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Purpose. To understand the structural requirements in designing epitope-bearing oligonucleotides with
high antibody-binding affinity.
Methods. Binding affinity (KA) and stoichiometry (n) of dinitrophenyl (DNP)-derivatized model 27-mer
oligonucleotides (ODNs), GGG(AAA)7GGG, to monoclonal anti-trinitrophenyl (TNP) antibodies
were determined using isothermal titration calorimetry (ITC). Structural variations were made in the
ODNs to assess the effects of antigenic valence, epitope density, inter-epitope linker length, and linker
flexibility. Binding isotherms were fitted with a single binding-site model to obtain KA and n, from which
changes in Gibbs free energy (�G°), entropy (�S°), and enthalpy (�H°) were derived.
Results. As expected, ligands displaying increased epitope density showed increases in KA: for example,
KA for (DNP)2-Cys is 3.3-fold greater than that for DNP-Lys. Introduction of multiple DNP groups via
long and flexible linkers to one end of the 27-mer ODN resulted in a bivalent behavior with n value of
1. A bivalent ligand, derivatized at both ends with a long and flexible linker, failed to form an immune
complex when hybridized to its antisense strand, presumably due to intercalation of the DNP moiety to
the double strand. ODNs derivatized with flexible linkers exhibited a higher KA than those with a rigid
linker. Ligands with flexible inter-epitope linkers measuring distances of 110, 60, and 40 Å yielded 13-,
30-, and 13-fold increases in KA, respectively. The combination of these factors; namely, bivalence,
flexible inter-epitope linkers, and optimal inter-epitope distance, resulted in an overall 66-fold increase
in KA. Thermodynamic analysis of binding indicates that the formation of high-affinity ODN-IgG
complexes was a spontaneous and exothermic event, characterized by large negative �S°, �H°, and �G°
values.
Conclusions. All four strategies tested during this investigation, namely bivalence, epitope density,
inter-epitope linker flexibility, and optimal inter-epitope distance, proved to be useful in improving the
binding affinity of DNP-labeled ODNs to anti-TNP IgG. The final ODN design incorporating these
strategies will be used in testing the systemic pharmacokinetic advantage gained from complexing such
ODNs to IgG.

KEY WORDS: antibodies as systemic drug carriers; binding affinity (KA); isothermal titration calo-
rimetry (ITC); oligonucleotide (ODN); thermodynamics.

INTRODUCTION

Antisense and immune-modulating synthetic oligonucle-
otides (ODNs) have emerged as new therapeutic agents tar-
geted to a variety of malignancies, including cancer (1,2).
Their clinical potential is very promising; however, once sys-

temically administered, these compounds face various trans-
port and metabolic barriers that compromise their delivery to
target tissues. For example, oligonucleotides invariably suffer
from poor systemic pharmacokinetics (mainly short half-life
and nucleolytic degradation), which prevent them from fully
exerting their therapeutic effect (3,4). In light of these chal-
lenges, this laboratory has been exploring the possibility of
using endogenous antibodies as systemic drug carriers for
prolonging the systemic t1/2 of ODNs and preventing systemic
nucleolytic degradation (5). With this approach, we exploit
the finding that monomeric immune complexes (i.e., com-
plexes in a 1:1 or 2:1 ligand-to-antibody ratio) can effectively
lengthen the apparent t1/2 of the complexed drug molecule to
that of the antibody itself; for example, 21 days for human
IgG1 (6,7).

In our previous studies, mice immunized against fluores-
cein showed at least a 100-fold decrease in the initial disap-
pearance rate of fluorescein derivatives of a small model drug
molecule (6) as well as of a model protein of MW 22 kDa (7).
Here, the anti-fluorescein antibodies serve as high affinity
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(KA > 107 m−1) and low capacity drug carriers (two binding
sites per IgG molecule of MW 150 kDa) (8). As expected, the
pharmacokinetics of these model drug molecules expressing a
single epitope fluorescein critically depended on antibody ti-
ter as well as antigen-binding affinity (6,7). However, at a
given level of titer, which would be the case for endogenous
antibodies, the overall pharmacokinetic behavior of these im-
mune complexes will predominantly depend on the intrinsic
antibody binding affinity constant, KA. As such, our approach
is distinct from the common use of monoclonal antibodies as
drug targeting ligands. It is instead similar to employing long
circulating serum proteins, such as albumin, as drug carriers.

