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ABSTRACT: Activation of membrane receptors through
clustering is a common mechanism found in various biological
systems. Spatial proximity of receptors may be transduced
across the membrane to initiate signaling pathways or
alternatively be recognized by peripheral proteins or immune
cells to trigger external effector functions. Here we show how
specific immunoglobulin G (IgG) binding induces clustering of
monomeric target molecules in lipid membranes through Fc−
Fc interactions. We visualize and characterize the dynamic IgG
oligomerization process and the molecular interactions
involved using high-speed atomic force microscopy, single-
molecule force spectroscopy, and quartz crystal microbalance
experiments. We found that the Fc−Fc interaction strength is
precisely tuned to be weak enough to prevent IgG oligomerization in solution at physiological titers, but enabling IgG
oligomerization when Fabs additionally bind to their cognate surface epitopes, a mechanism that ultimately targets IgG-
mediated effector functions such as classical complement activation to antigenic membranes.
KEYWORDS: IgG hexamers, IgG oligomerization, classical complement pathway, receptor clustering, high-speed atomic force microscopy,
single-molecule force spectroscopy, quartz crystal microbalance

Antigen-dependent immunoglobulin G (IgG) oligome-
rization on cells represents a recently recognized
natural IgG effector function. The classical pathway

of complement is initiated by the binding of factor C1 to these
ordered IgG hexamers assembled at the cell surface through
noncovalent Fc−Fc interactions between neighboring antibod-
ies.1 The fraction of IgG molecules assembled into hexamers
and the potency of complement activation could be increased
by specific point mutations at the Fc−Fc interface.1,2 These
mutants induced increased complement-dependent cytotox-
icity (CDC) of multiple myeloma tumor cells3 and chronic
lymphocytic leukemia cells.4 IgG oligomerization was also
found to facilitate clustering of membrane receptors such as
members of the tumor necrosis factor receptor (TNFR)
superfamily, leading to T-cell activation, induction of
apoptosis, antibody-dependent cellular cytotoxicity (ADCC),
and antibody-dependent cellular phagocytosis (ADCP).2,5−7

Recently we showed how IgG oligomerization upon antigen
recognition may proceed via distinct mechanisms to form
hexamers that recruit and tightly bind C1q, the first
complement component.8 First, epitope binding by IgGs

may nucleate hexamerization in which additional IgG
molecules are recruited into a growing oligomer via specific
interactions between the Fc domains of surface-bound and
soluble IgG molecules. Second, under conditions where IgG
molecules bind monovalently, also lateral collisions may lead to
stable IgG hexamer formation. The single-point mutant
E430G1,9 at the Fc−Fc interface was found to be more
effective in inducing oligomerization than WT IgGs by
generating increased populations of higher-order IgG
oligomers on antigenic membranes with increased potency in
complement activation and CDC.8

Here, we characterized the detailed molecular pathways of
IgG hexamer formation and the molecular mode of action of a
CDC-enhancing mutant (E430G) by a set of complementary
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biophysical methods. High-speed atomic force microscopy
(HS-AFM), capable of directly visualizing dynamic molecular
processes at submolecular spatial and millisecond time
resolution under physiological conditions10−13 enabled us to
visualize the temporal progress of IgG oligomerization on
antigenic lipid membranes. We further employed AFM-based
single-molecule force spectroscopy (SMFS)14 to probe specific
interaction forces between individual IgGs in mechanical
pulling experiments, from which we determined associated
energies and chemical rate constants. Additionally, we
employed quartz crystal microbalance (QCM),15,16 in which
we quantitatively studied IgG oligomerization through

monitoring the resonance frequency change of an antigenic
membrane covered quartz crystal resonator upon IgG binding.
We developed a detailed mechanistic model of IgG
oligomerization and used the experimentally determined
kinetic rates to perform numerical simulations of the complex
oligomerization process. Our model was validated through
experimental data obtained from QCM real-time monitoring of
WT- and mutant-IgG oligomerization.

RESULTS AND DISCUSSION
Time Evolution of IgG Oligomerization on Antigenic

Membranes. IgG molecules interacting with cell-surface-

Figure 1. Formation of anti-DNP IgG oligomers on DNP-containing supported lipid bilayers (SLBs). (A) Cartoon of the IgG
oligomerization pathways on antigenic membranes as determined.8 (B) Model of the antigenic membrane bound IgG hexamer1 based on the
IgG1-b12 crystal structure.37 (C) HS-AFM images of DNP-SLBs incubated with IgG1-DNP for 1, 2, 3, and 5 min. Increasing incubation
times result in higher IgG surface densities and larger oligomeric assemblies. (D) Oligomer abundance from C. The histograms display the
fraction of IgGs constituting the respective oligomer species. Absolute area densities of the respective species are given in IgGs/μm2 and are
displayed below the respective bars. Higher-order oligomers emerge with increasing incubation times, but only few hexamers are formed.
(E) HS-AFM images of DNP-SLBs incubated with IgG1-DNP-E430G for 1, 2, 3, and 5 min. Larger oligomeric assemblies are more abundant
than in C). (F) Oligomer abundance from E. The CDC-enhanced mutant is more efficient in forming higher-order oligomers than IgG1-
DNP-WT, as hexamers are both more abundant and form more quickly.
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attached antigens may form ordered hexamers via specific
interactions between Fc domains (Figure 1A and B). To
investigate the formation of IgG oligomer populations through
such Fc domain interactions in HS-AFM experiments, we used
a supported lipid bilayer (SLB) containing dinitrophenyl
(DNP)-labeled lipids generated from vesicle fusion as a model
for an antigen/receptor-containing cell membrane.8 Incubation
of wild-type chimeric human IgG1 anti-DNP antibody (IgG1-
DNP) at a fixed concentration (33 nM) for increasing time
spans (1, 2, 3, and 5 min) resulted in distinct distributions of
differently sized IgG oligomers on the membranes (Figure
1C). Examination of oligomer size and overall IgG surface
density via a special HS-AFM imaging protocol (cf. Methods)8

