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ABSTRACT

The existence of prohormone(s) for relaxin has been

investigated both by purification from extracts of pregnant

sow ovaries and by in vitro biosynthetic studies. An acid

extract of fresh pregnant sow corpora lutea gave two major

peaks (measured by UV absorbance at 280 nm) when gel

filtered on a Sephadex G-50 (superfine) column. The first

peak corresponded to the void volume, whereas the second

peak corresponded to the 6,300 dalton, biologically active

relaxin. However, radioimmunoassay of the column fractions

detected six forms of relaxin-like materials with molecular

weight ranging from above 30,000 to 6,300 daltons. Radio

immunoassay of column fraction from large scale extraction

of frozen pregnant sow ovaries detected two major species

of high molecular weight relaxin-like materials, besides

the 6,300 dalton relaxin. On further purification these

two species of relaxin-like materials were resolved into

three forms with apparent molecular weights of 19,000,

13,000 and 10,000 daltons and correspond to the three

predominant forms detected in fresh ovaries. Each of them

can be converted to the 6,300 dalton relaxin by TPCK

trypsin.

The biosynthesis of relaxin was studied by incubation

of corpora luteal slices from 90 day pregnant sow ovaries

in the presence of [3H]lysine for up to six hours. The
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tissue extracts and incubation media were then analyzed by

gel filtration, followed by immunoprecipitation or radio

immunoassay of the column fractions. Two high molecular

weight 3H-labeled fractions (39,500 and 28,000 dalton)

were immunoprecipitated corresponding to the two largest

of the six forms of immunoreactive materials detected by

radioimmunoassay. No conversion of these high molecular

weight forms to the lower molecular weight forms was

observed even after six hours of incubation. The two

3H-labeled fractions obtained by immunoprecipitation were

specific to corpus luteum, because they were not detected

in stromal tissue treated similarly. Limited treatment

with TPCK-trypsin converts these materials to a peak

corresponding to relaxin. Although a precursor-product

relationship has not been established, the 39,500 dalton

component may represent a precursor for relaxin, from

which subsequent proteolytic cleavage at different sites

of the molecule may generate a family of intermediates and

finally the 6,300 dalton relaxin.



vi

TABLE OF CONTENTS

ix

iv

xiii

• • x

. iiiACKNOWLEDGEMENTS .

ABSTRACT • • •

LIST OF TABLES .••

LIST OF ILLUSTRATIONS . . .

ABBREVIATIONS • . • • . •

I. INTRODUCTION

A. Chronological list of significant achievements 1

B. Physiology of relaxin . . . . 2

C. Purification of relaxin 4

D. Biochemistry of relaxin . . . . 6

E. Precursors of other peptide hormones 10

F. Statement of the problem. . . . . . . . •• 17

II. MATERIALS AND METHODS

A. Materials . . . . . . . . . . . . . . . .. 19

1. Tissues

2. Radiochemicals

3. Standard proteins

4. Blood sera

5. Resins and gels

6. Scintillation counting reagents & supplies

7. Miscellaneous chemicals

8. Preparations



B. Methods

vii

25

1. Purification of relaxin

2. Quantitative assays

a. Radioimmunoassay

Antiserum production and characterization

Radio-iodination of relaxin

Radioimmunoassay procedure

b. Bioassays

Mouse pubic symphysis assay

Rat uterine motility assay

3. Procedures involved in isolation of

precursor{s)

4. Procedures of biosynthetic studies

a. Incubation and extraction

b. Gel filtration

c. Immunoprecipitation

d. TCA precipitation

5. Techniques used for characterizing the

precursor{s)

a. Conversion with TPCK-trypsin

Tryptic digestion for gel electrophoresis

Tryptic digestion for gel filtration

b. Electrophoresis

Urea-SDS gel system

Urea gel system



viii

SDS gel system

Measurement of radioactivity

c. Affinity chromatography on Con A 

Sepharose

d. Protein determination

e. Molecular weight determination

III. RESULTS

A. Purification of relaxin . . . . . . . . . . 48

B. Iodination and radioimmunoassay of relaxin. 67

C. Demonstration of a precursor in tissue

extract . . . . . . . . . . . . . . 74

D. Biosynthetic studies . . . . 97

E. Affinity chromatography on Con A-Sepharose. 121

IV. DISCUSSION

A. Purification of relaxin . . . . . . . . . . 123

B. Precursor(s) of relaxin in tissue extract 124

C. Biosynthetic precursor(s) in tissue slices. 128

V. CONCLUSION. . .. .. . 135

VI. BIBLIOGRAPHY . 138



TABLE

1

2

3

4

5

LIST OF TABLES

Comparison of sequences of insulin and

relaxin A chains (top) and of insulin

and relaxin B chains and NSILA II

(bottom)

Summary of hormone precursors studied

to date

Comparison of the yields and properties

of relaxin from frozen pregnant sow

ovaries, NIH-R-Pl and nonpregnant sow

ovaries

Immunoreactivities and biological

activities of GX-lB, GX-2A and GX-2B

before and after incubation with 1% TPCK

trypsin at 370 C for 5 min (mean + SD)

Affinity chromatography of high molecular

weight forms of relaxin on Con A 

Sepharose column

ix

PAGE

8

11

66

93

122



FIGURE

1

2

3

4

5

6

7

8

9

10

11

LIST OF ILLUSTRATIONS

Gel filtration of an extract from pregnant

sow ovaries on Sephadex G-50 (fine)

CM-cellulose chromatography of G-2 fraction

from pregnant sow ovary extract

Photographs of mouse pubic symphysis at

different doses of relaxin

Dose-response curves for relaxin standard

and eM-a' using the mouse pubic symphysis

bioassay

Gel filtration of NIH-R-Pl on Sephadex

G-50 (fine)

CM-cellulose chromatography of NIH-R-Pl

G-2 fraction

Gel filtration of an extract from nonpregnant

sow ovaries on Sephadex G-50 (fine)

Separation of 125I-relaxin from free NaI1 2 5

on Sephadex G-25 (medium)

Composite dose-response curve for relaxin

radioimmunoassay

Gel filtration on an extract from pregnant

sow ovaries on Sephadex G-50 (fine)

Rechromatography of GX-l subfraction on

Sephadex G-50 (superfine)

x

PAGE

49

51

54

56

59

61

63

69

71

75

77



xi

12 Rechromatography of GX-2 subfraction on 79

Sephadex G-50 (superfine)

13 Polyacrylamide gel electrophoresis on 12.5% 82

SDS-urea gels of GX-lB, GX-2A and GX-2B

before and after tryptic digestion

14 Rechromatography on Sephadex G-50 (superfine) 84

of GX-IB fraction after treatment with urea

and trypsin

15 Calibration curve for the Sephadex G-50 86

(superfine) column

16 Rechromatography on Sephadex G-50 (superfine) 89

of GX-2A fraction after treatment with urea

and trypsin

17 Rechromatography on Sephadex G-50 (superfine) 91

of GX-2B fraction after treatment with urea

and trypsin

18 Gel filtration of an extract of pregnant sow 95

corpora lutea on Sephadex G-50 (superfine)

19 Time course studies of incorporation of r14C] 98

leucine in porcine corpora luteal slices

20 Gel filtration of biosynthetic product of 100

corpora lutea on Sephadex G-50 (fine) using

1 M acetic acid as eluant



21

22

23

24

25

26

27

28

Gel filtration of biosynthetic product of

corpora 1utea on Sephadex G-50 (superfine)

using buffer A as eluant

Gel filtration of biosynthetic product of

corpora 1utea on Sephadex G-50 (superfine)

using buffer A as eluant (cont.)

Re~hromatography of peaks A and B on

Sephadex G-50 (superfine) using 1 M acetic

acid as eluant

Polyacrylamide gel electrophoresis of

immunoprecipitate of biosynthetic products

of corpora 1utea on 12.5% urea-SOS gels

Polyacrylamide gel electrophoresis of

immunoprecipitate of peak A material on

10% SOS gels

Calibration curve for the 10% SOS gel

system

Gel filtration of tryptic digest of

biosynthetic products of corpora 1utea

on Sephadex G-50 (superfine)

Gel filtration of biosynthetic products of

stromal tissue on Sephadex G-50 (superfine)

xii

103

105

108

110

112

115

117

119



xiii

ABBREVIATIONS

ACTH

BSA

CM-

Con A

DEAE-

EDTA

GPU

mRNA

bis-MSB

MSH

NCS

NIH

PBS

PPO

RIA

SDS

TCA

TPCK

UV

adrenocorticotrophin

bovine serum albumin

carboxymethyl

concanavalin A

diethylaminoethyl

(ethylenedinitrilo)-tetraacetic acid

guinea pig unit*

messenger ribonucleic acid

p-bis-{o-methylstyryl) benzene

melanocyte stimulating hormone

Nuclear-Chicago Solubilizer

National Institutes of Health

phosphate buffered saline

2,S-diphenyloxazole

radioimmunoassay

sodium dodecyl sulphate

trichloroacetic acid

L-l-tosylamide-2-phenylethyl-chloromethyl
ketone

ultraviolet

*guinea pig unit is defined as the quantity of relaxin
necessary to produce pubic relaxation in 67% of a group
of estradiol pretreated guinea pigs.



I. INTRODUCTION

A. Chronological list of significant achievements

1926 Hisaw first demonstrated that the relaxation of

pubic symphysis of the guinea pig was under

hormonal control

1930

1950

1967

1972

1974

1975

1976

1977

1977

Fevold et al isolated the active substance from

pregnant sow ovaries and named it relaxin

Krantz et al reported uterine-relaxing activity

of aqueous extracts of sow corpora lutea

Griss et al purified a basic peptide which has

both relaxin and uterine-relaxing activities from

pregnant sow ovaries

Bryant first pioneered a radioimmunoassay using

NIH-relaxin

Sherwood and O'Byrne obtained three highly

purified preparations of relaxin from pregnant

sow ovaries

Sherwood et al developed a radioimmunoassay using

highly purified porcine relaxin

Schwabe et al reported the amino acid sequence of

porcine relaxin A chain

Schwabe et al reported the amino acid sequence of

porcine relaxin B chain

James et al reported the complete structure of

porcine relaxin and its homology with insulin and

related growth factors
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Bedarkar et al and Isaacs et al proposed the

three dimensional structure of porcine relaxin

using computer-graphic analysis of the amino acid

sequence data

B. Physiology of relaxin

The presence of relaxin has been shown in ovaries

(corpora lutea), placentae and uteri of many species (Hall,

1960). However, only the ovarian hormone (particularly

that of pregnant sow ovaries) has been well studied. From

the histological, bioassayl and radioimmunoassayl studies

with the pig (Belt et aI, 1971; Anderson et aI, 1973; and

Sherwood et aI, 1975), it has shown that relaxin levels in

corpora lutea are low in non-pregnant and early pregnant

stages, then steadily increase with the advance of

pregnancy to a maximum just before parturition and then

decline sharply to a low level within 16 hours of partu-

rition. The decrease of relaxin levels in corpora lutea

corresponds to the disappearance of granules in the luteal

cells and a sharp rise of plasma relaxin levels measured

by radioimmunoassay. These observations are consistent

with the classical biological activities of relaxin.

Relaxin has been shown to have a wide variety of

biological actions on the reproductive tract of mammals

IBioassay and radioimmunoassay are the only current
assays for relaxin, see Materials and Methods for experi
mental details.
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(Hall, 1960), al~hough it is not certain at the present

moment whether these are due to a single peptide with

several biologically active sites or due to a family of

very closely similar peptides. It should note that all

these physiological studies were carried out with

relatively crude preparations of relaxin. The major

biological actions of relaxin are:

a) relaxation of the pubic symphysis

b) inhibition of spontaneous uterine motility

c) softening and dilation of cervix

d) development of mammary gland

The first two biological actions of relaxin have been

the basis of the mouse pubic symphysis bioassay (Steinetz

et aI, 1960) and the rat uterine motility bioassay (Wiqvist

and Paul, 1958) respectively. There has been great

controversy over the question whether the inhibition of

uterine spontaneous motility is an intrinsic property of

relaxin or is due to contamination in most relaxin prepa

rations by another similar peptide called uterine relaxing

factor (URF). Recently the identity of URF with relaxin

is favored. Griss et al (1967) found that a highly

purified preparation of URF also had high relaxin activity

by mouse pubic symphysis bioassay. Furthermore, highly

purified relaxin obtained by the method of Sherwood and

O'Byrne (1976) has been shown to have high uterine
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relaxing activity. Whether the highly purified relaxin

also has effect on cervix and mammary gland has not been

studied.

C. Purification of relaxin

Since the discovery of relaxin by Hisaw (1926), many

attempts have been made to purify the hormone. Most work

on the purification of relaxin has been done on pregnant

sow ovaries, because of their high content of relaxin.

Initial purification of relaxin was attempted by

column chromatography on both anion and cation exchange

resins, Amberlite IRA 400 and IR 120 (Lehrman et aI, 1955),

cation exchange resin Amberlite IRC 50 (Doczi et aI, 1956),

cation exchange resin Dowex 50 and oxidized cellulose

(Frieden et aI, 1956) and CM-cellulose and DEAE-cellulose

(Paul and Wiqvist, 1960). Further purification was made

by Frieden (1963) using DEAE-cellulose chromatography,

gel filtration on Sephadex G-50 and chromatography on

Amberlite IRC 50 resin. A preparation of approximately

1000 GPu/mg 2 but electrophoretically heterogeneous

preparation was obtained. Cohen (1963) continued to

purify relaxin using Sephadex G-50, DEAE-cellulose, DEAE-

Sephadex A-50 and CM-Sephadex C-50, yielding a preparation

2Gpu/mg is an old unit for relaxin. See Abbreviations
for definition of GPU. Due to the lack of international
standard, all samples are assayed against a "house
standard" with known GPU/mg.
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of 1800 GPU/mg but still manifesting some electrophoretic

heterogeneity.

Recently, Griss et al (1967) extracted pregnant sow

ovaries with HCl-acetone and precipitated with five

volumes of acetone. Impurities were then removed by

isoelectric precipitation at pH 6.0 and heat denaturation.

Further purification was carried out on DEAE-Sephadex A-25,

Sephadex G-50 and DEAE-Sephadex A-50. The preparation

obtained was homogeneous by acetylcellulose membrane

electrophoresis, paper chromatography, and high voltage

starch gel electrophoresis. Although the purification

procedure was monitored by uterine motility bioassay, the

highly purified preparation was also shown to have high

relaxin activity by the pubic symphysis assay.

More recently, Sherwood and O'Byrne (1974) purified

relaxin to a potency of 2500-3000 GPU/mg by extraction of

ground pregnant sow ovaries with HCl-acetone, followed by

gel filtration through Sephadex G-50 (fine) and CM

cellulose chromatography. Three highly purified

preparations designated as CM-B, CM-a and CM-a' in the

order of their elution from CM-cellulose column were

obtained. They were homogeneous by hydroxylapatite

chromatography, acrylamide disc gel electrophoresis at pH

4.3 and isoelectric focusing in pH 9-11 ampholytes. All

three preparations were equipotent on the basis of the
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mouse pubic symphysis assay. They are by far the purest

preparations obtained.

