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A synchronous enzyme-reaction system using water-soluble formazan and a non-enzy-
matic electron mediator was developed and applied to an enzyme immunoassay (EIA).
The reaction system consists of four steps: (I) dephosphorylation of NADP+ to produce
NAD* by alkaline phosphatase (ALP), (II) reduction of NAD+ to produce NADH with oxi-
dation of ethanol to yield acetaldehyde by alcohol dehydrogenase (ADH), (HI) reduction
of water-soluble tetrazolium salt (WST-1) to produce formazan by NADH via 1-methoxy-
5-methyl-phenazinium methyl sulfate (PMS), and (IV) re-reduction of NAD+ to produce
NADH by ADH. During each cycle, one molecule of tetrazolium is converted to one mole-
cule of formazan. The concentration of formazan during the reaction was given by sec-
ond-order polynomials of the reaction time. Kinetic studies strongly suggested that the
synchronous enzyme-reaction system had the potential to detect an analyte at the atto-
mole level in EIA. On the basis of the kinetic studies, optimal conditions for EIA incorpo-
rating the synchronous system were examined. NADP+ was purified thoroughly to
remove minor traces of NAD+ in the preparation, and an ADH preparation contaminated
with the lowest level of ALP activity was used. When the synchronous system was
applied to a sandwich-type EIA for human C-reactive protein, the protein was detected
with a sensitivity of 50 attomole per well of a micro-titer plate (0.1 ml) in a 1-h reaction.
In addition, EIA with water-soluble formazan showed a more quantitative and sensitive
result than that with insoluble formazan. These findings indicated that the (WST-l)-PMS
system introduced in this study has a great potential for highly sensitive enzyme immu-
noassay.

Key words: clinical diagnosis, enzymatic cycling reaction, enzymatic sequential reac-
tion, enzyme immunoassay, molecular synchronization, monoclonal antibody, synchro-
nous enzyme-reaction system.

Enzyme immunoassay (EIA) is widely used for the mea- (polymerized marker enzyme)-antibody conjugates (7). On
surement of a great variety of analytes such as drugs, hor- the other hand, an enzyme-amplification system has been
mones, tumour markers and environmental pollutants (1, reported to overcome this limit to sensitivity of EIA (10,
2). Although EIA has practical advantages, the sensitivity 11). The enzyme-amplification system involves the dephos-
of EIA using colorimeters is often poor compared with that phorylation of NADP+ by alkaline phosphatase (ALP) to
of radio-immunoassay and non-isotopic techniques employ- produce NAD+, which catalytically activates a specific
ing fluorescence and luminescence. To enhance the sensitiv- redox-cycle involving alcohol dehydrogenase (ADH) and
ity of EIA, we have applied modified or engineered anti- diaphorase. During each cycle, one molecule of tetrazolium
bodies such as active fragments of IgG and IgM monoclonal is reduced to one molecule of intensely colored formazan;
antibodies (mAbs) (3-6), bispecific antibodies (7-9), and and one molecule of NAD+ generated by ALP can catalyze

the production of a number of molecules of formazan dye
'This work was supported in part (K.I.) by Grants-in-Aid for Scien- (12-16). Thus, the enzyme amplification can increase the
tific Research on Priority Areas (A) (Nos. 11167248 and 13022236) sensitivity by 100-1,000-fold as compared with non-ampli-
from the Ministry of Education, Culture, Sports, Science and Tech- fiecl methods (10, 12). Although an amplification System
nology of Japan. , . , , . , . , ™ o „ o using a water-insoluble tetrazolium (INT) and diaphorase
2 To whom correspondence should be addressed. Phone:+81-75-753- • • ,, i ui AU J-N- J-- A *• •
6266, Fax: +8l-75 753-6265; E-mail: inouye@kais.kyoto-u.ac.jP

 1S n o w , commercially available, the quantitative determina-
Abbreviations: ADH, alcohol dehydrogenase; ALP, alkaline phos- t l o n o f analytes has been often disturbed by production of
phatase; CRP, C-reactive protein; EIA, enzyme immunoassay; HE- insoluble formazan. In this paper, the use of a water-soluble
PES, 2-[4-(2-hydroxyethyl)-l-piperazinyl]ethanesulfonic acid; INT, tetrazolium salt (WST-1) (17, 18) instead of INT was exam-
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H tetrazolium chlo- ined. In addition, PMS, which is a versatile non-enzymatic
ride; mAb, monoclonal antibody; PMS, l-methoxy-5-methylphena- electron mediator between NAD(P)H and tetrazolium (19-
zinium methyl sulfate; Tween 20, polyoxyethylene (20) sorbitan 2 J ) w a g u g e d { d f ^ ho s i n c e t h e g ^ t e r sta-
monolaurate; WST-1, 2-(4-iodophenyl)-3-(4-mtrophenyl)-5-(2,4-dis- , .... rmirc ± J J. n i J. *.-
ulfophenyl)-2H-tetrazolium, monosodium salt. b l l l ty o f P M S w a s expected to allow a longer-term reaction

resulting in higher sensitivity. The EIA system proposed in
© 2002 by The Japanese Biochemical Society. this study is composed of the conventional sandwich-type
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Ethanol Acetaldehyde

KADH

NADP+ NAD+ $ j l NADH
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Formazan WST-1

Fig. 1. Scheme for a sandwich-type EIA system incorporating
the (WST-l)-PMS synchronous enzyme reactions. ALP, alka-
line phosphatase; ADH, alcohol dehydrogenase; PMS, l-methoxy-5-
methylphenazinium methyl sulfate; and WST-1, a water-soluble tet-
razolium salt.

