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Introduction

Biologics have emerged as the most fast-growing segment
in the pharmaceutical industry. With rapid advancement in the
antibody engineering technologies, therapeutic antibodies with
different formats, such as Antibody-Drug Conjugates (ADCs),
multi-specific antibodies and domain antibody fusions, have

Abstract

In-depth analysis and thorough understanding of N-
glycosylation is critical for therapeutic proteins. For IgG or
IgG-like molecules, the conserved N-glycosylation at Asn-
297 has critical safety and efficacy implications and there-
fore is under close scrutiny. Any additional N-glycosylation
that increases complexity and heterogeneity of the mole-
cule, should be avoided at the early stage of drug discovery.
However, unexpected glycosylation at atypical sites brings
unforeseen challenges for antibody drug development pro-
cess. Here, we observed a two-peak elution profile when de-
veloping ion exchange purification process for a novel bispe-
cific VHH-IgG fusion protein. The charge and size properties
of the two peaks were characterized by a variety of analyti-
cal methods. Two atypical N-glycosylation sites in the VHH
domain were identified by means of mass spectrometry and
confirmed by site-specific mutagenesis. Further character-
ization indicated that GOF was the predominant glycan spe-
cies for both sites with varying occupancy. Interestingly, the
addition of neutral glycans changed the charge behaviour of
the fusion protein, leading to the unexpected ion exchange
profile. These findings suggest that glycosylation may occur
at non-canonical sites and may have significant effect on the
process development and drug developability.

been approved by the regulatory agencies worldwide. These
new modalities have significant impact on the “manufacturabil-
ity” of the products [1]. Downstream process for the separation
of product from product-related impurities becomes ever more
challenging. Abnormal elution profiles of lon Exchange Chroma-
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tography (IEC), such as split peaks, have been seen more fre-
quently in mAb purification especially for mAb-derivatives [2,3].
These IEC profiles are mostly resulted from heterogeneity of the
protein molecules. Studies suggest that the potential causes of
the heterogeneity include aggregation, fragmentation, glycosyl-
ation, charge variation, etc [4,5,6,7].

N-glycosylation profile is largely determined by the sequence
of the molecule, the host cell and the manufacturing process.
Main glycoforms in IgG-Fc domain are complex-type neutral
glycans such as GOF, G1F, G2F. Truncated complex-type glycans
(GOF-GN, G1F-GN) and afucosylated glycans (GO, G1, G2) are
also found, albeit less often. Additionally, therapeutic proteins
with varying glycan profiles may affect safety and efficacy of the
product [8,9,10]. Most of the approved therapeutic antibodies
carry only one N-glycosylation site Asn-297 in the CH2 domain
on each heavy chain. The glycosylation is critical for its thera-
peutic half-life and for many important biological functions such
as Antibody-Dependent Cell Mediated Cytotoxicity (ADCC), An-
tibody-Dependent Cellular Phagocytosis (ADCP), and Comple-
ment-Dependent Cytotoxicity (CDC) [11]. Therefore, a thorough
characterization of the protein glycosylation is required for its
potential adverse effects on the stability, safety and functional-
ity of the molecule [12].

At present, a number of approved therapeutic antibodies, es-
pecially Fc-fusion proteins, have multiple sites of glycosylation
[13,14,15,16], often due to lack of information on glycosylation
sequon. Normally, N-glycosylation occurs at the Asn-X-Ser/Thr,
motif, where X could be any amino acid except proline. Recently,
several research groups have identified atypical N-glycosylation
motif via optimized sample preparation, higher-sensitivity mass
spectrometry and more powerful informatics tools. Mann’s
group [17] made a comprehensive mapping of an in vivo N-Gly-
coproteome in mouse tissue and plasma. A total of 6367 N-gly-
cosylation sites on 2352 proteins were identified, among which
112 N-glycosylation sites didn’t match consensus motif. Zhang’s
group [18,19] published a series of papers showing atypical
N-glycosylation sequon including Asn-His-Val, Asn-Ser-Cys and
Asn-Gly-Val by a novel solid-phase extraction of the N-Linked
Glycans and Glycosite-Containing Peptides (NGAG) method.
Daisuke Yasuda et al [20] found that human GPR109A has an N-
glycosylation motif of Asn-Cys-Cys which plays crucial biologic
roles. Six N-glycosylation sites within Asn-X-Cys motif were also
identified by Mark S. et al in Alpha-1-Acid Glycoprotein (A1AG)
and serotransferrin. Highly N-glycosylated A1AG at Asn-GIn-Cys
in porcine and canine sources was found through semi-quanti-
tation based on Multiple-Reaction Monitoring (MRM) analysis
[21]. Valliere-Douglass et al. reported N-glycosylation on a non-
consensus amino acid sequence in recombinant human IgG1
and 1gG2, proving the presence of atypical N-glycosylation sites
in recombinant proteins [22,23]. Up until now, few reports re-
garding atypical N-glycosylation sites in single variable domain
(VHH) or VHH-based bispecific antibody have been published.

