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evaluated using noncompetitive and competitive capillary electrophoresis (CE) immunoassays. Two
single-stranded TMR-BPDE-90mers containing a single anti-BPDE-dG adduct with defined stereochem-
istry and a fluorescent label at 5’-end were used as fluorescent probes for competitive CEimmunoassay. To
quantitatively evaluate the binding affinity through competitive CE immunoassays, a series of equations
were derived according to the binding stoichiometry. The binding of mAb 8E11 to trans-(+)-anti-BPDE-dG
displays strongest affinity (Ky: 3.57 x 108 M—!) among all four investigated anti-BPDE-dG mononucleoside
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Immunoassays adducts, and the cis-(—)-anti-BPDE-dG displays lowest affinity (K,: 1.14 x107 M~1). The binding of mon-
Benzo[a]pyrene oclonal antibody (mAb) 8E11 to BPDE-dG adducts in long DNA (90mer) preferentially forms the complex
DNA adducts with a stoichiometry of 1:1,and that mAb 8E11 displays a slightly higher affinity with trans-(+)-anti-BPDE-

90mers (Ky: 6.36-£0.54 x 108 M~!) than trans-(—)-anti-BPDE-90mers (Ky: 4.524+0.52 x 103 M~'). The
mADb 8E11 also displays high affinity with BPDE-dG adducts in genomic DNA (K}: 3.74 x 108 M~1), indi-
cating its promising applications for sensitive immuno-detection of BPDE-DNA adducts in genomic DNA.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction binding stoichiometry through the involved sequential wash-
ing.

Specific binding of antibody to antigen or hapten dictates the Capillary electrophoresis (CE) immunoassay is a solution based
applications of immunoassays [1]. Qualitative and quantitative  affinity technique, and can provide accurate aqueous solution
study of such binding is essential not only to the understanding  related binding information on affinity and stoichiometry [13,14].
of the molecular basis for immune functions, and also important ~ In typical CE immunoassays, the initial concentration of anti-
to the method development of immunoassays. Various techniques ~ gen/hapten or antibody is known, and the bound and unbound
have been developed for blndlng Study' such as enzyme_linked Species can be measured. Moreovel‘, due to hlgh efﬁciency of the
immunosorbent assay (ELISA) [2-4], surface plasmon resonance  CE separation, antigen-antibody complexes with different bind-

(SPR) [5-7], gel electrophoresis mobility shift assay (EMSA) [8,9], ing stoichiometry may be separated from each other. In addition,
and affinity chromatography [10,11]. Most immunoassays heav- with combined laser-induced fluorescence detection (LIF), the CE
ily rely on the adsorption of antigen or antibody on solid/liquid ~ immunoassay has demonstrated a number of advantages, e.g. high
surface, e.g. ELISA, however, such adsorption can significantly sensitivity, rapid separation, minute amount of analyte consumed,
alter the binding activity of the reactant (e.g. partially denatur-  and ease-of-automation [15,16].

ing antibodies), and cause a decrease in binding capacity of the Both noncompetitive and competitive immunoassays have been
antigen-antibody [12]. Moreover, solid phase based immunoas-  employed in CE-LIF immunoassay [17,18]. In typical noncompeti-

says only provide limited binding information. For example, it  tive CE-LIFimmunoassays, a known amount of fluorophore-labeled

is hard for ELISA to distinguish the complexes with different  antibody (Ab*) is mixed with antigen (Ag) to form detectable non-
covalent Ab*-Ag immunocomplex. The formed Ab*-Ag complex

and unbound Ab* can be separated by highly efficient CE and

detected by coupled highly sensitive LIF. Both Ab*-Ag complex

* Corresponding author. Tel.: +86 10 62849600; fax: +86 10 62849600. and free Ab® can be measured, and both the measured signals
E-mail address: hlwang@rcees.ac.cn (H. Wang). can be used for accurate quantification of target antigen. Noncom-
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Fig. 1. Structure of anti-BPDE enantiomers (top) and corresponding four anti-BPDE-N?-dG stereomers (bottom).

