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Abstract

This thesis describes three studies on mammalian 25-hydroxyvitamin 03

24-hydroxylase (24-hydroxylasA). the first enzyme in the C24-oxidation

pathway, a major catabolic pathway for vitamin 0 metabolites in kidney and

other target tissues for vitamin 0 hormone. The first study examines the

involvement of protein kinase C in the regulation of 24-hydroxylase activity in

mouse kidney. Evidence is presented supporting a stimulatory role lor protein

kinase C in the regulation of constitutive, but not inducible, renal 24

hydroxylase. The kinase is also implicated in the aberrant expression 01 renal

vitamin 0 metabolism in the mutant X-Iinked hypophosphatemic (J:OOù mouse.

The second study investigates the mechanism(s) by which lorskolin, a classic

activator of adenylate cyclase, inhibits 24-hydroxylase activity in mouse kidney.

Botn the traditional cAMP-dependent mechanism and a novel cAMP

independent mode of action are observed. A direct interaction between

forskolin and the substrate binding site of 24-hydroxylase is suggested lor the

latter based on kinetic analyses and structural similarities between the

diterpene and the steroid substrate for the hydroxylase. The third study

addresses the structural relationship between "enal 1-hydroxylase and renal

and target cell 24-hydroxylase(s) by assessing 24-hydroxylase activity in

patients with vitamin 0 dependency rickets type 1 (VOOR-I), a Mendelian

disorder of 1-hydroxylase function. Boîh constitutive renal 24-hydroxylase,

indirectly ascertained through measurement of circulating levels of relevant

vitamin 0 metabolites. and inducible target cell 24-hydroxylase. directly

measured in cultured skin fibroblasts, are shown to be intact in VOOR-I patients

undergoing calcitriol therapy. These findings suggest that the 1- and 24

hydroxylase activities Iikely represent or contain distinct gene products.
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Sommaire

Cette thèse comprend trois études sur la 25-hydroxyvitamine D3-24

hydroxylase (24-hydroxylase), la première enzyme dans la voie d'oxydation

C24, une importante voie de dégradation des métabolites de la vitamine D

dans le rein et dans d'autres tissus-cibles pour l'hormone de la vitamine D. La

première étude porte sur le rôle de la protéine kinase C dans la régulation de la

24-hydroxylase rénale chez la souris. Les résultats suggèrent que la protéine

kinase C agirait comme stimulateur de l'activité basale de la 24-hydroxylase,

mais pas de i'activité enzymatique inductible. La kinase serait aussi impliquée

dans le métabolisme anormal de la vitamine D chez la souris mutante

hypophosphatémique (~). La deuxième étude examine l'inhibition de la 24

hydroxylase rénale chez la souris par la forskoline, activeur connu de

l'éldénylate cyclase. Deux mécanismes d'inhibition sont obô-ervés: le

mécanisme déjà connu, dépendant de l'AMP cyclique ainsi qu'un nouveau

mode d'action indépendant de celui-ci. La cinétique de l'inhibition et la

similitude des structures de la forskoline et du substrat stéroïde de l'hydroxylase

suggèrent une intéraction directe entre la forskoline et le site de liaison du

substrat de la 24-hydroxylase. Dans la troisième étude, la relation structurale

entre la 1-hydroxylase et la 24-hydroxylase est examinée en évaluant l'état de

la 24-hydroxylase chez des patients atteints de rachitisme vitamino-dépendant

de type \ (VDDR-\), un désordre mendélien de la 1-hydroxylase. La 24

hydroxylase rénale constitutive (déterminée à partir des niveaux plasmatiques

des métabolites de la vitamine D pertinents) ainsi que l'activité enzymatique

inductible des cellules-cibles (mesurée dans des fibroblastes en culture)

semblent intactes chez les patients VDDR-\ traités avec l'hormone de la

vitamine D. Ces résultats suggèrent que la 1- et la 24-hydroxylase soient ou

comprennent des produits génétiques différents.



•

---------------

To my grandmother,
for beating the odds

and teaching me tha! nothing i3 impossible

1 l'



v

Academie Metabolism

'" 1.. ··11' ,"."

.·,... ",r,,~ •

undt'l'I,.adu.llc

lc:=
C101dwlc

IC-"'''''km
-,"""~ .."ll

.'1<1...11. <.,,_.'><,;;;.;;;;.. Ph 0 • 1 ~:::~~\n"lllJll'

1
.<.,0 1Il''rol,I..,,·,

Nrlt .,j'unl

11ll\llunOl!'

•,1\\'\I..nl prol....\(loI

Ic
::~~:':~~l'
dt'I:'.KJe.'d Ilfolt!
\ludC'nl~

.:!\WI(I.1IC' prolC'!o\Ol • ~

'''b~'~'~c::'..,
",01_

1»'" "'" Il(c"'·"'~

"...""""'... ,~~

.<
.,~

•

"The pathway of academic metabo~ism"

(by Elizabeth J. Kovacs)



vi

Acknowledgements

Although the manuscripts included in this thesis offer acknowledgements
in appreciation of specifie technical contributions, thase are typically brief and
formai, and fail to recognize tllose less tangible contributions, which we ail
know ta be of equal (if not greater) importance. Thus, 1 would like to take this
opportunity ta express my sincere thanks la the contributors of those "Iess
tangibles" as weil as provide the "extended version" of those
acknowledgements sa briefly and generically cited in the manuscripts. First, a
genei al ward of thanks te ail the catalysts and co-factors, past and present, who
contributed in various ways to my processing along the Pathway of Academie
Metabolism. Specifie; thanks are offered to:

My co-supervisors and raie models, Susie Tenenhouse and Charles
Scriver, for teaching me so much more than just good Scie'1ce. You've
contributed in countless ways ta bath my professional and personal
development. 1 thank you for guidance and inspiration, enthusiasm and
encouragement, support and understanding - the precious intangibles that
fuelled me throughout t~i1S undertaking.

Rima Rozen and Ken Hastings, for your keen interest, thouglltful
questions and insightful comments which helped steer this project along the
proper course.

Avihu Boneh, for introducing me ta protein kinase C (the rate-Iimiting step
in my Ph.D. pathway); for genuine friendship, even across the miles. Bardzo
dzienkuje, kochany.

Lynne Prevost and Huguette Rizziero, for perlorming miracles on a daily
basis.

Richard Germain, for spending his summer helping me gather the cAMP
data for the protein kinase C study; our loss is Medicine's gain.

Georgia Kalavritinos, a.k.a the Georgerator, Georgerama. Thank you for
providing excellent animal care throughout; you're a high-tech tech with haute
recherche style and a cage-side manner that makes Mother Teresa look like
Freddie Krueger. Thank you also for life-support during HPLC Marathons and
moral-support durinÇl Flpisoodies; for countless favours above and beyond the
twin calls of duty and friendship. Shwing!

Jasée Martel and Nat(h)alie Harvey, our UQAM connection. Ta Josée for
that much appre~iated serum 1,25-(OH)2D3 assay and your less appreciated
wipe-tests; ta bath of you, for sharing RI waste duties and spider-patrol, for your
good-natured tolerance of my scintillation counter gluttony, for helping ta make
"The Zoo" a truly enjoyable workplace.

Jan-Jan Lee, for computer advice, existential discussions, daily gravity
checks and much more.



(

(

(

V Il

Majid "Magic" Ghahremani, the High-Priest of chromatography. Thank
you for my indoctrination into HPlC-ology, for emergency column resurrections
and exorcisms, for being a good friend as weil as a fine teacher.

Valarie Byford (Dr. G. Jones' laboratory), for assistance in HPlC analysis
of vitamin D metabolites in the VDDR-I study and psychoanalysis of our HPlC
during its manic phase.

Gail Dunbar, for having the cell culture equivalent of a gardener's green
thumb and knowing how to share il. Thank you for making tissue culture an
enjoyable learning experience.

Terry Reade, for ail your help with the VDDR-I patients; for guided tours
of patient charts and a much needed clinical point of view.

Ali those fearless "volunteors" who contrihuted 10 cc's of their finest so
that our VDDR-I study might have control data. Many thanks to Annie Capua
Kritikos for the painless procurement oi said cc's.

Angéline Piercy and Donna Bray - Maytag couldn't hold a candie to you.

Jennifer Morrison, for Macintosh wizardry, for bagels and scones, for your
special brand of understated optimism, for friendship.

John Macleod, for periodically acting as my (tor)mentor. Thanks for
keeping me on my toes.

Sandra luscombe, for levity and lunacy. For friendship. And for Myrtle.

My thirtysomething friend, lynda "Poupouli" DiCesare (I(wd what's
wrong with that?!). Thank you for your infectious enthusiasm and comic relief;
for meals-on-wheels; for font-savvy and Zapf Dingbats. Most of ail, thank you for
being there during the best of times, the worst of times and everything in
between.

Sub-Iieutenant Myke Dwyer. my officer and gentleman, for providing
most of the motivation for the completion of this undertaking, as weil as ail of the
distraction...

And most importantly, special thanks to my parents, for seeing me
through yet one more degree. Thank you for your support, understanding,
patience and unwavering faith in me. (Would now be a good time to mention
medical school? - just kidding!!)



•

ATP
BSA
cAMP
cDNA
cGMP
DAG
DBP
DMSO
ECSD
EDTA
EGTA
FBS
G;

Gp
Gs
H-?

HEPES
HPLC
Hyp
1P3
K
KD
Ki
Km
MEM
molwt
mRNA
NADPH

OAG
OKcelis
PBS
4a-phorbol
P1P2
PMA (or TPA)
Protein kinase A
Protein kinase C

PTH
P450:;0C
RNA
SDS
SEM
Tris
VDDR-I

VIII

Abbreviatlons

adenosine triphosphate
bovine serum albumin
adenosine 3',5'-monophosphate
complementary DNA (deoxyribonucleic acid)
cyclic guanosine monophosphate
diacylglycerol
vitamin D binding protein
dimethylsulfoxide
half-maximal effective concentration
ethylenediamine tetraacetic acid
[ethylenebis(oxyethylenenitri10))tetraacetic acid
fetal bovine serum
inhibitory guanine nucleotide regulatory protein (G
protein)
phospholipase C-specific G protein
stimulatory G protein
1-(5-isoquinolinesulfonyl)-2-methylpiperazine
dihydrochloride
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
high performance liquid chromatography
X-Iinked hypophosphatemia, murine mutation
inositol-1 ,4,5-trisphosphate
kilodaltons
dissociation constant
inhibitory constant
apparent Michaelis-Menten constant
minimal essential medium
molecular weight
messenger RNA (ribonucleic acid)
nicotinamide adenine dinucleotide phosphate
(reduced)
1-0Ieoyl-2-acetyl-sn-glycerol
opossum kidney cells
phosphate-buffered saline
4a-phorbol 12,13-didecanoate
phosphatidylinositol-4,5-bisphosphate
phorbol 12-myristate 13-acetate
cAMP-dependent protein kinase
calcium-activated, phospholipid-dependent protein
kinase
parathyroid hormone
side-chain cleavage cy1ochrome P450
ribonucleic acid
sodium dodecyl sulfate
standard error of the mean
tris-(hydroxymethyl)-aminomethane
vitamin D dependency ricKets type 1



(

VDDR-I1
Vmax
XLH
1-hydroxylase
24-hydroxylase
250HD3
250HD
1,25-(OH)2D3
1,25-(OH)2D
24,25-(OH)2D3
24,25-(OH)2D
1,24,25-(OHbD3

vitamin D dependency rickets type Il
maximum velocity of reaction
X-linked hypophosphatemia, human disorder
25-hydroxyvitamin D3-1 a-hydroxylase
25-hydroxyvitamin D3-24-hydroxylase
25-hydroxyvitamin D3
25-hydroxyvitamin D2 and D3
1,25-dihydroxyvitamin D3
sum of 1,25-dihydroxyvitamin D2 and D3
24.25-dihydroxyvitamin D3
sum of 24,25-dihydroxyvitamin D2 and D3
1,24,25-trihydroxyvitamin D3

IX



1

x

Preface

Thesis format

This thesis is submitted in the form of manuscripts, in accordance with the

regulations stated in the Guidelines Concerning Thesis Preparation, which read

as follows:

"The candidate has the option, subject to the approval of the Department,
of including as part of the thesis the text, or duplicated published text, of
an original paper or papers. Manuscript-style theses must still conform to
ail other requirements explained in the Guidelines Concerning Thesis
Preparation. Additional material (procedural and design data as weil as
descriptions of equipment) must be provided in sufficient detai! (e.g. in
appendices) to allow a clear and precise judgement to be made of the
importance and originality of the research reported. The thesis should be
more than a mere collection of manuscripts published or to be published.
It must include a general abstract, a full introduction and Iiterature review
and a final overail conclusion. Connecting texts which provide logical
bridges between different manuscripts are usually desirable in the
interest of cohesion.

It is acceptable for theses to include, as chapters, authentic copies of
papers already published, provided these are duplicated clearly and
bound as an integral part of the thesis. In such instances, connecting
texts are mandatory and supplementary explanatory material is almost
always necessary. Photographs or other materials which do not
duplicate weil must be included in their original form.

While the inclusion of manuscripts co-authored by the candidate and
others is acceptable, the candidate is required to make an explicit
statement of who contributed to such work and to what extent, and
supervisors must attest to the accuracy of the claims at the Ph.D. Oral
Defense. Since the task of the examiners is made more difficult in these
cases, it is in the candidate's interest to make the responsibilities of
authors perfectly clear."

Accordingly, the present thesis is written in manuscript style with the

modifications required to achieve a cohesive discourse. Ali three manuscripts

presented have been published. The first manuscript, which deals with the

regulation of mouse renal 25-hydroxyvitamin D3-24-hydroxylase by protein

kinase C, and the second, which examines the mechanism for forskolin

mediated inhibition of 24-hydroxylase activity in mouse kidney, have been
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published in Endocrin%gy. The third paper. describing 24-hydroxylase activity

in patients with vitamin D-dependency rickets type 1 (VDDR-I), appears in The

Journa/ of Clinica/ Endocrin%gy and Metabolism. Supplementary material.

such as technical details and complementary data which have not been

published elsewhere. has been included in Appendices.

Contributions by Co-authors

Ali three manuscripts presented in this thesis have been co-authored by

myself and my thesis supervisor, Dr. Harriet S. Tenenhouse. Two of the three

manuscripts bear the name of a third co-author. According to the regulations

stated in the Guidelines Concerning Thf',c:is Preparation, the inclusion of co

authored manuscripts is acceptable. provided that the candidate clearly state

the contribution of each co-author (excluding the thesis supervisor) to the final

work.

The non-supervisory co-author of the manuscript entitled "Evidence for

protein kinase C involvement in the regulation of 25-hydroxyvitamin D3-24

hydroxylase" is Dr. Avihu Boneh. Dr. Boneh was a graduate student of Dr.

Tenenhouse. working on the characterization of protein kinase C in mouse

kidney, and his contributions to the manuscript comprise the data in Figure 1

and the associated procedural description. "Phosphorylation of endogenous

substrates", in Materials and Methods.

Dr. Glenville Jones is the non-supervisory co-author of the manuscript

entitled "Normal 24-hydroxylation of vitamin D metabolites in patients with

vitamin D dependency rickets type 1. StrLIctural implications for the vitam in D

hydroxylases". Dr. Jones is an expert in the chromatographie analysis of

vitamin D metabolites and has collaborated with Dr. Tenenhouse on several

occasions. Dr. Jones' contribution to the present study was three-fold: 1) tne
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chromatographie separation and quantitation of serum 25-hydroxyvitamin 03

[250HD31 and 24,25-dihydroxyvitamin D3 [24,25-(OH)2D31 using an HPLC

system based on cyano-bonded phase packing (Zorbax-CN) not available in

our laboratory; 2) the chromatographie analysis of 24-hydroxylation products of

1,25-dihydroxyvitamin 03 [1,25-(OH)2031 in cultured cell 8xtracts. the

identification of which required commercially unavailable standards; both Dr.

Jones' laboratory and ours shared in the analysis of 24-hydroxylation products

of 250HD3; 3) the provision of [1P-3H11 a,25-(OH)2D3. a commercially

unavailable substrate, which was used to assay calcitroic acid production. In

addition, Dr. Jones provided helpful discussion and constructive criticism of the

manuscripl.
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Chapter 1: Introduction

1. Objectives

The common thread which binds together the three studies presented in

this thesis is the mitochondrial enzyme, 25-hydroxyvitamin D3-24-hydroxylase

[24-hydroxylase), which catalyzes the first reaction in the C24-oxidation

pathway, a major catabolic pathway for vitamin D metabolites in kidney as weil

as other target tissues for vitamin D. In ail other respects, these studies difler

appreciably from one another, as they examine diflerent issues, ranging trom

regulatory aspects to structural considerations; in diflerent systems, including

intact cells and isolated subcellular fractions; in diflerent species, notably, in

man and mouse. To help orient the reader to the diverse objectives considered,

a brief outline of each study is provided below.

Calcium-activated, phospholipid-dependent protein kinase [protein

kinase Cl is a ubiquitous, serine/threonine kinase that has been shown to

participate in the regulation of a variety of cellular tesponses ranging from cell

growth and proliferation to specialized functions such as secretion, membrane

transport and muscle contraction. Recently, it has been implicated in the

regulation of steroidogenesis in a number of tissues and cell types.

Comparatively Iittle is known of its role in the modulation of renal vitamin D

metabolism. The first study presented in this thesis (Chapter Il) examines the

involvement of protein kinase C in the regulation of renal 24-hydroxylase

activity in normal mice, as weil as in a mutant mouse strain in which both renal

vitamin D metabolism and protein kinase C activity are perturbed.

Parathyroid hormone is a major regulator of renal vitamin D metabolism

and has been shown to inhibit 24-hydroxylase activity by a mechanism

involving cAMP. Part of the evidence for cAMP involvement in this process



,.
2

stems from the observation that forskolin, a classical activator of adenylate

cyclase, mimics the inhibitory effect of PTH on 24-hydroxylase. Recently,

however, a number of reports have described cAMP-independent effects of

forskolin on certain proteins of the plasma membrane. The second study

(Chapter III) examines whether similar cAMP-unrelated mechanisms

participate in the forskolin-mediated !r'lhibition of renal mitochondrial

membrane-associated 24-hydroxylase aetivity.

The third and final study (Chapter IV) assesses the status of 24

hydroxylase activity in patients with vitamin 0 dependency rickets type l, an

inherited disorder of vitamin 0 metabolism attributable ta a defect in 25

hydroxyvitamin D3-1-hydroxylase [1-hydroxylase] function, with the objective of

gaining sorne insight into the structural relationship between the renal 1- and

24-hydroxylases.

The remainder of this first chapter serves ta develop a context for these

studies by reviewing our current state of knowledge regarding vitamin 0

metabolism, regulation and action, in bath health and disease. Space

limitations prevent the citation 01 ail the relevant primary works that have

contributed ta our understanding 01 this rapidly evolving field. Although original

articles will be cited wherever possible, Irequent relerences will be made ta the

numerous specialized and detailed reviews that have been written on these

topics.

2. Biological raie and mode of action of vitamin D

1,25-Dihydroxyvitamin D3 [1,25-(OH)2D3J, the hormonally active lorm 01

the vitamin, is a major regulator 01 minerai me~abolism and, thus, plays a pivotai

raie in normal growth and development. Vitamin D hormone lulfills its

homeostatic raie in the maintenance of <:irculating levels of calcium and
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phosphorus by acting on its three classic target tissues, intestine, bone and

kidney. Il acts on intestine to stimulate transepithelial transport of calcium, as

weil as phosphate, from lumen to plasma (rElviewed by DeLuca and Schnoes,

1983). 1,25-(OH)2DS also acts, in concert with parathyroid hormone, to mobilize

calcium and phosphorus from bone (DeLuca and Schnoes, 1983) and

promotes reabsorption of both these minerais by the kidney (Yamamoto et al.,

1984; Kurnik and Hruska, 1984).

It is generally accepted that these established actions of 1,25-(OH)2DS

are mediated by a classical steroid receptor mechanism which involves binding

of the hormone to its intracellular receptor, association of the activated

hormone-receptor complex with specifie target genes, resulting in the

stimulation (or suppression) of target gene expression and elicitation of the

appropriate cellular responses (Reichel et al., 1989; Pike, 1990). The

occurrence of disease states in which 1,25-(OH)2DS receptor function is absent

or altered underscof65 ~hi: importance of the receptor in mediating the actions

of vitamin D hormone (reviewed by Marx, 1989; see section 1.6). The 1,25

(OH)2DS receptor is a 50-60 K protein with hign a'finity (KD, 5x10· 11 M) and

selectivity for the hormonal form of vitamin D (DeLuca, 1988; Pike, 1990),

although it can bind other vitamin D metabolites, albeit with lesser affinity

(Stern, 1981; DeLuca, 1988). The cDNAs for both the human (Baker et al.,

1988) and avian (McDonneli et al., 1987) 1,25-(OH)2DS receptors have been

cloned and sequenced, and found to belong to the superfamily of genes

encoding true steroid, th~roid and retinoid receptors (Evans, 1988). Like other

members of this gene faml1y, the 1,25-(OH)2DS receptor comprises at least two

domains, including a carooxy-terminal steroid-binding domain with 1,25

(OH)2DS recognition sequences and an amino-terminal DNA-binding domain

consisting of a cysteinc-rich region with two putative zinc fingers (Evans, 1988;
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Pike, 1990). The recent identification of vitamin 0 response elements in the

genes for osteocalcin (Kerner et al., 1989), osteopontin (Noda et al., 1990) and

calbindin D-9K (Darwish and DeLuca, 1992), three known targets of 1,25

(OH)2D3 action, further supports a classic steroid hormone mechanism for 1,25-

(OH)2D3.

Evidence for a genomic mechanism for 1,25-(OH)2D3 does not preclude

the existence of non-genomic actions of the hormone. Indeed, a number of so

called "early effects", which occur on a scale of seconds to minutes and which

are insensitive to inhibitors of protein synthesis, have been described for 1,25

(OH)2D3. These include the stimulation of intestinal calcium transport (Nemere

et al., 1984), intracellular cGMP accumulation (Barsony and Marx, 1988) and

membrane phosphoinositide hydrolysis (Lieberhe~r et al., 1989). Because

these raf:'id responses do not occur in the absence of functional 1,25-(OHl2D3

receptors, it is believed that they too represent receptor-mediated events

(Barsony and Marx, 1988; Lieberherr et al., 1989).

RE·cent studies have revealed the presence of 1,25-(OHhD3 receptors in

tissues previously not considered targets of vitamin 0 action. Endocrine

tissues, such as the parathyroid gland, cells of ectodermal origin, such as skin

fibroblasts, even pathological tissues, including tumours and established

cancer cell Iines, are among the more than two dozen "new" target tissues for

l ,25-(OH)2D3 currently Iisted (Reichel et al., 1989). The relative ubiquity of the

1,25-(OH)2D3 receptor suggests a much wider biological role for vitamin 0

hormone. Indeed, 1,25-(OH)2D3 has been implicated in the control of

differentiation and proliferation of hematopoietic cells (Abe et al., 1981) as weil

as other cell types (Reichel et al., 1989). Clearly, the full range of 1,25-(OH)2D3

actions remains to be defined.



3. Metabolism of vltamln D

Figure 1 illustrates the remarkable anatomical dispersion of 1,25-(OH)2D3

biosynthesis (reviewed by Fraser, 1980), which begins in the skin with the

photochemica' conversion of 7-dehydrocholesterol to vitamin D3. Alternatively,

vitamin D3, as weil as vitamin D2, the equivalent sterol in plants and fungi, can

be absorbed by the intestine from dietary sources; both are metabolized

similarly in humans. Vitamin D3 then enters the circulation where it is

transported bound to a specifie vitamin D binding protein, known as Ge (group

specifie component) protein or transcalciferin, which increases the capacity of

plasma for the hydrophobie vitamin and its metabolites.

Further metabolism occurs in the liver where vitamin D3 undergoes

hydroxylation at carbon 25 to yield 25-hydroxyvitamin D3 [250HD31. the major

circulating form of the vitamin. This reaction is not tightly regulated. determined

chiefly by the plasma concentration of vitamin D3 and is catalyzed by a classical

mitochondrial cytochrome P450 steroid hydroxylase. 25-hydroxylase (Bjërkhem

and Holmberg, 1978). Although a hepatic microsomal 25-hydroxylase activity

has also been decribed in the rat, it is unlikely to be of importance in 250HD3

synthesis. since it is present exclusively in the male of the species (Dahlback

and Wikvall, 1987) and absent from humans of both sexes (Oftebro et al.. 1981).

Final metabolic activation takes place in the kidney. where 250HD3 is

hydroxylated in the 1a position by 250HD3-1-hydroxylase [1-hydroxylase],

giving rise to 1.25-(OH)2D3, the major biologically active metabolite of vitamin D,

with =1000 times the potency of its immediate precursor (Stern, 1981). Extra

renal 1,25-(OH)2D3 production has also been reported, although primarily in

association with pregnancy (Weisman et al., 1978; DeLuca and Schnoes. 19(3)

and pathological conditions such as sarcoidosis (Barbour et al., 1981; Reichel

et al., 1989). The physiological relevance of ectopie 1,25-(OH)2D3 synthesis is
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unclear and the phenomenon itself remains a controversial issue. There is

evidence to suggestthat at least some ectopic 1,25-(OH)2D3 production is non

metabolîc, occurring by free-radical chemistry (Hollis, 1989). or that the

metabolite produced may not representtrue 1,25-(OH)2~3, but a contaminant

which conventional methodologies fail to resolve from vitamin D hormone

(Brown and DeLuca, 1985; Horst and Napoli, 1988). It is generally agreed that.

under normal physiological conditions, the kidney is the exclusive site of 1,25

(OH)2D3 synthesis.

The kidney is also the site of an alternative hydroxylation reaction.

catallzed by 250HD3-24-hydroxylase [24-hydroxylasej, which converts

250HD3to 24,25-dihydroxyvitamin D3 [24,25-(OH)2D3j, a major metabolite of as

yet undetermined function. Although a role for this metabolite has been

suggested in embryonic development (Henry and Norman, 1978) and in bone

formation (Ornoy et al., 1978), its physiological importance remains a point of

contention. Current theory holds that 24-hydroxylation represents the initial

inactivation step in the disposai of 250HD3 and its metabolitos [see section lA].

Unlike 1,25-(OH)2D3 synthesis which is confined to the kidney, 24.25-(OH)2D3

production occurs in other targettissues for vitamin D such as intestine (Kumar

et al., 1978; Mayer et al., 1983a; TOl'1on et al., 1990ab). bone (Howard et al.,

1981; Makin et al., 1989) and skin fibroblasts (Feldman et al., 1982; Gamblin et

al., 198b). in addition to kidney. Whereas renal 24,25-(OH)2D3 synthesis is

readily measurable under basal conditions, extra-renal production of this meta

bolite is detectable only afler prior exposure to 1,25-(OH)2D3 (or its precursors,

250HD3 and vitamin D3) and appears to be receptor-dependenl. Indeed, 1,25

(OH)2D3-inducible 24-hydroxylase aetivity is considered a sensitive and reliable

index of tissue responsiveness to 1,25-(OH)2D3 (Gamblin et al., 1985).

The renal 1- and 24-hydroxylation reactions share a number of features
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in common. Studies using isolated nephron segments microdissected from

chick (Brunette et al., 1978) and rat (Kawashima et al., 1981) have localized

both catalytic activities to the renal proximal tubule. Both hydroxylation

reactions are mediated by mitochondrial cytochrome P450 mixed-function

oxidases (Henry and Norman, 1974; Ghazarian et al., 1974; Ohyama et al.,

1989; OhYdma and Okuda, 1991) requiring molecular oxygen, NADPH, a non·

heme Iron sulfur protein or ferredoxin, and a ferredoxin reductase for activity

[see Figure 2]. Both activities are tightly and reciprocally regulated by the same

physiological factors including phosphorus, calcium, parathyroid hormone and

vitamin 0 itself (,=raser, 1980). Because of these many similarities, it has been

suggested thm the 1- and 24-hydroxylase activities may represent alternate

functions of the same enzyme. Indeed, precedents for this situation have been

described for cytochrome P450 hydroxylases in the adrenal cortex (Rapp and

Dahl, 1976; Wada et al., 1984; Zuber et al., 1986). However, differences in

susceptibility to inhibition by carbon monoxide (Knutson and DeLuca, 1974)

and cytochrome P450 inhibitors (Kung et al., 1988), as weil as the existence of

extra-renal 24-hydroxylase activity in the absence of 1-hydroxylase function,

has led to speculation that the two catalytic activities may in fact be mediated by

distinct enzyme entities.

Recent advances in the isolation and purification of the renal vitamin 0

hydroxylases provide further insight into this controversy. Both 1-hydroxylase,

partially purified from pig kidney (Gray and Ghazarian, 1989) and 24

hydroxylase, purified to homogeneity from rat kidney (Ohyama et al., 1989;

Ohyama and Okuda, 1991) catalyze their respective reactions when

reconstituted with the appropriate electron carrying system (NADPH, ferredoxin

and ferredoxin reductase); however, neither preparation supports the

alternative reaction. These findings provide strong evidence in support of the



9

NADPH

NADP

P450

Figure 2. Schematic representation of the steroidogenic electron
carrying system of the inner mitochondrial membrane.

Reducing equivalents are transferred sequentially from NADPH to ferredoxin
reductase (FR), ferredoxin (Fo, oxidized; Fr, reduced), cytochrome P450
(P450) and substrate (S).
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two-enzyme theory. How6ver, whether these two catalytic activities are

encoded by separate genes or result from post-translational modification of a

single gene produCl (Ghazarian, 1990) remains to be determined. Expression

studies and other molecular biological strategies using the recently cloned

cDNA for renal 24-hydroxylase (Ohyama et al., 1991) may provide more

conclusive evidence regarding the structural relationship between the renal

vitamin D hydroxylases. A non-molecular approach to address this issue was

undertaken as part of this thesis and is described in Chapter IV.

4. C24-oxldation and vitamin D catabolism

The steady-state plasma concentration of 1,25-(OH)2D is determined by

the relative rates of its biosynthesis via renal 1-hydroxylase and its metabolism

to other compounds via several pathways including hepatic conjugation

(Kumar, 1984), C23-oxidation (Napoli and Horst, 1983ab; Ishizuka and

Norman, 1987) and C24-oxidation (Jones et al., 1987a; Reddy and Tserng,

1989; Makin et al., 1989). The present section concentrates on the pathways

involved in vitamin D catabolism, with particular emphasis on C24-oxidation

[see Figure 3], since the first enzyme in this degradative pathway, 24

hydroxylase, forms the main focus of this thesis.

C24-0xidatlon. The first suggestion of further metabolism of 1,25-(OH)2D3

was provided by the work of Frolik and Deluca (1971,1972), which showed that

rats dosed with [3H-26,27]1 ,25-(OH)2D3 produced Iipid-soluble metabolites

more polar than the hormone, as weil as substantial amounts of water-soluble

radioactive products. Moreover, not ail the radioactivity administered as pH

26,27]1 ,25-(OH)2D3 was recovered from these animais, suggesting metabolism

of the radiolabel to a volatile product. Confirmation of this hypothesis was

obtained in later studies from the same laboratory (Kumar et al., 1976; Harnden
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Figure 3. C24-0xidation pathway for 1,2S-(OH)2Da.

A. 1,25-(OH)2D3 [vitamin D hormone]; B. 1,24,2S·(OH)aD3; C. 1,25-(OH)2-24
OXO-D3; D. 1,23,25-(OH)3·24-oxo-D3: E. 1,23-(OH)2-24,25,26,27-tetranor·Da;
F. 1-0H-23-COOH-24,25,26,27-tetranor·Da [calcitroic acid].
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et al., 1976), which showed the release of 14C02 in the air expired from rats

administered [14C-26,27]1,25-(OH)2D3' Because, in both sets of experiments,

the radiolabel was located in the side chain of vitamin D hormone [carbons 26

and 27], the findings sugg.,;:,ted that oxidative cleavage of the side chain had

occurred.

Direct evidence for side chain cleavage was established by Esvelt et al.

(1979) who isolated a major side chain-cleaved, water-soluble metabolite of

vitamin D hormone from the livers of rats that had been dosed with [3H-3]1 ,25

(OH)2D3. The use of 1,25-(OH)2D3 substrate radiolabelled in the A ring of the

steroid backbone permitted detection of the side chain-cleaved product which

was identified as 1-hydroxy-23-carboxy-24,25,26,27-tetranor-vitamin D3 or

calcitroic acid. Subsequent investigation of the possible physiological role of

this metabolite revealed that it was virtually inactive biologically [in terms of its

élbiiity to mobilize calcium from bone and stimulate intestinal calcium

absorption] and did not bind the vitamin D receptor or the vitamin D binding

protein with great affinity (Esvelt and DeLuca, 1(81). Furthermore, calcitroic

acid was found to be excreted in bile (Esvelt and DeLuca, 1981). Togelller,

these observations suggested that calcitroic acid was likely a degradative

product of 1,25-(OH)2D3 metabolism. However, the sequence of intermediary

metabolites formed during the conversion of 1,25-(OH)2D3 to its putative

inactivation product remained unknown. Similarly, despite its isolation from rat

liver (Esvelt et al., 1979) and subsequent discovery in other tissues including

intestine, bone and kidl"ey (Esvelt and DeLuca, 1981), the exact site(s) of

calcitroic acid production had not been determined.

ln 1973, Holick et al. identified 1,24,25-trihydroxyvitamin D3 [1 ,24,25

(OHbD3] as the initial product of further metabolism of 1,25-(OH)2D3 in rat

kidney, thereby establishing 24-hydroxylation as the first step of what is known



13

today as the C24-oxidation pathway. Subsequent studies (reviewed by Jones

et al., 1987a), primarily in the kidney, revealed the complete sequence of

reactions known to date, shown in Figure 3. The final link in the catabolic chain

was provided by Reddy and Tserng (1989) who established the C-23 alcohol,

1,23-dihydroxy-24,25,26,27-tetranor-vitamin D3, as the Immediate precursor of

calcitroic acid in the kidney. Their study also demonstrated that calcitroic acid

was the major water-soluble renal metabolite produced under physiological

conditions. Although another minor metabolite (Iess than 10% of total water

soluble radioactivity) more polar than calcitroic acid was also detected, its

identity remains unknown.

Thus, it is weil established that the kidney contains the full complement of

enzymatic reactions required for the conversion of 1,25-(OH)2D3 to calcitroic

acid. As mentioned in the previous section, 24-hydroxylase, the first enzyme in

this sequence, can be induced in a number of vitamin D target tissues such as

intestine (Kumar et al., 1978), bone (Howard et al., 1981) and skin (Feldman et

al., 1982). One might anticipate that these other target tissues, like the kidney,

also possess the complete sequence of reactions which constitute the C24

oxidation pathway. Indeed, the entire C24-oxidation pathway has recently been

demonstrated in cultured bone ceIls (Makin et al., 1989) and most of the

intermediates have been identified in intestine (Mayer et al., 1983a; Napoli and

Horst, 1983a).

It is generally agreed that calcitroic acid is the major excretory product of

1,25-(OH)2D3' Accordingly, the C24-oxidation pathway which generates

calcitroic acid may be considered primarily a degradative pathway for vitamin D

hormone. Further support for a catabolic role derives from the demonstration

that biological activity [as determined by intestinal calcium absorption and bone

calcium mobilization] declines as 1,25-(OH)2D3 is sequentially metabolized to
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1,24,25-(OHbD3, 1,25-(OH)2-24-oxo-D3 and 1,23,25-(OHb-24-oxo-D3 (Mayer et

al., 1983b) and that C24-oxidation products, in general, exhibit lower affinities

for the vitamin 0 receptor than does the native hormone (Stern, 1981; Mayer et

al., 1983b). In addition, the pathway is accelerated in kidney and induced in

other target tissues by 1,25-(OH)2D3 itself.

The catabolic C24-oxidation pathway would c~nfer a major advantage to

the organism by helping to guard it against the toxic effects of 1,25-(OH)2D3 in

conditions of hormone excess. In this respect, it is of interest that the C24

oxidation pathway can also effectively metabolize 250HD3. Although the

biological activity of 250HD3 is considerably lower than that of 1,25-(OH)2D3,

owing to its comparatively lower affinity for the vitamin 0 receptor (Stern, 1981;

DeLuca, 1988), at high concentrations, such as those occurring during

hypervitaminosis D, 250HD3 can bind the vitamin D receptor in sufficient

amounts to elicit the physiological effects of the hormone. Thus, C24-oxidation

would pravide protection against the potentially harmful effects of excess

250HD3, as weil as 1,25-(OH)2D3' Although the possibility remains that C24

oxidation may represent a pathway for the generation of metabolites with

specialized functions distinct from the c1assical effects associated with vitamin 0

hormone, until conclusive evidence for such a raie is established, this pathway

may be regarded as a pracess for the inactivation and disposai of vitamin 0

metabolites.

