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Abstract Antibodies against double-stranded DNA play an
important role in the pathogenesis of autoimmune diseases.
Structural analysis of antibody-DNA complexes contributes
to our understanding of the role of DNA-containing immune
complexes in human pathologies and may help in designing
novel treatments. In this paper, we study dynamics of the full-
atomic structure of the molecular complexes formed by an
antibody Fab fragment with double-stranded DNA, contain-
ing or not containing a thymine dimer. Molecular dynamics
simulations are used in conjunction with the Principle
Component Analysis technique. We found that removing a
covalent bond from the thymine dimer results in changes of
the structural dynamics of the light and heavy chains of Fab as
well as in the DNA strands. A significant increase in mobility
of the Fab light chain was observed throughout the entire
simulation runs with a higher amplitude of fluctuations at
the interface with DNA. Essential dynamics analysis of sim-
ulation trajectories of the antibody-dsDNA complexes shows
that fluctuations in the low-frequency eigenvectors are local-
ized at the ends of the DNA sequences, suggesting that these
bending motions are important for the DNA-antibody
interactions.
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1 Introduction

Antibodies against double-stranded DNA (dsDNA) play
an important role in the pathogenesis of autoimmune dis-
eases; for instance, anti-DNA antibodies are serological
hallmarks and key molecular markers for diagnosis and
estimation of disease activity in systemic lupus erythematosus
[1]. Elucidation of the structural mechanisms of an antigen
recognition and interaction of anti-DNA antibodies provides a
basis for understanding the role of DNA-containing immune
complexes in human pathologies and for developing new treat-
ments. The crystal structure of dSDNA containing a (4-6) pho-
toproduct in a complex with the Fab fragment of a monoclonal
antibody 64M-5 was determined at 2.5-A resolution [2].
However, X-ray crystallography data only show a static
antibody-DNA structure, whereas the binding mechanisms in
antibody—antigen interactions are dynamic in nature.
Computer-based molecular dynamics (MD) simulation allows
one to study the dynamic picture of antibody—antigen in-
teractions, and interpretation of the MD trajectories can
lead to better understanding of how antibodies perform
their biological functions.

A MD trajectory provides snapshots depicting a protein or
nucleic acid in multiple configurations with coordinates of
every atom saved at a given time intervals. These conforma-
tional ensembles are best represented by a vector space that
spans a large number of dimensions equal to the number of
degrees of freedom. Principal component analysis (PCA) is a
multivariate statistical technique applied to systematically re-
duce the number of dimensions needed to describe a
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biopolymer dynamics through a decomposition process that
filters observed motions from the largest to smallest spatial
scales [3]. The process of applying PCA to a protein or nucleic
acid trajectory is called essential dynamics (ED) since the
“essential” motions are extracted from the set of sampled con-
formations. The large-scale motions are often the most biolog-
ically relevant; therefore, only a small number of PCA modes
having the greatest variances are used to characterize large-
scale molecular motions [4]. Experience suggests that 3—5
dimensions are often sufficient to capture over 70 % of the
total variance in a given family of structures. Thus, a handful
of principal components are sufficient to provide a useful de-
scription, while still retaining most of the variance in the orig-
inal distribution [5].

The objective of this work was to elucidate atomic struc-
tural variations of the antibody-dsDNA complexes and the
details of interaction between the antibody Fab fragment
and the DNA strands, containing or not containing the thy-
mine dimer, using MD simulations followed by PCA of MD
trajectories. This technique previously proved to be useful in
describing essential motions in the antibody [6]. Here, we
apply it to extract the major components of the DNA motion.