D. Biochemistry of relaxin

Success in the purification of porcine ovarian

relaxin by Sherwood and Q'Byrne (1974) made studies of

physicochemical properties of relaxin possible. Their

three relaxin preparations, namely CM-B, CM-a and CM-a',

were basic peptides having a molecular weight of

approximately 6300 daltons and an isoelectric point of

pH 10.7. Amino acid composition analysis showed that

there is no significant differences in amino acid

composition among these three peptides and that none of

the three relaxin preparations contained histidine,

proline or tyrosine. Gel filtration of reduced and

carboxymethylated relaxin preparation separated two

peptide chains of dissimilar molecular weights, suggesting

that relaxin had a chemical structure similar to insulin,

i.e. the molecule consisted of two peptide chains linked

by disulfide bonds. The A and B-chain were found to have

22 and approximately 30 amino acid residues respectively.

Microheterogeneity was found in the B-chain.

In 1976 Schwabe and Braddon carried out several minor

chemical modification studies on relaxin. They showed

that modification of one of the two tryptophan residues

with N-bromosuccinimide had no effect on its biological

activity. However, modification of the second tryptophan
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residue caused a complete loss of biological activity.

From the rate of reaction with N-bromosuccinimide, the

first tryptophan residue seems to be exposed while the

second one buried. Modification of the single methionine

residue with iodoacetic acid had little effect on

biological activity but cleavage of the relaxin molecule

at methionine residue by cyanogen bromide destroyed the

biological activity completely. On the other hand,

modification of lysine residues by trinitrobenzene sulfonic

acid did not affect the biological activity.

The primary amino acid sequences of porcine ovarian

relaxin have been recently reported by Schwabe and

colleagues and ourselves (Schwabe et aI, 1976, 1977; James

et aI, 1977). The reported amino acid sequences agreed

except in the 10th position of A-chain and the seven

residues in the C-terminus of B-chain. The discrepancy

may be due to deamination and proteolytic degradation of

the preparation of Schwabe et al during purification since

they use an old, crude preparation of relaxin (NIH-R-Pl)

as starting material (Schwabe et al, 1976, 1977), whereas

we used relaxin (CM-a') purified from fresh frozen

pregnant sow ovaries (James et aI, 1977).

The amino acid sequence of porcine relaxin (CM-a')

reported by James et al (1977) is shown in Table 1. The

A-chain consists of 22 amino acid residues with an arginyl

N-terminus and a cytinyl C-terminus. The B-chain consists



Table 1. Amino acid sequence of porcine relaxin

A CHAIN

1 2 3 4 5 6 7 8 9 10 11 12
H - Arg - Met - Thr - Leu - Ser - G1u - Lys - Cys - Cys - GIn - Val - G1y -

13 14 15 16 17 18 19 20 21 22
Cys - lIe - Arg - Lys - Asp - lIe - Ala - Arg - Leu - Cys - OH

B CHAIN

1 2 3 4 5 6 7 8 9 10 11 12 13
PCA - Ser - Thr - Asn - Asp - Phe - lIe - Lys - Ala - Cys - G1y - Arg - G1u -

14 15 16 17 18 19 20 21 22 23 24 25 26
Leu - Val - Arg - Leu - Trp - Val - G1u - lIe - Cys - G1y - Ser - Val - Ser -

27 28 29 30
Thy - Trp - G1y - Arg - OH

ex>
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of 30 amino acid residues with a pyroglutamyl N-terminus

and an arginyl C-terminus. The structural differences

among the three preparations of relaxin namely CM-B, CM-a

and CM-a' , have not been established, although micro

heterogeneity in the C-terminus of B-chain has been

detected (Sherwood and O'Byrne, 1974; James et aI, 1977).

This microheterogeneity may be due to the formation of

CM-B, CM-a and CM-a' preparations of relaxin by either

proteolytic cleavage in situ from a common precursor at

slightly different sites, or due to the formation of

degradation products in vitro during the isolation

procedure. This will be clarified when the amino acid

sequences of CM-B, CM-a and CM-a' are established and

their presence or not in fresh glands shown.

There are striking structural similarities between

relaxin and insulin (James et aI, 1977). The number and

distribution of half-cystine residues are identical in the

two hormones. Neither has free sulphydryl groups. Twenty

three percent of the amino acid sequence of relaxin is

identical to that of insulin. The homology increased to

42% if residues related through favoured substitutions are

also included. Furthermore, the arrangement of three

disulfide bridges of both relaxin and insulin is identical,

with two interchain disulfide bridges linking A9-BlO and

A22-B22, and an intrachain bridge linking AS-A13 (Schwabe

and McDonald, 1977). Recent computer-graphic analysis of
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the amino acid sequence data showed similarity in three

dimensional structures of relaxin and insulin (Bedarkar

et aI, 1977; Isaacs et aI, 1978). There are also

homologies among insulin and relaxin B-chains and poly

peptides with non-suppressible insulin-like activities

(NSILA) (James et aI, 1977). This may suggest that all

these peptides may be derived from one common ancestral

protein.

E. Precursors of other peptide hormone

Since the demonstration of a biosynthetic precursor

for insulin by Steiner and Oyer (1976), precursors have

been found for many peptide hormones (reviews: Tager and

Steiner, 1974; Hew and Yip, 1976). Table 2 summarizes

some of the studies on peptide hormone precursors

published to date.

The hormone precursors can be classified into two

categories: the pre-hormones and the prohormones. The

prehormones are believed to be the primary gene product of

translation of mRNA. They have very short half-lives but

are readily detected using a direct translation of mRNA

in wheat germ (or sometimes Krebs ascites) cell-free

systems. To date, prehormones have been demonstrated using

wheat germ cell-free system for ACTH (Jones et aI, 1977;

Nakanishi et aI, 1976), insulin (Chan et aI, 1976),

parathyroid hormone (Kemper et aI, 1974), growth hormone



Table 2. Summary of hormone precursors studied to date

Hormone

Insulin

Precursor

Proinsulin
Preproinsulin

Isolation and/or
Structural determination

+
+

Biosynthesis
Intact cell-free
cell system

+
+

Parathyroid hormone

Glucagon

Calcitonin

ACTH

Growth hormone

Prolactin

Placental lactogen

Vasopressin

Gastrin

a-MSH

S-MSH

Endorphin-enkephalin

Proparathyroid hormone
Preproparathyroid hormone

Proglucagon

Procalcitonin

Pro-corticotropin

Pregrowth hormone

Pre-prolactin

Prelactogen

Big gastrin

ACTH

S-lipotropin

S-lipotropin

+
+

+

+

+

+

+

+

+

+

+
+

+

+

+

+

+

+

+

+

+

I-'
I-'
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(Sussman et aI, 1976), prolactin (l~aurer et aI, 1976;

Evans and Rosenfeld, 1976) and human placental lactogen

(Cox et aI, 1976; Boirne et aI, 1975). Only prepropara

thyroid hormone and preprolactin have also been

demonstrated in intact cells using pulse-labeling for an

extremely short time or using a protease inhibitor (TPCK)

(Habener et aI, 1976; Sussman et aI, 1976). This indicates

that the prehormones are in fact physiological precursors

of peptide hormones and are not artefacts unique to the

wheat germ or ascites cell-free system. It is believed

that intact cells and ascites cell-free systen possess

high proteolytic activity which can cleave the prehormones

to prohorrnones even before the synthesis of peptide is

completed. The wheat germ cell-free system lacks the

proteolytic activity and hence the prehormones can remain

intact. This enables isolation and subsequent chemical

characterization and microsequencing of the biosynthet

ically radio-labeled prehormones. So far, only partial

amino acid sequences of preproparathyroid hormone (Kemper

et aI, 1977), preproinsulin (Chan et aI, 1976), pre

prolactin (Maurer et aI, 1977; Lingappa, 1977),

prelactogen (Birken et aI, 1977) and pregrowth hormone

(Lingappa et aI, 1977) have been determined. A prehormone

extension containing high content of hydrophobic anino

acids at the N-terminus of the prohormone is observed in

all cases, although the length of extension varies. The
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high content of hydrophobic amino acids found in the

prehormone extensions is consistent with the "signal

hypothesis ll of Blobel and associates (1975) that the

extension facilitate the transportation of the newly

synthesized peptide into the cisternae of the endoplasmic

reticulum, after which the II s i gn a l " extension is rapidly

removed. Membrane-bound enzyme activities in ribosomal

fraction have been found to be able to cleave preproinsulin

(Shields and Blobel, 1977), prelactogen (Birken et aI,

1977; Szczesna et aI, 1976; Bojme et aI, 1977),

preprolactin (Lingappa et aI, 1977) and pregrowth hormone

(Lingappa et aI, 1977; Spielman and Bancroft, 1977) to the

corresponding native hormones. Only polypeptides

undergoing translation are cleaved by membrane-bound

enzyme whereas the completed prehormones remain intact.

The second type of hormone precursor is the

prohormone. The prohormones are products of prehormones

after the prehormone extensions are cleaved. They are in

turn cleaved by specific enzyme(s) to yield the native

hormones. They have longer half-lives and thus can be

more readily isolated and characterized. Studies of

hormone biosynthesis in vitro by incubation of tissue

slices or cultured cell with radioactive amino acids can

readily identify a prohormone. Furthermore, a precursor

product relationship can be unequivocally established

using a pulse-chase labeling technique in the biosynthetic
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studies. This technique has been successfully used for

insulin, parathyroid hormone, glucagon, calcitonin and

ACTH (Hew and Yip, 1976; Mains and Eipper, 1976). In

addition to these well-studied prohormones, existence of

a prohorrnone for vasopressin (Sachs and Takabatake, 1964),

gastrin (Gregory, 1974), a-MSH (via ACTH) (Scott et aI,

1973), S-MSH (via S-lipotropin) (Chretien and Li, 1967)

and endorphinsjenkephalins (via S-lipotropin) (Lazarus

et aI, 1976) has been suggested, although a precursor

product relationship has not been established. Biosynthesis

of S-lipotropin (Bertagna et aI, 1974) and y-lipotropin

(Chretien et aI, 1976) had been demonstrated by incubation

of pituitary slices for 4 hours and 12 hours respectively,

but no conversion of these precursor and "intermediate" to

the hormone S-MSH was observed in both cases. Recently,

biosynthesis of s-endorphin has been reported by Crine

et al (1977) and a 31,000 dalton common precursor to ACTH

and endorphins have been demonstrated by Mains et al

(1977). Biosynthetic studies for growth hormone and

prolactin using tissue slices have been attempted but

failed to detect a precursor (zanini et aI, 1974). Recent

reports on the cleavage of prelactogen (Birken et aI,

1977), pre-prolactin and pre-growth hormone (Lingappa

et aI, 1977) synthesized in wheat germ cell-free system

with microsomal enzyme(s) show a direct conversion of
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prehormones to the native hormones. The prohormone may

not exist in this family of hormones.

The primary structure of several prohormones have

been determined by analysis of the precursors purified

from tissue extract or from biosynthetically radiolabeled

proteins. It is noted that there is no consistent pattern

of the position of the prohormone extensionj it may locate

at the N-terminus of the molecule (as in proparathyroid

hormone (Potts et al, 1973) and large gastrin (Gregory,

1974», or the C-terminlls (as in proglucagon (Tager and

steiner, 1973» or both N-terminus and C-terminus (as in

S-lipotropin (Chretien and Li, 1967» or even in the middle

of the molecule connecting two peptide chains (as in

proinsulin (Chance, 1968». However, the common feature

of most prohormones studied to date is the paired basic

residue(s) (Arg-Arg, Lys-Lys or Lys-Arg) connecting the

prohormone extension and the hormone moiety. This

suggests that a specific intracellular trypsin-like

protease with carboxypeptidase B activity or the two

separate enzymes working together may play an important

role in the conversion of prohormone to hormone. The

trypsin-like activity cleaves at the carboxyl-side of the

paired basic residues and the carboxypeptidase B activity

removes the exposed basic residues after the tryptic

cleavage. Kemmler et al (1971) showed that a combination--
of trypsin and carboxypeptidase B in appropriate ratio
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cleaved proinsulin to insulin with little side products.

However, since there is a lysine residue at the C-terminus

of the B-chains of some fish insulins, trypsin-like enzyme

alone is required for the conversion (Yamaji, 1972).

Likewise, trypsin alone was found to be effective in

converting a prohormone (such as proparathyroid hormone)

which has a prohormone extension at the N-terrninus

(Goltzman et aI, 1976), although a converting enzyme with

both trypsin and carboxypeptidase B activities is indeed

involved in the conversion of proparathyroid hormone to

parathyroid hormone (Habener et aI, 1977). On the other

hand, a particulate enzyme that can specifically cleave

proparathyroid hormone has been demonstrated (MacGregor

et aI, 1976). The converting enzymes are not inhibited

by well-known trypsin inhibitors (MacGregor et aI, 1976;

Habener et al. 1977). Hence the cleavage enzyme may not

be ,the pancreatic trypsin and is different from those that

process the prehormones.

The function of the prohormone extension is not known

with certainty except in the case of proinsulin. Steiner

and Clark (1968) showed that C-peptide may playa role in

the folding of the two peptide chains is such a way that

the cysteines are alighed and disulfide bonds can be

formed properly. When proinsulin was fully reduced and

unfolded and was then allowed to reoxidise, proinsulin

regained 70-80% of the native structure as measured by the
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restoration of immunological activity. However, under the

same conditions reduced insulin chains recombined only to

an extent of 1 or 2%. This function does not apply to

other prohormone extensions. Nevertheless, the prohormone

extensions may be also a "signal" sequence involved in

post-translational processing of the prohormones.

F. Statement of the problem

It is now generally accepted that many peptide

hormones are initially synthesized within the cell as

larger precursors which are subsequently cleaved by

proteolytic enzymes to form the final active hormones

which are released. Earlier work in this laboratory

suggested the possible existence of a prohormone of

relaxin in plasma and tissue extracts (Bryant and

Stelmasiak, 1974; Kwok et aI, 1975). Recently, evidence

for the existence of such a prorelaxin in a crude

preparation of porcine relaxin (NIH-R-Pl) has been

demonstrated by Frieden and Yeh (1976). However, no

biosynthesis of relaxin or isolation of its precursor from

fresh or frozen tissues has been attempted.

The striking structural similarities between relaxin

and insulin strengthens the concept of a proinsulin-like

precursor for relaxin. Apart from the perfect alignment

of the three disulfide bridges (Schwabe and McDonald,

1977), an arginyl residue was found by us in both the
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C-terminus of B-chain and the N-terminus of A-chain of

relaxin (James et aI, 1977). This is a well-known tryptic

cleavage site, suggesting the existence of a proinsulin

like precursor of relaxin containing a connecting peptide

linking the C-terminus of B-chain to N-terminus of A-chain

of relaxin (James et aI, 1977).

