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Enzvmes have emerged as the most powerful alteatives
to radioisotopes 1n the development of binding assay meth-
ods for the selective detection of various physiological. bio-
logical and environmental substances at trace levels.® Such
methods may be classified as either heterogeneous (solid-
phase) or homogeneous (separation-free). The heterogeneous
arrangements such as the enzvme-linked immunosorbent assay
(ELISA) are much slower. but prevalent. The homogeneous
tvpes such as the enzvme-multiplied immunoassay technique
(EMIT) are much faster because there is no need for separa-
tion of free and bound enzvme labels.™® In this method.
analvtical signals result tvpically from inlubition of enzvme-
conjugate catalvtic activity in solution by antibody (or bind-
Ing protein) interactions with the conjugate.

We have previously devised a generic tyvpe of the homo-
geneous method based on the strong and specific biotin/avi-
din interaction for the detection of biomolecules other than
biotin.”! In this method. the binding reaction between the
enzyvme-biotin and avidin-analyte conjugates inactivates the
enzyme. In the presence of analvte-specific binder, the enzy-
matic activity of the conjugate is regained (/.¢., less inhib-
ited) since the binding of the binder to the avidin-analvte
conjugate prevents the enzvme inactivation by sterically hin-
dering the binding between the avidin-analyte and enzyme-
biotin conjugates. The biotin/avidin interaction may also be
utilized in devising a heterogeneous assay protocol. For
instance. the enzyvme-biotin conjugate can serve as a signal
generator by binding to the avidin-analvte conjugate that has
already been bound to the analyte-specific binder immobi-
lized on a solid surface.

The aim of this work is to compare the analvtical perfor-
mance of several different enzvme-linked competitive bind-
ing assay methods using a monoclonal anti-digoxin antibody
as a model binder: /.e., homogeneous versus heterogeneous
assays. and conventional EMIT or ELISA versus biotin/avi-
din-mediated techmques. In this work, we further investi-
gated the feasibility of developing an assay method useful
for the determination of serum digoxin. Digoxin is the most
widely used cardiac glvcoside for treating congestive heart
failure.!’'- Because of a narrow therapeutic range (i.e.. 0.8-
2.0 ng/mL), serum digoxin levels are frequently determined
throughout theraphy.’ In this work, three different enzvmes
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are exanuned as labels: /.e.. glucose-6-phosphate dehydroge-
nase (G6PDH), malate dehydrogenase (MDH). and alkaline
phosphatase (ALP). Enzvme conjugates are evaluated in both
heterogeneous and homogeneous assay protocols by com-
paring the detection capabilities of the resulting assay sys-
tems. The relative advantages and disadvantages of each
assay protocol are discussed based upon the findings of this
work.

Experimental Section

Reagents. Glucose-6-phosphate dehydrogenase (G6PDH)
from Leuconostoc mesenteroides, malate dehydrogenase
(MDH) from porcine heart mitochondnial. alkaline phos-
phatase (ALP) from bovine mtestinal mucosa, glucose-6-
phosphate (G6P), Fnicotinamide adenin dinucleotide (NAD),
SB-dihydrodiphosphopyridin nucleotide (NADH), oxaloace-
tate, p-mtrophenyl phosphate. bovine serum albumin (BSA),
N-hydroxysuccimmidobiotin - (NHS-biotin), biotmamido-
caprovl-labeled ALP (ALP-biotin), avidin from egg white,
and digoxin were obtamed from Sigma (St. Lows, MO,
USA). Digoxigenin-3-0-methylcarbonyl-g-aminocaproic acid-
N-hydroxysuccimmide ester (NHS-digoxin) was purchased
from Boehnnger Mannheim (Mannhenn, Germany). Mono-
clonal anti-digoxin antibody (with an association constant of
about 4 x 10" M™") and an avidin-digoxin conjugate (with
an average number of 30 digoxin molecules per avidin mole-
cule) were graciously provided by Dade Behring Inc. (New-
ark. DE. USA).