As mentioned above, 1,25-(OH)2D3 treatment stimulates C24-oxidation in

the kidney and induces the catabolic pathway in other vitamin 0 target tissues.

The C24-oxidation cascade comprises a series of sequential reactions which

include 24-hydroxylation, 24-oxidation, 23-hydroxylation and side chain

cleavage [Figure 3]. It is not clear at present whether the various reactions in

this catabolic sequence are catalyzed by several separate enzymes whose
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activities are tightly coordinated or a single enzyme with multiple activities. It is

weil established that the first reaction in the C24-oxidation pathway involves a

cytochrome P450, 24-hyàroxylase (Ohyama et al., 1989; Ohyama and Okuda,

1991). Steroidogenic cytochrome P450s are weil known for their ability to

catalyze several sequential and coordinated reactions at a single active site

(Hall, 1985; Kühn-Velten et al., 1991).

Similarly, it is not evident whether the renal and extra-renal 24

hydroxylase activities are mediated by the same gene product. Although

kinetically similar (Tenenhouse and Jones, 1987), the two catalytic activities can

be distinguished by a number of features. Whereas detection of extra-renal 24

hydroxylase activity requires prior exposure to supraphysiological doses of

vitamin D hormone (or its precursors, 250HDs or vitamin Ds), the renal enzyme

activity is reaciily measurable under un-induced or basal conditions.

Furthermore, only basal renal 24-hydroxylase activity is perturbed in the mutant

X-Iinked hypophosphatemic (~) mouse [see section 1.6]; 1,25-(OH)2Ds

inducible activity is comparable in both normal and mutant animais

(Tenenhouse and Jones, 1987; Jones et al., 1987b). A number of studies have

shown 1,25-(OH)2Ds-mediated induction of 24-hydroxylase activity to be

sensitive to inhibitors of mRNA and protein synthesis (Henry, 1979; Coiston and

Feldman, 1982; Tomon et al., 1990ab), suggesting that de novo synthesis of 24

hydroxylase may be required for the induction process. This hypothesis was

confirmed by the recent demonstration that induction of 24-hydroxylase activity

is associated with an increase in mRNA levels for the cytochrome P450

component of 24-hydroxylase (Ohyama et al., 1991; Armbrecht and Soltz,

1991). One possible interpretation of these findings is that the inducible 24

hydroxylase may represent an isozyme of the constitutively-expressed renal

enzyme. The studies presented in Chapters Il, III and IV of this thesis, as
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weil as the data included in Appendix A, have some interesting implications in

this regard.

C23-0xldatlon. Another route by which certain vitamin D targettissues, such

as kidney and intestine, can lurther metabolize 1,25-(OH)2D3 is the C23

oxidation pathway (Napoli and Horst, 1983ab; Napoli and Martin, 1984;

Ishizuka and Norman, 1987), depicted in Figure 4. As with the C24-oxidation

pathway, both 1,25-(OH)2D3 and its immediate precursor, 250HD3, can act as

substrates lor C23-oxidation. The end products 01 this pathway, 1,25-(OH)2D3

26,23-lactone (Ishizuka et al., 1984) or 250HD3-26,23-lactone (Wichmann et

al., 1979), depending on the substrate, have no known physiological lunction at

present. However, the lact that metabolites 01 C23-oxidation have much lower

affinities lor the vitamin D receptor than does the native hormone (Napoli and

Horst, 1983b) and that the pathway can be induced several-Iold by exposure to

either vitamin D3 or 1,25-(OH)2D3 (Horst and Littledike, 1980; Engstrom et al.,

1986) suggests a degradative role lor C23-oxidation.

The relative contributions 01 the C23- and C24-oxidation pathways to the

overall disposai 01 vitamin D metabolites is unclear. Engstrom et al. (1986)

compared 23- and 24-hydroxylase activities, in renal homogenates prepared

Irom eight animal species, belore and after 1,25-(OH)2D3 treatment. Although

their lindings suggest that the physiological importance 01 the C23-oxidation

pathway may weil depend on the cpecies examined, their results also indicate

that in most species, C24-oxidation is the dominant pathway. This is particularly

true 01 the mouse, in which renal 23-hydroxylation represents less than 10% 01

24-hydroxylase activity (Engstrom et al., 1986). Further support lor these

lindings derives Irom studies 01 1,25-(OH)2D3 metabolism in perlused rat kidney

(Reddy and Tserng, 1989; Makin et al., 1989) and both cultured bone cells

[UMR-106 (Makin et al., 1989)] and porcine kidney ceIls [LLC-PK1 (Napoli and
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Figure 4. C23-0xidation pathway for 1,25-(OH)2D3'

A. 1,25-(OH)2D3 [vitamin 0 hormone]; B. 1,23(S),25-(OHbD3; B'. 1,25(R),26
(OH)3D3 ; C. 1,23(S),25(R),26-(OH)4D3: D. 1,25(R)-(OH)2D3-26,23(S)-lactol; E.
1,25(R)·(OH)2D3-26 ,23(S)-Iactone.
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Martin, 1984)], which have either described l,25-(OH)2DS-26,23-lactone as a

minor metabolite relative to C24-oxidation products or have failed to detect the

presence of the lactone or any of its precursors. By contrast, in vivo intoxication

studies have shown both 1,26-(OH)2DS-26,23-lactone (Ishizuka et al., 1984)

and 250HDs-26,23-lactone (Horst, 1979; Wichmann et al., 1979) to be major

circulating metabolites, suggesting that C23-oxidation is a prominent vitamin D

cataboP- pathway. However, higher circulating levels of the lactone forms need

not imply a higher rate of conversion via the C23-oxidation pathway, but may

instead reflect the higher affinity of these metabolites, relative to C24-oxidation

products, for the vitamin D binding protein (Horst, 1979), which would favour

their accumulation in plasma. Thus, metabolism of 1,25-(OH)2DS to 1,25

(OH)2DS-26,23-lactone via the C23-oxidation pathway does not appear to

represent a major degradative route for the hormone, compared to C24

oxidation. However, the demonstration of preferential 23-hydroxylation of 1,25

(OH)2-24-oxo-Ds, relative to 1,25-(OH)2DS, suggests that the physiologically

relevant role for the C23-oxidation pathway might be the further processing of

C24-oxidized metabolites (Napoli and Horst, 1983a; Napoli and Martin, 1984).

Hepatlc conjugation. Although calcitroic acid was originally isolated

from rat liver (Esvelt et al., 1979), it is unclear whether the Iiver has the intrinsic

capacity to synthesize this metabolite or whether it merely concentrates

calcitroic acid produced elsewhere, from plasma, for excretion into bile.

Nevertheless, there is evidence supporting hepatic metabolism of 1,25-(OH)2DS

to compounds other than calcitroate. Analysis of bile samples collected from

rats dosed with [3H]l ,25-(OH)2DS revealed the presence of both glucuronides

and sulfates of vitamin D hormone (Kumar. 1984). Whereas the 1,25-(OH)2DS

sulfates were completely inert with respect to bone calcium mobilization and

intestinal calcium absorption, the glucuronides showed marginal biological
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activity. However, the latter effect was attributed to free hormone released from

1,25-(OH)2D3-glucuronides by the action of endogenous glucuronidases.

5. Regulation of renal vit.. nln 0 metabollsm

As mentioned above [section 1.3], the renal 1- and 24-hydroxylase

activities are tightly and reciprocally regulated by a number of physiological

factors including, calcium, phosphorus, parathyroid hormone (PTH) and vitamin

D itself (Fraser, 1980). In conditions associated with hypocalcemia, hypo

phosphatemia, hyperparathyroidism and vitamin D deficiency, renal 1,25

(OH)2D3 synthesis is stimulated, whereas in the opposite stales, 24,25-(OH)2D3

production predominates. Allhough the effects of these and other regulalory

signais on renal vitamin D metabolism have been weil documentad, the precise

biochemical mechanism(s) involved have not yet been fully '3Iucidaled.

There are a number of mechanisms or pathways whereby extracellular

factors, such as peptide hormones, neurotransmillers and growth factors.

transmit their regulatory messages across target cell membranes and elicit

specifie cellular responses. Two of the beller known transmembrane signal

transduction pathways are the cAMP pathway and the phosphoinositide

cascade. both of which are depicted in Figure 5. Both pathways operate on a

single principle which integrates conversion of an extracellular signal into an

intracellular message, translation of the internai message into a regulatory

activity and modulation of specifie cellular proteins, resulting ultimately in the

appropriate cellular response. Only the specifie components which mediate

these cellular processes differ between the two pathways.

The cAMP pathway (reviewed by Krebs, 1989), illustrated in Figure 5,

begins with a plasma mer.:'Jrane receptor which specifically recognizes and

binds the incoming signal or "primary messenger". The agonist-bound receptor
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then activates the next component, a guanine nucleotide regulatory protein or G

protein, which couples the receptor to a third element, a membrane-associated

effector protein, adenylate cyclase. There are two types of G protein that can

associate with adenylate cyclase, Gs and Gj; these are involved in the

stimulation and inhibition of the enzyme, respectively. If coupling occurs

through Gs , the cyclase elaborates cAMP, an intrélcellular message or "second

messenger", which transmits its information to a regulatory protein, cAMp·

dependent protein kinase (protein kinase A). The kinase then phosphorylates

key cellular proteins, thereby altering their activities, resulting in specific cellular

respon'3es. If receptor-effector coupling occurs through G;, then the opposite

effects are observed.

Initiation of signal transduction through the phosphoinositide pathway

(reviewed by Pfeilschifter, 1989; Rana and Hokin, 1990), depicted in Figure 5,

also requires a cell surface receptor and a G protein (Gp), however, in this case,

the G protein is coupled to a membrane-bound phosphodiesterase,

phospholipase C. The phospholipase catalyzes the hydrolysis of the

membrane phospholipid, phosphatidylinositol-4,5-bisphosphate (PIP2), to

generate two intracellular second messengers, inositol-1 ,4,5-trisphosphate (IP3)

and diacylglycerol (DAG). IP3 diffuses into the cytoplasm and mobilizes calcium

from intracel!ular stores, primarily the endoplasmic reticulum. Most of the effects

of the newly released calcium are mediated by specifie calcium-binding

proteins, such as calmodulin, which interact with selected enzymes or proteins

and modulate their activities. The other second messenger, DAG, remains in

the plasma membrane, where it acts in concert with specifie membrane

phospholîpids and the newly released calcium to facilitate the activation of

another protein kinase, protein kinase C. Changes in the activities of specifie

target proteins, as a result of protein kinase C-mediated phosphorylation, elicit
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the cellular responses dictated by the original incoming signal.

PTH is a major regulator of renal vitamin D metabolism. It is also one of

the most extensively studied. In addition, PTH has been shown to exert its

regulatnry effects on renal vitamin D metabolism via both major cellular

signalling pathways, cAMP/protein kinase A and diacylglycerol/protein kinase

C. For these reasons and also because ail three of these subjects - PTH, cAMP

and protein kinase C - are implicated in the studies described in the chapters

that follow (Chapters II and III), the present section will focus on the

regulation of renal vitamin D metabolism by PTH.

Parathyroid hormone. PTH synthesis (reviewed by Potts et al., 1982)

occurs in the chief cells of the parathyroid glands and is regulated primarily by

the plasma calcium concentration, although recent evidence suggests a role for

vitamin D hormone as weil (Silver et al., 1986). Hypocalcemia stimulates PTH

synthesis and secretion whereas hypercalcemia suppresses both processes.

PTH is synthesized as a 115 amino acid precursor, preproPTH, which

undergoes two sequential enzymatic cleavages to yield the final 84 amino acid

secretory product. The biological activity of PTH is confined to amino acid

residues 1-34 of the amino terminal portion of the molecule, which interacts with

specifie PTH receptors located on the plasma membrane of target cells. Both

the cDNA and the gene for PTH (reviewed in Kemper, 1986) as weil as the

cDNA for its receptor (Jüppner et al., 1991) have been cloned, and theïr full

sequences and structures are known.

The physiological role of PTH, Iike that of vitamin D hormone, involves the

maintenance of calcium homeostasis, which it achieves by acting on its two

target tissues, bone and kidney (potts et al., 1982). It acts directly on bone to

stimulate resorption and promote the release of calcium (and phosphorus) into

the extracellular fluid. In the kidney, PTH increases calcium reabsorption and
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phosphate excretion, and also stimulates the synthesis of 1,25-(OH)2D3 which,

in turn, enhances intestinal calcium absorption [see section 1.2]. Concomitant

with its stimulatory effect on renal 1,25-(OH)2D3 synthesis, PTH also inhibits

24,25-(OH)2D3 production.

Some of the earliest evidence suggesting a role for PTH in the regulation

of renal vitamin D metabolism derives from the work of Garabedian et al. (1972)

which showed that rats maintained on a calcium-deficient diet exhibited

elevated plasma levels of 1,25-(OH)2D3 which decreased dramatically following

parathyroidectomy and that the fall in circulating 1,25-(OH)2D3 could be

prevented by injecting the animais with PTH after surgery. Similar experimental

findings in other species such as the chick (Fraser and Kodicek, 1973) as weil

as clinical observations in humans (Haussier et al., 1976) provided further

support for PTH involvement in the regulation of renal vitamin D metabolism.

Evidence for a direct effect of PTH on renal vitamin D metabolism was

provided by Rasmussen et al. (1972) and Larkins et al. (1974) who showed,

independently, that addition of PTH to renal tubules, freshly isolated from

vitamin D-deficient chicks, stimulated the conversion of 250HD3 to 1,25

(OH)2D3. Subsequent studies confirmed the direct stimulatory action of PTH on

renal 1,25-(OH)2D3 synthesis in a number of species, using various renal tissue

preparations including, slices from chick (Rost et al., 1981) and rat (Armbrecht et

al., 1982; 1984ab), tubule segments fr,1m guinea pig (Kremer and Goltzman,

1981) and cultured cells isolated from chick (Trechsel et al., 1979; Henry,

1981,1985) and mouse (Fukase et al., 1982; Korkor et al., 1987). A number of

these studies also demonstrated a direct inhibitury effect of PTH on renal 24,25

(OH)2D3 production (Henry, 1981,1985; Armbrecht et al., 1982,1984ab).

PTH and the cAMP pathway. Based on the fact that one of the earliest

manifestations of PTH action on the kidney is the stimulation of cAMP
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production (Chase and Aurbach, 1967) and that cAMP had already been

implicated as an intracellular mediator of the actions of other peptide hormones

(Sutherland and Rail, 1960), the involvement of cAMP in the regulation of renal

vitamin D metabolism by PTH was examined.

Intravenous infusion of whole animais with either cAMP or its more

permeable derivative, dibutyryl cAMP, elicited changes in renal vitamin D

metabolism analogous to those observed in response to PTH (Horiuchi et al.,

1977; Shigematsu et al., 1986). Addition of exogenous cAMP or dibutyryl

cAMP to various renal tissue preparations l'9sulted in PTH-like stimulation of

1,25-(OH)2D3 synthesis (Rasmussen et al., 1972; Larkins et al., 1974; Rost et al.,

1981; Henry, 1981) and inhibition of 24,25-(OH)2D3 production (Henry, 1981).

Similarly, increasing endogenous cAMP accumulation through the use of

forskolin, a known activator of adenylate cyclase [see below (Seamon and Daly,

1981)J, also mimicked the effects of PTH on renal vitamin D metabolism

(Armbrecht et al., 1984a; Henry, 1985). The lack of additivity of forskolin and

PTH effects suggested a common mechanism for the two agonists, one

involving cAMP.

The subsequent steps of the cAMP pathway [see Figure 5], those

extending beyond PTH-stimulated generation of cAMP, have also been

documented. Armbrecht et al. (1984b) demonstrated that protein kinase A

activity was stimulated following PTH-treatment of rat kidney slices and

established a temporal correlation between PTH-induced increases in cAMP

accumulation, protein kinase A activity and changes in vitamin D metabolism.

Studies in primary cultures of chick kidney cells showed that protein kinase A

mediated phosphorylation of endogenous proteins was also enhanced in

response to PTH treatment (Noland and Henry, 1983). Moreover, the PTH

induced phosphorylation pattern could be mimicked by dibutyryl cAMP.
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Although the identities of these endogenously phosphorylated substrates were

unknown, the possibility remained that one or more of these proteins might be

responsible for the PTH-related changes in vitamin 0 metabolism.

Studies of the adrenal mitochondrial steroid hydroxylating system revealed

that 11 ~-hydroxylase, a cytochrome P450, was phosphorylated by protein

kinase A (DeFaye et al., 1982). Although the physiological significance of this

event, if any, was not known, it nevertheless prompted investigators to examine

whether any of the components of the renal mitochondrial vitamin 0

hydroxylating system (cytochrome P450, ferredoxin and ferredoxin reductase)

might be modified in a similar manner. Preliminary observations suggested that

in vitro phosphorylation of the cytochrome P450 component of the 1

hydroxylase complex had no effect on enzyme activity (Ghazarian and Vanda,

1985). However, the same study suggested that ferredoxin phosphorylation

may be involved in the modulation of 1-hydroxylase function. Later studies by

Armbrecht and associates supplied three Iines of evidence in support of this

hypothesis. They demonstrated that purified ferredoxin could be directly

phosphorylated and reversibly dephosphorylated in vitro; that in vitro

phosphorylation of ferredoxin was associated with inhibition of 1-hydroxylase

activity in a reconstituted system; and that dephosphorylation of ferredoxin in

response to PTH treatment of rat renal cortical slices accompanied the

stimulation of 1-hydroxylase activity (Nemani et al., 1989; Siegel et al., 1986).

More recently, Mandel et al. (1990) showed that ferredoxin phosphorylation not

only inhibited 1-hydroxylase function but also stimulated 24-hydroxylase

activity.

Although it may seem somewhat paradoxical that stimulation of 1

hydroxylase activity by PTH is associated with an increase in protein kinase A

activity and a decrease in the phosphorylation state of ferredoxin, this apparent
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inconsistency may be resolved by implicating a phosphatase as the

intermediary in this cascade of events. Thus. PTH binds to its cell surface

receptor, thereby activating adenylate cyclase and increasing intracellular

cAMP content. The cAMP then activates protein kinase A which phosphorylates

the putative phosphatase. The activated phosphatase then dephosphorylates

ferredoxin, thereby modulating renal vitamin D metabolism. It is not clear how

phosphorylation alters ferredoxin function. It is known that ferredoxin acts as a

shuttle, ferrying electrons from the reductase component to the cytochrome

P450 moiety of the enzyme complex (Hall, 1985). Phosphorylation of the iron

sulfur protein might alter its ability to interact with one or both of these

components. It this regard. it is noteworthy that upon phc,sphorylation,

ferredoxin becomes less effective at supporting 1-hydroxylase activity but more

efficient at supporti"g 24-hydroxylase function (Mandel et al., 1990), suggesting

that the association between ferredoxin and the cytochrome P450

component(s) is altered.

The above findings suggest that ferredoxin phosphorylation

dephosphorylation is an important mechanism in the regulation of renal vitamin

D metabolism by PTH. It is of interest that a similar regulatory mechanism has

recently been proposed for the adrenal mitochondrial steroid hydroxylating

system (Monnier et al., 1987). However, in that system, in vitro phosphorylation

of adrenal ferredoxin (adrenodoxin) by protein kinase A is associated with

:;timulaticn of two enzyme activities. namely 11p-hydroxylase and cholesterol

side chain cleavage enzyme. rather than inhibition of enzyme function.

There is evidence to suggest that PTH may regulate renal vitamin D

metabolism by an additional cAMP-dependent mechanism, distinct from the

rapid phosphorylation-dephosphorylation process described above. A five

minute incubation with PTH is sufficient to elicit near-maximal levels of protein
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kinase A activity (Armbrecht et al., 1984b) and maximal dephosphorylation of

ferredoxin (Siegel et al., 1986) in rat renal cortical slices. Although rapid (30

minutes or less) alterations in renal vitamin D metabolism, consistent with the

above time frame, are commonly observed in response to PTH treatment, there

are a number of studies in which the vitamin D response does not follow this

pattern. Studies involving cultured renal epithelial cells (Henry, 1981, 1985:

K;:>rkor et al., 1987) and renal tissue preparations from thyroparathyroidec

tomized, vitamin D-deprived animais (Armbrecht et al., 1984ab) show that

several hours of exposure to PTH (or forskolin) are required for changes in

vitamin D metabolism to b,,(;ome manifest, despite a rapid increase in

intracellular cAMP levels. T:le demonstration that this "slow" increase in 1,25

(OH)2D3 production is sensitive to inhibition by both cycloheximide and

actinomycin D (Korkor et al., 1987) suggests a requirement for de nova protein

synthesis and implies an additional cAMP-dependent regulatory mechanism for

PTH. It is weil established that cAMP can alter gene expression, primarily

through transcriptional activation, via distinct promoter elements located within

specifie target genes. These cAMP response elements or CREs are known to

bind specifie phosphoprotein transcription factors, some of which are

phosphorylated by protein kinase A and may be involved in the regulation of

cAMP-responsive genes. Such a mechanism has been demonstrated for the

better characterized adrenal steroid hydroxylase system (Simpson et al., 1990)

and may weil be operative in renal vitamin D metabolism.

Forskolin. As mentioned above, torskolin [depicted in Figure 7, Chapter IIIJ

is a naturally occurring diterpene weil known for its ability to activate adenylate

cylcase directly (reviewed by Seamon and Daly, 1981; 1986). Originally

isolated trom the root of an Indian medicinal plant, forskolin was rapidly

recognized for its unique pharmacological properties which included potent
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cardiotonic and vasodilatory effects. The basis for these actions was revealed

in subsequent studies which showed that forskolin treatment of rabbit heart

slices produced a rapid, dose-dependent stimulation 0'1 adenylate cyclase and

protein kinase A activities, suggesting that forskolin effects were mediated via

adenylate cyclase activation and subsequent generation of cAMP. Direct

activation of adenylate cyclase by forskolin was established based on the

observation that forskolin-induced stimulation of cAMP synthesis was rapid and

reversible, and occurred in the absence of the G protein (Gs ) required for

hormonal stimulation of adenylate cyclase as weil as in solubilized preparations

of the enzyme.

The ability of forskolin to directly activate adenylate cyclase in both isolated

membranes as weil as in intact cells and tissues has made it an invaluable tool

to probe cAMP involvement in various physiological processes (Seamon and

Daly, 1986). Recently, however, forskolin has been shown to exert a number of

its effects independently 01 cAMP production (Laurenza et al., 1989). Virtually

ail cAMP-independent effects 01 forskolin reported to date involve the

modulation 01 plasma membrane transporter and channel lunctions such as

glucose transport (Kashiwagi et al., 1983; Joost and Steinlelder, 1986),

phosphate transport (Cole et al., 1988) and voltage-dependent potassium

channel activity (Hoshi et al., 1988). There is no evidence at present to support

adenylate cyclase-independent actions 01 forskolin on proteins that are not

transporters or channels 01 the plasma membrane.

Part 01 the evidence supporting cAMP ipvolvement in the regulation 01

renal vitamin D metabolism by PTH derives from studies demonstrating that

PTH-like effects on both 1,25-(OH)2D3 synthesis and 24,25-(OH)2D3 production

can be elicited by lorskolin [see above (Armbrecht et al., 1984a; Henry, 1985)].

It would be of interest ta know whether these effects 01 lorskolin might involve a
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cAMP-independent mechanism. Such a finding would not, in any way, dispute

the involvement of the cAMP pathway in the regulation of renal vitamin 0

metabclism by PTH. However, the demonstration of a cAMP-independent effect

of forskolin on the mitochondrial membrane-associated hydroxylase(s) would

indicate that non-classical effects of forskolin are not restricted to plasma

membrane transporters and channels, but may in fact represent a more

generalized phenomenon. This issue forms the basis for the study described in

Chapter III of the present thesis.

PTH and the phosphoinosltide pathway. The first suggestion of an

association between PTH and the phosphoinositide pathway [Figure 5] in

kidney was provided by Lo et al. (1976) who showed that upon exposure to

PTH, cat renal cortical slices increased 32p incorporation into inositol phosphate

and phosphatidic acid, a phenomenon known as "the phosphoinositide effect",

indicating that membrane phosphoinositide turnover had been stimulated.

Phospholipase C, the phosphodiesterase responsible for initiating

receptor-stimulated phosphoinositide breakdown, has been identified in both

the brush-border (Schwertz et al., 1983) and basolateral (Rogers and

Hammerman, 1987) surfaces of the polarized renal epithelial cell. Because the

basolateral membrane is in contact with the peritubular fluid and the various

circulating regulatory factors therein and because it has traditionally been

viewed as the exclusive site for peptide hormone receptors, including the

receptor for PTH (Shlatz et al., 1975; Zull et al., 1977), the demonstration of

phospholipase C at this surface has been considered supportive of an

association between PTH and the phosphoinositide pathway. By contrast, the

occurrence of high levels of phospholipase C activity at the renal brush-border

membrane has remained somewhat of an enigma. Recent studies, however,

suggest that peptide hormone receptors may also be present at the renal brush-
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border membrane. Receptors for angiotensin II, a peptide hormone which

regulates renal fluid reabsorption, have been found to be uniformly distributed

on both the brush-border and basolateral surfaces of the renal epithelial cell

(reviewed by Douglas, 1987). More interestingly, a similar, bipolar distribution

has recently been proposed for the PTH receptor based on the observation that

PTH effectively regulates brush-border membrane phosphate transport in

opossum kidney (OK) cells grown on permeable supports when applied to

either cell surface (Reshkin et al., 1990). Thus, the presence of phospholipase

C at the renal brush-border membrane, Iike that at the basolateral surface, may

indeed be related to the presence of peptide hormone receptors. In addition,

other ligand-binding components of the renal epithelial cell membrane, such as

ion transport systems and sodium-solute cotransporters, may also be coupied to

phospholipase C, as has been proposed for the small intestine (Vaandrager et

al., 1990; Macleod et al., 1992).

Direct evidence linking PTH to the two second messengers of the

phosphoinositide pathway, IP3 and diacylglycerol, was obtained by Hruska et

al. (1987) who demonstrated that PTH elicited an Immediate, concentration

dependent increase in 1P3 production, diacylglycerol release and P1P2

hydrolysis in OK cells, as weil as in primary cultures of canine proximal tubule

cells and basolateral membranes isolated from dog kidney. The increase in

PIP2 hydrolysis was evident within ten seconds of exposure to PTH; levels

returned to normal within one minute. A concomitant, transient increase in

cytosolic calcium was also observed in PTH-treated OK cells and was found to

be dependent upon intracellular calcium stores. None of these effects of PTH

was mimicked by cAMP. MorfJ recent studies have confirmed the original

observations with respect to PTH-stimulated 1P3 production, diacylgl~cerol

releas6 and calcium transient formation (reviewed by Murer et al., 1991).
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Together, these findings provide strong evidence supporting PTH activation oi

the phosphoinositide pathway.

The demonstration that PTH can evoke both the formation of a calcium

transient and the release of diacylglycerol in renal epithelial cells suggests that

both branches of the phosphoinositide pathway may be involved in mediating

the actions of the peptide hormone in kidney. Preliminary findings suggest that

PTH stimulates calcium-calmodulin-dependent protein phosphorylation in

isolated renal basolateral membranes (Hruska et al., 1987) and there is some

evidence supporting a second messenger role for calcium in the stimulation of

renal gluconeogenesis by PTH (Hruska et al., 1986). Despite these indications,

our understanding of the calcium branch of the phosphoinositide pathway in

mediating the biological effects of PTH remains Iimited and, for this reason, will

not be addressed here. Instead, the present discussion will focus on the other,

better cr<tracterized limb of the phosphoinositide pathway, that involving

diacylglycerol and the activation of protein kinase C.

Protein kinase C is a widely-distributed serine/threonine kinase which

requires calcium, phospholipid (phosphatidylserine) and diacylglycerol for

optimum activity (reviewed by Nishizuka, 1986; Huang, 1989). Molecular

analyses indicate that protein kinase C comprises a family of at least eight

closely-related yet distinct isozymes which are derived from multiple genes as

weil as from alternative splicing. These isozymes are characterized by unique

structural features and exhibit subtle differences in tissue and subcellular

distribution, substrate specificity, co-factor preference and developmental

expression (Kikkawa et al., 1989; Huang, 1989).

Protein kinase C is activated endogenously by diacylglycerol which, as

mentioned earlier, is formed transiently in the membrane as a result of receptor

stimulated, phospholipase C-mediated PIP2 hydrolysis. Protein kinase C can
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also be activated by phorbol esters, potent tumour-promoting agents, such as

phorbol 12-myristate 13-acetate [PMA or TPA (reviewed by Castagna, 1987)).

These agents mimic the effect of diacylglycerol by virtue of their structural

similarity to this endogenous activator and offer a useful experimental tool to

probe the involvement of protein kinase C in cellular function. Activation of

protein kinase C, whether by diacylglycerol or phorbol ester, is associated with

translocation of the enzyme from the cytosolic compartment to the membrane

compartment. Chronic activation of the kinase leads to eventual cellular

depletion of the enzyme or "down-regulation", most likely as a result of

proteolytic degradation. The latter phenomenon is frequently observed in

response to prolonged exposure "i phorbol esters which, in contrast to

diacylglycerol, are not rapidly metabolized and persist in the cell.

Protein kinase C mediates the effects of various regulator~ factors by

phosphorylating specific target proteins, thereby modulating their activities,

resulting in specific cellular responses. Although many endogenous substrates

have been demonstrated for protein kinase C in various tissues, for the most

part, their identities remain unknown. Conversc:y, many functionally defined

proteins have been proposed as substrates for protein kinase C on the basis of

in vitro experiments (Nishizuka, 1986), however, the physiological significance

of these phosphorylation reactions remains to be defined. Several of these

putative protein kinase C substrates have also been shown to be targets for

protein kinase A, also a serine/threonine kinase, suggesting that certain

proteins may act as regulatory foci for multiple signal transduction pathways.

One of the first studies to suggest an association between protein kinase

C activation and PTH action in the kidney was provided by Noland and Henry

(1983) who examined the effact of PTH on endogenous protein phosphorylation

in primary cultures of chick kidney cells. They found that although most of the



endogenous proteins phosphorylated in response to PTH treatment could be

attributed to the action of protein kinase A, a number of phof.phoproteins were

shown to oe targets of protein kinase C. Direct evidence for protein kinase C

activation by PTH was recently provided by Tamura et al. (1989) who

demonstrated an immediate, dose-dependent translocation of protein kinase C

in OK cells in response to the peptide hormore. Translocation reached

maximal levels within fifteen seconds of exposure to PTH and returned to

normal within one minute, a time: course reminiscent of that described for PTH

induced phosphoinositide hydrolysis (Hruska et al., 1987). Together, these

findings suggest that protein kinase C may be involved in mediating PTH action

in the kidney.

Although protein kinase Chas been implicated in the regulation of a

wide variety of cellular functions including steroid hormone biosynthesis

(reviewed by Nishizuka, 1986), its role in the modulation of renal vitamin D

metabolism has been investigated only recently. Henry (1986) demonstrated

that treatment of primary cultures of chick kidney ceUs with the phorbol ester,

TPA, resulted in increased 24,25-(OH)2D3 production and decreased 1,25

(OH)2D3 synthesis. However, the lack of direct evidence for protein kinase C

activation (e.g. translocation) and the lengthy incubation times used (four hours)

raised the possibility that the effects of TPA on renal vitamin D metabolism might

be the result of phorbol ester-induced down-regulation rather than activation of

the kinase.

The observations in avian kidney described above prompted the firs!

investigation of protein kinase C involvement in the regulation of mammalian

renal vitamin D metabolism, which was undertaken as part of the present thesis

and is described in Chapter II. In addition to providing the first evidence for

protein kinase C-dependent modulation of vitamin D metabolism in mammalian
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kidney, our study also addresses a number of questions which the previous

report left unanswered. During the course of our investigation, a second report,

also from the laboratory of Henry, was published (Henry and Luntao, 1989).

Their findings are discussed in Chapter II as weil as in the General Discussion

of the present thesis.

Although the evidence thus far suggests a role for protein kinase C in the

regulation of renal vitamin D metabolism, little is known of the mechanism(s)

whereby this regulation might occur. Earlier in this section, it was stated that

alterations in the phosphorylation state of ferredoxin elicit changes in renal

vitamin D metabolism. Although ferredoxin phosphorylation was discussed in

the context of the cAMP pathway, this protein could serve as a potential

regulatory target for protein kinase C as weil. In this regard, it is of interest that

phosphorylation modification of ferredoxin occurs on specific serine and

threonine residues (Nemani et al., 1989). The fact that protein kinase C is a

serine/threonine kinase and that its presence :~':Is been demonstrated in renal

mitochondria (Boneh and Tenenhouse, 1988) lends support to this hypothesis.

Studies of the adrenal mitochondrial steroid hydroxylase system have

shown in vitro protein kinase C-dependent phospho:ylation of the cytochrome

P450 catalyzing cholesterol side chain cleavage (Vilgrain et al., 1984).

Although the physiological significance of this phosphorylation is unknown, it

could represent a potential regulatory mechanism. It remains to be determined

whether the cytochrome P450 component of the renal mitochondrial vitamin D

hydroxylating system undergoes protein kinase C-dependent phosphorylation

and whether this modification affects the metabolism of vitamin D.

Another mechanism whereby protein kinase C might regulate renal

vitamin D metabolism is through transcriptional activation, not unlike that

described above for cAMP. A number of genes have been described whose
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expression is either induced or enhanced in response to treatment with the

phorbol ester, TPA. These TPA-responsive genes have been shown to contain

specifie enhancer sequences, called TPA-responsive elements or TREs which,

like their cAMP-responsive counterparts (CREs), are known to bind nuclear

transcription factors. It is thought that alterations in either activity or abundance

of these nuclear factors as a result of phosphorylation by piOtein kinase C, the

primary target of TPA action, are involved in the modulation of TPA-responsive

gene transcription (Angel et al., 1987).

Protein kinase C might also alter gene function via direct interaction with

DNA. Preliminary studies show that purified preparations of protein kinase C

contain a protein, presumably the kinase, that binds specifically to DNA

enriched in repetitive sequences (Testori et al., 1988). Although unequivocal

proof of the identity of this protein is still lacking, it is of interest that protein

kinase C contains a tandem repeat of a cyteine-rich, zinc finger-like motif,

similar to that found in many DNA-binding proteins that are active in

transcriptional regulation. The demonstration that this reglon is involved in

phorbol ester binding (Ono et al., 1989), does not preclude a potential

interaction willl DNA. Structural similarities between DNA and phospholipids,

such as pnû::::phodiester linkages and hydrophobie regions, may promote

interaction of the nucleic acid with protein kinase C.

6. Inherited disorders of vitamin 0 metabolism and action

The present section describes three inherited disorders in which either

vitamin D metabolism or action is perturbed, namely, vitamin D dependency

rickets types 1 and II, and X-linked hypophosphatemia. The purpose of this

section is two-fold. First, to illustrate the importance of 1,25-(OH)2D3 in the

maintenance of minerai homeostasis and normal growth and development, and
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second, to acquaint the reader with these three disorders, as they are pertinent

to the studies described in the chapters that lollow. A more complete discussion

01 these and other inherited disorders 01 vitamin D is ollered in the current

edition 01 The Metabolic Basis of Inherited Disease (Marx, 1989; Rasmussen

and Tenenhouse, 1989); only the more salient leatures are summarized below.

Vltamln D dependency rlckets type 1. First described by Prader et al. in

1961, vitamin D dependency rickets type 1 [VDDR-Il. lormerly known as

pseudovitamin D deliciency rickets type l, is an autosomal recessive disorder

characterized by early onset of hypocalcemia, secondary hyperparathyroidism,

ensuing hypophosphatemia and severe rachitic lesions, despite adequate diet.

