implications for the 

steroid/thyroid hormone receptor superfamily where the GR subfamily of 

proteins binds as homodimers whereas the receptors in the VDR subfamily bind 

to DNA predominantly as high affinity heterodimers. Finally, it is interesting to 

note that while the DNA binding function of several proteins like c-myb, c-jun 

and max is inhibited by CK-II-catalyzed phosphorylation, two other proteins, 

serum response factor and the Arabidopsis G-box binding factor (GBF-l), are 

phosphorylated by CK-II with a resulting stimulation of DNA binding activity 

(Manak and Prywes, 1991; Klimczak et at., 1992; Marais et at., 1992). Thus, 

depending on the particular protein involved, phosphorylation by a distinct 

kinase can result in either an increase or decrease in DNA binding. In addition, 

the effects of CK-II on GBF-l provide the first demonstration of phosphorylation 

as a mechanism involved in transcriptional regulation in plants. 

Once transcription factors enter the nucleus and bind to their appropriate 

DNA target sites, the activated protein is presumed to interact with one or more 

components of the transcriptional machinery, thus affecting the transcriptional 

activity of the target gene. Phosphorylation of the transcription factor may 

modulate this interaction; interestingly, most examples at this level of regulation 

appear to be stimulatory rather than inhibitory. The cAMP-responsive element 

binding protein (CREB) serves as one well studied example. cAMP-inducable 
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genes are stimulated by the active, phosphorylated form of CREB. 

Phosphory lation of the protein does not appear to increase nuclear transport or 

DNA binding activity, but rather it is believed that a conformational change 

brought about by PK-A-catalyzed phosphorylation at Ser133 increases the 

interaction of a nearby activation domain with the transcriptional complex, thus 

stimulating the transcription of CREB target genes (Yamamoto et aI., 1988; 

Gonzalez and Montminy, 1989; Gonzalez et aI., 1991). A similar situation exists 

in the case of C-jUll which is phosphorylated at Ser63173 by mitogenic stimuli, 

such as expression of transforming proteins or exposure of cells to TP A (12-0-

tetradecanoylphorbol-13-acetate), a tumor promoter (Smeal et aI., 1992; Pulverer 

et aI., 1993). The result is an increased transcriptional activation capacity of the 

c-jUll protein which is abrogated by mutation of Ser63173 to nonphosphorylatable 

amino acids (Smeal et aI., 1992). The PU.l transcription factor expressed in 

macrophages and B cells is also phosphorylated by CK-II at Ser148 thereby 

activating the protein and stimulating transcription (Pongubala et ai., 1993). An 

example of a protein in which transcriptional activity is decreased by 

phosphorylation is ADR1, a yeast transcription factor. The protein is 

phosphorylated at Ser230 by PK-A resulting in an inhibition of target gene 

stimulation while the DNA binding function of the protein is unaffected (Cherry 

et aI., 1989; Taylor and Young, 1990). 

The existence of several levels of transcription factor regulation mediated 

by phosphorylation and the observation that the hVDR is phosphorylated by at 

least three distinct kinases, with associated functional effects on receptor activity, 

allows for the classification of each of these phosphorylation events based on the 

level of regulation (as described above) targeted by each kinase. Furthermore, 
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phosphorylation of hVDR by PK-C, CK-II and PK-A is neither dependent nor 

significantly affected by the presence of the 1,25(OHhD3 hormone, suggesting 

that the composite activity of the VDR can be modulated by the activities of 

signal transduction pathways which utilize these kinases (Figure 42). The 

phosphorylation of VDR is also enhanced by binding of the sterol ligand, 

perhaps intimating a role for an as yet uncharacterized 1,25(OHhD3 hormone

dependent protein kinase (Figure 42). The function of this kinase might be to 

contribute to the activation of the receptor, via phosphorylation, upon binding of 

the hormonal "signaling" molecule. In addition, recent evidence suggests that 

the steroid hormone receptors may also be substrates for a DNA-dependent 

protein kinase (Takimoto et at., 1992; Weigel et at., 1992b), although a 

functional role for phosphorylation by this kinase has not been established 

(Figure 42). 

As described in Chapter 5, phosphorylation of h VDR by PKC-~ leads to a 

presumed attenuation of 1,25(OHhD3-mediated trans-activation by inhibiting 

specific receptor-DNA interaction. It has been observed in a number of studies 

that the activity of PK-C is elevated under conditions which stimulate cell 

proliferation, and in certain transformed cell lines or tumors. It is possible that 

