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Aggregation is an important concern for therapeutic antibodies, since it can
lead to reduced bioactivity and increase the risk of immunogenicity. In our
analysis of immunoglobulin G (IgG) molecules of identical amino acid
sequence but produced either in mammalian cells (HEK293) or in the yeast
Pichia pastoris (PP), dramatic differences in their aggregation susceptibilities
were encountered. The antibodies produced in Pichia were much more
resistant to aggregation under many conditions, a phenomenon found to be
mainly caused by two factors. First, the mannose-rich glycan of the IgG
from Pichia, while slightly thermally destabilizing the IgG, strongly
inhibited its aggregation susceptibility, compared to the complex mammalian glycan. Second, on the Pichia-produced IgGs, amino acids belonging to
the α-factor pre-pro sequence were left at the N-termini of both chains.
These additional residues proved to considerably increase the temperature
of the onset of aggregation and reduced the aggregate formation after
extended incubation at elevated temperatures. The attachment of these
residues to IgGs produced in cell culture conﬁrmed their beneﬁcial effect on
the aggregation resistance. Secretion of IgGs with native N-termini in the
yeast system became possible after systematic engineering of the precursor
proteins and the processing site. Taken together, the present results will be
useful for the successful production of full-length IgGs in Pichia, give
indications on how to engineer aggregation-resistant IgGs and shed new
light on potential biophysical effects of tag sequences in general.
© 2012 Elsevier Ltd. All rights reserved.
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Introduction
Antibodies and their derivatives have found a
broad range of applications, from basic research to
medical therapy. With the use of many different
techniques for their generation, 1 several therapeutic
immunoglobulins, usually in the whole immunoglobulin G (IgG) format, have been approved by the
Food and Drug Administration and applied to the
treatment of a wide range of diseases. 2–4 One major
challenge encountered in the development of
antibody-based therapeutics, however, is their
aggregation susceptibility under both formulation
conditions 5,6 and in vivo, where aggregation is
involved in a signiﬁcant degradation pathway for
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monoclonal antibodies. 7 Irreversible aggregation
thereby leads to reduced bioactivity 8 and presents
an increased risk of immunogenicity. 9–14 Aggregation of even only a few percent of the administered
therapeutic antibody can cause severe problems, as
already low amounts of aggregates have long been
known to cause anaphylactoid reactions. 15,16 Therefore, engineering IgG to reduce or eliminate its selfassociation is of great importance and might further
extend the potential of therapeutic antibodies.
Since nearly all recombinant therapeutic antibodies are expressed in the IgG format, choices
must be made in the molecular composition and
expression system. Currently, all approved therapeutic antibodies are produced in mammalian
cells, 17 since only this expression system can
introduce the complex glycosylation that is necessary for the interaction of the antibodies with some
of the activating Fcγ receptors (FcγR). 18 IgGs
normally possess a single N-linked glycosylation at
Asn297 in the CH2 domain, maintaining these
domains at a critical distance to bind to the FcγR.
In some cases, however, this FcγR interaction is
neither needed nor wanted, thus opening the range
of possible production hosts also to Pichia pastoris
(PP). In the past, this methylotrophic yeast has been
widely used for the expression of both secreted and
intracellular eukaryotic proteins. 19 While it is able to
carry out efﬁcient disulﬁde bond formation and
isomerization using the eukaryotic secretion quality
control machinery, 19–21 Pichia expression generates
mannose-rich glycosylation of IgG. 22 The attached
glycan moieties differ markedly from the product of
mammalian cells, resulting in antibodies that lack
FcγR binding capacity. However, recently, Pichia
has also been engineered to introduce complex,
human-like glycosylation. 23–26
Due to its respiratory growth, Pichia can grow to
very high cell densities 27 and therefore express high
levels of recombinant protein through efﬁcient and
tightly regulated promoters, accounting for up to
30% of the total cell protein. 28 Moreover, comparatively few endogenous proteins are secreted by this
yeast system, which offers further advantages for
subsequent protein puriﬁcation and downstream
processing. 29 Since Ridder et al. reported the ﬁrst
successful production of functional antibody fragments in Pichia, 30 more than 50 reports describing
antibody expression in this system have been
published. 31 While most of these molecules were
single-chain variable fragments and fusions thereof,
several Fab fragments have been produced in Pichia
as well. 32–34 Interestingly, until today, Pichia has
only been used as an expression host for a handful of
full-length IgGs. 25,26,35
Almost all heterologous proteins produced in
Pichia have been expressed under the control of the
methanol-inducible alcohol oxidase 1 (AOX1)
promoter. 20,36 However, throughout this study, the

Engineering IgGs Towards Aggregation Resistance

constitutive glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter 37 was used, since the ability
to compare mutant proteins for their expression and
aggregation tendencies was crucial. The GAP
promoter is usually considered to result in lower
protein yields compared to AOX1, 38 even though
some reports describe the GAP promoter to be
superior to AOX1 for certain proteins, 39,40 including
Fab fragments. 41 A potential reason could be the
lower rate of expression that might better match the
corresponding folding rate and, thus, reduces the
stress level for the cells.
Previously, our laboratory analyzed sequence
modiﬁcations in the variable domain in various
antibody formats for aggregation propensity and
conformational stability. 42–44 Eukaryotic expression
systems, where functional expression yields can be
compared and mutant proteins can be isolated and
biophysically characterized, are required to carry
out such studies for whole IgGs. Therefore, it is vital
that isogenic strains can be produced, only differing
by the sequence of the protein to be tested. As a ﬁrst
step, we investigated homologous recombination in
HEK293 cells 45 and Pichia. As Pichia does not
maintain episomal vectors, the expression cassettes
are generally designed for integration into the yeast
genome, thus leading to stable cell lines expressing
the protein of interest (POI). In initial experiments,
we were very surprised to ﬁnd large differences
between the aggregation behaviors of puriﬁed IgG
protein from both systems, even though their amino
acid sequence was identical: the same recombinant
IgG expressed in HEK293 cells was much more
aggregation prone than its counterpart from Pichia.
Here, we describe our investigations of this
phenomenon and pinpoint it to differences in the
processing of the precursor proteins, as well as to
differences between the unequal glycosylations. As
an initial model system, an antibody that had
originally been selected from the HuCAL library 46
by panning against myoglobin from horse skeletal
muscle and subsequently been stability engineered
was used. 47 For this study, it was converted to a fulllength IgG and investigated for its processing and
expression in mammalian HEK293 cells and in the
yeast Pichia pastoris.

Results
Comparison of various IgG constructs
In this study, we compared IgGs of identical amino
acid sequence but produced in different eukaryotic
expression systems. Unexpectedly, these molecules
revealed dramatic differences in some of their
biophysical properties. To monitor changes in their
structure as a function of temperature, we analyzed
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puriﬁed IgGs by circular dichroism (CD). Since the
signals stemming from the IgG's β-sheets and
random coil essentially canceled out to zero at
208 nm, thermal denaturation of the IgG molecules
was determined at this wavelength as a function of
temperature. These analyses indicated that the IgGs
produced in human embryonic kidney (HEK) cells
and in Pichia not only had a slightly different
temperature of unfolding onset but, unexpectedly,
also showed very different aggregation susceptibilities (Fig. 1a). The abrupt jump upward in the
respective CD versus temperature curve indicates
that the antibody expressed in mammalian cells
started to aggregate at a temperature higher than
∼ 75 °C, whereas the corresponding construct produced in the Pichia system did not exhibit any
detectable aggregation at all. This ﬁnding could also
be visually observed, as the mammalian antibodies
had turned into a turbid sample after the experiment,
compared to a clear solution for the yeast IgG (Fig.
1b, inset: Pichia samples on the left and HEK293
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samples on the right). To further conﬁrm these
results, we performed an aggregation assay based on
light scattering (Fig. 1b) in a ﬂuorimeter: when both
excitation and emission wavelengths were set to
500 nm, the different IgG molecules showed clear
differences in the intensity of scattered light upon
exposure to increasing temperatures. Only the
molecules produced in mammalian cells aggregated,
forming complexes large enough to measurably
scatter the incoming light from about ∼ 75 °C
onward. In contrast, the Pichia-produced IgG did
not show any detectable light scattering at all.
While the protein sequences of the mature IgG H
and L chains are identical, different sugar moieties
are attached to the CH2 domain of the heavy chain in
yeast and in mammalian cells. Therefore, glycan
knockout mutants were designed by replacing the
glycosylation motif Asn297-Ser298-Thr299 in the
CH2 domain by an Asn297-Ser298-Ala299 sequence.
The resulting unglycosylated T299A mutants were
analyzed for their behavior in the aggregation assay

