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 thar 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
ovetlap of these radicactive 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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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
receptor, later on, confirmed this mechanism for most secreted and membrane proteins.22

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.
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pre pro
1 + 50
murine MMSANTVAKV MIIMLAVCLL TQTDGKPVRK RAVSEIQLMH NLGKHLASME
rat MMSASTMAKV MILMLAVCLL TQADGKPVKK RAVSEIQLMH NLGKHLASVE
human MIPAKDMAKV MIVMLAICIL TKSDGKSVKK RSVSEIQLMI NLGKHLNSME
macaca MIPAKDMAKV MIVMLAICFL TKSDGKSVKK RSVSEIQLMH NLGKHLNSME
Equine K RSVSEIQLMH NLGKHLNSVE
canine MMSAKDMVKV MIVMFAICFL AKSDGKPVKK RSVSEIQFMH NLGKHLSSME
feline MMSAKDMVKV MVVMFAICFL AKSDCKPVKK RSVSEIQFMH NLCGCKHLSSVE
bovine MMSAKDMVKV MIVMLAICFL ARSDGKSVKK RAVSEIQFMH NLGKHLSSME
porcine MMSAKDTVKV MVVMLAICFKFL ARSDGKPIKK RSVSEIQLMH NLGKHLSSLE
gallus MTSTKNLAKA IVILYAICFF TNSDGRPMMK RSVSEMQLMH NLGEHRHTVE
51 100
murine RMQWLRRKLQ DMHNFVSLGV QMAARDGSHQ KPTKKEENVL VD........
rat RMQWLRKKLQ DVHNFVSLGV OMAAREGSYQ RPTKKEENVL VD........
human RVEWLRKKLQ DVHNFVALGA PLAPRDAGSQ RPRKKEDNVL VE........
macaca RVEWLRKKLQ DVHNFIALGA PLAPRDAGSQ RPRKKEDNIL VE........
Equine RVEWLRKKLQ DVHNFIALGA Pl1FHRDGGSQ RPRKKEDNVL IE........
canine RVEWLRKKLQ DVHNFVALGA PIAHRDGCSSQ RPLKKEDNVL VE........
feline RVEWLRRKLQ DVHNFVALGA PIAHRDGGSQ RPRKKEDNVP AE........
bovine RVEWLRKKLQ DVHNEFVALGA SIAYRDGSSQ RPRKKEDNVL VE........
porcine RVEWLRKKLQ DVHNFVALGA SIVHRDGGSQ RPRKKEDNVL VE........
gallus RQDWLQMKLQ DVHS...... . .ALEDARTQ RPRNKEDIVL GEIRNRRLLP
101 128
murine  ..... GNPKS LGEGDKADVD VLVKSKSQ
rat ... GNSKS LGEGDKADVD VLVKAKSQ
human ..... SHEKS LGEADKADVN VLTKAKSQ
macaca ... SHEKS LGEADKADVD VLTKAKSQ
Equine  ..... SHQXS LGEADKADVD VLSKTKSQ
canine  ..... SYQKS LGEADKADVD VLTKAKSQ
feline  ..... NHQKS LGEADKADVD VLIKAKSQ
bovine  ..... SHQKS LGEADKADVD VLIKAKPQ
porcine  ..... SHQKS LGEADKAAVD VLIKAKPQ
gallus EHLRAAVQKK STDLDKAYMN VLFKTKP~

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 WT). 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.
‘Thearrowsindicate the protolytic cleavagesites required for the conversion of preProPTH to ProPTH and 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 mRNA 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,” 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 mRINA 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 ¢DNA clones and the sequencing of cDNA of the 5’ terminus of PTH mRNA,
which was synthesized l?r 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 III 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 mRINAs 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
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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 K01267: 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 100300: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 gatlus M36522: mRNA, complete 1723 127 360 1236

The NCB! 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 nudeotide 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 it an 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 ¢DNAs 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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murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