Here, we report an unexpected double-peak elution profile
during the purification process using IEC. We characterized the
two peaks using Size Exclusion Chromatography (SEC), Capillary
Electrophoresis Sodium Dodecyl Sulfate (CE-SDS), Imaged Capil-
lary Isoelectric Focusing (iCIEF) and mass spectrometry. The re-
sults indicate peak-splitting pattern is due to N-glycosylation in
the VHH domain. Further study demonstrates that the N-glyco-
sylation modifications are at two atypical sites Asn-Ser-Cys and
Asn-Lys-Cys in the VHH domain of a bispecific fusion protein.
Our findings, for the first time, identified atypical N-glycosyl-

ation motif Asn-X-Cys in VHH domain.
Materials and methods
Sample preparation

Wild type BisAb DNA was synthesized and cloned into
PCDNA3.1 vector. The N1Q, N2Q and N1D/N2G mutants
were generated by introducing point mutation into wild type
PCDNA3.1-BisAb vector at the designated site. We used prime-
STAR (premix) (takara, R0O40) for PCR reactions. The PCR product
was digested by Dpnl (NEB, R0176L) for 1h, then transformed
to DH5a (Biomed, 765666AA). The correct colonies were con-
firmed by sequencing. Wild type and mutated BisAb were ex-
pressed using transiently transfected CHO K1 cells and purified
with Protein A column.

Size exclusion chromatography analysis

Analytical size-exclusion chromatography was performed on
Agilent 1260 with Xbridge BEH200 SEC column (Waters, 7.8x300
mm, 3.5 um). The SEC mobile phase included 50 mM sodium
phosphate and 200 mM Arginine (pH 6.80). Samples were ana-
lyzed at a flow rate of 0.8 mL/minute in an isocratic mode, and
chromatographic separation was monitored at 280 nm.

Capillary electrophoresis-sodium dodecyl sulfate analysis

Both reducing and non-reducing CE-SDS analyses were con-
ducted by high-performance capillary electrophoresis system
(PA-800 plus Pharmaceutical Analysis System; Beckman). For
non-reduced CE-SDS, sample mixed with a 10 kDa internal stan-
dard was denatured by 50mM Tris-HCI containing 1% SDS and
alkylated by iodoacetamide at 70°C for 10 min. For reduced
condition, B-mercaptoethanol was added to reduce the protein
disulfide bonds. Samples were injected onto a fused silica capil-
lary applying -5 kV voltage for 20 seconds and separated in the
capillary cartridge. All samples run were monitored by 220 nm
UV detection.

Imaged Capillary Isoelectric Focusing (iCIEF) analysis

The iCIEF analysis was performed on Maurice (Protein Sim-
ple) with a fluorocarbon-coated capillary. Samples were desalt-
ed before diluting with sample buffer to a final concentration
of 0.2 mg/mL. The sample buffer contained 0.35% methylcel-
lulose, 4% Pharmalyte 3-10, 2 M urea, and 0.05% pl markers (pl
4.05 and 9.50) (Arg and IDA). The focusing was conducted at 1.5
kV for 1 min followed by 3.0 kV for 6 min.

