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PREFACE

aintaining extracellular calcium concentrations within a narrow
M range is critical for the survival of most vertebrates. PTH, together

with vitamin D, responds to hypocalcemia to increase extracellu-
lar calcium levels, by acting on bone, kidney and intestine. The recent intro-
duction of PTH as a major therapeutic agent in osteoporosis has directed
renewed interest in this important hormone and in the physiology of the
parathyroid gland. The parathyroid is unique in that low serum calcium
stimulates PTH secretion. As hypocalcemia persists, there is also an increase
in PTH synthesis. Chronic hypocalcemia leads to hypertrophy and hyper-
plasia of the parathyroid gland together with increased production of the
hormone. Phosphate is also a key modulator of PTH secretion, gene expres-
sion and parathyroid cell proliferation.

Understanding the biology of the parathyroid as well as the mecha-
nisms of associated diseases has taken great strides in recent years. This book
summarizes the molecular mechanisms involved in the function of the para-
thyroid gland. The first chapter reviews the development of the parathyroid
gland and the genes involved in this process as identified using genetically
manipulated mice. Then the biosynthetic pathway of PTH from gene ex-
pression to its intracellular processing and the sequences in the gene control-
ling its transcription as well as those regulating mRNA processing, stability
and translation are described. Studies on the structure of PTH with correla-
tions to its function are presented and provide a starting point for under-
standing the recognition of the PTH ligand by its receptor the PTH/PTHrP
or PTHI1 receptor. The calcium sensing receptor regulates PTH secretion,
gene expression and parathyroid cell proliferation. A chapter on the calcium
receptor focuses on the signalling pathways that it activates and the associ-
ated disorders that involve the calcium receptor gene and lead to excess or
decreased PTH secretion. Calcium and phosphate regulate PTH gene ex-
pression post-transcriptionally. The mechanisms of this regulation and the
cis and zrans acting factors that are involved in determining PTH mRNA
stability are described. Vitamin D’s active metabolite, 1,25(OH),-vitamin
D, regulates PTH gene transcription. The regulatory sequences in the hu-
man PTH gene and the studies on the regulation of PTH gene transcription
by 1,25(OH), -vitamin Dj as well as the subsequent use of vitamin D ana-
logs for the treatment of secondary hyperparathyroidism are all reviewed.
Patients with chronic renal failure develop excessive activity of the par-
athyroid gland that causes severe bone disease. The known factors involved
in its pathogenesis are 1,25(OH), -vitamin Dj, a low serum calcium and a
high serum phosphate. Insights into the mechanisms implicated in sec-
ondary hyperparathyroidism of renal failure are now being revealed and
are discussed. Additional chapters are devoted to the pathophysiology of



abnormalities of the parathyroid. The genetic alterations involved in par-
athyroid tumorigenesis are summarized. In addition, the genetic causes of
sporadic hyperparathyroidism and hypoparathyroidism are reviewed. The
genetic mutations leading to diseases of hyper- or hypoactivity of the para-
thyroid have elucidated a host of interacting transcription factors that have a
central role in normal physiology. Finally, the last chapter focuses on the
characteristics of PTH-null mice and the skeletal and reproductive abnor-
malities that they present.

Together the chapters of this book offer a state of the art description of
the major aspects of the molecular biology of the parathyroid gland, PTH
production and secretion. The book is designed for students and teachers as
well as scientists and investigators who wish to acquire an overview of the
changing nature of the PTH field. I would like to express my deep apprecia-
tion to all the authors who have contributed to this book for their compre-
hensive and stimulating chapters and for making the book what it is. I am
especially grateful to Justin Silver for his help and support that have made
this book possible. I also thank Landes Bioscience for giving me the oppor-
tunity to edit this book.

1ally Naveh-Many, Ph.D.



CHAPTER 1

Development of Parathyroid Glands
Thomas Giinther and Gerard Karsenty

Summary

he parathyroid glands (PG) are the main source for circulating parathyroid hormone

(PTH), a hormone that is essential for the regulation of calcium and phosphate

metabolism. The PGs develop during embryogenesis from the pharyngeal pouches
with contributions from endodermal and neural crest cells. A few genes have been attributed to
the formation, migration and differentiation of the PG anlage. In studies mostly done in ge-
netically manipulated mice it could be demonstrated that Rze28, Hoxa3, Pax1, Pax9 and Gem2
are essential for proper PG formation. Recently, candidate genes involved in the DiGeorge
syndrome have been identified as well.

Physiology of the Parathyroid Glands

The parathyroids are small glands located in the cervical region in close proximity to the
thyroids. The main function of the PGs is the secretion of PTH. It is on top of a complex
hormonal cascade regulating serum calcium concentration (Fig. 1). The latter is remarkably
constant in diverse organisms under various physiological conditions. This tight regulation is
important since calcium is essential for many functions such as muscle contraction, neuronal
excitability, blood coagulation, mineralization of bone and others. A reduction of the serum
calcium concentration to less than 50% will lead to tetany and subsequently to death. The
importance of a strict regulation of the serum calcium is also reflected by the rapid secretion of
PTH within seconds, new synthesis of the hormone within minutes and new transcription
within hours following a decrease in serum calcium concentration which is detected through
the calcium sensing receptor expressed in the PGs. The overall role of PTH is to increase
calcium concentration. It fulfils this function through three different means. First it prevents
calcium elimination in the urine, second it favors the hydroxylation in one of the 25
hydroxycholecalciferol and as a results it favors indirectly intestinal calcium absorption. Lastly
PTH favors through still poorly understood mechanisms bone resorption and as a result in-
creases the extracellular calcium concentration (Fig. 1).

Development of Parathyroid Glands in Vertebrates

The PGs derive from the pharyngeal pouches which are transient structures during em-
bryonic development. They are evolutionary homologous to gill slits in fish. The foregut endo-
derm and cells originating from the neural crest of rhombomere 6 and 7 contribute to the
anlage of the PGs. The neural crest originates at the apposition of neuroectoderm and ecto-
derm during the formation of the neural tube. Therefore neural crest cells have to migrate

Molecular Biology of the Parathyroid, edited by Tally Naveh-Many. ©2005 Eurekah.com
and Kluwer Academic / Plenum Publishers.



2 Molecular Biology of the Parathyroid

Figure 1. Regulation of calcium homeostasis. Parathyroid hormone is on top of a hormonal cascade regu-
lating serum calcium concentration. PTH secretion leads to an increase of serum calcium through renal
reabsorption and intestinal absorption, thelatter is caused by the induction of the synthesis of the active form
of vitamin D in the kidney. Bone is the main reservoir for calcium containing more than 99% of the body
content. Calcium is released through bone resorption. The main source for circulating PTH are the parathy-
roid glands (PG) while Prh-expressing cells in the thymus can function as a backup in mice.

towards the foregut endoderm first before they can add to the anlage of the PGs. Neural crest
of rhombomere 6 migrates towards the third branchial arch while the fourth branchial arch is
primarily invaded by neural crest cells from rhombomere 7 (Fig. 2).

Mice only have one pair of PGs deriving from the third pharyngeal pouch homologous to
the inferior PGs in men while the superior ones derive from the fourth pharyngeal pouch. The
anlage of the PGs in mice first becomes visible between embryonic day 11 (E11) and E11.5
histologically in a very limited area in the dorsal region of the cranial wall of the third endoder-
mal pouch while the caudal portion of the very same pouch develops into the thymus which is
involved in the maturation of the immune system (Fig. 2)." Both domains are demarkated by
the complementary expression of Gem2 and Foxnl (the latter mutated in nude mice, lacking a
functional thymus), respectively already two days before the anlagen are morphologically vis-
ible.? In contrast to thymus development, induction of the ectoderm is not necessary for the
formation of the PGs.” In mammals both structures start to migrate shortly thereafter towards
the caudal end before at around E14 they seperate. While the thymus moves on further in the
direction of the heart the PGs become incorporated to the thyroid gland between E14 and E15.
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Figure 2. Specification of the parathyroid gland anlage. The parathyroid glands develop from the third
pahryngeal pouch (in humans from P3 and P4). Neural crest cells evaginating from rhombomere six and
seven (R6, R7) of the hindbrain and pharyngeal endoderm contribute the primordium of PGs and thymus.
Both anlagen are demarcated by the expression of Gem2 and Foxnl, respectively, already two days before
the anlagen become histological visible. The identity of the neural crest is determined by genes of the Hox
cluster. The anterior expression borders of Hoxa/b3 and Hoxb4 are depicted.

Prh is expressed already in the anlage of the PGs at E11.5% and contributes to fetal serum
calcium regulation to some extent although placental transport involving parathyroid hor-
mone related protein (PTHrP) is more important.” The parathyroid gland is not the only
source of PTH. The protein is also synthesized by a few cells in the hypothalamus® and in the
thymus.* It has been shown in mice that the thymic Prh-expressing cells actually contribute to
the circulating hormone keeping the level of serum calcium even in the absence of PGs at a
concentration compatible with life.*

Genetic Control of Parathyroid Gland Development

Three different steps can be used to separate the formation of the PGs mechanistically.
They include (I) formation of the PGs, (II) migration towards their final destination and (III)
the differentiation towards PTH producing cells (Fig. 3). Mouse mutants that highlight the
role of the few genes known to be involved in these different processes have been generated in
the last decade.
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Figure 3. Schematic representation of parathyroid gland development. Parathyroid gland development can
be mechanistically seperated into formation of the anlage, caudal migration towards their final location
within the thyroid glands and differentiation into PTH-secreting cells. The genetic interactions between
factors involved in induction, maintenance, specification and function are shown.

Both, neural crest cells and the pharyngeal endoderm contribute to the anlage of the PGs.
Neural crest cells possibly already maintain information about their localization along the
anterior-posterior axis before they start to migrate ventrally. They derive this information from
a group of evolutionary conserved transcription factors containing a homebox, the Hox genes,
organized in four paralogous genomic clusters (Hoxa, b, ¢ and d). Hox genes are expressed in
the neural crest prior to, during and after migration into the pharyngeal arches and endodermal
epithelia express Hox genes as well.

I Rae28 is the mouse homologue of the Drosophila polyhomeotic gene which is required for

the proper expression of hometic genes along the anterior-posterior axis. Similar, absence of
Rae28 causes an anterior shift of anterior expression boundaries of several genes of the Hox
cluster including Hoxa3, Hoxb3 and Hoxb4. Mice deficient for Rae28 are characterized by
malformations of tissues partly derived from neural crest like altered localization of PGs as
well as PG and thymic hypoplasia and cardiac anomalies.” How the altered hox expression
pattern influences PG formation still needs to be evaluated.
The first reported malformation of PGs caused by a deletion through homologous recombi-
nation in mouse embryonic stem cells were represented by Hoxa3-deficient animals. Among
other defects knockout mice are devoid of PGs and thymus and exhibit thyroid hypoplasia.?
This coincides very well with Hoxa3 expression in the third and fourth pharyngeal arches
and in the pharyngeal endoderm. The Hoxa3 signal does neither effect the number of neural
crest cells nor their migration pattern. Mutant cells rather lost their capacity to induce differ-
entiation of surrounding tissues.'?
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Absence of the paired box containing transcription factor Pzx9 in targeted mice also displays
absence of PGs and thymus. Px9 is expressed in the pharyngeal endoderm. The epithelial
buds separating from the third pharyngeal pouch did not form in the mutant mice. This
phenotype could be traced back to delayed development of the third pouch already at E11.5
and coincides with the expression of Pax9 in the pharyngeal endoderm.?

II. PGs develop normally in mice deficient for the paralogous Hox63 and Hoxd3. However
further removal of a single Hoxa3 allele leads to the inability of the normally formed anlge of
the PGs to migrate to their position next to the thyroid gland.!? Therefore, development
and migration of the PGs are separable events which is consistent with the fact that in other
vertebrates like fish and birds PGs do not migrate from location of their origination.

II. Glial cell missing2 (Gem?2) is the homoloug of the Drosophila GCM transcription factor.

Unlike its glia cell fate determining function in fruit flies implies, mouse Gem2 exclusively
characterizes parathyroid cells and starts to be expressed around E10 in the pharyngeal en-
doderm.!! The pattern rapidly becomes restricted to the cranial portion of the third pharyn-
geal pouch.? Mice deficient for Gem2 revealed that PTH is never expressed in the PG anlage
although parathyroid like cells characterized by Pax9 expression are still present at E14.5.4
This clearly points out that Gem?2 is essential for the specification of precursors to become
Prh-expressing cells rather than for the induction of the precursors itself (Fig. 3). Interest-
ingly, Pth-positive cells still could be detected in the thymus of mutant mice indicating that
at least 2 pathways for the specification of Pth-expressing cells exist (Fig. 1). Gem I expressed
in the thymus is the most likely candidate to compensate for Gem2 function. It will be
compelling to determine if a ,backup mechanism* for the parathyroid gland also exists in
man. In this direction it is very interesting to note that the first human homozygous muta-
tion for GCM2 has been identified in hypoparathyroidic patients.'?
It has been discovered just recently that newborn PaxI-deficient mice exhibit severely re-
duced PGs.!3 The reduction in size could be traced back to the beginning of PG develop-
ment at E11.5. The hypoplasia of the anlage was even more severe in Hoxa3+/-Pax1-/-
embryous and PGs were absent at late gestational stages.!? Interestingly, Gem2 expression
although properly initiated at E10.5 was reduced at E11.5 in PaxI-deficient embryos while
the reduction was even more severe in the compound mutant. Hoxa3-deficient embryos
exhibit no Gem2 signal at all.!? Therefore, Hoxa3 is necessary for Gem2 induction while
both Hoxa3 and PaxI are substantial for the proper maintenance of Gem?2 expression. PaxI
expression in the PG primordium on the other hand is reduced in Hoxa3-deficient mice.>1?
This would place Hoxa3 genetically upstream of PaxI and both upstream of Gem2 which in
turn is required for PTH expression in PGs (Fig. 3).