1
~~~ctgcata
~~~ctgcata

tgaaactcag
tgaaactcag

acttgaagaa
gcttgaagaa

ctgcagtcca
ctgcagtcca

50
gttecatcage
gttcatcagce
ggcacgagca

51

tgtectggttt
tgtectgactt
caagtttact

actccagctt
actccagctt
caacttcgaa
~—gcacgagg
tttagtttac

actacagcat
aatacagggt
aaagcatcag
aaagtatcag
tcagcatcag

cagtttgtge
cact.
ctgccgatac
ctgtcaagac
ctactaacat

tcageccttet

100
atcccecgaag
. .CCtgaag
acctgaa...
acctgaa...
acctgaacga

cgggtttact

101

gatcccettt
gatcctectcet
agatcttgtc
agatcttgtce
agatcttgtt

caactttgag

gagagtcatt
gagagtcatt
acaagacatt
aca..acctt
ctaagacatt

aaagcatcag

gtatgtaaag
gtatgtgaag
gtgtgtgaag
gtgtgtgaag
gtatgtgaag

agatcgtgte

151

ggctaaagtg
ggctaaggtg
ggttaaagta
ggttaaggtce
ggctaaagtt
ggctaaagta
ggttaaggta

ctaagacgtt

atgatcatca
atgatcctca
atgattgtca
atggttgtca
atgattgtca
atgattgtca
atgattgtca

gtgtgtgaag

tgctggecagt
tgctggcagt
tgtttgcaat
tgtttgcaat
tgttggcaat
tgttggcaat
tgcttgccat

ctgctaacac

atgatgtctg
atgatgtctg
atgatgtctg
atgatgtctg
atgatacctg
atgatacctg
atgatgtctg

acctgaaaga

150
caaacaccgt
caagcaccat
caaaagacat
cgaaagacat
caaaagacat
caaaagacat
caaaagacat

atgatgtctg

ctgtcttett
ttgtctcett
ttgttttctt
ttgetttett
ttgttttett
ttgctttett
ctgttttett

caaaagacac

200
acccaaacgg
acccaggcag
gcaaagtcag
gcaaaatcgg
acaaaatcgg
acaaaatcag
gcaagatcag

agttaaagta

201

atgggaaacc
atgggaaacc
atgggaaacc
atgggaaacc
atgggaaatc
atgggaaatce
atgggaagtce

atgggaagec

atggttgtca

cgtgaggaag
cgttaagaag
tgttaagaag
tgttaagaag
tgttaagaag
tgttaagaag
tgttaagaag
~accaggaag
tattaagaag

tgcttgcaat

agagctgteca
agagctgtca
agatctgtga
aggtctgtga
agatctgtga
agatctgtga
agagctgtga
agatctgtga
agatctgtga

ttgttttett

gtgaaataca
gtgaaataca
gtgaaataca
gtgaaataca
gtgaaataca
gtgaaataca
gtgaaataca
gtgaaataca
gtgaaataca

gcaagatcag

250
gcttatgecac
gcttatgcac
gtttatgcat
gtttatgeat
gcttatgcat
gecttatgeat
gtttatgecat
gcttatgecat
gcttatgcat

Figure 2. Part 1, see legend page 16.
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murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

murine
rat
canine
feline
human
macaca
bovine
equine
porcine

251

aacctgggca
aacctgggca
aacctgggca
aacctgggca
aacctgggaa
aacctgggaa
aacctgggca
aacctgggca
aacctgggca

301

gaagctgcaa
aaagctgcaa
gaagctccag
gaaactacag
gaagctgcag
gaagctgcag
aaagctacag
gaagctgeag
gaagctgecag
351

ccagagatgg
ccagagaagg
acagagatgg
acagagatgg
ccagagatgc
ccagagatgc
acagagatgg
acagagatgg
acagagatgg

401

gttgatggca
gttgatggca
gttgagagcet
gctgagaacc
gttgagagcc
gtagagagcc
gttgagagcc
attgagagcc
gttgagagcc

