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Complete Amino Acid Sequence of Human Parathyroid Hormone? 

Henry T. Keutmann,* Mary M. Sauer, Geoff N. Hendy, Jeffrey L. H. O’Riordan, and John T. Potts, Jr. 

ABSTRACT: Structural analysis of human parathyroid hor- 
mone has been hindered by the scarce supplies of available 
starting material, tissue pooled during surgery for hyper- 
parathyroidism. Using successive lots of hormone extracted 
and purified from this source, we have completed the amino 
acid sequence of the 84-residue molecule by means of Edman 
degradation of tryptic peptides and their subfragments. The 
technique of biosynthetic labeling with specific radioactive 
amino acids was extensively used to complement the analyses 
of extracted hormone. The human parathyroid hormone 
molecule differs a t  11 sequence positions from the bovine and 
from the porcine hormones. The carboxyl terminus, while 
highly conserved overall, contains changes at  positions 79 and 

T h e  complete sequences of parathyroid hormone from two 
species, bovine (Brewer and Ronan, 1970; Niall et al., 1970) 
and porcine (Sauer et al., 1974), have been established using 
hormone obtained from glands available as a byproduct of 
meat processing, but progress in the structural analysis of the 
human hormone has been restricted by the need to accumulate 
human tissue gradually during surgery in patients with hy- 
perparathyroidism. 

Several years ago, the sequence of the biologically active 
amino-terminal one-third of the molecule was reported by 
Brewer and co-workers (1972) and by ourselves (Niall et al., 
1974). The sequence of this region was determined first be- 
cause of its accessibility to automated Edman degradation. 
There were, however, discrepancies between the two proposals 
involving residues 22, 28, and 30; reexamination of the 
amino-terminal region by the respective laboratories has so far 
failed to reconcile these differences (Brewer et al., 1975; 
Keutmann et al., 1975). Nevertheless, a variety of physiological 
and immunological studies have ensued using synthetic pep- 
tides comprising the active region (Tregear et al., 1974). 

There has been a clear need for structural information 
concerning the remainder of the molecule, in light of the nu- 
merous ongoing investigations concerning structure-function 
relations (Rosenblatt et a]., 1976), conformation (Fiskin et al., 
1977), peripheral metabolism (Segre et al., 1977), and ra- 
dioimmunoassay of the hormone in blood for physiological and 
clinical studies, since there is extensive evidence that the pre- 
dominant circulating form of hormone is a carboxyl-terminal 
fragment [see Habener and Potts (1976) for a review]. 

We, therefore, prepared successive lots of purified human 
parathyroid hormone (hPTH)]  as sufficient quantities of ad- 
enoma tissue were accumulated. In the course of this, we were 
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83 which may be sufficient to effect observed alterations in 
immunological cross-reactivity with antibovine antisera di- 
rected toward this region. The most marked sequence differ- 
ences occur through the middle portion of the molecule, where 
six of the eight residues in the segment 40-47 differ from either 
or both of the other species. Proline residues are especially 
abundant in this region of the human hormone. These changes 
could confer significant conformational differences to the 
human molecule which would be expected to further influence 
immunoreactivity and perhaps also the nature of enzymatic 
cleavages occurring during in vivo metabolic degradation of 
the hormone. 

able to further define conditions for isolation and to obtain 
definitive compositional analysis of the molecule (Keutmann 
et al., 1978). These preparations were then employed in 
structural analysis of the middle and carboxyl-terminal regions, 
in conjunction with microsequencing techniques utilizing 
hormone biosynthetically labeled with radioactive amino 
acids. 

As a result of these combined analytical approaches, the 
sequence of the entire 84-residue molecule has been completed. 
This report provides a detailed description of these structural 
studies as well as an assessment of how sequence differences 
from the animal hormones might influence the comparative 
physiological and immunological properties of human para- 
thyroid hormone. 

Materials and Methods 
Hormone Preparations. Successive lots of human para- 

thyroid hormone were extracted from pooled adenomatous and 
hyperplastic tissue by means of phenol, processed into a tri- 
chloroacetic acid precipitate, and purified by gel filtration on 
Bio-Gel P-1 00 and ion-exchange chromatography on car- 
boxymethylcellulose. Details of these procedures have been 
published previously (Keutmann et al., 1974, 1978). 

Biosynthetic Labeling. Human parathyroid adenoma tissue, 
freshly obtained from surgery, was sliced and incubated with 
the appropriate radioactive amino acids in Earl’s balanced salt 
solution (Gibco) as previously described (Keutmann et a]., 
1975). Labeled amino acids, obtained from New England 
Nuclear (Ala, Pro, Gln, Lys, Leu, and Thr) or Amersham- 
Searle (Phe) were used in quantities of 25 pCi/mL of medium 
for I4C and 150 pCi/mL for 3H. The remaining, unlabeled 
amino acids were added to a concentration of 5 X M. The 
tissue was extracted with 8 M urea/0.2 N HCI, combined with 
the medium, and precipitated with C13AcOH as described by 
Kemper et al. (1972). The pooled C13AcOH preparations from 
multiple incubations with a given set of amino acids were 

I Abbreviations used: hPTH, human parathyroid hormone; Tos- 
PheCH2CI. (I-tosylamido-2-pheny1)ethyl chloromethyl ketone: TLC, 
thin-layer chromatography; TLE, thin-layer electrophoresis; CI3 AcOH, 
trichloroacetic acid. 
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further purified by gel filtration and ion-exchange chroma- 
tography (Keutmann et al., 1975) in the presence of bovine 
parathyroid hormone as carrier. 

