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I .  INTRODUCTION 

Maintenance of extracellular concentrations of calcium ion within a narrow range is 
essential to the well-being and survival of most vertebrates. The prevention of hypocalcemia 
is particularly crucial since a decrease in calcium ion concentrations results in increased 
sensitivity of excitable membranes. Uncorrected severe hypocalcemia may result in tetany 
progressing to convulsions, with death the ultimate outcome in most species. In land dwelling 
vertebrates, an elaborate endocrine system has developed to protect the organism from 
hypocalcemia. Parathyroid hormone (PTH), in concert with vitamin D, is the principal 
hormone that responds to hypocalcemia to increase extracellular calcium levels. PTH and 
active metabolites of vitamin D cause the net breakdown of the bone, releasing calcium into 
the extracellular fluid.’ In  the kidney, PTH increases the tubular reabsorption of calcium, 
thereby decreasing the excretion and loss of calcium into the urine.’ PTH also indirectly 
stimulates the absorption of calcium from the intestine through effects on the renal metabolism 
of 25(OH) Vitamin D3.2 The effects of PTH on the bone and the kidney are important for 
the short-term regulation of extracellular calcium concentrations. The effects on the kidney, 
and indirectly on the intestine, are also important for the long-term regulation of calcium 
balance. 

The activity of the parathyroid gland is regulated primarily by extracellular concentrations 
of calcium ion. As calcium concentrations decline from the normal 2.5 mM into the hy- 
pocalcemic range, the secretion of PTH is stimulated rapidly.”‘ A maximal change in 
secretion rate of about fivefold is observed with a change in extracellular calcium concen- 
trations of only about 1 mM, both in vivo and in vitro. In contrast to the rapid, large change 
in secretion of PTH, PTH synthesis is not greatly affected by acute changes in extracellular 
calcium  concentration^.^ Chronic hypocalcemia, however, does lead to hypertrophy of the 
parathyroid gland and increased production of PTH. I 

The biosynthetic pathway of PTH has been studied intensively in the last decade. The 
intracellular 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 mRNA of the bovine PTH has been characterized, cDNAs and genes for 
PTH mRNA have been cloned and sequenced, and the chromosomal site of the human PTH 
gene has been localized. The purpose of this review is to summarize these advances in the 
molecular biology of PTH, from the gene to the cotranslational processing of the initial 
translational product, preProPTH. Discussion of the posttranslational events, including in- 
tracellular proteolytic processing of ProPTH and PTH, secretion of PTH, metabolism of 
PTH in the circulation, and its mode of action may be found in recent comprehensive 
reviews, 5-7 
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11. PREPROPTH 

The primary form of PTH, which is stored in the gland and secreted, contains 84 amino 
acids.8 Biosynthetic studies in intact cells demonstrated that PTH was initially synthesized 
as a precursor, ProPTH, that contained six extra amino acids at the N-terminu~.~.’~ Conversion 
of ProPTH to PTH occurred about 15 to 20 min after biosynthesis at about the time ProPTH 
reached the Golgi apparatus. I I 

A. 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. I 2  The primary translational product migrated slower than ProPTH when 
analyzed by electrophoresis on either acidic-urea or sodium dodecyl sulfate-containing ac- 
rylamide gels. At that time, a similar phenomenon had been observed only for myeloma 
light chains.I3 Early evidence that the larger product was not an artifact of the wheat germ 
cell-free system included the demonstration that the N-terminal amino acid was methionine 
and was contributed by the initiator methionyl mRNA.I4 In addition, the two proline con- 
taining tryptic peptides of PTH, one of which was the C-terminal peptide, had identical 
mobilities with those of preProPTH when analyzed by paper chromatography or electro- 
phoresis.I4 In further studies, preProPTH was shown to be synthesized in cell-free systems 
based on Krebs ascites’s and reticulocyte lysates. l6 Translation of human parathyroid RNA 
also produced an analogous preProPTH. l7 

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 
determining the location of the radioactivity by automated Edman degradation. l8  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 techniqueI9 and was later confirmed by 
structural studies of both the bovine PTH cDNA and gene.20-22 The sequence of human pre- 
peptide was also partially determined by this microsequencing technique. l7 The complete 
amino acid sequence was derived from the human PTH cDNA sequence23 and later confirmed 
by the determination of the structure of the human gene.24 The amino acid sequence of the 
rat pre-peptide has recently been derived from the sequence of the rat PTH gene2s and 
partially by analysis of cloned rat PTH c D N A . ~ ~  

The amino acid sequences and predicted secondary structures of the pre-peptides are 
shown in Figure 1. 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 ravbovine- 
human, respectively. The fact that the pre-peptide is less conserved than the rest of the 
molecule is consistent with the observations that little discernible homology is present when 
the known pre-peptides or signal peptides of many eukaryotic proteins are ~ornpared.~’ 
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 (Figure 
1). Only conservative changes are present within the central core of uncharged amino acids 
from amino acids 10 to 21. In the rat, changes at positions 5, 6, and 22 result in the loss 
of two positive charges and one negative charge. However, a single positively charged amino 
acid before and a single negatively charged amino acid after the hydrophobic core are retained 
in the rat sequence. 

The secondary structure of the pre-peptide of bovine PTH predicted by the Chou-Fasman 
method28 contains a p turn for four amino acids at the cleavage site (Figure 1 ,  Table l),29.30 
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a feature shared by most other pre-pep tide^.^' The remainder of the sequence has nearly 
equal probability of being in a a helix ( 1  to 211, or a combination of a helix ( 1  to 6 )  and 
p sheet (7 to 21). These predicted secondary structures for the human and rat pre-peptides 
are very similar to that of the bovine pre-preptide. Thus, in spite of the fact that 8 of 25 
amino acids are changed including replacement of three charged amino acids in the rat 
compared to bovine sequence, the secondary structure appears to be conserved. 

Analysis of the circular dichroism spectra of a synthetic bovine prePro sequence was 
consistent with a high p sheet structure in an aqueous environment and a high a helical 
structure in a nonpolar en~ironment,~' in agreement with the Chou-Fasman predictions of 
two high probability states. This observation raises the intriguing possibility that the pen- 
etration of the pre-peptide into the nonaqueous environment of the membrane may cause a 
conformational change that is important in its function as a signal sequence. 

B. Conversion of PreProPTH to ProPTH 
The removal of the pre-peptide to produce ProPTH is mediated by an enzyme associated 

with microsomal membranes.16 In the reticulocyte and wheat germ systems that contain little 
or no microsomal membranes, the primary translational product of PTH mRNA is pre- 
ProPTH.I2.I6 In contrast, in Krebs I1 ascites cell-free extracts, which contain some microsomal 
membranes, both preProPTH and ProPTH are produced. Addition of microsomal mem- 
branes from dog pancreas or chicken oviduct results in the synthesis of ProPTH.'6.32 In 
addition, ProPTH, but not preProPTH, is protected from exogenously added proteolytic 
enzymes, indicating that ProPTH has been transported across the membranes of the micro- 
soma1 vesicles.16 If membranes are added after the synthesis of preProPTH is completed, 
no conversion of preProPTH to ProPTH is observed, nor is the preProPTH protected from 
exogenous proteolytic enzymes. In these cell-free systems, ribosomes associated with ra- 
dioactive mRNA become bound to membranes and are resistant to dissociation by high salt 
as are membrane bound ribosomes formed in vivo." The pre-peptide thus appears to function 
as a signal peptide as described in the model proposed by Blobel and S a b a t i ~ ~ i , ' ~ . ~ ~  and the 
signal mechanism is neither tissue nor species specific. Although not yet demonstrated 
directly for preProPTH, the process presumably involves the interaction of the pre-peptide 
on the nascent chain with the signal recognition particle and binding of this complex to the 
signal recognition particle receptor on the endoplasmic reticulum membrane. This is followed 
by vectorial transport of preProPTH across the membrane. 