Antibody binding naturally occurs with multivalent anti-
gens that effect the formation of large polymeric, precipitable
immune complexes that rapidly clear from the systemic cir-
culation (9–11). To avoid this event and attain sustained sys-
temic circulation, two requirements must be met. First and
foremost, the epitope should be introduced to the ODN in
such a way that the antigen-antibody interaction is in a mo-
nomeric fashion (i.e., in a 1:1 or 2:1 ligand-to-antibody ratio).
Second, the binding affinity as expressed by KA must be high
so that premature ligand dissociation does not occur while in
the systemic circulation (6).

In an effort to optimize binding affinity, a series of model
2,4-dinitrophenyl (DNP)-derivatized ODNs were designed
with variations in three major factors involved in binding to
anti-2,4,6-trinitrophenyl (TNP)-monoclonal IgG1 (mIgG1):
epitope valence, flexibility of linker between DNP and ODN,
and inter-epitope distance. Because IgG is a flexible, bivalent
protein, with a distance between its antigen-binding sites
(Fab) ranging from 4 to 12 nm (12,13), model ODNs were
designed to reflect these conditions and tested for their pro-
pensity to complex anti-TNP IgG1 using isothermal titration
calorimetry (ITC). Binding affinity (KA), complex stoichiom-
etry (n), and subsequently thermodynamic parameters such
as changes in enthalpy (�H°), entropy (�S°), and Gibbs free
energy (�G°) were derived. Pharmacokinetic analysis of
these immune complexes will be the subject of future studies.

MATERIALS AND METHODS

Preparation and Characterization of Anti-TNP
mIgG1 Antibodies

Monoclonal anti-trinitrophenyl (TNP) IgG1 was pro-
duced by the UNC Lineberger Cancer Center using hybrid-
oma cell line 1B7.11 (ATCC no. TIB-191). The harvested
culture medium was dialyzed extensively (SpectraPor, MW
cutoff 100 kDa) against phosphate buffered saline (PBS, pH
7.0) and further purified via protein-G affinity column chro-
matography (Amersham Pharmacia, Piscataway, NJ, USA).
Antibody purity was confirmed via SDS-PAGE after exten-
sive dialysis against 10mM, pH 8.0 Tris buffer (single band,
results not shown). Stock antibody concentrations were esti-
mated using the BCA assay (Biorad, Hercules, CA, USA).

Preparation and Characterization of
DNP-Labeled Oligonucleotides

Model oligonucleotides (sense, 5�-GGG(AAA)7GGG-
3�; antisense, 5�-CCC(TTT)7CCC-3�) were synthesized and
labeled with DNP (sense strands only) by Oligos Etc (Wilson-
ville, OR, USA) and Oswel, Inc. (Southampton, UK) using

phosphoramidite solid-phase chemistry. ODNs were purified
via reverse-phase DMT-on HPLC and PAGE and supplied at
a purity of >90%. Two types of DNP labels were used: DNP-
TEG (Glen Research, Sterling, VA, USA) provides a flexible,
ethylene glycol-based, 18-atom DNP-label that can be intro-
duced multiple times during synthesis, whereas DNP-6C (Os-
wel) is a rigid alkyl DNP label that places the DNP epitope
only 6 carbons away from the DNA backbone (Fig. 1). More-
over, SPACER 9, a 12 Å tri(ethylene glycol) spacer-phos-
phoramidite derivative (Glen Research) was introduced be-
tween successive DNP-TEG linkers during solid phase syn-
thesis (Oligos Etc) to lengthen inter-epitope distance (Fig. 1).
For the most part, DNP-labeling occurred at the 5�-oligo-
nucleotide terminal and it was reasonably assumed that due
to the bilateral symmetry displayed by these oligomers (Table
I) that derivatization at the 3� terminal would have yielded a
similar DNP-derivative with regard to anti-DNP antibody
binding. Monovalent controls, namely DNP-Lys and (DNP)2-
Cys, were purchased from Sigma (St. Louis, MO, USA).

Sense and antisense strands were dissolved in 1.0 ml of 10
mM Tris buffer at pH 8.0 containing 50 mM NaCl and 1 mM
EDTA (TE buffer) and stock concentrations estimated spec-
trophotometrically [�260 : 3.15 × 105 m−1cm−1 (sense) and �260 :
2.13 × 105 m−1cm−1 (antisense), estimated using nearest
neighbor analysis] (14). Duplexes were formulated by mixing
equimolar concentrations of sense and antisense ODNs, heat-
ing to 90–95°C in a heatblock, and cooling to room tempera-
ture on the benchtop. Proper hybridization was confirmed via
nucleic acid PAGE (Biorad). Single stranded antigens were
used as supplied by the manufacturers, without further pro-
cessing; see Table I.

