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ABSTRACT: The CH3 homodimer at the C-terminal end of the antibody
heavy chain is the key noncovalent interaction stabilizing antibody proteins.
Here, we use single-molecule force spectroscopy to investigate the
dissociation mechanics of CH3 as a proxy for antibody mechanical stability.
We find the CH3 homodimer to be a highly stable complex, and its
dissociation force of >150 pN at a loading rate of ≈5500 pN/s exceeds the
stability of most protein−protein interactions studied to date. Separated CH3
monomers, on the other hand, are mechanically labile and only short-lived.
Each CH3 monomer contains a conserved buried disulfide bridge, and we find
that the successive reduction of one or both disulfide bridges in the dimer results in a stepwise decrease of the dissociation force.
This suggests a structural role of the disulfide bridges helping to mold the high-affinity domain−domain interface, even though
they are neither required for nor directly involved in dimerization. Taken together, our results set a limit on how much force a
single antibody can bear and reveal the CH3 homodimer as a mechanical fastener that prevents antibody dissociation.

■ INTRODUCTION

Antibodies are proteins that have evolved to recognize and bind a
vast number of different target molecules. They constitute a vital
part of the antibody-mediated humoral immune response
providing protection against infections and foreign antigens
and are widely used as therapeutic agents and in biotechnology.
The prevalent antibody, immunoglobulin G (IgG), is a
heterotetramer (Figure 1A) consisting of two identical light
and two identical heavy chains composed of 2 or 4 domains of the
Ig (immunoglobulin) fold, respectively. Each of these Ig domains
comprises ≈100 amino acids arranged into two opposing β-
sheets (Figure 1B). A buried disulfide bridge connects the two
halves of this β-sandwich, which, if formed, increases the stability
of these domains significantly.1

Based on proteolytic fragments, IgGs can be divided into two
Fab (antigen-binding) and one Fc (crystallizable) segments. Fc,
the homodimer of heavy chain domains CH2 and CH3, forms the
stem of the antibody and is responsible for triggering the
antibody-mediated immune response. The antigen-binding site
is located at the N-terminal tip of Fab, which consists of the light
chain and heavy chain domains VH and CH1. A hinge region
connects the two Fab fragments to Fc. The hinge region is highly
flexible and allows the two Fabs to adopt a wide range of
conformations relative to Fc, making the antibody asymmetric.
The large conformational freedom of the Fabs, which has been
observed in crystal structures2,3 by electron microscopy4 and by
small-angle X-ray scattering,5 can extend the effective binding
range of the antibody protein.4 Deletions or mutations in the
hinge region restrict this conformational freedom and result in

antibodies that adopt a symmetrical T- or Y-shaped con-
formation.6

Antibody folding and assembly is an intricate process involving
many steps and several layers of quality control to ensure the
production of functional antibody molecules.7 Stability of the
assembled antibody protein is essential for its role in vivo,
especially considering that antibodies have to function in the
harsh extracellular environment, sometimes at high dilution. The
complex antibody structure is stabilized by interactions between
Ig domains (the CH3 dimer and CL-CH1) in addition to disulfide
bridges linking the heavy chains between domains CH1 and CH2
in the hinge region and the light chain and the heavy chain
between the CL C-terminus and CH1.
The noncovalent interaction between the CH3 domains

(Figure 1B) is the first step of antibody assembly and the main
interaction stabilizing the two heavy chains, which in turn
provide the molecular scaffold for the subsequent steps of the
assembly of the native antibody.7 Dissociation of CH3 is the rate-
limiting step for Fab-arm exchange, observed in IgG type 4
antibodies. In this process, the antibody dissociates into two half-
molecules each consisting of a light and a heavy chain, and half-
molecules from two different antibodies can reassemble to form
heterodimeric bispecific antibodies,8,9 which are of particular
interest for antibody therapy.
Dimeric CH3 is the simplest example of Ig domain folding and

assembly found in antibodies and can therefore serve as a model
system for the protein−protein interactions that govern antibody
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stability. Bulk chemical unfolding studies have shown that for
CH3 the disulfide bridge is not required for folding and
association but that reduced CH3 has a lower thermodynamic
stability.10 Here, we use single-molecule force spectroscopy to
investigate the dissociation mechanics of the CH3 dimer and, in
particular, the influence of its intradomain disulfide bridge on its
dissociation pathway.

