
RESEARCH PAPER

Structure and Function of Purified Monoclonal Antibody Dimers
Induced by Different Stress Conditions

Rajsekhar Paul & Alexandra Graff-Meyer & Henning Stahlberg & Matthias E. Lauer & Arne C. Rufer & Hermann Beck & Alexandre
Briguet & Volker Schnaible & Thomas Buckel & Sabine Boeckle

Received: 21 October 2011 /Accepted: 5 March 2012 /Published online: 5 April 2012
# Springer Science+Business Media, LLC 2012

ABSTRACT
Purpose To investigate structure and function of different
monoclonal antibody (MAb) dimers.
Methods MAb dimers were induced by process-related, low
pH and UV light stress. Dimers were isolated and purified by
chromatography and extensively characterized by biochemical,
structural and functional methods.
Results Highly purified dimer forms were obtained which enabled
detailed characterization. Dimers induced by process stress were
associated by a single non-covalent interaction site between two Fab
domains in a characteristic “bone-like” structure observed in Trans-
mission Electron Microscopy (TEM). These dimers showed re-
duced potency and antigen binding affinity. Low pH stress
generated more stable but also non-covalently associated dimers
without chemical alterations in a typical “closed” conformation
according to TEM. These dimer species were more compact and
more hydrophobic as dimers induced by process stress. They
showed bioactivity and antigen binding affinity similar to the native
monomer. Light-induced dimers, exhibiting various different confor-
mations, were the most stable dimers with various chemical mod-
ifications leading to a broad range in size, charge and hydrophobicity.
These dimers fully lost bioactivity and antigen binding affinity.
Conclusion The use of highly purified MAb dimers and a panel
of characterizations methods enabled to obtain a clear picture
about molecular architecture and function of dimers.
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HIC hydrophobic interaction chromatography
HUVEC human umbilical vein endothelial cell
IEC ion exchange chromatography
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TEM transmission electron microscopy
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INTRODUCTION

Protein aggregation in therapeutic biotech products is still one
of the ‘hot topics’ discussed in the field of biopharmaceutical
development, toxicology, immunology and clinical pharmacy.
Since protein aggregates potentially impact drug performance
(potency, pharmacokinetic, pharmacodynamics) and safety
(immunogenicity, adverse effects) (1–3) the level of aggregates
in biopharmaceuticals has to be closely monitored as a critical
quality attribute. As the different methodologies that are
routinely used for the determination and characterization of
aggregates have their own strengths and weaknesses (4–9) little
is known about the detailed structure of such aggregate spe-
cies, and as a consequence about their potential effect on
biological function and safety. In addition, it often remains
unclear whether there are ‘good’ and ‘bad’ protein aggre-
gates, and knowledge about the pathway of protein aggrega-
tion or knowledge about the mechanisms that control the
aggregation process is limited (10–13). With regard to immu-
nogenicity, animal models have clearly demonstrated that
protein aggregates of degraded samples enhance the immune
response (14–16). However, the applied samples were mostly
containing large amounts of various aggregates which were
rather little characterized and therefore it is currently not clear
which specific types and doses of aggregates may induce an
effect. In order to better understand the biological effect of
protein aggregates in biopharmaceutical drug products, a
thorough characterization of such species is a prerequisite.
There have been many studies focusing on the characteriza-
tion of antibody aggregates. For example, the formation of
antibody aggregates has been studied after agitation stress,
shaking, freeze thaw, pH or light stress (8,17–20). However,
these stressed antibody solutions were containing a mixture of
various aggregate species besides residual monomers. In order
to allow detailed structural characterization of a certain type
of aggregates, isolation and purification of aggregate species is
required. Samples containing an enriched amount of antibody
dimers have been studied by Remmele et al. (21) and three
predominantly covalent dimeric forms in their isolated dimer
pool were detected.

The purpose of this study was to prepare highly purified
monoclonal antibody dimer species from differently stressed
bulk solutions of one monoclonal IgG1 antibody in order to
enable a thorough characterization of the molecular architec-
ture and function of dimer species and to understand the
impact of the applied pharmaceutical relevant stress condi-
tions on the formation of dimer forms. A model IgG1-
antibody was therefore stressed under three different stress
conditions which were related to conditions that an antibody
molecule may experience during processing or during storage.
First, process-related stress was applied as a ‘realistic’ stress
condition as this stress included all typical steps of upstream
and downstream processing which are performed during

manufacturing of monoclonal antibodies. To enforce the
stress onto the antibody molecules, accelerated stress condi-
tions were also applied. Stress attributed to pH shifts is known
to potentially induce aggregation, e.g. during freeze/thaw
procedures of bulk or during the virus inactivation step in
purification (22,23). Therefore, the pH of a model IgG1
solution was titrated down to pH 2.5 and then back to pH
6.2 to induce aggregation. Finally, intensive light stress by
exposure to UV-light, which can induce chemical denatur-
ation and aggregation (24), was applied to induce aggregate
formation in the model antibody solution. The respective
antibody dimer species which were generated due to the three
different stress conditions were afterwards isolated and puri-
fied to enable thorough structural characterization with re-
gard to their biophysical, biochemical and three dimensional
structures in comparison to the monomeric antibody mole-
cule. In vitro functional assays and a cell based potency assay
were finally used to study the impact of structural modifica-
tions on binding affinity and biological activity.

MATERIALS AND METHODS

Materials

An IgG1 monoclonal antibody (MAb) was chosen as a
model antibody for the present study. For the isolation of
process stress dimers and monomer 6 g antibody bulk solu-
tion obtained from a large scale manufacturing campaign
after the virus inactivation step was used. This bulk material
was in a buffer consisting of 90 mM Acetic acid, 110 mM
Tris, and 20 mM Citric acid, pH 5.5. For pH and light-
induced stress, approximately 4 g of formulated antibody
solution (25 mg/ml, pH 6.2) in a buffer containing 51 mM
Sodium Phosphate, 6 % Trehalose, and 0.04 % Polysorbate
20 was used as starting material.