A long time known conglomerate of congenital malformations in humans including dys-
plasia or absence of the PGs and thymus as well as malformations of the heart outflow is the
DiGeorge syndrome. The organs affected derive in part from neural crest so that mutations in
one or several genes influencing these cells have been suspected to be the cause for the disease.
It could be shown that most patients are hemizygous for a megabase deletion on chromosome
22q11. Recently, two groups came up with a good candidate gene for several of the features in
DiGeorge syndrome including PG defects simultaneously.'*!> Both laboratories generated
hemizygous megabase deletions comprising more than a dozen genes on the synthenic mouse
chromosome 16 that reflected the human malformations including PG abnormalities. 7BX1
was among them and it could be shown that the gene is expressed in the pharyngeal endoderm
and mesoderm-derived core but not in neural crest-derived mesenchyme.'*1 Thx 1 expression
in the pharyngeal arches is possibly induced through the morphogen Sonic hedgehog.'® Mice
heterozygous for a 7hxI deletion by homologous recombination reflected the pharyngeal arch
artery malformations while homozygous-deficient mice exhibited PG hypoplasia.'*1>17
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DiGeorge syndrome patients resemble hemizygous deletions. This suggests that other genes of
this region may contribute to the PG phenotype. Indeed, Guris and colleagues'® could demon-
strate that mice homozygous for a targeted null mutation for Crko/ dysplay cardiovascular, PG
and thymus defects. The migration and early proliferation of neural crest cells was not altered
pointing out that Crkol influences the function of neural crest during later stages. CRKL (ho-
molog human gene name) also maps within the common deletion region for the DiGeorg
syndrome.

Deletions on chromosome 10p also cause DiGeorge like malformations. The locus includs
a subregion that encodes for the hypoparathyroidism, sensorineural deafness, renal anomaly
(HDR) syndrome. Van Esch and her colleagues'® could demonstrate that two heterozygous
patients exhibit loss of function mutations in GATA3. The transcription factor is indeed ex-
pressed in the affected organs during human and mouse embryonic development. Surprisingly
though, heterozygous knockout mice have been reported to be normal while homoyzgous mice
die around E12.%°

The understanding of the contribution from several gene products to the development of
PGs from these critical regions still awaits further analysis.

Concluding Remark

Clinical studies indicate that multiple mutations can account for the malfunction of se-
rum calcium regulation through PTH in humans. These include the synthesis of PTH, sensing
of the calcium content in the blood stream as well as the development PGs and proper specifi-
cation of PTH translating cells. It is astonishing how rather little is known so far on the mo-
lecular level in comparison to the formation of other organs. Surely, the genome sequencing
projects for mice and man and the use of microarrays to compare different cDNA pools will
shed new light on this issue in the near future.
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CHAPTER 2

Parathyroid Hormone, from Gene to Protein
Osnat Bell, Justin Silver and Tally Naveh-Many

Abstract

he biosynthetic pathway of parathyroid hormone (PTH) has been studied from gene

expression to PTH intracellular processing.' The processing of PTH has been described

and involves the synthesis of an initial translational product, preProPTH, and two
proteolytic cleavages that in turn produce ProPTH and PTH. The genes and cDNAs from ten
different species have been cloned, sequenced and characterized. This chapter will summarize
the molecular biology of PTH, from the gene to the mRNA, the initial translational product,
preProPTH and the processed mature secreted form of PTH. It will describe the sequences of
the PTH gene and mRNA in different species and the specific elements in the PTH mRNA
that determine mRNA processing, stability and translation.

The Prepro PTH Peptide

The primary form of PTH, which is stored and secreted, contains 84 amino acids.? PTH
is initially synthesized as a precursor, preProPTH. Two proteolytic cleavages produce the ProPTH
and the secreted form of PTH. The proPTH sequence contains six extra amino acids at the
N-terminus.>* Conversion of ProPTH to PTH occurrs about 15 to 20 min after biosynthesis
at about the time ProPTH reached the Golgi apparatus.’

The Structure of the Pre-Peptide

Evidence that the translational product of PTH mRNA was larger than ProPTH was
initially obtained by translation of a crude preparation of bovine parathyroid RNA in the
wheat germ cell-free system.® The primary translational product migrated slower than ProPTH
when analyzed by electrophoresis on either acidic-urea or sodium dodecyl sulfate-containing
acrylamide gels. At that time, a similar phenomenon had been observed only for myeloma light
chains.” In further studies, preProPTH was shown to be synthesized in cell-free systems of
reticulocyte lysates.® Translation of human parathyroid RNA also produced an analogous
preProPTH.’

The observation that the carboxyl terminal peptides of bovine PTH and preProPTH were
identical indicated that the extra amino acids in preProPTH were at the amino terminus. This
was confirmed by incorporating selected radioactive amino acids into preProPTH and deter-
mining the location of the radioactivity by automated Edman degradation.'® By analyzing
overlap of these radioactive amino acids with those in ProPTH, the length of the bovine
pre-peptide was shown to be 25 amino acids. The entire sequence of the bovine pre-peptide
was determined eventually by this microsequencing technique'' and was later confirmed by
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Parathyroid Hormone, from Gene to Protein 9

structural studies of both the bovine PTH ¢DNA and gene.'>!* The sequence of human
pre-peptide was also partially determined by this microsequencing technique.” The complete
amino acid sequence was derived from the human PTH cDNA sequence'® and later confirmed
by the determination of the structure of the human gene.'® The amino acid sequence of the rat
pre-peptide was derived from the sequence of the rat PTH gene!” and partially by analysis of
cloned rat PTH cDNA."8

The amino acid sequences of the pre-peptides show that the human and bovine pre-peptides
are 80% homologous while the rat sequence is 64% homologous to the bovine and human.'
This is somewhat lower than the homology of 89 and 77% in the Pro and PTH regions for
bovine/human and rat/bovine-human, respectively (Fig. 1). The fact that the pre-peptide is less
conserved than the rest of the molecule is consistent with pre-peptides or signal peptides of
many eukaryotic proteins.'” General structural features of the signal peptides are a central
hydrophobic core and, in many cases, charged amino acids at the N-terminal and C-terminal
ends of the central core. These features are largely retained in the pre-peptides of the three
preProPTH molecules. Only conservative changes are present within the central core of un-
charged amino acids from amino acids 10 to 21.!

Conversion of PrePro to ProPTH

The removal of the pre-peptide to produce ProPTH is mediated by an enzyme associated
with microsomes.® In reticulocyte and wheat germ systems that contain little or no microsomal
membranes, the primary transcriptional product of PTH mRNA is preProPTH.*® Addition of
microsomal membranes from dog pancreas or chicken oviduct results in the synthesis of
ProPTH.*?

The first evidence that pre or signal peptides function by binding to a limited number
sites in the microsomal membrane was obtained by studies on a synthetic prePro-peptide of
bovine preProPTH.?' The identification of the signal recognition particle as a signal peptide
recepror, later on, confirmed this mechanism for most secreted and membrane proteins.**

The pre peptide of preProPTH is rapidly degraded after its proteolytic cleavage from
preProPTH. In studies of PTH biosynthesis in intact cells, no labeled pre-peptide could be
detected.” The proteolytic removal of the pre-peptide probably occurs before completion of
the ProPTH nascent chain, since preProPTH is difficult to detect in intact cells.

Homology of the Mature PTH

The mature PTH has been determined or predicted by the cDNAs in several species. The
sequence of PTH of mouse, rat, man, non-human primates, horse, dog, cat, cow, pig, and
chicken is shown in Figure 1. The resulting phylogenetic tree obtained from alignment of the
protein sequences is shown in Figure 3A.

A comparison of the amino acid sequences of PTH from several species revealed high
conservation of the protein amongst all species apart from gallus (Fig. 1). In addition, three
relatively conserved regions could be observed.!” The first two regions comprise the biologi-
cally active region of PTH and would be expected to be conserved. The addition or loss of a
single amino acid at the amino terminus greatly reduces biological activity, and the region is
involved in binding of PTH to the receptor. In addition there is a region of conservation at the
C-terminal region that is itself of interest, particularly since this region may have a separate
biological effect at least on osteoclasts.”* Analyses of the silent changes that occur between the
nucleotide sequences suggest that the conservation in the C-terminal region may be related to
pre-translational events. Analysis by Perler et al*> described replacement changes that result in
changes in amino acids and silent changes that do not alter the encoded amino acid.



10 Molecular Biology of the Parathyroid

Figure 1. Alignment of the amino acid sequences of PTH from the 10 different species. Alignments were
obtained using the default setting of PileUp program (Accelrys Inc. Madison WI). Comparison of the amino
acid sequences of PTH for mouse (mus), rat, human, non human primates (macaca), horse (equine), dog
(canine), cat (feline), cow (bovine), pig (porcine) and chicken (gallus). Gaps indicated by dashes were introduced
to maximize the homology to the gallus sequence. The N terminal sequence of the equus PTH is not available.
Thearrows indicate the protolytic cleavage sites required for the conversion of preProPTH to ProPTHand PTH.

The PTH mRNA

Bovine preProPTH mRNA was initially more extensively characterized than the mRNAs
from the other species. Preparations of bovine parathyroid RNA were obtained that contained
about 50% PTH mRNA as estimated by gel electrophoresis and RNA excess hybridization to
radioactive cDNA.%® The size of the mRNA was estimated to be about 750 nucleotides by sucrose
gradient centrifugation. About two thirds of the translatably active mRINA was retained by oligo(dT)
cellulose, and the sizes of the poly(A) extension was broadly distributed around an average size of
60 adenylate residues, though this may be an under estimation of the actual size. While not
directly determined, PTH mRNA probably contains a 7-methylguanosine cap since the transla-
tion of PTH mRNA was inhibited by 7-methylguanosine-5 -phosphate. The human and bovine
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PTH mRNAs appear to be heterogeneous at the 5’ terminus (see section on genes). The sizes of
the rat and human PTH mRNAs have been determined by Northern blot analysis to be about
800 and 850 nucleotides, respectively.'>'” Therefore, PTH mRNAs are typical eukaryotic mRNAs
that contain a 7-methyguanosine cap at the 5’ terminus and a polyadenylic acid (poly A) stretch
at the 3’ terminus. The PTH mRNAs are twice as long as necessary to code for the primary
translational product, due to 5" and 3" untranslated regions at both ends of the mRNA.

Cloning of the PTH cDNAs

To date the sequence of the full cDNA of rat,'”” man,"® dog,27 cat (un published), cow,
pig,'® and chicken®® and the partial sequence of horse? and non human primates®® have been
determined. The cDNA of mouse PTH was determined from the genomic PTH sequence.®!
Table 1 shows the Gene Bank accession number for the PTH sequences of the different species
and the length of the cDNAs of each of the mRNAs as they appear in the NCBI and Gene
Bank databases. In addition, the hypothalamus PTH cDNA was sequenced after the PTH
mRNA had been detected in neuronal tissue.**

The first PTH cDNAs identified were the DNAs complementary to bovine'*!'? and hu-
man'® PTH mRNA that had been cloned into the Pst 1 site of pBR322 by the homopolymer
extension technique. The rat PTH cDNA'® was cloned by the Okayama and Berg method.
The bovine mRNA was isolated from normal parathyroid glands, and the human mRNA was
isolated from parathyroid adenomas. The sequence of the rat mRNA has been derived partially
from the rat cDNA and from the sequence of the cloned gene.!”

Kronenberg et al'? initially determined the sequence of a bovine cDNA clone, pPTHml,
which contained about 60% of the PTH mRNA, including the entire region coding for
pre-ProPTH. Restriction analysis of near full-length double-stranded cDNA, synthesized en-
zymatically from partially purified bovine PTH mRNA, indicated that about 200 nucleotides
from the 3’ untranslated region were missing in the clone.”> Analysis of several additional
bovine PTH cDNA clones and the sequencing of cDNA of the 5° terminus of PTH mRNA,
which was synthesized b] extension of a primer with reverse transcriptase, provided the full
bovine DNA sequence.’

Nucleotide sequences of the parathyroid (PTH) gene of 12 species of non-human pri-
mates belonging to suborder Anthropoidea were characterized.>® The deduced amino acid se-
quences of exons II and IIT of the PTH gene of the 12 species of non- human primates was
compared to the human PTH and revealed no amino acid substitution in the mature PTH
among orangutans, chimpanzees, and humans. The results indicated that the PTH gene is
highly conserved among primates, especially between great apes and humans.*

The 5 end of the bovine mRNA sequence, which was determined by sequencing DNA
complementary to the 5’ end of PTH mRNA produced by primed reverse transcription,* pro-
duced multiple 5 termini of the mRNA. The heterogeneity at the beginning of the 5” end of the
mRNA was confirmed by S1 nuclease mapping.'* The longest reverse transcribed cDNA was
isolated and sequenced. Surprisingly, this cDNA contained a canonical TATA sequence at the
beginning, which was in the proper position to direct the transcription of the shorter mRNAs.
This result suggested that a second TATA sequence would be present 5’ to the one detected in the
cDNA and would direct the synthesis of the longer mRNAs. The predicted second TATA se-
quence was discovered when the gene was sequenced. The 5" end of the rat PTH mRNA was also
analyzed by S1 nuclease mapping and was less heterogeneous than the bovine mRNA."” The
single species of rat PTH mRNA corresponded to the larger of the bovine mRNAs. The size of
the human mRNA, based on the cDNA sequence, is about 100 nucleotides longer than the
bovine and rat mRNAs (Table 1). Northern blot analysis of the mRNAs was consistent with these
predicted sizes."” The 3" untranslated region (UTR) of the avian PTH mRNA is 1236 nt long,
much larger than any of the PTH mRNA 3'-UTRs (Table 1). In general the difference in size in

13
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Table 1. List of the known sequences for the PTH gene and the sizes of the mRNA,
5'-UTR, coding region and 3'-UTR

NCBI Accession Number mRNA  5’UTR CDS 3’UTR

Mus musculus Af066074: gene, exon 1
Af066075: gene, exons 2
and 3 and complete

mRNA (deduced) 714 127 348 239
Rat KO1267: gene, exon 1

K01268: gene, exon 2 and 3

X05721: mRNA, complete 704 118 348 238
Canis familiaris U15662: mRNA, complete 692 88 348 256
Felis catus Af309967: mRNA, complete 737 63 348 326
Human J00300:gene, 3' end

J00301: gene, coding region

and 3' flank

V00597: mRNA, complete 772 74 348 350
Macaca fascicularis Af130257: gene, complete cds 398* 348 50*
Bovine K01938: gene, complete cds

and flank

M25082: mRNA, complete 699 127 348 224
Equus caballus Af134233: gene, partial cds 311* 267*  44%
Porcine X05722: mRNA, complete 698 96 348 254
Gallus gallus M36522: mRNA, complete 1723 127 360 1236

The NCBI accession number of the different sequences and the size of the mRNAs are indicated. The
asteryxes show sequences that have been partially sequenced.

the PTH mRNA of the different species primarily results from the difference in the size of the
3-UTR (Table 1). The significance of this finding has not been studied.

