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Abstract The degree of sialylation of therapeutic glycoproteins affects its 
circulatory half-life and efficacy because incompletely sialylated 
glycoproteins are cleared from circulation by asialoglycoprotein 
receptors present in the liver cells. Mammalian expression systems, 
often employed in the production of these glycoprotein drugs, 
produce heterogeneously sialylated products. Here, we describe how 
to produce highly sialylated glycoproteins using a Chinese hamster 
ovary (CHO) cell glycosylation mutant called CHO-gmt4 with 
human erythropoietin (EPO) as a model glycoprotein. The protocol 
describes how to isolate and characterize the CHO glycosylation 
mutants and how to assess the sialylation of the recombinant protein 
using isoelectric focusing (IEF). It further describes how to inactivate 
the dihydrofolate reductase (DHFR) gene in these cells using zinc 
finger nuclease (ZFN) technology to enable gene amplification and 
the generation of stable cell lines producing highly sialylated EPO.
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Chapter 22

Production of Highly Sialylated Recombinant Glycoproteins 
Using Ricinus communis Agglutinin-I-Resistant CHO 
Glycosylation Mutants

John S.Y. Goh, Kah Fai Chan, and Zhiwei Song

Abstract

The degree of sialylation of therapeutic glycoproteins affects its circulatory half-life and efficacy because 
incompletely sialylated glycoproteins are cleared from circulation by asialoglycoprotein receptors present 
in the liver cells. Mammalian expression systems, often employed in the production of these glycoprotein 
drugs, produce heterogeneously sialylated products. Here, we describe how to produce highly sialylated 
glycoproteins using a Chinese hamster ovary (CHO) cell glycosylation mutant called CHO-gmt4 with 
human erythropoietin (EPO) as a model glycoprotein. The protocol describes how to isolate and charac-
terize the CHO glycosylation mutants and how to assess the sialylation of the recombinant protein using 
isoelectric focusing (IEF). It further describes how to inactivate the dihydrofolate reductase (DHFR) gene 
in these cells using zinc finger nuclease (ZFN) technology to enable gene amplification and the generation 
of stable cell lines producing highly sialylated EPO.

Key words Chinese hamster ovary (CHO) cells, Glycosylation mutant, Sialylation, Glycoprotein, 
Erythropoietin (EPO), Ricinus communis agglutinin-I (RCA-I)

1 Introduction

In this chapter, the transfer of sialic acid onto galactose residues 
of N-glycans is referred to as sialylation. The sialylation of a ther-
apeutic recombinant glycoprotein greatly influences its circula-
tory half- life and hence the efficacy of the drug [1]. The capping 
of the galactose residues of the N-glycans with sialic acid  
prevents the glycoprotein from being recognized by the asialo-
glycoprotein receptor in the liver. Therefore, improving the 
degree of sialylation enhances the efficacy of the glycoprotein 
therapeutics.

Unlike the template-driven processes of transcription and 
translation, N-glycosylation that is catalyzed by a set of glycosyl-
transferases localized in the ER and Golgi often results in the 
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 production of a heterogeneous set of glycans. Some N-glycans are 
fully sialylated whereas others are not. In the production of recom-
binant glycoproteins such as erythropoietin (EPO), a large portion 
of the purified protein has to be discarded due to insufficient 
sialylation [2]. This has provided the impetus for research into 
ways to improve sialylation [3].

Recombinant human EPO is frequently used as a model gly-
coprotein in studies to improve sialylation. EPO is a glycoprotein 
hormone that is heavily glycosylated, consisting of three N-glycans 
and one O-glycan. The carbohydrates account for 40 % of the 
total molecular mass of the protein. Thus, changes in glycosyl-
ation can be observed using polyacrylamide gel electrophoresis. 
Changes in sialylation of EPO can also be analyzed quickly by 
using isoelectric focusing (IEF) followed by immunoblotting 
described in this chapter. IEF is used to separate the different gly-
coforms of EPO, which are subsequently visualized by immunob-
lotting. This technique can be used to quickly visualize the entire 
glycoform spectrum on one gel without needing to purify the 
protein.