petitive immunoassays have several remarkable advantages over
competitive immunoassays, including wider dynamic range and
lower detection limits [19]. However, noncompetitive immunoas-
says require appropriate label of the antibody, which may scarify
the binding avidity of the antibody. Competitive immunoassays
may provide alternative choice. In this case, a fluorescently labeled
antigen analog (Ag*) was used instead. This approach is based on
the competition of Ag and Ag* for the limited binding sites of Ab. CE-
LIF analysis of the mixture presents two types of separated zones
corresponding to Ag* and Ag*-Ab. The binding affinity of Ab and
unlabeled Ag can be indirectly derived from the signal change of
Ag* and Ag*-Ab complex shown in the CE-LIF analysis.
Benzo|a]pyrene, an extensively studied carcinogenic poly-
cyclic aromatic hydrocarbons (PAHs) [20], can be stereoselectively
metabolized in vivo by cytochrome P450 and epoxide hydrolase
to form two stereoisomic benzo[a]pyrene-7,8-diol-9,10-epoxide
((%)-anti/syn-BPDE) [21]. (£)-anti-BPDE is more mutagenic than
the diastereomer (4)-syn-BPDE in a series of animal and human cell
experiments [22,23]. Even the mutagenesis of two anti-BPDE enan-
tiomers in bacterial and mammalian cells may be different [24-28].
The reactive carcinogenic species (4)-anti-BPDE can react with
DNA, primarily at the exocyclic N2 amino group of deoxyguano-
sine (dG) to form a bulky adduct of anti-BPDE-N?-dG with four
stereoisomers, including (+)-trans, (—)-trans, (+)-cis, and (—)-cis
(Fig. 1). The stereochemistry of the four anti-BPDE-N?-dG adducts
has been proved to determine their respective mutagenesis and
carcinogensis [29-34]. A number of antisera have been produced
for developing sensitive and specific immunoassay of BPDE-DNA
adducts (Table 1) [35-40]. These antibodies exhibit varied affinity,

Table 1
Antisera developed against BPDE-DNA adduct.

stereoselectivity, and specificity. The affinity is usually evaluated
by the concentration of 50% inhibition (ICsq) through competi-
tive ELISA assay, which depends upon the concentration of the
antibody and labeled antigen. Concentration-independent binding
information often lacks. Among these antibodies, mAb 8E11 has
been screened in our laboratory as an important diagnostic mon-
oclonal antibody and often used in the detection of BPDE-DNA
adducts [18,35,36,41-43]. However, the relevant information on
affinity, stereoselectivity, and specificity has not been clarified yet.

In this work, we developed CE immunoassay methods for quan-
titative study of the binding of BPDE-dG DNA adducts to mAb 8E11,
which is useful for human exposure biomonitoring of carcinogenic
benzo(a)pyrene. A series of equation were derived and examined by
CE immunoassays for quantitative affinity study. Based on derived
equations and CE immunoassays study, the binding affinity, stoi-
chiometry, specificity, and stereoselectivity of mAb 8E11 against
BPDE-dGs, BPDE-90mers and BPDE genomic DNA were examined.

2. Theoretical section
2.1. 1:1 noncompetitive binding stoichiometry

A series of equations were derived to calculate binding parame-
ters for IgG antibody P and large antigen A, which was labeled with
fluorophore in immunoassays. First, it is assumed that P binds with
A at 1:1 stoichiometry. This is true when the antigen is very large
and the first binding of the antigen may induce steric barrier to the
second binding to the bivalent IgG. The reaction between A and P

Antibody Animal Immunogen Isotype Cross-reactivity
mADb 8E11 [35,36] Balb/cCr mice BPDE-I-G-BSA IgG1, Kappa No

mADb E5 [36,40] Balb/cCr mice BPDE-I-G-BSA unknown No

mADb 5D11 [35,36] Balb/cCr mice BPDE-I-DNA-MBSA IgG2, Kappa Yes

mADb 41D3 [39] Balb/cCr mice BPDE-I-DNA-MBSA unknown Yes

mAb 5D2 [37,38] Balb/cCr mice BPDE-I-DNA-MBSA IgG1, Kappa Unknown
mAb 1D7 [37] Balb/cCr mice BPDE-I-DNA-MBSA IgG1, Kappa Unknown
mAb 4C2 [37] Balb/cCr mice BPDE-I-DNA-MBSA IgG1, Kappa Unknown
mAb TNO [39] Balb/cCr mice BPDE-I-DNA-MBSA Unknown Unknown
pAb #29 [37] New Zealand white rabbits BPDE-I-modified DNA Unknown Yes

pADb BP1 [38] New Zealand white rabbits BPDE-I-modified DNA Unknown Yes

pAb F29, F30, NCI [39] New Zealand white rabbits BPDE-I-DNA-MBSA Unknown Yes

mADb and pAb refer to monoclonal antibody and polyclonal antibody, respectively.
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can be described as below:
K,
A+P->AP

Equilibrium equation can be expressed as follows:

_ [AP]

b= TAT(P] (1-1)

The terms [A] and [P] represent the free concentration of A and
P while [AP] is the bound concentration of A to P. k is defined as the
ratio of the concentration of AP to total concentration of A in the
Eq. (1-2).

