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Summary. The properties of progesterone-binding proteins in plasma of pregnant Cape
porcupines were investigated using radiolabelled progesterone and either progesterone
or cortisol as competing ligands as well as native plasma and heated (60\s=deg\Cfor 30 min)
plasma.
The results demonstrated that plasma from pregnant porcupines contains
corticosteroid-binding globulin, but that it constitutes a significant portion of plasma
progesterone-binding proteins only during the early stages of pregnancy. Corticosteroid\x=req-\
binding globulin of porcupines appears to be as heat labile as that of guinea-pigs.
Concentrations of progesterone-binding proteins in plasma increased during pregnancy to reach concentrations at the eleventh week that were 25 times higher than those
of progesterone; concentrations increased significantly (r2 0\m=.\88)with the increase in
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progesterone concentration.
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Introduction
Gestation in Cape porcupines (Old World hysticomorph rodent) lasts 93-94 days and is character¬
ized by the presence of accessory corpora lutea and a marked increase in circulating concentrations
of total progesterone 25-30 days after fertilization (van Aarde & Potgieter, 1986). Peak concen¬
trations of progesterone are similar to those in pregnant New World hystricomorph rodents, such
as guinea-pigs (Cavia porcellus), casiragua (Proechimys quairae) and cuis (Galea musteloides)
(Illingworth et al., 1973; Heap & Illingworth, 1974; Heap et ai, 1981), but higher than those of
most other mammals (Tarn, 1974). This may be due to the presence of plasma progesterone-binding
proteins (PPBP) such as progesterone-binding globulin (PBG) and corticosteroid-binding globulin
(CBG) (Illingworth et al., 1973; Heap & Illingworth, 1974; Heap et ai, 1981; van Aarde &
Potgieter, 1986) which are presumed to slow the metabolic clearance of progesterone from the
circulation during pregnancy (Illingworth et al.; Heap & Illingworth, 1974).
Concentrations of plasma progesterone-binding proteins are high during late pregnancy in
guinea-pigs and have been shown to have high association (Ka) and dissociation (Kd) constants
for progesterone (Stroupe & Westphal, 1975). In porcupines, PPBPs have a high affinity
(Ka 0-8 109mol_1 1) for progesterone, and increase in concentration during pregnancy (van
Aarde & Potgieter, 1986), but these concentrations are considerably lower than those recorded for
pregnant guinea-pigs, casiragua, cuis, degù (Octodon degus), and viscacha (Lagostomus maximus;
=
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was not detected in pregnant porcupines (van Aarde &
its
Potgieter, 1986),
though presence in plasma is usually related to that of oestrogen (Heap &
Illingworth, 1974), which occurs in high concentrations (170-210pgml~') in pregnant porcupines
(van Aarde & Potgieter, 1986). This finding suggests a significant difference between pregnant
Cape porcupines and guinea-pigs; plasma of the latter has not only a sixth of the concentration
of oestradiol of the porcupine, but also contains CBG which increases in concentration during
pregnancy (Heap & Illingworth, 1974). The studies on Cape porcupines, however, were conducted
with the synthetic progestin, promegestone, which has a low affinity for plasma proteins and may
not even recognize CBG (see Milgrom et al., 1973a; Philibert & Raynaud, 1974; Philibert et al.,

Heap

et

ai, 1981). Moreover, CBG
even

1977; Siiteri, et al., 1982).
The binding properties of PPBP in pregnant Cape porcupine were reinvestigated, using radiolabelled progesterone as ligand and an equilibrium dialysis method that uses an inexpensive and
simple system constructed from Eppendorf tubes (Reinard & Jacobsen, 1989). Results were
obtained for native and heat-treated plasma, using either unlabelled progesterone or cortisol as
competing ligand to examine plasma from the pregnant females for the presence of CBG. Temporal
changes in PPBP and progesterone concentrations during pregnancy were also investigated.
Materials and Methods
Collection of plasma

Plasma (100ml) was collected from three pregnant porcupines, killed on day 35, 68 or 87 of pregnancy and stored
in 10 ml aliquots at —20°C until assayed. Gestational age was determined using a modification of the equation of
Huggett & Widdas (1951) according to van Aarde (1987). After thawing, the plasma was centrifuged (1500g for 5 min
at 4°C) and the precipitate discarded. Plasma was also collected at weekly intervals from 11 pregnant females to
determine temporal changes in concentrations of progesterone and PPBP throughout pregnancy. Samples were
pooled for each of the 13 weeks of pregnancy before being analysed.

