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SUMMARY

An enzyme-linked immunosorbent assay (ELISA) for the Sex Steroid-Binding Protein of human serum
(hSBP)§ has been developed using purified monospecific hSBP antibodies labelled with alkaline phos-
phatase. The enzyme assay is as sensitive as the radioimmunoassay and at least ten times more sensitive
than the radioligand assay and the “rocket” immunoelectrophoresis assay. The standard criteria of
precision and reproducibility are satisfied. The assay cmploys stable reagents, inexpensive equipment.
and is applicable to routine determinations of serum hSBP in the clinical and research laboratory.

INTRODUCTION

The plasma of humans and other species contains a
protein, SBP§, which specifically binds 5a-dihydrotes-
tosterone and testosterone with high affinity (see
Ref. [1] for review). In the case of primates, the pro-
tein also specifically binds estradiol-17 B [2, 3]. Exten-
sive specificity studies have revealed the most import-
ant features for achieving maximum binding to
human and monkey SBP [2, 4.5, 6]. These are: A pla-
nar steroid structure, an oxygenated function at the
3-position, and a free hydroxyl group at the 178 pos-
ition. The protein was discovered in 1965 by incubat-
ing plasma samples with radioactive steroids[7, 8]
and various assay procedures were devised to quanti-
tate it using radioligands [9-12]. By consensus the
protein was named SBP in 1969.i Recent availability
of monospecific antibodies prepared against homo-
geneous human SBP[13,14] allowed the develop-
ment of a radioimmunoassay [14]. Although this
assay has proven to be useful in our laboratory we are
no longer using it. Our recent investigations have
indicated that iodination of homogeneous SBP results
in extensive losses in binding capacity to the anti-
bodies (approximately 50%, unpublished data). The
protein contains about two tyrosine residues per mole
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monomer [15] and iodination of these residues per-
haps affect antibody binding affinity. In order to im-
prove the immunoassay and to circumvent the fre-
quent need of handling hazardous gamma-emitting
radioisotopes. we have developed a non-isotopic im-
munoassay based on enzymatic activity measure-
ments. This approach now widely used in immuno-
chemistry [16], consists of covalently linking an
enzyme to purified monospecific immunoglobulins,
and measuring bound-antigen enzymatically with an
appropriate substrate. In this report, we describe the
determination of SBP concentration in human serum
by using alkaline phosphatase-linked antibodies in
conjunction with p-nitrophenylphosphate as the sub-
strate.

MATERIALS AND METHODS

Reagents

Disposable polystyrene microtiter plates
(8 x 12 cm) were purchased from Flow Laboratories,
McLean, VA: alkaline phosphatase (type VII-S,
specific activity 1100 units/mg protein, 8 mg/ml of
ammonium sulfate suspension), Tween 20, p-nitro-
phenylphosphate and glutaraldehyde (grade II) from
Sigma Chemical Co.. St. Louis, MO.; diethanolamine
from Eastman Organic Chemicals, Rochester, N.'W.;
Sepharose 6B from Pharmacia Ltd (Uppsala,
Sweden), and bovine serum albumin (BSA) from
Miles Research Laboratories, Elkhart, Indiana.
[1,2-*H]-DHT (50 Ci/mmol) was purchased from
Research Products International.

Preparation of antibodies

Human SBP is purified to homogeneity using a
recently modified procedure [17], S mM CaCl, is now
added after the affinity chromatography step. Antisera
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are prepared in rabbits as previously described [13].
Monospecific hSBP antibodies are obtained by im-
munoaffinity chromatography using homogeneous
hSBP covalently attached to agarose [18].