The overall nucleotide compositions of the cDNAs are similar. All the sequences are A-T
rich. The 3’ noncoding region has a particularly large portion of A and T, ranging from 68 to 74%,
making itan AU rich element (ARE). The rat sequence differs from the other sequences in that the
5’ noncoding region is only 50% A and T compared to 63 to 65% for the human and bovine.

Homology of the cDNA Sequences
Alignment of the PTH cDNAs of the nine preProPTH sequences is shown in Figure 2.
Gaps have been introduced in the 5’ and 3’ untranslated regions to maximize homology. For
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Figure 2. Part 1, see legend page 16.
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Figure 2. Part 2, see legend page 16.
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Figure 2. Part 3, see legend page 16.
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Figure 2. Alignment of the known nucleotide sequences of PTH mRNA for different species. Alignments
were obtained using the defaultsetting of PileUp program. Alignment of the nucleotide sequences for mouse
(murine), rat, dog (canine), cat (feline), human, non-human primate (macaca), cow (bovine), horse (equine)
and pig. The gallus sequence was not included in the alignment because of the large differences in sequence
and size from all other published species. Gaps indicated by dashes were introduced to maximize the
homology in the 5" and 3' -UTRs. The arrows indicate the positions of the two introns in the gene. The
closed triangles indicate the protolytic cleavage sites required for the conversion of preProPTH to ProPTH
and PTH. The nt in the dark gray box show the coding sequence, and the sequences 5' and 3' to this region
are the 5'-UTR and 3'-UTR respectively. The nt that are surrounded by the square comprise the proximal
PTH mRNA 3'-UTR protein binding element and the nt that are on a light gray background are the distal
cis acting functional element. Nucleotides that are not identical to the bovine (proximal element) and the
rat (distal element) sequence are shown in bold.

simplicity the gallus cDNA was not included in the alignment of the pre ProPTH mRNAs in
Figure 2. This PTH mRNA is significantly longer than the other cloned cDNAs (Table 1) and
is the least preserved compared to the other species, even in the coding sequence (Table 2 and
Fig. 1).

Comparison of the sequences show that human and macaca; canis and felis; rat and mouse;
and bovine and pig are the most similar to each other (Table 2). The lowest homology is seen
when the sequence of gallus PTH mRNA is compared to each of the other sequences, even in
the translated coding region of the mRNA that is, as expected, the most conserved region. The
coding sequences of the other species are the most preserved as expected. The 5’-UTR is rela-
tively well conserved with homologies about 15% less than the coding region. The 3’-UTR is
the least conserved region (Table 2).

Interestingly, a 26 nt cis acting functional protein binding element at the distal region of
the 3' UTR is highly conserved in the PTH mRNA 3'-UTRs of rat, mouse, man, dog and cat
(Table 3, distal element). In the 26 nt element, the identity amongst species varies between 73
and 89%. In particular, there is a stretch of 14 nt within the element that is present in all five
species. We have previously characterized this distal protein binding element in the rac PTH
mRNA 3’-UTR as a cis-acting sequence that determines the stability of the PTH mRNA and
its regulation by calcium and phosphate (P).
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Table 2. Similarity (ratio) of the nucleotide sequences for the PTH mRNAs of
different species

mRNA 5'-UTR CDS 3'-UTR

Bovine/Porcine 7.864 8.229 9.253 6.643
Bovine/Canine 7.341 6.364 9.224 6.049
Bovine/Human 6.682 5.541 8.879 5.571
Bovine/Rat 5.863 4.610 7.730 4.107
Human/Macaca 9.613 9.6

Human/Canine 7.542 5.824 9.052 6.605
Human/Rat 5.804 4,743 7.816 4.660
Rat/Murine 8.743 8.5 9.253 8.118
Rat/Canine 5.925 4.511 7.989 4.176
Canine/Feline 8.503 7.206 9.195 8.504
Bovine/Gallus 4.565 4.283 5.330 3.705
Human/Gallus 4.519 4.554 5.474 3.809
Rat/Gallus 4.207 3.847 5.043 3.765
Canine/Gallus 4.444 4.250 5.388 3.691

The comparisons between each two sequences were performed using the default setting of the GAP
program (Accelrys Inc, Madison WI). This program considers all possible alignments and gap positions
between two sequences and creates a global alignment and evaluates its significance. The average
alignmentscore, plus or minus the standard deviation, of all randomized alignments is reported in the
output file as the ‘quality’ score. Ratio is the quality divided by the number of bases in the shorter
segment of each two sequences.

In addition, a 22 nt protein binding element in the 3' UTR (Table 3 proximal element)
was also identified in bovine and porcine, as well as human, non-human primates, equus, canis
and felis (Table 3 proximal element), but not in rat and mouse. The functionality of the proxi-
mal element remains to be determined. The conserved sequences within the 3'-UTR suggest
that the binding elements represent a functional unit that has been evolutionarily conserved
(see ‘conserved elements in the 3> UTR).

The 3'-UTR in the human and feline sequences are more than 100 nucleotides longer than
the other 3' UTR sequences, with the exception of the gallus PTH mRNA. Large gaps have to be
introduced to maximize homology to the human 3'-UTR (Fig. 2). Hendy et al'® suggested that
the extra sequence in the 3’ region of the human cDNA, corresponding to the large gap in the
bovine sequence, might have been the result of a gene duplication since it contained some homol-
ogy to the region around the polyadenylation signal, including a second consensus polyadenylation
signal. Interestingly, in the rat sequence, large gaps also must be introduced in this region, but
they do not coincide exactly with that of the bovine sequence. Phylogenetic trees obtained from
alignment of the protein and mRNA sequences are shown in Figure 3. The same phylogenetic
tree is obtained from the amino acid sequences and from the coding regions of the mRNA (Fig.
3A). Phylogenetic comparison based on nt similarity of the full PTH mRNAs or the 3'-UTRs is
shown in Figure 3B. This map does not include macaca and equine PTH sequences where there
are only partial sequences of the cDNA available. The gallus is very different from all the other
species indicating a separate evolutionary branch. Interestingly, based on amino acid sequence
and the coding region of the mRNA, the bovine and porcine were grouped closest to canis and
felis but not by the full-length mRNA or 3'-UTR sequences. This mainly represents the large
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Figure 3. Phylogenetic tree obtained from alignment of the amino acid sequences and nucleotide sequences
of PTH and PTH mRNA. The phylogenetic trees were obtained using the default setting of PileUp
program. A) Phylogenetic tree based on amino acid similarities, or the nt sequence of the coding regions
of the PTH mRNAs for mouse (mus), rat, dog (canis), cat (felis), human, non-human primate (macaca),
cow (bovine), pig (porcine) and chicken (gallus) PTH. The horse PTH was not included in this study
because only partial amino acid sequence is available. B) Phylogenetic tree according to nt sequence of the
full-length PTH mRNAs for mouse (mus), rat, dog (canine), cat (feline), human, cow (bovine), pig (por-
cine) and chicken (gallus). The horse and non-human primate (macaca) PTH mRNA were not included
in this study because only partial sequences of these RNAs are available. The same Phylogenetic tree is also
obtained when the 3'-UTR sequences are analized separately. Interestingly, based on amino acid sequence,
the bovine and pig were grouped closest to canis and felis but not by RNA sequence. This corresponds to
the presence of the distal and proximal protein-binding elements in the 3'-UTRs.

differences in the 3'-UTRs and correlates with the conservation of protein-binding elements
(Table 3). The mouse and rat species are separate because they only have the distal PTH mRNA
3'-UTR element. The human, canis, felis, bovine and porcine are grouped together, all contain-
ing the proximal element. But in this group, the bovine and porcine represent a separate branch
expressing only the proximal element, and the human, felis and canine are a distinct branch,
which corresponds with their expression of both the proximal and distal elements.

Structure of the PTH mRNA

The 5’ Untranslated Region

The 5’ untranslated sequence of the longer forms of the human and bovine mRNAs and
rat PTH mRNA contains about 120 nucleotides, and the shorter bovine and human cDNAs
contain about 100 nucleotides in the 5’ noncoding region. The average length of the 5' UTR
in eukaryotic mRNAs is 80-120 nucleotides.?® As a result, the m’G cap at the 5’ terminus of
the mRNA is a considerable distance from the initiator codon. In the bovine sequence, a
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Table 3. The sequences of the 26 nt proximal cis acting element and the 22 nt distal
element of the PTH mRNA 3'-UTR in different species

Proximal Element

Distal Functional Element

Rat - ATATATTCTTCTTTTTAAAGTA
Mus musculus - ATATGCTCTTCTTTTTAAAGTA
Bovine TGTTCTAGACAGCATAGGGCAA -
Porcine TGCTCTAGACAGCATAAGGCAA -
Equus caballus CGCTCTAGACAGCATA* GGCAA ?
Canis familiaris TGCTGTAGACAGCATAGGGCAA ATTGITTATTCTTTTTAAAGTA
Felis catus TGCTATACACAGGATAGGGCAA GTTGTTTATTCTTTTTAAAGTA
Human TGCTCTAGACAGT GTAGGGCAA ATTGTTTATTCTTTTTAAAGTA
Macaca fascicularis 2

Gallus gallus

TGCTCTAGACAGT GTAGGGCAA

The sequences that are not available are indicated by a ?; species lacking a particular element are
indicated by a -. The * in the equine proximal element indicates an unidentified nt in the gene bank.
The nt in the proximal and distal elements that are different from the bovine and rat sequence
respectively are shown in bold.

possible hairpin loop may bring the 5” end closer to the initiator codon. However, in both the
human and rat sequences, deletions of 11 and 16 nucleotides respectively, largely eliminate the
sequences involved in the stem of the loop. Thus, there seems to be little functional signifi-
cance related to the bovine secondary structure. In the rat PTH mRNA 5" terminus the first 19
nt of the mRNA may form a stable stem loop structure that could affect PTH mRNA transla-
tion, but its function has not been determined. (T. Naveh-Many, unpublished data). However
the most outstanding conclusion from a comparative analysis of the sequences is that no region
in the 5’ untranslated region is conserved that has any known functional significance.

The Coding Region

The actual initiator ATG codons for the human and bovine PTH mRNAs have been iden-
tified by sequencing in vitro translation products of the mRNAs.>* In the bovine sequence,
the first ATG codon is the initiator codon, in accord with many other eukaryotic mRNAs.?-3
The human and rat sequences have ATG triplets prior to the probable initiator ATG, which are
present ten nucleotides before the initiation codon and are immediately followed by a termina-
tion codon. In the rat, another ATG is present 115 nucleotides before the initiator codon. The
designation of the third ATG codon of the rat sequence as the initiator codon is based on
indirect evidence, primarily by comparison with the bovine and human cDNAs. Regardless, the
presence of termination codons in phase with the earlier ATG prohibits the synthesis of a long
protein initiated at these codons, as is the case in some other genes with premature ATG
codons.””*® However in some systems, small peptides that are translational products of up-
stream ATGs have been shown to have regulatory functions.” Whether this is the case in the rat
PTH mRNA is not known. The most stringent requirement for optimal initiation of synthesis
is for a purine at the -3 position. Since non of the premature ATG codons in the rat and human
PTH mRNAs has a purine at the -3 position, they are likely to be weak initiators. In contrast,
the probable initiator ATG codon has an A at the -3 position in each sequence.
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The 3’ Untranslated Region

As noted above, the 3’ untranslated region is the most variable region of the cDNAs
requiring significant gaps to maximize homology. The termination codon in all species except
for the rat and mouse is TGA and is followed closely by a second in-phase termination codon.
In the rat and mouse TAA is the termination codon and no following termination codon is
present (Fig. 2).

Conservation of Protein Binding Elements in the PTH
mRNA 3-UTR

We have defined the cis sequence in the rat PTH mRNA 3’-UTR that determines the
stability of the PTH mRNA and its regulation by calcium and phosphate (P). PTH gene ex-
pression is regulated post-transcriptional by Ca** and B with dietary induced hypocalcemia
increasing and dietary induced hypophosphatemia decreasing PTH mRNA levels. This regula-
tion of PTH mRNA stability correlates with differences in binding of #rans acting cytosolic
proteins to a cis acting instability element in the PTH mRNA 3'-UTR. There is no PT cell line
and therefore to study PTH mRNA stability we performed in vitro degradation assays. We did
this by incubating the labeled PTH transcript with cytosolic PT proteins from rats on the
different diets and measuring the amount of intact transcript remaining with time. PT proteins
from low Ca®* rats stabilized and low P PT proteins destabilized the PTH transcript compared
to PT proteins of control rat. This rapid degradation by low P was degendent upon the presence
of the terminal 60 nt protein binding region of the PTH mRNA.*’ We have defined the cis
sequence in the rat PTH mRNA 3’-UTR that determines the stability of the PTH transcript
and to which the #ans acting PT proteins bind. A minimum sequence of 26 nt was sufficient for
RNA-protein binding (Table 3, distal element). One of the #7ans acting proteins that binds and
prevents degradation of the PTH mRNA was identified by affinity purification. This protein is
AU rich element binding protein 1 (AUF1) that is also involved in halflife of other mRNAs. 4142

To study the functionality of the cis sequence in the context of another RNA, a 63 bp
PTH c¢DNA sequence consisting of the 26 nt and flanking regions was fused to the growth
hormone (GH) ¢cDNA. Since there is no parathyroid (PT) cell line an in vitro degradation
assay was used to determine the effect of PT cytosolic proteins from rats fed the different diets
on the stability of RNA transcripts for GH and the chimeric GH-PTH 63 nt.*** The GH
transcript was more stable than PTH RNA and was not affected by PT proteins from the
different diets. The chimeric GH PTH 63 nt transcript, like the full-length PTH transcript
was stabilized by PT proteins from rats fed a low calcium diet and destabilized by proteins from
rats fed a low phosphate diet. Therefore, the 63 nt protein binding region of the PTH mRNA
3’-UTR is both necessary and sufficient to regulate RNA stability and to confer responsiveness
to changes in PT proteins by calcium and phosphate.®? The regulation of PTH mRNA stabil-
ity by calcium and phosphate is discussed in detail in the chapter by Levin et al.

Sequence analysis of the PTH mRNA 3’-UTR of different species revealed a preservation
of the 26 nt core protein-binding element in rat, mouse, human, cat and canine 3’-UTRs
(Table 3). The cis acting element identified is at the 3" distal end in all species that express it and
is therefore designated the distal functional cis element. The conservation of the sequence sug-
gests that the binding element represents a functional unit that has been evolutionarily con-
served. Protein binding experiments by UV cross linking and RNA electrophoretic mobility
shift assays showed that there is specific binding of rat and human parathyroid extracts to an in
vitro transcribed probe for the rat and human PTH mRNA 3'-UTR 26 nt elements.