The aim of this investigation is to demonstrate the

existence of a prohormone for relaxin. Two approaches

were taken. One approach was the commonly used bio

synthetic study. This technique involves incubation of

tissue slices with radioactive amino acid and demonstration

of incorporation of radioactivity into relaxin and its

precursor. Pregnant sow ovary is the best choice of

tissue, since most work including purification (Sherwood

and O'Byrne, 1974), physicochemical characterization

(Schwabe et aI, 1976, 1977; James et aI, 1977) and

localization of relaxin (Kendall et aI, 1977) have been

done using this tissue from the pig. The other approach

was to demonstrate in tissue extract the existence of a

larger molecule which is immunologically and/or

biologically active. Side fractions obtained during the

course of purification of relaxin were used as starting

material. Purification was monitored by radioimmunoassay.

Higher molecular weight and ability to be converted to

relaxin by trypsin were used as criteria for a prohormone.
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II. MATERIALS AND METHODS

A. Materials

1. Tissues

Frozen pregnant sow ovaries were obtained

from Farmer John & Co. (Los Angeles). Fresh early

pregnant sow ovaries were obtained from a local

slaughterhouse. Fresh 90 day pregnant sow ovaries

were kindly provided by Dr. W. Hughs, Dept. of

Animal Science from the Waialee Livestock Research

Station, University of Hawaii.

2. Radiochemicals

NaI 12 5 was obtained from Amersham Corp.

[14C]leucine (320 mCi/mmole) and [3H]lysine (60.3

Ci/mmole) were from New England Nuclear Corp.

3. Standard proteins

NIH relaxin (NIH-R-Pl) was a gift from the

Endocrine Study Section, National Institutes of

Health. Porcine insulin and proinsulin were

generous gifts from Dr. R. Chance, Eli Lilly

Pharmaceutical Co. Human follicle stimulating

hormone (LER 907) was kindly provided by the

National Pituitary Agency. Other pituitary

hormones are gifts from National Institutes of

Health.

Bovine pancreatic trypsin, chymotrypsinogen

A, cytochrome C, pancreatic trypsin inhibitor,
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soybean trypsin inhibitor, ribonuclease A,

ovomucoid, ovalbumin, boving insulin, bovine serum

albumin, glucagon and myoglobulin were purchased

from Sigma Chemical Co. Bovine gamma globulin

(Fraction II) was obtained from Nutritional

Biochemical Corp.

4. Blood sera

Horse serum and fetal calf serum were

obtained from Grand Island Biological Co. Normal

rabbit serum and goat anti-rabbit gamma globulin

(P-3) were purchased from Difco Laboratories and

Antibodies Incorp. respectively.

5. Resins and gels

The Sephadex gels were obtained from Pharmacia

Fine Chemicals Inc. and CM-cellulose (CM 52,

microgranular preswollen) was product of Whatman

Co. Concanavalin A insolubilized on beaded

agarose was obtained from Sigma Chemical Co.

6. Scintillation counting reagents and supplies

Econovials, Aquasol, PPO (2, S-diphenyl

oxazole) and bis-MSB (p-bis-(o-methylstyryl)

benzene) were obtained from New England Nuclear

Corp. NCS solubilizer and Biosolv (BBS-3)

solubilizer were products of Amersham Corp. and

Beckman Instruments, Inc. respectively. RIA tubes



21

(1 x 6 cm, polystyrene) were purchased from

Luckham Ltd., England.

7. Miscellaneous chemicals

TPCK (L-I-Tosylamide-2-phenylethyl

chloromethyl ketone), Trizma base, Trizma HCl,

cycloheximide, SDS (sodium dodecyl sulfate),

S-alanine, coomassie brilliant blue R, bromphenol

blue and 20 common L-amino acids were obtained

from Sigma Chemical Co. Basic fuchsin and

acrylamide were products of J. T. Baker Chemical

Co. Benzopurpurine 4B, N,N'-methylene bisacryl

amide, N,N,N',N'-tetramethylethylenediamine,

ammonium persulfate and 2-mercaptoethanol were

purchased from East Kodak Co. Methyl-a-D

mannopyranoside was obtained from Calbiochem.

Siliclad and urea were products of Clay Adams and

Mallinckrodt Inc. respectively. 3-(4-Hydroxy

phenyl)-propionic acid-N-hydroxysuccimide ester

was purchased from Fluka Pharmaceutical. Methyl

p-hydroxybenzimidate hydrochloride was obtained

from Pierce Chemical Co. N-carboxy-L-tyrosine

anhydride was custom-made by Vega-Fox Biochemicals.

Complete and incomplete Freund adjuvants and M.

Tuberculosis were obtained from Difco Laboratories,

pertussis vaccine fluid was from Eli Lilly & Co.

All other chemicals were reagent grade.
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8. Preparations

a. Acrylamide solution for urea-SDS gel system 

45.45 g of acrylamide and 4.55 g of N,N'

methylene bisacrylamide per 100 ml, filtered

through Whatman #1 filter paper, stored at 4°C.

b. Ammonium acetate buffer, 0.2 M, pH 6.8 - 246.7

g of ammonium acetate per 16 liters, stored

at 4°C.

c. Ammonium acetate buffer, 0.08 M, pH 5.5 - 10.33

g of ammonium acetate and 1.53 ml of glacial

acetic acid per 2 liters, stored at 4oC.

d. Ammonium bicarbonate buffer, 0.05 M, pH 8.6 

9.6 g of (NH4) 2C03 and 7.9 g of NH4HC03 per 2

liters, stored at 4°C.

e. Barbitone buffer, 0.05 M, pH 8.6 - 257.7 g of

sodium barbital per 25 liters, adjusted to

pH 8.6 with concentrated hydrochloric acid

(about 15 ml), stored at 4°C.

f. Biosolv-containing scintillation counting

cocktail - 300 ml of Biosolv (BBS-3), 6 g of

PPO and 100 mg of bis-MSB and toluene to make

1 liter.

g. Borate buffer, 0.1 M, pH 8.5 - 0.62 g of boric

acid per 100 ml, adjusted to pH 8.5 with 5 N

NaOH solution.
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h. Buffer A - PBS containing 0.1% (v/v) fetal

calf serum and 0.02% (w/v) sodium azide, stored

at 4°C.

i. Buffer B - 2% (w/v) SDS, S% (v/v) 2-mercapto

ethanol, 8 M urea in 0.01 M phosphoric acid,

adjusted to pH 6.8 with Trizma base, stored

frozen.

j. Buffer C - 0.02% (w/v) basic fuchsin (as

tracking dye) and 8 M urea, adjusted to pH 2.0

with concentrated hydrochloric acid, stored

frozen.

k. Buffer D - 0.01 M sodium phosphate buffer,

pH 7.S containing 2% (w/v) SDS and 2% (v/v)

2-mercaptoethanol.

1. Con A buffer- O.OS M Tris-HCl, pH 7.S (2SoC)

containing 1 M NaCl and 0.1% BSA, stored at

4°C.

m. Diluent 1 - O.OS% (w/v) of bovine gamma

globulin in O.OS M barbitone buffer, pH 8.6,

used within 1 week when stored at 4°C.

n. Diluent 2 - 10% (v/v) horse serum in O.OS M

barbitone buffer, pH 8.6, stored frozen.

0. Diluent 3 - 10 ~1 EDTA in O.OS M barbitone

buffer, pH 8.6, stored at 4°C.

p. Earle's balanced salt solution - 6.8 NaCl, 0.4

g KCl, 0.14 g NaH2P04·H20, 0.2 g MgS04·7H20,
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1 g glucose, 0.2 g CaC12, 10 mg phenol red and

2.2 g NaHC03 per liter of solution, stored at

4oC.

q. Estradiol cyclopentyl propionate - 50 ug per

ml peanut oil, the crystalline estradiol was

dissolved in small amount of diethyl ether,

peanut oil was then added to desired concen

tration, the ether was evaporated off with a

gentle stream of air until ether was no longer

noticeable.

r. Gel buffer for urea-SDS gel system - 20.4 ml

phosphoric acid, 3 g of SDS and 63 g Trizma

base and distilled water to make 1 liter,

stored at 4°C.

s. Locke's solution - 9.0 g NaCl, 672 mg NaHC03,

417 mg KCl, 244 mg CaCl2, 991 mg glucose and

102 mg MgC12 per liter, stored at 4°C.

t. Phosphate buffer, 0.5 M, pH 7.5 - 23.67 g

. Na2HP04 and 11.50 g NaH2P04·H20 per 500 ml,

stored frozen in 5 ml aliquots.

u. Phosphate buffer, 0.05 M, pH 7.5 - freshly

prepared by diluting 5 ml of 0.5 M phosphate

buffer, pH 7.5 to 50 ml with distilled water.

v. PBS (phosphate buffered saline) - 0.01 M sodium

phosphate, 0.14 M ~aCl, pH 7.5; 8.2 g NaCl,
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1.14 g Na2HP04, 0.21 g NaH2P04H20 per liter,

stored at 4oC.

w. Toluene based scintillation counting cocktail 

6 g of PPO and 100 mg of bis-MSB and toluene

to make 1 liter.

x. Tris-HCl buffer, 0.05 M, pH 7.5 - 0.53 g of

Trizma HCl and 0.20 g of Trizma base per 100

ml, stored at 4oC.

B. Methods

1. Purification of relaxins

Highly purified relaxin is needed for raising

specific antibodies, for use as standards in

bioassay and radioimmunoassay, labeling with

radioactive iodine, and for use as reference

materials in the study of the relationship between

relaxin and its precursor(s). Three highly

purified preparations of relaxin namely, CM-B,

CM-a and CM-a', have been successfully purified

from frozen pregnant sow ovaries in the laboratory

using a slight modification of the method of

Sherwood and O'Byrne (1974). Briefly, one Kg of

frozen pregnant sow ovaries were cut into small

pieces with a knife and then ground with a meat

grinder while still in a frozen state. The ground

ovaries were then extracted overnight at 40C by
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stirring continuously with 4 liters of 0.15 N HCl

acetone (3:7). Insoluble tissue residues were

removed by centrifugation at 13,000 x g for 15 min.

The crude extract was precipitated from the super

natant with 5 volumes of cold acetone (-200C).

The precipitate was collected by filtration through

Whatman #1 filter paper in a Buchner funnel, washed

5 times with cold acetone and dried in vacuo. The

crude extract was then dissolved in 70 - 100 ml of

0.2 M ammonium acetate buffer pH 6.8 and insoluble

materials were removed by centrifugation. The

supernatant was then applied to a 6.5 x 114 cm

column of Sephadex G-50 (fine) equilibrated and

eluted with same buffer. Fractions of 10 ml were

collected. The relaxin-containing fractions (G-2)

were pooled, lyophilized, redissolved in 0.08 M

ammonium acetate buffer, pH 5.5 and applied to a

1.5 x 30 cm column of CM-cellulose equilibrated

with the same buffer. Elution was carried out with

a linear gradient of 0 - 0.3 M NaCl in 0.08 M

ammonium acetate buffer, pH 5.5. Fractions of 3

ml were collected. The purified relaxin was then

desalted with an Amicon stirred cell (using UM-2

membrane) and lyophilized.
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A batch of nonpregnant sow ovaries was also

processed as described above. In addition, 750 mg

of a crude preparation of relaxin (NIH-R-Pl) was

purified through the gel filtration and CM-

cellulose chromatography steps.

2. Quantitative assays

a. Radioimmunoassay

Antiserum production and characterization-

Antiserum to highly purified relaxin (fraction

CM-a' as designated by Sherwood and O'Byrne (1974»

was raised in a New Zealand albino rabbit by the

method of Vaitukaitis et al (1971). The anti-

serum was stored undiluted in 1 ml aliquot at

-20oC until used. The titer of the antiserQ~ was

determined by incubating a two-fold serial

dilutions (200 ~l) of the antiserum in diluent 2

with l25I-relaxin (50 pg in 50 ~l diluent 1) under

the same conditions as in the radioimmunoassay

(see below). The dilution at which 40-50% of the

added tracer was bound was selected for use in

routine radioimmunoassay. Specificity of the

antiserum was checked with various pituitary

hormones, porcine proinsulin and insulin under the

same conditions of the radioimmunoassay.
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Radio-iodination of relaxin - Since none of

the highly purified porcine relaxin preparations

contain histidine or tyrosine residues, it is

impossible to label relaxin with NaI125 by the

conventional method of Hunter and Greenwood (1962).

Specific reagents containing a hydroxyphenyl group

have to be used to modify relaxin before it can

be iodinated. Three of these reagents which have

been tried are: 3-(4-hydroxypheny1)-propionic

acid-N-hydroxysuccinimide ester, methyl p-hydroxy-

benzimidate hydrochloride and N-carboxy-L-tyrosine

anhydride.

(a) Modification of relaxin with

3-(4-hydroxyphenyl)-propionic acid N-

hydroxysuccinimide ester

This is a modification of the method of

Bolton and Hunter (1973). The original method

involves 1) labeling with an acylating agent,

3-(4-hydroxypheny1)-propionic acid-N-

hydroxysuccinimide ester

o
II

HO -0- CH2 - CH2 - C

o
~

-0-NJ
IIo
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with Nar 1 2 5, 2) extracting the iodinated ester

with benzene, and 3) treating the hormone with

the iodinated ester. The ester reacts with

free amino groups in the protein molecule to

attach the 125I-labeled groups by amide bonds.

Unfortunately, the method was not successful

in our hands with relaxin, hence the method

was modified as follows.

Essentially, relaxin was first reacted

with the ester and the acylated hormone was

then radio-iodinated by the conventional

method of Hunter and Greenwood (1962).

Crystalline 3-(4-hydroxyphenyl)-propionic

acid-N-hydroxysuccinimide ester (1 ~g) was

dissolved in 5 ~l of ethyl acetate in a 10 x

75 mm glass tube and dried in vacuo. To this

was added 25 ~g porcine relaxin (CM-a')

dissolved in 20 ~l of 0.1 M borate buffer, pH

8.5 and mixed for 15 min. at OOC. The

reaction mixture was then diluted with 20 ~l

of 0.05 M phosphate buffer, pH 7.5. Half of

the acylated relaxin (12.5 ~g) was taken

immediately for iodination as described below.
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(b) Modification of relaxin with methyl

p-hydroxybenzimidate hydrochloride

This amidination reagent, methyl

p-hydroxybenzimidate hydrochloride

+

was first introduced by Wood et al (1975) for

radio-iodination of proteins using a method

similar to that of Bolton and Hunt~r (1973).

It has more advantages than the acylation

reagent of Bolton and Hunter; it is more

suitable in aqueous solution, and is more

specific in its reaction with proteins in

forming protonated amidine linkage with

e-amino groups of lysyl residue or a-amino

groups of N-terminal residues. Furthermore,

this compound retains the positive charge of

protein amino groups. However, this

imidoester has one serious disadvantage; it

is not very reactive. Its reaction with

proteins usually takes 24 hours, which is not

convenient for radio-iodination. The method

of Wood et al (1974) was therefore modified
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as follows, as in the case of the method of

Bolton and Hunter.