■ EXPERIMENTAL SECTION
The CH3 domain from the murine antibody MAK33, an IgG1, (residues
343−450)11 was fused to the C-terminus of Ig-domains 3-5 of
Dictyostelium discoideum filamin (ddFLN3-5),12 which carried an N-
terminal 6x His tag. To covalently connect the two CH3 subunits, a
flexible linker of 10 amino acids (glycine/serine) with a terminal cysteine
was fused to the C-terminus of CH3 by PCR (sequence
SGGSGSGGSGC). Protein expression was carried out in BL21(DE3)
Codon Plus(RIL) cells and the soluble filamin-CH3 fusion protein was
purified by nickel-affinity chromatography followed by size-exclusion
chromatography using a Superdex200 column in PBS. Purity of the
protein and formation of the interchain C-terminal disulfide bridge was
assessed by nonreducing SDS-PAGE. Directly after purification, the
interchain disulfide bridge had formed in ∼50% of the sample (Figure
S3).
Single-molecule force spectroscopy was carried out using a custom-

built atomic force microscope at ambient temperature. In all
experiments, gold-coated cantilevers (Biolever type A or B, Olympus)
with a nominal spring constant of 30 or 6 pN/nm were used. In a typical
experiment, the purified protein was applied to a freshly activated Ni-
NTA surface and force−extension traces were recorded at a pulling
velocity of 1 μm/s. Data were acquired at a sampling rate of 20 kHz with
a digital filter set to 10 kHz. Upon recording, traces were screened for the
well-characterized unfolding signature of ddFLN domains. These traces
were later inspected for additional reproducible features that appeared in
addition to the unfolding signature of ddFLN. Contour length increases
(ΔL) were determined using the interpolation formula of the WLC
model as introduced by Bustamante et al.13 with a fixed persistence
length of 0.5 nm. Contour length increases were used to determine the
number of amino acids involved in an unfolding transition via

Δ = · − +L n d d daa state2 state1 (1)

Here, dstate2 and dstate1 denote the distance between the points of force
application in the intermediate and the native state, respectively, and daa
is the contour length increase per amino acid, which has been
determined to be daa = 0.365 ± 0.002 nm for our instrument at a
persistence length of 0.5 nm.14 Loading rates were estimated by linear
fits to the force vs time trace directly before an unfolding event.
Unloaded lifetimes and transition-state positions were determined by
Monte Carlo simulations taking into account cantilever relaxation and
the length of unfolded peptide before unfolding as described.15

■ RESULTS
The protein construct used in this study is outlined in Figure 1C.
The N-terminus of a CH3 domain was fused to three Ig domains
from ddFLN3-5 (gray and pink squares), which serve as handles
for connecting CH3 to the surface and the cantilever of the AFM
instrument. In this geometry, force will be applied to the N-
termini of the CH3 homodimer, which is the attachment site for
the CH2 domain in the authentic antibody heavy chain. The force
will act roughly at 45° to the direction of the β-strands and
perpendicular to the disulfide bridges (compare Figure 1B). A 10
amino acid glycine/serine linker with a terminal cysteine was
added to the C-terminus of each CH3 domain (green line in
Figure 1C). A disulfide bond can form between two of these
linkers in the CH3 dimer (yellow line in Figure 1C), and this
covalent tether will connect the two ddFLN-CH3 polypeptide
chains even after CH3 dissociation. Flexible tethers fused to the
termini of protein complexes have been successfully employed to
study protein−protein interactions using single-molecule force
spectroscopy in previous studies.16−21

In a typical experiment using this protein chimera, all force−
extension traces were screened for the unfolding signature of
ddFLN3-5 consisting of evenly spaced ≈32 nm peaks at forces
between 50 and 150 pN (gray peaks in Figure 2B−D);12 traces
lacking these features were discarded. Among the three filamin
domains, ddFLN4 shows a unique double peak during
mechanical unfolding stemming from an intermediate state