allowed us to compile quantitative oligomer distributions and
overall IgG surface densities for each incubation time span. In
short, molecules are scanned in a nondisrupting manner to
gauge their number, height, and shape, followed by an increase
in scanning force exerted by the HS-AFM cantilever tip to
dissociate oligomers into their constituent IgGs. Geometric
parameters and oligomer decay patterns are combined to
assign each IgG assembly its oligomeric state (Figure 1D). We
previously8 found that the dominant oligomerization pathway
of IgG1-DNP on DNP-SLBs is the “vertical pathway”:
Oligomerization nucleates from a DNP-SLB-bound IgG
monomer, which grows step wisely via Fc−Fc-interaction-
mediated recruitment of additional IgGs from solution.
With longer incubation time, the populations of higher

oligomers grew, with the first hexamers appearing after 5 min.
Repeating the experiment with a mutant, IgG1-DNP-E430G,
with an increased ability to form oligomers, led to a shift in
oligomer populations (Figure 1E and F) toward a larger
fraction of higher-order oligomers, with the first hexamers

already appearing after 2 min. The hexamer population was
found to continuously grow over time, where the abundance of
IgG1-DNP-E430G hexamers after an incubation time of 5 min
was 4.5-fold higher when compared to the WT (18 vs 4
hexamers/μm2), reflecting the increased CDC potency of the
IgG1-DNP-E430G mutant.8 In contrast to IgG1-DNP-E430G,
a previously identified CDC-inhibiting mutant (IgG1-DNP-
I253D)1 shifts the oligomer population toward smaller
oligomers (Figure S1), demonstrating the specificity and
sensitivity of IgG1 oligomerization to mutations at the Fc−Fc
interface.

Homotypic Fc Interactions Are Weak. To answer the
question whether the increased oligomerization propensity of
the CDC-enhancing mutant IgG1-DNP-E430G on epitope-
carrying SLBs is related to a mutation-induced strengthening
of the Fc−Fc interactions, we performed SMFS experi-
ments.14,17 Energies and chemical rate constants involved in
IgG homotypic binding were determined by probing the
dissociation forces between individual IgGs in AFM-based
mechanical pulling experiments (Figure 2). Due to the
poly(ethylene glycol) (PEG) linkers spacing the antibodies
from the AFM cantilever tip and the SiO2 substrate surface,
respectively, the binding partners are free to rotate in three
dimensions, mimicking the situation in solution.18,19 Force
curves were recorded at a wide range of loading rates, revealing
distinct nonlinear force spectra (Figure 2B and C) for both
IgG1-DNP-WT and the CDC-enhanced variant (IgG1-DNP-
E430G). Analysis according to the Friddle−Noy−de Yero
model17 revealed dissociation rates koff,WT = 438 ± 71 s−1 and
koff,E430G = 556 ± 96 s−1 for the homotypic Fc−Fc interactions.
The respective association rates (kon) were determined from
the dependency of the binding probability (i.e., the probability

Figure 2. Single-molecule force spectroscopy (SMFS) determining energetic and kinetic parameters of Fc−Fc interactions. (A) Schematic of
a SMFS experiment using the same antibody variant linked to both cantilever and SiO2 substrate and outline of the specificity controls. (B,
C) Distinctly nonlinear loading rate dependencies of homotypic Fc−Fc interaction forces for IgG1-DNP (B) and IgG1-DNP-E430G (C).
The individual unbinding events as a function of their loading rate were fit using the Friddle−Noy−de Yoreo model (cf. Methods) (red and
blue solid lines; black solid lines are 95% confidence/prediction intervals). (D, E) Binding probability as a function of the contact time for
each IgG variant. The colored solid lines are the results of least-squares fits of monoexponential functions (cf. Methods) to determine the
respective time constant, which in turn was used to find the kinetic on-rate kon for each IgG. Using these values together with the koff values
as determined in A and B yields statistically indistinguishable KD values of 17.5 ± 1.8 mM (IgG1-DNP) and 26.5 ± 7.8 mM (IgG1-DNP-
E430G). (F) Specificity controls using the Fc binding peptide (Fc-III, cf. Methods) or a nonbinding peptide (Control, cf. Methods). The Fc-
III peptide reduced the binding probability, while the control peptide did not (n = 3 for all block experiments). (G) Sketch of the free energy
landscape along the Fc−Fc reaction coordinate with indicated thermodynamic parameters derived from SMFS experiments.
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to observe a dissociation event in a given set of force curves)
on the encounter time of tip- and surface-bound IgGs during
which a complex can be formed.20 Varying this time span and
evaluating the corresponding binding probabilities yields
typical saturation curves (Figure 2D and E), resulting in
kon,WT = (2.5 ± 0.4) × 104 M−1 s−1 and kon,E430G = (2.1 ± 0.5)
× 104 M−1 s−1. The specificity of these interactions was
confirmed by blocking experiments involving a peptide termed
Fc-III, which specifically interacts with the Fc−Fc binding
interface and thereby inhibits Fc-binding and complement
activation1,21 (Figure 2F). With KD = koff/kon we obtained
values for the equilibrium dissociation constants, KD,WT = 17.5
± 4.0 mM and KD,E430G = 26.5 ± 7.8 mM, respectively (Figure
2G). This clearly suggests that considerable oligomer
formation in solution is effectively precluded at physiological
titers (∼40−50 μM total IgG1)22,23 and rationalizes why
native mass spectrometry experiments solely detected mono-
mers (and no higher oligomers) of both WT and E430G IgG1
in solution.9

Accordingly, we found that incubation of a mixture of DNP-
specific IgG1-DNP and irrelevant isotype control antibody
IgG1-b12 at 300-fold excess (20 nM vs 6 μM) on DNP-labeled
SLBs did not affect the resulting IgG distribution and surface
density (Figure S2), suggesting that the Fc−Fc interaction
alone is not sufficient to incorporate an IgG into an oligomer.
Moreover, the KD values determined for homotypic Fc−Fc

interactions of WT and E430G mutant IgG1 are statistically
not distinguishable so that a mutation-induced stabilization of
the Fc−Fc interaction of IgG1-DNP-E430G that could
possibly cause increased oligomerization propensity can be
ruled out. The mutation-related oligomerization enhancement
observed with HS-AFM (Figure 1) must therefore be induced
upon binding to antigenic surfaces.

