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Abstract

The art of producing recombinant proteins with complex post-translational modifications represents a major
challenge for studies of structure and function. The rapid establishment and high recovery from transientlytransfected mammalian cell lines addresses this barrier and is an effective means of expressing proteins that are
naturally channeled through the ER and Golgi-mediated secretory pathway. Here is one protocol for protein
expression using the human HEK293F and HEK293S cell lines transfected with a mammalian expression
vector designed for high protein yields. The applicability of this system is demonstrated using three
representative glycoproteins that expressed with yields between 95-120 mg of purified protein recovered per
liter of culture. These proteins are the human FcγRIIIa and the rat α2-6 sialyltransferase, ST6GalI, both
expressed with an N-terminal GFP fusion, as well as the unmodified human immunoglobulin G1 Fc. This
robust system utilizes a serum-free medium that is adaptable for expression of isotopically enriched proteins
and carbohydrates for structural studies using mass spectrometry and nuclear magnetic resonance
spectroscopy. Furthermore, the composition of the N-glycan can be tuned by adding a small molecule to
prevent certain glycan modifications in a manner that does not reduce yield.
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Abstract
The art of producing recombinant proteins with complex post-translational modifications represents a major challenge for studies of structure
and function. The rapid establishment and high recovery from transiently-transfected mammalian cell lines addresses this barrier and is an
effective means of expressing proteins that are naturally channeled through the ER and Golgi-mediated secretory pathway. Here is one protocol
for protein expression using the human HEK293F and HEK293S cell lines transfected with a mammalian expression vector designed for high
protein yields. The applicability of this system is demonstrated using three representative glycoproteins that expressed with yields between
95-120 mg of purified protein recovered per liter of culture. These proteins are the human FcγRIIIa and the rat α2-6 sialyltransferase, ST6GalI,
both expressed with an N-terminal GFP fusion, as well as the unmodified human immunoglobulin G1 Fc. This robust system utilizes a serum-free
medium that is adaptable for expression of isotopically enriched proteins and carbohydrates for structural studies using mass spectrometry and
nuclear magnetic resonance spectroscopy. Furthermore, the composition of the N-glycan can be tuned by adding a small molecule to prevent
certain glycan modifications in a manner that does not reduce yield.

Video Link
The video component of this article can be found at https://www.jove.com/video/53568/

Introduction
Producing high yields of appropriately folded and post-translationally modified human proteins for detailed analysis of structure and function
remains a significant challenge. A large number of expression systems are available that produce recombinant proteins with native-like function
and behavior. Bacterial expression systems, predominantly Escherichia coli strains, represent the most accessible and commonly used tools in
1-4
the research arena, due to the simplicity of these expression systems, though yeast, plant, insect and mammalian systems are also described .
However, the majority of these systems are incapable of appropriate post-translational modification of the target proteins. A fundamental interest
of the Barb and Moremen laboratories is producing eukaryotic proteins with appropriate glycosylation. Many human proteins require appropriate
5
glycosylation for proper function (see ).
The eukaryotic glycosylation machinery is extensive and capable of making a diverse range of modifications, including both asparagine(N)6
7
and serine/threonine(O)-linked complex glycans . It is estimated that >50% of human proteins are N-glycosylated . Glycans are essential
components of many proteins including therapeutic monoclonal antibodies, erythropoietin, and blood clotting factors like factor IX, to name a
8-10
11-14
few. Though multiple methods exist to prepare appropriately N-glycosylated proteins and range from purely synthetic , to chemoenzymatic
15-20
or recovery from engineered recombinant systems
, not surprisingly, human expression systems have thus far proven to be the most robust
methods for generating human proteins.
Many therapeutic human glycoproteins are produced in recombinant systems using mammalian cells. Systems of note are the Chinese Hamster
Ovary (CHO), mouse myeloma (NS0), Baby Hamster Kidney (BHK), Human Embryonic Kidney (HEK-293) and human retinal cell lines that are
4,21,22
employed in adhesion or suspension culture for protein production
. However, mammalian protein expression systems have required the
23
generation of stable cell lines, expensive growth media and substrate assisted transfection procedures .
24,25

Mammalian cell transfection is achieved with the aid of numerous agents including calcium phosphates
, cationic polymers (DEAE-dextran,
26-29
polybrene, polylysine, polyethylimine (PEI)) or positively charged cationic liposomes
. PEI is a polycationic, charged, linear or branched
26
polymer (25 kDa) that forms a stable complex with DNA and is endocytosed. Upon acidification of the endosome, PEI is thought to swell,
26,30
leading to the rupture of endosomes and release of the DNA into the cytoplasm
.
Until recently, transient transfection in suspension culture was carried by prior DNA/PEI complex formation followed by addition to the cell
29
culture . However, Würm and coworkers reported a highly efficient protocol optimized for recombinant protein production in HEK293 cells that
31,32
formed a DNA/PEI complex in situ
. This avoided preparation, sterilization of the complex, and buffer exchange into a culture medium. Further
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optimization by including expression-enhancing plasmids led to significant yield increases . Herein is a method that builds upon these advances
and is broadly applicable. Expression conditions may also be altered to impact the N-glycan composition.
The HEK293S cell line, with a gene deletion that halts N-glycan processing at an intermediate stage, leads to the expression of proteins
34,35
with uniform N-glycans consisting of 2 N-acetylglucosamine residues plus five mannose residues (Man5GlcNAc2)
. These cells lack the
36,37
N-acetylglucosaminyl transferase I (GntI) gene which is required for downstream N-glycan processing
. The use of glycosyltransferase
inhibitors including kifunensine, sialic acid analogs and the fucose analog and 2-deoxy-2-fluoro-fucose has similar effects and limits N-glycan
38-41
processing
.
42,43

The protocol reported here uses the pGEn2 vector as shown in Figure 1
, PEI assisted transient transfection into mammalian cells lines
(HEK293F or HEK293S cells), and the recovery of high yields of appropriately glycosylated protein. This system is robust and can accommodate
various factors including isotope labeling and glycan engineering for the production of large titers of recombinant proteins.