Fig. 1. Aggregation behavior of IgGs produced in eukaryotic expression systems. (a) Thermal denaturation curves of IgGs
produced in mammalian cells (HEK293) or in the yeast Pichia (PP), respectively. The denaturation was followed by CD,
plotting the signals at 208 nm as a function of temperature. The values are reported as mean residue ellipticity (MRE) (θ). The
abrupt jump upward at about 79 °C in the HEK-derived signal is caused by the formation of insoluble aggregates. (b)
Aggregation of IgG constructs as a function of temperature measured by light scattering at 500 nm. Emission was recorded at
the same wavelength as excitation was performed. The inset shows Pichia (left) and HEK293 (right) samples after the
measurement. (c) Aggregation susceptibility of glycosylated and deglycosylated (glycan knockout T299A) IgGs, analyzed by
light scattering at 500 nm. (d) Structures of CH2-attached glycans of IgGs produced by either the HEK or the Pichia system, as
determined by ESI (electrospray ionization)–MS. GlcNAc, N-acetyl-D-glucosamine; Man, mannose; Fuc, fucose; Gal, galactose.
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in comparison to their glycosylated counterparts. As
can be seen in Fig. 1c, the glycan moieties did
inﬂuence the temperature of IgG aggregation onset
substantially; however, they seemed to be not the
only cause of the different aggregation behavior: the
unglycosylated IgG produced in the yeast system
did show aggregation, seen as a clear increase in
light scattering at 81.3 ± 0.1 °C, while their unglycosylated mammalian counterparts already aggregated at 77.3 ± 0.1 °C. Glycosylated HEK IgG thus
aggregates at a temperature of ∼ 3.2 °C higher than
the non-glycosylated HEK IgG.
We determined the different glycan structures
present in the IgGs from both mammalian and yeast
expression systems by mass spectrometry (MS). This
was achieved by subtracting the experimentally
determined mass of the T299A constructs
(49,798.5 Da) from that of the original, glycosylated
variant (51,274 Da), correcting it for the Thr-to-Ala
mutation (− 30 Da). From the resulting mass
difference of 1445.5 Da (Fig. 2a), the glycan structure
of HEK IgG schematically shown in Fig. 1d can be
deduced: the Gal(GlcNAc)2(Man)3(GlcNAc)2Fuc
composition typically found for proteins expressed
in human cell culture. 48 The yeast glycan, on the
other hand, was found to have a mass of 2035 Da
(52,399 − 50,334 − 30 Da) and to be rich in mannose
units, the total number of which varied between 9
and 15, with the majority of molecules possessing 10
mannose units [molecular formula: (Man) 9–15
(GlcNAc)2]. These different glycan structures between Pichia and mammalian cells were found to be
the reason for the slightly decreased temperature of
the onset of unfolding recorded in Fig. 1a for the
Pichia-produced IgG. It could be shown in various
experiments that the yeast glycan destabilizes the
CH2–CH2 domain interface compared to the mammalian counterpart and thereby decreases the
thermal stability of the whole IgG (Supplementary
Data Fig. S1). Yet, at the same time, it largely
prevents irreversible aggregation (Fig. 1c).
Since the different glycan structures were not the
only cause of the different aggregation susceptibilities of the HEK- and Pichia-produced IgGs, both
molecules were further analyzed by MS in their
native and PNGase F deglycosylated form. As
listed in Fig. 2a, not even in their deglycosylated
forms did they correspond to the theoretical
expectation from the amino acid sequence. However, considering that the heavy chains of mammalian IgGs generally lack their C-terminal Lys
residues (− 146 Da), 49 possess pyroglutamate residues at their N-termini [leading to the loss of a
water molecule (− 18 Da)] 50,51 and exhibit oxidation
of their methionine residues (+ 16 Da), 52 the
underlined calculated masses, which are in excellent agreement with the measured ones, offer a
plausible explanation for the posttranslational
modiﬁcations of the mammalian IgG heavy chain.
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The light chain showed the expected mass without
any major covalent modiﬁcations.
The results for the Pichia-produced IgGs, however,
indicated the existence of large additional modiﬁcations at both the heavy and the light chains.
Edman sequencing of their respective amino-termini
veriﬁed the presence of the tetrapeptide Glu-AlaGlu-Ala (EAEA) in front of the genuine N-terminus
of the proteins, accounting for the additional 400 Da
measured by MS (double underlined). Minor fractions with one or both EA pairs deleted were not
detected. Since these four amino acids are remains of
the α-factor pre-pro sequence (αMFpp) used in the
expression setup, the maturation process of secreted
proteins within the yeast system was analyzed in
more detail. This secretion system consists of a 19-aa
signal (pre) sequence followed by a 66-residue (pro)
sequence, the latter containing three consensus
N-linked glycosylation sites. 53 Directly following a
dibasic Kex2 endopeptidase processing site, a
spacer peptide of four residues (EAEA) is located
upstream of the genuine N-terminus of the mature
α-factor peptide. This spacer was included in the
present IgG construct as well. As schematically
illustrated in Fig. 2b for the heavy chain, proteins
fused to the αMFpp sequence undergo various
processing steps until being fully matured. Several
studies have shown that dipeptidyl aminopeptidase
A (DPAPase A) has problems in fulﬁlling its task in
protein overexpression, thereby often leaving residual EAEA residues on the protein to be
secreted. 54–56 This also was the case for the Pichiaproduced IgG of this study, which therefore will be
referred to “H-E/L-E” from now on (with the sufﬁx
“E” representing the EAEA tetrapeptide), having
this extension on both chains.
N-terminal engineering of Pichia constructs
To investigate whether antibody chains with
genuine N-termini can be produced in Pichia, we
designed yeast variants lacking the EAEA tetrapeptide on the mature heavy and light chains, respectively. The EAEA coding sequence was deleted from
the DNA encoding both chains: either in the
individual coding sequences or for both chains
simultaneously (depicted in Fig. 2d, exempliﬁed
for the light chain).
Surprisingly, upon analysis of puriﬁed IgGs by
nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 3a), no
distinct band corresponding to the full-length IgG
could be detected for the H/L-E and H/L constructs, both lacking the EAEA coding sequence for
the heavy chain. Since this is due to a nonhomogeneous composition of the heavy-chain sample as will
be described below, these constructs will be referred
to as H∗ from now on. In contrast, deletion of the
tetrapeptide from the light chain alone (construct
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Fig. 2. Overview of detected IgG masses and Pichia processing. (a) Summary of molecular masses of HEK- and Pichiaproduced IgGs, analyzed under reducing conditions by ESI–MS and calculated based on the amino acid sequence of the
individual protein chains. All masses are stated in Daltons. Masses matching between calculation and observation are
underlined. (b) Schematic overview (not drawn to scale) of N-terminal processing of secreted proteins fused to the α-factor
pre-pro sequence (αMFpp) by the endopeptidase Kex2 and the DPAPase A (product of the STE13 gene). The residue numbers
of the different regions of the precursor protein are shown below the top construct. After the pre-region is cleaved off by signal
peptidase upon entering the endoplasmic reticulum, the pro-region-containing protein is glycosylated and is further
processed in the Golgi apparatus during the translocation process. Once the Kex2 endopeptidase, encoded by the KEX2 gene,
has cleaved off the 66 residues of the pro-region, the DPAPase A removes both EA dipeptides upstream of the mature
terminus of the proteins. Afterwards, the mature proteins are released, and the IgG is assembled and ﬁnally secreted from the
cell into the supernatant. (c) Sequence details of the junction between the αMFpp and the gene coding for the light chain.
Arrows indicate the cleavage sites of Kex2 and DPAPase A. (d) Schematic drawing (not to scale) of the L-E and L constructs
for Pichia expression. The sufﬁx “E” corresponds to the tetrapeptide Glu-Ala-Glu-Ala (EAEA) derived from the pro-region of
the αMFpp. In the L construct, the coding sequence for the EAEA tetrapeptide was removed at the DNA level.

314

Engineering IgGs Towards Aggregation Resistance

Fig. 3. Analysis of Pichia-produced IgG variants. (a) SDS-PAGE analysis of equal amounts of the Protein-A-puriﬁed
Pichia constructs under nonreducing conditions stained with Coomassie Blue. The sufﬁx “E” on the heavy (H)- or the light
(L)-chain construct denotes the tetrapeptide Glu-Ala-Glu-Ala (EAEA) derived from the pro-region of the αMFpp. As the
constructs without the EAEA turned out to be heterogeneous at their N-terminus (see the main text), they are marked by an
asterisk (∗). (b) Western blot analysis of IgGs after incubation in the absence or presence of PNGase F. Shown are the blots
detected with antibodies speciﬁc for the heavy chain (α-H), for the α-factor pro-region (α-αMFp) and for the lambda light
chain (α-L). (c) Overview of the measured masses of heavy and light chains. All masses are stated in daltons. The
penultimate column shows the corresponding N-terminal protein sequence determined by Edman sequencing. A vertical
broken line indicates the position of enzymatic cleavage within the maturation process. The color code highlights the
charge of the individual amino acids (blue, positive charge; red, negative charge). The names mentioned in the last column
are in agreement with those of Supplementary Data Fig. S2. (d) Schematic representation of the amino acid sequence of the
α-factor pre-pro-region and the adjacent heavy-chain protein. Arrows indicate the sites of Kex2 cleavage, resulting in the
“pro-region” variants (blue arrow), “wrong” variants (red arrow) and correct “mature” protein chains (green arrow).
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H-E/L) still resulted in a clear band for the fulllength IgG at the expected size. Detailed analysis of
all constructs by reducing Western blots (Fig. 3b)
with antibodies speciﬁc for the heavy chain, for the
α-factor pro sequence (αMFp) or for the lambda
light chain indicated a possible explanation. In the
H-E-containing constructs (four left lanes in Fig. 3b,
middle panel), no αMFp is detected (the light
background signal is derived from the secondary
antibody used which apparently cross-reacts with
the human IgG), whereas in the H∗-containing
lanes (four right lanes in Fig. 3b, middle panel), a
strong signal is found. This appeared as a smear,
when left untreated, but distinct bands become
visible upon treatment with PNGase F. Thus, part
of the heavy chain still possesses the complete
α-factor pro signal sequence at an apparent
deglycosylated size of ∼ 57 kDa and thus almost
7000 Da too high compared to the correctly
processed heavy chain. The presence of the
complete pro-region also explains the undetectable
band for these constructs in Fig. 3a: due to the
heterogeneous glycosylation of the pro-region, the
IgG molecules appeared rather as a broad smear
than as a single band.
The presence of the pro-region could be further
conﬁrmed by sequencing the N-termini of the
respective heavy-chain proteins. Edman degradation and MS analyses (Fig. 3c) clearly indicated that
deleting the EAEA tetrapeptide from the heavy
chain resulted in a heterogeneous sample with three
major species. Next to the previously mentioned
portion still having the complete pro-region attached to it (named “pro-region”, blue arrow in Fig.
3d) and a minor correctly processed protein fraction
named “mature” (green arrow in Fig. 3d), also a
third “wrong” species was found. This latter fraction
was derived from an alternative cleavage site at
position 57 of the pro-region (see red arrow in Fig.
3d). These molecules possess additional nine residues of the C-terminus of the pro-region and could
also be detected by SDS-PAGE, once the gels were
run long enough to provide sufﬁcient separation
(lane 2 in Supplementary Data Fig. S2c). Comparing
the relative signal intensities of the Edman sequencing results, the fraction containing a correctly
matured amino-terminus was determined to be
only approximately 20%.
We also investigated whether the processing of the
heavy chain can be improved by charge engineering,
that is, making it more similar to the beginning of the
light chain (Fig. 3c) (see Supplementary Data for
details). However, since the charge engineering did
not have the desired effect of creating homogeneous
processing of the heavy chain (see Supplementary
Data Fig. S2), the complete pro-region was deleted
from the heavy-chain construct (illustrated in Fig. 4a).
The resulting construct, named qH-pro-delq, has the
signal sequence (pre-region) fused directly to the

N-terminus of the mature heavy chain. Examination
of the new H-pro-del construct in its native and
deglycosylated form by Western blot (Fig. 4b)
revealed that its expression resulted in homogeneous chains of the correct size, which was also
subsequently conﬁrmed by MS analysis and Edman
sequencing (data not shown).
We also wanted to determine how the amounts of
the correctly assembled IgG constructs found in the
supernatant compared to all other previously
described constructs (Fig. 4c). These levels could
be analyzed by sandwich enzyme-linked immunosorbent assay (ELISA), capturing the secreted IgGs
by antibodies speciﬁc for the heavy chain and
detecting the recombinant IgG with antibodies
speciﬁc for the light chain. With the use of this
assay, it could be guaranteed that only correctly
assembled IgGs were detected and that, for example, no light-chain dimers affected the results.
Strikingly, the heterogeneous H∗ constructs were
found to be secreted at approximately only half the
yield of the original H-E/L-E construct (49.3% for
the H∗/L-E and 59.3% for the H∗/L construct,
respectively). The new H-pro-del variant, however,
seemed to overcome this limited expression and led
to a total IgG amount even improved by∼ 25%,
compared to the original H-E/L-E construct. Interestingly, the additional omission of the pro-region
from the light chain (“H-pro-del/L-pro-del” construct) led to a further decrease in the IgG yield
found in the supernatant of the yeast cultures.
To conﬁrm these ﬁndings, we analyzed the effects
of the different pro-regions attached to the heavy
chain in the context of the corresponding Fab
fragment as well (Fig. 4d). In these Fab fragments,
the heavy-chain VH–CH1 domains are connected to
the complete lambda light chain by a C-terminal
disulﬁde bond. In agreement with the data derived
from the full-length IgGs, the expression of the H∗/L
Fab construct resulted in molecules having the
complete pro-region attached at the N-terminus of
the heavy chain (data not shown) and expression
levels of only half the level of the original H-E/L-E
variant (52.6%). The H-E/L-E level could again be
increased by 41.3% by using the H-pro-del version.
Expression and analysis of mammalian
IgG constructs
To examine the inﬂuence of the EAEA tetrapeptides on the aggregation susceptibilities of various
IgG constructs, we needed to generate the corresponding molecules independent of the processing
preferences of the expression system. Therefore, new
constructs for HEK expression were designed. Since
the process of protein maturation in the mammalian
system is comparatively simple (Fig. 5a), different
extensions could easily be attached to the aminotermini of both protein chains.
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Fig. 4. Design of correctly processed IgG heavy chain in Pichia. (a) Schematic representation (not drawn to scale) of the
H-E and H-pro-del constructs for Pichia expression. The latter construct was designed by deleting the complete pro-region
at the DNA level. (b) Western blot analysis of IgG constructs after incubation in the absence or presence of PNGase F.
Shown are the blots detected with antibodies speciﬁc to the heavy chain (α-H) and to the lambda light chain (α-L). (c)
Secreted IgG levels of various Pichia constructs, detected by sandwich ELISA in the supernatant of stable Pichia clones. H∗
indicates the incorrectly processed, heterogeneous heavy chain; H-pro-del indicates the deletion of the complete proregion from the heavy-chain construct; L-pro-del implies that this region is also deleted from the light chain. (d) Secretion
level of corresponding Fab fragments expressed in stable Pichia clones analyzed by ELISA.

