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The aggregation of biotherapeutics is a major hindrance to the development of successful drug candidates;
however, the propensity to aggregate is often identified too late in the development phase to permit modification to
the protein’s sequence. Incorporating rational design for the stability of proteins in early discovery has numerous
benefits. We engineered out aggregation-prone regions on the Fab domain of a therapeutic monoclonal antibody,
bevacizumab, to rationally design a biobetter drug candidate. With the purpose of stabilizing bevacizumab with respect
to aggregation, 2 strategies were undertaken: single point mutations of aggregation-prone residues and engineering a
glycosylation site near aggregation-prone residues to mask these residues with a carbohydrate moiety. Both of these
approaches lead to comparable decreases in aggregation, with an up to 4-fold reduction in monomer loss. These single
mutations and the new glycosylation pattern of the Fab domain do not modify binding to the target. Biobetters with
increased stability against aggregation can therefore be generated in a rational manner, by either removing or masking
the aggregation-prone region or crowding out protein-protein interactions.

Introduction

Monoclonal antibodies (mAbs) are the fastest growing category
of biotherapeutics with an average yearly market growth rate of
38% in 2012.1 Their use as therapeutic agents has generated
unprecedented interest because these molecules can specifically tar-
get a large number of proteins implicated in disease. MAbs are
often required to be in a very high dosage form (often over a hun-
dred mg per mL for subcutaneous injection), and are often manu-
factured and stored for extended periods of time in a liquid
solution form. In these conditions, protein stability becomes a
great concern and challenge. Aggregation is one of the most prom-
inent forms of antibody instability, and can cause issues including
manufacturing failure,2 fatal immunological responses3,4 upon
drug delivery, and loss of efficacy. Protein degradation is usually
dealt with through appropriate manufacturing, formulation and

storage conditions of the drugs.5,6 These strategies, though effec-
tive, are costly and time consuming. Another approach is to alter
the protein itself, typically by conjugation with a small molecule
stabilizer7,8See comment in PubMed Commons below or through
substitutions of amino acids in aggregation-prone regions.9 Molec-
ular-based and computational approaches for the rational design of
these proteins, beyond trial and error, permit the determination of
protein developability at an early stage.10 The incorporation of
drug developability within the discovery phase should reduce the
risk, time, and cost to launch drugs on the market.

Protein aggregation is a complex phenomenon with no estab-
lished single mechanism. Several states of proteins (folded, par-
tially unfolded, unfolded) can be involved in the aggregation of
monomers into small multimers and then into larger oligomeric
structures in a reversible or irreversible manner.11 It has been pos-
tulated that certain sequence or structural features,10 termed as
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aggregation-prone regions (APR), drive protein aggregation.
Computational tools have been developed for the identification
of APRs on proteins, but very few of them have been validated
on antibody molecules.10 Sequence-based computational tools
such as TANGO and PAGE,12,13 and structure-based tool such
as the spatial aggregation propensity (SAP) tool14-17 allow the
identification of several APRs in mAbs. Since extensive literature
data is available on validation of the SAP tool on antibodies14-17

(to our knowledge, no public domain data exist on validation of
TANGO or PAGE for mitigating antibody aggregation), we
use the SAP method to design variants of bevacizumab with
enhanced stability.

With the purpose of improving the stability of mAbs without
a loss in efficacy, the SAP tool has been applied to identify the
aggregation-prone regions on the surface of the antigen-binding
fragment (Fab) domain of a model IgG1, the therapeutic anti-
body bevacizumab (Avastin�, Genentech). Bevacizumab is an
anti-vascular endothelial growth factor (VEGF)-A recombinant
humanized monoclonal IgG1 used in the treatment of several
cancers,18,19 as well as for age-related macular degeneration.20

This mAb is an interesting molecule to start with when rationally
designing biobetters with enhanced stability because bevacizu-
mab is particularly unstable. Bevacizumab is formulated at low
concentration and has previously been shown to be highly prone
to aggregation,21,22 leading to not only a substantial loss of activ-
ity23 but also to large aggregates that could potentially be harmful
to patients. Following the identification of aggregation-prone
regions, stable variants were designed by substituting the hydro-
phobic aggregation-prone residues for more hydrophilic charged
residues. As an alternative strategy, we also rationally designed
and engineered glycosylation sites on the Fab domain to shield
these APRs.

Previous work has shown that the degree of glycosylation
of biologics affects both their biological and biophysical prop-
erties. In particular, it has been shown that N-glycans in anti-
bodies have an effect on the conformational and colloidal
stability of mAbs, protecting the protein from both thermal
and chemical denaturation. Additionally, glycosylation can
stabilize the tertiary and quaternary structures of mAbs, and
in the case of the Fc domain, hydrophobic regions, which are
aggregation prone, are covered by a glycosylation moiety.24-27

Glycoengineering has proved to be effective in substantially
increasing the solubility of biotherapeutics,28,29 as well as
reducing the aggregation propensity of mAbs. It is well
accepted that N-linked carbohydrates participate in the stabi-
lization of mAbs against aggregation by covering aggregation-
prone motifs and through steric hindrance that disrupts inter-
molecular interactions.8,30 We adopted this strategy to stabi-
lize bevacizumab against aggregation. Four glycosylation sites
were independently introduced on the surface of the constant
region of the Fab domain of bevacizumab by single-point
mutation in the CH1 and CL domains. These two strategies,
decreasing the Fab surface hydrophobicity while modifying
the protein net charge and introducing a carbohydrate in the
Fab domain, were successfully applied to bevacizumab with
no loss of binding to its target.

Results

Rational design of stabilizing variants
The rational design of aggregation resistant antibodies in this

work is based on the identification of key aggregation-prone resi-
dues on the surface of a mAb. For this purpose, the SAP compu-
tational tool was applied to bevacizumab, which is a humanized
IgG1. For each residue, a SAP value was calculated (Supplemen-
tary Information S1), which is the sum of the effective hydropho-
bicity (Feff) of all residues surrounding the residue of interest
within a radius R. The effective hydrophobicity is based on both
the intrinsic amino acid hydrophobicity and the extent of its sur-
face exposure (or solvent accessible area, SAA).14 The residues
with high SAP value are predicted as part of APR and thus ratio-
nally engineering these residues offers an efficient and manage-
able solution to mitigate protein aggregation. One engineering
strategy to disrupt these APR is to mutate high SAP value resi-
dues to hydrophilic and charged residues, such as lysine, while
avoiding mutations in protein-binding regions.14,31-33

Both the Fab and Fc domains of bevacizumab could drive its
aggregation; however, since mutations stabilizing the Fc domain
of IgG1 molecules have already been discussed in previous publi-
cations,14 in this work, we focus on mutations stabilizing the Fab
domain of bevacizumab. In fact, recent work has also suggested a
role of the Fab domain of bevacizumab in its aggregation via the
interaction of a Fab arm with the K445 residue of the CH3
domain of a second bevacizumab.34,35 Moreover, in the case of
bevacizumab, it has been shown that aggregates had a 60%
potency in the binding of the mAb to its target relative to the
monomer, suggesting that aggregation predominantly involves
Fab domain interactions, potentially rendering about half the
number of complementarity-determining region non-accessible
for binding to VEGF-A.23

The SAP tool identified 10 high SAP residues (SAP (R=5 A
�
)