The first direct evidence that pre-peptides or signal peptides actually function by binding 
to a limited number of sites in the microsomal membrane was obtained by studies on a 
synthetic prePro-peptide of bovine preProPTH.36 The addition of the synthetic prePro-peptide 
to reticulocyte cell-free systems containing microsomal membranes inhibited the processing 
of bovine preProPTH, pregrowth hormone and preprolactin, and human preplacental lac- 
togen. As a control, a hydrophobic internal peptide of PTH was added that had no effect 
on the processing. This inhibition supports the idea that the pre-peptide interacts with a 
limited number of sites and, thus, that initial interaction with the microsomal membrane is 
receptor mediated, an idea that has been que~t ioned .~ ' -~~ The recent identification of the 
signal recognition particle as the signal peptide receptor has conclusively confirmed this 
mechanism for most secreted and membrane proteins.40 

The pre-peptide of preProPTH is apparently rapidly degraded after its proteolytic cleavage 
from preProPTH. Even though five of the seven methionines in preProPTH are present in 
the pre-peptide, 35S-labeled pre-peptide cannot be detected on gels, while ProPTH formed 
in cell-free systems is easily detected.I6 In studies of PTH biosynthesis in intact cells, no 
labeled pre-peptide could be detected, even though labeled prepro-peptide added exogenously 
to parathyroid extract could be detected in good yield.4' 

The proteolytic removal of the pre-peptide probably occurs before completion of the 
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preProPTH nascent chain, since preProPTH is difficult to detect in intact cells. PreProPTH 
that is detected in slices of parathyroid tissue incubated in probably represents 
aberrant synthesis, since ProPTH is detected before the p r e p r ~ P T H . ~ ~  The aberrant synthesis 
of preProPTH may be related to its relatively short length. Preproinsulin, which is also 
relatively small, has been detected in intact cells.44 Presumably, the synthesis of some 
preProPTH molecules may be completed before interactions with the signal recognition 
particle occurs. Since the signal recognition particle will not recognize preProPTH post- 
translationally,’6 these preProPTH molecules will remain in the cytoplasm and be destroyed. 
In support of this idea, the processing of preProPTH in in vitro systems is fairly inefficient 
compared to many other preproteins. l6 A “stretched” version of preProFTH containing 34 
extra amino acids in an internal duplication is processed more efficiently than preProPTH 
itself in wheat germ cell-free systems.” 

C. Analysis of Structure-Activity Relationships 
A number of questions remain unanswered about the PTH signal peptide. The relationship 

of the structure of signal peptides to their function is presently being studied by several 
groups. Little homology is retained in the primary structure of signal peptides yet most, if 
not all of them, interact with a signal recognition particle that has been strongly conserved 
in s t r u c t ~ r e . ~ ~ . ~ ~  The secondary structure of the pre-peptides, which has been conserved, is 
probably crucial to its interaction with the signal recognition particle. In addition, while the 
signal peptide is generally equated with the pre-peptide that is removed from preproteins, 
it is possible that signal activity involves additional sequence, and cleavage simply inactivates 
the signal function. This possibility is particularly interesting in the case of proteins, like 
PTH, that have a pro-sequence of unknown function following the presequence. 

To study structure activity relationships of the bovine PTH pre-peptide, we have con- 
structed a plasmid containing PTH cDNA immediately adjacent to a promoter for the Sal- 
monella virus SP6 RNA po lymera~e .~~  This plasmid also contains a DNA fragment from 
an fl  virus that allows the plasmid to replicate as single stranded DNA when the bacteria 
are coinfected with a helper f l  virus. This vector system should permit rapid introduction 
and characterization of mutations in the signal sequence coding region by methods applicable 
to either double-stranded or single-stranded DNA. In order to analyze the signal sequence 
of preProPTH in the reticulocyte cell-free system, which is more efficient than the wheat 
germ system, we have constructed a cDNA that codes for a “stretched” preProPTH. This 
was necessary because the preProPTH and ProPTH cannot be resolved after electrophoresis 
on gels containing sodium dodecyl sulfate because they migrate near the massive amounts 
of globin in the reticulocyte lysate. The stretched preProPTH, which contains a 34 amino 
acid internal duplication, can be efficiently synthesized and processed in the reticulocyte 
cell-free systems. In vitro mutagenesis combined with this system should permit a systematic 
study of the structure-functional relationships of the signal sequence. Similar cell free studies 
on human preProPTH using Escherichiu coli polymerase to synthesize preProPTH mRNA 
are also being done.93 

An alternate approach to these cell-free studies is the introduction and expression of 
mutated and normal PTH cDNA into heterologous cells. Human PTH cDNA has been inserted 
into a retrovirus vector followed by infection of rat pituitary GH, cells.46 ProPTH was 
synthesized and secreted by these cells even though they do not normally secrete PTH. 
Analysis of mutated PTH cDNA in cells will complement the cell-free studies and also allow 
examination of steps in the secretory pathway beyond the initial interaction of the signal 
peptide with the microsomal membrane. These types of experiments should soon provide a 
better understaqding of the structural requirements for PTH signal function. 
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111. PTH mRNA 

Bovine PTH mRNA has been 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 adenylyate residues. While not directly determined, PTH 
mRNA probably contains a 7-methylguanosine cap since the translation of PTH mRNA was 
inhibited by 7-methylg~anosine-5'-phosphate.~~ The human and bovine 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, respec t i~e ly .~"~~ PTH mRNAs, thus, are typical eukaryotic mRNAs 
that contain a 7-methyguanosine cap at the 5' terminus, polyadenylic acid at the 3' terminus, 
and are larger than necessary to code for the primary translational product, in this case 
greater than twice as large. 

IV. PTH cDNA 

A. Cloning of cDNAs 
DNA complementary to bovine2"." and human23 PTH mRNA has been cloned into the 

Pst 1 site of pBR322 by the homopolymer extension techniq~e,"~ and the rat PTH cDNA'" 
has been cloned by the Okayama and Berg4' method. The bovine mRNA was isolated from 
normal parathyroid glands, and the human mRNA was isolated from parathyroid adenomas. 
Essentially, the complete sequence of the mRNAs were derived from the cloned cDNAs. 
The sequence of the rat mRNA has been derived partially from the rat cDNA and from the 
sequence of the cloned gene.'s 

Kronenberg et al.20 initially determined the sequence of a bovine cDNA clone, pPTHml , 
that contained about 60% of the PTH mRNA, including all of the 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.s" A near full-length clone of 
bovine PTH mRNA, pPTHi4, was sequenced later.2' The overlapping sequences of pPTHm 1 
and pPTHi4 were identical except for the first 50 nucleotides of each. Analysis of several 
additional bovine PTH cDNA clones and the sequencing of cDNA of the 5' terminus of 
PTH mRNA, which was synthesized by extension of a primer with reverse transcriptase, 
indicated that the sequence in pPTHi4 was ~or rec t .~ '  The first 53 nucleotides in pPTHml 
were the reverse complement of the expected sequences. One of the additional bovine clones 
analyzed, pPTHi8, had 40 extra nucleotides at the 5' terminus that did not correspond to 
the mRNA. This sequence was an inverted repeat of a sequence about 200 nucleotides from 
the 5' end of the mRNA. Likewise, a human cDNA clone contained an inverted repeat of 
an internal sequence.23 In each of these cases, the 3' terminus of the repeat (relative to the 
mRNA), was complementary to another internal sequence in the mRNA. This suggests that 
the single strand of the cDNA folds back on itself either during the reverse transcription or 
the synthesis of the second strand by DNA polymerase to produce the inverted ~equence.~ '  

The 5' end of the bovine mRNA sequence, which was not represented in the cloned 
cDNAs, was determined by sequencing DNA complementary to the 5' end of PTH mRNA 
produced by primed reverse tran~cription.~' Multiple 5' termini of the mRNA were observed 
by this technique. The heterogeneity at the beginning of the 5' end of the mRNA was 
confirmed by S 1 nuclease mapping2* The longest primed reverse transcript was isolated 
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Table 2 
COMPARISON OF THE SIZES OF BOVINE, HUMAN, AND RAT 

PTH mRNA 

Total nucleotides 5' Untranslated Translated 3' Untranslated 

Bovine 70 11672' 129/100 345 227 
Human 8221793 1291100 345 348 
Rat 712 I32 345 239 

The bovine and human genes contain two TATA sequences and probably two functional 
promoters about 30 nucleotides apart. The two sizes of mRNA represent initiation of RNA 
synthesis at the sites directed by the two promoters. The rat gene has only one TATA 
sequence that corresponds to the upstream TATA sequences in bovine and human. 

