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Abstract Interactions of DNA with proteins are essential for
key biological processes and have both a fundamental and
practical significance. In particular, DNA binding to anti-
DNA antibodies is a pathogenic mechanism in autoimmune
pathology, such as systemic lupus erythematosus. Here we
measured at the single-molecule level binding and forced
unbinding of surface-attached DNA and a monoclonal anti-
DNA antibody MRL4 from a lupus erythematosus mouse. In
optical trap-based force spectroscopy, a microscopic antibody-
coated latex bead is trapped by a focused laser beam and
repeatedly brought into contact with a DNA-coated surface.
After careful discrimination of non-specific interactions, we
showed that the DNA-antibody rupture force spectra had two
regimes, reflecting formation of weaker (2040 pN) and stron-
ger (>40 pN) immune complexes that implies the existence of
at least two bound states with different mechanical stability.
The two-dimensional force-free off-rate for the DNA-
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antibody complexes was ~2.2 x 10> s, the transition state
distance was ~0.94 nm, the apparent on-rate was ~5.26 sfl,
and the stiffness of the DNA-antibody complex was charac-
terized by a spring constant of 0.0021 pN/nm, suggesting that
the DNA-antibody complex is a relatively stable, but soft and
deformable macromolecular structure. The stretching elastici-
ty of the DNA molecules was characteristic of single-stranded
DNA, suggesting preferential binding of the MRL4 antibody
to one strand of DNA. Collectively, the results provide funda-
mental characteristics of formation and forced dissociation of
DNA-antibody complexes that help to understand principles
of DNA-protein interactions and shed light on the molecular
basis of autoimmune diseases accompanied by formation of
anti-DNA antibodies.

Keywords DNA - Anti-DNA antibody - Single-molecule
force spectroscopy - Optical trap - Two-dimensional kinetics -
Nanomechanics

1 Introduction

Anti-DNA antibodies (Abs) are present in the blood of healthy
subjects and can play a protective role in antibacterial host
defense [1-3]. Some (patho)physiological conditions, such
as infection, pregnancy, emotional stress, and chemotherapy,
are characterized by a transient increase of the titers of anti-
DNA Abs in the blood that return to the baseline after elimi-
nation of the trigger [4, 5]. Anti-DNA Abs are constantly
present at a much higher level in the blood of patients with
autoimmune diseases, such as systemic lupus erythematosus
(SLE), rheumatoid arthritis, and multiple sclerosis, in cancer
and cardiovascular pathology [6—8]. Despite many studies on
anti-DNA antibodies, their roles in health and especially in
diseases remain largely unclear.
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The pathogenic potential of anti-DNA Abs depends on
their structural and molecular properties. Pathogenic Abs are
IgGs that have a high affinity and avidity to double-stranded
DNA (dsDNA); they often fix complement and can exhibit
cross-reactivity with other antigens (e.g., polynucleotides,
phospholipids, polysaccharides, proteoglycans, and proteins),
and mediate tissue damage [9—-15]. The structural basis and
mechanisms of the high affinity of pathogenic anti-DNA Abs
to the antigens are not fully understood. Anti-DNA reactivity
of Abs might appear as a result of a random hypermutation
process and anti-DNA Abs can be coded by mutated V gene
segments. Somatic hypermutations in certain positions and
particular amino acid residues within the Ab domains can
mediate and enhance the anti-DNA affinity which can be cru-
cial for DNA binding [16]. Non-pathogenic anti-DNA Abs do
not have nucleotide sequence specificity, while pathogenic
Abs have a preference for certain DNA sequences, such as
poly(dT) or poly(dG-dC) sequences [17, 18]. DNA-protein
and DNA-AD interactions are relatively strong as character-
ized by the following equilibrium kinetic parameters. An array
of anti-DNA Ab fragments from a phage-displayed homo-
VHD library binds to a terminal CTGC motif of 19-bp
dsDNA with a K4 of 255+ 10 nM [19]. Monoclonal Abs
(mAbs) from lupus-prone mice V-88 interacts preferentially
with the ds GC-rich structures with K4 of 18 £8.5 nM. The
calculated apparent dissociation rate constants (k.g) of the
same Ab for (G + C),s was equal to 5.3 x 10* ™' [20].

There are few studies on DNA-mediated interactions
employing single-molecule nanomechanical techniques, such
as the optical trap, magnetic tweezers, or atomic force micros-
copy (AFM) [21-23]. The main results of forced unbinding of
bimolecular DNA-protein and DNA-peptide complexes can be
summarized as follows. The binding strength of a selective
interaction between dsDNA and an engineered peptide p007
was 42.1 pN (single-bond rupture event). The force-free off-
rate (ko) was 0.32+0.53 s ', the transition state distance (@)
was 0.74 nm, and the mean lifetime (¢,¢) of the complex was
3.1 s [24]. These values are comparable with the values obtain-
ed in other DNA-peptide or DNA-protein systems measured at
the single-molecule level [25-28]. Forced unbinding studies of
DNA-protein complexes were complemented with imaging
techniques that enabled researchers to track random walks of
a repairing factor on DNA strands [29] and much more mech-
anistic details of individual DNA-protein interactions [30, 31].

Here we visualized bimolecular DNA/anti-DNA-anti-
body complexes and studied binding and forced unbind-
ing of single Ab and DNA molecules using optical trap-
based rupture force spectroscopy. We determined the
nanomechanical and kinetic parameters of interactions of
a monoclonal anti-DNA antibody MRL4 obtained from an
autoimmune lupus mice model with two types of dsSDNA
(containing single-stranded regions) with different molec-
ular weights from calf thymus or salmon testes. Namely,

the force-free off-rate for both surface-attached DNA-an-
tibody complexes was found to be ~2.2x 107> s™', the
transition state distance was ~0.94 nm, the apparent on-
rate was ~5.26 s ', and the average stiffness was
0.0021 pN/nm. The numbers suggest that both DNA-
antibody complexes are moderately stable, soft, and
deformable supramolecular structures that are separated
gradually into constituent macromolecules during rupture
from at least two bound states with different affinities.
The stretching elasticity of the DNA molecules suggests
preferential binding of the MRL4 antibody to one strand
of DNA. The results obtained provide fundamental
characteristics of formation and dissociation of DNA-Ab
complexes that underlie immunological reactions in auto-
immune diseases associated with production of antinucle-
ar antibodies and immune DNA-Ab complexes.