Isothermal Titration Calorimetry and
Thermodynamic Analysis

Titration was performed at the UNC Macromolecular
Interactions Facility using a VP-ITC microcalorimeter (Mi-

Fig. 1. DNP-derivatization reagents. DNP-TEG is a flexible poly-
(ethylene glycol)-based linker approximately 22.5 Å in length; DNP-
6C is a rigid six-carbon alkyl DNP linker approximately 10 Å in
length; SPACER 9 is a flexible tri(ethylene glycol)-based spacer in-
corporated between two DNP-TEG linkers. Its length is approxi-
mately 12 Å.
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Table I. Structure of DNP-Ligands and Their Binding Parameters to Monoclonal Mouse Anti-TNP IgG1
a

Structure (conformation)b
Inter-epitope
distance (Å)c

KA

(M−1)d ne,i
�H°

(kcal mol−1) f
�S°

(cal mol−1 K−1)
�G°

(kcal mol−1)

Monovalent ligands
I. N�-2,4-DNP-D-lysine N/Ah 3.9 × 106 2.0 −11.2 −7.5 −8.9
II. N,S-di(2,4-DNP)-L-cysteine N/A 1.3 × 107 1.8 −4.6 17.0 −9.7
III. DNP-TEG-G3(A3)7G3 (f) N/A 6.5 × 106 1.8 −8.8 1.6 −9.3

Bivalent ligands
IV. DNP-TEG-G3(A3)7G3-TEG-DNP (f) 137 1.5 × 107 1.0 −14.1 −14.8 −9.7
V. DNP-6C-G3(A3)7G3-6C-DNP (f) 111 1.9 × 108 0.8 −33.9 −75.7 −11.3
VI. DNP-6C-G3(A3)7G3-6C-DNP (r) 111 2.6 × 107 0.8 −33.0 −76.4 −10.2

C3(T3)7C3

VII. DNP-TEG-SPACER 9--G3(A3)7G3 (f) 60 4.3 × 108 0.9 −63.3 −172.9 −11.8
DNP-TEG--|

VIII.g (DNP-TEG)3-G3(A3)7G3 (f) 48 1.9 × 108 1.1 −31.4 −67.3 −11.3
IX.g (DNP-TEG)3-G3(A3)7G3 (f) 48 1.3 × 108 1.1 −29.2 −60.5 −11.2

C3(T3)7C3

Multivalent ligands
X. (DNP-TEG)3-G3(A3)7G3-(DNP-TEG)3 (f) 137 7.2 × 107 0.6 −65.0 −181.9 −10.8
XI.g (DNP-TEG)3-G3(A3)7G3-(DNP-TEG)4 (f) 48 4.7 × 108 0.6 −44.9 −110.9 −11.9

C3(T3)7C3

a Antigen valence and mode of binding based on ITC binding stoichiometry; sense ODN sequence is in 5� → 3� direction.
b f: flexible, r: rigid.
c Estimated lengths based on 3.4 Å per nucleotide of DNA and a random walk model (Ref. 18); DNP-TEG: ∼22.5 Å; SPACER 9: ∼12.0 Å;

DNP-6C: ∼10Å.
d % errors in KA are 2–8%.
e % errors in n are 1–5%.
f % errors in �H° are 1–4%.
g Mediate binding across DNP-TEG linkers; see Fig. 3.
h N/A: not applicable.
i Binding stoichiometry of ligand to antibody.

Fig. 2. Calorimetric titration of IV (left) and IX (right) with anti-TNP IgG in 10 mM Tris buffer at pH
8.0. Briefly, the titrating syringe was filled with the ligand of interest (250 �l, 20 �M in 10 mM Tris buffer
at pH 8.0) and titrated onto a sample cell containing anti-TNP mIgG1 (1.5 ml, 1 �M in 10 mM Tris buffer
at pH 8.0). A typical analysis would comprise 25–30 5-�l injections, spaced 120 s apart, at 25°C.
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crocal, Inc; Northampton, MA, USA). All samples were de-
gassed and cooled to 20°C prior to analysis. Analyte concen-
trations varied according to the expected stoichiometry of
binding. For the most part, a 20-fold excess of ligand was used
to compensate for any dilution effects during titration.
Briefly, the titrating syringe was filled with the ligand of in-
terest (250 �L, 20 �M) and titrated onto a sample cell con-
taining anti-TNP mIgG1 (1.5 ml, 1 �M). A typical analysis
would comprise 25–30 5-�l injections, spaced 120 s apart, at
25°C (Fig. 2). Data analysis and fitting were performed using
the ITC analysis software, Origin 5.0 (Microcal, Inc.) All calo-
rimetric data was corrected for heats of dilution prior to curve
fitting with a single binding site model. Control experiments
were conducted with underivatized ODNs with no discern-
able calorimetric interaction. Equilibrium association con-
stants (KA), ligand-to-antibody binding stoichiometry (n),
�H°, and �S° were obtained directly from the ITC output,
whereas �G° was derived using the following equation:

