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ABSTRACT
Fc galactosylation is a critical quality attribute for anti-tumor recombinant immunoglobulin G (IgG)-based 
monoclonal antibody (mAb) therapeutics with complement-dependent cytotoxicity (CDC) as the mechan-
ism of action. Although the correlation between galactosylation and CDC has been known, the underlying 
structure–function relationship is unclear. Heterogeneity of the Fc N-glycosylation produced by Chinese 
hamster ovary (CHO) cell culture biomanufacturing process leads to variable CDC potency. Here, we 
derived a kinetic model of galactose transfer reaction in the Golgi apparatus and used this model to 
determine the correlation between differently galactosylated species from CHO cell culture process. The 
model was validated by a retrospective data analysis of more than 800 historical samples from small-scale 
and large-scale CHO cell cultures. Furthermore, using various analytical technologies, we discovered the 
molecular basis for Fc glycan terminal galactosylation changing the three-dimensional conformation of 
the Fc, which facilitates the IgG1 hexamerization, thus enhancing C1q avidity and subsequent comple-
ment activation. Our study offers insight into the formation of galactosylated species, as well as a novel 
three-dimensional understanding of the structure–function relationship of terminal galactose to comple-
ment activation in mAb therapeutics.
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Introduction

Recombinant monoclonal antibodies (mAbs) are the largest 
and fastest-growing segment of the biologic therapeutic 
market.1,2 Immunoglobulin G (IgG) is the dominant form of 
mAb drugs among all five classes of human antibodies. Chinese 
hamster ovary (CHO) cell fed-batch processes are the most 
commonly used expression system for full-length antibodies.3 

The IgG mAbs manufactured by CHO cell culture undergo 
N-linked glycosylation in the CH2 domain, typically at N297. 
Fc glycosylation is a critical quality attribute because it influ-
ences the mechanism of action (MOA) involving effector func-
tions, such as complement-dependent cytotoxicity (CDC) and 
antibody-dependent cell-mediated cytotoxicity (ADCC),4–6 as 
well as immunogenicity and pharmacokinetics.7–9 During the 
CHO cell culture process, the Fc glycans of the IgG are pre- 
modified in the endoplasmic reticulum and finally formed in 
the Golgi apparatus through various pathways (Figure 1a). 
Despite a tremendous number of experimental and modeling 
efforts on understand N-glycan formation in CHO cell culture 
process,6,10–14 the heterogeneity and manufacturing inconsis-
tency of N-glycans remain the fundamental challenges for 
CHO cell culture processes. Terminal galactose is one of the 

major contributors of IgG glycan variation, such as in the case 
of rituximab,15–17 but the kinetic and mechanistic understand-
ing of terminal galactose formation during CHO cell culture 
process is still lacking.

CDC, an effector function of IgG from the classical comple-
ment pathway, plays a critical role in the MOA of several US 
Food and Drug Administration-approved mAb therapeutics, 
including rituximab, ofatumumab, and I-tositumomAb.18,19 

When IgGs bind to the antigen on the surface of the target 
cell, the classical complement pathway is triggered by binding 
protein Complement component 1q (C1q) to the antibody, 
forming a membrane attack complex and leading to tumor 
cell lysis.18–20 Diebolder et al. discovered IgG1s hexamerize 
orderly through Fc interaction after antigen binding at the 
cell surface, and then bind to C1q, which leads to effective 
complement activation.21–23 The binding sites between IgG1 
hexamer and C1q in the structure complex were identified 
recently.24 Van den Bremer et al. demonstrated charge variants 
at the C terminus, such as C-terminal lysine, may hinder 
hexamer formation.25 Wang et al. found the presence of aspar-
agine (N)-linked glycans affect hexamerization, which implies 
the conformation of the Fc plays a key role in 
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hexamerization.26 The post-translational modifications of 
IgG1s, especially the modifications on Fc, could affect the 
formation of IgG1 hexamerization, and hence affect C1q bind-
ing and CDC potency. As an important part of the Fc glycan, 
terminal galactose was found to affect protein conformation27 

and promote the activation of the complement system by 
increasing C1q binding affinities.17,28,29 However, the struc-
tural and functional correlations between Fc galactosylation 
and CDC potency remain unclear.

In this study, we investigated the kinetics of terminal galac-
tose formation during CHO cell culture process, galactosylation- 
mediated protein conformation, and CDC potency variation to 
understand the structural, functional and mechanistic aspect of 
Fc galactosylation and CDC potency. We derived a novel kinetic 
model for galactosylation in CHO cell culture process with the 
assumption of the galactose transfer reactions following a two- 
step consecutive reaction hypothesis and validated the model 
with small-scale and large-scale cell culture batches across five 
years manufacturing experiences and 11 different molecules. 
Various analytical and biological tools were used to characterize 
the glycoengineered IgGs to unveil the structural and functional 
impact of Fc galactosylation on CDC potency.