Although the gene responsible lor the disease has recently been mapped by

linkage analysis to 12q14 (Labuda et al., 1990), the actual gene product

remains unknown. The demonstration 01 low or undetectable serum

concentrations 01 1,25-(OH)2D (Scriver et al., 1978; Delvin et al., 1981) despite

normal or slightly elevated circulating levels 01 250HD precursor and 01

complete remission 01 the disease in response to physiological doses 01 1,25

(OH)2D3 (Fraser et al., 1973) provided indirect evidence lor a delect in renal 1

hydroxylase activity. Direct evidence was later obtained lrom studies 01 an

animal model 01 VDDR-I, the Hannover rachitic pig (Plonait, 1962), which

revealed undetectable levels 01 1-hydroxylase activity in renal homogenates

prepared lrom mutant animais (Fox et al., 1985; Winkler et al., 1986).

Interestingly, 24-hydroxylase activity was also absent Irom these preparations.

Moreover, the absence 01 renal 24-hydroxylase activity was not secondary to

the hypocalcemia, hyperparathyroidism and hypophosphatemia associated

with the disease, since normalization 01 the above serum parameters lollowing

treatment with 1,25-(OH)2D3 lailed to restore enzyme activity (Winkler et al.,

1986).
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The observation that a single genetic mutation is associated with the

impairment of both 1- and 24-hydroxylase activities in the animal model for

VDDR-I is consistent with the hypothesis that both activities are mediated by a

single gene product. However, one cannot exclude the possibility that the

target of the mutation may be a gene encoding a shared component or common

regulator of two separate enzymes. Furthermore, it is not yet known whether the

disturbance in renal 24-hydroxylase activity observed in the rachitic pig model

is also expressed in the human counterpart of VDDR-I. Although circulating

levels of 24,25-(OH)2D appear to be normal in VDDR-I patients (Nguyen et al.,

1979; Aarskog et al., 1183), suggesting that 24-hydroxylase activity is intact,

direct evidence for normal enzyme function is still lacking. These issues form

the basis for the study presented in Chapter IV.

Vitamin 0 dependency rickets type II. Aiso known as pseudovitamin D

deficiency rickets type II, vitamin D dependency rickets type II [VDDR-II], Iike

VDDR-l, is characterized by an autosomal recessive mode of inheritance,

hypocalcemia, secondary hyperparathyroidism, hypophosphatemia and early

onset rickets (Brooks et al., 1978; Marx et al., 1978). Unlike VDDR-I, it is

frequently associated with alopecia. VDDR-ll is further distinguished from the

type 1 disorder by elevated plasma levels of 1,25-(OH)2D and refractoriness to

treatment with physiological doses of vitamin D hormone, suggestive of a

generalized target organ resistance to the hormone (Brooks et al., 1978; Marx et

al., 1978), analogous to that described previously for syndromes of androgen

insensitivity (K"·enan et al., 1974). Studies in cultured human skin fibroblasts

which express both the 1,25-(OH)2D3 receptor (Feldman et al., 1980; Eil et al.,

1981) and inducible 24-hydroxylase activity (Feldman et al., 1982), a receptor

mediated process, identified aberrant vitamin D receptor function as the likely

cause of VDDR-II. Since then, a number of receptor defects have been
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describeà for VDDR-II, the most common involving either decreased or absent

l,2S-(OH)2D3-binding or decreased DNA-binding to the receptor (reviewed by

Marx, 1989). More recently, studies at the molecular level have characterized

several mutations in both steroid-binding (Ritchie et al., 1989) and DNA-binding

(Hughes et al., 1988; Sone et al., 1990) domains of the vitamin D receptor. As

more VDDR-II families are examined, more mutations will no doubt be

discovered, providing further insight into the mechanism of l,2S-(OH)2D3

receptor function and the means by which mutations can give rise to this

disease.

X-L1nked hypophosphatemia in mOLlse and man. X -1 i nke d

hypophosphatemia (XLH) is a dominantly inherited disorder of phosphate

homeostasis, characterized by hypophosphatemia, rickets and osteomalacia,

reduced renal reabsorption of phosphate without striking hypocalcemia or

.;econdary hyperparathyroidism, and abnormal renal vitamin D metabolism

(Rasmussen and Tenenhouse, 1989). Aiso known as familial vitamin D

resistant rickets, XLH is the most commonly occurring form of ir,herited rickets in

man. Although it was first desc:ribed more than fifty years ago (Albright et al.,

1937) and has recently been mapped to Xp22.31 .. p21.3 (Thakker et al., 1987),

the identity of the mutant gene product involved remains unknown. Much of

what is known about the pathophysiology of XLH derives from studies of the

animal model for this disorder, the X-Iinked hypophosphatemic or~ mouse

(Eicher et al., 1976), with whom it shares many features. The following

discussion will be confined to studies of the mutant mouse model and its renal

defects.

Phosphate transport. Like its human counterpart, the~ mouse is

characterized by low plasma phosphate levels, attribulable to a defect in renal

phosphate reabsorption (Eicher et al., 1976). The defect has been localized by
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micropuncture studies to the proximal tubule 01 Hm kidney (Giasson et al.,

1977). The reabsorptive abnarmality in~ mice is independent 01 PTH, since

it persists lollowing thyroparathyroidectomy (Cowgill et al., 1979). Transport

studies in renal cortical slices, which prelerentially expose the basolateral

membrane, demonstrate that phosphate uptake is comparable in Hm and

normal mice, suggesting that the delect is not expressed at this membrane

surface (Tenenhause et al., 1978). By contrast, studies in purilied renal brush

bord9r membrane vesicles isolated Irom m mice have demanstrated a

specilic delicit in Na+-dependent phosphate co-transport (Tenenhouse et al.,

1978; Tenenhouse and Scriver, 1978), associated with a 50% decrease in

apparent Vmax 01 the high affinity/low capacity transport system, with no change

in apparent Km (Tenenhouse et al., 1989). A corresponding delect in W

intestine has not been lound (Tenenhouse et al., 1981).

Vitamin D metabollsm. The~ mause also exhibits abnormalities in

renal vitamin D metabolism, affecting bath synthesis and degradation of vitamin

D hormone.

Despite signilicant hypophosphateomia, a known stimulus lor renal 1,25

(OH)2D production, circulating levels 01 1,25-(OH)2D in the~ mouse are not

elevated relative to normal (Meyer et al., 1980), a leature it shares with human

XLH (Isogna et al., 1983). In addition, renal synthesis 01 1,25-(OH)2D3 is

signilicantly lower in w.. mice than in normal mice with comparable

hypophosphatemia, achieved with dietary phosphate restriction (Lobaugh and

Drezner, 1983). Decreased 1,25-(OH)2D3 synthesis in the (vitamin D/calcium

deprived) ~ mouse is associated with a decrease in apparent Vmax lor 1

hydroxylase (Tenenhouse, 1984). Furthermore,~ mice exhibit a blunted 1

hydroxylase response to stimulators 01 1,25-(OH)2D3 synthesis including,

phosphate deprivation (Meyer et al., 1980; Lobaugh and Drezner,
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1983), vitamin 0 deficiency (Tenenhouse, 1983; 1984), calcium restriction

(Tenenhouse, 1984; Nesbitt et al., 1986) and PTH infusion (Nesbitt et al., 1986).

Decreased renal l,25-(OH)2D3 biosynthesis is accompanied by

accelerated catabolism of the hormone, as evidenced by increased r·'lal C24

oxidation of vitamin 0 metabolites in~ mice relative ta normal Iittermates

(Jones et al., 1987b; Tenenhouse et al., 191:8). Increased renal degradation of

vitamin 0 hormone is thought ta contribute ta the pathophysiology of this

disorder. Kinetic analysis shows that the increase in 24-hVdroxylase activity is

associated with an increase in apparent Vm'3.x wheieas thG affinity of the

enzyme for its substrate is unaltered (Tenenhouse and Jones, 1987). There is

also evidence for abnormal regulation of renal l,25-(OH)2D3 catabolism in the

!::OOl. mouse in response to dietary phosphate manipulation (Tenenhouse and

Jones, 1990). By contrast, !::OOl. mice exhibit an appropriate increase in renal

24-hydroxylase activity in response ta treatment with 1,25-(OH)2D 3

(Tenenhouse and Jones, 1987; Jones et al., 1987b).

Proteln kinase C. The J::I.YJL mouse is characterized by elevated

protein kinase C activity in renal cytosol, but not in cytosolic fractions prepared

from heart, Iiver or spleen, suggesting that this defect is specific ta kidney

(Tenenhouse and Henry, 1985). By contrast,~ mice do not exhibit any

abnormalities in cytosolic protein kinase A or protein kinase inhibitor activities

(Tenenhouse and Henry, 1985), nor in cAMP-dependent phosphorylation of

renal brush-border membrane proteins (Hammerman and Chase, 1983;

Brunette et al., 1984).

Because protein kinase Chas been implicated in the regulation of both

renal phosphate transport (Cole et al., 1987; Boneh et al., 1989) and vitamin 0

metabolism (Henry, 1986; Henry and Luntao, 1989), the two renal functions

perturbed in the~ mouse, it has been suggested that the kinase may be
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involved in the expression of the mutant renal phenotype. Consistent with this

hypothesis is our demonstration that the defect in renal phosphate transport

characteristic of the~ mouse can be mimicked in normal mouse kidney

through activation of protein kinase C (Boneh et al., 1989). Whether a similar

relationship exists between renal protein kinase C and the abnormalities in

vitamin D metabolism associated with the .!:ml mutation is one of the questions

examined in the study described in Chapter Il of this thesis.

It is unclear, at present, how the abnormalities in renal phosphate

transport, vitamin D metabolism and protein kinase C activity interact to produce

XLH in man and mouse. Mendelian inheritance dictates that a single mutation

must be responsible for ail three defects, although it is not evident which of

these, if any, is the primary target. Despitb its pivotai regulatory position, protein

kinase C is not a Iikely target, since none of the protein kinase C isozymes

known to date maps to the X chromosome (Coussens et al., 1986). Nor is the

vitamin D metabolizing enzyme system a Iikely candidate, since both the

catabolic (Tenenhouse and Jones, 1990) and biosynthetic (Yamaoka et al.,

1986; Davidai et al., 1991) defects in the .!:ml mouse are alternately corrected

by dietary phosphate supplementation and exacerbated by phosphate

deprivation, suggesting that they are secondary to the disturbance in phosphate

homeostasis. Nor is there any evidence at present identifying the phospnate

transporter as the mutant gene product.

Because the abnormalities in phosphate transport and vitamin D

metabolism characteristic of lliu2. kidney are expressed in primary cultures of

renal epithelial cells derived fram~ mice, it has been suggested that the

defect is intrinsic to the kidney (Bell et al., 1988). However, the recent

demonstration that normal mice surgically joined to lliu2. mice develop rnany of

the phenotypic features of XLH including hypophosphatemia, decreased renal
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phosphate reabsorption, decreased renal brush-border membrane sodium·

dependent phosphate transport and inappropriately low plasma levels of

vitamin D hormone, suggests the involvement of a humoral factor (Meyer et al.,

1989ab). The factor is not PTH, since the above responses are not altered

following parathyroidectomy of both members of the pair (Meyer et al., 1989b).

The fact that these abnormalities do not persist in the normal mouse alter it is

surgically separated from its~ partner and are not apparent in parabiosed

normal mouse pairs further supports a humoral basis for this disorder. It is of

interest that a circulating phosphaturie factor has been implicated in the

pathogenesis of oncogenic hypophosphatemic osteomalacia (OHO), a rare

form of hypophosphatemia which occurs in association with certain tumours

(Agus, 1983). The clinical features of this disorder are similar to those

c'laracterizing XLH and are thought to arise from abnormalities in renal

phosphate reabsorption and vitamin D metabolism caused by a tumour-derived

humoral factor. A similar factor may weil be involved in XLH. Although the

findings fram parabiosis experiments are at variance with the data fram studies

in cultured renal ceUs, the two can be reconciled if the putative humoral factor is

of renal origin. However, until such a factor if' fOLJnd and rnapped to the X

chromosome, the primary cause of XLH will remain I~.rgely a matter 'for

speculation.
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Chapter II:

Evidence for protein kinase C involvement in the regulation

of renal 25-hydroxyvitamin D3-24-hydroxylase

Preliminary findings have implicated protein kinase C in the regulalion of

vitamin 0 metabolism in avian kidney. The present study was undertaken to

determine whether protein kinase C is involved in the modulation of mammé\!ian

renal vilamin 0 metabolism. Although our investigation locusses primarily on

the constitutively-expressed or basal 24-hydroxylase of normal mouse kidney,

Wp- also examine potential protein kinase C involvement in the regulation of

inducible 24-hydroxylase activity in the 1,25-(OH)203-lreated mouse, as weil as

in the aberrant expression 01 24-hydroxylase function in the mutant~ mouse.
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AlI~TItAC1'. AIIIIl'lIj:h ,,"klUlll·llct.vnl...d, IlhIJflllh"liflid·d.·.
Ilt'wh'lIl Im.tc'III kUUIM' ll'full'ill klll/lN.' CI h/l" 1H."'I'n illlllliclIll'll
in (hl' Irt:ulnllUn ,,' \"rinu~ IItt'midof;t'llic plllhwn~·!\. CllOlJlllrn·
\ln'Iy hltl ... i... kh"wlI ur il" r..ll' in th ... 1l1l'1llboll!\llIlif "lllIlIIin n.
'l'hl' l'fr...rnl "11111)' ....11~ untlrrt,.krll tll drlrrminr whrt hrr Ilrutrin
kllln~r C' 10 iII\'ulvNIIO thr rrl(\Ilnliun uf rrll .. l milochundrinI2!"
h.\llruIYVIl'11lI1Il Il,.24,hydrlllylll,,t· 124·hyclrolyIIlM'I. tht' rU'llt
1'1I1)'lrll' III thl' (··:.!4 IIlil!1I1illlllllllhwll)'. 0 !nnjllr cnlnlMJhr puth.
Wll\lllIr \'llülllllllll1lrtllhllhh'~ in killllry ancllllhrt tnrl:t"1 ti~~UI'Il,

Wr '·lllIllllll'.i lhr rflt'.1 "r l'Imrl/lI1 1:.!'IlI)·ri"tllh' 1:I'lIn'tl'll'
1I',\IA l, It 1",Il'1I1 '1,'I,\'.lIur ur I,mtl'in kinn~C, on 24 ·hy·dwlyll\M.'
lll'I'\'lly III Irl'~h IIl"UIIl' rrnlliluhull''' llIul l'undau·1I tht' chnnl:""
III :.!·I,:.!~, liJhyt!r"I;."'itlinun n. 1:.!4.:!!,,({JlI),!),lllrodu.·liun wllh
UllIlOlut'"U"" ..r l'IUlrlII klllllol' C nlltil,h"ollhurylnliun ur 11111'"
rlu'lIllru.I"flll'·ln". l'MA "limullll..t1 24,2!,.(OIII,IJ, .ynlhr~I~,

l'r"I"1ll ~mn"l' (~lInnol"l'nlilln 1"'11I Ihr cylullulir \II tht' mill,·
d"'lIdlllllltul"IWII. and I,hullllhurylittilln oC :10- :I!, n. 411 n. und

1 ~r,.JJlII\'DH()X\'VITAMIN D.• 1t.~f>.{OHbD.d j,

, Il)lrtllllilll'III rt'J.:ulntur uC hnne und minerai metnh·
uliNIll. und Ihus. pl:lYh Il pi\'ulul rolt, ill Ilorrnlll J.:w..... lh
lltu! (h·\'l·ltlJllllt'1I1. 'l'hl' C·~·I oxidlilion 1l0thwu:.. il' Il major
('ulullOlit' palh....."y fur l.~fl·tOH>:(),1 in Illilny turJ.:cl tis·
l'lIU'N ilH'lutlillJ.: kitltU'y und Nl'r\"CN lCI ctlntrul physiolo}::icul
ll'\'t'lh uf 1.~fl·(OH l,D,. und ,",'Unrd aJ.:llinst the toxic eCCL'cl.s
(lf l'Xt'l'hl' htlrmUlIt' 11-·11. This pnlhwny in\'ol\'l.'s sequen
tinl ~·I·hydrllx~·lltlitlll. ~·I-oxidltli(ll1. 2a-hydrux~'lnlil)n.

ltlltll'\'t'lIluul ,,;dl··t'!win t'1t·a\'lt~t· uf 1,~fl·(OllhD., lu yicltl

1t'''''''\'l'lIAI'rll a.I!t!ltl.
Alltlrrn rrllUrllll' lur rCluinlli tu: Ilr. Il S. Trnrllhu"~l'. Mrtlir.tl

Ur""ltrd. CUUIIIlI tir"rlil'" (:1\1111', MlIllln·ltl Chiltlr..n'II :to~lliIAi, ~;ItMI

T.ll'I'rr SUl'.'I. MUlIlIt·ul. "llrllM'lI:i1l 11';1 CItIlRllll,
• Th." wllrk w." ""]lIII'rt('iI h~' I:rnnb rnlln lhr Ki.hu·y' Io"Ulllltilltiun

..r ('/lundI. nml Ih.. MI'IIiI'nl HrM'ltfch l'I,ullcil tif C.lIIltUa, Thl~ i"
puhlll'1I1.un ~", !1l1.1l:.!,; hum Iht· r-.h-ŒIl t1nivl'flI ••":",,ntffnl Chil·
,h....·" Ih'''llllul Ur~l'ard. h'"\llutr,

t n...·illl'·lIt lit. fo'llll,j" IMlIlt la fllfmltti"n dt "'Ittl'l,rurll l'll'Ait!t' il III
ft'\'hrrdll' :-;lml"lIt~hll',

~ Il...'lllIr1l1 uf Il Mdiill l'lH\'l'f"il\'·MlIntr..u\ Chlhlrrll'. lIo"l'itl1\
llC'oC'nlTh 1n"..llIl .. Io"rllnw.lnll 1111I\ a Mcl:ill lIninr"il)' l'u"tllf.tllllttt'
:\lIul"III"lnl' AwlU'\

t,ll K mitochulIllrinl "ruttin,. derl\'ttl fWIIl ''l'·llIhcll~IIUhull"~.

4t1·l'hllrbul 12,13 didecnnnlllt', lin intrt nnnluJ: nI l'MA. düll1"t
dicit nny of lhut' I!U«lII. Tht" IIynthrtir tliocyll:lyn'rul. ult·,,)'lu,
t'tlyllllycl!rol. Ill"" .timulnU't1 :!~.:U'·IUIII,ll. /I)'ntlil'lIi~...... ht'rt'l.~
tht lunt.tin kinnr.r C inhiIJitor•• 11·7 Ilnd .tnufQIII'orillt'. inhihlh'ti
24.hytlroly!ollC llctivity. JIMA did not furthrr IItimulnh' 2,1,:'::'-,·
tUllhD, pruductill/l in tuhule11 drrivrod rrom mulnnt 111,\1'1 nlin'
in which :!~'hydruly'lnM' /lnd prultin killll"t· C Ilrti\'ilit·~ ;ue
th.·\'ntrd relnti\'ro II/ normn\. Ho.....rvl·f. nrtfr tfcl1tml'nl wllh Il,';.
:!4·hy'drOlrylu/lt' Ilrti\'lt)' .....nll frduced in holh IIUnin... nrllll:"n",
t)11(0 dif(ffrnC't"1I wl'tl' nll\nl\5:rr PI'lll1fl'nl. Fil\llll)'.II.';' fml"c1I"
illhillll thl' inr!uccti fenlll :!4.h...t1flll)'llUot· in luhulro i..nll1h'rlfr"m
1.:!!,·dih)'drolyYitnmin U"U"IlINI mkC'. ThrM! lindinl:" 11\11:1=""1
n roll' fllr Ilrotdn kiml/l(' C in lhr rl'j,'Ulllliull tif Ctlll"lil":i\'t· rrllili
:!4·h)'drnl)'llI~And imillicntl' tht' kinnlll.· in tht' nh,:nllllll'I]Jrl'o,
/liun 01 tllr hydrol)'lalll.· in tht Il.•fI mllu,.(',lr:lUt'lI·rl/ll,("~.\ 1:l7:
:!f':19·:.!IÎ4i.I!/IJlII

calcit.roic acid. the final inactivllliun Jlroducl (fl. fi). 'l'hl'
first enzyme in lhi~ dc~radllli\'e sequcncc, the 24-hydrnx·
ylosc. eatalY7,es lhc convcniion oC l.2fl·(QHl"D., tu lht·
biologieally less ncti\'e metoholile l,24.2!'I·lrihydruxy\"i
t.8l11in D:I. Il can also metnbolize 2fl-hydrux)'vitlllUin 1),
(250HD:,), thc reliai precursor bC 1,25-(OHhU:h lu 2·1.2fl
dihydroxyvitamin D:, (24,25·(OHbD:.). The C·24 oxidu·
tion palh.....ay is expressed constitutivel)' on1)' in tltt·
kidney. Howcver, aClcr prelrentmenl wilh 1,:!fl·(QHl"D,,"
tht, cotubolic pothwny is illducihle in inlestine 12. ·11,
banc (fi), and fibrohlasl.\l (71 as wcll as kidlll'.\· (~-(il. 'l'1lt'
conslilutivc renal 24-hydroxylase is reb'Ulnled b.\· a num
ber oC physiologieul faclors includinJ.: PTH, elllciulII.
phosphate, and vitamin 0 it.sclC (Hel' HeC. 8 Cur rcviL'w).
Although the effcels of thl'sC re~t1lnlory Cuclnr~ un ~-I·

hydroxyluse activÎly have bcen weil documelltL'd,liltll' i~

known oC the hioehemical rncchanism(g) in\'ul\'cd.
Ba~cd on observations thal cAMP (9) und Corsklllin

00. Il) could mimie lhe cCCeels of PTH on both tlll'
rcnall- and 24-hydroxyiuscs, it .....us sugJ.:c~tl'd lhui lllt'
ac1.ivulion oC eAMP.dependent protl'În kinase tprolt'in
ki .lIse A) is involved in thc re~llltioll nf renal vltltlllin
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D mctnbolism. Howcvcr, a direct cotn'Il.ltion bctwccn
protcin kinase A-mcdintcd phosilhorylution of cndo.:c·
nous 6ubstrnlcs and modulation of cithcr 1,25·(OHhD;\
or 24,25·(QH hD., production hm'c not becn report cd.

Cnlcium·nctivD.tcd. phospholipid·dcpcndclll prolcin
kinase (protcin kinase Cl is n ubiquitous serinc Ilnd
thrcunÎnc kinosc 112) lhllt hlls hecn impliclltcd in thl'
rcgulntÎoll uf sll'ruidoJ:cncsis in vminus lil'SUl'S und l'l'II
types includillf: udrclllil corlicul, U"Urillll, tcslicullir. und
adipuse ccll~ (sel' HeC. 12 for tl...·j(·wl. Hel'l'nl tHudi(':; in
culturl'd chick kidlH.'Y cells (la, 1-11 dClUol1strulcù Lhut
phorho) l:.!·myristlltc 1:I·ucclnlc (PMA), Il l'lltent lIcti·
"tllot uf IJrtlll'in killllSC C HM. inhibils t.~!HOHl:Ul

synthesis, stimulntes 2.(,25-10H)JOa prudU(,tiulI, llnd lit
tenulites thl' l'ffct·ts uf l'TH Ilnd fOfskolin Ull thest' twu
prut·CSSl·S. HUWCl,lef. ncithef sludy Pft'St'ntetl cvidellcl' fur
protl'in kirmse C m'tivlIliull, !lur prull'in killUSl' C-Ult.'
diated phosphurylatiull uf cndtll:enuus proteins. Jlolential
rnediutufl'> of lhl' chnlll-:es in vitllmin D Illl·tnhulisl1l.

ln the present sludy. wc exnminl! the l!ffel·t of PMA
on 24-h~'druxylnse Ilctivity in freshly prt.'Jlured IUOllst·
reliai tubules and ellrfelute 1ht'se crfeels with 1runslm:ll
tiull of prolcin killUSl' C und emlul:clltluS phuSllhur)'llltilln
uf mitochundrial prolcins. The renlll tuhull' prepurutiull
cOllstitutes Il wcll-chllrllctcrized model of the rellat prux
imnl tuhule cellllG, li), the sile ufvitllmin 1) mehllJolîMn
in Ihe kidney. und drcullJ\'enls I1II111Y uf the pruhlcllls
i1SStlCillted with ccII culturc syslems, such Ils dcdiffl'rcn,
tintiull und trnnsfurnllltion. We \1S(' two nlOliM' 111001('ls
in our invcstil-:llliun: the lllutnnt X-linkl'd hYfloJlhollphn
ternit, (Hypl rnuuse t lb), in whil'h renlll 2,f·hydroxylasc
urli\:ity (HI) ll11d ('Ylosolic prolein kinust' C (~O) lin'
elcvllll·tI Wlllli\'l' lu lIurlllal, und tht' 1,~;I'(OHbl>:I

trcllted II1tHlSe, in which tlll' renlll C'~'l GxidaliUJl pulh
WIlY hus becn inducl'd (21).

Mutcriuls und l\1cthuds

t\lIimul~

Normlll Cf,iBlIli mllll' min' Wt>rt· llillllillCd l'ruln Chllrle!t
Rh'er Cnnlltlu IlIr. fSI·r,OIIlHlIlIl, qudœrJ, Mulnnl Il.''1' mice
und normal li(l('rmllll· .• Wert' OIJlllim'd Il)' hre(,t1in~ Ct'J'i'H1/fl,J
Il,\]l/+ fl'IIWll'!t wil h C,i'i'Hl/li.1 +/Y lIIul!'!!: 1Ill' uril:illlli hn'l'tliuJ:
pnin, Wl'n' l'urdUlseti fmm ,JUl'kItUIl 1.1II!urlllllr)' (Bar IInrhur,
f\IEI, Al1mle(' .....en· Illuilllllilled un WUYlle 1.•lIh IUux t1lelIAllil'd
Milh" 1111'., Chil'Ill:", Il.) cUllIuininl: I.:!';i, calcium, Il,Œl f;;' phu!'>.
J1huru!'>, IIncl ·1..11 lU Villllllin 1)'/1:, For 1Ill' 1,:.!r,'IOJi 1/1J. treill
1IIl'1I1 l'mlul"Ul, lllil'C .....Nt' illJet'h'd il' wilh J.:!rl.(OIlJ,IJ, lI,r,
111:/1: hudy wrl IIr IIIl' lIlincruluil \'('hil'!(' ulHl killt·d 1Ii!l ultN
in;l'I'liull, '1'.....11· III ,l'lIll1l\lh·ultJ lIIit:l' "l'n' wwd in 1l11u/ll'ri,
lIlCIII!'>,

Mat,·riaL.

Mudilil'd minimum l'~ltelltilll mediulII IMEM. IU·I:.!I·:!:ll,
pho!lJlhutl'·frel' minimum c:;!'l'lIliu! lIledium (lli·:l8i'4!J!. 11IId

nOlleSllentill1 umillII Ill'id ('lIllcl'lllrllh' tlli·Kltl ..W! wl'n' pur·
challCd l'rom 10·10..... l..ailoruturi(·11 tMislIillllllUl:lI, Onlnrin, l'UllUdlll.
Cullnl:ennlW (fmm C/Il.dridilllll IIMlulytirlllll, I:.tlult' III, "a.. ]lur·
chui\('d fWIll Uot'iailll:l'r Mllnnhl'im tllun'Ill, ,~,1t'h\'l', "lIlIlIlInl
).([.- ".oquinolinellulful1yll,~·ltIl'lhylllillt'flllil1t' Illh)'lin'l'hll,rltll'
tH-il wn" ohtlliUt'd fnml ~t'iklll:nkll Alilrrl~n lUI', (Sr, l't·ll'r..
hurl:., 10'1.1. J'MA, 4,,·phurlIl11 !:.!,I:I·IJidt·l·lll111nll' ',I,,·plll,rl'I'il.
',nll'uyl,:.!-ucctyl'''Il'l:lyn'wl (0:\(1), IY!lil\l"rl~'h !IIMIIIII' 11.\'1'"
III·S), 1"phullphutiliyl'I""I'rilH', 1,:!-IIi"It'l1yl'rlIl"I:I\'I't'fl,1 l,I,
ur.'yl~IYI·l'rllll. 11'1111('111 in, :I-illulmtyl· l 'lIll'th)'l· ll,Ul1lhillt·, IlSA
frnrlillll V,lIodiulll dUl!c'!:')'1 Mllfutt'ISIlSI,1Il1l111ll'1 WI ]llllll'ill
1iI1l1ulurd" Wl'rc J1urduls('d rrul1l Sil:.lIul {~IIl'IIIWllII'lI, (Sr, l,t'lll",
MOl. Acr)'lllluid(', 1li!l'lIl'rytulllidl', lIIulllllU'r I!.I·I fI'llP'l1h UI1,1

t'lluilllllCIII Wl'rc l'urdllllt('c1 frHlII lIiu·l<mll.ulHlrItruru,1t lHull
Illtllld, CAl. )('''l'IA'I'I' und l'nuil'r,ln'l' "1' "t'ri' l'luI'haM'1I
fmlll NI'w 1-:111:1111111 Nurlcnr IMlIlllrt'lIl, (llll·hw, ('ulIl1tlull1lul
1'1112;,0111>" l'III·I.:.!;,-(OIlI:ll" lIIul ('II]:l·I.:.!!I'IO!lIIJ" ,I~

wl'lill" 1Ill' l'AMI' u....aY kil l'I'HI\..!;I:.!]. IWlIIl\lIlt'r..huIHIOal.
vil Il'. Unlllrlu, (:llllmllll. :!M)III), wu!'> Ill:ilr IWlll 111,.1,,11111"'1"
111111)'. lI\,llulIlllWIJ, Mil 1I11t1l1ulllllunll·i ..dtlld1l' 11lI. lEl"I ..
CUkl', Olllllrill, (~allllduJ, Srllurllspurilll' wu.. Il I:.ilt IWlIl H, ,I ..hll
MucLc\lII,

l'rl'/J!lr/ltillll "1 r"/lIIll'Urlll'U/ tU/lI'/'·.\

Muml' relllli ('(mi('ul luhull'i'\ IH'n' Prc'IHLrt,tl IIlt ,lt'M'nI ...,1
IIrl'\'iuusl)' (:.!:!I, Bril'I1)', ('lIrlimllt!Ln'lt Wt'li' 1l1I'IIIMll·,11lI L', rlll
:\1Io:1\1-IIEI'ES. pli ï,!l l'tllllllilllllj; 'U, \1 IldIHj;I"Ill~I' ilIHlo:;;,

ml Ill':;, lWI/\l1I1I IlS" fllr 'I!, II\m ni :,:! C in li Ithl1l;lI1~: ~'nll'r

hlllll.l)il:l'Ioli'lll ..... u:> IIIUI'P(,tl Il)' mlthlitlll ,,1 :ltlllll il,,·-t'.,I.1 ~II':I\I

IŒI'I~S hllfr,'r. Cu!lIlI:Cllllhl',ltl'UII'd Itlil'I'" ..... I·rl· ,ll~l't'rM'II, l',I
It'n'II thruul:h Il win' IIll'lih, wlIllhcd Ibrt'I' tillll'h, llIul Il'Mh
IlI'lIflcd in MEf\I,IIEI'ES, 1111 j,iJ. 1\1t li \'inililll)' illll.,ll" 111111'
t1l'hydwl:l'lIulie llrlivilY WUII Il:lltu,\'t'd ill lllt' Mlllt'mUrlHlt 1rJIrlll'll
u! li tulJUle 101l1t1J('lllli''lIltt \'uri"ulo tlllll'" UllN IJrt'I'lItnlll'lJ, \\'Ill'Il
kl'III un il'l', IU!JIIII'1t rl'll\lIilll't1 \'inllh· fur nI h,m.l :1 I, alt"1
prt'jlllflllÎUIi lclnlll 11111 "hllwlIl. TulJllIt· prcpurlIlilllb ulld .."h....
tjUl'1I1l'XI'l'riIllClllh W('rt· t'lIrril'd 11111 in ,,l'l''lil' nl/lrlllllt'/~

ItklfdHlliMll ,,1 ;!fj(JIlJ) ,

Olle millilitt'r nlillllUllo IIf lulllll!' l\'Illljll'III1LHII (:.!. ,1 1111: l'lui 1'111/
mil Wl'rl' incuhilleti wilh rlu nM ("J1I:l!JOIW, 1:!IltHI l'Il/ll/plll,,11
in IIlihokillJ: wllu..rhulh 111:11/ C fur 1111' lilllt,lt i:lllilïlll'd. llllrll'r
thl'SC cuntiiliulIK. Ihe jll'rt'('IlI11j.:t' t'UII\'l'r..illll III '''l''ltlmlt' 1"
prudlll'l WU" It'Ii!t IlIlln r,';;, illl!II'Ulilll: I!JIII Itullltlrul.· wa.. 111'(
mlt'lilllilillJ;, 1nculllli illlilt wl'rl'Irt'urt'd wilh l'Ir lU'/ O,\(;.l'~ll\.

'l"-Ilhurhlll (diM.ul\'I'li ill dilill'lhylllllllllll,i.lt' 111f\1Sc Il, lilllll""11
cClIlrllllllll, ll.l~;,/. 1ol1llHIlf\/llJriIl1' hl,lt"ul"'l',1 1Il IJMSfI, 1111011
C'lIICClltrillillll. 1';;,1 ur JI-i hliltltlllvl'li iu wnl"r!, l'IIraB,'l'/WlI
hillitlllll lrt"ilt'II wilh ll/l 1"I"ivlIll'lIl vulu/lU' III IIIt' IIIIIJI"IIII"I"
vl'llit~lt, lIl'r\lI'IIIII. l'ltlliruilt. l'U'I'111 lf.r l'MA'ln'nlt'l! 11l1UIIt-... 1.

which ri" ,phllrhlll'l feull'li lu!Jull,1t "t,tVl'clult 1'''lItrlll~, Ad I~ JI Il'''

ohtllil...,1 wilh 4,,·plulrIJfJI dil! nul dillt'r )\i~llilil'lIl1ll~'lr"lliIll"'"
nhltl'r~'l'd wilh UMS{) vehit'!l'ululIl' ldillil ulil "il.Mill HI'1I111"1.'
wcrc "luPlœd Ily udrlirllllllJr:1.7~1 lIIillll'tlulIIlIl'l:hl..rulurrlll:l: 11.