Aliquots of 1 mg of porcine relaxin

(CM-a') were stirred continuously for 24 hours

at room temperature with 2, 10 and 14 fold

molar excess of methyl p-hydroxybenzimidate

hydrochloride in 0.5 ml of 0.05 M sodium

borate buffer, pH 8.5. Excess reagent was

then removed by gel filtration through a 1.5

x 80 cm column of Sephadex G-25 which was

equilibrated and subsequently eluted with

0.05 M NH4HC03' pH 8.6. The protein peak

detected at the void volume by absorbance at

280 nm was pooled and lyophilized. The

lyophilized protein was redissolved in 0.05 M

phosphate buffer, pH 7.5 at a concentration

of 10 ~g per 20 ~l for radio-iodination as

described below.

(c) Modification of relaxin with N-carboxy

L-tyrosine anhydride

This method has been used successfully

with insulin C-peptide (Melani et aI, 1970)

and porcine relaxin (Sherwood et aI, 1975a).

The reagent, N-carboxy-L-tyrosine anhydride,

also modifies the free amino groups of

proteins. The method used for C-peptide
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(Melani et aI, 1970) was employed in this

study. Purified relaxin (CM-a') (5 mg) was

dissolved in 1 ml of 0.0025 N HCl and mixed

with 1 ml of 0.1 M sodium phosphate buffer,

pH 7.6. The mixture was then cooled in an

ice-bath. N-carboxy-L-tyrosine anhydride

(2 mg in 100 ~l dioxane) was added and the

mixture was stirred overnight at 4oC. The

insoluble materials were removed by centri

fugation and the supernatant was gel filtered

on a 1.5 x 90 cm column of Sephadex G-25

(medium) eluted with 0.05 M ammonium

bicarbonate buffer, pH 8.6 to remove unreacted

reagents. The material which appeared in the

void volume was pooled and lyophilized. The

polytyrosyl-relaxin was redissolved in 0.05 M

sodium phosphate pH 7.5 at 10 ~g/20 ~l for

iodination.

(d) Iodination of the modified relaxin

For iodination, 10 - 12.5 ~g of relaxin

modified by any of the above three methods was

added to 0.5 mCi NaI125 in 20 ~l of 0.5 M

phosphate buffer, pH 7.5 in a 10 x 75 rnrn glass

tube, followed by freshly prepared chloramine

T solution (50 ~g in 10 ~l of 0.05 M phosphate

buffer, pH 7.5). After shaking for 10 sec.,
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freshly prepared sodium metabisulfite (100 ~g

in 10 ~l phosphate buffer) was added followed

immediately by potassium iodide solution

(1 mg in 100 ~l phosphate buffer). Separation

of 125I-relaxin from free NaI125 (and from

unreacted ester, if the first modification

method was used) was accomplished by passage

through a 0.5 x 20 cm column of Sephadex G-25

(medium) presaturated with 2% bovine gamma

globulin in 0.05 M barbitone buffer, pH 8.6

and eluted with barbitone buffer. If the

first modification method was used gelatin

(0.25% in 0.05 M phosphate buffer, pH 7.5)

was used instead of bovine gamma globulin to

saturate the column in order to avoid the

binding of the low molecular weight iodinated

products to this protein (Bolton and Hunter,

1973). Fractions of 0.5 ml were collected.

The peak fraction at the void volume was used

for radioimmunoassay after being diluted to

1 ng/ml with diluent 1.

Radioimmunoassay procedure - Standard porcine

relaxin (eM-a'), 0, 78, 156, 312, 625, 1250 and

2500 pg in 200 ~l diluent 2, or unknown of 10

twofold serial dilutions in diluent 2 (200 ~l) was

added to polystyrene incubation tubes (1 x 6 cm).
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Antiserum to highly purified porcine relaxin (50 ~l

of a 1:3000 dilution in diluent 1) was then added.

The contents of the tubes were mixed gently and the

tubes capped and incubated at 4oC. After:4 hours

of incubation, l25r-relaxin (50 pg in 50 ~l of

diluent 1) was added, the content mixed gently, the

tubes again capped and the incubation continued for

48 hours.

Separation of bound and free hormone was

carried out by a conventional double antibody

procedure. To each tube was added 50 ~l normal

rabbit serum (1:20 dilution in diluent 3) and 100

~l of goat anti-rabbit gamma globulin (1:8 dilution

in diluent 3). The tubes were mixed gently,

recapped and replaced at 40C for a further 24

hours. The tubes were then centrifuged in a

refrigerated Sorvall RC-3 centrifuge at 2000 x g

for 20 min. and the supernatant carefully decanted,

the precipitates were counted in a Packard Model

3002 Tri-Carb scintillation spectrometer. The

relaxin concentration in the unknown samples were

determined by interpolation from a least-square

regression line of logit (B/Bo) versus log concen

tration of standard relaxin according to the

linear equation (Rodbard et aI, 1969)

logit(B/Bo) = b.log(X) + a
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where B is counts bound, Bo is counts bound for

zero dose, X is the hormone concentration, a and b

are constants. N(nonspecific counts) determined

by the omission of specific antibody was subtracted

from the Band Bo before logit transformation.

b. Bioassays

Mouse pubic symphysis assay - The method of

Steinetz et al (1960) was selected for the routine

bioassay of relaxin samples. This assay was based

on the relaxation of mouse pubic symphysis by

relaxin. A six point parallel-line assay design

is generally employed using twenty estrogen-primed

virgin (18 - 20 g) mice for each of 3 double

dilutions of relaxin reference standard (NIH-R-Pl)

and unknown samples. All mice were primed with a

single subcutaneous injection of 5 ~g of estradiol

cyclopentylpropionate in 0.1 ml of peanut oil on

day O. Relaxin standard and unknown samples to be

assayed were then injected subcutaneously on day 7

in 0.2 ml of 1% benzopurpurine 4B (an azo dye

repository agent). Eighteen hours later, mice were

killed by exposure to ether vapor. The pubic

symphysis was exposed and its length was measured

under a binocular dissecting microscope equipped

with a calibrated ocular micrometer and trans

illuminator. The results were then evaluated by
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statistical methods for six point parallel line

assays as described by Bliss (1952) with the aid of

an APL computer program. The relative potency is

expressed as mg NIH relaxin/mg protein. The NIH

relaxin standard (NIH-R-Pl) used has a potency of

442 GPU/mg. The relative potency of the sample can

be converted to potency in GPU/mg by a factor of 442.

Rat uterine motility assay - This assay,

based on the inhibition of uterine mobility, was

also used to screen for relaxin-like activities.

The method of Wiqvist and Paul (1958) was employed

with a slight modification. Virgin rats (200 - 250

g) were primed with a single subcutaneous injection

of 20 ~g estradiol cyclopentylpropionate. After

24 hours, each rat was killed and the uterine horns

were removed and cut into 0.5 - 1.0 cm segments.

Each segment was suspended in Locke's solution in

a 25 ml tissue bath. The solution was aerated

with 5% C02 - 95% 02 and was maintained at 37oC.

Isometric contraction of each uterine segment was

recorded on a Grass polygraph. After the sponta

neous contraction of the uterine segment had been

established, relaxin standard (NIH-R-Pl) or unknown

sample was added to the tissue bath in multiple

cumulative doses. The % reduction in amplitude of

contraction was used to estimate the potency of
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the sample using a linear regression line. Each

sample was run in triplicate or quadruplicate.

3. Procedures involved in isolation of precursor(s)

Side fractions containing high molecular

weight relaxin-like material were obtained during

the course of purification of relaxin from pregnant

sow ovaries and were used as starting materials

for further purification. The samples were

dissolved in 1 ml of 0.08 M ammonium acetate

buffer, pH 5.5 and rechromatographed on a 1.5 x 85

cm column of Sephadex G-50 (superfine) which was

equilibrated and subsequently eluted with the same

buffer. Fractions of 1 ml were collected.

Aliquots from alternate fractions were first

diluted 1:800 with diluent 2 and 200 ~l of each

dilution was assayed with radioimmunoassay.

Fractions containing the relaxin-like material

were pooled and lyophilized twice to remove the

ammonium acetate.

4. Procedures of biosynthetic studies

a. Incubation and extraction

The ovaries were transported to the laboratory

in ice-cold Earle's balanced salt solution (1943)

within two hours of slaughter. The corpora lutea

were cut into 1 rom thick slices with a razor blade
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and rinsed once with cold Earle's solution.

Tissue slices (200 mg) were preincubated at 37 0C

in a 25 ml Erlenmeyer flask containing 2 ml of

incubation medium under an atmosphere of 5% C02

and 95% 02 in a shaking water bath. The incuba

tion medium was composed of Earle's balanced salt

solution and 20 pg/ml of 19 common amino acids

except leucine or lysine (depending on the tracer

to be used). After 30 min. of preincubation, 20

pCi of r1 4C] leucine (320 rnCi/mmole) or 100 pCi

of r3H] l y s i n e (60.3 Ci/mmole) was added to the

incubation medium and incubation was continued up

to 6 hours. Incubation was terminated by chilling

and rinsing the slices with cold medium containing

100 fold excess of unlabeled leucine or lysine.

The tissue slices were then homogenized in 2 ml of

0.1 N HCl and extracted overnight at 4oC.

Insoluble materials were removed by centrifugation

at 3000 x g for 30 min. The supernatant was then

lyophilized with a KOH trap between the sample and

lyophilizer. The incubation media were immediately

frozen with dry ice-ethanol and stored at -20oC

until use. For controls, 200 mg of stromal tissue

was treated in the same way. In some experiments,

100 ~g/ml of cycloheximide was added to the incu

bation medium to ensure that the incorporation of
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labeled amino acid into protein was due to

ribosomal protein synthesis. All glassware used

in biosynthetic studies is siliconized with

Siliclad.

b. Gel filtration

The lyophilized extract was redissolved in 1

ml of 0.1 M sodium phosphate buffer, pH 7.5 (or

1 M acetic acid) and gel filtered through a 1.5 x

85 cm column of Sephadex G-50 (superfine) which had

been equilibrated and subsequently eluted with

buffer A (or 1 M acetic acid). For the incubation

media, 1 ml of medium was directly applied to the

column. Fractions of 1 ml were collected.

Suitable aliquots from the fractions were mixed

with 10 ml of Biosolv-containing scintillation

counting cocktail or Aquasol and counted in a

Packard Model 3380 Tris-Carb liquid scintillation

spectrometer for total reactivity. Aliquots of

50 - 200 ~l from alternate fractions were assayed

for relaxin with radioimmunoassay as described

above and used for immunoprecipitation as follows.

c. Immunoprecipitation

Aliquots of 200 ~l from column fractions were

incubated overnight at 40C with 100 ~l of relaxin

antiserum of nonimmune rabbit serum (diluted to

1:40 in PBS). The 100 ~l of goat anti-rabbit gamma
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globulin diluted to 1:4 in PBS) was added and the

mixture was incubated for another 5 hours. The

irnrnunoprecipitate was collected by centrifugation

at 2000 x g for 20 min., washed twice with PBS and

once with ice cold distilled water. It was then

dissolved in 0.5 ml of NCS solubilizer and counted

in 5 ml toluene based scintillation counting

cocktail. Alternatively, the irnrnunoprecipitates

were dissolved in 50 ~l of 0.2 N NaOH and counted

in 10 ml of Biosolv-containing scintillation

counting cocktail. The nonspecific counts precipi

tated by nonirnrnune rabbit serum were subtracted

from the counts precipitated by relaxin antiserum.

For electrophoresis, the washed irnrnunoprecipi

tate was dissolved in 100 ~l of buffer B or buffer

D, heated at 60 0C for 1 hour or at 1000C for 5

min. and then analyzed on urea-SDS gels or SDS gels

as described below.

d. TCA precipitation

The tissue extract or incubation medium for

the biosynthesis studies was precipitated with

equal volume of 20% TCA and 3 volumes of 10% TCA.

The precipitate was recovered by centrifugation

at 2000 x g for 20 min. and redissolved in 1 ml of

0.2 N NaOH. The solution was reprecipitated with

TCA and heated to 85 0C for 15 min. The precipitate
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was then collected by centrifugation, washed once

with ether and dissolved in 1 ml NCS solubilizer.

The radioactivity of the digested sample was

measured by liquid scintillation counting in 10 ml

of toluene based scintillation counting cocktail.

5. Techniques used for characterizing the precursor(s)

a. Conversion with TPCK-trypsin

TPCK-trypsin was prepared by treating bovine

pancreatic trypsin with TPCK to inactivate

chymotrypsin activity using the method described

by Kostka and Carpenter (1964).

The partially purified high molecular weight

relaxin-like materials were treated with 1% (w/w)

TPCK-trypsin and the digested products were

analyzed either by gel electrophoresis or by gel

filtration.

Tryptic digestion for gel electrophoresis 

Sample (1 mg) was dissolved in 400 ~l of 0.05 M

Tris-HCl buffer, pH 7.5 (370C) containing 0.02 M

CaC12. An aliquot of 80 ~l (200 ~g) was removed

and mixed with 20 ~l of Tris-HCl buffer and 100 ~l

of buffer B to serve as 0 time control. The

remaining sample was warmed to 37 0C and then mixed

with TPCK-trypsin (8 ~g in 80 ~l of Tris-HCl

buffer). At 1, 5 and 20 min. intervals, 100 ~l of
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the reaction mixture (200 ~g) was mixed with equal

volume of buffer B, heated at 1000C for 5 min. to

inactivate the trypsin and then analyzed on urea

SDS gels as described below.

Tryptic digestion for gel filtration - Sample

(500 ~g) was dissolved in 300 ~l of PBS containing

10 mg/IOO ml of CaC12 and warmed up to 37oC.

TPCK-trypsin (5 ~g in 100 ~l same buffer) was then

added and the mixture was incubated for 5 min.

The digestion was terminated by adding 100 ~g of

soybean trypsin inhibitor (in 100 ~l PBS), followed

by 500 ~l of buffer A. The mixture was immediately

applied to a 1.5 x 85 cm column of Sephadex G-50

(superfine) and eluted with buffer A. Fractions

of 1 ml were collected. For a control, an equal

amount of sample was treated with 0.9 ml of 8 M

urea in PBS at room temperature for 24 hours and

then diluted with 0.1 ml PBS and gel filtered

either on a Sephadex G-50 (superfine) column

eluted with buffer A or on a Sephadex G-75 column

eluted with 7 M urea in PBS. Aliquots of 100 ~l

from alternate fractions were assayed with radio

immunoassay. Urea does not Lnt.er f e re with the

assay after 1/8 dilution.

For tryptic digestion of biosynthetic

products, the lyophilized extract of corpus luteum
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slices after incubation with [3HJlysine was

redissolved in 0.1 M Tris-HCl buffer, pH 7.5

containing 0.02 M CaC12. An aliquot of the

solution was taken for protein determination by a

modification of the method of Lowry (Hartree, 1972) .