Protocol
This protocol is sufficient for expression using either HEK293F or HEK293S cells.

1. Cell Establishment
1. Culture Inoculation
Note: All culture manipulation procedures must be carried in a BSL-2 facility and each item brought into the biosafety cabinet must be
sterilized by spraying with a 70% ethanol in water solution.
1. Operate the incubator shaker at 135 rpm, 80% humidity and at 8.0% CO2 and 37 °C. Turn "on" the UV lamp of the biosafety cabinet at
least 1 h prior to working. Prewarm the sealed Medium A and Medium B bottles in the water-bath at 37 °C for 1 hr.
2. Sterilize 125 ml Erlenmeyer growth flasks with a vented cap, pipettes, pipettors, and prewarmed Media bottles by spraying with the
70% ethanol in water solution. Place these items in the biosafety cabinet. Note: Sterilize only the outer plastic covering the 125 ml
Erlenmeyer culture flask, and then remove only when it is inside the biosafety cabinet.
3. For a 30 ml culture, withdraw 26 ml of Medium A and 3 ml of Medium B (10% of the final culture) and transfer into the 125 ml
Erlenmeyer culture flask and gently mix by shaking (hereafter termed as fresh culture medium).
4. Transfer one vial of cells containing HEK293F cells, frozen at -80 °C, onto ice and move to the culture room. Note: HEK293F cells are
7
supplied at a density of 1 x 10 cells/ml.
5. Warm the vial gently in water-bath at 37 °C to partially thaw the cells (it takes approximately one min and cells should not be completely
thawed). Sterilize the outside of the vial with the 70% ethanol in water solution and move it into the biosafety cabinet.
6. Using 1 ml pipette, withdraw the cell suspension (approximately 0.7 ml) and transfer into the 125 ml Erlenmeyer flask containing 29 ml
of fresh culture medium. Close the cover of the culture flask and move it into the incubated shaker.
2. Cell Maintenance: Check Cell Density, Viability and Cell Passages
1. Check the cells density after 24 hr of thawing of the culture by following the protocol below. Note: Cells are grown for 24 hr after
thawing to ensure essential cells growth and viability of >80%.
2. Sterilize the culture flask with the 70% ethanol in water solution and move it into the biosafety cabinet.
3. Using a 1 ml pipette and pipettor, slowly withdraw 100 μl of suspension culture and transfer into a sterile 0.5 ml eppendorf tube. Close
and transfer the culture flask back into the shaker as soon as possible.
4. Mix 7.5 μl of a Trypan Blue Solution with 7.5 μl of cells. Mix vigorously with 7.5 μl of the cell/Trypan blue mixture and transfer it to the
counting slide.
5. Turn on the automatic cell counter and place the counting slide into the loading chamber. The auto reader is activated and cells are
counted automatically in the units of number of cells per ml and percent viability
6
6. Determine the volume of the donor culture required for the transfer to a fresh culture medium at the cells density of 0.3 x 10 live cells/
ml.
Note: See a sample calculation in Supplementary Materials.
7. Repeat steps 1.1.2 and 1.1.3 of the "1.1 Culture Inoculation" protocol above to prepare materials required for fresh culture medium.
8. Transfer Medium A (23 ml) and Medium B (3 ml) to a fresh 125 ml culture flask. Remove the stock bottles of Medium A and Medium B
from the biosafety cabinet.
Note: Stocks of media bottles should not be kept in the biosafety cabinet at the same time as the HEK 293F cells. This limits the
possibility of contaminating the stock medium bottles.
9. Remove the HEK293 cell culture from the incubator and spray with the 70% ethanol in water solution. Using a new pipette, withdraw
the aliquot of cells (4 ml, this volume was determined according to step 1.2.6) from the culture and transfer it to the flask containing
fresh culture medium.
10. Transfer both the cultures from the biosafety cabinet to the incubator shaker set according to 1.1.1. Grow cells to an approximate
6
density of 2-3 x 10 live cells/ml.
Note: The approximate doubling time of cells is 32 hr. It will take 3-4 days to reach this density. Incubate the cells for 3-4 passages to
have stable growth pattern of cells prior to the first transfection.