> 0.15; Feff > 0.15) on the Fab domain of bevacizumab
(Fig. 1). The SAP profile on the protein surface (Fig. 1A) shows
high SAP regions (i.e., potential APRs) in red and low SAP
regions in blue. Among those potential APRs, 6 exposed hydro-
phobic residues (Fig. 1B and C) were selected for mutation based
on a rational design approach.32 A great challenge when engi-
neering biobetters could be to improve mAb stability along with
antigen binding. In this work we solely focused on improving sta-
bility against aggregation. Therefore, high SAP residues involved
in the binding to the antigen (i.e., V94, Y54, Y103) were
excluded since a mutation of these residues has higher chances of
affecting bevacizumab activity.36,37 Residue P41 was also not
mutated because the mutation of proline may cause a significant
perturbation in the backbone structure, and thus the stability of
the molecule. A rational and previously validated approach was
followed to select which amino acids were inserted as substitutes
for the selected candidate residues for mutation. Most of the
selected residues were mutated into lysine because this amino
acid is both positively charged and hydrophilic (V110K, L154K,
L201K, V5K, L180K).14,31 Increasing the number of positively
charged residues on the surface of bevacizumab (pI= 8.3)38 is
likely to increase the colloidal stability of the mAb and to further

100 Volume 8 Issue 1mAbs



reduce aggregation. The introduction of
a lysine residue on the Fab surface could
also disrupt electrostatic interactions
between the Fab domains and the tip of
the CH3 domain, observed for bevaci-
zumab dimer aggregates.34,35

In addition to choosing the amino
acid substitution to increase the stability
of mAbs, mutations can also be selected
to reduce potential immunogenicity
due to the murine sequences still pres-
ent in the humanized sequence. In this
study, F50 was mutated to aspartic
acid, a hydrophilic humanizing residue
(Supplementary Information S2). Intro-
ducing hydrophilic residues, such as
aspartic acid, may also be an efficient
way to stabilize mAbs by locally modi-
fying the charge on the protein sur-
face.32,39 The variant L154D was
produced as well to study the effect of
adding a negatively charged residue ver-
sus a positively charged one (L154K).
All single variants, listed in Figure 1C
were tested for their stability via an
accelerated aggregation study under
heat stress and characterized by size-
exclusion high performance liquid chro-
matography (SEC-HPLC), differential
scanning calorimetry (DSC), turbidity
measurement and enzyme-linked
immunosorbent assay (ELISA).

Mutation of high SAP residues
increases bevacizumab stability

Bevacizumab stability regarding aggregation has been studied
under several conditions.35,40-43 Most studies have investigated
the stability of commercial Avastin, i.e., 25 mg/mL bevacizumab
formulated in 50 mM phosphate buffer (pH 6.2) containing
150 mM a,a-trehalose dehydrate and 0.4% (w/v) polysorbate
20. Under these conditions, less than 10% aggregation was
observed after 3 months at 4�C or room temperature.40-42 When
Avastin was incubated at 40�C, about the same amount of aggre-
gation was observed after 5 weeks.35,43 On the other hand, when
the therapeutic drug was prepared at 25 mg/mL in 50 mM phos-
phate buffer, pH 7.0 (samples called bevacizumab), an average of
32 § 5% aggregation was measured after 5 weeks incubation at
40�C.34,35,43 The formulation developed by Genentech stabilized
bevacizumab by 3.2-fold.

Even though aggregation might proceed through different
mechanisms at low (4�C) and elevated (> 40�C) temperature, a
heat stress accelerated aggregation study is a well-established way
to predict protein stability at lower temperature. To accelerate
bevacizumab aggregation, the incubation temperature was
increased. It has previously been shown that when bevacizumab
at concentrations below 2.5 mg/mL (pH 6.0-6.2) is incubated at

56�C, 65�C and 70�C, almost all of the protein aggregates
within 3 days, 3 h and 10 min, respectively.21,44 To minimize
unfolding of bevacizumab at such a high temperature (tempera-
ture close to Tm), a lower temperature was used for these acceler-
ated studies. A thorough study of bevacizumab and its different
fragments allowed the assignment of transition temperatures for
each single domain (Tm1= 70.0�C for the CH2 domain; Tm2=
74.1�C for the Fab domain; Tm3= 82.0�C for the CH3
domain).45 A similar bevacizumab thermogram was obtained
here, displaying 2 transitions with the first major transition cen-
tered around 71�C, with an increased heat capacity around 62�C
and a second minor transition at 82.4�C (data not shown); Tm
were extracted (Table 1). Based on this result and previous accel-
erated aggregation studies reported in the literature, we con-
cluded that 52�C would be an ideal temperature at which to
conduct our temperature-induced aggregation investigation (at
least 10�C below the temperature leading to bevacizumab dena-
turation) because it is high enough to generate a substantial
amount of aggregates in a relatively short time, without promot-
ing substantial mAb unfolding other than transient perturbation
to the structure. The stability of bevacizumab was studied by

Figure 1. Spatial aggregation propensity (SAP) for the Fab fragment of bevacizumab. (A) The
SAP values at R=5 A

�
for the wild-type are mapped onto the bevacizumab Fab fragment structure. The

red regions represent positive SAP values (areas of high hydrophobicity, more aggregation prone)
and blue regions have negative SAP values (areas of low hydrophobicity, less aggregation prone). Res-
idues with SAP values above 0.15 and of Feff greater than 0.15 are marked. The sites chosen for muta-
tion are indicated in red. The residues are numbered in linear fashion. The faces on which the CDR and
the hinge region are located are identified by the boxes “CDR” and “Hinge region.” The second image
is the first image rotated ~180 degrees around the axis going from the CDR to hinge region. (B) SAP
values at R=5 A

�
for the Fab fragment. � Peaks chosen for mutations, & peaks not chosen for muta-

tions. (C) Table of the residues with the highest SAP values for the Fab fragment; residues that exhibit
SAP values at R=5 A

�
of greater value than 0.15 and of Feff superior to 0.15, 10 of them can be consid-

ered potentially prone to aggregation. Residues were mutated into hydrophilic negatively charged
residue (F50D and L154D) or hydrophilic positively charged residue, i.e., lysine. (1) Peaks not chosen
for mutation are involved in binding, (2) peaks not chosen for mutation are likely involved in determin-
ing structure.
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SEC-HPLC, which was used to determine monomer loss over
time after heat stress at 52�C for up to 48 h.

Accelerated aggregation studies were performed at several con-
centrations, up to 50 mg/mL, which is twice the formulation
concentration of the commercial product. From these data (Sup-
plementary Information S3), an optimal working concentration
of 50 mg/mL was determined for the experimental aggregation
assays. In our experimental conditions, a 50 mg/mL bevacizu-
mab solution led to»25% and 32% aggregation after incubation
for 24 h and 48 h, respectively, at 52�C. These findings are in
relative agreement with previous results; we found »2.8-fold
more aggregation than when commercial Avastin was incubated
at 50�C for 24 h (8.8% aggregation observed).22 Given that we
are working at twice the formulation concentration and at 52�C
(vs. 50�C), this result was expected (a 3.2-fold difference in the
amount of aggregates was observed between commercial Avastin
and bevacizumab incubated at 40�C).35,43

Bevacizumab variants and wild-type monomer concentrations
were measured relative to the initial 50 mg/mL by SEC-HPLC
after 48 h incubation at 52�C, (see Table 1). The stability of the
engineered reduced SAP variants was compared to the wild-type
(WT) by calculating a “Fold of stability improvement” (ratio of
aggregates observed for the wild-type versus aggregates observed
for the variant) of bevacizumab upon mutation. As shown in
Table 1, all mutations introduced in the Fab domain reduced the
aggregation propensity compared to the wild-type. Two variants,
V5K and L180K, showed a noticeable but small stabilization
effect, with less than 2-fold aggregation reduction. The five other
variants showed a stability improvement of 2.5-fold and up to 4-
fold for the L154K variant after 2 days incubation at 52�C. With
the same trend, the aggregation rate was also considerably
reduced (2.3- to 10-fold slower).