�G° = −RT ln KA = �H° − T�S°

RESULTS AND DISCUSSION

Monovalent Complexation

As shown in Table I, three monovalent ligands were
tested for their ability to complex anti-TNP IgG. This study
was carried out primarily to establish a reference point in
assessing the effect of ligand valence and epitope density on
KA. As expected, monovalent ligands were complexed in a 2:1
ligand-to-antibody stoichiometric ratio as depicted on Fig. 3,
panel A. Complexation occurred with KA in the range of
106∼107 m−1 (Table I). In the case of (DNP)2-Cys (ligand II,
Table I), a compound displaying two DNP epitopes in close
proximity, a complete sequestration of the two closely located
DNP-moieties inside the Fab binding pocket was expected, as

seen with other structurally similar compounds (15,16). Dou-
bling the epitope density of these two small molecules (I vs.
II), where the epitope is significant in size relative to the
whole, resulted in a 3.3-fold enhancement of KA (Table II).
Such gain is thought to result from a large decrease in koff, the
complex dissociation rate constant, caused by the simulta-
neous binding of two DNP-epitopes within each Fab (17). A
concomitant increase in kon, the association rate constant, is
also thought to have occurred since increasing epitope density
raises the probability of binding by increasing the local effec-
tive concentration of binding epitopes. These two events con-
tribute to a large increase in KA; hence, epitope clustering
represents a feasible strategy to maximize binding affinity.

It is worthy to note that VIII and IX, which display a
clustering of DNP epitopes on the 5�-terminals, were origi-
nally intended to test the effect of epitope density on KA. As
such, these ligands were expected to result in high-affinity
monovalent binding to anti-TNP IgG with n value of 2. It was
thus surprising to observe that they bound anti-TNP IgG in a
bivalent fashion with n value of 1 (Table I). We attribute
these findings to the length and flexibility of the DNP-TEG
linkers present in these ligands (Fig. 1). The inter-epitope
distance is estimated to be 48 Å, effectively creating a bivalent
environment suitable for binding the antibody in a mono-
meric fashion (Fig. 3, panel B). Here and throughout this
report, the inter-epitope distance was estimated based on ex-
tra- and intrapolation of the data on the end-to-end distance
of various sizes of poly(ethylene glycol) chains (18). It was
also observed that a 26-fold increase in MW (I of MW 348.7
vs. III of MW 8,993.0) resulted in 1.7-fold enhancement of KA

(Table II). This finding that the increased MW did not have a
deleterious effect on complexation was somewhat counter-
intuitive in terms of so-called binding orientation hypothesis (7).

Bivalent Complexation

Ligand IV represents a prototypical bivalent ODN in
which the DNP moieties both at the 3�- and 5�-terminals ef-
fectively mediate monomeric binding across the DNA back-
bone (Fig. 3, panel C). However, once hybridized to its
complementary ODN, the resulting double stranded ODN
failed to bind IgG (data not shown). Due to the length and
flexibility of the DNP-TEG linker used to derivatize this li-
gand, the DNP epitope can loop back and intercalate itself
into the ODN backbone. Such a phenomenon has been ob-
served with other structurally related ODN labels (19) and it
was, in our case, supported spectrophotometrically (signifi-
cant suppression of OD360; data not shown). To resolve this
problem and confirm our hypothesis on the intercalation of
DNP-TEG, ligand V was prepared with a much shorter and
rigid DNP-ODN linker (DNP-6C, Fig. 1). Such modification

Fig. 3. Binding models for ODN immune complexation based on
binding stoichiometry. (A) monovalent complexation (III); (B) biva-
lent complexation (VII–IX); (C) bivalent complexation (IV–VI); (D)
multivalent complexation (XI); and (E) multivalent complexation
(X). The additional third DNP-TEG linker on VIII–XI was omitted
from panels B, D, and E for clarity purposes.