In contrast, the 26 nt distal ¢is element was not present in the 3'-UTR of bovine, porcine
and gallus PTH mRNA. To determine the protein binding pattern of the bovine PTH mRNA,
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binding experiments were performed with bovine parathyroid gland extracts and RNA probes
for different regions of the bovine PTH mRNA. Binding and competition experiments re-
vealed a 22 nt minimal protein binding element in the bovine PTH mRNA 3'-UTR that was
sufficient for protein binding. The 22 nt element is at the 5' portion of the 3'-UTR (Fig. 2) and
is the proximal c/s element. Interestingly this element was also present in the 3'-UTRs of man,
dog, cat, non-human primates, horse and porcine PTH mRNA. Therefore the PTH mRNA
3'-UTRs of man, dog and cat have both sequences, the distal functional cis element of 26 nt
that has been characterized in rat PTH mRNA and the 22 nt proximal protein binding ele-
ment initially characterized in bovine PTH mRNA (Table 3). The bovine and porcine mRNAs
only have the 22 nt element and the gallus PTH mRNA has neither of the elements. It is not
known if the 26 nt element is present in the horse and macaca because there is only partial
sequencing of these mRNAs. Though the 22 nt sequence is a protein binding element, its
functionality remains to be determined.

The Polyadenylation Signal

Another region that is well conserved in the PTH mRNA 3'-UTR is the AATAAA poly-
adenylation signal. In the bovine sequence, only a single AATAAA has been detected in the 3’
noncoding region, whereas in the human and rat sequences two potential polyadenylation sites
are found. The second AATAAA region in the human sequence is about 60 bases upstream
from the first and has been suggested to have resulted from a gene duplication;'® however,
other than the AATAAA regions, there is little homology surrounding the two sites. Sequences
analogous to the human upstream AATAAA are missing in both the bovine and rat sequences.
No cDNAs were detected in which the upstream AATAAA was utilized as a polyadenylation
signal; however the probability that these sites function as a polyadenylation signal cannot be
ruled out. The rat sequence also has a second AATAAA site about 115 nucleotides earlier than
the functional one. A single rat PTH mRNA was detected by Northern blot analysis ,'” sug-
gesting that only one polyadenylation site is used, and the size of the mRNA was consistent
with the second AATAAA being the site. There is no direct evidence for the location of the 3’
end by analysis of the rat PTH mRNA or cDNA.

The PTH Gene

The genes for human,'® bovine,'® rat'” and mouse®' PTH have each been cloned and
characterized from genomic libraries in lambda phage. The human gene was isolated from a
total human fetal DNA library prepared in A phage Charon 4A. The library was screened
initially by filter hybridization with human cloned cDNAs as a probe and later by the recom-
bination selection method. The structure of the human gene was determined by the analysis of
two overlapping clones. For the bovine gene, Southern analysis of the total bovine DNA showed
that the PTH gene was present on an 8000 bp EcoR1 fragment. To clone the gene, bovine liver
DNA was digested with EcoR1 and fragments in the range of 5,000 to 10,000 bp were isolated
by sucrose gradient centrifugation. A partial library was then constructed by ligating the EcoR1
fragments to A phage Charon 31 arms, which had been isolated after digestion with EcoR1.
Several independent clones were isolated by plaque filter hybridization using cloned bovine
PTH cDNA as probes. The rat gene was isolated from a A phage Charon 4A rat liver DNA
library produced by partial EcoR1 digestion of the rat DNA. Two independent positive plaques
were obtained. The insert of each of the two phages contained the entire rat PTH gene. The
sequence of the mouse gene was determined from a mouse genomic library.?! One recombi-
nant clone contained 14 kb of DNA, encompassing the entire PTH gene. The transcriptional
unit spans 3.2 kb of genomic DNA, analogous to the human PTH gene.

14
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Figure 4. Schematic representation of the rat and bovine PTH gene structure and the length of the introns.
A) The PTH gene including exons 1-3 and introns A and B. Exons are indicated by the rectangles and the
shaded areas indicate regions in the gene that code for preProPTH. B) The known sizes, in bp, of introns
A and B in rat, mouse (murine), bovine, human and non-human primate (macaca fascicularis). The full
length sequence of intron A is not available (NA) for mouse and non-human primate.

Structure of the Gene

The overall structure of the bovine or rat PTH gene is shown schematically in Figure 4A.
In the human gene the larger intron A is aproximatly twice as long as this intron in bovine and
rat (Fig. 4B). All sequenced genes contain two introns. The exact location of the bovine and
human gene introns was determined by comparing the sequence of the gene to the previously
determined cDNA structure. The location of intron A of the rat was determined by comparing
the gene sequence with the sequence of cDNA to the 5 end of the mRNA. The cDNA was
synthesized with reverse transcriptase using a synthetic pentadecamer as primer. Intron B in the
rat gene was determined indirectly by homology of the sequence to the human and bovine
cDNA sequences.

The locations of the introns are identical in each case as has been found with most other
genes.®” Intron A splits the 5’ untranslated sequence five nucleotides before the initiator me-
thionine codon (Fig. 2). Intron B splits the fourth codon of the region that codes for the pro
sequence of preProPTH. The three exons that result, thus, are roughly divided into three func-
tional domains. Exon I, 95 to 121 nucleotides long, contains the 5’ untranslated region. Exonl],
has 91 nucleotides and codes for the pre sequence, or signal peptide and exon III, 375 to 486
nucleotides long, codes for PTH as well as the 3’ untranslated region. The structure of the
PTH gene is thus consistent with the proposal that exons represent functional domains of the
mRNA.®

The length of the introns in the species where the sequence is available is shown in Figure
4B. Although the introns are at the same location, the size of the large intron A in human is
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about twice as large as those in the rat and bovine (Fig. 4B). It is of interest that the human gene
is considerably longer in both intron A and the 3’ untranslated region of the cDNA compared
to the bovine, rat and mouse. Knowledge of the structures of other PTH genes from other
species will be necessary in order to determine whether the extra sequence was inserted or is less
susceptible to deletion in the human gene.

Both introns have the characteristic splice site elements. They have the GT-AG nucle-
otides at the 5" and 3" ends of the intron and the pyrimidine tract at the 3' end of the intron.
The large intron A, has about 75% homology between the bovine and human PTH genes in
over 200 bp of the intron, similar to the homology in the other non-translated regions of the
genes. The rat intron A is only 55-57% homologous to the other species. The sequences of
introns are generally only conserved at the cis elements essential for splicing and the relatively
large homology for the PTH genes suggests that there may be some constrains on the basis of
changes some distance from the intron /exon border.

The second exon, containing 106 and 121 nt in the human and bovine pre-mRNA, is
much smaller and more homologous in size among the genes than intron A. The sequence of
intron B is well conserved with homology of 74 and 68% of bovine/human and human/rat,
respectively, but is relatively poorly conserved between the rat and bovine genes, with a homol-
ogy of 49%."'

In each of the species, only a single PTH gene appears to be present. Extensive Southern
blot analysis of bovine DNA with cloned PTH ¢cDNA as probe produced single hybridizing
bands for restriction enzymes that do not cut within the probe sequence.'® The restriction map
determined from the Southern analysis of bovine DNA was consistent with that of the cloned
gene. With the exception of a single nucleotide in the 3’ untranslated region, the sequence of
the cloned cDNA was identical to the sequence of the exons in the gene. Less extensive South-
ern blot analysis of the human'® and rat'” genes also were consistent with a single gene per
haploid genome. Furthermore, in the human studies, probes from the 5 and 3’ ends of the
cDNA both hybridized to the same sized fragment, and the strength of the signal from the
genomic DNA was about the same as one gene-equivalent of the gene cloned in A phage. Thus,
the PTH gene is a single gene. The genes for PTH and PTHrP (PTH-related protein) are
located in similar positions on sibling chromosomes 11 and 12. It is therefore likely that they
arose from a common precursor by chromosomal duplication.

Initiation Site for RNA Transcription

As noted above in the discussion on the cDNA, the 5’ termini of bovine PTH mRNA are
heterogeneous. The large mRNAs contain a TATA sequence in the appropriate location to
direct the synthesis of the smaller mRNAs. It was postulated that a second TATA would be
found in the gene sequence 5’ of the first one.'® In both the human and bovine gene sequences,
a second TATA sequence is present in the 5’ flanking region about 25 base pairs from the first
one in the appropriate position to direct the synthesis of the larger mRNAs. The heterogeneity
of the 5° end of the bovine PTH mRNA, originally detected by reverse transcription of the
mRNA, " was confirmed by S1 nuclease mapping.'4 The initiation sites for human PTH mRNA
have not been determined directly, but were proposed17 on the basis of analogy with the bovine
sequence and the consensus TATA sequences. The presence of multiple functional TATA se-
quences has been reported for several other eukaryotic genes. The rat mRNA appears to be
relatively homogeneous at the 5’ terminus on the basis of both primed reverse transcriptions
near the 5’ end of the mRNA and S1 nuclease mapping.'” The single initiation site for the rat
mRNA can be explained by the changes in the rat sequence which alter the second downstream
TATA sequence. The sequence, TATATATAAAA, in the human and bovine genes, is changed
to TGCATATGAAA in the rat gene,' which is no longer a consensus TATA sequence. While
this change seems the most likely explanation for the difference in length at the 5’ termini
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between the mRNAs, there are other changes that also occur in this region of the gene and may
play a role.!”

The smaller bovine PTH mRNAs are also heterogeneous with initiation occurring over a
range of about eight nucleotides at the 5’ terminus. The second TATA sequence in the bovine
sequence is unusual since the sequence TA is repeated five times, and thus the TATA-like
sequence is spread over 12 base pairs. This may result in a less rigorous delineation of the
appropriate start site.

The conclusion that the 5” end of bovine mRNA is heterogeneous has not been conclu-
sively proven. Both the S1 nuclease mapping and the primed reverse transcriptase techniques
require that the mRNA is intact and not degraded. Since in the studies described above, it was
not demonstrated that all the mRNA had a 5> methylguanosine cap and thus was intact, the
possibility that heterogeneity was introduced during isolation of the mRNA cannot be ex-
cluded. However, the additional indirect evidence provided by the presence of two TATA se-
quences considerably strengthens the theory that two regions are utilized for initiation of tran-
scripts.

The 5’ Flanking Region

The three PTH genes of human, bovine and rat show homology in the first 200 bp up-
stream of the RNA initiation site of the 5’ flanking region.! The homology in this region is
similar to that in the 5’ untranslated region of the mRNAs.! There are few stretches of se-
quence in the 5’ flanking region that are completely conserved in all three sequences except for
the TATA sequences. A C-rich sequence, GCACCGCCC, about 75 bp to the 5 side of the
upstream TATA sequence is present in all three sequences, and an AT-rich region of about 25
bp immediately prior to this C-rich region is strongly conserved. A sequence, CAGAGAA,
about 25 bp to the 5’ side of the TATA sequence, is also present in all three sequences. No
CAAT sequence is present 5 of the TATA sequences. In the bovine gene, an extraordinary
stretch of almost 150 nucleotides, located from 250 to 400 nucleotides before the transcript
initiator, consists primarily of alternating AT." A similar region is not present in the rat gene,
suggesting it is not critical for the function of the gene. There are defined functional response
elements in the 5'-flanking region that regulate PTH gene transcription, such as the vitamin D
response element (VDRE) and the cyclic AMP response element (CRE) that are discussed in
detail in the chapters by Kel et al and Silver et al.

The 3' Flanking Region

In the 3’ flanking region, again there is also considerable homology between the bovine
and human sequences. A small inverted repeat region, that could form a hairpin loop in the
transcript, is followed by a stretch of 7 Ts. There is no direct evidence that this region serves as
a transcriptional stop signal in the PTH genes. A difference in the stem in the human com-
pared to bovine is matched by a second change in the human that maintains the base pairing in
the stem. A similar sequence is not present in the approximately 110 bp of 3’ flanking sequence
reported for the rat sequence. The rat in fact has little homology with either of the other two
sequences beyond the polyadenylation signal.! This is surprising in view of the homology re-
tained between the rat PTH gene and the other genes in the 5’ flanking and intron regions.
Perhaps the polyadenylation signal for the rat sequence is derived from a different region of the
gene, which was moved into its present position by a deletion of sequence or translocation.
Large gaps must be introduced into the bovine and rat sequences just prior to the polyadenylation
signal supporting the idea that this may be a relatively unstable region of the gene.'

Opverall, the PTH genes are typical eukaryotic genes that contain the consensus sequences
for initiation of RNA synthesis, RNA splicing, and polyadenylation. The PTH genes appear to
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be represented only once in the haploid genome. Perhaps the most striking characteristic of the
DNA in the region of the genes is its stability. In addition, regions that diverge rapidly in other
genes are relatively stable in the PTH genes, particularly between the human and bovine se-
quences and to a lesser extent with the rat sequence. Thus, considerable homology is observed
between 5° and 3’ flanking and untranslated regions, internal regions of introns, and potential
sites for silent changes in the coding region. Since these regions that do not change the amino
acid sequence have been estimated to diverge at a rate of 1% 10° years, relatively low homolo-
gies would be expected from these sequences that diverged about 60 to 80 x 10° years ago.!
Whether this conservation of sequence occurs because the genes happen to be present in a
region of the chromosome that is usually stable or reflects some functional constraints inherent
in the PTH gene, remains to be elucidated.

The rat and mouse sequences are considerably less homologous to the human and bovine
sequences than these sequences are to each other. This observation is difficult to explain, since
evolutionarily each of the sequences is about equidistant from another. Potentially, differences
in the physiology or nutrition of calcium in the rat and mouse compared to the other two
species may have resulted in increased acceptance of mutations in the rat PTH gene.