Very large non-reversible aggregates cannot enter the SEC-
HPLC column and be directly quantified, but are measured
instead by total mass balance. Insoluble aggregates were estimated

by calculating the amount of monomer loss and the amount of
soluble aggregates at each time vs. the initial time of the experi-
ment (t D 0). Bevacizumab WT showed 8.3% insoluble aggre-
gates (Abs320nm D 0.091) after 48 h incubation at 52�C, and
similar amounts were measured for variants F50D, L154D,
L180K. Only variant V110K had a higher percentage of insolu-
ble aggregates, 13%, with a corresponding increase in turbidity
(Abs320nm D 0.101). No insoluble aggregates were detected by
SEC-HPLC for the variants L154K and L201K, and lower absor-
bance at 320 nm were measured (0.012 and 0.015, respectively),
indicating that these 2 mutations are the most stabilizing hydro-
phobic to hydrophilic charged residue substitutions. The L201K
mutation stabilizes bevacizumab 3-fold against soluble and insol-
uble aggregates, and a 7-fold decrease in aggregates of all types
was observed for our best variant containing the L154K
substitution.

DSC experiments were also performed to evaluate the ther-
modynamic stability of our bevacizumab WT and variants
(Table 1). A comparison of the thermograms shows an increase
of the CH2 (Tm1) and Fab (Tm2) transition temperatures in the
variants compared to the WT by up to 1.8�C, except for the
V5K variant (the least stabilizing mutation). The highest increase
was observed for L154K, the variant that reduced aggregation the
most. The transition temperatures for the CH3 domain of the
variants are less than 1�C higher than the bevacizumab WT
Tm3, except for the L180K variant that exhibited a Tm3 increase
of 1.9�C.

A critical aspect to creating biobetters with improved stability
is that the engineered proteins must have at least the same efficacy
as the innovator product. Bevacizumab is approved for the treat-
ment of a variety of cancers and is widely used off-label to treat
eye diseases such as age-related macular degeneration. It acts by
blocking VEGF-A, thereby inhibiting neovascularization and
blood vessel leakage. The efficacy of our engineered mAbs was
estimated in vitro by measuring the affinity of the WT and

Table 1. Bevacizumab stabilization by single point mutation in its Fab domain. Wild-type (WT) bevacizumab and the variants were tested for their
aggregation propensity by heat-induced accelerated aggregation study. The percentage of monomer and aggregates detectable by SEC-HPLC was mea-
sured at various time points up to 48 h of incubation at 52�C at 50 mg/mL antibody concentration (His 10 mM, pH 6.0). The percentage of monomer in the
soluble fraction after 48 h of heat treatment is reported in the table. Data are the mean § SD. (n=3 experiments with 3 different protein batches, *n=2
experiments with 2 different protein batches). The kinetic data were fitted to extract a second order rate constant (“Aggregation rate”). A stabilization factor
was calculated and the “Fold increase stability” is the ratio of the percentage of WT aggregates to the percentage of variant aggregates at t=48 h. The ther-
mostability of bevacizumab formulated in 10 mM histidine buffer (pH 6.0) was characterized by DSC to determine and attribute 3 transition temperatures,
Tm1 for the CH2 domain, Tm2 which can be attributed to the Fab domain and Tm3 corresponding to the transition temperature of the CH3 domain. The
transition temperatures in degrees Celsius for the WT and each variant were obtained by fitting Gaussians to each thermogram. Equilibrium dissociation
constants, KD, for the WT bevacizumab and its variants binding to VEGF-A were extracted from Figure 2A. WT and engineered mAbs bound to the target
VEGF with the same affinity as previously reported for bevacizumab.

Variants
% monomer

at 48 h
Aggregation rate

(*10¡2 mol¡1.L.min¡1) Fold increase stability
Transition temperature (�C)

Tm1 Tm2 Tm3 KD (nM)

WT 68 § 2 31.3 § 5.6 1.0 § 0.1 70.4 71.8 82.4 0.85 § 0.28
V5K 74 § 2 13.9 § 1.0 1.2 § 0.1 70.4 71.5 82.9 2.57 § 0.24
F50D 87 § 5 9.6 § 0.6 2.5 § 1.0 71.0 72.9 83.2 1.19 § 0.28
V110K 88 § 5 6.3 § 2.8 2.8 § 1.2 71.3 72.7 83.0 1.32 § 0.28
L154D 88 § 3 5.9 § 1.8 2.8 § 0.8 71.4 72.6 83.3 0.62 § 0.1
L154K* 92§ 0 4.5 § 1.2 4.0 § 0.4 72.1 73.5 82.7 0.85 § 0.02
L180K 82 § 3 9.9 § 1.7 1.8 § 0.3 71.3 72.0 84.3 2.39 § 0.13
L201K* 87 § 2 3.1 § 2.1 2.5 § 0.5 72.2 72.6 82.8 0.68 § 0.2
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variants for the target antigen, VEGF-A, through competitive
ELISA. Figure 2A shows the binding curve of WT bevacizumab
and the variants to VEGF-A, and their respective dissociation
constants (KD) are reported in Table 1. Our competitive assay
results show that our WT bevacizumab produced in house has a
similar affinity for its antigen (KD D 0.9§0.3 nM) as the previ-
ously reported results (average reported values KD D 1.2§
0.3 nM).46,47 All of the mutations introduced in the Fab frag-
ment are not in the CDR and therefore, as expected, all our var-
iants bind to VEGF-A with the same affinity as the commercial
drug. These results show that a single point mutation can greatly
stabilize bevacizumab against aggregation without compromising
its binding to its target VEGF-A.

Rational design of stabilizing hyperglycosylated variants
An alternate approach to increasing the stability of bevacizu-

mab is to introduce glycosylation sites near the identified APRs
to mask them. To introduce these new sites, residues near each
aforementioned APR were considered. Residues close to the anti-
gen-binding site were not considered to prevent any chance of
altering bevacizumab activity. Therefore, we did not investigate
the introduction of a carbohydrate moiety masking either the V5
or F50 high SAP value residues. To reduce the aggregation pro-
pensity of bevacizumab, we intended to mask residues V110,
L154, L180 and L201 with a glycosylation motif. Each of these
residues have shown, upon mutation to hydrophilic and charged
residues, to increase the stability of bevacizumab.

To generate a list of potential N-glycosylation sites, i.e., NXS
or NXT (X is any amino acid but P), close enough for the sugar
group to mask those residues of interest, all of the serine, threo-
nine and asparagine (residue i) within 10 A

�
of these high SAP

value residues within the constant domains of the Fab region of
bevacizumab (CH1 and CL domains) were identified. The neigh-
boring residues (residues i-2 and i+2) were then considered as
candidates for mutation to generate a
foreseeable glycosylation site. All of the
residues that can potentially be mutated
to generate glycosylation sites are listed
in Table 2 in the column “Variants to
generate glycosylation site.” For exam-
ple, the L154 high SAP value residue
has been shown to be involved in aggre-
gation (Table 1). The residue (i) T197
is located at a distance less than 10 A

�

from L154 and is highly surface
exposed. If the residue (i-2) E195 is
mutated into an asparagine, it will cre-
ate the sequence NXT197 (instead of
EXT), making it a potential glycosyla-
tion site (Table 2). The carbohydrate
introduced in vivo during mAb expres-
sion in position N195 is expected to
mask the L154 residue (and its
surrounding residues) and could poten-
tially reduce the aggregation propensity
of bevacizumab. A large set of residues

were identified and further selective parameters were applied to
ensure that feasible and efficient glycosylation would take place.
Figure 3 summarizes the different criteria that were used (details
in the Materials and Methods section) to select these glycosyla-
tion sites. After dismissing mutations leading to glycosylation site
motifs that would not undergo glycosylation, as well as mutations
potentially affecting protein structure, together with high SAP
value residues, 8 residues were identified for site-directed muta-
genesis to create potential glycosylation sites. Four different pos-
sible variants have been identified that will introduce a
glycosylation site to mask the V110 high SAP value residue,
whereas the 4 other mutations identified should permit the mask-
ing of 3 residues (L154, L180 and L201). With the aim of mak-
ing our experiments more efficient and ensuring that we chose
pertinent glycosylation sites, we did not introduce any glycosyla-
tion sites to mask the high SAP value residue V110. The V110
residue has been shown to be involved in aggregation, based on
the observation that its mutation into lysine resulted in a 2.8-fold
stabilization of bevacizumab against aggregation. Nevertheless,
this reduction in aggregation is similar to that observed for var-
iants L154D and L201K, and V110 has one of the lowest SAP
scores among the above listed high SAP value residues, making
its masking by a carbohydrate moiety less attractive.