Figure 5b compares the variations made apart from
the EAEA tetrapeptide. To examine whether just any
random tetrapeptide might inﬂuence the biophysical
characteristics of aggregation or whether the Pichiaproduced EAEA is of special relevance, we also
attached the completely unrelated and uncharged
control peptide Ala-Gly-Ile-Gln (AGIQ; represented
by the sufﬁx qAq) to both heavy and light chains in
different combinations. Furthermore, the light-chain
variant L-EA, carrying both tetrapeptides combined,
EAEAAGIQ, in the orientation depicted, was included in the study to analyze the potential importance of
steric proximity of the charged residues to the original
N-terminus. Various combinations of these heavyand light-chain variants were created, and stable HEK
cell lines were established for all of them. All
constructs could be expressed and resulted in proteins
of expected size and banding pattern (reducing SDSPAGE analysis in Fig. 5c; MS data not shown). To
investigate the inﬂuence of the different aminoterminal extensions on the level of secreted IgGs, we

determined the amount of IgG found in the supernatant of the stable cell lines by the same sandwich
ELISA used for the yeast-produced IgGs. The
extended mature N-terminus of the analyzed IgG
chains only minimally inﬂuenced the levels of
secreted IgGs (Fig. 5d). After 24 h of expression, the
level of H-E/L-E found in the media reached almost
90% of the amount derived from the original H/L
construct. This is in clear contrast to the yeast αMFpp
system, as detailed above.
The main biochemical and biophysical characteristics of the N-terminal extension mutants from
mammalian and yeast origins were analyzed to
determine potential impacts of the various tetrapeptides on the IgG structures and stabilities. The
addition of the EAEA tetrapeptides was found not
to inﬂuence the binding of the resulting IgGs to their
antigen myoglobin (see Supplementary Data Fig.
S3). The different Kd values derived from microscale
thermophoresis (MST) measurements are all within
the experimental error of each other.

Engineering IgGs Towards Aggregation Resistance

317

Fig. 5. Overview of different IgG constructs expressed in mammalian cells. (a) Schematic overview (not drawn to scale)
of N-terminal processing of proteins in mammalian cells. Sign. seq. indicates the signal sequence. (b) Comparison of the
mature N-terminal amino acid sequences of different mammalian heavy (H)- and light (L)-chain variants analyzed in this
study. The sufﬁx “A” corresponds to the control tetrapeptide Ala-Gly-Ile-Gln (AGIQ); the tetrapeptide Glu-Ala-Glu-Ala
(EAEA) derived from the pro-region of the αMFpp is abbreviated as “E”. The combination of both letters indicates the
presence of all eight additional residues in the order presented. Red-colored amino acids are negatively charged. (c) SDSPAGE analysis of HEK-produced IgG variants under reducing conditions, stained by Coomassie Blue. H and L indicate
the respective chains. (d) Secretion level of IgG variants expressed by stably transformed HEK293 cells detected by ELISA.

Figure 6 compares structural characteristics of
some selected HEK-produced IgGs under native
conditions and their behavior under thermal and
chemically induced unfolding. CD spectra recorded
at room temperature for different mammalian
variants are practically superimposable, indicating
that the N-terminal extensions had no effect on the
overall structure of the IgG, as expected (Fig. 6a). On
the other hand, slight differences for the various E
variants were revealed in thermal denaturation
experiments measured by intrinsic tryptophan
ﬂuorescence (Fig. 6b). The unfolding curves were
derived from the intensity ratio of the emission
spectra at 330 nm (F330) and 350 nm (F350) upon
excitation at 295 nm, plotted as a function of
temperature. 57 One of the biggest advantages of
this technique is the fact that this ratio is fairly robust
against the loss of intensity due to light scattering
from soluble aggregates. As can be seen in Fig. 6b,
the addition of the EAEA tetrapeptide to the light

chain seemed to slightly decrease the overall
stability of the IgGs.
To further investigate this ﬁnding, we examined
the H/L and the H-E/L-E constructs by differential
scanning calorimetry (DSC) (Fig. 6c). This method
is especially suitable for distinguishing different
transitions in multidomain proteins (such as IgGs)
that are often “silent” or overlapping in spectroscopic methods such as intrinsic tryptophan ﬂuorescence. The previous results of a slightly
decreased IgG stability could be validated, indicating that the H-E/L-E Fab fragment has its
transition maximum at 74.5 °C, compared to
75.8 °C for H/L. These results are comparable to
those obtained by guanidine hydrochloride
(GdnHCl)-induced denaturation (Fig. 6d). In these
experiments, the denaturation was followed by
plotting the F330/F350 ratio as a function of
increasing GdnHCl concentration. These curves
again suggested a slightly reduced stability for
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Fig. 6. Biophysical characterization of IgG constructs produced in mammalian cells. (a) CD spectra of different IgGs
produced in mammalian cells. The values are reported as MRE (θ). (b) Thermal denaturation curves measured by intrinsic
tryptophan ﬂuorescence. The curves were obtained from the intensity ratio of the emission spectrum at 330 nm (F330) and
350 nm (F350) upon excitation at 295 nm, plotted as a function of temperature. A comparison between the different
mammalian IgG variants is shown. (c) DSC of the H/L and H-E/L-E constructs. Indicated by the lines under the curves
are the regions in which the individual domains (CH2 domain, Fab fragment and CH3 domain) undergo their transitions.
(d) GdnHCl-induced denaturation of IgGs expressed in mammalian cells. The denaturation was followed by plotting the
F330/F350 ratio as a function of increasing GdnHCl concentration.

those constructs containing the EAEA tetrapeptide
located at the N-terminus of the light or heavy
chain. This overall tendency of a slightly reduced
stability of the H-E/L-E constructs could further be
conﬁrmed by the analysis of thermal and chemically induced unfolding of Pichia-produced IgGs
(Supplementary Data Fig. S4).
Determination of the aggregation
susceptibilities of various IgG constructs
To test whether the EAEA tetrapeptides are indeed
the reason for the very different aggregation susceptibilities of HEK- and Pichia-produced IgGs (Fig. 1),
we analyzed the mammalian variants (equipped
with these N-terminal extensions) by thermal unfolding recorded by CD at 208 nm. For clarity, Fig. 7 only
compares the signals derived from the most important variants containing the EAEA tetrapeptides.
Further data from all tested variants including the
AGIQ controls can be found in Supplementary Data
Fig. S5. The thermal scans provided in Fig. 7a clearly
indicate a dramatic increase in the temperature of
aggregation onset for those variants carrying the

EAEA appendix at the N-terminus of their light
chain. Interestingly, the H-E/L construct, having the
identical appendix but at its heavy chain, only
showed a minor increase of its aggregation onset
temperature (+0.5 °C). The addition of the control
tetrapeptide (Supplementary Data Fig. S5) even
slightly increased the aggregation susceptibility of
mammalian IgGs (−0.5 °C). This indicates that EAEA
speciﬁcally—and not any random peptide—has this
beneﬁcial effect detailed above. Supplementary Data
Fig. S5a demonstrate that all constructs represented
by reddish symbols have a higher temperature of
aggregation onset and carry the EAEA tetrapeptide
at their light chain.
The differences in aggregation susceptibilities
could also be veriﬁed by the analysis of the signals
recorded by the photomultiplier connected to the
CD spectrometer denoted as high-tension (HT)
voltage. The HT signals shown in Fig. 7b belong to
the curves shown in Fig. 7a (further curves can be
found in Supplementary Data Fig. S5a and b). The
changes in the HT signals conﬁrmed the formation
of aggregates that induced scattering of the UV light.
As this led to the reduction in the number of photons
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Fig. 7. Aggregation behavior of different IgGs obtained from mammalian expression. Shown are the signals derived
from the most important variants containing the EAEA tetrapeptides. Further data from additional variants can be found
in Supplementary Data Fig. S5. (a) Thermal denaturation curves. The denaturation was followed by CD measurements,
plotting the signals at 208 nm as a function of temperature. A comparison of different mammalian IgG variants is shown,
and the values are reported as MRE. (b) The HT voltage signals corresponding to the curves shown in (a) recorded by the
photomultiplier connected to the CD spectrometer are a measure of sample transparency and thus aggregation and
subsequent clearance by aggregate precipitation. The values were normalized by setting the initial and the highest values
of the curves as 0 and 1, respectively. (c) Aggregation of IgG constructs measured by light scattering at 500 nm, with
excitation and emission at this wavelength.

reaching the detector, the HT voltage was increased.
The drop of signal intensity following the maximum
was ﬁnally caused by precipitation of the aggregates. The temperatures for the maximal HT signal
were determined to be 76.5 °C for the H/L, 77 °C for
the H-E/L, 81.5 °C for the H/L-E and 82.5 °C for the
H-E/L-E construct, respectively. These results were
comparable to those derived from the aggregation
assay observed in Fig. 7c. By this method, it could
once more be shown that the addition of EAEA to
the light chain—but not to the heavy chain—
resulted in an apparent increase in the temperature
of aggregation onset for the H/L-E construct by
∼ 5 °C, compared to the H/L variant.
The results obtained from the mammalian-cellproduced IgGs could be conﬁrmed by the analysis of
their counterparts produced in Pichia. Supplementary
Data Fig. S6 shows the analysis of the aggregation
behavior of various Pichia-produced IgGs, analyzed
by CD spectroscopy and the aggregation assay. In
agreement with the data derived from HEK IgGs, the
presence of the EAEA tetrapeptide in the yeast

sequences resulted in IgG variants with decreased
aggregation tendencies—emphasizing that the effect
of this peptide on aggregation susceptibility required
its location speciﬁcally at the N-terminus of the light
chain.
To investigate the effect of the four extraneous
amino acids at the light chain under more
physiological conditions, we measured the formation of aggregates after extended incubation of
freshly prepared IgGs by static multi-angle light
scattering (MALS), coupled to size-exclusion chromatography (SEC). Figure 8a and b display the
normalized light scattering measured for the HEKexpressed H/L and H/L-E variants, respectively,
after a 5-day incubation at either 4 °C, 37 °C or
50 °C. Incubation at elevated temperatures dramatically increased the light scattering of the
control IgG (H/L) for an aggregate peak eluting
at ∼8 ml (Fig. 8a). This larger signal was due to
both an increased amount and the larger size of
these aggregates. Consequently, the monomeric
peak at ∼ 13 ml decreased in its intensity. This
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Fig. 8. Aggregation of different IgGs upon incubation at 4 °C, 37 °C or 50 °C analyzed by MALS and SEC. (a) Light
scattering of the IgG H/L construct, analyzed by MALS, coupled to SEC. Samples were previously incubated for 5 days at
4 °C, 37 °C or 50 °C, respectively. (b) Light scattering of the IgG H/L-E construct. Plotted are the signals obtained from
samples incubated for 5 days at 4 °C, 37 °C or 50 °C, respectively. (c) SEC of various HEK-produced IgG constructs after
storage at 4 °C for 6 months. Note that (a) and (b) were performed with a 24-ml Superdex 200 10/300 GL column, while a
2.4-ml Superdex 200 PC 3.2/30 column was used in (c).

was, however, also partly due to the disassembly
of both light chains from the antibody, detectable
as a little shoulder toward higher elution volumes
and in SDS-PAGE (data not shown). Quite different
results were obtained once the EAEA tetrapeptide
was attached to the light chain. As depicted in Fig.
8b, the amount (i.e., intensity) of the aggregation
peak did hardly change even under more stressful
conditions (50 °C), and only a minimal increase in
the size of aggregates (i.e., a shift toward smaller
elution volumes) was detected. As for H/L, the
monomeric IgG peak, however, still was slightly
diminished due to IgG disassembly.
To get further insights into the effect of the
EAEA peptide on long-term stability, we also
incubated IgG samples for 6 months at 4 °C and
afterwards run them on an analytical SEC as
illustrated in Fig. 8c. Although only a small
fraction of the sample turned into aggregates
(and eluted at ∼ 0.9 ml), a clear difference in
intensity could be seen for the various constructs.
While the H/L variant exhibited an aggregated
fraction of almost 3%, this peak was noticeably
decreased for the H-E/L-E construct, adding up to
only 0.5% of the total protein.