Figure 1. Antibody architecture and structure of CH3. (A) Domain layout of an IgG-type antibody. Interchain disulfide bridges are shown in yellow, and
oligosaccharides attached to antibody domain CH2 are shown as orange squares. The two major fragments, Fab and Fc, as well as the antigen-binding
paratope formed by the variable domains VL and VH are highlighted. (B) High-resolution structure of dimeric CH3 (PDB ID: 1CQK) from the murine
antibodyMAK33. The two intradomain disulfide bridges and the residues forming the domain−domain interface are shown as space-filling amino acids.
N- (red circles) and C- (green circles) termini are highlighted in the structure, the direction of force application to the complex is indicated as a red line,
and the direction of the disulfide bridges is shown in yellow. (C) Molecular architecture of the filamin-CH3 chimera. Filamin domain ddFLN4, which
unfolds via an intermediate state, is highlighted in pink. The flexible linker carrying a terminal cysteine fused to the CH3 C terminus is shown in green.
The arrows indicate the direction of force application during stretching.
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that is populated on the unfolding pathway (Figure 2B−D, pink
double peaks).12 Since CH3 is flanked by two ddFLN4 domains
in the dimeric protein construct, the presence of two ddFLN4
unfolding events in a single unfolding trace indicates that the
protein chain was attached to the AFM instrument N-terminal of
ddFLN4 and that the CH3 dimer interface was exposed to force.
Consequently, traces showing two unfolding events of ddFLN4
were selected for further analysis.
Unfolding forces and the increase in contour length upon

unfolding (ΔL) were determined using worm-like chain (WLC)
fits to the unfolding peaks (gray broken lines in Figure 2B-D). In
the case of ddFLN4, WLC fits were only done for the first
unfolding event, while the intermediate state was omitted during
this analysis. A scatter plot of unfolding force versusΔL is shown
in Figure 2A. The majority of events (Figure 2A, gray circle)
displays unfolding forces between 40 and 130 pN and a narrowly
distributed ΔL = 32.0 ± 0.2 nm (mean ± S.E.M, n = 323), in
good agreement with the previously reported value of 31.5 nm
for ddFLN3-5.12 In addition to these events, which stem from the
handle domains fused to CH3, the scatter plot shows three
additional populations, withΔL clearly larger than that observed

for ddFLN3-5 and with higher unfolding forces [dark-green (a),
green (b) and light-green (c) populations in the scatter plot].
Representative force−extension traces corresponding to pop-
ulations a−c are shown in Figure 2B−D. We attribute these
additional unfolding populations to the dissociation and
unfolding of CH3.
How can the different classes of events be rationalized using

the geometry of the protein construct and the structure of CH3?
Regardless of the precise unfolding pathway, each unfolding
event will originate from the folded CH3 dimer (tethered by the
C-terminal linkers) and end up with two separated and
completely unfolded CH3 domains. Dissociation of the dimer
will stretch out the flexible, C-terminal linker and reorient the
two CH3 domains along the direction of the applied force
(compare cartoons in Figure 3A−D). Assuming a contour length
increase per amino acid of 0.365 nm14 and taking into account
the dimensions of CH3,

11 this results in an expected ΔL = 13.8
nm. [For this calculation, the folded part of CH3 consists of
residues Pro7 to Ser103 of the crystal structure (PDB ID 1CQK)
of CH3. The effective length of the C terminal linker is naa = 16
residues, consisting of 4 terminal amino acids of CH3 that do not

Figure 2.Mechanical dissociation of CH3. (A) Scatter plot of dissociation force vs contour length increase (ΔL) for the dimeric filamin-CH3 chimera.
Four populations emerge from the scatter plot (circles). Contour length distributions with Gaussian fits to the data are indicated above the four
populations. Representative force−extension traces for the dissociation of fully oxidized CH3ox/CH3ox (B), mixed CH3ox/CH3red (C), and fully reduced
CH3red/CH3red (D). A green circle marks the dissociation of CH3; the green segment of the trace represents the stretching of the flexible C-terminal linker
and unfolded CH3 domains. Filamin domain ddFLN4 unfolding events, which show a characteristic double peak, are indicated in pink, ddFLN3 and
ddFLN5 unfolding peaks are marked with gray circles. Broken gray lines representWLC fits, fromwhich the contour length of each state are determined.
Contour length increases are displayed above the traces.
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participate in the Ig sandwich, the engineered 10 amino acid
glycine-serine linker, and the terminal cysteine. ΔL = 2·naa·0.365
− dCH3dimer + 2·dCH3monomer + dSS. Here, dCH3dimer is the distance