EIA and the synchronous enzyme-reactions using WST-1
and PMS as shown in Fig. 1. The (WST-l)-PMS synchro-
nous enzyme-reaction system is kinetically analyzed, and
its practical application to a highly sensitive EIA of human
C-reactive protein (CRP) is demonstrated.

MATERIALS AND METHODS

Kinetic Theory—Kinetic analysis of the enzymic cycling
system using INT and diaphorase was reported by Valero et
al. (13). In this study, their kinetic theory was applied to
the (WST-1 )-PMS synchronous enzyme-reaction system.
The synchronous system is described as follows:

S2 + X

S 3 + Y

Y + P,

Z + X

(1)

(2)

(3)

where S^ S2, S3, and P1 represent NADP+, ethanol, WST-1,
and acetaldehyde, respectively; X, Y, and Z are NAD+,
NADH and formazan respectively; and E,, E2, and E3 are
alkaline phosphatase (ALP), alcohol dehydrogenase (ADH)
and PMS, respectively. Reaction 3 consists of two oxido-
reduction reactions described below.

PMSox + Y -U X + PMSred

PMSred + S3 - ^ Z + PMSox

(4)

(5)

where PMSox and PMSred represent the oxidized PMS
and the reduced PMS, respectively, and k.% and kz are the
rate constants of reactions 4 and 5, respectively. In reaction
3, the conversion rate of the reduced PMS to oxidized PMS
can be approximated to zero if the WST-1 and PMS concen-
trations are in large excess of NADH concentration (steady-
state approximation):

= £x [pMSox]Y-/? z[PMSred][S3] =

(6)

Thus, the rate of the formazan (Z) formation is given by:

(7)

The following kinetic equations are deduced from reactions
formulas 1-3.

dX

dY k2[E2]0X
dt Km2 + X
dZ

(8)

(9)

(10)

where kv k2 and k3 are the rate constants of Eqs. 1-3,
respectively. Kml is the Michaelis constant of NADP* (S,)
towards ALP (E,). K^ is the Michaelis constant of NAD+

(X) towards ADH (E2) as a function of the ethanol (S2) con-
centration. As S2 is in the saturating level, Km2 is nearly
equal to K^, which is the Michaelis constant of X towards
E2. The concentration of S[ can be set higher than the
Michaelis constant Kml, and the concentration of S2 is high
enough to be saturating. Accordingly, the concentration of X
is considered to be lower than Km2 during the reaction.
Under these conditions, Eqs. 8-10 can be simplified as:

^f = V, - k2X + k3Y

^ = k2X - k3Y

dt

(11)

(12)

(13)

where V, = A,[ALP]0, k2 = ^ - [ADH]0, and k3 = k3 [PMS]0,

respectively. Solving Eqs. 11-13, the formazan concentra-
tion (Z) is represented by:

2X

where X = k2 + k3.
In the steady-state conditions (£—**>), the exponential

term (e A') in Eq. 14 is negligible, and the equation can be
simplified as:

2A
. +" . (15)

Evaluation of k2 and k3—In the NAD+ cycling reaction
system not containing ALP, Vx is zero in Eq. 15. Thus, the
concentration of formazan at time t is represented by:

Z = -t-
k2X0\

Thus, the rate of formazan formation is given by:

dZ _ k2k3
f\t /? -\- \? ~ kX°

where k =
kok3

k2 + k3

Equation 18 can be transformed to:

k

(16)

(17)

(18)

(19)
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Inserting k2 = ^ _ [ A D H ] 0 and k3 = &3[PMS]0 into

Eq. 19, we obtain:
1 1 1i = - +
k k2 Ej[PMS]0

1 K^i 1
2 [ADH] 0

1
A

(20)

(21)

Thus, k2 and k3 will be obtained by plotting 1/k versus 1/
[PMS]0 and Ilk versus 1/[ADH]O, respectively.

Evaluation of£,—Equation 15 is transformed to:

dZ/dt = k^ (V, t - Vy\ -Xo)/\ = kxkji3 [ALP]/(A:2 + k3)
(22)

Here, we define the acceleration factor (A) as the slope of
the plot of dZ/dt against the ALP concentration:

A = (23)

Thus, k1 will be obtained by plotting A against [ALP] and
inserting the k2 and k3 values described in the last para-
graph.