_[AP]

=1L

(1-2)

The subscript t in all equations denotes total concentration of
corresponding species in the solution. Expressions for [P]; and [A];
can be obtained according to the mass action law.

(1-3)
(1-4)

[Ple = [P] + [AP]
[Ale = [AP] + [A]

By substituting [AP] from Eq. (1-2) into Eqs. (1-3) and (1-4), Eqs.
(1-5) and (1-6) can be obtained:

[P] = [Pl — k[A];
[Al = [A](1 k)

(1-5)
(1-6)

By substituting [P], [A], [AP] from Egs. (1-5), (1-6) and (1-2) into
Eq. (1-1), Eq. (1-7) can be obtained:
_ k
= (T - k)P, - K[A])

In noncompetitive immunoassays, the binding constant for anti-
body P and antigen A can be calculated by Eq. (1-7).

Ky (1-7)

2.2. 1:1 and 1:1 competitive binding stoichiometry

We derived a series of equations for simple competitive
immunoassays. A is large antigen labeled with fluorophore. B is
an unlabeled big antigen. A and B are assumed to bind to only one
binding site of IgG antibody P at 1:1 stoichiometry. The binding con-
stant K, of A to P can be obtained by noncompetitive immunoassays
with Eq. (1-7).

For A, B, and P in aqueous solution, there are two binding reac-
tions:

K;
A+P2AP

K
B+ P—LBP

Their equilibrium equations can be expressed as follows:

_ [AP] _
o= [P @
_ ) _
"= BIP] (2-2)

k is defined as follows, which can be calculated by the concentra-
tions of AP and A.

_[AP]  [AP]

“=TAL = A1+ AP

(2-3)

Eq. (2-3) shows that k represents the binding rate of antigen A with
antibody P. From Eq. (2-3), Eq. (2-4) can be obtained:

[AP] Kk

Al ~T=% (2-4)

From Eq. (2-2), Eq. (2-5) can be obtained as follows:

_ [BP]

[B] = K, [P] (2-5)
M is defined as follows:

M = =Ry ’k")Kb (2-6)

By substituting [AP]/[A] from Eq. (2-4) into Eq. (2-1), Eq. (2-7)
can be obtained:

k 1

Pl= -0 ~m

Eq. (2-7) shows that M is the reciprocal of free antibody [P].
Expressions for [P]; and [B]; can be obtained according to the
mass action law.

[Pl¢ = [AP] + [P] + [BP] (2-8)
(B¢ = [B] + [BP] (2-9)

By substituting [AP] and [P] from Egs. (2-3) and (2-7) into Eq.
(2-8), Eq. (2-10) can be obtained:

(2-7)

[BP] = [P, — 5 — KIA (2-10)

By dividing [BP] (ref. to Eq. (2-10)) by [P] (ref. to Eq. (2-7)), Eq.
(2-11) can be obtained:
[BP]

—= = M[P]; — kM[A]; — 1
[P] [ ]t [ ]t

By substituting [BP]/[P] from Eq. (2-11) into Eq. (2-5), Eq. (2-12)

can be obtained:

(2-11)

[B] = - (MIP], — KMIAL - 1) (2-12)

By substituting [BP] and [B] from Eqgs. (2-10) and (2-12) into Eq.
(2-9), Eq. (2-13) can be obtained:
1
(MIPL, ~ kMIAL ~ 1) =K (Bl - [P+ kAL + ;) (2-13)

By substituting M with Eq. (2-7) and k with Eq. (2-3) back into
Eq. (2-13), Eq. (2-14) can be obtained:

Kol ks = DIAT = (1 = KalP1) + KBl + [AP]+ 1)) (2-14)
We defined X and Y as follows to linear K; in charts:
X = [B], + [AP] + ETPA]] (2-15)
[P]
Y= Kb(ﬁ - 1[A] (2-16)

By substituting M= (1 — k)K},/k and k from Eq. (2-3) back into Eq.
(2-13), a simple equilibrium equation can be obtained again:
[BP]
—— =K;[B
] 1(B]
The Eq. (2-17) shows that the derived Eq. (2-14) is consistent
with the definition of binding constant of B and P, as shown in the
Eq. (2-2)

(2-17)

2.3. 1:1 and 2:1 competitive binding stoichiometry

We also derived a series of equations to calculate bind-
ing constants for antibody and small antigens in competitive
immunoassays. P, antibody, has two binding sites: P; and P,. In
order for clear derivation, we separate P into two parts: P; and P,.So
the total concentration of P, P; and P, is equal to each other. There
are several assumptions. A, big antigen labeled with fluorophore,
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could bind only to Py site. B, small antigen without fluorophore
label, could bind independently to both P; and P, site with the
same binding constant. The binding of A to P; does not interfere
with that of B to P,.