Determination of protein concentration
Protein concentrations were determined by ultraviolet absorbance
photometer (Tokyo, Japan) and a molar extinction coefficient of E|™ml

Determination of progesterone-binding

at
,
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280 nm using a Hitachi U-2000 spectro1 (see Milgrom et ai. 1973b).

activity

The method used was that of Reinard & Jacobsen (1989) with minor modifications. [l,2,6,7-'H]Progesterone
(Code TRK 413, sp. act. 96 Ci mmol ') was' obtained from Radiochemical Centre (Amersham,"' UK) and a final
was prepared in 001 mol Tris-015mol NaCl 1
concentration of approximately 15nmoll
buffer (pH 7-4)

(Tris-NaCl buffer).
Nonspecific binding was determined in the presence of 15µ 1 unlabelled progesterone 1 ' (A4-pregnene-3,20dione; Sigma, Dorset. UK). Preliminary experiments indicated that equilibrium was reached within 16 h and that
specific binding was linear up to a protein concentration of 0T-O-2mgml ' incubation medium. The lower

chamber of the Eppendorf microtubes contained 0-25 ml of radiolabelled progesterone with or without unlabelled
progesterone, whereas the upper chamber contained 0-25 ml of appropriately diluted plasma. Triplicate samples were
incubated for 24 h at 4°C.

Binding properties of plasma progesterone-binding proteins
The association and dissociation constants and the concentration of PPBP were determined by equilibrium
dialysis using [l,2,6.7-'H]progesterone concentrations ranging from 1-25 to 15 nmol 1 and heated plasma (60°C for
30 min) of 35- and 68-day pregnant porcupines. Binding data were analysed according to Scatchard (1949) and lines
were fitted to data points by least square linear regression analysis.
'

Contribution of corticosteroid-binding

globulin to progesterone-binding activity of plasma

progesterone-binding proteins
Plasma of porcupines at 35, 68 and 87 days of pregnancy were thawed and their pH adjusted to 7-4 with 0-1 mol
sodium hydrogen phosphate l~' (Merck, Darmstadt, Germany). Aliquots (1 ml) were pipetted into glass extraction

tubes and one set was incubated at 4 C and another at 60°C for 30 min. These were centrifuged (40 000 g for 30 min at
activities of native and heated plasmas
4°C); supernatants were collected, diluted with Tris-NaCl buffer and binding
were determined in the presence of increasing concentrations (1
10 n to 1
10 5moll ') of either unlabelled
progesterone or unlabelled Cortisol (A*-pregncne-l lß,-17a,21-triol-3,20-dione; Sigma, Dorset, UK). The competitive
efficiency of cortisol was compared with that of progesterone using the equation of Milgrom et al. (1970).

Relative molecular

mass

(Mr) of plasma progesterone-binding proteins

Pre-swollen Sephacryl S-200 gel (Pharmacia Fine Chemicals, Uppsala, Sweden) was packed into a column
(38 5 cm2) and equilibrated with 0-01 mol Tris-011 mol KC11 ' buffer, pH 8-6 (Tris-KCl buffer). Blue Dextran 2000
(Pharmacia, Uppsala, Sweden) was used to determine the void volume (V0 245ml). The calculated total volume
( V) of the column was 736 ml. The column was calibrated with the following proteins in Tris-KCl buffer: cytochrome c
(M,= 12 500), chymotrypsinogen a (Mr 25 000), ovalbumin ( / 45 000), albumin (Mr 68 000), aldolase
(M, 158 000), catalase (M, = 240000) and ferritin (M, 450000).
Plasma (5 ml) from females at 35, 68 or 87 days of pregnancy were applied to the Sephacryl S-200 column at 4°C
and eluted with Tris-KCl buffer at a flow-rale of 32 ml h '. Fractions (5-3 ml) were collected in a LKB 7000 Ultrarac
fraction collector (LKB, Sweden). Additionally, plasma (5 ml) collected from females at 35 or 87 days of pregnancy
was heated (60°C for 30 min) and also chromatographed. Eluted proteins were detected by measuring the absorbance
of fractions at 280 nm. Binding activities of every fifth fraction were determined as described above.
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Changes in concentrations of plasma progesterone-binding proteins and progesterone during
pregnancy
The pH of pooled plasma, collected throughout pregnancy, was adjusted to 7-4 with 0-1 mol sodium hydrogen
phosphate 1 '. Plasma samples (1 ml) were divided into two aliquots, one set was heated (30 min at 60°C) and another
kept at 4°C. After centrifugation (40 000 g for 30 min at 4' C) and dilution of plasma with Tris-NaCl buffer, binding
assays were conducted as described above. The amount of [I,2,6,7-'H]progesterone specifically bound at saturating
concentrations was taken to be equivalent to PPBP concentrations.
Concentrations of progesterone in pooled plasma for the 13 weeks of pregnancy were determined by radiocoefficients of variation were 3
immunoassay as described by van Aarde & van Wyk (1991). The inter- and intra-assay
and 1-4%, respectively. The sensitivity of the assay was 318 + 0-95 pmol ml ! (n 6). Recovery of labelled
progesterone averaged 81-7%.
=