between the points of force application in dimeric CH3 (2.9 nm
between Pro7 and Pro7), dCH3monomer is the N−C-terminal
distance of a CH3 monomer (2.2 nm), and dss is the distance
between 2 Cα atoms in the terminal disulfide bond (0.6 nm).]
For each CH3 domain, only the amino acids outside the native
disulfide bridge between residues Cys28 and Cys86 can
contribute to the contour length increase, resulting in an
expected ΔL = 12.3 nm for stretching 38 amino acids of each
domain. In total, dissociation and unfolding of a CH3 dimer
should hence lead to an expected ΔL = 38.4 nm, which nicely
corresponds to population (a) observed in the scatter plot in
Figure 2A [measured value: 38.2 ± 0.4 nm (mean ± S.E.M, n =
55), compare Figure 2B for a representative force−extension
trace].
While the internal disulfide bridge is considered a hallmark of

antibody Ig domains, it has been shown that the Ig fold can also
form in its absence.1 In our study, the protein was expressed in

the E. coli cytosol and purified without any added oxidants.
Consequently, it is conceivable that the internal disulfide bridge
in CH3 was not formed in all protein molecules in the sample.
The presence or absence of the internal disulfide bridge,
however, has direct consequences for ΔL after dissociation,
since in the reduced state all 96 amino acids of a CH3 monomer
can be stretched, as opposed to only 38 amino acids in oxidized
CH3. Unfolding of a reduced CH3 monomer thus leads to a
longer contour length increase of 32.8 nm. Accordingly, the two
additional populations observed in the scatter plot in Figure 2A
stem from a mixed oxidized/reduced CH3 dimer (CH3ox/red,
expected ΔL = 58.9 nm) with a measured ΔL = 59.3 ± 0.6 nm
(mean± S.E.M, n = 45) (population (b), curve in Figure 2C) and
the fully reduced CH3 dimer (CH3red/red, expectedΔL = 80.0 nm)
with ΔL = 81.0 ± 0.4 nm (mean ± S.E.M, n = 29) (population
(c), curve in Figure 2D). Our single-molecule assay thus allows
us to differentiate between different redox states of a protein in an
inhomogeneous sample by their difference in contour length
increase after unfolding (ΔL).
In this inhomogeneous sample, initially only half the domains

were in the fully oxidized state. Spontaneous oxidation of CH3

Figure 3. Detailed dissociation pathway of CH3 under different redox conditions: (A) CH3ox/CH3ox, (B) mixed CH3ox/CH3red with the reduced
monomer CH3red unfolding first, (C) mixed CH3ox/CH3red with the oxidized monomer CH3ox unfolding first, and (D) fully reduced CH3red/CH3red. In all
four traces, event 1 (green) marks dissociation, event 2 (light blue) unfolding of the first monomer, event 3 (dark blue) unfolding of the second
monomer, and 4 (violet) the stretching of fully unfolded CH3 polypeptide chain. Structural models corresponding to these four events are shown above
the traces, with disulfide bridges indicated by a yellow bar. The boxed part of each trace is shown as force vs time in the right part of each panel, with
unfolding/dissociation events marked by circles.
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occurred on a time scale of weeks in the absence of added
oxidants, as judged from the number of unfolding traces showing
the dissociation of CH3ox/ox, CH3red/ox, and CH3red/red at different
points of time (Figure S1). Slow spontaneous disulfide bond
formation in dimeric CH3 has been observed before10,22 and is
likely because CH3 has to both dissociate and unfold for oxidation
to take place.
Closer inspection of the force−extension trace revealed