Chromosomal Location of the Human PTH Gene

The location of the human PTH gene on chromosome 11 has been determined indegen-
dently by two groups. The assignments were made by screening panels of human-mouse “° or
human-mouse and human-Chinese hamster cell 47 hybrids with a human ¢<DNA clone or a
cloned fragment of human genomic DNA. The PTH gene was further localized to the short
arm of the chromosome 11 by analysis of human-mouse hybrids with various translocations. ¢
The short arm of chromosome 11 contains several other polymorphic genes including the
globin gene cluster, insulin, and the human oncogene Harvey 7as (C-Ha-ras-1).4° The poly-
morphisms in these genes and PTH were used to determine whether the genes are genetically
linked and their order on the chromosome. In addition to these genes, the gene for calcitonin
has also been mapped to the short arm of chromosome 11. Thus, the short arm contains genes
for both of the polypeptide hormones that regulate calcium metabolism. Whether this is a
mere coincidence or is somehow related to the evolution or regulation of these calcium regulat-
ing genes remains a matter of speculation. The porcine PTH gene was localized to chromo-
some 14q25-q28 by in situ hybridization® and the equus gene is on chromosome 11p15.3.%

Summary

The PTH genes and cDNAs have been isolated and characterized in 10 species. The gene
contains two introns, which are in the same position in each species, and dissect the gene into
3 exons that code, respectively, for the 5’ untranslated region, the signal peptide, and PTH plus
the 3" untranslated region. The mRNAs contain a 7-methyl quanosine cap at the 5’ terminus
and a polyadenylation signal at the 3’ terminus. They are about twice as long as necessary to
code for preProPTH. The 5’ termini of the bovine and human mRNAs are heterogeneous at
the 5° terminus, the basis of which is two TATA sequences in the 5 flanking regions of the
gene. In contrast, the mouse and rat gene contain a single TATA sequence and the mRNA has
a single 5’ terminus. The initial translational product of the mRNA is preProPTH, and the
pre-peptide of 25 amino acids and the pro sequence of 6 amino acids are removed by two
proteolitic cleavages.

The mRNAs are very homologous in the region that codes for preProPTH. But sub-
stantial homology is also retained in the mRNA untranslated regions and flanking regions
and introns, where sequences are available. The gallus PTH mRNA is the most distant se-
quence of the PTH mRNAs. In the PTH mRNA the 3'-UTR is the region less conserved
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amongst species. However two protein binding elements in the 3'-UTR were identified and
show high homology. One of these elements is the distal 26 nt cis acting functional element
that has been shown to mediate the regulation of PTH mRNA stability in response to changes
in serum calcium and phosphate. This element is expressed in the 3'-UTR of rat, man, dog,
cat and mouse. An additional proximal element of 22 nt is present in the 3'-UTR of bovine,
pig, macaca, horse and also in man, cat, dog. This element binds cytosolic proteins but its
function has not been demonstrated. The conservation of such elements in the 3'-UTR
suggests that they represent an evolutionary conserved function. PTH is central to normal
calcium homeostasis and bone strength and the PTH peptide is highly conserved amongst
species apart from Gallus. This conservation is evident in the coding sequence but also, to a

less extent in the 5'- and 3'-UTRs.
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CHAPTER 3

Toward an Understanding of Human
Parathyroid Hormone Structure
and Function

Lei Jin, Armen H. Tashjian, Jr., and Faming Zhang

PTH and Its Receptor Family

arathyroid hormone (PTH) is synthesized as a 115 amino acid precursor and secreted as
P an 84 amino acid polypeptide that regulates extracellular calcium homeostasis via

actions directly on kidney and bone and indirectly on the intestine by facilitating cal-
cium absorption.! PTH and a related molecule, parathyroid hormone-related protein (PTH1P),
act on cells via a common G protein-coupled, seven-transmembrane helix receptor (PTH/
PTHrP or PTHI receptor).” PTH has both anabolic and catabolic effects on the skeleton.
Persistent elevation of plasma PTH causes predominately increased bone resorption, whereas
intermittently administered PTH results in enhanced bone formation.** The mechanism by
which PTH exhibits its dual effects is not fully known. PTH interacts with the PTH1 receptor
to stimulate adenylyl cyclase (AC)(5) and phospholipase C (PC) pathwzlys.6

The naturally occurring hPTH(1-37) fragment as well as hPTH(1-34) maintains the full
spectrum of bone-relevant activities of the intact 1-84 hormone. Studies, both in vitro and in
vivo, have shown that hPTH(1-34) has the same biological activities as the intact hormone in
eliciting cAMP responses and in stimulating bone formation.” Thus hPTH(1-34) has all the
structural elements necessary for binding and activation of the PTHI receptor. Once daily
subcutaneous administration of hPTH(1-34) stimulates bone formation and increases bone
mass in patients with osteoporosis® and in ovariectomized monkeys.® Consequently, hPTH(1-34)
represents a novel class of therapeutics for the treatment of osteoporosis.”!! Truncation and
mutagenesis studies on PTH(1-34) have revealed that the N-terminal region of the peptide is
critical for full activation of receptor signaling, while the N-terminal truncated peptide PTH
(3-34) is a partial agonist, and the further shortened peptide PTH (7-34) becomes a low affin-
ity antagonist.'>!? Residues 17 to 31, near the C-terminus of PTH (1-34), are required for
high affinity receptor binding.'

PTHIrP is over-expressed in certain tumors and causes the syndrome of malignancy-
associated humoral hypercalcemia.'> Under physiological conditions, PTHtP is produced lo-
cally in a wide variety of tissues and is involved in cell growth, differentiation, and development
of the skeleton. There are six identical amino acids in the first 13 amino acids in the known
PTH and PTHIrP sequences (Fig. 1). Like PTH, PTHP binds to the same G protein-coupled
receptor, and its N-terminal fragment PTHrP(1-34) has many functions that mimic those of

Molecular Biology of the Parathyroid, edited by Tally Naveh-Many. ©2005 Eurekah.com
and Kluwer Academic / Plenum Publishers.



30 Molecular Biology of the Parathyroid

Figure 1. Sequence alignment of known species of PTH(1-34), PTHrP(1-34) and TIP39. The invariant
residues are shaded in orange. The conserved residues are shaded in yellow in PTH(1-34), and in blue in
PTHrP(1-34). TIP39 shares less sequence identity with PTH and PTHrP.

full-length PTHrP, PTH(1-34) and PTH(1-84).1>'¢ In addition, NMR studies indicate that
hPTH(1-34) and hPTHrP(1-34) have similar three-dimensional structures.!”"!8

The recently identified PTH2 receptor natural ligand, tuberoinfundibular peptide 39
(TIP39), has been characterized structurally as a PTH hornolog.19 The human PTH2 receptor
shares 70% sequence similarity with the human PTHI receptor. The PTHI receptor is acti-
vated by PTH and PTHrP but not by TIP39, while the rat PTH2 receptor is activated by PTH
and TTP39 and responds very weakly to PTHrP? Further studies demonstrated that TTP39
and its truncated analogs bind to the PTH1 receptor but its N-terminal domain failed to
stimulate cAMP accumulation; therefore, they function as antagonists at the PTH1 receptor
(21). NMR studies indicate that TIP39, similar to hPTH(1-34), contains two stable a-helices
at the N and C termini separated by a flexible hinge region. TIP39 is in a somewhat extended
conformation; the N-terminal helix shares a high structural and sequence homology with
hPTH(1-34). The differences are the lengths and amphipathic character of the helices as well
as the location of the flexible hinge region."”

Comparison of PTH, PTHrP and TIP39 as well as their binding differences with the
PTHI and PTH2 receptors provides a starting point to study the structure-function relation-
ships between the ligands and receptors. Studies such as mutagenesis in both ligand and recep-
tors, creation of receptor chimeras, and cross-linking between ligand and receptors have been
performed extensively in the PTH family.? Biophysical techniques such as circular dichroism
(CD), nuclear magnetic resonance (NMR), x-ray crystallography and molecular modeling pro-
vide information on PTH structure and its possible interactions with receptors for cell signaling.

PTH Structural Determination

Various methods have been used to determine the structure of PTH, including dark-field
electron microscopy, fluorescence spectroscopy, CD, NMR spectroscopy®> ™ and X-ray crys-
tallography.®° Results from these diverse approaches have not yet yielded a consistent structure
for this peptide. In part, this uncertainty arises from the flexible nature of most small peptides
in solution, as well as different experimental conditions such as peptide concentration, solvent
conditions, pH, temperature and differences in methods used for data interpretation. There is
general agreement that PTH(1-34) and PTHrP(1-34) have an N-terminal helix and a C-terminal
helix, which vary in length and stability, depending on the specific experimental conditions,
and are connected by a highly flexible mid-region. The C-terminal helix is more stable than the
N-terminal helix. In aqueous solution, PTH(1-34) and PTHrP(1-34) form fewer and less
stable secondary structural elements than under membrane-mimicking conditions such as in
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Figure 2. Crystals of hPTH(1-34). a) Crystal grown from 20% isopropanol, 0.2M NaCitrate, 0.1M TrisHClI,
atpH 8.0. b) Crystal grown from 2.5M Ammonium Sulfate, 5% isopropanol, 0.1M Na Acetate, at pH 4.5.
The high-resolution structure was derived from the b crystal form.

dodecylphosphocholine micelles,”® palmitoyloleoylphosphatidylserine vesicles,?” or in the pres-
ence of a secondary structure-inducing solvent such as trifluoroethanol (TFE).242628.29 Here
we shall describe our x-ray crystallographic studies on hPTH(1-34) and give a brief review of
recent NMR and molecular modeling results.

X-Ray Crystallography

Human PTH(1-34) (Forteo, Eli Lilly and Company, Indianapolis, IN, U.S.A.) was
expressed in E. coli and subsequently purified and refolded by reverse phase and cation ex-
change chromatography. For phase determination, selenomethionine hPTH(1-34) was syn-
thesized on an ABI-430A peptide synthesizer using Boc seleno-L-methionine. hPTH(1-34)
could be readily crystallized in many different forms under slightly different solvent condi-
tions. The best crystals were grown at 20°C by the hanging drop vapor diffusion method by
mixing 20 mg ml™! of hPTH (1-34) in 20% glycerol, at 1:1 ratio (v/v), with a solution
containing 2.5 M ammonium sulfate, 5% isopropanol and 0.1 M sodium acetate buffer, pH
4.5. Crystals appeared overnight and continuously grew to 0.6 x 0.2 x 0.1 mm? in a week
(Fig. 2a,b). Ultra-high 0.9 A resolution data were collected by a Mar CCD detector at the
Industrial Macromolecule Crystallography Association beam line ID-17 in Argonne Na-
tional Laboratories. The crystals belong to haxagonal space group P65 with unit cell dimen-
sions of a= 30.18 A and c=110.44 A. Three data sets were collected for a selenomethionine
hPTH (1-34) crystal at wavelengths of 0.9795, 0.97936 and 0.9840 A for multiwavelength
anomalous dispersion (MAD) phasing calculations.*

The structure was solved by the program SOLVE with the MAD data. The polypeptide
chain was fitted to the electron density using the program O.*' The model was refined to 2.0 A
resolution using the MAD data, and to 0.9 A resolution using the native data in X-PLOR98*
by simulated annealing. The model was then further refined in SHELX 97°% by the
conjugate-gradient algorithm with riding hydrogens. Six-parameter anisotropic temperature
factors for all non-H atoms were included in and after anisotropic refinement. Sequential model
building processes were performed in QUANTA (Molecular Simulations, Inc) against 2F,-F.
and F,-F. maps. The final R factor for all data was 13.7%, R-free was 14%. The final structure
contains 660 non-hydrogen peptide atoms and 104 water molecules. All residues are in the
most favorable conformation in Ramachandran plot.

The crystal structure of hPTH(1-34) is a slightly bent helix (Fig. 3a). The bend is located
between residues 12 and 21 with a bending angle of 15° between the N-terminal helix (resi-
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Figure 3. Overall structure of hPTH(1-34). a) hPTH(1-34) monomer is a slightly bent helix presented as
ared ribbon. The hydrophobic residue side chains of the amphiphilic helices (Leu7, Leull, Leul5, Met18,
Val21, Leu24, Leu28 and Val31) are shown. b, ¢) hPTH(1-34) dimer is presented as blue and orange ribbons
and the residues forming the dimer interface are highlighted.

dues 3-11) and the C-terminal helix (residues 21-33). Hydrogen bonds between the side chains
of Asn16 and Glul9, Serl7 and Arg20, and a salt bridge between Glu22 and Arg25 were
observed. Although hPTH(1-34) is a continuous helix, residues 6-20 and residues 21-33 form
two amphiphilic helices with their hydrophobic sides facing in different directions. Thus, the
hydrophobic residues of hPTH(1-34) form a twisted belt from the N-terminus to the C-terminus
with the crossing-point near residue Arg20 (Fig. 3a). Gly12 is a conserved residue in all the
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known PTH and PTHrP species (Fig. 1). Despite the flexible nature of glycine, Gly12 is in a
strict helical conformation in the crystal structure. Substitution of Gly12 with Ala, a helix
promotor, in [Tyr34]hPTH(1-34)NH,; was well tolerated; while substitution with Pro, a helix
breaker, decreased receptor binding affinity by 840 fold and adenylyl cyclase-stimulating activ-
ity by 3500 fold.** Together, these findings indicate that the helical conformation around
Gly12 may play an essential role for full biological activity.

hPTH(1-34) crystallizes as a dimer in the hexagonal space group P6s. His14 and Serl7
from both molecules are located at the crossing-point of the X-shaped dimer (Fig. 3b,c). The
N9 of Hisl4 from one molecule forms a hydrogen bond with NO of His14 from another
molecule, while Ser17 from one molecule packs against the imidazole ring of His14 from the
other molecule. Within the dimeric interface, hydrophobic interactions extend from the
crossing-point toward the N- and C-termini. Residues Leu7, Leul1 and Leul5 of the N-terminal
amphiphilic helix from one molecule are in van de Waals contact with residues Leu24, Val21
and Met18 of the C-terminal amphiphilic helix of the other molecule. There is no evidence of
well-ordered dimerization of PTH under physiological conditions; therefore, the dimer forma-
tion is most likely the result of crystal packing artifacts under specific solvent condition. The
monomer structure was used for molecular modeling.

NMR Studies

NMR and x-ray crystallography are in many respects complementary. X-ray crystallogra-
phy deals with the structure of proteins in the crystalline state, while NMR determines struc-
ture in solution. X-ray structures are determined at different levels of resolution. At high reso-
lution, most atomic positions can be determined to a high degree of accuracy. NMR has the
advantage to determine structures in near-physiological solution.

In NMR, a COSY (correlation spectroscopy) experiment gives peaks between hydrogen
atoms that are covalently connected through one or two other atoms. An NOE (nuclear
overhauser effect) spectrum, on the other hand, gives peaks between pairs of hydrogen atoms
that are close together in space even if they are quite distant in primary sequence. To determine
the three-dimensional structure of proteins, combined multidimensional NMR experiments
including double-quantum-filtered correlation spectroscopy (DQF-COSY), total correlation
spectroscopy (TOCSY), NOE spectroscopy (NOESY) have been used to obtain a list of dis-
tance constraints between atoms in the molecule, from these data a set of three-dimensional
structures that satisfy these constraints are calculated.