For A, B, P; and P, in aqueous solution, there are three binding
reactions:

A+P AP,
B+ P; <L BP,
B+ P,—%BP,
APq, BP; and BP, represent the complexes of A, B with P; and

the complex of B with P,, respectively. The equilibrium equations
can be expressed as follows:

_ [APq] )
= [aIP 1] G-
_ [BP4] )
K = 5P, (3-2)
_ [BPy] )
2 = 1, ] (3-3)

In the Egs. (3-1), (3-2) and (3-3), K}, K1 and K, and are the bind-
ing constants for binding of A to P1, B to P; and P, respectively. Kj,
can be determined by previous noncompetitive immunoassay. The
terms [A], [B], [P1] and [P, ] represent the free concentration of A, B,
Py and P, while [AP], [BP1] and [BP;] are the bound concentration
of A to Py, B to Py and P,. The subscript t in the following equa-
tions denotes total concentration of corresponding species in the
solution. k is defined as follows, which can be calculated by area of
peaks APy and A in CE analysis.

_ [AP:] _  [APq]
[Al:  [A]l+[AP]
From Eq. (3-4), Eq. (3-5) can be obtained:
[AP]] _ k
[A]  1-k
From Eq. (3-2), Eq. (3-6) can be obtained as follows:
_ [BPq]
K1[P1]
M is defined as Eq. (2-6):
(1 - k)K,
k
By substituting [AP;]/[A] from Eq. (3-5) into Eq. (3-1), Eq. (3-7)
can be obtained:
k 1
[P1]= Kp(1—k) M

k (3-4)

(3-5)

(B] (3-6)

M=

(3-7)

Expressions for [P1];, [P2]: and [A]; can be obtained according to
the mass action law.

[P1]e = [BP1]+ [P1] + [APq] (3-8)
[P2]¢ = [BP2] + [P2] (3-9)
[B]; = [B] + [BPy] + [BP;] (3-10)

By substituting [AP;] and [P, ] from Eqgs. (3-4) and (3-7) into Eq.
(3-8), Eq. (3-11) can be obtained:

(BP1] = [Pl — 37 — KA (3-11)

By dividing Eq. (3-11) to Eq. (3-7), Eq. (3-12) can be obtained:

[BPq]

1] (3-12)

— M[P], — kM[A], — 1

As B binds independently to P; and P;, the binding constants K;
and K, are equal to each other. So substituting [B] from Eq. (3-6)
and [P, ] from Eq. (3-9) into Eq. (3-3), Eq. (3-13) can be obtained:

([BP1]/[P1])[P];
[BP]/[P1]+1

By substituting [BP1]/[P;] from Eq. (3-12) into Egs. (3-6) and
(3-13), Egs. (3-14) and (3-15) can be obtained:

[BP;] = (3-13)

[B] = - (MIP), — kMIA], ~ 1)

3 (3-14)

[BP,] = [P], - —— L't (3-15)

MIP], — kM[A];

By substituting [BP; ], [B] and [BP;] from Egs. (3-11), (3-14) and
(3-15) into Eq. (3-10), Eq. (3-16) can be obtained:

(M[P]; — kM[A]; — 1)

— K ([B]t _2[P], + KA + (3-16)

[P,
M M([P], - k[Alt))

By substituting M with Eq. (3-7) and k with Eq. (3-4) back into
Eq. (3-16), Eq. (3-17) can be obtained:

o (japry 1)

- [AP1]  2[P], — [APy]
= (1= 2611P))+ Ko (Bl -+ AP ]+ i < T T )
(3-17)
We defined X and Y as follows to linear K; in charts:
[APy]  2[P]; — [AP4]
X= Bl AP e AT > TPl — TP (318
Y =K, ([LPP];] - 1) [A] (3-19)

By substituting M= (1 — k)K},/k and k from Eq. (3-4) back into Eq.
(3-17), a simple equation can be obtained:

[BP,]
[P1]

The Eq. (3-20) shows that Eq. (3-17) is consistent with the defi-
nition of binding constant of B and P;, as shown in the Eq. (3-2).