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' of the one detected 
in the cDNA and would direct the synthesis of the longer mRNAs. The predicted second 
TATA sequence was discovered when the gene was sequenced. The 5' end of the rat PTH 
mRNA was also analyzed by SI nuclease mapping and was less heterogeneous than the 
bovine mRNA.ZS 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 2). Northern blot analysis of the 
mRNAs was consistent with these predicted sizes.25 The difference in size primarily results 
from the difference in the size of the 3' untranslated region. 

B. Homology of Sequences 
The nucleotide sequences of the PTH cDNAs and the amino acid sequences of the 

preProPTHs are compared in Figure 2. Gaps have been introduced in the 5' and 3' untrans- 
lated regions to maximize homology. The overall homology of the bovine to human cDNA 
is about 70%, and the homology of the rat sequence to the bovine or human sequences is 
58 and 61%, respectively, if each position in a gap is counted as a mismatch (Table 3). 
Alternatively, if gaps of five or more nucleotides are assumed to result from a single mutation 
event, and are counted as a single difference, the homologies are 85% for bovine to human 
and 69 and 76% for rat to either bovine or human, respectively. As expected, the coding 
regions of the sequences have been most conserved with the human and bovine sequences 
being 90% identical and the rat 77 to 78% homologous to bovine and human. The 5' 
noncoding region is also well conserved with homologies about 15% less than the coding 
region. The 3' noncoding regions appear most dissimilar. This region in the human sequence 
is more than 100 nucleotides longer than the other two sequences. Therefore, large gaps 
have to be introduced into the bovine and rat sequences to maximize homology. In spite of 
the apparent lack of homology, the nucleotides are conserved as well as or better than in 
the 5' noncoding region. Hendy et 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 homology to the region around 
the polyadenylation signal, including a second consensus polyadenylation signal. Interest- 
ingly, 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. Thus compared to the human sequence, 
16 of 17 nucleotides in the rat are identical at the beginning, and 16 of 22 nucleotides are 
identical in the middle of the large bovine gap. This could be explained by separate early 
gene duplication events in both the rat and human genes. An alternate and simpler explanation 
would be that the ancesteral PTH gene underwent a duplication in this region followed by 
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BdVINE C T A T A T A T A ' I A A A A  GTiAC:A'.'TCAAGC.G -TC?*CAGCJCAATT 1 A 7 C A G C E T C X A G  CTTTA2TCAACTTTC ACAAAGCATCACCTg Y Y  

R A T  CC--TGsATATCAAA S T C A G T T G A A G S  -,CTGCAGTCCASTT C A 7 C A C C X T C T z G  GCTTACTC------- ----= CAtiCTy 
HJUAN C C - - T A T A T A T A A A A  GTCACGATTIAAG~~G CTCTGCAGTCCAATT C A T C A C ~ T C T C T ~  GTTTACTC- -AGCATCAGCT* 

RAT 
HUUAN 
BOVINE 
BOVINE 
HUUAN 
RAT 

RAT 
HUUAN 
BOVINE 
BOVINE 
HUUAN 
RAT 

RAT 
HUUAN 
BOVINE 
BOVINE 
HUUAN 
RAT 

RAT 
HUUAN 
BOVINE 
BOVINE 
HUUAN 
RAT 

RAT 
HUUAN 
BOVINE 
BOVINE 
HUUAN 
RAT 

U U  S A z T U  A K V U l  
H i  P A K D U  A K V U I  
U U A K D U V K V 14 I 

CTILATACATTTGAAA ----GAA-GATTGTA TCCTAAGA--- - -CG TGTCTTAATATCATG TCTCCAAAAGACATG G ~ T A A G G T A A T G A T T  
CTAACATAETGAAC ----GAA-GAT?TTZ TTCTAAGA--CITTG T ~ T G T ~ A A ~ A T G A T A  CCTGCAAAAGACATG GCTAAACT~ATGATT 
- - - A A ~ A C A F ~ X A C  E G A A ~ G A T C ~ T ~  T:CT~AGAC_TCATTG TCTGCAAECATG G C T A A ~ G T ~ A T G A T C  

c 
L U L A !  C L L T Q  & D C K P  V K K R A  V S E l Q  L U H N L  
V U L A I  C f L T K  S D G K Z  V K K R S  V S E l Q  L U H N L  
V U L A I  C F L h R  S U C K S  V K K R X  V S E l Q  f U H N L  

GTCATGTTGCCAATT TGTTTTCTTACAAAA TCLjGATGGGAAATCT GTTAACAAGACA~CT GTCACTGAAATACAG CTTATGCATAACCTG 
CTCATGCTGGCAgTT TGTCTgCTTACEAC CCAGATGGGAAACCc CTTAACAAGAGAGCT GTCAGTGAAATACAG CTTATCCALAACCTG 

GTCATGCTTGC~ATC T G T T T T C T T ~ C A A ~ A  T C A C A T C G G A A ~ T C T  GTTAAGAAGAGAGCT GTGAGTGAAATACAC ~ ~ T A T G C A T A A C C T G  

A 
G K H L A  S V E R W  

$ W L i k  
K L Q D V  H N f V S  L G ! V p $  

G K H L N  S U E R V  L W L  K L V D V  H N f V X  L C A P L  
G K H L z  S U E R V  E W L H K  K L Q O V  H N f V A  L G A S I  

GGCAAACATCTCAGC TCCATGGAAAGAGTG GAATCGCTCCGGAAA AAGCTACAGCATGTG CACAACTTTGTTGCC CTTGGAGCTTCTATA 
G G A A A A C A T C T G A ~ C  T C ~ A T G G A ~ I L G A G T A  G A A T G C C T G C G ~ A A G  A A G C T ~ C A C C A T G T G  C A C A A ~ T T T G T T G C C  C T T G G A G C T ~ T C T A  
G G T A A A C A ~ C C G ~ C  XETGGAGAG~TC ~ A A T G G C X ~ G E A A X  A A G C T G C A & G A T G T ~  CACAATTTTCTTE C T T G G A G ~ C E X T ~  

A & R E G  S V Q R P  T K K E E  N V L V D  G l d p K S  L G C G D  
A E R E A  C S O R P  T K K E O  N V L V E  S H E K S  L G E A D  
A V R D E  S S Q R P  R K K E U  N V L V E  S H Q K S  L G E A D  

G C T Z C A G A G A T G G T  AGTTCCCAGAGACCT CGAAAAAAGtiAACAC AATGTCCTCGTTGAG AGCCATCAGAAAAGT CTTGGAGAACCACAC 

CCTCCCAGAGAAGGL AGTTfiCCAGAGGCCC S A A g A A G G A $ G A &  AATCTCCTTCTTGAI GCC&ATEAAAAAGT CPTCCSGAGCGCGAC 
GCTC_CAGAGATGC_T ~GTTCCCAGAGZCCT CGAAAAAAGGAAGAC AATGTC~TGCTTGAG AGCCAT?~AXAAAAGT CTTGGAGAZGCAGAC 