Results
Contribution of corticosteroid-binding

globulin to progesterone-binding activity of plasma
progesterone-binding proteins
Specific binding of progesterone at an early stage of pregnancy (35 days) decreased fivefold after
heat treatment of plasma (Table 1). Binding was not affected by heat treatment of plasma collected
at a later stage of pregnancy (68 days), suggesting that a heat-labile, progesterone-binding protein,
probably CBG (Heap, 1969; Milgrom et al., 1973b), was present on day 35, but not on day 68 of
pregnancy.
Table 1. Heat stability of plasma progesterone-binding proteins of Cape porcupines.
The pH of plasma of two different stages of pregnancy was adjusted with 01 mol
sodium dihydrogen phosphate ' and treated at 4 or 60°C for 30 min. Values are the
means of triplicate assays + one sd of the mean

Days after
conception
35
68

Temperature
(°C)

pH

4
60
4
60

7-4
7-4
7-4
7-4

Specific binding
(pmol ml ' plasma)
(x

+

sd)

345 ± 7
64+8
3625 ± 41
3873 + 24

Protein
concentration

(mgml ')

Specific
activity
(pmolmg1)

39-62
35-74
33-26
31-62

8-7
1-8
109
113

Displacement of [l,2,6,7-3H]progesterone from PPBP of unheated plasma at 35 days of preg¬
nancy by cortisol, followed a similar trend to the displacement curve obtained with progesterone
alone (Fig. la). After heat treatment of plasma (Fig. lb) or at later stages of pregnancy (Fig. lc and

d), much higher concentrations of cortisol than progesterone were required to displace specifically
bound [l,2,6,7-3H]progesterone. These results supported the contention that a heat-labile compo¬
nent of PPBP, probably CBG (Heap, 1969; Milgrom et al., 1973b), contributed significantly to
progesterone binding on day 35 of pregnancy but not at later stages of pregnancy.
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Fig. 1. Displacement of [1,2,6,7-3H]progesterone from plasma progesterone-binding proteins of
porcupines by unlabelled progesterone (·) and cortisol (A), (a) and (b) day 35 and (c) and (d)
day 68 of pregnancy, (a) and (c) unheated plasma; (b) and (d) heated plasma (60°C for 30 min).
Protein concentrations

Relative molecular

masses

were

<0T mg ml"1.

of plasma

progesterone-binding proteins

The peaks for specifically bound progesterone and thus the molecular masses of the binding
proteins in unheated plasma are apparently different for the three stages of pregnancy investigated.
Elution volumes from the calibrated Sephacryl S-200 column suggest relative molecular masses for
PPBP of 130, 213 and 242 for days 35, 68 and 87 of pregnancy, respectively (Fig. 2). After heat
treatment of day 35 plasma the molecular mass of the principal binding protein (Fig. 2c) was higher
(Mx 195) and nearer to that of the two binding proteins at later stages of pregnancy (Fig. 2d).
The other binding entity had a molecular mass of 104 and probably represented residual CBG not
destroyed by heat (Daughaday et al., 1962). Heat treatment of day 87 plasma did not lead to a
change in the molecular mass of the binding entity, nor was a separate binding protein detected
at a lower molecular mass (results not shown). The latter results signify the absence of significant
quantities of the heat-labile component in PPBP at this stage of pregnancy.
=