2. Prepare Materials for Transfection
1. Preparing HEK293 Cells (Day 1)
6
1. Subculture cells to a density of 1 x 10 cells/ml in fresh Medium B 24 hr prior to transfection according to Step 1.2.
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Note: the volume of the transfection culture will be dependent upon the number of cells. Larger transfection volumes (>20 ml) will
require a greater volume of culture at this stage.
2. Preparing Stocks of Materials
1. Prepare stock solution of linear Polyethylenimine (PEI) at a concentration of 1 mg/ml in a buffer containing 25 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) and 150 mM NaCl (pH 7.5). Dissolve PEI completely; this may take 30-60 min at RT. Sterilize
through 0.22 μM syringe filter and store at -20 °C for long-term use.
42
2. Prepare sterile plasmid DNA (according to steps 2.2.2.1-2.2.2.4). The plasmid construction procedure is described elsewhere . A brief
procedure for DNA preparation is explained here:
1. Grow a culture of chemically-competent Escherichia coli cells transformed with the pGEn2 vector in 1 L of LB medium (Tryptone10 g/L, yeast extract- 5 g/L and sodium chloride- 10 g/L) supplemented with 100 μg/ml ampicillin. E. coli is grown at 37 °C in a
non-humidified, shaking incubator.
2. Purify the pGEn2 vector encoding target plasmid DNA according to the manufacturer's DNA purification protocol.
3. To ensure complete sterility of the plasmid DNA, perform the final isopropanol precipitation and resuspension steps of the DNA
extraction procedures inside the biosafety cabinet.
4. Add the volume of isopropanol (specified in the plasmid preparation kit) to the eluted DNA and centrifuge at 10,000 x g for 10
min. Sterilize the outside of the DNA container with 70 % ethanol in water solution and transfer it inside the biosafety cabinet.
Discard the isopropanol supernatant using a pipette and air-dry the DNA pellet. Once dry, resuspend the pellet in sterile 10 mM
Tris buffer, pH 8.0.
3. Prepare stock solution of 220 mM valproic (VPA) acid in water and sterilize by passage through a sterile 0.22 μm filter. Store the
solution at -20 °C until further use.

3. Establishing a Transient Transfection
1. Transfection (Day 0)
1. Check the cell density by following steps 1.2.2 through 1.2.5 of "1.2. Cell Maintenance" above. Determine the amount of cells for the
6
transfection (2.5-3.0 x 10 live cells/ml with the viability >95%). See a sample calculation in Supplementary Materials.
2. Transfer the volume of suspension culture cells calculated in the previous step (here 67 ml) to a 250 ml centrifuge tube using a sterile
serological pipette. Collect cells by centrifugation for 5 min at 100 x g.
3. In the meantime, prepare a fresh transfection culture medium following step 1.1.3 according to "1.1. Culture Inoculation" above. See
the Supplementary Materials for a sample calculation. Also, transfer 5 ml of fresh culture medium to a sterile 15 ml tube and set aside.
4. Transfer tubes containing the pelleted cells into the biosafety cabinet after sterilizing the outside of the tubes with the 70% ethanol in
water solution and use a sterile pipette to decant the supernatant consisting of spent culture medium.
5. Vigorously resuspend the pelleted cells by pipetting up and down using 10 ml of fresh culture medium and transfer to the flask with
fresh transfection culture medium (prepared in step 3.1.3 above). Screw the cap on the vented cell culture flask and move the flask to
the incubator (as set in 1.1.1) for 15 min-1 hr with shaking.
6. During this time, dilute the plasmid DNA and PEI stocks using fresh culture medium (using the 5 ml volume withdrawn from step 3.1.3
above) to a final concentration of 0.5 μg/μl. See sample calculations in Supplementary Materials to determine the amount of DNA and
PEI. Transfer the culture flask with the dispersed cells into the biosafety cabinet.
7. Add plasmid DNA (300 μl of 0.5 μg/μl) to the culture using micro-pipette and mix by gentle manual shaking. Add PEI (900 μl of 0.5 μg/
μl) to the culture, mix by gently shaking. Add 3.8 ml of fresh culture medium, from step 3.1.3, above and transfer flask to the incubator
shaker for 24 hr.
8. Clean the biosafety cabinet according to Step 1.1.
2. Dilution (Day 1) (For a 50 ml transfection volume)
1. Incubate the transfected culture for 24 hr.
2. Withdraw 1 ml of prewarmed 220 mM Valproic Acid (VPA; prepared according to step 2.2.3.) using a sterile 1 ml serological pipette and
transfer it to a sterile 50 ml tube.
3. Withdraw 5.0 ml of prewarmed Medium B and 44 ml of prewarmed Medium A and add this to the VPA solution using a sterile
serological pipette to prepare 50 ml of fresh culture medium with a final concentration of 4.4 mM of VPA.
4. Move the transfected culture into the biosafety cabinet after sterilizing the exterior of the flask with a 70% ethanol in water solution, add
the prepared dilution medium and transfer the flask back to the incubated shaker.
3. Expression and Harvest (Days 2-6)
1. Incubate the cells for an additional 4-5 days (5-6 days total since transfection).
2. Withdraw aliquots of culture medium following step 1.2.2. to 1.2.5. described in "1.2. Cell Maintenance," above using a sterile 1 ml
serological pipette, to monitor cells viability and save aliquots to analyze protein expression at each day by SDS-PAGE (see Section 5,
below).
3. Harvest cells after 5-6 days by centrifuging the cells plus medium at 1,000 g for 5 min. Additionally, harvest the supernatant if the cell
viability falls below 50% (see steps 1.2.2-1.2.5).
4. Pour off the supernatant that will contain secreted protein. Add 5 ml of a 10% bleach to the HEK cell pellet and discard as a biohazard.