Molecular weight analysis

Waters ACQUITY UPLC (BioResolve RP mAb Polyphenyl col-
umn, 2.7 um 450 A, 2.1 x 150 mm) coupled to Waters Xevo G2-
XS Q-TOF mass spectrometer was used to determine molecular
weight. Reduced samples were prepared by incubating with 10
mM Dithiothreitol (DTT, from sigma) at 37°C for 30 min to sepa-
rate heavy chain and light chain. IdeS digestion was performed
according to the protocol of manufacture (50 units IdeS: 1 pg
protein) to generate Fd, LC and 1/2Fc fragments. Deglycosyl-
ation samples were generated by mixing samples with PNGase
F (Rhino Bio) and incubating at 37°C for 30 min. All the prepared
samples were diluted to 0.5 mg/ml with ammonium bicarbon-
ate buffer for molecular weight analysis. Two micrograms of
each sample were injected and data in the m/z range of 500-
4500 Da were acquired. Deconvolution of the MS spectra was
realized by Unifi software.
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Peptide mapping analysis

Samples were denatured in 8 M guanidine hydrochloride in
50 mM Tris Hydrochloride (Tris-HCI, pH7.0) and 5 mM EDTA buf-
fer for 30min, followed by reduction and alkylation with 5 mM
DTT and 10 mM iodoacetamide. Then, samples were buffer-ex-
changed into 50 mM Tris-HCl at final concentration of 0.5 mg/
ml. 50 ug sample was incubated with 2 pg trypsin at 37°C for
30min. Digestion was terminated by adding 2 pL formic acid.
The generated peptides were analyzed by Waters ACQUITY
UPLC (ACQUITY UPLC Peptide BEH €18 column, 1.7 pm 130 A,
2.1 mm x 150 mm) coupled to Waters Xevo G2-XS Q-TOF mass
spectrometer. Data was processed using Unifi software.

lon exchange chromatography

Laboratory scale chromatographic experiments were per-
formed on a Cytiva AKTA Avant 150 controlled by Unicorn soft-
ware version 7.3. The multimodal resin, Capto MMC Impres,
was packed into 1.1 cm Inner diameter Vantage® columns or
0.77 cm Inner diameter HiScreenTM prepacked columns, to a
bed height of 10+2 cm. The column was equilibrated with 4-5
CV (Column volume) buffer 1 (20 mM sodium phosphate, 10
mM citric acid, adjusted by 1 M Tris, pH6.0). Sample pH was ad-
justed to 6.0 and then loaded to the column, followed by a 4-5
CV re-equilibration with buffer 1. A 10 CV 0-400 mM NacCl linear
gradient elution was performed at pH6.0. The absorbance of
protein was monitored at 280 nm.

Results
BisAb exhibits double-peak elution behaviour in IEC

The Bispecific fusion protein in this study (BisAb) consists of
a VHH domain fused to the N terminal of a full length Immu-
noglobuling subclass 4 (I1gG4), as shown in Figure 1. The VHH
domain and the 1gG4 are designed to bind to two different ther-
apeutic targets. IEC was used to purify the BisAb following the
initial capture with Protein A column. SEC purity was 97.9% af-
ter the affinity purification step (Figure S1, ProA Elution). A split-
peak profile was observed during elution step of IEC (Figure 2).
Any variants that cause differences in the above properties may
lead to the two-peak phenomena, such as aggregation, frag-
mentation or certain modifications. Fractions of the two peaks
in the IEC purification were collected and pooled as BisP1 and
BisP2, respectively. Comprehensive analyses were conducted
for BisP1 and BisP2 to determine the causes for the peak splits.

BisP1 contains more acidic and larger species

To first determine whether aggregation contributes to the
peak split, the size of BisP1 and BisP2 was measured by SEC.
As shown in Figure S1, both BisP1 and BisP2 eluted as a mono-
dispersed peak with retention time around 8.2 minutes, corre-
sponding to roughly 175 kD. Although the observed pre- and
post- main peak UV absorption suggests the existence of traces
of aggregations and fragments, monomer is the predominant
species for both BisP1 and BisP2 with over 97% purity. There-
fore, it is unlikely that aggregations resulted in the two-peak
IEC profile.