NMR studies of hPTH(1-84) defined three helices between Ser3 to Asn10, Serl7 to
Lys27, and Asp30 to Leu37. In the C-terminus, a less well-defined helix between Asn57 to
Ser62 and series of loose turns were detected. In contrast to the hPTH(1-34) structure, the
intact hormone shows a number of long-range NOEs, specially between helix 1 and helix 2.

Several of the NMR studies have been interpreted to show a “U or V-shaped” tertiary
structure with the N- and C-terminal helices interacting with each other to form a hydropho-
bic core.*3® However the majority of the NMR analyses of PTH and PTHrP do not provide
evidence of long-range interactions between the two helices. NMR studies of hPTH(1-34) in
near-physiological solution revealed a relatively extended two-helical component structure with
the absence of any tertiary interactions between the two helices proposed in the U-shaped
model.'®

Extensive NMR studies have been carried out on PTH and PTHrP in different solvent
environments.'” In general, NMR studies show that PTH(1-34) and PTHrP(1-34) form an
N-terminal helix and a C-terminal helix connected by a highly flexible region in solution.
Figure 4 shows the superposition of the crystal structure with NMR structures of hPTH(1-34)
with PDB code 1HPY?” by superimposing the Cot atoms of the C-terminal helices (residues
18-28). Superposition of the crystal structure with other NMR structures, such as hPTH(1-37)
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Figure 4. Superposition of the crystal structure and NMR structures of hPTH(1-34). Representative NMR
conformations were selected. The Cat atoms of the C-terminal helix (residues 18-28) were superimposed.
The crystal structure of hPTH(1-34) is presented as a thick ribbon, NMR structures are presented as thin
ribbons. The crystal structure of hAPTH(1-34) is in extended helical conformation, which is different from
the NMR structures that possess N-terminal and a C-terminal helices connected by a flexible hinge.

(PDB code: 1HPH)?? and hPTHP(1-34) (PDB code: 1BZG)'® yielded similar images as in
Figure 4. The highly flexible region in the NMR structures (residues 10-20) is found to form
a regular helix in the crystal structure. Evidence from several NMR studies on PTH(1-34)
and PTHrP(1-34) concluded that the helical content increases with increasing TFE concen-
tration or conditions that mimic the membrane environment. In 70% TFE, the N- and
C-terminal helices (residues 3-13 and 15-29) of PTH(1-34) were very regular with a short
discontinuity at residue 14,8 NMR structures of PTHrP(1-34) in 50% TFEE also showed
two well-defined helices (residues 3-12 and 17-33).!” Our crystal structure is similar to the
NMR structures determined in high concentrations of TFE or under membrane-mimicking
conditions.'”?® This similarity is not surprising because hPTH(1-34) in the crystal has very
limited solvent exposure. The solvent content of the hPTH(1-34) crystal is less than 30%
with extensive hydrophobic protein-protein interactions. In fact, the crystal structure might
represent the conformation of PTH (1-34) when it is close to its membrane receptor as
proposed for the NMR structures under high concentrations of TFE or membrane-mimicking
conditions.?

Molecular Modeling

Currently, there is no satisfactory method to directly determine the PTH-PTH receptor
complex structure. Molecular modeling provides an alternative method to explore the
ligand-receptor binding mode. PTH1 and PTH2 receptors belong to a GPCR family from
which members have not yet been crystallized. The crystal structure of rthodopsin has provided
the first three-dimensional model in atomic resolution for the GPCR families.”” Although
construction of realistic models of certain GPCRs like PTH receptors with large extra-cellular
domain remains challenging,° the crystal structure of rhodopsin does provide a general start-
ing point for modeling GPCRs, specifically in the seven-transmembrane (TM) helix region.
We undertook a molecular modeling with the program QUANTA using the Protein Design
tools. The seven transmembrane helical domains of the PTH1 receptor were first determined
by several programs provided by the ExPASy Molecular Biology Server. The crystal structure of
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bacteriorhodopsin at 1.9 A (PDB code: 1QH])*! was used as a template for the topological
orientation and arrangement of the transmembrane helices. Sequences of the TM helices for
the PTHI1 receptor and bacteriorhodopsin were aligned, and then homology modeling was
carried out to create the TM helices of the PTH1 receptor. The conformations of the intracel-
lular and extracellular loops were constructed in QUANTA using the fragment
database-searching algorithm. For the N-terminal receptor region 168-198, the NMR struc-
ture determined in a lipid environment*? (PDB code: 1BL1) was incorporated in the model.
This was accomplished by aligning the membrane embedded helix (residues 190-196) with the
beginning of transmembrane helix 1. The full-length PTHI1 receptor contains residues 1-593,
our model is only partial, containing residues 168-469.

One hPTH(1-34) monomer, derived from the crystal structure, was docked onto the
receptor using two constraints based on cross-linking studies.*>* Energy minimization was
applied to the complex of hPTH(1-34) and residues 168-198 of the receptor using the default
setting in QUANTA unidil no significant changes were observed. The hPTHrP(1-34) model
was produced by homology modeling using the crystal structure of hPTH(1-34) as a template.
The model of hPTHrP(1-34) binding to the PTHI receptor was created similarly to the
hPTH(1-34)-receptor complex.

Previous studies on PTH- or PTHrP-receptor interactions have suggested that the
juxtamembrane region of the transmembrane helices and extracellular loops (especially the
third loop) of the PTHI1 receptor interact with the amino-terminus of PTH or PTHrP ago-
nists (the so-called “activation domain”) to induce second messenger signaling;>*> the
amino-terminal extracellular region of the receptor interacts with the carboxyl-terminal region
(residues 15-34) of either PTH or PTHrP during ligand binding.' Results from photoaffinity
cross-linking by p-benzoylphenylalanine and site-directed mutagenesis identified two contact
points in the PTH(1-34):PTHI receptor complex, Serl of hPTH(1-34) to Met425 of the
receptor®® and Lys13 of hPTH(1-34) to Arg186 of the receptor.* Our model of hPTH(1-34)
bound to the PTH1 receptor was created by incorporating these restraints.

In our model (Fig. 5a), the N-terminal region of hPTH(1-34), responsible for its ago-
nist activity, binds to a pocket consisting of the extracellular portions of TM3, TM4 and
TMG6 and the second and third extracellular loops of the receptor. The middle region of
hPTH(1-34) is sandwiched between the first extracellular loop and the N-terminal extracel-
lular region of the receptor adjacent to TM1. The C-terminal region of hPTH(1-34) forms
extensive interactions with the putative binding domain of the PTH1 receptor (Fig. 5b).
This interface consists of hydrophobic interactions (residues Leu24, Trp23 and Leu28 of
hPTH(1-34), and Phel73, Leul74 of the receptor), and hydrophilic interactions between
Arg20 of hPTH(1-34) and Glu180, Glul177 of the receptor, as well as Lys27 of hPTH(1-34)
and Glul69 of the receptor. Recent photoaffinity cross-linking studies reveal that residues
23, 27, 28 of native PTHrP are indeed near regions of the amino-terminal extracellular
domain of the PTH1 receptor.

Site-directed mutagenesis in the C-terminal region of hPTH(1-34) have suggested that
Leu24 and Leu28 are intolerant to mutation.” When Leu24 and Leu28 are substituted by
Glu, the receptor binding affinities were decreased by 4000 and 1600 fold respectively. A less
dramatic reduction of receptor binding affinity (40 fold) is observed when Val31 is replaced by
Glu. In contrast, replacement of Asp30 by Lys has no effect on receptor binding. In our model,
Leu24 and Leu28 of hPTH(1-34) are located at the center of the hydrophobic interface while
Val31 is located at the end of the hydrophobic patch. Asp30 is exposed to solvent; therefore,
the lysine mutant at this position would not be likely to change the receptor binding affinity.
The hydrophilic interaction between Lys27 of hPTH(1-34) and Glu169 of the PTH1 receptor
may be less important for binding than other interactions because a variety of mutations were
tolerated at Lys27.%” Several other models have been proposed in the literature for the binding
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Figure 5. Model of hPTH(1-34) binding to the PTH1 receptor. The crystal structure of hPTH (1-34) is in red
and the receptor is in blue. Residues at the ligand-receptor interface are highlighted in yellow. a) A top view of
the model looking down the seven transmembrane helices. b) A side view of the model rotated 90° from the view
in a. Residues forming the interface between the C-terminus of hPTH(1-34) and the receptor are highlighted.
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of hPTH(1-34) to the PTH1 receptor, utilizing the NMR structure of hPTH(1-34) with N-
and C-terminal helices connected by a flexible loop.*>*® The most predictive model will likely
be based on a combination of all the mutagenesis, cross-linking and structural experimental
data available.

In the PTHrP:PTHI receptor model (not shown here), residues Arg20, Phe23, Leu24,
Ile28 and Ile31 of hPTHrP(1-34) form similar interaction with receptor as the corresponding
residues of hPTH (1-34) (Fig. 5b). Residue Leu27 in hPTHrD which is lysine in hPTH, is
included in the extensive hydrophobic interface. hPTH and hPTHrP(1-34) share eight identi-
cal amino acids in the region 1-13, but only three identical amino acids in the region 14-34
(Fig. 1). However, the C-termini of both peptides form similar amphiphilic helices that are
proposed to be responsible for high affinity receptor binding.?**’ When residues 22-31 were
substituted with a model amphiphilic sequence (ELLEKLLEKL) in the PTHrP analog
RS-66271, it demonstrated high in vivo bone anabolic efﬁcacy.49 CD and NMR studies con-
firmed that RS-66271 exists in a helical conformation from residues 16 to 32.°° Our models
for the interaction of PTH and PTHIrP to the PTH1 receptor support the hypothesis that the
amphiphilic helices at the C-terminal regions of the PTH and PTHrP(1-34) are responsible
for high affinity peptide-receptor interaction.*®*’

Structural Based Design of PTH Analogs

Stabilizing a-Helical Conformation

Lactam bridges were introduced at different locations along the peptide to connect the
side chains at 7 and 7+4 positions in an effort to stabilize a helical conformation and identify
the bioactive conformation of PTH and PTHrP. Structural and functional studies have sug-
gested that increasing helical content by such conformational constraints may increase bio-
logical potency, but this result is highly sensitive to the constrained positions. Condon, S.M.
etal,’! reported that adenylyl cyclase- stimulating activity in ROS 17/2.8 cells was increased
when a lactam bridge was introduced between residues 14 and 18 or 18 and 22 of hPTH
(1-31)NH,, but decreased when the lactam bridge was introduced between residues 10 and
14. In PTHrP, when lactamization was introduced between residues 13 and 17, adenylyl
cyclase-stimulating activity was also increased.'® However, a lactam bridge introduced be-
tween residues 26 and 30 resulted in 400 times lower binding affinity and 30 times lower
adenylyl cyclase-stimulating zlctivity.18 Interestingly, the lactam-containing structures of
hPTH(1-31) and hPTHrP(1-34) by NMR were both in extended helical conformations,
similar to our crystal structure of hPTH(1-34). In the crystal structure of hPTH(1-34), the
three well tolerated lactam bridges (residues 13-17, 14-18 and 18-22) are located on either
the convex or concave sides of the arc formed by the slightly bent helix and are in the
mid-region of the molecule (Fig. 6a). Thus, it appears that enhancing helical structure in this
flexible region of the peptide increases the biological activity of PTH and PTHrP. The poorly
tolerated bridges (residues 10-14 and 26-30) are located on the sides of the hPTH(1-34)
helical arc. In these cases, the decreased biological activities may be caused by twisting the
helical arc sideways or interfering directly with the ligand-receptor interaction. Thus, rigid-
ity in the middle region of hPTH(1-34), as well as the bending direction of the helix appears
to have significant functional effects. Therefore, the extended helical conformation observed
in the crystal structure may well represent an active receptor-binding conformation of
hPTH(1-34). This led us to propose that hPTH(1-34) could be in a flexible conformation in
solution as would occur in the extracellular space, but a regularized, slightly bent helical
conformation is likely to be induced when the peptide approaches the hydrophobic mem-
brane before receptor binding.
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Figure 6. a) Positions of lactam bridges introduced in hPTH(1-31) or hPTHrP(1-34). The Cat atoms of
the residues that were connected by lactam bridges are shown in yellow balls. The lactam bridges (between
residues 13 and 17, 14 and 18, and 18 and 22), which increased the biological activity, are connected by
orange lines. They are located in the mid region of the molecule and on either the convex or concave sides
of the helical arc. The lactam bridges (between residues 10 and 14, 26 and 30), which significantly decreased
biological activity, are connected by blue lines and are located on the sides of the helical arc. b) N-terminal
(1-14) binding site in the model. Side chains of residues 1, 3, 6, 10,14 all point in the same direction down
into the transmembrane domain of the receptor.

Substitution of Key Amino Acids

Extensive amino acid scanning has been done in PTH(1-34), especially in the 1-14 activa-
tion domain. In hPTH(1-34), substitution of Gly1 for Ser reduced phospholipase C activity
but did not affect adenylyl cyclase activity, while removal of either Glyl or the alpha-amino
group eliminated phospholipase C activity completely.”>>* Randomly mutated codons for amino
acids 1-4 in hPTH(1-34) demonstrated that Val2 and Glu4 are important determinants of
receptor binding and activation.'? Studies with a series hybrid analogs containing both PTH
and PTHrP sequences demonstrated that residue 5 (Ile in PTH and His in PTHrP) is the
specificity “switch” between the PTH1 and PTH2 receptors,”® switching residues at 5 and 23
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in PTHrP to PTH residues yielded a ligand that avidly bound the PTH2 receptor and fully
stimulate cAMP formation in contrast to the totally inactive native PTHrP on the PTH2
receptor.5 > There are two methionine residues in hPTH(1-34) that can be oxidized.’® Oxida-
tion of Met 8 was reported produce a partial agonist with greatly reduced potency; oxidation of
Met 18 full agonist with slightly reduced potency. Thus, Met 8 is important in receptor bind-
ing and activation.”’