Influence of pH values on the temperature of
aggregation onset
Since the difference between the EAEA peptide
and the ineffective control peptide AGIQ is two
negative charges, the inﬂuence of pH values on the
aggregation susceptibilities was examined more
closely. As depicted in Fig. 9a, even minor changes
in the pH value dramatically inﬂuenced the temperatures of aggregation onset. While the H/L-A
construct aggregated at 78.8 ± 0.1 °C at the same pH
as in all previous analyses (pH 7.1), changing it to
pH 7.4 increased this temperature to 80.3 ± 0.1 °C,
and even further to 81.4 ± 0.1 °C in phosphatebuffered saline (PBS) adjusted to pH 7.7. Using a
Web-based protein calculator†, we computed the
net charge of the different IgG constructs at various
pH values. In the second column of Fig. 9b, the net
charges of full-length IgG consisting of both heavy
and light chains are shown for various pH values.
Adding the EAEA extension to the light chain (third
column) had the same effect on the protein's overall
† www.scripps.edu/∼cdputnam/protcalc.html
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Fig. 9. Inﬂuence of the pH on the aggregation of IgG. (a) Aggregation of IgG H/L-A construct measured by light
scattering at 500 nm. Samples were previously equilibrated in PBS buffer at the indicated pH. (b) Overview of the overall
charge of the different IgG constructs at various pH values. Analyses were performed using the Web-based
proteincalculator†. In the ﬁrst three columns, the results for the full-length IgG consisting of two heavy and light
chains (including indicated N-terminal appendices) are shown. Two positive charges less have been considered due to the
formation of N-terminal pyroglutamate residues at the heavy chain, thus lacking the positively charged N-terminal amino
group. The last column speciﬁes the charges derived from analyzing only one light chain.

charge as increasing the pH by 0.35 units, namely,
adding four negative charges to the molecule (two
for each light chain). This addition of negative
charge had such a dramatic effect on aggregation
susceptibility since the charge of the H/L construct
is minimally positive at the pH values generally
used throughout this study (pH 7.1). Therefore,
lowering the overall charge by 4 units has a rather
profound effect on the net charge of the whole
molecule.
Transfer of findings onto a second IgG construct
Finally, we analyzed to which extent our ﬁndings
could be transferred to other IgG constructs. Since
the effect seemed to be related to the overall charge
of the molecule, we chose a completely unrelated
IgG as an alternative model system. Having very
different complementarity-determining regions
CDRs regions in its kappa light chain and thereby
a comparatively high isoelectric point (pI) of 6.9
(the previously used lambda light chain has a pI of
4.9 due to its acidic CDRs), this construct had a
completely different range of overall IgG charges.
When tested in the aggregation assay (Fig. 10a),
the yeast-produced version with its different
glycan moiety indeed aggregated at higher temperatures compared to its mammalian counterparts
(88.4 ± 0.1 °C versus 82.2 ± 0.1 °C), indicating that
this glycan effect seems to be general. However,
once the glycans were removed by PNGase F
treatment, only minor differences in the temperature of aggregation onset were observed (Fig. 10b;
86.4 ± 0.1 °C versus 85.5 ± 0.3 °C). The reason for
this might be that the overall charge of this new
IgG construct is more positive than for the ﬁrst
analyzed IgG, such that the addition of the EAEA

tetrapeptide has a less profound inﬂuence on the
overall charge in this case (Fig. 10c).

Discussion
When IgG molecules of identical amino acid
sequence were produced in different eukaryotic
systems, dramatic differences in their aggregation
susceptibilities were encountered. This observation
turned out to be due to two major factors: (i)
differences in the glycan structures and (ii) residues
remaining from the Pichia secretion system used, the
α-factor pre-pro sequence (αMFpp).
Glycan structures
Antibodies of the IgG format are N-glycosylated
at the Asn297 position in their CH2 domains. These
domains, having the lowest stability within the IgG
molecule, 58 are the only ones not having any direct
protein–protein interaction and solely contact each
other by their sugar moieties. The attached glycans
have proven to fulﬁll multiple roles in the maturation and function of IgGs. In general, glycosylation
is a means of “quality control” in the eukaryotic
endoplasmic reticulum. 59,60 Indeed, the glycosylation of the antibody's CH2 domain has recently been
shown to be a critical step in antibody folding. 61,62
In the mammalian IgG molecule, the sugars have
further taken on the functional role of enabling the
antibody to bind to the activating FcγR. 18 This has
been interpreted as the sugars mediating both the
distance and the relative mobility of the domains
toward each other, which is necessary since FcγR
bind the CH2 domains near the hinge region. 63–66
Even one single fucose residue can decrease the
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Fig. 10. Aggregation behavior of a second, kappa light chain-containing IgG. Comparison of a different IgG expressed
in either Pichia or mammalian cells. The mammalian construct is of the H/L design, whereas the IgGs from the Pichia
system are still of the H-E/L-E format. Shown are the light-scattering data of (a) the original and (b) the PNGase-Fdeglycosylated IgGs. The additionally detectable light-scattering signal starting at ∼ 56 °C is due to the unfolding and
aggregation of the PNGase F enzyme. (c) Overview of the overall charge of the second IgG constructs at various pH
values. Analyses were performed using the Web-based protein calculator†. (as in Fig. 9b). Two additional negative
charges have been considered due to the formation of N-terminal pyroglutamate residues at the heavy chain, lacking the
positively charged N-terminal amino group.

afﬁnity of IgG for FcγRIII as it sterically interferes
with the receptor's own oligosaccharide, 67 while
fucosylated IgGs still bind to the inhibitory FcγRII
equally well, having important consequences for
glycoengineering.
Nonetheless, an increasing number of therapeutic
programs are not aiming for FcγR activation but,
indeed, actively avoiding it. 68 Thus, it is worthwhile
to consider alternative expression systems for IgG
production, including the yeast Pichia. For this
production system, however, the role of glycosylation for the stability of the native IgG under storage
and in vivo conditions has to be considered. When
comparing IgGs with complex glycosylation from
HEK293 cells to those containing Pichia-produced
mannose-rich glycosylation, we found two decisive
differences. First, the melting temperature of the
corresponding CH2 domain and thereby of the
whole IgG is lowered when produced in Pichia, as
can be seen by three independent techniques: CD
(Fig. 1a), intrinsic tryptophan ﬂuorescence (Supplementary Data Fig. S1f) and differential scanning
ﬂuorimetry (DSF; Supplementary Data Fig. S1d). In
the latter technique, which offers increased resolu-

tion of the thermal unfolding of different domains
like DSC, the shift in the stability of the CH2 domain
to lower temperatures due to the Pichia glycosylation is clearly visible. The second difference,
however, is more than counterbalancing this negative effect: as detailed above, IgGs with Pichia
glycosylation are much less prone to aggregation.
In agreement with our data, Pichia glycans carry
more sugar units and are known to be rich in
mannose units, 22 which may sterically block the
initial docking of IgGs to each other at the onset of
aggregation. It is also known that these oligosaccharides may contain several mannosylphosphates,
transferred to both the core and the outer sugar
chains. 21,22,69,70 However, our analysis showed that
our IgGs produced in Pichia carried no negative
charge—and thus no mannosylphosphate—in their
oligosaccharides. We arrived at this conclusion by
isoelectric focusing (IEF) analysis of the IgGs. It
revealed that the isoelectric points (pI) of both
Pichia- and HEK-produced antibodies before and
after deglycosylation by PNGase F were almost
identical (see Supplementary Data Fig. S7). If a
negative charge had been removed from the IgGs
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produced in Pichia, this would have been seen as a
shift upward to less negative pI upon deglycosylation. In addition, the running behavior of Pichiaproduced IgGs on ion-exchange chromatography
did not change upon deglycosylation (data not
shown): an effect that would have been expected if
a certain fraction of the resulting Pichia glycans had
possessed negative charges on their mannose units.
Therefore, the beneﬁcial effect of the Pichia glycans
conferring resistance to aggregation does not seem
to be based on any glycan contribution to the
protein's overall charge.
To highlight the importance of the glycan moiety,
we have included unglycosylated T299A IgG
constructs in our studies, conﬁrming the role of the
sugars for stability and in protection against
aggregation (Supplementary Data Fig. S1 and Fig.
1c). Unglycosylated IgGs melt at lower temperatures and are more aggregation prone than IgGs
glycosylated with either Pichia or mammalian
oligosaccharides—a ﬁnding consistent with previous observations. 71 Figure 11 compares the aggregate formation for IgGs with identical primary
sequences and N-terminal extensions (H-E/L-E
constructs) made in either expression system.
Upon deglycosylation by PNGase F, the molecules
should be of identical composition, whether
expressed in either mammalian or Pichia cells, except
for the removal of the C-terminal lysine from the
heavy chains in mammalian cells, which was not
observed to occur for the Pichia constructs. Indeed,
the curves indicating the aggregation behavior are
almost identical.
Taken together, the Pichia glycosylation has the
surprising effect of protecting the IgG against
aggregation better than the mammalian complex
sugar moiety. For future applications, this must of
course be weighed against the therapeutic necessity
of FcγR activation. Recently, glycoengineered Pichia

strains have been developed and meanwhile successfully applied to the production of monoclonal
antibodies, such that options for both types of
glycosylation exist. 23–26
Processing in Pichia
Most secreted recombinant proteins produced in
Pichia are constructed as fusions to the α-factor prepro sequence (αMFpp) derived from Saccharomyces
cerevisiae. 72 The α-factor peptide itself is separated
by an EAEA spacer from the pro-sequence, necessitating a two-step cleavage by Kex2 and DPAPase
A. 73 Next to making the Kex2 processing site
accessible, the spacer could also help to keep the
resulting product more aggregation resistant by
providing charged extensions. While the natural αfactor peptide is soluble, the precursor contains
several copies of the mature peptide, and thus, it is
conceivable that some intermediate processing
products will beneﬁt from increased solubility.
Once a recombinant protein is to be secreted with
this system, the question arises whether or not this
spacer should be included. It has previously been
shown that its inclusion can increase the amount of
correctly processed material by preventing steric
hindrance of the Kex2 cleavage site. 74 Whether this
is necessary for the speciﬁc POI may depend on its
primary sequence around the cleavage site, 75 its
structure and thus the accessibility to Kex2 and,
potentially, its aggregation tendency, as postulated
in this study. While the inclusion of the spacer
generally enhances the cleavage efﬁciency of this
endopeptidase speciﬁc for dibasic sites, several
studies have demonstrated problems with the
subsequent proteolytic processing of the EA
repeats. 54–56,76 Apparently, the quantity and/or
activity of the STE13-encoded DPAPase A in the
secretory pathway is not sufﬁcient to process these