Stress Conditions

For pH stress, 150 mM ortho-phosphoric acid was added
drop-wise to a volume of 150 ml of formulated antibody
solution while slowly stirring. When the solution reached a
pH of 2.5, the solution was incubated at room temperature
for 1 h (without stirring). Afterwards, the solution was titrat-
ed back to pH 6.2 with 150 mM Na2HPO4, resulting in an
increased total volume of approx. 280 ml with a determined
protein content of 15.0 mg/ml. Light-induced stress of
formulated antibody solution was performed using the
SunTest XLS + device. Ten glass vials containing 16 ml
of antibody solution were kept under the UV–VIS light
(Irradiance Energy 765 W/m2) for 20 h. The bulk solutions
of all stressed solutions were stored at −80 °C after stressing.
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Purification of Antibody Monomer and Dimers

For the purification and isolation of monomer and dimer
fractions the frozen bulk samples were thawed at 25 °C in a
water bath and filtered through 0.2 μm pore-size filters to
remove any precipitates. Preparative ion exchange chroma-
tography (IEC) was performed using a Poros 50 HS column
(column volume 470 ml) at a flow-rate of 65 ml/min using
gradient-elution with buffer A (35 mM Na-Acetate; pH 5.5)
and buffer B (35 mM Na-Acetate / 500 mM NaCl; pH 5.5).
The stressed bulk antibody samples were loaded undiluted
onto the column and fractionation was performed based on
UV detection at 280 nm. The separated fractions were ana-
lyzed by SE-HPLC similar as described for SEC-MALLS.
The monomer fraction (isolated out of the process stress bulk)
and dimer fractions from the cation-exchange step were
pooled and concentrated by centrifugation using 50 ml Ami-
con ultracentrifuge filter units (MWCO of 30 kDa, 4000 rpm)
resulting in a final volume of approx. 12 ml. The monomer
fraction was dialyzed using tangential flow filtration method
resulting in a final buffer medium of 51 mM Sodium Phos-
phate. The concentrated dimer fractions were further purified
using a Superdex 200 preparative SEC column with 320 ml
column volume and 600 mg sample load capacity at a flow
rate of 2.5 ml/min. Sodium phosphate buffer (51 mM, pH
6.2) was used as elution buffer. The final monomer and dimer
fractions in 51 mM phosphate were sterile filtered and frozen
in aliquots at −80 °C. The isolated monomer fraction out of
the process stress bulk was used as monomeric antibody in this
study. The protein content in the fractions was determined by
measuring the absorption at 280 nm using a UV–VIS spec-
trophotometer Lambda 35 (Perkin Elmer).

Size Exclusion Chromatography with Multi-angle
Laser Light Scattering (SEC-MALLS)

For SEC-MALLS analysis, volumes of 10 μl to 60 μl of
undiluted antibody samples (corresponding to 30 μg for dimers
and 50 μg for monomers) were applied onto a TosoHaas TSK-
Gel G3000SWXL column and separation was performed
with 0.2 M K2HPO4, 0.25 M KCl, pH 7.0 at a flow rate of
0.5 ml/min for 30 min. Molecular weight determination was
performed using aMiniDawnTREOS light scattering detector
(Wyatt Technology, Germany) and the Astra V Software Ver-
sion 5.3.4.14 (Wyatt Technology, Germany). Molecular weight
determination was calibrated by a single injection of BSA. The
acceptance criterion for the calculated molecular weight of
BSA monomer was 66 kDa (+/− 10 %).

Analytical Ultracentrifugation (AUC)

Sedimentation velocity experiments were performed on a
Beckman Coulter XLI instrument with an An50Ti rotor

and Spin Analytical Spin60 centerpieces. Samples were
diluted to 0.5 mg/ml in sample buffer (51 mM sodium
phosphate pH 6.2) and were centrifuged at 42,000 rpm
/20 °C. Sedimentation profiles measured in triplicates
at 280 nm were analyzed with Sedfit/Sedphat (25).
First, sedimentation coefficient distributions c(s) were
calculated for the individual samples in Sedfit. Then,
using a “hybrid global continuous distribution and glob-
al discrete species” model in Sedphat, global fits to the
triplicate data for each of the monomer and dimer
species were calculated. Sedphat reports sedimentation
coefficients corrected for buffer density and viscosity (s20,w)
and corresponding signal-weighted sw20,s values for integra-
tions of peaks. Relative species abundance (area %) were
calculated by integration of the sedimentation coefficient dis-
tributions c(s20,w) in Origin (vers. 7.5 SR7). The frictional
coefficient f/f0 is the effective frictional coefficient of a particle
divided by the frictional coefficient of a sphere with identical
molecular weight and is thus a measure of shape. A partial
specific volume of 0.726 g/ml was used for all antibody
samples. For analysis of the light stress and pH stress
dimers two sedimentation coefficient ranges were used
in Sedphat: one accounting for the residual monomer in
these samples (frictional coefficient fixed to that calculat-
ed for the monomer sample) and the other segment
describing the sedimentation coefficient distribution of the
dimers and traces of higher oligomers.

Peptide Mapping

Prior to digestion, samples were denatured in 0.4 M Tris-
buffer, pH 7.5, containing 8 M Guanidine-hydrochloride.
Trypsin digestion was performed by incubation at 37 °C for
20 h in a digestion buffer (0.1 M Tris/HCl, 1 mM CaCl2,
pH 7.5) containing trypsin (modified by reductive methyla-
tion) in a trypsin to MAb ratio of 1/20 (w/w) of the protein
by weight. Digestion was stopped by adding a 1 % TFA
solution. For chromatographic separation a Capillary-LC
system (Agilent 1100 Series Capillary LC System) was used
with a RP-C18 Phenomenex Jupiter column (250×0.5 mm,
5 μm, 300 Å) with a gradient of water / 0.1 % formic acid to
acetonitrile / 0.1 % formic acid at a flow rate of 20 μl/min.
Subsequent analysis of chromatographic peaks observed at
220 nm was done by electrospray time-of-flight mass spec-
trometry (ESI-TOF-MS) in the positive ion mode on a
Waters Q-Tof Ultima, achieving sequence coverage of greater
than 95 %.