The assay buffers used for the homogeneous assays with
G6PDH. MDH. and ALP conjugates were as follows: 0.03
M Tris-HCI (pH 7.8). 0.1 M sodium phosphate (pH 7.5). and
0.03 M sodium carbonate (pH 9.3). respectively. containing
0.1 M NaCl and 0.01% (w/v) NaNa. 0.01% gelatin (w/v) and
0.2% or 2% (for MDH) BSA (w/v). Dilutions of conjugates.
binders. standards. and sample solutions were made using
this assay buffer. The buffer solutions used for the hetero-
geneous assays with ALP conjugates were as follows: 0.03
M Tris-HCI (pH 7.4) containing 0.02% NaN3, 0.5% BSA for
dilutions and binding reactions. 0.03 M Tris-HCI (pH 7.4)
containing 0.05% NaNa for washing. and 0.03 M sodium
carbonate (pH 9.3) for activity measurements, respectively.

Preparation of Conjugates. Enzvime conjugates were
prepared by reacting each enzyme with NHS-biotin or NHS-
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digoxin according to the N-hvdroxysucciumide ester method.
as described previously.”'™*"* For the preparation of GGPDH-
digoxin comjugates. the required amount of NHS-digoxin
dissolved in DMF was added to 300 ¢L of coupling buffer
(0.1 M bis-tris propane. pH 6.5) containing a given amount
of G6PDH (200 units). The active site of G6PDH was pro-
tected during the comugation reaction by adding an excess
of G6P and NADH. In the case of MDH- and ALP-digoxin
conjugates, 300 units of MDH or 200 umts of ALP was dis-
solved in 500 ¢L of 0.1 M sodium phosphate, pH 7.5 or 0.03
M sodium carbonate, pH 9.5. respectively. The reaction was
run for 24 hr at 4 °C under sturing. The reaction mixture was
then dialvzed against 0.03 M Tns-HCI, pH 7.4 for G6PDH-
and ALP-digoxin or 0.1 M sodium phosphate, pH 7.5 for
MDH-digoxin. and was diluted to a final volume of 2.0 mL
with the dialvsis buffer.

The resulting enzvine conjugates were characterized by
their residual activities and percent inhibitions induced by an
excess amount of the corresponding binder (/... avidin or
anti-digoxin antibody):”'“*1* see Table 1. All conjugates
were kept at 4 °C until the additions of reagents for activity
measurenients.

Homogeneous Assays. The rate of mcrease of NADH
measured by the change n absorbance at 340 nm per unit
time. decrease of NADH at 340 nm or ncrease of p-nitro-
phenol at 405 nm was used to determine the activity of
G6PDH.” MDH" or ALP™*' conjugates, as described pre-
viously. In order to obtain data for the maximum percent
inhibition. each enzyme conjugate solution was added to an
assay tube contaimng an excess amount of the correspond-
ing binder (i.e., anti-digoxin antibody or avidin), and the
resulting activity was measured.”*"™* For EMIT-tvpe homo-
geneous assavs emploving G6PDH and MDH conjugates.
digoxin standards were incubated first with anti-digoxin
antibody, and then with enzyme conjugates before the acti-
vity measurements as described in earlier works." In the
biotin/avidin-mediated assay protocol for digoxin. digoxin
standards were incubated with anti-digoxin antibody, avidin-
digoxin conjugate. and with ALP-biotin conjugate. subse-
quently. before the activity measurements.'

Heterogeneous Assays. Heterogeneous digoxin assavs
were performed by first inmobilizing anti-digoxin antibody
on the inner surface of microwells by physical adsorption.'”

Table 1. Charactenistics of Enzvme Conjugates
% Residual % Inhibi-

Initial ratio

Conjugate (NHS-analvte/enzyme)”  activity tion®
G6PDH-digoxin 30 48 34
MDH-digoxin 50 36 54
ALP-digoxin | 50 83 7
ALP-digoxin 2 2500 43 20
ALP-biotin | 2230 44 90
ALP-biotin 2° - - 20

“Refers to molar ratios of NHS-digoxan or NHS-biotin to enzyvme during
the conjugation reaction. *For all conjugates, a fixed amount of enzyme-
analvte conjugate was incubated with a tixed amount of the binder.
‘Purchased from a commereial source.