2 Materials and Methods

2.1 DNA Preparations from Calf Thymus and Salmon
Testes

Commercial calf thymus (ctDNA) highly polymerized
dsDNA Na-salt (SERVA, Germany) and salmon testes
(stDNA) DNA (Calbiochem—EMD Millipore, USA) were
used as antigens to form immune complexes with antibodies.
As determined by agarose gel electrophoresis, the average
molecular weight for stDNA was near 140 base pairs (bp)
(from 250 to 100 bp) and for ctDNA near 11,000 bp (from
15,000 up to 850 bp) and a large amount of DNA was stuck on
top of the gel due to its high molecular weight (Fig. 1).
Hyperchromicity of the DNA preparations was estimated by
the changes in absorbance at 260 nm recorded from 25 to
95 °C on a Shimadzu UV-1800 (Japan) spectrophotometer.
The hyperchromicity was approximately 13 and 33 % for
stDNA and ctDNA, respectively, suggesting that the DNAs
were double stranded but contained single-stranded regions.
This was confirmed by using the Qubit single-stranded DNA
(ssDNA) Assay Kit (Molecular probes, Life technologies,
USA) and Qubit 2.0 fluorometer (Invitrogen, USA) that
revealed a substantial fraction of ssDNA exceeding 30 % in
both DNA preparations. Purity of the DNAs was confirmed
by the A,e0/Asgp ratio, which was equal to 1.84 and 1.89 for
stDNA and ctDNA, respectively.

2.2 Purification and Characterization of a Monoclonal
Anti-DNA Antibody MRL4

Stably transfected CHO-K1 cell line (ATCC CCL61) produc-
ing a MRL4 monoclonal anti-DNA Ab [32] were cultured in
advanced DMEM with 10 % (v/v) FBS, L-glutamine, and
0.7 mg/mL Zeocin (2 mM) at 37 °C, 5 % CO,, and 95 %
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Fig. 1 Electrophoresis of stDNA
(a) and ctDNA (b) in 2 0.6 %
agarose gel stained with GelRed
Nucleic Acid Gel Stain (Biotium,
USA). The size of molecular
weight markers (lower lanes) is
shown in base pairs (bp). The
plots over the gels represent
optical density profiles for the 2000~
DNA bands
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humidity. Large-scale production of the recombinant antibod-
ies was carried out in 225-cm? flasks (Corning, USA) with
Pro-CHO 5 serum-free medium (Lonza, Switzerland). The
MRL4 Ab was purified from the culture medium using a
protein G-coupled resin (Pierce). The level of Ab production
was estimated by ELISA. The purity of the Ab was demon-
strated by SDS-PAGE (Fig. 2). The final preparation of Ab
was dialyzed against 0.055 M borate buffer (pH 8.5) and pro-
tein concentration was determined by NanoDrop 2000
(Thermo Sci., USA) using the extinction coefficient of 1.37
for a 1 mg/ml IgG at 280 nm for a 10-mm beam path length.

2.3 Optical Trap-Based Model System to Study
Single-Molecule Force Spectroscopy of the DNA-Antibody
Interactions

Single-molecule interactions of DNA with an anti-DNA-Ab
MRL4 were investigated with an optical trap-based model
system described in detail elsewhere [33, 34]. For these stud-
ies, two contacting surfaces were coated, each with one type
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Fig. 2 PAAG (12.5 %) of purified monoclonal recombinant anti-DNA
IgG MRLA4. Stained by Coomassie R-250. Heavy chain (Hc) and light
chain (Lc) of MRL4 are seen. Purity >95 %. The left line (MW) shows
molecular weight markers
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of the interacting molecules. DNA was immobilized covalent-
ly on the bottom-attached silica beads (named pedestals),
while antibodies were bound covalently to freely moving latex
beads. Under microscopic control, an Ab-coated latex bead
was trapped in a fluid chamber by a focused laser beam and
moved in an oscillatory manner so that the bead was tapping a
stationary DNA-coated pedestal anchored to the inner surface
of a flow chamber (Fig. 3). When an Ab molecule on the bead
interacted with a DNA molecule on the pedestal, the tension
was produced while the bead was displaced from a laser focus
until the DNA-antibody complex finally ruptured. The force
applied to this complex was displayed as a force signal that
was proportional to the strength of DNA-antibody binding.
Rupture forces from many repeated interactions were collect-
ed and displayed as normalized force distribution histograms
for each experimental condition.

2.4 Immobilization of DNA on Polyacrylamide-Coated
Silica Pedestals

Spherical silica pedestals 5 um in diameter were fixed at
the bottom of a flow chamber by coating with a thin layer
of polyacrylamide gel as described elsewhere [35]. The
surface of the pedestals was activated with 12.5 % glutar-
aldehyde for 2 h at 4 °C. After thorough washing (20x
chamber volume) with 0.055 M borate buffer, pH 8.5
(binding buffer), a DNA solution was inserted into the
chamber at a saturating concentration of 0.3 mg/ml of
ctDNA or 1 mg/ml of stDNA in the binding buffer and
allowed to immobilize on the pedestals overnight at 4 °C.
After washing the chamber with 20 volumes of the bind-
ing buffer to remove unbound DNA, 1 M ethanolamine in
the binding buffer was added as a blocker and incubated