Fig. 11. Aggregation behavior of the same IgG constructs produced in different mammalian expression systems. (a)
Aggregation of the IgG H-E/L-E construct produced in either Pichia or mammalian cells (HEK293). Having identical amino
acid sequences, these samples only differ with respect to their posttranslational modiﬁcations such as glycosylation.
Aggregation was measured by light scattering at 500 nm and plotted as a function of temperature. (b) Aggregation of the
same IgGs as in (a) in their deglycosylated state. Samples were treated by PNGase F prior to analysis by light scattering.
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repeats for large amounts of recombinant protein
expressed under strong promoters. The resulting
secretion of molecules with amino-terminal EAEA
extensions was also observed for both the heavy and
the light chains of the initial IgG constructs
expressed in the Pichia system in this study.
Since the presence of these amino-terminal extensions can be undesirable for many applications and
even might create a new immunogenic epitope, 77
the omission of the EAEA tetrapeptides was
evaluated, aiming to achieve authentic N-termini
at both heavy and light chains. This simple strategy
worked well for the expression of the light-chain
components, leading to proteins of the correct
sequence, while causing only a slight reduction in
the total amount of secreted IgGs (Fig. 4c, H-E/L-E
versus H-E/L).
However, deleting the EA dipeptides from the
heavy-chain constructs caused severe problems in
its maturation process. Three species of resulting
heavy-chain proteins were observed: (i) a fraction
containing the complete and unprocessed proregion, (ii) molecules containing the last nine
amino acids of the pro-region on its N-terminus
(resulting from incorrect processing) and (iii) the
correctly processed heavy chain. Similar results
were achieved when analogous changes were
carried out with Fab fragments (data not shown).
The underlying decreased Kex2 cleavage efﬁciency
in the absence of a spacer is in agreement with
previous studies reporting that expression of proteins without the EAEA spacer peptide led to the
secretion of incompletely or incorrectly processed
proteins. 78–80 Remaining precursor was observed
when onconase was fused to the αMFpp without the
EAEA spacer. 81 The problem of uncleaved proregions seems not to be speciﬁc for the Pichia system,
as similar ﬁndings had already been observed
earlier for the expression of an insulin precursor in
S. cerevisiae with the αMFpp system in the absence of
any EAEA spacer. 82
The presence of an additional cleavage site within
the pro-region was also previously described for a
different single-chain antibody in VH–linker–VL
orientation. 55 However, in that case, 11 residues
from the carboxy-terminus of the pro-region were
found to be attached to the protein, resulting from
a cleavage at position 57 of the pro-region between
..-I-A║A-K… (where ║ indicates the Kex2 cleavage
site). In our case, this cleavage was shown to have
occurred between ..-A-K║E-E-.. and thereby two
residues further downstream in the pro-region,
resulting in an extension of only nine residues. This
site actually seems to be more reasonable for Kex2
cleavage, taking into account that the “original”
Kex2 cleavage site (..-K-R║E-A-..) has a similar
charge distribution, possessing a basic amino acid
in the P1 position just upstream of the cleavage site
and an acidic residue in the adjacent P1′ position.
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While general DPAPase A processing can probably
be increased by just overexpressing the enzyme, it
would be expected that this incorrect cleavage
would remain as a side reaction, and thus,
DPAPase A overexpression might not lead to
homogeneous product either.
Secretion without the pre-pro-α-factor
pro sequence
In principle, the signal sequence alone is sufﬁcient
for antibody secretion to the medium in eukaryotic
cells, and the pro-sequence of the α-factor is not
needed. The role of the pro-region for efﬁcient
secretion has been investigated before for other
proteins such as the lipase Lip1p. 75 This protein
could be expressed and secreted under the direction
of either the α-factor pre or the pre-pro sequence;
however, the highest level of secretion was achieved
by the construct with the full pre-pro sequence. In
contrast, here, the deletion of the complete proregion from the heavy chain did not only lead to a
product with the correct N-terminus but also
increased the amount of correctly assembled antibody found in the cell supernatant by 25% or 40%
for the IgG or Fab fragment, respectively (Fig. 4c and
d). While this study revealed that deleting the proregion is the only option for the heavy chain in
obtaining homogeneous protein with the genuine
N-terminus, correctly processed light chain can be
produced either with the pro-region (in the absence
of EAEA) or even in the absence of the pro-region.
Yet, for the light chain, the deletion of the pro-region
resulted in a reduction in total protein yield by
∼ 30% (“H-pro-del/L” versus “H-pro-del/L-prodel” constructs; see Fig. 4c). Thus, the highest yield
of genuine IgG without N-terminal extensions can
be obtained after deletion of the complete pro-region
for the heavy chain and the presence of the proregion but the absence of the EAEA tetrapeptide for
the light chain (Fig. 4c).
The tetrapeptide extensions influence protein
aggregation but not stability
In the analysis of the impact of various aminoterminal extensions on the biophysical characteristics of the IgGs, the ability to attach any extension to
the N-terminus of any chain was crucial. Therefore,
these constructs were expressed in HEK293 cells.
Analysis of the sequences of the new constructs (Fig.
5b) by the signal sequence prediction software
SignalP 3.0‡ 83 predicted that all variants should be
processed correctly. Indeed, all constructs could be
expressed and were conﬁrmed to be homogeneous
and in agreement with their design by MS, SDS‡ www.cbs.dtu.dk/services/SignalP
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PAGE and sandwich ELISA. Nonetheless, compared to the H/L construct, slightly lower levels of
IgG were found in the supernatant (∼70% for the
H/L-E and H-E/L constructs and 88% for the H-E/
L-E variant, respectively) (Fig. 5d). Further investigations will have to clarify which step in biosynthesis
is responsible for these differences.
Once stable cell lines were established for all
mammalian constructs, their biophysical properties
could be analyzed in detail. As expected, the aminoterminal extensions of either the heavy or the light
chain—individually or combined in the same
construct—only very slightly inﬂuenced these characteristics (Fig. 6). Only a slight decrease of ∼ 1 °C
was encountered for H-E/L-E compared to the
original H/L construct in the Fab transition within
the IgG in DSC (Fig. 6c and Supplementary Data Fig.
S4). A dramatic difference, however, became apparent for the aggregation susceptibilities of the
different constructs. As depicted in Fig. 7, the
presence of the amino-terminal EAEA tetrapeptide
at either N-terminus generally enhanced the temperature of aggregation onset. Strikingly, this
increase was more pronounced for the EAEA
extension on the light chain. From a comparison
with the extension with the AGIQ control tetrapeptide (Supplementary Fig. S4), these ﬁndings indicate
that the two negative charges of the EAEA extension
could be partially responsible for the reduced
susceptibility of the resulting IgG molecules toward
aggregation.
The influence of charge and location on the
effect of the EAEA extension
Our data indicate that the EAEA tetrapeptide
extension has more inﬂuence on preventing aggregation once it is added to the light chain rather than
to the heavy chain of the antibody studied (Fig. 7c).
One obvious difference between the two chains is
the presence of pyroglutamate as the N-terminal
residue of the heavy chain produced in mammalian
cells. MS data and the results of Edman sequencing
indicated that the encoded glutamine is indeed
converted into pyroglutamate, as commonly seen
for IgGs in general. 51 Since pyroglutamate formation from glutamine results in the loss of the
positively charged N-terminal amino group, it
slightly lowers the isoelectric point of the antibody.
If any tetrapeptide (either AGIQ or EAEA) is
N-terminally attached to the heavy chain, the
cyclization reaction forming pyroglutamate cannot
take place anymore, and the new construct will carry
this original positive charge at the amino terminus of
its glutamine residue again plus any charges
introduced by the peptide side chains. Therefore,
the addition of AGIQ adds an additional positive
charge to the IgG, while the addition of the EAEA
tetrapeptide to the heavy chain introduces only one

new net negative charge (the second one is canceled
out by the positive charge of the free N-terminal
amino group). Interestingly, the newly N-terminally
located glutamic acid of the EAEA tetrapeptide was
not found to have undergone the cyclization reaction
into pyroglutamate (data not shown), even though
the formation of pyroglutamate from N-terminal
glutamate should in principle be possible as well. 84
When the EAEA extension is present on the light
chain, which carries an N-terminal amino group,
both its negative charges are added to the protein's
net charge. Taking all ﬁndings together, it seems
that the EAEA tetrapeptide with its two negative
charges is beneﬁcial for the IgG's resistance to
aggregation. In general, its exact location within
the molecule might per se not be of great importance,
as the H/L-EA construct (where the EAEA extension is spaced by the AGIQ tetrapeptide from the
N-terminus of the light chain) also exhibited an
increased aggregation resistance. However, the
loss of the pyroglutamate residue might reduce
the effect of this extension at the heavy chain.
Our hypothesis that the positive impact of the
EAEA tetrapeptide is very likely based on its effect
on the overall charge of the antibody molecule was
further corroborated by the observation that the
exact temperature of aggregation onset depends on
the pH of the sample (Fig. 9). As the charge of the
H/L construct is almost neutral at the pH value
generally used throughout this study (pH 7.1), this
sequence extension has a rather dramatic effect,
causing the whole molecule to possess a clearly
negative net charge. The only marginally negative
charge of the original constructs at pH 7.1 originates from the nature of their CDR regions. While
the isoelectric points (pI) of the backbones are 8.2
and 5.5 for the heavy and light chains, respectively
(determined by the analysis tool on the ExPASy
server§), the basic pI of the CDRs within the heavy
chain are “compensated” by a very acidic pI of the
light chain's CDRs (9.2 and 4.1, respectively). The
reason for the pH affecting mostly the net charge of
the heavy chain lies in its larger number of
histidine groups.
Application aspects of these findings
The beneﬁcial effect of the EAEA tetrapeptide on
the aggregation susceptibilities of the analyzed
antibodies was not only seen when the IgGs were
analyzed by gradual heating. When freshly produced IgG variants were incubated for 5 days at
various temperatures, clear differences in the formation of aggregates could be detected by MALS
analyses (Fig. 8). Aggregate accumulation was seen
for the H/L construct, while for the EAEA§ http://web.expasy.org/compute_pi
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containing H/L-E construct, neither the amount
nor the size of aggregated IgGs noticeably increased. Also, when the antibodies were stored at
4 °C for several months and subsequently analyzed
by SEC, the H-E/L-E construct possessed the
smallest aggregated fraction. The percentages,
comparing this fraction's aggregates with that of
H/L aggregates (0.5% versus 3%), might sound
insigniﬁcant and negligible; however, it should be
kept in mind that the samples were stored at a
relatively low protein concentration of 1 mg/ml.
Since antibodies administered in the clinic are
generally stored and used at much higher concentrations, this small difference might then increase
dramatically.
In the transfer of the results of this study to other
antibodies, it is important to understand to what
degree the ﬁndings can be generally applied. Using
another unrelated IgG, whose pI is substantially
higher due to its CDR regions (light chain alone, 6.9
versus 4.8; complete IgG, 8.9 versus 7.2) and which is
thereby more positively charged at pH 7.1, we found
that there was only a small inﬂuence of the EAEA
tetrapeptide (Fig. 10b). To test these effects, we
produced IgGs in HEK293 cells (which leads to
correct processing to the genuine N-terminus) or in
Pichia, where the EAEA tetrapeptide was still
attached on both chains, and subsequently analyzed
them in glycosylated and deglycosylated states.
Compared to the previously analyzed antibody, this
IgG has a substantial positive net charge at neutral pH
(Fig. 10c), and even though its charge is diminished by
the EAEA extension, this has only a very small effect.
It thus implies that the EAEA extension will be most
promising for antibodies whose net charge can be
boosted signiﬁcantly by this extension.
The results obtained from the second IgG,
however, also indicated the transferability of the
other ﬁnding of this study. The glycosylated Pichiaproduced IgG generally showed a higher resistance
to aggregation compared to its counterpart from
mammalian cells. This result suggests that the
improved aggregation protection by the mannoserich oligosaccharide is seen in this antibody too,
despite its high isoelectric point. It is thus likely to be
a general phenomenon that might be transferable to
other molecules as well.
Taken together, the present ﬁnding indicate that
the convenient production in the Pichia host has an
unexpected beneﬁt, as it leads to antibodies being
more resistant to aggregation due to both the Pichia
glycosylation and the residual tetrapeptides left by
the α-factor pre-pro secretion system. Importantly,
through these modiﬁcations, aggregation of the IgG
was also prevented under physiological conditions,
such as after an extended time at 37 °C. Nonetheless,
the magnitude of these effects will be antibody
dependent, with the net charge seemingly being a
good predictor.
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Comparison with other proteins
The present ﬁndings are in agreement with
previous analyses showing that the solubility of
proteins can be enhanced by the introduction of
charged residues resulting in an altered overall
protein charge. 85,86 In addition, our results match
previous studies showing that single VH domains
that are by themselves resistant to aggregation
generally possess a greater negative net charge
than their aggregation-prone counterparts. 86–88 This
correlation has, however, never been reported for
full-lengths IgGs so far. A similar connection
between pI values and aggregation susceptibility
has been presumed for single-domain camelid VHH
antibodies. Although possessing partially lower
conformational stabilities compared to their
human VH counterparts, these molecules mainly
unfold reversibly and resist aggregation. 42,89 Following a similar reasoning, a human VH domain
prone to aggregation could be converted into an
aggregation-resistant variant by introducing negatively charged residues within or near the CDR1
loop. 88 However, in the same study, it was shown
that other negatively charged mutations in the most
solvent exposed residues outside of the CDRs were
incapable of suppressing the parent VH's aggregation propensity. Therefore, the authors concluded
that the simple difference in the net charge of this
domain antibody might not be responsible for the
improvements of the aggregation propensities.
Instead, the speciﬁc locations of the mutations
seemed to be of great importance. Our results,
however, indicate that an N-terminal placement of
negatively charged residues might be sufﬁcient to
increase aggregation resistance. This strategy circumvents the concern that the introduction of
charged residues into the CDR regions may abolish
the antibody–antigen recognition directly or indirectly by altering the loop conformation. 88
Generally, it appears that the N-terminal location
is particularly suitable for the addition of charges,
as it has diminished the aggregation of a molecule
as large as an IgG. Compared to the previously
mentioned study by Perchiacca et al., 88 the strategy
resulting from our results should be more easily
applicable to a large variety of molecules, as the
charged EAEA extension can readily be attached
to any molecule by simple cloning. In addition,
there is no risk that these new residues might
disturb the structure of the IgG as they are not
inserted within the domains. Importantly, the
present study could conﬁrm that the various
amino-terminal extensions did not affect the
binding of the IgG variants to their antigen. As
depicted in Supplementary Data Fig. S3, these
interactions were analyzed for several mammalian
constructs, and the determined afﬁnities were
unaltered within experimental error.
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Conclusions
Taken together, our results indicate that the
production of full-length IgG in the yeast Pichia—
being attractive for large-scale preparations due to its
convenient handling—is possible and results in
molecules with the desired antigen binding and
thermal stability. However, obtaining correctly
processed IgGs requires the direct fusion of a signal
sequence to the heavy chain. When using the
commonly utilized α-factor pre-pro secretion system, the secreted antibodies will contain the EAEA
extension at both N-termini. Removing this extension from the coding sequence can easily be
performed for the light chain but will generate
heterogeneous processing for the heavy chain and
correct processing requires removal of the whole αfactor pro region. Most surprisingly, antibodies
produced in Pichia proved to be more resistant to
aggregation than their counterparts with identical
primary sequences produced in mammalian cells.
This was shown to be caused by the mannose-rich
glycosylation and the residual EAEA extensions.
While the former effect appears to be general, the
latter is most pronounced when this tetrapeptide
addition can signiﬁcantly increase the net negative
charge of the antibody. Furthermore, these results
show that the addition of a mere four amino acids to
a protein of several hundred residues can have a
dramatic impact on its biophysical characteristics. In
a broader view, these ﬁndings could have important
implications for the common approach of adding
tags to a POI, as it is generally assumed that few
additional amino acids will not have major effects on
the molecule and its properties.