The remaining solution was then incubated with 1%

TPCK-trypsin (w/w) for 10 - 90 min. at 37oC. At

the end of incubation, 20 fold excess of soybean

trypsin inhibitor was added, and the mixture was

chromatographed on the Sephadex G-50 (superfine)

column as described above. Aliquots of 150 ~l

from alternate fractions were counted in 10 ml of

Biosolv-containing scintillation counting cocktail.

b. Gel electrophoresis

Urea-SDS gel system - The gels containing

12.5% gel with 1:10 cross-linkage, 0.1% SDS and

8 M urea were prepared by a modification of the

Swank and Mankres (1971) method. Gel buffer and

acrylamide solution were prepared as described in

the "solution" section. For 11 gels (5 x 115 rom) ,

11.5 g urea was dissolved in 8 ml of gel buffer,

6 ml of acrylamide solution, and degassed in vacuo.

Then 20 ~l of N,N,N', N'-tetramethylethylenediamine

and 1 ml of freshly prepared ammonium persulfate

(7.5 mg/ml) were added, mixed well and pipetted to

the gel tUbes. Polymerization was completed within
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30 min. The two compartments of the electro

phoresis apparatus were filled with gel buffer

diluted 1:3 with distilled water. Protein samples

were dissolved in buffer B and heated at 1000C

for 5 min. Samples (10 - 100 ~g) were mixed with

10 ~l tracking dye (0.05% bromophenol blue in

water) and layered on the gels. Electrophoresis

was carried out at 1.6 rnA/gel for 18 hours. The

gels were stained and destained as described by

Swank and Mankres (1971) and then stored at 7.5%

acetic acid. For immunoprecipitate, the gels were

sliced and counted for radioactivity without

staining as described below.

Urea gel system - The gel system of Reisfeld

et al (1962) was modified as following. The gels

contain 15% acrylamide, 0.1% methylene bisacryla

mide and 8 M urea. Solutions A and C and the tray

buffer were prepared as described by Reisfeld et al

(1962). For 12 gels (5 x 75 mm), 11.5 g urea was

dissolved in 3 ml of solution A, 6 ml of solution

C and 5 ml of distilled water. After degassing,

1 ml of freshly prepared ammonium persulfate (7.5

mg/ml) was added. The solution was mixed well and

pipetted to the gel tubes. PolYmerization would

take place within 30 min. Protein samples (lmg/ml)

were dissolved in buffer C. Samples (5 - 50 ~g)
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were directly layered on the gels. Electrophoresis

was carried at 2 rnA/gel for 4 hours. The gels

were stained and destained as described by Weber

and Osborn (1969).

SDS gel system - The procedure of Weber and

Osborn (1969) was carried out exactly as described,

expect the protein samples were dissolved in buffer

D and heated at lOOoC for 5 min. before electro

phoresis. For molecular weight determination,

bovine serum albumin, heavy and light chains of

bovine gamma globulin, ovalbumin, myoglobin and

ribonuclease A were used as molecular weight

markers. The protein bands were visualized by

staining with coomassie blue. For immunoprecipi

tate, the protein bands were located by liquid

scintillation counting as described below.

Measurement of radioactivity in gels - The

gels were frozen and sliced with a multirazor

blade device. Each slice (1.7 mm thick) was

incubated in 0.5 ml of NCS solubilizer water (9:1)

in a 8 ml scintillation counting vial at 37 0C

overnight. After cooling, 5 ml of toluene based

scintillation counting cocktail were added and

radioactivity was measured with a Packard liquid

scintillation spectrometer.



46

c. Affinity chromatography on Con A - Sepharose -

Affinity chromatography for glycoprotein was

carried out at room temperature using a column of

0.5 ml con A - Sepharose packed in a siliconized

pasteur pipet. The column was rinsed with 3 x 1

ml of con A buffer before use. Protein samples

were dissolved in 1 ml con A buffer and applied to

the column. The column was then rinsed with 4 x 1

ml of con A bufferi then with 4 x 1 ml of 0.2 M

methyl-a-mannopyranoside in con A buffer and

finally with 4 x 1 ml of 0.1% BSA in 0.1 N acetic

acid. Aliquots from each fraction were taken for

radioimmunoassay.

d. Protein determination

The protein concentration in solution5 were

determined by a modification of Lowry method as

described by Hartree (1972). For pure relaxin

solutions, protein concentration was determined

using the E~~O nm value of 13.9, which has been

determined by drying a solution of relaxin of known

UV absorbance (at 280 nm) to constant weight.

e. Molecular weight determination

Molecular weights were determined by gel

filtration on a 1.5 x 85 crn column of Sephadex G-50

(superfine) equilibrated and eluted with either

PBS or 1 M acetic acid. The column was calibrated
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with bovine gamma globulin, chymotrypsinogen A,

soybean trypsin inhibitor, myoglobin, ribonuclease

A, cytochrome C, pancreatic trypsin inhibitor,

insulin and glucagon in either buffer. The

molecular weight of the unknown was determined

from a plot of VelVo values versus log molecular

weight of the standard proteins, where Ve is the

elution volume of a protein and Vo is the void

volume determined by the elution volume of bovine

gamma globulin. The molecular weight of a protein

excluded from this column was determined by 10%

SDS gel electrophoresis as described above.
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III. RESULTS

A. Purification of relaxin: from pregnant sow ovaries,

NIH relaxin and nonpregnant sow ovaries

Pregnant sow ovaries

When HC1-acetone extract of pregnant sow ovaries

was chromatographed on a Sephaaex G-50 (fine) column,

three major peaks, namely, G-l, G-2 and G-3, were

detected by UV absorbance at 280 nm (Fig. 1). G-l was

excluded from the column, and was therefore composed

of a mixture of proteins of molecular weight over

30,000 daltons. G-2 was the biologically active 6,300

dalton relaxin fraction while G-3 was composed of low

molecular weight materials containing a yellow pigment.

Between G-l and G-2, there was a small peak which was

named G-X because of its unknown properties. Subse

quent radioimmunoassay on the column fractions showed

a major immunoreactive peak at the G-2peak and a

minor one at the G-X peak. The G-X peak was further

studied as described in section C.

When the G-2 peak was pooled, lyophilized and

chromatographed on a CM-cellulose column, three major

peaks corresponding to the fractions of CM-B, CM-a and

CM-a' as designated by Sherwood and O'Byrne (1974)

were found (Fig. 2). The fractions of CM-a and CM-a'

were eluted closely together and it was difficult to

separate them even by rechromatography on the CM-
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Fig. 1. Gel filtration of an extract from pregnant

sow ovaries on Sephadex G-50 (fine)

HCl-acetone extract from 1 Kg of pregnant sow

ovaries was dissolved in 70 - 100 ml of 0.2 M ammonium

acetate buffer and adjusted to pH 6.8 with 5 M NaOH.

Insoluble materials were removed by centrifugation and

the supernatant was applied to a 6.5 x 114 column of

Sephadex G-50 (fine). Total protein applied on the

column was 2.62 g. The column was equilibrated and

eluted with 0.2 M ammonium acetate buffer, pH 6.8 at

a flow rate of 92 ml/hr. Fractions of 10 ml were

collected. Alternate fractions were measured for

absorbance at 280 nm (e) and immunoreactivity

(histogram) .
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Fig. 2. CM-cellulose chromatography of G-2 fraction

from pregnant sow ovary extract

G-2 fraction from above column (Fig. 1) was

pooled, lyophilized and redissolved in 40 ml of 0.08

M ammonium acetate buffer, pH 5.5. A total of 223 mg

of protein was applied to a 2.5 x 39 cm column of

CM-cellulose (CM-52) equilibrated with same buffer.

After unabsorbed proteins were washed out, the column

was eluted with a linear gradient of NaCl. Fractions

of 6 ml were collected.
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cellulose column with a shallow NaCl gradient. The

fraction of CM-B, on the other hand, was quite distinct

from CM-a and CM-a'. A conversion of the CM-a and

CM-a' to CM-B fractions was observed in some batches

since an increase in the yield of CM-B fraction is

always accompanied by a decrease in the yield of CM-a

and CM-a' fraction. The total yield of relaxin ranged

from 37 - 139 mg/Kg pregnant sow ovaries depending on

the quality of the ovaries.

The three fractions were homogeneous as demon

strated by polyacrylamide gel electrophoresis on urea

gels at pH 4.3, and chromatography on hydroxylapatite,

although each fraction contained trace amounts of its

neighbouring fractions and CM-B fraction was probably

contaminated with other similar peptides since this

could be iodinated successfully with the conventional

Hunter and Greenwood method (1962) whereas purified

CM-a and CM-a' could not. The relative potencies for

CM-a', CM-a and CM-B as determined by the mouse pubic

symphysis bioassay were 3.5, 5 and 3.5 mg NIH relaxin/

mg protein respectively. Fig. 3 showed the photographs

of mouse pubic symphysis at different doses of relaxin.

Fig. 4 showed the dose-response curves for relaxin

standard (NIH-R-Pl) and CM-a' fraction.
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Fig. 3. Photographs of mouse pubic symphysis at

different doses of relaxin

Photographs showing the mouse pubic symphysis at

the time of bioassay (see Methods for experimental

details), (top) with injection of 125 ng of CM-a'

relaxin; (bottom) with injection of 500 ng CM-a' relaxin.
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Fig. 4. Dose-response curves for relaxin standard

and CM-a' using the mouse pubic symphysis

bioassay

The dose-response curves for relaxin standard and

CM-a' were determined as described in Methods. Each

point represents the mean length of 20 mouse pubic

symphysis at a given dose of relaxin. The bar repre

sents the standard error.
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NIH-relaxin

Purification of NIH-relaxin (NIH-R-Pl) was also

attempted. Gel filtration of 750 mg NIH-R-Pl on the

Sephadex G-50 (fine) column showed essentially the

same pattern as an extract from pregnant sow ovaries,

except the omission of the G-3 peak and the trailing

of the G-l peak (Fig. 5). Radioimmunoassay on the

column fractions detected the G-2 peak, but no

definite peak for the high molecular weight relaxin

like material. CM-cellulose chromatography of the

G-2 fraction showed an elution profile (Fig. 6) which

was different from that for the G-2 fraction obtained

from frozen pregnant sow ovaries (Fig. 2). There was

no resolution between CM-a and CM-a' peaks and the

single peak in their positions was therefore named

CM-A. The CM-B fraction, likewise, was not well

separated from the CM-A fraction. The relative

potencies of CM-A and CM-B fractions were only 2.3 and

1.5 mg NIH relaxin/mg protein respectively, although

both fractions were homogeneous on urea gels at pH 4.3.

Non-pregnant sow ovaries

An HC1-acetone extract of nonpregnant sow ovaries

(without any corpora lutea) showed only two peaks, G-l

and G-3, when gel filtered on the Sephadex G-50 (fine)

column (Fig. 7). No G-2 peak was detected by UV

absorbance at 280 nm. However, radioimmunoassay on
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Fig. 5. Gel filtration of NIH-R-Pl on Sephadex G-50

(fine)

A pool of 750 mg crude porcine relaxin (NIH-R-Pl)

was dissolved in 20 ml of 0.2 M ammonium acetate

buffer, pH 6.8 and gel filtered on the Sephadex G-50

(fine) column as described in the legend of Fig. 1.

Alternate fractions were measured for absorbance at

280 nm (e) and immunoreactivity (histogram).
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Fig. 6. eM-cellulose chromatography of NIH-R-Pl

G-2 fraction

G-2 fraction pool (316 mg) from above column

(Fig. 5) was dissolved in 40 ml of 0.08 M ammonium

acetate buffer, pH 5.5 and applied to a 1.5 x 30 cm

column of CM-cellulose (CM-32). Elution was carried

out with a linear gradient of NaCl. Fractions of

3 ml were collected.
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Fig. 7. Gel filtration of an extract from nonpregnant

sow ovaries on Sephadex G-50 (fine)

HCl-acetone extract of 1 Kg nonpregnant sow

ovaries was chromatographed on the Sephadex G-50 (fine)

column under the same conditions as described in the

legend of Fig. 1.
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the column fra~tions detected some immunoreactivity at

the elution volume of 6,300 dalton relaxin. The

highest concentration was only 20 ~g as compared with

2500 ~g CM-a'/ml for pregnant sow ovaries. No distinct

high molecular immunoreactivity was detected. Since

the yield of G-2 peak was so low (4.05 mg eM-a' per

Kg ovaries as determined by radioimmunoassay), no

further purification was attempted. A comparison of

the yields and properties of relaxin obtained from

frozen pregnant and nonpregnant sow ovaries and NIH

relaxin (NIH-R-Pl) is summarized as shown in Table 3.



Table 3. Comparison of the yields and properties of relaxin from frozen pregnant sow
ovaries, NIH relaxin and nonpregnant sow ovaries.

Starting material

Sephadex G-50
G-2 fraction

CM-cellulose fractions

Total yield

Biological activity+
(mg NIH relaxin/mg protein)

Immunoreactivity++
(mg CM-a'/mg protein)

Electrophoretic mobility
on urea gels, pH 4.3

Pregnant Sow Ovary NIH-Relaxin

1 Kg ovaries 750 mg NIH-R-Pl

223 mg 316 mg

CM-a' = 62 mg CM-A = 53 mg
CM-a = 43 mg
CM-B = 34 mg CM-B = 27 mg

139 mg per 107 mg relaxin
Kg ovaries per g NIH-R-Pl

CM-a' = 3.5 CM-A = 2.3
CM-a = 5.0
CM-B = 3.5 CM-B = 1.5

CM-a' = 1.00 CM-A = 0.47
CM-a = 1.05
CM-B = 0.47 CM-B = 0.64

CM-a' = 0.50 CM-A = 0.47
CM-a = 0.48
CM-B = 0.42 CM-B = 0.46

Nonpregnant
sow ovary

1 Kg ovaries

4.05 mg++

+ determined by mouse pubic symphysis bioassay using NIH relaxin (NIH-R-Pl) as standard.

++ determined by radioimmunoassay using CM-a' as standard.
0'1
en
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B. Iodination and radioimmunoassay of relaxin

1. Iodination

Since highly purified relaxin contains no

histidine or tyrosine residues, relaxin was modified

with 3-(4-hydroxyphenyl)-propionic acid-N-hydroxy

succinimide ester, methyl p-hydroxybenzimidate

hydrochloride and N-carboxy-L-tyrosine anhydride before

the radio-iodination. Relaxin preparations modified

with any of the three reagents can be readily

iodinated; but the quality of the iodinated hormone

for binding to antibodies is not forecastable. Amidi

nation of relaxin with 10 or 14 fold molar excess of

methyl p-hydroxybenzimidate followed by iodination

produced a label having a specific activity of 39.4 

64.3 ~Ci/~g. However, when the imidoester was

decreased to 2 fold molar excess, the amidinated

relaxin failed to be iodinated, probably due to

insufficient amidination. On the other hand, iodina

tion of relaxin polytyrosylated with 10 fold molar

excess of N-carboxy-L-tyrosine anhydride yielded a

label with a specific activity of 23.8 - 32.0 ~Ci/~g.