focused
laser beam

antibody-
coated bead

Fig. 3 Schematic of the experimental model for investigation of single-
molecule DNA-ADb interactions (not to scale). An Ab-coated latex bead
was trapped by an oscillating focused laser beam and touched repeatedly
to a stationary DNA-coated silica pedestal. A tensile force is generated
when DNA and antibody bind while the bead moves away from the
pedestal and get displaced from the focus of the beam

for 1 h at 4 °C to inactivate residual aldehyde groups on
the surface. Before measurements, the flow chamber was
washed and equilibrated with 20 volumes of 0.02 M 2-(N-
morpholino)ethanesulfonic acid (MES), pH 5, containing
100 mM NaCl, and 0.025 % (v/v) Tween 20 (working
buffer). The covalent immobilization of DNA was con-
firmed by staining the pedestals with acridine orange or
Sibr Green II followed by examination by fluorescent
confocal microscopy (LSM 510 META, HeNe laser with
A =488 nm, intensity 3 %) (Fig. 4).

2.5 Coating Latex Beads with Antibodies

Abs were bound covalently to carboxylate-modified 2-um
latex beads (Bangs Laboratories, Inc.) activated in suspension
(0.2 % solids) with N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (3 mg/ml, 15 min at
room temperature) in 0.1 M MES, pH 5.2. After washing
the activated beads with 0.055 M borate buffer, pH 8.5,
by centrifugation/resuspension, the Abs were added at a
final concentration of 20 pg/ml and incubated with stir-
ring for 30 min at room temperature. Then the beads were
incubated for 40 min at 4 °C in the binding buffer with
0.5 M ethanolamine as a blocker to deactivate residual O-
acylisourea groups on the surface of the beads. Before the
measurements, the beads were centrifuged and resuspend-
ed in 0.02 M MES, pH 5, containing 100 mM NaCl, and
0.025 % (v/v) Tween 20 (working buffer) at a final con-
centration of 107/ml and were flowed into a microscopic
chamber with bottom-attached pedestals coated with
covalently bound DNA. Under the conditions of bead ac-
tivation and protein immobilization used in this study, the
surface density of antibodies was estimated to be roughly
equal to 3000 molecules/um?* as determined earlier for
platelet integrin molecules [36].

2.6 Measurements of the DNA-Antibody Rupture Forces,
Data Processing, and Analysis

To measure the rupture force between DNA and Ab, an
antibody-coated bead trapped by the laser light was
brought to a distance of 2 to 3 um from the DNA-
coated pedestal. After oscillation of the bead was initi-
ated, the bead was brought into contact with the pedes-
tal by micromanipulation using a keyboard-controlled
piezoelectric stage. Data collection was initiated at the
first contact between the bead and the pedestal. Rupture
forces following repeated contacts between the pedestal
and the bead were collected for several minutes and
were displayed as normalized force histograms for each
experimental condition. Because only a small percentage
of contact/detachment cycles resulted in effective DNA-
Ab binding/unbinding, data from at least 10 experiments
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Fig. 4 Immobilization of stDNA
(a, b) and ctDNA (c, d) on
clustered polyacrylamide-coated
glutaraldehyde-activated silica
pedestals. a and ¢ show images of
the DNA-coated pedestals in a
bright field mode. b and d show
fluorescent images of the same
pedestals with covalently
immobilized stDNA stained by
Sibr Green II (b) and ctDNA with
acridine orange (d). The
fluorescence intensity of control
images (DNA physisorption onto
non-activated polyacrylamide
silica pedestals and
glutaraldehyde-activated
polyacrylamide-coated pedestals
without DNA) were negligible
(not shown). Scale bar, 10 um

representing 2 x 10°~2 x 10* individual measurements
were combined. Individual forces measured during each
contact-detachment cycle were collected into 5 pN-wide
bins. The number of events in each bin was plotted
against the average force for that bin after normalizing
for the total number of interaction cycles. The percent-
age of events in a particular force range (bin) represents
the probability of rupture events at that tension. Optical
artifacts observed with or without trapped latex beads
produce signals that appeared as forces below 10 pN
[35]. Accordingly, rupture forces in this range were
not considered when these data were analyzed.
Measurements were performed in the working buffer
(0.02 M MES, pH 5, containing 100 mM NaCl, and
0.025 % (v/v) Tween 20). The position of the optical
trap and an IgG-coated bead was oscillated in a trian-
gular waveform at 5 Hz with a 1.6-um peak-to peak
oscillation amplitude corresponding to a pulling speed
of 12 um/s and loading rate of 1200 pN/s with a trap
stiffness of 0.1-0.2 pN/nm as computed from the band-
width of Brownian motion. The average duration of
contact between interacting surfaces was 0.022
+0.004 s. Force signals were collected at 2000 scans
per second (0.5 ms time resolution).

2.7 Kinetic Analysis of the DNA-Antibody Interactions

To study the two-dimensional kinetics of DNA-antibody in-
teractions, data analysis was performed using Bell’s model to

@ Springer

extract kinetic parameters. According to the Bell’s formalism,

kot = ko exp(vf/k;ﬂ) (1)

which relates the off-rate k,¢ with a tensile force f. This
relation governs the dissociation transition from the bound
state (B) to the unbound (dissociated) state (U). Here, the
pre-factor kq is the force-free bond breakage rate (off-rate
at a zero force), v is the distance between the energy
minimum of the bound state and the transition state, kg
and 7 are the Boltzmann constant and absolute tempera-
ture, respectively. In writing Eq. (1), it is assumed that the
transition state distance 7y does not change much with the
applied force as would be the case for a sharp transition
[37]. In the presence of pulling force, the probability of
rebinding is small, and the kinetic rate for the reverse
association process or on-rate k,, can be neglected.
Under these conditions, the probability density function
of unbinding forces is given by the equation

A e o )

where g is the force-loading rate. This expression for P
(f) is obtained if we substitute 1 = % in Eq. (32) of Tees
et al. [38] and adjust the constant in the front such that the
probability density function P(f) is normalized. In Tees
et al., Eq. (32) is for p(z), the probability density function
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for the time ¢ to failure for the case in which a bond is
loaded by a force ramp starting at zero initial force. It
was derived using “reliability theory” adapted to ligand
receptor dissociation and verified using Monte Carlo sim-
ulations. In the kinetic analysis and modeling of the re-
sults of experimental measurements, this equation was
used to fit the histograms of rupture forces in order to
estimate the force-free off-rate k¢ and the transition state
location ~.