K A D V D  V L X K A  K S Q  
K A D V H  V L I K A  K S Q  
K A D V D  V L I K A  K P Q  

AAAGCTGATCTGGAT GTATTAATTAAAGCT AAACCCCACTGAAAA ------CAGATATGA TCAGATCACTGTTCT ACACAGCATAGGGCA 
AAAGCTGATGTCAAT GTATTAACTAAAGCT A A A ~ C C C A G T G A A A A  WCAGATATTC T C A G A ~ C T G E T C T  AGACAGZTAGGGCA 
AAAGCTGATGTC~AT CTATTACTTAA~_GCT A A A T C T C A G T * A A ~  -------------x --GCTGZGT&T~CT A G A C ~ G T G E G ~ G C A  

- 2 9  
180 

11 
1 7 9  

4 1  
3 6 9  

7 1  
4 5 0  

8 4  
5411 

BOVlhE ACAATATACATCCT CCPAAT--- - - - - - -  _ - -  - - G T Z T T c A C T T C  X A E A A G T C C C A C T A  T T T C T z A T S A C C A A  C C T - - - - - - - - - E A  639 
HUMAN ACAATA---CATGCT SCTAAT---TCAAAG CTSTATTAACAT7TC =-CAACTGCCAATA T'ITCTCATiTAACAA ACSACATCTAATXA 
RAT ATAACA---IATGCT WTA-TCA-AG CTCCACLAAGATCC CA--zCTGCTAATI LTTCTETCTAAXAA A=---------= 

BOVINE TTGCTAGCTGTGATA CCTACAATTTTAATT GAGTATTTTGATTCT ACTTT-ATTCATCTA ACAG-CTCTTTTAAT MTTCTATTTCTATT 7 2 0  

RAT _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _---------- ACTT -ATT=TGATTCC A C T T T T S T C z T T T  A S G T C T C T T G A A T  CATTCCATTTC&AT& 
H W A N  T~CTAGCETGATA ~CT$CAATTTTAATT GATTATTETGAT.CCT ACTTTTATTCATFTE A C ~ - E T & T T T T A A T  @=TCT=TTTCTATT 

BOVINE --------------- --zTCCAAATAAAT G E T A A G T A T T  
HUUAN AAAATGTAAIGATCA EACTCIAAATAAAT G-AAGTATTE 
RAT --------------- - -A&TiTAAATAAAG I ITAATGAsATG& 

8 5 3  

FIGURE 2. Comparison of the nucleotide sequences of the bovine. human, and rat PTH cDNAs and their respective 
amino acid sequences. Nucleotides or amino acids in one sequence that are different from both of those in the 
other two sequences are underlined. Gaps indicated by dashes were introduced to maximize homology in the 5 '  
and 3' untranslated regions. The arrows indicate the sites of proteolytic cleavage required for the conversion of 
preProPTH to ProPTH and ProPTH to PTH. The closed triangles indicate the positions of the two introns in the 
gene. The polyadenylation signal is overlined. The rat sequence shown is derived from the rat gene sequence 
reported by Heinrich et aLZ3 The rat cDNA reported by Schmelzer et a1.'6 differs at six nucleotides as follows: 
G(197) = A. G(21 I )  = A, A(213) = G, G(241) = A, T(329) = G, and A(330) = T. These differences also 
result in four amino acid differences as follows: cys( - 14) = tyr, ala( -9) = thr, val(2) = ile and vaI(31) = 

d Y .  

varying extents of deletion. In the latter case, the duplicated regions would probably be 
more susceptible to unequal crossing over events, increasing the probability of the deletion 
of sequence. 

The overall nucleotide compositions of the three 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 6 8  to 74%. The rat sequence differs from the other sequences in that the 5' noncoding 
region is only 50% A and T compared to 6 3  to 65% for the human and bovine. Analysis 
of dinucleotide frequencies indicated that with the exception of CG, the frequencies were 
approximately as expected on the basis of overall nucleotide composition. The frequency 
of CG was less than 20% of the expected value, which is a common feature of eukaryotic 
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Table 3 
SIMILARITY OF THE NUCLEOTIDE SEQUENCES OF 

BOVINE, HUMAN, AND RAT F‘TH GENES 

Bovinelrat 
Region Bovine/human % Identical nucleotides Humanlrat 

5‘ Untranslated 70(77)’ 55(62) 69(7 I ) 
Translated 90 77 78 
3’ Untranslated 5?(85)  37(63) 42(75) 
Total cDNA 70( 85) 58(69) 6 l(76) 

5’ Flanking 74(77) 52(55)  64 
lntron A 65(76) 53(55) 47(57) 
lntron B 65(74) 37(49) 48(68) 
3’ Flanking 76 28 28 

” Numbers in parentheses are the percent similarity when the gaps of more than five 
nucleotides were considered a single mismatch. Otherwise, each nucleotide position 
in the gap was considered a mismatch. 

genes.52 Since CG is a site of methylation and potentially a mutational “hotspot”, selection 
for the elimination of this dinucleotide in the region of functional genes is likely.53 

C. 5‘ Untranslated Region 
The 5’ untranslated sequence is unusually long compared to most eukaryotic ~ R N A s . ~ ~  

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. Of eukaryotic mRNAs, 70% contain less than 80 nucleotides in their 
5‘  noncoding region.54 While most mRNAs with long 5’ noncoding regions have specialized 
function, such as those for heat shock proteins, there is no obvious reason why PTH mRNAs 
should. Because of the long 5‘ noncoding sequence, the m7G cap at the 5’ terminus is a 
considerable distance from the initiator codon. In the bovine sequence, a possible hairpin 
loop might bring the 5’ end closer to the initiator codon. However, in both the human and 
rat sequences, deletions of 11 and 16 nucleotides, respectively, beginning at nucleotide 69 
in Figure 2 largely eliminate the sequences involved in the stem of the loop. Thus, there 
seems to be little functional significance related to the bovine secondary structure. The 
sequence CTTCTC,, in the bovine sequence is similar to the sequence CTTPyTC found in 
many globin and other ~ R N A s , ~ ~  but again this region is not conserved in the other two 
sequences. Likewise, regions that might hybridize to the 18s rRNA and promote initiation 
in a manner analogous to prokaryotic systems, are present in the bovine PTH mRNA, but 
not in the other sequences. The most outstanding conclusion from a comparative analysis 
of the three mammalian sequences is that no region in the 5‘  untranslated region is conserved 
that has any known functional significance. 

D. Coding Region 
The actual initiator ATG codons for the human and bovine have been identified by 

sequencing in vitro translation products of the mRNAs. ”.’* In the bovine sequence, the first 
ATG codon is the initiator codon, in accord with greater than 90% of other eukaryotic 
~ R N A s . ~ ~  The initial report that an ATG was present in the 5’ noncoding region20 was the 
result of a cloning artifact as discussed above. Ironically, the human and rat sequences do 
have ATG triplets prior to the probable initiator ATG, which are present ten nucleotides 
before the initiation codon and are immediately followed by a termination codon. In the rat, 
another ATG is present 115 nucleotides before the initiator codon. The designation of the 
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Table 5 
DIVERGENCE OF REPLACEMENT AND SILENT SITES BETWEEN 

BOVINE, HUMAN, AND RAT PTH GENES 

Bovinehat 
Bovinehuman I Divergenceb Humanlrat 

Region of 
preProEYTH' Replacement Silent Replacement Silent Replacement Silent 

-31 to 84 7.4 16.8 14.1 33.2 14.8 27.6 
-31 to - 2  9.5 26.5 18.1 42.3 15.9 32.6 
- 1 to 29 4.5 28.8 9. I 29.9 10.6 29.2 
30 to 59 8.7 12.6 18.3 39.6 19.1 31.3 
60 to 84 7.1 10. I 12.9 24.7 14.7 18.8 

The regions of PTH were divided into 30 amino acid segments except for 25 amino acids in the last 
region. This divides the PTH molecule approximately into the prePro region, the biologically active 
region. and the N-terminal half and the C-terminal half of the biologically inactive C-terminal portions. 
Divergence was calculated as described by Perler et al.57 except that no correction for multiple changes 
at a sire was made. 