Materials and Methods
Cell culture
Materials and cultivation of mammalian and Pichia cells
All media and supplements for mammalian expression
were purchased either from Sigma-Aldrich (Missouri,
USA), Invitrogen (California, USA) or Amimed (BioConcept, Switzerland). The antibiotics that were used,
Zeocin™ and Hygromycin B, were bought from Invitrogen and PAA (Austria), respectively. All solutions used
were sterilized by ﬁltration through 0. 22-μm ﬁlters
(Millipore, Massachusetts, USA). Stably transformed
HEK293 cells were maintained in Dulbecco's modiﬁed
Eagle's medium (DMEM; Sigma-Aldrich; high glucose,
4.5 g/l) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS; Amimed) in a humidiﬁed
incubator under 5% carbon dioxide at 37 °C. Expression
of IgGs was carried out in DMEM supplemented with 5%
(v/v) FBS (instead of the more commonly used 10%). For
secretion of IgGs, derivatives of the vector pcDNA5
(Invitrogen) containing constitutively active cytomegalo-

virus promoters upstream of the endogenous IgG signal
sequences were used.
For all work with Pichia, the strain SMD1163 (his4 pep4
prb1; Invitrogen) was used. All media and supplements
for this work were purchased from either Sigma-Aldrich
or Invitrogen. All work was performed in a sterile laminar
ﬂow bench, and yeast growth was generally performed at
30 °C. Selection of clones stably expressing the IgGs was
based on Zeocin™ resistance. For secretion of IgGs,
derivatives of the pGAPZαB vector (Invitrogen) containing the constitutively active yeast GAP promoter followed
by the α-factor pre-pro (αMFpp) region were used. YPD
(yeast extract–peptone–dextrose) medium containing
20 g/l peptone, 10 g/l yeast extract and 20 g/l D-glucose
(plus 20 g/l agar for YPD-agar) was used for routine
growth and subculturing of Pichia cells. Zeocin™ was
added to a ﬁnal concentration of 100 μg/ml. IgG
expression was performed in buffered medium with
glycerol for yeast (BMGY) [20 g/l peptone, 10 g/l yeast
extract, 100 mM potassium phosphate (pH 6.0), 1.34%
yeast nitrogen base without amino acids, 1% (w/v)
glycerol and 400 μg/l biotin] in the absence of antibiotic.
Construction of expression plasmids
Unless stated otherwise, all molecular biology methods
were performed according to standard protocols. 90 All
enzymes used for cloning were purchased from New
England Biolabs (Massachusetts, USA) or Fermentas
(Germany). In general, cloning and propagation of all
plasmids was carried out in Escherichia coli DH5α (Life
Technologies, California, USA), grown at 37 °C in low-salt
LB broth [10 g/l bacto-tryptone, 5 g/l yeast extract and
5 g/l NaCl (pH 7.5)] containing 25 μg/ml Zeocin™ for the
Pichia plasmids or in 2YT broth [16 g/l bacto-tryptone,
10 g/l yeast extract and 5 g/l NaCl (pH 7.5)] containing
100 μg/ml ampicillin (AppliChem, Germany) for mammalian vectors.
Construction of initial expression plasmids will be
described in detail elsewhere (Schaefer et al., unpublished). In summary, the vectors used for the creation of
stable cell lines contained the genes for the light and heavy
chains as complete individual expression cassettes; that is,
both genes had their own constitutively active promoter
and their own downstream polyadenylation sequence.
The attachment of additional appendices to the N-termini
of mammalian heavy and light chains was achieved by
overhanging primers and PCR. The upstream regions of
the heavy- or light-chain coding sequences were ampliﬁed
with forward primers annealing upstream of the cytomegalovirus promoter region and reverse primers introducing the new N-terminal appendices. The following
forward primers were used for the heavy (H) or the light
(L) chain: HEK_H_for (5′ GCG TTT CTG GGT GAG CAA
AAA CAG GAA GGC 3′) and HEK_L_for (5′ GGC ACT
GTC CTC TCA TGC GTT GGG TCC 3′). The reverse
primers were HEK_H-E_rev (5′ GCC AGC CAA TTG CAC
CTG AGC TTC AGC CTC GGA CAG GAC CCA TCT GGG
AGC TGC CAC CAG CAG G 3′), HEK_H-A_rev (5′ GCC
AGC CAA TTG CAC CTG TTG AAT TCC TGC GGA CAG
GAC CCA TCT GGG AGC TGC CAC CAG CAG G 3′),
HEK_L-E_rev (5′ GCAT GATATCAGC TTC AGC CTC
AGC CCA GGA TCC TGT GCC CTG AGT GAG G 3′),
HEK_L-A_rev (5′ GCAT GATATCTTG AAT TCC TGC
AGC CCA GGA TCC TGT GCC CTG AGT GAG G 3′) and
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HEK_L-EA_rev (5′ GCAT GATATCTTG AAT TCC
TGCAGC TTC AGC CTC AGC CCA GGA TCC TGT
GCC CTG AGT GAG G 3′). Regions coding for the new
appendices are underlined, while restriction sites used
(MfeI or EcoRV for the heavy or the light chain,
respectively) are printed in italics.
For each heavy- or light-chain fragment, a standard PCR
using Phusion high-ﬁdelity DNA polymerase (Finnzymes,
acquired by Thermo Scientiﬁc) was carried out with a ﬁnal
concentration of 0.5 μM for each forward and reverse
primer in the presence of 3% (v/v) dimethyl sulfoxide. The
PCR parameters were as follows: pre-denaturation at 98 °C
for 30 s, followed by 27 cycles of denaturation at 98 °C for
10 s, and annealing and extension at 72 °C for 50 s, followed
by a ﬁnal incubation for 5 min at 72 °C. The resulting PCR
products were puriﬁed using a PCR clean-up kit
(Macherey-Nagel, Germany) and digested with BglII and
MfeI for the heavy chain or AﬂII and EcoRV for the light
chain, respectively. Finally, these inserts were ligated into
the identically treated and dephosphorylated initial
expression vectors, yielding the ﬁnal plasmids subsequently sequenced using standard techniques.
The removal of the EAEA tetrapeptide from the initial
yeast heavy-chain construct was performed by assembly
PCR in three steps: (i) ampliﬁcation of both the region
upstream of the intersection of the αMFpp with the gene
encoding either the heavy or the light chain and the region
downstream of it, both lacking the sequence encoding the
EAEA tetrapeptide; (ii) assembly of fragments by an
overlapping PCR method; and (iii) ampliﬁcation of fulllength products. The upstream region was ampliﬁed
using the oligonucleotides PP_out_H_for (5′ GGA AGG
AGT TAG ACA ACC TGA AGT CTA GGT CCC 3′) and
the reverse PP_H_rev (5′ C CAA TTG CAC CTGTCT TTT
CTC GAG AGA TAC CCC TTC TTC TTT AGC 3′), while
the downstream fragment was ampliﬁed by using
PP_out_H_rev (5′ CCG GAG ACA GGG AGA GGC
TCT TCT GC 3′) and PP_H_for (5′ CT CTC GAG AAA
AGACAG GTG CAA TTG GTA CAG TCT GGT CCG GG 3′).
For the deletion of the EAEA tetrapeptide from the
light-chain construct, the primers were the following:
PP_out_L_for (5′ CGT GGA GGT GCA TAA TGC CAA
GAC AAA GCC GC 3′), PP_L_rev (5′ GGT CAG TTC GAT
ATCTCT TTT CTC GAG AGA TAC CCC TTC TTC TTT
AGC 3′), PP_out_L_rev (5′ CTA GGA CGG TTA ACT
TCG TGC CGC CGC C 3′) and PP_L_for (5′ CT CTC GAG
AAA AGA GAT ATC GAA CTG ACC CAG CCG CCT TCA
GTG 3′). Regions complementary to the mature Nterminus of the heavy or light chain are underlined,
while those annealing to the remaining pro-region of the
αMFpp are printed in italics.
The different fragments were generated by PCR using
the respective forward and reverse oligonucleotides on the
initial expression plasmid. The PCR was performed as
follows: 30 s at 98 °C, followed by 25 cycles of 10 s at 98 °C
and 50 s at 72 °C, followed by a 5-min ﬁnal extension cycle
at 72 °C. The PCR products were puriﬁed using the same
PCR puriﬁcation kit as above and served as templates in
the subsequent overlapping PCR. In this second PCR
reaction, the outer primers (e.g., PP_out_H_for and
PP_out_H_rev for the heavy chain; 0.5 μM each) were
added to 15 ng of each puriﬁed PCR product. Twenty
cycles of ampliﬁcation (denaturation at 98 °C for 10 s and
annealing and extension at 72 °C for 55 s) were performed,