Unfortunately, neither of the above modification

methods gave a preparation of 125I-relaxin that would

bind to the relaxin antiserum. Relaxin acylated with

equal molar of 3-(4-hydroxyphenyl)-propionic acid-N

hydroxysuccinimide ester could also be iodinated
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yielding a label with a specific activity of 24.7 

28.0 ~Ci/~g. About 40% - 50% of the l25I-relaxin

(diluted to 1 ng/ml) obtained by this method was bound

to the relaxin antiserum (1:18,000 dilution). The

modified Bolton and Hunter method was therefore

selected for routine iodination of porcine relaxin.

Fig. 8 showed a typical chromatogram of iodinated

products on a 0.5 x 20 cm column of Sephadex G-25

(medium). It should be noted that ethyl acetate

instead of benzene was subsequently used to dissolve

the ester since this was found to improve the subse

quent binding of the labeled relaxin to its antiserum.

2. Radioimmunoassay

The relaxin concentration in the unknown samples

was determined from a least-squares regression line of

logit (B/Bo) versus log concentration of standard

relaxin. A composite dose-response curve is shown in

Fig. 9. The dose-response curve was linear over the

range of 78 - 2500 pg. The mean slope of the dose

response curve was -2.93 + 0.28 (n=lO). The mid-range

was 500 + 50 pg (n=lO), and the least detectable dose

was 124 pg of relaxin. The between-assay and within

assay coefficients of variation of the radioimmunoassay

were 17.66% (n=9) and 7.74% (n=8) respectively.

Pituitary hormones at a concentration of 1 ~g/ml

showed no cross-reactivity in this assay. Porcine
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Fig. 8. Separation of l25I-relaxin from free NaI125

on Sephadex G-25 (medium)

Immediately after iodination of acylated relaxin

(for detailed iodination procedure, see Methods), the

reaction mixture was applied to a 0.5 x 20 cm column

of Sephadex G-25 (medium) presaturated with 0.25%

gelatin in 0.05 M phosphate buffer, pH 7.5. Elution

was carried out with 0.05 M barbitone buffer, pH 8.6.

Fractions of 10 drops were collected in a 12 x 75 mm

disposable culture tube containing one drop of 2%

bovine gamma globulin in barbitone buffer. Fractions

were counted in a Packard model 3001 Tri-carb

scintillation spectrometer. First peak is the protein

and the second one is the salt peak.
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Fig. 9. Composite dose-response curve for relaxin

radioimmunoassay

The dose-response curve for relaxin standard was

determined as des'crLoed in Methods. Each point

represents mean of 10 determinations. The bar

represents the standard error.
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proinsulin but not porcine insulin inhibited the assay

at a concentration of 10 ~g/ml. This is not readily

explicable from currently known structural data.

However, since the ovary does not elaborate either

insulin or proinsulin it is unlikely that this would

be a cause of cross-reactivity in the results reported

here. This radioimmunoassay system also failed to

detect separated chains of relaxin after reduction

with 2-mercaptoethanol and carboxymethylation with

iodoacetamide, or synt~etic relaxin A chain provided

by Dr. G. Tregear, Howard Florey Institute. This

suggests that the antiserum consists of conformational

antibodies.
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C. Demonstration of precursor in tissue extracts

Subfractions of frozen pregnant sow ovaries

As mentioned in section A, an immunoreactive peak

named G-X was found when a HCl-acetone extract of

frozen pregnant sow ovaries was chromatographed on a

large Sephadex G-SO (fine) column (Fig. 1). In some

instances, the G-X fraction could be resolved into two

subfractions by radioimmunoassay, namely GX-l and GX-2

(Fig. 10). The two subfractions were pooled,

lyophilized and furthe~ purified by rechromatography

on a smaller Sephadex G-50 (superfine) column.

When the GX-l subfraction was rechromatographed

on a smaller Sephadex G-50 (superfine) column, two

peaks were detected by UV absorbance at 280 nm (Fig.

11). The first peak appeared at the void volume and

was devoid of any immunoreactivity and may represent

materials derived from the G-l peak. The second peak

(GX-IB) contained all the iromunoreactivity and had a

molecular weight much higher than the 6,300 dalton

relaxin. No significant peak was detected by either

uv absorbance or radioimmunoassay at the elution volume

of relaxin. The GX-2 subfraction, on the other hand,

gave a single UV absorbance peak, when rechromato

graphed on the Sephadex G-50 (superfine) column (Fig.

12). Radioimmunoassay on the column fractions showed

three immunoreactive peaks. The first two peaks,
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Fig. 10. Gel filtration of an extract from pregnant

sow ovaries on Sephadex G-50 (fine)

HCl-acetone extract of 1 Kg pregnant sow ovaries

was chrornatographed on a 6.5 x 114 cm column of

Sephadex G-50 (fine) as described in the legend of

Fig. 1.
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Fig. 11. Rechromatography of GX-l subfraction on

Sephadex G-50 (superfine)

Fraction GX-l was pooled as indicated in Fig. 10

and lyophilized. A sample of 40 mg was dissolved in

1 ml of 0.08 M ammonium acetate buffer, pH 5.5 and

rechromatographed on a 1.5 x 85 cm column of Sephadex

G-50 (superfine) eluted with the same buffer, at a

flow rate of 8 ml/hr. Fractions of 1 ml were

collected. Alternate fractions were measured for

absorbance at 280 nm (e) and immunoreactivity

(histogram).
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Fig. 12. Rechrornatography of GX-2 subfraction on

Sephadex G-50 (superfine)

Fraction GX-2 was pooled as indicated in Fig. 10

and lyophilized. A sample of 90 rng was rechrornato

graphed on the Sephadex G-50 (superfine) column as

described in the legend of Fig. 11.
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namely GX-2A and GX-2B, had higher molecular weight

than the 6,300 dalton relaxin. The third peak

corresponded to the elution volume of the 6,300 dalton

relaxin and was therefore not further studied.

Analysis of GX-lB, GX-2A and GX-2B fractions on

12.5% urea-SDS gels showed extreme heterogeneity (Fig.

13). Treatment of GX-IB with trypsin prior to gel

electrophoresis showed the disappearance of a protein

band accompanied by the appearance of a new band with

the same mobility as the relaxin standard. Similar

treatment for GX-2A and GX-2B fractions did not show

any conclusive result.

Treatment with urea at room temperature for 24

hours followed by chromatography on a Sephadex G-50

(superfine) column eluted with buffer A did not

disassociate the GX-IB fraction to the 6,300 dalton

native relaxin (Fig. l4A). Nearly all immunoreactivity

appeared as a single peak with a molecular weight of

19,000 daltons as determined from a calibration curve

(Fig. 15). Chromatography on a Sephadex G-75 column

eluted with buffer containing 7 M urea showed a similar

elution profile. However, treatment with 1% (w/w)

TPCK-trypsin at 370C for 5 min. converted 81% of the

immunoreactivity to a size of the 6,300 dalton relaxin

(Fig. l4B). No intermediate or degradation products

were detected. With similar treatments, GX-2A showed
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Fig. 13. Polyacrylamide gel electrophoresis on 12.5%

SDS-urea gels of GX-IB, GX-2A and GX-2B before

and after tryptic digestion

For experimental details see Methods section.

Direction of migration is to' the bottom of the gel. From

left to right: (1) 20 ~g of purified CM-a' relaxin;

(2) 50 ~g of GX-IB; (3) 50 ~g of GX-1B after tryptic

digestion; (4) 100 ~g of GX-2A;. (5) 100 ~g of GX-2A after

tryptic digestion; (6) 100 ~g of GX-2B; (7) 100 ~g of

GX-2B after tryptic digestion. Tryptic digestion was

carried by incubating each sample with 1% (w/w) TPCK-

~ trypsin at 370C for 5 min., followed immediately by

addition of buffer B and heating at 1000C for 5 min. to

inactivate trypsin prior to electrophoresis.
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Fig. 14. Rechromatography on Sephadex G-50 (superfine)

of GX-IB fractin after treatment with urea

and trypsin

GX-IB fraction (500 ~g, Fig. 11) was treated with

urea at room temperature for 24 hours (A) or with 1%

(w/w) TPCK-trypsin at 37 0C for 5 min (B) prior to

rechromatography on a 1.5 x 85 cm column of Sephadex

G-50 (superfine) eluted with buffer A, at a flow rate

of 8 ml/hr. Fractions of 1 ml were collected.

Aliquots from alternate fractions were taken for

radioimmunoassay.
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Fig. 15. Calibration curve for the Sephadex G-50

(superfine) column

The 1.5 x 85 cm column of Sephadex G-50 (superfine)

was calibrated with (1) chymotrypsinogen A (25,000),

(2) soybean trypsin inhibitor (21,000), (3) myoglobin

(17,000), (4) ribonuclease A (13,700), (5) Cytochrome

C (13,000), (6) pancreatic trypsin inhibitor (6,500),

(7) porcine relaxin (6,300) and. (8) glucagon (3,500).

Bovine gamma globulin was used as marker for void

volume, and was included in each run. Proteins (1 - 3

mg each) were dissolved in 1 ml of phosphate buffered

saline and applied to the colu~, eluted with the same

buffer. The protein peaks were located by UV

absorbance at 280 nm. Velvo is the ratio of the

elution volume of a protein to that of bovine gamma

globulin.
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a single peak with a molecular weight of 13,000 daltons

(Fig. l6A). Slight contamination by GX-2B was observed

as a trailing of the GX-2A peak. Unlike the GX-IB

fraction, the GX-2A fraction was found to be somewhat

resistant to trypsin conversion. Incubation of the

GX-2A fraction with 1% (w/w) TPCK -trypsin at 370C for

5 min. converted only 27.5% of the immunoreactivity to

a product slightly larger than 6,300 dalton relaxin

(Fig. l6B). The conversion increased 67.2% after 8

min. of incubation, bu~ the converted product was still

slightly larger than the 6,300 dalton relaxin. A

continuous loss of immunoreactivity was observed. On

the other hand, urea dissociated some lower molecular

weight material corresponding to the elution volume of

the 6,300 dalton relaxin from the GX-2B fraction (Fig.

l7A). About 40.4% of the immunoreactivity in the

GX-2B .fzact.Lon contributed to the contamination of

this lower molecular weight material. The apparent

molecular weight of the GX-2B fraction was 10,000

daltons as determined from calibration curve (Fig. 15).

Tryptic digestion for 5 min. increased the amount of

lower molecular weight materials to 68.8% (Fig. l7B).

There is a decrease in immunoreactivity for all

three high molecular forms after incubation with 1%

TPCK-trypsin at 370C for 5 min. (Table 4). However,

same treatment showed a slight increase in biological
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Fig. 16. Rechromatography on Sephadex G-50 {superfine}

of GX-2A fraction after treatment with urea

and trypsin

GX-2A fraction {500 ~g, Fig. 12} was treated with

urea or trypsin and rechromatographed on the Sephadex

G-50 {superfine} column as described in the legend of

Fig. 14, except the incubation time with trypsin was

8 min. instead of 5 min.
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Fig. 17. Rechromatography on Sephadex G-50 (superfine)

of GX-2B fraction after treatment with urea

and trypsin

GX-2B fraction (500 ~g, Fig. 12) was treated with

urea or trypsin and rechromatographed on the Sephadex

G-50 (superfine) column as described in the legend of

Fig. 14.
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Table 4. Immunoreactivities and biological activities of GX-lB,
GX-2A and GX-2B before and after incubation with 1%
TPCK-trypsin at 37 0C for 5 min. (mean ~ SD).

IMMUNOREACTIVITY BIOLOGICAL ACTIVITY
119 CM-a'/mg 119 CM-a'/mg+

Before After Before After

GX-IB 46.3 + 11.8 37.6 + 11.4 683 + 216 809 + 186-
GX-2A 67.3 + 3.4 37.2 + 12.8 NP* 189 + 50- -
GX-2B 90.4 + 8.2 22.2 + 8.1 NP 100 + 14-

*NP = Not parallel to standard, potency cannot be determined.

+Converted from mg NIH-relaxin/mg using a conversion factor of
0.286 since potency of CM-a' = 3.5 mg NIH-relaxin/mg.

93
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activity for GX-IB as determined by the rat uterine

motility bioassay. Furthermore, the dose-response

curves of GX-2A and GX-2B were not parallel to that

of standard before tryptic conversion, but they became

parallel after tryptic conversion (Table 4).

Fresh pregnant sow ovaries

An acid extract of fresh pregnant sow corpora

lutea (1.88 g) gave an elution profile on Sephadex

G-50 (Fig. 18) essentially similar to that of frozen

pregnant sow ovaries (rig. 1). The first peak

corresponded to the void volume, whereas the second

peak corresponded to the elution volume of the 6,300

dalton biologically active relaxin. The third peak

(omitted in Fig. 18) was composed of low molecular

weight materials. However, radioimmunoassay of the

column fractions detected six immunoreactive peaks,

A-F (Fig. 18). The apparent molecular weights of

peaks A-E determined from a calibration curve (Fig. 15)

were: A, above 30,000; B, 26,000; C, 21,000;

D, 17,500 and E, 12,000 daltons respectively. Peak F

corresponded to the elution volume of the 6,300 dalton

relaxin. It should be noted that relaxin behaved as

if it had a molecular weight of 4,400 daltons on the

column. The molecular weight of 6,300 dalton was

determined from amino acid composition analysis

(Sherwood and O'Byrne, 1974).
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Fig. 18. Gel filtration of an extract of pregnant sow

corpora lutea on Sephadex G-50 (superfine)

The corpora lutea (1.88 g) of a 90 day pregnant

sow ovary were d i.s aec t.ed out and frozen in dry ice

within 30 min. after slaughter. They were then

extracted with 0.1 N HCl and lyophilized. The dried

powder was redissolved in phosphate buffered saline

and applied to a 1.5 x 85 cm column of Sephadex G-50

(superfine) and eluted with plain phosphate buffered

saline at a flow rate of 8 ml/hr. Fractions of 1 ml

were collected. Alternate fractions were measured for

absorbance (e) and immunoreactivity (0). The arrow

marks the elution volume of the 6,300 dalton relaxin.
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D. Biosynthetic studies

Incubation of corpora luteal slices from a 90 day

pregnant sow ovary with r1 4C ] l e uc i n e showed a steady

increase of incorporation of the labeled amino acid

into TCA-precipitable proteins both in the tissue

extract and incubation medium as the incubation time

was increased from 1 to 6 hours (Fig. 19). However,

irnrnunoprecipitable radioactivity in tissue extracts

increased steadily up to 4 hours of incubation, but

decreased slightly after 6 hours of incubation. For

the incubation medium, on the other hand, the immuno-'

precipitable radioactivity stayed low up to 4 hours

of incubation but increased sharply after 6 hours of

incubation.