Results

The Fc glycan distribution of the IgG was measured by apply-
ing hydrophilic interaction chromatography (HILIC) to 

enzymatically released glycans. In a typical HILIC chromato-
gram of CHO-derived mAbs, high mannose (Man5 – Man9), 
sialylated (G1S1, G2S2 and G2S1) and bisecting 
N-acetylglucosamine (TriG0) species are present at relatively 
low levels (<2%). The majority of the Fc glycans belong to three 
categories: zero (G0), one (G1) and two (G2) terminal galac-
toses (Figure S1). The galactose transfer reaction (Box in Figure 
1a) is the major rate-limiting step during the Fc glycosylation.6 

The extent of mAb A galactosylation were measured with both 
HILIC released glycan method at the released glycan level and 
time-of-flight mass spectrometry (TOF-MS) at the intact pro-
tein level. As shown in Figure S2, the intact protein level Fc 
galactosylation distribution reconstructed by the released gly-
can data following binominal distribution agrees well with the 
experimental results of TOF-MS. The results demonstrate the 
galactose transfer reaction is independent on the glycan struc-
ture on the other arm. Based on these observations, we 
hypothesize that: 1) the galactose transfer reaction in the 
Golgi apparatus follows consecutive reaction kinetics, and 2) 
the reaction rate constant of the galactose transfer reaction for 
G0 is twice that of G1 based on number of reactions sites (Box 
in Figure 1a). With the hypothesis, the equation of the time 
dependence of the concentration of each galactosylation spe-
cies is derived as follows: 

G0½ � ¼ e� 2kt G0½ �0 

Figure 1. N-Glycan synthesis pathway and correlation between different galactosylation species. (a) IgG1 N-glycan synthesis pathway in Golgi apparatus. The IgG enters 
the Golgi apparatus from the endoplasmic reticulum (ER) with the Man9 glycan on Fc. The glycan is further modified with the pathway shown in the figure. α-Man I and 
II: α-mannosidase I and II; GnT I, II, III and IV: GlcNAc-transferase I, II, III and IV; Gal-T: β-1,4 galactosyltransferases; α2,3 Sialyl-T: α-2,3 sialyltransferase; α-2,6 Sialyl-T: α-2,6 
sialyltransferase; (b) Correlation between G1 and G0(left), G2 and G0 (right) with 12,000 L drug substance batches data (N = 410). Each point represents one 12,000 L 
batch data. Each IgG molecule is represented by a different color. Solid lines represents the theoretical derived curve based on the consecutive kinetic model.
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½G1� ¼ 2 ðe� kt � e� 2ktÞ G0½ �0 

G2½ � ¼ 1þ e� 2kt � 2e� kt� �
G0½ �0 

In these equations, the k is the rate constant of the galacto-
sylation reaction, t is the reaction time and [G0]0 is the starting 
concentration of G0. Using these formulas, we can derive the 
correlations between the relative abundance of different galac-
tosylated species (see supplemental information for the 
detailed derivation process). 

%G1½ � ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
%G0½ �

p
� %G0½ �

� �

%G2½ � ¼ 1þ %G0½ � � 2
ffiffiffiffiffiffiffiffiffiffiffiffi
%G0½ �

p

In this equation, %G0, %G1 and %G2 are the relative 
abundance of the particular galactosylation species relative 
to the total number of mAb measured by HILIC. These 
correlations between various galactosylation species are inde-
pendent from the rate constant and cultural time, and should 
apply to any type of CHO cell culture process based on the 
derivation process. To test this hypothesized correlation, 
a retrospective analysis on the batch release data of 410 
historical drug substance batches manufactured at 12,000 L 
scale under the Good Manufacturing Practice (GMP) envir-
onment, including six different IgG1s, one IgG4 (Figure 1b 
and 1c) and the process validation data of 426 historical 
small-scale cell culture research and development (R&D) 
samples at 2 L scale, including four different IgG1s and 
three different IgG4s (Figure S3) were performed. All the 
IgG1s with various levels of galactosylation under both 
GMP and R&D environments show good fit with the 
hypothesized correlations, but the IgG4s show some devia-
tions from the model.