Enzj.matic Cleacage Procedures. Tos-PheCHzCI-trypsin 
and chymotrypsin were each obtained from Worthington, and 
thermolysin was obtained from Calbiochem. In each case, the 
digestions were carried out at  an enzyme/substrate ratio of 
1 : l O O  ( M / M )  in 0.1 M ammonium bicarbonate buffer (pH 
8.7), for I h at 37 "C. Staphylococcal protease (Miles Labo- 
ratories) was used at  a molar ratio of 1 :50 in the same buffer 
at 37 "C for a 22-h time period. 

t-Amino Group of Lysine Blockade. Lysine residues were 
blocked in order to limit tryptic cleavage to arginine residues. 
Parathyroid hormone was treated with a 40-fold molar excess 
of maleic anhydride for 20 niin at  pH 9.0,20 "C (Klotz, 1967), 
and separated from the reagents by gel filtration on Sephadex 
G-25. 

To reexpose lysines for further tryptic digestion, maleoyl 
groups were removed by treatment with 0.1 N formic acid for 
45 min at 80 "C. 

Edr?ian Degradation. All degradations were done by the 
three-stage manual Edman procedure (Edman, 1960; Niall 
and Potts, 1970). Radioactive phenyl [35S]isothiocyanate 
(Amershani-Searle) was used as a coupling reagent for in- 
creased sensitivity (Jacobs and Niall, 1975). Phenylthiohy- 
dantoins were identified by thin-layer chromatography 
(Edman and Begg. 1967) (followed by autoradiography) or 
by gas chromatography (Pisano and Bronzert, 1969). Yields 
of phenylthiohydantoins at  successive cycles were quantitated 
either from the gas chromatographs or,  in  the case of radio- 
active derivatives identified by TLC. by counting after scraping 
from the thin-layer plate. 

Edman degradations of biosynthetically labeled peptides 
were done under the same conditions, except for the use of 
unlabeled phenyl isothiocyanate. Aliquots of the ethyl acetate 
phase containing the radioactive phenylthiohydantoin were 
counted for 3H and ' j C  activity by scintillation counting. 
Whcnever possible. the identification of the radioactive phe- 
nylthiohydantoin was confirmed by counting after thin-layer 
c h roiii a t og r a p h y . 

, 4 t ~ i t i o  Acid Anaiysis of Peptide Fragments. Acid hydrol- 
ysis was carried out in  5.7 N HCI at  110 "C for 24 h in vacuo, 
i n  the presence of 1 :2000 (v/v) mercaptoethanol. Analyses 
were performed using the Becknian Model 121 MB automatic 
analqzer. Amino acids were normalized by best fit based upon 
recover). of all stable residues. 

To establish the carboxyl-terminal residue surviving after 
Edman degradation carried to the penultimate residue of a 
fragment. the final reaction mixture was dissolved in analyzer 
buffer and applied directly to the column without hydroly- 

C ' o l u ~ i n  Procedures. Column chromatography employed 
Sephadex (Pharmacia) or Bio-Gel (Bio-Rad) resins eluted with 
ammonium acetate buffer (0.14 M, pH 5.0). Ammonium bi- 
carbonate buffer (0.1 M, pH 8.7) was used for elution of 
malcoylatcd peptides. All columns were 0.9 X 70 cm in size, 
run at 20 "C. Specific column chromatographic separations 
are described further under Results. Column elution was 
monitored by optical density a t  206 and 280 nm by use of the 
LKB "Uvicord" Model 2089 continuous monitor. Biosyn- 
thetically labeled preparations were also monitored by scin- 
tillation counting of aliquots (usually 25 pL) from successive 
c I u a t e tubes . 

Thin- Layer Techniques. Thin-layer chromatography (TLC) 
was done in the solvent system butanol-water-pyridine-acetic 
acid ( 1  SO: I20:50:30) using Merck 100-pm glass-backed cel- 
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FIGURE I :  Sequence analysis of the 53-84 fragment (peptide MT-5)  of 
hPTH. Peptide subfragments employed i n  the analysis are designated 
beneath the sequence by the following code: MT. maleoylaled tryptic; T. 
tryptic (after removal of maleoyl groups from lysines); SP,  staphylococcal 
protease; CT, chymotryptic. Arrows denote residues identified by manual 
Edman degradation. 

lulose plates, with 20-30 pg of sample applied to the plates for 
analytical runs. For preparative scale chromatography, 100 
pg of sample was striped along 1.5 em of the origin, with guide 
spots at  either side for identification. 

Thin-layer electrophoresis (TLE) was done using the same 
plates in a buffer system butanol-pyridine-water ( 1  :30:270), 
pH 6.5. Plates were run for 40 min at  4 "C, 600 V,  1 1  mA, 
using the Camag electrode system. All plates were stained with 
ninhydrin. 

Synthesis of Fragnient 38-44. The fragment (38-44) used 
in enzymatic cleavage studies was prepared by the solid-phase 
technique (Merrifield, 1967) as described in detail by Tregear 
et al. ( 1  974). The peptide was purified by gel filtration on 
Bio-Gel P-2 in 1 N acetic acid and adsorption chromatography 
on a column of Merck silica gel 60 using the same buffer sys- 
tem as that employed for TLC (above). 