Notes

For the conventional ELISA-type protocol. anti-digoxin anti-
body-coated well were icubated with digoxin standards.
washed. and mncubated with ALP-digoxin before activity
measurements. as described previously.'” In the biotin/avi-
din-mediated heterogeneous assay protocol. 100 yL of
digoxin standards were added to each anti-digoxin antibody-
coated well. and incubated for 2 hr. After washing. 100 pl of
an avidin-digoxin conjugate solution was added and incu-
bated for 2 lr. After washing, 100 ¢L of an ALP-biotin con-
Jugate solution was added and mcubated for 2 hr. The wells
were then washed and filled with 100 gL of 10 mM p-mitro-
phenyl phosphate dissolved in 1.0 M diethanolamine (pH
9.8) containing 0.5 mM magnesium chloride. After incuba-
tion for 30 min at room temperature. the absorbance of the
wells was determined with an Emax precision microplate
reader (Molecular Devices. Sunnyvale. CA, USA) at 405
nim.

Results and Discussion

For the sensitive enzyme-linked assay development, the
choice of an appropriate enzyme-analyte conjugate is very
essential. An ideal enzyme-analyte conjugate for homo-
geneous assays should be mhibited to a large degree by an
excess of binder, and vet should retain a useful residual
activity. On the other hand, a less inhibited enzyme conju-
gate is desired for use in heterogeneous tvpe assays. There-
fore. various enzyme conjugates were prepared by reacting
each enzyme with different amounts of NHS-digoxin or
NHS-biotin. In general, higher initial NHS-analyte/enzyme
molar ratios used during the conjugation reaction vielded
greater conjugate mhibition by a given excess of the binder.
In this work. a greater mhibition was achieved at the expense
of a decrease mn the residual activity of the conjugate as is
typical with most enzyme conjugate systems.

Table 1 summarizes the parameters characterizing the con-
Jugates examined in this study. particularly those of the most
highly mhibited conjugate for each enzyme system and of
the ALP comjugates emploved for heterogeneous assays. For
the G6PDH- and MDH-digoxin conjugate systems, we were
able to make a lughly mhibited conjugate m both cases. f.¢.,
up to 54% by an excess of anti-digoxin antibody. as can be
seen n Table 1. In the case of ALP-digoxin. however. only
20% of the maximum percentage mhibition was possible
even with the use of a high imtal NHS-digoxin/ALP ratio
(.., 2500) during the conjugation reaction. These observa-
tions demonstrate that conjugates based on two-substrate
enzvmes (f.¢., G6PDH and MDH) are more easily inhibited
by the binding reaction than those based on single substrate
enzvmes (f.e., ALP). It 1s believed that the activity of the
enzvme comjugate having only one substrate site 1s less sus-
ceptible to steric hindrance or conformational change
induced by the binding of the binder to the conjugate. and
thus, 1s less mhibited upon the binding reaction than that of
the enzyme conjugate with two substrate sites. Weakly
mlubited ALP-digoxin conjugates may be useful for the hetero-
geneous arrangements, but are not desired for the develop-
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Figure 1. Dose-response curves obtained with homogeneous
assays for digoxin: A) 0.17 umits of G6PDH-digoxin, and 1 ug of
anti-digoxin antibedy: B) (.25 wnts of MDH-digoxin and 1 ug of
antibody: and C) 0.36 units of ALP-biotin, 6.25 g of antibody and
1.25 g of avidin-digoxin.

ment of a sensitive homogeneous assav. This is because the
analvtical signal of the homogeneous assay comes from
inhibition of enzvme activity by binder interaction with the
conjugate. For this reason, the ALP-digoxin conjugates were
not further examined for homogeneous assays in the subse-
quent experiments. On the other hand. the ALP-biotin conju-
gates were inhibited to a very high degree. up to 90%, by an
excess of the binder protein, avidin (see Table 1). This
may be explained by an extremely high affinity (K, = 107*
M) of the biotin/avidin reaction and the quadravalency of
avidin,'®