Materials—ALP [EC 3.1.3.1] (Lots 53204801 and
53205901) from calf intestine, ADH [EC 1.1.1.1] (Lots
20001004, 20001903, and 20005904) from yeast, diapho-
rase [EC 1.6.99.1] (Lots 50403803 and 50403003) from
Clostridium kluyveri, (3-NADP+ (Lot 040912), [i-NAD* (Lot
7901), and NADH (Lot 10340) were obtained from Oriental
Yeast (Tokyo). PMS (Lot FA036), INT (Lot DX108), and
WST-1 (Lot FC078) were obtained from Dojindo (Kuma-
moto). Human CRP (Lot B-7) was obtained from F. Hoff-
mann-La Roche (Basel, Switzerland). Bovine serum albu-
min (BSA), EIA/RIA grade, essentially globulin-free, was
purchased from Nacalai Tesque (Kyoto). Disodium p-nitro-
phenyl-phosphate (PNPP) hexahydrate was from Wako
Pure Chemicals (Osaka). All other chemicals were pur-
chased from Nacalai Tesque (Kyoto).

Antibodies—A mouse hybridoma cell line producing mon-
oclonal antibody (mAb) CR982 of IgGl class was estab-
lished in our laboratory by fusing spleen cells from an anti-
gen (CRP)-immunized BALB/c mouse with NS-1 myeloma
cells. The hybridoma cells were injected into pristane-
primed BALB/c mice and grown in ascites. Ascitic fluids
containing mAb CR982 were prepared, and the mAb was
purified to homogeneity by SDS-PAGE (3, 22, 23). Anti-
human CRP sheep polyclonal antibody conjugated with
highly pure ALP was obtained from Biogenesis (London,
UK). Concentrations of proteins were determined by the
method of Lowry et al. (24) using BSA as the standard, and
that of the purified mAb was determined spectrophotomet-
rically using an absorption coefficient at 280 nm of A280 (1
mg/ml) = 1.4 (3).

Cycling Assay with ALP and NADP*—The reaction was
carried out at 25°C in 100 mM Tris-HCl buffer, pH 8.5, con-
taining 8 mM MgCL, (buffer A). WST-1, PMS, ethanol, ALP,
and ADH were added to the buffer in a cuvette to give final
concentrations of 100 (xM, 5 |i.M, 260 mM, 0-8 ng/ml, and
0.54 p.M, respectively. At 45 s after the addition of ADH,
the reaction was started by addition of NADP* at the final
concentration of 250 |xM. From 15 s after the NADP addi-
tion, the absorbance change at 438 nm was continuously
monitored.

Cycling Assay with NAD*—WST-1, PMS, ethanol, and
ADH were added to buffer A-at 25°C i n a cuvette to give
final concentrations of 100 n-M, 5-100 |xM, 260 mM, and
0.136-1.09 (JLM, respectively. At 45 s after the ADH addi-
tion, the reaction was started by addition of NAD* at the
final concentration of 0.2 p.M. From 15 s after the NAD*
addition, the absorbance change at 438 nm was continu-
ously monitored. For calculation of k2, [ADH] was kept con-
stant at 0.54 |xM and [PMS] was varied from 5 to 100 \sM.
For calculation of k3, [PMS] was kept constant at 5 \iM and
[ADH] was varied from 0.136 to 1.09 |xM.

Purification of NADP* by High-Performance Liquid
Chromatography (HPLC)—The NADP* solution was puri-
fied by HPLC on a LiChrosorb RP-8 column [4 mm (inner
diameter) x 12.5 cm] (Cica-Merck, Tokyo). The sample was
injected into the column equilibrated with the elution
buffer [acetonitrile: 10 mM Bis-Tris buffer (pH 6.5) contain-
ing 1 mM tetra-Ti-butyl ammonium hydrogen sulfate (10:90
v/v)]. Elution was carried out with the elution buffer at a
flow-rate of 1.0 ml/min. The column temperature was main-
tained at 25°C. The eluate was monitored by measuring
absorbance at 254 nm. The purified NADP* fraction was
dried up and stored at -20°C.