All the CHO cells that survived treatment with a cytotoxic 
lectin, Ricinus communis agglutinin-I (RCA-I) were shown to 
contain dysfunctional N-acetylglucosaminyltransferase I (GnT I) 
gene and they are collectively called CHO-glycosylation mutant 4 
(CHO-gmt4) cells. Interestingly, expression of GnT I in these 
mutants not only complements the genetic defect, it also dramati-
cally improves the sialylation of EPO both in transient and stable 
expression [4].

In order to extend the applicability of these mutants for 
industrial production, dihydrofolate reductase (DHFR) gene was 
inactivated in a CHO-gmt4 cell line. Stably transfected cells 
underwent gene amplification using methotrexate (MTX). After 
gene amplification, stable cell lines that increased EPO produc-
tivity were isolated. One of these cell lines was further cultured in 
an existing industrial bioprocess and compared with the indus-
trial EPO- producing cell line. The results have shown that the 
mutant line produced better sialylated EPO under the same 
industrial bioprocess [5].

The following protocol describes how to improve the glycosyl-
ation of a model glycoprotein such as EPO by co-expressing the 
glycoprotein with a functional GnT I gene in CHO-gmt4 cells. 
The protocol describes how to isolate and characterize the CHO 
glycosylation mutants and how to assess the sialylation of the 
recombinant protein using IEF. It further describes how to inacti-
vate DHFR gene in these cells using ZFN technology to enable 
subsequent gene amplification in stably transfected cells.

John S.Y. Goh et al.
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2 Materials

 1. RCA-I lectin (e.g., Sigma-Aldrich, St. Louis, MO, USA).
 2. Endoglycosidase H (Endo H).
 3. RNeasy Mini Kit (e.g., Qiagen GmbH, Hilden, Germany).
 4. SuperScript® III Reverse Transcriptase (e.g., Life Technologies 

Co., Carlsbad, CA, USA).

 1. Cell culture incubator.
 2. CHO-K1 cells (ATCC, Manassas, VA, USA).
 3. Cell culture medium: Dulbecco’s modified Eagle’s medium 

(DMEM) GlutaMAX.
 4. 10 mM hypoxanthine (100×).
 5. 1.6 mM thymidine (100× HT).
 6. Fetal bovine serum (FBS).
 7. Dialyzed fetal bovine serum (DFBS).
 8. Phosphate buffered saline 1× (PBS).
 9. Lipofectamine 2000 (e.g., Life Technologies).
 10. 1 mM Methotrexate (MTX).
 11. 1 mM Fluorescein methotrexate.
 12. Growth medium: DMEM, 10 % FBS.
 13. Growth medium for DHFR-negative cells: DMEM, 10 % FBS, 

1× HT supplement.
 14. Selection medium: DMEM, 10 % DFBS.

The following vectors express the respective proteins with their 
corresponding coding sequences cloned into the multiple cloning 
site of the mammalian expression vector pcDNA3.1 (+) (Life 
Technologies).

 1. Vector 1: EPO (accession no. NM_000799.2).
 2. Vector 2: EPO followed by an internal ribosome entry site 

(IRES), GnT I (accession no. NM_001243980.1), an attenu-
ated IRES and DHFR. The IRES sequence [5] is derived from 
the encephalomyocarditis virus (ECMV) and the attenuated 
IRES sequence is based on ref. [6]. All sequences were joined 
together using overlap PCR.

 3. Vector 3: GnT I (accession no. NM_001243980.1).
 4. Vector 4: EPO coding sequence with stop codon changed to 

GAG and linked to Fc region of human IgG1 (EPO-Fc) using 
overlap PCR. The asparagine residue at the glycosylation site 
found on the Fc region of human IgG1 is mutated to alanine 
using overlap PCR.