Figure | compares dose-response curves for digoxin
obtained with different homogeneous assay protocols: A)
EMIT-type with G6PDH-digoxm. B) EMIT-tvpe with MDH-
digoxmm, and C) biotin/avidin-mediated assay with ALP-
biotin and avidin-digoxin. The three different assays were
optunized and their reagent concentrations were adjusted to
produce sunilar analvtical signals (7.e.. absorbance change
per minute). As can be seen, the G6PDH- and MDH- based
EMIT-type assays exhibited nearly the sanie dose-response
behavior as expected from the same inlubition property of
the G6PDH- and MDH-digoxin conjugates emploved. The
biotin/avidin-mediated assav. however, vielded a dose-
response curve with a higher detection range than those of
the EMIT-tvpe assays: ie.. 1077 to 10 M for the biotin/avi-
din-mediated assay vs. 107® to 1077 M for the EMIT-tvpes.
The performance of the biotin/avidin-mediated assay svstem
15 influenced by two different binding reactions: biotin/avi-
din and digoxin/antibody reactions. In principle. the intrinsic
detection capability of the final assay is determined by the
weaker binder reaction. In most biotin/avidin-mediated
assays. the limit of detection is expected to be determined by
the analvte binder svstem, since the association of biotin
toward avidin is extremely strong (K, = 107"° M). In the case
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Figure 2. Dose-response curves obtained with heterogeneous
assays for digoxin: A) 0.02 units of ALP-digoxin 1 and 0.03 ug of
antibody: B) 0.0752 units of ALP-biotin, (.03 ug of antibody and
0.4 pg of avidin-digoxin.

of the digoxin assay. a limit of detection near 107! M
digoxin may be possible based on the association constant of
digoxin toward its monoclonal antibody (K, =4 x 107" M)
used in this study. However. the present biotin/avidin-medi-
ated digoxin assay was shown to exlubit a poor detectability
(.e.. >1077 M): this may be attributed to very high binder
and conjugate concentrations used in the assay. even lugher
than those used m the EMIT-types. As can also be seen in
Figure 1. all of the three assay systems vielded a relatvely
steep dose-response behavior over a narrow concentration
range, suggesting that the assays can be used for the precise
determination of digoxin. However. the detection limit
achieved with these homogeneous assays 1s not adequate if
used for serum digoxin measurements (f.e., (1.0 to 2.5) %
10~ M). Therefore, a more sensitive detection scheme for
the labeled digoxin or biotin 1s needed to develop a ¢linically
relevant homogeneous assay for digoxin.

Figure 2 presents dose-response curves for digoxin obtained
with the optimized heterogencous methods: A) ELISA-type
and B) bioti/avidin-mediated tvpe. An ALP is known for
the labeling enzyme for heterogeneous assays. In the hetero-
geneous assay, enzyme activities bound to a solid phase are
measured, and thus, a less substituted conjugate is typically
preferred for a greater enzvmatic signal. Therefore. in this
experiment. the less imhibited ALP-digoxin conjugate (7%
by anti-digoxin antibody) and ALP-biotin conjugate (20%
by avidin) were emploved for the ELISA and biotin/avidin-
mediated methods, respectively. For comparison purpose,
the reagent concentrations were adjusted to vield dose-
response curves with similar detection limits for both assay
systems. As can be seen in Figure 2. the analytical signal
was greater with the biotin/avidin-mediated assay than with
the ELISA-type assav. In the biotin/avidin-mediated assay,
ALP-biotin conjugates are bound to the avidin-digoxin con-
Jugates already bound to the mumobilized anti-digoxin anti-
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body. Because of multivalency of avidin. more than one
ALP-biotin molecule can bind per one avidin-digoxin mole-
cule, resulting in signal amphfication. This may explain the
enhanced signal observed with the biotin/avidin-mediated
assay. As can be seen in Figure 2. both heterogeneous me-
thods achieved a much improved detection limit (7.e.. near
107" M digoxin) when compared to the homogeneous
method. This was expected based on much lower reagent
concentrations used in the heterogeneous assay protocol.
The detection lunits of both assay svstems are thought to be
sufficiently low for use in serum digoxin measurenments.

In summary, several different enzyme-linked competitive
binding assav methods have been examined in an attempt to
develop a digoxin assay svstem emploving anti-digoxin
monoclonal antibody. The conventional EMIT- or ELISA-
tvpe assay protocols are compared with the biotin/avidin-
mediated approaches. The heterogeneous types. which vield
much lower detection limit than the homogeneous types, are
demonstrated to be useful for serum digoxin measurements.
The advantages of the biotin/avidin-mediated approaches
over the conventional methods are the capabilities of using a
single substrate enzvime such as ALP in the homogeneous
method. and of amplifving the enzymatic signals in the hetero-
geneous method.
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