Weak Fc Interactions Induce IgG Oligomerization
upon Antigen Binding. To gain further insight into the
interactions and rate constants governing IgG oligomerization
on antigenic surfaces, we performed a series of quartz crystal
microbalance experiments15,16 (Figure 3A) utilizing the same
DNP-SLBs (Figure 3B) used in HS-AFM. Monitoring the
change of the oscillation frequency of the DNP-SLB-covered
SiO2-coated quartz crystal, which is proportional to the change
in bound mass, yields characteristic binding curves of IgGs or
Fab fragments interacting with DNP-SLBs. To exclude valency
contributions, we compared the binding of functionally
monovalent bispecific (bs)IgGs. These bsIgG molecules
consist of two distinct binding arms, one specific for the
DNP antigen and the other with an, for this experiment,
innocuous specificity (bsIgG1-DNP/b12, bsIgG1-DNP-
E430G/b12-E430G). Importantly, the generation of bsIgG1
variants does not impact on the Fc-glycosylation, so that a
potential glycan-related alteration of the homotypic Fc−Fc
interactions (with respect to the monospecific WT IgG1-

Figure 3. Quartz crystal microbalance (QCM) of antibody variants on DNP-SLBs. (A) Schematic of a QCM experiment with IgGs in the
running buffer over a DNP-SLB prepared on the SiO2-coated gold electrode of an oscillating quartz crystal. (B) Preparation of DNP-SLBs on
QCM senor chips via liposome fusion and a routine test to ensure complete lipid coverage. Buffer #1 was used for equilibration before
introducing the lipid suspension. At (I) 200 μg/mL of DNP-labeled liposomes were injected into the QCM liquid cell. The liposomes first
associated with the SiO2-coated QCM crystal (until *) and then started to fuse. The release of their liquid content (i.e., loss of mass) during
fusion reduced the frequency shift (trace after *). At (II), the running buffer was changed to buffer #1. The lipid fusion continued for a few
minutes. Then, at (III), the running buffer was changed to 133 nM of the control antibody IgG1-b12. No association was observed,
indicating that the lipids indeed covered the entirety of the QCM crystal. This sequence was routinely performed before every measurement.
The impedance curve consistently mirrors the frequency changes reflecting the energy dissipation due to the associated mass. (C) QCM
sensorgrams (gray solid lines; converted to Fab/μm2) recorded at different IgG1-DNP-Fab concentrations (as indicated) are best fit by a 1:1
Langmuir interaction model (dashed lines) with kinetic rates as indicated. (D) QCM sensorgrams obtained for functionally monovalent
bsIgGs at 133 nM on DNP-SLBs. A short additional association phase of ∼70 s does not increase the overall amount of stably bound IgGs at
the end of the experiment (compare levels indicated by numbers 1 and 2), suggesting that the IgGs that remain stably bound after the first
injection (1) do not interact with additional IgGs provided in solution.
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DNP) can be ruled out.24 In addition, we also assessed the
binding of monovalent Fab fragments (IgG1-DNP-Fab). The
IgG1-DNP-Fab bound reversibly to the SLBs and are nicely
fitted with a 1:1 Langmuir binding model (Figure 3C) with
association rate kon,Fab = (6.4 ± 1.4) × 103 M−1 s−1 and
dissociation rate koff,Fab = (1.1 ± 0.5) × 10−2 s−1, resulting in
KD,Fab = 1.7 ± 0.9 μM.

In contrast, the binding behavior of the two monovalent
bsIgGs (Figure 3D) that contain an Fc portion was strikingly
different: Equilibrium was not reached (within association
times of up to 120 min used in these experiments) and, most
importantly, a considerable amount of molecules remained
stably bound throughout the dissociation phase. The
association phase started exponentially and subsequently
transitioned into a linear regime, likely representing the

Figure 4. Mechanism of IgG oligomerization. (A) Dynamic model of IgG oligomerization at high epitope density (single IgGs predominantly
in the bivalently bound state). IgGs (y1) may serve as nucleation sites for oligomerization through recruitment from solution (y2 to y3*
vertical pathway), whereas lateral collisions (lateral pathway) between bivalently bound IgGs do not significantly contribute (y1 directly to
y3), likely because bivalent attachment of both potential partners sterically precludes Fc−Fc interactions. (B) Monovalently bound IgGs have
access to an additional pathway. After initial attachment (state y1), oligomerization continues either via recruitment from solution (state y2)
or via lateral collisions (y1 × y1), leading to dimers (state y3) and through repetition of either pathway to higher oligomers. (C)
Oligomerization scheme for IgGs that are predominantly monovalently bound to surface epitopes. These could be either functionally
monovalent IgGs at arbitrary epitope densities or functionally bivalent IgGs at low epitope densities where the probability for a transition
from y1* → y1, Py1* → y1 ≈ 0 (eq 4), can be neglected. In this case, two different oligomerization pathways exist, recruitment from solution
(gray arrows; vertical pathway) or oligomerization through lateral collisions (orange arrows; lateral pathway). After initial attachment (state
y1), oligomerization continues either via recruitment from solution (state y2) or via lateral collisions (y1 × y1), leading to dimers (state y3)
and through repetition of either pathway to higher oligomers. (D, E) Comparison of simulated and experimental QCM sensorgrams of
functionally monovalent IgGs binding to DNP-SLBs. 133 nM bsIgG1-DNP/b12 on a 5 mol % DNP SLB (D) and 133 nM bsIgG1-DNP-
E430G/b12-E430G on a 5 mol % DNP SLB (E). Dark blue, red, yellow, purple, green, and light blue lines represent the contributions of IgG
monomers, dimers, trimers, tetramers, pentamers, and hexamers to the simulated sensorgrams (red lines), respectively. (F) Transition

probabilities as a function of epitope density [epi] calculated from Pi
k

k k
epi

epi
i

ioff,Fc
= [ ]