We then focused on lower molecular weight species, at
which range, CE-SDS provldes more accurate information. Non-
reduced CE-SDS (nrCE-SDS) was performed and results are
shown in Figure 3. The main peaks of BisP1 and BisP2 in non-
reduced CE-SDS migrate at slightly different time, 28.12 min-
utes for BisP2 and 28.48 minutes for BisP1. A closer examina-
tion reveals that the main peak of BisP1 is accompanied with a

left shoulder peak at a level of roughly 6.5%. The shoulder peak
elutes at 28.04 minutes, similar to the main peak of BisP2. This
suggests that BisP1 contains mixed populations, with the pre-
dominant species slightly larger than BisP2.

To achieve better resolution, reduced CE-SDS (rCE-SDS) was
conducted on BisP1 and BisP2. As shown in Figure 4, no nota-
ble difference was observed for Light Chains (LCs) of BisP1 and
BisP2. BisP2 contains a single HC peak at the expected running
time of 20.83 minutes. However, in addition to the 20.83-min-
utes-peak, a second peak showed at 21.38 minutes in BisP1,
corresponding to a larger species. The latter peak accounts for
about 43.2% of the BisP1 HC. Since each BisAb contains two
HCs, up to 86.4% of BisP1 could be the larger species, consis-
tent with nrCE-SDS observation (Figure 3, BisP1). For mAbs or
mAb-derivatives, mass increase may be caused by various rea-
sons, including post-translational modifications and sequence
variants like mutation, C-terminal Fc-extension or partial leader
sequence [24,25].

Understanding whether the identified larger species in BisP1
changes the charge behaviour of BisAb is helpful to narrow
down potential causes. iCIEF analysis was hence performed.
Although BisP1 and BisP2 share similar Isoelectric point (pl) of
8.5, difference in their charge-variant profiles were significant,
shown in Figure 5. Increased acidic (45.9%) and decreased ba-
sic (14.0%) populations were detected in BisP1, compared with
those in BisP2 (acidic 21.9% and basic 21.6%). The overall acidic
shift of BisP1 could explain the initial observation that BisP1
elutes earlier in IEC purification. The results imply that the mass
increase may have introduced an acidic change in BisAb.

The mass increase in BisP1 results from glycosylation

To uncover the reason behind the mass increase, the intact
Molecular Weight (MW) was determined by high-resolution
mass spectrometry, as shown in Figure 6. The theoretical MW
of our BisAb with GOF glycan on the conserved Asn-297 site of
both 1gG4 HCs is 176682 Da. The observed intact MWs for BisP1
(176681 Da) and BisP2 (176679 Da) were in good agreement
with the theoretical number. Moreover, mass addition of 1.44K
Da was observed in BisP1, but not in BisP2. The rCE-SDS analysis
have demonstrated that the impurity with increased mass was
higher in BisP1. As expected, the peak of 178124 Da was much
higher than the peak of 176681 Da in BisP1 deconvoluted spec-
tra and consecutive 1.44K Da mass shift was observed (Figure
6a). The 1.44k Da mass increase is similar to the glycan species
of GOF modification. In addition, characteristic sequential mass
difference of 203 Da from two neighbouring peaks in BisP1 indi-
cates possible additions of acetyl hexosamine, further support-
ing our glycan hypothesis. Our preliminary analysis is in favour
of possible glycan addition but not sequence variant.

Reduced molecular weight analysis of BisP1 and BisP2 was
then outperformed and the deconvolution results were shown
in Figure S2 and Figure S3. The observed MW of HC and LC in
both BisP1 and BisP2 is consistent with the theoretical calcula-
tion. A cluster of peaks at 66kDa with a mass addition of roughly
1445 Da were detected for BisP1 HC and the mass difference of
203 Da were found again in adjacent peaks. The results were in
agreement with both CE-SDS and intact mass analysis, confirm-
ing the presence of potential additional glycosylation in the HC
of BisP1.

IdeS digestion followed by DTT reduction was applied to fur-
ther locate the mass change. IdeS digests the HC of IgG4 at the
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hinge region, resulting in Fc/2 and Fd+VHH parts (Figure 7a).
The deconvolution results of BisP1 and BisP2 were compared
in the overlaid spectra. The Fc/2 parts of the two samples share
the same observed molecular weight with the theoretical cal-
culation (data not shown). The +1445 Da species was only ob-
served in the Fd+VHH region of BisP1 (Figure 7b), but not in the
corresponding region of BisP2 (Figure 7c). The results imply that
the impurity was probably composed of Fd+VHH region linked
by relatively hydrophilic glycan species. Possible glycan compo-
sitions were assigned to the peaks in BisP1 based on the mass,
as shown in Figure 7(b). Biantennary structure with core-fucose
attachment was the predominant glycan type.