3. Materials and methods
3.1. Chemicals and reagents

All the tetramethylrhodamine (TMR)-labeled and unmod-
ified oligonucleotides were synthesized by TaKaRa Biotech
(Dalian, China). (&)-r-7,t-8-dihydroxy-t-9,10-epoxy-7,8,9,10-
tetrahydro benzo[a]pyrene [(+)-anti-BPDE] was purchased from
the National Cancer Institute Chemical Carcinogen Reference
Standard Repository, Midwest Research Institute (Kansas City,
MO, USA). Monoclonal mouse anti-BPDE antibody IgG 8E11 (mAb
8E11) was purchased from Trevigen (Gaithersburg, MD, USA).
Bovine serum albumin (BSA) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Tris-(hydroxymethyl)-aminomethane (Tris)
and glycine were purchased from Amresco (Solon, OH, USA). Other
chemicals were supplied by Sigma-Aldrich (St. Louis, MO, USA) or
Fisher Scientific (Pittsburgh, PA, USA).
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3.2. Preparation of stereoisomeric BPDE-90mers, BPDE-dGs and
BPDE adducted genomic DNA

Single-stranded BPDE-90mer probes (TMR-BPDE-ss9Omers)
were synthesized according to our previous work [44]. The probes
contain a fluorescent label at 5’ termini and a single anti-BPDE-
N?-dG adduct with defined stereochemistry in the middle of the
chain. Briefly, a 16mer of 5'-CCCATTATGCATAACC-3’ was incubated
with racemic (+)-anti-BPDE to synthesize BPDE-16mer adducts.
The incorporation of BPDE in the reacted 16mers was validated
by HPLC retention, UV spectroscopy, and HPLC-Q-TOF-MS anal-
ysis, and the stereochemistry of the BPDE adducts was further
identified by enzyme digestion into single nucleoside adducts
in combination with well-established HPLC-diode array detec-
tion (DAD)-fluorescence detection (FL) stereoselective analysis
of four optically active BPDE-N2?-gunaines. Then BPDE-16mers
were ligated with the other 2 oligonucleotides for synthesis of
TMR-BPDE-ss90mers followed by purification with 8% denaturing
polyacrylamide gel electrophoresis (PAGE). The final TMR-BPDE-
ss90mers were quantified by UV absorbance at 260 nm. Unlabeled
BPDE-ss90mers were prepared with same protocol except that the
gel was required to be stained by ethidium bromide for visualiza-
tion.

Four stereoisomers of anti-BPDE-N?-dG mononucleoside adduct
were prepared as described recently [45]. The synthesis started
with a direct reaction of racemic (%)-anti-BPDE with dG, followed
by optimized solid-phase extraction (SPE) and HPLC purification.
Four BPDE-dG stereoisomers were characterized by LC-UV-MS,
LC-DAD-FL, circular dichroism (CD), and finally quantified by UV
absorbance at 260 nm [45].

anti-BPDE adducted genomic DNA was synthesized by the direct
reaction of racemic anti-BPDE with genomic DNA. Approximately
2mg genomic DNA extracted from cultured A549 human lung
carcinoma cells was dissolved in 200 wL 100 mM Tris-HCI buffer
(pH 7.5), and (&+)-anti-BPDE (5 wL, dissolved in fresh 19:1 (v/v)
tetrahydrofuran/triethylamine solution) was added with a final
concentration of 1 wM. The mixture was incubated under gentle
shake at room temperature over 16 h in dark. Then the reacted
DNA was precipitated, air-dried, and re-dissolved for further anal-
yses. The DNA concentration was measured by UV absorbance at
260 nm and the concentration of BPDE adduct was quantified by the
process of enzyme digestion and UPLC-MS analysis, as described
in our recent work [46].

3.3. Capillary electrophoresis with laser-induced fluorescence

CE analysis was carried out using a laboratory-built CE-LIF
system as described previously [47]. Briefly, Electrophoresis was
driven using a high voltage power supply (Tianjin Dongwen High-
Voltage Power Supply Plant, Tianjin, China). A green He-Ne laser
beam (543.5nm, 1 mW, Melles Griot, Irvine, CA, USA) with an
excitation wavelength of 543.5nm was focused by a 6.3 x (N.A.
0.20) microscope objective (Melles Griot, Irvine, CA, USA) on the
capillary detection window. The excited fluorescence was spec-
trally filtered with a band-pass of 575 nm (Semrock, Rochester, NY,
USA) and detected by a photomultiplier tube (PMT, Model R3896,
Hamamatsu Photonics, Japan). The PMT signal was transferred to
the current-to-voltage converter and digitized by HW-2000 chro-
matographic workstation (Qianpu Software Co., Shanghai, China)
with a data acquisition frequency of 20Hz. Uncoated fused sil-
ica capillary was purchased from Yongnian Optical Fiber Company
(Hebei, China) with a dimension of 25 pwm i.d. x 365 wm o.d. and
36 cm long (effective length, 29 cm) throughout the experiments.
Prior to use, the new capillary was rinsed with methanol (30 min),
0.1M NaOH (120 min), purified water (10min), and finally run-

ning buffer (120 min) and was conditioned with running buffer
overnight.