4. Protein Purification
1. Prepare a column with 5 ml of Protein-A sepharose. Equilibrate the column with 5 column volumes of buffer A (20 mM of 3-(Nmorpholino)propanesulfonic acid (MOPS), pH 7.4, 100 mM NaCl).
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2. Centrifuge the collected supernatant with expressed protein at high speed (14,000 g for 10 min) to remove any remaining cell debris. Collect
by decanting into a fresh tube. Discard the pellet as a biohazard.
3. Collect a 10 μl aliquot of the supernatant and additionally collect a small sample at each protein purification step to analyze the sample by
SDS-PAGE (described in Section 5). Load the clarified supernatant and collect the flow through.
4. Wash the column with 3-column volumes of buffer A and elute the protein with 5-column volumes of 100 mM glycine, pH 3.0. Collect the
eluate in tubes containing one-half volume of 1 M TRIS buffer, pH of 8.0 to rapidly neutralize the pH.
5. Wash the column with 10 column volumes of buffer A and store for future use.
6. Buffer exchange the eluted protein with at least a 10-fold excess of buffer A using 10 kDa molecular weight cut-off centrifugal filters. Note:
Do not concentrate the eluted sample to a very low volume (<2 ml) in the eluted buffer. Use the centrifugal filters to exchange the buffer with
buffer A.
7. Store purified protein at 4 °C until next use.
Note: Protein expressed in the supernatant can be purified by affinity columns selected on the basis of protein's properties or the use of
affinity tags. For a typical purification procedure, Protein A column can be used for IgG or Fc fragments or nickel column can be used for
proteins expressed with a poly-histidine tag. Here, is a description of the purification steps for IgG1-Fc using a Protein A column.

5. Analysis of Protein by SDS-PAGE
1. Dilute the aliquots (7.5 μl) of each sample with an equal volume of 2x loading buffer (0.125 M Tris, pH 8.0, 4% SDS, 10% β-mercaptoethanol,
20% glycerol, and 0.01% bromophenol blue).
2. Boil the mixture at 90 °C for 5 min using a heat block or water bath. Centrifuge the samples at 10,000 g for 1 min. Load the prepared gel with
5 μl of marker protein and 14 μl of samples for analyses using a 20 μl pipette with a disposable tip.
3. Run one gel at 25 milliamps for 60 min. Once the electrophoresis step is complete, transfer the gel to a container with 1 L of water and
microwave for 5 min.
4. Stain the gel with staining solution (40% ethanol, 10% acetic acid and 0.1% coomassie brilliant blue) for 2 hr and destain in water.

6. Glycans Analysis by Mass Spectrometry
44

45

1. Analyze glycans as described previously . Briefly, 75 μg of IgG1-Fc was trypsinized, then treated by PNGaseF for the release of glycans .
Released glycans were permethylated and analyzed by using matrix-assisted laser-desorption ionization time-of-flight mass spectrometry
(MALDI-TOFMS).

7. Protocol Adjustments for Special Scenarios
15

1. Labeling Proteins with N-labeled Amino Acids (for a 50 ml transfection volume)
1. Dispense 5 mg of each amino acid into a single sterile glass vial. Resuspend with 4 ml autoclaved water (note Tyr does not completely
solubilize, unlike Lys and Phe). Sterilize the solution by autoclaving at 121 °C for 15 min. Allow the solution to cool approximately to
50-60 °C.
2. For a 50 ml transfection volume, follow step 3.1.3 according to "3.1 Establishing a transient transfection". See the Supplementary
Materials section for an example with appropriate volumes.
3. For transfection, follow steps of "3. Establishing a transient transfection" using fresh culture medium substituted with labeled amino acid
residues as prepared above.
4. After 24 hr of transfection, on the day of culture dilution, withdraw 5.0 ml of prewarmed Medium B, 40 ml of prewarmed Medium A and
a freshly autoclaved 4 ml aliquot of the amino acid mixture (prepared as in step 7.1.1. above) and add 1 ml prewarmed stock solution
of VPA solution to prepare 50 ml of fresh dilution culture medium with a final concentration of 4.4 mM of VPA. Add this medium to the
transfection culture using a sterile serological pipette.
5. Transfer the transfected culture into the biosafety cabinet after sterilizing the exterior of the flask with a 70% ethanol in water solution,
add the prepared dilution medium and transfer the flask back to the incubated shaker.
Note: Medium A is a chemically defined, serum-free medium. Thus, it is possible to prepare a different formulation. Contact the supplier
to obtain a custom Medium A preparation that lacks certain amino acids. It is possible to have all amino acids left out, however,
we prefer to use medium that lacks only few select residues because a complete dropout medium would require adjustment of
osmolarity after supplementation. We chose a Lys-Tyr-Phe dropout medium that can be supplemented and does not require osmolarity
adjustment. Furthermore, the Medium A supplier does not freely share the concentrations of medium components; we used 100 mg/L
each for Lys, Tyr and Phe with success. Volumes of the transfection and expression medium must be adjusted to account for the added
amino acids. Here are the adjustments to the protocol above for isotope labeling
2. Supplement the Transfection with a Small Molecule
1. Prepare 100 mM stock solution of 2-deoxy-2-fluoro-l-fucose using autoclaved water and sterilize this solution using a 0.22 μM filter.
2. For a 50 ml culture, add 125 μl (at 250 μM) of the fucose analog solution to the transfection and dilution media. Note: We neglected to
perform any further volume adjustment because adding the substituent at this concentration accounts for only 0.25% of the total culture
volume .It is possible to modify the expression using small molecule inhibitors of glycan processing. Here we describe the conditions
for including 2-deoxy-2-fluoro-l-fucose, an inhibitor of glycan fucosylation. We found >90% reduction in fucosylation by adding the
fucose analog at a concentration of 250 μM in the transfection and dilution media.
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Representative Results
High-level protein expression and purity
This optimized expression system generated a high yield of glycosylated proteins. A typical pattern is shown in the expression of IgG1-Fc
(Figure 1). In this case, Day 0 is the transfection day followed by Day 1 (dilution) and subsequent culture days up to Day 5. Protein expression
is analyzed using the soluble expression fraction in the crude medium. A very small amount of protein expression was observed in Day 1 as the
culture aliquot was withdrawn 3 hr after culture dilution. This is easier to visualize with GFP-tagged proteins that display a distinct green color
in the culture medium. Such an increase was observed for in the expression of the GFP-FcγRIIIa and GFP-ST6GalI from Day 2 to Day 5. No
significant increase in the expression was observed between Day 4 and Day 5. At Day 5, the cells were <50% viable and hence culture was
harvested to limit proteolysis. Affinity purification using a Protein A column for IgG1 Fc or nickel column for GFP-FcγRIIIa resulted in proteins with
high purity (>99%; Figure 2), yield (Table 1) and complete glycosylation (data not shown).
15