PK-C-mediated inhibition of hVDR activity could limit trans-activation by 

1 ,25(OHhD3 during certain periods of cell growth. Furthermore, 1,25(OHhD3 

can selectively stimulate the transcription of the PKC-~ gene in the human 

promyelocytic cell line, HL-60 (Obeid et at., 1990). In addition, expression of 

the VDR gene appears to be inhibited by activated PK-C in NIH3T3 cells 

(Krishnan and Feldman, 1991). Taken together, these observations suggest the 

presence of a feedback loop in which stimulation of PKC-~ gene expression by 
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\FIGURE 42. Integrative model of VDR regulation mediated by multi-site 

receptor phosphorylation. The active 1,25(OHhD3 hormone, synthesized by 

two successive enzymatic hydroxylations of the vitamin D precursor, binds to 

its nuclear receptor (R) resulting in VDR activation (R*) and high affinity 

interaction of the protein with the VDRE in combination with receptor auxiliary 

factor (RAF), thereby modulating the transcription of target genes like 

osteocalcin. The receptor is shown to be a substrate for PK-C, CK-II and PK-A 

independent of the I ,25(OHhD3 ligand. The activity of these kinases is 

regulated by cell surface-generated signal transduction pathways. The 

proposed function of each phosphorylation is shown in the box below each 

kinase. The receptor is also phosphorylated by a putative 1,25(OHhD3-

dependent protein kinase (l,25-DK) and possibly by a DNA-dependent protein 

kinase (DNA-DK). The functions of these additional phosphorylations are not 

known. 
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1 ,25(OHhD3 can eventually result in PK-C-mediated down regulation of the 

VDR gene and in the inhibition of VDR protein activity by PK-C-catalyzed 

phosphorylation. This regulatory interplay between the hormonal ligand and PK

C pathways may be important in cellular growth control mechanisms. 

While PK-C phosphorylation of h VDR inhibits the activity of the receptor, 

CK-II-catalyzed phosphorylation appears to be stimulatory. However, unlike the 

role of PK-C which usually participates in mitogen-associated transduction 

pathways, the signal transduction pathways associated with CK-II are unknown. 

Recently, evidence from several laboratories has suggested that CK-II may 

somehow be involved in the generation of the differentiated phenotype in a 

variety of cell lines. For example, the differentiation of NIA-I03 neuroblastoma 

cells is accompanied by the appearance of axon-like processes known as 

neurites. These neurites are dependent on microtubule-associated protein which 

can only assemble to form these extensions after phosphorylation by CK-II. 

There appears to be a dramatic increase in CK-II activity during neuroblastoma 

differentiation which leads to neuronal morphogenesis and neurite formation 

(Dfaz-Nido et aI., 1992). Furthermore, depletion of CK-II by antisense 

oligonucleotides prevents neuritogenesis and differentiation in neuroblastoma 

cells (Ulloa et ai., 1993). The human colon carcinoma cell line, HT-29, can be 

induced to undergo differentiation when grown in glucose-free medium. The 

CK-II activity remains elevated only during differentiation of these cells and then 

drops significantly (Rydell et aI., 1990). Thus, taken together, these studies 

show that the level of CK-II appears to correlate well with the induction of cell 

differentiation, and because CK-II-catalyzed phosphorylation of h VDR 

stimulates the transcriptional activity of the receptor, this may be an important 
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component in the molecular mechanism of 1,25(OHhD3-induced differentiation 

of certain cell lines like HL-60 (Mangelsdorf et ai., 1984). 

Other studies have suggested that CK-II is a constitutive enzyme which is 

not regulated by mitogens or other cellular modulators (Pinna, 1990; Hunter and 

Karin, 1992). It is possible that the relative level of phosphorylation of various 

CK-II substrates, including VDR, may depend not so much on the activity of the 

kinase, but rather on the activity of a regulated phosphatase. In this regard, it 

was pointed out earlier in this chapter that phosphorylation of c-jUl1 by CK-II 

inhibits the DNA binding activity of this protein. TPA or growth factor 

stimulation of cells leads to a dephosphorylated, and thereby activated, c-jUl1 

molecule, presumably through stimulation of a phosphatase (possibly via PK-C

mediated phosphorylation) which catalyzes the removal of phosphates from the 

CK-II sites in the protein (Lin et ai., 1992a). Thus, in the case of c-jUl1, it 

appears that the activity of a phosphatase, rather than the CK-II enzyme itself, is 

targeted for regulation. It is also interesting to note that both c-jUl1 and hVDR 

are phosphorylated in response to TPA and by CK-II; however, while TPA

stimulated phosphorylation of c-jUl1 increases its trails-activation potential 

(Pulverer et ai., 1993), the activity of h VDR is apparently decreased as a result of 

inhibited DNA binding. Conversely, CK-II-mediated phosphorylation of c-jull 

decreases its DNA-binding function while the transcriptional activity of h VDR is 

stimulated by this enzyme. This inverse relationship between phosphorylation 

and function is especially intriguing since c-jun is primarily involved in 

pathways leading to cell proliferation in contrast to the 1 ,25(OHhD3 hormone 

which induces certain cells to differentiate and inhibits the anchorage

independent growth of all known neoplastic cells that express significant levels 
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of VD R (Haussler et at., 1986). 