Samples were electrokinetically injected into the capillary by
applying an injection voltage of 15kV for 5s. The separation was
carried out by applying a voltage of 15 kV at room temperature. The
sample and running buffers were 2 x Tris-glycine-acetic acid buffer
(TGA, pH 7.5, 14 mM Tris, 108 mM Glycine, HAc ~10.5 mM) and
1x Tris-glycine buffer (TG, pH 8.5, 30 mM Tris, 160 mM Glycine),
respectively. Each sample was repeatedly injected for three times.
Every three runs, the capillary was washed with 0.02 M NaOH elec-
trophoretically at 15 kV for 4 min followed by electrophoresis using
water (1 min) and running buffer (5 min).

3.4. Capillary electrophoresis immunoassays of BPDE-DNA
adducts with mAb 8E11

In noncompetitive immunoassays, TMR-BPDE-ss90mer probes
were diluted to appropriate concentration in sample buffer 2 x TGA.
For experiments involving antibody, antibody stock solutions were
diluted in sample buffer 2 x TGA immediately before analysis and
kept on ice. After addition of BSA, TMR and antibody, the sample
was given gently vortex to ensure complete mixing and incubated
at 37°C for 30 min before CE-LIF analysis. In all immunoassays,
TMR was used as an internal standard to correct variations in
the injection volume, and BSA was used to enhance the forma-
tion and stability of the immuno-complexes [48]. Sample buffer
2 x TGA and running buffer 1 x TG were selected to perform tran-
sient anion isotachophoresis (t-ITP) to increase the sensitivity of
detection [16].

In the competitive immunoassays with the competitors of BPDE-
dGs, BPDE-90mers or BPDE genomic DNA, the competitors were
diluted to different concentrations in sample buffer 2 x TGA. Then
TMR-BPDE-ss90mer probes, BSA, TMR and mAb 8E11, were added
to the mixture in turn. After gently vortex, the mixture was incu-
bated at 37 °C for 30 min and eventually subjected to CE-LIF analysis
to detect both antibody-bound and unbound fluorescent probes.
Prior to competitive immunoassays with BPDE genomic DNA, an
aliquot of BPDE adducted genomic DNA was denatured at 95 °C for
10 min, followed by cooling on ice.

4. Results and discussion

4.1. Noncompetitive immunoassays between TMR-BPDE-ss90mer
and mAb 8E11

The binding stoichiometry of two stereoisomeric BPDE-90mer
probes, trans-(—)-anti-BPDE-90mer probe (trans(—) probe) and
trans-(+)-anti-BPDE-90mer probe (trans(+) probe), and mAb 8E11
was studied by noncompetitive immunoassays, as shown in Fig. 2.
One extra peak of complex (peak 2, ~2.46 min) is observed before
the elution of free probe (peak 1, ~2.53 min) once mAb 8E11 is
added into the probe solution. Moreover, only one predominant
immunocomplex peak was detected for both BPDE-90mer probes
even with the varied ratio of mAb 8E11 to the probes (Fig. 2). Previ-
ous study shows that mAb 8E11 can form binary (1:1) and tertiary
(1:2) complex with two BPDE adducts in a short oligonucleotide
(16mer) in a concentration-dependent manner [18]. In this study,
the longer strand (90mer) and more negative charge of the BPDE-
90mer probes may provide steric barrier and electrostatic exclusion
and is adverse to the formation of tertiary immunocomplex (1:2).
Therefore, most of the BPDE-90mer probe is bound to mAb 8E11 at
1:1 stoichiometry regardless of the ratio of mAb 8E11 to the probes.
The results may suggest that mAb 8E11 binding to the BPDE adducts
in long DNA predominantly in the stoichiometry of 1:1.

In Fig. 3, different concentration of BPDE-90mer probe
(0.0125~5nM) was used to bind with mAb 8E11 at a fixed con-
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Fig. 2. Electropherograms from capillary electrophoresis analysis of mixture con-
taining two stereoisomeric BPDE-90mers (A: trans(—) probe, B: trans(+) probe) and
varying concentration of mAb 8E11. The concentration of antibody ranged from 0
to 10 pg/mL while the concentration of two TMR-BPDE-90mer probes was fixed at
5nM. Peak 1, 2, 3 and 4 corresponded to single-stranded 90mer probe, complex of
90mer probe and mAb 8E11, TMR and the impurity of TMR.