When an extract of corpora luteal slices which

had been incubated with r1 4C ] l e uc i n e for 4 hours was

chromatographed on a Sephadex G-50 (fine) column

equilibrated and eluted with I N acetic acid, two

major radioactive peaks were detected (Fig. 20). The

first one corresponded to the void volume and the other

one appeared close to the salt peak. No radioactive

peak was detected at the elution volume of the 6,300

dalton relaxin.

When another extract of corpora luteal slices

which had been incubated with r3H] l y s i ne for 6

hours and the incubation medium were separately
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Fig. 19. Time course studies uf in~orporation of

[14Clleucine in porcine corpora luteal

slices

Four batches of 100 mg corpora luteal slices from

a 90 day pregnant sow ovary were incubated with 10 ~Ci

of [14Clleucine for 1, 2, 4 and 6 hours. The tissue

extract and incubation medium for each incubation

time were divided into three portions. One portion

was precipitated with 10% TCA and counted for TCA

insoluble proteins (e). The other two portions were

immunoprecipitated with relaxin antiserum or nonimmune

rabbit serum. Nonspecific counts precipitated by

nonin~une rabbit serum were subtracted from total

counts precipitated by relaxin antiserum to give

immunoprecipitable CPM (0); (A) tissue extract;

(B) incubation medium. Each point represents average

of duplicates.
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Fig. 20. Gel filtration of biosynthetic product of

corpora lutea on Sephadex G-50 (fine) using

1 M acetic acid as eluant

Corpora luteal slices (200 mg) from a 90 day

pregnant sow ovary were incubated with 20 ~Ci of

r1 4C] l eu c i n e for 4 hours, and were then extracted with

0.1 N HCl. The tissue extract was lyophilized,

redissolved in 1 ml of 1 M acetic acid and chromato

graphed on a 1.5 x 85 cm column of Sephadex G-50 (fine)

eluted with 1 M acetic acid at a flow rate of 45 ml/hr.

Fractions of 1 ml were collected. The content of

alternate fractions was mixed with 10 ml Aquasol and

counted for l4C radioactivity. The arrow marks the

elution volume of the 6,300 dalton relaxin.
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chromatographed on a Sephadex G-SO (superfine) column

using a neutral buffer (buffer A), similar elution

profiles were obtained. A major radioactive peak in

the void volume followed by a trailing shoulder was

detected. No radioactive peak at the elution volume

of 6,300-dalton relaxin was observed (Fig. 2lA). The

peak near the salt peak was omitted from Fig. 21.

However, immunoprecipitation detected two radioactive

immunoreactive components (Fig. 2lB) corresponding to

the unlabeled peaks A and B in Fig. 18. These two

components could also be detected in both tissue

extracts and incubation medium after 3 hours of incu

bation, but were very much less evident in the medium

at this time (Fig. 22B). No conversion of these two

components to the 6,300 dalton relaxin was observed

even after 6 hours of incubation using immunoprecipi

tation of the tissue or medium (Fig. 2lB). About 16%

of the total radioactivity of the tissue extract (14%

for incubation medium) was immunoprecipitable.' On the

other hand, radioimmunoassay detected six peaks in the

tissue extract at both 3 and 6 hours (Fig. 2lC and 22C)

including the endogenous relaxin, and essentially

confirmed the results found for fresh corpora luteal

extracts (Fig. 18).

When the fractions corresponding to the peaks A

and B in Fig. 22B were pooled, lyophilized and
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Fig. 21. Gel filtration of biosynthetic product of

corpora lutea on Sephadex G-50 (superfine)

using buffer A as eluant

The tissue extract and incubation medium following

incubation of 200 mg of 90 day pregnant sow corpora

luteal slices in the presence of 100 ~Ci of [3 H]lysine

for 6 hours were chromatographed on a 1.5 x 85 cm

column of Sephadex G-50 (superfine) and eluted with

buffer A at a flow rate of 8 ml/hr. Fractions of 1

ml were collected. Aliquots from alternate fractions

were taken for measurement of total radioactivity (A),

for immunoprecipitation (B) and for radioimmunoassay

(C); (e) tissue extract; (0) incubation medium.
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Fig. 22. Gel filtration of biosynthetic product of

corpora lutea on Sephadex G-50 (superfine)

using buffer A as eluant (cont.)

The tissue extract and incubation medium following

incubation of corpora luteal slices with [3Hllysine

for 3 hours were chromatographed on the Sephadex G-50

(superfine) as described in the legend for Fig. 21.
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rechromatographed on a Sephadex G-50 (superfine)

column equilibrated and eluted with 1 N acetic acid,

no radioactive peak was detected in the elution volume

of 6,300 dalton relaxin (Fig. 23). Peak A was still

excluded (Fig. 23A) and peak B appeared as an

asymmetrical peak (Fig. 23B) with an apparent molecular

weight of 28,000 daltons estimated from a calibration

curve similar to that shown in Fig. 15. Treatment of

peak A fraction with 50 ~g ribonuclease A or 7 M urea

at room temperature for 1 hour prior to chromatography

with 1 N acetic acid did not sho~ any change in

elution profile (data not shown) .

Immunoprecipitation of the corpora luteal extract

was followed by analysis of the immunoprecipitate on

12.5% urea-SDS gels. The results showed a single

major peak which can be reduced with unlabeled relaxin

to the control level of precipitate obtained with non

immune rabbit serum (Fig. 24). High radioactivity was

detected at the top of the gels.

Analysis of irnrnunoprecipitate of peak A with gels

of larger pores (10% SDS gels) showed a single major

peak with low radioactivity at the top of gels (Fig.

25). Nonspecific radioactivity precipitated by

nonimmune rabbit serum was low. In one aliquot

nonspecific radioactivity was removed prior to

immunoprecipitation. The amount of radioactivity
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Fig. 23. Rechromatography of peaks A and B on

Sephadex G-50 (superfine) using 1 M acetic

acid as eluant

Peak A (49-54, Fig. 22B) and peak B (55-64, Fig.

22B) fractions of the tissue extract were pooled,

lyophilized, redissolved in 1 ml of 1 M acetic acid

and rechrornatographed on a 1.5 x 85 cm column of

Sephadex G-50 (superfine) eluted with 1 M acetic acid.

Fractions of 1 ml were collected. Aliquots from

alternate fraction were counted in Aquasol for

3H- r adioactivity. The arrow marks the elution volume

of 6,300 dalton relaxin.
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Fig. 24. Polyacrylamide gel electrophoresis of

immunoprecipitate of biosynthetic products

of corpora lutea on 12.5% urea-SDS gels

Tissue extract of corpora luteal slices from a

91 day pregnant sow ovary following incubation with

[14Clleucine for 5 hours was divided into three

aliquots. One aliquot was immunoprecipitated with

relaxin antiserum alone, another with relaxin anti

serum and excess unlabeled relaxin, and the third

with nonimmune rabbit serum as described in the

Methods section. The immunoprecipitates were

analyzed on 12.5% urea-SDS gels. The gels were sliced

and counted for l4C-radioactivity; (e) relaxin

antiserum alone; (0) relaxin antiserum and unlabeled

relaxin; (6) nonimmune rabbit serum. The arrow marks

the mobility of 6,300 dalton relaxin.
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Fig. 25. Polyacrylamide gel electrophoresis of

immunoprecipitate of peak A material on

10% SDS gels

Peak A material from the Sephadex G-50 (superfine)

column (Fig. 21B) was pooled. Aliquots were immuno

precipitated with (a) relaxin antiserum (e)i (b)

nonimmune control serum (A) i and (c) nonimmune serum

and then relaxin antiserum (0).- The result represents

combined counting from two identical gels to minimize

error in slicing gels.
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precipitated by specific relaxin antiserum after the

removal of this nonspecific radioactivity by non immune

rabbit serum was almost identical to a similar aliquot

precipitated by relaxin antiserum alone. The apparent

molecular weight of peak A determined from a calibra

tion curve (Fig. 26) was 39,500 daltons.

Limited digestion of corpora luteal extract with

TPCK-trypsin showed a disappearance of peaks A and B

and an appearance of a new component with an elution

volume corresponding to that of 6,300 dalton relaxin

besides some lower molecular weight materials (Fig. 27·) .

The digestion was completed before 10 min. as judged

by the disappearance of the peaks A and B. Continued

digestion for up to 90 min. gave some increase in

radioactivity associated with the lower molecular

weight material.

When stromal tissue was similarly incubated with

r3H] l y s i n e , extracted and analyzed on a Sephadex G-50

(superfine) column, a different elution profile was

observed (Fig. 28). The total radioactivity was

surprisingly much higher than that obtained for corpora

luteal slices (Fig. 28A). However only trace amount

of relaxin-like materials were detected by either

immunoprecipitation or radioimmunoassay in the column

fraction (Fig. 28B, C).
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Fig. 26. Calibration curve for the 10% SDS gel system

A mixture of bovine serum albumin (68,000),

bovine gamma globulin H chain (50,000), ovalbumin

(43,000), bovine gamma globulin, L chain (23,500),

myoglobin (17,200) and ribonuclease A (13,700) was

used as markers for the 10% SDS gels. The markers

and samples were run on different gels. The position

of each marker was located by staining with coomassie

blue.



7 I

•
6

5

-~
I

40
~

X-
~

:::r: 3
C)

w
3:
ex:
-e
..J
:::> 2o
W
..J
0
~

I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Rf value



117

Fig. 27. Gel filtration of tryptic digest of

biosynthetic products of corpora lutea

on Sephadex G-50 (superfine)

The tissue extract following incubation of corpora

luteal slices with r3H] l y s i n e for 3 hours was digested

with 1% (w/w) TPCK-trypsin for 10 - 90 min. The

tryptic digest was then gel filtered on the Sephadex

G-50 (superfine) column as described in the legend

for Fig. 21. Aliquots from alternate fractions were

measured for total radioactivity; (e) 10 min.; (0)

90 min. The arrows Vo and R mark the void volume and

elution volume of relaxin respectively.
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Fig. 28. Gel filtration of biosynthetic products of

stromal tissue on Sephadex G-50 (superfine)

An extract of stromal tissue following incubation

with [3H]lysine for 4 hours was chromatographed on the

Sephadex G-50 (superfine) column as described in the

legend for Fig. 21.
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E. Affinity chromatography on con A - Sepharose

Preliminary experiments using phenol-sulfuric

acid procedure for glycoprotein (Hirs, 1967) showed

that all the biological active 6,300 dalton relaxin

preparations contained less than 1 mole carbohydrate

per mole protein and that GX-IB, GX-2A and GX-2B all

gave positive results. However, the carbohydrate

content of these high molecular weight forms cannot

be determined since they were found extremely

heterogeneous on the 12.5% urea-SDS gels (Fig. 13).

Subsequently these high molecular weight forms together

with those obtained from biosynthetic studies were

analyzed by affinity chromatography for glycoprotein

on a con A - Sepharose column. The results were shown

in Table 5.

When peak A and peak B fractions (Fig. 23) were

pooled, lyophilized and applied to the con A 

Sepharose column, considerable amount of immuno

reactivities as determined by radioimmunoassay were

absorbed on the column. Some of the absorbed materials

could be eluted with 0.2 M methyl mannopyranoside.

The remaining were tightly bound and could be eluted

only by 0.1% acetic acid. On the other hand, none of

the GX-IB, GX-2A and GX-2B was absorbed by the column

in significant amount. The recovery of the samples

from the column was 95 - 100%.



Table 5. Affinity chromatography of high molecular weight forms
of relaxin on Con A - Sepharose column.
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IMMUNOREACTIVITY, ng

Sample Fractions 1-5a Fractions 6-9b Fractions 10-13c

Peak A 11441. 95 346.65 238.65

Peak B 29360.76 836.52 668.04

GX-lB 1079.07 11. 63 12.39

GX-2A 2040.87 0 25.61

GX-2B 1885.96 46.23 22.35

asample (1 ml) application, followed by washing with 4 x 1 ml of
con A - buffer.

bElution with 4 x 1 ml of 0.2 M methyl mannopyranoside in
con A - buffer.

CElution with 4 x 1 ml of 0.1% BSA in 0.1% acetic acid.
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IV. DISCUSSION

A. Purification of relaxin

Fresh late pregnant sow ovaries are the best source

for relaxin. However, it is difficult to collect enough

for large scale purification. In this investigation,

frozen pregnant sow ovaries obtained from a meat packing

company were used for routine purification of relaxin. The

yield varied from batch to batch of ovaries, probably due

to different degrees of autolysis and stages of pregnancy

of the ovaries, and contamination by nonpregnant sow

ovaries with corpora lutea, which are known to contain less

relaxin than the pregnant ovaries (Hisaw and Zarrow, 1948).

Purification of relaxin from a crude preparation of

relaxin (NIH-R-Pl) yield only two components (CM-a and

CM-B) as compared to three from frozen pregnant sow ovaries.

Furthermore, they are much less potent than those obtained

from frozen pregnant sow ovaries, probably due to deami

nation and proteolytic degradation after long storage of

the crude preparation. Comparison of the amino acid

sequence of relaxin prepared from pregnant sow ovaries

(James et aI, 1977) and that of relaxin prepared from crude

NIH-relaxin shows discrepancy in the sequence at the COOH

terminal of B chain. Therefore, the crude preparation of

relaxin is not a good source of relaxin.

When 1 kg of nonpregnant sow ovaries (without corpora

lutea) were extracted in the same way, only 4 mg of the
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6,300 dalton relaxin can be estimated by radioimmunoassay.

This represents approximately 1/50 of the amount obtained

from pregnant sow ovaries. The low concentration of

relaxin in nonluteal tissue leads to the conclusion that

relaxin is confined to the corpora lutea only and that the

detection of relaxin in tissues other than corpora lutea

may be due to diffusion into the surrounding tissues (Hisaw

and Zarrow, 1948). A recent report by Larkin et al (1977)

that relaxin can only be localized in the corpus luteum by

the indirect fluorescent antibody studies may be another

example of low sensitivity. Since the nonpregnant sow

ovaries contain no corpus luteum, the relaxin may come from

the follicle. The small amount of relaxin synthesized by

the granulosa cells of the follicles may play a role in

ovulation. The result is in accord with the postulate by

Chihal and Espey (1973) that the relaxation of the pubic

symphysis and ovulation may share the same mechanism.

B. Precursor(s) of relaxin in tissue extract

High molecular weight forms of many hormones have been

demonstrated in both plasma and tissue extracts (Tager and

Steiner, 1974; Yalow, 1974). Multiple forms of relaxin in

plasma and tissue extracts have been reported (Bryant and

Stelmasiak, 1974; Kwok et aI, 1975). Recently, evidence

of a "prorelaxin" in a crude preparation of porcine relaxin

(NIH-R-Pl) has been demonstrated (Frieden and Yeh, 1976).
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However, these high molecular weight forms of relaxin have

not been well characterized.