As a proof of principle, hyperglycosylated variants were gener-
ated to cover high SAP residues L154, L180 and L201. Interest-
ingly, there is an overlap of the potential glycosylation sites
(Table 2). L154 could be masked by a glycosylation motif intro-
duced by the mutations Q160S and E195N, which generate,
respectively, glycosylation sites NSS160 and NVT197 in bevacizu-
mab light chain. These two mutations generate a site with glyco-
sylation moieties that should mask not only residue L154 but
also residue L201. The high SAP value residue L180 could be
masked by a glycosylation motif introduced by either the substi-
tution of the residue Q160 to asparagine, generating here the

Figure 2. Competitive ELISA of WT bevacizumab and single variants for VEGF-A. Bevacizumab
and engineered proteins binding to VEGF were measured using a VEGF Human ELISA Kit in which the
VEGF protein (1500 pg/mL) was pre-incubated and shacked for 60 min at 37�C with bevacizumab or
the variants at various concentrations (0.5 pM to 1 mM). The pre-mixes were then used in the ELISA,
which allows the quantification of antibodies bound to the VEGF by reading absorbance at 450 nm.
The more bevacizumab (or variants) binds to VEGF, the less VEGF can bind to the anti-VEGF IgG1
adhered onto the ELISA plate, and the lower the signal at 450 nm. Each assay was run at least in dupli-
cate. The WT and variants bound to the target VEGF with the same affinity, as previously reported for
bevacizumab. (A) Affinity of WT bevacizumab and the high SAP single point mutation variants for
VEGF-A. (B) Affinity of WT bevacizumab and hyperglycosylated variants for VEGF-A.
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glycosylation motif NES162 or by the mutation of the residue
L118 to asparagine, introducing the glycosylation site NVT120

on the heavy chain of bevacizumab.

Glycoengineered proteins for increased stability against
aggregation

The four variants L118N, E195N and Q160N/S (like the
WT and reduced SAP variants) were produced in HEK293
human embryonic kidney cells, which are able to carry out the
original post-translational modifications and should produce
mAbs with glycosylation at the engineered sites. To test whether
the introduction of an N-glycosylation site near a high SAP
region led to an overall reduction in the aggregation propensity
of bevacizumab, the hyperglycosylated variants were expressed,
purified and characterized by DSC, turbidity evaluation and
SEC-HPLC. The incorporation of N-glycan on the Fab domain
of our bevacizumab variants was verified by reducing SDS-
PAGE. The HC of L118N and the LC of E195N and Q160N/S
have clearly higher molecular weights than those of the WT, cor-
responding to the addition of an N-glycan (data not shown). All

variants were tested by DSC for their thermal stability. Three
transition temperatures were extracted from the obtained ther-
mograms (Table 3). The introduction of the N-glycan motif on
the Fab domain of bevacizumab does not affect the transition
temperature of the CH3 domain (Tm3), which changed by less
than 0.7�C. The Fab domain shows a higher thermal stability
when hyperglycosylated at one of the 4 positions we tested (Tm2

increased by 1.6�C to 2.3�C). Surprisingly, the transition tem-
perature Tm1 attributed to the CH2 domain45 is also affected.
Glycosylation of the sites N195, N160 and N158 increased the
CH2 domain stability by 1.6�C to 2.1�C, whereas glycosylation
of N118 reduced the CH2 domain thermal stability by 2.3�C.

Hyperglycosylated variants were tested for their stability
through accelerated aggregation studies at an elevated tempera-
ture. As with the reduced SAP variants, 52�C was chosen as the
temperature to accelerate aggregation, and monomer concentra-
tions were monitored over a 48-h period by SEC-HPLC (Fig. 4).
Our SEC-HPLC data are the measure of the monomer concen-
tration at various time points, and Figure 4 represents the average
of 3 independent experiments (i.e., 3 different protein

Table 2. List of residues for glycosylation site engineering. Identification of variants which are likely to be glycosylated in the vicinity of high SAP
regions. Residues in gray were not selected for the reasons described in the footnotes.

High SAP Residues masked
Ser/Thr/Asn within 10

A
�
of the high-SAP value residues

Variants to generate
glycosylation site

SAA of side-chain atoms of Asn or residue
to be mutated to Asn (A

� 2)

L:L154 (øeff = 0.26) L:N152 L:L154S2 106.8
L:S156 L:L154N2 84.2
L:N158 L:Q160S 53.22
L:S159 L:G157N1, 4 12.5
L:S177 L:L175N2, 4 7.6
L:T197 L:E195N 33.9
L:T206 L:P204N1 56.9

L:V110 (øeff = 0.18) L:T109 L:K107N 107.7
L:N138 L:Y140S 67.8
L:S171 L:K169N 160.1
L:T172 L:D170N 57.3
L:S202 L:G199N1, 4 12.3

L:L201 (øeff = 0.27) L:S114 L:A112N3 39.2
L:N137 L:F139S4 8.4
L:T197 L:E195N 33.9
L:S202 L:G199N1, 4 12.3
L:S203 L:L201N2 85.2
L:N158 L:Q160S 53.2
L:S159 L:G157N1, 4 12.5

H:L180 (øeff = 0.28) L:S162 L:Q160N 28.5
L:T178 L:S176N4 1.56
L:T180 L:T178N4 6.6
H:T120 H:L118N 28.2
H:S122 H:T120N4 10.3
H:S182 H:L180N2 87.7
H:S183 H:Q181N4 12.0
H:S187 H:L185N5 34.8

Reasons for rejections:
1. Residue to be mutated is either a glycine or a proline.
2. Residue to be mutated is a high SAP value residue. Only the effect of masking the aggregation-prone region was to be investigated, therefore, potential
aggregation-prone residues must not be mutated.
3. Residue X of N-X-S/T is a proline. NPS/T are not substrates for glycosylases.
4. SAA of the side chain of asparagine or of the residue to be mutated in asparagines is less than 15 A

� 2 and not accessible to glycosylases.
NXS/T motif to be generated is oriented on a different face relative to the high SAP value residue.5.
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production batches) unless stated otherwise. We observed the
presence of soluble aggregates in all samples from the beginning
of the experiment, which was certainly due to the high

concentration formulation (50 mg/mL) that was close to the sol-
ubility limit of bevacizumab. The wild-type bevacizumab sample
contained 8.5% soluble aggregates at t=0, whereas the variants
Q160N, Q160S and E195N contained less than 4% soluble
aggregates at t=0. After 48 h incubation at 528C, we observed
32% soluble aggregates for the WT, whereas our best variant dis-
played less than 10% aggregates, representing over a 3-fold
increase in stabilization. The four hyperglycosylated variants are
all more stable than the WT bevacizumab against heat-induced
aggregation, having a 1.5 to 3.2-fold increase in stability
(Table 3). A second-order rate constant was extracted from the
fitting of the monomer loss measured over time for each variant
(Table 3). The WT and the Q160N variant display a fast loss of
monomer in the first 16 h of incubation at 528C, while the var-
iants L118N, Q160S and E195N stay relatively stable during
this incubation period. They are also the 3 variants with the most
stabilizing effect, and their aggregation rate is reduced by a factor
3.3 to 7.4 (Table 3 and Fig. 4).