To establish the correlation between the CDC potency and 
Fc galactosylation, a glycoengineering method was developed 
to generate IgG galactosylation variants predictively. 
Compared with the previous method,30 the new method con-
trols the rate of the reaction with a lower enzyme concentra-
tion, manganese concentration, and temperature, and includes 

a quench step using ethylenediaminetetraacetic acid (EDTA) to 
chelate the manganese cofactor in the solution. The level of Fc 
galactosylation is well controlled by the reaction time (Figure 
2a). A comprehensive library of mAb A galactosylation var-
iants were produced using this glycoengineering method. In 
addition, a linear correlation was found between the CDC 
potency and total galactose per heavy chain using this set of 
galactosylation variants, which aligns well with the previous 
studies.17 (Figure 2b)

We further investigated the mechanism by which terminal 
galactose affects CDC potency. The hypogalactosylated mAb 
A (mAb A with a low level of galactosylation (>85% G0)) and 
hypergalactosylated mAb A (mAb A with a high level of galac-
tosylation (>85% G2)) were generated through enzymatic reac-
tions. The CDC potency of these two samples was tested with 
a cell-based potency assay and the relative binding activity of 
C1q was evaluated through surface plasma resonance (SPR). 
The C1q binding activity of hypergalactosylated mAb A was 
20% higher than that of the hypogalactosylated mAb A. The 
relative CDC potency of hypergalactosylated mAb A was 
approximately double that of the hypogalactosylated mAb 
A (Figure 3a).

Since the hexamer of IgG1 forms through Fc-Fc interaction 
on the cell surface, Fc galactosylation may affect hexamer 
formation by altering the Fc conformation.24,26 To probe the 
Fc conformational change from galactosylation, we analyzed 
the hypogalactosylated and hypergalactosylated mAb A with 
hydrogen/deuterium exchange mass spectrometry (HDX-MS). 
No significant differences in hydrogen/deuterium (H/D) 
exchange uptake were found in the variable heavy chain, light 
chain, CH1 and CH3 domains between the two samples, 
including the C1q binding sites (D270, K322, P329 and 
P33124,31), meaning that the galactosylation does not directly 
alter the conformation of the C1q binding sites. The only 
peptide segment with a different H/D exchange uptake 
between hypogalactosylated and hypergalactosylated mAb 
(Figure 3b) is peptide 246–257 located in the CH2 domain, 
which agrees well with the previous study.32,33 This specific 
region was found to be a critical site for hexamer formation31,34 

(orange cluster in Figure 3c).

Figure 2. (a) The linear regression analysis of total %G0 correlation and reaction time with rate-controlled galactose transfer reaction of mAb A; (b) The linear regression 
analysis of the CDC potency of mAb A and moles of galactose per heavy chain.
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To better understand the effect of galactosylation on the Fc 
conformation, we performed 10 μs explicit solvent Molecular 
Dynamics (MD) simulation of the Fc with and without the 
terminal galactose. The simulation results show that the con-
formations of the Fc domain with and without galactose are 
dramatically different. The representative conformational 
structures obtained from a clustering analysis of the com-
bined MD trajectories show that the entire glycan structures 
are buried within the Fc for hypogalactosylated species 
whereas glycans extend outside for hypergalactosylated Fc 
(Figure 3d, Video S1 and S2). The glycans are further apart 
in the hypergalactosylated species than in the hypogalactosy-
lated species, as observed by the histogram calculation of the 
distances between center of mass of the two glycans (Figure 
S4). The hypergalactosylated Fc dimer also has less backbone 
fluctuation than the hypogalactosylated Fc dimer (Figure 
S5).35 These MD results show when the glycans are buried 
inside the Fc core in the hypogalactosylated Fc dimer, the 
glycans tend to interact more strongly with each other and 
that results in a more compact structure. On the other hand, 
the glycans are extended outside the Fc core in the hyperga-
lactosylated Fc dimer and solvates in water. Glycans are more 
flexible and spaced further apart.

Diebolder et al. discovered that combining E345R, E430G 
and S440Y (RGY) mutations stabilizes IgG1 hexamer in 
solution.21 The RGY mutant of mAb B, an IgG1 with the 

same Fc as mAb A was produced to study the terminal galac-
tose impact on the IgG1 hexamer. Native MS shows the exis-
tence of monomer, dimer, and hexamer of the RGY mutant of 
mAb B in solution (Figure S6A). The pentamer was generated 
from in-source fragmentation of the hexamer during electro-
spray ionization, which is confirmed by isolation of the hex-
amer ions (Figure S6B). The RGY mutant was glycoengineered 
under 4⁰C to prevent thermally induced hexamer dissociation. 
The native MS spectra (Figure 4a) shows the shifted m/z 
spectrum resulting from the addition of terminal galactose 
hypergalactose hexamers are expected to have stronger Fc 
interaction, which could potentially mask solvent-exposed 
amino acids with high proton affinities. Compared to the 
hypo- species, the hypergalactose species was observed with 
significantly lower charge states, supporting this change in 
structure.