N or

13

C Isotope labeling of proteins and glycans

This system efficiently expressed isotopically-enriched IgG1 Fc according the described protocol. Although a small reduction in protein yield
1
was observed (25-50%), well-dispersed signals were seen in a 2d NMR spectrum that correlates the resonance frequency of H atoms and the
15
directly bonded amide N atoms (Figure 3). This level of expression permits efficient protein production on the scale required for structurebased studies (typically 2-20 mg of protein) and illustrates the successful incorporation of the labeled isotopes into the protein. The high degree
15
of similarity between this spectrum and published spectra indicate a high degree of protein labeling occurred with minimal scrambling of the N
43
labels .
Producing proteins with different N-glycans
Different glycoforms were produced with the HEK293F and HEK293S cells. Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) analyses of the enzymatically-released N-glycans showed the expected glycoforms (Figure 4). Proteins expressed from HEK293S
cells harbored N-glycans that were of the Man5GlcNAc2 form and contained no fucose (Figure 4). Glycans from HEK293F-expressed material
were complex-type, biantennary forms with core fucose and mostly having terminal N-acetylglucosamine (GlcNAc) or small proportion of monoor di-galactosylated (Gal) forms. Though it is not know what the native N-glycans of ST6GalI and FcγRIIIa are, the glycan profile for IgG1 Fc is
46
highly similar to IgG1 Fc purified from human serum . The major differences include the degree of modification; IgG1 Fc from human serum
shows a higher degree of galactosylation than observed for the HEK293F expression. Addition of 2-deoxy-2-fluoro-l-fucose, an inhibitor of glycan
fucosylation, to an expression conducted using the HEK293F cell line showed a dramatic >90% reduction in fucose incorporation (Figure 4).

Figure 1: High yields of recombinant proteins are recovered by expressing from the pGEn2 vector. (A-B) Two expression vectors used
R
in this study were generated from a pIBI30 plasmid that contains an amp cassette and an E. coli replication origin. (C) Expression level of the
secreted IgG1 Fc protein after transient transfection of HEK293F cells. SDS-PAGE analysis shows the accumulation of expressed proteins from
Day 0 to Day 5 and is indicated by the arrow. Please click here to view a larger version of this figure.
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Figure 2: Recovery of expressed protein from the culture medium. (A) IgG1-Fc, (B) GFP-FcγRIIIa. "Medium" refers to the culture medium
after centrifugation; FT = flow through fraction from the purification column. SDS-PAGE samples are prepared in non-reducing conditions without
β-mercaptoethanol. Please click here to view a larger version of this figure.
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1

15

15

15

Figure 3: Amino acid selective labeling of IgG1 Fc. H- N heteronuclear single quantum coherence spectrum of [ N-Tyr; N-Lys]-labeled
15
IgG1 Fc expressed using HEK293F cells in custom Medium A supplemented with ( N) labeled l-Tyr and l-Lys. Crosspeaks were assigned based
43,47
on previous reports
. Please click here to view a larger version of this figure.
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Figure 4: Protein expression in the presence of small molecule modulators of glycan composition. N-glycan profiles of IgG1 Fc
expressed in HEK293 cells using different culture conditions. The top spectrum was prepared using glycans isolated from IgG1 Fc expressed in
HEK293S cells. The center spectrum reveals the IgG1 Fc glycoforms from material expressed in HEK293F cells and the bottom spectrum was
prepared similarly expect cells were grown in the presence of an inhibitor of GDP-fucose biosynthesis, 2-deoxy-2-fluoro-l-fucose. N-glycans are
5
presented as cartoon diagrams following the CFG convention : N-acetylglucosamine (GlcNAc), blue squares; Mannose (Man), green circles;
Fucose (Fuc) red triangles; Galactose (Gal), yellow circles. Please click here to view a larger version of this figure.
Protein

Yield (mg/L)

IgG1 Fc

120

GFP-FcgRIIIa

100

GFP-ST6GalI

95

Table 1: Yield for different proteins expressed in HEK293F cells.