Capillary Electrophoresis Sodium Dodecylsulfate-Non-
Gel Sieving (CE-SDS-NGS)

CE-SDS-NGS was performed both under reducing, and non-
reducing conditions. Samples were treated with SDS (and
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Dithiothreitol for reducing conditions) for 5min at 70 °C before
injection in a Beckman Coulter Capillary Electrophoresis Sys-
tem ProteomeLabPA800. The capillary was rinsed at
70 psi with 0.1 mM NaOH for 5 min and then with
0.1 mM HCl and deionized water for 1.0 min. The SDS-
MW Gel Buffer was loaded into the capillary at 50 psi for
15 min from the outlet side. Samples were injected electro-
kinetically at 10 kV for 10 s. Analysis was performed in the
negative polarity mode (−15 kV, −480 V/cm). Maintaining
the capillary temperature at 40 °C, a typically obtained cur-
rent value was 35–40 μA.

Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra were acquired using a Thermo Scientific
(Thermo Electron Corporation, USA) Nicolet 6700 Fourier
transform infrared spectrometer. Samples were loaded into
a flow-cell (Smart Proteous sample compartment) with CaF2
windows with a 6 μm fixed pathlength well. A 128-scan
interferogram was collected for each spectrum in single
beam mode with a 4 cm−1 resolution. Protein concentration
was approx. 10 mg/ml for all the samples subjected to FTIR
analysis. A buffer blank spectrum was used as the back-
ground before each sample measurement. Protein absor-
bance spectra were obtained by subtraction of the buffer
blank from the protein spectrum. Water vapor signals, if
present, were removed by subtracting the spectrum of gas-
eous water. Data were analyzed with the OMNICTM soft-
ware tool and displayed as second derivative amide I spectra
with a 9-point smoothing.

Papain Digestion Combined with IEC and ESI-TOF-MS
Analysis

Samples were incubated with papain at an enzyme substrate
ratio of 1/100 in 50 mM sodium phosphate buffer, pH 7.4
in the presence of 1 mM cysteine and 4 mM EDTA at 25 °C
for one hour. After digestion, buffer exchange into 20 mM
sodium phosphate buffer, pH 6.0 was performed using PD
Minitrap columns (GE Healthcare, Switzerland). Samples
were stored on ice before separation by cation exchange
HPLC. Samples were separated on a Dionex ProPac WCX-
10 column (4×250 mm) on a Waters Alliance 2695 separa-
tion module with UV detection at 280 nm using a linear
gradient of eluent buffer A (20 mM sodium phosphate, pH
6.0) and buffer B (0.5 M sodium chloride in 20 mM sodium
phosphate, pH 6.0) at a flow rate of 1.0 ml/min (2 % to
39 % B within 21 min). The main peaks in the chromato-
gram were then fractionated using an automatic fraction
collector and concentrated over 10 kDa membrane filters
(Sartorius, Vivaspin 6). The peaks were characterized by
ESI-TOF-MS using an Agilent 1100 chromatography sys-
tem with a Poroshell SB-C8 column (Agilent, 75 x 0.5 mm,

5 μm, 300 Å). Mobile phases were water / 0.1 % formic
acid and acetonitrile / 0.1 % formic acid. Total runtime was
30 min with a linear gradient from 20 % B to 95 % B within
10 min and a flow rate of 15 μl/min. Subsequent analysis of
chromatographic peaks was carried out using a Waters Q-
TOF mass spectrometer, equipped with an electrospray
source (ESI) in the positive ionization mode. The capillary
voltage was set to 3 kV, the cone at 50 V, the source temper-
ature at 80 °C, the desolvation temperature at 250 °C with a
gas flow of 350 L/h. Exact mass was calculated using a
MaxEnt1 spectra deconvolution.

Transmission Electron Microscopy (TEM)

For TEM experiments, the antibody stock solutions were
diluted to 10 and 5 μg/ml with PBS buffer. 4 μl of diluted
samples were adsorbed for 60 s to glow-discharged parlo-
dion carbon-coated copper grids. The grids were then blot-
ted, washed on five drops of double-distilled water and
negatively stained on two droplets of 2 % uranyl acetate
(pH 4.3) solution. Tobacco Mosaic Virus (TMV) was intro-
duced as a size calibration standard and for staining quality
evaluations (26). Samples were imaged at a nominal magni-
fication of 130000X using a Philips CM10 electron micro-
scope (Philips, Eindhoven, The Netherlands) operating at
80 kV. Electron micrographs were recorded on a 2000 by
2000 pixel charge-coupled device camera (Veleta, Olympus
soft imaging solutions GmbH, Münster, Germany) mounted
in the 35 mm port of the TEM, yielding a final pixel size of
0.36 nm on the specimen level. Reference-free alignment
was performed on manually selected particles from recorded
image using the EMAN image processing package (27). A
total of 500 particles of each imaged samples (monomers or
dimers) were extracted from the micrographs, aligned, and
classified by multivariate statistical analysis to calculate class
averages. The class averages with the best signal-to-noise
ratio were presented in Fig. 7.