Preparation of alkaline phosphatase anti-hSBP conju-
gate

The enzyme-antibody conjugate is prepared essen-
tially as described previously [19]. An aliquot of
0.2ml (1.6 mg) enzyme is centrifuged at 120¢ for
10 min at 4°C. The supernatant (0.1 ml) is discarded
and 0.38 ml of monospecific hSBP antibodies (1.4 mg/
ml) is added. The resulting protein concentration of
the solution is 4.4 mg/ml at 3:1 weight ratio of alka-
line phosphatase to antibody. The solution is dialysed
against PBS overnight at 4°C. An aliquot (4 micro-
liters) of 25% glutaraldehyde is added and the sol-
ution is allowed to incubate for 2h at 25°C. The sol-
ution is diluted to 1 ml with PBS and dialysed over-
night at 4°C against PBS. The enzyme-antibody con-
jugate is purified by gel filtration on a column
(1.5 x 30 mm) of Sepharose 6B, the conjugate elutes
in the void volume with 0.05 M Tris-Cl, pH 8.0, [20].
The conjugate is concentrated by ultrafiltration
(PM-10 membrane) to 4 ml and stored in the dark at
4°C in 0.05 M Tris—Cl, pH 8.0 in the presence of 1%
bovine serum albumin and 0.029, NaNj.

Enzyme-Immunoassay procedure

A “two-site” immunoenzymometric method is
used [21]. In this method, the wells of microtiter
plates are first sensitized by adding 0.2 ml of purified
monospecific hSBP antibodies in coating buffer
(0.05 M sodium carbonate buffer pH 9.6, 0.02%, NaN,)
at a concentration of 5ug/ml. The plates are incu-
bated overnight at 25°C. The wells are then washed
three times. The washing procedure is performed by
“flooding™ the plates with a solution of PBS contain-
ing 0.05% Tween-20. Plates are gently agitated for
3 min and the contents of the wells are decanted by
the inversion of the plates. After the third wash, the
plates are shaken dry. To control non-specific adsorp-
tion of the antigen to the plate, 0.2 ml aliquots of
PBS-tween-BSA buffer (0.05% tween-20, 1mg/ml BSA)
is added to each well and the plates are incubated for
30min at 37°C. The plates are washed again with
PBS containing 0.05% tween-20, 1 mg/ml BSA and
0.02% NaN,;. Aliquots of 02ml of diluted serum
(100-1000fold) containing standard or unknown con-
centrations of hSBP are added to each well. Plates are
incubated overnight at 25°C. After washing 0.2 ml of
the stock conjugate (diluted 1:100 with PBS-tween-
BSA buffer) is added into each well. Plates are incu-
bated 3 h at 37°C. Excess conjugate is washed out and
the amount of alkaline phosphatase bound to the
wells is determined by adding 0.2 ml of p-nitrophenyl-
phosphate substrate (1 mg/ml in 1 M diethanolamine
buffer at pH 9.8 containing 0.5 mM MgCl). This sub-
strate concentration is sufficient to keep the enzyme
conjugate complex saturated during the extent of the
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reaction; the hydrolysis reaction of p-nitrophenyl-
phosphate catalysed by the enzyme-conjugate—hSBP
complex exhibits linear zero-order kinetics for at least
Lhr. After a 20 min-incubation at room temperature,
the reaction is stopped by adding 50 ul of 2 M NaOH
in each well. The content of the wells are diluted to
1 ml water and absorbances are measured at 403 nm
in a Beckman Model DB-GT spectrophotometer. All
assays are done in triplicate. The optimum conditions
for the assay are as described, however, reliable
results have been obtained by performing the original
antibody adsorption at 37°C for 90 min instead of
overnight at room remperature. This approach may
be used to save time.

Radioligand assay procedure

The concentration of hSBP in serum is determined
by the DEAE cellulose filter paper assay using
[*H]-DHT [12].