Figure 3. Rational selection of residues for mutation to introduce glyco-
sylation sites on the bevacizumab Fab domain. The five different ques-
tions can be asked in any particular order.

Table 3. Bevacizumab stabilization by hyperglycosylation of the Fab domain. The amount of monomer and soluble aggregates detectable by SEC-
HPLC was measured at various time points up to 48 h of incubation at 52�C of 50 mg/mL (His 10 mM, pH 6.0) mAbs. The monomer percentage of the WT
and variants in the soluble fraction after 48 h heat is reported in the table. Data are the mean § SD (n=3 experiments with 3 different protein batches, *n=2
experiments with 2 different protein batches). The kinetic data were fitted to a simple equation to extract a second order rate constant (“Aggregation rate”).
The monomer percentage at 48 h for each variant was compared to the WT through the “Fold increase stability.” For each hyperglycosylated variant, a MD
simulation was performed and a SAP score (the sum of all positive SAP values) at R=5 A

�
was computed in addition to the standard errors. The transition tem-

peratures in degrees Celsius for the WT and each hyperglycosylated variant were obtained by fitting 3 Gaussians to each thermogram. Equilibrium dissocia-
tion constants, KD, for the WT bevacizumab and its hyperglycosylated variants binding to VEGF-A were extracted from Figure 2B.

Variants % monomer at 48 h
Aggregation rate

(*10¡2 mol¡1.L.min¡1)
Fold increase

stability SAP Score
Transition temperature

(�C) Tm1 Tm2 Tm3 KD (nM)

WT 68 § 2 31.3 § 5.6 1.0§ 0.1 164§ 1.04 70.4 71.8 82.4 0.85 § 0.28
L118N 85 § 3 9.4 § 5.5 2.2§ 0.5 149§ 0.41 68.1 74.1 83.1 0.45 § 0.06
Q160N* 79 § 4 14.8 § 8.7 1.5§ 0.3 156§ 1.21 72.5 73.4 82.9 1.56 § 0.13
Q160S* 90 § 3 4.2 § 0.9 3.2 § 1.1 159§ 1.05 72.3 73.4 83.0 1.72 § 0.15
E195N 89 § 4 5.5 § 2.9 2.9§ 1.2 155§ 0.66 72.0 73.4 82.5 0.59 § 0.04

Figure 4. Stability comparison of WT bevacizumab and variants by
SEC-HPLC. Monomer loss for WT and hyperglycosylated variants
(50 mg/mL in histidine buffer, pH 6.0) was measured at various time
points upon heat stress at 52�C for 48 h. Data are the mean § SD. (n=3
experiments with 3 different protein batches * n=2 experiments with 2
different protein batches).

www.tandfonline.com 105mAbs



Using SEC-HPLC data and by comparing the amount of
monomer measured at each time point (t=16 h, t=24 h, t=48 h)
to the amount of monomer at t=0, we could estimate the amount
of insoluble aggregates that did not enter the separation column.
Our best hyperglycosylated variants, Q160N/S and E195N
exhibited reduced insoluble aggregates (3-5%) compared to the
WT (»8%), whereas L118N exhibited nearly double the amount
of insoluble aggregates (15%), clearly making the variant L118N
the least effective hyperglycosylated variant overall (1.3-fold sta-
bilization). This result was confirmed by turbidity measurements:
Abs320nm=0.014 to 0.052 for our 3 best variants, Abs320nm=0.216
for L118N versus Abs320nm=0.091 for WT.

As described above, the engineered mAbs must have at least
the same affinity to the target as the WT. The binding efficacy of
our hyperglycosylated engineered bevacizumab was estimated in
vitro via a competitive ELISA developed in-house, allowing mea-
surement of the affinity of the WT and variants for the antigen,
VEGF. Figure 2B shows the binding curve of WT bevacizumab
and the hyperglycosylated variants to VEGF-A. Our mAbs were
preincubated with VEGF, which were then incubated with anti-
VEGF IgG1 for further detection by ELISA. A low absorbance at
450 nm indicates a low amount of VEGF bound to the ELISA
plate and a high amount of our mAb bound to VEGF. The corre-
sponding dissociation constants (KD) are reported in Table 3.
These competitive assay results show that all of the mutations
introduced in the Fab fragment, far from the CDR, produce
hyperglycosylated variants that bind to VEGF with the same
affinity as the commercial drug, our WT bevacizumab and our

reduced SAP variants described above. Our results indicate that,
when glycosylation site locations are chosen carefully, N-glycans
can stabilize mAbs without compromising their activity in vitro.

To gain insights into the effect of glycosylating the bevacizu-
mab Fab domain on aggregation, we performed molecular
dynamics simulations of the Fab domain of the WT and the 4
hyperglycosylated variants. Although the nature of the glycan
structures (32 different glycoforms) is of high importance, the
heterogeneity and control of glycosylation pattern are complex
topics48 and the identification of the N-glycosylation modifica-
tion was not investigated in this study for our hyperglycosylated
variants. The glycosylation of mAbs is highly dependent on the
culture conditions;49 therefore, we assumed here the same glyco-
sylation pattern observed previously in our laboratory for mAbs
produced in the same conditions as our hyperglycosylated var-
iants.30 Molecular dynamic simulations were performed based
on the crystal structure of the bevacizumab Fab domain (1BJ1)37

and assuming a G0 glycosylation pattern. Figure 5 shows snap-
shots of typical simulation results obtained for our 4 variants.
Typically, L118N and Q160N were engineered to introduce a
carbohydrate that masked L180, and both variants have a compa-
rable effect on bevacizumab stability. Interestingly, the carbohy-
drates behave very differently. On one hand, the Q160N
carbohydrate consistently covers a wide region of residues
through its interaction with the Fab surface, but at the cost of
masking L180, with a negligible effect on its SAP value (Table 3).
On the other hand, the L118N carbohydrate completely masked
L180, whose SAP value dropped dramatically (decreased to a

fifth of its original value), and made one
of the most hydrophobic regions nearly
hydrophilic, with a decrease in Fab SAP
score of »15 units. Interestingly, the
L118N carbohydrate was forced to
point away from the surface of the Fab
domain and does not reliably cover
many other residues other than L180.
The variant Q160S bears a carbohydrate
interacting partially with the Fab
domain surface and pointing away from
it as well. In this case, the carbohydrate
does not cover the neighboring high
SAP residues L154 and L201, thereby
reducing the SAP score to a smaller
extent. A similar orientation, i.e., point-
ing away from the surface, was observed
for the variant E195N carbohydrate.
There was a reduction in the SAP score
of the E195N variant in comparison to
the wild-type, and to the same extend
observed for the variants Q160N and
Q160S. However, the reduction in SAP
score did not correlate with reduction in
aggregation propensity of the variants.
As expected, L118N and Q160N
glycosylation motifs are covering the tar-
geted residues (Figs. 5A-B), while the

Figure 5. Representative structures from the MD for the 4 MD simulations of the hyperglycosy-
lated variants. In all cases, the left of the image is the CDR and the right side is the hinge region. The
protein structure is shown in teal, the glycosylation moiety is shown in blue, and the residues to be
masked by the glycosylation motif are shown in red. (A) L118N hyperglycosylated variant designed to
cover L180. (B) Q160N hyperglycosylated variant designed to cover L180. (C) E195N hyperglycosy-
lated variant designed to cover L154 and L201. (D) Q160S hyperglycosylated variant designed to
cover L154 and L201.
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carbohydrate of variants Q160S cover other residues, and the car-
bohydrate of variant E195N covers no residues.