Size exclusion chromatography (SEC) was used to analyze 
the size distribution of both RGY mutants of mAb B and multi- 
angle light scattering (MALS) was used for peak attribution. All 
three mAb B mutants were separated into two peaks. (Figure 
4b) The MALS characterization results (Figure S7, Table S1) 
shows the front peak has a molar mass around 900 kDa and the 
back peak has a molar mass around 150 kDa. The MALS results 
confirm the front peak is mAb B hexamer and the back peak is 
mAb B monomer. The overlaid chromatogram (Figure 4b) 
shows that the hypergalactosylated RGY mutant of mAb B has 

Figure 3. Characterization of hypogalactosylated and hypergalactosylated mAb A. (a) C1q binding and CDC potency of hypogalactosylated mAb A and hypergalacto-
sylated mAb A; (b) Time-course of deuterium incorporation results (including ARDD) for HC CH2 Domain peptide segment 246–256; (c) The Fc region of a single 
hypogalactosylated mAb A joined by the disulfide bonds at the hinge region. The glycans and the proteins are shown using space-filling and cartoon representations, 
respectively. The peptide with different hydrogen/deuterium exchange rate between hypogalactosylated and hypergalactosylated mAb A is colored in orange; (d) Top 
view and front view of representative Fc structures of mAb A with and without terminal galactose obtained from 10 μs explicit solvent Molecular Dynamics simulations. 
The glycans and the proteins are shown using space-filling and cartoon representations, respectively. The terminal galactose in the hypergalactosylated structure are 
colored in orange.
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near twice as much hexamer in free solution as the hypogalac-
tosylated RGY mutant of mAb B. The SEC result and glycan 
distribution is shown in Table S2. The glycan distribution and 
native MS data on hexamer show the hypergalactosylated var-
iants are enriched in the hexamer. The HDX-MS results of 
hypergalactosylated and hypogalactosylated mAb B RGY 
mutants show the decreased deuterium uptake in the same 
segment on the CH2 domain in mAb A (Figure 4c), consistent 
with the mAb A HDX result. This result confirms conforma-
tional change induced by Fc galactosylation stabilizes the hex-
amer. H/D exchange results also demonstrate the 
hypergalactosylated mutant offered more solvent protection of 
the CH3 domain 432–446 region (Figure S8A), which is also 
a critical site in Fc dimer formation (Figure S8B). The charac-
terization results of glycoengineered mAb B RGY mutants 
proved that the presence of a terminal galactose enhances the 
IgG hexamer formation for complement activation.

Discussion

We first proposed a consecutive model based on the glycosyla-
tion pathway shown in Figure 1a to describe the kinetics of 

galactosylation reaction of IgG1 in the Golgi apparatus of the 
CHO cell. The model was then validated by the good fit with 
large-scale manufacturing and small-scale R&D data. The data 
from small-scale R&D studies show slightly larger deviation, 
which might come from the higher heterogeneity between 
a small-scale bioreactors and different mixing mode, or even 
intentionally deviated cell culture conditions for R&D pur-
poses. The IgG4s in this study are observed to deviate from 
the correlation by having less G1 and more G2 since the %G0 is 
below 70%. In this case, the second hypothesis is invalid. The 
galactose transfer reaction for IgG4 is relatively faster on G1 
than on G0. The reason remains unclear, but might potentially 
link to the unique Fc conformation of IgG4.36 Although vali-
dating this correlation still requires more biological and phy-
sicochemical studies to reveal the entire process of galactose 
transfer in CHO cell culture under various conditions, the 
correlation derived from the consecutive reaction model 
could be used as tool to estimate the levels of each galactosyla-
tion species. The total galactose vs. %G0 plot from the model 
(Figure S9) is close to linear in the typical manufacturing 
region with the %G0 between 40% and 100%. Therefore, % 
G0 is a suitable surrogate for the inverse of total galactose to 

Figure 4. Characterization of hypogalactosylated and hypergalactosylated mAb B RGY mutants. (a) Reconstructed native mass spectra of hypogalactosylated and 
hypergalactosylated mAb B hexamer showing the mass to charge ratio (m/z) distribution shift from the galactosylation level difference; (b) Size exclusion chromatogram 
of hypogalactosylated and hypergalactosylated mAb B RGY mutants showing the Fc galactosylation enhance the hexamer formation; (c) Time-course of deuterium 
incorporation results for same HC CH2 Domain peptide in Figure 3.
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monitor for the purposes of quality control and process mon-
itoring because %G0 is typically the most abundant glycoform 
and easier to measure precisely.