Potency Assay

The Human Umbilical Vein Endothelial Cell (HUVEC)
anti-proliferation bioassay is based upon the ability of the
antibody to inhibit antigen-induced HUVEC proliferation
by preventing the antigen from binding to the receptor for
antigen on HUVEC cells. The assay is performed in 96-well
tissue culture microtiter plates. Varying concentrations of
antibody reference material or samples are mixed with
antigen (60 ng/ml) and incubated for 30–90 min at ambient
temperature. 50 μL of the antigen/antibody mixtures are
then added to the microtiter plates, followed by the addition
of 50 μL of HUVEC suspension (10,000 cells/well). The
plates are incubated at 37 °C, 5 % CO2 in a humidified
incubator for 4 days, after which 25 μL of the redox dye
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AlamarBlue is added. The plates are then incubated for 6 to
7 h at 37 °C, 5 % CO2 in a humidified incubator, and the
relative number of viable cells is quantified indirectly by
reading the fluorescence using a 96-well fluorometer with
excitation at 530 nm and emission at 590 nm. AlamarBlue is
blue and non-fluorescent in its oxidized state, but is reduced
by the intracellular environment into a pink form, which is
highly fluorescent. The changes in color and fluorescence
are proportional to the number of viable cells. The results,
expressed in relative fluorescence units (RFU), are plotted
against antibody concentrations, and a parallel line analysis
is used to estimate the inhibitory activity of samples relative
to native monomer as reference material. Inhibition of
HUVEC proliferation is proportional to the antibody con-
centration (specific biological activity). Each sample is mea-
sured in triplicate (precision of the assay is 4–6 % RSD).
Note that for the process stress and light stress dimers the
concentration range of the assay had to be adapted and the
potency of these samples relative to the native monomer was
determined using a 4-parameter fit of the dose–response
curves and EC50 ratios.

FcγRIIIa-Binding Analysis by Surface Plasmon
Resonance (SPR)

The ability of IgG1 in monomer and dimer samples to bind
FcγRIIIa[Val-158] was examined by SPRmeasurement using
a BIAcore 3000 system (BIACORE, Uppsala, Sweden). Anti-
GST antibody (GST Capture Kit, Biacore) was immobilized
on a carboxymethylated dextran sensor (CM5 chip, BIA-
CORE) using an amine coupling kit (BIACORE). In the same
way, anti-hGCSF antibody was immobilized on the sensor
chip to produce a reference surface. Soluble recombinant
human FcγRIIIa[Val-158] carrying a GST tag, produced in
HEK293 cells was captured by the immobilized anti-GST
antibody by injecting the soluble GST-FcγRIIIa until a re-
sponse level of about 30 RU were reached. Samples were
diluted to mass concentrations corresponding to monomer
concentrations of 12 nM and 8750 nM in HBS-EP buffer
(0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005 %
polysorbate 20, pH 7.4) and each diluted sample was injected
at a flow rate of 30 μL, using HBS-EP as running buffer.
Monomer sample was measured in duplicate (16 % RSD).
Regeneration of the chip was performed by injection of
40 mM HCl for 1 min at a flow rate of 30 μL/min. The
obtained data were corrected for the blank control and
molar concentrations were calculated using SEC-MALLS
data prior to analysis with various kinetic models and
fitting methods using BIACORE 4.1 kinetic evaluation
software. For comparison of the different samples, rela-
tive binding affinities were calculated from steady-state
data (equilibrium binding constants) normalized to the mono-
mer sample.

RESULTS

Isolation and Chromatographic Characterization
of Dimer Species

Soluble antibody dimers from solutions that experienced three
different stress conditions were isolated in a two-step proce-
dure using preparative cation exchange chromatography and
size exclusion chromatography (SEC). According to analytical
SEC, the content of dimer species in the bulk solutions after
initial stress was approx. 4 area% for process stress, 7 area%
for pH stress and 20 area% for light stress. Characterization of
the isolated fractions by analytical SEC-MALLS resulted in
SEC profiles showing main peaks at the retention time typical
for dimer species for all fractions with 88 area% for process
stress, 81 area% for pH stress, and 67 area% for light stress
induced dimers (Fig. 1 and Table I). The isolated and purified
dimer species were not dissociable by dilution in low ionic
strength phosphate buffer or in SECmobile phase with a high
ionic strength. It should be noted that dissociable dimers
potentially present directly after stress were most likely lost
during the purification process. The determined molecular
weight of approximately 300 kDa for all three dimer peaks in
the isolated fractions corresponds to the theoretically expected
molecular weight of IgG1 dimers. The respective peak max-
ima in SEC of the three dimers were, however, found at
slightly different retention times (Fig. 1), indicating that the
stress conditions led to dimer species with different hydrody-
namic diameters. According to the retention times of the peak
maxima, the hydrodynamic diameter was highest for process
stress dimers, medium for light stress dimers and smallest for
pH stress dimers.

Fig. 1 SEC-MALLS chromatograms of monomer and stress induced
dimers The chromatograms represent relative absorbance at 280 nm,
and the lines (at each major peak position) represent the molecular weight
distribution in g/mol.
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Analytical ultracentrifugation (AUC) performed with sam-
ples diluted in sample buffer (51 mM sodium phosphate) to a
concentration of 0.5 mg/ml confirmed the percentage of
dimer species in all three fractions determined by SEC
(Fig. 2). Sedimentation coefficients determined by AUC in-
creased in the order process stress dimer < light stress dimer <
pH stress dimer, while the frictional coefficients decreased in
this order (Fig. 2). Since all dimers had the same molecular
weight, the frictional coefficients were a direct measure of the
relative shape of the dimers: process stress dimers were most
extended in solution, while pH stress dimers were the most
compact dimer species and light stress dimers showed an
intermediate compactness.