RESULTS

The principle and experimental design behind the
enzyme-immunoassay is shown in Fig. 1. Purified
monospecific antibodies are first adsorbed onto wells
in a microtiter plastic plate. Albumin is then added to
make sure that all sites not previously saturated with
antibodies are occupied. This is important to prevent
nonspecific adsorption of the antigen. A sample con-
taining SBP (black circles) along with other proteins
(other symbols) is added to each well. The plates are
incubated, washed, and enzyme-antibody conjugate is
added. The amount of enzyme—conjugate is then di-
rectly proportional to the amount of SBP present in
each well. The data presented here indicate that in the
case of SBP such a procedure will yield linear stan-
dard curves from which unknown concentrations of
SBP can be determined.

Figure 2 shows a typical standard calibration curve
using diluted samples of human serum. Depending
upon the sensitivity of the spectrophotometer, the
limit of detection of about 0.1 nM SBP per assay. This
sensitivity is well within the range of the radio-immu-
noassay (14, and unpublished results). The standard
calibration curve is shown to be linear from the limit
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Fig. 1. Schematic diagram representing the principle and
experimental design of the enzyme-immunoassay. (@) SBP;
( , A, 0O) other proteins present in the sample.
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Fig. 2. Calibration curve for the enzyme immunoassay of

hSBP. Each point shows mean + SD of six runs done in

triplicate. The SBP concentration was determined by the
filter assay.

of sensitivity up to 2nM SBP (36 ng SBP per assay)
and actually remains linear up to 5nM SBP. A blank
of only 0.02-0.04 absorbance units at 405nm is
obtained when serum is replaced by buffer with all
other components remaining the same. Since a double-
beam spectrophotometer is used for the data in Fig. 2
this blank value is automatically subtracted.

Figure 3 represents the correlation between the fil-
ter assay and the enzyme-immunoassay carried out
on twelve individual male and female sera using the
standard curve of Fig. 2. The data indicate complete
correlation between the radio-ligand assay and the
enzyme-immunoassay indicating that the two assays
may be used interchangeably. Table 1 shows the
reproducibility of the assay when performed on the

130 y =099 + 098 x
r=098 n=12
p <0.001

100 1

Enzyme immunoassay (SBP nM)

T T T
50 100 130

Filter Assay (SBP nM)

Fig. 3. Comparison between the enzyme immunoassay and
the radioligand assay. Each point represents the mean of
triplicates.
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Table 1. Coefficient of variation (C.V.) of the
enzyme immunoassay*

C V.t CVi
hSBP “within-run” “between-run”
(nM) (%) (%)

0.10 9.9 26
0.25 11 19
1.00 31 28

*The standard curve of Fig. 2 was used to attain
SBP values. ¥Ten replicates on the same day.
$Three replicates on each of six different days.

same or different days using different ranges of hSBP
concentrations. The precision is adequate in the case
of intra-assay conditions; however, the inter-assay
data indicate that the assay cannot be compared from
day to day with the use of the same standard curve.
This variation is due to the different adsorbative ca-
pacity which each microtiter plastic plate exhibits. It
is therefore necessary to standardize each plate by
“running” a standard curve in parallel with the un-
knowns applied on the same plate. We do not con-
sider this a drawback for the assay since such precau-
tionary measures should be taken anyway, particu-
larly when measuring extremely low concentrations of
an unknown protein such as hSBP.