Although the Fc galactosylation could significantly enhance 
CDC potency, the mechanism is not very well understood. We 
first characterized the hypogalactosylated and hypergalactosy-
lated IgG1 monomer with C1q binding in an SPR assay and 
a cell-based CDC potency assay. The difference in CDC 
potency between hypogalactosylated and hypergalactosylated 
variants is significantly higher than the increase of C1q binding 
affinity. A previous report showed that differences in C1q 
binding affinity for mAb galactosylation variants were similar 
to the difference of CDC potency,29 while the C1q binding was 
measured by immobilizing the mAb on the cell surface. 
Combining the results of both studies, one possible explanation 
of this unexpected mismatch in the results could be that Fc 
galactosylation elevates complement activation mainly through 
enhancing hexamerization on the cell surface because mAb 
only forms hexamers on the cell surface, but not on the gold 
surface because of differences in immobilization.21 The expla-
nation is based on the hypothesis that CDC potency is 
enhanced by terminal galactose mainly because of increased 
mAb hexamerization.

To test this hypothesis, we investigated potential factors that 
could influence hexamerization in mAbs. The HDX-MS shows 
the hypergalactosylated mAb A has less deuterium uptake in 
the CH2 domain 246–257 region. This result demonstrates Fc 
galactosylation decreased the local solvent accessibility in this 
region and potentially disturbed the local hydrogen bonding; 
in other words, it increases the local hydrophobicity in the CH2 
domain. Diebolder et al. showed IgG1-7D8 and its three 
mutants (I253A, I253Y and I253D) with descending order of 
CDC potency corresponding to the decreasing hydrophobicity 
of the mutated amino acid, as well as the increasing solvent 
accessibility in the same region in the CH2 domain (Table 
S3).21,35 In summary, both studies show the changes at the 
CH2 domain 246–257 region related to solvent-related inter-
action elevates the CDC potency of the mAb without directly 
affecting the C1q binding site to the mAb monomer. After we 
understood the galactosylation impact on the conformation of 
the mAb monomer, MD studies were used to understand the 
impact of galactosylation on Fc-Fc interaction. From the MD 
results, the Fc-Fc complexes are more stable with the terminal 
galactose with less steric effect and between solvation of the 
hydrophilic glycan groups. The MD data indicates that the 
galactosylation might affect the Fc-Fc interaction in the 
dimer, which is one important step of hexamer formation. 
Based on the HDX and MD results, we therefore hypothesize 
that Fc galactosylation affects Fc conformation and Fc-Fc 
interaction, which leads to the enhancement of hexamer for-
mation and subsequently CDC potency. However, to test this 
hypothesis, more direct experimental evidence is required to 
demonstrate that terminal galactosylation enhances the IgG 
hexamer formation.

Typically, IgG hexamers only form on the cell surface after 
antigen binding and are not detectable in solution. We used the 
RGY-mutated mAb B to study the IgG1 hexamer structure 
because the hexamer of RGY mutant is stable in solution. 
Native MS has previously been used to analyze antibody 

hexamers,37 and was used in our study to confirm the existence 
of stable IgG hexamer in solution. Since Heck’s seminal work, 
other groups have applied this method to look at noncovalent 
lipids, stoichiometry questions, and the incorporation of back-
bone mutations.23,26,34,38 In this study, we observed that the MS 
conditions to release the monomer from the hexamer caused 
some backbone fragmentation of the glycans. The addition of 
a galactose to the hexamer at a charge of 66 would correspond 
to mass shift of 2.45 m/z units, requiring a resolution of 35000 
@ 200 m/z, compared to a mass shift of ~8 Da if the released 
monomer was analyzed. Traditionally, lower resolution is used 
for large, unstable ions to limit signal decay, creating challenges 
for the MS tuning of this sample. Using post-signal processing 
and smoothing in Unidec 4.1, a mass shift of approximately 
1650 Da was determined between the two species, which is 
equivalent to the mass of ~10 galactose. The HDX-MS on mAb 
B hexamer galactosylation variants shows the same results on 
the CH2 domain as monomer and increased protection in CH3 
domain, which is the hexamer binding site. The SEC-MALS 
results on glycoengineering of mAb B RGY mutant provide 
clear proof that Fc galactosylation enhances IgG 
hexamerization.

In conclusion, we performed a systematic study on the 
formation and structure-function relationship of recombinant 
mAb Fc galactosylation and related biological activities. The 
galactosylation reaction of IgG1 in the Golgi apparatus of the 
CHO cell was described by a consecutive kinetic model and 
validated by hundreds of GMP manufacturing and R&D data 
points. The structural and functional studies reveal a molecular 
basis for Fc galactosylation-enhanced antibody hexamer for-
mation, which is the primary source of increased complement 
activation through changes in the three-dimensional confor-
mation of the mAb Fc region. These important new findings 
offer in-depth structural and functional insights into the Fc 
galactosylation and will help future mAb therapeutics 
development.