additional features after CH3 dissociation. In the case of CH3ox/ox
(Figure 3A), the highest force peak (green circle in Figure 3A)
represents the dissociation of the dimer with a length increase of
≈15 nm, after which the unfolding of two separated monomers
can be observed in two distinct steps (light- and dark-blue circle
in Figure 3A, length increase histograms in Figure S2). Stretching
the C-terminal linker by dissociating CH3 (transition 1 to 2)
results in only a short length increase, and consequently the force
remains high (>100 pN) after dissociation. According to Bell, the
lifetime of a bond decreases exponentially with the applied
force.23 Hence when the two monomers are exposed to a high
force directly after they are formed in this experiment, they are
only short-lived. A zoom into the data (red box), which shows
individual data points of the unfolding trace at 20 kHz sampling
frequency, clearly shows that the cantilever dwells at well-defined
positions of approximately equal spacing during cantilever
relaxation after the first unfolding peak. The lifetime of the first
intermediate state (two CH3ox monomers, light-blue circle) is at
the detection limit of our instrument and could not be reliably
detected in all traces. After the first CH3ox monomer is unfolded,
however, the force drops down further (below 100 pN, dark-blue
circle), resulting in a longer lifetime and in turn more reliable
detection for the remaining second CH3ox monomer. Accord-
ingly, we only determined ΔL for the unfolding of the second
monomer (transition 3 to 4 in Figure 3A), which atΔL = 12.8 ±
0.5 nm corresponds well to the expected value for unfolding a
single oxidized CH3ox domain (expected value 12.3 nm, also
compare histograms in Figure S2). A similar behavior was
observed in fully reduced CH3red/red (Figure 3D): A short length
increase (dissociation, transition 1 to 2) was followed by two
unfolding events of equal length (transitions 2 to 3 and 3 to 4),
which represent the unfolding of the two reduced CH3red
monomers. The unfolding of the second CH3red monomer,
which again can be detected with greater reliability, results inΔL
= 30.9 ± 0.6 nm, again matching the expected value (33 nm)
within the resolution of the experiment (Figure S2). For the
mixed dimer CH3red/ox two classes of curves were observed: In the
majority of unfolding traces (39 out of 45), dissociation
(transition 1 to 2 in Figure 3B) was followed by a long length
increase (transition 2 to 3 in Figure 3B) of ≈32 nm and a
subsequent shorter event (ΔL = 11.6 ± 1.3 nm). In these curves,
the reduced CH3red monomer unfolded first, followed by the
oxidized CH3ox monomer in a second step. In some curves (6 out
of 45), however, the sequence of events was reversed, and
unfolding of the oxidized monomer CH3ox (transition 2 to 3 in
Figure 3C) occurred before unfolding of CH3red (transition 3 to 4
in Figure 3C, ΔL = 30.1 ± 2.2 nm).
How does the reduction of one or both disulfide bonds in CH3

affect the mechanical stability of the dimer? Histograms of the
dissociation force in the three different oxidation states are
shown in Figure 4. CH3ox/ox dissociates at 174 ± 5 pN, CH3red/ox
at 152 ± 5 pN, and CH3red/red at 117 ± 5 pN. We used Monte
Carlo simulations to extract dissociation rates in the absence of
force (koff) and the position of the transition state in the energy
landscape (Δx) from the dissociation force distributions (black

lines in Figure 4, simulation parameters are detailed in the figure
legend). Strikingly, reduction of the protein increases the
dissociation rate by a factor of 4−5 for each reduced disulfide
bond while leaving the transition-state position Δx unaffected.
To gain additional insight into the contributions of the individual
CH3 subunits, we measured the lifetime of the monomeric CH3ox
(inset in Figure 4) in unfolding traces starting from the fully
oxidized dimer (event 3 in Figure 3A), since for the dissociation
of CH3ox/ox most data were available. During the short lifetime of
monomeric CH3ox, the force remains almost constant, making
the lifetime a better parameter to analyze than the unfolding
force. The lifetime distribution was reproduced using a Monte
Carlo simulation taking into account cantilever relaxation
following the preceding dissociation events (black line in the
inset of Figure 4). The simulation yielded a dissociation rate of
koff = 3 s−1 and a transition-state position of Δx = 2.5 Å. For the
reduced monomer CH3red, data were not sufficient for the direct
determination of kinetic parameters.