EIA—Anti-CRP monoclonal antibody (mAb CR982) was
adsorbed onto a well of a micro-titer plate (Maxi Sorp,
Nunc-Intermed, Roskilde, Denmark) by incubation at 37°C
for 2 h at 100 |xg/ml in 100 JJLI of 20 mM HEPES, pH 7.4,
containing 150 mM NaCl (buffer B). The well was washed
three times with 250 |xl of buffer B containing 0.05% Tween
20 (washing buffer), then blocked with BSA by addition of
250 JJUI of 10 mg/ml BSA and incubation for 15 h at 4°C.
After washing the well three times with the washing buffer,
100 (jJ of the CRP solution was added and incubated for 2 h
at 37°C. The well was again washed three times with the
washing buffer, then the anti-CRP antibody labeled with
ALP at 100 ng/ml in 100 JJLI of buffer B containing 1 mg/ml
BSA was added and incubated at 37°C for 2 h. Unbound
antibody was removed by washing four times with 250 |xl
AmpliQ wash buffer (Dako A/S, Glostrup, Denmark). The
ALP activity bound to the well was measured by the en-
zyme-amplifying procedure. After addition of the amplifier
solution (100 |jd), absorbance at 450 nm was measured
against the reference absorbance at 600 nm by using a
MPR-A4 titer plate reader (Tosoh, Tokyo). Amplifier solu-
tion (I) for the (WST-l)-PMS system contained 50 jiM
NADP*, 1.6 uM ADH, 260 mM ethanol, 200 (xM PMS, and
200 |xM WST-1 in buffer A; and amplifier solution (II) for
the INT-diaphorase system contained 50 \xM NADP*, 1.6
JJLM ADH, 260 mM ethanol, 65 jjig/ml diaphorase, and 500
IxM INT in buffer A,

Determination of the ALP Activity—The ALP activity was
determined by measuring the production of p-nitrophenol
by hydrolysis of 2.5 mM p-nitrophenylphosphate (PNPP) at
25°C in buffer A. p-Nitrophenol was determined by the
change of absorbance at 405 nm by using the molar absorp-
tion coefficient of zl£405 = 1.84 x 104 M"1 cm"1 at pH 8.5.

Other Methods—Absorption spectrophotometric mea-
surements were made with a Shimadzu UV-2200 recording
spectrophotometer (Kyoto). The concentration of ALP was
estimated from its molecular weight of 54,700 (25) assum-
ing the 100% purity of the ALP preparation. The concentra-
tion of ADH was determined spectrophotometrically using
the absorption coefficient of A28O (1 mg/ml) = 1.26 (26) on
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the basis of the molecular weight of 36,800 (27). The con-
centration of diaphorase was determined with the following
equation: dilution x (A280 x 1.45-A260 x 0.74) = mg/ml pro-
tein (28). The concentrations of PMS, WST-1 and formazan
were determined spectrophotometrically using the molar
absorptivities at pH 8.5 of e505 = 2.84 x 103 M"1 cm"1, e244 =
2.30 x 104 M-'cm"1, and e438 = 3.87 x 104 M"1 cm"1, respec-
tively (17). The concentrations of NADP+, NAD+, and
NADH were determined using the molar absorptivities of
£5,59 = 1.80 x 104 M"1 cm-1 (pH 7.5), e ^ = 1.77 x 104 M'1 cm"1

(pH 7.5), and e ^ = 6.10 x 103 M"1 cm'1 (pH 8.5), respec-
tively.

RESULTS

Cycling Assay with ALP and NADP+—Figure 2 shows
the time-courses of formazan formation at various ALP
concentrations under the conditions described in "MATERI-
ALS AND METHODS." Each curve was shown to be parabolic,
as expected from Eq. 15. From Eq. 15, the formazan con-
centration should be zero when the initial concentrations of
ALP and NAD+ are zero. However, significant formation of
formazan was observed in the absence of ALP. This sug-
gests contamination by NAD+ at a level of 0.1% in the com-
mercially available NADP* preparation used (13).

Evaluation of k2 and k3—Formazan formation was mea-
sured at various concentrations of PMS and ADH in the
presence of 0.2 |j.M NAD+ as described in the paragraph of
cycling assay with NAD+ in "MATERIALS AND METHODS."
The rate constant k was determined from the initial rate of
the formazan production (Eq. 17). The rate constants k2

and k3 were determined from double-reciprocal plots of k
versus [PMS] and k versus [ADH], respectively (Fig. 3). Val-
ues of k2 = 48.1 min"1 at 0.54 u.M ADH and k3 = 2.14 min"1

at 5 |xM PMS were obtained. The rate constant [k = kjt^k^
+ k3)] of the NAD+ cycling reaction, which was designated
as the number of formazan molecules formed from one
NAD+ molecule in one min, was calculated to be 2.05 min-1.

Evaluation of k,—The first derivative (dZldt) for each
curve at different ALP concentrations in Fig. 2 was plotted

against the reaction time (t) (Fig. 4A). The acceleration A [=
&1&2&3[ALP]0/(£2+&3)] calculated from the slope of the plot
(dZ/dt) versus t was plotted against [ALP] (Fig. 4B). The
rate constant k1 was determined to be 7.17 x 103 min-1 from
the slope of Fig. 4B and the k2 and k3 values obtained
above.

Evaluation of the Michaelis Constant (Kml) of NADP+
towards ALP—The theoretical formulas cited in the Ki-
netic Theory section rest on the assumptions that: the con-
centration of S! is higher than the Michaelis constant Kml

of NADP towards ALP; the concentration of S2 is high
enough to be saturating during the reaction; and the con-
centration of X is lower than the Michaelis constant K^
and nearly equal to K^. The Km values obtained proved
that the concentrations used in the cycling assay fulfilled
these conditions. Equation 23 is converted as follows at
non-saturating concentration of [NADP*],,.