To confirm our hypothesis that additional glycosylation leads
to the multiple peaks, deglycosylation reaction with PNGase F
followed by DTT reduction was performed. Mass spectrometric
analysis reveals that the observed MW values 63645 Da of BisP1
and 63645 Da of BisP2 are highly consisted with theoretical MW
of deglycosylated heavy chain (63644 Da), shown in Figure 8.
The previous +1445 Da species and the peak clusters separated
by 203Da are undetectable after deglycosylation. Our results
demonstrate that BisP1 contains product-related impurity that
has N-glycan additions to the Fd+VHH region of its HC.

Rare glycosylation at VHH domain leads to two-peak
elution IEC profile

Intriguingly, the Fd+VHH part in our molecule does not con-
tain any canonical N-glycosylation motifs (Asn-X-Ser/Thr). To
identify the atypical N-glycosylation site, we conducted LC-MS
based peptide mapping analysis. When variable modification of
GOF was set on each Asn in the sequence, two glycopeptides
with Asn-X-Cys motif (XXXXXXXXXXXN#K, named as GlycoPeP1
and  XXXXXXXXXXXXXXXXXNH#SCXXXXXXXXXXXXXXSSGGGGSGG
GGSGGGGSGGGGSXXXXXXXXXXXX, named as GlycoPep2) were
identified in BisP1 tryptic digests. Both glycopeptides were lo-
cated in the VHH domain, consistent with the data from rCE-
SDS . In contrast, the two glycopeptides were barely identified
in BisP2 (data not show). MS and MS/MS spectra of GlycoPep2
eluted at 47.8 min are displayed in Figure 9. The oxonium ion-
containing MS/MS spectra were considered as a vital evidence
of glycosylation modification [26]. The presence of oxonium
ions (m/z 126.055, m/z 138.055, m/z 144.065, m/z 186.076,
m/z 204.086) with a series of b/y ions confirmed this noncanon-
ical Asn-Ser-Cys sequence, instead of the Asn-X-Ser/Thr motif.
For GlycoPep1, the tandem mass spectra are relatively poorer
than GlyPep2, due to lower precursor ion intensity. Fragments
peaks were assigned manually based on the MW of the glycans
and peptide of GlycoPep1, as shown in Figure 10. Interestingly,
the two glycopeptides behave very differently in tandem mass
spectrometry. GlycoPep2 generates more b/y ions from pep-
tide backbone fragmentation, while more ions representing the
peptide backbone with glycan residue attached are observed
in GlycoPepl. It is possible that the locations of N-glycosylation
sites within the peptides and the length of the peptides have
a combined impact on the fragmentation behaviour of glyco-
peptides. Nevertheless, two potential glycosites on the VHH
domain were identified, both with a noncanonical Asn-X-Cys
sequence.

To confirm the two atypical glycosites and how much each
contributes to the impurity species, a full spectrum of analysis
on proteins with one or two of the glycosites abolished were
carried out. Firstly, we performed site-directed mutagenesis
separately, and obtained glutamine substitution at the aspara-
gines, namely N1Q (Asn-Lys-Cys site mutation) variant and N2Q
(Asn-Ser-Cys site mutation) variant. Double-site random muta-
genesis was then conducted, generating a mutant with aspar-
tic acid substitution at Asn-Lys-Cys site and glycine substitution
at Asn-Ser-Cys site, named as N1D/N2G. Mass spectrometry
and rCE-SDS were first performed on the samples after initial
protein. A capture to characterize the glycosylation profile. Ac-
cording to the intact mass deconvolution results (Figure 11),
main peak showed a mass of 176681 Da for the wild type (WT),
176707 Da for two N1Q and N2Q mutants, and 176565 Da for
N1D/N2G mutant, consistent with the theoretical MW of each
construct. A mass shift of 1445 Da, matched with the GOF gly-
cosylation modification, was detected in WT, N1Q and N2Q, but
not in N1D/N2G. The extent of VHH glycosylation on each site
can be reliably estimated by calculating the percentage of the
shoulder peak in total HC (Figure 12). By abolishing both gly-
cosites, N1D/N2G is the only construct with a single HC peak in
the rCE-SDS analysis. N-glycosylation at Asn-Ser-Cys motif has a
higher occupancy level (16.5 %) than that at Asn-Lys-Cys motif
(5.5%), which is in accordance with the different precursor ion
intensities of GlycoPepl and GlycoPep2. Interestingly, the WT
N-glycosylation occupancy is 19.1% in rCE-SDS analysis, which
is almost equal to the sum of the N-glycosylation occupancy at
each site.