■ DISCUSSION
In this study, we have used single-molecule force spectroscopy to
reveal the mechanical makeup of CH3 in detail. Using a
heterogeneous sample containing CH3 in different oxidation
states, we distinguish different CH3 redox states by their contour
length increase. In particular, we could determine the stability of

Figure 4. Dissociation force distributions for CH3red/CH3red (top),
CH3ox/CH3red (center), and CH3ox/CH3ox (bottom), with simulated
distributions indicated by black lines. Parameters for Monte Carlo
unfolding simulations were Δx = 2.5 Å, koff = 0.2 s−1 for CH3red/CH3red,
Δx = 2.3 Å, koff = 0.05 s−1 for CH3ox/CH3red, and Δx = 2.4 Å, koff = 0.01
s−1 for CH3ox/CH3ox. The inset shows the lifetime distribution of a single
CH3ox monomer at constant force after dissociation, with the black line
indicating the results of a Monte Carlo simulation withΔx = 2.5 Å, koff =
3 s−1.
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mixed CH3ox/CH3red, which is not easily accessible in conven-
tional bulk stability measurements. Single-molecule force
spectroscopy is uniquely suited to determine the stability of
proteins or protein complexes involving disulfide bonds, since
the oxidation state of the protein is directly reported via the
contour length increase after unfolding ΔL. Accordingly, single-
molecule force spectroscopy has been used to directly observe
disulfide-bond reduction24 or protein disulfide-bond forma-
tion.25

With a mean dissociation force of 174 ± 5 pN, oxidized CH3
has a remarkably high mechanical stability, surpassing typical
antibody−antigen interactions by about a factor of 326 at similar
loading rates (average loading rates ranged from 5570 pN/s for
CH3ox/CH3ox, over 5470 pN/s for CH3ox/CH3red, to 3200 pN/s
for CH3red/CH3red). Intriguingly, CH3 is also more stable than
several homo- or heterodimeric protein complexes found in
muscle, such as the myomesin myo13 homodimer (137 pN)18 or
the complex between titin domain M10 and obscurin domain 1
(29 pN),19 whose physiological role is considered to involve
bearing mechanical load. The high-affinity cohesion−dockerin
complex, which anchors cellulosomes on the bacterial cell
surface, ruptures at around 120 pN,27 the dimeric α-crystallin
domain of the small heat shock protein Hsp16.5 dissociates at
180 pN,21 and the much larger ternary titin-telethonin complex
can withstand up to 700 pN.28 With the exception of cohesion−
dockerin, these complexes consist of two or more domains of the
immunoglobulin fold, as it is the case for CH3. In contrast to CH3,
however, association in these complexes involves interdomain β-
sheets29 between the Ig domains, with an extensive network of
hydrogen bonds between the subunits. Shearing of load-bearing
β-strands requires breaking several hydrogen bonds simulta-
neously, and this ‘mechanical clamp’ motif is considered to be
responsible for the high mechanical stability found in titin I27,30

ubiquitin,31 or scaffoldin.32 CH3 is lacking this ‘mechanical
clamp’, and the dimer is primarily stabilized by hydrophobic
interactions involving 16 residues at the domain interface,11 with
the main interaction formed by a patch of only five residues.33

Our data show that these hydrophobic interactions form a high
affinity protein−protein interface that is also highly stable
mechanically, consistent with a dissociation constant of <10−10

M−1.34

The stabilizing effect of disulfide bonds on proteins in
general35 and Ig domains in particular1 has long been realized.
Disulfide bonds restrict the conformational space accessible to
the unfolded state, thereby lowering its entropy and favoring the
native state.35 In addition, disulfide bonds have been shown to
accelerate the formation of on-pathway folding intermediates in
Ig domains.36 Reduced CH3 showed a roughly 8-fold lower
thermodynamic stability against chemical denaturation and an ≈
3-fold higher unfolding rate compared to the fully oxidized
protein in bulk unfolding experiments.11