Furthermore, characterization of the different dimer frac-
tions by analytical hydrophobic interaction chromatography
(HIC) and ion exchange chromatography (IEC) showed sig-
nificant differences between the samples in terms of hydro-
phobic behavior and charge profile. Whereas process and pH
stress dimers displayed distinct dimer peaks in IEC, a broad
distribution of peaks was found for light induced dimers. The
HIC profile for light induced dimers was also very broad,

indicating the presence of several different dimer species in
the light stress dimer fraction. According to the HIC chroma-
tograms, the pH stress dimers appeared to be more hydro-
phobic than the process stress dimers because the resulting
peaks accounting for the pH stress dimer were obtained
at higher retention times than for the process stress dimer
(Supplementary Material Figure S1).

Assessment of Chemical Modifications in Dimer
Species

To assess potential chemical modifications induced by the
applied stress conditions, characterization by LC/MS-peptide
mapping was performed with all three dimer fractions and
compared to the unstressed monomeric antibody. The LC/
MS-peptide map chromatograms of process stress dimers and
pH stress dimers showed no differences compared to the chro-
matogram of the monomer (data not shown). In contrast, light
stress dimers showed significant differences in the peak pattern
compared to the monomer, which could be mainly attributed
to oxidation of methionine residues (Fig. 3 and Supplementary
Material Table SI). Besides Met oxidation, some other chem-
ical modifications were determined in the light stress dimer,
which could not be further identified (“unknown peaks” in
Fig. 3). In addition, a number of peaks showed different inten-
sities, however, the same peptides were identified by MS data
for both monomer and light stress dimers.

For further evaluation of chemical modifications, CE-
SDS-NGS was separately performed under reduced and
non-reduced conditions. Under both conditions, the process
stress dimers showed the same peak pattern in the electro-
pherogram as the monomer, indicating full dissociation of
process stress dimers by SDS treatment (Fig. 4). Under non-
reduced conditions, the pH stress dimer fraction showed one
major peak at the monomer position (80 % CPA) together
with a second peak of 20 % CPA in the aggregate region
(data not shown). Under reducing conditions using SDS-

Table I Composition of Purified Monomer and Stress Induced Dimers
According to SEC

Sample Area %
monomer

Area %
dimer

Area %
oligomers

Monomer 98 2 0.1

Process stress dimer 1 88 10

pH stress dimer 17 81 1

Light stress dimer 22 67 13

Fig. 2 Sedimentation coefficient distributions of monomer and stress in-
duced dimers analyzed by AUC. The x-axis shows the sedimentation coeffi-
cient corrected for buffer viscosity and density at 20 °C; the y-axis shows the
relative abundance of the species in signal units per sedimentation coefficient.
The area% refer to the main peaks: monomer peak for the native monomer
sample and dimer peaks for the stress induced dimers.

Fig. 3 LC/MS-peptide map chromatograms at 220nnm of light induced
stress dimer in comparison to monomer.
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buffer and DTT, the majority of the pH stress dimer was
cleaved to light chain (LC) and heavy chain (HC) fragments
(Fig. 4). In contrast, the light stress dimers showed clear
peaks in the aggregate region of the electropherogram both
under reduced (Fig. 4) and non-reduced conditions. SDS-
buffer treatment alone only led to dissociation of 34 % of
dimers into monomer molecules and 52 % remained as
aggregates. Under reduced conditions, SDS and DTT treat-
ment dissociated approx. 70 % of the light stress dimers into
LC and HC and approx. 30 % were still detected in the
aggregate region.

Structural Assessment of Dimer Species

Changes in the secondary structure of protein aggregates can
be detected by Fourier Transform Infrared (FTIR) Spectros-
copy (19,28,29). Interestingly, the antibody dimers isolated
after different stress conditions did not show any difference
by visual comparison in their second derivative spectra in
comparison to the monomer (Fig. 5), suggesting no major
alteration of the secondary structure of dimers. The β-sheet
content of the dimers and the monomer was determined to be
around 45 % in all samples.

In order to evaluate at which site the antibody monomers
are associated with each other to build the different dimer
molecules, papain digestion was performed followed by IEC,
in an analogous way as described by Lau et al. (30). In addition,
peaks after IEC were fractionated and analyzed by both MS
and SEC-MALLS for identification of the species. In compar-
ison to the digested monomer showing two peaks for the Fc (at
approx. 9min) and Fab fragment (at 12min), respectively, one
additional peak (at 15.5 min) was obtained with the papain
digested process stress dimer (Fig. 6a). This third peak was
composed of Fab parts as demonstrated by MS and, accord-
ing to SEC-MALLS, had a molecular weight of approx.
100 kDa, which corresponds to a Fab-dimer. The additional

peak was also observed for the pH stress dimer (Fig. 6b) but
with lower intensity compared to the free Fab fragment.
Moreover, the intensity of the Fc fragment was reduced for
pH stress dimers. For the light stress dimer the identity of the
peak at the position of the Fab fragment was confirmed byMS
as Fab fragment. No other distinct species could be identified
in the broad distribution of signals in the IEC (Fig. 6b).

To acquire further structural information on individual
antibody dimers, such as conformations and sizes, the different
antibody dimer samples were imaged by negative-stain trans-
mission electron microscopy (TEM) and submitted to class
averaging using single-particle analysis of TEM electron
micrographs. The antibody monomer sample was used as a

Fig. 4 CE-SDS-NGS electropherograms under reduced conditions of
monomer and stress induced dimers.

Fig. 5 FTIR second derivative spectra of (A) monomer and stress induced
dimers (B: pH stress dimer; C: process stress dimer; D: light stress dimer).