2 Material and Methods

2.1 Preparation of Structures for MD Simulations

Three-dimensional crystal structure of a 64-M-5 Fab-antibody
[7] bound to a dsDNA fragment containing a covalent thy-
mine dimer was obtained from Protein Data Bank (PDB code:
3VW3) and used as a basic initial model. Amino acid residues
that are not resolved in the X-ray crystallography and hence
are missing in the crystal structure were added to the Fab
fragment as previously described [6]. The light and heavy
chains of the Fub fragment were then truncated in order to
reduce the system size, with 112 and 122 residues kept in the
light and heavy chains, respectively. The binding interface of
the Fab fragment with the DNA was far from the truncated
portions and remained unchanged. Two systems were pre-
pared for MD simulations: (i) Fab-DNALtt in which a covalent
bond between T9 and T10 in the DNA A-strand was retained
from the original 3VW3 structure and (ii) Fab-DNA without
the thymine dimer in the DNA A-strand. Both constructs were
solvated in TIP3P water boxes with the dimensions of 82.5 x

70 x 140.5 A and 75 x 72 x 120 A, respectively. Na* and CI”
ions were added at a concentration of 150 mM in order to keep
a physiological ionic strength. The final dissolved Fab-DNALt
construct contained 82,648 atoms and Fab-DNA contained
65,650 atoms. We minimized the energy of the system for
100,000 steps using a combination of conjugate gradient and
line search algorithms, which is a default option in NAMD
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[8]. Then, both constructs were heated up to 300 K with the
subsequent energy equilibration.

2.2 MD Simulations

Computation and trajectory analysis were made in the NAMD
2.10 CUDA multicore program [8] with the use of the
CHARMM 36 force field parameters [9, 10]. For the production
run, we used a time step of 1 fs with no rigid bonds enabled.
Throughout the simulation runs, the periodic boundary condi-
tions were used. Long-range electrostatics was computed using
a PME method. To control the pressure, a Berendsen barostat
was enabled with a target pressure set to 1 atm. Temperature
coupling was enabled and set to a target temperature of 300 K.
The durations of simulation runs were >50 ns for each construct
with and without the thymine dimer. Data processing and statis-
tical analysis were performed using the R language in the
RStudio software environment. We analyzed the root mean
square deviations (RMSD) and root mean square fluctuations
(RMSF) and made a comparison between the antibody-dsDNA
constructs, containing or not containing the thymine dimer, in
order to examine their structures and dynamic behavior. The
DNA-Fab interaction energies and forces were evaluated using
NAMD Energy Plugin, v. 1.4 in VMD. To study the protein and
the DNA collective motions, PCA was performed on trajectories
of the FabDNA(tt and FabDNA constructs using the Bio3D
package [5] and additional custom scripts in R and VMD [8].

3 Results and Discussion
3.1 RMSD and RMSF Analyses

The MD simulations enabled us to reveal some essential dy-
namic structural features of the complex formed by the anti-
body Fab fragment and the dSDNA with and without a pho-
toproduct, the thymine dimer. In order to study convergence
of both systems from the starting structure, RMSD for the Fab
chains and DNA strands were analyzed. In the RMSD plot
based on a representative trajectory, the light chain of the
FabDNA construct shows an increase in RMSD values in
comparison to the FabDNAtt construct observed till the end
of the simulation, and its RMSD distribution clearly shifted to
the right towards higher values (Fig. 1a). This increase in the
mobility indicates weakening of the contacts between the Fab
light chain and DNA when a covalent bond in the thymine
dimer is deleted. As for the heavy chain (Fig. 1b), during up to
a half of the simulation time, the deviation shows almost the
same profile of RMSD for both constructs, after which the
RMSD of the heavy chain in the FabDNAtt construct (con-
taining the thymine dimer) rises slightly, which is reflected in
the histogram (Fig. 1b). In Fig. 1c, the DNA A-strand in both
constructs shows similar RMSD profiles from the start till the
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Fig. 1 Left plots show root mean square deviations (RMSD) as a func-
tion of time for a representative 10-ns trajectory. RMSD computed for the
C, atoms of'the light (a) and the heavy (b) chains of the Fab fragment and
for all atoms of the DNA A-strand (¢) and B-strand (d). The plots on the
right show distributions of RMSD values with the dashed lines

end of simulation, and the DNA A-chain RMSD distributions
are almost the same. The A-chain in the FabDNA(tt construct
contains thymine dimers, which makes it rigid and bent, and
the DNA strands are flipped out when the Fab loop is inserted

representing kernel density functions. Data for the systems containing
the thymine dimer (FabDNALt) is shown in blue; data for systems where
the thymine-thymine covalent bond was removed (FabDNA) is depicted
in black

[2]. Breaking a covalent bond in the thymine dimer in the
FabDNA construct does not increase its flexibility, because
the loop remains at the nip between the DNA strands.
Compared to the A-strand, the B-strand deviations (Fig. 1d)
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vary from 2.5to0 5.5 A (versus 2 to 4 A for the A-strand), and
the B-strand in the FabDNALtt construct shows smaller devia-
tions than in FabDNA at the end of the simulation.