Results 
In undertaking the structural analysis, knowledge of the 

tactics useful in sequence analysis of the homologous bovine 
and porcine hormones suggested that the human hormone was 
most readily analyzed by separate regions: the amino terminus, 
previously completed by automated Edman degradation of the 
intact hormone; the carboxyl terminus, comprising residues 
53-84; and the middle region, commencing in the vicinity of 
residue 35 (end point of the earlier amino-terminal analyses) 
and extending through residue 52. The carboxyl-terminal and 
middle regions coincided with the pattern of cleavage obtained 
from tryptic cleavage of maleic-blocked hormone. This had 
been shown earlier (Keutmann et al., 1975, 1978) to take place 
a t  arginine residues positioned identically to the bovine and 
porcine hormones. 

Multiple peptide subfragments were isolated, analyzed for 
composition, and degraded by the Edman technique as ex- 
tensively as possible to provide sequence overlap. Biosynthetic 
labeling was used to permit high-sensitivity microsequencing 
of peptide fragments, especially in difficult regions of sequence 
analysis. Mixture degradations-analyses of several peptides 
simultaneously without separation of component fragments 
(Gray, 1968)-were done as a confirmation of most sequence 
positions. The combined results are presented first for the 
carboxyl and then the middle region of the molecule. 

The Carboxyl Terminus (53-84).  Residues 53-69. The 
overall strategy for analysis of the carboxyl-terminal region 
is outlined in Figure 1 .  I t  was based on the fragment 53-84 
prepared by tryptic digestion of maleoylated hPTH and sep- 
arated by gel filtration on a column of Sephadex (3-50 (Figure 
2). The fragment prepared from 1.5 mg (1 50 nmol) of hPTH 
was degraded for 17 cycles, through residue 69, by the manual 
Edman procedure. Location of histidine at  position 63 had been 
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TUBE' NUMBER (Iml Fractions) 
FIGURE 2: Sephadex G-50 gel filtration of a tryptic digest of human 
parathyroid hormone after maleic blockade oflysine residues. Cleavage 
of arginine residues at positions 20, 25,44.  and 52 produced fragments 
53-84(A), I-20and26-44(coclutingasB).45~52(C),and21~25(D).  
Fractionsizewas I-mL. Arrowsdenolevoid andsaltvalumesofcalumn. 
respectively. 

separately identified in other studies (Segre et al., 1977) using 
automated degradation of the peptide isolated after labeling 
with radioiodine. 

Residues 70-75. The sequence was continued toward the 
carboxyl terminus by use of peptides prepared by tryptic 
subdigestion of another preparation of the 53-84 fragment, 
after reexposure of lysine residues by treatment with 0.1 N 
formic acid. Thin-layer chromatography of the tryptic digest 
(Figure 3) showed three components. After elution from a 
preparative-scale plate, the following compositional analyses 
were obtained: component A Asp?, Serl, Glu,, Val?, Leul, 
Hisl, Lys3; component B: Ser, Glu, Ala, Lys; component C: 
Asp,, Thrl, Ser,, G l u t ,  Glyl, Ala?, Val?, Leu?, Lysz. When the 
preparation was subjected to electrophoresis following chro- 
matography, component B resolved into two peptides: Ala, Lys 
and Ser, Glu. This indicated a total of four tryptic peptides 
from the human 53-84 fragment, compared with three from 
the bovine. Based upon the compositions and the results of the 
initial Edman degradation (above), these were identified as 
residues 53-65 (T-I, Figure I), 66-80 (T-2), 81-82 (T-3), and 
83-84 (T-4). The tryptic fragments were separated by gel 
filtration on Sephadex G-25, and T- l  (53-65) was subjected 
to six cycles ofdegradation (Figure I) in order to confirm the 
sequenceof residues 53-58 established by degradation of the 
intact 53-84 peptide. Peptide T-2 (66-80) was degraded for 
ten cycles, extending the sequence through residue 75 (Figure 

Residues 79-84. Analysis of the extreme carboxyl terminus 
was done next, using products of chymotryptic digestion of 50 
nmol of maleoylated 53-84 peptide. Only a single cleavage, 
between residues 78 and 79, was obtained under the relatively 
mild digestion conditions employed. The carboxyl-terminal 
hexapeptide 79-84 was separated from the longer fragment 
53-78 by Sephadex G-25 gel filtration and found by compo- 
sition to contain two residues of lysine and one each of threo- 
nine, serine, alanine, and glutamic acid (or glutamine). The 
sequence Thr-Lys-Ala-Lys-Ser- was established in five cycles 
of Edman degradation, and the final glutamine residue was 
identified directly by amino acid analysis. This sequence was 
found again in a second degradation of the unfractionated 
chymotryptic peptide mixture from digestion of another 
preparation of 53-84 peptide. 

1) .  
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FIGURE 3: Thin-layer chromatographyaf tryptic subdigests of fragment 
53-84 (MT-5) from bovine and human parathyroid hormone. Component 
A represented fragment 53-65 and component C fragment 66-80. Com- 
ponent B proved to represent the two dipeptides 81-82 and 83-84 (see 
text). 

Since identification of the phenylthiohydantoin of 
maleoylated lysine is difficult to achieve unequivocally by 
thin-layer chromatography, the assignment of lysines was 
confirmed by degradation of the chymotryptic fragment 
(79-84) from a human hormone preparation biosynthetically 
labeled with [I4C]lysine. Counts from labeled lysines were seen 
a t  cycles 2 and 4, consistent with location of this residue a t  
positions 80 and 82. 

I n  the bovine hormone, the presence of proline a t  position 
83 limited tryptic cleavage to the first of these two lysines 
(position SO), yielding the tetrapeptide Ala-Lys-Pro-Gln. The 
substitution in the human hormone of serine for proline a t  
position 83 rendered both lysines susceptible to cleavage, 
producing the two fragments Ala-Lys (positions 81 and 82) 
and Ser-Gln (positions 83 and 84), consistent with the sequence 
assigned by degradation of the carboxyl-terminal chymotryptic 
fragment. 