2.1 Isolation 
and Characterization 
of CHO Glycosylation 
Mutants

2.2 Cell Culture, 
Transfection, 
and Stable Cell Line 
Selection

2.3 Expression 
Vectors
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 1. SDS-PAGE gel, 1.5 mm, 10 wells, 10 % Bis–Tris.
 2. PVDF membrane.
 3. Anti-EPO antibody, purified from culture supernatant of a 

murine hybridoma (catalog number HB-8209) (ATCC).
 4. Anti-DHFR antibody (catalog number sc-14780) (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA).
 5. Horse radish peroxidase-conjugated anti-mouse IgG antibody 

(e.g., Jackson Immunology, West Grove, PA, USA).
 6. Western blot transfer buffer: 0.025 M Tris, 0.192 M glycine, 

20 % v/v methanol.

 1. Pharmalyte (pH 3–10), dithiothreitol (DTT), GelBond-PAG 
film, Multiphor II electrophoresis system, IEF kit, immobilized 
pH gradient buffer (IPG) pH 3–10, gradient mixer with mag-
netic stirrers (e.g., GE Healthcare, Buckinghamshire, UK).

 2. 0.1 % (w/v) bromophenol blue, 40 % (w/v) ammonium perox-
odisulfate (APS), tetramethylethylenediamine (TEMED), 
Acrylamido buffer solution “Immobiline” pK values <2.0, 3.6, 
4.6, 6.2, 7.0, 8.6, 9.3, and 12.0, 3-[(3-cholamidopropyl)
dimethylammonio] propanesulfonic acid (CHAPS), paraffin oil.

 3. Glycerol, urea.
 4. Ultra-4 Centrifugal Filter Units—10,000 NMWL (e.g., 

Merck).

 1. Binding buffer: 20 mM sodium phosphate buffer pH 7.0  
(see Note 1).

 2. Elution buffer: 0.1 M Glycine, adjust to pH 3.0 by titrating 
with concentrated hydrochloric acid.

 3. Neutralization buffer: 1 M Tris–HCl, pH 9.
 4. Protein A chromatography column, HiTrap Protein A HP 

(GE Healthcare).
 5. Fast protein liquid chromatography (FPLC) system.

3 Methods

 1. Into each well of a 6-well adherent tissue culture plate, pipette 
2 mL of CHO cells with a density of 4 × 105 cell/mL, 1 day 
before lectin treatment.

 2. Aspirate cell culture supernatant and add 2 mL of PBS to each 
well to wash cells the next day. Aspirate and discard PBS.

 3. Add 2 mL of serum-free DMEM containing 10 μg/mL of 
RCA-I (see Note 2).

2.4 Western Blotting

[AU2]

2.5 Isoelectric 
Focusing (IEF)

2.6 Protein 
A Chromatography

3.1 Isolation 
of RCA-I- Resistant 
CHO Cells
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 4. Incubate cells with the lectin-containing medium overnight.
 5. Aspirate the lectin-containing medium and replace with growth 

medium.
 6. Replace cell culture supernatant every 2 days with fresh growth 

medium (see Note 3).
 7. After 2–3 weeks, colonies of CHO cells will be observed to 

grow. Using sterile pipette tip, scrape off colonies and culture 
separately in a 24-well plate.

 1. Transfect CHO-K1 cells and RCA-I resistant mutant cells with 
vector 1 using Lipofectamine 2000.

 2. Collect supernatant 48 h post transfection and resolve the pro-
teins by SDS-PAGE followed by Western blotting with anti- 
EPO antibody.

 3. Identify GnT I-deficient CHO mutants by comparing the 
molecular weight of EPO secreted by each clone. EPO, 
secreted by the GnT I deficient CHO cells, is expected to be of 
a lower molecular weight than that secreted by wild-type 
CHO-K1 cells (see Note 4).

 4. Incubate 50 mL of each EPO sample with 1 mL of endo H 
overnight at 37 °C.

 5. Resolve the proteins by SDS-PAGE and Western blotting. It is 
expected that EPO produced by RCA-I-resistant cells upon 
treatment with endo H will have a lower apparent molecular 
than the untreated EPO sample. EPO produced in wild-type 
CHO-K1 cells will not be affected by endo H treatment.