Ulld h.lllllple!! werc Itlured ul -:W C IHUlt'l ~I Ilulil ('Xtrllfl11l1l

J(c/.lcliun lIlixlurl'~ ill which t'III~;J{)JIIJ, wnto illl'ullillt',J ..... 11.
MEM_IIEIJI-:S hllffl'r l'illu'r in 1Ill' 1I11I.('llft' III lubllll'" ur 11111...
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prtllence of builrd tuhult'II aerved al UockKluund in the quanti
riCfttlU1i of (lruduct (ormalion.

f:drucll/ln and BUQ)' 111 tutamirl IJ mdabulih'l>

Iu-Bcliun rni~turt!1I were I!Xlrllcl.t!d twict' &II dt'foCribed Ily Blillh
und lJYN 1~:iI. Bolh orJ:llllic phUllt!Io WCfe Ilouled. dried. tCClIn·
IItilllU'fl in hl'llllllt'.i!lUlJrujllIllol·rnethllnul 1!l:l.!I:f"fd) und lin
nilljUIII lral'lillllllh'd 1111 Il 7.,11,IlUx Sil clIlulIllI (;!fl CIlI )( Ij.~ mm,
Ulll'uni Cu" Wihninj{ton, 1)1':1 equilibrll!cd with thl! IIUIIll'

1>l11\lt'1I1 lIlilltun', Il'' dt,ftCriht..d hy .Jollc!> (141. Illll.liulictivity wn"
IIU'lIl11Hl'd in Furlllulu !W:I (Nt'w Enl:llllld NurlclIl. Muntrl.'ul.
(~'ll'''er' hy liflUid l'll'inlillulilill cllunli,111. Elulllln lluliitiullIi flf
~!10I11)" :.14.1!1.(1)l1111)" lInd 1.2f,·IO'll,I), \lo'l'rl' ùl'lerlllilll'c1
..... 11 Il l·it Ill'r l'tplllllilll' ur rudItJlu'li\'c' IIlllllùuul", Hl'cllver:; uf'll
1lIIIl'i .....u" J:r.'lllt't lhlll. !JW:;. llnd cumllnruhll' IUr hulh "ll1llk
(whl'fc' llll lIiJ:lIiliwlll l'IlIl\'I'r~ifJlI uf i'illh"lrult· II' npflllfl'lIlll1l1t1
l'JllI"t1l1l1'lItlll "111111111,1'. illdil'utllll: thlll 1111 u'IlI'liull lirudufl",
•·l'IIIe! lM' 1Il'f1U1II1.'.ll.. r \llllll'r (lur ClllldlllUII~,

Tht· C'lh'I'1 ..11'~IA ll/lllU' "uhn:lllllllr dillirihullullllf (lrull'ill
ki/luIol' (' ",liS ci"It'tlllllll'lln" cic·...crillt,d (lrl'\'iulI"I,\ C,!:!). Hrlt'l1y,
tuhlllt'/I ....'l'ft· illt"uh"ll'd ....'Ilil 1 ~J:/1Il1 ll.li l'Ml t'ilhl'r l 'MA ur
,l,. ph. ,ri Mil. III :111 {' lur lU IIlln. Cl·111riluJ:l.'1! IIllill x ~ rur lmill.
n'lIll/ol11'IIlIi'l11ll ~:llJ~: hUIIIIII:C'lIizillJ: burll'r [li.:.!.", M lIt1Crul'I',:.!lI
UlM Tnr-,lIEI'I':S IJlII j.fll.:.! mM 1·:(;1"A. III mM dilhillthrl'ilc,1
lllui III l'~.'tlll !t·tlIH·l'lin], und dl!UUIlIt'd Ily IIlllliclIlillll. fl.lItu.
.'h"lIllrial nml o'luIouht" Inl\'lilllll'> wuc' IHI'lJllft't1 IrulIl IlIhull'
Il'/llIlt'''II:- 11t"Il'uht'd 11ft'\'IIlIl"ly 12."11. AIII'r Ct'lllrifuJ:ulilllllll l:.!o
)t J: tllr lU lIlln, lh., n'''llllllll: Mlpl'rllnllll1l" "'t'n' l'l'll1riful:t·d III
!'.IlClU )( 1.' lur lU llIlIl lu ~'il'Id Il Illitut"hllndfllli Iwill'I IInll II
Ilt1r-llllll.I.·I1tllldfllll 1Hllll'fllllllllll, l'ur-llllililchundrilii IiUIWtllll'
l!llIl" .... c'n' l·t'lItrihll:l·d III lOi,.IK'U )( J: fut lill min III yieltl
1,\,It'Mllil' Irlll·llllll:-. whit'll C'fI· lIM'lIYl'd dirl"c'lly f••r pWlein
klllu,,'" r Il,, .h·llc·ri!lc·tlllt'I.I MiludlllnilrillllK"III'11- Wl'rl' rl'liU 1·

1!t'lIllt·Ji III hllll\ul:c·l1it.inl: hllfll'r. lIululllh1t'd in U,~':j Tnltln x,.
wu lur titi mill CIII i~·c·. und l·t'I1Itlhl~I·c1. ~lIpl'tIInlunlli Ihulo
J:.·llc'rlllt'll .....·rt· Illrlllt'r dllull·c1 .... il h 1111' Nullt·llufh·r 1\I11111~~nyt·t1

lur l'rult'llI I.illu.;c· C 1I~ th'Ioail1l'ci IM·lu"'. 'l'hl.' lIIil'Il'hllutirial
Iruc'lll1l1 .....ll~ r-hu ..... lllnlll' l'Ilul'!wcl S, III lU·lult! ..... ilh n'''Jlt'~'1 lu
Ihc' mllcll'h"nltna1c'lllYlll~' lIlurkc'r 1'IIlCt'llInll' cyluchrllllli' r n··
.hlt·I"Iol' l:.!l. :.!i.l. A"r-lI~' Ullllll'l·irlt· Iouhn'Ilulllr lII11rkt'rr- t:!1. 2."11
CIc'llIl1l1"lratt'c1lhlll ti~'ï uf luhulllr ~'I,h~-t1nlll;yla"I' ucti\·il~·• .")':j
lllllllllilar 1nl'll\' th'h.\'clfl'l:c·luIM· m·li\'it.\'. :!l''; (If luhlliar nin.·
Illl"'t,icll' llcic'llllli' clllllll'll'uhdc' phu"plllllt, Itl'CllIt'l'c1 furUl!-l'ytu,
dltlllllt· l' u'lhll'Iu,,"c' 1II'ti\·ily. Il "j. ul tuhulllr I):-.IA. unù ~U'.ï, Jf
IIIIIulM trC'!llIlllloc' ilt'll\lly Wt"u' n·t·uvl·,..·t! III tilt' nlliochulldrlll'
(rllt'Iulll

1""/1'111 klllll,'" (. 11.....1/.\

t-:nl~'llIl' m'Iivily ....n" IIIC'lI"lIfl'c1 u" 1.1' ilil'lltilurUliulI fWIII
l["I'IA'I'I' hl mlf Ih~'I1lU" Illlitul\l' ll~lll' IIl·SI mc dl"lIl·rib...·d
11f('\'1llu~ly l:!iII. l'wll:ill cUIIC\'nUlllilill ..... 1111 IIpproxillllllc1y 20
"~'H)(I ,.11I"1I1l~' rur hulh 1'~'I"IIUlk 'UIt! mitlll"hclIllirinl rrnclillnll.
'111: n"lt'llllll ....·.1:- Itlilinlt"ti hy 1hl' 1Ilklilll1ll uf 11'~PIATI' 1:::::!U(l
l'Plll/lIl1l~,I, flllui l'''UI'''lll mlwu. 11.:t IIlM 1aftl'r I.il min prl'illl'u,
1llll\l11l ni :I\l C, lInti "'tlllllll'(\ ahl'r :1 lIIill clf incuhnllllll hy

Itpotling 50 j.l1 aliquotlt of reaclion mixture onW 2 X 2 cm
&quarea of ph05phocel1ulolle pnpt"r lUI dCltcribcd ~te\'iou,l)' (251.
The &qunrelt Wl'tl' immcdiately immerM:d in 75 mM pho"phorir
acid. waahlod lhree limelt in Ihe ume solution. dril"d, and
counted. Ali ...aluell were correcte<! for back~~und a~ti\"il~'

(det.ennined from a reaction mixture conv::ninl: buffer in...lcud
of enzyme). J1rllll!i" "inalle C UC',l\"ilY wa', obt.ained by Itubtrucl.
iun kinuliC IIcli ... ily ml"lllturt..:! i~1 thl' ~ill;ence uf cilkilllll, phlli'i.
phutidyltierine, and t1iucyll:lycen..l \haNlI aCli\'ityl fWllI killai'il'
acti ity mcasured in the prl~nceof ni! thret· COmlMlIll'nl" ItIJwl
acti ilyl. WI:' dl"lIIllnlilrllled in n !lrc\'iIlU!'I .'Ilurly thm tht, t'al·
CIUn!' lInd phUllpllllliJlid·deJlendl"lll CUIIlPllllt'l.t (11Jlul - hil:-al.
il> ullrihuLnhle tll "rutcir. kinll!iC (" 12.".1.

Tuilull'Io ..... l'rl· fl'!'Iu~(ll'ndl'd in phIJllphall"frl'l' ~IE~I !'I1I1'lllc' .
111l'IlIl'd ..... ilh IItlnclI!'l'lIlilll nmino ucid:; nnd :! mM ~llltamilll'

IpH j.rd. 'l'uhull' l''t'II~ Wl"tl· lalll'It'd ..... ilh 1·lltrlt't·lrt·.· '~I' [:.!.'",o
·11111 ~('i1 fllr ·If. min nt :m C. in Il "hukillJ: ..... l1lt·thOilh lI11clllll'll
inculJl1ll'd ..... ith 1 ~l:/ml t'ilhl'r 4n·phtlfho\ {111 minliif 1'~It\ lIt,

10. ;!tl minI ml dl"I'cribl"t1 prcviuuI'\y 1:.!:.!I, 'l'hl' illt'uhlllilill Wl.~

"lullPcd hy thl' IIddililln uf HI ml ire'culd MI~M·Hr:l'r:SIn:lln
cllntuininl: Ilho"phllt~ und cl"lItrHul:lIlillllllt l;tJ x J: lur j lIlil!.
Miludllllldrilli frl1ctillll". prcpllrl"d li" dl'l>C'rlhl'd IlfI'\'luIl"I~' I:.!I.
~."ll ......l·rl' trcntcd wilh nll equlIl vulume uf IlluÙlnl: iJUUI'r (:.!lI'.
I:lycl'ml,4'!; :O;DS, l,r>û':i> ~1l~;.I'O •• 1tl~' 2·/1·IIlCfl·llplllclhallul.
und 111','1, hrultluI'helln\ blul". "U 6.RI IIl1d huill'd lor 1.:" llIill
Ali411utl> cUlltllinill1: l'QuÎ\'nh'lll umllUllllo or IIrult'ill CiO ~I:; lnrll"
Ulld rndlllllcti ... ily Were npillied lu 1U':i :o;ns,pIIJY"'~'rylul1litll' ~~'I~

nlld 1·II'ctrophutl'1I1.'d 1Il"cordinJ= lulhl' lI11'lhud uf I.:ll'ollllii l:.!l;!
AUlllrl1dioul:ral'hy WU" perforll1ccl ur-inl: KnÙ:lk X,Omal AIL",
film" ill CXplJllUrl' hllltll'r~ ..... ith illll'Il"il'yilll: Iil'n'l'n" l:~ da~,.

l'ltpll,~url'I, l'hulIllhuryillliun uf l'IlÙ"l:l'nuu:< Jlrl/Il'in louh:-lrlltc'"
.....1111 qUlIlllificd hy 1IC1lnninl: aUlorudiu):rllm.. Ull Il I..KH·:.!:~lI;:

IIhroliC'nn lnl'l'r dcnsilUml"l~'r Ulliltl: n KB·:.!:.!:.!1l rl·l'ordin.: inll"
I:rlltur lI.KU Inlitruml'Ill'i. 101"., HlICk\'llIl', ~11) •. 'l'hl' Iol'llllllt'r
""1I~ culihrllll'd h)' eXpull\ltl' tu 1111 IIn'o uf filllI .... ilh lIU phll~

phorylatiulI, IUlell"ity in thl' IlUlll.rllcliu~r;1t1l wal'> pr"llorliulIal
lu llll' IIlIlounl uf ':1' pU'hl'nt, l'hIA'illhul)'hltiull ur IIroh'in halltl~

nfter incuhatiun uf tuhuicil ..... ilh l'~IA wn~ COlllllarl·d lu htllh
IlhUllllhUI)'llItillllllt tillll" zcru nnd phoilpiluryluliull ill tlll' Ilfl''''
ellt·l" uf 4n'phllrlllll (hulI.1l phullphory111liunl. MiI1ll'hllllcirin11Iru.
lt'illl' ..... l.'n· dl"Ioil:nuted Iiub:ctrntl'Ii fur Ilmll·in kiuu"e (' ..... lll'IIII11·:
ndhcreù tu Ihe follo..... inl: crill'ria: Il l'MA·inducl''c1llhui'iph''r.
)'Intiun excl'tded hn~lllhollphur)'latilln:21 bU,,"11 JlhuliJlhuryl;I'
tillll did nut cxcloed Ilhu!lllhuryhuilln nt timc zeru; :\J cril(·ri'l II
und :.!l .....cre consilitelltly obllcrved in ni Il'nl'l Il/ur M'Jlllt1lh'

Ilfl·l"lrllliclllli.

Tubulell w~rt: incullnted in thl" prt:M!nc~ or absencl' uf PMA,
OAG, or H·j 11& der.cri\)l'd allll\'e fur \'it.amin U IIlWlY. cAMI' ill
f('llcIIUII mixture!! .....Ull ml'nl'Uretl 1111 dl"licribed l'tl'\'ihUlil~' 1:":';'1
ul'in.: Il cAMP UlIlMl~' kit,
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It/l !II 1"'·\J,t~'1!1 llllll l"'IIol,I.Jl(iI V'\;,J '" .1.JlI."l"laJd .l'Il III

'l' '1 II)! \JI''Id''''',!11 nllii .,1 1 ';, ""WII1'111l.11I1JtI Jill ~.1111Jl"lJn'i

1"'l'~";!t....I!, ,U.l..... 'li Ilf; pllll 'li nt· '>1 '.'t-flt ·...punel U!"l
"JI! ·... J'I1 ·"qll.ltlllJ.lI!X.1 ,)!lJ.llll1.ll I" 'i~'l'<lllIJn ,1IJlolllJnl~'l

1/,'11 1" ';''''lr, ,"11110 ·.... lln'llll l'!I/.u .1'lllnUl P.ll;)fl'lblll U!

;:~lj.

""II.lllJi l"IJI,um/.I"I'IX
"",pUJI·lIl'''''\·'.!

':'!I·llll"
1"1li:;: lill\Il:

l'''llltl/,('''I'VI...l

.1;:1 ;: ~"j,:,

..~Ii • ru:I:1
',"01:+
li:,tr,-

0I.I11,""'11'()

"".1\"'01:1'" 1I11l1/1"m'h
'1'''IU! .1 .... '·111' ""'1").1

--

!'l11 ns·,U

'·'llIflnll'.llll~J1·I"'P"IIII·"1" 1'111I ·VI-;,IUI"JII'·1I11l1"J.I'Ill; .. 'JI
IlrrJIIlI"lp·'111i1 pUll '''l''''''I.\.> ut 'lIMI.'lI .1 "'In,,"! UI"l"'" '1 TillY.!.

'·11U1ll)1JIWJ.11·'P J.)'I1n

"!JUpUU1"! "li vsn :iu!"n IR;:) '10 p .ü....1YJ
JO pmll·ll1l Jill .\11 p.JU!Uu,'tl.1p su." 1l0!1I1J1Uol.)Ul).) U!.l10J,1

)·.l.11'iJ1DI!z;

',1111

·ud"ulclll su '!MJ!mlun lu l'.ume! ·}S.ll , 'flU.lprll~ .\11 p.1U!"IJJ\.lp
"1f.Y, .1.lLlII.1t1'lllilll l'I,lll~!lItlS ·'.. ::aS :;: UU.1W IU.1S.1JeI.1J <;l["",')H

ln .. ~. ,/ •
11111'11>./.

~'I'''Il''1 ~1l.~UUlf"'J ·\lII"'llDIIIl"~' V1\l.1 J" lJ~mi '.. ",.111,1111' III p~_',"~11
"lll-l'UIl~lu -II"J J" W:~S :;- ""-ItII -1111 ~IU""oIJd:<J "'''lU' 1.(-l":-IIII.....IlII.\UU
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REGULATION OF 2bOHIJ,·2,·HYDROXYLASE
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i'"lli. 1. E((nl Ilf II·, cunctnlrltlinn un :.!4.h.\'dtll,,~'llII\l· Urll~Il~' ln

muul>(" rt'nllllubult'~. Tuhulr" Wl!rl' inl'Ilhnlt'd wllh thr mUlcntrd C""'
cl"lItnlllun~ of lI·j llnd !,(lnM 1'1I12!iOIlU. fur 2u min, ll~ dr~t:rih,..d III
MulrrlllL, and Mrllu~. M\ :,tlQli\.t'tl wru' utuu·lfil. rrlll'Iillnuh',i Il.~

lll'l.l·,llUlI cuunlt'tilll< ind'l'lltt't! 'II Alah;;'lIlL. llfld Ml'lIlUd~. "~lI"h \'ului'
r.."rrM"nc.. lht mtAn .nd ranl:t' tif dUlllkntt" dl'~rmillllllUn~ III Il r";'II"
_l'nlllll\'t" t'.'lrriml'nt. ":Jllrriml."n1Jt wt'rr rl"lM.·ll(t'd III It'n\( Iw" WU"
.... th "Inlihtr rt'Rultll,

Î (:m), ulso uttenulltcd :!·1·hydroxyl:llic nctivit)' in IIltlU:-t'

rennltubules 129,8 ± 5,1 u,~. IG,[I ± :!.:! fmol/m).: prutcill'
min. (n = 4). for vchicle· ond stourl).';porine-trcnted lU'
bules, respectivel}'; P < 0.051, Thc SOO1e' concentratiun
of Rtuurosporine j.nhibiled rcnnl cylosolic protein kilUlSl'
Ch)' ::l:mc:;, (data not showll).

'l'hl' erfecls of l'MA and H·Î on 24-hydrox~'lil"'c m·ti\'·
it)' wcre ohm eXllmined in renul tubules dcrivcd fwm ,1
mutant mlluse struin, desiJ::l1ntt!d 1i.\'P or hYPoJlhuJ'piw·
tcmic. which exhibitfi tiil:nificontly elcvalt.'tl rcnlll mil'"
chondriul 24·hydruxylase (19) llnd cytosulic "rutl'in ki·
IUISt' C (20) activilit's relative tu normnl mire. Tllhll' :!
iIIustrutes that whcreos PMA elicited 9 Slllllll bUI si).:nif·

"·u;.:1 Tllllr dl"llt'Illlrm'r uf l'MA I"ffl'rlll" :!"·h",<Irutylll.... lll'H~'I1~ III
mnufol' rt'nllllubulrR, "l'uhul.,. wrrt' irll'lIl~lt'CI ..'nh 1 IIl:fmll'ltlll'r l':\IA
ur ~"'llh"rhul and [,(1 nN l'II12[,O!lU, fur thl" lilllr~ indirlll!·d. ;1'
drloCrilM"t1 in Molr'/ll1J. and ,'f,·tlmdJ. 21.11~'dtll'YIII~l· lIrli~'ily IlIrllkllU'l\
in Ihl' Ilrt'lICnn' of 1"'llhurhul dlil nul dirlH Ria::nilicnnlly h"m Ih,1l
ul_,."."l in Ihr llrt'M'nct' uf U:.1:;O \lC'llIdl" "Inlll' hlalll l1ul ~h"'\I\l

Mrlllh"ht,.~ Wt'rl" t'.truch'll. frlll'tlunlllrfl IIY 111'1.<", n:;·II'1I1I1111·1I.•1'

11t"N'nhl'll ln .\fal<'.iClL\ mlll M,·IIlII(t,\. f-:lIdl \'lllul' rr;.rt·M·IlI~ .ln· IlU';U,
lInd runl:l' uf f1I1IIIIClllt" drh'nnmllilull~ ur n rt'llr"~I,I·.ll\l· l'al""Il11Ull
":"III'rilllt"nt~ Wt'rt· rt'lll"lIll-ti nI Il'lI~1 (""'u lilllr~ ""'llh ,,,nulnr rr,"l(~
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t-'h' ::, ":Url'l ul 1':'oiA l'ulI\,rlllrllllul1 nn ::",h~·llr".~ IJl't' .\'(Inl~· in
III"UO" rrllllllllh..h'~ T"hllll'~ ""'rr iIlI"l1l~trfl1olol\h Ihr U1dlr"ll"ti ru"·
•·..lllr.lll"lI~ ,,1 1':0.\<\ ,ulll !.lInM l '111::!.OIIII, l"r ~Il min. n~ dt"N'nhrll
III Mnlowl.o Il'Id ,\f,·II.. ~I., 1'''!lu"l 11.1', \1 "~!1Il1 l'MAI rt'llrt'III'I1I~

1Il"Ul"Ill"n 1olo11 h 1 .. ~ilnl1.",'hurll"l. '.!1.Il~drunlnM' IICU"II~' mt'n_llrrd
III Ihr l''r....n'r ,,1 ~" 111I"rlo,,1 .Iut nul dirtt'f ~I~nifi~'ltnlly frum IlulI
..1I.... r'l'.1 III II ... 1"r....n.·I· ..1 U:\I:-u "rlndl' 111"111' \lilllll l1ul .hU1olo11L
Mrl.h"hlr~ .. rr.. ,..lrllft...!. Irllfli"1l1l1rti h~' 11I'1.e. Mnl cuumr:.l ,,~

U1lh.-.lrlllII ,\1"1,",,,1.0 "'I,f ,\f,': ., ..t.. Jo:'lfh ",lIlur l'l"llu'!'C'nl. thr IIIrilll
111111 ,"nl:" ,,1 ,h'l'hrlllr <Irh'r' ml\llun~ ur Il fl'llfrM'ntnh,,'l' "'l'l'rimrnl.
E'I"'lUllrlllo .. rrr r''1lflllrll III Irllol , .... t1mr" "'Ilh ""llilar rr"ullJoo,

JJre8~nce ur 411·phorllol. J'hoflphorylolion of the 30-35 K
and W K prot.cin b8lld~ wn& maximal aCter a lU·min
inr.ulJaliun wilh PMA und diminished over the next 10
min. B~' ccmtruhl, phohphorylntion of the 40 K prot.ein
IlIIl1d WB:; f,:rt'Bll'hl ufler 20 min incuhatiun wilh l'MA.

Joïj{urc' ;l dCIJÎCUi the cHect uC JIMA conceJ1trutilJfl on
:!-1·hytlruxyillsl' IlI'th'll)' in UlllUSl' rcnnl tuhulcl>. Whl'rl'ul'o
l'MA l~lIl1t'l'lIlrnlilllll'! ur f,Otl n~/ml W,N pMI or Icss hat!
110 t·rCt'el un :L4.:!.'HOllhJ), !iynlhc:;il'o. hi..:her conccntm·
tmlls Wl'rt' "IJ"erved lu IIlilllulutt' productiun uf thi" JIll"

tliliulill'. FIJ,:tlrt· :1 "huws thlll thiR Nlimullltury rcspnm.l'
WIII'o ul!>(J dt'pt'mit'Ill 111\ tlw 1l'1Ij.,1h uf U(lIlSlIrt' (If tlll'
11I1Iull'" lu IIIl' III'hm!ur, wilh I1IUXiUllI1 stilllulation uc·
t'lurin).: IIfler 10 Illin uf incuhlltiun,

TU'i1II1lt'1l1 ul IIIllUI-l' rC11ll1 tuhulc" with thf.> liynthl·tic
c1illl'yh:l)Tl·rul. OAC; ((jUill ('1I11ccntrutiulI. Kl} ~MI.ll mure
"h)'I;iulll).:II'lIim'llvlllur uf prnlein kiulI!>l' (' lhllll l'MA,
III"" rt'Mlill'il iii "'tilllulilliun uf 24·hydrnxyluliL' Ul'livily
IW.I :t :I.li ('.', :!"iA ::!: ,I.:! III ;::; ·il. t'mul/lIl).: )IrutL'in,min
lur \'('lllt"iC' und OA(;'IrClllL'c! tuhulL'''. rL':Ojlc(·tivl'iy; J' <
Il.1I!11·

Fil:'un' ·1 "llllws thllt tlU' prutl'in kinllsl' (' inhihitnr. H·
ï 1:!!Il. inhilllll·d :!4·hytlruxylus(' lIl"tivit)' in TnOIlSl' re'llul
tliliUll'S illll dllhl··dl'III·lIIh·llt 1ll111l1lt'r.l\1ilximlll inhillitillll
1:::1;11"; 1 wu", rl'llc!lI'c!ut fJt)lIjJM H·Î. thl' Sllllll' ("oncentru·
tiull thlll IIriti('ved fIO'" inhibitiun of prntL'ill kilUlM' ('
m·tlvit)" inl'ytu!>uIH' frlll'tiull!> bolutl,t1 rrlllll IlmUM' renal
lullllll':' (cintu 1111\ shllwn).

StlUlru!>llllnlll' lrallôal (·llllt·l'ntrutiull. III jJ:\II, Il nlllrt'
l'lIh'ut lInd hpt'('illl' IllhilJilllr ,If pr"tl'in I.illusc C lhun Il·

(
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l'ABU: 2. Errr~'1 ,If l'MA 1.... 1.'ld Il·';' lUI un 201·h)'drt'lrlaroc'' "cli\il~

in u'nal tuhulra hum nurmal .nd H}11 mlt'r

:'!"·lIydru~~'I."""cll\lI.\

Irmul/Illl: pr"lrmimm)

A. oI"·jlhuth.,1 Ir,.: 2 1~'U ,,;1 ~ " HW
l'~l.\ IK: 2 12"1" "r,:t fit!W

Il l'untr,,1 2:!:1" '011 ;12!.:! HI·

H·' 1:!:;I1o&l" 1:1 :1 :! tH

'l'uliult·. "'rrr Illluh,u"t1 "0'1111 r"'l liN l'HI:!MlIlil. Il/ItilAJ 1 "l:im1

t'llhrr l'MI\ ur ""'lIhurlll,1 ur 11l1!,ll(j,.N Il·, ur \rhll'Ir rur:!tt mlil. ll~

drlO4'rlhrtll/l MU"·'I"I... titi M,·/Iule!•. Mrlnl.dllr... ru· rllrltch·d. lrlll"
Ill'llnlrtlllY Ill·l.t·.1III1irHUIIIl·II,II.tIl'N·nllt"llIII MIlt"'w/..llIul 101.'/11",1.
\'ulm'" ,,·""·...·111 111,'.111 !. :o>t:M III th" lIuIIII"'r ut' 1'~I"'rullt·lll .. !lull"lIll'll
III l'nrrllllU'"I''

• EIII'("1 ni Jhi' mlll.lllllll.I" lIttl.

"EIl"I'1 ur l'~lA, "<OUI
'EU\,<·II·r 11·,.1'0.,; \1,11:,

icnnt inrrt':IH' ill :!·I.:!fl·lüI1U>, :-ynlllt':'iis III n'nal Ill·
Indes prt'p"r"d from normal min'. il dicillUI :-iJ,:lliftl·anli.v
slimulnll' tlll' "l1lYIIII' m:ti\·ity llssucillll·r1 \\'lth tubull':>
dNi\'l'd l'rom thl'l1lutllllt Mrnin. By l·untra...l. )JÏ\lA l'Ih'l'
ti\"l'ly stimulul,·d prull'in killll:-l' (' lIt'li\'il~' in n·II.11 1'.\'

wl'uli(' fral·tilln~ i:-llllllt'd l'Will twth llorlllalulItI Illulanl
Olkl' lPl\lA':illl1lulalt'd \'um"un"nt, Illli!: ';'!I 1·.•. I·l:!h ~

114 Jlllwl/lllJ,: Pflll('ill'lIIill Itlr wlrlllaJ Olmi /1.\1' filin'.
rt·:ifll·rlin·l~· ln == (il]. ,(,,,hlt·:! ldsll "lul\\:>llllIt JI.; lllhih·
ilt'c! :!·I·hydrllxyla~l· 1l1'11\'i1y in bulb Iltlrlllal· and 11.\1)'
c1Ni\"l'11 n'liai lulnlll":-. \\·hilt· :!·I·h\(lfllX\"lll~t' llt·tivil\
rnl'llsured in tilt' ah:-cnn' ,,1' inhilJit:lr .....i1~ l'iJ,:llifinllltl~v
hh.:tll'r in tuhuh'~ Irlllll 11.\/, min' thlln Ihlll l'rom norlllai
min'. trl'llImcnl \\ilh Ji.; rl'dul'l'd :!.l·llydroxyIlIM· :trliv·

it~' in !luth !.:l'lllitYIl'·s Ilnd liliolishl.'d tlll' intl'rSlrllill dif·
f,·rl.'lll·C.

ln urdl'r tll dl'll'rmilll' wlll'th"r II·ï al:.u illhillitcd I,:!f,.
IOlIJ .. D,·inducillll' :!·I·hydrtlx~·llI~e.Wl' l'XlIlIlillt.'d tht.' 1'1'·
Il'('1 uf litl' inhilJitor un :!·l.:.!tl·IOHI:(), "rudm'litlll in
rl·llllltuhult.'s Ilrl'llarl'd frulII J.:.!f,·(OHIJI),·trt·ulcd Illkl',
III conlrtlsl lu our findinJ,:s wilh thl' CUlIstiluli\'e cnzynll'.
\H! fuund thut Ji.';' hllClno l'ffl'cl un thl' l,:!f,·(OIIIJ()'·
indun'd :.!·I·hydroxylllSl' !FiJ,:. fIl.

ln ordl'r tu llSl'l'rlllin wlll'tlll'r 1lu' llJ,:ullislS ur UlllllJ,:ll'
nisls of pruu'in kinusl.' C uSl'd in thl' prl.'M·llt stwly
exerlcd thl'ir l'(f"Ch; UI1 viulluin J) melllbuli:.m thruu~h

the udl'nY!lIt'· l'yclll:'l'/I'ruicin kilU.lsl.' A pUlhwuy, Wl.'
nll'IISUrt·tI cA:v1P 11l'('UfIlulllliun in rnl.lUSl· n'IU11 tuhulc!'>
trl.'lllt·d wilh t'Ill'Il Ill' tilt' tfln·t' rl'i1j,:t'nls. Wl' (olllUl lhal
l'A:-'1I' Ic\'cl!'> in Ill11U!'>C n'IUlI lulmll'!'> Wl'rc lIul hij,:llilj·
cuntly 1I1tUI.'t1 Ily "ithl'r P~tA Il;IU ± '.!,li.li ln = (il li!'>.
Ii'l.ï:t :!l/.H ln = li) pmul cAMI'/IJJJ,: prutl'ill·:.!lJ min. for
l':-.tA· llnd 411·l.Ihurhl,l·trl'utl·d lUl.I\.Ilc!'>. rt·sflcclivdy;
JJ> !J..JI. ()t\(; 11li:Ui:: :!.l.Ii tll :;: (i) I:.~. 17,104 ± Il.f, (II
== Iii. fur Or\(;' lIml \·t·hil'll"lrt'1l1Nllulll.llt·s. rl'!'>I,cclil'c1y;
J' > O.r.l. ur 11·-; [1:1:1.-1 ± :!:..I (n =' UI v.• , 1·1:U1 ± 2J.f, (n
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Fil. r, 10:11"'1 "fil·; "11 ."n~ll\IIII\·I· .11"II,:':'ltllll,ll, ""I",.I,j,·.'1
h.~lllIIl\lhl"" nl·I.. lt ..... \Il "'''".... lI·n'IIIIII,..I... Mu,' ",·r,· "'1,,1 ... 1 '1'
\Io"llh rlllll'r 1.:' Illlh: I~ ..h "'1 l,:!:, 111111.11. ,,' "'1"1,,,10'111 .,,1"""',,1
\'l'/III'It· IIi h t,,·I""'CI.·.II/I ..1••I.·..·rlh,·,11II ,\lu" '141/' '1'''/ ,\I,·/II,~I. Il, ".,1

t·"r1lnl!llIloul... '''''/l'I''''I,,u'',1 111111111,"1,.,\",1 ""Ih ;,11 "M 1.111.':.1 '111'
I..,:!U 111111. "lthrt III tlll' 1"I·~rl1n·", ..h~"IIII· ..1,',l~1 •• \111 : .I~ ,,,01 ,••• '
UI "'IIl1·,UlL. "'Ill ""·I1...J,, MI'I"h"hh" "".,.. ,'\1 r.II 10"1. Il,,,' ,,,".'1 110,
III'Lt"ulIlll""ullh·,I. 41~.h·" lllot'lll" Mul.·",,/. ",,,I,\I./I•.• j. L .. l, •.• 1",
1I·11l'· 1I1~ IIU" ml'lIU , .~I M ,,1 l'',,r 1•••1' l'I.'I'.lc.Ii,.... ·.., ..",,1 '"

,hll·l l,·

= !IJ,ltlr Il -; mltl \·l'hidl'·lrt·;tlt'd IlIbllll·~. u'~IIt'I'll\l'I\, l'
:-- lJ,:q.

UiM'ussiulI

Tht, J1rcwlll :-1 ud.\ \\i1!'> t111dt'rtaJ"I'!1 II' t'l\.1I1111lt' \\ 111'111' 1
Pt'III'I'l klll;l:>I' (~I:o> 1!l\IIIVI'c1 III tlu' tt'l:III,IIII'11 ,,1 tt'Il.11
:!.I·h.\tlrnx.\"ll.I:-l·. 11\1' lir:-t t'lI/yml' III Ilu' ('!'1 "\111.111"11
pal h\\'OIY. Il majur t11'J,:fiUlllt i\'l' jI.lt hwa\' l< '1 '11.IIIUII Il
IIl1'laiJlIlilt':- in kitllll'Y Il:. "·t·lIl1~ ollll'r luq:l'I li~~IlI" II

IiI. Our rl'sult" dl'Ulllllslrlllt· li II'lllpntalt·lIrlt·l.l'I"1l 1..
l ..... t·l·1I l'MA·indtll't,d tran!'>IIIl'1I11011 ni prlllt'III 1"11.1'-' 1
IrUllIlIll' ,·ytllslIlir III tilt' 1II11IldiUllIlrialIr0l.-l1"1l, l'IlIl"i~

,'IlUll:- J,husphurylatiull ul' lIIillldlllllllrlill Im,II·1l1·,..11111
st.lllll.lllltillll ul :!'I·hydrultyIOlM· 1I1'l1\'lly III lu·.. I. 111"'1-1
rt'lInl ('urticlIl lullllll's. ·11I·l'hurllul. /Ill IIll'tl lI/l.Ii ..:: ,,1
l'I\'IA. did 1101 elil'il UllY uf 1hl'''l' t·I'll'I·I ... Thc' ~\ /11111" l'
dim'ylJ,:lyccrul (JA(;.likt, JIMA. hllllltlllltl'll :!·I,h\dll'l\\l
1I~l' IU·li\'ity. wltl'rl'''!'> 11·7 lIlltr!'>lllurll.~llllrIlJl". ltIJllllll",.
uf prou·in kiUl.IM· C (:!~. :\1". dl'l'n'ltSNI '.!,·I.'.!r"tOIiI Il
synlill'I>is. AltlulIlJ:h 1'1\1A ("ill'I! lull.lrtl",r !'>llllllll;llt' 1111'
uln·atly 1·!t·\·1I11·d n'Iul! :!'I·hydrll).yla~l· iII'll\ Il \ .,1 IUIlI.III!

Jly" l11i(('. 11·7 1Il11l1l11l·d thl' l'IlIYIIII' III l".;:; 1:I'IIIlI',p'"
/llld übllli!'>llt·d lhl' J:CIll'IYI'I' clilll·rt·III·!·. Il, l'r'll' t;I·.[. Il .;
did IIllt illhillit illl!Lu'l'C1 '!·I·hydr'/lIylllI... lll'llvll.\' III 1III llli,'"
prl'purcd hUIII J.:!f, !OIlIJO,·trcllll·d 11111'1', 'Iuk"ll 1..
J.:l'lhcr, lJl.lr n·sults ~lIl-:J,:"ht "roll'lIl kuwM' (' 11l\'I.hl'llll'lll
in tilt' reJ.:ulalillllllJ ('llllslltutiVl' Iml Illli 1,:!;"1 Hlll,lI
lIlducil.tll' rcnl.ll 24·hydruxyh.lM! IIlld itllplll'llll' 1111' km;! l'

in the 1.I1l\·rrullt ~xpf('h!'>illn Ijltltl' h:t-'drllx.\'lm.,· III tlll' 11",
IIIUI.I:>I'. Our d'·llIllllhlruliu.lluf l'MA·.11lllun·d IIt11/ltllall"ll
u( ~N·hydrllx.\'ll.1s(· /lI:ti\'ih' ltI IJllltlM' rt'Iwi lllhul.·· 1
l"Illl~i"lcnl willi I\\'U J.Irl' ... i,lUs hll.lllll':o> III "ulllul'c1 dll' ;.
kidlll'y Cl'U" 11:1, 11/. Iluwl'wr, 1I1:ltlll'r 1./ tlll' I·drl'l·r
htlJilil'h ).Ifl1vldl.'d l' ... idlmn' lur l'ililer P:"1A·ltldill"l·t1 ar Il
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vnliull ur "ruu~ill killm\C C ur phosphurylntion of roda.::,
('nllUh l,rull'i1I!>. 1111' Wl'rl' 1IU' l'ffl'ctl'l of prutein kinllfic C
IIItllllll fil'" III ('(JIll 1IIIl'Xllerillll'Il11'o usillJ: 1111 inactive phu,·
1",lllIIlIloJl dcsctlhcd.