The glutamine at position 84 was the only glutamine residue 
identified during Edman degradation of the entire 53-84 re- 
gion. Residue 64, glutamine in both the porcine and bovine 
hormone, was identified as glutamicacid in the human mole- 
cule. To confirm this finding, the biosynthetic labeling tech- 
nique was used to rule out the unlikely possibility of selective 
deamidation. A preparation of human hormone labeled with 
['4C]glutamine was treated as described above to produce the 
53-84 peptide, which was subdigested with trypsin after re- 
moval of maleoyl groups. The peptide subfragments were then 
fractionated by thin-layer chromatography and electropho- 
resis. Glutamine counts were associated only with the 83-84 
fragment derived by electrophoretic separation of component 
B (Figure 3), independently confirming the absence of gluta- 
mine from position 64 as well as sites other than residue 84 
within the carboxyl-terminal region. 

Residues 76-78. To complete the remaining portion of the 
53-84 region, staphylococcal protease was used to cleave the 
glutamic acid residue a t  position 69, as done previously in 
structural analysis of porcine parathyroid hormone (Sauer et 
al., 1974). Edman analysis of an aliquot of the product from 
digestion of 40 nmol of the 53-84 fragment showed cleavages 
at  residues 55 and 61, as well as 69. The carboxyl-terminal 
fragment 70-84 (SP-4, Figure I )  was separated by Sephadex 
G-25 gel filtration and subjected to ten cycles of manual deg- 
radation, through the threonine residue a t  position 79. This 
confirmed the earlier results from degradation of tryptic 
fragment T-2 and provided the sequence of positions 76-78. 

The Middle Region (Residues 38-52). Residues 45-52 
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FIGURE 4: Structural analysis of the middle region of hPTH. Peptides 
MT-3 (which originates a t  residue 26) and MT-4 are obtained from tryptic 
digestion of maleoylated hormone (see Figure 2). Other fragments isolated 
and used in  analysis include chymotryptic (CT) and thermolytic (Th) .  
.4rrows denote residues identified by Edman degradation of the purified 
peptide. 

were determined by Edman degradation of fragment MT-4 
from tryptic cleavage of maleoylated hPTH. This peptide (1  50 
nniol) was obtained from the same digest that produced the 
initial 53-84 preparation described above (Figure 2). The 
pooled 45-52 product from Sephadex G-50 was rechromato- 
graphed on Sephadex G-25 to eliminate any small amounts of 
fragment 2 1-25 remaining after the Sephadex G-50 step. The 
following amino acid composition was obtained: Asp, Ser, Glu, 
Pro, Gly, Ala, Arg2. Seven cycles provided the sequence 
Asp-Ala-Gly-Ser-Gln-Arg-Pro-. and the terminal arginine 
w a s  identified after direct application to the amino acid ana- 
ly/cr. 

Residues 38 -39. Sequence analysis of the amino terminus, 
using automated degradation of intact and cyanogen bromide 
h i v e d  hPTH, had extended from residues I through 37 (Niall 
ct ai., 1974). Initial efforts to extend the sequence employed 
I'ragment 26-44 from a tryptic digest of maleoylated hormone. 
This f'ragment (MT-3) coeluted from Sephadex G-50 with 
fragment 1 -20 (Figure 2). Since the terminal a-amino group 
01' the hormone molecule is blocked along with the e-amino 
groups after nialeoylation, the 1-20 fragment does not react 
i n  the Edman degradation, permitting analysis of the 26-44 
l'ragment without separation of the two peptides. This fragment 
\ + a s  initially employed in studies (Keutmann et al., 1975) 
reconfirming the sequence of residues 28 and 30. Extended 
dcgradation o f  a preparation of 26-44 fragment reached res- 
idue 39 (Figure 4), but extractive losses due to its markedly 
hydrophobic nature prevented sequence determination from 
progressing further. 

Residues 40-44. To approach the structure of the remaining 
residues 40-44. products of chymotryptic and thermolytic 
digestion of native hormone were used (Figure 4), taking ad- 
vantage of the abundance of susceptible neutral residues in this 
rcgion of the molecule. At this nearly complete stage of se- 
quence analysis, two residues of proline and one each of leucine 
and alanine from the compositional analysis remained to be 
assigned. 

Pilot scale digestions of native hPTH had indicated the 
presence of a chymotrypsin-sensitive residue at position 41. An 
aliquot of 40 nmol of native hPTH was digested, and the long 
fragment CT- 1 (residues 42-78) was separated by gel filtration 
on Sephadex G-50. By Edman degradation, alanine and proline 
Lvere found a t  cycles 1 and 2 (residues 42 and 43). Arginine at  
cycle 3 confirmed the presence of this residue at  position 44, 
as  concluded earlier from compositional studies and the 
cleavage at  this position by trypsin after maleic blockade. 
Aspartic acid and alanine a t  cycles 4 and 5 (positions 45 and 
46) corresponded to those previously found in degradation of 
the 45--52 fragment. 

, , , ,  
CYCLE I 2 3 4 5 C 

RESIDUE 4 2  43 4 4  4 5  4 C  47 
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FIGURE 5: Identification of residues 42 and 43 by Edman degradation of 
chymotryptic fragment 42-78 from human hormone biosynthetically la- 
beled with [3H]alanine and ['4C]proline. Alanine counts were found a t  
cycles 1 (position 42) and 5 (known to be the alanine at  position 46). 
Proline radioactivity was found at  cycle.2, corresponding to position 43. 
This position is occupied by tyrosine in the bovine hormone. 