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 other genes with premature ATG cod on^.^^ A 
consensus for the sequence around the initiator codon of eukaryotic genes is CGACCATG.s4 
The most stringent requirement for optimal initiation of synthesis is for a purine in the - 3 
position. Since none of the premature ATG codons in the rat and human has a purine in 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. 

The codon usage for the three mammalian cDNAs is shown in Table 4. As has been 
observed for most eukaryotic genes, the usage of codons is decidedly uneven.56 The low 
frequency of CG dinucleotides mentioned above reduces the codons containing CG. The 
four CGX codons of arginine, for example, are used 4 times in the three sequences while 
the two AGPu codons of arginine are used 16 times. The three PTH mRNAs have similar 
patterns of usage. Exceptions are the codons for His and Glu in which the usage for the rat 
gene differs from the other two. The reason for the difference in the usage of codons is not 
known. 

A comparison of the amino acid sequences of PTH from several species revealed that 
three relatively conserved regions could be ob~erved.'~ These included amino acids ( - 6) 
through 15, amino acids 23 to 38, and amino acids 49 to 84 (Figure 2). The first two regions 
would be expected to be conserved since they comprise the biologically active region of 
PTH. The addition or loss of a single amino acid at the amino terminus greatly reduces 
biological activity, and the region 23 to 30 is probably involved in binding of PTH to the 
receptor. In contrast, the C-terminal region, 49 to 84, is not biologically active, and the 
conservation in this region is somewhat surprising. An analysis of the silent changes that 
occur between the nucleotide sequences are suggestive that the conservation in the C-terminal 
region may be related to pretranslational events. Analysis as described by Perler et al.57 of 
replacement changes that result in changes in amino acids and silent changes that do not 
alter the encoded amino acid is summarized in Table 5 .  The values are not corrected for 
multiple changes at a single site as described by Perler et al. because the correction assumes 
that transition and transversions occur at the same frequency. This is clearly not the case 
for the PTH genes. For example, for the 30 silent and replacement changes in the bovine 
and human cDNAs for which a change to any of the other three nucleotides is possible, 
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only 11 were transversions. Two thirds, or 20, would have been expected if the changes 
were random. The percentage changes in the table, then, are less than the actual mutation 
rate, but since the human, bovine, and rat species presumably diverged at about the same 
time, comparisons between the sequences are valid. About 7% of the possible replacement 
sites are changed between human and bovine PTH cDNA, while about 14% of the potential 
replacement sites were changed between rat and either the bovine and human sequences. 
The changes in silent sites follow a similar pattern with about 17% of sites changed for 
bovine/human and 27 and 32% for rat compared to human and bovine, respectively. Since 
the evolutionary distance between these sequences is about the same,s8 the increased rate 
of changes at silent sites, as well as replacement sites in the rat, suggest that the forces 
responsible for determining the rate of change act at the level of the gene or RNA as well 
as at the protein level. 

A similar argument can be made to explain the conservation of protein sequence in the 
carboxyl terminal half of PTH. As shown in Table 5 ,  the rate of replacement changes is 
reduced considerably as expected in the region, - 1 to 29, which contains the biologically 
active region of PTH. Silent changes in this region are generally near or above the average 
for the entire coding region. In contrast, in the conserved C-terminal region (60 to 84). 
replacement changes are above average, but. surprisingly, silent mutations are also lower 
than the average for the entire cDNA. This is also true for the C-terminal region 30 to 59 
in the bovine/human comparison. This suggests that there are constraints in changes on the 
RNA sequence in this region, and that the unexpectedly low number of replacement sites 
in this region may result from constraints on both nucleic acid and protein structure. 

The rate of silent changes for the entire coding region is less than expected. Silent changes 
have been estimated to be about I%/million years.“ If the mammalian radiation occurred 
about 80 million years ago,” a change of about 80% corrected for multiple events would 
be expected. The human-bovine difference of 17% is clearly much less than this even though 
it is uncorrected. On the other hand, changes corrected by the Perler et method. are 
62 and 84% for the rat compared to the human and bovine, respectively, which is closer to 
expected rate of divergence. The unexpectedly low divergence at silent sites also suggests 
constraints on changes in the RNA. Conformation, processing, or stability of the RNA could 
potentially require conservation of sequence. 

E. 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 the human and 
bovine is TGA and is followed closely by a second in-phase termination codon. In the rat 
TAA is the termination codon, which is rather rare in mammalian mRNAs” and no following 
termination codon is present. One region that is well conserved in the three sequences is 
the AATAAA sequence that is thought to be a signal for polyadenylation in eukaryotic 
mRNAs. 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 functional polyadenylation signal i n  the human cDNAs has 11/12 and 
9/12 matches with the bovine and rat sequences, respectively. 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 d~plication;’~ however, other than the AATAAA regions, there 
is little homology surrounding the two sites. Sequence analogous to the human upstream 
AATAAA is missing in both the bovine and rat sequences. No cDNAs were detected in 
which the upstream AATAAA was utilized as a polyadenylation signal; however, only a 
small number were analyzed, and 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 
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blot analysis,2s suggesting 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. 

Other than the AATAAA sequence itself, little homology is observed at the 3' end of the 
cDNA between the rat sequence and the other sequences. In contrast, the 3' terminus of the 
human and bovine cDNAs in the regions around the polyadenylation signal and the poly- 
adenylation site are identical in 23 out of 24 positions, with the exception that a five nucleotide 
gap must be introduced in the human sequence between the signal and site. Even though 
the sequences in the region of the polyadenylation sites are identical in bovine and human, 
the human site is offset about five nucleotides, thus maintaining the same distance between 
the signal and site in both sequences. This indicates that the actual polyadenylation site is 
determined more by the distance from the polyadenylation signal than the actual sequence 
at the site. The polyadenylation site for the rat sequence as shown in Figure 2 was chosen 
so that a similar distance between the signal and site is maintained and is four or five 
nucleotides prior to that proposed p rev io~s ly .~~  

V. PTH GENES 

The genes for human,24 bovine,22 and rat25 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 recombination 
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 EcoRl fragment. To clone the gene, bovine 
liver DNA was digested with EcoRl 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 EcoRl . Several independent clones were isolated by plaque filter hybridization using 
cloned bovine PTH cDNA as probes. Two of these clones were characterized in detail. Both 
were identical and contained the entire gene sequence. The rat gene was isolated from a A 
phage Charon 4A rat liver DNA library produced by partial EcoRl digestion of the rat DNA. 
Two independent positive plaques out of the 200,000 plaques screened were obtained. The 
insert of each of the two phage contained the entire rat PTH gene. 

A. Structure of the Genes 
The overall structure of the bovine PTH gene is shown at the top in Figure 3. All three 

of the genes contain two introns. The exact location of the bovine and human gene introns 
were 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 sequence with the human and bovine cDNA sequences. 

The location of the introns are identical in each case as has been found with most other 
genes.6' Intron A splits the 5' untranslated sequence five nucleotides before the initiator 
methionine codon (Figure 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 functional domains. Exon 1,95 to 121 nucleotides, contains the 5' untranslated region. 
Exon 2, has 91 nucleotides and codes for the pre sequence, or signal function, and exon 3, 
375 to 486 nucleotides, 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.62 
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FIGURE 3.  Schematic diagram of the bovine PTH gene structure and the frequency 
of occurrence of the four deoxynucleotides. Exons are indicated by the rectangles and 
the shaded area indicates regions of the gene that code for preProPTH. The plot of 
the frequency of occurrence of each nucleotide was generated by plotting the percent 
of each nucleotide in blocks of 40 nucleotides. The horizontal line indicates the average 
percentage of the nucleotide in the entire gene. 

