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ABSTRACT: The conformation of complementary determining
region (CDR) is crucial in dictating its specificity and affinity for
binding with an antigen, making it a focal point in artificial
antibody engineering. Although desirable, programmable scaffolds
that can regulate the conformation of individual CDRs with
nanometer precision are still lacking. Here, we devise a strategy to
program the CDR conformation by anchoring both ends of a free
CDR loop to specific sites of a DNA framework structure. This
method allows us to define the span of a single CDR loop with an ∼2 nm resolution. Using this approach, we create a series of DNA
framework based artificial antibodies (DNFbodies) with varied CDR loop spans, leading to different antibody−antigen binding
affinities. We find that an optimized single CDR loop (∼2.3 nm span) exhibits ∼3-fold improved affinity relative to natural
antibodies, confirming the critical role of the CDR conformation. This study may inspire the rational design of artificial antibodies.
KEYWORDS: DNA nanotechnology, artificial antibody, complementary determining region, conformation engineering,
antibody−antigen binding affinity

■ INTRODUCTION
Creating artificial antibodies with customizable properties yet
high affinity against specific targets is desirable for a wide range
of applications, such as biomedicine, bioimaging, and smart
theranostics.1,2 Antibodies are known to interact with antigens
primarily through complementarity determining regions
(CDRs) within the variable regions.3 A CDR loop, typically
comprising <20 amino acid residues, serves as the minimum
motif to directly dictate the binding affinity with specific
antigens through its amino acid sequence and 3D con-
formation.4,5 Thus, CDR engineering has emerged as a key
focus in artificial antibody development.6−8 By grafting CDR
loops onto engineered scaffold structures, one can adjust the
CDR conformation, resulting in complexes with altered
properties, such as antigen binding affinity, specificity, and
stability.9,10 For instance, the CDR conformation can be tuned
by introducing site-directed mutagenesis in the scaffold
proteins,11−14 but the design freedom is constrained by
protein structural conservation. Recently, an indirect approach
for tuning CDR conformation has been reported, which relies
on grafting CDRs onto synthetic nanoparticles with different
densities.15,16 A higher CDR density results in a shorter CDR
span. However, the contribution of the CDR valency and CDR
conformation to the antigen binding affinity can hardly be
decoupled. Moreover, the typical CDR loop span is 1−2 nm,
beyond the tuning resolution of most current synthetic
materials. It is desirable yet challenging to construct program-

mable scaffolds allowing independent regulation of CDR
conformation with a resolution at this size scale.17

DNA nanotechnology, leveraging Watson−Crick base
pairing, allows for programmable design and synthesis of
DNA nanostructures with precise sizes and shapes.18−20 These
structures, featuring B-form double-helix motifs with 2 nm
diameter and ∼0.34 nm base pair spacing, provide scaffolds for
moiety placement with subnanometer resolution.21−25 This
precise addressability has led to the use of DNA nanostructures
as frameworks to organize proteins such as antibodies,26,27

enzymes,28,29 or their subunits,30,31 enabling control over their
quantities, combinations, interspaces, and orientations, thus
regulating their activities and promoting biological applica-
tions.32−34

Here, we construct DNA framework based artificial
antibodies (DNFbodies) with controlled CDR conformation
by precisely dictating the anchoring distance of the CDR loop
terminals on the DNA frameworks with ∼2 nm resolution. We
investigate the relationship between the CDR loop span and
antigen binding affinity. We successfully reconstruct an
optimized CDR conformation exhibiting a 3-fold increase in
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affinity compared to natural antibodies, effectively inhibiting
lysozyme activity and showcasing its potential for practical
applications.

■ RESULTS AND DISCUSSION
To reconstruct the CDR conformation, we used a double-
crossover tile (DX tile) as the framework, known for its high
rigidity.35,36 Camelid antilysosome antibody (cAb-Lys3),
consisting solely of a heavy chain, was selected as the natural

antibody to be transformed into a DNA framework based
artificial antibody (DNFbody). Crystallographic analysis of the
cAb-Lys3/HEWL (hen egg white lysozyme) complex revealed
that the N-terminal section of the CDR3 loop (comprising
100−112 amino acid residues) deeply extends into the active-
site crevice of lysozyme, making most of the antigen contacts37

(Figure 1a). Consequently, we chose the 13 amino acid
residues spanning approximately 1.4 nm in the binding state
for CDR3 grafting (Figure S1). In our experimental design,
considering the structural stability of the DNA double helix
and the interplay of complementary base pairing interac-
tions,38,39 we devised terminal spacing at intervals of 0, 5, 11,

Figure 1. Scheme of the design of CDR grafting on DNA frameworks. (a) Structure of antibody cAb-Lys3 (gray, with the CDR3 loop shown in
red) in complex with HEWL (cyan) (Protein Data Bank (PDB) ID code 1JTP). (b) Constructing DNA framework based artificial antibodies by
anchoring a CDR3 loop modified with DBCO (dibenzocyclooctyne) and an amino group on DX tiles.

