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SUMMARY

Sex hormone binding globulin (SHBG) was isolated from post-partum plasma in a three stage procedure
involving affinity chromatography on androstanediol-3-hemisuccinate aminohexyl Sepharose 4B fol-
lowed by affinity chromatography using Cibacron Blue F3G-A-Sepharose 4B and finally gel filtration
on Sephadex G-150. The purified protein was homogeneous in polyacrylamide gel electrophoresis and
had retained its binding activity for Sa-dihydrotestosterone (S¢-DHT) with 1.08 binding site per mol.
The procedure yielded 5mg of protein with an overall purification of about 3700. The association
constant for 5a-DHT at 4°C was 0.6 x 10° L/M; the molecular weight based on sodium dodecyl sul-
phate polyacrylamide gel electrophoresis was 80,000 and the latter technique also demonstrated four
components of almost identical mobilities. Amino acid and carbohydrate compositions were determined

for the purified protein.

INTRODUCTION

There have been several successful and partially suc-
cessful attempts at purification of human [1-7] and
bovine [8] Sex Hormone Binding Globulin, (SHBG).
Noteworthy among them are those by Bohn[3],
Rosner and Smith[4] and Mickelson et al.[5]. With
the exception of Suzuki et al.[8], the approaches that
have resulted in substantial purification of this pro-
tein have employed multiple steps. Affinity chroma-
tography has been used in conjunction with
ammonium sulphate precipitation, repeated gel filtra-
tion and isoelectric focusing [4), preparative gel elec-
trophoresis [S] or muitiple conventional separation
procedures alone have been employed [3]. As has
been demonstrated previously [7, 8], ammonium sul-
phate precipitation and repeated gel filtration, ion-
exchange chromatography and isoelectric focusing
steps are not required if a good affinity gel is avail-
able. We have reported previously a new approach
to purification of this binding protein [7]. The use
of this technique, which involves electrophoretic
desorption of the immobilised protein from the
affinity column, on a preparative scale is still under
investigation. In this report we describe the isolation
of SHBG in a fully active form in just three purifica-
tion steps.

MATERIALS AND METHODS

Radioactive steroids were purchased from the
Radiochemical Centre, Amersham, U.K. All steroids
were purchased from Steraloids Ltd., U.K. Sepharose
4B, Sephadex LH-20 and Sephadex G-150 were pur-
chased from Pharmacia, G.B. Ltd. N,N-Dicyclohexyl
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carbodiimide, human serum albumin and bovine
serum albumin were purchased from Sigma Chemical
Co. Ltd, UK. Myoglobin, cytochrome C, ovalbumin,
carboxypeptidase and L-fucose dehydrogenase were
purchased from Miles Laboratories Ltd., U.K. a-lact-
albumin was a gift from the Imperial Cancer Research
Fund, U.K. All electrophoresis reagents were
obtained from Bio-Rad Laboratories, U.K. Tris buffer
was used as before [7].

Preparation of Sa-androstane-38,17f-diol 3-hemisuc-
cinate (androstanediol succinate). 20 g of epiandroster-
one were dissolved in a minimum volume of pyridine
with 200 uCi of dehydroepiandrosterone, DHA. To
this were added 24 g of succinic anhydride. The solu-
tion was heated for 2 h and allowed to cool to room
temperature, it was then poured into ice-cold water,
pH 3. The precipitate formed was washed with ice-
cold acidified water, then with ice-cold acidified 20°;
methanol, pH 3, and finally with ice-cold ether. The
precipitate was dried in vacuo (yield 24g) and 20g
of this were dissolved in 800 ml of absolute ethanol.
The solution was then treated at room temperature
with 20 g of sodium borohydride for 15 min, acidified
and poured into ice-cold water at pH 3. The resulting
precipitate was collected, washed as above and recrys-
tallised from ethanol. 19.2g of androstanediol-3-
hemisuccinate were obtained, specific activity =
10,600 d.p.m./mg. (m.p. = 215°C).

Coupling of androstanediol-3-hemisuccinate  to
aminohexyl-Sepharose 4B. Aminohexyl-Sepharose 4B
was prepared according to the procedure of Cautre-
casas[9]. 14 g of androstanediol-3-hemisuccinate were
dissolved in 500 ml of 80%, dimethyl formamide and
the washed aminohexyl-Sepharose 4B added to this
followed by the addition of 7g of N.N-dicyclohexyl
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Fig. 1. Sephadex G-150 chromatography. The bold line
represents the [*H]-DHT bound and the thin line rep-
resents the optical density.

carbodiimide. The mixture was stirred for 4h and
washed with 101. of 80% dimethyl formamide, fol-
lowed by 50% dimethyl formamide and then by 151.
of distilled water. No radioactivity was detectable in
the washes. The gel was finally washed with 11. of
Tris buffer. The resultant affinity gel contained 37 uM
steroid per m! of gel.