Table II. Effect of Epitope Density and MW of Monovalent Ligands
on KA

Liganda nb
KA

(M−1)
DNP

content
MW
(Da)

�KA

(fold-difference)

I 2.0 3.9 × 106 1 348.7 1.0
II 1.8 1.3 × 107 2 453.3 3.3
III 1.8 6.5 × 106 1 8993.0 1.7

a Reference ligand is shaded gray.
b Binding stoichiometry of ligand to antibody.
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proved to be sufficient in preventing DNP-intercalation and
expected binding profiles between anti-TNP IgG and ligand
V and its hybridized analog VI were clearly observed (Table II).

As shown on Table III, bivalent binding effectively in-
creased the overall KA of complexation, relative to monova-
lent ligand III. A 2.3-fold increase in KA was observed in the
case of IV, consistent with a 2-fold increase in valence. In
contrast, V and VIII exhibited a 29-fold increase in KA com-
pared with III (Table III). Such a large increase in binding
affinity was unexpected, however, it is speculated that these
oligonucleotides not only reflect the effect of bivalence but
also the effect of inter-epitope distance and linker flexibility
(see below). Similarly, VII yielded a surprisingly high KA

value (66-fold increase), thought to result from the aforemen-
tioned additive effect and not from individual contributions
from bivalence.

The rigidity of the linker bridging the two DNP epitopes
also had a direct effect on binding affinity. Hybridization of V
to its complimentary strand, which resulted in a rigid structure
VI (Table I), had a detrimental effect on binding, manifested
by a 7-fold reduction in binding affinity (Table III). These
results confirm that linker flexibility is necessary to achieve
high affinity binding to IgG, a flexible molecule itself (12,13).

Similarly, the distance between DNP epitopes greatly in-
fluenced the magnitude of KA. Direct comparison of the bind-
ing affinities of IV, our prototypical bivalent ODN, to that of
V, VII, and VIII discerned this effect. Table III displays such
relationship: V and VIII exhibit a 13-fold increase in binding
affinity upon reduction of their inter-epitope distance from
137 Å (IV) to 111 Å and 48 Å, respectively. Ligand VII,
which has an inter-epitope distance of 60 Å, displays a 29-fold
enhancement in binding affinity.

The high degree of dependence of KA on antigenic va-
lence, inter-epitope distance, and linker flexibility highlights
the importance of considering physical dimensions of the an-
tibody when designing its ligands. Such was the approach
taken by Paar et al. (20) and Baird et al. (18) when testing the
Fab cross-linking ability of a series of ligands displaying dif-
ferent degrees of valence, flexibility, and inter-epitope dis-

tances. Their results corroborate the dependence of high-
affinity antibody binding on inter-epitope distance, antigenic
valence, and ligand flexibility. Such are also our findings.

Multivalent Complexation

Ligands X and XI (Table I) were designed to test the
additive effect of bivalence, epitope density, and linker flex-
ibility on binding affinity. These ligands were successively
derivatized, on both terminals, with three DNP-TEG linkers
and subsequently tested as such (X) or hybridized to their
complimentary strands (XI). Unfortunately, as shown on
Table IV, the stoichiometry of binding indicated the forma-
tion of dimeric complexes between these ligands and anti-
TNP IgG. Nevertheless, such interaction exhibited enhanced
binding affinity, thought to result from the increased binding
capacity of these ligands. As shown on Table IV, the dimeric
binding of XI is 6.5-fold higher than X. We interpret this
observation based on the difference in binding patterns in-
volved: Fig. 3 panel D and E for XI and X, respectively. Three
observations support this analysis: a) the 6.5-fold enhance-

Table III. Effect of Antigenic Valence, Linker Flexibility, and Inter-Epitope Distance on KA

Dependent
variable ODNsa nb

KA

(M−1)
Linker

flexibilityc
Inter-epitope
distance (Å)e

�KA

(fold-difference)

Antigenic valence III 2.0 6.5 × 106 N/Ad N/A 1.0
IV 1.0 1.5 × 107 N/A N/A 2.3

Linker flexibility VI 0.8 2.6 × 107 Rigid N/A 1.0
V 0.8 1.9 × 108 Flexible N/A 7.3

Inter-epitope distance IV 1.0 1.5 × 107 N/A 137 1.0
V 0.8 1.9 × 108 N/A 111 12.6
VII 0.9 4.3 × 108 N/A 60 28.7
VIII 1.1 1.9 × 108 N/A 48 12.7

Combined effect III 1.8 6.5 × 106 N/A N/A 1.0
V 0.8 1.9 × 108 Flexible 111 29.1
VII 0.9 4.3 × 108 Flexible 60 66.2
VIII 1.1 1.9 × 108 Flexible 48 29.2

a Reference ligand is shaded gray.
b Binding stoichiometry of ligand to antibody.
c Refers to inter-epitope linker.
d N/A: not applicable.
e Estimated lengths based on 3.4 Å per nucleotide of DNA and a random walk model (Ref. 18); DNP-TEG: ∼22.5 Å;

DNP-6C: ∼10 Å; SPACER 9: ∼12 Å.