Finally, the hVDR has been shown to be phosphorylated by PK-A with a 

resultant decrease in 1,25(OHhD3-mediated receptor trans-activation (Figure 

41). This effect of PK-A phosphorylation may be significant in terms of calcium 

homeostasis. As discussed previously (Chapter 1), PTH functions to raise 

plasma calcium primarily through its action to stimulate bone resorption and by 

enhancing renal calcium reabsorption. The hormone utilizes primarily cAMP 

and the PK-A signal transduction pathway to mediate these effects in osteoblasts 

(Partridge et at., 1981; Civitelli et at., 1990). PTH and 1,25(OHhD3 both act at 

the osteoblast to stimulate the production of bone resorptive factors which 

enhance osteoclast activity thereby increasing bone resorption and serum calcium 

levels. PTH also increases metabolism in the kidney of vitamin D to its active 

hormonal form, 1,25(OHhD3 (Figure 42). This effect of PTH shifts calcium 

recovery from skeletal reserves and the kidney in the acute situation to intestinal 

absorption as mediated by 1 ,25(OHhD3 in the chronic situation. However, since 

the increased levels of 1 ,25(OHhD3 (stimulated by PTH) can also act at the 

osteoblast to increase the production of bone resorptive factors, it is possible that 

the increased activity of PK-A in the osteoblasts (stimulated by PTH) may 

downregulate the 1,25(OHhD3-mediated increase in bone resorptive factors 

through PK-A-catalyzed phosphorylation and inhibition of VDR. This putative 

mechanism would provide a powerful "crosstalk" between the PTH-stimulated 

PK-A transduction pathway and VDR, and in this way would further facilitate 

the shift of calcium reclamation from bone to intestine. Furthermore, similar to 

the PK-C-mediated down regulation of the VDR gene, the PTH-cAMP system 

has been shown to suppress VDR mRNA accumulation in osteoblasts (Reinhardt 
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and Horst, 1990). Therefore, the inhibition of VDR activity by PTH may operate 

at both the transcriptional and post-translation level. Collectively, these 

observations suggest that while phosphorylation of VDR by PK-C or CK-II may 

alter the activity of the receptor under various conditions of cell growth and 

differentiation, PK-A phosphorylation of VDR may be more related to control of 

receptor activity in classic, physiological target tissues like bone in concert with 

other calcium regulators such as PTH. 

This dissertation has reported novel data concerning the phosphorylation 

and potential modulation of the I ,25(OHhD3 receptor protein. This reversible, 

post-translational modification affords cellular regulatory mechanisms the ability 

to constantly respond to changing physiological conditions in order to maintain 

homeostasis or to direct growth or development. Multi-target phosphorylation of 

VDR, with resulting functional consequences, demonstrates the tremendous 

potential for diverse regulation of protein function via post-translational control. 

The future experimental elucidation of VDR phosphorylation should focus on 

further dissecting the regulatory circuitry involved in modulating receptor 

activity and on identifying additional kinases which may phosphorylate VDR 

and thereby provide additional levels of fine-tuning control. 

In conclusion, as depicted in Figure 42, there are likely at least three and 

possibly as many as five phosphorylation events involving the vitamin D 

receptor as a substrate. One, a hormone-dependent event, is postulated here to be 

of primary significance to the enhancement of osteocalcin gene transcription. 

This hypothesis, however, is based on correlative experiments (Chapter 2) and it 

must be noted that this phosphorylation is quantitatively minor when the VDR is 

expressed in COS-7 cells (Chapter 6). Nevertheless, 1,25(OHhD3-stimulated 
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phosphorylation of endogenous VDR in certain target cells such as osteoblasts 

could be a significant functional component of the vitamin D signal transduction 

system and should be further investigated through peptide mapping strategies. A 

second proposed phosphorylation of VDR is one which may rely on the DNA 

association of the receptor and be catalyzed by a DNA-dependent protein kinase 

(Figure 42). The fact that, in contrast to the OR, the VDR is associated with 

DNA in the absence of hormonal ligand is perhaps suggestive of such a kinase 

being important for VDR function. Therefore, in vitro phosphorylation 

experiments such as those reported in this dissertation should be carried out in 

the future to examine the potential role of the presence of the VDRE in the 

phosphorylation of VDR by target cell nuclear extracts. The three classic protein 

kinases which utilize VDR as a substrate as detailed in this monograph, namely 

PK-C, CK-II and PK-A, are likely controlled through processes which are 

initiated at the cell surface (see Figure 42). Therefore, this body of evidence 

represents the first illumination and partial characterization of how the function 

of a steroid/thyroid/retinoic acid hormone receptor can be modulated by 

endocrine, paracrine or autocrine factors through the activity of various signal 

transduction pathways, and how the stage of cell differentiation or proliferation 

may affect receptor activity via these pathways. The regulation of bone cell 

metabolism undoubtedly is mediated in an elegant and complex fashion by 

1,25(OHhD3, PTH, CT, growth factors like IOF-I, and a host of other endocrine 

factors, and a focal point of this control may be the phosphorylation of VDR in 

select target cells. 
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