Fig. 6 IE-HPLC chromatograms at 280 nm of (a) papain-digested mono-
mer (black line) and process stress dimer (dotted line) and (b) pH stress
dimer (dotted line) and light stress dimer (dashed line).
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control. Length and shape of the antibody monomer shown in
the class average image (Fig. 7a, inset) were in accordance
with the known structure of an IgG1 molecule (31–33). The
sample preparation did not lead to any nonspecific monomer
aggregation. The average projections calculated by single
particle analysis of the different antibody dimer images are
uniformly different as shown in Fig. 7. The TEM electron
micrographs and the class averages of process stress dimers
(Fig. 7b) show dimer molecules, where two monomer mole-
cules are attached to each other via one distinct domain. This
particular dimer conformation was termed the ‘bone-like’
structure with an end-to-end distance of 28.9 nm. Both mono-
mers involved in the process stress dimer association show
three intact domains and the overall typical Y-shape. The
TEM electron micrographs and a class average image of pH
stress dimers (Fig. 7c and inset) show a dimer conformation
where the monomer molecules are associated via two
domains. This conformation is more compact and was termed
the ‘close’ conformation. The distance between the two ter-
minal domains of the pH stress dimer is shorter (25.9 nm)
compared to the distance of process stress dimer (28.9 nm). In
contrast to the process and pH stress dimers, the light stress
dimers showed a variety of different dimer conformations, one
example of a class-average image is shown in Fig. 7d (inset).
Some light stress dimers present a ‘bone-like’ conformation as
observed in the process stress dimer images, but also a ‘bended

bone’ conformation together with a ‘close’ conformation, as
observed in case of pH stress dimers. Furthermore, new dimer
conformations were identified, such as orientation of two
antibody molecules like a sandwich. For some light stress
dimers no clear orientation could be described. The average
end-to-end distance of the light stress dimers is 26.2 nm, which
lies between the end-to-end distance of the process stress
dimer and the pH stress dimer.

Finally, it is important to note that for all dimer species,
the overall antibody Y-shape still remained intact and could
clearly be identified by negative stain TEM imaging.

Functional Characterization of Dimer Species

In order to gain further insight into the structure and func-
tionality of the three different antibody dimers with regard
to their binding affinity towards antigen and accessibility of
the Fc region, a cell based potency assay and binding experi-
ments using surface plasmon resonance (SPR) were per-
formed with the respective dimer fractions.

For the determination of the bioactivity of the different
dimers in comparison to the monomeric antibody a specific
anti-proliferation bioassay was used. The assay set-up mon-
itors the binding affinity of the Fab domains of antibodies
towards their antigen. The results are summarized in
Table II and Fig. 8. The process stress dimer displayed a

Fig. 7 Negative stain
transmission electron microscopic
images of (a) monomer, (b)
process stress dimer, (c) pH
stress dimer and (d) light stress
dimer. The scale bar, shown in
black line represents 50 nm. The
insets show class average images
of monomer (a) and respective
dimers (b, c, d). The white scale
bar in each inset represents
10 nm. Tobacco Mosaic Virus
(TMV) was used for size
calibration and evaluation of
staining quality.
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significantly reduced bioactivity of 62 % (RSD 3 %) com-
pared to the monomer. The pH stress dimer showed a
biological activity similar to the monomer (101 % rel. po-
tency, RSD 4 %). The light stress dimer displayed a signif-
icantly reduced potency compared to the monomer (21 %
rel. potency, RSD 17 %). It has to be noted that the slope of
the dose–response curve was reduced for the light stress
dimer in comparison to the monomer. Therefore, the bio-
logical response cannot be regarded as similar and the
calculated relative potency value for the light stress dimer
has to be considered as approximation. Western Blot anal-
ysis moreover revealed that light stress dimers were not able
to bind antigen, whereas the residual amount of monomeric
molecules present in this particular dimer fraction were
binding antigen (data not shown).

The accessibility of the Fc region within the different dimer
species was investigated by measuring the binding character-
istics to the receptor FcγRIIIa [Val-158] by surface plasmon
resonance using the BIAcore biosensor system. For all dimer
fractions, the dissociation rates were decreased compared to
the monomer resulting in a 3-5-fold higher overall relative
binding affinity to FcγRIIIa (Table III), indicating the involve-
ment of a second binding site per molecule. The binding
kinetics obtained with the process stress dimer can be de-
scribed by a two-state model (Fig. 9), while the pH stress and
light stress dimer showed complex kinetics (data not shown).

DISCUSSION

In the present study an IgG1 monoclonal antibody was
exposed to different stress conditions to induce the forma-
tion of aggregates: process stress, pH stress and light stress.
From the resultant aggregates, the species accounted for
soluble antibody dimers were isolated and purified to obtain
enriched dimer fractions with a purity of 67–88 % based on
area % of SEC. A systematic combination of complemen-
tary methods to assess biochemical, structural and biological
features of the antibody dimers allowed detecting structural
differences within the dimers and in comparison to the
monomer. The impact of these structural modifications on
the binding affinity and bioactivity of the dimers was eval-
uated. Based on the conclusions we were able to propose a

schematic model of the three different dimer conformations
including their capacity to bind antigen (Fig. 10).

Characterization of Process Stress Dimers

Process stress dimers (Fig. 10a) that were generated during
the standard antibody manufacturing process exposed a

Table II Relative Potencies of Stress Induced Dimers Determined by a
Cell-Based Bioassay

Sample Mean relative potency RSD (%)

Process stress dimer 62 3

pH stress dimer 101 4

Light stress dimer 21a 17

a Biological response was not similar

Fig. 8 Dose–response curves of stress induced dimers (blue lines) relative to
the monomer (green lines) determined by a cell-based bioassay. Parallel line
analysis was used to determine relative potency of pH stress dimers; a 4-
parameter fit of the dose–response curves and EC50 ratios were used to
determine relative potencies for process stress and light stress dimers.