Further comparison between WT and N1D/N2G were per-
formed in nrCE-SDS analysis, Fd+VHH fragments MW determi-
nation and iCIEF analysis. As shown in Figure 13a, the nrCE-SDS
main peak of WT was broader and asymmetrical, suggesting
mixed populations with size differences. The main peak became
sharp and symmetrical which indicated a more homogeneous
species after the mutations abolishing the two atypical glyco-
sylation sites. In the MW determination (Figure 13b), GOF modi-
fication was detected in Fd+VHH fragments of WT but not in
N1D/N2G, confirming no glycans being added without the two
Asn-X-Cys motifs. In iCIEF profiles (Figure 12c), N1D/N2G (8.2)
has a lower pl than WT (8.5), probably due to the introduction
of aspartic acid. The acidic variants decreased from 23.9% to
11.7% without the two glycosylation sites. Therefore, the N1D/
N2G mutant has less charge heterogeneity. Our results con-
firmed that the N-glycosylation at two atypical Asn-X-Cys sites
in the VHH domain of BisAb leads to increased size and charge
heterogeneity.

Finally, the IEC purification was performed for N1D/N2G to
answer the initial question why the BisAb has a two-peak elu-
tion profile. As expected, the double mutant elutes as a single
peak in IEC purification (Figure 13d). In summary, our data
demonstrated that the two-peak elution profile in the IEC pu-
rification of BisAb was caused by a rare N-glycosylation in the
VHH domain. The extra neutral glycans, mainly GOF, may have
changed the charge distribution of the BisAb, leading to a more
acidic characteristic in the molecule, and the unique IEC profile.
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Figure 1: The domain structure of the BisAb. The domains of
BisAb are labelled and coloured accordingly. The VHH domain (or-
ange) is fused to the N terminus of the Fd region (blue) of a full-
length 1gG4 (light chain in green, Fc region in red) by a (G4S)4 linker

(short black curve).
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Figure 2: Double-peak elution behaviour of BisAb in IEC. Pro-
tein A column elution was loaded on an equilibrated column with
Capto MMC Impres resin. A 0-400 mM NacCl linear gradient elution
was performed at pH6.0. The brown line represents the conduc-
tivity. The blue line represents the A280 absorption. Blue shaded
fractions were collected and pooled together as BisP1 and BisP2.
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Figure 3: Non-reduced CE-SDS analysis for BisP1 and Bis P2.
The main peak of BisP1 was asymmetrical with a migration time
of 28.48 min, with a leading shoulder peak (6.5%). In comparison,
BisP2 showed a typical nrCE-SDS profile with main peak elution
time of 28.12 min. A 10-kDa protein was added in each sample as
Internal Standard (IS) for migration time correction.
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Figure 4: rCE-SDS analysis for BisP1 and Bis P2. The Light Chain
(LC) for BisP1 and both LC and the Heavy Chain (HC) of BisP2 mi-
grate at expected time (15.45 min for LC and 20.83 min for HC).
Two peaks were detected for HC of BisP2, with the leading peak
running at the expected time. The lagging peak, with migration
time of 21.38 min, accounts for roughly 43.2% of total HC in BisP1.
A 10-kDa Internal Standard (IS) was also included in the assay.
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Figure 5: Imaged Capillary Isoelectric Focusing (iCIEF) profiles
of BisP1, and BisP2.
Both BisP1 and BisP2 share the same isoelectric point (pl) of 8.5.
The ratios of acidic and basic variants of each sample are labeled
and BisP1, with enriched impurities, has more acidic and less basic
populations than BisP2. Two markers (pl 4.25 and pl 9.46) were
added in each sample for calibration of the isoelectric point.
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Figure 6: Deconvoluted mass spectra of BisP1 (a) and BisP2 (b).
The observed MW for both BisP1 (176681 Da) and BisP2 (176679
Da) match the theoretical number (176682 Da). One and two of
1.44K Da-mass addition were observed in BisP1, which is consis-
tent with the molecular weight of glycan GOF (1445.3 Da). Sequen-
tial mass difference of 203 Da from two neighbouring peaks was
also detected in BisP1, indicating possible additions of acetyl hex-