+ [ ] using the values for k3 and k4 obtained from D and E

(Table 1). The vertical dashed line indicates the initial epitope density used in our model system.
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signature of oligomerization through Fc−Fc interactions. The
sensorgrams of both bsIgGs variants share similar overall
features, but the exponential phase in the beginning of the
experiment and the amount of stably bound molecules at the
end of the experiment were more pronounced for bsIgG1-
DNP-E430G/b12-E430G. Apparently, the Fc interactions of
the two monovalent bsIgGs led to oligomer-induced “quasi-
multivalent” attachment to the antigens. This was already
demonstrated for the very same monovalent bsIgGs in HS-
AFM experiments,8 which, in contrast to the observation with
Fab fragments, precluded complete dissociation of monovalent
bsIgG oligomers.
Kinetics of the IgG1 Oligomerization Process. Based

on the determined kinetic rates and estimates of the local Fab
concentrations within the respective IgG oligomers (cf.
Methods) we can now map out the IgG oligomerization
process in detail. Depending on the affinity of the monovalent
epitope−paratope interaction and the epitope density/
accessibility for bivalent binding, single IgGs are predom-
inantly either bivalently (IgG1-DNP) or monovalently
(bispecific IgG1-DNP/b12) attached to surface epitopes. A
model of this process is shown in Figure 4. During nucleation
(Figure 4A), an IgG from solution binds monovalently to a
surface epitope (state y1*), followed by almost immediate
bivalent attachment (state y1) as koff,Fab (1.1 × 10−2 s−1) ≪
kon,Fab × c1 = 91.5 s−1 (c1 = 14.3 mM, for our SLBs, cf.
Methods, eqs 3 and 4). Additional IgGs are recruited through
Fc−Fc interactions (2 × 2 possible realizations, 4kon,Fc) to the
vicinity of the membrane (state y2). The corresponding local
epitope/paratope concentration c2 (22.3 mM, cf. Methods)
enables the formation (kon,Fab × c2 = 142.7 s−1) of an epitope−
paratope bond (success rate ∼18%, eq 4) before the Fc−Fc
interaction dissociates, resulting in a “tripod” arrangement
(state y3*). After the release of one epitope−Fab bond
(2koff,Fab), an IgG dimer is realized, provided that the distance
of the remaining epitope−Fab bonds can adapt to the new
situation (states y3* and y3 likely require different epitope
distances and the transition in between these states requires
the epitopes themselves to be mobile). In fact, IgG hexamer
formation could not be observed on spatially fixed hexameric
epitope patterns25 likely because state y3* cannot be realized on
such an epitope geometry, and oligomerization might even
further be hindered as soon as other epitope pairs within the
hexagonal arrangement are occupied by an additional IgG.
However, in the case of mobile antigens, states y3* and y3 may
both be realized, and oligomerization continues via further
recruitment of IgGs out of solution. When IgGs are
predominantly monovalently bound (Figure 4B), oligomeriza-
tion may occur via both pathways, i.e., recruitment from
solution (vertical) and 2D collisions (lateral). Compared to the
weak Fc−Fc interaction in solution, surface-bound IgG
oligomers are additionally stabilized by the epitope−paratope
interaction. In case of dissociation of one of these two bonds at
the open ends of an IgG oligomer (i.e., dimers to pentamers;
IgGs that have only one direct neighbor within an oligomer),
the high effective concentration ceff leads to fast rebinding,
which can be expressed in an overall equilibrium dissociation
constant according to26

K K K
c
1

D,Olig D,Fab D,Fc
eff

=
(1)

Estimation of ceff through the volume, in which an unbound
Fab/Fc may be confined (modeled as a half-sphere with r = 6

nm; cf. methods), yields ceff = 33.5 mM, which together with
the experimentally determined KD,Fab and KD,Fc results in an
affinity of KD,Olig = 889 nM for an IgG to an SLB-bound IgG
oligomer. Thanks to the additional epitope−paratope inter-
actions, the affinity for oligomerization upon antigen binding in
our system is 5 orders of magnitude higher than in solution, a
mechanism that targets IgG effector functions such as the
classical complement pathway to antigenic membranes, while
preventing its unwanted activation in serum.

Mechanistic Model of the IgG Oligomerization
Process. On the basis of this basic concept, we have
developed a complete kinetic scheme depicting the combina-
tion of pathways for functionally monovalent IgGs (or
predominantly monovalently epitope-bound IgGs) to com-
plete hexamerization (Figure 4C). From this scheme we
deduced the corresponding system of rate equations
(Methods) that determines the time course of the respective
surface populations of different IgG oligomer configurations
(y1−y13), the surface density of available epitopes (y14), and the
local concentration of IgGs close the surface (y15)

27 for a given
IgG concentration in the bulk solution, CIgG. For the
simulations (Figure 4D; Methods; Table 1) we have neglected

more complex (thus less probable) processes like the splitting/
association of higher oligomers as depicted in the lower part of
the scheme (brackets). The simulations reasonably reproduce
the experimental QCM sensorgrams (Figure 4D and E) and
additionally reveal the contributions of different oligomer
species, suggesting that the linear increase found instead of an
equilibrium during the association phase is caused by the
growing fraction of hexamers that are allosterically stabilized by
their closed Fc ring. Accordingly, the simulation suggests that
the only oligomer species that remain stably bound to DNP-

Table 1. Parameters Used for Simulating the Experimental
QCM Sensorgrams of Monovalent IgGs

fixed parameters WT E430G

k1 = kon,Fab 6.4 × 103 M−1 s−1

k−1 = koff,Fab 1.1 × 10−2 s−1

k2 = 4kon,Fc
a 9.9 × 104 M−1 s−1 8.4 × 104 M−1 s−1

k−2 = koff,Fc 438 s−1 556 s−1

floating parameters

α = k3[epi]/koff,Fc 0.2 2.5
β = k4[epi]/koff,Fc 0.3 7.0
γ = k5/kon,Fc >250 mMb

k−5
c 0 s−1

k6
d 1.3 × 10−5 μm2s−1 0.3 × 10−5 μm2s−1

k−6
d 1.3 × 10−2 s−1

ktr
e 2 × 109 s−1 0.9 × 109 s−1

aThere are four different realizations of Fc−Fc interactions between
an oligomer on the surface and an IgG in solution. bThe min. value of
250 mM corresponds to a max. distance between Fc interaction sites
in the gap of the open Fc ring (when treated as a sphere) of ∼2.3 nm.
ck−5 = 0 s−1 reflects the great stability of the hexameric Fc ring
independent of the IgG variant. dk6 on the order of 10−5 μm2 s−1