Thermolysin, which cleaves the peptide bond amino terminal 
to neutral and aromatic residues, was next used to prepare a 
fragment (Th-3, Figure 4) similar to the chymotryptic peptide 
just described, with the addition of residue 41 at the amino 
terminus. This peptide extended through residue 58 and was 
separated best by gel filtration on Bio-Gel P-30. Leucine was 
found at  cycle I of Edman degradation, followed by alanine 
and proline as assigned (above) to positions 42 and 43. 

These results left proline as the most probable residue for 
the final position 40. Knowing that the already established 
sequence for residues 37-39 indicated exact homology between 
the bovine and human hormones, advantage was taken of the 
cleavage pattern of thermolysin to identify the peptide corre- 
sponding to this region in the bovine molecule. In preliminary 
studies with the bovine hormone, fragment 37-40 (Leu-Gly- 
Ala-Ser) was isolated from thermolysin digests of the intact 
molecule, eluting from Bio-Gel P-30 a t  a Kd of 0.8 and from 
subsequent TLC at an of 0.62. When a comparable P-30 
eluate fraction of thermolysin-cleaved human hormone was 
screened by TLC. a tetrapeptide with the composition (Gly, 
Ala, Leu, Pro) was located with a similar chromatographic 
mobility (Rr 0.64). This fragment (Th-2, Figure 4) was iso- 
lated by preparative-scale TLC. Three cycles of Edman deg- 
radation yielded the sequence Leu-Gly-Ala- and the final 
cycle, corresponding to residue 40, was identified as proline 
by amino acid analysis. 

It was possible to rely extensively on biosynthetic labeling 
for separate verification of the sequence Pro-Leu-Ala-Pro thus 
found for residues 40-43. Residue 41 was confirmed by ther- 
molysin digestion of a [3 HI leucine-labeled human hormone 
preparation. Leucine radioactivity eluted with the fragment 
41 -58 (Th-3), and these counts were localized to cycle 1 by 
Edman degradation. 

The assignment of residues 42 and 43 was confirmed by 
means of the biosynthetic study illustrated in Figure 5. A 
preparation of hPTH internally labeled with ['4C]proline and 
[3H]alanine was digested with chymotrypsin. The 42-78 
fragment (CT-1, Figure 4) was isolated as before and subjected 
to six cycles of Edman degradation. Alanine and proline counts 
were found at  cycles 1 and 2, respectively, representing posi- 
tions 42 and 43. At cycle 5 ,  a second rise in tritium counts 
marked the alanine known to be at  position 46. 

In addition, it was deemed essential to eliminate directly and 
independently the presence of phenylalanine and threonine 
from this sequence region, since the content of these two amino 
acids found during compositional analysis of the entire mole- 
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cule (Keutmann et al., 1978) was somewhat in excess of the 
single residue of each already located elsewhere. Thus, two 
biosynthetic labeling experiments were carried out using 
combinations of these residues. 

An hPTH preparation labeled with [14C]phenylalanine and 
[3H]alanine was digested with thermolysin and subjected to 
Bio-Gel P-30 gel filtration (Figure 6). Phenylalanine counts 
were found to elute exclusively with fragment 34-36 (Th-1, 
Figure 4) with no counts in the 41-58 fragm$nt. Phenylalanine 
was thus eliminated from all positions except 34. 

The presence of a threonine residue in the middle region was 
ruled out definitively by tryptic cleavage of maleic-blocked 
[I4C]threonine and [3H]alanine-labeled hPTH. After Se- 
phadex G-50 gel filtration, no threonine counts were found in 
the 26-44 region of the column, as marked by the alanine 
counts; all I4C radioactivity eluted with the 53-84 fragment 
containing threonine a t  position 79. 

The ease with which residue 41 (leucine) was cleaved by 
both chymotrypsin and thermolysin was surprising to us, in 
view of the two nearby prolines a t  residues 40 and 43 which 
might have been expected to inhibit cleavage. This prompted 
us to confirm this finding by studies using a synthetic peptide 
comprising residues 38-44 (Gly-Ala-Pro-Leu-Ala-Pro-Arg). 
Products of cleavage, under conditions of enzyme treatment 
similar to those used earlier, were assessed by TLC, amino acid 
analysis, and Edman degradation. Both enzymes were found 
to cleave at  residue 41 in a manner identical to that observed 
in our  study of the native hormone. 

Discussion 
The difficulties in isolating sufficient human parathyroid 

hormone for structural studies, which have prevented com- 
pletion of the sequence analysis until now, stem from several 
factors. Not only is the source of adenoma tissue for extraction 
extremely limited, but the yield of hormone is low-approxi- 
mately 0.5-1 mg/100 g of tumor tissue. Large quantities of 
immunoreactive hormone are lost at  various steps in the ex- 
traction procedure. At least part of this represents fragments, 
some of which can be recovered for immunological studies 
(Keutmann et al., 1978; diBella et a]., 1978), but it would 
appear that extensive fragmentation of the hormone may occur 
in the tissue prior to extraction. In some preparations, heter- 
ogeneity has been observed at  the final ion-exchange purifi- 
cation step (Keutmann et a]., 1978); this further reduces the 
yield, as separate evaluation of the different fractions is nec- 
essary. There is no evidence, however, that these fractions 
represent separated isohormones analogous to those demon- 
strated in the bovine species (Keutmann et al., 1971). 