Systematic site-directed mutagenesis at multiple sites has been used to create more than
50 hPTH(1-34) analogs. A highly active combination variant has been identified with six
substitutions (K13S, E19S, V21Q, E22S, K27Q, D30N) and is 15 times more active for
adenylyl cyclase-stimulation.”® A variety of different unnatural amino acids have also been
introduced into the PTH sequence to search for a more potent or signaling pathway specific
agonist. Combinations of cyclization and substitution with either natural or unnatural amino
acids may yield agonists with greatly enhanced potency.

Minimizing Active PTH Length

It is well established that the hPTH(1-37) and hPTH(1-34) fragments maintain the full
spectrum of bone-relevant activities of the intact 1-84 hormone. A slightly shorter peptide,
hPTH(1-31)NH2, appears to have nearly equipotent anabolic effects on the skeletons to
hPTH(1-34), and predominantly stimulates adenylyl cyclase activity. ' The reported NMR
structure of hPTH(1-31)NH2 shows a V-shaped two helical structure.*® Deletion of less struc-
tured residues His32, Asn33, and Phe34 as well as capping and specific hydrophobic interac-
tions between the end of the N-terminal helix and the beginning of the C-terminal helix stabi-
lize the helical conformation. Lactam cyclization stablized a-helical conformation. A lactam
bridged analog (Leu27-cyclo(Glu22-Lys26)hPTH(1-31)NH2 demonstrated six times more
AC-stimulating activity and slightly enhanced bone anabolic effects in ovariectomized rats.”

To probe the role of residue 19 in the N-terminal domain’s binding, a series of hPTH
(1-20) analogues have also been made and show biological activity.? Glu19 is conserved in all
PTH sequences; in all PTHrP sequences residue 19 is Arg. NMR studies indicate that PTH
(1-20) is an extended o-helix from residue 4 to 19. Interestingly, mutation of Glu19 to Argl19
resulted in a more stably extended a-helix with enhanced biological activity.%® Arg 20 is con-
served in both PTH and PTHrP families. Substitutions of Arg 20 with a series of unnatural
amino acids decrease the AC-stimulating activity. Hydrogen bonding, hydrophobicity of the
Arg side chain, and stabilization of a-helix in this region are all important for the interaction of
the peptide with receptor.®*

Gardella and colleagues further shortened the active PTH analogs to 14 and 11 residues.
PTH(1-14) and PTH(1-11) can stimulate the cAAMP-signaling response, although they exhibit
extremely weak binding affinities to the PTHI receptor. Specific substitutions with natural
amino acids at positions 3, 11, 14 greatly enhance the potency in cell-based signaling assays.®’
Substitutions of residue 11 in PTH(1-11)NH2 with unnatural amino acids to increase the
length and polarization of the side chain resulted in full cAMP agonists.®® Substitutions of
residues 1 and 3 with the sterically hindered and helix-promoting amino acid ai-aminoisobutyric
acid (Aib) in PTH(1-14) and PTH(1-11) analogs resulted in peptides that are highly active in
bone cells.®” These studies indicate that the a-helical conformation is important for receptor
activation and cell signaling and only 11 amino acids are sufficient. NMR data of hPTH(1-14)
shows a typical helical conformation from 3-11 in aqueous solution.®® Functional studies fur-
ther demonstrated that residues Gln6 and Asnl0 play a direct role for intramolecular side
chain interactions with the receptor.®” The findings are consistent with our model that shows
residues 6, 10 along with residues 1, 3, 14 in the same face of the helix are involved in
ligand-receptor interation (Fig. 6b).
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hPTH(1-34) was approved as an agent for the treatment of osteoporosis with the unique
pharmacologic activity to build new bone. However, the requirement for subcutaneous injec-
tion may limit its use in some patients. The ultimate goal is to create a potent PTH analog or
small molecule mimic that can be delivered by the oral or pulmonary routes. The X-ray and
NMR structures of hPTH (1-34), combined with the accumulated biochemical data have
allowed modeling of the interactions of hPTH and hPTHrP with the PTH1 receptor. These
findings provide a conceptual starting point for unraveling the ligand-receptor recognition
mechanism and, consequently, to guide structure-based design of novel PTH analogs and mimics.
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CHAPTER 4

The Calcium Sensing Receptor
Shozo Yano and Edward M. Brown

Abstract
’ I Y he acute secretory response of parathyroid hormone (PTH) is strictly regulated by the
extracellular calcium concentration (Ca**,), and the G protein-coupled, calcium-sensing
receptor (CaR) located on the chief cells of the parathyroid glands mediates this
process. Abnormalities of the Ca** ,-sensing system lead to diseases that show hypo-/hyperse-
cretion of PTH in addition to relative hyper-/hypocalciuria. Novel signaling pathways, e.g.,
mitogen-activated protein kinases (MAPK), have been shown to be involved in CaR signaling
in addition to “classical” CaR-regulated pathways, e.g., phospholipase C (PLC) and adenylate
cyclase. We will discuss the following topics in this chapter: (1) the regulatory mechanisms of
Caz+o-sensing and PTH secretion, (2) disorders due to mutations in the CaR gene, abnormal
CaR expression, or the production of antibodies against the CaR, and (3) the promising utility
of drugs acting on the CaR.

Introduction

In mammals, the extracellular calcium (Ca®*,) concentration is held nearly constant at ~ 1
mM by the Ca**,-regulating hormones, parathyroid hormone (PTH), 1,25-dihydroxyvitamin
Dj (1,25(0OH),D3) and calcitonin (CT), which, in turn, modulate the functions of their target
organs, bone, kidney and intestine. Conversely, Ca**,, in turn, regulates the secretion of PTH
and CT from the chief cells of the parathyroid gland and the thyroidal C cells, respectively, as
well as the production of 1,25(OH),Dj3 by the kidney.'®> While fish living in the ocean do not
need to raise Ca?*, in their bodily fluids because the surrounding seawater contains ~8 mM
Ca®*,, mammals are always exposed to the risk of calcium deficiency. Thus, the Ca®* ,-elevating
hormones, PTH and 1,25(OH),D3, play pivotal roles in calcium homeostasis in mammals.

When mammals are exposed to calcium deficiency, parathyroid cells recognize and re-
spond to the slight decrease in Ca*, by secreting PTH. This acute secretory response of pre-
formed PTH occurs within seconds and can last for 60-90 minutes. It is strictly regulated by
Ca®*, and is characterized by an inverse sigmoidal curve (Fig. 1).% Secreted PTH increases renal
tubular reabsorption of Ca** and augments the release of Ca** from bone. PTH also enhances
the synthesis of 1,25(OH),Dj3 in the renal proximal tubules, which increases intestinal Ca*,
absorption and renal Ca®* conservation. Raising Ca?*, also stimulates the secretion of the
Ca®*-lowering hormone, CT, although CT has little impact on Ca**, homeostasis in normal
adult humans. Therefore, the coordinated interactions between Ca®*,, and these Ca2+0—regulating
hormones maintain Ca®*, homeostasis.

Molecular Biology of the Parathyroid, edited by Tally Naveh-Many. ©2005 Eurekah.com
and Kluwer Academic / Plenum Publishers.
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Figure 1. Four parameter models of PTH release. Acute change of PTH secretory rate from parathyroid cells
is strictly regulated by Ca?*,.. The Ca**-PTH relationship is characterized by an inverse sigmoidal curve that
is represented by four parameters: Y={(A-D)/[1+(X/C) B114D. A) the maximal secretory rate, B) the slope
of the curve atits midpoint, C) the midpoint or set point, which is defined as the calcium level that produces
half of maximal inhibition of PTH release, and D) the minimal secretory rate. [Modified from Brown EM4

Our understanding of how these cells sense Ca*, has progressed greatly following the
molecular cloning of a Ca**,-sensing receptor (CaR).’ The CaR is expressed mainly on the
parathyroid glands, distal tubules of the kidney and the C-cells. Although the receptor is also
present in intestinal epithelial cells, bone-forming osteoblasts, several nephron segments other
than the distal tubule, and many other tissues and cell lines,® we will focus on the role of the
CaR in the control of PTH secretion in this chapter.

Biochemical Characteristics of the CaR

Expression cloning in Xenopus laevis oocytes enabled isolation of a 5.3 kb cDNA from
bovine parathyroid gland encoding a CaR with pharmacological properties similar to those of
the Ca®* ,-sensing mechanism in parathyroid cells.” Following the isolation of this novel recep-
tor, nucleic acid hybridization-based techniques enabled the cloning of additional full-length
CaRs from human’ and chicken parzlthyroid;8 rat,” human'® and rabbit kidney;11 rat C-cells;'?
and striatum of rat brain.'® All of these subsequently cloned CaRs were highly homologous to
the bovine parathyroid receptor (more than 90% identical in their amino acid sequences),
indicating that they all derive from a common ancestral gene. The human CaR gene resides on
chromosome 3 (3q13.3-21) as previously predicted by linkage analysis of a disorder of Ca®* ,—
sensing, familial hypocalciuric hypert:allcemial.14’15 The CaR belongs to family C of the G
protein-coupled receptors (GPCRs), which comprises at least three different subfamilies that
share more than 20% amino acid identity over their seven membrane-spanning domains.'®
Recent work has shown that there is some homology with the gamma-aminobutyric acid B,
taste and vomeronasal odorant receptors as well as metabotropic glutamate receptors. The CaR
exhibits three principal structural domains (Fig. 2): a very large NH)-terminal extracellular
domain, seven transmembrane domains, and an intracellular COOH-terminal tail.!”
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Figure 2. Schema of the human CaR. The extracellular domain contains 612 amino acids, and the trans-
membrane domain and intracellular domain contain 250 and 216 amino acids, respectively. The PKCsites,
N-glycolysation sites and conserved cysteines are shown. SB, signal peptide; HS, hydrophobic segment.
Activating and inactivating mutations reported so far are also shown. *L616V CaR was not different from
the wild type CaR in a functional assay.

The CaR expressed on the cell surface comprises principally a dimeric form of the recep-
tor when transfected into human embryonic kidney (HEK293) cells. The two monomers within
the dimeric CaR interact with one another, as documented by the fact that co-expressing two
individually inactive mutant CaRs reconstitutes substantial biological activity.'® In addition to
intermolecular covalent disulfide bonds mediated by Cys-129 and Cys-131, noncovalent, pos-
sibly hydrophobic, interactions also contribute to the formation of the dimeric CaR."*?° Since
the metabotropic glutamate receptor belongs to the same family of GPCRs and the structure of
its extracellular domain has been solved,?' the CaR probably has a similar overall structure.
Binding to its ligand presumably induces a conformational change in the dimerized CaR. This
current model has been termed the “Venus-flytrap model”.'*?2 This structure consists of two
lobes each with alpha-helices and beta-sheets connected by a hinge region of three strands.?'

The cell surface form of the CaR is N-glycosylated with complex carbohydrates.”® The
glycosylation of at least three out of eight sites seems to be essential for the efficient cell surface
expression of the CaR.?* Although treatment with concanavalin A interferes with Ca**,-induced
CaR signaling, perhaps by cross-linking receptors and interfering with their mobility within the
plasma membrane, glycosylation is not critical for ligand binding and signal transduction.?>2
The CaR has several protein kinase C (PKC) and protein kinase A (PKA) phosphorylation sites
within its intracellular domains (the PKA sites are present in all species studied to date except the
bovine CaR). Phosphorylation at amino acid 888 in the CaR C-terminal tail reduces its cou-
pling to mobilization of intracellular calcium (Ca®) by interfering with receptor-mediated acti-
vation of phospholipase C (PLC).%” This indicates that the action of PKC on the CaR could
contribute, at least in part, to the PKC-mediated inhibition of high Ca**,-induced suppression
of PTH. The functional significance of the CaR’s PKA sites, however, is unknown.
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Disorders Presenting with Abnormalities in Calcium Metabolism
and in the CaR

PTH-Dependent Hypercalcemia Associated with Hypocalciuria

Familial hypocalciuric hypercalcemia (FHH) is a generally benign, autosomal dominantly
inherited condition, which usually presents as asymptomatic hypercalcemia accompanied by
an inappropriately low rate of urinary calcium excretion (a calcium to creatinine clearance ratio
of <0.01). At least two-thirds of all FHH families harbor heterozygous inactivating mutations
within the coding region of the CaR gene on chromosome 3. The chromosomal location of the
CaR gene was suggested by earlier linkage analyses of families with FHH.#28-3! Two families,
however, despite having clinical features similar to those of FHH, have disease genes located at
two additional chromosomal locations—one on chromosome 19p13.3 and the other on chro-
mosome 19q13.2%32 These additional chromosomal locations for an FHH-like condition indi-
cate the existence of factors modulating the expression/function of the CaR or of additional
calcium sensing mechanisms. In most FHH cases, serum intact PTH levels are within the
normal range or slightly elevated, and are accompanied by mild hypercalcemia. In some FHH
cases, however, there can be a greater degree of hypercalcemia (over 3 mM) or an absence of
hypocalciuria, which has been accompanied by enlargement of the parathyroid glands in some
cases.”>?> FHH families exhibit a mild increase in set point in in vivo Ca**,-PTH dynamic
studies, indicating that the CaR plays a central role in setting the level of Ca®*,.>*%” Most of the
mutations in the CaR gene are missense mutations that result in variable degrees of inactiva-
tion of the receptor (Fig. 2).3%3% Some missense or truncation mutations, however, totally
inactivate the receptor. When co-transfected with the wild type receptor, some mutant CaRs
can interfere with the normal CaR’s function, exerting a so-called dominant negative action
that is mediated by the formation of wild type-mutant heterodimers with reduced function.*’
Such dominant negative mutations can cause elevations in serum calcium concentration that
are greater than those observed with mutant receptors that do not exert such an effect on the
wild type CaR.

Neonatal severe hyperparathyroidism (NSHPT) generally presents within the first few
weeks postnatally with symptoms of severe hypercalcemia. The marked hypercalcemia is due to
severe primary hyperparathyroidism accompanied by the enlargement of all four parathyroid
glands. NSHPT, in some cases, can be fatal unless parathyroidectomy is performed in the
neonatal period. Functional examination of parathyroid glands resected from infants with
NSHPT have revealed markedly abnormal Ca2+0-regulated PTH release, with substantial in-
creases in set point and, in some cases, severely impaired inhibition of secretion even at levels of
Ca*, (e.g., 4 mM) higher than those encountered in vivo. Cases of true NSHPT (e.g., as
opposed to milder cases of neonatal hyperparathyroidism) are caused by the presence of ho-
mozygous or compound heterozygous mutations in the CaR and, as a result, the lack of any
normal CaRs.?” NSHPT has also been seen in infants heterozygous for CaR mutations in some
families with mutations that exert a dominant negative effect of the wild type CaR.