(thus k6yiyj is approximately on the order of 1 μm−2 s−1) and k−6 on
the order of 10−2 correspond to a low effective lateral oligomeriza-
tion/dissociation rate, which can both be attributed to the slow lateral
mobility of antigens in our gel-phase SLB. This is also in accordance
with our previous findings that the “vertical” oligomerization pathway
dominates the overall process in our model system. eValues for mass
transport limitation are in the typical range for such a process
reported in the literature.27
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SLBs at the end of the experiment are hexamers, which is
supported by the fact that an additional, subsequent (∼70 s)
association phase (Figure 3B) does not contribute to the
overall level of stably bound IgGs at the end of the experiment.
This is because the hexamers do not interact with newly
supplied IgGs (as all potential Fc binding sites are occupied),
and the duration of these subsequent experiments is simply too
short for hexamers to be formed starting from the very
beginning, i.e., with single IgGs as nucleation sites.
We can estimate the overall equilibrium dissociation

constant for an IgG bound in an IgG hexamer by extending
eq 1 to three interactions,26 accounting for two Fc−Fc
interactions and one epitope−paratope interaction. The
corresponding equation then reads

K K
K

cD,Hex D,Fab
D,Fc

eff

2i
k
jjjjj

y
{
zzzzz=

̃ (2)

Through the additional confinement (two neighboring
IgGs) it follows that cẽff > ceff, and thus KD,Hex < KD, Olig, i.e.,
that through closing of the hexameric Fc ring, hexamers are
allosterically stabilized. Using the minimal value for c ̃eff
obtained from the simulation (γ = 250 mM, Table 1), it
follows that KD,Hex < 0.8 pM. Rates k3 and k4 (Table 1) were
used to calculate the respective effective concentrations in
states y2 (c3 = k3/kon,Fab) and y4, y6, etc. (c4 = k4/kon,Fab) and to
validate their plausibility through comparison to ceff estimated
above (eq 1). We retrieved c3,WT = 13.7 mM, c3,E430G = 21.7
mM and c4,WT = 20.5 mM, c4,E430G = 60.1 mM, which are all
within a factor 0.5 to 2 of ceff, as estimated from pure
geometrical considerations. It is thus only the confinement to
the respective binding sites within an oligomer, amplified
through the combination of Fc−Fc and epitope−paratope
interactions, that leads to such high local concentrations,
thereby driving IgG oligomerization. Considering that in state
y2 the unbound Fab may explore a larger volume than in y4, y6,
etc., it is further consistent that the corresponding effective
concentrations are lower. The E430G mutant is more efficient
in recruiting IgGs from solution than the WT, as already
suggested by our HS-AFM experiments (Figure 1), which is
caused by the increased effective concentrations in the
respective states (c3,E430G > c3,WT and c4,E430G > c4,WT).
Consequently, the probabilities (Figure 4F) for configurations
y2/y4 (Figure 4C) to transit into y3/y5 with rates k3/k4 instead
of dissociating back into y1/y3 (rate k−2 = koff,Fc) are strongly
increased for the E430G mutant (71.4/87.5%; values were
calculated for the total epitope density used in our model
system) when compared to the WT (16.7/23.1%) through a
wide range of different epitope densities. The increased
oligomerization propensity of the E430G mutant may thus
be attributed to either a further constraint of the accessible
volume for the free Fab and/or an increased accessibility of
surface epitopes (cf. eq 3) in states y2, y4, y6, etc. In fact the
E430G point mutation removes a salt bridge that stabilizes the
CH2−CH3 interface packing, restraining the domain motility
of Fc fragments in the WT,2 which may indeed affect the
overall flexibility of the complex and thus the effective volume
and the surface epitope accessibility in these configurations.

CONCLUSIONS
We uncovered the molecular mechanism that ultimately targets
IgG effector functions to antigenic membranes, thus providing
opportunities for guiding cell surface receptors into functional

clusters. The low, mM affinity of homotypic Fc−Fc
interactions thereby prevents IgG oligomerization and thus
target-independent activation of effector functions in solution
at physiological titers. However, upon IgG attachment to target
surfaces, the weak Fc−Fc interactions enable two different
oligomerization pathways, which, depending on the epitope
density and the resulting preferential monovalent or bivalent
binding state of the IgGs, lead to membrane-bound IgG
oligomers. Importantly, oligomerization requires the presence
of a certain antigen and does not support the incorporation of
target-irrelevant IgGs into oligomers.
Unlike monovalently bound IgGs, IgGs bivalently attached

to multimeric or preoligomerized antigens or receptors are
unable to oligomerize through lateral diffusion-driven encoun-
ters. Application of functionally monovalent IgGs in such
situations instead, however, enables this additional pathway.1,8

Specially designed IgG mutants such as E430G further allow
for the optimization of specific steps within these pathways. In
this way, antibodies activate the classical complement system1,8

or cluster and consequently activate low-density antigens, such
as TNFR.5,6 We characterized the involved molecular
interactions and developed and validated a detailed mecha-
nistic model of IgG oligomerization on antigenic surfaces,
which may serve as a framework for immunotherapy
optimization.

METHODS
DNP-Labeled Liposomes. DNP-labeled liposomes consisting of

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmito-
yl-sn-glycero-3-phosphoethanolamine (DPPE), and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-[6-[(2,4-dinitrophenyl)amino]-
hexanoyl] (DNP-cap-DPPE) were used to generate supported lipid
bilayers on mica and SiO2 substrates. The lipids were purchased from
Avanti Polar Lipids, mixed at a ratio of DPPC:DPPE:DNP-cap-DPPE
= 90:5:5 (molar ratio), and dissolved in a 2:1 mixture of chloroform
and methanol. The solvents were rotary-evaporated for 30 min, and
the lipids were again dissolved in chloroform, which was then rotary-
evaporated for 30 min. Drying was completed at a high vacuum pump
for 2 h. The lipids were dissolved in 500 μL of Milli-Q H2O while
immersed in a water bath at 60 °C, flooded with argon, and sonicated
for 3 min at 60 °C to create small unilamellar vesicles. These were
diluted to 2 mg/mL using buffer #1 (10 mM HEPES, 150 mM NaCl,
2 mM CaCl2, pH 7.4) and frozen for storage using liquid N2.