Materials and Methods

Materials

MAb A, a humanized monoclonal antibody IgG1 with CDC 
potency, was produced and purified at Genentech Inc. (South 
San Francisco, CA, USA). MAb B with E345R, E430G and 
S440Y (RGY) mutant was produced in Wuxi AppTec 
(Shanghai, China). The sialidase A, β-1,4-galactosidase and 
PNGase F were purchased from New England Biolabs 
(Ipswich, MA, USA). All other chemicals and reagents were 
purchased from Millipore-Sigma (St. Louis, MO, USA).

Glycoengineering of mAb A

The hypogalactosylated mAb A variant was prepared by incu-
bating 100 μL 30 mg/mL mAb A drug substance with sialidase 
A (10 milliunits/mg protein) and β-1,4-galactosidase (10 milli-
units/mg protein) in the buffer of 20 mM sodium acetate, 4% 
trehalose at pH 5.3 at 37⁰C for 24 hours. After 24 hours, 
another aliquot of each enzyme (10 milliunits/mg protein) 
was added and incubated at 37⁰C for 24 hours. The 
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hypergalactosylated mAb A variant was prepared by incubat-
ing 100 μL mAb A 30 mg/mL with galactosyltransferase (90 
milliunits/mg protein) at 37⁰C for 48 hours in the same sodium 
acetate buffer containing 20 mM uridine diphosphate galactose 
(UDP-Gal), and 25 mM MnCl2. Both variants were purified by 
Protein A chromatography using TSKgel Protein A-5PW col-
umn (Tosoh Bioscience LLC, King of Prussia, PA, USA) and 
buffer exchanged into the formulation buffer.

The rate controlled galactosylation of mAb A was performed 
by incubating 100 μL 30 mg/mL hypogalactosylated mAb 
A with galactosyltransferase (16 milliunits/mg protein) at 25⁰C 
in sodium acetate buffer at pH 5.3 containing 20 mM UDP-Gal 
and 1.25 mM MnCl2. The reaction was then quenched by 15 µL 
of 500 mM EDTA pH 8.0. The galactosylation variants were 
purified by Protein A chromatography using TSKgel Protein 
A-5PW column (Tosoh Bioscience LLC, King of Prussia, PA, 
USA) and buffer exchanged into the formulation buffer.

All the glycoengineering reactions described here could be 
scaled up and down by varying the amounts of the reagents 
proportionally.

RGY-mutated mAb B Galactosylation Variants 
Preparation

The hypogalactosylated RGY-mutated mAb B variant was pre-
pared by incubating 5 mg/mL mAb B with sialidase A (10 milli-
units/mg protein) and β-1,4-galactosidase (20 milliunits/mg 
protein) in sodium acetate buffer at pH 5.3 at 4⁰C for 7 days. 
The hypergalactosylated RGY-mutated mAb B variant was pre-
pared by incubating mAb B with galactosyltransferase (90 milli-
units/mg protein) at 4⁰C for 7 days in sodium acetate buffer at 
pH 5.3 containing 20 mM uridine diphosphate galactose (UDP- 
Gal), and 25 mM MnCl2. Both variants were purified by a 10 K 
Amicon Filter and reconstituted in the formulation buffer.

High Throughput Hydrophilic Interaction 
Chromatography For Relative Glycan Distribution 
Measurement

The protein samples were diluted to 1 mg/mL and treated with 
PNGase F in ammonium acetate buffer at pH 8.6 at 45⁰C for 
one hour. Released glycans were collected and labeled with 
2-aminobenzamide (2-AB) using Signal™ 2-AB Labeling Kit 
(Agilent Technologies, Santa Clara, CA). Labeled glycans 
were analyzed on a UPLC ACQUITY H-Class system 
(Waters Corp., Milford, MA) using a ACQUITY UPLC 
Glycan BEH Amide 130 Å column (Waters Corp., Milford, 
MA). The mobile phase A was 100 mM ammonium formate at 
pH 4.5 and mobile phase B was acetonitrile. The gradient is 
75% B to 63% B in 16.5 minutes. The 2-AB labeled glycans were 
detected by fluorescence at the excitation wavelength of 
330 nm and the emission wavelength of 420 nm.