Engineering IgGs Towards Aggregation Resistance

resulting in full-length fragments that were MluI/BstEII
or HpaI/SacII digested (for the heavy and light chains,
respectively) and ﬁnally inserted in the appropriately cut
initial vector.
The deletion of the complete pro-region in the H-pro-del
construct was performed in almost the same manner,
albeit using different primers in the ﬁrst PCR. PP_H-prodel_for (5′ CC TCC GCA TTA GCTCAG GTG CAA TTG
GTA CAG TCT GGT CCG G 3′) and PP_H-pro-del_rev (5′
C CAA TTG CAC CTGAGC TAA TGC GGA GGA TGC TGC
GAA TAA AAC AGC 3′) were used. The oligonucleotides
for the pro-region deletion of the light-chain construct
were PP_L-pro-del_for (5′ CC TCC GCA TTA GCT GAT
ATC GAA CTG ACC CAG CCG CCT TCA GTG 3′) and
PP_L-pro-del_rev (5′ GGT CAG TTC GAT ATC AGC TAA
TGC GGA GGA TGC TGC GAA TAA AAC AGC 3′). As in
the primers above, regions complementary to the mature
N-terminus of the heavy chain are underlined, while this
time, those parts annealing to the remaining pre-region of
the αMFpp are printed in italics.
Design of glycan knockout mutants T299A
To analyze the inﬂuence of the glycan moiety attached
to Asn297 in the CH2 domain of the heavy chains, we
designed the glycan knockout construct T299A. The ACG,
coding for the threonine in the glycosylation motif
Asn297-Ser298-Thr299, was mutated to the alanine encoding GCG using the QuikChange® site-directed mutagenesis kit from Stratagene (acquired by Agilent, USA)
according to the manufacturer's instructions. Mutagenesis
was performed with the following primers encoding the
mutated triplet: IgG_deglyc_for (5′ G GAG CAG TAC
AAC AGC GCG TAC CGG GTG GTC 3′) and the
complementary reverse primer IgG_deglyc_rev (5′ GAC
CAC CCG GTA CGC GCT GTT GTA CTG CTC C 3′).
After selection and sequencing, a correct clone was
digested by EcoNI, cleaving twice in the human γ1
constant region within the CH1 and CH3 domains, and the
resulting fragment was inserted in the original vector cut
with the same enzyme. After the selection of a construct
with the correct orientation of the insert, the ﬁnal vectors
were re-sequenced and prepared for transformation.
Creation of stable cell lines
Flp-In HEK293 cell lines (Invitrogen), stably expressing
the IgG of interest and secreting it into the culture
medium, were generated according to the instructions of
the Flp-In system manual. For this purpose, the expression
cassettes for both heavy- and light-chain genes were
cloned into the pcDNA5/FRT vector and ﬁnally inserted
at a speciﬁc location in the genome by the Flp recombinase
within the cell. After selection, 10 single clones of each
construct were tested for expression of the desired IgG by
Western blot analysis of the supernatant. More than 90%
of the analyzed clones were positive for the desired IgG.
For the Pichia constructs, the corresponding plasmids
containing both genes for the light and heavy chains under
the control of constitutively active GAP promoters within
one plasmid were linearized by BglII and integrated into
the yeast genome upon transformation of competent
Pichia. Finally, several colonies per construct were
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replated on fresh YPD-agar plates and subsequently
analyzed for IgG expression by Western blot.
Large-scale expression of IgG
For large-scale expression of mammalian IgGs, 3 × 10 7
cells stably expressing the respective IgG were seeded in
500-cm 2 plates (Nunc), containing 65 ml of regular
medium (DMEM and 10% FBS). At conﬂuency (approximately 3 day s after seeding), this medium was removed
and replaced by 50 ml expression media, containing only
5% FBS. The supernatant containing the secreted IgGs was
harvested 3–4 days later and renewed three times for
additional rounds of expression. Detached cells were
removed from the harvested supernatant by centrifugation (10 min; 9000g; 4 °C) and ﬁltration through a 0. 22-μm
ﬁlter (Millipore). The ﬁltered supernatant was adjusted to
binding conditions by the addition of half the volume of
200 mM sodium phosphate (pH 8.0) and 150 mM NaCl,
reﬁltered and stored at 4 °C until IgG puriﬁcation by
Protein A afﬁnity chromatography.
Large-scale expression in the yeast system was
performed using a three-step procedure using two
different, consecutive pre-cultures. First, 5 ml YPD
medium was inoculated with a single Pichia colony and
grown overnight. The next day, the second pre-culture of
100 ml YPD media was inoculated with 2 ml of the
small-scale overnight culture in a 300-ml Erlenmeyer
ﬂask. After 24 h at 30 °C and 250 rpm, the ﬁnal
expression culture (1 l BMGY medium in 5-l Erlenmeyer
ﬂasks) was inoculated with the second pre-culture at an
optical density (OD600) of 1. For this inoculation, the
appropriate amount of cells from the pre-culture was
pelleted by centrifugation (10 min; 5000g; 4 °C) and
resuspended in the expression media. After incubation
for 48–60 h at 30 °C and 250 rpm, the expression culture
was centrifuged (15 min; 5000g; 4 °C), and the
supernatant was adjusted to the conditions required for
IgG puriﬁcation. Since the BMGY medium already
contained potassium phosphate buffer at a 100-mM
concentration, no sodium phosphate but only NaCl was
added to the supernatant. The pH was adjusted to 8.0 by
the addition of NaOH. Afterwards, the supernatant
containing the IgGs was ﬁltered through a 0. 22-μm
ﬁlter and loaded onto the Protein A column.

ND-1000 spectrophotometer (Thermo Scientiﬁc), assuming a mass extinction coefﬁcient of 13.7 for a 10-mg/ml
solution of IgG. The samples with the highest protein
concentration were pooled and dialyzed twice against PBS
[Sigma-Aldrich; 10 mM Na2HPO4, 1.8 mM KH2PO4,
2.7 mM KCl and 137 mM NaCl (pH 7.1)] at 4 °C. After
dialysis, the samples were ﬁltered through 0. 22-μm ﬁlters
(Millipore) and stored at 4 °C.
SDS-PAGE and Western blotting

Biophysical and biochemical analysis

SDS-PAGE was performed using Tris–glycine, 7.5% or
12% gels for nonreduced or reduced samples, respectively.
Gels and samples were prepared according to standard
protocols, 91 and 1.5 μg of IgG antibody was loaded per
lane. Nonreduced samples were only mixed with loading
buffer, while, for reduced samples, DTT was added to a
ﬁnal concentration of 16 mM followed by incubation for
5 min at 95 °C. As molecular mass marker, the PageRuler
prestained protein ladder (Fermentas) was used.
For the speciﬁc detection of the IgGs, the proteins were
transferred to a polyvinylidene ﬂuoride membrane (Millipore) after their separation by SDS-PAGE. The blotting
was performed following the semidry method within a
Trans-Blot SD cell (Bio-Rad, California, USA) for 60 min at
11 V, using a Tris–glycine buffer (20 mM Tris, 150 mM
glycine and 10% methanol). After blocking the membrane
in 5% MPBST [5% (w/v) skimmed milk dissolved in PBST
(PBS with 0.05% Tween 20)] for at least 1 h, the membrane
was incubated for another hour in 2.5% MPBST containing
detection antibodies conjugated to alkaline phosphatase.
For detection of the heavy chain, a goat anti-human Fcspeciﬁc antibody (Sigma-Aldrich; #A9544; 1:4000 dilution)
was used; for the light chain, a goat anti-human lambda
light-chain-speciﬁc antibody (Sigma-Aldrich; #A2904;
1:1500 dilution) was used. The polyclonal rabbit αMFpp
antiserum was a kind gift of Dr. Randy Schekman
(University of California, Berkeley) and used in a 1:1000
dilution, followed by a secondary anti-rabbit IgG speciﬁc
antibody conjugated to alkaline phosphatase (SigmaAldrich; #A3687; 1:20,000 dilution). Antibodies were
detected by the addition of nitro-blue tetrazolium chloride
with 5-bromo-4-chloro-3′-indolyphosphate p-toluidine
salt (Sigma-Aldrich) solution in 100 mM Tris (pH 9.5),
5 mM MgCl2 and 100 mM NaCl; the development was
terminated when the ﬁrst bands became clearly visible by
washing the membrane in ultra high pure water.

Purification of IgGs

Isoelectric focusing

Antibodies were puriﬁed from culture supernatants by
Protein A afﬁnity chromatography. For this purpose, the
supernatants—adjusted to pH 8.0 and the appropriate
[Na +] (see above)—were loaded onto HiTrap Protein A
columns (GE Healthcare, USA) at 4 °C with a ﬂow rate of
1 ml/min. Chromatography was performed using an
ÄKTA PrimePlus chromatography system (GE Healthcare) at 4 °C. After loading, the column was washed with
100 mM sodium phosphate buffer (pH 8.0) containing
150 mM NaCl. Elution of IgG was accomplished by using
0.1 M glycine (pH 2.7), followed by immediate neutralization of each fraction to pH 7.5 using 1 M Tris (pH 8.0).
The concentrations of the sample fractions were determined by UV spectroscopy at 280 nm with a NanoDrop