Although the introns are in the same location, the size of the large intron A in the human 
is about twice as large as those in the rat and bovine. Sequence for the entire intron is not 
available for the human sequence so that the nature of the extra sequence is not known. It 
is interesting that the human gene is considerably longer in both intron A and the 3‘ 
untranslated region of the cDNA than the other two sequences. Knowledge of the structures 
of other PTH genes from other species will be necessary in order to determine whether extra 
sequence was inserted or is less susceptible to deletion in the human gene. 

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 Southern blot analysis of the human24 and rat25 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. No evidence has been obtained for PTH pseudogenes or other closely related 
genes. Thus, the PTH gene, in contrast to many other genes, is a single gene with no other 
closely related functional or nonfunctional relatives. 

The complete nucleotide sequence of the bovine gene has been determined and a base 
composition profile is shown in Figure 3. Overall, the gene is very AT-rich, containing 68% 
of these nucleotides. The region around exons 2 and 3 and intron B are relatively G rich 
and contain the lowest percentage of A and T. Two other striking G rich regions occur just 
before exon 1 and in the middle of intron A. In general, the frequencies of G and T are 
reciprocal. The significance of the different base compositions in the various regions of the 
gene is not clear. 
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INTRON A 

INTRON B 

FIGURE 4. Comparisons of nucleotide sequences of regions from the bovine, human, and rat PTH genes. Gaps 
indicated by the dahses were introduced to maximize homology. Numbering is arbitrary because of the gaps. 
Nucleotides in one sequence that are different from those in both the other two sequences are underlined. In the 
5' flanking region, the potential 2-DNA forming region containing repeating GT sequence, and the two TATA 
sequences are overlined. In intron A only regions sequenced for all three species are shown. Intron A contains 
1714 bp, about 1600 bp and about 3500 bp in the bovine, rat, and human genes, respectively. The exact positions 
of the intronlexon junctions are ambiguous from the comparison of the gene and cDNA sequences and are placed 
to conform with the GT/AG rule.FIGURE 61. In the 3' flanking region, the polyadenylation signal is overlined 
and polyadenylation sites are indicated by a dot. A potential hairpin loop in the transcript is indicated by the dashes 
(sterns) and dots (loop). This region is followed by several Ts, which is characteristic of transcription terminators 
in prokaryotes. 

B. Initiation Site for RNA Transcription 
As noted ab0v.e 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.z' As shown in Figure 4, 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 
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I l p  tcr 
PTH Bglobin C-Ho-rod Insulin 

CEN t t 
-\ 7-20cm 9-10cm 4cm 

I Calcitonin? I 
-50cM 

FIGURE 5 .  Chromosomal location of the human PTH gene. A 
schematic diagram of the short arm of chromosome I I is shown 
at the top and the estimated distances in centimorgens (cM) between 
the gene loci is shown below. I cM is equal to about 10' bp. (The 
figure is adapted from Antonarakis et al.'6) 

detected by reverse transcription of the mRNA,2' was confirmed by S1 nuclease mapping.22 
The initiation sites for human PTH mRNA have not been determined directly, but were 
proposedz5 on the basis of analogy with the bovine sequence and the consensus TATA 
sequences. The presence of multiple functional TATA sequences has been reported for 
several other eukaryotic  gene^.^^.^^ 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.25 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 (Figure 5 ) ,  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 between the mRNAs, there are other changes that also occur in this region of the 
gene and might play a role.25 The loss of the second TATA sequence makes it unlikely that 
the presence of two of these sequences in the human and bovine genes rather than one is 
essential for proper transcription of these genes. 

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 conclusively 
proven. Both the S 1 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 
sequences considerably strengthens the theory that two regions are utilized for initiation of 
transcripts. 

C. 5' Flanking Region 
The homology among the three genes for about 300 bp in the 5 '  flanking region is illustrated 

in Figure 4. Homology in this region, particularly for the first 200 bp upstream of the RNA 
initiation site, is similar to that in the 5' untranslated region of the mRNAs (Table 3). There 
are few stretches of sequence in the 5' flanking region that are completely conserved in all 
three sequences except for the TATA sequences. The C-rich sequence, GCACCGCCC,,,, 
about 75 bp to the 5' side of the upstream TATA sequence is present in all three sequences, 
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and an AT-rich region of about 25 bp immediately prior to this C-rich region is strongly 
conserved. The sequence, CAGAGAA,,,, about 25 bp to the 5' side of the TATA sequence, 
is also present in all three sequences. These sequences do not closely resemble upstream 
elements conserved in other genes, although a C-rich sequence at - 100 is important for 
maximal transcription of the Herpes simplex virus thymidine kinase gene." No CAAT 
sequence such as that found in globin and other genes is present 5' of the TATA sequences. 
A short stretch of repeating GTs at about position 150 (Figure 4) is found in the human 
gene and is partially conserved in bovine, but is not present in rat. Since this type of sequence 
can form Z-DNAb7 and Z-DNA has been observed in regulatory regions of genes,6n there 
is a possibility that this region might be involved in the regulation of the gene. 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 (not shown). A similar 
region is not present in the rat gene, suggesting it is not critical for the function of the gene. 
On the other hand, AT-rich regions far upstream from the promoter have been reported to 
be required for the transcription of other  gene^.^^.^^ AT-rich regions in the 5' flanking regions 
of Drosophila heat shock genes have been proposed to function as attachment sites to the 
nuclear ~caf fo ld .~ '  Such regions have also been proposed as the boundaries between gene 
domains.72 These last two hypotheses suggest that the AT-rich region may mark the 5' end 
of the functional PTH gene. The significance of the 5' flanking sequence in transcription 
will eventually require an analysis of the expression of cloned natural genes and mutated 
genes after transfection into cells in culture. 

D. Introns 
Both introns follow the GT-AG rule for the sequence at the 5' and 3' ends of the intron.6' 

In addition, both have pyrimidines near the 3' end of the introns as is usually the case. 
Splicing of pre-mRNA probably involves the formation of a lariat-like intermediate, which 
for globin and adenovirus RNA precursors involves an interaction of the 5' end with sequence 
about 30 nucleotides from the 3' end of the i n t r ~ n . ~ ~ . ~ ~  There is no obvious homology in 
the PTH genes with these acceptor regions in the globin genes near the 3' end of the introns. 

A complete sequence for the large intron A is available for the bovine gene. The intron 
is quite rich in As and Ts containing 70% of these nucleotides, a property shared with the 
5' flanking regions. A G-rich sequence is present in about the middle of the intron A (Figure 
2). About 170 bp from the 3' end of the bovine gene intron A, a tandem triplication of 28 
base pairs forms an AT-rich region that is similar to the long AT-rich region in the 5' 
flanking region (not shown). It is interesting to speculate that these two regions might be 
remnants of direct repeats formed in an ancestral gene when a mobile element carrying the 
5' flanking region and exon 1 was inserted near the other PTH exons. 

About 75% homology over 200 bp of intron A is observed for the human and bovine 
genes if gaps are considered a single mismatch. This degree of homology is about the same 
as that in the other untranslated regions of the genes. The rat intron A sequence is less 
homologous to the other two, 55 to 57% again similar to that of the other untranslated 
regions of the genes. The sequence of introns are generally only conserved very near to the 
exon/intron junction,6' and 80 bp has been shown to be the minimum size for a functional 
intron in a globin gene.75 The larger stretches of homology for the PTH genes suggest that 
there may be some constraints on the base changes some distance from the introdexon 
border. 

Intron B containing 106 to 121 bp is much smaller and more homogeneous 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 humadrat, respectively, but is relatively poorly conserved 
between rat and bovine genes with a homology of 49%. Intron B in the bovine gene contains 
nearly 30% Gs, which is more than any of the other units of the gene. It is interesting that 
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exon 2 and the coding region of exon 3, which flank intron B, also have relatively high G 
contents of 23 and 26% compared to other regions of the gene. 