The strategy employed in our structural analysis of the 
overall molecule was markedly influenced by the scarcity of 
hormone supply. Efficient use of the extracted hormone was 
afforded by a high-sensitivity methodology, especially the use 
of radioactive phenyl isothiocyanate as coupling reagent in the 
Edman degradation. The conjoint use of biosynthetic labeling 
as a sequencing technique became particularly important as 
structural analysis progressed: (a) the later regions to be an- 
alyzed (such as the 40-43 segment), being the most difficult, 
placed extra demands on supplies of extracted hormone; (b) 
in later stages, the options for residues likely to occupy a given 
position were reduced, permitting more directed choices of 
labeled amino acids for incorporation; (c) the biosynthetic 
method provided an accurate alternative means to confirm 
certain residues that had proven difficult to identify by con- 
ventional methods, and to eliminate possible ambiguities due 
to selective deamidation. 

The last named of these was especially relevant to the 
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FIGURE 6:  Use of a thermolysin digest of [14C]phenylalanine and [3H]- 
alanine-labeled hPTH to localize phenylalanine. When passed over Bio-Gel 
P-30, all phenylalanine counts eluted with fragment 34-36 (Th-1), known 
to contain Phe at position 34. This and other peptides were marked by 
alanine counts (closed circles). Arrows denote void and salt volume of 
column, respectively. 

identification of glutamic acid at  position 64, which could have 
arisen through loss of the side-chain amide of a glutamine 
initially present at  this position. This possibility was examined 
by biosynthetic experiments employing [ 14C]glutamine which 
avoid the potential problem of deamidation (Keutmann et al., 
1975); the results showed glutamine to be absent from tryptic 
fragment 53-65. Despite this further evidence favoring glu- 
tamic acid at  position 64, we plan to undertake studies using 
products of cell-free translation of human parathyroid mRNA 
(which permit equivalent incorporation of Asn, Asp, Glu, and 
Gln) with the aim of checking all assignments of side-chain 
amidated residues. 

Limited tryptic digestion of maleic-blocked human para- 
thyroid hormone was initially used in our reexamination of 
portions of the amino-terminal sequence (Keutmann et  al., 
1975, 1978) and has proven particularly appropriate in pro- 
viding useful fragments in high yield for the remainder of the 
structure. 

The entire 45-52 region and an extensive segment of the 
carboxyl terminus could be sequenced by degradation of these 
tryptic peptides. The carboxyl-terminal 53-84 fragment was 
completed using subdigestions with trypsin, chymotrypsin, and 
staphylococcal protease. The hydrophobic nature of the middle 
portion of the molecule called for alternative cleavage proce- 
dures. After chymotrypsin and thermolysin proved promising 
in pilot studies with intact bovine hormone, they were employed 
successfully with both extracted and biosynthetically labeled 
human preparations for analysis of the final 40-43 segment. 
Our recently reported composition of the human hormone 
based on multiple hydrolysates of the purified peptide (Keut- 
mann et al., 1978) corresponds appropriately to the amino acid 
composition of hPTH calculated from the sequence presented 
here. The molecular weight of the human hormone as com- 
puted from the structure is 9427. 

In the course of these studies, we have had further oppor- 
tunity to examine the still disputed residues at  positions 22, 28, 
and 30 in the amino-terminal region and have repeatedly 
confirmed our original findings as reported by Niall et  al. 
(1974). Despite the obvious confusion persisting due to the 
unresolved differences between our results and the report of 
Brewer and associates (1972, 1975) concerning the nature of 
these three residues, we conclude from our earlier studies (Niall 
et al., 1974; Keutmann et al., 1975, 1978) and present findings 
that the structure presented here for the human hormone 
(Figure 7) is the correct sequence of the 84 amino acids com- 
prising the principal, if not sole, form of parathyroid hormone 
obtainable from adenomatous or hyperplastic human tissue. 

Figure 7 compares the sequences of the human, bovine, and 



5728 B I O C  H E M  I S T K Y  K E U T M A N N  E T  A l .  

35 yaJ 

7 

HUMAN - 0 BOVINE - 0 PORCINE- 

FIGURE 7: Comparison of the amino acid sequences of human, bovine, 
and porcine parathyroid hormone. The human hormone is shown by the 
backbone sequence; substitutions found in the bovine and porcine hormones 
arc indicated by circles alongside. 

porcine molecules. The human hormone differs from each of 
the other species a t  1 1  positions. Eight of these represent 
residues unique to the human molecule. All substitutions 
represent single-step mutations in the triplet-base codon, except 
for the substitution of proline (human) for tyrosine (bovine) 
a t  position 43. This position is unique in containing a different 
amino acid for each of the three species; the tyrosine found here 
in the bovine is the only occurrence of this residue thus far 
known in a parathyroid hormone molecule. Nonetheless, the 
human hormone, like the porcine, has proven to be a satisfac- 
tory tracer after labeling with radioiodine, which must occur 
predominantly a t  the histidine residues. 

The most abundant substitutions among the three hormones 
occur in the midportion of the molecule: through the region 
40--47, six of the eight residues in hPTH differ from either or 
both of the other species. Especially noteworthy is the high 
content of proline in one relatively short segment of the human 
sequence. Three residues of proline out of the 12 between po- 
sitions 40 and 5 l could impart marked conformational dif- 
ferences to this part of the molecule. This may, in turn, influ- 
ence the immunological cross-reactivity between human and 
other species of hormone, especially with the numerous antisera 
currently in use that appear to be directed toward the middle 
region. The rate or extent of enzymatic cleavages during pe- 
ripheral metabolic breakdown of the hormone, studied earlier 
with the bovine hormone (Segre et al., 1977), might also be 
affected. Although the sequences found in the human hormone 
at  the principal sites of cleavage identified in the bovine 
(residues 33-34 and, secondarily, 36-37) are identical in the 
two molecules, the extensive substitutions in the human com- 
mencing at  nearby residue 40 could influence the ease with 
which such cleavages take place. 