Determination of the isoelectric point of the constructs
was carried out in IEF Ready Gels (pH 3–10; Bio-Rad)
according to the manufacturer's instructions on a MiniPROTEAN II vertical cell system (Bio-Rad), using increasing voltages (100 V for 1 h, 250 V for 1 h and 500 V for
30 min). Next to the samples, IEF standards, pI range 4.45–
9.6 (Bio-Rad), were co-electrophoresed. The cathode and
anode buffers were 20 mM lysine/20 mM arginine or
7 mM phosphoric acid, respectively. Following electrophoresis, the proteins were visualized by Coomassie
Blue—Crocein Scarlet staining [0.04% (w/v) Coomassie
R-250 and 0.05% (w/v) Crocein Scarlet 3B in 27%
isopropanol/10% acetic acid] for 45 min and destaining
(40% methanol/10% acetic acid).
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N-terminal sequence analysis
Sequence analysis was performed after incubating 50 μg
puriﬁed IgGs with 0.3 mU of Pfu pyroglutamate aminopeptidase (TaKaRa Biomedicals, Japan) as described
previously 92 to remove blocking pyroglutamate residues.
Reduced antibodies were separated using SDS-PAGE and
transferred to polyvinylidene ﬂuoride membranes using
Tris–glycine buffer as described above. After transfer, the
membrane was stained with freshly prepared Coomassie
stain (0.1% Coomassie Blue R-250, 40% methanol and 1%
acetic acid) for 30 s, followed by destaining with 50%
methanol until protein bands were clearly visible. Protein
bands corresponding to the expected molecular weight of
the heavy and light chains, respectively, were excised
and submitted for N-terminal sequencing analysis. The
ﬁrst 5–8 aa of puriﬁed IgG from Pichia was sequenced at
the Functional Genomic Center Zurich using an Applied
Biosystems Procise 492 cLC protein sequencer.
Analysis of IgG expression levels by ELISA
To analyze the inﬂuence of N-terminal variations on the
IgG expression and secretion levels, we seeded the same
number of HEK293 cells stably expressing the corresponding constructs in 12-well plates. Upon reaching conﬂuency, the medium was removed and replaced by 1 ml
expression media, containing 5% FBS. Twenty-four hours
later, the supernatant was analyzed for its IgG content by
ELISA. For the Pichia-produced IgGs, optical-densitynormalized aliquots were taken after 24 h of expression
for ELISA analysis. For ELISA, a capture antibody
recognizing the human IgG heavy chain (Jackson ImmunoResearch, Pennsylvania, USA; #209-005-098) was
immobilized on MaxiSorb plates (Nunc) overnight at
4 °C. After 1 h of blocking in 5% skimmed milk in PBST,
100 μl of Pichia- or HEK-derived supernatant (diluted in a
range of 1:25 to 1:100 in fresh BMGY or DMEM media)
was incubated for 1 h at room temperature. The expressed
IgG molecules were detected by incubating with an antihuman lambda light-chain-speciﬁc antibody conjugated
to alkaline phosphatase (Sigma-Aldrich; #A2904; 1:2000
dilution) for 1 h and subsequent addition of p-nitrophenyl
phosphate (Sigma-Aldrich). Absorbance at 405 nm was
measured using a Perkin Elmer HTS 7000 Plus plate
reader for up to 1 h.
CD spectroscopy
CD measurements were performed on a Jasco J-810
Spectropolarimeter (Jasco, Japan) equipped with a computer-controlled water bath (refrigerated circulator FS18;
Julabo, Germany), using a 0.5-mm cylindrical thermocuvette. CD spectra were recorded from 200 to 250 nm with a
data pitch of 0.5 nm, a scan speed of 20 nm/min, a
response time of 4 s and a bandwidth of 2 nm.
Measurements were performed at 25 °C, and each
spectrum was recorded three times and averaged. The
CD signal was corrected by buffer subtraction and
converted to MRE (mean residue ellipticity; θ) using the
concentration of the sample determined spectrophotometrically at 280 nm. Heat denaturation curves were obtained
by measuring the CD signal at 208 nm at temperatures
increasing from 25 °C to 90 °C (heating rate, 1 °C/min;
response time, 4 s; bandwidth, 2 nm). Data were collected
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and processed as described above. CD spectra and
denaturation curves of the puriﬁed IgGs were measured
in PBS (Sigma-Aldrich; pH 7.1) at a protein concentration
of 5 μM.
Fluorescence spectroscopy
This method essentially was used to record the red shift
of the emission maximum λmax upon heat-induced
unfolding of the large IgG proteins with numerous Trp
residues. As water penetrates the unfolding IgG structure,
the polarity in the vicinity of the Trp residues changes
toward a more hydrophilic environment, thus causing an
increase in λmax, recorded as a loss in the F330/F350 ratio
upon unfolding. Fluorescence spectra were measured
with a Jobin-Yvon Fluoromax-4 spectroﬂuorimeter (Horiba Scientiﬁc, New Jersey, USA) equipped with a Peltiercontrolled cuvette holder. The temperature was controlled
by an LFI3751 5A digital temperature control instrument
(Wavelength Electronics Inc., Montana, USA). Upon
excitation at 295 nm, Trp emission spectra were recorded
from 300 to 400 nm (Δλ = 1 nm; scan rate, 1 nm/s) in 0.5 °C
steps from 25 °C to 90 °C. The sample cuvette was
equilibrated for 2 min at each temperature to ensure that
the desired temperature was reached within the cell.
Protein concentrations were 1 μM in every case, and all
measurements were performed in PBS (pH 7.1). The
intensity of the emission spectrum at 330 nm (F330) and
350 nm (F350) was determined at each temperature, and
the ratio F330/F350 was calculated and subsequently
plotted as a function of temperature.
GdnHCl-induced equilibrium unfolding
GdnHCl-induced denaturation measurements were
carried out with protein/GdnHCl mixtures containing a
ﬁnal protein concentration of 1 μM and denaturant
concentrations ranging from 0 to 4 M (99.5% purity;
Fluka, Missouri, USA). These mixtures were prepared
from a GdnHCl stock solution (6 M) (in PBS, pH adjusted
to 7.1) and equilibrated overnight at 25 °C. Each ﬁnal
concentration of GdnHCl was determined by measuring
the refractive index. The intrinsic ﬂuorescence emission
spectra were then recorded from 300 to 400 nm with an
excitation wavelength of 295 nm. Slit widths of 2 nm were
used for both excitation and emission. Individual GdnHCl
blanks were recorded and automatically subtracted from
the data. The emission ratio F330/F350 was calculated and
plotted as a function of GdnHCl concentration.
Aggregation assay (light scattering at 500 nm)
The temperature of aggregation was determined by
light scattering using a Jobin-Yvon Fluoromax-4 spectroﬂuorimeter (Horiba Scientiﬁc). Excitation and emission
wavelengths were set to 500 nm (slit width, 2 nm each;
integration time, 1 s). Protein concentrations were 2 μM for
HEK-produced IgGs and 4 μM for antibodies produced in
Pichia. A heating rate of 1 °C/min was applied starting
from 25 °C up to 90 °C; the intensities were measured
every 1 °C. Each data point depicted in the plots is an
average of ﬁve measured intensity values. The time period
necessary to collect this set of ﬁve data points was about
∼ 10 s; therefore, only a negligible intensity change
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occurred due to the concomitant rise in temperature
(about 0.1 °C). All measurements were performed in
triplicates in PBS (pH 7.1), and averaged values are given.
Deglycosylation by PNGase F treatment
The aggregation behavior was analyzed after enzymatic
removal of the glycan moiety from Thr299. For this
purpose, 80 μl of 2 μM puriﬁed IgGs was incubated with
50 U PNGase F (New England Biolabs) at 37 °C for 3 h in
PBS (in the absence of any detergents, in contrast to the
instructions of the manufacturer). Afterwards, PNGase-Ftreated proteins were compared to their glycosylated
counterparts by reducing SDS-PAGE for conﬁrmation of
complete deglycosylation. Then, these samples were
analyzed by the aggregation assay as described before.
Size-exclusion chromatography
SEC experiments were performed using a Superdex 200
PC 3.2/30column (GE Healthcare). The runs were
performed in PBS buffer (Sigma-Aldrich; pH 7.1) at a
ﬂow rate of 0.06 ml/min at 25 °C on an ÄKTA Micro
system (GE Healthcare). Samples of 50 μl containing
6.7 μM IgG were injected, and protein elution was
monitored at 280 nm. Cytochrome c (12.4 kDa), albumin
(66 kDa) and β-amylase (200 kDa) were used as standards
to calibrate the column.
Static MALS
The temperature-induced increase of aggregation was
analyzed by SEC MALS. Puriﬁed IgGs were incubated in
PBS (pH 7.1) at a protein concentration of 3 μM at 4 °C,
37 °C or 50 °C for 5 days. Afterwards, SEC was carried out
on an LC 1100 Series HPLC System (Agilent) using a
Superdex 200 10/300 GL column (GE Healthcare) with a
ﬂow rate of 0.5 ml/min. MALS measurements were
performed using a miniDAWN MALS instrument (Wyatt
Technology, California, USA) to determine the Rayleigh
ratio. Three discrete photodetectors are spaced around the
ﬂow cell and enabled simultaneous measurements at 45°,
90°and 135°. An Optilab REX Refractometer (Wyatt
Technology) was in-line with the MALS detector. All
measurements were carried out at 23 °C. Chromatographic data were collected and processed using the ASTRA
software (Version 5.3.4.14; Wyatt Technology). Bovine
serum albumin (Sigma-Aldrich; 1 mg/ml) was used for
the alignment and normalization of various detectors'
signals relative to the 90° detector signal.
Electrospray ionization–MS
MS analyses were undertaken by the Functional
Genomic Center Zurich. IgG samples were reduced with
DTT (50 mM ﬁnal concentration), desalted using a C4
ZipTip (Millipore) and measured in 50% acetonitrile/0.2%
formic acid (pH 2). The m/z data were deconvoluted into
MS data using the MaxEnt1 software (Waters/Micromass,
Massachusetts, USA).
Differential scanning calorimetry
DSC measurements were performed using a VPCapillary DSC system (Microcal Inc., acquired by GE

Healthcare). The antibody concentrations were adjusted to
0.5 mg/ml prior to the measurement. The corresponding
buffer was used as a reference. The samples were heated
from 8 °C to 90 °C at a rate of 1 °C/min after an initial
15 min of equilibration at 8 °C. A ﬁltering period of 16 s
was used, and data were analyzed using the Origin 7.0
software (OriginLab1 Corporation, Massachusetts, USA).
Thermograms were corrected by subtraction of bufferonly scans, and the corrected thermograms were normalized to the molar concentration of the protein. The ﬁnal
excess heat capacity thermogram was obtained by
interpolating a cubic baseline in the transition region.
The midpoint of a thermal transition temperature (Tm)
was obtained by analyzing the data using the Origin 7
software provided with the instrument. As all measured
transitions are irreversible, all the experimental values
reported in this study for melting temperatures have to be
regarded as “apparent” values.
Differential scanning fluorimetry
DSF was performed using the Rotor-Gene Q real-time
PCR cycler (QIAGEN, Germany), and ﬂuorescence data
were collected using the instrument's HRM channel
settings (λex, 460 nm; λem, 510 nm). The SYPRO Orange
dye (Molecular Probes) was supplied in dimethyl sulfoxide and diluted 500-fold from the supplied stock solution
into the appropriate buffers just prior to being added to
the protein solutions. The samples with a ﬁnal protein
concentration of 3.5 μM in a 20-μl reaction mixture were
subjected to a temperature ramp from 30 °C to 90 °C at a
heating rate of 1 °C/min and at 0.5 °C increments with an
equilibration time of 30 s at each temperature prior to
measurement. The Tm was determined as the temperature
corresponding to the maximum value of the ﬁrst
derivative of the ﬂuorescence changes, calculated by the
software. When multiple unfolding transitions are observed, only the Tm value of the ﬁrst transition can be
accurately determined, as the transitions at higher
temperatures overlap. Prior to the DSF analysis, several
IgGs were analyzed by ﬂuorescence spectroscopy in the
presence and absence of SYPRO Orange. In agreement
with the literature, the dye (at 1:200- to 1:500-fold dilutions
of the original reagent) did not induce any changes in the
thermal stability determined by the intrinsic ﬂuorescence
acquired during heating.
MST measurements
Binding afﬁnities of puriﬁed IgGs to their antigen
myoglobin (Sigma-Aldrich) were measured using MST
(NanoTemper, Germany) as described previously. 93
Myoglobin was ﬂuorescently labeled according to the
manufacturer's instructions with a reactive NT-647 dye
using N-hydroxysuccinimide ester chemistry that reacts
with primary amines to form dye–protein conjugates.
For each analyzed construct, a titration series with
constant antigen concentration (20 μM) and varying IgG
concentrations between 10 − 11 and 10 − 6 M was prepared
in PBS. The mixed samples were equilibrated for 1 h at
room temperature, and approximately 4 μl of each
sample was loaded in the capillary. An infrared laser
diode within the Monolith NT.115 instrument (NanoTemper) was used to increase the temperature by 4 K in
the beam center. Throughout the measurement, the
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ﬂuorescence inside the capillary was recorded by a
charge-coupled device camera, and the normalized
ﬂuorescence was afterwards plotted against the IgG
concentrations. The Kd values were subsequently
obtained from ﬁtting the binding curves using Prism 5
(GraphPad, California, USA).
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