Hcc"l'ully 1:l:!J wc' pfllvic1t'd l'vidcO('l' fu, PMA·induccd
1lt'li\'1l1iu/I ur JlIUU'Ill kilUl!>l' C in ITII1Uhl' ll'nullUbull''' lJy

fil'IIlUllhlllllilll: Ihul J'MA htirnullllN! Ihl' phw.,plmrylll·
lllIll III' ·If, J\ und Ki !IU K c'ylflsulic pwtl'im., uliiquilulls
('t'l1ulnr hulJ"'lrlllt'''' fur prulCIII kinmll' C Ilnd. tlms. useful
ullIrkt'h 1'0' l'Wh·in kili/lM' (' 1I('tivll! iOIl in inllll'( cl'lIs
(:11 J. III Ihlll Silllli' "'!tlll,\' (~~I. WlI UIMI shuv,'l'd Iha! l'MA.
bul lIul .l,,·phllrhul. :-lillllllalt'd tht, tran",\unilluli ur l"U'
11'111 klllasl' l' 1111111 lin' I"VIl'hl,III' ICI thl' p:lrliculilil' J'rul'·

11l1ll,lnllll" PU'M'1I1 l>llld~'. Wl' pttl\'llll'l'vitil'm'l' for l'MA·
indul'l'd 1r'IIll>IIlI'1I111l1l III prultlin klllllSI' C lrulll 1ht· t'Y'
1/lhlIIH't" Ill(' 1IIil"flll'llIlrilil frm'lloll, Thil> Illlll'r frat:llClll.
lIhhUlll-:h t'nridll'd ill lllilot·ilolidrill. il> nul fn'l' ur hrush
Imrlil'r 1I11'lllllrlll\l' ;'lld lllin'Isuillai l'lIl1lllllliulIliulI, 011
1111' lIal>il> uf prt'\'i"Ll~I\' Jluhli:.llI·d \'alm·... lllr Illt, sJlc('ilit,
lIl'II\'lly III Iirush IllIrdl'r IllI'mlifllllc'lI:'Mlcillled prull'ill
km/lM' (" (:!~lllllld tt'lInl n'J1lllllr "rush hurcll'r ml'lllbrmw
l'WII·ill nlllh'UI 1:!;II. \\'t· l·l>lillllllt· Iimi It·s!> lhull li'" uf
l'wh'in \t'UIlM' (" 1.~hllt'liIlt·d wilh IllI' lllitudwlldrilil l'rat"
IIUIl il> hWloh burdt'r 11lI·lllhrlllll'·tit·rin·d, SlIIfl' \'llhlt'~ lur
1Illl'rUl>lIl11nl prult'llI killUM' C' m'Iivil;.o urt' lIul ll\·llilabll'.
Wt· lIU' uu,.hlt· lu prllvith' il :.illlilnr l':.lillllllc l'ur minm.u,
Illil! Ilrlllt'llI kililiM' (' l'tlnlril,llliull lllllU' lIlillll'hulIllrilil
l'U·lllIrliliun. 'l'11ll~. ;llthllUl-:h Wl' CllllllOl ru Il' (lUi Ihl' JlIIl>'
l'iillllil~' 111il1 II l'mail purlillll fil' Ill!' l'rolt·in killlll<ol' C
lIt'li\'II,\' lI~:-'I\'ialt'll \\'1111 llw lIIil"l'h'lIldrlllllflll'liulI lllllY
intlt,t,d Ill' tlt'rin·d l'rnlll l'Xlralllilut"illllldrial !>llllrn·s. our
lilltillll-::- au' t'lIll1l'alllllt' \\'Ilh Irllll:.lot'lllilln Ill' pWIl'in
kinll~t· (' lu lin' 1I1l11ll'hI'IUlnallrm'l iUll, TIIt'~I' resuhl'i nn'
.,r illlt·tt'~,1 lu !lit' ptt':'l'nl !'lllll~' CUlIsÎtit'rilll-: IIIt' milu,
dllll\t1nlllIllralilOllill/lIll' lin' :!·I,hydroxylu:.t· in 1Ill' renlll
lulilllllr ('1·11,

III 11lt' l'tt'M'1I1 ..tud~'. thn't' PWIt·i11!'. :Iu-·;Itl f\. .1tI K.
and r,n 1\. \\'l'U' t1t·...il-:ll:lh·tIl'illb:'Olmll·~ fur l'rutl'in killllSC
(' in Illillldllllldria pft'llOIft'd l'Will l'MA·trellll·d. '''1',
Inlll'lt'<I luhuh'!'. \\\. Iwn' IIft·viousl.\' rl'pllrtl't1 l'vith'IlI'I'
fllr l'rlllt'Ill kllla:.t' ('·Illt'diult·d Jlhll!'l'hllrylatioll of Il :Irl
1\ pWlt'ill III '!'olol!t·d rt'll:lllllltut'llUlldrill i1lt'UhUh·t1 ..... ith
I·alnulll. l'hu:'l'hu1ll'ltl. 011\(1 dlU('Yh:lyn'rlll {:![II, 'l'hl' prl·l'i·
t'lIl dt'IllIl11~lrlIlllIll If P:\IA-intllll·l·d l'htlsphor.\'llItiun uf
lllt' MIIllI' 11h11 V.I l'WIt'in balld in intllt·t lllhulur ccUs
toll):gl'~ ',~ 1!l;11 il i~ mll'ndul-:t'llllU:' lllilllt'iulIldrilli tillh"truh'
lllr Iltlllt'lll klll.I:-I· " illlll,lllllll;I1I1111 kitlr\l'v, ~l'illlt'r 1111'
lIil·IlIII.'· lIur 1111' rllh· uf 1Ill' ;10-:1[1 1\ l'rul~'ill in l'ilmnill
Il IIll'lahllli:'l1l. if all~·. Il:I~ ht'I'n d(·lt'rlllill(·d, Similllrly.
"t· h'~\'(' 11111 ~I'I iclt'lll ilil'{'l hl··1(1 K IIr ;1111\ mihH,'hulldriul
","hslrllh':. l'. Ir prnlt·in kinu:'l' C, HII..... l!wr. il is uf lIltl'rl'lil
111111 tht' tt'Ilal :!·Ih~·drllx\'lll!'t· i!O il lIIiludHlnlirill1 ryln·
rhrullll' 1',1[,11 ",llh il Illlli .....1 ill lllt' !12-tl:l K rull~e (:121
IInd llUI! \ïll-:r.1I1l l·t Ill, ,:1:11 h,ln' dt'Illlllll'ilrall'd prll(l'in

kinase C·mediated pho!lphor)dation of ail adrenall1lito·
chondrial cytochrome P450 (P450SlT or side-chain c1~av·

Ul-:C enzyme) which cawlyz-cs lhe first reaclltll1 in the
filcroid lIillKynthclie; pnthway in that tiStiUl' (:l:ij, Ch.'urly.
(urlher study will he rcquircd to cKLahlillh whethcr lhl'
50 K miwchondriul lIuhstralc o1Jf;(ln:ed in thc pn'l'icll!
Mludy is the 24·hydwxyiül'c und whclhcr il~ J1husphllr·
ylat.jun il' ussociUltld ..... ilh Illtcrutions in \'itlllUin Il Illt·
:.... hulisrn.

Our dllw tihu\\,' lIwt tw, kno\\,'n aclivlllor:. ul prull'ill
kinase C. l'MA nnd OAG. titimulutcd :.!·I·hydrox~·la'''l·

nctivily ill 1ll0U!Ol' rl'nlii corticulluhul(·s. 'l'hl' l't'olA t'Ill'l'I
W1IS l'mu Il Inn sil-:llifi(·Uflt. and ocrllrrl'd in Il dIlM.·· und
lillll'·dl·pcnd(·llt munntlr. Wc nlsl> dl'lIlulll'ttlllC lhal rcllal
24·hydroxylnsl· acli\'il>' WIIS inhibilllhll' Iiy 1-1.; und SI,1l1'
wsporillc, twu inhihiturs uf prutl'in killllSI' (' whirh 1'X1'rl
tlwir cffeclti l'in dislincl Ull'Chllllil'illlli 111ll' furtlwr. h~

CUlllJll·tinJ,: ..... ilh ATp (:.!U). the IUlIl'r, il,\' nllllt:lJlIll't'lilin'
intl'rlIl'lillll wilh the cllwb'lit: "ill' of lht· killaM' 1:1Ol!,
TOI-:I'llwr lilcse dilW pw\'idl' titrunl-: evidcnn' SUPllllrlin~

proltlin kinust· (';·mcdilltcd reh'Uillliull of rcnnl :!·I·hyt!rl'x,
;.oluS(· lIcli\'it)·.

Pn·viuu:- "Ludies hu\'c lihuwn thnl huth 1'1\IA \:\·1, ilml
OA(~ (141 (:lIn !\timulatc În!ruct·llul .. r t'A~lI' Jlrutill(·li,m
whkh. in IUrll. hu:. Ihl' pllIl'ntial III Ill'livll\(' pruh'in
kin:lsl.! A. Tu dl'tl'tminl' Whl!lhl'r 1Ill' oli:'l'rH'd l'I1:III::1':- in
:!4·h)'druxylusl' uCli\'ity cIJuld Ill' IIll'dillll'd hy pWlt'lIJ
kinase A, we cxamined the ene('l~ uf Ihl' vllriou!' Il~Ul1i:-l:

nnd unlllJ:tll1ilil~ of proll'in kinll~l' (: lIM·d in Ihl' Ilfl':-l'lll
stud)' 011 cAMP nCl'ul1lu!lJliun in 1Il1lU~l' rtlnul lulJuh':-,
We fuund thut nUlle or thl'Sl' rCll~l'llI:. hilll nn.v l'lll'ri IIlJ

l'AMP 8l'('umululillll ulldl'r our inculi:lliun l:undilÎulIl<o,
AlthuuJ:h lhl' nU:l.ISurl'll1ellt uf inirucl'Ilular ('A~II' Il'\'t'I:
mu)' nul nlwaytl prll\'idl' tlll' must Sl'nSilivl' n:-:'OI'Sl'illll'llI III
prull'in kinu:ic A llctil'Uliull la51, (Jur fillllill~:' na'. m'\t'f'
Ihell'ss. cunsbtenl wilh Ihl' nUliun thut llll' dlllUl-:l':- ill
;l,I·hvdwxvlllse l.lclivil"· dcscrilll'd IW:l'in arl' IIwdi:llcd III
prut~in ki;lnsc C und ~tlt prutci;l l;,ill:l~(' A, .

The murinl! JlYIl mutmi(Jn ih chllrucll'rii'.cd Ily an·I·I,
l'mll'Il rell:!1 clllnhulislIl uf \'iwmin D lI11'lllhulill':- Il:-. ;1
l'unsctjucncl' uf increllscd rl'lIulmillll'!UJlldriill :.!'I·h~·t1rllx,

ylUI'iI' llctivily 1W). JlYIl mil'l' llbul'xhiilill'Il'\'UIl'<i ft'nal
C')·tusulir l'rutcin kinase C nClivÎl)' C.:';':;. h: tlll' l'n'~;l'Ill

tllud)', wc l'umpllrt'd Lhe l·rfeCLS uf Pl\.lA llnd H·; on :.!,l·
hydruxyluse lll'ti\'ity in renalluhulcs (Jrl'I'nrl'ri l'Will Ilur
mul min' tll1d nullllnl Jlyp littermuttls. In l'uni m~l !tlllur
(jlldin~s with tuhull's rrulIl n(lrmul min'......1· four" Ih:n
PMA ('ould nul furthcr lilimuiate :.!4·hydruxylll!,l·llrl i\'il,'
in Jlyp·dcriwd luhllil'S. Our dl'munstrnliull Ihat 1'?\J..\
l'llll ~lilllUllltl' l'mlcin kinase C llClivity in n'uall'ylll~tllIl

frarlions isoluttld from mUlanl l1lil'~ indic."l's lhll! ri'·
frllclurim's:- uf thl' kinllsl' tu l'MA stimululiull (-11111101
tll'CUUI1t fur uur rtltiUlbi. We JlrupUtil' thilt Ihl' con~lillil i\'('

(l'1I111 \'iLUlIlin D Cilluhuiil' pnthwllY in lhl' Jlyp Il,',u,..t·
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ma)' he maximally up.regulated by protein kinase C, and
thererore insensiti\'e lo further stimulation h)' aclivator8
of the kinase. On the other hond. inhibition of prolein
kinase C by H·; led lo an inhibition of 24·hydrox)'lot<e
act.ivity in H,yp·derived rcoot Luhules, Moreuver, the Ic\'cl
of 24·h.\'druxylo5c activit)' observed arter H,. j trcalment
.....us simill1f in buth ~('not)1)ell. Tnkeo tn~etlll'r, the!>€!
ob5crvalions 5Ui:~l'Sl 1hal prolein kinutll' C may hl' in·
volvcd in the uhnurmlll exprcslIiun of 24·hydroxylllllc
lIctivit)' in the H.\'fl mnusl'.

ln addition to ahnurmulitÎcl> in relUll vitnrlin D mctllh·
olism and protcin kinulle C nctivit}'. tlll' Il.\:, lIlUUlIC nillu
('xhibils impnired rcnul phmlphutl' fl'Ubl'tlf'lJliun Iltlrih
ulllhil' 10 0 spt'cirte deft'ct in Nu··dcllcndt'nt phusllhutr
trunsl'0rt 01 tht' renlll hrlJ~h bordl'r membrane (:lti), Wl'
have slHlwn Ilre\'iuusly thut PMA·induced iLl·tivlltiull clf
prutein kinlll'e C in ft'Ill1l tuhules fmm nurlllil\min' elit'ils
u deeretlse in Nuo-dependent Ilhusphutt· uJltllke 1111. 'l'hl'
fael that f>timuliltiull of rennll)ruu'in killllst' C at·tivity
in normal miel' results in perturhations uf renlll p!los'
phllte trnnspurt und vitlllllin 0 mcLllhlllillm. which llh'

chllrm'tcristit' uf Il.\'fJ mire. furtlll'r StlJlJlurllô Ihe: hYlllllh
esis that prutein kinust· C pillYS il rull' in the expressiull
IIf thl' mutanl fl'nul plwntlt)llt!.

The 24-hydruxylllse. tilt' flrst C07.YUU' in Lhe l·nllllm1l,·
C·24 oxidatiun pluhway. if> l'xpfesscd cnnl'lilutivcly in
mtluse kidlley but cun hl' induced lU hij.:hcr Il'Vell> uf
ncti\"it)' by pretrl'lltinl: unimnb with thl' \'iIU1llin D hur·
mone t~ll, We usked whcthl'r pro\(·in killlllôl' C llbo
Illirticipates in tht, rct.:ulntioll ur thl' indudhll' 1·I·hydrox,
ylose. \\\, found t!lat wherens H-7 inhibiLl'C1 cllnstiLuti\'l'
14-hydruxyllll'l' lIeti... iLy, it fnilcd tu altenullic the induced
enZ)·Tlle. \\'e repurl(.'d in a prc\'ious study (4) thui tlll'
induction of 24·hyctruxyllIse hy l,2fi-(OHI J1J1 is IIl'linu'
m)o'ein D-t>emliti...c, sUI:J:cl'ltinj.: that H~A und protcin
"ynthesil'lllrc requifl'd for this t)fIIeess. Furthcrmure, 24·
hydroxyluse ucti\'ity il' expresscd constituti...ely only in
Ihe kidney, .....hercui\ the l,25·(QHI~1J.l"Ïnduciblcenzyoll'
has been found in other turJ:et tisKucs ~uch us intestine
(2, 4l, bUlle (5l, and skin rthroblosls (î). 1'hus, om'
l}(Jssible illtl'fllfl.·tutiun of our fandin~s cnuld hl' thui tlll'
inducihle 14·hydruxylllllC rl'prcllt!llts lliluther l'urm or iMJ'
zyme of the constituti\'el..... expressed renal hydroxyluse,
one that ill not lIuhject tu rei.'ulution hy prOlcin kinulle \..
Furthcr support for thiK hypothesis dcrivcs from our
previous dcmonstration that on1)' constitutive rtmal 24
h....droxyluse IIcti\'it)o, is perturhed in the J/)'{J mOUSl'
whereas the inducihlc enzyme acti\'ity ill comlloruhle in
mutant ond nurmal unimuh. (211. Cleur1)', further stud)'
will he rCljuired to resolvc this issue.

ln summory, ..... l> hovc demon!ltrllted PMA·inc.1uccd
trnnf>lucotion of pfulein kinase C frum the c)'w1iolic to
the mitochondriol fraction, phosphufylation of enduJ:l"
nous mitochondriul proteins, und stimulation of 24-h)'·

droxyloae octivity in frcshly i50lnted IIlUUfll' rennllubuit'l>.
The temporal correlation betwl't'n tlll'Ke l'Vl'lItK Ktll:l:l't'ls
thut protllin kinww C mlly IIIIIY Il rule in tlll' n'l:Ullilili1l
or renllt 24-hydrox)'IDSC IIl'Livily, 'l'Ill' uhKt'r\'lltilllll' Ihl\l
OAG, onothcr knnwn octÏ\'o(ur IIf Ilru!t'in kinllSl' C, utlll
H·î Dnd htDuruKporine, inhihilnrs ufthl' kiullM·.I\ISll nll.·r
2.i·hydrnxylafoe nctivity in IllIlUW rl'nlll tuhull':" h'lul
furtln,'r lIupport tu llur hYJlllllw:Ii:<. Our lillllllll:l> S"::,":,I
pr~ltl'in kinaMc C invul\'l'mt'lll in tilt' fl't.:'Ullllilll\'~ lIl'
~tituti\'c but nut l,~fJ·tOH )11J,I·indm·ihlt, n'Illt; ,>1. h~
drox)'IIlSC uctivit), IInd il1llllil'lllt' 1111' kinlll't' III 1111' IIh"t

runl l'Xpfelllliun uf n'lInl vitmllin 1> nlt'lllblllil>1I1 III 11\1'

J/)'fJ mUlIl>l'.

Acl<. no\\'h,·d..-ml'Ilts

\\'1' UUIIlII Itlduml t:"flIUllll fur Ih,' l'AMI' '111.1\. l'I,tI'r',. h"I. .. "
lin, .. fIlul MIlI ••1 C:hllhrruuU11 h,r 1.·, lu, ....1 .1~'1~1 .. ,... , ,11 .. 1 l ,'h,,,
l·rl'\'..~1 rut thr l"rl'Mllt.".. 'lr th.' IIUlllll" hl'I
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Mitochondria
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Photograph of autoradiogram shown in upper panel of Figure 1 of manuscript
[see page 47 of thesis]. Le. "Representative autoradiogram of phosphorylated
mitochondrial proteins isolated from PMA· and 4a-phorbol·treated 32P-labeled
tubules. "
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Addendum II-B
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Structures of protein kinase C inhibitors and activators.

A. H-7; B. Staurosporine: C. Phorbol ester (PMA); D. Oleoylacetylglycerol
(OAG)
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Chapter III:

Inhibition of 25-hydroxyvitamin D3-24-hydroxylase by

forskolin: Evidence for a cAMP-independent mechanism

Whereas the previous chapter focussed on the raie of protein kinase C and,

thus, the phosphoinositide pathway in the regulation of renal 24-hydroxylase

activity, the present study has its origins in an aspect of the cAMP pathway and

its involvement in this process. PTH is a major regulator of renal vitamin 0

metabolism and has been shawn ta inhibit 24-hydroxylase activity by a

mechanism involving cAMP. Part of the evidence for this stems from the

observation that forskolin, a weil known activator of adenylate cyclase, mimics

the inhibitory effect of PTH on 24-hydroxylase. Recently, however, forskolin has

been shawn la exert some of its effects independently of cAMP production. Ta

date, ail reports of forskolin's cAMP-independent actions have been confined ta

transporters and channel proteins of the plasma membrane. The present study

was undertaken ta determine whether a cAMP-unrelaied mechanism might be

involved in the forskolin-induced inhibition of the mitochondrial membrane

associated 24-hydroxylase.
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Inhibition of 25-Hydroxyvitamin Da-24-Hydroxylase by
Forskolin: Evidence for a 3',5'-Cyclic Adenosine
Monophosphate-Independent Mechanism*
SUZAN MANDLAt AND HARRIET S. TENENHOUSE
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ABSTRACT. Fonkolin ha. Ion, be.n uard 10 d.mon.t,.~

Ih. involYlm.nt 01 cAMP ln tht I.cul.tion of ullul., function.
by virtu. or ita .bilit)' 10 nimulal' ad.nyl.ta cyclau dirtctly.
Rec.ntly, ho.."'" lonkolin hu bttn .hown 10 aCftct pluma
m.mbr.n. tran'porter and chann.liunction ln 1 mann.r unr.,
I.ue! 10 cAMP, Tb. pr..,nt .tud)· IlImin.. wbnb., Conkolin·
mtdialtd inhibition or • mltochondtlal m.mbran""lociattcl.
.nrym., 25·hycitol)'Yitamin D,·2.·byc!rosyl••• (2"·hycl.tozyl.
au), .1&0 O(t;Un by. cA~P·ind.ptnd.ntmtch.niam.

Both ronkolin .nd PTH Itimul'I.d cA~P .cromul.tion .r.d
Inhibh.d 2-1·hydrozyl....etlvity in • dolt·depend.nt m.nner
in (r'lh moult ,..n.1 tubultl. How.\'u, th.I,v.1 o( Inhibition o(
2-1·hydrozyl... achi'Vld with (onkoli.n wu eonliluntly If••tlr
th.n ch.t obtain.d with PTH••t comp.r.bl. 1.\'.11 or cAMP.
1',9·.Dic!rozyronkolin•• cycl ·in.cti\'t analoe o( (onkolin,
.110 Inhibi~ 2-1·hydrozyl rcivity, whhout Itimulltine
cAMP production. Morrovu, bath ronllolin and 1·,9··ditlrozy.

PARATHYROIO hormone is a prominent regulator
of renal vitamin 0 metabolism. PTH has been

shown to ect on the kidney to stimulate l,25·dihydroxy.
"itamin D,[I,25.(OH),D,1 aynthesi. (1-31 and inhibit
24,25.dihydroxyvitamin D,(24,25·(OH),D,1 production
(4-6), primari1.lo· through a mechanism in,,'olving cAMP,
Part of the e"'idence lupporting cAMP involvement in
this pracess derives (rom Itudies demonstrating that
PTH·like eCCecta on renal vitamin 0 metabolism can be
.licit.d by (orskolin (5, 6), a cardiotonic dit.rpen. that
has been shown to activate adenylate cyclase direct1y (7).
However, recent evidence luggests that Conkolin can

Rtctivtd Nov.mlMr 21, 1991.
Addrtu ail comlponc!tnc. and rtqU"tI (or rtprinta te: Dt. Huri.t

S. T.n.nhOUll, Meditai RtHlrcb Council Gan.Lia Group, Montrlal
Childrtn'I Hotpital. 2300 Tuppar Stntt. Montr..1, Qu.btc H3H 1P3,
Canodo.

• ThLa worle wu aupporttd by cn.nta (rom tba Kidnt)' FoundaLion
o( Canada and th. Mtdical RtMarch CouncU ot Canada. Tb1a La
publication~ tram th. McCiII Univanlty·Mont...a1 Childrtn',
Hotpltal Raet~h IDliLirtt.,

t Reclpiant o( StudtntahIpa IJom Fonda pour la Forzution clet
cbarchfUn et l'a1dt lla ncharche and tha McCiII Univtt'lit)' MJdjcal
Fl(Uh)'.

(onkolin dirtCtly lnhibittd 24·hydrozylur in iJol.trd tenal mi.
tochondriL Kin.t1c an.l)'Iil rt\'.alrd a compethi", mode o(
inhibilion (or bath .,.ntl; how,v'r, 1·,9··didrozy(onkolin
provrd ta bt a mali pot.nt inhibitar o( 2-f,·hydrozylur thln
(onkolin (inhibitory conlc.nt. 0.25 VI. 2.2 ",N. ftlprctiv.ly).
Fin.lly. both (onllolin .nd 1',9'.dldrozyConkolin .1&0 inhibil.d
inducible 24·h)Urozylu. In IInll tubultl prrp'rrd (rom 1,25·
(OH),DJ.nllt.d mie•. How.v.r, inducibl. 24·h)'drozyl'" .cti... ·
hy wu lUI Iwt.ptibl. ta inhibition by th. dit.rprnn th.n th.
bual.nzym••etivity.

Th. prtHnt Itudy pnl\'idn ,vid.ner (or cA~1P.ind.ptnd.nt
Inhibition o(24·bydnlZ)·lu. by (onkolin and npteHnta th. fine
damonttration o( a cAMP·lndtptnd.nt .(ftet o( (onleolin on •
prot.in thlt 11 not • pluma mambr.n"ulOCiatHl. tranlpon.r
or ch.nn.l. Our data ad\'ocat. caution in th. inc.llIntation or
Iludlrs Ulin, (oukolin to ...ell th. roi. o( cAMP in c.llul.r
procrues. (EndocrillOlol)' 130: 21-15·2151, 19921

eJ:ert a number of its effects independently of cAMP
production (8). Forskolin·induced inhibition of several
membrane transport processes has been shown to occur
via direct intdaction oC the diterpene with the trans·
por.er or channel, rather than by stimulation of aden·
ylate cyclase and subsequent generation ol cAMP (8).
There is no evidence at present (or the invoh'ement of
cAMP·independent effects oC (orskolin in the modula·
tion ol membrane proteins that are not transporters or
channels. The present study namines whether forskolin·
mediated inhibition ol25.hydroxyvitamin D,·24·hydrox·
ylase (24.hydroxylase), a mitochondrial membrane·as·
lociated cytochrome P·450 which plays a major role in
the catabolism oC vitamin 0 (9-13), OCCUrB by a mecha·
niam independent of cAMP production.

MateriaI. and Metboda

PTH, bovina 1-34, wu purchued (rom &cbem Inc, (Torr·
anet, CA). Foralcolln and 1',9'-dideozyforakolin were obtained
(rom Sicma Ch.mlca1 Co. (Sc Loui>, MO.). 250HD" 1,25-
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(OH)sOJ. and 24.25·(OHhOs were lilù (rom Upjohn Company
(Kalamuoo. MI) and Hoffmann·LaRoche Ine. (Etobicoko. On·
tario. Canada). {JHI250HDsand the cAMP usay kit (TRK432)
wert purthued (rom Amertharn (Oakville, Ontario, Canada).

Mite

Normal C57BI/6 male miet. 2-5 mantha of 'ct, were ob·
tained eithor (rom Charles River Canada Ine. (St·Consta."\l,
Quebec. Canada) or (rom our breeding colony at the Montreat
Children', Hospital. In the latter case, the oriJinat breedinr
pain WlI!re purchased (rom Jackson Labar.tories (Bar Harbor.
ME). Miee Wlrt maintained on Wayna Lab BIOl diet (Altied
ltfills, Ine., Chicago, IL) cont.lnini 1.2% calcium. 0.99% phal'
phaNs and 4.41 lU vltamin DJe. For induction of 24·h)'drox·
ylue activit)', mice Wlrt injected ip with 1,25·(OH):03 U,S nrl
r body wt) 16 h before the uperiment, as described pre\'iously
(2). Control miee received an equÏ\'lIolent \'olume of minerai ail
vehic1e.

Prtpara~ioll of ~Llbult, and mitochondria

Tubule, were prepared by collagenase digestion of mouse
renal cortiealslices, as described pre\'iousl>' (14). Mitochondria
were prepared by differentilll centrifugation oC mouse renal
cortical homogenates, as indicated pre\'iousiy US). Protein
concentration was determined br the method of Law!')' et al.
(16), using BSA as standard.

24·Hydrox>·we acciuity

One·milliliter aliquots oC eithtr tubular or mitochondriai
suspension were incubated with 50 n~l (lHI250HD3) 12000
cpm/pmoU, under initial rate conditions. with either PTH
(bo...ine 1-34), Corskolin, or 1',9'·dideox)'forskolin, Ilot the con·
centrations indicated. ParaUel incubations, tre4ted with an
equival,nt volume oC the appropri4te ...ehicle. sef\'ed as controls.
Reaction mixtures in which substrate was incubated in the
absence of tubules or mitochondria served as background in
the quantification of product Cormation. Reactions were
5topped b)' addition of 3.i5 ml chloroCorm·methanolll:2),and
nmples were 5tored under r.:~ until extraction.

Extraction and analy.Jü of lIitamin D mecabotitu

Reaction mixtures were utracted twice, accordinr ta Bligh
and Dyer (17), Aliquots orthe reconstituted orranic phase were
fractionated on a Zorbax Sil column (25 cm x 6.2 mm; Dupont
Co., Wilminit0n, DE) equilibrated with hnane·ilopropanol·
methanol (93.5:5.5:1), as ducribed by Jones (8). Elution po.
litions of vitamin D metabolites were determlned with either
ct)'ltalline or radioactive ltandards. Recovery of 3H label was
Ifuter than 90% and comparabh for both blank (where no
liJTlificant conversion of lubltrate il apparent) and experimen·
tal samples, indicating that .11 reaction productl could he
.ccounted for under our incub.tion conditions.

cAMP occumulation

Tubulel or mitoe:hondria wIn incubated as dllcribed abova
for 24·bydrozylue .....y. cAMP in naction mixtures wu meu·
und, as dncribed previously (19), usin, a competitive bindin,
auay kiL

Srotüric.

Ralultl repruent mean :t: SEM. Slati.tiul liplificanci wu
d,tlrmintd by Student'I t tilt, paired or unpaired, Il .ppro·
prilte.

Results

We examined the d(ect of PTH on 24·hydroxylase
activity and cAMP accumulation in (reshly prepared
mouse rena1 tubules. The renal tubule preparation rep·
resents a weU ch.racterized model o( the rena\ proximal
tubular ceU (20, 21), the lite of vitamin D metabolÎsm in
the kidney, and pro\'ides a system in which cellular
signaling machinery is intael. Figure 1 Ihow. thot, 85

expected. PTH inhibited 24.hydroxylue acti...ity and
increased cAMP production in ft dose·dependent (ashion,
suggesting that the inhibitor)' e((ect o( PTH on 24·
hydroxylese is likely mediated by cAMP. The maximal
inhibition o( 24·hydroxylase activit)' achie\'ed by PTH
(10-' Ml wa, 2510_

We next exemined the effc~ct of (orskolin concentra·
tion on 24.h)'drox)'lese activity and cAMP accumulation
in mouse renel tubules end (ound that, Iike PTH, (ouko·
lin inhibited 24·h)'droxylase (unction and Itimuloted
cAMP production in a dose.dependent manner (Fig. 2).
However. the level of inhibition o( 24·hydroxylase
achie\'ed by forskolin WBS consistently greater thon that
obser\'ed with r· ...H. despite comparable levels o( cAMP
accumulation. These results sugllest that et leRst part or
the ef(eet of the diterpene occurs independently o(
cAMP_

To funher in\'estigote the pos::ibilit)· of ft cAMp·
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FIO. l, EUret o( PTH conc.ntr.tion on 24·hydtolyl... activity and
cAMP aceumulation in mOUH rtn.1 tubul... Tubulu WIl' pr.par.d
and incubattd wilh thl indiclttd conc.ntr.tion. o(PTH (bovin. 1-3010'
tnd $0 nw IIHJ2~OHDI" dtten'btd ln Mat"i.all tJJId },f"htxû. Mltlb·
olitl. wtrelitrKtld and tractlonlLld by HPLC, u indic.tfllin Ma·
"riGlI andMtÛllJdl. 24·H)'droIY1ue actlvity le, It IlprnNC! u perc.nt
inhibition. when 0,," Inbibitlon (or 100'1\ control aetivity) 1qUI1. 1$ =
2 (mol/m, prot.tin·min. cAMP KCUUlulation 10) Wu 6turminld a.
dltcribld in Maltri4û And Mtlhod.f. Each y.lue npttMnU tht mtln
:t lUI o( thm to tl,ht IiIpIIr.Utlperimanu.
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FIC, 4, E((tell o( (ol1kolin .nd 1',9' .didtox)'(otlkolin concentr.tion.
on 2...·h),droxylalt ICtivity .nd cAMP accumulation in ilOl.ted rtnal
mltochondli., Mitochondria wu. pr.partd and IncubatH! wÎlh th.
indic.IH! conetntr.tion. o( (onkolln lA. ~) al 1',9'.didtoxy(or.kolin
(.,Cl, .nd 50 nhe (JHI250HDJ u dtscribtd in Mat"iaû and M.lh.ods,
M.lIbolitu w.r. uuacled .nd ("ction.t.d b)' HPLC, Il indicaud in
Mot.ritJû and Mrthoch, 2...·Hyd1olyl.u .eti\'lt)'IA,.) i. upr.lI.d ••
ptletnt inhibition, wh'le Oc:r inhibition (lOOJ;; control .ctivity) .qu.II
76 :: 7 Imol/ml plOt.in'mln 101 (oukolin .nd III :: 20 Imol/me
prolein.min (or 1'.9'·didf'Ol)'(orakolin, cAMP ICcumul.tion It., 01
wu dfl'lmintd Il dtlClibtd in MottrÏtlI! and MtthodJ, Each \'.Iue
r.pr.unt. thl! ml!an =SEM 01 three to .ieht II!par.le txpl!lim.nu,

respecti\'el)'). Moreo\'er, wheress forskolin WBS equal1y
effecti\'e in both preparations (EC:,o, 50 pM), l' ,9'·dide·
oxyCorskolin achieved a grester inhibition of 24-hydrox
ylase actÎ\'ity in isolsted mitochondris than in tubules
(EC.., 0.1 vs. 1 pM, re,pecti\'ely).

To characterize the natUre of the cAMP·independent
mechanism of forskolin action, we examined the effect
of the diterpene on the kinetics of24·hydroxylase acti\'ity
in isolated mouse renal mitochondria, Figure 5A depicts
an Eadie·Hofstee transformation of 24·hydroxylase ac·
th'it)' measured either in the presence or the absence of
50 pM forskolin, Analysis of the kinetic parameters thus
derived (Table 1) reveals a significant increase in the
apparent Michaelis·Menten constant (Km) for the sub
strate (250HD3) wilh no significant alteration in the
maximal velocity of reaction (Vmil)' consistent with a
competitive mode of inhibition for forskolin. Similar
results were obtained with the cyclase-inactive analog,
l' ,9' ·dideoxyforskolin (Fig. 5B and Table 1). Howe\'er,
the analog was a far more potent competitive inhibitor
of 24-hydroxylase activity than forskolin (inhibitol)' con·
stant, 0,25 vs. 22 pM, respeclively).

Final1y, la detennine whether forskolin alsa inhibits
1,25·(OH),D,·inducible 24·hydroxylase, we examined
the .ffect oftha diterpene on 24,25.(OH),D, synthe,j, jn
renal tubules derived from 1t25.(OHhD;J-lreated miee.
Figure BA shows that although forskolin inhibited both
balaI and 1,25·(OH),D,-inducible 24.hydroxylase, the
inducible enzyme activity wu less susceptible to inhibi
tion by the diterpene than the basal aClivity (maximal
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11',9'·Dideoxylolslo.olinl ~M

FIC, 3, E({.ct "I( 1',9' ·did.ox)'(oukolin conc.ntration on 24.h)'d.rox·
yi". IClivil)' ;lnd cAMP .ccumul.lion in mou" ftn.1 lubulu, For
Clpt'rim.nlll J.t.i1. on m'''Urtm.nt o( 24.h,\'cirox)'lu••cti\'i1)' (.,
.nd cAMP ICcumul.tion (0), ••• l'I.nd 10 Fi" 1. 74.H)'ciroxYI...
.cti\'it)' i. nptm.d '1 pttetnt inhibition, whul! Oc:r Inhibition (or
lOOc:r control "ti"il)') .qu.I.IS:: 2 fmol/ml prot.in,min, Each \'.lu.
r.prtl.nll th. mtln =5tM ohhrn to four ..plt.t. npuim.nll,

50 100 150 200

(ForSkollnl ~M

FIC, 2, E({ret o( (or.kolin conc.ntr.tion on 24·hydtoxyl'l' .cth'i1)'
.nd cAMP .ccumul'Iion in moult' r.n.1 tubulu, For nptrim.nlll
d'lIili on m'lIur.m'N o( 24·hydrox}'I," .ctivil)' CA) .nd cA~IP

.ccumul.tion It.), lU l'I.nd 10 Fil, 1. 24·Hycirol)'III' "th'ity i.