Hydrogen/Deuterium Exchange – Mass Spectrometry 
Analysis

H/DX MS was used to compare the conformational differences 
between the hypogalactosylated and hypergalactosylated mAbs. 
H/DX MS were performed with a fully automated LEAP RTC 

system (Leap Technologies, Carr, NC) coupled with an Orbitrap 
Elite mass spectrometer (Thermo Fisher Scientific, San Jose, 
CA), as shown in the two previous reports from our group.39,40 

Samples were incubated in deuterium buffer at 20°C for labeling, 
followed by an in-line pepsin and protease XIII digestion and 
LC-MS analysis. Peptide identifications were based on accurate 
masses together with MS/MS fragmentation by Mascot search. 
Deuterium incorporation was determined by EXMS,41 followed 
by a python script. Averaged deuterium uptake difference 
(ARDD) was calculated by a modified python script.42,43

Native Mass Spectrometry

Sample was buffer exchanged, according to the manufacturer’s 
protocol, into 50 mM ammonium acetate using a Micro Bio- 
Spin 6 column (Bio-Rad Laboratories, Hercules, CA). 
Approximately 2 µL was loaded into a borosilicate glass tip 
(1.2 mm OD, 0.69 mm ID) that was pulled in-house on 
a P-1000 instrument (Sutter Instrument, Novato, CA) and 
sputter coated to 6 nm with Au-Pt (Leica Microsystems, DE). 
Static spray at a voltage of 1.2–1.3 kV was performed on a Q 
Exactive UHMR (Thermo Fisher Scientific, Waltham, MA). 
The mass spectrometry parameters were manually tuned per 
sample, with the most critical parameters including using the 
highest HCD pressure setting, operating the in-source trapping 
at −100 (reference) or −20 V (high galactose), a 100 ms injec-
tion time, and a resolving power of 8750. Data was processed in 
MetaUniDec v4.1.043 using a peak width of 90 m/z.

Complement-Dependent Cytotoxicity Assay

The method is performed in 96-well tissue culture microtiter 
plates. In this assay, varying concentrations of mAb 
A reference material, control, or samples are incubated with 
WIL2-S cells (50,000 cells/well) in the presence of a fixed 
amount of human complement. The plates are then incubated 
at 37°C/5% CO2 in a humidified incubator for 1–2 hours, 
during which time the Fab region of the antibody binds to 
the CD20 receptor on the WIL2-S cells, and the Fc region binds 
to the complement, leading to cell lysis. At the end of the 
incubation, the relative number of viable cells is quantitated 
indirectly by adding 50 WL of the redox dye, alamarBlueTM, to 
each well and the plate is incubated at 37°C/5% CO2 in 
a humidified incubator for 15 to 26 hours. The fluorescence 
is read using a 96-well fluorometer with excitation at 530 nm 
and emission at 590 nm. AlamarBlueTM is blue and nonfluor-
escent in its oxidized state, but is reduced by the intracellular 
environment to a pink form that is highly fluorescent. The 
changes in color and fluorescence are proportional to the 
number of viable cells. The results, expressed in relative fluor-
escence units (RFU), are plotted against the mAb 
A concentrations, and a parallel line analysis program was 
used to estimate the relative potency of the antibody samples.

Surface Plasmon Resonance-based C1q binding assay

A Biacore T200 instrument (GE healthcare, Chicago, IL, USA) 
was used for SPR analysis. Biacore sensor S series chip SA (BR- 
1005-32, GE healthcare, Chicago, IL, USA) was washed with 
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1 M NaCl in 50 mM NaOH. Biotinylated anti-LC-kappa anti-
body (Catalog # 7103272100 Thermo scientific, San Jose, CA, 
USA) was diluted to 50 µg/mL and immobilized at the satura-
tion level. Samples prepared at 10 µg/mL antibody concentra-
tion in assay running buffer (phosphate-buffered saline with 
0.05% Tween 20) were captured for 100 seconds at 10 µL/min. 
Subsequently, C1q protein (Catalog # A400, Quidel, San Diego, 
CA, USA) were injected for 4 min at 30 µL/min. The dissocia-
tion phase was achieved by passing the same assay running 
buffer through the chamber for 100 seconds. The regeneration 
was performed with a single injection of 10 mM Glycine-HCl, 
pH 2.0 for 30 seconds at 30 µL/min. All experiments were 
performed at 25°C. Duplicate injections of each sample and 
a buffer blank were flowed over the two surfaces (a reference 
flow cell and a testing flow cell). Data were collected at a rate of 
1 Hz. Readout was the maximum binding response during 
association phase, five seconds before the end of the C1q 
injection. A reference flow cell was run in conjunction to the 
testing flow cell to negate the effects of nonspecific binding. In 
addition, injections of blank running buffer were included on 
experimental flow cells. Signals from the reference flow cell and 
blank buffer injections were subtracted from the absolute 
response of sample injections on experimental flow cells (dou-
ble subtraction method). Data were analyzed using Biacore 
T200 evaluation software and JMP software.