Although the carboxyl-terminal region is generally well 
conserved, the changes that are seen at  positions 79 and 83 may 

be sufficient to impair immunological cross-reactivity, as ob- 
served with antibovine antisera directed toward this region of 
the molecule (Hendy et al., 1974; Murray et al., 1975). Re- 
placement of proline a t  position 83, for example, may favor 
extension of a region of a-helical structure (Fiskin et al., 1977) 
further toward the carboxyl terminus. 

Our analyses show the location of charged residues 
throughout the human hormone molecule to be identical with 
the bovine, with the exception of the substitution of glutamic 
acid for glutamine at  position 64. This difference of a single 
negative charge may be reflected in the finding that hPTH 
elutes slightly earlier than bPTH from a carboxymethylcel- 
lulose ion-exchange column (Keutmann et al., 1975). There 
is an additional negative charge difference between human and 
porcine hormone; aspartic acid, present at  position 74 in hPTH 
and bPTH, is replaced by alanine in pPTH. 

In addition to fragments and analogues based on the active 
amino-terminal region for use in a wide range of structure- 
function studies, synthetic peptides from other regions of the 
molecule have recently been prepared as the sequence studies 
have progressed, among them the 44-68 and 53-84 sequences 
(Rosenblatt et al., 1977, 1978) along with a number of shorter 
fragments. The use of one of these in supporting the current 
sequence analysis is described under Results. These peptides 
are now being widely applied to the development and charac- 
terization of antisera, in further immunological comparison 
between discrete regions of hPTH and bPTH, and for studies 
designed to discern any potential biological effects not previ- 
ously recognized outside the amino-terminal region. The 
complete sequence of human parathyroid hormone should now 
permit the synthesis of additional peptides, containing the 
middle portion with its distinct differences from other species, 
for continued definition of the physiological and immunological 
properties of the human hormone. 

Acknowledgments 
We wish to acknowledge with thanks Dr. Hugh Niall, 

Howard Florey Institute, Melbourne, Australia, who after his 
extensive contributions to the initial stages of this project has 
provided continuing advice and helpful discussions. W e  are 
grateful to Dr. Michael Rosenblatt for preparation of the 
synthetic 38-44 fragment and to Mrs. Rosalind Manning and 
Mrs. Elizabeth Turner for their technical assistance. We also 
acknowledge with thanks Mrs. E. Pilling of Middlesex Hospital 
and Mrs. M. Currier, Department of Pathology, Massachu- 
setts General Hospital, for their assistance in collection of the 
parathyroid tissue used in these studies. 

References 
Brewer, H. B., Jr . ,  and Ronan, R. (1970), Proc. Natl. Acad. 

Sci. U.S.A. 67, 1862. 
Brewer, H .  B., Jr., Fairwell, T. ,  Ronan, R., Sizemore, G .  W., 

and Arnaud, C. D. (1972), Proc. Natl. Acad. Sci. U.S.A. 
69, 3585. 

Brewer, H. B., Jr., Ronan, R., Fairwell, T., Rittel, W., and 
Arnaud, C. D. (1975), in Proceedings of the Fifth Para- 
thyroid Conference, Talmage, R.  V., Ed., Amsterdam, 
Excerpta Medica, p 23. 

diBella, F. P., Gilkinson, J. B., Flueck, J., and Arnaud, C. D. 
( 1  978), J .  Clin. Endocrinol. Metab. 46, 604. 

Edman, P. (1 960), Ann. N .  Y. Acad. Sci. 88, 602. 
Edman, P., and Begg, G .  (1967), Eur. J .  Biochem. I ,  80. 
Fiskin, A. M., Cohn, D. V., and Peterson, G. S. (1977), J .  Biol. 

Chem. 252, 8261. 



C O N F O R M A T I O N A L  C H A N G E S  I N  P R E A L B U M I N  V O L .  1 7 ,  N O .  2 6 ,  1 9 7 8  5729 

Gray, W. R. (1968), Nature (London) 220, 1300. 
Habener, J. F., and Potts, J. T., Jr. (1976), in Hormones in 

Human Blood, Antoniades, H. N., Ed., Cambridge, Har- 
vard University Press, p 551. 

Hendy, G. N., Barling, P. M., and ORiordan, J. L. H. (1 974), 
Clin. Sci. Mol. Med. 47, 567. 

Jacobs, J. W., and Niall, H .  D. (1975), J .  Biol. Chem. 250, 
3629. 

Kemper, B., Habener, J. F., Potts, J. T., Jr., and Rich, A. 
(1972), Proc. Natl. Acad. Sci. U.S.A. 69, 643. 

Keutmann, H .  T., Aurbach, G. D., Dawson, B. F., Niall, H. 
D., Deftos, L. J., and Potts, J. T., Jr. (1971), Biochemistry 
10, 2779. 

Keutmann, H. T., Barling, P. M., Hendy, G. N., Segre, G. V., 
Niall, H. D., Aurbach, G. D., Potts, J. T., Jr., and O’Ri- 
ordan, J .  L. H.  (1974), Biochemistry 13, 1646. 

Keutmann, H. T., Niall, H. D., O’Riordan, J. L. H., and Potts, 
J .  T., Jr. (1975), Biochemistry 14, 1842. 

Keutmann, H.  T., Hendy, G. N., Boehnert, M., O’Riordan, 
J. L. H., and Potts, J. T., Jr. (1978), J.  Endocrinol. 78, 
49. 