After we have obtained force-free off-rate k¢ and the tran-
sition state location -y, we can obtain the force-free kinetic rate
for association k,, using the experimental value of the binding
probability Ph(f) measured at time ¢, expressed in terms of ko
and k,, by the following equation

Py(t) = (kon/ (kon + kotr) )+ (1—exp(—(kon + koft)?)) 3)

where Py(f) can be measured at time ¢, ks is obtained by
fitting histograms of rupture forces. We thus can calculate
kon using this equation.

2.8 Atomic Force Microscopy

To visualize DNA-antibody complexes with atomic force mi-
croscopy, ctDNA (10 pg/ml) or stDNA (1 pg/ml) were incu-
bated with mAb MRL4 or normal IgG (50 pg/ml) in a PBS
buffer (pH 7.2) for 3 h at 37 °C. Separate Ab and DNA solu-
tions were used for imaging control. To visualize DNA-Ab
complexes, the samples containing 5 mM MgCl, were placed
onto freshly cleaved mica, incubated for 3—5 min at room
temperature, washed by water, and dried in air. DNA and
Abs were visualized using a MFP-3D atomic force micro-
scope (Asylum Research, USA) in the tapping mode in air
with a typical scan rate of 1 Hz. Rectangular silicon cantile-
vers AC160TS-R3 (Olympus) with tip radius 9 nm (k=26 N/
m, f=300 kHz) were used. Images were processed with
IgorPro 6.3.7.2. software.

2.9 Transmission Electron Microscopy

To further study topology of the DNA-Ab interactions,
ctDNA (0.15 mg/ml) was incubated with Abs (0.15 mg/ml)
in a 0.055 M borate buffer (pH 8.5) for 3 h at 37 °C. Separate
Abs and DNA solutions were used for imaging control. The
samples were diluted with 50 mM ammonium formate
containing 33 % (v/v) glycerol, pH 7, to a final concentration
of ~30 ug/ml for DNA and ~30 pg/ml for antibodies and
sprayed onto freshly cleaved mica. The samples were rotary
shadowed using tungsten overlaid with carbon in a vacuum
evaporator (Dayton Vacuum, USA). Shadowed molecules
were examined and photographed in the transmission electron
microscope JEM-1200 EX (JEOL, Japan).

3 Results

3.1 Visualization of Bimolecular DNA-Antibody
Complexes

To confirm DNA-binding activity of the anti-DNA Ab MRL4
used in this study and to reveal the topology of the DNA-ADb
interactions, we used AFM and transmission electron micros-
copy (TEM) of DNA incubated with anti-DNA Abs.
Typically, complexes of DNA with Ab molecules formed in
the middle of a DNA loop (Figs. 5a, b, 6a). The DNA-bound
Ab molecules were visually identical by size, shape, and elec-
tron density to control single-molecule images obtained from
the same Ab preparation without DNA (Figs. 5c, 6b). The
DNA molecules were easily visualized in control TEM im-
ages of pure ctDNA (Fig. 6¢). As shown by AFM and TEM,
monoclonal anti-DNA Ab MRL4 incubated with ctDNA and
stDNA were mainly bound to the middle part of DNA mole-
cules. In control experiments with IgG isolated from the blood
of healthy humans, no binding to DNA was observed.

3.2 Non-specific Surface-to-Surface
and Protein-to-Surface Background Interactions

To assess the background noise and discriminate non-specific
protein-surface interactions from specific binding of an Ab to
DNA, control rupture force measurements were performed
between pedestals and beads where the possibility of Ab-
antigen reactions was excluded. The following pairs of
interacting surfaces were analyzed using optical trap-
based rupture force spectroscopy: (i) uncoated pedestals
and uncoated beads; (ii) uncoated pedestals and non-
specific IgG-coated beads; (iii) uncoated pedestals and
beads coated with the monoclonal anti-DNA antibody
MRL4; (iv) DNA-coated pedestals and uncoated beads
(Fig. 7, Table 1). The force histograms obtained show that
the rupture forces <20 pN were present with a high prob-
ability in all the histograms, meaning that they were
required to break non-specific bonds. Therefore, these
forces were excluded from further analysis. The non-
specific background between uncoated surfaces (Fig. 7a)
showed up as weaker forces with a steep exponential
displaying rapidly decreasing probability up to 30 pN.
IgG-immobilized beads and uncoated pedestals in addi-
tion to weak <20 pN forces generated somewhat higher
rupture forces of 20-40 pN (Fig. 7b). Monoclonal anti-
DNA Ab MRLA4 interacted with uncoated pedestals with a
higher rupture forces ranging up to 45-50 pN (Fig. 7c).
Uncoated beads interacted with DNA on pedestals with
forces reaching 55 pN (Fig. 7d). Despite variations in
the reactivity of the control surfaces, the vast majority of
non-specific and non-immune background interactions were
represented by forces below 40 pN with exponentially
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Fig. 5 a Typical AFM images of ctDNA-anti-DNA antibody MRL4
complex (arrows); b stDNA-MRL4 complex (arrows); ¢ anti-DNA
antibodies MRL4 alone (arrows, control). Scale bar, 100 nm

decreasing probability. These observations were confirmed by
the overall cumulative binding probability of control rupture
force measurements (Table 1). It is noteworthy that in the
control measurements the cumulative binding probability of
the forces 2040 pN did not exceed 5 %, while for the forces
>40 pN the highest cumulative probability was 0.5 %. These
numbers characterize the incidence of non-specific surface-to-
surface and protein-to-surface background interactions typi-
cally measured by the instrument.
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Fig. 6 a Representative ctDNA—anti-DNA Ab complex (arrow); b

isolated anti-DNA Abs (arrows); and c¢ isolated ctDNA, visualized by
transmission electron microscopy. Scale bar, 100 nm