Scatchard analysis of plasma progesterone-binding

proteins

'
The concentration of PPBP 1 of heated plasma on day 68 (2793 pmol
plasma) was 40
times higher than on day 35 of pregnancy (67-8 pmol ml ' plasma) (Fig. 3a and b), while the Kd
values were similar (1-82
10~9 and 21 10"9 mol l-1, respectively).
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2. Specific binding of progesterone (A) and absorbance at 280 nm (·) of fractions col¬
lected after Sephacryl S-200 chromatography of porcupine plasma. Specific binding was deter¬
mined by equilibrium dialysis (10 µ aliquots were used for binding activity determinations), (a)
day 35, (b) day 68, (c) day 35 and (d) day 87 of pregnancy, (a), (b) and (d) unheated plasma; (c)
heated plasma (60°C for 30 min). Proteins were eluted with Tris-KCl buffer (pH 8-6) at
32 ml h~' and fractions of 5-3 ml were collected. The Mr of peak fractions are given at the

Fig.

corresponding arrows.

Temporal changes in concentrations of plasma progesterone-binding proteins and progesterone during
pregnancy

The specific binding capacity of PPBP in aliquots of heated plasma of 11 porcupines over 13
weeks of pregnancy (Fig. 4a) shows that total progesterone remained < 0-1 nmol ml ' plasma (Fig.
4b) for the first 5 weeks of pregnancy after which it increased to about 0-5 nmol ml-1 plasma at 11
weeks of pregnancy. Concentrations of PPBP remained low for the first five weeks of pregnancy
<0-007 nmol ml~' plasma), increasing thereafter to reach a peak value of 13-8 nmolml~' plasma
by the eleventh week of pregnancy. PPBP concentrations increased significantly (r 0-88) with
the increase in progesterone concentration. The molar ratio of PPBP to progesterone remained low
for the first five weeks of pregnancy ( < 0-2), increasing to a value of 25-7 at week 11 of pregnancy;
and decreasing to 16 by week 13 of pregnancy (Fig. 4c).
"
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Discussion

Heating of plasma collected from female porcupines, 35 and 68 days after fertilization, resulted in
80% loss of progesterone-binding activity in the former but not in the latter case. These results
suggest that a heat-labile binding entity is present only during the early stages of pregnancy. The
affinity of cortisol for PBG (heat stable component of PPBP) of Cape porcupines and guinea-pigs
was considerably lower than that of progesterone (Stroupe & Westphal, 1975; van Wyk, 1991).
Affinities of both progesterone and cortisol for CBG of guinea-pigs, on the contrary, were shown to
an
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Fig. 3. Scatchard analysis of [l,2,6,7-3H]progesterone binding to plasma progesterone-binding
proteins in heated plasma of Cape porcupines of (a) day 35 (r 0-90) and (b) day 68 of
0-99). Plasma was diluted to 0-48 and 001 mg protein ml·1 for (a) and (b),
pregnancy (r
respectively, and 1-25-15 nmol [l,2,6,7-'H]progesterone 1_1 was used for binding activity
experiments.
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be very similar (Burton et ai, 1971). Since specifically bound progesterone was equally displaced
from PPBP by cortisol and progesterone in native, but not heated, plasma (Fig. la and b), it can be
concluded that the heat-labile binding entity in PPBP is CBG.
Corticosteroid-binding globulin in plasma of porcupines therefore appears to be heat-labile as
in guinea-pigs (Heap, 1969; Milgrom et al., 1973b) and apparently is a significant constituent of
PPBP only during the early stages of pregnancy (Table 1, Fig. 1). The failure of van Aarde &
Potgieter (1986) to demonstrate the presence of CBG in porcupine plasma was probably due to the
stage of pregnancy (not specified) at which the assays were conducted or to the apparent inability
of synthetic progestins to recognize CBG or to both factors (Milgrom et al., 1973a; Philibert &
Raynaud, 1974; Philibert et al., 1977; Siiteri et ai, 1982).
The presence of a minor binding fraction after heat treatment of plasma (Fig. 2c), suggests that
CBG was incompletely denatured and has a lower molecular mass than PPBP. The molecular mass
of guinea-pig PBG was shown to be higher than that of albumin or CBG (Burton et al., 1971).
The Mr of the major progesterone-binding entity in heated plasma of Cape porcupines was 195-242
(Fig. 2), a value approximately twice that determined for guinea-pig PBG by the same method
(Burton et ai, 1971). The reason for this difference is unknown but may be due to differences in

16

(a)
_

E
E

(b)

0-6

CD

E

12

0-5

.-, ·/

fo-4

¬
¬

.·

J_

1

L

·.