High-Speed Atomic Force Microscopy. HS-AFM (RIBM,
Japan) was conducted in tapping mode at RT (room temperature,
25 °C) in liquid, with free amplitudes of 1.5−2.5 nm and amplitude
set points larger than 90%. Silicon nitride cantilevers with electron-
beam-deposited tips (USC-F1.2-k0.15, Nanoworld AG), nominal
spring constants of 0.15 N m−1, resonance frequencies around 500
kHz, and a quality factor of approximately 2 in liquids were used.
Imaging was performed in buffer #1, unless noted otherwise. All IgGs
were diluted and incubated in buffer #1.

DNP-labeled supported lipid bilayers (DNP-SLBs) for HS-AFM
were prepared on muscovite mica. The liposomes were incubated on
the freshly cleaved surface (350 μg mL−1 in buffer #1), placed in a
humidity chamber to prevent evaporation, and heated to 60 °C for 30
min. Then the temperature was gradually cooled to RT within 30 min,
followed by exchanging the solution with buffer #1. After 10 min of
equilibration at RT and 15 more buffer exchanges, the SLB was ready
for imaging. In order to passivate any exposed mica, SLBs were
incubated with 333 nM IgG1-b12 (irrelevant human IgG1 control
antibody against HIV-1 gp120)28 for 10 min before the molecules of
interest were added.

IgG Oligomer Statistics on DNP-SLBs. IgG oligomer distribu-
tions were then obtained by incubating DNP-SLBs with 33.3 nM of
the respective IgG variant for 1, 2, 3, or 5 min and analyzed in a two-
step process: Individual particle dimensions were determined by HS-
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AFM, and the respective oligomeric states were further confirmed by
observing their decay pattern determined in subsequent forced
dissociation experiments as described.8

Single Molecule Force Spectroscopy. SMFS measurements
were conducted on a PICO SPM LE 5100 AFM (Keysight, formerly
Agilent, USA) using a small scanner (N9520A), fitted with a contact
mode nose, and the software PicoView 1.10. Measurements were
performed in buffer #1 at pH 7.4. Commercial cantilever chips with
nominal spring constants of 10−20 pN/nm (model MSCT, Bruker,
USA) were used. Acetal-PEG18-NHS linkers were synthesized and
provided by Hermann J. Gruber (Institute of Biophysics, University of
Linz, Austria). SiO2 wafers served as substrate. Cantilever spring
constants were determined using the Keysight Thermal K package.
The resulting values varied between 10.3 and 13.7 pN/nm.
Square silicon substrates were cleaned via ultrasonication in ethanol

for 10 min prior to functionalization. All cantilevers and silicon chips
were washed in CHCl3, dried in a stream of N2, and oxidized using air
plasma (4 min at 40 W for cantilevers; 3 min at 80 W for solid
substrates). Functionalization of both AFM cantilevers and silicon
substrates was performed as described.29 Briefly, the inert silicon
oxide was activated via amino functionalization using aminopropyl-
triethoxysilane (APTES), followed by the attachment of hetero-
bifunctional PEG cross-linkers. Finally, tips/substrates were con-
jugated with the respective IgGs to the free end of the PEG cross-
linker.
For determination of the dissociation rate constant koff,Fc, the

pulling velocity was varied in 11 steps between 50 and 16 000 nm/s,
with no data set containing less than 500 curves. The probed spot on
the sample surface was periodically changed during the measurement.
The total encounter time was kept constant between loading rates.
Data analysis for SMFS was performed using a MATLAB (Math-
works) routine developed in-house. To fit the resulting force spectra,
we used the analytical approximation of the Friddle−Noy−de Yoreo
model17 where the mean rupture force as a function of the force

loading rate r is given by F r F F( ) ln 1 r
k F Feq

exp( )
( )off eq
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ÑÑÑÑÑÑβ= −β β , with γ = 0.5772 being Euler’s

constant, Feq being the equilibrium force, Fβ given by Fβ = kBT/xβ, xβ
being the distance between the bound state and the transition state,
and keff being the effective spring constant of the force transducer
system.
Association rate constants kon,Fc were determined as described.20

Briefly, nine encounter times between 30 and 5050 ms were chosen,
and the resulting binding probability pb (measured at a pulling
velocity of 400 nm/s) was determined from 1000 curves at each
setting. Plots of pb over encounter time were fitted by

( )p p 1 exp t
b max

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ= − −

τ , with pmax being the maximum observable

binding probability, t being the encounter time, and τ being the
characteristic time constant of association. Estimation of kon according
to kon = (τceff)

−1 requires knowledge of the effective concentration ceff,
which describes the number of binding partners (IgGs) within the
effective volume Veff accessible for free equilibrium interaction. Veff
can be described as a half-sphere with radius reff, which is given by the
sum of the equilibrium cross-linker length (6 nm) and the average
distance from the cross-linker anchoring point on the IgG to the Fc−
Fc interface (8 nm). For the interaction of two IgGs there are four
different realizations of Fc−Fc interactions (both IgGs have two Fc−
Fc interfaces), so that ceff finally reads c

p N

Veff
4 max A

eff
= , with NA being

Avogadro’s constant.
Specificity controls were done by introducing 16.7 μM of the Fc−

Fc interface binding Fc-III peptide1,21 or 16.7 μM of a control
peptide1 into the AFM liquid cell while recording force curves (for 45
min; n > 2500 curves for each control). A set of 1000 force curves was
recorded (400 nm/s) prior to the respective specificity control
experiment, and the fold-change of binding probability with respect to
the control was determined.