3.3 Specific Interactions of the Monoclonal Anti-DNA
Antibody MRL4 with ctDNA and stDNA

To determine the rupture force profile of DNA-Ab complexes,
we measured the interactions of two types of DNA (stDNA
and ctDNA) with a highly specific monoclonal anti-DNA Ab
MRLA4 (Fig. 8). The rupture force profiles for the sStDNA-Ab
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and ctDNA-AD interactions were similar and characterized by
a broad force spectrum up to 65-70 pN with a relative prefer-
ence towards ctDNA (Table 1). Based on the control experi-
ments, we segregated this force profile into three parts corre-
sponding to weak non-specific forces <20 pN (excluded from
the analysis), intermediate forces 2040 pN, and strong forces
>40 pN. The cumulative binding probability for the interme-
diate and strong forces are shown in Table 1. Two main fea-
tures were revealed that made the DNA-antibody force spectra
different from the controls (Fig. 7). First, the specific interac-
tions were characterized by a pronounced peak of strong
forces >40 pN (cumulative probability 11-12 versus 0.5 %
in control) with the most probable forces peaking at 55—
60 pN. Second, the intermediate interactions 20—40 pN were
3-3.5-fold more frequent than in the non-specific controls
(14-18 versus 5 % in control) (Fig. 8a, b; Table 1).
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To correct for non-immune DNA-IgG interactions, we per-
formed control measurements of both stDNA and ctDNA with
non-specific immunoglobulins (IgG) (Fig. 8c, d). Although
the overall reactivity of the DNA- and IgG-coated surfaces
was much higher than in the control experiments shown in
Fig. 7, the cumulative binding probabilities for both parts of
the force spectra analyzed were substantially lower than for
the DNA-MRL4 Ab interactions (Fig. 8a, b). The differences
were especially pronounced for the strong forces (~1 versus
11-12 % for DNA-IgG and DNA-MRL4 interactions, respec-
tively), indicating that the forces >40 pN reflect the specific
portion of DNA-AD interactions. The cumulative binding
probabilities of the intermediate forces were also distinct (9
versus 14—18 % for DNA-IgG and DNA-MRL4 interactions,
respectively). Thus, the rupture force profile of specific DNA-
AD interactions was quite different from all non-specific non-
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Table 1 Cumulative binding

probability for interacting Interacting molecular pairs and control uncoated surfaces ~ Cumulative probability, % Figure(s)
surfaces, uncoated and coated (mean + SEM)
with various immunoglobulins
and DNA Forces 2040 pN  Forces >40 pN
Controls for non-specific surface-to-surface interactions
No DNA and no Abs 0.5+0.3 02+0.1 7A
No DNA and IgG 35+£1.2 0.11£0.05 7B
No DNA and MRL4 anti-DNA monoclonal Ab 48+24 04+0.2 7C
stDNA® and no Abs 1.7+0.7 04+0.2 7D
ctDNA® and no Abs 1.84+0.8 0.5+04 7D
Controls for non-immune DNA-protein interactions
stDNA and IgG 92+1.1 1.3+£02 8C and 9A
ctDNA and IgG 93+2.1 1.1+£0.3 8D and 9B
Specific DNA-Ab interactions
stDNA and anti-DNA mAb MRL4 14.1+£1.7 11.6+8.6 8A and 9A
ctDNA and anti-DNA mAb MRL4 18.1+1.6 10.9+4.6 8B and 9B

# Salmon testes DNA
® Calf thymus DNA

immune interactions and did not depend much on the type of
DNA studied.

The relative reactivity of various 1gGs studied towards two
different types of DNA is summarized in Fig. 9. The height of
the bar reflects the overall probability of forces >20 pN. Each
bar is segregated into intermediate (gray) and strong (black)
force regimes. It is clear that anti-DNA Abs have a much
higher reactivity for DNA compared to non-immune control
interactions. The DNA-mAD interactions were characterized
by the stronger and specific binding interactions both for
stDNA and ctDNA.

3.4 Analysis of the Kinetics of the DNA-Antibody
Interactions

In the raw data, we typically have two peaks in the histo-
grams of unbinding force. The first peak is around 10 pN
and the second peak is around 55 pN (Fig. 10). It has
been shown earlier that the first peak corresponds to
non-specific interactions between the bead and the pedes-
tal. We used the probability density function of unbinding
forces (Eq. 2) from Bell’s model [39] to fit the second
peak of the histogram. We then analyzed the kinetics of
DNA-antibody interactions using a force-free kinetic rate
to obtain the association (on-rate) k., [34].

From the experiment, the loading rate is 7= 1200 pN/s.
We left the dissociation rate k, and transition state position y
as fitting parameters for the histograms obtained from the
experiments. We used a nonlinear least squares method to fit
the data with Eq. (2). Figure 10 shows two examples of fits to
the histograms. We have chosen the bin size of the histogram
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Fig. 9 Average cumulative binding probabilities for various
immunoglobulins interacting with stDNA (a) and ctDNA (b). The
intermediate forces from 20 to 40 pN are in gray and strong forces
>40 pN are in black. (1) Non-specific interactions (mean of all
interacting surface pairs shown in Fig. 8); (2) a monoclonal anti-DNA
Ab MRL4; (3) IgG, a control for non-immune interactions
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Fig. 10 Rupture force histograms (bars) and Bell’s model fits (curves)
from two representative fitting exercises for the peaks of specific DNA-
Ab forces >40 pN (inserts). a Fitting parameters are rg= 1200 pN/s,
kp=0.0012 s, v=0.979 nm; b fitting parameters are 5= 1200 pN/s,
ko=0.0026 s, v=0.91 nm

according to the method that minimizes adaptive mean inte-
grated squared error [40].