Discussion

In the work reported here, we successfully engineered biobetters
of bevacizumab and designed mAbs with substantially reduced
aggregation propensity while maintaining high affinity to the target
antigen. Two approaches were investigated to improve stability
against aggregation: 1) reducing surface hydrophobicity by single
point mutation of identified aggregation-prone residues, and 2)
introducing an N-glycan moiety on the Fab surface to shield iden-
tified APRs. These two strategies were both successful in improv-
ing bevacizumab stability without reducing antigen affinity.

The first step of this rational design approach is the identifica-
tion of APRs on the surface of the mAb. This identification was
done by applying the SAP tool to the structure of the Fab domain
of bevacizumab. Ten high SAP value residues were identified, and
6 fit the criteria to further undergo single point mutation into
more hydrophilic residues. Residues L154, V110, L201 and F50
were identified as the most important residues in the Fab domain
of bevacizumab for improving its stability. Overall, the 2 best var-
iants identified were L154K and L201K for which no insoluble
aggregates were observed and the rate of aggregation decreased by
a factor up to 10. Out of our 5 best variants, 2 bear a negative
charge mutation and 3 bear a positive charge mutation.

It has been previously reported that the insertion of both posi-
tive and negative charge residues promotes mAbs stabilization,
but a preference was noted for negatively charged residues, and
in particular aspartic acid, as a very good substitute for hydropho-
bic aggregation-prone residues to stabilize proteins.32,39,50,51

Negatively charged amino acids are suggested to locally modify
the charge of the protein, enhancing protein-protein repulsion.
The addition of aspartic residues in the bevacizumab sequence
slightly decreased the protein charge at pH 6.0 from 14 to 12
units (as calculated with PROPKA 3.0)52 present on the mAb
Fab domain surface, whereas the introduction of lysine increased
the charge by 2 units. In this study, the mutation of a hydropho-
bic residue to a negatively charged residue (F50D and L154D)
was on average as efficient as mutations to positively charged resi-
dues. The one direct comparison that can be done here is
between the variants L154D and L154K. Interestingly, the muta-
tion to lysine stabilized bevacizumab 4-fold vs. 2.8-fold for the
mutation to aspartic acid. It seems that the local environment of
L154 in bevacizumab Fab domain is more favorably affected by
the insertion of a positively charged amino acid than a negatively
charged residue. It has also been shown that the more positively
charged the mAb scaffold the more stabilizing the effect for a pos-
itively charged residue versus a negatively charged one.53 The net
charge of one Fab domain is 7, potentially making the insertion
of a lysine more effective in increasing the total net charge of bev-
acizumab, which would also increase the colloidal stability. The
introduction of a lysine amino acid in place of a leucine also
slightly increases the pI of bevacizumab (»0.2), which correlates
with increased solubility and stability.54

Several APRs identified herein are consensus residues, which
are also identified in several other chimeric and humanized thera-
peutic mAbs, such as rituximab, cetuximab and trastuzumab.
These APRs consist of L154, as well as L180, and have been
investigated in our group for rituximab.32 One could expect a
similar stabilization enhancement for consensus APRs. Neverthe-
less, we previously reported32 that the mutations L153K and
L178K in the Fab domain of rituximab (corresponding to L154
and L180 for bevacizumab) were destabilizing, and the variants
were poorly expressed. Mutations in aspartic acid and serine were
moderately more successful (<1.5-fold stability increase). Only
multiple site mutations permitted a substantial increase (3-fold)
in rituximab stability. To the contrary, single point mutations
L154K/D are sufficient to reduce over 2.8-fold the amount of
aggregates for bevacizumab (only 1.8-fold for L180K), showing
that the Fab-Fab interactions and, in particular, the implication
of L154 and L180, are more important in the aggregation mech-
anism of bevacizumab compared to rituximab. These results
demonstrate that the SAP tool allows for the prediction of accu-
rate aggregation-prone regions. Nevertheless, one cannot predict
the extent of the implication of theses APRs in the aggregation
mechanism(s) for a specific mAb. Two mAbs presenting several
APRs in common may follow very different aggregation path-
ways and may respond differently to mutations at these APRs.

Another potential way to reduce aggregation would be to
mask these high SAP value residues with a carbohydrate motif to
prevent protein-protein interactions. Carbohydrate groups par-
ticipate in the integrity of most biologics by reducing aggregation
propensity, increasing solubility, stabilizing the native conforma-
tion, protecting against various degradation pathways (hydrolysis,
oxidation) and overall stabilizing the macromolecules.28,55 This
functionality is particularly relevant for antibodies as all IgGs are
naturally N-glycosylated at position N297 in each of the CH2
chains of the Fc domain. It has been demonstrated on several
occasions that this N-glycan participates in the stabilization of
mAbs against aggregation caused by various stresses.8,24,26,27,56,57

Natural IgGs present in human serum are all glycosylated in the
Fc domain whereas only less than a third are glycosylated in the
Fab domain.55 N-glycans are found attached to the variable
region of the LC, the HC or both. It is estimated that »20% of
the variable region of mAbs bear an N-glycosylation site motif.54

The natural occurrence of Fab glycosylation supports the idea
that a glycoengineered antibody might be viable as a biotherapeu-
tic as well.58,59 For example, cetuximab, a chimeric therapeutic
mAb bears oligosaccharides in its VH region,60 and Fab domain
glycoengineering has already proved to be successful for solubility
improvement54 and aggregation prevention.29

In this study, we took advantage of the capacity of N-glycans
to mask APRs to reduce the aggregation of our model therapeutic
mAb, bevacizumab. The N-glycosylation sites NXS/T were care-
fully chosen to fit a series of criteria and 4 glycosylation sites were
independently engineered: L118N, Q160N, Q160S and E195N.
The introduction of an N-glycan at position N160 in the Fab
domain, which masked the high SAP residue L180, reduces the
aggregation propensity (2.1-fold reduction in aggregation rate).
The L180 high SAP value residue can also potentially be masked
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by a carbohydrate motif introduced in position 118, or could be
mutated in lysine to reduce its SAP score. Both strategies are
slightly more successful at reducing aggregation: the L180K
mutation reduced bevacizumab aggregation rate 3.2-fold, while
the L118N hyperglycosylated variant reduced the aggregation
rate by 3.3-fold. This suggests that Q160N hyperglycosylated
variant did not mask the APR as well as L118N. This trend can
also be seen in their average SAP scores, where L118N is lower
than Q160N, which is lower than the wild-type.

Two leucine residues with high SAP value, L154 and L201,
are on the same face of the Fab domain of bevacizumab, toward
the hinge region. Interestingly, 2 residues have been identified as
candidates for mutation to generate glycosylation substrate sites
that could mask both L154 and L201: Q160S, generating the
motif NSS160 and E195N introducing the NVT197 glycosylation
site (Table 2). Both of the hyperglycosylated variants present the
highest degree of stabilization. Interestingly, comparable results
were obtained for reduced SAP variants that also removed the
APRs containing L154 and L201 (see L154K, L154D, and
L201K in Table 1). The similar performance of the hyperglyco-
sylated variants and the reduced SAP variants for mutations tar-
geting the same APRs suggests that the hyperglycosylated
variants did cover the targeted APR. However, this performance
of the hyperglycosylated variants does not correlate with the SAP
score of the variants. This suggests that masking of the APR is
not the only stabilizing mechanism, and that steric hindrance
preventing protein-protein interactions cannot be dismissed and
may be part of the protective effect of the N-glycans.