In this investigation, three high molecular weight

forms of relaxin were isolated from a side fraction

obtained during the course of large scale purification of

relaxin from frozen pregnant sow ovaries. The three forms

namely, GX-1B, GX-2A and GX-2B have an apparent molecular

weight of 19,000, 13,000 and 10,000 daltons respectively

as determined by gel filtration on a Sephadex G-50 (super-

fine) column. Incubation of GX-IB and GX-2A with 8 M urea

at room temperature for 24 hours prior to rechromatograph

on a Sephadex G-50 (superfine) column did not change their

elution profile, even when elution was carried out with

buffer containing 7 M urea. with similar treatment, 60%

of the total immunoreactivity of GX-2B retained their high

molecular weight, whereas the other 40% appeared as a

component in the elution volume of 6,300 dalton relaxin.

This may be due to contamination of the GX-2B by the 6,300

dalton relaxin because of their close molecular weights.

Furthermore, the histidine residue at position B-IO of most

mammalian insulins is replaced by a glutamic acid residue

at the corresponding position in relaxin. The histidine

residue is known to bind zinc forming zinc-coordinated

insulin hexamer. Like the guinea pig and fish insulins

(which also lack the histidine residue), relaxin may stay

in monomer even at high concentration (James et aI, 1977).



126

Therefore, these three high molecular weight forms are

unique components and are not nonspecific polymers or

aggregates of relaxin with other cellular proteins.

Interchain disulfide-linked dimers have been reported

for human placental lactogen (Schneider et aI, 1975) and

human growth hormone (Lewis, 1977). It is unlikely that

the three high molecular weight forms are interchain

disulfide-linked dimer or polymers. Relaxin has no free

sulphydryl groups. All purification steps were carried out

at pH 7.4 or below, disulfide interchange seems unlikely

to occur. Furthermore, all the three forms can be converted

to a size corresponding roughly to the 6,300 dalton relaxin

by trypsin which is not known to cleave a disulfide bond.

Although the phenol-sulfuric acid procedure for total

glycoprotein gave positive results for all the three high

molecular weight forms of relaxin, none of these three

species was absorbed in significant amount by the Con A 

Sepharose column as monitored by radioimmunoassay. The

results showed that the three high molecular weight forms

were not glycoproteins, and that the glycoproteins detected

by the phenol-sulfuric acid procedure were impurities in

the preparation. The heterogeneity of these preparations

was demonstrated by the 12.5% urea-SDS gel electrophoresis.

On the other hand, high concentration of the nonhormonal

glycoproteins may compete with the relaxin-like material.
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for binding on the Con A - Sepharose column. Thus the

result is inconclusive.

All three species were biologically active in the rat

uterine motility bioassay. Since the bioassay is an in

vitro assay, the biological activities detected may not be

due to prior enzymic conversion of the three high molecular

weight forms to the 6,300 dalton relaxin. There was no

significant increase in biological activity after treatment

with 1% trypsin at 370C for 5 min. However the slope of

the dose-response curves for GX-2A and GX-2B became

parallel to that of relaxin standard curve after trypsin

conversion. Although the prohormones of insulin (Shaw and

Chance, 1968), glucagon (Rigopoulon et al, 1970), para

thyroid hormone (Peytremann et al, 1975) and ACTH (Gewirtz

et al, 1974) are biologically inactive or possess very low

activity, procalcitonin (Moya et al, 1975) and big gastrin

(Walsh et al, 1974) are found biologically active. Further-

more, as discussed later, these three high molecular weight

forms of relaxin are not the true precursors and they may

be cJnversion intermediates. Therefore, it should not be

surprising to find all the three high molecular weight

forms of relaxin are biologically active.

On the other hand, five high molecular weight forms

of relaxin were detected by fractionation of an acid

extract of fresh 90 day pregnant sow corpus luteum on

Sephadex G-50 (superfine) column, followed by
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radioimmunoassay of the column fractions. The apparent

molecular weight of these forms, namely, peaks A-E, were:

above 30,000, 26,000, 21,000, 17,500 and 12,000 daltons

respectively. The three predominant forms (peaks C-E)

correspond to the three forms isolated from frozen pregnant

sow ovaries. The largest two forms (peaks A and B) were

not detected in the frozen pregnant sow ovaries, probably

due to autolysis of the latter. Unfortunately, there is

not enough material from fresh pregnant sow corpus luteum

for further characterization.

C. Biosynthetic precursor(s) in tissue slices

Since the description of proinsulin by Steiner and

Oyer (1967), biosynthetic precursors have been described

for many peptide hormones (see Hew and Yip, 1976 for

recent review). The present studies have demonstrated the

biosynthesis of two polypeptides (peaks A and B) in porcine

corpora luteal slices that can be specifically immuno

precipitated with antiserum to purified porcine relaxin.

These two 3H-labeled polypeptides have molecular weights

of 39,500 and 28,000 daltons. On the other hand, six forms

of relaxin immunoactivities of molecular weights ranging

from over 30,000 to 6,300 dalton could be readily detected

by radioimmunoassay in extracts of corpora luteal slices

after incubation for up to 6 hours. Since high concen

tration of 6,300 dalton relaxin was detected by

radioimmunoassay, the failure in detecting a radioactive
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peak corresponding to the 6,300 dalton relaxin is not due

to proteolytic degradation of the 3H-labeled species during

extraction procedures. Although radioactivity was detected

in the regions of 21,000-12,000 dalton (peaks C, D, E),

the high concentration of these endogenous components may

have inhibited the precipitation of any such labeled

components produced from the conversion of the 39,500

dalton species. No conversion of these two 3H-labeled

polypeptides (peaks A and B) to the 6,300 dalton relaxin

were observed in either tissue extracts or incubation

medium even after 6 hours of incubation. One possibility

is that the conversion of prohormone to hormone is

abnormally slow, because for most hormones the conversion

takes only minutes. The similar elution profiles of the

extracts of corpora luteal slices after incubation for up

to 6 hours and of those frozen within 30 min after

slaughter of the pig showed nothing changed within 6 hours

of incubation and thus supported the idea. The slow

conversion in the biosynthetic studies may indicate some

physical separation of the converting enzyme from the

peptide undergoing synthesis, the absence of a converting

enzyme at the stage of pregnancy (90 days), or presence of

an inhibitor that regulates the conversion.

This is not without precedence; Mellerstrom et al

(1974) reported that the conversion of guinea pig

proglucagon to glucagon can only be detected after 6 days
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of incubation. Furthermore, Bertagna et al (1974) could

only demonstrate the biosynthesis of S-lipotropin by

incubation of pituitary slices for 4 hours. The conversion

of S-lipotropin to a-lipotropin was demonstrated when the

incubation time was increased to 12 hours (Chretien et aI,

1976). But no conversion of these precursors to the hormone

S-MSH was observed in both cases. In the present studies,

no incubation time longer than 6 hours was attempted, since

the time course study showed release of biosynthetic

products into the incubation medium after 6 hours and

subsequent analysis of incubation medium on the column

showed the released materials were mainly high molecular

weight components (peaks A and B). The release of these

high molecular weight materials into the incubation medium

after 6 hours may be due to cell death.

The other possibility is that the 39,500 dalton

species may be a common precursor of relaxin and other

ovarian peptide hormone(s) which have not yet been iden

tified. In the case of ACTH, a range of high molecular

weight precursors had been reported. Mains and Eipper

(1976) reported four forms of biosynthetic products of

ACTH having apparent molecular weights of 31,000, 23,000,

13,000 and 4,500 daltons. The high molecular weight forms

of ACTH were found to be glycoproteins (Eipper et aI, 1976;

Orth and Nicholson, 1977). The highest m01ecular weight

form was suggested to be the biosynthetic precursor for all
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three smaller forms, and it might be the primary gene

product since it was also detected in wheat germ cell-free

systems (Nakanishi et aI, 1976; Jones et aI, 1977). It was

also demonstrated to be a common precursor of corticotropins

and endorphins (Mains et aI, 1977). Like ACTH, relaxin was

also found to have several high molecular weight forms.

The biggest two (39,500 and 28,000 dalton species) were

glycoproteins as demonstrated by affinity chromatography on

Con A - Sepharose column. The results reported here thus

suggested a similar biosynthetic pathway for relaxin and

ACTH, despite of the striking structural similarities

between relaxin and insulin. Therefore, the 39,500 dalton

component may represent a precursor for relaxin and other

unknown ovarian peptide hormone(s) from which subsequent

proteolytic cleavage at different sites of the molecule

may generate a family of intermediates (or other ovarian

peptide hormones) and finally the 6,300 dalton relaxin.

Unfortunately, little is known about the stimuli for

relaxin biosynthesis or release. The lack of these stimuli

is in the in vitro experiments may have prevented post

translational processing of the 39,500 dalton precursor to

relaxin.

The immunoreactive materials appear to be specific to

the corpus luteum since they cannot be detected either by

immunoprecipitation or by radioimmunoassay in stromal

tissue when similarly treated, in spite of much higher
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incorporation of radioactivity into proteins. As mentioned

in section A, relaxin may also be synthesized by the

granulosa cells of the follicle. However, the stromal

tissue slices used in the biosynthetic studies were rinsed

well before use. The granulosa cells may have been removed

during the process.

It is interesting to note that the high molecular

weight of peak A (39,500 dalton) appears too large to be a

precursor of a peptide having similar size and structure

to insulin. Chan et al (1976) reported a molecular weight

of 11,500 daltons for rat pre-proinsulin. Shields and

Blobel (1977) recently also reported similar molecular

weight for fish pre-proinsulin. Our value is in the same

range as 42,000 daltons reported by Frieden and Yeh (1976)

for a "prorelaxin," which they estimated by molecular

weight determination using Bio-gel P-IO. However, since

peak A was found to be a glycoprotein, its molecular weight

may have been over-estimated by SDS gel electrophoresis.

The possibility that peaks A and B were products of

nonspecific aggregation of 3H-labeled relaxin to other

proteins or ribonucleic acid, as in the case of growth

hormone (Stachura and Frohman, 1973; 1974) can be elimi

nated, since treatment with ribonuclease A or urea followed

by rechromatography in 1 M acetic acid did not release any

material corresponding to the 6,300 dalton relaxin (data

not shown). Reduction and dissociation with
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mercaptoethanol and SDS followed by SDS gel electrophoresis

still showed a distinct peak of 39,500 daltons, thus

eliminating the possibility of an aggregate formed by

noncovalent bond or of a disulfide-linked dimer as in the

cases of placental lactogen (Schneider et aI, 1975) and

growth hormone (Lewis, 1977). Limited digest with TPCK

trypsin, however, converted both peaks A and B to a

component corresponding to relaxin, indicating that these

two 3H-labeled polypeptides may represent precursor and

intermediate of relaxin.

Nothing is known about the nature of the enzyme(s)

that are responsible for the conversion of high molecular

weight forms to relaxin in vivo. Although trypsin has been

used to convert proinsulin (Steiner and Oyer, 1967; Chance

et aI, 1968; Steiner et aI, 1968), proparathyroid hormone

(Goltzman et aI, 1976), big ACTH (Yalow and Berson; Gewirtz

et aI, 1974), big gastrin (Yalow and Berson, 1971; 1972)

and proglucagon (Traketellis et a~, 1975; Noe and Bauer,

1971; Tung and Zerega, 1971) to the corresponding native

hormones, enzyme(s) with both trypsin-like and carboxy

peptidase B-like specificities were shown to be involved

in prohormone-hormone conversion (Kernrnler et aI, 1971;

Habener et aI, 1977). It is uncertain at this moment

whether this generalized conversion mechanism can be

applied to all hormones. In some fish insulin, a lysine

residue was found in the COOH-term~nus of the B chain,
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trypsin alone seemed to be effective in the conversion

(Yamaji et aI, 1972). From the amino acid sequence of

porcine relaxin, an arginine residue was found both in the

COOH-terminus of B chain and NH2-terminus of A chain, a

sole trypsin-like enzyme may be involved in the processing.

The use of trypsin for the conversion of the high molecular

forms of relaxin is thus appropriate.
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v. CONCLUSION

Five immunoreactive forms with apparent molecular

weights over 30,000, 26,000, 21,000, 17,500 and 12,000

daltons were detected in extracts of pregnant corpora

luteal slices before or after incubation with radioactive

amino acid. However, only the largest two (39,500 and

28,000 daltons) were radio-labeled in the biosynthetic

studies and were subsequently precipitated by specific

antiserum to the purified 6,300 dalton relaxin. On the

other hand, only three immunoreactive forms with apparent

molecular weight of 19,000, 13,000 and 10,000 daltons were

isolated from HCl-acetone extracts of frozen pregnant sow

ovaries. These three forms corresponded to the predominant

ones found in fresh ovaries. Their relative high concen

tration in the ovaries made their isolation possible. The

biggest two species might be too low in concentration to

be isolated from frozen ovaries due to enzymic degradation

and high amount of nonhormonal proteins co-eluted with

those fractions.

It is interesting to note that no conversion of the

two radio-labeled species to the lower molecular weight

forms was observed even after 6 hours of incubation. Yet

a range of high molecular weight f0rms of relaxin immuno

reactivities were detected by radioimmunoassay in the

extract of corpora lutea. However, all high molecular

weight forms can be converted to a size of the 6,300 dalton
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relaxin with TPCK-trypsin except the GX-2A fraction which

gave a product slightly larger than the 6,300 dalton

relaxin. No intermediate or degradation products formed

during the conversion.

The physiological importance of these observations on

relaxin is not clear at this moment. Little is known

about the forms of relaxin in the granules of the luteal

cells and in plasma. Since these high molecular weight

forms can be detected even in fresh corpora lutea, they

are not artifacts of autolysis. This may predict that

relaxin will also show rr.arked heterogeneity in granules

and plasma. The failure in observing the conversion of

the 3H-labeled 39,500 dalton species to the 6,300 dalton

relaxin within 6 hours in the biosynthetic studies may

reflect the physiological need of the hormone. Both

cytological (Belt et aI, 1971; Kendall et aI, 1977) and

radioimmunoassay (Sherwood et aI, 1975b) studies suggest

that relaxin is packed in granules in the luteal cells.

The granules appear to accumulate continuously in the

ovaries over a period of approximately 80 days of pregnancy

and are then released shortly before parturition. There

is no need for immediate conversion of the newly

synthesised precursor as in the case of insulin. On the

other hand, the 39,500 dalton species may be a common

precursor for relaxin and other ovarian peptide

hormones which may account for the polyfunctional
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characteristics of relaxin. It should be noted that all

physiological studies (including the recent ones) were

carried out using a crude preparation of relaxin. The wide

variety of biological actions assigned to relaxin may be

contributed by a family of similar peptide hormones derived

from a common precursor.

It can be concluded that relaxin may be synthesized as

a large precursor from which subsequent proteolytic

cleavage may generate a family of intermediates and finally

the biologically active 6,300 dalton relaxin. The

biosynthetic pathway may differ from that of insulin

despite of the striking structural similarities between

the two hormones. Further confirmation requires the

isolation, purification and full structural determination

of the precursor and intermediates; and the establishment

of precursor-product relationship using cultured luteal

cells so that the pulse-chase experiment can be extended

to a few days.
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