 1. Extract total RNA from the RCA-I-resistant CHO clones 
using standard RNA extraction kits such as RNeasy mini kit.

 2. Obtain cDNA from the RNA isolated using a cDNA synthesis 
kit.

 3. Amplify the coding sequence for GnT I using regular poly-
merase chain reaction with the following primers:
Forward: 5′ GCGAAGCTTATGCTGAAGAAGCAGTC 

TGCA 3′.
Reverse: 5′ GGCCTCGAGCTAATTCCAGCTAGGATCA 

TAG 3′.
 4. 4.Clone the resulting PCR product into pcDNA3.1(+) vector 

using the restriction enzymes HindIII and XhoI.
 5. Sequence the resulting vector. As the coding sequence for GnT 

I gene is about 1.4 kb long, additional internal primers may be 
needed for sequencing. The sequencing result should reveal 
the genetic mutation in the GnT I gene.

3.2 Assessing 
Molecular Weight 
Differences Between 
EPO Produced by 
Wild-Type CHO Cells 
and That by RCA-I-
Resistant CHO 
Glycosylation Mutants

3.3 Identifying 
the Genetic Mutation 
in RCA-I- Resistant 
CHO Clones
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Gel casting and IEF is performed as described [8]. Briefly, the 
pH 3–10 IEF gels are cast using different Immobiline solutions, 
according to Table 1, onto a Gelbond-PAG film

 1. Pipette the required volumes into two separate graduated cyl-
inders for the acidic and basic mixtures respectively and top up 
to 15 mL with deionised water.

 2. Adjust each mixture to pH 7.0 using 1 M acetic acid or 1 M 
Tris solution and keep cool at 4 °C.

 3. Separately wash the Gelbond-PAG film in water four times in 
deionised water for 15 min each. Place the film between a plain 
glass plate and a U-framed glass plate provided in the IEF kit. 
The hydrophobic side of the film should be on the side of the 
plain glass plate. Clamp the glass plates together to for the 
glass cassette and chill at 4 °C.

 4. Pour both mixtures into separate chambers of a gradient mixer 
and pipette 15 μL of APS solution into each chamber and start 
magnetic stirrer.

 5. Allow acidic mixture to flow first into the glass cassette until 
the liquid fills the bottom of the cassette before allowing the 
basic solution to flow.

 6. Leave the cassette at room temperature for 30 min to allow the 
density gradient to settle.

3.4 IEF and Western 
Blotting

Table 1 
Required volumes of respective immobiline solutions with different pKa 
values used for casting the pH 3–10 IEF gel

Reagent Acidic vol (μL) Basic vol (μL)

pKa <2.0 1,066 –

pKa 3.6 311 311

pKa 4.6 282 282

pKa 6.2 305 305

pKa 7.0 228 228

pKa 8.6 284 284

pKa 9.3 321 321

pKa 12.0 – 499

Glycerol 3,000 –

TEMED 12 12

The acidic and basic mixtures are subsequently introduced in separate chambers in a 
gradient mixer

John S.Y. Goh et al.
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 7. Incubate the cassette at 50 °C for 2 h and remove the gel from 
the glass cassette and wash the gel four times in water for 
15 min each. Finally, equilibrate the gel in 1.5 % (v/v) glycerol 
solution for 15 min.

 8. Dry the gel at 50 °C overnight and store the gel in Saran wrap 
at −20 °C.

 9. Before loading of the samples, soak one-half of the casted gel 
in a 25 mL solution containing urea (9 g), dithiothreitol 
(0.04 g), CHAPS (0.5 g), bromophenol blue 0.1 % (100 μL), 
and Pharmalyte 3–10 (500 μL).

 10. Transfer the gel onto the loading tray of the Multiphor II elec-
trophoresis system and apply an overlay of paraffin oil on top 
of the gel. Sandwich wet filter paper between the electrodes 
and gel to facilitate conductivity. Press gel loading cups are 
into the gel at the basic end of the gel and load IEF samples 
(see next section for sample preparation steps).