.xpr.u.d'I p.retnt inhibition, wh.u Oc;;. inhibition (or l00l;i control
IClivity) .qu.ll 23 :: 2 (mol/ml prot.in,mln, Each ".Iu. upr".ntl
Ih. mun :: stM of (our to .ieht I.p.t'l' nperim.ntl,

il"ldependent mechani5m for forskolin action, we exam
ined the effect of l',9'.dideox)'forskolin t a c)'clase-inac.
ti\'e onalog of forskolin (22), on 24·hydrox)'lase activit)'
in mouse renal tubules, Figure 3 shows that 1',9'-dide·
Ox)'(orskolin achie\'ed a dose·dependent inhibition of 24·
h)'droxylase acti\'Îty in the renal tubule preparation,
without stimulating cAMP accumulation. We further
demonstrated that both forskolin and 1',9'.dideoxyfor·
akolin directly inhibited 24·hydroxylase activity in fso
lated renal mitochondria, a preparation virtually free of
adenylate cyclase acti\'ity (Fig. 4). In both preparations,
1',9'-dideoxyCorskolin wal a more potent inhibitor of24
hydroxylase activity than fonkolin (Ee6Q in tubules, 1
Vs. 50 J.lM, respectivel)'; in mitochondria, 0,1 vs. 50 J.lM,

"}

{
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on r,nal vitamin D metabolism can be mimicked b\'
cAMP (1-4) and Conkolin (5, 6), fi, known activstor ~r
adenylate cyclaae (7), Recent .tudies, ho.....ever. ha\'e
shown that forskolin can exert a number oC itl effect5 on
plasma membrane transoorter and channel activit), in
dependentl)' of aden):at~ cyclsse activation (8). Thr
present study demonatrates that these nontraditi;mal
effects oC forskolin txtend to other membrane·alaoci8ted
proteins, luch 81 mitochondrial 24·hydroxylaae. Wc
show that although both PTH and Corskolin inhibit 24·
hydroxylase and atimulate cAMP accumulation in mousc
renal tubulea, the level of 24·hydrox)'last' inhibition
achieved by fOllKolin is consistently greater thsn thot
obtained with PTH. despite comparable levels of cAMP
production. We also show that l',9'·dideoxyforakolin, 0

cyclase·inactive analog oC forskolin, not only inhibits 24
hydrox)'lase activity, but doea 10 more effectively thon
Corakolin, without atimulating cAMP production. Our
reaulta further demonstrate that bath Corakolin and l' ,9'·
dideoxyConkolin directly inhibit 24.hydroxylue in ilio
lated renal mitochondria which are \'irtually free oCaden·
ylate cyclase activity. Taken together 1 our findings indi·
cate that at lealt part of the inhibition oC 24·hl"droxyl8se
by for.kolin in intact cella occurs via a cAMP·independ
ent mechanism. Our (inclings in no wal" negate the relulu
of previous Itudiea Ihowing a cAMP·dependent mechn·
nilm for PTH regulation ofrenal1· and 24·hl"droxl"!l!lle
(1-6).

One o~ the betltr characterized uamples of a cAMp·
independent action of forskolin is the fonkolin·mediated
inhibition of Ilucole transport, A cAMF.independent
mechanism wu suggested by the demonatration that
l' ,9'·dideoxyConkolin, a cyclaae·inactivate anaJ0I of Cor·
.kolin. inhibited Ilucolt! transport in adipocytel (23) and
mUICle ceUs (24) without increuinl cAMP production,
and that fOllko1in attenuated elucoae transport in iso·
lated adipocyte membrane ve.icles, which Jack the ATP

Control Fonllolln &!Fonll'::ln

ToULl!. Enid of fomolln and 1',o'-didto:r.y(omoUn ~n aill.lic:
pa:amltan of24,~zylul

V_((mol/mln·DlIProt.ein) 760:111 11&5~S3S 184=171
K. h.w) m : 4. 1063 : 224' !W =168"

Mitoe:bondria ..te prtPlJ'l'd from moult kidn.)' al dncribtd ln
J,ltJk~ and J,I,rhotû. 2.-Hydrozylut acdvhy _u m.uurtd und"
lnltlal ..ta conditiona, owr lubltrata C:On(utt'ltiona ranrlftl from 20-
2000 ~w l~HJ250Ho..ln th. pmtnct or abMlIC'I of 60 "w forallolin o.
J ,.11 1',9'-didtol)'fonllolln (cklFonkollni, Il .ptClned ln NoI,ti4.lI
and M,thDdJ. M.tabolitn WIN 'lltKtId and lract..lonatad by HPLC,
al ducribtd ln NoI'~ and M,rhor:!l. Eric:b valu. Npl'lMnLl th. mtan
= ItW of th," (lnhlbltot) or .11 (c:onlrol) ItJNrIIU clptrim.nll
Dltr.rtnl:'t in V... blt_"n Inhibltor and control 11 DOt .tatiltir.I1)'
Il,nUicant.

• Stalll'leall)' .irnUIc:.nt difflNnl:'t (P < O.I:lM; Stud.nl'I r Will in
K. bttwttn inhibitor and control.
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Discussion

24·Hydroxylase i. a mitochondriaI membrcru··~5oci·

ated enzyme v.·hich play! a key role in the cataboliam oC
vitamin D metabolites in the kidney and other vitamin
D target tisau.. (9-13). It i. weil e.tabli.hed that PTH
inhibits renal 24·hydroxyl..e activity by a clUli"I
mechanism involvinc cAMP, Support for cAMP involve·
ment derivel from the demIJoJ.tration that PTH effecta

FIc. 5. Efl,cta of ConkoIin and l',9'·did'Ol}"foukolin on kintllu of
2~.h)'droJ:)·I.M Icti\'ity in bollud n"al mitochondri•. A, Mitochon·
dria ""trf preplrtd and int'Ublt.d undu Initial ,.u conditionl. QVtf
lubatrau concentration. f.nrin, (rom 20.2000 >lM IJHJ250HDJ • eithu
ln th. p,uene. (.) or ,bune. (6) of 50}lM ror.kolin, al ducribtd in
MotrrÎllu and M'lhoda. M,l.Ibolite. nt. ntrlct.d and frlctionlt.d
b)' HPl-C, al indiclttd in MOltritW end M,thlxlJ. Shown il an Eadi.·
HoC.1ft plot oC the clau. E&ch point rtNUfnU th. mun :1: SEN or
thtte (.) or ,il (6) "parlU u:ptrim.nu. Rrrrtuion linn "'UI ob·
tlintd by leut.aqUArn anal)'lil Ir • 0.98 (or (.1 and 0.64 (or (6)J. B,
EJptriJ:D.n~ d~tal1l Ire Il ducribed in A, r.,crpt inC'\lbltionl ....u.
carried out IÎth" ln th. prnenC:1 (./ or abwnc:. (Dl ot 1 ~~ 1',9'.
didfOll)~onko1in.Shown il an Eadie·Hof,lft plot of th. data. Eac:h
point "p·u.nu th. mun =lEM of thru (_, or IiI. 101 aepuate
uperim'n\'. Rrpr.uion linu werl obtain.d b~·lt..t·aqu.ru anai)'lil
(r • 0.52 lot (., and 0.&4 tor 1Ol).

inhibition. 51 % and 94%. respectively), Similar results
were obtained with 1'.9' ·dideoxyConkolin in isolated
renaI milOchondria (Fig. 68).

*correction: units for Km are nM (Table 1)
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f·lG. 6. E{(fCU of tonkalin and l' ,9'·didroJ:}'lonko\in on b...1 and
1.:!5·IOHII DI 'inducibl. :z.a.hycirol)'111t IclÏ\'itiu. A, Mie.....·Ut injftl.d
Il' ""Îlh rithrl 1.5 nu. body Ill' 1,25·(OHI:0.. (toi or tquÎ\'II'nl \'olum,
•• f min.r.1 oil \'Ihid, 1.&116 h belolt th, uptrÎm,nt... ducribtd in
.\Iot"iau and .\frtMc1l. Tubulfl wt'tt pr,pufd ai ducribfd in MOlt·
full.. and MtlhDdl. For uptfimrntal d,tail, on m'aluf,m,nl of 201·
hydrol)'I•., IClivil)', M'I I.'tnd ta Fi,. 1. :!oI·H)"drOl)'111t lech'il)' i.
npruud al l'l'fetnt inhibition. ",'h,re O~ inhibition lor tOO~ control
ICIÎvily) ,quIII 23 ± 2 fmol/m, prol,in· min for. and ':6 ::: 7 (mol/
ml prot.in·min (Of 6, Eaeh "Ilue reprtltnu the Inun:. SEM Ofthfte
10 Hun N'plrllt l'Ipuimentl. B. 1nj«lion pfolO('ol il Il ducribN in
lelend 10 fil. 6-\. Milochondril .rrt prel\lf,d (rom J.2S'IOHI:D) (0)
Clr minl'rll oill.l,utllrd mitr •• d,lCfib.d in Maluioll and MtlhocU,
ror ••prri~,~nudrllib on th, m,uul'lm,nt o(2.,h)-dfO.~·IIHleth'it)"
'f' I",nd to Fi,.•, 2.,H~'drol)'laH leti"il~' i. l'Ipftl,,d Il ptn'rnt
inhibition, "'hrrr OC:; inhibition (Of 100l;T conuolleth'it)'l .quil. 111
:t 20 (mol/m, protl'in·min (Of. Ind 303:t 31 (mol/m, protein'min
r(lr Q Euh ,·.Iur rrpr,unu th, mun ::: SEM or thffl to l'in HPUlt,
l'Iptrimrnu.

required (or cAMP s)'nthesis (25, 26), Direct e\'idence
(or an internction between forskolin and the glucose
trl'lmporter was provided by photoaCfinit), labeling ex·
per:menu, which showed covalent binding of forskolin
and ita derh,ftth'C!s to the el')'throc)1e glucose transporter
and inhibition of this procell by c)1ochalasin Band D·
gluco•• ~ut not by L·glucose (27, 28). StNctur.1 homol·
ogi!s bttween forskolin and the transported hexoses have
been in\'oked as a basis fo" • rskolin binding to the
glucose transpci ter (23) and ha\'e been used to develop

forskolin derivatives with di(fcrent potenties for the
inhibition of .ugar transport (24, 29).

Some insight inta the nature of the cAMP·independ
ent mechanism of 24 ohydroxylase inh!bition by forskolin
may he derived from our kinetic studies in ilOlated renal
mitochondria, which show that fonkolin significantly
increases the apparent K,. of the 24·hydroxylase for ilS
lubstrate, 250HD", without aignificantly altering the
V_l' This finding is consistent with a comJlftitive mode
of inhibition and suggestive of a direct interaction be·
tween fonkolin and the substrate Dinding site of the
hydrox)'lase, A buis for such interaction ma)' be found
in the structural similarities which exist between the
diterpene and the steroid substrate of 24·hycirox)'lase,
The ring structures of forskolin have their counterparts
in 250HD", and both compounds ha\'e axial meth)'1
groups at positions 10 and 13 (Fig: i), A major structural
difference bet.....een the two compounds is the existence
of hydroxyl groups at positions l, 6, and 9 of forskolin
and their absence from the steroid substrate (Fig. i), In
this regar<~., the c)'clase·inacti\'e analog, l' ,9' ·dldeoxyfor·
skolin, which lacks two of the three h)'droxyl groups (Fig.
i), shares greater homology with the steroid sub!'.:rate,
This moy account for our obser'\'8tion that 1',9' -dideox)'·
forskolin has a greater amnity than forskolin for the
substrate binding site of 24·hydroxylase,

Whereas 1',9'·dideoxyforskolin achieves a greater in·
hibition of 24 ·h)·droxylase activÎty in isolated renal mi·
tochondria than in tubules, forskolin is equally effecti\'e
at inhibiting 24·hydroxylase in bath preparations, A
possible explanation for this observation ma)' reside in
the inhibitory mechanisms emplo)'ed by the t·...·o diter
penes, as weil as the difCerential accessibility of the 24·
hydroxylase in the 'two tissue preparations. Because the
inhibition of 24·hydroxylase by 1',9'·dideox)·forskolin
depends entire!)' on direct interaction between the diter
pene and the mitochondrial enzyme, it may be less effec
ti\'e in the tubule preparation, .....here 24·hydrox)'lase is
less accessible to the inhibitor than in isolated mitochon·
dria, By contrast, the inhibition of 24·hydrox)·lase b)'
fo"skolin, whier, can accur b)' actilo'ation of adenylate
cyclese at the plasma membrane in addition lo direct
interaction witb the mitochondrial enzyme, should not
be compromised in this Wll)',

24.Hydroxylase activity. expressed in mouse kidney,
can he increased severalfold by pretreating the animais
with 1,25·(OH),D" th. vitam!n D hormone (30). w.
show in the present study that fonkolin inhibits not only
basal 2••hydroxylas., but al.o atlenuales 1,25.(OH),D,·
indutibl- enzyme activity. The same holds true for 1',9'·
dide01.vforskolin. It ia of interest that in bath cases, the
indutibl~ 24-hydrùxyJase is less aensitive ta inhibition
h.\' thf diterpenes than the basal activity. Theae findinss
ton.. reminidCent of previously reported differences be·



2150 2,·HYDROXYLASE INHIBITION BY FORSKOLIN 1 ..... ·1."
v.. uo·s••

OH

(10, 12), bone (32), and skin fib,oblBlts (33). Thu., one
may lpec:ulate that the inducible 24·hydroxylase could
repre.ent an isoz)'me oC the bually expreued enzyme.
Clearl)', Curther Itudy will he required ta rflolve thi,
issue.

Although cAMP·independent eCCectl oC Conkolin have
heen described pre"'iously, luch reporu have been limited
to transport proteins and chennels oC the pluma mem·
brane (8). The present study documents the fint eumple
oC a cAMP·independent errect oC Conkolin on Il mito·
chondriel membrane'8S5ociated enzyme and luuests
thnt luch nontraditional actions oC Corskolin may repu',
sent a more generalized phenomenon. Our stud)' Curther
demonstrate, that Corskolin concentration, need not be
high Cor cAMP·independent eCCecll ta become mnnire5l.
ln Cael. forskolin concentrations as 10", as 10 ~M. weil
within the range of the EC~ for forskolin·mediuted ele·
vation of cAMP 11-20 I<lM (34)) and typically u,ed in
physiologieal ,tudies, are suflicit'nt to elicit cAMP·in·
dependent inhibition or 24·hydroxylnse. Our finding,
emphasize the importance or exerci'inlt caution in the
design and interpretntÎon of studies using Corskolm 10
assess cAMP in'o·ol ...ement in cellular function.

ln summar)'. our finding, present 5trong e"'idence for
cAMP.independent inhibition of 24·h~·drox)·laseacti... ity
by forskolin. Our sturly is the first to describe 8 cA~IP·

independent erfect of forskolin in"'ol\'inE: th~ modulation
of a protein which is not a plasma membrRne·associnted
transporter or channel. and &uggests that this ma)' he a
more generalized phtnomenon. Our kinetic data JUj(~~!ot

a direct interaction of forskolin ..... ith the 5ubstr8te bind·
ing site of the 24.hydroxylase. Compelling structural
similarities bet~'een the diterpene and the 11eroid luh·
strate of the enzyme support this t~'Pe of int~raclion.

Finally, our results ndvoc8te caution in the der.iitn and
interpretation or experimcnts using forskolin ta suess
cAMP in"'o""em~nt in cellular function.
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FIc. 7. Stnll:tuftt of ror.kolin. 1'.9'.didtox)'(oukolin, and 2S.hy·
droxyvillmin DJ•

,',9'·Dldeoxyforskolln

Forskolln

tween basal and l,25·(OHhDJ·inducible 24.hydrox)'lase
activities. We demonstrated that wherea5 basal 24·hy·
moxylsse activity is &trongl>' inhibited by the protein
kinase C inhibitor, H'Î, 1,25·{OH)~DJ·inducibleenzyme
activity is completely insensitive to this compound (31).
Similarly, only the basal 24·hydroxylase activity is pero
1urbed in the mutant X·linked hypophosphBtemic (Hyp)
mouse; the inducible enzyme activity is comparable in
both normal and mutant animais (30). The basis for
these diCeerences is not fully understood. Induction of
24·hydroxylase is sensitive to inhibitors oC RNA and
proteln synthesis (12) and associated with an increose in
24·hydroxylase messenger RNA abundance (13). Fur
thermare, whereas basal 24·hydroxylase is expreased
only in the kidney, the inducible enzyme activity can he
round in other vitamin D target tissues luch 8S intestine
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Chapter IV:

Normal 24-hydroxylation of vitamin 0 metabolites in

patients with vitamin 0 dependency rickets type I.

Structural implications for the vitamin 0 hydroxylases

Whereas ChafJters Il and III were concerned with regulatory pathways and

related subjects, structural considerations form the basis for the study described

in the present chapter. In order to address this issue, we developed a strategy

which takes advantage of a Mendelian disorder of vitamin D metabolism,

namely, vitamin D dependency rickets type 1 (VDDR-l), which is attributable to

a defect in 1-hydroxylase function. The status of 24-hydroxylase activity in

VDDR-I patients is unclear. Studies in the animal model for this disorder, the

rachitic pig, reveal a defect not only in renal 1-hydroxylase activity, but in 24

hydroxylase function as weil. Because Mendelian inheritance dictates that a

single mutation be responsible for both enzyme defects, it has been postulated

that both catalytic activities are mediated by a single gene product. The present

study was designed to assess 24-hydroxylase function in patients with VDDR-I,

to determine whether the defect in 24-hydroxylase activity observed in the

porcine disorder is also expressed in the human counterpart, with the aim of

gaining some insight into the structural relationship between the vitamin D

hydroxylases.
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AUSTHACT, The ~telld)' ltllte Irrum coneenulltion of 1.2!1·
dlhyrlrlll)'\'itllmin D 11.25·(OHII DI il deltrmined by the relative
ultA of il. biol)·nlhui. \'ia the rt'nal mitochondrilll I.h~'drol·

)'ltur Dml cituboliim \'ill renllllnd 'I"et cell 2~·h)'drol~-ll1lr~.
It il nllr nt kno.... n ....·hrther the 1.....0 Cltai)1ÎC Icri\'itiel are
medjntrcll~y the product of IIlin,le 'l'ne or productl of diuinct
,e·1l'!. To nddre.. thil quution, e undertook to IIlieli 2~,

h)·clroJ.)lue function in plltitnll ilh \'iumin D·dtptndenc~·

ricketllnlr II\'DDR,IJ, Il ~fendrlian dilordtr of l,25.10Ht:D
.ynl hHil ll11ributnble to a dtfect in rtnal l·hydrOl)'lnse acth'it~·.

Tu DlU'~~ rt/llli 24·hydrOl)·llIt acth·ily, .....e meliured the it'tum
con<tntrnllun o( 2".2~·dihydrol)"\·itamin D 12~.25·IOHI:DIIlr;d

il. :!.'i·b)drOI)"\'itllmin 0 (250HDI prrcuuor. \\'e 11150 mtllurtd
larl:tC nU, 1.:!5·IOHl:Dl·inducible 24·h~·drox)'illfe IIctÏ\'it)' Ind
cll!cilruic acid produclion in _kin fibrohllllti from \'DDH·I pli'
litnts Alld "/:e· Ind Stl·matched conuolt. Serum le\"el. of :H,25·
(CHU> And 250HD wete limilllr in \'DDH·I plliienti and
controll frAtio of product to IUbltrolte, 0.062 ~ 0.013 (n • 51 ('.J.

T HE STEADY Matc serum concentration of 1,25
dihydrox)"'itamin D Il,25-(OH}zDI, the \'itnmin D

hormone, is determined by the relatÏ\'e rates of its bio·
synthesis via the rennl mitochondrial 25-hydroxyvi
tnmin-DJ .ln·hydroxylase (l·h)·droxy1ase) and cataLv·
Iism \'in patnw:1Ys including C24· and C23·oxidation, and
hepatic conju~lItion. C24·oxidntion constitutes a mnjor
degrndnti\'e plIthwny for \'ital11in 0 metnbolites and in
\'ol\'es rennl nnd tnrgl't cclI 25·h)·droxy\'itnmin 0 3-24
hydroxylnsl!s (24·~ydrox)'lase). Despite recent nd\'ances
in the isolntion and purification of the 1- and 24-hydrox-

ReCfh'ed ~la)' 15, 19~1.

AddrrlJ cClrreJpondence Ind requnt. for rtprinll to: Dr, Harriet S.
Tentnhou~e, MHC Geneticl Group, :.;Clntreal Children'I P.otpital, 2300
TUJlper SUttl, MClntreal. QUfb«, Clnldl H3H IP3.

• Thil work wal Jupported b)' Grlnt MA·9-1Î5 from th~ Medical
HUt'lrch Cçuncil of Clnada (to G.J.I, MRC Genttics Group Grlnl lia
B.S.T.), Ind a J;rant from th~ Kidne)' Foundation o( Clnadl (to
Il.S.T.I.

t R«Îpient of Studenhbip A"·ard. (rom Fond, pour II formltion de
chettheutl tl l'iidf i II rechtrche Ind the FlIcult)' of Mfdidne. McGiII
UninnilY.
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O.06i ::!;: 0.005 (n • la). mtan ~ SEM, for patitnts and controb,
ruptcti\·elyJ. Circulatinr lel·el. of 1.25·fOHI:D were 01$0 cont·
plHable in both group' 150.G ~ 15.5 ln - 5) n. 56.1 ~ 5.2 (n·
10) pmol/L, for patienu and control~. rt'.~cti\'t·lyJ, prcsumabl)'
indieath'e of complionce with caleitrioltherlPY, Skin fihroh!ulI
from \·ODR·I plltienu exhibittd 2".h)'drol)"lue acti\'it)' "hich
...."lU indiltin/tUishAble from thlll ob'et\"ed in control fibrobll1~u

(108 ~ 14 (n • 5) n. 96 ~ 25 (moIIiO' ct'Ils·min (n • 61. for
plltitntl and controls, rtsptcti\'el~·I. Simil.ul)·, calcirroic IIcid
producrion Will compUlblt' in fibroblasl cuhuru derhtd (rom
Iht tl't·o ,roups of .ubjeeu 131 ~ GL'S, 33 ~ 3 fmol/IO I cells· min
ln • 3), (or plltienu and contrais, rtspeClÏ\·elyl. Our dllta dem·
onstrllte thlt tennllnd target ce1l2~·hydrOl)·lue IIcchitiu are
normll in patients with \'DOR·I und lug,m rhlt the rcnl1l 1·
and 2~-h)'drol)'lalrs likely reprelent. or contain, distin~'t po!y.
peptides tncoded b)' dirftrent Cl'nes. (J CtiTi Endocrinul .'fctab
74: 8104-820,1992)

y1ases 0, 2), the precise structural relntionship between
the two cata!)1ic acti\'ities remains contro\'ersial. Be·
cause both nctivities hn\'e been localized ta the inner
mitochondrin! membrane, are mediated by c)10chrome
P450s, and are tightly and reciprocally regulated by the
same physiological factors, it ras been suggested that
they represent alternate functions of a single enzyme (3).
Precedents for this situation ha\'e been described for
cytochrorne P450 hydroxylases in the adrenal cortex (4
6). AlternatÎ\.'ely, differences in susceptibility to inhibi·
tion by carbon monoxide (7) nnd cytochrome P450 in·
hibitors (8), as weil as the existence of extra·rendl 24·
hydroxylase nctivity in the absence of 1·hydroxylnse
activity, hn\'e led to speculation that the two catnlytic
scth'ities msy in fnct be mediated by distinct gene prad·
ucts, Sirnilnr uncertsinty surround!t the structural rela·
tionship between the rennl and extra-renal 24-hydrox·
ylase acti\'ities.

Vitamin D·dependency rickets type 1 (VDDR·I) is an
autosomel recessi\'e disorder charncterized by carly anset
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of hypocalcemia, secondary hyperpofathyroidism, hypo
phosphatemis, and severe rachitic lesions (9). Although
the gene responsible for the diseasc has retently been
mapped to 12q14 (lO), the BClUS! gene producl rernains
unknown. The demonstration of low or undeteclable
serum levels of 1,25·(OH),D despite normal or slightly
ele"'ated circulating levels of the 25·hydroxyvitamin D
(250HD) precursor and of complete correction of the
clinicat phenotype in response to physiologiesl doses of
l,25·(OHhDJ pro\'ided indirect evidencc for 0 defect in
renal I-hydroxylase Bcti"'ity (11). Direct e\'idence was
loter obtained Crom studies of 8 rachitic pig model of
VDDR·j (12), which ""enled undetectnble levels of 1·
hydroxylase 8cti\'ity in renal homogenates prepared from
mutant animais 03. }4). Interestingly, renal 24.hydrox.
ylase acti\'ity was also undetectable in these animaIs.
Moreo\'er, the absence of 24·hydroxylnse acti\'it}· could
not be attributed to the hypocalcemia, hyperparathyroid.
ism, and hypophosphatem ,n asscciated with the disense,
since trcatment of rachitic pigs with l,25·(OHbD;1 did
not restore enzyme activity (4).

The observation that a single genetic mt:tl.1tion is as·
sociated with the impairment of both 1· and 24·hydrox·
ylase Bcth'hies in the rnchitic pig is consistent with the
h)'Jlothesis that both acti\'itics are mediateet by a single
genp. product. The present study was undertnken to ex·
amine the status of 24-hydroxylase activit)· in patients
affected with VDDR·I, with the sim of gnining fm'ther
insight iOli) the structural relationship betwcen the renal
l·hldroxylase and renaland targct ceI124.h)'droxylases.
To assess rennl 24·hydroxylase acti\'ity, we measured
concentrations ofhoth 24,25·dihydrc-xyvilamin D 124.25
(OHhDJ. and its precursor, 250HI\ in plasma samples
from both VODR-I pntients and sex· and nge·matched
con!rols. To ascertain tnrget c~1l24·hydroxylaseacti\'it)"
wc measured l,25·(OH}:D 3·inducible 24-hydroxylase ac·
tivit)' in cultured skin fibroblasts derived from bath
VDOR·I patients and sex- and age·mntched controls, Jn
addition, we measured 1,25·(OHhDJ -induciblc prorluc
tion of calcitroic aeid, the final inactivation produN of
1,25·(OH),D, via the C24·oxidation pnthway (15-18), in
both VOOR·I and control cultures.

Materiols and Methods

Materials

Cell culture media were obtained from Flow Laboratories
Inc. (Mississauga, Ontario, Canada). Fetal bovine serum (FBS)
was purchased Crom GIBCO Canada Inc. (Burlington, Ontario,
Canada). BSA, fraction V, was Crom Sigma Chemical Co, (St.
Louis, MO). PI:Jstic ware (FAlcon Laboratories) was obtained
through Buter Corporation (Pointe Claire. Quebee, Canada).
[26.27·'H]l,Z5.(OH),D, and 126,27·'H]250HD, wer. pur·
chased Crom Amersham (Oakville, Ontario, Canada). Cryatal·
Jine l,25·(OHhD~ and 250HD~ were gifu Crom Hoffmann·

laRoche Inc. (Etobicoke, O"lar.o, Canada). (ld·JHI1'I,:!~,

(OHlzDJ waa pnpart'd by the mHhod of Makin rt al, US)' ln
brier, 1,oI0-25·hydroxyprevitami" 0: ':!'II rt'ducrd wilh 11111
aodium borohydride (13 Ci/mmol) ta 11\'e a L1ixture of l.l· and
Ip,25·(OHIz pre\'itamin DJ ilOmera which wete aeparatrd IUIII
healed to (i\'e pure Il,d·JH)la,25,(OHI I DJ (_3,5 Ci/rnmoll,!lji.
JH)la,25-(OHhDJ waa purifird before uat and wa, .lwll~'!1

greater than 95% pure, whtr" purity i, dtfinrd as giving ft lin)!ll'
peak b)' HPLC on Zorb81-5IL (19). 1,25·(QHhD aUR)' kil Wll~

purchasl'd Crom Incllar IStillwatrr, MN),

Subjectj

Fi\'e patients with VOOR·I ('l'I! Tahle 21, Ihrt'l' 11\1\1.' .ul\l
two female, agtd belween 8 and 28 )'r, wt'rt rerruited frlllllllllr

Biochel1licnl Gtnetics Sen:ice tMnnlrt'lIl Chilclrl'II" lIol,pit'lll
for the prest nt stud)', Two pl1lienl9 (WOli:.!!! nncl 17;HH wl·r,·
sibs. Three palients (\\'Gli2R., 1i2!!, and 17:16) Wl'rl' r·rt'lll"'lJ·
Cnnadions from the SO~"\Jl'na)'·rhorlt'\,(lixrrl:iun of Qtll'!.I'I·, Il

rei,'ion with high incidfnrt' of VDnH·1 (:10), Ali hnll bl,t'l1
diagno',ed on the bnloi5 of c!inirul Ilntl hiucill'lIliclI! fl'llluu'!\
8ssoCÎnied with VDOR·l, naml'!Y l'lltl)' on!lel of hYJiurnln'llIin,
h)'Pophosphattmil1, ell'\'B1ed senlm olknline Jlhll~llhllln~t', nlhl
5f\'Cf(' rachitic bone lesÎlmll dl'Ilpitl! udequlIlt' dit'(. rlillknl
delnils of thret palients (\\'Glïl i, 17:'W, and 17:11>1 IIn\l' bl'l'Il
dcscribed prt\'iously (21), Ali W('Cl' rt'I"'t'Î\'ini,' trl'ut:'U'lIl ll.",-~O

ng/kj:(·duy Rocaluol, ndnlini!ilrrl'd ur1llly in tW.l do~l's, l'.! IL
npart) at Ihe lim~' oflltud)',

Crfl fine,!

FihrohlnslS from the fiv!! VODH·J 1J1I1il'IItft (ll'~nihl'd uho\'l',
six control subjt'cts and on(' VIJDn·1I pntient, \\erl! hltllllt'd
VDDR·I fibrob!llst culturel wea' e!tlohlillh~d (rum llkill !JiIJl'ltil'"
ohtnint'd .;nd processl'd ns dl!llrribed IHl.'\·iously (:!2I, :-il'X' nn"
al:c·mlHch~d control humon derlllni fihrohhl\h \\'l'a' ~ru" Il
from (rozen stockll mainloiJltd 11)' tht' Hl'positlltY for ;\tut/l111
Humnn Cell Suains (MontreuI Cllildn'n'I\ Jlo~l'itnll. \ïJIJJ{.1I
fihrobla5ls ",erl! a gifl from Or. S. ,l, Mllrx (:-':111, Ih·tlll'Mill,
MD) and ha\'e been rhnracteriztd l'tc\'iuusly (2:11.

Crll culture

For 24·hydroxylnse liSSa)', fibrobll.lst!l wcre ICro .....n 'n 7."1 CllI
l

plastic nasks, at 3i C, under [,~ CO,/9[,rc aif, in EIlI:Ic·!t
minimal essential medium (MEM) witll Earlt's 10h11, l,·~ltltn,

mine, and nonesstntial amino acid" 10% FaS, lluppll'ml'Iltt'd
with 0.025 mM Fe(NOJh 9HJO. 1.4 mM Nael, 0_0:1 mM KCI,
0.16 mM NaHJPO., 0.006 mM KH,PO., 8.4 mM Rlucost', und 1
mM &odium pyruvate, as describtri prrviously (221. Ali expl'ri·
ments .....ere performed wilh connuent culturel between the 61h
ond 30th passage. For Buay of calcitroic acid production, COJl'

ditions wl're identica; to thosr delcribed (or 24·h:,'droxylulll'
assay, except that cella were maintained in plaslic multiwcll
plates (35 cmJ X 6). For lubculture, celll were detached b}'
trcalment with 0.59 m~. disodium EDTA in 25 mM Tria.buffet
(pH 7.4) and 0,25% tl')'psin in Puck', llline G, C:ell. wetr
harvested with either the .bove method, for 2.. ·hydtoxyIMc
alllay, or 0.05% tryplin and O,S" mM EDTA in PUS, (flr
measurement of calcitroic acid prClduction.
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24.HydroX)'Uu~ indut:tion

24.Hydroxylue, the lirat enzyme in the C24·o:ridation plth·
'N'Y ..... induced in cuhured human (: broblaltl u described
pre~iOullY (24). Confluent culturel weTC wuh~ with PBS,
place<! in (rclh MEM conlaininc 1% FaS. and incubated at 37
C (Of 16 h with either la nM 1,25·(OHhDI or an equivalent
volume of the cthanol \'chicle (final concentration, 0.2%).

Auay o/24·hydro%ywe acrit/jty and caltitraic acid production

24.H)'droxylast activity wu lutued as delcribed pre\'iously
(24). ACter pretreatmt'nt with either 1,25·(OHhD, or "chicle,
medium WOI remo\'cd Ilnd mOnOII)'trl ,,"ue wlsheef, harv::sted
(ue abovt), and resu.pended in assay medium (serum·free
MEM buUered with HEPES, 3.38 g/L, pH 7.M loyield approx·
imately 1 x lOt eells/mL, One milliliter nliquots of cell suspen
,ion were incubated with 50 nM either 126,2i·'Hjt,25·(OHhD,
or l26,27.'H)250HO" under initial rate condition" in a shako
in, wnterhoth .lit 25 C, Rt'llCtions were stopped wilh addilion of
3.75 ml. ke·cold chloro(orm:methanol (1:2) and 'tored under
nitroj{en .lit -20 C until exlraction,

Measurtment of calcilroic acid production was pchie\'t'd b)'
lhe method o( Jone5, G.. C, Haunler. and ~1. R. Haussier (in
preparation), BrieOy, lifter preincubalion wilh either 1,25·
(OHhO, or \'ehide, medium was remo\'('d and monolo.)·ers were
wtlshed twiee with PBS, then twiee with assay medium (sec
aho\'e) conlaining 2c:ë BSA, Assay mtdium containing O,2~

USA and foubstrale (2.''' nM [1,d·'H)l'l, 25·(OHhD,) was then
added and cultures incllbated (or 1-2 h at 37 C, Preliminary
'ludies showed that the production of aqueous·soluble \'itamin
ometabolites, greater thnn 9ù:c o(which consisted ofcalcitmic
acid. was lincnr for at least 2 h and that these aqueous·soluble
metabolites represenu'; approximately 75% of the total met.l1
boHc produclS unde: our experimenl.l1l conditions (data not
shown), Control incubai ions. perforrned in the absence of cclls,
ser\'cd as bAckground in the quantitation of calcitroit acid
production: uncon\'erled (lp·'H)lo,25.(OHl:D, substrate par·
titioning iuto the nqueous phase accounled for less than 5~ o(
totol rndioacti\'it)" Reactions were stoppcd with addition o(
1,25 mL methnnol. Microwell contents were trans(erred to glass
test tUbl'S (13 mm x 100 mm) to ""hich 0.625 ml chloroform
.....n. ndded,

E:r.trartian Clnd mcasurr1Jlrnt of l'itomin D mctobofites

24·Hydrax)'la~e assny. Reaction mixtures .....cre extrocted oc·
cording to Blilth ond D)'er (25). Aliquols of the organic phase
.....crc fractionatcd on Zorbax·Sil (25 cm x 6.2 mm) equilibrated
with hexane·i~oproponol·methano( (93.5:5.5'1) as described
pre\'iou~ly (19) for separation of 250HD, (rom 24·h)'drox)'(
ation producls (24,25·dih)'drox)"\'itamin D~, 24·oxo-25.h)'·
drox)"\'itamin D~ ar,d 24,oxo·23,::5·dih)'drox)"Vitamin D~).

Chromatographie separation of 1,25·(OHhD~Crom 24·h)'drox·
)'Iation products (1,24,25·trihydrox)"\'itamin D" 24·oxo·l,25
dih)'drox}"\'itamin DJ and 24,oxo.l,23,25.trihydrox)"\'itnmin
D,) wllsachie\'ed on Zorbax·Sil (25 cm X 6.2 mm) with hexane
isopropo.nol'methana! (80:10:2) os dl"scribed prc\'iously (26).
Fractinl., were collected and radioacti\'ity rneasurcd by liquid
,cintilk .Ion counting. Elution positions of products were con-

firmed with authentic metabolite•. Rtco\'elY of'H label was
veater than 85% and comparable for incubation. oC 1,25·
(OHhO.-treated celn, vehicle·treated cella and medium alone
(in the latter two in.tances, no .icnificant conversion of lub·
.trate wu apparent), indicatinl t.l)at ail reaction proclucta could
be accounted for under our conditions.