Cibacron Blue F3G-A-Sepharose 4B was prepared
by the method of Heyns and De Moor [10]. L'he gel
was capable of binding 15 mg human serum albumin
per ml.

Assay of the capacity of androstanediol-Sepharose
for SHBG. To 0.25g of the affinity gel were added
varying amounts of a 1:5 dilution of post-partum
plasma, 2, 4, 8, 16 and 32ml, and incubated for
45 min at 4°C. The supernatant was drained through
pasteur pipettes fitted with fibre plugs and 0.4 ml of
the drained supernatants incubated with 20,000 c.p.m.
[*H]}-DHT for 45min at 4°C. The two-tier column
assay was then performed on the incubates as pre-
viously described [11].

Assay for SHBG activity. The two-tier column
method [11] was employed for the determination of
SHBG binding capacity, BC, through most of the
purification steps. For the very dilute protein concen-
trations obtained after affinity chromatography the
same method was still employed with the modifica-
tion that the samples to be incubated were made up
in 1:5 heat denatured plasma. Binding activity was
determined after the gel filtration step in the fraction
collected by adding 100 ul of the sample of de-albu-
minised, heat denatured plasma [11] and using the
charcoal separation method [12].

Isolation of SHBG
Affinity chromatography on androstanediol-Sephar-

ose. To 3.81 of post-partum plasma 250 m} andros-
tanediol-Sepharose were added and the mixture was
allowed to stir for 16 h at 4°C. The supernatant was
removed by suction on a coarse sintered glass funnel
and washed with Tris buffer (0.05M Tris, 0.005M
CaCl,, pH 7.4) containing 1 M NaCl until the U.V.
absorbance at 280nm was nil. The gel was then
washed with 1 1. Tris without NaCl. The affinity gel
was then transferred to a beaker and 300ml! of
0..mM DHT (4000 c.p.m./ug) in Tris buffer were
added to it. The suspension was stirred for 4h at
room temperature and then eluted on a coarse sin-
tered glass funnel. This step was repeated twice with
300ml of DHT-Tris buffer. The affinity eluate was
concentrated to 30 ml on the Amicon ultrafiltration
cell, model 402, using PM 10 ultrafiltration mem-
branes with a cut off molecular weight of 10,000. The
protein concentration of the eluate was determined
by the Lowry technique [13]. Scatchard analysis was
performed on 1:20 dilution of this 30ml fraction
using the two-tier column method [117. 100 gl of the
1:20 diluted protein solution were added to 400 ul
of a 1:5 diluted heat denatured plasma and the assay
was performed on this in the usual manner.

Affinity chromatography on Cibacron Blue F3G-A-
Sepharose. The eluate was transferred to a beaker and
10g of Cibacron Blue-Sepharose were added to it.
The mixture was stirred for 45min in an ice bath.
The solution was then drained on a coarse sintered
glass funnel and washed with 4 x the column volume
with ice-cold Tris buffer. The eluate was again trans-
ferred to the ultrafiltration cell (which was kept in
an ice bath) and dialysed with ice-cold Tris buffer.
No radioactivity could be determined in the ultrafil-
trate. The volume in the ultrafiltration cell was
reduced to 10 ml and the protein concentration deter-
mined by the Lowry technique.

Sephadex G-150 filtration. To a 2.5 x 60 cm column
of Sephadex G-150 packed in Tris buffer 10ml of
the affinity eluate were applied and eluted with Tris
buffer. 2 ml fractions were collected; U.V. absorbance
at 280 nm and DHT binding activity were determined
for all fractions as described above. The fractions
showing binding activity were pooled, concentrated
again to 10ml and subjected to Scatchard analysis
as above; the total protein concentration of the puri-
fied material was determined by the Lowry method.

Characterization of SHBG

Polyacrylamide gel electrophoresis, PAGE, to deter-
mine the purity of the material isolated. The protein
solution was concentrated to give 1 mg protein per
ml using the Amicon minicon concentrator cells
(A 25). Analytical PAGE was performed using the
method of Smith[14]; the total gel concentration
employed was 18%, with 0.66°; cross linkage.

Determination of molecular weight. The molecular
weight of purified SHBG was determined using the
sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis, SDS-PAGE. technique of Weber and
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Table 1. Comparison of binding data for original plasma and purified material

Total
Protein Binding  binding Specific
Conc. capacity  capacity activity Purification
(Mg/ml) (amol/ml) (nmol) (nmol/mg) factor % Recovery
Original plasma 99.0 0.359 1364.2 0.00363
Androstanediol-Sepharose 4B
eluate 1.80 11.954 358.6 6.64110 1830 26.29
Cibacron Blue F3G-A-
Sepharose 4B eluate 1.20
Sephadex G-150 eluate *0.509 6.837 68.4 13.4320 3700 5.01

Binding capacity measurements were not carried out for the Cibacron Blue F3G-A-Sepharose 4B eluate.
* This mass was calculated from the carbohydrate and amino-acid analyses and represents the sum

total of carbohydrate and polypeptide concentrations.