 11. Gel electrophoresis is carried out with the settings listed below
Temperature: 15 °C.
Current: 10 mA.
Power Max: 10 W.
Voltage: 300–3,000 V for 3 h, 3,000 V for 1 h.

 12. After focusing, wash the gel two times with water for 5 min, 
and then in acetic acid solution (0.7 % v/v) and release the gel 
from the GelBond-PAG film. Assemble into Western transfer 
cassette with PVDF membrane with four pieces of filter paper 
on each side. The transfer buffer used is acetic acid (0.7 % v/v) 
and the Western transfer is performed for 60 min at 65 V with 
the polarity reversed (i.e., the electrodes are switched around).

 13. After Western transfer, the immunoblotting is done exactly as 
described in the Western blotting section.

 1. Add 3.5 mL of 20 mM sodium phosphate buffer to 500 μL of 
cell culture supernatant containing the recombinant protein in 
the Amicon centrifugal unit.

 2. Spin the unit at 3,000 RCF for 10 min and discard flow 
through.

 3. Top up the sample to 4 mL and repeat step 2 for another three 
times.

 4. In the final spin, ensure only 200 μL remains in the unit.
 5. Determine the concentration of recombinant EPO using an 

EPO ELISA kit.
 6. Top up the sample volume for IEF to 20 μL with 20 mM 

sodium phosphate and add 20 μL of IPG buffer. Load samples 
in gel loading cups for IEF.

3.5 IEF Sample 
Preparation
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 1. Seed up to ten T175 tissue culture flasks with the respective 
cell lines.

 2. Transfect CHO-K1 cells with vector 3 and co-transfect CHO- 
gmt4 cells with vector 3 and vector 4 using Lipofectamine 
2000 according to the manufacturer’s directions.

 3. 6 h post-transfection, aspirate growth medium and add 10 mL 
of PBS. Wash cells and aspirate. Finally introduce 30 mL of 
protein-free suspension culture medium into each flask  
(see Note 5).

 4. Collect supernatant after 48 h for purification using Protein A 
affinity chromatography.

Supernatant collected from the transfected cells is purified using 
Protein A chromatography

 1. Equilibrate column with the binding buffer for 10 column 
volumes.

 2. Flow the supernatant through the column.
 3. Wash with binding buffer for 10 column volumes and confirm 

that the UV reading has stabilized to the level before introduc-
ing the supernatant.

 4. Flow the elution buffer through the column, collecting the 
eluate in 2 mL fractions with neutralization buffer in each col-
lection tube.

 5. Quantify protein using either Bradford assay or any other stan-
dard protein quantification assays.

 6. The glycosylation found in the EPO-Fc samples can then be 
analyzed using high pH-anion exchange chromatography 
(HPAEC) or Matrix-Assisted Laser Desorption Ionization 
Time-of-Flight (MALDI-TOF) as described [5] and elsewhere 
in this volume.

The two amino acid sequences for DNA recognition targeting the 
DHFR gene has been published [9]. The specific fingers are 
 incorporated into a zinc-finger protein architecture as described in 
[10, 11].

 1. Transfect CHO mutant cells with the vectors expressing the 
two ZFNs. It is recommended that you use electroporation or 
any other transfection protocol that gives high transfection 
efficiency.

 2. After transfection, culture cells in growth medium supple-
mented with HT in T25 flasks.

 3. Culture transfected cells for at least 4 days after transfection to 
allow time for ZFN to take effect and protein depletion to occur. 

3.6 Transient 
Expression of EPO-Fc 
in CHO-Gmt4 Cells 
for Glycan Analysis

3.7 Purification 
of EPO-Fc and Glycan 
Analysis

3.8 Inactivation 
of DHFR Gene in CHO 
Cells Using ZFN
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Expand cell culture if necessary to prevent  overcrowding 
of cells.

 4. Incubate 1 × 107 cells with growth medium supplemented with 
3 μM fluorescein methotrexate overnight.

 5. Use a fluorescence activated cell sorter (FACS) to sort for neg-
ative population. Include appropriate controls such as wild- 
type CHO control (positive control) and CHO-DG44 cells 
(negative control) (see Note 6).