To reveal the most mobile groups of atoms and to identify
areas in Fab and DNA that undergo structural rearrangements
in response to formation or breakage of the thymine dimer, we
calculated the root mean square fluctuation (RMSF). RMSF
analysis of the Fab light and heavy chains showed a lower
degree of fluctuation in the area of contacts with DNA and in
the LCDR3 loop for the FabDNAtt construct (Fig. 2a) com-
pared to the FabDNA construct (Fig. 2b). This finding corrob-
orates that the thymine dimer in DNA reduces conformational
flexibility of the Fab-dsDNA complex and makes it more
rigid, whereas removal of the covalent bond in the dimer en-
hances conformational flexibility of the complex.

3.2 Principal Component Analysis

We performed an essential dynamics (ED) analysis to charac-
terize the dynamic mechanical properties of the constructs
investigated. In ED analysis, we applied a simple linear trans-
formation in the Cartesian coordinate space and the diagonal-
ization of the covariance matrix. It yields a set of eigenvectors,
which gives a vector depiction of every single component of
the motion indicative of the direction of motion. Within the
top eigenvectors, the first three account for a significant
amount of the overall motion in each case. Each eigenvector
has a corresponding eigenvalue, which describes the energetic
involvement of each component into the motion. We have
calculated the projection of MD trajectories for both con-
structs onto the first three principal components (PC1, PC2,
and PC3) in phase space. The contribution of each residue of
the Fab light and heavy chains to the first principal component
shows a different phase space behavior in the constructs with
and without the thymine dimer. For the Fab heavy chain,
flexibility of the amino acids residues in the regions of con-
tacts with DNA was reduced in FabDNAtt compared to the
FabDNA construct. The phase space behavior for the Fab
light chain in the area of contacts with DNA is less uniform.
It is noteworthy that the flexibility of amino acid residues of
LCDR?2 in the FabDNALtt construct is increased when com-
pared to FabDNA. ED analysis allowed estimation of the con-
tribution of each atom of the DNA A-strand (Fig. 2a) and B-
strand (Fig. 2b) to the first principal components. The DNA
strands show large fluctuations at the ends, suggesting a bend-
ing motion, while the region containing the thymine dimer
was more rigid. To further investigate a degree of rigidity of
these fragments and to identify rigid and flexible domains in
the DNA strands, we have calculated the atomic movement
similarity matrix using PCA of the structural ensembles and
analyzed resulting dynamics domains in VMD. In the
FabDNAtt construct, the least flexible was the region that
contained the thymine dimer and distorted base pairs around
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it (green color on Fig. 2¢, d). The dynamic domains located to
the left and to the right from the rigid domain (light grey and
dark grey on Fig. 2c, d) perform bending motions. Since these
parts of the DNA strands are complementary to each other, it
is a concerted movement: when the left and right dynamic
domains straighten the A-strand, they synchronically “bend”
the B-strand. It is noteworthy that the most mobile nucleotide
is cytosine on the B-strand’s 5'-end that increases the overall
degree of the B-strand flexibility (Fig. 2d). The removal of a
covalent bond of the thymine dimer results in a change of
structural dynamics of DNA in the complex with the Fab
antibody fragment (Fig. 2e, f). In particular, the dynamic do-
main at the 3'-end of the A-strand and the complementary
domain at the 5'-end of the B-strand become inflexible
(Fig. 2e, f, green), while the rest of the strands, including
thymines 9 and 10, undergo a concerted collective bending
motion.