The added glycan is a large moiety that could prevent another
molecule from interacting with the nearby residues, thus reduc-
ing their role in aggregation. The simulation of the hyperglycosy-
lated Fab domain shows a difference in the behavior of the added
carbohydrate moieties, whereas the structure of the Fab domain
is only minimally perturbed by the addition of the glycans, as the
root mean squared displacements (RMSD) of the proteins to the
wild-type are comparable to that of the wild-type during its simu-
lation. The masking of hydrophobic residues was the original
goal for the addition of glycosylation sites, and it is present in all
of the simulations. While masking is present in all simulations, it
is present to varying degrees, in particular when considering the
masking of the targeted residues. Typically, the Q160N carbohy-
drate covers a large region of the Fab domain surface, while the
L118N carbohydrates is forced to point away from the surface.
In fact, many of the terminal sugars spent a significant amount of
time being fully solvated, suggesting that the L118N carbohy-
drate might also act as an exclude solute or stabilize bevacizumab
through steric hindrance (Fig. 5A). The same orientation of the
carbohydrate was observed for the variants Q160S and E195N,
which do not interact with the Fab surface. The glycans spend
the vast majority of the simulation in solution. While they do
not mask the high SAP residues L154 and L201, they prevent
large molecules from interacting with these APRs. These results
point to the possibility that crowding plays a major role in the
stability of the E195N and Q160S mAbs.

The reduced SAP score of the hyperglycosylated variants com-
pared to the WT correlates well with the change in the transition

temperature of the Fab domain. While DSC data can be a convo-
lution of unfolding and aggregation processes, it is assumed here,
that irreversible aggregation is negligible below Tm and that the
transition temperature is a good estimate of the unfolding of
each mAb domain and of their conformational stability.61 The
correlation between SAP score and Tm supports the idea that
reducing the hydrophobicity of the Fab surface increases its con-
formational stability, which can be predicted through the SAP
score. However, this stabilization is not the only factor affecting
the protein aggregation propensity. The best biobetters against
aggregation do not have the lowest SAP score, as seen for Q160S
and E195N variants. This finding supports the idea that masking
the high SAP residues participates in the stabilization of the
mAb, but the colloidal stabilization through a steric effect could
be a major contributor.

While the glycosylation sites were selected such that high SAP
residues were not mutated, which helped distinguish the effect of
high SAP mutations and hyperglycosylated variants, any muta-
tion will affect the SAP profile of the protein. In some cases, such
as Q160N, this change is minimal because glutamine and aspara-
gine are similar residues. However, in the case of L118N, the
change in hydrophobicity is more substantial and the mutation
accounts for half of the change of SAP score compare to that of
the wild-type. Therefore, when possible, choosing a glycosylation
site that has high SAP value would greatly aid in reducing the
SAP score of the all Fab domain and should be added to the
guideline for selecting glycosylation sites. Furthermore, the type
of the carbohydrate could also play a role in destabilizing initial
aggregate formation by modifying the net charge of the Fab
domain and impacting the overall SAP score of the mAb domain.
Glycosylation sites must, therefore, be cautiously chosen for each
individual mAb, and clinical efficacy and immunogenicity need
to be carefully investigated upon mAb modification.

Overall, single point mutations of APRs of the bevacizumab
Fab domain were effective at increasing the stability of the thera-
peutic mAb without compromising its affinity to its target. None
of the single point mutations is likely to increase the immunoge-
nicity of bevacizumab, based on the in silico immunogenicity
assessment performed with the IEDB tools (Supplementary
Information S4).62,63 In general, both approaches to disrupt
potential aggregation-prone regions are effective strategies for
improving mAb stability early on during drug discovery or for
biobetter engineering.64,65 The removal and masking of APRs
increases the stability of bevacizumab to the same level of the for-
mulated drug. It is, therefore, likely that an appropriate formula-
tion would further increase the stability of our biobetters. The
masking and crowding of APRs by glycosylation motifs could
potentially present further advantages over the removal of aggre-
gation patches. The carbohydrate moiety might also stabilize the
mAbs against other degradation routes such as hydrolysis, oxida-
tion or deamidation.

Even though experimental high throughput screening meth-
ods are being developed to identify developable mAbs,66,67

computational predictive approaches remain attractive and com-
petitive due to their low cost and no requirement for materials.68

There is a clear incentive for the development of new in silico
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platforms for high throughput screening of the developability
and aggregation propensity of proteins with high accuracy, such
as the sequence-based statistical model used in Lonza’s aggrega-
tion prediction tool.69 Their implementation early on during the
discovery phase allows the reduction of costs, easier manufactur-
ing, and the formulation of higher concentrations, opening the
door for new delivery routes or reduced dose administration, all
to the advantage of the patients and practitioners, with the bene-
fits of a potentially safer drug and lower treatment costs.

Materials and Methods

Molecular simulation
Several Fab MD simulations were performed, one of the wild-

type of bevacizumab and one of each of the hyperglycosylated Fab
variants (L118N, Q160N, Q160s and E195N). All three simula-
tions were based on the crystal structure of bevacizumab, which
was obtained from the RCSB PDB (PDB ID: 1BJ1).37 Hydrogen
atoms were added to this structure at pH 7 using the PSFGEN
plugin of the VMD.70 Topology and structure files for the hyper-
glycosylated Fab variants were generated using the Glycam web-
site,71 assuming a G0 glycosylation pattern (GLYCAM
notation: DGlcpNAcb1-2DManpa1-6[DGlcpNAcb1-
2DManpa1-3]DManpb1-4DGlcpNAcb1-4DGlcpNAcb1). For
all simulations, the AMBER12SB72 and Glycam0673 force fields
were used for the protein and glycosylation, respectively. A
molecular-dynamics (MD) simulation was performed on these
all-atom structures of the Fab domain with an explicit TIP3P
water model.74 Each Fab domain was solvated in a cubic box
with periodic boundary conditions in all 3 directions. The
dimensions of the water box were adjusted such that the surface
of the Fab domain is at least 10 A

�
away from any side of the

box. The solvated system was made charge neutral by adding
chlorine ions. The system temperature and the pressure were
maintained at 300 K and 1 atm, respectively, by the Berendsen
coupling scheme.75 The GROMACS76 package was used to
perform the MD simulations in the NPT ensemble. The sys-
tems were initially minimized and then equilibrated for 20 ns.
Production runs of 80 ns were then performed and frames were
extracted at every 0.1 ns for further analysis. The average SAP
values of each residue at 5 A

�
and 10 A

�
were computed14 over

the 80 ns of the MD production runs. The average effective
hydrophobicity (Feff) value of each residue77 was also computed
over these MD trajectories.

The NCBI/IGBLAST webserver78 was used to identify the
closest human germline sequence to the bevacizumab heavy chain
and light chain Fv sequence. The germline sequence IGKV1
shares 87% sequence identity with the LC Fv of bevacizumab.
For the residues selected for mutation, we identified correspond-
ing residues in the sequence 1GKV1. Residue F50 can be
humanized via mutation into an aspartic acid residue.