Discussion
This protocol illustrates protein expression via the transient transfection of HEK293F or S cells. The optimal transfection conditions established
in the Barb and Moremen labs employ a critical combination of cell density and reagent concentrations to achieve high efficiency transfection.
Critical considerations when implementing this protocol include: maintaining a stable culture prior to transfection (with consistent culture doubling
6
times); transfection of actively growing cells (achieved by diluting cells to 1 × 10 cells/ml 24 hr prior to transfection) with cell viability greater than
6
95%; cell density at transfection should be between 2.5-3.0 x 10 live cells/ml with a viability >95% (transfection density) in a culture containing
31
90% Medium A and 10% Medium B; and, adding DNA prior to PEI addition at 3 μg/ml and 9 μg/ml, respectively ; at 24 hr post-transfection the
culture is diluted 1:1 in medium containing 4.4 mM valproic acid to result in a concentration of 2.2 mM valprioc acid in the diluted culture; the
production phase growth then continues in a humidified shake flask at 37 °C and 8% CO2 for an additional 4-5 days. The vector described here
32,42
is optimized and an important feature of the soluble protein expression system
.
If a target protein fails to express, in addition to the factors listed above, multiple other variables may contribute to low yields. Ensure the protein
coding DNA sequence contains codons optimized for human cells. This can be assessed with multiple online resources. Sterility throughout the
procedure is paramount. An actively growing and pure culture of HEK293F cells should appear slightly grainy to the naked eye, and the medium
6
should be mostly clear (particularly at cell densities <1.0 ×10 cells/ml).
Cultures contaminated with bacteria or fungus should be immediately removed to prevent spread. Is it important to maintain a healthy stock
6
culture. This is achieved by inoculating these cultures at a cells density of 0.3 × 10 cells/ml. Lower inoculation densities can slow the growth rate
48
by limiting the supply of various growth factors required for cell growth and division . As cultures have been passaged for more than 25 or 30
times, a decrease in expression was observed. For this reason, cultures passaged more than 30 times are discarded.
It is possible the protein is being degraded in the expression medium, or the expression timeframe is too long, leading to protein degradation. For
these reasons it is recommend to monitor the culture viability and protein expression at each day to determine an optimal expression timeframe.
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It is important to purify proteins as quickly as possible after harvesting the medium. For some proteins, it is helpful to include protease inhibitors
42,43
during purification. In total, these adjustments have improved the recovery of proteins in the Barb and Moremen labs
.
The transient transfection of HEK293 cells has shown great utility for producing soluble proteins and protein domains that are naturally targeted
to the secretory pathway. It is likely that production of cytoplasmic or integral membrane proteins will require further optimization. A primary
49
advantage of this system is the native substrates and machinery for protein production are present and available in the HEK293 cells . This
largely accounts to its advantages over other recombinant protein production methods such as bacteria with no or limited post-translational
1,50,51
modifications, or yeast and baculovirus systems with correctly folded but different N-glycoforms incorporated
.
Furthermore, the protocol described here shows the added capability to include low molecular weight compounds such as labeled amino acids,
labeled glucose or small molecules designed to modify the N-glycan composition. The HEK293 cells also prove adept at expression of nonmammalian proteins, including plant enzymes, and supports co-expression of multiple polypeptides for the recovery of protein complexes (data
not shown).
The structural and functional characterization of glycoproteins is often hampered by sample production challenges. The protein expression
system described here surmounts this drawback by accomplishing post-translational modifications using the natural complement of sophisticated
6
intracellular glycan processing enzymes . This robust and simple protocol is proven for the transient transfection of suspension human HEK293
cells. This method demonstrated significant glycoprotein yield (>95 mg/L) with three N-glycosylated proteins and can accommodate supplements
such as labeled amino acid residues or the small molecule chemical inhibitor 2-deoxy-2-fluoro-l-fucose. The expressed glycoproteins can be
52
further remodeled post-purification to prepare a wide range of defined glycoforms .

Disclosures
All authors declare no competing financial interests in this manuscript.

Acknowledgements
This work was financially supported by the grants K22AI099165 (AWB), P41GM103390 (KWM) and P01GM107012 (KWM) from the National
Institutes of Health, and by funds from the Roy J. Carver Department of Biochemistry, Biophysics & Molecular Biology at Iowa State University.
The content of this work is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.