Ablation of the CaR produces clinical and biochemical findings similar to those of FHH
and NSHPT in mice heterozygous or homozygous, respectively, for knockout of the CaR
gene.*! In the homozygous CaR knockout mice, severe hypercalcemia is caused by high levels
of PTH in association with parathyroid hyperplasia. These mice generally die within the first
week of life, similar to infants with NSHPT resulting from homozygous or compound het-
erozygous inactivating mutations in the CaR. The heterozygous CaR knockout mice also ex-
hibit findings similar to those of patients with FHH. In these heterozygous mice, the expres-
sion level of the normal CaR is decreased in parathyroid and kidney, indicating that a normal
level of expression of a normal CaR is essential for normal calcium homeostasis.
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Figure 3. Shift of the Ca?*,-PTH curve. Inverse sigmoidal Ca?*,-PTH curves are represented in pathophysi-
ological states. The curve is shifted to the rightward in patients with familial hypocalcuric hypercalcemia
(FHH) and neonatal severe hyperparathyroidism (NSHPT). On the other hand, a leftward shift has been
observed in autosomal dominant hypoparathyroidism (ADH). Set points are shown by filled circle. The
calcimimetic and calcilytic agents cause dose and time-dependent shifts of the set point to the left and to
the right, respectively. [Modified from Brown EM and Tfelt-Hansen J*’]

Hypoparathyroidism Related to CaR Gene Mutations

In contrast to inactivating mutations of the CaR, gain-of-function mutations in the CaR
gene produce hypocalcemia. > Autosomal dominant hypoparathyroidism (ADH) is character-
ized by autosomal dominant inheritance of hypocalcemia accompanied by relative hypercalciuria
and inappropriately low-normal or low serum PTH levels. Some sporadic hypogarathyroidism
cases caused by de novo mutations of the CaR gene have been also reported.*>* When vitamin
D is administered to these patients, they are prone to the development of marked hypercalciuria,
nephrocalcinosis, and renal stone formation, even while still hypocalcemic. Therefore, it is
important to monitor them carefully during therapy and to correct their hypocalcemia only to
the point when their hypocalcemic symptom(s) is relieved and not beyond. So far, more than
30 activating mutations have been found in the CaR gene, most of which are located in the
extracellular domain (Fig. 2).7334 When appropriate dynamic studies of parathyroid func-
tion are carried out and the curve relating PTH to calcium is drawn, inactivating mutations
cause a rightward shift in the set point (e.g., the level of calcium at which PTH is halfway
between the maximum and minimum of the curve). In contrast, the set point is shifted to the
left in patients with activating mutations (Fig. 3).*” Recent reports suggest that activating
mutations of the CaR with high activity can develop Bartter’s syndrome through the inhibition
of a renal outer medullary potassium channel. %

Hyperparathyroidism and Reduced CaR Expression

In primary hyperparathyroidism as well as secondary hyperparathyroidism due to chronic
renal failure, an increase in PTH release and increased cell proliferative activity are usually seen.
Although the possibility that an abnormality in the CaR gene could produce this pathological
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progression seemed reasonable, no mutations in the CaR gene were found in human parathy-
roid tumors.?” So far, however, CaR expression is known to decrease at the mRNA and protein
levels in the parathyroid glands from patients with primary and secondary hyperparathyroid-
ism. 8 This alteration in CaR expression could potentially be related to the excessive PTH
release and parathyroid cell proliferation seen with these conditions.’** Although the factors
regulating CaR expression are not fully understood, vitamin D is thought to be a candidate as
suggested by an in vivo study of a renal failure model.”® In fact, the promoter of the human CaR
gene possesses the vitamin D responsive elements through which vitamin D stimulates transcrip-
tion of the gene.5 4 At least in the rat, a single intraperitoneal injection of vitamin D lead to 2 2-2.5
fold increase in CaR mRNA in parathyroid, thyroid, and kidney.” In addition, since there is a
positive correlation between CaR and vitamin D receptor expression in both primary and sec-
ondary hyperparathyroidism, decreased expression of the CaR can be explained by a reduction in
serum 1,25(OH),D; level and/or vitamin D receptor expression.’">* However, overexpression of
cyclin D1 in the mouse parathyroid gland leads to increases in serum calcium and PTH, as well
as enhanced parathyroid cell proliferation, associated with a decrease in CaR expression.”® In
uremic rats after switching from low phosphate diet to high phosphate diet, parathyroid cell
proliferation is observed before reduction of the CaR.>® Taken together, these findings indicate
that CaR expression may be related to the cell cycle status of the parathyroid cells.

Autoimmune Hypo/Hyperparathyroidism

Other types of disorders related to the CaR have been described. Li et al found autoanti-
bodies to the extracellular domain of the CaR in patients with autoimmune hypoparathyroid-
ism.” The antibodies were present in 14 out of 25 patients with acquired hypoparathyroidism,
17 of whom had type I autoimmune polyglandular syndrome and 8 of whom had autoim-
mune hypothyroidism. These authors did not find any evidence that these antibodies altered
the function of the CaR, however, suggesting that the hypoparathyroidism was not caused by
an activating effect of the antibodies on the CaR, analogous to that seen with ADH. Recently,
autoimmune hypocalciuric hypercalcemia caused by anti-CaR antibodies has been documented
and must be added to the differential diagnosis of hypercalcemia.”® In this report, four indi-
viduals from two kindreds presented with PTH-dependent hypercalcemia. These patients showed
findings similar to those in FHH (e.g., hypercalcemia accompanied by relative or absolute
hypocalciuria), However, an autoimmune etiology was suspected since one of the patients had
sprue and the other three had autoimmune thyroid disease. No mutations were found in their
CaR genes by DNA sequencing. Parathyroidectomy was unsuccessful in correcting the hyper-
calcemia in one case. The patients sera reacted with the cell surface of bovine parathyroid cells
and stimulated PTH release from human parathyroid in vitro. Since autoimmune hypocalciuric
hypercalcemia is presumably acquired, the hypercalcemia might cause symptoms, unlike the
generally asymptomatic nature of FHH.

Signaling Pathways of the CaR
CaR agonists can activate phospholipase A; and D as well as PLC in bovine parathyroid
59 S . . . . . 24
cells.”” Activation of PLC transiently increases the cytosolic calcium concentration (Ca™;) as a
result of IP3-mediated release of intracellular calcium stores, and then produces a sustained
increase in Ca”*; due to calcium influx from the extracellular fluid. High Ca?*, induces a per-
tussis toxin-sensitive inhibition of cAMP accumulation in bovine parathyroid cells, suggesting
that CaR-mediated inhibition of adenylate cyclase could involve one or more isoforms of the
. h.b. G . G. 60 H h. . h.b. . l f . d. h _
inhibitory G protein, Gi.®® However, this inhibitory action can result from an indirect mecha
nism mediated by transient increases in Ca”*;, which then inhibits a calcium-sensitive adeny-
late cyclase, in some kidney cells.®! Recent work has demonstrated that activation of the CaR
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leads to phosphorylation of the extracellular signal-regulated kinases 1 and 2 (ERK1/2), mem-
bers of one of the mitogen-activated protein kinase (MAPK) families. This stimulation of ERK1/
2 was partially blocked by inhibitors of PKC as well as by pertussis toxin, suggesting the in-
volvement of Gq/11-mediated activation of PLC and a Gj-dependent pathway, respectively.
Activation of this MAPK pathway was also inhibited by tyrosine kinase inhibitors, demonstrat-
ing the involvement of tyrosine kinases as well. In normal human parathyroid cells, pretreat-
ment with a specific inhibitor of the ERK1/2 pathway did not modify PTH release at low
Ca®*, but totally abrogated the inhibition of PTH secretion at high Ca**,, indicating that the
ERK1/2 pathway could play a major role in high Ca®*,-induced PTH suppression.®® These
workers also showed that CaR-induced ERK activation is mediated by PKC and, to a lesser
extent, phosphoinositide 3 kinase (PI3K). CaR-induced MAPK activation is also seen in HEK
cells stably transfected with the CaR and in H-500 rat leydig cancer cells, and MAPK activa-
tion stimulates the secretion of parathyroid hormone-related protein (PTHrP) production in
these cells.®*% Furthermore, MAPK activation is involved in high Ca?*-induced cell prolif-
eration in rat-1 fibroblasts and other cell types.®®®® Thus, the CaR can modulate cellular pro-
liferation as well as hormonal secretion through MAPK activation.

Drugs Acting on the CaR

The pharmacology of the CaR is divided into calcimimetics and calcilytics. Calcimimetics
mimic or potentiate the action of Ca*,, They can be subdivided into type I and type II ligands;
type I ligands can activate the CaR in the absence of Ca?*, and behave as true agonists, while
type II ligands act as allosteric activators. Calcilytics are CaR antagonists.

The CaR can be activated by a surprising variety of ligands. These include inorganic di-
and trivalent cations (La>*, Gd?*, Ca®*, Ba**, St**, and Mgz*) as well as organic polycations
including spermine, neomycin, polylysine and protamine.***7® These all behave as type I
calcimimetics. In contrast, the phenylalkylamine, NPS R-568, selectively activates the CaR
only in the presence of Ca**,. Type II calcimimetic compounds like NPS R-568 shift the
concentration-response curve for Ca?*, to the left without affecting the maximal or minimal
response (Fig. 3).”172 Furthermore, the R-enantiomer is 10- to 100-fold more potent than the
corresponding S-enantiomer. The R-enantiomer, NPS R-568, increases Ca**; and inhibits PTH
secretion from bovine parathyroid cells in vitro at concentrations between 3 and 100 nM,
whereas NPS S-568 has no effect on either response at concentrations less than 3 uM.”! Addi-
tional differences between the type I and type II calcimimetic ligands are the regions of the
CaR on which they act. The type I calcimimetic ligands are thought to act predominantly in
the extracellular domain of the CaR, whereas type II calcimimetics of the phenylalkylamine
class bind within the transmembrane domain.”® Recent studies have shown that certain amino
acids, 4particularly aromatic amino acids, can also potentiate the actions of calcium on the
CaR.”* Since they are markedly less effective at 1.0 mM calcium and below, they can be consid-
ered to be type II calcimimetics.”” In contrast to the phenylalkylamines, however, amino acids
have been shown to have a binding site on the extracellular domain of the CaR.”®””

Calcimimetic Agents

Oral administration of NPS R-568 to normal rats causes a rapid fall in plasma PTH levels
associated with hypocalcemia.”® Since calcimimetic induced-hypocalcemia results mostly from
the ability of the compounds to inhibit PTH secretion, these compounds were recognized to
have applicability for the treatment of hypercalcemic disorders caused by PTH excess. In a
pilot study, oral administration of NPS R-568 was effective in reducing plasma levels of PTH
and Ca®* in patients with primary HPT.” The inhibitory effects of NPS R-568 were readily
reversible, and plasma PTH returned to pre-dose levels within 2 to 8 hours in a dose dependent
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manner. The fall in plasma Ca®* level begins within 1 hour and lasts longer at higher doses. In
rats with secondary HPT resulting from chronic renal failure, oral administration of NPS
R-568 caused a dose dependent decrease in plasma PTH levels.?’ The magnitude and rate of
change in plasma PTH levels were similar to what was observed in normal animals. Moreover,
activation of the CaR with NPS R-568 markedly lowers circulating PTH levels irrespective of
the severity of the secondary HPT or the magnitude of the hyperphosphatemia. Results from
studies of calcimimetics in patients with secondary HPT are similar to those in the partially
nephrectomized rat model. In seven patients receiving hemodialysis who had secondary HPT,
serum PTH level decreased by 40 to 60% 1 to 2 hours after administration of a single dose of
NPS R-568 in both the low-dose group (40-80 mg) and the high-dose group (120-200 mg).5!
Although the PTH level increased gradually thereafter, it remained considerably lower than the
basal level after 24 hours. In the high-dose group, there was a significant decrease in PTH level
even 48 hours after administration. The effects of NPS R-568 were also confirmed by a ran-
domized, double-blind, placebo-controlled study in 21 patients undergoing hemodialysis.®*
Interestingly, NPS R-568 inhibited not only PTH secretion but also parathyroid growth in rats
with renal insufﬁciency.83 -85 1 addition, NPS R-568 prevented osteitis fibrosa, which is caused
by an excessive action of PTH on bone, in the rat model of renal failure.®¢ Despite these
encouraging results, NPS R-568 (or R-467) has a couple of problems in terms of their poten-
tial commercialization. The major problems with these compounds are their low bioavailability
and differences in their metabolism depending on the genotypes within the general popula-
tion. Since these agents are metabolized primarily by CYP2D6, one of the cytochrome P-450
enzymes, much higher serum concentrations were reached in individuals with a form of this
enzyme that has reduced biological activity. Therefore, AMG 073, a newer type II calcimimetic
compound, has been developed. This compound is not metabolized by CYP2D6 and has in-
creased bioavailability. In ongoing clinical trials, AMGO073 has produced results similar as those
observed previously with NPS R-568 in patients with primary and secondary HPT.%-%

Calcilytic Agents

PTH is known to have an anabolic action on bone, and PTH derived-peptides have been
shown to be effective for the treatment of osteoporosis.”’ PTH has shown this anabolic effect
only when administered intermittently (e.g., once daily subcutaneously).” Since calcilytics
produce a transient increase in PTH secretion by “tricking” the parathyroid into thinking that
the serum calcium concentration is low, they could provide another mechanism for producing
the transient increase in PTH needed for obtaining the associated anabolic effect. Moreover,
calcilytic agents have an advantage over PTH in that they can be taken orally, whereas PTH
must be injected. Therefore, an in vivo study was performed to examine the effects of NPS
2143, a calcilytic compound, on bone.??%3 In aged ovariectomized (OVX) rats, plasma PTH
levels increased 5 fold or more within 30 min after administering NPS 2143 orally, which was
followed by a remarkable increase in bone turnover.”® However, there was no net change in
bone mineral density (BMD). When NPS 2143 was administered with or without 17f-estradiol,
however, OVX rats treated with both agents showed a significant increase in BMD at the distal
femur 5 weeks after treatment, compared with the groups treated with either NPS 2143 or
17p-estradiol alone. These findings suggest that calcilytic compounds could increase bone mass
in the presence of an antiresorptive agent.

Summary

The CaR has a variety of functions in the numerous tissues in which it is expressed. Its
most important functions to date are in maintaining calcium homeostasis, as demonstrated by
the human diseases that result from activating or inactivating mutations in the CaR gen