In contrast to chemical denaturation, force acts locally on a
protein structure.37 An increase in mechanical stability by
disulfide bonding hence would only be expected if formation of
the disulfide bridge strengthens load-bearing structures within
the protein. Disulfide bridges thus do not a priori result in an
increase of mechanical stability, and in fact, previous mechanical
unfolding experiments with Ig domains that contained native38

or engineered39 buried disulfide bridges reported a decrease of
mechanical stability when the disulfide bridge was present. In the
case of CH3, however, we observe that the presence of the
disulfide bridges significantly increases the dissociation force
from 117 to 174 pN. For CH3, the disulfide bridge evidently has a

structural role and stabilizes the dimeric native state, which has
been proposed before.22 The stability of the CH3 dimer with one
disulfide bond removed falls between the fully oxidized and the
fully reduced complex, and the effect of disulfide bond reduction
is additive, as illustrated by the 5-fold increase in unfolding rate
per disulfide bond removed. This points to a rearrangement of
the dimerization interface, with some but not all interactions
broken when the protein is partially reduced. Far-UV spectros-
copy of reduced CH3 has suggested that the CH3monomer forms
a more compact structure when the disulfide bridge between the
two β-sheets of one Ig domain is removed.10 Upon reduction of
one disulfide bond, this kind of structural change would perturb
only one side of the domain−domain interface, which could
explain the additive stabilization effect of the disulfide bonds we
observe in our mechanical measurements. The disulfide bridge
thus helps mold the high-affinity interface in CH3.
In our experiments, regardless of redox state, CH3 dissociation

always proceeded from the fully folded dimer to two folded
monomers, which subsequently unfold in two steps. With an
unloaded lifetime of≈ 300 ms, folded monomeric CH3ox is short-
lived, which explains why no monomeric species have been
observed during bulk unfolding experiments of CH3.

10,11 While
we could not directly determine an unfolding rate for reduced
CH3red, we can estimate the unfolding rate from the unfolding
data of the mixed CH3ox/CH3red dimer: After the dissociation of
CH3ox/CH3red, an oxidized CH3ox and a reduced CH3red are
formed. We find that in one out of seven dissociation traces,
CH3ox will unfold first, while in the remaining cases CH3red
unfolds first. Assuming the same transition state position for
CH3ox and CH3red, this indicates a 7-fold lower lifetime (≈ 40 ms)
for CH3red.
CH3 dimerization is the first step of antibody assembly, and the

CH3 dimer is the main interaction stabilizing antibody heavy
chains.7 Consequently, the stability of CH3 is essential for proper
antibody function. Although antibodies and therefore CH3 do
not perform a primarily mechanical role in vivo, one can imagine
scenarios where the CH3 dimer is exposed to strain, for example,
through hydrodynamic flow when bound to cell surface
proteins.40 Destabilization of CH3 by strain resulting from
binding two spatially separated epitopes, for example, on a cell
surface, has been proposed as a mechanism facilitating Fab-arm
exchange observed in IgG4 antibodies.8,41 In the absence of
hinge disulfide bonds, strain would be transmitted from the
antigen binding sites through the heavy chain to the N-termini of
CH3, a situation that is mimicked by our experimental geometry.
Furthermore, antibodies are widely used as molecular anchors in
mechanical assays. In this context, our data provide a limit on
how much force a single antibody can bear and how this force is
affected by redox conditions. The stable CH3 dimer can ensure
antibody integrity even when disulfide bridges are broken, for
example, under reducing conditions. CH3 therefore provides a
fastener that prevents antibody dissociation even under harsh
extracellular conditions or in highly dilute concentrations.

■ CONCLUSION
In summary, our results reveal CH3 as a mechanically very stable
dimer whose stability is strongly dependent on its disulfide
bridge. This is especially relevant considering that incomplete
disulfide bond formation is commonly observed in full-length
antibodies purified from hybridoma cells, with CH3 showing up
to 10% of missing disulfide bonds, the highest percentage of all
antibody Ig domains.42 Our data demonstrate that even in the
fully reduced but dimeric state, CH3 can still withstand significant
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mechanical load. Monomeric CH3, on the other hand, is
mechanically labile, indicating that this domain was evolved to
function as a stable dimer.
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