References
1. Terpe, K. Overview of bacterial expression systems for heterologous protein production: from molecular and biochemical fundamentals to
commercial systems. Appl Microbiol Biotechnol. 72(2), 211-222, (2006).
2. Sorensen, H. P., & Mortensen, K. K. Advanced genetic strategies for recombinant protein expression in Escherichia coli. J Biotechnol. 115(2),
113-128, (2005).
3. Contreras-Gomez, A., Sanchez-Miron, A., Garcia-Camacho, F., Molina-Grima, E., & Chisti, Y. Protein production using the baculovirus-insect
cell expression system. Biotechnol Prog. 30(1), 1-18, (2014).
4. Bandaranayake, A. D., & Almo, S. C. Recent advances in mammalian protein production. FEBS Lett. 588(2), 253-260, (2014).
5. Varki, A. Essentials of Glycobiology. Second edition edn, (Cold Spring Harbor (NY), (2009).
6. Moremen, K. W., Tiemeyer, M., & Nairn, A. V. Vertebrate protein glycosylation: diversity, synthesis and function. Nat Rev Mol Cell Biol. 13(7),
448-462, (2012).
7. Apweiler, R., Hermjakob, H., & Sharon, N. On the frequency of protein glycosylation, as deduced from analysis of the SWISS-PROT
database. Biochim Biophys Acta. 1473(1), 4-8, (1999).
8. Payne, R. J., & Wong, C. H. Advances in chemical ligation strategies for the synthesis of glycopeptides and glycoproteins. Chemical Comm.
46(1), 21-43, (2010).
9. Wang, P. et al. Erythropoietin derived by chemical synthesis. Science. 342(6164), 1357-1360, (2013).
10. Yamamoto, N., Tanabe, Y., Okamoto, R., Dawson, P. E., & Kajihara, Y. Chemical synthesis of a glycoprotein having an intact human complextype sialyloligosaccharide under the Boc and Fmoc synthetic strategies. J Am Chem Soc. 130(2), 501-510, (2008).
11. Huang, W., Giddens, J., Fan, S. Q., Toonstra, C., & Wang, L. X. Chemoenzymatic glycoengineering of intact IgG antibodies for gain of
functions. J Am Chem Soc. 134(29), 12308-12318, (2012).
12. Schwarz, F. et al. A combined method for producing homogeneous glycoproteins with eukaryotic N-glycosylation. Nat Chem Biol. 6(4),
264-266, (2010).
13. Smith, E. L. et al. Chemoenzymatic Fc glycosylation via engineered aldehyde tags. Bioconj Chem. 25(4), 788-795, (2014).
14. Zou, G. et al. Chemoenzymatic synthesis and Fcgamma receptor binding of homogeneous glycoforms of antibody Fc domain. Presence of a
bisecting sugar moiety enhances the affinity of Fc to FcgammaIIIa receptor. J Am Chem Soc. 133(46), 18975-18991, (2011).
15. Cox, K. M. et al. Glycan optimization of a human monoclonal antibody in the aquatic plant Lemna minor. Nat Biotech. 24(12), 1591-1597,
(2006).
16. Jarvis, D. L. Baculovirus-insect cell expression systems. Methods Enzymol. 463(191-222, (2009).
17. Li, H. et al. Optimization of humanized IgGs in glycoengineered Pichia pastoris. Nature Biotech. 24(2), 210-215, (2006).
18. Palmberger, D., Wilson, I. B., Berger, I., Grabherr, R., & Rendic, D. SweetBac: a new approach for the production of mammalianised
glycoproteins in insect cells. PLoS One. 7(4), e34226, (2012).
19. Toth, A. M., Kuo, C. W., Khoo, K. H., & Jarvis, D. L. A new insect cell glycoengineering approach provides baculovirus-inducible glycogene
expression and increases human-type glycosylation efficiency. J Biotech. 182-183 (19-29), (2014).
20. Yamane-Ohnuki, N. et al. Establishment of FUT8 knockout Chinese hamster ovary cells: an ideal host cell line for producing completely
defucosylated antibodies with enhanced antibody-dependent cellular cytotoxicity. Biotechnol Bioeng. 87(5), 614-622, (2004).
Copyright © 2015 Journal of Visualized Experiments