Size Exclusion Chromatography coupled with 
Multi-angle Light Scattering Analysis

The size variants distribution was analyzed using a UPLC 
ACQUITY H-Class system (Waters, Milford, MA) using 
a Tosoh TSKgel G3000SWXL column (7.8 mm X 300 mm, 
5 μm). Samples (20 μg) were injected and isocratic eluted at 
0.5 mL/min using 40 mM sodium phosphate, 60 mM sodium 
dibasic, 100 mM sodium sulfate at pH 6.8. The UV detection 
was at 280 nm. The molecular weights of the peaks were 
measured by a Wyatt μDAWN MALS detector and a Wyatt 
Optilab UT-rEX differential refractive index (dRI) detector.

Molecular Dynamics Simulation Protocol and 
Computational Analysis

The Fc structure of mAb A was obtained from the crystal struc-
ture. G0 and G2 glycans were built and attached to the Fc using 
the Glycan Reader & Modeler module in CHARMM-GUI44,45 

(http://www.charmm-gui.org/input/glycan). CHARMM- 
GUI44,45 was used to prepare Molecular Dynamics input files. We 
used CHARMM36m force field for protein46 and the 
CHARMM36 force field for carbohydrates,47 and TIP3P water 
model48 for explicit solvation. Counter ions of Na+ and Cl− with 
the concentration of 0.15 M were added to neutralize the system.

The GPU implementation of Amber 2016 MD software 
package with the SPFP precision model49 was used for the MD 
simulation using the following protocol. First, the structure was 
relaxed with 2000 steps of conjugate-gradient energy minimiza-
tion, using harmonic restraining potential with the force con-
stant of 10 kcal/mol/Å2 to restrain the solute to the initial 
structure. Then, the solvent molecules were allowed to move 
using NPT ensemble with a temperature of 300 K. Another step 

of conjugate-gradient energy minimization was performed with 
2000 steps while removing all the restrains. Next, the pressure 
was maintained at 1 atm and the thermostat temperature 
increased to 300 K over the course of 500 ps, while Harmonic 
positional restraints of strength 10 kcal/mol/Å2 was applied to 
the solute. The system was then equilibrated for 1 ns with 
a restraint force constant of 1 kcal/mol/Å2 All restraints were 
removed for the production stage. The hydrogen mass reparti-
tion option of Amber was used allowing a time step of 4 fs.50 The 
simulation time step was 4 fs. A 10 Å cutoff radius was used for 
range limited interactions, with Particle Mesh Ewald electro-
statics for long-range interactions. The production simulation 
was carried out using NPT conditions. Langevin dynamics51 was 
used to maintain the temperature at 300 K with a collision 
frequency of 3 ps-1. The production stage of the MD simulation 
was performed for 500 ns. During dynamics the SHAKE 
algorithm52,53 was applied to constrain all bonds involving 
hydrogen atoms. Default values were used for all other simula-
tion parameters.

The protocol described above was repeated to generate 20 
independent replicates of 500 ns trajectories, adding up to 10- 
microsecond trajectories for each structure. We used the 
CPPTRAJ tool available in AmberTools 201553 to calculate 
the center of mass distances and root mean square fluctuations. 
To obtained the representative structures shown in Figure 3d, 
clustering of trajectories was performed with CPPTRAJ using 
the DBSCAN clustering algorithm with the minimum number 
of points set to 15 and epsilon set to 7. The distance metric was 
the root mean square deviation using atoms in the glycans, as 
well as the atoms involved in the five disulfide bonds in the Fc 
region, representative of the overall of conformation of the Fc.

Abbreviations:

ADCC: Antibody-dependent cell-mediated cytotoxicity; C1q: Complement 
component 1q; CDC: complement-dependent cytotoxicity; CHO:Chinese 
Hamster Ovary; CQA: critical quality attribute, GMP: Good Manufacturing 
Practice; HDX: hydrogen/deuterium exchange; HILIC: hydrophilic interac-
tion chromatography; IgG: immunoglobulin G; mAb: monoclonal antibo-
dies; MALS: multi-angle light scattering; MD: Molecular Dynamics; MOA: 
mechanism of action; MS: mass spectrometry; RGY: E345R, E430G and 
S440Y; R&D: research and development; SEC: Size exclusion chromatogra-
phy; SPR: surface plasma resonance; TOF-MS: time-of-flight mass spectro-
metry; UDP-Gal: uridine diphosphate galactose
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