A = KK -* . [ALP] 0

= k-
k,\ALP] [NADP+1

IL Jot Jo = k-
#ml+[NADP+]

(24)

(A)
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Fig. 2. Time-courses of formazan formation catalyzed by var-
ious concentrations of ALP. The absorbance change at 438 run
was continuously monitored in 100 mM Tris-HCl buffer (pH 8.5)
containing 8 mM MgCLj (buffer A) at 25°C with 250 (JLM NADP*, 0.54
(xM ADH, 5 M-M PMS, 100 pM WST-1, 260 mM ethanol, and 0-8 ng/
ml ALP. If the ALP preparation is 100% pure, 1 ng/ml ALP corre-
sponds to 18 pM ALP.

1/[ADH] (\.

Fig. 3. Evaluation of the rate constants (k2 and k3) for the
ADH and PMS reactions, respectively. Panel A: Evaluation of k2.
Formazan formation was measured in buffer A at 25°C with 0.2 |xM
NAD+, 0.54 M-M ADH, 5-100 |xM PMS, 100 jiM WST-1, and 260 mM
ethanol. The k2 value was calculated to be 48.1 min"' according to
Eq. 20. Panel B: Evaluation of k3. Formazan formation was mea-
sured in buffer A at 25"C with 0.2 M-M NAD+, 0.136-1.09 (JLM ADH, 5
H.M PMS, 100 |xM WST-1, and 260 mM ethanol. The k3 value was cal-
culated to be 2.14 min"1 according to Eq. 21.
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A/k= • (25)

Formazan production was measured at different NADP+
concentrations with 0 or 5 ng/ml ALP. As the reaction was
also observed with 0 ng/ml ALP, the acceleration (A) was
obtained by subtracting each curve at 0 ng/ml ALP from
that at 5 ng/ml ALP. The Kml value was estimated to be
39.2 |xM from the plot of [NADPI/CA/fc) against [NADP1
(Hanes-Woolf plot) for the Michaelis-Menten type formula
of Eq. 25, where the k value obtained above (2.05 min"1)
was used. Thus, it was confirmed that 250 JJLM NADP* used
in the cycling assay is much higher than the Kml value.

Evaluation of the Michaelis Constants of Ethanol (K^
and NAD* (K^ towards ADH—The Michaelis constants
Kms2 and K^ were determined separately from Hanes-
Woolf plots (data not shown) to be 7.78 mM and 82.8 JAM,
respectively. Thus, it was confirmed that 260 mM ethanol
used in the cycling assay was much higher than the Kms2

value. On the other hand, the NAD+ concentration in the
cycling assay appeared much lower than the ^ value.

(A)
[ALP]
(ng/ml)

2 3 4

Time (min)
(B)

[ALP] (pM)
Fig. 4. Evaluation of the rate constant (A,) for the ALP reac-
tion. Panel A: Dependence of the first derivative (dZ/dt) of the for-
mazan formation observed in Pig. 2 on the reaction time (t). Here, Z
represents the amount of formazan formed at time t, thus dZ/dt rep-
resents the rate of formazan formation at time t. The acceleration
(A) value at each ALP concentration was determined from the slope
of the line. Panel B: Dependence of the acceleration A on the ALP
concentration. The k1 value was determined to be 7.17 x 103 min"1

from the slope [= klk2k^(k2 + k3)] of 1.47 x 104 min"2 according to Eq.
23.

Purification ofNADP* with HPLC—The NADP+ solution
prepared from the commercially available*NADP+ prepara-
tion at the concentration of 10 mg/ml in 10 mM Bis-Tris
buffer (pH 6.5) was analyzed by HPLC under the condi-
tions described in "MATERIALS AND METHODS" (data not
shown). A minor peak of NAD+ in addition to a major peak
of NADP* was observed. NAD+ and NADP+ eluted at 3.0
min and 5—10 min, respectively, and were clearly sepa-
rated. The amount of NAD+ contaminating in the NADP*
preparation was estimated to be 0.01% or less by compar-
ing their peak areas. The time-course of formazan forma-
tion by the cycling assay with the HPLC-purified NADP+
preparation was compared with that of the commercially
available NADP* preparation. The background due to the
contaminating NAD+ in the NADP* preparation used was
reduced to less than 10%. The purified NADP* preparation
was used in the following experiments.