Osborn[15]. The total gel concentration employed
was 10%. Human serum albumin, bovine serum albu-
min, myoglobin, ovalbumin, «-lactalbumin, cyto-
chrome C, carboxypeptidase and r-fucosedehydro-
genase were used as standards. The experiment was
performed once after pre-incubation of the protein
solutions with 19, SDS and 19, B-mercaptoethanol
for 2h at 45°C and once after pre-incubation with
1°/ SDS in the absence of f-mercaptoethanol.

Amino acid and carbohydrate analysis. The sample
of the purified material, 1 mg/ml, was hydrolysed in
6 N HCI at 110°C for 24 h and the amino acid com-
position was determined using a Rank Hilger amino
acid analyser. Cysteine which is determined as cysteic
acid and methionine which is determined as meth-
ionine sulphoxide were not determined as these
required a separate run and therefore a further supply
of the material. The carbohydrate composition was
determined by the method of Clamp et al.[16]. The
mass of the material was again calculated from these
analyses.

RESULTS

Analytical PAGE carried out to assess the purity
of the isolated material showed one sharp band of
protein with an Ry value of 0.28 (Fig. 2). SDS-PAGE
of the purified material sample that had been incu-
bated with 19, SDS in the absence of S-mercaptoeth-
anol showed one sharp band which approximated to
a molecular weight value of 86,000. When the sample
was incubated with 1%, SDS and 1%, B-mercaptoeth-
anol, four components of almost identical electro-
phoretic mobilities were observed, each component
approximating to a molecular weight of 20,000 + 500
(this is a mean of four different runs). A molecular
weight of 80,000 was therefore estimated by adding
up the values for the four components.

The purified SHBG was found to contain 34.4%
carbohydrate. The compositions of individual sugars
and amino acids are listed in Table 2. No lysine or
arginine could be detected and the ammonia peak
which is normally observed when amino acids are
analysed was missing, however, preceding the region

where ammonia is normally detected a long sharp
peak of unidentifiable material was observed.

DISCUSSION

Suzuki et al.[8] and Igbal et al.[7] have shown
previously that the use of a high affinity gel makes
the more conventional techniques unnecessary. We
were able to manufacture an affinity gel for SHBG,
androstanediol-3-hemisuccinate-aminohexyl-Sephar -
ose 4B which was capable of immobilising SHBG in
25.6 ml of post-partum plasma per m! of gel and was
still unsaturated. We were able to couple 37 umol
steroid per ml of gel whereas Mickelson et al.[5] were
able to couple only 2 umol/ml of gel using the 17
position of 5¢-DHT. It is not clear why these authors
have used the 17 position for linkage when they
report themselves that the incorporation of the suc-
cinate group at the 17 position reduces the binding
affinity relative to DHT by a factor of about 600.
What is more important, the unavailability of the 178
group on the steroid might have caused their gel to
be less specific as well.

The results of previous attempts at the purification
and characterization of human SHBG [3-5] are con-
flicting, and this report will add further to the contro-
versy although it is broadly in agreement with one
of these earlier studies [4].

The molecular weight for human SHBG reported
by Bohn{3], for example, is 65,000. Bohn on the basis
of his experiments with analytical sodium dodecyl-
sulphate polyacrylamide gel electrophoresis, also pos-
tulates that the SHBG molecule is probably com-
posed of four sub-units which possess a molecular
weight of 16,000 each. A similar finding is reported
by Suzuki et al.[8] for bovine SHBG which breaks
up into three sub-units on treatment with guanidine
chloride. Rosner and Smith[4] report a molecular
weight for human SHBG of 94,000 on the basis of
a modified SDS-PAGE technique of Weber and
Osborn[15], but find no evidence for subunit or poly-
meric structure. The most recent report is by Mickel-
son et al[5] who calculated a molecular weight of
36335 for this protein by equilibrium sedimentation
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Fig. 2. Analytical polyacrylamide gel electrophoresis of original plasma (left) and purified material
(right). Total gel concentration was 18% with 0.66% cross linkage.

in the presence of 0.1 M mercaptoethanol and again
found no evidence for it being a tetramer.