451

tgtattagtt
tgtattagtt
tgtattaact
tgtgttaatc
tgtattaact
tgtattaact
tgtattaatt
tgtgttaagt
tgtattaatt

aacacctgge
aacacctggc
aacatctgag
agcatctgag
aacatctgaa
aacatctgaa
aacatctgag
aacatctgaa
aacacctgag

gatatgcaca
gatgtacaca
gatgtacaca
gatgtacaca
gatgtgcaca
gatgtgcaca
gatgtgcaca
gatgtgcaca
gatgtgcaca

cagtcaccag
cagttaccag
tagttceccag
tggttceccag
tggttececag
tggttcececag
tagttcccag
tggttcccag
tggttcecag

atccaaaaag
attcaaaaag
atcaaaaaag
atcaaaaaag
atgaaaaaag
atgaaaaaag
atcagaaaag
atcaaraaag
atcaaaaaag

aaatcaaaat
aaggctaaat
aaagctaaat
aaagctaaat
aaagctaaat
aaagctaaat
aaagctaaac
aaaactaaat
aaagctaaac

ctccatggag
ctctgtggag
ctccatggag
ctccgtggag
ctcgatggag
ctcgatggag
ctccatggaa
ctcagtggaa
ctctectggag

attttgttag
attttgttag
actttgttgce
actttgtcge
attttgttge
attttattge
actttgttge
attttattge
actttgttge

aagcccacca
aggcccacca
aggcccctaa
aggccccgaa
aggccccgaa
aggccccgaa
agacctcgaa
aggcctcgaa
agaccccgaa

tcttggtgag
tcttggcgag
tcttggagaa
tcttggagaa
tettggagag
tecttggagag
tcttggagaa
tcttggagaa
tctecggagaa

ctcagtaaat
ctcagtaaat
cccagtgacg
cccagtgaag
cccagtgaaa
cccaatgaaa
cccagtgaa.
cccagtgar.
cccagtgaa.

aggatgcaat
aggatgcaat
agggtggaat
agggtagaat
agagtagaat
agagtagaat
agagtggaat
agggtggaat
agagtggaat

tcttggagte
tcttggagte
ccttggagct
cctcggaget
ccttggaget
ccttggaget
ccttggaget
cctoggaget
cctcggaget

agaaggagga
agaaggagga
aaaaggaaga
aaaaggaaga
aaaaggaaga
aaaaggaaga
aaaaggaaga
aaaaggaaga
aaaaggaaga

ggagacaaag
ggggacaaag
gccgacaaag
gcagacaaag
gcagacaaag
gcagacaaag
gcagacaaag
gcagacaaag
gcagataaag

gctgatttat
gctgacgtat

atgaaaacag
atgaaaatag
...aacagat
...aacagat
...aacacat

300
ggctgagaag
ggctgagaaa
ggctacggaa
ggctgcggag
ggctgcgtaa
ggctgegtaa
ggctgeggaa
ggctgcggaa
ggctgcgaaa

350
caaatggctg
caaatggctg
ccaatagctc
ccaatagctc
cctctagete
cctetagcte
tctatagett

‘cctatattte

tctatagtte

400
aaatgtcett
aaatgtcett
caatgteccta
caatgtecccg
caatgtcttyg
caatatcttg
caatgtcctg
caatgtgctg
caatgtecctg

450
ctgatgtgga
ctgatgtgga
ctgatgtgga
ctgatgtgga
ctgatgtgaa
ctgatgtgga
ctgatgtgga
ctgatgtgga
ctgctgtgga