 6. Culture sorted cells till they are confluent in T25 culture flasks. 
Repeat the sorting and isolation of DHFR negative population 
from step 6 for at least another two rounds till a pure popula-
tion is obtained.

 7. Isolate single cell clones using either FACS or manual picking 
of clones.

 8. Further validate each clonal population by western blot to 
detect for DHFR protein and include the appropriate control.

 9. Extract genomic DNA from each clone and verify that the 
region targeted by the ZFNs has been mutated using PCR 
amplification with the primers listed below. Clone the resulting 
PCR product into TOPO vectors for sequencing (see Note 7).
Forward primer: 5′ CTCCGATTCACAAGTGGGAAG 3′.
Reverse primer: 5′ TCCATCTCAGCGGCTACCGATGCA 3′.

 10. CHO clones can now be used for stable transfection and gene 
amplification (see Note 8).

 1. Into each well of a 6-well adherent tissue culture plate, pipette 
2 mL of CHO cells with a density of 4 × 105 cell/mL.

 2. Transfect CHO mutant cells with expression vector 2 using 
Lipofectamine 2000 according to the manufacturer’s 
instructions.

 3. Collect cell culture supernatant for IEF analysis 48 h after 
transfection.

 4. Add 0.5 mL of trypsin to each well and incubate for 1 min at 
37 °C. Resuspend cells in 20 mL of growth media and with-
draw 1 mL to seed in each well of a 6-well plate.

 5. Change growth medium to stable cell selection medium (no 
HT supplementation) the next day.

 6. Isolate single clones after 2 weeks when a stably transfected 
pool has been obtained.

 7. Analyze the sialylation pattern of EPO produced by each clone 
using IEF.

3.9 Transfection 
and Gene 
Amplification
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Clones that produced highly sialylated EPO can be put through 
successive rounds of amplification at 50 and 250 nM of MTX, 
checking at each round for clones that maintain a high level of 
sialylation. At the final round of amplification, the titre of the 
clones that express superiorly sialylated EPO can be measured 
using suitable ELISA kits.

4 Notes

 1. To prepare 20 mM sodium phosphate (pH 7.0), add 390 mL 
of 1 M monosodium phosphate (NaH2PO4) to 610 mL of 1 M 
disodium phosphate (Na2HPO4). Measure and adjust to 
pH 7.0 by the addition of phosphoric acid (H3PO4) or sodium 
hydroxide (NaOH). Dilute the stock buffer 50× to obtain 
20 mM sodium phosphate buffer at pH 7.0.

 2. RCA-I lectin is highly toxic and should be stored in a locked 
refrigerator and handled with double-gloved hands. Any 
solution containing RCA-I that needs to be disposed of 
should be treated with 10 % bleach solution overnight before 
disposal.

 3. RCA-I-resistant clones will emerge after 2 weeks but medium 
should be refreshed every 2 days to remove any dead cells 
that might dislodge from the tissue culture plate. However, 
when changing culture medium, take care not to introduce 
liquids at the side of the culture plate to prevent dislodging 
of viable cells.

 4. The apparent molecular weight of EPO produced in wild-type 
CHO cells is between 30 and 37 kDa whereas the EPO pro-
duced in the RCA-I-resistant glycosylation mutants is between 
25 and 28 kDa.

 5. The transfected cells should be washed properly to remove any 
trace of FBS which might interfere with glycan analysis at a 
later stage.

 6. The cells need not be gated so strictly for the first round of 
sorting to allow for more cells to grow together with the 
DHFR negative cells. The minimum incubation time with flu-
orescein methotrexate is 4 h, although an overnight incuba-
tion is recommended.

 7. Verify the genomic locus targeted by ZFNs in DHFR negative 
cells by sequencing at least ten bacterial clones after TOPO 
cloning.

 8. Verify that the DHFR negative CHO cells do not grow in  
HT- deficient culture medium before proceeding with 
transfection.

John S.Y. Goh et al.
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