Calcitroic acid prodtu:lÎon

The extraction procedure oC Bligh and Dyer (25) was modi·
lied br replacing 4% KCI with water, Phases were allowed to
separatt and stabilize (or 1-2 h .lit room ttmperature, Rcplicate
aliquoll oC the aqueou. phase were t.a.ken and radioacti\'ity
measured by Iiquid scintillation counting,

Measurement of I.'jtamin D metabolites in serum

Venous blood samples were drawn from 5 VDDR·J patienls
and 10 sex· and ege·matched control subjects under nonfo.sting
condilions, usuall)' in late morning. Thus, (or VDDR·J patients,
sampling time fell within 4-6 h of their morning dose of 1,25·
(OHhD" Serum was separated within 1 h of sampling and
(rozen at -20 C until onai)'sis, Serum concentrations of 1,25·
(OHhl) were determincd by ,J compelitÎ\'e binding assay using
a calf thymus radioreceptor asliay kit, 24,25·:0H),D and
250HD concentrations were measured by the method of Cun·
ningham et al, (2i). Brien)', \'itamin D metabolites .....ere ex·
tracted b)' methanol·methylene c:hloride and then separatcd by
Zorbax·CN chromatogrnphy (28) into 250HD and 24,25·
(OH>:D fractions, 25·H)'drox)"Vitomin D·26,23·lactone (291, a
COol mon inter(ering metabolite in such ass'.!)'S, WBS sepnrated
by this chromatographic step and discarded. 24,25·(OHI:D and
250HD wcre quantitated b)' a competiti\'e protein binding
assay based upon rat DBP (27).

Statisacs

Ali \'clues are expressed os mesn ± SEM, Statistical signifi·
canee was determined by the Student's r test, paired or lm·
paired, as appropriate,

Results

Plasma concentrations of uitamin D metabolites

Because the VDDR·I patients im'estigated in the pres·
ent study ore being treated with physiological doses of
ealcitriol, their cireu!ating levels of 1,25·(OH),D should
be comparable ta those observed in sex· and age.matched
control individuals. Table 1 shows that plasma concen
trations of 1,25·(OH),D did not differ signifieantly be·
tween the two groups, indicating that VDDR·J J:'atients
are compliant with calcitriol therapy and ha\'e circl..lating
levels of 1,25·(OH),D within th. normal physiologieal
range,

When circulating concentrations of l,25·(OHhD are
physiologically normal, such as in our subjects, the
plasma concentration of 24,25·(OHhD is a reflection of
two phenomena: 1) the intrinsic activity of the consti·
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TABLE 1. Serum vÎl&min 0 mlt,lbolitu in VDOR·) patients.nd 'u'
and ap'malched controllubjtcta

TABLE 2, 1,2~·tOHlID,·inducible 2~·hydrol)'laM' actiYit), in mml
bluII derind from VDDR·l pati.nta and contNI.

prOlluCl of 1,2:)·(OH>:D.l via l:'C C2·I-oxidntion pnthwn,\'
(15-18). WOl~ !Il('nsured in cu1tured skin libroblnsl5 (,h·
lained fr' ,1 h VDDH.·I pntientf, nnd sex, nnd 1I1:l"

matched , ,~, Tnbl~ 3 rlemonslrntl'5 Ihnt cn1citruil'
ocid product IUIl i!l comp3.rRÎJle in fibrobinsis derived frolll
patients with VDDR-I nnd control 5uhjccts. aUK!:l'fitin/o:
thllt the entire C2.j-oxidntion pathwny is un~erturbed in
VDDR-I. B)' contrasl. skin fibroblnsts derivt'd from 1\

patient with VDDR·II show negligiblc colcitroic oeid
production (Table 3l.

Discussion

The present study wns undertaken ta examine, in Il

systematic foshion. the statua of24-hydroxylnse fUllction
in patients with VDDR·I, 8 hereditary diaorder of vito·
min L melabolism, attributable ta a defect in rennl J.
hydroxyla:ic ::.ctivity (H). We present evidence support·
ing normal 24-hydroxylation of vitamin D metabolitcs
in VDDR·I. Plasma concentrations of250HD and 24,2:,·
(OHhD in VDDR-I patients undergoing calcitriol ther·
spy are similor to those observed in sex- and age-matched
control &ubject.s, suggesting that constitutive renal 24·
hydroxylase activity is intact in VDDR-I. Skin fibro·
blasts derived lrom VDDR·! patients exhibit 1,25·
(OH),D,.inducible 24·hydroxyla.e activity which ia corn·
parable to that mea5ured in control culture", indicating

III
tll
III
12J

III
12I
121
m
l',!l

..
71

"..,..
5G:t.1O

2!tOUD, lub.lrllt
IMein ± It:M Inl)

1"
(1)

t:!1
IJl
(JI

9!,

H4 ± 31
13.

8.1 ± ~

81 :t 5
108 ± H

2~-H)'drol)'111t Ic\ivity Umoln/Hl'
ctll.·minl

-c::-c::::-:~Su, al' 1,25-(OHhOJ .ub.
.Irllr I~lrln ±

StM (nI)

M,:!:!
l\t.1I
M,'29
}o·.IO
}o',21

C.\llinr

VDOR 1palirnt.
"'C171i
"'017:!9
\\'01729
"'G1735
"'01736

AlIlinu
Control.

WG971 M,Z3 19 (21 r~1l

MCI~iO M,19 116 III 31;
MCH39 M,11/11 5G ±:1 (.1) M 13
Wr;12Z M,2!! 17B ± 57 (3) ~!t

"'GI052 F,fi 15~ ± 1 IJl 6!t
\\'G123 F.:!-I M (21 NIl

A\llinrl 96:1:25 M±II

24-Hydrolyll11f Icth'ily \liai inducrd by 1,:!!I·{OHI,Uauellthl'"1 of
connu.n! .kin nbrobllllt cuhuru 1. drtcribtd in MottrialJ ond ",..Ill
odJ 1,21HOU,:OJ-induciblr Z4·h)·drol)'lur acti\'ity \Io'a. mraturrllllll
dl'r initiAI tIltr condlliont u.inll: 50 "'-1 rilhrr l'U) 1,25.(OH1,O, or l'JlI
250HD" a~ indicatrd in MoltrjalJ and Mrlhod. Mrl.hohtu \litrt
ntrllcud, rra.llonlltrd by HI'I.C, end countrd. Il' dl'lCtibrtl in Mur,'
,job and "'rlhnd,. ~:U • nol drll'rlllinrd (ni Irlltrlrnt. numhrr ut
t'lprrimrnl~

CataboUsm of vitamin D metabolites in culturrd skin
fibroblasts

l,25-(OHhD3-Inducible 24-hydroxylase activity is lin
ear with time, up to 45 min and with cell number, up ta
5 X IDS cells/mL (data not shown). Kinetic analysis of
~ ,25-(OHhD3-inducible 24-hydroxylase revealed a max
.Ima! vt.~ocity of reaction (Vmil) of 185 fmol/lOs cells· min
and an apparent Michaelis Menten constant (K",) of 167
nhl for 250HD3 and a Vmil of 57 fmol/lOs cells· min and
an apparent Km of 4 nhl for 1,25-(OHhD3• These param
eters are consistent with those described previousty for
inducibte 24-hydrox),'tase in mouse kidney and intestine
(30).

We com~ared 1,25·(OH},D,·inducible 24·hydroxylase
activity in skin fibroblasts isolated from five VDDR-}
patients and six sex- and oge-matched contrais. Table 2
demonstrates that fibroblast5 derived from patients with
·IDDR·! exhibit 1,25·(OH},D,-inducible 24·hydroxylase
activity which is indistinguishable from that measured
in control fibroblasts, whether the substrate used Îs 1,25
(OH),D, or 250HD,. Thus, it would appear that 1,25·
(OH),D,·indudble 24·hydroxylase activity is intact in
patienta with VDDR·I.

The production of calcitraic scid, the final inactivation

tutive renal 24·hydroxylasc, sinee extra·rcllui target cell
enzyme ectivit)' does not appCtll to be expressed under
such conditions (24, 30); and 2) 250HD precursor avai!
z:bilit)' (31). We, therefc 1c, measured circulating levels of
bath 24,25·(OH),D and 250HD precursor in bath
VllDR-1 patients and sex- and age-mntched control sub
ject~. The results depicted in Table 1 dL'arly indicate
that plasma concentrations of bath t-l,25·(OHhD nnd
250HD are comparable in VDDR-} patients and contrais
[ratio of 24,25·(OH),D: 250HD, 0.062 ± 0.013 (n = 5)
L'S. 0.06i ± 0.005 (n =10), mean ± SEM, for patients and
contraIs, respectively], and suggest that cor:stitutivc
rena! 24-hydroxylase acth'ity is intsct in VDDR-} and.
as in normr:ls. is directly prrt'0rtional ta the concentra
tion of SUbstrat~,25ÛHD.

Control VDDR·I
(10) (SI

1.25.(OHhD (pmoltl/L) 86 ± 5 81 :t 16
24,25-(OHhO InmoleafLl 3.4 ::!: 0.4 4.2:!: 1
250HD (nmo!n{L) 67 :t of, 68:t 5

VDDR·I patients weI. undtfloinl ealcitriol ther.py (15·~O nc/"I'
cI.a)' Rocalllo1l. '1 indic:ated in MolrrÏlJl.J ond Mrthod., Circul.tin,
levell of l,2S·10HhD WII!N! detrrminrd by caU thymus radiortceplor
1"")', as d6CriMd in Mottrial. ana MtlhodJ. 2".25·(oHIIO and
250HO WC!rt measuttd by cor~petitivr binwl'il "110)' arter chromato·
rr.phie Ieparation,l.ducribei in MaterÛluo1d MtthodJ. In) indicl'llu
number of lubjKtI. Dall replUtnl mun ± Sl:lr.t.

•
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TAlLE 3. 1.25·fOHhO.,inducibl. (.Idtraic .cid production in l'ihro·
bluLi dtrivtd (rom VODR·J and VDDR·JI,l)Ititnl.llnd control•. ,1,8
'HJ 1.26·10H),D. Il lubltllte

the plasma met.nbolite as 24,25·(OH),D in those 6tudies
is somewhat equivocaJ, sinee neôther used a chromato·
graphie metho<! capable oC resolving 24,25·(OH),D Crom
25·hydroxyvitamin D·26,23·lactone. an abundant me·
tabolite found in plasma known ta interfere with the
quantit.ntion oC 24,25·(OH),D by competitive protein
binding assay (29). Our study employa a chromatographic
method (28) which provides unequivocal separation and
analysis oC vitamin D metabolites.

In the present study, we show that l,25·(OH),D,.
indudble 24.hydroxylase activity in human skin fibro
blasts is depcndent on cell number, duration oC incuba
tion, and substrate concentration, and that the relath"e
affinities of 1,25-(OHhD3 and 2S0HD3 substrates for the
enzyme system are similar to those reported pre\'iously
for 24·hydroxylase in renal and intestinal tissues (30).
Our data also show that the amount of 24·hydroxylase
acti\'ity obser\'ed does not correlate with either sex or
age of subject. Finally, when we compare 1,25-(OHhD)·
inducibJe 24-hydroxylase activity in skin fibroblasts de
ri\'ed from VDDR·J patients and control subjects. we
observe no significant difference between the two, sug·
gesting that inducible tal~et ceIl24·hydroxyla"e function
is intact in VDDR·l,

ln addition to measuring l,25·(OHhD)-inducible :24
hydroxylase acti\'ity in VDDR-J skin fibroblasts, wc also
measure the production of calcitroic acid, the final in·
activation product of l,25·(OHl:O, \'ia the C24·oxidation
pathway 06-18). Our demoli~tration of normal calcitroic
acid production in skin fibroblasl<: derÎ\'ed Crom VDDR·
1 patients confirms our findings with respect ta 24
hydroxylase acti\'ity and indicates that the entire C24
oxidation pathway is intact in VDDR-I. As expected. the
1,25.(OH),D,·inducible catabolic pathway sho"'s negii·
gible expression in skin fibroblasts Crom a VDDR·II
patient, deficient in l,25-(OHhD, reeeptor function (23).

Pre\'ious studies in the rachitic pig (12), a putati\'e
animal model for VDDR·I, showed 8 complete absence
of 24-hydroxylase acti\'ity, as weIl as l·hydroxylasc func·
tion, in renal homogenates (3) and mitochondria (14)
pre; ~d from the mutant animais. Our demonstration
of nurmal 24-hydroxylase function in humans with
VDDR-I is in striking contrast with the rachitic pig data
and suggests that the two disorders, despite their many
shared clinical and biochemical features, may not ha\'e
the sarne gcnetic basis.

Our demonstration oC normal 24·hydroxylase acti\'it),
in t'atients with VDDR-I, a Mendelian disorder oC 1·
hydroxylase function, supports the hypothesis that the
two hydroxylases either represent or contain distillct
gene produets. Although our findings do net exclude the
possibility that both catalytie activities ar~ mediated by
a single polypeptide chain, as proposed by Ghazarian
(34), they are in agreemenl with previous studies which

1'1
(4)
16)

161
(21
(41

38: 1

25:t 3
25 :t 4
43:!: 6
31 :t 6

33:: 1
33:!: J

Calcinoit .cid pro
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eell.·min)

Mun ± SE'" ln)

M.22
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M.:!!i
F.R
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VODR J pltienta
WOli17
n'Ol;:!!!
",GIi3S
AIIHnn
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MCJl39
n'GI2:!
\\'li IQ!,:!
Ail/mu

VDUR·1I111l1ient
\\'{i lP..'l1 ~·.IO oS =1 ("J
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The CH,ollllalion pllhw.y w". induced by 1,:!5·(OHI:D, trfltmf'nt

(,r confluent .kin fIIlfoblan eulturn as dtlwbed in Ma/aioll and
.\ft/W•. 1.25·IOH1:D.·indueihlr (alcilroie acid production wu mUI'
Ult·" ulin. 25 nMlltl·IHjI,25·(QHJ:D), Il indicated in .\!otuiol.l and
.\I.'lliod•. ~lrlllLohltl Ilo'tft utr,cltd and radiollctÎ\'Îty counltd. Il
dl'~critlf'd in .\fotrriub and .\lrrh{J(j" (nI rl'prl'ftnU numbtr or Uptri-

lhat inducible. target cell24·hydroxylase function is also
unperturbed in VDDR·J. Ca!citroic acid production is
nlso indislilll=uishable in VDDR·I pntient-deri\'ed and
control fihroblasts, suggesting that the entire C24-oxi
dation pothwny is intact in VDDR·J. Our demonstration
of normo! 24-hydroxylase aCli\'ity in patients with li

~Iendelian disorder of l·hydroxylase function suggests
that lhese two catnlytic aeti\'ities Iikely represent, or
conwin, distinct polypeptides encoded br separate Genes.

The VDDR-l patients examined in the present study
arc trented with physiologieal doses of caldtriol and, as
expeeted. pxhibit p!osmn. concentrations of 1.25-(OH)zD
which are in the normal physiologica! range. Under such
conditions. the plasma concentration of 24,25-(OH),D
presumabl)' rt!flects eonstitutÎ\'e renal 24·hydroxylase
r. .. IÎ\'ity, since the expression of extra·renal 24·h)'drox
)'ls5e is only incluced by administration of pharmacolog
iesi doses of \'itamin 0 hormone (24, 30). Plasma 24,25
(OHhD Ic\'els are also dctcrmined by 250HD precursor
lI\"ailabiiity (31). Aceordingly, plasma concentrations of
both metabolites must be measured to ensure a reliable
estimate of renal 24·hydroxylase acti\'ity. We show that
ooth VDDR·J patients undergoing calcitriol therapy and
control subjects have similar plasma concentrations of
bUlh ?4.25·(OH),D and 250HD, suggestin~ that eunsti·
tutÎ\'e tenal 24-hydroxylase acti\'Ïly is intact in VDOR·
I. Our findincs confirm the results of two earlier studies
(32, 33) which reponeù normal plasma Ic\'els of 24,25·
(OHhD in VDOR-l patients. However, identification of

!,

(
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demonstrated biochemical ùif(erences bel'"cen the }. and
24-hydroxylsses with respect to sensitNity to carbon
monoxide (7) and cytochrome P450 innibitors (81. More
retently. purified lat rens1 24.hydroxylase was sho.....n to
.upport the .ynthe.i. of 24,25·(OH),D" but not 1,25·
(OHhD3, in 8 reconstituted system containing 250HD;I
substratc, NADPH, ferredoxin, and ferredoxin reductase
(35). Clellrly, uncquivocai evidence for the two gene
h)"pothesis must 8wait expression studies in eells lrBns
fected with the recently cloned complementary DNA
(cDNA) encoding rat renaI24·hydroxyl••e (36).lt .hould
be noted lhat the 24·hydroxylnse clone was isolated from
8 kidnc)' cDNA library prcpared from rats treated with
pharmacologiesl doses of vitamin D end, thus, represents
the inducible 24-hydroxylase.1t is not yet kno.....n whether
the inducible and constitutive 24-hydroxylase activities
are medioted by the sorne enzyme or di(ferent isozymes
encoded by separate genes (17). Preliminary data (rom
our laboratory indicate different biochemical and regu·
lotor}' properties for the inducible and constitutive 24
hydroxylase activities. Whereas the protein kinase C
inhibitor, H-7, err:ctively inhibits constitutive 24-hy·
droxylase acth'ity in mouse renal tubules, il (ails to
Ilttenuate the l,25-(OH):D3·inducible enzyme activit)·
(37). In addition, studies in the H~'p mouse have shown
that only constituti"'e renal 24-h)'drox)'lase activity is
perturbed in the mutant animal; the l,25-(OHhDJ ·in
ducible enzyme acti\'ity is comparable in bath normal
and mutant mice (38).

Although our findin~s in human VDDR-! oppose oh·
servations in the rachitic pic (13, loi), the reflulting
structural implications (or the 1- and 24-hydroxylases
are not necessarily irreconcilable. Although the findings
in the rachitic pig are consistent whl! the hypothesis
that bath activities are mediated hy a single gene product,
they do not rule out the possibilit>· that the target of the
mutation ma)' he a gene encoding a shared component
or common regulator of t .....o distinct enzymes.

In conclusion, wc pro\'ide e"'idence for normal 24·
hydroxylase acti\'ity in patients with VDDR-I, a Men
delian disorder of vÎtamin D metabolism attributable to
8 de(ect in 1-hydroxylase function. Our findings have
interesting implications for the structural relationship
between thl' 1- and 24-hydroxylases Ilnd suggest that the
t.....o catalytic activities Iikely represent or cantoin dis
tinct gene products.
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Structures of [3H]1,25-(OHhD3 substrates uned ln VDDR·I study.

A. [1 ~.3H]1,25·(OHhD3: 3H label in A ring of steroid backbone allows
detection following side chain cleavage; used for measurement of calcitroic acid
production; B. {26,27-3H]1 ,25-(OH}2D3: 3H label in side chain of molecule;
used for standard 24-hydroxylase assay.
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Addendum IV-B

0.10 A

0.08
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0.04

~ 0.02c:
E-!Il 0.00
Qi 0.00 0.01 0.02 o.oa 0.04 0.05 0.06u

CD
0...

B- 0.06Ul
.J!!
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E 0.05-~>- 0.04...

o.oa
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0.00
0.0 0.1 0.2 o.a 0.4 0.5 0.6

1/5 (nM)

Klnetlcs nt 1,25-(OH)2D 3-lnduclble 24-hydroxylasa activlty ln
control skln tlbroblasts.

A. [3H]250HOa as substrate; B. [aH]1,25-(OH)20a as substrate. 24-Hydroxylase
activity was induced by 1,25-(OH)203 treatment of confluent skin fibroblast
cultures as described in Materials and Methods (Chapter IV). 1,2S-(OH)20a
inducible 24-hydroxylase activity was measured under inital rate conditions,
over substrate concentrations ranging from 20-2000 nM for 2S0HOa and 2-S00
nM for 1,2S-(OH)20a as indicated in Materials and Methods (Chapter IV).
Metabolites were extracted, fractionated by HPLC and counted, as described in
Materials and Methods (Chapter IV). Shown is a Lineweaver-Burk plot of the
data from three separate experiments. Regression Iines were obtained by
least-squares analysis [r=0.98 for 2S0HOa and 0.90 for 1,2S-(OH)20a].



..
•

69

Chapter V: General Discussion

Evidence for prote!n kinase C lnvolvement ln the regulatlon of renal

2s-hydroxyvltamln D3-24-hydroxylase.

ln 1986, Henry reported that treatment of chick kidney cell cultures with

the phorbol ester, TPA, elicits an increase in 24,25-(OH)2D3 production and a

decrease 1,25-(OH)2D3 synthesis, thereby implicating protein kinase C in the

regulation of renal vitamin D metabolism (Henry, 1986). However, her study

failed to provide direct evidence for phorbol ester-induced protein kinase C

activation (Le. translocation). Moreover, the lengthy incubation times (four

hours) used in her study raised the possibility that the observed changes in

vitanlin D metabolism might be the result of TPA-induced down-regulation

':ather than activation of the kinase.

The initial observations reported for avian kidney by Henry (1986)

prompted our investigation of protein kinase C involvement in the regulation of

mammalian renal vitamin D met<:ibolism, which 'lias undertaken as part of the

present thesis. While our study 'lias in progress, a second report from Henry's

laboratory appeared, essentially confirming the original ')bservations with

respect to TPA-induced modulation of 1,25-(OH)2D3 and 24,25-(OH)2D3

synthesis and providing some additional support for protein kinase C

involvement in this process (Henry and Luntao, 1989). They demonstrated that

the effect of TPA on 1,25-(OH)2D3 synthesis in cultured chick renal cells could

be mimicked by another weil known activator of protein kinase C, the

membrane-permeable, synthetic diacyllJiycerol analogue, OAG. In addition,

they showed that the effects of TPA were not Iikely the result of protein kinase C

down-regulation, .::ince the number of phorbol ester binding sites (which

presumably represent protein kinase C) 'lias not decreased in TPA-treated cells
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relative to control cultures. However, as in their first study, no direct evidence

was provided for phorbol este..-induced activation of protein kinase C, nor were

control experiments using an inactive phorbol ester described.

Our study provides strong evidence supporting a role for protein kinase C

in the regulation of mammalian renal 24-hydroxylase, the flrst enzyme in the

C24-oxidation pathway, a major catabolic pathway for vitamin 0 metabolites in

kidney as weil as in other target tissues for vitamin 0 hormone. We provide

direct evidence for phorbol ester (PMA)-induced activation of protein kinase C

in mouse renal cortical tubules by demonstrating translocation of the kinase

from the cytosol to the mitochondrial compartment, the site of 24-hydroxylase

activity in the renal epithelial cell. We also establish a temporal correlation

between activation of protein kinase C, endogenous phosphorylation of

mitochondrial proteins - potential mediators of kinase action on vitamin 0

metabolism - and stimulation of 24-hydroxylase activity in response to PMA

treatment. We further show that none of these effects is elicited by the inactive

phorbol ester analogue, 4a.-phorbol. We also demonstrate that another

activator of protein kinase C, OAG, also stimulates 24,25-(OH)2D3 production

whereas H-? and staurosporine, two inhibitors of the kinase which operate via

different mechanisms, decrease 24,25-(OH)2D3 synthesis. 8ince none of these

agents had any effect on cAMP accumulation under our experimental

conditions, it is unlikely that their effects on 24,25-(OH)2D3 production are the

result of fortuitous activation or inhibition of protein kir.ase A. These findings

further support the contention that the observed changes in 24-hydroxylase

activity are mediated directly by protein kinase C.

Based on our current undryrstanding of the mechanisms involved in the

regulation of renal vitamin 0 metabolism, it is clear that activation of the cAMP

pathway results in increased 1,25-(OH)2D3 production and decreased 24,25-
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(OH)2D3 synthesis whereas stimulation oi the phosphoinositide cascade elicits

the opposite responses. lt is also evident that bath signal transduction

cascades are activated by the peptide hormone, PTH ISBa section 1.5]. The

ability of PTH to activata two sigm:!ling pathways which inversely regulate renal

vitamin D metabolism suggests a remarkable economy and versatility in the

organization of cellular signal transduction. However, at the same time, it raises

a logistic problem: if both pathways are triggered coordinately by PTH, then

what prevents them from cancelling out each othefs effects? Alternativel)', if

each pathway is activated separately and independently by the peptide

hormone, than how is one pathway selected over the other? Another point of

interest concerns the mechanism whereby PTH is coupled to both signal

transduction cascades. ls each pathway coupied to a different PTH receptor

subtype or does a single c1ass of PTH receptor interact with both the cAMP and

phosphoinositide cascades?

Until recently, it was generally assumed that a given receptor subtype

was coupled to either the cAMP pathway or the phosphoinositide cascade, h.~J:

not both. Consequently, the ability of certain agonists to trigger both ce!!ular

signalling pathways was attributed to receptor heterogeneity. Although the

existence of two PTH receptor subtypes has been suggested in a recent study

(Reshkin et al., 1990), most of the evidence accumulated so far supports a

single receptor class for this peptide hormone (Pfeilschifter, 1989). Thus, an

alternative explanation is required to account for the ability of PTH to activate

both signal transduction cascades. Expression studies using cell lines

transfected with individual muscarinic acetylcholine receptor subtypes have

shown that each receptor subclass can couple to both the cAMP pathway and

the phosphoinositide cascade although, in each case, one of the pathways is

predominant (Peralta et al., 1988). Similar findings have recently been
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obtained with cloned polypeptide hormone receptors, such as the receptor for

luteinizing hormone [LH (Gudermann et al., 1992)]. These studies suggest that

a single receptor class can couple effectively to multiple signal transduction

pathways and offer a possible explanation for the observations obtained with

PTH. Direct evidence supporting this hypoth9Sis Ilas only just become

available. Segre and associates have recently cloned a cDNA encoding the

PTH receptor and have shown that PTH receptor·deficient renal cell Iines

transfected with this cDNA exhibit PTH-stimulated cAMP accumulation,

indicating that the receptor is functionally coupied to the cAMP cascade

(Jüppner et al., 1991). Although not yet published, results from preliminary

transfection studies by the same group suggest that the receptor clone can also

stimulate phosphoinositide hydrolysis (Segre et al., 1992).

As mentioned above, it remains unclear whether PTH regulates renal

vitamin D metabolism by activating both signal transduction pathways

coordinately or by triggering each pathway independently of the other. Sorne

insight into this issue may be derived from studies of another target of PTH

action, namely, renal phosphate transport. As indicated earlier [section 1.5],

one of the functions of PTH in the proximal tubule is to increase phosphate

excretion which it achieves by inhibiting sodium·dependent phosphate uptake

across the renal brush·border membrane. Like renal vitamin D metabolism,

renal phosphate transport is regulated by PTH via a dual mechanism involving

both the cAMP and phosphoinositide cascades (reviewed by Murer, 1991).

However, unlike vitamin D metabolism, PTH activation of either pathway results

in the inhibition of phosphate uptake. In 1987, Cole et al. documented a

discrepancy between the dose-response curves for PTH-dependent inhibition

of sodium·phosphate cotransport and activation of cAMP production in OK cells.

They showed that whereas half-maximal inhibition of phosphate transport was
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observed between 10-11 .10-12 M PTH, a concentration of 10-8 M PTH was

req'Jired to achieve half-maximal stimulation of cAMP production (Cole et al.,

1987; 1988). By contrast, PTH·dependent activation of phospholipase C, also

measured in OK cells, was evident at PTH concentrations as low as 10-12 M,

concentrations at which inhibitio:l of renal phosphate transport was observed

(Quamme et al.. 1989). These findings led to the proposai that low or

physio:ogically normal concentrations of PTH regulate phosphate transport

exclusively via the phosphoinositide pathway whereas higher concentrations of

the hormone selectively activate the cAMP cascade. Thus, PTH wou Id appear

to activate each pathway separately, in a concentration-dependent fashion.

A more recent study by Martin et al. (1989) ollers findings that are in

striking contrast with the observations described above. In their study, Martin et

al. (1989) compared the dose-response curves for PTH-mediated inhibition of

phosphate transport, cAMP accumulation and protein kinase A activation in OK

cells. They found that although PTH-induced changes in phosphate uptake

were not reflected in intracellular cAMP levels (in agreement with Cole et al..

1987; 1988). alterations in protein kinase A activity were demonstrable at the

lowest dose of PTH which inhibited phosphate transport. These findings

suggest that low concentrations of PTH ellcit minute, perhaps localized,

changes in intracellular cAMP content which. although undetectable, are

sullicient to activate protein kinase A. Thus, one cannot exclude a role for the

cAMP pathway in the regulation of phosphate transport at low or physiologically

normal concentrations of PTH.

Although they may appear contradictory, the proposais of Cole et al.

(1987) and Martin et al. (1989) are not irreconcilable. The cAMP and

phosphoinositide second messenger systems could conceivably coregulate

renal vitamin 0 metabolism (and phosphate transport) over the entire range of



l

74

PTH concentrations examined, however, at low or physiological levels of PTH,

the balance would be shifted toward the phosphoinositide pathway whereas at

higher concentrations, the cAMP cascade would be favoured. In this regard, il

is of interest that normal circulating levels of PTH [10-12 to 10-10 Ml are within the

range reported to stimulate the phosphoinositide pathway and thal the

predominant, but not exclusive, vitamin D metabolite produced under normal

physiological conditions is 24,25-(OH)2D. Under circumstances in which PTH

concentrations become elevated, such as in hypocalcemia, the balance would

shift toward the cAMP pathway and a preponderance of 1,25-(OH)2D.

A similar mechanism has been proposed for another peptide hormone,

LH. The recently cloned LH receptor has been shown to activate both the cAMP

pathway and the phosphoinositide cascade with ECso s of <100 pM and >2 nM,

respectively (Gudermann et al., 1992). Although normal circulating levels of LH

are weil below the threshold for triggering phosphoinositide hydrolysis,

ovulatory levels of LH and pregnancy levels of human chorionic gonadotropin

(hCG), a homologue of LH aise known to bind the LH receptor, are sufficient 10

stimulate the phosphoinositide pathway. Thus, it has been suggested that

under normal physiological conditions, cellular responses to LH (and hCG) are

mediated by the cAMP pathway whereas during ovulation and pregnancy, bath

signalling systems are Iikely activated and participate in the response

(Gudermann et al., 1992).

The proposai described above must be further tempered with the

consideration that, in vivo, the cell is subject to a variety of regulatory factors

and constantly changing conditions which may affect the ultimate cellular

response to a given agonis!. For example, Henry (1981) showed that cultured

renal epithelial cells maintained in serum-free growth medium fail to respond to

PTH with the expected increase in 1,25-(OH)2D3 synthesis, but that PTH-
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responsiveness can be restored with the addition of insulin to the growth

medium. These findings suggest a permissive role for insulin in this process

(Henry, 1981). Vitamin D status has also been shown to influence PTH action

in the kidnl:lY. Armbrecht et al. (1984b) demonstrated that whereas PTH

stimulat~s 1-'1ydroxylase activity in renal slices prepared from

thyroparathyroidectomized rats previously fed a vitamin D-deficient, low calcium

die!, slices from normal, vitamin D-repll:lte animais do not respond to the peptide

hormone with the appropriate increase in 1,25-(OH)2D3 production. It is not

clear how insulin or vitamin D hormone modulate the effects of PTH on renal

vitamin D metabolism. However, these observations do suggest that a cell does

not respond to a given agonist solely on the basis of the signal transduction

pathway(s) activated by that agonist; rather, it integrates additional regulatory

influences, which together determine the ultimate cellular response.

The mutant Jiu mous!:! is characterized by a number of renal

abnormalities including accelerated catabolism of vitamin D metabolites as a

result of increased 24-hydroxylase activity (Tenenhouse et al., 1988), elevated

cytosolic protein kinase C activity (Tenenhouse and Henry, 1985) and

decreased brush-border 1,1embrl3.ne sodium-dependent phosphate transport

(Tenenhouse and Scriver, 1978; Tenenhouse et al., 1978). We have shown in

a previous study thal the phosphate transport defect characteristic of the~

mutation can be elicited in normal mouse kidney through phorbol ester-induced

activation ct protein kinase C (Boneh et al., 1989). In the present study, we

provide evidence implicating the kinase in the aberrant expression oi ~er1al 24

hydroxylase activity in this mouse mutant. We show that whereas phorbol ester

treatment stimulates 24-hydroxylase activity in normal mouse kidney, it tails to

fL:rther increase the already elevated 24-hydroxylase activity of~ kidney,

despite its ability to stimulate protein kinase C in this strain. These findings



'.-

76

suggest that 24-hydroxylase activity in the ~ mouse is maximally up

regulated by protein kinase C and, therefore, resistant to further stimulation by

activators of the kinase. Further support for our hypothesis derives from our

demonstration that the protein kinase C inhibitor H-7 not only decreases the

level of 24-hydroxylase activity in the .l:bl.o. mouse, but abolishes the interstrain

difference. Together, these findings support a role for protein kinase C in the

aberrant expression of renal vitamin D metabolism and phosphate transport

associated with the 1::002 mutation.

Our findings are consistent with the hypothesis that X-linked

hypophosphatemic rickets in the mouse and, perhaps, in man as weil are

caused by a humoral factor which acts on both renal phosphate transport and

vitamin D metabolism by stimulating the cellular signalling pathway involving

protein kinase C. A humoral basis for this inherited disorder was initially

suggested by the intriguing parabiosis studies of Meyer et al. [(1989ab), see

section I.6] and is further supported by observations of a deviant gene dose

effect on both plasma phosphorus levels and renal phosphate transport in J:I.YJ2

mice (Scriver and T~nenhouse, 1990). Conventional gene dosage requires

that the phenotype of the heteroz.ygote - in the case of the X-linked W

mutation, the ~+ female - be intermediate between those of the normal

female homozygote (+/+) or male hemizygote (+/Y) and the mutant female

homozygote (J:I.YJ2I.l:bl.o.) or male hemizygote (J:I.YJ2IY). However, heterozygous

females exhibit the same degree of hypophosphatemia as homozygous mutant

fernales and hemizygous mutant males (Scriver and Tenenhouse, 1990).

Similarly, brush-border membrane sodium-dependent phosphate transport is

as severely affected in J:::!Y.W+ females as it is in J:::!Y.WJ:1.YJ2 females and J:I.YJ2IY

males (Scriver and Tenenhouse, 1990). A transacting humoral factor wou Id

account for the occurrence of atypical gene dosage as weil as the elevated
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levels Of protein kinase C activity and the abnormalities in renal phosphate

transport and vitamin 0 metabolism characteristic of the l:b!J;l. mouse.

Finally, our study shows that whereas constitutive 24-hydroxylase activity

is strongly inhibited by the protein kinase C inhibitor, H-?, 1,25-(OH)2D3

inducible enzyme activity is completely insensitive to this compound,

suggesting that the inducible 24-hydroxylase, unlike its con~titutively-expressed

counterpart. is not subject to r&gulation by protein kinase C. This interpretation

is consistent with the observation that only constitutive 24-hydroxylase activity is

perturbed in the J::l\l;l. mouse; induciblG enzyme activity is indistinguishable

between normal and mutant animais (Jones et al., 198?b). In addition. 2S

discussed below, the observed difference in susceptibility to H-? inhibition has

interesting structural implications for the constitutive and inducible 24

hydroxylase activities.

Inhibition of 2S-hydroxyvltamin D3-24-hydroxylase by forskolin:

Evidence for a cAMP-Independent mechanism.

By virtue of its unique ability to activate adenylate cyclase directly,

forskolin has long been used to demonstrate cAMP involvement in a host of

physiological processes, including PTH-dependent regulation of renal vitamin

o metabolism [see section 1.5]. Recently. however, a number of reports have

appeared documenting cAMP-independent effects of forskolin on various

transport functions and channel activities of the plaEma membrane (Laurenza et

al., 1989). Our study presents several Iines of evidence supporting the

involvement of a cAMP-independenl mechanism in the inhibition of renal

mitochondrial 24-hydroxylase activity by forskolin. We demonstrate that

although both forskolin and PTH stimulate cAMP accumulation and inhibit 24

hydroxylase activity in mouse renal tubules, the level of 24-hydroxylase
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inhibition achieved by the diterpene is signilicantly greater than that obtained

with the peptide hormone, at comparable levels 01 cAMP production. We also

show that 1'.9'-dideoxylorskolin, a cyclase-inactive analogue 01 lorskolin, is a

more potent inhibitor 01 24-hydroxy,ase activity than lorskolin itsell, despite its

inability to stimulate cAMP production. We further demonstrate that both

forskolin and l'.9'-dideoxyforskolin directly inhibit 24-hydroxylase activily in

isolated renal mitochondria, a preparation virtually free 01 adenylate cyclase

activity. A mechanism involving direct interaction 01 lorskolin (or 1',9'

dideoxyforskolin) with the substrate binding site 01 24-hydroxylase is suggested

based on the kinetics 01 24-hydroxylase inhibition by the diterpenes, and the

structural similarities between the steroid substrate 01 the enzyme and the Iwo

inhibitors. Our study is the lirst to document a cAMP-independent action 01

forskolin on a protein which is neither a transporter nor a channel 01 the plasma

membrane, but an inner mitochondrial membrane-associateti enzyme. Our

findings suggest that such non-traditional effects 01 lorskolin may weil represenl

a more generalized phenomenon and advocate caution in the design and

interpretation of studies using forskolin to assess cAMP involvemenl in cellular

processes.