Structure and Function of Antibody Dimers 2055



fully native primary structure according to MS and CE-
SDS-NGS analysis. Electron microscopy has been previous-
ly used to characterize the structure of e.g. immune com-
plexes of polyclonal IgG solutions or also to image IgG
aggregate mixtures, demonstrating the suitability of TEM
or STEM for the characterization of antibody aggregates
(32,34–36). In this study, high resolution negatively stained
TEM was performed using purified dimer species and this
enabled to obtain information of the dimer’s molecular struc-
tures and architectures. A ‘bone like’ structure was observed
by TEM imaging where two antibody molecules were at-
tached to each other via one distinct domain (Fig. 7b). Because
of the symmetrical ‘tripod’ configuration of each individual
IgG monomer and the flattening effect of the carbon surface
on the IgG molecules it was not possible by TEM analysis
alone to clearly differentiate which part of the molecule (Fab
or Fc) was involved in the formation of the bone-like dimer.
Characterization of peptide fragments after papain digestion
revealed that the process stress dimers were formed via the
association of one Fab domain of each antibody molecule
(Fig. 6a). Dimerization via the Fab domain is likely a common
attribute for antibodies as this was for example also proposed
as potential mechanism for the observed self-association or
aggregation effects of other studied IgGs (30,37,38). Although
process stress dimers were only associated via this single inter-
action site at the end of the Fab domain, these dimer species
were stable in salt buffers (e.g. during SEC, IEC or HIC
analysis) or upon dilution in sample buffer. The dimer bond
in process stress dimers was, however, readily dissociated by
SDS. Therefore, hydrophobic interactions between the two

Fab molecules obviously play an important role in stabilizing
the dimer. Besides the single intermolecular interaction site to
form the dimer, no other structural differences were deter-
mined between the process stress dimer and the native antibody
monomer with regard to their secondary structure (FTIR),
tertiary or quaternary structure (TEM). The process stress
dimers exposed a high similarity in their bone-like conforma-
tions according to TEM and this was also reflected by IEC and
HIC results showing that species were homogeneous with
regard to their exposed surface charges and hydrophobicity.
The ‘bone-like’ dimer structure had a strong impact on the
binding affinity towards antigen and the resulting bioactivity:
the Fab-Fab interaction within the dimer molecule led to
reduced antigen binding and reduced potency (Table II,
Fig. 8) most likely due to partial blockage of the CDR region.
Because of the stretched bone-like conformation, the overall
hydrodynamic diameter of the process stress dimer type is
rather large which explains the relatively short retention time
in SEC (Fig. 1) as well as the lower sedimentation coefficient
and higher frictional coefficient in AUC (Fig. 2) compared to
the other dimer species. Therefore, the process stress dimer
clearly exposed themost extended shape compared to the other
dimer species, both in solution and on the carbon surface of the
TEM grid. Whereas the Fab domain was partially impaired

Table III Relative
Binding Affinities to
FcγRIIIa by SPR

Sample Rel. affinity (%)

Monomer 100 (16 % RSD)

Process stress dimer 430

pH stress dimer 460

Light stress dimer 310

Fig. 9 Surface plasmon resonance analysis of FcγRIIIa binding of the
monomer (dashed line) and process stress dimer (dotted line). The thin
black lines show the applied mathematical fits.

Fig. 10 Schematic representations of the proposed dimer conformations and
their ability to bind antigen. (a) process stress dimer; (b) pH stress dimer and (c)
light stress dimer. The Fab domain of the antibody is shown in grey and the Fc
domain in black. The antigen is represented by the oval-shaped open circles.
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due to the dimerization the Fc domain appeared to be fully
native in the process stress dimers. SPR allows assessing the
dimers’ ability to bind to the receptor FcγRIIIa at the Fc part of
the hinge region, close to the glycosylation site at the proximal
end of CH2 domain. Binding of the Fc part of IgG1 to the
FcγRIII receptors on effector cells is a critical part of the
Antibody-Dependent Cellular Cytotoxicity (ADCC) and is
therefore an important attribute for the Fc function of some
specific therapeutic monoclonal antibodies (39,40). The good
applicability of the two-state model on the binding kinetics of
process stress dimers (Fig. 9) indicates a homogenous composi-
tion of dimer species with both Fc domains accessible and active
for binding to FcγRIIIa. Because of the two active binding sites
at both ends of the ‘bone-like’ dimer the overall binding affinity
is increased compared to the monomer (Table III).

Characterization of pH Stress Dimers

The pH stress dimers were generated by incubation of the
antibody solution at a low pH of 2.5 for 1 h followed by back-
titration to a pH of 6.2. It was reported that exposure of
antibodies to a low pH can affect stability of the protein
structure and induce aggregation (22,41,42) and that this
may be because of destabilization and unfolding of the CH2

domains of the Fc part (43) or alternatively because of unfold-
ing of the Fab domain and CH3 domain as reported by
Brummitt et al. (44). However, besides exposure to a low pH
of 2, also the process of neutralization may be the reason why
aggregates were obtained after pH stress (22). According to
the MS results, the performed pH cycle had no impact on the
primary structure of the antibody. The antibody dimers in-
duced by pH stress were slightly more stable against SDS than
process stress dimers (only 80 % of dimers dissociated into
monomer molecules) and addition of DTT, which is reducing
intra- and intermolecular disulfide bonds, led to complete
dissociation of pH stress dimers into LC and HC (Fig. 4).
TEM electron micrographs revealed a small ‘close’ conforma-
tion of the pH stress dimers, where two antibody molecules
were attached to each other via two interaction sites. The two
intermolecular association sites are likely the reason for the
higher stability of these dimers in e.g. SDS buffer compared to
process stress dimers, which expose only one intermolecular
binding site. The schematic model of pH stress dimers is
shown in Fig. 10b. To some extent, the two interaction sites
in pH stress dimers were likely formed by Fab domains as
determined for process stress dimers, but also the Fc region is
possibly involved in the formation of the ring-like pH stress
dimer conformation. The latter is speculated because apart
from the additional Fab-dimer peak observed after IEC anal-
ysis of the papain fragments, the intensity of themonomeric Fc
fraction was reduced (Fig. 6b). Interestingly, Fab-Fab interac-
tion in process stress dimers led to reduced bioactivity /
antigen-binding (62 % compared to monomer), while