DISCUSSION

The sensitivity of the enzyme-immunoassay
depends mainly on the purity of the monospecific
antibodies. This is particularly important in this case
because monoclonal SBP antibodies are not yet avail-
able. The SBP antibodies are purified by adsorbing
the isolated rabbit gamma-globulins onto an immuno-
adsorbent consisting of homogenous human SBP
covalently attached to agarose [18]. This procedure
allows the isolation of antibodies of very high specific
activity (1%, of the total gamma-globulin fraction) for
the preparation of the enzyme-antibody conjugate.
Once this condition has been met, the enzyme-immu-
noassay is very simple and clearly has a definite
advantage over the radio-immunoassay for two
reasons. First, the pure antigen, SBP, is not required
for constructing the standard curve as in the case of
RIA. Commonly available pregnancy serum or nor-
mal serum can be used for that purpose as shown in
Fig. 2. Second, frequent iodination of the antigen with
gamma-emitting isotopes is therefore eliminated. In
contrast, the enzyme—antibody complex is very stable
and can be kept frozen at —20"C for at least a year.
The relative ease in the routine performance of the
enzyme-immunoassay is due to the fact that the major
efforts are placed prior to the performance of the
assay in obtaining pure and monospecific SBP anti-
bodies. This is done easily now by first purifying
about 12-15mg of homogenous human SBP in one
preparation according to our published pro-
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cedure [17]. About half of the SBP obtained is used
to synthesize the immunoadsorbent which is stable
for at least a year when kept in the presence of 0.1%;
sodium azide at 4°C. The rest of the SBP is kept
frozen at —20°C for antibody production. This
amount of SBP is sufficient to produce at least a year-
supply of monospecific antibodies.

A few words should be mentioned about the
“rocket” immunoelectrophoresis assay which has
been used for measuring SBP directly. For a number
of years this laboratory has been using this assay for
studying the cross-reactivity of SBP from various spe-
cies [13] as well as for quantitating SBP in plasma
(unpublished procedures). Although this assay has
proven valuable, it is 10 times less sensitive than the
enzyme-immunoassay and the RIA and about half to
three times less sensitive than the standard radio-
ligand assays such as the filter assay[12]. For
instance, depending upon the antibody titer, “rockets”
of not more than 1cm in height are obtained when
estimating SBP in human male plasma (30 nM SBP
and lower). The heights of these immunoprecipitates
are too small to be able to detect small changes accu-
rately at such concentrations of SBP. Recently, these
observations have been confirmed [22]. Since the
enzyme-immunoassay and radio-ligand assay have
now been correlated (Fig. 3), we recommend for now
the use of the radio-ligand assays for measuring SBP
levels below 30nM when either RIA or ELISA are
not available.

It should be realized that the availability of an im-
muno-assay for SBP should not preclude the use of
radioligand assays for measuring SBP concentra-
tions. Results obtained with immunoassays cannot
help in distinguishing between active and inactive
SBP molecules because the assay is not based on, or
dependent upon, a functioning steroid-binding site.
We have found, for instance, that native and de-
natured SBP are both recognized by the antibodies.
This finding should be expected because the steroid-
binding site represents only a small portion of the
entire protein surface. We suspect that these conclu-
sions will also apply to other steroid-binding proteins
including steroid receptors for which immunoassays
are being developed [24]. In particular, an ELISA
method for measuring estrogen receptors in human
breast tumors will soon be available [25]. As in the
case of SBP, measurements of receptors by ELISA
alone will most likely reflect the entire population of
receptor molecules without distinguishing between
active, inactive, or partially active species. Radio-
ligand assays may have to be included in special cases
when the receptor status of a particular tumor is
being determined only by immunochemical methods.

Despite these limitations, the development of the
enzyme-immunoassay will nevertheless permit to
explore new avenues of investigation concerning the
physiological role of SBP. Recently, we have
presented evidence that SBP can cross the plasma
membrane and enter cells [18]. Furthermore, the first

experimental evidence for the presence of SBP in nor-
mal liver as well as other tissues has been
presented [18] setting the stage for studying the bio-
synthesis of SBP and its control in normal tissues.
Since the evidence is primarily immunochemical in
nature, questions were raised on the possible cross-
reactivity of the SBP-antibodies with ABP, the
Androgen Binding Protein [18]. Although this may
be true for male reproductive tissues from various
species where ABP is thought to exist [26], we still
detect the presence of SBP in tissues not primarily
involved in reproductive functions, such as the liver,
as well as tissues of the female [23] where ABP does
not exist. Because of the anticipated fact that SBP in
tissues will be present in very low amounts, we view
the availability of the enzyme-immunoassay as instru-
mental in being able to pursue physiological studies
leading to a further understanding of SBP function.
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