centration of 0.5 wg/mL. It shows the binding percentage of two
stereoisomeric fluorescent probes is a function of the probe con-
centration, decreasing with the increasing concentration of the
probes. Because of their binding stoichiometry of 1:1, the binding
constants of mAb 8E11 and BPDE-90mer probes were estimated
by the 1:1 stoichiometry based equilibrium Eq. (1-7). The cal-
culated binding constants are 4.52 +0.52 x 108 M~ for trans(-)
probe and 6.36+0.54 x 108 M~! for trans(+) probe, respectively.
The results indicate that mAb 8E11 has a slightly higher affinity
for trans-(+)-anti-BPDE-N?-dG adduct in oligonucleotides than that
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Fig.3. Comparison of binding percentage of two stereoisomers of TMR-BPDE-90mer
probes with mAb 8E11. The concentration of the probes ranged from 0.05 to 5nM
while the concentration of mAb 8E11 was fixed at 0.5 pug/ml.
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Fig. 4. Linear regression analysis from competitive immunoassays of trans-(+)-
BPDE-90mer and two TMR-BPDE-ss90mer probes with mAb 8E11 by Eq. (2-14).
Axes X and Y are defined by Egs. (2-15) and (2-16), respectively. The concentration
of unlabeled trans-(+)-BPDE-90mer ranged from 1.8 to 13.3 nM while the concen-
trations of mAb 8E11 and TMR-BPDE-ss90mer probe were fixed at about 0.25 p.g/ml
and 5 nM, respectively.
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Fig. 5. Electropherograms from CE-LIF competitive immunoassays of two TMR-
BPDE-ss90mer probes (A: trans(—) probe, B: trans(+) probe) and BPDE genomic DNA
with mAb 8E11. The BPDE adduct concentration of genomic DNA ranged from 0
to 19.08 nM while the concentrations of mAb 8E11 and TMR-BPDE-ss90mer probe
were fixed at about 0.25 pg/ml and 5 nM, respectively. Peak 1, 2 and 3 corresponded
to single-stranded 90mer probe, complex of 90mer probe and antibody 8E11, and
TMR.
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for trans-(—)-anti-BPDE-N?-dG adduct. These results are consistent
with previous work [37].

4.2. Competitive immunoassays between TMR-BPDE-ss90mer
and BPDE genomic DNA adduct with mAb 8E11

To study the binding of the BPDE-N2-dG adduct in fluores-
cently unlabeled genomic DNA and single nucleoside to mAb 8E11,
competitive immunoassays were further developed by using TMR-
BPDE-ss90mer probes. First, Eq. (2-14) that was derived for the
competitive binding stoichiometry of 1:1 is appropriate to study
the binding of mAb 8E11 to the BPDE adducts in long DNA. To
validate this equation, we examined the binding of mAb 8E11
to fluorescently unlabeled trans-(+)-BPDE-90mer through com-
petitive immunoassays in which two stereochemically different
TMR-BPDE-ss90mer were used as affinity probes, respectively.
Fig. 4 shows the obtained linear regression curves of the two
competitive immunoassays: Y=0.965 x X —2.44 (R%2=0.9953) for
trans(—) probe and Y=1.06 x X—2.44 (R?=0.9809) for trans(+)
probe. As the estimated slope value equals the value of the
binding constant (see Eq. (2-14)), the obtained binding con-
stants for trans(+) BPDE-90mer and mAb 8E11 were estimated
as 9.65+0.47 x 108 M~! and 1.06 +0.10 x 10° M~! when trans(—)
and trans(+)TMR-BPDE-ss90mer were used as competitive probes,
respectively. The two estimated binding constants are almost the
same to each other, proving the rationality of the derived equa-
tion. Compared with the value (6.36+0.54 x 108 M~1) of TMR
labeled trans-(+)-BPDE-90mer that obtained from noncompetitive
immunoassay, the obtained binding constants for the unlabeled
trans-(+)-BPDE-90mer are a little higher. The higher binding con-
stants may be due to the quantitative errors of BPDE-90mer by
UV 260 nm. Alternatively, the hydrophobic fluorescent label in the
90mer may interact with the hydrophobic BPDE adducts in the
same chain, and consequently reduce the binding affinity of the
BPDE adducts to the mAb 8E11.
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Fig. 6. Linear regression analysis from competitive immunoassays of BPDE adducts
in genomic DNA and two BPDE-90mer probes with mAb 8E11 by Eq. (2-14). Axes X
and Y are defined by Eqgs. (2-15) and (2-16). The concentration of BPDE adducts in
genomic DNA ranged from 6.4 to 19.1 nM while the concentrations of mAb 8E11 and
TMR-BPDE-ss90mer probe were fixed at about 0.25 pg/ml and 5 nM, respectively.