3.3 Energy of the Fab-DNA Interactions

Differences in the structural dynamics of the DNA
strands are reflected in energy changes of the Fab-DNA
interactions in the constructs with and without the thy-
mine dimer. Deleting the covalent crosslinks between
thymine 9 and thymine 10 in the A-strand of DNA com-
plexed with Fab causes a significant increase of the non-
covalent interaction energy from —389.5+30.6 kcal/mol
in FabDNAtt to —255.8 +67.6 kcal/mol in FabDNA. The
analysis showed an increase in the interaction of van der
Waals (VdW) energy in the construct without thymine dimer
from —113.2 + 6.6 kcal/mol in FabDNAtt to —85.7 = 19.4 kcal/
mol in FabDNA. The calculated magnitude of the electrostatic
interaction between Fab and the DNA was —276.2 = 28.9 kcal/
mol for FabDNALtt, containing the thymine dimer, versus
—170.0 £50.5 kcal/mol for FabDNA without the thymine di-
mer. The electrostatic energy dynamics (Fig. 3a) and the VAW
energy dynamics (Fig. 3¢) during 50-ns MD simulations clearly
demonstrate that after 23-ns simulation of the equilibrium MD
the electrostatic and the VAW interaction energies increase in
FabDNA compared to FabDNAUt, and the energy distributions
(Fig. 3b, d) display a significant increase in the electrostatic and
VdW energies for the whole MD in FabDNA versus FabDNA(tt
(p value <2.2e-16 in a Welch Two Sample ¢ test). We have
determined the equilibrium Fab-DNA interaction energies ear-
lier [6]. In this study, the Fab light and heavy chains have been
truncated and, although the interface of the Fab interaction with
DNA was not affected in any way, now we have identified that
the removal of a covalent bond in the thymine dimer leads to
switching of the binding state, as evidenced by the bimodal
distribution of both electrostatic energy (Fig. 3b) and the energy
of the van der Waals interactions (Fig. 3d) in the FabDNA
construct without the thymine dimer. These results
confirm a higher affinity of the studied anti-DNA
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Fig. 2 Contribution of the DNA A-strand atoms (a) and B-strand atoms
(b) to the first principal component for the FabDNALtt (blue) and the
FabDNA (black) constructs. Location of the thymine dimer is indicated
by a brace. ¢ and d show domain and shear movements along the first
principal component of the DNA A-strand (¢) and B-strand (d) in the
FabDNALt construct. e and f show the same for the FabDNA construct.

antibody to photodamaged DNA because the binding
energy gets smaller when the photoadduct thymine di-
mer is removed. However, the remaining binding energy
suggests that the interactions between the antibody and
native dsDNA are still strong enough and basically cor-
respond to the existing data about DNA-anti-DNA inter-
actions [11-13], including DNA-hydrolyzing antibodies
that have a high affinity for the substrate-antigen [14].
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Blue arrows on ¢ to f indicate the direction of essential movements; blue
lines show the hinge regions. Green, grey, and white colors depict differ-
ent dynamic domains; green shows the least flexible region. The struc-
tures of the Fab-DNA complexes are ghosted; thymines 9 and 10 in the
A-strand are shown in a red ball-and-stick model

4 Conclusions

Using molecular dynamics simulations, we investigated at
atomic-level detail the interaction between the anti-DNA an-
tibody Fab fragment and double-stranded DNA. Analysis of
atomic fluctuations within the Fab-dsDNA complexes
disclosed a clear difference between the complexes that con-
tain or not contain the thymine dimer. An increase in mobility
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Fig.3 The dynamics of the electrostatic energy (a) and its corresponding
distributions with the dashed lines representing kernel density (b). The
data for the Fab DNA interaction in FabDNALtt are shown in blue, for

of the Fab light chain and the DNA strands upon deletion of
the thymine dimer was shown, indicating weakening of the
contacts between Fab and DNA when the covalent thymine-
thymine bond is removed. The latter structural modification
also causes a significant decrease of the binding energy, both
in its electrostatic and Van der Waals components. Essential
dynamics of the DNA strands in the Fab-dsDNA complexes
shows that fluctuations are localized at the ends of the DNA
strands, which corresponds to an increase in the amplitude of
the bending motion.
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