Klotz, I.  M. (1976), Methods Enzymol. 11, 576. 
Merrifield, R. B. (1967), Recent Prog. Horm. Res. 23, 451. 
Murray, T. M., Muzaffar, S. A., Parsons, J. A., and Keut- 

mann, H.  T. (1975), Biochemistry 14, 2705. 

Niall, H. D., and Potts, J. T., Jr. ( I  970), Pept.: Chem. Bio- 
chem., Proc. Am. Pept. Symp., Is t ,  1968, p 21 5. 

Niall, H. D., Keutmann, H. T., Sauer, R., Hogan, M., Dawson, 
B., Aurbach, G. D., and Potts, J. T., Jr. (1970), Hoppe- 
Seyler’s Z .  Physiol. Chem. 351, 1586. 

Niall, H. D., ?suer, R., Jacobs, J. W., Keutmann, H. T., Segre, 
G. V., O’Riordan, J. L. H., Aurbach, G. D., and Potts, J. T., 
Jr. (1974), Proc. Natl. Acad. Sci. U.S.A. 71, 384. 

Pisano, J. J., and Bronzert, T. J. (1969), J .  Biol. Chem. 244, 
5591. 

Rosenblatt, M., Goltzman, D., Keutmann, H. T., Tregear, G. 
W., and Potts, J. T., Jr. (1976), J .  Biol. Chem. 251, 159. 

Rosenblatt, M., Keutmann, H. T., Tregear, G. W., and Potts, 
J .T . ,  Jr. (1977), J .  Med. Chem. 20, 1452. 

Rosenblatt, M., Segre, G. V., Shepard, G. L., Tyler, G. A., and 
Potts, J. T., Jr. (1978), Endocrinology 103, 978. 

Sauer, R. T., Niall, H. D., Hogan, M. L., Keutmann, H. T., 
O’Riordan, J. L. H., and Potts, J. T., Jr. (1 974), Biochem- 
istry 13, 1994. 

Segre, G. V., Niall, H.  D., Sauer, R. T., and Potts, J. T., Jr. 
(1977), Biochemistry 16, 2417. 

Tregear, G. W., van Rietschoten, J., Greene, E., Niall, H. D., 
Keutmann, H. T., Parsons, J. A., O’Riordan, J. L. H., and 
Potts, J. T., Jr. (1974), Hoppe-Seyler’s Z .  Physiol. Chem. 
355, 415. 

Thyroxine-Induced Conformational Changes in Prealbumint 

Gaetano Iracei and Harold Edelhoch* 

ABSTRACT: The effects of thyroxine binding on the confor- 
mation of human prealbumin and bovine serum albumin have 
been examined. A blue shift in protein absorption was observed 
with prealbumin, whereas a red shift was observed with bovine 
serum albumin. In the case of prealbumin, where the two 
binding sites are identical, the total absorption change was 
confined to the binding of the first ligand and has been inter- 
pteted as resulting from a conformational change. A blue shift 

P r e a l b u m i n  binds 2 mol of thyroxine (T4)’ or T3 with 
binding constants that are two orders of magnitude different 
for each mole (Ferguson et al., 1975; Cheng et a]., 1977). The 
negative cooperativity observed in the binding of the two 
hormone molecules is not due to heterogeneity in the binding 
sites, since these are identical as indicated from the X-ray 
analysis of Blake et al. (1971, 1974). Moreover, the closest 
approach of the two sites is almost 10 8, (Blake and Oatley, 

t From the Clinical Endocrinology Branch, National Institute of Ar- 
thritis, Metabolism, and Digestive Diseases, National Institutes of Health, 
Bethesda, Maryland 20014. Received August 3, 1978. 

t Recipient of the United States Public Health Service Fellowship 
1 F05TW02573-01. Present address: Institute of Biological Chemistry, 
1st Faculty of Medicine, University of Naples, Naples, Italy. 

I Abbreviations used: PA, human serum prealbumin; BSA, bovine 
serum albumin; T4, L-thyroxine; T3, 3,5,3’-triiodo-~-thyronine; DIPA, 
3-(4-hydroxy-3,5’-diiodophenyl)propionic acid; A N S ,  8-anilino-l- 
naphthalenesulfonate; Tris, tris(hydroxymethy1)aminomethane. 

observed in the absorption spectrum of thyroxine, however, was 
the same for the first and second bound molecules. These data 
have been interpreted in terms of two identical and interacting 
sites on prealbumin and explain the origin of the difference in 
binding affinities between the first and second sites. Fluores- 
cence quenching by thyroxine and thyroxine effects on tryptic 
hydrolysis of prealbumin are in accord with the above inter- 
pretation. 

1977), so that a steric mechanism cannot explain the interac- 
tion between the two sites.’There are binding data at  several 
pH values with the analogue DIPA, which suggests that an 
electrostatic interaction may contribute to the negative coop- 
erativity (Cheng et a]., 1977). A common mechanism of de- 
veloping cooperativity in subunit proteins involves a confor- 
mational change on binding a ligand on one subunit, which 
then alters the interactions between subunits and, conse- 
quently, the binding affinity for subsequent ligands. We have 
examined the binding of T4 and DIPA to PA in order to de- 
termine whether conformational changes are produced. For 
comparison, the binding of thyroxine to another thyroid hor- 
mone transport protein, Le., bovine serum albumin, was also 
evaluated. 

Materials and Methods 
Human serum prealbumin (PA), obtained from Behring 

Diagnostics, was purified further by gel electrophoresis, as 
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