Determination of the Optimum Conditions in the Cycling
Reaction for ELA—iX) NADP concentration: The residual
background in the formazan formation observed with the
HPLC-purified NADP+ preparation was still high for highly
sensitive EIA. The background observed with 50 u.M
NADP+ decreased to 23% of that with 250 pJVI NADP+,
while the dephosphorylation activity of ALP decreased to
only 61%. Thus, the optimal NADP+ concentration for EIA
was set at 50 |xM. (2) PMS and ADH concentrations: The k2

and ks values were expected to increase in proportion to
[ADH] and [PMS] according to the equations k2 =

——[ADH]0 and k3 = k3 [PMS]0, respectively. However,

the rate of formazan formation in the presence of NAD*
was maximal at 200 u,M PMS and decreased at higher con-
centrations (Fig. 5). This suggests an inhibitory effect of
PMS on the ADH activity. The rate of formazan formation
decreased with increasing [PMS] from 200 to 500 |JLM. The
inhibition of ADH by PMS was examined at two different
NAD+ concentrations. The inhibition mode was shown to be
competitive, and the inhibitor constant, Kit was determined
to be 145 |AM by plotting (1/v) against [PMS] (Dixon plot for
determining K{) (29) (data not shown). Accordingly, the
inhibitory effect of PMS on the ADH activity can be
neglected when [PMS] is less than 50 |xM, as shown in Fig.
3A. The possibility that PMS could be a substrate of ADH
was also examined (30, 32). Formazan was formed even in

[PMS]

Fig. 5. Effect of the PMS concentration on the rate of forma-
zan formation. Formazan formation was measured in buffer A at
25°C with 0.2 y.M NAD*, 0.54 n.M ADH, 5-500 |xM PMS, 100 p.M
WST-1, and 260 mM ethanol.
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the absence of NAD+, indicating that PMS is reduced by
ADH, although the rate is extremely low (0.1% of the activ-
ity observed with NAD+). Therefore, PMS is regarded as a
competitive inhibitor of ADH, for which it competes with
NAD+. The Michaelis constant of PMS was estimated to be
82.9 |xM by plotting [PMS]/L> against [PMS] (Hanes-Woolf
plot) (data not shown), suggesting that PMS had the same
affinity as NAD+ (Km = 82.8 |xM). From these lines of evi-
dence, the optimum concentration of PMS for EIA was set
at 200 |JLM. In order to find the optimum concentration of
ADH, the effect of the ADH concentration on the reaction
rate in the presence of 200 \xM PMS was examined. The
reaction rate reached the maximum at 1.6 JJLM ADH (Fig.
6).

Evaluation of k at 200 /uM PMS and 1.6 /JM ADH—It
was found that the k3 value was not proportional to [PMS]
due to the inhibitory effect of PMS on the ADH activity. The
rate constant k3 at 200 |xM PMS was estimated to be 26.3
min"1 from double-reciprocal plots, 1/k vs. 1/[ADH] (data not
shown). In the presence of 200 |xM PMS and 1.6 p,M ADH,
the k value was calculated to be 18.6 min"1, which was
about nine times larger than that obtained with 5 (JLM PMS
and 0.54 JJLM ADH. On the basis of the k3 and k values, the
k2 value was calculated to be 63.5 mkr1.

EIA Incorporating the Synchronous Enzyme-Reaction
Systems—A sandwich EIA for CRP was performed using
the (WST-l)-PMS system, and Fig. 7 shows the time-course
of formazan formation in the EIA. The formazan formation
showed a sigmoid curve consisting of a quadratic curve at
the initial step of reaction according to Eq. 15, then a
straight line after all NADP had been transformed into
NAD+ (V, = 0, dZ/dt = [NAD+],/\), and finally an asymptote
up to complete conversion of WST-1 into formazan (k3 = 0,
dZ/dt = 0). The sigmoid curve was observed even in the
absence of CRP. Formazan formation was measured in the
presence of the ALP-conjugated antibody and the amplifier
solution on the plate blocked with BSA, and also in the
presence of only the amplifier solution on the unblocked
plate. In both cases, the time-courses of formazan forma-
tion appeared identical. This suggests that the non-specific
binding of the ALP-conjugated antibody to the plate was
prevented by the blocking with BSA, and that the amplifier
solution might contain ALP activity. The ALP activity of the
amplifier solution was therefore measured with PNPP as a

substrate in the presence of PMS or ADH. The ADH solu-
tion (200 u.g/ml) exhibited ALP activity equal to 1.75 ng/ml
of ALP, while PMS showed no ALP activity, strongly sug-
gesting that the commercially available ADH preparation
included ALP as a contaminant at a level of 0.001%. When
formazan formation was measured on a BSA-blocked plate
with immobilized mAb CR982 in the presence of the ALP-
conjugated antibody and the amplifier solution, the forma-
tion of formazan was enhanced in comparison with that on
the plate without immobilized mAb CR982. This suggests
direct binding of the ALP-conjugated antibody to the immo-
bilized mAb CR982. Thus, it was found that the back-
ground observed at [CRP] of zero originated from the ALP
activity present in the amplifier solution and the non-spe-
cific binding of the ALP-conjugated antibody to the immobi-
lized antibody. Figure 8 shows standard curves for CRP at
the reaction times of 31 and 61 min. In both cases, the for-