E. 3' Flanking Region 
In the 3' flanking region, again there is also considerable homology between the bovine 

and human sequences (Figure 3, Table 4), in spite of the observations that only about 20 
bp are required for appropriate polyadenylation of g10bin~~ and growth hormone77 mRNAs. 
A sequence that resembles a prokaryotic transcription stop signal is present about 100 bp 
following the polyadenylation sequence in the human and bovine sequences. A small inverted 
repeat region, that could form a hairpin loop in the transcript, is followed by a stretch of 7 
Ts. A difference in the stem in the human compared to bovine is matched by a second 
change in the human that maintains the base pairing in the stem. There is no direct evidence 
that this region serves as a transcriptional stop signal in the PTH genes. 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 (Figure 4, Table 3). This is surprising in view of the homology 
retained 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 trans- 
location. 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. 

Overall, the PTH genes are typical eukaryotic genes that contain the consensus sequences 
for initiation of RNA synthesis, RNA splicing, and polyadenylation. Perhaps the most striking 
characteristic of the DNA in the region of the genes is its stability. In contrast to many 
genes, the PTH genes appear to be represented only once in the haploid genome. There is 
no evidence for related genes produced by gene duplication nor for pseudogenes produced 
by any mechanism. In addition, regions that diverge rapidly in other genes are relatively 
stable in the PTH genes, particularly between the human and bovine sequences 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 %/ 1 O6 years, relatively low homologies 
would be expected from these sequences that diverged about 60 to 80 X lo6 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 sequence is considerably less homologous to the human and bovine sequences 
than these sequences are to each other. This observation is difficult to explain, since evo- 
lutionarily each of the sequences are about equidistant from another. Potentially, differences 
in the physiology or nutrition of calcium in the rat compared to the other two species might 
have resulted in increased acceptance of mutations in the rat PTH gene. 

VI. CHROMOSOMAL LOCATION OF THE HUMAN PTH GENE 

The location of the human PTH gene on chromosome 1 1  has been determined independ- 
ently by two groups. The assignments were made by screening panels of h~man-mouse~~ 
or human-mouse and humanChinese hamster cell79 hybrids with a human cDNA clone or 
a cloned fragment of human genomic DNA. In both cases, complete concordance was 
observed with both lactate dehydrogenase-A, which has been assigned to chromosome 1 1 ,  
and with the presence of chromosome 11 determined by cytological techniques. The PTH 
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gene was further localized to the short arm of the chromosome 11 by analysis of human- 
mouse hybrids with various translo~ations.~~ Three hybrids contained the long arm and 
centromere, but not the short arm of chromosome 1 1 ,  and in these cases PTH cDNA did 
not hybridize to the DNA from these hybrids. DNA of another hybrid cell line that had both 
chromosomes resulting from a translocation of the X chromosome, and chromosome 11 also 
did not hybridize to PTH cDNA.'~ This hybrid was reported to contain a deletion between 
1 lp l1  and 1 lp13, suggesting that the PTH gene was in this region. 

In both cases the polymorphism was detected by changes in the lengths of fragments generated 
by restriction enzymes. The restriction enzyme, Pst 1, generated fragments containing exon 
3 of either 2.2 kb and 2.7 kb in different individuals. The larger fragment was generated 
by the loss of a Pst 1 site in the 3' flanking region of the PTH gene. The frequency of the 
presence of the Pst 1 site that generated the 2.2 kb fragment ranged from 0.25 to 0.62 in 
several ethnic groups and was 0.42 in a population of northern Germans.Rn.R1 The restriction 
enzyme Taq 1 generated a constant fragment of 4.1 kb continuing exon 3 and either a 2.4 
kb or 2.5 kb band containing exon 2.8' The polymorphism was due to the absence or presence 
of a Taq I site in the small intron B. In the northern German population, the frequency of 
the presence of the Taq 1 site was 0.63." Thus, both polymorphisms occur at a relatively 
high frequency. Furthermore, the resulting alleles segregate in Mendelian fashion, and the 
distributions of the alleles agree with the Hardy-Weinberg law. These polymorphisms thus 
should be useful for analysis of gene linkage as well as correlating the presence of the 
polymorphism with parathyroid disease that is based on an alteration of the PTH gene. 

The short arm of chromosome 1 1  contains several other polymorphic genes including the 
p globin gene cluster, insulin, and the human oncogene C-Ha-ras-1 The polymorphisms 
in these genes and PTH were used to determine whether the genes are genetically linked 
and their order on the chromosome. The order of the genes and their relative distances are 
shown in Figure 5 .  In addition to these genes, the gene for calcitonin has also been mapped 
to the short arm of chromosome 11, although its location relative to the other genes is not 
yet 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 regulating genes remains a matter of speculation. 

Two polymorphisms have been detected near the PTH gene in the human 

VII. REGULATION OF PTH mRNA LEVELS 

A. Parathyroid Slices Incubated In Vitro 
Studies on the synthesis of PTH in slices of parathyroid glands or dispersed cell culture 

have generally indicated relatively small changes in the rate of synthesis of the hormone 
after acute changes of calcium, in contrast to rapid and large effects on ~ecre t ion .~  The 
levels of PTH mRNA, thus, would not be expected to change greatly in parathyroid tissue 
under similar conditions. This has been confirmed by a study of the concentration of PTH 
mRNA in slices of bovine parathyroids incubated in vitro for 5 to 7 hr with various con- 
centrations of extracellular ~a lc ium.~ '  The bovine PTH mRNA was quantitated by Northern 
blot analysis of total or poly(A) containing parathyroid RNA. No differences in the amount 
of total mRNA were observed between tissue incubated with high or low levels of calcium. 
Treatment of the tissue with concentrations of Actinomycin D, which inhibited total RNA 
synthesis by 90%, did not alter PTH mRNA levels over a 6-hr period, indicating that the 
PTH mRNA is quite stable under these conditions. The levels of poly(A) containing PTH 
mRNA were affected by extracellular calcium levels. Paradoxically, low concentrations of 
calcium, which stimulate PTH secretion, reduced the amount of poly(A) containing PTH 
mRNA measured either by translation or RNA blot hybridization. Poly(A) containing PTH 
mRNA was only 10% of total RNA from tissues treated with low calcium and 30% in tissues 
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treated with high calcium. Total nucleic acids labeled with "C-uridine and 3H-labeled po- 
lyadenylic acid added exogenously during the isolation procedure were recovered equally 
well in both samples. The 3' poly(A) region of mRNA may stabilize mRNAs.X6 and newly 
synthesized mRNA should have longer poly(A) extensions. Therefore, the observation that 
the fraction of poly(A) containing PTH mRNA is reduced when the gland is being stimulated 
is the opposite of the expected and remains an enigma. 

Since translation of total poly(A) RNA and that of parathyroid secretory protein and actin 
followed the same pattern as that of PTH. the effect on poly(A) content is clearly not specific 
for PTH mRNA alone. In either high or low calcium. most of the PTH mRNA does not 
bind to oligo(dT) cellulose, a fact noted p r e v i o ~ s l y , ~ ~  yet the PTH mRNA appears to be 
very stable. Factors other than the poly(A) extension are probably responsible for the stability 
of the mRNA. 

There are two major drawbacks to the parathyroid slice system for analyzing PTH bio- 
synthesis. The slices are relatively thick so that the metabolic activity of cells in the interior 
of the slices is likely to be different from that of cells on the exterior. Nevertheless, this 
system has been very valuable in elucidating the biosynthetic pathway of PTH, and there 
is no direct evidence that artifacts have been introduced by the thickness of the slice. The 
second disadvantage is that the slices have been used only in  acute experiments of shorter 
than 5 to 7 hr. Since chronic stimulation in vivo is known to result in enlargement of the 
parathyroid gland and increased production of PTH, long-term culture systems are necessary 
to provide in vitro models of chronic stimulation. 