December 2015 | 106 | e53568 | Page 9 of 10

Journal of Visualized Experiments

www.jove.com

21. Dalton, A. C., & Barton, W. A. Over-expression of secreted proteins from mammalian cell lines. Protein Sci. 23(5), 517-525, (2014).
22. Legendre, J. Y., & Szoka, F. C., Jr. Cyclic amphipathic peptide-DNA complexes mediate high-efficiency transfection of adherent mammalian
cells. Proc Natl Acad Sci U S A. 90(3), 893-897, (1993).
23. Wurm, F. M. Production of recombinant protein therapeutics in cultivated mammalian cells. Nat Biotech. 22(11), 1393-1398, (2004).
24. Jordan, M., Schallhorn, A., & Wurm, F. M. Transfecting mammalian cells: optimization of critical parameters affecting calcium-phosphate
precipitate formation. Nucleic Acids Res. 24(4), 596-601, (1996).
25. Kingston, R. E., Chen, C. A., & Okayama, H. Calcium phosphate transfection. Curr Protoc Immunol. Chapter 10(Unit 10 13, (2001).
26. Boussif, O. et al. A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: polyethylenimine. Proc Natl Acad Sci
U S A. 92(16), 7297-7301, (1995).
27. Pagano, J. S., McCutchan, J. H., & Vaheri, A. Factors influencing the enhancement of the infectivity of poliovirus ribonucleic acid by
diethylaminoethyl-dextran. J Virol. 1(5), 891-897 (1967).
28. Fraley, R., Subramani, S., Berg, P., & Papahadjopoulos, D. Introduction of liposome-encapsulated SV40 DNA into cells. J Biol Chem.
255(21), 10431-10435 (1980).
29. Schlaeger, E. J., & Christensen, K. Transient gene expression in mammalian cells grown in serum-free suspension culture. Cytotechnology.
30(1-3), 71-83, (1999).
30. Longo, P. A., Kavran, J. M., Kim, M. S., & Leahy, D. J. Transient mammalian cell transfection with polyethylenimine (PEI). Methods Enz.
529(227-240, (2013).
31. Backliwal, G., Hildinger, M., Hasija, V., & Wurm, F. M. High-density transfection with HEK-293 cells allows doubling of transient titers and
removes need for a priori DNA complex formation with PEI. Biotechnol Bioeng. 99(3), 721-727, (2008).
32. Backliwal, G. et al. Rational vector design and multi-pathway modulation of HEK 293E cells yield recombinant antibody titers exceeding 1 g/l
by transient transfection under serum-free conditions. Nucleic Acids Res. 36(15), e96, (2008).
33. Vink, T., Oudshoorn-Dickmann, M., Roza, M., Reitsma, J. J., & de Jong, R. N. A simple, robust and highly efficient transient expression
system for producing antibodies. Methods. 65(1), 5-10, (2014).
34. Unson, C. G. Expression of glucagon receptors in tetracycline-inducible HEK293S GnT1- stable cell lines: an approach toward purification of
receptor protein for structural studies. Biopolymers. 90(3), 287-296, (2008).
35. Reeves, P. J., Callewaert, N., Contreras, R., & Khorana, H. G. Structure and function in rhodopsin: high-level expression of rhodopsin
with restricted and homogeneous N-glycosylation by a tetracycline-inducible N-acetylglucosaminyltransferase I-negative HEK293S stable
mammalian cell line. Proc Natl Acad Sci U S A. 99(21), 13419-13424, (2002).
36. Stanley, P., Narasimhan, S., Siminovitch, L., & Schachter, H. Chinese hamster ovary cells selected for resistance to the cytotoxicity of
phytohemagglutinin are deficient in a UDP-N-acetylglucosamine--glycoprotein N-acetylglucosaminyltransferase activity. Proc Natl Acad Sci U
S A. 72(9), 3323-3327 (1975).
37. Schachter, H. The joys of HexNAc. The synthesis and function of N- and O-glycan branches. Glycoconjugate J. 17(7-9), 465-483, (2000).
38. Elbein, A. D., Tropea, J. E., Mitchell, M., & Kaushal, G. P. Kifunensine, a potent inhibitor of the glycoprotein processing mannosidase I. J Biol
Chem. 265(26), 15599-15605 (1990).
39. Rillahan, C. D. et al. Global metabolic inhibitors of sialyl- and fucosyltransferases remodel the glycome. Nat Chem Biol. 8(7), 661-668, (2012).
40. Okeley, N. M. et al. Development of orally active inhibitors of protein and cellular fucosylation. Proc Natl Acad Sci U S A. 110(14), 5404-5409,
(2013).
41. Chang, V. T. et al. Glycoprotein structural genomics: solving the glycosylation problem. Structure. 15(3), 267-273, (2007).
42. Barb, A. W. et al. NMR characterization of immunoglobulin G Fc glycan motion on enzymatic sialylation. Biochemistry. 51(22), 4618-4626,
(2012).
43. Subedi, G. P., Hanson, Q. M., & Barb, A. W. Restricted motion of the conserved immunoglobulin G1 N-glycan is essential for efficient
FcgammaRIIIa binding. Structure. 22(10), 1478-1488, (2014).
44. Barb, A. W., Brady, E. K., & Prestegard, J. H. Branch-specific sialylation of IgG-Fc glycans by ST6Gal-I. Biochemistry. 48(41), 9705-9707,
(2009).
45. Anumula, K. R., & Taylor, P. B. A Comprehensive Procedure for Preparation of Partially Methylated Alditol Acetates from Glycoprotein
Carbohydrates. Anal Biochem. 203(1), 101-108 (1992).
46. Parekh, R. B. et al. Association of rheumatoid arthritis and primary osteoarthritis with changes in the glycosylation pattern of total serum IgG.
Nature. 316(6027), 452-457, (1985).
47. Yagi, H. et al. Backbone H, C, and N resonance assignments of the Fc fragment of human immunoglobulin G glycoprotein. Biomol NMR
Assign., (2014).
48. Al-Rubeai, A. B. a. M. Effects of Serum and Growth Factor on HEK 293 Proliferation and Adenovirus Productivity. Animal Cell Tech: Basic &
Appl Aspects. 15(19-23) (2009).
49. Kaufman, S. M. A. a. R. J. in New Comprehensive Biochemistry. Vol. 38 Gene Transfer and Expression in Mammalian Cells. (ed S. C.
Makrides) Ch. 13, 411-432 Elsevier, (2003).
50. Berlec, A., & Strukelj, B. Current state and recent advances in biopharmaceutical production in Escherichia coli, yeasts and mammalian cells.
J Ind Microbiol Biotechnol. 40(3-4), 257-274, (2013).
51. Nothaft, H., & Szymanski, C. M. Bacterial protein N-glycosylation: new perspectives and applications. J Biol Chem. 288(10), 6912-6920,
(2013).
52. Barb, A. W. Intramolecular N-glycan/polypeptide interactions observed at multiple N-glycan remodeling steps through [(13)C,(15)N]-Nacetylglucosamine labeling of immunoglobulin G1. Biochemistry. 54(2), 313-322, (2015).

Copyright © 2015 Journal of Visualized Experiments

December 2015 | 106 | e53568 | Page 10 of 10