Time (min)
Fig. 7. Time-courses of formazan formation by EIA incorpo-
rating the (WST-l)-PMS synchronous system for the detec-
tion of CRP. The reaction was carried out in buffer A with 50 p.M
NADP% 1.6 JJLM ADH, 260 mM ethanol, 200 jxM WST-1, and 200 ̂ M
PMS. The CRP concentrations are 48 (v), 24 (•), 12 (©), 6 (•), 3 (o),
1.5 (•), 0.74 (A), 0.37 U), 0.19 (•), and 0 (•) pM. The background for-
mazan formation was measured under three different conditions
without CRP. A: in the presence of the ALP-conjugated antibody and
the amplifier solution on the plate blocked with BSA; B: in the pres-
ence of the amplifier solution on the plate not blocked; and C: in the
presence of the ALP-conjugated antibody and the amplifier solution
on the plate with immobilized mAb CR982 and blocked with BSA.
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Fig. 6. Effect of the ADH concentration on the rate of forma-
zan formation. Formazan formation was measured in buffer A at
25°C with 0.2 |xM NAD*, 0.136-2.17 M-M ADH, 200 |xM PMS, 100
p.M WST-1, and 260 mM ethanol.
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Fig. 8. Standard curves for the CRP concentration at the re-
action times of 31 (a) and 61 (•) min by EIA incorporating the
(WST-l)-PMS system. The CRP concentration was in the range of
0-8 pM, and the sample volume was 0.1 ml.
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Fig. 9. Time-courses of formazan formation by EIA incorpo-
rating the DVT-diaphorase system for detection of CRP. The
reaction was carried out in buffer A with 50 |xM NADP*, 1.6 |xM
ADH, 260 mM ethanol, 500 \iM INT, and 65 (jug/ml diaphorase. The
CRP concentrations are 48 (v), 24 (T), 12 (o), 6 (•), 3 (o), 1.5 (•), 0.74
(A), 0.37 (A), 0.19 (•), and 0 (•) pM.

mazan concentration formed in the reaction mixture
increased linearly with the increase in [CRP] from 0.1 to 6
pM, and the detection limit of CRP was safely evaluated to
be 0.5 pM (50 attomole in 0.1 ml).

Comparative Analysis of the EIA Incorporating the INT-
Diaphorase Synchronous System—To evaluate the EIA
incorporating the cycling system using diaphorase and INT,
we examined formazan formation at various CRP concen-
trations in EIA incorporating the INT-diaphorase synchro-
nous system (Fig. 9). The absorbance change increased to
the maximum level of 0.14-0.16 during the reaction, and
then decreased. The time required to reach the maximum
absorbance change decreased from 70 min to 30 min with
the increase in the CRP concentration from zero to 48 pM.
The decrease in the absorbance might be due to the forma-
tion of insoluble formazan. Although the addition of Triton
X-100 improved the solubility of formazan (12), precipitates
were still observed. The absorbance change observed at 30
min increased from 0.05 to 0.16 with increasing CRP con-
centration from zero to 48 pM. In addition, the observable
absorbance change was considerably smaller than that ob-
served in the EIA system using WST-1 and PMS (Fig. 7),
and it was difficult to obtain a calibration curve with the
absorbance change at 30 min, because the absorbance was
small and not constant. The lowest detection limit of CRP
was estimated to be 12 pM (1.2 fmol in 0.1 ml). This indi-
cates that the EIA system using WST-1 and PMS is 40
times more sensitive than the EIA system using INT and
diaphorase.

DISCUSSION

Valero et al. (13) performed kinetic analysis of the enzy-
matic cycling system in which ADH and diaphorase were
used to cycle NAD+ in the presence of ethanol and INT.
They suggest that the cycling system is applicable to EIA to
increase the magnitude of the measured response. The EIA
system using diaphorase and INT was examined (Fig. 9).
However, quantitative results were not obtained because of
the formation of insoluble formazan and the instability of.

diaphorase. Although the addition of Triton X-100 is known
to improve-the-solubility (12),the precipitates were still ob-
served. In the present study, the EIA system was improved
by replacing ENT and diaphorase with WST-1 and PMS, re-
spectively. In the new system, precipitates were not formed.
CRP was quantitatively detected with a sensitivity of 50
attomole per well of a micro-titer plate in a 1-h reaction
(Figs. 7 and 8). This sensitivity is 24 times higher than that
of the system using INT and diaphorase. The sensitivity in
a one-enzyme reaction system with ALP using the same
combination of anti-CRP antibodies was examined. When
PNPP was used as a substrate, the absorbance increase at
405 nm was measured, and the sensitivity was determined
to be 50 fmol. With 4-methylumberiferryl phosphate as a
substrate, the reaction was followed fluorometrically, and
the sensitivity was estimated to be 100 amol. It was sug-
gested that the synchronous EIA using WST-1 and PMS
was approximately 1,000 times more sensitive than the
conventional EIA with a one-enzyme reaction system with
ALP using colorimetric PNPP substrate, and that the sen-
sitivity of the synchronous EIA was similar to that of the
conventional EIA using the fluorometric substrate.

hi this study, PMS was used instead of diaphorase. The
activity of diaphorase varies depending on the lot of the
preparation, and the enzyme is fairly unstable. In our expe-
rience, its activity decreased to 83% at 5 h and 70% at 8 h
after dissolving it in the reaction buffer. Because a long-
term reaction would be needed for highly sensitive detec-
tion, we tried to use a more stable reagent than diaphorase.
PMS, a versatile non-enzymatic electron mediator between
NAD(P)H and tetrazolium (19-21), retained 93% of its
activity at 8 h after dissolving it.