The validated Eq. (2-14) was used to estimate the binding
affinity of BPDE genomic DNA with mAb 8E11 in competitive
immunoassays. A series of electropherograms using varying con-
centration of BPDE adducts in genomic DNA were shown in Fig. 5.
With the increasing amount of genomic DNA, the observed probe-
antibody immunocomplex (peak 2) decreases while the free probe
(peak 1) increases. Fig. 6 shows the linear regression curves
obtained from the data of Fig. 5 by treatment using competitive Eq.
(2-14). The linear equations are Y=0.399 x X —2.06 (R =0.9959)
for trans(—) probe and Y=0.349 x X — 2.39 (R% = 0.9806) for trans(+)
probe, respectively. The corresponding binding constants are
3.99+0.18 x 108 M~ by trans(—) probe and 3.49 +0.35 x 108 M~!
by trans(+) probe. The average binding constants of BPDE adducts
in genomic DNA and mAb 8E11 (K}, 3.74 x 103 M) is lower than
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Fig. 7. Linear regression analysis of the data from competitive immunoassays between TMR-BPDE-90mer and four BPDE-dG stereoisomers with mAb 8E11 according to
competitive Eq. (3-17). Axes X and Y are defined by Egs. (3-18) and (3-19). A, B, C and D referred to competitors of cis-(—)-anti-BPDE-N?-dG, trans-(+)-anti-BPDE-N?-
dG, trans-(—)-anti-BPDE-N?-dG, and cis-(+)-anti-BPDE-N?-dG, respectively. The concentrations of mAb 8E11 and the trans(—) probe were fixed at 0.25 pg/ml and 2.5 nM,

respectively.
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that of trans(—) probe (4.52+0.52 x 108 M~1) and trans(+) probe
(6.36+0.54 x 108 M~1). However, the measured binding affinity
is high enough for sensitive detection of BPDE-DNA adducts in
genomic DNA, which is animportant biomarker for human biomon-
itoring of carcinogenic polycyclic aromatic hydrocarbons.

4.3. Competitive immunoassays between TMR-BPDE-90mer and
four BPDE-dG stereoisomers with mAb 8E11

Competitive CEimmunoassays were also used to study the bind-
ing of four stereoisomers of anti-BPDE-N?-dGs to mAb 8E11. The
formation of the BPDE-90mer probe-antibody complex depends
on the concentration of the four anti-BPDE-N2?-dGs, indicating the
competitive binding of the anti-BPDE-N?-dG and the BPDE-90mer
probe to the limited binding sites of mAb 8E11 (data not shown).
Unlike the binding of BPDE adducts in 90mer and genomic DNA
to mAb 8E11, small anti-BPDE-N?-dG may bind to the two sites of
mAb 8E11 and form binary (1:1) and tertiary (2:1) immunocom-
plex. So another Eq. (3-17) was applied to estimate the binding
of anti-BPDE-N?-dG to the antibody, assuming that one antibody
molecule can bind two molecules for the small antigen but only
one for large BPDE-90mer.

Fig. 7 shows linear regression analysis of Y with X by Eq.
(3-17). The Y and X were defined as that in the Eq. (3-17).
The linear equations for four BPDE-dGs are Y=0.0114 x X+0.485
(R?2=0.9924), Y=0.357 x X — 2.79 (R =0.9926), Y=0.107 x X — 0.64
(R2=0.9950) and Y=0.177 x X —1.47 (R2=0.9945), respectively.
According to Eq. (3-17), the corresponding binding constants are
3.574+0.22 x 108 M~ (trans-(+)-BPDE-dG), 1.77 +0.06 x 108 M~!
(cis-(+)-BPDE-dG), 1.07 +0.03 x 108 M~! (trans-(—)-BPDE-dG), and
1.14+£0.06 x 107 M~! (cis-(—)-BPDE-dG). It is obvious that the
binding of the (+)-BPDE-dGs with mAb 8E11 is strongest and that
of cis-(—)-BPDE-dG is weakest among the four stereoisomers.

5. Conclusions

Here we demonstrate the stereospecific binding of BPDE adducts
in mononucleoside, 90mer, genomic DNA to mAb 8E11 by CE
immunoassays couple with the derived equations. Noncompeti-
tive CE immunoassays show that mAb 8E11 has a higher binding
affinity with trans-(+)-anti-BPDE-90mer than trans-(—)-anti-BPDE-
90mer. The binding of BPDE adduct in genomic DNA to mAb 8E11
studied by competitive CE immunoassays show that the binding
affinity is high enough for mAb 8E11 to be used by immunoassay
of direct detection of BPDE adduct in genomic DNA. The binding
constants of four BPDE-dG stereoisomers with mAb 8E11 were
also determined by competitive CE immunoassays, with an order
of trans-(+)-BPDE-dG > cis-(+)-BPDE-dG > trans-(—)-BPDE-dG > cis-
(—)-BPDE-dG. Our work shows that competitive CE immunoassay
can be an excellent tool for the quantitative study of antigen-
antibody interactions.
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