With the above estimates for k., we used Eq. (3) to esti-
mate k,, . From the experiments, we have P,(f) =0.11 £ 0.05
and 7= 0.022 + 0.004 s. Substituting these values together with
kon obtained from histogram fitting and k.= ko (zero force),
we get ko =526+2.5s".

Various shapes of DNA-antibody forced unbinding signals.
For quantitative analysis of the rupture force spectra, we used
ramped force unbinding signals that were computationally
recognized and processed. A typical single force signal
(Fig. 11a) shows a small positive peak that reflects a
compressive force exerted by a trapped bead on a pedes-
tal. The large negative peak has a linear decay that reflects
a ramping force that increases until the antigen-Ab

complex yields to this force, after which the signal returns
to zero. When the bead and pedestal touch each other
repeatedly, the signals described appear every time when
a DNA-ADb complex is formed and dissociated by the ten-
sile force. These signals comprise the main source of
quantitative information characterizing the probability
and strength of the antigen-Ab interaction.

In addition to these major signals, we observed visually
a number of unusual signals with a more complicated
profile. These unusual signals comprised about 10 % of
all unbinding events and were automatically excluded
from the data analysis for rupture force spectroscopy.
The uncommon signals shown in Fig. 11b—g could be
grouped as follows: (i) jagged two-step signals
(Fig. 11b); (ii) signals deviating from the linear ramp
force (elastic elongation) (Fig. 11c); (iii) signals with a
rupture-force plateau (isometric stretching) (Fig. 11d);
(iv) complex combined signals (Fig. 1le—g). It is clear
that each type of the nonlinear rupture force signals
reflects a distinct unbinding scenario with underlying mo-
lecular mechanisms. The jagged signals reflect multistep
unbinding due to multiple intermolecular interactions,
likely originating from the bivalent nature of antibodies
and/or a high surface density of DNA. The nonlinear un-
binding force signals reflect molecular deformations
(elastic or non-elastic) that precede the rupture event.
Such complicated nanomechanics is most likely attributed
to elongation of DNA molecules and can provide impor-
tant information about the viscoelastic properties of DNA,
Abs, and their complexes, which we analyze below. Of
note, the variability of the types of unbinding signals ob-
served in this work suggests that they reflect complex
unusual mechanisms of binding and forced unbinding of
DNA-antibody immune complexes.

3.5 Nanomechanics of DNA During Forced Unbinding
of DNA-Antibody Complexes

We modeled the DNA molecule as being in series with a
“spring” that represents the stiffness of the optical trap
(Fig. 12). The extension is the sum of the extension of DNA
molecule as well as that of this “spring.”

Since the trap is being pulled with a constant velocity v, we
can write:

x(t) = x1(¢) + x2(8) = vt (4)

Here x; is the extension of the DNA and x, is the
displacement of the optical trap from the center of the
laser beam. In our experiments, the DNA is a mixture
of single- and double-stranded DNA. Double-stranded
DNA has Kuhn length about 100 nm and extensional
stiffness about 1400 pN [41], while single-stranded
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Fig. 11 Data traces extracted from raw files showing various types of
rupture force signals generated by the optical trap during forced
unbinding of DNA-Ab complexes. The binding/unbinding events were
detected as voltage signals calibrated in force units. Positive peaks reflect
a compressive force exerted by a trapped bead on a pedestal upon
touching. a Negative linear signal reflecting a one-step single-molecule
unbinding event; b jagged two-step signal indicative of multiple

DNA has Kuhn length about 1.5 nm and extensional
stiffness around 48 pN [42]. Thus, independent of
whether a small or large fraction of single-stranded
DNA is present, we expect that most of the compliance
comes from single-stranded DNA. So, we assume a
freely jointed chain model for the dependence of x; on
F. The trap stiffness is K, so that displacement
x>(t)=F/K,. Plugging these into the expression for x
above we get the following relation between the force
F as a function of time ¢

= L oo (£2) 2T ), »

va v kBT Fb K()

where L, is the contour length of the single-stranded
DNA (ssDNA), b is its Kuhn length, and K, is the
stiffness of the ssDNA. In reality, the stiffness K, con-
tains contributions from ssDNA as well as the DNA-Ab
complex. We will come back to this point later. In the
experiments v=12,000 nm/s, 7=300 K, and the trap
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interactions and stepwise unbinding; ¢ a signal showing elastic
elongation preceding unbinding; d signal with a rupture-force plateau
(isometric stretching); e—g complex signals with a combination of
unbinding scenarios: isometric stretching with elongation (e); isometric
stretching and stepwise unbinding (f); isometric stretching, stepwise
unbinding, and elastic elongation (g)

stiffness is Kr=0.1 pN/nm. We leave b, K, and L, as fitting
parameters. The lengths L are known to lie in a certain range
for both stDNA and ctDNA, so we provide this range as a
constraint to the fitting algorithm, for ctDNA its 600-6000 nm
and for stDNA its 30—100 nm. We find that 1.5 nm < b <3 nm
which is very close to 1.5 nm for ssDNA [42] and K, is in the
range from 0 to 10 pN, which is on the order of its true value.
This is consistent with our assumption that most of the com-
pliance in these experiments comes from ssDNA. Some of
these fits for both stDNA and ctDNA are shown in Fig. 12.
In order to confirm that double-stranded DNA makes no con-
tribution to the compliance, we also tried an extensible worm-
like-chain model [41] for x(F), but found that it does not give
good fits to extension data. From the range of Kuhn lengths
obtained in our fits, we surmised that either one or two strands
of ssDNA are being extended by the optical trap.