The kinetic theory by Valero et al. (13) was successfully
applied to the (WST-l)-PMS system proposed in this study.
The kinetic analysis was useful to understand each reac-
tion in the EIA and to determine the optimal conditions.
The formazan concentration during the reaction was given
by second-order polynomials of the reaction time (Eq. 15).
The rate of formazan formation was determined by kl and
k (Eq. 22). Although the first-order rate constant k} is in-
herent in ALP (Eq. 18), k is represented by k2 and k3, which
were expected to increase with increasing ADH and PMS
concentrations. The kt value was calculated to be 4.37 x 103

min"1 in the presence of 50 |xM NADP+, and the k2, k3, and
k values were calculated to be 63.5, 26.3, and 18.6 min-1,
respectively, in the presence of 200 |j.M PMS and 1.6 \\M
ADH. Under these conditions, CRP was quantitatively de-
tected with a sensitivity of 100 amol per well (0.1 ml) of a
micro-titer plate in a 1-h reaction. CRP is one of the most
characteristic human acute phase, plasma proteins, which
is normally a trace constituent (less than 10 nM) but is dra-
matically increased in the blood within 24 to 48 h in re-
sponse to inflammatory stimuli (32, 33). Thus, the EIA sys-
tem proposed in this study is sensitive enough for the mea-
surement of CRP in blood, and it is potentially applicable to
all kinds of sandwich EIAs for compounds other than CRP.

The background observed in the absence of the analyte
was found to diminish the sensitivity of the EIA, and to
derive from three major origins. One of them is non-specific
binding between the ALP-conjugated antibody and the
immobilized mAb. This depends on improper combination
between the two antibodies, and it can be eliminated by the
selection of more suitable antibodies. We have shown that
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the non-specific binding can be much reduced by the use of
F(ab')2 fragments in place of the whole antibody molecules,
especially when antibodies of the IgM class are used (4, 5,
34). The second origin of the background is the contamina-
tion of the ADH preparation by ALP. The commercially
available ADH preparation contained a small ALP activity,
and it was not eliminated completely by HPLC (see below).
The third origin is the reduction of PMSox by ADH in the
absence of NAD+. Although it is substantially impossible to
eliminate this effect, because both PMS and ADH are
essential for the ELA system, its magnitude is negligible in
comparison with the background derived from the first and
second origins. If these two are removed, the synchronous
ELA system proposed in this study (Fig. 1) can be expected
to detect fewer than 1,000 molecules of an analyte in a 24-h
reaction.

The commercially available preparation of yeast ADH
used in this study was homogeneously pure as judged by
SDS-PAGE and showed the specific activity of 385-390 U/
mg protein. The ADH solution (200 |xg/ml), however, exhib-
ited ALP activity equal to 1.75 ng/ml of ALP in the PNPP
hydrolysis. The ALP activity contaminating the ADH prep-
aration was regarded as one of the origins of the back-
ground formazan formation observed in the absence of the
analyte. Therefore, eliminating the ALP activity from the
ADH preparation might reduce the background, and this
was examined by a combination of hydrophobic interaction
HPLC and gel-filtration HPLC on TSKgel Phenyl-5PW and
TSKgel G3000SWXL columns, respectively. The purified
ADH preparation (200 |xg/ml) exhibited ALP activity equal
to 1.6-1.7 ng/ml of ALP. This suggests that the ALP con-
taminating the commercially available ADH preparation
was not removed by the HPLC procedures or that the
PNPP-hydrolyzing activity was not necessarily due to ALP
contaminating the preparation. Therefore, the commer-
cially available ADH preparation as well as the HPLC-
purified one was used throughout this study by regarding it
as the most suitable ADH preparation with respect to the
ALP contamination.

The synchronous ELA system introduced in the present
study should be characterized and optimized more pre-
cisely for its practical application. Screening and selection
of antibodies with higher affinity for the antigen are now
continuing. ALP and ADH from other origins are being
examined for their applicability to the ELA system. Protein
engineering study should also help to improve the function-
ality of antibodies and enzymes. Data interpretation, assay
validation, and quality control (35) of the synchronous ELA
system and the precise comparison of this system with
other EIA systems are under way by collecting a number of
assay data.
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