/

0-3

E

-0-2

¡0,

fc
•
2

m-·-·9
4

_ _ _L
6

8

10

12

10

14

Duration of

12

14

gestation (weeks)

(c)

2

4

6

8

10

12

14

Duration of gestation (weeks)

Fig. 4. Changes in concentrations of plasma progesterone-binding proteins and progesterone in
pooled plasma of 11 Cape porcupines: (a) concentration of plasma progesterone-binding pro¬
teins (PPBP) in heat-treated plasma, (b) total plasma progesterone concentrations and (c) ratio
of molar concentrations of PPBP and progesterone; < 0-1 mg protein ml ' plasma was used in
the binding assays.
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Since proteins with a smaller hydrodynamic radius than carbohydrates (Squire,
used
to calibrate the Sephacryl S-200 column, the high molecular mass for PBG may be
1964)
an overestimate depending on its glycoconjugate content.
IO10 mol-11 for heated plasma of both day 35 and day 68
The association constant (KJ of 5
of pregnancy (Fig. 3a and b) is in agreement with the value reported by van Aarde & Potgieter
(1986), but these values are higher than those recorded for guinea-pigs (Lea, 1973; Cheng et al.
1976; Westphal et al., 1977), casiragua, cuis, degù and plains viscacha (see Heap et al., 1981). The
significance of this difference between Old and New World hystricomorph rodents warrants further

glycosylation.
were

investigation.

The concentrations of PPBP in heated plasma of pregnant Cape porcupines increased from 67-8
(2-3pmolmg ' protein) to 2793 pmol mF' plasma (128 pmol mg"' protein) from day 35 to 68
of pregnancy (Fig. 3a, b). Van Aarde & Potgieter (1986) reported lower concentrations (0-322 pmol mg ' protein) for PPBP in native porcupine plasma. This may have been due to assays that
were conducted under conditions where PPBP were not saturated with ligand as well as the binding
properties of the different ligands. The protein and ligand concentrations which they used were
nearly 20 times higher and four times lower, respectively, than those used in the present study.
Considerable differences in the temporal pattern of PPBP concentration exist among various
species of hystricomorph rodents. During pregnancy, PPBP increased to reach maximum concen¬
trations between days 20 and 25 and day 50 and term in guinea-pigs (8nmolmF' plasma),
immediately before parturition in casiragua (7 nmol ml-1 plasma; day 64), and in mid-gestation in
cuis (10 nmolmF' plasma; day 27), degù (3 nmolmF' plasma; day 45) and viscacha (4 nmol ml"'
plasma; day 75) (Heap et al., 1981). The PPBP concentrations in porcupines remained low for the

first five weeks of pregnancy ( < 001 nmol mF ' plasma), increasing thereafter to reach a peak value
at week 11 of pregnancy (13-77 nmol/ml plasma).
The molar ratio of PPBP to progesterone in the present study remained below unity for the first
five weeks of pregnancy, increasing to a peak value of 25 at week 11 of pregnancy. Heap et al.
(1981) found the ratio of plasma concentrations of PPBP to progesterone to exceed unity through¬
out pregnancy in all species studied. In guinea-pig and casiragua the ratio was similar throughout
gestation (13-9 and 14-7). In cuis it increased progressively during pregnancy to a maximum value
immediately before term (41-5; day 52). In degù the highest values were attained at mid-gestation,
with a mean value throughout gestation of 54-2. In viscacha the results were more variable, ranging
from 0-52 to 56 during pregnancy (Heap et ai, 1981). In this respect there is apparently no obvious
difference between Old and New World hystricomorph species.
The high molar ratio of PPBP to progesterone from the fifth week of pregnancy (Fig. 4c) implies
that only a small fraction of the total progesterone concentration would be free. This is supported
by observations that approximately 2% of the total progesterone concentration is present in
the free form (van Wyk, 1991) and would be in agreement with the presumed function of PPBP
(Illingworth et al., 1970; Heap & Illingworth, 1974). Since CBG also occurs in the plasma of
pregnant Cape porcupines it appears that PPBP in Old and New World hystricomorph rodents are
very similar in composition.
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