Using the SDS-PAGE technique of Weber and
Osborn[15], without reduction of disulphide bonds
we observed a single sharp band which approximated
to a molecular weight of 86,000. This molecular
weight is likely to be an overestimate due to de-
creased SDS binding; therefore, the molecular weight
used in calculations was 80,000 which was derived
by adding up the molecular weights of the four com-
ponents observed when the sample was run after

preincubation with f-mercaptoethanol. The four com-
ponents observed were very close together and their
individual electrophoretic mobilities approximated to
a molecular weight of 20,000 + 500. In the light of
these findings and those of Bohn[3] for human and
Suzuki et al.[8] for bovine SHBG, it is tempting to
suggest that human SHBG is a tetramer with
monomers differing only slightly in their molecular
weights.

SDS-PAGE is perhaps not the most reliable tech-
nique for the determination of molecular weights of
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Table 2. Amino-acid and carbohydrate compositions

Amino acid g/100 g polypeptide mol/mol SHBG
Asp 12.76 76.8
Thr 5.48 36.8
Ser 6.86 52.3
Glu 12.61 68.6
Gly 6.28 67.0
Ala 8.08 72.6
Val 10.48 71.7
Ile 5.74 351
Leu 11.62 71.0
Tyr 5.22 231
Phe 5.10 24.7
His 3.07 15.8
Pro 6.70 46.6
Carbohydrate  g/100 g carbohydrate
Fucose 8.70
Mannose 14.36
Galactose 16.75
N-acetyl

glucosamine 27.33
Sialic acid 32.83

Total carbohydrate content 34.4%,

For aminoacid analysis the sample was hydrolysed in
6 N HCL at 110°C for 24 h.

The molecular weight used for the calculation of the
molar ratios of the aminoacids was 80,000.

~glycoproteins as pointed out by Mickelson et al.[5]
who obtain three different molecular weight values
for human SHBG using three different techniques.
Gel filtration again is not a reliable technique for
glycoproteins as these are relatively more hydrated
and give falsely elevated molecular weight values. We
used SDS-PAGE because it was one of the two tech-
niques available to us (the other being gel filtration)
and also because it served as a good means of com-
parison between our purified material and that of
Bohn[3] and Rosner and Smith[4] who also
employed similar techniques. Accepting the discre-
pancies in the molecular weight determination using
the SDS-PAGE, our value of 80,000 is in good agree-
ment with the value of 94,000 reported by Rosner
and Smith[4].

Obviously the molecular weight values given by
ourselves, Bohn[3] and Rosner and Smith[4] are sub-
ject to error and it would appear that equilibrium
sedimentation had best be applied for the determina-
tion of molecular weight of glycoproteins as the tech-
nique likely to give the most accurate results [S].
Mercier et al.[2] did indeed use equilibrium sedimen-
tation for determining the molecular weight of SHBG,
their data as shown by Rosner and Smith[4] approxi-
mates to a molecular weight value of around 100,000.
This would seem to agree more with our figure than
with that reported by Mickelson et al.[5].

Using SDS-PAGE Mickelson et al.[5] calculate a
molecular weight of 52,000 for SHBG; the authors
suggest that this low molecular weight value is prob-
ably due to the low carbohydrate content (18%) of
their purified material. It seems unlikely that the
higher molecular weight obtained by ourselves and

5.8. 10/5—f
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Rosner and Smith[4] is due to an impurity as Mickel-
son et al[5] seem to imply since none was detected
by electrophoretic techniques. Besides, the figures for
number of binding sites per mole DHT given by our-
selves and Rosner and Smith seem to suggest a highly
purified material in both cases.

Discrepancies in the results of individual amino
acid content and sugar analysis pose another prob-
lem. Cysteine and methionine were not measured and
tryptophan is destroyed under the conditions of hy-
drolysis; the absence of lysine and arginine is remark-
able. Remarkable also is the peak of unidentified
material which precedes the expected but unobserv-
able peak of ammonia; it is suggested [17] that this
peak may be due to sialic acid and that arginine,
lysine and ammonia may be “bound up” with this
peak and therefore avoid detection. To what extent
this phenomenon is common to glycoproteins is un-
certain and the suggestion that the carbohydrate
moeity interferes with the detection of certain amino
acids must remain an hypothesis. In the data pre-
sented by Suzuki et al[8] for amino acid analysis
of bovine SHBG, cysteine is missing, it is not stated
whether an attempt was made to measure it as cysteic
acid.

In spite of the conflicting results, it is, nevertheless,
encouraging that the isolated protein retains all of
its binding activity and shows 1.08 binding sites per
mol of DHT and that our results are in agreement
with those of Rosner and Smith[4] on this and on
the carbohydrate content, our value of 34.4%, carbo-
hydrate compares well with their 32.1%. We get very
poor recovery, however, 5% as compared to about
35% reported previously [4,5]. The heavy loss of
material after the first purification step is perhaps due
to high ratio of steroid per ml of Sepharose which
may require an even higher concentration of the com-
peting ligand in the elution buffer. Electrophoretic
elution [7] may provide the answer to this if we are

.able to overcome the problem of denaturation caused

by this technique.
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