The K| calculated above is the composite stiffness of two
springs in series—the ssDNA and the DNA-Ab complex. So
we can use values for K, from our fits and values for the
extensional stiffness of the ssDNA to estimate the stiffness
of the DNA-Ab complex. From [42] we obtain the stiffness
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for ssDNA Kp =48 pN. We used the following equation to
calculate the stiffness of DNA-Ab complex:

I N
KO/LO 1<D/L0 K¢’

where K¢ is the stiffness of the DNA-Ab complex and K, was
obtained by fitting the experimental data. Stiffness appears in
the denominator in Eq. (6); since the extensional stiffness of
double-stranded DNA is very large in comparison to single-
stranded DNA, it will make a negligible contribution, and is
hence excluded from Eq. (6). Even though the contour lengths
for stDNA and ctDNA are different, we find that K- varied
only over a small range. We find that the average stiffness of
the DNA antigen-antibody complex is Kc=10.0021
+0.0003 pN/nm, which varies over a small range and is much
smaller than the stiffness of the optical trap.

(6)

4 Discussion
4.1 Importance of DNA-Ab Interactions
Mechanisms of antigen-Ab interactions are a fundamental

problem of molecular immunology and molecular biology
because it is a general model system to study specific

Force (pN)

biomolecular recognition. DNA is a very special type of
antigen, and information about DNA-containing immune
complexes is particularly important in at least two re-
spects. First, DNA-AD interactions exemplify DNA-
protein interactions that underlie many key biological pro-
cesses, such as transcription, regulation of a gene expres-
sion, etc. Second, formation and properties of DNA-Ab
complexes are important pathogenic factors because anti-
DNA Abs are produced in autoimmune diseases as a part
of antinuclear Abs in response to tissue damage and ex-
posure of nuclear antigens to blood [12, 16]. SLE is an
autoimmune connective tissue disease that is character-
ized by the production of anti-DNA IgG antibodies and
formation of immune Ab-DNA/nucleosome complexes
that mediate inflammation in organs, for example in the
kidney, thus inducing a serious complication of SLE
known as “lupus nephritis” [43, 44]. Mechanisms of
anti-DNA antibody production and the basis of their path-
ogenicity remain largely unknown. There are no exact
properties that would allow us to distinguish non-
pathogenic versus pathogenic anti-DNA Abs and their
complexes with polynucleotide antigens. Therefore, un-
derstanding the molecular characteristics of pathogenic
DNA-ADb complexes, including mechanisms of their for-
mation and dissociation, are very important. The main
goal of this research was to determine quantitative as well
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as qualitative characteristics of the interactions of a mono-
clonal anti-DNA IgG antibody with DNA at the single-
molecule level.

4.2 A Model System for Single-Molecule Force
Spectroscopy

Here we used a recombinant humanized monoclonal anti-
DNA IgG Ab MRL4 obtained initially from an autoimmune
lupus mouse model [32]. MRL4 contains V domains which
differ by only few residues from Vy and Vi of a DNA-
hydrolyzing autoantibody BV04-01 from lupus-prone mouse
[45]. The MRL4 Ab is highly specific for both ssDNA and
dsDNA with preferential binding to ssDNA [46]. Abs against
both ssDNA and dsDNA, like mAb MRL4, may be involved
in the development of SLE because they were isolated from
the kidneys in murine SLE models and SLE patients [12, 47].

To obtain precise nanomechanical and kinetic characteristics
of the DNA-ADb interactions, we measured the binding of mAb
MRLA4 to DNA at the single-molecule level while minimizing
effects of avidity and other auxiliary intermolecular interac-
tions. To explore the bimolecular DNA-mAD interactions, we
measured their binding and unbinding using optical trap-based
force spectroscopy, a biophysical methodology that we devel-
oped previously and applied successfully to quantify several
different protein-ligand interactions [33—35]. Basically, in this
technique, a microscopic Ab-coated latex bead is trapped by a
focused laser beam and repeatedly brought into contact with a
DNA-coated pedestal. When the Ab on the bead binds non-
covalently to the DNA on the pedestal, the bead is displaced
from the moving optical trap center to generate a pulling force
that increases linearly until the moment of forced dissociation
of the complex (Fig. 3). The binding probability and the rupture
forces are then measured to characterize the interaction proper-
ties of the Ab and the antigen (DNA). It is noteworthy that, in
addition to the optical trap, AFM-based rupture force spectros-
copy has been widely used to study individual protein-ligand
interactions [24-26, 28, 48]; however, the optical trap is more
sensitive and accurate at lower forces of the order of
piconewtons, while AFM usually operates in the nanonewton
force range [49].

4.3 Specific and Non-specific Interactions

The lower force limit of our measurement system, as deter-
mined by thermal fluctuations of the trapped bead, is ~10 pN
and the upper level limited by the trap stiffness and a bead size
is about 150 pN. Therefore, only those bonds that rupture at
forces in the range 10—150 pN are detectable. Careful control
experiments (Table 1, Fig. 7) show that the large majority of
the non-specific interactions occur with rupture forces below
20 pN. Accordingly, we focused our attention on the yield
forces in the range of >20 pN, which was segregated into
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intermediate (2040 pN) and strong (>40 pN) force regimes.
The intermediate and strong rupture force regimes both result-
ed from Ab bound to DNA, but were different in a number of
important characteristics. First of all, they were differentially
sensitive to elimination of either DNA or anti-DNA Abs from
one of the interacting surfaces with the intermediate interac-
tions being less sensitive, whereas the stronger interactions
were more effectively inhibited by substituting specific reac-
tants for inert molecules (Table 1). These data suggest that the
intermediate forces (2040 pN) comprise a combination of
non-specific and specific DNA-Ab interaction, while the
stronger force regime (>40 pN) reflects specific immune
DNA-AD interactions. Unlike control IgG, the mAb MRL4
molecules were found attached to ctDNA and stDNA mole-
cules, indicating specific DNA-ADb interactions. Notably, the
Ab always bound to the curved middle part of DNA, not to a
straight portion or an end, suggesting that bending of the DNA
strands may facilitate exposure of an epitope. It is noteworthy
that the interactions of ¢tDNA and stDNA with mAb, either in
the imaging or in the force spectroscopy experiments, were
basically similar (Table 1, Fig. 8), suggesting that the basic
mechanisms of DNA-Ab interactions do not depend on the
size and origin of DNA. Perhaps anti-DNA antibody MRL4
recognizes identical sequences and/or similar conformations
in the DNA samples used in this study [16, 18].