B. Dispersed Cell Culture 
The development of a dispersed cell culture system in which regulation of PTH synthesis 

can be studied over several days represents a significant advance in PTH biosynthetic 
studies.*' In dispersed bovine parathyroid cells, the levels of PTH mRNA were measured 
by RNA solution hybridization or RNA dot blot hybridization with a cloned bovine PTH 
cDNA probe. In these cells, the level of PTH mRNA was reduced to a plateau of about 
30% by 72 to 96 hr in cultures in 2.5 mM Ca+ + compared to those in 0.5 mM Ca+ + (Figure 
6 ) .  If the high calcium medium was replaced by low calcium medium at 36 hr, the decrease 
was reversed. Neither total RNA nor .'H-uridine labeled RNA was significantly different in 
the high and low calcium samples. These results strongly suggest that chronic suppression 
of the parathyroid tissue leads to a specific decrease in the levels of PTH mRNA. Additional 
experiments are necessary to determine whether the decrease in PTH mRNA is due to 
decreased synthesis or increased degradation. It is interesting that lower than normal con- 
centration of Ca' + (0.5 mM) did not affect PTH mRNA levels when compared to normal 
concentration of calcium ( 1.25 mM). This is unexpected, since chronic stimulation of glands 
in secondary hyperparathyroidism leads to excess PTH production. It is possible that the 
stimulatory effect is on general parathyroid cellular growth and metabolism rather than a 
specific effect on PTH synthesis. This cell culture system should be a useful model system 
in further studies on PTH biosynthesis. One note of caution is the observation that secretion 
of PTH is suppressed to only 50% of control, while in parathyroid slices incubated in vitro 
and in vivo, suppression to about 20% is ~ b s e r v e d . ~ . * ~  It is possible that cell-cell interactions 
in the gland are important for the proper regulation of cellular activity, and this characteristic 
would be lost in the dispersed cell cultures. 

VIII. MEDICAL APPLICATIONS OF PTH MOLECULAR BIOLOGY 

There are a number of diseases that involve abnormal production of PTH. Whether these 
diseases are related to changes in the structure of the PTH gene or its chromosomal envi- 
ronment is not known. The demonstration of polymorphisms around the PTH gene that 
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Hours of lncubotion in 2.5 mM Co++ 

FIGURE 6. Decrease of PTH mRNA in primary cultures of bo- 
vine parathyroid cells cultured in high (2.5 mM) calcium. The 
mRNA was assayed by either solution hybridization (A) or RNA 
dot blot hybridization (0). Control incubations were at 1.25 mM 
calcium. Incubations at low calcium (0.5 mM) were not signifi- 
cantly different from the controls (From Russell, J . ,  Letteri, D. ,  
and Shenvood, L. M . ,  J .  Clin. Invest.. 72, 1851, 1981. With 
permission.) 

occur with high frequency should make it possible to correlate particular alleles with the 
parathyroid If such a correlation exists, then not only is significant information 
about the basic molecular defect obtained, but this information may be used to screen for 
or diagnose the disease. 

In another medical application, hybridization with PTH cDNA has been used to try to 
detect PTH mRNA in tumors associated with hyper~alcemia.~~ Some nonparathyroid solid 
tumors are associated with hypercalcemia hypophosphatemia and increased urinary CAMP, 
all of which are characteristic of excess parathyroid hormone production.w Attempts to detect 
elevated PTH levels by immunoassay led to contradictory conclusions about the production 
of PTH by these tumors.89 Since these differing results may have occurred because of 
technical differences with the radioimmunoassay, an assay for PTH mRNA was used as an 
independent method of analysis. Only mRNA preparations that directed the synthesis of 
proteins in a cell-free system were analyzed to control for degradation of the mRNA during 
preparation. In a variety of tumors, human and animal, no PTH mRNA was detected by 
Northern blot analysis using both bovine and human cDNAs. Some of these tumors were 
ectopic tumors with clinical symptoms suggesting the production of a PTH-like molecule. 
These results suggest that tumors that produce PTH are relatively rare and that the hyper- 
calcemia usually results from other factors produced by the tumors. 

FTH may be useful in treating a variety of bone diseases and has been used experimentally 
to treat o~teoporosis.~' The therapeutic usefulness of PTH is limited by a short supply of 
the hormone, particularly human PTH. The synthesis of human PTH in bacteria, which may 
remedy this problem, has been reported recently.92 A Sau3A restriction fragment of human 
PTH cDNA was used that contained the coding sequence for PTH. An initiator methonine 
codon was introduced by ligation of a synthetic octomer at the 5' end, and the construction 
was cloned into the Cla I site of pBR322. Small deletions from the nearby Hind 111 site in 
pBR322 followed by ligation of a decamer containing the bacterial ribosomal binding site 
produced a set of constructions with 6 to 10 bp between the initiator ATG codon and the 
ribosomal binding site. These constructions were then subcloned downstream from the strong 
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bacterial promoters, trp, tac, or lac. Production of PTH was determined by radioimmu- 
noassay. Maximal synthesis of PTH occurred in constructions containing 9 bp rather than 
4 or 5 bp between the ribosomal binding site and the ATG codon. Up to 200 pg PTH per 
liter of culture medium was obtained. The slope of the competitive binding curves of the 
bacterial extracts and human PTH ( 1  to 84) to the PTH antisera were essentially identical. 
The biological activity of the recombinant PTH was assayed by the renal adenyl cyclase 
assay, and the amount of biologically active PTH present was about the same as the amount 
determined by radioimmunoassay. Since f-met at the N-terminus of the recombinant PTH 
should decrease biological activity, it is possible that f h e t  either does not diminish activity 
or more likely that the f-met is removed from the PTH molecule by bacterial enzymes. The 
accomplishment of obtaining human PTH from bacteria gives promise of the availability of 
large quantities of the hormone for therapeutic purposes. 

IX. SUMMARY 

The entire biosynthetic pathway of PTH has been elucidated from the determination of 
the chromosomal location to the eventual secretion of the hormone from the cell. The human 
gene is present on the short arm of chromosome 1 1, and restriction site polymorphisms near 
the gene have been detected. The PTH genes and cDNAs have been isolated and characterized 
in the bovine, human, and rat 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 are about twice as long as necessary to code for preProPTH and contain a 7- 
methylquanosine cap at the 5' terminus and polyadenylic acid at the 3' terminus. 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 rat 
gene contains 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 is 
equivalent to signal peptides of other secreted and membrane proteins. 

The genes of the three species are very homologous in the region that codes for preProPTH. 
Substantial homology is also retained in the gene flanking regions, introns, and mRNA 
untranslated regions. Silent sites are also conserved more than would be expected, particularly 
between the human and bovine sequences. The bovine and human sequences are more 
closely related than the rat is to either the human or bovine. 

These studies of the basic molecular biology of PTH will provide the framework for future 
analysis of significant biological and medical questions. In vitro mutagenesis techniques 
should soon provide information about the elements of the gene involved in regulating 
transcription and about functional elements of the signal peptide. Eventually, signals involved 
in directing the ProPTH molecule to secretory granules as well as the biologically active 
regions of PTH, itself, will be examined by these methods. The molecular biological studies, 
combined with the development of dispersed cell cultures, provide the opportunity to study 
the effects of chronic changes in calcium on gene transcription and mRNA metabolism. The 
restriction site polymorphisms associated with the human PTH gene will allow a search for 
correlations between PTH gene structure and parathyroid disease. Finally, the production 
of active PTH in bacteria may provide large amounts of PTH for testing its possible ther- 
apeutic efficicacy in a variety of diseases that affect calcium and bone metabolism. 

ACKNOWLEDGMENTS 

Thanks to Nancy Browne, David Mead, Elzbieta Szczesna-Skorupa, and Christine Weaver 
for helpful comments. Research in the author's laboratory was supported by N.I.H. Grant 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



376 CRC Critical Reviews in Biochemistry 

AM 18866. The SEQ and PEP programs for the BIONET National Computer Resource for 
Molecular Biology were used for the homology alignments of DNA sequences and prediction 
of secondary structures of the pre-peptides. , 
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