Quartz Crystal Microbalance. All QCM experiments were done
using a two-part liquid chamber (model LCS01,16 Johannes Kepler
University Linz, Austria) connected to a Keysight E4990 impedance
analyzer (Keysight Technologies, Santa Rosa, CA, USA). A constant
flow rate of 50 μL min−1 was provided by a programmable syringe
pump (NE-1000, New Era Pump Systems Inc., New York, NY, USA).
AT-cut SiO2-coated quartz crystals with a diameter of 13.7 mm
(working surface area of 20.47 mm2) and a resonance frequency of
9.995 MHz were used (ICM, Oklahoma City, OK, USA). All
sensorgrams were recorded on the fifth harmonic frequency and
normalized accordingly.16 Before each set of experiments, the SiO2-
coated crystals were cleaned by immersion in dilute sodium
dodecylsulfate (SDS) overnight, followed by rinsing with Milli-Q
H2O and immersion in Milli-Q H2O for 20 min. The chips were dried
in a gentle stream of N2 and oxidized using air plasma (3 min at 80
W), after which they were mounted in the measurement chamber.
The sensor surface was further cleaned by a flow of 10 mM SDS at
150 μL min−1 for 3 min, followed by Milli-Q H2O at 150 μL min−1 for
5 min directly before the measurement. Finally, IgG-free buffer was
injected for equilibration at 50 μL min−1 (approximately 1 h). All
subsequent injections were performed at 50 μL min−1. Between
experiments on the same day, the chip was regenerated by 10 mM
SDS at 150 μL/min for 5 min, followed by Milli-Q H2O at 150 μL
min−1 for 5 min and finally buffer #1 for equilibration at 50 μL min−1

(at least 30 min). To generate DNP-SLBs on QCM chips, the
DPPC:DPPE:DNP-cap-DPPE liposome stock solution was heated to
60 °C for 30 min and slowly cooled down to RT within 30 min. The
solution was ready for injection after dilution to 200 μg/mL with
buffer #1. DNP-SLB formation was typically complete after 30 min at
50 μL min−1, after which the flow medium was changed to buffer #1
for 10 min of equilibration. Finally, an injection of 133 nM IgG1-b12
was performed prior to each experiment to check for unspecific
binding and to ensure that the entire working surface was covered by
the DNP-SLB.

Conversion of QCM Sensorgrams. Raw sensorgrams (in Hz vs
time) were converted to molecule densities on the QCM chip
(molecules/μm2 vs time) by determining the bound mass according
to the Sauerbrey equation,30 which relates the change in resonance
frequency Δf of a quartz crystal oscillating in thickness shear mode to

the mass adsorbed on its surface Δm by the relation f
f m

A

2 0
2

q q
Δ =

ρ μ
Δ .

Here f 0 is the fundamental resonance frequency, and ρq and μq are the
crystal density (2.648 g cm−3) and its shear modulus (2.947 × 1011 g
cm−1 s2), respectively. The resulting masses were corrected for the
effect of trapped water according to Höök et al.31 Determination of
molecule densities further requires the effective surface area of the
DNP-SLBs, which may exceed the actual working surface area of the
QCM chip due to residual, only partially fused (and thus nonflat)
vesicles. We corrected the active surface area accordingly by
comparing the theoretical mass of a flat DNP-SLB covering the
working surface (average molecular weight of 729.3 Da for
DPPC:DPPE = 9:1; headgroup area of 0.626 nm2,32 0.5 nm buffer
layer between SiO2 and DNP-SLB) to the actual observed mass, and
modeling the excess as buffer-filled half-spheres with a diameter of
∼35 nm (determined by HS-AFM imaging).

Determination of Kinetic Rates from QCM Sensorgrams.
Kinetic rates were obtained by fitting the solution of a 1:1 Langmuir
interaction model simultaneously to the association and dissociation
phases of QCM sensorgrams using in-house MATLAB (Mathwork)
routines.

Construction, Expression, and Purification of Antibody
Variants. The antibodies used in this work were chimeric anti-DNP
mAb G2a2 consisting of the mouse variable domain of antibody
G2a233 fused to the human IgG1 and kappa light chain constant
regions,34 and the human control antibody IgG1-b12 (directed
against anti-gp120 of HIV-128). For generation of Fc:Fc interaction-
enhanced antibodies, the E430G mutation was introduced into wild-
type or functionally monovalent bispecific antibodies.1 bsIgGs were
produced by introduction of a K409R mutation in one antibody and
an F405L mutation in the other, which enabled the production of
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bsIgG by controlled Fab arm exchange.24 The resulting bsIgG retains
its Fc-effector functions.24

Antibodies were generated and produced by expression in Expi293
(Thermo Fisher Scientific) as previously described.35 Briefly, codon-
optimized antibody genes encoding heavy and light chains were
synthesized (GeneArt, Regensburg, Germany) and cloned separately
into pcDNA3.3 (Thermo Fisher Scientific). All Fc domain mutations
were introduced in heavy chain expression vectors either using
QuikChange technology (Agilent Technologies, Santa Clara, CA) or
via gene synthesis (GeneArt). The positions indicated represent
numbers according to EU nomenclature. Antibodies were expressed
in Expi293F cells by transfection of light chain and heavy chain
expression vector DNA using ExpiFectamine 293 according to the
manufacturer’s instructions (Thermo Fisher Scientific). Antibodies
were purified by Protein A affinity chromatography (rProtein A FF;
GE Healthcare, Little Chalfont, Buckinghamshire, UK), dialyzed
overnight against phosphate-buffered saline, and filter-sterilized over
0.2 μM dead-end filters (Corning, Amsterdam, The Netherlands).
The concentration of purified IgG was determined by absorbance at
280 nm (Nanodrop photospectrometer, Thermo Scientific, Breda,
The Netherlands) and by using the individually predicted extinction
coefficient. Quality control of purified antibodies was performed by
CE-SDS on the Labchip GXII (Caliper Life Sciences/PerkinElmer
Hopkinton, MA, USA) under reducing and nonreducing conditions
(>90% intact IgG, >95% HC + LC under reducing conditions), ESI-
TOF MS (Waters, Hertfordshire, UK) or Orbitrap (Thermo
Scientific), and HP-SEC (aggregate level <5%) (Waters Alliance
2975 separation unit, Waters) as described previously.2