4.4 Kinetics of the DNA-ADb Interactions

The rupture forces >40 pN for DNA-AD interactions have a
peak at 55-60 pN that can be mathematically analyzed to
extract two-dimensional kinetic parameters, provided the re-
sults reflect single-molecule binding and unbinding. Based on
the literature [50—53] and our own experience of nanomechan-
ical measurements [33, 54, 55], several independent criteria
are usually taken into account to distinguish single-molecule
events from multiple receptor-ligand interactions. All of these
criteria are applicable to our study.

(1) The incidence of the specific DNA-Ab interactions was
near 10 %, meaning that statistically the probability of
multiple interactions was less than 1 %.

(i) The rupture of a single attachment always occur in one-
step, whereas the rupture of multiple attachments usually
occurs in a sequence of multiple steps reflected as a jag-
ged force signal. Only single-step interactions were in-
cluded in the data analysis in this study.

(iii) The strength of multiple DNA-Ab interactions is
likely remained unmeasured due to the inability of
the optical trap to measure the strength of interac-
tions more 100 pN.

These and some other arguments support a conclusion that
the vast majority of DNA-AD interactions measured in this
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study was bimolecular, thus justifying the applied mathemat-
ical model used to extract single-molecule kinetic parameters
of the DNA-AD interactions.

Using Bell’s formalism [39], we obtained a number of
kinetic parameters for the DNA-AD interactions. The off-
rate of force-free dissociation (kg) was ~2.22x 107> s
for DNA-Ab complexes with both types of DNA, indi-
cating that their stability was similar. Our value of kg is
much higher than the ky=5.4x 10°® s™' for streptavidin/
biotin complex [56], meaning that the DNA-Ab com-
plexes are much weaker. However, the off-rate obtained
is within the range reported for DNA-antibody or DNA-
protein interactions, for example, the ky¢ of D17.4 DNA
aptamer/IgE complex was calculated to be (2.92
+£0.18)x 107 s7' or (2.85+0.14)x 10 s ' depending
on the environmental conditions [57, 58]. Giuntoli et al.
[59] showed that the rate of dissociation from DNA of
the Escherichia coli nucleoid protein Fis was approxi-
mately kopr~8x 102 s ",

Another important parameter of binding interactions is the
transition state position (distance), -y, which can be interpreted
as the distance of molecular separation at which the bond fails.
The average value for v was ~0.94 nm, which is nearly two to
three times longer than usually reported for protein-protein
interactions, but this is consistent with the fact that the stiff-
ness of the bond between DNA and the antibody is low and it
could be deformed before the unbinding occurred.

4.5 Nanomechanics of the DNA-Ab Complexes

In our experiments we observed unusual nonlinear DNA-Ab
rupture force signals that reflected a complicated unbinding
pathway of the DNA-antibody immune complexes, such as
molecular deformations that provided important information
about viscoelastic properties of DNA, antibodies, and their
DNA-antibody immune complexes. First of all, we have
found that the stiffness of the DNA-antibody complex corre-
sponds to the known mechanical properties of single-stranded
DNA (ssDNA) rather than dsDNA. This finding is consistent
with the chemical characteristics of the DNA preparations
used in this study, both of which contained a substantial frac-
tion of ssDNA. This finding also confirms that the anti-DNA
Ab MRLA4 binds preferentially to a single-stranded DNA [46].
Alternatively, during unbinding of a DNA-Ab immune com-
plex, one strand of DNA is stretched apart, while the other is
covalently attached to the surface.

The finding that the DNA-AD interactions can be mediated
by ssDNA is also not very different from imagining the
ssDNA as a “linker” between the Ab-antigen complex and
the force measuring device. Since the forces exerted on the
ssDNA are large, any secondary structures as well as thermal
fluctuations in it are completely extended at the forces that
cause rupture of the complex. For these large forces, the

ssDNA molecule is straight and the bonds connecting its
monomers stretch slightly as a linear spring that is in series
with the antibody complex. Since the stiffness of these two
springs in series is known from our fits to the experimental
data, the stiffness of the DNA-Ab complex was extracted
using Eq. 2 and turned out to be equal to Kc=0.0021 pN/
nm. We have found that stiffness of the complex varies over
a small range and is much smaller than the stiffness of the
optical trap.

5 Conclusion

In this work some fundamental aspects of the DNA-protein
interactions were determined at the single-molecule level
using optical trap-based force spectroscopy of surface-
attached DNA-Ab complexes. The rupture force histograms
displayed two force regimes with intermediate and stronger
binding interactions, reflecting the existence of at least two
bound states with different affinities, which needs to be further
explored. The force-free off-rate of the order of 2 x 107 s~
characterizes the DNA-Ab complex as moderately stable and
the average transition state distance of 0.94 nm implies that the
complex is not brittle and its forced unbinding occurs gradu-
ally rather than abruptly. The spring constant of the DNA-Ab
complex was found to be 2 orders of magnitude smaller than
the optical trap stiffness which characterizes the DNA-Ab
immune complex as a relatively soft and deformable structure.
The nanomechanical parameters suggest that binding of an
anti-DNA monoclonal Ab MRL4 is preferably mediated by
a single-stranded DNA, suggesting that this mAb has a pref-
erence towards sSDNA over dsDNA in autoimmune diseases
characterized by generation of anti-DNA Abs.
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