Table IV. Effect of Binding Capac i ty on K A During
Multivalent Complexation

ODNsa nb
KA

(M−1)
Hybridization

statec
Linker

flexibilityd

�KA

(fold-
difference)

IV 1.0 1.5 × 107 s.s. (flexible) Flexible 1.0
X 0.6 7.2 × 107 s.s (flexible) Flexible 4.8

IX 1.1 1.3 × 108 d.s (rigid) Flexible 1.0
XI 0.6 4.7 × 108 d.s (rigid) Flexible 3.6

X 0.6 7.2 × 107 s.s (flexible) Flexible 1.0
XI 0.6 4.7 × 108 d.s (rigid) Flexible 6.5

a Reference ligand is shaded gray.
b Binding stoichiometry of ligand to antibody.
c s.s: single stranded; d.s.: double stranded.
d Refers to inter-epitope linker.
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ment of KA seen with XI, the hybridized analogue of X, is not
characteristic of a rigid ligand but of a flexible compound, as
seen with V vs. VI (Table I); b) a 4.8-fold enhancement in
binding affinity was observed when comparing X to its struc-
tural analogue, IV (Table IV). It is assumed that due to their
structural similarity (Table I), these ligands bind IgG similarly
(i.e., across their DNA backbone), however, an enhancement
in binding affinity is observed due to an increase in binding
capacity (two vs. one IgG molecules, respectively); and c)
similar analysis of binding affinities between structural ana-
logues XI and IX (Table I), the latter known to bind IgG
across its DNP-TEG linkers (Fig. 3, panel B; Table I), reveal
a 3.6-fold enhancement in binding affinity (Table IV). This
again is attributed to the increased binding capacity of XI.
Although these ligands display enhanced affinity, utilizing
two antibodies for the systemic transport of one oligonucleo-
tide is neither energetically nor cost efficient. As seen in this
investigation, monomeric ligands can be structurally tailored
to yield high binding affinities when complexing IgG (VII vs.
XI, Table I) without having to implement higher epitope den-
sities or binding capacities.

Thermodynamic Analysis

As shown on Table I, immune complexation is associated
with large negative �H° and �G°, both indicative of exother-
mic and spontaneous reactions. The observed decreasing
trend in �S° supports the tighter binding indicated by the
increasing trend in KA, since a negative change in entropy is
characterized in the present case by the loss of molecular
freedom. Taken together, these thermodynamic parameters
suggest that the binding of a bivalent, flexible ODN display-
ing an optimal inter-epitope distance is an event more ther-
modynamically favored than that of a ligand partially display-
ing the aforementioned characteristics.

It is worthy to note that II, which displays two DNP
epitopes in close proximity, as shown on Table I, caused a
positive change in entropy, a trend not seen with other li-
gands. It is speculated that this positive change is caused by a
dramatic displacement of water molecules within the para-
tope resulting from the accommodation of two epitopes inside
the antibody’s binding pocket. This event is contrasted to the
interaction of one epitope per paratope seen with all the other
ligands, which exhibit negative entropic changes (Table I).

CONCLUSIONS

The optimal oligonucleotide design for high-affinity im-
mune complexation resembles that of VII. This ODN is a
single stranded, flexible ligand terminally displaying two
DNP-TEG linkers spaced apart by a 12 Å tri(ethylene glycol)
linker, SPACER 9. Its design incorporates three of the four
strategies tested during this investigation; that is, bivalence, a
flexible inter-epitope linker, and an optimal inter-epitope dis-
tance (60 Å). Implementation of such characteristics result in
a 66-fold increase in binding affinity over monovalent ligands
(Table III). It remains to be seen if the high-affinity binding
of an ODN to immunoglobulins, be they naturally occurring
endogenous antibodies or from active immunization, can pro-
vide a circulatory life long enough for targeted delivery in
vivo.
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