Identification of glycosylation sites to engineer
To identify potential glycosylation sites in the CH1 and CL

domains of bevacizumab, we identified all of the high SAP

residues in these domains as described above. Using the last frame
from the MD simulation, we then identified all serine, threonine
and asparagine residues that are within 10 A

�
of these high-SAP

residues (the distance is the minimum distance between all atom-
pairs of 2 residues) and belong to the CH1 and CL domains. For
all of the selected S/T/N residues, we chose a neighboring residue
(in the sequence) for mutation to generate an NXS or NXT gly-
cosylation motif (see Table S1). We rejected all of the variants in
which a GLY or PRO needs to be mutated because mutation of
these residues may cause a signification perturbation in the struc-
ture of the domain. Furthermore, we also rejected all of the muta-
tions that lead to an N-P-S or N-P-T motif as this motif does not
undergo N-glycosylation. To be efficiently glycosylated, the side-
chain of the ASN residue should be surface-exposed. Therefore,
we rejected all of the mutations where the exposed surface area of
the side-chain atoms (of the ASN or the residue to be mutated to
ASN) is less than 15 A

� 2. All residues oriented on a different face
relative to the high SAP value residues to be masked were dis-
missed as well. Lastly, we rejected all of the mutations of high
SAP residues. Because we are interested in observing the effect of
glycosylation on the aggregation propensity of an antibody, we
generated only those variants in which the reduction of the SAP
was caused only by masking high SAP regions with the carbohy-
drates. In this work, we generated 3 such variants: E195N,
L118N and Q160N/S to test our hypothesis of whether the
introduction of a glycosylation site near a high SAP region leads
to an overall reduction in the aggregation propensity of the
antibody.

Cloning, generation of variants, expression, and purification
of mAbs

The bevacizumab genes, synthesized by Genscript (Piscat-
away, NJ), were codon-optimized for expression in mammalian
cells and subsequently subcloned separately into the vector gWiz
(Genlantis, Torreyana San Diego) using the Gibson method,
resulting in the vectors gWiz-A-LC and gWiz-A-HC. Bevacizu-
mab variants were generated by site-directed mutagenesis and
confirmed by sequencing. Oligonucleotides (IDT, Coralville,
Iowa) were designed to introduce single mutations on bevacizu-
mab LC (F50D, V110K, L154K, L154D, L201K, Q160s,
E195N) or on bevacizumab HC (V5K, L180K, L118N).

WT bevacizumab and variants were expressed by transient
transfection of FreeStyle 293-F cells (Life Technologies, Grand
Island, NY) grown in GIBCO FreeStyle 293 Expression Medium
(Life Technologies). Transfections were performed using 0.5 g of
each heavy-chain and light-chain mAb-expressing vector and
2 mg of polyethyleneimine (Polysciences, Inc.., Warrington, PA)
per liter of 106 FreeStyle 293-F cells. After five to 6 days, the
supernatant was collected and filtered (0.22 mm) prior to purifi-
cation. Expressed mAbs (8 to 25 mg) were purified first by affin-
ity chromatography (protein A sepharose from GE Healthcare,
Piscataway, NJ), and then, concentrated on centrifugal filter devi-
ces AMICON YM30 (EMD Millipore - division of Merck
KGaA, Darmstadt, Germany) for further purification by cation
exchange. The pure proteins were buffer exchanged into 10 mM
histidine (pH 6.0) and further concentrated to the desired
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concentration, as determined by measuring the absorbance at
280 nm.

Stability of mAbs
The accelerated aggregation studies of bevacizumab and its

variants were performed within 3 days after formulation. A total
of 50 mg/mL of protein in 10 mM histidine (pH 6.0) were incu-
bated at 52�C in a Bio-Rad MyCycler Thermal Cycler (Hercules,
CA). Aggregation was stopped at several time points by diluting
the sample to 10 mg/mL in cold 15 mM potassium phosphate
buffer (pH 6.5), followed by a 10 min incubation in ice. Part of
each sample was further diluted to 1 mg/mL for turbidity mea-
surement by assessing the absorbance at 320 nm. The extent of
aggregation was measured at 22�C by SEC-HPLC performed on
an Agilent 1200 LC (Santa Clara, CA) using a Tosoh TSKgel
super SW3000 column (Tokyo, Japan). Samples (10 mg/mL)
were centrifuged for 3 min at 6000 rpm to remove large insolu-
ble aggregates prior to injection (5 mL) in the SEC-HPLC. The
proteins were eluted with a mobile phase of 150 mM potassium
phosphate buffer (pH 6.5) at a flow rate of 0.5 mL/min. Proteins
were quantified by detection at 280 nm. Areas of the peaks were
integrated at each time point. The ratio of the aggregates peak to
the total peak area at each time provides the amount of soluble
aggregates. The mass balance with the initial concentration (tD 0)
allows the estimation of the amount of insoluble aggregates. Each
experiment was reproduced at least in duplicate with different
batches of proteins. The standard errors reported herein represent
the deviation observed during the all mAb stability assessments
(production, purification/formulation, accelerated aggregation
study).

A propagation of error was applied to calculate standard devi-
ations reported for the stability increase factor and the aggrega-
tion rate reduction. Aggregation rate constants were extracted
from the fitting of a second order function to the monomer loss
measured over time.

Turbidity was estimated by measuring the absorbance at
320 nm of 50 mg/mL samples previously stressed for 48 h at
52�C and diluted down to 1 mg/mL for measurement.

Differential scanning calorimetry
DSC was used to compare the thermal stability of bevacizu-

mab and the variants. The bevacizumab thermogram is sensitive
to the pH of the sample. Therefore, we also performed a thermo-
stability characterization by DSC of our WT bevacizumab for-
mulated in 10 mM histidine buffer (pH 6.0). DSC
measurements were performed using a VP-DSC MicroCalorime-
ter (Microcal, Inc.., Northampton, MA). The samples were ana-
lyzed at a concentration of 0.8 mg/mL to 1.2 mg/mL in 10 mM
histidine buffer at pH 6.0 using a scan range from 20 to 95�C

and a scan rate of 1�C/min. The mAb concentration is believed
to be sufficiently low to prevent aggregation to occur during the
acquisition of the DSC data. Histidine buffer at pH 6.0 was used
as a blank reference. Thermograms were corrected by subtracting
the buffer blank scans and normalizing values to the protein con-
centration. Data were analyzed using Origin 7.0 software (Ori-
ginLab Corporation, Northampton, MA). The transition curves
were fitted to 3 Gaussians to obtain the transition temperatures
of the different antibody domains (Tm1, Tm2 and Tm3).

VEGF binding assay
Bevacizumab binding to VEGF was measured using a VEGF

sandwich ELISA (VEGF Human ELISA Kit, Invitrogen, Carls-
bad, CA) with the following modification. VEGF protein (1500
pg/mL) was pre-incubated and shaken for 60 min at 37�C with
bevacizumab or the variants diluted in the kit incubation buffer.
MAbs were studied in a concentration range of 0.5 pM to 1 mM.
Each mix was then transferred into ELISA plates coated with
anti-VEGF antibodies. The assay protocol was then followed
according to the manufacturer’s instructions. The more our
mAbs bind to VEGF, the less VEGF will be captured on the
ELISA plate and further detected, corresponding to a lower
absorbance measured at 450 nm. VEGF standards were run with
each ELISA assay as recommended by the manufacturer, and
each assay was run at least in duplicate. Plates were read in an
Infinite M200 reader (Tecan, M€annedorf, Switzerland) at
450 nm. The equilibrium dissociation constant (KD) values were
determined by fitting the data points to a sigmoid curve accord-
ing to the following equation: Y D B + ((A-B)/(1+(X/C)D)), A
being the highest measured fluorescence intensity, B the lowest
fluorescence intensity and C the KD.
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