500
tctagacagt
tctagaccgt

...... gcag
atattgtcag

atatggtcag
atgatc..ag
aggatc..aq
atgatcagag

Figure 2. Part 2, see legend page 16.
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501 550
murine gcagggcact gacatatgct gctacctttt caagct.tat gaagatcacc
rat gctgagcaat aacatatgct gectatccttt caagctccac gaagatcacce
canine ggcadtgetg tagacagcat agggcaafaa cattacaagc tgctaacatt
feline agcagtgeta tacacaggat agggcaafpaa aattacatgce tgctaacatt
human agttgtgete tagacagtgt agggcaapaa tacatgcectgc taattcaaag
macaca agttagtgetce tagacagtgt agggcaap~~ ~~~~=~m~mmm mmmm e
bovine atcacjitgttc tagacagcat agggc.aafa atattacatg ctgctaatgt
equine agcatgegetc tagacagcat asggc.aap~ ~~mmmeommss s esse— s
porcine agcacjtgetc tagacagcat aaggcaajaca atatttcatg ctgctaatgt

551 600
murine aagtgctaat acttctactg taatgaaact ttggaatttt tttgattaca
rat aagtgctaat tcttctactg taataaaagt ttgaaa.... tttgattcca
canine ttcaagctct taagattaat aaatgccaaa atttacatgt aatccattgt
feline ctcaagcttt gaagatcacc aaatgccaat atttacgtct aatccatgge
human ctctattaag atttccaagt gccaatattt ctgatataac aaactacatg
MACACA  ~ =~ ==~ e e e e
bovine gttcaccttc tattaagtgc cagtagttct atgaccaacc tttattgcta
EQUINE  ~ s e e~ e
porcine tttcaatctc tattaagatt aagtgccaat atttctaata ttactaaact

601 650
murine tttttgctca tttaaggtct ctttcaatga ttccatttca atatgetctt
rat cttttgctca tttaaggtct cttccaatga ttccatttca atatattctt
canine tagccatgat agctgaaatt ttaattgatt gttttgattc tagtttaatt
feline tagccacgat agctgaaatt ctaattgatt gttttgattc tacttttatt
human taatccatca ctagccatga taactgcaat tttaattgat tattctgatt
MACACA  — m~ T TS e s o i
bovine gctgtgatac ctacaatttt aattgagtat tttgattcta ctttattcat
equine - ~ommmm s s e s e
porcine tgatgggtaa tcattgctag ccatgattgc tgaaatttta attgatcatt

651 700
murine ctttttaaag tactactcat ttccacttct ctccttaaat ataaataaag
rat ctttttaaag tattacacat ttccacttct ctccttaaat ataaataaag
canine catttaagag ctcttttaat tgttctattt ctattgttta ttctttttaa
feline catgtaaggc ctcttttaat tattccattt ctgttgttta ttctttttaa
human ccacttttat tcatttgagt tattttaatt atcttttcta ttgtttattc
MACACA  ~ ===~ e e e e
bovine ctaagagctc ttttaataat tctatttcta ttgattccaa ataaatgaag
EQULIIE i~ e e e e e
porcine ttgattctac ttttactcat ttaagagctt cttttaacaa ttctatttct

701 750
murine ctttaatgct catgaatc~~ ~~~mmmmmms e e
rat ~tttaatgat catgaaccaa a~~~~~~~~m mmosssmses s
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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 default setting 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 ¢/s 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 rat 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 W1). This program considers all possible alignments and gap positions
between two sequences and creates a global alignment and evaluates its significance. The average
alignment score, 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 ro 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-fength PTH mRNAs for mouse (mus), rat, dog (canine}, cat (feline), human, cow (bovine), pig (pot-
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 rogether, 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
Canis familiaris

CGCTCTAGACAGCATA*GGCAA
TGCTGTAGACAGCATAGGGCAA

?

ATTGTTTATTCTTTTTAAAGTA

Felis catus TGCTATACACAGEGATAGGGCAA GTTGTTTATTCTTTTTAAAGTA
Human TGCTCTAGACAGTGTAGGGCAA ATTGTTTATTCTTTTTAAAGTA
Macaca fascicularis TGCTCTAGACAGTGTAGGGCAA ?
Gallus gallus - -

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