osamine.
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Figure 7: Deconvoluted mass spectra of BisP1 and BisP2 after
DTT and IdeS treatment. (a) DTT and IdeS protease treatment
generates Fc/2, LC and Fd+VHH fragments. The Molecular weight
analysis was performed for all the fragments. Mass additions cor-
responding to potential glycosylation were found in the Fd+VHH
of BisP1 (b), but not in BisP2 (c). Blue squares, green circles, yel-
low circles, magenta diamonds, and red triangles correspond to
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Figure 9: MS and MS/MS spectra

ED

of GlycoPep2. (a) Full scan

mass spectrum of four-fold charged GlycoPep2. (b) Matching of
the b and y ions from the amino acid sequence confirmed the iden-
tity of this peptide. (c) Matching of the oxonium ions confirmed

the glycosylation modification.
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BisP1 (63645 Da) and BisP2 (63645 Da) match the theoretical num-
ber (65044 Da). Neither 1445 Da mass addition nor +203 Da peak
cluster can be detected.

Figure 10: MS and MS/MS spectra of GlycoPepl. (a) Full scan
mass spectrum of three-fold charged GlycoPepl. (b) Full scan
tandem mass spectrum of GlycoPepl and matched oxonium ion.
(c) Matching of the fragments of GlycoPepl. Blue squares, green
circles, red triangles correspond to GIcNAc, Man and Fuc, respec-
tively.
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Figure 11: Molecular weight comparison between wild type and
mutants. The comparison of deconvoluted mass spectra for pro-
tein A elution of Wild Type (WT) (a), N1Q (b), N2Q (c) and N1D/
N2G (d). The observed MW of the main peak matches the theoreti-
cal MW well for all four constructs. 1.44 K Da-mass addition were
observed in WT, N1Q and N2Q, but not in N1D/N2G.
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Figure 12: The rCE-SDS profiles for WT, N1Q, N2Q and N1D/
N2G. Shoulder peaks on the right side of HC main peak with vary-
ing ratio were detected in WT (19.1%), N1Q (16.5%) and N2Q
(5.5%). The double mutants N1D/N2G abolished the shoulder peak
completely.

Discussion

Native mammalian proteins are often highly glycosylated,
recombinant proteins for therapeutic purpose, such as Erythro-
poietin (rh-EPO), have a complicated glycan profile. In contrast,
antibodies often have a relatively simple glycan profile. VHH is
an 12-15 kDa antigen binding fragment, that is gaining popular-
ity in therapeutic area. Small in size gives VHH unique advan-
tages in designing multispecific antibodies and in therapeutics
requiring better absorption or stability, such as inhaler or sub-
cutaneous administration. However, the VHH glycosylation is
much understudied. We first report and characterize the glyco-
sylation profile of VHH domain in our protein of interest.
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Figure 13: A comprehensive comparison between WT and the
double mutant N1D/N2D. The nrCE-SDS (a), MW of Fd+VHH (b)
and iCIEF (c) profiles were compared between the protein A elu-
tion of WT and of N1D/N2G. N1D/N2G mutant was further purified
by IEC (d). (a) Broader and asymmetrical CE-SDS main peak was
observed for WT, while N1D/N2G showed a single sharp peak. (b)
GOF modification was detected in WT but not in N1D/N2G. (c) The
pl changed from WT 8.5 to mutant 8.2 with N1D and N2G muta-
tions. The Acidic Variants (AV) ratio reduced from 23.9% to 11.7%
after the double mutation. (d) The mutant exhibited a single-peak
elution behaviour as expected.