Although our study focusses primarily on the effects 01 lorskolin and l' ,9'

dideoxylorskolin on constitutively-expressed or basal 24-hydroxylase E'clivity,

we also consider the effects 01 the two diterpenes on 1,25-(OH)2D3-inducible

24-hydroxylase activity. We show that although inducible renal 24-hydroxylase

activity is also inhibited by both lorskolin and 1',9'-dideoxylorskolin, it is less

susceptible to inhibition than the un-induced activity. This observation recalls

previously reported differences between renal constitutive and 1,25-(OH)2D3

inducible 24-hydroxylase activities. As mentioned above, only basal 24

hydroxylase activity is perturbed by the~ mutation (Jones et al., 1987b) and
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is inhibitable by H-7; 1,25-(OH)2D3-inducible enzyme activity is unaffected in

bottl situations. A greater sensitivity to inhibition by cytochrome P450 inhibitors

lurther distinguishes the constitutive 24-hydroxylase Irom its inducible

counterpart [see Appendix Al. The basis lor these differences is not lully

understood. However, it is 01 interest that the induction of 24-hydroxylase

activity is associated ~~;th an increase in mRNA levels lor the cytochrome P450

component of the 24-hydroxylase complex (Ohyama et al., 1991; Armbrecht and

Soltz, 1991). This finding makes it tempting to speculate that the inducible 24

hydroxylase may represent an isozyme 01 the constitutively-expressed enzyme.

Certainly, the ability 01 various chemical compounds to discriminate between

these two catalytic activities suggests a .::t ructu rai basis lor these diflerences

and lurther implies that the two catalytic activities may be mediated by diflerent

proteins. Although it is unclear precisely what advantages might be conferred

by these putative structural diflerences, they are unlikely to r l of a kinetic

nature, as the two 24-hydroxylase activities are virtually indislinguishable Irom

one another in terms of their substrate affinities (Tenenhouse and Jones, 1987).

Nevertheless, the concept 01 multiple 24-hydroxylase isozymes is intriguing and

merits lurther study.

Normal 24-hydroxylatlon of vltamln 0 metabolites ln patients wlth

vltamln D-dependency rlckets type 1: Structural Implications for the

vltamln 0 hydroxylases.

Clinical studies in patients with vitamin D dependency rickets type 1

(VDDR-I). a Mendelian disorder 01 vitamin D metabolism, suggested a delect in

1-hydroxylase activity as the underlying cause 01 this phenotype (Fraser et al.,

1973). Direct evidence for a 1-hydroxylase defect was provided by studies of

the animal model lor this disorder, the rachitic pig, which showed undetectable
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levels of 1-hydroxylase activity in renal tissue preparations derived from mutant

animais (Fox et al., 1985; Winkler et al., 1986). In addition, these same studies

demonstrated a complete absence of renal 24-hydroxylase activity in the

rachitic pigs. The observation that a single mutation was associated with the

impairment of both 1- and 24-hydroxylase activities in the animal model for

VDDR-I led to the proposai that both activities were mediated by a single gene

product. However, it was not known whether the disturbance in renal 24

hydroxylase activity observed in the rachitic pig was also expressed in the

human counterpart of VDDR-I. Renal 24-hydroxylase activity had not been

directly ascertained in patients with VDDR-I. Circulating levels of 24,25

(OH)2D, which were measured to provide an indirect estimate of renal 24

hydroxylase activity, appeared to be normal in VDDR-) patients (Nguyen et al.,

1979; Aarskog et al., 1983), suggesting that renal 24-hydroxylase function was

intact in this disorder. However, the identity of the plasma metabolite as 24,25

(OH)2D in these studies was somewhat equivocal, since neither used a

chromatographie method capable of resolving 24,25-(OHhD from 25

hydroxyvitamin D-26,23-lactone (250HD-26,23-lactone), an abundant plasma

metabolite known to co-chromatograph with 24,25-(OH)2D and interfere with its

quantitation by competitive protein binding assay (Horst, 1979).

Our study was undertaken to examine, in a systematic fashion, the status

of 24-hydroxylase activity in VDDR-) patients. Our results indicate that, unlike

the rachitic pig, the VDDR-) patient does not Elxhibit a defect in 24-hydroxylase

function. We established that our calcitriol-treated VDDR-( patients and control

subjects exhibit physiologicaliy normal circulating concentrations of 1,25

(OH)2D; under such conditions, plasma 24,25-(OHl2D levels are a reflection of

renal 24-hydroxylase function (Tomon et al., 1990ab) and 250HD precursor

availability (Marx et al., 1989). Thus, we ascertained renal 24-hydroxylase
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lunction indirectly, by measuring the ratio of the circulating concentrations 01

24,25-(OH)2D:250HD, using a chromatographie method that provides

unequivocal separation and analysis of vitamin 0 metabolites (Jones, 1983).

We found the plasma 24.25-(OH)2D:250HD concentration ratio in VDDR-I

patients undergoing calcitriol therapy to be similar to that observed in sex- and

age-matched control subjects, indicating that constitutively-expressed or basal

renal 24-hydroxylase activity is intact in VDDR-l. We also assessed target cell,

inducible 24-hydroxylase function by directly measuring 24-hydroxylase activity

in 1,25-(OH)2D3-treated skin fibroblast culturps established from VDDR-I

pati6;:ts and contrais. We found comparable levels of enzyme activity in

fibroblasts derivpd from both groups of subjects, suggesting that 1,25-(OH)2D3

Inaucible 24-hydroxylase activity is also unperturbed in human VDDR-l. In

addition, we measured the production of calcitroic acid (the final inactivation

product of vitamin 0 hormone via the C24-oxidation pathway) in these same

cell cultures, using a substrate labelled in the A ring of the steroid backbone

which allows detection of the product after side chain cleavage. Caicitroic acid

production was indistinguishable in VDDR-I patient-derived and contiOl

fibroblasts, indicating that the entire C24-oxidation pathway is intact. Our

demonstration of normal 24-hydroxylase activity in patients with a Mendelian

disorder of 1-hydroxylase function suggests that the two catalytic activities are

likely mediated by distinct proteins.

Our findings are consistent with previously reported differences in the

biochemical properties of the 1- and 24-hydroxylase activities (Knutson and

DeLuca, 1974; Kung et al.. 1988) and the more recent demonstration that

purilied renal 24-hydroxylase (Ohyama et al., 1989; Ohyama and Okuda, 1991)

and 1-hydroxylase (Mandel et al., 1990a) preparations catalyze their respective

reactions in a reconstituted system (containing 250HD3 substrate, NADPH,



ferredoxin and ferredoxin reductase) but fail to support the alternative reaction.

Together, these findings provide strong evidence in SUPPOlt of the two-enzyme

hypothesis. However, it is not clear whether these t'NO catalytic activities are

encoded by separate genes or result from differential processing of a single

gene product. There is evidence at present to support both hypotheses.

Using HPLC-based methodologies, Ghazarian and associates purified

chick renal mitoci10ndrial 1-hydroxylase (Mandel et al., 1990a) and

subsequently used this preparation to generate monoclonal antibodies against

the enzyme (Mandel et al., 1990b). In addition to recognizing the 1

hydroxylase, the antibodies also detected the 24-hydroxylase, but failed to

interact with cytochrome ~:'450s from other sources such as liver microsomes or

adrenal mitochondria. The apparent molecular weights of the 1- and ~4

hydroxylase enzymes were 57 K and 55 K, respectively. One 01 the monoclonal

antibodies was used to immunopurify the two hydroxylases Irom chick renal

mitochondria (Moor,hy et al., 1991). The purilied enzymes were subjected to

ami no-terminal sequencing and amino acid composition analysis. The overall

amino acid compositions of the two hydroxylases are almost identical.

Moreover, the ami no-terminal sequences of the first 10 residues are 100%

homologous. These observa~ions have led Ghazarian (1990) to postulate a

precursor-product relationship between the two hydroxylases whereby the

smaller 24-hydroxylase enzyme is derived from the larger l-hydroxylase by

proteolytic cleavage of a 2 K carboxy-terminal fragment. This modification

would presumably alter the active site of the enzyme sufficiently to shift its

catalytic specificity (from carbon 1 to carbon 24) without changing its substrate

specificity (250rlD3)' In the aggregate, these findings suggest that the renal l

and 24-hydroxylases represent separate but nearly identical enzymes that are

derived from a single gene.
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Recent findings by DeLuca's group (Burgos-Trinidad et al., 1992) are in

striking contrast to the observations of Ghazarian and associates, described

above. Burgos-Trinidad et al. (1992) isolated electrophoretically homogeneous

preparations of chick renal 1- and 24-hydroxylases using an immunopurification

strategy similar to that employed by Moorthy et al. (1991) only, in this case, the

monoclonal antibodies used to prepare the affinity column were generated

against partially purified 24-hydroxylase rather than 1-hydroxylase. Amino

terminal sequencing analysis of the immunopurified proteins shows that the first

20 residues of the 'IWO hydroxylases, although similar, are not identical.

Furthermore, the amino acid compositions of the two hydroxylases are different,

with eight amino acids differing in percent abundance by 1.8-fold or greater.

Yet, the fact that monoclonal antibodies to the 24-hydroxylase can be used to

immunoisolate the 1-hydroxylase clearly indicates significant structural

similarities between the two enzymes. Collectively, these findings suggest that

the renal 1- and 24-hydroxylases represent similar but distinct entities and imply

that they are encoded by differt:.nt genes.

It is of interest that the 1- and 24-hydroxylases isolated by Burgos

Trinidad et al. (1992) differ appreciably in both ami no-terminal amino acid

sequence and amino acid composition from the proteins purified by Moorthy et

al. (1991). In an at1empt to reconcile these disparate findings, Burgos-Trinidad

et al. (1992) invoke the presence of two different forms for each hydroxylase.

Indeed, the existence of two isozymes for 24-hydroxylase - one constitutive, the

other inducible - has already been proposed on the basis of various

experimental observations [see above]. It is noteworthy that the renal 24

hydroxylase isolated by Burgos-Trinidad et al. (1992) was prepared from chicks

maintained Cil a vitamin D-supplemented diet and pre-treated with both 1,25

(OH)2D3 and 250HD3 priar ta the isolation procedure and, therefore, represents



inducible enzyme activity. By contrast, the 24-hydroxylase puri lied by Moorthy

et al. (1991) was derived from chicks led a control diet neither enriched nor

deficient in vitamin D and, thus, reflects constitutive enzyme activity. It is

unfortunate that our study was not able to offer any insight into the structural

relationship between the two 24-hydroxylase activities. Had our data shown

reduced plasma levels of 24,25-(OH)2D in VDDR-\ patients, rellective 01

decreased renal 24-hydroxylase activity, concomitant with normal levels 01

fibroblast 24-hydroxylase activity, they may have suggested the existence 01 two

isozymes of 24-hydroxylase. However, our study clearly demonstrates that both

basal and inducible 24-hydroxylase activities are intact in patients with VDDR-l

and is, therefore, uninformative in this regard.

Although our finding of normal 24-hydroxylase activity in VDDR-l

patients is in striking contrast with observations in the animal model lor this

disorder (Fox et al., 1985; Winkler et al., 1986), the resulting structural

implications for the two renal vitamin D hydroxylases are not necessarily

irreconcilable. We propose two possible unifying hypotheses, one based on

the single-gene model postulated by Ghazarian (1990) and the other, on the

separate-gene model suggested by the findings of Burgos-Trinidad et al.

(1992). These are depicted in Figures 1 and 2, respectively, and are explained

below.

Il we consider Ghazarian's model (see above), a mutation occurring in

that part 01 the gene which is shared by the two hydroxylases, Le. the amino

terminal region, wouId affect both enzyme activities and could account lor the

observations in the rachitic pig [see Figure 1]. By contrast, a mutation in the

carboxy-terminal region, which is specilic to the 1-hydroxylase and removed by

proteolytic cleavage to generate the 24-hydroxylase, would selectively aller 1

hydroxylase function and spare 24-hydroxylase activity. Such would be the
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Human VDDR-I
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Figure 1. Possible mechanlsms for human and porcine VDDR-I:
slngle-gene model.

The observations in human and porcine VDDR-I may be accomodated by a
model in which the 1- and 24-hydroxylases represent separate enzymes
encoded by a single gene, such as that proposed by Ghazariar. (1990). A
mutation [denoted by ):\] in the gene's carboxy-terminal region, which is specific
to the 1-hydroxylase, would selectively disrupt 1-hydroxylase function, leaving
24-hydroxylase activity intact, thereby resulting in the human disorder. By
contrast, a mutation in any other part of the gene, which is shared by both
hydroxylases, would perturb both enzyme activities, thereby accounting for the
porcine phenotype. "Gene structure (mtrons/exons) is hypothetical; actual gene
has not been isolated.
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situation in human VDDR-I [see Figure 1].

Alternatively, the observations in human and porcine VDDR-I could be

accomodated by a model involving two distinct gene products (as suggested by

the findings of Burgos-Trinidad et al., 1992). A mutation targetting the gene for

the 1-hydroxylase, leaving the 24-hydroxylase gene intact, would explain

VDDR-I in man [see Figure 2]. By contrast, a mutation in a gene encoding a

shared co-factor or common regulator of the two hydroxylases would account

for the disorder in the rachitic pig [see Figure 2]. Although the identity of this

putative shared component is unknown, it is not Iikely to be either the ferredoxin

or ferredoxin reductase moieties of the renal vitamin D hydroxylating system.

The cDNAs for both ferredoxin (Morel et al., 1988) and ferredoxin reductase

(Solish et al., 1988) have recently been cloned from human adrenal cDNA

libraries. These studies have shown that both electron transport intermediates

are encoded by single-copy genes that are expressed in various steroidogenic

tissues and are, therefore, shared with other mitochondrial cytochrome P450s

(Morel et al., 1988; Solish et al., 1988). Since VDDR-I patients do not exhibit

abnormalities in any other cytochrome P450 system, it is unlikely that either of

these components represents a target of the mutation responsible for this

disorder.

Both models as weil as the underlying observations which they attempt to

explain suggest that, despite their many clinical and biochemical similarities,

human and porcine VDDR-I may not have the same genetic basis. Preliminary

evidence for genetic heterogeneity in VDDR-I may be found in the work of

Labuda et al. (unpublished results) which indicates different genomic locations

for the VDDR-I phenotype in French Canadian and Polish populations.

More conclusive evidence regarding the structural relationship between

the renal 1- and 24-hydroxylases, as weil as that between the constitutive and
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Human VDDR-I
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Figure 2. Possible mechanisms for human and porcine VDDR-I:
separate-gene modal.

The observations in human and porcine VDDR-J may be explained by a model
in which the 1- and 24-hydroxylases represent separate enzymes encoded by
separate genes, as suggested by the findings of Burgos-Trinidad et al. (1992).
A mutation [denoted by xl in the gene encoding the 1-hydroxylase would
selectively disrupt 1-hydroxylase function, leaving 24-hydroxylase activity intact,
thereby resulting in the human disorder. By contrast, a mutation in a gene
encoding a shared co-factor or common regulator of the two hydroxylases
would perturb both enzyme activities, thereby accounting for the porcine
phenotype. "Gene structures (introns/exons) are not known.
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inducible 24-hydroxylase activities must await expression studies and other

molecular biological strategies using the recently cloned cDNA encoding rat

renal 24-hydroxylase (Ohyama et al., 1991). Studies directed at cloning the 1

hydroxylase from chick kidney are currently in progress (Burgos-Trinidad et al.,

1992).
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Claims to originality

To the best of my knowledge, the following represent original contributions:

Proteln kinase C Involvement in the regulatlon of renal 24·

hydroxylase actlvlty:

1. This study provides the first evidence supporting a role for protein kinase C

in the regulation of mammalian renal 24-hydroxylase, the first enzyme in the

catabolic C24-oxidation pathway.

2. This is the first study to directly demonstrate phorbol ester-induced activation

and translocation of the kinase from the cytosol to the mitochondrial

compartment, the site of 24-hydroxylase activity in the renal epithelial cell.

3. This is the only study to describe control experiments examining the effect of

an inert phorbol ester analogue on renal 24-hydroxylase âctivity.

4. This is the first study to examine the effects of bath activators and inhibitors

of protein kinase C on renal 24-hydroxylase activity. The protein kinase C

activator GAG, like PMA, stimulates 24-hydroxylase activity in mouse renal

tubules (the same observation was reported by another group while this

study was in progress). H-? and staurosporine, two known inhibitors of

protein kinase C which act via different mechanisms, inhibit renal 24

hydroxylase activity. These complementary findings strengthen the eviden

ce for protein kinase C involvement in the modulation of renal 24-hydroxy

lase activity.

5. PMA fails to further increase the already elevated renal 24-hydroxylase

activity characteristic of the mutant.l:h!,Q mouse, despite its ability to stimulate

renal protein kinase C in this strain. By contrast, H-? not only inhibits 24

hydroxylase activity in .l:h!,Q mouse renal tubules as it does in normal mouse
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tubules, but also abolishes the interstrain difference. These observations

are the first to implicate protein kinase C in the aberrant expression of 24

hydroxylase aetivity associated with the !:OOl mutation.

6. This is also the first study to address protein kinase C involvement in the

regula~ion of inducible 24-hydroxylase aetivity. The findings suggest that the

inducible enzyme activity, unlike the basal activity, is not regulated by

protein kinase C.

cAMP-independent inhibition of renal 24-hydroxylase activity by

forskolin:

1. This study demonstrates for the first time that forskolin, a direct activator of

adenylate cyclase, exerts part of its inhibitory effect on renal 24-hydroxylase

activity in intact ceIls by a mechanism independent of cAMP formation. This

conclusion derives from the observation that: 1) forskolin achieves

consistently greater inhibition of 24-hydroxylase activity in mouse renal

tubules than does PTH, despite comparablE levels of cAMP production; 2)

1',9'-dideoxyforskolin, the cyclase inactive analogue of forskolin, not only

inhibits 24-hydroxylase activity in renal cortical tubules, but does so more

effeetively than forskolin, despite its failure to stimulate cAMP production; 3)

both forskolin and 1',9'-dideoxyforskolin directly inhibit 24-hydroxylase

activity in isolated renal mitochondria which lack adenylate cyclase.

2. Kinetic analysis reveals a competitive mode of inhibition for forskolin (and

l' ,9'-dideoxyforskolin), suggesting a direct interaction between the diterpene

and the substrate binding site of 24-hydroxylase as the cAMP-independent

mechanism. Compelling structural similarities between the inhibitors and

the steroid substrate of 24-hydroxylase support such an interaction.

3. The cAMP-independent effect does not require excessive concentrations of
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forskolin to become manifest, but is evident at concentrations within the

range of the ECso for forskolin-mediated elevation of cAMP and typically

used in physiological studies. This finding emphasizes caution in the design

and interpretation of experiments using forskolin to assess cAMP

involvement in cellular function.

4. In addition to inhibiting constitutively-expressed or basal renal 24

hydroxylase activity, both forskolin and l',9'-dideoxyforskolin also inhibit

inducible 24-hydroxylase function. However, the inducible enzyme activity

is less susceptible to the effects of these inhibitors than the basal activity.

5. This study provides the first description of a cAMP-independent effect of

forskolin on a protein which is not a transporter or channel of the plasma

membrane, but a mitochondrial membrane-associated enzyme, and

suggests that such non-traditional actions of forskolin may represent a more

widespread phenomenon.

24·HydroxylasE: activity in patients wlth vltam!n D dependency

rickets type 1 (VDDR·I):

1. This study is the first to systematically evaluate 24-hydroxylase function in

patients with VDDR-I, a Mendelian disorder of 1-hydroxylase function.

2. Constitutive renal 24-hydroxylase activity, assessed indirectly by measuring

circulating levels of 24,25-(OH)2D and 250HD precursor, is comparable in

both VDDR-\ patients undergoing calcitriol therapy and sex- and age

matched control subjects.

3. This is the first time that 24-hydroxylase activity was measured directly in

cultured skin fibroblasts derived from VDDR-I patients. Skin fibroblast

cultures from VDDR-\ patients and control subjects exhibit similar levels of

24-hydroxylase activity, indicating that inducible 24-hydroxylase function is
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unperturbed in this disorder.

4. This is also the first study in which the production of calcitroic acid, the final

inactivation product of 1,25-(OH)2D via the C24-oxidation pathway, was

determined in skin fibroblast cultures established from VDDR-I patients.

Normal levels of calcitroic acid production in VDDR-I cultures not only

corroborate our findings of normal 24-hydroxylase activity in these patients

but also indicate that the entire C24-oxidation pathway is intact in VDDR-1.

5. The present study shows that patients with VDDR-I do not express the

abnormality in renal 24-hydroxylase activity associated with the rachitic pig

model for this disorder. This finding suggests that human and porcine

VDDR-I do not have the same genetic basis.

6. This study presents a novel approach ta address the issue of the structural

relationship between the renal vitamin 0 hydroxylases and provides

evidence consistent with the hypothesis that the renal 1- and 24-hydroxylase

activities are mediated by separate proteins.

Structural relationship between the constitutlvely-expressed and

lnduclble 24-hydroxylase actlvitles:

The present thesis describes the first attempt ta address the nature of the

structural relationship between the constitutively-expressed (or basal) and

inducible 24-hydroxylase activities. The demonstration that various chemical

agents including a panel of cytochrome P450 inhibitors, forskolin and its

cyclase-inactive analogue, l' ,9'-dideoxyforskolin, as weil as the protein kinase

C inhibitor, H-7, can discriminate between these two catalytic activities suggests

a structural basis for these differences and implies that the two catalytic

activities may be mediated by different proteins.
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Appendix A

Differentiai sensitivity of constitutive and 1,25-(OH)2D3-inducible

24-hydroxylase activitles to cytochrome P45C inhibltors

A recurring theme in each of the three manuscripts presented herein is

the relationship between constitutively-expressed (or basal) and 1,26-(OH)2D3

inducible 24-hydroxylase activities and whether they may represent different

cytochrome P450 moieties. Our speculation that 1,25-(OH)2D3-inducible 24

hydroxylase may represent an isozyme of the constitutive enzyme is based on a

growing number of studies documenting a variety of intriguing differences

between the two enzyme activities [Tenenhouse and Jones, 1987; Mandla et

al., 1990 (see Chapter II); Mandla and Tenenhouse, 1992 (see Chapter III)].

ln the present study, we examine whether constitutive and inducible 24

hydroxylase activities can be differentiated on the basis of yet another property,

namely, sensitivity to inhibitors of cytochrome P450.

We examined the effects of four known cytochrome P450 inhibitors [SKF

525A, ketoconazole, aminoglutethimide and metyrapone; see Fig. 1J on

constitutive and inducible 24-hydroxylase activities, measured in renal

mitochondria isolated from control and 1,25-(OH)2D3-treated mice, respectively.

The results of this initial screening, in which previously reported inhibitor

concentrations were used, are illustrated in Figure 2. The data show that

although both enzyme activities were inhibited by each of the four compounds,

constitutive 24-hydroxylase activity appeared to be significantly more sensitive

than inducible activity to three of the inhibitors, SKF-525A, ketoconazole and

aminoglutethimide [Fig. 2]. Although the same trend was obsorved in response

to metyrapone, the difference between the two activities was not stLilistically

significant [Fig. 2]. The effects of SKF-525A and ketoconazole on constitutive
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and inducible 24-hydroxylase activities were further investigated in dose

response experiments. The results depicted in Figure 3 show that although

SKF-525A inhibited both activities in a concentration-dependent manner, their

relative sensitivities were significantly different, with constitutive activity

demonstrating a greater susceptibility to inhibition than inducible activity over

most of the concentrations examined [ECso, 0.25 and 0.35 mM, respectively].

Figure 4 shows that similar results were observed with the inhibitor

ketoconazole [ECso , 0.3 and 0.7 /lM, for constitutive and inducible 24

hydrox' ':ase activities, respectively].

If constitutive and inducible 24-hydroxylase activities were mediated by

the same enzyme, one might expect them to be comparably affected by

cytochrome P450 inhibitors. The present data show that constitutive 24

hydroxylase activity was consistently and significantly more sensitive than

inducible activity to inhibitors of cytochrcrne P450. Our findings are reminiscent

of previous studies in which differences between constitutive and inducible 24

hydroxylase activities have been observed [Tenenhousr and Jones, 1987;

Mandla et al., 1990 (see Chapter II); Mandla and Tenenhouse, 1992 (see

Chapter Ill)] and further support, but do not prove, the hypothesis that the two

catalytic activities are associated with distinct gene products.
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A. Aminoglutethimide; B. Metyrapone; C. Ketoconazole; D. SKF·525A.
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Figure 2. Effect of cytochrome P450 inhibitors on constitutive and
1,25-(OHl2D3-inducible 24-hydroxylase activlties in
isolated renal mitochondria.

(

Mice were injected intraperitoneally with either 1.5 ng/g body wt 1,25-(OH)2D3
or equivalent volume of minerai oil vehicle 16 h before the experiment, as
described in Materials and Methods (see Chapters II and III). Renal
mitochondria were prepared and incubated with 50 nM [3H]250HD3, under
initial rate conditions, either in the absence or presence of cytochrome P450
inhibitor [1 mM SKF-525A (SKF), metyrapone (Metyr) or aminoglutethimide
(AGT); or 1 J.lM ketoconazole (Keto)] as indicated in Materials and Methods.
Metabolites were extracted, fractionated by HPLC and counted, as described in
Materials and Methods. Each value represents mean ± SEM of six to eight
preparations. Symbols denote statistically significant difference between
constitutive and inducible activities (*, p<0.005, §, p<O.OOOl and ~, p<0.05, by
Student's t test).



1 14

•

120 '" Constitutive
a Inducible

20

~ 100
'S:
~c:x: "2 80
<1) .Q

~:B
>.:E 60
x c:o .-
... 0

-g, ~ 40
:r:,
ct

0.50.1 0.2 o.a 0.4

Concentration (mM)

o~:::e:::~--.-------r-------'
0.0

Figure 3. Effect of SKF·525A concentration on constitutive and
1,25-(OHl2D3-lnduclble 24-hydroxylase actlvlties ln
Isolated renal mltochondrla.

Mice were injected intraperitoneally with either 1.5 n9/9 body wt 1,25-(OH)2Da
or equivalent volume of minerai oil vehicle 16 h before the experiment, as
described in Materials and Methods (see Chapters Il and III). Renal
mitochondria were prepared and incubated with the indicated concentrations of
SKF-525A and 50 nM [3H]250HDa, under initial rate conditions, as indicated in
Materials and Methods. Metabolites were extracted, fractionated by HPLC and
counted, as described in Materials and Methods. Each value represents mean
± SEM of three to five preparations.



20

120 l
100 ~~

'S>
·ü
<: ê 80
Q) 0
(J) ',=
CIl .-
>.:f1 60
XJ::
oE....
-g, ~ 40
I ,
~

1'1 Cor,stitutive
.... Inducible

115

o
o..--==:::::;.-e==:::::::....._~--::"---r-----.,

10.8 10.7 10.6 10.5

Concentration (M)

Figure 4. Effect of ketoconazole concentration on constitutive and
1,2S-(OHl2D 3 -lnduclble 24-hydroxylase actlvltltes ln
Isolated renal mltochondrla.

Mice were injected intraperitoneally with either 1.5 ng/9 body wt 1,25-(OH)2D3
or equivalent volume of minerai oil vehicle 16 h before the experiment, as
described in Materials and Methods (see Chapters II and Ill). Renal
mitochondria were prepared and incubated with the indicated concentrations of
ketoconazole and 50 nM [3H]250HD3, under initial rate conditions, as indicated
in Materials and Methods. Metabolites were extracted, fractionated by HPLC
and counted, as described in Materials and Methods. Each value represents
mean ±SEM of three to four preparations.
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Appendlx B

The present section contains additional procedural information for the studies

described in Chapters II through IV.

Preparation of renal cortical tubules (Chapters II and III). Mice

were decapitated and the kidneys removed and immediately placed in ice-cold

MEM buffer [containing minimal essential medium (MEM) and 10 mM HEPES,

pH 7.5]. Kidneys were decapsulated and hemisectioned. Medullae were

removed and discarded. Slices were prepared from cortices, using a Stadie

Riggs microtome, and incubated in 15 ml MEM buffer containing 4.5 units of

collagenase and 0.75 ml of 10% (wttvol) BSA (previously dialyzed against

saline for 48 hours) in a 22 C shaking waterbath [Dubnoff metabolic shaking

incubator] for 45 minutes. Digestion was stopped with the addition of 30 ml ice·

cold MEM buller. Collagenase-treated slices were dispersed by repeated

aspiration through a 10 ml serological pipette, filtered through a wire mesh tea

strainer and centrifuged at 60 x 9 for 45 seconds [IEC HN-slI centrifuge]. The

supernatant was discarded and the pellet washed three times in 30 ml ice-cold

MEM buffer. Alter the third wash, the pellet was finally resuspended in ice-cold

MEM buller to yield the desired protein concentration. Ali manipulations were

carried out in plasticware.

Preparation of renal cytosolic and mltochondrlal fractions (Chapter

Il). Following incubation with the desired reagent (e.g. PMA, 411-phorbol, etc)

the tubule suspension (described above) was diluted with 10 ml ice-cold MEM

buffer and centrifuged at 60 x 9 for 1 minute [IEC HN-sII centrifuge]. The tubule

pellet was then resuspended in homogenizing buller [containing 0.25 M
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sucrose, 20 mM Tris-HEPES, pH 7.5, 2 mM E'GTA, 10 mM dithiothreitol and 10

I1g/ml leupeptin) and disrupted by sonication (2 bursts of 30 seconds each) on

ice. The tubule Iysate was centrifuged at 120 x 9 for 10 minutes, at 4 C

[Beckman J2-21 centrifuge, JA-17 rotor). The pellet was discarded and the

supernatant centrifuged at 9000 x 9 to yield a mitochondrial pellet and

postmitochondrial supernatant. The postmitochondrial supernatant was

centrifuged at 105,000 x 9 for 60 minutes [Beckman LB-55 ultracentrifuge, Ti50

rotor); the resulting supernatant was used as the cytosolic fraction. The

mitochondrial pellet was resuspended in homogenizinq buffer, solubilized in

0.2% Triton X-100 for 60 minutes on ice and centrifuged at 105,000 x 9 for 60

minutes; the resulting supernatant was used as the mitochondrial fraction.

Preparation of renal mitochondrla (Chapter II 1). Mice were

decapitated and the kidneys removed and immediately placed in ice-cold 0.9%

(wt/vol) saline. Kidneys were decapsulated and hemisectioned. Medullae were

discarded. Cortices were homogenized (10 strokes) in 10 volumes (wUvol) of

ice-cold homogenizing buffer [containing 0.25 mM sucrose, 10 mM HEPES, pH

7.4 and 10 mM KCI) using a motor-driven teflon pestle and glass homogenizer.

The homogenate was centrifuged at 120 x 9 for 10 minutes, at 4 C [Beckman

J2-21 centrifuge, JA-17 rotor). The pellet was discarded and the supernatant

centrifuged at 9750 x 9 for 10 minutes. The resulting pellet was washed in fresh

homogenizing buffer and finally resuspended in incubation buffer [containing

0.125 mM KCI, 20 mM HEPES, pH 7.4, 10 mM malate, 2 mM MgS03' 1 mM

dithiothreitol, and 0.25 mM EDTA) to yield the desired protein concentration (2-4

mg/ml).

Protein kinase C assay (Chapter II). Enzyme activity was measured as
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32p incorporation fram [y32P]ATP to calf thymus histone. Reaction mixtures (100

~I) consisted of 25 mM Pipes (pH 6.8), 10 mM MgCI2' 1mM 2·~-mercapto·

ethanol, 40 ~g histone (type II1-S), 0.2 mM EGTA and 0.1 mM EDTA. When

present, CaCI2 concentration was 500 ~M (buffered with EGTA according to

Barfait [(1979); Adv Cyclic Nucleotide Res 10.:219-242] to give a final calcium

concentration of 300 ~M); phosphatidylserine was used at 3 ~g/1 00 ~I assay;

diacylglycerol was used at 1.25 ~g/1 00 ~I assay. A five-fold concentrated stock

of phosphatidylserine and diacylglycerol was prepared in water by sonication

under nitrogen. Protein concentration was approximately 20 ~g/1 00 ~d assay for

both cytosolic and mitochondrial fractions. The assay was carried ouI as

described in the manuscript.

Extraction and analysls of vltamln D metabolitEls (Chapters Il

through IV). Reaction mixtures were transferred from incubation vials to

conical centrifuge tubes and 1.25 ml of chloroform were added. Tubes were

capped and shaken, and 1.25 ml of 4% (wtlvol) KCI were added. Tubes were

again capped, shaken and then centrifuged at 3000 x 9 for 10 minutes [IEC HN

sIl centrifuge]. The lower organic layer was transferred to a conical glass vial.

The upper aqueous layer was eX1racted a second time, after addition of 3.75 ml

chloroform:methanol (1 :2). Both organic phases were pooled and evaporated

to dryness under a stream of nitrogen. The residue >vas reconstituted in 1 ml of

hexane:isopropanol:methanol (93.5:5.5:1) and stored at -20 C for at least one

hour. Samples were then centrifuged at 3000 x 9 for 10 minutes and the

supernatanls transferred to glass vials, dried under nitrogen and reconstituted

in 200 ~I hexane:isopropanol:methanol (93.5:5.5:1). Chromatographic analysis

was performed "\s described in the manuscripts, using a Waters solvent delivery

system (model BOOOA) and injector (U6K).
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Measurement of cAMP accumulation (Chapters Il and III). Tubules

or mitochondria (described above) were incubated under the same conditions

used to assay 24-hydroxylase activity. Reactions were stopped with the

addition of 10 III of concentrated acetic acid and boiling for five minutes. Alter

cooling on ice, the samples were centrifuged at 16,000 x 9 for 3-5 minutes

[Eppendorf microfuge) and the resulting supernatants were transferred ta fresh

tubes and frozen immediately. The cAMP content of the supernatants was

determined by competitive binding assay using a commercially available kit.

Ali other procedures were carried out as described in the manuscripts.
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The following is a Iist of the works which 1have either authored or co-authored.

Publications:

Lyon MF, Scriver CR, Baker LRI, Tenenhouse HS, Kronick J and Mandla 5
(1986) The Gy mutation: another cause of X-linked hypophosphatemia in
mouse. Proc Natl Acad Sci ~:4899-4903

Mandla 5, Scriver CR and Tenenhouse HS (1988) Oecreased taurine
transport in renal basolateral membrane vesicles from hypertaurinuric mice.
Am J Physiol~ (Renal Fluid Electrolyte Physiol 24):F88-F95

Mandla 5 (1986) Master's thesis: Transport studies in mouse renal baso
lateral membrane vesicles.

Boneh A, Mandla 5 and TenAJ1house HS (1989) Phorbol myristate acetate
activates protein kinase C, stimulates the phosphorylation of endogenous
proteins and inhibits phosphate, transport in mouse renal tubules. Biochim
Biophys Acta .1.Q1.2:308-316

Mandla 5, Boneh A and Tenenhouse HS (1990) Evidence for protein kinase
C involvement in the regulation of renal 25-hydroxyvitamin 03-24-hydroxylase.
Endocrinology 121. (6):2639-2647

Mandla 5, Jones Gand Tenenhouse HS (1992) Normal 24-hydroxylation of
'/itamin 0 metabolites in patients with vitamin 0 dependency rickets type 1.
Structural implications for the vitamin 0 hydroxylases. J Clin Endocrinol Metab
~:814-820

Mandla 5 and Tenenhouse HS (1992) Inhibition of 25-hydroxyvitamin 03-24
hydroxylase by forskolin: Evidence for a 3',5'-cyclic adenosine monophosphate
independent mechanism. Endocrinology,Ull:2145-2151

Tenenhouse HS, Meyer Jr RA, Mandla 5, Meyer MH, Gray RW (1992) Renal
phosphate transport and vitamin 0 metabolism in X-Iinked hypophosphatemic
Gy mice: Responses to phosphate deprivation. Endocrinology ru (in press)

Abstracts/Communlcatlons:
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Mandla 5 (1985) The Gy mutation: another cause of X-linked
hypophosphatemia in mice; implications for man. Am J Hum Gen ~(4): A12
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