Figure 2. Synthesis and characterization of four DX tile structures. (a)
Design and polyacrylamide gel electrophoresis (PAGE) of DX tile.
(b) AFM images and height profile of DX tiles. (c) Schematic design
of DX tiles with different spacers. (d) PAGE analysis of four DX tile
structures.

Figure 3. Spacing distance characterization of four DX tile structures.
(a) Simulated distributions of spacing distance in DX tile, 5 nt-DX
tile, 11 nt-DX tile, and 21 nt-DX tile (N = 1000). (b) Fluorescent
spectra of DX tiles with FRET pair Cy3-Cy5. Excitation: 530 nm.
Emission: 550−750 nm. (c) Distance comparison based on FRET
and simulation.
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and 21 nucleotides on DX tiles (Figure 1b). The two ends of
the CDR3 loop were anchored to these predetermined
locations through covalent conjugation. Based on this, we
conducted research on the reconstruction of DNFbodies with
varied CDR3 spans and their interaction with antigens.
First, DX tile (length 37 bp, or ∼12.6 nm, adapted from a

previous study40) was assembled from six oligonucleotides
(named DX 1−6, sequences listed in Supplementary Table).
The synthesized structure was analyzed with polyacrylamide
gel electrophoresis (PAGE). As shown in Figure 2a, we
observed a sharp band of DX tile with the slowest migration
compared to other structures partially assembled from 2 to 4
component oligonucleotides. Representative atomic force
microscopy (AFM) images demonstrated efficient and uniform
synthesis of the DX tile. The measured height distribution is
1.5 ± 0.5 nm, which matched the theoretical diameter of the
double helix (Figure 2b and Figure S2). Meanwhile, we
designed the other three DX tile structures (namely 5 nt-DX
tile, 11 nt-DX tile, and 21 nt-DX tile), with the 5′-end of DX 3
and 3′-end of DX 4 separated by 5, 11, 21 spacer nucleotides,
respectively (Figure 2c). The assembled structures were also
confirmed by PAGE analysis (Figure 2d and Figure S3).
To assess the distance between predetermined locations in

the DX tiles, we initially constructed coarse-grained models

and conducted molecular dynamics (MD) simulations to
examine their conformations in solution. The obtained
simulation results (Figure 3a) reveal that the distance increases
as the number of spacer nucleotides grows (0.5 ± 0.1, 2.3 ±
0.2, 4.1 ± 0.3, and 7.3 ± 0.4 nm for DX-Tile, 5 nt-DX tile, 11
nt-DX tile, and 21 nt-DX tile, respectively). For further
verification of the distance between the 5′-end of DX 3 and the
3′-end of DX 4, we attached a Forster resonance energy
transfer (FRET) pair of fluorescent molecules (Cy3 and Cy5)
on either side of DX 3 and DX 4 (Figure 3b). Since FRET is
dependent on the distance between the donor (Cy3) and
acceptor (Cy5), the distance difference between the ends of
DX 3 and DX 4 in the structures can be translated into
variations of the fluorescence intensity.41 From the fluo-
rescence spectra in Figure 3b, it was observed that the
fluorescent intensity of Cy5 (acceptor) was enhanced with a
decrease in the designed distance, suggesting a distance-
dependent FRET efficiency enhancement. The spacing
distances calculated by FRET efficiency in DX tile, 5 nt-DX
tile, 11 nt-DX tile, and 21 nt-DX tile were 3.6, 4.6, 5.3, and 7.3
nm, respectively, showing an increasing trend consistent with
our design (Figure 3c). Overall, the calculated values match
the simulated distances precisely in the case of the 21 nt-DX
tile. However, the discrepancy emerges as the designed spacer

Figure 4. Synthesis and characterization of four DNFbodies. (a) CDR3 and DNA ligation mediated by click chemistry and SMCC. (b)
Polyacrylamide gel electrophoresis (PAGE) of the CDR3-DNA conjugate (red dashed box). (c) High-performance liquid chromatography
characterizing CDR3-DNA ligation (red star showing the main product). (d) Cartoon of DNFbody with a CDR3 loop anchored on a DNA
framework. (e) PAGE analysis of DNFbodies and the DX tile.
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decreases. This may be attributed to the introduction of the C6
chain for fluorescent molecule modification and the flexible
oscillation of the two fluorescent molecules.
The CDR3 peptide was then designed to be grafted onto