interaction in pH stress dimers did not impair bioactivity /
binding to antigen (Table II, Fig. 8). In principle, partial
dissociation of process and pH stress dimers could have oc-
curred during bioassay analysis, but this is unlikely since pH
stress dimers were more stable than process stress dimers.
Moreover, the bioassay results could be confirmed with SPR
binding assays: the higher bioactivity of pH stress dimers
compared to process stress dimers correlated with higher
binding affinity of the pH stress dimers towards the antigen
(data not shown). It may be speculated that the CDR domains
within the Fab part of pH stress dimers are still accessible
because the Fab domains are associated together at another
position as compared to process stress dimers and/or because
the domains are attached to each other forming a tilted angle
and therefore no steric hindrance occurs that impairs antigen
binding. Because of the ‘close’ conformation of the pH stress
dimer molecules these dimers had a smaller size according to
TEM compared to process stress dimers (Fig. 7c). Notably, the
size differences observed by TEM correlated well with the
differences in the hydrodynamic diameters determined by
SEC (Fig. 1). Accordingly, AUC data showed that the pH
stress dimer had the most compact shape (the lowest frictional
ratio) of the three stress-induced dimers (Fig. 2). The ‘close’
conformation moreover had a strong impact on the exposed
hydrophobic surface of pH stress dimers, resulting in species
which were significantly more hydrophobic as compared to
the process stress dimers (Supplementary Material Figure S1).
With regard to FcγRIIIa-binding the pH stress dimer was
more heterogeneous, indicating that they contain a mixture
of molecules with different numbers of active binding sites
and/or different binding affinities.

Characterization of Light Stress Dimers

Light stress dimers were the most heterogeneous dimer species
of all three dimer types. In contrast to process and pH stress
dimers, the intensive exposure to UV light to generate light
stress aggregates led to significant chemical modifications
within the primary structure. Especially oxidation of methio-
nine residues was detected (Fig. 3) which is a known chemical
reaction due to photo-stress (24). Furthermore some chemical
modifications which could not be identified were detected (see
“unknown peaks” in Fig. 3). The high stability of light stress
dimers against SDS (with or without DTT) indicated the
formation of new inter- or intramolecular chemical bonds in
these aggregates. According to literature, photo-degradation
of an antibody may induce miscellaneous physical and chem-
ical reactions including peptide bond cleavage, chemical
cross-linking, fragmentation at the hinge region, oxidation of
tryptophan and histidine residues (45,46) and deamidation
reactions (24,47).

Therefore, a variety of other chemical modifications may
be present in light stress dimers but could not be detected in
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the peptide map most likely because the various chemical
modifications would lead to a heterogeneous mixture of pep-
tides which are distributed into several peaks of low intensities
or are too complex to be identified (see unknown peaks in
Fig. 3). In fact, a broad distribution of peaks was found for
light stress dimers by IEC and HIC (data not shown) which
also indicated that these aggregates were composed of a
multitude of different species. Despite the strong chemical
denaturation, the overall antibody Y-shape within light stress
dimers could clearly be identified by negative stain TEM
imaging. Therefore, the majority of the secondary and also
tertiary structures of antibody molecules seemed to be unaf-
fected by the light stress and by the dimerization process, as it
was also found for the other stress induced dimers. This may
explain why even in light stress dimers no structural alterations
were detected by FTIR spectroscopy. Light stress dimers were
very heterogeneous in their conformations, e.g. besides bone-
like conformations also ‘bended bones’, ‘sandwich-like’ or
‘close’ conformations could be observed by TEM imaging.
The average size of light stress dimers was between process
and pH stress dimers according to TEM which is in good
agreement to the intermediate hydrodynamic diameter as
determined by SEC (Fig. 1) and the intermediate compactness
(frictional coefficient) as determined by AUC (Fig. 2). Light
stress dimers were mostly inactive in the potency assay
(Table II, Fig. 8) and the remaining bioactivity can be attrib-
uted to the residual monomeric antibody present in the light
stress dimer fraction. It is likely that especially the strong
chemical modifications together with the dimerization led to
the reduced binding affinity of light stress dimers towards the
antigen. Also the function of the Fc region was partially
impaired because the relative binding affinity determined in
the FcγRIIIa-binding assay (Table III) was lower for light
stress dimers in comparison to the other dimer types.

CONCLUSION

Protein aggregation is often investigated using stressed protein
solutions containing a mixture of monomer and different
soluble and/or insoluble aggregate species (17,20,24). In such
mixtures the intrinsic characteristics of the aggregate mole-
cules can hardly be discriminated from other molecules, be-
cause all present species contribute to the analytical result.
The work described here demonstrates the potential of com-
bining several analytical methodologies to study the structure-
function relationship of enriched monoclonal antibody dimers
generated by different stress conditions and purified by pre-
parative chromatography. Thereby, it enables characteriza-
tion of specific structures and in vitro activities of the dimer
species in comparison to monomer. We have shown that the
process, pH and light stress individually generated three dif-
ferent kinds of dimers with respect to their biophysical,

biochemical, structural and bioactivity profiles. It is important
to note that these observations were made for one monoclonal
IgG1 antibody. Although IgG1 antibodies display a high
degree of similarities, other IgG1 antibodies may form differ-
ent dimer species. Our study shows that the combination of a
full set of complementary methods for analysis of the purified
species allows detailed insight into the structure of antibody
aggregates and conclusion on the molecular architecture of
aggregate species. Since such structural differences obviously
have a strong impact on bioactivity, they might also be im-
portant for the safety and efficacy of the drug and should
therefore be thoroughly assessed. The use of such defined
and thoroughly characterized aggregate species should also
be considered for immunogenicity research in order to ad-
dress the question which specific types and amounts of aggre-
gates may induce an immunogenic effect.
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