Anti-DNP Fab fragments (IgG1-DNP-Fab) were generated from
IgG1-DNP using the GingisKHAN Fab kit (Genovis, Lund, Sweden)
according to the protocol supplied by the manufacturer.
Estimation of Local Concentrations, Rates, and Probabil-

ities. Numeric values are based on estimates of the local
concentrations c1 and c2 and the kinetic values determined in this
study (Figures 2 and 3A). The local epitope/paratope concentrations
ci are given by

c
A

VN
epi

i
i

i A
=

[ ]
(3)

with Vi being the volume to which the unbound Fab is restricted, Ai
being the corresponding surface area in which the Fab can reach an
epitope, and NA being Avogadro’s number. In the state y1* (Figure
4A) the unbound Fab arm can reach epitopes within a distance of 3−
17 nm.25 Modeling the respective volume/area as a hollow half-
sphere/annulus with inner/outer radius of 3/17 nm and setting [epi]
= 8.06 × 104 DNP epitopes/μm2 (5 mol % DNP-cap-DPPE in the
SLBs) thus yields a value of c1 = 11.5 mM. The state y2 (Figure 4A)
features two unbound Fab fragments but occupies a higher volume
and surface area, which we model as a half-sphere/circle with radius of
18 nm, yielding a value of c2 = 15.4 mM. For estimation of KD,Olig, we
modeled the respective volume/area as a half-sphere/circle with a
radius of 6 nm (∼corresponding to the length of Fab/Fc fragments),
yielding a value of ceff = 33.5 mM.
Using these values we can calculate the probability Pi for a

transition from state y1* to y1 and from state y2 to y3*, using

P
k c

k k c
1y y

on,Fab 1

off,Fab on,Fab 1
1 1

=
+

≈→*

, and

P
k c

k k c
0.18y y

on,Fab 2

off,Fc on,Fab 2
2 3

=
+

≈→ * (4)

Note that the actual concentrations might differ from the estimated
values as the model geometries differ from the actual ones. The IgG
oligomerization propensity on a given antigenic surface with a given
epitope concentration can thus be increased by either lowering koff,Fc
through mutations that strengthen the Fc−Fc interaction or by
increasing the local epitope/paratope concentrations, ci, which can be

achieved by optimizing the ratio Ai/Vi (eq 3), for instance through an
optimization of the Fc fragment flexibility.

Detailed Model of IgG Oligomerization and Simulation of
QCM Sensorgrams. We have deduced the system of rate equations
governing the time course of the different IgG oligomer populations
(y1−y13), the surface density of available epitopes (y14), and the local
concentration of IgGs close to the surface (y15)

27 for a given IgG
concentration in the bulk solution CIgG from the kinetic scheme given
in Figure 4C. As an example of how the respective rate equations are
obtained from the scheme, we briefly describe the terms contributing
to the surface population of IgG monomers y1 (first equation, below):

(1) Single IgGs in solution (concentration y15) may bind to
available surface epitopes (density y14) with rate k1 or
dissociate from them with rate k−1 (first bracket).

(2) Following the vertical pathway, IgG monomers may transition
into an incomplete dimer y2 (were the Fab of the incoming
IgG has not yet bound to a surface epitope) with forward rate
k2 and backward rate k−2 (second bracket).

(3) Following the lateral pathway, two epitope-bound monomers
(y1) may collide and form a dimer (y3) with forward/backward
rates k6/k−6 (third bracket). The factor of 2 originates from the
fact that always two monomers join to form a dimer/are
released when a dimer dissociates.

(4) Accordingly, the next terms account for the formation/
dissociation of a trimer (y5) from/into a dimer (y3) and a
monomer (y1) (fourth bracket; the factor of 2 in 2k−6y5
accounts for two possibilities of how a trimer might dissociate
into a dimer and a monomer),

5) the formation/dissociation of a tetramer (y7) from/into a
trimer (y5) and a monomer (y1) (fifth bracket; again a factor of
2 for two possibilities for the dissociation),

6) the formation/dissociation of a pentamer (y9) from/into a
tetramer (y7) and a monomer (y1) (sixth bracket; again a factor
of 2 for two possibilities for the dissociation),

(7) the formation/dissociation of a hexamer with open Fc ring
(y11) from/into a pentamer (y9) and a monomer (y1) (seventh
bracket; again a factor of 2 for two possibilities for the
dissociation).

The complete set of corresponding rate equations reads
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We implemented a two-compartment model27 that accounts for
potential mass transport effects (rate ktr) between regions close to the
surface with IgG concentration y15 and regions far from the surface
where the IgG concentration is that of the bulk, CIgG. The constants ki
and k−i are the forward and backward rates associated with the
transitions between the different oligomer configurations: k1, k−1, k2,
and k−2 are given by kon,Fab, koff,Fab, 4kon,Fc, and koff,Fc. The transition
rate from state y2 to y3 is given by k3 = kon,Fabc3 and differs from k4 =
kon,Fabc4 as the respective geometries (eq 3) differ (single attachment
to the surface and associated flexibility in state y2 vs multiple
attachments in states y4, y6, y8, etc.). k5 and k−5 are the forward and
backward rates of Fc ring stabilization, and k6 and k−6 account for the
oligomerization through lateral collisions between IgG monomers and
other oligomers. The parameters wi account for epitopes (surface
density [epi]) that are unbound but also unavailable as they are
screened by (hidden below) other IgGs bound to neighboring
epitopes and are given by
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(6)

A single monovalent IgG screens a circular patch of diameter d1 = 8.8
nm,36 hexamers screen a circular patch of diameter d2 = 23 nm,34 and
dimers to pentamers screen the respective fragment of a hexamer plus
an additional area (d2Δ, with Δ = 2.9 nm) accounting for overlap
effects at the rim (along the Fc portions) of these oligomers.

We numerically solved the system of rate equations (eq 5) using
the kinetic rates obtained from SMFS and QCM experiments (Figures
2 and 3) and adjusting the unknown rates (Table 1) to reproduce the
experimental QCM sensorgrams (CIgG = 133 nM) for monovalent
IgGs as shown in Figure 3B. Since the QCM detects the sum of all
molecules bound to the sensor chip, the respective oligomer surface
densities had to be weighted by their respective oligomeric state (i.e., a
hexamer contributes 6× the signal of a monomer to the sensorgram,
etc.). For the initial association phase we used initial conditions y0,i = 0
for i ≠ 14 and y0,14 = 8.06 × 104 DNP epitopes/μm2 (corresponding
to 5 mol % DNP-cap-DPPE in the SLBs). The dissociation phase was
simulated by setting CIgG = 0 after the association phase.
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