Glycosylation at the non-consensus Asn-X-Cys motif was re-
ported as early as in 1990’s in human plasma protein C [27].
Recombinant Human Epidermal Growth Factor Receptor pro-
duced by CHO cells was also found to be linked with oligosac-
charide chain on Asn32-X33-Cys34 [28]. Hui Zhang’s group con-
ducted a comprehensive glycoproteomic analysis for CHO-K1
cell [29]. 1162 glycosites including 7 glycosites with Asn-X-Cys
motif were identified. In our study, the discovery of rare glyco-
sylation was originated from an abnormal IEC profile and the
preliminary identification was conducted by CE-SDS analysis
and MW analysis. Glycosites were localized by peptide mapping
and further confirmed by mutagenesis.

Notably, at both Asn-X-Cys sites in the VHH domain of this
BisAb, the glycan was predominately GOF. GOF, a complex bi-
antennary-structured N-glycans with al, 6-fucose linked to the
chitobiose core (Figure 7b), is the most abundant type of glycan
at the conserved Asn-297 site, located in the Fc domain of hu-
man IgGs. By contrast, N-glycosylation in the Fab domain of I1gG
molecules usually has higher level of sialyation and galactosyl-
ation [30,31]. The difference may come from factors involving
glycosidase/glycosyltransferase activity, host cell line and man-
ufacturing process.

According to the CE-SDS, the glycosylation occupancy in
the VHH domain (16.5% for the Asn-Ser-Cys site and 5.5% for
the Asn-Lys-Cys site) in our study was much lower than that in
the Fc region (>95%) [32]. Although sulfhydryl group in cyste-
ine can replace the usual hydroxyl group in serine or threonine
as a hydrogen bond acceptor in the glycosylation reaction, the
glycosylation efficiency was dramatically reduced [27]. The
phenomenon was supported by Gerber et al using site specific
mutation. Significant reduction in the in vitro affinity and de-
creased glycosylation rate were observed for acceptor peptides
containing Asn-X-Cys sequon, comparing with those containing
Asn-X-Ser/Asn-X-Thr motif [33]. This may partially explain the
lower glycosylation occupancy for both sites identified, while
local steric limitations may also weigh in.
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Intriguingly, the additional neutral glycans in the VHH do-
main changed the charge behaviour of the protein: an increase
in acidic peaks in iCIEF analysis. This explains why our BisAb
elutes as two peaks during IEC purification, but the underlying
mechanism remains unclear. Similar observations were report-
ed by Valliere-Douglass [22,34]. Glycosylation is a complicated
process that starts in the ER during protein translation and fold-
ing. It is possible that the addition of glycans changes the local
conformation of the protein. Alternatively, the solvent acces-
sibility of certain charged residues may be affected, resulting in
a redistribution of surface charge. Another possibility lies in the
steric effect of the extra glycans. Glycans, like GOF, is about 10
times bigger than a single amino acid. It could shield the charge
of a spatially nearby amino acid. One of the glycosites in our
study is Asn-Lys-Cys. The extra glycan on Asn is in proximity to
the basic lysine. Shading the side chain of lysine could raise the
acidity of the whole molecule. Nevertheless, it is an alarming
effect that neutral glycan can change protein behaviour signifi-
cantly, and requires more attention during process and method
development.

Sequence optimization is important for the developability
of a therapeutic candidate. The common modifications like oxi-
dation, deamidation and glycosylation are usually highlighted
and the hot spots containing these modifications are character-
ized carefully and avoided in variable domains when possible.
Glycosylation in the variable domain dramatically increases
the charge and size heterogeneity, due to the complex glycan
composition and the varying glycosylation occupancy. The het-
erogeneity adds risks to variations among production batches
and difficulties to the quality control, as well as characterization
workload to any potential therapeutic candidate. Until now,
most attentions are drawn to the consensus N-glycosylation se-
quence Asn-X-Ser/Asn-X-Thr. Our findings strongly suggest that
other glycosylation sites like Asn-X-Cys should be carefully ex-
amined during early discovery phase.
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