different DX tile structures. A Cys residue (C) was added at
the C-terminal of CDR3 for maleimide-DBCO conjugation,
which allows for a copper-free click reaction with azide-labeled
DX 3. Then the N-terminal of CDR3 was covalently
conjugated to sulfhydryl-modified DX 4 with the help of the
heterobifunctional cross-linker SMCC (Figure 4a). The
product of the CDR3-DNA conjugation was confirmed by
PAGE and high-performance liquid chromatography (Figure
4b,c). Both the PAGE and HPLC results indicated that the
yield of the conjugation (DX 3-CDR3-DX 4) was less than
100%. Consequently, the conjugation product intended for
subsequent DNFbody synthesis was isolated and purified by
PAGE. Subsequently, by annealing the purified CDR3-DNA
conjugation product with the other constituent DNA strands
of the DX tile, different DNFbodies were synthesized (Figure
4d). Depending on the specific DNA framework used, these
DNFbodies were designated as 0 nt-DNFbody, 5 nt-DNFbody,
11 nt-DNFbody, and 21 nt-DNFbody, respectively. During
PAGE analysis, the migration of bands corresponding to
DNFbodies exhibited slower mobility in comparison to the
bands of the DX tile alone (Figure 4e and Figure S4). This
provides evidence that the CDR3 peptides were effectively
immobilized onto the DX tiles.
After synthesis of a sequence of DNFbodies featuring diverse

CDR3 conformations, an assessment was conducted to
ascertain their specificity and affinity in binding to their
antigen, HEWL (Figure 5a). First, the kinetics of the
interaction between the DNFbodies and HEWL was assessed
utilizing microscale thermophoresis (MST). The specific
binding data obtained from MST was subjected to fitting

using a 1:1 binding model. As depicted in Figure 5b, the fitting
yielded dissociation constants (Kd) of 26.6 ± 7.3 nM for 0 nt-
DNFbody, 8.5 ± 3.6 nM for 5 nt-DNFbody, and 64.9 ± 13.1
nM for 11 nt-DNFbody, which were found to be comparable
to the original cAb-Lys3-HEWL interaction (20−50 nM).42

The results revealed that all three DNFbodies exhibited the
ability to bind to HEWL, with the 5 nt-DNFbody
demonstrating the highest affinity to HEWL (∼3-fold
improvement compared to the natural antibody). Nevertheless,
the MST data obtained for the 21 nt-DNFbody could not be
adequately fitted into the binding model, indicating the
absence of binding between the 21 nt-DNFbody and HEWL
(Figure S5).
Given that the DNFbodies were specifically designed to bind

to the active cleft of HEWL, quantification of the binding
between DNFbodies and HEWL could be achieved by
evaluating the inhibition of HEWL’s bacteriolytic activity.
Figure 5c shows the activity profiles of HEWL after incubation
with different DNFbodies. The decreased slopes represent the
inhibition of HEWL activity due to binding with different
structures. It can be seen that DX 3-CDR3-DX 4 exhibits no
impact on the activity of HEWL, implying that CDR3 could
not bind to HEWL effectively without being attached to the
DNF scaffold. Besides, the DX tile could partially inhibit the
activity of HEWL due to the nonspecific protein adsorption of
the DNA nanostructure.43−45 DNFbodies featuring CDR3
conjugated on a DNA framework exhibited amplified
inhibition of HEWL activity. The statistical analysis of the
slope indicates that the four distinct DNFbodies exhibited
varying degrees of inhibition against HEWL, with 5 nt-
DNFbodies demonstrating the most efficient inhibition of
HEWL activity (Figure 5d). These findings collectively provide
evidence that diverse DNFbody structures exhibit varying
spatial configurations of CDR3. Among these structures, 5 nt-
DNFbody demonstrates the most favorable conformation for
facilitating the optimal binding with HEWL, while 21 nt-
DNFbody, due to its excessive terminal spacing, fails to adopt a
conformation conducive to interacting effectively with the
HEWL binding site.

■ CONCLUSION
In summary, we developed a novel approach to manipulate the
conformation of antibody CDRs using DNA frameworks. We
fabricated a series of DNA framework based artificial
antibodies exhibiting varied binding affinity toward the antigen
HEWL. This system has several advantages: first, compared to
other CDR grafting methods, our approach offers higher
spatial resolution for precise regulation of CDR loop span in
the sub-10 nm range at a resolution of a single nucleotide.
Second, DNA frameworks allow independent regulation of the
CDR conformation, enabling the effect of the CDR
conformation on antigen−antibody interactions to be
decoupled from other factors including CDR valency.
Moreover, individual DNFbodies can serve as modules to be
assembled into larger structures through base pairing between
the DX tiles, resulting in multivalent DNFbodies with a further
improved antigen-binding affinity. Further, DNFbodies, which
lack the Fc domain and are smaller in size compared with
natural antibodies, have the potential to exhibit reduced
adverse effects and improved tissue penetration. Consequently,
they present promising prospects for applications in in vivo
imaging and targeted drug delivery.

Figure 5. Interactions between DNFbody and HEWL. (b) MST
analysis and fitting curves of the kinetics of the binding between the
DNFbodies and HEWL. (c) Enzymatic activity assays of HEWL alone
and in the presence of DX tile, DX 3-CDR3-DX 4 and four
DNFbodies, respectively. (d) Statistical analysis of the slopes in the
enzymatic activity assays. Representative data are expressed as mean
± SD. Student’s t test was used to calculate statistical significance.
***P < 0.001, **P < 0.01.
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